
 

Bidirectional GABAergic control of AP firing  

in newly-generated young granule cells  

of the adult hippocampus 
 
 

Inauguraldissertation  
zur  

Erlangung der Würde eines Doktors der Philosophie  

vorgelegt der   

Philosophisch-Naturwissenschaftlichen Fakultät  

der Universität Basel  

  

von  

 

Stefanie Heigele 
aus Ulm, Deutschland 

 

Basel, 2015 

 

 

 

 

Originaldokument gespeichert auf dem Dokumentenserver der Universität Basel 

edoc.unibas.ch 
 

 

Dieses Werk ist lizenziert unter einer Creative Commons Namensnennung 4.0 

International Lizenz. 

http://edoc.unibas.ch/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Genehmigt von der Philosophisch-Naturwissenschaftlichen Fakultät auf Antrag von  

 

 

Prof. Dr. Josef Bischofberger 

Fakultätsverantwortlicher und Dissertationsleiter 

 

 

Prof. Dr. Sonja Hofer 

Korreferentin 

 

 

 

Basel, den 21. April 2015 

  

  

 

 

 

  

Prof. Dr. Jörg Schibler 

Dekan    



  

Contents 

 

1 Abstract ............................................................................................................... 5 

2 Introduction .......................................................................................................... 6 

2.1 Neurogenesis in the adult brain ..................................................................... 6 

2.2 Labeling techniques of newly generated neurons ......................................... 7 

2.3 Adult neurogenesis in the dentate gyrus ....................................................... 8 

2.4 Regulation of adult neurogenesis ................................................................ 13 

2.5 GABAergic regulation of cell survival and maturation .................................. 14 

2.6 The aim of this work .................................................................................... 15 

3 Methods ............................................................................................................. 16 

3.1 Slice preparation .......................................................................................... 16 

3.2 Stereotaxic viral injections ........................................................................... 17 

3.3 Identification of newborn granule cells ......................................................... 17 

3.4 Electrophysiology ........................................................................................ 18 

3.5 Perforated-patch recordings of GABA reversal potentials ........................... 20 

3.6 Extracellular synaptic stimulation................................................................. 22 

3.7 Data analysis ............................................................................................... 23 

3.8 Immunohistochemistry ................................................................................. 27 

3.9 Solutions ...................................................................................................... 27 

4 Results .............................................................................................................. 29 

4.1 Input resistance serves as an indicator of the maturational state ................ 29 

4.2 Depolarizing EGABA correlates with DCX expression in young GCs ............. 35 

4.3 GABAergic control of action potential firing ................................................. 37 



4.4 Efficient temporal integration of EPSPs and GPSPs in young granule cells 44 

4.5 Dynamic regulation of GABAergic AP facilitation......................................... 48 

5 Discussion ......................................................................................................... 54 

5.1 GABAergic switch from depolarization to hyperpolarization ........................ 54 

5.2 AP firing in newly generated granule cells of early postnatal development and 

adulthood .............................................................................................................. 55 

5.3 Dynamic shift from GABAergic excitation to shunting inhibition .................. 58 

5.4 Functional significance of synaptically evoked AP firing .............................. 59 

5.5 Conclusion ................................................................................................... 61 

6 References ........................................................................................................ 62 

7 Nomenclature .................................................................................................... 76 



 
 

 

1 Abstract 

Gamma-aminobutyric acid (GABA) is the first transmitter which provides synaptic input 

to newly generated neurons. In the first 2-3 weeks after mitosis, young neurons show 

an elevated intracellular chloride concentration due to the expression of the NKCC1 

Cl--importer. Hence, GABAergic transmission provides depolarization to the newborn 

cells, which is known to be crucial for activity-dependent cell survival, development and 

functional maturation. However, it is still unknown whether activation of GABAergic 

synapses can evoke action potential (AP) firing in newly generated granule cells of the 

adult hippocampus to induce these trophic effects. In order to address this question, 

young neurons of the adult brain were fluorescently labeled using either retrovirus-

based GFP expression or transgenic mice expressing the red fluorescent protein 

DsRed under the control of the doublecortin (DCX)-promoter. Electrophysiological 

recordings were performed on acute hippocampal brain slices. Gramicidin perforated-

patch recordings revealed a reversal potential of GABAergic synaptic currents 

substantially more positive in 2-3 week old DCX-expressing neurons (~-35 mV) as 

compared to mature granule cells (~-75 mV). In both perforated-patch and whole-cell 

configuration, GABAergic synaptic currents are indeed able to excite AP firing and to 

modulate glutamatergic subthreshold inputs. Due to the high input resistance and the 

slow membrane time constant of young granule cells, low GABAergic synaptic inputs 

result in a long lasting depolarization, which provides the basis for an efficient temporal 

integration of excitatory postsynaptic potentials with an enhanced firing probability for 

~200 ms. Thereby, GABAergic synaptic currents boost AP firing in young granule cells 

within a conductance window between ~0.5 and 3.5 nS. Larger GABAergic inputs 

however effectively block AP firing via shunting inhibition, which might be important to 

protect the young cells from over excitation. Synaptic GABAergic transmission was 

fully blocked by 10 µM gabazine, whereas a half maximal inhibitory concentration 

(0.2 µM) increased AP firing at high stimulation intensities, showing that both AP 

generation and shunting inhibition are mediated by GABAA receptor mediated chloride 

conductances. Taken together, this study shows that GABAergic synaptic inputs in 

newly generated young granule cells can dynamically support either AP firing or 

shunting inhibition dependent on hippocampal network activity. 



 
 

2 Introduction 

2.1 Neurogenesis in the adult brain 

The dynamic growth of the developing brain during embryogenesis is in stark contrast 

to the relative stability after birth. For a long time it was believed that the number of 

neurons stayed fixed from soon after birth and early leading scientists like Ramón y 

Cajal concluded that neurogenesis does not take place in the adult brain. In the 1960s, 

the discovery of adult neurogenesis overturned this long-held dogma (Altman 1962). 

Altman and colleagues demonstrated the existence of newly generated neurons in the 

postnatal mammalian brain by autoradiographical studies on thymidine-H(3) injected 

rats, which is incorporated into the DNA and thereby labels dividing cells (Altman 1963, 

Altman & Das 1965). It is now generally accepted that there are two discrete regions 

in the mammalian brain where newborn neurons can be generated from neural 

progenitor cells throughout life. Neurons born in the subventricular zone (SVZ) that 

lines the walls of the lateral ventricle migrate along the rostral migratory stream to the 

olfactory bulb where they differentiate into multiple types of local circuit interneurons 

(Doetsch et al. 1999, Mirzadeh et al. 2008, Fuentealba et al. 2012). Neurons born in 

the subgranular zone of the dentate gyrus mature into glutamatergic granule cells and 

integrate into the local network (Kaplan and Hinds, 1977). Other neurogenic regions 

like the neocortex of adult rodents are sporadically suggested, but this has remained 

controversial so far (Kaplan 1981, Magavi et al. 2000). 

In the last decades, several studies demonstrated post-developmental 

neurogenesis in different species including songbirds (Nottebohm et al. 1981, Alvarez-

Buylla and Nottebohm 1988), rodents (Kaplan 1981, Kempermann 1997), marsupials 

(Harman et al. 2003, Grabiec et al. 2009), and primates (Gould et al. 1999, Kornack 

and Rakic 1999). Although SVZ adult neurogenesis in humans is still a matter of debate 

(Wang et al. 2011, Bergmann et al. 2012, Ernst et al. 2014), several studies revealed 

profound neurogenesis in the human dentate gyrus, partially from investigations on 

cancer patients with DNA-incorporating agents (Eriksson et al. 1998, 2011, Maguire et 

al. 2000). A recent study assessed the generation of hippocampal granule cells using 

a novel approach of carbon dating. Spalding et al. (2013) measured the concentration 

of nuclear-bomb-test derived 14C in genomic DNA. Although no evidence of ongoing 
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neurogenesis was detected in the olfactory bulb, they could show that in adult humans 

on average approximately 700 new neurons were added in each hippocampus per 

day. 

The hippocampal formation is essential for our conscious memory of facts and 

events (Scoville and Milner 1957, Squire et al. 2004). Furthermore, it contributes to the 

spatial orientation in a given environment (O’Keefe and Dostrovsky 1971, O´Keefe 

1976, Leutgeb et al. 2007). In addition to the known synaptic plasticity, the continuous 

generation and integration of new neurons throughout the life of an animal provides an 

important mechanism of structural plasticity. During the physiological ageing process, 

a decline of cognitive skills can be observed which is accompanied by a decline in the 

rate of hippocampal neurogenesis (Kuhn et al. 1996, Kempermann et al. 1998, Bizon 

and Gallagher 2003, Ben Abdallah et al. 2010). Pathological alterations in adult 

neurogenesis could be linked to several neuro-degenerative and neuro-psychiatric 

diseases, like Alzheimer’s disease, schizophrenia, epilepsy, anxiety or depression 

(Malberg et al. 2000, Namba et al. 2011, Jafari et al. 2012, Kheirbek et al. 2012, Wang 

et al. 2014). Further investigations of the physiological processes regulating adult 

neurogenesis may help to provide a better understanding of the causal relationships 

to misregulation in pathology. 

 

2.2 Labeling techniques of newly generated neurons 
Comprehensive research was performed investigating newly generated granule cells 

in the rodent hippocampus following the invention of several new methodologies (Lledo 

et al. 2006, Drew et al. 2013).  

Bromodeoxyuridine (BrdU) is a thymidine analog that incorporates into the DNA 

during mitosis and thereby labels dividing cells. Applied intraperitoneally, BrdU labels 

dividing cells for about two days (Takahashi et al. 1992). After a certain period of time, 

the brain tissue can be immunohistochemically analyzed and neurons with a known 

cell age can be identified (e.g. Kuhn et al. 1996, Cameron and McKay 2001). Several 

marker proteins like the polysialylated-neural cell adhesion molecule (PSA-NCAM) or 

DCX selectively expressed by immature neurons can be used for post-hoc analysis 

(Seki and Arai 1995, Snyder et al. 2009). Despite its usefulness, BrdU is not an ideal 

marker for neurogenesis as it incorporates also non-specifically into damaged cells 
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during cell repair, it is potentially toxic and provides limitations to histological analyses 

(Kuhn and Copper-Kuhn 2007).  

A major breakthrough was the development of techniques that allow the 

visualization of individual newborn neurons in the living brain tissue. One technique 

uses retroviruses carrying transgenes for fluorescent proteins that selectively 

incorporate into the DNA of dividing progenitor cells (van Praag et al. 2002). These 

viruses can be injected into the dentate gyrus where they locally label neurons that are 

generated during a short time thereafter and hence are “birth-dated”. Subsequent 

recordings of electrophysiological properties from fluorescently labeled cells can 

correlate functional data with a precise cell age (Esposito et al. 2005, Ge et al. 2007b).  

The regional restriction for cell labeling obtained by viral infections can be overcome 

with transgenic mice. For this, fluorescent protein sequences are stably integrated into 

the mouse genome and expressed throughout life. The expression of the fluorescent 

proteins is thereby regulated by promoters specific to certain cell types or phases of 

cell development. Overstreet et al. (2004) used proopiomelanocortin-enhanced green 

fluorescent protein (POMC-eGFP) mice to mark cells up to ~2 weeks of age. Couillard-

Despres et al. (2006) used a transgenic mouse model where Discosoma sp. reef coral 

red fluorescent protein (DsRed) is expressed under the control of the doublecortin 

(DCX) promoter to label cells from one day to 3 weeks after birth (Cooper-Kuhn and 

Kuhn 2002, Brown et al. 2003). These genetically modified animals allow the 

investigation of electrophysiological properties of cell populations with similar 

developmental stage. 

 

2.3 Adult neurogenesis in the dentate gyrus 
Most hippocampal granule cells (GCs) are generated postnatally (Lledo et al. 2006). 

During early developmental and adult neurogenesis, newly generated neurons 

supplement the existing GC population rather than replacing mature neurons. 

Therefore, the total number of dentate GC increases over the life span in rodents 

(Bayer 1985, Boss et al. 1985, Crespo et al. 1986). The number of newly generated 

granule cells varies considerably across species. Dentate gyri of mice contain a total 

number of about 300,000 granule cells, with 200 new neurons added per day 

(Kempermann et al. 1997). In young adult rats, the neurogenic rate is approximately 3 

times higher. Roughly 4,500 new neurons are being produced per day to the total 
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population of 2.4 million GCs (West et al. 1991, Cameron and McKay 2001). However, 

the majority of newborn GCs die before they are integrated into the dentate gyrus 

circuitry (Kempermann et al. 1997a, Biebl et al. 2000, Kempermann and Gage 2002b, 

Zhao et al. 2010). The number of surviving GCs rapidly declines after cell division and 

stabilizes at around 4 weeks after mitosis (Kempermann et al. 2003). Finally, 

approximately 6% of the granule cell population is younger than one month (Cameron 

& McKay 2001).  

The newly generated granule cells run through a period of structural and functional 

maturation, which lasts for approximately 6 to 8 weeks. At the end, they are 

indistinguishable from mature GCs and fully integrated into the hippocampal network 

(Laplagne et al. 2006, Overstreet-Wadiche and Westbrook 2006, Piatti et al. 2011). 

Figure 1 summarizes the major changes of cellular, immunocytochemical and 

electrophysiological properties during granule cell maturation. 

 

 

Figure 1 Development of newly generated granule cells in the adult 
hippocampus. Scheme depicting morphology, marker gene expression and input 
resistance of subsequent developmental stages. GABA is the first transmitter 
acting on newly generated neurons. Modified from Bischofberger (2007). 
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Newborn granule cells are generated from neural progenitor cells that are located 

in the subgranular zone (SGZ) at the inner border of the granule cell layer (GCL) next 

to the hilus. The SGZ neural progenitors express marker proteins like the glial fibrillary 

acidic protein (GFAP) and Nestin and can be divided into two subpopulations. The 

quiescent non-dividing radial glia cells have a thick dendrite which projects through the 

GCL into the inner molecular layer (ML) where it branches in short protrusions (Filippov 

et al. 2003, Fukuda et al. 2003). These cells are able to transform into active, dividing 

horizontal neural progenitor cells (Lugert et al. 2014). From in vivo clonal analysis it is 

known that the progenitors can either divide symmetrically in order to self-renew or 

divide asymmetrically to generate intermediate progenitor cells (Bonaguidi et al. 2011). 

The cell fate decision towards the neuronal lineage is made soon after cell division. 

These cells are then restricted to this lineage, exhibit an increased proliferative 

potential for about 3 days and finally differentiate into immature neurons, which migrate 

into the GCL. The local restriction of neural progenitor cells to the SGZ leads to a 

maturation gradient within the GCL with newborn young cells at the inner border close 

to the hilus and developmentally born mature cells close to the molecular layer (Crespo 

et al. 1986, Kempermann et al. 2003, Mathews et al. 2010).  

The expression of DCX can be detected already one day after mitosis (Kempermann 

et al. 2003). DCX is a microtubule-associated protein which is involved in the 

rearrangement of actin filaments and hence primarily implicated in neuronal migration 

and neurite outgrowth (Francis et al. 1999, Gleeson et al. 1999, Tsukada et al. 2005). 

In the dentate gyrus it is reliably and selectively expressed in neuronal precursors and 

newborn cells (Brown et al. 2003, Rao and Shetty 2004, Couillard-Despres et al. 2005). 

During adult neurogenesis, the expression of DCX peaks during the first week, and is 

down-regulated concomitantly with the appearance of the mature neuronal marker 

NeuN within the next 2-3 weeks (Neuronal Nuclei, Mullen et al. 1992, Brown et al. 

2003). 

Immature granule cells have a small soma and a rudimentary dendritic tree 

(Ambrogini et al. 2004). According to the small cell size and low expression of voltage-

independent potassium channels, the input resistance (Rin) of these cells is relatively 

high, up to several GΩ (Schmidt-Hieber et al. 2004, Mongiat et al. 2009, Schmidt-

Salzmann et al. 2014). The adult-born GCs start very early to form afferent and efferent 

connections within the local neuronal network. During the first week after birth, the still 
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spineless dendrites grow into the molecular layer, where they receive first synaptic 

GABAergic inputs (Esposito et al. 2005, Wang et al. 2005, Ge et al. 2006, Markwardt 

et al. 2009). In contrast to the well-known inhibitory effect in mature neurons, young 

neurons are depolarized by GABAergic synaptic inputs (Figure 2a). Due to a high 

expression of the Na+-K+-2Cl- cotransporter (NKCC1), the intracellular Cl- 

concentration is increased to about 25 mM (Esposito et al. 2005, Ge et al. 2006). As 

the ionotropic GABAA receptors mainly conduct chloride ions, GABAergic synaptic 

transmission results in Cl- efflux and a depolarization from the resting membrane 

potential (Ben-Ari 2002, Ambrogini et al. 2004, Ge et al. 2006 Markwardt et al. 2008).  

 

 

Figure 2 Developmental change of intracellular chloride concentration is 
determined by NKCC1 and KCC2 expression levels. Schematic diagram 
depicting the Na+-K+-2Cl- cotransporter (NKCC1), the K+-Cl- cotransporter (KCC2), 
voltage-gated calcium channels (VGCC) and voltage-gated chloride channel 2 
(CLC2) as well as gradients for chloride ions. a, Early expression of NKCC1 results 
in an elevated intracellular chloride concentration ([Cl-] i) and a depolarizing GABA 
reversal potential (EGABA). GABAergic transmission causes Cl- eff lux and 
depolarization of the cell. b, Expression of KCC2 predominates in mature neurons. 
Activity of Cl- extruder reduces [Cl-] i and hyperpolarizes EGABA close to resting 
potential. GABAergic synaptic transmission induces shunting inhibit ion. Modified 
from Ben-Ari (2002). 

 

During the second week after birth, the granule cell dendrites grow further into the 

molecular layer where they contact projections from the entorhinal cortex (perforant 

path) and hilar mossy cells. These fibers transmit glutamatergic synaptic input onto the 

first dendritic spines that are formed in the young neurons during the second week 
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(Zhao et al. 2006, Ge et al. 2006, Kumamoto et al. 2012, Vivar et al. 2012, Deshpande 

et al. 2013, Chancey et al. 2014). The glutamatergic inputs are initially small due to a 

low number of synapses (Esposito et al. 2005, Toni et al. 2007, Mongiat et al. 2009). 

At that time, the axons grow through the hilus and reach the CA3 region already at 12 

days post mitosis (Stanfield and Trice 1988, Markakis and Gage 1999, Zhao et al. 

2006). These mossy fibers form synapses onto GABAergic interneurons in the GCL, 

hilus, and CA3 as well as hilar mossy cells (Toni et al. 2008, Temprana et al. 2015). 

Large synaptic boutons on CA3 pyramidal cell dendrites were detected as early as 17 

days after mitosis using three-dimensional reconstructions of synapses from electron 

micrographs (Toni et al. 2008). Gu et al. (2012) showed that these first anatomical 

connections are functional synapses, as they could record postsynaptic currents in 

CA3 pyramidal neurons elicited by adult-born dentate gyrus granule cells 2 weeks after 

mitosis.  

During the third week after birth, several processes guide the cell to a mature state. 

The number of GABAergic and glutamatergic synaptic contacts increases rapidly, 

enlarging the amplitude of postsynaptic currents (Zhao et al. 2006, Toni and Sultan 

2011). The input resistance continuously decreases due to an increased expression of 

K+ leak channels (Liu et al. 1996, Schmidt-Hieber et al. 2004, Young et al. 2009). 

Finally, the GABA reversal potential (EGABA) declines close to resting potential (Tozuka 

et al. 2005, Ge et al. 2006). The expression of NKCC1 is down-regulated accompanied 

by an up-regulated expression of the K+-Cl- extruder KCC2, resulting in a reduction of 

the intracellular Cl- concentration (Figure 2b, Ganguly et al. 2001, Cancedda et al. 

2007, Cellot and Cherubini 2013). Therefore, GABAergic synaptic transmission loses 

its depolarizing effect, but induces shunting inhibition by increasing the overall 

membrane conductance.  

Around 4 weeks after birth, newborn young granule cells show already mature 

features including a large dendritic outgrowth, a high number of GABAergic and 

glutamatergic input synapses as well as profound output to CA3 pyramidal cells (van 

Praag et al. 2002, Esposito et al. 2005, Gu et al. 2012). The full development of 

inhibitory and excitatory synapses stabilizes after 6 to 8 weeks (Dieni et al. 2013). 

The unique intrinsic properties make newly generated granule cells easily excitable. 

A high Rin and the expression of low-threshold transiently-activating T-type Ca2+-

channels enable the young neurons to fire action potentials (APs) in response to small 
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current injections (Schmidt-Hieber et al. 2004, Stocca et al. 2008, Schmidt-Salzmann 

et al. 2014). The high membrane time constant allows efficient temporal integration of 

postsynaptic potentials (Schmidt-Hieber et al. 2004, Stocca et al. 2008). Although 

excitatory postsynaptic inputs are still smaller than in mature neurons, the probability 

to fire APs in response to synaptic inputs is comparable in 3-4 week old GCs (Mongiat 

et al. 2009). The increased synaptic plasticity, as indicated by their lower threshold for 

the induction of long-term potentiation (LTP) and higher LTP amplitude (Schmidt-

Hieber et al. 2004, Ge et al. 2007b, Bergami et al. 2015), make them suitable to 

participate in the information processing within the trisynaptic circuitry of the 

hippocampal formation (Aimone et al. 2010, Deng et al. 2010, Chancey et al. 2013, 

Cameron and Glover 2014).  

 

2.4 Regulation of adult neurogenesis 
Different intrinsic and extrinsic factors have been identified to regulate the extent of 

adult neurogenesis in the dentate gyrus. The most prominent enhancer of the 

neurogenic rate is an increased neuronal network activity in the dentate gyrus 

(Deissenroth et al. 2004). This can be achieved by physiological stimuli such as 

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

(van Praag et al. 1999, Zhao et al. 2006, Deshpande et al. 2013), or an enriched 

environment (Kempermann et al. 1997, Bergami et al. 2015). Interestingly, voluntary 

wheel running predominantly induces precursor cell proliferation, whereas a 

stimulating environment mainly promotes cell survival and therefore the number of 

GCs (Steiner et al. 2008, Fabel et al. 2009). Pathological enhancement of hippocampal 

activity as it occurs during epileptic seizures also stimulates granule cell proliferation 

and accelerates the integration of new granule cells, albeit a reduction of dendritic 

length can be observed (Parent et al. 1997, Parent and Lowenstein 2002, Overstreet-

Wadiche et al. 2006). Stress (Gould et al. 1997) or the abuse of drugs or alcohol (Eisch 

et al. 2000, Vetreno and Crews 2015) have been shown to be negative regulators of 

adult neurogenesis. The rate of dentate gyrus neurogenesis also depends on the 

genetic background (Kempermann et al. 1997, Kempermann and Gage 2002, Snyder 

et al. 2009) and can be regulated for example by hormones such as steroids (Gould et 

al. 1992). A decline of adult neurogenesis can be observed during ageing. However, it 

is not yet completely understood why the neurogenic rate decreases with age, while 



14 
Introduction 

gliogenesis does not (Palmer et al. 2000, Seib et al. 2013). Possible mechanisms 

underlying this decrease include a decline in neurotrophic factors like neurotrophin-3 

or brain-derived neurotrophic factor (BDNF) in the local environment (Kobilo et al. 

2011, Marlatt et al. 2012, Bechara and Kelly 2013), age-related increase in 

glucocorticoids (Yagita et al. 2001), the intrinsic state of neural progenitor cells (Kuhn 

et al. 1996, Lugert et al. 2010) or the number of actively dividing progenitors (Bonaguidi 

et al. 2011).  

 

2.5 GABAergic regulation of cell survival and maturation 
Within the first 2 weeks, newborn granule cells go through a critical period where many 

cells die. Around 50-80% of adult-born GCs undergo programmed cell death (Cameron 

and McKay 2001, Dayer et al. 2003). What directs the selection of young neurons that 

remain to participate in the dentate gyrus network?  

It could be shown that GABAergic and glutamatergic depolarization of embryonic 

cortical progenitor cells increase intracellular calcium levels and induce terminal 

differentiation into neurons (LoTurco et al. 1995). The calcium-dependent regulatory 

effect on neuronal differentiation of progenitors was subsequently reported also for the 

adult brain (Deisseroth et al. 2004, Tozuka et al. 2005). Interestingly, Tozuka et al. 

(2005) could show that in newly generated cells that do not yet receive glutamatergic 

inputs depolarization-mediated calcium influx initiates the expression of NeuroD. 

NeuroD is known to drive neuronal differentiation in hippocampal granule cells (Miyata 

et al. 1999, Liu et al. 2000). Furthermore, the administration of GABAA-receptor 

agonists strongly increased the number of maturated neurons (Tozuka et al. 2005). 

These results indicate that GABAA-dependent increase of intracellular calcium 

concentration is required for neuronal survival and differentiation of hippocampal 

precursor cells. The dependency of granule cell maturation on GABA-dependent 

depolarization was nicely shown by Ge et al. (2006). Using shRNA, the expression of 

NKCC1, the Cl--importer essential for GABA-mediated depolarization in newborn 

young granule cells, was silenced. Nkcc1-shRNA-expressing newborn GCs miss the 

GABAergic depolarization and were shown to be delayed in terms of synaptic 

integration as well as dendritic outgrowth and branching. Similar results of GABA-

dependent cell proliferation and dendritic maturation were recently shown for neural 

progenitors of the neonatal subventricular zone (Young et al. 2012). Therefore, GABA 
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does not only regulate survival and differentiation of newly generated granule cells but 

also synaptic and dendritic maturation.  

In contrast to the trophic impact of GABA-dependent depolarization, GABA has 

been shown to act inhibitory on AP generation in postnatally born young granule cells. 

Overstreet-Wadiche et al. (2005) recorded from 1 to 2 week old proopiomelanocortin- 

(POMC) expressing cells. Bath-application of GABA blocked AP generation induced 

by current injection or spontaneous firing at more depolarized resting potential. Upon 

GABA-application, the cell membrane depolarized to the GABA reversal potential but 

sodium-mediated action potentials were prohibited, indicating that firing was blocked 

via shunting inhibition. However, whether synaptically transmitted GABA onto newly 

generated young granule cells induce AP firing or shunting inhibition has not yet been 

evaluated. 

 

2.6 The aim of this work  
In the present study, patch-clamp recordings in the perforated-patch and whole-cell 

configuration were used to explore GABAA-mediated action potential firing in newborn 

hippocampal granule cells of the adult mouse brain. Four main questions were 

addressed in this study.  

First, does synaptically transmitted GABA induce action potential firing or shunting 

inhibition?  

Second, are GABAergic inputs able to modulate glutamatergic synaptic inputs? As 

the glutamatergic postsynaptic potentials are small in young neurons, they could be 

boosted by GABAergic depolarization to induce AP firing or shunting inhibition could 

efficiently prevent spiking.  

Third, what are the requirements for action potential generation? In which way is 

action potential firing dependent on the strength of synaptic transmission and the 

relative timing of converging inputs? Can newly generated granule cells be excited 

coincident with active GABAergic conductances in contrast to mature neurons?  

Forth, if there is GABAergic excitation and inhibition, what are the underlying 

mechanisms?  

 



 
 

3 Methods 

3.1 Slice preparation 
Experiments were performed on heterozygous 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). 

Coexpression of DsRed allows to visually identify adult-born premature granule cells 

in acute brain slices. In order to increase hippocampal neurogenesis, the mice were 

housed in groups of 4 to 10 animals at a 12:12 h light/ dark cycle in large cages 

(595x380x200 mm, Figure 3) with running wheels, tunnels and houses for at least 2 

weeks prior to experiments, which were performed at the age of 5 to 11 weeks (mostly 

8 to 10 weeks). The animals were anaesthetized with isoflurane (4% in O2, Vapor, 

Draeger) and killed by decapitation in accordance with national and institutional 

guidelines. In order to increase cell viability, animals were exposed to oxygen-enriched 

atmosphere for 10 min prior to decapitation. The head was transferred into ice-cooled 

sucrose-based solution aerated with carbogen (gas mixture of 95% O2 and 5% CO2), 

fur and cranium were removed, olfactory bulb and cerebellum were cut off and the 

cerebrum was transferred into fresh ice-cooled solution. The two hemispheres were 

separated with a medial scalpel cut. On each hemisphere, a second cut removed a 

small dorsal part. The cut was optimized to guarantee healthy and intact dendrites of 

the granule cells. Subsequently, the two hemispheres were glued with the cut surface 

onto a small plate, transferred into a cutting chamber and immediately covered with 

ice-cooled cutting solution. Transverse 350-µm-thick hippocampal brain slices were 

cut with a velocity of 0.04 mm/s and a lateral vibrating amplitude of 1.8 mm using a 

VT1200 vibratome (Leica, Wetzlar, Germany; Geiger et al. 2002, Bischofberger et al. 

2006). Slices were kept at 35°C for 30 min after slicing and subsequently stored at 

room temperature until experiments were performed. 
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Figure 3 Environmentally enriched mouse cage with a mouse house, tunnels 
and a running wheel.  

 

3.2 Stereotaxic viral injections 
In a second approach, dividing neuronal progenitor cells and their progenies were 

identified and stably labeled using a Moloney murine leukemia virus containing a green 

fluorescent protein (GFP) expression cassette under the control of the CAG promoter 

(Zhao et al. 2006). Viral injections were performed by Sébastien Sultan (University of 

Lausanne, group of Nicolas Toni) as previously described (Sultan et al. 2013). Mice 

were anesthetized with continuous isoflurane infusion using a calibrated anesthetic 

delivery machine. Mice were induced into anesthesia at a dose of 4% isoflurane, then 

maintained at a surgical plane by continuous inhalation of 2% isoflurane. Mice were 

then placed in a stereotaxic frame (Narishige Scientific Instruments, Tokyo, Japan). 

Final virus titers were 107-108 pfu/ml and 1.5 µl was injected into the dentate gyrus at 

the following coordinates from the Bregma: -2 mm antero-posterior, 1.75 mm lateral 

and -2.00 mm dorso-ventral, using a calibrated 5-μl Hamilton syringe fitted with a 33-

gauge needle. 

 

3.3 Identification of newborn granule cells 
Electrophysiological experiments on acute brain slices were performed usually within 

8 hours after slicing. Slices were placed into a transparent bath chamber and fixed with 

a nylon grid. The chamber was continuously superfused with artificial cerebrospinal 

fluid (ACSF, pH 7.4, equilibrated with 95% O2/ 5% CO2). The cells were visualized with 
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an infrared differential interference contrast (IR-DIC) microscope (Examiner.D1, Zeiss, 
Oberkochen, Germany) using a 40x objective (numerical aperture 0.8, Olympus, 

Tokyo, Japan). For video documentation, an IR camera (DAGE MTI VE-1000N, 

Chromaphor, Bottrop, Germany) and videocard (Hauppauge BT878, New York, USA) 

was used. Newly generated young granule cells were identified in the dentate gyrus 

by simultaneous detection of DsRed or GFP fluorescence using a cooled CCD camera 

system (SensiCam, TILL Photonics, now FEI Munich GmbH, Gräfelfing, Germany). 

The excitation light source (555 nm, Polychrome V, TILL Photonics) was coupled to 

the epifluorescent port of the microscope via a quartz light guide. The illumination 

intensity was reduced to about 10% by a neutral density filter to avoid bleaching and 

phototoxic damage of the cells. As DsRed fluorescence could outlast the DCX 

expression period, young granule cell were additionally identified by their small soma 

and the location at the inner border of the granule cell layer. Granule cells newly 

generated in the adult brain with input resistances (Rin) higher than 1.5 GΩ where 

shown to be immunopositive for PSA-NCAM (Schmidt-Hieber et al. 2004) which 

correlates in expression to DCX (Varea et al. 2011, Spampanato et al. 2012). 

Therefore, DCX+ granule cells with a Rin ≥ 1.5 GΩ were classified as young. Referring 

to previous publications, mature granule cells were restricted to a location on the outer 

border of  the GCL and a Rin ≤ 400 MΩ (Schmidt-Hieber et al. 2004).  

 

3.4 Electrophysiology 
Single cell recordings were performed on GCs of different developmental stages.  

Mature granule cells were recorded with patch pipettes (3-6 MΩ) pulled from 

borosilicate glass tubings with 2.0 mm outer diameter and 0.5 mm wall thickness 

(Hilgenberg, Malsfeld, Germany; Flaming-Brown P-97 puller, Sutter Instruments, 

Novato, USA). The intracellular solution was based on KMeSO4 with a Cl--

concentration of 6 mM resulting in an EGABA of -69.8±1.3 mV (n=8) and a driving force 

from the holding potential (Vhold = -80 mV) of ~10 mV. These conditions were chosen 

to exclude falling below the physiological driving force (5.6 mV) from the resting 

potential (Vrest) of -83.0±0.4 mV (n=56) to the physiological EGABA of –77.4±3.1 mV 

(n=6), as this would result in an underestimation of GABAergic depolarization in mature 

GCs. 
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Recordings of newborn young granule cells with high Rin have to be performed, 

especially in current-clamp configuration, with particular caution to be able to precisely 

measure both steady state potentials and fast voltage fluctuations. In contrast to the 

common procedures, pipettes (6-12 MΩ) were therefore pulled from thick-walled glass 

tubings with 2.0 mm outer diameter and 0.7 mm wall thickness. The relatively low 

capacitance (~5 pF) of these pipettes fastens the time course of the conducted current, 

which is essential for recordings of clearly overshooting APs in the very young cells. 

Furthermore, a tight connection (seal) of the glass pipette and the cell membrane is 

important to avoid current loss and shunting of the cell. A low seal resistance (Rseal) 

would depolarize Vrest and affect AP firing, as it can depolarize the AP threshold or 

even completely prohibit AP generation due to loss of inward currents mediated by 

voltage-gated Na+-channels through the shunt. In order to obtain an Rseal of several 

GΩ, the pipettes were gently heat-polished on a micro-forge prior to use. The platinum 

wire of the micro-forge has to be covered with a small glass ball to avoid metal 

deposition on the pipette tip. For the polishing process it must be noted that polishing 

too weak is not sufficient to smoothen the tip surface. On the other hand, polishing too 

strong will make the glass border too round and result in an instable series resistance. 

For whole-cell recordings of young neurons in this study, the seal resistance was on 

average 32.4±1.2 GΩ corresponding to 8.2±0.6 times Rin (n=93). The AP threshold 

was determined from cells with RSeal at least 5 times Rin. In all cells to which this criteria 

applied, Vrest was more negative than -60 mV (n=71). Therefore, cells with Vrest more 

depolarized than -60 mV were discarded. The holding potential (Vhold) was set to -80 

mV close the average resting potential of the young and mature granule cells (-

74.6±0.5 mV, n=132 and -83.0±0.4 mV, n=56, respectively). Recording pipettes were 

filled with a K-gluconate-based intracellular solution. The Cl--concentration was set to 

25 mM in order to obtain a GABA reversal potential comparable to perforated-patch 

measurements (whole-cell: -33.6±0.9 mV, n=12; perforated-patch: -36.7±1.9 mV, 

n=10; P=0.2341, Mann-Whitney U test).  

Voltage signals and currents were measured with a Multiclamp 700B amplifier 

(Molecular Devices, Palo Alto, CA, USA), filtered at 1 and 10 kHz for current and 

voltage clamp, respectively, and digitized with 20 kHz using 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 ≈ 10-50 MΩ). 

In voltage clamp, series resistance was not compensated and experiments were 



20 
Methods 

discarded if RS changed by more than 20% during the recordings. All experiments were 

performed at 30-32 °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, University College London).  

 

3.5 Perforated-patch recordings of GABA reversal potentials 
The non-invasive perforant-patch recording technique was used to determine GABA 

reversal potentials in hippocampal granule cells. Gramicidin within the pipette solution 

forms pores in the cell membrane patch under the pipette, which are permeable for 

small cations like Na+ and K+ but not for Cl- (Akaike and Harata 1994, Ebihara et al. 

1995). This allows the recording of GABAergic postsynaptic currents (GPSCs) without 

affecting the cellular Cl- ion concentration (Figure 4). 

For perforated-patch recordings, pipettes of 5-8 MΩ were pulled from borosilicate 

glass tubings. The pipette solution contained 40-100 µg/ml gramicidin, 0.2–0.4% 

dimethylsulfoxide (DMSO) and 50 µM Lucifer Yellow or Alexa 495 added to the 

intracellular K-gluconate-based solution used in whole-cell patch-clamp recordings. 

Every day, a new stock solution of gramicidin (mixture of gramicidins A, B, C and D) 

with 20-40 mg/ml dissolved in DMSO was prepared and sonicated for about 10 min. 

The intracellular solution was enriched with the fluorescent dye, filtered (0.2µm) and 

warmed up to ~35°C. After adding gramicidin, the solution was further sonicated for 

5 min, filtered (0.45µm) and used for a maximum of 2 hours. The young cells have to 

be recorded with a high Rseal for which the use of thick-walled glass pipettes is 

essential. However, the small pipette volume reduces the diffusion of gramicidin inside 

the pipette tip. Therefore, the pipettes were tip-filled with standard internal solution and 

then back-filled with gramicidin-containing solution. The tip-fill was then blown out 

completely in the bath , far from slice surface. After rapid formation of a tight membrane 

seal, a 5-mV-voltage pulse was applied to monitor the decline of the access resistance. 

Resting membrane potential was monitored in the I=0 mode. Recordings were started 

after the establishment of an access resistance of 60-90 MΩ, usually about 10 min 

after seal formation. GABA-currents were evoked by extracellular stimulation in the 

granule cell layer (200 µs) in the presence of 10 µM NBQX, 25 µM AP5 and 2 µM 
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CGP54626. Stimulus-evoked GABAergic postsynaptic currents were recorded at 

different membrane potentials between -120 and -20 mV. For each cell, GPSC-

amplitudes were measured from averages of 5-10 traces and plotted against holding 

potential. The reversal potential of GABA receptor-mediated currents (EGABA) was 

determined by an exponential fit intersecting the x-axis.  

 

 

Figure 4 Gramicidin perforated-patch recordings in DCX-DsRed+ young 
hippocampal granule cells of the adult mouse brain. a-e, Gramicidin 
perforated-patch recordings of the GABA reversal potential in a young GC. DsRed-
fluorescence of a DCX-DsRed+ cell before patching (a) and in cell-attached mode 
(b). IR-DIC image of the recorded cell (c). Lucifer Yellow is restricted to the pipette 
during perforated-patch configuration (d), but clearly visible in the soma in whole-
cell mode (e). GCL, granule cell layer. H, hilus. f, Scheme of different recording 
modes showing the separation of pipette and intracellular solutions in the 
perforated-patch configuration. 
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3.6 Extracellular synaptic stimulation 
For stimulation of synaptic inputs, 2-5 MΩ pipettes filled with HEPES-buffered Na2+-

rich solution were used to apply brief negative current pulses (5-100 µA, 200 µs). In 

order to stimulate GABAergic interneurons, the pipettes were placed in the outer third 

of the granule cell layer (GCL), approximately 100 µm laterally to the recorded cell. For 

stimulation of axonal fibers in the molecular layer (ML), the pipettes were placed 

approximately in the middle third of the ML radial to the recorded cell at a distance of 

~100 µm. 

For recordings of GABAergic synaptic inputs, GABAA-receptor-mediated synaptic 

transmission was isolated by application of 10 µM NBQX (2,3-dioxo-6-nitro-1,2,3,4-

tetrahydrobenzo[f]quinoxaline-7-sulfonamide), 25 µM AP5 (D-(-)-2-amino-5-phospho-

nopentanoic acid), and 2 µM CGP54626. Gabazine (SR95531) was used at 

concentrations of 0.2 and 10 µM for a half-maximal and complete block of GABAA-

mediated currents, respectively. 

The impact of GABAergic synaptic transmission on cell excitability of newborn 

young GCs was examined using three different stimulation paradigms.  

GABA-induced spiking 

The modulation of ML-input by local interneurons was investigated using a combination 

of GCL- and ML-stimulation with either a burst of 8 stimuli at 50 Hz (GCL, 4-10 µA, 200 

µs) or 2 pulses separated by 10 ms (ML, 10-100 µA, 200 µs). The stimulations were 

applied either individually or paired with 30 ms delay between GCL- and ML-

stimulation. “ML-GCL-pairing high” was performed with a 3-times stronger GCL-

stimulation intensity whereas ML-stimulation-strength remained unchanged. Each 

stimulation intensity was applied 10 times to calculate AP firing probability.  

Timing-dependent spiking 

To evaluate the effect of the precise timing of GABAergic postsynaptic potentials 

(GPSPs) and additional excitatory PSPs (EPSPs), GABAergic synaptic inputs were 

isolated using NBQX, AP5 and CGP. Glutamatergic inputs were mimicked using a 

~20 mV mock EPSP induced by a current injection of 30-80 pA for 10 ms. The mock 

EPSP was applied in combination with a stimulation in the GCL (2 or 8 stimuli at 50 Hz, 

10 or 50 µA, 200 µs). The relative timing of mock EPSP and stimulation was shifted in 

each trial and ranged from 1 s before stimulation to 1.5 s after stimulation start.  
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GABA-dependent excitation and shunting inhibition 

In order to investigate the mechanism underlying GABA-dependent firing and AP-

block, GCL-burst-stimulation was applied with subsequent mock EPSP induction. For 

each newborn GC the minimum stimulus intensity to induce a GPSP was determined 

(4-10 µA). The GCL-stimulation intensity was then increased by this threshold over 10 

following stimulations. The applied intensity range covered the full spectrum of 

GABAergic conductances. Each stimulation intensity was applied 5 times and AP firing 

probability was calculated. The same stimulation intensities were used in voltage-

clamp mode in the same cells and GPSC amplitudes were measured from averages 

of 5-10 traces.  

Stimulation protocols were repeated at a frequency of 0.04 Hz. 

 

3.7 Data analysis  

 Intrinsic cell properties 

Intrinsic properties were determined within the first minutes in whole-cell configuration. 

Membrane potentials were measured without correction for liquid junction potentials. 

Resting membrane potentials were measured in the I=0 mode. The input resistance 

and the membrane capacitance were determined in voltage clamp from the current 

response to a negative voltage pulse (-5 mV, 500 ms) from a holding potential 

of -80 mV. The capacitive current transients from mature granule cells showed a 

biexponential decay time course probably corresponding to a somatic and a dendritic 

compartment. Measurement of the amplitude-weighted decay time constant (τw = 

1.18±0.06 ms) and the series resistance (RS = 17.4±0.8 MΩ) revealed a membrane 

capacitance of 69±5 pF (n=10). By contrast, data from young neurons could be well 

fitted with a fast monoexponential function with τ = 831±94 μs. Measurement of the 

RS = 42.4±2.7 MΩ revealed a relatively small average capacitance of 19.2±1.5 pF 

(n=23). The membrane time constant (τm) was estimated in current-clamp mode by 

fitting a monoexponential function to the voltage decay after a small 1-s-current-pulse 

leading to approximately 5 mV hyperpolarization. Action potential properties were 

determined from the first spike elicited by a 500-ms-step protocol with 1 and 10 or 50 

pA steps for young DCX+ neurons and mature granule cells, respectively. Action 

potential threshold was estimated from cells of 1.5 to 10 GΩ, covering the full Rin range 

used for EGABA measurements. The APs were filtered using a 2nd order Savitzky-Golay-
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filter at 1 kHz and threshold was determined as the first minimum in the slope within 2 

ms before a slope of 10 V/s was reached. On average, the slope minimum of the AP 

threshold was 1.5±0.3 V/s (n=13). Stimulation artifacts were blanked in all voltage 

clamp figures. 

 Synaptic conductance 

To estimate the GABA-mediated synaptic conductances (gsyn) the voltage drop (ΔVRs 

= RS∙ΔI) due to series resistance was considered. Therefore, the conductance of 

synaptic currents was calculated using the following equation: 

  𝑔𝑔𝑠𝑠𝑠𝑠𝑠𝑠 =  ∆𝐼𝐼 
(𝑉𝑉ℎ𝑜𝑜𝑜𝑜𝑜𝑜−∆𝑉𝑉𝑅𝑅𝑅𝑅)−𝐸𝐸𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺

      (1) 

with Vhold = -80 mV and EGABA = -35 mV and -75 mV for young and mature granule 

cells, respectively. Stimulation-induced synaptic conductances were calculated at the 

time of mock EPSP current injection (30-40 ms after burst).  

 AP probability 

AP probabilities were averaged in bins of 1 nS and the dependence on the synaptic 

conductance (g) was fitted with the product of a sigmoidal rise and decay: 

  𝑓𝑓(𝑔𝑔) = 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 ∙  
1

�1+𝑒𝑒(𝑔𝑔1−𝑔𝑔)/𝑅𝑅𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠1�
∙ 1
�1+𝑒𝑒(𝑔𝑔−𝑔𝑔2)/𝑅𝑅𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠2�

 (2) 

The effect of shunting inhibition onto subthreshold responses evoked by mock 

EPSPs was analyzed by fitting the measured data with equations developed within the 

framework of an electrical single compartment model. 

 Single compartment model 

According to the data, newly generated DCX-positive granule cells show a small 

capacitance and a remarkably high electrical input resistance. Furthermore, fitting the 

decay of the membrane potential after the mock EPSP with a monoexponential 

function (τ0 = 95.8±17.9, n=10) revealed values similar to the membrane time constant 

measured after 1-s-pulses (τm = 101.5±12.9 ms, n=10, P=0.4316, Wilcoxon signed 

rank test). The absence of a rapid transient component after the short current pulse 

indicates that the young cells lack pronounced charge redistribution and are 

electronically compact (Schmidt-Hieber et al. 2007). Therefore, a single-compartment 

model corresponding to a simple leaky integrator neuron was used to computationally 

model newly generated young granule cells. 
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An analytical solution of the single compartment model was derived to fit the decay 

time constant, peak amplitude, and half duration of mock EPSPs. The time constant of 

a charging leaky capacitance is well known as τ0 = R•C = C/G. As the resting 

membrane conductance Gin = 1/Rin is increased during a constant steady state 

GABAergic synaptic conductance to Gins = 1/Rin + g, the membrane time constant 

during shunt (τs) reduces as a function of the synaptic conductance g according to: 

   𝜏𝜏𝑠𝑠 =  𝜏𝜏0 ∙
𝐺𝐺𝑖𝑖𝑖𝑖

𝐺𝐺𝑖𝑖𝑖𝑖+𝑚𝑚∙𝑔𝑔
      (3) 

with Gin (0.26 nS, n=10) calculated from the experimentally determined average 

input resistance. This analytical function was used to fit the measured τs with x as the 

only free parameter. Alternatively, for theoretical predictions, the scaling factor x was 

fixed to x = 1.  

For analysis of the mock EPSP amplitude on top of the GPSP, data above 1 nS 

were corrected considering additional voltage-dependent conductances activated 

at -40 mV which reduce the mock EPSP amplitude to 84% relative to mock EPSPs 

evoked at -80 mV (n=6). The peak voltage amplitude at ∆t = 10 ms was assumed as: 

   𝑉𝑉(∆𝑡𝑡) =  𝑉𝑉0(1 − 𝑒𝑒−∆𝑡𝑡/𝜏𝜏0)     (4) 

with the steady state voltage amplitude calculated from V0 = Rin•∆I. Thus, the relative 

reduction of the shunted peak amplitude Vs(∆t) can be calculated as: 

   
𝑉𝑉𝑅𝑅(∆𝑡𝑡)
𝑉𝑉(∆𝑡𝑡)

=  𝑉𝑉0
𝑅𝑅 (1−𝑒𝑒−∆𝑡𝑡/𝜏𝜏𝑅𝑅)

𝑉𝑉0 (1−𝑒𝑒−∆𝑡𝑡/𝜏𝜏0)
      (5) 

The ratio of 𝑉𝑉0𝑠𝑠 divided by 𝑉𝑉0 can be directly replaced by the ratio of input 

conductances. Furthermore, using the scaling factor x for the shunting conductance 

and the shunted decay time constant τs as defined by equation (3), the following 

function was derived to fit the relative reduction of the shunted EPSP amplitude with x 

as the only free parameter: 

   
𝑉𝑉𝑅𝑅(∆𝑡𝑡,𝑔𝑔)
𝑉𝑉(∆𝑡𝑡)

=  𝐺𝐺𝑖𝑖𝑖𝑖 (1−𝑒𝑒−∆𝑡𝑡/𝜏𝜏𝑅𝑅)
(𝐺𝐺𝑖𝑖𝑖𝑖+𝑚𝑚∙𝑔𝑔) (1−𝑒𝑒−∆𝑡𝑡/𝜏𝜏0)

    (6) 

Finally, the half duration (t50) of the mock EPSP was analyzed and compared to the 

theoretical prediction, which was calculated as the interval between time t1 when the 
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voltage reached 50% of its maximum during rising phase and the time t2 when it 

decayed back to 50% of its peak amplitude:  

   𝑡𝑡50 =  𝑡𝑡2 + (∆𝑡𝑡 − 𝑡𝑡1)       (7) 

The time point t1 was derived according to equation (4) as 

    𝑉𝑉𝑠𝑠(𝑡𝑡1) ≜ 1
2
𝑉𝑉𝑠𝑠(∆𝑡𝑡)     ⇒     (1 − 𝑒𝑒−

𝑡𝑡1
𝜏𝜏𝑅𝑅) = 1

2
(1 − 𝑒𝑒−

∆𝑡𝑡
𝜏𝜏𝑅𝑅) (8) 

⇒   𝑡𝑡1 = −𝜏𝜏𝑠𝑠𝑙𝑙𝑙𝑙
1
2

(1 + 𝑒𝑒−
∆𝑡𝑡
𝜏𝜏𝑅𝑅)      (9) 

The time point t2 was calculated from the exponential decay after the peak Vs(∆t) 

as: 

    𝑉𝑉𝑠𝑠(∆𝑡𝑡)𝑒𝑒−𝑡𝑡2/𝜏𝜏𝑅𝑅 ≜ 1
2
𝑉𝑉𝑠𝑠(∆𝑡𝑡)  ⇒  𝑒𝑒−𝑡𝑡2/𝜏𝜏𝑅𝑅 = 1

2
  (10) 

⇒    𝑡𝑡2 = −𝜏𝜏𝑠𝑠 𝑙𝑙𝑙𝑙 1
2
        (11) 

Thus, according to equation (7), (9) and (11) the half duration was derived as: 

    𝑡𝑡50 =  ∆𝑡𝑡 + 𝜏𝜏𝑠𝑠 ∙ ln (1 + 𝑒𝑒−∆𝑡𝑡/𝜏𝜏𝑅𝑅)    (12) 

using the shunted decay time constant τs which is dependent on g and the scaling 

factor x as calculated by equation (3). 

The scaling factors of the three fitted parameters were finally averaged. As all three 

parameters were determined from the same sample size, the means were averaged 

to obtain a grand mean. The standard deviations were averaged by the mean of the 

single variances according to the following equation: 

   𝜎𝜎𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑡𝑡 = �𝜎𝜎12+𝜎𝜎22+𝜎𝜎32

3
      (13) 

with σ1, σ2, and σ3 obtained from the scaling factors for the relative decay τ, 

amplitude and the half duration, respectively. 

 Statistical analysis 

Statistical analysis was performed with GraphPad Prism 6 using a two-sided Mann-

Whitney or a Wilcoxon matched-pairs signed rank test for unpaired and paired data, 

respectively. The Kruskal-Wallis test was used to compare more than two samples. 
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The significance level was set to P < 0.05. Average data were given as mean±SEM if 

not stated otherwise and fitted parameter values as mean±SD.  

 

3.8 Immunohistochemistry 
Immunohistochemical analysis of GCs was performed as described previously 

(Schmidt-Hieber et al. 2004, Couillard-Despres et al. 2006). Cells were filled with 

biocytin (2 mg/ml) during whole-cell recording and, after closure of the membrane by 

formation of an outside-out patch, stored at room temperature for at least one hour. 

Acute brain slices were subsequently fixed overnight in 4% paraformaldehyde, washed 

and then incubated overnight with 5% normal donkey serum, 0.3% Triton X-100 

(Sigma-Aldrich) and the primary antibody goat anti-Doublecortin 1:500 (DCX C-18, 

sc-8066, Santa Cruz Biotechnology, Inc.). Afterwards, the secondary antibody (Alexa 

Fluor 488 donkey anti-goat, 1:500, A11055, Molecular Probes) was applied together 

with fluorescein isothiocyanate-conjugated avidin-D (2 µl/ml, Vector) and 0.3% Triton 

X-100 for 24 h at 4 °C. After washing, the slices were embedded in Prolong Gold 

(Molecular Probes). Fluorescence labeling was analyzed with a confocal laser 

scanning microscope (LSM 700, Zeiss). 

 

3.9 Solutions 

ACSF 

For electrophysiological recordings, slices were continuously superfused with artificial 

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

3 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). 

Pipette Solutions 

Newborn young granule cells were recorded with patch pipettes filled with an 

intracellular solution containing (in mM): 120 K-gluconate, 21 KCl, 2 MgCl2, 2 Na2ATP, 



28 
Methods 

0.3 NaGTP, 10 HEPES, 10 EGTA, 0-1 Na2-phosphocreatine, 0-0.01 Spermine, 

0-5 mg/ml Biocytin (adjusted to pH 7.3 with KOH, Osmolarity 305-310 mOsm).  

Mature granule cells were recorded with pipettes filled with a solution containing (in 

mM): 140 KMeSO4, 2 KCl, 2 MgCl2, 2 Na2ATP, 0.3 NaGTP, 10 HEPES, 10 EGTA, 

1 Na2-phosphocreatine, 2 mg/ml Biocytin (adjusted to pH 7.3 with KOH, Osmolarity 

305-310 mOsm).  

Extracellular stimulation pipettes were filled a solution containing (in mM): 155 NaCl, 

2,5 KCl, 2 CaCl2, 1 MgCl2, 5 HEPES (adjusted to pH 7.3 with NaOH, Osmolarity 

320 mOsm).  

Drugs 

For all drugs a stock solution was prepared and stored at -20°C (). Each day the drugs 

were dissolved in ACSF before use. All chemicals were obtained from Tocris (Essex, 

England), Sigma-Aldrich (Steinheim, Germany), Merck (Darmstadt, Germany), 

Molecular Probes (Göttingen, Germany) or Vector (Burlingame, USA). 

 

 
Table 1 Stock and final concentrations of drugs used in electrophysiological 
experiments.  
 



 
 

4 Results 

4.1 Input resistance serves as an indicator of the maturational state 
GABAergic synaptic signaling in newly generated young granule cells was studied in 

adult mice using two technical approaches in order to identify newborn neurons in 

acute brain slices.  

First, transgenic mice were used which express the red fluorescent protein DsRed 

under the control of the doublecortin (DCX) promoter, labeling young granule cells 

within 3 weeks post-mitosis (Couillard-Despres et al. 2006). The DCX+ young neurons 

showed an immature morphology with basal dendrites and a small apical dendritic tree, 

but had already long axons into the CA3 area (Figure 5a, d). In all cells, somatic current 

injections elicited a typical firing pattern with a low-threshold single action potential with 

a rheobase of 7.1±0.5 pA (n=93; Figure 5b, e). Small hyperpolarizing current steps 

revealed a slow membrane time constant known for newly generated neurons (τm = 

117.1±4.7 ms, n=93; Figure 5c, f; Schmidt-Hieber et al. 2004, Couillard-Despres et al. 

2006). Basic electrophysiological properties and electrical input resistance (Rin = 

4.75±0.26 GΩ, range ~1.5-18 GΩ, n=132) were similar to what was reported previously 

for DCX+ and PSA-NCAM+ newly generated granule cells in the adult hippocampus 

(Overstreet et al. 2004, Schmidt-Hieber et al. 2004, Couillard-Despres et al. 2006). 

Mature GCs with input resistances of 201.6±12.1 MΩ (n=56) show in contrast a fully 

developed dendritic tree, repetitive firing and a fast membrane time constant (rheobase 

= 126.8±7.8 pA, τm = 24.8±1.3 ms, n=50, Figure 5g-i).  
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Figure 5 Morphology and firing pattern of young and mature granule cells in 
the adult hippocampus.  
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The Rin mainly depends on the specific membrane conductance as well as total 

membrane area. Therefore, it may serve as an indicator of the maturational stage of 

the recorded cell. Figure 6 shows the strong correlation of the input resistance with 

several active and passive properties of immature DsRed+ (red) and mature DsRed- 

(black) GCs. The resting membrane potential was remarkably similar between young 

and mature GCs (Figure 6a, -74.6±0.5 mV, n=132 vs. -83.0±0.4 mV, n=56). In contrast, 

substantial maturational changes were observed for the membrane time constant and 

the rheobase as already indicated above (Figure 6b and c). Furthermore, the rising 

slope of the APs, which strongly depends on the density of voltage-activated Na+-

channels, severely increases with the maturation of the GCs (Figure 6d, 80.9±4.6 V/s, 

n=93 and 235.2±4.4 V/s, n=50 for young and mature GCs, respectively). These results 

indicate that the input resistance can serve as a good reference of the maturational 

state of an adult-born granule cell.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5 a, Confocal z-projection of a biocytin-filled (green) newborn granule cell 
with an input resistance of 9 GΩ. Small images of immunohistochemical stainings 
show double-labeling with strong DCX expression (red). b, Isolated Ca2+-spike 
and AP induced by somatic current injection of a 9 GΩ granule cell. Lowest current 
necessary for AP generation is indicated. c, Decay after a small hyperpolarization 
revealed slow membrane time constant (τ = 186 ms, monoexponential f it in red). 
d, Same as a for a 3 GΩ granule cell showing slightly advanced dendritic 
maturation and weaker DCX expression. e, Firing pattern of the cell in d. f, Same 
as c for the cell in d showing faster decay time constant (τ = 94 ms). g, Morphology 
of a mature DsRed-DCX- granule cell. h, Mature firing pattern for the cell in g 
requires high current injection. i, Decay revealed a fast τ of 23 ms.  
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Figure 6 Passive and active properties of developing granule cells change 
with maturation. a-d, Semi-logarithmic plots of resting membrane potential (a), 
membrane time constant (b), rheobase (c) and steepest slope (d) of DsRed+ young 
(red), DsRed- mature (black) granule cells and GFP+ birth-dated cells (green, 
Square, 2 weeks post injection (wpi). Triangle, 3 wpi. Diamond, 4 wpi).  Lines 
represent sigmoidal (a, b, d) or double exponential (c) f its. 
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As a second approach, birth-dating of newborn neurons in the adult brain was 

achieved using a retroviral approach in order to label dividing cells during mitosis by 

the sustained expression of GFP. Electrophysiological recordings were performed on 

GFP+ cells at 2, 3 and 4 weeks post injection (wpi, Figure 7, Table 2). Membrane 

potential, membrane time constant, steepest slope of action potentials and rheobase 

correlate to Rin comparable to DCX-DsRed+ cells (Figure 6, green data points). Two 

week-old GFP-labeled neurons were similar to DCX-DsRed+ cells in their active and 

passive properties, consistent with a stable DCX expression in all 

immunohistochemically analyzed cells 2 wpi (Figure 7a, Table 2, n=9). At 3 wpi, the 

granule cells were diverse in terms of cellular properties as well as DCX expression, 

indicating a nonuniform and cell specific tempo of maturation (Figure 7b, Table 2). At 

4 wpi, both matured electrophysiological properties and missing DCX expression make 

them comparable to mature granule cells, consistent with previous publications (Figure 

7c, Table 2, Brown et al. 2003, Overstreet-Wadiche and Westbrook 2006). 

 

 

Table 2 Intrinsic properties of adult-born GFP+ cells from 2 to 4 wpi. Given 
are mean±SEM, the range as the lowest and highest value in parenthesis and the 
n in square brackets. 
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Figure 7 Newborn hippocampal granule cells loose DCX expression at 3 
weeks of age.  
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4.2 Depolarizing EGABA correlates with DCX expression in young GCs 
Newly generated dentate gyrus GCs were reported to show a depolarized GABAA-

reversal potential (EGABA) due to an enhanced expression of the chloride inward 

transporter NKCC1 and the lack of KCC2-dependent chloride ion extrusion (Ge et al. 

2006). In order to measure the reversal potential of GABAergic synaptic inputs in young 

and mature granule cells, extracellular stimulations were applied in the GCL in the 

presence of pharmacological blockers for glutamatergic synaptic transmission (Figure 

8). Gramicidin perforated-patch recordings were performed on GFP+ cells at 2, 3 and 

4 wpi and compared to unlabeled mature cells located at the outer border of the granule 

cell layer (GCL). The data show that EGABA is depolarizing at 2 wpi (-34.9±1.7 mV, n=3, 

Figure 8a-c) and hyperpolarizes with maturation to -77.4±3.1 mV (n=6, Figure 8c), 

consistent with previous publications (Ge et al. 2006). The intermediate cells of 3 to 

4 weeks, however, did not form a homogeneous population but covered a broad 

spectrum for EGABA, comparable to the broad range of input resistances (Figure 8c, 

Table 2). Notably, the reevaluation on a single cell level revealed that depolarizing 

EGABA was restricted to DCX-positive young granule cells (Figure 8c, orange data 

points).  

In order to explore this hypothesis in more detail, an extensive analysis of EGABA was 

performed using DCX-DsRed+ transgenic mice (Figure 8d-h). As shown in Figure 8h, 

EGABA correlates with Rin and can be fitted with a sigmoidal function (R2 = 0.8857). The 

top plateau formed by neurons with high Rin revealed an EGABA with mean±SD 

of -34.6±4.2mV in young DCX+ GCs (n=10), similar to what was reported for POMC+ 

and PSA-NCAM+ cells in adult mice (Tozuka et al. 2005, Karten et al. 2006, Chancey 

et al. 2013). This is substantially more depolarized than the resting potential 

(Vrest = -74.6±0.5 mV, n=132). In contrast, DCX- mature cells show an EGABA close to 

resting potential (EGABA = -76.1±2.8 mV (mean±SD), Vrest = -83.0±0.4 mV, n=56, Figure 

8f, g). Together, these results show that the EGABA of newly generated young granule 

cells is depolarized to about -35 mV. With proceeding synaptic and dendritic maturation 

and concomitant loss of DCX expression, EGABA rapidly drops to mature values close 

to resting potential.  

 

Figure 7 a-c, Confocal z-projection of GFP+ neurons (left), biocytin f illed somata 
with GFP and DCX expression (right) as well as corresponding firing pattern 
induced by current injection of newly generated granule cells at 2 (a), 3 (b), and 
4 (c) weeks post injection.  
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Figure 8 Depolarizing GABA correlates with DCX-expression in hippocampal 
granule cells. a, Newborn granule cells express DCX 15 days after virus injection. 
b, Gramicidin-perforated-patch recordings of GPSCs in a granule cell at 14 days 
post injection (dpi). GPSCs were evoked by extracellular stimulation of GABAergic 
fibers in the granule cells layer in the presence of NBQX and AP5 at holding 
potentials indicated on the left. c, EGABA hyperpolarizes with maturation, but is 
most depolarized (~-35 mV) as long as doublecortin (DCX) is expressed (orange) 
independent of cell age. Wpi, weeks post injection. Square, 2 wpi. Triangle, 3 wpi. 
Diamond, 4 wpi. Circle, mature. d, DCX-DsRed+ granule cells (red) express DCX 
protein (green), consistent with a young developmental stage of less than 3 weeks 
post-mitosis. GCL, granule cell layer. e, f, Gramicidin-perforated-patch recordings 
of GABAergic postsynaptic currents (GPSCs) in a young (e) and mature (f) granule 
cell. g, The average amplitudes of GPSCs from young (red) and mature (blue) 
granule cells were plotted against holding potential and fitted with an exponential 
function. h, The reversal potential of GPSCs (EGABA) in granule cells is plotted 
against input resistance (Rin) indicating that DCX+ young granule cells (red) show 
a more depolarized reversal potential than DCX- granule cells (blue). After loss of 
DCX expression, EGABA rapidly approaches mature levels. Purple, intermediate 
DsRed+ cells with Rin < 1.5GΩ. Gray, DCX expression not identif ied. 
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4.3 GABAergic control of action potential firing 
Can depolarizing GABA induce action potential firing in newly generated young granule 

cells of the adult brain? To address this question, gramicidin perforated-patch 

recordings of AP firing were obtained from young DCX-DsRed+ granule cells, which 

were known to show mainly GABAergic PSCs (Esposito et al. 2005, Ge et al. 2006). 

Synaptic inputs were evoked by stimulation of molecular layer (ML) fibers and synaptic 

inputs in the granule cell layer (GCL, Figure 9a). Using a short double pulse in the ML, 

APs were generated with a very low firing probability of 5.0±4.5% (n=5, Figure 9b, c). 

Similarly, low burst stimulation of the GCL with 8 pulses at 50 Hz induced an apparent 

depolarization but failed to generate action potentials in the young cells (Figure 9b, d). 

However, paired application of GCL with subsequent ML stimulation very efficiently 

evoked action potentials with a firing probability of 84.0±7.5% (n=5, Figure 9b, e). 

Remarkably, a three-fold increase in GCL stimulation strength (ML-GCL pairing high) 

evoked more rapid depolarization, but inhibited AP firing (Figure 9b, f).  
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Figure 9 Gramicidin perforated-patch recordings of AP firing in newborn 
young granule cells. a, Scheme depicting the position of the recording electrode 
and the stimulation electrodes in the molecular layer (ML, red) and granule cells 
layer (GCL, blue). b, Firing probability in different conditions, showing that pairing 
of ML and low GCL stimulation drove more effectively AP generation in young 
granule cells than either stimulation alone. High GCL stimulation effectively 
inhibited subsequent AP firing. c-f, Five consecutive postsynaptic responses of a 
young GC to electrical stimulation of ML and GCL synaptic inputs (n=5). c, 
Subthreshold PSPs induced by a double pulse in the ML (100 Hz, 200 µs, red). d, 
Subthreshold PSPs induced by a burst stimulation in the GCL (8 times at 50Hz, 
200 µs, blue). e, Pairing of ML and GCL stimulation effectively boosted AP firing. 
f, A 3-fold increase in GCL stimulation intensity inhibits AP generation.  
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Figure 10 Bidirectional GABAergic control of action potential firing in 
immature hippocampal granule cells. a, Postsynaptic response of a young GC 
to electrical stimulation of ML and GCL GABAergic and glutamatergic inputs in the 
absence of blockers (n=7). Vhold = -80 mV. (i)  Subthreshold EPSP induced by a 
double pulse in the ML (100 Hz, 200 µs, 29.0±5.6 µA, red). (ii) GPSP evoked by 
GCL burst stimulation at low intensity (8 at 50Hz, 200 µs, 5.6±0.5 µA, blue) boost 
AP firing. (iii) A 3-fold increase in GCL stimulation intensity inhibited AP 
generation (16.8±1.6 µA). (iv) GCL-evoked GPSPs are fully blocked by gabazine, 
whereas ML-evoked EPSPs are sensitive to both, gabazine and NBQX plus AP5. 
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This bidirectional response behavior of AP generation and inhibition was also 

observable in whole-cell recordings using a pipette solution with chloride ion 

concentration adapted to physiological values (Figure 10). Moderate stimulation of ML 

fibers (29.0±5.6 µA) induced AP firing in ~50% of DCX+ young granule cells (n=4 of 7 

spiking GCs). However, in most cases stimulation failed to induce action potentials, 

resulting in an overall firing probability of 18.6±7.7% (n=7, Figure 10a(i), c). GCL 

stimulation (5.6±0.5 µA) induced spiking in only one cell but effectively boosted AP 

firing when combined with ML inputs to an AP firing probability of 90±3.8% (n=7, Figure 

10a(ii), c). In contrast, strong GABAergic synaptic stimulation (16.8±1.6 µA) increased 

depolarization but completely blocked subsequent AP generation (Figure 10a(iii), c). 

AP firing was strongly dependent on GABAergic synapses, since it was fully blocked 

by gabazine (Figure 10a(iv)). Whereas GCL stimulation evoked only GABAergic 

synaptic inputs, a small contribution of glutamatergic synapses was found to be 

activated by ML stimulation with an amplitude of 13.2±6.5 mV (n=6, Figure 10a(iv)). 

Glutamatergic ML inputs alone never induced firing in DCX+ young granule cells (n=6), 

consistent with the absence of dendritic spines and the small glutamatergic synaptic 

currents at this developmental stage (Zhao et al. 2006, Ge et al. 2006, Mongiat et al. 

2009).  

 

 

 

 

 

 

 

Figure 10 (continued) b, Postsynaptic response of a young GC to electrical 
stimulation of ML and GCL GABAergic inputs in the presence of 10 µM NBQX and 
25 µM AP5 (n=12-15). Vhold = -80 mV. (i) Subthreshold GPSP induced by a double 
pulse in the ML (100 Hz, 200 µs, 33.7±3.5 µA, red). (ii) GPSP burst (8 at 50Hz, 
200 µs, 7.7±0.9 µA, blue) evoked by GCL stimulation boost AP firing. (iii) Strong 
GCL stimulation inhibited AP generation (20.9±3.5 µA). (iv) ML and GCL GPSPs 
are fully blocked by 10 µM gabazine. c, d, Firing probability in different conditions 
showing that pairing of ML and GCL stimulation pushed more effectively AP 
generation in young granule cells than either stimulation alone in the absence (c) 
or presence of glutamatergic blockers (d).  
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Thus, GABAergic inputs effectively controled spiking of young granule cells under 

physiological conditions. But are GABAergic synapses able to drive AP firing in the 

absence of additional glutamatergic input? Whole-cell recordings of GABAergic 

postsynaptic potentials (GPSPs) in the presence of glutamatergic blockers show that 

the stimulation of ML interneurons (33.7±3.5 µA) usually induces APs with a low 

probability of 27.3±10.7% (n=15, Figure 10b(i), d). GABAergic inputs recruited by GCL 

burst stimulation (7.7±0.9 µA) in general did not evoke APs (n=2 of 15 spiking cells, 

average AP probability of 4.0±2.9% (n=15); Figure 10d). Using the paired protocol with 

subsequent GCL and ML stimulation, GABAergic synaptic inputs reliably elicited AP 

firing (in n=15 of 15 cells with AP probability of 90.7±3.3%, Figure 10b(ii), d). As in 

physiological saline, a 3-fold increase in GCL stimulation intensity (ML-GCL pairing 

high, 20.9±3.5 µA) completely inhibited subsequent AP induction (n=12, Figure 10b(iii), 

d). Both, ML and GCL inputs rely on GABAA receptor containing synapses as they 

were fully blocked by 10 µM gabazine (n=5, Figure 10c(iv)). These data show that 

GABAergic inputs are sufficient to evoke APs in young GCs. However, GABAergic 

generation of APs is restricted to low stimulation intensities. 

The contribution of glutamate to AP generation seemed to be rather small, as the 

firing probabilities were not decreased in the presence of glutamate blockers (Figures 

9b, 10c and d). However, glutamatergic synaptic inputs had an effect on the timing of 

AP induction and enabled AP discharge at short latency (Figure 11). Spikes mediated 

only by GABA occur with a long delay. A strong increase of AP firing conspicuously 

occurs 17 ms after ML stimulation onset with only 2.8% of APs generated earlier 

(average delay 25.7±1.2 ms, n=15 cells, Figure 11b, d). In the population of spikes 

mediated by GABA and glutamate together, a substantial proportion was generated 

earlier than 17 ms (40.5%) with a mean delay of 21.6±2.7 ms (n=7 cells, Figure 11a, 

c, d). Furthermore, about 20% of the spikes generated in physiological saline occur 

within the first 10 ms and thus before the second ML stimulus was applied (18.9%, n=7 

cells, Figure 11d). These results together indicate that a single stimulation of 

glutamatergic fibers is sufficient to induce spiking subsequent to GABAergic 

depolarization.  
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Figure 11 AP firing enabled by glutamatergic inputs at short latency with a 
threshold similar to EGABA. a, Numbers of spikes elicited by GABAergic and 
glutamatergic inputs at different latencies after ML-stimulation onset. Data were 
fitted with a Gaussian distribution. Inset: Representative trace of AP firing induced 
by combined GCL- and ML-stimulation from a holding potential of -80mV. 
Stimulation protocol same as in Figure 6c(ii) with low GCL burst stimulation (blue) 
followed by ML stimulation (red). Scale 20pA, 40 ms. b, Same as a for inputs 
mediated only by GABA. c, Overlay of Gaussian distributions of GABA + glutamate 
(red) and GABA-only (green) APs normalized to the integral. d, Cumulative 
distribution of AP latencies.  
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The action potential threshold was detected from phase plots of APs elicited only by 

GABA or in the combination with glutamate (Figure 11e, -34.9±1.0 mV, n=9 

and -35.1±2.2 mV, n=4, respectively). Figure 11f shows that the AP threshold does not 

differ in these two settings. Furthermore, the AP threshold is similar to the GABA 

reversal potential (-36.7±1.9 mV, n=10, P=0.8634, Kruskal-Wallis test), which might 

contribute to an efficient GABAergic control of AP firing. 

Taken together, these experiments demonstrate a bidirectional control of action 

potential generation by GABAergic inputs. Low GABAergic synaptic transmission can 

induce AP firing, either alone or by boosting subthreshold glutamatergic EPSPs. By 

contrast, strong GABAergic inputs effectively block action potentials in newly 

generated young granule cells.  

However, the generation of action potentials might be dependent on both, the timing 

of converging inputs as well as the synaptic strength of the underlying conductances. 

Therefore, these two parameters were gradually altered in the following experiments 

in order to investigate their corresponding impact on AP firing in young hippocampal 

granule cells.  

 

 

 

 

 

 

 

 

 

 

Figure 11 (continued) e, Phase plot of APs generated by synaptic stimulation in 
physiological saline (red) and in the presence of glutamatergic blockers (green). 
Inset: AP traces used for phase plots. Gray, original data. Color, after smoothing 
with a Savitzky-Golay filter (2nd order, 1 ms window width). Scale, 10mV, 2.5 ms. 
f, Threshold (thr) of APs evoked either by GABAergic and glutamatergic synaptic 
inputs or by GABA alone is similar to EGABA (n = 4, 9 and 10, respectively, 
P=0.8634, Kruskal-Wallis test).  
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4.4 Efficient temporal integration of EPSPs and GPSPs in young granule cells 
As a first approach, the dependence of the relative timing of GABAergic and 

glutamatergic PSPs on AP firing was investigated. Glutamatergic EPSPs were 

replaced by small postsynaptic depolarizations evoked by somatic current injections 

(25.7±0.6 mV, n=12). These mock EPSPs were combined with the activation of 

perisomatic GPSPs using GCL stimulation in the presence of NBQX and AP5 (Figure 

12). First, the mock EPSP was shifted in time relative to GCL burst stimulation of 8 

stimuli (50 Hz, 200µs) using a moderate intensity of 10 µA (Figure 12a, b). Action 

potentials were elicited over a broad time window with more than 50% AP probability 

for 349.0±12.1 ms (n=12, Figure 12c). Notably, coincident application of a mock EPSP 

with GPSP stimulation (second trace in Figure 12b) reliably induced AP firing, when 

GABA-conductance (gGABA) reached 78.6% of its peak (1.05±0.27 nS, n=12).  

In order to mechanistically understand the temporal integration of synaptic inputs in 

young GCs, mock EPSPs (23.3±0.4 mV, n=13) were combined with 2 short pulses in 

the GCL (2 stimuli at 50 Hz, 50 µA, 200 ms, Figure 12d-e). Spike doublets are also 

typical firing patterns of presynaptic parvalbumin expressing basket cells (Klausberger 

et al. 2003, Fuentealba et al. 2010). Due to the slow membrane time constant of the 

young GCs (τm = 124.6±14.0 ms, n=13), GABA-mediated depolarization considerably 

outlasted the underlying PSC. The average AP probabilities were fitted with a 

sigmoidal rise and decay (see methods, equation 2) and revealed an efficient temporal 

integration with a firing probability above 50% for almost 200 ms (Δt = 184.21±3.35 

ms, n=13, Figure 12f), with a linear dependence of Δt on τm (slope = 0.94±0.51, R2 = 

0.33). This indicates that young cells with slow membrane time constants efficiently 

integrate synaptic inputs over time, whereas this temporal integration sharpens with 

cell maturation and concomitant decrease of τm. 
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Figure 12 Efficient temporal integration of EPSPs and GPSPs. a, Mock EPSPs 
with an amplitude of ~25 mV were generated by a somatic current injection (10 
ms, green) and paired with GPSPs evoked by GCL burst stimulation (8 times at 
50 Hz, 10µA, 200 µs, blue) in the presence of NBQX and AP5 (upper trace). Mock 
EPSP was shifted in time relative to GPSP stimulation in steps of 100 ms. 
GABAergic postsynaptic currents (GPSC) were stimulated using the same 
intensity. b, A sequence of traces showing pairing with mock EPSP at increasing 
delays to onset of GCL stimulation. Firing occurred when mock EPSP was applied 
simultaneously with GPSP (second trace). c, AP probability is plotted against 
mock EPSP delay relative to first stimulus of GCL burst (n=12). Decay slope was 
fitted with a sigmoidal function. d, Mock EPSP was paired with GCL double pulse 
stimulation (2 times at 50 Hz, -50µA, 200 µs) and shifted in small steps of 20 ms. 
e, Similar to b with protocol shown in d. f, Similar to c with protocol shown in d 
(n=13). Data were fitted with the product of two sigmoidal functions.  
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To test whether GABAergic depolarization can boost AP firing also in mature GCs 

as claimed in a computational modeling study (Chiang et al. 2012), a mock EPSP 

(22.0±0.5 mV, n=13) was combined with GPSPs elicited by GCL stimulation in the 

presence of NBQX and AP5 in mature GCs (Figure 13a). The mock EPSP was shifted 

in time relative to GCL stimulation (2 stimuli at 50 Hz, 50 µA, 200 ms). Although 

GABAergic inputs generated a depolarization of 3.3±0.5 mV in mature granule cells, 

coincidentally applied mock EPSPs were always reduced in amplitude to, on average, 

87.9±2.0% of control (n=13, Figure 13b). Whereas the reduction of PSP amplitude is 

restricted to the time of active GABA conductance, a small increase in total amplitude 

by 5.0±1.2% was reached 80 ms after the last stimulus.  

The analysis of subthreshold events in newborn granule cells stimulated with the 

same protocol revealed that the total amplitude of mock EPSPs paired with GPSPs is 

never reduced but increased to up to 238.2±3.0% of control (Figure 13c, d). Thus, 

perisomatic synaptic inputs induce a precisely timed GABAergic inhibition in mature 

hippocampal granule cells but exclusively provide depolarization to newly generated 

neurons.  
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Figure 13 Precise timing of GABAergic inhibition in mature neurons. a, 
Combined somatic current injection (green) and extracellular GCL stimulation (50 
µA, 200 µs, blue) in a mature GC in the presence of NBQX, AP5 and CGP. Mock 
PSP (22.0±0.5 mV, n=13) was shifted relative to GABA conductance. b, Summary 
plot of PSP peak potentials at different delays relative to first stimulus. Reduction 
of PSP peak potential is restricted to GABAergic conductance (n=13). c, Combined 
somatic current injection and extracellular GCL stimulation in a young GC in the 
presence of NBQX, AP5 and CGP. Mock PSP (23.3±0.4 mV, n=13) was shifted 
relative to GABA conductance. APs were cut for better illustration of failure PSPs. 
d, Summary plot of failure PSP peak potentials at different delays relative to first 
stimulus fitted with (n=13).  
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4.5 Dynamic regulation of GABAergic AP facilitation  
To further understand the impact of the GABAergic synaptic strength on facilitation and 

inhibition of AP firing, a postsynaptic mock EPSP was combined with GCL stimulation 

of different intensities in the presence of NBQX and AP5 (Figure 14). For mock EPSPs, 

somatic current injections (10 ms, 56.0±4.3 pA, range 35-80 pA) were adjusted to 

evoke a ~20-mV-depolarization (23.3±0.6 mV, n=10) when applied at a membrane 

potential of -80 mV. As shown in Figure 14a, increasing GABAergic synaptic activity 

can facilitate the generation of APs at intermediate stimulation intensities. To quantify 

this phenomenon, GABA PSCs were subsequently recorded in voltage clamp with the 

same stimulation intensities in the very same cells and the conductances were 

measured at the time of somatic current injection (Figure 14a, lower traces). The 

analysis revealed that the probability of AP firing is enhanced by GABAergic 

depolarization already with small conductances below 1 nS reaching a peak probability 

of 96±2% at 1.5±0.1 nS (n=10). Furthermore, the data could be fitted with a sigmoidal 

rise and decay (see methods, equation 2) showing that a high firing probability (> 50%) 

is restricted to a conductance window between 0.40±0.08 and 3.56±0.27 nS. With 

larger GABAergic activity, however, AP firing is effectively inhibited.  
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Figure 14 GABA-induced excitation and inhibition of AP firing. a, Mock EPSPs 
were generated by a somatic current injection (10 ms, green) and paired with 
GPSPs evoked by stimulation pulses of increasing intensity (200 µs, 8 times at 
50 Hz) in the presence of NBQX and AP5 (upper traces). Lower traces show 
GABAergic synaptic currents (GPSC) 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. 
c, Firing probability is plotted against the GPSC conductance, showing that f iring 
could only be evoked within in certain conductance range (0.40-3.56 nS, n=10). 
Continuous line represents a fitted curve consisting of the product of a sigmoidal 
rise and decay. 

  



50 
Results 

What is the reason for the inhibition of AP firing? As a first step to understand the 

underlying mechanisms, mock EPSPs were compared before and during the evoked 

GPSPs when the mock EPSP failed to induce AP firing (Figure 15a). The amplitude of 

the mock EPSP was strongly reduced during large GPSPs that inhibited AP firing 

(23.3±0.6 mV versus 7.3±0.9 mV, n=10; P=0.0020, Wilcoxon signed rank test; Figure 

15b). Similarly, the decay time course of the mock EPSP (τ = 120.7±19.4 ms) and the 

duration measured at half-maximal amplitude (half width = 96.1±16.9 ms) were 

strongly decreased to 3.4±0.8% and 12.2±2.1% of control, respectively (both, n=10; 

P=0.0020, Wilcoxon signed rank test; Figure 15b). The reduction in mock EPSP 

amplitude and the faster decay indicates that the conductance activated by GABAergic 

synapses generates a membrane leak conductance, which can effectively shunt 

further depolarization of the membrane.  

To test this hypothesis more quantitatively, the mock EPSP parameters for all 

subthreshold responses were analyzed over the full range of GABAergic synaptic 

conductances (Figure 15c-e). As the newly generated young neurons show a high 

electrical input resistance (Rin ≈ 4 GΩ) and a small membrane capacitance (Cm ≈ 

20 pF) indicating a small and compact cell morphology, a single compartment model 

was used to quantitatively predict the effect of a synaptic conductance onto the 

measured mock EPSP parameters (Figure 15c-e, see methods). Remarkably, this 

simple model (dashed lines) quantitatively predicted the decrease of the mock EPSP 

decay time constant with increasing GABAergic conductance (Figure 15c). 

Furthermore, the data were fitted with an analytical function describing the single 

compartment model with a scaled GABAergic synaptic conductance as a free 

parameter (equation 3, Figure 15c, solid line). The similarity of the fitted curve to the 

theoretical model prediction strongly supports the conclusion that the mock EPSP is 

reduced by the GABAergic synaptic conductance via shunting inhibition. Similarly, the 

model also predicted the decrease in mock EPSP amplitude (Figure 15d, equation 6) 

and the reduction of the half duration (Figure 15e, equation 12). On average, fitting the 

three different parameters revealed a scaling factor of 1.02±0.19, indicating that the 

experimentally measured GPSC conductance was similar to the predicted shunting 

conductance associated with the decreased membrane time constant and the 

decreased input resistance (Figure 15c-e, solid lines). This analysis shows that 

shunting inhibition is sufficient to fully explain the reduction in excitability with 

increasing GABAergic synaptic activity.  
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Figure 15 High GABAergic activity generates powerful shunting inhibition. a, 
Overlay of the mock EPSPs before and after strong GPSP stimulation. Scale, 10 
mV, 10 ms. b, Summary graphs of decay time constant, EPSP amplitude and half 
width comparing the mock EPSP before (control) and during (shunt) the evoked 
GPSPs at the smallest synaptic conductance where AP generation was completely 
inhibited (all: n=10, P=0.0020, Wilcoxon matched-pairs signed rank test, 
W=55.00). c-e, The relative decrease of shunted mock EPSP decay time constant 
(c) and amplitude (d) and the half duration (e) are plotted against GPSC 
conductance (n=10). Dotted lines represent theoretically predicted curves 
assuming a homogenous spatial distribution of synaptic shunt conductances. 
Continuous lines represent curves fitted to the data with a scaled shunt 
conductance as a free parameter (see methods). 
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Although the experiments outlined above indicate that GABA-receptor mediated 

shunting inhibition is sufficient to explain the restriction of AP firing, other additional 

inhibitory mechanisms could contribute to this phenomenon. However, if this simplified 

model is correct, it should be possible to compensate a partial reduction of GABA 

conductance by increased synaptic transmission. To address this question, a low 

concentration of the GABAA-receptor antagonist gabazine (0.2 µM) was applied, which 

blocked GPSCs to 50.1±3.3% of control (n=8, Figure 16). Blocking half of the GABAA 

receptors efficiently shifted GABAergic excitation towards larger stimulation intensities 

and strongly reduced shunting inhibition (Figure 16b). The cumulative probability for 

AP firing at 50% is shifted by a factor of ~2 (from 0.31 to 0.63 of maximal stimulation 

intensity, n=8, Figure 16d) indicating that recruitment of 2-times more synapses by 

larger stimulation intensity is sufficient to compensate for the 50% decrease in GABAA 

receptor conductance per synapse. This linear compensation mechanism argues 

against a differential recruitment of further voltage-dependent conductances or 

different populations of excitatory and inhibitory interneurons by different stimulation 

intensities. By contrast, these results suggest that shunting of mock EPSPs by GABAA-

receptors effectively inhibits AP generation at high stimulation intensities. Larger 

concentrations of gabazine (10 µM) fully blocked GPSPs and AP firing (Figure 16c, d), 

showing that both, GABAergic excitation and inhibition is dependent on the activation 

of GABAA receptors. 
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Figure 16 Dynamic shift from GABAergic excitation to shunting inhibition. a, 
A sequence of traces showing mock EPSPs followed by pairing with increasing 
GABAergic synaptic conductances in the presence of NBQX and AP5. Inset, 
corresponding GPSC. b, Additional application of low concentrations of gabazine 
(0.2 µM) shifted AP firing towards stronger stimulation intensities, indicating that 
shunting is mediated by GABAA-receptors. Inset, GPSC conductance is reduced 
to ~50%. c, Application of 10 µM gabazine fully blocked GPSPs showing that both, 
GABAergic excitation and inhibit ion is dependent on the activation of GABAA-
receptors. Inset, GPSC is fully blocked by gabazine. d, Summary plot showing the 
cumulative AP probability with increasing stimulation intensity in control and after 
application of 0.2 and 10 µM gabazine (n=8). 

 



 
 

5 Discussion 

This study demonstrates for the first time that synaptic GABAergic transmission onto 

newly generated DCX+ granule cells of the adult hippocampus can induce action 

potential firing. Within 2 to 3 weeks after mitosis, EGABA is constantly depolarized to 

about -35 mV, but drops rapidly close to resting potential parallel to the loss of 

doublecortin expression. GABAergic synaptic transmission to DCX+ young granule 

cells enables action potential generation over a long time window of ~200 ms and 

furthermore bidirectionally controls AP firing dependent on the strength of GABAA-

receptor conductance. Action potential firing is maximal at low synaptic activity 

(~0.5-3.5 nS) and blocked via shunting inhibition at large synaptic strength. Therefore, 

GABAergic interneurons can facilitate or inhibit AP firing in newly generated young 

granule cells dependent on their specific activity pattern. This might contribute to 

dynamic regulation of granule cell maturation and survival.  

 

5.1 GABAergic switch from depolarization to hyperpolarization 
One open question that has not been elucidated so far is the timing when GABAergic 

synaptic inputs switch from depolarization to hyperpolarization in adult-born neurons 

(Pallotto and Deprez 2014). Consistent with previous reports, the present study shows 

a reversal potential of GABA receptors more positive than the resting potential in newly 

generated granule cells of the adult hippocampus (EGABA ≈ -35 mV, Ge et al. 2006, 

Karten et al. 2006, Chancey et al. 2013). In addition, the results reveal that elevated 

EGABA levels strongly correlate with the input resistances of granule cells. The sudden 

drop of EGABA indicates that the intracellular chloride concentration is not continuously 

down regulated but heavily dependent on the maturational state of the single cell. This 

is in contrast to the hypothesis of a continuous maturation (Ge et al. 2006), as it was 

recently reported also for spine generation and input integration properties of immature 

granule cells (Piatti et al. 2011, Brunner et al. 2014).  

Furthermore, EGABA levels correlate with the expression of DCX, a microtubule 

associated protein important for cell migration as well as axonal and dendritic 

outgrowth. The signaling pathways regulating morphological development, 
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proliferation and survival were shown to be mediated by the cAMP response element-

binding protein CREB (Jagasia et al. 2009, Magill et al. 2011). CREB phosphorylation 

and hence activation depends on GABA-mediated depolarization, as loss-of-function 

experiments for CREB as well as NKCC1 result in impairment of morphological 

maturation and cell survival (Jagasia et al. 2009). Interestingly, CREB phosphorylation 

is restricted to the developmental period of high DCX expression and is downregulated 

as newly generated granule cells loose DCX and initiate the expression of the mature 

granule cell marker calbindin (Jagasia et al. 2009), consistent with the hypothesis that 

depolarizing GABA is restricted to the endurance of DCX expression. This indicates 

that EGABA remains high as long as newborn neurons underlie high levels of structural 

and functional modifications and quickly decreases afterwards.  

 

5.2 AP firing in newly generated granule cells of early postnatal development 
and adulthood 

During embryonic and early postnatal development, when excitatory glutamatergic 

circuits are not yet functional, GABA can act as an excitatory transmitter due to a 

depolarized GABAA-reversal potential (Owens et al. 1996, Ben-Ari et al. 1997, 

Leinekugel et al. 1997, Gao and van den Pol 2001, Valeeva 2010). Activation of GABAA 

receptors can therefore lead to giant depolarizing potentials (GDPs) and the initiation 

of action potential underlying early network oscillations, which are coordinated by local 

GABAergic interneurons (Ben-Ari et al. 1989, 2007, Garaschuk et al. 1998, 2000, 

Wang et al. 2001, Ben-Ari 2002, Tyzio et al. 2007). Thereby, GABA supports activity-

dependent growth of dendrites and synapses, important for proper brain development 

(Wang and Kriegstein 2011). Although neonatal brains are known to be highly 

susceptible to epileptic seizures, the neurons are relatively resistant to damages 

induced by seizures or anoxic episodes compared to the mature brain (Nardou et al. 

2013). Factors that form a protective environment include a lower density of active 

synapses, high concentrations of BDNF and reduced levels of cytokines associated 

with seizures (Tandon et al. 1999, Rizzi et al. 2003).  

During adult neurogenesis, cell maturation is recapitulating the ontogenic 

development with a depolarizing GABA due to high expression of NKCC1 within the 

first weeks post-mitosis (Ben-Ari 2002, Owens and Kriegstein 2002, Payne et al. 2003). 

In contrast to post-natally born neurons, GC generated in the adult brain are born into 
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a mature environment with a high density of GABAergic and glutamatergic synapses, 

which release transmitters not only in the synaptic cleft but also produce a substantial 

amount of spillover. Furthermore, cholinergic, dopaminergic, serotonergic, 

vasopressin and oxytocin projections from other brain regions innervate the dentate 

gyrus and may influence hippocampal neurogenesis (Veena et al. 2011, Strange et al. 

2014). The young granule cells however show enhanced electrical excitability but a 

lower Ca2+-buffer capacity than mature granule cells and large AP-evoked dendritic 

Ca2+-transients (Stocca et al. 2008). As both, glutamate and GABA are depolarizing in 

the young neurons, a mechanism to protect the young cells from over excitation and 

Ca2+-dependent apoptosis during strong network activity is mandatory. Therefore, 

GABAergic excitation has to be regulated much more precisely as GABA has to serve 

as both, a trophic factor and an inhibitory transmitter to avoid excitotoxicity of the young 

neurons. Thus, under which circumstances are APs elicited in newly generated young 

granule cells of the adult hippocampus? 

In general, adult-born granule cells are able to fire sodium-dependent action 

potentials in response to somatic current injection very early after birth. Esposito et al. 

(2005) reported sodium-mediated action potential generation already within the first 

week post-mitosis. Own observations show both, calcium- and sodium-spikes in DCX-

expressing granule cells with high Rin (>50 GΩ) and thus most likely very young 

neurons (data not shown). Whether APs can be induced by synaptic inputs was 

elucidated by the present study.  

The results demonstrate that brief bursts of small GPSPs effectively induce AP firing 

by boosting small glutamatergic EPSPs or even spatially distributed GPSPs (Figure 

10a(ii) and b(ii)). The latter might be of particular importance in the early cell 

development, when the young neurons receive only GABAergic synaptic inputs. The 

fact that the AP threshold equals EGABA may represent the basis for an efficient control 

of AP generation. Low GABAergic transmission powerfully depolarizes the young 

neurons to be ready to respond to small EPSPs, whereas large GABAA-conductances 

effectively shunt subsequent AP-firing. Interestingly, even short GPSPs provide a long 

lasting depolarization due to the slow membrane time constant and promote action 

potential generation over a broad time window of ~200 ms (Figure 12). That interval 

corresponds to theta cycle activity of 4-8 Hz prominent in the hippocampal field 

potential during spatial exploration (Soltesz et al. 1993, Ylinen et al. 1995). This implies 
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that single small EPSPs from the entorhinal cortex, which predominantly occur during 

hippocampal theta firing (Pernía-Andrade and Jonas 2014), can therefore very 

efficiently excite young granule cells. The large GABAergic depolarizations that boost 

EPSPs are regulated by EGABA, which is ~-35 mV in young neurons due to an elevated 

internal chloride concentration. With progressive maturation and concomitant hyper-

polarization of EGABA, larger glutamatergic EPSPs will be necessary to induce AP firing 

in a granule cell. After full maturation, GABAergic synaptic inputs provide a profound 

shunting inhibition. 

A previous study that used computational modeling claimed that AP firing is 

facilitated by GABAergic synaptic inputs also in mature hippocampal granule cells 

(Chiang et al. 2012). Though EGABA is close to resting membrane potential, it is slightly 

more depolarized and may boost subthreshold EPSPs dependent on the location of 

the GABA synapses and the relative timing of EPSP and GPSP. They showed, that 

dendritic GPSPs provide a small somatic depolarization, which, when applied 

preceding to near-threshold EPSPs, induces AP firing. However, neither somatic nor 

coincidently activated dendritic GPSPs were able to elicit APs in mature granule cells. 

Our experimental results confirm the modeling of Chiang et al. (2012). Similar results 

were also demonstrated for mature cortical pyramidal cells where coincident EPSPs 

and somatic GPSPs never resulted in AP firing (Gulledge and Stuart 2003). In stark 

contrast to these findings, our results show that in newly generated young granule cells 

GABAergic inputs can effectively boost AP firing when EPSPs were initiated 

coincidentally with active GABA conductances.  

Together, these results demonstrate that during low network activity with small 

GABAergic PSPs elicited in young GCs, converging inputs are efficiently integrated 

over time. However, a dense network of GABAergic interneurons provides intense 

lateral inhibition along the granule cell layer. Strong GABAergic transmission as it 

might occur during high network activity induces shunting inhibition in the young GCs 

and thereby effectively blocks AP generation at conductances above ~3.5 nS. This 

bidirectional GABAergic control of AP firing therefore enables the integration of newly 

generated neurons but at the same time provides a reliable protection from activity 

induced excitotoxicity.  



58 
Discussion 

5.3 Dynamic shift from GABAergic excitation to shunting inhibition 
There is a large number of different types of interneurons in the hippocampus (Freund 

and Buzsaki 1996) and it was suggested that the young neurons gradually form 

GABAergic synaptic connections during post-mitotic maturation similar to the 

preexisting neurons during embryonic and postnatal development (Esposito et al. 

2005). GABAergic input to adult-born young granule cells is provided by a variety of 

hippocampal interneurons located in the subgranular zone (parvalbumin (PV)-

expressing basket cells and hilar commissural-associational pathway-related (HICAP) 

cells), hilus (hilar perforant path-associated (HIPP) and somatostatin (SST)-expressing 

interneurons), and molecular layer (neuropeptide Y (NPY)-expressing Ivy/ neuroglia-

form neurons, molecular layer perforant path-associated (MOPP) and axo-axonic 

cells), shown by several recent studies using monosynaptic rabies virus-based tracing 

techniques (Deshpande et al. 2013, Vivar et al. 2013, Bergami et al. 2015). Especially 

PV+ basket cells seem to innervate newborn granule cells in an early developmental 

phase within the first week after mitosis (Deshpande et al. 2013, Song et al. 2013). 

But how many of these interneurons are necessary to enable GABAergic excitation 

in young granule cells? Using paired patch-clamp recordings, it was shown that one of 

the first GABAergic synaptic inputs onto newborn cells formed by NPY-positive 

neurogliaform cells generate relatively small unitary synaptic conductances of 0.21 nS 

(Markwardt et al. 2011). Similarly, the here presented data show a small minimal 

conductance of 0.28±0.06 nS (n=10). Taking into account an average burst facilitation 

of ~160%, a unitary burst conductance of 0.28-0.45 nS would indicate that burst firing 

of only ~2 interneurons is sufficient to depolarize the young neurons close to EGABA 

enabling a firing probability of more than 50% with coincident small subthreshold 

glutamatergic synaptic inputs (Figure 14c). Thus, the presented results indicate that 

GABAergic synapses enable AP firing initiated by small glutamatergic EPSPs during 

low and moderate hippocampal network activity. Furthermore, GABAergic inter-

neurons can powerfully inhibit AP firing during strong network activity by shunting 

inhibition, although the reversal potential is strongly depolarized. The results indicate 

that there is a large number of interneurons connected to the young cells as the 

synaptic conductance could be strongly increased with higher stimulation intensity (up 

to 15 nS). Thus, during stronger network activity, when more than 25% of the 

interneurons are active (~4 nS), AP firing in young neurons can be effectively inhibited 

to protect newly generated young granule cells from over excitation.  
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The large number of presynaptic GABAergic interneurons might rise the hypothesis 

that the used stimulation intensities activated discrete subpopulations of interneurons 

that are responsible either for the excitatory or inhibitory impact on the young granule 

cells. However, the results show that GABAergic excitation shifts towards 2-times 

higher stimulation intensities when the number of open GABAA channels are reduced 

by 50%. This demonstrates that shunting inhibition can be directly converted into 

excitation by homogenously reducing GABA-conductances modulated by the very 

same presynaptic interneurons, indicating that there are no specific subpopulations of 

excitatory and inhibitory GABAergic interneurons.  

 

5.4 Functional significance of synaptically evoked AP firing 
Why should AP firing be important in young neurons? The integration into the dentate 

gyrus network is essential for the positive selection and maturation of newly generated 

granule cells. This can be implemented by de-novo formation of new synaptic 

connections, strengthening of existing synapses via the induction of long-term 

potentiation (LTP) or unsilencing of silent synapses.  

Theta-burst stimulations of perforant-path evoked EPSPs were shown to trigger the 

induction of long-term potentiation (LTP) when paired with postsynaptic APs, which is 

dependent on the activation of NMDA receptors (Schmidt-Hieber et al. 2004, Ge et al. 

2007b). By contrast, no LTP is induced without postsynaptic spiking (Schmidt-Hieber 

et al. 2004). This would be consistent with an important role for postsynaptic APs to 

relief voltage-dependent Mg2+ block of NMDA receptors.  

Furthermore, young granule cells show a relatively large number of ‘silent synapses’ 

expressing only NMDA-receptors but no AMPA receptors (Chancey et al. 2013). These 

synapses could be unsilenced by the use of a pairing protocol with strong postsynaptic 

depolarizations to 0 mV. The unsilencing was dependent on activation of NMDA 

receptors, again arguing that strong depolarization as occurring during AP firing might 

be important for the relief of the Mg2+ block and the induction of synaptic plasticity in 

newborn neurons.  

In addition to synaptic NMDA receptors, it is well known that extrasynaptic dendritic 

NMDA receptors are involved in the formation of new synapses during long-term 

potentiation (Engert and Bonhoeffer 1999, Maletic-Savatic et al. 1999). More recently, 

it was shown in cortical pyramidal cells from young rats that a small number of about 



60 
Discussion 

10 brief pulses of caged glutamate onto a dendritic shaft is sufficient to induce rapid 

growth of new spines. The induction was dependent on the activation of extrasynaptic 

NMDA receptors and Ca2+-dependent PKA activation (Kwon and Sabatini 2011). The 

development of extrasynaptic ionotropic NMDA and AMPA receptors in young 

hippocampal granule cells was described in a recent study (Schmidt-Salzmann et al. 

2014). In contrast to an initial low density of AMPA receptors, which increases over cell 

maturation, NMDA receptor density was shown to be similarly high throughout 

development. Furthermore, it was suggested that newly generated granule cells form 

new synapses with entorhinal boutons previously synapsing onto spines of preexisting 

mature granule cells in a competitive manner (Toni et al. 2007). Together with our new 

data, this would suggest that GABAergic depolarization facilitates AP generation and 

thereby the activation of NMDA receptors by coincident spillover of glutamate to 

support new synapse formation in an activity dependent and associative manner.  

Moreover, maturation, differentiation and cell survival are dependent on Ca2+-

mediated signaling cascades and excitatory GABA is believed to control the tempo of 

activity-dependent growth and differentiation in young neurons in the adult brain (Gu 

and Spitzer 1995, Ge et al. 2007a, Lepski et al. 2013). For adult-born newly generated 

granule cells within the first 3 weeks post-mitosis it was shown that GABAergic 

depolarization activates Ca2+-dependent proteins to regulate growth and gene 

expression (Wong and Ghosh 2002, Konur and Ghosh 2005, Spitzer 2006, Jagasia et 

al. 2009). Calcium-dependent dendritic growth in young neurons was demonstrated to 

be regulated by CaMKIV (calcium/calmodulin-dependent protein kinase IV)-modulated 

CREB-phosphorylation and the AKT-mTOR pathway (Redmond et al. 2002, Kim et al. 

2012). T- and L-type calcium channels in the young neurons can mediate the voltage-

dependent increase of intracellular calcium (Owens et al. 1996, Schmit-Hieber et al. 

2004, Lee et al. 2012). Remarkably, the Ca2+ transients evoked by APs have a two-

fold larger amplitude than transients evoked by low-threshold Ca2+-spikes (Stocca et 

al. 2008). Consistently, pharmacological blockade and cell specific knock-down of 

NMDA receptors strongly interfere with survival and dendritic growth during the first to 

third week after birth (Tashiro et al. 2006, 2007, Tronel et al. 2010). Therefore, it is 

most likely that AP-dependent Ca2+-influx are of major importance not only for synapse 

formation, but also for survival of newborn granule cells during a critical developmental 

period.  
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5.5 Conclusion 
The presented data show for the first time synaptically evoked AP-firing in adult-born 

young hippocampal granule cells less than 3 weeks post-mitosis. Action potential 

generation is dependent on GABAA-mediated synaptic activity and can be modulated 

either by GABA alone or in synergy with glutamatergic inputs. For the young GCs, 

several key features were identified including depolarized EGABA, high input resistance 

and the activity of presynaptic interneurons, which altogether provide the basis for an 

activity dependent bidirectional GABAergic control of AP firing dependent on 

hippocampal network activity. These findings represent an important contribution to 

our understanding of mechanisms underlying first neuronal signaling in newly 

generated neurons of the adult hippocampus.  
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7 Nomenclature  

ACSF  artificial cerebrospinal fluid 

AMPA  α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

AP  action potential 

AP5  D-(-)-2-amino-5-phosphonopentanoic acid, an NMDA-receptor blocker 

BDNF  brain-derived neurotrophic factor 

BrdU  bromodeoxyuridine 

CA3  cornu ammonis area 3 

DCX  doublecortin 

DMSO dimethylsulfoxide  

DNA  deoxyribonucleic acid 

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 

EPSP  excitatory postsynaptic potential 

GABA  γ-aminobutyric acid  

GC  granule cell 

GCL   granule cell layer 

GFAP   glial fibrillary acidic protein 

GFP/ eGFP green fluorescent protein/ enhanced green fluorescent protein  

GPSC  GABAergic postsynaptic current 

GPSP  GABAergic postsynaptic potential 

KCC2  K+-Cl- extruder, a Cl- extruder 

LTP  long-term potentiation 
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Nomenclature 

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  

POMC proopiomelanocortin 

PSA-NCAM  polysialylated-neural cell adhesion molecule 

Rin  input resistance 

RS  series resistance 

RSeal  seal resistance 

SGZ  subgranular zone 

SVZ  subventricular zone 

τm   membrane time constant 

Vhold  holding membrane potential 

Vrest  resting membrane potential 

wpi  weeks post injection 
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