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1. Abstract 
 

Excitatory GABAergic synapses have been shown to promote development and 

maturation of newborn granule cells in the adult hippocampus. In addition, strong 

GABAergic synaptic inputs are known to generate effective shunting  inhibition in these 

young neurons. However, the functional properties of the GABA receptors mediating 

excitation and inhibition are largely unknown. Here we analyzed GABA receptors in 

young neurons activated by soma-targeting parvalbumin and dendrite-targeting 

somatostatin inhibitory interneurons. The synaptic GABAA receptors in young neurons 

show a pronounced non-linear voltage dependence and are assembled in part by a5-

subunits. As a consequence, synaptic conductance is 4-fold larger around the AP 

threshold (-35 mV) as compared to the resting potential (-80mV), independent of the 

interneuron subtype. By contrast, in mature granule cells, parvalbumin interneurons 

mediate linear GABAergic synaptic currents lacking a5-subunits. Blocking a5-GABAA-

receptor-mediated synaptic currents in young neurons not only reduced GABAergic 

depolarization, but also effectively reduced shunting inhibition of AP generation. Taken 

together, this data shows that nonlinear GABAA receptors support both GABAergic 

depolarization and effective GABAergic shunting inhibition in newborn young granule 

cells of the adult hippocampus.  
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2. Introduction 
 
2.1 General introduction to the hippocampus memory system 
 

The hippocampus- a deep-set area within the medial temporal lobe in humans- was 

named after the genus Hippocampus due to its seahorse-like structure. In rodents, a 

cross section of the cashew-like shape shows the classic ‘trisynaptic loop’ in which 

this area is known for. The entorhinal cortex feeds excitatory inputs into the dentate 

gyrus (DG), via the perforant path. The DG then feeds information through to the CA3 

region via mossy-fiber terminals. Finally, CA3 projects onto CA1 via the Schaffer 

Collateral pathway and CA1 pyramidal neurons project back to the entorhinal cortex 

(Fig. 1A).  As a whole, the hippocampus is widely recognised as the main center of 

memory formation, a view that has been strengthened by the discovery of place cells 

in the hippocampus, and head direction cells, and grid cells in the entorhinal cortex of 

the rodent (Knierim, 2015). Additionally, human lesion studies have further shown the 

importance of the hippocampus in episodic memory formation (memories of one’s 

experience) and semantic memory (factual knowledge). Patients with hippocampal 

damage have difficulty remembering the details of their daily life, however, can often 

remember personal events that occurred prior to the time of damage, suggesting that 

memories are further consolidated in other regions (potentially the neocortex). This 

was famously illustrated by the case of H.M who, in 1957, underwent a bilateral medial 

temporal lobe resection to treat severe epilepsy. As a result, he lost the ability to form 

new declarative memories while maintaining old memories that were acquired years 

before surgery (Dossani et al., 2015).  

 

The seminal studies of Marr suggested that the mammalian hippocampal 

formation constitutes an auto-associative memory storage based on CA3 connectivity 

(Marr, 1971). Auto-associative memory allows the retrieval of a complete piece of data 

with the presentation of only a partial sample (to recall the whole using only some of 

its parts). This allows an individual to ‘fill in the blanks’ or adapt a memory as it 

changes- for example the ability to recognise the same person as they age or alter 

their appearance over time. However, it was pointed out that selectively retrieving a 

specific firing pattern among several learned neuronal activity patterns stored in the 
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 same set of recurrent synapses is highly complex (Treves and Rolls, 1992). While 

auto-associative memory storage systems show the potentially useful property of 

memory retrieval by partial cues, they also tend to generalize, strongly limiting storage 

capacity. Computational modeling suggested that this problem could be reduced in 

the hippocampus by sparse and orthogonal activity in the dentate-gyrus mossy-fiber 

system, acting as a ‘director’ for the CA3 network (Treves and Rolls, 1994).  
 

 
Figure 1. The hippocampus forms a ‘trisynaptic loop’. A) Simplified schematic representation of the 
basic hippocampal circuit The DG receives inputs from the entorhinal cortex and granule cells feed 
information to CA3 through the mossy fibers. CA3 connects to CA1 via Schaffer collaterals, and CA1 
projects back to the entorhinal cortex. Please note for simplicity many other details of connectivity have 
been excluded.  B) A simplified diagram of the main connections of the DG between GCs (GCL), mossy 
cells (hilus) and CA3 neurons and their interaction with INs (hilus and GCL) within the dentate gyrus. 
Adapted from GoodSmith et al. (2017). 

 

Indeed sparse activity patterns in dentate were later confirmed by many 

experimental studies, showing that only about 2% of dentate granule cells are active 

during a certain behavioral task (Jung and McNaughton, 1993; Chawla et al., 2005; 

Bakker et al., 2008; Hainmueller and Bartos, 2018). However, within the CA3 region 

the relative proportion of active cells is typically an order of magnitude larger (30-40%). 

This is partially due to the dense recurrent network formed by CA3 pyramidal cells, 

with each neuron receiving about 4000 EC inputs and more than 10000 recurrent 

collateral synapses. In contrast, a single CA3 pyramidal cell receives inputs from only 

a few mossy fibers (~50) with exceptionally strong synaptic weight. Therefore, 

although the mossy-fiber input is sparse, a brief burst in a single GCs is able to 

discharge a CA3 pyramidal neuron (Henze et al., 2002; Bischofberger et al., 2006). 

As dentate GCs are active in parallel to the direct perforant-path input onto CA3, a 

sparse and orthogonal mossy fiber input might therefore help to form distinct cell 

assemblies during learning for different memory items (Treves and Rolls, 1994). This 
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sparse population coding is thought to help increase storage capacity of the 

hippocampus, and GABAergic interneurons play a key role in this process. 

 
2.2 The dentate gyrus 
 

The dentate gyrus is comprised of three layers. The hilus, a polymorphic layer, 

includes a number of different cell types including GABAergic interneurons and most 

notably, the excitatory mossy cells. Surrounding the hilus on three sides is the granule 

cell layer, which contains the principle cells of the DG which are densely packed 

together with a thickness of four to eight neurons (approximately 60µm thick). The 

outer layer of the dentate gyrus is the molecular layer. This reasonably cell free layer 

is mainly occupied by the dendrites of granule cells, as well as the input fibers from 

the perforant pathway (Amaral et al., 2007). A simplified schematic of the connections 

between granule cells, mossy cells, and interneurons of the DG with CA3 neurons is 

shown in Fig. 1B (adapted from GoodSmith et al. 2017). 

 

Functionally, the dentate gyrus has long been thought to play a crucial role in 

pattern separation, with the anatomy, activity and connectivity of granule cells lending 

themselves favorably to this notion. Pattern separation involves the transformation of 

similar memories into highly non-overlapping separate representations. 

Computational models have highlighted the importance of the dentate and its output 

connections onto CA3 (Treves and Rolls, 1992, 1994; Treves et al., 2008; Rolls, 2013). 

Behavioral studies, like that done by Leutgeb et al. (2007) have confirmed that both 

areas are important in pattern separation and completion.  When exposing rodents to 

minimal changes in the shape of an environment, the correlated activity patterns of 

granule cells were significantly altered but remained stable in CA3. However, when 

environments were made increasingly different, new cells were recruited in CA3 and 

the DG. Thus, inputs from the entorhinal cortex can be ‘fine-tuned’ in response to small 

changes through altered firing patterns in the dentate, while gross changes result in 

the recruitment of non-overlapping cell assemblies in CA3. 
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2.3 GABAergic connectivity within the dentate gyrus 
 

GABAergic interneurons within the dentate gyrus form a heterogenous population, 

with individual subtypes serving distinct network roles based on the inputs they receive 

and the outputs they generate. Two major classes populate the DG: basket cell (BC) 

interneurons (INs) and hilar perforant path associated (HIPP) cells which are defined 

by morphology and the target selectivity of their axon. BC INs are parvalbumin  (PV) 

positive, have their soma and axon terminal in the granule cell layer and selectively 

form somatic-synapses onto granule cells. These fast-spiking neurons represent 

approximately 30% of the interneuron population (Freundl and Buzsáki, 1996). In 

contrast, HIPP INs are somatostatin (SOM) positive, have their soma present in the 

hilus- and as the name suggests- project their axons out into the molecular layer 

(where perforant path fibers reside) to form dendritic-synapses onto granule cells (Lee 

et al., 2016). These SOM-INs account for approximately 50% of the interneuron 

population. Although the interneuron population within the dentate includes multiple 

other subtypes (for example neurogliaform and cholecystokinin INs), the majority of 

research has focused on PV and SOM interneurons due to their selective synapse 

location. 

 

The role of these two main subtypes in higher network functions is thought to 

be tightly linked to the inputs they receive as well as their intrinsic properties. 

Feedforward and feedback inhibition microcircuits recruit distinct interneuron 

populations to control network activity within the DG. Feedforward inhibition is thought 

to rely on fast-spiking PV-INs, due to the direct inputs they receive from perforant-path 

terminals, and their low-activation threshold and rapid firing (Ewell and Jones, 2010). 

Additionally, PV basket cells receive inputs from granule cells. However, they   

preferentially inhibit those granule cells from which they receive no input, producing  

strong lateral inhibition and a ‘winner-takes-all’ mechanism (Espinoza et al., 2018). 

Thus, granule cells that receive strong excitatory inputs will direct DG activity, while 

those with weak inputs will be rapidly inhibited. In contrast, the feedback inhibitory 

microcircuit recruits both PV and SOM INs, as granule cells synapse directly onto both 

populations.  
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Postsynaptically, GABAergic inputs are modulated by the receptor subtypes 

found in the synapses of granule cells. GABAA receptors are a pentamer, composed 

of subunits derived from the a, b, g, d, q, e, and p gene families. Most commonly, 

GABAA receptors (GABAARs) are comprised of two a-subunits, two b-subunits and a 

g-subunit, which join together to form a central chloride ion channel pore. The subunit 

composition not only shapes the kinetic properties of the receptor but has been found 

to be tied to the location of the receptor- either synaptic or extrasynaptic (Hannan et 

al., 2019). Within the dentate, the a1, a4, a5, g2, and d subunits are expressed (Sun et 

al., 2004), with a1-containing ‘fast’ receptors found within synapses, and a4, a5 and d 

containing ‘slow’ receptors localised in the extrasynaptic membrane (Wei et al., 2003; 

Smith, 2013; Engin et al., 2015). However, recent studies suggest that slow dendritic 

inhibition within the hippocampus may be mediated by postsynaptic a5-GABAARs, 

suggesting that typically ‘extrasynaptic’ GABA receptors may also be found 

synaptically (Collinson et al., 2002; Zarnowska et al., 2009; Vargas-Caballero et al., 

2010; Schulz et al., 2018). 

 
2.4 Adult neurogenesis in the dentate gyrus 
 

The addition of new neurons in the brain throughout adulthood has long been a topic 

of controversy within the neuroscience field. Traditionally, the brain has been viewed 

as a constant, stable unit- in stark contrast to the developmental growth seen during 

embryogenesis. Leading neuroscientists like Ramón y Cajal, believed that the neurons 

that were present after birth would remain throughout adulthood, however, this theory 

has been challenged multiple times in the last few decades. In 1962 Altman injected 

radioactive thymidine-H3 intracranially, and found labelled neurons, suggesting the 

presence of neuronal proliferation. By measuring the concentration of nuclear-bomb-

test-derived C14 in genomic DNA it has been concluded that in humans 700 new 

neurons are added to the hippocampus every day through neurogenesis (Spalding et 

al., 2013). More recent work from the Llorens-Martín group examining human post-

mortem tissue have found that immunohistochemical markers for neurogenesis are 

present up to the ninth decade of life (Moreno-Jiménez et al., 2019a). Therefore, this 

long-held dogma of the stability of the human brain has been called into question. The 

wider field now accepts that mammalian species do indeed produce newborn neurons 
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well into adulthood through two distinct regions which give rise to progenitor cells. The 

subventricular zone (SVZ), located in the walls of the lateral ventricles, produces a 

large number of neuroblasts that are able to migrate rostrally to the olfactory bulb, 

where they then differentiate into neurons (Doetsch and Alvarez-Buylla, 1996; 

Doetsch et al., 1999; Lim and Alvarez-Buylla, 2016). The subgranular zone (SGZ)  

however, is found between the granule cell layer of the dentate gyrus and the hilus, 

where radial glia-like neural stem cells exit the quiescent stage and give rise to 

amplifying neural progenitor cells that finally divide to adopt a neuronal cell fate 

(Kaplan and Hinds, 1977) (Fig. 2, adapted from Bischofberger, 2007). Whether 

neurogenesis occurs in areas of the brain other than the SVG or SGZ is still debated, 

with some evidence supporting cell proliferation in the neocortex,  striatum, amygdala 

and substantia nigra (reviewed by Rakic, 2002; Gould, 2007). 

 
Figure 2. Maturation of newly generated granule cells in the adult hippocampus. 
Schematic representation of the development of a newly-generated granule cell including cell 
morphology, neuronal marker expression and inputs during different maturation time points.  Adapted 
from Bischofberger, (2007). 
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Establishing functional analysis using patch-clamp recordings from adult-born 

hippocampal granule cells (van Praag et al., 2002), was a major step forward in 

establishing adult neurogenesis as a widely accepted phenomenon within the broader 

neuroscience community. Subsequently, several studies appeared showing distinct 

functional properties of newborn neurons in the adult brain, including enhanced 

excitability and enhanced synaptic plasticity, relative to the mature granule cell (GC) 

population (Schmidt-Hieber et al., 2004; Ge et al., 2007). Furthermore, GABAergic 

synapses were shown to be initially depolarizing until 3 weeks of age (Overstreet-

Wadiche et al., 2005a; Ge et al., 2006; Heigele et al., 2016), followed by a phase with 

a hyperpolarized GABA reversal potential (EGABA) and a slower time course of the 

GABAergic synaptic inhibition (Marín-Burgin et al., 2012). At 8 weeks post mitosis, 

adult born granule cells were found to finally show GABAergic inhibition identical to 

mature GCs (Laplagne et al., 2006).  

 

2.5 Regulation of adult neurogenesis 
 

While neurogenesis does seem to occur continuously throughout adulthood, different 

environmental and physiological stimuli have been found to regulate the rate of 

neurogenesis and cell survival. Overall increased neuronal network activity has been 

found to positively modulate neurogenesis (Deisseroth et al., 2004), with learning 

(Tronel et al., 2010), social interaction (Hsiao et al., 2014), physical exercise  (van 

Praag et al., 1999; Zhao et al., 2006; Vivar et al., 2012; Deshpande et al., 2013) and 

enriched environments (Kempermann et al., 1997a; Bergami et al., 2015) all 

promoting increased cell proliferation and survival. Pathological increases of neuronal 

activity through epileptic seizures is also able to increase neurogenesis (Bengzon et 

al., 1997; Parent et al., 1997; Gray and Sundstrom, 1998; Jessberger et al., 2005), 

supporting the notion that network activity is important. 

 

Several factors can also act to downregulate neurogenesis, with social stress 

(Gould et al., 1998; Mouri et al., 2018), substance abuse (Eisch et al., 2000; Vetreno 

and Crews, 2015) and even cessation of voluntary exercise (Nishijima et al., 2017) 

reducing cell proliferation within the dentate. Genetic background can produce 

variability in the rate of neurogenesis, with Kempermann et al. (1997b) finding 

differences between different mouse strains commonly used in research. Additionally, 
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a decline in neurogenesis is present during ageing, with a 75% loss of progenitor 

neurons in mid to old age compared with young mice (Jin et al., 2003; Lugert et al., 

2010; Apple et al., 2017). This drop in proliferation has been linked with a decrease in 

growth factors including brain-derived neurotrophic growth factor (Marlatt et al., 2012; 

Apple et al., 2017). However, voluntary running in aged mice has partially been able 

to reverse these effects (Marlatt et al., 2012; Trinchero et al., 2017). Several 

pathological conditions have been linked to reduced neurogenesis including 

Alzheimer’s, schizophrenia, anxiety and depression (Malberg et al., 2000; Heckers, 

2001; Sigurdsson et al., 2010; Hill et al., 2015; Miller and Hen, 2015; Moreno-Jiménez 

et al., 2019b). Taken together, these studies show that despite adult-neurogenesis 

being a robust phenomenon in healthy adults, multiple factors can impact the rate of 

granule cell proliferation. 

 
2.6 Identification of newly-generated young granule cells 

In order to study neurogenesis in the dentate gyrus multiple methods to label and 

identify newborn and immature neurons have been established. One of the first 

approaches developed was intraperitoneal injections of Bromodeoxydine (BrdU), a 

thymidine analog that is incorporated into the DNA of dividing cells during the S-phase 

cycle for around 2 days post injection. Immunohistochemical analysis can be 

performed on tissue, allowing young cells to be identified and ‘birth-dated’ (Takahashi 

et al., 1992). However, BrdU can also be incorporated into DNA during other synthesis 

events such as cellular repair or gene duplication, so can produce an overestimate of 

the number of newly proliferated neurons (Taupin, 2007). Thus, BrdU is best combined 

with post-hoc analysis for markers specific to immature neurons, such as 

polysialylated-neural cell adhesion molecule (PSA-NCAM) or double-cortin (DCX) 

which are transiently expressed throughout maturation (Fig. 2). 

An important milestone in the identification of young neurons was the 

development of fluorescent labelling that allowed for the visualization of newborn 

neurons in live tissue experiments. The development of a retrovirus that could be 

intracranially injected to label proliferating cells with a green fluorescent protein (GFP), 

allowed for both cell identification in live slices and morphological analysis including 

the neuronal processes (van Praag et al., 2002). The ability to birth-date neurons and 
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conduct electrophysiological recordings from the same animals allowed for the 

correlation of intrinsic properties and synaptic connections of young neurons with their 

precise age (Espósito et al., 2005; Ge et al., 2007; Alvarez et al., 2016; Sah et al., 

2017). 

One shortcoming of viral injections is that their expression is restricted to the 

injection site. In recent years, transgenic mouse lines expressing fluorescent proteins 

under the control of promoters specific to immature neurons have overcome this 

limitation. This allows fluorescent proteins to be expressed transiently and -in the case 

of neurogenic promoters- throughout the entire dentate gyrus. For example, 

Overstreet et al. (2004) utilized a mouse line with the enhanced green fluorescent 

protein expressed under the control of the proopiomelanocortin promoter (POMC-

eGFP), labelling young granule cells up to 2 weeks of age. Additionally, Couillard-

Despres et al. (2006) developed a mouse line where the red fluorescent protein 

(DsRed) was expressed under the control of the doublecortin promoter, labeling cells 

between one and four weeks of age. The ability to effectively visualize and identify 

young neurons in vivo has allowed for the investigation of both the intrinsic properties 

of young cells and their synaptic connectivity during maturation. 

2.7 Enhanced excitability of young granule cells 
 

The structure and function of young GCs differ from mature cells in the dentate gyrus 

in a substantial number of ways, including synaptic connectivity, firing patterns and 

membrane excitability (Fig. 3, adapted from Heigele et al., 2016). Post mitotic 

development of young GCs has been extensively studied in adult mice. After cell 

division the young neurons rapidly start to grow, showing a total dendritic length (TDL) 

of about 500 µm at 2 weeks post mitosis (wpm) and further increasing to 1000 µm at 

3 wpm (Zhao et al., 2006; Sun et al., 2013; Gonçalves et al., 2016). In Fig. 3A-B a 2.5 

week old biocytin filled neuron is shown with an immature dendritic tree, which fired 

action potentials (AP) with excitatory currents in the range of a few picoampere (pA) - 

two orders of magnitude lower than typical mature GCs (Fig. 3D-E). This early growth 

period is followed by synaptic refinement and dendritic pruning, until the neurons 

resemble fully mature granule cells with a TDL of about 2 mm at around 6-8 weeks 

post mitosis (Schmidt-Hieber et al., 2007; Gonçalves et al., 2016). The cell 
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capacitance is initially very small, around 20 pF when the first synapses are formed 

(about 1 wpm), and increases up to 60-70 pF during the next 4-6 weeks (Ambrogini et 

al., 2004; Mongiat et al., 2009; Heigele et al., 2016). In addition, young GCs have 

initially a high membrane resistivity, resulting in a remarkably high electrical input 

resistance (Rin) of about 32 GΩ compared to about 200 MΩ in mature GCs. This 

means that small currents generate relatively large membrane depolarizations in the 

young neurons. The high membrane resistance also leads to a slow membrane time 

constant of about 150ms at 1-2 wpm, promoting temporal integration of synaptic 

potentials (Fig. 3C) (Overstreet et al., 2004; Schmidt-Hieber et al., 2004; Heigele et 

al., 2016). Subsequently, the Rin decays exponentially with a 4-fold decrease per week 

resulting in about 8 GΩ, 2 GΩ and 0.5 GΩ at 2, 3 and 4 weeks, respectively (Fig. 3G) 

(Heigele et al., 2016; Li et al., 2017). The change in Rin with maturation is most likely 

generated by an activity-dependent upregulation in the density of inward-rectifier 

potassium channels (Kir2, Kir3.2) and ion channels from the two-pore-domain (K2P) 

family (Mongiat et al., 2009; Young et al., 2009; Gonzalez et al., 2018), which also 

directly generates a pronounced developmental speed up of the membrane time 

constant at about 3-4 wpm (Fig. 3H).  

 

The high input resistance together with the slow membrane time constant renders 

young GCs very sensitive to small excitatory currents. As shown in Figure 3I, the 

rheobase varies from about 5 pA in young up to 200 pA in fully mature cells, spanning 

almost two orders of magnitude. In addition there are low-threshold calcium spikes 

generated by somato-dendritic T-type calcium channels, which further boost small 

EPSPs towards the action potential (AP) threshold (Ambrogini et al., 2004; Schmidt-

Hieber et al., 2004; Stocca et al., 2008).  

 

Before 3 weeks, young GCs show a higher AP threshold of about -35 mV in contrast 

to -45 mV in mature GCs (Heigele et al., 2016). Additionally the voltage-gated sodium 

and potassium currents were found to be smaller in young as compared to mature 

GCs, which reduces the AP amplitude, the maximal rate of rise (Fig. 3J) and most 

importantly the maximal firing frequency (Mongiat et al., 2009; Heigele et al., 2016). 

As a result, young GCs fire only one or a few spikes during persistent current injection 

before 3 wpm (Fig. 3B). Finally, the density of excitatory synapses and the amplitude 

of excitatory synaptic currents are much smaller in young GCs up to 4 weeks of age 
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Figure 3. Intrinsic properties differ between young and mature granule cells. (A) Confocal image 
of a biocytin-filled (green) newborn granule cell with an input resistance of 3 GΩ corresponding to 2.5 
weeks post mitosis. Inset images show immunohistochemical staining of DCX expression (red). (B) 
Low-threshold Ca2+-spike and AP induced by somatic current injection (same cell as A). Minimal current 
for AP induction is indicated. (C) Decay after a small hyperpolarization revealed a slow membrane time 
constant (tm = 94ms, monoexponentially fit in red). (D) Morphology of a mature granule cell with an 
input resistance of 144 MΩ. (E) Mature firing pattern for the cell in (D). (F) Voltage decay after the 
current pulse revealed a fast tm of 23ms. (G) Semi-logarithmic plot showing that input resistance (Rin) 
decreases with maturation. Green circles represent individual GFP-positive birth-dated GCs. Black 
circles represent the mean ± s.e.m. of GFP-positive neurons. Red line indicates the range of the Rin of 
recorded DCX+ neurons (1.5–18 GΩ) corresponding to 1.5 to 3 weeks post mitosis. (H-J) Semi-
logarithmic plots of membrane time constant (H), threshold current to evoke an AP (rheobase) (I) and 
steepest slope of APs (J) of mature GCs (black), DsRed+ young (red) and GFP-positive birth-dated 
GCs (green). Lines represent sigmoidal (H, J) or double exponential (I) fits. Adapted from Heigele et al. 
(2016).
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(see below). Thus, the high Rin compensates for the smaller glutamatergic synaptic 

currents, to obtain a synapse-evoked spiking probability in young 2-4 wpm GCs, which 

is relatively similar to mature cells – at least in the absence of GABAergic inhibition 

(Mongiat et al., 2009; Dieni et al., 2013; Li et al., 2017). 

 

2.8 Formation and function of glutamatergic synapses in yGCs 
 

Glutamatergic synapses have been found to form around 7 days post mitosis, 

potentially originating from hilar mossy cells (Deshpande et al., 2013; Chancey et al., 

2014; Sah et al., 2017). During the second post mitotic week further glutamatergic 

synaptic contacts are made from lateral and medial entorhinal cortex (LEC, 

MEC)(Deshpande et al., 2013; Woods et al., 2018). Therefore, young neurons form 

synapses with the major afferent glutamatergic input pathways early on.  

 

 Until 3 wpm glutamatergic synapses show immature functional properties 

including preferential expression of NR2B-containing NMDA receptors (Ge et al., 

2007; Chancey et al., 2013, 2014; Li et al., 2017). Similarly, the extrasynaptic 

membrane of newborn granule cells harbors a large number of NMDA receptors, even 

in the youngest cells without any synapses (Schmidt-Salzmann et al., 2014). The 

extrasynaptic NMDA/AMPA receptor conductance ratio is 3-times higher in young 

GCs before 3 wpm and declines towards a mature ratio of about 1:1 after the loss of 

DCX expression. These findings suggest that extrasynaptic NMDA receptors are key 

players in the process of new synapse formation in newly generated granule cells. 

They might be activated by extrasynaptic glutamate spillover from neighboring 

preexisting axon terminals and thereby initiate growth of new filopodia and spines in a 

competitive manner (Toni et al., 2007; Mu et al., 2015; Adlaf et al., 2017). Furthermore, 

NMDAR activation between 1-2 wpm was shown to be important for survival of the 

newborn cells, which are otherwise eliminated via apoptosis (Tashiro et al., 2006).  

 

The synaptic NMDAR/AMPAR conductance ratio is initially 10:1 at 2 wpm, 

substantially higher than the extrasynaptic ratio of 3:1 (Schmidt-Salzmann et al., 2014; 

Li et al., 2017), indicating that NMDA receptors are selectively enriched and targeted 

into developing postsynaptic filopodia. This not only supports synapse formation but 
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also lays the foundation for the adjustment of synaptic strength during activity-

dependent synaptic plasticity (see below, Schmidt-Hieber et al., 2004; Ge et al., 2007). 

The high expression of NMDARs in newly formed synapses of young GCs generates 

pronounced NMDA-dependent electrogenesis, resulting in highly non-linear 

summation of glutamatergic EPSPs (Li et al., 2017). As shown in Fig. 4 (adapted from 

Li et al., 2017), electrical stimulation of glutamatergic synapses in the molecular layer 

with a low intensity readily evokes subthreshold EPSPs in mature as well as in 2 week 

old GCs. In contrast to mature neurons, the EPSPs in young neurons are highly 

sensitive to the NMDAR antagonist AP5 (Fig. 4AB). Furthermore, brief burst 

stimulation (5@50Hz) generates non-linear NMDAR-dependent summation of EPSPs 

in young GCs with a 10-times larger peak amplitude relative to single EPSPs. In 

contrast, EPSP summation is sublinear in mature GCs (Fig. 4CD). As a consequence, 

the peak amplitude of burst EPSPs in mature and 2 week old neurons is not 

significantly different using the same stimulation intensity (Li et al., 2017). Increasing 

stimulation intensity generates spiking in young cells as well as in mature cells (Fig. 

4E+F). Unlike mature cells however, spiking in young neurons is critically dependent 

on NMDA receptors. This is supported by the small membrane capacitance (20 pF) 

and high electrical input resistance before 3 wpm (2-30 GΩ), which renders young 

GCs electrotonically compact and creates a single electrotonic compartment (Heigele 

et al., 2016) 

 

The addition of AMPA receptors into glutamatergic synapses of young cells is thought 

to be activity-dependent. AMPAR integration (“synapse unsilencing”) is dependent on 

sufficient depolarization at the synapse to remove the Mg2+ block and activate 

NMDARs. This activation leads to the rapid addition of AMPA receptors into the 

synapse. Interestingly, increasing network activity  by placing mice in an enriched 

environment for two weeks significantly increased the percentage of newborn GCs 

with AMPAR EPSCs which was not associated with enhanced maturation (Chancey 

et al., 2013). The AMPAR contribution dramatically increases between 2-4 weeks post 

mitosis, with AMPA-dependent spiking occurring at 4wpm (Mongiat et al., 2009; Gu et 

al., 2012; Dieni et al., 2013, 2016).  
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Figure 4. NMDA-dependent electrogenesis in young GCs. (A, B) Application of AP5 (50µM) does 
not significantly affect EPSP amplitude in mature granule cells (A) but decreases EPSP amplitude in a 
young neuron (B) at 2.5 weeks post mitosis (wpm). There is a significantly larger contribution of AP5-
sensitive NMDA receptors to the EPSP in 2–3 week old DsRed+ neurons than in mature GCs. (C, D) 
Subthreshold summation of five EPSPs evoked by brief burst stimuli (5@50 Hz, 20µA) in a mature (C) 
and a young 2.5 week old GC (D). The ratio of burst EPSP amplitude to single EPSPs is significantly 
higher in young GCs relative to mature GCs.(E, F) Increasing burst stimulation intensity (5 @ 50Hz, 
30 µA) evoked AP firing in both mature (E) and young (F) cells. With the application of AP5 (50µM) 
firing was still possible in mature neurons, however, it was largely blocked in young GCs showing strong 
NMDA-receptor dependent spiking. Adapted from Li et al. (2017). 
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There are a number of important factors counterbalancing excitability in young 

granule cells. Most importantly, the number of synaptic connections is dramatically 

smaller at young developmental stages. It was estimated that the density of immature 

glutamatergic synapses at 2 and 3 wpm corresponds to only about 2% and 20% of 

mature values, respectively (Zhao et al., 2006; Li et al., 2017). At 4 wpm the synapse 

density is still only 35% of mature and further increases during the following weeks 

(Dieni et al., 2016). Remarkably, synapse-evoked spiking probability at 2-4 wpm was 

reported to be very similar in young and mature neurons, using local afferent fiber 

stimulation in the molecular layer (Mongiat et al., 2009; Dieni et al., 2016; Li et al., 

2017). This suggests that the high sensitivity for small excitatory currents and NMDA-

dependent electrogenesis in young cells does not generate hyperexcitability, but 

rather balances low connectivity and compensates for the low number of input 

synapses.  

 

2.9 GABAergic synaptic inputs onto adult-born granule cells drive both 
excitation and shunting inhibition 
 

Newborn granule cells begin to develop GABAergic synaptic contacts as early as 4 

days post mitosis (Song et al., 2013) and these synapses gradually increase in 

strength during the next 6 weeks (Espósito et al., 2005; Ge et al., 2006; Sah et al., 

2017). The first interneurons which were found to contact young GCs at about 1 wpm 

were NO-synthase (NOS) positive neurogliaform/ivy cells and parvalbumin-positive  

(PV) basket cells (Markwardt et al., 2011; Alvarez et al., 2016). In a study by Linda 

Overstreet-Wadiche and colleagues it was shown that these early GABAergic synaptic 

currents have slow time course and small amplitudes, but are nevertheless generated 

by bona fide synapses and do not represent spillover from neighboring synapses 

(Markwardt et al., 2009).  

  

Similar to embryonic brain development the GABA reversal potential (EGABA) in 

young neurons is relatively depolarized to about -35 mV until 3 weeks post mitosis in 

contrast to about -80 mV measured in mature GCs (Fig. 5, adapted from (Heigele et 

al., 2016) (Overstreet-Wadiche et al., 2005b; Ge et al., 2006; Karten et al., 2006; 

Heigele et al., 2016). This is due to a relatively high internal chloride concentration 

(~25 mM) generated by high expression of  NKCC1 and the low expression of KCC2 
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chloride transporters and has important consequences for the development and 

survival of young neurons (Ben-Ari, 2002; Ge et al., 2006; Jagasia et al., 2009). More 

specifically, it has been shown that feedback inhibition via PV interneurons is critically 

important for mediating the survival-promoting effect of environmental enrichment 

during the first 2 weeks after mitosis (Alvarez et al., 2016). It has also been shown that 

depolarizing GABAergic synapses can powerfully unblock NMDA receptors and may 

thereby induce enough calcium influx to stimulate phosphorylation of CREB and other 

growth promoting proteins, as well as the unsilencing of glutamatergic synapses 

(Jagasia et al., 2009; Chancey et al., 2013).  

 

 

 
Figure 5. GABA-reversal of young granule cells is more depolarized than in mature cells. 
Gramicidin perforated-patch recordings of GABAergic synaptic currents in young and mature granule 
cells. (A) The average amplitudes of GABAergic synaptic currents from young (red) and mature (black) 
GCs show a reversal potential of -35 mV and -80 mV, respectively (data presented as mean ± s.e.m). 
(B) EGABA in individual granule cells was plotted against input resistance (Rin) for DCX-DsRed+ young 
(red), GFP virus–labeled (green symbols) and mature GCs (black circles). Adapted from Heigele et al., 
(2016). 

 

Does a depolarized reversal potential of -35 mV mean that GABA is always 

excitatory? An important factor in this context is the AP threshold. If EGABA is above 

the AP threshold, excitation is expected to be the predominant outcome. In the case 

that EGABA is below the threshold, but more depolarized than the resting potential, 

GABA is expected to generate depolarizing shunting inhibition. In contrast to 

hyperpolarizing inhibition, shunting inhibition is silent without glutamatergic excitatory 

synaptic inputs. But when combined with glutamatergic EPSPs, AP initiation is blocked 

by short circuiting depolarization beyond EGABA. 
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Figure 6. GABA-induced excitation and inhibition of AP firing in young granule cells. (A) Mock 
EPSPs were generated by a somatic current injection (10ms, green) and paired with GABAergic 
postsynaptic potentials (PSPs) evoked by stimulation pulses of increasing intensity (200 µs, eight times 
at 50 Hz) in the presence of NBQX and AP5 (upper traces). Lower traces show GABA PSCs using the 
same stimulation intensity before (black) and after application of gabazine (red). (B) A sequence of 
traces showing pairing with increasing synaptic stimulation intensity, as indicated on the right axis. 
Spiking is restricted to low stimulation intensities. (C) Firing probability is plotted against the GABA PSC 
conductance, showing that firing could only be evoked in a certain conductance range (0.4-4 nS). 
Continuous line represents a fitted curve consisting of the product of a sigmoidal rise and decay. Data 
are presented as mean ± s.e.m. From Heigele et al., (2016). 
 

In young GCs before 3 wpm it turned out that EGABA is sitting pretty much exactly at 

the AP threshold (-35 mV) (Heigele et al., 2016). This has important consequences. 

When only about 10% of connected presynaptic GABAergic interneurons (3-4 cells) 

fire a brief burst of APs, an average synaptic conductance of about 1.5 nS is generated 

in a typical 2-3 week old cell. This conductance was indeed shown to facilitate the 

generation of APs in young GCs (Fig. 6A, adapted from Heigele et al., 2016). However, 

a larger number of active GABAergic synapses (>30% of available connections) was 

shown to inhibit firing via shunting inhibition of AP initiation (Fig. 6B-C) (Heigele et al., 

2016). This large GABAergic conductance promotes rapid depolarization towards 

EGABA, but at the same time prevents further depolarization beyond this point. Thereby, 

AP initiation in young GCs can be powerfully controlled by the number of active GABA 

interneurons.  
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At 4 weeks post mitosis, EGABA becomes very similar to mature GCs sitting close 

to the resting potential of about -80 mV (Fig. 5B) (Marín-Burgin et al., 2012; Heigele 

et al., 2016). Nevertheless, GABAergic synapses are still not fully mature at this stage. 

As pointed out by Alejandro Schinder and colleagues, a prominent feature at this 

developmental stage still is the slower time course of perisomatic inhibition mediated 

by PV interneurons relative to mature GCs (Marín-Burgin et al., 2012). Although local 

stimulation of perforant path (PP) fibers in the molecular layer can generate a ratio of 

GABAergic and glutamatergic peak conductance in young GCs similar to mature cells, 

the slower rise time of inhibitory currents provides a window of spiking opportunity. 

While inputs from soma-targeting PV INs onto yGCs have been studied, the presence 

of dendritic inhibition from the other main subtype- SOM-INs- has remained largely 

uninvestigated. Additionally, the slow time course of the kinetics may point to different 

post synaptic GABAR composition in young cells than in mature, however, the GABAA 

receptor subtypes present in the synapses of young GCs is unknown.   

 

2.10 The aims of this study 
 
What remains unclear in the neurogenesis field is the precise mechanisms that 

underlie the bidirectionality of the GABA transmission present in these developing 

neurons, which is key to maintaining low levels of firing. Given that GABA plays such 

a crucial role in the growth and maturation of adult-born neurons, we wanted to 

investigate the specific properties of GABAergic transmission that mediates the fine 

balance between excitatory promotion of activity and inhibitory control onto these cells 

by addressing the following questions: 

 

Firstly, which interneuron subpopulations form somatic and dendritic inhibitory 

GABAergic synapses onto young granule cells? 

 

Secondly, which postsynaptic GABA receptors are present in the inhibitory synapses 

of young cell? 
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And thirdly, what are the functional properties of the postsynaptic GABAARs present 

on young granule cells? Do they have any voltage-dependence and how are they 

involved in shunting inhibition? 

In the present study, whole-cell patch-clamp recordings were used to address these 

questions in newborn hippocampal granule cells of the adult mouse brain.  
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3. Methods 
 

3.1 Mouse lines 
 
Electrical stimulation experiments were performed on transgenic mice of both genders, 

expressing the red fluorescent protein DsRed under the control of the doublecortin (DCX) 

promoter maintained in a C57Bl/6 background (Couillard-Despres et al., 2006). Labelling of 

doublecortin positive cells with a fluorescent protein allows for the visual identification of 

adult-born granule cells in acute brain slices. Optogenetic experiments were performed with 

virally injected animals (PVCre x DCX-DsRed or SOMCre x DCX-DsRed).  To generate lines 

for viral injection homozygous PV-Cre (B6;129P2-Pvalbtm1(Cre)Arbr/J) or SOM-Cre (SST 
tm2.1(cre)Zjh/J) mice were crossed with homozygous DCX-DsRed mice (Dcx-DsRed, Couillard-

Despres et al., 2006). All mice were obtained from The Jackson Laboratory, except for the 

DCX-DsRed animals which were gifted from Ludwig Aigner (PMU, Salzburg). In order to 

increase adult neurogenesis, mice were housed in an enriched environment for a minimum 

of 10 days prior to experiments. Groups of 3-6 animals were placed in large cages 

(595x380x200 mm, Figure 7) on a 12:12hr light/dark cycle, with running wheels, tunnels and 

houses. Animals had ad libitum access to food and water. All experiments were approved by 

the Basel Cantonal Committee on Animal Experimentation according to federal and cantonal 

regulations. 

 
Figure 7. Environmentally enriched cages for increased neurogenesis. Mice were house in large cages 
with mouse houses, tubes and running wheels for 1-4 weeks pre-experiment.  
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3.2 Stereotaxic viral injections 

To selectively activate synaptic inputs from GABAergic interneurons onto young granule 

cells, an optogenetic approach was used. Parvalbumin-positive interneurons were targeted 

with the PV-Cre x DCX-DsRed mouse line while Somatostatin positive interneurons were 

targeted with SOM-Cre x DCX-DsRed mouse line. To allow for selective excitation of these 

interneurons, an excitatory floxed-channelrhodopsin was expressed in the ventral dentate 

gyrus (AAV-EF1a-DIO-hChR2(H134R)-EYFP, UNC Vector Core). 4-5 week old mice were 

anaesthetized using a 4% concentration of isoflurane and maintained with continuous 

inhalation of isoflurane at a 2% concentration. The animal was then placed in a stereotaxic 

frame, and the skull levelled using bregma and lambda. A small incision was made in the skin 

over the skull and 0.8mm holes were drilled above the injection site. Injections were made 

using pulled glass micropipettes (BLAUBRAND Intramark micropipettes) and a picospritzer 

(version III Parker Hannifin, 2-15ms air pulses at 1Hz, between 10-20 psi). Injection co-

ordinates were selected from a mouse brain atlas (Franklin and Paxinos, 2007) and optimized 

through a series of control injections. The following co-ordinates for the ventral dentate gyrus 

were used, with four injection sites along the dorsal-ventral plane: anterior-posterior= -

3.2mm, medial-lateral= ±3.0mm, dorsal/ventral=-4.5mm, -4.0mm, -3.5mm and -3.00mm. 

Silk-based sutures were used to close the wound, and animals were given rimadyl for 

analgesia post-surgery.  Animals were placed in recovery cages with a heating pad until fully 

alert, then they were returned to their home cage.  

3.3 Slice preparation 
 

Experiments were performed on both male and female mice between 4-10 weeks of age 

(mostly 6-10 weeks). Animals were anaesthetised with isoflurane (4% in O2, Vapor, Draeger) 

and once sufficiently unresponsive, were killed by decapitation in accordance with national 

and institutional guidelines. To increase cell survival, animals were placed in an oxygen-

enriched environment for a minimum of ten minutes prior to anaesthetisation. The brain was 

then removed in ice-cold sucrose-based solution (approximately 4°C), which was aerated 

with carbogen (a mixture of 95% O2 and 5% CO2). The brain was transferred to fresh sucrose-

based solution (see 3.9), where the two hemispheres were separated with a single scalpel 

cut. Each hemisphere had an angled portion of dorsal cortex removed, similar to that 

described in Heigele et al. (2016), to produce dentate slices with healthy and intact dendrites 
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of the granule cells. The two hemispheres were then glued, with the cut side down, onto a 

small metal plate and transferred into the cutting chamber which was filled with ice-cold 

sucrose-based solution. Transverse 350µm thick hippocampal slices were cut with an 

approximate 20° angle to the dorsal surface, using a Leica VT1200 vibratome (velocity of 

0.04 mm/s and a lateral vibrating amplitude of 1.8 mm). Slices were incubated at 35°C in the 

same sucrose-based solution for 30 minutes and then stored at room temperature until 

experiments were conducted. 

 
3.4 Electrophysiology 
 
Electrophysiological recordings of acute brain slices were conducted within 8 hours of slice 

preparation. Slices were placed into a bath chamber, with continuous perfusion of 

oxygenated artificial cerebrospinal fluid (ACSF, pH 7.4, Osmolarity 315-25 mOsm, 

equilibrated with 95% O2 and 5% CO2). Granule cells were visualised with an infrared 

differential interference contrast (IR-DIC) microscope (Examiner.D1, Zeiss, Oberkochen, 

Germany) using a 63x objective (numerical aperture 1.0, Zeiss, Oberkochen, Germany).  

Voltage-clamp recordings of young and mature granule cells were conducted with 

patch pipettes (3-6 MΩ) pulled from borosilicate glass tubes with 2.0 mm outer diameter and 

0.5 mm wall thickness (Hilgenberg, Malsfeld, Germany; Flaming-Brown P-97 puller, Sutter 

Instruments, Novato, USA). Intracellular solutions are described in 3.9. 

Current-clamp recordings of newborn granule cells were conducted with thicker walled 

glass (2.00mm outer diameter, 0.7mm wall thickness) with higher resistances (6-12MΩ)  and 

low capacitance (»5pF). These pipettes allowed for the accurate measurement of steady-

state potentials and fast voltage fluctuations. Additionally, the thicker walls of the glass allow 

for a tight seal (Rseal) with the cell membrane, reducing current loss, and shunting of the cell. 

This is particularly important in current clamp recordings, as low seal resistances result in a 

depolarized resting membrane potential, and even prevent AP firing due to the loss of inward 

currents generated by voltage-gated-Na+-channels. To further increase the likelihood of large 

Rseal values, pipettes were fire-polished on a micro-forge prior to use. The average seal 

resistance obtained in these recordings was 25.45GΩ corresponding to 6.36 times more than 

the Rin (Rseal 25.45±1.28GW, Rin 4.00± 0.27 GW, n= 31).  
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Voltage and current clamp recordings were both obtained using a Multiclamp 700B 

amplifier (Molecular devices Devices, Palo Alto, CA, USA), filtered at 10 kHz, and digitized 

at 20kHz with a CED Power 1401 interface (Cambridge Electronic Design, Cambridge, UK). 

Bridge balance was used to compensate the series resistance (Rs) in current clamp 

recordings (Rs » 10-50MΩ). In most voltage clamp recordings, series resistance was 

compensated with an 80% correction. All voltage-clamp experiments were performed at room 

temperature (22-24°C), while current clamp recordings were obtained at high 

temperature(30-33°C). 

Data acquisition and analysis were achieved using a custom software (FPulse, U. 

Fröbe, Physiological Institute Freiburg) running under IGOR Pro 6.31 (WaveMetrics, Lake 

Oswego, Oregon) and the open source analysis software Stimfit 

(http://code.google.com/p/stimfit, C. Schmidt-Hieber, Institut Pasteur, Paris). 

3.5 Identification of new born granule cells  

Adult-born granule cells between 1 and 3-weeks of age were identified by detection of DsRed 

fluorescence using a cooled CCD camera system (SensiCam, TILL Photonics, now FEI 

Munich GmbH, Gräfelfing, Germany). Ds-Red positive cells were detected using a light 

source with an excitation wavelength of 555nm (Polychrome V, TILL Photonics), which was 

connected to the microscope using a quartz fiber optic light guide. The illumination intensity 

was kept low to avoid possible photo-bleaching of the neurons and subsequent phototoxicity. 

As DS-Red expression can continue beyond the expression of doublecortin, young cells were 

also identified using cell morphology, location and input resistance. Newly generated young 

cells are found within the inner border of the granule cell layer, with small soma, and input 

resistances larger than 2.0GW. Therefore, DCX+ granule cells with a Rin ≥ 2.0 GΩ were 

classified as young. In accordance with previous publications, mature granule cells were 

identified as having larger soma restricted to the outer border of the GCL and a Rin ≤ 400 MΩ 

(Schmidt-Hieber et al., 2004; Heigele et al., 2016; Li et al., 2017). Due to the larger cell 

membrane size (Li et al., 2017) and expression of potassium channels (Gonzalez et al., 2018) 

mature granule cells have small input resistances that allow them to be reliably distinguished 

from yGCs. Input resistance was converted to age in days as per Heigele et al. (2016). 
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3.6 Synaptic stimulation 
 

Electrical stimulation 

 

To electrically stimulate synaptic inputs, 12-15 MW pipettes were filled with a HEPES-buffered 

sodium rich solution to apply short negative current pulses (5-40 µA, 200 µs). To stimulate 

axons of soma-targeting GABAergic interneurons, the stimulation pipette was placed in the 

outer third of the granule cell layer (GCL), with a minimal lateral distance of 100 µm from the 

recorded cell. To stimulate axons of dendrite-targeting GABAergic interneurons, the 

stimulation pipette was placed in the outer third of the molecular layer to target the outer 

molecular layer (OML). To isolate GABAergic inputs, all electrical stimulation recordings were 

done in the presence of glutamatergic AMPAR and NMDAR blockers (10μM NBQX (2,3-

dioxo-6-nitro-1,2,3,4- tetrahydrobenzo[f]quinoxaline-7-sulfonamide and 25μM AP5 (D-(-)-2-

amino-5-phosphonopentanoic acid). 

For voltage-clamp recordings single stimulations were used to produce inhibitory post-

synaptic currents (IPSCs) in the recorded cell. For current clamp recordings a burst 

stimulation paradigm was used to evoke synaptic GABA release with 3 or 8-stimuli at 50Hz. 

 Optogenetic stimulation  

 

Channelrhodopsin was genetically expressed in PV-cre or SOM-cre animals to enable the 

selective activation of either parvalbumin-positive or somatostatin-positive GABAergic 

interneurons. Interneurons were activated using a diode laser with a 473nm excitation 

wavelength (Rapp OptoElectronic, Hamburg, Germany). The field of illumination was 

targeted to the granule cell layer when stimulating parvalbumin interneurons, and the hilus or 

outer molecular layer when targeting somatostatin positive interneurons. For paired-pulse 

experiments, two light pulses  were used 200ms apart. For rectification experiments a single 

light-pulse of varying intensities was delivered to produce a post-synaptic current around 

200pA in amplitude (5-20mW, 5ms) at -80mV. 
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3.7 Data Analysis 
 

Analysis of patch-clamp data was performed offline using the open-source analysis software 

Stimfit (https://neurodroid.github.io/stimfit) and customized scripts written in Python. 

 

 Intrinsic cell properties  

 

The intrinsic properties of recorded neurons were determined in the first initial minutes of a 

whole cell configuration. Once the membrane was ruptured, the input resistance was 

measured in voltage clamp using the current response to a negative voltage step (-5mV, 

500ms pulse). All cells were clamped at -80mV. Series resistance was also determined using 

this negative voltage step. For IPSCs, the decay t was the weighted average of a 

biexponential fit only to the decay phase of the PSC starting at 95% of its amplitude. Resting 

membrane potentials were measured in the I=0 mode. Action potential properties were 

determined in the current-clamp configuration. A step protocol (500ms, 4, 10 or 50pA) was 

used to elicit a single spike in both  young (DCX+) or mature neurons. 

 

Rectification index 

 

Normalized conductance was calculated for each experiment individually by dividing PSC 

amplitudes by the difference of the voltage command from the estimated reversal potential. 

For the visualization of the outward rectification of GABAR-mediated currents, current 

amplitudes were normalized by the value at –80 mV (Inorm). The normalized currents were 

fitted in GraphPad Prism6 using a sigmoidal voltage- dependent conductance: 

 

𝐼"#$%(𝑣) = (𝑣 − 𝐸$,-) ×	(𝑔%1"	 + 	 345673489
:	;	,(<=>?<)/ABCDE

) 

 

With v  representing the membrane potential, Erev the GABAA reversal potential, 𝑔%1"	 

and 𝑔%IJ	 the minimal and maximal conductance, 𝑣KL the membrane potential at half-

maximal,  voltage-dependent conductance increase, and Slope determining the steepness 

of the sigmoidal, which was constrained to be at least the voltage difference between two 

adjacent data points. 
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To compare the strength of the observed rectification across different experimental 

conditions, we calculated a rectification index (RI) that was quantified as the ratio of the 

conductance obtained from the linear fit to the outward currents divided by the value 

measured at –80 mV (1 = no deviation). 

 

PSP analysis 

 

Mean burst PSPs were analysed to obtain peak amplitude and integral. The analysis of burst 

PSPs in current-clamp recordings testing shunting inhibition was performed on single-trial 

data to avoid distortion by AP discharge. In cases of AP firing, APs were digitally removed by 

cutting off spikes at the AP threshold, defined by the voltage slope (10 Vs−1) before 

calculating the integral. 

 

Statistical analysis 

 

Statistical analysis was performed with GraphPad Prism 8. We did not rely on the assumption 

that our data followed a normal distribution, and thus used non parametric tests. In most 

instances, statistical significance of paired data, in particular normalized data relative to 100% 

control, was derived from the Wilcoxon matched-pairs signed-rank test. The Mann-Whitney 

test was used for all unpaired comparisons. A two-tailed test was used, except for current 

clamp pharmacology experiments where a one-tailed test was used. The significance level 

was set to P=0.05. All data are shown as mean ± s.e.m if not stated otherwise. The sample 

size was determined by the reproducibility of the experiments and based on our experience 

with similar experiments (Heigele et al., 2016; Li et al., 2017; Schulz et al., 2018). The number 

n of observations indicated reflects the number of cells recorded from. 

 

3.8 Immunohistochemistry 
 

Immunohistochemical analysis was done with 350µm horizontal slices taken during 

electrophysiological preparation (method detailed in 3.2 slice preparation).Slices were fixed 

in 4% paraformaldehyde for 90mins to maintain the integrity of the postsynaptic density.  

Washing was done with a step-wise protocol using a tris-buffered saline solution, and 1% 

triton solution. Slices were transferred to the same tris-buffered saline containing Bovine 
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serum albumin (BSA, 1%) for two hours to provide sufficient blocking. Incubation with a 

primary antibody (VGAT; 1:500, GABAA receptor a5; 1:500 both from Synaptic Systems) in 

1% BSA was done for 24-48 hours at 4°C. Subsequently, slices were rinsed with tris-buffered 

saline solution and incubated with the secondary antibody at room temperature for 2 hours 

(Alexa Fluor 488-conjugated donkey anti-rabbit Ig; 1:1000 and Alexa Fluor 568 conjugated 

Streptavidin from MoBiTec, Alexa Fluor 647-conjugated donkey anti-guinea pig Ig; 1:1000, 

from Millipore Bioscience Research Reagents, DAPI; 1:10,000 from Sigma Aldrich). After the 

final rinsing, slices were mounted with ProLong Gold Antifade (Invitrogen, Thermofisher, 

California, United States), and imaged using a Zeiss LSM700 confocal microscope 

(Oberkochen, Germany). Image analysis and processing was done using the Zeiss ZEN 

software and ImageJ freeware (https://imagej.net/). 

 
3.9 Solutions 
 

 ACSF 

For electrophysiological recordings, slices were continuously perfused with artificial 

cerebrospinal fluid (ACSF) containing (in mM): 125 NaCl, 25 NaHCO3, 25 glucose, 2.5 KCl, 

1 NaH2PO4, 2 CaCl2, 1 MgCl2 (pH 7.4, equilibrated with 95% O2/ 5% CO2, Osmolarity 314-

325 mOsm).  

 Sucrose 

For cutting and storage, a sucrose-based solution was used, containing (in mM): 87 NaCl, 

25 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 75 sucrose, 0.5 CaCl2, 7 MgCl2 and 10 glucose 

(equilibrated with 95% O2/ 5% CO2, Osmolarity 325-328 mOsm).  

 Internal solutions 

Voltage clamp recordings for connectivity and rectification experiments of both young and 

mature granule cells were conducted with high chloride internal solutions to increase the 

amplitudes of inward currents recorded from young granule cells. A potassium-chloride 

based intracellular solution containing symmetrical chloride was used to give a reversal 

potential around 0mV (KCl140, see Table 1). To determine the physiological level of 

rectification in young cells, we used an internal solution with physiological levels of chloride 
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in order to obtain a GABA reversal potential comparable to perforated-patch measurements 

(Heigele et al., 2016). Additionally, we used this internal solution for all current clamp 

recordings to have close to physiological AP firing responses (KCl25, see Table 1). For 

voltage clamp recordings targeting dendritic inputs, cesium-based internal solutions were 

used to block dendritic potassium channels and increase resolution of dendritic currents 

(CsCl100 and CsCl8, see Table 1) except in Fig.4F where KCl140 was used to boost small 

dendritic currents onto yGCs.  In some internal solutions we added 5mM QX314-Cl to block 

voltage-gated sodium channels and prevent action currents in voltage clamp. Low-chloride 

solutions were adjusted to maintain the original chloride concentration. 

Internal 

Solution 

Composition (in mM) Osmolarity 

(mOsm) 

pH 

KCl140 140 KCl, 10 EGTA, 10 HEPEs, 2 MgCl2, 2 

Na2ATP, 1 Phosphocreatine, 0.3 GTP 

305-310  adjusted to 7.3 

with KOH 

KCl25 122 K-Gluconate, 21 KCl, 10 HEPEs, 10 EGTA, 

2 MgCl2, 2 Na2ATP, 1 Phosphocreatine, 0.3 GTP 

305-310 adjusted to 7.3 

with KOH 

CsCl100 100 CsCl, 40 Cs-gluconate, 10 HEPEs, 10 

EGTA, 2 MgCl2, 2 Na2ATP, 1 Phosphocreatine, 

0.3 GTP 

305-310 adjusted to 7.3 

with CsOH 

CsCl8 135 Cs-gluconate, 2 CsCl, 10 HEPEs, 10 EGTA, 

2 MgCl2, 2 Na2ATP, 2 TEACl 

305-310 adjusted to 7.3 

with CsOH 

Table 1. Internal solution compositions.  

 

Pharmacology 

A stock solution was prepared for the drugs indicated below, which were subsequently stored 

at -20°C (Table 2). Working solutions were prepared as needed by dissolving the stock in 

ACSF to make up the correct concentration. The following drugs were abbreviated in text for 

simplicity: NBQX (2,3-Dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide), 

AP5 (D-(-)-2-Amino-5-phosphonopentanoic acid), CGP55462 ([S-(R*,R*)]-[3-[[1-(3,4-

Dichlorophenyl)ethyl]amino]-2-hydroxypropyl](cyclohexylmethyl) phosphinic acid), NO711 

(1,2,5,6-Tetrahydro-1-[2-[[(diphenylmethylene)amino]oxy]ethyl]-3-pyridinecarboxylic acid 

hydrochloride), QX314 (N-(2,6-Dimethylphenylcarbamoylmethyl)triethylammonium chloride), 

gabazine (6-Imino-3-(4-methoxyphenyl)-1(6H)-pyridazinebutanoic acid hydrobromide). All 
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drugs were obtained from Tocris (Essex, England), except for dextran which was obtained 

from Sigma-Aldrich (Steinheim, Germany) and α5-NAM RO4938581 which was obtained 

from F. Hoffmann-La Roche (Basel, Switzerland). 

 

Drug 

 

Dissolved in 

 

Stock Solution (mM) 

 

Working Concentration 
NBQX DMSO 20mM 10µM 

AP5 Water 50mM 25µM 

α5-NAM RO4938581 DMSO 10mM 1µM 

CGP54626 DMSO 10mM 1µM 

NO711  10mM 10µM 

Dextran ACSF N/A 5% 

QX314 (in pipette) Internal  N/A 5mM 

Gabazine 

(SR95531) 

Water 10mM 0.2µM/10µM 

Table 2. Stock and working concentrations of pharmacological agents used in 

electrophysiology. 
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4. Results 
 

4.1 GABAergic inputs onto young granule cells are non-linear and outwardly 
rectifying. 
 

Dendritic inhibition of pyramidal cells of CA1 has been shown to exhibit outwardly-rectifying 

properties, while basket-cell mediated somatic inhibition is more linear and voltage-

independent. (Pavlov et al., 2009; Schulz et al., 2018). To examine the voltage dependence 

of somatic inhibition onto granule cells of the dentate, we performed whole cell voltage-clamp 

recordings in acute hippocampal brain slices from 5-10 week old animals. We locally 

stimulated the granule cell layer (GCL) to target peri-somatic inputs, with the aim of 

comparing newly-generated and mature granule cells. To identify newly generated young 

granule cells (yGCs) we used transgenic animals expressing DsRed under the control of the 

doublecortin promoter (Brown et al., 2003; Couillard-Despres et al., 2006), while input 

resistance was used to predict cell age based on Heigele et al. (2016). 2-3 week old yGCs 

were DsRed positive with an input resistance between 2-8GW, while 3-4 week old cells were 

also DsRed positive, but their recorded input resistance was between 500MW and 2GW. 

Mature cells lacked DsRed fluorescence and had an input resistance below 400MW. GPSCs 

were recorded at different holding potentials from -80mV to +60mV in the presence of 

glutamatergic blockers (10µM NBQX + 25µM AP5)(Fig. 8). In symmetrical chloride conditions 

(144mM chloride in the potassium-based pipette solution) the outward GPSCs increased 

linearly with holding potentials above 0mV. Similar to somatic inhibition in CA1, mature and 

3-4 week old granule cells had inward GPSCs that also followed this linear behaviour at 

negative potentials (Fig. 8B+D). Surprisingly, 2-3 week old GCs had inward GPSCs that 

increasingly deviated from the linear behaviour at more negative potentials (Fig. 8F), 

producing large rectification at -80mV. The rectification index (RI) was quantified as the ratio 

of the conductance obtained from the linear fit to the outward currents above 0mV divided by 

the value measured at -80mV close to the resting potential. A rectification index equal to 1 

indicates no deviation from the linear fit. Outward rectification was significantly larger in 

GABAergic synapses onto 2-3 week old granule cells (RI = 1.90±0.08, n=8), than in 3-4 week 

old granule cells (RI = 1.29±0.12, n=8  P £0.001), or mature granule cells (RI = 1.14±0.08, 

n=8  P £0.001) (Fig. 8G). We also recorded from yGCs with a pipette solution that mimics the  
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Fig. 8  Young GCs receive non-linear and outwardly rectifying GABAergic inputs. A, C+ E) Experimental 
design. Electrical stimulation of the GCL was used to target somatic inputs onto mature, intermediate and young 
granule cells (GCs) (5-20µA). Cells were classified based on the measured input resistance. Mature cells were 
defined as having an input resistance less than 400MW, intermediate cells had an input resistance between 
500MW and 2GW corresponding to 3-4 weeks of age, and young GCs with input resistances between 2 and 8 
GW, corresponding to 2-3 weeks of age. All young cells recorded were also DCX-DsRed positive. B) IPSCs 
from mature GCs were recorded at increasing membrane potentials (-80mV to +60mV) in symmetrical chloride 
conditions. The dashed line represents a linear fit to the outward current (+20 to +60mV), while the solid line
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represents a non-linear fit obtained with the equation outlined in methods.  Recordings were done in the 
presence 10 µM NBQX and 25 µM AP5. The corresponding current vs. voltage plot of the normalized amplitude 
is shown, with a linear line fitted to the outward IPSCs. D+F) as in B, but for intermediate and young GCs 
respectively. The current vs. voltage plot of young GCs clearly shows the non-linearity of the recorded IPSCs. 
G) Mean rectification indices (RI) were quantified as the expected conductance extrapolated from the linear fit 
to the outward currents (above 0mV) divided by the measured value at -80mV (where 1= no deviation, indicated 
by grey dashed line). The mean RI was significantly larger in young GCS than in mature in both symmetrical 
and physiological chloride (KCl25). H) IPSCs and current vs. voltage plot of yGCs recorded using an internal 
solution with physiological chloride (KCl25). A brief burst of 3 pulses (50Hz) was used to produce a larger inward 
current at -80mV. (Significance indicated in figure as *: P>0.05, **: P> 0.01, *** P>0.001).  
 

physiological chloride concentration in young cells of 25mM (Heigele et al., 2016) and 

recorded GPSCs at different membrane potentials from -80 to +40mV. Under these 

conditions young cells showed even higher rectification, with a four-fold larger outward 

synaptic conductance than at resting-potential (RI=4.40±0.6, n=6)(Fig. 8G+H). These data 

show that electrical stimulation of GABA synapses at mature GC somata is very similar to 

somatic inhibition in CA1 pyramidal cells. In contrast, the voltage-dependence of GABAergic 

inhibition of young GCs is more similar to dendritic inhibition in CA1. 

 

4.2 SOM- and PV-interneurons activate rectifying GABARs in young GCs.  

Electrical stimulation potentially recruits a mixed population of presynaptic GABAergic fibers. 

To more selectively target identified populations of interneurons we used optogenetics. To 

characterize the connectivity between yGCs and the two major classes of soma-targeting 

and dendrite-targeting INs, we used a virus to express channelrhodopsin-2 (ChR2) in PV or 

SOM interneurons (see Fig 10A-B). To do so, PV-cre and SOM-cre mouse lines were crossed 

with the DCX-DsRed line and injected with a floxed-ChR2 virus. This allowed for both the 

selective expression of ChR2 in each interneuron subtype, and the visualization of newborn 

granule cells between one and four weeks of age. For soma-targeting PV inputs we utilized 

a potassium-based pipette solution, while analysis of dendritic inputs was performed using a 

cesium-based solution to block dendritic potassium channels and to increase the resolution 

of the recorded GPSCs. Both pipette solutions contained a high concentration of chloride to 

obtain symmetrical chloride conditions.  To examine the voltage-dependence of soma- and 

dendrite-targeting interneurons similar to those seen in Schulz et al. (2018), we again 

recorded GPSCs at different holding potentials (from -80 to +60mV) in response to ChR2 

light activation. Similar to what was found in CA1, somatic GABAergic inputs onto mGCs from 

PV-INs are linear (Fig. 9B), showing no rectifying properties. However, PV inputs onto young  
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Fig. 9 Presynaptic interneuron subtype does not alter post-synaptic rectification in yGCs. A) 
Experimental design. PVcre x DCX-DsRed mice were injected with a floxed-ChR2 in the vDG. Optogenetic 
stimulation of the GCL was used to excite somatic inputs onto mature and young granule cells. Young granule 
cells were identified by the presence red fluorescence as well as their measured input resistance. B-C) GPSCs 
were recorded from mature (B) and young (C) GCs at increasing membrane potentials (-80mV to +60mV) in 
symmetrical chloride conditions. The corresponding normalised current vs. voltage plots show that mature GCs 
follow a linear transmission, while PV inputs onto young GCs are highly rectifying. D) The mean rectification 
index of PV inputs was significantly higher in yGCs than mature. E) Experimental design for SOMcre x DCX-
DsRed mice injected with floxed ChR2 in the vDG. Optogenetic stimulation of the molecular layer (ML) was 
used to target dendritic inputs onto mature and young GCs. F-G) GPSCs were recorded from mature (F) and 
young (G) GCs. Normalised voltage vs. current plots show that inputs from SOM INs onto both mGCs and yGCs 
are non-linear. H) The mean rectification index of SOM inputs was not significantly different between mature 
and young GCs. 
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GCs are highly non-linear (Fig. 9C), comparable to electrical stimulation in the GCL (Fig. 

8F). The rectification index was significantly different between mature and young granule 

cells (mGCs RI = 1.15±0.2, n=7, yGC RI=2.66±0.68, n=4  P =0.012)(Fig. 9D). These results 

show that PV-basket cells of the DG activate different postsynaptic GABA receptors in 

young vs mature granule cells. 

 

 Dendrite-targeting synapses from SOM-INs were found to be highly non-linear in 

mature GCs, consistent with what was described in CA1 pyramidal cells (Schulz et al., 

2018)(Fig. 9F). Dendritic inputs onto young GCs were also non-linear (Fig. 9G) showing no 

significant difference to the rectification index found in mature GCs (mGCs RI = 2.585±0.47, 

n=8, yGC RI=2.409±0.343, n=9  P=0.89)(Fig. 9H). Interestingly, the rectification index from 

PV- and SOM-IN inputs onto young cells is very similar, suggesting that postsynaptic GABAR 

composition in young granule cells maybe homogenous across the cell body and dendritic 

tree. In mature cells however, the differences in rectification suggests that postsynaptic 

receptor composition is different in dendritic vs somatic synapses.  

 

4.3 Inputs onto yGCs from SOM- and PV-interneurons have slow kinetics 
 

To investigate kinetic properties of SOM or PV inputs onto young GCs and mature GCs, we 

again used viral ChR2 expression in PVcre x DCX-DsRed or SOM-cre x DCX-DsRed. Viral 

expression was restricted to each interneuron subtype, with GFP-positive PV basket-cell 

bodies and axons in the granule cell layer (Fig. 10A), while GFP-positive SOM INs had their 

cell bodies in the hilus, and axons terminating in the outer molecular layer (Fig. 10B). As 

reported by  Alvarez et al. (2016), PV inputs onto young GCs show significantly slower rise 

times and decays than mature GCs. However, it remains unclear if this also applies to SOM 

inputs. Therefore, we looked at the rise and decay time course of optogenetically evoked 

GPSCs at -80mV from both PV and SOM INs. Similar to what was already described, inputs 

from PV-INs had significantly faster rise times in mature GCs than young GCs (mature 1.55± 

0.4ms, n=7; young 4.36± 0.89ms, n=8  P =0.029)(Fig. 10C+E). Decay t was calculated by 

fitting a monoexponential curve for mGCs, and a biexponential curve for yGCs. Perisomatic 

GPSCs onto young granule cells showed a prolonged decay (mature 20.7± 0.6ms; young 

52.0± 3.7ms,  P =0.001)(Fig. 10F). However, dendritic inputs from SOM-INs did not show
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Fig. 10 Kinetics properties of GPSCs onto young GCs are different to those onto mature 
GCs. 
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any difference in rise time course between young and mature GCs (mature 3.70± 0.36ms, 

n=8; young 3.40± 0.51ms, n=9  P =0.61)(Fig. 10D+E), while the decay t was significantly 

different (mature 26.79± 4.6ms, n=7; young 42.2± 4.6ms, P =0.006)(Fig. 10F). This large 

decrease in rise time with maturation in perisomatic connections suggests that 2-3 week old 

GCs have relatively immature synapses. Additionally, the difference in decay kinetics in 

young and mature GCs suggests that postsynaptic receptor composition may be different, 

with yGCs having a higher contribution from GABARs with slow kinetic profiles. 

 
We additionally sought to examine whether dendritic or perisomatic presynaptic 

terminals were different between young and mature GCs. For this we utilized paired ChR2 

pulses delivered with a 200ms interval. When comparing the second pulse with the first, we 

found that all granule cells displayed depression of the second pulse, irrespective of the 

presynaptic interneuron (Fig. 10G+H). However, the level of depression was different 

between PV and SOM INs. Inputs from PV-basket cells showed large depression, with the 

second pulse reduced to 64% of the first. Interestingly, this effect was consistent between 

young and mature GCs (mature 0.64± 0.07; young 0.67± 0.03,  P =0.66). SOM inputs 

however, showed much less reduction of the second pulse, and again this was very similar 

between young and mature GCs (mature 0.83± 0.07; young 0.92± 0.07,  P =0.28)(Fig. 10I). 

This is turn indicates that the presynaptic release-probability of dendritic and peri-somatic 

inputs onto yGCs is not dependent on postsynaptic cell age but determined by the fully 

mature presynaptic interneurons. 

 

Fig. 10 Kinetics properties of GPSCs onto young GCs are different to those onto mature GCs. A) Confocal 
image of the viral expression of floxed-GFP in the vDG of PVcre animals. GFP+ve PV cell bodies are present in 
the GCL (one cell  body indicated with filled arrowhead). Consistent with basket cell morphologies GFP+ve axons 
terminate in the GCL (indicated with the arrow outline). Right image includes merge with DAPI, note the densely 
packed GCL. Scale bar 100µm . B) Viral injection of floxed-GFP into the vDG of SOMcre animals shows 
selective expression of GFP in cell bodies located in the hilus. Axon terminals are present in the outer molecular 
layer, allowing synapse formation onto the dendrites of granule cells. Scale bar 100µm. C)  Optogenetically 
evoked GPSCs from PV-INs recorded at -80mV in mature (top ) and young (bottom) granule cells. 20-80% rise 
time was measured for each cell, and the decay t was calculated using a mono- or bi-exponential fit (young and 
mature cells respectively). D) Example traces of optogenetically evoked GPSCs from SOM-INs. E) Rise time 
was significantly slower in GPSCs onto yGCs from PV-INs, while there was no difference in GPSCs from SOM. 
F) Decay t was prolonged in yGCs. G) Example paired-pulse GPSCs in mature (top) and young (bottom) using 
optogenetic stimulation of PV-INs. Two 5ms light pulses were delivered 200ms apart to test for short-term 
plasticity. H) same as in F) but with optogenetic activation of SOM-INs. I) Mean PPR for perisomatic and 
dendritic inputs were not significantly different in mature vs. young granule cells. 
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4.4 α5-containing GABAARs mediate synaptic inhibition onto adult-born granule cells. 
 
So far, we have found that the time course and voltage dependence of postsynaptic GABAA-

Rs in yGCs is very different from receptors in mGCs. This strongly suggests that the 

postsynaptic receptor composition may be different. α5-containing GABAARs have been 

shown to be present in both CA1 and the dentate gyrus (Collinson et al., 2002; Zarnowska et 

al., 2009; Vargas-Caballero et al., 2010; Engin et al., 2015) , however the precise location of 

these receptors (within the synapse or the extra-synaptic membrane) has remained 

controversial (Farrant and Nusser, 2005; Serwanski et al., 2006; Capogna and Pearce, 2011; 

Hausrat et al., 2015). The recent study by Schulz et al. (2018) showed that α5-containing 

GABAARs mediate synaptic inhibition onto apical dendrites of pyramidal cells of CA1, which 

also displayed strong outward rectification.  

 

To test the contribution of α5-GABAARs we used RO4938581, a highly selective 

negative allosteric modulator (α5-NAM, 1µM)(Ballard et al., 2009). Electrical stimulation in the 

granule cell layer or outer molecular layer (ML) were used to target perisomatic or dendritic 

inputs respectively in the presence of NBQX and APV. Fast PSCs from GCL stimulation in 

mature GCs showed no significant change in amplitude with the application of α5-NAM (to 

100.6 ± 4.6%, n=4  P =0.88)(Fig. 11A+C), while in contrast stimulation of dendritic inputs 

produced a significant decrease (to 80.4 ± 2.7%, n=9 P =0.004)(Fig. 11B+C). Similarly, the 

decay t for soma-targeting GABAergic inputs were not changed with α5-NAM application 

(58.86 ± 5.42ms to 52.01 ± 6.855ms, P =0.063), while the decay of dendritic inputs was 

significantly decreased (69.42 ± 4.35ms to 57.63 ± 3.30ms, P =0.004)(Fig. 11D). This 

suggests that α5-GABAARs are selectively targeted to dendritic synapses in mature cells. 

 
In 2-3 week old GCs both somatic and dendritic inputs were reduced with α5-NAM 

application. PSC amplitudes from GCL stimulation decreased to 76.3% ± 2.7%, of control 

(n=6  P =0.031)(Fig. 11E+G), while the decay t was also significantly reduced (157.2 ± 

16.03ms to 137.4 ± 13.95ms, P =0.016)(Fig. 11H). Similarly, PSC amplitudes from OML 

stimulation decreased to 70.2% ± 2.7% of control (n=6  P =0.031), with a reduction in decay 

t from 173.4 ± 14.15ms to 129.4 ± 11.96ms (P =0.031)(Fig. 11H). The comparable effect of 

α5-NAM on both perisomatic and dendritic inputs in yGCs indicates that GABAR distribution  
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Fig. 11 α5-GABAARs mediate dendritic and somatic Inhibition onto adult-born granule cells. A-B) 
Electrical stimulation of the GCL or ML was used to target somatic or dendritic inputs onto mature GCs 
respectively. IPSCs were recorded at +60 mV in the presence of 10 µM NBQX and 25 µM APV using a CsCl-
based pipette solution. Representative mean IPSCs before and after addition of the α5-NAM RO4938581 (1 
µM, blue) show that dendritically evoked IPSCs were reduced, but not somatic (C). D) α5-NAM reduced the 
decay in dendritic IPSCs. E-F) Representative mean IPSCs recorded from young GCs in a potassium-chloride-
based pipette solution. Application of the α5-NAM (blue) show that both dendritic and somatic inputs onto young 
GCs are modulated by α5-containing GABAARs. G-H) Both normalised PSP amplitudes and decay were 
significantly decreased in young GCs. I) Example of immunohistochemically labelled α5-GABAARs (green) and 
VGAT puncta (magenta) on a biocytin-filled (red) mature granule cell (0.266GW). J) The same labelling as in I) 
on a 2-week-old young granule cell (2.15GW). 
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may be homogeneous across the cell membrane, whereas in mature cells there is a 

clear distinction between dendritic (containing α5-GABAARs) and somatic (lacking α5-

GABAARs) synapses. Additionally, although RO4938581 is very selective for α5-containing 

GABAARs, the maximal efficiency is only about 50% (Ballard et al., 2009). Thus, the 

contribution of these receptors is approximately two times as large, suggesting that around 

50% or the GPSCs in 2-3 week old GCs is generated by GABA receptors that contain α5-

subunits. Similarly, in dendritic synapses of mature GCs, approximately 40% of the 

inhibitory PSC is mediated by α5-GABAARs.  

 

Biocytin filling and immunohistochemical staining of mature and young granule cells 

was used to test for the presence of the α5-GABAR combined with a marker for GABAergic 

presynaptic terminals, VGAT. Mature GCs did not have strong α5-labelling in the soma, 

consistent with the pharmacological data in A, however VGAT puncta were present around 

the cell body and proximal dendrite (n=4)(Fig. 11I). In contrast, young GCs had robust α5-

GABAR labelling throughout the soma, as well as surrounding VGAT (n=5)(Fig. 11J). Taken 

together, these results suggest that granule cells within the dentate utilize high-affinity α5-

containing GABAARs, with mature cells selectively expressing them in dendritic synapses, 

while yGCs show a homogenous distribution across both dendritic and somatic synapses. 

 
 
4.5 Increasing spillover of GABA to the extrasynaptic membrane increases 
rectification in mGCs. 
 

α5-GABAARs are traditionally considered to be extrasynaptic receptors. However Schulz et 

al., (2018) not only showed that they are present in dendritic synapses but also that they have 

a non-linear voltage-dependence. As rectification was not present in somatic synapses onto 

mGCs, we sought to test whether enhancing extrasynaptic receptor activation could increase 

the non-linearity of GABA transmission at these synapses. In order to increase GABA 

spillover, we compared the effect of the GAT1 transporter inhibitor NO711 (1µM) on peri-

somatic inputs of both mature and 2-3 week old granule cells. By blocking GABA re-uptake 

through the GAT1 transporter we increased GABA overflow into the extrasynaptic space. 

Additionally, we blocked presynaptic GABAB receptors using CGP54626 (1µM) to prevent 

changes in GABA release. Local stimulation of the GCL was used in order to target peri-  
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Fig. 12 Increasing peri-synaptic receptor activation increases rectification in mature GCs. A) Electrical 
stimulation of the GCL was used to target somatic GABAergic inputs onto mature GCS (with 1μM CGP545626, 
10μM NBQX, 25μM APV). The GABA reuptake transport blocker NO711 (1μM) was used to increase peri- and 
extra-synaptic receptor activation (top, control in grey, bottom NO711 in black). IPSCs were recorded at 
increasing membrane potentials (-80mV to +60mV) in symmetrical chloride conditions. Outward IPSCs in 
mature cells showed greater increases in amplitude. The corresponding current vs. voltage plot shows the 
normalised amplitudes in control (grey) and post NO711 (maroon) application, with a linear line fitted to the 
outwards IPSCs, and a non-linear fit to the post-NO711 data. B) IPSCs from young GCs showed a large 
increase in amplitude of both inward and outward currents, producing similar rectification post-NO711 
application. C) The rectification index of mature GCs significantly increases with more spill over and 
extrasynaptic receptor activation, while in young GCs this remains the same. D) The outward PSCs of mature 
GCs increased significantly with NO711 application, while the inward current remained unchanged. In yGCs, 
both outward and inward currents were significantly increased. E) The decay t of both mature and young GCs 
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were significantly increased. F) 5% dextran was used to confirm synaptic transmission in yGCs. Example traces 
of IPSCs recorded at +60mV show a large increase in amplitude and similar decay t with dextran wash-in. G) 
Young GCs showed a significant increase in the normalised amplitude with dextran application but showed no 
significant increase in decay (H), suggesting that young cells do receive synaptic inputs but that post-synaptic 
GABA receptors are not saturated. 
 

somatic inputs, and GPSCs were recorded at different holding potentials (from -80 to 

+60mV)(Fig. 12A+B). Interestingly, mature granule cells showed a smaller increase in 

amplitudes of inward currents compared to outward currents (inward current to 111.2± 

11.25%, n= 13 P =0.41, outward current to 139.3± 13.94%, P =0.033)(Fig. 12A+D). When 

plotted against each holding potential the GPSC peak amplitudes at negative potentials also 

deviated from the linear fit, producing strong rectification after NO711 application. 

 

Conversely, 2-3 week old GCs showed a uniform increase in amplitude across the 

different holding potentials (inward current to 188.0± 19.85%, n= 11 P =0.002, outward 

current to 199.9± 22.29%, P =0.002)(Fig. 12B+D). Decay t was significantly prolonged in 

both mature and young GCs, consistent with the block of GABA reuptake (Fig. 12E). The 

rectification index was increased in mature granule cells (from 1.12± 0.08 to 1.76± 0.18, n= 

8 P =0.016) (Fig. 12C) pointing to the role of extra- or peri-synaptic GABAA receptors in 

producing rectification- similar to that seen by Pavlov et al. (2009). The rectification index in 

young GCs remained unchanged with the application of NO711 (from 1.725± 0.10 to 1.90± 

0.16, P =0.25). Interestingly, the rectification index of mature GCs post NO711 application 

was not significantly different to that seen in young GCs (1.76± 0.18 vs 1.90± 0.16, n= 8 P= 

0.57). Thus, with NO711 application and increased extrasynaptic GABAARs activation we 

were able to make mature perisomatic synapses behave similarly to newborn GCs, with 

increased outward rectification and slower decay. Additionally, the stability of the rectification 

index in young cells with increased spillover further confirms that yGCs may have 

homogeneous receptor distribution between the synapse and peri- or extrasynaptic space. 

 

As rectification in yGCs was not changed with NO711, we sought to confirm the 

presence of  true synaptic transmission and to ensure that GABAergic signalling onto young 

GCs is not mediated by spillover. To slow-down diffusion of GABA out of the synaptic cleft 

we used dextran- a branched molecule with high molecular weight- in order to increase the 

viscosity of the extracellular space (Nielsen et al., 2004; Markwardt et al., 2009). This 
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effectively blocks spillover transmission from the synapse while enhancing the synaptic 

concentration of neurotransmitter. The decreased mobility of GABA and thus higher 

concentration within the synaptic cleft increases the occupation and activation of both pre- 

and postsynaptic receptors. In order to prevent changes in GABA release we blocked 

presynaptic GABAB receptors using CGP54626 (1µM). If newborn granule cells would only 

receive GABAergic inputs from spill-over of neighbouring mature synapses we would expect 

to see a decrease in GPSC amplitude with dextran application. In contrast, if yGCs do receive 

synaptic inputs, we would expect the amplitudes to remain the same or increase with dextran. 

 

In mature granule cells, the wash-in of dextran significantly increased the amplitude of 

the inward current (-80mV)(133.8± 10.69%, n= 9 P =0.014). Similarly, the outward current 

was increased, although this was not significant (to 124.0 ± 11.73%, P =0.6) (Fig. 12G). This 

is consistent with a higher concentration of GABA within the synaptic cleft due to reduced 

diffusion. There was no effect on decay t in mGCs (Fig. 12H). Likewise, young granule cells 

showed a significant increase in IPSC amplitude from baseline (inward current to 184.6 ± 

15.32%, n= 9 P =0.004, outward current to 170.2 ± 10.07%, P =0.004)(Fig. 12F+G), again 

with no increase in decay t (Fig. 12H). This increase in amplitude confirms that yGCs do 

indeed receive synaptic inputs, and not spillover from neighbouring synapses. Furthermore, 

the large increase in amplitude in 2-3 week old GCs suggests that GABA receptors are far 

from saturation. With the application of dextran and resulting increase of GABA concentration 

within the synaptic cleft, postsynaptic receptors have a higher occupancy. Additionally, the 

stability of the rise time after dextran application (+60mv, mGCs 2.07±0.54ms to 

2.01±0.51ms, n=9 P =0.84; yGCs 5.97±0.53 to 5.46±0.32, P =0.20) further suggests that 

inputs onto yGCs are synaptic. In case all GPSCs would be mediated by extrasynaptic 

GABAARs, we would see a pronounced increase in rise time with dextran application. Finally, 

as dextran application increased both inward and outward currents equally (inward to 184.6 

± 15.32%, outward to 170.2 ± 10.07%, n= 9 P =0.30)(Fig. 12G), there was no change in 

rectification. Thus, voltage-dependent non-linear GABAARs are present  synaptically in 

soma-targeting synapses of young granule cells.  
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4.6 α5-GABAARs promote NMDAR-mediated excitation.  
 

What is the functional role of synaptic α5-GABAARs in adult-born granule cells? As synaptic  

α5-GABAARs have slow kinetics similar to that of NMDA receptors, we wanted to know if the 

slow GABAergic depolarisation mediated by these receptors helps to facilitate NMDAR 

activation in yGCs. To test whether α5-GABAARs modulate NMDA receptor activation, we 

performed whole-cell current clamp recordings in the absence of any blockers. To maintain 

the physiological chloride reversal potential in yGCs and therefore depolarizing GABAergic 

inputs, we used a potassium gluconate-based pipette solution with 25mM chloride (Heigele 

et al., 2016; Li et al., 2017). The membrane potential was kept constant and close to the 

resting potential of -80mV. By stimulating in the molecular layer (brief burst of 3 pulses at 

50Hz) we were able to effectively recruit both glutamatergic and GABAergic inputs onto 

young GCs and record subthreshold PSPs with an average depolarization of 35.31±1.04 mV 

(n= 12; Fig. 13A+D). Bath application of α5-NAM (1µM) resulted in a large and significant 

32.9% reduction of the burst amplitude (to 67.09± 7.87% of control, n=7 P =0.008) and 43.9% 

reduction of the integral (to 56.15± 8.764% of control, P =0.008). Subsequent wash-in of AP5 

(50µM) resulted in a smaller decrease of amplitude by 14.7% (to 52.44 ± 6.01% of baseline, 

P =0.016) and integral by 15.3% (to 40.83 ± 5.92% of baseline, P =0.008)(Fig. 13A-C). In 

contrast, application of AP5 in ACSF caused only a 21.9% reduction in amplitude (to 78.1± 

7.2% of control, n= 5 P =0.016) and a 28.5% reduction in integral (to 71.5± 7.3% of control, 

P=0.031). Additional wash in of α5-NAM further removed GABAergic depolarization reducing 

the PSP and integral further (54.98± 11.28% of baseline, P =0.016, and 49.23± 10.59% of 

baseline, P =0.016, respectively)(Fig. 13D-F). Furthermore, we compared the NMDAR-

sensitive reduction of PSP amplitude and integral in both control and in the presence of α5-

NAM (Fig. 13G+H). As expected, the wash-in of AP5 from control had a larger effect than 

when applied sequentially after α5-NAM. This can be explained by the voltage-dependence 

of the NMDARs. The reduced depolarization after the block of α5-GABARs, leads to reduced 

activation of NMDARs. Both PSP amplitude (Ctrl 21.9± 5.9%, n=6; in presence of α5-NAM 

14.7±3.9%, n=7, P =0.15) and integral (Ctrl 34.0± 2.6%; in presence of α5-NAM 15.3±5.0%, 

P =0.015) showed a smaller NMDA-sensitive component in the presence of α5-NAM. 

However, only the effect on the integral was large and robust enough to reach significance.  
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Fig. 13 Activation of depolarizing α5-GABAARs controls NMDAR recruitment. A) NMDAR contribution to 
PSPs in yGCs after blocking 50% α5-containg GABARs with the application of α5-NAM. A short burst (3 pulses, 
at 50Hz) of electrical stimulation of the GCL was used to evoke a PSP»35mV. B-C) PSP amplitude and integral 
area dramatically dropped with α5-NAM application, while APV (50 µM) application produced a significant but 
modest reduction. D-F) APV application in control ACSF produced a small but significant change in PSP 
amplitude and integral, while subsequent application of α5-NAM resulted in a significant decrease in both 
amplitude and integral. G-H) The NMDA-sensitive amplitude and integral was smaller in the presence of α5-
NAM than in control.
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Thus, we show that α5-GABARs promote GABAergic depolarization of young GCs, which 

increases the activation of voltage-sensitive NMDA receptors. 

 
4.7 α5-GABAARs bidirectionally mediate excitation and shunting inhibition of adult-
born granule cells. 

Although GABAergic inputs are initially depolarizing in adult-born GCs, GABA can still be 

inhibitory through shunting inhibition (Heigele et al., 2016). GPSCs mediated by α5-GABAARs 

promote NMDAR activation, however, we also wanted to investigate whether they                   

played a similar role in shunting inhibition. To do this, we performed whole-cell current clamp 

recordings in the presence of NBQX and AP5 to block glutamatergic inputs (10µM and 25µM 

respectively). Local electrical stimulation of the GCL was used in order to target peri-somatic 

GABAergic inputs at the lowest intensity required to produce effective shunting inhibition (30- 

60µA). To simulate a controlled glutamatergic input, we evoked a coincident mock EPSP via 

current injection to produce a 20mV depolarisation (Fig. 14A). We were able to effectively 

evoke action potential firing with a short burst protocol (3 pulses at 50Hz) and produce strong 

shunting inhibition with a long burst protocol (8 pulses at 50Hz). The application of α5-NAM 

(1µM) had a differential effect in that AP firing in response to the short burst was largely 

unaffected (from 85.1± 12.3% to 74.2± 11.4%  , n= 8 P =0.15), however shunting inhibition 

was strongly reduced, with a significant increase in AP firing probability with the long burst 

(from 15.3± 10.0% to 53.0± 13.9%  n =8 P=0.016) (Fig. 14B). However, both 3- and 8- 

stimulation paradigms showed a decrease in PSP integral (3stim 74.6± 3.1%, P =0.004; 8 

stim 78.1± 4.7%, P =0.004) as expected with a reduction in GABAergic depolarisation. This 

suggests that α5-containing GABARs powerfully control shunting inhibition, while having a 

relatively mild effect on GABAergic excitation. This is consistent with the biophysical 

properties of the α5-containing GABARs in yGCs showing about a four-fold larger 

conductance close to the AP threshold (-35mV) compared to -80mV (see Fig. 8H). Thus, 

blocking α5GABARs widens the action potential window in young cells, increasing overall 

excitation. 

Heigele et al. (2016) found that shunting inhibition was strongly reduced when 50% of GABA 

receptors were blocked using a low concentration of gabazine (SR95531, 0.2µM), while 

excitation was shifted towards stronger stimulation intensities. As approximately 50% of the 
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Fig. 14 α5-GABAARs maintain sparse-firing in yGCs with shunting inhibition. A) Experimental design. A 
somatic current injection (10ms, about 20mV) was delivered alone, or paired with 3 or 8 pulse bursts of 
stimulation in the GCL (50Hz) in the presence of NBQX (10μM) and APV (25μM). The lowest stimulation 
intensity that produced shunting inhibition with the 8-stim burst was chosen (30-60µA). Example traces are 
shown in control (grey) and with the application of α5-NAM (1µM, blue), B) Mean AP firing probability of the 3- 
and 8-stim burst PSPs. AP firing was not significantly affected with α5-NAM application, however shunting 
inhibition of the 8-stim burst was significantly reduced with α5-NAM application, resulting in a large increase in 
AP firing. The integral of the 8-stim PSP was significantly decreased with the application of both α5-NAM and 
gabazine. Grey open circles represent individual cells. C) Mean PSP integrals show similar reductions with α5-
NAM application. D) Example traces of control (grey) with sequential application of 0.2µM (orange) and 10µm
red) gabazine (SR95531). E) Similarly, to α5-NAM 0.2µM did not affect AP firing with the 3-stim burst, but 
significantly reduced shunting inhibition, resulting in a large increase of AP firing with the 8-stim burst. 
Subsequent application of 10µM gabazine (red open circles) abolished all AP firing. F) Mean integrals were 
reduced with 0.2µM gabazine, while 10µM gabazine fully blocked the remaining GPSPs. 
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GPSCs in young GCS are mediated by α5-containing GABARs we wanted to see whether a 

low concentration of gabazine had a similar effect to that of α5-NAM. Similarly, we found that 

low gabazine had little effect on GABAergic excitation, with the short burst protocol showing 

similar AP probabilities (from 75.0± 13.7% to 60.0± 17.3%, n= 7 P =0.34)(Fig. 14D+E). 

However, shunting inhibition was strongly reduced, allowing effective AP firing (from 5.8± 

3.3% to 61.7± 16.6% , n= 6 P =0.031). Integrals for both the 3-stim and 8-stim bursts were 

significantly decreased (3stim 64.8± 11.69%, P =0.023; 8 stim 68.9± 7.8%, P =0.008)(Fig. 

14F). Subsequent application of 10µM gabazine was sufficient to fully block any remaining 

PSP, thus showing that all synaptic responses are indeed GABA receptor mediated (Fig. 

14D-F). Taken together, the comparable effect of the 0. 2µM gabazine (which binds non-

specifically to GABAARs) and the α5-NAM in reducing shunting inhibition, further indicates 

that GABAARs are homogenous in yGCs. 
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5. Discussion 
 

This study describes a novel dendritic GABAergic input onto young GCs originating from 

somatostatin positive interneurons from as early as 2 weeks post mitosis. Additionally, the 

presence of perisomatic inhibition from parvalbumin interneurons was confirmed. Further 

investigation into the postsynaptic GABAAR composition of young cells revealed that the α5-

subunit was present in approximately 50% of the receptors in both perisomatic and dendritic 

inhibitory synapses. The α5-GABAAR showed non-linear outward rectification with around 4-

fold larger conductance at depolarized membrane potentials above -40mV relative to the 

resting membrane potential. Consistent with this voltage dependence, α5-containing 

GABARs were found to act bidirectionally- facilitating subthreshold depolarisation and 

NMDAR activation, while also powerfully controlling shunting inhibition.  

  

5.1 Adult born granule cells receive synaptic GABA inputs from PV and SOM 
interneurons 
 
The development of GABAergic synaptic contacts onto young granule cells has been shown 

to begin as early as 4 days post mitosis (Song et al., 2013), continuing to increase in strength 

during the next 6 weeks of maturation (Espósito et al., 2005; Ge et al., 2006; Sah et al., 2017).  

NOS-positive neurogliaform interneurons and parvalbumin-positive basket cells have been 

found to form GABAergic synapses from 1-week post mitosis (Markwardt et al., 2011; Alvarez 

et al., 2016), forming synapses on the proximal dendrites and soma respectively. However, 

what remained unclear was whether yGCs receive distal dendritic inputs from an early age.  

Consistent with the work of Alvarez et al. (2016) we were able to confirm the presence of 

perisomatic inputs from soma-targeting PV-INs using optogenetic stimulation. We also 

identified the novel presence of distal dendritic inputs from SOM-INs from as early as 2 weeks 

post mitosis. Both interneuron subtypes support feedback inhibition, while PV-INs also 

support feedforward inhibition (Ewell and Jones, 2010). The involvement of adult-born 

granule cells in both inhibitory microcircuits suggests that yGCs likely contribute to the 

network in a functional manner from as early as 2 weeks after mitosis. 

 

Dendritic and perisomatic synaptic inputs onto 2-3 week old granule cells showed slow 

kinetic properties and small conductance, similar to that previously described (Espósito et al., 
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2005; Ge et al., 2006; Markwardt and Overstreet-Wadiche, 2008; Markwardt et al., 

2011; Song et al., 2013; Alvarez et al., 2016; Sah et al., 2017). Slow GPSCs have been 

attributed  to synapses with characteristics in between tonic and phasic inhibition (Szabadics 

et al., 2007), or to non-specific GABA spillover from neighboring synapses (Rossi and 

Hamann, 1998). Thus, the slow kinetic profile of PSCs of young cells has been suggested to 

be spillover from neighboring mature synapses, allowing the activation of extrasynaptic 

receptors present homogenously over yGCs (Wei et al., 2003). However, similar to the work 

done by Markwardt et al. (2009) we confirmed that GABAergic transmission onto young cells 

is indeed synaptic, and not spillover from neighboring mature synapses. Application of 

dextran and the resulting reduction of GABA diffusion out of the synapse did not result in a 

decrease in GPSC amplitude in young cells, but rather an increase.  

 

While we were able to show that GABAergic inputs onto yGCs were synaptic and not 

spillover, the kinetics of these inputs were still slow. In contrast to the fast-kinetic responses 

of perisomatic inputs on mature GCs, young GCs showed slow inputs from PV-INs. Likewise, 

dendritic inputs onto yGCs displayed prolonged rise and decay time courses. To ensure that 

the pre-synaptic terminals of GABAergic INs were not different between young and mature 

GCs we compared paired-pulse ratio, finding that the release probability was the same 

irrespective of age of the postsynaptic cell. However, PV-INs showed a larger paired-pulse 

depression than SOM-INs. The unchanged paired-pulse depression between 2-3 weeks post 

mitosis and full maturity indicates that release probability in the presynapse remains constant 

and that presynaptic contacts from PV and SOM INs are fully established.  

 
5.2 GABAergic inputs onto young granule cells are highly non-linear 
 

Similar to the study done by Schulz et al. (2018), we found that dendrite targeting inputs from 

SOM INs onto both young and mature GCs are non-linear and voltage dependent, 

comparable to that seen in CA1 pyramidal cells. This non-linearity of GABAergic dendritic 

inhibitory inputs of mature GCs probably acts to balance  NMDA-receptor-mediated synaptic 

depolarization. In contrast, perisomatic inhibitory inputs from PV interneurons onto mature 

GCs not only showed faster kinetics, but also linear transmission with no rectification. 

However, perisomatic inputs onto young cells did show strong voltage dependence, behaving 

in a similar way to dendritic inputs. This suggests that synapses across the somatodendritic 
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cell membrane of young GCs are largely homogenous. Whereas, in mature cells the 

properties of somatic and dendritic synapses are different, with slow rectifying receptors 

restricted to the dendritic domain. Additionally, as 3-4-week-old cells already lose this non-

linearity in somatic synapses, maturation of granule cells is accompanied by the conversion 

of slow rectifying synaptic GABAARs at the soma to linear fast receptors. 

 

In addition to the finding in CA1 by Schulz et al. (2018), we showed that the voltage-

dependence of GPSCs onto young GCs and dendritic inputs onto mature GCs is present in 

symmetrical chloride conditions. It is expected from Goldman-Hodgkin-Katz (GHK) 

rectification that unsymmetrical distribution of ions generates different currents in inward vs 

outward directions. Indeed, we have found that rectification is smaller in symmetrical chloride 

than in 25mM chloride. Nevertheless, the presence of rectification in symmetrical chloride 

shows that rectification is a property of the post-synaptic GABA receptors. This suggests that 

the outwardly-rectifying transmission found in granule cells is actually due to voltage sensitive 

GABA receptors that have different opening probabilities at different membrane potentials. 

 
5.3 α5-containing GABAA receptors are present in somatic and dendritic synapses of 
yGCs 
 
α5-containing-GABARs have traditionally been viewed as extrasynaptic, mediating tonic 

inhibition with slow kinetic properties. However, as Schulz et al. (2018) demonstrated the 

presence of α5-GABAARs in dendritic synapses of CA1 pyramidal cells, we sought to 

investigate whether  α5-GABAARs may be present in granule cells of the dentate. Similar to 

CA1 pyramidal cells, mature granule cells have α5-GABAARs in dendritic synapses targeted 

by SOM interneurons. Additionally, α5-GABAARs have been shown to be rectifying, 

accounting for the non-linearity seen in mGCs. Using computational modeling, Schulz et al. 

(2018) found that the slow kinetics and voltage-dependence of α5-GABAARs are ideally suited 

to temporally and spatially control the non-linear NMDAR activation in fine dendritic tufts, 

while also preventing NMDAR-dependent burst firing. We propose that in mature granule 

cells- where GABA is inhibitory- the role of  α5-GABARs is likely similar, in order to maintain 

sparse activity. 
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Additionally, we found that both perisomatic and dendritic synapses of young GCs 

contain the α5-subunit, which mediates approximately 50% of GABA inputs onto yGCs. This 

suggests that postsynaptic receptor composition in young cells is homogenous at 2-3 weeks 

post mitosis, however as the cell matures these α5-GABAARs are removed from perisomatic 

synapses but largely persist in dendritic synapses. The speed up of kinetics in somatic 

synapses with development is also consistent with the removal of α5-GABARs, due to their 

slow kinetics. Interestingly, when we increased spillover  of perisomatic synapses in mature 

GCs with application of NO711, we were able to enhance rectification, by recruiting 

perisynaptic α5-GABAARs. This suggests that α5-GABAARs are not completely lost from the 

somatic cell membrane, but instead are specifically targeted to the extrasynaptic membrane, 

where they might contribute to tonic inhibition.  

 
5.4 α5-GABAARs promote shunting inhibition, maintaining sparse firing of yGCs 
 

Similar to embryonic development, the EGABA of adult born granule cells is at -35mV, 

substantially more positive than the resting membrane potential of -80mV. Therefore, GABA 

signaling onto young cells is initially depolarizing (Ge et al., 2006; Karten et al., 2006; 

Chancey et al., 2013). However, multiple behavioural studies have shown that the number of 

activated newly generated young GCs is comparable with the activity of mature GCs. Using 

immediate early gene expression, the proportion of active 4-week-old GCs was found to be 

slightly larger (~4%) than the proportion of active mature GCs within the general NeuN-

positive GC population under identical conditions (~1-2%) (Ramirez-Amaya et al., 2006; Kee 

et al., 2007; Tashiro et al., 2007; Krzisch et al., 2016) . Similarly, in vivo calcium imaging has 

shown that cells younger than 6 wpm are on average 1.5-fold more active than mature GCs 

(Danielson et al., 2016). These in vivo results are fully consistent with the view that young 

cells are slightly more active than mature GCs, but still maintain  a sparse activity one order 

of magnitude lower than reported activities in CA3. How they maintain low activation levels 

despite their intrinsic properties has been unclear until the recent study by Heigele et al. 

(2016) discovered that GABAergic inputs are able to act bidirectionally, promoting 

depolarization as well as an inhibitory control of AP firing through shunting inhibition.  

 

GABAergic synapses contact yGCs as soon as 1wpm from a number of interneuron 

subpopulations; including PV-positive basket cells, neurogliaform/ivy cells and now from this 
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study SOM-positive HIPP cells (Markwardt et al., 2011; Deshpande et al., 2013; Song et al., 

2013). All of these inputs might provide GABAergic excitation as well as shunting inhibition. 

Heigele et al. (2016) carefully investigated the GABAergic conductance onto newborn 

granule cells, mimicking sequential feedforward (PV-mediated) and feedback (SOM-

mediated) inhibition with a brief burst stimulation in the GCL (2-8pulses at 50Hz) followed by 

stimulation of the ML (2 pulses at 100Hz). At low intensities, action potentials were reliably 

generated while at higher intensities this was shunted. The minimal synaptic conductance 

needed to generate AP firing was found to be 0.28nS, close to the unitary conductance 

reported for neurogliaform INs–evoked GPSCs (0.23 nS)(Markwardt et al., 2011). 

Additionally, the peak firing probability was found to be around 1.5nS, consistent with a brief 

burst activity of only 3-4 interneurons. However, they described a maximal conductance onto 

yGCs of 12nS, which reliably produced shunting inhibition from 4nS upwards. Thus, strong 

network activity recruiting more than 33% of dentate interneurons produces robust 

GABAergic inhibition onto yGCs, effectively blocking AP firing.  

 

What is the functional role of α5-GABARs in young granule cells?  Firstly, we found 

that in young GCs α5-GABARs promote depolarization up to the EGABA; facilitating NMDAR 

activation. Thus, α5-GABARs play a role in the GABAergic depolarization of yGCs. Secondly, 

we tested the contribution of α5-GABARs to shunting inhibition. Using the same stimulation 

paradigm as Heigele et al. (2016)- combining burst stimulation of the GCL with a mock EPSP- 

we were able to elicit both excitation (short burst, 3 pulses at 50Hz), and shunting inhibition 

(long burst, 8 pulses at 50Hz). Blocking 50% of the α5-GABARs reliably reduced shunting 

inhibition, resulting in a significant increase of AP firing. However, there was little effect on 

the short burst protocol which remained excitatory, suggesting that reducing the GABAergic 

conductance onto yGCs was able to widen the AP window. The biophysical properties of α5-

GABARs perfectly supports shunting inhibition as the voltage-dependence produces a 

conductance four-fold larger around the action potential threshold (-35mV) than at rest (-

80mV). 

 
5.5 The functional significance of GABAergic inhibition within the dentate gyrus 
 

 As we have recently reviewed (Lodge and Bischofberger, 2019), the dentate gyrus 

represents a highly competitive ‘winner-takes all’ network. (Geiger et al., 1997; Temprana et 
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al., 2015; Espinoza et al., 2018). Strong lateral feedback inhibition from PV-positive basket 

cells can be easily recruited by a small number of active mature GCs, exerting strong control 

over neighboring GCs locally restricted within about 200 µm (Ewell and Jones, 2010; 

Sambandan et al., 2010; Espinoza et al., 2018). In vivo recordings in awake animals showed 

that mature GCs are under strong inhibitory control by local PV-basket cells during theta-

nested gamma oscillations (Pernía-Andrade and Jonas, 2014). Only a small proportion of 

winner GCs escape from this inhibition from time to time, generating the well-known sparse 

population activity of the dentate gyrus GCs (Jung and McNaughton, 1993; Chawla et al., 

2005; Bakker et al., 2008; Hainmueller and Bartos, 2018). Due to the high level of inhibition 

needed to maintain such a sparse network activity, it is expected that during behavior young 

GCs receive substantial GABAergic inputs. However, unlike mature GCs, the depolarised 

EGABA of yGCs generates both GABAergic excitation (when only ~10% of GABAergic 

synapses are active) as well as shunting inhibition (when >30% of GABAergic synapses are 

active), to maintain sparse activity in the network. 

 

While adult neurogenesis has been found to increase pattern separation, this seems 

to be in contrast to the intrinsic properties of yGCs, including the high input resistance. 

Several studies have demonstrated the importance of newborn GC age, with 4-week-old 

neurons facilitating pattern separation during learning, while older cells are less effective (Gu 

et al., 2012; Nakashiba et al., 2012). Furthermore, modeling studies have suggested that 

hippocampal pattern separation is dependent on sparse activity and orthogonal coding of 

neuronal information in the dentate gyrus-mossy fiber system (Treves and Rolls, 1992, 1994). 

This contradiction to the intrinsic ‘hyperexcitable’ properties of young cells reinforces the 

importance of a true inhibitory input onto these neurons. This was clearly shown in a study 

by Krzisch et al. (2016) where an increase in spine density in yGCs as a result of Neuroligin-

2 overexpression increased yGC activation during learning from 4 to 9% (Arc+ neurons). After 

this increase in young cell activity, learning was impaired. Thus, sparse AP firing in young 

cells is necessary to improve hippocampal functioning via adult neurogenesis. Perisomatic 

and dendritic GABAergic inputs onto yGCs that target synaptic α5-containing GABARs allow 

bidirectional modulation of AP firing. Whereas small inputs increase firing,  large inputs shunt 

firing, ensuring specificity and sparsity of the neuronal code for new information. Thus, α5-

GABAARs allow young granule cells to tightly control the AP firing window, generating 

improved pattern separation. 
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5.5 Conclusions 
 
Through this study we were able to identify the neuronal subtypes that provide somatic and 

dendritic inhibition onto young granule cells. From as early as 2 weeks post mitosis we found 

that young granule cells receive inhibitory inputs from both parvalbumin and somatostatin 

interneurons. Additionally, we found that the synaptic GABAA receptors in young cells showed 

a pronounced non-linear voltage-dependence. This was explained by the presence of α5-

containing GABAARs which were also found in dendritic synapses of mature granule cells. 

As a consequence of this voltage-dependence, the synaptic conductance in young cells was 

four-fold greater at depolarized potentials than at rest. We found that this receptor property 

facilitates sub-threshold depolarization. However, its main role in young cells is probably the 

shunting of action potential generation as conductance is 4-times larger at depolarized 

potentials around the AP threshold. Taken together, our new findings reinforce the concept 

that α5-GABAARs play an important role in maintaining the inhibitory function of GABA onto 

young cells, preventing over-excitation and producing sparse firing. This data suggests that 

the synaptic GABA receptor profile in yGCs strongly supports pattern separation by allowing 

both GABAergic depolarization and effective shunting inhibition in newborn granule cells of 

the hippocampus. 
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8.  Glossary 

ACSF  artificial cerebrospinal fluid 

AMPA  α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

AP  action potential 

ChETA channelrhodopsin-2 with E123T mutation 
 
ChR2  channelrhodopsin-2 

DCX  doublecortin 

Dpi  days post injection 

DSRed Discosoma sp. reef coral red fluorescent protein 

EGABA  reversal potential for GABAA receptor-mediated postsynaptic currents  

EPSC  excitatory postsynaptic current 

GABA  γ-aminobutyric acid 

GC  granule cell 

GCL  granule cell layer 

GFP/eGFP green fluorescent protein/enhanced green fluorescent protein 

GPSC  GABAergic postsynaptic current 
 
IN  interneuron 

KCC2  K+-Cl- extruder, a Cl- extruder 

LTP  long-term potentiation 
 
ML  molecular layer 

NBQX 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide; an 
AMPA-receptor blocker 

NKCC1 Na+-K+-2Cl- cotransporter; a Cl- importer expressed in young neurons  

NMDA  N-Methyl-D-aspartic acid
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PV  parvalbumin; a calcium binding protein 

Rin  input resistance 

RS  series resistance 

RSeal  seal resistance 

SOM  somatostatin, a peptide hormone 

VHold  holding membrane potential  

VRest  resting membrane potential  

wpi  weeks post injection 
 
yGC  young granule cell 
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