
  

Adult-specific Reelin expression alters striatal neuronal organization. 
Implications for neuropsychiatric disorders.  
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Abstract 33 

In addition to neuronal migration, brain development and adult plasticity, the extracellular matrix 34 
protein Reelin has been extensively implicated in human psychiatric disorders such as schizophrenia, 35 
bipolar disorder and autistic spectrum disorder. Moreover, heterozygous reeler mice exhibit features 36 
reminiscent of these disorders, while overexpression of Reelin protects against its manifestation. 37 
However, how Reelin influences the structure and circuits of the striatal complex, a key region for 38 
the above-mentioned disorders, is far from being understood, especially when altered Reelin 39 
expression levels are found at adult stages.  In the present study, we took advantage of 40 
complementary conditional gain- and loss-of-function mouse models to investigate how Reelin levels 41 
may modify adult brain’s striatal structure and neuronal composition. Using immunohistochemical 42 
techniques, we determined that Reelin does not seem to influence the striatal patch and matrix 43 
organization (studied by µ-opioid receptor immunohistochemistry) nor the density of medium spiny 44 
neurons (MSNs, studied with DARPP-32). We show that overexpression of Reelin leads to increased 45 
numbers of striatal Parvalbumin- and Cholinergic-interneurons, and to a slight increase in the 46 
tyrosine hydroxylase-positive projections. We conclude that increased Reelin levels might modulate 47 
the numbers of striatal interneurons and the density of the nigrostriatal dopaminergic projections, 48 
suggesting that these changes may be involved in the protection of Reelin against neuropsychiatric 49 
disorders. 50 

1 Introduction 51 

Reelin is an extracellular matrix protein important for neuronal migration and layer formation during 52 
neocortical development (D’Arcangelo et al., 1995; Alcántara et al., 1998; Rice and Curran, 2001; 53 
Soriano and Del Río, 2005; Cooper, 2008; Hirota and Nakajima, 2017; Vílchez-Acosta et al., 2022). 54 
Besides its role during development, the Reelin pathway is also active in the adult brain, controlling 55 
glutamatergic neurotransmission, dendritic spine formation, synaptic plasticity and adult 56 
neurogenesis (Chen et al., 2005; Herz and Chen, 2006; Qiu et al., 2006b; Groc et al., 2007; Niu et al., 57 
2008; Pujadas et al., 2010; Teixeira et al., 2012; Bosch et al., 2016). Reelin binds to Apolipoprotein E 58 
Receptor 2 (ApoER2) and Very-Low-Density Lipoprotein Receptor (VLDLR), leading to the 59 
phosphorylation and activation of the intracellular adaptor protein Disabled 1 (Dab1), which triggers 60 
a complex signalling cascade involving members of the Src kinase family, the PI3K, Erk1/2 and 61 
GSK3 kinases, and Cullin-5-dependent degradation, amongst others (Howell et al., 1997, 1999; 62 
D’Arcangelo et al., 1999; Hiesberger et al., 1999; Beffert et al., 2002; Arnaud et al., 2003; Benhayon 63 
et al., 2003; Ballif et al., 2004; Strasser et al., 2004; González-Billault et al., 2005; Simó et al., 2007, 64 
2010; Yasui et al., 2010; Molnár et al., 2019). 65 

Genetic studies have associated the Reelin gene (RELN) with a number of psychiatric diseases, 66 
including schizophrenia, bipolar disorder and autistic spectrum disorder (Impagnatiello et al., 1998; 67 
Fatemi et al., 2001, 2005; Persico et al., 2001; Grayson et al., 2005; Ovadia and Shifman, 2011; 68 
Wang et al., 2014; Baek et al., 2015; Lammert and Howell, 2016). This link is also supported by 69 
studies showing that Reelin levels are reduced in patients with schizophrenia and bipolar disorder 70 
(Fatemi et al., 2000; Torrey et al., 2005; Ruzicka et al., 2007), and can be altered by 71 
psychotropic medication (Fatemi et al., 2009). In fact, Reelin haploinsufficiency models, based on 72 
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the suppression or reduction of Reelin expression (or its downstream pathway), manifest features 73 
related to neuropsychiatric disorders, such as cognitive impairments, psychosis vulnerability and 74 
learning deficits that frequently coexist with evident alterations in hippocampal plasticity(Tueting et 75 
al., 1999; Krueger et al., 2006; Marrone et al., 2006; Qiu et al., 2006a; Ammassari-Teule et al., 2009; 76 
Folsom and Fatemi, 2013). Conversely, overexpression of Reelin protects against psychiatric disease-77 
related phenotypes in mice, since it reduces cocaine sensitization, disruption of prepulse inhibition 78 
(PPI) and the time spent floating in the forced swim test (Teixeira et al., 2011). Furthermore, Reelin 79 
also regulates adult neurogenesis and synaptogenesis (Kim et al., 2002; Pujadas et al., 2010; Teixeira 80 
et al., 2012; Bosch et al., 2016), whose disruption is considered to be involved in the pathogenesis of 81 
psychiatric disorders (Kempermann, 2008; Zhao et al., 2008).  82 

The striatum plays a critical function in motor control and regulation of motivated behaviours (Bolam 83 
et al., 2000). Its neuronal population is composed by a 5-10% of interneurons and the rest (90-95%) 84 
are GABAergic medium spiny neurons (MSNs). The latter can be classified into striatonigral or 85 
striatopallidal subtypes based on their axonal projections to the internal Globus pallidus (iGP) and 86 
Substantia Nigra (SN) or to the external Globus Pallidus (eGP), respectively. They can be 87 
distinguished by the expression of the Dopamine D1 receptor (striatonigral MSNs) or the Dopamine 88 
D2 receptor (striatopallidal MSNs) (Bolam, 1984; Schiffmann et al., 1991; Gerfen, 1992; Smith et 89 
al., 1998). Although the striatum exhibits a relatively uniform appearance, it presents a complex 90 
organization based in two different compartments: the patches or striosomes (stained by µ -opioid 91 
receptor MOR) and the matrix, which surrounds the patches (Olson et al., 1972; Graybiel and 92 
Ragsdale, 1978; Herkenham and Pert, 1981). A proper cellular and compartmental organization is 93 
essential for a correct striatal function (Crittenden and Graybiel, 2011).   94 

Besides the involvement of the striatum (including the Nucleus accumbens) and its circuitry in 95 
psychiatric disorders such as major depression, schizophrenia and obsessive-compulsive disorder 96 
(OCD), few studies addressing how Reelin influences striatal structure and circuits are available (de 97 
Guglielmo et al., 2022). Most of these studies use heterozygous reeler mice as a model, which have 98 
reduced Reelin expression also during development. Here we investigate how altering Reelin levels, 99 
specifically at late postnatal and adult stages, may lead to cellular and compartmental changes in the 100 
striatum that could be related to neuropsychiatric disorders. We used gain- and loss-of-function 101 
conditional mouse models to investigate how Reelin levels may modify striatal structure and 102 
neuronal composition. Our results suggest that whereas Reelin does not seem to influence the patch-103 
matrix striatal organization and the numbers of MSNs, overexpression of Reelin leads to increased 104 
numbers of striatal interneurons and to a slight increase in the dopaminergic projections. 105 

2 Materials and methods 106 

2.1. Animals 107 

The TgRln is a conditionally regulated transgenic line that overexpresses Reelin by a transactivator 108 
(tTA) under the control of the calcium–calmodulin-dependent kinase II α promoter 109 
(pCaMKIIα)(Pujadas et al., 2010). Reelin transgenic littermates, which have an inactive form of the 110 
Reelin gene insertion without the transactivator tTA, were used as controls. For the generation of the 111 
Reelin conditional knockout mouse line, homozygous floxed Reelin (fR/fR) mice, with the exon 1 of 112 
the Reln gene flanked by loxP sites, were crossed with a heterozygous UbiCreERT2 line (B6.Cg-113 
Tg(UBC-cre/ESR1)1Ejb/J, stock #008085, The Jackson Laboratory), both on a C57BL/6J 114 
background (Vílchez-Acosta et al., 2022). The UbiCreERT2 line displays a ubiquitous expression of 115 
the Cre recombinase fused to a modified estrogen receptor ligand-binding domain that retains the Cre 116 
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at the cytoplasm. Administration of an estrogen receptor antagonist (tamoxifen) induces the nuclear 117 
translocation of Cre recombinase and the ubiquitous scission of the floxed gene sequence (Reln) in 118 
all tissues. The resultant offspring (Cre fR/fR) was used for the experiments, and fR/fR littermates 119 
were used as controls. In both transgenic lines, 4-5 months old female and male mice were used for 120 
the experiments. 121 

Male, 8–10-week old, Drd2-EGFP (n=20 Swiss-Webster and 6 C57BL/6N background, founder 122 
S118), Drd1a-EGFP (n=4 Swiss-Webster and n=4 C57BL/6N background, founder X60) hemizygous 123 
mice were also used in this study. BAC Drd2- and Drd1a-EGFP mice, that express the reporter 124 
protein enhanced green fluorescent protein under the control of the D2 and D1 receptor promoters, 125 
were generated by GENSAT (Gene Expression Nervous System Atlas) at the Rockefeller University 126 
(New York, NY)(Gong et al., 2007).  127 

Mice were bred, studied and processed at the animal research facility of the Faculty of Pharmacy of 128 
the University of Barcelona and at the animal research facility of the Rockefeller University. Animals 129 
were provided with food and water ad libitum and maintained in a temperature-controlled 130 
environment in a 12/12 h light-dark cycle. All the experiments involving animals were performed in 131 
accordance with the European Community Council directive 2010/63/EU, the National Institute of 132 
Health guidelines for the care and use of laboratory animals, and the Rockefeller University’s 133 
Institutional Animal Care and Use Committee (protocol 14753-H). Experiments were also approved 134 
by the local ethical committees. 135 

2.2. PCR Genotyping 136 

DNA was extracted from tail biopsies by adding 100μl Sodium Hydroxide (50mM), and incubating 137 
at 100ºC during 15 minutes. Then, samples were kept on ice for 10 minutes and stored at -20ºC until 138 
use. 139 
The PCR was performed with the GoTaq® Green Master Mix (Promega), and the primers used for 140 
genotyping were as follows. Cre fR/fR line: for homozygous floxed Reelin detection, FloxA 141 
(5‘CGAGGTGCTCATTTCCCTGCACATTGC3') and FloxB (5‘ 142 
CACCGACCAAAGTGCTCCAATCTGTCG 3') primers were used. Homozygous fR/fR mice 143 
present only one band of 613 bp whereas heterozygous mice present an additional band at 496 bp. To 144 
determine the presence of UbiCre, the primers UbiCre1( 5' GCG GTC TGG CAG TAA AAA CTA 145 
TC 3') and UbiCre2 (5' GTC AAA CAG CAT TGC TGT CAC TT 3') which are specific for 146 
UbiCreERT2, and UbiCre3 (5' CTA GGC CAC AGA ATT GAA AGA TCT 3') and UbiCre4 (5' 147 
GTA GGT GGA AAT TCT AGC ATC ATC C 3') as internal positive control were used. Mice 148 
heterozygous for Cre (Cre fR/fR) had a double band at 324 and 100 bp while mice negative for Cre 149 
only amplified the 100 bp band. TgRln line: the primers RLTG-gen-F (5'-150 
TTGTACCAGGTTCCGCTGGT-3') and RLTG-gen-R (5'-GCA CAT ATC CAG GTT TCA GG-3') 151 
were used to amplify both the endogenous Reelin gene (720bp) and the transgenic DNA (320 bp); the 152 
primers nTTA-C (5´-ACT AAG TCA TCG CGA TGG AG-3´) and nTTA-F (5´-CGA AAT CGT 153 
CTA GCG CGT C-3´), were used to detect the transactivator tTA transgene (Pujadas et al., 2010).  154 

2.3. Tamoxifen administration 155 

Inactivation of Reelin expression was induced at postnatal day (p)45-60 by daily intraperitoneal 156 
injections of tamoxifen dissolved in 10% alcohol-90% sunflower oil for 3 consecutive days 157 
(180mg/kg/day; Sigma-Aldrich).  158 
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2.4. Immunohistochemistry 159 

For immunohistochemistry, 4-5 months old mice were perfused transcardially with 4% 160 
paraformaldehyde (PFA) in PB 0.1M. Brains were quickly removed, fixed overnight in PFA, and 161 
then transferred to 30% sucrose in PBS 0.1M and stored at 4 ºC (48h). Brains were frozen with 162 
methylbutane (Honeywell) at -42˚C and stored at -80ºC until use. Thirty-µm coronal sections were 163 
obtained with a freezing microtome (Leica SM2010R) and were kept in a cryoprotective solution at -164 
20ºC. Immunohistochemistry was performed on free-floating sections. The sections were inactivated 165 
for endogenous peroxidases with 3% H2O2 in 10% Methanol and PBS for 15 minutes. After 3 washes 166 
with PBS and 3 washes with PBS-0.2%Triton (PBS-T), sections were blocked for 2 h at room 167 
temperature (RT) with PBS-T containing 10% of normal horse serum (NHS) and 0.2% of gelatin. For 168 
Reelin immunostaining, anti-mouse unconjugated F(ab’)2 fragments (1:300, Jackson 169 
ImmunoResearch), were added in the blocking step. After 3 washes with PBS-T, tissue sections were 170 
incubated with a primary antibody with PBS-T containing 5% of NHS and 0.2% of gelatine, 171 
overnight at 4ºC. 172 

The commercial primary antibodies used were: anti-Reelin (clone G10, MAB5364, Merck Millipore, 173 
1:1,000), anti-Choline Acetyltransferase (ChAT AB144P, Merck Millipore,1:500,), anti-µ Opioid 174 
Receptor (MOR, 1:2000, rabbit, AB5511, Merck Millipore), anti-Parvalbumin (PV, 1:500, Rabbit, 175 
PV27, Swant), anti- Dopamine- and cAMP-regulated phosphoprotein, 32 kDa (Darpp32, 1:500, 176 
mouse, 611520, BD Transduction Laboratories), anti-Tyrosine Hydroxilase (TH, 1:1000, Rabbit, 177 
AB152, Merck Millipore). Sections were washed with PBS-T and then incubated for 2 h at RT with 178 
biotinylated secondary antibody (1:200, Vector Laboratories). After subsequent washes with PBS-T, 179 
the sections were incubated for 2h at RT with streptavidin-HRP (1:400, GE Healthcare UK). After 180 
washing, the staining was developed using 0.03% diaminobenzidine (DAB) and 0.01% H2O2, with 181 
0.1% nickel ammonium sulphate added to the solution. Finally, sections were dehydrated and 182 
mounted with Eukitt mounting medium (Sigma-Aldrich).  183 

For immunofluorescence staining a similar procedure was followed using AlexaFluor 488 secondary 184 
antibody (1:500, Invitrogen, ThermoFisher) (excluding peroxidase inactivation), counterstained with 185 
Bisbenzimide (1:500) for 30 minutes at RT, mounted with Mowiol and stored at -20ºC. 186 

2.5. D1-/D2-cell specific mRNA extraction 187 

Cell-type specific translated-mRNA purification (TRAP), was performed as previously described 188 
(Heiman et al., 2008) with a few modifications. Each sample consisted of a pool of 2-3 mice. BAC-189 
TRAP transgenic mice (Drd2- and Drd1a-EGFP) were sacrificed by decapitation. The brain was 190 
quickly dissected out and placed in a cold buffer and was then transferred to an ice-cold mouse brain 191 
matrix to cut thick slices from which the Nucleus Accumbens (NAcc) and the Dorsal Striatum (DS) 192 
were punched out using ice-cold stainless-steel cannulas. Each sample was homogenized in 1 ml of 193 
lysis buffer (20 mM HEPES KOH [pH 7.4], 5 mM MgCl2, 150 mM KCl, 0.5mM dithiothreitol, 100 194 
μg/ml CHX protease and RNAse inhibitors) with successively loose and tight glass-glass 2 ml 195 
Dounce homogenizers. Each homogenate was centrifuged at 2000 x g, at 4°C, for 10 min. The 196 
supernatant was separated from cell debris and supplemented with NP-40 (EDM Biosciences) to a 197 
final concentration of 1% and DHPC (Avanti Polar lipids) to a final concentration of 30 mM. After 198 
mixing and incubating on ice for 5 minutes, the lysate was centrifuged for 10 minutes at 20,000 x g 199 
to separate the supernatant from the insolubilized material. A mixture of streptavidin-coated magnetic 200 
beads was incubated with biotinylated protein L and then with GFP antibody that was added to the 201 
supernatant and incubated ON at 4°C with gentle end-over rotation. After incubation, beads were 202 
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collected with a magnetic rack and washed 5 times with high-salt washing buffer (20 mM HEPES-203 
KOH [pH 7.4], 5 mM MgCl2, 150 μl 1M, 350 mM KCl, 1% NP-40) and immediately placed in 204 
“RTL plus” buffer (Qiagen). The mRNA was purified using the RNase micro KIT (Qiagen). RNA 205 
integrity was checked with the Bionalyzer (agilent 2100 Bioanalyzer, Agilent RNA 6000 nano kit). 206 
Five ng of mRNA from each sample were used for retro-transcription, performed with the Reverse 207 
Transcriptase III (Life Technologies) following the manufacturer’s instructions. 208 

2.6. Real-Time PCR 209 

Quantitative real time PCR, was performed using SYBR Green PCR kit in 96-well plates according 210 
to the manufacturer’s instructions. Results are presented as normalized to the indicated house-211 
keeping genes and the delta-threshold cycle (Ct) method was used to obtain a fold change. mRNA 212 
levels are presented relative to D2. The housekeeping gene for normalization was beta-myosin heavy 213 
chain gene (Myh7).  214 

2.7. Immunohistochemical analysis 215 

For Darpp-32 cell counting, sections were scanned using NanoZoomer 2.0-HT (Hamamatsu). We 216 
used FIJI software to crop the striatal profile from the image. Darpp-32 positive cells were counted 217 
with the cell nuclei assistant TMarker software.  218 

The images of PV and ChAT interneurons were acquired with a Nikon E600 microscope attached to 219 
an Olympus DP72 camera, and images were reconstructed using MosaicJ from the Fiji software (Fiji 220 
is Just Image J - NIH). The intermediate striatum was subdivided into four sub-regions: Dorso-221 
Medial (DM), Dorso-Lateral (DL), Ventro-Medial (VM) and Ventro-Lateral (VL) (see (Gernert et 222 
al., 2000; Ammassari-Teule et al., 2009)) taking slices from Bregma 1.34 mm to 0.02 mm, to identify 223 
possible changes in the neuronal distribution inside the different striatal regions. Cell density studies 224 
were performed with FIJI tools to measure the area and to count cells (cell counter).  225 

To measure TH intensity, slides were scanned with SilverFast at 600ppm and SigmaPlot was used to 226 
measure the intensity of the different striatal areas. The results are expressed as % from control which 227 
was considered as 1 in each independent experiment to avoid deviations caused by differences in the 228 
DAB development procedure.  229 

Synaptic bouton images were taken with 63X oil immersion objective and counted selecting 230 
randomly an 11x11 mm2 ROI using Fiji.  231 

For each mouse transgenic line we analyzed 3-14 animals and for each animal and average of 6-8 232 
images were analyzed. 233 

2.8. Statistics 234 

All statistical analyses were performed using Graphpad Prism 5.0 software (GraphPad Software, 235 
Inc). Data was analyzed with unpaired two-tailed Student’s T-tests and statistical significance was set 236 
at p-value <0.05. Unless otherwise stated, all values are presented as mean ± the standard error of the 237 
mean (SEM). The number of animals used in each experiment is detailed in the figure legend. 238 

 239 
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3 Results 240 

3.1. Reelin is highly expressed in striatonigral MSNs 241 

To determine the effects of Reelin levels in the mouse striatal organization, we first studied Reelin 242 
expression in a Reelin overexpressing and a knock out mouse line. Control mice from  both lines 243 
exhibited numerous Reelin-positive cell bodies that were distributed throughout the striatum (Figure 244 
1A, C), whereas the tamoxifen-inducible conditional knockout mouse line (Cre fR/fR) presented a 245 
drastic reduction of Reelin protein as detected by immunohistochemistry (Figure 1B) and by western 246 
blot (not shown). In contrast, Reelin overexpressing mice (TgRln) showed a dramatic increase of 247 
Reelin protein in the striatum (Figure 1D) which was apparent in both the cell bodies and in the 248 
neuropil (see also (Pujadas et al., 2010)). 249 

Reelin has been described to co-localize with Calbindin D-28k-positive neurons (Sharaf et al., 2015), 250 
a well-known marker of striatal MSNs. Hence, we used the TRAP technology (Heiman et al., 2008) 251 
to determine a possible enrichment of Reelin mRNA in D1- or D2- receptor expressing MSNs in both 252 
DS and NAcc. BAC-TRAP-D1 and -D2 mice, were used to specifically immunoprecipitate mRNAs 253 
from D1 (striatonigral) or D2 (striatopallidal) neuronal populations from the DS and the NAcc. 254 
Reelin  mRNA levels were compared to the housekeeping beta-myosin heavy chain gene. Results 255 
indicated that Reelin mRNA is enriched in D1-MSNs, in both the DS and the NAcc (Figure 1E, F). 256 
The expression of Dab1, a key downstream effector of the Reelin pathway, was also higher in D1 257 
MSNs of the DS and NAcc (Figure 1G, H). These results suggest that the striatonigral D1 MSNs 258 
population is the main producer of striatal Reelin. 259 

3.2. Striatal MSNs organization is independent of Reelin expression levels.  260 

To determine whether Reelin expression levels could modify DS MSN populations, we first 261 
immunostained sections with Darpp-32, a marker of MSNs, and quantified the density of striatal 262 
MSNs in the Cre fR/fR (Figure 2A, B) and TgRln (Figure 2C, D) mouse models. Results indicated 263 
that neither the absence nor the overexpression of Reelin altered the density of striatal Darpp-32 264 
positive neurons in the striatum of Cre fR/fR (Figure 2A-B, E) or TgRln mice (Figure 2C-D,F).  265 

Since Reelin controls neuronal migration, we next wanted to determine whether Reelin levels could 266 
affect the DS patch organization. Immunostaining of the striosomes with MOR showed striatal 267 
patches with a similar spatial distribution in all genotypes, suggesting that striatal MSNs density and 268 
organization are not affected by alterations of Reelin expression levels (Figure 2G-I).   269 

3.3. Reelin overexpression alters striatal interneuron population 270 

In addition to MSNs, the striatum also contains ChAT-positive and GABAergic interneurons, being 271 
the PV-expressing ones the best known. To assess the number and distribution of ChAT-positive 272 
interneurons in the different transgenic lines, we subdivided the DS in four Dorso-Ventral and 273 
Medio-Lateral regions (Figure 3A). Analysis of the density and distribution of ChAT-positive cells 274 
showed no differences in Cre fR/fR mice compared to controls (Figure 3A-F). In contrast, the density 275 
of ChAT-positive cells was increased in Reelin overexpressing mice compared to controls, reaching 276 
significance in 3 of the striatal sub-regions analyzed (Figure 3G-L) 277 

We also analyzed the density and distribution of PV striatal interneurons. In line with the ChAT-278 
positive interneuron data, no changes in the density and distribution of PV-positive interneurons 279 
(Figure 4A-B) were observed in any of the DS regions of Cre fR/fR mice compared to controls 280 
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(Figure 4C-F). However, analysis of PV-positive interneurons density in TgRln mice showed a 281 
statistically significant increase in the VL striatum (Figure 4G, H, K) but not in other striatal regions 282 
(Figure 4 G-J, L) as compared to controls. Altogether, our results indicated that Reelin 283 
overexpression increased the number of DS interneurons.  284 

3.4. Reelin levels control dopaminergic projections  285 

Next, we analyzed whether the expression of Reelin could influence dopaminergic projections. Thus, 286 
we performed immunohistochemistry for TH to detect dopaminergic projections that reach the 287 
striatum from the Substantia Nigra (SN) and the Ventral Tegmental Area (VTA). We quantified TH 288 
intensity in the DS and the Ventral Striatum (VS), including the NAcc and the Olfactory Tubercle 289 
(OT). In the Cre fR/fR model, we observed no alterations in the dopaminergic intensity in none of the 290 
three striatal regions studied (Figure 5A-E) compared to controls. However, in the OT of Cre fR/fR 291 
mice, we observed a tendency towards a reduction in TH intensity compared to controls (Figure 5E). 292 
In contrast, in Reelin overexpressing mice, quantification of TH immunostaining (Figure 5F-G) 293 
showed a significant increase of TH intensity in both the NAcc and OT regions compared to controls 294 
(Figure 5H-J). 295 

Finally, we also wanted to quantify synaptic boutons of striatal dopaminergic projections. Thus, we 296 
determined the density of synaptic boutons in the DS, NAcc and OT, dividing the DS into Dorsal and 297 
Ventral regions. In the Cre fR/fR mice, the density of synaptic boutons in all the regions was similar 298 
to that of control mice (DS dorsal: fR/fR 0.2838±0.017 vs. Cre fR/fR 0.3025±0.014; DS ventral: 299 
fR/fR 0.2720±0.016 vs. Cre fR/fR 0.2688±0.023; NAcc: fR/fR 0.2618±0.013 vs. Cre fR/fR 300 
0.2530±0.034; OT: fR/fR 0.2428±0.013 vs. Cre fR/fR 0.2493±0.018; n= 4 mice/genotype, 301 
Mean±SD). In contrast, the density of dopaminergic synaptic boutons tended to increase in the TgRln 302 
mice compared to controls (Figure 6A-L), being statistically significant in the NAcc (Fig. 6C, G, K). 303 
These results suggest that higher Reelin levels might modulate dopaminergic fibres and synaptic 304 
boutons, mainly in the NAcc.  305 

 306 

4 Discussion 307 

Variations in Reelin expression levels have been shown to be important for the development of 308 
neuropsychiatric disorders (Impagnatiello et al., 1998; Fatemi et al., 2000, 2001, 2005; Persico et al., 309 
2001; Torrey et al., 2005; Grayson et al., 2005; Ruzicka et al., 2007; Ovadia and Shifman, 2011; 310 
Wang et al., 2014; Baek et al., 2015; Lammert and Howell, 2016); however, we still lack the precise 311 
understanding of the mechanistic insights of this correlation. Here we focused our attention on the 312 
striatum as a key region participating in the pathogenesis of psychiatric diseases (McCutcheon et al., 313 
2021). We thus characterized specific striatal neuronal populations as well as the dopaminergic 314 
mesolimbic innervation in two different mouse models either overexpressing or deficient for Reelin. 315 
In previous studies we reported that TgRln mice were more resilient to stressors implicated in the 316 
genesis of psychiatric diseases (chronic stress and psychostimulant administration) (Teixeira et al., 317 
2011), suggesting a role for Reelin in preventing behavioral symptoms related with these disorders. 318 
Here we show that Reelin-depletion at adult stages does not lead to significant changes neither in the 319 
striatal composition nor in the dopaminergic innervation, while postnatal Reelin overexpression 320 
increases interneuron populations as well as the density of dopaminergic striatal projections from the 321 
VTA. Together, our results suggest the participation of postnatal Reelin expression in the fine 322 
structural tuning of the striatal area (Figure 7). 323 
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4. 1 A role for Reelin in the striatum. 324 

The role of Reelin in the cortex and the hippocampus has been extensively studied including the 325 
expression pattern in GABAergic interneurons and the regulation in glutamatergic synapses 326 
(Alcántara et al., 1998; Herz and Chen, 2006; Jossin, 2020). Indeed, it has been characterized that 327 
Reelin controls several structural and functional properties of the glutamatergic synapses including 328 
the strength of glutamate neurotransmission (Beffert et al., 2005; Qiu et al., 2006b), protein 329 
composition at presynaptic boutons (Hellwig et al., 2011), structural properties of dendritic spines 330 
(Bosch et al., 2016) as well as trafficking of glutamate receptor subunits (Sinagra et al., 2005; Groc et 331 
al., 2007). Several studies also support a key role of Reelin in the correct organization of the basal 332 
ganglia. For instance, blockade of Reelin or its signaling pathway leads to a severe disorganization of 333 
the tangentially migrating midbrain dopaminergic (mDA) neurons, which fail to reach their final 334 
position in the SN pars compacta (SNc) and accumulate instead in the VTA. This results in a 335 
conspicuous reduction of the number of mDA neurons in the SNc, despite no overall changes in the 336 
number of mDA neurons have been described (Nishikawa et al., 2003; Kang et al., 2010; Sharaf et 337 
al., 2013; Bodea et al., 2014). Interestingly, alterations in the radial and tangential fibers that guide 338 
migrating mDA neurons have been described in reeler mice (Nishikawa et al., 2003; Kang et al., 339 
2010) and support the idea that Reelin might also be guiding mDA neuronal migration indirectly by 340 
controlling the normal development of guidance scaffolds. However, specific inactivation of Reelin 341 
signaling in mDA neurons indicates a direct role of Reelin in the tangential migration of this neuronal 342 
population towards the SNc by promoting fast-laterally-directed migration and stabilization of their 343 
leading process (Vaswani et al., 2019). Despite these organization abnormalities in the SNc, no 344 
significant alterations have been described in the nigrostriatal pathway of reeler, reeler-like mutants 345 
or heterozygous reeler mice (Nishikawa et al., 2003; Sharaf et al., 2013; Vaswani et al., 2019). In 346 
contrast, defects in cortico-striatal plasticity (Marrone et al., 2006) and in the dopaminergic system 347 
(Matsuzaki et al., 2007) have been reported in reeler mice. Moreover, alterations in striatal 348 
composition, such as reductions in the number of striatal PV+ neurons along the rostro-caudal axis 349 
(Marrone et al., 2006; Ammassari-Teule et al., 2009), decreases in TH immunoreactivity in the NAcc 350 
(Nullmeier et al., 2014) and increases in the density of ChAT (Sigala et al., 2007) and the expression 351 
of D1, D2 and serotonin 5-HT2A receptors (Matsuzaki et al., 2007; Varela et al., 2015) when Reelin 352 
levels are decreased, have been also described. 353 

In this study we describe a preferential expression of Reelin mRNA in a specific subpopulation of 354 
MSNs of the striatum, the D1 neurons, corroborating previous studies using FISH (de Guglielmo et 355 
al., 2022). Further, the fact that both Reelin and Dab1 expression are higher in striatonigral D1 MSNs 356 
than in striatopallidal D2 MSNs, suggests that Reelin may function in an autocrine manner in D1 357 
MSNs.  358 

Nevertheless, the lack of Reelin during development does not lead to dramatic alterations in the 359 
striatum of reeler mice. Considering  the low Reelin expression levels in the midbrain and the 360 
profound defects associated with its absence, it has been hypothesized that Reelin may not act only 361 
by simple diffusion but also by axonal transport to target other brain structures (Nishikawa et al., 362 
2003). The possibility that Reelin may be transported from a region such as the striatum to the SN or 363 
VTA is thus feasible and may represent the primary source of Reelin for midbrain neurons. Indeed, 364 
the idea that Reelin is anterogradely transported through striatonigral fibers of D1 MSNs to act on 365 
dopaminergic neurons seems to be relevant during migration but uncertain in adulthood since Reelin 366 
canonical receptors (i.e. ApoER2 and VLDLR) are not expressed in the adult midbrain (Sharaf et al., 367 
2015). Considering the previous data, the specific effect of postnatal alterations of Reelin levels has 368 
been studied in detail in the striatum and interconnected areas including the SN and the VTA. 369 
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4. 2 Consequences of the deficit of Reelin in psychiatric disorders. 370 

The description of heterozygous reeler mice as a useful model of psychosis vulnerability is still 371 
controversial since the phenotypic behavioral alterations observed could be attributable either to a 372 
role of Reelin during development or to an acute effect at adult stages. Given that very few studies 373 
have addressed this issue (Matsuzaki et al., 2007), here we use a conditional KO model (Cre fR/fR) 374 
in which neurodevelopment is preserved, which allowed us to specifically analyze the contribution of 375 
adult Reelin expression to the cellular and anatomical organization of the striatum. Previous studies 376 
have shown that in reeler and heterozygous-reeler mice there was a decrease in the density of PV+ 377 
cells in the Dorsal-Medial and Ventral-Medial striatal regions (Marrone et al., 2006; Ammassari-378 
Teule et al., 2009). However, in Cre fR/fR mice we found no significant changes in cell densities of 379 
CHAT+ and PV+ interneurons. These differences can be attributable to the fact that in previous 380 
studies the lack of Reelin started during development, whereas in our study Reelin inactivation takes 381 
place at adult stages. In sum, these data suggest that Reelin expression is critical for striatal PV+ 382 
interneuron formation during striatal development, but not for maintenance of the pool of such 383 
interneuron populations during adulthood. 384 

Similarly, previous studies evidenced alterations in TH expression in VTA and reduction in TH+ 385 
immunoreactivity terminals in striatum and VTA in heterozygous Reeler mice (Ballmaier et al., 386 
2002). To analyze the effect of adult Reelin depletion, we mapped TH+ immunoreactivity in 387 
striatum, VTA and NAcc areas in Cre fR/fR mice, finding no differences with controls, although 388 
there was a trend in the OT.  Our data suggests that at adult stages Reelin is largely dispensable for 389 
the maintenance of the dopaminergic innervation from the SN/VTA to the striatum.  390 

 391 

4. 3 Reelin overexpression in the striatum and drug sensitization.  392 

Although it has been widely described that the mesolimbic system controls drug sensitization, there 393 
are studies involving other striatal elements, such as the striatal patch-matrix organization and striatal 394 
interneurons, in the control of this process. We already reported that Reelin overexpression leads to 395 
reduced sensitization to cocaine (Teixeira et al., 2011). The characterization of the striatal 396 
organization in TgRln mice is essential to further understand the mechanisms underlying drug 397 
sensitization. Despite the fact that the gross structure of the striatal architecture was not altered in 398 
TgRln mice, the study of striatal interneurons, which represent 5% of the striatal cell population, 399 
clearly suggests that Reelin is able to modulate interneuron densities. For instance, Reelin 400 
overexpression leads to increased densities of PV+ and ChAT+ cells, suggesting a specific response 401 
of these neurons to increased amounts of Reelin. In addition, our results clearly indicate an increase 402 
of dopaminergic fibers in the NAcc and Olfactory tubercle of the TgRln mice. These alterations 403 
found in TgRln mice, but not in Cre fR/fR mice, reinforce the notion that increased Reelin levels 404 
modulate the striatal cytoarchitecture while Reelin presence in adulthood is not essential for the 405 
maintenance of the striatal organization. 406 

Interestingly, decreased density of PV+ interneurons in the dorsomedial and ventromedial striatum of 407 
heterozygous reeler mice have been paralleled with deficits in some behaviors strongly disrupted in 408 
schizophrenic patients (Ammassari-Teule et al., 2009). Moreover, cocaine sensitization correlates 409 
with transient increases in the number of PV+ neurons in striatum that become reduced beyond 410 
normality after a 2-week cocaine withdrawal period (Todtenkopf et al., 2004). The fact that TgRln 411 
mice , which show reduced sensitization to cocaine, also show increased densities of PV+ 412 
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interneurons could be apparently contradictory; nevertheless, here the number of PV+ interneurons is 413 
sustained, while upon cocaine administration the increase is transient, and eventually, related to 414 
compensatory responses. Anyhow, the fact that changes in PV+ interneuron number are controlling 415 
cocaine sensitization suggests that the increased density of PV+ cells observed in TgRln mice could 416 
be involved in the reduction of cocaine sensitization described in these mice (Teixeira et al., 2011). 417 
Although the mechanisms by which Reelin overexpression leads to increased numbers of PV and 418 
CHAT neurons remain unknown, it is important to remark that CAMKII promoter drives expression 419 
of Reelin in the striatum from the end of the first postnatal week onwards. It is thus possible that 420 
Reelin influences positively the maturation and survival of these interneurons, through Reelin/Dab1 421 
associated pathways that influence these processes (Simó et al., 2007; Lee et al., 2014). 422 

4.4 Molecular mechanisms of the effect of Reelin in the mesolimbic system.  423 

Disturbances in the dopaminergic mesolimbic system including altered immunoreactivity and mRNA 424 
levels of TH and dopamine transporters (D2, D3) in the VTA and the ventral striatum have been 425 
reported in heterozygous reeler mice (Ballmaier et al., 2002) and could be related to some of the 426 
behavioral deficits observed in this model. It has been described that after cocaine administration, 427 
there is an specific increase in the ERK pathway in striatonigral MSNs (Bertran-Gonzalez et al., 428 
2008), a pathway that is also activated by Reelin (Simó et al., 2007; Lee et al., 2014). Interestingly, 429 
an increased Fos activation in the dorsal medial striatum but not in the NAcc of heterozygous reeler 430 
mice after the administration of cocaine has been described (de Guglielmo et al., 2022). Increases in 431 
Fos activation are thought to be the result of the cocaine-induced upregulation in dopamine levels in 432 
the striatum (Di Chiara and Imperato, 1988) which is hypothesized that might increase the activity of 433 
MSNs by activating D1 and D2 receptors. Experiments in mice lacking D1 receptor evidence a clear 434 
role for this receptor in the psychomotor effects of cocaine. As mentioned before, our data and that of 435 
others (de Guglielmo et al., 2022) evidences a preferential expression of Reelin in D1 neurons, 436 
supporting the idea that Reelin could be somehow modulating its function and hence influencing 437 
cocaine-induced psychomotor effects which are reduced in Reelin overexpressing mice (Teixeira et 438 
al., 2011) and increased when Reelin levels are reduced (de Guglielmo et al., 2022). 439 

Specific Reelin activation in striatal neurons has not been proved so far, and additionally it has been 440 
described that expression of Reelin canonical receptors ApoER2 and to a lesser extent VLDLR is 441 
reduced in mature midbrain and striatum. From this data it can be assumed that Reelin functions are 442 
mostly restricted to migratory events and early postnatal maturation and that it is dispensable for the 443 
maintenance of dopaminergic neurons. Nevertheless, the putative contribution of the non-canonical 444 
Reelin pathway in ERK activation (Lee et al., 2014) maintains the potentiality of Reelin as a relevant 445 
factor. Together, we propose that Reelin overexpression in striatonigral MSNs could be controlling 446 
the ERK pathway and its feedback modulation to down regulate some responses to drug abuse.  447 

Also interesting is the fact that the mesolimbic system is critical to induce drug sensitization (for 448 
example amphetamine (Perugini and Vezina, 1994)) which leads to a higher expression of c-fos 449 
positive cells in striatal patches rather than in the matrix compartment (Graybiel et al., 1990). Since 450 
Reelin has been described to be selectively expressed in striatal patches (Alcántara et al., 1998; 451 
Nishikawa et al., 1999) and Reelin controls immediate-early gene expression including Egr-1, Arc 452 
and c-fos amongst others (Simó et al., 2007; Stritt and Knöll, 2010) we could not discard that higher 453 
expression of Reelin in TgRln mice triggers reduced drug sensitization through the mediation of c-fos 454 
levels in striatal patches. Exploration of this eventuality will require specific research. 455 

4.5 Reelin as a possible therapeutic target for psychiatric diseases.   456 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 22, 2023. ; https://doi.org/10.1101/2023.01.21.525025doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.21.525025


 
12 

Reelin has been placed as a top candidate gene associated with several neuropsychiatric diseases. 457 
This link is supported by several studies showing that Reelin levels are reduced in patients with 458 
schizophrenia, bipolar disorder and autistic spectrum disorder (Impagnatiello et al., 1998; Fatemi et 459 
al., 2000, 2001, 2005; Persico et al., 2001; Torrey et al., 2005; Grayson et al., 2005; Ruzicka et al., 460 
2007; Ovadia and Shifman, 2011; Wang et al., 2014; Baek et al., 2015; Lammert and Howell, 2016). 461 
Schizophrenia, which presents behavioral sensitization, can be compared with phenotypes related to 462 
drug sensitization where the protective effect of Reelin overexpression has been demonstrated 463 
(Teixeira et al., 2011). Moreover, in schizophrenic patients it has been described that densities of 464 
ChAT+ cell profiles were significantly reduced in the caudate nucleus, the ventral striatum and in the 465 
striatum as a whole in the schizophrenic group (Holt et al., 1999). Thus, Reelin overexpression may 466 
potentially counteract cholinergic interneuron alterations in schizophrenic patients.  467 

It is interesting to notice that the striatal changes observed in TgRln mice are opposite to those found 468 
in patients with Tourette’s syndrome which present a clear decrease in the density of PV+ and 469 
ChAT+ interneurons in the dorsal striatum with no alterations in the density and number of MSNs 470 
(Kataoka et al., 2010). In TgRln mice, increased densities of PV+ and ChAT+ striatal interneurons 471 
with no overall alterations in the density of MSNs have been described. Importantly, the etiology of 472 
Tourette’s syndrome is heterogeneous and complex, with unclear mechanistic contributions, but with 473 
apparent dysfunction of interneurons functioning (Rapanelli et al., 2017), making it hard to find an 474 
effective treatment. Noteworthy, GWAS studies have identified RELN genetic variants in Tourette’s 475 
syndrome (Li et al., 2012) and together with our findings in the TgRln model suggest that Reelin 476 
could be an attractive therapeutic approach to reverse the symptoms of this disorder, although altered 477 
Reelin expression or signaling should be explored in patients affected by Tourette’s syndrome. The 478 
finding that adult-depletion of Reelin does not provoke significant alterations in striatum, but that 479 
Reelin overexpression induces changes in interneuron populations and dopaminergic innervations, 480 
positions Reelin fragments or pharmacological tools as top candidates for being used in future 481 
therapies.  482 
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Figure Legends 773 

Figure 1. Reelin in the striatum is mainly expressed by D1 striatonigral MSNs. 774 
Immunohistochemistry against Reelin shows that Reelin protein is absent in the striatum of Cre fR/fR 775 
mice (B) compared to the controls (A) while it is clearly overexpressed in the striatum of TgRln mice 776 
(D) compared to controls (C). Quantification of Reelin mRNA levels in the Dorsal striatum (E) and 777 
NAcc (F) of D1/D2-TRAP mice (n=3-4). Quantification of Dab1 mRNA levels in the Dorsal 778 
striatum (G) and NAcc (H) of D1/D2-TRAP mice (n=4-7). NAcc, Nucleus Accumbens; D1, 779 
Dopamine 1 Receptor; D2, Dopamine 2 Receptor. Statistical analysis was performed using Student's 780 
t-test; significant differences were established at *p<0.05, **p<0.01. Data represents mean±SEM.  781 

Figure 2. Striatal MSNs density and organization is not affected by Reelin levels.  782 
Representative images of Darpp-32 immunohistochemistry (striatal MSNs) in coronal sections of 783 
control and Cre fR/fR (A-B) and control and TgRln (C-D) striatum. Quantification of Darpp-32 cell 784 
density showed no alterations of striatal MSNs neither in Cre fR/fR  (n=5-6) (E) nor in TgRln (n=6) 785 
(F) mice. Immunofluorescence for µ-Opioid receptor (MOR) in coronal sections of control (G), Cre 786 
fR/fR (H) and TgRln (I) striatum showing a similar organization of striatal patches in all the models. 787 
Statistical analysis was performed using Student's t-test. Data is represented as mean±SEM. 788 

Figure 3. Reelin overexpression increased the density of striatal cholinergic interneurons. 789 
Immunohistochemistry of ChAT in striatal coronal sections of control and Cre fR/fR mice (A-B), 790 
with representative subdivision of the striatum in four regions (DM, Dorsal-Medial; DL, Dorsal-791 
Lateral; VM, Ventral-Medial; VL, Ventral-Lateral). Quantification of ChAT density in the striatal 792 
subdivisions showed no differences between control and Cre fR/fR mice (n=4) (C-F). Representative 793 
images of ChAT immunohistochemistry in the striatum of control and TgRln mice, with higher 794 
magnification insets showing increased ChAT+ neuronal density in the TgRln mice (G-H). 795 
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Quantification of ChAT cell density indicated a significant increase in the DL, VL and DM striatal 796 
regions of TgRln mice (n=4-6) (I-L). Statistical analyses were performed using Student's t-test; 797 
*p<0.05. Data is represented as mean±SEM. 798 

Figure 4. Increased levels of Reelin alter the density of Parvalbumin interneurons in the 799 
ventral-medial striatum. 800 
Immunohistochemistry for PV in coronal sections of control and Cre fR/fR striatum (A-B), 801 
subdividing the striatum in four regions (DM, Dorsal-Medial; DL, Dorsal-Lateral; VM, Ventral-802 
Medial; VL, Ventral-Lateral). Quantification of the density of PV interneurons indicated no 803 
differences between the control and Cre fR/fR mice (n=4) (C-F). Representative images of PV 804 
immunostaining in the striatum of control and TgRln mice (G-H). Quantification of PV 805 
immunohistochemistry indicated an increase in the density of PV positive cells in the VL striatum of 806 
TgRln mice (n=4-5) (K) with no differences in the other striatal regions (I-J, L). Statistical analyses 807 
were performed using Student's t-test; *p<0.05. Data is represented as mean±SEM. 808 
 809 
Figure 5. Increase of Reelin expression elevates dopaminergic projections in the Ventral 810 
Striatum. 811 
Immunohistochemistry for TH to stain dopaminergic projections in coronal sections of the DS, NAcc 812 
and OT of control and Cre fR/fR mice (A-B). TH intensity remains constant in the striatum (C), 813 
NAcc (D) and OT (E) of Cre fR/fR mice compared to controls (n=4) (C-E). Immunohistochemistry 814 
for TH in control and TgRln mice (F-G). Increased TH immunoreactivity was detected in the NAcc 815 
(I) and OT (J) but not in the DS (H) of TgRln mice compared to controls (n=8-14). NAcc, Nucleus 816 
Accumbens; OT, Olfactory Tubercle. Statistical analyses were performed using Student's t-test; 817 
**p<0.01; ***p<0.001. Results represent the mean±SEM.  818 

Figure 6. Increased number of dopaminergic synaptic boutons in the NAcc of TgRln mice. 819 
Immunohistochemistry for TH staining dopaminergic synaptic boutons in the dorsal (A, E) and 820 
ventral regions (B, F) of the DS, NAcc (C, G) and OT (D, H) of TgRln mice and its controls. 821 
Quantification of the density of dopaminergic boutons evidenced a higher density of synaptic 822 
boutons in the NAcc (K) of TgRln mice compared to its controls while no differences were observed 823 
in the rest of the analysed structures (I-J, L). DS, Dorsal striatum; NAcc, Nucleus Accumbens; OT, 824 
Olfactory Tubercle. Statistical analyses were performed using Student's t-test; *p<0.05. Data is 825 
represented as mean±SEM. 826 

Figure 7. Schematic summary of the striatal organization in different Reelin mouse models. 827 
Density of striatal MSNs is preserved between the control, Cre fR/fR and TgRln striatums. Although 828 
the density of striatal PV-positive and ChAT-positive interneurons is maintained between control and 829 
Cre fR/fR mice, it is increased in the DS of TgRln mice. Increased numbers of ChAT-positive 830 
interneurons are present in the Dorsal striatum and higher numbers of PV-positive interneurons are 831 
distributed in the Ventral Medial striatum sub-region. Dopaminergic projections are represented with 832 
different gradient of brown colour, showing a specific increase of TH fibrils in the NAcc and OT of 833 
the TgRln mice compared with controls. 834 

 835 
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