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Abstract

The Reln gene encodes for the extracellular glycoprotein Reelin, which regulates sev-

eral brain functions from development to adulthood, including neuronal migration,

dendritic growth and branching and synapse formation and plasticity. Human studies

have implicated Reelin signaling in several neurodevelopmental and psychiatric disor-

ders. Mouse studies using the heterozygous Reeler (HR) mice have shown that

reduced levels of Reln expression are associated with deficits in learning and memory

and increased disinhibition. Although these traits are relevant to substance use disor-

ders, the role of Reelin in cellular and behavioral responses to addictive drugs remains

largely unknown. Here, we compared HR mice to wild-type (WT) littermate controls

to investigate whether Reelin signaling contributes to the hyperlocomotor and

rewarding effects of cocaine. After a single or repeated cocaine injections, HR mice

showed enhanced cocaine-induced locomotor activity compared with WT controls.

This effect persisted after withdrawal. In contrast, Reelin deficiency did not induce

cocaine sensitization, and did not affect the rewarding effects of cocaine measured in

the conditioned place preference assay. The elevated cocaine-induced hyperlocomo-

tion in HR mice was associated with increased protein Fos expression in the dorsal

medial striatum (DMS) compared with WT. Lastly, we performed an RNA fluorescent

in situ hybridization experiment and found that Reln was highly co-expressed with

the Drd1 gene, which encodes for the dopamine receptor D1, in the DMS. These

findings show that Reelin signaling contributes to the locomotor effects of cocaine

and improve our understanding of the neurobiological mechanisms underlying the

cellular and behavioral effects of cocaine.
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1 | INTRODUCTION

Reelin is an extracellular glycoprotein expressed by Cajal Retzius

cells during brain development and predominately by GABAergic

interneurons in the postnatal brain.1–3 The canonical Reelin signal-

ing pathway includes the binding of Reelin to lipoprotein membrane

receptors ApoER2 and VLDR, the phosphorylation of the intracellu-

lar adaptor protein Dab1 by two tyrosine kinases of the Src family,

Src and Fyn, and the recruitment of signaling molecules of the Crk

family.4–7 During embryonic development, Reelin signaling is

required for the proper migration of newborn neurons involved in

the laminar formation of several brain structures, such as the cor-

tex, hippocampus and cerebellum.2,8 Mutant mice lacking Reln

(Reeler mice) or other core components of the Reelin signaling

show grossly inverted cortical layers due to defective neuronal

positioning.9 In humans, Reln gene mutations are associated with

autosomal recessive lissencephaly with cerebellar hypoplasia, char-

acterized by gross brain malformations similar to those observed in

the Reeler mice.10

In the postnatal period, Reelin signaling is implicated in several

brain functions linked to cognition, including dendritic spine forma-

tion, excitatory glutamatergic synaptic activity and activity-

regulated transcription.11–19 The heterozygous Reeler (HR) mice

express reduced levels of Reelin and do not exhibit abnormal neu-

ronal positioning during development.20 In contrast, they show

reduced dendritic spine density21 and several behavioral abnormali-

ties, including impaired learning and memory, decreased behavioral

inhibition and increased impulsivity.20,22–25 Therefore, HR mice

have been proposed as a model for studying neurological disor-

ders.20 A link between Reelin signaling and psychiatric diseases is

strongly supported by human genetic studies or postmortem brain

studies showing that perturbation of Reelin signaling is associated

with schizophrenia, bipolar disorder, autism, epilepsy and Alzheimer

disease.26–28

Despite the evidence implicating Reelin signaling in several psy-

chiatric disorders, including behavioral traits relevant to addiction, the

influence of Reelin on the cellular and behavioral effects of addictive

drugs remains largely unknown.

Here, we used the HR mice to assess the influence of reduced

levels of Reelin on the hyperlocomotor and rewarding effects of

cocaine, a psychostimulant that leads to robust cellular and behav-

ioral changes in mice. We measured the effects of acute or

repeated injections of cocaine on locomotor activity in HR and WT

littermate controls. We used a conditioned place preference (CPP)

assay to evaluate the effects of Reelin deficiency on the rewarding

effects of cocaine. In addition to behavioral tests, we mapped the

regional expression of the cocaine-induced Fos expression in the

dorsomedial striatum (DMS) and the nucleus accumbens shell (NAc

Shell) in HR and WT mice. Finally, we performed RNA fluorescent

in situ hybridization (FISH) to examine Reln expression in specific

cell types of the DMS.

2 | MATERIALS AND METHODS

2.1 | Mice

All experimental procedures were approved by the institutional animal care

and use committee at the University of California, San Diego. Mice were

housed (3–4 per cage) under a 12 h light/12 h dark cycle and provided

with food and water ad libitum. HR mice were bred in house using the

B6C3Fe a/a-Relnrl/J line (The Jackson Laboratory, #000235).9 The strain

has been backcrossed to C57B6/J for more than 10 generations and it is

an isogenic line. Littermate controls were used for each experiment.

2.2 | Genotyping

Genotyping was carried out by PCR using genomic DNA extracted

from tail clips. PCR was performed using the DreamTaq Hot Start

Green PCR Master Mix (Thermo Scientific, Cat. no. K1082), and the

following primers: a forward primer common to both alleles

50TAATCTGTCCTCACTCTGCC 30, a reverse WT-specific primer

50ACAGTTGACATACCTTAATC30 and a reverse mutant-specific

primer 50TGCATTAATGTGCAGTGTTG30. The expected sizes for the

amplicons are 280 bp for the WT and 280 bp + 380 bp for the HET.

2.3 | Drugs

Cocaine HCl (National Institute on Drug Abuse, Bethesda, MD, USA and

Sigma Aldrich, St. Louis, MO) was dissolved in 0.9% saline (Hospira, Lake

Forest, IL, USA) at various doses (5, 10, 20 and 40 mg/kg) and injected

intraperitoneally (IP). Cocaine solutions were prepared fresh daily.

2.4 | Locomotor activity chambers

Locomotor activity was measured in polycarbonate cages

(42 � 22 � 20 cm) placed into frames (25.5 � 47 cm) mounted with

two levels of photocell beams at 2 and 7 cm above the bottom of the

cage (San Diego Instruments, San Diego, CA). These two sets of

beams allowed for recording both horizontal (locomotion) and vertical

(rearing) behavior. A thin layer of bedding material was applied to the

bottom of the cage. Locomotor activity recording was carried out dur-

ing the dark cycle, between 1 and 4 h after the lights went off.

2.5 | Cocaine-induced locomotor activity in HR
and WT mice

The mice (20 HR and 21 WT, half males and half females) were tested

immediately following IP administration of 0.9% saline solution

(0.01 ml/g body weight) or 10 mg/kg cocaine HCl with locomotor
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activity recorded for 15 min (in 1 min bins). Different groups of mice

received saline or cocaine.

2.6 | Dose–response of cocaine-induced
locomotor activity in HR and WT mice

The mice (26 HR and 23 WT, half males and half females) received 0.0

(saline), 5, 10, 20 and 40 mg/kg of cocaine HCl in a counterbalanced

order, one dose every 5 days, and were tested in the locomotor activ-

ity cages for 15 min. In this way, a within-subjects dose–response

curve was generated for each group.

2.7 | Cocaine-induced locomotor sensitization in
HR and WT mice

All mice (10 HR and 8 WT) were first tested immediately following IP

administration of 0.9% saline solution (0.01 ml/g body weight) with

locomotor activity recorded for 15 min (in 1 min bins) on two consec-

utive days (days 1 and 2) to acclimate them to the test. Mice then

received 10 mg/kg cocaine on days 3, 5, 7, 9 and 11 and were tested

in the locomotor activity cages for 15 min. Intermittent cocaine expo-

sure was used to examine the progression of the behavioral

sensitization.29–31 Finally, on day 12, all mice received saline before

an identical locomotor test.

One week later, all mice received 10 mg/kg of cocaine to examine

sensitivity to the same dose used in the sensitization test.

2.8 | Cocaine CPP in HR and WT mice

Place conditioning involves pairing a distinct environmental context

(i.e., floor type) with a motivationally significant event (i.e., cocaine

injection).32 Rectangular Plexiglas black matte boxes (length 42 cm,

width 22 cm, height 30 cm) divided by central partitions into two

chambers of equal size (22 � 22 � 30 cm) were used. Distinctive tac-

tile stimuli were provided in the two compartments of the apparatus.

One chamber had no additional flooring (i.e., was smooth), and the

other had lightly textured milky-colored flooring. During precondition-

ing and testing sessions, an aperture (4 � 4 cm) in the central partition

allowed the animals to enter both sides of the apparatus. All testing

occurred during the dark cycle under red light and was analyzed from

video files using Noldus Ethovision software.

A new cohort of 42 mice, not previously exposed to any cocaine

treatment or behavioral testing, was used for this experiment, 20 HR

and 22 WT, half males and half females.

The experiment consisted of three phases: preconditioning, con-

ditioning and testing in the following sequence. Day 1: Pre-

conditioning phase with access to both compartments, days 2–7: Con-

ditioning phase—drug or saline administration followed by immediate

confinement in one compartment of the place conditioning apparatus,

and day 8: test with access to both compartments in the drug-free

state. For the preconditioning phase, each animal was placed in one

compartment of the apparatus and allowed to explore the entire

apparatus for 30 min. The mice were put in the apparatus at the door-

way, randomly facing one of the two chambers. The time spent in

each of the two compartments was measured. Mice showing unbiased

exploration of the times sides of the apparatus (between 45% and

55% time spent on each side) were randomly assigned a chamber in

which to receive cocaine. Mice showing biased exploration of either

side were given cocaine in the least preferred compartment. Bias was

observed in half of the mice tested and this was spread equally across

each genotype and therefore did not confound the results. On the fol-

lowing 6 days, 30 min conditioning sessions were given in which ani-

mals were injected i.p. with either saline or 10 mg/kg cocaine and

immediately confined to one side of the apparatus (alternating these

treatments and sides each day). In this way, each mouse experienced

three pairings of cocaine with one of the apparatus sides. On the day

after the final conditioning trial, each mouse was allowed to explore

the entire apparatus in a nondrugged state for 30 min. The time spent

in each of the two compartments of the CPP apparatus was recorded.

The time spent in the cocaine side was compared with the precondi-

tioning session to examine preference development.

2.9 | Immunohistochemistry

To examine Fos expression by immunohistochemistry (IHC), we used

11 WT (7 females and 4 males) and 10 HET (7 females and 3 males)

littermates. Mice were injected with 10 mg/kg of cocaine or saline.

One hour after injection, mice were anesthetized with CO2 and fixed

via transcardial perfusion with 4% paraformaldehyde (PFA) in

phosphate-buffered saline (PBS). Brain tissues were processed at a

cryostat, as previously described.33 Thirty micrometers thick coronal

slices were stained with a primary antibody recognizing Fos (1:1000,

ABE457, EMD Millipore, RRID:AB_2631318) and a secondary anti-

rabbit antibody (donkey antirabbit Alexa Fluor 488; 1:1000, #A21206,

Thermo Fisher Scientific). For vehicle-treated samples, DAB (Vector

Labs) staining was used for chromogenic detection. Images were

acquired with a fluorescent microscope (BZX800, Keyence Corpora-

tion, Osaka, Japan). The DMS and the NAc shell were identified using

a mouse brain atlas as a reference.34 For each region, we stained 4–5

sections from Bregma 0.5 to 1.94 mm, which span both areas. The

number of Fos + cells for each mouse was normalized to the size of

the chosen area (mm2) and presented as mean Fos + per mm2 ± SEM.

Counts from all images from each mouse were averaged so that each

mouse was an n of 1. One outlier (WT-DMS) was removed from the

analysis (identified after the Grubbs' test with alpha set at 0.05).

2.10 | RNA fluorescent in situ hybridization

To examine the expression of various transcripts in specific cell types

of the DMS, we performed RNA FISH using the RNAscope Multiplex

Fluorescent Reagent Kit v2 (ACD, #323100) and following the
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instructions for the “fixed-frozen tissue sample” of the user manual

(ACD, USM-323100). Thirty micrometers thick coronal slices were

obtained from 5 WT mice, as described above. Tissue sections corre-

sponding to DMS (Bregma 0.86 mm) from 5 WT mice (2–3

section per mouse) were hybridized with a mix of three probes; Reelin

(ACD, # 405981) + Drd1 (ACD, 406491-C2) + Drd2 (ACD,

406501-C3). We used DAPI as a nuclear stain. To assess both tissue

RNA integrity and assay procedure, a separate group of sections was

incubated with negative probes (data not shown). Images were

acquired with the Keyence fluorescent microscope. We used 13 sec-

tions across five mice to calculate the number of Reln/Drd1- or Reln/

Drd2-positive cells. The number of nuclei was counted manually and

normalized to the size of the area selected (mm2). Counts from all

images from each mouse were averaged so that each mouse was an

n of 1.

2.11 | Statistical analysis

The data are expressed as mean ± SEM. For comparisons between

only two groups, p values were calculated using unpaired t-tests as

described in the Section 3. Comparisons across more than two groups

were made using one-way analysis of variance (ANOVA), and two- or

three-way ANOVA was used when there was more than one indepen-

dent variable. ANOVA was followed by Bonferroni's multiple compari-

son test when appropriate. Differences were considered significant at

p ≤ 0.05. The standard error of the mean is indicated by error bars for

each data group. All of these data were analyzed using Statistica

7 software.

3 | RESULTS

3.1 | HR mice exhibit enhanced hyperlocomotor
effects of cocaine compared with WT

We injected HR and WT mice with 10 mg/kg of cocaine or saline and

measured their locomotor activity for 15 min after injection. The

three-way ANOVA with genotype (HR and WT) and dose (0.0 and

10 mg/kg) as between factors and the time as within factor indicated

a significant genotype * dose interaction (F1,4 = 49.15; p < 0.001). We

did not detect a genotype � dose � time interaction (F14,555 = 0.16;

p = 0.16). This analysis indicates that the effect of cocaine on locomo-

tion depends on genotype, and this effect was stronger in HR mice

independently of the time points (Figure 1A). This result was corrobo-

rated by the analysis of the total locomotor activity during the 15 min

test recording (Figure 1B). The two-way ANOVA of the mean locomo-

tor activity with genotype (HR and WT) and dose (0.0 and 10 mg/kg)

as between factors showed a significant genotype � dose interaction

(F1,37 = 4.09; p = 0.05). Post-hoc comparisons with Bonferroni's test

corrections showed that cocaine significantly increased the mean

locomotor activity compared with saline in both genotype groups

(p < 0.001 vs. saline). This effect was significantly higher in the HR

mice compared with WT (p < 0.01, Figure 1B).

3.2 | Dose–response of cocaine-induced
locomotor activation in HR and WT mice

We compared the locomotor activity of WT and HR mice after the

injection of different doses of cocaine. The two-way ANOVA of the

mean locomotor activity with genotype (HR and WT) and dose (0.0,

5, 10, 20 and 40 mg/kg) as between factors showed a significant

effect of the genotype (F1,46 = 9.82; p < 0.01), of the dose

(F4,46 = 27.64; p < 0.0001), but no genotype � dose interaction. The

lack of genotype � dose interaction might reflect the slightly higher

locomotor activity of the HR compared with WT in the basal condi-

tion in this specific experiment (Figure 2A). We then examined the

influence of sex on the increased stimulatory effects of cocaine

observed in HR mice. The three-way ANOVA with genotype (HR and

WT), cocaine dose and sex as factors showed a significant effect of

sex (F1,220 = 13.39; p < 0.001), dose (F4,220 = 22.45; p < 0.0001) and

genotype (F1,220 = 18.14; p < 0.0001), demonstrating that female

mice are overall more active than males. However, the statistical anal-

ysis did not show any sex � dose (F4,220 = 22.45; p = 0.92),

sex � genotype (F1,220 = 2.827; p = 0.09) or sex � genotype � dose

F IGURE 1 Locomotor activity in HR
and WT mice after a single injection of
cocaine. (A) Number of beam breaks per
minute during the 15 minutes test.
(B) Total number of beam breaks during
the 15 minutes locomotor test. **
p < 0.01 versus WT; ### p < 0.001
versus dose 0.0 (saline)
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interactions (F4,220 = 0.084; p = 0.98), demonstrating that sex does

not influence the response to cocaine in either genotype (Figure 2B).

3.3 | HR mice show increased cocaine-induced
hyperlocomotion after repeated cocaine injections
compared with WT

We explored the development of behavioral sensitization in WT and

HR mice following repeated exposures to 10 mg/kg of cocaine

(Figure 3A). No significant differences in locomotion were observed

between the HR and WT mice in the first 2 days while receiving saline

injections (Figure 3B, p = 0.99 for day 1 and p = 0.34 for day 2). This

observation indicates that Reelin deficiency does not impact novelty-

induced hyperlocomotion or habituation to the novel environment.

Over the course of the experiment, HR mice injected with cocaine

showed a dramatic increase in locomotor activity compared with WT

(Figure 3B). The two-way ANOVA of the cocaine injection “day” (day
3–6 and 19) showed a significant effect of the genotype (F1,16 = 4.72;

p < 0.05) and a significant effect of day (F4,16 = 10.14; p < 0.001), but

not of the genotype � day interaction (F4,64 = 0.37; p = 0.82). The

lack of interaction indicates that the genotype differences in the loco-

motor effects induced by repeated cocaine injections are independent

of the day of injection. There were no detectable differences in loco-

motion on day 12 when the animals were re-exposed to

saline (p = 0.63).

3.4 | Reelin deficiency does not influence the
rewarding effects of cocaine

To investigate the impact of Reelin deficiency on the rewarding

effects of cocaine, we compared WT and HR mice in the CPP assay to

measure the preference of mice for a context associated with the

cocaine reward. Out of the 42 animals used in this experiment, 12 WT

(half males and half females) and 11 HR (5 males and 6 females) mice

showed a biased preference for one of the two compartments. Data

from the preference for these animals are shown in Figure 4A. The

two-way ANOVA showed no effect of the genotype (F1,10 = 0.018;

p = 0.89), sex (F1,9 = 1.152; p = 0.31) or the genotype � sex interac-

tion (F1,9 = 1.669; p = 0.22) in the bias for the preferred side in the

baseline test, demonstrating that there were no genotype or sex

effects in meeting the bias criteria.

The preference is expressed as the time spent in the compart-

ment associated with cocaine. The two-way ANOVA with genotype

as between factor and preference (BSL vs. Test) as within factor

showed a significant effect of preference (F1,40 = 129.2; p < 0.001,

Figure 4B), but not detectable genotype effect, demonstrating that

cocaine induced a robust place preference in both HR and WT mice.

When sex was added as a factor in the analysis, the three-way

ANOVA showed a main effect of the preference (F1,38 = 150.1;

p < 0.0001, Figure 4C) without detectable sex effects, demonstrating

that cocaine induced a robust place preference in both HR and WT

mice, independently of the sex.

F IGURE 2 Dose–response for the effects of a single cocaine injection on locomotor activity in HR and WT mice. (A) Dose–response for the
total population. (B) Dose–response in male and female mice

F IGURE 3 Reelin downregulation increases cocaine sensitization
in HR mice. (A) Schematic timeline of the experiment.
(B) Development of locomotor sensitization in HR and WT mice. *
p < 0.05 versus WT
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3.5 | Cocaine-induced hyperlocomotion in HR
mice is associated with increased Fos expression in the
dorsal medial striatum

To gain deeper insights into the neuronal ensembles underlying the

increased locomotor activity enhanced by cocaine in HR mice, we mapped

the regional expression of Fos protein by IHC in DMS and NAc shell, two

regions implicated in the acute behavioral responses to cocaine.

The tree-way ANOVA with genotype, treatment and brain region as

factors showed a significant genotype � treatment � brain region inter-

action (F1,32 = 22.59; p < 0.01, Figure 5). The post-hoc comparisons with

the Bonferroni's correction showed that there were no basal differences

in Fos expression between HR and WT mice. A single injection of

cocaine increased Fos expression in the DMS and the NAc Shell in HR

and WT mice compared with the vehicle. However, HR mice showed

increased levels of Fos-positive cells in the DMS, but not in the NAc

shell, compared with WT mice (adj p < 0.01, Figure 5).

3.6 | Reelin is highly coexpressed with Drd1 in the
dorsal medial striatum

Acute responses to cocaine lead to increased dopamine levels in the

ventral tegmental area and are mediated by neuronal populations

expressing the dopamine receptors, Drd1 and Drd2, which are highly

expressed in the medium spiny neurons (MSNs) of DMS. We analyzed

Reln expression in the Drd1 and Drd2 subpopulations of the DMS by

RNA FISH. While similar expression of Drd1 and Drd2 transcripts was

detected in the DMS (Figure 6A), we found increased co-expression

of Reln transcript in Drd1+ compared with Drd2+ neurons (63% of

the Drd1+ cells and 48% of the Drd2+ cells co-expressed Reln), as

showed by the t-test (t8 = 3.848; p < 0.01, Figure 6B).

4 | DISCUSSION

Our results showed that reduced levels of Reelin influence the loco-

motor effects of cocaine, but not the cocaine rewarding effects. In our

experiments, HR mice showed similar baseline locomotor activity

compared with WT, indicating that Reelin deficiency does not influ-

ence novelty-induced hyperlocomotion or habituation to the novel

environment (Figures 1 and 3). However, when injected with a single

dose of cocaine, HR mice showed increased cocaine-induced hyperlo-

comotion compared with WT. This effect was independent of the

cocaine dose, as showed by the dose–response curve for cocaine-

induced locomotor activation shown in Figure 2. A possible explana-

tion for these differences in cocaine sensitivity might be related to dif-

ferences in cocaine pharmacokinetics between HR and WT mice.

F IGURE 4 Reelin downregulation does not affect the rewarding properties of cocaine in a place conditioning paradigm. (A) Percentage of
time spent in the preferred side during pretest in animals showing preference bias. (B) Time spent in the cocaine-paired side in HR and WT mice.
(C) Place conditioning results in male and female mice. ** p < 0.01 versus baseline (BSL)

F IGURE 5 HR mice showed higher levels of Fos + cells in the DMS compared with WT after a single injection of cocaine. (A) Fos + cells in
the DMS and the NAc shell. (B) Representative images of the immunostaining. ** p < 0.01 versus WT; # p < 0.05, ## p < 0.01, ### p < 0.001
versus Saline
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Future studies aimed at determining blood levels after a single injec-

tion of cocaine in HR and WT mice help explain the differences in

cocaine sensitivity and cocaine-induced hyperlocomotion. A limitation

of the dose–response experiment is related to the within-subject

design, which does not account for the possible sensitizing effects of

repeated cocaine administration. However, this limitation is balanced

by the observation that HR mice showed increased locomotor

response to cocaine in the experiments described in Figures 1 and 3.

Previous literature showed sex differences in basal35,36 and cocaine-

induced locomotor activity in rodents, with females showing increased

activity.36,37 Our data confirmed these results with female mice show-

ing an overall increased locomotor activity at basal conditions and in

response to cocaine. However, sex did not play a role in the genotype

differences. The effects on locomotion were confirmed in the cocaine

sensitization model. While we cannot conclude that sensitization is

enhanced, HR mice showed higher locomotion after repeated cocaine

injections compared with their WT littermates (Figure 3). This

increased response to the locomotor effects of cocaine was also

observed after a week of withdrawal (Figure 3).

These data align with a previous report showing an inhibitory

effect of Reelin overexpression on cocaine-induced hyperlocomotion

and behavioral sensitization,38 confirming a possible role of Reelin sig-

naling in the modulation of the psychostimulant effects of cocaine.

However, these results are in contrast with a recent report that

showed no differences in methamphetamine-induced increased loco-

motion between HR and WT mice.39 This might be related to the dif-

ferent pharmacological properties of methamphetamine compared

with cocaine (prolonged stimulant effect40). Thus, this discrepancy

may be explained by the different experimental conditions (drugs and

doses), and further studies will be needed to clarify these contrasting

findings.

Importantly, we report that the differences observed in cocaine-

induced hyperlocomotion and cocaine sensitization did not correlate

with differences in the rewarding effects of cocaine. HR and WT rats

developed a similar preference for the cocaine-paired side when sub-

jected to a cocaine place conditioning paradigm. Without a saline

control group in the CPP experiment, we cannot exclude that changes

in cocaine preference could be non-specific for one or both geno-

types. This limitation is reduced because our results are in line with

previous data on Reelin overexpressing mice showing no differences

in cocaine self-administration rates38 compared with WT mice, further

demonstrating that manipulation of Reelin does not affect cocaine

reward.

Considerable evidence suggests that in humans there are sex dif-

ferences in the pharmacological effects of cocaine and the prevalence

of cocaine use disorders. Research in humans and rodents suggests

that women may be more vulnerable to the reinforcing (rewarding)

effects of stimulants, with females acquiring cocaine abuse faster and

at higher levels than males.41–44

Notably, the HR mice exhibit sex differences in neurotransmitter

signaling and receptor function.45,46 Similarly, HR mice showed sex

differences in behavioral disinhibition and stress reactivity following

adolescent exposure to THC.22 However, our study did not find spe-

cific sex-biased responses to cocaine in HR mice, demonstrating that

sex does not play a role in the effects of enhanced locomotor activa-

tion after cocaine injection in HR mice.

The HR mice showed an increased number of Fos+ cells in the

DMS after a single cocaine injection compared with WT mice

(Figure 5). Previous work has shown that cocaine increased Fos

expression in the DMS compared with saline, but not in the dorsolat-

eral and ventral striatum.47 The increase of Fos-positive cells is proba-

bly a result of the cocaine-induced increase of dopamine levels in the

striatum,48 which is hypothesized to increase the activity of MSNs

through the activation of dopamine 1 (D1R) and D2 receptors.49,50 In

particular, MSNs expressing D1R appear responsible for the psycho-

motor effects of cocaine because mice lacking D1R fail to show the

motor-stimulating effects of cocaine.51 We found increased expres-

sion of Reelin in the DRD1 cells compared with the DRD2 cells in the

DMS (Figure 6). We speculate that Reelin acts as a modulator of DR1

receptor function, which could explain the increased locomotor and

DMS neural activations observed after acute injection of cocaine in

mice with Reelin deficiency. This hypothesis is reinforced by previous

F IGURE 6 Reelin expression in Drd1 and Drd2 DMS neurons. (A) Total number of Drd1+, Drd2+ and Reln+ cells in the DMS. (B) Percent of
colocalization Drd1+/Reln+ and Drd2+/Reln+ in the DMS. * p < 0.05 and *** p < 0.01 versus Drd2. (C) Representative images for the RNA
fluorescent in situ hybridization (FISH)
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findings demonstrating that both D1 and D2 classes of dopamine

receptors are reduced in the striatum of Reeler mice.52 Future studies

investigating the effects of the manipulation of Reelin expression,

specifically in DRD1 cells of the DMS, will be necessary to test this

hypothesis.

The rewarding effects of cocaine are driven by its ability to

increase dopamine levels in the nucleus accumbens.53,54 This is rein-

forced by the fact that blockade of dopamine transmission reduces

the rewarding effects of psychostimulants.55 In particular, all drugs of

abuse are thought to activate the shell subregion of the NAc.56,57 In

line with the behavioral data that showed no differences in the

rewarding effects of cocaine, we did not find any differences in Fos

activation in the nucleus accumbens shell of HR and WT mice

(Figure 5) after acute cocaine treatment.

5 | CONCLUSIONS

In conclusion, our study indicates that Reelin might have a role in

modulating the hyperlocomotor effects of cocaine, but not cocaine

reward. Future studies are needed to elucidate the neurobiological

mechanisms underlying these findings, such as the relationship

between Reelin and the dopaminergic system in the DMS.

ACKNOWLEDGMENTS

This work was supported by the National Institute on Drug Use, USA

[DP1DA042232 to FT] and the Brain & Behavior Research Founda-

tion [2020 NARSAD Young Investigator Award to GdG]. The authors

thank Havilah Taylor for technical assistance.

CONFLICT OF INTEREST

The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from the

corresponding author upon reasonable request.

ORCID

Giordano de Guglielmo https://orcid.org/0000-0002-4782-7430

Francesca Telese https://orcid.org/0000-0003-3877-0628

REFERENCES

1. Alcántara S, Ruiz M, D'Arcangelo G, et al. Regional and cellular pat-

terns of reelin mRNA expression in the forebrain of the developing

and adult mouse. J Neurosci. 1998;18(19):7779-7799.

2. Ogawa M, Miyata T, Nakajima K, et al. The reeler gene-associated

antigen on Cajal-Retzius neurons is a crucial molecule for laminar

organization of cortical neurons. Neuron. 1995;14(5):899-912.

3. Pesold C, Impagnatiello F, Pisu MG, et al. Reelin is preferentially

expressed in neurons synthesizing gamma-aminobutyric acid in cortex

and hippocampus of adult rats. Proc Natl Acad Sci U S A. 1998;95(6):

3221-3226.

4. Hiesberger T, Trommsdorff M, Howell BW, et al. Direct binding of

Reelin to VLDL receptor and ApoE receptor 2 induces tyrosine

phosphorylation of disabled-1 and modulates tau phosphorylation.

Neuron. 1999;24(2):481-489.

5. Park TJ, Curran T. Crk and Crk-like play essential overlapping roles

downstream of disabled-1 in the Reelin pathway. J Neurosci. 2008;

28(50):13551-13562.

6. Rice DS, Curran T. Role of the reelin signaling pathway in central ner-

vous system development. Annu Rev Neurosci. 2001;24:1005-1039.

7. Trommsdorff M, Gotthardt M, Hiesberger T, et al. Reeler/disabled-

like disruption of neuronal migration in knockout mice lacking the

VLDL receptor and ApoE receptor 2. Cell. 1999;97(6):689-701.

8. Tissir F, Goffinet AM. Reelin and brain development. Nat Rev Neu-

rosci. 2003;4(6):496-505.

9. D'Arcangelo G, Miao GG, Chen SC, Soares HD, Morgan JI, Curran T.

A protein related to extracellular matrix proteins deleted in the mouse

mutant reeler. Nature. 1995;374(6524):719-723.

10. Hong SE, Shugart YY, Huang DT, et al. Autosomal recessive lissence-

phaly with cerebellar hypoplasia is associated with human RELN

mutations. Nat Genet. 2000;26(1):93-96.

11. Margolin K, Doroshow J, Leong L, et al. Combination chemotherapy

with cytosine arabinoside (Ara-C) and cis-diamminedichloroplatinum

(CDDP) for squamous cancers of the upper aerodigestive tract.

Am J Clin Oncol. 1989;12(6):494-497.

12. Niu S, Yabut O, D'Arcangelo G. The Reelin signaling pathway pro-

motes dendritic spine development in hippocampal neurons.

J Neurosci. 2008;28(41):10339-10348.

13. Pujadas L, Gruart A, Bosch C, et al. Reelin regulates postnatal neuro-

genesis and enhances spine hypertrophy and long-term potentiation.

J Neurosci. 2010;30(13):4636-4649.

14. Qiu S, Korwek KM, Pratt-Davis AR, Peters M, Bergman MY,

Weeber EJ. Cognitive disruption and altered hippocampus synaptic

function in Reelin haploinsufficient mice. Neurobiol Learn Mem. 2006;

85(3):228-242.

15. Qiu S, Zhao LF, Korwek KM, Weeber EJ. Differential reelin-induced

enhancement of NMDA and AMPA receptor activity in the adult hip-

pocampus. J Neurosci. 2006;26(50):12943-12955.

16. Rogers JT, Rusiana I, Trotter J, et al. Reelin supplementation enhances

cognitive ability, synaptic plasticity, and dendritic spine density. Learn

Mem. 2011;18(9):558-564.

17. Rogers JT, Zhao L, Trotter JH, et al. Reelin supplementation recovers sen-

sorimotor gating, synaptic plasticity and associative learning deficits in the

heterozygous reeler mouse. J Psychopharmacol. 2013;27(4):386-395.

18. Trotter J, Lee GH, Kazdoba TM, et al. Dab1 is required for synaptic

plasticity and associative learning. J Neurosci. 2013;33(39):15652-

15668.

19. Weeber EJ, Beffert U, Jones C, et al. Reelin and ApoE receptors coop-

erate to enhance hippocampal synaptic plasticity and learning. J Biol

Chem. 2002;277(42):39944-39952.

20. Lossi L, Castagna C, Granato A, Merighi A. The Reeler mouse: a trans-

lational model of human neurological conditions, or simply a good

tool for better understanding neurodevelopment? J Clin Med. 2019;

8(12):2088.

21. Pappas GD, Kriho V, Pesold C. Reelin in the extracellular matrix and

dendritic spines of the cortex and hippocampus: a comparison

between wild type and heterozygous reeler mice by immunoelectron

microscopy. J Neurocytol. 2001;30(5):413-425.

22. Iemolo A, Montilla-Perez P, Nguyen J, Risbrough VB, Taffe MA,

Telese F. Reelin deficiency contributes to long-term behavioral abnor-

malities induced by chronic adolescent exposure to

Delta9-tetrahydrocannabinol in mice. Neuropharmacology. 2021;187:

108495.

23. Laviola G, Ognibene E, Romano E, Adriani W, Keller F. Gene-

environment interaction during early development in the heterozy-

gous reeler mouse: clues for modelling of major neurobehavioral syn-

dromes. Neurosci Biobehav Rev. 2009;33(4):560-572.

8 of 9 de GUGLIELMO ET AL.

https://orcid.org/0000-0002-4782-7430
https://orcid.org/0000-0002-4782-7430
https://orcid.org/0000-0003-3877-0628
https://orcid.org/0000-0003-3877-0628


24. Ognibene E, Adriani W, Granstrem O, Pieretti S, Laviola G. Impulsiv-

ity-anxiety-related behavior and profiles of morphine-induced analge-

sia in heterozygous reeler mice. Brain Res. 2007;1131(1):173-180.

25. Romano E, De Angelis F, Ulbrich L, De Jaco A, Fuso A, Laviola G. Nic-

otine exposure during adolescence: cognitive performance and brain

gene expression in adult heterozygous reeler mice. Psychopharmacol-

ogy. 2014;231(8):1775-1787.

26. Chen N, Bao Y, Xue Y, et al. Meta-analyses of RELN variants in neuro-

psychiatric disorders. Behav Brain Res. 2017;332:110-119.

27. Folsom TD, Fatemi SH. The involvement of Reelin in neurodevelop-

mental disorders. Neuropharmacology. 2013;68:122-135.

28. Ishii K, Kubo KI, Nakajima K. Reelin and neuropsychiatric disorders.

Front Cell Neurosci. 2016;10:229.

29. Crozatier C, Guerriero RM, Mathieu F, Giros B, Nosten-Bertrand M,

Kosofsky BE. Altered cocaine-induced behavioral sensitization in

adult mice exposed to cocaine in utero. Brain Res Dev Brain Res. 2003;

147(1–2):97-105.
30. Phillips TJ, Huson MG, McKinnon CS. Localization of genes mediating

acute and sensitized locomotor responses to cocaine in BXD/ty

recombinant inbred mice. J Neurosci. 1998;18(8):3023-3034.

31. Wildenberg G, Sorokina A, Koranda J, et al. Partial connectomes of

labeled dopaminergic circuits reveal non-synaptic communication and

axonal remodeling after exposure to cocaine. elife. 2021;10:1-32.

32. Cunningham CL, Gremel CM, Groblewski PA. Drug-induced condi-

tioned place preference and aversion in mice. Nat Protoc. 2006;1(4):

1662-1670.

33. Iemolo A, Montilla-Perez P, Lai IC, et al. A cell type-specific expres-

sion map of NCoR1 and SMRT transcriptional co-repressors in the

mouse brain. J Comp Neurol. 2020;528:2218-2238.

34. Paxinos GFK. The Mouse Brain in Stereotaxic Coordinates. Second ed.

Academic Press; 2001.

35. Borbelyova V, Janisova K, Myslivecek J, Riljak V. Sex-related differ-

ences in locomotion and climbing of C57Bl/6NTac mice in a novel

environment. Physiol Res. 2019;68(Suppl 3):S353-S359.

36. Pujante-Gil S, Manzanedo C, Arenas MC. Sex differences in behav-

ioral traits related with high sensitivity to the reinforcing effects of

cocaine. Behav Brain Res. 2021;414:113505.

37. van Haaren F, Meyer ME. Sex differences in locomotor activity after

acute and chronic cocaine administration. Pharmacol Biochem Behav.

1991;39(4):923-927.

38. Teixeira CM, Martín ED, Sahún I, et al. Overexpression of Reelin pre-

vents the manifestation of behavioral phenotypes related to schizo-

phrenia and bipolar disorder. Neuropsychopharmacology. 2011;36(12):

2395-2405.

39. Hume C, Massey S, van den Buuse M. The effect of chronic metham-

phetamine treatment on schizophrenia Endophenotypes in heterozy-

gous Reelin mice: implications for schizophrenia. Biomolecules. 2020;

10(6):940.

40. Panenka WJ, Procyshyn RM, Lecomte T, et al. Methamphetamine

use: a comprehensive review of molecular, preclinical and clinical

findings. Drug Alcohol Depend. 2013;129(3):167-179.

41. Cummings JA, Gowl BA, Westenbroek C, Clinton SM, Akil H,

Becker JB. Effects of a selectively bred novelty-seeking phenotype

on the motivation to take cocaine in male and female rats. Biol Sex

Differ. 2011;2:3.

42. Hu M, Crombag HS, Robinson TE, Becker JB. Biological basis of sex

differences in the propensity to self-administer cocaine. Neuropsycho-

pharmacology. 2004;29(1):81-85.

43. Jackson LR, Robinson TE, Becker JB. Sex differences and hormonal

influences on acquisition of cocaine self-administration in rats. Neu-

ropsychopharmacology. 2006;31(1):129-138.

44. Perry AN, Westenbroek C, Becker JB. Impact of pubertal and adult

estradiol treatments on cocaine self-administration. Horm Behav.

2013;64(4):573-578.

45. Hill RA, Wu YW, Gogos A, van den Buuse M. Sex-dependent alter-

ations in BDNF-TrkB signaling in the hippocampus of reelin heterozy-

gous mice: a role for sex steroid hormones. J Neurochem. 2013;

126(3):389-399.

46. van den Buuse M, Halley P, Hill R, Labots M, Martin S. Altered N-

methyl-D-aspartate receptor function in reelin heterozygous mice:

male-female differences and comparison with dopaminergic activity.

Prog Neuro-Psychopharmacol Biol Psychiatry. 2012;37(2):237-246.

47. Bariselli S, Miyazaki NL, Creed MC, Kravitz AV. Orbitofrontal-striatal

potentiation underlies cocaine-induced hyperactivity. Nat Commun.

2020;11(1):3996.

48. Di Chiara G, Imperato A. Drugs abused by humans preferentially

increase synaptic dopamine concentrations in the mesolimbic system

of freely moving rats. Proc Natl Acad Sci U S A. 1988;85(14):5274-

5278.

49. DeLong MR. Primate models of movement disorders of basal ganglia

origin. Trends Neurosci. 1990;13(7):281-285.

50. Lahiri AK, Bevan MD. Dopaminergic transmission rapidly and persis-

tently enhances excitability of D1 receptor-expressing striatal projec-

tion neurons. Neuron. 2020;106(2):277-290 e276.

51. Xu M, Hu XT, Cooper DC, et al. Elimination of cocaine-induced

hyperactivity and dopamine-mediated neurophysiological effects in

dopamine D1 receptor mutant mice. Cell. 1994;79(6):945-955.

52. Matsuzaki H, Minabe Y, Nakamura K, et al. Disruption of reelin signal-

ing attenuates methamphetamine-induced hyperlocomotion. Eur J

Neurosci. 2007;25(11):3376-3384.

53. Imperato A, Di Chiara G. Preferential stimulation of dopamine release

in the nucleus accumbens of freely moving rats by ethanol.

J Pharmacol Exp Ther. 1986;239(1):219-228.

54. Pidoplichko VI, DeBiasi M, Williams JT, Dani JA. Nicotine activates

and desensitizes midbrain dopamine neurons. Nature. 1997;

390(6658):401-404.

55. Koob GF. Neural mechanisms of drug reinforcement. Ann N Y Acad

Sci. 1992;654:171-191.

56. Pontieri FE, Tanda G, Di Chiara G. Intravenous cocaine, morphine,

and amphetamine preferentially increase extracellular dopamine in

the "shell" as compared with the "core" of the rat nucleus accumbens.

Proc Natl Acad Sci U S A. 1995;92(26):12304-12308.

57. Pontieri FE, Tanda G, Orzi F, Di Chiara G. Effects of nicotine on the

nucleus accumbens and similarity to those of addictive drugs. Nature.

1996;382(6588):255-257.

How to cite this article: de Guglielmo G, Iemolo A, Nur A,

et al. Reelin deficiency exacerbates cocaine-induced

hyperlocomotion by enhancing neuronal activity in the

dorsomedial striatum. Genes, Brain and Behavior. 2022;21(7):

e12828. doi:10.1111/gbb.12828

de GUGLIELMO ET AL. 9 of 9

info:doi/10.1111/gbb.12828

	Reelin deficiency exacerbates cocaine-induced hyperlocomotion by enhancing neuronal activity in the dorsomedial striatum
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Mice
	2.2  Genotyping
	2.3  Drugs
	2.4  Locomotor activity chambers
	2.5  Cocaine-induced locomotor activity in HR and WT mice
	2.6  Dose-response of cocaine-induced locomotor activity in HR and WT mice
	2.7  Cocaine-induced locomotor sensitization in HR and WT mice
	2.8  Cocaine CPP in HR and WT mice
	2.9  Immunohistochemistry
	2.10  RNA fluorescent in situ hybridization
	2.11  Statistical analysis

	3  RESULTS
	3.1  HR mice exhibit enhanced hyperlocomotor effects of cocaine compared with WT
	3.2  Dose-response of cocaine-induced locomotor activation in HR and WT mice
	3.3  HR mice show increased cocaine-induced hyperlocomotion after repeated cocaine injections compared with WT
	3.4  Reelin deficiency does not influence the rewarding effects of cocaine
	3.5  Cocaine-induced hyperlocomotion in HR mice is associated with increased Fos expression in the dorsal medial striatum
	3.6  Reelin is highly coexpressed with Drd1 in the dorsal medial striatum

	4  DISCUSSION
	5  CONCLUSIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


