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Supplementary Methods 

Animals and rearing 

Upon arrival, males were housed individually in type-1 polycarbonate cages (33.0×13.0×14.0 cm), while 

females were housed in groups of 6 in type-3 polycarbonate cages (42.0×26.0×15.0 cm). All cages were 

equipped with sawdust bedding, an enrichment bag (Mucedola, Settimo Milanese, Italy), metal top and 

ad libitum water and food pellets (Mucedola, Settimo Milanese, Italy). Mice were maintained on a 

reversed 12-h-light-dark cycle (light on at 7:00 PM) in an air-conditioned room (temperature 21 ± 1°C 

and relative humidity 60 ± 10%). 

Neonatal treatment 

Starting on PND1, were supplemented with corticosterone (80 µg/ml) in their drinking water. CORT 

administration was maintained until PND10. CORT concentration was selected based on previous 

literature (Macrì et al, 2007; Zoratto et al, 2011; Zoratto et al, 2013). CORT-exposed mice drank on 

average 13,9±0,49 ml of CORT solution; this resulted in an average daily intake of 1,11±0,039 mg. 

Except for the solution in the drinking bottle, neonatal environmental conditions were identical among 

groups. Subjects were left undisturbed until PND9, when pups were weighed and sexed. In addition, 

from PND9 onwards, cages were regularly cleaned once a week. On PND23, individuals were weaned 

and housed in same-sex, same-treatment groups of two or three individuals. On PND27, all mice were 

marked through ear clipping. 

Immunization protocol  

After preparation, GAS homogenate was stored at -70°. A blood agar plate was used to inoculate a 

sample of homogenate (2.5 µl), to verify that it contained no viable bacteria. The immunization 

protocol, described by Hoffman et al (Hoffman et al, 2004) and adopted in our previous study (Macrì et 

al, 2015), comprised five injections interspaced by a time interval of two weeks, starting on PND28.  

During the first injection, PBS mice were injected subcutaneously (s.c.) with 125 µL of an emulsion 
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(1:1), containing PBS and Complete Freund’s adjuvant (CFA; Sigma-Aldrich, Milano, Italy). GAS mice 

were injected with 125 µL of the same emulsion (CFA:PBS), containing 5 µL of GAS homogenate 

(0.52 mg/ml of total protein as determined by Bradford Assay, Bio-Rad). All mice were then treated 

four additional times at two-weeks intervals with 125 µL of vehicle – an emulsion containing PBS and 

Incomplete Freud’s Adjuvant (IFA; Sigma-Aldrich, Milano, Italy) – for PBS mice, or 125 µL of vehicle 

and 5 µL of GAS homogenate for GAS mice. To prepare the PBS/adjuvant emulsions, we used the 

vortex method described by Flies and Chen (Flies and Chen, 2003). 

Experimental Design 

Experimental tests were distributed among batches as follows: Batch 1 was used for behavioral testing 

(elevated 0-maze, locomotor activity, elevated plus maze, rotarod, T-maze, pre-pulse inhibition, and 

observation of DOI-induced behavioral responses), basal CORT concentrations, antibody response, 

plasma cytokines and immunohistochemistry at sacrifice (fourth injection); Batch 2 was used to 

evaluate hair CORT concentrations at weaning, brain monoamines at sacrifice, and RNA sequencing. 

All animals were sacrificed two weeks after the fifth injection.  

Physiological indicators of the efficacy of experimental treatments 

Hair and blood sampling 

To evaluate the effects of neonatal and adult treatment on HPA activity, we evaluated CORT levels 

both at weaning (through non-invasive CORT analysis of hair samples) and at the end of the study 

through trunk blood collection. Blood samples were also used for the determination of antibodies. Hair 

samples were collected through shaving a small portion of hair on the back of the subjects. Trunk 

blood serum samples (~200 µL) were collected after the fourth boost of immunization, at the moment 

of the sacrifice. Blood samples were allowed to clot at room temperature for 4 hours, centrifuged at 

3000 rpm for 15 minutes. The serum was transferred into Eppendorf tubes and maintained at -80°C 

until the biochemical assays were performed. CORT concentration was assessed using a commercial 

radioimmunoassay (RIA) kit (ICN Biomedicals, Costa Mesa, CA). Vials were counted for 2 minutes in a 
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gamma counter (Packard Minaxi Gamma counter, Series 5000). The procedures for washing and 

steroid extraction followed the protocol described by Gao and colleagues (Gao et al, 2013), who 

analyzed hair steroids with liquid chromatography tandem mass spectrometry (LC-MS/MS). One 

change was made to the protocol: the dry residue was resuspended using 175µL distilled water. 

Afterward, 100µL of the medium was injected into a Shimadzu HPLC system (Shimadzu, Canby, OR, 

USA) coupled to an AB Sciex API 5000 Turboion-spray1triple quadrupole tandem mass spectrometer 

equipped with Atmospheric Pressure Chemical Ionization (APCI) Source (AB Sciex, Foster City, CA, 

USA). The system was controlled by AB Sciex Analyst1 software (version 1.5.1). The lower limit of 

detection was ~0.1pg/mg. Intra- and inter-plate coefficients of variance ranged between 3.7–8.8%. All 

samples were prepared and analyzed within the same time period in order to prevent batch effects. 

Analysis of anti-Group A Streptococcal antibodies in serum samples 

GAS homogenates obtained as described above were size-separated by SDS-PAGE (4–12% 

acrylamide) under reducing conditions and electroblotted onto nitrocellulose membranes. 

Immunostaining was performed by blocking the membrane overnight with 3% (w/v) skimmed milk in 

TPBS (0.1% Tween in PBS) and incubating for 2 h with sera from mice of all experimental groups (all 

sera were diluted 1: 200). After 3 washes with TPBS, the membrane was incubated with HRP-

conjugated secondary antibody (1:1000), washed again with TPBS and PBS, and developed with a 

chromogenic substrate. 

Behavioral testing 

Elevated 0-maze 

Mice were tested for anxiety-related behaviors on the elevated 0-maze, which imposes an approach-

avoidance conflict. The apparatus consisted of a 5.5 cm wide circular runway made of black plastic with 

an outer diameter of 46 cm and placed 40 cm above the floor. Two closed sectors, positioned opposite 

to each other, were protected by 16 cm high walls made of transparent Plexiglas; the two remaining 

sectors were unprotected (open sectors). Mice were tested between 10:00 and 12:00 am directly in the 
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housing room, under dim light. At the beginning of the experimental session, the animal was gently 

positioned into one of the two closed sectors and allowed to explore the apparatus for 5 minutes. 

Between experimental sessions, the apparatus was cleaned with an alcohol/water solution (50%). Data 

acquired through a camera (Sony, Handycam, DCR-SX21E) were saved on a personal computer (Dell, 

Dell Precision T1600) and scored offline using the “Observer 10.5” (Noldus, Wageningen, The 

Netherlands). For each animal, we detected spatiotemporal variables (time spent and the number of 

entries in each sector), and behavioral variables in frequency and duration (rearing, grooming, stretched 

attend posture (SAP), and head dipping). The total number of entries was considered as an index of general 

activity, while time spent in the closed sectors was used as a measure of anxiety (Zoratto et al, 2011). 

 

 

Pre-pulse inhibition (PPI) 

Apparatus: The apparatus (Med Associates inc. St Albans, VT, United States of America (Olivier et al, 

2001)) consisted of an acoustic stimulator (ANL-925, Med Associates inc.) and a platform with a 

transducer amplifier (PHM-250-60, Med Associates inc.), and was positioned in a foam-lined isolation 

chamber (ENV-018S, Med Associates inc.), defined as startle chamber. The presence of a red light and 

a fan, both enclosed in the chamber, guaranteed dimmed lighting and ventilation. The platform was 

enclosed in a perforated compartment to ensure that the experimental subjects remained on it. 

Experimental data were acquired through dedicated software (SOF-815, Med Associates inc.).  

Procedure: During habituation, each mouse was positioned individually inside the startle chamber, and 

left undisturbed (without any stimulus) for five minutes. On the following day, mice were placed again 

inside the startle chamber for testing. At the beginning of the experimental session, mice were exposed 

to a white noise (62dB) for five minutes. After acclimation, mice were then exposed to a sequence of 

ten trials (pulses of 120dB), that were interspaced by an average inter-trial interval of 15 s (block I). 

Then, an 8-min long session started (block II). This session entailed 28 trials comprising four different 

types of trials that were presented in a pseudorandomized order. Trials were defined as follows: 
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prepulse alone (one trial for prepulse intensity), prepulse plus pulse (four trials for prepulse intensity), 

startle alone (four trials) and no stimulation (four trials). The inter-trial interval varied between 10-s and 

20-s to avoid habituation. Each trial started with a null period of 50 ms, followed by a prepulse noise. 

The intensity of the prepulse varied among four different values, represented by 67, 70, 73 or 76 dB. 

Following the prepulse, a startle stimulus was presented. The startle stimulus, as described previously, 

was constituted by a white noise of 40ms long and with an intensity of 120 dB. Prepulse and pulse 

stimuli were interspaced by an inter-stimulus period of 100 ms. The galvanic response was considered 

as the dependent variable and was measured 65 ms following the onset of the startle. Prepulse 

inhibition (PPI) was measured as PPI= [(A-B)/A*100], wherein A is the Galvanic reflex registered after 

the startle stimulus alone, and B is the reflex registered in response to the startle in prepulse plus pulse 

trials.  

Locomotor activity 

After the second and the fourth injection, mice were monitored for spontaneous locomotion over a 24-

hr period. General locomotion was evaluated in experimental cages identical to the home cages and 

positioned on a rack within the housing room. Six hours before the beginning of the registration 

session, mice were housed individually. Locomotor activity was then monitored for 24 consecutive 

hours through an automated device using small passive infrared sensors positioned on the top of each 

cage (ACTIVISCOPE system, NewBehavior Inc., Zurich, Switzerland) (Dell'Omo et al, 2002; Proietti 

Onori et al, 2014). The movement of the mice was detected with sensors operating at a frequency of 20 

events per second (20 Hz). When mice were sleeping or inactive, the sensor did not detect any 

movement. Average scores measured in 60-min intervals and expressed as count per minute (cpm) 

were detected for each mouse using dedicated software (NewBehavior Inc., Zurich, Switzerland). At 

the end of the test, mice were relocated to their original home cages.  
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Accelerating rotarod test 

Accelerating rotarod test was performed to evaluate mouse balance and motor coordination, by 

measuring the latency to fall from a rotating cylinder (Basile, Comerio, Italy). The apparatus consisted 

of a rotating rod (3 cm in diameter), on which mouse had to walk to avoid falling. To prevent harm to 

subjects, the cylinder was positioned 13 cm above the falling surface. A timer connected to a switch 

was used to record the latency, and the timer stopped when the mouse fell from the rod. During each 

trial, the rate of rotation progressively increased from 4 to 40 revolutions per minute (r.p.m.) over 4 

minutes. Mice performed three consecutive trials interspaced by a time interval of 10 minutes. The trial 

stopped when the mouse fell down from the cylinder, or when it reached the cut-off (4 minutes). The 

test was performed in an experimental room, adjacent to the housing room, between 10:00 and 14:00, 

where mice were carried to one hour before the beginning of the experimental session.   

 

 

T-maze 

Animals were screened for perseverative behaviors in the T-maze test. The experimental apparatus 

consisted of an enclosed T-shaped maze, composed of three equally sized arms (50x16 cm). Ten 

sessions were performed during five consecutive days (2 sessions per day), always in the housing room. 

The experimental session, consisting of two choice trials, started with the mouse positioned in the 

starting compartment, facing the wall of the apparatus. Then, the subject was allowed to explore the 

apparatus for two minutes. As soon as the animal completed the trial (entering one of the two 

alternative arms), such instance was scored as the first choice and the door of the arm was closed. After 

a few seconds, the animal was gently removed from the arm, placed again in the starting compartment, 

and allowed to perform a second choice trial. If the subject entered the arm opposite to the previously 

chosen one, an instance of alternation was scored. Alternatively, if the mouse re-entered the same arm, 

an instance of perseveration was scored. The percentage of alternations, measured as the number of 

alternations divided by the number of completed sessions times 100, was scored for each mouse. In a 
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T-maze, rodents have the natural tendency to alternate their choice of the arm (spontaneous 

alternation) (Deacon and Rawlins, 2006).  

 

Elevated plus maze 

The elevated plus maze test was performed after the fourth injection, to evaluate the exploration of an 

environment imposing on the animal an approach-avoidance conflict. The apparatus, elevated to a 

height of 40 cm above the floor level, comprised two open arms (27x5x0.25 cm) and two closed arms 

(27x5x15 cm), extended from a common central platform (5x5 cm). The floor and walls of the 

apparatus were both made of Plexiglas (black floor, transparent walls). The test was performed in an 

experimental room between 10:00 and 14:00, where mice were carried to one hour before the 

beginning of the experimental session. At the beginning of the test, mice were positioned gently in the 

central platform of the apparatus facing one of the two closed arms, and allowed to explore the maze 

for 5 minutes. The test was performed under dim illumination, and the apparatus was cleaned with an 

alcohol solution (50%) after each animal was tested. All sessions were recorded by a video camera 

(Sony, Handycam, DCR-SX21E), saved on a personal computer (Dell, Dell Precision T1600), and 

scored offline using the “Observer 10.5” (Noldus). For each animal, we detected spatiotemporal 

variables (time spent and number of entries in each sector), and behavioral variables in frequency and 

duration. In particular, we scored:  rearing (head raising standing on hind legs), grooming (self-cleaning 

with mouth or paws), stretched attend posture (SAP) (stretched posture with the head and two or three 

paws on the open arm and retraction to previous position) and head dipping (downward movement of 

the head towards the floor while on the open arms).  

 

Individual reactivity to serotonergic agonist (DOI)  

In order to observe the individual reaction to a serotonergic agonist, we evaluated the behavioral 

response to the administration of the 5-HT2a agonist DOI (2,5-dimethoxy-4-iodoamphetamine, Sigma-

Aldrich, St. Louis, MO, USA, 5 mg/kg). DOI was dissolved in saline (NaCl 0,9%) and administered i.p. 
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at a volume of 1 ml/100 g body weight (Egashira et al, 2011), to the animals of batch 1 after the fifth 

injection (week 13). Starting 5 minutes after the injection, animals were video recorded for the 

following 10 minutes, using a video camera mounted on the back of the home cages. To prevent the 

occlusion of the visual space targeted by the video camera, the day before the test all animals were 

housed individually in cages where only a thin layer of bedding was left. The video-recording apparatus 

was composed of 32 video cameras (Simon TLC, PRS Italia, Rome, Italy) positioned on the back of the 

rack and connected to a DVR system (Gifran, 16 Channels Realtime, H.264 Full D1). Each black and 

white video camera (resolution: 420 lines, illumination: 0.01 Lux, lens: 3.6 mm) was positioned on a 

panel at a distance of 4.0 cm from the short side of the cages, with the centre of the lens focused on the 

cage to allow the tracking of animal movements and behaviors (see (Proietti Onori et al, 2014) for 

details). Behavioral responses were then scored using a computer with a dedicated software (The 

Observer 10.5, Noldus). Frequency and duration of two behavioral responses were scored: head twitch, a 

rapid and violent head shaking (Canal and Morgan, 2012), and skin jerk, a muscle contraction of the 

body longer in duration than the twitch (Proietti Onori et al, 2014).  

Immunohistochemistry  

For immunohistochemistry, air dried cryosections were passed in 70%, 95%, and 100% ethanol, and 

after rehydration with PBS and 20-min incubation with 0.3% H2O2 in PBS to eliminate endogenous 

peroxidase activity, sections were pre-incubated with 10% of normal sera and incubated at 4°C 

overnight with rabbit polyclonal IBA1 antibody (Wako-Chem, Japan), or goat polyclonal TNF antibody 

(R&D System, Minneapolis, Minn) or IL-9 (diluted in PBS containing 5% normal donkey serum, 

followed by incubation with biotinylated secondary antibodies (Jackson ImmunoResearch Laboratories, 

Suffolk, UK) visualized with the avidin-biotin horseradish peroxidase complex (ABC Vectastain Elite 

kit, Vector Laboratories, Burlingame, CA, USA) and 3,3 diaminobenzidine (Sigma Chemical, St. Louis, 

MO, USA). All sections were counterstained with haematoxylin, sealed with Canada balsam and viewed 

and photographed with an Axiophot Zeiss microscope (Germany) equipped with an Axiocam digital 

camera using the Axiovision 4AC software. Qualitative analysis of the presence and distribution of 
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inflammatory cells was performed by a trained observer who did not perform the cutting (R.M.) and 

was blind to the treatment across all the different brain areas. 

Cytokine concentrations in the serum were determined through the Bio-Plex Cytokine Assay (23-Plex, 

Bio-Rad). Briefly, differentially stained microbeads, each type of which is coated with antibodies 

recognizing different cytokines, were incubated with mouse sera, washed, and incubated with 

biotinylated detection antibodies. Then the beads with the sandwich between antibodies and cytokines 

were washed, incubated with streptavidin-PE, washed again, and read in the Bio-Rad array. We 

determined cytokine concentration as an average of two replicates per serum.  

Monoamine measurements  

In order to collect brain samples, mice were rapidly decapitated. Samples collected for evaluation of 

brain monoamines by HPLC analyses were immediately sectioned on ice to obtain five sections: 

prefrontal cortex, striatum, hippocampus, hypothalamus, and cerebellum. All samples were flash frozen 

and then stored at -80°C until analysis. Brain samples collected for immunohistochemical analyses and 

RNA sequencing were collected after decapitation, kept intact, flash frozen and stored at -80°.  

Briefly, each brain region was weighed and a measured volume (10% W/V) of 0.1 N perchloric acid 

containing 0.05% Na2S2O5 and 0.1% Na2EDTA was added. The tissue was then disrupted by 

ultrasonication, centrifuged (10,000 × g; 5 minutes), and 100 µl of the supernatant was removed and 

filtered through 0.45 m PVDF syringe filters (Perkin-Elmer, Italy). Aliquots of 20 µl were injected 

directly onto the HPLC/EC system by a refrigerated (5°C) autosampler (MIDAS, Spark-Holland, The 

Netherlands) for the separation of 5-HT, DA, 5-HIAA, and DOPAC through a Supelcosil LC-18DB, 3 

m (75 × 3.0 mm) analytical column (Supelchem, Italy), thermostated at 40°C. The mobile phase 

consisted of sodium acetate anhydrous (5 g/L), citric acid (4.5 g/L), sodium octane sulphonate (100 

mg/L), Na2EDTA dihydrate (112 mg/L); CH3OH 7%. Monoamines and metabolites were measured 

by a Coulochem II electrochemical detector (Dionex, Switzerland) equipped with a 5011 

electrochemical cell (E1 and E2 potentials were 0 and +350 mV, respectively). A data system (Azur 4.6, 



Macrì - Neonatal stress, PANDAS and immunity in mice 

 11 

Datalys, France) was used to calculate the concentration of analytes based on calibration curves 

prepared daily with appropriate concentrations of pure standards.  

RNA sequencing  

Total RNA was extracted from striatum tissue using the Qiagen AllPrep Kit (Qiagen, Hamburg, 

Germany), according to the manufacturer’s instructions. RNA was further quantified using the 

NanoDrop 1000 Spectrophotometer and Qubit Fluorometer (Thermo Fisher Scientific, MA, USA) and 

RNA integrity was assessed with the 2200 TapeStation Instrument (Agilent Technologies, CA, USA). A 

total of 500 ng RNA was used for library preparation with the TruSeq Stranded Total RNA with Ribo-

Zero Gold sample preparation kit (Illumina, CA, USA). Successfully prepared cDNA libraries were 

then submitted for sequencing at the Department of Human Genetics, Radboud University Medical 

Center, Nijmegen, The Netherlands, on the Illumina NextSeq500 platform to obtain 76 bp paired-end 

reads.  FASTQC  and MultiQC (Ewels et al, 2016) software was used to assess and summarize the 

quality of the raw sequence data. Reads were aligned to the Mus musculus genome (primary assembly 

GRCm38, version 75) using GSNAP with (default) parameters (Wu and Nacu, 2010). Alignment was 

assessed using RSeQC (Wang et al, 2012), RNA-SeQC (DeLuca et al, 2012) and gene expression 

abundance (read count) was estimated. It was shown that estimation of gene expression is less reliable 

for genes with low read count (Soneson and Delorenzi, 2013) and therefore recommended to filter 

low-count genes prior to differential expression testing (Anders et al, 2013). Hence, transcripts with at 

least 10 reads in 5 samples were retained and further used to identify differentially expressed genes 

between the four experimental groups: water-GAS vs water-PBS, CORT-GAS vs water-GAS, CORT-

PBS vs water-PBS, and CORT-GAS vs CORT-PBS. Statistical analyses were performed using R 

(www.r-project.org) and Bioconductor packages ((Huber et al, 2015), www.bioconductor.org), applying 

four methods: limma voom, limma voomWithQualityWeights (Ritchie et al, 2015), EdgeR glm 

(Robinson et al, 2010), (McCarthy et al, 2012) and DESeq2 (Love et al, 2014) to test for differences in 

gene expression between groups. Batch effects (library preparation, sequencing run, striatum 

hemisphere) were modeled according to the statistical design of each method. Genes were called as 
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differentially expressed if they passed the selection criteria threshold of absolute fold change ≥1.2 and 

P-value <0.01 for each of the four methods. The final sets of differentially expressed genes comprised 

those that were identified as differentially expressed by at least two of the four used methods. As 

suggested by Zhang et al. (Zhang et al, 2014), this approach was taken to account for false positive 

discoveries.  

Venn diagrams (see Supplementary Figure 1) of the final sets of differentially expressed genes were 

built with Venny (Oliveros, 2007-2015). For genes that showed differential expression, upstream 

regulator analysis was performed using the Ingenuity Pathway Analysis software (IPA) (Ingenuity 

Systems Inc., Redwood City, CA). Based on the ‘‘Ingenuity Knowledge Base’’, a repository of data from 

publicly accessible databases and data that are manually curated by systematically reviewing published 

literature, IPA can generate a list of ‘upstream regulators’, i.e. proteins or compounds that regulate the 

expression of multiple target mRNAs/genes from an input list. The program also calculates a z-score 

that is based on the expression changes of the input mRNAs and that is a measure for the directionality 

of the upstream regulator. In this respect, a z-score <-1.5 or >1.5 (reflecting inhibition or activation of 

the upstream regulator-dependent effects on target gene expression, respectively) is considered as 

“suggestive”. 
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 Supplementary Figure 1: Venn diagrams showing the unique and overlapping differentially expressed 
genes between the four comparisons, i.e. WATER-GAS vs WATER-PBS (75 genes), CORT-GAS vs 
WATER -GAS (477 genes), CORT-PBS vs WATER -PBS (17 genes), and CORT-GAS vs CORT-PBS 
(674 genes).  

  



Macrì - Neonatal stress, PANDAS and immunity in mice 

 14 

Supplementary Results and Tables 

Antibody response to GAS administration  

Predictably, while Western Blot analyses conducted on sera from WATER-GAS and CORT-GAS mice 

revealed several bands (Supplementary Fig. 2, lane 3 and 5 respectively), WATER-PBS and CORT-PBS 

mice did not reveal any or very few bands (Supplementary Fig. 2, lane 2 and 4 respectively).  

 

Supplementary figure 2: Western Blot analysis of GAS extracts probed with pooled sera from mice 

treated with GAS homogenates or adjuvant alone as Control, neonatal CORT and GAS homogenates 

or neonatal CORT and adjuvant. Lane 1, Coomassie staining of GAS homogenates; Lane 2, Western 

Blot results after probing with sera of control mice injected with four doses of adjuvant alone; lane 3, 

Western Blot results after probing with sera of mice injected with four doses of GAS homogenates; 

lane 4, Western Blot results after probing with sera of mice injected with four doses of neonatal CORT 

and adjuvant; lane 5, Western Blot results after probing with sera of mice injected with four doses of 

neonatal CORT and GAS homogenates. 

Elevated 0-Maze (E0M) test (week 7, second injection) 

As expected, all mice showed a preference for the closed sectors of the maze, wherein they spent on 

average 68,1% of the time. All experimental groups did not significantly differ in terms of time spent in 

the open arms (neonatal treatment: F(1,34) = 1,395, p = 0,2457; PBS/GAS treatment: F(1,34) = 0,016, 
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p = 0,9003; neonatal treatment x PBS/GAS treatment: F(1,34) = 0,614, p = 0,4388). The frequency of 

entries in the open sectors of the maze, considered an index of general locomotion, was significantly 

reduced in CORT-treated subjects (neonatal treatment: F(1,33) = 4,410, p = 0,0434) regardless of GAS 

administration (neonatal treatment x PBS/GAS treatment: F(1,33) = 0,021, p = 0,8866). Furthermore, 

GAS administration per se did not influence the frequency of open arm entries (PBS/GAS treatment: 

F(1,33) = 0,614, p = 0,4388). Finally, CORT-treated animals exhibited increased levels of SAP 

(duration, neonatal treatment: F(1,34) = 5,391,  p = 0,0264) and decreased levels of head dipping 

(frequency, neonatal treatment: F(1,34) = 5,683, p = 0,0229; duration, neonatal treatment:  F(1,34) = 

6,797, p = 0,0135). None of the other behavioral parameters considered differed significantly among 

experimental groups (see Table 1, Supplementary Results). 

Elevated Plus-Maze test (EPM, week 11, fourth injection) 

We evaluated the behavioral profile of experimental subjects on the EPM after the fourth injection 

(week 11). As expected, mice showed an 85.9% preference (calculated as: 100 * time spent in the closed 

arms / (time in open arms + time in closed arms)) for the closed instead of the open arms of the maze. 

Experimental groups did not differ in terms of time spent in the open arms of the maze (neonatal 

treatment: F(1,34) = 0,076, p = 0,9217; PBS/GAS treatment: F(1,34) = 0,010, p = 0,7851; neonatal 

treatment x PBS/GAS treatment: F(1,34) = 0,492, p = 0,4877). Early CORT administration 

significantly reduced the time spent in the center of the apparatus (neonatal treatment: F(1,33) = 4,565, 

p = 0,0401). General locomotion did not significantly vary among groups (frequency of entries, 

neonatal treatment: F(1,34) = 0,711, p = 0,4050; PBS/GAS treatment: F(1,34) = 0,606, p = 0,4417; 

neonatal treatment x PBS/GAS treatment: F(1,34) = 0,092, p = 0,7640). With respect to the ethological 

parameters considered, we observed that early CORT administration significantly reduced SAP 

(frequency of SAP, neonatal treatment: F(1,33) = 4,621, p = 0,0390; duration of SAP, neonatal 

treatment: F(1,34) = 10,024, p = 0,0033) and sniffing (frequency of sniffing, neonatal treatment: F(1,34) = 

6,227, p = 0,0176; duration of sniffing, neonatal treatment: F(1,34) = 4,132, p = 0,0499). We did not 
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observe between-group differences for all the other behavioral parameters considered (see Table 1, 

Supplementary Results). 

Rotarod test (week 11, fourth injection) 

We evaluated motor coordination through the Rotarod Test after the fourth injection (week 11). With 

respect to the latency to fall from the apparatus, all experimental subjects showed a progressive 

tendency towards an improvement of their performance across trials (trial: F(2,68) = 7,410, p = 

0,0012). Additionally, the progressive improvement was undistinguishable among experimental groups 

(latency to fall, neonatal treatment: F(1,34) = 0,806; PBS/GAS treatment: F(1,34) = 0,305, p = 0,5846; 

neonatal treatment x PBS/GAS treatment: F(1,34) = 0,467, p = 4988). 

T-maze (week 11, fourth injection) 

Repeated GAS injections significantly reduced the percentage of spontaneous alternations in a T-maze 

test  (F(1,34) = 9,074, p = 0,0049, see Supplementary Fig. 3). Neonatal corticosterone administration 

neither altered the exhibition of spontaneous alternations (neonatal treatment:  F(1,34) = 0,003,  p = 

0,9559) nor influenced the consequences of repeated GAS administrations (neonatal treatment x 

PBS/GAS treatment: F(1,34) = 1, 163, p = 0,2884, see Supplementary Fig. 3). 

 

Supplementary figure 3: Perseverative behavior in a T-maze (week 11, fourth injection) measured as 

the percentage of spontaneous alternations (mean+SEM; n=8-12 per group). *p<0.05 in post-hoc tests 

versus WATER-PBS subjects. 

 

* 



Macrì - Neonatal stress, PANDAS and immunity in mice 

 17 

Monoamine measurements 

While striatal dopamine concentrations were apparently reduced in response to both treatments, such 

reduction was not statistically significant (neonatal treatment: F(1,17) = 4,017, p = 0,0612; PBS/GAS 

treatment: F(1,17) = 4,058, p = 0,0601). 

 

RNA seq data analysis: effects at the molecular level  

The upstream regulator analysis of the genes that were found to be differentially expressed in the 

striatum between the experimental groups (Table 1 and Supplementary Table 4) provides insights into 

the (putative) molecular mechanisms underlying the observed behavioral changes. More specifically, the 

analysis in Table 1 gives clues as to which mechanisms convey the effects of neonatal corticosterone 

treatment on GAS-induced abnormal behaviour.   

First and foremost, the regulatory effect of (beta-)estradiol - the active form of the main female sex 

hormone estrogen that is converted from testosterone, the main male sex hormone, by the aromatase 

enzyme (The UniProt, 2017) - is predicted to be inhibited in GAS mice while it is activated in GAS 

mice that have been neonatally exposed to corticosterone (CORT) and that have attenuated GAS-

induced behaviours.  This is in keeping with literature findings, i.e. estradiol-deficient rodents show 

decreased PPI (Van den Buuse and Eikelis, 2001; van den Buuse et al, 2003) and develop OCD-like 

behavior (Flaisher-Grinberg et al, 2009; Hill et al, 2007; Mitra et al, 2016). In addition, tics have been 

reported to worsen in women during times of (relatively) lower estradiol levels (e.g. during the 

premenstrual phase) (Kompoliti et al, 2001; Schwabe and Konkol, 1992) and both in women and men - 

in whom estradiol can only be produced through conversion from testosterone - increased (and earlier) 

OCD symptoms have been linked to (relatively) lower estradiol levels (Boon and Horne, 2011; 

Martino et al, 2013).  Estradiol has been reported to regulate the immune response through e.g. having 

a protective effect against bacterial infections (Garcia-Gomez et al, 2013). Interestingly, this effect is 

probably achieved through estradiol modulating the immunologic potency of IgG antibodies for that 
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are formed against bacteria (see below) (Ercan et al, 2017).  Further, estradiol activates the HPA-axis, 

resulting in an increased CORT production and associated stress response (Bailey and Silver, 2014; Liu 

and Herbison, 2013; Mitsushima et al, 2008), reinforcing the observed attenuating effect of CORT on 

GAS-induced behavior. Lastly, estradiol is involved in upregulating the expression of luteinizing 

hormone (LH) (Turzillo et al, 1998) and it increases the striatal release of dopamine (DA) (Hussain et 

al, 2016; Shams et al, 2016) (see below). 

As indicated above, testosterone is converted to beta-estradiol by the aromatase enzyme. Therefore, it 

is interesting that in GAS-induced mice, the effect of dihydrotestosterone, a metabolite that is 

converted from testosterone by 5α-reductase enzymes (The UniProt, 2017) of which one family 

member, SRD5A1, was found to be downregulated in GAS-induced mice (see Supplementary Table 4). 

Dihydrotestosterone also decreases the release of LH (Turgeon and Waring, 1999) and upregulates 

the expression of LEP (Gui et al, 2004) (see below).  

The neurotransmitter DA is converted from its precursor, L-dopa, by the DDC enzyme (Gjedde et al, 

1991; The UniProt, 2017). As already indicated above, the core hypothesis relating streptococcal 

infections to the onset of PANDAS is that IgG antibodies produced in response to GAS cross the 

blood brain barrier and are aimed at specific neuronal proteins (in the basal ganglia). In this respect, it 

was shown that IgG from GAS-exposed rats reacts with D1 and D2 DA receptors (D1R and D2R) in 

vitro. In vivo, IgG deposits in the striatum of infused rats co-localize with these dopamine receptors 

(Lotan et al, 2014). Further, IgG from human PANDAS patients was found to react with D2R and 

have a negative effect on signaling downstream of D2R (Cox et al, 2013). Individuals with tics and/or 

OCD also have elevated serum IgG against human D1R (Cox et al, 2015). In addition, it was 

demonstrated that IgG is sufficient to induce PANDAS symptoms in humans and the depletion of 

IgG from PANDAS patient sera alleviates these symptoms (Yaddanapudi et al, 2010). Therefore, it is 

interesting that IgG-dependent regulation is predicted to be inhibited in CORT-exposed GAS mice, 

which also fits with the reported negative effect of corticosteroids on IgG activity (Gill et al, 1999; 

Kurlander, 1981). 
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In CORT-exposed GAS mice, the downstream regulatory effects of DA are predicted to be activated 

while those of L-dopa are inhibited. This has to be considered against the findings from the literature 

on DA/L-dopa and tic disorders as well as OCD, i.e. both increased and decreased DA signaling have 

been suggested as etiological factors in these disorders. For example, decreased striatal DA receptor 

availability has been demonstrated in both tic disorders and OCD, presumably reflecting higher 

endogenous DA levels in both disorders (Denys et al, 2013). However, another study indicates that DA 

receptor availability is not different between tic disorder patients and controls (Abi-Jaoude et al, 2015). 

Likewise, both DA agonists and antagonists - correcting for decreased and increased DA 

levels/signaling, respectively - have been reported to alleviate tics (Hershey et al, 2004). Moreover, L-

dopa reduces tics (Black and Mink, 2000; Nomura and Segawa, 2003). In light of all these findings, it is 

difficult to correctly interpret the upstream regulator analysis results for DA and L-dopa in the CORT-

exposed GAS mice so we can only conclude that DA signaling is dysregulated in GAS-induced mice. 

That being said, both estradiol (see above) and corticosterone (Piazza et al, 1996) increase striatal DA 

release, which is in line with the fact that DA-dependent regulation is predicted to be activated in 

CORT-exposed GAS mice. 

LH is secreted by the pituitary gland upon stimulation by hypothalamic gonadotropin-release hormone 

(GnRH) and activates gonadal production of sex hormones (i.e. estradiol, testosterone, and 

progesterone), which then - as a part of the HPG axis - provide negative feedback to the hypothalamus 

(Martino et al, 2013). As already indicated above, estradiol upregulates the expression of LH while 

dihydrotestosterone decreases its secretion. In addition, DA - which is predicted to have an increased 

downstream effect in CORT-exposed GAS mice - is a potent inhibitor of GnRH-induced LH secretion 

by the pituitary (Grey and Chang, 2013; Liu et al, 2013). The latter finding seems to be in contradiction 

with the results of our experiments, i.e. that LH-dependent regulation is activated in CORT-exposed 

GAS mice. However, as mentioned before, it is not clear what the exact mechanisms are through which 

increased and/or decreased DA levels and activity alleviate the behavioral changes in CORT-exposed 

GAS mice. 
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Oleic acid-dependent regulation is inhibited in CORT-exposed GAS mice. In this respect, it is 

interesting that oleic acid is a fatty acid component of triglycerides (Igal et al, 2001) and increased 

triglyceride levels have been found in the serum of OCD patients (Agargun et al, 2004; Albert et al, 

2013). In addition, dihydrotestosterone decreases the production of oleic acid (Fagman et al, 2015). 

Interleukin-2 (IL2) is a cytokine that is crucial for regulating the T-cell-mediated immune response 

(The UniProt, 2017) and that is downregulated by beta-estradiol (McMurray et al, 2001). Further, IgG-

mediated GAS infection leads to increased IL2 expression in T cells (Mortensen et al, 2015). 

IL2 decreases the release of LH from the anterior pituitary (Karanth and McCann, 1991), while high 

doses of dopamine (DA) (see below) reinforce the inhibitory effect of IL2 on LH release (Karanth et 

al, 1992). Furthermore, IL2-dependent regulation is predicted to be inhibited in CORT-exposed GAS 

mice which is in line with the fact that an increased IL2 expression was found postmortem in the basal 

ganglia of TS patients (Morer et al, 2010) and serum IL2 concentrations were found to be positively 

associated with tic severity (Bos-Veneman et al, 2010). In addition, plasma levels of IL2 were increased 

in drug-naive OCD patients (Rao et al, 2015). Lastly, chronic IL2 exposure leads to an overactivation of 

the HPA axis, which in turn causes a significant increase in CORT plasma levels (Hanisch et al, 1994). 

Fibroblast growth factor 2 (FGF2) has multiple roles, including the positive regulation of neurite 

outgrowth and, linked to this, motor function in rats (Wolf et al, 2014). FGF2-dependent regulation is 

predicted to be inhibited in GAS mice and interestingly, the effect of FGF2 is activated when 

comparing CORT-GAS with CORT-PBS mice (see Supplementary Table 4).  In addition, estradiol 

and IL2 are involved in (up)regulating the expression of FGF2 (Chaturvedi and Sarkar, 2004). Further, 

CORT exposure leads to an upregulation of FGF2 in various brain regions, which fits with the 

observed inhibited FGF2-dependent regulation in GAS mice and may represent a defense mechanism 

through which the brain limits the deleterious effect of stress over time (Hansson et al, 2003; Magnaghi 

et al, 2000; Mocchetti et al, 1996; Molteni et al, 2001). 
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Leptin (LEP), a hormone and growth factor with multiple functions including appetite regulation 

(The UniProt, 2017), is predicted to be inhibited in the CORT-treated GAS mice, which fits with the 

finding that CORT downregulates LEP expression (Morash et al, 2000). Further, dihydrotestosterone 

and beta-estradiol are also involved in upregulating (Gui et al, 2004) and downregulating (Misso et al, 

2003; Penza et al, 2006) LEP expression, respectively. Moreover, LEP inhibits the release of DA, 

which fits with the finding that in CORT-treated GAS mice, the effect of LEP is inhibited while DA-

induced regulation is activated (Schwartz et al, 2000). Interestingly, LEP also plays a pro-inflammatory 

role through increasing IL2 production by T-lymphocytes (Lord et al, 1998), which implies that the 

anti-inflammatory effect of CORT on GAS mice could be mediated in part by an inhibition of LEP-

dependent regulation.  

IKKbeta (IKBKB) is a cytoplasmic kinase that is predicted to be inhibited in CORT-exposed GAS 

mice and activates NF-kappaB (NF-κB), a pro-inflammatory transcription factor that is critical for the 

regulation of innate immunity (Lawrence et al, 2005). In this respect, it is interesting that an inducible 

deletion of Ikbkb reduces GAS infection in mice (Hsu et al, 2011) and that selective inactivation of 

Ikbkb normalizes OCD-like behavior in mice (Krabbe et al, 2017). Furthermore, both glucocorticoids 

and estradiol negatively regulate the activity of IKBKB (Simoncini et al, 2000). In addition, IKBKB is 

involved in upregulating the expression of IL2 (Ren et al, 2002) while FGF2 and LEP both regulate the 

activity of IKBKB (Lam et al, 2007; Vandermoere et al, 2005).  

Lastly, the transmembrane protein TREM-1 - which is highly expressed in neutrophils and 

macrophages - is a receptor for GAS and positively mediates the GAS-induced inflammatory response 

(Tsatsaronis et al, 2014). In this respect, it is interesting that TREM-1 has been tested and confirmed as 

a drug target to block in the treatment of GAS-induced (Horst et al, 2013) and other immunity-related 

disorders (Murakami et al, 2009; Zhong et al, 2016). Further, it was demonstrated that CORT treatment 

significantly decreased the plasma expression levels of TREM-1 in febrile patients with autoimmune 

disease (Lin et al, 2016). This all fits very nicely with our findings, i.e. neonatal exposure to CORT led 

to an inhibition of TREM-1-dependent regulation in GAS mice. 
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Supplementary Table 1.  Synopsis of the results obtained in the elevated zero-maze (A) and elevated 

plus-maze (B)  

 

 

 

WATER-PBS WATER-GAS CORT-PBS CORT-GAS Neonatal 

treatment 

 

 

F(1,34)     p 

PBS/GAS 

treatment 

 

 

F(1,34)     p 

Neonatal 

treatment x 

PBS/GAS 

treatment 

F(1,34)     p 

        

(A)        

Closed sectors(d) 201,74±9,40 195,2±11,3 205,7±9,48 214,69±8,96 1,397     0,2454 0,016      0,901 0,615       0,438 

Closed sectors (f) 22,75±3,494 21±2,970 17,4±2,267 18,167±1,918 2,472     0,1252 0,036      0,851 0,234       0,632 

SAP (d) 10,305±2,004 9,47±2,180 15,607±2,197 15,47±2,659 5,391     0,0264 0,040      0,843 0,021       0,887 

Head dipping (f)  55±3,713 56±4,162 43,1±3,662 47,167±4,756 5,683     0,0229 0,339      0,564 0,124       0,727 

Rearing (f) 17,5±2,885 14,5±1,427 16,5±2,478 18,417±1,454 0,473     0,4963 0,065      0,799 1,344       0,254 

Grooming (d) 13,47±3,673 14,243±4,694 26,139±9,429 20,518±4,459 0,127     0,7241 0,089      0,768 0,018       0,895 

Sniffing (f) 5,25±1,916 4±0,897 3,4±0,897 4,667±0,995 0,236     0,6299 0,00005  0,995 1,070       0,308 

        

(B)        

Open arms (d) 36,1±8,999 29,86±9,584 28,5±7,37 33,17±5,69 0,076     0,7851 0,010      0,922 0,492       0,488 

Open arms (f) 6,12±1,11 4,875±1,381 4,8±1,42 4,25±0,687 0,711     0,4050 0,606      0,442 0,092       0,764 

Closed arms (d) 193±20,998 217,7±19,35 231,56±14,3 223,3±16,28 1,531     0,2244 0,211      0,649 0,855       0,362 

Closed arms (f) 11,5±0,845 11±1,389 10±1,183 8,75±0,922 2,857     0,1001 0,622      0,436 0,114       0,737 

% Open arms (f) 33,1±4,1 28,8±4,7 25,4±5,4 28,8±4,6 0,599     0,4445 0,008      0,929 0,621       0,436 

SAP (d) 16,715±4,560 18,6±7,179 4,986±1,317 5,632±2,074 10,024   0,0033 0,105      0,748 0,025       0,875 

Head dipping (f)  8,75±1,971 8,875±2,349 10,7±1,535 9,917±1,612 0,649     0,4259 0,031      0,860 0,060       0,808 

Rearing (f) 12,75±1,634 13,625±1,238 14,1±1,574 12,917±1,401 0,045     0,8332 0,010      0,919 0,464       0,501 

Grooming (d) 57,823±11,081 59,906±14,806 51,649±8,734 57,088±13,505 0,127     0,7241 0,089      0,768 0,018       0,895 

Sniffing (f) 8,125±1,54 8,125±2,191 4,9±0,849 4,75±0,789 6,227     0,0176 0,003      0,955 0,003       0,955 

 

Behavioral phenotypes (mean±SEM; N=38) exhibited by adolescent (A) and adult (B) WATER-PBS 

(n=8), WATER-GAS (n=8), CORT-PBS (n=10) and CORT-GAS (n=12) mice. The three rightmost 

columns indicate the F and p values (together with degrees of freedom) of the main effects of 

neonatal treatment, PBS/GAS treatment, and their interaction.  
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Supplementary table 2. Monoamine concentrations in selected brain areas. 

 
 
 

WATER-PBS WATER-GAS CORT-PBS CORT-GAS Neonatal 
treatment 
 
 
F(1,21)     p 

PBS/GAS 
treatment 
 
 
F(1,21)     p 

Neonatal 
treatment x 
PBS/GAS 
treatment 
F(1,21)     p 

        
(A)        
DA 30.200±12.142 24.333±5.064 58.143±21.835 25.286±3.441 1.109   0.163 1.991   0.1729 0.967   0.3365    
DOPAC 69.200±30.170 42.333±3.703 57.714±18.855 45.714±10.936 0.055   0.8171 1.261   0.2742 0.184   0.6719 
DOPAC/DA 2.940±0.780 2.793±1.103 1.516±0.289 1.832±0.301 3.268   0.0850 0.016   0.8995 0.124   0.7286 
5-HT 455±69.804 396±84.367 585±95.201 503±55.012 2.208   0.1521 1.991   0.1729 0.021   0.8867 
5-HIAA 261.400±41.086 209.167±19.919 279.857±55.183 232.143±38.420 0.235   0.6331 1.365   0.2557 0.003   0.9584 
5-HIAA/5-HT 0.593±0.070 0.615±0.087 0.503±0.060 0.485±0.071 2.263   0.1474 0.001   0.9748 0.074   0.7889 
        
(B)        
DA 13391.5±2077.654 11180.6±1167.124 11192.667±537.17 9150.667±1082.517 4.017    0.0612 4.058   0.0601 0.089   0.7694 
DOPAC 2471.75±370.522 1784.167±142.165 1784.167±201.933 1566±160.949 12.073  0.0029 4.456   0.0499 1.155   0.2976 
DOPAC/DA 0.200±0.020 0.190±0.021 0.160±0.012 0.177±0.021 1.856    0.1909 0.026   0.8744 0.534   0.4748 
5-HT 473.250±62.073 355.800±56.840 328.500±18.938 277±30.670 7.239    0.0155 4.134   0.0579 0.630   0.4383 
5-HIAA 338.500±33.977 259.200±28.645 245.333±15.322 210.333±17.718     9.370    0.0071 6.068   0.0247 0.912   0.3531 
5-HIAA/5-HT 0.729±0.039 0.753±0.053 0.748±0.028 0.784±0.069 0.231    0.6366 0.323   0.5775 0.014   0.9088 
        
(C)        
DA 43.600±25.789 234.667±202.316 36.857±9.674 28.714±7.846 1.167    0.2923 0.863    0.3634 1.024   0.3231 
DOPAC 65±30.158 147±89.506 53.143±12.219 40.714±8.983 1.675    0.2096 0.581    0.4544 1.070   0.3127 
DOPAC/DA 1.809±0.166 1.823±0.322 1.614±0.182 1.703±0.233 0.435    0.5165 0.046    0.8319 0.025   0.8763 
5-HT 429.8±42.878 422.5±75.996 469.857±65.376 464.429±38.860 0.478    0.4971 0.012    0.9156 0.0003  0.9876 
5-HIAA 568.2±57.504 511.500±86.119 592.571±88.826 600.714±45.327 0.588    0.4517 0.107    0.7463 0.192   0.6660 
5-HIAA/5-HT 1.327±0.061 1.281±0.174 1.264±0.080 1.329±0.095 0.012    0.9136  0.002    0.9681 0.199   0.6598 
        
(D)        
DA 128.250±36.346 260.167±29.703 297.286±43.340 221.286±24.610 3.289    0.0848 0.607    0.4450 8.394   0.0089€ 
DOPAC 114.750±29.304 160±13.140 181.857±28.117 157.857±26.934 1.518    0.2322 0.162    0.6912 1.725   0.2040 
DOPAC/DA 1.032±0.169 0.633±0.041 0.616±0.035 0.692±0.078 5.184    0.0339 4.225    0.0531 9.180   0.0066° 
5-HT 593.250±175.001 664.667±72.203 795.429±47.884 810.429±63.982 4.352    0.500 0.268    0.6101 0.114   0.7387 
5-HIAA 480.500±132.751 432.500±19.419 501.714±26.225 501.286±62.472 0.555    0.4650 0.161    0.6928 0.155   0.6979 
5-HIAA/5-HT 0.848±0.050 0.684±0.065 0.638±0.033 0.618±0.068 6.399    0.0199 2.823    0.1085 1.718   0.2048 

 

Concentrations of: dopamine (DA), its metabolite 3,4-dihydroxyphenylacetic acid (DOPAC) and 

turnover (DOPAC/DA); and serotonin (5-HT), its metabolite 5-hydroxyndole acetic acid (5-HIAA) 

and turnover (5-HIAA/5-HT). Data, expressed as mean±SEM (N=25), refer to prefrontal cortex (A), 

striatum (B), hippocampus (C) and hypothalamus (D) of adult WATER-PBS (n=5), WATER-GAS 

(n=6), CORT-PBS (n=7) and CORT-GAS (n=7) mice (ng/g tissue weight). The three rightmost 

columns indicate the F and p values (together with degrees of freedom) of the main effects of Neonatal 

treatment, PBS/GAS treatment, and their interaction. € Post-hoc comparisons conducted based on this 

significant interaction show that CORT-GAS mice have increased concentrations of DA compared to 

WATER-PBS subjects. ° Post-hoc comparisons conducted based on this significant interaction show 

that CORT-GAS mice have reduced concentrations of dopamine turnover (DOPAC/DA) compared 

to WATER-PBS subjects. 
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Supplementary table 3. Cytokines concentrations measured through Bio-Plex assay  

 
 
 

WATER-PBS WATER-GAS CORT-PBS CORT-GAS Neonatal 
treatment 
 
 
F(1,33)     p 

PBS/GAS 
treatment 
 
 
F(1,33)     p 

Neonatal 
treatment x 
PBS/GAS 
treatment 
F(1,33)     p 

        
IL-1α 22.924±7.551 18.720±5.547 25.987±6.183 28.592±6.169 0.993       0.3264 0.015       0.9027 0.275       0.6033 
IL-1β 140.088±74.173 47.265±26.270 160.029±49.587 168.805±44.508 1.838       0.1846 0.649       0.4265 0.948       0.3375 
IL-2 4.443±2.683 5.271±3.511 2.893±0.881 5.164±1.946 0.124       0.7272 0.434       0.5156 0.094       0.7614 
IL-4 26.643±12.070 10.273±3.707 31.714±8.736 30.882±7.560 2.132       0.1540 0.956       0.3354 0.780       0.3836 
IL-5 60.094±23.792 48.368±16.569 73.099±16.834 73.107±14.827 1.112       0.2992 0.107       0.7454 0.108       0.7451 
IL-6 16.833±9.181 10.161±6.265 23.711±7.686 21.881±7.003 1.433       0.2382 0.302       0.5866 0.098       0.7564 
IL-9 29.964±18.625 20.247±18.572 151.221±51.374 40.778±17.479 4.717       0.0372 3.387       0.0747 2.380       0.1324 
IL-10 26.951±13.666 21.156±9.635 22.490±6.961 40.547±11.507 0.437       0.5137 0.295       0.5912 1.114       0.2993 
IL-12 (p40) 183.868±16.774 269.915±39.717 256.023±25.159 235.985±18.784 0.686       0.4140 1.168       0.2884 3.294       0.0796 
IL-12 (p70) 171.641±92.267 99.930±43.821 133.633±44.496 201.708±74.426 0.213       0.6479 0.001       0.9792 1.022       0.3201 
IL-13 300.687±152.826 125.080±50.982 389.125±118.941 405.037±99.229 2.528       0.1217 0.475       0.4957 0.683       0.4146 
IL-17 97.993±32.558 78.069±20.155 176.910±43.508 153.938±38.384 5.094       0.0307 0.391       0.5359 0.002       0.9648 
IFN-γ 30.026±15.311 17.267±8.608 41.824±13.003 46.605±12.798 2.318       0.1374 0.116       0.7356 0.394       0.5347 
KC 35.112±12.111 28.484±6.347 47.963±7.517 49.807±10.556 3.028       0.0912 0.059       0.8091 0.186       0.6690 
MCP-1 278.820±128.265 182.994±58.424 496.364±132.571 547.354±130.244 4.778       0.0365 0.028       0.8674 0.304       0.5853 
MIP-1β 33.355±16.086 20.819±6.079 69.099±18.159 67.513±17.701 5.320       0.0279 0.156       0.6954 0.094       0.7614 
RANTES 8.711±2.270 6.565±1.190 9.134±1.633 12.700±2.260 2.268       0.1141 0.124       0.7270 2.010       0.1666 
TNF-α 213.822±128.008 123.126±56.475 377.411±126.426 585.178±176.747 3.949       0.0561 0.138       0.7126 0.899       0.3507 

 

Plasma concentrations (mean±SEM; N=37), in serum of adult WATER-PBS (n=7), WATER-GAS 

(n=8), CORT-PBS (n=10) and CORT-GAS (n=12) mice (pg/ml) of the following cytokines: 

interleukin 1α (IL-1α), interleukin 1β (IL-1β), interleukin 2 (IL-2), interleukin 4 (IL-4), interleukin 6 (IL-

6), interleukin 9 (IL-9), interleukin 10 (IL-10), interleukin 12 (p40) (IL-12 (p40)), interleukin 12 p70 (IL-

12 (p70)), interleukin 13 (IL-13), interleukin17 (IL-17), interferon γ (IFN-γ), keratinocyte 

chemoattractant (KC), monocyte chemoattractant protein-1 (MCP-1), macrophage inflammatory 

protein 1β (MIP-1β), Regulated on Activation, Normal T Cell Expressed and Secreted (RANTES), 

Tumor necrosis factor α (TNF-α). The three rightmost columns indicate the F and p values (together 

with degrees of freedom) of the main effects of Neonatal treatment, PBS/GAS treatment, and their 

interaction.  
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Supplementary Table 4. Upstream regulator analysis - using Ingenuity - of the mRNAs that were differentially expressed in GAS-treated mice compared to controls (water-GAS vs water-PBS) (1), GAS-treated mice neonatally 
exposed to CORT compared to GAS-treated mice (CORT-GAS vs water-GAS) (2), CORT-exposed mice compared to control (CORT-PBS vs water-PBS) and GAS-treated mice neonatally exposed to CORT compared to CORT-exposed 
mice (CORT-GAS vs CORT-PBS). All upstream regulators are listed with a z-score ≥ 1,50 or ≤ - 1,50 (see Methods), indicating that they are activated or inhibited, respectively. For each regulator, the downstream target genes are 
listed. 

Upstream Regulator 
water-GAS vs 
water-PBS (1)  

CORT-GAS vs 
water-GAS (2) 

CORT-PBS vs 
water-PBS (3) 

CORT-GAS vs 
CORT-PBS (4) 

Target genes 

Chemicals - endogenous mammalian 

beta-estradiol -1,97 2,47 - 2,58 

(1): Btg2, Cbl, Cshl1, Enpp2, Fos, Inpp5j, Sdc3, Sema3b, Srd5a1, Tnnt3; (2): Adm, Bcat1, Bmp2, Calb1, Ccng1, Cdkn2b, Chgb, 
Ctps1, Dlg2, Fgf9, Fmo1, Fnbp1, Fzd2, Gab2, Gsk3b, Hsd17b12, Ier2, Insl3, Lhcgr, Lmcd1, Mapt, Mpz, Myh3, Nedd4l, Nkx2-1, 
Notch3, Pak5, Pdap1, Pitpna, Ptgds, Pttg1, Pxdn, Pycr1, Pygl, Qsox1, Rapgef6, Slc38a2, Smad3, Snap25, Sstr4, Tgfb3, Thrsp, 
Timp3, Tpo, Trib1, Vav3, Zyx; (4): Ace, Acta2, Adora1, Alcam, Aldh1a2, Blnk, Bmp2, C8orf44-SGK3/SGK3, Calb1, Casp9, 
Cav1, Ccl2, Ccne1, Cdc25a, Cdkn2b, Chgb, Chrm3, Clstn2, Clybl, Col1a2, Ctps1, Cyth3, Dcn, Dyrk2, Etv4, Fhl2, Fmo1, 
Gadd45a, Grik4, Grin2a, Gucy1b3, Hdac4, Hes1, Hunk, Id4, Ifngr2, Il18, Itgb3, Jag1, Klf10, Klhl26, Ldha, Ltbp1, Mapt, Mpz, 
Myh3, Nell2, Net1, Nptx1, Nrp1, Nucb2, Pak5, Pdgfb, Pdk2, Pik3r2, Pitpna, Plau, Pmm2, Ppp5c, Prss23, Prss35, Ptger2, 
Rab6a, Rara, Rdh10, Runx2, Sdc2, Serpina3, Sertad4, Snai1, Snap25, Spock1, Sstr4, Stc1, Thrsp, Timp3, Tpd52l1, Trib1, 
Tspan5, Ttr, Vav3, Ypel3, Ywhah, Zbtb18, Zeb2, Zyx 

butyric acid -  2,16 -  - Calb1, Ccng1, Col5a2, Gli3, Ly6e, Myh3, Nfatc4, Oas2, Ptgds, Pygl, Serpine1, Timp3, Uqcrq 

dihydrotestosterone -1,95 - -  - Btg2, Elovl7, Fos, Sdc3, Slc7a7, Srd5a1 

dopamine   1,63   2,00 (2): Adra2c, Bcl2l2, Gprc5b, Ncf1, Ppp2r2a, Scn1b, Scn9a; (4): Asic2, Bcl2l2, Gpr68, Ppp1r2, Scn1b 

L-dopa - -4,59 -  -4,62 

(2): Adra2c, Ajap1, C1qtnf12, C2cd2l, Cbr3, Cdc42ep2, Csmd3, Cyld, Dgki, Dlg2, Grid2, Kcne5, Klf16, Mpp6, Nedd4l, Per2, 
Plekha2, Ppp2r2a, Ptprd, Rell1, Reln, Slc38a2, Sorcs2, Wdr17, Zfhx3; (4): Acta2, Ai987944 (Includes Others), C14orf37, Clic6, 
Crtac1, Cyld, Dlgap1, Erlin1, Htr1b, Lrrc1, Ltbp1, Mterf2, Myl4, Nos1ap, Plekha2, Plppr1, Ppm1l, Ppp1r2, Prickle1, Rapgefl1, 
Rassf5, Rell1, Spock3, Tcf4, Tmem238, Trib3, Vat1l, Wdr1, Zeb2  

oleic acid - -2,00 -  - Ncf1, Npc1l1, Serpine1, Thrsp 

progesterone - - - -1,96 
Ace, Acta2, Aldh1a2, Bmp2, Cav1, Ccl2, Ccne1, Cdc25a, Cdkn2b, Dnajb4, Dpp4, Hunk, Klf10, Ldha, Mpz, Net1, Npl, Nrp1, 
P2rx4, Pnkd, Prss23, Prss35, Ptger1, Ptger2, Rbp1, Sfi1, Spsb1, Thrsp, Timp3, Tnfrsf21, Ttr 

tretinoin - - - 2,53 

Adam11, Aldh1a2, Ap1s2, Bmp2, Calb1, Casp9, Ccl2, Ccne1, Cd34, Cd59a, Cdkn2b, Chgb, Col1a2, Csrnp1, Cyp2s1, Dcn, 
Dkk3, Dpp4, E2f5, Fgf5, Gtpbp10, Hes1, Hey2, Hgs, Hk1, Hmga1, Ifit1, Ighm, Itgb3, Kctd11, Klf13, Limk1, Ly6e, Mapk8ip3, 
Mgst3, Nid2, Nrp1, Nthl1, P4ha2, Pdgfb, Plau, Plk3, Prtn3, Psmb10, Rara, Rbp1, Runx2, Serpinb8, Slco2a1, Stc1, Wnt2b, 
Zbtb16, Zeb2 

Complexes 

IgG - -2,24 -  - Adm, Cdkn2b, Csnk2b, Ier2, Serpine1 

LH - 2,00 -  - Actn1, Btc, Gprc5b, Insl3, Lhcgr, Snap25, Thbs2, Trib1 

PDGF - - - 1,80 
Acta2, Anxa11, Ccl2, Ccne1, Dcn, Fbln5, Fhl2, Fmo1, Gadd45a, Gucy1b3, Hdac4, Hes1, Klf10, Klhl21, Myh11, Plau, Prss35, 
Rbp1, Serpina3, Snai1, Trib1, Trib3 

Cytokines 

IL1A - - - 1,50 Asic2, Ccl2, Ccr6, Dpp4, Ifngr2, Il18, Itgb3, Ldha, Lox, Pdgfb, Plau, Serpina3 

IL2 - -1,76 -   Bmp2, Card9, Ccng1, Ccr6, Cmklr1, Csf2rb, Csrnp1, Ctps1, Dapk2, Gcnt1, Ly6e, Pus1, Tnfrsf4 

SPP1 - - - 1,66 Ccl2, Ccne1, Cd163, Cdc25a, Itgb3, Jag1, Lox, Plau, Runx2, Snai1 

TNF - - - 2,26 

Acan, Ace, Acta2, Adora1, Alcam, Anxa11, Arhgdib, Bcl2l2, Bmp2, Cav1, Ccl2, Ccne1, Ccr6, Cd163, Col1a2, Cyld, Cyth3, Dcn, 
Dpp4, Edar, Ext1, Fgf5, Fmo1, Gadd45a, Gast, Hes1, Hid1, Ifit1, Ifngr2, Il18, Itgb3, Jag1, Klf10, Ldha, Lox, Map2k4, Net1, 
Nrp1, Nucb2, Pdgfb, Plau, Plk3, Ppp2r1b, Ppp5c, Prss23, Prtn3, Psmb10, Rab6a, Rapgefl1, Rara, Rbp1, Runx2, Sdc2, 
Serpina3, Serpinb8, Sirt3, Snai1, Spock1, Spsb1, St8sia4, Tcfl5, Thrsp, Timp3, Tnfrsf21, Vash1, Vav3, Wisp1, Zyx 

WNT1 - - - 1,76 Acta2, Etv4, Hes1, Ly6e, Runx2, Wisp1 

Enzymes 

CASZ1 - -1,96 -  - Acan, Myh3, Nefl, Tgfb3 

EGLN1 - -1,98 -  - Acan, Adm, Cdkn2b, Tgfb3 

TGM2 - 1,91 - 2,28 (2): Acan, Csrnp1, Dapk2, Ifit2, Ly6e, Mpp6, Oas2; (4): Acan, Ccl2, Csrnp1, E2f5, Gtpbp10, Ifit1, Itgb3, Ly6e, Rara, Runx2 
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Supplementary Table 4 - continued 

Upstream Regulator 
water-GAS vs 
water-PBS (1)  

CORT-GAS vs 
water-GAS (2) 

CORT-PBS vs 
water-PBS (3) 

CORT-GAS vs 
CORT-PBS (4) 

Target genes 

G-Protein Coupled Receptors 

ADORA2A - - - 2,24 Dgkz, Ifitm3, Klc1, Rab6a, Tubb4a 

Growth factors 

BDNF - - -  2,29 Bcl2l2, Bmp2, Crmp1, Grin2a, Klc1, Klf10, Limk1, Mapk8ip3, Mapt, Myh3, Myl4, Nell2, Snap25, Sorl1 

BMP7 - -  -  1,94 Acta2, Adora1, Aldh1a2, Ccl2, Cd34, Col1a2, Runx2 

DKK1 - - - -1,98 Acta2, Dvl3, Runx2, Tcf4 

EGF - - - 2,56 
Alcam, Cav1, Ccne1, Chgb, Col1a2, Dcn, Dpp4, Gadd45a, Gast, Hes1, Itgb3, Kctd11, Klf10, Ldha, Nrp1, Plau, Runx2, 
Serpina3, Snai1, Snap25, Timp3 

FGF2 -1,93 - - 1,90 
(1): Btg2, Enpp2, Fos, Prkce, Ptma (Includes Others); (4): Ace, Acta2, Calb1, Cav1, Ccl2, Cdc25a, Chrm3, Cnmd, Col1a2, Dcn, 
Gadd45a, Grik4, Grin2a, Lox, Mapt, Mpz, Pdgfb, Plau, Runx2, Snai1, Timp3 

INHBA - -2,34 - -  Actn1, Bmp2, Calb1, Cdkn2b, Edar, Lhcgr, Nkx2-1, Pcdh9, Serpine1, Vav3 

LEP - -2,16 - - Cps1, Dffa, Gsk3b, Insl3, Ncf1, Per2, Pln, Rfx1, Serpine1, Snap25, Thrsp, Timp3 

NGF - - - 2,11 Asic2, Cav1, Chgb, Etv4, Gadd45a, Grin2a, Gucy1b3, Kctd11, Mapk8ip3, Snap25 

NRG1 - - - 2,08 Cav1, Ccne1, Col6a3, Hes1, Hmga1, Itgb3, Plau, Snai1 

TGFB1 - - - 1,88 

Acan, Ace, Acta2, Adam19, Adamts3, Adora1, Anxa11, Bmp2, C1r, Casp9, Cav1, Ccl2, Ccne1, Ccr6, Cd163, Cd34, Cdc25a, 
Cdkn2b, Col1a2, Col6a3, Crmp1, Ctps1, Dach1, Dcn, Dkk3, Dnajb4, Dyrk2, Ext1, Fbln5, Fgf5, Gabra4, Gadd45a, Gpr146, 
Grin2a, Hes1, Hmga1, Id4, Ighm, Il18, Itgb3, Jag1, Klf10, Ldha, Lox, Ltbp1, Mapk8ip3, Masp1, Mpz, Myh11, Net1, Nfib, 
Nrp1, Nucb2, Pdgfb, Pdk2, Pigf, Plau, Pmm1, Prkcg, Ptger2, Rab6a, Rara, Rasl11b, Rbms1, Runx2, Serpina3, Snai1, Spock1, 
Tcf4, Timp3, Vat1l, Wisp1, Xylt1, Zeb2, Zfpm2, Zyx 

VEGFA - - -  1,68 Ace, Cav1, Ccl2, Ccne1, Cd34, Etv4, Hes1, Hk1, Itgb3, Me2, Nrp1, Pdgfb, Plau, Runx2, Stc1, Uqcrb, Vash1 

Kinases 

ERBB2 -     2,00 
Abracl, Acta2, Adam19, Ccne1, Cd34, Cdc25a, Cdkn2b, Col6a3, E2f5, Etv4, Hes1, Itgb3, Jag1, Mapk8ip3, Net1, Nfib, Nrp1, 
Nucb2, P4ha2, Plau, Poldip2, Serpina3, Snai1, Spock1, Timp3, Tpd52l1, Tubb4a 

IKBKB - -1,98     Bmp2, Cdh13, Timp3, Tnfrsf4 

MAPK1 - - -  -1,60 Cav1, Ccl2, Cetn4, Dxo, Fam20a, Fhl2, Ifit1, Ifitm3, Itgb3, Nrp1, Pdgfb, Plau, Ptger2, Snai1, Spock1, Spsb1, Ube2i 

MKNK1 - - - 2,65 Crmp1, Klc1, Klf13, Mapk8ip3, Mapt, Nell2, Snap25 

PRKAA2 - - - -1,54 Acta2, Arhgdib, Chgb, Ldha, Nfib, Pak5, Snai1, Sorl1, Zyx 

Ligand-Dependent Nuclear Receptors 

PGR - - - 2,20 Dnajb4, Hes1, Net1, P2rx4, P4ha2, Plau, Serpinb8, Sfi1, Snap25, Stc1, Tnfrsf21 

Transcriptional Regulators 

ASCL1 - - - 2,00 Ephb3, Hey2, Nfasc, Snap25 

BRCA1 - - -  2,35 Atp11c, Ccne1, Dgka, Ensa, Fhl2, Gadd45a, Ifit1, Stc1, Ube2i 

CTNNB1 - - -  1,58 
Acan, Acta2, Alcam, Aldh1a2, Bmp2, C14orf37, Ccne1, Cd34, Cdkn2b, Cnmd, Dnajc6, Ephb3, Etv4, Fgf5, Gast, Hes1, Id4, 
Ifit1, Ighm, Ly6e, Mpz, Myh3, Myl4, Nptx1, Pcdh9, Plau, Prss35, Rassf5, Rcn1, Runx2, Sdc2, Sema5a, Serpina3, Snai1, Tcf4, 
Timp3, Wisp1, Ypel3, Zeb2 

EHF - -  -  2,00 Blnk, Gpr68, Jag1, Serpina3, Tcf4 

FOS - -  -  2,80 Ccl2, Ccne1, Large1, Lox, Ltbp1, Net1, Nptx1, Plau, Rara, Rbp1, Snai1, Sulf2, Sult2b1, Vav3, Xylt1 

GATA4 - -  -  2,21 Adora1, Cdkn2b, Clstn2, Col1a2, Myl4 

HIC1 - -  -  -2,00 Acta2, Fhl2, Id4, Snap25 

JUN - -  -  1,85 Cav1, Ccl2, Col1a2, Fbln5, Hes1, Hmga1, Ltbp1, Mpz, Nrap, Plau, Rara, Runx2, Sulf2, Vav3, Xylt1 

JUNB - -  -  1,73 Cav1, Col1a2, Fbln5, Hes1, Itgb3, Plau, Runx2, Snai1 

KDM5B - -  -  2,00 Cav1, Ccne1, Cdc14a, Gadd45a, Kif2c, Mapk8ip3 

KLF2 - -  -  -1,77 Ace, Cav1, Ccl2, Fgf5, Gadd45a, Itgb3, Runx2, Slco2a1, Tcf4 

KMT2A - 2,00 -    Gcnt4,  Pigz,  Trib1,  Zmat4 

MEF2C - -  -  1,97 Clstn2, Col1a2, Myl4, Runx2 
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