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Prepartum bumetanide treatment reverses altered neonatal social communication
but nonspecifically reduces postpubertal social behavior in a mouse model of
fragile X syndrome

Yui Sakamoto1,# , Takeshi Takano2,3,# , Shuji Shimoyama4,# , Takeshi Hiramoto2 , Noboru Hiroi2,5,6 , and Kazuhiko Nakamura1

Fragile X syndrome is caused by monogenic silencing of the FMR1 gene and is characterized by high rates of autism spectrum disorder. A
previous study demonstrated that prepartum administration of bumetanide, a chloride transporter blocker, normalized neonatal vocalization
in non-congenic Fmr1 knockout (KO) pups. However, the genuine contribution of Fmr1 deletion to this phenotype in a congenic Fmr1 KO mouse
model and the long-lasting effect of prepartum bumetanide administration on postpubertal social interaction remains unclear. The current
study aimed to determine the impact of prepartum bumetanide administration on vocalization at postnatal day 7 and social interaction at
6 and 8 weeks of age in a congenic Fmr1 KO mouse model in which the genetic backgrounds were homogeneous between KO and wild-type (WT)
littermates. Moreover, we applied a computational analytical algorithm and determined predictive variables of neonatal vocalization for
postpubertal social interaction. Our data showed that (1) KO mice exhibited altered numbers and sequences of distinct call types during
neonatal vocalization and reduced social interaction at 6 weeks, (2) select sets of neonatal vocalization variables predicted postpubertal social
interaction levels, and (3) bumetanide restored neonatal vocalization in KO pups but nonspecifically reduced social interaction in WT and KO
mice at 6 weeks. These data indicate that Fmr1 deletion selectively impacts distinct elements of neonatal vocalization and postpubertal social
interaction. Additionally, bumetanide selectively restores neonatal vocalization but has a transient nonspecific negative impact on subsequent
postpubertal social interaction.
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Introduction
Precision medicine has not been utilized in psychiatry because the pre-
cise mechanistic targets of psychiatric disorders are not well established.
Gene and genomic variants provide a reliable entry point for a mechanistic
understanding of psychiatric disorders and mechanism-based therapeu-
tic options (1).

Fragile X syndrome is a neurodevelopmental disorder caused by mono-
genic mutation and transcriptional silencing of the fragile X messenger
ribonucleoprotein 1 (FMR1) gene, resulting in loss of its protein product,
fragile X messenger ribonucleoprotein (FMRP). The syndrome includes
the clinical diagnoses of autism spectrum disorder (ASD) and intellec-
tual disability. Although FMR1 silencing begins in the embryonic period
in humans (2), the phenotypes are not reliably identified until later in the
postnatal period, partly because clinical diagnoses are not feasible un-
til formal tests can be reliably applied. However, many social, cognitive,
affective, motor, and sensory phenotypes appear during early postnatal
periods (3).

In the mouse brain, FMRP expression is high on embryonic day 11.5
(E11.5), E18.5, and during the first postnatal week but steadily de-
clines thereafter (4, 5). The Fmr1 peaks during the perinatal period mir-
ror those in human brains (5). The developmental phase from the em-
bryonic period to the first neonatal week, except for the time of birth
(i.e., postnatal day 0, P0), is a unique period in which the inhibitory
neurotransmitter gamma-aminobutyric acid (GABA) exerts an excitatory
action on neurons because of their high intracellular chloride concen-
tration (6, 7). Remarkably, a seminal study by Ben-Ari and colleagues
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reported that this transient inhibitory role of GABA at and near P0 is at-
tenuated in a mouse model of fragile X syndrome; when pregnant mothers
were treated with bumetanide, an NKCC1 chloride transporter inhibitor,
one day before delivery, the increased probabilities of two neonatal call
types (i.e., chevron and downward) were normalized in non-congenic
Fmr1 knockout (KO) pups at P8 (8). Human studies have not addressed
the critical period for bumetanide treatment due to technical and ethi-
cal issues. The therapeutic effects of bumetanide on patients with idio-
pathic ASD are largely negative when treatment starts at 2 years of age
or later (9).

The impetus of the present study was 3-fold. First, a non-congenic
mouse model poses an interpretative issue. Although non-congenic
mouse models have randomly shuffled allelic distributions throughout
the genomes of KO and wild-type (WT) littermates, they have a system-
atic, consistent bias near the targeted gene. Because of the low recombi-
nation rates between the targeted gene and genes located nearby, the
alleles of nearby genes of the targeted gene tend to be inherited to-
gether. Because gene targeting is induced in embryonic stem (ES) cells
of the 129/Sv substrains and mice are bred with another strain (e.g., FVB
or C57BL/6J), KO offspring accumulate alleles of neighboring genes de-
rived from ES cells, and WT offspring accumulate alleles of breeders. Be-
cause these strains differ in their molecular, cellular, electrophysiolog-
ical, anatomical, and behavioral phenotypes, any phenotypic differences
between non-congenic KO and WT littermates cannot be unequivocally at-
tributed to the targeted gene (10). We addressed this issue using a con-
genic Fmr1 KO mouse model.
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Figure 1. Number of neonatal vocalization call types. The average number (±SEM) of each call type emitted by male WT and KO mice is shown. Asterisks
(∗, ∗∗, and ∗∗∗) indicate statistically significant differences (1%, 0.5%, and 0.1%, respectively) between WT and KO pups. Inset: WT and KO mice differed
(F(1,41) = 18.839, p < 0.0001) and bumetanide increased calls in KO mice (Treatment, F(1,41) = 23.080, p < 0.0001; Interaction, F(1,41) = 6.7576, p = 0.0129).
Student t-tests showed that WT and KO mice differed in the total number of all calls without bumetanide treatment (p = 0.0013), but not with bumetanide (p =
0.0850). Main figure: WT and KO mice differed depending on call types and treatment (Genotype x Call types x Treatment, F(11,451) = 8.8573, p < 0.0001).
Vehicle-treated WT and KO pups differed in the numbers of harmonic (p = 0.0007) and flat (p = 0.0072). These significant differences of t-tests survived
Benjamini–Hochberg’s corrections for multiple comparisons at 5% FDR. Bumetanide-treated WT pups did not differ in any call type from bumetanide-treated
KO pups (p > 0.05). Vehicle: WT, n = 9; KO, n = 12. Bumetanide: WT, n = 12; KO, n = 12. Ha, harmonic; Ch, chevron; Co, complex; Df, down-frequency modulation;
Fl, flat; Ms, multi-step; Rc, reverse chevron; Sh, short; Sd, step-down; Su, step-up; Ts, two-step; Uf, up-frequency modulation.

Second, phenotypic variability is a norm, and thus comparisons based
on group averages do not fully capture the nuanced nature of the im-
pacts of genomic variations. Fmr1 mutation does not cause complete pen-
etrance, and approximately 60% of male carriers are diagnosed with ASD.
Elements of ASD also show phenotypic variability; social communication is
weak among Fmr1 mutation carriers with an ASD diagnosis (3). More than
10 distinct call types and their specific temporal sequences are uniquely
impacted by dose alterations of genes implicated in neurodevelopmental
and psychiatric disorders in mouse models (11–13). Therefore, to capture
the variable nature of this syndrome and its dimensional elements, we
applied computational approaches (11, 12, 14, 15).

Third, specific roles of GABA during the perinatal period in the devel-
opment of postpubertal social interaction have not been explored. This
issue is pertinent to the theoretical question of whether normal neona-
tal social communication is a prerequisite for normal social interaction
at later times or whether these two processes independently develop.
We addressed this question by computationally evaluating the predic-
tive power of variables of neonatal vocalization for postpubertal social
interaction without and with bumetanide. Differential alteration of phe-
notypes of the two developmental stages by this treatment would sup-
port mechanistically independent processes; in contrast, the presence of
predictive neonatal variables for postpubertal social interaction and im-
provement of both behaviors by bumetanide at the two developmental
stages would be consistent with the hypothesis that the two developmen-
tal stages share a common mechanistic basis.

To test the hypothesis that a GABAergic tone during the perinatal pe-
riod is a determinant for neonatal social communication and postpubertal
social interaction, we administered bumetanide prepartum and evaluated
its impacts on neonatal vocalization at P7 and on postpubertal social in-
teraction at 6 and 8 weeks of age. As fragile X syndrome is associated with
variable expressivity and developmental trajectories among carriers, we
applied a computational analytical algorithm (12) to predict the variabil-
ity of postpubertal social interaction scores from the variation in neonatal
vocalizations.

Results
Fmr1 Deletion Alters the Number of Calls with Specific Geometric Shapes
Evidence indicates that the perinatal/neonatal period is critical for the
development of social behavior (16), and neonatal vocalization is the ear-
liest expression of social communication in rodents and humans (11, 12,
17, 18). It was reported that the probabilities of calls with two specific
geometric shapes, termed chevron and downward, were increased and
these increases were normalized by bumetanide in a non-congenic mouse
model of fragile X syndrome (8). However, mouse pups generally exhibit
more than 10 distinct call types, and they are distinctly impacted by genes
linked to neurodevelopmental disorders (11–13, 19, 20). In particular, the
call types that are altered in various mouse models of fragile X syndrome
vary depending on genetic backgrounds, sex, age, call classifications, and
other factors. When neonatal call types were analyzed in mouse models
of fragile X syndrome in which the genetic backgrounds were made ho-
mogenous between WT and KO pups, various call types were found to be
altered, resulting in greater numbers of “frequency jump” calls, which in-
cluded two-syllable and frequency step calls, at P7 (13), increased per-
centages of chevron and frequency step call types and decreased percent-
ages of complex, composite, downward, harmonic, two-syllable, and short
call types at P8 (21).

We comprehensively characterized call types that were altered by
Fmr1 deletion and bumetanide treatment in congenic Fmr1 KO pups and
their WT littermates. KO pups emitted fewer total calls than WT pups,
and this effect was ameliorated by bumetanide at P7 (Figure 1 inset). The
numbers of the 12 call types were separately compared between WT and
KO mice (Figure 1; Supplemental Table S2). Compared with WT pups, KO
pups emitted fewer harmonic and flat call types. Bumetanide increased
the number of calls in KO pups to the extent that KO and WT pups did not
differ for any call types.

We additionally examined the proportion of each call type within the
total number for each pup. In this measure, WT and KO mice did not dif-
fer for call types and bumetanide had no significant effect (Supplemental
Figure S1; Supplemental Table S2).
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Figure 2. Three-dimensional UMAP of VocalMat parameters. UMAP was used to convert the quantitative acoustic parameters into lower dimensions while main-
taining their character. The VocalMat parameters included “duration,” “min_freq_main,” “max_freq_main,” “mean_freq_main,” “bandwidth,” “min_freq_total,”
“max_freq_total,””mean_freq_total,” “min_intens_total,” “max_intens_total,” and “mean_intens_total”. Calls were separated into three clusters. Call types are
indicated by distinct colors in the three clusters.

The length of all calls (Supplemental Figure S2 inset) or each call type
(Supplemental Figure S2) did not differ between WT and KO pups. While
the lengths of all calls were prolonged by bumetanide (Figure 2 inset),
they did not reach significance when each call was separately analyzed
(Supplemental Figure S2).

Fmr1 Deletion does not Alter the Quantitative Acoustic Parameters of
Call Types
These analyses were based on the categorical classification of geometric
call shapes. However, each call type also has quantitative acoustic param-
eters. We thus additionally analyzed the (1) bandwidth in Hz, (2) maxi-
mum, mean, and minimum frequencies in Hz of a call or its main com-
ponents, and (3) maximum, mean, and minimum intensities of each call.
Vehicle-treated WT and KO pups did not differ in any of these acoustic pa-
rameters for all call types (Supplemental Table S3A–S3J). Thus, the acous-
tic parameters did not discriminate genotype.

Fmr1 Deletion Impacts the Quantitative Parameters of Calls in a
Dimensional Space
Having established that the simple acoustic parameters did not differen-
tiate genotype or drug treatment, we next aimed to evaluate calls in an
independent dimension. We visualized and evaluated the complex nature

of VocalMat’s quantitative acoustic parameters in three and two dimen-
sions using Uniform Manifold Approximation and Projection (UMAP).

We first used three commonly used UMAP metrics: Manhattan, Eu-
clidean, and Chebyshev (Supplemental Figure S3). To evaluate the re-
lationship between these UMAP clusters and call types, we color-coded
each data point based on the call classification of our modified VocalMat.
Because the Euclidean metrics provided better cluster separation than
the Manhattan or Chebyshev metrics, we used the Euclidean metric for
all the subsequent analyses.

This analysis reduced all calls into three main spatial clusters in a
three-dimensional UMAP space (Figure 2; Supplemental Figures S4 and
S5). The decreased numbers of calls are apparent in all three clusters
in KO pups; all these spatial clusters were restored by bumetanide. Har-
monic calls were predominantly represented in spatial Cluster 1 and Clus-
ter 3 (Supplemental Figures S5 and S6); chevron was the most predomi-
nant call type in Cluster 2 (Supplemental Figures S5 and S6). This analysis
showed quantitative differences and similarities among VocalMat-based
call types. Calls classified as “harmonic” have the most variable quantita-
tive profile than other call types.

The combined analytical approaches for categorical call types
and quantitative acoustic parameters showed that Fmr1 deletion and
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Figure 3. Probabilities of intercall intervals. The observed and expected probabilities of intercall intervals of vehicle-treated WT (A), vehicle-treated KO (B),
bumetanide-treated WT (C), and bumetanide-treated KO mice (D). Vehicle-treated KO pups had longer intercall intervals, compared with vehicle-treated WT
pups (p < 0.0001). Bumetanide reduced intercall intervals in KO pups (p < 0.0001) but bumetanide-treated KO pups still maintained longer intercall intervals
than bumetanide-treated WT pups (p < 0.0001). The actual intercall intervals (ms) at cross-points of the observed and expected probabilities are shown. Intercall
intervals shorter than the higher cross-points between the observed and expected distributions had probabilities higher than the expected distributions and thus
are considered intervals between calls within sequences (Vehicle-WT, 306.62 ms; Vehicle-KO, 473.18 ms; Bumetanide-WT, 306.12 ms; Bumetanide-KO, 334.63
ms); intercall intervals longer than the cross-points were considered intervals from the end of a sequence to the beginning of the next sequence.

bumetanide impact calls with distinct categorical and quantitative
parameters.

Fmr1 KO Alters the Temporal Distribution of Call Sequences
Calls were emitted with various intercall intervals. To objectively identify
a temporal cluster of calls, we first determined the Poisson distribution,
a theoretically expected distribution of intercall intervals with a given
number of calls within a 300-s test time (Figure 3, red lines). Because KO
pups emitted fewer calls than WT pups, the theoretically expected inter-
call intervals of KO pups were shifted to the right (Figure 3B, red lines)
compared with those of WT pups (Figure 3A, red lines). These data indi-
cate that Fmr1 deletion alters the intercall intervals without changing the
length of each call (see Supplemental Figure S2).

The largest peaks of observed intercall intervals, representing the
most frequent intercall intervals, were found around 200 ms (Figure 3,
black lines). There were also much smaller peaks that occurred more
frequently than expected from the Poisson distributions below approx-
imately 30 ms (Figure 3, black lines). However, these short intercall inter-
vals occurred in less than 5% of all calls of all pups.

We defined a call sequence as a series of calls that were emitted with
intercall intervals shorter than the larger value of the two crosses be-
tween the highest probability peak of the observed curve and the ex-
pected probability curve (see Figure 3A, WT, Vehicle, 306.62 ms; B, KO,
Vehicle, 473.18 ms; C, WT, Bumetanide, 306.12 ms; D, KO, Bumetanide,
334.63 ms).
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Figure 4. Markov model. The relative probabilities of each two-call sequence for each of the 12 call types identified by the Markov models are shown. The sum
of all proportions of each starting call is 1, and the sum of all Markov probabilities is 100% × 12 calls. The line thickness represents the relative probability of a
call sequence.

When call sequences were so defined, short and long sequences were
identified around 100 ms and 1 s, respectively (Supplemental Figure S7).
Bumetanide lengthened the long sequence duration in KO pups compared
with that in vehicle-treated KO pups.

Fmr1 KO Alters Call Sequences
Having defined call sequences, we next determined how various call types
were ordered within sequences. We determined the probabilities of two
consecutive calls for a given starting call using Markov modeling. This
model is based on the Markov property, where future states depend only
on the current state. The probabilities of call sequences were determined
based on two consecutive calls. In other words, the probability of the next
call type was computed within each call type; the sum of probabilities of
all two-call sequences starting from a given call type was always 1.0. Thus,
this analysis was not influenced by the probabilities of the first call of two
consecutive calls emitted by each subject. This analysis revealed distinct
frequently emitted two consecutive calls of vehicle-treated WT and KO
pups (Figure 4). Bumetanide restored the altered two-call sequences of
KO pups.

Because of the Markov property, the two-call sequences starting from
less emitted call types tend to be overestimated. To evaluate call se-
quences within each mouse with all starting call types, we incorporated
a separate analysis of how frequently each two-call pair was emitted. In
this analysis, the sum of probabilities of all two-call sequences starting
from all call types was always 1.0. Two-call pairs starting and ending in
harmonic were predominant in all groups (Supplemental Figure S8).

Prepartum Bumetanide Treatment Reduces Postpubertal Social
Interaction in KO Mice
When the pups reached 6 and 8 weeks of age, they were sequentially
tested for social interaction. We tested naturalistic social interaction in
a home cage setting because it is a better validation than other proce-
dures (22), and molecular mechanisms underlying direct social contact in
such a set-up and indirect contact with a barrier differ (23).

There were a few test or stimulus partner mice in each group that ex-
hibited aggressive behavior. Such cases were eliminated from the anal-
ysis (24) for three reasons. First, genetic bases of affiliative social inter-
action and aggressive behavior are nonidentical (25). Second, aggressive
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Figure 5. Social interaction. The time (mean±SEM) spent in active social interaction at 6 weeks of age (A) and 8 weeks of age (B) is shown. (A) KO mice spent
less time in social interaction than WT mice (Genotype, F(1,36) = 4.1160, p = 0.0499) and bumetanide treatment equally reduced social interaction in both
genotype groups (Treatment, F(1,36) = 37.1341, p < 0.0001; Interaction, F(1,36) = 1.1674, p = 0.2871). WT/Vehicle, n = 8; KO/Vehicle, n = 11; WT/Bumetanide,
n = 11, KO/Bumetanide, n = 10. (B) WT and KO mice did not differ (Genotype, F(1, 33) = 0.0399, p = 0.8429) and the effect of bumetanide treatment was not
significant (F(1,33) = 3.4975, p = 0.0704) without an interaction effect (F(1,33) = 0.1661, p = 0.6862). WT/Vehicle, n = 7; KO/Vehicle, n = 11; WT/Bumetanide,
n = 9, KO/Bumetanide, n = 10.

behavior is not a prominent element of fragile X syndrome, but altered af-
filiative social interaction is an element. Third, aggressive behavior indi-
rectly suppresses the occurrence of affiliative social interaction, thereby
artificially underestimating it. The following test mice were eliminated
in each group: 6 weeks: Vehicle WT, 1 mouse; Bumetanide WT, 1 mouse;
Bumetanide KO, 2 mice. 8 weeks: Vehicle WT, 1 mouse; Bumetanide WT,
3 mice; Bumetanide KO, 1 mouse. We also eliminated cases where the
stimulus mice were agitated and hyperactive (6 weeks, Vehicle KO, 1 case.
8 weeks: Vehicle WT, 1 case; Bumetanide KO, 1 case), as such behavior of
the stimulus mouse makes it physically impossible for a test mouse to en-
gage in affiliative social interaction.

KO mice showed lower social interaction levels than WT mice; prepar-
tum bumetanide treatment equally lowered social interaction levels in
both WT and KO mice at 6 weeks of age (Figure 5A).

At 8 weeks of age, vehicle-treated WT and KO mice did not differ, and
bumetanide had no statistically significant effect on social interaction in
WT and KO mice (Figure 5B).

Predictive Variables of Neonatal Vocalization for Postpubertal Affiliative
Social Interaction
If a mechanistic link exists between neonatal vocalizations and the devel-
opment of postpubertal social behavior, the former should predict the lat-
ter. To identify such predictive variables of neonatal vocalizations among
the numbers and probabilities of call types and call sequences, we de-
veloped Least Absolute Shrinkage and Selection Operator (Lasso) regres-
sion models for each group. The acoustic variables were not included in
this analysis, as there was no difference in their averages between geno-
types or treatments, and some call types were not emitted in some mice,
thus providing no acoustic parameter (e.g., bandwidth and amplitude)
(Supplemental Table S3).

This analysis identified a unique set of specific variables within each
group that predict affiliative social interaction levels at 6 weeks of age
(Figure 6). The most robust predictors of vehicle-treated WT mice were
the number of flat->chevron and the proportion of chevron->chevron;
those of vehicle-treated KO mice were the Markov probability of chevron-
>short, and the non-Markov proportions of harmonic->chevron and
chevron->two-step calls. These variables were also significantly corre-
lated with the scores of social interaction (see Figure 6 inset; Supplemen-
tal Table S2; Supplemental Figure S6).

In bumetanide-treated mice, several variables of neonatal vocaliza-
tion were identified as predictors by Lasso models (Figure 6). The most
robust predictors were the proportion of two steps->flat and Markov
probability of harmonic->step-up in WT mice; the Markov probabilities
of step-down->harmonic, harmonic->chevron, complex->upward fre-
quency modulation, and chevron->two steps, and non-Markov propor-
tions of downward frequency modulation->flat in KO mice. Remarkably,
none of the Lasso-selected variables were significantly correlated with
social interaction scores in bumetanide-treated WT or KO mice (Figure 6
inset; Supplemental Table S2; Supplemental Figure S6). This result is
likely due to the nonspecific effects of bumetanide on social interaction
in both WT and KO mice (see Figure 5).

In the analysis above, we identified neonatal call parameters that best
predicted postpubertal social interaction within 6-week vehicle-treated
WT or KO mice. We next identified neonatal call parameters that best
differentiated social interaction scores and genotypes in pooled data of
both vehicle-treated WT and KO mice at 6 weeks. First, a Lasso regres-
sion model with social scores as the coefficient identified sequences and
call numbers as predictors of social interaction (Supplemental Figure
S9A, e.g., Fl->Ch, Sh->Fl). Only two of them were significantly corre-
lated with social interaction scores (Fl->Ch and Ch->Sh; Supplemental
Table S2; Supplemental Figure S9A). Second, a Lasso regression model
identified the number of Flat->Chevron as a predictor of the genotype
(Supplemental Figure S9B). However, this predictor failed to discrim-
inate the genotype (see Supplemental Figure S9B and Supplemental
Table S2).

Although there was no effect of genotype or bumetanide on social in-
teraction at 8 weeks of age (Figure 5), we applied the Lasso method to de-
termine which neonatal vocalization variables predict individual variation
in social interaction (Supplemental Figure S10). Distinct sets of two-call
sequences predicted individual variation within each genotype, including
the Markov probability of complex->chevron and the non-Markov propor-
tion of chevron->complex in vehicle-treated WT mice. In vehicle-treated
KO mice, the Markov probability of upward frequency modulation->two
steps and the non-Markov proportion of harmonic->chevron were robust
predictors.

In bumetanide-treated WT mice, Lasso models identified some se-
quences (e.g., complex->upward frequency modulation and two-step-
>upward frequency modulation; Supplemental Figure S10), all of which
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Figure 6. Neonatal vocalization predictors for social interaction at 6 weeks of age. The fraction of deviance explained and the coefficients of variables were
determined by the Lasso regression model. All parameters (call type number and proportions, call sequence number, Markov probabilities, and non-Markov
proportions) were used for selection. Lasso models identified several predictors for social interaction scores within each group. Each inset shows call sequences
that were significantly correlated with the individual post-pubertal social interaction scores (see Supplemental Table S2 and Figure 6). The Markov probabilities,
non-Markov proportions, and numbers of two-call sequences were selected. The small values along the fraction of deviance explained axis are robust predictors
of social interaction. Ha, harmonic; Ch, chevron; Co, complex; Df, down-frequency modulation; Fl, flat; Ms, multi-step; Rc, reverse chevron; Sh, short; Sd, step-
down; Su, step-up; Ts, two-step; Uf, up-frequency modulation, MP, Markov probability; P, non-Markov proportion; #, number.

were significantly correlated with the postpubertal social interaction
scores (Supplemental Figure S10 inset; Supplemental Table S2).

In bumetanide-treated KO mice, a Lasso model selected the Markov
probability of flat->upward frequency modulation and upward frequency
modulation->upward frequency modulation and number of short->short
as the most robust predictors for social interaction (Supplemental Figure
S10), none of which were significantly correlated with the social scores
(Supplemental Figure S10 inset; Supplemental Table S2).

Discussion
We hypothesized that the intracellular concentration of chloride ions in
neurons around the time of birth is a critical determinant for the causal
sequential development of neonatal and postpubertal social behaviors.

This hypothesis was based on the pioneering report that bumetanide,
an NKCC1 (Na+-K+-2Cl− cotransporter) inhibitor that controls intracel-
lular chloride ion concentration, restored neonatal vocalizations in non-
congenic Fmr1 KO pups (8). We used a congenic Fmr1 KO mouse to
determine the predictive variables of neonatal vocalization for the post-
pubertal social interaction scores as well as the impact of bumetanide
on these developmental variables. Our data showed that (1) Fmr1 dele-
tion reduced the number of specific neonatal call types and probabilities
of call sequences; (2) bumetanide restored these neonatal phenotypes;
(3) Fmr1 deletion reduced direct social interaction at 6 weeks, but not at
8 weeks, of age; (4) bumetanide nonspecifically reduced the postpubertal
social interaction level in WT and KO mice, resulting in indistinguishable
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social interaction levels at 6 weeks; (5) distinct neonatal vocalization call
sequences predicted the postpubertal social interaction level in vehicle-
treated WT and KO mice at 6 weeks; and (6) such predictors did not exist
in bumetanide-treated WT and KO mice because bumetanide nonspecif-
ically reduced social interaction scores to the level where the two geno-
type groups were indistinguishable.

Unless unavoidable, we will discuss only those studies that used con-
genic or coisogenic Fmr1 KO mice lines or an F1 hybrid line where the ho-
mogeneous genetic backgrounds of WT and KO mice are maintained. Non-
congenic mice with “mixed” genetic backgrounds consistently carry more
breeder line alleles in WT mice and more ES cell alleles (e.g., 129/Sv) in KO
mice near the deleted gene (10). Such models do not identify phenotypes
that genuinely reflect the impact of Fmr1 deletion alone. Moreover, we
limit our discussion to studies that manually classified calls or used auto-
matic call classification systems with low false negative and false positive
rates because high false negative and positive rates compromise the ac-
curate evaluation of neonatal calls (26).

We observed that male congenic Fmr1 KO mice emitted fewer calls of
specific call types (harmonic and flat) but exhibited normal percentages
of all call types. Previous well-controlled studies identified alterations of
various neonatal vocalization parameters in congenic Fmr1 KO pups. Con-
genic Fmr1 KO pups with an FVB background emitted more two-syllable
and frequency steps at P7 than WT pups; however, sex was not specified
in this study (13). In another study, male congenic Fmr1 KO pups with
an FVB background emitted fewer calls at P9 and P13 and more calls at
P12 than WT pups (27). Our results are consistent with this observation in
that KO pups emitted fewer calls than WT pups (see Figure 1 inset). While
power analyses indicate that statistically significant differences might
be achieved with larger sample sizes for chevron (n = 22), step-up (N =
13), up-frequency modulation (N = 15), all the other call types are esti-
mated to require much large sample sizes (see Supplemental Table S2 and
Figure 1, Power analysis). Thus, Fmr1 KO affects harmonic and flat call
types more robustly than other calls.

When calls were analyzed by proportions, we found decreased propor-
tions of harmonic and two-step calls and higher proportions of chevron
in KO pups. However, none of these alterations reached statistical signif-
icance. In a previous study, male Fmr1 KO pups with an FVB background
produced proportionally more chevron and frequency step call types and
decreased proportions of complex, composite, downward, harmonic, two-
syllable, and short call types at P8 (21). A larger sample size of their study
(WT, n = 17; KO, n = 13) is one likely factor for significance in more call
types in their study than in our study (WT, n = 9; KO, n = 12). Power anal-
yses showed that with larger sample sizes, vehicle-treated WT and KO
mice are likely to achieve a statistically significant reduction in propor-
tions of harmonic (N = 13) and step-up (similar to two-syllable, N = 45)
calls and increases in down-frequency modulation (similar to downward)
(N = 39) and short (N = 48) calls (Supplemental Table S2; Supplemen-
tal Figure S1). The other call types require much larger sample sizes to
achieve statistical significance: chevron (N = 69), frequency step (mul-
tiple steps, N = 830; two steps, N = 704), complex (N = 638) call types
(Supplemental Table S2; Supplemental Figure S1). Together with these
power analyses, our data clearly indicate that Fmr1 deletion impacts the
proportions of harmonic, down-frequency modulation, step-up, and short
calls in this order.

A previous study demonstrated that non-congenic Fmr1 KO mice ex-
hibited higher probabilities of chevron and downward call types than WT
pups at P8 (8). Our study showed that the percentages of chevron and
down-frequency modulation calls were higher in male KO pups than in
male WT pups at P7 (Supplemental Figure S1), and bumetanide tended
to correct these trends when using sample sizes (n = 9–12) similar to
those in the previous study (8) (n = 9–13). However, none of these trends
achieved statistical significance in our study, although a power analy-
sis indicates that an increased proportion of down-frequency modulation
(N = 39) and chevron (N = 69) calls in KO mice may achieve significance
with much larger sample sizes (see Supplemental Table S2 and Supple-
mental Figure S1). Several factors are likely. First, the study by Tyzio and
colleagues eliminated pups that emitted less than 50 calls during a 3-
min period, but we did not eliminate such cases because we considered

low call numbers as a phenotype. Second, our and their recording time
durations were 5 min and 3 min, respectively. The phenotype they de-
tected might occur in the first 3 min of our testing. However, this was
not the case; when data of the first 3 min were analyzed, we still did not
find statistically significant increases in chevron or downward frequency
modulation (Supplemental Table S2, Figure 1_Number_3 min; Supple-
mental Table S2, Figure 1_Proportion_3 min). Third, the study by Tyzio
and colleagues did not determine the sex of mice used, whereas our study
used males only. Fourth, their study analyzed and presented only chevron
and downward call types. Despite these methodological differences, our
data are consistent with their finding that Fmr1 deletion alters the pro-
portions of specific neonatal call types, and the effect is normalized by
bumetanide. Our study further showed that bumetanide restored defec-
tive call sequences of KO pups to levels similar to those of WT pups. While
a larger sample size might identify more call types that differ between
the genotypes, it is clear that some call types (e.g., harmonic call types)
are more easily affected by Fmr1 deletion than others.

Our observations further extended the study of Tyzio and colleagues
by including an analysis of postpubertal social interaction and the effects
of bumetanide on this phenotype. Fmr1 deletion impaired postpubertal
direct social interaction at 6 but not 8 weeks of age. Previous studies of
Fmr1 KO mice did not consistently find robust social interaction deficits.
Congenic Fmr1 KO mice showed higher, indistinguishable, or lower levels
of active direct social interaction than those of WT mice (28–34). These
studies used 8- to 24-week-old mice. Our and others’ data from 8-week-
old mice indicate that Fmr1 deletion has little or no effect on social ap-
proach and sociability at this age (32–34). Our observations suggest that
detectable deficits in affiliative social interaction appear at 6 weeks of
age. Moreover, we detected a statistically significant genotype difference
after excluding cases where either stimulus or test mice exhibited aggres-
sive behaviors or hyperactivity (see Results). It might be difficult to de-
tect a subtle difference in affiliative social interaction in Fmr1 KO mice if
such confounding factors are not eliminated or not detectable in a three-
chamber apparatus where aggressive and affiliative social approach can-
not be separated and are equally recorded as more time in the vicinity of
a caged stimulus mouse. In general, the rather weak defects in social be-
havior on a group basis in Fmr1 KO mice are congruent with clinical obser-
vations that individuals with Fmr1 deletions show incomplete penetrance
for the full criteria of ASD diagnosis (35).

A novel aspect of the present study is that we identified neonatal
vocalization sequences that best predict postpubertal social interaction
scores. The number of flat->chevron and Markov probability of chevron-
>short sequence were significantly correlated with the postpubertal so-
cial interaction scores in a pooled data of vehicle-treated WT and KO
mice (Supplemental Figure S9A). These parameters were also identi-
fied as the most robust predictors when the best predictors were ex-
plored within each genotype (see Figure 6). In other words, the level of
these call sequences can provide insights into the future developmen-
tal trajectory of social interaction. This observation is not inconsistent
with the hypothesis that a common developmental mechanism exists be-
tween neonatal social communication and postpubertal social interac-
tion and that the normal postpubertal social interaction requires normal
neonatal social communication, including the number of flat->chevron
sequence. While the biological significance of these call sequences is
not clear, we previously demonstrated that altered call sequences in a
mouse mutant for another gene implicated in neurodevelopmental dis-
orders lost the capacity to elicit maternal approach (11). More work is
needed to critically evaluate whether the call sequence alteration of Fmr1
KO pups contributes to a causal chain from the genotype of pups, im-
paired maternal care, and impaired development of social and cognitive
capacities (17, 18).

While the number of flat->chevron was identified by a Lasso model as
a predictor for the genotype (Supplemental Figure S9B), this variable did
not clearly discriminate WT and KO genotypes (see Supplemental Table
S2 and Supplemental Figure S9B). This weak discriminating power of the
Lasso-identified variable is likely due to the overlapping nature of social
interaction scores between WT and KO mice and a very weak difference
in social scores between the two genotypes (Figure 5A). In more general
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terms, the neonatal variables might be more suitable in predicting the
continuous nature of postpubertal social scores than the categorical clas-
sification of the genotype.

Although the Lasso models extracted predictive neonatal call vari-
ables for the social interaction scores of each genotype with bumetanide
treatment, no models achieved statistically significant correlation coeffi-
cients with the social interaction scores in bumetanide-treated WT and KO
mice (Figure 6). One reason for the lack of correlations is that bumetanide
treatment eliminated the effects of genotype on postpubertal social in-
teraction by nonspecifically reducing the social interaction levels in WT
and KO mice (see Figure 5). Thus, the effects of bumetanide on neonatal
and postpubertal social behaviors are dissociated; bumetanide restored
neonatal social communication but had nonspecific negative effects on
postpubertal social interaction in WT and KO mice. This dissociation could
be interpreted as suggesting that distinct mechanisms exist for neona-
tal social communication and postpubertal social interaction. More work
is needed to critically evaluate the mechanistic origins of neonatal social
communication and postpubertal social interaction.

This result does not support the hypothesis that bumetanide, when
given around the time of birth, has beneficial effects on postpubertal so-
cial impairments in patients with fragile X syndrome. However, possibili-
ties remain that lower doses of bumetanide have more specific ameliora-
tive effects on the later social interaction or that this drug has beneficial
effects on other types of social behavior such as social incentive learning
(36) or maternal social behavior (11, 37) or nonsocial behaviors, includ-
ing sensory hypersensitivity (38) and their cellular correlates (38, 39). Al-
ternatively, distinct mechanistic origins and differential dependence on
peripartum GABA signaling might exist for neonatal social communica-
tion and postpubertal social interaction. More work is needed to explore
the possible effects of bumetanide administered at postnatal or earlier
embryonic periods.

Although bumetanide is largely ineffective in alleviating ASD symp-
toms in humans, this treatment is generally started after a diagnosis of
ASD at 2–3 years of age. If the perinatal period is the critical period for the
therapeutic effects of bumetanide on neonatal social communication, as
suggested by our observations, its therapeutic effects would be expected
to be most robust when it is applied perinatally and its outcome is evalu-
ated much earlier. Our observations and computational approaches pro-
vide a template for future work to explore the causally distinct neuronal
substrates that subserve neonatal and later ASD-linked behaviors.

Methods
Mice
We used male FVB.129P2-Pde6+ Tyr c-chFmr1tm1Cgr/J mice (Fmr1−/y,
#004624, Jackson Laboratory, Bar Harbor, ME, USA) and their WT lit-
termates. We chose male mice, as the symptoms of Fragile X syndrome
in humans are more severe in males than females and female patients
tend to exhibit a greater degree of interindividual variability (40). These
mice were generated by crossing male Fmr1−/y mice (12–24 weeks old)
with female Fmr1+/− mice (8–20 weeks old) as breeders. Their geno-
types were determined by PCR using the following primers: 5’-TGTGATA
GAATATGCAGCATGTGA-3’, WT forward; 5’-CACGAGACTAGTGAGACGTG-3’,
homozygous forward; 5’-CTTCTGGCACCTCCAGCTT-3’, reverse for both
genotypes.

This Fmr1 mutant strain originally contained 129P2/OlaHsd alleles
derived from E14 ES cells, but was converted to a congenic line through
11 generations of backcrossing of mutant mice to the FVB strain. This
backcrossing eliminated both copies of the Pde6b mutant allele, a gene
responsible for retinal degeneration; mutant mice do not suffer from
retinal degeneration or blindness. Because this is a congenic strain, the
confounding effects of unequally enriched 129P2/OlaHsd alleles sur-
rounding the Fmr1 gene in mutants and those of FVB alleles in their WT
littermates are minimized (10).

Treatment
Female breeders were examined for a plug every day; when it was present,
this was defined as 0.5 days post coitum (dpc). Pregnant females were
then separated from their male partners. In the last week of pregnancy,
cage bedding was not changed to minimize stress. Mice were randomly

assigned to either the vehicle or bumetanide treatment group. At 18.5
dpc, bumetanide (#14630, Cayman Chemical Company, Ann Arbor, MI,
USA) or vehicle was given in the drinking water, based on the expected
volume consumption and the dam’s body weight. This timepoint was cho-
sen based on a published study (8). Our pilot study showed that mice con-
sume at least 5 ml in 24 h, and the solution concentration was adjusted,
based on the dam’s weight, to greater than 2 mg/kg bumetanide. This reg-
imen achieved the target dose when partum was confirmed at and after
19.5 dpc. The consumed dose of bumetanide ranged from 2.928 to
4.12 mg/kg (Supplemental Table S1).

Behavior
Male congenic Fmr1+/y (WT) and Fmr1−/y (KO) mice were used for
behavioral analyses.

Ultrasonic Vocalization
When male pups reached P7, the cage containing the mother and the lit-
ter was transferred to the test room 30 min before testing. This develop-
mental timepoint was chosen, as a previous study showed that Fmr1 KO
pups differed from WT pups in vocalizations at P7, but not at P4 or P10
(13). Moreover, another study tested the effects of bumetanide on vocal-
izations at P8 (8). Each pup was then moved to a test chamber (18 cm
long × 18 cm wide × 30 cm high). Ultrasonic vocalizations were recorded
for 5 min using an UltraSoundGate (Avisoft, Germany) connected to a
computer equipped with Avisoft-RECORDER software (Avisoft). The sam-
pling rate was set to 250 kHz (format, 16 bit). The low cut-off frequency
was set at 10 kHz to reduce background noise outside the relevant fre-
quency band. The frequency window for analysis ranged from 15 to 150
kHz. Call detection was performed using an automatic threshold-based
algorithm and a hold time mechanism (hold time: 10 ms).

The weights of dams were measured to calculate the total dose of
bumetanide they consumed. However, we did not measure the body
weights of pups. The pups’ body weights are not altered in this specific
mouse model of fragile X syndrome (Jax#004624) compared with those
of WT littermates, and no correlation of body weights with changes in call
types was reported (41, 42).

Affiliative Social Interaction
Male mice that were tested for neonatal vocalization were sequentially
tested for social interaction at 6 and 8 weeks of age. The test subjects and
age-matched male Fmr1+/y non-littermates, used as stimulus mice, were
habituated to the test room for 30 min. The test and stimulus mice were
simultaneously placed in a test apparatus (20 cm long × 28 cm wide ×
15 cm high; 50 lux), and their behavior was recorded for 5 min. Under this
experimental condition, mice generally exhibit low levels of aggressive
behaviors (12, 43–47). We used this naturalistic test instead of the three-
chamber sociability test apparatus because the former is recommended
for ultimate validation and the latter has many technical and interpretive
issues (22, 48). Raters were blinded to the genotype and treatment until
testing and scoring were completed.

Computational Analysis
Call Type Classification. Sonograms were inspected, and genuine noises
were eliminated from the analysis. VocalMat software (26) was used to
determine call types. This software has the lowest false positive and false
negative rates among all call type classifiers (26). One modification was
applied. VocalMat detects only salient elements in sonograms of what was
classified as “harmonic” in our previous studies (11, 12, 45) and classifies
such elements (e.g., step-up and step-down) as call types. To avoid these
false negative cases, we manually inspected all call types and reclassified
such cases as harmonic.

UMAP. We used the UMAP method (49) to independently classify call
types and evaluate the impact of Fmr1−/y and bumetanide treatment on
call types. UMAP is a dimensionality reduction technique based on Rie-
mannian geometry and algebraic topology that helps cluster data with
similar features. We utilized the Python library “umap-learn” (version
0.5.5), and the quantitative parameters of VocalMat were used as inputs.
The quantitative parameters included the length (duration) and band-
width of each call, the minimum and maximum frequency values in kHz
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(min_freq_main, max_freq_main, mean_freq_main, min_freq_total, max_
freq_total, mean_freq_total), and sound intensity in dB (min_intens_total,
max_intens_total, and mean_intens_total) of various components of each
call, where “main” and “total” designate the most intense wave compo-
nent and all wave components, respectively, of each call. Additionally, the
following parameters were set for UMAP calculation: random_state, 0 and
n_neighbors, 30. The remaining parameters were left at their default val-
ues. After call clusters were identified by UMAP, we labeled each data
point based on the modified VocalMat call type classification.

To test the validity and robustness of this approach, we created boot-
strapped clusters from randomly chosen data points within each call type
2000 times. Each random selection generated the median data point for
each call type. These 2000 median values per call type were plotted and
compared with the positions of the data point distribution of each call in
UMAPs. The positions of these median values clustered at the center of
each call type of UMAP, thereby validating the UMAP data.

Call Sequence Analysis. As we reported previously (11, 12), we quanti-
tatively defined a call sequence as a series of calls with intercall intervals
below the intersection between the theoretical and observed distribution
curves. Two calls with an intercall interval longer than the cross-point of
the two curves were considered to belong to the last and first call of two
distinct call sequences. Two-call pairs within so-defined sequences were
then used for Markov modeling, using our published procedure (11, 12).
There were 0 counts of some call pairs in some animals. A count of 1 was
added to all call pairs of each animal to avoid 0 probabilities.

Lasso Model. We applied the Lasso regression model, following our pre-
vious method (12), to extract predictive variables of the number and pro-
portion of each call type and two-call pairs within sequences for individual
social interaction scores.

Statistical Analysis
All computer programs and data are available upon request. Analysis of
variance (ANOVA) was used to compare more than two groups, and Stu-
dent’s unpaired and paired t-tests were used for comparisons of two
groups. The normality and homogeneity of variance of data were evalu-
ated using the Shapiro–Wilk and Levene tests, respectively. When either
assumption was violated, data were analyzed using the Mann–Whitney
test for unpaired data and the Wilcoxon nonparametric test for paired
data. However, when a sample size was too small for the normality test
(n < 10), the homogeneity of variance alone was used to decide whether
to analyze data with parametric or nonparametric tests. The minimum sig-
nificance level was set at p < 0.05. When more than two tests were ap-
plied to a data set, the significance level was adjusted using Benjamini–
Hochberg correction at a 5% false discovery rate (FDR). All statistical
values are provided in Supplemental Table S2; the original p values that
remained significant after this adjustment are shown in figure legends.
Excluded cases are detailed in the Results section.

Study Approval
Animal handling and use followed protocols approved by the Animal Care
and Use Committee of Hirosaki University Graduate School of Medicine
and were in accordance with the Rules for Animal Experimentation of Hi-
rosaki University.

Data Availability
All raw data and supporting analytical code are available upon request.
All statistical data are provided in Supplemental Table S2. All reagents
and the mouse model are publicly available.
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