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As mentioned in my previous report, in the second part of my internship I continued my analyses focusing 
on the molecular effects of exposure to poly(I:C) infection on GD17, analyzing different synaptic proteins in 
the animals we had previously exposed to behavioral testing. In particular, as consistent findings point to 
synaptic function as one of the main biological processes impaired in autistic disorders, the aim of this 
study was to investigate whether social deficits and stereotyped behaviours caused by prenatal immune 
activation could be associated with alterations at the glutamatergic synapse. In particular, we focused on 
evaluating the protein expression levels of main components of the glutamatergic system, such as the 
GluN1 and GluN2B subunits of the NMDA receptor, and the GluA1 subunit of the AMPA receptor and the 
metabotropic receptor mGluR5. Moreover, we analyzed the expression levels of PSD95, an important 
structural protein of the post synaptic density. 
Moreover, I tested a second cohort of animals exposed to PolyI:C on GD17, half of which were exposed to a 
social interaction test and half of which were left undisturbed. The animals were then sacrificed 
immediately after the test in order to investigate possible molecular alterations brought on by prenatal 
PolyI:C and uncovered only in conditions when the system is challenged (in this case by the behavioral test). 
The rationale of this second experiment is to investigate whether the behavioral alterations seen in PolyI:C 
animals could be due to impaired or aberrant activation of different molecular mechanisms that underlie 
the correct execution of a behavioral task, and that are thus uncovered only in a specific situation. 
FOLLOW‐UP MOLECULAR ANALYSES 
After the behavioral tests I conducted on the first cohort of animals, these were left undisturbed for two 
weeks and then sacrificed in order to collect brain samples. The following brain structures were dissected: 
hypothalamus, medial prefrontal cortex, nucleus accumbens and caudate putamen, the hippocampus and 
the cerebellum. Brain specimens were kept at −80°C. 
Molecular Analyses 
Initially, we focused on evaluating the protein expression levels of different components of the 
glutamatergic synapse, such as GluN1 and GluN2B subunits of the NMDA receptor, the GluA1 subunit of the 
AMPA receptor, the metabotropic receptor mGluR5 and the structural protein PSD95. Up till now we 
performed the analyses in the medial prefrontal cortex, the caudate putamen and the hippocampus.  
Protein extraction and Western Blot analyses 
Western blot analysis was used to investigate GluN1, GluN2B, GluR1, mGluR5 and PSD95 protein levels in 
the total homogenate of mPFC, CPu, and hippocampal tissue. Brain samples were manually homogenized 
using a glass‐glass potter in a pH 7.4 cold buffer (containing 0.32 M sucrose, 0.1 mM EGTA, 1mM HEPES 
solution in presence of a complete set of protease (Roche) and phosphatase (Sigma‐Aldrich) inhibitors) and 
then sonicated for 10s at a maximum power of 10‐15% (BandelinSonoplus). Total protein content was 
measured according to the Bradford Protein Assay procedure (Bio‐Rad Laboratories), using bovine serum 
albumin as calibration standard. 
Equal amounts of protein were run under reducing conditions on 7% SDS‐polyacrylamide gels and then 
electrophoretically transferred onto nitrocellulose membranes (Bio‐Rad Laboratories). The blots were 
blocked with 10% non‐fat dry milk and then incubated with the primary antibodies at 4°C o/n. Membranes 
were then incubated for 1 h at room temperature with appropriate secondary antibodies and 
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immunocomplexes were visualized by chemiluminescence using the Chemidoc MP imaging system (Bio‐Rad 
Laboratories). Results were standardized using β‐actin as the control protein, which was detected by 
evaluating the band density at 43 kDa after probing the membranes with a polyclonal antibody (1:10’000, 
Sigma–Aldrich) followed by a 1:10’000 dilution of peroxidase‐conjugated anti‐mouse IgG (Sigma–Aldrich). 
Antibodies used are summarized in Table 1. 
 
 

Protein Primaryantibody Secondaryantibody 

GluR1  Anti‐GluR1 Santa Cruz 
1:1000 

Anti‐Rabbit Cell Signaling 
1:1000 

GluN1 Anti‐GluN1 Invitrogen 
1:1000 

Anti‐Mouse Sigma 1:5000 

GluN2B Anti‐GluN2B Santa Cruz 
1:000 

Anti‐Goat Sigma 1:2000 

mGluR5 Anti‐mGluR5 Millipore 
1:2000 

Anti‐Rabbit Cell Signaling 
1:4000 

PSD95 Anti‐PSD95 Santa Cruz 
1:4000 

Anti‐Rabbit Cell Signaling 
1:8000 

 
  Table 1. Antibody Dilutions 
 
 
Statistical analyses 
 
Data are presented as means ± standard errors, with each individual group comprising 10‐12 samples, and 
are presented as percentage versus control animals. The changes produced by the prenatal treatment with 
PolyI:C were analyzed with Student’s T‐Test. Statistical significance was assumed at p < 0.05. 
 
 
SECOND EXPERIMENT 
Animals 
C57BL/6 mice were used throughout the study. Female and male breeders were obtained from the in‐
house specific pathogen free colony of the Physiology and Behavior Laboratory (ETH) at the age of 13–15 
weeks. Breeding began after 2 weeks of acclimatization to the new animal holding room, which was a 
temperature and humidity controlled (21±11C, 55±5%) holding facility under a reversed light–dark cycle 
(lights off: 08:00–20:00 hours). All animals had ad libitum access to food (Kliba 3430, Klibamühlen, 
Kaiseraugst, Switzerland) and water unless specified otherwise. All procedures described in the present 
study had been previously approved by the Cantonal Veterinarian’s Office of Zurich and are in agreement 
with the principles of laboratory animal care in the Guide for the Care and Use of Laboratory Animals 
(National Institutes of Health Publication No. 86‐23, revised 1985). 
Maternal immune activation during pregnancy 
For the purpose of the maternal immunological manipulation during pregnancy, 30 female mice were 
subjected to a timed mating procedure in which groups of 2–3 females were moved to a partitioned cage 
with one male, thus allowing olfactory but not physical contact between male and female animals. On the 
third day of partitioning, the females were brought together with one male and allowed to mate. Successful 
mating was verified next morning by the presence of a vaginal plug, and the day was referred to as 
gestational day (GD) 0. Pregnant dams on gestation day 17 (GD 17) received either a single injection of 
poly(I:C) (potassium salt; Sigma‐ Aldrich) at a dose of 5 mg/kg or vehicle (sterile pyrogen‐free 0.9% NaCl) 
according to protocols established before (Meyer et al., 2005, 2006, 2008a‐c). In particular, 10 pregnant 
dams received a poly(I:C) injection while 8 received vehicle. Poly(I:C) was dissolved in sterile pyrogen‐free 
0.9% NaCl (= vehicle) solution to yield a final concentration of 1.0 mg/ml and was administered via the 
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intravenous (i.v) route at the tail vein under mild physical constraint. All solutions were freshly prepared at 
the day of administration and injected with a volume of 5 ml/kg.  
Allocation of offspring 
All offspring of the 23 independent litters were weaned and sexed at postnatal day (PND) 21. Littermates of 
the same sex were caged separately and maintained in groups of 2‐4 animals per cage. For the purpose of 
this study, only male subjects were used in order to circumvent bias arising from sexual dimorphism. The 
animals were left undisturbed until commencement of behavioral testing. In this second experiment, half of 
the animals were left undisturbed in their home cage, while half were subjected to a social interaction test. 
All animals were killed immediately after the test. 
 

Experimental Groups N° of animals Test 
Control 12 no 
Control 12 yes 
Poly(I:C) 12 no 
Poly(I:C) 12 yes 

 
 
Behavioral Testing 
When the animals reached PND 100, I commenced behavioral testing, which was always conducted during 
the animals’ active phase (during the dark phase of the reversed light‐dark cycle between 10.00 and 18.00). 
The time of daily testing was counterbalanced across the experimental groups. The tests I performed are 
the the Y‐maze test and the Social Interaction and Recognition test 
Y‐maze Test 
The Y‐maze test was used to assess spatial working memory deficits found in poly(I:C) treated animals 
and to habituate the animals to the Y‐maze in which we conducted the subsequent social interaction 
test. 
The apparatus was made of transparent Plexiglass and consisted of three identical arms (50 × 9 cm; 
length × width) surrounded by 10‐cm high transparent Plexiglass walls. The three arms radiated from a 
central triangle (8 cm on each side) and were spaced 120° from each other. Access to each arm from the 
central area could be blocked by a removable opaque barrier wall. The floor of the maze was covered 
with sawdust bedding, which was changed between both the testing phases and the trials. The maze 
was elevated 90 cm above the floor and was positioned in a dedicated testing room enriched with distal 
spatial cues. A digital camera was mounted above the Y‐maze apparatus. Images were captured at a rate 
of 5 Hz and transmitted to a PC running the EthoVision tracking system (Noldus Information 
Technology), which calculated the time spent and distance moved in the three arms and center zone of 
the Y‐maze. The working memory test in the Y‐maze consisted of two phases, called the sample and 
choice phases.  
• Sample phase: The animals were allowed to explore two arms (referred to as ‘start arm’ and ‘familiar 
arm’). Access to the remaining arm (‘novel arm’) was blocked by a barrier wall door. To begin a trial, the 
animal was introduced at the end of the start arm and was allowed to freely explore both the start and 
the familiar arms for 5 min. Test timing was initiated once the animal entered the start arm, as detected 
by the EthoVision tracking system. The animal was then removed and kept in a holding cage prior to 
commencement of the choice phase. The barrier door was removed and the sawdust flooring changed 
to avoid olfactory cues. 
• Choice phase: The animal was introduced to the maze following a retention interval of 1 min. During 
the choice phase, the barrier wall was removed so that the animals could freely explore all arms of the 
maze for 2 min. The animal was then removed from the maze and returned to the home cage. The 
sawdust flooring was changed in preparation for the next trial. On each trial, the time spent in each of 
the three arms was recorded. The relative time spent in the novel arm during the choice phase of the 
test was calculated by the formula (time spent in the novel arm/time spent in all arms) × 100 and used 
as the index for working memory performance. In addition, total distance moved on the entire maze 
was recorded and analyzed in order to assess general locomotor activity.  
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Social Interaction and Recognition Test 
Mice are highly social animals and evaluation of social interaction is particularly relevant to autism, 
seeing as deficient social interaction is one of the hallmark symptoms in this disease. The social 
interaction and recognition test was used to establish possible defects in poly(I:C) treated animals. 
The apparatus was the same used for the Y‐maze test, except that two of the three arms contained 
rectangular wire grid cages (13 × 8 × 10 cm, length × width × height; bars horizontally and vertically 
spaced 9 mm apart). The third arm did not contain a metal wire cage and served as the start zone (see 
below). The apparatus was located in an experimental testing room under dim diffused lighting (~35 lux 
as measured in the individual arms). 
The test of social interaction consisted of two phases, namely the ‘dummy phase’, which is an index of 
‘social approach’, and the ‘novelty phase’, which is an index of social recognition.  
• Dummy phase: The animals were allowed to explore the three arms (referred to as ‘start arm’, 
‘dummy arm’ and ‘live arm’). During this phase, one metal wire cage contained an unfamiliar C57BL6 
mouse (‘live mouse’), and the other wire cage contained an inanimate object (‘dummy mouse’), which 
was made of black LEGO™ bricks and took the shape of a mouse. To begin a trial, the animal was 
introduced at the end of the start arm and was allowed to freely explore all three arms for 5 min. 
Behavioral observations were made by an experimenter blind to the experimental conditions, and social 
interaction was defined as nose detection within a 2‐cm interaction zone. The percent time spent with 
the live mouse was calculated by the formula (time spent with the live mouse/(time spent with the live 
mouse + time spent with the dummy object)) × 100 and used to assess relative exploration time 
between a congenic mouse and an inanimate dummy object. On completion of the ‘dummy phase’, the 
animal was removed and kept in a holding cage, during which the sawdust flooring was changed to 
avoid olfactory cues. 
• Novelty phase: Another unfamiliar C57BL6 mouse, which is referred to as the ‘novel mouse’ during the 
test phase, now replaced the inanimate dummy mouse. The other cage contained the ‘familiar mouse’ 
previously used in the ‘dummy phase’. The allocation of the ‘novel mouse’ and ‘familiar mouse’ to the 
two wire cages was counterbalanced across experimental groups. To start the ‘novelty phase’, the 
animal was introduced into the maze again and was allowed to freely explore all three arms for 5 min. 
Behavioral observations for social interaction and locomotor activity were scored as described before. 
The percent time spent with the novel mouse was calculated by the formula (time spent with the novel 
mouse/(time spent with the novel mouse + time spent with the familiar mouse)) × 100 and used to 
assess relative exploration time between the familiar and unfamiliar congenic mouse. 
Molecular Analysis 
In order to investigate the molecular substrates underlying the behavioral deficits found in PolyI:C 
animals, we started by analyzing the gene expression of three different immediate early genes in the 
mPFC and Hippocampus, to uncover possible differences in neuronal activation during the performance 
of behavioral tasks. Thus, we analyzed the gene expression of Arc, cFos and Zif268. 
RNA Preparation and Gene Expression Analysis by Quantitative Real‐Time PCR.  
Animals were sacrificed immediately after the social interaction test (control animals that did not 
undergo the test were sacrificed at the same time point as the tested animals, each control was 
matched with a tested animal) and brains were dissected in order to extract the medial prefrontal 
cortex and the dorsal and ventral hippocampus. 
Total RNA was isolated using the Rneasy Mini kit (Qiagen, Italia) according to the manufacturer's 
instructions, and quantified by spectrophotometric analysis. Following total RNA extraction, the samples 
were processed for real‐time PCR to assess various pre‐and post‐synaptic GABAergic markers using 
protocols established before. An aliquot of each sample was treated with DNase to avoid DNA 
contamination. RNA was then analyzed by TaqManqRT–PCR instrument (CFX384 real‐time system, Bio‐
Rad Laboratories) using the iScript one‐step RT–PCR kit for probes (Bio‐Rad Laboratories). The samples 
were run in 384‐well formats in triplicates as multiplexed reactions with a normalizing internal control 
(36B4). Probe and primer sequences were purchased from Eurofins MWG‐Operon. Thermal cycling was 
initiated with incubation at 50�°C for 10�min (RNA retrotranscription), and then at 95�°C for 5�min 
(TaqMan polymerase activation). After this initial step, 39 cycles of PCR were performed. Each PCR cycle 
consisted of heating the samples at 95�°C for 10�s to enable the melting process, and then for 30�s at 
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60�°C for the annealing and extension reactions. The primer sequences are summarized in Table 2. 
Relative target gene expression was calculated according to the 2(‐Delta DeltaC(T)) method, and all the 

data were expressed and analyzed as percentage of mRNA levels in control offspring. 
 
Table 2. Primers and Probes used in q‐PCR analysis 
 
 
Statistical analyses 
Behavioral results represent the %time spent in the novel arm, in the y‐maze test, and % time spent with 
the  live and novel mouse, respectively, in the social interaction and recognition test. The effects 
determined by prenatal PolyI:C were analyzed with Student’s T Test. Molecular data are presented as 
means ± standard errors, with each individual group comprising 10‐12 samples, and are presented as 
percentage versus  
control animals. The changes produced by the prenatal treatment with PolyI:C and the behavioral test were 
analyzed with a Two‐way ANOVA. Statistical significance was assumed at p < 0.05. 

Gene ForwardPrimer Reverse Primer  Probe 

Arc AppliedBiosystems Custom 
made 
 

AppliedBiosystems Custom 
made 
 

AppliedBiosystems Custom made 
 

cFos 5’‐TCCTTACGGACTCCCCAC‐
3’ 
 

5’‐
CTCCGTTTCTCTTCCTCTTCAG‐
3’ 
 

5’‐TGCTCTACTTTGCCCCTTCTGCC‐
3’ 
 

Zif268 5’‐AGCGCCTTCAATCCTCAAG‐
3’ 
 

5’‐
TTTGGCTGGGATAACTCGTC‐3’ 
 

5’‐
CAACCCTATGAGCACCTGACCACA‐
3’ 
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Results first cohort – MOLECULAR ANALYSIS 
 
 
Prefrontal Cortex 

 
 
Figure 1. Protein expression levels of GluR1, GluN1, GluN2B, mGluR5 and PSD95 in the mPFC. The data, 
expressed as a percentage of control animals (set at 100%), are the mean ± SEM of at least 10 
independent determinations. *p<0.05, vs. CON (Student’s T Test). 
 
 

CON 

POL 
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Caudate Putamen 
 
 
 

 
 
Figure 2. Protein expression levels of GluR1, GluN1, GluN2B, mGluR5 and PSD95 in the Caudate 
Putamen. The data, expressed as a percentage of control animals (set at 100%), are the mean ± SEM of 
at least 10 independent determinations. *p<0.05, vs. CON (Student’s T Test). 
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Hippocampus 
 
 
 

 
 
Figure 3. Protein expression levels of GluR1, GluN1, GluN2B, mGluR5 and PSD95 in the Hippocampus. 
The data, expressed as a percentage of control animals (set at 100%), are the mean ± SEM of at least 10 
independent determinations. *p<0.05, vs. CON (Student’s T Test). 
 
As shown in figure 1, prenatal PolyI:C determined an increase in the protein expression levels of mGluR5 
in the prefrontal cortex, together with a reduction in the expression levels of GluR1 (even if this effect 
did not reach statistical significance). Moreover, we observed this decrease also in the hippocampus 
(Fig.3). Interestingly, our prenatal manipulation reduced the expression levels of the GluN1 subunit of 
the NMDA receptor only in the Caudate Putamen (Fig.2). No other effects attained statistical 
significance. 
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Results second cohort – BEHAVIORAL ANALYSIS 
 
 
 
Y‐maze Test 
As shown in figure 4, and consistently with our previous results, animals prenatally exposed to poly(I:C) 
show a clear spatial working memory deficit when compared to control animals, as supported by the 
statistically significant effect of prenatal treatment (*p=0.042) obtained in the t‐test of relative time 
spent in the novel arm.  
 

 
 

 
Figure 4: Analysis of spatial working memory in control (CON) or poly(I:C) (GD17 POL) animals  

  
 

 
 

Social Interaction and Recognition Test 
Prenatal treatment with poly(I:C) did not impair social approach and social recognition as assessed in 
this test (Figure 3). In particular, PolyI:C animals show a tendency to spend less time with the live mouse 
when compared to control animals, but the high variability of the group does not lead to statistical 
significance. 
 

 
 
Figure 5: Analysis of social approach and recognition in control (CON) or poly(I:C) (GD17 POL) animals 
   
Results second cohort – MOLECULAR ANALYSIS 
 
Prefrontal Cortex  
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Figure 6. Gene expression levels of Arc, cFos, Zif268 in the Prefrontal Cortex. The data, expressed as a 
percentage of control animals (set at 100%), are the mean ± SEM of at least 10 independent 
determinations. *p<0.05, **p<0.01, ***p<0.001 vs. CON‐No test; $$$p<0.001 vs. GD17‐No test, 
##p<0.01 vs. CON‐Test (Two way ANOVA, LSD post‐Hoc test). 
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Dorsal Hippocampus 
 
 

 
 
 
Figure 7. Gene expression levels of Arc, cFos, Zif268 in the Dorsal Hippocampus. The data, expressed as a 
percentage of control animals (set at 100%), are the mean ± SEM of at least 10 independent 
determinations. **p<0.01, ***p<0.001 vs. CON‐No test; $$p<0.01, $$$p<0.001 vs. GD17‐No test (Two way 
ANOVA, LSD post‐Hoc test). 
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Ventral Hippocampus 
 
 

 
 
 
Figure 8. Gene expression levels of Arc, cFos, Zif268 in the Ventral Hippocampus. The data, expressed as a 
percentage of control animals (set at 100%), are the mean ± SEM of at least 10 independent 
determinations.  **p<0.01, ***p<0.001 vs. CON‐No test; $$$p<0.001 vs. GD17‐No test, (Two way ANOVA, 
LSD post‐Hoc test). 
 
As shown in figure 6, the execution of the behavioral test determines neuronal activation in the prefrontal 
cortex of both control and PolyI:C animals, as demonstrated by the substantial increase in the gene 
expression levels of Arc, cFos and Zif268. Statistical support for these observations is provided by the Two 
way ANOVA that yields a significant main effect of the test and by appropriate post‐hoc comparisons. 
Interestingly, in the case of cFos, we observed an statistically significant interaction between the prenatal 
treatment and the test, suggesting that prenatal treatment with PolyI:C determines a greater increase in 
the expression levels of this gene after the behavioral test than in control animals. We observed similar 
effects in the dorsal and ventral hippocampus (fig.7‐8), were we found a significant effect of the test that 
determines an increase in the expression levels of all the genes investigated in both control and PolyI:C 
offspring. 
Summary 
Overall, poly(I:C) administration on GD17 produced a strong and reliable phenotype with respect to 
working memory, sociability and repetitive behaviors, which are highly relevant to autism‐related 
dysfunction. In this final part of my internship I proceeded to investigate the possible molecular mechanism 
underlying such deficits, focusing on the glutamatergicsynapse. Interestingly, we observed that prenatal 
treatment with PolyI:C leads to a reduction in the protein expression levels of the GluR1 subunit of the 
AMPA receptor in the hippocampus and prefrontal cortex, and to a reduction in the expression levels of the 
GluN1 subunit of the NMDA receptor in the caudate putamen. Moreover, this prenatal manipulation 
increases the expression levels of mGluR5 receptor in the prefrontal cortex. Taken together, these results 
suggest that the behavioral deficits we observe in PolyI:C offspring are associated with and could be due to 
alterations in the glutamatergic system, even if further studies are necessary to prove this association. 
Moreover, we will expand our analysis in order to investigate synaptic structural and functional proteins in 
order to dissect if the alterations are strictly related to the receptor complexes or if they encompass a 
wider range of molecular functions. 
In our second experiment we analyzed if a behavioral challenge, in the form of a social interaction test, 
could unmask latent alterations in various molecular mechanisms that are enacted in response to a 
challenging situation, in order to further characterize the differences between PolyI:C and control offspring. 
Consistent findings point to synaptic function as one of the main biological processes impaired in autistic 
disorders, thus our final aim was to analyze the response of the glutamatergic synapse to a challenging 
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condition. The behavioral readout of this experiment, however, was inconsistent with our previous findings 
of impaired social interaction in PolyI:C animals, as the high variability of the animals’ performance masked 
the main effect. Thus, we decided to perform gene expression analysis of three immediate early genes 
which are readily expressed in the course of neuronal activation, in order to see whether this process was 
somewhat altered in PolyI:C offspring. Consistent with the behavioral results in the social interaction test, 
we did not observe statistically significant differences in the expression profiles of these genes in the two 
groups of animals. 

 


