
Long-lasting Effects of Minocycline on Behavior in Young but
not Adult Fragile X Mice

Lorraine E. Dansiea, Kelly Phommahaxaya, Ayodeji G. Okusanyaa, Jessica Uwadiaa, Mike
Huanga, Sarah E. Rotschaferb, Khaleel A. Razakb, Douglas W. Ethellc, and Iryna M. Ethella
aDivision of Biomedical Sciences, Biochemistry and Molecular Biology Program, University of
California Riverside, Riverside, California 92521 USA
bDepartment of Psychology, University of California Riverside, Riverside, California 92521 USA
cMolecular Neurobiology, Graduate College of Biomedical Sciences, Western University of Health
Sciences, Pomona, CA 91766 USA

Abstract
Fragile X Syndrome (FXS) is the most common single-gene inherited form of intellectual
disability with behaviors characteristic of autism. People with FXS display childhood seizures,
hyperactivity, anxiety, developmental delay, attention deficits, and visual-spatial memory
impairment, as well as a propensity for obsessive-compulsive disorder (OCD). Several of these
aberrant behaviors and FXS-associated synaptic irregularities also occur in “fragile X mental
retardation gene” knock-out (Fmr1 KO) mice. We previously reported that minocycline promotes
the maturation of dendritic spines - postsynaptic sites for excitatory synapses - in the developing
hippocampus of Fmr1 KO mice, which may underlie the beneficial effects of minocycline on
anxiolytic behavior in young Fmr1 KO mice. In this study, we compared the effectiveness of
minocycline treatment in young and adult Fmr1 KO mice, and determined the dependence of
behavioral improvements on short-term versus long-term minocycline administration. We found
that 4 and 8 week long treatments significantly reduced locomotor activity in both young and adult
Fmr1 KO mice. Some behavioral improvements persisted in young mice post-treatment, but in
adults the beneficial effects were lost soon after minocycline treatment was stopped. We also
show, for the first time, that minocycline treatment partially attenuates the number and severity of
audiogenic seizures in Fmr1 KO mice. This report provides further evidence that minocycline
treatment has immediate and long-lasting benefits on FXS-associated behaviors in the Fmr1 KO
mouse model.
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1. Introduction
Fragile X Syndrome (FXS) is the most common, inherited, single-gene cause of intellectual
disability and the largest known genetic cause of autistic behaviors. Individuals with FXS
display childhood seizures, hyperactivity, anxiety, developmental delay, attention deficits,
and visual-spatial memory impairment, as well as a propensity for repetitive behavior
(Musumeci et al., 1999; Hagerman and Hagerman, 2002; Hagerman et al., 2010).
Hypermethylation of long CGG repeats in the promoter of the Fragile X Mental Retardation
1 (FMR1) gene leads to gene silencing and deficiency of FMR1 protein (FMRP) (Brown et
al., 1998; Khandjian, 1999). In mice, FMRP has been shown to regulate protein synthesis by
binding and transporting mRNAs encoding key post-synaptic proteins that are translated in
dendritic spines; and FMRP can stall ribosomal translocation of mRNAs linked to synaptic
function (Khandjian, 1999; Greenough et al., 2001; Hou et al., 2006; Zalfa et al., 2006;
Pfeiffer and Huber, 2009; Darnell et al., 2011).

FMRP deficiency impairs dendritic spine development and maintenance, defects that may
underlie some behavioral aspects of FXS. Dendritic spines are small protrusions from the
surface of dendrites that host the majority of post-synaptic excitatory contacts in the brain
(Harris, 1999; Yuste and Bonhoeffer, 2001; Carlisle and Kennedy, 2005; Ethell and
Pasquale, 2005). Changes in dendritic spine shape and number directly correlate with
synaptic development and plasticity, and play a central role in learning, memory and
cognition. Abnormal dendritic spine morphology is a hallmark of several
neurodevelopmental disorders, including FXS, Rett syndrome and Down syndrome (Rudelli
et al., 1985; Kaufmann and Moser, 2000; Fiala et al., 2002). Fmr1 KO mice, an animal
model for FXS, exhibit dendritic spine abnormalities similar to the human condition
(Grossman et al., 2006) and display FXS-associated behavioral impairments such as
hyperactivity, anxiety, repetitive behavior and a susceptibility to audiogenic seizures (Yan et
al., 2005; Dolen et al., 2007; Bilousova et al., 2009). We previously reported that
minocycline treatment restored dendritic spine maturation in the hippocampus and improved
behavior in young Fmr1 KO mice (Bilousova et al., 2009).

Our early results indicated that minocycline could be beneficial for the treatment of FXS-
associated behaviors and those findings provided an impetus for successful clinical trials
(Paribello et al., 2010; Utari et al., 2010). In one study, more than half (54%) of FXS
subjects treated with minocycline showed improvements in language use. Those
improvements included the use of more intelligible and expressive language, as well as an
overall increase in verbal output (Utari et al., 2010). Minocycline treatment also improved
attention span, social communication, attention deficit, perseveration, anxiety, self-injurious
behavior, abnormal vocalizations, mood swings, social avoidance, and repetitive behavior in
FXS subjects (Paribello et al., 2010). A case report on two FXS siblings who were given
minocycline at a young age reported improvement in anxiety and aggression as well as
academic aptitude in mathematics (Winarni et al., 2012). In addition, a randomized double-
blind, placebo-controlled trial of minocycline in children and adolescents with FXS resulted
in greater global improvement compared to placebo (Leigh et al., 2013). These studies
demonstrate that minocycline is well tolerated and provides significant functional benefits to
people with FXS.

Major issues to be resolved for the use of this drug in treating FXS-associated behaviors are:
1) the relative effectiveness of minocycline at different ages, particularly young versus adult;
2) the dependence of behavioral improvements on the continuous administration of
minocycline. That is, which behavioral improvements might revert after the drug is
discontinued? To clarify these issues we assessed the short- and long-term effectiveness, and
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lasting benefits of minocycline treatment on FXS-like behaviors in young and adult Fmr1
KO mice.

2. Experimental Procedures
2.1 Ethics statement

All animal care protocols and procedures were approved by the UC Riverside Animal Care
& Use Program, which is accredited by AAALAC International, and animal welfare
assurance number A3439-01 is on file with the Office of Laboratory Animal Welfare
(OLAW).

2.2 Animal care
The FVB.129P2-Fmr1tm1Cgr/J (Fmr1 KO) and their control strain FVB.129P2-
Pde6b+Tyrc-ch/AntJ (WT) were obtained from the Jackson Laboratories. These mice do not
suffer from retinal degeneration due to restoration of the pde6b allele and do not develop
blindness, making them a suitable model for behavioral analysis. Mice were maintained in
an AAALAC accredited facility under a 12 hour light/dark cycle with standard mouse chow.
All studies were done in accordance with NIH and Institutional Animal Care and Use
Committee guidelines. All mice were weaned at 28 days and were group housed with a
maximum of 4 mice per cage. For behavioral studies mice were tested in the morning and
returned to the vivarium at the completion of each set of daily tests. All behavioral
experiments were performed in a designated testing room. Mice were monitored during
testing by the observer using video monitor. Any mouse showing unexpected signs of
distress, such as lethargy or poor grooming, were excluded from the studies and either
treated or euthanized following recommendations of the campus veterinarian.

Minocycline was administered to neonatal WT and Fmr1 KO mice by adding it to the
nursing mother’s drinking water at 30 mg/kg/day in dark, amber-colored bottles every day
until the pups were weaned, as previously described (Bilousova et al., 2009). Minocycline
was administered to weaned pups and adult mice through their drinking water at 30 mg/kg/
day every day in dark, amber-colored bottles for 4 or 8 wks. This method of minocycline
administration 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). The volume of consumed water was monitored daily and was
comparable between study groups (not shown). Young male WT and Fmr1 KO mice were
born to and raised by WT or Fmr1 KO mothers, respectively, and either not treated
(untreated group 1, 16 WT and 23 Fmr1 KO mice; untreated group 2, 17 WT and 18 Fmr1
KO mice) or treated with minocycline from birth for 4 wks (group 3, 17 WT and 16 Fmr1
KO mice) or 8 wks (group 4, 14 WT and 13 Fmr1 KO mice). Groups 1 and 3 were
behaviorally tested prior to weaning at 4 wks of age. Group 4 was treated with minocycline
from birth for 4 wks and continued to receive minocycline for an additional 4 wks after
weaning (8 wks of treatment). Groups 2 and 4 were first tested at 8 wks of age. All groups
were tested a second time 4 wks after treatment was stopped (4+4 wks or 8+4 wks,
respectively). Age-matched untreated WT and Fmr1 KO mice (groups 1 and 2) received
only water.

Adult 2 month old male WT and Fmr1 KO mice were tested prior to treatment. Control
group 1 (15 WT and 19 Fmr1 KO mice) and group 2 (18 WT and 14 Fmr1 KO mice)
received only water. Group 3 (14 WT and 14 Fmr1 KO mice) was treated with minocycline
for 4 wks (4 wks of treatment) and group 4 (16 WT and 16 Fmr1 KO mice) was treated with
minocycline for 8 wks (8 wks of treatment). All groups were tested immediately following
treatment and 4 wks after treatment was stopped (4+4 wks or 8+4 wks, respectively). To
eliminate differences in behavior attributable to retesting, all groups within a specific
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treatment regimen (WT untreated, Fmr1 KO untreated, WT treated and Fmr1 KO treated)
experienced each of the behavioral tasks the same number of times. Overall, re-testing did
not have a significant impact on the performance of young animals. Although re-testing
affected the behavioral performance of adult mice in the open field, re-testing did not favor
either genotype. Behavioral assessments at all ages included the elevated plus maze, open
field test, and marble burying assay.

2.3 Elevated Plus Maze
The elevated plus maze consisted of 4 arms in a plus configuration. Two opposing arms had
15 cm tall walls (closed arms), and 2 arms were without walls (open arms). The entire maze
sat on a stand 1 meter above the floor. Each arm measured 30 cm long and 10 cm wide.
Mice were allowed to explore the maze for 5 min while being recorded by digital video from
above. The examiner left the room during testing. The maze was wiped with 2–3% acetic
acid, 70% ethanol and water between each test to eliminate odor trails. This test was always
done following the open field test. TopScan Lite software was used to measure the percent
of time spent in open arms and velocity. The time spent in open arm was used to evaluate
exploratory behavior, specifically it was expected that animals with higher anxiety spend
less time in the open arms (Carobrez and Bertoglio, 2005). The velocity and total arm entries
were measured to evaluate overall locomotor activity. Assessments of the digital recordings
were done by blinded observers. This test was performed in the afternoon on the same day
as the open field analysis.

2.4 Open Field Test
Mice were tested for exploratory behavior by evaluating their tendency to travel to the
center of an open field (Yan et al., 2004; Yan et al., 2005). A 72×72 cm open field arena
with 50 cm high walls was constructed from opaque acrylic sheets with a clear acrylic sheet
for the bottom. The open field arena was placed in a room that was brightly lit with
fluorescent lights. One mouse at a time was placed in a corner of the open field and allowed
to explore for 5 min while being recorded with digital video from above. The examiner left
the room during testing. The floor was cleaned with 2–3% acetic acid, 70% ethanol, and
water between tests to eliminate odor trails. This test was always performed prior to the
elevated plus maze. Locomotor activity was scored as described previously with some
modifications (Brown et al., 1999; Yan et al., 2005) using TopScan Lite software (Clever
Sys., Inc, Reston, VA 20190). The arena was subdivided into a 4×4 grid of squares with the
middle of the grid defined as the center. A line 4 cm from each wall was added to measure
thigmotaxis. To score locomotor activity the following measures were used: total horizontal
and vertical line crosses, average velocity, number of entries into the center, time spent in
the center, velocity within the center, and velocity along the walls (thigmotaxis). Average
velocity and total line crosses were measured to score locomotor activity. Assessments of
the digital recordings were done by blinded observers. This test was always performed on
animals in the morning.

2.5 Marble Burying Test
Following the open field and elevated plus behavior tests, mice were individually housed in
a 28×17.5×12 cm transparent, plastic cage with 3–4 cm of bedding overnight. The next day
each animal was tested within that same cage for marble burying activity: a test of anxiety
and task perseverance (Njung’e and Handley, 1991; Pan et al., 2008). Specifically, 15 blue
marbles, each 1.4 cm in diameter were evenly spaced within the cage: 4.5 cm apart, 3.5 cm
from the long edge and 4.5 cm from the short edge. Marbles were cleaned with 2–3% acetic
acid, then rinsed with water and thoroughly dried between trials. During testing, cages were
covered with a clear acrylic sheet. Animals were given 30 min of exposure to the marbles
and recorded by digital video from above. Marble burying was assessed as the number of
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individual marbles that the animal actively buried resulting in >90% coverage of the marble
during the test. Assessments were done by a blinded observer who watched the digital
recordings.

2.6 Audiogenic Seizure Susceptibility
Male WT and Fmr1 KO mice were either untreated or treated with minocycline from birth
for 28–30 days. 15 WT and 23 Fmr1 KO mice were tested immediately following
minocycline treatment and prior to weaning, together with age-matched untreated 21 WT
and 26 Fmr1 KO mice. All mice were exposed to a high intensity siren generated by
alternating 500 msec upward frequency modulated (FM) sweeps (2–6 kHz) and 495 msec
downward FM sweeps (6–2 kHz) at an average sound pressure level of 110 dB at 19.5 cm
for 15 min in an empty, transparent plastic cage with an open grid lid (28×17.5×19.5 cm).
The high intensity siren was generated using a custom program (Batlab, Dr. Don Gans, Kent
State University), a Microstar digital signal processing board and Tucker Davis System
programmable attenuators (PA5). The sounds were further amplified with a power amplifier
(Parasound) and presented through a speaker (Fostex FF165K, Madisound, WI) that was
mounted on top of the open grid lid of the plastic cage. The experiment was performed on
one cage of mice at a time (maximum of 5 mice per cage) that was placed in an 8×8 sq ft
sound-proof chamber lined with anechoic foam (Gretch-Ken Industries Inc), with digital
video recording from the long side of the cage. A similar method has been previously shown
to trigger seizures in Fmr1 KO mice of the same age (Yan et al., 2004; Yan et al., 2005).
Audiogenic seizures were scored by a blinded observer who watched videos of the
experiments. Periods of wild running and jumping (WRJ), as well as seizures, were scored
by the time of occurrence, length and type: tonic or status epilepticus. Clonic seizures were
omitted from scoring since they can be subject to the observer’s interpretation. This test was
performed on a separate group of animals that did not undergo any of the other testing
paradigms. Any mouse showing unexpected signs of distress, such as lethargy or poor
grooming, were either treated or euthanized following the recommendations of the campus
veterinarian.

2.7 Statistical Analysis
For analysis of the effects of genotype and treatment two-way ANOVA was used to
compare four groups (WT untreated, Fmr1 KO untreated, WT treated and Fmr1 KO treated
mice) within a specific experiment (4 wks, 8wks, 4+4 wks, or 8+4 wks). All four groups of
animals within a specific experiment were age-matched and experienced each of the
behavioral tasks the same number of times. For open field, elevated plus maze and marble
burying behavior analyses, following ANOVA post-hoc pair-by-pair differences between
groups were resolved with the least significant difference (LSD) using Dunnett’s method
and Hsu’s Multiple Comparison with the Best (MCB) treatment. For audiogenic seizure
behavior analysis when ANOVA was applicable post-hoc pair-by-pair differences between
groups were resolved with the LSD using Dunnett’s method and Hsu’s MCB treatment (Fig.
5B and 5C), otherwise differences between groups were resolved using Fisher’s exact test,
the effects of likelihood chi-square ratio and the odds ratio comparison (Fig. 5A and 5D).

2.8 Measuring IgG Levels
Blood was collected from the minocycline-treated and age-matched untreated young Fmr1
KO mice immediately following the 4 week regimen beginning from birth as well as 6
weeks after administration had ceased. The blood was coagulated for 15 minutes at room
temperature, spun down at 16 × g for 15 minutes at 4°C after which the plasma was saved
and used for analysis. Plasma blood samples were diluted 1:4000 and 1:8000 and analyzed
for total levels of IgG following the protocol for the IgG ELISA (Bethyl Laboratories, E99–
131). Differences between treated and untreated mice were evaluated using student’s t-test.
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2.9 Multi-Kinase ELISA Array
Hippocampi from 4 week minocycline-treated (from birth) or age-matched Fmr1 KO mice
were dissected, lysed and analyzed for relative activation states of various kinases through
analysis of their phosphorylation levels. The phosphorylation of serine (pS), tyrosine (pY) or
threonine (pT) residues of Akt-1 (pS473), Akt-2 (pS474), ERK1/2 (ERK1: pT202, pY204;
ERK2: pT185, pY187), p38 MAPK (pT180, pY182), GSK3α (pS21), and GSK3β (pS9)
were detected following the protocol for the multi-kinase ELISA array (Symansis,
MKA001). Briefly, hippocampi were collected and lysed in a buffer containing 6M urea,
10mM Tris-HCl (pH 7.4), 150mM NaCl, 1mM EDTA, 1mM EGTA, 1mM sodium
pervanadate, 0.5% Triton X-100 and 1% protease inhibitor cocktail. Lysates were diluted
1:2 for analysis of Akt-1/2, ERK1/2, and GSKα/β and were diluted 1:5 for analysis of p38
MAPK. Total protein concentrations were evaluated in hippocampal lysates using the
protocol for the BCA colorimetric protein assay (Pierce, catalog #23235). Three mice were
assayed per genotype and treatment. Statistical analysis was performed using one-way
ANOVA following which post-hoc pair-by-pair differences between groups were resolved
with the Tukey-Kramer method.

3. Results
3.1 Behavioral performance in the elevated-plus maze

Young Fmr1 KO mice were tested for locomotor activity and anxiety in an elevated-plus
maze by measuring time spent in open arms and total number of entries, respectively (Fig.
1). Young Fmr1 KO mice showed increased locomotor activity by making significantly
more total arm entries than WT mice at 4 and 8 wks of age (p = 0.0075 and 0.0350; Fig.
1A), but spent less time in open arm per entry (p = 0.0311 and 0.0310; Fig. 1C). However,
Fmr1 KO mice spent a higher percentage of time in open arms than WT mice (p = 0.0425
and 0.0025; Fig. 1E), most likely due to an increase in total number of entries. Although re-
testing affected the behavioral performance of mice in the elevated plus maze, re-testing did
not favor either genotype. Both WT and Fmr1 KO mice that experienced the test for the
second time at 8 weeks of age (4+4 weeks; Fig. 1D, F) spent less time in the open arm than
mice that experienced the test for the first time at 8 weeks of age (8 weeks; Fig. 1C, E).
Interestingly, age also affected the performance of mice in the elevated plus maze. The
differences between untreated WT and Fmr1 KO mice were less pronounced at 8 wks of age
as compared to 4 wks of age (Fig. 1A, 1C, 1E) and diminished as the mice became older (>
3 months of age, not shown), suggesting that the elevated plus maze becomes a less reliable
indicator in adult mice.

Fmr1 KO mice treated with minocycline for 4 or 8 wks showed less locomotor activity by
making significantly fewer total arm entries (p = 0.0285 and 0.0127; Fig. 1A) and spending
more time in open arm per entry (p = 0.0270 and 0.0144; Fig. 1C), but less total time in the
open arms (p = 0.0357 and 0.0392; Fig. 1E) than untreated Fmr1 KO mice, similar to
untreated WT mice. Minocycline-treated mice showed no visible indications of distress or
lethargy as compared to their untreated counterparts, suggesting that the reduction in
locomotor activity was unlikely to be the result of poor drug tolerance. The effects of
minocycline were maintained in young Fmr1 KO mice when the mice were tested again 4
wks after minocycline treatment was stopped (4+4 wks and 8+4 wks) with greater
differences in total arm entries (p = 0.0063 and 0.0205; Fig. 1B). Minocycline-treated Fmr1
KO mice (4+4 wks and 8+4 wks) also spent significantly more time in open arm per entry (p
= 0.0495 and 0.0089; Fig. 1D), but less total time in the open arms (p = 0.0197 and 0.0350;
Fig. 1F) than untreated Fmr1 KO mice.
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These findings establish that minocycline treatment reduces locomotor activity and anxiety
in young Fmr1 KO mice, as evaluated in the elevated-plus maze, and demonstrate long
lasting benefits of minocycline in young Fmr1 KO mice.

3.2 Minocycline has lasting effects on the behaviors of young Fmr1 KO mice in the open
field test

We used an open field test as another gauge of anxiety and locomotor activity, by
determining the tendency of mice to travel through the center of an open field and the total
number of lines crossed, respectively. Both young and adult Fmr1 KO mice showed
increased locomotor activity with significantly more line crosses (p < 0.001 for all groups;
Fig. 2 and 3). Interestingly, this activity correlated with an increased tendency to travel to
the center of the open field. Young Fmr1 KO mice made significantly more center entries
than WT mice at 4 wks and 8 wks of age (p = 0.0001 and p = 0.0015, respectively, Fig. 2A)
and spent significantly less time in thigmotaxis at 4 wks and 8 wks of age (p = 0.0124 and p
= 0.0134, respectively, Fig. 2E). Similar to the performance in the elevated plus maze, re-
testing affected the behavior of mice in the open field, but did not favor either genotype.
Both WT and Fmr1 KO mice that experienced the test for the second time at 8 weeks of age
(4+4 weeks; Fig. 2B, D) made fewer line crosses and fewer center entries than mice that
experienced the test for the first time at 8 weeks of age (8 weeks; Fig. 2A, C). Minocycline
treatment for 4 wks improved the behavior of young Fmr1 KO mice, as they made
significantly fewer lines crosses (p = 0.0181), fewer entries into the center of the open field
(p = 0.0070), and spent more time in thigmotaxis (p = 0.0131) than untreated Fmr1 KO mice
(4 wks in Fig. 2A, 2C, 2E). Indeed, young Fmr1 KO mice treated with minocycline for 4
wks behaved similar to age-matched WT mice in the open field test.

Beneficial effects of minocycline were maintained in young Fmr1 KO mice 4 wks after
treatment was stopped. Minocycline treated Fmr1 KO mice made fewer center entries (p =
0.0346 for 4+4 wks and p = 0.0122 for 8+4 wks; Fig. 2B) and spend more time in
thigmotaxis (p = 0.0288 for 4+4 wks and p = 0.0385 for 8+4 wks; Fig. 2F) than untreated
Fmr1 KO mice. Minocycline treated Fmr1 KO mice exhibited avoidance of the open field
similar to untreated and treated WT mice. However, increased locomotor activity returned as
no significant differences were found in numbers of total line crosses between minocycline
treated and untreated young Fmr1 KO mice (Fig. 2D). Therefore, minocycline had long-
lasting effects on the tendency of young Fmr1 KO mice to travel through the center of the
open field, but not overall locomotor activity.

3.3 Minocycline effects on the behaviors of adult Fmr1 KO mice in the open field test
The behaviors of adult Fmr1 KO mice in the open field test were also significantly different
than age-matched WT controls with Fmr1 KO mice making significantly more center entries
and more line crosses (Fig. 3). Both 4 and 8 week treatments with minocycline significantly
improved the behavior of adult Fmr1 KO mice in the open field test. That is, the behaviors
of Fmr1 KO mice were similar to WT mice while they were receiving minocycline.
However, the lasting effects of minocycline on center entry, that were also seen in young
Fmr1 KO mice (Fig. 2B, 2F), were lost 4 wks after minocycline treatment was stopped (Fig.
3B). Minocycline treatment of adult Fmr1 KO mice also reduced their total line crosses after
4 wks and 8 wks of treatment (p = 0.0006 and p = 0.0203, respectively, Fig. 3C), and
increased their time spent in thigmotaxis after 8 wks of treatment (p = 0.0005, Fig. 3E), but
these effects were lost 4 wks after treatment was stopped (Fig. 3D, 3F). In most cases both
young and adult Fmr1 KO mice made fewer line crosses after 4 wks and 8 wks of
minocycline-treatment, but the effects were not maintained after treatment was stopped,
indicating that minocycline effects on locomotor activity require continuous treatment in
adult Fmr1 KO mice.
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3.4 Minocycline reduces marble burying behavior in Fmr1 KO mice
A reduced ability to shift focus from one task or object to another is a common trait in FXS
subjects that often manifests as OCD or perseverance. In mice, we analyzed the tendency of
mice to focus on the task of burying marbles placed into their cage. Fmr1 KO mice buried
significantly more marbles than WT mice at 4 and 8 wks of age (p = 0.0337 and p = 0.0057,
respectively; Fig. 4A), and as adults (>2 months; Fig. 4C). Young Fmr1 KO mice treated
with minocycline for 4 or 8 wks buried significantly fewer marbles than untreated Fmr1 KO
mice (p = 0.0168 and 0.0257, Fig. 4A). Untreated adult Fmr1 KO mice buried 10.69 ± 0.40
marbles, compared to only 8.87 ± 0.73 for WT mice (p = 0.0146). A significant reduction in
marble burying activity was also observed in adult Fmr1 KO mice following 4 wks and 8
wks of minocycline treatment (p = 0.0229 and 0.0384, respectively; Fig. 4C). The reduction
in marble burying behavior was lost when adult Fmr1 KO mice were re-tested 4 wks after
treatment was stopped (4+4 wks and 8+4 wks; Fig. 4D). By contrast, the beneficial effects
of an 8 wk treatment on young Fmr1 KO mice lasted at least 4 wks after minocycline
treatment was stopped (p = 0.0117, 8+4 wks in Fig. 4B). These results demonstrate that the
ability to shift focus to new objects or tasks was enhanced by minocycline treatment in both
young and adult Fmr1 KO mice, but its lasting effects were maintained only in young Fmr1
KO mice.

3.5 Minocycline Moderately Reduces Audiogenic Seizures in Fmr1 KO Mice
At 4 wks of age Fmr1 KO mice are highly susceptible to audiogenic seizures (Fig. 5) that
are often fatal (Musumeci et al., 2000; Yan et al., 2004; Yan et al., 2005); whereas, WT
mice are resistant to audiogenic seizures (Table 2). Minocycline treatment reduced seizure
susceptibility in Fmr1 KO mice as the number of animals that never seized significantly
increased after minocycline treatment (p = 0.0491, Fig. 5A), although minocycline treated
Fmr1 KO mice displayed WRJ (Table 2) similar to untreated Fmr1 KO mice. Among the
mice that did seize, minocycline treated Fmr1 KO mice had significantly fewer seizures per
animal (p = 0.0274, Fig. 5B) and a significantly shorter total duration of seizures (p =
0.0215, Fig. 5C), compared to untreated Fmr1 KO mice. This reduction in seizure
susceptibility was accompanied by better survival of Fmr1 KO mice treated with
minocycline, though the difference was not statistically significant (Fig. 5D).

3.6 Impact of minocycline treatment on IgG levels and relative activation states of Akt1/2,
MAP kinases and GSKα/β

Since a rare, but serious side-effect of minocycline treatment is the occurrence of drug-
induced auto-immunity we analyzed IgG levels in young Fmr1 KO mice to determine if
minocycline-treated mice might be more susceptible to auto-immunity than untreated mice.
IgG levels were measured immediately following 4 weeks of minocycline treatment and 6
weeks after treatment had ceased. There were no significant differences in IgG levels
between treated and untreated Fmr1 KO mice (Table 3).

Minocycline has been previously shown to affect the activation states of several kinases,
including Akt-1, Akt-2, ERK1/2, p38 MAPK and GSKα/β, which have also been implicated
in the pathophysiology of FXS (Gallagher et al., 2004; Hou and Klann, 2004; Banko et al.,
2006; Narayanan et al., 2007; Kim et al., 2008; Peineau et al., 2008; Min et al., 2009; Mines
et al., 2010; Sharma et al., 2010). To test whether minocycline treatment also affected
activity of these kinases in Fmr1 KO mice we have measured the relative phosphorylation
levels of these kinases in the untreated WT, untreated Fmr1 KO and minocycline-treated
Fmr1 KO. While we observed significantly higher phosphorylation levels of Akt1, Akt2 and
ERK1/2 in the hippocampus of Fmr1 KO mice as compared to WT mice, minocycline
treatment did not alter the phosphorylation levels of these kinases as it remained
significantly higher in the hippocampus of minocycline-treated Fmr1 KO mice as compared
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to untreated WT mice (Table 4). Interestingly, phosphorylation levels of GSK3α were
significantly lower in Fmr1 KO mice as compared to WT mice, but the difference were less
significant after minocycline treatment, suggesting possible effects of minocycline on GSK
signaling in Fmr1 KO mice that will be explored in future studies.

4. Discussion
Here we report the effectiveness of minocycline treatment in alleviating FXS-like behaviors
in both young and adult Fmr1 KO mice. We have clarified the importance of continuous
minocycline administration in maintaining behavioral benefits in both age groups. Behaviors
such as anxiety and locomotor activity were measured in the open field test by assessing the
tendency of mice to travel to the center of an open field and by scoring the total number of
line crosses, respectively (Yan et al., 2005; Spencer et al., 2011). While differences in open
field behavior are highly dependent upon genetic background, previous studies have
demonstrated increased locomotor activity of Fmr1 KO mice on the FVB background
(Spencer et al., 2011). Others have also reported higher locomotor activity in Fmr1 KO
mice, which also correlated with increased tendency of these mice to travel through the
center of the open field (Yan et al., 2004; Yan et al., 2005). In our studies, minocycline
treatment significantly reduced the total number of center entries and line crosses in both
young and adult Fmr1 KO mice, demonstrating its effectiveness in reducing locomotor
activity in Fmr1 KO mice. Interesting differences emerged in the ways minocycline
treatment affected young versus adult Fmr1 KO animals after the treatment was stopped.
The decreased tendency of young Fmr1 KO mice to travel through the center of the open
field persisted post-treatment, but there was no significant difference in overall locomotor
activity between untreated and treated Fmr1 KO mice after minocycline treatment was
stopped. On the other hand, adult Fmr1 KO mice required continuous minocycline treatment
to maintain reductions in locomotor activity and decreased tendency to travel through the
center of an open field, as both effects were lost 4 wks post-treatment. Increased center
activity in the open field may be an indication of lower anxiety (Prut and Belzung, 2003;
Simon et al. 1994). Notably, drugs that demonstrate anxiolytic properties in humans often
have little or even opposing effects in rodents tested in the open field (Prut and Belzung,
2003); although rodent drug responses do correlate with human anxiolytic behavior when
assessed in the elevated plus maze (Pellow and File, 1986).

Minocycline effect on anxiolytic behavior was also observed in young Fmr1 KO mice in the
elevated-plus maze and was retained 4 wks post-treatment. We and others have found this
test to be a reliable indicator of anxiety in young animals, but inconclusive for adult animals
(Carobrez and Bertoglio, 2005; Qin and Smith, 2008; Bilousova et al., 2009; Romero-Zerbo
et al., 2009; Yuskaitis et al., 2010). Similar to the open field test, we found significant
differences in total number of entries and time spent in the open arms within the elevated
plus maze between young Fmr1 KO and WT mice, both of which were significantly
improved by minocycline. The effects of minocycline on behavior in the elevated plus maze
were maintained 4 weeks post-treatment, demonstrating a prolonged effectiveness for
treating young Fmr1 KO mice.

We have also shown beneficial effects of minocycline on perseverative behavior in Fmr1
KO mice, as indicated by marble burying behavior. While there may be an anxiety
component in this test, marble burying seems to correlate with focus and perseverance, a
facet of obsessive-compulsive tendencies (Gyertyan, 1995; Thomas et al., 2009). Thomas
and colleagues (2009) discovered that mice on the FVB background inherently bury more
than other strains, and that inherent burying and digging behavior significantly decreased if
animals were tested in a familiar environment (“home cage”) where they had been housed
overnight prior to testing (Thomas et al., 2009). Although single-housing is known to be a
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stressor to both C57Bl/6 mice and the albino Swiss male mice (used to derive the original
FVB line; Garattini et al., 1981; Valzelli, 1973; Voikar et al., 2005), the nature of this
perseverance test required that mice be alone in the testing cage. Therefore, habituating the
mice to individual cages overnight prior to testing helped to decrease their initial level of
stress and inherent digging behavior. This experimental design allowed us to determine how
minocycline treatment affected perseverance-like behavior in Fmr1 KO mice. Our results
consistently showed more marble burying in Fmr1 KO mice than WT, and we demonstrated
a significant reduction of this behavior during minocycline treatment in both young and
adult animals. Furthermore, prolonged administration of minocycline was required to
maintain this effect in adult, but not young, Fmr1 KO mice.

From 2–8 years of age, humans with FXS are susceptible to seizures when presented with
loud sounds (Musumeci et al., 1999), which is replicated in young Fmr1 KO mice, most
prominently around 4 wks of age (Yan et al., 2004; Yan et al., 2005). Minocycline treatment
partially attenuated seizure susceptibility in young Fmr1 KO mice by decreasing the number
and duration of seizures per animal, and by increasing the percentage of animals that never
seized, along with a higher survival trend.

Altogether, findings presented here demonstrate that minocycline treatment reverses key
behavioral deficits in Fmr1 KO mice and that these beneficial effects are maintained in
young Fmr1 KO mice even after treatment was stopped, indicating a developmental window
when minocycline treatment is most effective. Although the effects of minocycline
treatment were most profound in young animals, benefits of this drug were not age-restricted
as adult mice also responded to minocycline treatment. These results indicate that
minocycline treatment has promise for treating both young and adult human subjects with
FXS, and benefits may be more permanent when administration is started at an early age.
However, our findings indicate that continuous minocycline treatment may be required to
maintain behavioral improvements in adults. A concern of long-term minocycline treatment
in both young and adult subjects, is a higher risk of developing autoimmunity, which has
been reported to occur in ~1 in 10,000, especially in younger individuals (Elkayam et al.,
1999; Lawson et al., 2001). We analyzed levels of total immunoglobulin G (IgG; Bethyl
Laboratories, E99–131), the class of antibodies responsible for most antibody-based
autoimmunity (Corley, 2004), but we did not detect any elevations after 4 wks of continuous
minocycline treatment or 6 wks after minocycline treatment was stopped in young Fmr1 KO
mice, although a frequency of 1 in 10,000 would not have been detectable in these studies.

Aside from its antibacterial properties minocycline has also been shown to impact brain
function on several levels. Minocycline inhibits microglial proliferation and neuronal
apoptosis through effects on signaling pathways, including changes in mitogen activated
protein kinase (MAPK) activity (Yao et al., 2004; Hashimoto and Ishima, 2010) and Akt
phosphorylation (Pi et al., 2004; Wilkins et al., 2004; Yao et al., 2004; Hashimoto and
Ishima, 2010). FMRP effects on protein synthesis have been suggested to depend on MAPK
activation and the phosphoinositide3-kinase (PI3K)-Akt-mammalian target of rapamycin
(mTOR) pathway (Gallagher et al., 2004; Hou and Klann, 2004; Banko et al., 2006;
Narayanan et al., 2007; Kim et al., 2008; Sharma et al., 2010). Both of these pathways affect
the activation states of glycogen synthase kinases (GSKs), which have also been implicated
in FXS (Peineau et al., 2008; Min et al., 2009; Mines et al., 2010). However, minocycline
treatment did not alter the relative phosphorylation levels of Akt, MAPK or GSK3 in the
hippocampus of 4 week old Fmr1 KO mice.

Our previous work indicated that the beneficial effects of minocycline on dendritic spine
morphology relate to its inhibitory action on matrix metalloproteinase-9 (MMP-9)
expression and activity, and to counteract the increased expression and activity of MMP-9 in
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the hippocampus of Fmr1 KO mice (Bilousova et al., 2009). Earlier studies have shown that
treatment of mice with 30 mg/kg/day of minocycline for 4 wks significantly decreased
MMP-9 expression and activity in young and adult brains (Lee et al., 2006; Bilousova et al.,
2009). It is possible that reducing excessive MMP-9 activity in young animals, during a
critical developmental window, may prevent a delay in synapse development, which would
be expected to impact behavior. More recent clinical studies also report elevated MMP-9
levels in blood plasma of the human subjects with FXS and these levels are reduced during
minocycline treatment (Dziembowska et al., 2013). Therefore, the behavioral effects of
minocycline may be attributable to its effects on MMPs (Siller and Broadie, 2012). Recent
studies by Siller and Broadie (2011) support this hypothesis by demonstrating that TIMP
overexpression, an endogenous MMP inhibitor, and mmp1 deficiency can both rescue
synaptic architecture within the neuromuscular junction of the dfmr1 null mutant, a
Drosophila FXS model (Siller and Broadie, 2011). Minocycline treatment also prevented
both structural over-elaboration and synaptic developmental defects in a wide range of
circuits in dfmr1 null mutants (Siller and Broadie, 2011). Moreover, others have
demonstrated a role for MMP-9 in synaptic plasticity, showing the activity-dependent
dendritic localization and translation of MMP-9 following the induction and maintenance of
long-term potentiation and the elongation and thinning of dendritic spines induced by
MMP-9 activity (Nagy et al., 2006; Bozdagi et al., 2007; Okulski et al., 2007; Wang et al.,
2008; Michaluk et al., 2011; Dziembowska et al., 2012). MMP-9 levels are elevated in mild
cognitive impairment (Bruno et al., 2009) and during experimental epileptogenesis
(Wilczynski et al., 2008), but MMP-9 activation is also necessary for inhibitory avoidance
learning and long-term memory (Nagy et al., 2007). New treatments that focus on more
specific MMP-9 inhibitors may prove beneficial for the treatment of FXS and possibly other
cognitive disorders.
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Effectiveness of minocycline treatment in alleviating FXS-like behaviors in Fmr1
KO mice

Minocycline reduces locomotor activity and anxiety in young and adult Fmr1 KO
mice

Continuous minocycline treatment is required to maintain the effects in adult Fmr1
KO mice

Beneficial effects of minocycline on perseverative behavior in Fmr1 KO mice

Minocycline partially attenuates the number and severity of audiogenic seizures in
Fmr1 KO mice
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Figure 1. Minocycline treatment altered open arm exploration behavior in young Fmr1 KO mice
(A–D) Graphs demonstrate the performance of young Fmr1 KO mice in the elevated plus
maze as measured by the total number of arm entries (A, B) the total amount of time spent in
the open arm per entry (C, D), and the percent of time spent in the open arms (E, F). Young
WT and Fmr1 KO mice were first tested after 4 or 8 wks of treatment (A, C). All mice were
tested a second time 4 wks after the treatment was stopped (4+4 wks or 8+4 wks, B, D).
Vertical bars indicate SEM (n = 16 WT H2O, 23 Fmr1 KO H2O, 17 WT Mino, 16 Fmr1 KO
Mino mice; *, p<0.05; **, p<0.01; ***, p<0.001).
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Figure 2. Minocycline alters the performance of young Fmr1 KO mice in open field test and the
effects are maintained 4 wks post-treatment
(A–D) Graphs demonstrate the performance of young Fmr1 KO mice in the open field as
measured by the number of center entries (A, B), the total number of line crosses (C, D) and
the percent time spent in thigmotaxis (E, F). WT and Fmr1 KO mice were first tested
immediately after 4 or 8 wks of treatment (A, C). All mice were tested a second time 4 wks
after the treatment was stopped (4+4 wks or 8+4 wks, B, D). Vertical bars indicate SEM (n
= 16 WT H2O, 23 Fmr1 KO H2O, 17 WT Mino, 16 Fmr1 KO Mino mice; *, p<0.05; **,
p<0.01; ***, p<0.001).
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Figure 3. Minocycline treated adult Fmr1 KO mice demonstrated reduced hyperactivity and
tendency to travel to the center of an open field, but these effects were not maintained 4 wks
post-treatment
(A–F) Graphs demonstrate the performance of adult Fmr1 KO mice in the open field as
measured by the number of center entries (A, B), the total line crosses (C, D) and the percent
time spent in thigmotaxis (E, F). WT and Fmr1 KO mice were tested immediately after 4 or
8 wks of treatment (A, C). All mice were tested again 4 wks after the treatment was stopped
(4+4 wks or 8+4 wks, B, D). Vertical bars indicate SEM (n = 15 WT H2O, 19 Fmr1 KO
H2O, 14 WT Mino, 14 Fmr1 KO Mino mice; *, p<0.05; **, p<0.01; ***, p<0.001).
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Figure 4. Minocycline decreased perseverative behavior in young and adult Fmr1 KO mice and
demonstrated maintenance of the effect in young Fmr1 KO mice
(A–D) Quantitative analysis of the number of marbles buried by young or adult mice: after 4
or 8 wks (A, C) of continuous treatment and 4 wks after the treatment was stopped (4+4 wks
or 8+4 wks, B, D). Vertical bars indicate SEM (n = 16 WT H2O, 23 Fmr1 KO H2O, 17 WT
Mino, 16 Fmr1 KO Mino young mice, n = 15 WT H2O, 19 Fmr1 KO H2O, 14 WT Mino, 14
Fmr1 KO Mino adult mice; *, p<0.05; **, p<0.01; ***, p<0.001).
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Figure 5. Minocycline moderately reduced susceptibility of P28–30 Fmr1 KO mice to audiogenic
seizures and increased the odds of survival
(A) The percent of animals that never seized. (B) The average number of seizures per
animal. (C) The total duration of tonic seizures. (D) The percent of animals that survived the
test. Minocycline treatment provided a 2-fold increase in the rate of survival in the Fmr1 KO
mice (D) and caused a 7-fold reduction in the seizure activity of Fmr1 KO mice (A). When
applicable, statistical analysis was performed using one-way ANOVA and post-hoc pair-by-
pair differences were resolved using Dunnett’s comparisons with control and Hsu’s multiple
comparisons with the best (B,C). For all other measures, statistical differences were resolved
using Fisher’s Exact Test, effect of likelihood Chi-square test and the odds ratio comparison
(A,D). Vertical bars indicate SEM (n = 21 WT H2O, 26 Fmr1 KO H2O, 15 WT Mino, 23
Fmr1 KO Mino mice;*, p<0.05; **, p<0.01; ***, p<0.001 indicate significant differences
between treated and untreated Fmr1 KO mice).
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TABLE 3

Effects of minocycline treatment on IgG levels

IgG (μg/mL)

Genotype Treatment Number of Mice Tested 4 weeks 4+6 weeks

H2O 6 65.99 ± 4.60 260.09 ± 28.91

Mino 7 71.03 ± 22.25 278.93 ± 35.30
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