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Abstract  

Cannabis remains by far the most consumed illicit drug in Europe. The availability of more potent 

cannabis has raised concerns regarding the enhanced health risks associated with its use, 

particularly among pregnant women. Growing evidence shows that cannabis use during 

pregnancy increases the risks of child psychopathology. We have previously shown that only 

male rat offspring prenatally exposed to Δ9-tetrahydrocannabinol (THC), a rat model of prenatal 

cannabinoid exposure (PCE), display a hyperdopaminergic phenotype associated with a 

differential susceptibility to acute THC- and stress-mediated effects on sensorimotor gating 

functions. Here, we explore the contribution of the hypothalamic-pituitary-adrenal (HPA) axis, key 

regulator of body adaptive stress responses, to the detrimental effects of acute stress on ventral 

tegmental area (VTA) dopamine neurons and sensorimotor gating function of PCE rats. We 

report a sex-dependent compromised balance in mRNA levels of genes encoding 

mineralocorticoid and glucocorticoid receptors in the VTA, alongside with stress-induced pre-

pulse inhibition (PPI) impairment. Notably, VTA dopamine neuronal activity is causally linked to 

the manifestation of stress-dependent deterioration of PPI. Finally, pharmacological 

manipulations targeting glycogen-synthase-kinase-3-β signaling during postnatal development 

correct these stress-induced, sex-specific and dopamine-dependent disruption of PPI. 

Collectively, these results highlight the critical sex-dependent interplay between HPA axis and 

dopamine system in the regulation of sensorimotor gating functions in rats. 

 

Keywords: Cannabis; Dopamine; DREADD; HPA axis; Neurodevelopment; Psychopathology; 

Stress; Vulnerability 
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1. Introduction 

Mental disorders affect 25% of the population worldwide and more than one-third of these are 

established by 14.5 years of age [1-3]. Stress is widely accepted as a detrimental factor for mental 

wellbeing, leading the World Health Organization to classify it as the “health epidemic of the 21st 

century” [4], with stress-related mental illnesses progressively increasing worldwide, particularly in 

youth [5]. However, it is still unclear why some individuals are more susceptible to developing stress-

induced psychopathology, while others are more resilient and/or recover more rapidly [6, 7].  

Many factors regulate our ability to cope with stress, including inter-individual differences due to 

genetic background, gender/sex, and early life adversities. Adaptive responses to stress can be 

modified by experience, which can increase the sensitivity of the hypothalamic-pituitary-adrenal 

(HPA) axis and dopamine system and produce inadequate stress reactions [8, 9]. When adverse 

experiences occur early in life, they might impact on developmental trajectory of different systems 

and circuitries with long-lasting and profound effects [7, 10, 11]. A functional interplay between the 

HPA axis and dopamine system plays an important role for adequate coping strategies in reaction to 

stressful conditions [8, 9, 12, 13]. Preclinical studies have demonstrated that acute stressors activate 

dopamine neurons [14] promoting long-lasting neuroplastic changes [15, 16] and leading to a gain-

of-function of dopamine signaling that might alter the individual coping strategies to subsequent 

insults later in life [13]. Acute stress is also associated with mesolimbic dopamine release in humans 

[17]. Understanding how early life adversities contribute to both vulnerability to and resilience against 

acute stress and manifestation of psychopathology is crucial to implement early diagnosis and 

treatment, and to improve clinical outcome [7, 18].  

Clinical evidence shows that among early life adversities prenatal cannabis exposure (PCE) is a 

predictive risk factor for the development of offspring psychopathology [19-26], and is associated 

with alterations in cortisol levels [27-29]. However, cannabis use during pregnancy has been on an 

alarming sharp rise [30, 31], with the greatest use during the first trimester [32]. Indeed, cannabis 

increasing legal availability is most likely leading to the common misconception that it is a safe natural 

remedy to be used even during pregnancy [33-35]. We have previously found that, in a rat model of 
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PCE, male but not female subjects manifest an at-risk psychopathological endophenotype for a 

quantifiable trait of deterioration in sensorimotor gating functions upon a single exposure to the 

cannabis main psychoactive ingredient, delta9-tetrahydrocannabinol (THC) [36]. This is associated 

with a sex-specific mesolimbic hyperdopaminergia [36, 37], a hallmark of disrupted sensorimotor 

gating functions [38-41]. We also found that pre-pulse inhibition (PPI) of the startle reflex [42, 43], a 

cross-species validated operational measure of sensorimotor gating functions, was impaired in PCE 

males upon either an otherwise ineffective dose of dopamine receptor agonist apomorphine or an 

acute stressor [44]. Of note, sex-specific failure in adopting coping strategies in response to an acute 

unescapable stressor were manifest as a consequence of PCE [37, 44].  

In this study, we investigated how sex contributes to a PCE-induced vulnerability to the effects of 

acute stress. By using behavioral and molecular analyses, we found that PCE progeny exhibit male-

specific exaggerated responses to an acute inescapable stressor. By using chemogenetic 

approaches, we showed the causal role of dopamine neuron activity of the ventral tegmental area 

(VTA) in the deteriorating effects of acute inescapable stressors on sensorimotor gating functions. 

Finally, such maladaptive stress responses in PCE males could be prevented by postnatal treatment 

with either pregnenolone or lithium, two inhibitors of glycogen synthase kinase-3 beta (GSK-3β) 

signaling pathway. Our data expand our understanding of the sex-specific impact of PCE on 

dopamine neurodevelopmental trajectories suggesting molecular targets for therapeutic intervention 

of offspring exposed to cannabis during pregnancy and suggest a causal link between a 

hyperdopaminergic profile and stress-induced disruption of PPI.  

 

2. Materials and Methods 

2.1 Subjects  

All experimental procedures were performed in accordance with the European legislation EU 

Directive 2010/63 and were approved by the Animal Ethics Committees of the University of Cagliari 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



5 
 

and by the Italian Ministry of Health (Authorization n° 256/2020). We made all efforts to minimize 

pain and suffering and to reduce the number of animals.  

2.2 Drugs and treatments  

2.2.1 Drugs and chemicals 

THC resin was purchased from THC PHARM GmbH (Frankfurt, Germany) and dissolved in ethanol 

at 20 % final concentration. THC was diluted with sterile saline (0.9 % NaCl) containing 1-2 % 

Tween® 80. Clozapine-N-oxide dihydrochloride (CNO, Tocris Bioscience) was dissolved in sterile 

saline (0.9% NaCl). CNO was administered intra-peritoneally (i.p.) at 2 ml per kg body weight, 30 

minutes prior to pre-pulse inhibition (PPI) test. Pregnenolone (PREG, Sigma-Aldrich) and lithium 

were administered subcutaneously (s.c.) at 2 ml per kg body weight once per day from gestational 

day (GD) 15 to post-natal day (PND) 23. PREG and lithium (Sigma-Aldrich) were dissolved in 20 % 

β-Cyclodextrin and sterile saline (0.9 % NaCl), respectively. 

2.2.2 Treatments 

Primiparous female Sprague Dawley rats (Envigo) were used as mothers and single housed during 

pregnancy. Sprague Dawley dams expressing Cre recombinase under the control of the TH promoter 

(TH::Cre) were used for the DREADD experiments. THC or vehicle was administered (2 mg per kg, 

1 ml per kg, s.c. once per day) from GD5 to GD20. This dose of THC was chosen because it does 

not produce behavioral responses or cannabinoid tolerance after repeated administration [45]. 

Moreover, this dose does not have any substantial impact on maternal and non-maternal behavior, 

(5%) [46], it achieves plasma concentrations in rodents (8.6-12.4 ng/ml) comparable to human 

recreational cannabis smokers consuming cannabis derivatives with a 7% THC (13-63 ng/ml, 0–22h 

post-inhalation) [47, 48] and in aborted fetal tissues of pregnant cannabis users (4-287 ng/mL) [49]. 

The progeny was weaned at PND 21 and were housed in a climate-controlled animal room (21 ± 1 

°C; 60 % humidity) under a normal 12 h light-dark cycle (lights on at 7:00 a.m.) with ad libitum access 

to water and food until the experimental day (PND25-28). To control for litters effects, we did not use 

more than two offsprings from each litter for the same experiment.  
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2.3 Surgical procedures 

For chemogenetic manipulation, TH::Cre-positive offspring were stereotaxically bilaterally injected 

under isoflurane (4-5 % induction, 1-2 % maintenance) with a Cre-dependent adeno-associated virus 

expressing an inhibitory or excitatory DREADD construct, AAV5-hSyn-DIO-hM4D(Gi)-mCherry and 

AAV5-hSyn-DIO-hM3D(Gq)-mCherry, respectively, or control virus (AAV5-hSyn-DIO-mCherry) to 

target dopaminergic neurons in the VTA at PND7 (-4.2 mm posterior to bregma, ±0.55 mm lateral to 

bregma, -5.25 mm ventral from the cortical surface) with a Hamilton syringe. Viruses were injected 

at a volume of 0.5 l per side at a rate of 0.1 l/min. Injection needles were left in place for 5 min 

after the injection to ensure adequate viral delivery. For all the experiments the virus was incubated 

for at least 21 days, when expression was identifiable by the reporter protein expression. 

2.4 Behavioral experiments  

2.4.1 Forced swim test and acute restraint stress 

The forced swim test (FST) was conducted as previously described [44]. Briefly, rats were placed for 

10 min in a transparent cylinder (40 cm high × 20 cm in diameter) filled with cold water to a depth of 

30 cm, ensuring that the animals were unable to stabilize themselves by touching the bottom of the 

cylinder with their tails. After the FST, the rats were immediately dried out and then transferred to the 

startle cages for pre-pulse inhibition (PPI) testing. 

Acute restraint stress (RS) was produced by placing the rat for 20 min in a well-ventilated, plastic 

tube (3.5 cm long × 6 cm in diameter) with an adjustable end to accommodate the size of each 

animal, as previously described [44]. As with the FST, after the RS, the animals were immediately 

subjected to the PPI procedure. 

2.4.2 Pre-pulse Inhibition test 
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Pre-pulse Inhibition (PPI) was tested following the protocol previously described [36]. The apparatus 

used to detect startle reflex and PPI parameters (Med Associates) consisted of four standard cages 

placed in sound-attenuated chambers with fan ventilation. Each cage consisted of a Plexiglas 

cylinder of 5 cm diameter, mounted on a piezoelectric accelerometric platform connected to an 

analog-digital converter. Two separate speakers conveyed background noise and acoustic bursts; 

each one properly placed so as to produce a variation of sound within 1 dB across the startle cage. 

On the testing day, each rat was placed in the cage for a 5-min acclimatization period consisting of 

70-dB white noise background, which continued for the remainder of the session. Each session 

consisted of three consecutive sequences of trials (blocks). During the first and third blocks, rats 

were presented with only five pulse-alone trials of 115-dB. The second block consisted of a 

pseudorandom sequence of fifty trials, including twelve pulse-alone trials; thirty trials with a pulse 

preceded by 74-, 78-, or 82-dB prepulses (10 for each level of prepulse loudness); and eight no-

stimulus trials, where only the background noise was delivered. Pulse and prepulse durations were 

set at 40 and 20 ms, respectively. Inter-trial intervals were selected randomly between 10 and 15 s, 

while the inter-stimulus intervals were set at 100 ms. The startle response was based on the first 

positive wave that meets the minimum wave criteria and determined as the mean startle amplitude 

of the pulse-alone trials relative to the second block. The % PPI was calculated only on the values 

relative to the second block using the following formula: [(mean startle amplitude for pulse alone 

trials - mean startle amplitude for prepulse + pulse trials)/mean startle amplitude for pulse alone 

trials] × 100. Depending on the experimental procedures, the PPI test was conducted either 

immediately after stress or 30 min after systemic administration of CNO to ensure the engagement 

of Gq/Gi-DREADDs in the VTA. 

2.5 Immunohistochemistry and cell counting 

2.5.1 Tissue preparation 

Following the behavioral experiments, rats at PND 26-34 were deeply anaesthetized with isoflurane 

and transcardially perfused with saline, followed by 4% paraformaldehyde in 0.1 M phosphate buffer 

(PB; pH=7.4). Afterwards, brains were removed, postfixed 2 h in the same solution at 4°C, then 
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rinsed three times in PB saline 1× (PBS) and preserved in the same solution at 4⁰C. The next day, 

brains were coronally cut on a vibratome (VT1000S, Leica Biosystems) to yield sections (thickness, 

40 μm) suited for immunohistochemistry (IHC) processing. For each rat, three coronal sections 

representative of the VTA were collected based on stereotaxic coordinates ranging from -4.80 mm 

to -5.80 mm relative to bregma. These coordinates were referenced from the rat brain atlas by 

Paxinos and Watson [50].   

2.5.2 Reaction protocol, image acquisition, and cell counting 

Free-floating sections were rinsed in 0.1 M PB, blocked in a solution containing 10% normal goat 

serum (NGS, Vector, UK) and 0.5% Triton X-100 in 0.1 M PB at room temperature (2 h). Thereafter, 

sections were incubated at 4°C (48h) with the rabbit polyclonal primary antibody anti-TH (1:1000, 

Merck, Germany, #AB152), rinsed three times in 0.1 M PB, and then incubated with the secondary 

antibody, Atto® 488-labeled goat anti-rabbit IgG (1:400, Merck, Germany, #18772) in 0.1 M PB at 

room temperature (3 h). Afterward, sections were incubated for 10 minutes in 4',6-diamidino-2-

phenylindole (DAPI; 1:10,000, Merck, Italy, D9542), to allow visualization of cell nuclei, rinsed in PB 

0.1 M, and mounted onto super-frost glass slides using Mowiol® mounting medium. 

Images of single wavelength (14-bit depth) were obtained with a ZEISS Axio Scan Z1 slide scanner 

(Zeiss, Germany). Brain sections were captured at 20× magnification (Objective: Plan-Apochromat 

20×/0.8 M27) to acquire the whole VTA from both hemispheres. The ImageJ software (National 

Institutes of Health, USA) was used to quantify the number of TH+, mCherry+, and TH+-mCherry+ 

cells located in the VTA. Specifically, images were first background-adjusted, then cells were 

manually counted within the VTA by using the multi-point tool. Analyses were performed blind with 

respect to the treatment received by each animal. No significant differences in the relative proportion 

of TH+, mCherry+, and TH+-mCherry+ cells were found among the three sections, therefore values 

from different antero-posterior levels were averaged. For each experimental condition, the final 

percentages were calculated as an average of the values from each rat within the same experimental 

group. 
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2.6 Corticosterone and Adrenocorticotropic hormone Analysis 

Rats were sacrificed by decapitation and blood was immediately collected from the trunk into K3-

EDTA tubes, then centrifuged at 900×g for 15 min at 4°C; the resulting plasma was collected and 

frozen at -20°C until assayed. An enzyme-linked immunosorbent assay (ELISA) was used to quantify 

plasma levels of Corticosterone (CORT; #RE52211 IBL Corticosterone Enzyme Immunoassay Kit, 

TECAN Europe), and Adrenocorticotropic hormone (ACTH; #EK-001-21, Phoenix Pharmaceuticals 

Inc., Burlingame, CA, USA), as previously described [51]. ELISA assays were performed according 

to the manufacturer's instructions using a 96-well plate pre-coated with polyclonal antibodies against 

an antigenic site on the CORT or ACTH molecules, respectively. The kits also provided a seven-

point standard curve ready to use (0 to 83.2 ng/ml, CORT) or a peptide standard for a six-point serial 

dilutions (0 to 25 ng/ml, ACTH), as well as quality controls. Each sample was run in duplicate. CORT 

and ACTH plasma levels are expressed in ng/ml. With regard to the stressed group, blood was 

collected 30 min after the beginning of the forced swimming test (FST).  

2.7 Quantitative Real-Time PCR Analysis 

To characterize the gene expression levels of MRs and GRs, unstressed and stressed animals were 

sacrificed by decapitation. The unstressed group is made up of naïve animals. Decapitation in 

stressed animals was carried out after 30 min from the beginning of the forced swimming test (FST). 

The brain was rapidly removed, and bilateral VTA tissue punches were manually dissected and 

stored at -80°C until use. VTA samples were homogenized in a Douncer containing 1 mL of QIAzol 

Lysis Reagent and then mixed with 200 uL of chloroform. After centrifugation, the supernatant 

(aqueous phase) was transferred to a new tube, and the RNeasy Lipid Tissue Mini Kit (QIAGEN) 

was used according to the manufacturer’s instructions. Once the total RNA was isolated, the quality 

and concentration were assessed using a NanoDrop 1000 Spectrophotometer (Thermo Fisher 

Scientific) and immediately stored at −80°C until further use. Total RNA from each VTA sample was 

transcribed into complementary DNA (cDNA) using the High-Capacity cDNA Reverse Transcription 

Kit (Applied Biosystems, CA, United States) in a 20-µl reaction volume and stored at −20°C until 

use. Reverse transcriptase reactions were conducted at 25°C for 10 min, 2 h at 37°C, and 5 min at 
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85°C. The final cDNA concentration was normalized across samples to 30 ng/μL with autoclaved 

Milli-Q water. 

The MRs and GRs were assessed by qRT-PCR analyzing the gene expression levels of the nuclear 

receptor subfamily 3, group C, member 2 (Nr3c2) and the nuclear receptor subfamily 3, group C, 

member 1 (Nr3c1), respectively. Primers were designed and verified using the primer-BLAST design 

tool (Table 1). All samples were tested in triplicate and β-actin (Actb gene) was used as an 

endogenous housekeeping gene to normalize the transcriptional levels of all target genes analyzed. 

qRT-PCR was performed in an Optical 384-well plate with a QuantStudio™ 12K Sequence Detection 

System (Applied Biosystems, CA, United States) consisting of 2 activation steps (50°C for 2 min, 

then 95°C for 10 min) followed by 45 cycles of melting (95°C for 15 s) and annealing (60 °C for 1 

min). The PCR reaction contained PowerUp SYBR Green Master Mix (Applied Biosystems, CA, 

United States). The comparative cycle threshold (ΔΔCt) method was used to establish the gene 

expression relative quantification (RQ), and the results were reported as fold change compared with 

the control (CTRL) group for each sex.  

Table 1. Primers for MRs and GRs characterization 

Gene Forward primer (5’-3') Reverse primer (5’-3') Lenght Reference 

Nr3c2 GCCCGGCAAATCTCAACAACT

CAA 

TTAGGGAAAGGAACGTCGTGAG

CA 

235 NM_001395

077.1 

Nr3c1 GAAAAGCCATCGTCAAAAGGG TGGAAGCAGTAGGTAAGGAGA 121 XM_039096

567.1  

Actb ACCCGCGAGTACAACCTTCT ATGGCTACGTACATGGCTGG 470 XM_039089

807.1 

 

2.8 Statistical analysis 

Rats were randomly assigned to each group. Statistical analysis was performed with GraphPad 

Prism 8 (San Diego CA, USA). Data were analyzed using 2- or 3-way ANOVA when appropriated, 
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followed by Sidak’s or Tukey’s test. Significance threshold was set at p < 0.05. Data are presented 

as means ± SEM.  

 

3 Results  

3.1 Acute stress does not impair gating functions in PCE female progeny 

Stress is one of the major determinants in the onset of dopamine-related psychopathologies [7, 8] 

and sex differences in stress-coping strategies have been already reported in experimental animals 

[7]. We previously found that PCE interferes with behavioral adaptations to an acute inescapable 

stress, such as the forced swim test (FST), in male [44] but not in female offspring [37]. FST also 

impairs subsequent PPI performance in PCE males [44]. To test whether PCE female rats were also 

protected by the effects of this acute inescapable stressor (i.e., FST) on PPI, PCE rats were 

subjected to FST before the PPI (Fig. 1A). FST induced sex-specific disruption in PPI, being CTRL 

females less performant than males (Fig. 1B; 2way ANOVA, F1,43= 5.21; p=0.0035). Of note, FST 

exerted sex-dependent PPI effects as a function of PCE (Fig. 1B; sex x PCE: 2way ANOVA, F1,43= 

14.35; p=0.0005), supporting that PCE acts as a “first hit” [53] and endows the male offspring with 

an aberrant salient attribution [44], whereas the females display a normal behavioral performance 

[36, 37, 44]. To assess whether this reaction depends on a sex-specific engagement of the HPA axis 

in the PCE progeny, we measured baseline and stress-induced rise of endogenous plasma 

corticosterone (CORT) and adrenocorticotropic hormone (ACTH) levels. First, in a cohort of 

unstressed PCE rats, we verified whether PCE alters baseline CORT and ACTH levels as a function 

of sex (Fig. 1A, C-D). No differences were found among the groups (CORT: stress x PCE x sex: 

3way ANOVA, F1,60=0.12; p=0.7303; ACTH: stress x PCE x sex: 3way ANOVA, F1,60=2.01; p=0.1613; 

Fig. 1C-D). Then, in line with previous findings [54], FST raised plasma CORT and ACTH 

concentrations to a larger extent in female rats irrespective of PCE (CORT: 2way ANOVA, 

F1,32=15.28; p=0.0005;  ACTH: 2way ANOVA, F1,32=7.22; p=0.0113, Fig.1C-D). This suggests that 

plasma CORT and ACTH levels neither drive sex-specific coping strategies to FST [37, 44] nor 

stress-induced impairments in PPI progeny (Fig.1B and [44]).  
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3.2 Sex-specific modulation of HPA-axis response following acute stress  

Under stress conditions, CORT acts by activating high-affinity mineralocorticoid receptors (MRs) and 

low-affinity glucocorticoid receptors (GRs). Particularly, CORT controls coping with and adaptation 

to changes through a receptor-mediated on- (MR) and off- (GR) switch, which needs to be in balance 

for providing the energy in maintaining homeostasis and health [7, 52, 55]. MR/GR imbalance is 

suggested to compromise HPA axis responses to stress [7, 52], where MR activation affects the peak 

rather than the duration of HPA-axis activity, which is under negative feedback control of GRs [52, 

55]. Of note, CORT also acts locally in the VTA to modulate dopamine signaling [16, 56, 57]. To 

assess whether PCE induced an imbalance between MR- and GR- mediated actions, we determined 

mRNA levels of MR (Nr3c2) and GR (Nr3c1) in the VTA of preadolescent unstressed (naïve) and 

stressed rats by quantitative real-time PCR (Fig 2A). Key differences were found with a specific 

unbalance between mRNA levels of Nr3c2 (2way ANOVA, F1,33=7.20; p=0.0113; Fig.2B) and Nr3c1 

(2way ANOVA, F1,44=8.55; p=0.0054; Fig.2C) as a function of PCE only in unstressed male rats. FST 

further decreased mRNA levels of Nr3c1 in PCE males (2way ANOVA, F1,44=4.12; p=0.04; Fig.2C), 

whereas it increased mRNA levels of Nr3c2 in PCE females (Nr3c2: 2way ANOVA, F1,25=4.57; 

p=0.0425; Nr3c1: 2way ANOVA, F1,29=2.12; p=0.1558; Fig.2D-E), without modifying mRNA levels of 

Nr3c2 (2way ANOVA, F1,33=0.01; p=0.89; Fig.2B) in PCE males and Nr3c1 (2way ANOVA, F1,44=0.01; 

p=0.91; Fig. 2E) in females. Since MRs operate as an on-switch to select an appropriate coping 

response, whereas GRs serve as the off-switch to terminate the duration of the HPA-mediated 

reaction [7, 55], collectively, this data suggests that male-specific MR/GR imbalances might 

accompany an inadequate HPA axis reaction to FST [44] and might explain the subsequent impaired 

PPI (Fig. 1B and [44]).  

3.3 Maladaptive responses to acute stress are mediated by dopamine  

Dopamine role in the regulation of PPI has long been recognized [58-64] within an extremely 

complex circuit [41, 65]. However, the causative role of mesolimbic hyperdopaminergia underlying 

PPI disruption has never been tested by spatially isolating this single neural component. Given that 

PCE males exclusively exhibit a hyperdopaminergic phenotype [36], we tested the hypothesis that 
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stress-induced impairment of PPI in PCE males requires enhanced VTA dopamine signaling. We, 

therefore, inhibited VTA dopamine cell activity before FST. To this aim, we induced the expression of 

Gi-coupled hM4D receptor in VTA dopamine neurons by injecting a Cre-dependent adeno-

associated viral (AAV) vector, AAV5-hSyn-DIO-hM4D(Gi)-mCherry, into the VTA of male TH::Cre 

transgenic rats (Fig. 3A) in which Cre mimics the expression of the rate-limiting enzyme for dopamine 

synthesis, i.e., tyrosine hydroxylase (TH) [66]. Control rats received the AAV5-hSyn-DIO-mCherry 

vector, which carried the gene for mCherry alone. Within the VTA of PCE males, 64.7±6.1 % of 

mCherry labelled cells were also TH-positive, whereas only 35.3±6.1 % of transduced cells were TH-

negative. Similar results were obtained in CTRL males, where 63.4±13.8 % of mCherry-Gi labelled 

cells were also TH-positive, while only 36.6±13.8 % of transduced cells were TH-negative (Fig. 3B), 

confirming the cell specificity of the DREADD (designer receptors exclusively activated by designer 

drugs) approach as previously described [67, 68]. Male rats were administered with clozapine N-

oxide (CNO, 3 mg/kg, i.p.) to inhibit VTA dopamine cells [67] before FST (Fig. 3C-D). Decreasing 

VTA dopamine neuron activity did not affect the startle amplitude (Fig. 3C; 2way ANOVA Gi-

DREADD: F1,78 = 0.34; p=0.56), while it prevented FST-induced reduction of PPI in PCE male 

offspring (Fig. 3D; 2way ANOVA Gi-DREADD:  F1,35= 0.35; p=0.56; 2way ANOVA Gi-DREADD x 

PCE: F1,24 = 11.7; p= 0.002 and [44]). In addition, inhibiting VTA dopamine signaling via 

chemogenetics prevented detrimental effects on PPI of another unavoidable stress condition, i.e. 

acute restraint stress (RS) in PCE male rats (Fig. 3F; 2way ANOVA Gi-DREADD:  F1,21= 0.035; 

p=0.85) (2way ANOVA PCE: F1,34 = 6.17; p= 0.018; Fig. 3F) without affecting the startle amplitude 

(2way ANOVA Gi-DREADD:  F1,36 = 4.427e-006, p=0.99; Fig. 3E). CNO is converted in clozapine 

and, therefore, may have off-target effects at other endogenous receptors rather than at Gi-

DREADDs [69]. However, CNO administration in TH::Cre rats expressing a control fluorophore had 

no effect on both startle amplitude and PPI performance (Fig. 3C-F), thus indicating that the 

protective effects on PPI are DREADD-mediated and require normalizing VTA dopamine neuron 

activity. 

To examine the pathological role of a hyperdopaminergic phenotype in PPI regulation by acute 

stress, we chemogenetically excited VTA DA cells [67] before FST in female rats, as female PPI 
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performance is not impacted by this acute unescapable stressor as a function of PCE (Fig. 1B). Of 

note, PCE does not affect mesolimbic dopamine system function in female rats [37] and their PPI 

performance is not affected by an acute challenge with THC [36]. We induced the expression of Gq-

coupled hM3D receptor in VTA dopamine neurons by injecting a Cre-dependent AAV vector, AAV5-

hSyn-DIO-hM3D(Gq)-mCherry, into the VTA of female TH::Cre transgenic rats (Fig. 4A). Control rats 

received the AAV5-hSyn-DIO-mCherry vector, which carried the gene for mCherry alone. Within the 

VTA of PCE females, 70.8±9.7 % of mCherry-Gq labelled cells were also TH-positive, whereas only 

29.2±9.8 % of transduced cells were TH-negative. Similar results were obtained in CTRL females, 

where 78.13±9.9 % of mCherry-Gq labelled cells were also TH-positive, while only 21.9±9.9 % of 

transduced cells were TH-negative (Fig. 4B), in agreement with previous studies [70, 71]. Female 

rats were administered with CNO to stimulate VTA dopamine cells before either FST and PPI (Fig. 

4C). Importantly, a wide range of CNO doses, including 3 mg/kg, does not affect locomotor activity 

of this TH::Cre transgenic rat [71] but see [72]. Unlike Gi-DREADD activation in males, in vivo 

excitation of VTA dopamine neuron activity by CNO markedly reduced startle amplitude in both CTRL 

and PCE females. This effect was observed after exposing animals to either FST or RS experimental 

procedures (Fig. 4C; FST: 2way ANOVA, Gq-DREADD, F1,66= 5.71, p<0.05; Fig. 4D; RS: 2way 

ANOVA, Gq-DREADD, F1,61= 65.89; p<0.0001). Importantly, no specific interactions among factors 

were detected (FST: 2way ANOVA, interaction Gq-DREADD x PCE, F1,66= 2.88, p=0.09, Fig. 4D; 

RS: 2way ANOVA, interaction Gq-DREADD x PCE, F1,61= 1.044; p=0.31, Fig. 4C), indicating that 

PCE did not significantly affect the decrement in startle amplitude produced by Gq-DREADD 

manipulation under both experimental stress conditions. Given that PPI data are extrapolated by 

startle values, and Gq-DREADD stimulation elicited a robust reduction in startle magnitude in both 

CTRL and PCE females, we reasoned to compute the percentage PPI to delta PPI in order to avoid 

potential artifacts in data interpretation caused by "floor effects" in startle magnitude. Delta PPI 

avoids this eventual flaw by calculating absolute differences between startle magnitudes on pulse-

alone and prepulse+pulse trials [73-75]. When we used this parameter, CNO significantly 

deteriorated PPI performance following FST and RS, irrespective of PCE (FST: 2way ANOVA, Gq-

DREADD: F1,66= 4.23; p<0.05, Fig. 4E; RS: 2way ANOVA, Gq-DREADD: F1,61= 47.25; p=0.0001, Fig. 
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4F). Therefore, chemogenetic modulation of VTA dopamine neuronal activity is essential for the 

manifestation of stress-induced impairments of PPI in rats.  

 

3.4 Pharmacological correction of stress-induced impairments of gating functions in PCE 

male progeny  

We previously found that post-natal treatment with neurosteroid pregnenolone (PREG), FDA-

approved for clinical trials, prevents PCE-induced hyperdopaminergic phenotypes only exhibited by 

male progeny and confers them resilience against acute effects of THC [36]. To test whether PREG 

precludes stress-induced effects on PPI in PCE male progeny, we administered it (6 mg/kg s.c. once 

daily for 9 days, from post-natal day -PND- 15 to 23) to CTRL and PCE male rats. Two days following 

the last administration, when PREG was cleared from the brain, we subjected the animals to FST 

and PPI (Fig. 5A). In agreement with our previous findings pointing to restorative actions of PREG 

towards dopamine system function [36], we did not observe effects on the startle amplitude (2way 

ANOVA PCE x PREG: F1,51 = 1.427; p=0.23; Fig. 5B) while PREG prevented stress-induced 

disruption of sensorimotor gating functions in PCE male offspring (2way ANOVA PCE x PREG: F1,47 

= 8.803; p=0.0047, Fig. 5C). PREG treatment had no effect on PPI performance in CTRL male rats 

(CTRL-VEH vs. CTRL-PREG, p=0.68). PREG can also act by inhibiting the GSK3β [76], which is a 

key element in the pathogenesis of schizophrenia [77], and also a target of lithium [78, 79]. We, 

therefore, tested the hypothesis that PREG molecular target was GSK3β and that a postnatal 

treatment with lithium could mimic PREG effects on stress-induced impairment of PPI in PCE males. 

Lithium was administered to CTRL and PCE male rats (50 mg/kg s.c., once daily for 9 days, from 

PND 15 to 23; Fig. 5D), and 48 hours following the last administration, we subjected the animals to 

FST and PPI. Notably, lithium treatment had no effect on startle amplitude in PCE male offspring 

(Fig. 5E; 2way ANOVA PCE x Lithium F1,27 = 0,50; p=0.48) and rescued PCE males from FST-

induced disruption without affecting CTRL PPI performance (Fig. 5F; 2way ANOVA PCE x Lithium: 

F1,28 = 5,100; p=0.03).  
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4. Discussion  

In the present study, we demonstrate the essential role of dopamine in the detrimental effects of 

acute unescapable stressors on sensorimotor gating functions in preadolescent rats. DREADD-

driven changes of VTA dopamine cell activity before the exposure to an acute inescapable stressor 

impact on subsequent PPI performance. This highlights the causal link between VTA dopamine 

signaling and the engagement of HPA axis for the individual ability to inhibit behavioral responses to 

incoming sensory information. As PCE promotes a male-specific dysregulation of dopamine and HPA 

axis responses within the VTA (present data and [36, 37]), such stress- and dopamine- induced 

impairment of sensorimotor gating functions only manifest in the male progeny. This is relevant 

because PCE children exhibit proneness to psychotic-like experiences and some 

psychopathological phenotypes where males face a higher risk [20, 23, 28, 80-82].  

Our data support and extend previous findings suggesting that any manipulation leading to enhanced 

presynaptic dopamine release and/or dopamine receptor stimulation in the target region of the 

Nucleus Accumbens (NAc) disrupts PPI [59, 64, 83-87]. Of note, an association exists between 

hyper- and hypo- activation of mesolimbic and mesocortical dopamine pathways, respectively, and 

the inability of filter out relevant environmental stimuli to control adaptive motor behavior [60, 88]. 

Since a bidirectional chemogenetic modulation of dopamine neuronal activity in TH::Cre rats also 

modifies dopamine release in the NAc [67], it is plausible that CNO by engaging either Gi- or Gq- 

DREADD corrects or produces, respectively, a mesolimbic hyperdopaminergia, a signature of 

disrupted sensorimotor gating functions [38-41]. Our findings are in line with the evidence that 

hyperdopaminergic resting-states of VTA dopamine cells are necessary in the pathophysiology of 

psychosis and schizophrenia [89-92], and that chemogenetic approaches aimed at normalizing 

rather than silencing VTA dopamine neuronal activity prevent the expression of aberrant behaviors 

in animal models of schizophrenia [91, 92]. Accordingly, PCE in rodents produces male-specific 

hyper-dopaminergic neurophysiological phenotypes [36, 37, 93, 94], shifts the proportion of tonically 

firing dopamine cells [44] and the balance between excitation and inhibition [36, 94], which are 

collectively risk factors for susceptibility to diverse neuropsychiatric disorders. Since acute stress 
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activates dopamine system function, which contributes to homeostatic neurobehavioral stress 

responses also by altering its sensitivity to subsequent stimuli [8, 12-14, 16, 56, 95, 96], PCE-induced 

sex-specific derangement of dopamine neuron resting-states may be critical for subsequent 

susceptibility to develop psychopathological phenotypes later in life [28, 97-102]. Of note, PCE 

produces enduring remarkable repercussions in the offspring that go beyond the brain-wide 

adaptations, including alterations in lipidomic and cytokine/chemokine profiles [94, 99, 100, 103-

105], and extend from cardiac and metabolic dysfunction to changes in intestinal microbiota 

composition [104, 106]. Since gut microbiota couples immune responses to stress-sensitive brain 

circuits [107], these findings warrant further investigations to disentangle the mechanisms 

underpinning PCE sequelae on the progeny and raise concerns on whether these aberrant stress-

dependent neurobehavioral reactions (present data and [37, 44]) relate to PCE impact on gut 

microbiota, lipid and/or glucose metabolism [94, 104], and/or immune system [103], and whether 

they do subside with development. 

While the mechanisms underlying PCE sex-specific changes in the sensitivity to an acute stressor 

remain to be fully elucidated, our observations support the notion that an efficient on/off switch 

mediated by CORT via MR/GR activation is crucial for successful coping and adapting strategies to 

inescapable stressful situations [7, 108], thereby providing energy for resilience. Indeed, the 

observation that, in the VTA, PCE male rats only display enhanced and decreased gene expression 

levels of MRs and GRs, respectively, might explain the sex-specific failure to adopt coping/adaptive 

strategies during the FST [37, 44]. Accordingly, a less efficient termination of the HPA axis activity 

mediated by GRs, which operate as the off-switch [7, 52, 55], promotes energy expenditure and 

exaggerated behavioral responses [7, 52]. Conversely, our finding that acute FST only in PCE 

females increases gene expression levels of MRs, without affecting those of GRs, supports the 

notion that a gain-of-function of MRs combined with an efficient GR-dependent off-switch is 

associated with a “resilient” phenotype better equipped for acute stress responses of the HPA axis 

and for long-term adaptation [7, 52, 55]. Accordingly, while acute stress increases plasma CORT and 

ACTH levels to a larger extent in females when compared to males (present data and [54]), and 

CORT is detrimental to PPI performance [109] (Fig. 1B), acute FST does not affect PPI in PCE 
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female rats, which also show appropriate coping strategies during the FST [37]. Consequently, PCE-

induced male-specific MR/GR imbalances within the VTA may take part to those metaplastic 

changes setting a resting state prone to maladaptive stress reaction and PPI deterioration, the latter 

requiring a hyperdopaminergic neurophysiological phenotype. 

Finally, our study helps elucidating the mechanisms participating in sex-dependent PCE detrimental 

effects on PPI performance by establishing that these behavioral effects depend on abnormal GPCR 

signaling cascade engaged in VTA dopamine neurons, including GSK-3β, a molecular signature of 

diverse psychiatric conditions [77, 110-113]. Our results showing that PREG, which also inhibits the 

GSK-3β [114], corrects FST-induced disruption of PPI in PCE male offspring extend previous 

evidence that it can restore VTA dopamine circuit function and its responsiveness to an acute 

challenge of THC in PCE males [36]. Since PREG restorative effects are manifest in its absence 

(present data and [36]), cannot be ascribed to its well-known downstream metabolites (e.g., 

progesterone) [36], and are mimicked by lithium, our data might suggest, among the many others, 

GSK-3β as a possible molecular target candidate. Given that Gi-DREADD stimulation in VTA 

dopamine cells of PCE male rats rescues the aberrant phenotype, one is tempted to speculate the 

occurrence of a molecular convergence that involves hyperactivity of GSK-3β as an adaptive 

response to PCE. This would be in line with the role of GSK3β in neurodevelopment [115], in the 

pathogenesis of diverse psychiatric disorders (mood disorders, schizophrenia, drug abuse) [112, 

113, 116-118] and in response to medication [78, 119-121]. Thus, while inhibiting its activity is 

considered of therapeutic interest, our study warrants further investigation into the effects of PCE on 

this molecular target.  

As cannabis use among pregnant women has been on the rise [30, 31], our study deepens the 

knowledge on PCE detrimental effects on neurodevelopment [26, 81] and warrants further 

investigations on the extensive spectrum of neurobehavioral maladaptations induced by the different 

ingredients of cannabis and at different developmental stages to uncover age- and gender-specific 

therapeutic approaches.  
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5. Conclusions  

Given the well-established interplay between stressful life events and the onset of 

psychopathologies, particularly during (pre)adolescence, our study helps delineating 

neuroendocrine mechanisms connecting, for the first time to our knowledge, stress and dopamine-

dependent psychopathologies.  
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9. Figure legends  

Figure 1. Sex-specific effects of acute stress on sensorimotor gating function. A) Timeline of 

experimental procedures for pre-pulse inhibition (PPI) experiments (top) and blood collection 
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(bottom). B) Forced swim test (FST) differentially impacts on sensorimotor gating functions in male 

and female rats (*p = 0.036 CTRL males vs. PCE males-shaded grey area; **p = 0.003 CTRL males 

vs. CTRL females; Sidak’s test; nrats = 7 CTRL females, 9 PCE females, 15 CTRL males, 16 PCE 

males). C) Corticosterone and D) adrenocorticotropic hormone (ACTH) concentrations were 

measured from plasma samples collected from unstressed rats and from stressed rats after 30 min 

from the beginning of the FST: CORT: *p = 0.01 stressed CTRL males vs. stressed CTRL females; 

**p = 0.003 stressed PCE males vs. stressed PCE females. ACTH: **p = 0.006 stressed CTRL males 

vs. stressed CTRL females; Sidak’s test. Data are expressed as ng/ml of plasma and obtained from 

7 unstressed and 8 stressed CTRL males, 6 unstressed and 7 stressed CTRL females,12 unstressed 

and stressed PCE males, 7 unstressed and 9 stressed PCE females. Unless otherwise indicated, 

data are represented with scatter plots with mean and ± SEM. Figure created with BioRender.com. 

Figure 2. Feedback sensitivity to acute stress is reduced in PCE males. A) Timeline of 

experimental procedures. The quantitative real-time PCR analysis of gene expression levels of MR 

(Nr3c2) and GR (Nr3c1) were measured from VTA tissue punches collected from unstressed rats 

and from stressed rats after 30 min from the beginning of the forced swim test (FST). B) Fold change 

ratio of mRNA expression levels of Nr3c2 in VTA of males at preadolescence from unstressed rats 

and from stressed rats after the FST (*p = 0.0113 main effect of PCE; nrats = 9 naïve (unstressed) 

and 6 stressed CTRL males, 13 unstressed and 9 stressed PCE males). C) Graphs show the mRNA 

expression levels of Nr3c1 in VTA as a fold change ratio in PCE male rats compared with their 

corresponding control group, in both unstressed or stressed rats (**p = 0.0054 main effect of PCE; 

*p = 0,04 main effect of stress- shaded grey area; nrats = 10 unstressed and 7 stressed CTRL males, 

17 unstressed and 14 stressed PCE males). D) Fold change ratio of mRNA expression levels of 

Nr3c2 in VTA of unstressed and stressed females at preadolescence (* p < 0.05 stressed PCE vs. 

stressed CTRL- shaded grey area; Sidak’s test; nrats = 9 unstressed and 6 stressed CTRL females, 

10 unstressed and 4 stressed PCE females). E) Graphs show the mRNA expression levels of Nr3c1 

in VTA as a fold change ratio in stressed and unstressed PCE female rats compared with their 

corresponding control group (nrats = 9 unstressed and 6 stressed CTRL females, 10 unstressed and 
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8 stressed PCE females). Unless otherwise indicated, data are represented with scatter plots with 

mean and ± SEM. Figure created with BioRender.com. 

Figure 3. Maladaptive responses to acute stress are mediated by VTA dopaminergic activity. 

A) Schematic timeline of PCE treatment and behavioral experiments. TH::Cre positive male offspring 

rats were bilaterally injected with AAV5-hSyn-DIO-hM4D(Gi)-mCherry or control virus (AAV5-hSyn-

DIO-mCherry) in the VTA at PND7. After 3 weeks, male offspring were injected with clozapine N-

Oxide (CNO), then after an acute stress rats were exposed to pre pulse inhibition test (PPI). CNO 

administration occurred 30 min before the PPI. B) Representative fluorescent images of Gi-mCherry 

and TH positive cells in coronal brain sections containing the VTA, counterstained for DAPI (left 

panel). Yellow square indicates one example of ROI used for cell count (left panel). Scale bar, 250 

M. High magnification of yellow ROI for labelling quantification in VTA (top right): arrows indicate 

cells double positive for TH (green) and Gi-mCherry (red). Scale bar, 25 M. Pie charts showing the 

proportions of Gi-mCherry positive (red) and TH/Gi-mCherry positive cells (yellow) within sampled 

ROIs in CTRL and PCE animals (bottom right). C) Forced swim test (FST) does not affect the startle 

amplitude. Startle amplitude values are represented as arbitrary units (AU). (nrats = 7 PCE-control; 

10 PCE-Gi; 11 CTRL- control; 13 CTRL-Gi). D) Gi-DREADD activation prevents FST-induced 

impairment of sensorimotor gating functions in PCE males (**p=0.001 CTRL-control vs PCE-control- 

shaded grey area; Sidak’s test; nrats = 10 PCE-Gi; 16 CTRL-control and PCE-control; 21 CTRL-Gi). 

E) Effect of acute restraint stress (RS) in the startle amplitude after Gi-DREADD activation in PCE 

male offspring (nrats = 10 CTRL- control and PCE- Gi; 13 CTRL-Gi; 7 PCE-control). F) Gi-DREADD 

activation prevents PPI impairment exhibited by PCE males (*p=0.04 CTRL-control vs PCE-control- 

shaded grey area; Sidak’s test; nrats = 9 PCE-Gi; 10 CTRL- control and PCE-control; 12 CTRL-Gi). 

Unless otherwise indicated, data are represented with scatter plots with mean and ± SEM. Figure 

created with BioRender.com. 

Figure 4. Chemogenetic activation of VTA DA neurons induces maladaptive responses to 

acute stress in female rats. A) Schematic timeline of PCE treatment and behavioral experiments. 

TH::Cre positive female offspring rats were bilaterally injected with AAV5-hSyn-DIO-hM3D(Gq)-
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mCherry or control virus (AAV5-hSyn-DIO-mCherry) in the VTA at PND7. After 3 weeks, female 

offspring were injected with clozapine N-Oxide (CNO), then after an acute stress rats were exposed 

to pre pulse inhibition test (PPI). CNO administration occurred 30 min before the PPI. B) 

Representative fluorescent images of Gq-mCherry and TH positive cells in coronal brain sections 

containing the VTA, counterstained for DAPI (left panel). Yellow square indicates one example ROI 

used for cell count (left panel). Scale bar, 250 M. High magnification of yellow ROI for labelling 

quantification in VTA (top right): arrows indicate cells double positive for TH (green) and Gq-mCherry 

(red). Pie charts showing the proportions of Gq-mCherry positive (red) and TH/Gq-mCherry positive 

cells (yellow) within sampled ROIs in CTRL and PCE animals (bottom right). Scale bar, 25 M. C) 

Gq-DREADD activation affects the startle amplitude in control female offspring after FST. Startle 

amplitude values are represented as arbitrary units (AU) (*p=0,019 main effect of Gq; nrats = 16 

CTRL- control; 21 PCE-control; 17 CTRL-Gq; 16 PCE-Gq). D) Effect of Gq-DREADD activation in 

the startle amplitude after the exposure to an acute restraint stress (RS) in female rats (**** p< 0.0001 

main effect of Gq; nrats = 16 CTRL- control, PCE-control and PCE-Gq; 17 CTRL-Gq). E) Gq-DREADD 

activation impairs sensorimotor gating functions following FST in female rats (*p=0,04 main effect of 

Gq; nrats = 16 CTRL- control and PCE-Gq; 21 PCE-control; CTRL-Gq). F) Gq-DREADD activation 

induces PPI impairment in response to RS in female rats (**** p< 0.0001 main effect of Gq; nrats = 

16 CTRL- control and PCE-control; 17 CTRL-Gq; 16 PCE-Gq). Unless otherwise indicated, data are 

represented with scatter plots with mean and ± SEM. Figure created with BioRender.com. 

Figure 5. Pharmacological manipulations with pregnenolone or lithium prevent stress-

induced impairment of gating functions in PCE male progeny. A) Schematic timeline of PCE 

treatment and subchronic treatment with pregnenolone (PREG). B) Effect of PREG on the startle 

amplitude after forced swim test (FST) in PCE male offspring. Startle amplitude values are 

represented as arbitrary units (AU) (nrats = 10-13 CTRL/PCE-PREG; 16 CTRL/PCE-VEH). C) PREG 

prevents forced swim test (FST)-induced impairment of pre-pulse inhibition (PPI) in male PCE 

offspring (*p=0.02 PCE-VEH vs. CTRL-VEH; *p=0.01 PCE-VEH vs. PCE-PREG; Tukey’s test; nrats 

= 9 CTRL/PCE-PREG; 16-17 CTRL/PCE-VEH). D) Schematic timeline of PCE treatment and 
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subchronic treatment with lithium. E) Effect of lithium on the startle amplitude after forced swim test 

(FST) in PCE male offspring. Startle amplitude values are represented as arbitrary units (AU) (nrats 

= 7-8 CTRL/PCE-Lithium; 8-9 CTRL/PCE-VEH).  F) Lithium prevents FST-induced impairment of 

PPI in male PCE offspring (**p=0.003 PCE-VEH vs. CTRL-VEH; Tukey’s test; nrats = 7-8 CTRL/PCE-

Lithium; 8-9 CTRL/PCE-VEH). Unless otherwise indicated, data are represented with scatter plots 

with mean and ± SEM. Figure created with BioRender.com. 
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