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Abstract
Background Pup-dam ultrasonic vocalizations (USVs) are essential to cognitive and socio-emotional development. 
In autism and Fragile X Syndrome (FXS), disruptions in pup-dam USV communication hint at a possible connection 
between abnormal early developmental USV communication and the later emergence of communication and social 
deficits.

Methods Here, we gathered USVs from PND 10 FXS pups during a short period of separation from their mothers, 
encompassing animals of all possible genotypes and both sexes (i.e., Fmr1-/y vs. Fmr1+/y males and Fmr1+/+, +/-, 
and -/- females). This allowed comparing the influence of sex and gene dosage on pups’ communication capabilities. 
Leveraging DeepSqueak and analyzing vocal patterns, intricate vocal behaviors such as call structure, duration, 
frequency modulation, and temporal patterns were examined. Furthermore, homing behavior was assessed as 
a sensitive indicator of early cognitive development and social discrimination. This behavior relies on the use of 
olfactory and thermal cues to navigate and search for the maternal or nest odor in the surrounding space.

Results The results show that FMRP-deficient pups of both sexes display an increased inclination to vocalize when 
separated from their mothers, and this behavior is accompanied by significant sex-specific changes in the main 
features of their USVs as well as in body weight. Analysis of the vocal repertoire and syntactic usage revealed that 
Fmr1 gene silencing primarily alters the USVs’ qualitative composition in males. Moreover, sex-specific effects of Fmr1 
silencing on locomotor activity and homing behavior were observed. FMRP deficiency in females increased activity, 
reduced nest-reaching time, and extended nest time. In males, it prolonged nest-reaching time and reduced nest 
time without affecting locomotion.

Conclusions These findings highlight the interplay between Fmr1 gene dosage and sex in influencing 
communicative and cognitive skills during infancy.
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Introduction
Ultrasonic vocalizations (USVs), are essential to mouse 
communication and their social behavioral [1], notably in 
the context of conditions marked by compromised social 
interaction and communication, such as neurodevelop-
mental disorders (NDDs) and autism spectrum disorders 
(ASDs) [1–6]. In most mouse strains, the developmental 
trajectory of USVs, particularly within the 30 to 110 kHz 
range [7], remains consistent. The frequency of USV calls 
usually escalates during the initial 5–6 days following 
birth, reaching a peak around the sixth or seventh post-
natal day (PND). Call rates then begin to diminish and 
typically cease by the end of the second postnatal week. 
The precise timing of these transitions could be strain-
dependent, with C57BL/6 mice, for instance, typically 
displaying the highest USV rate around PND 3 [8, 9]. This 
form of communication is mostly observed during isola-
tion-induced USVs in pups, interaction-induced USVs in 
both young and adult mice, and courtship-induced USVs 
in adult mice [5].

First described as “whistles of loneliness” due to their 
role in provoking maternal care and fostering commu-
nication between mother and offspring [10], USVs are a 
vital communication mechanism for mouse pups in their 
early weeks of life, and their frequency tends to increase 
when the pups are isolated from their nest, mother, and 
siblings [5].

Given its prevalence (1.4 per 10,000 males and 0.9 per 
10,000 females in the total population [11]), Fragile X 
Syndrome (FXS) is the foremost inherited cause of intel-
lectual disability (ID) and the most common syndrome 
linked with ASD [11, 12]. FXS patients often present a 
broad spectrum of physical, neurological, social, behav-
ioral, and cognitive anomalies [13]. A salient feature of 
FXS involves deficits in communication, where delays 
in speech and language development are common [14]. 
Children diagnosed with FXS frequently exhibit speech 
patterns marked by compulsion, repetition, and per-
severance [15]. Expressive language delays are a com-
mon observation in both male and female FXS patients, 

Summary
In this study, we investigated ultrasonic vocalizations (USVs) and homing behavior in a mouse model of Fragile 
X Syndrome (FXS), a leading genetic cause of autism spectrum disorder (ASD) caused by a mutation of the 
X-chromosome linked Fmr1 gene. Disruptions in pup-dam USV communication and cognitive skills may be linked 
to the later emergence of communication and social deficits in ASD. USVs were collected from 10-day-old FXS 
pups of all possible genotypes and both sexes during a short period of separation from their mothers. We utilized 
DeepSqueak, an advanced deep learning system, to examine vocal patterns and intricate vocal behaviors, including 
call structure, duration, frequency modulation, and their temporal patterns. Homing, a sensitive indicator of early 
cognitive development and social discrimination was assessed at P13. The results showed that FXS pups of both 
sexes displayed an increased inclination to vocalize when separated from their mothers. Examination of the vocal 
repertoire and its syntactic usage revealed that the silencing of the Fmr1 gene primarily alters the qualitative 
composition of ultrasonic communication in males. The sex-specific changes observed in USVs were accompanied 
by modifications in body weight. Regarding homing behavior, the deficiency of FMRP led to opposite deficits in 
activity, time to reach the nest, and nesting time depending on sex. Taken together, these findings highlight the 
interplay between Fmr1 gene dosage and sex in shaping communication and cognition during infancy.

Highlights
 • We investigated early life communicative and cognitive abilities in a mouse model of Fragile X Syndrome 

(FXS), a prominent genetic cause of autism spectrum disorder resulting from a mutation in the Fmr1 gene on 
the X-chromosome.

 • Ultrasonic vocalizations (USVs) and homing behavior were collected respectively from 10- and 13-day-old FXS 
pups, encompassing all possible genotypes and both sexes, during a brief separation from their mothers.

 • Both male and female FXS pups exhibited an increased inclination to vocalize when separated from their 
mothers, along with significant sex-specific alterations in the primary characteristics of their USVs, homing 
behavior, and body weight. Silencing of the Fmr1 gene primarily influenced the qualitative composition of 
ultrasonic communication in males.

 • In homing behavior, FMRP’s deficiency led to contrary deficits in activity, time to reach the nest, and nesting 
time depending on sex.

 • The interaction between Fmr1 gene dosage and sex impacted on communication and cognition during early 
infancy.
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with the severity of effects typically being less in females 
owing to the X-linked nature of the disorder [16, 17].

Prior investigations into the communication abilities 
of mouse models with FXS produced varied outcomes, 
which seem to be influenced by factors such as the mouse 
strain, experimental protocol, and the age of the mice 
[18–26]. Here we exploited DeepSqueak [27] to evaluate 
USVs across all genotypes and sexes in the widely used 
mouse model for FXS (Fmr1-KO2 [28]).

In mouse pups, homing behavior is a sensitive indica-
tor of early cognitive development and social discrimi-
nation. It provides insights into their ability to navigate 
and recognize their nest, reflecting their spatial learning 
and memory capabilities [29–31]. Thus, understand-
ing alterations in homing behavior can contribute to our 
understanding of cognitive impairments and social com-
munication disorders associated with conditions like FXS 
and ASD.

The results revealed that the considerable quantitative 
and qualitative impact of Fmr1 deficits on early life ultra-
sonic vocalization, cognitive abilities and motor skills is 
highly dependent on both sex and gene dosage.

Results
Fmr1 gene silencing results in sex-dependent changes in 
body weight
The absence of the Fmr1 gene leads to distinct altera-
tions in body weight based on sex. At PND 10 and PND 
13, when FMRP was absent, male mice exhibited reduced 
weight, while female mice displayed increased weight 
compared to their respective control groups (Fig.  2; 
Suppl. Table 1). Additionally, when examining the control 
animals (those in which FMRP was not manipulated), 
female mice weighed less than their male counterparts 
(as illustrated in Fig. 2; Suppl. Table 1) at PND 10 but not 
PND 13. This result indicates role for FMRP in regulating 
body weight in a sex-dependent manner.

Elevated vocalization responses in FMRP-deficient pups 
during maternal separation
When separated from their mothers, both male and 
female pups lacking FMRP exhibited a heightened fre-
quency of vocalizations, contrasting with the control 
group. Notably, this change in vocalization frequency 

Fig. 1 Schematic illustration of the experimental design. In order to generate litters encompassing all potential genotypes, breeding involved crossing 
either female Fmr1+/- with male Fmr1 +/y or female Fmr1+/- with male Fmr1 -/y. Mice of all genotypes were divided into two cohorts: one underwent 
USV recording at PND 10, while the other underwent a homing behavior test at PND 13
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was not observed in partially deficient (+/-) females (see 
Fig. 3A; Suppl. Table 2). Furthermore, a complete absence 
of FMRP resulted in quicker vocal responses in females, 
whereas in males, the response time remained compara-
ble to the control group (Fig. 3B; Suppl. Table 2). Examin-
ing the proportion of vocalizing (V) and non-vocalizing 
(NV) pups across the groups revealed that both male and 
female FMRP-deficient pups (-/y and -/-, respectively) 
had a higher percentage of vocalizers compared to their 
respective control groups (+/y and +/+, respectively) 
(see Fig. 3C; Suppl. Table 2). This straightforward analy-
sis highlights that the absence of FMRP increases the 
likelihood of vocalization in both sexes during maternal 
separation.

Sex-specific impact of FMRP deficiency on fundamental 
USV Characteristics
Next, the four fundamental characteristics of USVs: 
length, primary frequency, power, and frequency range 
were investigated. Female control mice produced lon-
ger USVs compared to their male counterparts (Fig. 4A; 
Suppl. Figure 1A; Suppl. Table 3). Notably, when FMRP 
was absent, male mice (-/y) generated longer USVs than 
their normal counterparts (+/y). This effect, however, 
was male-specific, as FMRP deficiency did not yield lon-
ger USVs in female mice, regardless of being partially or 
totally deficient (Fig. 4A; Suppl. Table 3). Frequency dis-
tribution analysis supported these observations, indicat-
ing increased use of longer USVs in FMRP-deficient male 

mice compared to controls (Fig. 4B). Conversely, female 
mice displayed a contrasting trend, with control (+/+) 
females using longer USVs more frequently than partially 
or fully deficient females (Fig. 4C), despite similar average 
lengths across these female groups (Fig. 3A; Suppl. Table 
3). Analysis of the primary frequency of USVs across all 
groups revealed no significant variations. Although aver-
age frequencies were comparable (Fig.  4D; Suppl. Table 
3), control females tended to use lower frequencies more 
frequently than males (Suppl. Figure  1C). This gender 
difference was less pronounced in FMRP-deficient mice 
(Suppl. Figure 1D). Comparing the mean power of USVs, 
males showed little change regardless of FMRP status, 
whereas FMRP-deficient females shifted towards more 
negative powers (Fig. 4G; Suppl. Table 3). Further analy-
sis indicated that both FMRP-deficient males and females 
used USVs with more negative power more often than 
their respective controls (Fig.  4H, I). Lastly, the aver-
age frequency range used in vocalizations did not show 
any notable variations based on sex or genotype (Fig. 4J; 
Suppl. Table 3). Nonetheless, frequency distribution 
analysis suggested a wider range in FMRP-deficient males 
than in controls (Fig.  4K), with no such difference in 
females (Fig. 4L). Typically, females use larger frequency 
ranges more often than males (Suppl. Figure 1G), but this 
difference disappeared in the absence of FMRP (Suppl. 
Figure 1H). In conclusion, FMRP deficiency impacted the 
frequency of vocalizations, and led to sex-specific altera-
tions in the properties of ultrasonic communication.

Fig. 2 FMRP and sex influence body weight. On PND 10 and PND 13, the absence of FMRP resulted in decreased body weight for male mice (-/y) and in-
creased weight for females (-/-) when compared to their respective control groups (+/y and +/+). Among the control groups, male mice (+/y) are typically 
heavier than female mice (+/+) at PND 10 but not PND 13. Single dots represent individual mice. The box plots present the data ranging from minimum 
to maximum values, with median and interquartile range (25–75 percentile) shown. The Mann-Whitney U test was applied for statistical analysis. p-values 
less than 0.05, indicating statistical significance, are marked on the graphs, while complete statistics can be found in Suppl. Table 1. Sample size 10 PND: 
+/y males N = 22, -/y males N = 21, +/+ females N = 12, +/- females N = 26 and -/- females N = 6. Sample size 13 PND: +/y males N = 10, -/y males N = 14, +/+ 
females N = 6, +/- females N = 12 and -/- females N = 7
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Sex differences in the vocal repertoire of FXS mouse
Leveraging the call classification capabilities of Deep-
Squeak [27], 10 unique types of USVs were identified 
within our dataset (Fig. 5A). Examination of each group 
vocal repertoire showed differential use of these differ-
ent USVs during maternal separation (Fig. 5B, D; Suppl. 
Tables 4, 5). Statistical comparison of these vocal pro-
files across various genotypes (Fig.  5C, E; Suppl. Table 
6), showed that in male mice lacking FMRP, there was 
a substantial decrease in the use of ‘Short’ vocaliza-
tions (Fig. 5C; Suppl. Table 6). In contrast, female vocal 
repertoire remained unaltered in the absence of FMRP 
(Fig.  5E; Suppl. Table 6). When analyzing vocalizations 
based on sex, male and female control mice showed simi-
lar vocal profiles. In contrast, in FMRP-deficient mice, 
males used ‘Inverted-U’ vocalizations less often and ‘Flat’ 
vocalizations more frequently compared to their female 
counterparts (Suppl. Table 6). Despite the absence of 
FMRP having a significant effect, all groups still utilized 

the same ten vocalizations. Thus, the lack of FMRP pre-
dominantly affected the vocal repertoire of male mice.

Differential modification of vocal transitions by FMRP 
deficiency in male and female mice
We next examined the likelihood of transitions between 
different types of vocalizations within the syntax patterns 
of the various test groups (Figs. 6 and 7; Suppl. Figure 2; 
Suppl. Tables 7–12). Detailed analysis of the transition 
probabilities between each type of USV within each 
group, uncovered distinct patterns of vocalization use 
within their syntax (Figs. 6A-D and 7A-F; Suppl. Tables 
7, 8, 10, 11). Comparing genotypes statistically revealed 
that FMRP deficiency altered the likelihood of transition-
ing from ‘Downward Ramp,’ ‘Complex Trill,’ and ‘Short’ 
USVs in male pups (Fig. 6E; Suppl. Table 9). Interestingly, 
the probability of transitioning to different types of USVs 
remained unchanged between FMRP-normal and defi-
cient males (Fig. 6F; Suppl. Table 9). On the other hand, 

Fig. 3 Sex-specific differences in vocalizations and vocalization latency in FXS Pups. (A) FXS pups of both sexes display a higher number of vocalizations 
compared to their control counterparts. (B) Only females show a shorter vocalization latency in the absence of FMRP. (A, B) Data are presented as min. 
to max. box plots with median and 25–75 percentile. Single dots represent individual mice. Mann-Whitney U tests were conducted, and p-values < 0.05 
are indicated in the graphs. Full statistical details can be found in Suppl. Table 2. (C, D) Pie graphs illustrate the percentages of vocalizing (V) and non-vo-
calizing (NV) male (C) and female (D) pups. The percentages were calculated by dividing the number of vocalizers or non-vocalizers by the total number 
of animals tested in each group. Sample sizes: (A, C, D) +/y males N = 22, -/y males N = 21, +/+ females N = 12, +/- females N = 26, -/- females N = 6. (B) +/y 
males N = 17, -/y males N = 18, +/+ females N = 10, +/- females N = 20 and -/- females N = 6
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Fig. 4 Sex-dependent alteration of core features in USVs of FMRP-deficient mice. (A) FMRP deficiency specifically leads to longer mean length of vocaliza-
tions in males. (B, C) Frequency distribution (%) of USV length shows opposite impacts in male (B) and female (C) pups. (D-F) The principal frequency of 
vocalizations remains similar across the groups. (G) In the absence of FMRP, only females exhibit a statistically more negative mean power in their USVs. 
(H, I) Frequency distribution analysis reveals that both sexes show a greater utilization of USVs with more negative power in FMRP-deficient pups. (J-L) 
The mean change in frequency of USVs does not appear to be affected by the FXS genotype in either sex (J), but frequency distribution analysis indicates 
wider delta use in the absence of FMRP in males (K) but not in females (L). (A, D, G, J) Single dots represent individual mice. Data are presented as min. to 
max. box plots with median and 25–75 percentile. Mann-Whitney U tests were performed, and p-values < 0.05 are indicated in the graphs. Full statistical 
details can be found in Suppl. Table 3. (B, C, E, F, H, I, K, L) Data are represented as a Gaussian curve fit (± CI) of the frequency distribution (%). Sample 
sizes: (A–L) +/y males N = 9, -/y males N = 14, +/+ females N = 7, +/- females N = 13 and -/- females N = 6
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in female pups, FMRP deficiency did not appear to sig-
nificantly affect the transition probabilities from and to 
various USVs (Fig.  6G, H; Suppl. Table 9). In summary, 
qualitative arrow diagram and heatmap analysis unveiled 

the intricate web of communication, emphasizing a more 
profound influence of FMRP on the syntax of male mice 
(Fig. 6G; Suppl. Figure 2A) compared to females (Fig. 7I; 
Suppl. Figure 2B).

Fig. 5 Vocal repertoire of FXS pups. (A) Representative USVs calls classified into ten distinct categories based on a supervised-call classification neural 
network. (B, C) In the absence of FMRP, male mice exhibit a limited use of short calls in their vocal repertoire. (D, E) The vocal repertoire of female pups 
remains unaffected by the absence of FMRP. (B, D) Data are represented as a percentage utilization of each category of USVs for each group. (C, E) Data 
are shown as a bar graph (mean ± SEM) indicating the percentage utilization of each type of USV category for each group. Significance: * p-values < 0.05, 
full statistical details can be found in Suppl. Table 6. Sample sizes: (B-E) +/y males N = 9, -/y males N = 14, +/+ females N = 7, +/- females N = 13 and -/- fe-
males N = 6
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Fig. 6 Syntactic transition probability in male FXS pups. (A – D) The probability of transitions ‘from’ and ‘to’ a specific USV class varies among different vo-
calization classes in +/y (A, B) and -/y (C, D) males. (E, F) Transition probabilities differ ‘from’ a specific USV class (E), but not ‘to’ a specific class (F). (G) Quali-
tative illustration of transition probability profiles for males of various genotypes. (A-F) Data are shown as a bar graph (mean ± SEM). The p-values < 0.05 
are indicated with an asterisk (*) and the full statistics can be found in Suppl. Tables 9 and 12. The hashtag (#) refers to statistics presented in Suppl. Tables 
7 and 10. Statistical analysis was done using Mann-Whitney U tests. (G) Arrow diagrams. Arrows indicate transition directions, with brighter colors signify-
ing higher transition probabilities. C = Complex, DR = Downward ramp, IU = Inverted-U, UR = Upward ramp, CT = Complex trill, S = Short, SD = Step Down, 
F = Flat, SU = Step up, and T = Trill. Sample sizes: (A-G) +/y males N = 9 and -/y males N = 14
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Fig. 7 Syntactic transition probability in female FXS pups. (A–F) The probability of transitions ‘from’ and ‘to’ a specific USV class varies among different 
vocalization classes in +/+ (A, B), +/- (C, D) and -/- females (E, F). (G, H) These profiles are similar among genotypes in the probability of transition “from” 
(G) and “to” (H) a specific class of USVs. (I) Qualitative illustration of transition probability profiles for females of various genotypes. (A–H) Data are shown 
as a bar graph (mean ± SEM). (A-F) The hashtag (#) refers to statistics presented in Suppl. Tables 8 and 11. (G, H) Full statistics can be found in Suppl. Tables 
9 and 12. (A-H) Statistical analysis was done using Mann-Whitney U tests. (I) Arrow diagrams. Arrows indicate transition directions, with brighter colors 
signifying higher transition probabilities. C = Complex, DR = Downward ramp, IU = Inverted-U, UR = Upward ramp, CT = Complex trill, S = Short, SD = Step 
Down, F = Flat, SU = Step up, and T = Trill. Sample size: (A-I) +/+ females N = 7, +/- females N = 13 and -/- females N = 6
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Sex differences in the homing behavior of FXS mouse
We next examined homing behavior, which represents 
the mice’s capacity to navigate back to a familiar location. 
It encompasses the integration of sensory input, spa-
tial memory, and motor coordination [29–31]. Regard-
ing locomotor activity, Fmr1 silencing had a significant 
impact on female mice (Fig.  8A-C; Suppl. Table 13). 
FMRP-deficient females (+/- and -/-) exhibited increased 
locomotor activity compared to wild-type counterparts 
(+/+), as indicated by covering a greater distance (Fig. 8A; 
Suppl. Table 13), spending more time in motion (Fig. 8B; 
Suppl. Table 13), and maintaining a higher average 
speed (Fig. 8C; Suppl. Table 13). In contrast, there were 
no significant differences observed in locomotor activ-
ity between FMRP-deficient males and their wild-type 
counterparts (Fig.  8A-C; Suppl. Table 13). Additionally, 

under normal FMRP levels, male mice (+/y) traveled a 
greater distance and had a higher average speed com-
pared to female mice (+/+) (Fig. 8A-C; Suppl. Table 13). 
In terms of homing behavior, sex-specific impairments 
were observed in FXS mice (Fig. 8D-F; Suppl. Table 13). 
Silencing of Fmr1 gene in male mice led to an extended 
latency to enter the nest (Fig.  8D; Suppl. Table 13) and 
reduced time spent within the nest (Fig. 8E; Suppl. Table 
13). Conversely, FMRP-deficient females (+/- and -/-) 
showed faster nest entry (Fig.  8D; Suppl. Table 13) and 
spent more time in the nest compared to their respec-
tive wild-type controls (Fig.  8E; Suppl. Table 13). Fur-
thermore, male mice (+/y) with normal FMRP levels 
displayed a shorter latency (Fig.  8D; Suppl. Table 13) 
and spent more time in the nest than their female coun-
terparts (+/+) (Fig.  8E; Suppl. Table 13). No significant 

Fig. 8 Sex-specific modification of homing behavior in FXS mice. (A-C) FMRP deficiency has no effect on locomotor activity in male mice while in females 
it leads to an increase in covered distance (A), time moving (B) and average velocity (C). Among the control groups, males (+/y) move more (A) and with 
greater average velocity (C) than females (+/+). (D-F) homing behavior in FXS mice displayed distinct sex-related effects. Fmr1 silencing in male mice 
resulted in a delay in entering the nest (D) and less time spent inside (E). On the contrary, FMRP-deficient females (+/- and -/-) reached the nest more 
quickly (D) and spent more time inside (E) compared to their controls (+/+). In normal FMRP conditions, male mice (+/y) showed a shorter entry delay 
(D) and more time spent in the nest (E) than females (+/+). The number of entries into the nest did not differ among the experimental groups (F). (A–F) 
Data are shown as min. to max. box plots with median and 25–75 percentile. Single dots represent individual mice. Statistical analysis was done using 
Mann-Whitney U tests. p-values < 0.05 are indicated in the graphs. Full statistics can be found in Suppl. Table 13. Sample sizes: +/y males N = 10, -/y males 
N = 14, +/+ females N = 6, +/- females N = 12 and -/- females N = 7
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differences were found in the number of entries into the 
nest among the different experimental groups (Fig.  8F; 
Suppl. Table 13). Overall, the evaluation of homing 
behavior revealed additional sex-specific effects of FXS, 
dependent on gene dosage.

Discussion
The data illustrate the complex relationship between 
Fmr1 gene dosage, sex, and communication development 
during infancy. FMRP-deficient pups of both sexes exhib-
ited an increased tendency to vocalize when separated 
from their mothers. These vocalizations were accompa-
nied by significant sex-specific changes in the main fea-
tures of their USVs and the qualitative composition of 
ultrasonic communication in males.

To investigate the influence of FMRP on communica-
tion and homing behavior in both sexes, we generated 
and analyzed pups with various genotypes, including +/y 
and -/y males, as well as +/+, +/-, and -/- females. The -/- 
condition is rare in human females [32] and rodent data 
have been lacking.

During the early stages of NDDs, variations in metab-
olism and body weight are commonly observed [33]. In 
individuals with FXS, these alterations lead often to obe-
sity as they age [34]. Previous studies in FXS mouse mod-
els have reported higher body weight in adult males (-/y) 
and females (-/-) compared to their respective controls 
[33]. Interestingly, our data show that male -/y mice had 
lower weight than +/y mice, while in females, -/- mice 
had higher weight than +/+. This suggests a sex-specific 
role of FMRP in metabolism in early life.

During early life, USVs serve as the primary mode of 
communication in rodents, providing a valuable window 
to gain insights into the initial stages of NDDs and ASDs 
[1–6]. Maternal separation is a widely utilized technique 
to evoke USVs in rodents. Here, we observed that mater-
nal separation resulted in higher USV emission in both 
male and female FMRP-deficient mice. Interestingly, the 
latency for the first vocalization was decreased in females 
only. The increased tendency for vocalization in FXS 
mice suggests a unique emotional response to separation 
when compared to control mice [1, 5], as supported by 
studies indicating an elevated anxious phenotype in FXS 
male mice during this developmental period [24]. Chil-
dren with FXS frequently display compulsive, repetitive, 
and perseverative speech patterns [15]. The heightened 
vocalization propensity observed in FMRP-deficient mice 
could be indicative of a similar characteristic within the 
pathology.

While the absence of FMRP led to an elevated vocal-
ization rate in both males and females, the distinct 
features of these vocalizations displayed sex-specific vari-
ations: only males exhibited a longer average length of 
USVs when FMRP was absent, whereas females did not 

demonstrate this alteration. A separate study conducted 
in a different strain also reported sex-specific changes in 
vocalization length, suggesting a broader manifestation 
of this phenotypic trait [25]. A similar pattern of changes 
in both the quantity and quality of pup communication 
has been observed in the NF-κB p50-KO mice model of 
NDD. These mice emit a higher number of USVs and lon-
ger USVs when separated from their mothers, compared 
to control mice [35]. This shared characteristic across 
NDD models suggests that the amount and duration of 
USVs may reflect important aspects related to devel-
opmental status or cognitive abilities in mice. Further 
investigations are warranted to delve into the underlying 
implications of these alterations.

The lack of FMRP results in sex-specific differences in 
the likelihood of transitioning between various types of 
USVs in FXS pups. This finding is consistent with obser-
vations made in the development of oral communication 
in FXS children, who often exhibit limited expressive 
syntax [36–40]. Thus, we observed significant differ-
ences in the usage of ‘Downward Ramp’, ‘Complex Trill’, 
and ‘Short’ calls within the syntax of male -/y compared 
to +/y controls. In contrast, females exhibited a high 
degree of similarity in the syntactic usage of the ten dif-
ferent types of USVs across various genotypes. Our data 
together with the aforementioned alterations illustrate 
the sex-specific impact of the absence of FMRP on com-
munication quality during early development: males are 
considerably more impacted than females. In human 
patients too, alterations are more pronounced in males 
than females [16] that do not display complexity deficits 
[40]. When assessing the expressive language capabili-
ties of male and female patients with FXS, females typi-
cally perform better, although with considerable variation 
among individuals, partly attributed to differences in the 
activation ratios of the X chromosome [39, 41].

The effects of FXS on communication are generally less 
severe in females, primarily because they typically pos-
sess one unaltered gene copy [16, 39–41]. In our study, 
we also examined homozygous (-/-) females and noted 
that specific communication traits, such as vocaliza-
tion propensity and the strength of USVs, were irregu-
lar in homozygous females but remained normal in 
heterozygous females. This suggests that having a single 
unmutated gene copy is sufficient to maintain normal 
communicative functions. Furthermore, the vocal reper-
toire and syntax of homozygous females were found to be 
preserved when compared to those of FXS males.

Homing behavior, serving as an early indicator of cog-
nitive development and social discrimination, relies on 
motor skills and sensory cues for navigation and locating 
the maternal nest [29–31]. However, prior to our study, 
there was a lack of investigation into this behavior in FXS 
mouse. Our findings indicate that the Fmr1 gene exerts 
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a distinct, sex-specific influence on both locomotion and 
homing. In males, deficiency of FMRP leads to extended 
time to reach the nest while reducing the duration of 
stay, without affecting overall locomotion. These effects 
may be attributed to cognitive deficits, such as impaired 
integration of sensory stimuli and altered discrimination 
of maternal odor. On the other hand, the cognitive abili-
ties of FXS females appear to be less impacted, and their 
increased locomotor activity may be related to altered 
anxiety or emotional states.

Perspectives and significance
Given the swift and intricate developmental changes 
occurring in early postnatal life, confining the analysis 
to a restricted time period may overlook subtleties that 
a more expansive temporal perspective could unveil. To 
capture subtle nuances and understand the developmen-
tal trajectory of vocal repertoire, homing behavior, and 
other relevant behavioral, cellular, or molecular parame-
ters in FXS mice, future research should extend the anal-
ysis across various postnatal ages. This comprehensive 
examination would shed light on progressive changes, 
uncover sensitive developmental stages, and enhance 
our understanding of FXS symptomatology. A full explo-
ration of the interplay between the Fmr1 gene, FMRP, 
and sex hormones during both pre- and postnatal stages 
could offer essential insights for developing therapeutic 
strategies based on patient sex.

In conclusion, this research underscores a signifi-
cant interplay between the Fmr1 gene and sex in shap-
ing communicative and cognitive abilities in early life. It 
emphasizes the necessity of considering sex differences 
when comprehending the effects of FMRP deficiency 
and underscores the importance of adopting sex-specific 
approaches in the study of NDDs.

Methods
Animal
Animals were treated in compliance with the Euro-
pean Communities Council Directive (86/609/EEC) and 
the United States National Institutes of Health Guide 
for the care and use of laboratory animals. Fmr1-KO2 
mice from FRAXA foundation were used in this study. 
Females Fmr1+/- were paired with males Fmr1+/y or -/y 
to obtain all genotypes included in this study (males +/y, 
males -/y, females +/+, females +/- and females -/-) (Fig. 
1A). The male was removed from the cage after 1 week 
from the beginning of the mating  (Fig. 1B). The behav-
ioral tests were performed in male and female offspring 
during PND 10 and PND 13 (Fig. 1B). All mice used in 
this study were housed in standard wire-topped Plexiglas 
cages (42 × 27 × 14  cm) in a temperature and humidity-
controlled condition (i.e., temperature 21 ± 1 °C, 60 ± 10% 
relative humidity and 12 h light/dark cycles). The nesting 

material was standardized providing 15  g of aspen pad 
and 1 compressed cotton stick. Food and water were 
available ad libitum. The French Ethical committee autho-
rized this project (APAFIS#3279-2015121715284829-v6).

Ultrasonic vocalizations
USVs were elicited through a rapid maternal separation 
procedure conducted on male and female pups at PND 
10 [29]. Each mouse was individually placed in an empty 
plastic container measuring 11 × 7 × 3.5  cm, which was 
located inside a sound-attenuating isolation box. USVs 
were recorded using an ultrasonic microphone (Ultra-
vox Noldus), connected via the Ultravox device (Noldus, 
Netherlands) and placed 20 cm above the pup in its plas-
tic container. Following the 4-minute recording session, 
each pup was weighed, and a sample of tail tissue was 
collected for genotype determination. Changes in body 
temperature in the current experimental setting had been 
checked, reporting no significant change over the 4-min-
ute test period.

The acoustic traces in the individual audio files were 
identified and studied using DeepSqueak [27] (version 
2.6.2). This software converted the files into correspond-
ing sonograms and utilized a Faster-RCNN object detec-
tor for analysis. To focus on the pertinent frequency 
range and reduce the interference of unrelated noise, a 
frequency band spanning from 20 to 100 kHz was set as 
the minimum and maximum cutoff frequencies, respec-
tively. Each sonogram identified as noise was manu-
ally excluded. Automated USVs classification, pattern 
analysis and transition probabilities computation were 
performed in DeepSqueak through a neural network 
specifically designed for mouse call classification. This 
enabled identifying ten distinct vocalization types: Com-
plex, Downward ramp, Inverted-U, Upward ramp, Com-
plex trill, Short, Step Down, Flat, Step up, and Trill.

At first, the analysis of USVs assessed the propensity 
of each animal to vocalize. This involved tallying the 
number of USVs, while also studying the latency (s) and 
percentage of vocalizers (%). Following this, a more in-
depth analysis was performed on animals demonstrating 
a baseline level of vocalizations, thus ensuring the soft-
ware had enough data for detecting multiple transitions 
between USVs (> 1). This investigation included study-
ing a range of characteristics of the USVs, such as their 
length (s), principal frequency (kHz), power (dB/Hz), and 
change in frequency (kHz). Additionally, the vocal reper-
toire and syntax were analyzed to understand overarch-
ing patterns and structure in the animal vocalizations.

Homing test
The homing test was performed as published [29, 30]. 
At PND 13 both male and female pups were separated 
from the dam, and kept for 30 min in a different cage on 
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a heating pad set at the temperature of 35 °C. Each tested 
mouse was placed in the Plexiglas cage (21 × 15  cm) 
which had one-third (7 × 15  cm) of the litter from the 
pup’s original cage and two-thirds (14 × 15  cm) of clean 
litter. The latter was considered as the unfamiliar area, 
while the one with the old litter was the nest area. The 
pup was located at the edge of the clean bedding and 
its behavior was videorecorded for the following 5  min. 
Homing performance was analyzed using Ethovision XT 
(Noldus) and considering the distance (cm), the moving 
time (s), the velocity (cm/s), the latency to reach the nest 
(s), the time spent (s) and the entries in the nest area.

Statistical analysis
The datasets were assessed for normality using the 
D’Agostino-Pearson and Shapiro-Wilk tests. Given that 
none of the datasets met the prerequisites for parametric 
analyses, including normality and uniform sample sizes, 
the Mann–Whitney U test was employed for conducting 
statistical comparisons. GraphPad Prism 9 and Deep-
Squeak 2.6.2 were utilized for performing the statistics. 
The N values correspond to the number of animals tested 
in each group. Statistical significance was established at 
p < 0.05, with exact p-values indicated in the figures and 
tables.

Supplementary Fig.  1. USV frequency distribution 
between sexes in the presence and absence of FMRP. 
(A) Female controls use longer USVs more frequently 
than male controls. (B) In absence of FMRP, females 
use medium-duration (~ 0.02s) USVs more frequently 
than males. (C) In control groups, males exhibit a rela-
tively higher proportion of higher frequencies compared 
to females, (D) but when FMRP is absent, this distribu-
tion becomes similar between sexes. (E) The USVs power 
is similar between male and female controls. (F) When 
FMRP is lacking females use more vocalization with an 
average power of ~-75 dB/Hz compared with males. (G, 
H) While among control pups males use more frequently 
smaller Δ frequency compared to females (G), this dis-
parity diminishes in FMRP deficient mice (H). (A–H) 
Data are represented as Gaussian curve fit (± CI) of the 
frequency distribution (%). Sample size: +/y males N = 9, 
-/y males N = 14, +/+ females N = 7, +/- females N = 13 and 
-/- females N = 6.

Supplementary Fig.  2. Patterns of USV transition 
probabilities vary with sexes and genotypes. Transition 
probabilities heat maps of (A) males (+/y and -/y) and 
(B) females (+/+, +/-, -/-) syntax. (A, B) Values in indi-
vidual boxes indicate the probability of one call to follow 
the previous. The transition probability is expressed as 
the mean probability of each transition for each group. 
Sample size: +/y males N = 9, -/y males N = 14, +/+. +/+ 
females N = 7, +/- females N = 13 and -/- females N = 6.
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