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Abstract
Since the discovery of the first antipsychotic, pharmacological treatment of schizophrenia (SCZ) has
primarily relied on agents that block D2 dopamine receptors. However, due to variability in patient
responses, there is a pressing need to identify new biomarkers and therapeutic strategies. In this
context, we have developed a dual-hit mouse model that combines maternal immune activation (MIA)
induced by polyinosinic-polycytidylic acid (Poly(I:C)) and postnatal exposure to Δ9-tetrahydrocannabinol
(THC), the psychoactive component of cannabis. We assessed the face validity of this model and
investigated potential alterations in the Reelin signaling pathway. Our findings show a reduction in Reelin
levels, a new potential key biomarker of SCZ, in the prefrontal cortex of male mice treated with THC
compared to the dual-hit group, and across all treatment groups compared to controls in females.
Additionally, a decrease in the number of Reelin + cells was observed across these groups. The dual-hit
model exhibited phenotypes indicative of positive symptoms in males, as well as phenotypes associated
with negative symptoms in both sexes. Furthermore, the model demonstrated reduced cortical thickness
in THC-treated groups, alongside decreased dendritic spine density in both the prefrontal cortex and
hippocampus in the dual-hit group.

1. Introduction
Since the discovery of the first antipsychotic, chlorpromazine, schizophrenia (SCZ) treatment has
primarily targeted D2 dopamine receptors (1). However, patient responses vary widely; about 60% show
significant improvement, while 30% remain resistant to standard therapies (2, 3). SCZ exhibits earlier
onset, higher incidence and severity in men, indicating sexual dimorphism (4–7). This variability
highlights the need to better understand the biological mechanisms underlying SCZ to develop more
effective, targeted treatments.

SCZ is a chronic, severe psychiatric disorder with heterogeneous symptoms categorized as positive,
negative, and cognitive (8–12). Both genetic and environmental factors, especially during prenatal
stages, contribute to its etiology (13, 14). This has led to the neurodevelopmental hypothesis, which
posits that prenatal and perinatal disturbances, genetic or environmental, interact with later factors to
trigger disease onset during development (15).

Animal models enable controlled study of SCZ alterations, behavioral phenotypes, and therapeutic
testing (7, 16). Most current models include only one type of alteration (genetic or environmental) and
fail to reproduce the full spectrum of symptoms seen in the disorder. Therefore, combining multiple risk
factors may more accurately replicate the clinical presentation of SCZ and further validate the
hypothesis of neurodevelopmental disturbances. In light of this, the dual-hit hypothesis of SCZ has been
proposed (17–20). This hypothesis suggests that a prenatal insult, such as an immune challenge during
pregnancy leading to maternal immune activation (MIA), predisposes the individual to the development
of SCZ (21–23), and a second postnatal insult further increases the risk, exceeding the threshold for the
onset of the disorder (14, 24–27).
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We developed a dual-hit mouse model to evaluate its validity and explore Reelin signaling. MIA was
induced via polyinosinic-polycytidylic acid (Poly(I:C)) injection, a synthetic double-stranded RNA that
triggers pro-inflammatory cytokine expression (28, 29). During adolescence, offspring received Δ9-
tetrahydrocannabinol (THC), the psychoactive cannabis component that agonizes cannabinoid receptors
CB1 and CB2 (17, 30). Cannabis use in adolescence increases SCZ risk (17, 31) and is linked to long-
term cognitive deficits (13), cortical thinning (32), and reduced dendritic spine density and complexity in
the prefrontal cortex (PFC) and hippocampus (HP) (33).

This dual-hit model provides a platform to identify SCZ therapeutic targets and advance treatment
development. Reelin, an extracellular matrix (ECM) glycoprotein, has emerged as a promising SCZ
biomarker (14, 34, 35). Reelin is crucial for neuronal migration and cortical layer formation during
development (36), dendritic spine growth, synaptogenesis, synaptic plasticity (34, 37, 38), and adult
neurogenesis (39).

Reelin binds apolipoprotein E receptor 2 (ApoER2) and very-low-density lipoprotein receptor (VLDLR),
activating phosphorylation of Disabled homolog-1 (Dab1), an intracellular adaptor. Reelin includes a
signal peptide, an F-spondin homology domain, a unique region, and a main body with eight repeats (R1–
R8) plus a 33-amino acid basic extension (34, 36, 39, 40). Upon secretion, Reelin is cleaved at two sites,
generating five fragments: N-R2, R3-6, R7-8, N-R6, and R3-8 (38, 41–43). Genetic alterations or decreased
expression of Reelin and its signaling components have been documented in postmortem SCZ brains
(35, 38, 44) and Alzheimer’s Disease (AD), where such disruptions correlate with amyloid-beta
accumulation and cognitive decline (45–47).

This study aims to investigate novel therapeutic targets for SCZ, focusing on validating Reelin as a
potential biomarker within the context of a dual-hit model combining MIA and THC exposure (Fig. 1).

2. Methods

2.1 Animals
Adult C57BL/6J mice (8–10-weeks-old; Charles River Laboratories, France) were housed at the Instituto
de Biomedicina de Sevilla (IBiS) in standard cages (max. 5 same-sex animals/cage) with corncob
bedding and environmental enrichment under controlled conditions (22 ± 1°C; 12 h light/dark cycle, lights
on at 8:00a.m.). Food and water were provided ad libitum. Mice were acclimated for 1–2 weeks before
mating, in which one female was paired per cage with one male. Copulatory plugs were checked daily
(GD0 = plug detection), and males were separated immediately thereafter. All procedures followed
ARRIVE guidelines and were approved by the Institutional Animal Use Committee (13/10/2021/157).

2.2 Dual-hit model paradigm

2.2.1 Maternal Immune Activation
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Poly(I:C) sodium salt (Sigma-Aldrich, #0000125513) was freshly dissolved in saline (1mg/ml) and
administered intraperitoneally at 5mg/kg on GD9 to randomly assigned pregnant dams; controls
received saline. Room temperature at the time of injection was 22 ± 1ºC. To minimize handling stress,
dams received the injection in the same home cages where mating had previously taken place (9:00–
10:00 a.m.) (Kentner et al., 2018). We selected GD9 due to its correspondence with a critical
neurodevelopmental period in the mouse cortex, equivalent to the first/second trimester of human
pregnancy (25, 48, 49) and a dose of 5mg/kg was chosen based on existing literature (25, 28, 50, 51). A
single Poly(I:C) batch was used throughout to avoid inter-batch variability (52).

MIA induction was evaluated by monitoring maternal weight and temperature up to 48h-post-injection. At
3h, spleen and embryo/placenta samples were collected from a subset of dams (n = 2 per treatment) for
cytokine analysis by RT-qPCR. Clinical signs of sickness behavior were monitored qualitatively. Weaning
occurred at PD30. Offspring were housed by sex and litter (max. five per cage) with environmental
enrichment. Both males and females were used in subsequent experiments. MIA validation is presented
in Suppl. Fig. S1 and Suppl. Mat. 2.

2.2.2 THC exposure
THC (Sigma-Aldrich) was diluted in vehicle (5% ethanol, 5% cremophor, 90% saline) and administered
intraperitoneally at 10 mg/kg once daily for six consecutive days during adolescence (PD55–60),
modeling subchronic THC exposure. Offspring were randomly assigned to one of four experimental
groups: Saline + Vehicle (control), Poly(I:C) + Vehicle, Saline + THC, and Poly(I:C) + THC (dual-hit). Body
weight was monitored on PD55, PD60, and PD75 (n = 12–15 per group and sex; Suppl. Fig. S1).

2.3 Behavioral Assays
Behavioral testing was conducted between PD61–74 on 107 mice from the four experimental groups
(Males: n = 14–15/group; Females: n = 12–14/group). One test was performed per day (9a.m.-5 p.m.)
under dim lighting, from least to most stressful (Suppl. Fig. S2). All animals were assessed using the
SHIRPA protocol (53). Mice were acclimated in the behavioral room for 30 min before the examination.
Apparatuses were cleaned with 2% Derquim between subjects. Researchers conducting and analyzing
behavioral tasks were blinded to treatment groups. Tests assessed phenotypes related to positive,
negative, and cognitive symptoms (Suppl. Mat. 1.3 for protocols). Animals were sacrificed on PD75 by
cervical dislocation or transcardial perfusion under thiobarbital anesthesia (Braun).

2.4 Biochemical analysis
PFC was dissected using a stainless brain matrix (Agnthos, 1mm) and snap-frozen in liquid nitrogen.
Total protein was extracted from PFC across all experimental groups (n = 3–5 mice per group and sex).
Tissue was lysed in 150–200 µl of lysis buffer, homogenized with a syringe, and centrifuged at 10,000–
17,000 × g for 10 min at 4°C. Protein concentrations were determined using the BCA Protein Assay Kit
(Thermofisher).
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2.4.1 Proteomic analysis
Proteomic analysis was carried out in the Proteomic services at IBiS. Proteins were reduced and
cysteine residues blocked with 50mM tris-(2-carboxyetyl) phosphine (TCEP, AB Sciex) and
cloroacetamide (CAA, Sigma-Aldrich, St. Louis, MO, USA) for 30min at 37°C with shaking. Proteolysis
was carried out at 37°C with trypsin (Promega, Fitchburg, WI, USA) at 1:20 (enzyme to substrate) at 37°C
overnight with agitation. The resulting peptide samples were then quenched with formic acid (pH3) and
desalted using a Stage-tip (Omix C18 tips, Agilent). Analysis of digested peptides was performed by LC-
MS/MS with an Easy-nLC 1000 HPLC system (Thermofisher) coupled to a Q Exactive Plus Orbitrap mass
spectrometer (Thermofisher). LC separations were performed on C18 HPLC precolumn (75µmx2cm) and
Easy Spray HPLC column (75µmx25cm, 2µm, 100Å). Gradient elution was performed with a binary
system consisting of (A) 0.1% aqueous formic acid and (B) 0.1% formic acid in CH3CN during 120min
from 5–40% gradient of B with a flow rate of 250nl/min. A MS survey scan was obtained using a top 15
method with 100–2000m/z mass range. The MS/MS Spectra Acquisition was obtained using Higher-
energy Collisional Dissociation (HCD). An isolation mass window of 2m/z was used for the precursor ion
selection, and normalized collision energy of 27% was used for fragmentation. Ten second duration was
used for the dynamic exclusion.

Protein was quantified by spectrometry-based label-free identification. Mass spectrometry data analysis
was performed through Proteome Discoverer (Thermofisher) with search an Uniprot database for Mus
Musculus with a false discovery rate (FDR) less than 1%. Ratios for each experimental group were
calculated relative to the control group. The results were analyzed using Ingenuity Pathway Analysis
(IPA) software (Qiagen).

2.4.2 Western blot
Equal amounts of protein (25–40 µg) were denatured by boiling in Laemmli buffer (5-10min) and
separated by SDS-PAGE using 6–12% polyacrylamide gels. Proteins were transferred onto PVDF
membranes (Millipore), blocked in 5% non-fat milk or BSA in TBS-T, and incubated with primary
antibodies: mouse anti-Reelin (1:1000, MAB5364, Sigma-Aldrich), rabbit anti-Dab1 (1:500, #3328, Cell
Signaling) or mouse anti-β-Actin (1:1000, A5316, Sigma-Aldrich). Immunoreactivity was detected using
secondary antibodies conjugated with horseradish peroxidase (HRP) (1:5000): goat anti-mouse-HRP
(NA931, Amersham) or donkey anti-rabbit-HRP (NA934, Amersham). Detection was performed using
Clarity ECL Substrate (Bio-Rad) on a Chemidoc Touch Imaging System (Bio-Rad).

2.5 Histology

2.5.1 Immunofluorescence
Animals were perfused with PBS (n = 3–4 per group and sex). Brains were extracted, fixed overnight at 4
ºC in 4% PFA and immersed in 30% sucrose for 48 hours. Coronal sections of 25µm thickness were
obtained using a cryostat (Leica). Sections were incubated in a sodium citrate solution, and blocked with
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10% goat serum in PBS-T for 1h. Sections were incubated with mouse anti-Reelin (1:500, MAB5364,
Sigma-Aldrich) and goat anti-mouse Alexa 594 (1:500, A-21203, Life Technologies), counterstained with
DAPI and mounted on Superfrost-Plus slides with DAKO (Agilent). Images were acquired in a Thunder
microscope (Leica, 20x objective) and analyzed using the ImageJ software. Density of Reelin + cells was
automatically quantified using a minimum of 4 slices per mice, averaging three randomly selected fields
within the prelimbic area. Cortical thickness measurement was carried manually out using the DAPI
staining in the primary somatosensory area.

2.5.2 Golgi-Cox staining
Golgi-Cox staining was performed as described previously (54). Animals were anesthetized, decapitated,
and the brains were extracted and hemisected (n = 5–16 per group). The hemispheres were immersed in
Golgi-Cox solution for 3 weeks. Coronal sections of 200µm were cut using a vibratome (Leica) and
incubated with 14–16% ammonium hydroxide (1h). Sections were then treated with sodium thiosulfate
(7min), dehydrated through an ethanol series (50–100%) and cleared with xylene. Sections were
mounted in Superfrost-Plus slides with DPX. Z-stacks images of a 0.75µm step size were acquired in a
BX-61 bright-field microscope (Olympus, 100x objective). Dendritic spines were manually counted using
ImageJ software and spine density was averaged for each neuron.

2.6 RT-qPCR
Total RNA was extracted from homogenized maternal spleen or embryos (with placenta) with the
RNeasy mini kit (Qiagen). For each sample (n = 2 dams and n = 6 embryos per group), 1µg of total RNA
was used for reverse transcription to cDNA (qScript cDNA supermix, Quantabio). qPCR was performed
with iTaq Universal Probes Supermix (Bio-Rad) and Taqman probes (IL-6: Mm00446190_m1; TNFα:
Mm900443258_m1; GADPH: Mm99999915_g1, Thermofisher Scientific) on a ViiA 7 Real-Time PCR
system (Thermofisher). Each sample was analyzed in duplicate.

2.7 Statistical analysis
Data are presented as the mean ± standard error of the mean (SEM). Statistical procedures were
performed using GraphPad Prism™ 8 software (San Diego, CA, USA). Significance was defined as p < 
0.05. Appropriate statistical tests, including three-way and two-way ANOVAs, and unpaired Student’s t-
test, were performed. Post-hoc multiple comparisons were carried out using Tukey’s or Sidak’s
correction, as applicable.

3. Results

3.1 Behavioral characterization of the dual-hit model

3.1.1 Dual-hit male mice exhibit enhanced stereotyped
behavior

Page 7/28



The effects of prenatal Poly(I:C) and postnatal THC on locomotion and anxiety were evaluated using the
open field test. While THC does not affect these parameters after an extended drug-free period (55, 56),
acute THC exposure can alter anxiety and locomotion in mice (56). A three-way ANOVA revealed
significant main effects of sex and THC on both the total distance traveled (Sex: F(1, 99) = 6.069, p < 
0.05; THC: F(1, 99) = 14.21, p < 0.001) and the mean velocity (Sex: F(1, 99) = 6.142, p < 0.05; THC: F(1, 99) 
= 14.51, p < 0.001) (Fig. 2A). In male mice, a two-way ANOVA revealed a significant main effect of THC
on both the total distance traveled (F(1, 52) = 10.27, p < 0.01) and the mean velocity (F(1, 52) = 10.39, p < 
0.01). Post-hoc comparisons showed that Saline + THC group exhibited reduced locomotor activity and
mean velocity compared to Poly(I:C) + Vehicle group (p < 0.05). Similarly, Poly(I:C) + THC group also
displayed a significant decrease in mean velocity relative to Poly(I:C) + Vehicle group (p < 0.05).
Additionally, there was a trend toward decreased distance traveled in Poly(I:C) + THC compared to
Poly(I:C) + Vehicle (p = 0.051). In female mice, a two-way ANOVA revealed a significant main effect of
THC on both total distance traveled (F(1, 47) = 5.363, p < 0.05) and mean velocity (F(1, 47) = 5.516, p < 
0.05). Although post-hoc analyses did not detect statistically significant pairwise differences between
groups, a general reduction in locomotor activity was observed in THC-treated groups. Overall, these
findings suggest that THC impairs locomotion regardless of prior immune activation, although the
combination with Poly(I:C) may exacerbate the effect.

Also regarding positive symptoms, the self-grooming test was used to study stereotyped behavior (57).
Several MIA models have reported an increased grooming time (28, 58, 59). A three-way ANOVA revealed
a significant effect of Poly(I:C) (F(1, 90) = 4.183, p < 0.05) and a trend toward an interaction effect of
Poly(I:C) x THC (p = 0.070) (Fig. 2B). In males, a two-way ANOVA showed significant effects of both THC
(F(1, 49) = 7.196, p < 0.01) and Poly(I:C) (F(1, 49) = 4.361, p < 0.05). Post-hoc analyses indicated
increased grooming time in the Poly(I:C) + THC group compared to controls (p < 0.01) and Poly(I:C) + 
Vehicle mice (p < 0.05). Additionally, there was a trend toward increased grooming time in Poly(I:C) + 
THC group compared to Saline + THC group (p = 0.063). In females, no significant differences were
observed in the two-way ANOVA. These results indicate that the combination of Poly(I:C) and THC exerts
a synergistic effect on self-grooming time in males.

On the other hand, cannabis exposure affects motor learning and performance (60) as well as
movement speed and balance (61). In the rotarod test, a repeated-measures three-way ANOVA revealed
a significant main effect of day (F(1.63, 84.93) = 41.32, p < 0.0001) and a significant day × Poly(I:C) x THC
interaction (F(2, 104) = 4.193, p < 0.05). Post-hoc comparisons showed a general trend of improved
motor performance in all treatment groups, reflected by increased latency to fall compared to control
animals (Fig. 2C). In female mice, the analysis revealed a significant main effect of day (F(1.81, 85.12) = 
47.44, p < 0.0001) and day x THC interaction (F(2, 94) = 6.736, p < 0.01). However, post-hoc comparisons
did not detect statistically significant differences between treatment groups at any individual time point.

There were no significant differences between groups or sexes in heat sensitivity (hotplate) (suppl. Fig.
S3). In the startle reflex and prepulse inhibition test, a main effect of stimulus intensity was observed in
both the prepulse inhibition phase (F(1.47, 47.08) = 33.02, p < 0.0001) and the acoustic startle response
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phase (F(2.33, 74.53) = 169.2, p < 0.0001). However, no main effects of Poly(I:C), THC or their interaction
were detected (suppl. Fig. S4).

3.1.4 The dual-hit model impairs social novelty in both
sexes and reduces dominance in male mice
SCZ patients display negative symptoms such as social withdrawal and anhedonia (33) which are
modeled in animals through social tests. In the social preference phase of the three-chamber test, no
significant effects were detected in the three-way ANOVA in the social index (Fig. 3A). However, in the
social novelty phase, the analysis showed significant main effects of both Poly(I:C) (F(1, 99) = 7.125, p < 
0.01) and THC (F(1, 99) = 11.39, p < 0.01) in the memory index (Fig. 3B). As sex showed no significant
main effect, data were pooled across sexes. A two-way ANOVA revealed significant main effects of both
prenatal Poly(I:C) (F(1, 103) = 7.482, p < 0.01) and postnatal THC (F(1, 103) = 11.86, p < 0.001) on the
memory index. Post-hoc analysis showed a significant reduction in the memory index in the Poly(I:C) + 
THC group compared to controls (p < 0.001), as well as in the Saline + THC group (p < 0.01) and the
Poly(I:C) + Vehicle group (p < 0.05), indicating that both treatments independently and additively impaired
recognition memory performance.

Regarding social dominance, a three way ANOVA revealed a significant main effect of THC on the
percentage of wins in the tube test (F(1, 90) = 13.98, p < 0.001), as well as a significant sex x Poly(I:C)
interaction (F(1, 90) = 14.42, p < 0.001) (Fig. 3C). Analysis of paired treatments is available in suppl. Fig.
S5. In male mice, a two-way ANOVA showed a significant main effect of Poly(I:C) on the percentage of
wins (F(1, 49) = 4.483, p < 0.05), along with a trend toward a main effect of THC (p = 0.058). Post-hoc
comparisons showed that Poly(I:C) + THC male mice displayed a significantly lower proportion of wins
compared to controls (p < 0.05) and Saline + THC animals (p < 0.05). Additionally, a trend toward reduced
dominance was observed when comparing Poly(I:C) + THC males to Poly(I:C) + Vehicle animals (p = 
0.077), suggesting a potential synergistic effect of the two exposures on social dominance behavior.
Regarding females, a two-way ANOVA revealed significant main effects of both Poly(I:C) (F(1, 41) = 
10.01, p < 0.01) and THC (F(1, 41) = 10.49, p < 0.01). Post-hoc comparisons showed that Saline + THC
females exhibited a significantly lower proportion of wins compared to the Poly(I:C) + Vehicle group (p < 
0.001). Additionally, there was a trend toward reduced dominance in the Saline + THC group compared to
both the controls (p = 0.079) and the Poly(I:C) + THC group (p = 0.072), suggesting that THC alone may
impair social dominance behavior in females, independently of MIA.

3.1.6 Poly(I:C) alone impairs recognition memory in female
mice
THC exposure in rodent models causes short-term recognition memory alterations (32, 62), as well as
prenatal Poly(I:C) infection (29, 63, 64). In the novel object recognition test, regarding the memory index,
a three-way ANOVA revealed a significant main effect of Poly(I:C) (F(1, 78) = 8.708, p < 0.01), and sex x
THC interaction (F(1, 78) = 5.139, p < 0.05). In males, a two-way ANOVA showed no significant
differences between groups. However, in females, there was a main effect of Poly(I:C) (F(1, 36) = 6.467,
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p < 0.05) and THC (F(1, 36) = 8.294, p < 0.01). Post-hoc analysis revealed a reduced memory index in
Poly(I:C) + Vehicle mice compared to controls (p < 0.05), Saline + THC (p < 0.01) and Poly(I:C) + THC (p < 
0.05) mice (Fig. 3D). There were no differences in the y-maze test (suppl. Fig. S6). These findings
suggest that Poly(I:C) selectively impairs object recognition memory in female mice, while no significant
effects were observed in males.

3.2 The Reelin pathway is altered in dual-hit mice

3.2.1 Proteomic analysis
PFC samples (n = 4–5 per treatment and sex) were analyzed using label-free quantitative proteomics
(Fig. 4). The raw data from this analysis is available as Supplemental Data (suppl. mat. 3). This analysis
served to identify proteins significantly altered in dual-hit male and female mice (Fig. 4A, B). A total of
375 altered proteins were detected in male mice and 447 in female mice compared to controls (Fig. 4A).

Notably, 113 proteins were common to both conditions, suggesting a core set of proteins consistently
expressed under the dual-hit paradigm. Furthermore, 262 proteins were uniquely altered to male mice,
while 334 were exclusive to females (the list of altered proteins in males, females, and common to both
is available in suppl. mat. 4). These findings indicate a sex-specific protein signature of the dual-hit
paradigm and highlight potential therapeutic targets for further investigation. A higher proportion of
altered proteins was observed in female dual-hit mice compared to their controls (Fig. 4B). These results
suggest that the dual-hit paradigm induces a more extensive protein expression response in females
than in males, highlighting potential sex-specific mechanisms underlying this condition. A similar pattern
was also observed in the analysis of altered canonical pathways, showing a higher number in female
dual-hit mice compared to their controls and Saline + THC male mice (Fig. 4C). The 30 most significantly
altered canonical pathways between the dual-hit groups and their respective controls are shown in
Fig. 4D. Among the pathways most relevant to SCZ, significant alterations were observed in interleukin
(IL) signaling -specifically IL-1, IL-2, IL-3, IL-8, IL-12 and IL-17A- as well as in synaptogenesis, axonal
guidance, actin cytoskeleton and integrin signaling, long term depression, and glutamatergic, GABAergic,
and dopamine receptor pathways (Fig. 4E). Notably, the Reelin pathway in neurons emerged as
particularly noteworthy due to its relevance in SCZ. This pathway was significantly altered in Saline + 
THC males compared to their controls (suppl. Fig. S7), and across all treatment groups (Poly(I:C) + 
Vehicle, Saline + THC y Poly(I:C) + THC) when compared to their respective female controls, highlighting
its potential role within the dual-hit paradigm. Similar results were observed in the analysis comparing
Saline + THC and control mice (suppl. Fig. S6). Briefly, a total of 293 proteins were found to be altered
uniquely in male Saline + THC mice, and 303 in female mice, with 91 altered proteins common to both
groups. The most significantly altered canonical pathways were associated with GABAergic and
glutamatergic signaling, Reelin signaling in neurons, as well as ILK, actin cytoskeleton, IL-2, and integrin
signaling.

3.2.2 Reelin and Dab1 expression levels
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The alteration in the Reelin pathway was confirmed via Western blot analysis in PFC samples by
evaluating the expression levels of Reelin, its N-R2 fragment and Dab1 (Fig. 5A). Regarding Reelin
expression, a three-way ANOVA reveled a significant main effect of sex (F(1, 16) = 5.408, p < 0.05), and
Poly(I:C) x THC interaction (F(1, 16) = 10.21, p < 0.01). Additionally, there were trends toward significance
for the main effects of THC (p = 0.051) and Poly(I:C) (p = 0.072). In males, the analysis showed a main
effect of Poly(I:C) (F(1, 8) = 10.07, p < 0.05) and Poly(I:C) x THC interaction (F(1, 8) = 13.27, p < 0.01)
(Fig. 5B). Post-hoc analysis reported that Reelin expression was decreased in Saline + THC male mice
compared to the dual-hit group (p < 0.01). In females, a two-way ANOVA revealed a trend toward a main
effect of postnatal THC treatment (p = 0.051) (Fig. 5C). Although post-hoc comparisons did not reach
statistical significance, THC-exposed groups showed a general reduction in Reelin expression compared
to controls.

Regarding N-R2 fragment, a three-way ANOVA reported significant main effects of sex (F(1, 16) = 5.542,
p < 0.05) and THC (F(1, 16) = 9.872, p < 0.01). Additionally, a trend toward a Poly(I:C) x THC interaction
was observed (p = 0.077), suggesting a possible combined influence of prenatal and postnatal hits. In
males, there was a main effect of THC (F(1, 8) = 5.934, p < 0.05) (Fig. 5B). However, post-hoc
comparisons did not identify significant pairwise differences between groups. Despite this, a general
reduction in N-R2 expression level was observed across both THC-treated groups compared to controls.
In females, a two-way ANOVA revealed a trend toward a main effect of THC (p = 0.059) (Fig. 5C).
Although post-hoc comparisons did not reach statistical significance, a consistent pattern of reduced N-
R2 expression was observed across all treated groups compared to controls. Therefore, a reduction in
both full-length Reelin and its N-R2 fragment levels was observed, rather than an accumulation of the
fragment. This suggests that the decrease in Reelin expression is unlikely to be attributed to enhanced
proteolytic processing of its N-terminal region.

With respect to Dab1, a three-way ANOVA revealed significant main effects of sex (F(1, 16) = 15.51, p < 
0.01) and THC (F(1, 16) = 10.05, p < 0.01), as well as a significant sex x THC interaction (F(1, 16) = 18.20,
p < 0.001). In males, a two-way ANOVA did not show any effects (Fig. 5B). However, in females, there
was a main effect of THC (F(1, 8) = 16.17, p < 0.01), and post-hoc analysis revealed an increased Dab1
expression in dual-hit mice compared to controls (p < 0.05) and Poly(I:C) + Vehicle mice (p < 0.05)
(Fig. 5C). Dab1 expression has been utilized as an indicator of Reelin signaling activity, given that Reelin
binding to its receptors triggers Dab1 phosphorylation (Ogino et al., 2017). Therefore, the observed
increase in Dab1 levels is consistent with the reduction in Reelin expression.

In summary, the non-significant reduction in expression levels of both Reelin and its N-R2 fragment in the
Saline + THC group in males, and across all three experimental groups in females, and the significantly
altered Dab1 expression levels in females, collectively support the disruption of the Reelin pathway
observed in the proteomic study.

3.2.3 Reelin + cell density is reduced in dual-hit female
mice
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The density of Reelin + cells in the prelimbic area of PFC was quantified. A three-way ANOVA revealed
significant main effects of sex (F(1, 23) = 14.49, p < 0.001) and THC (F(1, 23) = 19.71, p < 0.001), as well
as a significant sex x Poly(I:C) interaction (F(1, 23) = 7.017, p < 0.05). Additionally, a trend toward a three-
way interaction (sex x Poly(I:C) x THC) was observed (p = 0.079).

In male mice, there was a main effect of THC (F(1, 12) = 5.534, p < 0.05), and post-hoc analysis showed a
non-significant decrease in the Saline + THC mice compared to controls (p = 0.087). In female mice,
there was a main effect of both Poly(I:C) (F(1, 11) = 9.899, p < 0.01) and THC (F(1, 11) = 16.30, p < 0.01),
and post-hoc analysis revealed a reduction in Poly(I:C) + THC compared to controls (p < 0.01) and
Poly(I:C) treatment alone (p < 0.05). Moreover, the dual-hit group showed a marginally significant
decrease in Reelin + cell density compared to Saline + THC group (p = 0.053) (Fig. 5D). These results are
consistent with the findings from the Western blot experiments, as a reduced density of Reelin + cells
was observed in the same groups where the lower expression levels of Reelin protein were detected.

3.3 Cortical thickness is reduced by THC exposure
SCZ patients exhibit reduced cortical thickness across several brain regions, such as PFC (65, 66).
Similarly, MIA models also show alterations in cortical thickness (67, 68, 21, 69). Additionally, cannabis
use can impact cortical thickness in SCZ patients (70–72). Since no significant effects of sex were
detected in the three-way ANOVA, data from both sexes were combined. A two-way ANOVA revealed a
significant effect of THC in total cortical thickness (F(1, 33) = 15.33, p < 0.001). Post-hoc analysis
reported a significant reduction in Saline + THC mice compared to controls (p < 0.05) and Poly(I:C) + 
Vehicle (p < 0.01). Poly(I:C) + THC showed a non-significant reduction in total cortex compared to
Poly(I:C) alone (p = 0.058). THC also showed a significant effect when cortical layers were analyzed
separately, specifically in layer IV (F(1, 33) = 17.23, p < 0.001). Post-hoc analysis revealed a reduction in
layer IV in Saline + THC mice compared to controls (p < 0.05) and Poly(I:C) + Vehicle (p < 0.01). Dual-hit
mice also showed a reduction compared to Poly(I:C) + Vehicle (p < 0.05) (Fig. 6A). Taken together, the
results suggest that postnatal THC exposure is the main factor contributing to the reduction in cortical
thickness. Although the effect in the dual-hit group did not reach significance, a similar trend was noted.

3.4 Poly(I:C) + THC combination decreases dendritic spine
density in PFC and HP
As sex showed no significant effect in the three-way ANOVA, data were pooled across sexes. In the CA1
region of the HP, the main effect of Poly(I:C) was observed on dendritic spine density (F(1, 36) = 9.514, p 
< 0.01). Post-hoc analysis indicated a significant reduction in dual-hit group compared to controls (p < 
0.05) (Fig. 6B). In PFC, a significant effect of Poly(I:C) was found (F(1, 36) = 16.47, p < 0.001). Post-hoc
analysis revealed a significant decrease in spine density in the Poly(I:C) + Vehicle (p < 0.01) and dual-hit
(p < 0.01) groups compared to controls (Fig. 6C). Overall, these results indicate that dendritic spine
density is affected by the initial impact and is significantly further influenced by postnatal THC exposure.
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4. Discussion
We established a dual-hit model showing alterations in Reelin signaling, suggesting Reelin as a potential
biomarker for SCZ and supporting the dual-hit hypothesis. Behavioral phenotypes linked to positive
symptoms appeared in males and negative symptoms in both sexes. THC led to reduced cortical
thickness and dendritic spine density. Offspring viability was not affected, and MIA was confirmed in all
dams. Both sexes were included to assess sexual dimorphism (73). We observed sex differences in
behavior, proteomics, and Reelin pathway alterations.

Poly(I:C)-exposed models show altered stereotyped and social behavior, memory, cognitive flexibility,
and anxiety (74, 75). Our behavioral tests revealed altered social behavior and stereotypy in dual-hit mice,
consistent with adolescence as a critical period for cannabis-induced symptoms (33). Locomotor
alterations likely reflect acute THC effects, as the open field test occurred 24 hours after the last
injection (56). Poly(I:C) + THC males exhibited reduced dominance, an effect not seen in females,
possibly due to higher baseline male dominance making changes more detectable (76–79). No
significant cognitive impairments were observed, possibly due to early Poly(I:C) administration (GD9)
(33, 80), since later exposure causes more severe deficits linked to GABAergic system development (80).

Proteomic analyses revealed significant alterations in the Reelin pathway across most treatment
comparisons, especially in females. Notably, Reelin was overexpressed in the dual-hit group rather than
reduced, differing from models showing Reelin downregulation after prenatal insults. This may reflect
long-term modifications in the endocannabinoid system induced by prenatal Poly(I:C), modulated by THC
exposure, though further study is needed (24). Females showed a non-significant trend toward
decreased Reelin, suggesting THC influences Reelin expression more than prenatal Poly(I:C). The
reduction in Reelin was hypothesized to result from increased N-terminal proteolytic cleavage causing N-
R2 fragment accumulation (41, 42, 81). However, N-R2 expression mirrored full-length Reelin, ruling out
this mechanism. Dab1, whose phosphorylation indicates Reelin receptor activation, was measured to
infer signaling potency (40). Dab1 levels were unchanged in males but significantly increased in dual-hit
females compared to controls and Poly(I:C) alone, supporting disruption of the Reelin pathway
consistent with reduced Reelin levels.

The neurobiological interplay between MIA and THC remains incompletely understood. Prior work
suggests convergent mechanisms involving neuron-microglia-astrocyte communication in response to
dual insults (26). We extend this view by proposing ECM, particularly Reelin’s role in neuron-glia
interactions, as a key convergent factor within the dual-hit hypothesis (14).

Reduced cortical thickness has been consistently reported in SCZ patients (65, 66) individuals with
chronic cannabis use (71). Our model showed similar cortical thinning in THC-treated groups. Further
studies quantifying neuronal density are needed to determine if thinning reflects neurodegeneration, cell
loss, or other causes. Additionally, reduced dendritic spine density, a hallmark of SCZ (82) was evident in
dual-hit mice. Reelin secretion during prenatal stages primarily originates from Cajal-Retzius cells in the
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cortical marginal zone (38, 43). The dendritic spine impairments likely result from decreased Reelin
expression in these cells due to Poly(I:C), further exacerbated by THC exposure (40).

Several limitations must be noted. First, focusing on PFC limits generalization to other brain regions.
Second, mouse models, while controlled, cannot fully capture SCZ complexity. Third, additional
behavioral tests for fear conditioning, spatial learning, and anxiety would broaden phenotyping. Lastly,
THC dosage and administration route affect outcomes; exploring inhalation or other delivery methods
could improve translational relevance. These factors should be considered when interpreting results.

In conclusion, we developed a dual-hit model combining Poly(I:C) with THC exposure. Male dual-hit mice
displayed stereotyped behavior and social deficits consistent with positive and negative SCZ symptoms,
while females showed social impairments. THC exposure led to reduced Reelin expression and N-R2
fragment in PFC, especially in females, along with decreased Reelin + cell density and increased Dab1
levels, indicating adolescent THC primarily drives Reelin signaling disruption. THC also caused cortical
thinning, and dual-hit mice showed reduced dendritic spine density in PFC and HP. This paradigm is a
valid model for investigating the dual-hit hypothesis in SCZ, highlighting Reelin as a potential biomarker.
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Figures

Figure 1

Graphical abstract. Abbreviations: Poly(I:C): polyinosinic-polycytidylic acid; THC: Δ9-
tetrahydrocannabinol; GD: gestational day; PD: postnatal day; PFC: prefrontal cortex; HP: hippocampus.
Created with Biorender.com
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Figure 2

Poly(I:C)+THC male mice display increased stereotyped behavior. A, Open field test. Total distance
traveled and velocity (n = 12-15 per treatment and sex) (two-way ANOVA with Tukey’s post-hoc analysis;
*p < 0.05). B, Self-grooming time (n = 12-15 per treatment and sex) (two-way ANOVA with Tukey’s post-
hoc analysis; *p < 0.05; **p < 0.01). C,Rotarod test. Latency to fall (n = 12-15 per treatment and sex)
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(repeated-measures three-way ANOVA with Tukey’s post-hoc analysis). Abbreviations: Saline+Vehicle
(S+V), Poly(I:C)+Vehicle (P+V), Saline+THC (S+T), Poly(I:C)+THC (P+T).

Figure 3

The dual-hit paradigm impairs social novelty in both sexes, dominance in male mice and recognition
memory in female mice. A, Three-chamber test. Social index in the social preference phase (n = 12-15
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per treatment and sex) (two-way ANOVA with Tukey’s post-hoc analysis). B, Three-chamber test. Memory
index in the social novelty phase (n = 12-15 per treatment and sex) (two-way ANOVA with Tukey’s post-
hoc analysis; **p < 0.01). C, Tube test. Percentage of wins (n = 12-15 per treatment and sex) (two-way
ANOVA with Tukey’s post-hoc analysis; *p < 0.05, ***p < 0.001). D, Novel object recognition test. Memory
index (n = 12-15 per treatment and sex) (two-way ANOVA with Tukey’s post-hoc analysis; *p < 0.05, **p <
0.01). Abbreviations: Saline+Vehicle (S+V), Poly(I:C)+Vehicle (P+V), Saline+THC (S+T), Poly(I:C)+THC
(P+T).
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Figure 4

Quantitative proteomics analysis of PFC samples from Poly(I:C)- and/or THC-treated mice. A, Venn
diagram showing the number and percentage of proteins altered after Poly(I:C)+THC treatment in males
(yellow) and females (blue) compared to controls, including those commonly affected in both sexes. B,
Volcano plot illustrating the distribution of differentially expressed proteins based on log2(Fold Change)
and -log10(p-value) for the Poly(I:C)+THC male vs. Poly(I:C)+THC female comparison, normalized to their
respective controls. Proteins with significant differential expression (p < 0.05) are highlighted in red. C,
Count of significantly altered canonical pathways (p < 0.05) identified in each indicated comparison for
males and females. D, Ingenuity Canonical Pathways enrichment analysis depicting significantly
differentially expressed pathways in Poly(I:C)+THC-treated males (upper panel) and females (bottom
panel), normalized to their respective controls. Dot size corresponds to the number of altered proteins
within each pathway (n molecules). E, Dot plot quantifying the number of significantly altered proteins
per pathway set and the total dataset (Gene Ratio) in males (upper panel) and females (bottom panel),
normalized to their respective controls. Color intensity represents the adjusted p-value (-log10), while dot
size indicates the number of altered proteins within each pathway. Abbreviations: Saline+Vehicle (S+V),
Poly(I:C)+Vehicle (P+V), Saline+THC (S+T), Poly(I:C)+THC (P+T).

Figure 5
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Reelin and Dab1 expression are altered in the model. A, Western blot experiments from PFC lysates of
S+V, P+V, S+T and P+T male and female mice. B, Normalized expression of Reelin, N-R2 fragment and
Dab1 (male mice) (two-way ANOVA with Tukey’s post-hoc analysis; **p < 0.01). C, Normalized
expression of Reelin, N-R2 fragment and Dab1 (female mice) (two-way ANOVA with Tukey’s post-hoc
analysis) (n = 3 per treatment and sex). D,Reelin+ cell density is reduced in the dual-hit mice (two-way
ANOVA with Tukey’s post-hoc analysis; *p < 0.05; **p < 0.01) (n = 3-4 per treatment and sex). Scale:
180µm. Abbreviations: Saline+Vehicle (S+V), Poly(I:C)+Vehicle (P+V), Saline+THC (S+T), Poly(I:C)+THC
(P+T).
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Figure 6

Total cortical thickness is reduced by THC treatment and Poly(I:C)+THC treatment causes a decreased
dendritic spine density in PFC and HP. A, Total cortical thickness (total cortex and layer IV) (n = 4-15 per
treatment) (two-way ANOVA with Tukey’s post-hoc analysis; *p < 0.05, **p<0.01). Scale: 500µm. B,
Dendritic spine density in CA1 (HP) (n = 5-16 per treatment) (two-way ANOVA with Tukey’s post-hoc
analysis; *p < 0.05). Scale: 10µm. C, Dendritic spine density in PFC (n = 5-16 per treatment) (two-way
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ANOVA with Tukey’s post-hoc analysis; **p < 0.01). Scale: 10µm. Abbreviations: Saline+Vehicle (S+V),
Poly(I:C)+Vehicle (P+V), Saline+THC (S+T), Poly(I:C)+THC (P+T).
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