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ACSF artificial cerebrospinal fluid 

ADA apical dendrite-associated 
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GABA gamma-aminobutyric acid 

HICAP hilar commissural-associational pathway associated 

HIMPP hilus medial perforant pathway associated 

HIPP hilar perforant pathway associated 

HIPP L hilus perforant pathway associated like 

HP hilar projecting 

Ih hyperpolarization-activated current 

iML inner molecular layer 

IN interneuron 

ISI inter-spike interval 

KMO Kaiser-Meyer-Olkin 

KPCA kernel principal component analysis 

mAHP medium after-hyperpolarization 

MC mossy cell 

MFA mossy fiber-associated 

ML molecular layer 

mML middle molecular layer 



6 

 

MOCAP molecular layer commissural-associational pathway 

associated 

MOPP molecular layer perforant pathway associated  

NGFC neurogliaform cell 

nNOS neuronal nitric oxide synthase 

NPY neuropeptide Y 

OLM oriens/ lacunosum-moleculare 

oML outer molecular layer 

PBS phosphate buffer saline 

(p)CCK (pro)-cholecystokinin 

PrC principal cell 

PV parvalbumin 

Rin input resistance 

ROI region of interest 

RT rise-time  

SO-SO stratum oriens-stratum oriens 

SP I subiculum projecting I 

SP II subiculum projecting II 

SST somatostatin 

Sub subiculum 

TML total molecular layer 

vGAT vesicular GABA transporter 

VIP  vasoactive intestinal peptide 

Vm resting membrane potential 

YFP yellow fluorescent protein 

 

 

 

 

 



7 

 

Abstract (German version) 

Einleitung: Kortikale GABAerge Interneurone (IN) spielen eine zentrale Rolle in der 

Regulation lokaler neuronaler Aktivität, die für eine koordinierte Informationsweitergabe 

und schlussendlich Informationsverarbeitung unerlässlich ist. Trotz dieser zentralen 

Bedeutung für neuronale Netzwerke, ist die morphologische und physiologische 

Diversität kortikaler GABAerger IN noch über weite Strecken unerforscht. Im Gyrus 

dentatus, der Haupteintrittspforte des Hippocampus für räumliche Information, sind 

bislang einige GABAerge IN-Typen mit charakteristischen morphologischen und 

physiologischen Eigenschaften beschrieben worden, doch eine umfassende morpho-

physiologische Klassifizierung ist zum jetzigen Zeitpunkt noch ausstehend. 

Methodik: In Gehirnschnitten von vGAT-YFP positiven Ratten wurden insgesamt 80 

GABAerge IN und 7 Hauptzellen (4 Körnerzellen und 3 Mooszellen) des Gyrus dentatus 

mittels „Patch-clamp“- Technik in „Whole-cell“- Konfiguration auf ihre physiologischen 

Eigenschaften hin untersucht. Anschließend erfolgte die Visualisierung der simultan 

intrazellulär angefärbten Neurone mittels 3-dimensionaler konfokaler Mikroskopie mit 

darauffolgenden neuronalen Rekonstruktionen und letztlich morphologischen Analysen. 

Immunhistochemische Untersuchungen in 64 der 80 eingeschlossenen GABAergen IN 

dienten der Feststellung der Expression neurochemischer Marker. Basierend auf 

insgesamt 38 morphologischen und 15 physiologischen Parametern erfolgten schließlich, 

verbunden mit vorausgegangenen Kernel Hauptkomponentenanalysen, hierarchische 

Cluster Analysen nach der „Ward´s minimum variance“- Methode zur Klassifikation 

GABAerger IN-Typen des Gyrus dentatus. 

Ergebnisse: GABAerge IN bilden, basierend auf ihren morphologischen, aber auch 

physiologischen Eigenschaften, charakteristische IN-Klassen mit insgesamt 12 

morphologisch und 8 physiologisch identifizierten Typen. Die größte Diversität zeigte sich 

jedoch nach Integration morphologischer und physiologischer Eigenschaften mit 

insgesamt 13 morpho-physiologischen Typen. Dabei wurden bereits bekannte IN-

Klassen bestätigt, aber auch 6 neue IN-Klassen identifiziert. Die Expression 

neurochemischer Marker zeigte sich in manchen IN-Klassen uneinheitlich, was 

möglicherweise auf unterschiedliche embryonale Ursprünge hinweist. 

Schlussfolgerung: GABAerge IN des Gyrus dentatus bilden mindestens 13 

verschiedene morpho-physiologische IN-Typen, die dazu beitragen unser Verständnis 
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bezüglich hippocampaler neuronaler Netzwerke und im weiteren Sinne 

Informationsverarbeitung weiter zu vertiefen. 

Abstract (English version) 

Background: Cortical GABAergic interneurons (INs) have been shown to play a crucial 

role in regulating local cell excitability which is required for a coordinated ensemble 

activity and ultimately information processing. However, despite their importance for local 

circuit function, the morphological and physiological diversity of cortical GABAergic INs 

in many brain areas is still not fully understood. In the dentate gyrus (DG), the main entry 

point of spatial information to the hippocampus, several IN types with diverse 

morphological and physiological characteristics have been described, but a 

comprehensive morpho-physiological classification is still lacking. 

Methods: Whole-cell patch-clamp recordings were performed in acute hippocampal 

slices from vGAT-YFP rats from a total of 80 DG GABAergic INs, including 7 DG principal 

cells (4 dentate granule cells, 3 mossy cells) as reference, to assess their 

electrophysiological characteristics. Intracellularly labeled neurons were then visualized 

using 3-dimensional confocal microscopy followed by neuronal reconstructions and 

morphological analysis. Neurochemical marker expression was assessed in 64 of the 80 

included GABAergic INs using immunohistochemistry. Finally, based on 38 

morphological and 15 physiological parameters post hoc cluster analyses following 

Ward´s minimum variance method combined with preceding kernel principal component 

analyses were employed to classify GABAergic IN types of the DG. 

Results: GABAergic INs of the DG fall into distinct classes based on their morphological 

and physiological characteristics with 12 and 8 types identified by our analyses, 

respectively. However, a combined morpho-physiological classification revealed the 

greatest diversity with a total of 13 distinct GABAergic IN types comprising previously 

described and 6 novel IN classes. Neurochemical marker expression of morpho-

physiological types was non-uniform in some classes likely reflecting their diverse 

embryonic origins. 

Conclusion: Our results show that GABAergic INs of the DG divide into at least 13 

distinct morpho-physiological types offering us deeper insights into circuit structure and 

function. 
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1. Introduction 

1.1. Organization of Cortical Networks: Principal Cells vs. Interneurons  

Neural circuits and cortical network activity in the mammalian brain rely on a dynamic 

balance of excitatory and inhibitory synaptic transmission (Cobb et al., 1995). This 

interplay involves two major neuronal classes: excitatory principal cells (PrCs) and 

inhibitory interneurons (INs). While PrCs release glutamate, the primary excitatory 

transmitter of the central nervous system, and provide mainly long-range projections to 

adjacent and distant brain areas, INs mediate, in general, a more spatially restricted 

control of neuronal activity via gamma-amino-butyric acid (GABA), the main inhibitory 

transmitter of the mammalian brain (Freund and Buzsáki, 1996; McBain et al., 2001).  

This GABAergic inhibition can occur at pre- and postsynaptic compartments and acts via 

fast ionotropic GABAA-receptors or slow metabotropic GABAB-receptors whose activation 

both ultimately produce a decrease of cell excitability, hence defined as inhibition (Bettler 

et al., 2004; Dutar and Nicoll, 1988). Due to these regulating characteristics, INs can be 

considered as “neuronal gatekeepers” that control local cell activity to enable a balanced 

and organized transduction of information (Miao et al., 2017). Indeed, while PrCs display 

a region-specific homogeneity in terms of morphological and electrophysiological 

properties, INs are highly diverse in their morpho-physiological and molecular 

characteristics emphasizing their unique role in cortical network regulation (Gupta et al., 

2000). Previous studies have already shown this morphological IN diversity based on 

their somatic and especially axo-dendritic distribution what confers them specific 

inhibitory effects in a compartmentalized manner (Somogyi and Klausberger, 2005). 

Depending on the specific subcellular domain their synaptic connections are formed with, 

INs can be generally subdivided into dendritic and perisomatic targeting types thereby 

differentially modulating the propagation and integration of electrical signals in target 

neurons (Ellender et al., 2010). Furthermore, their diverse passive membrane properties 

and action potential (AP) characteristics (i.a. AP threshold, discharge frequency) are 

essential for timed coordinated activity and thus the temporal integration of synaptic input 

(Gloveli et al., 2005; Vida et al., 2006). Beyond that, INs express different neurochemical 

markers that can act as neuromodulators (e.g. cholecystokinin, somatostatin) or calcium 

binding proteins (e.g. parvalbumin, calbindin; Schwaller et al., 2002). These 

characteristics of a distinctly coordinated regulation and transformation of synaptic activity 
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explain in basic terms the IN diversity that has been described in the mammalian brain 

and ultimately represent a fundamental principle of information processing. Furthermore, 

alterations in these neuronal interactions have been supposed to assume a role in 

neurological and neuropsychological disorders (Dienel et al., 2019). 

1.2. The Hippocampus 

1.2.1. Anatomical Structure and Neuronal Populations  

The hippocampus is located in the temporal lobe and represents a central component of 

the limbic system. It comprises a complex network of interacting neurons with multimodal 

in- and output connections. Its unique cytoarchitecture and functional properties are 

reflected in its predominant role for cognitive and mnestic tasks (such as learning and 

memory) i.a. demonstrated in a well-known case study from Scoville and Milner dating 

back to 1957. Based on those privileged characteristics, the hippocampus represents one 

of the most thoroughly investigated regions of the mammalian brain.                                                                                                         

With respect to its anatomical structure, the hippocampus constitutes two interlocked “C”- 

shaped folds that can hence be classified into its two major domains: the Cornu ammonis 

(CA 1-3) which form together the so-called hippocampus proper (Lorente de Nó, 1934) 

and the dentate gyrus (DG; Fig. 1). Together with the parahippocampal regions which 

include: the subiculum (Sub), the presubiculum, the parasubiculum and the entorhinal 

cortex (EC), they form the hippocampal formation (Amaral and Witter, 1989). CA and DG 

both exhibit a clearly laminated structure and contain homogenous PrCs as well as 

heterogeneous IN populations. Whereas PrC somata are located in a densely packed 

“cell body layer” (or PrC layer), INs are scattered over all layers, often found in the apical 

and basal laminas adjacent to the PrC layers, but also within the latter ones. These apical 

and basal laminas, comprising neuropil, embrace the PrC layer and can be further 

subdivided for the CA areas as follows (from apical to basal): stratum (str.) lacunosum-

moleculare, str. radiatum, str. lucidum (only in CA3) and, below the PrC layer, str. oriens. 

The DG, in contrast, exhibits a slightly different anatomical structure with only three 

existing major layers: the granule cell layer (GCL, the “PrC layer”) and two neuropil layers, 
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the apical molecular layer 

(ML) and the polymorphic 

layer (also called the 

hilus). The ML can be 

further subdivided into an 

inner (iML), middle (mML) 

and outer part (oML) each 

defined by distinct afferent 

fibers. In particular, the 

outer two-thirds of the ML 

(mML and oML) 

represent the termination 

zone of EC projections 

(perforant pathway), 

whereas the iML is innervated from the commissural-associational pathway (Buckmaster 

et al., 1992; Witter, 2007). Differences between CA and DG are also apparent with 

respect to PrC morphology. While PrCs of the CA areas reveal a distinctive homogeneity 

across regions consisting of pyramidal shaped somata, located in the PrC layer that bear 

spiny apical and basal dendrites and a long-range projection axon with a low density of 

local collaterals making additional connections to local INs (Marshall et al., 2002), the DG, 

however, comprises two PrC types, the dentate granule cell (DGC) and the hilar mossy 

cell (MC). MCs are horizontally oriented, densely spiny cells with somato-dendritic 

domains located in the hilus that form excitatory connections within the ipsi- and 

contralateral hippocampus (commissural-associational projections) to both PrCs and INs 

(Scharfman, 2016). DGCs, however, consist of small ovoid cell bodies confined to the 

GCL that give rise to a spiny apical dendritic tree spanning the entire depth of the ML. 

Although lacking basal dendrites, their axon (the so-called “mossy fibers”) projects to the 

hilus and the adjacent CA3 where it terminates in a narrow band, the str. lucidum, above 

the PrC layer. These axons make connections not only to local PrCs in these two regions, 

but also form synaptic inputs on local INs. Those anatomical features define DGCs as the 

counterpart of CA PrCs and highlight their importance to distribute and propagate 

neuronal information within the hippocampus (Claiborne et al., 1986).  

 

Figure 1. Schematic Overview of the Hippocampus and its 

Intrinsic Connections. The PrC layer is shown in gray. PrC somata 

and dendrites are labeled in black, the axon in red. Afferents from 

distant brain regions are shown in green. Note the intrinsic synaptic 

connections within the rodent hippocampus. CA1-3, cornu ammonis 1-

3. DG, dentate gyrus. PrC, principal cell. (Figure: Claudius E. Degro) 
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1.2.2. Circuit Structure of the Hippocampus  

Information from the EC that enters the hippocampus mainly passes the DG as the first 

station (via the perforant pathway) where it is transformed into a sparse output forwarded 

to the CA3 via DGC axons, the mossy fibers. In CA3, this synaptic input is further 

processed and transmitted to the CA1 area by CA3 PrC axons, the Schaffer collaterals, 

from where projections are directed directly and indirectly via the Sub, back to the EC 

(Andersen et al., 1971; Witter et al., 2000; Fig. 1). The strict lamellar organization of this 

so-called “trisynaptic loop” within thin transversal hippocampal slices (Andersen et al., 

1971) remains however controversial with studies reporting a greater longitudinal 

divergence and is still a subject of discussion (Sloviter and Lømo, 2012).  

Besides this well described pathway of intrinsic signal propagation within the hippocampal 

formation, EC projections were additionally shown to directly terminate in CA3, but also 

in CA1 (e.g. temporoammonic pathway; Ito and Schuman, 2012) further refining the 

intrahippocampal code. Additionally, information from the hippocampus is also sent to 

distant brain areas (e.g. septum, prefrontal cortex) via the fimbria-fornix pathway that 

mainly contains efferent fibers of CA and parahippocampal PrCs, but also afferents from 

the forebrain and the diencephalon that enter the hippocampal formation (Saunders and 

Aggleton, 2007). The modulation and transformation of these diverse synaptic inputs 

depend heavily on the interactions between local INs and PrCs corroborating the key role 

that INs play in cortical network regulation.  

1.2.3. Interneurons of the Dentate Gyrus 

With its unique lamination and functional connections, the DG is considered a key 

structure of the hippocampus and represents the main entry station for extrinsic synaptic 

information. INs of the DG mirror this lamination with respect to their axonal organization 

and can be generally classified into perisomatic and dendritic targeting types allowing a 

differential control of PrC activity. While perisomatic targeting INs provide a strict layer 

specific inhibition, dendritic targeting types possess a layered axon which is additionally 

aligned with major input streams of the DG (commissural-associational pathway, 

perforant pathway) facilitating a modulation of these afferent projections. These distinct 

morphological features to control neuronal excitability ultimately result in a division of 

labor and explain the various types of DG INs that have already been described. The 

most thoroughly studied IN types within the DG include basket cells (BCs), a 
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representative of a fast-spiking perisomatic targeting IN, as well as hilar commissural-

associational pathway associated (HICAP), total molecular layer (TML), hilar perforant 

pathway associated (HIPP) and molecular layer perforant pathway associated (MOPP) 

cells as representatives of regular-spiking dendritic targeting INs (Freund and Buzsáki, 

1996; Hosp et al., 2014; Fig. 2). Additional IN types that have been reported in the DG 

comprise another fast-spiking perisomatic targeting IN, axo-axonic cells (AACs; Han et 

al., 1993), and regular-spiking dendritic targeting neurogliaform cells (NGFCs; Armstrong 

et al., 2012).  

 

Briefly, BC somata are typically located at the upper or lower boundary of the GCL and 

give rise to a dense axonal arbor largely restricted to the GCL. Dendritic segments of this 

type can be found in each layer of the DG. AACs reveal very similar axonal and dendritic 

Figure 2. Main Interneuron Types of the Dentate Gyrus. Soma and dendrites are shown in 

black, the axon in red. Inset: Voltage responses to hyper- and depolarizing current pulses (-250 to 

500 pA, 50 pA steps, 500 ms duration) of each interneuron type. BC, basket cell. GCL, granule 

cell layer. HICAP, hilar commissural-associational pathway associated cell. HIPP, hilar perforant 

pathway associated cell. ML, molecular layer. MOPP, molecular layer perforant pathway 

associated cell. TML, total molecular layer cell. (modified from Degro et al., 2022, Supporting 

Information) 
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distributions to those of BCs, but display a unique axonal structure consisting of 

characteristic cartridges that form synaptic contacts with the axon initial segments of 

DGCs. HICAP, HIPP and TML cells represent hilar localized neurons that predominantly 

project to the iML (HICAP), the outer two-thirds (HIPP) or to all layers of the ML (TML). 

Their dendrites, typically aspiny or sparsely spiny, generally cover the hilus and the ML, 

except for HIPP cells which are differentiated by a stringent hilar localized and densely 

spiny dendritic arbor. The MOPP type is a ML located neuron that mainly innervates, 

similar to HIPP neurons, the mML and oML with aspiny dendritic segments mainly 

restricted to the same layers whereas NGFCs are predominantly located in the oML with 

dense and local axonal projections and short and aspiny dendrites. However, despite 

existing information about such distinct cellular profiles and their pivotal role for neuronal 

activity regulation, IN diversity in the DG remains incomplete compared to CA1, with only 

few IN subtypes defined unequivocally (Freund and Buzsáki, 1996; Somogyi and 

Klausberger, 2005). Moreover, it was still unclear, if the described IN types form distinct 

classes or rather represent individual examples of an IN spectrum or rather continuum 

(Mott et al., 1997; Parra et al., 1998). In this regard, former studies relied mainly on limited 

morphological, as the primary classifier, or physiological characterizations to define 

different IN types in the rat DG, but did not attempt an unbiased and detailed integrative 

analysis of morpho-physiological characteristics (Han et al., 1993). The first study that 

could clearly refute the “continuum hypothesis” by demonstrating that INs comprise 

distinct classes was performed by Hosp et al., 2014 in the mouse DG. This approach 

represented the first systematic analysis of DG IN diversity by integrating morphological 

and physiological properties. However, this study included only 22 neuronal 

reconstructions and revealed only 5 distinct IN types conflicting with previous reports 

suggesting a greater IN diversity in the DG (Booker and Vida, 2018). Hence, a 

comprehensive analysis incorporating morphological and physiological characteristics to 

classify INs in the rat DG is still lacking, but crucial to facilitate our understanding of 

information modulation in the hippocampus. 
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1.3. Study Objective 

Our working hypothesis was that IN diversity in the DG is larger than previously 

presumed. Therefore, in the present study, our aim was to systematically characterize 

INs of the rat DG using an unbiased sampling and subsequent cluster analysis-based 

approach in ex vivo brain slices. INs were sampled across all layers of the DG using 

transgenic rats, expressing a yellow fluorescent protein (YFP, Venus variant) under the 

control of the vesicular GABA transporter (vGAT) promoter, a constitutive marker of 

GABA up-taking neurons, what allowed an identification of GABAergic INs on a 

microscopic level. Whole-cell patch-clamp recordings followed by confocal imaging and 

morphological reconstructions were then performed to ascertain the physiological and 

morphometric profile of the recorded neurons. Ultimately, post hoc cluster analyses 

based on morphological and physiological characteristics combined with kernel principal 

component analyses were used to define IN classes in the rat hippocampal DG. 

 

2. Materials and Methods 

2.1. Brain Slice Preparation 

Experiments were performed on 18-26 days old Wistar rats expressing YFP (Venus 

variant) under the vGAT promoter (SLC32A1) what enabled a rapid identification of 

GABAergic INs within the hippocampus (Uematsu et al., 2008). Animal handling was 

conducted in accordance with local (LaGeSo, Berlin, License number: T 0215/11) and 

national guidelines (German Animal Welfare Act).  

Acute hippocampal slices were prepared as previously described (Degro et al., 2022). 

Animals were placed in a plastic chamber and deeply anesthetized with isoflurane. After 

sedation, rats were decapitated and the brains rapidly transferred into ice-cold 

carbogenated (95% O2/ 5% CO2) sucrose-based artificial cerebrospinal fluid (sucrose-

ACSF) with the following composition in mM: 87 NaCl, 2.5 KCl, 25 NaHCO3, 1.25 

NaH2PO4, 25 Glucose, 75 Sucrose, 1 Na2-Pyruvate, 1 Na2-Ascorbate, 7 MgCl2, 0.5 CaCl2. 

After resection of the cerebellum and the frontal lobe, the cerebrum was dissected into its 

two hemispheres. Horizontal hippocampal slices (300 µm nominal thickness) were then 

prepared from the ventro-medial hippocampus of both hemispheres on an oscillating 

blade vibratome (VT1200s, Leica, Germany) in ice-cold sucrose-ACSF. Subsequently, 
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specimens were transferred for 30 minutes to submerged storage chambers containing 

warmed sucrose-ACSF (35 °C, 95% O2/ 5% CO2), before storage at room temperature 

(20-25 °C) in the same solution until recording.  

2.2. In vitro Electrophysiology: Whole-Cell Patch-Clamp Recordings 

To assess the physiological characteristics of neurons that are defined by diverse ion 

channel activities, the patch-clamp technique in whole-cell configuration was used 

providing a direct cell access to measure ionic currents and voltage changes over 

biological membranes (Neher and Sakmann, 1992; Fig. 3). 

 

 

 

 

 

 

 

 

 

To perform these electrophysiological recordings, slices were placed in a submerged 

recording chamber and perfused with normal ACSF (in mM: 125 NaCl, 2.5 KCl, 25 

NaHCO3, 1.25 NaH2PO4, 25 Glucose, 1 Na2-Pyruvate, 1 Na2-Ascorbate, 1 MgCl2, 2 

CaCl2; 95% O2/ 5% CO2). The perfusion rate was set at 10-12 ml/min to increase the 

oxygenation level (Hájos et al., 2009) and the temperature adjusted to near physiological 

conditions (32 ± 0.4 °C) by an inline heater (SuperTech, Switzerland; Degro et al., 2022). 

Brain slices were visualized with a 40x water immersion objective lens (numerical 

aperture, NA, 0.8) under an upright microscope (BX-50, Olympus, Hamburg, Germany; 

Degro et al., 2022). Epifluorescent illumination was additionally used to detect the YFP 

signal (excitation: 515 nm; emission: 527 nm). After visualization of the DG, INs for 

electrophysiological recordings were selected in a quasi-random manner across all layers 

of the DG (ML, GCL, hilus) based on their YFP fluorescence (Degro et al., 2022). A small 

A B C 

Figure 3. Schematic Sequence of a Whole-Cell Patch-Clamp Recording. A-C. Patch 

pipette with intracellular solution is shown in gray, the recording electrode in black. The 

neuronal soma is illustrated as a circle with ions (green and red dots) and transmembrane 

ion channels (blue cylinders). B. Cell-attached configuration with an invaginated 

membrane patch. C. Whole-cell configuration after “breakthrough” with dispersing 

intracellular solution. (Figure: Claudius E. Degro) 
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sample of YFP- negative cells in the hilus and in the GCL was additionally collected as 

control populations representing MCs and DGCs, the two PrC types of the DG. Finally, 

whole-cell patch-clamp recordings were performed using a Multiclamp 700B amplifier 

(Molecular Devices, USA). Patch pipettes (borosilicate glass capillaries, 2 mm outer/ 1 

mm inner diameter, Hilgenberg, Germany) were prepared on a horizontal electrode puller 

(P-97, Sutter Instruments, CA, USA) with pipette resistances of 3-5 MΩ after filled with 

intracellular solution (in mM: 130 K-gluconate, 10 KCl, 2 MgCl2, 10 EGTA, 10 HEPES, 2 

Na2-ATP, 0.3 Na2-GTP and 1 Na2-creatinine; 290-310 mOsm/l). 0.1% biocytin was 

additionally added to the intracellular solution for post hoc visualization. The built-in 4-

pole Bessel filter of the Multiclamp 700B amplifier (Axon Instruments, CA, USA) was used 

for signal filtering at 10 kHz and signals were digitized at 20 kHz using an analog-digital 

converter (NI USB-6212 BNC, National Instruments, Berkshire, UK). Experiments were 

recorded using the WinWCP software (courtesy of John Dempster, Strathclyde 

University, Glasgow, UK; Version 4.5.0.0) and data analysis was accomplished offline 

using the open source Stimfit software package (http://www.stimfit.org; Version 0.11).  

2.3. Visualization: 3-D Laser Scanning Confocal Microscopy and 3-D Neuronal 

Reconstruction 

After completion of the electrophysiological experiment, an outside-out patch 

configuration to retain cell integrity was achieved. Subsequently, slices were immediately 

fixed in a 4% paraformaldehyde (in 0.1 M phosphate buffer, PB) containing solution and 

stored overnight at 4 ºC. Specimens were then washed repeatedly in PB followed by 

incubation with Alexa Fluor 647-conjugated streptavidin (1:1000, Invitrogen, Dunfermline, 

UK), diluted in a modified solution of PB (0.1% Triton X-100 and 0.05% NaN3), overnight 

at 4 ºC (Degro et al., 2022). As streptavidin has a very high binding affinity to biocytin, a 

component of the intracellular solution that dispersed in the cytoplasm during the 

electrophysiological recording, the conjugation with a fluorescent dye (Alexa Fluor 647) 

enabled a detailed visualization of the biocytin-streptavidin complex and thus the 

morphological structure of the neuron. Finally, brain slices were mounted on glass slides, 

encircled by a 300 µm thick agar spacer, with a polymerizing mounting medium 

(Fluoromount-G, Southern Biotech, AL, USA) and cover-slipped (Degro et al., 2022). To 

detect the fluorescent signal of the biocytin filled neurons, a laser scanning confocal 

microscope (FluoView 1000, Olympus) with 20x (NA 0.75) or oil-immersion 60x (NA 1.3) 

objective lenses was used. The high optical resolution due to the spatially restricted 
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illumination of this type of microscopy allowed us to obtain detailed 3-dimensional (3-D) 

images of the recorded and labeled neurons. To produce images for morphological 

analyses, the imaging parameters were set as follows: step size: 0.5 or 1 μm; dwell time: 

4 μs/ pixel; resolution: 1024 x 1024 or 2048 x 2048.  A 3-D representation of the complete 

neuron was obtained from multiple adjacent image stacks, collected along the z-axis, 

which were subsequently assembled using the Fiji software package (https://imagej.net; 

Version 2.0.0). 3-D reconstructions of the imaged neurons were performed with the semi-

automatic Simple Neurite Tracer plug-in for Fiji. Due to digitization artefacts and shrinkage 

of the slice thickness after fixation, post hoc corrections needed to be applied: 1) 

reconstructed neuronal segments were smoothed using a Gaussian spatial filter in the 

NEURON simulation software environment (3-point window, single iteration in the x/y-

plane and 10 iterations along the z-axis, customized hoc script; 

https://www.neuron.yale.edu; Version 7.3) and 2) shrinkage along the z-axis was 

compensated by applying a correction factor calculated as the quotient of original nominal 

slice thickness (300 µm) and thickness of the fixed specimen measured during the 

imaging.  

2.4. Morpho-physiological Analysis 

Morpho-physiological analysis was performed on 87 neurons (80 INs, 4 DGCs, 3 MCs) 

from which a total of 53 parameters were derived (38 morphological parameters, 5 

passive membrane properties and 10 AP properties; Table 1). 
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Table 1. Morphological and Physiological Parameters Used in the Study (modified from    

                 Degro et al., 2022, Supporting Information) 

AP, action potential. CA3, cornu ammonis 3. GCL, granule cell layer. iML, inner molecular layer. mML, 

middle molecular layer. oML, outer molecular layer. Sub, subiculum. 

 

2.4.1. Physiological Characterization 

First, the pipette was moved to the neuron using micromanipulators and its tip pressed 

against the somatic membrane to establish a cell-attached configuration. Whole-cell 

configuration was then achieved by brief negative pressure pulses (suction) rupturing the 

membrane patch. Electrophysiological properties of hippocampal neurons were analyzed 

as follows: 

Axonal Parameters Somato-Dendritic Parameters Physiological Parameters 

1. CA3 axon [%] 1. Soma localization [%] 
1. Resting membrane 
potential (Vm) [mV] 

2. Hilus axon [%] 2. Hilus dendrites [%] 2. Input resistance (Rin) [MΩ] 

3. GCL axon [%] 3. GCL dendrites [%] 
3. Membrane capacitance 
(Cm) [pF] 

4. iML axon [%] 4. iML dendrites [%] 
4. Membrane time constant 
[ms] 

5. mML axon [%] 5. mML dendrites [%] 5. Sag (Ih) [%] 

6. oML axon [%] 6. oML dendrites [%] 6. AP threshold [mV] 

7. Sub axon [%] 7. Sub dendrites [%] 7. Rheobase [pA] 

8. Branch order average 8. No. of dendritic stems 8. AP amplitude [mV] 

9. Branch order max. 9. Branch order average 
9. AP max. rate of rise 
[mV/ms] 

10. Branch path-length average 
[µm] 

10. Branch order max. 
10. AP max. rate of decay 
[mV/ms] 

11. Sholl rise threshold radius 
[µm] 

11. Branch path-length average 
[µm] 

11. AP rise-time (RT) [ms] 

12. Sholl max. intersection radius 
[µm] 

12. Dendritic spines 12. AP half-height width [ms] 

13. No. of intersections at 500 µm 13. Spiny soma 
13. AP fast after-
hyperpolarization (fAHP) 
amplitude [mV] 

14. Sholl decay threshold radius 
[µm] 

14. Sholl max. intersection 
radius [µm] 

14. AP medium after-
hyperpolarization (mAHP) 
amplitude [mV] 

15. Max. radius [µm] 15. Max. radius [µm] 
15. AP adaptation ratio 
(inter-spike interval, ISI, 
1st/last) 

16. Bifurcation (amplitude) 
remote [°] 

16. Bifurcation (amplitude) 
remote [°] 

 

17. Axon polarity 17. Dendrites polarity  

18. Perisomatic axon [%] 18. Thorny excrescences  

19. Density-spot axon [%]   

20. Soma/density-spot distance 
[µm] 
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Passive membrane properties: 1) Resting membrane potential (Vm) was taken 

immediately after breakthrough in current-clamp mode at zero-current level. 2) Input 

resistance (Rin) was measured in voltage-clamp mode at -60 mV based on -10 mV pulses 

of 500 ms duration (10-trace average). Following Ohm´s law, Rin was then calculated from 

the change in current between baseline and steady-state at the end of the voltage pulse. 

3) Membrane capacitance (Cm) was assessed using the same experimental protocol in 

voltage-clamp mode at -60 mV (-10 mV pulse, 500 ms duration, 10-trace average). Cm 

was then calculated as follows:  

Cm = τw * (1/Rs + 1/Rin) 

where τw is the weighted time constant derived by fitting a bi-exponential function (offset 

fixed to baseline) to the decay of the current induced by the -10 mV pulse and Rs, the 

series resistance calculated using Ohm´s law by taking the change in current between 

baseline and peak current following the applied voltage step. 4) Membrane time constant 

was measured in current-clamp mode by fitting a mono-exponential function to the decay 

of the voltage response produced by a -10 pA current pulse (500 ms duration, 30-trace 

average). 5) Voltage sag (Ih) was calculated in current-clamp mode from a -250 pA current 

pulse as the difference between peak and steady-state voltage change (3-trace average). 

Sag amplitude was then expressed as % from voltage peak.  

AP properties:  All AP properties were calculated in current-clamp mode and expressed 

as the average of the measured values from three individual traces. To calculate single 

AP characteristics, a family of small depolarizing current pulses increasing by 10 pA was 

applied to the neurons to elicit APs at rheobase. The first AP at rheobase was then used 

for further analysis. 1) AP threshold (mV) was defined as the membrane potential where 

the rate of rise first exceeded 20 mV/ms. 2) AP amplitude (mV) was determined as the 

voltage peak from threshold. 3) AP max. rate of rise/decay were defined as the maximal 

slopes (mV/ms) during the AP rise and decay phase, respectively. 4) AP rise-time (RT) 

was defined as the time (ms) in which the AP changed from 20 to 80% of its peak 

amplitude. 6) AP half-height width described the AP duration in ms at its half maximal 

amplitude. 7) Fast and medium after-hyperpolarization (AHP) were determined as the first 

and second negative peaks in voltage, measured from threshold, immediately following 

the AP.  8) AP discharge frequency was assessed by counting all events overshooting 0 

mV during hyper- to depolarizing current pulses (50 pA steps, 500 ms duration) ranging 
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from -250 pA to 250 pA (in a subset of cells followed by a 500 pA pulse) and expressed 

as Hertz (Hz) and 9) AP adaptation was measured based on the AP firing discharge at 

250 pA by calculating the ratio between the first and the last inter-spike interval (ISI 

1st/last).  

2.4.2. Morphological Characterization 

Morphological parameters were calculated based on exported ´swc´ files containing the 

reconstructed 3-D cell structure. First, laminar distribution analysis of the axonal and 

dendritic segments was performed in Fiji using the Segmentation Editor plug-in that 

enabled a detailed delineation of the different layers of the DG followed by a calculation 

of the relative axonal and dendritic length (% of total length) that felt into these regions of 

interest (ROI). Sholl analysis (linear method) was performed using the Sholl Analysis 

plug-in for Fiji. The following Sholl analysis related parameters were calculated based on 

the reconstructed cell structure (z-projection) using 10 µm increasing radius steps around 

the soma. 1) Sholl rise threshold radius, defined as the distance where the number of 

intersections exceeded 10% of their maximum. 2) Sholl maximal intersection radius, 

indicating the distance where the maximal number of intersections was observed. 3) No. 

of intersections at a distance of 500 µm. 4) Sholl decay threshold radius, defined as the 

distance where the number of intersections undershot 10% of their maximum and 5) the 

maximal radius. Branch order, branch path-length, bifurcation angle and no. of dendritic 

stems were calculated using the open-source L-measure software package (http:// 

krasnow.gmu.edu/cn3; Version 5.2). Presence and distribution of somatic and dendritic 

spines were determined based on their density per µm. Axon and dendrites polarity were 

assessed in NEURON by producing a x/y-plot of the cell trajectories and calculating the 

fractional dendritic and axonal length that felt into a 10° sector, ranging from 0 to 360° 

(customized ´hoc´ script). Polarity was then determined by the number of peaks crossing 

the mean dendritic or axonal length, respectively, in a coordinate system with degree on 

the x- and length on the y-axis. Finally, axon density related parameters were assessed 

in Fiji and R (The R Project for Statistical Computing; https://www.r-project.org; Version 

2.7-0) by combining the somatic and intersection coordinates (x/y) obtained from the Sholl 

analysis with the reconstructed cell structure. A circular ROI with a 50 µm radius was 

placed 1) over the soma to calculate the perisomatic axon, defined as the proportion (%) 

of the total axonal length and 2) over the spot with the highest intersection density, 
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assessed by employing a 2-D intersection density plot (customized ́ R´ script), to calculate 

the density-spot axon (% of the total axonal length). 

2.5. Multivariate Analysis 

The following multivariate statistical analyses were performed in R, separately for the 

morphological, physiological and combined morpho-physiological dataset. 

2.5.1. Kernel Principal Component Analysis (KPCA) 

To reduce the multidimensionality of the given dataset, a well-known confounder of 

machine learning algorithms including cluster analyses (“curse of dimensionality”; Altman 

and Krzywinski, 2018), a multivariate statistical technique extracting principal 

components was first applied. Taken into account the additional nonlinear nature of most 

physical and biological systems (Mattei, 2014), a kernel principal component analysis 

(KPCA), the nonlinear extension of PCA was used. Similar to linear PCA which is defined 

as the orthogonal transformation of the input data into new coordinates (Schölkopf et al., 

1998), KPCA achieves this transformation by initially mapping the original data into a 

higher-dimensional feature space, defined by a kernel function, thus improving 

subsequent linearity and calculation of principal components (Lee et al., 2004). In order 

to perform such factorization, the sampling adequacy of the dataset was tested by 

calculating the Kaiser-Meyer-Olkin (KMO) index using an assigned cut-off >0.5 (Field, 

2000). The KMO index of the morphological dataset was 0.52, of the physiological dataset 

0.62 and of the combined morpho-physiological dataset 0.53, thus allowing a PCA-based 

approach. After normalization of input parameters, KPCA was performed using the “kpca” 

function in R (kernlab package, R). The following radial basis function (RBF) kernel was 

implemented to calculate the kernel matrix and determine the high-dimensional feature 

space.  

k(x,x´)= exp(- σIIx - x´II2) 

Following centering of the kernel matrix, the principal components were finally extracted. 

The hyperparameter σ, which describes the inverse kernel width of the RBF kernel, was 

individually defined for each dataset (morphological, physiological and morpho-

physiological) by using the “sigest” function in R (kernlab package, R) and set to the 0.5 

quantile value. Ultimately, the optimal number of principal components to retain was then 

evaluated based on the scree-test which is defined as k-1 with k as the kink point in a 
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graph of principal components plotted on the x-axis and their corresponding eigenvalues 

on the y-axis (Bacher et al., 2010; Cattell, 1966).  

2.5.2. Cluster Analysis 

To perform a cluster analytical classification, data was projected onto the extracted 

principal components and applied to a deterministic hierarchical-agglomerative clustering 

approach following Ward's minimum variance method. This method combines clusters in 

a successive manner (bottom-up approach) so that merging leads to a minimal increase 

of the squared sum of variance within cluster. The distances between the different 

clusters were expressed by the squared Euclidean distance. Following cluster analyses, 

results were then illustrated as classic dendrograms with the optimal number of clusters 

assessed using the inverse scree-plot by plotting the total number of clusters on the x-

axis and their merging level on the y-axis. The optimal cluster solution was then 

determined by identifying the kink point of the graph (“elbow” criterion; Bacher et al., 

2010), read from right to left (“inverse”). 

2.6. Immunohistochemistry  

Neurochemical marker expression of the recorded neurons was tested using 

immunofluorescent labeling techniques (Degro et al., 2022). Brain slices were therefore 

rinsed in advance in 25 mM PB containing 0.9% NaCl (PBS) followed by an exposure to 

a blocking solution (PBS containing 10% normal goat serum, 0.3% or 1% Triton X-100 

and 0.05% NaN3) for 60 min at room temperature. The specimens were then treated with 

a primary antibody solution (PBS containing 5% normal goat serum, 0.3% Triton X-100 

and 0.05% NaN3) for 120 min (room temperature) and subsequently, after rinsing in PBS, 

incubated with secondary antibodies (Alexa Fluor 405, 546 or 594, 1:1000, Invitrogen) in 

a solution of PBS containing 3% normal goat serum, 0.1% Triton X-100 and 0.05% NaN3 

overnight at 4 °C. Finally, slices were washed in PB and mounted on glass slides as 

described above. The conjugation of the secondary antibodies with a fluorescent dye 

allowed a detection of the signal under a laser scanning confocal microscope (FluoView 

1000, Olympus). Primary antibodies raised against distinct neurochemical markers were 

chosen based on the revealed cell morphology and possible classification in accordance 

with previous findings (Freund and Buzsáki, 1996) leading to double or triple labeling. 

Primary antibodies that were used in the present study are shown in Table 2.  
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Table 2. Primary Antibodies Used in the Study (adapted from Degro et al., 2022)  

                                                                                              

2.7. Chemicals 

Chemicals were purchased from Sigma Aldrich (Munich, Germany) or Carl Roth 

(Karlsruhe, Germany). Biocytin was sourced from Life Technologies (Dunfermline, UK). 

Working solutions (ACSF) were freshly prepared at each experimental day (Degro et al., 

2022). 

2.8. Statistics 

Multivariate analyses were performed with R (The R Project for Statistical Computing; 

https://www.r-project.org; Version 2.7-0) and data charts were created using Graphpad 

Prism 9.0.0 (GraphPad Software, CA, USA) and R. Group data was compared using two-

way ANOVA and statistical significance was assumed if p<0.05. Data is shown as mean 

± SD, unless stated otherwise. 

 

 

 

 

 

Neurochemical marker Host species Manufacturer Dilution 

Calbindin (CB) mouse monoclonal 
SWANT, Marly, 

Switzerland 
1:2000 

Calretinin (CR) rabbit polyclonal 
SWANT, Marly, 

Switzerland 
1:4000 

Cholecystokinin (CCK) mouse monoclonal 
G. Ohning, CURE, 

UCLA, USA 
1:5000 

Pro-cholecystokinin (pCCK) rabbit polyclonal 
Frontiers Institute, 

Japan 
1:1000 

Neuronal nitric oxide synthase 
(nNOS) 

mouse monoclonal 
Invitrogen, Carlsbad, 

CA, USA 
1:300 

Neuropeptide Y (NPY) rabbit polyclonal 
Peninsula Laboratories, 

USA 
1:2000 

Parvalbumin (PV) mouse monoclonal 
SWANT, Marly, 

Switzerland 
1:5000 

Somatostatin (SST) rabbit polyclonal 
Peninsula Laboratories, 

USA 
1:2000 



25 

 

3. Results 

3.1. Morphological Classification of Dentate Gyrus Interneurons 

To investigate the diversity of DG IN types based on their morphology (M-types) and in 

particular their axonal and dendritic organization (Han et al., 1993; Pelkey et al., 2017), 

the morphometric structure of the 87 recorded neurons (80 INs, 4 DGCs, 3 MCs) was 

analyzed. Based on 38 derived morphological parameters (20 axonal, 16 dendritic and 2 

somatic properties), a KPCA was first employed from which seven principal components 

(scree-test; Cattell, 1966) were extracted and used for further analysis (73% of 

morphological variance). After data projection onto the extracted principal components, a 

hierarchical cluster analysis using Ward´s minimum variance method was then performed 

which revealed 14 different morphological clusters (“elbow” criterion; Bacher et al., 2010; 

Fig. 4).  

 

Two clusters represented YFP- negative neurons, namely DGCs and MCs which were 

clearly segregated into two distinct classes, separate from YFP- positive neurons. YFP- 

positive neurons were subdivided into 12 distinct IN clusters (M1-M12) based on their 

morphological structure. Interestingly, using their somatic localization, they could be 

divided into the three main branches of the dendrogram with M1-M4 representing ML INs, 

M8-M12 comprising hilar INs and M5-M7 which contained INs with somata in or adjacent 

Figure 4. Hierarchical Cluster Analysis of Morphological Properties of Dentate Gyrus Neurons. 

Dendrogram of the hierarchical cluster analysis (Ward´s minimum variance method) of 87 neurons based 

on 38 morphological parameters. 14 different clusters could be identified (M1-M12, DGC, MC). Inset: 

Inverse scree-plot with the optimal number of clusters to retain (pale red area) based on the kink point 

of the graph (“elbow” criterion). DGC, dentate granule cell. MC, mossy cell. (adapted from Degro et al., 

2022) 
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to the GCL. In terms of their dendritic and axonal distributions, some of these clusters 

showed a high similarity to previously identified IN types (M2, M3, M6, M7, M8, M10, 

M11), whereas other clusters (M1, M4, M5, M9, M12) appeared to be different, potentially 

novel IN types, which have not been described in the literature (Fig. 5).  

 

The M2 cluster (n=8) comprised INs with aspiny somato-dendritic domains restricted to 

the ML (96.0 ± 5.4% of dendrites) and multipolar axonal projections of relatively high 

density (density-spot axon: 22.1 ± 6.9% of axon). Axon collaterals were largely found in 

the mML/ oML (56.5 ± 19.0% of axon) and to a lesser extent in the iML (31.6 ± 10.2% of 

axon) allowing a direct comparison with the already identified MOPP neurons (Han et al., 

1993). M3 INs (n=5), in contrast, had somata localized to the oML and possessed short 

and aspiny dendrites (branch path-length average: 30.5 ± 5.0 µm) confined to the same 

layer. Their axonal arbor revealed a dense and compact structure (max. axon radius: 

424.0 ± 139.6 µm; perisomatic axon: 25.6 ± 7.7% of axon) within the oML (66.3 ± 22.1% 

of axon) and collaterals invading the mML as well as the Sub/ CA1, characteristics 

resembling those of NGFCs (Armstrong et al., 2012). The M6 (n=4) and M7 (n=5) clusters 

Figure 5. Axonal and Dendritic Distribution of the Identified Dentate Gyrus Morphotypes. Bar 

charts of the relative dendritic and axonal length (as % of total length, mean ± SD) of each identified 

morphological cluster aligned to the different layers of the dentate gyrus including the subiculum (see 

inset scheme: hilus, GCL, iML, mML, oML, Sub). Soma localization is denoted by a white diamond on 

the y-axis. DGC, dentate granule cell. GCL, granule cell layer. iML, inner molecular layer. MC, mossy 

cell. mML, middle molecular layer. M1-M12, morphological clusters M1-M12. oML, outer molecular layer. 

Sub, subiculum. (adapted from Degro et al., 2022) 
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comprised INs that were located in or adjacent to the GCL with sparsely spiny dendrites 

spanning all layers of the DG. They predominantly innervated the GCL (M6: 77.7 ± 7.0% 

of axon; M7: 77.0 ± 7.8% of axon) where they formed a dense and highly branched axonal 

arbor. Characteristic of M6 INs was their unipolar “cartridge-like” axonal structure 

perpendicular to the GCL, a feature typical for AACs (Buhl et al., 1994). This was 

contrasted by the “nest-like” axon collaterals in the GCL of cluster M7 INs, inherent for 

BCs, which had otherwise very similar dendritic and axonal distributions. M8 INs (n=3) 

displayed spiny, bipolar somato-dendritic domains exclusively confined to the hilus (99.5 

± 0.9% of dendrites) and an axon mainly restricted to the outer two-thirds of the ML (mML: 

25.6 ± 12.9% of axon; oML: 52.3 ± 39.8% of axon) resulting in a low perisomatic axonal 

proportion (0.7 ± 0.5% of axon). These morphological characteristics were highly specific 

for HIPP cells (Han et al., 1993). The M10 (n=9) and M11 (n=8) clusters both contained 

hilar INs with sparsely spiny dendrites that covered all layers of the DG. While revealing 

similar axonal branch order and path-length characteristics, differences became apparent 

analyzing their axonal distribution. ML projections of M10 INs were mainly restricted to 

the iML (18.1 ± 17.7% of axon), reminiscent of HICAP cells (Han et al., 1993), but, unlike 

true HICAP cells, with the majority of axon collaterals found in the hilar region (52.7 ± 

35.1% of axon). In contrast, M11 INs innervated all layers of the DG, consistent with TML 

cells (Mott et al., 1997).  

The remaining clusters contained INs with a morphological structure distinct from the 

previously described types. The M1 cluster (n=5) included ML INs with somata located in 

the mML. They possessed multiple, unipolar, aspiny dendrites (no. of stems: 6.8 ± 2.5) 

that were almost exclusively restricted to the mML and oML (mML: 51.9 ± 11.4% of 

dendrites; oML: 42.5 ± 10.5% of dendrites). Their axon was located in the same layers 

(mML: 45.5 ± 9.2% of axon; oML: 28.8 ± 5.6% of axon), but, unlike the MOPP like M2 

cluster, also invaded the Sub/ CA1 (5.6 ± 5.7% of axon). M4 INs (n=9) were found in the 

oML in vicinity to the hippocampal fissure. They had a bi- or multipolar dendritic arbor that 

was largely localized to the oML (74.5 ± 17.9% of dendrites), but with branches reaching 

into the Sub/ CA1 (8.9 ± 9.5% of dendrites). Their axonal distribution was similar to that 

of the M3 (NGFC like) class, albeit with a more pronounced projection towards the Sub/ 

CA1 (20.7 ± 15.7% of axon) and a larger horizontal extent of their axon (max. axon radius: 

601.1 ± 111.7 µm) resulting in an overall less compact axonal structure (perisomatic axon: 

13.5 ± 3.7% of axon). M5 cluster INs (n=6) had somata in the iML giving rise to a mainly 
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bipolar, sparsely spiny dendritic arbor spanning all layers of the DG. Characteristic was 

their dense innervation of the iML (58.3 ± 16.9% of axon). INs of the M9 class (n=5) 

resembled those of the M8 cluster (HIPP like). Although revealing a similar somato-

dendritic structure (bipolar, horizontal orientation) and distribution within the hilus, M9 INs 

were less spiny and their dendritic branches were also found in the ML (10.5 ± 15.5% of 

dendrites). Their axonal projections to the outer two-thirds of the ML were more distinct 

in the mML (mML: 57.3 ± 24.6% of axon; oML: 12.2 ± 15.6% of axon) and they also 

innervated, in contrast to M8 cells, the hilus (15.8 ± 15.7% of axon). Finally, the M12 

cluster (n=13) comprised INs located in the hilus with a multipolar, sparsely spiny dendritic 

arbor covering all layers of the DG. Their axon had a lower density (density-spot axon: 

10.2 ± 3.1% of axon), but a preferential innervation of the mML (34.2 ± 16.0% of axon) 

as their most distinctive feature. 

In summary, DG INs form diverse types based on their morphological characteristics and 

this diversity was shown to be greater than previously described. Nevertheless, some IN 

clusters (e.g. M10) revealed a reduced morphological uniformity. 

3.2. Physiological Classification of Dentate Gyrus Interneurons 

Electrophysiological properties of INs have been shown to critically define spike timing of 

PrCs by fast and slow feed-forward and feedback inhibition and can thereby promote 

network oscillations as well as facilitate integration and storage of information (Bartos et 

al., 2007). However, our knowledge about the electrophysiological diversity of DG INs still 

remains fragmentary: INs are subdivided mostly into two classes, regular- and fast-

spiking types. To examine, whether DG INs can be subdivided into further distinct 

physiological clusters (P-types), 15 physiological parameters (5 passive membrane 

properties, 10 AP properties) from each of the 87 recorded neurons (80 INs, 4 DGCs, 3 

MCs) were extracted. After performing a KPCA of this parameter set, five principal 

components (81% of physiological variance) could be identified (scree-test; Cattell, 1966) 

onto which data was consequently projected. Finally, a hierarchical cluster analysis using 

Ward´s minimum variance method was performed which revealed 8 different 

physiological clusters (P1-P8; “elbow” criterion; Bacher et al., 2010) with diverse 

electrophysiological characteristics (Fig. 6). 
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Albeit less robust than the morphological classification, the electrophysiological 

characterization also separated YFP- negative neurons (P4: DGCs (n=4); P6: MCs 

(n=3)), from YFP- positive INs (P1-P3, P5, P7, P8). Besides differences in their passive 

membrane characteristics, most prominent were their diverse discharge patterns, 

particularly the slower discharge and larger amplitude APs in PrCs compared to INs (Fig. 

6 B). However, analyses of passive and active membrane properties within the identified 

IN clusters also showed clear differences between the obtained P-types. The mean 

current-voltage relationship (Fig. 7) in response to hyperpolarizing current pulses 

revealed a high diversity among the different P-types: with some clusters displaying a 

high Rin and a pronounced voltage sag (e.g. P5 (n=13): Rin: 352.4 ± 110.4 MΩ; voltage 

A 

Figure 6. Hierarchical Cluster Analysis of Physiological Properties of Dentate Gyrus Neurons. 

A. Dendrogram of the hierarchical cluster analysis (Ward´s minimum variance method) of 87 neurons 

based on 15 electrophysiological parameters. 8 different clusters could be identified (P1-P8). Inset: 

Inverse scree-plot with the optimal number of clusters to retain (pale red area) based on the kink point 

of the graph (“elbow” criterion). B. Left: Representative voltage responses of a single neuron per P-

cluster to hyper- and depolarizing current pulses (-250 to 500 pA, 50 pA steps, 500 ms duration). Right: 

Corresponding single action potential at rheobase. (adapted from Degro et al., 2022) 

B 
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sag, Ih: 11.8 ± 8.6%; P7 (n=5): Rin: 493.0 ± 154.1 

MΩ; voltage sag, Ih: 13.2 ± 9.2%) and others with 

much lower Rin and smaller voltage sag (e.g. P1 

(n=11): Rin: 84.0 ± 18.6 MΩ; voltage sag, Ih: 6.2 ± 

4.9%; P3 (n=30): Rin:174.9 ± 49.3 MΩ; voltage sag, 

Ih: 3.8 ± 1.8%). Further differences of passive 

membrane properties between P-types were also 

variably found for Vm, Cm and the membrane time 

constant. Analyses of AP discharge frequency and 

single AP properties showed a similar diversity 

between P-types (Fig. 8). For example, the P1 

cluster displayed a non-adapting high discharge 

pattern (Fig. 6 B and Fig. 8 A) of small amplitude 

and fast APs (AP amplitude: 48.2 ± 9.3 mV; AP half-height width: 0.45 ± 0.16 ms; Fig. 8 

B, C) representing typical characteristics of fast-spiking INs. P4 neurons, in contrast, 

revealed an adapting AP discharge of reduced frequency with large and fast APs followed 

by distinctive fast and medium AHPs, properties that largely overlap with DGCs (AP 

amplitude: 73.5 ± 13.1 mV; AP half-height width: 0.54 ± 0.09 ms; AP mAHP amplitude:    

-14.9 ± 4.9 mV).  

 

 

 

 

 

Figure 7. Current-Voltage Plot. 

Voltage responses (mean ± SD,      

p<0.0001, two-way-ANOVA) of the 

identified physiological clusters (P1-

P8, color codes) to hyperpolarizing 

current pulses ranging from -50 to 

-250 pA (50 pA steps, 500 ms 

duration). (adapted from Degro et al., 

2022) 

Figure 8. AP Discharge Frequency and AP Properties of the Identified Physiological Clusters P1-

P8. A. Current-firing responses (mean ± SD, p<0.0001, two-way-ANOVA) of the identified physiological 

clusters (P1-P8, color codes) to depolarizing current pulses ranging from 50 to 500 pA (50 pA steps,   

500 ms duration). B, C. Representative AP phase-plot (B) and voltage response (C) of a single neuron 

per P-cluster (AP at rheobase, color codes). AP, action potential. Vm, membrane potential. (adapted 

from Degro et al., 2022) 

A B C 
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The remaining P-clusters displayed a wide range of different AP kinetics and discharge 

patterns varying from slow and small amplitude APs (P2 cluster (n=9): AP half-height 

width: 1.09 ± 0.09 ms; AP amplitude: 49.9 ± 3.9 mV) to relatively fast and large APs (P8 

cluster (n=12): AP half-height width: 0.73 ± 0.13 ms; AP amplitude: 67.3 ± 9.0 mV) of 

variable discharge frequency and adaptation. Despite forming distinct physiological 

classes, within-cluster heterogeneity was also observed in some P-clusters as illustrated 

by the phase-plots of the APs for each characterized neuron (Fig. 9). 

 

 

 

 

 

 

 

 

In summary, these results demonstrate that DG INs can be classified into diverse 

physiological types. However, this classification of electrophysiological properties 

revealed less IN clusters with greater heterogeneity within-type compared to the above-

described morphological cluster analysis. Nevertheless, comparison of the morphological 

with the physiological cluster result indicated while most morphotypes displayed a variety 

of diverse physiological characteristics, some M-types did not. Beside the already 

mentioned large overlap of DGCs and MCs with the P4 and P6 cluster, respectively, this 

conformity was especially observed between the M6, M7 and P1 clusters (fast-spiking 

INs, 89% overlap), between the M8 and P8 clusters (67% overlap) and between the M1-

M4 and P3 clusters (96% overlap). The latter ones (M1-M4) entirely represented ML 

located INs.  

 

 

 

Figure 9. Overview of AP Phase-plots of the Identified Physiological 

Clusters P1-P8. AP phase-plot (at rheobase) of each characterized neuron is 

illustrated according to its particular P-cluster (color codes). AP, action 

potential. Vm, membrane potential. (adapted from Degro et al., 2022) 



32 

 

3.3. Combined Morpho-physiological Classification of Dentate Gyrus Interneurons 

As morphological and physiological clustering showed divergent results in terms of 

number and composition of the clusters, a combined cluster analysis including all 

assessed morphological and electrophysiological parameters was next employed to test, 

if a morpho-physiological classification can produce a more robust description of IN 

diversity. As such, a total of 53 parameters (38 morphological and 15 physiological) of 

each of the recorded neurons were included in the KPCA from which nine principal 

components (74% of morpho-physiological variance) were extracted and retained (scree-

test; Cattell, 1966). Based on the projected data, a hierarchical cluster analysis using 

Ward´s minimum variance method revealed 15 distinct morpho-physiological clusters 

(“elbow” criterion; Bacher et al., 2010; Fig. 10).  

 

Similarly to the two preceding cluster analyses, this combined approach separated YFP- 

negative neurons (PrCs) from YFP- positive INs with DGCs and MCs clearly segregated 

into two distinct classes. Although more closely resembling the morphological cluster 

result, this combined morpho-physiological approach further enhanced IN classification 

Figure 10. Combined Morpho-physiological Hierarchical Cluster Analysis of Dentate Gyrus 

Neurons. Dendrogram of the hierarchical cluster analysis (Ward´s minimum variance method) of 87 

neurons based on 53 morpho-physiological parameters (38 morphological, 15 physiological). 15 different 

clusters could be identified. Inset: Inverse scree-plot with the optimal number of clusters to retain (pale 

red area) based on the kink point of the graph (“elbow” criterion). AAC, axo-axonic cell. BC, basket cell. 

DGC, dentate granule cell. HICAP, hilar commissural-associational pathway associated cell. HIMPP, hilar 

medial perforant pathway associated cell. HIPP/ HIPP L, hilar perforant pathway associated (like) cell. 

HP, hilar projecting cell. MC, mossy cell. MOCAP, molecular layer commissural-associational pathway 

associated cell. MOPP, molecular layer perforant pathway associated cell. NGFC, neurogliaform cell. SP 

I, subiculum projecting cell I. SP II, subiculum projecting cell II. TML, total molecular layer cell. (adapted 

from Degro et al., 2022) 
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and demonstrated greater IN diversity than morphological and physiological clustering 

alone. Beside the previously described “traditional” IN types of the DG which included 

MOPP (n=11), BCs (n=5), TML (n=9), HICAP (n=7) and HIPP cells (n=3), this combined 

clustering identified AACs (n=5) and NGFCs (n=3) as distinct clusters among DG INs 

rather than assigning them to functionally related IN classes (i.e. AACs with BCs as fast-

spiking, perisomatic targeting INs; Fig. 10). However, the most important finding of the 

present analysis was the identification of a number of novel IN types that have not been 

described in the current literature yet (Fig. 11). Those new IN types (Degro et al., 2022) 

have been named based on their axo-somatic distribution, in accordance with the widely 

used nomenclature by the Somogyi lab (Han et al., 1993; see also the review by Freund 

and Buzsáki, 1996).  

1) Subiculum projecting I (SP I) cells:                                                                                    

SP I cells (n=7) were preferentially found in the mML and gave rise to a mainly monopolar, 

aspiny dendritic arbor that covered the mML (30.1 ± 12.7% of dendrites) and oML (61.2 

± 12.2% of dendrites), but sporadically also crossed the hippocampal fissure into the Sub/ 

CA1 (5.1 ± 4.3% of dendrites). They possessed a multipolar axon that projected to all 

layers of the ML, but with a broad preference to the outer two-thirds (mML: 28.2 ± 11.5% 

of axon; oML: 45.3 ± 19.7% of axon). Their most distinct and eponymous feature, 

however, was their axonal projection to the Sub/ CA1 (19.0 ± 11.9% of axon). 

Electrophysiological characteristics of SP I cells comprised i.a. a hyperpolarized Vm (-76.1 

± 3.7 mV), a short membrane time constant (8.9 ± 2.0 ms) and a regular-spiking non-

adapting AP discharge pattern (ISI 1st/last: 1.05 ± 0.27) consisting of small and slow APs 

(AP amplitude: 49.8 ± 3.2 mV; AP max. rate of rise: 170.6 ± 21.1 mV/ms). 

2) Subiculum projecting II (SP II) cells:                                                                                                 

In contrast to SP I cells, SP II neurons (n=6) were exclusively located in the oML with an 

occasionally sparsely spiny, bi- or multipolar dendritic tree consisting of short dendritic 

segments (branch path-length average: 33.3 ± 7.4 µm). Their dendritic field was mainly 

localized to the oML (82.6 ± 15.5% of dendrites), but also extended into the Sub/ CA1 

(10.9 ± 11.0% of dendrites). Although they had, similar to SP I cells, prominent axonal 

projections towards the Sub/ CA1 (19.7 ± 16.6% of axon), their remaining axon was 

largely restricted to the oML (64.6 ± 20.3% of axon) consisting of long horizontally 

oriented axon collaterals. Some of their passive membrane properties resembled those 
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of SP I cells (hyperpolarized Vm, short membrane time constant), but they showed a 

higher Rin (220.6 ± 47.8 MΩ vs. 153.5 ± 35.6 MΩ) and a smaller Cm (46.5 ± 9.1 pF vs. 

56.8 ± 8.1 pF) together with a lower rheobase (168.1 ± 53.3 pA vs. 293.3 ± 105.4 pA). 

They fired non-adapting APs of small amplitude and slow kinetics (AP amplitude: 51.0 ± 

3.1 mV; AP max. rate of rise: 165.2 ± 46.8 mV/ms). 
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Figure 11. Overview of all Identified Morpho-physiological Interneuron Types of the Dentate 

Gyrus. Morphological reconstructions of dentate gyrus IN types with their corresponding voltage 

responses (inset, left) to hyper- and depolarizing current pulses (-250 to 500 pA, 50 pA steps, 500 

ms duration). The axon is shown in red, soma and dendrites in black. Inset right: Neurochemical 

marker expression along with the biocytin filled soma of the corresponding neuron. White scale bar: 

20 μm. AAC, axo-axonic cell. BC, basket cell. Bio, biocytin. CB, calbindin. (p)CCK, (pro)-

cholecystokinin. HICAP, hilar commissural-associational pathway associated cell. HIMPP, hilar 

medial perforant pathway associated cell. HIPP/ HIPP L, hilar perforant pathway associated (like) 

cell. HP, hilar projecting cell. IN, interneuron. MOCAP, molecular layer commissural-associational 

pathway associated cell. MOPP, molecular layer perforant pathway associated cell. M1-M12, 

morphological clusters M1-M12. NGFC, neurogliaform cell. nNOS, neuronal nitric oxide synthase. 

PV, parvalbumin. P1-P8, physiological clusters P1-P8. SP I, subiculum projecting cell I. SP II, 

subiculum projecting cell II. SST, somatostatin. TML, total molecular layer cell. (adapted from Degro 

et al., 2022) 
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3) Molecular layer commissural-associational pathway associated (MOCAP) cells:                

Somata of MOCAP cells (n=5) were strictly confined to the iML with an aspiny or sparsely 

spiny dendritic tree that uniformly covered all layers of the DG. They possessed a 

multipolar and dense axonal arbor that mainly innervated the iML (61.4 ± 16.9% of axon), 

in a similar fashion as HICAP INs of the hilus. Physiologically, MOCAP cells had a less 

hyperpolarized Vm (-63.2 ± 9.0 mV) and a long membrane time constant (20.0 ± 14.8 ms). 

They fired slow, adapting APs of an intermediate amplitude (AP half-height width: 1.03 ± 

0.28 ms; AP amplitude: 58.0 ± 8.5 mV; ISI 1st/last: 0.73 ± 0.29). 

4) Hilus perforant pathway associated like (HIPP L) cells:                                                                                                          

HIPP L cells (n=4) were found in the hilus where they usually had horizontal oriented 

somata with bipolar, spiny dendritic trees. Their dendritic segments were mostly restricted 

to the hilus (90.9 ± 12.4% of dendrites), but some branches also extended into the GCL 

(4.5 ± 3.8% of dendrites). Together with their characteristic axonal projections that mainly 

terminated in the outer two-thirds of the ML (66.7 ± 25.5% of axon), HIPP L cells strongly 

resembled traditional HIPP cells. Distinct from HIPP cells, however, they showed a 

preferential innervation of the mML (53.3 ± 26.4% of axon) and had a substantial portion 

of their axon collaterals located within the hilus which represented 19.6 ± 15.3% of the 

total axonal length. HIPP L cells possessed a relatively depolarized Vm (-55.3 ± 8.0 mV), 

a high Rin (376.7 ± 268.3 MΩ) and produced large depolarizing sag currents in response 

to hyperpolarizing stimuli (voltage sag, Ih: 13.6 ± 7.8%). They exhibited a regular-spiking 

discharge pattern with minimal adaptation (ISI 1st/last: 0.85 ± 0.21) which consisted of 

relatively slow APs with large fast AHPs (-24.1 ± 4.0 mV). 

5) Hilar projecting (HP) cells:                                                                                            

HP cells (n=5) were located in the hilus and had a sparsely spiny, mostly bipolar dendritic 

arbor largely confined to the hilus (68.2 ± 11.7% of dendrites), but also extending across 

the GCL into the ML (24.7 ± 12.9% of dendrites). The majority of their axon collaterals 

was likewise restricted to the hilar region (76.6 ± 20.4% of axon), but also invaded the ML 

(iML: 10.2 ± 13.0% of axon). Physiologically, they were characterized by a relatively 

depolarized Vm (-58.7 ± 6.4 mV) and a voltage sag in response to hyperpolarizing stimuli 

(voltage sag, Ih: 9.7 ± 5.7%). They fired non-adapting, small amplitude APs of moderate 

kinetics (AP amplitude: 54.8 ± 9.9 mV; AP half-height width: 0.72 ± 0.17 ms). 
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6) Hilus medial perforant pathway associated (HIMPP) cells: 

Finally, HIMPP cells (n=10) were found in the hilus with an aspiny or sparsely spiny, 

multipolar dendritic tree extending to all layers of the DG. Their specific characteristic was 

a multipolar axon of low density that projected into the ML with a preferential innervation 

of the mML (44.4 ± 20.0% of axon). HIMPP neurons featured a more depolarized Vm         

(-59.2 ± 5.7 mV), a high Rin (384.0 ± 119.5 MΩ) and a long membrane time constant (29.8 

± 9.5 ms) together with a large voltage sag in response to hyperpolarizing current pulses 

(voltage sag, Ih: 16.4 ± 7.7%). Their AP discharge displayed a spike-frequency adaptation 

(ISI 1st/last: 0.78 ± 0.40) and consisted of large amplitude APs of intermediate kinetics 

with a pronounced medium AHP (-12.8 ± 7.3 mV). 

3.4. Neurochemical Characteristics of Dentate Gyrus Interneurons  

To test whether the morpho-physiologically identified IN classes also express distinct 

neurochemical markers, immunohistochemical labeling was performed in 64 of the 80 

recorded INs. This analysis revealed that while some IN classes displayed a uniform 

neurochemical marker expression others showed more heterogeneity (Fig. 12). 

Homogenous marker expression was observed in the SP II and MOPP clusters for 

neuronal nitric oxide synthase (nNOS, SP II: 4/4 cells tested; MOPP: 8/8 cells tested), in 

the BC cluster for parvalbumin (PV, 5/5 cells tested) and in the HIPP L and HIPP clusters 

for somatostatin (SST, HIPP L: 4/4 cells tested; HIPP: 3/3 cells tested). The SP I cluster 

revealed, beside nNOS expression in 3/5 cells, an additional co-expression of either 

neuropeptide Y (NPY) or calretinin (CR, 1/5 cells each). The NGFC cluster showed a 

similar neuropeptide co-expression pattern (nNOS/NPY: 1/2 cells tested; nNOS/CR: 1/2 

cells tested). INs of the MOCAP cluster were tested immuno-positive for either nNOS (2/4 

cells tested) or (pro)-cholecystokinin ((p)CCK, 2/4 cells tested). The AAC cluster 

displayed a similar neurochemical marker pattern to BCs with a predominant PV 

expression (4/5 cells tested), but also included one (p)CCK immuno-positive IN. TML INs 

contained calbindin (CB, 4/9 cells tested), (p)CCK (3/9 cells tested) or co-expressed CB 

with NPY (2/9 cells tested), whereas HICAP INs expressed only CB (1/2 cells tested) or 

(p)CCK (1/2 cells tested). The HP cluster was immuno-positive for either PV (2/5 cells 

tested) or (p)CCK (3/5 cells tested). Greatest neurochemical marker heterogeneity was 
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present among HIMPP INs with expression of (p)CCK (4/8 cells tested), nNOS (2/8 cells 

tested), CB (1/8 cells tested) or co-expression of CB/NPY (1/8 cells tested). 

 

 

 

 

 

Figure 12. Neurochemical Marker Expression of Morpho-physiologically Identified Interneuron 

Types of the Dentate Gyrus. 64 of the 80 recorded INs were tested for different neurochemical 

markers (color codes). Multiple labeling was performed, if possible. AAC, axo-axonic cell. BC, basket 

cell. CB, calbindin. (p)CCK, (pro)-cholecystokinin. HICAP, hilar commissural-associational pathway 

associated cell. HIMPP, hilar medial perforant pathway associated cell. HIPP/ HIPP L, hilar perforant 

pathway associated (like) cell. HP, hilar projecting cell. IN, interneuron. MOCAP, molecular layer 

commissural-associational pathway associated cell. MOPP, molecular layer perforant pathway 

associated cell. NGFC, neurogliaform cell. nNOS, neuronal nitric oxide synthase. PV, parvalbumin. 

SP I, subiculum projecting cell I. SP II, subiculum projecting cell II. SST, somatostatin. TML, total 

molecular layer cell. (modified from Degro et al., 2022, Supporting Information) 
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4. Discussion  

4.1. Morphological and Physiological Features Alone Divide Interneurons of the 

Dentate Gyrus into Classes, but Fail to Define their Full Diversity 

Most classifications of cortical GABAergic INs relied on their distinct axonal distribution 

which ultimately defines their target specificity (Buhl et al., 1994; Freund and Buzsáki, 

1996; Han et al., 1993). Indeed, by analyzing the morphological properties of the recorded 

INs, the present study confirmed that DG INs comprise diverse M-types with characteristic 

axonal and dendritic distributions. Interestingly, this classification revealed more clusters 

of DG INs (12 clusters) than previously described types. This could be explained by the 

combination of a broader morphological characterization, larger sample size and 

unsupervised classification analysis used in this study. Nevertheless, beside these novel 

IN morphotypes, the current study also detected M-types that strongly overlapped with 

the already reported “traditional” types confirming that axonal distribution is indeed a 

major morphological classifier of IN diversity. But, despite diverse morphological 

characteristics across types, some IN clusters showed within-group heterogeneity (e.g. 

M10 cluster with prominent hilar projections besides HICAP-like innervation of the iML) 

plausibly indicating that morphology alone is not sufficient to capture the entire diversity 

of DG INs. To test, if those IN M-types are also characterized by inherent physiological 

properties, a cluster analysis that was exclusively based on electrophysiological 

parameters was performed which revealed 8 physiological clusters, thus allowing a 

classification into P-types. However, while some of the P-types converged with M-types, 

the lower number of P-type clusters and additional differences in the cluster compositions 

indicated divergence between these two approaches. This finding is, however, in good 

agreement with previous studies showing that physiological characteristics alone are 

unable to adequately describe IN diversity (Gouwens et al., 2019; Hosp et al., 2014) and 

that morphological and physiological properties do not fully correlate (Parra et al., 1998). 

4.2. Combined Morpho-physiological Classification Reveals Greatest Diversity of 

Dentate Gyrus Interneurons 

As recent studies suggested a higher IN diversity when integrating morphological and 

physiological characteristics (Gouwens et al., 2019; Hosp et al., 2014), a combined 

cluster analysis incorporating morphological and physiological parameters was 

performed and revealed, indeed, the greatest DG IN diversity with a total of 13 IN clusters 
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identified. This combined classification resembled the morphological result, but further 

enhanced IN diversity through identification of additional distinct IN types within the former 

morphological clusters (e.g. M10, M12; see Degro et al., 2022). Beside an identification 

of previously reported DG IN types (NGFC, MOPP, BC, AAC, TML, HICAP and HIPP) 

with their typical morpho-physiological features (Armstrong et al., 2012; Han et al., 1993; 

Hosp et al., 2014), the combined classification also revealed 6 novel morpho-

physiological IN types: 

1./2. The SP I and SP II types which represent ML INs were characterized by axonal 

projections to the Sub, comparable to the IN type described by Ceranik and colleagues 

1997 which was suggested to functionally “shunt” the main in- and output regions of 

the hippocampus. However, we found that they are more heterogeneous and can be 

divided into two types: (1) SP I INs with a more vertically oriented axon that also 

extended into the deeper layers of the ML and with co-expression of CR and NPY 

together with nNOS, (2) SP II INs with a broad horizontal axonal structure and an 

exclusive expression of nNOS.  

3. The MOCAP type which preferentially innervated the iML, co-aligned with the 

commissural-associational pathway. Thus, this new type located in the ML 

complements the well-known hilar HICAP type. However, MOCAP INs were positive 

for (p)CCK or nNOS and their somato-dendritic domains located in the ML implicate 

different afferent inputs to those of HICAP cells. 

4. The HIMPP type, a hilar localized neuron with a preferential innervation of the 

mML, co-aligned with afferent projections arising from the medial EC and plausibly 

involved in its input-specific modulations. HIMPP neurons showed a heterogeneity for 

neurochemical markers though, with detection of (p)CCK, CB, NPY or nNOS.                    

5. The HIPP L type which closely related to the HIPP type in terms of somato-

dendritic and axonal distributions, but, beside projections to the outer two-thirds of the 

ML (mML>oML), also displayed numerous axon collaterals in the hilus presumably 

indicating innervation of MCs or local INs. Similar to HIPP INs, HIPP L cells also 

expressed SST.    

6. The HP type whose major somato-dendritic and axonal domains were restricted to 

the hilus and thus likely corresponds to HIL neurons (Yuan et al., 2017). However, HP 

neurons expressed (p)CCK or PV as opposed to the SST- positive HIL cells, possibly 
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indicating a greater heterogeneity within this IN class (see also Acsády et al., 2000). 

Furthermore, PV and SST co-expression was recently reported in other hippocampal 

areas (Nassar et al., 2015) 

4.3. Comparison of Dentate Gyrus Interneuron Diversity with its Adjacent Regions 

Comparison of DG IN diversity with its neighboring CA regions discloses many 

similarities, but also marked differences regarding the morpho-structure and total number 

of identified IN types (Booker and Vida, 2018; Somogyi and Klausberger, 2005). BCs and 

AACs, for example, mediate compartment specific perisomatic inhibition in the DG as well 

as other CA regions, whereas HICAP neurons are exclusively described in the DG due 

to their co-alignment with MC projections. Despite its unique cytoarchitecture, previous 

studies have already shown further similarities between IN types of the DG and its 

adjacent CA regions likely referring to common functions within local microcircuits 

(Armstrong et al., 2012; Hosp et al., 2014). Indeed, the present study increased the 

number of different IN classes in the DG to 13 (9 IN classes in Booker and Vida, 2018) 

and also revealed certain similarities between some novel DG IN classes and previously 

described CA IN types. Besides the well-known correlation of the DG HIPP and the CA1 

OLM (oriens/ lacunosum-moleculare) types (Tomioka et al., 2014), a further correlation 

could be found analyzing the newly identified HP neurons. Transferred into the CA1 area, 

this type shares some characteristics with the described SO-SO (str. oriens-str. oriens) 

cell in terms of dendritic and axonal localization which are, in both cell types, almost 

exclusively restricted to the str. oriens or hilus, respectively (Pawelzik et al., 2002). 

Interestingly, SO-SO cells express CCK, likewise seen in the HP cells. An additional cell-

cell correlation between the DG and the CA1 area could potentially be represented by the 

MOCAP type and ADA (apical dendrite-associated) cells (Hájos and Mody, 1997) given 

their similar axonal projections and partially overlapping CCK expression concurring with 

CCK- immunoreactive boutons largely found on apical PrC dendrites (Papp et al., 2001). 

Even greater resemblance, however, could be detected between MOCAP cells and INs 

that have been exclusively described in the CA3 region, the mossy fiber-associated 

(MFA) cells (Vida and Frotscher, 2000). MFA neurons give rise to an axon that is 

restricted to the str. lucidum, a thin band directly adjacent to the PrC layer and termination 

zone of the mossy fiber tract. Although not present in the DG, the strict layer specific 

organization of the axon terminals directly above the PrC layer and the similar somato-
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dendritic structure allow a comparison of MOCAP and MFA neurons. Moreover, 2 of the 

4 tested MOCAP cells expressed (p)CCK, the prevalent neuropeptide of MFA INs. 

4.4. Functional Implications of Dentate Gyrus Interneuron Diversity 

As INs can be considered as “neuronal gatekeepers” for information flow, an increased 

diversity of DG INs will likely facilitate their finely concerted regulation of synaptic 

integration, pattern separation and consequently signal propagation (Cayco-Gajic and 

Silver, 2019). Modulation of this incoming and outgoing encoded information relies 

heavily on the location of the dendritic and axonal fields of INs in relation to DGCs, MCs 

and multimodal input streams. Interestingly, many DG IN types display an axonal 

distribution that is aligned with major afferent pathways. In particular, HICAP cell axons 

are aligned with the commissural-associational pathway containing MC axons from the 

ipsi- and contralateral hippocampus whereas HIPP cell axons are restricted to the outer 

two-thirds of the ML, the termination zone of EC projections (perforant pathway). Both IN 

types are presumed to modulate those afferent inputs primarily through feedback 

inhibition, as direct activation through both afferent input streams was shown to be weak 

in these types (Hsu et al., 2016). In keeping with this finding are their dendrites 

predominantly (HICAP) or almost exclusively (HIPP) found in the hilus. The newly 

identified IN types in our study fit into this functional concept of spatially restricted 

inhibition as most of them also revealed an axonal distribution that overlapped with at 

least one of the existing afferent pathways. MOCAP cells are characterized, identical to 

the HICAP type, by an axon that is mainly confined to the commissural-associational input 

of the iML, but show a different dendritic organization with >75% of dendritic segments 

located in the ML. This morphological feature could confer them to act as feed-forward 

inhibiting INs, in contrast to the feedback HICAP type. The HIMPP and the HIPP L type 

both reveal major axonal projections to the mML, the termination zone of the medial 

perforant pathway. As those inputs from the medial EC were shown to selectively encode 

spatial information, in contrast to lateral projections which relay non/spatial input 

terminating in the oML (Hunsaker et al., 2007), HIMPP, HIPP L and HIPP neurons could 

reflect this functional segregation on a cellular level, with HIMPP and HIPP L primary 

integrating spatial and HIPP non/spatial information as most of the HIPP axon was found 

in the oML (mML: 25.6 ± 12.9% vs. oML: 52.3 ± 39.8% of axon). Given the additional 

diverse dendritic distribution of HIMPP and HIPP L neurons, this modulation of spatial 

input could potentially be processed by feed-forward and feedback inhibition. 
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Furthermore, HP cells are characterized by axonal and somato-dendritic domains 

predominantly restricted to the hilus and could therefore be involved in regulation of local 

IN activity or reciprocal connections to hilar MCs (Larimer and Strowbridge, 2008). Finally, 

although not specifically aligning with distinct afferent inputs, the identified SP types could 

form a special niche within the DG microcircuit, as they connect the DG, the input to the 

hippocampus, with its output region through a prominent direct axonal link and, to a lesser 

extent, also dendritic projections, thereby likely producing feed-forward inhibition and 

potentially contributing to network synchronization of these two regions (Ceranik et al., 

1997). 

4.5. Limitations and Outlook 

The present study proposes an enhanced classification of DG INs by combining a detailed 

morpho-physiological characterization with an unsupervised cluster analysis. Although 

applying a KPCA to reduce the multidimensional input space of the dataset, the fact of 

including all 53 parameters without an initial parameter selection could, on the one hand, 

result in an overfit of the implemented model thereby limiting the consistency and number 

of the revealed IN clusters (Altman and Krzywinski, 2018). On the other hand, excluding 

morpho-physiological parameters beforehand might lead to an omission of important 

information and existing IN clusters might therefore not be detected. Importantly, the 

present cluster analytical classification identified previously described IN types along with 

the two PrC types of the DG confirming the validity of our approach. Furthermore, 

although we identified most of the previously described DG IN types, as well as, new 

types, this classification is still likely to be incomplete, as the entire class of the recently 

reported long-range projection INs (Melzer et al., 2012; Yuan et al., 2017) could not be 

identified due to spatial limitations of the brain slices. Moreover, although testing a range 

of neurochemical markers, some neuronal types could still not be detected like CCK BCs 

(Hájos et al., 1996) or the previously described diverse subpopulations of vasoactive 

intestinal peptide (VIP) INs (Wei et al., 2021), as VIP immunoreactivity was not tested in 

the present study.  

Finally, beside morpho-physiological and neurochemical marker characteristics, recent 

attempts sought to discover the genetic profile of individual neurons, more specifically 

their single-cell transcriptome (Zeisel et al., 2015). This led to the so-called Patch-seq 

technique that combines patch-clamp recordings and morphological characterization with 
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RNA-sequencing to further enhance classification of neuronal types (Cadwell et al., 

2017). Employing Patch-seq in a large cell sample bears therefore great potential to 

elucidate neuronal diversity. Indeed, Gouwens and colleagues introduced in 2020 a new 

classification of GABAergic INs in the mouse visual cortex by analyzing >4200 INs and 

combining morpho-physiological with transcriptomic properties, paving the way for similar 

studies in multiple diverse brain areas. Summarizing, those new approaches will 

ultimately propel our understanding of the smallest neurobiological components of the 

central nervous system with direct implications for physiological, but also pathological 

brain function. 

 

5. Conclusion  

The present study proposes an improved classification of DG INs based on their 

combined morpho-physiological characteristics which revealed greater IN diversity than 

morphology or physiology alone. By performing an unbiased cluster analysis, 13 distinct 

morpho-physiological IN types could be identified, thereby confirming the existence of 

previously described types, but also revealing novel IN types with characteristic morpho-

electric properties. These newly identified IN types represent distinct classes which will 

add to the existing GABAergic regulatory network of DG INs thereby strengthening the 

differentiation of their GABAergic inhibitory drive onto PrCs with direct implications for 

microcircuit functions and information processing in these networks more generally. 
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