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Summary 
 

Alzheimer’s disease (AD) is the most prevalent form of dementia characterized by severe 

memory deficits. One of the main hallmarks of AD are senile plaques, which contain a core of 

a small peptide termed amyloid beta peptide (Aβ). Aβ is derived from the proteolytic cleavage 

of its precursor, the amyloid precursor protein or APP. Besides producing Aβ, APP has been 

assigned many physiological functions. Amongst these, APP and/or its catabolites were shown 

to influence excitatory and inhibitory neurotransmissions. Cognition and learning are tightly 

regulated by a balance between excitatory and inhibitory neurotransmissions. Disruption in 

this balance leads to memory impairments such as observed in AD. In the adult central nervous 

system, γ-amino-butyric acid (GABA) is a major inhibitory neurotransmitter. While in the adult 

brain GABAergic signaling is hyperpolarizing and inhibitory, in the developing brain, GABA acts 

as a depolarizing and sometimes even excitatory neurotransmitter. GABAergic inhibition is 

mainly mediated by activation of ionotropic GABAA receptors that primarily allow the 

bidirectional flux of Cl- ions. Therefore, the nature of GABAergic neurotransmission, 

depolarizing versus hyperpolarizing, is essentially determined by intracellular concentration 

of Cl- ([Cl-]i). In the central nervous system, the two main cation-chloride cotransporters 

regulating the [Cl-]i are Na+-K+-2Cl- cotransporter 1 (NKCC1) allowing the entrance of Cl- and 

K+-Cl- cotransporter 2 (KCC2), allowing the efflux of chloride.  

 

Here we have investigated the impact of APP expression on NKCC1 and KCC2 expression levels 

with an emphasis on GABAergic neurotransmission. We observed that overexpression human 

APP (hAPP) is able to decrease KCC2 expression both in vitro and in vivo. Furthermore, the 

decrease in KCC2 expression observed in vitro was associated with a less inhibitory and less 

hyperpolarizing GABA signaling. In addition, our study unveiled an involvement of the juxta-

/transmembrane domain of hAPP in this regulation. Expression of KCC2 was also shown to be 

decreased in the cortex of sporadic AD patients. Our results outline a new important role of 

APP in KCC2 expression regulation which could influence GABAergic neurotransmission. This 

information advances our understanding of the physiological function of APP and sheds light 

on new mechanisms that could contribute to AD pathology. 
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Introduction 
 

I. Alzheimer’s Disease 
 

1.1 General overview 

 

Alzheimer’s disease (AD) is a chronic and progressive neurodegenerative disorder mainly 

affecting elderly characterized by a severe memory loss and cognitive deficits. It is considered 

that the prevalence of this disease doubles every 5 years after the age of 65. Up to 38% of 

individuals over 85 years and older suffer from AD (Hebert et al., 2013; Querfurth and LaFerla, 

2010). Due to steadily increasing life expectancy worldwide, the current number of AD cases, 

estimated at 46.8 million in 2015 is supposed to triplicate by 2040 reaching 131.5 million of 

cases (Alzheimer's Disease International, 2015). This dramatic increase is supposed to result 

from a rise in cases in low and middle-income countries rather than in their high-income 

counterparts. Cognitive impairment is a major contributor to disability and dependence in the 

older population. While aged individuals can remain reasonably independent even with 

marked physical impediments, a cognitive decline quickly compromises their ability to carry 

out complex but essential daily life tasks. Therefore, support from a caregiver is often required 

and represents an important cost burden for the public health system. To date, only 

treatments aiming to temporarily stabilize symptoms exist, however there is no medication 

available to slow down or reverse the progression of the disease. Therefore, further research 

is needed to elucidate the pathophysiological mechanisms underlying AD and to identify novel 

treatment targets. 

 

1.2 Clinical symptoms and stages 

 

AD is the most common cause of dementia defined as a decline in memory, language, 

problem-solving and other cognitive skills resulting in a person’s disability to perform daily 

activities. Even though AD symptoms are highly variable, the most common initial symptom is 

dampening of short-term memory performance. Later on, as memory deficits become more 
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prominent, a functional decline appears with visual and language impairments followed by 

neuropsychiatric symptoms like changes in personality, depression, apathy and 

aggressiveness. AD progresses following three main stages: the first stage is asymptomatic and 

generally lasts between 10 and 20 years, the second stage is termed Mild Cognitive 

Impairments (MCI) and is paired with first memory deficits and personality changes, the third 

stage also referred as dementia is associated with a severe cognitive decline followed by 

death. Although AD shortens life span, it is not usually a direct cause of death. Rather, AD 

patients die from complications of the pathology such as infections, in particular pneumonia, 

and blood clots. Indeed, as the disease progresses, individuals lose weight and become unable 

to perform basic activities like bathing, eating, dressing, which, when taken together, weakens 

their immune responses and increases their risk of infections and blood vessels problems. 

Furthermore, these patients have difficulties swallowing and they often inhale food, which 

makes them more prone to develop pneumonia (Association Alzheimer, 2016; Masters et al., 

2015). 

 

1.3 Historical background  

 

The disease was discovered in 1906 by Dr Alois Alzheimer, a German neuropsychiatrist. His 

patient Auguste D. was a 51-year-old woman admitted to a psychiatric hospital for “delerium 

and frenzied jealousy of her husband.” Following post-mortem analysis of her brain, Dr 

Alzheimer reported 2 abnormal lesion types termed senile plaques and neurofibrillary tangles 

that are until now considered as major hallmarks of AD (Alzheimer et al., 1995). In November 

1906, Dr Alzheimer put together these observations and presented them as a newly 

discovered disease to the Society of Southwest German Psychiatrists in Tubingen.  

Senile plaques and neurofibrillary tangles were further analysed only 50 years later. The 

filamentous structure of these lesions was described in the 60s based on an electron 

microscopy analysis (Kidd, 1964; Terry, 1963). Later, in the 80s, major components of these 

lesions were discovered: β-amyloid peptide (Aβ) in senile plaques (Glenner et al., 1984) and 

Tau protein in neurofibrillary tangles  (Brion et al., 1985). 

Furthermore, the distribution pattern and the degree of diffusion of these AD hallmarks has 

been associated with different pathological stages of the disease (Braak and Braak, 1996) 

(Fig.1). Typically, senile plaques precede the appearance of neurofibrillary tangles and emerge 
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first in the frontal and temporal lobes spreading to the rest of the cortex, the hippocampus 

and the limbic system. The hippocampus and the limbic system are particularly vulnerable in 

AD and are the main structures involved in memory formation and consolidation (see Annex 

Fig.1 for the structure of the hippocampus). The neurofibrillary tangles first appear in the 

entorhinal region and in later stages are apparent in different structures of the limbic system 

as well as in the cortex.  

 

1.4 Etiology  

 

The great majority of AD cases (more than 95%) appear in individuals above 60 years old and 

are termed late-onset AD or sporadic cases. Their trigger is not yet clearly identified but one 

major risk factor is well admitted - age. Nevertheless, a few environmental factors like lower 

education level, physical inactivity, mid-life hypertension and obesity, type II diabetes, 

depression and smoking have been described to favor the occurrence of the disease 

(Baumgart et al., 2015; Masters et al., 2015). Furthermore, a family history of affected close 

relatives is not uncommon among sporadic AD patients and therefore indicates a probable 

existence of underlying genetic risk factors. The only well-established genetic risk factor for 

AD is the ε4 allele of apolipoprotein E (ApoE ε4). There are three ApoE alleles: ε2, ε3 and ε4, 

the ApoE ε3 being the most abundant (Kanekiyo et al., 2014). While, the ε2 allele is considered 

to be protective for AD (Corder et al., 1994), inheriting one copy of ApoE ε4 increases the risk 

of developing AD approximately by 3 fold (Farrer et al., 1997; Strittmatter et al., 1993), 

Furthermore, the ApoE ε4 allele has been estimated to account for approximately 50% of 

sporadic AD cases (Ashford, 2004). ApoE is involved in lipoprotein metabolism and transport. 

Although, the precise role of ApoE in AD pathogenesis remains unclear, several evidences 

indicate that ApoE could contribute to Aβ clearance, therefore preventing Aβ aggregation and 

formation of senile plaques (Kanekiyo et al., 2014). 

 

A minority of AD cases (less than 1%) are autosomal dominant inherited cases (FAD), which 

are characterized by a much earlier age of onset - around 45 years. They are due to autosomal 

dominant mutations identified in 3 genes: amyloid precursor protein (APP); presenilin 1 

(PSEN1) and presenilin 2 (PSEN2), catalytic subunits of the γ-secretase complex involved in 
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APP processing and Aβ production (for further details see below). It is now well known that all 

of these mutations result in overproduction and/or formation of aberrant forms of Aβ (Tanzi 

and Bertram, 2005).  

In addition, some very rare genetic cases of AD are due to a triplication of the APP gene locus, 

which also leads to greater Aβ production (Rovelet-Lecrux et al., 2006). Furthermore, Down’s 

syndrome individuals that have an extra copy of chromosome 21 and therefore carry three 

copies of APP gene located on chromosome 21, also exhibit increased Aβ production as well 

as pathological changes that resemble AD detectable starting from the age of 35 (Wisniewski 

et al., 1985). 

 

1.5 Histopathological hallmarks of AD 

 

1.5.1 Neurofibrillary tangles and protein tau 

 

Neurofibrillary tangles (NFTs) are filamentous intraneuronal inclusions composed of 

hyperphosphorylated protein Tau. They can be found not only in AD but in several other 

pathologies named tauopathies like for example frontotemporal dementias. In AD, tangle 

pathology spreads in the brain following a predetermined spatiotemporal pattern along 

anatomically connected pathways. Indeed, NFTs first appear in the transentorhinal region and 

the entorhinal cortex, followed by the CA1 region of the hippocampus (Fig.1; see Fig.2 for the 

structure of the hippocampus). In the next stages, they continue spreading through the limbic 

structures such as the subiculum of the hippocampal formation and the amygdala. In the final 

stages of the disease, the whole cortex is affected by NFTs resulting in an impairment of 

associative, sensory and motor functions (Braak and Braak, 1997). Furthermore, the 

importance of NFTs in AD pathology is highlighted by the fact that the severity of cognitive 

impairment correlates with tangle progression and neuronal loss rather than with the 

appearance of senile plaques (Arriagada et al., 1992). 
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Fig. 1. Distribution of AD hallmarks and different stages of the disease. There are three main 
stages of progression for senile plaques: Stage A, with lesions mainly found in the basal parts of 
the frontal, temporal, and occipital lobes; Stage B, with lesions in all isocortical association areas 
and in the limbic system; and Stage C, with numerous and widespread lesions all over primary 
isocortical areas and in the limbic system. The neurofibrillary tangles appear first in the 
transentorhinal region and the entorhinal cortex, followed by the CA1 region of the hippocampus 
(stages I-II) (see Fig.2 for the structure of the hippocampus). Next, they develop in the limbic 
structures such as the subiculum of the hippocampal formation, the amygdala and also in the 
thalamus (stage III- IV). Finally, they spread to all isocortical areas (stage V-VI). (Adapted from 
(Masters et al., 2015)) 
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Protein Tau is an essential component of NFTs. It is a microtubule-associated protein (MAP) 

that was found to play a role in the promotion of microtubule assembly and stability back in 

the 70s (Weingarten et al., 1975). More precisely, it was shown that Tau is involved in 

regulating motor-driven axonal transport by facilitating the assembly and stabilizing α and β-

tubulin heterodimers (Drechsel et al., 1992; Gustke et al., 1994; Weingarten et al., 1975). 

Additionally, Tau is a major MAP since it accounts for approximately 80% of total MAPs (Wang 

et al., 2014b). 

 

Human Tau is encoded by the MAPT gene found on chromosome 17 and is composed of 16 

exons. In the adult brain, alternative splicing of exons 2, 3 and 10 gives rise to six different tau 

isoforms which are natively unfolded and lack a precise 3D structure (Schweers et al., 1994). 

These isoforms essentially differ by their number of N-terminal domains (N) and C-terminal 

Fig. 2. Structure and circuitry of the hippocampus. Simplified hippocampal circuitry forms a loop 
that starts and ends in the entorhinal cortex and comprises several essential projection areas 
(Dentate Gyrus, CA3, CA1, Subiculum) containing neuronal somas. Pyramidal neurons from the 
entorhinal cortex project to rows of cells in the dentate gyrus. Neurons from the dentate gyrus 
project to the CA3 region. CA3 cells in turn form synapses with neurons in the CA1 region. 
Pyramidal cells of the CA1 send their projects to the subiculum. The subiculum terminates the 
loop by projecting back to the entorhinal cortex. CA2 and CA4 are secondary areas that also 
contain neuronal somas and receive projections from various areas within this loop (i.e. CA2 
receives projections from the entorhinal cortex, CA3 and the dentate gyrus; CA4 forms synapses 
with the dentate gyrus and CA3 neurons) (Adapted from (Moser, 2011)). 
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microtubule binding repeats (R). They can contain 0, 1 or 2 N domains and 3 or 4 R repeats 

(Brandt and Lee, 1993; Sergeant et al., 2005) (Fig.3). The R domains influence Tau microtubule 

binding affinity, with 4R Tau being the strongest binder of microtubules. Tau has 

approximately 80 phosphorylation sites mainly located near the R repeats (Stoothoff and 

Johnson, 2005). Phosphorylation of Tau at most of these sites decreases its affinity for 

microtubules (Wang et al., 1995). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A lot of work has been done on Tau phosphorylation since it plays an important role in AD 

pathology and is also apparent in other tauopathies. In AD, phosphorylation of tau is highly 

increased and leads to a dissociation of Tau from the microtubules, consequently favoring Tau 

aggregation and formation of paired helical filaments (Alonso et al., 1996). This causes a 

disruption of the microtubule network, which results in an impairment of axonal transport 

and synaptic functioning (Buee et al., 2000) followed by neurotoxicity (Fath et al., 2002). 

Fig.3. Different Tau isoforms. Tau isoforms differ by the number of N-terminal domains (N) (yellow) 
and microtubule binding repeats (R) (red). They can contain 0, 1 or 2 N domains and 3 or 4 R 
repeats. (Ballatore et al., 2007). 
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The pathological hyperphosphorylation of Tau is due to an imbalance in neuronal kinase and 

phosphatase activities. Two kinases highly involved in Tau phosphorylation in AD are glycogen 

synthase kinase 3 β (GSK3β) and cyclin-dependent kinase 5 (Cdk5) (Liu et al., 2004).  

 

1.5.2 Senile plaques 

 

Senile plaques are extracellular lesions defined by the presence of a central core containing a 

4-kDa peptide with a beta-pleated sheet structure termed Aβ (Masters et al., 1985). Although 

often observed in the brains of normal aged individuals (Villemagne et al., 2011), when they 

are present together with NFTs they are a sign of AD. The pattern of appearance of plaques in 

AD is quite unpredictable and doesn’t correlate well with the degree of cognitive decline 

(McLean et al., 1999). 

 

Aβ is a cleavage product of its precursor protein: amyloid precursor protein or APP (Glenner 

et al., 1984; Masters et al., 1985). Although, Aβ exists in the form of soluble monomers, it can 

also aggregate to form insoluble oligomers or insoluble β-sheet fibrils, the latter being 

confined to senile plaques. The most abundant form of Aβ is composed of 40 amino acids 

(Aβ40), however, it is the 42 amino-acid form (Aβ42) that is considered to be the most 

pathologically relevant since it is this form that is majorly found in senile plaques.  

It is noteworthy that senile plaques are complex structures containing a mix of various 

components besides Aβ. Indeed, a corona of large dystrophic neurites encircles the plaques. 

In addition, on the outer side of the plaques can be found numerous activated microglial cells 

and sparse reactive astrocytes (Perl, 2010). Other components of senile plaques include 

heparan sulfate proteoglycan, apolipoprotein E, aluminum, complement cascade actors like 

α-1-antichymotrypsin, lysosomal proteases and anti-oxidant enzymes (Atwood et al., 2002).  

 

1.6 The Amyloid Cascade Hypothesis 

 

Since its announcement in 1992, the amyloid cascade hypothesis has been considered as the 

most valid explicative hypothesis of AD (Hardy and Higgins, 1992) (Fig.4). The strongest 

evidence supporting this hypothesis comes from the study of inherited forms of AD where 

mutations in presenilins and APP result in increased Aβ production favoring its aggregation 
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and initiation of the disease. Four chronologically and hierarchically connected events form 

the basis of this theory. First, Aβ levels increase due to its overproduction or impaired 

clearance (event 1) eventually leading to its accumulation in the form of toxic species (event 

2). Next, these toxic species trigger hyperphosphorylated tau aggregation and formation of 

NFTs (event 3). Finally, all these events are followed by neuronal death (event 4). The validity 

of this hypothesis has been however questioned, since there was evidence that senile plaques 

can appear with age in healthy individuals and do not correlate well with the degree of 

cognitive decline. Based on this, the original amyloid cascade hypothesis has been revised 

(Hardy and Selkoe, 2002), and it was postulated that it’s the non-fibrillary oligomeric forms of 

Aβ that would be the primary cause of cognitive decline in AD  (Selkoe, 2008). This assumption 

was mainly based on two important studies, the first one showing that memory impairments 

precede the appearance of fibrillary forms of Aβ in transgenic mouse models of AD (Billings et 

al., 2005) and the second one identifying a strong positive correlation between soluble levels 

of Aβ and the severity of the dementia (McLean et al., 1999) . It is worth mentioning that often 

it is the longer form of Aβ, Aβ42, which is considered to be at the center of the amyloid 

cascade. However, this matter is a subject of debate since there is not only one toxic species 

of Aβ. Longer forms of Aβ exist too and it’s more the aggregating properties of these different 

Aβ peptide species that need to be taken into consideration when assessing their pathological 

relevance. 
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Fig.4. The amyloid cascade hypothesis. In this figure is illustrated the sequence of major 
pathogenic events leading to AD in its genetic or sporadic form. The curved blue arrow suggests 
that Aβ oligomers can directly harm synapses and neuronal processes, in addition to activating 
microglia and astrocytes. (Selkoe and Hardy, 2016) 
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1.7 The Amyloid Precursor Protein 

 

1.7.1 Genetics and structure 

 

APP gene is composed of 18 exons and is located on chromosome 21 (Kang J, 1987). 

Alternative splicing of exons 2, 7, 8 and 15 results in generation of 10 different isoforms of APP 

with a length ranging from 365 to 771 amino acids. The three major isoforms include APP695, 

APP751 and APP770. The APP695 isoform is mainly expressed in the central nervous system 

(CNS) and is the most important isoform to be found in neurons (Thinakaran and Koo, 2008). 

It results from splicing of exons 7-8 and lacks the Kunitz-type proteolysis inhibitor domain (KPI) 

that is present in 751 and 770 isoforms. The latter isoforms are primarily found in many 

peripheral tissues and fibroblasts (Bayer et al., 1999; Muller et al., 2017). 

 

APP is a member of an evolutionary conserved family of genes that includes for example the 

APL1 in Caenorhabditis elegans (Daigle and Li, 1993), APPL in Drosophila (Luo et al., 1990) 

(Martin-Morris and White, 1990), appa and appb in zebrafish (Musa et al., 2001). In 

mammals, APP gene has paralogs that are also part of the same family, APP like proteins 1 

and 2 (APLP1 and APLP2).  

 

The amyloid precursor protein just like its paralogs is a single-pass transmembrane protein 

with a large extracellular domain and a short intracellular tail (Fig.5). The N-terminal 

extracellular part of APP contains a signal peptide followed by the E1 domain, an acidic 

domain, KPI domain and the E2 domain. Within the juxtamembrane and the transmembrane 

domain of APP can be found the Aβ sequence while the cytoplasmic C-terminal tail contains 

the APP intracellular domain or AICD. This intracellular domain is important for APP 

internalization since it comprises the YENPTY internalization motif. Furthermore, the E1 and 

E2 domains as well as the YENPTY motif are among the most evolutionally conserved 

sequences (Coulson et al., 2000). All APP paralogs share the E1 and E2 domains as well as the 

acidic domain. In addition, APLPs possess an intracellular domain similar to AICD termed ALID. 

However, the Aβ sequence is unique to APP and can’t be found in APLPs.  
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APP and APLP2 are ubiquitously expressed and their expression levels are particularly high in 

neurons. Moreover, they evolve following similar expression patterns both during embryonic 

development and in the adult CNS (Slunt et al., 1994; Lorent et al., 1995; Thinakaran et al., 

1995). In contrast, APLP1 expression is specific to the nervous system (Lorent et al., 1995). In 

the brain, APP is abundantly expressed in the cortex and the hippocampus, both in astrocytes 

and in neurons including excitatory as well as inhibitory subtypes (Muller et al., 2017). 

 

Given the important structural and expression similarities that exist between APP family 

members, the notion of functional compensation has emerged. This notion was further 

supported by results obtained in APP/APLP knock-out models where redundant roles of APP 

and APLPs have been described (Heber et al., 2000). 

 

 

Fig.5. Structure of APP family proteins: APP, APLP2 and APLP1. A signal peptide (SP) can be found 
at their N-terminal of all APP family proteins. It is followed by the Growth factor-like domain (GFLD) 
and the Copper-binding domain (CuBD) together forming the E1 domain. The E1 domain is followed 
by the Acidic domain (AcD), the Kunitz-type protease inhibitor domain (KPI) and the E2 domain. 
APLP1 is the only one that lacks the KPI domain. APP differs from the other members by the Aβ 
sequence located within its transmembrane domain. Finally, the intracellular domain contains a 
domain AICD in APP and ALID1 and 2 in APLP1 and APLP2, respectively. 
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1.7.2 Processing 

 

Ever since APP has been identified as the precursor of Aβ peptide, trying to figure out how this 

peptide is generated has been an important research subject. For decades, two main 

processing pathways were described for APP: amyloidogenic and non-amyloidogenic (Fig.6). 

As their names indicate, the first one leads to generation of Aβ while the second one doesn’t. 

The endoproteolytic enzymes involved in these pathways are termed secretases. While in non-

neuronal cells the non-amyloidogenic processing of APP is predominant, there is evidence that 

in neurons considerable amounts of APP would be processed by the amyloidogenic pathway 

(Muller and Zheng, 2012; Kuhn et al., 2010; Simons et al., 1996).  

 

In the amyloidogenic pathway, processing of APP is initiated by a β-secretase cleavage at the 

N-terminus of the Aβ sequence generating an APP extracellular fragment sAPPβ. In its non-

amyloidogenic counterpart, APP is cleaved by α-secretase within the Aβ region preventing its 

generation and triggering the release of a respective soluble fragment sAPPα. The β-secretase 

cleavage is performed by aspartyl proteases BACE1 or 2 (Vassar et al., 2014) while the 

metalloprotease ADAM10 is the major α-secretase in the brain (Prox et al., 2013; Kuhn et al., 

2010). No matter the pathway concerned, the remaining membrane-anchored C-terminal 

fragments generated after the β- and α-secretase cleavage, CTFβ and CTFα, respectively, are 

further processed by the γ-secretase. In case of the amyloidogenic pathway, cleavage of CTFβ 

leads to the release of Aβ and APP intracellular domain or AICD. AICD is also a common 

product to the non-amyloidogenic pathway and is generated from CTFα together with a very 

small (3kDa) peptide p3. γ-secretase is a multiproteic complex composed of anterior pharynx-

defective 1 (Aph-1), Nicastrine, presenilin enhancer 2 (Pen-2) and one of the presenilins PS1 

or PS2, which constitute the catalytic core of the enzyme (Haass, 2004). γ-secretase first 

cleaves CTFs at an endoprotelytic site termed ε-site releasing AICD and then proceeds to 

consecutive exoproteolytic cuts in the Aβ sequence allowing generation of Aβ peptides of 

several lengths ranging between 35 and 50 amino acids, the major form being Aβ40 and the 

most pathologically relevant, Aβ42 (Tomita, 2014).  
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Recently, several different processing pathways have been identified for APP, yielding 

additional N-terminal fragments: δ-secretase, η-secretase and meprin pathway (Andrew et al., 

2016). The cleavage products of these pathways have been detected in rodent brains and 

were decreased after knock-out of corresponding secretases highlighting their physiological 

relevance. Nevertheless, little is known about their functions except for the cleavage product 

of η-secretase, Aη-α, that was shown to attenuate activity of hippocampal neurons in vivo 

(Andrew et al., 2016). 

 

1.7.3 Trafficking 

 

In neurons, APP can be found in the somatodendritic compartment as well as in the axons and 

synapses. Given that it undergoes maturation through the secretory pathway, its trafficking 

starts in the endoplasmic reticulum where it is synthesized (Fig.7). From there, APP can either 

Fig.6. APP processing. APP can be processed by 2 pathways: the non-amyloidogenic and 
amyloidogenic pathway. In the non-amyloidogenic pathway, APP is cleaved by α-secretase to 
generate sAPPα and CTFα. CTFα can be further processed by γ-secretase yielding p3 peptide and 
AICD fragment. In the amyloidogenic pathway, APP is first cleaved by β-secretase to generate 
sAPPβ and CTFβ. CTFβ can be further processed by γ-secretase releasing Aβ peptide and AICD 
fragment. 
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be transported via the transgolgi network (TGN) to the cell surface or can be directly 

translocated to the endosomal network (Jiang et al., 2014). Once on the cell surface, APP is 

readily internalized by clathrin mediated endocytosis since its C-terminal tail contains the 

YENPTY internalization signal (Lai et al., 1995; Marquez-Sterling et al., 1997). Endosomes 

containing APP recirculate through the endocytic and recycling pathways to reach the TGN or 

the cell surface. A measurable fraction of APP can be degraded in late endosomes (Haass et 

al., 1992). APP has a half-life of around 30-60min (Storey et al., 1996; Perez et al., 1999) and 

TGN is the major site of resident APP in neurons (Jiang et al., 2014). The cellular distribution 

of APP has an impact on the way it is processed. Indeed, while α-secretase cleavage occurs at 

the cell surface, β-secretase operates in the acidic compartments such as early endosomes 

and the TGN. Secretases also circulate through the secretory pathway. For instance, APP and 

β-secretase are localized in different types of vesicles in the dendrites but neuronal activity 

induces their convergence in recycling endosomes therefore favoring Aβ production (Das et 

al., 2013; Muller et al., 2017). It has been also suggested that the initial cleavage by α- or β-

secretase could occur in synaptic vesicles where both BACE1 and ADAM10 were found to co-

localize (Lundgren et al., 2015). In addition, it appears that Aβ secretion can be activity-

dependent since several independent studies have shown that increasing and decreasing 

neuronal activity could increase and decrease secreted Aβ levels, respectively (Kamenetz et 

al., 2003; Cirrito et al., 2005; Tampellini et al., 2009). In this regard, it was shown that Aβ can 

be secreted from both types of neuronal processes: dendrites and axons, and additionally 

from synapses as well (DeBoer et al., 2014; Tampellini et al., 2009). It is noteworthy that Aβ 

release was shown to be independent of glutamate release in stimulated isolated nerve 

terminals outlining the complexity of Aβ secretion mechanisms (Lundgren et al., 2014). 

Furthermore, the localization of γ-secretase is important for the type of Aβ species, 40 or 42, 

which will be preferentially produced from APP as well as its secretion. Indeed, it has been 

shown that γ-secretase containing PS2 is preferentially located to late endosomes and 

lysosomes as opposed to PS1 containing γ-secretase, which is more broadly distributed within 

the cell.  Furthermore, γ-secretase located to late endosomes and lysosomes was shown to 

contribute to longer form of Aβ, Aβ42, generation and buildup of intracellular Aβ pool 

(Sannerud et al., 2016). 
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1.7.4 Functions 

 

A lot of work has been done on trying to elucidate APP cellular function. Several evidences 

indicated that APP could be an essential physiological player. First, APP gene family is very well 

evolutionary conserved and its appearance coincides with the emergence of the earliest 

nervous system with operational synapses (Shariati and De, 2013). Second, its expression is 

ubiquitous. Third, in the CNS, APP expression can be detected starting from very early on 

during embryonic development. 

In order to investigate what functions APP family members could exert, different transgenic 

knock-out models have been generated. Mutants lacking only one member of the APP family 

show a normal phenotype with only subtle defects. By far the most studied, App -/- mice show 

reduced brain and body weight (Zheng et al., 1995; Li et al., 1996), decreased grip strength 

(Zheng et al., 1995; Ring et al., 2007) and age-dependent impairments in neuronal 

morphology, synaptic plasticity and behavior when compared to wild-type animals (Ring et 

Fig.7. APP trafficking. APP is transported from the endoplasmic reticulum to the transgolgi network 
(TGN) and further to the cell surface (1). Once at the membrane, it can be processed by α-secretase 
or internalized (2). Endosomes containing internalized APP can then either recirculate between the 
TGN and the cell surface (3) or mature into late endosomes where APP can be degraded upon 
fusion with lysososmes (4). β-secretase cleavage of APP appears in the acidic compartments such 
as early endosomes and the TGN.  
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al., 2007; Dawson et al., 1999a; Seabrook et al., 1999; Tyan et al., 2012; Zou et al., 2016; Lee 

et al., 2010b). In contrast to these subtle phenotypes, App-/- Aplp2-/-, Aplp1-/- Aplp2-/- and triple 

knock-outs (App-/- Aplp2-/- Aplp1-/-) die shortly after birth (Heber et al., 2000; Dinet et al., 2016) 

(von Koch et al., 1997; Herms et al., 2004). Given that single knock-out mice are perfectly 

viable, this suggests that APP family members have probably redundant roles and could 

compensate for each other. 

 

Despite the limitations of these models, after more than 20 years of research using various 

approaches, it appeared that APP would be able to regulate numerous cellular processes like, 

for example, neuronal development and neurite outgrowth, gene transcription, synaptic 

activity and plasticity, axonal transport, neuromuscular junction formation and activity, 

cholesterol, glucose and calcium homeostasis (Shariati and De, 2013; Van Der Kant and 

Goldstein, 2015; Muller et al., 2017; Pierrot et al., 2013; Santos et al., 2009). Based on these 

findings, it turns out that APP is somehow an “All Purpose Protein” that is required for many 

essential cellular mechanisms (Shariati and De, 2013). Below, I will focus on a few of these 

functions, which are of particular interest for this work. 

 

1.7.4.1 APP and nervous system development 

 

During the embryonic development of the CNS, neuronal precursor cells are born and 

multiplied in two main proliferative niches: ventricular zone (VZ) and the adjacent 

subventricular zone (SVZ) (Fig.8). These precursor cells can give rise to both neurons and glia. 

Once the divisions have completed, post-mitotic young neurons that originate from the VZ or 

the SVZ migrate towards the cortical plate using the fibers provided by radial glia cells, which 

are anchored in the VZ. When the young neurons reach their final destination located at the 

surface of the brain, they begin to mature by growing processes (axons and dendrites) that 

will eventually connect to form functional synapses. 

 

It was long considered that neurogenesis occurs only during embryonic and perinatal stages. 

However, it is now known that neurogenesis also takes place in the mature adult brain. Newly 

generated neurons in adults were first evidenced decades ago in the dentate gyrus of the 

postnatal rat hippocampus (Altman and Das, 1965).  It took however many years of research 
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to confirm these results and convince the scientific community of the accuracy of these 

observations. For instance, functional integration of these newly born neurons in the adult 

brain networks was demonstrated only 20 years later in songbirds (Paton and Nottebohm, 

1984). There are two main adult neurogenic regions: the subgranular zone (SGZ) in the dentate 

gyrus of the hippocampus where new dentate granule cells are generated, and the SVZ of the 

lateral ventricles where new neurons are born and then migrate to the olfactory bulb to 

become inhibitory neurons (Gage, 2000). From a functional point of view, adult neurogenesis 

was suggested to play a role in synaptic plasticity and therefore likely contributes to memory 

formation (Ming and Song, 2011). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In mice, APP is expressed in both VZ and SVZ of the developing cortex (Lopez-Sanchez et al., 

2005) and APP mRNA can be detected starting from embryonic day 9.5 prior to the peak of 

neural differentiation and neurite outgrowth (Salbaum and Ruddle, 1994). Interestingly, APP 

expression levels peak in the second postnatal week in rodents coinciding with the timing of 

brain maturation and completion of synaptic connections (Loffler and Huber, 1992). Taken 

Fig.8. Cortical development. Neuronal precursor cells are born and multiplied in two main 
proliferative zones: ventricular zone and the subventricular zone. Post-mitotic young neurons that 
originate from the ventricular zone and the subventricular zone migrate towards the cortical plate 
using the fibers provided by radial glia cells, which are anchored in the ventricular zone. (Adapted 
from (Herrup and Yang, 2007)). 



30 
 

together, these observations highlight a possible involvement of APP in regulation of early and 

late CNS development. Indeed, it has been evidenced that APP plays a role in different 

mechanisms of neuronal development including cell proliferation, cell migration, cell 

differentiation and neurite outgrowth and maintenance:  

• APP and cell proliferation: A lot of beneficial and important physiological functions have 

been attributed to sAPPα, the α-secretase soluble cleavage product of APP. In the 

context of neuronal development, sAPPα was shown to act like a growth factor since it 

could stimulate the proliferation of neuron stem cells isolated from embryonic rat wild-

type neocortex (Hayashi et al., 1994; Ohsawa et al., 1999). Additionally, a role of APP in 

adult neurogenesis has been reported. Indeed, sAPPα was shown to be able to bind a 

certain type of progenitor cells expressing early growth factor receptor (EGFR) in the 

lateral ventricle of mice and to promote adult neurogenesis in these animals (Caille et 

al., 2004). More recently, in conditional adult App-/- mice, increased proliferation of 

neural progenitor cells was evidenced when compared to wild-type animals (Wang et al., 

2014a) indicating that APP gene dosage would be important for regulating progenitor 

proliferation during development.  

• APP and cell migration: In App-/- animals no change in neuronal migration was detected 

when compared to non-transgenic animals probably due to the existence of 

compensatory mechanisms by APLPs. Indeed, in triple knock-out mice App-/- Aplp2-/- 

Aplp1-/-, neuronal migration abnormalities have been evidenced: neuronal precursor 

cells migrated beyond their normal positions (Herms et al., 2004). In contrast, Young-

Pearse et al. have shown that acute elimination of APP expression using in utero 

electroporation of shRNAs in rodent neuronal precursor cells prevented them from 

entering the cortical plate (Young-Pearse et al., 2007). The divergence in these results 

might indicate different roles for APPs and APLPs in regulating distinct processes 

occurring during development. 

• APP and cell differentiation: Since the earliest time point of APP expression coincides 

with the timing of neural differentiation, it was also suggested that APP and/or its 

metabolites might play a role in this process. Indeed, in human embryonic stem cells, the 

overexpression of APP or its soluble forms causes differentiation towards a neuronal 

phenotype (Freude et al., 2011). 
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• APP and neurite outgrowth and maintenance:  Several studies point to an involvement 

of APP in shaping the complexity of the dendritic arbor and in the maintenance of spine 

density and dynamics. Nevertheless these results are mostly inconsistent probably due 

to differences in experimental settings like for example use of in vitro versus in vivo 

models, cell type and anatomical regions analyzed, age of the animals studied. For 

instance, it was shown that spine density was increased in the cortex of App-/- mice and 

at the same time that γ-secretase inhibition decreased spine density in wild-type mice 

(Bittner et al., 2009). In contrast, Lee at al. demonstrated that down-regulation of APP 

reduces the number of spines while upregulation of APP increases their number in the 

CA1 region of the hippocampus (Lee et al., 2010b). In two more recent studies, decreased 

spine density was reported in organotypic hippocampal cultures (Weyer et al., 2014) and 

primary hippocampal cultures from App-/- mice (Tyan et al., 2012). Taken together, one 

could speculate that APP would be able to regulate neurite outgrowth and maintenance 

differentially dependent on the age and the specific cell type concerned. 

 

1.7.4.2 APP and intracellular signaling 

 

Due to similarities with Notch, a transmembrane protein that is also cleaved by γ-secretase to 

release an intracellular fragment NICD that is a transcriptional regulator, it was thought that 

APP could regulate transcription through its intracellular cleavage product AICD. In the early 

2000s, AICD was shown to be able to translocate to the nucleus (Cupers et al., 2001; Gao and 

Pimplikar, 2001; Kimberly et al., 2001). In addition, the formation of a transcriptionally active 

complex including AICD, the adaptor protein Fe65 and the chromatin-binding protein Tip60 

has been shortly pointed out (Cao and Sudhof, 2001; Gao and Pimplikar, 2001). The next step 

was to try to identify downstream targets of this transcriptional complex. A non-exhaustive 

list of described AICD target genes includes: tetraspanin family gene KAI1 (Baek et al., 2002), 

Glycogen synthase kinase 3 beta (GSK3β) (Kim et al., 2003; Ryan and Pimplikar, 2005), 

neprilysin (Pardossi-Piquard et al., 2005), Early growth factor receptor (EGFR) (Zhang et al., 

2007), Aquaporin 1 (AQP1) (Huysseune et al., 2009), p53 (Checler et al., 2007) and APP itself 

(von Rotz et al., 2004). Furthermore, it has been suggested that the potentially 

transcriptionally active AICD fragment would be generated from the amyloidogenic cleavage 

pathway of APP and not the non-amyloidogenic one (Goodger et al., 2009). Despite the 



32 
 

immense efforts that have been made in this research field, the validity of the proposed AICD 

targets has been questioned many times and the mechanisms involved in APP-dependent 

gene regulation still aren’t well characterized. 

 

1.7.4.3 APP and/or its catabolites in plasticity, learning and memory 

 

Given that in AD synaptic dysfunction correlates with cognitive decline and that Aβ oligomers 

recovered from patients can alter synaptic plasticity and memory, a potential involvement of 

APP in plasticity regulation has been suggested. 

 

In the well-described App-/- mouse model, an age dependent deficit in synaptic plasticity 

reflected by a decrease in long term potentiation (LTP) has been described when compared 

to non-transgenic animals (Seabrook et al., 1999). LTP is a sustained increase in synaptic 

strength at the postsynaptic site that can be evoked by stimulating the presynaptic site with a 

train of high frequency pulses. LTP is thought to be a mechanism underlying memory 

formation and consolidation, and is usually measured in the hippocampus. Accordingly, in 

App-/- transgenic mice memory impairments were also observed (Seabrook et al., 1999; 

Senechal et al., 2008). 

More recently, it was shown that APP could influence network activity patterns necessary for 

memory formation. Indeed, theta-gamma coupling, which is known to correlate with 

performance in learning tasks, was shown to be strongly decreased in the parietal cortex and 

hippocampus of App-/- mouse model (Zhang et al., 2016a). In addition, the duration of the UP 

state (slow depolarizing oscillations in the neocortex), which is a key feature of cortical 

synaptic integration essentially occurring during slow-wave sleep, was shown to be increased 

in the prefrontal cortex of App-/- mice (Huo et al., 2016).  

 

Among APP processing products, sAPPα has been shown to be able to influence neuronal 

activity, plasticity and memory. Exogenous sAPPα facilitated LTP induction in rat slices (Ishida 

et al., 1997) and enhanced memory in chickens, rats and mice (Meziane et al., 1998; Mileusnic 

et al., 2000; Mileusnic et al., 2004; Roch et al., 1994). Conversely, sAPPα-antibodies or 

pharmacological inhibition of α-secretase impaired granule cell LTP in adult rats (Taylor et al., 

2008). 
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Despite its supposedly deleterious effects, it appears that Aβ would also be able to contribute 

to APP-dependent neuronal plasticity regulation. Even though most studies have shown that 

Aβ impairs LTP (Walsh et al., 2002; Cleary et al., 2005; Hsieh et al., 2006; Wei et al., 2010), 

some have found evidence for Aβ-mediated facilitation of LTP (Wu et al., 1995; Kim et al., 

2001; Trubetskaya et al., 2003; Puzzo et al., 2012; Puzzo et al., 2008). Furthermore, Psen1 

knock-out mice that produce lowered amounts of Aβ show decreased LTP (Morton et al., 

2002). In addition, antibodies against rodent Aβ or knock-down of rodent APP by siRNAs 

resulted in a decrease of LTP in mice associated with a worsening of contextual fear memory 

performance when compared to untreated wild-type animals (Puzzo et al., 2011). This was 

further supported by experiments performed in rats and chicks using anti-APP antibodies 

where blocking APP resulted in impaired cognitive performance (Huber et al., 1993; Mileusnic 

et al., 2000).  

 

Taken together these evidences clearly outline an involvement of APP and/or its cleavage 

products in synaptic plasticity regulation. 

 

1.8 Synaptic dysfunction and neuronal activity alterations in Alzheimer’s disease 

 

1.8.1 Synaptic dysfunction in AD 

 

Although senile plaques have been so far considered as essential contributors to cognitive 

decline in AD patients, therapeutic approaches aiming to reduce brain amyloid load failed to 

rescue memory deficits in these individuals (for review see (Canter et al., 2016)). Therefore, a 

lot of research has been done on trying to elucidate different physiopathological mechanisms 

that could contribute to AD symptoms. A direct correlate between synaptic deficits and 

cognitive decline has been established a long time ago and led researches to investigate the 

underlying reasons and consequences (Terry et al., 1991; DeKosky and Scheff, 1990). 

Interestingly, a lot of observations point out to an altered synaptic functioning in AD. For 

instance, atypical neuronal synchronicity and oscillations appear long before senile plaques 

and could be associated with cognitive impairment (Martin et al., 1994; Berendse et al., 2000). 

Furthermore, in AD transgenic mouse models, learning and synaptic alterations also appear 
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before the formation of plaques (Massimini et al., 2005; Cleary et al., 2005; Zhang et al., 

2016b). Moreover, several categories of people that are at risk for AD (e.g. ApoE4 carriers, 

FAD family members, MCI patients) display an abnormal activation pattern of certain brain 

regions during performance of cognitive tasks. For instance, increased activation of the 

hippocampus and reduced deactivation of default mode network (DMN), brain regions that 

are normally deactivated during attention-demanding cognitive efforts and are active during 

inwardly oriented mental activity (e.i introspection, daydreaming), was observed in these 

individuals (Filippini et al., 2009; Quiroz et al., 2010; Sepulveda-Falla et al., 2012; Bakker et al., 

2012; Dickerson et al., 2005; Celone et al., 2006).  

Another evidence for synaptic dysfunction in AD came from studies that showed a lack of 

functional connectivity between brain areas in AD patients by using several different 

methodological approaches like functional magnetic resonance imaging (Canter et al., 2016) 

(Martin et al., 1994), magnetic- and electro- encephalography (MEG (Berendse et al., 2000) 

and EEG (Leuchter et al., 1992), respectively). Furthermore, by combining transcranial 

magnetic stimulation (TMS) with EEG to characterize changes in functional connectivity and 

cortical excitability, Casarotto et al. showed that cortical responses to TMS pulses delivered 

over the frontal lobes are substantially altered in mild AD patients as compared to healthy 

age-matched controls (Casarotto et al., 2011; Julkunen et al., 2008). Interestingly, recent 

evidence indicates that deep-brain stimulation of the basal forebrain and hypothalamus in AD 

patients could slow down the progression of the disease (Laxton et al., 2010; Kuhn et al., 

2010). Taken together, these findings point out to an existence of a network dysfunction in 

AD, which could contribute to cognitive decline. 

 

1.8.2 Neuronal activity alterations in AD 

 

A lot of evidences point to neuronal activity alterations in AD. There are both arguments in 

favor of neuronal hypoactivity and hyperexcitability in AD, indicating that both phenomena 

might coexist and/or appear in different areas of the brain as well as at different stages of the 

disease. For instance, it was shown that AD patients have decreased activation of hippocampal 

formation during memory consolidation (Sperling, 2007). In contrast, it was shown that people 

at risk for AD like ApoE4 carriers or individuals with MCI are susceptible to task-dependent 

hippocampal hyperactivity (Filippini et al., 2009). AD-related cortical hyperexcitability 
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following magnetic stimulation of the cortex has also been reported in AD patients (Di, V et 

al., 2004). Additionally, PET experiments measuring regional cerebral blood flow, which 

reflects neuronal activity, have evidenced increased neuronal activity in prefrontal areas of 

AD patients during performance of memory tasks (Grady et al., 2003). However, there is also 

evidence for hypoactivity in certain cortical areas of AD patients. Indeed, PET using 18F-

fluorodeoxy-glucose (18F-FDG) compound that estimates glucose metabolism, revealed 

hypometabolism in parietotemporal associative areas and in posterior cingulate areas of AD 

patients, which could be related to reduced neuronal activity in these regions (Mosconi, 2005; 

Mosconi et al., 2007).  

In addition, it is suggested that AD patients are at greater risk for epileptic seizures. 

Epidemiological studies have shown that unprovoked seizures could occur in 10-22% of AD 

patients (Mendez et al., 1994; Sjorgen et al., 1952; Forstl et al., 1992; Amatniek et al., 2006; 

Imfeld et al., 2013). Interestingly, people with early-onset AD (50-65 years old) experience 

seizures at much higher rate than late onset AD individuals (>81 years old) (Sherzai et al., 

2014). Epileptic activity is even more frequent in pedigrees of early onset autosomal dominant 

AD. For instance, in a recent study, 48% of individuals carrying FAD mutations out of 132 

examined experienced seizures (Zarea et al., 2016). Seizure risk is even more striking in 

patients harboring APP locus duplication – between 58% and 81% (Cabrejo et al., 2006; 

McNaughton et al., 2012; Zarea et al., 2016). Furthermore, 84% of Down’s syndrome patients 

who progress to dementia are also prone to experience epileptiform activity (Lai and Williams, 

1989). Importantly, seizures can exacerbate cognitive decline in AD patients (Vossel et al., 

2017). For example, in a case-control study of ten patients with advanced AD, those with 

seizures had faster decline in language assessment score as compared to patients without 

seizures (Volicer et al., 1995). Furthermore, amnesic episodes in AD individuals have been 

associated with seizures as recorded by EEG indicating that seizures could contribute to 

symptoms of dementia (Rabinowicz et al., 2000). Conversely, epileptiform activity in patients 

suffering from temporal lobe epilepsy can also lead to transient amnesia and even AD-like 

memory impairments (Sinforiani et al., 2003).  

Classical EEG-based seizure detection methods are not sensible enough to detect subtle non-

convulsive epileptiform episodes in AD patients. Therefore, it is considered that subclinical 

epileptiform discharges could be present in a much wider percentage of AD cases than 

clinically detectable seizures. Indeed recently, subclinical epileptiform activity was detected in 
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14 (42%) of 33 AD patients with 90% of discharges appearing during sleep (Cretin et al., 2016). 

Furthermore, in this study, patients with subclinical seizure episodes showed faster cognitive 

decline over time. In line with these results, a very recent study has detected clinically silent 

hippocampal seizures and epileptiform spikes during sleep in two AD individuals without a 

history or EEG evidence of seizures by using intracranial implanted electrodes (Lam et al., 

2017).  

An interesting explanatory hypothesis concerning the dual nature of activity alterations in AD 

concerns mechanisms of so called “synaptic scaling”. Neuronal homeostatic scaling is a local 

feedback mechanism that allows the neuron to sense levels of activity-dependent calcium 

entry and accordingly adjust neuronal firing rates (Turrigiano, 2008). It is postulated that in 

AD, where synaptic function is disrupted, there would be long periods of hypoactivity, which 

would cause the remaining neurons to increase their sensitivity to excitatory signals so that 

normal activity levels could be restored. This would result in a much easier transition to high-

excitation bursting states and therefore hyperexcitability could occur (Frohlich et al., 2008). 

Taken together, these findings clearly indicate that neuronal activity is altered in AD and could 

lead to cognitive dysfunction. 

 

1.8.3 APP and neuronal activity 

 

Numerous transgenic AD mouse models that express mutant APP with familial mutations 

combined or not with mutant PS exhibit hyperexcitability and are susceptible to seizures 

(Palop and Mucke, 2016). An important feature of these models is increased production of Aβ 

that results in high brain amyloid load. Given this, it was suggested that senile plaques and 

excessive Aβ release would be responsible for seizure appearance in these mice. Although 

bath application of exogenous Aβ often decreases synaptic plasticity (Palop and Mucke, 2010), 

it was also shown that Aβ could increase electrical activity of excitatory neurons (Minkeviciene 

et al., 2009) and could be a positive modulator of release probability in hippocampal neurons 

(Abramov et al., 2009). Another argument in favor of an involvement of Aβ in the regulation 

of neuronal activity came from the observation that its secretion is activity dependent 

(Kamenetz et al., 2003; Cirrito et al., 2005; Tampellini et al., 2009).  

However, several evidences point out that susceptibility to seizures in AD mouse models might 

not be only due to Aβ. Indeed, it was shown that these mice display abnormal neuronal activity 



37 
 

well before plaque appearance (Busche et al., 2012). Furthermore, apart from high amyloid 

production, these models overexpress APP that could by itself modulate neuronal activity. For 

instance, by using an inducible APP transgenic model, it was recently shown that full length 

APP or one of its non-Aβ fragments could be responsible for the appearance of seizures in 

these mice (Born et al., 2014).  

Interestingly, impact of APP on neuronal activity has been as well highlighted in a non-AD 

related transgenic mouse model, Fmr1-/- mice, a mouse model of Fragile X Syndrome in which 

APP metabolism and expression are altered. In these mice, overexpression of APP exacerbated 

audiogenic induced seizures, while a reduction of APP expression in Fmr1-/-/App+/- partially 

decreased evoked seizure activity (Westmark et al., 2011; Westmark et al., 2010). Taken 

together, these results indicate that APP or its metabolites could be able to regulate levels of 

neuronal activity. 

 

II. Glutamatergic neurotransmission 
 

2.1 General overview 

 

Balanced levels of neuronal activity are a prerequisite for normal brain functioning and are 

essential contributors to cognition and memory consolidation. Fine tuning of neuronal activity 

is dependent on a balance between excitatory and inhibitory neurotransmission. In the brain, 

the main excitatory neurotransmitter is glutamate while the main inhibitory neurotransmitter 

is γ-aminobutyric acid (GABA). 

 

Glutamate drives about 70% of synaptic neurotransmission in the mammalian CNS and is 

abundantly present in the brain in a µM (resting state) to mM (during synaptic activity) 

concentration range (Meldrum, 2000). It is synthesized in neurons from glutamine and can be 

loaded into synaptic vesicles via vesicular glutamate transporters (VGLUT). Once released in 

the synaptic cleft by vesicular release, it can be uptaken by the presynaptic neuron or the 

surrounding glial cells via amino acid transporters (EAATs). After that, it can then be stored or 

converted to glutamine, which can be recycled back into neurons and transformed again into 

glutamate. At the postsynaptic terminal, glutamate acts by binding ionotropic and/or 
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metabotropic glutamate receptors, which results in the appearance of excitatory postsynaptic 

potential (EPSP) and can eventually contribute to synaptic plasticity mechanisms like 

formation of LTP (Meldrum, 2000; Smart and Paoletti, 2012). 

 

Glutamatergic neurotransmission in the brain mainly operates through 2 types of ionotropic 

receptors: alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-

D-aspartate (NMDA) receptors. AMPA receptors are cationic channels that essentially 

conduct Na+ and K+ ions (in some rare cases Ca2+ too). They are considered as the main 

transducers of fast excitatory neurotransmission in the mammalian brain. From a structural 

point of view, they mostly form tetramers composed of four glutamate receptor subunits 

GluA1-GluA4 (previously referred to GluR1–GluR4). AMPA receptor subunit composition 

depends on the brain region. For instance, at hippocampal excitatory CA3–CA1 synapses, most 

AMPA receptors are composed of GluA1/GluA2 or GluA3 subunits (Holman et al., 2007). 

 

NMDA receptors conduct Na+ and K+ ions just like AMPA receptors but, conversely, have a 

very high permeability for Ca2+. Besides this, NMDA receptors have several other unique 

properties like voltage-sensitive block by extracellular Mg2+ and unusually slow 

activation/deactivation kinetics (Cull-Candy et al., 2001). Release of the Mg2+ block associated 

with binding of a co-agonist glycine or D-serine together with glutamate (Erreger et al., 2004) 

leads to Ca2+ influx through the NMDA receptor channel that in turn regulates synaptic 

strength. NMDA receptors are tetramers composed essentially of two GluN1 subunits 

assembling with two GluN2 subunits that exist in 4 isoforms GluN2A-D. (Cull-Candy et al., 

2001). 

 

When glutamate is released from the presynaptic terminal, it first activates AMPA receptors 

that mediate fast synaptic transmission (Fig.9). Entry of high amounts of Na+ through the 

AMPA receptor can trigger depolarization great enough to release the Mg2+ blockade of NMDA 

receptor allowing entry of additional Na+ and more importantly Ca2+ through its pore. When 

the frequency of presynaptic stimulation is high, this results in elevated intraneuronal Ca2+ 

concentration in the postsynaptic neuron. Ca2+, by activating second messenger cascades, can 

initiate mechanisms involved in synaptic plasticity and therefore lead to increased synaptic 

strength. For example, it can induce phosphorylation of AMPA receptors resulting in an 
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increase in their conductance or it can trigger insertion of additional AMPA receptors into the 

cell membrane. Ca2+ can also activate transcription factors like CREB, which can modulate 

expression of plasticity related genes necessary for LTP formation and therefore involved in 

memory consolidation (Meldrum, 2000; Smart and Paoletti, 2012). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2 Glutamatergic neurotransmission in AD 

 

Consistent with the direct involvement of glutamatergic neurotransmission in learning and 

memory, alterations in glutamatergic signaling have been linked with the pathophysiological 

processes related to AD (Danysz and Parsons, 2012). Sustained and low activation of NMDA 

receptors can ultimately lead to neuronal death – an effect called ‘excitotoxicity’. Indeed, in 

these conditions the Mg2+ blockade of the NMDA receptor can be lifted even by a moderate 

depolarization, which causes a considerable influx of Ca2+ ions into the postsynaptic neuron. 

Fig.9. Glutamatergic neurotransmission. Once glutamate is released into the synaptic cleft it binds 
to AMPA and NMDA ionotropic receptors. AMPA receptors are the first to be activated and lead to 
an important Na+ flux that depolarizes the membrane and lifts the NMDA Mg2+ block. NMDA 
activation causes important Ca2+ entry that activates signaling cascades involved in synaptic 
plasticity aiming to increase glutamatergic synaptic strength, for instance, by triggering AMPA 
phosphorylation or insertion of additional AMPA receptors into the membrane (Purves D, 2012). 
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When prolonged, this Ca2+ overload can trigger toxic mechanisms resulting in 

neurodegeneration (Chen et al., 1992; Parsons et al., 1993). 

 

Evidence indicates that glutamate uptake and recycling mechanisms are altered in AD due to 

modifications in glutamate transporter expression. For instance, it is known that glutamate 

transporter expression levels and its capacity are decreased in the frontal/temporal cortex of 

AD patients (Masliah et al., 1996; Li et al., 1997; Tilleux and Hermans, 2007). Additionally, a 

selective loss of VGLUT has been reported in the brains of AD individuals (Kirvell et al., 2006). 

 

Another factor potentially contributing to NMDA-receptor mediated toxicity in AD is 

availability of D-serine, the predominant endogenous co-agonist of the NMDA receptor in the 

forebrain (Danysz and Parsons, 1998). For instance, mRNA levels of serine racemase that 

generates D-serine from L-serine were reported to be elevated in AD hippocampus (Wu et al., 

2004). 

 

As opposed to what could be expected, expression levels of NMDA receptors are decreased 

rather than increased in AD patients’ brains when compared to non-demented control tissues. 

Although this observation is in contradiction with excitotoxity hypothesis and the increased 

risk of seizures that AD patients harbor, it could be attributed to compensation mechanisms 

aiming to reduce neurotoxic NMDA signaling (Danysz and Parsons, 2012). 

 

The location of NMDA receptors, synaptic versus extrasynaptic, is also important in the 

context of AD pathophysiology. Indeed, it is considered that AD-related excitotoxicity would 

be mediated by extrasynaptic NMDA receptors rather than synaptic ones. For instance, one 

of the only drugs available for AD treatment is memantine, an NMDA receptor antagonist. It 

is considered that memantine has a beneficial effect in AD because it inhibits extrasynaptic 

NMDA receptors that drive excitotoxicity and spares the synaptic ones, which are essential for 

neuronal survival and functioning (Hardingham and Bading, 2010). 

 

Taken together, the glutamatergic component appears indeed to be disrupted in AD and most 

probably contributes to the cognitive deficits observed in this pathology. 
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2.3 APP, Aβ and glutamatergic neurotransmission 

 

Given that APP clearly plays a role in regulation of synaptic plasticity as explained in the 

previous chapter, and that glutamatergic transmission seems to be impaired in AD, the link 

between APP and glutamatergic neurotransmission has been investigated. 

Increased evoked NMDA and AMPA mediated excitatory postsynaptic currents (EPSCs) were 

reported in App-/- primary hippocampal cultures when compared to wild-type cultures (Priller 

et al., 2006). In HEK293 (Human Embryonic Kidney Cells 293) cultures transfected with a vector 

allowing expression of the neuronal isoform of APP, APP695, it was shown that APP could 

interact with GluN1/GluN2A and GluN1/GluN2B NMDA receptor subtypes and increase their 

cell surface delivery (Cousins et al., 2009). Additionally, interaction between APP and NMDA 

receptors and increased surface levels of NMDA receptors subunits GluN1 and GluN2B were 

also reported in primary neuronal cultures overexpressing APP. In the same study, 

overexpression of APP in primary hippocampal neurons caused a significant increase in NMDA 

receptor mediated miniature EPSCs while knockdown of APP with RNAi had the opposite 

effect (Hoe et al., 2009). Interestingly, it has also been shown that APP could increase cell 

surface levels of the AMPA receptor subunit GluA2 without altering levels of GluA1 in primary 

hippocampal neurons overexpressing APP (Lee et al., 2010b). 

A lot of work concerning the link between APP and glutamatergic excitatory 

neurotransmission has focused on Aβ. Indeed, it has been clearly demonstrated that Aβ could 

reduce glutamatergic synaptic transmission strength and consequently impair synaptic 

plasticity (Cleary et al., 2005; Walsh et al., 2002). Furthermore, it was recently shown that Aβ-

mediated synaptic depression is driven by GluA3-containing AMPA receptors (Reinders et al., 

2016). Based on several studies, it seems that Aβ could exert its toxic effect, at least in part, 

by excessive activation of extrasynaptic NMDA receptors containing GluN2B subunits (Li et al., 

2011; Palop and Mucke, 2010). Indeed, increased activation of extra-synaptic GluN2B 

containing NMDA receptors has been described to trigger excitotoxicity and cell death (Cull-

Candy et al., 2001; Hardingham and Bading, 2010). Aβ not only affects the functioning of 

glutamate receptors but has also been shown to reduce glutamate uptake from the synaptic 

cleft, therefore again favoring excitotoxity (Fernandez-Tome et al., 2004; Matos et al., 2008).  
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The physiologically active metabolite of APP, sAPPα also has an impact on glutamatergic 

synaptic transmission. In this regard, it was reported that sAPPα can facilitate NMDA receptor 

mediated currents both in vitro and in vivo (Taylor et al., 2008). sAPPα also seems to have a 

neuroprotective function since it can mitigate toxic effect of excessive NMDA receptor 

activation (Ryan et al., 2013). 

Based on these evidences, it seems that APP and its cleavage products would be able to 

regulate glutamatergic neurotransmission. Indeed, while Aβ is mostly described as an inhibitor 

of excitatory synaptic functioning, sAPPα appears to be neuroprotective. 

 

III. GABAergic neurotransmission 
 

In the adult central nervous system, γ-amino-butyric acid (GABA) is a major inhibitory 

neurotransmitter that shapes cortical activity (Isaacson and Scanziani, 2011). It was first 

identified in the mammalian brain almost seventy years ago (AWAPARA et al., 1950)  

(ROBERTS and FRANKEL, 1950). GABAergic neurons represent approximately 15-20% of the 

cortical neuronal population (Meinecke and Peters, 1987) and, in contrast to their 

counterpart, the glutamatergic excitatory cells, do not generally have long range projections. 

Therefore, they are also termed interneurons. Given that there exists a tight balance between 

excitatory and inhibitory neurotransmission, GABAergic neurotransmission just like the 

glutamatergic one is essential for the induction of LTP (Bliss and Lomo, 1973) and therefore 

memory formation.  

 

3.1 GABAergic neuronal populations and AD 

 

GABAergic neuronal population is highly heterogeneous. Indeed, there exists a myriad of 

GABAergic neuronal subtypes that can be classified according to their physiology, 

morphology, connectivity, and expression of certain molecular markers such as neuropeptides 

(somatostatin, cholecystokinin, vasoactive intestinal peptide, and neuropeptide-Y) and Ca2+-

binding proteins (parvalbumin, calretinin, and calbindin) (Markram et al., 2004; Klausberger 

and Somogyi, 2008) (Fig.10). At least 20 different cortical subtypes and 21 hippocampal 
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subtypes have been identified (Fishell and Rudy, 2011; Klausberger and Somogyi, 2008). The 

classification of GABAergic cells is not trivial since interneurons that share the same molecular 

marker can have divergent morphologies, physiological responses and connectivity patterns. 

Therefore, categorization of GABAergic neurons based on only one parameter has shown itself 

inefficient. A future prospect would be to identify subtypes of interneurons by a certain gene 

expression pattern that would likely explain the diversity in shapes, connections and activity 

of these cells. Despite this high and complex variability, there are several categories of 

GABAergic neurons that are abundant in the forebrain and are therefore quite well described. 

 

The two main cortical interneuron subtypes are: 

 

• Parvalbumin (PV) interneurons: PV is a calcium binding protein that is expressed in 

around 40% of neocortical neurons (Rudy et al., 2011). An important subcategory of 

PV-expressing interneurons are basket cells (Markram et al., 2004). Physiologically, PV-

expressing basket cells are often fast-spiking characterized by high-frequency trains of 

action potentials (Kawaguchi et al., 1987). PV basket neurons are known to innervate 

the soma and proximal dendrites of excitatory pyramidal neurons (Kawaguchi and 

Kubota, 1997). Physiologically, they control the phasing and synchronization of 

neuronal activity (Freund and Katona, 2007). 

• Somatostatin interneurons: Somatostatin is a peptide expressed in 30% of cortical 

interneurons. Somatostatin neurons usually target dendrites. Their spiking profile is 

adaptive and regular (Kawaguchi and Kubota, 1997; Xu et al., 2006). A representative 

population of somatostatin neurons are Martinotti cells that can be further divided 

into two subclasses defined by the presence or absence of the calcium-binding protein, 

calretinin  (Xu et al., 2006). Somatostatin interneurons inhibit both pyramidal cortical 

cells and PV expressing GABAergic neurons. 

 

There is evidence that both of these interneuron subtypes are differentially affected in AD. 

Indeed, some studies have shown that the number of PV interneurons is decreased in AD 

cortical tissues (Arai et al., 1987; Satoh et al., 1991). However, in better preserved postmortem 

samples, no significant change in PV interneurons number was found (Ferrer et al., 1991; 

Fonseca et al., 1993; Hof et al., 1991). In another study, PV-immunoreactive dystrophic 
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neurites and aberrant sprouts could be detected in AD cortical sections indicating that even 

though the number of PV interneurons might remain unchanged in AD, the morphology of 

these cells could be modified (Ferrer et al., 1993). Furthermore, in the hippocampus of AD 

patients, PV positive cells were shown to be differentially affected depending on the region 

concerned: a decrease in the number of PV interneurons was detected in the dentate 

gyrus/CA4 and CA1–CA2 regions, while PV neurons didn’t decline in the CA3 region nor in the 

subiculum (Brady and Mufson, 1997). From a functional point of view, in the parietal cortex 

of the hAPPJ20 AD mouse model, a decrease in the interneuron-specific and PV cell-

predominant voltage-gated sodium channel subunit Nav1.1 was found (Verret et al., 2012) 

and was suggested to trigger epileptiform activity. A decrease in Nav1.1 expression in the PV 

positive cells could also be observed in the parietal cortex tissues of AD patients (Verret et al., 

2012). Somatostatin interneurons have been also analysed in AD patients’ brains, and 

decreased numbers of somatostatin positive cells were found in the temporal and frontal 

cortices as well as in the hippocampus of these individuals (Davies et al., 1980; Rossor et al., 

1980; Davies and Terry, 1981; Candy et al., 1985; Dournaud et al., 1994). 
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Fig.10. Diversity in GABAergic neuronal subtypes. GABAergic neuronal population is highly 
heterogeneous and somewhat complex to classify. Several classification criteria illustrated here can 
be used: cell morphology, connectivity, expression of molecular markers and firing profiles. The 
complexity of classification is due to the fact that a cell of certain morphology can have several 
types of connections, express several types of markers and have various firing patterns. In the 
cortex the 2 main interneuron types are parvalbumin and somatostatin expressing cells. Calretinin 
expressing neurons are a subtype of somatostatin interneurons. Beside these populations, 5HT3aR 
expressing interneurons can be also found in the cortex. They include vasoactive intestinal peptide 
positive (VIP) and negative interneurons. The non-VIP neurons can be further subdivided and 
include Reelin positive neurons. Other cortical interneuronal populations express cholecystokinin, 
nitric oxide synthase and neuropeptide Y (Kepecs and Fishell, 2014). 
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3.2 GABA synthesis, storage, release and reuptake 

 

GABA is mainly synthesized from glutamate by a pathway termed GABA shunt. In this 

pathway, glutamate, which can be derived from the Krebs’s cycle product α-ketoglutarate, is 

decarboxylated by the glutamic acid decarboxylase (GAD) to yield GABA (Fig.11). There are 

two main GAD isoforms: GAD65 and GAD67 that are coexpressed in most of the GABA-

containing neurons but have a different subcellular distribution (Soghomonian and Martin, 

1998). Indeed, GAD67 is essentially present in the cytoplasm and in the cell bodies, whereas 

GAD65 is highly enriched in axon terminals and is associated with synaptic vesicles (Kaufman 

et al., 1991). GAD67 knock-out leads to death on the first day after birth due to cleft palate. 

There is also a >90% reduction in basal GABA levels in the brain of these animals (Asada et al., 

1997; Condie et al., 1997). GAD65 knock-out mice have a milder phenotype, but are more 

prone to seizures (Asada et al., 1996; Kash et al., 1997). It is considered that GAD67 accounts 

for most GABA synthesis by producing the neuronal activity unrelated GABA pool as well as 

GABA necessary for basal inhibitory neurotransmission firing, whereas transiently activated 

GAD65 plays a major role in catalyzing GABA necessary for dampening increased neuronal 

activity like, for instance, during epileptic seizures (Tian et al., 1999; Patel et al., 2006). 

After its synthesis, GABA is loaded into synaptic vesicles by the vesicular neurotransmitter 

transporter VGAT (Fon and Edwards, 2001). It is then mainly released from the synapses by 

calcium-dependent exocytosis. GABA synthesis is the rate-limiting step in GABA metabolism 

(Soghomonian and Martin, 1998) and therefore has a high influence on the cellular and 

vesicular GABA content (Engel et al., 2001). 

Once released, GABA can bind to two main types of receptors: metabotropic GABAB receptors 

and ionotropic GABAA receptors, which can be localized both pre- or postsynaptically. GABA 

signaling is terminated by reuptake of the neurotransmitter via a special class of plasma-

membrane transporters - GATs that are expressed both in synaptic terminals and in 

surrounding glia (Cherubini and Conti, 2001). Namely, GAT-1 is a transporter essentially 

expressed in neurons while GAT-3 is an important GABA carrier in astrocytes. Following 

reuptake, GABA is transaminated by a transaminase termed GABA-T for further reutilization 

(Kilb, 2012; Owens and Kriegstein, 2002). 
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3.3 GABAB receptors 

 

GABAB receptors are metabotropic receptors that were first identified in the early 1980s (Hill 

and Bowery, 1981; Bowery et al., 1980). GABAB receptor signaling occurs through activation 

of a heterotrimeric G protein that belongs to the Gi/o family, which inhibits the production of 

cAMP from ATP. GABAB receptor-mediated inhibition has slower kinetics as compared to the 

GABAA. Indeed, G proteins transduce signals by activating or inhibiting complex signaling 

cascades involving effectors, second messengers and enzymes. In the case of 

neurotransmitter metabotropic receptors, activation of these signaling cascades most of the 

time results in a modulation of channel and/or other receptor activity. GABAB receptors are 

expressed both pre- and postsynaptically. They use different mechanisms to regulate cell 

excitability depending on their localization. Indeed, presynaptic inhibition occurs through a 

GABAB receptor-mediated reduction in calcium current at the synaptic terminal triggering a 

decrease in neurotransmitter release. This type of inhibition can result either in an excitation 

Fig.11. GABAergic neurotransmission. GABA is synthetized by the glutamic acid decarboxylase 
(GAD) and loaded via VGAT transporter into synaptic vesicles. After its release, GABA can bind and 
activate its ionotropic GABAA receptors or metabotropic GABAB receptors. GABA signaling is 
terminated by reuptake of GABA by GAT transporters, which can be expressed both in neurons and 
glia. After reuptake, GABA can be further metabolized by glutamate transaminase (GABA-T) for 
reutilization (Owens and Kriegstein, 2002). 
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or an inhibition of the postsynaptic neuron depending on what type of neurotransmitter is 

prevented from being released. For instance, if a GABAB presynaptic autoreceptor inhibits 

release of GABA this is going to favor depolarization of the postsynaptic cell. This effect is 

termed disinhibition. Conversely, a GABAB presynaptic heteroreceptor that blocks glutamate 

release will trigger inhibition of the postsynaptic neuron. Postsynaptic GABAB receptor-

mediated inhibition is more direct as it activates potassium currents that hyperpolarize and 

inhibit the postsynaptic cell (Bormann, 1988; Owens and Kriegstein, 2002; Heaney and Kinney, 

2016).  

 

Structure-wise, GABAB receptors form heterodimers consisting of one GABAB1 (1a or 1b) and 

one GABAB2 subunit (Emson, 2007). It is generally admitted that the GABAB1a/GABAB2 

heterodimer localizes to presynaptic neurons whereas the GABAB1b/GABAB2 containing 

receptors are postsynaptic (Kohl and Paulsen, 2010; Heaney and Kinney, 2016). 

 

Solid evidence indicates that GABAB receptors antagonism enhances synaptic plasticity and 

LTP (Morrisett et al., 1991; Olpe et al., 1993). Conversely, overexpression of both the GABAB1a 

(Wu et al., 2007) and the GABAB1b (Stewart et al., 2009) receptor isoforms reduce LTP in the 

hippocampus of transgenic mice (Heaney and Kinney, 2016). In addition, GABAB1a−/− mice are 

unable to induce LTP (Vigot et al., 2006). Based on these observations, it is clear that GABAB 

receptors are important regulators of neuronal plasticity. 

 

Concerning GABAB receptors in the context of AD, there is evidence for a decrease in GABAB 

receptor content in certain hippocampal regions like in the dentate gyrus and the CA1 region  

(Chu et al., 1987) as well as in the cerebral cortex (Young, 1987) of AD patients versus control 

individuals. The distribution and intensity of expression of the GABAB1 subunits has been 

shown to evolve following the progression of NFTs in the hippocampus. For instance, during 

early stages, its content remained constant or increased while during advanced stages of NFT 

pathology GABAB1 staining decreased in the hippocampus (Iwakiri et al., 2005; Nava-Mesa et 

al., 2014). 
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3.4 GABAA receptors  

 

GABAA receptors are ligand-gated ionotropic receptors with a central pore permeable to 

anions, essentially to Cl- and to a lesser extent to HCO3-. They are members of the Cys loop 

ligand-gated ion channel superfamily that also includes nicotinic acetylcholine receptors, 

glycine receptors and ionotropic 5-HT3 serotonin receptors  (Sigel and Steinmann, 2012). All 

these receptors share a motif composed of two cysteine residues separated by 13 amino acid 

residues. GABAA receptors are heteropentameric and therefore consist of five subunits among 

19 known receptor subunits: α1–6, β1–3, γ1–3, δ, ε, θ, π, and ρ1–3. This great number of 

possible combinations results in a complex heterogeneity of GABAA receptor subtypes with 

distinct pharmacological and physiological properties (Mody and Pearce, 2004). In some cases, 

up to 8 different subunit isoforms were shown to be expressed simultaneously in a single cell 

(Sigel and Steinmann, 2012). The most common GABAA receptor in the brain is considered to 

be composed of α1, β2, and γ2 (McKernan and Whiting, 1996; Sieghart and Sperk, 2002). In a 

few less abundant subtypes, a δ, ε, or π subunits can be found instead of the γ subunit, and θ 

subunit can be expressed instead of the β subunit. Distinct receptor subtypes have specific 

regional, cellular and temporal expression patterns (Olsen and Sieghart, 2008). For instance, 

α1–3, βn, and γ2 subunit containing GABAA receptors are mainly synaptic, whereas α4–6 and 

δ-containing receptors are mainly peri- or extrasynaptic (Belelli et al., 2009; Farrant and Kaila, 

2007). While synaptic receptors mediate fast phasic inhibition, extrasynaptic receptors are 

responsible of persistent tonic inhibition. Phasic inhibition results from classical activation of 

GABAA receptors following exposure to activity-dependent synaptic GABA release. Tonic 

inhibition takes place in a less spatially and temporally restricted manner due to activation of 

GABAA receptors at extrasynaptic sites by low concentration of GABA that has escaped from 

the synaptic cleft or “spilled over” (Farrant and Nusser, 2005). It is admitted that phasic 

(synaptic) currents play a role in synchronizing network activity whereas tonic currents 

modulate basal excitability of neuronal networks (Semyanov et al., 2004). GABAρ receptors, 

also known as GABAC receptors, are now recognized as a subclass of GABAA receptors, and are 

highly expressed in the retina (Johnston, 2002). Typically, they are homomeric or heteromeric 

GABA-responsive ionotropic receptors that differ by their pharmacology from the other 

GABAA receptor subtypes (Olsen and Sieghart, 2008). 
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GABA can exert its inhibitory effects by two GABAA-dependent mechanisms: conductance-

based (shunting) and voltage-based (hyperpolarization) inhibition. Shunting inhibition is a 

short-circuit process explained by an increase in conductance resulting from GABAA receptor 

activation that suppresses the spatial and temporal summation of depolarizing membrane 

responses to excitatory currents or EPSCs (Sjostrom et al., 2008; Gidon and Segev, 2012; 

Blaesse et al., 2009). Voltage-based inhibition consists of activation of synaptic GABAA 

receptors by synaptically released GABA, which causes the flow of Cl- ions inside the 

responding neuron, hyperpolarizing the neuronal membrane and causing the appearance of 

what is termed an inhibitory postsynaptic potential (IPSP) (Farrant and Nusser, 2005; Kaila et 

al., 2014). 

Even though GABA is mainly hyperpolarizing and inhibitory in the mature brain, its actions are 

primarily depolarizing and sometimes excitatory in the developing brain (Ben-Ari et al., 1989; 

Cherubini et al., 1991; Ben-Ari, 2002). Depolarizing GABAergic signaling is necessary for 

promotion of neuronal network development. Once the development is completed, GABA 

signaling becomes hyperpolarizing and contributes to neuronal activity regulation by 

preventing excessive excitation. This difference in GABAergic signaling polarity between the 

immature and mature brain is due to a gradual change in intraneuronal Cl- concentration that 

appears during development. Indeed, in immature neurons intraneuronal Cl- concentration is 

high while in mature neurons it is low. This influences the direction and the magnitude of the 

Cl- flux mediated by the GABAA receptors and accordingly the polarity of the GABAergic 

signaling (Kaila et al., 2014; Blaesse et al., 2009). 

 

3.5 Neuronal chloride homeostasis 

 

3.5.1 Cation-chloride cotransporters 

 

Intraneuronal Cl- concentration ([Cl-]i) is regulated by cation chloride cotransporters or CCCs. 

They were first described and analysed in peripheral tissues. The notion that there must exist 

a transport system for chloride in neurons dates back to 1970s when it was shown using 

microelectrodes and the giant neuron of the Aplysia abdominal ganglion that the equilibrium 

potential for Cl- was less negative than the membrane potential, arguing for an active 
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extrusion of Cl− in these cells (Russell and Brown, 1972; Ascher et al., 1976). Later, Thompson 

et al. have detected lower [Cl-]i than could be predicted by a passive distribution of this ion in 

cortical and hippocampal neurons of vertebrates (Thompson et al., 1988a; Thompson et al., 

1988b; Thompson and Gahwiler, 1989a; Thompson and Gahwiler, 1989b). The first CCCs to be 

characterized at the molecular level were the Na+-Cl- cotransporter NCC and the Na+-K+-2Cl- 

cotransporters NKCC1 and NKCC2 (Gamba et al., 1993; Xu et al., 1994; Gamba et al., 1994). In 

addition, in these studies it was hypothesized that there should exist a neuron specific K+-

driven export of chloride. It was only in the mid-1990s that was discovered a CCC abundantly 

expressed in neurons and a potential candidate responsible for active Cl- transport in these 

cells – KCC2 (Payne et al., 1996).  

In mammals, the CCCs family includes 9 members that are encoded by the genes Slc12a1-9. 

CCCs family members are glycoproteins with a molecular weight ranging from 120 to 200 kDa. 

There are three well characterized subcategories of CCCs: the Na+-K+-2Cl- cotransporters 

(NKCC1 and NKCC2), Na+-Cl- cotransporter (NCC) and K+-Cl- cotransporters (KCC1, KCC2, KCC3, 

KCC4). The belonging of the two remaining CCCs, CIP1 (a CCC interacting protein) and CCC9 (a 

polyamine transporter), to the CCC family was questioned due to their lack of CCC transport 

function (Hartmann et al., 2014). 

CCCs are expressed in all organs, and in addition to their importance for neuronal signaling 

within the CNS, they are involved in different physiological processes like cell volume 

regulation, transepithelial ion transport, neuroendrocrine signaling and blood pressure 

regulation (Kaila et al., 2014). NCC and NKCC2 are preferentially expressed in kidney while all 

the other CCCs have a very wide distribution in the CNS and some, like NKCC1 and KCC3, are 

also expressed in the peripheral nervous system (Blaesse et al., 2009; Kaila et al., 2014). 

KCC1 is considered to be a “household” CCC expressed in various cell types but its expression 

is low in the CNS (Payne et al., 1996; Rivera et al., 1999; Rust et al., 2007). KCC3 has largely an 

unknown function even though it is highly expressed in developing CNS (Le et al., 2006; 

Pearson et al., 2001; Boettger et al., 2003; Kaila et al., 2014). KCC4 is also highly expressed in 

the developing brain especially around the ventricular zone but also has an elusive function 

(Li et al., 2002).  

 

The predicted molecular structure of CCCs consists of 12 membrane spanning segments 

flanked by large intracellular N- and C-terminal domains (Payne, 2012; Blaesse et al., 2009) 
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(Kaila et al., 2014). Hetero- and homodimers formation has been described for nearly all CCCs 

(Blaesse et al., 2006; Pedersen et al., 2008; Simard et al., 2007; Uvarov et al., 2009). Some 

studies suggest that this oligomerization has an impact on CCCs transport function especially 

in the case of KCC2. Indeed, it was first shown that the quantity of higher molecular weight 

KCC2 complexes paralleled the activation state of the KCC2 transporter in the auditory 

brainstem (Blaesse et al., 2006). Second, disrupting KCC2 oligomerization affected its function 

without changing its expression levels in cultured GT1-7 cells (immortalized gonadotropin-

releasing hormone neurons) (Watanabe et al., 2009). Third, it was suggested that KCC2 can 

form macromolecular complexes with kainate-type glutamate receptors and that disrupting 

this interaction decreased KCC2 activity in hippocampal neurons (Mahadevan et al., 2014). 

Regarding the other CCCs, the requirement of oligomerization for their transport activity is 

currently unknown (Hartmann and Nothwang, 2014). In the CNS, the two CCCs that have been 

largely studied and have been shown to influence GABAergic signaling are NKCC1 and KCC2. 

 

3.5.2 NKCC1 

 

NKCC1 is the main cotransporter that plays a role in Cl- uptake as well as in depolarizing GABAA 

signaling in immature neuronal networks. The cotransporter uses the Na+ gradient generated 

by the Na+-K+-ATPase, to uptake 2 Cl− ions in an electroneutral fashion (in sum this transporter 

carries 1 K+ and 1 Na+ for 2Cl-), so that activity of the transporter neither generates a current 

nor is affected by membrane potential (Fig.12). NKCC1 is encoded by the gene Slc12a2. In the 

CNS it is expressed in neurons but also in astrocytes (Hubner et al., 2001a; Price et al., 2006). 

NKCC1 has 2 splice variants NKCC1a and NKCC1b. NKCC1b lacks exon 21 and is more 

abundantly expressed than NKCC1a in the adult human brain (Morita et al., 2014; Vibat et al., 

2001). NKCC1 expression has been suggested to undergo a developmental downregulation in 

rat and human brain (Hubner et al., 2001a; Yamada et al., 2004; Plotkin et al., 1997). However, 

other studies have shown an increase in NKCC1 mRNA levels during development in human 

(Fig.13) and rodent CNS (Yan et al., 2001; Mikawa et al., 2002; Clayton et al., 1998; Wang et 

al., 2002). The downregulation of NKCC1 mRNA levels observed has been considered 

irrelevant and could be explained by primers used in these studies that would target exon 21 

and would thus detect NKCC1a and not NKCC1b (Kaila et al., 2014). Knock-out of the Slc12a2 

gene encoding NKCC1 results in inner ear functional defects, but no overt neurological 
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phenotype  (Payne et al., 2003). Furthermore, discrepant results were obtained concerning 

the impact of NKCC1 on excitability with one study finding decreased excitability in mice 

lacking NKCC1 (Dzhala et al., 2005) and others showing that NKCC1 prevents hyperexcitability 

(Zhu et al., 2008).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

NKCC1 is highly sensitive to [Cl-]i and can be regulated by phosphorylation. Indeed, a decrease 

in [Cl-]i below a certain physiological ‘set point’ triggers phosphorylation of NKCC1 on several 

threonine residues located in the N-terminus of the protein thereby stimulating its activity 

and restoring [Cl-]i (Lytle and Forbush, III, 1996; Haas et al., 1995; Darman and Forbush, 2002; 

Vitari et al., 2006). Furthermore, it was suggested that NKCC1 and KCC2, which exert opposite 

functions, would be regulated by phosphorylation and [Cl-]i in a reciprocal manner (Kaila et al., 

2014; Kahle et al., 2005). 

 

3.5.3 KCC2 

 

KCC2 is by far one of the most well studied CCC in the CNS. It is an electroneutral transporter 

that carries K+ and Cl- ions in 1:1 stoichiometry (Payne, 1997) (Fig.12). The direction of the ion 

transport depends on the chemical gradients of K+ and Cl-. In normal physiological conditions, 

Fig.12. NKCC1 and KCC2: the two main neuronal chloride cotransporters. NKCC1 uses the Na+ and 
K+ gradients generated by the Na+-K+-ATPase, to uptake 2 Cl− ions together with 1 Na+ and 1K+. KCC2 
uses the K+ gradient generated by the Na+-K+-ATPase  to extrude 1Cl- together with 1K+. Both of 
these transporters are electroneutral meaning that neither the activity of the transporters 
generates current nor is regulated by membrane potential. 
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it is a potent chloride extruder. An important and unique characteristic of KCC2 is that it is a 

constitutively active KCC transporter. Indeed, while KCC1, KCC3 and KCC4 only become active 

after an osmotic stress, KCC2 is active in isotonic conditions (Medina et al., 2014). 

 

KCC2 is encoded by the gene Slc12a5. In the CNS, its expression is restricted to neurons and it 

is the only KCC isoform that is not expressed in glia (Payne et al., 1996; Gagnon et al., 2007). 

There are 10 putative transcription binding sites in the promoter of Slc12a5 gene (Uvarov et 

al., 2006). Among these 10 sites, an E-box has been identified, and it was shown that it can be 

bound by upstream stimulating factors USF1 and USF2 that are able to regulate KCC2 

expression (Markkanen et al., 2008). Another transcription factor described to be able to 

regulate the Slc12a5 gene expression is early growth response 4 (Egr4) (Ludwig et al., 2011; 

Aguado et al., 2003). Alternative splicing of Slc12a5 results in two KCC2 isoforms KCC2a and 

KCC2b that differ by their N-terminus (Uvarov et al., 2007). While mRNA levels of these two 

isoforms are more or less comparable in neonatal mouse brain, during postnatal development 

KCC2b isoform undergoes an important upregulation and therefore constitutes up to 90% of 

total KCC2 mRNA pool in the adult murine cortex (Uvarov et al., 2007; Uvarov et al., 2009). 

Analysis of mice lacking KCC2 has allowed to uncover some specific functions of the two 

isoforms a and b. Complete Slc12a5 knock-out mice die immediately after birth due to severe 

motor deficits and respiratory failure. In contrast, mice lacking KCC2b are viable but show 

abnormal posture and gait as well as frequent seizures starting from a couple of days after 

birth that probably trigger the premature death of these animals that occurs at around the 

2nd postnatal week (Woo et al., 2002). These results indicate that KCC2a would be important 

for some basic brain function that would allow animals to survive for at least 2 weeks.  

 

In the rodent cortex, robust upregulation of KCC2 starts around the time of birth and KCC2 

expression continues to gradually increase during the first postnatal month (Wang et al., 2002; 

Rivera et al., 1999; Li et al., 2002) (for evolution of KCC2 expression in human see Fig.13). 

Interestingly, low levels of KCC2 protein can be also detected at early embryonic stages (Li et 

al., 2002; Horn et al., 2010), and overexpression and knock-out studies indicate that KCC2 

would play a critical structural role in the maturation of neurons appearing during fetal 

development (Hubner et al., 2001b; Khalilov et al., 2011). Indeed, several evidences point out 

that KCC2 could exert a morphogenic role in the development of synapses that would be 
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independent of its ion transport function and could be possibly mediated by interactions with 

the spine cytoskeleton (Li et al., 2007; Fiumelli et al., 2013; Horn et al., 2010; Gauvain et al., 

2011). These finding are furthermore supported by the fact that dendritic levels of KCC2 are 

very high (Gulyas et al., 2001). Intriguingly, an involvement of KCC2 in excitatory 

neurotransmission fine-tuning was also shown. By decreasing expression of KCC2, Gauvain et 

al. observed an increase in the lateral diffusion of GluA1, leading to reduced postsynaptic 

clusters of GluA1-containing AMPA receptors, and finally to a reduced efficacy of excitatory 

neurotransmission (Gauvain et al., 2011). In light of these findings, it was suggested that KCC2 

could be able to regulate both excitatory and inhibitory synaptic neurotransmission not only 

during maturation but probably also in mature networks where the aforementioned structural 

functions of KCC2 could contribute to synaptic plasticity and memory (Blaesse and Schmidt, 

2015). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As KCC2 protein expression shows great concordance with mRNA levels (Lu et al., 1999; Li et 

al., 2002; Stein et al., 2004), it was suggested that control of KCC2 mRNA abundance is an 

efficient way to regulate long-term activity of this cotransporter (Medina et al., 2014). Several 

mechanisms have been shown to modulate KCC2 expression. For instance, its neuron-specific 

expression pattern is ensured by two neuron-restrictive silencing elements (NRSE) in its gene 

Fig.13. Evolution of KCC2 and NKCC1 expression levels in the human neocortex during life. Line 
plots representing the evolution of transcripts of KCC2 and NKCC1 in the human neocortex from 
early fetal period to late adulthood (Adapted from: http://hbatlas.org/ and (Kaila et al., 2014)). 
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that can be recognized by a transcriptional silencer - neuron-restrictive silencing factor (NRSF) 

(Karadsheh and Delpire, 2001; Uvarov et al., 2005; Yeo et al., 2009). An important regulatory 

role in KCC2 expression was described to be played by brain-derived neurotrophic factor 

(BDNF). BDNF is thought to be able to promote the developmental increase in KCC2 mRNA 

levels by binding to its tropomyosin-related kinase B (TrkB) receptor and activating a signaling 

cascade involving extracellular signal-regulated kinases 1 and 2 (ERK1-2). The final effector of 

this cascade is the Egr4 transcription factor (Ludwig et al., 2011; Aguado et al., 2003). It is 

noteworthy that, while application of BDNF to immature neurons increases KCC2 expression 

(Ludwig et al., 2011), exposure of mature neurons to BNDF causes a decrease in KCC2 mRNA 

and protein levels as well as a decrease in tyrosine-phosphorylation and membrane insertion 

of this cotransporter (Rivera et al., 2002; Shulga et al., 2008; Rivera et al., 2004; Wake et al., 

2007; Boulenguez et al., 2010).  

 

Phosphorylation mechanisms are also highly involved in fine-tuning KCC2 activity. KCC2 

residue serine 940 (S940) can be phosphorylated by PKC and this post-translational 

modification can enhance KCC2 activity (Lee et al., 2007; Lee et al., 2011).  There are also two 

threonine residues, which are conserved in other KCC members, T906 and T1007, whose 

phosphorylation inhibits KCC2 transport activity (Rinehart et al., 2009). Interestingly, T906 site 

could play a role in functional up-regulation of KCC2 activity during development since it was 

shown to be partially phosphorylated in murine neonatal brain and dephosphorylated in 

adults (Medina et al., 2014). Tyrosine phosphorylation of KCC2 has also been shown in a few 

studies but its physiological significance remains elusive (Stein et al., 2004; Wake et al., 2007) 

(Watanabe et al., 2009; Lee et al., 2010a). So far, 2 tyrosine residues have been identified as 

phosphorylation targets in KCC2, Y903 and Y1087 (Lee et al., 2010a). While the importance of 

Y903 phosphorylation site is not very well characterized, it has been evidenced that 

phosphorylation of Y1087 residue decreases KCC2 activity (Chudotvorova et al., 2005; 

Akerman and Cline, 2006; Pellegrino et al., 2011). 

 

Interestingly, KCC2 can be also regulated by Zn2+ in a bidirectional manner. For instance, 

micromolar concentration of intracellular Zn2+ has been shown to inhibit KCC2 activity 

(Hershfinkel et al., 2009). In contrast, extracellular Zn2+ released from mossy fibers strongly 

increases KCC2 surface expression and therefore activates it (Chorin et al., 2011). 
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Nevertheless, the underlying causes and consequences of this regulation require further 

investigation. 

 

KCC2 has also been shown to be able to interact with various proteins. For example, it was 

shown to interact with brain-type creatine kinase (Inoue et al., 2004), Na+-K+-ATPase  (Ikeda 

et al., 2004), protein associated with Myc (PAM) (Garbarini and Delpire, 2008). Not much is 

known about the functional significance of these interactions. In addition, it was shown that 

KCC2 could interact with cytoskeleton-associated protein 4.1N and that interrupting this 

interaction caused enhanced lateral diffusion of KCC2 away from excitatory synapses 

indicating that 4.1N would be important for local stabilization of KCC2 at the plasma 

membrane (Li et al., 2007; Chamma et al., 2013). Other proteins interacting with KCC2 are 

neuropilin and tolloid like-2 (Neto2) (Ivakine et al., 2013). Loss of Neto2:KCC2 interaction was 

shown to reduce the activity of this cotransporter. Furthermore, Neto2 would be required for 

maintenance of stable levels of KCC2 (Medina et al., 2014). 

 

It is worth mentioning that KCC2 is also a target of the plasticity-associated protease calpain. 

Indeed, activation of NMDA receptors in hippocampal or spinal cord neurons was shown to 

induce KCC2 cleavage by calpain (Puskarjov et al., 2012; Zhou et al., 2012),. As an add-on, 

increased neuronal activity also leads to calpain-mediated cleavage of KCC2, triggering 

dispersal of KCC2 clusters within the plasma membrane (Chamma et al., 2013). These findings 

are of particular interest since calpain is highly involved in synaptic plasticity and learning 

regulation and could highlight the importance of KCC2 in these mechanisms. 

 

3.5.4 GABAergic signaling polarity 

 

During development there is a shift of GABAergic transmission polarity from depolarizing to 

hyperpolarizing (Ben-Ari et al., 1989; Cherubini et al., 1991; Ben-Ari, 2002; Valeeva et al., 

2016). This is due to a gradual change in [Cl-]i from high to low that results from a 

developmental upregulation of KCC2 expression and activity. This maturation-related 

decrease in [Cl-]i does not appear in other cell types and is very specific to neurons. Thus, 

although neuroscientists classically regard the immature neurons with their high [Cl-]i as 

aberrant, it is actually the mature neurons with low [Cl-]i that are quite exceptional. In 
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immature neurons [Cl-]i is typically in the range of 25-40mM whereas in mature neurons [Cl-]i 

is around 5mM (Blaesse et al., 2009). GABA-dependent depolarization of the neuronal 

membrane results from an outward flow of Cl- ions through the GABAA receptor (Fig.14). In 

the meantime, hyperpolarizing GABA responses are due to an inward flow of Cl- ions into the 

cell through the GABAA receptor. There exists a misleading consideration that depolarizing 

GABA responses are necessarily excitatory as opposed to hyperpolarizing responses that are 

always inhibitory. It is important to keep in mind that GABA can also exert its inhibitory action 

through shunting inhibition that acts by decreasing temporal and spatial summation of 

excitatory inputs. Therefore, slightly depolarizing GABA responses can still be inhibitory 

(Blaesse et al., 2009). On the other hand, strongly depolarizing GABA responses can indeed 

facilitate the triggering of action potentials by glutamatergic neurons (Gao et al., 1998; Jean-

Xavier et al., 2007; Leinekugel et al., 1997; Khalilov et al., 1999; Ben-Ari et al., 2007). 

Furthermore, it is important to keep in mind that depolarizing GABA responses can have a 

very important physiological impact even without triggering action potentials. Indeed, in 

particular during development, depolarization caused by GABA is known to activate voltage-

gated calcium channels and NMDA receptors. The resulting entry of Ca2+ can then trigger 

numerous signaling cascades and impact neuronal functioning (Ben-Ari et al., 2007). 
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The timing of the developmental GABAergic polarity shift depends on the species studied as 

well as on the brain region examined. For instance, rats are born with very low KCC2 

expression levels and undergo an important KCC2 upregulation around the 2nd postnatal 

Fig.14. GABAergic signaling polarity during development. (a) In immature neurons, expression of 
KCC2 versus NKCC1 is low. Therefore, efflux of Cl- is decreased and results in higher intraneuronal 
Cl- level. In this case, the opening of GABAA receptors in response to GABA causes efflux of Cl- 

through the receptor and a depolarization of the neuronal membrane. In some cases this 
depolarization is great enough to result in an excitation of the responding neuron.  (b) In mature 
neurons, expression of KCC2 versus NKCC1 is increased, which leads to a greater efflux of Cl- and 
lower intraneuronal Cl- level. In this case, the opening of GABAA in response to GABA causes 
entrance of Cl- through the receptor and a hyperpolarzation of the neuronal membrane inhibiting 
the responding cell. 

a. 

b. 
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week. On the other hand, guinea pigs experience an upregulation of KCC2 before birth (Rivera 

et al., 1999). In humans, KCC2 mRNA levels rise drastically during the second half of gestation 

(Vanhatalo et al., 2005; Kaila et al., 2014; Dzhala et al., 2005) (Fig.13). From a region point of 

view, KCC2 expression first appears in the spinal cord, then subcortical brain regions and finally 

in the cortex (Li et al., 2002; Rivera et al., 1999; Vinay and Jean-Xavier, 2008). There is also sex-

specificity for this shift since in various brain regions, hyperpolarizing GABA responses occur 

earlier in females (Galanopoulou, 2008; Perrot-Sinal et al., 2007). 

From a functional point of view, depolarizing GABAergic signaling promotes opening of 

voltage-gated Ca2+ channels and activation of NMDA receptors (Ben-Ari et al., 2007; Fukuda 

et al., 1998; Hennou et al., 2002; Kandler and Gillespie, 2005; Serafini et al., 1995). These 

responses lead to activation of downstream Ca2+-dependent signaling cascades which play a 

central role in mediating the trophic effects of GABA during maturation (Ben-Ari et al., 2007; 

Owens and Kriegstein, 2002). 

Depolarizing GABA signaling can be also observed in adult brain in certain brain regions where 

it probably plays an important functional role. For example, in the suprachiasmatic nucleus, 

which regulates the sleep-wake cycle, it has been observed that GABAA responses are 

hyperpolarizing during the day and depolarizing at night (Gribkoff et al., 1999; De and 

Pennartz, 2002). In addition, certain cell types may have a different [Cl-]i than their 

surrounding cells and respond to GABA by a depolarization in the mature brain. Indeed, in the 

cortex and amygdala fast-spiking neurons were found to exhibit depolarizing GABAA responses 

compared to regular spiking neurons (Martina et al., 2001; Martina et al., 2001). In the 

hippocampus, even more specific effects were observed: the same interneurons would cause 

depolarization of dentate gyrus granule cells but could hyperpolarize the CA1 pyramidal 

neurons (Sauer et al., 2012).  

To make the matter even more complicated, within one cell there exist differences in Cl- 

gradient that result in distinct GABA responses whether you are in the soma or in a proximal 

or distal dendrite. Indeed, differential GABAA receptor-mediated signaling within a single cell 

was fist observed already a long time ago (Alger and Nicoll, 1979). More recently, it was 

confirmed in the neocortex that in the same neuron somatic GABAA mediated responses were 

hyperpolarizing while dendritic ones were depolarizing (Gulledge and Stuart, 2003). In 

addition, increased [Cl-]i was found together with consequent depolarizing GABAA signaling in 

the initial segment of the axon together with a lack of KCC2 staining and increased presence 
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of NKCC1 at that site (Khirug et al., 2008). Furthermore, imaging experiments have directly 

evidenced the existence of Cl- concentration gradients in retinal “on”-type bipolar cells 

(Duebel et al., 2006). 

Taken together, these arguments point to the complexity and significance of GABAergic 

neurotransmission polarity fine-tuning. 

 

3.5.5 Modifications in NKCC1 and KCC2 expression levels in CNS disorders 

 

The importance of GABAergic signaling polarity has been furthermore supported by the fact 

that alterations of these mechanisms have been observed in many CNS pathologies. The most 

well documented of these is epilepsy. Epilepsy is essentially due to an excitation/inhibition 

imbalance, and given the important role that NKCC1 and KCC2 play in controlling the efficacy 

of inhibition, it is not surprising that disturbance in their expression and functioning has been 

observed in epileptic brains. 

 

In 2002, excitatory GABAergic responses were measured in subicular pyramidal cells of 

hippocampal slices obtained from epileptic patients and were hypothesized to be due to a loss 

of KCC2 expression (Cohen et al., 2002). This hypothesis was confirmed in a follow-up study 

that found a decrease in KCC2 mRNA and protein levels in a subset of pyramidal neurons of 

the subiculum in these patients (Huberfeld et al., 2007). In addition, interictal activity 

(abnormal activity that appears in between epileptic events) could be blocked by bumetanide, 

a specific NKCC1 antagonist, in hippocampal slices obtained from epileptic patients, 

suggesting that a pathological neuronal chloride overload could be at the origin of this activity 

(Huberfeld et al., 2007). In line with these findings, reduced KCC2 expression was also 

observed in the hippocampus of temporal lobe epilepsy animal models, triggering a decrease 

in the inhibition force and neuron excitability enhancement (Li et al., 2008; Pathak et al., 

2007). NKCC1 has also been involved in epileptiform activity generation since NKCC1-

dependent chloride accumulation is thought to be involved in the appearance of neonatal 

seizures in rodents (Dzhala et al., 2010; Glykys et al., 2009). 

It is not clear whether alteration in chloride homeostasis is a cause or a consequence of 

seizures. There is some evidence that changes in Cl- homeostasis would favor the appearance 

of epileptiform activity. Indeed, in transgenic animals where KCC2 expression level is 
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decreased, recurrent seizures have been reported (Riekki et al., 2008; Tornberg et al., 2005; 

Woo et al., 2002; Zhu et al., 2005). In a recent study, it has been shown in vitro that decreasing 

KCC2 expression resulted in an increase of spontaneous epileptiform bursting, while 

overexpression of KCC2 protected against convulsant-induced epileptiform activity. 

Furthermore, knock-down of KCC2 in the rat dentate gyrus induced seizure like behaviors and 

epileptiform EEG suggesting the involvement of KCC2 in seizure triggering (Chen et al., 2017a). 

Finally, recent identification of rare point variants in KCC2 (KCC2-R952H in an Australian family 

with early childhood onset of febrile seizures and KCC2-R1049H in a French-Canadian cohort 

with idiopathic generalized epilepsy) has provided additional evidence in favor of a causative 

role of KCC2 activity alteration in epilepsy (Puskarjov et al., 2014; Kahle et al., 2014). 

In the meantime, some studies have shown that increased neuronal activity induced by 

glutamate application or repetitive stimulation of excitatory synapses could cause 

downregulation of KCC2 in an NMDA dependent manner (Lee et al., 2011; Puskarjov et al., 

2012; Kitamura et al., 2008). Furthermore, in an elegant study using three independent 

chambers containing 2 interconnected hippocampi and their commissural fibers that can be 

perfused separately, kainate treatment of one hippocampus induced generation of secondary 

epileptic foci in the non-treated hippocampus. In this model, excitatory GABAergic signaling 

could be measured in the secondary epileptic foci therefore indicating that epileptic seizures 

themselves could trigger a reversal in GABAergic neurotransmission polarity that could be due 

to a decrease in KCC2 expression or activity (Khalilov et al., 2003).  

GABAergic neurotransmission polarity can also change in the absence of KCC2 expression 

modifications (Kaila et al., 1997). Epileptic seizures are associated with large extracellular K+ 

transients  (Avoli et al., 2005; Kaila et al., 1997), and a pathological increase in K+ extracellular 

concentration could lead to a vicious circle that would not only render the membrane 

potential more depolarized but also favor depolarizing GABAergic responses (Kakazu et al., 

2000; Payne et al., 2003). Indeed, as KCC2 uses K+ gradient to extrude Cl-, if extracellular 

concentration of K+ rises, the extruding capacity of KCC2 will be reduced. 

 

Altered chloride homeostasis has been observed in a number of other pathologies. For 

instance, in rodent models of chronic pain a decrease in KCC2 expression and activity has been 

observed in certain regions of the spinal cord and is thought to contribute to the 

pathophysiology of this disease (Coull et al., 2003; Price et al., 2005). KCC2 expression was also 
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shown to be decreased following traumatic brain injury (Nabekura et al., 2002; Shulga et al., 

2008). Furthermore, imbalanced chloride homeostasis has been also suggested to be involved 

in certain psychiatric disorders such as schizophrenia (Hyde et al., 2011) and autism 

(Lemonnier and Ben-Ari, 2010; Ben-Ari, 2015). In the valproate and fragile X rodent models of 

autism, maternal oxytocin-induced transient shift in GABAergic signaling from depolarizing to 

hyperpolarizing that occurs in the fetal brain during delivery (Tyzio et al., 2006), was shown to 

be absent. Furthermore, the autistic phenotype of these animals could be improved by 

treatment of the mother prior to the delivery with bumetanide (NKCC1 antagonist). In 

opposition, inhibiting oxytocin signaling in wild-type rats triggered the appearance of autistic-

like behaviors in newborns (Tyzio et al., 2014). In the past years, several studies have used 

bumetanide to treat autistic patients and this treatment resulted in alleviation of certain of 

their symptoms (Cellot and Cherubini, 2014; Grandgeorge et al., 2014; Hadjikhani et al., 2015; 

Lemonnier and Ben-Ari, 2010; Lemonnier et al., 2012; Lemonnier et al., 2017). Although the 

exact mechanism of this beneficial action remains unknown, the results of these studies are 

promising and require further investigation. 

 

Given the great number of CNS pathologies where altered chloride homeostasis was observed, 

it is tempting to speculate that this mechanism plays an essential role in normal brain 

functioning. 

 

3.6 GABAergic neurotransmission in AD 

 

In the context of AD, GABAergic neurotransmission remained a lot less studied for a long 

period of time than its excitatory counterpart. Early studies have shown that GABAergic 

neurons and receptors were relatively well preserved in the brains of AD patients (Rossor et 

al., 1982; Reinikainen et al., 1988; Hardy et al., 1987). However, recent evidence seems to 

indicate that GABAergic neurotransmission also undergoes pathological changes in AD 

(Govindpani et al., 2017). 

 

A decrease in glutamate and GABA concentrations has been detected in the temporal cortex 

of AD patients (Gueli and Taibi, 2013). In addition, reduced GABA levels were also previously 

observed in the CSF of AD patients and healthy aged individuals (Bareggi et al., 1982; Zimmer 
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et al., 1984; Grouselle et al., 1998; Govindpani et al., 2017). Furthermore, a decrease in GABA 

concentration could be measured in various cortical areas including the temporal, frontal, 

parietal and occipital cortices (Govindpani et al., 2017).  Although several publications have 

shown that GABAergic neurons are relatively spared in AD brains (Rossor et al., 1982; 

Reinikainen et al., 1988; Fuhrer et al., 2017), there is evidence that the number of GABAergic 

terminals is reduced in the cortex and hippocampus of AD patients versus healthy individuals 

(Hardy et al., 1987). In addition, immunocytochemistry experiments have shown decreased 

staining of perisomatic GABAergic terminals especially on cortical neurons in the vicinity of 

amyloid plaques in AD patients and in AD mouse models (Garcia-Marin et al., 2009; Ramos-

Miguel et al., 2015; Bell and Claudio, 2006; Bell et al., 2003; Marttinen et al., 2015; Govindpani 

et al., 2017).  

 

Alteration in GABAA receptors composition was also observed in the brains of individuals 

suffering from AD. While β2/3 subunits appeared to be well preserved (Mizukami et al., 1998), 

a downregulation of α1 (Mizukami et al., 1998; Rissman et al., 2004) and a possible 

upregulation of γ subunits were observed in the hippocampus of human AD subjects 

(Mizukami et al., 1998; Iwakiri et al., 2009). Changes in GABAA receptors composition have 

also been observed in the cortex of AD individuals. Indeed, a decrease in α1, α2, α4, β2 and δ 

was observed in the prefrontal cortex of AD patients (Luchetti et al., 2011).  The functional 

consequence of an AD-related modification of GABAA receptor composition was 

demonstrated in an elegant study by Limon et al., where a microtransplantation of GABAA 

receptors isolated from temporal cortex of human AD patients was made into Xenopus 

oocytes (Limon et al., 2012). In this study, a decrease in GABAA receptor-mediated currents in 

cells transplanted with receptors recovered from AD brains was shown. Furthermore, reduced 

protein and mRNA levels of α1 and γ2 subunits were found, whereas α2, β1 and γ1 subunits 

were upregulated in these cells (Limon et al., 2012). 

 

Based on these data and on GABAergic neurotransmission involvement in memory formation, 

it is clear that inhibitory circuit dysfunctions must be further characterized in the context of 

Alzheimer’s disease. 
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3.7 APP and GABAergic neurotransmission  

 

Several studies highlight a potential involvement of APP in GABAergic neurotransmission 

regulation. In App-/- mice, decreased paired-pulse inhibition of GABAergic IPSCs was shown 

to contribute to the impairment of synaptic plasticity illustrated by LTP and behavioral deficits 

(Seabrook et al., 1999; Dawson et al., 1999b; Senechal et al., 2008; Senechal et al., 2008).  

Moreover, in the same model, a lowered number of GABAA receptors and GABAB receptors 

has been observed (Fitzjohn et al., 2000).  Furthermore, an interaction of APP with GABAB 

receptors has been evidenced both in vitro and in vivo and could have an impact on their 

function (Norstrom et al., 2010; Schwenk et al., 2016). 

 

The theta-gamma coupling deficit that exists in the parietal cortex and hippocampus of App-/- 

mice is probably due to alterations of local inhibitory networks (Zhang et al., 2016a). It was 

also shown that deletion of APP in hippocampal neurons causes an increase in L-type voltage 

gated Ca2+ channels expression leading to a disturbance of GABAergic short-term potentiation 

(a type of synaptic plasticity that is expressed only presynaptically and lasts milliseconds to 

minutes versus LTP that is expressed postsynaptically and can last 1 to 3 hours) (Yang et al., 

2009). Moreover, in the inducible APP overexpressing model of Born et al., increased 

susceptibility to picrotoxin-evoked (GABAA antagonist) seizures with a subsequent tonic 

progression that suggests a GABAergic neurotransmission alteration, was observed in addition 

to an increase in GABAergic innervation (Born et al., 2014). Finally, in a mouse model of Down 

syndrome (DS) that carry an extra copy of mouse chromosome 16 syntenic to the long arm of 

human chromosome 21 (Dierssen, 2012) containing the human APP gene (Patterson et al., 

1988), an increase in NKCC1 expression leads to excitatory GABAA receptor signaling (Deidda 

et al., 2015b).  

 

Taken together these results point to a potential function of APP in GABAergic 

neurotransmission that requires further investigation. 
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Aims 
 

Alzheimer’s disease (AD) is the most prevalent cause of dementia characterized by severe 

memory deficits. Accumulation of amyloid beta peptide (Aβ), derived from the proteolytic 

cleavage of APP, is one of the main hallmarks of AD. Besides producing Aβ, many physiological 

functions of APP have been described. Amongst these, APP and/or its catabolites were shown 

to influence synaptic excitatory and inhibitory neurotransmission.  

 

Cognition and learning are tightly regulated by a balance between excitatory and inhibitory 

neurotransmission that ensures the stability of cortical activity. Disruption of this balance 

results in memory impairments such as observed in AD. In the adult central nervous system, 

γ-amino-butyric acid (GABA) is a major inhibitory neurotransmitter. While in the adult brain 

GABAergic signaling is hyperpolarizing and inhibitory, in the developing brain, GABA acts as a 

depolarizing and sometimes even excitatory neurotransmitter. Fast GABAergic inhibition is 

mediated by activation of ionotropic GABAA receptors (GABAAR). Since GABAAR are ligand-

gated ion channels that mainly allow the bidirectional flux of Cl- ions, the nature of GABAergic 

neurotransmission, depolarizing versus hyperpolarizing, is essentially determined by 

intracellular concentrations of Cl- ([Cl-]i). In the central nervous system (CNS), the two main 

cation-chloride cotransporters (CCCs) regulating the [Cl-]i are Na+-K+-2Cl- cotransporter 1 

(NKCC1) allowing the entrance of Cl- and K+-Cl- cotransporter 2 (KCC2), allowing the efflux of 

chloride.  

 

Several lines of evidence coming from mice lacking or overexpressing APP indicate that APP 

could play a role in GABAergic neurotransmission. Indeed it has been shown that paired-

pulse inhibition of GABAergic IPSCs is significantly decreased in the hippocampus of App-/- 

mice (Dawson et al., 1999b; Senechal et al., 2008). In this same model, the theta-gamma 

oscillation coupling, involved in inhibitory transmission, was also demonstrated to be 

impaired (Zhang et al., 2016a). Moreover, in an inducible transgenic model of AD, APP 

overexpression lead to appearance of seizures and was associated with changes in GABAergic 

neurotransmission activity and innervation (Born et al., 2014). Despite the significance of 

these results, the exact relationship between APP and GABA signaling remains not well 
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understood. Adding up to these findings, our study investigated the link between APP and 

indirect GABAergic neurotransmission actors - cation-chloride cotransporters NKCC1 and 

KCC2. We have first assessed whether APP could affect expression levels of NKCC1 and KCC2 

in developing neuronal cultures in vitro. In this regard, the possible underlying mechanisms of 

NKCC1 and KCC2 expression regulation by APP were also investigated. Furthermore, as 

alterations in NKCC1 and KCC2 expression and activity have been observed in many other 

pathological states where an inhibitory/excitatory imbalance has been described, such as 

epilepsy, schizophrenia, autism and Down’s syndrome, we analyzed whether AD patients 

could have alterations in NKCC1 and KCC2 expression. 
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Materials and Methods 

 

I. Animals 
 

All animal procedures used in the study were carried out in accordance with institutional and 

European guidelines as certified by the local Animal Ethics Committee. App-/- transgenic mice 

were kept on C57Bl6/J genetic background and obtained from Jackson Laboratories (strain 

name: B6.129S7-Apptm1Dbo/J). Animals were housed on a 12 hour light/dark cycle in 

standard animal care facilities. Both pregnant Wistar rats used for embryonic cortical cell 

cultures and mice pups of either sex used for intraventricular injections (C57Bl6/J genetic 

background) were obtained from the Université Catholique de Louvain (UCL, Brussels, 

Belgium) animal facility.  

 

II. Culture reagents and antibodies 
 

Unless specified, reagents for cell culture, Western-blotting and calcium imaging were 

purchased from Thermo Fisher Scientific (Waltham, MA, USA). Antibodies were from the 

sources indicated: mouse monoclonal WO2 anti-hAPP, rabbit polyclonal anti-KCC2 and rabbit 

polyclonal anti-APLP1 and APLP2 (EMD Millipore, Billerica, MA, USA, catalog nos. MABN10, 

07-432 and Calbiochem catalog nos. 171615 and 171616, respectively); mouse monoclonal 

anti-NKCC1 (Developmental Studies Hybridoma Bank, Iowa city, IA, USA, catalog no. T4); 

rabbit polyclonal anti-APP C-terminus and mouse monoclonal α tubulin, (Sigma-Aldrich, St-

Louis, MO, USA, catalog nos. A8717 and T6074, respectively); rabbit polyclonal anti-hrGFP 

(Agilent Technologies, Santa Clara, CA, USA, cat no. 240141) and anti-GFP (Sigma-Aldrich, St-

Louis, MO, USA, catalog no. AB10145); rabbit anti-GABAA receptor subunits α1 and α3 

(Alomone Labs, Jerusalem, Israel, catalog n° AGA-001 and AGA-003, respectively); mouse 

monoclonal anti-CaV1.3 and anti-CACNA1C (Abcam, Cambridge, UK, cat nos; ab85491, and 

ab84814, respectively) and rabbit anti-USF1 (C-20) (Bio-Connect life sciences, Huissen, The 

Netherlands, catalog no. sc-229).  
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III. Cell culture  
 

17-18 day-old embryos of either sex were taken from Wistar rats or wild type and App-/- mice 

euthanized with CO2. Cortices were isolated and gently disrupted by passing the tissue 

through a Pasteur pipette with a fire-polished tip. The cells were plated in culture dishes (4  

105 cells/cm2) pre-treated with 10 µg/ml poly-L-lysine in phosphate buffered saline (PBS) and 

cultured for 6 days in vitro in Neurobasal medium supplemented with 2 % (v/v) B-27 medium 

and 0.5 mM L-glutamine prior to infection with recombinant viruses. The cultures were 

maintained at 37°C under a 5% CO2 atmosphere.  

 

IV. Preparation of recombinant viruses and infection of 

cell cultures 
 

4.1 Adenoviruses  

 

Recombinant adenoviruses coding for wild-type human APP695 (AdhAPP), β-cleaved C-

terminal fragment of hAPP fused to the APP signal peptide (AdC99) and human recombinant 

Green Fluorescent Protein-2 (AdhrGFP) were prepared as described previously using the 

AdEasyTM XL Adenoviral Vector System (Stratagene, La Jolla, CA, USA, catalog no. 240010)77. 

Briefly, either the pShuttle-CMV-internal ribosomal entry site (IRES)-hrGFP-2 vector (for 

AdhrGFP) or the same vector containing the cDNA coding for either human APP695 or its C-

terminal region (residues 597 to residue 695 for AdC99) was cloned into the pAdEasy-1 vector. 

Adenoviruses were purified according to the manufacturer’s instructions. 

The construction and purification of recombinant adenoviruses coding for β-galactosidase 

(Adβgal) and human APP695 truncated at its C-terminal region from residues 652 to 695 

(AdhAPPΔC) were made as described previously (Pierrot et al., 2013). The AdhAPPΔC construct 

contains a stop codon after the three lysine residues that follow the APP transmembrane 

domain. Cells infected with AdhrGFP and Adβgal were used as control. After 6 days in vitro (6 

DIV), the cells were infected at a multiplicity of infection (MOI) of 10 in a minimal volume of 

culture medium for 4 h. Infection medium was replaced by fresh culture medium every two 

days up to analysis (between 13 DIV and 19 DIV).  
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4.2  Lentiviruses 

 

Two different pLKO.1 vectors coding for shRNA targeting APP mRNA were obtained from 

Sigma-Aldrich, St-Louis, MO, USA, (catalog nos. TRCN0000054874 Clone ID: NM_007471.2-

2185s1c1 and TRCN0000054876 Clone ID: NM_007471.2-1583s1c1, respectively) and used for 

construction of recombinant lentiviruses, as previously described (Salmon and Trono, 2007). 

Briefly, lentiviruses were produced by calcium phosphate cotransfection of the target plasmid 

together with lentiviral packaging plasmids (gag-pol, rev, and VsVg plasmids, a kind gift from 

Pr. T. Michiels (de Duve Institute, Brussels, Belgium)) into HEK293T/17 cells (ATCC®, Manassas, 

VA, USA, catalog no. CRL-11268TM). Supernatants containing the lentiviruses were harvested 

48 h after transfection. Lentiviruses were concentrated and purified with the Lenti-X ™ 

Concentrator kit (Clontech Laboratories, Mountain View, CA, USA, catalog no. PT4421-2) 

according to the manufacturer’s instructions. Aliquots (30µl) of concentrated lentiviral 

solution were added to cell cultures on 6 DIV. A recombinant lentivirus coding for the 

neomycin resistance gene (pTM898neo, a kind gift from Pr. T. Michiels (de Duve Institute, 

Brussels, Belgium)) was used as a negative control. Cells were analysed on 13 DIV. 

 

4.3  Adeno Associated Viruses (AAV) 

 

pAAV-MCS Vector of AAV-DJ/8 Helper Free Expression System was used in order to clone hAPP 

(Cell Biolabs Inc., San Diego, CA, USA catalog no. VPK-410-DJ-8). This pAAV-hAPP vector 

contains inverted terminal repeats of an AAV2 sequence bordering a CMV promoter driving 

expression of hAPP. A control AAV vector pAAV-CMV-GFP was obtained from Connie Cepko 

(Addgene, Cambridge, MA, USA, catalog no. #67634). pHelper and pRC2-mi342 plasmids used 

for AAV cross-packaging were obtained from AAVpro Helper Free System (AAV2) (Takara Bio 

Europe/Clontech, Saint-Germain-en-Laye, France, catalog no. #6230). AAV2 particles were 

generated based on the AAVpro Helper Free System protocol. Briefly, HEK 293T/17 cells 

(ATCC®, Manassas, VA, USA, catalog no. CRL-11268TM) were transfected with 45µg total of 

pAAV-hAPP or pAAV-CMV-GFP, pHelper and pRC2-mi342 plasmids (ratio 1:1:1) using the 

Mirus TransIT 293 (Mirus Bio, Madison, WI, USA, catalog no. MIR 2700) transfection reagent 

(3µl/1µg of DNA). After 72 hours of transfection, cell pellets were recovered and AAV2 viral 
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particles were extracted using the AAVpro® Extraction Solution (Takara Bio Europe/Clontech, 

Saint-Germain-en-Laye, France, catalog no. #6235). AAV2 particles dedicated to in vivo usage 

were purified using the ViraBind™ AAV Purification Mega Kit (Cell Biolabs,inc. San Diego, CA, 

USA, catalog no. #VPK-141). The genomic titer of the virus was measured using the AAVpro® 

Titration Kit (for Real Time PCR) Ver.2 (Takara Bio Europe/Clontech, Saint-Germain-en-Laye, 

France, catalog no. #6233). Cultures were transduced on 6 DIV using AAV2-hAPP or AAV2-GFP 

at an MOI of 3000. A maximum of 100µl microliters of crude viral extract or purified virus was 

added to each well of a 12 well plate containing approximately 900,000 cells in 1ml.   

For AAV2 - hAPP and - GFP transduction in neonatal mouse brain, one or two days after birth 

(P1-P2), C57Bl6/J neonates were cryoanesthetized and injected using a 10 µl Hamilton glass 

syringe (Filter Service, Eupen, Belgium, catalog no. HA 7635-01) at an angle of 30°C to a depth 

of 1.5 mm. Purified concentrated viral vector (2 μl) was slowly injected into each cerebral 

lateral ventricle. A total of 4.5 × 108 genomic equivalents (4 μl) was injected into each mouse 

brain. After injection, pups were allowed to completely recover on a warming blanket and 

then returned to the home cage for later analysis. 

 

V. Treatments 
 

Cells were treated for 1 h with bumetanide 10 µM (Sigma-Aldrich, St-Louis, MO, USA, catalog 

no. B3023) prior to Ca2+ imaging. On 12 DIV and for 24 h, cells were treated with (5S)-(t-

Butoxycarbonylamino)-6-phenyl-(4R)hydroxy-(2R)benzylhexanoyl)-L-leu-L-phe amide (L-

685,458, 1 µM), a γ-secretase inhibitor (Sigma-Aldrich, St-Louis, MO, USA, catalog no. L1790). 

 

VI. Western-blotting 
 

Cells in culture were washed, scraped off into PBS and centrifuged (9000g x 2 min). The cell 

pellets were sonicated in lysis buffer (125 mM Tris (pH 6.8), 20% glycerol, and 4% sodium 

dodecyl sulphate) supplemented with complete Protease Inhibitor Cocktail (Roche, Bâle, 

Switzerland). For brain protein extraction, samples were homogenized in RIPA buffer (1% 

(w/v) NP40, 0.5% (w/v) deoxycholic acid, 0.1% (w/v) SDS, 150 mM NaCl, 1 mM EDTA, 50 mM 

Tris, pH 7.4) containing 1 mM PMSF, 10 mM NaF, 2 mM sodium orthovanadate and 1% (v/v) 
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protease and phosphatase inhibitor cocktail (Roche, Basel, Switzerland). The samples were 

clarified by a 2 min centrifugation at 9000g and protein concentrations were determined using 

a Bicinchoninic Acid Assay (BCA) kit. Samples were heated for 10 min at 70°C in loading buffer 

(lysis buffer containing 10% (w/v) 2-Mercaptoethanol and 0.004 % (w/v) bromophenol blue). 

Cell and brain lysates (20 µg and 40 µg of proteins, respectively) were subjected to SDS-PAGE 

using 4-12 % NupageTM bis-Tris gels for Western-blotting. Nitrocellulose membranes were 

incubated overnight at 4 °C with the following primary antibodies: human APP-specific WO2 

(1:2 000); anti-APP C-terminal (1:2 000); anti-KCC2 (1:1 000); anti-hrGFP and GFP (1:2 000), 

anti-NKCC1 (1:100); anti-GABAA receptor subunits α1 and α3 (1:2 000 and 1:1 1000; 

respectively); anti-CaV1.3 (1:1 000), anti-CACNA1C (1:1 000), anti-α tubulin (1:4 000), anti-βIII 

tubulin (1:1000), anti-actin (1:1000), anti-APLP1 and APLP2 (1:4 000 and 1:2 000, respectively) 

and anti-USF1 (1:500). Blots were incubated with horseradish peroxidase-conjugated 

secondary antibodies, revealed by ECL (Amersham Pharmacia), and quantified using the 

Quantity OneTM software (Bio-Rad Laboratories, Hercules, CA, USA) with α-tubulin as a 

loading control. 

 

VII. RNA extraction and real time PCR  
 

Total RNA was isolated by TriPure Isolation Reagent according to the manufacturer's protocol. 

RNA samples were resuspended in DEPC-treated water. Reverse transcription was carried out 

with the iScript cDNA synthesis Kit (Bio-Rad Laboratories, Hercules, CA, USA, catalog no. 

1708891) using 1 µg of total RNA in a total reaction volume of 20 μL. Controls were performed 

without reverse transcriptase to rule out amplification of contaminant genomic DNA. Real-

time PCR was performed for the amplification of NKCC1, KCC2, Egr4, USF1 and glyceraldehyde 

phosphate dehydrogenase (GAPDH) cDNAs. Primers were purchased from Sigma-Aldrich (St-

Louis, MO); F, Forward primer; R, Reverse primer; E, primer efficiency:  

NKCC1 rat  

E-107.2%, F-5’ TTCGTGAGAGGAGGAGGAG 3’, R-5’ GATGCCCAGAAGAACCAC 3’ 

KCC2 rat and mouse  

E-102.0%, F-5’ GGTGGAAGTCGTGGAGATG 3’, R-5’ CGAGTGTTGGCTGGATTC 3’ 

USF1 rat 
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E-95.7%, F-5’ TGATGATGCTGTTGACGC 3’, R-5’ TGGCTCCCTCCCTGTAAC 3’ 

Egr4 rat 

E-108.2%, F-5’ CGACGAGAAGAAGCGACA 3’, R-5’ CCAGCGAGTAGAAGCCCA 3’ 

GAPDH rat/mouse  

E-106.7%, F-5’CCCCCAATGTATCCGTTGTG3’, R-5’TGATTTCCCGTAGGACCGAT 3’ 

Real-time PCR was carried out in a total volume of 25 μL containing 8 ng cDNA template, 0.3 

μM of the appropriate primers and the IQTM SYBR® Green Supermix 1x (Biorad catalog no. 

1708885). The PCR protocol consisted of 40 amplification cycles (95°C for 30 s, 60°C for 45 s 

and 79°C for 15 s) and was performed using an iCycler IQTM multicolor Real-Time PCR 

detection system (Bio-Rad). For quantification, a relative standard curve was established for 

each target gene using four-fold serial dilutions (from 100 to 0.097 ng) of a cDNA template 

mix prepared using the same conditions. Each sample was normalized to relative expression 

levels of GAPDH. Calculation of Ct, standard curve preparation and quantification of mRNAs 

contained in the samples were performed using the "post run data analysis" software 

provided with the iCycler system (Bio-Rad). 

 

VIII. Cytosolic free Ca2+ measurement in single neurons 
 

For cytosolic free Ca2+ measurements, all recordings were carried out at 37°C in Krebs-HEPES 

buffer (see below) containing 10 µM CNQX (Tocris, Bristol, UK, catalog no. 1045). Acute 

treatment of neurons with 100 µM GABA (Sigma-Aldrich; St-Louis, MO, USA, catalog no. 

A2129), 10 µM baclofen (Tocris, catalog no. 0417), 30 µM isoguvacine (Sigma-Aldrich, catalog 

no. G002) and 10 µM nimodipine (Tocris, catalog no. 0600) was performed in the incubation 

chamber. Neurons were plated at a density of 1.8 105 cells/cm2 on pre-coated 15 mm round 

glass coverslips with 10 µg/ml poly-L-lysine in phosphate buffered saline. Seven to eleven days 

after adenoviral infection, neurons were incubated in the dark in the presence of the Ca2+ 

indicator fura-2 acetoxymethylester (Fura-2 AM; catalog no. F1225) at a final concentration of 

2 μM in Krebs-HEPES buffer (10 mM HEPES, 135 mM NaCl, 6 mM KCl, 2 mM CaCl2, 1.2 mM 

MgCl2, 10 mM glucose, pH 7.4) for 30 min at room temperature. Coverslips were then washed 

and mounted in a heated (37°C) microscope chamber (1 ml). Cells were alternately excited (1 

or 2 Hz) at 340 and 380 nm for 100 ms using a Lambda DG-4 Ultra High Speed Wavelength 
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Switcher (Sutter Instrument, Novato, CA) coupled to a  Zeiss Axiovert 200 M inverted 

microscope (X20 fluorescence objective) (Zeiss Belgium, Zaventem, BE). Images were acquired 

using a Zeiss Axiocam camera coupled to a 510 nm emission filter and analysed with the 

Axiovision software. A total of 70-80 neurons was studied in each experiment and non-

neuronal cells were excluded from the analysis as previously described by Pickering and 

coworkers (Pickering et al., 2008). Changes in intracellular Ca2+ fluorescence were estimated 

from fluorescence emission intensity ratios F340/F380 or ΔF obtained after excitation of cells 

at wavelengths of 340nm and 380nm. These changes were expressed as ΔF/F0 where F0 is the 

basal fluorescence value corresponding to the mean of ΔF signals measured during a period 

of 50 s in control conditions (prior to the GABA pulse). The GABA response was defined as a 

change of ΔF greater than 10 % relative to F0. To estimate the amplitude of the response to 

GABA, F0 was subtracted from the maximum ΔF value occurring during the 50 s GABA pulse. 

 

IX. Electrophysiology 
 

In order to preserve intracellular Cl- concentrations, gramicidin perforated patch recordings 

were performed to measure evoked action potentials in primary cortical cell cultures 

expressing hAPP between 13 DIV and 19 DIV. The recording bath solution contained 145mM 

NaCl, 3mM KCl, 2mM CaCl2, 2mM MgCl2, 15mM HEPES and 10mM glucose (pH adjusted to 7.4 

with NaOH, osmolarity: 290mOsm/l). The internal pipette solution contained 140mM KCl, 

1mM MgCl2, 4mM MgATP, 0.5mM EGTA and 10mM HEPES (pH adjusted to 7.2 with KOH, 

osmolarity: 280mOsm/l). A 20mg/ml stock of gramicidin in dimethyl-sulphoxide (DMSO) was 

diluted freshly to a final concentration of 80µg/ml in the internal pipette solution. To facilitate 

gigaseal formation, patch pipettes were front filled by dipping the tip into the gramicidin-free 

solution then back filled with the gramicidin containing solution. All recordings were 

performed at room temperature. To obtain the frequency-current (f-I) relationship, action 

potential firing was recorded in response to 10 depolarizing current steps of 20pA using the 

Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA, USA) in presence or absence of 

added GABA (100µM) (Sigma-Aldrich, St-Louis, MO, USA, catalog no. A2129). Data were 

filtered at 5 kHz through a lowpass Bessel filter and collected at a frequency of 8 kHz using the 

Digidata 1322A digitizer (Molecular Devices, Sunnyvale, CA, USA).  
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Liquid junction potential and capacitance transients were compensated. 20 to 30 min after 

cell-attached seal formation (seal resistance >3GΩ), series resistance (Rs) typically dropped 

and stabilized at ~30-40 MΩ. Resting membrane potential measured in current clamp mode (I 

= 0) was stable. Input and series resistance were monitored during the experiment, and 

recordings were excluded when any of these parameters changed by >10%. The instantaneous 

firing rate for each current step was calculated from the inter-spike interval using the pClamp 

software. Electrodes were pulled from capillary glass (Harvard Apparatus, Les Ulis Cedex, 

France, catalog no. 30-0053) on a Sutter Instruments P97 puller (Sutter Instruments, Novato, 

CA, USA) and had a resistance of 3-6MΩ when filled with the internal solution.  

 

X. Human brain tissues 
 

Frontal cortex brain tissue samples from 9 human control subjects and 9 demented patients 

were collected with the approval of the Ethical Committee of the Medical School of the 

Université Libre de Bruxelles or via the rapid autopsy program of the Netherlands Brain Bank 

(NBB), Amsterdam, which provides postmortem specimens from clinically well documented 

and neuropathologically confirmed cases. The work of the NBB abides by the ethical code of 

conduct approved by the ethics committee. Ethical approval and written informed consent 

from the donors or the next of kin were obtained in all cases. All patients were clinically 

diagnosed as sporadic cases of Alzheimer’s disease (AD). Table 1 summarizes the clinical data 

and the neuropathological staging of control subjects and patients with AD according to Braak 

and Braak staging for neurofibrillary tangles (Braak and Braak, 1991) and the Consortium to 

Establish a Registry for AD score for senile plaques (Mirra et al., 1991).  

 

XI. Aβ measurements 
 

Human Aβ1-40 levels were measured in cell culture supernatants using the Multi-Spot Human 

(6E10) Aβ Triplex Assay and the SECTOR Imager 2400 (MesoScale Discovery, Rockville, MD, 

USA, catalog no. K15200E-1) according to manufacturer’s instructions. 
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XII. Cytotoxicity assay 
 

Cell viability was measured by LDH release in the culture medium at 13 DIV using Cytotoxicity 

Detection kit (Sigma-Aldrich, St-Louis, MO, USA, catalog no. 11644793001) according to the 

manufacturer's instructions. Relative absorbance was measured at 490 nm using a VICTOR 

Multilabel Plate Reader (PerkinElmer, Richmond, VA, USA). Background LDH release was 

determined in non-infected control cultures. 

 

XIII. Immunofluorescence 
 

Cells were seeded at 105 cells/cm2 on glass coverslips, fixed with 4% v/v formaldehyde at room 

temperature (RT) then washed in PBS and permeabilized 1 h with 0,4% Triton X100 (v/v) in 

PBS containing 3% bovine serum albumin (Sigma-Aldrich, St-Louis, MO, USA, catalog no. 

A7906). After three washes in PBS cells were incubated 1h at RT with primary antibodies: WO2 

(1:1 000); anti-KCC2 (1:100), MAP2 (1:1 000). After three PBS washes, cells were incubated for 

1h with 5 µg/ml Alexa-labelled secondary antibodies in presence of Hoechst (1:10 000, catalog 

no. 62249). After three additional PBS washes, preparations were mounted in Fluoprep 

(Biomérieux, Marcy l'Etoile, FR, catalog no. 75521). Pictures were acquired with an AMG Evos 

fluorescence digital inverted microscope (Advanced Microscopy Group, Mill Creek, WA, USA). 

Immunoreactivity was quantified on 20x digital images by using Image J software with 

thresholds set according to signal intensity (Jensen, 2013) Mouse monoclonal Tuj 1 (Neuron-

specific class III β-tubulin; Neuromics, Edina, MN, USA, catalog no. MO 15013). Anti-MAP2 and 

rabbit polyclonal actin (Sigma-Aldrich, St-Louis, MO, USA, catalog nos. M4403 and A2066, 

respectively). 

 

XIV. Statistics 
 

Statistical analyses were performed using GraphPad Prism 7.01. The Shapiro-Wilk test was 

used to test for the normality of data. Parametric testing procedures (Student’s t test or one-

way analysis of variance (ANOVA) followed by Bonferroni’s multiple-comparison post-test 

when many subgroups were compared) were applied for normally distributed data, otherwise 
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nonparametric tests were used (Mann-Whitney or Kruskal-Wallis tests followed by Dunn’s 

multiple-comparison post-test when many subgroups were compared). The total number of 

samples (n) analysed in all experimental conditions (number of repeated measurements) is 

indicated in figures legends. Results are presented as mean ± s.e.m. and statistical significance 

was set at P values (two-tailed tests) > 0.05 (*p > 0.05, **p > 0.01; ***p > 0.001). 
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Results 
 

I. Evolution of KCC2 and NKCC1 expression and 

GABAergic Ca2+ responses during primary cortical 

culture development. 
 

Since the transition of GABAergic neurotransmission from depolarizing to hyperpolarizing that 

takes place in vivo and in vitro is associated with a gradual change in NKCC1 and KCC2 

expression levels (Tibau et al., 2013; Ganguly et al., 2001; Soriano et al., 2008), the dynamics 

and magnitude of these changes were first characterized in our experimental model - primary 

cortical cultures derived from E18 rat embryos. In these cultures, NKCC1 and KCC2 mRNA 

levels were analysed between 4 and 17 days in vitro (DIV). Significant 3- to 4-fold increase in 

NKCC1 and KCC2 mRNA levels was observed by 7 DIV (Fig. 15a). KCC2 mRNA continued to 

increase as the culture developed, whereas NKCC1 mRNA gradually decreased after 7 DIV (Fig. 

15a). These changes were mirrored by modifications in NKCC1 and KCC2 protein levels (Fig. 

15a). As previously reported, the developmental upregulation of KCC2 mRNA and protein 

levels is essentially due to the KCC2b isoform (Uvarov et al., 2007; Ludwig et al., 2003). The 

KCC2 and NKCC1 antibodies, as well as the primers used in qPCR experiments, recognize both 

isoforms of KCC2 (KCC2a and KCC2b) and NKCC1 (NKCC1a and NKCC1b).  In addition, it is worth 

mentioning that while the KCC2 antibody used in this study is considered to be a very good 

antibody, the specificity of the NKCC1 monoclonal T4 antibody is a matter of debate (Blaesse 

et al., 2009). Nevertheless, as we observed a correlation between NKCC1 mRNA levels and 

protein levels in different conditions analyzed, we tend to consider that our NKCC1 signal is 

specific.  

 

During the early developmental period, depolarizing GABAergic potentials activate voltage-

dependent Ca2+ channels (VDCCs) and increase intracellular Ca2+ levels ([Ca2+]i) (Connor et al., 

1987; Yuste and Katz, 1991; Wang et al., 1994). We monitored GABA-induced Ca2+ responses 

during the maturation of cortical cell cultures by using Fura-2 AM Ca2+-sensitive dye (Fig. 15b). 

Measurements of fluorescence intensity changes showed that cells cultured up to 7 DIV 
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responded to exogenous GABA application (100 μM) with a rapid and reversible increase in 

[Ca2+]i. Beyond 7 DIV, the percentage of neurons that responded to GABA decreased with the 

duration of the culture (Fig. 15b).    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15. Developmental changes in cations Cl- cotransporters expression and GABA-induced 
responses in rat cortical cells cultures. (a) Left panel: Time course of Slc12a2 (coding for NKCC1) and 
Slc12a5 (coding for KCC2) mRNA levels analysed between 4 and 17 days in vitro (DIV) in primary rat 
cortical cultures by RT-qPCR (n=7 each analysed in 5 independent experiments). Results were 
normalized to GAPDH mRNA and expressed as percentage (mean ± s.e.m.) of 4 DIV (∗P<0.05, 
∗∗P<0.01, ∗∗∗P<0.001, Kruskal-Wallis test followed by Dunn’s multiple-comparison post-test). 
Middle panel: Representative Western-blot of cell lysates from cortical cultures analysed between 4 
and 17 DIV. Expression of NKCC1 and KCC2 was monitored using specific antibodies. Blots were 
further probed with an anti-α tubulin antibody. Right panel: quantification of NKCC1 and KCC2 / α 
tubulin ratios. Results were expressed as percentage (mean ± s.e.m.) of 4 DIV (n=11 of each analysed 
in 6 independent experiments, ∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001, ANOVA for NKCC1 and Kruskal-
Wallis test for KCC2). (b) GABA-induced calcium responses in cortical cells during culture 
development. Top, ratiometric fluorescent dye image in one cell before (basal) and immediately 
after applying 100 µM GABA. Scale bar, 10 µm. Representative traces of ten cell recordings displaying 
a [Ca2+]i increase in response to GABA. Traces are expressed as ΔF/F0, where ΔF corresponds to a 
change in F340/F380 ratio and F0 is the basal fluorescence value. Right panel, percentage (mean ± 
s.e.m.) of cells responding to GABA (n=215 cells for each time point analysed in 4 independent 
experiments, ∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001, Kruskal-Wallis test). 
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Given that by 17 DIV the response to GABA was almost completely gone, depolarization with 

a high concentration of extracellular KCl (50 mM) still induced robust increases in [Ca2+]i, 

suggesting that decreased responsiveness to GABA was due to a decrease in the extent of 

GABA-induced depolarization (Fig. 16a). These observations are consistent with previous 

findings in cultured neurons (Ganguly et al., 2001; Soriano et al., 2008). Moreover, GABA 

responses were blocked by the L-type VDCC antagonist nimodipine (10 μM) (Fig. 16b), 

indicating that the GABA-induced Ca2+ increase is mediated by Ca2+ influx through L-type 

Ca2+ channels. Furthermore, treatment with the GABAB agonist baclofen (10 µM) didn’t 

change [Ca2+]i, while the GABAA receptor specific agonist isoguvacine (30 µM) increased [Ca2+]i, 

indicating that GABAB receptors are not involved in GABA-induced changes in [Ca2+]i (Fig. 16b). 

Taken together, the results indicate that maturation related changes in expression of NKCC1 

and KCC2 tightly correlate with the evolution of GABA-induced Ca2+ responses in our cortical 

cell model. Furthermore, a shift in GABAergic signaling is apparent in our cultures starting from 

7 DIV and GABA induced depolarization is almost completely absent by 17 DIV. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 16. Characterization of GABA-induced depolarization in rat cortical cells cultures. (a) Time 
course of GABA-induced calcium fluorescence in cortical cells cultures between 4 and 17 days in vitro 
(DIV). One representative recording of a cell baring a [Ca2+]i increase in response to 100 µM GABA 
at each time point. High concentration of extracellular KCl (50 mM) was applied at the end of the 
recording. (b) Comparative recordings of GABA-induced Ca2+ increase in rat cortical cultures at 13 
DIV (GABA 100 µM). Representative traces of ten cells treated with GABA in extracellular solution 
containing 10 µM L-type VDCC antagonist nimodipine (middle panel), 10 µM GABAB agonist baclofen 
or 30 µM GABAA agonist isoguvacine (lower panels). All traces are expressed as ΔF/F0, were ΔF is a 
change in the F340/F380 ratio and F0 is the basal fluorescence value. 
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II. Human APP expression decreases KCC2 expression 

and renders GABA signaling less hyperpolarizing and 

less inhibitory in primary cortical cultures. 
 

To address whether APP could modulate GABAergic neurotransmission by affecting 

expression levels of NKCC1 and KCC2, we expressed human APP (hAPP) in cultured rat cortical 

cells. Full-length neuronal wild-type hAPP expression was achieved by infecting primary 

cortical cultures with a recombinant adenoviral vector at 6 DIV, i.e. prior to the occurrence of 

the GABA shift. At 13 DIV, we probed blots with an antibody, which discriminates between 

hAPP and endogenous rat APP by recognizing amino-acids 4-10 of human Aβ, as well as using 

an antibody that recognizes the 19 carboxyl-terminal amino acids of both human and 

endogenous APP (total APP) (Fig. 17a). Seven days after infection, expression of hAPP 

increased the total content of APP by about 1.6 fold (159.6 ± 33 %) (Fig. 17a).  
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Fig. 17. Expression of human APP in cortical cultures decreases KCC2 expression and changes GABA-
induced responses. (a) Left panel: Comparative RT-qPCR analyses of Slc12a2 (coding for NKCC1) and 
Slc12a5 (coding for KCC2) mRNA levels in primary rat cortical cultures infected or not (control, Co) at 
6 DIV with an adenovirus coding for human APP (hAPP). Results were obtained between 13 and 17 DIV 
(n=20 for each condition in 9 independent experiments), normalized to GAPDH mRNA and expressed 
as percentage (mean ± s.e.m.) of Co (∗∗∗P<0.001, Student’s t-test). Middle panel: Representative 
Western-blot of cell lysates from Co and hAPP primary cortical cultures. Expression of hAPP was 
monitored between 13 and 17 DIV with the WO2 antibody recognizing hAPP and anti-APP C-terminal 
antibody recognizing both hAPP and endogenous APP (total APP).  
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Transgene expression was homogeneous and didn’t affect cell density as assessed by 

immunocytochemistry (Fig. 18a). LDH cytotoxicity test allowed to demonstrate that 

adenoviral transduction didn’t alter cell viability (Fig. 18b). In addition, hAPP expression 

remained stable over time as it was similar after both 7 and 11 days post-infection (13 and 

17DIV) (Fig. 18c).  Expression of hAPP didn’t affect NKCC1 expression, but decreased KCC2 

mRNA and protein levels by about 50 % (44.8 ± 5.3 and 57.4 ± 5.4 % of control, respectively) 

(Fig. 17a). In some cases, oligomeric forms of KCC2 could be detected and decreased to the 

same extent as the monomeric protein in hAPP expressing cells (46.8 ± 12 % of control Fig. 

19a). Moreover, KCC2 immunofluorescent signal was significantly decreased in hAPP 

expressing neurons (49.6 ± 4.2 % of control, Fig. 19b). As control, primary neuronal cultures 

were infected with an adenovirus coding for human recombinant green fluorescent protein 

(hrGFP). This infection, was not toxic and didn’t modify expression levels of NKCC1 and KCC2 

(Fig. 20a and b).  

 

 

 

 

 Blots were further probed using anti-NKCC1, -KCC2, and -α tubulin antibodies. Right panel: 
quantification of total APP, NKCC1 and KCC2/ α tubulin ratios. Results were expressed as 
percentage (mean ± s.e.m.) of Co (Co n=28 and hAPP n=30 in 16 independent experiments, 
∗P<0.05, ∗∗∗P<0.001, Mann-Whitney test (total APP) and Student’s t-test (NKCC1 and KCC2)). (b) 
GABA (100µM)-induced calcium fluorescence in Co and hAPP expressing cortical cultures measured 
between 13 and 17 DIV incubated with or without 10 µM bumetanide (bum.) for 1 h. Insets: 
representative traces of ten cell recordings. Traces are expressed as ΔF/F0, where ΔF corresponds 
to a change in F340/F380 ratio and F0 is the basal fluorescence value. Percentage (mean ± s.e.m.) 
of cells responding to 100 µM GABA (left panel) and amplitude of this response (right panel) (Co 
n=138, hAPP n=122, hAPP+bum. n=208 cells in 4 independent experiments), ANOVA test followed 
by Bonferroni’s multiple-comparison post-test (compared to controls: ∗P<0.05, ∗∗∗P<0.001; 
compared to untreated hAPP: ###P<0.001). (c) Frequency of action potentials depending on the 
current injected and representative traces of Co (left panel) and hAPP (right panel) expressing 
cortical neurons before or after a bath application of GABA (100µM) measured between 13 and 19 
DIV (Co n=17 and hAPP n=19 cells in 6 independent experiments, ∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001, 
Student’s t-test applied for each current step to compare the effect of GABA on Co or hAPP 
cultures). (d) Difference in membrane potential (ΔV) elicited by a bath application of GABA (100µM) 
measured in Co and hAPP expressing cortical cells between 13 and 19 DIV (Co n=17 and hAPP n=19 
cells in 6 independent experiments). 
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Fig. 18. Homogeneous, stable and not toxic expression of hAPP. (a) Representative 
immunofluorescent staining of human APP (hAPP) expression in primary rat cortical cultures infected 
or not (control, Co) at 6 DIV with an adenovirus coding for hAPP. At 13 DIV, hAPP was labelled with 
the specific WO2 antibody recognizing the 4-10 amino-acids of the human Aβ sequence. Scale bar, 
60 µm. (b) Measurement of LDH activity released after hAPP-adenoviral transduction at 13 DIV in 
primary rat cortical cultures. Background LDH release was determined in non-infected control 
cultures (Co). Results were expressed as percentage of total LDH release in non-infected control 
cultures (Co), (Co=12, hAPP=14 analysed in 2 independent experiments, Co vs hAPP P < 0.05, 
Student’s t-test, non-significant (n.s.). (c) Representative Western-blot of cell lysates from Co and 
hAPP expressing cortical cultures analysed at 13 and 17 DIV. 
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Fig. 19. hAPP expression decreases KCC2 oligomers and KCC2 immunofluorescent signal. (a) 
Representative Western-blot of cell lysates from primary rat cortical cultures infected or not (control, 
Co) at 6 DIV with an adenovirus coding for human APP (hAPP) showing monomeric and oligomeric 
forms of KCC2 at 17 DIV. Blots were probed using anti-KCC2 and -α tubulin antibodies. Right panel: 
quantification of monomeric or oligomeric KCC2 (mean ± s.e.m.) / α-tubulin ratios (n = 8 of each 
analysed in 3 independent experiments, ∗P<0.05, ∗∗P<0.01, Mann-Whitney test). (b) Representative 
immunofluorescent staining and quantification of KCC2 expression in Co and hAPP expressing 
cortical cultures. Bottom panel: quantification of KCC2 immunofluorescent signal. Data are 
expressed as percentage (mean ± s.e.m.) of Co (n=6 of each analysed in 3 independent experiments, 
∗P<0.05, Student’s t-test). Scale bar, 60 µm. 
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Fig. 20. Unaffected KCC2 expression and GABA responses in hrGFP expressing cultures. (a) 
Measurement of LDH activity released from primary rat cortical cultures infected or not (control, Co) 
at 6 DIV with an adenovirus coding for human recombinant GFP (hrGFP). Results were obtained at 13 
DIV and expressed as percentage of total LDH release in Co cultures. Co=12, hrGFP=14 in 2 
independent experiments, Co vs hrGFP P < 0.05, Student’s t-test, non-significant (n.s.). (b) Left panel: 
Comparative RT-qPCR analyses of Slc12a2 (coding for NKCC1) and Slc12a5 (coding for KCC2) mRNA 
levels from Co and hrGFP cortical cultures. Results were obtained at 13 DIV, normalized to GAPDH 
mRNA and expressed as percentage (mean ± s.e.m.) of Co (Co n=10 and hrGFP n=10 in 4 independent 
experiments, Student’s t-test). Middle panel: Representative Western-blot of 13 DIV cell lysates from 
Co and hrGFP expressing cortical cultures. Expression of hrGFP was monitored and blots were further 
probed using anti-NKCC1, -KCC2, and -α tubulin antibodies. Right panel: quantification of NKCC1 and 
KCC2 / α tubulin ratios. Results were expressed as percentage (mean ± s.e.m.) of Co (Co n=7 and 
hrGFP n=4 analysed in 4 independent experiments, P < 0.05, Student’s t-test). (c) GABA (100µM)-
induced calcium fluorescence in Co and hrGFP expressing cortical cultures analysed at 17 DIV. 
Representative traces of ten cell recordings per condition (total of 213 hrGFP cells analysed in 5 
independent experiments). Traces are expressed as ΔF/F0, were ΔF is a change in the F340/F380 ratio 
and F0 is the basal fluorescence value. Right panel: percentage (mean ± s.e.m.) of cells responding to 
100 µM GABA and amplitude of this response (right panels) (Co n=205, hrGFP n=155, cells in 3 
independent experiments, P < 0.05, Student’s t-test). 
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Given that NKCC1 and KCC2 are regulators of neuronal chloride gradients and that these 

gradients are important for GABAergic transmission polarity, the decrease in KCC2 levels 

suggested that hAPP expression could have an impact on GABAergic transmission polarity. To 

test this hypothesis, we monitored GABA-induced depolarization between 13 and 17 DIV by 

loading control or hAPP expressing cells with Fura-2AM calcium sensitive dye and treating 

them with GABA (100 µM). As shown in Fig. 17b, hAPP expressing cells displayed increased 

GABA-induced response as compared to controls. Indeed, the proportion of cells responding 

to GABA as well as the amplitude of this response were increased in hAPP expressing neurons 

(75.15 ± 3.9 of total cells analysed and 190.4 ± 2.76 % of control, respectively). It is noteworthy 

that GABA-induced fluorescence was unaffected in hrGFP infected cells (Fig. 20c). 

Furthermore, the increase in [Ca2+]i observed in hAPP expressing cells was not due to higher 

expression of the α1 and α3 GABAA receptor subunits, predominantly expressed in the adult 

and developing cortex, respectively (Mehta and Ticku, 1999; Laurie et al., 1992) (Fig. 21a). 

Since expression of the α1C pore-forming subunit of L-type VDCC (Cav1.2) was previously 

shown to be modified by APP (Yang et al., 2009) , we measured Cav1.2 expression as well as 

another pore forming subunit of L-type channels, α1D (Cav1.3) in hAPP expressing primary 

cortical cells. Cav1.2 and Cav1.3 expression remained unchanged in hAPP expressing cells (Fig. 

21b).  

 

 

 

 

 

 

 

 

 

 

 

 

 



88 
 

 

 

 

 

 

 

 

 

 

In order to confirm that the GABA-induced rise in [Ca2+]i observed in hAPP expressing neurons 

was sensitive to changes in chloride concentration, we incubated primary cortical neurons 

with the NKCC1 inhibitor bumetanide (Payne, 1997). It was assumed that by decreasing [Cl-]i, 

bumetanide would render GABA more hyperpolarizing which in turn would result in a reduced 

GABA-induced Ca2+ response. As expected, in hAPP expressing neurons treated with 10 µM 

bumetanide the proportion of cells responding to GABA as well as the amplitude of the GABA 

response were decreased compared to untreated hAPP expressing cells (19.63 ± 5.7 % of total 

cells analysed and 50.3 ± 4.6 % of untreated hAPP) (Fig. 17b), indicating that changes in [Cl-]i 

may contribute to GABA-induced increase in [Ca2+]i observed in hAPP expressing neurons. 

Taken together the results suggest that GABA is more depolarizing in hAPP expressing 

neurons, which could be due to a modification in [Cl-]i levels resulting from a decrease in KCC2 

expression in these cells. 

 

Given the increased depolarization evoked by GABA in hAPP expressing neurons observed by 

calcium imaging, gramicidin perforated patch recordings in hAPP expressing neurons were 

next performed in order to evaluate the effect of GABA (100µM) on evoked action potential 

(AP) frequency and resting membrane potential between 13 DIV and 19 DIV. As expected, 

addition of GABA reduced AP frequency in control neurons by about 65% (Fig. 17c). On the 

other hand in hAPP expressing neurons, AP frequency was reduced only by about 35% 

indicating that GABA was less inhibitory in these cells (Fig. 17c). Furthermore, while 

application of GABA elicited a significant hyperpolarization in most control cells analysed (ΔVm 

-4.83mV ± -0.55), hAPP expressing neurons either slightly depolarized or didn’t display a 

Fig. 21. hAPP expression does not modify GABAAR α3/α1 and L-type VDCC α1C/D pore-forming 
subunits expression. (a and b) Representative Western-blots of cell lysates from primary rat cortical 
cultures infected or not (control, Co) at 6 DIV by an adenovirus coding for human APP (hAPP). Results 
were obtained between 13 and 17 DIV. Expression of hAPP was monitored with the specific WO2 
antibody. Anti-GABAAR antibodies were used to detect GABAAR-α1 and α3 subunits and anti-CaV1.3 
and -CACNA1C to detect α1D and α1C pore-forming subunits of L-type VDCC (Cav1.2 and Cav1.3, 
respectively). Blots were further probed using anti-α tubulin antibody. Right panels: quantification 
of GABAAR-α3, -α1, Cav1.2 and Cav1.3 / α tubulin ratios. Results were expressed as percentage (mean 
± s.e.m.) of Co ((a) n=18 of each analysed in 8 independent experiments and (b) n=11 of each 
analysed in 5 independent experiments, P>0.05, Student’s t-test). 
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change in membrane potential in response to GABA (ΔVm 2.25mV ± 0.36) (Fig. 17d and Fig. 

22a). The effect of GABA measured by patch clamp in neurons infected with hrGFP was not 

significantly different compared to controls (Fig. 22b and c). These results support the idea 

that GABA is more depolarizing in hAPP expressing neurons compared to controls. However, 

the more depolarizing effect of GABA in hAPP expressing cells is not sufficient to elicit 

excitation. Indeed, GABA remained inhibitory in hAPP expressing neurons, but to a lesser 

extent than in controls. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 22. Electrophysiological responses to GABA are not affected in hrGFP expressing cultures. (a) 
Resting membrane potential (RMP) measured between 13 and 19 DIV after a bath application of 
GABA (100µM) in primary rat cortical cultures infected or not (control, Co) at 6 DIV by an adenovirus 
coding for human APP (hAPP) (Co n=17 and hAPP n=19 cells analysed in 6 independent experiments, 
*P<0.05, Student’s t-test). (b) Frequency of action potentials depending on the current injected in 
human recombinant GFP (hrGFP) expressing cortical neurons before or after a bath application of 
GABA (100µM) measured between 13 and 19 DIV (∗P<0.05, ∗∗P<0.01 Student’s t-test applied for 
each current step to compare the effect of GABA on hrGFP cultures) Right panel: RMP measured 
between 13 and 19 DIV in Co and hrGFP expressing cortical cultures. (c) Difference in membrane 
potential (ΔV) elicited by a bath application of GABA (100µM) measured in hrGFP expressing cortical 
cultures between 13 and 19 DIV (hrGFP n=18 cells analysed in 4 independent experiments). 
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III. APP dependent KCC2 downregulation in primary 

cortical cultures involves the juxta-/transmembrane 

domain of APP and could rely on USF1.  

 

We next investigated whether KCC2 downregulation was related to APP expression level. 

NKCC1 and KCC2 expression were first measured in cultured cortical cells from wild type 

(App+/+) and APP deficient (App-/-) mice. At 13 DIV, the absence of APP and/or its cleavage 

products didn’t modify NKCC1 and KCC2 mRNA and protein levels (Fig. 23a). Nevertheless, 

tendency towards increased KCC2 expression was observed. Given that APP belongs to a 

multi-gene family of paralogs including amyloid precursor-like proteins (APLPs) 1 and 2 (Wasco 

et al., 1992), APLP1 and APLP2 could functionally compensate for the loss of APP (von Koch et 

al., 1997; Heber et al., 2000). Indeed, we observed a non-significant increase in APLP1 

expression in App-/- compared to App+/+ cells, suggesting partial compensation of APP deletion 

by APLP1 (Fig. 23b).  
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To bypass compensatory mechanisms that might have masked APP function, APP expression 

was decreased in cortical cells using an shRNA construct designed to target endogenous APP 

(APP shRNA). The knock-down of endogenous rat APP was achieved by infecting cells on 6 DIV 

with recombinant lentiviruses coding for APP shRNA. At 13 DIV, blots were probed with an 

antibody that recognizes the 19 carboxyl-terminal amino acids of endogenous APP (Fig. 24a). 

One week after APPshRNA lentiviral infection, a 68.8 ± 8.6 % decrease in endogenous APP 

expression was observed, while APLP1 and APLP2 protein levels remained unchanged (Fig. 

24a). Using this knock-down approach, NKCC1 expression was not modified after APPshRNA 

lentiviral infection (Fig. 25a). By contrast, a significant increase in KCC2 mRNA and protein 

levels (219.3 ± 24.2 and 268.2 ± 28.1 % of control, respectively), was observed (Fig. 25a). 

Moreover, infection of cortical cells with a recombinant lentivirus coding for neomycin 

resistance (neo) didn’t change KCC2 protein levels (Fig. 24b). The results thus indicate that 

KCC2 expression depends on APP expression. 

 

 

 

 

 

 

 

 

 

Fig. 23. Unaffected expression of NKCC1 and KCC2 in App knock-out cells and APLP1 and 2 
expression. (a) Comparative RT-qPCR analyses of Slc12a2 (coding for NKCC1) and Slc12a5 (coding 
for KCC2) mRNA levels from primary cultures of mouse cortical cells of wild type (App+/+) and App 
knockout mice (App-/-). Results were obtained at 13 DIV, normalized to GAPDH mRNA and 
expressed as percentage (mean ± s.e.m.) of App+/+ (n=10 of each in 8 independent experiments, 
P>0.05, NKCC1: Student’s t-test and KCC2: Mann-Whitney test). (a (Middle panel) and b) 
Representative Western-blots of cell lysates from App+/+ and App-/- cortical cultures at 13 DIV. 
Expression of endogenous APP (APP) was monitored with the anti-APP C-terminal antibody. Blots 
were further probed with anti-APLP1 and 2, anti-NKCC1, anti-KCC2 and anti-α tubulin antibodies. 
Right panels: quantification of NKCC1 and KCC2 / α tubulin ratios (a) or APLP1 and APLP2 / α tubulin 
ratios (b). Results were expressed as percentage (mean ± s.e.m.) of App+/+ (App+/+ and App-/- n=3 of 
each in 3 independent experiments), P>0.05, Student’s t-test.  
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Fig. 24. Unaffected expression of APLP1 and APLP2 in APP knock-down cultures and KCC2 expression 
in neomycin infected control cultures. (a and b) Left panels: Representative Western-blots of cell 
lysates from primary rat cortical cultures infected or not (control, Co) at 6 DIV with recombinant 
lentiviruses coding for APP shRNA or the neomycin resistance gene (neo) (a and b respectively). Results 
were obtained between 13 DIV and 17 DIV. Expression of endogenous APP (APP) was monitored with 
the anti-APP C-terminal antibody. Blots were further probed with anti-APLP1 and 2, anti-KCC2 and 
anti-α tubulin antibodies. Right panels: quantification of APP, APLP1, APLP2 and endogenous APP / α 
tubulin ratios or KCC2 / α tubulin ratios (a and b, respectively). Results were expressed as percentage 
(mean ± s.e.m.) of Co (Co and APPshRNA n=6, neo n=3 in 3 independent experiments), P>0.05, ∗∗∗P< 
0.001, Student’s t-test. 
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We next investigated whether cleavage products of APP could be involved in the regulation of 

KCC2 expression. APP is a type-I transmembrane protein with a large extracellular domain and 

a short intracellular domain (Fig. 26), both contributing to APP function (for review, see 

(Reinhard et al., 2005)). We first tested whether the APP intracellular domain (AICD), a 

potential transcriptional regulator (Cao and Sudhof, 2001), could be involved in the 

downregulation of KCC2. Primary cortical cell cultures were infected with a recombinant 

adenovirus coding for a hAPP variant containing the APP extracellular and transmembrane 

domains, but lacking its intracellular domain (APPΔC) (Fig. 25b). Expression of APPΔC greatly 

decreased KCC2 mRNA and protein levels (Fig. 25b) (29.4 ± 3.8 and 18.3 ± 1.8 % of control, 

respectively). Moreover, KCC2 expression was unaffected in cells infected by a control 

adenovirus coding for β-galactosidase (β-gal, Fig. 27). Taken together, the results ruled out 

involvement of AICD in the hAPP dependent KCC2 decrease. 

 

 

 

 

 

 

Fig. 25. APP dependent KCC2 downregulation in primary cortical cultures involves juxta-
/transmembrane domain of APP and could rely on USF1. (a - e) Comparative RT-qPCR analyses of 
Slc12a2 (coding for NKCC1) and Slc12a5 (coding for KCC2) (a, b and c) or Egr4 and USF1 (d and e) 
mRNA levels in primary rat cortical cultures infected or not (control, Co) at 6 DIV with shRNA APP 
lentiviruses (a, d and e) or adenoviruses coding for human (hAPP) truncated in its carboxyl- or 
amino terminal-domain (b: hAPPΔC, C99, c: hAPP).In (c) hAPP expressing cells were treated with 1 
µM L-685,458 γ-secretase inhibitor for 24h. Analysis was performed between 13 and 17 DIV.  
Results were normalized to GAPDH mRNA. (a, b, c and e) Representative Western-blots of cell 
lysates from cortical cultures infected or not (control, Co) at 6 DIV with shRNA APP lentiviruses (a 
and e), hAPPΔC, C99 or hAPP adenoviral constructs (b and c). Between 13 DIV and 17 DIV, 
expression of hAPP and βCTF was monitored with the specific WO2 antibody and expression of 
endogenous APP was assessed using the anti-APP C-terminal antibody. Blots were further probed 
using anti-NKCC1, -KCC2, USF1 and -α tubulin antibodies. NKCC1, KCC2 and USF1 signals were 
normalized to α tubulin, quantified and expressed as percentage (mean ± s.e.m.) of Co: ∗P<0.05, 
∗∗P<0.01, ∗∗∗P<0.001; (a) Student’s t-test for NKCC1 and Mann-Whitney test for KCC2; (b) Kruskal-
Wallis test; (c and e): ANOVA (except for USF1 mRNA in (e) Kruskal-Wallis test. (a) Co n=8 and 
APPshRNA n=14 (mRNA) and Co n=5 and APPshRNA n=7 (protein) analysed in 5 and 3 independent 
experiments, respectively; (b) Co n=11, APPΔC and C99 n=7 of each in 5 independent experiments; 
(c) hAPP n=7 and hAPP + L-685,458 n=8, each in 3 independent experiments. In d and e, hAPP and 
Co n=11 in 5 independent experiments; APPshRNA n=6 (mRNA) and n=11 (protein) in 3 
independent experiments. 
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Fig. 26. APP proteolytic fragments. Schematic representation of hAPP metabolites and constructs 
used in this study. hAPP (695 amino acids) is a transmembrane (TM, blue) protein with one 
membrane spanning domain processed by α-, β- and γ-secretase cleavages to generate β-cleaved 
carboxyl terminal fragment (βCTF, residue 597 to residue 695 corresponding to the last 99 amino 
acids of hAPP known as C99), Aβ peptide (red box) and the APP intracellular domain (AICD, yellow). 
hAPPΔC - hAPP695 truncated in its C-terminal region from residue 652 to residue 695. SP, signal 
peptide.  

Fig. 27. Unaffected expression of NKCC1 and KCC2 in βgal infected control cortical cultures. Left 
panel: Comparative RT-qPCR analyses of Slc12a2 (coding for NKCC1) and Slc12a5 (coding for KCC2) 
mRNA levels in primary rat cortical cultures infected or not (control, Co) at 6 DIV with an adenovirus 
coding for β-galactosidase (βgal). Results were obtained between 13 and 17 DIV, normalized to 
GAPDH mRNA and expressed as percentage (mean ± s.e.m.) of Co (Co n=11 and βgal n=7 analysed 
in 5 independent experiments); P>0.05, Student’s t-test. Middle panel: Representative Western-blot 
of cell lysates from βgal cortical cultures. Expression of endogenous APP (APP) was monitored with 
the anti-APP C-terminal antibody. Blots were further probed with anti-NKCC1, anti-KCC2 and anti-α 
tubulin antibodies. Right panel: quantification of NKCC1 and KCC2 / α tubulin ratios. Results were 
expressed as percentage (mean ± s.e.m.) of Co (Co and βgal n=7 of each analysed in 5 independent 
experiments), P>0.05, Student’s t-test - except for KCC2 a Mann-Whitney test was applied.  
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Using a similar strategy, the question of whether the extracellular domain of APP could play a 

role in regulating KCC2 expression was investigated. An adenoviral vector coding for the 

transmembrane and intracellular domains of hAPP, i.e. the naturally occurring APP C99 

fragment, which begins at the β-secretase cleavage site (CTFβ) (Fig. 26), was used. Expression 

of C99 decreased KCC2 mRNA and protein levels to a similar extent as observed with full-

length hAPP (52.3 ± 10.8 and 66.5 ± 5.3 % of control, respectively) (Fig. 25b), indicating that 

the hAPP extracellular domain does not play a role in the hAPP-dependent regulation of KCC2 

expression. 

γ-secretase processing of APP is physiologically important since it leads to AICD and Aβ 

production. Involvement of γ-secretase processing in hAPP dependent KCC2 downregulation 

was studied using a highly potent and selective γ-secretase inhibitor, L-685,458 (1 µM) (Li et 

al., 2000). Inhibition of γ-secretase activity for 24h in hAPP expressing cells significantly 

decreased extracellular human Aβ 1-40 levels (Fig. 28a) and induced APP carboxyl-terminal 

fragments (CTFs) accumulation (Fig. 28b), but didn’t affect NKCC1 and KCC2 mRNA and protein 

levels (Fig. 25c). Together, the results indicate that the hAPP-mediated decrease in KCC2 is 

AICD and γ-secretase activity independent and does not involve the hAPP extracellular 

domain.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 28. Inhibition of γ-secretase activity with L685,458. (a) Effect of 1 µM L685,458 / 24 h, a γ-
secretase inhibitor, on human extracellular Aβ1-40 production (pg/ml) at 13 DIV in primary rat cortical 
cultures infected with an adenovirus coding for human APP (hAPP) (n=9 of each in 3 independent 
experiments, ∗∗P< 0.01, Mann-Whitney test). (b) Left panel: Representative Western-blot of cells 
lysates from 13 DIV hAPP expressing cortical cultures treated or not with 10 µM L685,458/24h. 
Expression of hAPP was monitored with the specific WO2 antibody and expression of total APP and 
APP carboxyl terminal fragments (CTFs) was monitored with the anti-APP C-terminal antibody. Right 
panel: quantification CTFs / α tubulin ratios. Results were expressed as percentage (mean ± s.e.m.) of 
untreated hAPP expressing cells (n=9 of each in 4 independent experiments, ∗∗∗P< 0.001, Student’s 
t-test). 
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Given that hAPP is able to decrease KCC2 mRNA levels, expression of two known KCC2 

transcriptional regulators was measured in hAPP expressing cells. The KCC2 promoter has 10 

putative transcription factor binding sites (Uvarov et al., 2006). Among these, the only two 

transcription factors clearly described as potent regulators of Slc12a5 gene coding for KCC2 

are Egr4 and USF1 (Uvarov et al., 2006; Markkanen et al., 2008).  Although Egr4 can modulate 

KCC2 expression in developing neurons (Uvarov et al., 2006), Egr4 mRNA level was unchanged 

in hAPP expressing cells and in cultures infected with APPshRNA lentiviral vector (Fig. 25d). By 

contrast, a 50 % decrease in USF1 mRNA was seen in hAPP expressing cells (53.5 ± 7.7 % of 

control, Fig. 25e). Unfortunately, commercially available Egr4 antibodies didn’t detect the 

Egr4 protein in our cortical cell extracts. On the other hand, USF1 protein levels were 

decreased in hAPP expressing cells (57.8 ± 11.5 % of control) (Fig. 25e). Moreover, mRNA and 

protein levels of USF1 were increased in cultures infected with an APPshRNA lentiviral vector 

(201 ± 25.2 and 282 ± 7.7 % of control, respectively) (Fig. 25e). Taken together, the results 

suggest that APP can modulate USF1 and KCC2 expression in a similar manner providing a hint 

to a putative mechanism of APP dependent KCC2 expression regulation.  
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IV. KCC2 expression is decreased in vivo. 
 

Since adenoviral hAPP transduction decreased KCC2 expression in vitro, we wondered 

whether hAPP transduction could affect KCC2 and NKCC1 levels in vivo. Therefore, serotype 2 

associated-adenoviruses coding for full-length neuronal wild-type human APP and green 

fluorescent protein were produced (AAV-hAPP and AAV-GFP, respectively). AAV constructs 

were first tested in vitro by infecting cultured cortical cells at 6 DIV. At 13 DIV, hAPP and GFP 

could be detected in AAV-hAPP and AAV-GFP infected cells by Western-blotting, respectively 

(Fig. 29a and Fig. 30a, respectively). Moreover, we show that hAPP expression, while not 

affecting NKCC1 expression, decreased KCC2 protein levels by more than 50 % (43.6 ± 17.1 % 

of control) (Fig. 29a). Furthermore, infection of cortical cells with AAV-GFP didn’t modify 

expression levels of neither NKCC1 nor KCC2 (Fig. 30a).  

A shift in polarity of GABAA responses was shown to occur during the first two postnatal weeks 

in rodent hippocampus (Farrant and Kaila, 2007). Moreover, unlike in the human neocortex 

(Hyde et al., 2011; Vanhatalo et al., 2005) , KCC2 is robustly upregulated perinatally in rodents 

and continues to increase during the first postnatal month (Clayton et al., 1998; Kaila et al., 

2014). Based on these observations and in order to mimic the timing of adenoviral 

transductions made in vitro (6 DIV), mice pups were intraventricularly injected with an AAV-

hAPP or -GFP construct on postnatal day 1 or 2 (P1-P2), i.e. prior to the occurrence of the 

GABAA transmission polarity shift (Farrant and Kaila, 2007). Brains of injected mice pups were 

recovered at P30, the time point when cortical synaptic maturation had been completed (for 

a review see (Semple et al., 2013). By Western-blotting, hAPP expression in the posterior part 

of cerebral hemispheres of AAV-hAPP injected mice was examined (Fig. 29b). In these 

samples, KCC2 protein expression decreased while NKCC1 expression remained unchanged 

(Fig. 29b). Furthermore, protein levels of NKCC1 and KCC2 were not affected by AAV-GFP 

injection (Fig. 30b). These results indicate that hAPP was able to decrease KCC2 expression 

both in vitro and in vivo. 
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Fig. 29. NKCC1 and KCC2 expression in AAV-hAPP transduced cortical cells and mouse brains. (a) 
Representative Western-blot of cell lysates from primary rat cortical cultures infected or not (control, 
Co) at 6 DIV with serotype 2 associated-adenoviruses coding for wild-type human APP (AAV-hAPP). 
At 13 DIV, expression of hAPP was monitored with the specific WO2 antibody and expression of both 
hAPP and endogenous APP (total APP) was analysed using the anti-APP C-terminal antibody. Blots 
were further probed using anti-NKCC1, -KCC2 and -α tubulin antibodies. Right panels: quantification 
of NKCC1 and KCC2 / α tubulin ratios. Results were expressed as percentage (mean ± s.e.m.) of Co 
(n=3 of each analysed in 3 independent experiments, ∗∗P<0.01, Student’s t-test except for KCC2 in 
(a): Mann-Whitney test. (b) Representative Western-blot of brain homogenates of mice 
intraventricularly injected at P1-P2 with AAV-hAPP. 30 days post injection, expression of hAPP was 
monitored with the specific WO2 antibody and expression of both hAPP and endogenous APP (total 
APP) with the anti-APP C-terminal antibody. Blots were further probed using anti-NKCC1, -KCC2, and 
-α tubulin antibodies. NKCC1 and KCC2 / α tubulin ratios were quantified (right panel). Results were 
expressed as percentage (mean ± s.e.m.) of Co (∗∗∗P<0.001; Mann-Whitney test). Co n=7 mice and 
AAV-hAPP n=5 mice. 
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Fig. 30. AAV-GFP transduction in vitro and in vivo. (a) Representative Western-blot of cell lysates 
from primary rat cortical cultures infected or not (control, Co) at 6 DIV with serotype 2 associated-
adenoviruses coding for green fluorescent protein (AAV-GFP). Results were obtained at 13 DIV. 
Expression of endogenous APP (APP) was monitored with the anti-APP C-terminal antibody. Blots 
were further probed using anti-NKCC1, -KCC2, GFP and -α tubulin antibodies. Right panel: 
quantification of NKCC1 and KCC2 / α tubulin ratios. Results were expressed as percentage (mean ± 
s.e.m.) of Co (n=3 of each analysed in 3 independent experiments, P>0.05, Student’s t-test except for 
KCC2 a Mann-Whitney test was applied). (b) Representative Western-blot of brain homogenates from 
mice intraventricularly injected at P1-P2 with AAV-GFP. 30 days post injection, expression of GFP was 
monitored with the anti-GFP antibody and endogenous APP (APP) with the anti-APP C-terminal 
antibody. Blots were further probed using anti-NKCC1, -KCC2, and -α tubulin antibodies. Right panel: 
NKCC1 and KCC2 / α tubulin ratios were quantified. Results were expressed as percentage (mean ± 
s.e.m.) of Co (NKCC1, Mann-Whitney test and KCC2 Student’s t-test. Co n=7 mice and AAV-GFP n=8 
mice). 
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V. KCC2 expression is decreased in AD patients’ brain. 
 

Although APP is not overexpressed in sporadic AD, it is an important player in this 

pathology where its metabolism and/or function are highly impaired. Therefore, we 

wondered whether KCC2 and NKCC1 expression could be modified in sporadic AD. We 

extended our analysis by examining KCC2 and NKCC1 protein levels by Western-blotting 

in the frontal cortex brain tissues from human control subjects and patients suffering 

from dementia clinically diagnosed with late onset AD (Table 1). While NKCC1 expression 

remained unchanged, we detected a significant decrease in KCC2 expression in the brains 

of AD patients (Fig. 31). These results indicate that chloride homeostasis could be 

impaired in the brains of individuals suffering from AD. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 31. Expression of NKCC1 and KCC2 in late onset AD brains. Representative Western-blot of 
NKCC1 and KCC2 expression in frontal cortex of postmortem human brain tissues from control 
subjects (Co, n=9) and patients with Alzheimer’s disease (AD, n=9). Blots were probed using anti-
NKCC1, -KCC2, -actin and -βIII tubulin antibodies. Bottom panel: quantification of NKCC1 / actin and 
KCC2 / βIII tubulin ratios. Results were expressed as percentage (mean ± s.e.m.) of Co, ∗P<0.05, 
Student’s t-test. 
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 Case 
number 

Age at 
death 
(years) 

Sex Post-mortem 
interval (h) 

Braak 
stageing 
(NFT)  

CERAD 
Plaque score 

(amyloid) 
Control subjects       

 1 78 M 23 0 0 

 
2 69 M 6 0 0 

 
3 58 M 5.5 I-II 0 

 
4 92 F NA 0 0 

 
5 60 F 28 0 0 

 6 79 M 6.5 I A 

 7 70 F 7.5 II A 

 8 79 M 6 II A 

 9 78 F 7 I A 

AD patients       

 1 72 M 44 VI C 

 2 76 M 10 VI C 

 3 60 M 37 VI C 

 4 78 F 24 VI C 

 5 79 F 25 VI C 

 6 83 F 23 VI C 

 7 73 F 6 VI C 

 8 77 M 6 VI C 

 9 74 M 7.5 VI C 

 

 

 

 Post-mortem interval (h) 
Mean ± SEM 

Age at death (years)  
Mean ± SEM 

Sex F/M 

    

Control subjects 11.19 ± 3.16 73.67 ± 3.53 4/5 

AD patients 20.28 ± 4.65a 74.67 ± 2.14b 4/5 

Table 1. Summary of the characteristics of control subjects and AD patients. (a and b) Mean post-
mortem interval (a) and age (b) were not significantly different between control subjects (n=9) and 
Alzheimer patients (n=9) (P = 0.1368 and P = 0.8119, respectively; Student’s t test). The 
neuropathological staging of AD patients is determined according to the Braak and Braak staging and 
the CERAD plaque score. NA, not-available; NFT, neurofibrillary tangles. 
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Discussion 
 

In this study, the influence of APP expression on NKCC1 and KCC2 expression levels with an 

emphasis on GABAergic neurotransmission was investigated. We show that hAPP was able to 

decrease KCC2 expression both in vitro and in vivo. Furthermore, the decrease in KCC2 

expression observed in vitro was associated with a less inhibitory and less hyperpolarizing 

GABA signaling. In addition, our study unveiled an involvement of the juxta-/transmembrane 

domain of APP in this regulation. Expression of KCC2 was also shown to be decreased in the 

cortex of sporadic AD patients. 

 

I. APP and chloride cotransporters 
 

Several lines of evidence coming from mice lacking or overexpressing APP indicate that APP 

could play a role in GABAergic neurotransmission. Indeed it has been shown that paired-

pulse inhibition of GABAergic IPSCs is decreased in the hippocampus of App-/- mice 

(Seabrook et al., 1999). In this same model, the theta-gamma oscillation coupling, involved 

in inhibitory transmission, was also demonstrated to be impaired (Zhang et al., 2016a). 

Moreover, in an inducible transgenic model of AD, APP overexpression, but not a subsequent 

Aβ increase as established by using γ-secretase inhibitors, leads to appearance of seizures and 

is associated with changes in GABAergic neurotransmission activity and innervation (Born et 

al., 2014). Despite the significance of these results, the exact relationship between APP and 

GABA signaling remains elusive. As an add-on to the previous work, our study investigated 

the link between APP and indirect GABAergic neurotransmission actors - cation-chloride 

cotransporters NKCC1 and KCC2. Our results show that expression of human APP in primary 

cortical cultures was able to decrease KCC2 expression without modifying NKCC1 leading 

to a less hyperpolarizing and less inhibitory GABA signaling. In contrast, in a mouse model 

of Down syndrome where APP is overexpressed due to a triplication of mouse chromosome 

16 carrying App gene (Deidda et al., 2015a; Seo and Isacson, 2005), an increase in NKCC1 

expression has been observed without any significant change in KCC2 expression. This 

discrepancy could be explained by the fact that the genomic region triplicated in this model 

codes for a whole range of genes besides APP that could be able to influence CCCs expression. 
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Since we have shown that overexpression of APP decreased KCC2 expression thereby 

affecting GABAergic neurotransmission and it is known that GABAergic signaling 

impairments can be found in both mice lacking or overexpressing APP, we were interested 

to see whether expression of KCC2 could rely on App gene dosage. In this regard, we have 

observed that decreasing APP expression with shRNAs induced an upregulation of KCC2 in 

our primary cortical cultures. However, KCC2 expression analysed in App-/- primary cortical 

cultures was not significantly modified. This could be probably due to the existence of 

compensatory mechanisms by APPs paralogs, APLP1 and APLP2, in this model (von Koch et 

al., 1997; Heber et al., 2000). Moreover and in opposition to our results, Chen and al. have 

very recently shown that KCC2 protein levels were decreased in App−/− mouse brains (Chen et 

al., 2017b). More precisely, the authors have shown that APP and KCC2 can interact and that 

APP can prevent tyrosine-phosphorylation and ubiquitination of KCC2 thereby stabilizing its 

content. While in our study we have analyzed the impact of APP on KCC2 expression around 

the timing of the GABA shift occurrence, we were also interested to see whether APP could 

influence KCC2 levels in adult mice. Therefore, we have analyzed expression levels of KCC2 in 

the cortices of App−/− mice at several ages. At the ages of 8-9 months and 12 months, we 

observed indeed a decrease in KCC2 protein level in App−/− mice (Fig.32), confirming the 

results of Chen et al. In contrast, at the age of 3 months, the absence of APP induced a slight 

increase in KCC2 expression, in particular at the mRNA level (Fig.32), indicating that APP can 

regulate KCC2 protein level by different mechanisms, depending on the age studied. Based on 

these results, it appears that in developing systems APP would be able to regulate KCC2 

expression by adjusting its mRNA levels, while in adult animals this regulation would mostly 

rely on post-translation modifications that could modify KCC2 protein content. Moreover, the 

net effect of these regulations seems to be opposite between developing and adult systems. 

Indeed, in developing neurons, APP decreases KCC2 expression, while in adult neurons, APP 

increases KCC2 expression. This notion of differing effects between immature and mature 

networks is not new, since the same was already shown for BDNF. Indeed, while BDNF 

increases KCC2 expression in immature neurons (Ludwig et al., 2011), exposure of mature 

neurons to BNDF causes a decrease in KCC2 mRNA and protein levels (Rivera et al., 2002; 

Shulga et al., 2008; Rivera et al., 2004; Wake et al., 2007; Boulenguez et al., 2010).  
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II. APP and GABAergic neurotransmission polarity 
 

As illustrated by evoked action potential measurements in hAPP expressing primary cortical 

cultures, GABA dependent inhibition as well as GABA-induced hyperpolarization were 

decreased. Nevertheless, we didn’t see a shift of GABAergic signaling polarity from inhibitory 

to excitatory in hAPP expressing neurons despite that lowered expression of KCC2 is often 

associated with excitatory GABA responses in immature neurons (Ben-Ari et al., 2007), and 

that decreased KCC2 expression in adult animals can result in excitatory GABA signaling after 

axonal injury (Nabekura et al., 2002) or favor the appearance of spontaneous and evoked 

epileptiform activity (Tornberg et al., 2005; Woo et al., 2002). In this regard, it is noteworthy 

that we recorded spiking activity using cell-attached mode from the cell bodies of hAPP 

expressing neurons and therefore addressed changes only in their global excitability. Given 

this, we cannot exclude that specific cell compartments like certain neuronal processes may 

Fig. 32. KCC2 expression in App-/- cortex at 3, 8-9 and 12 months. (a) Comparative RT-qPCR 
analyses of KCC2 mRNA levels in cortices of App+/+ and App-/- 3 months old mice. Results were 
normalized by GAPDH mRNA. (b)(c) Western blots of App+/+ and App-/- cortices from 3 months old 
mice (b) and from 8-9 months old and 12 months old mice (c). Endogenous APP and KCC2 levels 
were monitored. Blots were further probed using α tubulin antibody. KCC2 / α tubulin ratios 
were quantified and results were expressed as percentage (mean ± s.e.m.) of App+/+; ∗P<0.05 (a) 
Student’s t-test; App+/+n=5 and App-/- n=5 (b) Student’s t-test; App+/+ n=5 and App-/- n=5 (c) App+/+ 
n=2 and App-/- n=2. 
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respond to GABA differently as KCC2 expression pattern could be modified by hAPP (Jean-

Xavier et al., 2007; Doyon et al., 2016). Furthermore, we can’t rule out that reduced KCC2 

expression could be compensated by an increase in its activity. Indeed, though it was not 

assessed in this study, it is known that KCC2 activity can be regulated by PKC-dependent 

phosphorylation of S940 (Lee et al., 2007; Lee et al., 2011) or by interaction with certain 

proteins like Neto2 (Ivakine et al., 2013). In addition, Chen et al. have recently shown that APP 

and KCC2 can interact and that APP functions to limit tyrosine-phosphorylation and 

ubiquitination and thus subsequent degradation of KCC2, furthermore emphasizing the 

potential importance of these mechanisms for the results that we obtained (Chen et al., 

2017b). Surface availability of KCC2 can also influence its activity (Kaila et al., 2014; Medina et 

al., 2014). Since quantification of KCC2 at the plasma membrane wasn’t performed in hAPP 

expressing neurons we can’t exclude that KCC2 localization might influence the GABAergic 

activity differences that we observed. Moreover, although we measured no change in 

expression levels of GABAAR receptor subunits α3 and α1, the function or availability of theses 

receptors could be modified by hAPP. Indeed, it was shown that exogenous Aβ application 

could increase GABAAR internalization and therefore decrease GABA-dependent inhibition in 

slices of rat somatosensory cortex  (Ulrich, 2015). Finally, it is important to mention that our 

electrophysiology results establish an association but do not demonstrate the existence of a 

direct link between KCC2 expression changes and GABAergic activity modifications. Indeed, a 

more compelling evidence for this link could be provided by measuring the reversal potential 

of GABAAR (EGABA) in hAPP expressing cultures that would be expected to shift to more 

positive values if [Cl-]i is indeed increased in these neurons. 

With regards to our results, it would be also very interesting to assess whether the extent of 

KCC2 expression decrease observed could vary depending on the type of neuron concerned 

e.g. excitatory vs inhibitory, cholinergic vs glutamatergic. Our main working model, primary 

cortical culture encompasses an important mix of neuronal cell types and also astrocytes. 

Therefore, a more prominent decrease of KCC2 expression that could appear following hAPP 

expression in certain types of cells might have a differential impact on the activity of the whole 

network. 
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III. Mechanisms of APP-dependent KCC2 expression 

regulation 
 

Numerous physiological roles have been assigned to cleavage products of APP. Therefore, we 

studied which part of hAPP could be responsible for KCC2 expression decrease. Constructs 

lacking the APP intracellular domain (APPΔC) and extracellular domain (C99) were expressed 

in primary cortical cells and both constructs decreased KCC2 expression. However, APPΔC 

expression decreased KCC2 expression to a greater extent than full-length hAPP. This 

difference could be due to a trafficking disparity between APPΔC and full-length APP (Santos 

et al., 2011). For example, the APP C-terminal domain contains the YENPTY internalization 

motif, which is required for APP endocytosis necessary for APP processing (Reinhard et al., 

2005). Experiments using APPΔC and C99 supported the idea that the juxta-/transmembrane 

domain of APP containing Aβ sequence would be important for APP dependent KCC2 

regulation. This domain not only contains Aβ sequence, but also contributes to APP 

dimerization (for review see (Khalifa et al., 2010). Indeed, APP shares several structural 

similarities with certain transmembrane receptors like Notch (Brou et al., 2000) and the EGFR 

(Schlessinger, 2002). These receptors are known to form homodimers at the plasma 

membrane necessary for cellular signaling pathways activation. Similarly to these receptors, 

APP can form homodimers (Scheuermann et al., 2001). In addition, it is also known that APP 

can form heterodimers with several proteins including, for example, Notch (Chen et al., 2006), 

British precursor protein (BRI2) (Fotinopoulou et al., 2005) and sterol regulatory binding 

protein (SREBP) (Pierrot et al., 2013). Therefore, one could speculate that APP homo- or 

heterodimerization with identified or yet unidentified partners might be needed to initiate 

signaling pathways leading to KCC2 expression regulation.  

 

The juxta-/transmembrane domain of APP also contains the sequence of Aβ peptide that can 

be released following β- and γ-secretase cleavages of APP. We have used a γ-secretase 

inhibitor, L-685,458, to treat hAPP expressing primary neuronal cultures in order to investigate 

whether the γ-secretase cleavage of APP would be important for APP-dependent KCC2 

expression regulation. We observed that γ-secretase inhibitor L-685,458 didn’t affect KCC2 

expression indicating that γ-secretase cleavage is not involved in this regulation. However, we 
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cannot exclude that the γ-secretase cleavage product, Aβ, could modify KCC2 expression. 

Indeed, after L-685,458 treatment, residual Aβ was still detectable and could therefore still be 

able to induce a decrease in KCC2 expression. In line with this, in a special model of AD with 

no mutations in App and tau genes that nevertheless harbors AD-like hallmarks including 

amyloid deposits containing Aβ and neurofibrillary extracellular deposits, decreased KCC2 

expression has been observed (Lagostena et al., 2010). One could speculate that the KCC2 

decrease observed in these animals could be due to the appearance of Aβ deposits. Based on 

this, it would be interesting to investigate whether KCC2 expression changes could be 

influenced by Aβ and its various types of aggregates.  

It is important to mention that both use of  

 

Given that hAPP altered KCC2 expression at mRNA level, we investigated whether expression 

of potent transcriptional regulators of KCC2 (Egr4 and USF1) could be modified by APP (Uvarov 

et al., 2006; Markkanen et al., 2008). Egr4 mRNA levels did not change in hAPP expressing 

neurons, whereas a correlation between USF1 and KCC2 expression was observed in these 

cells. Nevertheless, as Egr4 protein was undetectable, we cannot assess whether its 

expression level remains unchanged in hAPP expressing cells. Moreover, even if the 

correlation we observed could involve USF1 in APP dependent KCC2 regulation, there are nine 

other transcription factor binding sites located in the KCC2 promoter (Uvarov et al., 2006).  In 

this regard, recently it has been shown that the transcriptional regulator methyl CpG binding 

protein (MeCP2) involved in Rett’s syndrome can regulate KCC2 expression by inhibiting KCC2 

expression repressor NRSF (Tang et al., 2016). Therefore, it would be interesting to analyse 

whether MeCP2 and NRSF might be involved in APP-dependent KCC2 expression regulation. 

 

IV. KCC2 and Alzheimer’s disease 
 

Although neuronal APP is not overexpressed in sporadic AD, APP is an important player in this 

pathology where its metabolism and/or function are highly impaired. Therefore, we examined 

KCC2 and NKCC1 expression in the frontal cortex of sporadic AD patients and control 

subjects. While we detected no change in NKCC1 expression, a significant decrease in KCC2 

protein was observed in the brains of AD individuals. A potential involvement of Aβ in APP 
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dependent KCC2 regulation cannot be excluded and one could speculate that increased levels 

of Aβ and/or an alteration in the physiological function of APP could influence KCC2 expression 

in AD. In addition, even though there is no global increase in APP expression levels in sporadic 

AD, it was shown that certain neurons could contain multiple copies of APP gene with a 4 fold 

increase of neurons with more than 2 APP copies in AD versus non-diseased cortex (Bushman 

et al., 2015), therefore arguing for a potential involvement of APP gene dosage phenomena in 

KCC2 expression regulation in the context of sporadic AD. Furthermore, there is evidence that 

even though the expression of the predominant neuronal APP isoform, APP695, is not 

increased in AD brains, expression of longer APP isoforms APP751 and APP770 could be 

increased (Moir et al., 1998; Matsui et al., 2007; Preece et al., 2004) and maybe influence KCC2 

expression. 

 

Several evidences point to the importance of KCC2 in normal cognitive functioning. First, 

decreased KCC2 expression was detected in hippocampal slices of young rats after induction 

of LTP, an important mechanism underlying memory and cognition, suggesting an 

involvement of KCC2 in weakening GABAergic inhibition and helping to establish LTP  (Wang 

et al., 2006). Furthermore, a recent study by Ferando et al. has explored the relationship 

between senescence, KCC2 and LTP (Ferando et al., 2016). In particular, young and aged mice 

that have normal and impaired LTP, respectively, were compared, and more decreased 

protein levels of KCC2 were found after LTP induction in hippocampal slices from old mice 

versus young mice. In the same study, it was shown that an LTP impairment could be induced 

in slices from young animals preincubated with a KCC2 inhibitor VU0240551, while treatment 

with KCC2 enhancer CLP257 of slices from old mice could restore LTP deficits, indicating that 

KCC2 function would be important for LTP induction and therefore memory formation as well 

as its dosage  (Ferando et al., 2016). Taken together, these two studies suggest that a slight 

decrease in KCC2 expression would be able to favor LTP induction, while an important KCC2 

decrease could impair LTP and memory formation. In line with this, it was shown that KCC2 

hypomorphic mice that retain only 15–20% of normal KCC2 protein levels in the brain have an 

impaired performance in a water-maze learning task (Tornberg et al., 2005). In addition, in 

another study, in vivo knock-down of KCC2 expression in mice by an shRNA lentivirus induced 

LTP deficits as compared to mice transduced with a non-target shRNA vector (Chevy et al., 

2015). Taken together, all these observations indicate that the KCC2 expression impairment 
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that we observed in AD brains could contribute to AD-related cognitive dysfunction. Given 

this, it would be of particular interest to see whether KCC2 could be a potential therapeutic 

target in the context of AD. In this regard, KCC2 activity enhancers, like for instance CLP257, 

(Gagnon et al., 2013) or NKCC1 activity blockers, like bumetanide (Ben-Ari, 2017), could be 

found effective in improving cognitive performance in AD patients. Nevertheless, it is 

important to mention that just like in our in vitro experiments, KCC2 expression decrease 

observed in AD brains would not necessarily impact GABAergic neurotransmission 

functioning. Indeed, there could be compensatory changes in KCC2 or NKCC1 post-

translational modifications, or a change in KCC2 surface availability. In this regard, it would be 

of particular interest to see whether GABAergic neurotransmission responses are impaired in 

individuals harboring AD. To assess this, transcranial magnetic stimulation (TMS) coupled to 

multi-channel electroencephalography could be performed in AD patients after 

administration of GABAAR activating drugs, benzodiazepines. 

Benzodiazepines are often prescribed to AD patients to treat their anxiety and sleep 

disturbance issues but were however shown to have little beneficial effects on these 

symptoms (Defrancesco et al., 2015). Furthermore, certain studies have pointed out that 

prolonged use of benzodiazepines (more than 3 months) could even increase AD risk (Billioti 

de et al., 2014; Lagnaoui et al., 2002).  Given that KCC2 is decreased in AD patients, this would 

most probably influence the functional response triggered by benzodiazepines since the 

potency of inhibition induced by GABAAR activation might be decreased in AD patients just 

like in our hAPP expressing primary cultures. Therefore, it is possible that benzodiazepines 

could trigger a different behavioral response in AD brains as compared to healthy individuals. 

In this regard, administration of GABAA activating drugs to AD patients should probably be 

revised. 

 

Besides APP and its cleavage products, AD encompasses numerous factors that could 

contribute to KCC2 expression decrease that we observed in these patients. For instance, it is 

known that in AD, there is a massive loss of excitatory cholinergic neurons associated with a 

cholinergic neurotransmission deficit. Interestingly, it was shown that KCC2 expression can be 

increased by an activation of ionotropic nicotinic receptors that mediate cholinergic 

neurotransmission (Liu et al., 2006). Therefore, on could consider that the KCC2 expression 



111 
 

decrease observed might be due to a lack of cholinergic neurotransmission signaling in AD 

brains.  

 

In addition to amyloid plaques, another important hallmark of AD are neurofibrillary tangles 

that contain hyperphosphorylated microtubule associated protein tau. Not much is known 

concerning tau’s involvement in GABAergic neurotransmission (Li et al., 2016; Govindpani et 

al., 2017), besides that GABAAR activation could influence tau phosphorylation (Nykanen et 

al., 2012) and that in a tau transgenic mouse model, GABA levels are increased (Nilsen et al., 

2013). Nevertheless, we cannot rule out that tau and/or its phosphorylation might influence 

KCC2 expression levels.  

 

It is well established that KCC2 activity and expression are decreased in epileptic brains (Kaila 

et al., 2014) and it is known that at least 20% of AD patients develop clinically detectable 

epileptic seizures (Amatniek et al., 2006; Vossel et al., 2017) with even a greater number of 

AD patients showing subclinical epileptiform activity during sleep (Cretin et al., 2016; Lam et 

al., 2017). Although, the cause-consequence relationship between decreased KCC2 expression 

and epileptiform discharges is not yet very well identified, it is tempting to speculate that 

decreased KCC2 expression could trigger epileptic seizures in the brains of AD patients or at 

least contribute to their appearance. Furthermore, evidence exists that abnormal epileptiform 

activity detected in AD patients could be linked to a more severe and rapid impairment of 

cognitive function (Volicer et al., 1995; Rabinowicz et al., 2000; Cretin et al., 2016). Based on 

this, one could hypothesize that decreased KCC2 expression observed in AD patients could 

contribute to the memory deficits observed in these patients by favoring the appearance of 

seizures. In addition, it would highly interesting to analyze KCC2 expression levels in patients 

harboring early-onset autosomal dominant familial forms of AD or a microduplication of the 

APP locus that are known to have a greater risk for seizures than sporadic AD individuals 

(Sherzai et al., 2014).  

 

Another important feature of AD is astrocytic gliosis, a phenomena that refers to 

morphological and biochemical changes that occur in astrocytes in response to stress caused 

by an injury or a disease. These changes include both an increase in volume and in number of 

astrocytes as well abundant astrocytic secretion of cytokines and chemokines aiming to 
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counter the stress (Acosta et al., 2017). It has been shown that in a mouse model lacking β1-

integrin that harbors widespread astrocytic gliosis, KCC2 expression is decreased (Robel et al., 

2015). Furthermore, in glioma (form of cancer triggered by astrocytic proliferation) mouse 

model and in acute tissues from glioma patients, an important decrease in KCC2 expression 

has also been observed (Pallud et al., 2014; Campbell et al., 2015). Taken together, these 

evidences suggest that there could be a potential link between astrocytic gliosis and KCC2 

expression alteration observed in AD brains. 

 

Finally, it is know that KCC2 mRNA levels are controlled by a miRNA termed miRNA-92 

(Barbato et al., 2010) and it has been shown that miRNA-92 levels are increased in the 

prefrontal cortex and hippocampus of AD patients (Lau et al., 2013). Based on this, one could 

speculate that KCC2 expression decrease detected in AD cortices could be due to an increase 

in miRNA-92 levels. 

  

V. APP and KCC2 in other pathologies 
 

Chloride homeostasis imbalance, and in particular KCC2 expression and function 

modifications, have been observed in a great number of CNS pathologies like epilepsy, autism, 

traumatic brain injury, chronic pain and schizophrenia. Interestingly, an APP expression/ 

processing dysregulation has been described in several of these diseases (Westmark, 2013; 

Gentleman et al., 1993; Westmark et al., 2016). For instance, increased APP expression levels 

have been measured in temporal lobe (Sheng et al., 1994) and refractory (Sima et al., 2014) 

epilepsy patients where decreased KCC2 expression and activity have been documented 

(Huberfeld et al., 2007; Kaila et al., 2014; Blaesse et al., 2009). Moreover, it was shown that 

Aβ-positive senile plaques could be found in 10% of temporal lobe epilepsy cases (Mackenzie 

and Miller, 1994). It is also known that chloride homeostasis is disturbed in autism where 

bumetanide (NKCC1 antagonist) treatment was found to positively affect symptomology 

(Lemonnier and Ben-Ari, 2010; Ben-Ari, 2015). Up to 5% of autism cases are due to Fragile X 

syndrome, which is a common form of inherited intellectual disability caused by a mutation in 

the fragile X mental retardation 1 (Fmr1) gene (Westmark et al., 2016). It was shown that APP 

expression is increased in Fmr1-/- mice, a mouse model of Fragile X syndrome, and that FMR1 
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can regulate APP mRNA translation (Westmark et al., 2016; Westmark and Malter, 2007). 

There is also solid evidence that KCC2 expression is downregulated in Fmr1-/- mice (Tyzio et 

al., 2014). Finally, traumatic brain injury is known to be associated with an increase in APP 

expression levels (Gentleman et al., 1993; Itoh et al., 2009) as well as with a decrease in KCC2 

expression levels (Shulga et al., 2008; Nabekura et al., 2002). Taken together, these studies 

outline an interesting correlation between APP expression/metabolism changes and 

modifications in KCC2 levels suggesting a possible link between these observations. 

 

VI. APP and KCC2: going beyond GABAergic 

neurotransmission 
 

Our study highlights the involvement of APP in the regulation of KCC2 expression, which could 

influence the polarity of GABAergic neurotransmission. However, it should be mentioned that 

such regulation could also be extended to the excitatory system. Indeed, KCC2 plays an 

important structural role in dendrites independent of its Cl- transport function making it a 

synchronizing factor in the development of both inhibitory and excitatory neurotransmission 

(Li et al., 2007). KCC2 is involved in the functioning and development of synapses and could 

help to stabilize them (Li et al., 2007; Fiumelli et al., 2013; Horn et al., 2010; Gauvain et al., 

2011). Given that APP is known to modulate neurite outgrowth and synapse development (Lee 

et al., 2010b; Tyan et al., 2012), one might speculate that APP-dependent KCC2 regulation 

plays a role in these mechanisms. In addition, it was shown that decreased KCC2 expression 

was associated with reduced postsynaptic clusters of GluA1-containing AMPA receptors and 

impaired excitatory neurontransmission (Gauvain et al., 2011). In this regard, it would be of 

particular interest to analyse whether APP could affect glutamatergic neurotransmission by 

regulating KCC2 content. 

Furthermore, our study introduces a potential developmental aspect for APP dependent KCC2 

regulation. Indeed, hAPP adenoviral infection was performed at 6 DIV, prior to the appearance 

of the GABA shift.  Given this, one might speculate that hAPP expression might block the 

developmental upregulation of KCC2 in primary cortical cultures. Moreover, it is known that 

in rodents APP expression peaks at the 2nd postnatal week (Loffler and Huber, 1992), a timing 

when the GABA “shift” appears and KCC2 expression undergoes an important decrease 
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(Farrant and Kaila, 2007). Based on these evidences, it would be interesting to study the 

involvement of APP in inhibitory and excitatory synapse development with a focus on KCC2.  

 

 

VII. Concluding remarks 
 

In conclusion, our results point to a new important role of APP in the regulation of KCC2 

expression, which could influence GABAergic neurotransmission. This information advances 

our understanding of the physiological function of APP and sheds light on new mechanisms 

that could contribute to AD pathology. Future research would be needed to elucidate APP 

dependent mechanisms of KCC2 regulation and their impact on GABAergic 

neurotransmission as well as on cognitive processes, in particular in animal models. 

Influence of APP on the morphogenic role of KCC2 in inhibitory and excitatory synapse 

development would also be worth investigating. In addition, an in depth insight into APP-

dependent KCC2 regulation in the context of other CNS pathologies could contribute to 

broaden our knowledge about APP and its physiological and pathophysiological function. 

Finally, it would be interesting to see whether KCC2 could be a therapeutic target in AD 

since its expression was shown to be affected in the cortex of sporadic AD patients.  
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