Cerebral Cortex, March 2020;30: 1688–1707
doi: 10.1093/cercor/bhz196
Advance Access Publication Date: 30 October 2019
Original Article

ORIGINAL ARTICLE

Selective Inactivation of Reelin in Inhibitory
Interneurons Leads to Subtle Changes in the Dentate
Gyrus But Leaves Cortical Layering and Behavior
Unaffected
Jasmine Pahle1 , Mary Muhia2 , Robin J. Wagener3 , Anja Tippmann1,4 ,
Hans H. Bock5 , Janice Graw6 , Joachim Herz7 , Jochen F. Staiger8 ,
Alexander Drakew1,9 , Matthias Kneussel2 , Gabriele M. Rune6 ,
Michael Frotscher 1,† and Bianka Brunne1,6
1 Institute

for Structural Neurobiology, Center for Molecular Neurobiology, ZMNH, University Medical Center
Hamburg-Eppendorf, 20251 Hamburg, Germany, 2 Institute of Molecular Neurogenetics, Center for Molecular
Neurobiology, ZMNH, University Medical Center Hamburg-Eppendorf, 20251 Hamburg, Germany, 3 Neurology
Clinic, University Hospital Heidelberg, Im Neuenheimer Feld 400, 69120 Heidelberg, Germany, 4 Department of
Systems Neuroscience, Johann-Friedrich-Blumenbach Institute for Zoology and Anthropology, University of
Göttingen, 37075 Göttingen, Germany, 5 Clinic of Gastroenterology and Hepatology, Heinrich-Heine-University
Düsseldorf, 40225 Düsseldorf, Germany, 6 Institute of Neuroanatomy, University Medical Center
Hamburg-Eppendorf, 20251 Hamburg, Germany, 7 Department of Molecular Genetics, University of Texas
Southwestern Medical Center, Dallas, TX 75390, USA, 8 Institute for Neuroanatomy, University Medical Center
Göttingen, Georg-August-University Göttingen, 37075 Göttingen, Germany, and 9 Institute of Clinical
Neuroanatomy, Faculty of Medicine, 60590 Frankfurt, Germany
Address correspondence to Dr Bianka Brunne, Institute of Neuroanatomy, University Medical Center Hamburg, Martinistr. 52, 20246 Hamburg, Germany.
Email: bbrunne@uke.de.
† Deceased
M.F. and B.B. contributed equally to this work

Abstract
Reelin is an extracellular matrix protein, known for its dual role in neuronal migration during brain development and in
synaptic plasticity at adult stages. During the perinatal phase, Reelin expression switches from Cajal-Retzius (CR) cells, its
main source before birth, to inhibitory interneurons (IN), the main source of Reelin in the adult forebrain. IN-derived Reelin
has been associated with schizophrenia and temporal lobe epilepsy; however, the functional role of Reelin from INs is
presently unclear. In this study, we used conditional knockout mice, which lack Reelin expression specifically in inhibitory
INs, leading to a substantial reduction in total Reelin expression in the neocortex and dentate gyrus. Our results show that
IN-specific Reelin knockout mice exhibit normal neuronal layering and normal behavior, including spatial reference
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memory. Although INs are the major source of Reelin within the adult stem cell niche, Reelin from INs does not contribute
substantially to normal adult neurogenesis. While a closer look at the dentate gyrus revealed some unexpected alterations
at the cellular level, including an increase in the number of Reelin expressing CR cells, overall our data suggest that Reelin
derived from INs is less critical for cortex development and function than Reelin expressed by CR cells.
Key words: adult neurogenesis, Calretinin, CB1, GFAP

Introduction
The reeler mutant mouse, deficient in Reelin, has provided major
insights into the development of laminated brain structures
(Falconer 1951; D’Arcangelo et al. 1995; reviewed by Rakic and
Caviness 1995; Tissir and Goffinet 2003; D’Arcangelo 2006) where
Reelin, synthesized by Cajal-Retzius (CR) cells of the forebrain,
is essential. Reelin is a large extracellular glycoprotein involved
in complex signaling mechanisms during neuronal migration,
which are related to cytoskeletal dynamics and cell–cell, as well
as cell–matrix adhesion (reviewed by Sekine et al. 2014; Bock and
May 2016; Lee and D’Arcangelo 2016). CR cells, which are an early
embryonic source of Reelin, are located beneath the pial surface
of the cortex and olfactory bulb, as well as at the outer border of
the dentate gyrus. They already start to express Reelin at E11.5
during their migration from their diverse origins in the developing pallium, including the cortical hem, to their final position
below the meninges of the cortex (Takiguchi-Hayashi et al. 2004;
Bielle et al. 2005). Reelin expression in CR cells remains high
throughout the developmental stages of the neocortex (NC)
and hippocampus (HC), but shortly after birth the number of
Reelin-expressing CR cells decreases rapidly until postnatal day
20 (Ikeda and Terashima 1997; Schiffmann et al. 1997)—this is
connected to a general decrease in CR cell numbers during this
period (Anstötz et al. 2016). Reciprocal to the decline in the
number of Reelin-expressing CR cells, inhibitory interneurons
(IN) start to express Reelin and increase their Reelin expression
(Alcantara et al. 1998; Pesold et al. 1998). Inhibitory INs are a heterogeneous cell population and only a subset of them expresses
Reelin. This is well documented in the somatosensory barrel
cortex where about 40% of all INs express Reelin. These Reelinexpressing INs are widely distributed throughout the NC, belong
to different IN subpopulations (Pesold et al. 1999; Pohlkamp et al.
2014; Tasic et al. 2018), and arise from both the medial and caudal
ganglionic eminence (Miyoshi et al. 2010). Like CR cells, these
GABAergic INs have been shown to secrete Reelin to affect cells
in their vicinity (Campo et al. 2009).
The specific function of this additional source of Reelin
is presently unclear; however, it has been proposed that it
contributes to the pathogenesis of brain disorders. Several
laboratories have reported reduced Reelin levels in the postmortem brains of schizophrenic patients (Impagnatiello et al.
1998; Fatemi et al. 2000; Guidotti et al. 2000; reviewed by Fatemi
2001 and Costa et al. 2002). In temporal lobe epilepsy (TLE), a loss
of Reelin-expressing INs in the hilar region is associated with
dentate gyrus granule cell dispersion (Haas and Frotscher 2009;
Müller et al. 2009; Tinnes et al. 2013, Orcinha et al. 2016).
In this study, we addressed whether, and how a cell-type
specific depletion of Reelin protein expression in INs may affect
the developing and/or the adult brain. To this end, we crossbred
a mouse line with loxP sites flanking the first Reelin exon (Lane–
Donovan et al. 2015) with a mouse line expressing Cre recombinase under the Dlx5/6 promotor (Monory et al. 2006), known to
selectively target INs emerging from the ganglionic eminences
during early embryonic development. The early activity of the

Dlx5/6 promotor, starting from E9.5 in the primordium of the
ganglionic eminence in mice (Simeone et al. 1994; Hevner et al.
2003), will lead to Cre-mediated inactivation of the reelin gene in
inhibitory INs several days prior to its physiological expression
in these cells, which starts between postnatal day 0 (P0) and P5
in wild-type mice (Alcantara et al. 1998; Pesold et al. 1998).
This study mainly focused on the dentate gyrus, where several specific aspects of Reelin function in the adult brain have
been proposed; namely, the stabilization of the granule cell layer
(Haas and Frotscher 2009; Müller et al. 2009; Tinnes et al. 2013,
Orcinha et al. 2016) and regulation of adult neurogenesis in
the subgranular zone (SGZ; Won et al. 2006; Zhao et al. 2007;
Sibbe et al. 2015). Based on our results, it appears unlikely that
IN-derived Reelin substantially contributes to these aspects of
Reelin function in the adult dentate gyrus. Extended analyses
of neocortical layering and general behavior did not reveal any
consequences of IN-specific Reelin loss on brain development
and function, including learning and memory.
However, we identified several unexpected changes in the
dentate gyrus of IN-specific Reelin knockout mice, namely 1)
an upregulation of Calretinin and Cannabinoid receptor type 1
(CB1) levels in the inner molecular layer (iML) and 2) a decrease
of glial fibrillary acidic protein (GFAP) filaments in astrocytes.
Interestingly, we also identified an increase in the number of
Reelin-expressing CR cells at the hippocampal fissure.

Material and Methods
Animals
All mouse strains were maintained on a C57Bl6/J background.
Backcrossing was performed at least every third generation.
The mice were housed under standard conditions, with food
and water provided ad libitum. Experiments were conducted in
accordance with the German and European Union laws on protection of experimental animals following approval by the local
authorities of the City of Hamburg (Committee for Lebensmittelsicherheit und Veterinärwesen, Authority of Soziales, Familie, Gesundheit und Verbraucherschutz Hamburg, Germany, No.
G14/111, Org 604 and Org 850). The animals were sacrificed at
different ages: postnatal day (P) 3, 6, 10, and 21 and postnatal
week (w) 8, 15, 20, 24, and 30.
The following mouse lines were used in this study: conditional Reelin mice with the first Reelin exon flanked by loxP
sites (Lane-Donovan et al. 2015) − referred to as Relnfl/fl ; Tg
(dlx5a-Cre)1Mekk/J mice, expressing Cre recombinase during
early embryonic development in inhibitory INs originating
from the ganglionic eminences under the control of the Dlx5/6
promotor (Monory et al. 2006) − referred to as Dlx5/6-Cre; B6.CTg (CMV-Cre)1Cgn/J mice (Schwenk et al. 1995), expressing Cre
recombinase under the ubiquitously expressed CMV promotor
− referred to as CMV-Cre (breeding of these CMV-Cre line with
the Relnfl/fl line leads to an inheritable deletion of the first Reelin
exon; the resulting animals are referred to as Relndl/dl ); reporter
mice R26tdRFP, containing a Cre-inducible tandem-dimer
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red fluorescent protein (tdRFP) within the ubiquitously expressed
ROSA26 locus (Luche et al. 2007) − referred to as tdRFP reporter;
Tg (Thy1-EGFP)MJrs/J mice expressing eGFP under the Thy1
promotor in a subpopulation of mature neurons (Feng et al.
2000) − referred to as Thy1eGFP; POMCeGFP mice expressing
eGFP in immature granule cells of the dentate gyrus under
the control of the proopiomelanocortin (POMC) promotor
(Overstreet et al. 2004).

BrdU Administration
In a first approach, 12-week-old mice (five animals per group)
received a single intraperitoneal injection of 50 μg/g body
weight of 5-bromo-2-deoxyuridine (BrdU; Sigma-Aldrich) in
0.9% NaCl. The tissue was collected for immunohistochemistry
(IHC) 21 days after the BrdU injection (age: 15 weeks). In
a second approach, the mice received 1 mg/ml BrdU with
their drinking water (supplemented with 1% sucrose) for
2 weeks (age: 11 weeks at the onset of the BrdU administration, seven animals per group). The tissue was collected
for IHC 28 days after the first day of BrdU administration
(age: 15 weeks).

Immunohistochemistry
IHC was performed as described previously (Brunne et al.
2010). In brief, mice were perfused with 0.01 M phosphatebuffered saline pH 7.4 (PBS) and brains were immersion-fixed
in 4% paraformaldehyde in PBS pH 7.4 for 48 h at 4 ◦ C. Serial
coronal or sagittal sections of 50 μm thickness were obtained
using a Leica Vibratome VT 1000S. The following antibodies
were used as primary antibodies: mouse anti-Reelin (MerckMillipore MAB5364, 1:500); mouse anti-NeuN (Merck-Millipore
MAB377, 1:1000); rabbit anti-Ki-67 (Thermo Fisher RM-910650, 1:1000); goat anti-DCX (Santa-Cruz sc-8066, 1:100); rat antiBrdU (Abd Serotec MCA2060, 1:300); rabbit anti-GFAP (Agilent
Z033401-2, 1:1000); rabbit anti-Calretinin (Swant 7699/3H,
1:2000); mouse anti-Nestin (Merck-Millipore MAB353, 1:1000);
mouse anti-Gad67 (Merck-Millipore MAB5406, 1:200); rabbit
anti-Parvalbumin (Abcam ab11427, 1:2000); rabbit anti-CB1
(Abcam ab23703, 1:100); rabbit anti-RFP (Abcam ab62341, 1:500);
goat anti-Sox2 (Santa Cruz sc-17 320, 1:100); rabbit anti-CCK
(Biozol LS-C414751-100, 1:50); chicken anti-Parvalbumin (SYSY
195006, 1:250); mouse anti-GFP (Thermo Fisher A-11122, 1:1000);
and rabbit anti-Calbindin (Swant CB38, 1:2000). The secondary
Alexa Fluor-conjugated antibodies from Life Technologies were
diluted 1:1000 in PBS. All slices were stained with a diamidino2-phenylindole solution 0.2 μg/ml in PBS for 30 min and
mounted using Mowiol 4-88 reagent from Carl Roth. For details
regarding the quantification, see Supplementary Methods and
Supplementary Figure 1.

In Situ Hybridization
In situ hybridization (ISH) for layer-specific markers was
performed as described previously (Wagener et al. 2016). In
brief, ISH for neuron-derived neurotrophic factor (Ndnf; also
known as A930038C07Rik), Rgs8, Rorb (also known as Ror beta),
Etv1 (also known as Er81), as well as TC1460681 (TC) were
performed with digoxigenin (DIG)-labeled cRNA probes. They
were generated from the appropriate plasmids containing
full-length cDNA inserts specific for the respective laminar
marker for Ndnf, Rgs8, Rorb, and Etv1 (Source BioScience order

numbers: “Ndnf,” IRAVp968E1091D; Rgs8, IRAVp968E09162D;
Rorb, IRAVp968D1267D; and Etv1, IRAKp961E106Q). TC1460681
was amplified from genomic cDNA with the appropriate
primers (forward: TCCTCAGAGAGTCAGTCCTTCC, reverse:
TACTGTGATCGGTTTTGGAGTG; Boyle et al. 2011), and cloned
into the pCR-BluntII-TOPO Vector (Invitrogen), transfected
into JM 109 competent Escherichia coli (Promega), amplified in
overnight cultures, and purified with a purification kit (Qiagen).
All plasmids underwent restriction digestion with appropriate
enzymes. In vitro transcription was performed using a DIG RNA
labeling kit (Roche). The sizes of the full-length probes were
reduced to approximately 350 base pairs via alkaline hydrolysis
with 0.2 M sodium carbonate and 0.2 M sodium bicarbonate at
pH 10.2.
Animals for ISH were perfused transcardially with 10 ml of
10% sucrose, followed by 200 ml of 4% paraformaldehyde in
0.1 M phosphate buffer (PB), pH 7.4. Brains were dissected out
of the skull and postfixed for 2 h in 4% paraformaldehyde, then
cryoprotected in 20% sucrose in PBS overnight at 4 ◦ C. The brains
were immersed in isopentane and snap frozen at −20 ◦ C. The
frozen brains were recovered from the isopentane and stored at
−80 ◦ C. Coronal sectioning was done with a cryostat (CM 3050S;
Leica) at 40 μm thickness. The sections were collected free floating in PBS (dissolved in diethyl pyrocarbonate (DEPC)-treated
H2 O) and were rinsed three times in 2× standard saline citrate
(SSC - 1 × SSC = 0.15 M NaCl, 0.015 M sodium citrate, pH 7.0).
They were pretreated for 15 min in hybridization buffer (HB;
50% formamide, 4 × SSC, 250 μg/ml denaturated salmon sperm
DNA, 100 μg/ml tRNA, 5% dextransulfate, and 1% Denhardt’s
solution) diluted 1:1 in 2 × SSC at room temperature, followed
by 1 h of incubation in pure HB at 55 ◦ C. Probe hybridization
with DIG-labeled probes (200 ng/ml) was carried out overnight
at the same temperature. Posthybridization stringency washes
were performed with 2 × SSC (2 × 15 min, at room temperature),
2 × SSC/50% formamide (15 min, at 65 ◦ C), 0.1 × SSC/50% formamide (15 min, at 65 ◦ C), 0.1 × SSC (2 × 15 min, at 65 ◦ C) and
0.01 M TBS, pH 7.4 (2 × 10 min, at room temperature). The probes
were detected by anti-DIG Fab fragments conjugated to alkaline
phosphatase (raised in sheep; Roche) diluted 1:1500 in TBScontaining blocking agent (Roche, at 4 ◦ C overnight). Hybridized
probes were stained with nitroblue tetrazolium and 5-bromo-4chloro-3-indolylphosphate (Roche). Development of the staining
reaction was monitored with a stereo microscope. After the
desired intensity was achieved, sections were rinsed again in
TBS and mounted in Kaiser’s glycerol gelatin (Merck).

Imaging
With the exception of Figure 5, imaging was performed using the
confocal laser scanning microscope Olympus FV1000, equipped
with Olympus objectives UPlanS Apo ×60 (numerical aperture
(NA) 1.35 oil) or UPlanS Apo ×20 (NA 0.85 oil) and FLUOVIEW
4.2.1.20 software.
Imaging of brightfield images (Fig. 5) was performed with
an Axio Imager M2 (Zeiss) controlled by a Neurolucida system
(Version 11; BF Bioscience). The images were acquired as virtual
tissues (consisting of 3–5 z-planes in 5 μm steps) and are
presented as minimum intensity projections (MIP). The MIPs
were taken from five consecutive coronal brain sections, each
including a chromogenic ISH for an individual laminar marker.
In order to merge the 5 MIPs, each section was assigned to
a different false color and they were merged using Adobe
Photoshop.
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Western Blotting
All Western blots (WBs) were performed with the WB-system
BIORAD Mini-PROTEAN Tetra System. The protocol was adapted
from Trotter (Trotter et al. 2014). In brief, the tissue was homogenized in M-PER and HALT (Thermo Fisher), supplemented with
3× Laemmli buffer and incubated at 95 ◦ C for 10 min. To obtain
dentate gyrus samples, freshly dissected hippocampi were cut
into 500 μm sections using a McIllwan tissue chopper and the
dentate gyrus was subsequently excised from five slices. Acrylamide gels with 8% and 15% running gels stacked on each other
were used to separate Reelin and Actin on the same gel. The
membrane was cut at the level of the 100 kDa marker band,
blocked with 5% milk powder in tris-buffered saline with 0.1%
Tween20 (TBST20) for 1 h at RT before incubation with mouse
anti-Reelin antibody (Merck Millipore MAB5364) and rabbit antiActin antibody (Sigma-Aldrich A-2066), each diluted 1:1000 in
5% milk powder in TBST20 overnight. Horseradish peroxidaseconjugated antibodies from Abcam were used as secondary antibodies and the signals were detected with SuperSignal WestPico
Chemiluminescent Substrate Kit (Fisher Scientific). Signal intensity was analyzed using the Fiji package of the ImageJ software
(Schindelin et al. 2012; Schneider et al. 2012).

Behavioral Experiments
Animals
A cohort of male, naïve mice with the following genotypes were
used: Relnfl/fl Dlx5/6-Cre positive, Relnfl/fl Dlx5/6-Cre negative,
and Relnwt/wt Dlx5/6-Cre positive. The mice were housed with an
inverted 12 h–12 h light–dark cycle (lights on from 7 pm to 7 am),
and all behavioral testing was carried out during the dark phase
of the cycle. In all experiments, the trials were recorded using the
Ethovision tracking system (Version XT 8.5, Noldus Technology).

Elevated Plus Maze Test
The apparatus was constructed from white waterproof polyvinyl
(PVC) foam material and consisted of four interconnected arms
(30 cm long × 5 cm wide) radiating from a 5 cm2 central square.
This was elevated 70 cm above the floor on a metallic stand.
One pair of opposing arms was surrounded by walls 15 cm high
(closed arms), whilst the remaining two arms were exposed and
contained a 2-mm high border along the outer edges of the
arms (open arms). The maze was illuminated by two dimmable
floor uplighters that provided light intensity of 70–75 lux in the
open arms. A trial commenced by gently placing the mouse in
the central square facing one of the open arms and allowed
it to explore freely for 5 min. Analysis of automated measures
included the distance moved over 5 min, the time spent in the
open arms and frequency of entrance into the open arms.

Open Field Spontaneous Locomotor Activity
The experimental setup consisted of four identical arenas
(length × width × height: 50 cm × 50 cm × 50 cm) made of
white waterproof PVC foam material. Each arena was virtually
divided into a center zone (15 cm × 15 cm), middle zone (30 cm
× 30 cm), and an outer zone (45 cm × 45 cm). Four individually
dimmable lamps positioned above the apparatus provided even
illumination in each arena (50 lux). Each mouse was introduced
into the arena facing the wall and allowed to explore freely for
40 min. Locomotor activity was indexed as the distance moved
in 5 min consecutive time bins. Additionally, the percentage of
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time spent in the central zone of the arena was calculated as an
index for anxiety-related behavior.

Morris Water Maze Spatial Reference Memory
The Morris water maze (MWM) test involved 10 Relnfl/fl Dlx5/6Cre positive, 9 Relnfl/fl Dlx5/6-Cre negative, and 10 Relnwt/wt
Dlx5/6-Cre positive male mice. Spatial reference memory was
assessed in a white plastic circular tank (150 cm in diameter
by 75 cm in height), under mild lighting conditions (80 lux as
measured at the maze center). Four arbitrary cardinal points (N,
E, S, and W) were equally spaced along the circumference of
the pool, which was then conceptually divided into four equal
quadrants designated as NE, SE, SW, and NW. The maze was
positioned in a room enriched with unique proximal and distal
extra-maze cues to aid spatial navigation. The mice were first
trained for 2 days, with four consecutive trials (8 min intertrial
interval (ITI)) per day, using the nonspatial visible platform
procedure. The pool was surrounded by curtains to occlude
extra-maze cues, while the submerged platform was marked
by a prominent cue. The release point and platform location
varied across trials. A trial ended when the mouse escaped
onto the platform, or after 60 s had elapsed, at which point the
mouse was guided to the platform by the experimenter. All mice
were allowed to remain on the platform for 15 s before being
taken out. Thereafter, spatial reference memory acquisition was
conducted over 10 days (four trials per mouse per day; 8 min
ITI). Mice were trained to utilize the presence of extra-maze
cues, in order to navigate and escape onto a platform submerged
1 cm below the water surface. A trial ended when the mouse
climbed onto the platform, or after 60 s had elapsed, during
which it was gently guided by the experimenter to the platform.
The mice were allowed to remain on the hidden platform for
15 s before being removed from the pool. Spatial learning was
inferred by computing latency to the hidden platform as the
main dependent variable.
Following successful acquisition with the criterion that
latency to find the platform across four consecutive trials was
20 s or less, a 90 s probe test was conducted at 24 h, 7 days, and
28 days after the last acquisition trial, in order to examine longterm spatial reference memory retention. Here, the platform
was removed from the pool and the mice gently released from a
new location directly opposite from the target quadrant. Search
preference for the correct spatial location was measured as the
proportion of time spent in the target quadrant.

Statistics
Statistical analyses were performed using the SPSS Statistics
for Windows program (IBM Corp. Version 22.0: IBM Corp.). Nonbehavioral data were analyzed using one-sample t-test (Fig. 1D)
and comparisons of means for two independent groups using
the Student’s t-test (t-test). Behavioral data were first analyzed
for assumption of normality using the “Shapiro-Wilk’s W”
statistic and homogeneity of variances using Levene’s test. Oneway analysis of variance (ANOVA) was used for comparisons of
means for the three independent genotype groups. Data derived
from repeated testing were subjected to a mixed-design ANOVA
with the inclusion of time-bins, delay, or days as within-subject
factors and genotype as between-subjects factor. Sphericity was
evaluated with Mauchley’s test of sphericity. When violated,
the degrees of freedom were corrected using GreenhouseGeisser estimates of sphericity. Significance was set at P < 0.05
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Figure 1. Reelin expression pattern in IN-specific Reelin knockout mice. (A) Immunohistochemical staining for Reelin at different developmental stages (age: P3, P6,
P10, and 15 weeks) in IN-specific Reelin knockout mice (Relnfl/fl Dlx5/6-Cre positive) compared with controls (Relnwt/wt Dlx5/6-Cre positive). Stainings confirmed
normal Reelin expression in CR cells (detail from the hippocampal fissure in control (a-d) and IN-specific Reelin knockout animals (i-m)) and a complete lack of Reelin
expression in INs (detail from the hilus in control (e-h) and IN-specific knockout animals (n–q)). (B) Schematic drawing of Reelin-expressing cells in the dentate gyrus
in control (a) and IN-specific knockout animals (b). (C) WB analysis from adult mouse brains (age: 24 weeks for DG; age: 8 weeks for NC and HC) revealed a profound
reduction of Reelin expression in the dentate gyrus and total HC and a near-complete loss of Reelin in the NC. (D) WB quantifications showed a Reelin reduction of
94 ± 0.5% in the NC, 47 ± 3% in the HC (one-sample t-test against 100% control; N = 5 animals; age: 8 weeks), and 35 ± 5% in the dentate gyrus (one-sample t-test against
100% control; N = 6 DG samples (equally sampled from three animals); age: 24 weeks). All values were normalized to actin and depicted as a percentage of reference
(Relnwt/wt Dlx5/6-Cre pos.). The results were depicted as mean ± SEM. Dots represent single values for each animal for NC and HC. In the case of the DG, dots represent
measurements for left and right DG from three animals per genotype.
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(two-tailed), or according to Bonferroni adjusted significance for
levels of multiple comparisons. Data are presented as means ±
standard error of mean (SEM). P-values in the figures are based
on the corresponding test detailed in the figure legend.

Results
Interneuron-Specific Knockout of Reelin
During embryonic development of the NC and HC Reelin
originates exclusively from CR cells (Ogawa et al. 1995), while
perinatally inhibitory INs also start to become an important
source of Reelin (Alcantara et al. 1998; Pesold et al. 1998). To
investigate the specific function of Reelin from inhibitory INs,
we crossbred a mouse line with loxP sites flanking the first exon
of the reelin gene (Lane-Donovan et al. 2015) with an IN-specific
Dlx5/6-Cre line (Monory et al. 2006). The Dlx5/6 promotor is
specifically active in INs during their early development within
the ganglionic eminence (Boncinelli 1994; Simeone et al. 1994;
Hevner et al. 2003; Ruest et al. 2003; Monory et al. 2006). Reelinexpressing INs belong to different subtypes of INs (Pesold et al.
1999; Pohlkamp et al. 2014; Tasic et al. 2018), emerging from
both the medial and caudal ganglionic eminence (Miyoshi
et al. 2010). To confirm the activity of Cre recombinase in
all Reelin-expressing INs in the Dlx5/6-Cre line, we applied a
tdRFP reporter line (Luche et al. 2007) to visualize cells, which
had undergone Cre-dependent DNA recombination. Doubleimmunohistochemical stainings for this reporter and Reelin
confirmed that all Reelin-expressing INs in the HC and NC of
Dlx5/6-Cre mice exhibited Cre-dependent DNA recombination,
while CR cells were not affected (Supplementary Fig. 2). Dlx5/6Cre recombinase is already expressed in INs at embryonic stages.
The Dlx5/6 Promotor is active commencing from E9.5 in mice
(Simeone et al. 1994). This results in Cre-dependent inactivation
of the reelin gene in INs several days before the onset of Reelin
expression between P0 and P5 in these cells (Alcantara et al.
1998; Pesold et al. 1998). Immunohistochemical staining for
Reelin in Relnfl/fl Dlx5/6-Cre positive mice confirmed the lack
of Reelin protein expression in INs as early as postnatal day 3
(P3) (Fig. 1A n), corresponding with the time point of expression
onset in inhibitory INs in control mice (Fig. 1A e; red arrow). With
increasing age, differences became more pronounced due to the
increase in Reelin expression in inhibitory INs in control animals
(Fig. 1A f –h, red arrows compared with Fig. 1A o–q). In contrast,
Reelin expression in CR cells was unaltered in the IN-specific
Reelin knockout mouse throughout development (Fig. 1A a–d,
blue arrows compared with Fig. 1A i–m). Other sources of Reelin,
such as mitral cells in the olfactory bulb or layer II cells in
the entorhinal cortex, were also unaffected (data not shown).
Quantitative WB analysis revealed a 35 ± 5% reduction of Reelin
expression in the dentate gyrus, 47 ± 3% in the HC and 94 ± 0.5%
reduction in the NC of adult IN-specific Reelin knockout mice
(Fig. 1C, D). These results suggest that the contribution of INs
to Reelin expression differs among brain areas. Taken together,
these data confirm Reelin expression to be exclusively depleted
in INs in the IN-specific Reelin knockout mouse, but not in other
cell types, including CR cells.

Reelin Expression Pattern in the Dentate Gyrus
While Reelin expression is well documented in the adult NC
by recent studies (Pohlkamp et al. 2014), much less is known
regarding the distribution of Reelin-expressing cells in the adult
dentate gyrus. To further examine Reelin protein expression in
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the adult dentate gyrus, we quantified the number of Reelinexpressing INs and CR cells within different compartments of
the dentate gyrus (Fig. 2). The compartmentalization was done
as follows: an area of 60 μm above and below the hippocampal
fissure was defined as ‘fissure’ (in this area, all CR cells are
included). The SGZ, in which IN density is especially high and
adult neurogenesis takes place, was defined as 10 μm above and
below the border between the granule cell layer and hilus. Additional compartments were the hilus (defined by the borders of
the granule cell layer), the iML (defined as the area between the
granule cell layer and the area already defined as ‘fissure’) and
the CA1 region next to the fissure (stratum lacunosum moleculare (LM) and radiatum (rad)), to include both areas surrounding
the CR cell-containing fissure. Due to the extension of the area
defined as ‘fissure’ over 60 μm into the ML, the area defined
as ‘fissure’ already included the outer ML. To distinguish both
Reelin-expressing CR cells and Reelin-expressing IN, we used
tdRFP-reporter mice to label the inhibitory INs. We found 35–
61% of all INs to be Reelin-immunoreactive (Fig. 2A,B), with clear
regional differences. The proportion of INs expressing Reelin
turned out to be higher next to the hippocampal fissure (Fis) and
within the ML (iML) (61% Fis; 57% iML) compared with the stratum LM/rad, the SGZ and the hilus (35% LM/rad; 36% SGZ; and
36% Hilus) (Fig. 2B). Quantification of Reelin-expressing CR cells,
identified as ‘small’ tdRFP-negative cells within a distance of
60 μm around the fissure, confirmed their high abundance in the
adult dentate gyrus. Notably, the number of Reelin-expressing
CR cells was significantly increased in IN-specific knockouts,
resulting in an overall unchanged number of Reelin-expressing
cells around the hippocampal fissure.

Evaluation of Possible Autocrine Effects of Reelin
It has been a matter of debate whether Reelin acts exclusively
in a paracrine way, or whether it may also mediate autocrine
functions (Derer 1985; Coulin et al. 2001). Since INs are malpositioned in reeler mutant mice (Hevner et al. 2004), we addressed
whether Reelin depletion in INs might affect INs themselves.
Analysis of the tdRFP reporter did not reveal any changes in total
IN densities in the dentate gyrus (Fig. 2B) and in the NC (Fig. 3A).
However, the distribution of INs subgroups might be altered. For
instance, in heterozygous reeler mice a decrease in glutamatedecarboxylase Gad67-expressing INs, as well as in Parvalbuminexpressing INs, has been reported (Nullmeier et al. 2011). Of
note: while Gad67 is detected in virtually all INs in ISH, this is
not the case with immunohistochemical stainings, possibly due
to different localization of the protein within the cells (Houser
2007). Thus, we used immunohistochemical staining for Gad67,
the calcium-binding proteins Parvalbumin, Calbindin-28 kDa,
Calretinin and the Cannabinoid receptor 1 (CB1), to label distinct
subpopulations of INs in the NC and dentate hilus.
We identified an increase in CB1 and Calretinin staining
intensity within the iML (Fig. 3C, D) and observed increased
numbers of Calretinin-positive cells in the hilus (Fig. 3B).
However, double labeling with the IN-specific tdRFP reporter
revealed that the hilar cells, as characterized by enhanced
Calretinin expression, are not inhibitory IN, but may rather
represent hilar mossy cells (Fig. 3B’). As mossy cells project
to the iML, this may also account for the higher Calretinin
immunoreactivity in this area (Fig. 3C). Other IN markers
revealed no obvious changes across genotypes regarding the
number of positive cells in NC and dentate hilus (Fig. 3B and
Supplementary Fig. 3).
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Reelin Expressed by Interneurons is Neither Required
to Establish Nor to Maintain Cortical Layers

Figure 2. Reelin expression pattern in the mature dentate gyrus. (A) Immunohistochemical staining for tdRFP and Reelin was used to analyze the total number
of INs, the number of Reelin-expressing INs and Reelin-expressing CR cells
in different areas of the dentate gyrus. INs were identified by tdRFP reporter
staining, while CR cells were identified as small Reelin-expressing cells without
tdRFP expression. (B) Quantification of cell numbers in different layers. The total
number of INs and their distribution within the dentate gyrus was unchanged
in IN-specific Reelin knockout mice. In addition, as expected, all INs proved to
be Reelin-negative in this model. Interestingly, the number of Reelin-expressing
CR cells was significantly increased in adult IN-specific Reelin knockout mice (ttest; N = 5; age: 24–30 weeks; error: ±SEM), and the number of additional CR cells
(654 ± 108) corresponded well to the number of INs that lost Reelin expression
within a distance of 60 μm around the fissure (Fis) (524 ± 99). Abbreviations:
LM/rad—Stratum lacunosum-moleculare and parts of stratum radiatum; Fis,
fissure (±60 μm around the hippocampal fissure); iML, inner molecular layer;
SGZ, subgranular zone (±10 μm around the inner border of the granule cell layer);
and H, hilus.

The development of neuronal layers, in particular in the dentate
gyrus, is not yet completed when perinatal Reelin expression
in INs is initiated. So far, it is unknown whether Reelin from
INs contributes to the formation of the granule cell layer. Furthermore, in the adult dentate gyrus, granule cell dispersion in
TLE has been linked to a loss of Reelin-expressing INs (Haas
et al. 2002; Chai et al. 2014). Thus, Reelin has also been proposed
to play a role in the maintenance of the established structures throughout life (Frotscher et al. 2009). To examine whether
Reelin from INs plays a role in the establishment or in the maintenance of neuronal layers, we investigated neuronal layering in
the dentate gyrus and NC of adult IN-specific Reelin knockout
mice.
Quantitative analysis of granule cell layer thickness and the
number of NeuN-positive neurons in the ML of IN-specific Reelin
knockout mice (15 weeks) did not reveal any differences compared with wild-type mice (Fig. 4A–C). To take a closer look
at granule cell morphology, we also applied breeding with a
Thy1eGFP mouse line (Feng et al. 2000), which expresses the
green fluorescent protein in a subset of neurons (Fig. 4D). Representative images of reconstructed Thy1eGFP-positive granule cells are shown in Fig. 4E. Measurements of the length,
width, and branching angle of single dendrites (branching order
1–4) were performed using Imaris (branching order 1–4 have
been included in the analysis, as branching order up to four
was regularly found in nearly all reconstructed cells—in rare
cases branching order up to seven was found in granule cells
in both knockout and control animals). The analysis revealed
unchanged morphology of granule cell dendrites in IN-specific
Reelin knockout mice (Fig. 4F–H).
Laminar organization in the NC was evaluated by ISH, detecting layer-specific mRNAs (Boyle et al. 2011; Wagener et al. 2016).
The mRNA for Ndnf, also known as RIKEN cDNA A930038C07
gene, has been used to label cells in layer I, mRNA for Regulator
of G-protein signaling 8 (Rgs8) for layer II/III, mRNA for RARrelated orphan receptor B (Rorb) for layer IV, mRNA for ETS
variant gene 1 (Etv1) for layer Va and mRNA for immunoglobulin
heavy chain TC1460681 (TC) to label layer VI. The depth of the
NC was equally divided into 20 bins and the signal intensity for
every marker was quantified for every bin (for details of quantification, see Supplementary Fig. 4). The quantification revealed
an intact layering of the NC, which was indistinguishable from
the control animals (Fig. 5).
In summary, Reelin from INs does not appear to play a major
role in the establishment or maintenance of neuronal layers in
the NC and dentate gyrus.

Normal Learning and Memory Function in IN-Specific
Reelin Knockout Mice
Reelin has been shown to play a role in different aspects of
synaptic plasticity, such as dendritic spine development (Liu
et al. 2001; Niu et al. 2008; Leemhuis et al. 2010; Bosch et al. 2016),
modulation of NMDA-receptor transmission and composition
(Chen et al. 2005; Groc et al. 2007; Campo et al. 2009), vesicle
release (Hellwig et al. 2011; Bal et al. 2013), and LTP (Weeber et al.
2002; Beffert et al. 2005). In addition, behavioral deficits were
shown in heterozygous reeler mice (Tueting et al. 1999; Rogers
et al. 2013), while others have reported mild or inconsistent findings (Podhorna and Didriksen 2004; Krueger et al. 2006). Here,
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Figure 3. Quantification of IN markers revealed higher Calretinin expression in the hilus. (A) Quantification of tdRFP-positive INs in the NC showed normal total IN
numbers in IN-specific Reelin knockout mice. (B) Quantification of cells expressing different IN marker proteins throughout the NC and dentate gyrus revealed an
unaltered IN composition within these areas. The significant increase in Calretinin-expressing cells in the dentate gyrus could be assigned to an increase in Calretinin
expression in tdRFP-negative hilar mossy cells (B’ – blue arrows), while tdRFP-positive INs were not affected (white arrowheads). (C) Quantification of Calretinin intensity
in the iML, the area of the mossy cell projections, confirmed this significant increase in Calretinin expression. (D) In addition, quantification of CB1 intensity within
the iML also revealed a slight increase in expression (t-test; N = 5 animals; age: 24–30 weeks; error: ±SEM).

we examined the extent to which IN-derived Reelin modulates
behavioral function by testing for cognitive and noncognitive
processes known to depend on the HC (O’Keefe and Nadel 1978;
Bannerman et al. 2014; Zhang et al. 2014). Assessment in the
open field (OF) paradigm revealed intact locomotor habituation
in IN-specific Reelin knockout mice. Despite overall increased
activity in Cre-positive Relnwt/wt mice, activity levels did not
differ between IN-specific Reelin knockout mice and the Crenegative Relnfl/fl control group (Fig. 6A), indicating that differences in activity levels are unlikely to stem from lack of Reelin.
Anxiety-related behavior was unaltered, as evidenced by the
comparable time spent in the center of the OF arena (Fig. 6B) and
open arms of the elevated plus-maze (Fig. 6C) across all genotypes. Similarly, the acquisition (Fig. 6D) and time-dependent
long-term retention of spatial reference memory (Fig. 6E) was
comparable for all genotype groups. Thus, the lack of Reelin from
INs in the adult brain has minimal impact in vivo, as evidenced
by largely normal behavioral function and intact ability in spatial
learning and memory.

Reelin From Interneurons and Adult Neurogenesis in
the Dentate Gyrus
Previous work has shown that adult neurogenesis is severely
decreased in the reeler dentate gyrus (Won et al. 2006; Zhao
et al. 2007; Sibbe et al. 2015). We thus aimed to determine
whether IN-derived Reelin plays a role in the regulation of adult
neurogenesis. Unlike the classical reeler mouse, the morphology
of the stem cell niche was unaffected in the IN-specific Reelin
knockout mouse (Supplementary Fig. 5). This is important as
the morphological alteration of the stem cell niche as such
might also account for changes in adult neurogenesis (Stolp and
Molnar 2015). To investigate the exact position and morphological integration of Reelin-expressing INs within the adult stem
cell niche, we used POMCeGFP mice (Overstreet et al. 2004) to
visualize immature granule cells in the adult stem cell niche.
Immunohistochemical stainings revealed that the cell bodies
of Reelin-expressing INs were located within the SGZ. They
were in close contact with eGFP-positive immature granule cells,
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Figure 4. Reelin from INs did not affect maintenance of the granule cell layer. (A) Immunohistochemical staining for NeuN in the dentate gyrus of adult animals (15
weeks). Quantification of the thickness of the suprapyramidal granule cell layer (GL) (B) and the number of NeuN-positive cells in the suprapyramidal ML (C) showed
no significant difference (t-test; N = 5 animals; age: 15 weeks; error: ±SEM). (D) The Thy1eGFP mouse line (Feng et al. 2000) was used to reveal the morphology of granule
cells. (E) Reconstruction of single granule cell dendrites. The branching angle (F), length (G), and mean diameter (H) were evaluated for single dendrites at different
branch order (1–4). The quantifications revealed no significant difference in granule cell dendrite morphology (t-test; N = 18–44 dendrites sampled from five animals
per group; age: 8 weeks; error: ±SEM).

doublecortin-labeled immature granule cells and radial glia-like
cells (RGLCs) both in young animals, when INs have just started
to express Reelin (P6 – Fig. 7A a,a’), and also in adult animals
(24 weeks – Fig. 7A b–e). We identified these Reelin-expressing
INs within the stem cell niche as Cholecystokinin (CCK)-positive
hilar commissural associational path (HICAP) cells (Freund and
Buzsaki 1996), while none of the Parvalbumin-positive basket
cells expressed Reelin (Fig. 7B a–b). The schematic 3D drawing
in Figure 7C illustrates the regular distribution pattern of these
two types of INs within the stem cell niche and the close contact
of immature granule cells to Reelin-expressing INs. The general
composition of the stem cell niche in this schematic drawing is

based on recently reviewed data (Fuentealba et al. 2012; Kempermann et al. 2015).
To address a potential effect of Reelin ablation from INs,
we quantified cell proliferation and the number of immature
neurons in the adult dentate gyrus. A single BrdU injection in 12week-old animals and quantification of BrdU- and Doublecortinpositive immature granule cells (Francis et al. 1999) two weeks
later revealed a slight effect on adult neurogenesis (Fig. 8B–D)
which, however, is much less pronounced when compared with
the effects in the classical reeler mouse (Won et al. 2006; Zhao
et al. 2007; Sibbe et al. 2015). We substantiated this weak effect
using additional experimental designs: we therefore included
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Figure 5. Neocortical layering in IN-specific Reelin knockout mice. ISH for five different probes labeling specific layers of the NC was performed on consecutive cryosections from controls (a) and IN-specific Reelin knockout mice (b). Probes used were Ndnf for layer I, Rgs8 for layer II/III, Rorb for layer IV, Etv1 for layer Va and
TC for layer VI. The consecutive sections are represented as a merger of five individually colored micrographs. Each of the five micrographs is a MIP of four optical
planes (z-distance 4 μm). For quantification, the depth of the NC had been equally subdivided into 20 bins (starting with bin 1 at the pial surface and ending with
bin 20 at the ventricular zone). Mean staining intensity was evaluated for each bin and depicted as a percentage ranging from maximum staining intensity (100%)
to minimum staining intensity (0%) for each analyzed image. Diagrams show mean values for six analyzed images, equally sampled from three animals for both
genotypes (Supplementary Fig. 4 includes the individual data sets).

continuous application of BrdU via the drinking water for
two weeks, to increase the total number of BrdU-labeled cells
(Fig. 8E). We also included quantification of Ki-67, a marker of
proliferating cells (Kee et al. 2002) (Fig. 8E). Although additional
quantitative evaluations failed to yield significant differences,
in all five independent experiments (based on 18 animals per
genotype in total), a trend toward a decrease in neurogenesis
of about 10% was detected in conditional knockout mice
(Fig. 8C–E). From these findings, we conclude that the lack of
Reelin expression in INs exerts a weak but consistent effect
on adult neurogenesis within an otherwise intact stem cell
niche. In addition, DCX-positive immature neurons exhibited
normal orientation and dendritic arborization in IN-specific
Reelin knockout mice (Fig. 8F).

Complexity of GFAP Filaments is Reduced in Dentate
Gyrus Astrocytes
Since RGLCs are also severely affected during development in
the reeler dentate gyrus (Weiss et al. 2003; Brunne et al. 2013),
we studied the morphology of Nestin- and GFAP-positive intermediate filaments in these RGLCs, which are still present in the
mature dentate gyrus and serve as stem cells for adult neurogenesis (Seri et al. 2001; Steiner et al. 2004). Nestin- and GFAPpositive processes of RGLCs, identified by their prominent radial
process spanning through the granule cell layer, were unaffected
(Fig. 9A). In addition, we examined GFAP in astrocytes, as it
was shown that GFAP-positive astrocytes may respond to Reelin
(Förster et al. 2002; Frotscher et al. 2003; Brunkhorst et al. 2015).
In immunohistochemical stainings, the overall density of GFAP
filaments appeared to be decreased in the ML and in the hilus
of the dentate gyrus (Fig. 9B). Sholl analysis of GFAP-positive
astrocytes in the ML confirmed this impression, showing slightly

reduced filament complexity (Fig. 9B). In addition, quantitative
analysis revealed a significant reduction of the total volume of
GFAP filaments in the dentate gyrus in IN-specific Reelin knockout mice (Fig. 9C). Thus, while RGLCs are unaffected, astrocytes
show a reduction in GFAP filament complexity in IN-specific
Reelin knockout mice, leading to a significant reduction in total
GFAP filament volume.

Effects in Interneuron-Specific Reelin Knockout Mice
Were Not Due to a General Reduction in Reelin Protein
Expression, As Shown by Analysis of Mice With
Heterozygous Reelin Deletion
IN-specific Reelin knockout mice exhibited a Reelin reduction
of 47 ± 3% in the HC, similar to heterozygous reeler animals. To examine whether a reduction of Reelin by approximately 50% causes a similar phenotype, we also tested
for the presence of differences (as found in IN-specific
Reelin knockout mice) in heterozygous Reelin knockout
mice (Relnwt/dl ) and compared them with wild-type animals
(Relnwt/wt ).
Interestingly, all differences found in IN-specific Reelin
knockout mice are absent in heterozygous Reelin knockout
mice. Calretinin and CB1 expression in the iML were highly
comparable between heterozygous Reelin knockout and wildtype animals (Fig. 10A,B). Regarding CR cell numbers around the
hippocampal fissure (Fig. 10C) and GFAP filaments in the dentate
gyrus (Fig. 10D), we also found no significant difference between
the genotype groups. Overall, these experiments confirmed
that the effects observed in IN-specific Reelin knockout mice
were not attributed to a general decrease in Reelin protein
expression, but were a consequence of the specific loss of
Reelin in INs.
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Figure 6. IN-specific Reelin knockout mice showed normal general behavior and intact learning and memory function. (A) Assessment of the distance traveled over
a 40 min test session shows unaltered locomotor habituation (time bins: F(4.21,113.56) = 32.6, P < 0.0001), but overall more activity in Cre-positive Relnwt/wt mice
(genotype: F(2,27) = 7.52, P < 0.01). Activity levels were comparable between IN-specific Reelin knockout and Cre-negative Relnfl/fl mice (Bonferonni correction pairwise
comparisons: P = 1.0). Anxiety-related behavior in terms of time spent in the center of the OF (B) and open arms of the elevated plus maze (EPM) (C) is unaltered in
IN-specific Reelin knockout mice. One-way ANOVA (OF: F(2, 29) = 0.79, P = 0.46; EPM: F(2, 29) = 0.089, P = 0.92). N = 10 mice per group. (D–E) In the MWM task, IN-specific
Reelin knockout mice demonstrate intact spatial reference memory acquisition (days: F (9, 234) = 37.27, P < 0.0001; genotype: F(2, 26) = 0.62, P = 0.54) and subsequent
time-dependent bias for the training quadrant (delay: F (1.49,38.62) = 22.86, P < 0.0001; genotype: F(2, 26) = 1.93, P = 0.17). N = 9–10 mice per group. All values represent
mean ± SEM.

Discussion
INs are a major source of Reelin in the adult brain (Pesold et al.
1998); this is confirmed by our WB data. INs contribute about 95%
of total Reelin in the adult NC and about 50% of total Reelin in the
adult HC. This is consistent with the presence of a substantial
number of Reelin-expressing CR cells in the adult HC (Drakew
et al. 1998; Anstötz et al. 2016), but not in the adult NC (Chowdhury et al. 2010). In this study, we demonstrate that selective
genetic depletion of IN-derived Reelin neither contributes to
Reelin’s developmental role in neuronal layering (Ogawa et al.
1995) nor to a potential role in layer maintenance (Frotscher et al.
2009) in the dentate gyrus and NC. Our data reveal only subtle
effects on adult neurogenesis in the dentate gyrus and show

that learning and memory, such as spatial reference memory,
remain unaffected upon depletion of Reelin protein expression,
specifically in INs.
A closer look at the dentate gyrus of IN-specific Reelin knockout mice revealed increased numbers of Reelin-expressing CR
cells. This suggests that reduced IN-derived Reelin levels might
be compensated for by other Reelin-expressing cell types. Yet,
despite this increase in Reelin-expressing CR cells in the dentate gyrus, IN-specific Reelin knockout mice show several subtle alterations in this region: Calretinin expression in mossy
cells and CB1 receptor levels in the iML were increased, while
GFAP intermediate filaments in dentate gyrus astrocytes were
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Figure 7. Reelin-expressing inhibitory INs within the stem cell niche. (A) Reelin-expressing INs (white arrows) could be found within the SGZ of the dentate gyrus
of young (P6 – a, a’) and adult mice (24 weeks – b, b’). Immunohistochemical staining for Reelin, glial fibrillary acidic protein (GFAP, labeling glial cells including
RGLCs, Doublecortin (DCX), and POMCeGFP (Overstreet et al. 2004) (both labeling immature neurons) revealed close contact between Reelin-expressing INs, RGLCs, and
immature neurons (Images a–e and 3D-reconstructions a’, b’). (B) Immunohistochemical stainings of adult (15 weeks) wild-type mice for Reelin, Parvalbumin (marker
for basket cells) and CCK (marker for HICAP cells) in the SGZ (staining performed without (a) and with acidic antigen retrieval (b)). The staining revealed coexpression
of Reelin and CCK in INs (full arrows), while the Parvalbumin-positive cells were never immunoreactive for Reelin (arrowheads). (C) A representative scheme depicts
the observed integration of Reelin-expressing INs within the subgranular stem cell niche (general morphology of the stem cell niche based on data by Fuentealba et al.
(2012) and Kempermann et al. (2015)).

reduced. Thus, Reelin derived from INs conveys some specific
effects, which could not even be compensated for by increased
Reelin expression from other sources.

No Effects on Neuronal Layering and Animal Behavior,
Including Learning Ability, and Only Marginal Effects
on Adult Neurogenesis in the Dentate Gyrus
Reelin plays an important role in neuronal lamination during
brain development (reviewed by Hirota and Nakajima 2017) and
is also proposed to play a role in layer maintenance in the
adult brain (Frotscher et al. 2009). While it had been shown
that CR cells are the most important source of Reelin during
forebrain development, it was unclear whether Reelin from

inhibitory INs contributed to Reelins function in layer formation
or maintenance. Reelin expression in INs starts around birth
(Schiffmann et al. 1997; Alcantara et al. 1998), a timepoint when
neuronal migration and layer formation in the dentate gyrus is
still incomplete (Stanfield and Cowan 1979; Altman and Bayer
1990). Our analysis of IN-specific Reelin knockout mice in this
study revealed normal neuronal layering in the NC and dentate gyrus, suggesting that Reelin expression in INs is either
not required for these processes or might be compensated by
functional homologs.
Previous studies have shown that TLE is accompanied by a
loss of INs and thus a loss of Reelin-expressing cells in the hilus
(Dudek and Shao 2003; Haas and Frotscher 2009). As the lack of
Reelin in reeler mutant mice leads to a developmental dispersion
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Figure 8. Effect of Reelin from INs on adult neurogenesis. Potential effects on adult neurogenesis were analyzed using BrdU to label newborn granule cells, as well as IHC
for Ki-67 (proliferation) and Doublecortin (immature neurons). (A) Application scheme for BrdU in two independent experiments. Visualization (B) and quantification
of BrdU-positive cells (C) and Doublecortin-positive cells (D) in slices from septal, middle, and temporal areas of the HC for the single-injection protocol. Only cells
within the SGZ and granule cell layer were counted, and cell counts were normalized to the underlying length of the proliferative zone (SGZ) by giving the numbers as
“cells per mm SGZ.” Only counts for Doublecortin-positive immature neurons in middle areas of the HC revealed a significant reduction (t-test; N = 5; age: 15 weeks;
error: ±SEM) (D). (E) Additional experiments regarding either proliferation (Ki-67 staining and quantification) or neurogenesis (DCX and BrdU quantification for the 14
day BrdU protocol) showed a reduction of about 10% in cell numbers in the IN-specific Reelin knockout mouse, but these differences were not statistically significant.
(F) In addition, filament length, orientation, and branching of Doublecortin-positive neurons were not affected in IN-specific knockout mice (t-test; N = 10 cells from
five animals; age: 15 weeks; error: ±SEM).

of granule cells, it has been suggested that the lack of Reelin in
TLE might be the cause of the observed granule cell dispersion
(Haas and Frotscher 2009; Tinnes et al. 2013). However, our data
show that Reelin depletion in INs does not lead to granule cell
dispersion. As acutely injected Reelin was shown to exert a
protective function in kainate injection models of TLE (Müller
et al. 2009; Orcinha et al. 2016), we cannot rule out that granule

cell dispersion might be prevented by the increase in Reelinexpressing CR cells around the hippocampal fissure, which we
observed in IN-specific Reelin knockout mice.
Reelin is assumed to play a role in adult neurogenesis. By
counting BrdU-labeled, DCX- or Ki-67-immunoreactive cells,
adult neurogenesis was shown to be decreased by 70–90% in
reeler mice in several studies (Won et al. 2006; Zhao et al. 2007;
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Figure 9. RGLCs and astrocytes in IN-specific Reelin knockout mice. (A) Morphological analysis of the Nestin- (a–d) and GFAP-positive (e–h) intermediate filaments
in RGLCs, identified by their prominent radial process spanning through the granule cell layer, revealed normal length (c, g) and branching patterns (d, h) of these
filaments (t-test; N ≥ 10 cells from five animals; age:15 weeks; error: ±SEM). Nestin was counterstained with an antibody against transcription factor Sox2 (expressed
in undifferentiated stem cells including RGLCs) and Ki-67 (expressed in proliferating cells), to more easily confine the Nestin filament starting point at the soma. (B)
Volume reconstruction and Sholl intersections of GFAP filaments from single astrocytes in the ML (depicted is the mean from five cells sampled from five animals;
age: 15 weeks). (C) Quantitative measurements of total GFAP filament volume in this area revealed a significant decrease in IN-specific Reelin knockout mice. These
data indicate a decrease of astrocytic GFAP filaments in IN-specific Reelin knockout mice (t-test; N = 5 animals; age: 15 weeks; error: ±SEM).

Sibbe et al. 2015). Conversely, overexpression of Reelin within a
normally developed dentate gyrus enhanced adult neurogenesis
by roughly 23% (BrdU and DCX, Pujadas et al. 2010). Here, we
show that numerous Reelin-expressing INs are localized within
the neurogenic niche of the dentate gyrus, with tight contact
to immature granule cells and RGLCs. We identified these
Reelin-expressing IN in the SGZ as CCK-positive HICAP cells,
while Parvalbumin-positive basket cells, known to influence
neurogenesis (Moss and Toni 2013), were devoid of Reelin
expression. Knockout of Reelin from INs resulted in a slight but

consistent decrease in adult neurogenesis of about 10%. Hence,
Reelin from INs, although optimally localized to affect stem cell
behavior within the stem cell niche, is likely to mediate a very
subtle role in the regulation of adult neurogenesis.
Reelin signaling in the adult brain has been shown to modulate synaptic transmission in different ways (Liu et al. 2001;
Weeber et al. 2002; Beffert et al. 2005; Chen et al. 2005; Groc
et al. 2007; Niu et al. 2008; Campo et al. 2009; Leemhuis et al.
2010; Hellwig et al. 2011; Bal et al. 2013), and heterozygous
reeler mice show mild behavioral deficits (Tueting et al. 1999;
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Figure 10. Effects found in IN-specific Reelin knockout mice were not mimicked in heterozygous Relnwt/dl animals. Analysis of Calretinin (A) and CB1 (B)
immunoreactivity within the iML of Relnwt/dl and Relnwt/wt animals revealed comparable intensity levels in both genotypes. In addition, quantification of Reelinexpressing CR cells around the hippocampal fissure (yellow arrowheads) (C) showed a tendency to reduced numbers (not significant) and analysis of GFAP filaments
(D) a tendency to increased levels (not significant) in Relnwt/dl mice, compared with Relnwt/wt (t-test; N = 4 animals; age: 24 weeks; error: ±SEM).

Rogers et al. 2013). Although IN-specific Reelin knockout mice
demonstrate less Reelin expression in the adult brain compared
with heterozygous reeler mice, we did not observe behavioral
alterations with respect to exploratory drive and locomotor
activity, anxiety-related behavior and spatial learning and memory. This does not necessarily rule out subtle synaptic changes,
which are not readily detected at the behavioral level in terms
of altered learning and memory.
In addition, some of Reelin’s effects only manifest under
pathological conditions. For example, global loss of Reelin
precipitates learning and memory deficits in an Alzheimer
disease model (Lane-Donovan et al. 2015). Along these lines,
corticosterone-induced stress results in spatial memory deficits
in heterozygous reeler mice, but not in wild-type animals
(Schroeder et al. 2015; Notaras et al. 2017). The effects of Reelin
on synapse function may therefore become more pronounced
under pathophysiological conditions.
Thus, although IN-specific Reelin knockout mice demonstrate intact learning and memory under the specific conditions described in our study, a detailed assessment of synaptic
function, and the degree to which additional factors such as
stress might precipitate cognitive deficits in this mouse model
warrants further investigation.

Phenotype of Interneuron-Specific Reelin Knockout
Mice
In the IN-specific Reelin knockout mouse, we identified a
significant increase in Reelin-expressing CR cells surrounding
the hippocampal fissure, thus pointing to an autocrine fashion
of Reelin signaling in CR cells. It is tempting to speculate

that an increase in the number of Reelin-expressing CR cells
might compensate for the loss of Reelin-expressing IN. Notably,
the number of IN which lack Reelin expression next to the
hippocampal fissure, equals the increase in the number of
Reelin-expressing CR cells in this area. As a result, the total
number of Reelin-expressing cells remains unaltered in areas
next to the hippocampal fissure. This observation is consistent
with earlier results showing that CR cells are affected regarding
numbers and positioning in classical reeler mutant mice (Derer
1985; Coulin et al. 2001; Anstötz et al. 2019). Taken together, we
conclude that an autocrine effect of Reelin on CR cells may be a
possibility that requires further investigation.
Our study also identified increased Calretinin expression in
hilar mossy cells and increased Calretinin and CB1 levels in the
iML. Calretinin is a calcium-binding protein believed to act as a
slow or fast onset buffer, depending on the intracellular Ca2+
concentration (reviewed in Schwaller 2014). It plays a role in
dentate gyrus long-term potentiation (Schurmans et al. 1997;
Gurden et al. 1998) and may also be important in protecting
cells from excitotoxicity (Camp and Wijesinghe 2009). The CB1
receptor is one of two so far identified cannabinoid receptors.
In the forebrain, the CB1 receptor is enriched in axons and
presynaptic terminals and its expression is highly correlated to
INs containing CCK (Mackie 2006), which we found to be Reelinpositive in the dentate gyrus. Functionally, CB1 receptors inhibit
neurotransmitter release and are involved in long-term depression (Freund et al. 2003; Lutz 2004). So far, no functional connection between Reelin, Calretinin and CB1 has been described,
apart from the fact that they are partly coexpressed in the same
cells (Hevner et al. 2003; Morozov et al. 2009; Gonzalez-Gomez
and Meyer 2014).

Interneuron-Specific Reelin Depletion

In addition, GFAP, a glial cell-specific intermediate filament
(Schnitzer et al. 1981; Ogata and Kosaka 2002), was found to be
reduced in astrocytes of the dentate gyrus. A recent study has
shown that Reelin overexpression leads to reduced neuron-glial
contact at the synapse, while knockout of Dab1, and thus intracellular interruption of the canonical Reelin signaling cascade,
results in enhanced enwrapping of synapses with glial processes
(Bosch et al. 2016). This fits in well with observations during
brain development, where Reelin is important in the release
of neurons from radial glial cells (Sanada et al. 2004). From
this finding, one assumption is that a decrease in Reelin levels
should lead to increased neuron-glial contact and accordingly,
a more complex morphology of astrocytes. On the other hand,
it has been shown that GFAP-positive cells grow preferentially
on Reelin-coated stripes (Förster et al. 2002), and glial endfeet
of radial glial cells require Reelin to attach to the ML in the NC
(Hartfuss et al. 2003) and to the basement membrane in the
spinal cord (Lee and Song 2013). Thus, lack of Reelin results in
a slightly reduced length of glial processes, which is consistent
with the reduction in GFAP filament complexity in IN-specific
Reelin knockout mice. This might interfere with the formation of
tripartite synapses in the areas, which are commonly occupied
by the outermost glial processes. This hypothesis, too, shows
that further studies on synaptic function in the IN-specific
Reelin knockout mouse might be a promising approach.
Of note, all pronounced effects in the dentate gyrus are found
in the ML, despite the fact that Reelin-expressing CR cells are
located at the hippocampal fissure and hence in close vicinity
to this area. This finding suggests different functions of Reelin,
depending on its origin, either from CR cells or INs. One could
argue that there is no reason to expect that Reelin from these
alternative sources would act in different ways, as in both cases
it is secreted into the extracellular matrix (ECM) (D’Arcangelo
et al. 1995, 1997; Campo et al. 2009) and may act over some
distance. However, it needs to be considered that Reelin is a large
450 kDa protein (D’Arcangelo et al. 1995; Jossin et al. 2007), which
dimerizes after secretion (Utsunomiya-Tate et al. 2000; Kubo
et al. 2002) and acts locally in the vicinity of secreting cells (Koie
et al. 2014). Furthermore, Reelin binds to other ECM components
(Panteri et al. 2006; Tan et al. 2008) and only fragments of Reelin,
produced by proteolytical cleavage (Jossin et al. 2007; Yasui et al.
2007), might be able to diffuse over larger distances. Previous
studies showed that Reelin fragments functionally differ from
full-length Reelin (Schmid et al. 2005; Jossin et al. 2007; Nakano
et al. 2007; Hibi and Hattori 2009; Kohno et al. 2009; Bouché
et al. 2013). In addition, Reelin in CR cells was also shown to
be secreted from axons (Derer et al. 2001). In light of these
observations, INs appear to be suitable to distribute full-length
Reelin within the ML due to their characteristic elaborated axon
plexus.
Overall, the subtle changes observed in the dentate gyrus,
a brain area where Reelin is expressed by INs as well as CR
cells, indicate that there is a specific function of Reelin from INs,
which cannot be compensated by Reelin from other sources.
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