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Abstract

Background: Fragile X Syndrome (FXS) occurs as a result of a silenced fragile X mental retardation 1 gene (FMR1)
and subsequent loss of fragile X mental retardation protein (FMRP) expression. Loss of FMRP alters excitatory/inhibitory
signaling balance, leading to increased neuronal hyperexcitability and altered behavior. Acamprosate (the calcium salt
of N-acetylhomotaurinate), a drug FDA-approved for relapse prevention in the treatment of alcohol dependence in
adults, is a novel agent with multiple mechanisms that may be beneficial for people with FXS. There are questions
regarding the neuroactive effects of acamprosate and the significance of the molecule’s calcium moiety. Therefore, the
electrophysiological, cellular, molecular, and behavioral effects of acamprosate were assessed in the Fmr1-/y (knock out;
KO) mouse model of FXS controlling for the calcium salt in several experiments.

Methods: Fmr1 KO mice and their wild-type (WT) littermates were utilized to assess acamprosate treatment on cortical
UP state parameters, dendritic spine density, and seizure susceptibility. Brain extracellular-signal regulated kinase 1/2
(ERK1/2) activation was used to investigate this signaling molecule as a potential biomarker for treatment response.
Additional adult mice were used to assess chronic acamprosate treatment and any potential effects of the calcium
moiety using CaCl2 treatment on behavior and nuclear ERK1/2 activation.

Results: Acamprosate attenuated prolonged cortical UP state duration, decreased elevated ERK1/2 activation in brain
tissue, and reduced nuclear ERK1/2 activation in the dentate gyrus in KO mice. Acamprosate treatment modified
behavior in anxiety and locomotor tests in Fmr1 KO mice in which control-treated KO mice were shown to deviate
from control-treated WT mice. Mice treated with CaCl2 were not different from saline-treated mice in the adult
behavior battery or nuclear ERK1/2 activation.

Conclusions: These data indicate that acamprosate, and not calcium, improves function reminiscent of reduced
anxiety-like behavior and hyperactivity in Fmr1 KO mice and that acamprosate attenuates select electrophysiological
and molecular dysregulation that may play a role in the pathophysiology of FXS. Differences between control-treated
KO and WT mice were not evident in a recognition memory test or in examination of acoustic startle response/
prepulse inhibition which impeded conclusions from being made about the treatment effects of acamprosate in
these instances.
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Background
Fragile X syndrome (FXS) is typically the result of a
hypermethlyated cytosine-guanine-guanine (CGG) trinu-
cleotide repeat expansion in the 5’ UTR of the Fragile X
mental retardation 1 gene (FMR1), leading to its silencing
and subsequent loss of its protein product, fragile X mental
retardation protein (FMRP). FXS is the most prevalent,
known single gene cause of developmental disability and
autism spectrum disorder (ASD), occurring in 1:4000 males
and 1:4000–6,000 females [1, 2]. FXS has a broad range of
interfering phenotypic features including attention-deficit/
hyperactivity disorder (ADHD) symptoms, aggression, self-
injurious behavior, obsessive compulsive disorder-like
behavior, hyperarousal to sensory stimuli, perseverative
language, sleep issues, increased anxiety, increased risk for
seizures, social and communication difficulties, and im-
paired cognition [3–5]. It is believed that these symptoms
can largely be attributed to an altered balance in excitatory
and inhibitory (E/I) neurotransmission in the FXS brain
due to FMRP’s roles in synaptic plasticity and activity-
dependent protein translation.
The E/I imbalance associated with FXS is driven, in part,

by an increase in glutamatergic signaling events through
group I metabotropic glutamate receptors (mGluRs), spe-
cifically mGluR5 [6–10]. Along with increased excitatory
signaling, FXS is also characterized by reductions in γ-
aminobutyric acid (GABA) signaling. Deficits in GABAer-
gic signaling including reduced expression of GABA(A)
receptor subunits, changes in the expression of the GABA
synthesizing enzymes, and impaired tonic and phasic in-
hibition have been found in various brain regions includ-
ing hippocampus, striatum, amygdala, and cortex in the
Fmr1-/y (knock out; KO) mouse model of FXS [11–15].
FXS-associated alterations in the density and maturity of
dendritic spines may also contribute to the E/I imbalance
since these cellular components contain the post-synaptic
elements of most glutamatergic synapses. Early reports in
post-mortem, FXS human, Golgi-Cox stained tissue dem-
onstrated an increased spine density and an abundance of
immature appearing spines [16–18]. These results were
also observed in subsequent studies of Golgi-Cox stained
tissue from Fmr1 KO mice [9, 19–23]. Fmr1 KO mice also
exhibit an increased duration of persistent cortical activity,
or UP states, and decreased synchrony of inhibitory activ-
ity in response to thalamic stimulation, in line with ele-
vated excitation and reduced inhibition [24]. It has also
been shown that the increased UP state duration can be
reversed through the genetic reduction of mGluR5 expres-
sion in Fmr1 KO mice [25]. Juvenile Fmr1 KO mice are
also more susceptible than wild-type (WT) mice to audio-
genic seizures, further supporting dysregulation in E/I
balance in these mice [26].
Increased glutamatergic signaling and glutamate bind-

ing at mGluRs, which is observed in FXS, can modulate

synaptic plasticity and gene transcription through activa-
tion of the extracellular signal-regulated kinase 1 and 2
(ERK1/2) pathway and lead to altered behavior [27].
ERK1/2 are central elements of intracellular signaling
governing neuronal development [28, 29], synaptic plasti-
city [30], and memory formation [31], which are all pro-
cesses altered in FXS. The isoforms, ERK1, and ERK2,
exhibit significant functional redundancy and are thought
to have resulted from single gene duplication at the onset
of vertebrate evolution [32]. Both exhibit a similar three
dimensional structure and are ubiquitously expressed
in mammals with similar specific activity [33, 34].
ERK1/2 are activated by phosphorylation at threonine
and tyrosine residues within their activation loop by
upstream mitogen-activate protein kinase kinases,
MEK1, and MEK2, leading to ERK1/2-facilitated trans-
duction of extracellular signals [35]. ERK1/2 activation
has been shown to be elevated in Fmr1 KO mouse
brain tissue, mouse blood lymphocytes, and can be at-
tenuated by treatment with mGluR5 antagonists in
mice [7, 36, 37]. Furthermore, brain ERK1/2 activation
levels have been shown to be elevated in humans with
FXS (post-mortem), and human blood lymphocyte activa-
tion kinetics are responsive to lithium therapy, suggesting
that ERK1/2 alterations in FXS may be amenable to
pharmacological treatment [38, 39]. Open-label acampro-
sate treatment in persons with FXS has been shown to
modulate amyloid precursor protein (APP) and brain-
derived neurotrophic factor (BDNF), both upstream regu-
lators of ERK1/2 signaling [40–44]. ERK1/2 activation has
been implicated in various seizure models and is also
thought to play a role in Fmr1 KO mouse audiogenic seiz-
ure susceptibility, further linking this signaling pathway
with E/I imbalance and suggesting a central role in the
pathophysiology of FXS [39, 45, 46].
Over the past 10 years, significant effort in FXS treat-

ment development has focused on attenuating this E/I
imbalance in the FXS brain. Recently in FXS clinical
study, novel drugs specifically targeting a single recep-
tor system involved in maintaining E/I balance, namely
mGluR5, α-amino-3-hydroxy-5-methyl-4-isoxazolepropio-
nic acid receptor (AMPA), or GABA(B) receptors, have
been unsuccessful in clinical trial development [47].
Large-scale placebo-controlled trials have not demon-
strated robust clinical improvement at the chosen doses,
in the ages tested, and with the primary outcome mea-
sures utilized [48–50]. Acamprosate, an FDA-approved
drug for the maintenance of alcohol abstinence, has pleo-
tropic effects at multiple receptors and molecular signal-
ing cascades that are disrupted in FXS, and has a good
safety profile. Data within the alcoholism literature suggest
that this drug could attenuate or reverse multiple points
of glutamatergic dysfunction, potentially leading to im-
proved E/I balance and ultimately improved behavior in
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FXS individuals [51, 52]. Although the exact mechanisms
of acamprosate are unknown, and despite claims that the
activity of acamprosate is due to calcium rather than N-
acetylhomotaurinate [53], it is suspected to have pleotro-
pic effects via mGlur5, GABA, and NMDA receptors to
reduce neuronal hyperexcitability. Acamprosate has
been demonstrated to bind at a spermidine-sensitive
site at the N-methyl-D-aspartate (NMDA) glutamate
receptor, have properties consistent with mGluR5 an-
tagonism and GABA(A) agonism, and modulate dopa-
mine release via glycine and nicotinic acetylcholine
receptors [54–59].
Acamprosate has been assessed in several small open-

label trials in FXS with benefits in the Clinical Global
Impressions–Improvement (CGI–I) scale, as well as in
other scales and checklists indicating improvements in
social behavior and reductions in inattention/hyper-
activity [41, 60]. Acamprosate is currently being investi-
gated in a placebo-controlled trial in FXS
(clinicaltrials.gov, NCT01911455). The current mouse
studies were undertaken to identify electrophysio-
logical, cellular, molecular, and functional changes asso-
ciated with acamprosate treatment in the context of
FXS and the E/I imbalance in the Fmr1 KO mouse. Un-
certainty regarding the calcium moiety of the acampro-
sate molecule and its effects on the drug’s neuroactivity is
a critical question for future acamprosate drug develop-
ment in FXS, and has come under debate in the chronic
alcohol exposure field [53, 61–63]. Therefore, the contri-
bution of the calcium moiety using CaCl2 treatment,
controlling for the same number of Ca2+ ions as in
the acamprosate dose, was also investigated in Fmr1
KO and WT mice to determine the presence of any po-
tential contribution to behavioral outcomes and ERK
activation following chronic treatment.

Methods
For the following experiments, two age groups were
assessed: juvenile (P17-25; audiogenic seizure test and
UP states) and adult (5–7 months; adult behavior and
dendritic spine/ERK analyses). Fmr1 KO mice (C57BL/
6J background) are only susceptible to audiogenic sei-
zures during early developmental periods. Additionally,
UP state recordings are technically challenging when
assessing adult brains and therefore we were unable to
perform both of these tests at adult ages. Many of the
behaviors assessed in the adult behavior battery are dif-
ficult to test during juvenile periods and therefore mice
of adult ages were utilized for the behavior battery.
Since acamprosate was ineffective at modulating juven-
ile behavior (seizures), but modulated adult behavior
(elevated zero and locomotor behavior), efforts were
concentrated on adult brain analyses (dendritic spine
analyses, ERK activation).

Neocortical slice preparation and UP state
recordings
Spontaneous UP states were recorded from layer IV of
acute neocortical slices prepared from male WT and
Fmr1 KO mice (P18-P25) on a C57BL/6J background as
described previously [25, 64]. We [25] and others [65]
have shown that UP state activity in layers IV and V is
highly correlated. This is because UP states reflect the
synchronous activity of populations of neurons and cir-
cuits in the cortex, so the layer IV and V neurons are fir-
ing relatively synchronously. In Fmr1 KO slices, UP state
duration is longer in both layers IV and V and are also
highly correlated. We chose to measure layer IV UP
states in this study because spontaneous, brief or non-
UP state activity is greater in layer V and this contributes
to a higher baseline “noise” which makes detection of
UP state activity more difficult in layer V. In layer IV re-
cordings, there is less inter-UP state activity and thus
UP states are more accurately detected and measured. In
the current experiment, 4 WT mice and 10 Fmr1 KO
mice were anesthetized with ketamine (125 mg/kg)/xyla-
zine (25 mg/kg) and decapitated. The brain was trans-
ferred into ice-cold dissection buffer containing the
following (in mM): 87 NaCl, 3 KCl, 1.25 NaH2PO4, 26
NaHCO3, 7 MgCl2, 0.5 CaCl2, 20 D-glucose, 75 sucrose,
1.3 ascorbic acid, and 1.5 Kinurenic acid aerating with
95% O2–5% CO2. Thalamocortical slices (400 μm) were
made on an angled block [66] using a vibratome (Leica
VT 1200 Plus). Thalamocortical slices were immediately
transferred to an interface recording chamber (Harvard
Instruments) and allowed to recover for 1 h in ACSF at
32 °C containing the following (in mM): 126 NaCl, 3
KCl, 1.25 NaH2PO4, 26 NaHCO3, 2 MgCl2, 2 CaCl2, and
25 D-glucose. The original observation of these main-
tained states was used with thalamocortical slices and
using thalamically evoked UP states [24]. Even though
thalamic connections to cortex are not required to ob-
serve UP states or to observe prolonged UP states in
Fmr1 KO mice, as determined in Hays et al. 2011, this is
a common slice preparation.
For UP state recordings, 60 min before the beginning

of a recording session, slices in the interface chamber
were perfused with an ACSF that mimics physiological
ionic concentrations in vivo [24, 65] and contained the
following for vehicle (VEH)-treated slices (in mM): 126
NaCl, 5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 1 MgCl2, 1
CaCl2, and 25 D-glucose. For the acamprosate-treated
slices, the previous buffer was used to dilute acamprosate
(N-acetylhomotaurinate; 3-(Acetylamino)-1-propanesulfo-
nic acid hemicalcium salt; IND Swift Laboratories; USP) to
a 200 μM concentration. Following the 60-min incubation
with VEH or acamprosate buffer, spontaneously generated
UP states were recorded using 0.5 MΩ tungsten micro-
electrodes (FHC) placed in layer IV of the somatosensory
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cortex (WT +VEH, n = 16; WT+Acamp, n = 14; KO +
VEH, n = 27; WT+Acamp, n = 25 slices). 5 min of spon-
taneous activity was collected from each slice. Recordings
were amplified 10,000× and filtered online between 500
and 3 kHz. All measurements were analyzed off-line using
custom Labview software. For visualization and analysis of
UP states, traces were offset to zero, rectified, and low-
pass filtered with a 0.2 Hz cutoff frequency. The threshold
for detection was set at 5× the root mean square noise. An
event was defined as an UP state when its amplitude
remained above the threshold for at least 200 ms. The end
of the UP state was determined when the amplitude
decreased below threshold for >600 ms. Two events
occurring within 600 ms of one another were grouped
as a single UP state. UP state amplitude was defined
based on the filtered/rectified traces and was unit-less
because it was normalized to the detection threshold.
This amplitude may be considered a coarse indicator
of the underlying firing rates of neuronal populations.
UP state duration, amplitude, and number of events
were analyzed by two-way ANOVA with gene (KO,
WT) and drug (VEH, 200-μM acamprosate (+Acamp))
as factors. Pairwise comparisons were performed and
corrected with FDR (two-tailed).

Mice for in vivo treatment studies
For dendritic spine quantification, ERK1/2 activation,
and behavior studies, a breeding colony of Fmr1 KO
mice [67] was established in the Rodent Barrier Facility
at Cincinnati Children’s Research Foundation (CCRF).
All protocols were approved by the CCRF Institutional
Animal Care and Use Committee. Animals were main-
tained with regulated light cycles (14:10 h light:dark
cycle, lights on at 600 h) with controlled temperature
(19 ± 1 °C) and humidity (50 ± 10%). Test subjects were
generated from the mating of female Fmr1+/− mice to
male WT mice on a C57BL/6J background. Mice from
these pairings were used as test subjects for all experi-
ments except UP state recordings (described above).
Mice were genotyped on postnatal day (P) 10 by ear clip
and weaned on P28. Adult male Fmr1 KO and WT lit-
termates were used for experiments and group housed
throughout testing (2–4 per cage).

Juvenile audiogenic seizure test
Male Fmr1 KO and WT littermates were housed with their
litter and dam, and were treated via intraperitoneal (IP) in-
jection with saline (SAL; USP) or 500 mg/kg acamprosate
(expressed as the free base) once per day (10 ml/kg dosing
volume) from P17–21 (n = 13–17 per group). 30 min fol-
lowing the fifth dose on P21, mice were assessed in an
audiogenic seizure test which consisted of a two-minute
priming tone (120-dB siren), which does not typically in-
duce seizure behavior, followed by 1 min of silence and

then a second tone (120-dB siren) lasting an additional
2 min. Each mouse was tested alone in a static mouse
cage free of bedding. A Mugger Stopper Plus personal
alarm was used to generate the tone and was placed on
the filter cage lid with the speaker facing down into the
cage. The battery was replaced often to ensure the
sound intensity was always at maximum. During the
second tone, behavior response was scored as 0, 1, 2, 3,
or 4 describing the least severe response of 0 indicating
no altered behavior, followed by 1 indicating wild-
running, 2 indicating clonic seizure (rapid limb flexion
and extension), 3 indicating tonic seizure (static limb
extension), and 4 indicating the most severe response
of cardiac arrest [68]. No seizure behavior was observed
during the priming tone for this cohort of mice. Seizure
severity during the second tone was calculated by using
an animal’s most severe response number. Seizure se-
verity was analyzed by the Exact Wilcoxon Rank sum
test for non-parametric data. Treatment group (WT +
VEH, WT + Acamp, KO + VEH, and KO + Acamp) was
used with exact probabilities calculated to determine
pairwise group comparisons. These group comparisons
were corrected using the FDR method.

Dendritic spine and ERK1/2 quantification
Male Fmr1 KO and WT littermates (6–7 months old)
received once daily treatment (10 ml/kg volume) with
300 mg/kg acamprosate (expressed as the free base;
IND-Swift Laboratories; USP) or USP saline vehicle
(SAL) for 26 days and were sacrificed 1 h following their
last dose (6 mice per group). These mice were used to
pilot behavior studies in Fmr1 KO mice with acampro-
sate treatment, but were not included in the adult be-
havior analysis due to modified behavior protocols
used in the adult behavior battery described below and
the small number of mice tested in this group. Mice
for ERK1/2 and spine analyses were not handled for 3–
5 days prior to sacrifice with the exception of the con-
tinued once daily IP treatment injection. Particular
care was taken to minimize stress on the final day of
treatment and mice were removed from their cage,
which was kept in their permanent housing room and
transferred directly to necropsy one at a time. Decapi-
tation occurred within 30 sec from removal of the mice
from the housing room. Brains were removed and
maintained on ice. For ERK1/2 determinations, the
hippocampus and a 1-mm-thick section of striatum
were removed from one hemisphere and rapidly frozen
onto a stainless steel plate over dry ice. Once frozen,
brain tissue was transferred to a microfuge tube and
stored at −80 °C until assayed. The remaining hemi-
sphere was rinsed with Milli-Q water and immersed in
the impregnation solution to begin the Golgi staining
process (see below).
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Dendritic spine quantification
One hemisphere per animal (5 animals per treatment
group) was processed for Golgi staining using FD Rapid
GolgiStain™ Kit (FD NeuroTechnologies Inc.) according
to manufacturer instructions. Golgi-Cox stained brains
were sectioned at 150 μm thickness onto gelatin-coated
slides using a cryostat, processed according to manufac-
turer’s directions, and coverslipped in DPX mounting
medium. Five layer V pyramidal neurons from the som-
atosensory cortex with intact apical dendrites extending
at least 150 μm from the soma were selected from each
animal (n = 25 cells per treatment group). Due to the na-
ture of staining and method of cell counting, cells with
isolated dendrites (not overlapping with other cell pro-
cesses) were preferentially chosen so that overlapping
areas did not impede spine counting. Z stacks containing
the apical dendrite were obtained using an upright
bright-field microscope (Zeiss Axioplan 2; Axiovision
software 4.8) equipped with a 40× oil immersion object-
ive, with a Z step of 0.15 μm, which typically generated
250 optical sections for each cell. Each apical dendrite
was subdivided into six 25-μm-long segments, and den-
dritic spines were counted manually using Neurolucida
(MBF Bioscience) tracing software while scrolling through
the Z stacks. Data were analyzed by three-way mixed fac-
tor ANOVA with gene and drug as between factors and
segment as a within factor. Slice effects and pairwise com-
parisons with FDR adjustment were performed.

ELISA quantification of ERK1/2 activation
For total protein determination, the hippocampus and
striatum were homogenized in ice-cold RIPA buffer (500
and 100 μl, respectively) with the fresh addition of HALT
phosphatase inhibitor cocktail (ThermoScientific) and
protease inhibitor cocktail (Sigma) and assayed using the
Pierce BCA Protein Assay Kit (ThermoScientific) accord-
ing to manufacturer’s instructions. Samples were diluted
to 50 μg/ml for phosphorylated ERK1/2 (pERK1/2) and
2.5 μg/ml for ERK1/2 total prior to analysis. pERK1/2 and
ERK1/2 total were analyzed by semiquantitative Simple-
Step ELISAs (enzyme-linked immunosorbent assay;
ABCAM; phosphoERK1/2 pT202/Y204, ab176640 and
ERK1/2 total, ab176641) according to manufacturer’s in-
structions. Briefly, supplied concentrated capture and de-
tector antibody was diluted in supplied antibody dilution
buffer. Standards were prepared as directed and 50 μl of
samples and standards were added to each well and
assayed in duplicate. The optical density (OD) was read at
450 nm. Data were verified to fall within the linear range
of the standard curve. These ELISAs are semiquantitative
with standards supplied at an unknown concentration of
phosphorylated recombinant ERK protein and do not
allow for the exact concentration of pERK1/2 or ERK1/2
total. Therefore, mean OD of duplicate samples was used

for calculations. ERK1/2 total and the ratio of pERK1/2
over ERK1/2 total normalized to WT+ SAL were analyzed
by two-way ANOVA with genotype (WT or Fmr1 KO)
and drug (SAL, 300 mg/kg acamprosate) as factors.
For pERK/ERK total, a priori comparisons between
the WT + SAL and KO + SAL groups, and the KO +
SAL and KO + Acamp groups were performed with
predictions of increased pERK/ERK total ratio in the
KO + SAL group compared to the WT + SAL control,
and decreased ratio in the treated KO mice compared
to SAL-treated KO group in both the striatum and
hippocampus. All pair-wise comparisons were cor-
rected using FDR.

pERK/NeuN immunostaining
60 min following a final treatment dose (2 days following
the completion of the adult behavior battery), the ani-
mals were deeply anesthetized with pentobarbital and
transcardially perfused with 5-mL ice-cold 1× PBS
followed by 4% PFA. Whole brains were sectioned cor-
onally using a Leica SM2000R freezing, sliding micro-
tome at 35 μm. Tissue sections were bleached in 3%
H2O2 for 30 min. Sections were then blocked in 10%
normal donkey serum (NDS) for 1 h. Sections were in-
cubated in 1:400 rabbit, anti-pERK1/2 primary antibody
(#4370; Cell Signaling) for 48 h followed by incubation
in 1:200 swine, anti-rabbit, biotinylated secondary anti-
body (E0353; Dako) solution for 3 h. Following second-
ary, tissue was incubated for 1 h in ABC solution
(VECTASTAIN Elite ABC HRP Kit; Vector) which was
prepared 30 min prior to use. Tissue was then incubated
in tyramide biotin solution prepared in 0.1-M Borate
buffer, pH 8.0 with 0.003% H2O2 for 10 min. Tissue was
then incubated with 1:200 Alexa 488 conjugated strepta-
vidin (Jackson ImmunoResearch) for 2 h. Sections were
then placed in 1:500 mouse, anti-NeuN primary anti-
body (MAB377; Milllipore) solution overnight. Sections
were then incubated in 1:200 donkey anti-mouse Alexa
594 conjugated secondary antibody (Jackson ImmunoR-
esearch) for 2 h. All steps were performed at room
temperature. Sections were washed between incubations
3 times in 1× KPBS with 0.2% Triton X-100 for 10 min
per wash. All antibody solutions were prepared in 1×
KPBS with 0.2% Triton X-100 and 2% NDS. Images were
acquired using a Nikon A1 inverted, single photon, con-
focal microscope, using a 4× objective with pixel size
minimized to the Niquist limit. Images were taken
from sections at −2.5 mm from Bregma, and pERK1/2
positive cells were identified using the General Ana-
lysis functionality in NIS-Elements. ROIs were then
manually applied and pERK1/2 positive nuclei were
automatically counted using NIS-Elements. Neuronal
identity of cells was assessed by colocalization of
pERK1/2 with NeuN.
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Adult behavior battery
Drug treatment
For the groups of mice that were assessed in the adult be-
havior battery (and subsequent pERK1/2 immunostain-
ing), male WTand Fmr1 KO littermates (5–7 months old)
were randomly assigned to a treatment group and treated
once daily with 0 (SAL vehicle), 300 mg/kg of acamprosate
calcium (expressed as the free base), or 122.2 mg/kg cal-
cium chloride USP (CaCl2 × 2H2O; Sigma-Aldrich) in a
volume of 10 ml/kg via IP injection. Note that calcium salt
and acamprosate calcium contained equivalent amounts
of Ca2+ ions (0.8 mmol/kg/day). Dosing commenced
10 days prior to, and continued throughout behavior test-
ing. Drug treatment occurred between 0900 and 1100 h
with an interval of 60 min between drug treatment and
the start of behavior assessment each day. Mice were
treated for a total of 21 days (9–13 mice per treatment
group were tested). Adult behavior analysis was completed
in two separate cohorts with genotype and drug group
combinations balanced across cohorts. Data are shown as
single treatment groups since no differences between
cohorts were apparent.

Dose selection
The dose used in the current study was based on previ-
ously published reports in rodents which demonstrated
that > 100 mg/kg was needed to reduce alcohol craving
and nicotine-seeking behavior, and 200 mg/kg was re-
quired to improve transient hemispheric ischemia-induced
neurological deficits [69, 70]. The therapeutic dose of
acamprosate for alcohol withdrawal and the current adult
FXS treatment dose is ~2 g/day for an average 70 kg hu-
man subject (equivalent to 28.5 mg/kg). Using the human
equivalent dose based on body surface area calculation for
inter-species dose scaling, the daily mouse adult behavior
battery dose (300 mg/kg; free base) is equivalent to 1.9 g/
day in a 70 kg human ((333 mg/kg × 3/37 (mouse to hu-
man ratio) = 27) × 70 kg adult = 1.9 g dose).

Behavior analysis
Behavior was assessed during the light portion of the
light/dark cycle, and food and water were available ad
libitum except during behavior testing. Mice began test-
ing on day 11 of treatment. To minimize the impact of
stress during behavioral testing, mice were transported
across the hallway to the Rodent Behavior Core and
dosed with SAL, CaCl2, or acamprosate and allowed at
least 60 min in the testing room to acclimate before be-
havior assessment daily. Elevated zero maze was the only
exception in which mice were brought into the testing
room one at a time just prior to being placed on the
maze in order to get an accurate anxiety assessment.
Animals were tested in only one paradigm per day and
were given at least 1 day of rest in between each test

(drug treatment continued even on resting days). Behav-
ior was evaluated in the following order so that tests eas-
ily influenced by stress were completed early during the
behavior battery: elevated zero maze, locomotor activity,
novel object recognition, acoustic startle habituation,
and prepulse inhibition. Apparatus surfaces were cleaned
with Process NPD (Steris) before and between animals.

Elevated zero maze (EZM)
The EZM was used to assess anxiety-like behavior as
previously described with modification of the maze size
[71]. Briefly, mice were transported from the housing
room to the testing room individually and placed on the
apparatus. The experimenter exited the room immedi-
ately after placing the mouse in one of the closed quad-
rants of the apparatus. A camera mounted above the
maze connected to a computer located outside the room
was used to observed and score, in real-time, time in open
quadrants, number of head dips, number of open arm en-
tries, and latency to first enter an open quadrant during a
single 5 min trial (ODLog, Macropod Software). The test
room was dimly lit (30 lux (lx)) to encourage exploration
of the test environment. Two mice were removed from
the EZM analysis after falling from the maze.

Locomotor activity
Activity analysis in an open field, an overall indication of
an animal’s activity level, is sensitive to sedative drugs or
those inducing stereotypy or catatonia, and is especially
useful in better interpreting other tasks that depend on
the overall activity of the animal. Locomotor activity was
measured in infrared photocell activity chambers (41 ×
41 cm; PAS Open Field, San Diego Instruments, San
Diego, CA) for 1 h. Number of beam breaks was re-
corded during 5 min intervals for a total of 12 intervals
and analyzed by three-way ANOVA with repeated mea-
sures. Room lights were at full level (1200 lx).

Novel object recognition (NOR)
A solid black enclosure with dimensions
19.5 cm L×40 cm W×35 cm H was used to assess NOR.
During the familiarization phase, mice were presented
with two identical objects for a total of 5 min. Mice were
returned to their cage and left undisturbed for 30 min.
Next, mice were placed back in the enclosure with a
novel object and one identical copy of the familiarization
phase objects. Pilot mice were previously shown to have
no inherent preference for familiar or novel objects used
in this test (data not shown). The amount of time each
mouse spent paying attention to the familiar and novel
objects during the familiarization and test phases was
recorded using OD Log (Macropod Software) for the
5 min duration of each phase. Time spent paying atten-
tion was recorded when the mouse was oriented toward
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the object with snout within 1 cm of the object or when
forepaws were up against the object. Mice in these cohorts
did not climb on top of the objects used for this test. The
discrimination index (DI; novel object time—familiar ob-
ject time/novel object time + familiar object time) was
used to determine the degree of object memory. Dim
lighting conditions (20 lx) were used to reduce anxiety
and encourage object exploration during both phases. Six
mice were removed from the NOR analyses due to accu-
mulating less than 6 s of total time paying attention to the
objects during the test phase. Total exploration time
and DI during the test phase were analyzed separately
by two-way ANOVA.

Acoustic startle habituation and prepulse inhibition (PPI)
Acoustic startle habituation and PPI were assessed in a
sound-attenuating test chamber (SR-LAB apparatus; San
Diego Instruments, San Diego, CA) as previously de-
scribed with modifications [72]. Mice were placed in an
acrylic cylindrical holder that was mounted on a plat-
form with a piezoelectric force transducer attached to
the underside of the platform. For both habituation and
PPI, a 5 min acclimation period preceded test trials. For
habituation, each animal received 50 repeated 20 ms
120 dB SPL mixed frequency sound bursts (1.5 ms rise
time). Maximum velocity for each trial (Vmax; measured
in arbitrary units; a.u.) was analyzed by repeated mea-
sures three-way ANOVA. For PPI, each animal received
a 5×5 Latin square sequence of trials that were of five
types: startle stimulus (SS) with no prepulse (PPI0), no
SS with no prepulse, 73 dB prepulse + SS, 77 dB pre-
pulse + SS, or 82 dB prepulse + SS. The startle signal was
a 20 ms 120 dB SPL mixed frequency sound burst
(1.5 ms rise time). Prepulses preceded the startle-
eliciting stimulus by 70 ms (onset to onset). The startle
recording window was 100 ms. Background noise level
was 70 dB. Each set of 25 trials was repeated 4 times for
a total of 100 trials. The inter-trial interval averaged 14 s
and varied randomly from 8–20 s. Percent PPI was cal-
culated as (100*(Vmax at PPIxx/max velocity PPI0) for
the PPI trials. Percent PPI at each prepulse level was an-
alyzed by three-way mixed factor ANOVA with gene
and drug as between factors and PPI Trial Type as a
within factor (Table 1). Two mice were removed from
the startle habituation analysis and one removed from
the PPI analysis due to equipment errors in data record-
ing (i.e., no data recorded by software).

Statistics
All data were analyzed using mixed linear factorial ana-
lysis of variance (ANOVA; Proc Mixed) with the excep-
tion of seizure severity score in which the Exact
Wilcoxon Rank sum for non-parametric data was used
(SAS v9.2, SAS Institute, Cary, NC). Significant main

effects and interactions were followed-up with pairwise
group comparisons using the false discovery rate (FDR)
method to control for multiple comparisons [73]. Spe-
cific details relating to between and within factors, pre-
planned tests, and repeated measures were briefly
described above with specifics detailed in the Results.
All behavioral coding, slice analyses, spine counting, and
molecular assays were performed by experimenters blind
to genotype and treatment group. Data are shown as
least squares (LS) mean ± standard error of the mean
(SEM) for model consistency with the exception of seiz-
ure severity, in which ordinary means and SEM are
shown. A p value of less than 0.05 was considered sig-
nificant and trends are reported at p < 0.1.
For the adult behavior battery and subsequent pERK1/2

immunostaining, an initial analysis was performed for
each measure to determine if there were differences be-
tween the SAL- and CaCl2-treated control groups (F ratios
listed in table format (Additional file 1: Tables S1 (two-
way ANOVAs) and S2 (three-way ANOVAs)). No differ-
ences in any behavior or immunostaining measure were
detected with SAL and CaCl2 treatment (Additional file 1:
Figure S1) and therefore these groups were combined
for the final analyses with significant and trending
main effects and interaction statistics shown in the text
with ‘control combined’ F ratios listed in table format
(Additional file 1: Tables S3 (two-way ANOVAs) and
S4 (three-way ANOVAs)).

Results
UP state recording
Juvenile Fmr1 KO neocortical circuits are hyperexcitable
as revealed by the long duration of spontaneous persist-
ent, activity, or UP states of neuron networks [25]. Here
we measured UP states with extracellular, multiunit re-
cordings in layer IV of acute slices of somatosensory, or
barrel, neocortex from WT or Fmr1 KO mice littermates
with bath application of acamprosate or vehicle (Fig. 1a).
Duration and amplitude for each UP state as well as the

Table 1 Summary of baseline control-treated KO and WT effects
and KO acamprosate treatment effects

Baseline effects
KO_Controls vs. WT_Controls

KO acamprosate treatment effects
KO + Acamp vs. KO_Controls

Increased UP state duration* Decreased UP state duration*

Increased seizure severity score* No treatment effect on seizure
severity score

Increased pERK/ERK total ratio HIP*,
STR* lysate

Decreased pERK/ERK total ratio
HIP*, STR* lysate

Increased pERK1/2+ cell counts† Decreased pERK1/2+ cell counts*

Increased EZM time in open* Increased EZM time in open*

Increased locomotor activity* Decreased locomotor activity*

ERK1/2, extracellular signal-related kinase 1/2; pERK1/2, phosphorylated ERK1/2;
EZM, elevated zero maze; STR, striatum; HIP, hippocampus. *p < 0.05, †p < 0.1.
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number of UP states during the five-minute time-period
were analyzed by two-way ANOVA (Additional file 1:
Table S3) with pairwise differences corrected using FDR
(two-tailed; Fig. 1). For duration of UP states (Fig. 1a),
there was a significant main effect of gene (ANOVA,
F(1, 78) = 4.71, p = 0.0001) and drug (ANOVA, F(1, 78)
= 15.74, p = 0.0002). As previously reported [25], UP
state duration was greater in the KO + VEH group com-
pared to the WT +VEH group (p = 0.0002). Acampro-
sate treatment in the KO mice reduced this increase
compared to the KO + VEH (p = 0.0002), although this
was still slightly elevated compared to the WT +VEH
mice (p = 0.049; see Fig. 1d for representative traces).
Acamprosate treatment in the WT mice produced a
trend towards a decrease in duration compared to the
WT +VEH group (p = 0.071) and a significant decrease
compared to the KO + VEH (p = 0.0002) and the KO +
Acamp groups (p = 0.0002). No significant effects were
found for amplitude normalized to detection threshold
(Fig. 1b). For number of events in 5 min (Fig. 1c), there
was a main effect of gene (ANOVA, F(1, 78) = 5.14, p =

0.026) although pairwise differences were not evident in
pertinent group comparisons (WT +Acamp vs. KO +
VEH group (p = 0.035)). These data indicate that hyper-
excitability of neocortical circuits in the developing
Fmr1 KO mice, as measured by prolonged UP states, is
improved by acamprosate treatment.

Audiogenic seizure test
Juvenile Fmr1 KO mice are susceptible to audiogenic-
induced seizures although WT mice (B6 background) of
all ages and adult KO mice are resistant. A pilot experi-
ment using 300 mg/kg acamprosate failed to attenuate
seizure susceptibility (data not shown) and therefore the
higher dose of 500 mg/kg was chosen for this experi-
ment. In the current study, seizure severity score was
analyzed in P21 Fmr1 KO and WT littermates following
5 days of SAL or acamprosate (500 mg/kg) treatment
using the Wilcoxon statistic, S = 175.5, and demon-
strated a significant effect of treatment group (p =
0.0004) (Fig. 2). Exact probabilities were computed to
determine pairwise comparisons corrected using FDR

Fig. 1 UP state recordings. Spontaneous UP states were measured in slices from P18–25 mice for 5 min in layer IV of the somatosensory cortex.
Duration (a), amplitude (b), and number of events (c) were analyzed by two-way ANOVA with pairwise comparisons corrected using FDR method
(two-tailed). Representative traces are shown in panel (d). There was a significant increase in UP state duration in the KO + VEH-treated mice compared
to the WT + VEH-treated mice indicating a baseline effect of genotype. Bath application of 200 μM acamprosate significantly decreased the elevated UP
state duration in the KO mice indicating a significant treatment although the acamprosate-treated KO slices still had UP state durations that were longer
than WT + VEH slices. There was a trend towards a decreased UP state duration in the WT + Acamp group compared to the WT + VEH group. For number
of events, there was a main effect of gene, and the KO + VEH slices had more UP state events than the WT + Acamp-treated mice. No change in
amplitude was observed. WT + VEH, n = 16; WT + Acamp, n = 14; KO + VEH, n = 27; KO + Acamp, n = 25 slices; data shown are LS mean ± SEM;
*p < 0.05, †p < 0.1; N.S. = not significant
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(two-tailed) and revealed significant increases in seizure se-
verity score in both FXS groups compared to each WT
group (p = 0.003 for each comparison). No within-genotype
differences were detected indicating acamprosate treatment
did not alter seizure severity in either the WT or KO
mice, although a baseline difference was detected be-
tween control-treated KO and WT mice as expected.

Dendritic spine quantification
A three-way mixed factor ANOVA with gene and drug as
between factors and segment as a within factor (Additional
file 1: Table S4) was used to analyze spine number along
the first 150 μm length of apical dendrites divided into six
25 μm segments from layer V pyramidal neurons located in
the somatosensory cortex in adult mice (n = 25 cells/group).
There was a significant main effect of segment (ANOVA,
F(5, 460) = 87.36, p = 0.0001) in which the number of spines
in all groups increased as a function of distance from the
soma (Fig. 3c). Gene × drug (Fig. 3b) and drug x segment
interactions were only approaching significance and there-
fore additional post hoc analyses were not completed.
These data indicate that there were no observable spine dif-
ferences detected between the control-treated KO and WT
mice and therefore no deficit for acamprosate to modulate.

ERK1/2 activation
Separate two-way ANOVAs (Additional file 1: Table S3)
were used to determine the effects of gene and drug and

the interaction of gene × drug in the hippocampus and
striatum on pERK/ERK total ratio and ERK1/2 total
(each region was normalized to WT +VEH; n = 6 per
group and brain region). All pairwise group comparisons
were corrected using FDR. For ERK1/2 total absorbance,
no significant main effects or interactions were identified
in the hippocampus (Fig. 4b) or striatum (Fig. 4d), dem-
onstrating that neither genotype nor drug altered ERK1/
2 total protein expression. Therefore, group differences
in ERK1/2 activation/phosphorylation are not influenced
by baseline changes in total ERK1/2 expression and can
be attributed to changes in ERK activation. For pERK/
ERK total ratios, there was a significant main effect of
gene in the hippocampus (ANOVA, F(1, 20) = 6.06, p =
0.023) (Fig. 4a) and a main effect of drug in the striatum
(ANOVA, F(1, 20) = 5.89, p = 0.02) (Fig. 4c). We pre-
dicted baseline increases in pERK/ERK total ratios in the
KO + SAL group compared to the WT + SAL group
based on previous reports in which ERK1/2 activation
has been shown to be elevated in the brains of Fmr1 KO
mice compared to WT mice [39, 74]. Furthermore, we
predicted acamprosate treatment would decrease pERK/
ERK total ratios based on data showing drugs with simi-
lar anti-glutamatergic actions to acamprosate signifi-
cantly decreased aberrant ERK1/2 activation in Fmr1
KO mice and decreased ERK1/2 activation kinetics in
FXS patient blood samples [7, 75]. Because our a priori
predictions were directional for these specific compari-
sons (WT + SAL vs. KO + SAL; KO + SAL vs. KO +
Acamp), one-tailed tests were used for these specific
ERK1/2 preplanned tests. Baseline comparisons showed
a significant increase in pERK/ERK total ratio in the KO
+ SAL group compared to the WT + SAL group in both
the hippocampus (p = 0.008) and striatum (p = 0.035)
which is in line with previous reports. Preplanned com-
parisons between the KO + SAL and the KO + Acamp
mice showed a reduction in pERK/ERK total ratio in
both the hippocampus (p = 0.026) and striatum (p =
0.03) with acamprosate treatment as predicted. When
comparing the KO + SAL-treated mice to the WT +
Acamp-treated mice, there was a trend toward a pERK/
ERK total increase in the hippocampus (p = 0.05) and a
significant increase in the striatum (p = 0.04). No differ-
ences were noted in pERK/ERK total ratio in the hippo-
campus or striatum between the two WT groups (p = 0.71
and p = 0.43, respectively).
To determine if acamprosate modulated ERK1/2 activity

in a region/cell type specific manner, we immunostained
brain sections from mice that completed the adult behav-
ior battery. Data were first analyzed to determine if there
were any within genotype differences in pERK1/2+ cell
counts in mice treated with either SAL or CaCl2 and
found no differences in the dentate gyrus (DG), auditory
cortex, or visual cortex (Additional file 1: Figure S2).

Fig. 2 Audiogenic seizure test. Audiogenic seizure severity was
assessed in juvenile WT and KO mice after 5 days of treatment. The
test was performed 60min after mice received the final dose. Both
KO groups had increased seizure severity scores compared to each
WT group with no effect of acamprosate treatment on seizure severity
in either genotype (Wilcoxon rank sum test with exact probabilities
calculated to determine pairwise group comparisons; FDR corrected).
WT + SAL (n = 13), WT + Acamp (n = 13), KO + SAL (n = 15), KO +
Acamp (n = 17); data shown are mean ± SEM; *p < 0.05
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Since there were no effects of CaCl2 treatment on ei-
ther WT or KO mice compared to SAL-treated mice,
these groups were combined to create a single control
group. A two-way ANOVA for cell counts revealed a
main effect of drug (ANOVA, F(1, 30) = 7.59, p = 0.01)
in the DG (Fig. 5a, e, f ), but no effects in cortical regions
(Fig. 5b, c). In the DG, baseline differences between geno-
types in pERK1/2+ cell counts demonstrated a trend
showing an increase in pERK1/2+ nuclei in the
KO_Controls compared to the WT_Controls (p = 0.09).
This finding is consistent with our above data in hippo-
campal lysates. Likewise, acamprosate treatment re-
duced the number of pERK1/2+ cells in KO mice
compared to KO_Controls in the DG (p = 0.024). This
change was driven by decreases in the number pERK1/
2+ neurons in the granule cell layer as evidenced by
nuclear co-localization of NeuN in all pERK1/2+ cells
in the DG. This suggests that acamprosate can affect
neuronal ERK1/2 activation in a manner likely to alter
neuronal signal transduction.

Adult behavior battery comparison of control groups
(SAL- vs. CaCl2-treated mice)
An initial analysis was completed for all behavior para-
digms and dependent measures assessed in the adult be-
havior battery comparing only the two control groups (i.e.,
SAL- vs. CaCl2-treated mice). Complete F statistics are
presented in Additional file 1: Tables S1 and S2. No main
effects of drug or drug interactions were observed, indicat-
ing that CaCl2 treatment did not alter the behavior of WT
or KO mice compared to those treated with SAL in any
test (see Additional file 1: Figure S1). There were signifi-
cant effects of Genotype, which are further detailed below.
Four groups were compared in the final analysis of the
behavior battery: (1) WT_Controls (WT + SAL and WT+
CaCl2 combined), (2) KO_Controls (KO + SAL and KO+
CaCl2 combined), (3) WT+Acamp, (4) KO+Acamp.

Elevated zero maze (EZM)
Elevated zero maze was used to assess anxiety behavior
in control (SAL- and CaCl2-treated) and Acamp-treated

A B

C

Fig. 3 Dendritic spine density. Representative image of a layer V pyramidal neuron in the somatosensory cortex meeting the selection criteria for
dendritic spine quantification (a, left panel; arrow indicating apical dendrite; scalebar = 25 μm) and representative cropped images from single focal
planes demonstrating dendritic spine resolution power of microscopy technique (a, middle panel: WT + SAL; right panel: KO + SAL; scalebar = 2 μm).
Apical dendritic spines were counted in layer V pyramidal neurons in the somatosensory cortex of 7-month-old male WT and KO mice following
26 days of treatment with SAL or acamprosate (300 mg/kg). Data were analyzed by a three-way mixed factor ANOVA with gene and drug as
between factors and segment as a within factor. There was a significant main effect of segment and interactions of gene×drug (b) and drug×segment
were approaching but did not reach significance. As expected, the number of spine counts increased in all groups as distance increased
from the soma (c). Data shown are LS mean ± SEM; *p < 0.05; †p < 0.1
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Fmr1 KO and WT mice during a 5-min test. Separate
two-way ANOVAs were used to analyze time in open
(primary anxiolytic measure), latency to first open arm
entry, number of head dips, and number of open arm
entries in the EZM (Fig. 6). Pairwise comparison testing
using FDR correction (two-tailed) was performed for
significant main effects. For time in open, there was a
significant main effect of gene (ANOVA, F(1, 60) = 12.41,
p = 0.001) and drug (ANOVA, F(1, 60) = 6.32, p = 0.015;
Fig. 6a). Pairwise comparisons showed a significant in-
crease in time in open observed in the open quadrants for
the KO_Controls group compared to the WT_Controls

group (p = 0.031) indicating an observable baseline differ-
ence between the two genotypes. In the KO mice, acam-
prosate treatment further increased time spent in the
open quadrants compared to the control-treated KO mice
(p = 0.049). This increase in the KO+Acamp group was
also increased compared to both WT groups (vs.
WT_Controls p = 0.001; vs. WT+Acamp p = 0.031). For
head dip frequency (ANOVA, F(1, 60) = 10.39, p = 0.002;
Fig. 6c) and number of transitions from dark to light
quadrants (ANOVA, F(1, 60) = 5.88, p = 0.018; Fig. 6d),
there was also a main effect of gene. For number of head
dips, the gene main effect was driven by an increase in

A B

C D

Fig. 4 ERK1/2 activation ratios. In the hippocampus (a, b) and striatum (c, d) ERK1/2 activation ratios (pERK/ERK total) were calculated (left panels)
as well as ERK1/2 total protein expression (right panels) with data normalized to the WT + SAL group. Data were analyzed by two-way ANOVA and pairwise
comparisons corrected with FDR. A significant increase in pERK/ERK total ratio was found in the KO+ SAL group compared to the WT + SAL group in the
hippocampus and striatum (one-tailed) as predicted. The pERK/ERK total ratio increase in the KO+ SAL group was also evident when compared to the
WT + Acamp group (two-tailed). In both brain regions, chronic treatment with acamprosate (300 mg/kg) reduced pERK/ERK total ratios in the KO mice to
a level not distinguishable from WT+ SAL mice (one-tailed) as predicted. There were no differences in the amount of ERK1/2 total in either brain region
or between any groups. n= 6 per group and brain region; data shown are LS mean ± SEM; *p < 0.05, †p< 0.1; N.S. = not significant
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head dips in both the KO_Controls (p = 0.039) and KO+
Acamp (p = 0.035) groups compared to the WT_Controls.
The number of open arm entries was increased in the KO
+Acamp mice compared to the WT_Controls (p = 0.038)
which is consistent with the increase in time spent in the
open that was observed for the KO+Acamp group. No
significant effects were observed for latency to first open
arm entry (Fig. 6b), indicating all mice began exploring
the maze at similar times. No other main effects or inter-
actions were noted (see Additional file 1: Table S3 for
complete F statistics). Taken together, these data indicate
that there was a baseline difference between the KO and
WT mice and that acamprosate treatment resulted in an
observable behavioral change that is consistent with an
anxiolytic effect in only the KO mice.

Locomotor activity
A three-way repeated measures ANOVA (auto regressive
(AR) (1)) for number of beam breaks revealed main ef-
fects of interval (ANOVA, F(11, 646) =2.41, p = 0.006)
and a significant gene×drug interaction (ANOVA, F(1,

114) = 7.06, p = 0.009) during the 60-min test (Additional
file 1: Table S4). Since there were no interactions with
interval (Fig. 7a), FDR-corrected pairwise comparisons
(two-tailed) were performed on data collapsed across
time (Fig. 7b). There was a significant baseline increase
in beam breaks in the KO_Controls group compared to
the WT_Controls group (p = 0.003). Acamprosate treat-
ment in the KO mice reduced this increase compared to
KO_Control mice (p = 0.023) such that there was no dif-
ference between WT_Controls and KO +Acamp mice
(p = 0.84). These data indicate that there was a signifi-
cant baseline difference between the KO and WT mice
and that acamprosate treatment normalized open field
behavior in the KO mice.

Novel object recognition (NOR)
Separate two-way ANOVAs (Additional file 1: Table S3)
were used to analyze test phase total object attention
time and test phase discrimination index (DI) in a short-
term object recognition test [76]. During the test phase
of NOR, there were no group differences between the

Fig. 5 pERK1/2+ cell counts. Following the adult behavior battery (chronic treatment with saline (SAL) or 122.2 mg/kg CaCl2 in SAL (_Controls;
equivalent amount of Ca2+ ions as in the 300 mg/kg acamprosate treated group) or 300 mg/kg acamprosate in saline (+Acamp)), mice were
sacrificed and brain sections were stained for pERK1/2 (green) and NeuN (red). As with the behavior measures, there were no differences in pERK1/2+
cell counts between the SAL- and CaCl2-treated mice and therefore data are presented as combined control groups (controls). In the dentate gyrus
(a, d–f), there was a significant effect of drug with pairwise comparison testing demonstrating a trend towards an increase in pERK1/2 positive cells in
the KO_Controls group (KO + SAL pictured in e) compared to the untreated WT group (WT + SAL pictured in d). Additionally, the KO + Acamp group
(f) had significantly fewer pERK1/2+ cells than the KO + Controls. In the DG, all pERK1/2+ cells were also NeuN+. There were no differences in PERK1/2+
cell counts observed in the auditory cortex (b) or in the visual cortex (c). Data shown are LS mean ± SEM; *p < 0.05; †p < 0.1; N.S. = not significant.
n = 5–6 sections/group. Scalebar = 250 μm
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total time the mice paid attention to the two objects with
the average time being 46.46 ± 3.4 s for WT_Controls,
46.7 ± 3.5 s for KO_Controls, 33.68 ± 5.5 s for WT+
Acamp, and 47.43 ± 4.7 s for KO +Acamp (data not
shown). There were no main effects or interactions noted
for DI (time with the novel object–time with familiar ob-
ject/time with the novel object + time with the familiar

object), nor were there any significant differences between
any individual groups (DI LSmean ± SEM, n): WT_Con-
trols = 0.29 ± 0.04, n = 21, WT+Acamp = 0.31 ± 0.07, n =
8; KO_Controls = 0.27 ± 0.04, n = 20; KO+Acamp = 0.26
± 0.06, n = 11; data not shown. All groups spent more time
with the novel object (indicated by a DI greater than zero)
which suggests that both KO and WT mice were able to

A B

C D

Fig. 6 Elevated zero maze (EZM). Wild-type and Fmr1 KO littermates were treated chronically with either saline or 122.2 mg/kg CaCl2 in saline
(_Controls; equivalent amount of Ca2+ ions as in the 300 mg/kg acamprosate-treated group) or 300 mg/kg acamprosate in saline (+Acamp). The
two control groups within each genotype were combined since no main effects of ‘control’ drug or ‘control’ drug interactions were found for any
measures in the EZM during initial analysis, which included only saline and CaCl2-treated mice from each genotype. Control and Acamp-treated groups
were analyzed by two-way ANOVA with pairwise comparisons corrected using FDR (two-tailed) when warranted. There was a significant main effect of
gene and drug for time in open (a). Pairwise comparisons indicated a baseline genotype increase in time in open in the KO_Controls compared to the
WT_Controls. Acamprosate treatment in the KO mice (KO + Acamp) further increased time in open compared to all other groups. No main effects
or interactions were noted for Latency to first open arm entry (b). There was a significant main effect of gene for head dips (c) and transitions (d). Both
KO groups had more head dips than the WT_Controls group. The KO + Acamp group had more open arm entries than the WT_Controls group.
WT_Controls (n = 22), WT + Acamp (n = 11), KO_Controls (n = 20), KO + Acamp (n = 11); Data shown are LS mean ± SEM; *p < 0.05 for pairwise
comparisons, N.S. = not significant
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remember the familiar object. These data indicate that
there was no observable difference in object recognition
memory between the control-treated KO and WT mice in
this experiment and therefore no deficit to be corrected
by acamprosate treatment.

Acoustic startle habituation
An acoustic startle habituation protocol was utilized to
determine if there were differences between WT and KO
mice in startle habituation and to acclimate the mice to
the chamber and tones for the PPI test assessed 2 days
later. A three-way repeated measures ANOVA (Additional
file 1: Table S4; auto regressive (AR) (1)) for Vmax revealed

a main effect of drug (ANOVA, F(1,60) = 4.37, p = 0.041).
However, pairwise comparisons failed to reach significance
with FDR correction, indicating little effects of gene or
drug on startle habituation in 5–7-month-old mice
(Fig. 7c). These data indicate that there was no difference
between control-treated WT or KO mice in this acoustic
startle habituation test and therefore no deficit that re-
quired correction.

Prepulse inhibition
PPI has been shown to be impaired in young males with
FXS, but enhanced in adult male mice [77]. Although
the reasons for these discrepancies are unknown, it is

A B
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Fig. 7 Locomotor activity and acoustic startle habituation/prepulse inhibition. Wild-type and Fmr1 KO littermates were treated chronically with
either saline or 122.2 mg/kg CaCl2 (_Controls; equivalent amount of Ca2+ ions as in the 300 mg/kg acamprosate treated group) or 300 mg/kg
acamprosate (+Acamp). For locomotor activity, a three-way ANOVA with a repeated factor of interval (auto regressive (AR) (1)) revealed main effects
of interval and a gene×drug interaction for beam breaks during a 60-min open field test. Panel a shows number of beam breaks at each 5-min interval,
however, since there was no interaction of interval, pairwise comparisons were performed on beam break data collapsed across time (b). Pairwise
comparisons corrected using FDR (two-tailed) demonstrated KO_Controls accumulated more beam breaks than WT_Controls, indicating a
baseline increase in locomotor behavior in the KO mice. The KO + Acamp mice had reduced beam breaks compared to KO_Controls, indicating a
significant effect of acamprosate treatment in the KO mice. No differences between control treatment and acamprosate treatment were evident in the WT
mice. In the startle habituation paradigm, a three-way repeated measures ANOVA (AR (1)) for Vmax revealed a main effect of drug. Pairwise comparisons
did not reveal any significant group differences that were maintained following FDR correction (two-tailed) (c). For % inhibition during PPI trials, a three-
way mixed factor ANOVA with gene and drug as between factors and trial type (PPI73, PPI77, PPI82: PPIxx) as a within factor was used but the omnibus
ANOVA did not reveal any significant effects (d). For locomotor: WT_Controls (n= 24), WT + Acamp (n= 11), KO_Controls (n= 20), KO + Acamp (n= 11). For
Habituation: WT_Controls (n= 22), WT + Acamp (n = 11), KO_Controls (n = 20), KO + Acamp (n = 11). For % PPI: WT_Controls (n = 23), WT + Acamp
(n = 11), KO_Controls (n = 20), KO + Acamp (n = 11). Data shown are LS mean ± SEM; *p < 0.05, †p < 0.1; N.S. = not significant
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clear that both mice and people lacking FMRP exhibit
aberrant sensorimotor gating [77, 78]. PPI is a test of
startle reactivity and sensorimotor gating and was the
final behavior test assessed in the adult behavior battery.
PPI was calculated for each animal at each of the pre-
pulse trial types, and a three-way mixed factor ANOVA
with gene and drug as between factors and trial type
(PPI73, PPI77, PPI82: PPIxx) as a within factor was used.
The omnibus ANOVA did not reveal any main effects or
interactions for % PPI (Additional file 1: Table S4). There
was a trend for a drug×trial type interaction although
not significant. Data are shown collapsed across trial
type since no interaction of prepulse was detected
(Fig. 7d). No differences were detected between control-
treated KO and WT mice or in the groups that received
acamprosate, suggesting that all groups were similarly
able to inhibit the startle response when a prepulse pre-
ceded the startle stimulus.

Discussion
We have shown that acamprosate treatment improved
several deficits in cellular, molecular, and behavioral phe-
notypes in which control-treated Fmr1 KO mice were
found to have deficits compared to control-treated WT
mice (see Table 1). Although deficits in seizure suscepti-
bility were apparent between control-treated WT and
KO mice, acamprosate treatment did not attenuate this
phenotype. Several tests failed to discriminate between
WT and KO mice and therefore the treatment effects
of acamprosate could not be adequately assessed in
these instances.

Chronic CaCl2 treatment does not mimic the treatment
effects of acamprosate in Fmr1 KO mice
Spanagel et al. has suggested that the anti-relapse properties
of acamprosate (the calcium salt of N-acetylhomotaurinate)
and neuroactivity of the molecule are solely due to
calcium rather than N-acetylhomotaurinate since an
equimolar concentration of a corresponding sodium
salt of N-acetylhomotaurinate produced no reductions
in alcohol consumption while calcium chloride at equimo-
lar calcium concentrations produced effects similar to
acamprosate [53]. It was also suggested that alcohol
dependent patients with high plasma calcium levels fol-
lowing treatment with acamprosate had better treatment
responses. Although plasma calcium levels in FXS have
not been reported to date, FMRP has been shown to
regulate several calcium-binding proteins involved in
activity-dependent calcium signaling and has been
shown to regulate calcium signaling dynamics during
development in the dfmr1 null mutant Drosophila FXS
disease model [79–82]. As such, the implications that
the effects of acamprosate may be reliant on calcium ra-
ther than N-acetylhomotaurinate would have significant

implications for the future drug development of acampro-
sate for the treatment of FXS. In the current study, we
found that an equimolar concentration of calcium salt,
alone, did not produce any effects that were significantly
different from saline-treated mice in any behavior para-
digm or in any brain regions assessed for pERK1/2 immu-
nostaining in either WT or KO mice. Furthermore, when
a treatment effect of acamprosate was observed in the KO
mice (EZM, open field, pERK1/2 immunostaining) we did
not observe any acamprosate-like effects in the CaCl2
group suggesting that the treatment effects of acampro-
sate in FXS are not due to calcium. Mann et al. recently
conducted a study on calcium plasma levels from alcohol
dependent patients and showed that there were no differ-
ences between acamprosate and placebo-treated patients
and that the effect of calcium plasma concentrations on
severe relapse was always non-significant. These results
also fail to support the hypothesis that calcium is the
active moiety of acamprosate [62]. In the current experi-
ments, it is unlikely that differences in calcium bioavail-
ability or elimination rates are likely to affect our results
since Chabernat et al. demonstrated that salts of the N-
actylhomotaurinate molecule become totally dissociated
in hydrophilic media. Since CaCl2 is also a hydrophilic
molecule, this suggests that the similar amount of Ca2+
ions in both the acamprosate and CaCl2 doses used in our
current experiments should result in similar Ca2+ bio-
availability and elimination rates [83].
With our behavior data demonstrating no differences

between SAL and CaCl2 treatment, it is unclear why
CaCl2 had effects on alcohol-seeking behavior as previ-
ously reported; however, it is possible that a CaCl2 injec-
tion may cause some physical discomfort over and above
saline treatment due to stinging or burning at the injec-
tion site [84]. The mice in our study were treated once-
a-day for 10 days prior to behavior testing whereas the
rats in the Spanagel et al. paper were injected only twice
within 12 h before ethanol intake was assessed. The
pain/discomfort from the CaCl2 injection may have been
sufficient to prevent alcohol seeking whereas in our
study, mice may have acclimated to the CaCl2 injection, or
alternatively, the behavior assessments we conducted were
less severely influenced by pain. Although our studies are
not able to explain the outcomes of the Spanagel et al.
paper, they do suggest that acamprosate rather than
calcium may have treatment utility in FXS.

Acamprosate attenuated spontaneous cortical UP state
duration increases but not AGS seizure susceptibility in
juvenile Fmr1 KO mice
UP states are a spontaneous, oscillatory (0.5–1 Hz), syn-
chronized firing of neocortical neuron networks driven by
recurrent excitatory and inhibitory synaptic circuits and
provide a readout of the intact functioning of neocortical
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circuits [85, 86]. The examination of spontaneous cortical
UP states in the current experiment found prolonged UP
state duration in control-treated KO mice compared to
control-treated WT mice as expected. Importantly, acam-
prosate treatment in the KO mice reduced this exagger-
ated UP state duration. It is thought that the increase in
Fmr1 KO UP state duration is indicative of altered recur-
rent excitatory signaling or response to signaling through
mGluR5 receptor stimulation, as the increased duration
remains in the presence of GABA receptor antagonists
and is restored to normal by genetic reduction of mGluR5
in Fmr1-/y mice and by the mGluR5 receptor antagonist,
MPEP (2-methyl-6-(2-phenylethynyl)pyridine) [25, 87].
Furthermore, Hays et al. demonstrated that depletion of
Fmr1 in glutamatergic neurons but not GABAergic neu-
rons was sufficient to detect increased UP state duration.
Acamprosate is suggested to reduce neuronal hyperexcit-
ability, by potentially acting on both glutamate and GABA
systems [55, 88–91]. Future work may clarify the mechan-
ism by which acamprosate improves excessive spontan-
eous cortical activity in Fmr1 KO mice and to determine
if systemic drug treatment has similar effects in vivo.
It has been suggested that Fmr1 KO-associated in-

creased duration of UP states may contribute to the in-
creased audiogenic seizure susceptibility of juvenile Fmr1
KO mice, although this has yet to be directly studied. In
the current study, we did not observe any reduction in
seizure severity score following 5 days of acamprosate
treatment in P21 Fmr1 KO mice. This effect could indi-
cate that spontaneous UP state duration does not directly
contribute to seizure susceptibility following intense audi-
tory stimulation. Many non-cortical brain regions are
involved in auditory processing, auditory induced seizure
behavior, and have been shown to be altered in the Fmr1
KO mice. Altered spontaneous UP states may not be a
critical determinant in AGS susceptibility in these mice,
but may contribute to other aberrant behavior in KO mice
[92–94]. It is also possible that systemic administration of
acamprosate may not have a similar effect on UP state
duration as observed in slice application of the drug. It is
also possible that a systemic dose of 500 mg/kg of acam-
prosate may not result in drug concentrations nearing
200 μM in the brain as was bath applied in the UP state
study. Additionally, attenuation of UP state duration in
these mice may not be sufficient to abrogate increased seiz-
ure susceptibility in the AGS test. More work is needed to
fully understand any possible connections between FXS-
related UP state dysfunction and seizure susceptibility.

Systemic acamprosate treatment attenuated excessive
ERK1/2 activation in Fmr1 KO mice under basal conditions
The ERK1/2 signaling cascade plays critical roles in
brain development and behavior [28]. In neurons, the
ERK1/2 cascade is activated by synaptic activity. In turn,

ERK1/2 phosphorylates numerous proteins involved in a
diverse number of cellular processes including transla-
tional and transcriptional regulation, long-term potenti-
ation and depression, and synaptogenesis [30, 95]. In the
brain, critical control over temporal and spatial ERK1/2
regulation (nuclear and cytoplasmic), both activation
and deactivation, are required for appropriate behavior,
and can contribute to maladaptive behavior and central
nervous system (CNS) disorders [96–99]. In the first
ERK1/2 study (tissue lysates), we observed a ~20% increase
in hippocampal and striatal ERK1/2 activation from SAL-
treated Fmr1 KO mice compared to SAL-treated WT
mice. This effect has been observed by others using similar
techniques [7, 36, 37]. Chronic acamprosate treatment
significantly reduced ERK1/2 activation in lysates from
both brain regions assessed in acamprosate-treated KO
mice compared to control-treated KO mice, indicating a
treatment effect. The hippocampus and striatum data
characterize ERK1/2 activity in a variety of cell types and
throughout the cells (including cytosolic and nuclear
ERK1/2) of the regions dissected. Once ERK1/2 is activated
in the cytoplasm, it travels to the nucleus where it can then
phosphorylate other target proteins and inhibit or activate
transcription of many genes [100]. In the second ERK1/2
experiment, the number of cells expressing activated nu-
clear ERK1/2 immunoreactivity was found to be reduced
by acamprosate treatment in the DG, although a difference
between control-treated KO and WT mice was only ap-
proaching significance with a corrected one-tailed test. The
pERK1/2 positively stained cells in these brains were rela-
tively sparse (with no staining in the striatum) and likely
represent only those cells with the highest level of nuclear
ERK1/2 activity. Nonetheless, we found that in the DG
(where we saw a pERK1/2+ cell reduction in acamprosate
treated mice), all pERK1/2+ cells were also NeuN+, sug-
gesting that systemic acamprosate treatment modulated
neuronal ERK1/2 activity in a cell type- and region-specific
manner. Furthermore, CaCl2 treatment did not mimic this
effect and was indistinguishable from the KO+ SAL mice.
To our knowledge, these are the first data to suggest that
acamprosate modulates central ERK1/2 signaling in vivo
and that this change occurs to some degree in the nucleus.
These data are particularly interesting due to the sus-

pected contribution of altered ERK1/2 signaling in FXS
and autism pathophysiology. In human study, ERK1/2
activation kinetics following stimulation with phorbol
ester have been demonstrated to be delayed in persons
with FXS compared to controls [101]. Excessive basal
levels of ERK1/2 activation have been reported in FXS
mice and in human FXS post-mortem study [39]. In
ASD, ERK1/2 dysregulation has been noted in animal
model study [102], genetic study [103–105], and in hu-
man post-mortem brain study where enhanced ERK1/2
activation has been reported [106]. We and others have
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shown increases in basal ERK1/2 activation and rescue
with various treatments including other GABA and glu-
tamate modulators. Normalization of delayed ERK1/2 acti-
vation kinetics with riluzole treatment (glutamate and
GABA modulator) was observed in adults with FXS [75].
Both upstream modulators driving increased ERK1/2 acti-
vation and the mechanisms by which acamprosate alters
ERK1/2 activity in FXS are unknown. However, we have
previously shown that acamprosate reduced plasma APP
total and secreted APPα levels (sAPPα) in human subjects
with FXS [40]. Since APP can induce ERK1/2 activation in
vitro [42], there may be a link between the observed effects
of acamprosate on APP and ERK1/2 activation in FXS.
Furthermore, ERK1/2 activation is thought to be overactive
during alcohol withdrawal and suggested to contribute to
alcohol dependence and neuronal hyperexcitability associ-
ated with chronic alcohol exposure [107]. These data sug-
gest that overactive ERK1/2 signaling associated with other
conditions may be attenuated by acamprosate treatment
and that one mechanism of acamprosate treatment for al-
cohol dependence may involve changes in ERK1/2
activation.
Our data and others suggest that central and periph-

eral ERK1/2 activity in the blood and brain are respon-
sive to neuroactive compounds (including acamprosate).
However, more work is needed to determine if these
changes impact behavior in a significant way and to what
extent ERK1/2 activity can or should be used as a bio-
marker in FXS. Currently, ERK1/2 activation alterations
are being piloted as a biomarker for treatment response
and may help identify certain individuals who may re-
spond better to an ERK1/2-modifying drug. Although
reduced ERK1/2 activation is typically viewed as the goal
of pharmacological treatment in FXS, ERK1/2 signaling
abnormalities in FXS are likely much more complicated.
Kim et al. demonstrated that in response to synaptic
mGluR stimulation, ERK1/2 phosphorylation is rapidly
decreased due to over-activated protein phosphatase 2A
activity in Fmr1 KO synaptoneurosomes, whereas in
WT samples the opposite occurs resulting in increased
phosphorylation/activation [108]. As such, future work
is needed to better understand aberrant ERK1/2 signal-
ing abnormalities in FXS, specifically related to cell type,
intracellular location, and circuit dysfunction in both
drug naïve mice and following pharmacological treat-
ment. It is also critical to determine to what degree any
CNS changes in ERK1/2 activity manifest in the type of
blood-biomarker samples used in clinical trials.

Genotype differences and effects of chronic acamprosate
treatment were identified in tests of anxiety and locomotor
behavior
In the adult behavior battery, we studied the baseline
differences between Fmr1 KO and WT mice in several

behavior paradigms and identified genotype differences
(WT_Controls vs. KO_Controls) in the EZM and loco-
motor activity tests. KO mice spent an increased amount
of time in the open quadrants of the EZM, suggesting
reduced anxiety (opposite of the human phenotype) and
were more active in the open field test (hyperactivity
and ADHD symptoms are common in individuals with
FXS) [109, 110]. Interpretation of rodent EZM or related
elevated plus maze data must take locomotor behavior
into consideration, since mice that are hyperactive will
tend to spend more time in the open quadrants due to
increased locomotion. It is possible that the observed in-
creased time in open that is routinely observed in Fmr1
KO mice, here and by others, is the result of increased
locomotor behavior rather than the result of anxiety or
risk-taking behavior, although this finding is difficult to
reconcile with the human condition [111]. Although we
show that treatment with acamprosate further increased
time in the open while also reducing open field loco-
motor behavior in the KO mice, we are unable to deter-
mine if treatment reduced anxiety or exacerbated a
preexisting abnormality. Interestingly, acamprosate treat-
ment in rodents has been previously associated with
anxiolytic properties. In an amphetamine withdrawal-
evoked anxiety rodent model, acamprosate treatment in-
creased time in open in the elevated plus maze without
a change in locomotor behavior. Another group found
that acamprosate reduced social anxiety in a combination
stress/ethanol withdrawal rodent model, further support-
ing the drug’s utility at alleviating anxiety in a manner per-
tinent to humans with FXS [112, 113]. Koltunowska et al.
suggested that this anxiolytic effect of acamprosate may
be due to its effects at mGluR receptors which is
thought to be a key player in FXS pathophysiology [6].
In human study, open-label treatment with acampro-
sate in persons with chronic anxiety resulted in reduced
anxiety ratings suggesting that acamprosate may modify
anxiety behavior although blinded, controlled studies
are required to make an accurate determination in this
regard [114]. Although the current Fmr1 KO mouse
anxiety data are difficult to interpret, taken together
with previous reports in other rodent models and
humans with FXS, acamprosate may have utility as an
anxiolytic agent in FXS.
Locomotor behavior is not only useful for ensuring

proper interpretation of other rodent behavior tests reli-
ant on the movement of the animal but it can also be
used to gage baseline levels of hyperactivity. The in-
creased baseline locomotor behavior in Fmr1 KO mice
observed in the current study is consistent with previous
data in KO mice as well as well in persons with FXS
[115–117]. The attenuation of increased locomotor ac-
tivity in KO mice with acamprosate treatment is also
consistent with our study of acamprosate treatment in
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person with FXS in which hyperactivity/ADHD symp-
toms were improved [41]. However, an important dis-
tinction must be made between our mouse data and the
data that is gathered in many FXS treatment studies re-
lated to ADHD symptoms. Open field behavior does not
assess ADHD symptoms, but rather the physical activity
and movement of mice in a novel environment. One
cannot assume that attentional deficiencies in persons
with FXS will be improved simply based on reductions
in locomotor behavior in rodents. For future clinical tri-
als, the use of wearable activity trackers may improve
the translational value of rodent locomotor behavior
improvements in FXS studies.

Lack of phenotypic differences between control-treated
WT and KO mice in several paradigms impedes complete
characterization of acamprosate treatment effects
Several experiments did not reveal differences between
the control-treated KO and WT mice and subsequently
conclusions about the treatment effects of acamprosate
could not be made in these instances. These tests included
object recognition memory, acoustic startle reactivity, pre-
pulse inhibition of the acoustic startle response, and
assessment of dendritic spine morphology. Deficits/differ-
ences in Fmr1 KO mice have been observed in these types
of experiments previously, but can be difficult to replicate.
The experimental parameters are critical determinants in
identifying phenotypic deficits in all rodent models, not
just Fmr1 KO mice [118, 119]. For behavior studies, these
can include details such as the age of mice at testing,
background strain, maternal genotype, loudness/duration
of tones, behavior test order, degree of animal handling,
inclusion of a pharmacological treatment, injection/treat-
ment exposure route (gavage, IP, food additive), duration
of treatment, age at treatment, environmental enrichment,
and housing conditions (barrier vs. conventional housing).
Cellular and molecular experiments can also be influenced
by many experimental parameters including cellular sub-
region analyzed (apical vs. basal dendrite/primary vs. sec-
ondary branches), methodology of quantification, antibody
used, dissection procedure, previous exposure to behavior
testing (can function as environmental enrichment condi-
tion), staining/imaging techniques, ex vivo vs. culture sys-
tems, method of tissue collection/processing (sacrifice
method: anesthesia vs. no anesthesia, delay between dis-
ruption of the mice and actual time of tissue collection),
age at sacrifice. This list is not meant to be exhaustive but
meant to highlight the many details that play a role in
types of tests commonly used to decipher positive drug
effects in FXS translation drug development. Some pa-
rameters are at the discretion of the investigator while
others are imposed by equipment available or vivarium
constraints. In many instances, it is unclear which param-
eters specifically lead to a significant difference between

WT and Fmr1 KO mice making it difficult to guarantee a
particular method will lead to genotype differences at the
outset of a preclinical treatment study. In the current
study, it is unclear if the age of the mice at testing had any
significant effect on a lack of phenotype in NOR or in the
acoustic startle tests between the WT and KO mice. Fur-
thermore, a broader characterization of dendritic spine
differences may have revealed genotype differences or
drug effects. Nonetheless, extrapolation pertaining to the
effects acamprosate may have on cognition, sensory re-
activity, and gating in humans can not be made from the
current results.
The dose used for the adult behavior battery (300 mg/kg)

closely matches the clinical dose based on body surface area
calculations (see methods for additional information) how-
ever, the half-life of acamprosate has been shown to be spe-
cies dependent. The half-life of acamprosate in humans is
approximately 18–32 h following oral administration
with 5–7 days of treatment required to reach steady-
state plasma concentrations. In rodent plasma, acam-
prosate has an elimination half-life of 132 ± 56 min, and
in brain this can be as short at 43.33 ± 9.55 min [120].
Therefore, the timing of the behavioral tests (1 h fol-
lowing treatment) was chosen to allow mice to recover
from the treatment injection while still assessing behav-
ior prior to drug elimination. Furthermore, chronic ad-
ministration of acamprosate in rodents has been shown
to result in increased extracellular brain concentrations
of the drug relative to a single treatment suggesting
that repeated administration may be needed to achieve
clinical efficacy and supports the chronic treatment
paradigm used in the current in vivo tests [121].

Conclusions
Overall, our experience with acamprosate in the Fmr1
KO mouse demonstrated several challenges of preclin-
ical drug experiments in this field. First, we were un-
able to capture significant baseline phenotypic deficits
in the Fmr1 KO mouse model in several behavior do-
mains pertinent to the human syndrome. Potential
contributors to this may be differences associated with
varying background strains and individual lab features
that hinder between-lab reproducibility of phenotypic
findings with this model. Despite these issues, we were
able to demonstrate engagement of acamprosate with
elements of pathophysiology of FXS on behavioral,
electrophysiological, and molecular levels. Our work
highlights the need for transparency in reporting of
preclinical trial results in the FXS field so that positive
findings can be interpreted in the context of equivocal
findings or findings confounded by the lack of baseline
deficits at times. Such complete and clear dissemin-
ation of results, positive and potentially negative, can
aide the choice of initial human study outcome and
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pharmacodynamic measures thus working to improve
the FXS translational treatment pipeline.
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