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Abstract

The behavior of offspring results from the combined expression of maternal and

paternal genes. Genomic imprinting silences some genes in a parent-of-origin specific

manner, a process that, among all animals, occurs only in mammals. How genomic

imprinting affects the behavior of mammalian offspring, however, remains poorly

understood. Here, we studied how the loss of the paternally inherited gene Magel2 in

mouse pups affects the emission of separation-induced ultrasonic vocalizations

(USV). Using quantitative analysis of more than 1000 USVs, we characterized the rate

of vocalizations as well as their spectral features from postnatal days 6–12 (P6–P12),

a critical phase of mouse development that covers the peak of vocal behavior in

pups. Our analyses show that Magel2 deficient offspring emit separation-induced

vocalizations at lower rates and with altered spectral features mainly at P8. We also

show that dams display altered behavior towards their own Magel2 deficient off-

spring at this age. In a test to compare the retrieval of two pups, dams retrieve wil-

dtype control pups first and faster than Magel2 deficient offspring. These results

suggest that the loss of Magel2 impairs the expression of separation-induced vocali-

zation in pups as well as maternal behavior at a specific age of postnatal develop-

ment, both of which support the pups' growth and development.

K E YWORD S

autism spectrum disorders, behavior development, genomic imprinting, offspring-parent
conflict, Prader Willi syndrome

1 | INTRODUCTION

For the normal development, mammalian offspring need copies from

both maternal and paternal genomes. Some genes, however, are

expressed in a parent-of-origin specific manner. In other words, some

genes are always expressed when inherited from the mother and

some genes are always expressed when inherited from the father.1–3

The process that regulates the expression of genes in a parent-of-

origin specific manner is called genomic imprinting.4

Genomic imprinting depends on epigenetic modifications of the

genome. These modifications do not alter the sequence of the DNA

but the chemical structure of the DNA, thereby leading to altered

gene expression.1,4 For example, an imprinted gene can be silenced in

the maternal genome, and only the paternal allele will be expressed in
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the offspring (or vice-versa). Thus far, genomic imprinting has only

been found in flowering plants and mammals.1,2

The adaptive value of genomic imprinting remains a matter of

intense theorization. A prevailing theory on the effects of genomic

imprinting, known as the kinship theory,5–7 posits that maternal genes

balance the energy investment of the mother between offspring sur-

vival and her own while paternal genes favor offspring survival alone.

For example, the expression of paternal genes in the offspring would

favor growth, while the expression of maternal genes would stunt

growth.2,8–10 The influence of imprinted genes is not restricted to

growth, however. Imprinted genes are also primarily involved in brain

development and in social behaviors.2,9,11–13

Consider, for example, a series of imprinted genes in human chro-

mosome 15 that are paternally inherited.14,15 The deletion of these

paternally inherited genes in chromosome 15 leads to neu-

rodevelopmental disorders, such as Prader-Willi syndrome (PWS). PWS

presents with hypotonia and poor feeding early in life, followed by

hyperphagia, alteration in social behavior, and cognitive deficits.16,17 It

should be noted that because PWS involves several genes in human

chromosome 15, it masks the relative contribution of single imprinted

genes on the phenotype of the offspring. Among the PWS-related

genes, MAGEL2 is a candidate gene for some of the clinical features of

PWS. Humans with loss-of-function mutations in MAGEL2 present

clinical aspects of PWS and autism spectrum disorders,18,19 suggesting

that this single paternally inherited gene supports at least some of the

developmental alterations found in PWS. In agreement with the clinical

features of MAGEL2 deficiency in humans, Magel2 deficient mice show

impairments in growth and adult social behaviors.10,20 Despite these

previous studies, a more systematic investigation of the effects of

imprinted genes on behavior is necessary to understand the adaptive

value of these genetic modifications in mammals.

We reasoned that investigating the effects of imprinted genes

on offspring behavior during the early postnatal period—when the

exchange of resources between the mother and the offspring is most

important—can help shed light on the adaptive value of genomic

imprinting. Towards this end, we studied how the loss of paternally

inherited Magel2 affects the vocal behavior of mouse pups when

separated from their dams,21–24 as separation-induced vocalizations

signal the needs of the pups to the dams.25–27 In contrast to human

babies, mouse pups vocalize in the ultrasonic frequency range (30–

120 kHz),21,22,28 which humans cannot hear. In order to survey the

vocal behavior of mice, we recorded the emission of ultrasonic

vocalizations (USVs) when pups were separated from the home nest.

We performed these studies at postnatal days 6, 8, 10, and 12, since

it is during this phase of mouse development that the peak expres-

sion of separation-induced vocalizations typically occurs.22,23,29 We

then used VocalMat30 to perform quantitative analysis of mouse

vocal behavior. Moreover, we employed a maternal retrieval assay to

test the effects of the loss of paternally inherited Magel2 on mater-

nal behavior towards the offspring.31 Our analysis shows that in

mouse pups the deficiency of Magel2 impairs the expression of

separation-induced vocalizations. This deficiency also reduces

maternal retrieval behavior towards Magel2 deficient pups compared

to nondeficient siblings.

2 | RESULTS

2.1 | Early waning of vocal behavior inMagel2m+/p�

deficient pups

To investigate the effects of paternally inherited Magel2 on the vocal

behavior of infant mice, we crossed heterozygote males for Magel2

deficiency with wildtype females. From this cross, we generated

Magel2 deficient offspring (Magel2m+/p�) that carry the null allele from

the father (p�) and the imprinted allele from the mother (m+). This

cross also generates wildtype littermates (Magel2m+/p+), used as

experimental controls. As previously reported,8,10 Magel2m+/p� pups

display lower body mass compared to controls (genotype: F1,181

= 19.71, P < 10�4; age: F3,181 = 69.64, p < 10�10; genotype x age:

F3,181 = 0.02, p = 0.99; two-way ANOVA; Figure S1). Post hoc analy-

sis shows a significant difference in body mass between genotypes

only at P12 (control: 6.08 ± 0.14 g; Magel2m+/p�: 5.51 ± 0.20 g;

p = 0.04; Holm-Šídák test; Figure S1).

We recorded the emission of USVs during 20 min of separation

from the home nest at different postnatal ages (P6, P8, P10, and P12;

Figure 1A). First, we analyzed the total number of USVs emitted dur-

ing the period of separation using two-way ANOVA. We found a sig-

nificant effect of genotype, age, and interaction between genotype

and age (genotype: F1,181 = 20.61, p < 10�4; age: F3,181 = 11.80,

p < 10�6; genotype x age: F3,181 = 3.90, p = 0.01; Figure 1B). Post

hoc analysis (Holm-Šídák test) shows that the total number of USVs is

similar among groups at P6 (control: 991 ± 139 USVs; Magel2m+/p�:

787 ± 130 USVs; p = 0.75), P10 (control: 503 ± 45 USVs; Magel2m

+/p�: 466 ± 70 USVs; p = 0.98), and P12 (control: 594 ± 71 USVs;

Magel2m+/p�: 345 ± 46 USVs; p = 0.06) (Figure 1B). Compared to

controls, however, Magel2m+/p� pups show a ≈ 53% reduction in the

emission of USVs at P8 (control: 1045 ± 100 USVs; Magel2m+/p�:

495 ± 65 USVs; p < 10�4). We also analyzed the data in 5-minute

intervals and found similar effects of Magel2 deficiency on the rate of

vocalizations (Figure S2). Moreover, separating our analysis in females

and males show similar effects of genotype and age (Figure 1C, D and

Table S1). (Because we did not find differences in the rate of vocaliza-

tion, we have pooled males and females in all further analysis). In sum,

our results thus far show age-specific reductions in the emission of

USVs in Magel2m+/p� mice, suggesting a nonsex specific effect for

paternally inherited Magel2 on the vocal behavior of the offspring.

The emission of USVs occurs when the breathing musculature

contracts, expelling air from the lungs and propelling it through the

larynx.32,33 Since previous reports found that Magel2m+/p� mice dis-

play hypotonia,32 we put forward the hypothesis that the low rate of

USV emission in Magel2 deficient pups is due to a lower capacity to

expel air from the lungs. To rule out this hypothesis, we measured the

intensity (or volume, in decibels) of the USVs. Since the intensity of

the USVs relates to the pressure by which the air is expelled through

the larynx,33 a lower intensity is expected in cases of hypotonia. This

analysis shows that the intensity of the emitted USVs between Mag-

el2m+/p� mice and controls is similar in all ages tested (genotype:

F1,181 = 2.67, p = 0.10; age: F3,181 = 2.33, p = 0.08; genotype x age:

F3,181 = 0.78, p = 0.51; two-way ANOVA; Figure 1E). Thus, hypotonia
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does not seem to be a factor of primary significance for the lower rate

of USV emission in Magel2m+/p� mice.

Drops in body temperature in immature mouse pups can influ-

ence the emission of USVs.34,35 For example, previous reports show

that drops in body temperature during separation inversely corre-

lates with the rate of emission of USVs in mice.34,35 Based on these

observations, in a cohort of pups, we tested their body surface tem-

perature at the end of the 20-minute separation period using
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F IGURE 1 Magel2 deficiency affects the emission of ultrasonic vocalizations in mice specifically at postnatal day eight (P8). (A) Schematic of
the protocol used to record separation-induced USVs in mice (from P6 to P12); pups are separated from the home nest in a new chamber
equipped with an ultrasonic microphone and recorded for 20 min. (B) Total number of USVs emitted by control (blue) andMagel2 deficient
(purple) littermates at P6, P8, P10, and P12; right panel denotes the 95% confidence intervals as a measure of effect size. (C) Similar to (B), but
only considering female pups. (D) Similar to (B), but only considering male pups. (E) Average intensity of the USVs measured in decibels; right
panel denotes the 95% confidence intervals as a measure of effect size. The sample sizes for control andMagel2 deficient pups are: P6, n = 16
and 20; P8, n = 23 and 28; P10, n = 23 and 20; and P12, n = 30 and 28, respectively. (F) Bar chart of body surface temperature at each age
tested. Lower panel denotes the 95% confidence intervals as a measure of effect size. No statistical differences between groups were found
(note that all confidence intervals cross zero). In (F), the sample sizes for control and Magel2 deficient pups are: P6, n = 8 and 10; P8, n = 12 and
15; and P10, n = 13 and 12; respectively. Bars represent mean value with error bars representing SEM and round symbols representing individual
values. When plotting the effect sizes, squared symbols and black lines represent 95% confidence intervals calculated as the different between
Magel2 deficient and control pups. p values are provided in the figures as calculated using Sidak's multiple comparison test
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thermal imaging. This analysis shows that the body temperature of

Magel2m+/p� mice and controls is similar in all ages tested (geno-

type: F1,26 = 0.19, p < 0,67; age: F2,37 = 80.70, p < 10�10; genotype

x age: F2,38 = 0.02, p = 0.30; two-way ANOVA; Figure 1F). Thus,

we concluded that an altered capacity to maintain body tempera-

ture is not a causal (or confounding) factor that explains the differ-

ences in the emission of USVs between Magel2m+/p� and

control pups.

2.2 | Magel2m+/p� mice emit vocalizations with
distinct spectral features

In addition to the rate of separation-induced vocalizations, the spec-

tral features of the USVs also correlate with altered maternal care.36–

38 To test the extent to which Magel2 deficiency affects the spectral

features of USVs across ages, we used two-way ANOVA to analyze

the frequency characteristics (pitch) and duration (Figure 2A) of
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F IGURE 2 Magel2 deficient pups emit ultrasonic vocalizations of distinct spectro-temporal features. (A) Illustration of a spectrogram with the
spectro-temporal features measured for each USV. (B) Maximum frequency of the USVs emitted by control andMagel2 deficient littermates at
P6, P8, P10, and P12; right panel denotes the 95% confidence intervals as a measure of effect size. (C) Similar to (B) but plotting the minimum
frequency of the USVs. (D) Similar to (B) but plotting the mean frequency of the USVs. (E) Similar to (B) but plotting the bandwidth of the USVs.

(F) Similar to (B) but plotting the duration of the USVs. (G) Illustration of the spectrogram of a single USV with a harmonic component. (H) Ratio of
harmonic across all USVs emitted by control and Magel2 deficient littermates. Bars represent mean value with error bars representing SEM and
round symbols representing individual values. When plotting the effect sizes, squared symbols and black lines represent 95% confidence intervals
calculated as the different betweenMagel2 deficient and control pups. In B-F, p values are provided in the figures as calculated using Sidak's
multiple comparison test post hoc analysis from two-way ANOVA test. In H, P values are provided as calculated using Mann–Whitney test. The
sample sizes for control and Magel2 deficient pups are: P6, n = 16 and 20; P8, n = 23 and 28; P10, n = 23 and 20; and P12, n = 30 and
28, respectively
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USVs.30 We found significant effects of genotype and age for maximal

frequency (genotype: F1,181 = 20.51, p < 10�4; age: F3,181 = 3.23,

p = 0.02; genotype x age: F3,181 = 6.18, p < 10�3; Figure 2B), band-

width (genotype: F1,181 = 9.91, p < 10�2; age: F3,181 = 6.97, p < 10�3;

genotype x age: F3,181 = 5.92, p < 10�3; Figure 2E), and duration

(genotype: F1,181 = 4.08, p = 0.04; age: F3,181 = 6.35, p < 10�3; geno-

type x age: F3,181 = 2.05, p = 0.11; Figure 2F). In addition, we found a

significant effect of genotype for mean frequency (genotype: F1,181

= 4.86, p = 0.02; age: F3,181 = 0.24, p = 0.87; genotype x age: F3,181

= 0.41, p = 0.74; Figure 2D), but not for minimal frequency (geno-

type: F1,181 = 0.47, p = 0.47; age: F3,181 = 1.96, p = 0.12; genotype x

age: F3,181 = 0.48, p = 0.69; Figure 2C). We then used post hoc analy-

sis (Holm-Šídák test) and found that at P8—but not at P6, P10, or

P12—Magel2m+/p� mice show significant differences compared to

control mice in maximal frequency, bandwidth, and duration (see

panels plotting the 95% confidence intervals in Figure 2).

In addition to the main frequency component, USVs can contain

harmonics (Figure 2G). We calculated the percentage of USVs with

harmonics and found a significantly lower number in Magel2m+/p�

mice compared to controls at P8 (control: 9.0 ± 1.7%; Magel2m+/p�:

3.5 ± 0.8%; U = 145, p2-tailed = 0.002, Mann–Whitney test;

Figure 2H) but not at P6 (control: 4.7 ± 0.9%; Magel2m+/p�:

3.8 ± 0.6%; U = 142.5, p2-tailed = 0.93, Mann–Whitney test;

Figure 2H), P10 (control: 5.8 ± 0.9%; Magel2m+/p�: 6.1 ± 1.2%;

U = 240, P2-tailed = 0.98, Mann–Whitney test; Figure 2H), or P12

(control: 3.6 ± 0.7%; Magel2m+/p�: 5.0 ± 1.5%; U = 408.5, p2-tailed

= 0.98, Mann–Whitney test; Figure 2H). In sum, these results suggest

that the loss of paternally inherited Magel2 in mice causes discrete

changes in the features of separation-induced vocalizations that are

most evident at postnatal day eight.

2.3 | Discrete changes in the use of syllable types
by Magel2m+/p� mice

Mouse pups emit USVs of distinct classes—that is, syllable types. Thus,

the emission of different syllable types could explain the discrete changes

in the spectro-temporal features of USVs in Magel2m+/p�.28,30,39 We

used a validated software to automatically categorize each USV into

one of 11 syllable types based on the morphology of the main com-

ponent of the vocalization (Figure 3A, B).30 The output of the

method was the probability for each USV to be of a certain syllable

type. The highest probability (P1) defined the syllable type for a given

USV (Figure 3A). The percent use of each syllable type per recording

was compared between genotypes at each age using two-way

ANOVA. Using this approach, we did not find any significant differ-

ences in the distribution of syllable types emitted by control and

Magel2m+/p� mice at P6 (genotype: F1,374 = 2.5 � 10�16, p > 0.99;

class: F10,374 = 93.25, p < 10�4; genotype � class: F10,374 = 1.00,

p = 0.44) and P12 (genotype: F1,616 = 7.7 � 10�16, p > 0.99; class:

F10,616 = 278, p < 10�4; genotype � class: F10,616 = 0.81, p = 0.62;

Figure 3C, F). At P8, however, Magel2m+/p� pups emit vocalizations

of different syllable types (genotype: F1,539 = 2.2 x 10�15, p > 0.99;

class: F10,539 = 167, p < 10�6; genotype x class: F10,539 = 9.51,

p < 10�6; Figure 2D), which include: 55% less USVs of the type chev-

ron (control: 9.0 ± 1.6%; Magel2m+/p�: 4.0 ± 0.01%; p = 0.02, Holm-

Šídák test); 44% less USVs of the type step-up (control: 14.3 ± 1.4%;

Magel2m+/p�: 8.1 ± 1.3%; p < 10�3, Holm-Šídák test); 36%

more USVs of the type flat (control: 9.6 ± 0.9%; Magel2m+/p�:

15.2 ± 1.2%; p = 0.007, Holm-Šídák test); and 33% more USVs of

the type short compared to controls (control: 23.6 ± 1.8%; Magel2m

+/p�: 35.5 ± 2.0%; p < 10�4, Holm-Šídák test; Figure 3D). At P10, we

also identified discrete differences in the emission of USVs of differ-

ent syllable types between groups (genotype: F1,462 = 8.1 � 10�17,

p > 0.99; class: F10,462 = 149, P < 10�4; genotype � class: F10,462

= 2.11, p = 0.02; Figure 2E): Magel2m+/p� pups emit 19% less down

frequency modulation (control: 31.0 ± 2.1%; Magel2m+/p�:

25.0 ± 1.5%; P = 0.02; Holm-Šídák test) and emit 53% more up fre-

quency modulation (control: 4.8 ± 0.8%; Magel2m+/p�: 10.3 ± 2.0%;

p = 0.04; Holm-Šídák test; Figure 3E). (Table S1 provides a detailed

analysis of the spectro-temporal features of each syllable type across all

ages tested in controls andMagel2m+/p� pups).

In summary, we found that Magel2m+/p� mice at P8 use simpler

vocalizations that fall under the ‘flat’ and ‘short’ classifications

instead of multicomponent USVs. These findings are in line with our

previous results (Figures 1-2) demonstrating that the largest differ-

ences in vocal behavior occur in eight-day-old Magel2m+/p� pups.

2.4 | Altered vocal repertoire of Magel2m+/p� mice

As stated above, the vocal analysis pipeline outputs the probability for

each USV to be classified as each of the 11 syllable types (P1, P2, P3, …

P11; Figure 3A, B). This distribution of probabilities allows the qualita-

tive and quantitative comparison of the vocal classification among

groups.30 By taking into account the distribution of probabilities to

classify each USV, it is possible to estimate how similar the vocal rep-

ertoire of one group of mice is to another group. To compare the

vocal repertoire of mice across all ages studied, we used diffusion

maps—a dimensionality reduction technique that decreases the num-

ber of dimensions of the probability distribution from 11 classes to

three dimensions in a Euclidean space (Figure 4A).30 Using pairwise

comparisons (Figure 4B), we estimated the similarity between the

vocal repertoire of mice of different ages and genotypes. Using this

method, we found that control pups at P6 and P8 (Cohen's coeffi-

cient: κ = 0.99) and control pups at P10 and P12 (Cohen's coefficient:

κ = 0.95) display vocal repertoires that are similar to each other

(Figure 4C, D). These two age groups (P6–P8 and P10–P12), however,

present lower pairwise similarities when compared to each other with

κ ranging from 0.67 to 0.77 (Figure 4E). These results suggest that the

vocal repertoire of control pups undergoes significant changes

between P8 and P10.

Next, we analyzed the same transitions in the vocal repertoire of

Magel2m+/p� pups. The comparison between the vocal repertoire of

Magel2m+/p� pups at P6 and P8 show lower pairwise similarity

(κ = 0.80) compared to control pups (Figure 4F). In contrast to litter-

mate controls,Magel2m+/p� pups at P8 show a higher pairwise similar-

ity with P10 (κ = 0.84) and P12 (κ = 0.99) pups (Figure 4F–H). Finally,
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we directly compared the vocal repertoire of Magel2m+/p� and control

pups. Magel2m+/p� pups, at P6, show high pairwise similarity when

compared to controls at P6 (κ = 1.00) and P8 (κ = 1.00), but not at

P10 (κ = 0.80) and P12 (κ = 0.72). At P8, Magel2m+/p� pups show rel-

atively low pairwise similarities with control pups at P6 (κ = 0.76) and

P8 (κ = 0.78) but show high similarities with control pups at P10

(κ = 1.00) and P12 (κ = 0.95). At P10, Magel2m+/p� pups show rela-

tively lower pairwise similarities with control pups at P6 (κ = 0.67)

and P8 (κ = 0.70) than at P10 (κ = 0.82) and P12 (κ = 0.81). This pat-

tern is more evident in P12 Magel2m+/p� pups, which show lower
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F IGURE 3 Magel2 deficient pups
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morphology in spectrograms.
(B) Spectrograms representing each of

the 11 syllable types. (C) Distribution of
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pairwise similarities with control pups at P6 (κ = 0.74) and P8

(κ = 0.75) than at P10 (κ = 0.99) and P12 (κ = 0.97).

Altogether, these analyses suggest a different dynamic for the

ontogeny of the vocal repertoire of Magel2m+/p� compared to control

pups—with Magel2m+/p� pups at a younger age (i.e., P8) resembling

control pups at an older age (i.e., P10-P12). Thus, the period of devel-

opment between P8 and P10 seems to mark an important period for

the effect of the maternally imprinted gene, Magel2, on the vocal

behavior of the offspring.

2.5 | Dams prioritize their control offspring
compared to Magel2m+/p� in a retrieval test at
postnatal day eight

The emission of vocalization by infants draws caregiver's attention

and care25–27,31 while genetically mute mouse pups are neglected by

their dams.40 Together, these observations led us to speculate that

the deficiency of Magel2 in pups, which alters vocal behavior, could

lead to altered maternal behavior. In order to test this idea, we used a

behavior assay to quantify maternal behavior towards their own con-

trol and Magel2m+/p� offspring. In this assay, dams are first placed in

the middle of a three-chamber apparatus that contains their home

nest in the middle chamber (Figure 5A). After a period of acclimation,

in the next stage, one pup of each genotype is placed at the opposite

ends of the apparatus. The time (latency) to retrieve each pup back to

the nest is then recorded (Figure 5A).

We initially evaluated whether dams show a preference to

retrieve pups from one of the genotypes at postnatal day eight. This

analysis shows that control pups were more likely to be retrieved first

(11/15 trials; 73.3%) compared to Magel2m+/p� pups (4/15 trials;

26.7%; Figure 5B and Table S2). Accordingly, on average, the latency

to retrieve control pups was less than half of the latency to retrieve

Magel2m+/p� pups (control: 51.9 ± 12.9 s; Magel2m+/p�:

104.6 ± 19.1 s; W = 82, P2-tail = 0.01, Wilcoxon matched-pairs signed

rank test; Figure 5C). Because 11 out of 15 Magel2m+/p� pups were
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vocal repertoire of pups across
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retrieved second, we also ran experiments placing wildtype control

pups in both ends of the apparatus to compare the latency to retrieve

the second pup in each of the experiments. Using this comparison,

dams took twice as long to retrieve Magel2m+/p� pups compared to

control pups (control: 64.57 ± 12.3 s; Magel2m+/p�: 126.3 ± 22.23 s;

t14.86 = 2.21, P2-tail = 0.04, Welch's t test; Figure 5D). We also per-

formed similar experiments with pups at postnatal day six and did not

find significant differences in maternal retrieval behavior (Figure S4).

In summary, the deficiency of Magel2 in offspring alters not only off-

spring behavior but also the behavior of the mother towards their

own offspring.

3 | DISCUSSION

In this study, we recorded and analyzed vocalizations from Magel2

deficient pups and their wildtype littermates at postnatal days 6, 8,

10, and 12. Using custom-built software to automatically quantify

vocalizations,30 we counted the number of vocalizations and mea-

sured the spectro-temporal features of each vocalization, including its

intensity, duration, bandwidth, mean frequency, maximum frequency,

minimum frequency, and use of harmonic components. We also

assigned a syllable type for each vocalization based on its morphologi-

cal features in the time-frequency plane. We used further quantitative

methods to analyze the vocal repertoire of mice across groups and

ages. These methods shed light on discrete changes in the develop-

ment of separation-induced vocalizations in Magel2 deficient mice

that are more pronounced at postnatal day eight.

With regard to the vocal behavior of wildtype mice, our results

demonstrate that the emission of separation-induced USVs gradually

decreases from P6–P8 to P10–P12. This result agrees with previous

studies, which show an inverse-U shape profile for separation-induced

vocalizations in mice during the first 2 weeks of life.22,23,29 Moreover,

we found that wildtype mice use simpler vocalizations at older ages

(P10-P12) compared to younger ages (P6-P8). These findings in wil-

dtype mice provide the basis for comparisons with Magel2

deficient pups.

Magel2 deficient pups show different dynamics for separation-

induced vocalizations. At P6, these pups vocalize comparably to wil-

dtype littermates, but at P8, their vocal number and features resemble

wildtype littermates that are older (P10–P12). The sex of the pups and

their body temperature at the end of the test could not explain these

differences. An explanation for these results is that Magel2 deficient

pups are less responsive to certain social cues. In socially isolated pups,

therefore, the deprivation of these cues would not induce the behavior

to the same degree as in wildtype pups. An alternative explanation for

these results is that for Magel2 deficient pups, vocal behavior does not

have the same fitness value compared to wildtype pups. In the latter

case, the behavior begins to change at younger ages due to the lack of

reinforcement (maternal care). While it is difficult to prove these inter-

pretations experimentally, the delayed latency for dams to retrieve

Magel2 deficient pups at P8 compared to wildtype littermates supports

the idea that the deficiency of this imprinted gene impairs the fitness of

the offspring. Moreover, the fact thatMagel2 deficient pups have lower

body mass during early development further suggests a decrease in the

fitness of these animals. Whether the change in vocal behavior and the

decrease in body mass and maternal behavior are causally related war-

rants further investigation.

Interestingly, the deficiency of Magel2 is not the only example of

an imprinted gene affecting the emission of USVs by mouse pups.

Consider, for example, previous studies of other imprinted genes.

Deletion of the paternally inherited imprinted gene Peg3 lowers vocal

rate in mouse pups.9 Conversely, deletion of the maternally inherited

genes Gabrb3 and Ube3a increases vocal rate.13 Moreover, duplication

of the paternal imprint loci on chromosome 15 increases the

separation-induced vocalization of mouse pups.41 Based on these

findings, it is tempting to speculate that imprinted genes inherited

from the father increase vocal rate while imprinted genes inherited

from the mother decrease vocal rate. To test this generalization more

formally, future studies will need to test the effect of all imprinted

genes on the vocal behavior of the offspring.

Magel2m+/p� pups at P8 vocalize at a lower rate compared to

their littermate controls, mainly emitting short and flat vocals similar

to those of older pups. Moreover, when we estimate the similarity

between the vocal repertoire of mutant and wildtype pups across

ages tested, we find that, at P8, Magel2m+/p� pups emit USVs that are

most similar to those produced by wildtype pups at P10 and P12. The

reason for the specific change in vocal behavior at postnatal day 8 is
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F IGURE 5 Maternal retrieval behavior is biased towards wildtype
versus Magel2 deficient pups. (A) Diagram of maternal retrieval
protocol with P8 pups on opposite ends of the apparatus and mother
at nest in the middle compartment. (B) Pie chart showing the
proportion of pups of each genotype that were retrieved first by the

dam in the test (n = 15 trials testing control versus Magel2 deficient
pup). (C) Latency for the dam to retrieve control and Magel2 deficient
pups. (D) Latency for the dam to retrieve the second pup in the test
(the total number of control pups is n = 11, which represents the
seven pups retrieved second in the control versus control trials plus
the four pups retrieved second in the control versus Magel2 deficient
pup trials). Significant p values are shown in the graphs
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not known. Further studies are necessary to describe whether devia-

tion in USV emission for Magel2 deficient mice represents some kind

of curve shift in the behavior. For example, it could be that the critical

phase in which pups use separation-induced vocalization to gain

maternal attention is shortened in offspring deficient for Magel2.

Interestingly, reduction in USV rate is commonly found in animal

models of autism spectrum disorder—a neurodevelopmental disorder

highly comorbid with MAGEL2m+/p� patients16—that also present

deficits in social behavior. Thus, our findings suggest that alteration in

the emission of USVs is part of a social behavior deficit in Magel2m

+/p� pups that continues into adulthood.20,26,41

Two methodological aspects of this study are important to high-

light. First, the emission of separation induced USVs was measured

after postnatal day six, disregarding the analysis of this behavior at

younger ages. This age was chosen, however, because at younger

ages mouse pups cannot maintain their body temperature,42 adding

an additional stressor and confounder to the measurements of vocal

behavior. Second, the emission of USVs was recorded for 20 min,

which provides robust power to the analysis of vocal behavior due to

the high number of USVs recorded. However, this period of recording

is substantially longer than what has been typically used in the past,

with separation protocols ranging from 3–5 min.23,37 Thus, this pro-

longed separation could add an additional stressor to the pups that

could potentially alter the results. Three lines of evidence, however,

suggest otherwise: (1) Data analyzed in 5-minute bins show the same

changes in the rate of vocalizations as the data analyzed for the total

of the 20 min. (2) Prolonged separation of up to 90 min does not trig-

ger a hypothalamic–pituitary axis response, with pups showing no

increase in corticosterone levels.39 (3) Testing pups only one or

repeatedly did not alter the vocal behavior (Figure S3). Thus, the addi-

tional time of recording used in this study does not seem to signifi-

cantly affect the behavior of the pups, while adding more power to

the analysis of this behavior.

In broader terms, we posit that our findings support the theory

that genomic imprinting evolved to balance the cost of the phenotype

for the offspring and for the mother, as well as to balance the best

interests of mothers and fathers in altering offspring's phenotype.6,7

In the case of paternally inherited genes, the expression of these

genes increases vocal behavior, thus, increasing maternal care and

favoring the use of maternal resources, which is in the best interests

of the father. Conversely, the loss of these paternally inherited genes

decreases vocal behavior and, consequently, the demand for maternal

care, thus, conserving maternal resources, which is in the best inter-

ests of the mother.2,6,7 This theoretical framework is supported by

our findings in a test that measures the latency to retrieve isolated

pups back to the home nest, which demonstrate impaired maternal

care towards Magel2 deficient pups compared to wildtype litter-

mates.2,9,40 As alluded above, future studies should test this theoreti-

cal view more directly by systematically investigating the effect of

imprinted genes on the behavior of offspring and on the behavior of

mothers towards their offspring. These efforts will help elucidate

behavior phenotypes that occur in neurodevelopmental disorders as

well as expand our understanding of the evolutionary adaptation of

genomic imprinting.

4 | MATERIAL AND METHODS

4.1 | Experimental models and subject details

All preweaning mice used in the experiments were 6 to 12 days old

from both sexes. Litters were provided from 9 separate breeding

pairs. Separate litters were used for isolation and maternal retrieval

tests (for further details Table S1 and S2). Dams used were 2 to

6 months old. To generate experimental pups, we used the following

cross: Magel2m+/p� (Jax #009062) dams bred with C57BL/6J (Jax

#000664) males. Offspring from this cross were either Magel2m+/p�

or wildtype (Magel2m+/p+). All mice were kept in temperature- and

humidity-controlled rooms, in a 12/12 hr. light/dark cycle, with lights

on from 7:00 AM–7:00 PM. Studies took place during the light cycle.

Food (Teklad 2018S, Envigo) and water were provided ad libitum. All

procedures were approved by IACUC (Yale University).

4.2 | Separation-induced vocalization

Pups from the same litter were placed individually in a soundproof

chamber containing fresh bedding material.23,39 An UltraSoundGate

Condenser Microphone CM 16 (Avisoft Bioacoustics, Berlin,

Germany) was placed 10 cm above the recording chamber and con-

nected to the UltraSoundGate 416 USGH device to record ultrasonic

vocalizations. The recording sessions lasted 20 min. Four to eight

chambers were recorded simultaneously. After testing, mice were

placed back in their home cage with the dam. Pups were tested at

postnatal days 6, 8, 10, and 12. The number of audio recordings per

age and per sex were as follows: control (P6 [female, n = 9; male,

n = 7], P8 [female, n = 14; male, n = 9], P10 [female, n = 10; male,

n = 13], and P12 [female, n = 15; male, n = 15]) and Magel2m+/p�

(P6 [female, n = 10; male, n = 10], P8 [female, n = 15; male, n = 13],

P10 [female, n = 11; male, n = 9], and P12 [female, n = 16; male,

n = 12)]. Because pups that were naïve for the test—only tested at

one specific age—show similar results as pups tested at multiple ages

(Figure S3, similar to previous findings43,44), we pooled all mice

together for our analysis.

4.3 | Vocalization analysis

Ultrasonic vocalizations were automatically extracted from audio

recordings using a custom-built tool.30 We measured USVs that

occurred above 45 kHz, as in our laboratory we only find very rare

USVs in the 30–45 kHz range. We manually validated 32 audio

recordings in this study to identify USVs within the 30–45 kHz range

and found a median of 0% (and a mean of 0.15%) USVs per recording

with a 95% CI of [0, 0.23] (in %). Due to the rarity of these USVs and

the added difficulty of identifying them using automated tools

because of audible noise that projects into the ultrasonic space, we

did not consider in our analysis USVs that occurred below 45 kHz. In

brief, audio recordings were converted from the time-domain to the

frequency-domain using a 1024-point fast Fourier transform (FFT)
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through a 512-width hamming window with 50% overlap. Spectro-

grams were computed from the FFT and processed as images. Each

pixel in the spectrogram corresponded to the intensity of each time-

frequency component. Next, we applied a series of image-processing

techniques (e.g., contrast enhancement, binarization, median filter,

and morphological operations) to obtain segmentation of candidate

vocalizations. A single spectrogram was generated for each candidate

vocalization detected. Candidate vocalizations were classified as noise

or real vocalization using a local median noise filter. The remaining

vocalization candidates are further labeled under one of 11 call type

classifications28,30,39 using a convolutional neural network (CNN), or

as noise. The CNN was trained using a curated vocalization dataset,

containing over 20,000 noise samples and 40,000 vocalization sam-

ples. Finally, the tool produces one spectrogram centralized on each

vocalization for visual inspection, and a table (xlsx format) containing

spectro-temporal features for each USV, such as time, duration, band-

width, frequency, and intensity (minimum, mean, and maximum)

values.

4.4 | Temperature measurements

In some trials, surface body temperature was recorded after the

20-minute isolation period using infrared thermography. Briefly, pups

were recorded using an infrared thermal camera (FLIR T450, FLIR Sys-

tems, Oregon, U.S.) positioned 20 cm above the chamber for a period

of 30 s. The body temperature was calculated by integrating the maxi-

mum temperature measured at each frame of the 30 s recording.

4.5 | Maternal retrieval test

The maternal preference test was performed in a three-chamber

apparatus (65 � 42 � 23 cm) and comprised of three stages: Stage

1—acclimation: The dam was allowed to explore the apparatus with-

out the presence of pups for 5 min. In the middle of the apparatus,

home cage nesting under an infrared igloo. Stage 2—exploration: Two

P8 mice were placed on each side of the apparatus and the dam was

allowed to explore the pups for 5 min. Stage 3—preference: Dam was

recorded while she retrieved pups back to her home cage nesting.

Groups were randomly alternated between both sides to avoid prefer-

ence for one side of the chamber. Latency to retrieve each pup was

timed from videos taken of the retrieval tests. Summary of results

found in Table S2.

4.6 | Quantification and statistical analysis

Prism 8.0 or above was used to analyze data and plot figures.

Shapiro–Wilk normality test was used to assess normal distribution of

the data. To analyze differences in the use of harmonics, we used the

nonparametric Mann–Whitney Test with Bonferroni correction to

find statistically different effects. Comparison of diffusion maps were

analyzed through pairwise comparison using Cohen's kappa coeffi-

cient. Maternal retrieval latency for retrieval of each pup from the

start of test used Wilcoxon test. Analysis of second retrieval latency

from first retrieval was calculated using Welch's t test. The rest of the

data was analyzed using two-way ANOVA or mixed-effects analysis.

Sidak's multiple comparisons test was used to find post hoc differ-

ences among groups and to calculate the 95% confidence intervals to

report effect size. In the text, values are provided as mean ± SEM.

p < 0.05 was considered statistically significant and, when necessary

and as described above, was corrected using Bonferroni's method.

Statistical data are provided in text and in the figures.
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