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Fragile X Syndrome (FXS) is the most common inherited form of intellectual disability, with
behaviors characteristic of autism. Symptoms include abnormal social behavior, repetitive
behavior, communication disorders, and seizures. Many symptoms of FXS have been
replicated in the Fmr1 knockout (KO) mice. Whether Fmr1 KO mice exhibit vocal
communication deficits is not known. By recording ultrasonic vocalizations (USV)
produced by adult male mice during mating, we show that USV calling rate (number of
calls/second) is reduced in Fmr1 KO mice compared to WT controls. The WT control and
Fmr1 KO groups did not differ in other aspects of mating behavior such as time spent
sniffing, mounting, rooting and without contact. Acoustic properties of calls such as
mean frequency (in kHz), duration and dynamic range of frequencies were not different.
This indicates a specific deficit in USV calling rate in Fmr1 KO mice. Previous studies have
shown that treatment of Fmr1 KO mice with minocycline for 4 weeks from birth can
alleviate some behavioral symptoms. Here we tested if minocycline also reversed
vocalization deficits in these mice. Calling rate increased and was similar to WT controls
in adult Fmr1 KO mice treated with minocycline for four weeks from birth (P0–P28). All
acoustic properties measured were similar in treated and untreated WT control mice
indicating minocycline effects were specific to vocalizations in the Fmr1 KO mice. These
data suggest that mating-related USVs are robust and relevant biomarkers of FXS, and
that minocycline treatment is a promising avenue for treatment of FXS symptoms.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

Fragile X Syndrome (FXS) is the most common single gene
inherited form of intellectual disability, affecting 1 in 4000
males and 1 in 8000 females (McNaughton et al., 2008). FXS
is the result of an expansion of the CGG trinucleotide repeats
in the 5′ untranslated region of the fragile X mental retardation

(FMR1) gene, leading to transcriptional silencing and a failure
to produce fragile X mental retardation protein (FMRP,
McNaughton et al., 2008). In the resulting syndrome, patients
experience an array of symptoms, including intellectual dis-
ability, anxiety, executive and social impairments, hyperac-
tivity, seizures and visuomotor impairments (Hagerman et
al., 2009; McNaughton et al., 2008; Rudelli et al., 1985). Addi-
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tionally, FXS patients show abnormalities in language output
including production of shorter and less complex utterances
and sentence structures (Price et al., 2008) and fluctuating
rate of speech, and repetitions of sounds, words or phrases
(Hanson et al., 1986). There are delays in linguistic develop-
ment, articulation difficulties, poor co-articulation, substitu-
tions and omissions of words, fewer intelligible words
produced, and difficulty with sound sequencing (Barnes et
al., 2009; Fidler et al., 2007; Largo and Schinzel, 1985; Roberts
et al., 2001, 2002).

The Fmr1 knockout (Fmr1 KO) mouse displays a wide range
of symptoms and pathological features typical of FXS, making
it a useful model system (Bernardet and Crusio, 2006; Chen
and Toth, 2001; Mineur et al., 2006; Spencer et al., 2005). Al-
though many of the behavioral symptoms have been charac-
terized in these mice, possible deficits in vocal output based
communication have not been addressed. Consequently, it re-
mains unclear if the Fmr1 KOmice are suited to study commu-
nication deficits seen in FXS. Sexually mature male mice
produce complex sequences of ultrasonic vocalizations (USV)
when paired with a receptive female. These calls may be
used to evaluate mouse social communication (Holy and
Guo, 2005; Nyby et al., 1977; Portfors, 2007; Sales, 1972). The
first aim of this study was to compare mating-related USV be-
tween WT control and Fmr1 KO mice. We present evidence
that Fmr1 KO mice exhibit a reduced rate of calling (number
of calls/second) without a significant change in acoustic prop-
erties. Furthermore, to ensure that any differences in USV pro-
duction seen in Fmr1 KO mice were not the result of abnormal
mating behavior, we scored mating sessions for time spent
performing specific behaviors associatedwithmating (accord-
ing to McGill, 1962). We found that the time spent performing
various behaviors associated withmating did not significantly
differ between Fmr1 KO and WT control mice.

Recently, minocycline has garnered interest as a possible
treatment for humans with FXS (Paribello et al., 2010; Utari
et al., 2010). Though the mechanisms through which mino-
cycline influences behavior in FXS are only beginning to be
understood, preliminary studies of minocycline as a treat-
ment for FXS are promising. For instance, Bilousova et al.
(2009) demonstrated that minocycline treatment from birth
rescues dendritic spine morphology in Fmr1 KO mice. Mino-
cycline treatment also increased exploratory behavior in an
elevated plus maze, suggesting a decrease in anxiety-like be-
havior in Fmr1 KO mice (Bilousova et al., 2009). Moreover, in
humans with FXS who had participated in an open label
minocycline trial for two weeks, 54% of treated patients
showed improvements in language use, as reported by the
patients' caregivers. Improvements included more intelligible
language produced, more ‘expressive’ language used, and an
overall increase in the amount of language used (Utari et al.,
2010). Additionally, minocycline treatment improved atten-
tion span in 50% and social communication skills in 44% of
patients (Utari et al., 2010). The second aim of this study
was to evaluate the therapeutic potential of minocycline in
mating-related vocal behavior in the Fmr1 KO mice. We pre-
sent evidence that the rate of calling in Fmr1 KO mice is re-
stored to that of control animals with minocycline
treatment without affecting acoustic properties. Thus social
vocalizations serve as a useful biomarker in FXS to study

potential therapies such as minocycline treatment for com-
munication deficits in FXS.

2. Results

The major aims of this study were to determine if mating-
related USV differed between the WT control and Fmr1 KO
mice, whether Fmr1 KO mice displayed an altered array of
mating behaviors, and if minocycline treatment affected vo-
calization production. The four experimental groups were
untreated WT control (WT), minocycline treated WT control
(MTWT), untreated knockout (KO) and minocycline treated
knockout (MTKO). All mating pairs were genotype and treat-
ment matched.

2.1. Minocycline treatment restores the rate of ultrasonic
production in Fmr1 KO mice

As reported previously in other strains of mice (Holy and Guo,
2005; Pomerantz et al., 1983), WT and Fmr1 KOmice, which are
generated on FVB background with restored pde6b allele to
prevent retinal degeneration, produce USV when paired with
a female mouse (e.g. spectrograms in Fig. 1). We compared
USV production across WT, KO, MTWT, and MTKO groups
during the first 10 min after pairing a male and a female
mouse. First, we analyzed calling rate (calls/second). KO
mice called at a reduced rate compared to WT mice (Fig. 2A).
A two-way ANOVA for each group (WT, KO, MTWT, and
MTKO) by minute in the mating session revealed a significant
main effect of the treatment (F(3,400)=42.1, p<0.001;
η2=0.178). No effect was observed for time. A Tukey hsd
post-hoc test revealed that the KO group produced significant-
ly fewer vocalizations per second as compared to the WT
group (p<0.01). No significant difference was observed be-
tween WT, MTWT, and MTKO groups. The calling rate col-
lapsed across the first 10 min of a mating session shows the
difference between the KO and the other three groups
(Fig. 2B). These results indicate that KO mice vocalize at a re-
duced rate, and minocycline treatment reversed this deficit.
In contrast, there were no differences in the calling rates be-
tween WT and MTWT suggesting the specificity of minocy-
cline actions on the vocalizations of Fmr1 KO mice and that
the treatment did not have adverse side effects on vocaliza-
tions in the WT mice.

2.2. Acoustic properties of calls are not different between
the four groups

No significant differences were found in the duration of indi-
vidual USVs (one-way ANOVA F(3,36)=1.99, p=0.381), the av-
erage frequency (here ‘frequency’ is used analogous to pitch)
of calls (one-way ANOVA F(3,36)=2.59, p=0.164), or the dy-
namic range of frequency (one-way ANOVA F(3,36)=0.953,
p=0.655) in the WT, KO, or minocycline treated groups
(Fig. 3). To assess variations in USV properties within each
trial, we calculated coefficient of variation for USV duration,
average frequency, and dynamic range, and then compared
treatment groups. We did not find a significant difference in
coefficient of variation for USV duration (one-way ANOVA
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Fig. 1 – Example ultrasonic vocalizations recorded from WT (A) and Fmr1 KO mouse (B) during mating.
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F(3,36)=3.207, p=0.361), average frequency (one-way ANOVA
F(3,36)=0.2.549, p=0.070), or dynamic range (one-way
ANOVA F(3,36)=0.278, p=0.841). These findings demonstrate
that themain difference in control and Fmr1 KOmouse calling
lies in vocalization production rate rather than the acoustic
properties of calls.

2.3. Additional controls

2.3.1. Mating behavior was not altered in Fmr1 KO mice
The altered production of USVs could be reflective of an over-
all change in mating behavior in the KO mice. Different as-
pects of mating behaviors were determined according to
McGill (1962). A one-way ANOVA revealed that there was no
significant difference in the amount of time WT and KO
mice spent grooming (F(1,7)=0.422, p=0.083), rooting (F(1,7)=
0.422, p=0.254), sniffing (F(1,7)=0.422, p=0.746), or not in
contact (F(1,7)=0.422, p=0.792) with the female (Fig. 4A). This
suggests that the differences seen in USV calling rate between
WT and KO groups stems specifically from a reduced

tendency to vocalize rather than an altered array of mating
behaviors that might affect calling rate.

2.3.2. Estrus state of females
In our initial studies, the estrus state of females was not con-
trolled. It is possible the estrus state of females provides a sig-
nal back to the male to alter USV calling. To determine if the
receptivity of females influenced calling rate, we induced es-
trus in a small number of WT (n=10) and KO (n=6) mice and
compared their calling rate with those of un-induced mice
(Fig. 4B). There was no significant differences in the number
of USVs produced per second between the estrus induced

Fig. 2 – Fmr1 KO mice vocalize less and minocycline reverses
this deficit (A) Mean number of USVs per second in WT, KO,
MTWT, and MTKO groups during each minute of the first
10 min after introducing a male and female mouse.
(B) Calls/second collapsed across 10 min. The KO (n=14)
group produced significantly fewer USV/s than WT (n=17),
MTWT (n=9), and MTKO (n=6) groups. WT, MTWT, and
MTKO groups do not display significant differences.

Fig. 3 – Acoustic properties of USVs are not different across
groups. Mean duration (A), frequency (B), and dynamic range
(C) of USVs produced by WT, KO, MTWT, MTKO mice during
mating. No significant differences were found in any
category between groups.
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pairs and the un-induced pairs of WT mice (one-way ANOVA
F(1,18)=1.73, p>0.05; η2=0.088) or estrus induced pairs and
the un-induced pairs of KO mice (one-way ANOVA F(1,18)=
3.47, p>0.05; η2=0.162). Because estrus state of females did
not affect male USV calling rate, data from the estrus induced
and un-induced groups were pooled in the previous figures.

3. Discussion

The first main result of this study is that Fmr1 KO mice vocal-
ize at a slower rate than WT controls in a mating context.
There was no overlap between the calling rate of WT and KO
mice (Fig. 2B) indicating that this parameter can be used as a
robust and sensitive biomarker of vocal output. Given that
language production deficit is a symptom of FXS, USV calling
rate is a biomarker relevant to communication disorders asso-
ciated with FXS and possibly other autistic spectrum disor-
ders. Moreover, the reduction in USV production seen in
Fmr1 KO mice was not associated with altered mating behav-
ior, suggesting decreased vocalization production is a specific
deficit within the mating context. The functional significance
of reduced USV rate is unclear. While it has been established
that USV production is required to attract female mice

(Pomerantz et al., 1983), the importance of USV calling rate
in sexual selection is not known. Future studies will address
if WT females chose males based on calling rate. The second
major finding is that four weeks of minocycline treatment
from birth reverses the vocalization deficit. This suggests
that mating-related vocalizations can be used as outcome
measures of efficacy of potential treatments in preclinical an-
imal models of FXS, and potentially other mouse models of
autism. The treated WT control mice did not show any differ-
ence with the untreatedWT controls indicating the specificity
of minocycline to the Fmr1 KO mice.

These results add to the recent studies demonstrating the
therapeutic effects of minocycline treatment in both Fmr1
KO mice and human subjects with FXS. In KO mice, 28 days
of minocycline treatment starting at birth resulted in a resto-
ration of mature dendritic spines (Bilousova et al., 2009). Fu-
ture studies are required to determine if there are
associations between minocycline treatment and structural
features in brain regions involved in rodent vocalizations.
Human subjects who received minocycline treatment for at
least 2 weeks showed improvements in language use, atten-
tion, and social communication (Utari et al., 2010). The par-
ents of the subjects that had undergone the treatment were
asked to score changes in behavior according to Likert Scale.
The most significant gains were seen in range of language
used, tendency to engage in verbal communication and an
amelioration of irritable behavior (Utari et al., 2010). Most re-
cent results of an open-label clinical trial conducted in Canada
also showed significant functional benefits of an 8 week
course of minocycline treatment to human subjects with
FXS as measured with the Aberrant Behavior Checklist-
Community Edition Irritability Subscale (Paribello et al.,
2010). While these initial results are encouraging, there is a
need for placebo controlled minocycline studies in human
FXS patients. The side effects associated with minocycline
treatment were generally mild. Subjects most commonly
reported dizziness and diarrhea upon minocycline treatment,
as well as instances of sleepiness, headache, fatigue, nausea,
and pruritus (Paribello et al., 2010). Minocycline treatment
is also associated with tooth discoloration (Antonini and
Luder, 2010). Gastrointestinal problems and decreased appe-
tite were also reported with minocycline use (Utari et al.,
2010). More serious side effects of minocycline are rare, but in-
clude drug-induced lupus and elevated ANA levels (Schlienger
et al., 2000).

How minocycline influences symptoms of FXS is only be-
ginning to be understood. Though the changes to neuronal
circuitry which underlie the symptoms of FXS and minocy-
cline action are unknown, the ability of minocycline to induce
mature dendritic spines in Fmr1 KO hippocampal neurons has
been previously reported both in vitro and in vivo (Bilousova et
al., 2009). Previous studies have shown that manipulations,
which rescue dendritic spine morphology, are also associated
with improvements in behavioral performance typical of FXS
(Dansie et al., in preparation; Hayashi et al., 2007). Specifically,
inhibition of p21-activated kinase (PAK) restores dendritic
spine morphology in Fmr1 KO mice, and is associated with
improved performance in open field and fear conditioning
tasks. Matrix metalloproteinase 9 (MMP9) has been suggested
as a possible locus of action of minocycline in these mice

Fig. 4 – (A) Time mating control and knockout pairs spent
grooming, sniffing, rooting, or in no contact during the first
20 min of mating. There was no significant difference in time
spent on each behavior between the two groups. (B) Calls per
second in control and Fmr1 KO mice in which estrus was
induced, and in which estrus was not induced. No significant
difference was observed in either group.
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(Bilousova et al., 2009). MMPs influence dendritic spine devel-
opment and hence synaptic stability (Bilousova et al., 2009).
MMP-9 activity is up-regulated in the hippocampus of Fmr1
KO mice and may be partially responsible for abnormal den-
dritic spine development (Ethell and Ethell, 2007), whereas
minocycline treatment reduces MMP-9 levels and activity.
Dendritic spine enlargement associated with long term poten-
tiation is facilitated by MMP-9 mediated proteolysis of the ex-
tracellular matrix (Wang et al., 2008). However, excessive
levels of most abundant MMPs within the brain, MMP-2,
MMP-3, and MMP-9, have all been implicated in several path-
ological conditions (Yong et al., 2004). The abnormal dendritic
spine development associated with FXS, may in part result
from excessive MMP-9 activity as well. Minocycline treatment
acts to inhibit MMP-9 activity, and restores dendritic spine
morphology as well as a host of FXS typical behaviors
(Bilousova et al., 2009). Beside the ability to regulate MMP-9
activity, several other mechanisms of minocycline action have
been also reported, including its inhibitory effects on microglia
proliferation, anti-apoptotic effects and even its ability to direct-
ly influence the functions of glutamate receptors (Elewa et al.,
2006; Imbesi et al., 2008; Kim and Suh, 2009). Minocycline has
been also shown to be beneficial in animal models of several
neurodegenerative diseases and these effects of minocycline
were shown to be mediated through the regulation of the MAP
kinase pathway and caspase activity (Kim and Suh, 2009).

Communication disorders have been observed in other
mouse models of ASDs. In a tuberous sclerosis (TSC) model,
mouse pups heterozygous for the TSC2 gene were shown to
vocalize less than their wild-type counterparts (Young et
al., 2010). Behavioral abnormalities in TSC are thought to be
derived from unchecked cell proliferation within the brain
following TSC1 or TSC2 mutation. Additionally, pups of
Angelman syndrome model mice display increased USV pro-
duction (Jiang et al., 2010). Autism-like characteristics have
also been modeled in neuroligin-4 (NL-4) knockout mice.
NL-4 knockout mice lack the murine ortholog of human
NL-4, which codes for the synaptic cell adhesion protein
neuroligin-4 (Jamain et al., 2008). NL-4 knockout mice were
placed in contact with a female mouse and the USVs the
male produced were recorded. NL-4 knockout males demon-
strated a longer latency to calling and an overall reduction in
the number of USVs produced (Jamain et al., 2008). There-
fore, social vocalizations may serve as a useful biomarker
to study potential therapies for these communication disor-
ders as well. While some studies use isolated pup USVs to
test mouse communication, we focused on the mating para-
digm for two reasons. First, there is some evidence suggest-
ing that rodent pup vocalizations are associated with a
physiological response to under-developed thermoregulation
abilities, and may be a reflexive behavior (Blumberg and
Alberts, 1990; Blumberg and Stolba, 1996). Second, mating-
related USVs are more complex and provide a larger reper-
toire of calls to perform vocal analysis and associated social
behaviors.

In this study, minocycline treatment began at birth and
continued to P28. Althoughmating occurred after minocycline
treatment had ceased at least a month earlier, the calling rate
increased to WT levels. This suggests developmental normal-
ization that persists in the Fmr1 KO mice. One caveat is that

mothers were treated in this study and that may have altered
maternal behaviors and indirectly affected adult behaviors of
their progeny. In addition, it is unclear how effective minocy-
cline treatment is and how long the benefits will last when
treatment is begun at a later age. Future studies will address
direct administration of minocycline to pups and the optimal
dosage (concentration, age and length) to improve mating-
related calling rate in the KO mice. Studies will be especially
concerned with the efficacy of minocycline treatment on
adult animals. These studies will be informative for clinical
studies since most candidates for minocycline treatment are
adolescents and adults.

4. Experimental procedures

4.1. Mice

FVB.129P2-Fmr1tm4Cgr (Fmr1 KO) and FVB.129P2-Pde6b+Tyrc-ch/
AntJ control mice were obtained from Jackson Laboratories
and housed in an accredited vivarium with 12 h light/dark
cycle. All studies were performed in accordance with the Na-
tional Institutes of Health and with Institutional Animal
Care and Use Committee guidelines.

4.2. Minocycline administration

Minocycline (30 mg/kg) was added to the mother's drinking
water every day for 28 days. This method of minocycline ad-
ministration has been previously shown to yield detectable
concentrations of minocycline in the blood of adult mice
(Lee et al., 2006) and in the breast milk of lactating dams
(Lin et al., 2005; Luzi et al., 2009). Newborn Fmr1 KO mice
were therefore exposed to minocycline through suckling,
which was previously shown to reduce MMP-9 levels in the
brains of these mice and anxiety-like behaviors (Bilousova
et al., 2009; Lee et al., 2006). After the initial 28 days of treat-
ment, mice did not receive any additional minocycline prior
to mating. Virgin males and females were paired when
they were between 2 and 3 months old to record mating-
related vocalizations.

4.3. Recording mouse vocalizations

USV produced during mating behavior were recorded using a
full spectrum Petterssen D1000x bat detector (250 kHz sam-
pling rate) maintained 5 cm above the enclosure. Recordings
were performed between 10:00 and 15:00. Video recording for
behavior analysis was done using a Sony HDR-CX350V cam-
corder. Male mice were introduced to female mice in a
28.8×21.6×28.8 cm enclosure. Recording continued until mat-
ing occurred or until 20 min had passed. Four groups of mice
were studied: control (WT), Fmr1 KO (KO), minocycline treated
controls (MTWT) and minocycline treated Fmr1 KO (MTKO).
All pairings of males and females were within group. USV
and behavioral data were obtained by mating 17 pairs of WT
mice and 14 pairs of KO mice. Estrus was induced in 10 of
the WT pairs and 6 of the KO pairs. In the remaining pairs, es-
trus was not induced, but mating did occur. Estrus was in-
duced in female mice by injecting 0.075 mL of 0.04 mg/mL
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estradiol benzoate solution 36 to 48 h prior to mating and
0.018 mL of 0.60 mg/mL progesterone solution 4 h prior to
mating (McGill, 1962). Vocal recordings were also obtained
for nine MTWT pairs and six MTKO pairs, in which estrus
was not induced but mating did occur. There was no differ-
ence between the estrus induced and un-induced conditions
in the WT and KO mice (see results). Therefore, data within
each group were collapsed across the induced and un-
induced conditions. While female mice can produce social vo-
calizations when presented with another female (Portfors,
2007), female mice do not readily vocalize during mating ses-
sions (Warburton et al., 1989). When presented with
laryngeal-nerve transected males, female mice failed to pro-
duce any vocalizations (Warburton et al., 1989), suggesting
that vocalizations in the mating context are mostly produced
by the males.

4.4. Vocalization analysis

Acoustical waveforms were stored on a personal computer
and processed in MATLAB in a method similar to that de-
scribed in Holy and Guo (2005). A 1.6 ms window was
moved along the waveform and the power spectrum was de-
termined for that window. The beginning of a vocalization
was determined to be the window in which the spectral puri-
ty was at least 25% of total power concentrated into a single
frequency bin. The end of the vocalization was defined as
the window preceding the window in which less than 25%
of the total power was concentrated into a single frequency.
Additional criteria for a sound to be considered a vocalization
were mean frequency (between 40 and 120 kHz) and duration
(between 5 and 210 ms). Vocalizations in which less than
3 ms separated two successive calls were merged and consid-
ered a single vocalization. Based on these criteria the begin-
ning and end of each call can be distinguished above the
background noise and used to determine the number of
calls per second.

4.5. Properties of vocalizations

A 9th order bandpass Butterworth filter was used to filter out
frequencies below 30 kHz and above 120 kHz. Each vocaliza-
tion was sectioned into 2 ms half overlap segments. A high-
temporal-resolution power spectral density estimation was
used to determine the frequency at which the maximal
power occurred at each time bin and the resulting frequencies
concatenated into a frequency array (see Supplemental Fig. 1).
From the frequency array, mean frequency and dynamic
range, defined as the difference between the high and low fre-
quencies within a call, were calculated. Additionally, the du-
ration of each call was analyzed.

Each mating session was segmented into portions repre-
senting the first 10-min of the mating session. Call properties
were then compared across the four groups (WT, KO, MTWT
and MTKO) over the first 10 min of each mating trial. A two-
way ANOVA for treatment group×ime was used to assess dif-
ferences in call rate and acoustic properties. ANOVAs for
acoustic properties were adjusted for the random disturbance
that can occur from large datasets as each measure consisted
of more than 48,000 total vocalizations.

4.6. Behavioral analysis

To determine if USV calling was specifically affected or if there
was an overall change in mating behaviors, each mating ses-
sion was scored for time spent performing specific behaviors
associated with mouse mating. Rodent mating behavior has
been well characterized (Bialy et al., 2000; McGill 1962; Nyby,
1972;White et al., 1998) allowing us to isolate and identify spe-
cific mating behaviors. JWatcher software was used to mark
the time points at which each behavior occurred and the
amount of time spent performing each behavior. Two raters
scored the behavior and were blind to the genotype of the
mouse pairs. Behaviors scored were rooting, grooming, ano-
genital sniffing, and no contact. Instances of mounting and
mounting-with-intromission were also noted, but did not
occur within the first 20 min of all trials and therefore were
omitted from analysis. During rooting, the male pushed his
snout, head, or shoulders underneath the female (McGill,
1962). Grooming was scored as one mouse licking the fur of
its conspecific. Ano-genital sniffing was identified as the
male mouse sniffing the ano-genital region of the female.
Mounting and mounting-with-intromission were distin-
guished by speed and depth of thrusting performed by the
male. Mounting was characterized by fast, shallow thrusts,
while mounting-with-intromission was distinguished by
slower, deeper thrusting. During periods of no contact, the
mice were not in physical contact with one another nor were
they engaged in any of the otherwise listed behaviors. After
each rater scored a trial, time spent performing each behavior
was totaled and compared using paired t-test. There was no
difference in rater scoring of any of the behaviors (rooting
paired t-test p=0.655, grooming paired t-test p=0.314, ano-
genital sniffing paired t-test p=0.541, no contact paired t-test
p=0.158).

R E F E R E N C E S

Antonini, L.G., Luder, H.U., 2010. Discoloration of teeth from
tetracyclines — even today? Res. Sci. 121, 414–422.

Barnes, E., Roberts, J., Long, S.H., Martin, G.E., Berni, M.C.,
Mandulak, K.C., Sideris, J., 2009. Phonological accuracy and
intelligibility in connected speech of boys with fragile X
syndrome or Down syndrome. J. Speech Lang. Hear. Res. 52,
1048–1061.

Bernardet, M., Crusio, W.E., 2006. Fmr1 KO mice as a possible
model of autistic features. ScientificWorldJournal 6, 1164–1176.

Bialy, M., Rydz, M., Kaczmarek, L., 2000. Precontact 50-kHz
vocalizations in male rats during acquisition of sexual
experience. Behav. Neurosci. 114, 983–990.

Bilousova, T.V., Dansie, L., Ngo, M., Aye, J., Charles, J.R., Ethell,
D.W., Ethell, I.M., 2009. Minocycline promotes dendritic spine
maturation and improves behavioural performance in the
fragile X mouse model. J. Med. Genet. 46, 94–102.

Blumberg, M.S., Alberts, J.R., 1990. Ultrasonic vocalizations by
rat pups in the cold: an acoustic by-production of laryngeal
braking? Behav. Neurosci. 104, 808–817.

Blumberg, M.S., Stolba, M.A., 1996. Thermogenesis, myoclonic
twitching, and ultrasonic vocalization in neonatal rats during
moderate and extreme cold. Behav. Neurosci. 110, 305–314.

Chen, L., Toth, M., 2001. Fragile X mice develop sensory
hyperreactivity to auditory stimuli. Neuroscience 103,
1043–1050.

13B R A I N R E S E A R C H 1 4 3 9 ( 2 0 1 2 ) 7 – 1 4



Author's personal copy

Dansie, L.E., Phommahaxay, K., Okusanya, A.G., Uwadia, J., Huang,
M., Rotschafer, S.E., Razak, K.A., Ethell, D.W., Ethell, I.M., in
preparation. Long-lasting effects of minocycline on behavior in
young and adult fragile X mice.

Elewa, H.F., Hilali, H., Hess, D.C., Machado, L.S., Fagan, S.C., 2006.
Minocycline for short term neuroprotection. Pharmacotherapy
26, 515–521.

Ethell, I.M., Ethell, D.W., 2007. Matrix metalloproteinases in brain
development and remodeling: synaptic functions and targets.
J. Neurosci. Res. 85, 2813–2823.

Fidler, D.J., Philofsky, A., Hepburn, S.L., 2007. Language
phenotypes and intervention planning: bridging research and
practice. Ment. Retard. Dev. Disabil. Res. Rev. 13, 47–57.

Hagerman, R.J., Berry-Kravis, E., Kaufmann, W.E., Ono, M.Y.,
Tartaglia, N., Lachiewicz, A., Kronk, R., Delahunty, C., Hessl,
D., Visootsak, J., Picker, J., Gane, L., Tranfaglia, M., 2009.
Advances in the treatment of fragile X syndrome. Pediatrics
123, 378–390.

Hanson, D.M., Jackson, A.W., Hagerman, R.J., 1986. Speech
disturbances (cluttering) in mildly impaired males with the
Martin–Bell/fragile X syndrome. Am. J. Med. Genet. 23, 195–206.

Hayashi, M.L., Shankaranarayana Rao, B.S., Seo, J., Choi, H., Dolan,
B.M., Choi, S., Chattarji, S., Tonegawa, S., 2007. Inhibition of
p21-activated kinase rescues symptoms of fragile X syndrome
in mice. Proc. Natl. Acad. Sci. 104, 11489–11494.

Holy, T.E., Guo, Z., 2005. Ultrasonic songs of male mice. PLoS Biol.
3, e386.

Imbesi, M., Uz, T., Manev, R., Sharma, R.P., Manev, H., 2008.
Minocycline increases phosphorylation and membrane
insertion of neuronal GluR1 receptors. Neurosci. Lett. 447,
134–137.

Jamain, S., Radyushkin, K., Hammerschmidt, K., Granson, S.,
Boretius, S., Varoqueaux, F., Ramanantsoa, N., Gallego, J.,
Ronnenberg, A., Winters, D., Frahm, J., Fischer, J., Bourgeron,
T., Ehrenreichs, H., Brose, N., 2008. Reduced social interaction
and ultrasonic communication in a mouse model of
monogenic heritable autism. Proc. Natl. Acad. Sci. 105,
1710–1715.

Jiang, Y.H., Pan, Y., Zhu, L., Landa, L., Yoo, J., Spencer, C., Lorenzo,
I., Brilliant, M., Noebels, J., Beaudet, A.L., 2010. Altered
ultrasonic vocalization and impaired learning and memory in
angelman syndrome mouse model with a large maternal
deletion from Ube3a to Gabrb3. PLoS One 5, e12278.

Kim, H.S., Suh, Y.H., 2009. Minocycline and neurodegenerative
diseases. Behav. Brain Res. 196, 168–179.

Largo, R.H., Schinzel, A., 1985. Developmental and behavioral
disturbances in 13 boys with fragile X syndrome. Eur. J. Pediatr.
143, 269–275.

Lee, C.Z., Yao, J.S., Huang, Y., Zhai, W., Liu, W., Guglielmo, B.J., Lin,
E., Yang, G.Y., Young, W.L., 2006. Dose–response effect of
tetracyclines on cerebral matrix metalloproteinase-9 after
vascular endothelial growth factor hyperstimulation. J. Cereb.
Blood Flow Metab. 26, 1157–1164.

Lin, S., Wei, X., Bales, K.R., Paul, A.B., Ma, Z., Yan, G., Paul, S.M., Du,
Y., 2005. Minocycline blocks bilirubin neurotoxicity and
prevents hyperbilirubinemia-induced cerebellar hypoplasia in
the Gunn rat. Eur. J. Neurosci. 22, 21–27.

Luzi, P., Abraham, R.M., Rafi, M.A., Curtis, M., Hooper, D.C.,
Wenger, D.A., 2009. Effects of treatments on inflammatory and
apoptotic markers in the CNS of mice with globoid cell
leukodystrophy. Brain Res. 1300, 146–158.

McGill, T.E., 1962. Sexual behavior in three inbred strains of mice.
Behaviour 19, 341–350.

McNaughton, C.H., Moon, J., Strawderman, M.S., Maclean, K.N.,
Evans, J., Strupp, B.J., 2008. Evidence for social anxiety and

impaired social cognition in a mouse model of fragile X
syndrome. Behav. Neurosci. 122, 293–300.

Mineur, Y.S., Huynh, L.X., Crusio, W.E., 2006. Social behavior
deficits in the Fmr1 mutant mouse. Behav. Brain Res. 168,
172–175.

Nyby, J., 1972. Ultrasonic vocalizations during sex behavior of
male house mice (Mus musculus): A description. Behav. Neural
Biol. 39, 128–134.

Nyby, J., Wysocki, C.J., Whitney, G., Dizinno, G., 1977.
Phernomonal regulation of male mouse ultrasonic courtship
(Mus Musculus). Anim. Behav. 25, 333–341.

Paribello, C., Tao, L., Folino, A., Berry-Kravis, E., Tranfaglia, M.,
Ethell, I.M., Ethell, D.W., 2010. Open-label add-on treatment
trial of minocycline in fragile X syndrome. BMC Neurol. 10, 91.

Pomerantz, S.M., Nunez, A.A., Bean, N.J., 1983. Female behavior is
affected by male ultrasonic vocalizations in house mice.
Physiol. Behav. 31, 91–96.

Portfors, C.V., 2007. Types and functions of ultrasonic
vocalizations in laboratory rats and mice. J. Am. Assoc. Lab.
Anim. Sci. 46, 28–34.

Price, J.R., Roberts, J.E., Hennon, E.A., Berni, M.C., Anderson, K.L.,
Sideris, J., 2008. Syntactic complexity during conversation of
boys with fragile X syndrome and Down syndrome. J. Speech
Lang. Hear. Res. 51, 3–15.

Roberts, J.E., Mirrett, P., Burchinal, M., 2001. Receptive and
expressive communication development of young males with
fragile X syndrome. Am. J. Ment. Retard. 106, 216–230.

Roberts, J.E., Mirrett, P., Burchinal, M., 2002. Early communication,
symbolic, behavioral, and social profiles of young males with
fragile X syndrome. Am. J. Speech Lang. Pathol. 11, 295–304.

Rudelli, R.D., Brown, W.T., Wisniewski, K., Jenkins, E.C.,
Laure-Kamionowska, M., Connell, F., Wisniewski, H.M., 1985.
Adult fragile X syndrome clinieo-neuropathologic findings.
Acta Neuropathol. 67, 289–295.

Sales, G.D., 1972. Ultrasound and mating behaviour in rodents
with some observations on other behavioural situations.
J. Zool. 168, 149–164.

Schlienger, R.G., Bircher, A.J., Meier, C.R., 2000. Minocycline-induced
lupus. A systematic review. Dermatology 200, 223–231.

Spencer, C.M., Alekseyenko, O., Serysheva, K., Yuva-Paylor, L.A.,
Paylor, R., 2005. Altered anxiety-related and social behaviors in
the Fmr1 knockout mouse model of fragile X syndrome. Genes
Brain Behav. 4, 420–430.

Utari, A., Chonchaiya, W., Rivera, S.M., Schneider, A., Hagerman,
R.J., Faradz, S.M., Ethell, I.M., Nguyen, D.V., 2010. Side effects of
minocycline treatment in patients with fragile X syndrome
and exploration of outcome measures. Am. J. Intellect. Dev.
Disabil. 115, 433–443.

Wang, X.B., Bozdagi, O., Nikitczuk, J.S., Zhai, Z.W., Zhou, Q.,
Huntley, G.W., 2008. Extracellularproteolysis by matrix
metalloproteinase-9 drives dendritic spine enlargement and
long term potentiation coordinately. Proc. Natl. Acad. Sci. 105,
19520–19525.

Warburton, V.L., Sales, G.D., Milligan, S.R., 1989. The emission and
elicitation of mouse ultrasonic vocalizations: the effects of age,
sex and gonadal status. Physiol. Behav. 45, 41–47.

White, N.R., Prasad, M., Barfield, R.J., Nyby, J.G., 1998. 40- and
70-kHz vocalizations of mice (Mus musculus) during copulation.
Physiol. Behav. 63, 467–473.

Yong, V.W., Wells, J., Giuliani, F., Casha, S., Power, C., Metz, L.M.,
2004. The promise of minocycline in neurology. Lancet Neurol.
3, 744–751.

Young, D.M., Schenk, A.K., Yang, S.B., Jan, Y.N., Jan, L.Y., 2010.
Altered ultrasonic vocalizations in a tuberous sclerosis mouse
model of autism. Proc. Natl. Acad. Sci. 107, 11074–11079.

14 B R A I N R E S E A R C H 1 4 3 9 ( 2 0 1 2 ) 7 – 1 4


