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Chapter 1

Our brain is a fascinatingly complex organ that enables us to process information from 
the outside world and to respond through actions, thoughts, ideas and emotions. 
The architecture of our adult brain, is set up during brain development which starts 
approximately two weeks after conception already (Fig. 1). First, molecular cues and 
spontaneously generated electrical activity set up a rough layout of the network. 
Later, sensory experiences start contributing to the electrical activity in the neuronal 
network, further refining it. This sequence of cues that guide the formation of our 
brain is highly conserved across species, including rodents.

Figure 1. Schematic representation of the processes guiding the development of the human and 
rodent brain.
The development of the brain follows roughly the same maturational steps in humans and 
mice. It is initially guided by molecular interactions, but their importance declines with age. 
Spontaneous electrical activity contributes to network development slightly later, until input 
driven activity becomes the main contributor to brain development. Abbreviations: GW, 
gestational week; E, embryonic day; P, postnatal day.

A relatively recently discovered cue that is thought to play a critical role in brain 
development, is the shift in the function of neurotransmitter γ-aminobutyric acid 
(GABA). During the development of rodent, frog, turtle, rabbit, bird, and most likely 
also human brain, GABA shifts from being depolarizing to hyperpolarizing. Work 
in the animal brain, primarily of rodents, suggest that depolarizing GABA plays an 
important role as in promoting initial network assembly. Only later on, hyperpolarizing 
GABA is required for maintaining electrical homeostasis. These findings imply that the 
timing of the GABA shift is crucial for brain development and thereby also for brain 
architecture and function in adulthood. Yet, the consequences of a delayed GABA 
shift, a common feature in neurodevelopmental disorders (NDDs), remain unclear. In 
this thesis, I aim to improve our understanding of the consequences of a mistimed 
GABA shift for brain development.
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1.1 GABAergic inhibition is crucial for the functioning of 
neurons and network in the adult brain

Decades of neuroscientific research have enabled us to begin to understand the 
workings of the fundamental building blocks of our brains, and to appreciate their 
complex, collective functioning. The mature human brain is a network of approximately 
1011 neurons (and approximately the same number non-neuronal cells) (Azevedo et al., 
2009). Neurons communicate with each other, particularly at specialized sites called 
synapses through molecules called neurotransmitters. Each synapse consists of a pre-
synapse, a synaptic cleft, and a post-synapse. Neurotransmitters are released from 
the presynaptic terminal and diffuse across the synaptic cleft to activate receptors at 
the post-synapse. Many postsynaptic receptors are ligand-gated ion channels that 
transform chemical signals into electrical signals. Neurons and their synapses can be 
classified into two major subclasses based on the neurotransmitter they release and 
electrical signal they induce. Excitatory neurons, releasing excitatory neurotransmitters 
such as glutamate, cause the membrane potential of the postsynaptic neuron to be 
transiently elevated or depolarized. In contrast, inhibitory neurons, mostly using 
the neurotransmitter GABA, typically hyperpolarize the postsynaptic membrane 
in a mature brain (inducing a negative fluctuation in the membrane potential). In 
the postsynaptic neuron, all incoming excitatory and inhibitory fluctuations of the 
membrane potential are integrated. If the membrane of the postsynaptic neuron 
is sufficiently depolarized and a threshold potential is reached, the neuron will fire 
an action potential and activate its own synapses to propagate the signal onto 
downstream neurons.

Just try to imagine that each of the 1011 neurons in our brains continuously receives and 
processes thousands of excitatory and inhibitory inputs. How do neurons cope with 
this constant bombardment of incoming signals? For proper neuronal and network 
functioning it is crucial that inhibition, which limits action potential firing, counteracts 
or balances excitatory transmission. Inhibition enables the network to filter relevant 
from irrelevant inputs (Pouille and Scanziani, 2001; Wehr and Zador, 2003; Kanold and 
Shatz, 2006; Pan-vazquez et al., 2020). In addition, inhibition keeps action potential 
frequencies within neurons in a functional range to generate network responses 
that are linear to external input strength (Turrigiano and Nelson, 2004; Maffei and 
Fontanini, 2009; Herstel and Wierenga, 2021).

1
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1.2 GABA functions as an excitatory signal during brain 
development

An important exception is during early brain development, when excitation is 
not balanced by inhibition yet. In the embryonic brain, the number of excitatory 
synapses is still relatively low, and the excitatory synapses that have been formed 
are not functional yet. The immature synapses lack α-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) type glutamate receptors and their N-methyl-D-
aspartate (NMDA) type glutamate receptors are mostly inactive. Instead of glutamate, 
GABA functions as the primary excitatory signal during this period. Excitatory GABA 
promotes network assembly during embryonic development, before GABA will 
become the main inhibitory neurotransmitter in the adult brain.

The advantage of depolarizing GABA signaling in the developing brain is that 
GABAergic transmission can promote action potential firing and be excitatory during 
development. Depolarizing and excitatory GABA functions as an important molecular 
cue during brain development, allowing for the growth of the neuronal network. 
Excitatory GABA mediates stem cell proliferation, neuronal migration and promotes 
the formation and maturation of excitatory synapses (see chapter 2) (Peerboom 
and Wierenga, 2021). If depolarizing GABA also mediates the formation of inhibitory 
synapses remains less clear. Some studies suggest that depolarizing GABA promotes 
the formation of GABAergic synapses and recruitment of GABA receptors (Akerman 
and Cline, 2006; Nakanishi et al., 2007; Wang and Kriegstein, 2008, 2011; Oh et al., 
2016; Pisella et al., 2019), while others shows that depolarizing GABA limits GABAergic 
transmission instead (Chudotvorova et al., 2005; Pisella et al., 2019).

1.3 The GABA shift plays a crucial role in network development

To prevent the developing brain from becoming hyperactive by continuously 
generating more excitatory neurons and excitatory synapses, a break on network 
growth and activity is required. With the decrease in intraneuronal chloride levels, 
hyperpolarizing GABA starts inhibiting neuronal activity and providing the opposing 
force that is required to balance excitation. Since hyperpolarizing GABA permits that 
only relevant inputs are processed by the network, and less relevant inputs are filtered 
out, hyperpolarizing GABA is important for the experience-dependent refinement of 
the network (see chapter 2) (Pouille and Scanziani, 2001; Wehr and Zador, 2003; Kanold 
and Shatz, 2006; Pan-vazquez et al., 2020).

Thus, the shift in the function of GABA signaling is a crucial event in brain development, 
as it defines GABAs molecular and electrical role, while matching the circumstances 
and needs of the developing network. This implies that proper timing of the GABA 
shift is crucial for brain development.
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1.4 The GABA shift is a result of a decrease in intraneuronal 
chloride concentrations

How can GABAs function switch from being excitatory in the immature brain, but 
being inhibitory later on? GABA signals primarily via ionotropic GABAA receptors, 
which are ion channels that are mainly permeable for chloride ions. In the immature 
brain, intraneuronal chloride levels are high. As a result, activation of GABAA receptors 
leads to an outflow of negatively charged chloride ions and depolarization of the 
postsynaptic neuron. Also in humans cortical neurons, GABA has been shown to be 
excitatory at gestational week 22 (Chen and Kriegstein, 2015). During development, 
intracellular chloride levels decrease and in the mature brain intraneuronal chloride 
levels are low. Therefore, activation of a GABAA receptors results in an influx of chloride 
resulting in membrane hyperpolarization and GABA exerts its typical inhibitory action. 
The developmental decrease in chloride levels causes a gradual drop in the reversal 
potential for GABAA currents below resting membrane potential, which shifts GABA 
currents from being depolarizing to hyperpolarizing. This phenomenon is called the 
GABA shift (Fig. 2).

Figure 2. GABA shifts due to a decrease in intracellular chloride concentration.
The direction of the flow of chloride ions through GABAA receptors depends on the electro-
chemical chloride gradient. Left: In the immature brain, the intracellular chloride concentration 
([Cl-]¡) is relatively high. Activation of GABAA receptors results in an outflow of chloride, resulting 
in membrane depolarization. Right: During development, intracellular chloride levels decrease. 
As a result, activation of GABAA receptors leads to an entry of chloride and GABAergic signaling 
results in hyperpolarization of mature neurons.

1
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The GABA shift is the result of a change in the relative contributions of the chloride 
transporters Na-K-2Cl cotransporter isoform 1 (NKCC1) and the K-Cl cotransporter 
isoform 2 (KCC2). In the immature brain chloride transport over the membrane is 
dominated by chloride importer NKCC1. During development, intracellular chloride 
decreases, due to increase in chloride exporter KCC2. In humans, the change in chloride 
co-transporter expression takes usually place in the first year after birth (Dzhala et al., 
2005; Sedmak et al., 2016). In rodents, GABA shifts during the first two postnatal weeks 
(Rivera et al., 1999; Stein et al., 2004; Ben-Ari et al., 2007; Romo-Parra et al., 2008; Glykys 
et al., 2009; Kirmse et al., 2015; Sulis Sato et al., 2017).

To determine when the GABA shift occurs intracellular chloride levels need to be 
measured. This is impossible in humans, but in animal models several methods 
exist to evaluate the GABA shift. The shift has classically been measured using 
electrophysiology. The developmental decrease of intracellular chloride in rodent 
neurons can be inferred from measurements of the reversal potential of the GABAA 
current using perforated patch clamp recordings (Ebihara et al., 1995; Ben-Ari et 
al., 2007; Tyzio et al., 2007). Antibiotics (e.g., gramicidin or amphotericin B) in the 
patch pipette form small pores in the membrane which leaves intracellular chloride 
concentration intact (Fig. 3 (Ebihara et al., 1995)). However, the reversal potential only 
provides an estimate of the intracellular chloride concentration as GABAergic currents 
contain not only a chloride, but also a bicarbonate component of approximately 20-
40%. The bicarbonate reversal potential is much more positive than the chloride 
reversal potential (at around -10 mV) and maintained by pH-dependent mechanisms. 
As a result, the contribution of bicarbonate to the GABAA reversal potential increases 
with the developmental decrease of the chloride reversal potential (Misgeld and 
Frotscher, 1986; Bormann et al., 1987; Kaila et al., 1993). Assuming that chloride 
reversal potentials equal the GABA reversal potentials results in an overestimation 
of chloride concentrations, especially in mature neurons. In addition, perforated 
patch clamp recordings are labor intensive. It is technically extremely challenging to 
measure chloride concentrations in large populations of neurons, while big individual 
differences can exist between neurons and many recordings may be required to get 
a good population estimate (Tyzio et al., 2007; Sulis Sato et al., 2017).
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Figure 3. Assessing intracellular chloride concentrations using perforated patch clamp.
With the patch clamp technique, one gets electrical access to neurons. In the whole cell 
configuration, the intraneuronal chloride concentration is affected by the concentration of 
chloride in the pipette solution. In the perforated patch clamp configuration, the antibiotic 
gramicidin in the patch pipette forms small pores in the neuronal membrane leaving 
intracellular chloride intact.

As a promising alternative, fluorescent biosensors have been developed in recent 
years. The best biosensors today are for calcium, as a proxy of neuronal activity. 
Calcium sensors have contributed immensely to our understanding of neuronal 
signaling (Day-Cooney et al., 2022; Dong et al., 2022). However, recent technological 
developments have generated a number of other useful biosensors, including for 
chloride. In theory, the recently developed chloride sensor SuperClomeleon (SClm) 
enables noninvasive assessment of chloride in multiple neurons simultaneously, 
overcoming the disadvantages of perforated patch clamp recordings (Grimley et 
al., 2013; Boffi et al., 2018; Rahmati et al., 2021). In this thesis, we investigated the 
applicability of the SClm sensor to measure the developmental changes in chloride 
in the mouse brain.

1.5 Molecular and environmental factors regulate the timing of 
the GABA shift

An important open question is how the shift in GABAs function is triggered in 
developing neurons (Medina et al., 2014). The shift also occurs in neuronal cultures and 
organotypic slices (Rivera et al., 1999; Salmon et al., 2020), indicating that it is (at least 
partly) induced by an intrinsic molecular program. Some molecular factors (described 
in more detail in chapter 2) have been found able to prevent GABA from shifting too 
early, while other factors assure the postnatal GABA shift is not too late. On top of 
the molecular program, the shift is adjusted by hormones (such as the sex hormones 
and thyroid hormone), neuronal activity and early life experience. For instance, stress 

1
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during early life was shown to alter the timing of the GABA shift (Veerawatananan et 
al., 2016; Furukawa et al., 2017; Hu et al., 2017b) and poses an increased risk for aberrant 
brain function in later life (Teicher et al., 2016; Joëls et al., 2018).

1.6 The timing of the GABA shift is altered in 
neurodevelopmental disorders

Intriguingly, NDDs are associated with a mistimed chloride maturation and GABA 
shift (Talos et al., 2012; Duarte et al., 2013; Bruining et al., 2015; Ruffolo et al., 2018; 
Molnár et al., 2020; Wang et al., 2021; Birey et al., 2022). NDDs represent a broad range 
neurological and psychiatric conditions, including autism spectrum disorder, Rett, 
Fragile X and Down syndrome, typically manifesting in the first three years after 
birth. Numerous genetic risks for NDDs are known, particularly in synaptic genes and 
regulators of neurodevelopment (e.g. chromatin remodelers and members of the 
mammalian target of rapamycin (mTOR) pathway) (Parenti et al., 2020). The risk for 
NDDs is also conferred by exposure to environmental risk factors, such as in utero 
infections, drug exposure and hypoxia (Parenti et al., 2020). In NDD patients alterations 
in the chloride co-transporters have been reported (Talos et al., 2012; Duarte et al., 
2013; Deidda et al., 2015b; Ruffolo et al., 2018), suggesting that the GABA shift is 
altered. Work in animal models for NDDs also shows that NDD risks or mutations 
often converge to a delayed GABA shift (He et al., 2014; Tyzio et al., 2014; Banerjee 
et al., 2016; Corradini et al., 2017; Fernandez et al., 2018; Roux et al., 2018; Lozovaya 
et al., 2019; Bertoni et al., 2020), an imbalance in excitation and inhibition (Gogolla 
et al., 2009; Antoine et al., 2019) and alterations in sensory sensitivity (Meredith, 
2015; Molnár et al., 2020). These observations suggest that a delay in the GABA shift 
during early postnatal development may affect early network development, disturb 
the coordination between excitation and inhibition and result in an altered network 
responsivity in adulthood (Meredith, 2015; Molnár et al., 2020).

1.7 The consequences of a delayed GABA shift remain unclear

The role of depolarizing GABA in network assembly and excitatory synapse formation 
and maturation (LoTurco et al., 1995; Leinekugel et al., 1997; Haydar et al., 2000; Bortone 
and Polleux, 2007; Andäng et al., 2008; Luhmann et al., 2015; Oh et al., 2016) and of 
hyperpolarizing GABA in network refinement (Pouille and Scanziani, 2001; Wehr 
and Zador, 2003; Kanold and Shatz, 2006; Pan-vazquez et al., 2020) were discovered 
in rodents by manipulating GABA signaling up until the first week after birth or 
advancing the GABA shift. In contrast, the consequences of a delayed GABA shift, as 
often observed in NDDs, remain mostly unclear. It is often assumed that the effects 
of excitatory GABA are exacerbated when the GABA shift is delayed. A delayed GABA 
shift would then lead to excessive excitatory synapse formation and an excitation 
and inhibition imbalance. However, this has not yet been addressed experimentally.
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To examine the consequences of a delayed GABA shift, previous studies have used 
knock out and knock down approaches targeting the KCC2 protein. These studies 
revealed that KCC2 supports neuronal maturation through a physical interaction with 
various other proteins, including the actin cytoskeleton to facilitate activity-induced 
spine growth (Li et al., 2007; Llano et al., 2015), glutamatergic AMPA receptors to 
support their insertion and confinement in the synapse (Gauvain et al., 2011; Chevy 
et al., 2015) and potassium channels to hyperpolarize the resting membrane potential 
(Chevy et al., 2015; Goutierre et al., 2019). Importantly, spine development could be 
rescued by expression of a chloride-transport-deficient KCC2 mutant (Li et al., 2007; 
Llano et al., 2015) and AMPA receptors or potassium channels were not affected by 
pharmacological inhibition of KCC2 (Gauvain et al., 2011; Chevy et al., 2015; Goutierre 
et al., 2019). This shows that KCC2 also mediates neuronal maturation, independently 
of its role in mediating ion transport.

The consequences of a delayed GABA shift have also been studied mouse models 
with a genetically altered KCC2 phosphorylation. Interestingly, these mice have NDD-
resembling phenotypes, such as altered social behavior, memory retention and an 
increased seizure susceptibility (Moore et al., 2019; Pisella et al., 2019). Restoration 
of the postnatal GABA shift through pharmacological inhibition of NKCC1 rescued 
some but not all phenotypes in these mice. This suggests that deregulation of 
KCC2 phosphorylation itself contributes to the alterations in these mice (Pisella et 
al., 2019). These examples show that it remains technically challenging to examine 
the consequences of a delayed GABA shift, independently of KCC2 structural role or 
phosphorylation status.

1.8 Examining the consequences of a delayed GABA shift 
through overexpression of NKCC1

In my PhD project I set out to examine the consequences of a delayed GABA shift 
without interfering with KCC2’s structural role. Our initial approach was to overexpress 
the chloride importer NKCC1. An increased expression of NKCC1 has been found in 
specific genetic mouse models for NDDs, including schizophrenia, Fragile X and Down 
Syndrome (Deidda et al., 2015b; He et al., 2018; Kim et al., 2021), as well as in patients 
with Schizophrenia and Down Syndrome (Dean et al., 2007; Deidda et al., 2015b). In 
addition, a gain-of-function mutation in NKCC1 predisposes for Schizophrenia (Merner 
et al., 2016). This suggests that OE of NKCC1 would be a valuable approach, with direct 
relevance for NDDs.

We successfully overexpressed YFP-NKCC1 in HEK cells using polyethylenimine and 
in neurons using lipofectamine (Fig. 4A,B). Unfortunately, these transfection reagents 
are not efficient in slices, so we had to revert to viral approaches or electroporation. 
We first set out to produce lentivirus for YFP-NKCC1. However, we were not successful 

1
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in producing the lentivirus in our HEK cells. We considered that virus production may 
have been hampered by the high intracellular chloride in HEK cells resulting from the 
NKCC1 overexpression. We therefore added 200 μM of NKCC1 blocker bumetanide 
or 200 μM furosemide to the cultured HEK cells. However, this did not improve virus 
production. We reasoned that the large size of the NKCC1 construct (FUGW21-YFP-
NKCC1 is 8438 kb between Long Terminal Repeats) impaired virus production. Though 
lentiviral vectors can incorporate constructs up to 10 kB in size, vector titer is known 
to decrease with an increasing insert length (Kumar et al., 2001). We therefore sought 
another approach.

As an alternative, we used slice electroporation for overexpression of pCAG-YFP-
NKCC1. However, in our hands, electroporated slices looked unhealthy. In addition, 
cells that expressed YFP-NKCC1 mostly displayed glial morphologies. We optimized 
electroporation parameters to target as many neurons as possible (see methods). 
However, we could not improve slice health and achieved a maximum of five neurons 
per slice (Fig. 4C,D). Thus, we were not successful in effectively transfecting neurons 
in slice cultures with this method.

As a third option, we used in utero electroporation to overexpress pCAG-YFP-NKCC1 in 
the visual cortex, in collaboration with the Lohmann lab at the Netherlands Institute 
for Neuroscience. In a first trial 10 to 200 YFP positive neurons were visible in in layer 
2/3 of organotypic slices of the visual cortex (Fig. 4E). We conclude that in utero 
electroporation would be the preferred method to overexpress NKCC1. Unfortunately 
we were unable to functionally validate the overexpression of NKCC1 in these neurons 
as collaboration experiments had to be stopped due to the COVID-19 pandemic. We 
therefore resorted to the pharmacological approach that I describe briefly below and 
in more detail in chapter 4 and 5.
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Figure 4. Overexpression of NKCC1 via lentivirus was not successful, but could be achieved using 
in utero electroporation.
A) Overexpression of YFP-NKCC1 in HEK cells. Scale bar=100 μm.
B) Overexpression of YFP-NKCC1 in dissociated hippocampal neurons. Scale bar=100 μm.
C) Example organotypic hippocampal culture at DIV9 in after slice electroporation of YFP-
NKCC1. Scale bar=1000 μm
D) Cells that express YFP-NKCC1 after slice electroporation have glial morphology. Scale 
bar=100 μm.
E) Expression of YFP-NKCC1 in the visual cortex after in utero electroporation. Scale bar=100 μm.

As an alternative to overexpression of the chloride exporter NKCC1, we set out to 
delay the GABA shift by blocking the chloride importer KCC2. We therefore used 
VU0463271 (VU), a specific KCC2 antagonist (Delpire et al., 2012) and assessed the 
consequences of a delayed GABA shift on the development of both excitatory and 
inhibitory synapses. In a parallel study, we used furosemide, an inhibitor of both KCC2 
and NKCC1 to examine the role of chloride in the development of GABAergic synapses.

1
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Methods used for the experiments described in this introduction
For slice cultures and in utero electroporations, C57Bl/6J mice of both sexes 
were used. For dissociated neuronal cultures, male and female Wistar rats were 
used (Janvier Labs). Slice cultures were prepared as described in chapters 3, 4 
and 5. Dissociated neuronal cultures were prepared as described in (Cunha-
Ferreira et al., 2018)

Transfections
HEK293 cells were transfected with pFUGW-YFP-NKCC1 (cloned from 
Addgene YFP-NKCC1 plasmid #49085) polyethylenimine (PEI; 1 μg/μl; 
Polysciences). Hippocampal neurons were transfected using Lipofectamine 
2000 (Invitrogen) at DIV8. pFUGW-YFP-NKCC1 (∼ 0.5 μg/well) was mixed with 
10 μl Lipofectamine2000 in 200 μl Neurobasal medium (NB), incubated for 25 
minutes and added to the neurons in 800 μl NB at 37°C and 5% CO2 for 45 
minutes. Next, neurons were washed in preheated NB and transferred back to 
their original medium for at least 48 h.

Virus production and infection
HEK293 cells were maintained at a high growth rate in DMEM supplemented 
with 10% FCS and 1% pen/strep. At 1 day after plating, cells were transfected 
using PEI (1 μg/μl; Polysciences) with second-generation LV packaging plasmids 
(psPAX2 and 2MD2.G) and pFUGW-YFP-NKCC1 (cloned from Addgene YFP-
NKCC1 plasmid #49085) at a 1:1:1 molar ratio. Six hours after transfection, 
cells were washed once with PBS, and medium was replaced with DMEM 
containing 1% pen/strep. In some experiments, DMEM was supplemented 
with 200μM bumetanide or 200μM furosemide. At 48 hours after transfection, 
the supernatant was harvested and briefly centrifuged at 700g to remove cell 
debris. The supernatant was concentrated using Amicon Ultra 15 100K MWCO 
columns (Milipore) and frozen at -80°C until infection. For primary cultures, 
0.5-2 μl virus was added per coverslip at DI1V. For organotypic hippocampal 
slice cultures, virus was injected into the CA1 region at DIV1 using an Eppendorf 
Femtojet injector.
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Hippocampal slice electroporation
Electroporation was performed using a pCAG-YFP-NKCC1 plasmid (cloned 
from Addgene NKCC1 plasmid #49085). Slice electroporation was performed 
in organotypic cultures at DIV1. A slice was transferred to preheated HBSS. 
Fast Green (5%, F7252, Sigma) was added to the plasmid solution (1 µgr/µl) 
to enable visual inspection of the injection. This mixture was injected onto 
the pyramidal cells layer in CA1 using a glass micropipette and a picospritzer. 
An electroporator (ECM 830 Electro-Square-Porator, Harvard Apparatus) and 
platinum plated tweezer-electrodes (Nepagene) were used. The positive pole 
of tweezer-like electrodes was placed above the slice. A drop of warm HBSS 
was added onto the slice. Rectangular pulses (5 pulses 25V, 5ms duration with 
an interval of 995ms (personal communication Helene Becq (Clot-Faybesse), 
Inserm, Marseille, France), or 3 pulses 32V, 100 ms duration with an interval of 
100 ms (Will et al., 2019), or 5 pulses 27V, 1ms duration with an interval of 100ms 
(Niculescu et al., 2018) or 3 pulses at 5V, 1 ms duration with an interval of 999 
ms as a test for minimal electroporation) were applied to the slice via a drop of 
warm HBSS. Helene Becq’s protocol was optimal for hitting neurons over glia, 
though neuronal transfection rates remained low (maximum five neurons per 
slice). After electroporation, slices were placed back into the incubator.

In utero electroporation
Pyramidal neurons in layer 2/3 of the visual cortex were transfected with a 
pCAG-YFP-NKCC1 plasmid (1 mg/ml) using in utero electroporation at E16.5 
(Harvey et al., 2009). Pregnant mice were anesthetized with isoflurane and 
an incision (1.5–2 cm) was made in the abdominal wall. The uterine horns 
were removed from the abdomen. DNA was injected into the lateral ventricle 
of embryos using a sharp glass electrode. Voltage pulses (five square wave 
pulses, 30 V, 50-ms duration, 950-ms interval, custom-built electroporator) 
were delivered across the brain with tweezer electrodes covered in conductive 
gel. Embryos were rinsed with warm saline solution and placed back into the 
abdomen. Muscle and skin of the pregnant dam were sutured. Organotypic 
slices of the visual cortex were made on P5 following the procedure described 
above. Slices were evaluated at DIV3-8.

1
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1.9 Scope of this thesis

The maturation of neuronal chloride levels is considered a key event in brain 
development. However, our means to study intracellular chloride in large populations 
of neurons are limited and the consequences of a delayed chloride maturation as 
commonly observed in NDDs, remain unclear. During my PhD, I aimed to improve our 
understanding the consequences of a mistimed GABA shift for brain development. 
We examined the applicability of the novel SClm sensor to assess intracellular 
chloride levels in many neurons during development. In addition, we manipulated 
the maturation of neuronal chloride levels and examined its consequences for network 
development.

In chapter 2 we summarize the current knowledge on the role of intracellular 
chloride and the GABA shift during brain development. We argue that the shift from 
depolarizing to hyperpolarizing GABA represents the final shift in a sequence of 
GABA shifts, regulating proliferation, migration, differentiation, and finally plasticity 
of developing neurons. Once the rough layout has been set up and activity becomes 
driven by sensory inputs, hyperpolarizing GABA is required to carefully select the 
optimal neural representations from many competing inputs that increasingly 
bombard the developing brain. We summarize the factors that promote or inhibit 
the GABA shift, though the precise molecular trigger remains to be elucidated. We 
also discuss the evidence for alterations of the GABA shift in NDDs.

In chapter 3 we examine the applicability of the SClm sensor to study intracellular 
chloride in large neuronal populations. We show that we can measure a clear 
developmental decrease in intracellular chloride in cultured brain slices as well as 
an increase in intracellular chloride after early life stress in acute slices . Although 
conversion from SClm fluorescence to absolute chloride concentrations proved 
difficult, this chapter shows that the SClm sensor is a powerful tool to measure 
physiological changes in chloride levels in brain slices.

In chapter 4 we examine the consequences of a delayed GABA shift using KCC2 
blocker VU in cultured brain slices. We show that elevated chloride levels do not have 
any direct effects on the function and structure of synapses and neurons. However, 
after normalization of neuronal chloride levels, slices exhibited an elevated inhibitory 
transmission, and neurons showed subtle, cell-specific alterations in their membrane 
properties. Our study underscores a role of chloride homeostasis beyond synapse 
formation, and implicates a link between chloride levels and membrane conductance.

In chapter 5 we treated slice cultures for one week with furosemide, blocking both 
KCC2 as well as NKCC1. Again, the function and structure of inhibitory synapses was 
not affected directly after the treatment, further confirming that postnatal chloride 
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levels do not directly affect synapse formation However, after normalization of GABA 
signaling, we observed that inhibitory transmission was enhanced, presumably due to 
an increased number of inhibitory synapses. Furthermore, we found some indications 
for altered cell swelling. This study sheds new light on the mechanisms of action of 
furosemide as an anti-epileptic. Increasing the number of inhibitory synapses might 
constitute a mechanism by which furosemide reduces seizure susceptibility.

In chapter 6 I discuss the findings presented in Chapter 2-5 in light of the overall 
question of this thesis: what are the consequences of a mistimed GABA shift for brain 
development? I will discuss the pros and cons of the methods used in this thesis to 
follow the developmental chloride trajectory. I also highlight technical advancements 
that may further enhance to our understanding of the GABA shift. These advancements 
include improved chloride indicators, which could make it easier to follow the chloride 
development in many neurons, and CRISPR/Cas9-mediated genome editing, which 
may enable us to follow NKCC1, KCC2 and other proteins involved in the GABA shift 
in living brain tissue in the future. In addition, I discuss how the environment may 
affect the timing of the GABA shift, how the timing of the GABA shift may direct brain 
development, the implications of our findings for neurodevelopmental disorders and 
the implications of our findings on furosemide as a possible treatment for epilepsy. At 
this moment, we are only beginning to understand how genetic mutations and early 
life experience that affect the timing of the GABA shift, may push brain development 
into different directions. A more precise understanding of the consequences of a 
mistimed GABA shift may be useful for the creation of targeted therapies to alleviate 
behavioral burden in neurodevelopmental disorders.
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2.1 Abstract

GABA is the major inhibitory neurotransmitter that counterbalances excitation in 
the mature brain. The inhibitory action of GABA relies on the inflow of chloride ions 
(Cl-), which hyperpolarizes the neuron. In early development, GABA signaling induces 
outward Cl- currents and is depolarizing. The postnatal shift from depolarizing to 
hyperpolarizing GABA is a pivotal event in brain development and its timing affects 
brain function throughout life. Altered timing of the postnatal GABA shift is associated 
with several neurodevelopmental disorders. Here, we argue that the postnatal shift 
from depolarizing to hyperpolarizing GABA represents the final shift in a sequence of 
GABA shifts, regulating proliferation, migration, differentiation, and finally plasticity 
of developing neurons. Each developmental GABA shift ensures that the instructive 
role of GABA matches the circumstances of the developing network. Sensory 
drive may be a crucial factor in determining proper timing of the postnatal GABA 
shift. A developmental perspective is necessary to interpret the full consequences 
of a mismatch between connectivity, activity and GABA signaling during brain 
development.
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2.2 Introduction

The direction of γ-aminobutyric acid (GABA) currents through ionotropic GABA 
receptors reverses during brain development from depolarizing to hyperpolarizing. 
This developmental change is often referred to as the postnatal GABA shift, and is 
caused by a change in the expression of the two major chloride (Cl-) transporters, 
Na-K-2Cl cotransporter isoform 1 (NKCC1) and the K-Cl cotransporter isoform 2 
(KCC2) (Fig. 1). Conservation of the GABA shift across brain structures and species, 
including frogs, turtles, mice, rats, rabbits, birds, and most likely also humans, suggests 
that the GABA shift has been preserved during evolution and is essential for brain 
development (Ben-Ari et al., 2007; Tang, 2020). Defects in the GABA shift are associated 
with a wide variety of neurodevelopmental disorders, including autism (Schulte et 
al., 2018). Recent experimental studies have suggested postnatal GABA signaling 
as an interesting common therapeutic target for neurodevelopmental disorders. In 
animal models of Fragile X (He et al., 2018), Down syndrome (Deidda et al., 2015b) and 
Rett syndrome (Banerjee et al., 2016), restoring inhibitory GABA signaling during a 
restricted postnatal period yielded significant and long lasting improvements in brain 
function. Pilot studies in human patients (Bruining et al., 2015; Lemonnier et al., 2017; 
Khademullah et al., 2020) have also been encouraging. These promising findings are 
raising renewed attention to the central role for GABA signaling in brain development. 
Why is the postnatal GABA shift so important and when exactly does GABA need to 
shift? To answer these questions we first examine the role of depolarizing GABA in 
the developing hippocampus and cortex. Consecutively, depolarizing GABA instructs 
proliferation, migration and differentiation of immature neurons during early neuronal 
development. In addition, depolarizing GABA can contribute to spontaneous activity 
in some brain areas. We conclude that the postnatal GABA shift represents one of a 
series of developmental shifts in the roles of GABA during brain development. In the 
second part of the review, we focus on the postnatal shift to hyperpolarizing GABA, 
which is required at later stages to regulate activity and to tighten plasticity rules 
to optimize neuronal networks to process (sensory) information throughout life. We 
discuss how sensory drive may be a crucial factor in determining proper timing of 
the postnatal GABA shift and how a developmental perspective will help to interpret 
the consequences of a mismatch between connectivity, activity and GABA signaling 
during brain development.

2
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Figure 1. The postnatal GABA shift is due to a decrease in intracellular chloride (Cl-) concentration.
The direction of the flow of Cl- ions through GABAA receptors depends on the electrochemical 
Cl- gradient. Left: In the immature brain, the intracellular Cl- concentration is relatively high, 
as Cl- transport over the membrane is dominated by NKCC1. Activation of GABAA receptors 
results in an outflow of Cl- resulting in membrane depolarization. Right: During development, 
intracellular Cl- levels decrease, due to increased expression and activity of KCC2. As a result, 
activation of GABAA receptors leads to an entry of Cl- and GABAergic signaling results in 
hyperpolarization of mature neurons.

2.3 Depolarizing GABA mediates early neuronal development

GABA signaling is present already early in development, long before neurons form 
networks via synapses. For instance, embryonic and neuronal crest stem cells release 
and respond to GABA via GABAA receptors in an autocrine way (Andäng et al., 2008; 
Wang and Kriegstein, 2008). In the following, we will describe the multiple roles of 
GABA in brain development in rodents (mostly mice). When other model organisms 
were used, we will state them explicitly. From around mouse embryonic day (E)9, GABA 
is released from growth cones of interneurons (Taylor and Gordon-Weeks, 1991; Gao 
and Pol, 2000). The earliest depolarizing GABAergic synaptic responses are measured 
approximately one week later (at E16-20) in the cortical plate (CP) and hippocampus, 
when the first GABAergic synapses emerge (LoTurco et al., 1995; Owens et al., 1996, 
1999; Demarque et al., 2002; Gozlan and Ben-Ari, 2003). As GABA is depolarizing at this 
stage, GABA signaling can activate voltage-gated calcium (Ca2+) channels (LoTurco et 
al., 1995; Owens et al., 1996; Kirmse et al., 2010, 2015; Tyzio et al., 2014; Furukawa et al., 
2017). As we will describe below, depolarizing GABA and GABA-induced Ca2+ influx 
are important instruction signals to regulate development of the embryonic brain 
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(Fig. 2). Rather than simply promoting developmental processes in young neurons, 
GABA governs developmental switching points, from proliferation to migration, from 
migration to differentiation, and finally from differentiation to synapse formation. 
Thus, while being depolarizing, GABA’s instructive role shifts in each step of early 
network development.

Figure 2. Developmental switching points, instructed by GABA signaling.
Depolarizing GABA guides the construction of the brain early in development by mediating the 
migration, proliferation and maturation of synapses of neuronal precursors and interneurons 
in the developing cortex. GE = ganglionic eminence, CP = cortical plate, SVZ = subventricular 
zone, VZ = ventricular zone.

2
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Depolarizing GABA mediates proliferation
An important role for GABA in early development is to mediate cell cycle progression 
of stem cells in the developing brain (Fig. 2B). Neurons are generated within the 
developing cortex from neural stem cells. The primary neural stem cells, the radial 
glia cells, are located in the ventricular zone (VZ), while the subventricular zone (SVZ) 
is a secondary proliferative region where intermediate progenitor cells reside. Whereas 
depolarizing GABA promotes proliferation of primary stem cells in the VZ (Haydar et 
al., 2000; Ikeda-Matsuo et al., 2012), GABA signaling actually inhibits the proliferation 
of intermediate precursors in the SVZ (Haydar et al., 2000). The negative effect in SVZ 
seems stronger, which explains the observed decrease in progenitor proliferation in 
slices containing both regions after depolarization with GABA or high extracellular 
potassium (K+) (LoTurco et al., 1995; Haydar et al., 2000; Liu et al., 2005). GABA has been 
shown to inhibit cell cycle progression by mediating the expression levels of different 
cell cycle regulators in a wide variety of neurons, both in vitro and in vivo (Nguyen et al., 
2003; Andäng et al., 2008; Cesetti et al., 2011; Duveau et al., 2011; Fernando et al., 2011; 
Song et al., 2012). However, the precise molecular pathways used by GABA to promote 
proliferation in VZ and inhibit proliferation in the SVZ remain to be elucidated.

Depolarizing GABA mediates migration
Newborn neurons migrate away from the VZ and SVZ through the intermediate 
zone (IZ) to the developing CP. This migration is also regulated by depolarizing 
GABA (reviewed by (Luhmann et al., 2015)) (Fig. 2C). Depolarization, either by GABA 
or via high extracellular K+, promotes migration of dissociated embryonic cortical 
neurons in chemotaxis chambers (Behar et al., 1996, 1998) whereas interference with 
GABAergic depolarization reduces migration of cortical neurons in vivo (Inoue et 
al., 2012). Evidence from embryonic cortical slice cultures shows that depolarizing 
GABA promotes migration from VZ via GABAA-ρ receptors (Behar et al., 2000; Denter 
et al., 2010). GABAA-ρ receptors are ionotropic receptors that produce slow, but 
large and sustained Cl- currents when activated (Woodward et al., 1993). GABAA-ρ 
receptors are only transiently expressed by migrating neurons and replaced by 
more conventional GABAA receptors once neurons reach the CP (Denter et al., 2010). 
Inhibiting conventional GABAA receptors with bicuculline, which does not block 
GABAA-ρ receptors (Woodward et al., 1993), actually increases the number of neurons 
reaching the CP (Behar et al., 2000; Bolteus, 2004; Heck et al., 2007; Denter et al., 2010), 
suggesting that GABAA receptor signaling inhibits the migration of neurons once 
GABAA-ρ receptors are downregulated. GABA also limits migration in the olfactory 
bulb and in newborn granule cells in the adult hippocampus (Fueshko et al., 1998; 
Duveau et al., 2011).

GABAergic interneurons are generated in the ganglionic eminences of the ventral 
telencephalon and follow a tangential migration route into the developing cortex 
and hippocampus between approximately E10 and E16 (Hu et al., 2017a). Depolarizing 
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GABA also promotes the tangential migration of interneurons (Fig. 2A) (Bortone 
and Polleux, 2009; Inada et al., 2011). Once interneurons start expressing KCC2, Ca2+ 
signaling decreases due to hyperpolarizing GABA and migration slows down (Bortone 
and Polleux, 2009). GABAA-ρ receptors are also expressed in GABAergic interneurons 
(Semyanov and Kullmann, 2002; Martinez-Delgado et al., 2010), but their role in 
interneuron migration has not been explored.

Depolarizing GABA promotes neurite growth and synapse formation
After young pyramidal neurons have reached their final destination, depolarizing 
GABA induced Ca2+ influx promotes outgrowth of neurites (reviewed by (Sernagor 
et al., 2010)) (Fig. 2D) in cultures (Barbin et al., 1993; Maric et al., 2001; Gascon et al., 
2006; Reynolds et al., 2008; Ageta-Ishihara et al., 2009; Nakajima and Marunaka, 2016) 
and in vivo (Cancedda et al., 2007; Wang and Kriegstein, 2008, 2011; Ikeda-Matsuo 
et al., 2012). GABA also promotes dendritic arborization in newborn neurons in the 
adult hippocampus and olfactory bulb (Duveau, 2011; Ge, 2006; Gascon, 2006). In 
addition, GABA promotes the formation of synapses (Fig. 2E). Blockade of GABAergic 
transmission with bicuculine for 24 hours in cultured intact hippocampi prevented the 
developmental increase in the frequency of inhibitory synaptic currents that normally 
occurs after birth (Colin-Le Brun et al., 2004). In addition, local depolarizing GABA 
signaling can induce the formation of excitatory and inhibitory synapses on young 
dendrites (Oh et al., 2016). Depolarizing GABA also promotes synapse formation onto 
newborn neurons in the dentate gyrus of adult mice (Ge, 2006).

GABA-induced postsynaptic depolarization can trigger activity-dependent structural 
plasticity and neurite growth via Ca2+ influx (Sernagor et al., 2010; Oh et al., 2016), 
implying GABA is merely used as a source of depolarization. However, specific and 
Ca2+ independent GABA signaling was also recently reported. Depolarizing GABA was 
found to induce intracellular Mg2+ release from mitochondria to promote neuronal 
maturation (Yamanaka et al., 2018). In addition, mitochondrial activity can result 
in sequestration of GABA within mitochondria in flies, possibly limiting excessive 
GABAergic signaling (Kanellopoulos et al., 2020). Future studies should further explore 
this intriguing link between mitochondrial and GABA signaling in the developing brain.

Depolarizing GABA promotes synapse maturation
Glutamatergic synapses in the early postnatal brain often lack AMPA-type glutamate 
receptors. Synapses that only contain NMDA receptors, which are blocked by Mg2+ at 
negative membrane potentials, are often called ‘silent’ synapses (Wang and Kriegstein, 
2009). Glutamatergic synapses can be ‘unsilenced’ by insertion of AMPA receptors after 
NMDA receptor activation. GABAergic depolarization removes the Mg2+ block, thereby 
facilitating unsilencing of immature glutamatergic synapses of rodents and Xenopus 
(Leinekugel et al., 1997; Akerman and Cline, 2006; Chancey et al., 2013; van Rheede 
et al., 2015). The AMPA/NMDA receptor ratio increases drastically after birth until 
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around postnatal day (P)10 in rodents (Durand et al., 1996; Isaac et al., 1997; Rumpel 
et al., 1998; Itami et al., 2003) and between stage 40 and 49 in Xenopus tadpoles (Wu 
et al., 1996; Akerman and Cline, 2006; van Rheede et al., 2015), which corresponds 
with the period just before GABA becomes hyperpolarizing (Fig. 2F). The frequency 
of spontaneous glutamatergic currents increases substantially during this period, 
probably reflecting a combination of an increased number of glutamatergic synapses 
and increased insertion of AMPA receptors in rodents and Xenopus (Durand et al., 
1996; Wu et al., 1996; Isaac et al., 1997; Akerman and Cline, 2006; van Rheede et al., 
2015). When postnatal GABA depolarization is chronically impaired, AMPA-mediated 
synaptic currents eventually develop normally (Chudotvorova et al., 2005; Ge et al., 
2006; Nakanishi et al., 2007; Wang and Kriegstein, 2008, 2011; Pfeffer et al., 2009), 
suggesting that other factors besides GABA can provide the required depolarization 
to promote glutamatergic synapse formation.

In summary, GABA plays pivotal roles in the initial formation of neuronal networks in 
the embryonic and early postnatal brain. Depolarizing GABA provides the Ca2+ influx 
to mediate the initial steps of network construction at a time when glutamatergic 
signaling is still scarce. GABA signaling also provides more specific instructions, but 
our current understanding remains incomplete. Depolarization by GABA or high K+ 
promotes the proliferation of early neuronal precursors, but concomitantly limits 
proliferation at later stages. In a similar dichotomic fashion, GABA and high K+ promote 
migration of newborn neurons, but limit migration of older neurons. In addition, 
depolarization by GABA promotes the integration of young neurons into networks 
along with their maturation, possibly not only through Ca2+, but also Mg2+ signaling . 
Thus, developing neurons use GABA as an instructive signal to accomplish a sequence 
of developmental processes. The instruction given by GABA depends on the intrinsic 
properties of the developing neurons, such as the expression of specific receptors and 
Cl- transporters, which change as the neurons mature. Currently, only a few of these 
cell-intrinsic factors are known (e.g. the transient expression of GABAA-ρ receptors in 
migrating neurons). In addition, local cues may modulate the GABAergic instruction 
signal or indirectly affect intrinsic properties of the neurons in a region-specific 
manner. It will be important for future research to identify the precise molecular 
factors and mechanisms that enable a relatively constant GABA signal to trigger a 
specific sequence of developmental processes in young neurons.

2.4 Roles of GABA in early activity

The contribution of depolarizing GABA to neuronal activity is rather complex. It 
is important to realize that GABA-induced depolarization and Ca2+ influx do not 
necessarily go hand in hand with neuronal excitation as the opening of GABAA 
receptors inevitably results in an increase in membrane conductance: the membrane 
becomes ‘leaky’. This means that glutamate-induced depolarizations are attenuated 
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when traveling from the dendrite to the soma, which is generally referred to as 
‘shunting’. Shunting reduces overall excitation, regardless of the direction of Cl− flux 
through the GABAA receptors. Depolarizing GABA will be excitatory or shunting 
depending on the exact interplay between Cl- levels, activity levels and the number 
of excitatory and inhibitory synapses onto developing neurons (Staley and Mody, 1992; 
Gao et al., 1998; Morita et al., 2006; Le Magueresse and Monyer, 2013). This complex 
interplay likely explains the discrepancies in GABAs actions found in slices versus in 
vivo and differences between brain regions.

There is ample evidence for GABA-induced excitation in brain slices. Application 
of GABA induces firing and increases excitatory postsynaptic current (EPSC) 
frequency in E18-P13 neocortical and hippocampal slices (Owens et al., 1996; 
Gozlan and Ben-Ari, 2003; Khazipov et al., 2004; Rheims et al., 2008; Kirmse et al., 
2010) and optogenetic activation of GABAergic interneurons increases EPSC 
frequency in hippocampal and cortical slices from P2-9 mice (Valeeva et al., 
2016). Thus, in brain slices of newborn rodents GABA-induced depolarization 
is sufficient to induce action potential firing and GABA can be truly excitatory. 
Excitatory GABA can also support spontaneous oscillations in immature brain slices. 
During the first days after birth spontaneous oscillations are characterized by giant 
depolarizing potentials (GDPs) (Blankenship and Feller, 2010). Hippocampal GDPs 
increase when GABAergic depolarization is enhanced (Spoljaric et al., 2019). In contrast, 
hippocampal and cortical GDPs transform into epileptiform discharges after loss of 
depolarizing GABA (Ben-Ari et al., 1989; Khalilov et al., 1997, 2015; Leinekugel et al., 
1997; Wells et al., 2000; Dzhala et al., 2005; Mohajerani and Cherubini, 2005; Sipila et 
al., 2006; Allène et al., 2008; Rheims et al., 2008; Pfeffer et al., 2009; Valeeva et al., 2010). 
This is because the action of GABA changes from depolarizing to hyperpolarizing 
during a GDP due to the large reduction in intracellular Cl- concentration when many 
GABAA channels open. GDPs are therefore driven, but at the same time also limited by, 
GABA signaling (Khalilov et al., 2015; Lombardi et al., 2018). Around P8-10 the frequency 
of GDPs starts to decrease, until GDPs fully disappear after P12 (Ben-Ari et al., 1989; 
Khazipov et al., 2004; Rheims et al., 2008). Around the same time, GABA shifts from 
being mainly excitatory to being shunting during baseline activity in these slices 
(Valeeva et al., 2016; Salmon et al., 2020).

In the first weeks after birth, activity in the hippocampus of living rodent pups is 
characterized by sharp waves (SWs) during rest, the in vivo counterpart of GDPs in 
hippocampal slices (Leinekugel et al., 2002). Chemogenetic suppression of GABAergic 
interneurons in the hippocampus of P3 mice decreases SW frequency and amplitude 
(Murata and Colonnese, 2020). Moreover, SWs are acutely blocked when GABA-
induced depolarization is abolished (Sipila et al., 2006). This clearly demonstrates 
that depolarizing GABA contributes to spontaneous postnatal hippocampal activity 
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in vivo. The shift to inhibitory GABA in the hippocampus occurs around P7 (Murata 
and Colonnese, 2020).

The situation in the postnatal cortex seems different. Release of GABA in the cortex of 
anaesthetized mice at P3-7 induces Ca2+ influx, but decreases neuronal firing (Kirmse 
et al., 2015; Valeeva et al., 2016; Che et al., 2018; Murata and Colonnese, 2020). These 
observations suggest that in the postnatal cortex GABA is depolarizing, but acts mostly 
inhibitory via shunting. This is consistent with studies showing that depolarizing GABA 
is not involved in early oscillations in the newborn cortex in vivo (Minlebaev et al., 
2006, 2011; Kirmse et al., 2015; Marguet et al., 2015). These cortical oscillations depend 
strongly on AMPA receptor activation and are modulated by cholinergic activity (Yang 
et al., 2016).

So whereas GABA-induced depolarization and Ca2+ influx do promote network 
formation on a cellular level across the brain, the precise impact of GABA-induced 
depolarization and Ca2+ influx on the network highly dependent on both Cl- levels 
and locally ongoing activity. The activity of glutamatergic, GABAergic and other 
inputs determine the distribution of conductance across the neuronal membrane and 
thereby the impact of GABAergic signaling. As a result, the shift from depolarizing to 
hyperpolarizing GABA signaling is not simply accompanied by a shift from GABAergic 
excitation to inhibition. Depolarization by GABA can induce action potentials when 
activity is relatively low, for instance in brain slices. In the intact brain, regional 
heterogeneity is important. GABA can induce firing and amplify spontaneous activity 
in the perinatal hippocampus. With the increase in hippocampal activity levels and 
decrease in Cl- levels during the second postnatal week, inhibitory actions of GABA are 
assured. In the newborn cortex, depolarizing GABA is mostly shunting and therefore 
inhibitory.

2.5 Hyperpolarizing GABA: Development of input sensitivity

In the first weeks after birth, spontaneous activity in the sensory cortex of rodents 
decreases and the network becomes more susceptible to sensory input. The shift 
to hyperpolarizing GABA is tightly coupled to the recruitment of interneurons by 
thalamocortical input. In P3-5 slices, when GABA is still depolarizing, GABAergic 
cells in layer IV of barrel cortex are hardly engaged by thalamocortical input. Only 
by P7 thalamocortical input activates feedforward GABAergic transmission, which 
is then hyperpolarizing (Daw et al., 2007). Without thalamic input, for instance after 
subplate ablation, the shift to hyperpolarizing GABA does not occur (Kanold and 
Shatz, 2006). In this way, hyperpolarizing GABAergic responses are assured when 
the cortex becomes receptive to sensory input and spontaneous activity decreases 
(Toyoizumi et al., 2013; Lohmann and Kessels, 2014). With increasing sensory input, 
hyperpolarizing GABA becomes essential to enhance sensory sensitivity, improve 
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temporal precision and sharpen the tuning to sensory stimuli (Pouille and Scanziani, 
2001; Wehr and Zador, 2003), and to sharpen the coincidence window for plasticity 
in the developing network (Kanold and Shatz, 2006; Pan-vazquez et al., 2020). The 
GABA shift also makes GABAergic signaling faster. During development, GABAA 
receptor α3 subunits are replaced by the faster α1 subunits, resulting in a faster decay 
of GABAergic synaptic currents (Laurie et al., 1992; Taketo and Yoshioka, 2000). This 
change in subunit composition depends on the developmental decrease in the Cl- 
concentration, independently of GABAA receptor signaling (Kanold and Shatz, 2006; 
Succol et al., 2012).

Together, these studies suggest that GABAergic interneurons become engaged 
by thalamocortical input in the cortex around the time when GABA shifts. The 
shift to hyperpolarizing GABA increases input sensitivity of the network and short 
hyperpolarizing GABAergic responses tighten plasticity rules and improve temporal 
precision. The shift from depolarizing to hyperpolarizing GABA signaling seems 
therefore tightly linked to the connectivity and activity in the local network, and 
the shift may be closely aligned to the period when circuits are shaped by external 
(sensory) inputs. In the second part of this review we will examine what is known about 
how the timing of postnatal GABA shift is regulated and how subsequent development 
of synaptic connections are altered when the timing is off.

2.6 Timing of the postnatal GABA shift

The postnatal decrease in Cl- concentration has been measured using fluorescent 
Cl- indicators and by determining the driving force for GABAergic transmission using 
cell attached or perforated patch recordings. The average Cl- driving force shifts from 
positive to negative around P10-14 in pyramidal neurons of hippocampal and cortical 
slices (Rivera et al., 1999; Stein et al., 2004; Tyzio et al., 2007; Romo-Parra et al., 2008; 
Kirmse et al., 2015; Sulis Sato et al., 2017; Pisella et al., 2019). Interestingly, in vivo Cl- 
levels decrease approximately 4 days earlier in the cortex than in the hippocampus 
(Murata and Colonnese, 2020). Moreover, Cl- levels decrease approximately a week 
earlier in GABAergic cells compared to pyramidal cells (Banke and McBain, 2006; 
Bortone and Polleux, 2009), although hippocampal PV cells seem to synchronize with 
pyramidal neurons (Sauer and Bartos, 2010). In female hippocampal and midbrain 
slices the GABA shift is several days earlier compared to males (approximately P6-10 
in females and P14-17 in males) (Kyrozis et al., 2006; Nuñez and McCarthy, 2007; 
Galanopoulou, 2008), while the GABA shift in the cerebellum is actually advanced in 
males by 4 days (Roux et al., 2018). Thus the timing of the GABA shift appears strongly 
dependent on cell type, sex and brain region. It should also be noted, that the variance 
in intracellular Cl- concentration found between individual neurons is large (Kyrozis 
et al., 2006; Galanopoulou, 2008; He et al., 2014), both in vivo and in vitro and across 
methods used to measure Cl- levels (Owens et al., 1996; Rivera et al., 1999; Stein et 

2



40

Chapter 2

al., 2004; Yamada et al., 2004; Galanopoulou, 2006; Romo-Parra et al., 2008; He et 
al., 2014; Kirmse et al., 2015; Sulis Sato et al., 2017; Pisella et al., 2019) and that the Cl- 
concentration in individual neurons also varies over time and is dependent on activity 
in the network (Khalilov et al., 2015; Lombardi et al., 2018). The Cl- concentration is even 
non-uniformly distributed within a single pyramidal neuron and GABAergic reversal 
potentials become progressively more negative from the Axon Initial Segment (AIS) 
to the soma, but less negative from the soma into the dendrites (Romo-Parra et al., 
2008; Khirug, 2012; Rinetti-Vargas et al., 2017; Pan-vazquez et al., 2020). This illustrates 
that the postnatal GABA shift is not a simple switch that takes place at a certain 
moment in postnatal development, but rather reflects a gradual change in neuronal 
Cl- homeostasis, such that GABA signaling gradually becomes more hyperpolarizing 
within local neuronal networks.

Developmental expression pattern of chloride transporters
The developmental decrease in intracellular Cl- concentration is established by an 
increase in the relative expression and activity of postnatal chloride exporter KCC2 
compared to importer NKCC1 (Fig. 1) in both excitatory and inhibitory neurons 
(Rivera et al., 1999; Gulyás et al., 2001; Yamada et al., 2004; Sauer and Bartos, 2010; 
Otsu et al., 2020). The effect of NKCC1 inhibitor bumetanide on the GABAergic 
driving force decreases with development in excitatory neurons, indicating that 
the relative contribution of NKCC1 to GABA function decreases (Banke and McBain, 
2006). It remains unresolved if the decrease in NKCC1 function reflects a decrease 
in its expression. While some studies report a developmental downregulation of 
NKCC1 mRNA and protein levels over the first postnatal weeks (Shimizu-okabe et al., 
2002; Yamada et al., 2004; Dzhala et al., 2005), others have reported that NKCC1 levels 
actually increase over development (Clayton et al., 1998; Sun and Murali, 1999; Yan et 
al., 2001). The discrepancy may be explained by differences in probe sequences and 
antibodies used for detection of NKCC1, which may result in different sensitivity for 
the two main NKCC1 isoforms (NKCC1a and b). Inclusion of male and female animals 
might aggravate discrepancies in NKCC1 expression patterns, as levels of NKCC1 are 
elevated in embryonic and newborn male hippocampi and midbrains compared to 
females (Damborsky and Winzer-serhan, 2012; Murguía-Castillo et al., 2013). Inclusion 
of glia in the samples may also contribute, as NKCC1 mRNA is also present in astrocytes 
(Yan et al., 2001).

KCC2 is exclusively expressed by neurons and not by glia (Payne et al., 1996). KCC2s 
mRNA and protein levels increase during postnatal rodent development (Lu et al., 
1999; Rivera et al., 1999; Shimizu-okabe et al., 2002; Stein et al., 2004; Dzhala et al., 
2005; Lee, 2010; Kovács et al., 2014). This is due to an increase in expression of KCC2b 
levels, while KCC2a levels remain constant (Uvarov et al., 2007). Total KCC2 expression 
levels are increased in early postnatal interneurons versus pyramidal neurons (Bortone 
and Polleux, 2009) and in female compared to male brains (Murguía-Castillo et al., 
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2013; Kang et al., 2015). Posttranslational modifications further contribute to the 
developmental increase in KCC2 function (Schulte et al., 2018). For instance, KCC2 
becomes dephosphorylated at threonine residues T906 and T1007 (Rinehart et al., 
2009; Kahle et al., 2013; Friedel et al., 2015; Moore et al., 2019; Pisella et al., 2019), while it 
gets phosphorylated at serine residue S940 (Lee et al., 2007; Kahle et al., 2013; Moore et 
al., 2019) during postnatal development. These modifications enhance KCC2 function 
and membrane stability.

KCC2: more than a chloride transporter
The postnatal upregulation of KCC2 serves other roles in brain development in addition 
to inducing low internal Cl- levels. In mature neurons, KCC2 proteins are enriched near 
synapses (Gulyás et al., 2001; Báldi et al., 2010; Chamma et al., 2013; Kovács et al., 2014). 
KCC2 resides in a multi-protein complex in the neuronal membrane, and is coupled to 
numerous other proteins, including ion channels, neurotransmitter receptors (Huang 
et al., 2012; Wright et al., 2017; Garand et al., 2019), cytoskeleton associated proteins and 
various enzymes (Blaesse and Schmidt, 2015; Smalley et al., 2020b). The developmental 
increase in KCC2 levels therefore supports neuronal maturation via various structural 
roles, independent of Cl- transport. For instance, KCC2 indirectly contributes to the 
hyperpolarization of the resting membrane potential in developing neurons by 
stabilizing Task-3 potassium channels in the neuronal membrane l (Goutierre et al., 
2019). In addition, KCC2 facilitates activity-induced spine growth via interactions 
with the actin cytoskeleton. KCC2 promotes actin dynamics in spines, and supports 
AMPA receptor insertion and confinement (Gauvain et al., 2011; Chevy et al., 2015). 
Importantly, all of these roles where shown to be independent of the KCC2 function 
in transporting Cl-, but rely on the structural interaction of KCC2 with other proteins. 
Interestingly, the structural function of KCC2 and its role in Cl- transport sometimes 
have opposite effects. For instance, KCC2 overexpression in the developing cortex 
leads to an increase in spine density, via its interaction with actin (Fiumelli et al., 2013; 
Puskarjov et al., 2017; Awad et al., 2018). However, the KCC2-induced increase in spine 
density is prevented by boosting the Cl- transport function of the overexpressed 
KCC2, presumably because spine growth is counteracted by an increase in GABAergic 
inhibition in the network (Awad et al., 2018).

2.7 What triggers the postnatal GABA shift?

An important open question is how the shift from NKCC1 to KCC2 dominated Cl- 
transport is triggered in developing neurons (Medina et al., 2014). As the shift also 
occurs in neuronal cultures and organotypic slices (Rivera et al., 1999; Ganguly et al., 
2001; Kelsch et al., 2001; Perrot-Sinal et al., 2001; Titz et al., 2003; Khirug et al., 2005; 
Ludwig et al., 2011a, 2011b; Sun et al., 2013; Dumon et al., 2018), the GABA shift is (at 
least partly) induced by an intrinsic developmental program.
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Molecular factors regulating the GABA shift
One intriguing study has suggested that neuroligin-2 (NL2) plays a key role in triggering 
the GABA shift. NL2 is a postsynaptic cell adhesion molecule specific for GABAergic 
synapses (Blundell et al., 2009). Expression of NL2 increases during postnatal cortical 
development. Interestingly, the increase in NL2 expression was found to precede 
the increase in KCC2 expression and NL2 levels directly influence KCC2 expression, 
independent of network activity. Knockdown of NL2 decreases KCC2 expression and 
results in GABAergic depolarization, even in mature cortical neurons (Sun et al., 2013). 
This strongly suggests that NL2 directly regulates KCC2 expression and is required 
for the maintenance of KCC2 function and GABAergic inhibition (Blundell et al., 
2009). The mechanism via which NL2 enhances KCC2 function and the trigger for the 
developmental increase in NL2 levels have not been resolved.

In addition to NL2, many factors have been identified that do not directly regulate 
KCC2 expression, but that are able to promote or repress the postnatal GABA shift. 
Leptin, estradiol and Brain-Derived Neurotrophic Factor (BDNF) precursor pro-BDNF 
inhibit KCC2 function and may thereby repress a precocious GABA shift. Leptin is a 
hormone that regulates energy levels and immune responses in the mature brain, 
but functions as a neurotrophic signal during brain development (Dumon et al., 
2018). Plasma leptin levels decrease during the second postnatal week when GABA 
becomes hyperpolarizing. Leptin weakens expression of KCC2 and its stability in the 
plasma membrane (Dumon et al., 2018). Estradiol is a testosterone derivative. Its levels 
decrease gradually in the first two weeks after birth of male and female rats (Konkle 
and McCarthy, 2011). Estradiol acutely increases NKCC1 function and decreases KCC2 
expression in slices (Perrot-Sinal et al., 2001, 2007; Galanopoulou and Moshé, 2003; 
Nakamura et al., 2004). In the mature brain BDNF promotes neuronal survival and 
outgrowth (Ghosh et al., 1994). However, in the first postnatal week, its precursor 
protein pro-BDNF, which exhibits proapoptotic functions, constitutes the main isoform 
in the brain (Yang et al., 2009; Menshanov et al., 2015). In utero electroporation of a 
cleavage-resistant pro-BDNF, which cannot be processed into BNDF, decreased KCC2 
expression and kept GABA depolarizing in the cortex (Riffault et al., 2018). Together, 
these results suggest that abundance of leptin, estradiol and pro-BDNF during the 
first postnatal week help to keep KCC2 expression low.

In sharp contrast with its precursor, mature BDNF promotes KCC2 function in young 
neurons via neurotrophin/tropomyosin kinase B (TrkB) receptors (Carmona et al., 2006). 
Treatment with BDNF increases KCC2 levels (Ludwig et al., 2011a) and KCC2 levels are 
increased in BDNF-overexpressing mice (Aguado et al., 2003). However, KCC2 function 
is not affected in BDNF knockout (KO) mice (Puskarjov et al., 2015), indicating that 
BDNF can accelerate the GABA shift, but that its presence is not absolutely required. 
Together, these findings suggest that the postnatal shift from pro-BDNF to BDNF 
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regulates the timing of the GABA shift by releasing the negative control by pro-BDNF 
and by actively promoting KCC2 expression via TrkB receptors.

Other factors that have been shown to actively promote the GABA shift by increasing 
KCC2 function include neurturin (Ludwig et al., 2011b), TGFβ2 (Roussa et al., 2016), 
sonic hedgehog receptor Smo (Delmotte et al., 2019), nicotine (Liu et al., 2006; 
Damborsky and Winzer-serhan, 2012), IGF1 (Kelsch et al., 2001; Baroncelli et al., 2017), 
allopregnanolone (Mòdol et al., 2014), thyroid hormone (Friauf et al., 2008; Sawano 
et al., 2013), testosterone and its derivative dihydrotestosterone (Galanopoulou 
and Moshé, 2003), and oxytocin (Leonzino et al., 2016). Many of these factors likely 
cooperate to promote KCC2 function and the postnatal GABA shift. For instance, 
upregulation of KCC2 by neurturin and BDNF is mediated by activation of a common 
pathway involving ERK1/2 and the transcription factor Egr4 (Ludwig et al., 2011b, 2011a) 
and activation of nicotinic acetylcholine receptors, Smo, IGF1 receptors and thyroid 
hormone receptors increase BDNF levels (Carro et al., 2000; Landi et al., 2009; Shulga 
et al., 2009; Radzikinas et al., 2011; Damborsky and Winzer-serhan, 2012).

In conclusion, the timing of the GABA shift is tightly regulated in the developing brain 
through external and internal factors, as well as hormones. Specific factors prevent 
GABA from shifting too early, while other factors assure the postnatal GABA shift is 
not too late.

Spontaneous and externally-driven neuronal activity promote the GABA shift
Even before sensory input drives neuronal activity, the developing brain displays 
various forms of spontaneous activity. Many of the factors that promote the postnatal 
GABA shift are activity-dependent, including BDNF and IGF1 (Cao et al., 2011; Porcher 
et al., 2011). This means that the timing of the GABA shift is coordinated with early 
network activity. For instance, disruption of spontaneously generated activity in the 
cochlea prior to the onset of auditory input results in decreased KCC2 function and 
prevents the GABA shift in newborn animals (Kotak and Sanes, 1996; Vale and Sanes, 
2000; Vale et al., 2003; Shibata et al., 2004).

Cortical BDNF and IGF1 levels increase via sensory input (Castren et al., 1992; Tropea et 
al., 2006; Landi et al., 2009) and GABAergic maturation is strongly influenced by early 
life experience. For instance, prenatal maternal restraint stress as well as repeated 
separations of newborn pups from their mother from P2 to P14 or during the first 3 
postnatal weeks induce a delay in the GABA shift of newborn mice (Veerawatananan et 
al., 2016; Furukawa et al., 2017; Hu et al., 2017b). In contrast, maternal separations from 
P4 to P6 for 6 hours per day advance the GABA shift by decreasing activity of NKCC1 
and increasing expression of KCC2 (Galanopoulou, 2008). Decreased expression of 
NKCC1 versus KCC2 also occurs when mice are growing up in an enriched environment, 
with enhanced sensory and social stimuli (He et al., 2010; Baroncelli et al., 2017).
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The instructive role of sensory experience becomes even more clear in animal models 
in which the connection between sensory input and the cortex is demolished during 
development, for example through ablation of the subplate. The subplate is formed 
by a population of transient cells that indirectly link thalamic (sensory) input to layer 4 
neurons (Friauf et al., 1990). Ablation of the subplate right before eye opening prevents 
visual input to drive cortical activity. This prevents the postnatal increase in KCC2, 
including its (indirect) effects on neuronal maturation (Kanold and Shatz, 2006; Jantzie 
et al., 2015). A similar delay was found after sensory deprivation in turtles. Continuous 
dark rearing of turtles for four weeks from hatching onwards reduced KCC2 levels in 
the retina and prolonged the period when GABAergic responses were depolarizing 
(Sernagor et al., 2003).

Together, these studies demonstrate that the maturation of GABAergic signaling is 
tightly regulated by an intrinsic developmental program that employs trophic and 
other factors as signaling molecules. These intrinsic programs are under constant 
adjustment by hormones, (spontaneous) neuronal activity and sensory input. Future 
studies should further unravel the molecular mechanisms by which sensory input 
affects the postnatal GABA shift.

2.8 Consequences of a precocious or delayed GABA shift on 
network development

As explained above, hyperpolarizing GABA is crucial for gating synaptic plasticity 
(Pouille and Scanziani, 2001; Wehr and Zador, 2003; Capogna et al., 2020). The 
timing of the shift to hyperpolarizing GABA is therefore crucial in determining the 
capacity of the network to undergo developmental changes in response to (sensory) 
input. To gain insight into the importance of precise timing of the GABA shift, many 
studies have advanced or delayed the GABA shift and studied the effects on network 
development and behavior. The shift has been advanced experimentally by increasing 
the expression of KCC2 or by decreasing the expression or function of NKCC1 using 
genetic or pharmacological approaches. A delay in the shift has been achieved by 
decreasing KCC2 levels or its activity. When interpreting experimental results, it is 
important to realize that manipulations of KCC2 not only affect the postnatal GABA 
shift, but will inevitably also alter the functions of KCC2 that are independent of Cl-. 
In addition, when accelerating the GABA shift to an earlier timepoint, the influence of 
depolarizing GABA as a trophic factor will be automatically reduced. We will review the 
consequences of these manipulations in the next sections and we have summarized 
our conclusions in Table 1.

Advancing the postnatal GABA shift
Advancing the GABA shift prenatally has severe consequences for the development 
of glutamatergic synapses. Knockdown or pharmacological inhibition of NKCC1 from 



45

The postnatal GABA shift: a developmental perspective

E15 , which induces hyperpolarizing GABAergic responses already at P0, results in a 
reduction in glutamatergic synapses 2-4 weeks after birth, which lasts until adulthood 
(Table 1). Timing is crucial, as miniature EPSC frequency is not affected when NKCC1 is 
blocked only embryonically (E15-19) or only postnatally (P0-7) (Wang and Kriegstein, 
2008, 2011). The effect of depolarizing GABA on glutamatergic synapse formation 
depends on its ability to activate NMDA receptors (Wang and Kriegstein, 2008). A 
similar decrease in glutamatergic synapses was found after advancing the GABA shift 
via early overexpression of KCC2 in rodents and Xenopus (Akerman and Cline, 2006; 
Awad et al., 2018). Importantly, in both studies this effect was shown to depend on 
Cl- transport. As explained above, the developmental shift in intracellular Cl- does not 
precisely parallel the shift from excitatory to inhibitory GABA. During the transition 
period in which GABA is still depolarizing, but already inhibits network activity through 
shunting, depolarizing GABA actually constrains glutamatergic synapse formation in 
the hippocampus. Blocking GABA for 48 hours during this period therefore results in 
an increase in miniature EPSCs and spine density (Salmon et al., 2020). Together, these 
results show that depolarizing GABA promotes the formation glutamatergic synapses 
via NMDA receptor activation during a short developmental window, which closes 
when GABA signaling becomes inhibitory. Missing this window, by shifting GABA too 
early, perturbs glutamatergic connectivity for life.

The role of depolarizing GABA in inhibitory synapse formation seems more complex. A 
precocious GABA shift by decreasing NKCC1 activity reduces the number of inhibitory 
synapses only transiently (Nakanishi et al., 2007; Wang and Kriegstein, 2011; Deidda 
et al., 2015a). This transient decrease occurs three to four weeks after the onset of the 
NKCC1 manipulation and may reflect an indirect effect of glutamatergic alterations 
(Wang and Kriegstein, 2008). However, when a precocious GABA shift is induced via 
early overexpression of KCC2, the opposite occurs: GABAergic transmission actually 
increases (Chudotvorova et al., 2005; Akerman and Cline, 2006). Importantly, these 
effects are mediated by changes in intracellular Cl- (Akerman and Cline, 2006). In 
contrast to the transient and delayed decrease in GABAergic transmission seen 
after removal of NKCC1, overexpression of KCC2 results in an immediate increase in 
GABAergic transmission. It is possible that low levels of KCC2 limit the development 
of inhibitory synapses during early postnatal development. A mechanism remains 
elusive, but it would be interesting to further explore interactions between KCC2 and 
GABAA receptor subunit α1 (Huang et al., 2012) and NL2 (Blundell et al., 2009).

Delaying the postnatal GABA shift
It is technically more challenging to delay the GABA shift. Complete KO of KCC2 in 
mice is lethal after birth as a result of respiratory failure (Hübner et al., 2001). Therefore, 
complete absence of KCC2 can only be investigated in embryonic tissue. Synaptic 
changes have been reported in KCC2 KO embryos, even though embryonic KCC2 
levels do not affect GABAergic reversal potentials at this age (Li et al., 2007; Khalilov 
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et al., 2011). Several alternative mouse models have been developed in which KCC2 
expression is not absent, but strongly reduced (5-20% remaining expression) (Woo 
et al., 2002; Tornberg et al., 2005; Anacker et al., 2019). Alterations in glutamatergic 
and GABAergic transmission have been described in these models, but it remains 
unclear if these are due to a loss of KCC2s structural role or insufficient GABAergic 
hyperpolarization (Riekki et al., 2008; Anacker et al., 2019). To study the consequences 
of a delayed GABA shift while preserving the Cl--independent function of KCC2, mouse 
models are developed recently in which KCC2 activity is decreased by interfering 
with post-translational modifications of KCC2. In KCC2 S940A mice KCC2 levels are 
normal, but KCC2 phosphorylation at serine (S) residue 940 is prevented, resulting 
in a postnatal delay of the GABA shift by approximately 6 days (Moore et al., 2019). 
In KCC2E/+ mice, phosphomimic mutations of KCC2 at threonine (T) residues 906 and 
1007 result in a delay of the postnatal GABA shift by ~4 days in the hippocampus 
(Pisella et al., 2019). At P15, excitatory transmission is increased in KCC2E/+ slices, 
whereas inhibitory transmission is decreased compared to controls, but excitatory 
and inhibitory transmission were comparable to control again at P30 after the GABA 
shift was complete (Pisella et al., 2019). 
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Table 1. Effects of manipulations of the GABA shift on excitatory and inhibitory synaptic 
transmission.

Timing GABA 
shift

Type 
manipulation

Effect on transmission References

Advanced GABA shift

Embryonically KD NKCC1,
Block NKCC1,
OE KCC2

Excitatory transmission 
decreased in adult

Akerman and Cline, 
2006; Awad et al., 2018; 
Wang and Kriegstein, 
2008; Wang and 
Kriegstein, 2011

Embryonically or 
first week after 
birth

Block NKCC1 Inhibitory transmission 
transiently decreased 
~4 weeks after 
manipulation

Deidda et al., 2015a; 
Nakanishi et al., 2007*; 
Wang and Kriegstein, 
2008; Wang and 
Kriegstein, 2011

Embryonically or 
first week after 
birth

OE KCC2 Inhibitory transmission 
increased ~5-12 days 
after manipulation

Akerman and Cline, 
2006; Chudotvorova, 
2005*

Second week 
after birth

Block NKCC1,
OE KCC2

Inhibitory transmission 
normal ~7 days after 
manipulation

Succol et al., 2012*

Second week 
after birth

Block shunting 
GABA

Excitatory transmission 
increased 5 days after 
manipulation

Salmon et al., 2020

Delayed GABA shift

Third week after 
birth

KD KCC2 Inhibitory transmission 
normal ~7 days after 
manipulation

Succol et al., 2012*

Third week after 
birth

Block KCC2 Inhibitory transmission 
decreased ~7 days after 
manipulation

Succol et al., 2012*

Fourth week 
after birth

KCC2E/+ mice Excitatory transmission 
transiently increased 
at P15
Inhibitory transmission 
transiently decreased 
at P15

Pisella et al, 2019

* These studies were performed in dissociated cultures. Indicated timing is equivalent in vivo 
timing (e.g. manipulations starting at DIV0 in cultures made from P7 mice are considered 
equivalent to the second week after birth), but developmental timing may partially reset in 
culture.
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Behavioral consequences
The measured effects on synaptic currents after an early or late postnatal GABA shift 
are relatively subtle and sometimes only transient. However, these synaptic changes 
occur at a developmental period in which crucial decisions are made for adult 
connectivity and function (Takesian and Hensch, 2013). A postnatal GABA shift which is 
not coordinated with cortical activity patterns and sensory input may cause permanent 
alterations in brain connectivity and therefore function. Subtle changes in synaptic 
drive or activity can gate developmental plasticity and may therefore have long-
lasting consequences for neuronal circuits. Indeed, several studies have demonstrated 
that small changes to the timing of the postnatal GABA shift, in either direction, are 
associated with alterations in behavior that last until adulthood. For instance, mice with 
an accelerated GABA shift through inhibition of NKCC1 or enhanced KCC2 function 
show a developmental delay in motor coordination and strength, decrease in anxiety, 
enhanced auditory reactivity, increased social behavior, a slight acceleration in the 
rate of learning and improved long-term memory function in adulthood (Wang and 
Kriegstein, 2011; Moore et al., 2019). A transient reduction in inhibitory transmission 
after bumetanide treatment from P3-8 was shown to prolong the critical period for 
visual plasticity (Deidda et al., 2015a). On the other hand, mice with reduced KCC2 
levels display reduced social behavior and impaired sensory sensitivity and long term 
memory, along with increased anxiety-like behavior and seizure susceptibility and 
decreased social interaction (Delpire and Mount, 2002; Tornberg et al., 2005; Anacker 
et al., 2019; Moore et al., 2019; Pisella et al., 2019). These studies clearly underscore 
the importance of proper timing. A recent study showed that behavioral defects in 
adulthood are also evoked by a transient elevation in neuronal activity, induced with 
kainic acid after birth (P6 to P15) (Friedman and Kahen, 2019). Together, these results 
show that the timing of the postnatal GABA shift needs to be coordinated with cortical 
activity patterns and sensory input to assure proper network development and life-
long function.

2.9 Implications for translational research

Expression studies on postmortem brains indicate that a developmental increase 
in the function of KCC2 versus NKCC1 also takes place in the first year after birth 
of humans (Kharod et al., 2019). In patients with autism spectrum disorder (ASD) 
and other neurodevelopmental disorders (NDDs) altered expression levels of Cl- 
transporters have been found. ASD is associated with an elevated risk for epilepsy and 
other electroencephalography abnormalities (Buckley and Holmes, 2016), along with 
perturbations in the regulatory domain of KCC2 (Merner et al., 2015a). Down syndrome 
is associated with increased NKCC1 levels (Deidda et al., 2015b), Rett syndrome with 
reduced KCC2 levels (Duarte et al., 2013) and Tuberous Sclerosis Complex and Dravet 
syndrome with both increased NKCC1 and reduced KCC2 levels (Talos et al., 2012; 
Ruffolo et al., 2016, 2018). These findings suggest that the GABA shift is delayed or 
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perhaps even entirely absent in patients with various NDDs. In addition, excessive 
leptin or inadequate thyroid hormone or oxytocin signaling, which may also delay the 
GABA shift, have been implicated in the development of ASD (Ashwood et al., 2008; 
Modi and Young, 2012; Román et al., 2013).

A delay in the GABA shift due to an elevated ratio of NKCC1 to KCC2 activity has also 
been observed in several monogenetic animal models of NDDs, including mouse 
models for Fragile X syndrome (FMR1 KO mice) (He et al., 2014; Tyzio et al., 2014; 
Smalley et al., 2020a) and DiGeorge syndrome (Lgdel+/− mice) (Amin et al., 2017), as 
well in environmental ASD rodent models, in which mice and rats have been exposed 
in utero to immunogenic stimuli (Corradini et al., 2017; Fernandez et al., 2018) or 
valproate (Tyzio et al., 2014; Roux et al., 2018). The postnatal GABA shift seems to 
be even completely absent in rodent models for Rett (Mecp2 KO mice) and Down 
syndrome (Ts65Dn mice), in which depolarizing GABAergic actions and an elevated 
ratio of NKCC1 versus KCC2 were found in adulthood (Duarte et al., 2013; Deidda et al., 
2015b; Banerjee et al., 2016; Tang et al., 2016; Lozovaya et al., 2019).

In an increasing number of studies, administration of the NKCC1 inhibitor bumetanide 
around birth is used to restore postnatal GABAergic driving force and to correct early 
alterations in network activity (Amin et al., 2017; Fernandez et al., 2018; Pisella et al., 
2019). In many cases, inhibition of NKCC1 results in a (partial) rescue of many behavioral 
defects in mice (Tyzio et al., 2014; He et al., 2018; Lozovaya et al., 2019; Savardi et al., 
2020). The first studies in human patients also indicate that administration of NKCC1 
inhibitor bumetanide to young ASD patients can attenuate the severity of their 
symptoms, with no major side effects on cognitive performance in multiple clinical 
trials (Lemonnier and Ben-Ari, 2010; Lemonnier et al., 2012, 2017; Hadjikhani et al., 2018; 
van Andel et al., 2020; Zhang et al., 2020) (recently reviewed by (Kharod et al., 2019)). 
This underscores the crucial impact of precise timing of the postnatal GABA shift on 
brain function and behavior later in life. It remains unclear how the precise therapeutic 
window and expected effects depend on the underlying cause for the delayed shift.

These results corroborate that sustained GABAergic depolarization affects early 
postnatal activity levels, with long-lasting consequences for behavior. An incomplete 
or delayed GABA shift may contribute to behavioral symptoms in (a subset of) NDD 
patients. Rectifying postnatal activity by decreasing intracellular Cl- levels may 
constitute a promising therapy for these patients. Another interesting, but mostly 
unexplored, possibility would be to rescue the GABA shift through sensory enrichment 
(He et al., 2010; Weitlauf et al., 2017).
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2.10 Conclusions and final remarks

In the mature brain, hyperpolarizing GABAergic inhibition is essential for regulating 
information processing by counterbalancing glutamatergic excitatory transmission. 
Glutamatergic synapses emerge around birth in the rodent brain, but crucial 
neurodevelopmental events take place already when glutamatergic transmission is still 
scarce and most neuronal activity is locally and spontaneously generated, independent 
of external sensory input. At this stage depolarizing GABAergic currents instruct the 
entire developmental sequence of local network establishment. The function of 
depolarizing GABA changes during each step, from facilitating the proliferation of stem 
cells, mediating the migration of precursors, outgrowth of neurites and maturation of 
synapses and sustaining early activity patterns in the hippocampus.

Once the rough layout is present and postnatal activity becomes sensory driven 
(Toyoizumi et al., 2013; Lohmann and Kessels, 2014) KCC2 activity increases and GABA 
shifts from being depolarizing to hyperpolarizing. This postnatal GABA shift represents 
the last shift in a series of developmental GABA shifts. Hyperpolarizing GABA is 
required to carefully select the optimal neural representations from many competing 
inputs that increasingly bombard the developing brain. When the postnatal GABA 
shift and increase in thalamocortical inputs are not mutually coordinated, network 
function remains altered for life.

Although some factors have been identified that guide the developmental GABA 
shifts, the precise molecular mechanisms by which these factors and input do so, 
remain to be elucidated, in particular for the postnatal shift to hyperpolarizing GABA. 
It also remains unclear when GABAergic hyperpolarization is exactly required and 
why the timing of the postnatal GABA shift is altered in ASD and related NDDs. It 
is unknown if altered levels of the Cl- cotransporters are a direct effect of genetic 
or environmental factors, or that the shift is delayed because earlier developmental 
‘checkpoints’ are missed. Subtle changes in the perinatal network may cause failure 
to activate signaling programs that normally promote the rise in KCC2 expression and 
shift to hyperpolarizing GABA. It will be particularly interesting to further examine the 
link between sensory input and the timing of the postnatal GABA shift, particularly in 
the context of NDDs. Improving our understanding of GABAergic signaling in brain 
development may open up new strategies to alleviate behavioral impairments in ASD 
and related NDDs in the future.
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3.1 Abstract

Intraneuronal chloride concentrations ([Cl-]i) decrease during development resulting in 
a shift from depolarizing to hyperpolarizing γ-aminobutyric acid (GABA) responses via 
chloride-permeable GABAA receptors. This GABA shift plays a pivotal role in postnatal 
brain development, and can be strongly influenced by early life experience. Here, 
we assessed the applicability of the recently developed fluorescent SuperClomeleon 
(SClm) sensor to examine changes in [Cl-]i using two-photon microscopy in brain 
slices. We used SClm mice of both sexes to monitor the developmental decrease in 
neuronal chloride levels in organotypic hippocampal cultures. We could discern a 
clear reduction in [Cl-]i between DIV3 and DIV9 (equivalent to the second postnatal 
week in vivo) and a further decrease in some cells until DIV22. In addition, we assessed 
alterations in [Cl-]i in the medial prefrontal cortex (mPFC) of P9 male SClm mouse pups 
after early life stress (ELS). ELS was induced by limiting nesting material between P2 
and P9. ELS induced a shift towards higher (i.e. immature) chloride levels in layer 2/3 
cells in the mPFC. Although conversion from SClm fluorescence to absolute chloride 
concentrations proved difficult, our study underscores that the SClm sensor is a 
powerful tool to measure physiological changes in [Cl-]i in brain slices.

3.2 Significance Statement

The reduction of intraneuronal chloride concentrations is crucial for brain development, 
as it ensures a shift from the initial excitatory action of the neurotransmitter GABA in 
immature neurons to the inhibitory GABA signaling in the adult brain. Despite the 
significance of chloride maturation, it has been difficult to study this phenomenon 
in experiments. Recent development of chloride sensors enable direct imaging of 
intracellular chloride signaling in neurons. Here we assessed the applicability of 
the SuperClomeleon chloride sensor to measure physiologically relevant changes 
in chloride levels using two-photon microscopy in cultured and acute brain slices. 
Although we also point out some limitations, we conclude that the SuperClomeleon 
sensor is a powerful tool to measure physiological changes in intracellular chloride.
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3.3 Introduction

During normal neuronal development, γ-aminobutyric acid (GABA) responses through 
ionotropic GABAA receptors shift from depolarizing to hyperpolarizing as a result of 
the developmental decrease in intracellular chloride concentration. In the immature 
brain, the intracellular chloride concentration is high and activation of GABAA receptors 
results in an outflow of chloride leading to membrane depolarization. During early 
postnatal development, intracellular chloride levels gradually decrease. As a result, 
activation of GABAA receptors in mature neurons leads to the influx of chloride and 
GABAergic signaling induces membrane hyperpolarization (Rivera et al., 1999; Ben-
Ari et al., 2007; Kaila et al., 2014). This shift in GABA signaling plays a pivotal role in 
postnatal neuronal development and its timing affects brain function throughout life 
(Sernagor et al., 2010; Kaila et al., 2014; Lohmann and Kessels, 2014; Peerboom and 
Wierenga, 2021).

In rodents the GABA shift occurs normally between postnatal day (P)10 and 14 
depending on brain region and cell type (Rivera et al., 1999; Stein et al., 2004; Ben-Ari 
et al., 2007; Romo-Parra et al., 2008; Glykys et al., 2009; Kirmse et al., 2015; Sulis Sato et 
al., 2017). For example, intracellular chloride levels in the visual cortex mature several 
days earlier compared to the hippocampus (Murata and Colonnese, 2020), while in 
the prefrontal cortex the GABA shift occurs even later (Amadeo et al., 2018; Karst et al., 
2019). In addition, GABAergic maturation has been shown to be strongly influenced 
by experiences during early life. For instance, prenatal maternal restraint stress as well 
as repeated separations of newborn pups from their mother induced a delay in the 
GABA shift in hippocampal pyramidal cells in young mice (Veerawatananan et al., 2016; 
Furukawa et al., 2017; Hu et al., 2017b). Early life stress (ELS) has life-long consequences 
on neurophysiology and behavior in both humans and rodents and poses an increased 
risk for psychopathology later in life (Teicher et al., 2016; Joëls et al., 2018). The medial 
prefrontal cortex (mPFC) is known to be very sensitive to stress early in life, with life-
long consequences for anxiety and stress responses (Ishikawa et al., 2015; Karst et al., 
2020). The mPFC functions as a central coordinator of stress responses across brain 
regions as well as the periphery (McKlveen et al., 2015). However, it is currently unclear 
how GABA signaling in the mPFC is affected by ELS.

In most studies intracellular chloride concentrations in neurons are determined using 
perforated patch clamp recordings. With this technique antibiotics (e.g. gramicidin 
or amphotericin B) are included in the pipette to form small pores in the membrane 
which leaves intracellular chloride concentration intact. However, perforated patch 
clamp recordings are time intensive and it is difficult to perform long recordings, 
as access is not stable (Arosio et al., 2010). In addition, large individual differences 
can exist between neurons and many individual recordings may be required to get 
a good population estimate (Tyzio et al., 2007; Sulis Sato et al., 2017). As a promising 
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alternative, biosensors are being developed which allow for the real time measurement 
of intracellular chloride levels in a noninvasive manner (Arosio et al., 2010). The 
SuperClomeleon (SClm) sensor (Grimley et al., 2013) is a second generation chloride 
sensor with chloride sensitivity in the physiological range. The SClm sensor consists of 
two fluorescent proteins, Cerulean (CFP mutant) and Topaz (YFP mutant), joined by a 
flexible linker. Depending on the binding of chloride, Fluorescence Resonance Energy 
Transfer (FRET) occurs from the CFP donor to the YFP acceptor (Grimley et al., 2013). 
FRET ratios (fluorescence intensity of YFP/CFP) are independent of expression level 
and imaging settings, which is a major advantage when imaging in intact brain tissue. 
The SClm sensor has successfully been used to determine the steady-state intracellular 
chloride concentration in adult mice in vivo (Boffi et al., 2018) and to demonstrate the 
existence of cytoplasmic chloride microdomains in neurons (Rahmati et al., 2021), but 
it has not been used to examine chloride maturation during neuronal development.

Here, we used the SClm sensor to detect changes in chloride during early postnatal 
development in organotypic hippocampal cultures of mice and in acute slices of the 
prefrontal cortex from young control mice and mice who experienced ELS.

3.4 Methods

Animals
SuperClomeleonlox/- mice (Rahmati et al., 2021) (a gift from Kevin Staley, Massachusetts 
General Hospital, Boston, MA) were crossed with CamKIIαCre/- mice (Tsien et al., 1996; 
Casanova et al., 2001) (a gift from Stefan Berger, German Cancer Research Center, 
Heidelberg, Germany) and will hereafter be referred to as SClm mice. Animals were 
housed at reversed day-night cycle with a room temperature of 22 ± 2 ˚C and humidity 
of approximately 65%. Food (standard chow) and water were provided ad libitum. We 
noticed that SClm mice had poor breeding performance compared to other strains 
kept in the same facility. On postnatal day (P) 2 the litter was randomly assigned 
to either the control condition (standard housing) or the ELS condition. In the ELS 
condition a limited amount of nesting and bedding material was made available 
between P2 and P9 (Rice et al., 2008; Naninck et al., 2015; Karst et al., 2020). All animal 
experiments were performed in compliance with the guidelines for the welfare of 
experimental animals and were approved by the local authorities.

Organotypic culture preparation
Postnatal developmental changes in intracellular chloride concentration ([Cl-]i) were 
imaged in organotypic hippocampal cultures made from P6 control SClm mice of both 
sexes. For the chloride calibration and wash-in experiments, organotypic hippocampal 
cultures were made from P6 WT C57BL/6 mice and SClm expression was achieved by 
viral injection. Slice cultures were prepared using a method based on Stoppini et al. 
(1991). After decapitation the brain was rapidly removed and placed in ice-cold Gey’s 
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Balanced Salt Solution (GBSS; containing (in mM): 137 NaCl, 5 KCl, 1.5 CaCl2, 1 MgCl2, 
0.3 MgSO4, 0.2 KH2PO4 and 0.85 Na2HPO4) with 25 mM glucose, 12.5 mM HEPES and 
1 mM kynurenic acid. Transverse hippocampal slices of 400 μm thick were cut with 
a McIlwain tissue chopper (Brinkmann Instruments). Slices were placed on Millicell 
membrane inserts (Millipore) in wells containing 1 mL culture medium (consisting of 
48% MEM, 25% HBSS, 25% horse serum, 25 mM glucose, and 12.5 mM HEPES, with 
an osmolarity of 325 mOsm and a pH of 7.3 – 7.4). Slices were stored in an incubator 
(35°C with 5% CO2) and medium was replaced three times a week. Experiments were 
performed after 1 to 22 days in vitro (DIV).

Viral expression
An adeno-associated virus (AAV) with Cre-independent expression of SClm under 
the control of the Synapsin promotor (AAV9.hSyn.sCLM; a gift from Kevin Staley, 
Massachusetts General Hospital, Boston, MA) was injected in the CA1 area of WT 
cultured hippocampal slices on DIV1. Slices were imaged on DIV9-16. Compared to 
slices from SClm mice, viral expression of the SClm sensor resulted in larger variability 
in neuronal FRET (YFP/CFP) ratios, probably due to variability in slice quality and viral 
expression levels. We optimized the viral concentration to get comparable levels of 
YFP and CFP fluorescent intensity as observed in the mouse line.

Acute slice preparation
Young SClm mice were decapitated at P9, followed by quick removal of the brain. For 
this study we used only male mice to allow direct comparison with our earlier study 
in C57/BL6 mice (Karst et al., 2019). Mice were always decapitated in the morning to 
eliminate influences of fluctuating corticosterone (CORT) levels during the day, due 
to the reversed day-night cycle this means that CORT levels are high at that time. The 
brain was stored in ice cold artificial cerebrospinal fluid (ACSF, containing (in mM): 
120 choline chloride, 3.5 KCl, 0.5 CaCl2, 6 MgSO4, 1.25 NaH2PO4, 25 D-glucose and 25 
NaHCO3). Coronal slices of 350 μm thickness were made with a vibratome (Leica VT 
1000S). After placing them in ACSF (consisting of (in mM): 120 NaCl, 3.5 KCl, 1.3 MgSO4, 
1.25 NaH2PO4, 2.5 CaCl2, 25 D-glucose and 25 NaHCO3) slices were heat shocked at 32˚C 
for 20 min. Slices were then kept at room temperature and after recovery for at least 
1 h, transported individually in Eppendorf tubes filled with ACSF to the microscope 
room in another building with a transportation time of 10 minutes.

Two-photon imaging
Slices were transferred to the microscope chamber. The bath was continuously 
perfused with carbonated (95% O2, 5% CO2) ACSF (in mM: 126 NaCl, 3 KCl, 2.5 CaCl2, 
1.3 MgCl2, 26 NaHCO3, 1.25 NaH2PO4, 20 D-glucose and 1 Trolox, with an osmolarity 
of 310 ± 10 mOsm/L) at a rate of approximately 1 mL/min. Bath temperature was 
monitored and maintained at 30–32 °C throughout the experiment. Two-photon 
imaging of pyramidal neurons in layer 2/3 of the mPFC or pyramidal neurons in the 
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CA1 area of the hippocampus was performed on a customized two-photon laser 
scanning microscope (Femto3D-RC, Femtonics, Budapest, Hungary). To excite the 
CFP donor, a Ti-Sapphire femtosecond pulsed laser (MaiTai HP, Spectra-Physics) was 
tuned to 840 nm. The emission signal was split using a dichroic beam splitter at 505 
nm and detected using two GaAsP photomultiplier tubes. We collected fluorescence 
emission of Cerulean/CFP (485 ± 15 nm) and Topaz/YFP (535 ± 15 nm) in parallel. A 60x 
water immersion objective (Nikon NIR Apochromat; NA 1.0) was used to locate the cell 
layer. Of each slice, 2-4 image z-stacks in different field of views (FOVs) were acquired 
at a resolution of 8.1 pixels/μm (1024x1024 pixels, 126x126 μm) with 1 μm steps of 
approximately 40-85 µm in depth. To monitor acute changes in [Cl-]i we bath applied 
GABAA receptor agonist muscimol (Tocris, 10 µM) and imaged at lower resolution 
(every 2 minutes at a resolution of 4.1 pixels/μm (512x512 pixels, 126x126 μm) with 1 
μm steps of 30-50 µm in depth).

Imaging data analysis
Image analysis was performed using Fiji/ImageJ software and results were analyzed 
in Prism 9 (GraphPad). We manually determined regions of interest (ROIs) around 
individual neuron somata. To analyze a representative cell population, in each image 
z-stack we selected four z-planes at comparable depths in which three cells were 
identified that varied in brightness (bright, middle and dark). We subtracted the mean 
fluorescence intensity of the background in the same image plane from the mean 
fluorescence intensity of CFP and YFP before calculating the fluorescence ratio. We 
limited our analysis to cells which were located within 450 pixels from the center of 
the image, as FRET ratios showed slight aberrations at the edge of our images. We 
excluded cells with a FRET ratio < 0.5 or > 1.6, to avoid the selection of unhealthy cells 
(59 of 1893 cells; 3.1%). We verified that inclusion of these cells did not change our 
conclusions. We confirmed that the FRET ratios of individual cells were uncorrelated 
with their fluorescence intensities (data not shown).
FRET-colored images (as shown in Fig. 1C, 2D, 3A and 4A) were made in ImageJ. We 
first subtracted the average background and Gaussian filtered the CFP and YFP image 
z-stacks separately. Next, the acceptor (YFP) image was divided by the donor (CFP) 
image to get the ratiometric image. A mask was created by manually drawing ROIs for 
each soma in the image. An average projection of the radiometric image was made of 
a specific z range and multiplied by the mask. Finally, the masked ratiometric image 
was combined with the grayscale image. Please note that these images were made 
for illustration purposes only, analysis was done on the raw data.

SClm sensor calibration
Calibrations for chloride were performed as described before (Grimley et al., 2013; 
Boffi et al., 2018; Rahmati et al., 2021). As SClm mice were no longer available we used 
organotypic hippocampal cultures from WT mice expressing the SClm sensor. Cultured 
slices were treated with ionophores (100 µM nigericin and 50 µM tributyltin acetate, 
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Merck) to clamp [Cl-]i and intracellular pH to extracellular levels. Saline containing 
various [Cl-]i were perfused at approximately 1 mL/min. High chloride solution 
consisted of (in mM): 105 KCl, 48 NaCl, 10 HEPES, 20 D-glucose, 2 Na-EGTA, and 4 
MgCl2, whereas the solution without chloride contained (in mM): 105 K-gluconate, 
48 Na-gluconate, 10 HEPES, 20 D-glucose, 2 Na-EGTA and 4 Mg(gluconate)2. The 
high extracellular K+ concentrations are necessary for proper functioning of nigericin 
(Pressman and Fahim, 1982). Intermediate [Cl-]i solutions (0, 5, 10, 50 and 100 mM) 
were prepared by mixing the two solutions. To maximally quench the SClm sensor we 
used a KF solution containing (in mM): 105 KF, 48 NaF, 10 HEPES, 20 D-glucose, 2 Na-
EGTA and 4 Mg(gluconate)2. All calibration solutions were adjusted to pH 7.4. The first 
calibration solution with ionophores was washed in for 20 minutes and subsequent 
calibration solutions with ionophores were washed in for 15 minutes. Image z-stacks 
were acquired every 3 minutes at a resolution of 4.1 pixels/μm (512x512 pixels, 126x126 
μm) with 1 μm steps of 30-50 µm in depth. FRET ratios reached a plateau after 10 
minutes of wash in, which we assumed reflected equal intracellular and extracellular 
chloride concentrations. We constructed the calibration curve by plotting measured 
FRET ratios against extracellular chloride concentrations.
However, we noticed that FRET ratios differed widely between experiments, especially 
at intermediate chloride levels (5-10 mM). As this severely impaired robustness of 
the calibration in the most relevant chloride range, we resorted to perforated patch 
clamp measurements to calibrate the SClm sensor within the physiological range. 
We performed perforated patch clamp recordings in organotypic hippocampal 
cultures to determine [Cl-]i in CA1 pyramidal cells at DIV1-3, DIV8-10 and DIV20-22 
(described below). We plotted the average [Cl-]i values against the average FRET ratios 
measured in cells at the same DIVs and added these data to the calibration data from 
the ionophores. We fitted this composite calibration curve (Fig. 1D) with the following 
relation between FRET ratios and [Cl-]i (Grimley et al., 2013; Boffi et al., 2018; Rahmati 
et al., 2021):

(1)

(in which  is the YFP/CFP emission ratio), to obtain the dissociation constant  
and the minimum and maximum FRET ratio  and  for our measurements.

Electrophysiology
Whole-cell patch clamp recordings were made of pyramidal neurons in the 
hippocampal CA1 or mPFC of acute slices from SClm mice. Recording pipettes 
(resistance of 4-6 MΩ) were pulled from thick-walled borosilicate glass capillaries 
(World Precision Instruments) and filled with high chloride internal solution (in mM: 
70 K-gluconate, 70 KCl, 0.5 EGTA, 10 HEPES, 4 MgATP, 0.4 NaGTP, 4 Na2-Phosphocreatine 
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with pH 7.3 and osmolarity 295 mOsm/L). Cells were kept at a holding potential of -60 
mV in voltage clamp throughout the experiment.
Perforated patch clamp recordings were made from CA1 pyramidal neurons in cultured 
hippocampal slices from WT mice at 30-32 °C. Recording pipettes (resistance of 2-4 
MΩ) were pulled from thick-walled borosilicate glass capillaries (World Precision 
Instruments). The pipette tip was filled with gramicidin-free KCl solution (140 mM KCl 
and 10 mM HEPES, pH 7.2, and osmolarity 285 mOsm/L) and then backfilled with the 
KCl solution containing gramicidin (60 µg/ml, Sigma). CA1 neurons were clamped at 
-65 mV and the access resistance of the perforated cells was monitored constantly 
before and during recordings. An access resistance of 50 MΩ was considered 
acceptable to start recording. GABAergic currents were evoked by puffs of 50 μM 
muscimol (Tocris) dissolved in HEPES-buffered ACSF (in mM: 135 NaCl, 3 KCl, 2.5 CaCl2, 
1.3 MgCl2, 1.25 Na2H2PO4, 20 Glucose, and 10 HEPES) in the presence of 1 μM TTX 
(Abcam). To determine the reversal potential of chloride, GABAergic currents were 
recorded at a holding potentials between -100 mV and -30 mV in 10 mV steps, upon 
local somatic application of the GABAA receptor agonist muscimol (50 μM) dissolved 
in HEPES-buffered ACSF every 30s using a Picospritzer II. The GABA reversal potential 
was determined from the intersection of the current–voltage curve with the x-axis. We 
assumed that the chloride reversal potential  equals the GABA reversal potential 
and used the Nernst equation to determine neuronal chloride concentrations:

    
(2)

(with  = 136.6 mM in ACSF) to convert the measured reversal potentials to 
estimated [Cl-]i. We are aware that GABAA channels are also permeable for HCO3

- ions 
(Bormann et al., 1987; Kaila et al., 1993; Kaila, 1994). By assuming that  equals the 
GABA reversal potential, we will slightly overestimate [Cl-]i.

Statistical analysis
Statistical analysis was performed with Prism 9 (GraphPad). Normality was tested 
using Shapiro-Wilk tests. For unpaired samples statistical significance was evaluated 
using the unpaired Student’s t test (T test) for normally distributed data points, or 
the non-parametric Mann-Whitney (MW) test otherwise. A one-way ANOVA (or the 
Kruskal-Wallis (KW) test for non-normal distributions) was used when more than two 
groups were compared. Cumulative distributions were tested with the Kolmogorov-
Smirnov (KS) test. Simple linear regression analysis was used to test if FRET ratios were 
influenced by the depth of the soma in the slice. P < 0.05 was considered significant. 
All data is presented as mean ± SEM.
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3.5 Results

Two-photon imaging of [Cl-]i

To quantify the neuronal chloride concentration, SClm expression was targeted to 
pyramidal neurons by crossing SuperClomeleonlox/- mice (Rahmati et al., 2021) with 
transgenic mice in which Cre recombinase expression was driven by the calcium/
calmodulin-dependent protein kinase II alpha (CamKIIα) promoter (Tsien et al., 1996; 
Casanova et al., 2001). CaMKIIα is mostly expressed by excitatory neurons (Sík et al., 
1998) and by some glia cells (Pylayeva-Gupta, 2011). In our slices from young mice, 
we observed many pyramidal neurons in the hippocampus and prefrontal cortex 
expressing the SClm sensor (Fig 1A). It is expected that ~35% of the neurons in the 
adult cortex and ~70% of the neurons in the adult hippocampus express CamKIIα 
(Wang et al., 2013). In our slices, the fraction of SClm cells is expected to be slightly 
lower, because CamKIIα expression still increases between P3 and P15 (Casanova et 
al., 2001).

The optogenetic SClm sensor consists of two fluorescent proteins, Cerulean (CFP 
mutant) and Topaz (YFP mutant), joined by a flexible linker (Fig. 1B). Binding of chloride 
to YFP reduces the FRET from the donor CFP to the YFP acceptor (Grimley et al., 2013; 
Arosio and Ratto, 2014). We used two-photon fluorescence microscopy to measure 
the 530 nm/480 nm (YFP/CFP) emission ratio (hereafter: FRET ratio) of individual cells. 
We calibrated measured FRET ratios against different [Cl-]i using a combination of 
perforated patch recordings and ionophore treatment (Fig. 1C,D; see methods for 
details). Fitting this curve with equation (1) yielded a Kd value of 24.6 mM (Fig. 1D), 
which is in good agreement with previous reports (Grimley et al., 2013; Rahmati et 
al., 2021). The range of values for Rmax measured in different calibration experiments 
was between 1.30 and 1.82. Rmin ranged between 0.38 and 0.48. We used this fit to 
convert measured FRET ratios into [Cl-]i, for all our experiments, but we are aware that 
these should be considered reasonable estimates of the actual intracellular chloride 
levels at best.
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Figure 1. Two-photon imaging of [Cl-]i in brain slices.
A) Example image of CFP (480 nm) and YFP (530 nm) fluorescence in an organotypic
hippocampal culture from a SClm mouse. Scale bar: 20 µm.
B) Illustration of Fluorescence Resonance Energy Transfer (FRET) from CFP donor to YFP acceptor 
of the SClm sensor. FRET values (YFP/CFP fluorescence ratio) decrease with higher chloride 
concentrations.
C) Two-photon imaging of chloride-dependent changes in the FRET ratio (530/480 nm emission) 
in a WT organotypic hippocampal culture with AAV SClm expression. [Cl-]i was clamped to the 
indicated external chloride concentration via ionophore treatment. Individual cells are color-
coded to their FRET ratios. Scale bar: 20 µm.
D) Calibration curve constructed from ionophore experiments (black/grey symbols) and 
perforated patch (red symbols) data. Data is presented as mean ± SEM. These data was fit by 
equation (2), yielding the following fit parameters: Kd = 24.6 mM, Rmax = 1.51, Rmin = 0.12 
(red curve; see methods for details). This calibration curve was used to convert FRET ratios into 
estimated chloride levels in the rest of this study.
We also show the individual data points representing individual ionophore experiments 
(average over 12 cells per experiment). At 5 and 10 mM extracellular chloride FRET values were 
highly variable (open symbols). As described in the methods, we excluded these data points 
from our analysis and resorted to perforated patch recordings (red symbols) for this chloride 
range. The grey dotted line shows the alternative calibration curve when all ionophore data 
are included (fit parameters Kd = 8.4; Rmax = 1.35; Rmin = 0.32; without perforated patch data). 
Electrophysiology data from 11 cells (DIV1-3), 9 cells (DIV8-10) and 13 cells (DIV20-22); SClm 
data from 8 slices.
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Acute manipulation of [Cl-]i in brain slices
To assess the responsiveness of the SClm sensor to changes in intracellular chloride, we 
patched a pyramidal neuron in an acute hippocampal slice with a high concentration of 
chloride in the patch pipette, while monitoring changes in SClm FRET ratios. The FRET 
ratio in the patched cell changed immediately after break-in due to the rapid influx 
of chloride (Fig 2A,B). This decrease in FRET ratio was not observed in neighboring 
cells in the same field of view (Fig 2C). In a separate set of experiments, we monitored 
changes in FRET ratios during wash-in of muscimol, a specific GABAA receptor agonist. 
As GABAA receptors are chloride channels, activation of GABAA receptors will induce 
influx of chloride ions, and therefore result in an increase in [Cl-]i. We observed a rapid 
20% decrease in FRET ratio (indicating a 5-10 mM change in [Cl-]i) upon administration 
of muscimol, caused by the cellular influx of chloride (Fig 2D,E). These experiments 
demonstrate that the SClm sensor reliably reports rapid changes in neuronal [Cl-]i 
within the physiological range.

Figure 2. Monitoring acute changes in [Cl-]i with SClm.
A) Two-photon image of CA1 pyramidal neurons in the hippocampus of an acute slice from a 
SClm mouse. A patch pipette (in white) is attached to cell #1 for a whole-cell recording. Two 
control cells are indicated with #2 and #3. Scale bar: 20 µm.
B) Time course of CFP (upper row) and YFP (lower row) fluorescence right before and during 
the first minutes after break-in. After break-in (0’; gray) cell #1 rapidly fills with the high chloride 
internal solution (70 mM KCl) resulting in a decrease in YFP fluorescence. Scale bar: 20 µm.
C) FRET ratio over time for cells that were infused with 70 mM KCl and neighboring controls. 
D) Acute wash-in with muscimol in cultured slices with viral SClm expression, caused a decrease 
in FRET ratio in CA1 pyramidal neurons within 10 minutes. Scale bar: 20 µm.
E) Average FRET ratios over time during wash-in of muscimol (grey area) and control. Data from 
84 cells, 7 slices, 4 mice in both groups.
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Development of neuronal [Cl-]i levels in organotypic cultures
Next, we imaged neuronal [Cl-]i levels in cultured hippocampal slices at different 
developmental stages. FRET ratios were determined at DIV2-3, DIV8-10 and DIV20-21 
(Fig 3A). We observed a clear increase in FRET ratios, corresponding with a decrease 
in [Cl-]i, between DIV2-3 and DIV8-10 (Fig 3B,C). Although the average FRET ratio 
was very similar at DIV20-21 and DIV 8-10, the fraction of cells with high FRET ratios 
appeared larger at DIV20-21(Fig 3D),suggesting that chloride levels in some neurons 
were still decreasing at this age. FRET ratios were not dependent on the depth of the 
somata in the slice (Fig 3E-G). This indicates that cell-to-cell differences were not due 
to their location in the slice and we also confirmed that FRET values are independent of 
fluorescence intensity (data not shown). Our results show that the GABA shift continues 
in organotypic hippocampal cultures during the first two weeks in vitro.
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Figure 3. Developmental decrease in [Cl-]i continues in organotypic cultures.
A) Example of an organotypic hippocampal culture from a SClm mouse at DIV8. Scale bar: 500 
µm. In the zoom an example of the FRET ratios determined in the CA1 area. Scale bar: 20 µm.
B) Average FRET ratios of CA1 pyramidal cells at DIV2-3 (n = 10 slices of 6 mice), DIV8-10 (n = 14 
slices of 8 mice) and DIV21-22 (n = 14 slices of 8 mice). There was a significant increase in FRET 
ratio over time (p = 0.033 DIV2-3 vs DIV8-10; p = 0.008 DIV2-3 vs DIV21-22; p > 0.99 DIV8-10 vs 
DIV21-22; KW test).
C) Average estimated [Cl-]i as calculated from the FRET ratios in B. There was a significant 
decrease in [Cl-]i over time (p = 0.006 DIV2-3 vs DIV8-10; p =0.003 DIV2-3 vs DIV21-22; p = 0.93 
DIV8-10 vs DIV21-22; one-way ANOVA).
D) Cumulative distribution of FRET ratios for individual cells at the 3 time points. For each slice 
15 cells were randomly selected, making the total of number of plotted cells per condition at 
least 150 (p < 0.001 DIV2-3 vs. DIV8-10 and vs. DIV21-22; p = 0.053 DIV8-10 vs. DIV21-22; KS test).
E) Individual FRET ratios plotted against soma depth in slices at DIV2-3 (n = 186 neurons). Line 
represents linear regression fit (r = 0.004; p = 0.41).
F) Same as E at DIV8-10 (n = 299 neurons). Line represents linear regression fit (r = 0.002; 
p = 0.48).
G) Same as E at DIV21-22 (n = 314 neurons). Line represents linear regression fit (r = 0.001; 
p = 0.50).
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Early life stress elevates neuronal [Cl-]i at P9
We then used the SClm sensor to detect changes in intracellular chloride levels 
over development in the prefrontal cortex in young mice after ELS. To induce ELS in 
young mice, we provided a limited amount of nesting and bedding material to the 
mothers between P2 and P9, resulting in fragmented and unpredictable maternal 
care (Rice et al., 2008; Naninck et al., 2015; Karst et al., 2020). To examine if this early 
life experience affected chloride maturation in the young pups, we measured FRET 
ratios in layer 2/3 neurons in acute slices from the mPFC from control and ELS male 
mice at P9, immediately after the stress period (Fig 4A). In total, 443 and 470 neurons 
were included in the analysis obtained from 7 control and 7 ELS mice, respectively. 
As expected, average [Cl-]i levels were higher in mPFC compared to hippocampal 
pyramidal cells at comparable age (~17.3 mM in P9 mPFC slices (Fig. 4C) to ~11.5 
mM in DIV2-3 cultured hippocampal slices (Fig. 3C)). This likely reflects the delayed 
maturation of the PFC compared to the hippocampus (Amadeo et al., 2018; Karst et 
al., 2019). Average FRET ratios in layer 2/3 pyramidal cells in slices from SClm mice 
that experienced ELS were slightly lower compared to control, but this difference was 
not significant when comparing average FRET ratios per mouse (Fig 4B,C). However, 
when we analyzed the distribution of FRET ratios in individual cells, we observed a 
significant shift towards more cells with a lower FRET ratio in the ELS condition (Fig 
4D). A small dependence of FRET ratio on soma depth was found for both conditions 
in acute prefrontal slices (Fig 4E,F). As this was different from our observations in slice 
cultures (Fig. 3E-G), we suspect it may reflect surface damage from slicing. Together 
our results show that ELS leads to an increase in neurons with high, immature chloride 
levels at P9 compared to control mice.
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Figure 4. Higher [Cl-]i in L2/3 cells of the mPFC from mice that experienced early life stress.
A) Two-photon image of layer 2/3 neurons of the medial PFC of an acute slice of a P9 SClm 
mouse. Shown is the CFP and YFP fluorescence, and the corresponding FRET ratios. Individual 
cells are color-coded to their FRET ratios. Scale bar: 20 µm.
B) Average FRET ratios from control mice and from mice after ELS. Data from 7 mice in both 
groups (p = 0.55, T test). The average FRET ratios were significantly lower in the ELS condition 
when analyzed per slice (p<0.01, T test) or per cell ( p<0.0001, MW test) (data not shown).
C) Average estimated [Cl-]i as calculated from the FRET ratios in B (p = 0.07, MW test).
D) Cumulative distribution of individual FRET ratios in slices from control and ELS mice. For 
each mouse 50 cells were randomly selected, making a total of 350 plotted cells per condition 
(p < 0.001; KS test).
E) Individual FRET ratios plotted against soma depth in slices from control mice (n = 443
neurons). Line represents linear regression fit (r = 0.035; p < 0.0001).
F) Same as E for slices from mice after ELS (n = 470 neurons). Line represents linear
regression fit (r = 0.058; p < 0.0001).
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3.6 Discussion

In this study we performed two-photon chloride imaging using the SClm sensor to 
determine the time course of chloride maturation in cultured hippocampal slices and 
to examine alterations of the chloride development in the mPFC by ELS. Previous non-
ratiometric chemical indicators, including 6-methoxy-N-(3-sulfopropyl)quinolinium 
(SPQ) and N-(ethoxycarbonylmethyl)-6methoxyquinolinium bromide (MQAE) (Illsley 
and Verkman, 1987; Verkman et al., 1989), have the disadvantage that their fluorescence 
depends not only on [Cl-]i, but also on the dye concentration and optical thickness at 
each location, e.g. depth in the slice or in the brain. Therefore SPQ and MQAE allow for 
the assessment of acute changes in [Cl-]i within the same neurons (Arosio and Ratto, 
2014; Zajac et al., 2020), but cannot be used to study developmental changes which 
requires comparisons between animals and between slices. The SClm sensor has an 
improved affinity for chloride compared to its processor Clomeleon (Berglund et al., 
2006), resulting in a more than fourfold improvement in signal to noise over Clomeleon 
(Grimley et al., 2013). Two-photon chloride imaging poses major advantages over 
perforated patch clamp recordings. Most importantly, chloride imaging allows for 
assessing of [Cl-]i over time in multiple neurons simultaneously in a non-invasive 
manner. One important limitation of the SClm sensor is its sensitivity to intracellular 
pH (pHi) (Lodovichi et al., 2022). However, we do not expect large changes in pHi in our 
in vitro experiments, and pHi remains fairly constant during postnatal development 
(Sulis Sato et al., 2017). Using SClm, we could directly measure changes in [Cl-]i when 
we loaded 70 mM chloride into a neuron via the patch pipette and after addition of 
a GABAA receptor agonist. This demonstrates that the SClm sensor reliably reports 
changes in intracellular chloride within the physiological range. Furthermore, we could 
detect subtle changes in the distribution of individual [Cl-]i levels within the pyramidal 
cell population during normal and disturbed postnatal development. Subtle changes 
at the population level are physiologically relevant and would have been hard to pick 
up otherwise.

Although the advantages of direct chloride imaging using the SClm sensor are 
numerous, we found that the conversion of FRET ratios to absolute values of 
intracellular chloride concentrations was not very robust. In our hands, calibration 
using ionophores and varying extracellular chloride concentrations gave variable 
results. Variable FRET ratios, especially in the physiological range (5-10 mM), hampered 
reliable calibration to [Cl-]i. Compared to our cultured slices, cultured primary neurons 
are better accessible for ionophores. Cultured neurons are therefore expected to 
respond more consistently to changes in extracellular chloride levels during ionophore 
calibration (Grimley et al., 2013; Boffi et al., 2018), and this method is more unpredictable 
in cultured slices. In addition, strong regulation of intracellular chloride levels (Kaila et 
al., 2014; Rahmati et al., 2021) and variable resilience of neurons to the harsh calibration 
conditions may have hampered the calibration procedure in our slices. We therefore 
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resorted to using perforated patch clamp and inferred chloride concentrations from 
the reversal potential of GABAA currents. Although our calibration curve was in good 
agreement with previous reports (Grimley et al., 2013; Rahmati et al., 2021), we noticed 
that small alterations in the fit strongly affect chloride level estimates. We therefore 
conclude that the SClm sensor is an excellent tool to measure relative changes in 
[Cl-]i which are physiological relevant, but that conversion to absolute chloride 
concentrations should be interpreted with care. In our view, this disadvantage does 
not outweigh the significant benefits of using the SClm sensor to detect changes in 
neuronal chloride levels over time and between conditions. In recent years, genetically 
encoded fluorescent sensors have been developed which enable imaging of different 
molecules. Live imaging studies using these sensors, most prominently of intracellular 
calcium, have made great contributions to our understanding of intra- and intercellular 
signaling (Day-Cooney et al., 2022; Dong et al., 2022), despite the fact that calibration 
of most of these sensors to absolute concentrations remains notoriously difficult. We 
hope that current and future chloride sensors (Zajac et al., 2020; Lodovichi et al., 2022) 
will make a similar impact on our understanding of chloride homeostasis.

Using the SClm sensor, we have monitored the developmental decrease in neuronal 
chloride levels in organotypic hippocampal cultures from SClm mice. The SClm sensor 
proved much more sensitive than its precursor Clomeleon, which was previously used 
to determine chloride maturation in cultured neurons and in an in vitro epilepsy model 
(Kuner and Augustine, 2000; Dzhala and Staley, 2021). With the SClm sensor we could 
discern that neuronal chloride levels in our cultured slices show a clear reduction 
between DIV3 and DIV9 (equivalent to the second postnatal week in vivo), and that in 
some pyramidal cells chloride levels continue to decrease until DIV22. The large cell-
to-cell differences that we observe have been previously reported (Stein et al., 2004; 
Yamada et al., 2004; Dzhala et al., 2012; Kirmse et al., 2015; Sulis Sato et al., 2017). The 
estimated [Cl-]i values in our developing cultured slices are in good agreement with 
previous estimates in cultured hippocampal neurons (Kuner and Augustine, 2000; 
Tyzio et al., 2007), and acute hippocampal slices (Staley and Proctor, 1999; Tyzio et al., 
2007). A recent study using LSSmClopHensor chloride sensor in the visual cortex in vivo 
(Sulis Sato et al., 2017) also showed a rapid reduction in [Cl-]I during the first postnatal 
week, followed by a slow further decrease to mature levels.

Brain development is strongly influenced by external factors and early life experiences 
(Hensch, 2004; Miguel et al., 2019). Here we used ELS, an established model to interfere 
with early brain development with long-lasting consequences for psychopathological 
risks later in life (Teicher et al., 2016; Joëls et al., 2018; Bachiller et al., 2022; Catale et al., 
2022). We used SClm to detect possible alterations in chloride maturation in the mPFC. 
We observed that ELS results in a shift towards higher (i.e. immature) chloride levels 
in individual layer 2/3 cells in the mPFC. This suggests that ELS delays the GABA shift 
in SClm mice, but we did not examine chloride levels at older ages. Our results are in 
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line with previous reports showing a delayed GABA shift in hippocampal neurons after 
prenatal maternal restraint stress and when newborn pups were repeatedly separated 
from their mother (Veerawatananan et al., 2016; Furukawa et al., 2017; Hu et al., 2017b). 
However, the effect on the GABA shift can be very sensitive to the type and timing 
of stress, and a different maternal separation paradigm results in an advance of the 
hippocampal GABA shift (Galanopoulou, 2008). Using the same ELS paradigm in C57/
BL6 mice, we previously reported accelerated maturation of synaptic currents in layer 
2/3 mPFC pyramidal cells (Karst et al., 2020), and decreased [Cl-]i levels in young pups 
after ELS (Karst et al., 2019). Although we used the same stress paradigm and mice were 
housed in the same facility, the effect of ELS on [Cl-]i was remarkably different between 
the SClm and WT mice. Chloride homeostasis is highly regulated and affected by many 
intracellular factors including the chloride buffering capacity (Rahmati et al., 2021), and 
we cannot exclude that the permanent presence of a chloride sensor induces subtle 
changes in the regulation of chloride homeostasis in neurons in SClm mice. However, 
the [Cl-]i we report here in SClm (unstressed) controls (17.3 mM) was comparable to 
the chloride concentration that was previously measured by perforated patch in WT 
C57/BL6 control mice (18.8 mM) (Henk Karst, unpublished observations), suggesting 
that the difference cannot be explained by a difference in baseline chloride levels. 
The response to stress can differ substantially between mouse strains and C57BL/6 
mice appear more resilient to stress in comparison to other strains (Murthy and Gould, 
2018). Unfortunately, we did not directly compare the two mouse lines. A difference 
in ELS response may indicate a difference in genetic predisposition with possible 
consequences for stress responses and stress-related behavior (McIlwrick et al., 2016; 
Teicher et al., 2016; Joëls et al., 2018). The poor breeding performance of SClm mice 
may also reflect differences in stress response compared to C57BL/6 mice. Our results 
underscore that the developmental chloride trajectory appears incredibly sensitive to 
environmental factors and may differ between mouse lines. We advise to take these 
differences into account in behavioral experiments.

Our data demonstrate that the high sensitivity of the SClm sensor at relevant chloride 
concentrations allows detecting physiological alterations in neuronal chloride levels 
during normal and altered postnatal development. Although we also found some 
limitations, our study underscores that two-photon chloride imaging is a powerful 
technique to further illuminate the role of chloride signaling in the brain.
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4.1 Abstract

During the first two postnatal weeks intraneuronal chloride concentrations in 
rodents gradually decrease, causing a shift from depolarizing to hyperpolarizing 
γ-aminobutyric acid (GABA) responses. The postnatal GABA shift is delayed in rodent 
models for neurodevelopmental disorders and in human patients, but the impact 
of a delayed GABA shift on the developing brain remain obscure. Here we examine 
the direct and indirect consequences of a delayed postnatal GABA shift on network 
development in organotypic hippocampal cultures made from 6 to 7-day old mice 
by treating the cultures for one week with VU0463271, a specific inhibitor of the 
chloride exporter KCC2. We verified that VU treatment delayed the GABA shift and 
kept GABA signaling depolarizing until day in vitro (DIV) 9. We found that the structural 
and functional development of excitatory and inhibitory synapses at DIV9 was not 
affected after VU treatment. In line with previous studies, we observed that GABA 
signaling was already inhibitory in control and VU-treated postnatal slices. Surprisingly, 
fourteen days after the VU treatment had ended (DIV21), we observed an increased 
frequency of spontaneous inhibitory post-synaptic currents in CA1 pyramidal cells, 
while excitatory currents were not changed. Synapse numbers and release probability 
were unaffected. We found that dendrite-targeting interneurons in the stratum 
Radiatum had an elevated resting membrane potential, while pyramidal cells were 
less excitable compared to control slices. Our results show that depolarizing GABA 
signaling does not promote synapse formation after P7, and suggest that postnatal 
intracellular chloride levels indirectly affect membrane properties in a cell-specific 
manner.

4.2 Significance Statement

During brain development the action of neurotransmitter GABA shifts from depolarizing 
to hyperpolarizing. This shift is a thought to play a critical role in synapse formation. 
A delayed shift is common in rodent models for neurodevelopmental disorders and 
in human patients, but its consequences for synaptic development remain obscure. 
Here, we delayed the GABA shift by one week in organotypic hippocampal cultures 
and carefully examined the consequences for circuit development. We find that 
delaying the shift has no direct effects on synaptic development, but instead leads 
to indirect, cell type-specific changes in membrane properties. Our data call for careful 
assessment of alterations in cellular excitability in neurodevelopmental disorders.
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4.3 Introduction

During postnatal development of rodents intracellular chloride concentrations in 
neurons gradually decrease. Since GABAA receptors mainly conduct chloride, the 
developmental decrease in intracellular chloride causes the reversal potential for 
GABA currents to gradually drop below resting membrane potential. As a result, 
the GABAergic driving force shifts from depolarizing in immature neurons to 
hyperpolarizing in mature neurons (Rivera et al., 1999; Hübner et al., 2001; Tyzio et al., 
2007; Romo-Parra et al., 2008; Kirmse et al., 2015; Tsukahara et al., 2015; Sulis Sato et al., 
2017; Murata and Colonnese, 2020). This GABA shift is a key event during development 
and is suggested to play a critical role in the formation and maturation of synapses 
(Leinekugel et al., 1997; Akerman and Cline, 2006; Wang and Kriegstein, 2008, 2011; 
Chancey et al., 2013; van Rheede et al., 2015; Oh et al., 2016).

The shift in postnatal chloride levels is the direct result of an increased function of 
the chloride exporter KCC2 (K-Cl cotransporter 2) relative to the chloride importer 
NKCC1 (Na-K-2Cl cotransporter 1) (Rivera et al., 1999; Gulyás et al., 2001; Yamada et al., 
2004; Dzhala et al., 2005; Otsu et al., 2020). In humans, the shift in chloride transporter 
expression occurs during the first year after birth (Dzhala et al., 2005; Sedmak et al., 
2016), but in some patients with neurodevelopmental disorders (NDDs) chloride 
homeostasis seems impaired and alterations in the expression of both NKCC1 and 
KCC2 have been widely reported (Talos et al., 2012; Duarte et al., 2013; Merner et 
al., 2015a; Ruffolo et al., 2016; Birey et al., 2022). In rodents, the GABA shift occurs 
during the first two postnatal weeks (Rivera et al., 1999; Stein et al., 2004; Tyzio et 
al., 2007; Romo-Parra et al., 2008; Kirmse et al., 2015; Sulis Sato et al., 2017; Murata 
and Colonnese, 2020). In many animal models for NDDs a delayed GABA shift and 
alterations in chloride cotransporter expression have been reported (He et al., 2014; 
Tyzio et al., 2014; Banerjee et al., 2016; Corradini et al., 2017; Fernandez et al., 2018; 
Roux et al., 2018; Lozovaya et al., 2019; Bertoni et al., 2021), suggesting this is a key 
feature of many NDDs. In NDD mouse models alterations in early spontaneous network 
activity are observed (Gonçalves et al., 2013; Cheyne et al., 2019), and coordination 
between excitatory and inhibitory transmission is impaired in adult mice (Gogolla et 
al., 2009; Antoine et al., 2019). These observations suggest that a delay in the GABA 
shift during early postnatal development disturbs synaptic connectivity and network 
development with consequences for adulthood (Meredith, 2015; Molnár et al., 2020). 
However, a direct link between the timing of the GABA shift and synaptic connectivity 
remains elusive.

Depolarizing, excitatory GABA signaling supports spontaneous oscillations in the 
immature rodent brain (Ben-Ari et al., 1989; Khazipov et al., 2004; Sipila et al., 2006; 
Rheims et al., 2008; Spoljaric et al., 2019) and can induce the formation and maturation 
of excitatory synapses until the first week after birth (Leinekugel et al., 1997; Wang 
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and Kriegstein, 2008, 2011; van Rheede et al., 2015; Oh et al., 2016). After the GABA 
shift, the KCC2 protein takes over the synapse-promoting role, as it directly facilitates 
spine growth by promoting actin dynamics in spines and supports AMPA receptor 
insertion and confinement (Li et al., 2007; Gauvain et al., 2011; Fiumelli et al., 2013; 
Chevy et al., 2015; Puskarjov et al., 2017; Awad et al., 2018; Kesaf et al., 2020). The effect 
of depolarizing GABA on inhibitory synapses is less clear, as studies have reported both 
positive and negative effects (Chudotvorova et al., 2005; Akerman and Cline, 2006; 
Nakanishi et al., 2007; Wang and Kriegstein, 2008, 2011). It is important to note that 
the shift from depolarizing to hyperpolarizing GABA signaling does not necessarily go 
hand in hand with a shift from excitatory to inhibitory action. Depolarizing GABA can 
already have an inhibitory action and limit neuronal activity when GABA-mediated 
depolarization is subthreshold and opening of GABAA receptors shunts excitatory 
inputs (Staley and Mody, 1992; Kirmse et al., 2015; Murata and Colonnese, 2020; Salmon 
et al., 2020). When GABA signaling becomes inhibitory, it restrains excitatory synapse 
formation (Kang, 2019; Salmon, 2020) and network oscillations disappear (Ben-Ari et 
al., 1989; Khazipov et al., 2004). Recent studies have suggested that depolarizing GABA 
is already inhibitory in the brain of newborn rodents after P3-7 (Kirmse et al., 2015; 
Valeeva et al., 2016; Murata and Colonnese, 2020). This would imply that the role of 
depolarizing GABA in promoting synapse formation is limited to the period before 
and up to the first week after birth.

Many NDD mouse models show a delay in the postnatal GABA shift, although the 
precise delay is variable. For instance, the GABA shift is delayed with three days in the 
cerebellum of mice exposed in utero to valproate (Roux et al., 2018), the delay is two 
to seven days in the hippocampus of Magel2 knock out mice (Bertoni et al., 2021), and 
six days in the cortex of fragile X mice (He et al., 2014). Longer delays have also been 
reported (Banerjee et al., 2016; Corradini et al., 2017; Fernandez et al., 2018; Lozovaya 
et al., 2019) Here, we carefully assessed the direct and indirect consequences of a 
delayed postnatal GABA shift on the development of synapses. We used hippocampal 
organotypic cultures, as in these slices the anatomy and the development of excitatory 
and inhibitory synapses is largely preserved compared to the in vivo situation (De 
Simoni, 2003). We treated the cultures with the KCC2 antagonist VU0463271 (VU) 
to block chloride extrusion for one week (from DIV1 to DIV8), while preserving the 
structural role of the KCC2 protein in spines (Li et al., 2007; Kesaf et al., 2020). VU 
treatment delayed the GABA shift without affecting expression levels of the chloride 
transporters. We found that excitatory and inhibitory synapses were not affected after 
one week of VU treatment. However, 14 days after the VU treatment had ended, we 
observed an increased frequency of spontaneous inhibitory postsynaptic currents 
(sIPSC), while excitatory postsynaptic currents (sEPSCs) were unaltered. We found that 
this was correlated with specific alterations in membrane excitability of pyramidal cells 
and interneurons. Our data suggest that delaying the GABA shift does not directly 
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affect synaptic development, but rather leads to indirect cell-type specific changes 
in membrane properties.

4.4 Materials and methods

Animals
All animal experiments were performed in compliance with the guidelines for the 
welfare of experimental animals issued by the Federal Government of the Netherlands 
and were approved by the Dutch Central Committee Animal experiments (CCD), 
project AVD1080020173847 and project AVD1150020184927. In this study we used 
male and female transgenic mice: GAD65-GFP mice (López-Bendito et al., 2004) 
(bred as a heterozygous line in a C57BL/6JRj background), VGAT-Cre mice (JAX stock 
#028862) and SuperClomeleon (SClm) mice. The SClm mice (Herstel et al., 2022) are 
SuperClomeleonlox/- mice (Rahmati et al., 2021), a gift from Kevin Staley (Massachusetts 
General Hospital, Boston, MA) crossed with CamKIIαCre/- mice (Tsien et al., 1996; 
Casanova et al., 2001). SClm mice express the chloride sensor SClm in up to 70% 
of the pyramidal neurons in the hippocampus (Casanova et al., 2001; Wang et al., 
2013). VGAT-Cre mice express Cre recombinase expression in all inhibitory GABAergic 
neurons (Vong et al., 2011), and GAD65-GFP mice express GFP in ∼20% of GABAergic 
interneurons in the CA1 region of the hippocampus (Wierenga et al., 2010). As we did 
not detect any differences between slices from male and female mice, all data were 
pooled.

Organotypic hippocampal culture preparation and VU treatment
Organotypic hippocampal cultures were made from P6-7 mice as described before 
(Hu et al., 2019; Herstel et al., 2022), based on Stoppini et al. (Stoppini et al., 1991). 
Mice were decapitated and their brain was rapidly placed in ice-cold Grey’s Balanced 
Salt Solution (GBSS; containing (in mM): 137 NaCl, 5 KCl, 1.5 CaCl2, 1 MgCl2, 0.3 MgSO4, 
0.2 KH2PO4 and 0.85 Na2HPO4) with 25 mM glucose, 12.5 mM HEPES and 1 mM 
kynurenic acid (pH set at 7.2, osmolarity set at ~320 mOsm, sterile filtered). 400 μm 
thick transverse hippocampal slices were cut with a McIlwain tissue chopper. Slices 
were placed on Millicell membrane inserts (Millipore) in wells containing 1 ml culture 
medium (consisting of 48% MEM, 25% HBSS, 25% horse serum, 25 mM glucose, and 
12.5 mM HEPES, with an osmolarity of ~325 mOsm and a pH of 7.3 – 7.4). Slices were 
stored in an incubator (35°C with 5% CO2). Culture medium was replaced by culture 
medium supplemented with 0.1% Dimethyl sulfoxide (DMSO, Sigma-Aldrich) or 1 
μM VU VU0463271 (VU, Sigma-Aldrich, in 0.1 % DMSO) at DIV 1. In addition, a small 
drop of medium supplemented with DMSO or VU was carefully placed on top of 
the slices. In this way, cultures were treated 3 times per week until DIV8. From DIV8 
onwards, cultures received normal culture medium 3 times per week. Experiments 
were performed at day in vitro 1-3 (DIV2), 7-8 (DIV8), 8-10 (DIV9) or 20-22 (DIV21). 
Please note that experiments at DIV9 were performed 1 to 55 hr after cessation of the 
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VU treatment, but within groups there was no correlation between measurements 
and DIV.

Lentivirus with KCC2 short hairpin
To transiently knock down KCC2 expression, a KCC2 short hairpin (SH) lentivirus 
was produced. HEK293T cells were maintained at a high growth rate in DMEM 
supplemented with 10% FCS and 1% pen/strep. At 1 day after plating, cells were 
transfected using PEI (Polysciences) with second-generation LV packaging plasmids 
(psPAX2 and 2MD2.G) and KCC2-SH-TetR-GFP (cloned from a KCC2-SH plasmid, a 
gift from Franck Polleux, Zuckerman Institute Columbia University, New York, USA) 
at a 1:1:1 molar ratio. Six hours after transfection, cells were washed once with PBS, 
and medium was replaced with DMEM containing 1% pen/strep. At 48 hours after 
transfection, the supernatant was harvested and briefly centrifuged at 700g to remove 
cell debris. The supernatant was concentrated using Amicon Ultra 15 100K MWCO 
columns (Milipore) and frozen at -80°C until infection. Virus was injected into the CA1 
region of slice cultures at DIV 1 using a microinjector (Eppendorf, FemtoJet) aided 
by a stereoscopic microscope (Leica, M80). Medium was supplemented with 1 µg/ml 
doxycycline (Abcam). After injection, a 15 μl drop of doxycyline containing medium 
was added onto the slice. Medium was replaced 4 times with new medium containing 
doxycycline and a 15 μl drop of doxycyline containing medium was added onto the 
slice until immunohistochemistry or electrophysiology experiments at DIV8-10.

Electrophysiology and analysis
Organotypic cultures were transferred to a recording chamber and continuously 
perfused with carbonated (95% O2, 5% CO2) artificial cerebrospinal fluid (ACSF, in mM: 
126 NaCl, 3 KCl, 2.5 CaCl2, 1.3 MgCl2, 26 NaHCO3, 1.25 NaH2PO4, 20 glucose; with an 
osmolarity of ~310 mOsm) at a rate of approximately 1 ml/min. For acute treatments, 
ACSF containing 0.1% DMSO or 1 μM VU (dissolved in 0.1% DMSO) was bath applied 
for 5 minutes. Bath temperature was maintained at 29-32°C. Recordings were acquired 
using an MultiClamp 700B amplifier (Molecular Devices), filtered with a 3 kHz Bessel 
filter and stored using pClamp10 software.

Perforated patch clamp recordings were performed in CA1 pyramidal neurons. 
Recording pipettes with resistances of 2-4 MΩ were pulled from borosilicate glass 
capillaries (World Precision Instruments). The pipette tip was filled with gramicidin-
free KCl solution (140 mM KCl and 10 mM HEPES, pH adjusted to 7.2 with KOH, and 
osmolarity 285 mOsm/l) and then backfilled with solution containing gramicidin (60 
µg/ml, Sigma). Neurons were held at -65 mV and the access resistance of the perforated 
cells was monitored constantly before and during recordings. An access resistance 
of 50 MΩ was considered acceptable to start recording. Recordings were excluded 
if the resting membrane potential exceeded -50 mV or if the series resistance after 
the recording deviated more than 30% from its original value. GABAergic currents 
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were induced upon local application of 50 μM muscimol dissolved in HEPES-ACSF 
(containing in mM: 135 NaCl, 3 KCl, 2.5 CaCl2, 1.3 MgCl2, 1.25 Na2H2PO4, 20 Glucose, and 
10 HEPES) every 30s using a Picospritzer II. Muscimol responses were recorded in the 
presence of 1 μM TTX (Abcam) at holding potentials between -100 mV and -30 mV in 
10 mV steps. We plotted response amplitude as a function of holding potential and 
calculated the chloride reversal potential from the intersection of the linear current–
voltage curve with the x-axis.

We performed whole-cell patch clamp recordings from CA1 pyramidal neurons 
and GAD65-GFP interneurons in the stratum Radiatum (sRad) using borosilicate 
glass pipettes with resistances of 3-6 MΩ. For recordings of spontaneous inhibitory 
postsynaptic currents (sIPSCs), miniature inhibitory currents (mIPSCs) and evoked 
IPSCs (eIPSCs), pipettes were filled with a KCl-based internal solution (containing in 
mM: 70 KGluconate, 70 KCl, 0.5 ethyleneglycol- bis(β-aminoethyl)-N,N,N ,́Nʹ-tetraacetic 
Acid (EGTA), 4 Na2phosphocreatine, 4 MgATP, 0.4 NaGTP and 10 HEPES; pH adjusted 
to 7.2 with KOH) and ACSF was supplemented with 20 μM DNQX (Tocris) and 50 
μM DL-APV (Tocris). For recordings of miniature IPSCs (mIPSCs), 1 μM TTX (Abcam) 
was also added to the ACSF. For recordings of spontaneous excitatory postsynaptic 
currents (sEPSCs), pipettes were filled with a K-gluconate-based internal solution 
(containing in mM: 140 K-gluconate, 4 KCl, 0.5 EGTA, 10 HEPES, 4 MgATP, 0.4 NaGTP, 
4 Na2phosphocreatine, 30 Alexa 568 (Thermo Fisher Scientific); pH adjusted to 7.2 
with KOH) and ACSF was supplemented with 6 μM gabazine (HelloBio). Membrane 
potential was clamped at -65 mV. sIPSCs and mIPSCs were recorded for 6 minutes, 
sEPSCs for 10 minutes. For recording of eIPSCs a glass electrode filled with ACSF and 
containing a stimulus electrode was positioned either in sRad or stratum Pyramidale 
(sPyr) of CA1 (respectively ~ 250–300 μm or ~50 μm from the recording electrode). 
Stimulus intensity was set at half maximum response. eIPSCs were recorded at least 
30 times every 30s with 100 ms interval. Paired pulse ratios were calculated as the 
mean amplitude of all second responses divided by the mean amplitude of all first 
responses (Kim and Alger, 2001). The coefficient of variation was calculated as the 
standard deviation divided by the mean amplitude of the first responses (n=15-60). 
After recording of sEPSCs, we switched to current clamp to assess excitability. Current 
was injected at resting membrane potential (I=0) in 10 pA increments with a maximum 
of 200 pA to assess firing properties. The threshold potential was determined as the 
accompanying membrane potential at the start of the action potential. Cells were 
discarded if series resistance was above 35 MΩ or if the resting membrane potential 
exceeded -50 mV for pyramidal neurons and -40 mV for GAD65-GFP interneurons or 
if the series resistance after the recording deviated more than 30% from its original 
value.
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Cell-attached recordings were performed using borosilicate glass pipettes of 3-5 MΩ, 
filled with a 150 mM NaCl-based solution. Modified ACSF with higher K+ and lower Ca2+ 
and Mg2+ levels (Maffei et al., 2004) was used to increase the baseline firing frequency 
(containing in mM: 126 NaCl, 3,5 KCl, 1.0 CaCl2, 0.5 MgCl2, 26 NaHCO3, 1.25 Na2H2PO4, 
20 glucose). CA1 pyramidal neurons were sealed (≥1 GΩ) and voltage clamped at a 
holding current of 0 pA, to avoid affecting the firing activity of the cell (Perkins, 2006). 
Firing was recorded for 6 minutes before and after wash in of muscimol (50 μM, Tocris).

All data were blinded before analysis. Network discharges were marked and removed 
from sEPSC recordings before event analysis. Events were selected using a template in 
Clampfit10 software. Further analysis was performed using custom-written MATLAB 
scripts. Rise time of sIPSCs was determined as the time between 10% and 90% of the 
peak value. The distribution of the rise times recorded in control conditions (generated 
from 100 randomly selected IPSCs per cell) was fitted with two Gaussians and their 
crossing point determined the separation between fast and slow IPSCs (Ruiter et al., 
2020). We verified that the double Gaussian fit for the rise time distribution in VU 
conditions gave a similar separation value (control: 0.85 ms; VU: 0.95 ms) and our 
conclusions did not change by taking the VU separation value. The decay tau was 
fitted with a single exponential function. Only events with a goodness of fit R2 ≥ 0.75 
were included.

Two-photon SuperClomeleon imaging and analysis
We performed two-photon chloride imaging in CA1 pyramidal cells using the 
SuperClomeleon sensor (Grimley et al., 2013) in cultured slices from SClm mice 
(described above). To target GABAergic interneurons, we used an AAV approach in 
slices from VGAT-Cre mice. An adeno associated virus (AAV) 2/5 for Cre-dependent 
SClm expression was prepared from a SCLM-DIO construct (kind gift from Thomas 
Kuner (Boffi et al., 2018)) using packaging plasmid pAAV2/5 (addgene_104964) and 
helper plasmid pAdDeltaF6 (addgene_112867). The virus was added on top of the 
CA1 region of organotypic hippocampal cultures from VGAT-Cre mice at DIV1 using a 
microinjector (Eppendorf, FemtoJet) aided by a stereoscopic microscope (Leica, M80). 
This resulted in widespread, but sparse SClm expression in GABAergic neurons.
At the recording day, slices were transferred to a recording chamber and continuously 
perfused with carbonated (95% O2, 5% CO2) ACSF supplemented with 1 mM Trolox, at 
a rate of approximately 1 ml/min. Bath temperature was monitored and maintained 
at 30-32 °C. Two-photon imaging of CA1 pyramidal neurons or VGAT-positive 
interneurons in the CA1 area of the hippocampus was performed using a customized 
two-photon laser scanning microscope (Femto3D-RC, Femtonics, Budapest, Hungary) 
with a Ti-Sapphire femtosecond pulsed laser (MaiTai HP, Spectra-Physics) and a 60x 
water immersion objective (Nikon NIR Apochromat; NA 1.0) The CFP donor was excited 
at 840 nm. The emission light was split using a dichroic beam splitter at 505 nm and 
detected using two GaAsP photomultiplier tubes. We collected fluorescence emission 
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of Cerulean/CFP (485 ± 15 nm) and Topaz/YFP (535 ± 15 nm) in parallel. Of each slice 
from SClm mice, 2-5 image stacks were acquired in different fields of view. Of each 
VGAT-Cre slice 2-5 image stacks were acquired in different fields of view in both sPyr 
and sRad).The resolution was 8.1 pixels/μm (1024x1024 pixels, 126x126 μm) with 1 μm 
z-steps.

Image analysis was performed using ImageJ software, as described before (Herstel 
et al., 2022). We manually determined regions of interest (ROIs) around individual 
neuron somata. To select a representative cell population in SClm slices, in each image 
z-stack we selected four z-planes at comparable depths in which three pyramidal cells 
were identified that varied in CFP brightness (bright, middle and dark). In VGAT-Cre 
slices with viral SClm expression, all visible neurons were analyzed (range: 1 to 9). We 
subtracted the mean fluorescence intensity of the background in the same image 
plane before calculating the fluorescence ratio of CFP and YFP. We limited our analysis 
to cells which were located within 450 pixels from the center of the image, as FRET 
ratios showed slight aberrations at the edge of our images. We excluded cells with a 
FRET ratio < 0.5 or > 1.6 to avoid unhealthy cells. FRET-colored images (as shown in 
Fig. 2D and 9A) were made in ImageJ. We first subtracted the average background and 
Gaussian filtered the CFP and YFP image z-stacks separately. Next, the acceptor (YFP) 
image was divided by the donor (CFP) image to get the ratiometric image. A mask was 
created by manually drawing ROIs for each soma in the image. An average projection 
of the ratiometric image was made in a specific z range and multiplied by the mask. 
Finally, the masked ratiometric image was combined with the grayscale image. Please 
note that these images were made for illustration purposes only, analysis was done 
on the raw data.

Protein extraction and Western Blot analysis
Organotypic hippocampal cultures were washed in cold PBS and subsequently lysed 
in cold protein extraction buffer containing: 150 mM NaCl, 10 mM EDTA 10 mM HEPES, 
1% Triton-X100 and 1x protease and 1x phosphatase inhibitors cocktails (Complete 
Mini EDTA-free and phosSTOP, Roche). Lysates were cleared of debris by centrifugation 
(14,000 rpm, 1 min, 4°C) and measured for protein concentration before storage at 
−20°C until use. Lysates were denatured by adding loading buffer and heating to 
95°C for 5 min. For each sample an equal mass of proteins was resolved on 4–15 % 
polyacrylamide gel (Bio-Rad). The proteins were then transferred (300 mA, 3h) onto 
ethanol-activated Immobilon-P PVDF membrane (Millipore) before blocking with 
3% Bovine Serum Albumin in Tris- buffered saline-Tween (TBST, 20 mM Tris, 150 mM 
NaCl, 0.1% Tween-20) for 1 h. Primary antibodies used in this study were: mouse anti-
NKCC1 (T4, Developmental Studies Hybridoma Bank, 1:1000), rabbit anti-KCC2 (07-432, 
Merck, 1:1000) and s940-pKCC2 (p1551-940, LuBioSciences, 1:1000), mouse anti-tubulin 
(T-5168, Sigma, 1:10000). Primary antibodies were diluted in blocking buffer and 
incubated with the blots overnight at 4 °C under gentle rotation. The membrane was 
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washed 3 times 15 minutes with TBST before a 1h incubation of horseradish peroxidase 
(HRP)-conjugated antibodies (P0447 goat anti-mouse IgG HRP, Dako, 1:2500 or P0399 
swine anti-rabbit IgG HRP, Dako, 1:2500), and washed 3 times 15 minutes in TBST again 
before chemiluminescence detection. For chemiluminescence detection, blots were 
incubated with Enhanced luminol-based Chemiluminescence substrate (Promega), 
and the exposure was captured using the ImageQuant 800 system (Amersham). 
Images were analyzed in ImageJ, by drawing rectangular boxes around each band 
and measuring average intensities. Protein levels were normalized to the Tubulin 
loading controls.

Immunohistochemistry, confocal microscopy and analysis
Organotypic hippocampal cultures were fixed 4 % paraformaldehyde solution in 
PBS for 30 minutes at room temperature. After washing slices in phosphate buffered 
saline (PBS), they were permeabilized for 15 minutes in 0.5 % Triton X-100 in PBS for 
15 minutes, followed by 1 hour in a blocking solution consisting of 10 % normal goat 
serum and 0.2 % Triton X-100 in PBS. Slices were incubated in primary antibody solution 
at 4 °C overnight. The following primary antibodies were used: rabbit polyclonal anti-
KCC2 (07-432, Merck, 1:1000), rabbit anti-VGAT (131003, Synaptic Systems, 1:1000), 
guinea pig anti-VGLUT (AB5905, Merck, 1:1000), mouse anti-NeuN (MAB377, Millipore, 
1:500), guinea pig anti-NeuN Merck, 1:1000).
Slices were washed in PBS and incubated in secondary antibody solution for four 
hours at room temperature. Secondary antibodies used were: goat anti-mouse 
Alexa Fluor 467 (Life Technologies, A21236, 1:500), goat anti-rabbit Alexa Fluor 405 
(Life Technologies, A31556, 1:500), goat anti-guinea pig Alexa Fluor 488 (A11073, 
Life Technologies, 1:1000) and Goat anti-guineapig Alexa Fluor 568 (A11075, Life 
Technologies, 1:500) Goat anti-rabbit Alexa fluor 647 (A21245, Life Technologies, 1:500). 
After another PBS wash, slices were mounted in Vectashield mounting medium (Vector 
labs).

Confocal images were taken on a Zeiss LSM-700 confocal laser scanning microscopy 
system with a Plan-Apochromat 40x 1.3 NA immersion objective for KCC2 staining 
and 63x 1.4 NA oil immersion objective for spines and VGLUT/VGAT staining. VGLUT/
VGAT staining was imaged in the CA1 sPyr and sRad of each slice, KCC2 staining was 
imaged in two fields of view in the CA1 sPyr of each slice and spines were imaged on 
the second dendritic branch of the apical dendrite of each Alexa-568 filled neuron. 
Image stacks (1024x1024 pixels) were acquired at 6.55 pixels/μm for KCC2 staining, 
20.15 pixels/μm for spines and 10.08 pixels/μm for VGLUT/VGAT staining. Step size in 
z was 0.5 μm for spines and KCC2 staining and 0.4 μm for VGLUT/VGAT staining.

Confocal images were blinded before analysis. The number of dendritic spines on the 
second dendritic branch of the apical dendrite were counted using the multi-point 
tool in ImageJ. As we noticed that spine density was low near the base of dendrites, 
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the first 10 μm of the dendrites were excluded from analysis. For analysis of VGLUT 
and VGAT puncta a custom-made macro was used (Ruiter et al., 2020). Briefly, three 
z-planes were averaged and background was subtracted with rolling ball radius of 
10 pixels. Puncta were then identified using watershed segmentation. For analysis of 
KCC2 levels in control and VU-treated slices, ROIs were drawn around 5 NeuN positive 
cell bodies, and this was repeated in 1-3 z-planes (depending on the depth of KCC2 
signal) at comparable depths, to measure average KCC2 fluorescence of 5-15 neurons 
per image stack. For analysis of KCC2 levels in slices injected with KCC2-SH-TetR-GFP 
virus, ROIs were drawn around 3 GFP-positive and 3 GFP-negative NeuN positive cell 
bodies. This was repeated another z-plane (depending on the depth of KCC2 signal) 
at comparable depth, to measure KCC2 fluorescence in 6-12 neurons per image stack. 
We determined average fluorescent intensities in the ROI as well as within the ROIs 
after scaling it with 10 pixels (~1 um) in width to assess both the total and membrane 
fraction of KCC2.

Experimental design and statistical analyses
Statistical analysis was performed in Prism (Graphpad). Normality was tested using 
the D’Agostino & Pearson test. For the comparison of two groups we either used an 
unpaired Student’s t test (UT; parametric), a Mann-Whitney test (MW; non-parametric), 
a paired Student’s t test (PT; parametric) or a Wilcoxon signed-rank test (WSR; non-
parametric). For comparison of two cumulative distributions we performed a 
Kolmogorov Smirnov test (KS; nonparametric). For comparison of multiple groups, a 
one way ANOVA (1W ANOVA; parametric) was used, followed by a by a Sidak’s Multiple 
Comparisons posthoc test (SMC) or a Kruskal Wallis test (KW; nonparametric) was 
used, followed by a Dunn’s Multiple Comparison posthoc test (DMC). For comparison 
of two variables in multiple groups a two way ANOVA (2W ANOVA; parametric) was 
performed, followed by a Sidak’s Multiple Comparisons posthoc test (SMC). Data are 
presented as mean ± standard error of the mean. Significance is reported as *p<0.05; 
**p≤0.01; ***p≤0.001.

4.5 Results

The GABA shift takes place in organotypic hippocampal cultures
We assessed the development of neuronal chloride levels in organotypic hippocampal 
cultures made from P6-7 mouse pups using gramicidin perforated patch recordings 
of CA1 pyramidal neurons. We recorded GABAergic currents in response to brief 
applications of the GABAA receptor agonist muscimol and determined the GABA 
reversal potentials at DIV2, DIV9 and DIV21 (Fig. 1A). The GABA reversal potential (EGABA) 
and GABAergic driving force (GABA DF) decreased gradually over this period (Fig. 1B, 
C), indicating that intracellular chloride homeostasis was still maturing in our slice 
cultures (Salmon et al., 2020; Herstel et al., 2022). The resting membrane potential 
(RMP) remained stable (Fig. 1D).
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Intracellular chloride levels are determined by the relative expression level and activity 
of the chloride importer NKCC1 and the chloride exporter KCC2 (Rivera et al., 1999; 
Gulyás et al., 2001; Yamada et al., 2004; Banke and McBain, 2006; Otsu et al., 2020). 
We therefore determined the contribution of KCC2 to the GABA reversal potential. 
Application of KCC2 blocker VU0463271 (VU) in slices at DIV2 resulted only in a small 
depolarizing shift of EGABA (Fig. 1E), and did not affect GABA driving force (Fig. 1F), while 
in DIV21 slices VU application triggered an acute elevation of EGABA and GABA driving 
force (Fig. 1G, H). This suggests that KCC2 function increased with development in 
vitro, as expected (Salmon et al., 2020). We assessed the expression levels of NKCC1 
and KCC2 in our slice cultures using Western blots. As the function of KCC2 is enhanced 
during development by phosphorylation at serine 940 (S940) (Lee et al., 2007; Mòdol 
et al., 2014), we also included a phospho-specific antibody to detect phosphorylated 
KCC2 (pKCC2) levels. The expression of NKCC1 and KCC2 increased in our organotypic 
cultures between DIV2 and DIV21 (Fig. 1I-L). For comparison with the developmental 
trajectory in vivo, we determined NKCC1, KCC2 and pKCC2 levels in hippocampal tissue 
from P6 and adult mice. NKCC1, KCC2 and pKCC2 expression increased from P6 to 
adulthood (Fig. 1I-N). We noted that KCC2 and pKCC2 expression in DIV21 slice cultures 
did not reach adult levels (Fig. 1K-N). Together, these data show that a clear GABA 
shift occurred in vitro, which is consistent with a previous report (Salmon et al., 2020) 
and our own previous analysis of chloride maturation in organotypic hippocampal 
cultures (Herstel et al., 2022).

VU treatment depolarizes GABA driving force and elevates intracellular chloride 
levels at DIV9
Having established that the GABA shift occurs during the first week in vitro, we set 
out to delay the shift with one week to mimic the delayed chloride development in 
NDD mouse models (He et al., 2014; Tyzio et al., 2014; Deidda et al., 2015b; Banerjee 
et al., 2016; Corradini et al., 2017; Fernandez et al., 2018; Roux et al., 2018; Lozovaya et 
al., 2019; Bertoni et al., 2021). We treated slices for one week (from DIV1 to DIV8) with 
VU0463271 (VU), a specific blocker of the chloride exporter KCC2 (Delpire et al., 2012), 
or with DMSO control. One week treatment with VU from resulted in a significant 
elevation of EGABA in CA1 pyramidal neurons immediately after the VU treatment at 
DIV9 (Fig. 2A). The driving force for GABA signaling (GABA DF) also shifted to positive 
values (Fig. 2B), which were comparable to control slices at DIV2 (Fig. 1C). This indicates 
that GABA signaling remained depolarizing in VU-treated slices at DIV9. We assessed 
intracellular chloride levels in the CA1 pyramidal cell population using the chloride 
sensor SuperClomeleon (SClm) (Grimley et al., 2013; Boffi et al., 2018; Rahmati et al., 
2021). The SClm sensor consists of two fluorescent proteins, Cerulean (CFP mutant) 
and Topaz (YFP mutant), joined by a flexible linker. Depending on the binding of 
chloride, Fluorescence Resonance Energy Transfer (FRET) occurs from the CFP donor 
to the YFP acceptor ((Grimley et al., 2013); Fig. 2C). We measured SClm FRET ratios 
(fluorescence intensity of YFP/CFP) using two-photon microscopy. Measured FRET 
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ratios are independent of expression level and tissue depth (Herstel et al., 2022). We 
observed a prominent decrease in SClm FRET values in CA1 pyramidal neurons (Fig. 
2D,E), reflecting an increase in chloride levels after VU treatment. When we analyzed 
the distribution of individual values we observed a clear increase in the fraction of cells 
with low FRET ratios (Fig. 2F). Together, these data show that VU treatment between 
DIV1 and DIV8 resulted in an elevation of intracellular chloride levels and depolarizing 
GABA signaling at DIV9.

Next, we assessed whether the expression levels of the chloride cotransporters NKCC1 
and KCC2 were altered after the VU treatment. We did not find any significant difference 
in the levels of NKCC1, KCC2 or S940-pKCC2 between VU-treated and control slices at 
DIV9 (Fig. 2G,H). As Western blot only allows for assessment of total KCC2 levels and 
cannot distinguish between cytosolic KCC2 and KCC2 in the plasma membrane, we 
also examined KCC2 levels in treated and control slices using immunohistochemistry. 
We used NeuN to identify individual cell bodies and we estimated KCC2 levels in these 
cells. VU treatment did not significantly affect total or membrane KCC2 levels (Fig. 2I,J). 
We verified with shKCC2 that we could detect changes with this method. We reduced 
KCC2 levels in our slices using a Lentivirus containing an inducible shKCC2 construct. 
Expression of shKCC2 was induced in GFP-expressing cells by doxycycline treatment, 
resulting in a cell-specific elevation of GABA DF (data not shown, GABA DF=12.4±9.3 
mV in GFP+ cells and -11.5±2.2 mV in GFP- cells, MW, p=0.03). We could clearly detect 
the reduction in KCC2 levels in dox-treated GFP+ cells using immunohistochemistry 
(Fig. 2K,L). Together, this indicates that blocking KCC2 function between DIV1 and DIV8 
delayed the GABA shift without changing the expression or surface levels of KCC2.

As a positive control we produced a lentivirus expressing a short hairpin RNA (shRNA) 
against KCC2. To transiently knock down KCC2 expression, we injected a doxycycline 
(dox)-inducible KCC2-SH-TetR-GFP lentivirus in P6/7 organotypic hippocampal 
cultures. This resulted in local virus expression in many neurons around the injection 
site at DIV9/10 (Fig. 2K,L). Expression of KCC2-SH-TetR-GFP in combination with dox 
treatment resulted in a cell specific elevation of the GABA DF (Fig. 2M-O). We verified 
using immunohistochemistry against KCC2 that KCC2 expression was decreased in 
infected (GFP+) neurons compared to (GFP-) control cells in the same slice, and that 
this was specific for cultures in which dox was supplemented to the culture medium 
(Fig. 2P). This control shows that we are able to detect changes in EGABA and KCC2 
expression levels with our methods.
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Figure 1. GABA shift is ongoing in organotypic hippocampal slice cultures.
A) Perforated patch clamp recordings in CA1 pyramidal cells in hippocampal slice cultures at 
DIV2 and DIV21. Responses to muscimol application were recorded at holding potentials from 
-100 to -30 mV with 10 mV increments and GABA reversal potential was determined from the 
intersection of the linear current-voltage curve with the x-axis.
B) The GABA reversal potential (EGABA) recorded in cultured slices at DIV2, DIV9 and DIV21 
(KW, p=0.019; DMC: DIV2 versus DIV9, p=0.13; DIV9 versus DIV 21, p=0.65; DIV2 versus DIV21, 
p=0.001).
C) GABA Driving Force (GABA DF) during in vitro slice development (KW, p=0.017; DMC: DIV2 
versus DIV9, p=0.35; DIV9 versus DIV21, p=0.85; DIV2 versus DIV21, p=0.013).
D) The resting membrane potential (RMP) during in vitro slice development (KW, p=0.23).
Data in B-D from 9-13 cells from 8-11 slices and 5-10 mice per group.
E,F) EGABA (PT, p=0.038) and GABA DF (PT, p=0.18) values recorded in CA1 pyramidal cells at 
DIV2 before and after acute application of VU. Data from 3 cells, 3 slices and 3 mice per group.
G,H) EGABA (PT, p=0.009) and GABA DF (PT, p=0.006) values recorded in CA1 pyramidal cells at 
DIV21 before and after acute application of VU. Data from 4 cells, 4 slices and 4 mice per group.
I) Western blot for NKCC1 protein content, measured in hippocampal slices cultures at DIV2, 
DIV9 and DIV21, and in acute slices from P6 and adult (P57) mice. Tubulin (Tub) was used as 
loading control.
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J) Summary of data for NKCC1 expression levels. Protein levels were normalized to DIV21 values. 
(1W ANOVA, p=0.0003; SMC: DIV2 versus DIV9, p>0.99; DIV9 versus DIV21, p=0.019; DIV2 versus 
DIV21, p=0.023; DIV21 versus P57, p=0.26; P6 versus P57, p=0.003).
K) Western blot for KCC2 protein content, measured in hippocampal slices cultures at DIV2, 
DIV9 and DIV21, and in acute slices from P6 and adult (P57) mice. Tubulin (Tub) was used as 
loading control.
L) Summary of data for KCC2 expression levels. Protein levels were normalized DIV21 values. 
(1W ANOVA, p<0.0001; SMC: DIV2 versus DIV9, p=0.045; DIV9 versus DIV21, p>0.99; DIV2 versus 
DIV21, p=0.10; DIV21 versus P57, p=0.0007; P6 versus P57, p=0.0001).
M) Western blot for S940-pKCC2 (pKCC2) protein content, measured in hippocampal slices 
cultures at DIV2, DIV9 and DIV21, and in acute slices from P6 and adult (P57) mice. Tubulin (Tub) 
was used as loading control.
N) Summary of data for s940-pKCC2 (pKCC2) expression levels. Protein levels were normalized 
to DIV21 values. (1W ANOVA, p=0.006; SMC: DIV2 versus DIV9, p>0.99; DIV9 versus DIV21, p>0.99; 
DIV2 versus DIV21, p=0.99; DIV21 versus P57, p=0.020; P6 versus P57, p=0.033). Data in I-N from 
3-5 experiments and 2-5 mice per group.
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Figure 2. VU depolarizes GABA DF and increases intracellular chloride levels at DIV9.
A,B) GABA reversal potential (EGABA) (MW, p=0.016) and GABA Driving Force (GABA DF) (MW, 
p=0.005) recorded in CA1 pyramidal cells at DIV9 in control (CTL) and VU-treated slices. Data 
from 7-9 cells, 6-8 slices and 3-5 animals per group.
C) Illustration of Fluorescence Resonance Energy Transfer (FRET) from CFP donor to YFP 
acceptor of the SClm sensor. FRET ratios (YFP/CFP fluorescence) decrease with increasing 
chloride concentrations.
D) Two-photon images of SClm FRET ratios in CA1 pyramidal neurons in CTL and VU-treated 
cultures at DIV9. Individual cells are color-coded to their FRET ratios. Scale bar: 10 μm.
E) Average SClm FRET ratios in CTL and VU-treated cultures (UT, p=0.041). Data from 16-24 cells 
per slice, 13-14 slices and 6-8 mice per group.
F) Cumulative distribution of FRET ratios in individual cells in CTL and VU-treated cultures. (KS, 
p<0.0001). Data from 15 cells per slice, 13-14 slices and 6-8 mice per group.
G) Western blot of NKCC1, KCC2 and S940-pKCC2 (pKCC2) expression in CTL and VU-treated 
cultures. Tubulin (Tub) was used as loading control.
H) Summary of data for NKCC1, KCC2 and for s940-pKCC2 (pKCC2) expression levels at DIV9. 
Values in VU-treated cultures were normalized to the protein level in CTL cultures (NKCC1: MW, 
p>0.99; KCC2: MW, p=0.70; pKCC2: MW, p=0.31).
I) Confocal images of NeuN and KCC2 staining in CTL and VU-treated cultures with ROIs in 
yellow. Scale bar: 10 μm.
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J) Total KCC2 levels (UT, p=0.78) and KCC2 levels in membrane (UT, p=0.51) in CTL and VU-
treated cultures at DIV9. Each datapoint represents the mean KCC2 intensity of the 5-15 ROIs 
in one image. Data from 8-12 images, 4-6 slices and 3 mice per group.
K) Confocal images of NeuN and KCC2 staining in slices were infected with KCC2-SH-TetR-eGFP 
Lentivirus. Expression of shKCC2 was induced in GFP+ cells by doxycycline (dox) treatment.
L) Upper panel: Total KCC2 intensity in KCC2-SH-TetR-GFP positive and negative CA1 pyramidal 
neurons in slice cultures with or without dox treatment at DIV9 (KW, p<0.0001; DMC: GFP- 
dox- versus GFP- dox+, p>0.99; GFP- dox- versus GFP+ dox-, p>0.99; GFP- dox- versus GFP+ 
dox+, p=0.0001; GFP- dox+ versus GFP+ dox-, p>0.99; GFP- dox+ versus GFP+ dox+, p=0.0003; 
GFP+ dox- versus GFP+ dox+, p=0.009). Lower panel: KCC2 intensity in membrane in KCC2-SH-
TetR-GFP positive and negative CA1 pyramidal neurons in slice cultures with or without dox 
treatment at DIV9 (KW, p<0.0001; DMC: GFP- dox- versus GFP- dox+, p=0.20; GFP- dox- versus 
GFP+ dox-, p>0.99; GFP- dox- versus GFP+ dox+, p<0.0001; GFP- dox+ versus GFP+ dox-, p>0.99; 
GFP- dox+ versus GFP+ dox+, p=0.032; GFP+ dox- versus GFP+ dox+, p=0.0006). Data from 23-24 
cells, 3-4 slices and 3 mice per group.

Synaptic inputs and firing properties of CA1 pyramidal cells are not affected at DIV9 
after VU treatment
Previous experimental studies in which the GABA shift was accelerated showed that 
depolarizing GABA facilitates excitatory synapse formation (Leinekugel et al., 1997; 
Akerman and Cline, 2006; Wang and Kriegstein, 2008, 2011; Chancey et al., 2013; van 
Rheede et al., 2015; Oh et al., 2016). This would predict that delaying the GABA shift, 
e.g. prolonging the period when GABA signaling is depolarizing, would result in an 
excess synapse growth.

To assess functional synapses, we recorded sEPSCs and sIPSCs in CA1 pyramidal cells 
using whole-cell patch clamp recordings (Fig. 3A,B). We found that sEPSC frequency, 
amplitudes, and kinetics were not different in CA1 pyramidal cells in VU-treated and 
control slices at DIV9 (Fig. 3C-F). There were also no changes in sIPSCs (Fig. 3G-J). In 
addition, we recorded action potential (AP) firing rates during current injections of 
increasing amplitude (Fig. 3K). Firing rates, resting membrane potential and action 
potential threshold were comparable in control and VU-treated slices (Fig. 3L-N).
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Figure 3. VU treatment does not change excitatory or inhibitory transmission and firing properties 
at DIV9.
A) sEPSC recordings from CA1 pyramidal cells in a control (CTL) and VU-treated culture at DIV9. 
sEPSCs are indicated with asterisks.
B) sIPSC recordings in CTL and VU-treated cultures at DIV9. sIPSCs are indicated with asterisks.
C-F) sEPSC frequency (MW, p=0.36), amplitude (MW, p=0.45), risetime (UT, p=0.87) and decay 
tau (UT, p=0.53) in CTL and VU-treated cultures at DIV9. Data from 16-24 cells, 11-15 slices and 
10-12 mice per group.
G-J) sIPSC frequency (UT, p=0.32), amplitude (UT, p=0.46), risetime (UT, p=0.99) and decay tau 
(UT, p=0.20) in in CTL and VU-treated cultures at DIV9. Data from 12-13 cells, 4-7 slices and 4-6 
mice per group.
K) Example recordings of action potentials during current injections in CA1 pyramidal neurons 
in CTL and VU-treated cultures at DIV9.
L) Action potential firing rates in CTL and VU-treated cultures with increasing current injections 
at DIV9 (2W ANOVA, current injection: p<0.001, treatment: p=0.24). Data from 14-17 cells, 10-11 
slices and 9-10 mice per group.
M,N) Resting membrane potential (RMP) (UT, p=0.75) and action potential (AP) threshold (UT, 
p=0.98) in CTL and VU-treated cultures at DIV9. Data from 14-20 cells, 10-11 slices and 9-10 
mice per group.
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Additionally, we assessed synaptic density by performing immunohistochemistry 
on VU-treated and control slices. Consistent with our electrophysiological data, the 
density and size of VGLUT and VGAT puncta in the stratum Pyramidale (sPyr) and 
stratum Radiatum (sRad) of the CA1 area were similar in VU-treated and control slices 
at DIV9 (Fig. 4A-J). Furthermore, we filled pyramidal neurons with Alexa-568 via a patch 
pipette to assess dendritic spines at which excitatory synapses are located (Sheng and 
Hoogenraad, 2007). Spine density of CA1 pyramidal neurons was similar in control and 
VU-treated slices (Fig. 4K,L).

Together, these data show that VU treatment from DIV1 to DIV8 induced a clear 
depolarizing shift in GABA signaling, but this did not affect excitatory and inhibitory 
synapses and firing properties in CA1 pyramidal cells at DIV9.
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Figure 4. VU treatment does not change excitatory or inhibitory synapses at DIV9.
A,B) Thresholded images of VGLUT and VGAT puncta in the CA1 sPyr and sRad of control (CTL) 
and VU-treated cultures at DIV9. Scale bar: 10 μm.
C,D) Density (MW, p=0.43) and size (MW, p=0.33) of VGLUT puncta in the sPyr in CTL and VU-
treated cultures at DIV9.
E,F) Density (MW, p=0.27) and size (MW, p=0.83) of VGLUT puncta in the sRad.
G,H) Density (MW, p=0.96) and size (MW, p=0.54) of VGAT puncta in the sPyr.
I,J) Density (MW, p=0.89) and size (MW, p=0.84) of VGAT puncta in the sRad. Data in C-J from 
5-6 slices and 4-5 mice per group.
K) Example images of the apical dendrite of CA1 pyramidal neurons in CTL and VU-treated 
cultures at DIV9. Spines are indicated with arrowheads. Scale bar: 1 μm.
L) The average density of dendritic spines (UT, p=0.82) in CTL and VU-treated cultures at DIV9. 
Data from 10-11 cells, 6-8 slices and 6 mice per group.
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Depolarizing GABA signaling in VU-treated slices acts inhibitory
As eluded to above, it is important to note that depolarizing GABA signaling does 
not necessarily mean that GABA acts inhibitory. Depolarizing GABA can have an 
inhibitory action and limit neuronal activity when the GABA-mediated depolarization 
is subthreshold and shunts excitatory inputs (Staley and Mody, 1992; Kirmse et al., 
2015; Murata and Colonnese, 2020; Salmon et al., 2020). We noticed that during the 
sEPSC recordings, when GABAA-mediated inhibitory currents were blocked with 
gabazine, network discharges often occurred. These discharges probably reflect 
periods of synchronous firing of pyramidal cells that can occur in the absence of fast 
GABAA-mediated inhibition, when only the slower GABAB-mediated inhibition is left 
to counteract excitatory synaptic transmission (Scanziani et al., 1994; Menendez De 
La Prida et al., 2006). The frequency and duration of these network discharges were 
not different in VU-treated and control slices at DIV9 (Fig. 5A-C). We directly assessed 
if depolarizing GABA was already inhibitory in our VU-treated slices. To determine 
the role of GABA in regulating action potential firing, we washed in GABAA receptor 
agonist muscimol while recording spontaneous firing in cell-attached configuration. 
As spontaneous activity of hippocampal neurons is very low in standard artificial 
cerebral spinal fluid (ACSF), we used a modified ACSF with higher K+ and lower Ca2+ and 
Mg2+ levels, which elevates spontaneous firing (Maffei et al., 2004). Muscimol inhibited 
firing in control as well as in VU-treated slices at DIV8 (Fig. 5D-F). This indicates that 
GABAA receptor-mediated signaling is inhibitory in both control and VU-treated slices 
at DIV8, despite being hyperpolarizing in control and depolarizing in VU-treated slices 
(Fig. 2B). This suggests that GABA signaling mostly acts inhibitory in hippocampal 
slice cultures from P6-7 mice, which is in line with previous reports in P6-9 acute 
hippocampal slices (Khalilov et al., 1997; Valeeva et al., 2016), cultured hippocampal 
slices at P5 DIV3-5 (Salmon et al., 2020) and in vivo recordings in the hippocampus after 
P3-7 (Valeeva et al., 2010; Murata and Colonnese, 2020). Together, our data suggest 
that depolarizing GABA signaling after the first postnatal week acts mostly inhibitory 
and does not contribute to synapse formation in the hippocampus.
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Figure 5. GABA is inhibitory in control and VU-treated slice cultures at DIV8 and DIV9.
A) Whole-cell voltage clamp recordings from CA1 pyramidal cells in the presence of gabazine in 
control (CTL) and VU-treated cultures at DIV9. Network discharges are indicated with asterisks.
B,C) Network discharge (ND) frequency (MW, p=0.61) and duration (MW, p=0.20) in CTL and 
VU-treated cultures at DIV9. Data from 17-24 cells, 11-15 slices and 10-12 mice per group.
D) Cell-attached recordings from CA1 pyramidal cells showing action potential (AP) firing in 
modified ACSF in CTL and VU-treated cultures at DIV8 before (baseline) and after muscimol 
wash in. APs are indicated with asterisks.
E, F) Average AP frequency before and after muscimol washin in CTL and VU-treated cultures 
at DIV8. Muscimol decreases firing rates in CTL (WSR, p=0.008) and VU-treated (WSR, p=0.016) 
cultures at DIV8. Data from 7-8 cells, 7-8 slices and 3-4 mice per group. A MW was performed 
to compare baseline firing rates in CTL and VU-treated cultures (MW, p=0.79).

Indirect effects on inhibitory synaptic inputs in VU-treated slices at DIV21
Previous studies demonstrated that transient alterations in GABA function during early 
postnatal development can have long-lasting consequences for network function and 
ultimately behavior (He et al., 2018; Bertoni et al., 2021; Matsushima et al., 2022). We 
therefore assessed possible long-lasting consequences of the VU treatment on the 
CA1 network at DIV21. After DIV8, the VU treatment was stopped and cultures were 
maintained in normal medium until DIV21. We verified that at DIV21, EGABA and GABA 
DF in CA1 pyramidal neurons in VU-treated slices were back to control levels (Fig. 6A,B), 
indicating that chloride levels were fully restored.
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We performed whole-cell recordings in CA1 pyramidal cells to record sEPSCs and sIPSCs 
(Fig. 6C,D). Similar to DIV9, we found no differences in sEPSCs between control and 
VU-treated slices at DIV21 (Fig. 6E-H). Surprisingly, we observed that sIPSC frequency 
in VU-treated slices was increased compared to control slices at DIV21 (Fig. 6I), whereas 
sIPSC amplitudes were not different (Fig. 6J). When we analyzed the kinetics of the 
individual sIPSCs we noticed that sIPSCs in VU-treated slices had slightly larger rise 
times compared to control (Fig. 6K), while decay times were not different (Fig. 6L). The 
IPSC rise time depends on the location of synapse where the current originates from, 
with somatic synapses generating currents with faster rise times while currents from 
dendritic synapses will be slower due to dendritic filtering (Rall, 1967; Bekkers and 
Clements, 1999; Wierenga and Wadman, 1999; Ruiter et al., 2020). When we split slow 
and fast sIPSCs (Ruiter et al., 2020), we observed that the increase was most prominent 
in slow sIPSCs (Fig. 6M-P), possibly reflecting an increase in IPSCs originating from 
dendritic synapses.
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Figure 6. VU treatment does not affect excitatory transmission, but increases spontaneous 
inhibitory transmission at DIV21.
A,B) GABA reversal potential (EGABA) (MW, p=0.56) and GABA Driving Force (GABA DF) (MW, 
p=0.76) recorded in CA1 pyramidal cells in control (CTL) and VU-treated cultures at DIV21, two 
weeks after cessation of treatment. Data from 9-16 cells, 3-10 slices and 3-10 mice per group.
C, D) sEPSC and sIPSC recordings from CA1 pyramidal cells in CTL and VU-treated cultures at 
DIV21. sEPSCs and sIPSCs are indicated with asterisks.
E-H) sEPSC frequency (UT, p=0.26), amplitude (MW, p=0.59), risetime (UT, p=0.80) and decay 
tau (UT, p=0.94) in CTL and VU-treated cultures at DIV21. Data from 16 cells, 9 slices and 9 mice 
per group.
I-L) sIPSC frequency (MW, p=0.006), amplitude (UT, p=0.52), risetime (UT, p=0.026) and decay 
tau (UT, p=0.37) in CTL and VU-treated cultures at DIV21.
M) Average sIPSC recorded in CA1 pyramidal cells in CTL and VU-treated cultures at DIV21.
N) Cumulative distribution of sIPSC risetimes in control and VU-treated cultures at DIV21 (KS, 
p<0.0001). Dotted line indicates value used to split fast from slow rise time sIPSCs.
O) Frequency of fast sIPSCs in CTL and VU-treated cultures at DIV21 (MW, p=0.20).
P) Frequency of fast slow sIPSCs in CTL and VU-treated cultures at DIV21 (MW, p=0.003). Data 
in I-P from 18-20 cells, 11-12 slices and 8-9 mice per group.
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To assess whether the increase in inhibitory transmission after VU was activity 
dependent, we also measured mIPSCs in control and VU-treated slices at DIV21. We 
found that mIPSCs were not different in VU-treated and control slices (Fig. 7A-D), 
suggesting that VU treatment increased activity-dependent GABA release at DIV21. 
To assess possible changes in synaptic density, we determined the density and size of 
VGLUT and VGAT puncta in the CA1 area and we found no differences between control 
and VU-treated slices, both in sPyr and sRad (Fig. E-L). Spine density in CA1 pyramidal 
neurons was also not different in control and VU-treated slices at DIV21 (Fig. 7M,N). This 
indicates that excitatory and inhibitory synaptic density remained unaffected 14 days 
after the VU treatment and suggests that the observed increase in sIPSC frequency is 
due to an increased activity-dependent release from GABAergic terminals, possibly 
preferentially at dendritic inhibitory synapses.
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Figure 7. VU treatment does not affect mIPSCs, or excitatory and inhibitory synapses at DIV21.
A-D) mIPSC frequency (UT, p=0.60), amplitude (UT, p=0.34), risetime (UT, p=0.077) and decay 
tau (UT, p=0.40) recorded from CA1 pyramidal cells in CTL and VU-treated cultures at DIV21. 
Data from 15-17 cells, 9-12 slices and 6-9 mice per group.
E,F) Density (UT, p=0.80) and size (UT, p=0.61) of VGLUT puncta in the sPyr in CTL and VU-
treated slices at DIV21.
G,H) Density (MW, p=0.91) and size (MW, p=0.76) of VGLUT puncta in the stratum Radiatum 
(sRad).
I,J) Density (MW, p=0.078) and size (UT, p=0.14) of VGAT puncta in the sPyr.
K,L) Density (MW, p=0.76) and size (MW, p>0.99) of VGAT puncta in the sRad. Data in E-L from 
10-13 slices and 6-7 mice per group.
M) Maximal projection of confocal images of the apical dendrite of DIV21 CA1 pyramidal 
neurons in CTL and VU-treated cultures. Spines are indicated with arrowheads. Scale bar: 1 μm.
N) Dendritic spine densities in control and VU-treated cultures at DIV21 (MW, p=0.77). Data 
from 10-11 cells, 8 slices and 7-8 mice per group.

Network discharges during sEPSC recordings were rare at DIV21 and not different 
between control and VU-treated slices (Fig. 8A-C). One week VU treatment did not 
affect firing properties (Fig. 8D,E) or resting membrane potential (RMP) (Fig. 8F) of 
CA1 pyramidal neurons at DIV21, but we observed a slight elevation of the action 
potential (AP) threshold in VU-treated slices at DIV21 (Fig. 8G). The relative AP threshold 
(defined as the difference between AP threshold and RMP, Fig. 8H) was not different 
VU-treated and control pyramidal cells. It is noteworthy that the AP threshold was 
not different when we recorded with high chloride internal solution, which resulted 
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in a more negative AP threshold (DMSO -41.9 ± 3.3 mV; VU -42.9 ± 3.4 mV; UT, p=0.45; 
data not shown). A similar decrease in AP threshold after chloride loading was recently 
described in CA3 pyramidal neurons (Sørensen et al., 2017), but the mechanism 
remained unresolved.

Figure 8. VU treatment increases the firing threshold of pyramidal neurons at DIV21.
A) Whole-cell voltage clamp recordings from CA1 pyramidal cells in control (CTL) and VU-
treated cultures at DIV21, in the presence of gabazine. Network discharges are indicated with 
asterisks.
B, C) Network discharge (ND) frequency (MW, p=0.14) and duration (MW, p=0.20) in CTL and 
VU-treated cultures at DIV21. Data from 16 cells, 9 slices and 9 mice per group.
D) Whole-cell current clamp recordings of action potentials after current injections in CA1 
pyramidal neurons in CTL and VU-treated cultures at DIV21.
E) Action potential firing rates in CTL and VU-treated cultures with increasing current injections 
at DIV21 (2W ANOVA, current injection: p<0.001, treatment: p=0.36). Data from 13-14 cells, 9 
slices and 9 mice per group.
F-H) Resting membrane potential (RMP) (UT, p=0.75), action potential (AP) threshold (MW, 
p=0.006), and relative action potential (Rel AP) threshold (MW, p=0.72) in CTL and VU-treated 
cultures at DIV21. Data from 13-16 cells, 9 slices and 9 mice per group.

VU treatment does not affect chloride levels in interneurons at DIV9 or DIV21
Our data suggest that VU treatment specifically affected activity-dependent 
GABAergic transmission from interneurons to pyramidal neurons. We wondered if VU 
treatment affected chloride concentrations in inhibitory neurons in the same way as in 
pyramidal neurons. We therefore expressed the chloride sensor SClm (Grimley et al., 
2013) specifically in GABAergic interneurons, using a Cre-dependent adeno associated 
virus (Boffi et al., 2018) in slices from VGAT-Cre mice. We measured SClm FRET ratios 
in cell bodies of GABAergic interneurons in sRad and sPyr (Fig. 9A). We observed 
that FRET values in interneurons were much lower compared to pyramidal cells at 
DIV9 (Fig. 2E), and clearly increased between DIV9 and DIV21 (Fig. 9B,C), reflecting 
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a decrease of intracellular chloride levels with development. This was remarkable as 
we previously showed that chloride levels in pyramidal neurons are already mature 
at DIV9 and remain relatively stable during the this period (Herstel et al., 2022). When 
we normalized FRET ratios at DIV21 to DIV9 for interneurons and pyramidal neurons, 
the relative increase was 1.33 ± 0.03% in interneurons compared to 1.02 ± 0.03% in 
pyramidal neurons (UT, p<0.0001). This suggests that the GABA shift occurs later in 
inhibitory neurons compared to excitatory neurons in the CA1 area, which is in line 
with previous reports (Patenaude et al., 2005; Otsu et al., 2020). Interestingly, and 
in clear contrast to pyramidal neurons (Fig. 2G,F), VU treatment from DIV1 to DIV8 
did not affect SClm FRET values in interneurons at DIV9 (Fig. 9B-E), suggesting that 
the contribution of KCC2 to chloride levels in interneurons was minimal during the 
treatment period. FRET ratios increased similarly to DIV21 in VU-treated and control 
slices (Fig. 9B-E). These results indicate that the one week VU treatment had a 
differential effect on intracellular chloride levels in CA1 pyramidal and interneurons, 
probably because of cell type-specific timing of chloride maturation.
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Figure 9. VU treatment does not change chloride concentrations in VGAT positive interneurons.
A) Images of SClm FRET ratios in CA1 sRad GABAergic interneurons in control (CTL) and VU-
treated slices from VGAT-Cre mice at DIV9 and 21. Scale bar: 10 μm.
B) Average SClm FRET ratio in interneurons in the CA1 sPyr in CTL and VU-treated cultures at 
DIV9 and DIV21 (1W ANOVA, p=0.002; SMC: DIV9 DMSO versus DIV9 VU, p=0.99; DIV9 DMSO 
versus DIV21 DMSO, p=0.015; DIV9 VU versus DIV21 VU, p=0.015; DIV21 DMSO versus DIV21 
VU, p=0.97).
C) Cumulative distribution of FRET ratios in individual sPyr interneurons in CTL and VU-treated 
cultures (KS, p<0.0001). Data in B,C from 32-69 cells, 3-5 slices and 3 mice per group.
D) Average SClm FRET ratio in interneurons in the CA1 sRad in CTL and VU-treated cultures 
at DIV9 and DIV21 (1W ANOVA, p=0.02; SMC: DIV9 DMSO versus DIV9 VU, p=0.77; DIV9 DMSO 
versus DIV21 DMSO, p=0.0007; DIV9 VU versus DIV21 VU, p=0.12; DIV21 DMSO versus DIV21 
VU, p=0.23). An additional 1W ANOVA was performed to compare FRET ratios of individual cells 
in DIV9 VU versus DIV21 VU cultures and DIV21 DMSO versus DIV21 VU cultures (1W ANOVA, 
p<0.0001; SMC: DIV9 VU versus DIV21 VU, p<0.0001; DIV21 DMSO versus DIV21 VU, p=0.37).
E) Cumulative distribution of FRET ratios in individual interneurons the CA1 sRad VU-treated (KS, 
p<0.0001) and VU-treated cultures (KS, p<0.0001). An additional KS was performed to compare 
the distribution of FRET ratios in CTL and VU-treated cultures at DIV21 (KS, p=0.63). Data in D,E 
from 33-56 cells, 3-6 slices and 2-3 mice per group.

VU treatment results in elevated membrane potential in sRad interneurons at DIV21
As sIPSC frequency was increased in VU-treated slices at DIV21, while mIPSCs and VGAT 
puncta were unaffected, we wondered if release probability at GABAergic synapses 
was increased. We therefore assessed paired-pulse ratios (PPR) of evoked IPSCs in CA1 
pyramidal cells after stimulation with an extracellular electrode in the sPyr or sRad 
(Fig. 10A), but PPR of IPSCs was similar in VU-treated and control slices (Fig. 10B,C). 
We also determined the coefficient of variation of the first IPSCs, another parameter 
that is dependent on release probability, but we did not find any difference between 
VU-treated and control slices (Fig. 10D,E). This suggests that IPSC release probability 
was not affected by VU treatment. We therefore wondered if the increase in sIPSC 
frequency in VU-treated slices could be due to an increased activity of GABAergic 
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cells at DIV21. Based on our observation of a specific increase in sIPSC with slow rise 
times in VU-treated slices (Fig. 6M-P), we focused on dendritically targeting GABAergic 
cells in the sRad. We performed whole-cell patch clamp recordings from GFP-labeled 
interneurons in the sRad in slices from GAD65-GFP mice, which are mostly reelin-
positive and preferentially target pyramidal dendrites (Wierenga et al., 2008, 2010). 
We found that sEPSCs (Fig. 10F-H), and general firing properties (Fig. 10I,J) of sRad 
interneurons were not different in VU-treated and control slices at DIV21. Intriguingly, 
we observed that in VU-treated slices resting membrane potential of the GFP-labeled 
interneurons was slightly elevated (Fig. 10K). The AP threshold was not significantly 
altered (Fig. 10L), but the relative action potential threshold was lower in VU-treated 
slices compared to control (Fig. 10M). Input resistance was not different (DMSO 
271.1 ± 12.8 MΩ; VU 244.2 ± 13.2 MΩ; UT, p=0.15). Together, this suggests that sRad 
interneurons in VU-treated slices receive normal excitatory synaptic input at DIV21, but 
that less input current is required to reach their firing threshold. We propose that this 
subtle alteration in membrane excitability contributes to the elevated sIPSC frequency 
that we observed after VU treatment at DIV21.
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Figure 10. VU treatment results in elevated resting membrane potentials in sRad interneurons at 
DIV21.
A) Whole-cell voltage clamp recordings of evoked IPSCs in control (CTL) and VU-treated cultures 
at DIV21. Stimulation electrode was placed in the sRad. Average evoked IPSCs are shown in 
bold, individual traces are shown in grey.
B, C) Paired pulse ratios (PPR; IPSC2/IPSC1 amplitudes) evoked in sRad (MW, p=0.65) and sPyr 
(MW, p=0.21) in CTL and VU-treated cultures at DIV21.
D, E) Coefficient of variation (CV) of the first IPSCs evoked in sRad (MW, p=0.96) and sPyr (MW, 
p=0.80) in CTL and VU-treated cultures at DIV21. Data in B-E from 7-8 cells, 4-6 slices and 3-5 
mice per group.
F) sEPSC recording in GFP-labeled interneurons in sRad from control (CTL) and VU-treated 
cultures from GAD65-GFP mice at DIV21. sEPSC are indicated with asterisks.
G,H) sEPSC frequency (MW; p=0.85) and amplitude (MW; p=0.38) in these interneurons. Data 
from 15-16 cells, 11 slices and 10 mice per group.
I) Whole-cell current clamp recordings of action potentials after current injections in sRad 
interneurons in CTL and VU-treated cultures at DIV21.
J) Action potential firing rates in sRad interneurons in CTL and VU-treated cultures at DIV21 
(2W ANOVA, current injection: p<0.001, treatment: p=0.42).
K-M) Resting membrane potential (RMP) (MW, p=0.023), action potential (AP) threshold (UT, 
p=0.11), relative action potential (Rel AP) threshold (MW, p=0.012) in sRad interneurons in CTL 
and VU-treated cultures at DIV21. Data in J-M from 13-16 cells, 11 slices and 10 mice per group.
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4.6 Discussion

There is accumulating evidence that the developmental GABA shift is often delayed in 
NDD patients (Talos et al., 2012; Duarte et al., 2013; Merner et al., 2015; Tang et al., 2016; 
Ruffolo et al., 2018; Wang et al., 2021; Birey et al., 2022) and in NDD animal models (He 
et al., 2014; Tyzio et al., 2014; Deidda et al., 2015b; Banerjee et al., 2016; Corradini et al., 
2017; Fernandez et al., 2018; Roux et al., 2018; Lozovaya et al., 2019; Bertoni et al., 2021). 
Here, we used organotypic hippocampal cultures to examine the consequences of a 
delayed GABA shift for the developing CA1 network using the specific KCC2 blocker 
VU0463271 (VU). VU treatment between DIV1 and DIV8 increased intracellular chloride 
levels without affecting chloride transporter expression levels, thereby effectively 
delaying the GABA shift in CA1 pyramidal neurons. We found that VU treatment did not 
have a direct effect on synaptic currents and firing properties of CA1 pyramidal cells 
at DIV9. However, at DIV21, when chloride levels were fully normalized, we observed 
a remarkable increase in sIPSC frequency compared to control slices, while synapse 
numbers remained unaffected. We found that firing thresholds in CA1 pyramidal 
neurons were slightly elevated while dendrite-targeting interneurons showed an 
elevated resting membrane potential and lower firing threshold at DIV21. Together, 
this shows that a delay in the postnatal GABA shift does not directly affect synaptic 
development, but rather leads to indirect, cell type-specific changes in membrane 
properties that may contribute to altered network activity at a later time point.

In this study we used organotypic hippocampal cultures as a model system to study 
postnatal development. We demonstrate that the GABA shift occurs in slice cultures 
around the same time as it does in vivo (Valeeva et al., 2016; Sulis Sato et al., 2017; Murata 
and Colonnese, 2020; Salmon et al., 2020; Herstel et al., 2022). As previously reported, 
synapses continue to develop in these cultured slices. Indeed, sEPSC frequency and 
density of VGLUT puncta and density of spines increased from DIV9 to DIV21 (De 
Simoni et al., 2003; Berry et al., 2012), while sEPSC amplitude decreased (De Simoni et 
al., 2003) and the frequency of sIPSCs and density of puncta VGAT remained mostly 
stable (De Simoni et al., 2003). VU treatment from DIV1 to DIV8 resulted in increased 
chloride levels in CA1 pyramidal cells at DIV9, that were comparable to untreated slices 
at DIV2. This indicates that the VU treatment effectively delayed chloride maturation 
and maintained depolarizing GABA signaling up to DIV9. Chloride maturation in 
interneurons occurs later compared to pyramidal cells and remained unaffected by 
the VU treatment. Importantly, VU treatment blocked KCC2 function without altering 
expression levels of the protein. This suggests that VU treatment altered intracellular 
chloride levels in pyramidal cells without interfering with the structural role of KCC2 
proteins in spines (Li et al., 2007; Gauvain et al., 2011; Fiumelli et al., 2013; Chevy et 
al., 2015; Puskarjov et al., 2017; Awad et al., 2018; Kesaf et al., 2020), although we can 
never exclude that blocking chloride transport changes how KCC2 interacts with 
other proteins (Mahadevan et al., 2017; Smalley et al., 2020). Our experimental design 
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therefore allowed for selectively testing how intracellular chloride concentrations 
influence the developing CA1 network.

The first key finding from this study is that maintaining depolarizing GABA signaling 
until DIV9 did not have any direct effects on excitatory and inhibitory synaptic structure 
or function. Previous groundbreaking research has demonstrated that excitatory 
GABAergic signaling during prenatal and perinatal development promotes synapse 
formation and maturation (Leinekugel et al., 1997; Akerman and Cline, 2006; Nakanishi 
et al., 2007; Wang and Kriegstein, 2008, 2011; van Rheede et al., 2015; Oh et al., 2016). 
These studies were performed before P8, or when the GABA shift was accelerated. 
Our slices are made from P6-7 pups, when GABA signaling is still depolarizing. Here we 
show that prolonging the period of depolarizing GABA signaling during the second 
postnatal week does no longer affect synapse formation. We did not observe any 
difference in synapse number between control and VU-treated slices, at DIV9 nor at 
DIV21. This was corroborated by a parallel study, in which we treated slices for one 
week with furosemide (Peerboom et al, in preparation). These observations suggest 
that the synapse-promoting effect of depolarizing GABA signaling is restricted from 
embryonic development up to the first postnatal week.

Comparing our current results with previous literature suggests that the effect of 
chloride manipulation critically depends on whether GABAergic signaling is excitatory 
or inhibitory for network activity, which is only indirectly related to EGABA. The effect of 
GABA signaling under physiological conditions does not only depend on the relation 
between EGABA and the AP threshold, but also on the spatiotemporal distribution of 
glutamatergic and GABAergic inputs (Staley and Mody, 1992; Gao et al., 1998; Morita 
et al., 2006; Le Magueresse and Monyer, 2013; Kilb, 2021). With more (excitatory) 
synaptic activity, shunting inhibition will become more prominent (Woodruff et al., 
2011; Branchereau et al., 2016). This means that the precise consequences of alterations 
in the postnatal GABA shift depend on the effect on local network activity (Wang and 
Kriegstein, 2011; Seja et al., 2012; Deidda et al., 2015a; Pisella et al., 2019). In our slices, 
even when GABA signaling was kept depolarizing, GABA signaling already had an 
inhibitory action on cellular and network activity. Although EGABA in VU-treated slices 
was depolarized relative to RMP at DIV9 (Fig. 2B), it remained well below AP threshold 
(Fig. 3N). As a result, GABA signaling was inhibitory in both control and VU-treated 
slices (Fig. 5). It should be noted that we measured inhibitory GABA signaling after 
elevating network activity with modified ACSF, may have skewed GABAergic function 
towards more inhibitory action via activity-induced chloride changes (Raimondo et 
al., 2012; Branchereau et al., 2016; Kilb, 2021). However, network discharges were also 
observed in DMSO and VU treated slices during sEPSC recordings in normal ACSF (Fig. 
5A), indicating a similar inhibitory action. Our results are in line with previous reports 
which argue that depolarizing GABAergic signaling is inhibitory in hippocampal 
slices from approximately P6-9 (Khalilov et al., 1997; Valeeva et al., 2016; Salmon et 

4



128

Chapter 4

al., 2020). Also in the hippocampus of living mice, depolarizing GABA was found to 
inhibit activity in the hippocampus from P7 onwards (Valeeva et al., 2010; Murata 
and Colonnese, 2020). This suggests that the situation in our slices recapitulates the 
in vivo situation well. However, it will be important to confirm our findings in vivo in 
future studies, especially since the precise consequences of altered chloride levels 
depend on local activity. Together, our results support the notion that depolarizing but 
inhibitory GABA signaling has limited contribution to postnatal synapse development 
in the hippocampus.

The second key finding from this study is that subtle, and cell type specific, alterations 
in membrane properties were observed two weeks after the VU treatment had 
ended. We found that CA1 pyramidal cells had a slightly increased firing threshold, 
and interneurons in the sRad showed a slightly elevated membrane potential, which 
reduced the amount of depolarization required to fire an AP. We speculate that 
together this will modify spontaneous network activity toward an increased inhibitory 
tone and contribute to the increased sIPSC frequency that we observed in VU-treated 
slices (Fig. 6I). It is important to note that our study does not address the possible 
contribution of other interneurons, for instance Oriens-Lacunosum Moleculare (OLM) 
interneurons (Leão et al., 2012). Interestingly, pharmacological inhibition of NKCC1 
from P3 to P8 (resulting in decreased intracellular chloride levels) has been reported 
to transiently decrease inhibitory transmission in the visual cortex several weeks later 
(at P35) (Deidda et al., 2015a), suggesting that developing GABAergic transmission may 
be particularly sensitive to intracellular chloride levels.

It remains unclear how blocking KCC2 from DIV1 to DIV8 can alter membrane properties 
of neurons two weeks later. It is important to note that these indirect effect observed in 
slices cannot easily be translated to the in vivo situation as they will likely be influenced 
by in vivo activity patterns and neuromodulatory signaling. In addition, although we 
carefully selected VU for its highest selectivity to KCC2 (Delpire and Weaver, 2017) 
and lowest off-target effects, we cannot exclude that the latter may have contributed 
(Sivakumaran et al., 2015), for instance via the Translocator protein (TSPO) (Liu et al., 
2017; Shi et al., 2022). However, it is interesting that our study adds to an increasing 
number of studies that demonstrate that intracellular chloride levels can modify ion 
channels, and therefore membrane excitability, in often unpredictable ways (Huang et 
al., 2012; Seja et al., 2012; Goutierre et al., 2019; Sinha et al., 2022). Most notably, it was 
shown that membrane levels of TASK-3 potassium channels are regulated via KCC2 
(Goutierre et al., 2019) and that the chloride-dependent kinase WNK3 regulates inward 
rectifier potassium channels (Sinha et al., 2022). It will also be important to further 
examine the role of various chloride channels in membrane excitability (Jentsch, 
2016; Jentsch and Pusch, 2018; Akita and Fukuda, 2020). Interestingly, effects seem to 
strongly depend on cell type (Seja et al., 2012) and timing of the chloride manipulation 
(Lim et al., 2021; Sinha et al., 2022). The changes in excitability that we observed at 
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DIV21 may therefore reflect a complex sequence of subtle adaptations of ion channel 
distribution that is likely specific per cell type and per brain region.

The present work shows that delaying the postnatal GABA shift by one week has 
no direct effects on synaptic development. Instead, we found evidence for indirect, 
cell type-specific changes in membrane properties, possibly via chloride-dependent 
regulation of ion channels, which may have long-term consequences for network 
activity and brain function. Our data call for careful assessment of alterations in cellular 
excitability in NDDs.
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5.1 Abstract

During the first two postnatal weeks intraneuronal chloride concentrations in rodents 
gradually decrease, causing a shift from depolarizing to hyperpolarizing γ-aminobutyric 
acid (GABA) responses. GABAergic depolarization in the immature brain is crucial for 
the formation and maturation of excitatory synapses, but when GABAergic signaling 
becomes inhibitory it no longer promotes synapse formation. Here we examined 
the role of chloride transporters in developing postnatal hippocampal neurons using 
furosemide, an inhibitor of the chloride importer NKCC1 and chloride exporter KCC2 
with reported anticonvulsant effects. We treated organotypic hippocampal cultures 
made from 6 to 7-day old mice with 200 μM furosemide and assessed its effect on 
inhibitory synapses. Using perforated patch clamp recordings we found that the GABA 
reversal potential was depolarized after acute furosemide application, but after a 
week of furosemide treatment the GABA reversal potential was more hyperpolarized 
compared to control. However, we did not detect a change in chloride levels using 
the chloride sensor SuperClomeleon. Expression levels of the chloride cotransporters 
were unaffected after one week furosemide treatment. This suggests that furosemide 
inhibited KCC2 acutely, but sustained application resulted in (additional) inhibition 
of NKCC1, though we cannot exclude additional changes in HCO3- levels. We then 
assessed the effects of accelerating the GABA shift by furosemide treatment on 
inhibitory synapses onto CA1 pyramidal cells. Directly after cessation of furosemide 
treatment at DIV9, inhibitory synapses were not affected. However at DIV21, two weeks 
after ending the treatment, we found that the frequency of inhibitory currents was 
increased, possibly due to an increased number of inhibitory synapses in the stratum 
Radiatum. In addition, we found evidence for cell shrinkage in CA1 pyramidal neurons 
in furosemide-treated slices at DIV21. Our results suggest that furosemide indirectly 
promotes the development of inhibitory synapses. The furosemide-induced increase 
in inhibitory transmission might constitute an additional mechanism via which 
furosemide reduces seizure susceptibility in the epileptic brain.
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5.2 Introduction

γ-Aminobutyric acid (GABA) is the main inhibitory, hyperpolarizing neurotransmitter 
in the adult brain, but during early development GABA actually depolarizes neurons. 
Ionotropic GABAA receptors primarily conduct chloride (~70%), but also some HCO3- 
(~30%), (Kaila et al., 2014). While HCO3- levels remain constant, intracellular chloride 
levels decrease during brain development (Kaila et al., 2014). The decrease in chloride 
causes the reversal potential (EGABA) to gradually drop below resting membrane 
potential. As a result, the GABAergic driving force shifts from depolarizing in immature 
neurons to hyperpolarizing in the mature brain (Rivera et al., 1999; Hübner et al., 2001; 
Tyzio et al., 2007; Romo-Parra et al., 2008; Kirmse et al., 2015; Tsukahara et al., 2015; Sulis 
Sato et al., 2017; Murata and Colonnese, 2020). The decrease in chloride levels is the 
direct result of an increased function of the chloride exporter KCC2 (K-Cl cotransporter 
2) relative to the chloride importer NKCC1 (Na-K-2Cl cotransporter 1) (Rivera et al., 
1999; Gulyás et al., 2001; Yamada et al., 2004; Dzhala et al., 2005; Otsu et al., 2020). In 
humans, the shift in chloride transporter expression occurs during the first year after 
birth (Dzhala et al., 2005; Sedmak et al., 2016). In rodents, GABA shifts during the first 
two postnatal weeks (Rivera et al., 1999; Stein et al., 2004; Tyzio et al., 2007; Romo-Parra 
et al., 2008; Kirmse et al., 2015; Sulis Sato et al., 2017; Murata and Colonnese, 2020).

Depolarizing GABA signaling plays a critical role in the formation and maturation of 
excitatory synapses in the developing brain (Leinekugel et al., 1997; Akerman and 
Cline, 2006; Wang and Kriegstein, 2008, 2011; Chancey et al., 2013; van Rheede et al., 
2015; Oh et al., 2016). However, after the first postnatal week, GABA becomes inhibitory 
and it no longer promotes synapse formation (Salmon et al., 2020; Peerboom et al., 
2023). Here we examined the role of chloride transporters in developing postnatal 
hippocampal neurons using furosemide, a well-known inhibitor of chloride transport. 
Low furosemide concentrations (100-1000 μM) have been employed previously to 
acutely block KCC2 and elevate chloride concentrations in (slice) cultures (Thompson 
and Gahwiler, 1989; Jarolimek et al., 1999; Deeb et al., 2013; Wright et al., 2017), as 
furosemide has a preference for inhibiting KCC2 over NKCC1 (IC50 ∼30 μM for rat 
NKCC1 and IC50∼10 μM for rat KCC2, expressed in Xenopus oocytes (Orlov et al., 2015)). 
In addition, furosemide can inhibit α6- and α4-subunit containing GABAA receptors 
(Thompson and Gahwiler, 1989; Pearce, 1993; Korpi et al., 1995), and proteins that 
regulate neuronal HCO3- levels (Halligan et al., 1991; Temperini et al., 2009; Ruusuvuori, 
E. & Kaila, 2014; Uwera et al., 2015). Moreover, furosemide was shown to inhibit activity-
induced swelling of epileptic brain tissue (Hochman et al., 1995; Gutschmidt et al., 
1999; Hochman, 2012).

Furosemide is commonly used as a diuretic, but has anti-epileptic actions as well. A 
case-control study on hypertension and epilepsy showed that diuretics including 
furosemide protected patients with hypertension against an increased risk on 
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seizures in later life (Hesdorffer et al., 1996). Subsequently, the antiepileptic effects of 
furosemide were demonstrated in animal models (Hochman et al., 1995; Gutschmidt 
et al., 1999; Holtkamp et al., 2003; Barbaro et al., 2004; Viitanen et al., 2010; Hochman, 
2012; Uwera et al., 2015; Chen et al., 2022). Since then, several epidemiological and 
experimental studies have reported anticonvulsant actions of furosemide, but because 
of its wide range of actions, the mechanism behind furosemide’s anti-epileptic effects 
remains mostly unclear (Hesdorffer et al., 1996; Staley, 2002; Maa et al., 2011).

We examined the effects of 200 μM furosemide in P6/7 organotypic hippocampal 
cultures. We found that acute furosemide application depolarized GABA reversal 
potential in DIV21 slices, in line with inhibition of KCC2. In contrast, furosemide 
treatment from DIV1 to DIV8 hyperpolarized the GABA reversal potential. We 
did not detect changes in intracellular chloride levels using the chloride sensor 
SuperClomeleon and expression levels of the chloride-cotransporters were unaffected 
after furosemide-treatment, possibly due to reduced sensor sensitivity at low chloride 
levels. We suggest that sustained application of furosemide resulted in inhibition 
of NKCC1, but we cannot exclude changes in HCO3- levels. We then assessed the 
consequences of accelerating the GABA shift through furosemide treatment on 
inhibitory transmission. We found that inhibitory synapses were not affected directly 
after furosemide treatment at DIV9. However at DIV21, when EGABA had normalized, 
inhibitory currents were strongly increased in furosemide-treated slices, possibly via 
an increased number of inhibitory synapses in the stratum Radiatum. In addition, we 
found clues for shrinkage of CA1 pyramidal neurons in furosemide-treated slices at 
DIV21. Our results suggest that furosemide indirectly promotes inhibitory transmission. 
The increase in inhibitory transmission might constitute a new mechanism via which 
furosemide can reduce seizures in the epileptic brain.

5.3 Methods

Animals
All animal experiments were performed in compliance with the guidelines for the 
welfare of experimental animals issued by the Federal Government of the Netherlands 
and were approved by the Dutch Central Committee Animal experiments (CCD), 
project AVD1080020173847 and project AVD1150020184927. In this study we used 
male and female transgenic mice: GAD65-GFP mice (López-Bendito et al., 2004) 
(bred as a heterozygous line in a C57BL/6JRj background), C57BL/6JRj littermates, 
and SuperClomeleon (SClm) mice. The SClm mice (Herstel et al., 2022) are 
SuperClomeleonlox/- mice (Rahmati et al., 2021), a gift from Kevin Staley (Massachusetts 
General Hospital, Boston, MA) crossed with CamKIIαCre/- mice (Tsien et al., 1996; 
Casanova et al., 2001). SClm mice express the chloride sensor SClm in up to 70% of 
the pyramidal neurons in the hippocampus (Casanova et al., 2001; Wang et al., 2013). 
GAD65-GFP mice express GFP in ∼20% of GABAergic interneurons in the CA1 region of 



143

Furosemide indirectly increases inhibitory transmission                             

the hippocampus (Wierenga et al., 2010). As we did not detect any differences between 
slices from male and female mice as well as from GAD65-GFP mice and C57BL/6JRj 
littermates, all data were pooled.

Organotypic hippocampal culture preparation and furosemide treatment
Organotypic hippocampal cultures were made from P6-7 mice as described before 
(Hu et al., 2019; Herstel et al., 2022), based on the Stoppini method (Stoppini et al., 
1991). Mice were decapitated and their brain was rapidly placed in ice-cold Grey’s 
Balanced Salt Solution (GBSS; containing (in mM): 137 NaCl, 5 KCl, 1.5 CaCl2, 1 MgCl2, 
0.3 MgSO4, 0.2 KH2PO4 and 0.85 Na2HPO4) with 25 mM glucose, 12.5 mM HEPES and 
1 mM kynurenic acid (pH set at 7.2, osmolarity set at ~320 mOsm, sterile filtered). 
400 μm thick transverse hippocampal slices were cut with a McIlwain tissue chopper. 
Slices were placed on Millicell membrane inserts (Millipore) in wells containing 1 ml 
culture medium (consisting of 48% MEM, 25% HBSS, 25% horse serum, 25 mM glucose, 
and 12.5 mM HEPES, with an osmolarity of ~325 mOsm and a pH of 7.3 – 7.4). Slices 
were stored in an incubator (35°C with 5% CO2). Culture medium was replaced by 
culture medium supplemented with 0.1% dimethyl sulfoxide (DMSO, Sigma-Aldrich) 
or 200 μM furosemide (furosemide, Merck, in 0.1 % DMSO). In addition, a small drop 
of medium supplemented with DMSO or furosemide was carefully placed on top of 
the slices. In this way, cultures were treated 3 times per week until DIV8. From DIV8 
onwards, cultures received normal culture medium 3 times per week. Experiments 
were performed at day in vitro 1-3 (DIV2), 8-10 (DIV9) or 20-22 (DIV21). Please note 
that perforated patch experiments at DIV9 were performed 1 to 55 hr after cessation 
of the furosemide treatment, but experimental results did not correlate with hours 
after treatment or with the addition of furosemide to ACSF during the perforated 
patch recording.

Electrophysiology and analysis
Organotypic cultures were transferred to a recording chamber and continuously 
perfused with carbonated (95% O2, 5% CO2) artificial cerebrospinal fluid (ACSF, in mM: 
126 NaCl, 3 KCl, 2.5 CaCl2, 1.3 MgCl2, 26 NaHCO3, 1.25 NaH2PO4, 20 glucose; with an 
osmolarity of ~310 mOsm) at a rate of approximately 1 ml/min. For acute application, 
ACSF containing 0.1% DMSO or 200 μM furosemide (dissolved in 0.1% DMSO) was bath 
applied for 5 minutes. Bath temperature was maintained at 29-32°C. Recordings were 
acquired using an MultiClamp 700B amplifier (Molecular Devices), filtered with a 3 kHz 
Bessel filter and stored using pClamp10 software.
Perforated patch clamp recordings were performed in CA1 pyramidal neurons. 
Recording pipettes with resistances of 2-4 MΩ were pulled from borosilicate glass 
capillaries (World Precision Instruments). The pipette tip was filled with gramicidin-
free KCl solution (140 mM KCl and 10 mM HEPES, pH adjusted to 7.2 with KOH, and 
osmolarity 285 mOsm/l) and then backfilled with solution containing gramicidin 
(60 µg/ml, Sigma). Neurons were held at -65 mV and the access resistance of the 
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perforated cells was monitored constantly before and during recordings by a 5 mV 
seal test. An access resistance of 50 MΩ was considered acceptable to start recording. 
Recordings were excluded if the resting membrane potential exceeded -50 mV or if the 
series resistance after the recording deviated more than 30% from its original value. 
GABAA currents were induced upon local application of 50 μM muscimol dissolved in 
HEPES-ACSF (containing in mM: 135 NaCl, 3 KCl, 2.5 CaCl2, 1.3 MgCl2, 1.25 Na2H2PO4, 
20 Glucose, and 10 HEPES) every 30 sec using a Picospritzer II. Muscimol responses 
were recorded in the presence of 1 μM TTX (Abcam) at holding potentials between 
-100 mV and -30 mV in 10 mV steps. We plotted response amplitude as a function of 
holding potential and calculated the chloride reversal potential from the intersection 
of the linear current-voltage curve with the x-axis. To assess the size of GABAA currents 
independent of holding and reversal potential, we calculated the slope of the current-
voltage-plot.

For recordings of spontaneous inhibitory postsynaptic currents (sIPSCs) and miniature 
inhibitory currents (mIPSCs) we performed whole-cell patch clamp recordings from 
CA1 pyramidal neurons using borosilicate glass pipettes with resistances of 3-6 
MΩ. Pipettes were filled with a KCl-based internal solution (containing in mM: 70 
Kgluconate, 70 KCl, 0.5 ethyleneglycol- bis(β-aminoethyl)-N,N,N ,́Nʹ-tetraacetic Acid 
(EGTA), 4 Na2phosphocreatine, 4 MgATP, 0.4 NaGTP and 10 HEPES; pH adjusted to 7.2 
with KOH) and ACSF was supplemented with 20 μM DNQX (Tocris) and 50 μM DL-APV 
(Tocris). For recordings of miniature IPSCs (mIPSCs), 1 μM TTX (Abcam) was also added 
to the ACSF. sIPSCs and mIPSCs were recorded for 6 minutes. For wash in experiments, 
an sIPSC baseline was recorded for 6 minutes and compared to sIPSCs after 20 minutes 
wash in of 1 μM TTX (Abcam), 0.2 μM K252a (Tocris), 5 μM AM251 (Sigma) or 1 μM 
agatoxin-IVA (smartox-biotech), again for 6 minutes. Membrane capacitance and 
series resistance were monitored during the recordings by a 5 mV seal test. Cells were 
discarded if series resistance was above 35 MΩ or if the resting membrane potential 
exceeded -50 mV or if the series resistance after the recording deviated more than 
30% from its original value.

All data were blinded before analysis. Events were selected using a template in 
Clampfit10 software. Further analysis was performed using custom-written MATLAB 
scripts. Rise time of sIPSCs was determined as the time between 10% and 90% of the 
peak value. The decay tau was fitted with a single exponential function. Only events 
with a goodness of fit R2 ≥ 0.75 were included.

Two-photon SuperClomeleon imaging and analysis
We performed two-photon chloride imaging in CA1 pyramidal cells using the 
SuperClomeleon sensor (Grimley et al., 2013) in cultured slices from SClm mice (Herstel 
et al., 2022). The SClm sensor consists of Cerulean (a CFP mutant) and Topaz (a YFP 
mutant) joined by a flexible linker. In the absence of chloride, Fluorescence Resonance 
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Energy Transfer (FRET) occurs from the CFP donor to the YFP acceptor. Chloride 
binding to YFP increases the distance between the fluorophores and decreases FRET 
(Grimley et al., 2013).

At the recording day, slices were transferred to a recording chamber and continuously 
perfused with carbonated (95% O2, 5% CO2) ACSF supplemented with 1 mM Trolox, at 
a rate of approximately 1 ml/min. Bath temperature was monitored and maintained 
at 30-32 °C. Two-photon imaging of CA1 pyramidal neurons or VGAT-positive 
interneurons in the CA1 area of the hippocampus was performed using a customized 
two-photon laser scanning microscope (Femto3D-RC, Femtonics, Budapest, Hungary) 
with a Ti-Sapphire femtosecond pulsed laser (MaiTai HP, Spectra-Physics) and a 60x 
water immersion objective (Nikon NIR Apochromat; NA 1.0) The CFP donor was 
excited at 840 nm. The emission light was split using a dichroic beam splitter at 505 
nm and detected using two GaAsP photomultiplier tubes. We collected fluorescence 
emission of Cerulean/CFP (485 ± 15 nm) and Topaz/YFP (535 ± 15 nm) in parallel. Of 
each slice from SClm mice, 2-5 image stacks were acquired in different fields of view. 
The resolution was 8.1 pixels/μm (1024x1024 pixels, 126x126 μm) with 1 μm z-steps.

Image analysis was performed using ImageJ software, as described before (Herstel 
et al., 2022). We manually determined regions of interest (ROIs) around individual 
neuron somata. To select a representative cell population in SClm slices, in each image 
z-stack we selected four z-planes at comparable depths in which three pyramidal cells 
were identified that varied in CFP brightness (bright, middle and dark). We subtracted 
the mean fluorescence intensity of the background in the same image plane before 
calculating the fluorescence ratio of CFP and YFP. We limited our analysis to cells which 
were located within 450 pixels from the center of the image, as FRET ratios showed 
slight aberrations at the edge of our images. We excluded cells with a FRET ratio < 0.5 
or > 1.6 to avoid unhealthy cells.

Protein extraction and Western Blot analysis
Organotypic hippocampal cultures were washed in cold PBS and subsequently lysed 
in cold protein extraction buffer containing: 150 mM NaCl, 10 mM EDTA 10 mM HEPES, 
1% Triton-X100 and 1x protease and 1x phosphatase inhibitors cocktails (Complete 
Mini EDTA-free and phosSTOP, Roche). Lysates were cleared of debris by centrifugation 
(14,000 rpm, 1 min, 4°C) and measured for protein concentration before storage at 
−20°C until use. Lysates were denatured by adding loading buffer and heating to 
95°C for 5 min. For each sample an equal mass of proteins was resolved on 4–15 % 
polyacrylamide gel (Bio-Rad). The proteins were then transferred (300 mA, 3h) onto 
ethanol-activated Immobilon-P PVDF membrane (Millipore) before blocking with 
3% Bovine Serum Albumin in Tris- buffered saline-Tween (TBST, 20 mM Tris, 150 mM 
NaCl, 0.1% Tween-20) for 1 h. Primary antibodies used in this study were: mouse anti-
NKCC1 (T4, Developmental Studies Hybridoma Bank, 1:1000), rabbit anti-KCC2 (07-432, 
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Merck, 1:1000) and s940-pKCC2 (p1551-940, LuBioSciences, 1:1000), mouse anti-tubulin 
(T-5168, Sigma, 1:10000). Primary antibodies were diluted in blocking buffer and 
incubated with the blots overnight at 4 °C under gentle rotation. The membrane was 
washed 3 times 15 minutes with TBST before a 1h incubation of horseradish peroxidase 
(HRP)-conjugated antibodies (P0447 goat anti-mouse IgG HRP, Dako, 1:2500 or P0399 
swine anti-rabbit IgG HRP, Dako, 1:2500), and washed 3 times 15 minutes in TBST again 
before chemiluminescence detection. For chemiluminescence detection, blots were 
incubated with Enhanced luminol-based Chemiluminescence substrate (Promega), 
and the exposure was captured using the ImageQuant 800 system (Amersham). 
Images were analyzed in ImageJ, by drawing rectangular boxes around each band 
and measuring average intensities. Protein levels were normalized to the Tubulin 
loading controls.

Immunohistochemistry, confocal microscopy and analysis
Slices were fixed 4 % paraformaldehyde solution in PBS for 30 minutes at room 
temperature. After washing slices in phosphate buffered saline (PBS), they were 
permeabilized for 15 minutes in 0.5 % Triton X-100 in PBS for 15 minutes, followed by 
1 hour in a blocking solution consisting of 10 % normal goat serum and 0.2 % Triton 
X-100 in PBS. Slices were incubated in primary antibody solution at 4 °C overnight. The 
following primary antibodies were used: rabbit polyclonal anti-KCC2 (07-432, Merck, 
1:1000), rabbit anti-VGAT (131003, Synaptic Systems, 1:1000), guinea pig anti-VGLUT 
(AB5905, Merck, 1:1000), mouse anti-NeuN (MAB377, Millipore, 1:500), guinea pig anti-
NeuN (ABN90, Merck, 1:1000). Slices were washed in PBS and incubated in secondary 
antibody solution for four hours at room temperature. Secondary antibodies used 
were: goat anti-mouse Alexa Fluor 467 (Life Technologies, A21236, 1:500), goat anti-
rabbit Alexa Fluor 405 (A31556, Life Technologies, 1:500), goat anti-guinea pig Alexa 
Fluor 488 (A11073, Life Technologies, 1:1000) and Goat anti-guineapig Alexa Fluor 
568 (A11075, Life Technologies, 1:500) Goat anti-rabbit Alexa fluor 647 (A21245, Life 
Technologies, 1:500). After another PBS wash, slices were mounted in Vectashield 
mounting medium (Vector labs).

Confocal images were taken on a Zeiss LSM-700 confocal laser scanning microscopy 
system with a Plan-Apochromat 40x 1.3 NA immersion objective for KCC2 staining and 
63x 1.4 NA oil immersion objective for inhibitory synapse staining. KCC2 staining was 
imaged in two fields of view in the CA1 sPyr of each slice. Inhibitory synapses were 
imaged in the CA1 sPyr and sRad of each slice. Image stacks (1024x1024 pixels) were 
acquired at 6.55 pixels/μm for KCC2 staining, 10.08 pixels/μm for VGLUT/VGAT staining. 
Step size in z was 0.5 μm for KCC2 staining and 0.4 μm for inhibitory synapse staining.

Confocal images were blinded before analysis. For the analysis of KCC2 levels in control 
and furosemide-treated slices, ROIs were drawn around 5 NeuN positive cell bodies 
and this was repeated in 1-3 z-planes (depending on the depth of KCC2 signal) at 
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comparable depths, to measure average KCC2 fluorescence of 5-15 neurons per image 
stack. For analysis of inhibitory synapses a custom-made macro was used (Ruiter et 
al., 2020). Briefly, three Z-planes were averaged and background was subtracted 
with rolling ball radius of 10 pixels. VGAT puncta were identified using watershed 
segmentation. PV and CB1R channels were thresholded and colocalization with VGAT 
puncta was analyzed.

Statistical Analyses
Statistical analysis was performed in Prism (Graphpad). Normality was tested using 
the D’Agostino & Pearson test. For the comparison of two groups we either used 
an unpaired Student’s t test (UT; parametric), a Mann-Whitney test (MW; non-
parametric), a paired Student’s t test (PT; parametric) or a Wilcoxon signed-rank 
test (WSR; non-parametric). For comparison of multiple groups, a Kruskal Wallis test 
(KW; nonparametric) was used, followed by a Dunn’s Multiple Comparison posthoc 
test (DMC) or a two way ANOVA (2W ANOVA; parametric), followed by a by a Sidak’s 
Multiple Comparisons posthoc test (SMC). Data are presented as mean ± standard error 
of the mean. Significance is reported as *p<0.05; **p≤0.01; ***p≤0.001.

5.4 Results

Furosemide depolarizes GABA responses acutely, but hyperpolarizes GABA 
responses after one week treatment.
We set out to manipulate the GABA shift with furosemide in organotypic hippocampal 
cultures. We used perforated patch recordings upon muscimol application in CA1 
pyramidal neurons of cultured hippocampal slices to record the reversal potential of 
GABAA receptor currents. Acute administration of 200 μM furosemide in DIV2 slices did 
not affect the GABA reversal potential (EGABA) (Fig. 1A) or GABA driving force (GABA DF) 
(Fig. 1B), in agreement with a low expression of KCC2 at this age (Salmon et al., 2020; 
Peerboom et al., 2023). At DIV21, when KCC2 expression is high (Salmon et al., 2020; 
Peerboom et al., 2023), acute furosemide application elevated EGABA and GABA DF (Fig. 
1C,D), in line with previous reports on acute application of furosemide (Thompson 
and Gahwiler, 1989; Jarolimek et al., 1999; Deeb et al., 2013; Wright et al., 2017) and 
in line with acute inhibition of KCC2 by the specific KCC2 blocker VU0463271 (VU) 
in slices at the same developmental stage (Peerboom et al., 2023). We then treated 
cultured hippocampal slices from DIV1 to DIV8 with 200 μM furosemide. Surprisingly, 
we observed a strong hyperpolarization of EGABA and a negative shift of the GABA 
DF after one week furosemide treatment at DIV9 (Fig. 1E,F). Since furosemide has 
been shown to inhibit α6- and α4-subunit containing GABAA receptors (Thompson 
and Gahwiler, 1989; Pearce, 1993; Korpi et al., 1995), we checked if GABAA receptor 
inhibition may have interfered with our measurements of EGABA and GABA DF. As a 
rough indication, we determined the slope of the current-voltage (IV) plot to assess 
GABA response amplitudes independently of holding potential and reversal potential. 
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However, IV-slopes were not different (MW, p=0.46), suggesting that furosemide did 
not have a major effect on GABAA receptors.

A hyperpolarizing shift in EGABA suggest that furosemide treatment decreased 
intraneuronal chloride or HCO3

− levels. To further examine intracellular chloride 
levels after furosemide treatment, we used the chloride sensor SuperClomeleon 
(SClm) (Grimley et al., 2013; Boffi et al., 2018; Rahmati et al., 2021; Herstel et al., 
2022). Remarkably, SClm FRET ratios in CA1 pyramidal neurons were not different 
in furosemide-treated and control cultures (Fig. 1G,H). The discrepancy between 
our results from perforated patch recordings and SClm imaging may be due to the 
decreased sensitivity of the SClm sensor for low chloride levels (Grimley et al., 2013; 
Herstel et al., 2022). Alternatively, it may reflect concomitant changes in chloride and 
HCO3

−, as SClm displays substantial pH-sensitivity (Grimley et al., 2013; Boffi et al., 
2018; Lodovichi et al., 2022). These possibilities are discussed in more detail in the 
discussion section.

To examine if furosemide treatment made GABA signaling hyperpolarizing by 
changing chloride cotransporter expression, we assessed total NKCC1, KCC2 or s940-
pKCC2 protein levels in control and furosemide-treated slices using Western blots. 
No significant changes in the levels of NKCC1, KCC2 or S940-pKCC2 were observed 
(Fig. 1I,J). In addition, we examined KCC2 localization in treated and control slices 
using immunohistochemistry. We used NeuN to identify individual cell bodies and we 
estimated KCC2 levels in somata and membranes. We previously showed that we can 
detect reduction in KCC2 levels after shRNA using these methods (Peerboom 2023). 
Furosemide treatment did not significantly affect KCC2 levels in somata or membranes 
of CA1 pyramidal neurons (Fig. 1K,L). Together, this indicates that furosemide treatment 
during DIV1 to DIV8 hyperpolarized GABA signaling without changing the expression 
or surface levels of KCC2, nor by changing expression levels of NKCC1 and S940-pKCC2. 
These results suggest that furosemide treatment hyperpolarized EGABA via inhibition of 
both chloride transporters KCC2 and NKCC1 without altering their expression.
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Figure 1. Furosemide acutely depolarizes the GABAergic driving force, but results in hyperpolar-
ization after one week treatment.
A, B) GABA reversal potential (EGABA) (PT, p=0.33) and GABA Driving Force (GABA DF) (PT, p=0.19) 
values recorded in CA1 pyramidal cells at DIV2 before and after acute application of furosemide. 
Data from 4 cells, 4 slices and 4 mice.
C,D) EGABA (MW, p=0.004) and GABA DF (MW, p=0.002) values recorded in CA1 pyramidal cells at 
DIV21 before and after acute application of furosemide. Data from 6 cells, 5 slices and 5 mice.
E,F) EGABA (MW, p=0.001) and GABA DF (MW, p=0.005) recorded in CA1 pyramidal cells at DIV9 
in control (CTL) and furosemide-treated slices. Data from 7-9 cells, 5-8 slices and 4-5 mice per 
group.
G) Average SClm FRET ratios in CTL and furosemide-treated slice cultures (UT, p=0.75). Data 
from 10-14 slices and 6-10 mice per group.
H) Cumulative distribution of FRET ratios in individual cells in CTL and furosemide -treated 
cultures. (KS, p=0.23). Data from 15 randomly selected cells per slice.
I) Western blots of NKCC1, KCC2 and S940-pKCC2 (pKCC2) protein levels in CTL and furosemide-
treated slice cultures. Tubulin (Tub) was used as loading control.
J) Summary of data for NKCC1, KCC2 and for s940-pKCC2 (pKCC2) protein levels. Values were 
normalized to the protein level in CTL cultures (NKCC1: MW, p>0.99; KCC2: MW, p=0.70; pKCC2: 
MW, p=0.48). Data from 3-5 experiments and 3 mice per group.
K) Confocal images of NeuN and KCC2 staining in CTL and furosemide-treated cultures. Yellow 
lines indicate the outlines of individual cells. Scale bar: 10 μm.
L) Total KCC2 levels (UT, p=0.55) and KCC2 levels in membrane (UT, p=0.37) in CTL and 
furosemide-treated cultures. Each datapoint represents the mean KCC2 intensity of all neurons 
in one image. Data from 8-17 images, 4-8 slices and 3 mice per group.
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Furosemide does not affect inhibitory synapses at DIV9, but increases the number of 
inhibitory synapses at DIV21.
The results above show that one week of furosemide treatment hyperpolarized EGABA, 
thereby accelerating the GABA shift. Next, we assessed the consequences of this 
accelerated GABA shift on inhibitory transmission. We recorded spontaneous and 
miniature inhibitory currents (sIPSCs and mIPSCs) from CA1 pyramidal cells in control 
and furosemide-treated slices at DIV9. We found that the frequency, amplitude, rise 
and decay kinetics of sIPSCs and the membrane capacitance (Cm) of CA1 pyramidal 
neurons were similar in control and furosemide-treated slices at DIV9 (Fig. 2A-E). This 
indicates that GABA signaling does not directly affect the development of inhibitory 
synapses at this developmental stage, which is in line with our recent study (Peerboom 
et al., 2023).

When recording sIPSCs, we noticed that the sIPSC frequency slightly increased with 
~20% during 20 minutes of recording in both control and furosemide-treated slices 
(Fig. 2F,G). When we washed in TTX to block neuronal activity in control slices, this 
‘run-up’ was prevented (Fig. 2H), indicating that the run-up is activity dependent. 
However, TTX did not prevent the run-up in furosemide-treated slices, suggesting that 
the run up had different mechanisms in control and furosemide-treated slices (Fig. 
2I). We considered the possibility that the activity-dependent run up is due to release 
of activity-dependent factors, such as endocannabinoids or BDNF. We therefore 
assessed the contribution of TrkB, the BDNF receptor, and CB1, the endocannabinoid 
receptor, in control and furosemide-treated slices using TrkB antagonist K252a, and 
CB1 receptors antagonist AM251 respectively. We found that sIPSCs were enhanced 
after wash in K252a, but not AM251. This suggests that there is ongoing suppression of 
GABA release by BDNF, while endocannabinoid signaling does not have a prominent 
role on GABA release in our slices at DIV9. There was no differential contribution of 
BDNF and endocannabinoid signaling between control and furosemide-treated slices 
(Fig. 2J). We also blocked presynaptic P/Q calcium channels with agatoxin-IVA (aga) 
(Goswami et al., 2012), but this did not significantly alter sIPSC frequency in control 
and furosemide-treated slices (Fig. 2J). It thereby remains unclear why the run up of 
sIPSCs was different after furosemide treatment.



151

Furosemide indirectly increases inhibitory transmission                             

Figure 2. Furosemide does not affect inhibitory transmission at DIV9.
A-E) sIPSC frequency (MW, p=0.084), amplitude (UT, p=0.83), risetime (MW, p=0.80) and decay 
tau (MW, p=0.57) and membrane capacitance (Cm) (UT, p=0.63) in control (CTL) and furosemide-
treated slice cultures at DIV9. Data from 14-17 cells, 9 slices and 9 mice per group.
F-I) sIPSC frequency after ACSF wash in as a control CTL (WSR, p=0.008) and furosemide-treated 
(WSR, p=0.002) slice cultures at DIV9. sIPSC frequency after TTX wash in of in CTL (WSR, p=0.80) 
and furosemide-treated WSR, p=0.002) slice cultures at DIV9. Data from 8-15 cells, 8-15 slices 
and 7-10 mice per group.
J) Change in sIPSC frequency after ACSF wash in as a control, versus after wash in of TTX, K252a, 
AM251 and agatoxin-IVA (aga) to block neuronal activity, BDNF, endocannabinoids and P/Q 
calcium channels respectively in control and furosemide-treated slices at DIV9 (2W ANOVA, 
treatment p=0.18, blocker p=0.002; SMC, control versus TTX, p=0.95; control versus K252a, 
p=0.020; control versus AM251, p=0.99; control versus agatoxin-IVA (aga), p=0.82). Data from 
7-15 cells, 7-15 slices and 4-10 mice per group.

Two weeks after ending the treatment at DIV21, EGABA and GABA DF in pyramidal 
neurons had normalized and reached control levels (Fig. 3A,B). As we previously found 
that a transient elevation of chloride using VU treatment from DIV1 to DIV8 resulted in 
indirect changes in inhibitory transmission (Peerboom et al., 2023), we also recorded 
inhibitory transmission at DIV21 (Fig. 3C,D). We observed that the sIPSC amplitude 
was significantly increased in furosemide-treated slices, while the frequency, rise 
and decay time of the sIPSCs were not affected (Fig. 3E-H). In addition, we found 
that cell capacitance of CA1 pyramidal cells was decreased in furosemide-treated 
slices compared to control slices (Fig. 3I). To assess whether the changes in inhibitory 
transmission were activity-dependent, we also recorded mIPSCs. The mIPSCs 
frequency was increased in furosemide-treated slices at DIV21, while amplitude, rise 
and decay time were not different (Fig. 3J-M). This suggests that the increase in sIPSC 
amplitude may be explained by an increase in inhibitory synapses. Interestingly, a 
difference in membrane capacitance was no longer detected when recording mIPSCs 
in the presence of TTX (Fig. 3N). This may reflect a change in activity-dependent cell 
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swelling after furosemide treatment (Hochman et al., 1995; Gutschmidt et al., 1999; 
Hochman, 2012).

Figure 3. Furosemide increases inhibitory transmission at DIV21.
A,B) GABA reversal potential (EGABA) (MW, p=0.56) and GABA Driving Force (GABA DF) (MW, 
p=0.76) in control (CTL) and furosemide-treated slice cultures at DIV21. Data from 9-13 cells, 9 
slices and 9 mice per group.
C) sIPSC recording from CA1 pyramidal cells in CTL and furosemide-treated organotypic cultures 
at DIV21. sIPSCs are indicated with *.
D) mIPSC recording from CA1 pyramidal cells in control and furosemide-treated organotypic 
cultures at DIV21. mIPSCs are indicated with *.
E-H) sIPSC frequency (UT, p=0.10), amplitude (UT, p=0.034), risetime (UT, p=0.54) and decay 
tau (UT, p=0.34) in CTL and furosemide-treated slice cultures at DIV21. Data from 11-12 cells, 
5-6 slices and 3-5 mice per group.
I) Membrane capacitance (Cm) of CA1 pyramidal cells in CTL and furosemide-treated slice 
cultures at DIV21 (UT, p=0.035). Data from 11-12 cells, 5-6 slices and 3-5 mice per group.
J-M) mIPSC frequency (UT, p=0.0002), amplitude (UT, p=0.34), risetime (MW, p=0.73) and decay 
tau (UT, p=0.06) in CTL and furosemide-treated organotypic cultures at DIV21. Data from 11-12 
cells, 5-6 slices and 3-5 mice per group. Data from 12-13 cells, 5 slices and 4 mice per group.
N) Membrane capacitance (Cm) of CA1 pyramidal cells in the presence of TTX in CTL and 
furosemide-treated slice cultures at DIV21 (UT, p=0.35). Data from 12-13 cells, 5 slices and 4 
mice per group.
We also compared Cm in sIPSC (I) versus mIPSC (N) recordings in CTL slice cultures (UT, p=0.16) 
and Cm in sIPSC (I) versus mIPSC (N) recordings in furosemide-treated slices (UT, p=0.068).
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Our observation that the amplitude, but not frequency, of sIPSCs was increased in 
furosemide-treated slices, while mIPSC frequency, and not amplitude, was increased, 
suggest that the number of inhibitory synapses is increased in furosemide-treated 
slices. To assess synapse numbers, we used immunohistochemistry to visualize 
inhibitory synapses in stratum Pyramidale (sPyr) and stratum Radiatum (sRad) using the 
vesicular GABA transporter VGAT. In addition, we stained for CB1 receptors (CB1R) and 
parvalbumin (PV), to identify inhibitory synapses from specific interneuron subtypes 
(Fig. 4A,B, Fig. 5A,B). The density and size of VGAT puncta in the CA1 area were similar 
in control and furosemide-treated slices at DIV9 (Fig. 4C-F) and we did not observe 
any differences in the density of CB1R+ and PV+ VGAT puncta (Fig. 4G-I). At DIV21 
however, we observed an increased density and reduced size of VGAT puncta in the 
sRad in furosemide-treated slices compared to controls (Fig. 5E,F), but not sPyr (Fig. 
5C,D). This suggests that the number of inhibitory synapses in the dendritic region 
was increased at DIV21 in furosemide-treated slices. The density of PV- and CB1R-
positive puncta were not different in furosemide-treated and control slices (Fig. 5G-I), 
suggesting that the increase in VGAT puncta is due to an increase in synapses from 
another interneuron subtype.
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Figure 4. Furosemide does not affect inhibitory synapses at DIV9.
A,B) VGAT, PV and CB1R immunofluorescence in the CA1 stratum Pyramidale (sPyr) and stratum 
Radiatum (sRad) of control (CTL) and furosemide-treated organotypic cultures at DIV9. Scale 
bar=10 μm.
C,D) The density (UT, p=0.50) and size (UT, p=0.47) of VGAT puncta in the sPyr of CTL and 
furosemide-treated organotypic cultures at DIV9.
E,F) The density (UT, p=0.59) and size (UT, p=0.46) of VGAT puncta in sRad of CTL and 
furosemide-treated organotypic cultures at DIV9.
G,H) The density of CB1R-positive VGAT puncta (UT, p=0.43) and PV positive VGAT puncta (UT, 
p=0.82) in sPyr of CTL and furosemide-treated organotypic cultures at DIV9.
I) The density of CB1R-positive VGAT puncta (UT, p=0.68) in sRad of CTL and furosemide-treated 
organotypic cultures at DIV9.
Data in C-I from 11-12 images, 6 slices and 2 mice per group.
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Figure 5. Furosemide increases the number of inhibitory synapses at DIV21 in sRad.
A,B) VGAT, PV and CB1R immunofluorescence in the CA1 stratum Pyramidale (sPyr) and stratum 
Radiatum (sRad) of control (CTL) and furosemide-treated organotypic cultures at DIV21. Scale 
bar=10 μm.
C,D) The density (UT, p=0.09) and size (UT, p=0.14) of VGAT puncta in sPyr of CTL and furosemide-
treated organotypic cultures at DIV21. Data from 16 images, 8 slices and 3 mice per group.
E,F) The density (MW, p=0.019) and size (MW, p=0.015) of VGAT puncta in SRad of CTL and 
furosemide-treated organotypic cultures at DIV21. Data from 13 images, 7 slices and 3 mice 
per group.
G,H) The density of CB1R (UT, p=0.11) and PV positive VGAT puncta (UT, p=0.89) in sPyr of CTL 
and furosemide-treated organotypic cultures at DIV21. Data from 16 images, 8 slices and 3 
mice per group.
I) The density of CB1R-positive VGAT puncta (MW, p=0.30) in SRad of CTL and furosemide-
treated organotypic cultures at DIV21. Data from 13 images, 7 slices and 3 mice per group.
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5.5 Discussion

In this study, we used furosemide to manipulate the GABA shift. Unexpectedly, 
we observed that one week treatment with furosemide had the opposite effect 
compared to acute application. While acute application of furosemide depolarized 
the reversal potential for GABA signaling (EGABA), one week furosemide treatment 
resulted in a strong hyperpolarizing shift of EGABA. This shift was not accompanied by 
a change in SuperClomeleon (SClm) FRET ratios or chloride co-transporter expression. 
We observed that sIPSCs were not affected by the hyperpolarization of EGABA after 
furosemide treatment at DIV9, consistent with the notion that GABA signaling in the 
second postnatal week no longer affects synapse formation (Wang and Kriegstein, 
2011; Peerboom et al., 2023). However, we found that at DIV21, two weeks after ending 
furosemide treatment, inhibitory currents were increased, likely through an increase of 
the number of inhibitory synapses in sRad. Moreover, we found clues for cell shrinkage 
in CA1 pyramidal neurons in furosemide-treated slices at DIV21. Together, these results 
show that accelerating the GABA shift with furosemide does not directly affect the 
development of inhibitory synapses. Furosemide treatment seemed to have altered 
cell volume regulation and increased inhibitory transmission two weeks later.

Effect of furosemide on neuronal chloride levels
The depolarizing effect of acute furosemide application at DIV21 is comparable to 
that of acute inhibition of KCC2 by specific KCC2 blocker VU0463271 (VU) in slices 
at the same developmental stage (Peerboom et al., 2023), suggesting that acutely 
applied furosemide merely inhibited KCC2. At the concentration used here (200 μM), 
furosemide is expected to block both KCC2 and NKCC1 (Orlov et al., 2015). However, 
NKCC1 maintains chloride levels only until approximately P15-21 (Romo-Parra et 
al., 2008; Sulis Sato et al., 2017; Salmon et al., 2020). Previous studies reporting a 
depolarizing effect of furosemide acutely applied the compound to (slice) cultures at 
a developmental stage equal to P14 or later (Thompson and Gahwiler, 1989; Jarolimek 
et al., 1999; Deeb et al., 2013; Wright et al., 2017). Thus, in our slices at DIV21 (prepared 
from P6 and P7 mice), NKCC1 may no longer affect chloride levels, and therefore 
furosemide may act only via KCC2 at DIV21.

In stark contrast, furosemide treatment from DIV1 to DIV8 resulted in hyperpolarizing 
EGABA, suggestive of NKCC1 block. We checked that furosemide treatment did not 
affect expression levels of chloride transporters. To assess if the furosemide-induced 
hyperpolarization of EGABA is indeed mediated by inhibition of NKCC1, perforated patch 
experiments should be performed during wash in of NKCC1 blocker bumetanide 
(Owens et al., 1996; Romo-Parra et al., 2008; Sulis Sato et al., 2017). If furosemide 
hyperpolarized EGABA via NKCC1, wash in of bumetanide should not result in a further 
hyperpolarization of EGABA in furosemide-treated slices, but would hyperpolarize EGABA 
in controls.
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If furosemide treatment indeed hyperpolarized EGABA by blocking NKCC1, we would 
expect to observe an increase in SClm FRET ratios (reflecting a decrease in chloride 
levels) after furosemide treatment, which was not the case. However, the sensitivity 
of the SClm sensor is reduced at chloride concentrations below ~5 mM (Grimley et al., 
2013; Boffi et al., 2018; Herstel et al., 2022). This raises the possibility that chloride levels 
in our slices at DIV9 are too low to detect a further decrease by furosemide treatment 
with the SClm sensor.

Possible effect of furosemide on pH
In addition to blocking chloride transporters, furosemide may also interfere with 
enzymes that are involved in HCO3- regulation (Halligan et al., 1991; Temperini et al., 
2009; Uwera et al., 2015). GABAA receptors are permeable for chloride and HCO3− 
ions with a permeability of around 70% and 30% respectively (Kaila et al., 2014). The 
reversal potential of HCO3

– (EHCO3) is maintained by pH-regulatory proteins at around 
-10 mV (Kaila et al., 2014), which is much more positive than the chloride reversal 
potential (ECl). As a result, EGABA is slightly more positive than ECl and the flow of chloride 
through GABAA receptors is accompanied by an outflow of HCO3

– (Kaila et al., 2014). 
This raises the possibility that the hyperpolarization of EGABA together with a lack of 
change in SClm FRET ratios after furosemide treatment reflect changes in intracellular 
HCO3− levels. If furosemide would decrease intraneuronal HCO3

– levels, the outflow of 
HCO3

– upon GABAA receptor activation would be reduced, and EGABA would become 
more negative. Previous studies have suggested that furosemide can inhibit the Cl–/
HCO3

– anion exchanger AE3 (Halligan et al., 1991; Uwera et al., 2015). AE3 exchanges 
intracellular HCO3

– for extracellular chloride, thereby lowering intracellular pH and 
increasing intracellular chloride concentrations in response to intracellular alkali loads 
(Gonzalez-Islas et al., 2009; Pfeffer et al., 2009; Romero et al., 2013). Furosemide can 
also block carbonic anhydrase (CA) (Temperini et al., 2009), which is a cytosolic enzyme 
that mediates the conversion of HCO3

– (CO2 + H2O  HCO3
–+ H+) to buffer intraneuronal 

pH after alkali or acid loads (Ruusuvuori, E. & Kaila, 2014). To our knowledge there are 
no studies directly examining the contribution of AE3 or CA to EGABA. Theoretically, 
inhibition of AE3 by furosemide would decrease intracellular chloride levels while 
increasing HCO3

-, which have opposing effects on EGABA. Inhibition of CA would in 
theory reduce the contribution of EHCO3 to EGABA and result in a negative shift of EGABA 

towards ECl. If the hyperpolarization of EGABA was solely due to changing HCO3
– levels 

without changing chloride, pH values would be unphysiologically low. A strong 
decrease in pH would decrease IPSC frequency and amplitude and increase IPSC 
rise and decay time (Mozrzymas et al., 2003; Dietrich and Morad, 2010), while we 
observed that IPSCs were unaffected at DIV9. This suggests that no major change in 
pH levels occurred. We therefore deem it unlikely that furosemide induced large pH 
changes. However, a small decrease in intracellular pH would decrease SClm FRET 
ratios (Grimley et al., 2013; Boffi et al., 2018; Lodovichi et al., 2022), which may have 
obscured an increase in FRET ratios due to a decrease in chloride levels. We therefore 
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conclude that furosemide treatment most likely resulted in a decrease in chloride 
levels, but our data do not exclude a subtle change in pH regulation. To measure the 
contributions of AE3 and CA to the furosemide-induced hyperpolarization of EGABA, AE3 
inhibitor 4,4’- diisothiocyanatostilbene-2,2’-disulfonic acid (DIDS) (Uwera et al., 2015) 
and CA inhibitor ethoxyzolamide (EZA) (Ruusuvuori et al., 2004; Rivera et al., 2005) 
should be washed in during perforated patch experiments. If furosemide treatment 
induced a hyperpolarization of EGABA by blocking AE3 or CA, wash in of DIDS or EZA 
would not result in further hyperpolarization of EGABA in furosemide-treated slices, 
but it would alter EGABA in controls. To test if furosemide treatment altered the pH in 
our slices additional experiments would be required, using a fluorescent pH sensor, 
such as 2’,7’-Bis-(2-Carboxyethyl)-5-(and-6)-Carboxyfluorescein, Acetoxymethyl Ester 
(BCECF) (Ruusuvuori et al., 2004). Another option would be the LSSmClopHensor, 
which allows for simultaneous measurement of intracellular chloride concentrations 
and pH. However, it should be noted that the sensitivity of LSSmClopHensor is limited 
at low chloride concentrations (Sulis Sato et al., 2017), which will hamper chloride 
measurements.

Possible effect of furosemide on cell volume regulation
We observed that the membrane capacitance of CA1 pyramidal neurons was reduced 
in furosemide-treated slices compared to control slices at DIV21 (Fig. 2E,S). A reduction 
in whole cell membrane capacitance may reflect a reduction in cell size (Taylor, 
2012). Remarkably, neuronal capacitance was not affected when neuronal activity 
was blocked during mIPSC recordings (compare Fig. 3I and 3N), suggesting that the 
difference in membrane capacitance reflected activity-dependent cell shrinkage. 
Previous studies have shown that furosemide inhibits activity-induced changes in 
the volume of neuronal tissue during epilepsy (Hochman et al., 1995; Gutschmidt et 
al., 1999; Hochman, 2012). It has been shown that this effect is mainly mediated by 
inhibition of NKCC1 on glia (Ransom et al., 1985; Hochman, 2012). Glia disperse local, 
activity-induced elevations in potassium and chloride ions which are followed by water 
and result in glial swelling (Ransom et al., 1985; Hochman et al., 1995; Gutschmidt et 
al., 1999; Hochman, 2012). Our results suggest that furosemide may indirectly inhibit 
the activity-induced swelling of neurons as well.

In interpreting our results and that of previous studies, it is hard to disentangle the 
versatile pharmacological profile of furosemide and the many roles for neuronal 
chloride, as chloride levels also regulate cell volume (Jentsch and Pusch, 2018) and 
possibly cellular excitability (Huang et al., 2012; Seja et al., 2012; Jentsch and Pusch, 
2018; Goutierre et al., 2019; Sinha et al., 2022; Peerboom et al., 2023). To disentangle 
the roles of chloride, GABA, cell volume and excitability in brain development, the 
consequences of treatments with specific KCC2 (Peerboom et al., 2023), NKCC1 (Wang 
and Kriegstein, 2011), AE3 and CA inhibitors, osmolytes and excitability modulators 
on network development should be studied and compared.
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Furosemide treatment indirectly increased inhibitory transmission
We observed that sIPSCs were not affected by the hyperpolarization of EGABA at DIV9, 
immediately after the furosemide treatment (Fig. 2A-E). These results confirm previous 
studies reporting that synapse formation is mostly independent from GABA signaling 
after the first postnatal week (Wang and Kriegstein, 2011; Peerboom et al., 2023).

More surprisingly, we found that furosemide treatment resulted in an increase in 
inhibitory transmission at DIV21. The amplitude of sIPSCs and the frequency of mIPSCs 
were strongly increased, and this was associated with an increased density of inhibitory 
synapses in sRad in furosemide-treated slices compared to control slices. However, 
one should be cautious in interpreting synaptic density in the two conditions, as 
furosemide treatment may have induced overall cell shrinkage, which would increase 
the apparent density. To assess synaptic densities independently of cell shrinkage, the 
density of synapses along the dendrites (Feng et al., 2021) or per soma (Bijlsma et al., 
2022) should be assessed. The indirect effect on inhibitory synapses is reminiscent of 
our other recent study, although the underlying mechanism seems different. When we 
treated slice cultures with VU, a specific blocker of the chloride exporter KCC2, to delay 
the postnatal GABA shift and maintain a depolarizing EGABA until DIV8, we also observed 
an indirect increase in sIPSC frequency at DIV21, but in this case without affecting 
mIPSCs or synapse numbers, and possibly via altered excitability of a subset of 
GABAergic cells (Peerboom et al., 2023). These results underscore the need for a better 
understanding of the role of chloride as an intracellular messenger in developing 
neurons. Our current results suggest that furosemide treatment indirectly increases 
inhibitory transmission, which adds to its previously described anticonvulsant action.
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Chapter 6

During my PhD, I aimed to improve our understanding of the role of the GABA shift 
in brain development.
In chapter 2 we summarized the current knowledge on the developmental GABA 
shift. We describe how every step in brain development is guided by GABA signaling. 
It remains unclear what triggers the GABA shift under normal conditions and why 
the timing of the GABA shift is altered in neurodevelopmental disorders (NDDs). It 
will be important to improve our understanding of GABAergic signaling in brain 
development, as it may open up strategies to alleviate behavioral impairments in 
NDDs in the future.
In chapter 3 we used the SuperClomeleon (SClm) sensor to study chloride levels in 
neurons in the developing hippocampus and prefrontal cortex. We could measure a 
developmental decrease in chloride in hippocampal cultures and found an increase in 
chloride in slices of the prefrontal cortex from mice that experienced early life stress. 
Although conversion from SClm fluorescence to absolute chloride concentrations 
proved difficult, our work shows that the SClm sensor is a powerful tool to measure 
physiological changes in chloride levels in brain slices.
In chapter 4 we found that delaying the GABA shift in cultured brain slices using KCC2 
blocker VU0463271 (VU) did not directly affect the function and structure of synapses 
and neurons, but did increase inhibitory transmission and induce subtle, cell-specific 
alterations in neuronal membrane properties two weeks later. This chapter underlines 
a role of chloride beyond synapse formation and implicates a link between chloride 
levels and membrane conductance.
In chapter 5 we accelerated the GABA shift with furosemide, an inhibitor of both 
chloride co-transporters that has anti-epileptic effects. The function and structure of 
inhibitory synapses were not affected directly after treatment, further confirming that 
GABA no longer affects synapse formation in the second week after birth. Two weeks 
later however, inhibitory transmission was increased, presumably due to an increase 
in the number of inhibitory synapses. This chapter raises attention to a potential 
link between chloride regulation and the regulation of pH and cell volume during 
development.

Together, these results underline that the GABA shift plays a crucial, but complex 
role in brain development. In this chapter I will discuss in more detail 1) technical 
considerations and advancements, 2) how environmental factors can steer the timing 
of the GABA shift 3) how the timing of the GABA shift may direct brain development, 
4) implications of our findings on furosemide as a possible treatment for epilepsy and 
5) implications of our findings for neurodevelopmental disorders.
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6.1 Technical considerations and advancements

In this paragraph I will highlight the strengths and weaknesses of the methods used to 
follow the developmental chloride trajectory. In addition, I will discuss advancements 
that may further improve our understanding of the GABA shift. In particular, I will 
discuss the development of chloride indicators, which will make it easier to follow the 
chloride development in many neurons as well as CRISPR/Cas9-mediated genome 
editing, which may enable us to follow NKCC1, KCC2 and other proteins involved in 
the GABA shift in living brain tissue in the future.

Sensors for intraneuronal chloride concentrations
Throughout this thesis, we assessed chloride levels from the GABA reversal potential 
(EGABA) using perforated patch clamp recordings and the recently developed chloride 
sensor SuperClomeleon (SClm) (chapter 3, 4, 5) . Perforated patch clamp allows for 
measuring the GABA reversal potential (EGABA), but not for direct measurement of the 
chloride reversal potential (ECl). GABAA currents are primarily mediated by chloride 
(~70%), but also by HCO3- (~30%). As the exact contribution of the reversal potential of 
HCO3

– (EHCO3) to EGABA in any given neuron is unknown, EGABA cannot exactly be converted 
to ECl and perforated patch clamp only allows for estimations of intracellular chloride 
concentrations (Herstel et al., 2022; Kaila et al., 2014). Unfortunately, the SClm sensor 
did not allow us to measure chloride concentrations with more accuracy. In chapter 3 
we show that calibration of SClm with ionophores and varying extracellular chloride 
concentrations is extremely variable. Therefore, conversion from SClm FRET ratios to 
chloride concentrations comes with large degree of uncertainty (Herstel et al., 2022). 
Hence, both perforated patch clamp and SClm imaging allow for measurements of 
changes in chloride, rather than absolute chloride concentrations.

Another major disadvantage of perforated patch clamp recordings is that they are 
very labor intensive. It is challenging to measure chloride concentrations in large 
populations of neurons, while big individual differences can exist between neurons 
and many recordings may be required to get a good population estimate (Sulis Sato 
et al., 2017; Tyzio et al., 2007). In this aspect, SClm imaging poses advantages over 
perforated patch clamp. In chapter 3, we showed that SClm sensor allows assessment 
of chloride in multiple neurons simultaneously and for measurement of changes in 
chloride levels within a neuron over time (Herstel et al., 2022). Nonetheless, we also 
identified issues of SClm chloride imaging. First of all, the stress sensitivity in young 
SClm mice may differ from other mouse lines such as C57BL/6, which could influence 
chloride development in these mice (Herstel et al., 2022; Karst et al., 2023). In addition, 
the sensitivity of the SClm sensor is reduced at low chloride concentrations, which 
are physiologically very relevant (Boffi et al., 2018; Grimley et al., 2013; Herstel et al., 
2022). This may be an issue in development and in disorders, as changes in chloride 
are often subtle (chapter 4, 5).
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Thanks to rapid recent technological developments, various chloride indicators have 
been developed. In addition to the SClm sensor, there are the non-ratiometric chloride 
sensors 6-methoxy-N-(3-sulfopropyl)quinolinium (SPQ), N-(ethoxycarbonylmethyl)-
6-methoxyquinolinium bromide (MQAE) and 6-methoxy-N-ethylquinolinium iodide 
(MEQ). These molecules can be excited and return to their ground state when hitting 
chloride. An increase in chloride concentration thus causes a simple decrease in sensor 
fluorescence. SPQ, MQAE and MEQ can be used to monitor acute changes in chloride, 
but these sensors are not very useful when studying chloride levels during brain 
development, since their fluorescence not only depends on chloride concentrations, 
but also on the dye concentration and optical thickness (Arosio and Ratto, 2014). In 
addition, various ratiometric chloride sensors have been developed over the last 
decade. SClm is a derivative from its precursor Clomeleon. Due to a shorter linker, a 
brighter donor (Cerulean rather than CFP in Clomeleon) and mutations in the Topaz 
fluorophore (Grimley et al., 2013), SClm has a chloride affinity with more physiological 
relevance (Kd 13.6-24.6 mM (Boffi et al., 2018; Grimley et al., 2013; Herstel et al., 2022)) 
compared to Clomeleon (Kd 87-167 mM (Berglund et al., 2006; Dzhala et al., 2012; 
Kuner and Augustine, 2000)). Another very similar radiometric probe, called Cl-Sensor, 
consists of a chloride sensitive, triple-mutated YFP fluorophore coupled to a chloride-
insensitive CFP. However, Cl-Sensor’s affinity (Kd 46.4 mM) is also lower than that of 
SClm (Batti et al., 2013).

An important disadvantage of the SClm sensor is its pH sensitivity. As described 
in chapter 5, furosemide treatment may have changed bicarbonate levels and 
pH, which could have affected SClm FRET ratios. We do not expect changes in pH 
during development (chapter 3) (Herstel et al., 2022; Sulis Sato et al., 2017), or after 
inhibition of KCC2 by VU treatment (chapter 4), but optimally SClm imaging should 
always be supplemented with measurements of intracellular pH. Neuronal pH is often 
overlooked, but important when studying chloride development and the GABA shift. 
Not only are chloride and bicarbonate levels linked via GABAA receptors and common 
transporters (Kaila et al., 2014) but , like chloride, pH is also a powerful ionic modulator 
of neuronal excitability (Ruusuvuori et al., 2004). To allow for simultaneous pH and 
chloride measurements, the LSSmClopHensor has been developed (Lodovichi et al., 
2022; Paredes et al., 2016; Sulis Sato et al., 2017). This sensor consists of a pH- and 
chloride-sensitive GFP mutant (E2GFP), and an ion/pH-insensitive red fluorescent 
protein, LSSmKate2, that is used as a reference. E2GFP allows for ratiometric 
measurement of intracellular pH. pH can be assessed by collecting fluorescence at at 
least two different excitation wavelengths. In addition, E2GFP fluorescence is lost upon 
chloride binding. This quenching of E2GFP can be measured at an additional excitation 
wavelength (Lodovichi et al., 2022; Paredes et al., 2016; Sulis Sato et al., 2017). The 
need for sequential acquisition of three rather than two excitation wavelengths, goes 
hand in hand with a slightly reduced time resolution and a more laborious analysis 
compared to SClm. The affinity and sensitivity to low chloride concentrations of 
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LSSmClopHensor (Kd 14.3 mM (Paredes et al., 2016)) seem quite comparable to those 
of SClm (Kd 13.6-24.6 mM (Boffi et al., 2018; Grimley et al., 2013; Herstel et al., 2022)). 
Thereby, major advantage of the LSSmClopHensor over the SClm and perforated patch 
clamp is concomitant chloride and pH measurement. In the future, it would be ideal if 
their affinity for chloride can be further improved , especially at low, mature chloride 
concentrations.

In conclusion, SClm offers advantages over perforated patch clamp, allowing for 
measuring changes in chloride levels over prolonged time periods and in many 
neurons simultaneously. However, cautiousness is required when using SClm 
regarding a possibly altered stress response in young SClm mice (chapter 3), SClm’s 
limited sensitivity to low chloride levels, and its pH sensitivity (chapter 5). We hope 
that these issues will be addressed in a next generation of chloride sensors. The high 
throughput of chloride imaging compared to perforated patch clamp recordings could 
be highly advantageous in advancing our understanding of the role chloride in the 
brain. For example, expression of a sensitive chloride sensor in a cell type specific 
manner will be very informative to follow the GABA shift in different cell types (chapter 
4). Improved sensor sensitivity and decreased pH-dependency would also be required 
for to measure furosemide’s effect of on chloride levels and pH (chapter 5). While 
with perforated patch clamp it would be a tremendous task to measure the effect of 
furosemide on NKCC1, KCC2, and enzymes that regulate HCO3- levels, it will be feasible 
to do this with chloride imaging.

CRISPR/Cas9-mediated genome editing to studying endogenous protein 
distributions in slice cultures
To study molecular changes, such as the change in the chloride transporters that 
mediate the GABA shift during brain development, western blots of lysed tissue and 
immunohistochemistry on fixed tissue are commonly used (chapter 4, 5). Though 
these techniques allow for examining changes in overall expression of proteins of 
interest, as well as in the localization of these proteins in fixed tissue, they do not 
allow for visualization of endogenous protein dynamics in living cells. Also, they fully 
depend on the availability of specific antibodies. To follow proteins in living cells 
recombinant expression constructs are commonly used. However, as expression of 
the protein of interest is no longer under control of the endogenous transcription and 
translation machinery, overexpression artifacts such as altered protein localization, 
and consequential effects on cell morphology and function, are common (Ratz et 
al., 2015). To label endogenous proteins without affecting expression levels, CRISPR/
Cas9-mediated genome editing can be used. CRISPR (Clustered Regularly Interspaced 
Short Palindromic Repeats) refers to repeating DNA sequences found in bacteria and 
archeae (Ishino et al., 1987; Jansen et al., 2002). Cas9 (or “CRISPR-associated protein 9”) 
is an enzyme that uses CRISPR sequences as a guide to recognize and create blunt-
ended double strand breaks in the DNA. CRISPR-Cas9 gene editing allows for tagging 
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endogenous proteins by incorporation of a unique guide RNA (gRNA) target sequence 
that leads Cas9 and a donor sequence (e.g. a fluorescence label such as GFP) to a 
genomic locus of interest (Knott and Doudna, 2018).

However, using CRISPR/Cas9 in neurons is not trivial. The integration of the DNA 
relies on homologous recombination; the exchange of two similar DNA molecules 
which mostly occurs during cell division, and is therefore extremely inefficient, if 
not impossible in post-mitotic neurons. To overcome this problem, a toolbox called 
ORANGE (Open Resource for the Application of Neuronal Genome Editing) has been 
recently developed by the MacGillavry lab (Willems et al., 2020). ORANGE employs 
homology-independent targeted integration to integrate knock in sequences in 
postmitotic cells. ORANGE knock ins can be delivered in dissociated hippocampal 
cultures using two lentiviruses, one containing the Cas9 protein and the other 
containing the gRNA (Willems et al., 2020). However, using this method to follow 
proteins in brain tissue proved more difficult. During my PhD project, we have 
attempted to optimize ORANGE labeling of endogenous proteins in cultured brain 
slices for two-photon live imaging.

We started by producing two lentivirus containing a gRNA for gephyrin and 
neuroligin-2 (NL2), key molecules in inhibitory synapses (Favuzzi and Rico, 2018; 
Poulopoulos et al., 2009), along with a GFP donor sequence and a dsRed tag. Co-
application of these viruses along with a Cas9 lentivirus in primary cultures, resulted 
in multiple neurons on a coverslip expressing the gRNA vector, as indicated by the 
dsRed cell fill (Fig. 1A-D). However, only a small proportion of dsRed positive neurons 
exhibited GFP-positive gephyrin or NL2 puncta. In addition, knock in puncta were 
rather weak and not easily discerned by eye. We therefore amplified the GFP signal by 
doing an immunostaining with an GFP-antibody. This seemed to improve detection of 
knock in neurons in a pilot experiment (Fig. 1C,D). We also tried to follow GFP-labeled 
NL2 and gephyrin puncta in live (and thus unstained) neurons using two-photon 
microscopy. However, it was difficult to distinguish knock ins from autofluorescent 
debris that leaked into the GFP channel (examples in Fig. 1E,F). These pilot experiments 
show that for live imaging of proteins in brain slices experiments brighter fluorescent 
tags are required. For example the GFP-tag could to be changed to a ‘spaghetti 
monster’ fluorescent protein (Viswanathan et al., 2015). In addition, it will be important 
to validate that puncta followed under the two photon microscope represent true 
labeling of endogenous proteins. To do so, immunostaining should be performed 
for the proteins of interest after live imaging. To find the imaged neurons back after 
staining, dissociated neurons can be cultured on a grid and the image area in a slice 
can be marked with a scar made with high laser power (Liang et al., 2021).
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We then tested the labelling of NL2 and glutamate receptor A1 (GluA1) as a positive 
control in slice cultures. Using a double lentiviral approach, only 0-1 knock-in neurons 
were found per slice. A double AAV approach to label gephyrin or GluA1 improved 
efficiency only slightly, with 0-4 knock-in neurons per slice. However, reliable live 
imaging using two photon microscopy requires a higher knock-in efficiency. We 
therefore performed a pilot experiment in which we added AAV containing a gephyrin 
gRNA, a GFP donor sequence and an mCherry-KASH tag onto slices of H11Cas9 mice, 
which express Cas9 in all cells (Jackson labs #28239). In this case, many neurons 
expressed the viral gRNA construct, as indicated by expression of mCherry-KASH 
(Fig. 1G). In each slice, more than ten knock-ins were found in the CA1 area (Fig. 1G). 
This pilot experiment indicates that the use of transgenic mice which express Cas9 
enhances knock in efficiency and that Cas9 availability was a limiting factor in the 
dual-virus approach in slices. It is striking that even after GFP-antibody staining, the 
number of knock in neurons compared to the number of neurons expressing the 
gRNA (indicated by the expression of a dsRed in dissociated neurons and mCherry 
in slices) seems lower in slice cultures (Fig. 1G) than in neuronal cultures (Fig. 1C,D). 
This suggests that integration of the donor sequence is decreased in slice cultures 
compared to in dissociated cultures, and this might (partly) explain why a double 
viral strategy is sufficient for generating knock ins in dissociated neurons, but not in 
slices. Using slices from H11Cas9 mice instead, brings us one step closer to visualize 
the building blocks of the brain and their developmental trajectory in the highest 
detail. For example, ORANGE-mediated protein labeling could be useful in finding 
the sequence of molecules that are thought to regulate the timing of the GABA shift 
(chapter 2).
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Figure 1. CRISPR/Cas9-based genome editing to study protein distribution in neuronal and slice 
cultures.
A,B) Example images of GFP-gephyrin and GFP-NL2 knock ins in dissociated hippocampal 
neurons. Scale bar: 10 μm.
C,D) Quantification of dsRed positive neurons (expressing the gRNA vector) and GFP-gephyrin 
and GFP-NL2 knock ins in dissociated hippocampal neurons without and with GFP antibody 
staining.
E, F) Examples of GFP puncta in dissociated hippocampal neurons under the two photon 
microscope. Scale bar: 10 μm. While GFP puncta of the neuron in E seem autofluorescent bleed 
through from the dsred channel, GFP puncta of the neuron in F might represent a GFP-NL2 
knock in.
G) Example of GFP-gephyrin knock ins in slices from a H11Cas9 mice. Scale bar: 50 μm
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Methods used for the experiments in this section

Animals
All animal experiments were performed in compliance with the guidelines 
for the welfare of experimental animals issued by the Federal Government of 
the Netherlands and were approved by the Dutch Central Committee Animal 
experiments (CCD), project AVD1080020173404 and AVD1080020173847. For 
dissociated neuronal cultures, male and female Wistar rats were used (Janvier 
Labs). Dissociated neuronal cultures were prepared as described in (Cunha-
Ferreira et al., 2018).For slice cultures, we used C57BL/6JRj and H11Cas9 mice 
(Jackson labs #28239m) of both sexes. H11Cas9 mice express S. pyogenes cas9 
gene (hSpCas9) under control of a CAG promoter, resulting in global expression 
of Cas9 (Jackson labs #28239) and were a kindly provided by Maarten Kole 
(Netherlands Institute for Neuroscience, Amsterdam, The Netherlands). Slice 
cultures were prepared as described in chapters 3, 4 and 5.

Virus production and infection
GFP-Gephyrin adeno-associated virus (AAV) was a gift from Fred de Winter 
(Netherlands institute for Neuroscience, Amsterdam, The Netherlands). 
Lentivirus was produced using HEK293T cells, maintained at a high growth 
rate in DMEM supplemented with 10% FCS and 1% pen/strep. At 1 day after 
plating, cells were transfected using PEI (Polysciences) with second-generation 
LV packaging plasmids (psPAX2 and 2MD2.G) and one of the following pFUGW 
constructs at a 1:1:1 molar ratio: pFUGW-Cas9 (Willems, 2020), pFUGW-GFP-
gephyrin and pFUGW-GFP-NL2 (by insertion of a gephyrin- or NL2- guide 
sequence in pOrange (Willems, 2020) and cloning the pOrange construct into 
pFUGW (Addgene #14883). For primary cultures, 0.5-2 μl virus was added per 
coverslip at DIV1. Neurons were used for live-imaging under the two-photon 
microscope at DIV16-21 or fixed at DIV14-18 and directly mounted or used for 
immunocytochemistry. For organotypic hippocampal slice cultures, virus was 
injected into the CA1 region at DIV1 using an Eppendorf Femtojet injector. 
Slices were fixed at DIV16-20 and directly mounted with VectaShield (Vector 
Laboratories).
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Two-photon imaging
At DIV16-21, primary neurons were transferred to a recording chamber and 
continuously perfused with carbonated (95% O2, 5% CO2) ACSF, supplemented 
with 1 mM Trolox at a rate of approximately 1 ml/min. Bath temperature was 
monitored and maintained at 30-32°C. Two-photon imaging was performed 
using a customized two-photon laser scanning microscope (Femto3D-RC, 
Femtonics, Budapest, Hungary) with a Ti-Sapphire femtosecond pulsed laser 
(MaiTai HP, Spectra-Physics) at 950 nm to excite GFP and dsRed simultaneously. 
The emission light was split using a dichroic beam splitter at 550 nm and 
detected using two GaAsP photomultiplier tubes. Images were acquired suing 
a 60x water immersion objective (Nikon NIR Apochromat; NA 1.0) at a resolution 
of 8.1 pixels/μm (1024x1024 pixels, 126x126 μm) with 1 μm steps.

Immunostainings
Primary neurons were fixed at DIV14-18 using 4% PFA and 4% sucrose in 
phosphate buffered saline (PBS), for 10 minutes at room temperature (RT). 
Neurons were washed three times in PBS containing 0.1 M glycine (PBS/Gly). Part 
of the neuronal cultures were directly mounted using Vectashield mounting 
medium (Vector labs). Other neuronal were used for immunocytochemistry and 
blocked for one hour in 10% normal goat serum and 0.1% Triton X-100 in PBS/Gly 
at 37°C. Neurons were incubated in primary antibodies in 5% normal goat serum 
and 0.1% Triton X-100 at 4°C overnight. The following primary antibodies were 
used: mouse anti-GFP (A-11120, ThermoFisher 1:500), rabbit anti-GFP (ab290, 
Abcam, 1:2000), mouse anti-Gephyrin (147 011, Synaptic Systems, 1:1000), rabbit 
anti-NL2 (129 203, Synaptic Systems, 1:500). Cultures were washed three times 
for 5 minutes with PBS/Gly and incubated with secondary antibodies in % 
normal goat serum and 0.1% Triton X-100 for 1 hour at RT and slices in PBS. 
Secondary antibodies were: Goat anti-mouse Alexa fluor 488 (A11029, Life 
Technologies, 1:500), goat anti-rabbit Alexa fluor 488 (A11034, Life Technologies, 
1:1000) goat anti-rabbit Alexa fluor 647 (A21245, Life Technologies, 1:1000) Goat 
anti-mouse Alexa fluor 647 (A21236 Life Technologies, 1:1000). Coverslips were 
washed three times for 5 minutes in PBS/Gly, dipped in milliQ water (MQ), and 
mounted using Vectashield mounting medium (Vector labs).
Slices were fixed in at DIV16-20 in a 4% paraformaldehyde solution in PBS for 
30 minutes at RT. Some slices were directly mounted, others were stained 
according to the protocol described in chapter 3, using the antibodies described 
for primary cultures above. Primary cultures and slices were imaged on a Zeiss 
LSM-700 confocal laser scanning microscopy system with a 63× NA 1.4 oil 
objectives. Z-stacks were acquired with a step size of 0.4 μm at 10.08 pixels/μm.
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6.2 Effects of the environment on the timing of the GABA shift

In chapter 2, we assessed the applicability of the SClm sensor to examine the effects of 
early life stress (ELS) on chloride levels in the medial prefrontal cortex (mPFC) (Herstel 
et al., 2022). We induced stress in dams and pups (Ivy et al., 2008) using a limited 
bedding material paradigm from P2 to P9, a period that roughly corresponds to the 
last trimester in human brain development (Chini and Hanganu-Opatz, 2021; Clancy 
et al., 2001). Prenatal exposure to maternal stress is considered an important risk factor 
for behavioral and mental health problems in later life (Joëls et al., 2018; Van den Bergh 
et al., 2020). For instance, prenatal stress is associated with a significant increase in 
ADHD risk, with an effect size varying between 1 and 22% (Ronald et al., 2011; Van den 
Bergh et al., 2020; Van Den Bergh and Marcoen, 2004). We found that ELS resulted in 
increased (more immature) chloride levels in mPFC neurons at P9, suggesting that ELS 
delayed the GABA shift in SClm mice (Herstel et al., 2022). It is remains unknown if the 
contribution of early life stress to the development psychopathology in later life occurs 
via an altered GABA shift in both rodents and humans. To examine this possibility, the 
consequences of rescuing the GABA shift during ELS in rodents should be examined by 
pharmacologically inhibiting NKCC1. In addition, it would be informative to study the 
association between maternal stress and NKCC1/KCC2 expression in fetal and neonatal 
postmortem tissue or neonatal cerebrospinal fluid samples in humans.

These effect of ELS on neuronal chloride levels also underline that the developmental 
chloride trajectory is not completely pre-defined by genes, but responsive to 
environmental factors. ELS delayed the GABA shift in SClm mice, but the mechanism 
by which stress steers the GABA shift remains unclear. In contrast, various studies show 
that an environment enriched in sensory and social stimuli can accelerate the GABA 
shift (Baroncelli et al., 2017; He et al., 2010). Environmental enrichment is thought to 
do so by elevating the levels of the insulin-like growth factor-1 (IGF1). IGF1 is released 
in an activity-dependent manner and decreases the NKCC1/KCC2 expression ratio 
(Baroncelli et al., 2017; Cao et al., 2011). If similar mechanisms are present in humans, 
our understanding of behavioral and mental health problems may benefit from 
further elucidation of the links between sensory input, stress, the GABA shift and 
brain development.

6.3 Effects of the timing of the GABA shift on brain 
development and possible mechanisms

We assessed the consequences of a delayed and accelerated GABA shift in hippocampal 
slice cultures in chapters 4 and 5 using KCC2 blocker VU and chloride cotransporter 
blocker furosemide respectively. Interestingly, altering the GABA shift did not have 
any immediate effects on synapse development, while previous studies in which the 
GABA shift was advanced or GABA signaling was enhanced show that depolarizing and 
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excitatory GABAergic signaling can induce the formation and maturation of excitatory 
synapses before and right after birth (Leinekugel et al., 1997; Oh et al., 2016; Wang 
and Kriegstein, 2011, 2008). These studies led to the idea that depolarizing GABA is 
required for synapse formation. However, a recent study challenged this idea, by 
showing that excitatory synapses were not affected by enhanced GABAA receptor 
function through propofol treatment in organotypic cultures in which GABA was 
depolarizing but inhibitory (Salmon et al., 2020). In our slice cultures, GABA also had 
an inhibitory action on cellular and network activity presumably by being shunting, 
even when it was kept depolarizing by VU (chapter 4). Together, these results suggest 
that depolarizing and excitatory GABA promotes excitatory transmission, but that this 
function is gradually lost after the first postnatal week when chloride levels decrease, 
and depolarizing GABA becomes inhibitory.

It will be important to verify this hypothesis in living rodents, as activity patterns 
in the intact brain will differ from those in vitro. Recent methodologies combining 
electrophysiology with calcium imaging, chemogenetics and/or optogenetics (Kirmse 
et al., 2015; Murata and Colonnese, 2020; Valeeva et al., 2016), enable measurement of 
the effect of GABA on cell and network activity during development of living animals. 
These methods have been used also to show that depolarizing GABA also inhibits 
activity from P7 onwards in the hippocampus of living mice (Murata and Colonnese, 
2020; Valeeva et al., 2010), suggesting that GABA signaling in slices recapitulates the 
in vivo situation well.

That GABA no longer promotes excitatory transmission after the first postnatal week, 
does not mean that the timing of the shift to hyperpolarizing GABA during the second 
week after birth, is not important for brain development. Two weeks after delaying 
this shift with VU treatment, we found cell specific alterations in neuronal membrane 
properties. While CA1 pyramidal cells displayed an elevated action potential threshold, 
stratum Radiatum interneurons exhibited an depolarized resting membrane potential 
after VU treatment (chapter 4). Although experimental evidence is scarce, a few recent 
studies have reported chloride-mediated regulation of ion channels in a cell-specific 
manner (Goutierre et al., 2019; Huang et al., 2012; Jentsch and Pusch, 2018; Seja et al., 
2012; Sinha et al., 2022). For instance, depolarized membrane potentials were also 
found after increases in chloride through knock out of KCC2 in cerebellar granule, 
but not Purkinje cells (Seja et al., 2012). The mechanism by which knock out of KCC2 
affected membrane potentials remains unknown. Therefore, this finding may also be 
a result of disturbed structural interactions between KCC2 and ion channels (Goutierre 
et al., 2019), or may be indicative of chloride regulating the expression or function of 
ion channels that mediate membrane properties. To determine if the expression of 
ion channels is altered after VU- (and possibly furosemide-) treatment, a quantitative 
proteomics approach could be used in future experiments.
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In addition, we found increases in inhibitory transmission two weeks after ending 
VU- and furosemide treatment. While VU treatment resulted in increased activity-
dependent GABA release (without a change in the number of GABAergic synapses), we 
observed an increase in activity-independent GABA release (and probably an increase 
in the number of synapses) after furosemide. These results show that in the second 
week after birth, depolarizing and inhibitory GABA still affects GABAergic inhibition, 
but in an indirect manner.

It remains unclear how alterations in the shift to hyperpolarizing GABA alter inhibitory 
transmission later on. Various studies show that in the embryonic brain, formation and 
function of GABAergic synapses is highly dependent on GABA plays itself (Arama et al., 
2015; Chattopadhyaya et al., 2007; Nguyen and Nicoll, 2018; Nicholson et al., 2018; Oh 
and Smith, 2019; Panzanelli et al., 2011). However, alterations in inhibitory transmission 
after prenatal manipulations of GABA signaling likely result from alterations in the 
synaptogenic effects of GABA rather than from altered GABA signaling. Moreover, we 
show that the effects of delaying and accelerating the GABA shift are not opposite. 
This suggests that the alterations in inhibitory transmission are due to alterations in 
local network activity, rather than the presence or absence of hyperpolarizing GABA.

We should also keep the possibility in mind that off-target effects may have contributed 
to the effects of VU and furosemide. VU can inhibit α1-adrenergic receptors (IC50 0.35 
μM) and mitochondrial translocator protein (IC50 0.2 μM). While we do not expect 
α1-adrenergic receptor activation in our hippocampal slices, as they lack adrenergic 
input, VU may have inhibited TSPO. However, TSPO is primarily expressed by microglia 
and activation of TSPO increases microglial pruning of spines (Shi et al., 2022). Since 
spines were not affected by VU treatment in our slices (chapter 4), we do not expect 
that the effects of VU are a result of inhibition of TSPO. To demonstrate that this is 
the case, VU could be administered to slice cultures of TSPO knock out mice (Shi et 
al., 2022). We would expect VU to affect inhibitory transmission in a similar manner 
in the presence and absence of TSPO. Ideally, the effects of treatments with another, 
more specific KCC2 inhibitor on inhibitory transmission should be assessed to confirm 
that if the effect of VU is indeed mediated by inhibition of KCC2. However, VU is the 
most specific KCC2 inhibitor available at this moment. For instance, ((dihydroindenyl)
oxy)alkanoic acid (DIOA) is also commonly used to block KCC2, but DIOA has been 
shown to affect cell viability (Delpire and Weaver, 2017). Decreasing KCC2 expression 
would represent a more specific alternative to pharmacological inhibition of KCC2. 
However, previous studies in hippocampal neurons at a similar stage of development 
as our slices have shown that suppression of KCC2 expression affects the function of 
excitatory synapses, by interfering with structural interactions between KCC2 and 
synaptic proteins, independently of KCC2 transporter function (Chevy et al., 2015; 
Gauvain et al., 2011). By treating our slices with VU and furosemide, we could study 
the consequences of altering the GABA shift without interfering with the structural 
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roles of KCC2. Our results suggest that the effects of KCC2 inhibition with VU deviate 
from those of reducing KCC2 expression.

Furosemide may have various off-target effects, besides the chloride cotransporters. 
Furosemide can inhibit α6- and α4-subunit containing GABAA receptors (Korpi et al., 
1995; Pearce, 1993; Thompson and Gahwiler, 1989), though we found no evidence 
for such inhibition happening in our slices (chapter 5). Instead, furosemide may have 
inhibited NKCC1, and possibly proteins that regulate neuronal HCO3- levels, including 
the Cl–/HCO3

– anion exchanger (AE3) and/or carbonic anhydrase (CA) (chapter 5). 
Moreover, furosemide can inhibit activity-induced changes in cell volume, and may 
have done so in our slices (chapter 5). The effects of slice treatments with NKCC1 
inhibitor bumetanide, AE3 inhibitor 4,4’- diisothiocyanatostilbene-2,2’-disulfonic 
acid (DIDS) (Uwera et al., 2015), CA inhibitor ethoxyzolamide (EZA) (Rivera et al., 
2005; Ruusuvuori et al., 2004) or osmolyte mannitol (Glykys et al., 2019) on inhibitory 
transmission at DIV21 would be informative to define the mechanism by which 
furosemide increased inhibitory transmission.

To summarize, depolarizing GABA is crucial for synapse formation before birth and up 
to approximately P7. After the first postnatal week, depolarizing and inhibitory GABA 
no longer promotes synapse formation, but indirectly regulates neuronal membrane 
properties and inhibitory transmission. In addition, chloride levels may be important 
for regulating cell volume at this time.

6.4 Implications for furosemide as a possible treatment for 
epilepsy

We examined the consequences of inhibiting NKCC1 and KCC2 for one week 
using furosemide in cultured hippocampal slices (chapter 5). Epidemiological and 
experimental studies have suggested that furosemide may have clinically relevant 
anticonvulsant actions (Hesdorffer et al., 2001, 1996; Maa et al., 2011; Staley, 2002). 
However, the versatile pharmacological profile of furosemide as well as the central 
homeostatic functions of its targets make it challenging to determine the exact 
mechanisms behind furosemide’s anticonvulsant effects. Proposed explanations 
include inhibition of NKCC1-dependent glial swelling (thereby reducing ephaptic 
neuronal synchronization) (Gutschmidt et al., 1999; Hochman, 2012; Hochman et 
al., 1995), hyperpolarization of EGABA (enhancing GABAergic inhibitory effect) (Chen 
et al., 2022), inhibition of KCC2-dependent increase in intraneuronal potassium 
(thereby depolarizing membrane potentials and promoting action potential firing) 
(Gutschmidt et al., 1999; Viitanen et al., 2010), inhibition of AE3 (decreasing activity-
induced intracellular acidification and thereby suppressing epileptic activity) (Uwera 
et al., 2015; Xiong et al., 2000) and enhancement of inward rectifying potassium 
currents in glia (reducing the accumulation of extracellular potassium and thereby 
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reducing membrane potential depolarization) (Barbaro et al., 2004). Our results 
show that one week of furosemide treatment in organotypic cultures makes GABA 
more hyperpolarizing, which indirectly seems to promote the development of 
inhibitory synapses and to inhibit cell volume regulation (chapter 5). This indirect 
increase in inhibitory transmission, might constitute an additional mechanism via 
which furosemide can reduce seizure susceptibility. It will be important to examine if 
furosemide can also promote the formation of inhibitory synapses in the adult, and 
especially the epileptic brain.

6.5 Implications for the role of an altered GABA shift in 
neurodevelopmental disorders

During my PhD, I examined the consequences of delaying the GABA shift, to better 
understand the role of a delayed GABA shift in neurodevelopmental disorders (NDDs). 
NDDs represent a broad range of neurological and psychiatric conditions, including 
attention deficit hyperactivity disorder (ADHD), autism spectrum disorder (ASD), 
Down, Dravet, Fragile X, Prader-Willi, Rett and Timothy syndrome, and Tuberous 
Sclerosis Complex, which all manifest in the first three years after birth. In tissue 
and cerebrospinal fluid samples from Dravet, Rett, Timothy syndrome and Tuberous 
Sclerosis Complex patients, increased GABAergic depolarization and alterations in 
NKCC1 and/or KCC2 expression have been found, implicating a delayed GABA shift 
(Birey et al., 2022; Cherubini et al., 2022; Duarte et al., 2013; Ruffolo et al., 2018; Talos 
et al., 2012). Rodent models for NDDs also display alterations in the expression and 
function of NKCC1 and/or KCC2 (chapter 2) (Cherubini et al., 2022; Peerboom and 
Wierenga, 2021) along with a delayed GABA shift, though the length of the delay is 
variable. For instance, the GABA shift is delayed with three days in the cerebellum 
of mice exposed in utero to valproate (Roux et al., 2018), two to seven days in the 
hippocampus of a Prader Willi mouse model (Magel2 knock out) (Bertoni et al., 
2021), and six days in the cortex of Fragile X mice (FMRP knock out) (He et al., 2018, 
2014). Even longer delays have been reported in models for Rett syndrome and 
in maternal immune activation models for ASD (Banerjee et al., 2016; Corradini et 
al., 2017; Fernandez et al., 2018; Lozovaya et al., 2019) and in Down syndrome mice 
GABA remains depolarizing in adulthood (Deidda et al., 2015). Persistent GABAergic 
depolarization may most likely have different consequences than those of the delayed 
GABA shift studied here.

Rodent models for neurodevelopmental disorders often display a prolongation of 
excitatory GABA signaling
In chapter 4 we delayed the GABA shift in organotypic cultures by treating them for one 
week with VU and found that GABA signaling was depolarizing but inhibitory after VU 
treatment. We found that VU treatment indirectly affected inhibitory transmission and 
membrane properties (chapter 4), suggesting that GABA signaling indirectly regulates 
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inhibition and excitability in the second postnatal week. This role of depolarizing but 
inhibitory GABA differs from the role of depolarizing, excitatory GABA, which promotes 
the formation and maturation of excitatory synapses up to postnatal day 7 (Leinekugel 
et al., 1997; Oh et al., 2016; Wang and Kriegstein, 2011, 2008). This finding underlines 
the importance of assessing GABA’s effect on activity when studying the GABA shift. 
Unfortunately, in many studies examining the GABA shift in rodent models for NDDs, 
GABA’s effect on activity is not assessed. Other studies have reported a prolongation 
of the period during which GABA signaling is excitatory in NDD models (Corradini et 
al., 2017; Fernandez et al., 2018; Lozovaya et al., 2019; Roux et al., 2018; Tyzio et al., 2014).

Given the role of excitatory GABA in the formation an of excitatory synapses, we would 
expect that prolonging of the period during which GABA is excitatory, would induce 
an overproduction of excitatory synapses (Leinekugel et al., 1997; Oh et al., 2016; Wang 
and Kriegstein, 2011, 2008), which may induce NDD-related behavior. However, a recent 
study puts this reasoning into doubt. In this study the consequences of a delayed 
GABA shift were examined in KCC2E/+ mice. These mice carry phosphomimetic 
mutations T906E and T1007E. As a result, the shift from excitatory to inhibitory GABA 
in hippocampal CA3 pyramidal neurons is delayed from approximately P10 to P20 
in KCC2E/+ mice. KCC2E/+ CA3 pyramidal neurons displayed a transient increase in 
excitatory transmission along with a decrease in inhibitory transmission (Pisella et al., 
2019). This suggests that delaying the shift from depolarizing and excitatory GABA 
to inhibitory GABA, does have no long term effects on transmission, while delaying 
the shift from depolarizing but inhibitory to hyperpolarizing GABA indirectly and 
specifically increases inhibitory transmission (chapter 4). In addition, KCC2E/+ mice 
display impaired social behavior. Interestingly, administration of the NKCC1 inhibitor 
bumetanide from P6 till P15 (which restored the GABA shift) restored the transient 
alterations in synaptic transmission in KCC2E/+ mice, but did not rescue behavior 
(Pisella et al., 2019). This suggests that prolongation of the period during which GABA 
is excitatory may have other, yet unknown consequences on the network, possibly 
in other brain areas than the hippocampus, that alter sociability. Alternatively, the 
alterations in KCC2 phosphorylation by itself, rather than the delayed GABA shift, may 
have altered sociability in KCC2E/+ mice. To see if prolongation of GABAergic excitation 
without interfering with KCC2 phosphorylation, indeed results in an overgrowth of 
excitatory synapses, it would be informative to prolong the period during which GABA 
is excitatory by treating younger slice cultures (e.g. from P3 pups) with VU in future 
experiments. As a next step, it would be very interesting to assess the behavioral 
consequences of administering VU to living animals of various ages (Raol et al., 2020). 
These experiments can further improve our understanding of the consequences of a 
mistimed GABA shift to the network and to behavior in NDDs.
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Translatability of our findings to rodent models for neurodevelopmental disorders
We found increased inhibitory transmission and cell type specific alterations in 
neuronal membrane properties two weeks after the ending of the VU treatment. 
Rodent models for NDDs that display a delayed GABA shift commonly also show 
aberrant inhibitory transmission. In some rodent models with a delayed GABA shift, 
including those for Prader-Willi and Down syndrome, increases in adult inhibition 
have been reported (Bertoni et al., 2021; Ramamoorthi and Lin, 2011). However, 
many models, including those for ASD (prenatal exposure to antiepileptics and 
infections), Fragile X, and Tuberous Sclerosis display decreased inhibitory transmission 
in adulthood (Antoine et al., 2019; Griego et al., 2022; Qi et al., 2022; Ramamoorthi 
and Lin, 2011). Then again, the mutations that cause NDDs often directly interfere 
with the function of inhibitory synapses, and so may prenatal exposure to valproic 
acid and inflammation (D’Hulst and Kooy, 2007; Fu et al., 2012; Fukuchi et al., 2009; 
Ramamoorthi and Lin, 2011; Shin Yim et al., 2017). Moreover, our brain is set up with 
various mechanisms to coordinate excitation and inhibition after perturbations 
(Herstel and Wierenga, 2021; Maffei and Fontanini, 2009; Turrigiano and Nelson, 
2004), which could indicate that changes in excitation and inhibition may well be 
compensatory to, rather than driving, altered network function (Antoine et al., 2019). 
Our data suggest that changes in membrane excitability may also contribute to altered 
brain development. Unfortunately, membrane properties are not well characterized in 
development and in NDD rodent models. Some alterations in membrane properties in 
NDD mouse models have been reported (Antoine et al., 2019; Bódi et al., 2022; Olmos-
Serrano et al., 2010; Patrich et al., 2016), but again it remains unclear whether they 
represent direct consequences of the mutations or prenatal exposure of specific NDD 
models or if they are a consequence of an altered GABA shift. It also remains unclear if 
altered membrane properties contribute to NDD phenotypes. Interestingly, a recent 
study in a neural network-controlled robot suggests that variability in excitability 
between neurons indeed causes in NDD phenotypes, including excessive synaptic 
wiring, hypersensitive information processing, and behavioral alterations such as 
clumsiness, reduced generalization, and inflexibility (Idei et al., 2020).

Translatability of our findings to patients with neurodevelopmental disorders
It also remains unclear how the consequences of a delayed GABA shift in rodents, 
extrapolate to NDD patients. It is important to know that brain development at birth 
in rodents roughly corresponds to human development at the beginning of the last 
trimester (GW 28) of gestation (Chini and Hanganu-Opatz, 2021; Clancy et al., 2001). The 
change in expression profiles of NKCC1 and KCC2 during the last trimester, resembles 
chloride co-transporter expression in the first postnatal weeks birth of rodents (Dzhala 
et al., 2005; Sedmak et al., 2016) and the electroencephalogram (EEG) in healthy 
newborns (Kharod et al., 2019) resembles the stage in rodents where GABAergic 
signaling is inhibitory already (Vanhatalo et al., 2005). This suggest that in the typically 
developing human brain, GABA shifts already before birth. We remain unsure to what 
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extent the consequences of a delayed postnatal GABA shift in rodents, resemble the 
situation in NDD patients, in which the GABA shift may be delayed until after birth.

A clue for a causal role of a delayed GABA shift in NDDs across species, is the potential 
of NKCC1 inhibitor bumetanide to improve behavioral manifestations in children with 
NDDs and in animal models. A potential treatment is of major importance especially 
in autism, as at this moment there is no medication available that improves ASD’s 
core symptoms. Bumetanide blocks chloride importer NKCC1 and is thereby thought 
to reinstate GABAergic hyperpolarization instead of depolarization. In NDD models, 
postnatal bumetanide improves some, but not all behavioral phenotypes (Deidda 
et al., 2015; He et al., 2018; Matsushima et al., 2022; Savardi et al., 2020). Likewise, 
bumetanide ameliorates a subset of behavioral alterations in a subset of children with 
NDDs, especially those with a paradoxical response to GABA-enforcing drugs (van 
Andel et al., 2022; Wang et al., 2021). Thus, it seems that bumetanide is beneficial for 
a subset of NDD patients in which GABAergic signaling may remain excitatory. This 
suggests that sustained GABAergic excitation can profoundly affect brain function 
and alter brain development in both mice and men, but these studies do not offer 
additional insight in the contribution of a delayed GABA shift in NDDs.

Historically, pharmacological interventions in NDDs are chosen on basis of specific 
diagnoses. This approach completely ignores the heterogeneity in NDD etiologies 
as well as the commonalities in symptoms across disorders. Still, the field typically 
searches for treatments that helps all children diagnosed with a specific disorder. Only 
recently, endeavors have emerged to personalize therapeutic interventions across 
disorders, using genetic and neurophysiological prediction markers (Geertjens et al., 
2022; Sprengers et al., 2021; van Eeghen et al., 2022). The identification of patients most 
likely to respond to certain treatments is likely to benefit from a better understanding 
of the consequences of careful manipulations of the GABA shift. For example, we found 
that delaying the shift from depolarizing (but inhibitory) to hyperpolarizing GABA 
results in increased GABA inhibition (chapter 4). If the same mechanism holds true 
in human brain development, we would predict that patients that show genetic or 
neurophysiological indications for such a delay, may be especially likely to benefit from 
GABA-repressing agents. It would be wonderful if a more precise understanding of 
the environmental and molecular causes and consequences in NDDs will help stratify 
NDD treatments in the future.

6.6 Concluding remarks

We often think of our brain as the organ that makes us who we are. Our brain allows 
us to experience the outside world and to respond to our environments through 
emotions, thoughts, ideas and actions. But we tend to forget that the reverse is 
also true. Brain development is not only guided by our genes, which make sure 
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that key events are pre-programmed, but also by our experiences, which allows for 
adaptability. This thesis offers new insights into the adaptability of the GABA shift 
and the consequences of altered timing of the GABA shift during brain development. 
GABA signaling is important throughout brain development, but its role does not 
only simply depend on being de- or hyperpolarizing. Local network activity can make 
depolarizing GABA inhibitory when GABA-mediated depolarization is subthreshold 
and opening of GABAA receptors will shunt excitatory inputs. After P7, inhibitory GABA 
indirectly regulates neuronal excitability and inhibitory transmission. In addition, 
chloride levels may regulate cell volume and possibly pH at this time. We are only 
beginning to understand how genetic mutations and early life experience that alter 
the timing of the GABA shift, can push brain development into different directions. 
I hope that a more precise understanding of the consequences of a mistimed GABA 
shift will be useful for the development of targeted therapies to alleviate behavioral 
burden in neurodevelopmental disorders.
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Summary

Summary

Our brain is a fascinatingly complex organ that enables us to process information from 
the outside world and to respond through actions, thoughts, ideas and emotions. 
Our brain is comprised of a complex network of millions of brain cells (neurons), and 
their connections (synapses). Neurons come in two types: excitatory and inhibitory. 
When an excitatory neuron is active, it will send positive electrical signals through its 
excitatory synapses to the next neurons in the network. When an inhibitory neuron 
is active, it will provide subsequent neurons with negative electrical signals via its 
inhibitory synapses. Thus, our brains process information through a constantly 
changing combination of positive and negative electrical signals, processed by a 
network of neurons and synapses. All positive and negative signals simultaneously 
received by a brain cell, determine whether the cell will become active itself and will 
pass its electrical signals on to the next cells in the network.

The architecture of the adult brain is set up during brain development, which starts 
already in the womb. Genes provide the blueprint for the first steps in network 
formation, by dictating which neurons and synapses should be generated. In addition, 
network development is directed by spontaneous, electrical neuronal activity. When 
neurons are simultaneously active or active right after each other, they will make extra 
and stronger connections with each other. Since all electrical signals are still excitatory, 
the fetal neuronal network grows very quickly. Excitatory signals stimulate neuronal 
proliferation, synapse formation and synaptic strengthening in the immature brain. 
At this time, excitation is mainly provided by a substance called gamma-aminobutyric 
acid or GABA.

Only later on, sensory experiences start affecting the electrical activity in the network. 
The outside world affects network development in this way. Around the same time, 
GABA is changing from being excitatory, to providing electrical inhibition. Excitation 
is now provided by another signaling molecule, called glutamate. Inhibition enables 
the brain to handle an enormous amount of external stimuli in a controlled manner 
by filtering out irrelevant inputs and only passing on relevant stimuli.

The gradual developmental change in the function of GABA from excitation to 
inhibition is called the GABA shift. During my PhD, I studied the GABA shift in brain 
slices from mice. Brain development in mice and humans is very similar, though much 
faster in mice. In comparison: humans spend nine months in the womb, a mouse only 
three weeks. In humans, GABA shifts during the last three months of pregnancy, in 
mice during the first two weeks after birth.
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Summary

To measure the GABA shift in murine brain slices, we tested a new sensor. We could 
discern the GABA shift by comparing dozens of neurons in slices of different ages. In 
addition, we used the sensor to investigate the effect of early life stress on the GABA 
shift. We saw that stress delayed the GABA shift in young mice. This study underlines 
the role of experience in brain development, which allows for adaptability, but also 
leads to vulnerability.

We also investigated the consequences of accelerating and delaying the GABA shift. 
Previous studies have shown that the excitatory GABA promotes synapse formation. 
Therefore, we expected that a delayed GABA shift would result in an overproduction 
of synapses. However, this is not what we observed when we delayed the GABA shift 
in slices from one week-old mice. We saw that the delayed GABA shift did not affect 
synapses, but found indirect changes in the neurons’ electrical properties. This work 
is important for neurodevelopmental disorders such as autism, in which the GABA 
shift often seems delayed. Our research shows that such a delay affects further brain 
development.

We are only beginning to understand how genetic mutations and early life 
experiences affect the timing of the GABA shift and push brain development into 
different directions. I hope that this thesis contributes to our understanding of brain 
development. I think that we will better understand our brain and neurodevelopmental 
disorders and gain insights for therapeutic interventions, by continuing combining 
basic and clinical research in brain development in the future.

A
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Ons brein is een fascinerend orgaan, dat ons in staat stelt informatie uit de wereld om 
ons heen te verwerken en daarop te reageren met emoties, gedachten, ideeën en 
acties. Ons brein bestaat uit een ingewikkeld netwerk van miljoenen hersencellenen 
en hun verbindingen, ook wel synapsen genoemd. We kunnen hersencellen indelen 
in twee soorten: stimulerend en remmend. Als een stimulerende hersencel actief 
is, zal hij via zijn stimulerende synapsen, positieve elektrische signalen afgeven 
aan de volgende hersencellen in het netwerk. Als een remmende hersencel actief 
is, zal hij via zijn remmende synapsen, zorgen voor negatieve elektrische signalen 
in volgende hersencellen. Onze hersenen verwerken informatie dus door middel 
van een continu veranderende combinatie van positieve en negatieve elektrische 
signalen doorgegeven in een netwerk van hersencellen en synapsen. Al de positieve 
en negatieve signalen die een cel tegelijkertijd ontvangt, bepalen samen of een 
hersencel zelf actief wordt en elektrische signalen doorgeeft aan de volgende cellen 
in het netwerk.

De aanleg van de hersenen begint al in de baarmoeder. De eerste stappen van 
de hersenontwikkeling worden vooral bepaald door genen, die dicteren welke 
hersencellen en synapsen aangemaakt moeten worden. Daarnaast wordt de 
ontwikkeling van het netwerk beïnvloedt door de spontane, elektrische activiteit van 
de hersencellen. Als hersencellen tegelijk of vlak na elkaar actief zijn, zullen ze extra 
en sterkere verbindingen met elkaar gaan maken. Het jonge netwerk kan zich enorm 
snel ontwikkelen, omdat alle elektrische signalen in het brein nog stimulerend zijn. De 
stimulerende signalen helpen hersencellen om zich te vermenigvuldigen, om meer 
verbindingen met elkaar te maken en om al bestaande synapsen te versterken. De 
stimulatie in het jonge brein wordt vooral verzorgd door een stof die gamma-amino 
boterzuur of GABA genoemd wordt.

Pas later in de ontwikkeling, zullen via zintuigen prikkels van buitenaf de elektrische 
activiteit in het netwerk gaan bepalen. Zo kan ook de buitenwereld de ontwikkeling 
van het netwerk beïnvloeden. Ongeveer tegelijkertijd, zal GABA niet meer stimuleren, 
maar zorgen voor elektrische remming. De stimulerende signalen worden dan 
verzorgd door een andere stof, glutamaat. Op die manier kan het brein op een 
gecontroleerde manier omgaan met al de prikkels van buiten; prikkels die belangrijk 
zijn moeten worden doorgegeven en onbelangrijke prikkels worden weggefilterd.

De geleidelijke verandering in de functie van GABA, van stimulatie naar remming, 
die tijdens de ontwikkeling plaats vindt, wordt de GABA shift, of de GABA overgang 
genoemd. Tijdens mijn PhD heb ik de overgang van GABA bestudeerd in plakjes van 
muizenhersenen. De hersenontwikkeling van muizen en mensen lijkt erg op elkaar, 
al gaat de ontwikkeling in de muis veel sneller. Ter vergelijking: een mens spendeert 
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negen maanden in de baarmoeder, een muis maar drie weken. De overgang van 
GABA gebeurt bij mensen tijdens de laatste drie maanden van de zwangerschap en 
bij muizen tijdens de eerste twee weken na de geboorte.

Om de overgang van GABA te volgen in muizen hersenplakjes, hebben we een nieuwe 
sensor getest. We konden de overgang van GABA meten, door het signaal van de 
sensor in tientallen hersencellen in plakjes van verschillende leeftijden te vergelijken. 
Bovendien hebben we het effect van stress op de overgang van GABA met de sensor 
onderzocht. We zagen dat stress in jonge muizen de overgang van GABA vertraagd. 
Deze studie benadrukt dat hersenenontwikkeling niet alleen gestuurd wordt door 
genen, maar ook door ervaringen, wat het brein flexibel, maar tegelijk ook kwetsbaar 
maakt.

We hebben ook onderzocht hoe we de overgang van GABA in muizen hersenplakjes 
kunnen manipuleren en wat de consequenties van een versnelde en vertraagde 
overgang van GABA zijn. Eerdere studies hebben laten zien dat de stimulerende 
werking van GABA belangrijk is voor de vorming van synapsen. Op basis daarvan 
verwachtten we dat als de overgang van GABA vertraagd is, er teveel synapsen 
gevormd zouden worden. Maar wij vonden iets anders. We vonden dat de overgang 
van GABA, synapsen niet meer beïnvloedt in plakjes van muizen van een week oud. 
Maar vertraging van de overgang van GABA heeft wel een indirect effect op de 
elektrische eigenschappen van hersencellen. Dit werk is van belang voor patiënten 
met ontwikkelingsstoornissen zoals autisme, waarin de overgang van GABA veelal 
vertraagd lijkt. Ons onderzoek laat zien dat zo’n vertraging de verdere ontwikkeling 
van het brein verandert.

Op dit moment beginnen we pas te begrijpen hoe genen en ervaringen de overgang 
van GABA beïnvloeden en hersenontwikkeling verschillende richtingen op duwen. 
Ik hoop dat dit proefschrift bijdraagt aan ons begrip van hersenontwikkeling en 
daarmee ook van ontwikkelingsstoornissen. Ik denk dat we, door fundamenteel en 
klinisch onderzoek naar hersenontwikkeling te blijven combineren, ons brein en 
ontwikkelingsstoornissen steeds beter zullen begrijpen en inzicht zullen krijgen in 
behandelmogelijkheden.

Nederlandse samenvatting
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