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HIGHLIGHTS 20 

 Maternal separation modifies emotional and spatial memories. 21 

 Maternal separation promotes a delay in tolerance to cannabinoids effects. 22 

 MSEW increases Purkinje’s cells and CB1-expressing neurons. 23 

 MSEW increases Iba1-positive cells in BLA and cerebellum.  24 

 CB1 receptors are reduced in BLA and CA1 after WIN55,212-2 25 

withdrawal in MSEW mice  26 

 27 

ABSTRACT 28 

Early-life stress induces an abnormal brain development and increases the risk of 29 

psychiatric diseases, including depression, anxiety and substance use disorders. We have 30 

developed a reliable model for maternal neglect, named maternal separation with early 31 

weaning (MSEW) in CD1 mice. In the present study, we evaluated the long-term effects 32 

on anxiety-like behaviours, nociception as well as the Iba1-positive microglial cells in 33 

this model in comparison to standard nest (SN) mice. Moreover, we investigated whether 34 

MSEW alters the cannabinoid agonist WIN55,212-2 effects regarding reward, spatial and 35 

emotional memories, tolerance to different cannabinoid responses, and physical 36 

dependence. Adult male offspring of MSEW group showed impaired responses on spatial 37 
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and emotional memories after a repeated WIN55,212-2 treatment. These behavioural 38 

impairments were associated with an increase in basolateral amygdala and hippocampal 39 

CB1-expressing fibres and higher number of CB1-containing cells in cerebellum. 40 

Additionally, MSEW promotes a higher number of Iba1-positive microglial cells in 41 

basolateral amygdala and cerebellum. As for the cannabinoid-induced effects, rearing 42 

conditions did not influence the rewarding effects of WIN55,212-2 in the conditioned 43 

place preference paradigm. However, MSEW mice showed a delay in the development 44 

of tolerance to the cannabinoid effects. Moreover, CB1-positive fibres were reduced in 45 

limbic areas in MSEW mice after cannabinoid withdrawal precipitated with the CB1 46 

antagonist SR141617A. These findings support that early-life stress promotes 47 

behavioural and molecular changes in the sensitivity to cannabinoids, which are mediated 48 

by alterations in CB1 signalling in limbic areas and it induces an increased Iba1- 49 

microglial marker which could interfere in emotional memories formation. 50 
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ABBREVIATIONS 54 

BLA Basolateral amygdala 

CA1 Cornu Ammonis layer 1 

CB1 Cannabinoid receptor type 1 

CPP Conditioning place preference 

CUD Cannabis use disorder 

EPM Elevated plus maze 

gl Glomerular layer 

Iba1 Ionized calcium-binding adapter molecule 1 

ml Molecular layer 

MP Maximum possible effect 

MSEW Maternal separated with early weaning 

PC Purkinje’s cell 

PBS Phosphate saline solution 

PD Postpartum day 

PostC Post-conditioning 

PreC Pre-conditioning 

SN Standard nest 

TBS Tris buffered saline 

Δ9-THC Δ9-tetrahydrocannabinol 

WIN55,212-2 R-(+)-[2,3-Dihydro-5-methyl-3-(4-morpholinylmethyl)pyrrolo[1,2,3-

de]-1,4-benzoxazin-6-yl]-1-napthalenylmethanone mesylate 
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1. INTRODUCTION  55 

Parental care, particularly maternal behaviour, has a deep impact on the normal 56 

neurological development of the offspring, influencing some phenotypical features of 57 

newborns (Mehta et al., 2009; Pan et al., 2014; Rutter et al., 2012). In fact, some studies 58 

in humans revealed that disruption of mother-infant interactions during the early postnatal 59 

period, such as maternal neglect, affects in a negative way the individuals later in life 60 

(Rutter et al., 2012). Among others, child maltreatment is linked to a number of outcomes, 61 

including alterations in the neuroendocrine regulation in response to stress (Li et al., 2015; 62 

Meaney, 2001), memory disabilities and aggression (Demeusy et al., 2018), and it 63 

becomes a risk factor for the later onset of psychiatric disorders, such as depression, 64 

anxiety and substance use disorders (Danese, 2019; Kim et al., 2019; Moran et al., 2004; 65 

Norman et al., 2012).  66 

By far, cannabis is the most widely used illicit drug worldwide (The United 67 

Nations publications, 2019). Although it is known that childhood abuse is an important 68 

predictor of substance use disorder (Fergusson et al., 2008a), few studies have examined 69 

the underpinning mechanisms that link early life adversities and cannabis use disorders 70 

(CUD). Fergusson et al. (2008b) observed that childhood sexual and physical abuse 71 

correlate with cannabis use during adolescence, which could initiate the use of other 72 

drugs, such as alcohol. Moreover, Abajobir et al., (2017) found that not only physical but 73 

also emotional abuse and neglect, among other early-life adversities, intimately predict 74 

cannabis abuse and dependence later in adulthood.  75 

The endocannabinoid system mainly consists of the two canonical cannabinoid 76 

receptors type 1 and 2 (CB1 and CB2, respectively), their endogenous ligands (N-77 

arachidonoylethanolamine and 2-arachidonoyglycerol), and the enzymes responsible for 78 

their synthesis and degradation. Due to its widespread expression in the central nervous 79 

system, the endocannabinoid system participates in many physiological functions, such 80 

as homeostasis, learning, memory and stress (Lutz et al., 2015; Marsicano et al., 2002). 81 

Moreover, a substantial body of findings strongly suggests that the endocannabinoid 82 

system also contributes to modulate the synaptic transmission of the mesocorticolimbic 83 

dopaminergic system and the abuse of different drugs, such as cannabinoids (Maldonado 84 

et al., 2006; Morena and Campolongo, 2014). Despite these advances, there is no well-85 

established animal model for cannabinoids consumption. Although the operant self-86 
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administration paradigm is a very useful tool to assess reinforcement effect induced by 87 

different drugs of abuse in animal models  (Halladay et al., 2020; Hay et al., 2018; Luján 88 

et al., 2018; Towers et al., 2019), the effects of cannabinoids is not easily replicated using 89 

this paradigm. Early studies have shown that drug-naïve and cocaine-experienced squirrel 90 

monkeys self-administered Δ9-tetrahydrocannabinol (Δ9-THC), the psychoactive 91 

component of cannabis (Justinova et al., 2003; Tanda et al., 2000). In rodents, some 92 

studies have achieved the self-administration of cannabinoids, using intravenous Δ9-THC 93 

(Spencer et al., 2018), vaporized Δ9-THC (Freels et al., 2020), or intravenous R-(+)-[2,3-94 

Dihydro-5-methyl-3-(4-morpholinylmethyl)pyrrolo[1,2,3-de]-1,4-benzoxazin-6-yl]-1-95 

napthalenylmethanone mesylate (WIN55,212-2), a synthetic cannabinoid receptor 96 

agonist (Kirschmann et al., 2017; Mendizábal et al., 2006). The low reliability of the 97 

cannabinoids self-administration could be due to the low rewarding effects of Δ9-THC 98 

observed in the conditioning place preference paradigm (Kubilius et al., 2018). Indeed, 99 

there are contradictory results, because i.p. Δ9-THC administration could promote either 100 

conditioning place preference (CPP) or even aversion in a dose-dependent manner 101 

(Kubilius et al., 2018; Manwell et al., 2014; Murray and Bevins, 2010). By contrast, more 102 

consistent results have been reported using WIN55,212-2, since it induced CPP (Castañé 103 

et al., 2004; Manzanedo et al., 2010) probably due to its higher affinity for CB1 and CB2 104 

receptors than Δ9-THC (Thomas et al., 1998). Nonetheless, one of the most reproducible 105 

and objective paradigms to assess the cannabinoid effects are models that reveal tolerance 106 

and physical dependence symptoms (Castañé et al., 2004; Valverde et al., 2000). In this 107 

context, up to now there are no studies shedding light on the influence of the early-life 108 

stress in consumption, rewarding effects and physical dependence to cannabinoids in 109 

animal models.  110 

We have previously established a mice model of maternal separation with early 111 

weaning (MSEW) (Castro-Zavala et al., 2020; Gracia-Rubio et al., 2016; Portero-112 

Tresserra et al., 2018). This model somehow replicates the pathophysiology of patients 113 

that suffer early-neglect or emotional abandonment during childhood, and its effects on 114 

both emotional and substance use disorders. The MSEW mice show anxiety-like and 115 

despair-like behaviours, as well as anhedonia-like state and deficits in emotional memory 116 

that persist until the adulthood (Gracia-Rubio et al., 2016). Studies in maternal 117 

deprivation rodent models have demonstrated that early-life stress has a deep impact in 118 

different types of learning, such as olfactory memory (Czarnabay et al., 2019) and social 119 
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fear-related memories (Zoicas and Neumann, 2016), both stimuli converging within the 120 

associative nuclei of the basolateral amygdaloid complex (BLA) (Pardo-Bellver et al., 121 

2012). Our model of maternal separation reflects the increase of markers associated to 122 

neuroinflammation and alterations in the tryptophan-kynurenine pathways (Gracia-Rubio 123 

et al., 2016) related to an abnormal serotonin availability in the brain, which is crucial for 124 

the monoaminergic transmission (Clark et al., 2009). Additionally, MSEW mice show an 125 

increased consumption of cocaine (Castro-Zavala et al., 2020) and alcohol (Portero-126 

Tresserra et al., 2018) during adulthood, as also occurs in humans with an early-life 127 

adverse experiences (Teicher et al., 2016). Indeed, MSEW mice show an imbalance in 128 

the glutamatergic, serotoninergic and endocannabinoid systems signalling (Castro-Zavala 129 

et al., 2020; Gracia-Rubio et al., 2016; Portero-Tresserra et al., 2018), which interact with 130 

the mesocorticolimbic dopaminergic system (Tan et al., 2014) and can influence the drug-131 

seeking behaviour.  132 

Changes in the endocannabinoid system in response to stress induced by early-133 

life adversity, especially CB1 receptor expression, have been previously documented in 134 

animal models. A 24h-single episode of maternal deprivation on PD9 promotes brain 135 

region-dependent changes in the endocannabinoid system during adolescence (Marco et 136 

al., 2015) in Wistar rats. Whereas a decrease in the hippocampal formation expression of 137 

CB1 was observed in male rats on PD13 in a sex-dependent manner (Suárez et al., 2009), 138 

changes in diacylglycerol lipase (biosynthesis of 2-arachidonoylglycerol) and monoacyl 139 

glycerol lipase (degradation) enzymes were observed in this maternal deprivation model 140 

(Suárez et al., 2010). However, Zamberletti et al., (2012) did not find differences in CB1 141 

density and functionality in both female and male adult rats after maternal deprivation. 142 

Recently, Papilloud et al., (2018) observed that peripubertal stress induced by fear 143 

induction, increases the CB1 gene expression in nucleus accumbens shell. Other studies 144 

found alterations in the CB1 receptor expression in limbic brain regions in maternally 145 

separated animals (Alteba et al., 2016; Dow-Edwards et al., 2016; Hill et al., 2019; 146 

Romano-López et al., 2012). Thus, the CB1 receptor expression seems to be modulated 147 

by early stress and could be a crucial factor for a differential vulnerability to cannabinoids 148 

during adulthood. 149 

To that end, the present study aims to assess how MSEW may modulate 150 

cannabinoids effects, neuroinflammation process and cannabinoid physical dependence 151 

after a repeated treatment. We focused on whether there are differences in the emotional 152 
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and spatial memories between the MSEW group and the SN control group after a 153 

WIN55,212-2 repeated treatment, and if it could produce changes in CB1 expression in 154 

hippocampus, BLA and cerebellum. Then, we assessed whether MSEW might alter 155 

WIN55,212-2-induced reward, tolerance to different behavioural effects, and withdrawal 156 

syndrome precipitated by CB1 antagonist SR141716A in comparison to Standard Nest 157 

(SN) control group. Finally, we studied the anatomical consequences of physical 158 

withdrawal syndrome precipitation in MSEW mice after SR141617 administration in the 159 

CB1 receptor expression.  160 

2. MATERIAL AND METHODS 161 

2.1. Animals and rearing conditions 162 

CD1 male and female mice purchased from Charles River (France) were used as 163 

breeders. On arrival, breeding pairs were formed and housed in Plexiglas cages (369 x 164 

156 x 132 mm). After ten days, male mice were removed, and pregnant females were 165 

housed individually. Mice were randomly assigned to one of the two different 166 

experimental groups, SN and MSEW animals. Maternal separation protocol has been 167 

previously conducted in our laboratory (Castro-Zavala et al., 2020; Gracia-Rubio et al., 168 

2016; Portero-Tresserra et al., 2018), adapted from George et al., (2010).  169 

Briefly, pregnant females were daily observed at 9 and 17h for parturition. For each 170 

litter, the date of delivery was assigned as a postpartum day (PD) 0. In the MSEW group, 171 

offspring were separated from their mothers for 4 h per day on PD2-5 (09:30–13:30h) 172 

and 8 h per day on PD6-16 (09:30–17:30 h). We  neither culled the pups nor adjusted the 173 

number of female and male mice, because MSEW protocol does not affect body weight, 174 

mortality or morbidity (George et al., 2010; Gracia-Rubio et al., 2016). For separation, 175 

mothers were moved to another cage, while the offspring were maintained in their home 176 

cages with a heating blanket (32–34 °C) for thermoregulation. Pups from MSEW group 177 

were early weaned at PD17, and to facilitate their access to food and avoid a possible 178 

dehydration, wet regular chow and hydrogel (Bio-Services, Uden, The Netherlands) were 179 

provided in their home cages until PD21. In the SN group, offspring remained 180 

undisturbed with their mothers for 21 days, when they were weaned (PD21). After 181 

weaning, offspring were housed in groups of 4 to 5 animals of the same sex. In accordance 182 

with previous results in our laboratory (Gracia-Rubio et al., 2016), we observed a similar 183 

average number of pups delivered by a CD1 dam (n=12; 52% male) among groups and 184 
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each litter was randomly assigned to MSEW or SN group before the parturition. 185 

Moreover, we randomly distributed the pups of each litter between vehicle and 186 

WIN55,212-2 treatment in order to avoid a litter size effect. We assigned a maximum of 187 

3 male pups per litter to vehicle or WIN55,212-2 treatment in all the experiments. Female 188 

littermates were dismissed for the experiment and were used for other experiments. 189 

All animals were housed in a room maintained at 21 ± 1 °C, humidity 55 ± 10% and 190 

a 12:12h light:dark cycle, with lights on at 08:00h. Water and food were available ad 191 

libitum. Cages were cleaned weekly except during postpartum days, when dams were left 192 

undisturbed until PD10. All procedures were conducted in accordance with national 193 

(BOE-2013-1337) and EU (Directive 2010-63EU) guidelines regulating animal research 194 

and were approved by the local ethics committee (CEEA-PRBB). 195 

2.2.Drugs 196 

All drugs were administered by i.p. route. For conditioned place preference (CPP) 197 

procedure the dose of non-selective cannabinoid receptor agonist R(+)-WIN55,212-2 198 

mesylate salt (Sigma Chemical Co., Madrid Spain) was administered at 0.5 mg/kg 199 

(Manzanedo et al., 2010), whereas for physical dependence induction it was administered 200 

at 1mg/kg in a volume of 0.1ml/10g of body weight, following Hutcheson et al., (1998). 201 

The selective CB1 cannabinoid receptor antagonist SR141716A (Rimonabant; Sigma-202 

Aldrich, Darmstadt, Germany) was administered at 10mg/kg in a volume of 0.2ml/10g of 203 

body weight, as previously described (Hutcheson et al., 1998; Valverde et al., 2000). Both 204 

drugs were respectively dissolved in the vehicle solution consisting of ethanol/cremophor 205 

EL (Kelliphor; Sigma-Aldrich, Darmstadt, Germany)/distilled water (1:1:18). 206 

2.3.Behavioural procedures 207 

2.3.1. Elevated plus maze 208 

Elevated plus maze (EPM) was performed using a black maze elevated 300 mm 209 

above the ground (Gracia-Rubio et al., 2016; Portero-Tresserra et al., 2018) in PD 56 SN 210 

(n=14) and MSEW (n=16) mice. Each mouse was placed in the centre of the maze, and 211 

was allowed to freely explore for 5 min. The software SMART 2.5 (Panlab s.l.u., 212 

Barcelona, Spain) automatically reported the time spent in the open arms, entries in open 213 

arms and the total entries.  214 
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2.3.2. Tail-immersion test 215 

The nociceptive response was evaluated in two different sets of animals at both 216 

SN and MSEW groups at PD57 and 84 (MSEW at PD57 n=20, MSEW at PD84 n=7, SN 217 

at PD57 n=16 and SN at PD84 n=6), using the tail immersion test (Valverde et al., 2000). 218 

The water used for immersing the tail was maintained at a constant temperature of 50  219 

0.5oC in a warm bath (Clifton, Nickel-Electro LTD, England, UK). The time (in seconds) 220 

to withdraw the tail from the bath was evaluated with a cut-off latency of 15s to prevent 221 

tissue damage. 222 

2.3.3. Hot-plate test 223 

The test was based on that described by Simonin et al., (1998) and it was 224 

conducted four hours later the tail-immersion test. We evaluated this test at PD57 and 225 

PD84 in two different sets of mice (MSEW at PD57 n=20, MSEW at PD84 n=7, SN at 226 

PD57 n=16 and SN at PD84 n=6), in two different sets of mice. A glass cube was used to 227 

keep the mice on the heated surface of the plate (254 x 254 x 19 mm, Columbus 228 

Instruments, Ohio USA), which was heated up to 50  0.5oC of temperature. Two thermal 229 

nociceptive responses were evaluated: latency to paw licking and latency to jump. The 230 

time (s) was evaluated with a cut-off latency of 240s to prevent tissue damage, as 231 

previously reported (Alegre-Zurano et al., 2020; Simonin et al., 1998) . 232 

2.3.4. Conditioning place preference (CPP) 233 

For place conditioning, we employed four identical Plexiglas boxes with two 234 

equally sized compartments (307 mm length x 315 mm width x 345 mm height) separated 235 

by a grey central area (138 mm, length x 315 mm, width x 345 mm height). The 236 

compartments have different colour walls (black vs white) and distinct floor textures 237 

(smooth black compartment vs rough white compartment). Four infrared light beams in 238 

each compartment of the box and six in the central area allowed the recording of the 239 

position of the animal and its crossings from one compartment to the other. The 240 

equipment was controlled by one computer using MONPRE 2Z software (CIBERTEC, 241 

SA, Spain). 242 

Place conditioning protocol was adapted from Manzanedo et al., (2010). This 243 

procedure consisted of three phases and took place during the light cycle following an 244 



 9 

unbiased procedure in terms of initial spontaneous preference. For this experiment we 245 

used MSEW and SN mice vehicle- (MSEW-Vehicle n=14 and SN-Vehicle n=14) and 246 

WIN55, 212-2 (MSEW- WIN55, 212-2 n=13 and SN- WIN55, 212-2 n=11) treated 247 

animals on PD 70 at the beginning of the experiment (Figure 2A). At the beginning of the 248 

experiment, all the animals were weighted to calculate the volume of the drug/vehicle to 249 

inject. 250 

In brief, during pre-conditioning (PreC, day 1) mice were allowed access to both 251 

compartments of the apparatus for 900 s recording the time spent by the animal in each 252 

compartment. None of the mice showed a strong unconditioned aversion (less than 33% 253 

of the session time) or preference (more than 67%) for one of the compartments. In the 254 

second phase (conditioning), animals were conditioned with saline or WIN55, 212-2 255 

through four pairings with the respective compartment (one pairing each day). Animals 256 

received an injection of the corresponding drug immediately prior to confinement in the 257 

drug-paired compartment for 1800s on days 2, 4, 6 and 8, and received vehicle injection 258 

before being confined to the vehicle-paired compartment for 1800s on days 3, 5, 7 and 9. 259 

Control animals received a vehicle injection during all days of conditioning phase. During 260 

the third phase, or post-conditioning (PostC), which took place on day 10, the guillotine 261 

doors separating the two compartments were removed and the time spent by the untreated 262 

mice in each compartment during an observation period of 900 s was recorded. CPP score 263 

was calculated as the difference between the time spent in the vehicle- or WIN55, 212-2-264 

paired compartment during the PostC session and the time spent in the same compartment 265 

during the PreC session.  266 

2.3.5. Left-right discrimination test  267 

In a different cohort of animals, we administered a repeated treatment with WIN 268 

55, 212-2 (1mg/kg, i.p; twice daily) and they were divided in two different sets: i) in the 269 

first set of animals, we evaluated the memory impairments due to the WIN 55, 212-2 270 

administration; ii) in the second set of animals, we administered WIN 55, 212-2 or vehicle 271 

to SN and MSEW animals for the anatomical study (n=5/group) and they were sacrificed 272 

24h after the last injection. 273 

Animals were injected with WIN55,212-2 or its vehicle twice daily from PD70-274 

80 (SN-Vehicle, MSEW-Vehicle, SN-WIN and MSEW-WIN, n=10/group; Figure 3A). 275 
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The left-right discrimination test was carried out on PD75 and PD77, using a T-maze 276 

apparatus, previously documented (Cantacorps et al., 2019; Filali et al., 2009). Briefly, 277 

this T-maze was filled with water (25 ± 1 °C) at a height of 120 mm. The animals were 278 

first assessed for side preferences. To do so, during the first two trials, two identical 279 

platforms (110 × 110 x 110 mm) were submerged on the end of both arms. Then, only 280 

the least chosen arm was selected to place the platform. Mice were placed in the stem of 281 

the T-maze and swam either to the left or the right until finding the submerged platform 282 

up to a maximum of 1 min. If the animals did not find the platform within this 1 min, it 283 

was gently guided to it, and this trial was counted as an error. After reaching the platform, 284 

the mice remained on it for 20 s and then placed back in the maze for up to a maximum 285 

of 20 trials, except for a 10-min resting period after each 10-trial block. A mouse was 286 

considered to have achieved criterion after 5 consecutive trials without errors. The 287 

reversal learning phase was then conducted 48h later, applying the same protocol except 288 

that the mice were trained to reach the escape platform on the opposite arm. Escape 289 

latencies and number of trials to reach the criterion were manually recorded.  290 

2.3.6. Passive avoidance test 291 

After the reversal learning test, animals underwent the passive avoidance test on 292 

PD 79-80, following Saavedra et al., (2013). The experiment was conducted in an 293 

apparatus divided into weakly and brightly lit chambers (2–5 and 160 lx respectively; 294 

dimensions, 190x190x270mm) (Panlab s.l.u., Barcelona, Spain). The dark compartment 295 

had a stainless-steel grid floor for shock delivery. On the acquisition day, each mouse 296 

was placed into the bright compartment. A sliding door between the compartments was 297 

opened after 30s, and the latency to enter into the dark compartment was recorded for up 298 

to 90s. When the animal entered into the dark compartment, the door closed and the 299 

mouse received a foot shock (0.5mA, 3s), and it was immediately removed from the 300 

apparatus. 24h later, mice were placed into the brightly lit compartment, and the 301 

procedure was repeated without the foot shock (retention trial). The latency to enter the 302 

dark compartment was evaluated with a cut-off of 300 s. 303 

2.3.7. Tolerance to WIN55, 212-2 effects 304 

In a different set of animals, we administered a repeated treatment with WIN 55, 305 

212-2 (1mg/kg, i.p; twice daily; Figure 4A), and we evaluated the tolerance to different 306 
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behavioural responses induced by the cannabinoid (locomotor activity, rectal temperature 307 

and antinociceptive responses), the subsequent physical dependence precipitation (CB1 308 

antagonist SR141716, 10mg/kg i.p; n=6/group) and CB1 receptor expression. For the 309 

tolerance experiment, we evaluated body weight changes, rectal temperature changes and 310 

nociception responses during cannabinoid treatment, comparing with the vehicle-treated 311 

group.  312 

Body weight was recorded for each animal, using an electronic balance (Emerald 313 

JE120, Ohaus, with a sensitivity of 0.01 g), twice per day before every morning and 314 

evening injections.  315 

Rectal temperature was measured in each individual using a thermocouple flexible 316 

rectal probe (Panlab s.l.u., Barcelona, Spain). The probe was placed 30mm into the 317 

rectum of the mice for 30s before the temperature was recorded. On days 1 and 2, 318 

measures were taken immediately prior to, and 20min after, each injection. On days 3, 4, 319 

5 and 6 rectal temperature was recorded before and 20min after the morning injection 320 

only.  321 

Nociceptive responses were evaluated using the tail immersion test, with a cut-off 322 

of 15s. This evaluation was performed just after rectal temperature measurements before 323 

(only on day 1 considered as pre-treatment latency value) and after 20min after injection, 324 

during mornings (day 1 to 6) and evenings (day 1 and 2), as post-treatment latency values. 325 

For animals that did not respond within the cut-off time of 15s, the value of the cut-off 326 

was considered as latency period for the animal. Results were expressed as % maximum 327 

possible effect (MPE) following Jacob et al., (2013): % MPE = [(Post-injection latency - 328 

Pre-treatment latency) x 100/ (Pre-treatment latency)]. 329 

After tail immersion test, animals were placed in locomotor activity boxes for 330 

20min, as previously described (Esteve-Arenys et al., 2017). Animals were placed in 331 

plastic rectangular area (240 mm × 240 mm × 240 mm; LE8811 IR, Panlab s.l.u., 332 

Barcelona, Spain) with two crossed photocells in a low luminosity room. 333 

2.3.8. Physical dependence induced by WIN55,212-2 and evaluation of withdrawal 334 

syndrome after systemic administration of SR141716A 335 
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The evaluation of withdrawal syndrome in the same set of animals that tolerance 336 

experiment (n=6/group) was conducted as previously reported (Castañé et al., (2004). On 337 

day six after receiving the WIN55,212-2 treatment (1mg/kg, i.p) for five days, mice 338 

received the first injection of WIN55,212-2 and 2h later mice were placed in a circular 339 

plastic cylinder for 15min of habituation. Then, SR141716A was injected (10mg/kg i.p) 340 

and the abstinence signs were evaluated during 45min: wet dog shakes, ptosis, body 341 

tremor, ataxia, front paw tremors, piloerection, hunched-back posture, mastication, penile 342 

licking, abdominal twist and sniffing. The number of wet dog shakes, front paw tremors 343 

and sniffing behaviour were counted. Ptosis, body tremor, ataxia, piloerection, hunched-344 

back posture, mastication and genital licks were scored 1 for appearance and 0 for non-345 

appearance within 5 min-period. A quantitative value was calculated in each animal for 346 

different checked signs by adding the scores obtained in each 5 min-period. A global 347 

score was calculated for each animal giving to each sign a relative weight (Valverde et 348 

al., 2000). 349 

2.4.Perfusion, fixation and sectioning 350 

One day after the evaluation of withdrawal syndrome or the last WIN55-212 351 

injection (1mg/kg i.p.), animals were deeply anaesthetized using a Dolethal overdose (i.p. 352 

injection of 120 mg/kg of body weight of the pentobarbital-based solution). Then, animals 353 

were killed by transcardiac perfusion of phosphate saline solution 0.1M (PBS, pH 7.4) 354 

using a peristaltic pump (5.5 ml/min for 2 minutes) followed by 4% paraformaldehyde in 355 

0.1M phosphate buffer pH 7.4 (same flux for 5 minutes). Brains were carefully removed 356 

from the skull and immediately post-fixed in the same fixative solution overnight at 4ºC. 357 

Then, the brains were placed into 30% sucrose solution (in 0.1M PBS, pH 7.6, 4oC) until 358 

they sank. Finally, the brains were frozen, and we obtained 40-μm-thick coronal sections 359 

with a cryostat (Leica CM3050 S, Wetzlar, Germany). Free-floating sections were 360 

collected in five parallel sets. 361 

2.5.Immunohistochemistry 362 

Two out of five parallel series obtained from SN and MSEW groups (Vehicle- 363 

and WIN-treated animals) were employed for immunofluorescence for i) simultaneous of 364 

CB1 receptor and nuclear immunostaining, ii) and for ionized calcium-binding adapter 365 

molecule 1 (Iba1), separately. In brief, sections were: (i) pre-incubated in 4% normal goat 366 
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serum in 0.05M TRIS buffered saline pH 7.6 (TBS) with 0.2% Triton X-100, at RT for 1 367 

hour, for blocking unspecific labelling; (ii) incubated in primary antibodies, mouse anti-368 

CB1 IgG (1:500; Synaptic systems, Cat.#258011) or rabbit anti-Iba1 (1:1000; Wako Pure 369 

Chemicals, Oaza Ogohara, Japan, #AB_839504) diluted in TBS with 0.2% Triton X-100 370 

with 4% normal goat serum (48h or 24h respectively, at 4ºC); (iii) incubated with 371 

fluorescent-labelled secondary antibodies (90 min at RT) diluted in TBS with 0.2% Triton 372 

X-100, Alexa Fluor 555-conjugated Goat anti-mouse IgG (1:250; Thermofisher Cat. No. 373 

A21422) or Alexa Fluor 555-conjugated Goat anti-rabbit IgG (1:250; Abcam ab150078). 374 

After each step, sections were washed in TBS (except between steps i and ii). To reveal 375 

the cytoarchitecture, sections were counterstained prior to mounting by bathing them for 376 

5min in Hoechst (a nuclear staining, 1:10000; Invitrogen, Cat.#33258) at room 377 

temperature. Sections were finally rinsed thoroughly in TB and mounted onto gelatinized 378 

slides and cover-slipped with fluorescence mounting medium (FluorSave Reagent, Merck 379 

Milipore, Cat#345789,Darmstadt, Germany). CB1 immunofluorescence was analysed 380 

with a confocal microscope LEICA TCS SP5 upright (Wetzlar, Germany). Double scans 381 

were made to identify Alexa Fluor 555 (red, CB1 or Iba1) and Hoechst (blue, nuclear) 382 

only for counterstaining.  383 

2.6.Immunofluorescence analyses 384 

CB1 immunofluorescence was analysed with a Leica TCS SP5 upright confocal 385 

microscope system. Double scans were made to identify Hoechst and Alexa Fluor 555. 386 

Excitation wavelengths were 361 nm for Hoechst and 555 nm Alexa 546. Emission 387 

wavelengths were 497 and 565, respectively. Sections with 4m Z distance of separation 388 

were taken from the regions of interest. To minimize the channel spillover, the images 389 

were sequentially acquired and saved as LIFF files. The stacks obtained were further 390 

processed with Fiji-ImageJ software. Photographs were taken in both hemispheres. Then, 391 

the third and fifth images of each stack were selected to be analysed. From the RGB 392 

colour images, they were binarized, using the same thresholding rule for all the animals: 393 

pixels whose grey level was lower than 75% of the mode of the histogram were selected 394 

as belonging to immunolabeled CB1 puncta. The area fraction (%) that these pixels 395 

represent in all the frames of a given structure (both cerebral hemispheres) was registered 396 

for each mouse following Otero-Garcia et al., (2014), whereas CB1-immunorreactive 397 
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cells located in cerebellum were manually counted. using ImageJ software 398 

(#SCR_003070, NIH, Bethesda, MD, USA) by an observer who was blind to treatment. 399 

Photographs of Iba1-immunorreactive microglial cells were taken in both 400 

hemispheres using a microscope Leica DM6000B (Leica AG, Germany) with a digital 401 

camera (Leica DFC300 FX). To analyse the number of microglial cells using Iba1 402 

immunostaining, cells were quantified as the mean number of labelled body cells in each 403 

hemisphere per brain slice. For each mouse, cells were manually counted as previously 404 

described. 405 

No manipulations of individual image elements were performed. 406 

3. STATISTICAL ANALYSIS 407 

Data were analysed using the software IBM SPSS Statistics 23.0. We first checked 408 

the data for normality (Kolmogorov-Smirnov’s test) and homoscedasticity (Levene’s 409 

test). Then, we evaluated the differences between groups using t-Student’s test, ANOVA 410 

or Chi-square analysis when appropriate. We evaluated the EPM results using an unpaired 411 

t-Student’s test. For the analysis of the antinociceptive responses, assessed in tail 412 

immersion and hot-plate test (with age and rearing as variables), CPP score, somatic 413 

signs in withdrawal syndrome and the immunohistochemical results (with rearing and 414 

treatment as variables in all cases) two-way ANOVAs were calculated. We performed a 415 

paired t-Student’s test to evaluate the differences between the time spent in the 416 

conditioned compartment during post-conditioning and pre-conditioning sessions. Chi-417 

square analysis was used to evaluate differences in the percentage of animals that enter 418 

in the dark compartment in the passive avoidance test. To evaluate possible statistical 419 

differences in the tolerance to the effects induced by WIN55,212-2 (with rearing, 420 

treatment and sessions as variables), reversal learning and latency to scape in passive 421 

avoidance test (with rearing, treatment and trials as variables), we performed an ANOVA 422 

with repeated measurements. When applicable, pairwise comparisons were analysed with 423 

Bonferroni’s correction. Statistical differences were found when p<0.05. 424 

4. RESULTS 425 

A summary of the statistical analysis of the experiments is available in 426 

Supplementary Material, showing all significant and non-significant effects and 427 

comparisons. 428 
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4.1.MSEW promotes anxiety-related behaviour 429 

We wanted to evaluate whether there were differences in anxiety-related 430 

behaviour between MSEW and SN animals at the age of PD56. To do so, we measured 431 

three different variables: percentage of time in open arms, percentage of entries in open 432 

arms and total number of entries. The t-Student’s test revealed that MSEW animals spent 433 

lower percentage of time in open arms than SN group (unpaired t test t28=2.064; p < 0.05, 434 

Figure 1B). However, no differences were found regarding the percentage of entries in 435 

open arms and the total number of entries (unpaired t test t28=1.132 and t28=1.454 436 

respectively; p > 0.05, Figure 1C and D), indicating an absence of basal locomotor 437 

impairments. Thus, MSEW animals showed anxiety-related behaviours without basal 438 

locomotor deficits. 439 

4.2.Influence of MSEW on the thermal nociceptive threshold 440 

We conducted both tail immersion and hot-plate tests to study whether MSEW 441 

and SN mice differs in the pain threshold at two different ages, PD57 and PD84. The two-442 

way ANOVA to evaluate the tail withdrawal showed neither rearing nor age effects (p > 443 

0.05, Figure 1E). Regarding hot-plate test, we performed a two-way ANOVA for the 444 

latency to lick the paw, using rearing and age as variables, the analysis revealed that there 445 

is only a main effect of age (F1,45= 5.196; p < 0.05, Figure 1F), without interaction 446 

between variables. The analysis revealed that animals from PD57 showed longer latencies 447 

in licking the paw than PD84 mice, independently the rearing. Additionally, when we 448 

analysed the latency to jump, two-way ANOVA revealed an interaction between age × 449 

rearing (F1,45= 4.292; p < 0.05, Figure 1G), but no main effects of each variable. The 450 

post-hoc analysis revealed that male SN mice at PD57 showed longer latencies to jump 451 

than SN at PD84 (p < 0.05) and MSEW animals from the same age PD57 (p < 0.01). 452 

Altogether, the results indicate that younger animals, specially MSEW animals on PD57, 453 

show a decrease in the nociceptive threshold.   454 
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 455 

Figure 1 Anxiety-like behaviours and basal nociceptive responses in MSEW and SN mice. (A) 456 
Experimental schedule. Blue (SN) and yellow (MSEW) bars represent (B) the percentage of time 457 
spent in open arms, (C) the percentage of the entries in open arms and (D) the total number of 458 
entries in closed and open arms. SN (n=15) MSEW (n=16) (t-Student test: *p < 0.05). Nociceptive 459 
responses evaluated in SN and MSEW at two different ages (PD 57 and 84): (E) the tail 460 
withdrawal in tail-immersion test, (F) latency to lick a paw and (G) latency to jump in hot-plate 461 
test (SN PD57, n=16; PD84 n=6; MSEW PD57 n=20; PD84 n=7) (two-way ANOVA, *p < 0.05, 462 
**p < 0.01). All data are represented as the mean  SEM. 463 

4.3.WIN55-212 induces CPP in both MSEW and SN males 464 
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When comparing time spent in the compartment associated with WIN55,212-2 in 465 

pre-conditioning versus post-conditioning sessions, the t-Student’s test shows that 466 

WIN55,212-2 (0.5mg/kg) induced CPP in both SN- (t11=3.761, p < 0.01; Figure 2B) and 467 

MSEW mice (t13=3.022, p < 0.05). In fact, the analysis of the scores using a two-way 468 

ANOVA revealed a treatment effect (F1,48 = 8.992, p < 0.01) indicating that the 469 

WIN55,212-2 (0.5mg/kg) treatment increased the time spent in the drug-paired 470 

compartment during the post-conditioning session in comparison with the pre-471 

conditioning session in both MSEW and SN animals (Figure 2C). Thus, WIN55,212-2 472 

induced conditioning place preference in both SN and MSEW animals. 473 

Figure 2. Rewarding properties of WIN 55, 212-2 (0.5mg/kg) in the conditioning place 474 
preference. (A) Experimental schedule. (B) Time spent in pre-conditioning (PreC) vs 475 
postconditioning (PostC) in all four experimental groups. (t-Student’s test, *p < 0.05, **p < 476 
0.001). (C) Vertical axis represents the place preference score calculated as the time spent in the 477 
conditioned compartment on the post-conditioning day minus the time in the same compartment 478 
on the pre-conditioning session. (Two-way ANOVA, **p < 0.01). Data are expressed as mean  479 
SEM (n=11-14). Maternal separation (MS), with early weaning (MSEW), postpartum day (PD), 480 
standard nest (SN). 481 

4.4.WIN55,212- treatment impairs acquisition learning in left-right discrimination 482 

test 483 

We conducted the reversal learning test to assay differences in spatial memory 484 

due to maternal separation and the cannabinoid treatment. We performed a three-way 485 

ANOVA (treatment, rearing and trials factors) for the acquisition trials that showed an 486 
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effect of trials (F4,33 =6.17, p < 0.001) and treatment × trials (F4,33 =3.91, p < 0.01; 487 

Figure 3B), without rearing or treatment effect. The trials effect revealed that all 488 

animals shortened the latencies to reach the platform throughout in comparison with the 489 

first trial (p < 0.05, all cases). Bonferroni’s post-hoc analysis for treatment × trials 490 

interaction indicated that WIN55,212-2 treated animals exhibited longer latency to 491 

reach the escape platform than vehicle animals in the second trial (p < 0.01). By contrast, 492 

when we analysed the reversal trials, we did not find statistical differences due to either 493 

rearing or treatment conditions. Hence, WIN212,2 impaired acquisition phase in the 494 

left-right discrimination test regardless of the rearing. 495 

4.5.WIN55,212-2 treatment impairs emotional memory in MSEW mice  496 

We carried out a passive avoidance test to evaluate differences in emotional 497 

learning due to maternal separation and the cannabinoid treatment. The ANOVA with 498 

repeated measures indicated statistical differences due to trials (F1,33 = 44.08, p < 0.001) 499 

and rearing main effects (F1,33 =5.30, p < 0.05), treatment × trials (F1,33 =4.40, p < 0.05), 500 

and rearing × trials (F1,33 =5.52, p < 0.05) interactions (Figure 3C). Additionally, the 501 

analysis revealed a trend in treatment (F1,33 =4.40, p =0.057), indicating that WIN55,212-502 

2-treated animals tended to display shorter latencies to cross to dark compartment than 503 

Vehicle control animals. 504 

The post-hoc analysis for rearing × trials indicated that SN animals remain more 505 

time in the lighter compartment than MSEW animals during retention trial before crossing 506 

to dark compartment (p < 0.05). The analysis for treatment × trials suggested that 507 

Vehicle-treated animals display longer latencies than WIN55,212-2-treated animals only 508 

in the retention trial (p < 0.05). Finally, the Chi-square test evidenced that there were 509 

differences in the percentage of animals that entered in the dark compartment during 510 

retention trial (χ2=67.24, df=3; p < 0.001), showing that all MSEW-WIN55,212-2 treated 511 

animals entered the dark compartment, whereas the rest of the groups showed that near 512 

the 50% of animals did not (Figure 3D, coloured bar). Therefore, WIN55,212-2 has a 513 

deep impact on emotional learning in MSEW animals. 514 
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 515 

Figure 3. WIN55,212-2 treatment in reversal learning and passive avoidance. (A) Experimental 516 
schedule. Effects of the cannabinoid (1mg/kg) or vehicle treatment received twice daily (B) in 517 
both phases (acquisition and reversal; n=10/group; ANOVA for repeated measurements, **p < 518 
0.01 WIN55,212-2- vs vehicle-treated animals comparison) of left-right discrimination test and 519 
(C) both phases (acquisition and retention trials; n=8-10/group; two-way ANOVA, *p < 0.05, 520 
Vehicle vs WIN55,212-2 treatment comparison) of the passive avoidance test. (D) Percentage of 521 
animals that enter (coloured) / not enter (not coloured) in the black compartment during the 522 
retention trial of the passive avoidance test (Chi-square test, ***p < 0.001). Maternal separation 523 
(MS) with early weaning (MSEW), postpartum day (PD), standard nest (SN). 524 

4.6. WIN 55, 212-2 treatment increases the density of CB1 expression in CA1 of 525 

hippocampus and BLA and MSEW increases the density of CB1-containing cells 526 

in the cerebellum 527 

The two-way ANOVA showed a treatment effect, indicating that the cannabinoid 528 

repeated treatment increased the CB1 receptor expression in the CA1 hippocampal layer 529 

and in BLA (F1,15=5.05; p < 0.05; F1,15= 5.25; p < 0.05, respectively Figure 4A and B) in 530 

comparison with vehicle-treated animals. Moreover, the two-way ANOVA revealed a 531 

rearing main effect (F1,15=9.22; p < 0.01) in the number of CB1-positive Purkinje cells, 532 

suggesting that MSEW animals expressed higher number of CB1-positive cells in the 533 

cerebellum than SN animals. 534 
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 535 
Figure 4. WIN55,212-2 (1mg/kg) increases the expression of CB1 in the CA1 hippocampal layer 536 
and BLA after a sub-chronic treatment. 537 
Bar histogram showing the mean ± SEM the percentage of the area occupied by CB1 in (A) CA1 538 
of hippocampus and (B) basolateral amygdala (BLA) (n=4-5/group, 4 images per mouse). (C) 539 
Bar histogram showing the mean ± SEM the number of CB1-containing cells in the cerebellar 540 
cortex. Statistical analysis (two-way ANOVA) applied independently to each area reveal 541 
significant differences due to treatment condition (*p < 0.05) in BLA and CA1 and a higher 542 
number of CB1-positive cells in the cerebellum of MSEW animals. Basolateral amygdala (BLA), 543 
glomerular layer (gl), molecular layer (ml), Purkinje’s cells (PC). Scale bar 50µm. 544 

4.7.MSEW increases the number of Iba1-positive cells in BLA and cerebellum  545 

To investigate the long‐term impact of MSEW and WIN55,212-2 (1mg/kg, twice 546 

daily) administration on Iba1 microglial marker, we evaluated the Iba1-immunoreactive 547 

cells in the CA1 hippocampal layer, in BLA and cerebellum. Iba1 is a 548 

macrophages/microglial‐specific calcium‐binding protein involved in membrane ruffling 549 

and phagocytosis in activated microglia (Ohsawa et al., 2000). The two-way ANOVA 550 

showed a rearing effect, indicating that the MSEW directly increases the expression of 551 

Iba1 microglial marker in BLA and cerebellum (F1,18=7.408; p < 0.05; F1,18=6.85; p < 552 

0.05, respectively Figure 5B and C) in comparison with SN animals. Thus, MSEW 553 

triggers Iba1-immunoreactivity in both BLA and cerebellum, without any effect of 554 

WIN55,212-2 treatment. When we evaluated the expression of Iba1-immunostained cells 555 

in the CA1 hippocampal layer, the two-way ANOVA revealed rearing × treatment 556 

interaction (F1,18=4.616; p < 0.05). The post-hoc analysis indicated that MSEW-Vehicle 557 
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group showed higher Iba1-immunostained cells than SN-Vehicle group (p < 0.05; Figure 558 

5A). 559 

 560 
 561 
Figure 5. MSEW increases Iba1 immunolabelling in BLA and Cerebellum independently of the 562 
sub-chronic WIN55,212-2 (1mg/kg) treatment. 563 
Bar histogram showing the mean ± SEM number of Iba1-immunoreactive (Iba1-ir) cells in (A) 564 
CA1 of hippocampus, (B) basolateral amygdala (BLA) and (C) cerebellum (n=5-6/group) (*p < 565 
0.05). Scale bar 200µm.  566 

4.8.Tolerance to WIN 55, 212-2 effects 567 

Locomotion: Three-way ANOVA shows a main effect of sessions (F7,14= 23.46; 568 

p < 0.001), treatment (F1,20= 30.37; p < 0.001), rearing (F1,20= 5.65; p < 0.05) but also for 569 

session × treatment (F7,14= 7.87; p < 0.001; Figure 6B) and session × rearing (F7,14= 4.95; 570 

p < 0.01). As expected, WIN55,212-2-treated animals showed lower horizontal 571 

movements than vehicle-treated animals. Additionally, these data evidenced that MSEW 572 

displayed a reduced locomotion in comparison with SN mice. The post-hoc analysis 573 

revealed that SN animals showed an increased locomotion compared to MSEW animals 574 

on days 5 (p < 0.01) and 6 (p<0.05). The Bonferroni’s analysis suggested that 575 

WIN55,212-2-treated animals showed lower levels of locomotion on days 1am (p < 576 

0.001), 2 am (p < 0.001), on day 4 (p < 0.05), 5 (p < 0.001) and 6 (p < 0.01) in comparison 577 

with vehicle-treated animals. 578 
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 579 

Figure 6. Effects of a repeated WIN55,212-2 (1mg/kg) treatment during tolerance schedule for 580 
different effects. (A) Experimental procedure schedule. Effects of the cannabinoid or vehicle 581 
treatment received twice daily on (B) locomotion, (C) percentage of maximum possible effect 582 
(MPE, %) in tail-immersion test and (D) variation in rectal temperature (value obtained before – 583 
value obtained 20 min after the WIN 55, 212-2 injection). Measurements were performed during 584 
the 6 days of treatment. am =measurement performed at 8.30h; pm= measurement performed at 585 
17h. (E) Variation in rectal temperature after the first injection. Values are expressed as mean  586 
SEM. (three-way ANOVA for repeated measurements, *p < 0.05, **p < 0.001***p < 0.001 for 587 
comparisons between WIN 55, 212-2-treated animals vs vehicle-treated animals; n=6/group). 588 
Maternal separation (MS), postpartum day (PD), standard nest (SN), perfusion (Perf), withdrawal 589 
syndrome (With S). 590 

Tail withdrawal: The ANOVA for repeated measurements showed a main effect 591 

of treatment (F1,20=29.26; p < 0.001), session (F7,14=10.83; p < 0.001) and session × 592 

treatment (F7,14=7.05; p < 0.001; Figure 6C). In this sense, the WIN55, 212-2 treatment 593 

increased the latency to withdraw the tail from the warm water, regardless of the rearing 594 

conditions. The Bonferroni’s analysis showed that WIN55,212-2-treated animals differed 595 
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from vehicle-injected mice during all sessions (p < 0.05 in all cases) except on day 1pm, 596 

where we observed a trend towards significance (p = 0.052). 597 

Rectal temperature: The ANOVA for repeated measurements to analyse the 598 

changes in body temperature revealed a main effect of sessions (F7,14= 33.06; p<0.001; 599 

Figure 6D), treatment (F1,20= 192.62; p < 0.001), rearing (F1,20= 15.58, p < 0.001) but 600 

also for session × treatment (F7,14= 22.7; p < 0.001; Figure 6D), session × rearing (F7,14= 601 

3.75; p < 0.05) and rearing × treatment (F7,14= 7.71; p < 0.05). The rearing effect 602 

suggested that MSEW animals decreased more the body temperature than SN animals. 603 

Additionally, the treatment effect indicated that WIN 55, 212-2-treated animals decreased 604 

the body temperature with higher amplitude than control mice. The post-hoc with 605 

Bonferroni’s correction for session × treatment showed that WIN 55, 212-2 treated mice 606 

differed from control mice on session 1 am (p<0.001), 1 pm (p<0.001), 2 am (p < 0.01), 607 

2 pm (p < 0.001), 3 am (p < 0.001) and 6 am (p < 0.05). The post-hoc analysis for rearing 608 

× treatment revealed that both MSEW- (p < 0.001) and SN-WIN55, 212-2-treated 609 

animals (p < 0.001) showed a decrease of body temperature in comparison with vehicle-610 

animals. Finally, the Bonferroni’s test indicated that MSEW mice treated with 611 

WIN55,212-2 were more affected than SN WIN55,212-2-treated mice (p < 0.001). 612 

When we analysed the acute effect of WIN55,212-2, the two-way ANOVA yielded 613 

a significant effect of treatment (F1,20= 15.22, p < 0.001), rearing (F1,20= 156.3; p < 0.001) 614 

and rearing × treatment interaction (F1,20= 22.09; p < 0.001; Figure 5E). The rearing 615 

effect indicates that MSEW animals showed higher rectal temperature differences than 616 

SN mice. The post-hoc for session × treatment indicated that SN- and MSEW-WIN55, 617 

212-2-treated mice decreased their temperature more than their respective control group 618 

(p < 0.001, in both cases). Moreover, the rectal temperature difference was more 619 

exacerbated in MSEW-WIN 55, 212-2 than SN-WIN55,212-2 treated animals (p < 620 

0.001). 621 

4.9.Withdrawal syndrome induced by a repeated WIN 55, 212-2 treatment 622 

Somatic signs: We found a rearing effect in front paw tremor (F1,19=4.79, p < 623 

0.05, Figure 7I) and a trend toward significance in ataxia (F1,19=3.35, p=0.083; Figure 624 

7A). The results revealed that MSEW animals showed higher front paw tremor behaviour 625 

than SN after the withdrawal precipitation. The two-way ANOVA revealed a main 626 

treatment effect in ataxia (F1,19=34.48, p < 0.001; Figure 7A), piloerection (F1,19=47.07, 627 
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p < 0.001; Figure 7B), hunched-back posture (F1,19=175,75, p < 0.001; Figure 7C), 628 

mastication  (F1,19=30.86, p < 0.001; Figure 7D), tremor (F1,19=22.17, p < 0.001; Figure 629 

7E), basal activity (F1,19= 32.75, p < 0.001; Figure 7F), ptosis (F1,19=32.94, p < 0.001; 630 

Figure 7G), wet dog shakes (F1,19=15.74, p < 0.001; Figure 7J), abdominal twist (F1,19= 631 

12.29, p < 0.001; Figure 7H), front paw tremor (F1,19=17.46, p < 0.001; Figure 7I) and 632 

scratch (F1,19= 13.95, p < 0.001; data not shown). In this sense, whilst WIN55,212-2 633 

promotes the expression of the major of these signs in comparison with vehicle-634 

administered animals, the basal activity is deteriorated significantly by cannabinoid 635 

repeated treatment following SR141716A precipitation. Moreover, we observed an 636 

interaction between treatment × rearing for hunched-back posture (F1,19=6.25, p < 0.05; 637 

Figure 7A) and front paw tremor (F1,19=4.43, p < 0.05; Figure 7I). The post-hoc analysis 638 

for hunched-back posture behaviour revealed that both MSEW-WIN55,212-2 (p < 0.001) 639 

and SN-WIN55,212-2 (p < 0.001) mice showed higher score in hunched-back posture 640 

than MSEW Vehicle- and SN Vehicle-treated animals, respectively. The post-hoc 641 

analysis for front paw tremor behaviour suggested that WIN55,212-2 only precipitated 642 

front paw tremor in SN animals, showing differences with SN-Vehicle treated animals (p 643 

< 0.001). 644 

Finally, we found a treatment effect in the global score (F1,19= 96.30, p < 0.001; 645 

Figure 7E), indicating that the expression of most somatic signs was due to the 646 

WIN55,212-2 treatment. 647 
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 648 

Figure 7. Effects of SR141716A (10mg/kg) after sub-chronic WIN55,212-2 or vehicle 649 
administration. Data are expressed as mean  SEM (n=6/group) of counted and checked physical 650 
withdrawal signs during 45 min immediately after SR141716A injection in all groups of animals: 651 
(A)Ataxia, (B) Piloerection, (C) Hunched-back posture; (D) Mastication, (E) Tremor (F) Activity 652 
(G)Ptosis, ; (H)Twist = abdominal twist; (I) Pw tremor = front paw tremor; (J) Wet dog shakes 653 
and (K) Global score (two-way ANOVA; ***p < 0.001 for comparison between WIN 55, 212-2-654 
treated animals vs vehicle-treated animals; a*** p < 0.001, for the comparison between SN-655 
WIN55,212-2 vs SN-Vehicle; b*** p < 0.001, for the comparison between MSEW WIN 55,212-656 
2-treated animals vs MSEW-Vehicle mice; #p < 0.05, for the comparisons between MSEW vs SN 657 
animals) 658 

4.10. MSEW reduces the density of CB1 in CA1 of hippocampus and in BLA after 659 

a single SR141617 administration 660 

We evaluated the density of CB1 after a single SR141617 administration in all 661 

four groups. The two-way ANOVA showed a rearing effect (F1,15= 5.96; p < 0.001) and 662 

rearing × treatment interaction (F1,15= 4.62; p < 0.05; Figure 8A) in CA1 of hippocampus. 663 

The rearing effect suggested a substantial CB1 reduction in the CA1 of hippocampus of 664 

MSEW compared to SN mice after SR141716A injection. By contrast, the post-hoc 665 

analysis revealed that the percentage of area occupied by CB1 is dramatically reduced in 666 

MSEW treated with the cannabinoid in comparison with SN (p < 0.01), after antagonist 667 

injection. When we analysed the expression of CB1 in BLA, we observed a rearing effect 668 
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(F1,15= 9.42; p < 0.001), suggesting that the percentage of area occupied by CB1 is higher 669 

in SN than MSEW group (Figure 8B). By contrast, the CB1 positive cells in cerebellum 670 

were not statistically different independently of the rearing conditions (Figure 8C). 671 

 672 

Figure 8. MSEW reduces the expression of the CB1 in the CA1 of hippocampus and basolateral 673 
amygdala in MSEW animals after SR141617A injection. 674 
Bar histogram showing the mean ± SEM the percentage of the area occupied by CB1 in (A) CA1 675 
of hippocampus and (B) basolateral amygdala (BLA) (n=4-5/group, 4 images per mouse). (C) 676 
Bar histogram showing the mean ± SEM the number of CB1-positive cells in the cerebellar cortex. 677 
Statistical analysis (two-way ANOVA) applied independently to each area reveal significant 678 
differences due to rearing condition (p < 0.05) in BLA and CA1, and a decreasing of the CB1 679 
expression in the MSEW-WIN in comparison with SN-WIN animals (**p < 0.01) in CA1 of 680 
hippocampus. Basolateral amygdala (BLA), glomerular layer (gl), molecular layer (ml), 681 
Purkinje’s cells (PC). Scale bar 50µm. 682 

5. DISCUSSION 683 

MSEW could be a vulnerability factor for the later use of drugs of abuse, including 684 

cannabinoids. In this study, we evaluated the long-term effects of maternal neglect during 685 

early-life on the effects of the synthetic cannabinoid agonist WIN55,212-2, the 686 

development of tolerance to different responses, the physical withdrawal syndrome after 687 

SR141716A administration and the impact on emotional memory after a sub-chronic 688 

cannabinoid treatment. We have also examined changes of CB1 expression possibly 689 

involving complementary mechanisms such as long-term microglial alterations as we 690 
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shown differences in Iba1-positive cells in different brain areas. In fact, this is the first 691 

study that proposes that the early-life adversity could alter emotional memory, in addition 692 

to the development of tolerance and physical dependence after a cannabinoid repeated 693 

treatment. 694 

Our results demonstrated that WIN55,212-2 (0.5mg/kg) produced rewarding 695 

effects in the CPP in both SN and MSEW groups. To our knowledge, this is the first study 696 

that evaluates the influence of maternal separation on the rewarding effects of 697 

cannabinoids. Most studies have failed to report cannabinoids rewarding responses in a 698 

great variety of paradigms including CPP (Cheer et al., 2000; Kubilius et al., 2018; 699 

Pandolfo et al., 2009) and intracranial self-stimulation (Vlachou et al., 2005), probably 700 

due to the dose-dependent biphasic effect of some cannabinoids (Spiller et al., 2019). This 701 

biphasic effect could explain the mild enhancement of rewarding effects at low doses but 702 

no effects or even aversive effects at higher doses of some cannabinoids (Spiller et al., 703 

2019). Moreover, there are contradictory results observed when evaluating the 704 

reinforcing effects of cannabinoids using the intravenous self-administration paradigm. 705 

Although some authors have achieved cannabinoid intravenous self-administration, 706 

(Justinova et al., 2013; Mendizábal et al., 2006; Spencer et al., 2018), they observed lower 707 

rates of nose-pokes in comparison to alcohol-vehicle solution (Spencer et al., 2018) or to 708 

other drugs of abuse (Halladay et al., 2020; Luján et al., 2018). By contrast, other authors 709 

recently demonstrated that inhaled Δ9-THC potentiates reinforcing properties, improving 710 

the rates of cannabinoid self-administration or intracranial self-stimulation in ecological 711 

models (Freels et al., 2020; Ravula et al., 2019). However, none of these previous studies 712 

were performed in models of early-stressed animals.  713 

Our data strongly contrast with previous results obtained in our laboratory using 714 

alcohol and cocaine. MSEW mice displayed a reduction of alcohol-induced CPP but 715 

increasing alcohol consumption in a free-access paradigm (Portero-Tresserra et al., 2018). 716 

MSEW males also consumed more cocaine during adulthood in a self-administration 717 

procedure, suggesting a higher vulnerability to develop drug seeking-behaviour due to a 718 

decreased drug sensitivity in MSEW male mice (Castro-Zavala et al., 2020). Changes in 719 

drug-seeking behaviour were also documented in other maternally deprived rodent 720 

models, using MDMA (Llorente-Berzal et al., 2013) or cocaine (O’Connor et al., 2015), 721 
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probably due to the differences in the reinforcing strength of the drugs used in these 722 

studies.  723 

We evaluated the implications of the cannabinoid repeated treatment 724 

(WIN55,212-2 1mg/kg i.p., twice daily) in learning process, because it is known that CB1 725 

activation mediates cannabinoid induced memory deficits (Wise et al., 2009). In these 726 

experiments, we observed that WIN55,212-2 impaired spatial and emotional learning, 727 

respectively. In the left-right discrimination experiment we detected minor alterations in 728 

spatial memory due to the fact that WIN55,212-2 treatment induced longer latencies to 729 

reach the escape platform only in the second trial, whereas the rest of trials vehicle and 730 

WIN55,212-2 groups behaved in a similar way. Some authors found that spatial (radial 731 

water maze test) and non-associative learning (novel-object recognition) were impaired 732 

through CB1 activation by WIN55,212-2 (0.3mg/kg) (Galanopoulos et al., 2014) and Δ9-733 

THC (10mg/kg) treatment, probably by acting into GABAergic hippocampal 734 

interneurons through glutamatergic signalling (Puighermanal et al., 2009). The possible 735 

mild memory impairment that we observed could be mediated by CB1 increased 736 

expression in hippocampal CA1. In fact, the implication of memory mediated by CB1 737 

signalling is clear since it was demonstrated that AM251 CB1 antagonist (0.5mg/kg, 3 738 

weeks) counteracts memory deficits observed in a phencyclidine animal model of 739 

schizophrenia (Guidali et al., 2011), and also restores the levels of anandamide and 2-740 

arachidonoylglycerol in prefrontal regions.  741 

Our anatomical data in CA1 hippocampal layer strongly contrast with previous 742 

studies in maternally deprived animals, chronically treated during adolescence with the 743 

cannabinoid agonist CP 55,940 (0.4mg/kg) (López-Gallardo et al., 2012). The authors 744 

found that CB1 receptor density in CA1 of hippocampus was higher in maternal separated 745 

male rats than control group (López-Gallardo et al., 2012). These differences with our 746 

study could be due to age, cannabinoid agonist doses as well as the time-point of 747 

experimental conditions of the study. By contrast, in agreement with our anatomical 748 

results, Bortolato et al., (2010) found an enhanced expression of CB1 receptor in limbic 749 

areas such as prefrontal cortex, BLA, CA1 hippocampal region and perirhinal cortex, in 750 

response to a neurotoxic dose of methamphetamine. In line with this, CB1 receptor 751 

activation mediates the kainic acid excitotoxicity and the anandamide levels increase after 752 

the kainic acid injection, which have a neuroprotective role against neurotoxicity 753 
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(Marsicano et al., 2003). Thus, we cannot discard that the treatment used in the present 754 

study (WIN55,212-2 1mg/kg i.p.; twice daily, for 5 days) could display a neurotoxic 755 

effect, altering the CB1 receptor density in CA1 and the endocannabinoid system, and 756 

impairing the left-right discrimination. However, the higher expression of Iba1 microglial 757 

marker in MSEW-Vehicle animals did not result in greater spatial memory impairments, 758 

at least under our experimental conditions.  759 

Despite the discrepancies regarding the implication of WIN55-212,2 in the spatial 760 

and working memories, the role of cannabinoids in emotional learning seems to be clear. 761 

WIN55,212-2 disrupted the emotional reactivity in both SN and MSEW animals, as 762 

previously reported (Burstein et al., 2018; Hasanein and Teimuri Far, 2015; Shiri et al., 763 

2017). In this sense, WIN55,212-2-treated groups displayed shorter latencies during 764 

retention trial (Figure 3C), which could be related with an increase of CB1 receptor 765 

density in the BLA (Figure 4B), as also occurs in CA1 hippocampal region. It is known 766 

that this type of fear memories are processed by amygdaloid circuits (Aincy et al., 2018; 767 

Choi et al., 2010), since the hyperexcitability of BLA principal neurons is associated to 768 

emotional disorders in both rodents and humans (Prager et al., 2016; Senn et al., 2014), 769 

which could be mediated by CB1 receptor on inhibitory GABAergic cells (Llorente-770 

Berzal et al., 2015). Thus, abnormal CB1 signalling induced by WIN55,212-2 associated 771 

with a greater Iba1-positive cell in the BLA could explain the emotional memory 772 

impairments observed in both SN-WIN55,212,2 and MSEW-WIN55-212,2 animals.  773 

Additionally, we found that MSEW animals showed shorter latencies to enter the 774 

dark compartment in the passive avoidance test, indicating retardation in learning process. 775 

Indeed, data revealed that memory deficit is more severe in MSEW-WIN55,212 treated 776 

animals since 100% of the animals of this group crossed to dark compartment of passive-777 

avoidance box in comparison with the rest of the experimental groups (50% animals; 778 

Figure 3D). Some authors found that the mitogen-activated protein kinases / extracellular 779 

signal-regulated kinase (MAPK/Erk) phosphorylation, which is directly involved in the 780 

anxiety and learning (Novaes et al., 2017), is increased in the amygdala of maternally 781 

separated rodents (Nishinaka et al., 2016; Park et al., 2014). In fact, both depressed-like 782 

rats (Eriksson et al., 2012) and depressed patients (Clark et al., 2009) show a memory 783 

decline. Our laboratory has previously demonstrated that MSEW is a reliable model that 784 

reproduces some aspects of psychiatric disorders due to early-life adversities, since these 785 
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animals show depressive-like behaviour, anxiety-like behaviour (Figure 1B) (Gracia-786 

Rubio et al., 2016) and deficits in social interaction (Portero-Tresserra et al., 2018). The 787 

sustained stress during MSEW results in a higher expression of Iba1 that could contribute 788 

to depressive- and anxiety-related behaviours, as well as impairments in emotional fear 789 

memory. Moreover, amygdala-dependent memory disturbances were previously related 790 

with higher expression of neuroinflammation markers, such as Iba1 (Spencer et al., 2017). 791 

Our results support that higher Iba1-positive cells present in the BLA of MSEW mice 792 

could be involved in emotional memory deficits observed in passive avoidance test. Thus, 793 

the present study shows that MSEW males suffered from a decline in emotional memory. 794 

Previous findings in our laboratory demonstrated that MSEW animals showed alterations 795 

in serotoninergic (Gracia-Rubio et al., 2016) and glutamatergic neurotransmission 796 

(Castro-Zavala et al., 2020), neuroinflammatory markers (Gracia-Rubio et al., 2016) and 797 

downregulation of endocannabinoid system (Portero-Tresserra et al., 2018).  798 

Interestingly, 24 h after the last cannabinoid injection of the repeated WIN55,212-799 

2 treatment, we observed anatomical changes in the density of CB1 receptor in 800 

hippocampus, BLA and cerebellum between SN and MSEW animals. We selected these 801 

areas because a previous study demonstrated that microinjections of the SR141716A CB1 802 

antagonist directly into these areas, after a repeated cannabinoid treatment, were able to 803 

promote a physical withdrawal syndrome (Castañé et al., 2004). After the repeated 804 

cannabinoid administration, both SN and MSEW WIN55,212-2-treated animals showed 805 

an increase of CB1 receptor expression in CA1 hippocampal layer and in BLA in 806 

comparison with vehicle control groups (Figure 4A and B). An early study suggested that 807 

chronic administration of other cannabinoids, such as Δ9-THC or anandamide (3mg/kg 808 

of body weight of rats, using a single i.p. injection during 5 days) increased the density 809 

of cannabinoid receptors in both hippocampus and cerebellum (Romero et al., 1995), 810 

increasing also their maximum binding capacity (Bmax). Moreover, a recent study found 811 

similar anatomical results, showing a CB1 protein level reduction in CA1 but an increase 812 

in BLA after 10 days of WIN55,212-2 treatment (1.2mg/kg of body weight of rats, one 813 

daily injection) (Sbarski and Akirav, 2018).  814 

Furthermore, the number of Purkinje CB1-positive cells expressed in the 815 

cerebellum was higher in MSEW mice than SN ones, regardless of the treatment 816 

administered (Figure 4C). We found that early-life stress promoted an increase in 817 
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Purkinje CB1-containing cells and an induction of higher levels of Iba1-immunoreactive 818 

cells in MSEW animals (Figure 5C). In fact, the CB1 regulation seems to be necessary for 819 

the control of cerebellar neuroinflammation, since global lack of CB1 receptors in knock-820 

out mice induces the expression of some pro-inflammatory factors in this brain area, such 821 

as cyclooxygenase-2, tumour necrosis factor α (TNFα ) and interleukin-10 (Cutando et 822 

al., 2013). Previously, other authors described increases of CB1 mRNA and protein levels 823 

after stress exposure, indicating a main role of CB1 in stress-induced excitotoxicity and 824 

neuroinflammation (Zoppi et al., 2011), which could be mediated by the phosphorylation 825 

of p38 mitogen-activated protein kinase cascade (Derkinderen et al., 2001). In agreement 826 

with our results, maternal separation could promote an enhancement of 827 

neuroinflammatory responses, increasing Iba1-positive cells, as well as cytokines (IL-1β 828 

and TNFα) levels in the hippocampus and prefrontal cortex (Ferle et al., 2020), as our 829 

results seem to demonstrate in the present study and supported also by our previous 830 

studies  (Gracia-Rubio et al., 2016).  831 

Moreover, we investigated whether MSEW could trigger differences in the 832 

tolerance to different responses promoted by the agonist WIN55,212-2. In this way, we 833 

observed a reduction of the baseline thermal nociceptive response in basal conditions of 834 

the MSEW animals only in the latency to jump in the hot-plate test (Figure 1C), whereas 835 

no changes were observed in the tail-immersion or in the latency to licking paw in the 836 

hot-plate test, as other authors documented recently (Melchior et al., 2018). These 837 

observations are supported by the lack of significant differences in the percentage of 838 

maximum possible response in SN- and MSEW-vehicle-treated animals during the 839 

evaluation of the tolerance to the antinociceptive effects of WIN55,212-2. In fact, the 840 

differences observed in maximum possible response were only revealed after the 841 

WIN55,212-2 (1mg/kg, i.p.) repeated treatment, independently of the rearing conditions.  842 

The effects of MSEW in locomotion were present after the cannabinoid repeated 843 

treatment. MSEW animals displayed a reduction in locomotion in comparison with SN 844 

counterparts, probably due to that the MSEW-WIN55,212-2 group did not restore a 845 

complete basal locomotion as it happened with the vehicle-treated animals (Figure 4B). 846 

Indeed, differences in locomotor activity between MSEW-WIN55,212 and SN-847 

WIN55,212 groups are in line with previous results by Macrì and Laviola, (2004) using 848 

WIN55,212 at higher dose (2mg/kg), whereas a low-dose of WIN55,212  (0.1mg/kg) 849 
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enhanced hyperlocomotion in non-stressed rats (Enayatfard et al., 2013). Otherwise, a 850 

murine model of chronic stress showed an increased locomotion that was only revealed 851 

under bright light conditions (Strekalova et al., 2005). We could not discard the possibility 852 

that the low illumination conditions of our experiment could be masking the MSEW-853 

related effects on locomotion, acting as a possible confounding factor.  854 

In addition, when we analysed the rectal temperature variation and we observed 855 

that MSEW WIN55,212-2-treated mice were more affected than SN-WIN55,212-2 group 856 

(Figure 6D and 6E). Indeed, the MSEW-WIN55,212-2 group showed decreasing 857 

temperatures throughout sessions, probably due to thermoregulatory compensation 858 

impairments yielded by early-life stress (Melo et al., 2018). Thus, these results indirectly 859 

support that repeated WIN55,212-2 treatment produces deeper effects on MSEW 860 

animals, probably due to their higher vulnerability to the effects of this cannabinoid. We 861 

hypothesized that MSEW animals could show impairments in the desensitization of CB1 862 

pathway, as also occurs in a model of S426A/S430A mutant mice with a delayed 863 

tolerance to hypothermia and tail-flick analgesia responses after Δ9-THC repeated 864 

treatment (Morgan et al., 2014; Nealon et al., 2019). Both mutations lead to a 865 

nonphosphorylatable CB1 receptor, unable to be desensitized by the GRK/β-arrestin 866 

pathway (Nealon et al., 2019). Nevertheless, these animals finally developed tolerance 867 

using an alternative signalling pathway, as also may be occurring in our MSEW 868 

WIN55,212-2-treated group. Thus, the MSEW-WIN55,212-2 mice may show 869 

abnormalities in the restoration of CB1 receptor signalling. 870 

When physical dependence was precipitated by a systemic SR141716A injection 871 

(10mg/kg, i.p.) in mice administered with a repeated WIN55,212-2 treatment, we 872 

observed that the CB1 antagonist receptor was not able to promote somatic signs per se, 873 

neither in SN- nor in MSEW-vehicle group. By contrast, we observed a dramatic 874 

expression of physical withdrawal symptoms in cannabinoid-treated animals, as 875 

previously documented in mice and rhesus monkeys (Castañé et al., 2004; Stewart and 876 

McMahon, 2010; Wilkerson et al., 2019). Among the somatic signs observed, we found 877 

wet dog shakes, ataxia, hunched-back posture, piloerection, ataxia, lack of activity and 878 

front paw tremor (Figure 6). These results suggest that, although MSEW-WIN55,212-2 879 

animals showed deeper effects than SN during tolerance, they express the somatic signs 880 

in a similar way during physical withdrawal syndrome. By contrast, animals chronically 881 
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treated with WIN55,212-2 and after withdrawal syndrome, reduced the expression of CB1 882 

in both CA1 of hippocampus and BLA as a consequence of early-life stress. We propose 883 

that MSEW animals show impairment in the CB1 recruitment process, which causes an 884 

intense decrease of the receptor expression in BLA and CA1, after the SR141716 885 

administration. Indeed, our laboratory has demonstrated that MSEW animals exhibit a 886 

downregulation of different endocannabinoid ligands in discrete brain areas (Portero-887 

Tresserra et al., 2018) that could explain the abnormalities observed in CB1 receptor 888 

restoration. Nevertheless, in the present study, the total number of CB1 immunorreactive 889 

cells in granular layer of cerebellum remained unaltered. Although we did not find 890 

changes in the number of CB1-positive Purkinje cells, we could not discard changes in 891 

the affinity of their binding sites (Romero et al., 1995). Contrasting with the results 892 

obtained before the antagonist injection, SR141716A injected animals show no 893 

differences in the number of CB1-positive Purkinje cells, which could indicate a possible 894 

compensatory mechanism that increases the number of CB1-positive cells in the 895 

cerebellum.  896 

In summary, our results propose that although MSEW does not apparently alter 897 

the rewarding effects of cannabinoids, it could lead to a delay in the tolerance to some of 898 

the effects displayed by WIN55,212-2 by modulating the expression of CB1 receptors 899 

after a long-term brain exposition to cannabinoids. Additionally, the cannabinoid 900 

WIN55,212-2 agonist treatment clearly affects more the amygdala-dependent memory in 901 

animals with early-life adversities, probably accompanied by an increase of MSEW-902 

induced Iba1-positive cells in BLA. Likewise, the increased number of CB1-positive 903 

Purkinje cells and the Iba1-immunoreactive microglia could be reflecting a 904 

neuroinflammatory process in MSEW animals. By contrast, when physical dependence 905 

is precipitated, CB1-positive fibres decrease in the BLA and hippocampus of MSEW 906 

mice, probably due to an abnormal restoration of CB1 receptor levels. In this sense, our 907 

study shed light on how CB1 signalling is altered as a consequence of early-life adversities 908 

and how these alterations could promote differences in vulnerability to cannabinoid 909 

effects.  910 
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