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1. INTRODUCTION 

 

The hippocampal formation plays a fundamental role in several cognitive processes such 

as episodic memory formation or spatial navigation. It is an anatomical and functional 

unit formed by the entorhinal cortex, subiculum, parasubiculum, presubiculum and the 

hippocampus. The hippocampus itself is a 3-layered, allocortical structure that is built up 

by the hippocampus proper (or Cornu Ammonis) and the dentate gyrus (DG). These three 

layers are either densely packed with the somata of the principal neurons that reside here 

or mainly consist of axonal and dendritic processes and passing fibers arriving from other 

brain regions [1–5]. 

 

1.1 General anatomy of the rodent hippocampus 

Similarly to other cortical regions, most of the neurons in the hippocampus are 

categorized as either principal cells (PCs) or interneurons (INs), two groups that are 

functionally and morphologically distinct. In terms of their abundance and connectivity 

patterns, PCs make up the majority of the local neurons and also give rise to projections 

that target different brain regions [5]. In contrast to PCs, INs arborize locally and are less 

abundant than PCs but they are extremely diverse, especially in the hippocampus [5,6]. 

PCs in the DG are called granule cells (GCs). In contrast, PCs in the hippocampus proper 

are the pyramidal cells (PYR). Both PC groups are glutamatergic, excitatory cells and 

their somata reside in a separate layer within the DG and the hippocampus proper (stratum 

(str.) granulosum and str. pyramidale, respectively) [7]. 

In the DG, the str. granulosum or granule cell layer contains the somata of the GCs [7]. 

The molecular layer (str. moleculare) contains the apical dendrites of the GCs. Finally, 

the hilus (or polymorphic layer) forms the 3rd layer which hosts the GC axons, somata of 

different types of INs and the mossy cells (MC).  

The hippocampus proper is further subdivided into the Cornu Ammonis (CA) 1, CA2 and 

CA3 subregions. The somata of the PYR are located in the str. pyramidale (pyramidal 

layer). The PYR proximal apical dendrites occupy the str. radiatum, while the distal 
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apical dendrites the str. lacunosum-moleculare. The basal dendrites reside in the str. 

oriens (Fig. 1) [7,8]. 

 

Figure 1. Pseudocolored Nissl-stained horizontal section of the rat hippocampal 

formation. The different colors indicate distinct units of the hippocampal formation. 

Dark brown: DG, Light brown: CA3 subregion of hippocampus proper, Orange: CA1 

subregion of the hippocampus proper, Yellow: Subiculum, Blue: Para- and 

presubiculum, Green: Later and medial entorhinal cortices. Abbreviations: DG – DG, 

CA – cornu ammonis, ml – str. moleculare, gl – str. granulosum, or – str. oriens, luc – 

str. lucidum, rad – str. radiatum, slm – str. lacunosum-moleculare, pyr – str. 

pyramidale, PrS – presubiculum, PaS – parasubiculum, MEA – medial entorhinal 

cortex, LEA – lateral entorhinal cortex. Note that the CA2 is not labeled here. Source: 

[8] , modified. 

 

1.2 The trisynaptic loop 
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The hippocampal formation forms extensive long-range connections with cortical regions 

and the DG is a main entry point of multimodal cortical information [9]. The dentate GCs 

are part of the trisynaptic loop; a significant route of information flow through the 

hippocampus [10]. A key importance of this route in hippocampal information processing 

arises from the fundamental role of the DG networks in pattern separation. In essence, 

pattern separation is a process during which the DG circuits map the overlapping, 

multimodal cortical representations to sparsely coded, orthogonal, non-overlapping 

representations [11–13]. 

To introduce how the DG is integrated into hippocampal information flow, next I will 

briefly overview the elements of the trisynaptic loop. 

As the first step of the trisynaptic loop, the DG receives multimodal cortical information 

via the perforant path from the entorhinal cortex (EC) (10). Layer II (LII) EC neurons 

give rise to the part of the perforant path that forms synapses on the spines of distal 

dendrites of the GCs in the DG [14]. This is the ‘1st synapse‘ of the trisynaptic loop. The 

connection from the EC to the DG is unidirectional and, similarly to other projections in 

the hippocampus, shows a topographical order: the axons from the lateral EC form 

synapses in the outer 1/3 of the molecular layer, while axons from the medial EC 

terminate in the middle third. In rodents approximately 50,000 EC neurons diverge to 

500,000 GCs [13,15,16]. This anatomical motif is fundamental to pattern separation. 

The ‘2nd synapse’ of the trisynaptic loop is established by the axons of DG GCs that form 

the mossy fibers and terminate on CA3 PYRs in the str. lucidum (named after the optical 

characteristics lent to this stratum by the mossy fibers). These axons enter the hilus and, 

while forming synapses on hilar neurons, project to the CA3 and form synapses on both 

PYRs and INs [17–20]. In contrast to the divergence seen in case of the perforant path, 

here, at the DG to CA3 projection, the axons of GCs terminate only on a few (10-15) CA3 

PYR, keeping the conveyed information still separately. CA3 PYR, however, are 

interconnected with each other via their recurrent collaterals, allowing the CA3 circuits 

to perform pattern completion [21].  

The last element of the trisynaptic loop is formed by the axons of CA3 PYR that form the 

Schaffer collaterals and innervate the proximal apical dendrites of CA1 PYRs in the str. 
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radiatum and their basal dendrites in the str. oriens. Finally, the CA1 PYRs project out 

from the hippocampus and send their axons to their subicular postsynaptic partners.  

 

1.3 Examples of the complexity of hippocampal connectivity 

It is beyond the scope of this dissertation, but here I would like to note that the 

hippocampal connections are far more complex and elaborate than the trisynaptic circuit. 

For example, the EC projects to the hippocampus through a number of other pathways as 

well. One such projection is the temporo-ammonic pathway (TA) (or the indirect route) 

that is mainly, but not exclusively, formed by the EC Layer III (LIII) PC axons that 

innervate the CA1. In contrast to the Schaffer collaterals, the TA pathway forms its 

synapses on the CA1 PYR distal dendrites in the str. lacunosum-moleculare. The MEC 

projects to the proximal CA1 PCs (i.e., closer to the CA3), while the LEC provides inputs 

on the dendrites of distal CA1 PCs (i.e., closer to the subiculum).  This pathway has been 

suggested to play an important role for example, in spatial navigation [22,23], memory 

consolidation [24] or in modulating the plasticity of Schaffer collateral synapses [22,25–

27]. Finally, PCs in the LEC and MEC are innervated by PYRs that they target in the 

CA1, thus, these two pathways form independent loops that could process information 

from the LEC and MEC separately [22].  

Apart from the cortical projections, the hippocampus also forms a wealth of intrinsic, 

commissural and subcortical connections as well. For example, the commissural-

associational fibers in the DG are made up mostly by MC axons and to a lesser extent by 

the axons of GABAergic neurons. The MC axonal collaterals form synapses in the 

contralateral DG on the proximal dendrites of GCs and INs [28]. Moreover, the 

hippocampus is also heavily interconnected with subcortical structures such as the medial 

septum. This projection has been shown to be heavily involved in generating hippocampal 

theta rhythmic activity, a fundamental scaffold of hippocampal communications [29,30]. 

 

1.4 Interneurons of the hippocampus 

GABAergic INs show great anatomical and physiological heterogeneity and play a 

fundamental role in the precise spatiotemporal regulation of the neuronal activity [31]. 
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Functionally relevant IN populations have been defined using a combination of 

morphological, physiological, developmental properties and neurochemical markers 

[6,32,33]. Using these criteria, 29 different types of INs have been identified in the 

hippocampus proper alone [32], some of which are also present in the neocortex (Fig. 2). 

 

 

Figure 2. Schematic representation of the different IN types in the hippocampus 

proper. A summary of the IN types in the hippocampus proper, defined by their 

neurochemical markers and morphological patterns. Thick lines represent the dendrites 

and axons. Small circles represent the major areas where the terminals are formed. 

Colors represent neurochemically defined groups. Abbreviations: PV – parvalbumin, BC 

– basket cell, AAC – axo-axonic cell, SOM – somatostatin, BiStr – bistratified cell, CCK 

– cholecystokinin, vGluT3 – vesicular glutamate transporter type 3, VIP – vasoactive 

intestinal polypeptide, SCA – Schaffer collateral-associated interneuron, SO-SO – 

stratum oriens – stratum oriens interneuron, PPA – perforant path-associated 

interneuron, LA – lacunosum-associated interneuron, O-LM – oriens – lacunosum-

moleculare cell, NGFC – neurogliaform cell, nNOS – neuronal nitric oxide synthase, CR 

– calretinin, IS-IN – interneuron-specific interneuron, NPY – neuropeptide Y, RADI – 

radiatum-associated interneuron, CRH – corticotropin-releasing hormone, CB – 

calbindin, ret. spl. – retrosplenial cortex, sept. - septum. Source: [32] 
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Based on which subcellular domain they innervate; two large populations of the INs are 

the perisomatic region-targeting INs and the dendrite-targeting INs. The perisomatic 

region-targeting INs target the perisomatic region of the PCs (proximal dendrites, somata, 

axon initial segments), while the dendrite-targeting INs form their synapses on the distal 

dendrites of the PCs [6,34]. The former INs can control the output (i.e., the spiking) of 

their targets, whereas the latter can regulate the impacts of incoming information. 

For the perisomatic region-targeting IN population for example parvalbumin (PV) has 

proven to be a relevant neurochemical marker [6,35], meanwhile, for the dendrite-

targeting INs somatostatin (SOM) is widely used [32,36] for labeling. Other markers also 

identify distinct groups of INs: for example mGluR1a receptor subunit is also expressed 

by a large population of hippocampal INs [36].  

The mGluR1a-expressing cells are typical feedback inhibitory cells, since most of their 

excitatory input originates from those PCs that they innervate [37]. On the other hand, 

feed-forward inhibition [38,39]  in the hippocampal formation is predominantly 

accomplished by PV-immunoreactive INs (PV-IRs), whose spiking is very effectively 

driven by excitatory afferents in a feed-forward manner [40]. Thus, distinct inhibitory cell 

types are specialized to control the different computational domains of PCs in the 

hippocampal formation [33] . 

A detailed summary of the hippocampal INs is far beyond the constraints of this 

dissertation. Therefore, in the next sections, I aim to overview examples of IN types that 

I deemed most important for interpreting the presented results. 
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Figure 3. Schematic representation of the different IN types in the DG. A summary 

of the DG IN types, defined by their neurochemical markers and morphological patterns. 

Thick lines represent the dendrites and axons. Small circles represent the major areas 

where their terminals are formed. Colors represent neurochemically defined groups. 

Abbreviations: HICAP – hilar comissural-associational pathway related cell, TML – 

total molecular layer cell, HIPP - hilar perforant path-associated cell, HIL – hilar cell, 

NGFC – neurogliaform cell, MOPP – molecular layer perforant path-associated cell, 

OML – outer molecular layer cell, oML – outer molecular layer, mML – medial molecular 

layer, iML – inner molecular layer, GCL – granule cell layer.  Source: [41] , modified. 

 

1.4.1 Dendrite-targeting interneurons in the hippocampus proper 

The dendrite-targeting INs show great morphological variety, and their axon terminals 

often occupy dendritic segments targeted by distinct excitatory pathways (Fig. 2). For 

example, two representatives of the dendrite-targeting INs in the hippocampus proper are 

the Oriens – Lacunosum-Moleculare (O-LM) cells and the bistratified cells.  
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The O-LM cells innervate the distal apical dendrites of the PYRs in the str. lacunosum-

moleculare, where the CA1 PYR dendrites receive TA inputs from the EC [6,42–44].  

Meanwhile, the bistratified cells innervate more proximal segments of the CA1 PYR 

dendrites in the strata oriens and radiatum where the Schaffer collaterals of CA3 PYRs 

terminate as well. 

This projection pattern indicates that these two populations of INs are inhibiting CA1 

PYR dendritic segments that receive excitation from the EC and CA3, respectively. Thus, 

these INs are in position to inhibit dendritic segments receiving specific inputs. 

In the CA1, the dendrites of O-LM INs can be found in the str. oriens, where they receive 

inputs from the CA1 PYR [6,34,45]. In contrast, bistratified cells have dendrites in the 

strata oriens and radiatum, thus, they can be innervated by both CA3 and CA1 PYRs.  

 

1.4.2 Dendrite-targeting interneurons in the dentate gyrus 

In the DG, examples of the dendrite-targeting INs are the hilar perforant path-associated 

(HIPP), hilar (HIL), hilar commissural-associational pathway related (HICAP) and the 

molecular layer perforant path-associated (MOPP) cells (Fig. 3). With the exception of 

MOPP cells, the somata and dendrites of these GABAergic cells are located in the hilus 

[6]. 

The HIPP cells innervate the apical dendrites of the GCs. Similarly to the O-LM cells 

regarding the CA1 PYRs, these INs are in a perfect position to control the perforant path 

inputs to the DG GCs. Although their main targets are GCs, results show that these 

neurons also give synapses to other INs (though to a lesser number). They receive their 

primary excitatory input from the GCs. 

The HIL cells provide fast GABAergic inhibition to PV+ and SOM+ INs alike in the 

hilus. Apart from the GCs the HIL cells receive excitatory inputs from other sources as 

well, most probably from MCs. For the sake of simplicity here I mentioned the HIL cells 

among the INs, however, importantly, recent studies show their long-range connections 

with the medial septum. This allows them to coordinate the DG activity with the septum-

generated theta oscillations [46]. 
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The HICAP cells send their axons to the inner molecular layer where the commissural 

and associational projections are terminating on the dentate GCs. HICAP cells receive 

most of their inputs from the GCs [47] . 

The MOPP cells are exceptions in that their somata located in the molecular layer. Their 

axons innervate GC dendrites in the outer molecular layer. Their dendritic tree also 

arborize in the molecular layer and receive inputs from the perforant path [6,48,49] . 

 

1.4.3 Perisomatic region-targeting interneurons in the hippocampus proper 

Perisomatic inhibition is provided by axo-axonic cells (AACs) and basket cells (BCs) in 

the hippocampus (Fig. 2). The AACs exclusively innervate the axon initial segments 

(AIS) of the PCs, while the BCs form synapses on their proximal dendrites and somata. 

These INs exert strong control over the spiking activity of their postsynaptic partners 

[34,38,39,50,51]. 

In the hippocampus proper the cell bodies of the perisomatic region-targeting INs are 

located in str. pyramidale or in str. radiatum. They send smooth, radially oriented apical 

dendrites through the str. radiatum, while their basal dendrites arborize in the str. oriens. 

The axon clouds of the AACs elaborate in the strata pyramidale and oriens where they 

innervate the AIS of the PYRs forming characteristic cartridge-like profiles. The BC 

axons localize in the strata pyramidale and oriens and form synapses on the somata and 

proximal dendrites of the PYRs.  

Hippocampal AACs receive a wide range of inputs for example from the EC, medial 

septum and the local collaterals of  the PYRs [6,52,53]. BCs are also innervated by 

multiple sources: the mossy fibers in the CA3, the Schaffer collaterals, the commissural 

pathway, the EC, and local axon collaterals of the PYRs [6] .  

 

1.4.4 Perisomatic region-targeting interneurons in the dentate gyrus 

In the DG, the somata of the perisomatic region-targeting INs are located in or near the 

border of the str. granulosum.  



   
 

15 
 

Both the AACs and BCs give rise to smooth dendrites that arborize mainly in the str. 

moleculare and to a lesser extent give branches to the hilus. An exception is a group of 

basket cells that only have dendrites in the hilus. The dense axon arborizations of both 

AACs and BCs are mostly localized in the str. granulosum, where the AACs innervate 

the AISs, while the BCs target the somata and proximal dendrites of the GCs. 

In the DG, BCs receive inputs from the commissural-associational fibers, the ipsilateral 

CA3 and from the perforant path. The AACs also receive inputs from the perforant path 

and commissural fibers [6,54].  

There are still open questions about the inputs of these neurons in the DG. A circuit motif 

that is present in other cortical areas [55–59] is the presence of perisomatic excitatory 

synapses on PV-IRs. In the DG, excitatory synapses have been described on the 

perisomatic region of these INs, however their source has remained unknown [59] . 

1.5 Excitatory neurons of the dentate gyrus 

Similarly to the GABAergic INs, excitatory cell populations are distinguished based on 

morphological, physiological, developmental, and functional characteristics. The DG has 

three populations of excitatory neurons: the MCs, the GCs, and the semilunar granule 

cells (SGCs).  

1.5.1 Mossy cells 

MCs are the only excitatory cells in the hilus. Their thick, brushy dendrites arborize in 

the hilus where they receive inputs from GCs, SGCs, other MCs, hilar INs and 

backprojecting CA3 PYRs [60–63]. MCs also receive long-range inputs from the medial 

septum and the septofimbrial nucleus. Their axons project both to the ipsilateral and to 

the contralateral hippocampus. Another characteristic of the MC axons is their long 

projections along the septotemporal axis of the DG [60]. 

Some results suggest that the MCs are excitatory feedback neurons: they project back to 

the GCs that also give rise to their main excitatory inputs [64,65]. Important to note, that 

in vivo studies could not verify the presence of functional monosynaptic connection from 

MCs to GCs [66]. Due to their large somata, thick dendrites and long axons, in 

extracellular electrophysiological recordings the activity of a single MC can be picked up 

from as far as 300 microns. Previously, this made their identification in these recordings 
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difficult since in the past it relied mostly on the localization of the recording electrodes. 

Recent results, however, show a combination of features that allow reliable identification 

of MCs in in vivo extracellular recordings [66].  

Despite these advancements, the role of MCs in neural computations and different 

behaviors is still an open question. One theory is the GC associational hypothesis [67,68] . 

This posits that MCs sample and distribute information in large networks of GCs. Thus, 

a main role of MCs could be to connect GC assemblies and serve as local circuit 

integrators during associative memory formation. 

MCs also serve as a first step in processing the backpropagating activity of the CA3 PCs. 

As they project to long distances along the septotemporal axis of the DG and innervate 

many GCs and INs, they are able to efficiently connect the CA3 PCs networks to the DG. 

In line with this, in vitro recordings show that during sharp-wave ripples they reliably 

receive excitatory and inhibitory postsynaptic currents (EPSCs and IPSCs, respectively). 

Additionally, around 50% of the MCs increase their firing activity following the sharp-

wave ripples with a ~6.4 ms delay. Upon the increase in firing of the MCs, GCs also 

increase their activity and SWR-related EPSCs in GCs lagged with a ~4.2 ms behind 

those detected in MCs, suggesting that sharp-wave ripple activity backpropagates to the 

GCs from the CA3 through the MCs in a disynaptic manner [69]  

It has also been shown that MCs play a role in spatial information processing. While only 

a very low proportion of recorded GCs tend to show position specific activation (place 

field) in a given environment, MCs frequently have multiple place fields [66,70] . Results 

also show that MCs play a role not only in spatial coding but also in spatial memory 

formation [71]. These results are in line with the impairment of spatial navigation in 

temporal lobe epilepsy patients in whom MC (and other neurons, such as CA1 PYR) loss 

occurs [71,72]. 

1.5.2 Granule cells 

The GCs are the PCs of the DG. Their small (10 µm in diameter) somata are densely 

packed in the str. granulosum [7,73]. These cells are monopolar in rodents with their 

characteristic, cone-shaped apical dendrites bifurcating close to the soma and spanning 

the molecular layer.  



   
 

17 
 

The GC axons form the mossy fibers that enter the hilus and project to the CA3. In the 

hilus, the mossy fibers form synapses on the proximal dendrites of MCs at so-called 

thorny excrescences, whereas INs are innervated via simple, small varicosities. A marker 

utilized in neuroanatomical studies for identifying GC terminals is their high levels of 

Zn2+, for example, detected by the Timm-staining [59]. 

In the CA3, similarly to the hilus, the mossy fibers form small boutons on the INs and 

large mossy terminals with multiple active zones on the proximal dendrites of the CA3 

PYRs [17,74]. Another example of the mechanisms through pattern separation is 

achieved is the markedly different operation of these two types of terminals. The mossy 

terminals have a low initial release probability and show strong facilitation. In contrast, 

the small boutons the GCs form on INs have a high initial release probability but show 

no facilitation [75].  

As GCs have a hyperpolarized membrane potential, normally they sparingly (~1 Hz) fire 

single action potentials (APs). However, upon receiving excitation they tend to fire 3-7 

AP in a short burst (10 Hz). A single AP is not enough to activate the CA3 PYRs due to 

the low initial release probability of the mossy terminals, but enough to activate the INs.  

Thus, GCs activate feed-forward inhibition in the CA3 network during their single AP 

firing mode. Meanwhile, those GCs that receive substantial excitation are activated and 

start firing bursts of APs. Through the facilitation of the mossy terminals these bursts 

reliably activate the postsynaptic PYRs. This elegant mechanism lets the GCs to activate 

the CA3 PYRs in a strictly controlled and shaped manner, thus allowing the DG networks 

to transmit the orthogonal activity patterns it isolated from the multimodal cortical inputs 

during pattern separation [76]. 

1.5.3 Semilunar granule cells 

The SGCs have been suggested to form a subtype of GCs. The cell bodies of the SGCs 

are mainly located in the GCL. In contrast to the GCs however, SGC somata always sit 

close to the str. granulosum – str. moleculare border or sometimes even in the str. 

moleculare and show a preference for the suprapyramidal blade [77]. Contrary to GCs, 

SGCs are multipolar, their dendritic tree is more widely expanding and their axons extend 

collaterals within the str. granulosum. Similarly to the GCs, SGC terminals also contain 

high levels of zinc [59].  
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In terms of physiology, similarly to the GCs, they have relatively negative resting 

membrane potential and fire overshooting APs. However, the SGCs have several 

physiological features that set them apart from GCs. They show a depolarization ramp 

before each AP and a long afterhyperpolarization. Moreover, upon receiving a longer (2 

s) depolarizing current step the GCs fire APs only during the first 50-100 ms, while the 

SGCs fire throughout the current step. This allows SGCs to have a longer time window 

for synaptic integration compared to the GCs and suggests they fulfil a special function 

in the DG that markedly differs from the GCs [78].  

Results gained using in utero virus injections also pointed out that SGCs tend to born 

earlier, around the E12-E14 days during the embryonic development, while GCs tend to 

born later [79]. At the behavioral level SGCs proposed to be preferentially activated 

during encoding novel stimuli and environments [77].  

These results together indicate that SGCs differ from GCs in anatomical, physiological, 

developmental and functional features underlying that these neurons form a distinct 

subtype of the dentate GCs. 

However, little is known about how the SGCs integrate into the DG circuitry. Like the 

GCs they receive excitatory synapses from the hilar MCs and receive EPSPs with similar 

kinetics to the GCs from the perforant path. It has also been shown that SGCs axons 

innervate hilar MCs and INs, and project to the CA3 [80–82]. 

Previous results show that the perisomatic region of PV-IRs in the DG are heavily 

contacted by Zn2+-containing boutons [59]. The source of this input was not known and 

has been assumed to be the GCs, although, they do not send axonal collaterals to the str. 

granulosum, where many PV-IRs are present. Thus, SGCs may be a probable source for 

the perisomatic excitation of PV-IRs in the DG. Therefore, in our work presented in the 

first part of my dissertation, we aimed to test the hypothesis that SGCs provide the 

perisomatic excitation to the DG PV-IRs.  

 

1.6 Relevance of TRPC6 channels 

Ion channels are fundamental in neuronal computations. In animals, there are hundreds 

of ion channel genes [83]. The orchestrated cellular and subcellular expression patterns 
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of these diverse molecules are necessary for the functioning of neural circuits. Learning 

the precise cellular and subcellular distribution of these channels on the highly polarized 

neurons greatly facilitates our understanding of their possible functions.  

In the second part of my dissertation, I will present our work focusing on the cellular and 

subcellular distribution of TRPC6 channels in the hippocampus. These channels proposed 

to be involved in several hippocampal functions. Moreover, possibly these channels are 

also part of the endocannabinoid signaling pathway further highlighting their potential 

role in hippocampal computations. 

The TRPC6 channels are transient receptor potential (TRP) channels, which are a 

conserved group of cation channels. These are intrinsic membrane proteins, built up by 6 

transmembrane helices with the N- and C-terminals on the intracellular side [84,85]. The 

TRP superfamily is divided into 7 families (TRPC, TRPV, TRPM, TRPN, TRPA, TRPP 

and TRPML) based on sequence homology [86,87]. In mammals the “canonical” TRP 

channels form the TRPC subfamily, which shows the largest homology with the TRP 

channels in the Drosophila. There are 7 different TRPC channels (TRPC1-7). The TRPC6 

channels are non-selective cation channels with a relatively high permeability for Ca2+ 

ions (PCa2+/PNa+ – 5:1) [88]. TRPC6 channels are expressed both in neuronal and non-

neuronal tissue. In the brain TRPC6 channels are present only in a few regions, such as 

the hippocampus or the cerebellum and they are involved in several physiological and 

pathological phenomena for example in spatial navigation, synapse formation, or epilepsy 

[89,90].  

A specific activator of TRPC6 channels is hyperforin, the active constituent of the 

Hypericum perforatum (St. John’s wort) extract [91,92]. It has been shown that hyperforin 

has an antidepressant effect in mild and moderate depression. In line with this, in an 

elevated plus maze Trpc6 knockout (KO) mice tend to explore less in the open arm 

(however in the marble burying test show no signs of increased anxiety) [93]. 

TRPC6 is also involved in hippocampal-dependent spatial memory functions. TRPC6 

overexpression leads to improved spatial memory in Morris water maze test. Moreover, 

hyperforin also rescued spatial memory impairments in several behavioral tests such as 

the Morris water maze test, open field test, active – and passive avoidance tasks pointing 

to the role of TRPC6 receptors in these behaviors [90]. TRPC6 channels have been also 
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shown to be involved in forming and maintaining excitatory synapses on hippocampal 

spines [94,95].  

All the abovementioned phenomena are linked to the hippocampus, highlighting the 

functional role of TRPC6 channels in the hippocampal circuitry. Therefore, in order to 

understand how TRPC6 channels could contribute to physiological and pathological 

neural computations in the hippocampus, our aim was to determine which exact neural 

elements of the hippocampus express these channels. 

1.7 Physiological activation of TRPC6 channels 

TRPC6 channels can be activated through multiple other mechanisms. Phospholipase C 

is activated by several G-protein coupled receptors, such as mGluR1/5 and receptor 

tyrosine kinases, such as the TrkB receptors. PLC hydrolyzes phosphoinositol-

diphosphate-2 (PIP2) into diacylglycerol (DAG) and inositol-triphosphate-3 (IP3). The 

IP3 can bind to its receptors on smooth endoplasmic reticulum, which serve as 

intracellular Ca2+-stores. The depleted Ca2+-levels of the ER activate STIM2, which in 

turn could activate the TRPC6 channels [90,96] . Meanwhile, the hydrophobic DAG 

remains in the membrane and can directly activate TRPC6 receptors. DAG also acts on 

several other effectors such as the DAG-lipase. DAG-lipase hydrolyzes DAG in a Ca2+-

dependent manner [97] and produces an endocannabinoid secondary messenger, the 2- 

arachidonoylglycerol (2-AG) [98]. 

DAG-lipase, mGluR1/5 and PLC are all has been shown to be present in excitatory 

synapses closely localized to each other in the perisynaptic zone in the hippocampus [99–

103]. Therefore, in order to understand if the TRPC6 channels could be part of this 

signalization pathway [104], we also aimed to precisely determine the subcellular 

distribution of TRPC6 channels in the hippocampus. 
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2. OBJECTIVES 

The aims of this PhD dissertation were: 

 

I/ 

1. Reveal the source of the perisomatic asymmetric synapses on the PV-IRs in the DG. 

 

II/ 

 

1. Provide an overview of the expression of TRPC6 channels in the hippocampus of WT 

mice and rats and confirm the specificity of the TRPC6 antibody used in this study 

using Trpc6 KO mice 

2. Determine which neuronal elements of the hippocampus express TRPC6 channels in 

rats and mice. 

3. Investigate the density of TRPC6 channels in different compartments of the DG GCs.  

4. Determine the distribution of TRPC6 channels on the dendritic spines of the DG GCs. 

5. Determine the subcellular localization of TRPC6 channels in the mossy fibers and 

mossy terminals. 

6. Identify the IN populations in the hippocampus that expresses TRPC6 channels. 

7. Determine the subcellular localization of TRPC6 channels in IN dendrites. 
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3. METHODS 

3.1 Source of perisomatic excitation on parvalbumin-immunoreactive interneurons in the 

dentate gyrus 

The methods and materials used to determine the source of perisomatic excitation on PV-

IRs in the DG have been described in: [105]. 

 

Animals 

CD-1 ICR mice (Harlan) were used in this study. 3 to 6 mice were housed together under 

a 12/12h light/dark cycle. Food and water were available ad libitum. Animals were 

habituated to the animal facility for a minimum of 2 days before the experiments. 

Handling was minimized to avoid unnecessary stress for the mice. All procedures were 

conducted in accordance with Directive 2010/63/EU of the European Parliament and of 

the European Council of 22 September 2010 on the protection of animals used for 

scientific purposes. 

The mice used in this study for anatomical investigations were between 2 and 5 months 

old. Both female and male mice were used. Data from female and male mice were not 

analyzed separately, because there was no evidence regarding the anatomical differences 

in the expression of studied cell markers or in the studied projections. For anatomical 

investigations mice were deeply anesthetized using pentobarbital. Next, transcardial 

perfusion was performed first with 10 ml of saline which was followed by fixative for 30 

minutes at a flow rate of 4 ml/min. For wide-field light microscopy and confocal 

microscopy investigations, the fixative consisted of 4% paraformaldehyde (PFA) with 

15% of a saturated solution of picric acid in 0.1 M phosphate buffer (PB). For electron 

microscopy, the same fixative additionally contained 0.5% glutaraldehyde. For Timm-

staining, animals were initially perfused with 20 ml of 0.05% Na2S in PB instead of saline 

(at a flow rate of 4 ml/min), followed by the fixative used for light microscopy. After 

perfusion, brains were removed and 60-μm-thick sections were prepared using a 

vibratome (VT1000S, Leica). All tissue was stored in PB containing 0.05% sodium azide 

at 4°C. 
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Fluorescent immunohistochemistry 

The immunostainings for confocal microscopy were performed on free-floating sections. 

The sections were blocked for 1 hour at room temperature in 10% normal donkey serum 

(NDS) prepared in PB saline containing 0.2% Triton X-100 (PBS-Tx). Incubations with 

primary antibodies were performed either overnight at room temperature or for 48 hours 

at 4°C. The following primary antibodies were used: guinea pig anti-parvalbumin 

(1:2000; 195004 Synaptic Systems), rabbit anti-parvalbumin (1:5000; PV-28 Swant). The 

secondary antibodies (1:400) were donkey anti-rabbit IgG conjugated with Alexa Fluor 

488 (Invitrogen); goat anti-guinea pig IgG conjugated with Alexa Fluor 488 (Invitrogen). 

Following the immunostainings, sections were mounted on slides using Mounting 

Medium for fluorescence (refractive index 1.47–1.5; DAKO). Slides were evaluated 

using a confocal scanning microscope (Leica TSC-SPE). 

 

Immunohistochemistry for electron microscopy 

For electron microscopy, sections from animals fixed with glutaraldehyde-containing 

fixative were used. To enhance antiserum penetration, the sections first were 

cryoprotected in 10% glycerol and 25% sucrose in 0.01 M PB. Then the sections were 

freeze-thawed three times above liquid nitrogen. No detergent was used during washing 

or incubation. Sections were then treated with 1% sodium borohydride in 0.1 M PB for 

20 min and blocked in 10% normal goat serum prepared in 0.1 M PB. Next, 

immunostaining was performed using rabbit anti-parvalbumin (1:5000; PV-28 Swant), 

biotinylated goat anti-rabbit IgG (1:200; Invitrogen), and ABC (1:200; DAKO), followed 

by diaminobenzidine (DAB) development to produce a brown reaction product. Sections 

were then treated with 1% OsO4 (Electron Microscopy Sciences) and 7% glucose in 0.1 

M PB for 45 minutes at room temperature, followed by treatment with 2% uranyl acetate 

in maleate buffer. Sections were subsequently dehydrated in an ascending series of cold 

ethanol, cleared in propylene oxide, embedded in epoxy resin (Durcupan, Sigma), and 

flat mounted on microscope slides. Specimens were first examined by light microscopy, 

and cells selected for electron microscopy were isolated and re-embedded in epoxy resin 

blocks. Ultrathin sections (50-nm-thick) were cut using an ultramicrotome (Leica EM 

UC6), collected on Formvar-coated grids, and counterstained with lead citrate for 
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12 minutes. Ultrathin sections were examined using a JEOL JEM-1010 transmission 

electron microscope. Images were acquired with either a MegaView I digital camera or 

an AMT RX80 digital camera. 

 

Synaptic zinc histochemistry 

In case of the zinc histochemistry, specimens were processed immediately for Timm-

staining to minimize loss of zincergic fibers. As described above, these mice were 

transcardially perfused first with 20 ml of 0.05% Na2S in PB instead of saline, which was 

followed by the fixative used for light microscopy. Following removal of the brains, 60-

μm-thick sections were prepared using a vibratome. The sections were washed 3 × 

20 minutes in 0.1 M PB and then incubated in a solution containing 14% acacia gum, 

1.7% hydroquinone, 0.08% silver nitrate, 2.4% citric acid, and 2.3% trisodium citrate. 

Autometallography was terminated with 5% sodium thiosulfate in PB. Sections were then 

either processed for immunohistochemistry against parvalbumin (rabbit anti-

parvalbumin, 1:5000; PV-28 Swant) using the ABC method or mounted directly. 

 

Whole-cell patch-clamp 

For whole-cell patch-clamp recordings CD-1 mice at postnatal days 15-23 were used. 

This age range was selected because it provided high cell survival during slice preparation 

while preserving a relatively well-formed DG and maintaining the health of the possible 

postsynaptic PV-IRs. For preparation of acute in vitro slices pups were deeply 

anesthetized with isoflurane (IsoFlo 1385 ESP, Esteve Veterinaria) and decapitated. The 

head was immediately transferred to an ice-cold solution containing 2.5 mM KCl, 5 mM 

MgCl2, 0.5 mM CaCl2, 1.25 mM NaH2PO4, 10 mM glucose, 26 mM NaHCO3, and 252 

mM sucrose, bubbled with carbogen (95% O2/5% CO2), and the brain was rapidly 

removed from the skull. Horizontal slices of 300-μm thickness were cut with a vibratome 

(VT 1000S, Leica) and transferred to an interface-type holding chamber containing 

artificial CSF (aCSF) at room temperature. The aCSF contained 2.5 mM KCl, 2 mM 

MgCl2, 2 mM CaCl2, 1.25 NaH2PO4 mM, 10 mM glucose, 26 mM NaHCO3, and 126 mM 

NaCl, bubbled with carbogen. Slices were allowed to stabilize in this solution for at least 
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1 hour before transferring them to the recording chamber. Patch pipettes were pulled from 

borosilicate glass capillaries with an outer diameter of 1.5 mm and an inner diameter of 

0.84 mm (World Precision Instruments) using a P-97 puller (Sutter Instruments). Pipettes 

were filled with a solution containing 4 mM NaCl, 110 mM K-gluconate, 20 mM KCl, 

10 mM HEPES, and 2 mM MgCl2. Biocytin (Sigma) was added to the solution for 

intracellular labeling of recorded cells. Pipette resistance, measured in the bath, ranged 

from 3 to 6 MΩ. Recordings were obtained in oxygenated aCSF under visual guidance 

using an Olympus microscope (BX51WI, Olympus) equipped with differential 

interference contrast optics and a NIR CCD camera (C7500-51 Hamamatsu). Signals 

were recorded with an AM2400 amplifier (AM Systems) connected to a CED Micro 1401 

AD converter (Cambridge Electronic Design Limited). Recorded neurons were kept for 

5 minutes in voltage clamp at a holding voltage of −75 mV, consistent with previous 

reports indicating that these cells have a hyperpolarized resting membrane potential 

[78,106–108]. Patched cells were driven to fire APs for at least 10 minutes to improve 

axonal filling. After 10–20 minutes, slices were fixed by immersion using fixative 

containing 4% PFA and 0.5% glutaraldehyde. Fixed slices were re-sectioned to 60-μm-

thick sections and processed for biocytin detection using ABC (1:200, 4 h). The reaction 

was visualized with Ni-intensified DAB (DAB-Ni). Cells displaying collaterals with 

varicosities in the inner molecular layer and granule cell layer were processed for 

parvalbumin immunoreactivity (rabbit anti-parvalbumin, 1:5000; PV-28 Swant) using 

DAB, for either light microscopy or electron microscopy as described above. A subset of 

fixed slices was developed with Alexa Fluor 488-conjugated streptavidin (1:400; 

Molecular Probes S11223) in PB containing 0.2% Triton X-100, mounted in DAKO 

fluorescent mounting medium, and imaged with a confocal scanning microscope (Leica 

TSC-SPE, HCX PL APO U-V-I 40× objective; NA: 0.75, Z step size 0.84 μm, xy: 

0.27 μm/pixel). After imaging, slices containing collaterals with varicosities in the str. 

granulosum were demounted, re-sectioned to 60-μm-thick sections, developed with 

DAB-Ni, and processed for parvalbumin immunoreactivity as described above. An 

additional batch of slices was developed with Cy3-conjugated streptavidin (1:5000; 

Sigma-Aldrich S6402) in PB containing 0.5% Triton X-100 and subsequently 

immunostained for parvalbumin [rabbit anti-parvalbumin (1:1000; SySy 195002) in PB 
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containing 1% Triton X-100], followed by visualization with an A488-conjugated donkey 

anti-rabbit antibody (1:400; Jackson 711545152). 

 

Morphometric analysis of GCs and SGCs 

Morphological differences between the two populations of GCs were assessed using 

confocal stacks of intracellularly filled cells visualized with Streptavidin-A488 or 

Streptavidin-Cy3. Sholl analysis of the dendritic arbor was performed [109] using the 

Stitching plugin and the Simple Neurite Tracer plugin in ImageJ. The number of primary 

dendrites, dendritic spread angle (considering a vertex the most basal part of the soma 

and the sides as the most lateral dendrites in the outer molecular layer), total dendritic 

length, and horizontal soma diameter were also evaluated. 

 

Statistical analysis 

Statistical analyses were performed using OriginPro2015. Comparison of the 

morphometric analyses were done using the Mann–Whitney test. Graphs were prepared 

using OriginPro 2015. Data are presented as mean ± SEM. 

 

3.2 Subcellular distribution of TRPC6 channels 

The methods and materials used to determine the subcellular distribution of TRPC6 

channels have been described in [110]. 

 

Animals 

Experiments were performed according to the guidelines of the Institutional Ethical 

Codex and the Hungarian Act of Animal Care and Experimentation (1998, XXVIII, 

section 243/1998), which conforms to the regulations of animal experiments of the 

European Union. All animals were housed in a 12h-12h light-dark cycle with water and 

food available ad libitum. All efforts were made to minimize pain and suffering and to 

reduce the number of animals used. In this study, 10 male Wistar rats (200–400 g; Charles 
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River, Hungary) and two adult Trpc6 KO mice and their wild type (WT) littermates (n = 

2) were used. 

 

Immunohistochemistry 

Rats were deeply anesthetized with equitesin administered intraperitoneally (4.2% wt/vol 

chloral hydrate, 2.12% wt/vol MgSO4, 16.2% wt/wt Nembutal, 39.6% wt/wt propylene 

glycol, and 10% wt/wt ethanol in H2O) at a dosage of 0.2 ml/100 g body weight. 

Transcardial perfusion was performed sequentially with 4°C 0.9% NaCl for 2 minutes, 

followed by a fixative containing 2% PFA and 3.75% Acrolein in 0.1 M phosphate buffer 

(PB; pH = 7.4) for 10 minutes, and then a fixative containing 2% PFA in 0.1 M PB for 

20 minutes. Mouse brains were fixed by immersion in 4% PFA. Coronal sections of 40–

50 μm in thickness were cut using a Leica 1000S vibratome, cryoprotected overnight in 

30% sucrose in 0.1 M PB, and freeze thawed in an aluminum foil boat over liquid nitrogen 

to improve antibody penetration. After washing, the sections were incubated for 10 

minutes in 0.1 M PB containing 1% sodium borohydride. 

Then sections then were placed for 30 minutes to a solution containing 2% bovine serum 

albumin (BSA), 100 mg/ml glycine, and 10% normal goat serum (Vector laboratories) in 

Tris-buffered saline (TBS), pH 7.4. This was followed by incubation overnight at 4°C 

with a rabbit anti-TRPC6 antibody (Alomone Labs Ltd, Jerusalem, Israel) diluted 

1:20,000 in TBS. After washing out the primary antibody, the sections were incubated in 

a biotinylated goat-anti rabbit secondary antiserum (Vector Laboratories, Burlingame, 

CA) diluted 1:200 in TBS for 2 hours Sections were then treated with a solution 

containing avidin-biotinylated horseradish peroxidase complex (ABC Elite, Vector 

Laboratories) 1:300 in TBS for 2 hours followed by immunoperoxidase reaction using 

DAB (Sigma-Aldrich, St Louis, MO) as a chromogen. 

To determine the subcellular localization of TRPC6, pre-embedding immunogold 

staining was used. In these experiments, the sections were incubated in the anti-TRPC6 

antiserum (1:5000) for 2 days, followed by application overnight of a 1 nm gold-

conjugated anti-rabbit secondary antibody (Aurion, Wageningen, The Netherlands) 

diluted 1:50 in TBS containing 1% BSA, 0.1% fish gelatine, and 100 mg/ml glycine. The 
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sections were then postfixed in 2% glutaraldehyde in TBS and silver intensified with the 

Aurion R-Gent silver intensification kit. 

All immunoperoxidase- and immunogold-stained sections were treated in 0.5% OsO4 for 

1 minute, then in 1% OsO4 for 15 minutes in 0.1 M PB followed by dehydration in an 

ascending alcohol series and acetonitrile and embedded in Durcupan. During dehydration, 

the sections were treated with 1% uranyl acetate in 70% ethanol for 30 minutes. Finally, 

sections were re-embedded and examined with a light (Zeiss Axioscope 2) or an electron 

microscope (JEOL, JEM-1011). 

For confocal laser microscopy, a mixture of primary antisera of anti-TRPC6 (1:3000) and 

guinea pig anti-mGlu1a (1:500; Frontier Institute co. Ltd, Japan; [111]  or anti-TRPC6 

(1:3000) and mouse anti-parvalbumin (1:2000; Sigma-Aldrich) was used. The sections 

were then incubated for 2 hours with a mixture of secondary antibodies diluted in TBS: 

Alexa Fluor 488 goat anti-rabbit antibody (1:200, Molecular Probes, Eugene, OR) and 

Alexa Fluor 594 goat anti-guinea pig (1:200, Molecular Probes), or Alexa Fluor 488 goat 

anti-rabbit antibody (1:200, Molecular Probes) and Alexa Fluor 594 goat anti-mouse 

(1:200, Molecular Probes). After washing, the sections were mounted on glass slides and 

covered in Aqua poly/mount (Polysciences, Warrington, PA). Coverslips were sealed in 

nail polish. Images were taken with a Nikon A1R confocal laser scanning microscope 

using a sequential scanning mode. 

 

Quantitative analysis of the distribution of TPRC6 channels in dentate granule cells 

All quantifications were carried out on tissue samples derived from three rats. For analysis 

using ImageJ software (NIH), silver-intensified immunogold particles located <100 nm 

from the cell membrane were counted as plasma membrane-attached. Images were taken 

from three sequential ultrathin sections (cut using a Leica ultramicrotome) in the middle 

part of the str. moleculare or str. granulosum at a magnification of ×2,500. Calculation 

of particle density was performed on the central image, in which all profiles were 

identified as spine, dendrite, soma, axon ending, or unknown profile using the two 

adjacent images. The number of gold particles divided by the total length of the 

membranes was calculated for all those dendrites, spines, and somata measured in the 



   
 

29 
 

central image whose profiles were not truncated by the edge of the image. Since the 

distributions of immunogold labeling calculated on each image were not different from 

normal distributions (p > 0.05, Shapiro-Wilk test), the mean and standard error of the 

mean (SEM) of membrane-associated immunogold particles per 1 μm of the plasma 

membrane were used to describe the distributions of immunolabeling in each 

compartment (dendrites, spines and cell bodies). 

To determine the distribution of TRPC6 labeling in spine heads, 93 immunogold particles 

were counted from each animal (n = 3). Using an approach comparable to that published 

previously [99,100], the distance of each immunogold particle was measured along the 

plasma membrane from the edge of the synaptic junction for each immunogold particle 

and the data were divided into 60 nm bins. The three datasets were not different from 

each other (p > 0.5, Kruskal–Wallis non-parametric test), so the data were pooled. 
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4.1 RESULTS – I. 

4.1.1 Perisomatic excitatory innervation from Timm-positive boutons on parvalbumin-

immunoreactive interneurons in the granule cell layer 

Previous studies using Timm-staining showed that Zn2+-containing terminals innervate 

the perisomatic region of the PV-IRs [59].  Since the Timm-staining only labels the axon 

varicosities it does not give information about the neurons that give rise to these terminals. 

However, based on the Zn2+-content and morphology of these terminals it was 

hypothesized that GCs or SGCs might give rise partially or entirely to these excitatory 

inputs. As these studies were performed in rats, to confirm the presence of this innervation 

in mice, first we combined the Timm-staining with parvalbumin-staining in mice. Our 

results show, that similarly to rats, in mice Timm-positive boutons formed basket-like 

profiles around PV-IR somata in the DG [59,105,112,113] (Fig. 4A). 

 

4.1.2 Typical granule cells do not have axon collaterals in the granule cell layer 

Next, to identify the source of the Timm-positive innervation on PV-IRs, we 

intracellularly filled GCs and SGCs with biocytin (Fig. 4B).  
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Figure 4. SGCs form close appositions on PV-IRs resembling the innervation by Timm-

stained boutons. A, Timm-stained boutons (arrows) form close appositions on a PV-IR 

(asterisk) in the granule cell layer. Note that Timm-staining only reveals the axonal 

varicosities, thus the origin of them cannot be resolved. The image was reconstructed 

from several optical planes. B, An intracellularly filled SGC (white asterisk) in the inner 

molecular layer gives rise to an axon (arrowhead) that forms close appositions (arrows) 

on a PV-IR (black asterisk). Abbreviations: gcl, granule cell layer; h, hilus; iml, inner 

molecular layer; oml, outer molecular layer. Scale bar: 20 μm. Source: [105]  

 

Then, in order to separate SGCs and GCs from each other, we analyzed their 

morphological differences. In accordance with previous results [78,79] by performing 

Sholl analysis on the morphological features, we found several differences. The number 

of intersections up to the first 60 microns from the soma, the number of the primary 

dendrites, the spread angle of the dendritic angle, the total dendritic length and the soma 

horizontal diameter were all larger in the SGCs than in the GCs (Table 1). These results 
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show that GCs and SGCs can be separated from each other based on their morphological 

differences in our dataset [105]. 

 

Table 1. Statistical analysis of the morphologic characteristics of classical GCs, SGCs, 

and SGC-PVs. (Data are shown as mean ± SEM. For comparison the Mann–Whitney test 

was used). Source: [105]  

 

 

Examining 19 GCs we found that in line with previous results [17,114], GCs did not give 

rise to collaterals in the str. granulosum and in the DG only formed varicosities in the 

hilus.  

 

4.1.3 Semilunar granule cells give rise to asymmetric synaptic contacts on parvalbumin-

immunoreactive interneurons 

To determine whether the SGCs give rise to perisomatic excitatory inputs to PV-IRs, we 

filled intracellularly 41 SGCs with biocytin, re-sectioned them and developed the sections 
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with DAB-Ni. Subsequent parvalbumin-staining revealed that 4 SGCs gave putative 

contacts to the perisomatic region of PV-IRs (SGC-PV). These closely resembled to the 

Timm-positive axon varicosities from earlier results [59] (Fig. 4B).  

Additionally, in another batch of biocytin-filled SGCs we performed the parvalbumin 

staining without re-sectioning and developed the sections with streptavidin-Cy3. In this 

batch of 47 filled SGCs 4 gave rise to close contacts in the perisomatic region of PV-IRs 

(Fig. 5A-D). Based on these results, in the DG the source of the perisomatic excitatory 

innervations of the PV-IRs are not the GCs but the SGCs. 

We pooled all the 8 SGC-PVs from these experiments and compared their morphological 

features to the remaining SGCs and GCs. Sholl-analysis revealed that they were different 

from the GCs but could not be distinguished from the SGCs. The SGC-PV neurons 

differed from the GCs in the number of dendritic intersections close to their somata, the 

number of primary dendrites, the dendritic spread angle, total length of the dendritic tree 

and the horizontal diameter of the somata. In contrast to this, there were no morphological 

differences between the SGCs and SGC-PVs [105] (Fig. 5E-I). 
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Figure 5. The morphology of SGCs differs from GCs. A, Example of a GC. One dendrite 

arises from the soma, the axon arises vertically and goes directly toward the hilus 

(arrow). B, Example of a SGC. In contrast to the GCs, several dendrites arise from the 

soma and the dendritic tree spans wider. The axon arises horizontally and enters the 

granule cell layer after running in the inner molecular layer (arrow). C, D, Two examples 

of SGCs. Their axons (open arrowhead) travel closely to PV-IRs. Insets show some of the 

biocytin-filled boutons (arrows) in close apposition to parvalbumin+ profiles. E–I,  
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Morphological analysis revealed that GCs and SGCs differed from each other in a 

number of morphological features. Those SGCs that formed close contacts with PV-IRs 

(SGC-PV) could not be distinguished from SGCs. Compared to GCs SGCs and SGC-PVs 

differed in the number of intersections close to their somata (E), formed more primary 

dendrites (F), had a larger dendritic spread angle. SGCs, but not SGC-PVs, also had a 

larger total dendritic length and somatic horizontal diameter (H, I). Black symbols label 

differences between GCs and SGCs, khaki symbols label significance between GCs and 

SGCs innervating parvalbumin INs. Asterisks show significance of the statistical 

analysis; *p < 0.05, **p < 0.01, ***p < 0.001; Abbreviations: gcl, granule cell layer; h, 

hilus; iml, inner molecular layer; ml, molecular layer; n.s., not significant, SGC-PV, SGC 

forming close contact with PV-IRs. Scale bar: 50 μm. Source: [105]  

 

Finally, to verify that the close contacts formed by the axons of SGCs on the PV-IRs are 

synapses we have inspected the close contacts with correlated light- and electron 

microscopy. We performed these experiments on slices in which the SGC axon formed 

juxtapositioned contact with PV-IRs, the ultrastructure was well preserved and the 

penetration of the parvalbumin antibodies were acceptable. By reconstructing the axonal 

segments close to the PV-IRs we found that they form asymmetric synapses to the 

perisomatic region of PV-IRs (Fig. 6). The morphology of the biocytin-filled boutons was 

small and filled with round vesicles resembling to the Timm-positive boutons described 

previously [59] (Fig. 6B). Taken together, our results show that in the DG SGCs give rise 

– at least partially – to the perisomatic asymmetric synapses on the PV-IRs [105]. 
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Figure 6. Axons of SGCs form asymmetric synapses on the perisomatic region of 

parvalbumin cells located in the granule cell layer. A SGC was filled with biocytin using 

patch-clamp technique. The slice was fixed and immunostaining against parvalbumin has 

been done. Biocytin was developed with DAB-Ni, while parvalbumin was labeled with 
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DAB.  Correlated light – and electron microscopy was performed to determine if the close 

contacts the SGC form on the PV+ cell are synaptic contacts. A, An axon from this SGC 

(black) running in the inner molecular layer (arrowheads) sends a collateral toward the 

hilus delineating a parvalbumin cell labelled with DAB (brown). In the inset, the relative 

position of the SGC in the inner molecular layer (asterisk) and the parvalbumin cell 

(arrow) is shown. The boxes show axonal varicosities of the SGC opposing the distinct 

portions of the parvalbumin cell in the inner molecular layer (B) the granule cell layer 

(C) and the hilus (D).  B, SGC axon giving rise to varicosities (arrows) along a thin 

parvalbumin dendrite originating from the parvalbumin cell in the inner molecular layer 

(left panel). The same string of boutons is presented on an electron micrograph shown in 

the right panel. B1–B3, Higher magnification of boutons shown in B at the level where 

they form large asymmetric synapses on the parvalbumin dendrite (arrowheads). The 

boutons are filled with round vesicles as well as many dense core vesicles (open 

arrows). C, A correlative electron microscopic image taken from the granule cell layer 

(asterisks label granule cells) shown in A. A large bouton from the SGC (open arrow) 

contacting the parvalbumin cell. C1, This large bouton (asterisk) makes an asymmetric 

synapse (arrowheads) on the parvalbumin cell and is filled with round vesicles and dense 

core vesicles (open arrows). D1, Bouton (asterisk) from the SGC in the juxtagranular 

hilus makes asymmetric synapse on a proximal dendrite of the parvalbumin IN 

(arrowhead). gcl, granule cell layer; h, hilus; iml, inner molecular layer; oml, outer 

molecular layer. Scale bar: 20 μm (A) and 500 nm (B–D). Source: [105]  
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4.2 RESULTS – II.  

4.2.1 Localization of TRPC6 channels in the rat hippocampal formation 

To investigate which elements of the hippocampal formation express TRPC6 channels, 

we have performed immunostainings using an anti-TRPC6 polyclonal antibody 

developed against the C-terminus loop. First, to get an overview of the TRPC6 expression 

we stained the slices using immunoperoxidase technique, developed the immunoreaction 

with DAB and evaluated the results with light microscopy (Fig. 7A). In the DG we 

observed strong immunostaining in the hilus and in the str. moleculare. In the hilus, we 

could observe several immunopositive dendritic profiles, while in the str. moleculare 

punctuated labeling was present along the GC dendrites (Fig. 7A, B).  

In the hippocampus proper, there was strong immunolabeling at the border of the str. 

oriens/alveus and in the str. lucidum. Further immunoreactive profiles could be observed 

in the strata radiatum and lacunosum-moleculare (Fig. 7A, C).  In the strata radiatum 

and oriens we observed smooth, immunopositive, radially running dendrites, while at the 

oriens/alveus horizontally running immunolabeled dendrites were also present. In the str. 

lucidum, labeled profiles seemed to outline the dendrites of the PYRs (Fig. 7D). 

Moreover, in all layers we could observe cell bodies resembling INs. We also found 

immunopositive glial profiles (Fig. (8A). 

These results indicate that TRPC6 channels are present in the input and output regions of 

the dentate GCs. Additionally, they are also expressed by INs [110] . 
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Figure 7. Light micrographs of the rat hippocampal formation immunostained for 

TRPC6 protein. A: Low power micrograph showing a specific laminar distribution of 

TRPC6-immunostaining in the CA1 region and the DG. A strong labeling can be seen in 

the str. moleculare of the DG in addition to numerous immunostained dendrites located 

both in the hilus and in strata oriens and radiatum. Moreover, some immunoreactive cell 

bodies resembling INs are distributed in all layers of the hippocampal formation. B: At 

higher magnification the dendrites of the dentate granule cells surrounded by a dense 

punctuated immunostaining are visible in the str. moleculare. C: In CA1, a meshwork of 

neuronal processes can be found at the str. oriens/alveus border formed mainly by 

horizontally running IN dendrites. D: In the str. lucidum of the CA3 subfield, while the 

main apical dendrites of CA3 PYRs appear to be immunonegative, they are outlined by a 
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dense immunostained neuropil. alv., alveus; o., stratum oriens; p., stratum pyramidale; 

rad., stratum radiatum; l.m., stratum lacunosum-moleculare; mol., stratum moleculare; 

gr., stratum granulosum; h., hilus. Scale bars: A, 100 µm; B, C, 20 µm; D, 100 µm. 

Source: [110]  
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Figure 8. In rat, wild type and Trpc6 KO mouse, the TRPC6 antibody used in this study 

visualizes cytoplasmic and nuclear membranes in a few INs and labels some glia cells 

in the same way. Electron micrographs taken in rat (A), WT mouse (C) and Trpc6 KO 

(E) show that the immunoperoxidase reaction using DAB as a chromogen similarly labels 

endoplasmic reticulum (arrows) and invaginated nuclear membranes (open arrows) in 

some of the GABAergic cells. The invaginated membrane of the nucleus is a characteristic 

feature of neurons with higher metabolic rates in cortical regions, such as GABAergic 

neurons [115,116]. Note, that invaginations have been also reported in the nuclei of PYRs 

[117] . No labeling of the plasma membrane in the INs with cytoplasmic staining can be 

observed. In addition, a number of glia cells (B, D) is also stained in rat (B), WT mouse 

(D) and in Trpc6 KO mice (F). Scale bars, 2 μm. Source: [110]  

 

4.2.2 Localization of TRPC6 channels in the mouse hippocampal formation 

Next, we aimed to validate the specificity of the antibody used in our study. To this end, 

we performed immunostainings on slices from Trpc6 KO mice [118]. Since our previous 

experiment was done on rat samples, we also repeated the immunostainings on 

hippocampal slices from WT mice to obtain comparable results. 

In the WT mice, we observed strong immunolabeling in the str. moleculare of the dentate 

gyurs and a somewhat fainter labeling in the str. lucidum of the hippocampus (Fig. 9A, 

C). Immunopositive profiles resembling IN dendrites were present in the hilus, at the str. 

oriens/alveus border and in the strata radiatum and oriens (Fig. 9A, B).  

In contrast, in the Trpc6 KO mice most of the immunopositive profiles were absent both 

in the DG and hippocampus. The important exceptions were the cytoplasmic and glial 

labeling, which were present in most layers of the hippocampal formation. In light of this, 

we have considered the cytoplasmic and glial immunostaining aspecific and hence 

excluded from the further analyses (Fig. 8, Fig. 9D, E, F). 

Taken together, these results suggest that the anti-TRPC6 antibody used in this study is 

specific except for cytoplasmic and glial labeling. Additionally, the immunoreactivity 

patterns were comparable in mice and rats [110] . 
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Figure 9. Light microscopy of TRPC6 localization in the mouse hippocampal 

formation. A: WT mice have an identical TRPC6 localization pattern to rats. An intense 

staining is visible in the str. moleculare of the DG. The pattern of this immunoreaction is 

indistinguishable from that observed in the rat DG shown at higher magnification (C). B: 

The meshwork of neuronal processes at the border of the str. oriens/alveus stained for 

TRPC6 is also present in the mouse hippocampus, comparable to that seen in the rat. D: 

In contrast to wild type mice, immunostaining for TRPC6 was absent in the DG in Trpc6 

KO mice (F). E: Similarly, the TRPC6-immunoreactive meshwork formed mainly by 

interneuronal dendrites in CA1 was not visible in KO mice. However, the cell body 

staining with this TRPC6 antibody was comparable both in WT and Trpc6 KO mice, 
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indicating that this signal is unrelated to the presence of TRPC6 protein. Scale bars: A, 

D, 500 µm; B, C, E, F, 50 µm. Source: [110]  

 

4.2.3 TRPC6 channels in the str. moleculare 

Next, we aimed to determine the subcellular distribution of TRPC6 channels in the rat 

DG. To this end, we used immunogold labeling and evaluated the immunostaining with 

electron microscopy. In the DG, the immunogold particles were predominantly associated 

with the plasma membranes of the GCs (Fig. 10A). To determine the subcellular 

distribution of TRPC6 channels on the GCs we calculated the density of immunoparticles 

in three different compartments: the dendrites, the dendritic spines and the somata. For 

this, we divided the number of total immunogold particles with the total membrane length 

of the given compartment (see Methods for details). We found the highest density of 

immunogold labeling in the dendrites (0.12 ± 0.01 gold/µm, n=150), and a significantly 

lower density in the spines (0.04 ± 0.01 gold/µm, n = 267) and somata (0.06 ± 0.01 

gold/µm, n = 20) (M-W-U test, p = 0.002 and p = 0.02, respectively). There was no 

significant difference between the densities observed on the spines and somata (M-W-U 

test, p = 0.41) (Fig. 10B). These results indicate that in GCs TRPC6 channels are 

predominantly expressed in the dendrites [110]. 
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Figure 10. TRPC6 is expressed in the plasma membrane of the dendrites, somata and 

spines of dentate granule cells. A1-2: Consecutive electron micrographs taken in the str. 

moleculare demonstrate that immunogold particles representing TRPC6 proteins are 

present on the plasma membranes of the dendrites (arrows) and spines (arrowheads) of 

dentate GCs. In addition, some gold particles could be occasionally seen intracellularly 

(open arrowhead) that may represent channels during trafficking. Scale bars: 0.5 µm. B 

shows the immunogold density revealed on different membrane segments. There was a 

significant difference in the density of immunolabeling on the surface of the dendrites and 

somata (marked with *, p=0.02) and dendrites and spines (marked with **, p=0.002). 

There was no difference in the density between spines and somata (n.s., non-significant, 

p=0.41). The symbols and whiskers indicate the mean and SEM, respectively. Source: 

[110]  

 

Previous results [98–100] showed that distinct membrane proteins (for example those that 

are involved in regulating DAG levels in spines) are localized at a given distance from 

the edges of excitatory synapses. With this in mind, we aimed to investigate whether 

TRPC6 channels are a member of this perisynaptic annulus. For this, we determined the 

sub-synaptic distribution of immunogold particles around the excitatory synapses on the 

dendritic spines of the GCs.  

To obtain comparable results, we have followed the method of Lujan et al. [99] . We 

measured the distances between the immunogold particles and the closer edge of the 

postsynaptic densities alongside the plasma membrane on electron micrographs where 

both the postsynaptic density and the immunoparticles were visible (Fig. 11A-C). For the 

analysis we sorted the values into 60 nm bins. The TRPC6 channels were evenly 

distributed on the surface of the dendritic spines with ~15% of the particles in the 

perisynaptic annulus around the excitatory synapses. Only very rarely (< 2%) we 

observed immunoparticles within the PSD or in the spine cytoplasm (Fig. 11D). These 

results indicate that TRPC6 channels show some preference for the perisynaptic annulus, 

but most of the labeling was evenly distributed on the spines [110]. 
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Figure 11. Distribution of TRPC6 on the spine heads of dentate granule cells. A, B: 

High-resolution pre-embedding immunogold staining for TRPC6 demonstrates that this 

channel protein is present on the spines (arrowheads) receiving asymmetric synapses, as 

well as on dendrites with small diameter (arrows). C1-2: Consecutive sections of a 

labeled spine that receives an asymmetric synapse. Scale bars: 0.2 µm. D: Relationship 

between the distance of immunolabeling depicting TRPC6 and the half perimeter of 

extrasynaptic membrane of spines (n=279). There is a population of labeling (~ 15%), 

indicated with a dashed line, which is located at the edge of synapses. A larger fraction 

of the immunogold particles show an even distribution on the surface membrane of spines. 

Bar graph on top; Spatial distribution of immunogold particles in relation to the 

postsynaptic density (PSD) on spine heads. The distance from the edge of the synaptic 

junction (position 0; open arrowheads in A-C) was measured along the plasma 

membrane. The values were divided into 60 nm bins. Bar graph on left; Distribution of 

the half lengths of the perimeters of spines excluding the synaptic junction. Source: [110]  

 

4.2.4 TRPC6 channels in the str. lucidum 

Using electron microscopy, we have investigated the subcellular distribution of the 

immunogold particles in the str. lucidum. This region is where the GC axons form the 

mossy terminals on CA3 PYR dendrites. We identified the mossy fibers and mossy 

terminals based on their characteristic morphologies. Immunogold particles were present 

in the axon bundles formed by the mossy fibers and in the huge boutons with multiple 

active zones characteristic of the mossy terminals (Fig. 12A). In contrast to the dendrites 

and dendritic spines where the immunogold labeling were associated with the plasma 

membranes, in the GC axons the immunogold labeling were often localized intracellularly 

(Fig. 12A). Additionally, in the mossy terminals immunoparticles avoided the vesicular 

clusters and were often associated with intracellular membrane cisternae or the plasma 

membrane (Fig. 12B-D). These results indicate that in contrast to the dendrites and spines, 

in the axons and axon terminals of the GCs the TRPC6 channels are often expressed 

intracellularly. In the mossy terminals the TRPC6 channels were often expressed on 

intracellular membrane cisternae [110]. 
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Figure 12. TRPC6 channels are often localized intracellularly in the axons of dentate 

granule cells. A1-2: Gold particles representing TRPC6 channels were mainly found in 

the en passant axons, frequently forming bundles in the str. lucidum (arrowheads). In the 

mossy terminals, gold labeling avoiding vesicular clusters was commonly attached to the 

plasma membrane or intracellular membrane cisternae (arrows). Inserts show the same 

structure taken from the bottom left parts of the consecutive sections, highlighting a gold 

particle attached to an intracellular membrane cisterna. B, C, D: High-power electron 

micrographs demonstrating immunogold staining associated with membrane cisternae 

(open arrows). Scale bars: A, 0.5 µm; insert 0.25 µm; B-D 0.2 µm. Source: [110]  

 

4.2.5 TRPC6 in the interneurons 

Next, we investigated the TRPC6 distribution at the border of str. oriens/alveus, the str. 

radiatum and in the hilus. The immunolabeled dendritic profiles in the hilus and at the 
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border of the str. oriens/alveus resembled the dendrites of the mGluR1a-expressing [36] 

INs (Fig. 7C). We confirmed this observation with double immunostainings. We found 

that the vast majority of these dendrites at the border of str. oriens/alveus and in the hilus 

indeed co-express mGluR1a and TRPC6 (Fig. 13A-F). 

We also aimed to determine the identity of the INs with TRPC6 expressing dendrites in 

the str. radiatum. Since these radially running, smooth immunopositive dendrites 

resembled the dendrites of perisomatic region-targeting INs we performed double 

immunostainings against parvalbumin and TRPC6 [6,35] . This experiment revealed that 

the majority of TRPC6 dendrites in the str. radiatum also expressed parvalbumin (Fig. 

13G-I). 

Together, these results show that TRPC6 are expressed by two large INs populations in 

the hippocampus characterized by their mGluR1a or parvalbumin content. 
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Figure 13. TRPC6 channels are expressed by mGluR1a- or parvalbumin-

immunoreactive INs in the hippocampus. Double immunofluorescent staining indicates 

that both at the border of alveus and str. oriens, as well as in the hilus, the majority of 

mGluR1a -immunoreactive dendrites also express TRPC6 (white arrows). In the str. 

radiatum, some parvalbumin-containing dendrites are also immunoreactive for TRPC6 

(white arrows). Arrowheads show singly-immunoreactive profiles, color-coded in the 

merged pictures. Scale bars: A, D, 10 µm; G, 5 µm. Source:[110] 

 

Finally, we set out to determine the subcellular distribution of TRPC6 on the IN dendrites. 

For this, we identified IN dendrites based on their morphologies on electron micrographs. 

In the hilus and str. oriens spiny dendrites that received asymmetric synapses on their 
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shafts had immunogold particles associated with their plasma membranes 

[17,119,120]  (Fig. 14A-B). These dendrites are likely to belong to mGluR1a-expressing 

INs. Likewise, in the str. radiatum the immunoparticles were also associated to the outer 

membrane of aspiny dendrites covered by asymmetric synapses (Fig. 14C). These 

dendrites resemble the PV-IR dendrites [43] . 

Together our results show that TRPC6 channels are associated to the plasma membrane 

of IN dendrites in the hilus and strata oriens and radiatum [110]. 

 

 

Figure 14. Plasma membranes of IN dendrites are decorated with immunogold staining 

representing TRPC6 channels. A1-2. Consecutive images taken in the str. oriens 
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demonstrate that TRPC6 channels depicted by gold particles (arrows) are present on the 

plasma membrane of horizontal IN dendrites bearing long spines and receiving 

asymmetric synapses on their shafts and spines (open arrowheads). B: IN dendrites in the 

hilus receiving asymmetric synapses on their shafts and spines (open arrowheads) are 

decorated with immunogold labeling. C: On the plasma membrane of an IN dendrite in 

the str. radiatum densely covered by asymmetric synapses (open arrowheads), which is a 

hallmark of PV-IRs, gold particles are attached to the intracellular surface of the plasma 

membrane (arrows). Scale bars: 0.5 µm. Source: [110]  
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5. DISCUSSION 

In summary, the studies presented in this thesis aimed 1) to determine the source of the 

perisomatic excitation on PV-IRs in the DG and 2) to reveal the cellular and subcellular 

distribution of TRPC6 channels in the hippocampus. 

 

5.1 Semilunar granule cells form asymmetric synapses on the perisomatic region of 

parvalbumin-immunoreactive interneurons in the dentate gyrus 

One of our goals was to uncover the source of the perisomatic excitatory inputs to the 

PV-IRs in the DG. Previous results showed that Zn2+-containing, Timm-positive 

terminals form asymmetric synapses on the perisomatic region of PV-IRs 

[59,114,121,122] . However, it was presumed that GCs give rise to these inputs as the 

high Zn2+-levels and the ultrastructural features resembled to the terminals of the GCs 

[7,17,59] . 

In contrast to this hypothesis, our light- and electron microscopic data shows that a 

distinct excitatory cell type of the DG, the SGCs give rise to the perisomatic excitation of 

the PV-IRs in the DG. In our dataset, we identified morphological differences between 

GCs and SGCs and found the SGC axons contact the perisomatic region of PV-IRs. Our 

subsequent electron microscopic analysis of these close contacts confirmed that SGCs 

form asymmetric synapses on the PV-IRs. The morphology of these boutons was 

strikingly similar to the previously reported Timm-positive boutons contacting the 

perisomatic region of PV-IRs. Taken together, our results underline that the asymmetric 

synapses are partially if not fully are formed by SGCs on the perisomatic region of PV-

IRs in the mouse DG. 

Several studies are pointing to the significance of SGCs [78,82,123]. The circuit motif of 

perisomatic excitation on the perisomatic region of PV-IRs is a characteristic shown in 

other cortical regions as well [55–58] . Based on our results in the DG the SGCs fulfill 

this function. Thus, these neurons could have a profound effect of the DG circuitry 

through activating a strong feed-forward inhibition. Moreover, SGCs have been shown to 

reciprocally innervate MCs. It has been also shown that during hilar UP-states MCs and 

SGCs are active together [82].  
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This special position of SGCs suggests their critical role in several DG functions. The DG 

circuitry performs pattern separation, and a prerequisite of this function is the sparse firing 

of the dentate GCs. SGCs could contribute to the sparse activation of GCs through the 

activation of fast-spiking INs in a feed-forward manner. This is further underlined by 

results showing, that PV-IRs exhibit highly abundant lateral inhibition in the DG [124] 

Meanwhile SGCs could also participate in excitation of the GC dendrites through the 

activation of MCs. Additionally, SGCs have been shown to receive a lower activity-

dependent increase of feed-back inhibition during afferent activation that could facilitate 

their increased firing upon perforant path stimulation [80]. Thus, a handful of GCs that 

receive excitation both from MCs (and indirectly from SGCs) and the perforant path 

would overcome the perisomatic inhibition dictated by PV-IRs [66,70,105,125,126]. 

SGCs are overrepresented in experiments using FosTRAP and FosTRAP2 reporter mice 

to label active neurons during hippocampal-related behaviors such as contextual memory 

formation or exploration in novel environments. These important new results highlight 

the potential behavioral relevance of SGCs, however further research will be required as 

physiological properties of SGCs themselves could explain their overrepresentation in c-

Fos labeled neuronal populations [77,81]. 

 

5.2 Distribution of TRPC6 channels in the hippocampus 

Our results show that TRPC6 channels are expressed in all compartments of the GCs: 

somata, dendrites, dendritic spines, axons and axon terminals. In the dendrites, spines and 

somata the TRPC6 channels are located in the plasma membranes. On the dendritic spines 

the TRPC6 channels are somewhat enriched in a perisomatic annulus around the synapse 

but are evenly distributed otherwise. In contrast, in the axons of GCs, the TRPC6 channels 

are frequently located intracellularly, however, in the axon terminals they are often 

associated with membrane cisternae while eluding the vesicular clusters. Moreover, we 

found that both mGluR1a-expressing and PV-IR populations express TRPC6 channels in 

the plasma membranes of their dendrites. 
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5.2.1 TRPC6 in dentate granule cells 

Using immunogold labeling, we determined the subcellular distribution of TRPC6 

channels in the GC dendritic spines. As DAG directly activates TRPC6 channels 

[88,127]  therefore we aimed to compare its subcellular distribution on spines to proteins 

regulating DAG levels.  

Such proteins, for example mGluR5, PLCβ1/4 and DAG lipase, are present around 

excitatory synapses as members of a perisynaptic annulus [99–103,128]. As at least a part 

of the TRPC6 channels are also members of this annulus, it suggests that TRPC6 channels 

may play a role in related signalization pathways. For example, mGluR5-dependent 

depolarization and the subsequent Ca2+ influx might be partially mediated by TRPC6 

channels. Increased Ca2+-level has been also proposed as a feedback signal for closure of 

mGluR5 channels, thus TRPC6 channels could serve as part of a negative feedback 

signalization [88,97] . In turn, Ca2+ influx also increases the activity of DAG lipase, which 

degrades DAG that activates TRPC6 channels. Therefore, the mGluR5-dependent PLCβ 

activation could also regulate the closure of TRPC6 channels. Although some of these 

results have been shown in hippocampal neurons, all these molecular components are 

present in the dentate GCs, as well [98,129,130]. 

In GCs TRPC6 channels are also present in the plasma membranes of dendritic shafts and 

cell bodies.  Importantly, all the above-mentioned signalization components are present 

in these compartments. Thus, a similar mechanism of TRPC6 channel regulation could 

take place here [99,119,131] . Additionally, all metabotropic receptors using the Gq 

protein-mediated signalization pathways, such as the mGluR1, TrkB or type1 muscarinic 

receptors, could activate TRPC6 channels. Previously it has been shown that these G 

protein-coupled receptors can be found on the spines of PCs where they may open DAG-

sensitive TRPC channels mediating cation influx into the spines of cortical excitatory 

cells. 

In the mossy fibers we often found TRPC6 channels intracellularly, while in the mossy 

terminals they were associated with intracellular membrane cisternae. This suggests that 

TRPC6 channels may also play a role in calcium-induced calcium release (CICR). During 

CIRC increased intracellular Ca2+-levels lead to Ca2+-release from intracellular stores 

[90,132,133] . This has been proposed as a mechanism through which Ca2+-signals can 
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be amplified in the mossy terminals in an activity-dependent manner [134] . It has been 

previously demonstrated by Shimizu et al. that RyR2 are present in mossy fibers and 

mossy terminals where they are involved in CICR. RyR2 also avoided the active zones 

and were associated with membrane cisternae resembling smooth ERs. This pattern is 

strikingly similar to the localization of TRPC6 channels reveled by our study. Therefore, 

we hypothesize that TRPC6 channels and RyR2 are together involved in mediating CIRC 

in dentate GC axons and terminals. Thus, this also suggests that TRPC6 channels could 

be involved in presynaptic plasticity mechanisms in the mossy terminals [134] . 

As TRPC6 channels are present in all major compartments of the dentate GCs: somata, 

dendrites, dendritic spines, axons and mossy terminals, we propose that these channels 

are in a crucial position to mediate information flow at the first step of the hippocampal 

circuitry [110]. 

 

5.2.2 TRPC6 in hippocampal interneurons 

We have revealed the presence of TRPC6 channels in the dendrites of both mGluR1a-

expressing and PV-expressing IN populations. As mGluR1a or mGluR5, TrkB and DAG 

lipase are all expressed in these INs, it is possible that TRPC6 channels are similarly 

regulated here as in the dentate GCs [99,119,135,136] . Moreover, in INs it has been 

shown that Ca2+ entering through TRP-like channels can play a role in plasticity 

mechanisms [136] . Importantly, mGluR1a and PV are markers of two major groups of 

INs in the hippocampus: the feed-forward and feed-back INs. Thus, TRPC6 channels 

could be also involved in regulating both types of inhibition in the hippocampal circuitry 

[137] . 

Altogether, our results show that TRPC6 channels are expressed by key players of 

hippocampal neural networks highlighting the fundamental roles they might play in the 

hippocampal function [110]. 
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6. CONCLUSIONS 

In our studies presented in this PhD dissertation we have 1) revealed the source of the 

perisomatic excitatory synapses on PV-IRs in the mouse DG and 2) determined the 

cellular and subcellular distribution of TRPC6 channels in the rat hippocampus. 

The results presented in the first part of this thesis show that in the DG SGCs give rise to 

the perisomatic excitatory synapses on PV-IRs. Thus, this sparse PC type is in an 

influential position within the DG network, likely contributing to pattern separation by 

activating feed-forward inhibition. 

Our results presented in the second part of the dissertation show that in the hippocampus 

the DAG-sensitive, Ca2+-permeable TRPC6 channels are expressed by the dentate GCs 

and two functionally distinct populations of INs.  

In the dendrites, dendritic spines and cell bodies of the GCs the TRPC6 channels are 

expressed in the plasma membranes. In the spines the TRPC6 channels are evenly 

distributed showing an enrichment at the edge of the postsynaptic densities, where these 

channels overlap with proteins involved in the regulation of DAG levels. In the mossy 

fibers TRPC6 channels are localized intracellularly, whereas these channels are often 

associated to membrane cisternae in the axon terminals. In the axons and axon terminals 

TRPC6 localization is similar to that revealed for RyR2 suggesting that TRPC6 channels 

may be involved in controlling calcium-induced Ca2+ - release and presynaptic plasticity.  

We also show that in the hippocampus TRPC6 channels are expressed in the dendrites of 

two IN populations, characterized by their mGluR1a and parvalbumin expression. These 

IN populations have been suggested to fulfil feed-forward and feed-back inhibition, 

respectively. 

Taken together our results show that TRPC6 channels are in position to participate 

hippocampal information processing through regulating the input and output of GCs and 

through modulating feed-forward and feedback inhibition [110].  
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7. SUMMARY 

The hippocampus plays a fundamental role in several physiological functions such as 

memory and spatial navigation and pathological conditions such as depression or 

epilepsy. Despite decades of intensive research, several details of the hippocampal 

operation are still not known. The DG, a part of the hippocampus, is a brain region known 

to be critical in processing the multimodal information transmitted from cortical regions 

to the hippocampus. One type of inhibitory cells, PV-IRs, play a key role in DG functions. 

These INs receive excitatory inputs on their perisomatic region; however, the source of 

these synapses has been unknown. In the work presented in the first part of my thesis we 

used a combination of immunohistochemistry, light and electron microscopy, and in vitro 

patch clamp electrophysiology to address this question. Our results indicate that in the 

DG, SGCs are the primary source of perisomatic excitatory synapses on PV-IRs.  

TRPC6 channels are DAG-sensitive, Ca2+-permeable, non-selective cation channels. 

These channels are selectively activated by hyperforin, the active constituent of 

Hypericum perforatum (St John’s wort). Hyperforin has mild antidepressant effects and 

has a neuroprotective effect during seizures. TRPC6 channels have also been proposed to 

be involved in the formation and maintenance of excitatory synapses and dendritic spines. 

To understand how TRPC6 channels are involved in hippocampal functions, in our work 

presented in the second part of my thesis, we aimed to determine its cellular and 

subcellular distribution in the hippocampus using immunohistochemistry and light and 

electron microscopy. Our results show that TRPC6 channels are expressed in the 

dendrites, spines, somata, axons and axon terminals of the GCs. In the dendrites, spines 

and cell bodies of the GCs, the TRPC6 channels are expressed in the plasma membranes. 

In the spines, the TRPC6 channels are evenly distributed showing an enrichment at the 

edge of the synapses. In the axons and terminals TRPC6 channels are frequently localized 

intracellularly, in the terminals often associated to membrane cisternae. We also show 

that in the hippocampus, TRPC6 channels are expressed in the dendrites of two 

interneuron populations expressing mGluR1a or parvalbumin.  

Taken together, these results lead to a better understanding of the possible roles of SGCs 

and TRPC6 channels in the hippocampus and open the way for further, functional 

investigations.  
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