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Abstract

Early-life inflammation has been shown to exert profound effects on brain development and 

behavior, including altered emotional behavior, stress responsivity and neurochemical/

neuropeptide receptor expression and function. The current study extends this research by 

examining the impact of inflammation, triggered with the bacterial compound lipopolysaccharide 

(LPS) on postnatal day (P) 14, on social behavior during adolescence. We investigate the role that 

the endocannabinoid (eCB) system plays in sociability after early-life LPS. To test this, multiple 

cohorts of Sprague Dawley rats were injected with LPS on P14. In adolescence, rats were 

subjected to behavioral testing in a reciprocal social interaction paradigm as well as the open field. 

We quantified eCB levels in the amygdala of P14 and adolescent animals (anandamide and 2-

arachidonoylglycerol) as well as adolescent amygdaloid cannabinoid receptor 1 (CB1) binding site 

density and the hydrolytic activity of the enzyme fatty acid amide hydrolase (FAAH), which 

metabolizes the eCB anandamide. Additionally, we examined the impact of FAAH inhibition on 

alterations in social behavior. Our results indicate that P14 LPS decreases adolescent social 

behavior (play and social non-play) in males and females at P40. This behavioral alteration is 

accompanied by decreased CB1 binding, increased anandamide levels and increased FAAH 

activity. Systemic administration of the FAAH inhibitor PF-04457845 (1mg/kg) prior to the social 

interaction task normalizes LPS-induced alterations in social behavior, while not affecting social 

behavior in the control group. Infusion of 10ng PF-04457845 into the basolateral amygdala 

normalized social behavior in LPS injected females. These data suggest that alterations in eCB 

signaling following postnatal inflammation contribute to impairments in social behavior during 

adolescence and that FAAH could be a novel target for disorders involving social deficits such as 

social anxiety disorders or autism.
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1. Introduction

Inflammation, particularly during the prenatal period, has been associated with increased 

incidence of disorders such as autism (Patterson, 2012) and schizophrenia (reviewed in 

Green and Nolan, 2014; Meyer et al., 2011; Miller et al., 2013) in the offspring. This 

phenomenon has been intensively investigated using a variety of animal models where 

inflammatory agents such as lipopolysaccharide (LPS) and Poly inositol:cytosine (Poly I:C) 

have been administered to pregnant dams. However, in the protected fetal environment, it is 

unlikely that these substances enter the fetal circulation and the effects on the offspring are 

most likely secondary to inflammatory changes occurring in the placenta (Hsiao and 

Patterson, 2012). Cultivable bacteria in the amniotic fluid are present in less than 1% of 

normal births (Romero et al., 2002), whereas after birth infants may be exposed directly to a 

variety of pathogens. Nevertheless, developmental windows beyond prenatal and very early 

postnatal stages have been less well studied in the context of inflammation.

Inflammatory insults with live bacteria on postnatal day (P) 4 have been associated with 

altered fear memory (Bilbo et al., 2005) and motor coordination (Lieblein-Boff et al., 2013), 

as well as potentiation of glial and cytokine responses in the adult rat (reviewed in Bilbo and 

Schwarz, 2012), particularly in response to a second inflammatory challenge (Bilbo et al., 

2006). In a similar time frame, rats that were given LPS at P3 and P5 also show increased 

anxiety and hypersensitivity to stressful stimuli as adults (Sominsky et al., 2013), with 

hyper-responsiveness of the hypothalamus-pituitary-adrenal axis and decreased 

glucocorticoid receptor expression and abundance (Shanks et al., 2000, 1995; Sominsky et 

al., 2013). These changes are complemented by increases in corticotropin releasing hormone 

(CRH) mRNA expression in the hypothalamic paraventricular nucleus, but not the amygdala 

(Amath et al., 2012) as well as decreases in cannabinoid type 1 receptor (CB1) density in the 

hippocampus (Amath et al., 2012) and amygdala (Zavitsanou et al., 2013).

Inflammation and the endocannabinoid (eCB) system share a variety of interconnections. 

First, cyclooxygenase-2 (COX-2) is an important enzyme in the response to inflammation. 

This enzyme can degrade both anandamide (AEA) and 2-arachindoyl glycerol (2-AG) and 

convert them to the pro-inflammatory prostaglandins (Kozak et al., 2000; Yu et al., 1997). 

Secondly, the cytokines interleukin (IL)-1 and tumor necrosis factor (TNF)-α play an 

important role in synaptic transmission; IL-1 has been identified as a regulator of the effects 

of synaptic CB1, while CB1 in turn regulates the TNF-α mediated potentiation of excitatory 

synapses (reviewed by Rossi et al., 2014). In turn, inflammation has been shown to affect 

cannabinoid function. TNF-α has been suggested to increase AEA synthesis in 

hypothalamic fragments (Fernandez-Solari et al., 2006) and activation of toll-like receptor 4, 

the main signaling target of LPS, has been shown to increase AEA production in peripheral 

macrophages (Liu et al., 2006).
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Long-term effects of LPS-induced inflammation at P14 in rodents have been extensively 

investigated in the past (e.g. Galic et al., 2008; Mouihate et al., 2010; Spencer et al., 2005). 

P14 is comparable to a human infant of approximately 0.5–2 years of age (Gottlieb et al., 
1977; Avishai-Eliner et al., 2002). Inflammatory insults experienced at P14 are more 

comparable to infections a young child would experience, while earlier ages likely mirror 

insults experienced during the late intrauterine period. As such, it is important to determine 

if the effects that occur during a ‘fetal’ developmental stage are also seen postnatally, at a 

time when gene expression, electrophysiological and synaptic properties are undergoing 

experience-dependent maturation (Dehorter et al., 2012, reviewed in Semple et al., 2013). 

P14 represents a time of regional differentiation in gene expression (Stead et al., 2006) and 

high synaptic turnover, when microglia engulf synaptic elements actively (Paolicelli et al., 

2011; Zhan et al., 2014). Within the first 14 postnatal days microglia are proliferating and 

migrate into the grey matter. Alterations in microglial function during the early postnatal 

period results in deficits in synaptic pruning, and ultimately less efficient neural transmission 

(Zhan et al., 2014). Behaviorally, this is associated with deficits in social interaction and 

increased repetitive-behavior phenotypes (Zhan et al., 2014). In adult rodents (Madore et al., 

2013) and on P14 (Dinel et al., 2014), LPS administration leads to an upregulation of 

cytokines in the circulation and the brain. P14 further characterizes the end of the stress 

hypo-responsive period (Levine, 1994) and around this time, the brain reacts to LPS with an 

increase in paraventricular nucleus Fos, CRH mRNA and subsequent HPA axis activation 

(Dent et al., 1999). There is evidence that a variety of neuroinflammatory responses to LPS 

can be quite different around the second week of age, when compared to perinatal time 

points (P1) (Brochu et al., 2011). Animals that have experienced early-life inflammation 

show alterations in anxiety (novelty induced suppression of feeding) and depression related 

tests (Dinel et al., 2014).

Amongst possible regions mediating changes in response to early-life inflammation, the 

amygdala stands out due to its involvement in emotional regulation. This structure is known 

to be affected by LPS (Frenois et al., 2007; Prager et al., 2013); on P14 the amygdala shows 

increased concentrations in proinflammatory (TNF-α, IL-1, IL-6) but not anti-inflammatory 

(IL-10) cytokines, which distinguishes it remarkably from other structures such as 

hypothalamus, hippocampus or prefrontal cortex (Dinel et al., 2014).

Altered excitability, activation and structure of the amygdala have been implicated in a 

variety of disorders including post traumatic stress disorder (PTSD) (Weston, 2014), 

schizophrenia (van Erp et al., 2014) and autism spectrum disorder (ASD) (reviewed by Zalla 

and Sperduti, 2013). Interestingly, in recent years a growing body of work emerged 

suggesting the eCB system to be altered in ASD. In particular CB1 appears decreased in 

post-mortem brains of autistic individuals, and polymorphisms in the CB1 coding gene 

CNR1 appears to be a predictor for an autistic phenotype. Furthermore, individuals with 

ASD show altered FAAH activity and AEA (reviewed by Chakrabarti et al., 2015).

Social behavior and reward are strongly dependent on eCB signaling across many 

developmental epochs (Manduca et al., 2015; Wei et al., 2015). In adolescent rats, social 

experiences are associated with increased AEA levels within the amygdala and striatum 

(Marco et al., 2011; Trezza et al., 2012). During adolescence, and into adulthood, inhibition 
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of eCB signaling can induce social withdrawal and social anxiety (Trezza et al., 2012; 

Sellier et al., 2013; Litvin et al., 2013), while systemic or intra-amygdala amplification of 

AEA signaling can enhance social interaction and contact (Sellier et al., 2013; Trezza et al., 

2012).

Given the relationship between eCB signaling and social behavior, as well as the fact that 

early-life inflammation has been associated with alterations in the eCB system within the 

amygdala (Zavitsanou et al., 2013), we hypothesize that P14 LPS will decrease adolescent 

social behavior and that these changes will be sensitive to enhancement of AEA signaling 

through the inhibition of its degradative enzyme fatty acid amide hydrolase (FAAH).

2. Methods

2.1. Animals

Sprague Dawley (SD) rats obtained from Charles River Laboratories were maintained under 

standard specific pathogen-free environmental conditions and bred locally. For all behavioral 

experiments, litters were culled to no more than 12 pups and efforts were made to obtain 

roughly equal numbers of males and females. In all studies, no more than 2 pups per litter/

gender, per treatment group were used for any measure. Endocannabinoid levels were 

determined at 2 different time points (P14 and P40) and behavioral testing (social and 

anxiety testing) was executed during adolescence. For an overview of experiments see figure 

1.

2.2. Early Immune Activation

Animals of each litter were assigned to either treatment or control group (~50% split). Each 

group contained males and females and was injected intraperitoneally on P14 with LPS 

(Escherichia coli, serotype O26: 100μg/kg) or with pyrogen-free saline. Injections were 

given between 1100h and 1300h and ear notches were used to mark treatment. It was 

previously established that a dosage of 100μg/kg LPS generates a mild inflammatory 

response in the host that lasts for roughly 6–8h (Heida et al., 2004)

Upon weaning on P21, rats were housed with a same-sex littermate. For cohorts tested for 

social behavior, rats were housed in pairs; for all other experiments, rats were housed in 

groups of 2–3 in clear Plexiglas cages (43 × 21 × 22 cm) with wood chip bedding. At least 1 

LPS treated animal and 1 control treated animal was housed in each cage to assure equal 

conditions during adolescence. They were maintained under a 12:12h illumination cycle 

(lights on 0700h), at a room temperature of 20–22°C, and received ad lib access to lab chow 

and water. All procedures were approved by the University of Calgary Animal Care 

Committee in accordance with the guidelines of the Canadian Council on Animal Care.

2.3. Social Behavior

Adolescent rats (P40 +/− 2 days, n=48, 24 male, 24 female; 6 litters) were habituated to the 

test arena for 15 minutes (clear standard cage without water, food, enrichment and grid, 

illumination identical to housing conditions) and then separated from their cage mate 

overnight. Every animal experienced two social encounters, one with a treatment matched 
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and one with a differently treated counterpart (see figure 2 for an illustration). Animals were 

paired for 10 minutes with a litter- (but not cage-) mate, matched for sex. After the social 

encounters, animals were returned to their homecage and their previous cagemate. The 

following day animals were separated over night and then exposed to another social 

encounter. The order in which animals encountered treatment matched or non-treatment 

matched counterparts was counterbalanced. The experiment was taped and scored offline by 

a blinded investigator for social play and social non-play behaviors. Social play behaviors 

were defined as pouncing, chasing, wrestling and pinning and social non-play behaviors 

were defined as grooming, anogenital sniffing and crawling (over/under) (Meaney and 

Stewart, 1981; Vanderschuren et al., 1997).

2.4. Open Field

To confirm that differences in social behavior were not due to differences in general 

behavioral patterns within an arena, animals received early immune activation on P14 (as 

described in section 2.1). 32 adolescent (P40 +/− 2 days) rats (16 male/16 female) were 

habituated for two consecutive days to handling and tested in an open field paradigm. 

Briefly, animals were placed in an open arena (50×30×30cm) at very low red light intensity 

(<1 lux) illumination during the beginning of the wake period (19:00 – 21:00h) and recorded 

for 5 minutes using a Canon camera system with high light sensitivity (F 2.8, ISO 28 000). 

Time in the center quadrant as well as grooming and rearing behavior were scored offline.

2.5. Analysis of the Endocannabinoid System

For the characterization of the eCB system in the amygdala, animals received P14 LPS or 

saline injections. At two different timepoints, 6h after LPS administration on P14 or on P40, 

animals were decapitated quickly and brain tissue from the amygdaloid region was dissected 

as previously described (Gray et al., 2015). Tissue was rapidly frozen on dry ice and 

subsequently stored at −80°C until further analysis of CB1 receptor binding, eCB 

concentrations and FAAH enzymatic activity. All assays are explained briefly in the 

following sections.

2.5.1. CB1 receptor Binding—Membrane preparations from amygdala tissue from 20 

P40 (+/− 2 days) animals (10 male/10 female, 50% LPS/control; 6 litters) were generated as 

previously described (Lee and Hill, 2013). In brief, tissue samples were homogenized in 

TME buffer (50mM Tris-HCl, 1mM EDTA, 3mM MgCl2, pH 7.4), using a Dounce 

homogenizer, centrifuged at 18,000 × g and the resulting pellet was resuspended in 20 

volumes of TME buffer. Protein content was determined using the BCA method using a 

commercially available kit (Pierce Biotechnology, Rockville, IL, USA). Samples were then 

aliquoted and stored at −80°C until further testing for measures of CB1 receptor binding and 

FAAH activity (see below).

CB1 receptor agonist binding parameters were determined using a previously detailed 

radioligand binding assay (Lee and Hill, 2013) using a Multiscreen Filtration System with 

Durapore 1.2-μM filters (Millipore, Bedford, MA). In brief, membranes (10μg protein) were 

added to wells in triplicate containing different concentrations of radioactively labeled CB1 

agonist ([3H]CP 55,940). Addition of the CB1 antagonist AM251 (10μM) was used to 
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determine non-specific binding. Dissociation constant (KD) and maximum binding (Bmax) 

were determined by nonlinear curve fitting of specific binding data to the single site binding 

equation using GraphPad Prism (GraphPad 7, La Jolla, CA, USA).

2.5.2. Endocannabinoid Extraction and Analysis—Amygdala samples from 39 

perinatal (P14) animals (20 male/19 female; 6 litters) and 34 adolescent (P40 +/− 2) animals 

(17 male/7 female; 6 litters) as well as 20 animals that were exposed to either no treatment 

or received vehicle or a FAAH inhibitor (4 naïve, 8 vehicle and 8 FAAH inhibitor of which 

50% were females/males and LPS/SAL) and were subjected to a lipid extraction process as 

described previously (Gray et al., 2015). The content of the two primary eCBs, AEA and 2-

AG, within lipid extracts in methanol from brain tissue was determined using isotope-

dilution, liquid chromatography–mass spectrometry as described previously (Hermanson et 

al., 2013).

2.5.3. Fatty Acid Amide Hydrolase (FAAH) Activity Assay—FAAH activity within 

the amygdala was measured in 17 animals (P40 +/− 2; 10 male/7 female; 6 litters). 

Membrane samples were processed for FAAH activity by examining the conversion of AEA 

to ethanolamine as previously described (Hill et al., 2009). In brief, membrane samples were 

exposed to 0.2 nM 3H-AEA and varying concentrations of cold AEA (0.05–1.5 M) to 

determine the maximal hydrolytic activity (Vmax) that FAAH displayed for AEA (Hillard et 

al., 1995). The binding affinity of AEA for FAAH (Km) and maximal activity of FAAH 

(Vmax) was determined by fitting the data to the Michaelis-Menten equation.

2.6. Pharmacological Reversal of the Phenotype with oral FAAH inhibitor

The cohort for pharmacological manipulation consisted of 32 animals (16 male/16 female; 4 

litters) that were given LPS or saline on P14 (see section 2.2). To determine the impact of 

FAAH inhibition on social behavior in saline and LPS administered animals, we used a 

previously validated method of oral administration of the FAAH inhibitor PF-04457845, 

which results in significant and selective elevations in AEA, but not 2-AG in central tissue 

4h following administration (Qi et al., 2015). Specifically, on P35 (+/− 1) animals were 

habituated to handling and the consumption of a 100mg of peanut butter pellet for 4 

consecutive days. On day 4 the animals were habituated in pairs to the testing arena for 15 

minutes and single housed over night. The following day, test subjects were given a peanut 

butter pellet containing 1 mg/kg of the selective FAAH inhibitor PF-04457845 or a control 

peanut butter pellet with no drug. Consistent with our previous work demonstrating 

elevations in central AEA levels (Qi et al., 2015), we chose a testing window of 4–6h after 

oral administration of PF-04457845. At that time point, animals were placed in the arena 

where they encountered a novel rat, matched for treatment, age and sex. Social play and 

non-play behaviors were scored offline for each rat, according to the same criteria as 

described in section 2.2. Rats were returned to their former cage mates for 48h and then 

single housed for another 24h. Subsequently, testing was repeated with a different novel 

animal following the same procedure as on testing day 1. All testing was done within 

subjects and treatments were counterbalanced so that animals received vehicle or FAAH 

inhibitor on either the 1st or 2nd testing day to prevent any order effects. To verify the effect 
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of the FAAH inhibitor, 20 animals were sacrificed after testing and eCB concentrations were 

determined (see section 2.5.2).

2.7. Pharmacological Reversal with FAAH Inhibitor Injected into the Amygdala

55 animals (28 males/27 female; 7 litters) were successfully cannulated on P30 (+/−2 days) 

in the basolateral amygdala (BLA) as described previously (Trezza et al., 2012). Briefly, 

animals were anesthetized with isoflorane and positioned into a stereotaxic frame. 16mm 

long 24 gauge stainless steel tubing (coordinates: AP, −1.9 mm; ML, +/− 4.6 mm; DV, −7.5 

mm) was implanted bilaterally. After surgery, rats were housed with their previous 

cagemates to reduce post-operative stress and social isolation. Rats were allowed to recover 

for 7–10 days. PF-04457845 was dissolved in 5% Tween 80 5% polyethylene glycol and 

80% saline and sonicated before use. Animals were handled for 3 consecutive days and 

separated over night before testing. The drug was infused 2 hours before testing, bilaterally 

into the BLA (0.2ul per hemisphere over 60 seconds, 10ng/hemisphere), the injector 

protruding 1mm beyond the guiding cannula. The vehicle served as equivolumetric control. 

Reciprocal social behavior was recorded over 10 minutes and scored offline by a blinded 

evaluator. After testing rats were perfused with saline and brains were extracted and 

preserved in 4% paraformaldehyde. Brains were cryoprotected (20% sucrose) and sliced on 

the cryostat at 40μm thickness to confirm cannula placements.

2.8. Statistical analysis

GraphPad Prism® (7th edition, San Diego) was used for statistical analysis and curve fitting. 

Samples were tested for equality of variances using an F-test, considering a p value of < .05 

as statistically significant. Bonferroni’s post-hoc test for multiple comparisons was used to 

localize significant differences within an analysis of variance (ANOVA). Student’s t-tests 

were applied under a two-tailed assumption (μ ≠ μ0) unless the null hypothesis clearly stated 

that a one-sided effect (μ > μ0 or μ < μ0) was expected.

3. Results

3.1. Social Behavior

P14 LPS injected adolescent animals displayed significantly less combined social behavior 

(figure 3A), when interacting reciprocally with a non-cagemate of equal age, treatment and 

sex (n=48, F (1,44) =20.55, p < .0001). Post-hoc testing localized showed this effect of 

early-life inflammation in males (t (22) = 3.328, p < .01) and females (t (22) = 3.038, p < .

01). No significant effect of sex was found (n=48, F (1,44) = 1.064, p = .3079). When 

distinguishing social play and social non-play behaviors (figure 3B and C), P14 LPS 

exposure was associated with a strong reduction in social non-play behaviors (grooming, 

sniffing and crawling, combined) as a function of treatment (n=48, F (1,44) = 13.17, p = .

0007). This was evident in males (n=24, t (22) = 2.348, p < .05) as well as females (n = 24, t 

(22) = 2.784, p < .05) without a significant difference in sex (n=48, F (1,44) = 2.520, p = .

6182). Social play behavior showed larger variability between subjects, yet P14 LPS 

significantly decreased the time engaged with social play (n=48, F (1,44) = 5.623, p = .

0222). No effect of sex on time engaged in play was detected (n=48, F (1,44) =1.130, p = .

2935).
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A treatment effect can also be seen when animals encountered a non-treatment matched 

conspecific. Animals who were exposed to P14 LPS showed decreased combined social 

behavior (n=46, F (1,42) = 13.17, p = .0007) in males (t (44) = 2.348, p < .05) and females (t 

(44) = 2.784, p < .05) and social non-play behavior (n=46, F (1,42) = 7.247, p = .0102). Play 

behavior decreased to an average of less than 4 seconds in all groups, making comparison 

difficult (n=46, F (1,42) = .1242, p = .7262). In general, it appears that the saline injected 

population attempted to initiate contact, while the LPS injected animals avoided these 

attempts.

3.2. Anxiety-Like Behavior

Analysis of behavior in the open field paradigm (figure 4) indicated no significant 

differences between treated and control group in time spent in the open (n=32, F (1,28) = .

3914, p = .5366), engaged with grooming (n=32, F (1,28) = .1778, p = .6765), rearing (n=32, 

F (1,28) = .01010, p = .9207), or defecation (n=32, F (1,28) = .1951, p = .6621). 

Additionally, we observed that sexes appeared to behave differently when placed in an open 

field; females engaged significantly more in rearing than males (n=32, F (1,28) = 10.21, p 
= .0034). We also gathered open field data during the light phase at higher light intensity 

(~350 lux) on an independent cohort and found, similarly to the dark phase, no difference of 

LPS on time spent in the open (t (14) = 0.04058, p = .9682), grooming (t (14) = 1.145, p = .

2714) or rearing (t (14) = 0.5878, p = .5661) during those conditions (data not presented).

3.3. Endocannabinoid System

AEA and 2-AG were measured in the amygdala of P14 animals that had been exposed to 

LPS 6h previous. A two-way ANOVA was used to identify differences in treatment, sex 

effect and possible interactions. P14 LPS exposure leads to a significant decrease in AEA 6h 

after LPS injection (n=39, F (1,37) = 4.395, p = .0433.) No significant treatment effects were 

seen in 2-AG concentration at the 6h time point. Sex as well as the interaction between 

treatment and sex, did not significantly contribute to the variation in AEA and 2-AG (figure 

5).

In adolescence, LPS mediated changes in social behavior were accompanied by significant 

changes within the eCB of the amygdala. LPS injected animals showed a decrease in CB1 

binding site density (n=18, F (1,16) = 7.28, p = .0158), while the CB1 dissociation constant 

remained statistically non-significant for a treatment effect (n=18, F (1,16) =3.446, p = .

0819) (figure 6A and B). AEA concentration increased significantly in animals that 

experienced early-life inflammation (n=32, F (1,30) = 4.927, p = .0341) (figure 6C). When 

analyzing the eCB system, 2-AG (figure 6D) was the only component that showed a 

significant sex effect (n=32, F (1,30) =8.850, p = .0057) as well as a significant interaction 

between sex and treatment (n=32, F (1,30) =6.910, p = .0134), while a main effect of 

treatment could be detected (n=32, F (1,30) =.3817, p = .5413). Remarkably, the maximal 

velocity of the AEA degrading enzyme FAAH was significantly increased in P14 LPS 

injected animals (n=15, F (1,13) =8.089, p = .0138) (figure 6E), while the binding affinity of 

AEA for FAAH (Km) was not statistically significant for a treatment effect (n=15, F (1,13) 

=2.275, p = .1554) (Figure 6F).
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3.4. Pharmacological Reversal of the Phenotype with Oral FAAH Inhibitor

To determine if alterations in social behavior induced by P14 LPS were reversible by 

reducing the amplified FAAH activity, thereby further augmenting AEA signaling, we 

examined the impact of a pharmacological intervention with an oral dose of the FAAH 

inhibitor PF-04457845. No effect of sex on the treatment could be detected; therefore data 

was collapsed to increase the statistical power. First, we confirmed that the FAAH inhibitor 

indeed increased AEA concentration in the amygdala (figure 7). PF-04457845 significantly 

elevated AEA concentrations (n=20, F (2,17) = 37.34, p < .0001) 6h after oral administration 

of the drug when compared to naïve (t (17) = 6.917, p < .0001) and vehicle (t (17) = 7.554, p 
< .0001). Administration of the vehicle alone did not significantly affect AEA concentration 

(t (17) = .7493, p > .99) when compared to naïve animals. No main effect of PF-04457845 

on 2-AG could be detected 6h after drug administration within the amygdala (F (2,17) = .

4881, p = .6221). As expected, there was no significant effect of sex or perinatal treatment 

on the drug-mediated elevation of AEA, therefore data of both sexes and perinatal treatments 

were collapsed to allow for better comparison of the drug effect.

Next, we confirmed the predicted decrease in social behavior using a one-tailed t-test (μ > 

μ0, t (30) = 2.005, p = .027) (figure 8A). Analysis of the combined social interaction time 

(figure 8B) in a repeated measures ANOVA design showed a significant interaction between 

early-life treatment and the drug response (n=32, F (1, 30) = 6.222, p = .0086). Bonferroni’s 

test for multiple comparisons further revealed that PF-04457845 significantly increased total 

social interaction time of P14 LPS injected animals (n=32, t (30) = 2.510, p < .05), while no 

significant effect on saline injected animals could be detected (n=32, t (30) = 1.467, p >.05). 

We conclude that the FAAH inhibitor PF-04457845 rescues the deficient social behaviour of 

rats that experienced P14 LPS. In combined social behavior, no differences between sexes 

could be observed and the data were collapse (tested in a three-way ANOVA, Sex: F (1,1) = 

0.3838, p = .5381; Drug x Sex: F (1,1) = 0.1047, p = .7475; Sex x Perinatal Treatment: F 

(1,1) = 0.08907, p = .7665; Sex x Perinatal Treatment x Drug: F (1,1) = 0.06673, p = .7971). 

However, when analyzing the different modalities of social behaviour (social play and social 

non-play), we were able to replicate in our control group the FAAH inhibitor-mediated 

increase in male rat play behaviour shown by Trezza et al. (2012) (tested in a paired t-test, μ 
< μ0, t (7) = 1.912, p < .0488, data not shown). Female play behaviour, however, does not 

change significantly in response to a FAAH inhibitor when compared to control (Wilcoxon 

ranked sum test, W = −10, p = .1250). After P14 LPS injection, oral administration of a 

FAAH inhibitor to adolescent animals does not significantly affect play behaviour in males 

or females (tested in a paired Wilcoxon ranked sum test, W=−15, p = .3281 and a paired t-

test, t (7) = 1.378, p = 2107, respectively; data not shown).

3.5. Administration of a FAAH Inhibitor into the Basolateral Amygdala

Administration of a FAAH inhibitor (10ng) bilaterally into the BLA produces a variety of 

effects (figure 9). A significant interaction between the effect of the FAAH inhibitor and 

perinatal exposure to LPS can be seen in female combined social behavior (n=27, F (1, 23) = 

14.43, p= .0009). In males, no main effect of the drug (n=28, F (1, 24) = .2656, p = .611) or 

interaction between drug and prenatal treatment (n=28, F (1, 24) = .00001, p= .99) could be 

found on combined social behaviour. Adolescent females that experienced a perinatal LPS 
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injection interacted significantly less with conspecifics than those who were injected with 

vehicle (t (23) = 2.486, p < .05). Furthermore, LPS females who received a FAAH inhibitor 

into their BLA, showed significantly increased social behaviour (t (23) = 3.537, p < .01) 

when compared to LPS animals that received vehicle, as well as compared to saline animals 

that received the FAAH inhibitor (t (23) = 2.956, p < .05). Males showed a significant 

interaction between perinatal treatment and drug response (F (1, 24) = 5.43, p = .0285) 

specifically in play behaviour, which increased in response to the FAAH inhibitors in control 

animals but decreased in LPS injected animals.

4. Discussion

With this research, we have shown that a single immune challenge during a sensitive 

developmental window can affect adolescent social behavior. Furthermore, early-life 

inflammation acutely altered AEA levels and evoked a multi-level reprogramming of the 

amygdalar eCB system. In adolescent animals, P14 LPS injections were associated with 

reduced CB1 receptor binding site densities, elevated levels of AEA and, surprisingly, 

increased levels of AEA hydrolysis by FAAH. Interestingly, pharmacological inhibition of 

FAAH was able to reverse the behavioral changes caused by postnatal LPS to control levels, 

while control animals were unaffected. This would suggest that despite increased levels of 

AEA, increased levels of FAAH activity are involved in the deficits in social behavior 

following LPS exposure and that suppression of FAAH activity can ameliorate these 

changes. In females, administration of 10ng PF-04457845 directly into the BLA was 

sufficient to increase social interaction to control levels. Remarkably, again in control 

animals, the drug has little effect on male and female combined reciprocal social interaction, 

but appears to specifically increase male play behavior.

To date we lack a comprehensive understanding of how inflammation affects the developing 

brain. Early-life inflammation at P14 appears to create a long-term shift in eCB signaling: in 

adolescence CB1 receptor binding is decreased, AEA levels are increased and, somewhat 

paradoxically, FAAH activity is increased. These data are consistent with previous reports 

that early-life inflammation can downregulate CB1 receptors in the amygdala (Zavitsanou et 

al., 2013) and supports the hypothesis that early-life LPS may affect and potentially disturb 

the function of the adolescent eCB system. It is surprising that 6 hours after LPS exposure 

AEA is decreased in LPS injected animals, as previous reports indicate that the cytokine 

TNF-α as well as activation of Toll-like receptor 4, both downstream targets of LPS, 

increase AEA synthesis in hypothalamic fragments (Fernandez-Solari et al., 2006) and in 

peripheral macrophages (Liu et al., 2006). However, given that CRH is known to increase 

AEA hydrolysis and reduce AEA levels in the amygdala (Gray et al., 2015), we hypothesize 

that a potential upregulation of CRH within the amygdala may be a contributor to such 

change. CRH signaling is enhanced by inflammatory stimuli, and CRH mRNA upregulation 

in response to LPS has been shown, for example in the paraventricular nucleus of the 

hypothalamus (Dent et al., 1999).

It remains to be identified if the residual changes in the eCB system are dependent upon 

each other, e.g. that upregulation of FAAH is related to the down-regulation of CB1 

receptors, or if components are altered relatively independent from one another. It has 
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recently been demonstrated that AEA interacting with membrane cholesterol can directly 

increase FAAH activity (Dainese et al., 2014). It is possible that despite the initial decline 

AEA levels increase as a consequence of the inflammatory event, and that this constitutive 

elevation in AEA levels could in turn drive the increase in FAAH activity that persists long 

after resolution of the inflammation. Alternatively, a recent study in humans has 

demonstrated a similar inverse relationship between AEA content and CB1 receptors, such 

that low levels of circulating AEA correlated to increased levels of CB1 receptor binding 

density (Neumeister et al., 2013). As such, the increase in AEA could be involved in CB1 

receptor downregulation, although this seems unlikely as FAAH-deficient mice, which have 

dramatic elevations in AEA far beyond what is seen here, have normal CB1 receptor 

densities (Lichtman et al., 2004). Accordingly, a third possibility is that P14 LPS results in a 

downregulation of CB1 receptors, through an unknown mechanism, to which a 

compensatory increase in AEA evolves in an attempt to maintain homeostatic levels of 

AEA-CB1 receptor signaling. This compensatory increase in AEA could in turn trigger the 

increase in FAAH activity described above, thereby preventing AEA to compensate for 

reduced CB1 signaling leading to the emergence of deficits in social behavior. This 

hypothesis would be consistent with our data demonstrating that FAAH inhibition 

normalized the deficits in social behavior as it removed the increased FAAH activity and 

allowed a greater increase in AEA signaling to occur and compensate for the deficiency in 

CB1 receptors in the amygdala. While speculative, this model would account for the 

biochemical and behavioral data generated herein, and will be the subject of further 

investigation to determine the causal sequence of events determining the trajectory of these 

changes.

Social behavior is a unique and complex process that is dependent upon hedonic aspects as 

well as anxiety levels. The amygdala is a crucial component in regulating social behavior, 

especially in reciprocal interactions with novel animals. Amygdala lesions have been shown 

to specifically increase social interactions with non-familiar animals (shown in primates by 

Amaral, 2003). Consistently, increasing output from the BLA is known to decrease social 

behavior and increase anxiety-like phenotypes (Felix-Ortiz and Tye, 2014). With respect to 

the eCB system, CB1 receptor signaling in the BLA can regulate both, glutamatergic and 

GABAergic transmission. Based on the aforementioned data regarding amygdala activity 

and social behavior, the most parsimonious hypothesis is that inhibition of FAAH and 

amplification of AEA signaling is suppressing the excitability and outflow of BLA neurons, 

which consequently increases social behavior. Interestingly, inhibiting FAAH only restores 

the combined social behavior of P14 LPS rats, but does not increase combined social 

behavior in control rats. A potential explanation is that AEA signaling may not normally 

impact these social behavior-regulating amygdala neurons, but that early-life inflammation 

changes eCB regulation of these neurons and makes them them sensitive to increased AEA 

signaling following FAAH inhibition. The systemic route of administration of our drug, 

while demonstrating potential translational benefit of FAAH inhibitors for deficits in social 

behavior, limits us in determining the exact location of the effect. However, since intra-

amygdalar administration is also effective (at least in females) we can conclude that the 

likely site of action is localized in the amygdala. This is in keeping with previous findings 

that decreasing FAAH activity in the amygdala alone can cause increases in social (play) 
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behavior through a CB1 receptor dependent mechanism (Trezza et al., 2012). We see a 

similar increase in play with oral FAAH inhibition in males as well as amygdalar FAAH-

inhibition, yet combined social behavior (which is mostly composed of social non-play 

behavior) appears only affected by a FAAH inhibitor in animals that have been pre-exposed 

to LPS.

In conclusion, our results suggest that FAAH inhibitors may provide a novel approach for 

the treatment of social disorders. Particularly, in disorders with high amygdala output and 

altered eCB system components (e.g. ASD), FAAH inhibition could stabilize the eCB 

system and decrease symptoms. FAAH inhibitors have been tested previously in the fragile 

X mouse model of autism, and showed promising effects in alleviating symptoms (Qin et al., 

2015). Thorough testing of FAAH inhibition in a variety of ASD models will hopefully 

provide more insight in the intricate mechanisms of ASD and may lead to novel approaches 

to its treatment.

Acknowledgments

This work supported by CIHR, NSERC and Brain Canada grants to QJP and MNH; SP’s contribution is supported 
by NIH grants MH090412 and MH103515. PF-04457845 was graciously donated by Pfizer Inc.. VMD and JMG 
are supported by Hotchkiss Brain Institute trainee awards; JMG holds an AIHS postdoctoral fellowship; CMS holds 
a AIHS undergraduate research studentship, MNH is a CRC Tier 2 Research Chair; QJP is an AHFMR Medical 
Scientist.

References

Amaral DG. The amygdala, social behavior, and danger detection. Ann N Y Acad Sci. 2003; 
1000:337–347. [PubMed: 14766647] 

Amath A, Foster JA, Sidor MM. Developmental alterations in CNS stress-related gene expression 
following postnatal immune activation. Neuroscience. 2012; 220:90–99. DOI: 10.1016/
j.neuroscience.2012.06.037 [PubMed: 22732504] 

Bilbo SD, Biedenkapp JC, Der-Avakian A, Watkins LR, Rudy JW, Maier SF. Neonatal Infection-
Induced Memory Impairment after Lipopolysaccharide in Adulthood Is Prevented via Caspase-1 
Inhibition. J Neurosci. 2005; 25:8000–8009. DOI: 10.1523/JNEUROSCI.1748-05.2005 [PubMed: 
16135757] 

Bilbo SD, Rudy JW, Watkins LR, Maier SF. A behavioural characterization of neonatal infection-
facilitated memory impairment in adult rats. Behav Brain Res. 2006; 169:39–47. DOI: 10.1016/
j.bbr.2005.12.002 [PubMed: 16413067] 

Bilbo SD, Schwarz JM. The Immune System and Developmental Programming of Brain and Behavior. 
Front Neuroendocrinol. 2012; 33:267–286. DOI: 10.1016/j.yfrne.2012.08.006 [PubMed: 22982535] 

Brochu ME, Girard S, Lavoie K, Sébire G. Developmental regulation of the neuroinflammatory 
responses to LPS and/or hypoxia-ischemia between preterm and term neonates: An experimental 
study. J Neuroinflammation. 2011; 8:55.doi: 10.1186/1742-2094-8-55 [PubMed: 21599903] 

Chakrabarti B, Persico A, Battista N, Maccarrone M. Endocannabinoid Signaling in Autism. 
Neurother J Am Soc Exp Neurother. 2015; 12:837–847. DOI: 10.1007/s13311-015-0371-9

Dainese E, De Fabritiis G, Sabatucci A, Oddi S, Angelucci CB, Di Pancrazio C, Giorgino T, Stanley N, 
Del Carlo M, Cravatt BF, Maccarrone M. Membrane lipids are key modulators of the 
endocannabinoid-hydrolase FAAH. Biochem J. 2014; 457:463–472. DOI: 10.1042/BJ20130960 
[PubMed: 24215562] 

Dehorter N, Vinay L, Hammond C, Ben-Ari Y. Timing of developmental sequences in different brain 
structures: physiological and pathological implications. Eur J Neurosci. 2012; 35:1846–1856. DOI: 
10.1111/j.1460-9568.2012.08152.x [PubMed: 22708595] 

DOENNI et al. Page 12

Brain Behav Immun. Author manuscript; available in PMC 2017 June 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Dent GW, Smith MA, Levine S. The ontogeny of the neuroendocrine response to endotoxin. Brain Res 
Dev Brain Res. 1999; 117:21–29. [PubMed: 10536228] 

Dinel A-L, Joffre C, Trifilieff P, Aubert A, Foury A, Le Ruyet P, Layé S. Inflammation early in life is a 
vulnerability factor for emotional behavior at adolescence and for lipopolysaccharide-induced 
spatial memory and neurogenesis alteration at adulthood. J Neuroinflammation. 2014; :11.doi: 
10.1186/s12974-014-0155-x [PubMed: 24447830] 

Ellis S, Mouihate A, Pittman QJ. Neonatal programming of the rat neuroimmune response: stimulus 
specific changes elicited by bacterial and viral mimetics. J Physiol. 2006; 571:695–701. DOI: 
10.1113/jphysiol.2005.102939 [PubMed: 16423854] 

Felix-Ortiz AC, Tye KM. Amygdala inputs to the ventral hippocampus bidirectionally modulate social 
behavior. J Neurosci Off J Soc Neurosci. 2014; 34:586–595. DOI: 10.1523/JNEUROSCI.
4257-13.2014

Fernandez-Solari J, Prestifilippo JP, Bornstein SR, McCann SM, Rettori V. Participation of the 
endocannabinoid system in the effect of TNF-alpha on hypothalamic release of gonadotropin-
releasing hormone. Ann N Y Acad Sci. 2006; 1088:238–250. DOI: 10.1196/annals.1366.008 
[PubMed: 17192570] 

Frenois F, Moreau M, Connor JO, Lawson M, Micon C, Lestage J, Kelley KW, Dantzer R, Castanon 
N. Lipopolysaccharide induces delayed FosB/DeltaFosB immunostaining within the mouse 
extended amygdala, hippocampus and hypothalamus, that parallel the expression of depressive-
like behavior. Psychoneuroendocrinology. 2007; 32:516–531. DOI: 10.1016/j.psyneuen.
2007.03.005 [PubMed: 17482371] 

Galic MA, Riazi K, Heida JG, Mouihate A, Fournier NM, Spencer SJ, Kalynchuk LE, Teskey GC, 
Pittman QJ. Postnatal Inflammation Increases Seizure Susceptibility in Adult Rats. J Neurosci Off 
J Soc Neurosci. 2008; 28:6904–6913. DOI: 10.1523/JNEUROSCI.1901-08.2008

Gray JM, Vecchiarelli HA, Morena M, Lee TTY, Hermanson DJ, Kim AB, McLaughlin RJ, Hassan 
KI, Kühne C, Wotjak CT, Deussing JM, Patel S, Hill MN. Corticotropin-releasing hormone drives 
anandamide hydrolysis in the amygdala to promote anxiety. J Neurosci Off J Soc Neurosci. 2015; 
35:3879–3892. DOI: 10.1523/JNEUROSCI.2737-14.2015

Green HF, Nolan YM. Inflammation and the developing brain: consequences for hippocampal 
neurogenesis and behavior. Neurosci Biobehav Rev. 2014; 40:20–34. DOI: 10.1016/j.neubiorev.
2014.01.004 [PubMed: 24462889] 

Harre EM, Galic MA, Mouihate A, Noorbakhsh F, Pittman QJ. Neonatal inflammation produces 
selective behavioural deficits and alters N-methyl-D-aspartate receptor subunit mRNA in the adult 
rat brain. Eur J Neurosci. 2008; 27:644–653. DOI: 10.1111/j.1460-9568.2008.06031.x [PubMed: 
18279317] 

Heida JG, Boissé L, Pittman QJ. Lipopolysaccharide-induced febrile convulsions in the rat: short-term 
sequelae. Epilepsia. 2004; 45:1317–1329. DOI: 10.1111/j.0013-9580.2004.13704.x [PubMed: 
15509232] 

Hillard CJ, Wilkison DM, Edgemond WS, Campbell WB. Characterization of the kinetics and 
distribution of N-arachidonylethanolamine (anandamide) hydrolysis by rat brain. Biochim Biophys 
Acta. 1995; 1257:249–256. [PubMed: 7647100] 

Hill MN, McLaughlin RJ, Morrish AC, Viau V, Floresco SB, Hillard CJ, Gorzalka BB. Suppression of 
Amygdalar Endocannabinoid Signaling by Stress Contributes to Activation of the Hypothalamic-
Pituitary-Adrenal Axis. Neuropsychopharmacol Off Publ Am Coll Neuropsychopharmacol. 2009; 
34:2733–2745. DOI: 10.1038/npp.2009.114

Hsiao EY, Patterson PH. Placental regulation of maternal-fetal interactions and brain development. 
Dev Neurobiol. 2012; 72:1317–1326. DOI: 10.1002/dneu.22045 [PubMed: 22753006] 

Kozak KR, Rowlinson SW, Marnett LJ. Oxygenation of the endocannabinoid, 2-arachidonylglycerol, 
to glyceryl prostaglandins by cyclooxygenase-2. J Biol Chem. 2000; 275:33744–33749. DOI: 
10.1074/jbc.M007088200 [PubMed: 10931854] 

Levine S. The Ontogeny of the Hypothalamic-Pituitary-Adrenal Axis. The Influence of Maternal 
Factorsa. Ann N Y Acad Sci. 1994; 746:275–288. DOI: 10.1111/j.1749-6632.1994.tb39245.x 
[PubMed: 7825883] 

DOENNI et al. Page 13

Brain Behav Immun. Author manuscript; available in PMC 2017 June 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Lieblein-Boff JC, McKim DB, Shea DT, Wei P, Deng Z, Sawicki C, Quan N, Bilbo SD, Bailey MT, 
McTigue DM, Godbout JP. Neonatal E. Coli Infection Causes Neuro-Behavioral Deficits 
Associated with Hypomyelination and Neuronal Sequestration of Iron. J Neurosci. 2013; 
33:16334–16345. DOI: 10.1523/JNEUROSCI.0708-13.2013 [PubMed: 24107964] 

Liu J, Wang L, Harvey-White J, Osei-Hyiaman D, Razdan R, Gong Q, Chan AC, Zhou Z, Huang BX, 
Kim HY, Kunos G. A biosynthetic pathway for anandamide. Proc Natl Acad Sci U S A. 2006; 
103:13345–13350. DOI: 10.1073/pnas.0601832103 [PubMed: 16938887] 

Madore C, Joffre C, Delpech JC, De Smedt-Peyrusse V, Aubert A, Coste L, Layé S, Nadjar A. Early 
morphofunctional plasticity of microglia in response to acute lipopolysaccharide. Brain Behav 
Immun. 2013; 34:151–158. DOI: 10.1016/j.bbi.2013.08.008 [PubMed: 23994463] 

Manduca A, Morena M, Campolongo P, Servadio M, Palmery M, Trabace L, Hill MN, Vanderschuren 
LJMJ, Cuomo V, Trezza V. Distinct roles of the endocannabinoids anandamide and 2-
arachidonoylglycerol in social behavior and emotionality at different developmental ages in rats. 
Eur Neuropsychopharmacol J Eur Coll Neuropsychopharmacol. 2015; 25:1362–1374. DOI: 
10.1016/j.euroneuro.2015.04.005

Marco EM, Rapino C, Caprioli A, Borsini F, Maccarrone M, Laviola G. Social encounter with a novel 
partner in adolescent rats: activation of the central endocannabinoid system. Behav Brain Res. 
2011; 220:140–145. DOI: 10.1016/j.bbr.2011.01.044 [PubMed: 21295077] 

Meaney MJ, Stewart J. A descriptive study of social development in the rat (Rattus norvegicus). Anim 
Behav. 1981; 29:34–45. DOI: 10.1016/S0003-3472(81)80149-2

Meyer U, Feldon J, Dammann O. Schizophrenia and autism: both shared and disorder-specific 
pathogenesis via perinatal inflammation? Pediatr Res. 2011; 69:26R–33R. DOI: 10.1203/PDR.
0b013e318212c196

Miller BJ, Culpepper N, Rapaport MH, Buckley P. Prenatal inflammation and neurodevelopment in 
schizophrenia: a review of human studies. Prog Neuropsychopharmacol Biol Psychiatry. 2013; 
42:92–100. DOI: 10.1016/j.pnpbp.2012.03.010 [PubMed: 22510462] 

Mouihate A, Galic MA, Ellis SL, Spencer SJ, Tsutsui S, Pittman QJ. Early Life Activation of Toll-Like 
Receptor 4 Reprograms Neural Anti-Inflammatory Pathways. J Neurosci Off J Soc Neurosci. 
2010; 30:7975–7983. DOI: 10.1523/JNEUROSCI.6078-09.2010

Neumeister A, Normandin MD, Pietrzak RH, Piomelli D, Zheng MQ, Gujarro-Anton A, Potenza MN, 
Bailey CR, Lin SF, Najafzadeh S, Ropchan J, Henry S, Corsi-Travali S, Carson RE, Huang Y. 
Elevated brain cannabinoid CB1 receptor availability in post-traumatic stress disorder: a positron 
emission tomography study. Mol Psychiatry. 2013; 18:1034–1040. DOI: 10.1038/mp.2013.61 
[PubMed: 23670490] 

Paolicelli RC, Bolasco G, Pagani F, Maggi L, Scianni M, Panzanelli P, Giustetto M, Ferreira TA, 
Guiducci E, Dumas L, Ragozzino D, Gross CT. Synaptic Pruning by Microglia Is Necessary for 
Normal Brain Development. Science. 2011; 333:1456–1458. DOI: 10.1126/science.1202529 
[PubMed: 21778362] 

Patel S, Carrier EJ, Ho WSV, Rademacher DJ, Cunningham S, Reddy DS, Falck JR, Cravatt BF, 
Hillard CJ. The postmortal accumulation of brain N-arachidonylethanolamine (anandamide) is 
dependent upon fatty acid amide hydrolase activity. J Lipid Res. 2005; 46:342–349. DOI: 10.1194/
jlr.M400377-JLR200 [PubMed: 15576840] 

Patterson PH. Maternal infection and autism. Brain Behav Immun. 2012; 26:393.doi: 10.1016/j.bbi.
2011.09.008 [PubMed: 22001185] 

Prager G, Hadamitzky M, Engler A, Doenlen R, Wirth T, Pacheco-López G, Krügel U, Schedlowski 
M, Engler H. Amygdaloid signature of peripheral immune activation by bacterial 
lipopolysaccharide or staphylococcal enterotoxin B. J Neuroimmune Pharmacol Off J Soc 
NeuroImmune Pharmacol. 2013; 8:42–50. DOI: 10.1007/s11481-012-9373-0

Qi M, Morena M, Vecchiarelli HA, Hill MN, Schriemer DC. A robust capillary liquid 
chromatography/tandem mass spectrometry method for quantitation of neuromodulatory 
endocannabinoids. Rapid Commun Mass Spectrom RCM. 2015; 29:1889–1897. DOI: 10.1002/
rcm.7277 [PubMed: 26411510] 

Qin M, Zeidler Z, Moulton K, Krych L, Xia Z, Smith CB. Endocannabinoid-mediated improvement on 
a test of aversive memory in a mouse model of fragile X syndrome. Behav Brain Res. 2015; 
291:164–171. DOI: 10.1016/j.bbr.2015.05.003 [PubMed: 25979787] 

DOENNI et al. Page 14

Brain Behav Immun. Author manuscript; available in PMC 2017 June 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Romero R, Espinoza J, Chaiworapongsa T, Kalache K. Infection and prematurity and the role of 
preventive strategies. Semin Neonatol SN. 2002; 7:259–274. [PubMed: 12401296] 

Rossi S, Motta C, Musella A, Centonze D. The interplay between inflammatory cytokines and the 
endocannabinoid system in the regulation of synaptic transmission. Neuropharmacology. 2014; 
doi: 10.1016/j.neuropharm.2014.09.022

Semple BD, Blomgren K, Gimlin K, Ferriero DM, Noble-Haeusslein LJ. Brain development in rodents 
and humans: Identifying benchmarks of maturation and vulnerability to injury across species. Prog 
Neurobiol. 2013; 106–107:1–16. DOI: 10.1016/j.pneurobio.2013.04.001

Shanks N, Larocque S, Meaney MJ. Neonatal endotoxin exposure alters the development of the 
hypothalamic- pituitary-adrenal axis: early illness and later responsivity to stress. J Neurosci. 
1995; 15:376–384. [PubMed: 7823142] 

Shanks N, Windle RJ, Perks PA, Harbuz MS, Jessop DS, Ingram CD, Lightman SL. Early-life 
exposure to endotoxin alters hypothalamic–pituitary–adrenal function and predisposition to 
inflammation. Proc Natl Acad Sci U S A. 2000; 97:5645–5650. [PubMed: 10779563] 

Sominsky L, Fuller EA, Bondarenko E, Ong LK, Averell L, Nalivaiko E, Dunkley PR, Dickson PW, 
Hodgson DM. Functional Programming of the Autonomic Nervous System by Early Life Immune 
Exposure: Implications for Anxiety. PLoS ONE. 2013; :8.doi: 10.1371/journal.pone.0057700

Spencer SJ, Heida JG, Pittman QJ. Early life immune challenge—effects on behavioural indices of 
adult rat fear and anxiety. Behav Brain Res. 2005; 164:231–238. DOI: 10.1016/j.bbr.2005.06.032 
[PubMed: 16125259] 

Stead JDH, Neal C, Meng F, Wang Y, Evans S, Vazquez DM, Watson SJ, Akil H. Transcriptional 
profiling of the developing rat brain reveals that the most dramatic regional differentiation in gene 
expression occurs postpartum. J Neurosci Off J Soc Neurosci. 2006; 26:345–353. DOI: 10.1523/
JNEUROSCI.2755-05.2006

Trezza V, Damsteegt R, Manduca A, Petrosino S, Van Kerkhof LWM, Pasterkamp RJ, Zhou Y, 
Campolongo P, Cuomo V, Di Marzo V, Vanderschuren LJMJ. Endocannabinoids in amygdala and 
nucleus accumbens mediate social play reward in adolescent rats. J Neurosci Off J Soc Neurosci. 
2012; 32:14899–14908. DOI: 10.1523/JNEUROSCI.0114-12.2012

Vanderschuren LJMJ, Niesink RJM, Van Pee JM. The neurobiology of social play behavior in rats. 
Neurosci Biobehav Rev. 1997; 21:309–326. DOI: 10.1016/S0149-7634(96)00020-6 [PubMed: 
9168267] 

van Erp TGM, Greve DN, Rasmussen J, Turner J, Calhoun VD, Young S, Mueller B, Brown GG, 
McCarthy G, Glover GH, Lim KO, Bustillo JR, Belger A, McEwen S, Voyvodic J, Mathalon DH, 
Keator D, Preda A, Nguyen D, Ford JM, Potkin SG. A multi-scanner study of subcortical brain 
volume abnormalities in schizophrenia. Psychiatry Res. 2014; 222:10–16. DOI: 10.1016/
j.pscychresns.2014.02.011 [PubMed: 24650452] 

Wei D, Lee D, Cox CD, Karsten CA, Peñagarikano O, Geschwind DH, Gall CM, Piomelli D. 
Endocannabinoid signaling mediates oxytocin-driven social reward. Proc Natl Acad Sci U S A. 
2015; 112:14084–14089. DOI: 10.1073/pnas.1509795112 [PubMed: 26504214] 

Weston CSE. Posttraumatic Stress Disorder: A Theoretical Model of the Hyperarousal Subtype. Front 
Psychiatry. 2014; :5.doi: 10.3389/fpsyt.2014.00037 [PubMed: 24478733] 

Yu M, Ives D, Ramesha CS. Synthesis of prostaglandin E2 ethanolamide from anandamide by 
cyclooxygenase-2. J Biol Chem. 1997; 272:21181–21186. [PubMed: 9261124] 

Zalla T, Sperduti M. The amygdala and the relevance detection theory of autism: an evolutionary 
perspective. Front Hum Neurosci. 2013; :7.doi: 10.3389/fnhum.2013.00894 [PubMed: 23372547] 

Zavitsanou K, Dalton VS, Walker AK, Weickert CS, Sominsky L, Hodgson DM. Neonatal 
lipopolysaccharide treatment has long-term effects on monoaminergic and cannabinoid receptors 
in the rat. Synapse. 2013; 67:290–299. DOI: 10.1002/syn.21640 [PubMed: 23389966] 

Zhan Y, Paolicelli RC, Sforazzini F, Weinhard L, Bolasco G, Pagani F, Vyssotski AL, Bifone A, Gozzi 
A, Ragozzino D, Gross CT. Deficient neuron-microglia signaling results in impaired functional 
brain connectivity and social behavior. Nat Neurosci. 2014; 17:400–406. DOI: 10.1038/nn.3641 
[PubMed: 24487234] 

DOENNI et al. Page 15

Brain Behav Immun. Author manuscript; available in PMC 2017 June 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 1. Timeline of experimental procedures and testing
Animals were injected on P14 with LPS or Saline. Components of the eCB system were 

measured 6h after LPS injection on P14 as well as in adolescence (24 days after LPS 

injection). In adolescence, animals underwent testing in the open field as well as a social 

behavioral challenge. Interventions with a FAAH inhibitor were also performed during 

adolescence to reverse the effect of LPS on social behavior. Every experiment was 

performed on a separate cohort in both males and females.
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FIGURE 2. Experimental design to assess reciprocal social behavior
Animals at ~P40 were separated overnight and subsequently exposed to either a treatment 

matched or differently treated partner and social interaction was recorded. Following this 

encounter, animals returned to their home cage for 24h; they were then separated overnight 

and subsequently encountered another unfamiliar counterpart.
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FIGURE 3. Social play and social non-play behavior
(A & D) Combined social behavior (play and social non-play) (B & E), social play and (C 
& F) social non-play behavior (grooming, crawling over/under and sniffing) on P40 (+/− 2) 

in LPS and control treated animal. Figures A–C show pairings matched for treatment, while 

D–F show non-treatment matched pairings. No significant differences in sex could be 

detected. In this and subsequent figures, bars indicate mean (+SEM) and individual animal 

values are plotted to clarify spread or the samples. Two-way analysis of variance Bonferroni 

post hoc testing was used to analyze the data. * p < .05, *** p < .001
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FIGURE 4. Open field behavior
Open field behavior of P40 rats over 5 minute that received LPS or saline on P14. A) 
Percentage of time spent in the open quadrant, B) time spent with grooming behavior, C) 
mean rearing frequency and D) amount of defecation during the 5 minute trial period. Two-

way analysis of variance was used to analyze the data. $$ significant main effect of sex, p <.

01
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FIGURE 5. eCB concentrations in the amygdala on P14 6h following LPS
A) Anandamide (AEA) and B) 2-arachidnoyl glycerol (2-AG) concentration subsequent to 

an LPS challenge on P14. LPS significantly decreases AEA 6h after LPS exposure in males 

and females. A two-way analysis of variance was used to analyze the data. * significant 

main effect of LPS p < .05
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FIGURE 6. The adolescent (P40) eCB system in the amygdala following P14 LPS
Average (+SEM) in A) maximal cannabinoid receptor 1 (CB1) binding, B) CB1 binding site 

density, C) anandamide (AEA) and D) 2-arachidonoylglycerol (2-AG) content, E) maximal 

fatty acid amide hydrolase (FAAH) velocity (Vmax) and F) Michelis-Menten constant 

(Km). A two-way analysis of variance was used to analyze the data. * significant main effect 

of LPS p < .05, # significant interaction p < .05, $$ significant sex effect p < .01.
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FIGURE 7. AEA and 2-AG concentrations in the amygdala of naïve, vehicle or FAAH inhibitor 
treated animals
A) Anandamide (AEA) and B) 2-arachidonoylglycerol (2-AG) in the amygdala after oral 

administration of a FAAH inhibitor. Naïve animals never received vehicle or drug before. 

Vehicle animals received vehicle (peanut butter) 6–8h before they were sacrificed and 

received a FAAH inhibitor in a previous testing session (>48h before). The PF-04457845 

group received the drug 6h before they were sacrificed. A two-way analysis of variance was 

used to analyze the data. **** p < .0001 in Bonferroni’s test for multiple comparisons.
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FIGURE 8. Total time spent in social interactions with and without FAAH inhibitor
A) P14 LPS decreases adolescent social behavior. * p < .05 in one-sided t-test B) Social 

behavior of P14 LPS/Saline treated rats (50% male and female) that have received the 

FAAH inhibitor PF-04457845. Repeated measures ANOVA revealed a significant interaction 

between early-life LPS and drug treatment. LPS animals increase significantly in social 

interaction time when treated with the FAAH inhibitor, however, no significant effect on the 

saline treated controls can be observed. A repeated measures analysis of variance was used 

to analyze the data. ## early-life treatment X drug treatment interaction, p < .01; * p < .05 in 

Bonferroni’s test for multiple comparisons.
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FIGURE 9. Social behavior and play behavior after injection of PF-04457845 into the basolateral 
amygdala
A) and B) Combined social interaction (social play and non-play behaviors) increases in 

females who were exposed to LPS on P14 (### early-life treatment X drug treatment 

interaction p < .001; * p < .05 and ** p < .01 in Bonferroni’s test for multiple comparisons) 

C) Social play and drug treatment show a significant interaction in males (# p < .05). D) 
Females show a trend of increased social play with administration of a FAAH inhibitor.
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