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A B S T R A C T   

BTBR is an inbred mouse strain that displays several behavioral alterations resembling the core symptoms of 
Autism Spectrum Disorder, including deficit in sociability. In the present study, we investigated whether the pup- 
induced maternal behavior in virgin female mice, a naturally rewarding behavior, is impaired in this strain 
similarly to social interaction with adult conspecifics. We firstly assessed the maternal responsiveness towards 
newly born pups expressed by either virgin female mice of the BTBR strain or of the normo-social B6 strain. Next, 
we examined in both strains the expression of c-Fos as a marker of neuronal activity in selected brain areas 
involved in the regulation of maternal behavior in rodents including the olfactory bulb, the medial preoptic area 
and the paraventricular nucleus (PVN). We also examined the effects of pup presentation on oxytocinergic 
neurons of the PVN, the major brain site of synthesis of oxytocin, which has a pivotal role in facilitation of 
maternal response and social responsiveness in general. As a final step, we assessed the c-Fos expression pattern 
comparing the effect of exposure to pups with that induced by exposure to another social stimulus, focusing on 
other areas implicated in maternal responsiveness as well as in the affective component of social behavior such as 
pyriform cortex and central and basolateral amygdala. 

Our data showed that BTBR virgin females are less responsive to presentation of pups in comparison to B6, in 
parallel with lower activation of brain areas implicated in the maternal and social responsiveness.   

1. Introduction 

BTBR T+Itpr3tf/J (BTBR) is an inbred mouse strain with atypical 
social behavior and it is one of the most studied models of idiopathic 
Autism Spectrum Disorder (ASD). BTBR mice incorporate the core 
symptoms of autism, such as deficits in sociability and communication, 
and the presence of stereotyped movements and perseveration [1]. 
Adult BTBR mice show lower level of social investigation in all social 
contexts examined in comparison to the normo-social C57BL/6J (B6) 
strain [2–5]. Diminished propensity to social interaction and/or 
impaired attention to salient social cues are likely implicated in the 
atypical behavioral profile of BTBR mice [4,5]. Specifically, BTBR mice 
display altered play behavior as juveniles, less anogenital sniffing and 
fewer ultrasonic vocalizations than B6 mice while approaching a same- 

or different-sex companion, and impaired detection of varying social 
cues emitted by other individuals [2,3,6]. Pearson et al. (2012) found 
that the incentive value of social stimuli is markedly reduced in BTBR 
mice that, at variance from B6 strain, lacked to form a conditioned place 
preference to a context associated with a social companion [4]. The 
hypothesis that the reduced incentive of social engagement may 
contribute to the social deficits of BTBR strain has been supported also 
by a recent study [5]. 

In addition, Meyza and coworkers described in BTBR mice the lack of 
behavioral response to a stressed cagemate in the Transfer of Emotional 
Information (or Emotional Contagion) Test paralleled by the lack of 
increase in Fos protein expression (an indirect marker of neural plas-
ticity) in limbic key structures for regulation of emotions [7]. This 
finding supports the notion that BTBR mice, unlike normo-social B6 
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mice, react inadequately to social stressors, and do not display simple 
forms of empathy. 

In the last decade, the BTBR strain has been widely validated as 
experimental model to investigate the neurobiological bases of social 
deficits resembling those characteristics of ASD [8–10]. Expanding the 
characterization of the response to different sets of social cues in this 
strain of mice might help to gain new insight into the neural mechanisms 
involved in such deficits and potential treatments with translational 
value for ASD patients. 

Based on the hypothesis that the impaired social behavior of BTBR 
mice might implicate a deficient processing of relevant social stimuli, we 
wonder whether the innate maternal-like behavior induced by presen-
tation of pups, a naturally rewarding behavior, could be impaired in this 
strain similarly to social interaction with adult conspecifics. Pup- 
induced maternal behavior of non-mother virgin animals may be eli-
cited in many mammalian species by social interaction and sensory 
stimulation provided by the pups, without the physiological changes of 
pregnancy and lactation [11,12]. Specifically, at variance from rats, 
adult virgin females from most laboratory strains of mice show nearly 
spontaneous maternal care when presented with newly born pups 
[13–16]. The spontaneous maternal behavior shown by female mice has 
been instrumental for investigation on the neurobiological bases of 
pups’ recognition by females as well as for elucidation of the neural 
substrate implicated in the onset and maintenance of maternal 
responsiveness. 

Several studies, mostly in the rat, have characterized the brain re-
gions implicated in maternal behavior in parturient and lactating fe-
males [17,18]. The neural substrate of maternal behavior in rodents 
include corticolimbic pathways and among these the olfactory bulb 
(OB), the pyriform (PYR) cortex, the amygdala, and hypothalamic areas, 
such as the medial preoptic area (MPOA) and the paraventricular nu-
cleus (PVN) [19]. The same regions are also active during pup-induced 
maternal behavior in virgin female mice. More specifically, induction of 
maternal behavior by pup presentation is a model used to investigate a 
specific form of brain and behavior plasticity in virgin female mice, 
independent from gonadal hormones and induced purely by the expe-
rience of interaction with pups. In this model relevant sensory cues 
(mainly olfactory) together with physical interaction with pups promote 
quick performances of maternal behavior and neural plastic changes in 
olfactory and hypothalamic areas [14,20,21]. In virgin female mice, the 
elicitation of maternal responsiveness appears also facilitated by release 
of the neuropeptide oxytocin (OXT) by magnocellular neurons of PVN 
[22–24]. 

The present study intends to shed light on the behavior of BTBR 
virgin female mice exposed to newly born pups of the same strain in 
comparison to the normo-social B6 mice. For this purpose, we first 
exposed female mice of both strains to pups and assessed their maternal 
responsiveness. Next, we examined c-Fos immunoreactivity in selected 
brain areas involved in the regulation of maternal behavior in rodents 
(see above). In Experiment 1 we firstly focused on OB, MPOA and PVN. 
We also examined the effects of pup presentation on OXTergic system 
given the modulating role of the neuropeptide OXT on maternal 
behavior and establishment of social bonding [25–27]. In particular, we 
assessed the number of OXTergic neurons as well as coexistence of c-Fos 
and OXT in the PVN, the major brain site of synthesis of OXT pivotal in 
facilitation of maternal response and social responsiveness in general 
[28]. As a final step, we assessed the c-Fos expression pattern comparing 
the effect of exposure to pups with that induced by exposure to another 
social stimulus (i.e. a strain-, sex- and age-matched unfamiliar mouse), 
focusing on other brain areas implicated in maternal responsiveness as 
well as in affective components of social behavior. To this aim, c-Fos 
expression was measured in OB, PYR, central (CeA) and basolateral 
(BLA) amygdala. 

2. Material and methods 

2.1. Animals 

BTBR and B6 mice purchased from the Jackson Laboratory (Bar 
Harbour, ME, USA) were housed under standard animal housing con-
ditions (temperature 20 ± 2 ◦C; humidity 60–70 %) with food and water 
ad libitum, under a 12:12 reverse light cycle (lights on from 8:00 p.m. till 
8:00 a.m.). Virgin female mice (10–12 weeks old) were used as experi-
mental subjects. In addition, breeding pairs for each strain were formed 
in order to obtain pups to be used during the maternal induction pro-
cedure (experiment 1 and 2). 

For experiment 2, an additional group of female mice as social 
stimulus was used. 

All experimental procedures were performed between 9:00 a.m. and 
12:00 a.m. under red light condition. 

All efforts were made to minimize animal suffering and reduce the 
number of mice used, in accordance with the European Union Directive 
of September 22, 2010 (2010/63/EU). All experiments were approved 
by the Italian Ministry of Health (Dl 26/2014). 

2.2. Experiment 1: maternal behavior induction in virgin females 

Female mice were singly housed at least 24 h before the behavioral 
observation. At the time of test, three pups (2–3 days old) born from 
dams of the same strain of the testing female were introduced in the 
corner of the female’s home cage opposite to the female’s sleeping nest. 
The test had a duration of 30 min and took place in a quiet experimental 
room connected with the animal facility room. 

The latency time to approach the pups as well as the frequency and 
duration of several parameters of the female’s behavior were recorded. 
The following behaviors were scored [29,30]: 

1. Pup-oriented behaviors:  

• Retrieving: the female picks up each pup in her mouth and carries it 
to the nest;  

• Sniffing: the female approaches the pups and smells one or more 
pups; 

• Licking: the female licks or grooms any part of the pup’s body, pri-
marily the anogenital region;  

• Crouching: the dam lays over all pups with her extremities splayed 
and the back arched;  

• Nest building: the female pushes and pulls the sawdust to form or 
adjust the nest. 

2. Non-pup-oriented behaviors:  
• Digging: the female nuzzles in the sawdust out of nest area, pushing 

and kicking it around using the snout and/or both fore- and hind- 
paws;  

• Self-Grooming: the female wipes, licks, or scratches any part of her 
own body; 

• Locomotion: the female moves around the cage and sniffs the sub-
strate, not carrying pups or nesting material;  

• Immobility/resting alone: the dam is lying down alone, out of the 
nest and at distance from pups. 

The experimenter recorded simultaneously the behavior of each 
single experimental subject to warrant that only females displaying 
maternal behavior were used for immunohistochemistry studies. The 
maternal induction test was also videorecorded and analyzed by The 
Observer XT software (Noldus, Wageningen, The Netherlands). In 
addition, we analyzed the duration of non-pup oriented behavior bouts 
that interrupted a sequence of pup-oriented behaviors. Each bout con-
sisted of continuous display of different behaviors not related to pups (i. 
e. self-grooming, locomotion, immobility, digging). 

BTBR and B6 mice attributed to the naïve group were transported to 
the same experimental room where the maternal induction procedure 
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took place and left undisturbed in their home cage for 30 min without 
receiving any kind of solicitation. Females displaying infanticidal 
behavior were not included in the study: only one BTBR and one B6 
female showed aggression towards pups that was prevented by imme-
diately removing them from the test cage. Timeline of Experiment 1 is 
shown in Fig. 1. 

2.3. Immunohistochemistry (IHC) for c-Fos and oxytocin (OXT) 

An hour and a half after the beginning of behavioral test (a time 
necessary for the maximal expression of the immediate early gene c-Fos) 
four animals in each experimental group were randomly assigned to 
immunohistochemistry analysis and sacrificed for analysis of immuno-
fluorescence. Animals were deeply anesthetized and perfused with a 4% 
solution of paraformaldehyde (PFA) dissolved in 1X PBS. After cardiac 
perfusion the brains were isolated, post-fixed overnight in PFA at 4 ◦C 
and equilibrated in 30 % sucrose. The brains were subsequently 
included in "Tissue-Tek OCT" and cut into coronal floating sections of 40 
μm of thickness at the cryostat. The brain slices corresponding to ol-
factory bulb (OB, approximately from Bregma + 3.9 to + 2.80), medial 
preoptic area (MPOA, approximately from Bregma + 0.50 to – 0.58) and 
paraventricular nucleus (PVN, approximately from Bregma – 0.58 to 
-1.06) (Franklyn and Paxinos, 2008) were analyzed by immunofluo-
rescence study. The slices were rinsed twice in 1X PBS, and subsequently 
pre-incubated in a blocking solution, containing 1X PBS, 0.2 % Triton X- 
100 and 1% serum of BSA, for 1 h at room temperature. Subsequently 
were immune-marked in the blocking solution with the following pri-
mary antibodies: Rabbit Polyclonal antibody anti c-Fos (1: 300, Abcam), 
Monoclonal antibody produced in mice against oxytocin protein diluted 
1: 400 (kindly provided by Prof. Gayner). The secondary antibodies used 
to visualize the antigen were: 1:200 donkey anti-rabbit Cy3-conjugated 
(Jackson ImmunoResearch; c-Fos) and 1:200 donkey anti-mouse Cy2- 
conjugated (Jackson ImmunoResearch; oxytocin). Images of the 
immunostained sections were obtained by laser scanning confocal mi-
croscopy using a TCS SP5 microscope (Leica Microsystem, Germany). 
Analyses were performed in sequential scanning mode to rule out cross- 
bleeding between channels. 

2.4. Quantification of cell number 

Quantitative analysis of cell populations in the different brain re-
gions under investigation was performed by means of design-based 
(assumption-free, unbiased) stereology. Slices were collected using 
systematic random sampling. Approximately 40 coronal sections of 40 
μm were obtained from each brain; about 1-in-6 series of sections (each 
slice thus spaced 240 μm apart from the next) were analyzed by confocal 
microscopy and used to count the number of cells expressing the indi-
cated markers. The number of c-Fos and oxytocin positive cells in the 
analyzed brain regions has been calculated in every sixth coronal section 
(10–12 sections per brain) using the optical fractionator method of the 
Stereo Investigator Software (Stereo Investigator v1.1; MBF Bioscience, 

VT, USA). The cross sectional area of the interest regions was manually 
traced at a low magnification using a 10x objective lens. The optical 
fractionator method created a sampling scan grid (100 × 100 μm) that 
was randomly superimposed onto the traced area. The counting frames 
(20 × 20 μm) were placed at the intersection of the sampling matrix. 
Cells were counted using a 63x oil objective. Cell density was obtained 
by dividing the cell number by the corresponding area of the individual 
section, the calculate the number of cells per 100 μ m2 of the area of 
interest. 

2.5. Experiment 2: maternal induction and social interaction test 

Virgin females were assigned to one of three experimental condi-
tions: naïve, exposure to pups (as in Experiment 1) or exposure to un-
familiar female mice of their respective strain in their home cage for 30 
min. Maternal induction procedure was performed as in Experiment 1. 
Exposure to the social stimulus took place in the same experimental 
room as for maternal induction and consisted in placing the strain- and 
age-matched unfamiliar female mouse inside the home cage of the 
experimental subject for 30 min. The stimulus mice was used only once. 
Social interaction test was videorecorded and analyzed by The Observer 
XT software (Noldus, Wageningen, The Netherlands). The following 
behavioral categories were scored for social interaction: anogenital 
sniffing (direct contact with the anogenital area), body sniffing (sniffing 
or snout contact with the flank area), head sniffing (sniffing or snout 
contact with the head/neck/mouth area), grooming (self-cleaning and 
licking any part of its own body), and rearing up against the wall of the 
home cage. Timeline of Experiment 2 is shown in Fig. 2. 

2.6. Immunohistochemistry (IHC) for c-Fos 

An hour and a half after the behavioral test (a time necessary for the 
maximal expression of the immediate early gene c-Fos) all animals of 
each experimental group were deeply anesthetized and perfused with a 
4% solution of paraformaldehyde (PFA) dissolved in 1X PBS. After 
cardiac perfusion, the brains were isolated, post-fixed overnight in PFA 
at 4 ◦C and equilibrated in 30 % sucrose. The brains were subsequently 
included in "Tissue-Tek OCT" and cut into coronal floating sections of 40 
μm of thickness at the cryostat. The slices corresponding to olfactory 
bulb (OB, approximately from Bregma + 3.9 to + 2.80), pyriform cortex 
(PYR, approximately from Bregma + 1.7 to - 2.06), basolateral amigdala 
(BLA, approximately from Bregma – 0.58 to - 2.06) and central amigdala 
(CeA approximately from Bregma – 0.58 to – 1.94) (Franklyn and Pax-
inos, 2008) were analyzed by immunofluorescence study. The slices 
were rinsed twice in 1X PBS, and subsequently pre-incubated in a 
blocking solution, containing 1X PBS, 0.2 % Triton X-100 and 1% serum 
of BSA, for 1 h at room temperature. Subsequently the slices were 
immune-labelled in the blocking solution with a Rabbit Polyclonal 
antibody anti c-Fos (1: 300, Abcam). The secondary antibody used to 
visualize the antigen was 1:200 donkey anti-rabbit Cy3-conjugated 
(Jackson ImmunoResearch). Images of the immunostained sections 

Fig. 1. Timeline of the experiment 1. BTBR (n = 10) and B6 (n = 10) virgin females were assigned to one of two experimental conditions: exposure to pups for 30 min 
(maternal induction test) or naïve (not exposed to pups but transferred to the same experimental room within their home cage, where they remained for 30 min). 
Sacrifice took place one hour after either termination of exposure to pups or exposure to the experimental room. 
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were obtained by laser scanning confocal microscopy using a TCS SP5 
microscope (Leica Microsystem, Germany). Analyses were performed in 
sequential scanning mode to rule out cross-bleeding between channels. 

2.7. Quantification of cell number 

See section 2.4 of the Material and Methods. The Supplementary 
Table 1 provides a detailed description of the number of slices used for 
each brain region in experiment 1 and 2. 

2.8. Statistical analysis 

Normality and homogeneity of variance was assessed using Shapir-
o–Wilk and Levene test, respectively. All behavioral and immunohisto-
chemistry data were analyzed by two-way ANOVA with strain (2 levels) 
and experimental condition (2 or 3 levels) as factors. Post-hoc com-
parisons were carried out using Tukey HSD Test only when a significant 
F-value was determined. Latency to approach was analyzed by Mann- 
Withney U test. Data are presented as mean ± S.E.M. 

Fig. 2. Timeline of the experiment 2. BTBR (n = 9) and B6 (n = 10) virgin females were assigned to one of three experimental conditions: exposure to pups (as in 
Experiment 1), exposure to unfamiliar female mice of their respective strain in their home cage for 30 min or naïve. In all groups, sacrifice took place one hour after 
either termination of exposure to pups or social partner or exposure to the experimental room. 

Fig. 3. Behavioral responses following pup exposure in B6 and BTBR virgin female mice. Frequency and duration of pup-oriented (A) and non-pup-oriented (B) 
behaviors. Values are presented as mean ± S.E.M. *p < 0.05, **p < 0.01 for between strains comparisons. 
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3. Results 

3.1. Experiment 1 

3.1.1. Maternal behavior induction in virgin females 
All the females of both strains approached pups introduced in the 

cage and displayed most of items of maternal care within the 30 min of 
the test. Retrieving did not differ in the two strains being displayed by 
one B6 and three BTBR females. However, significant differences be-
tween the behavioral profiles of the two strains were evident (Fig. 3). 

Female BTBR displayed a significant increase in the latency to 
approach pups upon their introduction in the home cage (U = 14.00, p <
0.01) in comparison to B6 females (Supplementary Fig. 1A). 

Considering pup-oriented behaviors, licking [frequency: F(1,18) =
8.179, p < 0.01; duration: F(1,18) = 55.039, p < 0.001] and nest- 
building [frequency: F(1,18) = 30.049, p < 0.001; duration: F(1, 18) 
= 53.467, p < 0.001] were significantly diminished in BTBR when 
compared to B6 females (Fig. 3A). By contrast, BTBR females showed a 
generalized increment of all non-pup-oriented behaviors such as 
immobility/resting alone [frequency: F(1,18) = 22.960, p < 0.001; 
duration: F(1,18) = 10.136, p < 0.01], locomotion [frequency: F(1,18) 
= 9.66, p < 0.01; duration: F(1,18) = 7.42, p < 0.05], self-grooming [F 
(1,18) = 12.473, p < 0.01] and digging [frequency: F(1,18) = 12.679, p 
< 0.01; duration: F(1,18) = 8.08, p < 0.05] in comparison to B6 females 

(Fig. 3B). In BTBR females, the interaction with pups was discontinuous, 
and the temporal sequence of pup-directed responses was often inter-
rupted by bouts of immobility, cage exploration and self-grooming. 
Specifically, ANOVA showed that the pattern of pup-induced maternal 
behavior exhibited by BTBR mice was interrupted by bouts of non-pup 
oriented behaviors of longer duration compared to B6 mice [F(1,18) =
5.665, p < 0.05], Supplementary Fig. 1B. 

As a whole, the behavioral profile of the two strains differed mainly 
in the proportion of time of pup-oriented and non-pup-oriented re-
sponses (Supplementary Fig. 1C). 

3.1.2. The effects of pup exposure on the expression of c-Fos- and OXT- 
immunoreactivity (ir) neurons in the OB, MPOA and PVN 

ANOVA performed on the number of c-Fos-immunoreactive (ir) 
neurons revealed significant effects of strain and/or experimental con-
dition and/or strain x experimental condition interaction in all the three 
brain areas considered. In the OB, the number of c-Fos-ir neurons was 
significantly lower in naïve BTBR than in naïve B6 mice [main effect of 
strain F(1, 12) = 26.762, p = 0.0002]. Following pup exposure, the 
number of c-Fos-ir neurons increased in both strains [main effect of the 
experimental condition F(1, 12) = 43.626, p < 0.0001] but to a lower 
degree in BTBR mice than in B6 [strain x experimental condition 
interaction F(1, 12) = 15.704, p = 0.0019; p < 0.01 after post hoc 
comparison], Fig. 4(A, B). In the MPOA, pup exposure significantly 

Fig. 4. Representative images (A, C) and graphs (B, D) showing the number of neurons expressing c-Fos in olfactory bulb (green, OB) and medial preoptic area (red, 
MPOA) following pup exposure in B6 and BTBR virgin female mice. 
Values are presented as mean ± S.E.M. ##p < 0.01 for between experimental conditions comparisons, $$p < 0.01 for within strain comparisons, and *p < 0.05, **p <
0.01 for between strains comparisons. Scale bars = 100 μm. 
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increased the number of c-Fos-ir neurons [main effect of the experi-
mental condition F(1, 12) = 1159.025 p < 0.0001]. Specifically, both B6 
and BTBR mice exposed to pups displayed a higher number of c-Fos-ir 
neurons compared to virgin female naïve but the increase was more 
marked in B6 [strain x experimental condition interaction F(1, 12) =
34.644, p < 0.0001; p < 0.01 after post-hoc comparison], Fig. 4(C, D). 

In the hypothalamic PVN, the number of c-Fos-ir neurons was higher 
in the pup exposure condition [main effect of the experimental condition 
F(1, 12) = 46.016, p < 0.0001]. However, BTBR mice exposed to pups 
displayed a lower increase of c-Fos-ir neurons compared to B6 exposed 
[strain x experimental condition interaction F(1, 12) = 5.135, p =
0.042], Fig. 5(A, B). In the same area, the number of neurons expressing 
OXT was not affected by either strain or experimental condition, Fig. 5 
(A, C). However, there was a significant effect of strain [F(1, 12) =
12.163, p = 0.004] and experimental condition [F(1, 12) = 9.358, p =
0.0099] on the percentage of double labeled c-Fos and OXT (c-Fos/OXT) 
neurons in the PVN. Specifically, BTBR female mice showed a higher 
number of c-Fos/OXT neurons compared to B6 females and exposure to 
pups decreased the number of c-Fos/OXT neurons in both strains, Fig. 5 
(A, D). 

3.2. Experiment 2 

3.2.1. Comparison of the effects of pup exposure and social interaction on 
the expression of c-Fos-immunoreactivity (ir) neurons in the OB, PYR, CeA 
and BLA 

In agreement with previous literature data, females of the BTBR 
strain confirmed their low propensity to social interaction spending less 
time than B6 in social investigation (sniffing) of a same-sex companion 
[F(1, 5) = 6.452, p = 0.05] and tended to spend more time in self- 
grooming [F(1, 5) = 5.607, p = 0.06], Supplementary Fig. 2. ANOVA 
performed on the number of c-Fos-ir cells in the three experimental 
conditions (30-min exposure to pups, 30-min exposure to a same-sex 
conspecific and naïve condition) revealed significant effects of strain 
and/or experimental condition and/or strain x experimental condition 
interaction in most of the brain areas considered, with the exception of 
PYR where no effects were found, Fig. 6D. 

In the OB, the number of neurons expressing c–Fos was higher in B6 
than in BTBR [main effect of strain [F(1, 13) = 49.293, p < 0.0001] 
confirming the finding of Experiment 1. Pup exposure enhanced c-Fos 
expression compared to the other two experimental conditions [main 
effect of the experimental condition F(2, 13) = 23.378, p < 0.0001]. 

Fig. 5. Representative images (A) showing the localization of c-Fos+ (red) and oxytocin+ (green) neurons in the paraventricular nucleus of the hypothalamus (PVN) 
in the four experimental conditions. The arrows show activated oxytocin+ cells expressing c-Fos. 
Graphs showing c-Fos expression (B), oxytocin (OXT) expression (C) and c-Fos/OXT expression (D) in paraventricular nucleus (PVN) following pup exposure in B6 
and BTBR virgin female mice. Values are presented as mean ± S.E.M. ##p < 0.01 for between experimental conditions comparisons, $p < 0.05, $$p < 0.01 for within 
strain comparisons. Scale bar = 100 μm. 
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Interestingly, the increase of neurons expressing c–Fos was specifically 
evoked by presentation of pups in B6 but not in BTBR mice [strain x 
experimental condition interaction [F(2, 13) = 4.813, p = 0.03; p < 0.01 
after post-hoc comparisons], Fig. 6C. 

In agreement, in the CeA, the number of neurons expressing c–Fos 
was higher in B6 than in BTBR [main effect of strain [F(1, 13) = 4.793, p 
= 0.0474]. Enhanced c-Fos expression was observed only following pup 
exposure compared to the other two experimental conditions [main ef-
fect of the experimental condition F(2, 13) = 7.440, p = 0.007]. A sig-
nificant strain x experimental condition interaction [F(2, 13) = 4.608, p 
= 0.03] was found. Specifically, pup exposure preferentially induced an 
increase of c-Fos expression in B6 but not in BTBR mice (p < 0.05 after 
post-hoc comparisons), Fig. 6(A, E). 

Finally, in the BLA, pup presentation preferentially elicited c-Fos 
immunoreactivity in both strains [main effect of the experimental con-
dition F(2, 13) = 5.730, p = 0.0164], Figure (B, F). 

4. Discussion 

In the present study, we investigate responsiveness to pups by virgin 
female mice of the inbred strain BTBR, a validated animal model for the 
idiopathic forms of autism. Our findings reveal that the social impair-
ment of BTBR mice extends to behavioral responsiveness usually elicited 
by pup presentation in laboratory strains of mice. The behavioral dif-
ferences between BTBR and B6 strains are paralleled by a different 
pattern of activation, as revealed by c-Fos expression, in selected brain 
areas implicated in maternal behavior. 

First, we characterized the behavioral response elicited by newly 
born pups in BTBR virgin females in comparison to behavior displayed 
by females of the B6 strain. Overall, the temporal sequence of the 
behavioral items was comparable in the two strains, as both BTBR and 
B6 virgin females approached the pups, licked them, built the nest, and 
then eventually assumed the nursing posture over them within the 

Fig. 6. Representative images of c-Fos expres-
sion in (A) central nucleus of amygdala (CeA) 
and (B) basolateral complex of the amygdala 
(BLA). Graphs showing c-Fos expression in (C) 
olfactory bulb (OB), (D) pyriform (PYR) cortex, 
(E) central nucleus of the amygdala (CeA) and 
(F) basolateral complex of the amygdala (BLA) 
following pup exposure in B6 and BTBR virgin 
female mice. Values are presented as mean ± S. 
E.M. #p < 0.05 for between experimental con-
ditions comparisons, $$p < 0.01 for within 
strain comparisons, and **p < 0.01 for between 
strains comparisons. Scale bar = 100 μm.   
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duration of the test. However, in BTBR females the interaction with pups 
was discontinuous and interrupted by extended bouts of behaviors not 
directed to pups. In addition, BTBR virgin female mice exhibited longer 
time to approach pups and they displayed lower frequency and spent 
less time in pup-oriented behaviors, namely licking and nest-building, in 
favor of non-pup directed behaviors. On the whole, the behavioral 
pattern exhibited by BTBR females indicates lower propensity to interact 
with pups notwithstanding the elicitation of maternal care. In agreement 
with previous data on lack of conditioned place preference in BTBR mice 
when a social stimulus is used as reward [4], it is plausible that the 
difference between the two strains might be attributed to impaired 
processing of stimulus saliency with respect to its rewarding value. 

Secondly, we found that the pattern of c-Fos activation in brain areas 
known to be involved in regulation of maternal responsiveness mirrors 
the different behavioral profile of the two strains. 

The results of Experiment 1 indicate that experience with pups 
markedly enhanced in B6 mice c-Fos expression in all three areas 
considered, namely OB, MPOA and PVN, in agreement with previous 
data in the mouse species [14,22,31,32]. Experience with pups activates 
neuronal cells in OB, MPOA and PVN in BTBR too, but to a lower degree. 
Unlike B6 mice, c-Fos expression was only slightly increased in the OB of 
BTBR mice following pup presentation. The reduced OB activation in 
BTBR mice could be related to impaired detection of olfactory cues, 
lower interest in investigating them, or both. However, previous char-
acterization of BTBR mice in a habituation/dishabituation olfactory test 
showed that they could efficiently differentiate between different kinds 
of odors [33]. Here we hypothesized that the reduced expression of c-Fos 
in the OB might signal that the plastic changes in the olfactory network 
described in laboratory mice upon exposure to relevant olfactory cues 
[14,34,35] might occur to a minimal extent in BTBR. 

Notwithstanding the reduced OB activation observed in BTBR mice, 
the discontinuous performance of pup-oriented behaviors is sufficient to 
elicit c-Fos expression in the MPOA, the most important brain areas in 
regulation of maternal responsiveness [17,36–38], as well as in the PVN. 
Notably, expression of Fos protein is induced in the MPOA neurons 
during parental behavior in rodents [14], and c-Fos expression in 
response to a pup-associated cue is elevated in MPOA neurons even in 
the absence of pups [11,39]. As above mentioned, OXT plays an 
important role in mediating maternal behavior, as it is synthesized by 
PVN rapidly upon presentation of pups to virgin female mice [11]. Our 
data indicate that although the density of OXT expressing neurons was 
comparable in the two strains, double labelling c-Fos/OXT show that a 
higher proportion of OXTergic neurons are active in BTBR mice than in 
B6. To date, a single study has shown that BTBR mice have higher levels 
of OXT in PVN in comparison to other mouse strains [8]. The hypothesis 
of altered OXT signaling has been advanced as high OXT peptide levels 
in the PVN could be due to higher synthesis and/or lower release and on 
the concentration and occupancy of postsynaptic OXT receptors. Un-
fortunately, OXT peptide levels as well as OXT receptors were not 
investigated within the present experiments. However, we have also 
shown that experience with pups induced a marked reduction of double 
stained c-Fos/OXT neurons in both strains. This could be related to 
release of OXT towards other brain areas to support maternal behavior 
and related plasticity (see below). 

In Experiment 2, we investigated whether the reduced OB activation 
in the BTBR strain (despite the more pronounced activation observed in 
the MPOA and PVN) might also involve other areas implicated in 
maternal responsiveness as well as in the affective component of social 
behavior. The results confirm the involvement of a limbic circuitry in the 
onset of behavioral response towards pups in virgin female mice. Spe-
cifically, the amygdala plays an important role in the ability to process 
emotionally and socially relevant information [6]. Both BLA and CeA 
appear to facilitate the processing of pup-related information [40,41]. 
Pups exposure but not social interaction with age- and strain-matched 
female mice induced c-Fos expression in BLA in both B6 and BTBR 
mice. Similarly, pup presentation preferentially induced c-Fos 

expression in CeA but only in B6, mirroring the pattern observed in the 
OB. The lack of c-Fos activation in OB and amygdala areas following 
interaction with the same-sex companion was somewhat surprising, but 
it has to be considered that virgin females were not naïve to same-strain 
companions as they were to newly born pups. Novelty appears as a 
crucial factor for the induction of c-Fos expression in limbic areas [42, 
43]. Interestingly, recent findings indicate that PVN OXTergic pro-
jections to the CeA are an essential neural substrate of emotion 
discrimination abilities in mice [44]. OXT is also important in memory 
formation in the olfactory areas, where it plays a role in conferring social 
relevance to initially neutral olfactory cues [45]. Our results show that 
despite a comparable number of neurons expressing OXT in the two 
strains, almost the totality of OXT expressing neurons are active in the 
PVN in BTBR upon pup presentation, at variance from what seen in B6. 
However, we cannot say whether such activation is related to increased 
OXT synthesis as we did not measure it quantitatively. What is clear is 
that in BTBR females both OB and CeA are markedly unresponsive to 
pup exposure. It is possible that the integration between odor detection 
and processing and their rewarding value is impaired in the BTBR strain, 
but the neural bases of this deficit warrant further investigation. 

All this considered, our findings suggest that BTBR mice could be 
impaired in detection of the incentive value of socially related sensory 
stimuli. As stated by Olazabal et al. (2013), rapid engagement of the 
maternal pathway in pup-induced behavioral response depends on the 
integration of olfactory, auditory, tactile, or multimodal sensory input 
[19]. A subset of the neural network implicated in maternal respon-
siveness, namely olfactory, hypothalamic and amygdala areas, appears 
to be hypoactive in BTBR strain. Our findings lend support to the value 
of this strain as a model of autism, as reduced attention to social cues and 
inability to adjust behavior in response to social stimuli have been put 
forward to account for the social deficits in ASD [46]. 

5. Conclusion 

BTBR females are less responsive to presentation of pups in com-
parison to B6 in parallel with lower activation of brain areas implicated 
in the onset of behavioral response towards pups. This profile of effects 
is in agreement with ASD-like phenotype of this strain (i.e. reduced in-
terest in social interaction) and is paralleled by reduced OB activation. 
The different pattern of activation of OXT expressing neurons in the PVN 
in the two strains deserves additional analysis. These data point to the 
need of further investigation to better understand the link between 
sensory integration and reward mechanisms and the role of OXT in the 
typical social deficits exhibited by BTBR strain. 
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