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Prefrontal Cortex Dysfunction in Fragile X Mice Depends on
the Continued Absence of Fragile X Mental Retardation
Protein in the Adult Brain
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Fragile X Syndrome (FX) is generally considered a developmental disorder, arising from a mutation that disrupts the transcription of
Fragile X Mental Retardation Protein (FMRP). However, FMRP regulates the transcription of other proteins and participates in an
unknown number of protein–protein interactions throughout life. In addition to known developmental issues, it is thus likely that some
dysfunction is also due to the ongoing absence of FMRP. Dissociating dysfunction due to developmental dysregulation from dysfunction
due to the continued absence of FMRP is necessary to understand the different roles of FMRP and to treat patients effectively throughout
life. We show here that FX model mice display substantial deficits in a PFC-dependent task. We then use conditional knock-out mice to
eliminate FMRP only in the PFC alone of adult mice. We observe an increase in the proportion of nonlearners and a delay in the onset of
learning in both FX and conditional knock-out mice. The results suggest that these deficits (1) are due to the absence of FMRP in the PFC
alone and (2) are not the result of developmental dysregulation. Furthermore, PFC-associated deficits are rescued by initiating produc-
tion of FMRP in adult conditional restoration mice, suggesting that PFC dysfunction may persist as long as FMRP is absent and therefore
can be rescued after development. The data suggest that it is possible to dissociate the roles of FMRP in neural function from develop-
mental dysregulation, and that PFC function can be restored in the adult FX brain.
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Introduction
In humans, Fragile X Syndrome (FX) is an autism spectrum dis-
order and the most common heritable cause of mental disability

(Coffee et al., 2009). The disorder results from the transcriptional
silencing of the fmr1 gene and a global loss of its protein product,
Fragile X Mental Retardation Protein (FMRP) (Pieretti et al.,
1991; Verheij et al., 1993) FMRP is an RNA binding protein that
regulates the translation of hundreds of gene products. Many of
the encoded proteins play key roles during development (Brown
et al., 2001; Darnell et al., 2001, 2011), and their aberrant expres-
sion leads to developmental abnormalities (Darnell et al., 2001;
Bernardet and Crusio, 2006; Bray et al., 2011; Martin and Hunts-
man, 2012; He et al., 2014). In addition to developmental effects,
FMRP also regulates the translation of multiple ion channel sub-
unit mRNAs (Brown et al., 2010; Osterweil et al., 2010; Brager
and Johnston, 2014; Kalmbach et al., 2015), and binds directly to
ion channels, modulating neuronal function throughout life
(Ramos et al., 2006; Brown et al., 2010; Zhang et al., 2012; Brager
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Significance Statement

The absence of Fragile X Mental Retardation Protein (FMRP) from birth results in developmental disabilities and lifelong impair-
ments. We show here that in mouse models PFC dysfunction in Fragile X Syndrome (FX) can be attributed to the continued
absence of FMRP from the PFC, independent of FMRP status during development. Furthermore, initiation of FMRP production in
the PFC of adult FX animals rescues PFC function. The results suggest that at least some FX-specific neurological defects can be
rescued in the adult FX brain after development.
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and Johnston, 2014; Contractor et al., 2015; Wahlstrom-Helgren
and Klyachko, 2015). Disentangling the multiple roles of FMRP
during development and its ongoing function in adulthood re-
mains an important challenge both in understanding the disease
and for targeting interventions at different life stages.

A number of symptoms associated with FX (and the autistic
phenotype in general) can be attributed at least in part to PFC
dysfunction. Attention deficits, hyperactivity, perseverating be-
haviors, working memory deficits, and a lack of behavioral inhi-
bition have all been associated with PFC function (Munir et al.,
2000a, b; Wilding et al., 2002; Bray et al., 2011). In the FX model
mouse, however, quantifying deficits in such higher-order adap-
tive behaviors has been challenging (Bernardet and Crusio, 2006;
Krueger et al., 2011; Kramvis et al., 2013). Although hyperactivity
and behavioral perseveration have been reported in FX mice,
these deficits are modest or disappear after a day or two of addi-
tional observation (Bernardet and Crusio, 2006). Working mem-
ory tasks similar to those used in human patient studies have
revealed modest or no differences in performance relative to
wild-type (WT) mice (Mineur et al., 2002; Yan et al., 2004). Al-
though there is substantial evidence of debilitating PFC dysfunc-
tion in FX patients, to date it has been difficult to investigate this
dysfunction in the mouse model (Bernardet and Crusio, 2006),
perhaps due to the lack of a sensitive and reliable behavioral
readout of PFC function.

Recently, we developed trace eyeblink conditioning (TEC)
procedures for use in mice and reported that both the acquisition
and the ongoing performance of conditioned eyelid responses
(CRs) are remarkably sensitive to the disruption of a restricted
region of PFC (Siegel et al., 2015). Eyeblink conditioning is a
simple associative task in which presentation of a cue (such as a
light) predicts a puff of air to the eye. With training, animals learn
to close the eyelid in anticipation of the puff whenever the cue is
presented (see Fig. 1A). The task becomes PFC-dependent when
a stimulus-free interval separates the cue and air-puff (Kalmbach
et al., 2009; Siegel et al., 2015). Critically, we have identified a
restricted region of the caudal PFC that is necessary for TEC in
mice (Siegel et al., 2015). Here we use TEC to probe the nature of
prefrontal dysfunction in the FX model mouse, and show that
eliminating production of FMRP in the PFC alone in adult mice
leads to a dramatic deficit in learning. Furthermore, initiating the
production of FMRP in the adult PFC, after development, rescues
performance in FX mice. The results suggest that deficits in adap-
tive behavior due to PFC dysfunction are at least partially due to
the ongoing absence of FMRP and are not entirely developmen-
tally linked. The findings suggest new possibilities for rescuing
PFC dysfunction in FX patients after development.

Materials and Methods
Subjects. For the first experiment, FX mice and their WT littermates were
obtained by crossing fmr1�/y mice in our facility (Brager et al., 2012;
Kalmbach et al., 2015) with female C57BL/6J mice (The Jackson Labora-
tory). The resulting heterozygous females ( fmr1�/�) were then crossed
with male C57BL/6J mice (The Jackson Laboratory), and male progeny
(fmr1�/y and fmr1�/y) used for behavioral experiments. The parents of
the experimental progeny were functionally WT mice (heterozygous
mothers have one functional fmr1 gene, and so would exhibit a WT
phenotype). For the second and third experiments, conditional fmr1KO
(cKO) and conditional fmr1ON (cON) breeding mice were acquired
(D. Nelson, Baylor College of Medicine) and maintained in our facility.
Depending on the mouse strain, Cre recombinase expressed regionally
using adeno-associated virus (rAAV-Cre) either eliminates (in cKO
mice) or initiates (in cON mice) production of FMRP in virus-infected
neurons (Mientjes et al., 2006; Guo et al., 2011). For Experiment 3, cON

male mice were also paired with female heterozygous cON mice to pro-
vide an additional WT littermate control for those experiments. The
colony was maintained on a reverse light-dark schedule (lights off at 9:00
A.M. and lights on at 9:00 P.M.), and food and water were available ad
libitum throughout all experiments. Behavioral experiments occurred
during the animals’ active dark phase, and red-light conditions were
maintained throughout behavioral procedures. Mice were 10 –16 weeks
old at the time of surgical procedures. All procedures were approved by
the University of Texas at Austin Institutional Animal Care and Use
Committee in accordance with National Institutes of Health guidelines.

Experimental design and statistical analysis factors. For all experiments,
littermates were used as control subjects, and groups of subjects trained
either during overlapping timeframes (for FX and cON experiments), or
as 2 large groups (cKO mice). This was due to the breeding schemes used
(simultaneous breeder pairings or staggered). Each subgroup of simul-
taneously trained mice consisted of both experimental and control ani-
mals for a fully balanced design in all cases. Group and bootstrapped data
over training days are shown as median � 25th–75th interquartile range
(IQR) to relay the most accurate representation of data distributions at
various time points. Additional post hoc tests on performance, wheel
running, and unconditional responses were tested for normality using
the Kolmogorov–Smirnov (K-S) method and compared using paired or
independent-groups t tests, as indicated (normality results given in Re-
sults). Statistical analyses were performed in Igor Pro (version 6.37,
Wavemetrics). Power analyses were performed using G*Power (version
3.1.9.2).

Experiment 1: Experimental numbers for FX mice and their WT lit-
termates were calculated based on power analyses of preliminary data
from FX (n � 25 progeny of homozygous breeders) and C57BL/6J (n �
16 C57BL/6J) mice, which showed an effect size of 1.60. Power analysis
indicated sample sizes of 26 mice/group as sufficient to detect differences
based on a one-tailed t test on the final day of training, yielding a power
of 0.997. Groups of littermates were trained as described below until that
number was approached (n � 25 and n � 24 of WT and FX littermates,
respectively). Because distributions of data for both groups were signifi-
cantly skewed at various time points during learning (as typically ob-
served in acquisition curves), a parameter-free test based on the same
logic behind the t test was used (see Behavioral training and analyses). As
described below, Bonferroni corrections were invoked for all family-wise
comparisons.

Experiments 2 and 3: Because of the complexity of experiments that
included injections of rAAV-Cre in the PFC and the large effect size
observed in Experiment 1, the numbers of mice per group were reduced
by approximately half for these experiments (n � 13 and n � 12 for cKO
experimental and controls; n � 12, n � 14, and n � 10 for cON experi-
mental, WT controls, and cON controls, respectively; see below for fur-
ther details regarding control groups). The result was a corresponding
reduction in statistical power (to 0.51 and 0.60 for cKO and cON exper-
iments, respectively) and therefore a decrease in the probability of detect-
ing smaller but significant group differences. This was reasonable
because only a large effect would firmly support (or fail to support) our
hypothesis in each experiment. Accordingly, post hoc power analyses
indicated lower but still large effect sizes for both experiments during the
last training sessions (1.21 and 1.29 for cKO-injected/cKO-controls and
cON-injected/cON-controls, respectively). The same statistical methods
used to compare group differences in Experiment 1 were applied to these
experiments.

Surgical procedures. All mice were surgically implanted with a custom-
fabricated titanium headplate for head fixation on a running wheel dur-
ing training as described previously (Siegel et al., 2015). Anesthesia was
induced with 3% isoflurane mixed with medical grade oxygen and main-
tained at surgical depth with 1%–2% isoflurane throughout procedures.
Animals were placed in a stereotaxic apparatus and injected with 0.15 ml
of Rimadyl (1 mg/ml, s.c.). Mice receiving craniotomies also received
0.03 ml of dexamethasone (2 mg/ml, s.c.). The skull was prepared by
scalping the crown, removing the fascia, then scoring the skull with the
tip of a scalpel blade. After the skull was cleaned and dried, a layer of
low-viscosity cyanoacrylate was applied over the surface of the exposed
skull. An initial layer of Metabond (Parkell) was applied over the cyano-
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acrylate, the titanium headplate placed, and additional Metabond used to
cement the headplate to the skull. Mice were given a minimum of 1 week
to recover before beginning acclimation to the running wheel and behav-
ioral training. cKO, Con, and their WT littermates also received 2 � 3
mm craniotomies and stereotaxic unilateral injections of rAAV:mSyn:
Cre (recombinase expressed from a mouse synapsin promoter, 2.5 �
10 11 genomes/�l) (Borghuis et al., 2011) in the TEC-specific region of
the PFC (caudal anterior cingulate and medial agranular regions) (Siegel
et al., 2015) (90 nl injected at anteroposterior coordinates 1.0, 1.25, and
1.5 mm from bregma, 0.5 mm lateral to the midline at 1.2 mm below
brain surface; and 30 nl at each of the same anteroposterior coordinates
0.8 mm lateral and 0.8 mm below the brain surface; 6 total injection sites
separated by 250 �m). Unilateral injections were used based both on
anatomical projection patterns and functional inactivation: (1) anatom-
ical tracing indicates unilateral projections from PFC to the pons, and
from the pons to the cerebellum (Siegel et al., 2015); and (2) unilateral
inactivation of either the PFC or the cerebellum abolishes CRs in trained
mice (Siegel et al., 2015). cON WT littermates received the same injec-
tions of rAAV-Cre, and cKO control mice received injections of rAAV-
tdTomato at the coordinates given above. cON sham controls received
the same craniotomies, but no rAAV was injected. Mice injected with
rAAV and their controls were given 6 weeks for surgical recovery and
protein turnover/production before acclimation and behavioral train-
ing. This time point was chosen based on preliminary tests using a 4 week
recovery period, which suggested that behavioral effects may not be sta-
ble across animals at that time. To ensure that FMRP is fully degraded
and for the downstream effects of FMRP loss and protein turnover in
neurons be stable in all animals at the start of behavioral training, the
postinjection window was extended to 6 weeks. It should be noted that
the Cre-mediated excision of floxed sites is a single and permanent event,
and so there appeared to be no detriment to extending the time window
as a precautionary measure.

Behavioral training and analysis. The acclimation, TEC training pro-
cedures, and eyelid behavior analyses used have been previously de-
scribed (Siegel et al., 2015). The experimenter was blind to the genotype/
experimental manipulation of mice during training, which was not
revealed until after quantification of eyelid behavior. Mice were first
acclimated to head-fixation on top of a freely rotating cylinder for 3 d (for
15, 30, and 30 min) before TEC training began. Mice received 1 session/d
of 60 TEC trials/session for 14 d. Training trials were given at an interval
of 15 � 5 s and began with presentation of a 50 ms blue light LED as the
conditional stimulus (CS), followed by a 250 ms stimulus-free trace in-
terval and terminated with a 20 ms air-puff to the eye (as the uncondi-
tional stimulus [US]; see Fig. 1A, top) while head-fixed and permitted to
run freely on the rotating cylinder. The first and then every fifth trial was
a CS-only probe trial. Eyelid behavior was monitored with a high-speed
camera (200 or 250 fps). Eyelid responses for each trial were analyzed
off-line using custom software running in Igor Pro (Wavemetrics). For
each session, a region of interest (ROI) was selected over the center of the
eye and applied to each frame of a session. Pixels within that ROI were
thresholded such that the eye was designated as black and the surround-
ing fur as white (see Fig. 1A, bottom). The fraction-of-eyelid closure
(FEC) was calculated as the ratio of white:black pixels within the ROI for
each frame of a trial (e.g., see Fig. 1A, bottom right), for all trials within a
session. Trials with eyelid movements exceeding a SD of 0.015 for the 200
ms before CS onset were considered invalid and excluded (�5% of tri-
als). A CR was scored for valid trials in which the FEC exceeded 0.10
between CS and US onset (e.g., see Fig. 1A, bottom right). Performance
(CR rate) was calculated as the proportion of valid trials with a CR/
number of valid trials (expressed as a percentage). CR amplitude and
latency to peak (timing) were calculated from the valid CS-only probe
trials for each session. CR amplitude was defined as the maximum FEC
observed after CS onset, with latency to peak taken as the time between
CS onset and the maximum FEC observed. The reflexive blink response
to the air-puff was also measured and taken as the maximum amplitude
after US onset. Group differences in air-puff responses were tested by
taking the median amplitude observed across trials for each training
session for each mouse and averaging over days for a given mouse. Wheel
running behavior was recorded as previously described (Siegel et al.,

2015). In short, the side of the rotating cylinder was fixed with a concen-
tric black-and-white repeating quadrature pattern, and movement mea-
sured by temporal changes in the infrared light reflected from a point on
the wheel’s edge as detected with a paired LED and phototransistor
(SEN-11769, Sparkfun). Movement was sampled at 20 Hz and written to
file by an Arduino microcontroller. Momentary speed was calculated by
the number of light changes during the sampling epoch and converted to
centimeters per second. Group differences were tested by calculating the
percent time running during each training session for each mouse and
averaging over days for a given mouse.

Group differences in learning were evaluated for each training day
using a parameter-free test similar to a t test but independent of normality
and homogeneity of variance assumptions. Samples were bootstrapped to
derive the most likely sampling distribution of the population that those
samples came from (Kulesa et al., 2015), and the K-S two-sample test
then used to determine whether the parent sampling distributions were
significantly different (with Bonferroni corrections implemented for the
number of repeated measures in all cases). For each time point, the
sampling distribution of the median was derived separately for FX and
WT mice by resampling (with replacement) the same number of obser-
vations for each group and recording the median measure of central
tendency, for 10,000 iterations (bootstrap). The K-S test was then used to
test whether the derived sampling distributions of FX and WT mice at
each time point were significantly different. The K-S test will be sensitive
to differences in the shape of distributions (normal vs highly skewed) as
well as differences in central tendency. Significance was determined by
comparing the obtained d to dcrit, where dcrit was calculated using the
numbers of observations in the original sample groups as follows:

dcrit � �coef (�((nFX � nWT)/(nFX * nWT))). (1)

The �coef was determined by the double exponential (fit to known esti-
mations of � coefficients for the K-S test) as follows:

1.1352 � (0.56308 * exp( � 18.8 * �Bonf))

( � 0.34548 * exp( � 278.41 * �Bonf)), (2)

where �Bonf is the family-wise error (� � 0.05) divided by the total
number of comparisons being made (Bonferroni correction).

FMRP immunohistochemistry. After behavioral training was complete,
mice were given intraperitoneal injections of 0.15 ml ketamine mixed
with xylazine (10 mg/ml xylazine in 90 mg/ml ketamine) and perfused
intracardially with modified ACSF (2.5 mM KCl, 1.25 mM NaH2PO4, 25 mM

NaHCO3, 0.5 mM CaCl2, 7 mM MgCl2, 7 mM dextrose, 205.5 mM sucrose,
1.3 mM ascorbic acid, and 3.7 mM pyruvate) followed by 4% PFA in 0.02 M

phosphate buffer. Brains were cryoprotected in a 30% sucrose/4% PFA
solution overnight or until equilibrated. Tissue was sectioned at 50 �m
using a sliding microtome (Leica Microsystems) on a temperature
controlled freezing stage (Physitemp). Coronal sections of PFC (from
bregma 1.75 to 0.75, previously shown to support TEC) (Siegel et al.,
2015) were taken and stored in PBS for 24 – 48 h. For immunofluorescent
staining, sections were rinsed 3 � 5 min in PBS and then transferred to a
hot sodium citrate bath for antigen retrieval (85°C-95°C, pH 6.0, 30 min
incubation). Sections were rinsed and placed in blocking solution (10%
normal goat serum and 0.5% Triton X-100 [NGST]) at room tempera-
ture for 3 h, then rinsed and placed in primary antibody (1:1 of mouse
supernatant anti-FMRP in NGST, Developmental Studies Hybridoma)
for 48 h at 4°C. After rinsing, slices were placed in secondary antibody
(1:500 Alexa-488 goat antimouse IgG in NGST, Thermo Fisher Scien-
tific) for 3 h at room temperature, rinsed several times, and mounted on
Microfrost Plus slides (Fisher Scientific). Mounted sections were cover-
slipped with Fluormount-g (Southern Biotechnology) and light-protected.

Imaging and volumetric reconstruction of FMRP-negative and -positive
tissue. The experimenter was blind to behavioral performance during
imaging and quantification of FMRP-negative or -positive tissue. Images
of FMRP immunohistochemistry staining in the PFC were acquired us-
ing a Zeiss Axio Imager Z2 microscope running AxioVision software
(version 4.8.2, Carl Zeiss). Multichannel images included independent
reflected wavelength bands for blue (for autofluorescence to identify
gross anatomical structure) and green (for FMRP immunohistochemical
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staining). Standard Zeiss filter sets (Carl Zeiss) were used to separate
excitation/emission wavelengths (set 49 for blue: excitation 365, dichroic
395, emission 445/50; set 38 for green: excitation 470/40, dichroic 495,
emission 525/50). Images were acquired as multichannel mosaics in 12
bit or 16 bit grayscale format. Following alignment of tiled images and
assembly into a single continuous image using the AxioVision software,
individual channels were exported as unmodified 8 bit or 12 bit TIF files.
Image processing and quantification were performed in FIJI (Schindelin
et al., 2012). Images were processed to increase signal/noise using a roll-
ing ball background subtraction algorithm and adjustment of brightness/
contrast. The area of FMRP-negative (for cKO�PFC-Cre mice) or
-positive tissue (for cON�PFC-Cre mice) was calculated for sections
falling within the TEC-specific region of PFC (Br 1.75– 0.75) (Siegel et al.,
2015). Volume of FMRP-negative or -positive tissue for each section was
calculated by estimating the intersection interval and multiplying by the
area of FMRP-negative/positive tissue observed. The total volume of
FMRP-negative/positive tissue for each mouse was determined by sum-
ming the volumes of all sections falling within the TEC-specific range.
Reconstruction of FMRP-negative or -positive tissue for each mouse was
performed as previously described (Siegel et al., 2015). For each repre-
sentative section from each mouse, the opacity of the area of FMRP-
negative or -positive tissue was set to 10%, and the areas from all animals
overlaid. The grayscale image compiled across animals for each brain
section was converted to a color scale to represent the number of animals
with overlapping regions of FMRP-negative or -positive tissue.

Results
FX mice show significant impairments in TEC
The acquisition of TEC in mice has been shown to be highly
sensitive to PFC disruption (Siegel et al., 2015). To investigate
whether the PFC of the FX model mouse is functionally compro-
mised by the absence of FMRP, FX mice and their WT littermates
were trained for 14 d in TEC. FX mice showed remarkable deficits
in TEC acquisition, including a higher proportion of nonlearners
(defined as �10% CRs for all training days), a delayed onset for
learners (�50% CRs), and differences in CR expression (lower
asymptotic rates, lower response amplitudes, and poorer timed
responses).

Figure 1B (top) shows the median and 25th-75th IQRs for all
FX and WT animals. Bootstrapping was used to derive the most
likely sampling distributions (to infer the underlying population
distributions) (Kulesa et al., 2015) for each group of animals on
each day of training. The analysis indicates that FX and WT pop-
ulations diverge in learning on the sixth day of training, with FX
mice showing significantly lower performance for the rest of
training (n � 25, n � 24, K-S test: d � 0.53, p � 0.0035 for each
time point; Fig. 1B, bottom). The sampling distributions of FX
mice do not depart significantly from zero until day 11, whereas
WT mice are significantly different from zero beginning on day 8
(one-tailed CI, p � 0.05; Fig. 1B, bottom, arrows). The data dem-
onstrate that FX mice show less learning as a group with a delayed
onset relative to WT littermates. The decreased learning is due in
part to the higher proportion of animals in the FX group that
showed little, if any, evidence of learning (nonlearners, �10% CR
rates, 38% of FX vs only 8% of WT mice; Fisher Exact test � 6.12,
p � 0.01; Fig. 1C; behavioral examples shown in Fig. 1D).

Previous work has shown that FX mice have deficits in sensory
processing (including visual cortex) and cerebellar-dependent
motor function (Koekkoek et al., 2005; Dölen et al., 2007; Micha-
lon et al., 2012), which may have affected the ability of these mice
to learn the task. FX mice responded to the air-puff with reflexive
blinks that were not different from WT, suggesting that insensi-
tivity to the US cannot explain the difference in learning (mean �
SEM for FX: 0.87 � 0.02 FEC, WT: 0.89 � 0.01 FEC, df � 23, df �
24, t � �1.18, p � 0.25; normality for WT: d � 0.14 and p � 0.35,

FX group data violated normality, d � 0.27 and p � 0.02; how-
ever, a Wilcoxon Rank Test yielded the same result, U � 354.5,
p � 0.14). To test directly whether sensory or motor deficits alone
may have precluded the learning or expression of TEC in FX
mice, nonlearners were trained using the same stimuli under the
same conditions in a PFC-independent delay conditioning train-
ing protocol (in which the 170 ms light CS and air-puff overlap
and coterminate) (Siegel et al., 2015). Most FX TEC nonlearners
were able to learn to express CRs in the delay task (6 of 9 mice,
31%– 85% maximum CR rates; Fig. 1E), similar to that observed
for PFC-lesioned WT mice in a previous study (in both studies, a
proportion of control TEC nonlearners also fail to learn) (Siegel
et al., 2015). A paired comparison between CR rates observed on
the final day of TEC versus that observed for delay showed sig-
nificant increases in performance after delay, further indicating
that the inability to acquire TEC was likely not due to sensory
processing or motor expression issues in these mice (mean �
SEM, TEC day 14: 3.61 � 1.14% CRs, delay day 10: 33.85 �
10.11%; t � 3.16, df � 8, p � 0.007; normality test for TEC: d �
0.25 and p � 0.28, delay: d � 0.19 and p � 0.47). Finally, analysis
of wheel running behavior during TEC showed that FX mice were
neither “frozen” (mean � SEM, FX percent time running:
16.21 � 1.59, Ho � 0%, df � 23, t � 10.23, p � 0.0001; normality:
d � 0.14, p � 0.38) nor hyperactive on the wheel during training,
actually running slightly less than their WT counterparts (WT
percent time running: 27.04 � 3.05, paired t test vs FX: df � 24,
df � 23, t � 3.15, p � 0.003; normality for WT: d � 0.17,
p � 0.22).

Although fewer FX mice learned TEC relative to WT, some FX
mice did meet a 50% CR criterion on at least one of the 14 d of
training. The performance rates of FX learners and WT learners
were aligned to the criterion day to test whether these mice ac-
quired CRs at the same rate (even with the delayed onset) and
performed at the same level after criterion (Fig. 2A, left). Analysis
revealed that FX and WT mice acquired the task similarly before
and during learning, but FX mice performed at a lower asymp-
totic rate after criterion (n � 19, n � 12, K-S test: d � 0.65, p �
0.0045 for each time point; Fig. 2A, left). In addition to lower
performance rates, FX mice also showed smaller amplitude CRs
when normalized to learning onset (K-S test: d � 0.63, p � 0.005;
Fig. 2A, middle) and modestly earlier timing, possibly as an adap-
tive strategy to express CRs and protect the eye from the air-puff
(K-S test: d � 0.63, p � 0.005; Fig. 2A, right; behavioral examples
shown in Fig. 2B).

FX patients have been described as showing perseverating be-
haviors (Wilding et al., 2002). Therefore, we took advantage of
the fact that some FX mice could express learning (albeit with
deficits) to test whether they perseverated in expressing CRs dur-
ing extinction training, when only the light cue and no air-puff
was presented. Although FX mice showed performance deficits
before and after extinction training (K-S test: d � 0.64, p �
0.005), during extinction of the task they learned to stop respond-
ing to the CS just as efficiently as their WT counterparts (K-S test:
d � 0.64, p � 0.005; Fig. 2C).

PFC-specific knock-out of FMRP in adult mice produces
learning deficits
A number of brain regions have been shown to support TEC in
mice, including the cerebellum, which mediates expression of the
learned motor response (Kalmbach et al., 2009, 2010; Siegel et al.,
2015). To determine which, if any, of the observed TEC deficits in
FX mice can be attributed to an absence of FMRP in the PFC
alone, we used injections of rAAV-Cre targeted to the TEC-
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specific region of PFC (caudal anterior cingulate and medial
agranular regions) (Siegel et al., 2015) in adult fmr1-/y cKO mice
to block FMRP production from that point on (cKO�PFC-Cre,
Fig. 3A) (Mientjes et al., 2006). Immunohistochemistry against
FMRP confirmed that the recombinase treatment eliminated
FMRP in the TEC-specific region of PFC (Fig. 3A). Cre-injected
cKO mice showed significant deficits in TEC relative to their
littermate cKO sham-injected controls (Fig. 3B). Further analysis
revealed that cKO�PFC-Cre and cKO control populations di-

verge and show reliably different CR rates beginning on day 7
(similar to that observed between FX and WT mice; n � 13, n �
12, K-S test: d � 0.72, p � 0.0036 for each time point; Fig. 3B,
bottom). Also, similar to FX mice, PFC-specific knock-out of
FMRP resulted in a delayed onset of learning (day 13 for
cKO�PFC-Cre vs day 7 for cKO controls; one-tailed CI, p �
0.05; Fig. 3B, bottom, arrows). Finally, a significantly higher pro-
portion of cKO�PFC-Cre mice were nonlearners compared with
cKO controls (38.5% of cKO�PFC-Cre vs 0% of cKO control

Figure 1. FX mice are impaired in the PFC-dependent trace eyeblink conditioning task. A, Mice are presented with a visual cue (blue LED) followed by a 250 ms stimulus-free interval terminating
with an air-puff to the eye (top). Eyelid responses are measured with an infrared high-speed camera to determine FEC (bottom left). Before learning, mice close the eye only in response to the air-puff
(top right), but with continued training learn to close the eye in anticipation of the air-puff (CR; upward deflection indicates closure, bottom right). B, Trace conditioned response rates over 14 d of
training for FX and WT littermates (median � IQR, top), and the derived sampling distributions of the median based on bootstrapping (medians � IQRs, bottom). *Significant differences between
sampling distributions on a given day of training (KS tests with Bonferroni correction, p � 0.0035; see Materials and Methods). Arrows indicate the onset of learning (i.e., the first day that
distributions were significantly different from “0” at 95th percentile CI). FX and WT mice deviated in learning beginning on day 6 and differed in learning onset by 3 d. C, FX mice showed significantly
more nonlearners than WT (Fisher exact test, p � 0.01). D, Example eyelid responses for 2 WT (top, early and late learner) and 2 FX mice (bottom, nonlearner and typical learner matched to late
learning in WT), for the first day of training, criterion day (50% CRs), and last day of training. Each example shows all 48 paired training trials overlaid. Red represents average eyelid response. Blue
bars represent light. Gray bars represent air-puff presentation. Even when matched for criterion day (late WT learning vs typical FX learner), the FX mouse showed fewer CRs by the end of training
with smaller amplitudes. Differences in CRs between WT and FX mice are clearly noted for light-only probe trials in which the air-puff was omitted (far right). E, FX and WT nonlearners were trained
using the same stimuli in a non–PFC-dependent version of the task (i.e., delay conditioning) in which the light and air-puff coterminate. Most FX mice were able to express CRs when the PFC was
not necessary for learning, indicating that previous learning deficits were not due to sensory or motor processing deficits.
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mice; Fisher Exact test � 5.77, p � 0.02; Fig. 3C). The data indi-
cate that deficits in group performance over training days, the
increased proportion of mice with a nonlearning phenotype, and
the delayed learning onset can be attributed directly to the ab-
sence of FMRP from the PFC alone. Further, these deficits were
observed after knocking out FMRP in the adult mouse, and there-
fore are likely due to the ongoing function of FMRP in the PFC
after development.

Interestingly, cKO�PFC-Cre learners expressed CRs that
were not significantly different from those of cKO control mice,
which had FMRP intact throughout the brain (Fig. 4). Alignment
of the learning curves of individual mice to criterion revealed no
differences in asymptotic performance rates (n � 6, n � 8, K-S
test: d � 0.94, p � 0.005 for each time point; Fig. 4A, left), in
contrast to that observed for FX mice with a global absence of
FMRP. Likewise, decreases in CR amplitude and earlier timing
were not observed, although increases in amplitude and later

timing were observed at some time points (fewer mice were sam-
pled at these later time points due to the delayed onset of learning;
amplitude: d � 0.93, p � 0.006 for each time point; timing: d �
0.93, p � 0.006; Fig. 4A, middle and right; behavioral examples
shown in Fig. 4B). The data suggest that the latter aspects of CR
expression (rate, amplitude, and timing) were not due to the
absence of FMRP in the PFC, and therefore likely due to dysfunc-
tion in other brain regions that lack FMRP in the FX mouse, such
as the cerebellum (Koekkoek et al., 2005).

Initiation of FMRP production in the PFC of adult FX mice results
in the rescue of PFC-specific deficits
Although knock-out of FMRP in the PFC alone was sufficient to
observe TEC deficits in adult mice, it is still possible that the
absence of FMRP during development could preclude rescuing
those deficits when FMRP expression is restored in the adult PFC.
To address this question, we initiated the production of FMRP in

Figure 2. FX learners show deficits in CR expression, including lower asymptotic performance, response amplitude, and timing. A, CR rates (left), CR maximum amplitude (middle), and CR timing
(latency to peak amplitude, right) in WT and FX learners, aligned by criterion session (�50% CRs; median � IQR). Bottom graphs, Bootstrapped sampling distributions of the medians (medians �
IQRs). *Significant differences between WT and FX distributions (KS tests with Bonferroni correction, CR rates: p�0.0045; amplitude and timing: p�0.005). B, Example behavioral sessions 2 d after
meeting criterion from two representative WT and FX mice. m, Individual mouse ID. Each line indicates eyelid behavior for a single trial (first trial at top, upward deflection indicates closure, time on
x-axis). Blue represents light CS. Gray represents onset of air-puff and post-trial epoch. Higher performance, larger-amplitude CRs, and CR peaks are timed to air-puff delivery for WT mice relative
to FX mice. Red arrows indicate early timing of CR peaks observed for many FX mice. C, CR rates (top) and bootstrapped sampling distributions of the median (medians � IQRs, *p � 0.005) for
extinction (EXT) and reacquisition (reacq) training. FX mice were able to extinguish learned responses as efficiently as their WT littermates.
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Figure 3. PFC-specific knock-out of FMRP in adult mice results in increased proportion of nonlearning mice and delayed learning onset. A, FMRP immunohistochemistry from the PFC of 3
representative cKO�PFC-Cre mice (left), with total volumes of FMRP-negative tissue for all mice shown on right (histogram). Letters indicate volumetric results from representative examples. Areas
of FMRP-negative tissue were reconstructed for all cKO�PFC-Cre mice and showed considerable overlap in the medial agranular (AGm) and anterior cingulate (AC) regions of PFC previously shown
to be critical for TEC. Bottom, Color scale: red represents regions where FMRP-negative tissue was observed for all 13 mice; cool colors represent regions where few mice overlapped. B, CR rates over
14 d of training for cKO�PFC-Cre (magenta) and control mice (black, top), and bootstrapped sampling distributions of the median (bottom, medians � IQRs). Sampling distributions diverge
significantly beginning on day 7 (*p � 0.0036), and cKO�PFC-Cre mice do not perform above “0” until day 13 (magenta arrow, 95th percentile CI), indicating a delayed onset of learning for the
group relative to control mice (black arrow, day 7). C, Similar to FX mice, cKO�PFC-Cre mice show a higher proportion of nonlearners relative to control mice (Fisher exact test, p � 0.02).
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the PFC of adult mice in which FMRP was absent throughout
development (cON�PFC-Cre mice).

Similar to the previous experiment, immunohistochemistry
indicated successful initiation of FMRP expression in the TEC-
specific region of PFC in cON mice (Fig. 5A). Analysis of CR rates
during acquisition revealed no significant differences on any
training day between cON�PFC-Cre mice and their WT litter-
mates (which also received rAAV-Cre; n � 12, n � 14, K-S test:
d � 0.70, p � 0.0036 for each time point; Fig. 5B). In contrast,
cON�PFC-Cre mice showed significantly higher performance
rates during training than their cON littermate controls (sham,
no rAAV-Cre) beginning on day 9 of training (n � 12, n � 10,
K-S test: d � 0.77, p � 0.0036 for each time point; Fig. 5B).
Furthermore, analysis of learning onset indicated no delay be-
tween cON�PFC-Cre and WT�PFC-Cre mice (day 9 for both
groups; one-tailed CI, p � 0.05; Fig. 5B, bottom, green and black
arrows), whereas cON-sham mice did not deviate from 0% CRs
until the last day of training (day 14; one-tailed CI, p � 0.05; Fig.

5B, bottom, red arrow). In addition to the rescue of both group
performance and delayed learning onset in cON�PFC-Cre mice
to WT levels, the proportion of nonlearners was significantly
decreased relative to cON-sham controls and was not different
from that observed for WT�PFC-Cre mice (17% of cON�PFC-
Cre vs 60% of cON-sham, Fisher Exact test � 4.33, p � 0.035;
cON�PFC-Cre vs 7% of WT�PFC-Cre � 0.57, p � 0.45; Fig.
5C). The data show that, after initiation of FMRP production in
the PFC of adult mice, both the higher proportion of nonlearners
and the delay in learning onset were rescued to WT levels.

The previous experiment in which FMRP was knocked out in
the adult PFC indicates that specific aspects of CR expression
(performance rate, amplitude, and timing) are not impaired
when FMRP is present in the rest of the brain. If the PFC indeed
does not play a role in these aspects of CR expression, then those
deficits should still be observed in cON�PFC-Cre mice, in which
FMRP was restored only in the PFC and is deficient in the rest of
the brain. This appears modestly true for performance rate (n �

Figure 4. cKO�PFC-Cre mice that are able to learn do not show deficits in performance rate, CR amplitude, or CR timing. A, CR rates (left), CR maximum amplitude (middle), and CR timing
(latency to peak amplitude, right) in cKO�PFC-Cre (magenta) and cKO control learners (black), aligned by criterion session (�50% CRs; median � IQR). Bottom graphs, Bootstrapped sampling
distributions of the medians (medians � IQRs). *Significant differences between WT and FX distributions (KS tests with Bonferroni correction, CR rates: p � 0.005; amplitude and timing:
p � 0.006). In contrast to FX mice, cKO�PFC-Cre mice did not show deficits in these aspects of CR expression. B, Example behavioral sessions 2 d after meeting criterion for learners or the last day
of training from nonlearners, from two representative cKO�PFC-Cre and cKO control mice (as described in Fig. 2). There is a similar performance for cKO�PFC-Cre and control learners, including CR
rate, amplitude, and timing, in contrast to FX mice. The results suggest that these aspects of CR expression are dependent on a brain region other than the PFC, in which FMRP remained intact.
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Figure 5. PFC-specific initiation of FMRP production in adult mice results in a rescue of PFC-associated deficits. A, FMRP immunohistochemistry from the PFC of 3 representative cON�PFC-Cre
mice (left), with total volumes of FMRP-positive tissue for all mice shown on right (histogram, letters correspond to volumetric results from representative examples). Small dark regions within
FMRP-positive tissue indicate some local tissue damage due to injections, also observed in control injected WT mice (data not shown). Areas of FMRP-positive tissue were reconstructed for all
cON�PFC-Cre mice and showed considerable overlap in the medial agranular (AGm) and anterior cingulate (AC) regions of PFC previously shown to be critical for TEC. Bottom, Reverse color scale:
dark blue represents regions where FMRP-positive tissue was observed for all 12 mice; warm colors represent regions where few mice overlapped. B, CR rates over 14 d of training for cON�PFC-Cre
(green), WT�PFC-Cre (black), and cON-sham (red, top), and bootstrapped sampling distributions of the median (bottom, medians � IQRs). Sampling distributions were not different between
cON�PFC-Cre and WT mice on any training day ( p � 0.0036), while diverging from cON-sham mice beginning day 9 (arrows, p � 0.0036). Similarly, cON�PFC-Cre and WT mice show the same
learning onset (day 9, green and black arrows, 95th percentile CIs), whereas cON-sham mice do not perform above “0” until day 14 (red arrow). *Significant differences between sampling
distributions of cON�PFC-Cre and cON-sham mice on a given day of training (KS tests with Bonferroni correction, p � 0.0035). C, cON�PFC-Cre and WT mice show a similar proportion of
nonlearners (Fisher exact test, p � 0.45), which was significantly lower than observed for cON-sham mice ( p � 0.035).
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6, n � 9, K-S test: d � 0.91, p � 0.005 for each time point; Fig. 6A,
left) and timing (K-S test: d � 0.88, p � 0.007; Fig. 6A, right).
However, the amplitude of CRs was not different from
WT�PFC-Cre mice (K-S test: d � 0.88, p � 0.007; Fig. 6A, mid-
dle; behavioral examples shown in Fig. 6B), suggesting that the
PFC can influence at least some aspects of learned motor re-
sponses when those motor regions are compromised.

Discussion
The most striking effect of conditional FMRP knock-out in the
PFC was that a significant proportion of animals were unable to
learn. Mice that were able to learn required at least 200 additional
trials (3– 6 sessions) to display learning relative to their WT lit-
termates. In contrast, initiating FMRP production in the PFC
resulted in a rescue of both the nonlearning phenotype and the
delayed onset of learning. Remarkably, the rescue of PFC-
associated deficits was achieved in the adult mouse after develop-
ment. The results suggest that PFC dysfunction in FX is due, at

least in part, to the continued function of FMRP in PFC neurons
and cannot be entirely attributed to the absence of FMRP during
development. Most importantly, the possibility of restoring PFC
function in FX patients after development may be an achievable
goal.

PFC, TEC, and FX
The necessity of the PFC for TEC has been established in several
animal models (Kronforst-Collins and Disterhoft, 1998; Take-
hara et al., 2003; Kalmbach et al., 2009; Chen et al., 2014), includ-
ing mice (Siegel et al., 2015). A functional PFC is required for
both the acquisition and ongoing expression of eyeblink condi-
tioning when the CS and US do not overlap in time (Kronforst-
Collins and Disterhoft, 1998; Takehara et al., 2003; Kalmbach et
al., 2009; Siegel et al., 2015). The motor expression of the learned
eyelid response and its attributes (e.g., amplitude and timing) are
driven by the cerebellum (Kalmbach et al., 2010; Kreider and
Mauk, 2010; Siegel and Mauk, 2013; Heiney et al., 2014; Siegel et

Figure 6. cON�PFC-Cre and WT learners show deficits in performance rate and CR timing, whereas CR amplitude was rescued. A, CR rates (left), CR maximum amplitude (middle), and CR timing
(latency to peak amplitude, right) in cON�PFC-Cre (green) and WT learners (black), aligned by criterion session (�50% CRs; median � IQR). Bottom graphs, Bootstrapped sampling distributions
of the medians (medians � IQRs). *Significant differences between cON�PFC-Cre and WT distributions (KS tests with Bonferroni correction, CR rates: p � 0.005; amplitude and timing: p � 0.007).
In contrast to FX mice, cON�PFC-Cre mice did not show differences in amplitude criterion, whereas asymptotic rates and timing were different from WT. B, Example behavioral sessions 2 d after
meeting criterion for learners or the last day of training from nonlearners, from two representative control and cON�PFC-Cre mice (as described in Fig. 2). There are lower performance rates and
earlier timing (green arrows) for cON�PFC-Cre mice versus WT, whereas CR amplitudes were similar.
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al., 2015; but see Ammann et al., 2016). The prevailing hypothesis
is that a persistent PFC input to the cerebellum (via the pons) in
response to the CS is required to bridge the temporal gap with the
US (Weiss and Disterhoft, 2011; Siegel et al., 2012), and has been
consistently observed in PFC recordings during TEC (Takehara-
Nishiuchi and Mcnaughton, 2008; Siegel et al., 2012; Siegel and
Mauk, 2013; Hattori et al., 2014; Siegel, 2014, 2016). Based on this
hypothesis, the trial structure of TEC is therefore similar to that
used in working memory tasks, which in primates is thought to be
supported by persistent responses in the PFC (Fuster and Alex-
ander, 1971; Fuster, 1973; Goldman-Rakic, 1995). Working
memory deficits have been reported in FX patients (Munir et al.,
2000b; Cornish et al., 2009). As such, FX patients have difficulty
in associating actions or events with consequences, particularly
when events do not occur close in time. Although certainly a
more complicated scenario for humans than the simplified TEC
task used for our mice, it is possible that similar PFC processes are
being probed in the current study. Trace fear conditioning also
includes a stimulus-free interval separating the CS and footshock.
Interestingly, that task has also been shown to be both PFC-
dependent and deficient in FX mice (Zhao et al., 2005).

Another hallmark of FX and other forms of autism is behav-
ioral perseverance, in which patients repeat stereotyped behav-
iors even when the rule set has clearly changed (Wilding et al.,
2002). Behavioral perseveration is associated with the striatum
and can develop whether the PFC fails to inhibit striatal activity
(Ridley, 1994; Menon et al., 2004). To date, no evidence for a
striatal contribution to TEC has been demonstrated in mice, with
the cerebellum shown to drive learned motor responses in eye-
blink conditioning (Heiney et al., 2014; Siegel et al., 2015). In the
current study, FX mice were able to efficiently extinguish their
learned TEC responses when the US was removed, suggesting
that circuits driving perseverating behaviors were likely not en-
gaged by our task.

To our knowledge, FX patients have not been tested in TEC,
but one prediction is that patients might show similar learning
deficits to those observed in FX mice. Deficits in amplitude and
performance for a non–PFC-dependent version of eyeblink con-
ditioning have been reported for FX mice and human patients
(Koekkoek et al., 2005). In the current study, FX mice showed
similar deficits in performance, which appeared to be associated
with FMRP status in the cerebellum (intact in cKO�PFC-Cre
mice and deficient in FX and cON�PFC-Cre mice). However,
rescue of FMRP in the PFC alone revealed a rescue of CR ampli-
tude, suggesting that the PFC can influence some aspects of
learned motor responses, even if the motor system itself is com-
promised. The latter finding suggests the possibility that rescue of
function in a higher-order brain region, such as PFC, could have
beneficial performance-related effects for FX patients.

Brain region- and neuron-specific differences in
FMRP function
The absence of FMRP appears to affect neurons differently de-
pending on brain region and neuronal subtype (Paluszkiewicz et
al., 2011; Suvrathan and Chattarji, 2011; Brager et al., 2012;
Routh et al., 2013; Vislay et al., 2013; Contractor et al., 2015;
Kalmbach et al., 2015). PFC pyramidal tract projections to the
pons are specifically implicated in TEC, as described above. In the
pyramidal tract-projecting neurons of FX mice, the observed
downregulation of h channels would increase the likelihood of
integrating asynchronous input to the dendrites into spike activ-
ity, and when coupled with functional alterations in K channels,
show increased excitability in both the dendritic and somatic

compartments (Kalmbach et al., 2015). The result would be a
noisy integration of both CS and random non-CS inputs during
larger (asynchronous) time windows for a given training trial,
and variable response patterns across training. FMRP also binds
directly to BK channels and, if absent, leads to increased neu-
rotransmitter release onto downstream neurons (Deng et al.,
2013). The cumulative effects of FMRP absence in PFC pyramidal
tract-projecting neurons would therefore culminate in an ampli-
fied, inconsistent input to the cerebellum across training trials,
resulting in delayed or deterred motor learning. The successful
rescue of function after restoring FMRP in the current study
suggests that the regulation of some of these channels is ongoing
in the adult PFC.

Similar to excitatory cells, alterations in inhibitory function
also show brain region- and subclass-specific dysregulation
(Selby et al., 2007; Gibson et al., 2008; Paluszkiewicz et al., 2011;
Suvrathan and Chattarji, 2011). Inhibitory responses in excit-
atory cells have been investigated in FX mice, but the expression
of FMRP and potential neuronal dysfunction in interneurons has
not been directly tested. The current findings, however, provide an
opportunity to begin addressing cell type-specific contributions to
PFC dysfunction in FX, for example, by using cell type-specific
knock-out/restoration of FMRP and/or single-cell recordings to in-
vestigate cell-type responses during training.

In addition to potential cell type-specific differences in dys-
function, differences in synaptic plasticity resulting from the ab-
sence of FMRP have also been noted between brain regions
(Huber et al., 2002; Li et al., 2002; Suvrathan et al., 2010; Krueger
et al., 2011; Brager et al., 2012). It is no surprise then that, al-
though a given therapeutic intervention may rescue function in
one cell type or brain region, it may fail or even exacerbate dys-
function in another (e.g., Suvrathan et al., 2010; Suvrathan and
Chattarji, 2011). TEC engages a network of brain regions to sup-
port learning. In addition to PFC, the hippocampus, amygdala,
and cerebellum also support TEC (Takehara et al., 2003; Tseng et
al., 2004; Siegel et al., 2015). Using region-specific manipulations
of FMRP, we were able to tease apart which behavioral deficits
could be attributed to PFC dysfunction and which may be due to
dysfunction in other brain regions. Given the sensitivity of TEC
to PFC disruption in the mouse, this paradigm may be useful for
screening potential therapeutics for PFC-dependent behaviors.
Similar manipulations to those used here could also be used to
target other brain regions, such as the hippocampus or amygdala,
to determine whether behavioral deficits associated with those
brain regions can be rescued in the adult.

The continuing role of FMRP after development
FX is generally considered a developmental disorder with lifelong
impact. Indeed, several studies revealed developmental dysregu-
lation of neurons in FX mice, and recent efforts to rescue devel-
opmental dysregulation have generated much excitement (Dölen
et al., 2007; Michalon et al., 2012; Dolan et al., 2013). However,
data also support ongoing functional roles for FMRP in neurons
that include lifelong regulation of protein expression (e.g., the
expression of ion channels) as well as protein–protein interac-
tions in adult neurons (e.g., in regulating BK and KNa channels)
(Brown et al., 2010; Deng et al., 2013). It has been difficult to
dissociate the relative contributions of FMRP loss during devel-
opment and the continuous absence of FMRP during adulthood
to the autistic phenotype. Interventions to repair developmental
dysfunction, although certainly necessary and worthwhile en-
deavors, may not alone cure the disease. We used region-specific
manipulations of FMRP production and found that the PFC-
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associated deficits observed in FX mice could be induced in the
adult brain, and could be rescued when endogenous FMRP pro-
duction was restored in PFC neurons after development. The
data suggest that, at least for PFC, dysfunction may be due to the
continuing absence of FMRP in the adult brain (Dolan et al.,
2013). More importantly, the results suggest that PFC function
could potentially be restored in adult FX patients.
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