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Neurobiology of Disease

PDE-4 Inhibition Rescues Aberrant Synaptic Plasticity in
Drosophila and Mouse Models of Fragile X Syndrome

Catherine H. Choi,!2? Brian P. Schoenfeld,** Eliana D. Weisz,** Aaron J. Bell,!* Daniel B. Chambers,>

Joseph Hinchey,' Richard J. Choi,' Paul Hinchey,' Maria Kollaros,' Michael J. Gertner,® Neal ]. Ferrick,*
Allison M. Terlizzi,' ““Nicole Yohn,* Eric Koenigsberg,! David A. Liebelt,' R. Suzanne Zukin,* Newton H. Woo,”
Michael R. Tranfaglia,® Natalia Louneva,’ Steven E. Arnold,’ Steven J. Siegel,’ Francois V. Bolduc,’
Thomas V. McDonald,' Thomas A. Jongens,* and Sean M. ]J. McBride'-**
ISection of Molecular Cardiology, Departments of Medicine and Molecular Pharmacology, Albert Einstein College of Medicine, Bronx, New York 10461,
2Department of Medicine, Lehigh Valley Health System, Allentown, Pennsylvania 18103, *Department of Dermatology, Drexel University College of
Medicine, Philadelphia, Pennsylvania 19107, “Department of Genetics, University of Pennsylvania School of Medicine, Philadelphia, Pennsylvania 19104,
Department of Pediatrics, Center for Neuroscience, University of Alberta, Edmonton, Alberta T6G 2N8, Canada, “Dominick P. Purpura Department of
Neuroscience, Albert Einstein College of Medicine, Bronx, New York 10461, 7Division of Anesthesia, Analgesia and Addiction Products, Office of Drug
Evaluation II, OND/CDER/FDA, Silver Spring, Maryland 20993, *SFRAXA Research Foundation, Newburyport, Massachusetts 01950, and °Department of
Psychiatry, University of Pennsylvania School of Medicine, Philadelphia, Pennsylvania 19104

Fragile X syndrome (FXS) is the leading cause of both intellectual disability and autism resulting from a single gene mutation. Previously,
we characterized cognitive impairments and brain structural defects in a Drosophila model of FXS and demonstrated that these impair-
ments were rescued by treatment with metabotropic glutamate receptor (mGluR) antagonists or lithium. A well-documented biochem-
ical defect observed in fly and mouse FXS models and FXS patients is low cAMP levels. cAMP levels can be regulated by mGluR signaling.
Herein, we demonstrate PDE-4 inhibition as a therapeutic strategy to ameliorate memory impairments and brain structural defects in the
Drosophila model of fragile X. Furthermore, we examine the effects of PDE-4 inhibition by pharmacologic treatment in the fragile X
mouse model. We demonstrate that acute inhibition of PDE-4 by pharmacologic treatment in hippocampal slices rescues the enhanced
mGluR-dependent LTD phenotype observed in FXS mice. Additionally, we find that chronic treatment of FXS model mice, in adulthood,
also restores the level of mGluR-dependent LTD to that observed in wild-type animals. Translating the findings of successful pharmaco-
logic intervention from the Drosophila model into the mouse model of FXS is an important advance, in that this identifies and validates

PDE-4 inhibition as potential therapeutic intervention for the treatment of individuals afflicted with FXS.
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Introduction

Fragile X syndrome (FXS) is the most common inherited mono-
genetic disorder resulting in intellectual disability and autism
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spectrum disorders with an occurrence of 1 in 2500 births and
results from loss of function mutations in FMRI (Hagerman
2008). The consequent loss of the gene product, fragile X mental
retardation protein (FMRP), is responsible for a constellation of
symptoms, including seizures, sleep disorders, anxiety, autism,
and mild to severe cognitive impairment (Jacquemont et al.,
2007). EMRP is enriched both presynaptically and postsynapti-
cally and is known to associate with and regulate the translation
of a number of mRNAs in response to synaptic activity (Jacque-
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mont et al., 2007; Akins et al., 2009; Bhogal and Jongens 2010;
Krueger and Bear 2011; Gross et al., 2012; Hagerman et al., 2012;
McBride etal., 2012; Tessier and Broadie 2012; Darnell and Klann
2013).

A Drosophila model for FXS, based on the loss of dfmrl ex-
pression, displays phenotypes similar to fragile X-related symp-
toms in humans (Zhang et al., 2001; Dockendorff et al., 2002;
Morales et al., 2002; McBride et al., 2005, 2012; Bhogal and
Jongens 2010; Tessier and Broadie 2012). Metabotropic gluta-
mate receptor (mGluR) antagonists or lithium treatment can res-
cue memory and structural brain defects in these flies (McBride et
al., 2005). These findings are consistent with the mGluR theory of
fragile X (Bear et al., 2004}, where enhanced mGluR-mediated
signaling leads to pathogenic phenotypes, and point to PDE-4 as
another potential therapeutic target within the mGluR signaling
cascade (McBride et al., 2005; Bolduc et al., 2008). Interestingly,
FXS has been linked to the canonical cAMP-CREB learning and
memory pathway (Dudai et al., 1976; Byers et al., 1981; Tully and
Quinn 1985; Davis, 1993; Yin et al., 1995; Kandel 2001). Previous
studies have demonstrated decreased cAMP levels in cells taken
from fragile X patients and that driving FMRP expression in cell
culture can increase cAMP levels (Berry-Kravis and Huttenlocher
1992; Berry-Kravis and Sklena 1993; Berry-Kravis et al., 1995;
Berry-Kravis and Ciurlionis, 1998). A similar positive-feedback
loop between FMRP and ¢cAMP levels was hypothesized and
demonstrated in the fly and mouse models of FXS (McBride et al,,
2005; Kelley et al., 2007; Kanellopoulos et al., 2012). Indeed, hu-
man and animal models appear to have the Fmrl or dfinrl genes
regulated by CREB-mediated gene transcription (Hwu et al,,
1997; Impey et al., 2004; Kanellopoulos et al., 2012). cAMP is
synthesized by the activity of adenylate cyclase and is degraded by
phosphodiesterase (PDE) activity, with PDE-4 being the most
abundant cAMP-specific PDE in the brain of flies and mammals
(Davis et al., 1989). Herein, the efficacy of pharmacologic inhibi-
tion of PDE-4 as a treatment strategy to ameliorate cognitive
impairment is characterized in the Drosophila FXS model. In
these studies, we find that PDE-4 inhibitor treatment rescues
memory in two distinct memory paradigms and also rescues a
structural brain defect in the Drosophila model of FXS.

A widely reproduced phenotype in the fragile X mouse model
is exaggerated mGluR-dependent LTD in the CA1 region of the
hippocampus (Huber et al., 2002; Hou et al., 2006; Nosyreva and
Huber 2006; Choi et al., 2011). This is a critical endophenotype
because both LTD and LTP are regarded as cellular models of
learning and memory (Kelleher et al., 2004; Malenka and Bear
2004). In this study, we find that both acute application of rolip-
ram to hippocampal slices from Fmr] KO mice and chronic ad-
ministration of rolipram at a dose previously demonstrated to
inhibit PDE-4 activity in the brain (Barad et al., 1998; Gong et al.,
2004) successfully abrogated the enhanced mGluR-dependent
LTD phenotype in the Frnrl KO mice. Our studies demonstrating
rescue of relevant phenotypes in the fly and mouse FXS models
has identified PDE-4 as a potential therapeutic target for the
treatment of patients afflicted with fragile X.

Materials and Methods

Drosophila strains and drug testing. The Drosophila strains were cultured
as in Dockendorff et al. (2002) and McBride et al. (2005). Drugs were
obtained from Tocris Bioscience, solubilized according to manufactur-
er’s instructions, and mixed into solid fly food at the appropriate con-
centration. Vehicle for each drug was added to the appropriate control
food for each experiment. For courtship memory, we used 50 um rolip-
ram, 500 pm rolipram (high dose), and 20 pm Ro-20-1724 in the exper-
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iments presented. For olfactory classical conditioning, we used 50 um
rolipram with 5% sucrose and 5% DMSO on a filter paper. Flies were fed
overnight after having been starved for 3 h. The flies were trained and
tested the next morning. The control consisted of 5% sucrose and 5%
DMSO.

Behavioral training and testing in the conditioned courtship paradigm.
Virgin male flies were collected under anesthesia, and all testing was
performed as done previously (McBride et al., 1999, 2005; Choi et al.,
2010). Male flies were collected and placed on either vehicle or drug
treatment for 10 d after eclosion. Virgin XX, yf females were collected on
the day of eclosion and kept in food vials. Flies were aged in a 12:12
light-dark before behavioral training, and testing was performed during
the relative light phase. All male subjects were transferred to fresh control
food the day before testing and assigned to random groups for behavioral
training and testing. All training and testing was performed blind to
genotype and treatment. A courtship index (CI) was calculated following
testing as the percentage of total observation time spent courting (Siegel
and Hall 1979; McBride et al., 2005). A memory index was calculate as CI
naive — CI trained/CI naive X 100 (Keleman et al., 2007).

Courtship-based immediate-recall memory. Training was performed by
placing a naive male with a previously mated female for a 1 h period.
Memory represents a decrease in CI between the naive and post-training
testing period. Immediate-recall memory was measured by placing a
trained male with a virgin target immediately (0—2 min) after training for
a 10 min courtship test interval.

Courtship-based short-term memory. Short-term memory was mea-
sured by placing a trained male in a holding chamber for 60 min (after a
1 h training with a previously mated female), then subsequently placing
him in a testing chamber with a virgin female target for a 10 min court-
ship interval.

Statistical analyses. CIs of tested males were subjected to arcsin square
root transformations to approximate normal distributions (McBride et
al., 1999, 2005). One-way ANOVAs and unpaired Student’s ¢ tests were
performed on planned comparisons of arcsin square root-transformed
data with one-way ANOVA with Sidak’s multiple-comparison test to
generate critical p values that are shown in the graphs. All statistics were
performed using Statview 3.0 and Prism.

Pavlovian olfactory learning and memory. Drosophila were raised at
22°C and placed at 25°C overnight before behavioral experiments. Adult
Drosophila 3- to 5-d-old were trained and tested with the classical con-
ditioning procedure of Tully and Quinn (1985). Flies were treated with
either drug or vehicle contained in the food for 1 d before testing. Ap-
proximately 100 flies were trapped inside a training chamber, covered
with an electrifiable copper grid. Flies were allowed 90 s to acclimate and
then were exposed sequentially to two odors, 3-octanol (OCT) and
4-methylcyclohexanol (MCH), carried through the chamber ina current
of air (750 ml/min; relative concentrations of OCT and MCH were ad-
justed so that naive flies distributed themselves 50:50 in the T-maze).
Flies first were exposed for 60 s to the conditioned stimulus (CS *; either
OCT or MCH), during which time they received the unconditioned
stimulus (US; twelve 1.25 s pulses of 60 V DC electric shock at 5 s inter-
pulse intervals). After the CS™ presentation, the chamber was flushed
with fresh air for 45 s. Then flies were exposed for 60 s to a second, control
stimulus (CS ~; either MCH or OCT depending on the odor the flies were
shocked to in the first step), which was not paired with electric shock.
After the CS ™ presentation, the chamber was again flushed with fresh air
for 45 s. To test for conditioned odor avoidance after classical condition-
ing, flies were tapped gently from the training chamber into an elevator-
like compartment that transports them to the choice point of the T-maze.
Ninety seconds later, the flies were exposed to two converging current of
air (one carrying OCT, the other MCH) from opposite arms of the
T-maze. Flies were allowed to choose between the CS™ and CS ™~ for
120 s, at which time they were trapped inside their respective arms of the
T-maze (by sliding the elevator out of register), anesthetized, and
counted.

Two groups of flies were trained and tested in one complete experi-
ment. The CS ™ was OCT and the CS ~ was MCH for one group; the CS *
was MCH and the CS ~ was OCT for the second group. The performance
index (PI) was calculated as the average of the fraction of the population
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avoiding the shock-associated odor minus the fraction avoiding the con-
trol odor for each group of flies trained in one experiment. In other
words, the PI enumerates the distribution of flies in the T-maze as a
normalized “percent correctly avoiding the shock-paired odor” and
ranges from 0 for a 50:50 distribution to 100 for a 100:0 distribution.

Data from an experiment were subjected to a one-way ANOVA (JMP
from SAS), followed by planned pairwise comparisons as indicated in
text and figure legend. An a = 0.05 was corrected for multiple compar-
isons using Bonferroni. Post-test analysis was performed with Tukey test.
All graphs depict mean = SEM.

Olfactory memory task-relevant sensorimotor responses. Olfactory acu-
ity and shock reactivity were assessed as in Tully and Quinn (1985) and
Yin et al. (1995). Briefly, odor avoidance at the concentrations used for
the conditioning experiments was quantified in mutant and control flies.
Naive flies were placed in the T-maze and given a choice between an odor
(OCT or MCH) and air. The odor is naturally aversive, and flies usually
avoided the T-maze arm containing the odor (OCT or MCH) by running
into the opposite arm (air). After the flies distributed themselves for 2
min, they were trapped, anesthetized, and counted. For shock reactivity,
flies were given a choice between an electrified grid in one T-maze arm
and an unconnected grid in the other. After the flies distributed them-
selves for 2 min, they were trapped, anesthetized, and counted.

Drosophila cAMP quantification. The Direct cAMP ELISA kit (ENZO
Life Sciences) was used to measure cAMP content. Male flies were col-
lected between 0 and 24 h after eclosion and placed on food containing
either 100 pm rolipram or ethanol vehicle for 1 d, after which they were
immediately snap-frozen on dry ice. The frozen heads were subsequently
harvested to generate samples each containing 50 heads. This tissue was
homogenized on wet ice in 500 ul of 0.1 M HCI, and the lysate was placed
in a 4°C centrifuge for 10 min at 1000 rpm. Supernatant was then col-
lected, and cAMP levels were measured using the ELISA-based assay kit
as per the manufacturer’s instructions. The cAMP concentrations ob-
tained were then normalized to the protein content in the original lysate
as determined by the Pierce BCA Protein Assay Kit (Thermo Scientific).
Three biological replicates for each genotype and treatment were used to
determine cAMP levels. The data were analyzed using SPSS (Version 22).
A one-way ANOVA revealed a significant interaction between groups;
thus, post hoc one-tailed t tests were used to test our a priori hypotheses.

Mouse husbandry. All animal studies were conducted in accordance
with protocols approved by the Institutional Animal Care and Use Com-
mittee at the Drexel University College of Medicine and Albert Einstein
College of Medicine. Mice that are homozygous (female) or hemizygous
(male) for a targeted mutation in the Fmrl gene on the X chromosome
and backcrossed for 11 generations onto the FVB background were pur-
chased from the The Jackson Laboratory and bred in-house (Fmrl KO
mice) as was the appropriate genetic control strain, the same genetic
background also purchased from Jackson (Choi et al., 2011), both mu-
tant and wild-type (WT) strains had the mutation causing blindness with
aging that was initially in the background crossed out (corrected), and
these mice were purchased from The Jackson Laboratory and bred in-
house (Fmr1 KO mice) as were the appropriate control strains. Genotype
verification was obtained using PCR on DNA extracted from tail tissue.
All mice were subjected to a 12 h light:12 h dark cycle. Food and water
were provided ad libitum, and only male mice were used.

Electrophysiology of brain slices. Electrophysiology was performed as in
Choi et al. (2011). Mice were deeply anesthetized with isoflurane and
decapitated. Brains were collected in ice-cold dissection buffer (in mm as
follows: 215 sucrose, 26 NaHCO,, 1.6 NaH,PO,, 1 CaCl,, 2.5 KCl, 4
MgSO0,, 4 MgCl,, 20 glucose), and the hippocampi were dissected. Trans-
verse sections of the hippocampi (400 pum thickness) were prepared in
ice-cold aCSF (in mw as follows: 124 NaCl, 25 NaHCO,, 1.25 NaH,PO,,
2.5 CaCl,, 2.5 KCl, 1.3 MgCl,, 10 glucose) using a vibrating slicer (Vi-
bratome 3000EP, Vibratome). Slices were allowed to recover at 33°C for
1 h before transecting the CA3 region and placing them in a submersion-
style recording chamber, where they were perfused for at least 1 h (32°C,
2-2.5 ml/min) before recording. Dissection and recording buffers were
saturated with a 95% O,/5% CO, mixture, pH 7.4. Extracellular field
EPSPs (fEPSPs) were recorded in the stratum radiatum of area CA1 using
extracellular recording electrodes filled with aCSF (resistances: 1-2
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MOhm). Synaptic responses were evoked by stimulating the Schaffer
collateral axons with a 200 s pulse using a bipolar stainless steel elec-
trode (Rhodes Medical Instruments). Slices were stimulated every 30 s
(0.033 Hz) for a minimum of 30 min to verify stability of response. Basal
synaptic transmission was measured by stimulating the slices at 810
different stimulus intensities ranging from 5 to 50 pA. Paired-pulse fa-
cilitation (PPF) was determined at interstimulus intervals of 15, 30, 50,
and 100 ms. Baseline responses were evoked by stimulating the slices at
0.033 Hz using 50%—60% of maximal stimulating intensity, and the data
were averaged every minute for a minimum of 30 min. Slices were not
further used if their responses drifted beyond 5% of the average baseline
response. LTD was induced chemically by applying 100 pm (R,S)-
dihydroxyphenylglycine (DHPG) for 10 min. Extracellular recordings
were performed with a Multi-Clamp 700A amplifier (Molecular De-
vices). Analysis of data was performed blind to the genotype and exper-
imental group. Results were obtained using at least two different litters of
mice for all experimental groups. All experiments were interleaved as
appropriate. Basal synaptic transmission and PPF results are reported as
mean *= SD. LTD results are reported as mean = SEM. Significant dif-
ferences between groups were determined using a Student’s ¢ test and
ANOVA analysis. Significance was similar for all data analyzed by both
the Student’s f test and ANOVA; therefore, only the ANOVA p values are
shown.

Drug administration in mice. R,S-DHPG, rolipram, and LY341495
were purchased from Tocris Bioscience . DHPG was solubilized as a 50
mw stock in water; rolipram was prepared as a 100 mm stock in DMSO.
All solubilized drugs were aliquoted and frozen at —20°C. Fresh stocks
were prepared weekly for DHPG and biweekly for the other two drugs.

Eight- to 10-week-old male Fmrl KO mice and age-matched male
control mice were administered 0.9% saline containing 0.03 mg/kg ro-
lipram or vehicle alone (0.03% DMSO) via subcutaneous injections once
daily for 8 weeks. This dose was previously reported to achieve concen-
trations between 0.06 um and 0.2 puwm in the brain (Barad et al., 1998;
Gong et al., 2004). The mice were given a 3-5 week drug hiatus before
testing (Gong et al., 2004). Mice were weighed weekly to help monitor
general well-being.

Results

PDE-4 inhibition rescues memory in the Drosophila fragile

X model

The Drosophila model of fragile X is based on loss of function of
dfmrl, the Drosophila ortholog of FMR]1. For our studies, we use
a dfinr] deletion line carrying a genomic transgene with a frame-
shift mutation engineered in the dfinrl coding region that is
driven by the endogenous promoter, referred to as the FS line.
The control line for these studies contains the same deletion of
the dfmrlgene but also carries a WT transgene for dfinrl that is
driven by the endogenous promoter and is referred to as the WT
line (Dockendorff et al., 2002; McBride et al., 2005).

In Drosophila, cognitive ability can be assessed using the con-
ditioned courtship-associative memory paradigm. A male fly will
display a semistereotyped set of courtship behaviors when paired
with a female. These behaviors can be scored, and the percentage
of time spent engaged in these courtship behaviors during a test-
ing period is referred to as a CI (Siegel and Hall 1979). If a male is
paired with a previously mated female over the course of 1 h, his
courtship will decrease during the training period due to the
female’s aversive cues and rejection of his advances. This decrease
in courtship during the training period is referred to as learning
during training (LDT) (Joiner and Griffith, 1997; Kane et al.,
1997; McBride et al., 2010). Additionally, the male will continue
to have lower courtship activity when subsequently paired with a
virgin female, compared with males that are not paired with a
previously mated female. This lower courtship activity is indica-
tive of a memory of the training. An alternative version of this
paradigm pairs the trained male with a novel previously mated
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Figure 1. Rescue of memory in fragile X flies treated with PDE-4 inhibitors. A, The signal transduction pathway demonstrating the potential role for PDE-4 inhibitors in the treatment of fragile
X. The mGIuR Group | and mGIuR Group Il signal transduction pathways are shown. Previously, it has been demonstrated that antagonizing or dampening the signaling of either of the mGIuR
pathways can rescue multiple phenotypes in the fly and mouse models of fragile X, including memory, audiogenic seizure, and enhanced mGIuR-LTD (McBride et al., 2005; Yan et al., 2005; Déilen et
al., 2007; Choi etal., 2010, 2011). Additionally, lithium has demonstrated efficacy in rescuing cognitive abilities, audiogenic seizure, and enhanced mGluR-LTD in fly and mouse models as well as in
human patients (McBride et al., 2005; Berry-Kravis et al., 2008; Min et al., 2009; Choi et al., 2010, 2011; Yuskaitis et al., 2010b; Liu et al., 2011). As shown in the figure, PDE-4 also intersects in this
signaling cascade. B, cAMP levels were lower in dfimr mutant versus control heads obtained from vehicle-treated flies. This deficitin cAMP levels was rescued by treatment with rolipram. *p << 0.05.
(,Immediate-recall memory (0 min after training) was measuredin WT and FS flies that were administered vehicle control food, rolipram (Roli), or Ro-20-1724 (Ro-20) drug treatments. WT flies kept
on vehicle (Veh), rolipram, or Ro-20-1724 demonstrate immediate-recall memory. FS flies kept on vehicle fail to demonstrate memory. In contrast, FS flies treated with rolipram or Ro-20-1724
display immediate-recall memory at 0 min after training. Data are expressed as a Memory Index. *p << 0.05. **p << 0.01. ***p << 0.001. The N values were at least 34 flies for each test group. D,
Short-term memory (60 min after training) was measured in WT and FS flies that were treated asin C. WT flies kept on vehicle, rolipram, or Ro20 —1724 demonstrate short-term memory. FS flies kept
on vehicle fail to demonstrate short-term memory, whereas those treated with rolipram or Ro-20-1724 display short-term memory at 60 min after training. (Figure legend continues.)
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female target after training (Siegel and Hall, 1979; Kamyshev et
al., 1999; McBride et al., 2005). The comparison is then between
the CI during the initial 10 min period of training and the CI
during the testing period (Kamyshev et al., 1999; McBride et al,,
2005). Again, a reduction in CI during the testing period is indic-
ative of memory. The ClIs are used to calculate a memory index,
which is used in the graphs where a higher score is indicative of
memory and scores closer to 0 or negative values are indicative of
no memory of the training. Males can be tested immediately after
training to assess immediate-recall memory or 60 min after train-
ing to assess short-term memory.

ES flies have been demonstrated to have impairments in im-
mediate recall, short-term memory, and long-term memory in
the conditioned courtship paradigm (McBride et al., 2005; Ba-
nerjee et al., 2010; Choi et al., 2010). Previous studies have iden-
tified a defect in cAMP levels that is conserved from the fly and
mouse FXS models to cells derived from FXS patients (Berry-
Kravis and Huttenlocher 1992; Berry-Kravis et al., 1995; Berry-
Kravis and Ciurlionis 1998; Kelley et al., 2007). We chose to
inhibit the Drosophila PDE-4, which hydrolyzes cAMP, with the
pharmacologic inhibitors rolipram and Ro-20-1724. We hypoth-
esized that PDE-4 inhibition may rescue memory by elevating
cAMP levels because cAMP levels may be suppressed by the over-
active mGIuR signaling in the fragile X fly model (Fig. 1A)
(McBride et al., 2005; Kanellopoulos et al., 2012). Rolipram has
been demonstrated to have efficacy in WT Drosophila and
heterozygous FS mutant Drosophila at doses higher than those
used in earlier studies in elevating cAMP levels (Henkel-Tigges
and Davis, 1990; Hou et al., 2004); Kanellopoulos et al., 2012).
Rolipram has also been demonstrated to increase CREB-
mediated gene transcription in Drosophila (Hou et al., 2004) and
increase cAMP levels after feeding (Kanellopoulos et al., 2012).
Thus, it may be able to partially circumvent the mGluR-mediated
inhibition of cAMP signaling incurred in fragile X cells. In line
with this thinking and consistent with previous studies, we found
that cAMP levels were reduced in the heads of dfimr] mutant flies
compared with genetic controls and that this deficit was rescued
by treatment with rolipram (Fig. 1B).

To test the hypothesis that PDE-4 inhibition may rescue cog-
nitive impairments in fragile X flies, FS and WT flies were treated
with rolipram, Ro-20-1724, or the appropriate vehicle for 9 d
(starting on the first day of eclosion) and then tested for
immediate-recall (0 min memory) and short-term memory (60
min memory) as well as LDT and short-term memory in an al-
ternative courtship-based memory paradigm that uses a previ-
ously mated target female. FS flies demonstrated rescued
immediate-recall memory and short-term courtship memory af-

«—

(Figure legend continued.) E, Short-term (60 min) memory, tested with premated females (PM)
as targets, was measured in WT and FS flies that were treated as in C. WT flies on all three
treatments demonstrate a significant decrease in courtship toward a premated female target at
60 min after training (short-term memory) compared with the initial courtship, demonstrating
memory in this alternate memory-testing paradigm. FS flies kept on vehicle fail to demonstrate
memory at 60 min after training. In contrast, FS flies treated with rolipram or Ro20-1724
display short-term memory at 60 min after training. , Short-term memory (60 min) was mea-
sured in fragile X flies containing the dunce mutation, resulting in loss of function of the PDE-4
protein. Fragile X flies harboring the dunce mutation display short-term memory at 60 min after
training, whereas flies containing the dunce mutation alone lack detectable memory. G, Short-
term memory (60 min) using the alternative memory paradigm was measured in fragile X flies
containing the dunce mutation. Fragile X flies harboring the dunce mutation display short-term
memory at 60 min after training in the alternative paradigm, whereas flies containing the dunce
mutation alone lack detectable memory.
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ter treatment with both PDE-4 inhibitors. In contrast, FS flies
continued to have impaired immediate-recall memory and
short-term memory when treated with the vehicle controls for
rolipram and Ro-20-1724 (Fig. 1C,D). WT flies displayed intact
immediate-recall memory or short-term memory when treated
with PDE-4 inhibitors or vehicle (Fig. 1C,D). FS and WT flies
displayed intact LDT regardless of treatment (data not shown).
LDT in young adult FS flies has been previously demonstrated to
be intact, and our results demonstrate that PDE-4 inhibition does
not impair LTD (McBride et al., 2005; Choi et al., 2010). Treat-
ment with either the PDE-4 inhibitor rolipram or Ro-20-1724
rescued short-term memory in the alternative courtship memory
paradigm in FS flies, whereas vehicle treatment did not (Fig. 1E).
WT flies displayed intact short-term memory on vehicle or
PDE-4 inhibitor treatments (Fig. 1E).

Another paradigm that has been used extensively in Drosoph-
ila to test cognition is based on classical olfactory conditioning
that couples odors to shock treatment (Tully and Quinn 1985;
Skoulakis and Grammenoudi 2006; Bolduc and Tully 2009). In-
deed, the first memory mutants identified in Drosophila were
dunce (PDE-4) (Dudai et al., 1976) and rutabaga (adenylate cy-
clase) (Duerr and Quinn 1982). Conditioned courtship and ol-
factory conditioning (Pavlovian conditioning) have allowed for a
genetic dissection of each stage of memory formation from learn-
ing to long-term memory in Drosophila.

In previous studies, Bolduc et al. (2008) demonstrated that FS
flies have impairments in the Pavlovian conditioning paradigm.
We therefore tested whether rolipram treatment could also res-
cue the olfactory-based memory phenotypes to gain additional
evidence of the efficacy of PDE-4 inhibitor treatment. We found
that ES flies that were treated acutely for 12 h with rolipram at 50
uM displayed rescue of immediate-recall memory (referred to as
learning), whereas there was no effect in the vehicle treatment
(Fig. 2A). WT rescue flies did not show any change in perfor-
mance with rolipram. This likely reflects the acute role of FMRP
influencing cAMP signaling during learning (immediate-recall
memory). Additionally, rolipram treatment did not appear to
alter sensory or motor function in the FS flies (Fig. 2B, C).

We next wanted to genetically validate the specificity of the
PDE-4 inhibitor treatments by crossing in the duince mutation
into the dfmir ] mutant background. The dusce mutation is a loss-
of-function mutation of the PDE-4 gene, resulting in abnormally
high cAMP levels and memory impairment (Byers et al., 1981;
Davis and Kiger 1981). We found that dfinr] mutant flies carrying
the dunce mutation demonstrated rescued short-term memoryin
the standard and alternative memory paradigms (Fig. 1F,G),
whereas no memory was detected in the dunce mutant flies (Fig.
1 F,G). These results validate PDE-4 as a potential therapeutic
drug target for the amelioration of cognitive impairment dis-
played in fragile X.

Importantly, the rescue of memory (courtship) and learning
(olfactory) appears to be independent of developmental malfor-
mation observed in the FS fly model. The MBs are a structure in
the insect brain that was first speculated to be involved in mem-
ory by having an analogous structure to the human hippocampus
and is currently often regarded as the analogous structure in the
fly (Dujardin, 1850; O’Kane 2011). The MBs were demonstrated
to be required for short-term and long-term memory in the con-
ditioned courtship paradigm (McBride et al.,, 1999) and the
olfactory-based paradigm (Zars et al., 2000; Pascual and Préat
2001). Fragile X model flies exhibit a phenotype of aberrant mid-
line crossing of the B lobes of the mushroom bodies, which is
corrected by treatment with mGluR antagonists or lithium
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Figure3. MBmorphology s rescued with a high dose of rolipram. A, MB morphology was examined in WT and FS flies grown in food containing vehicle ora high dose of rolipram. The morphology

of the MBs was performed as described previously (Michel et al., 2004; McBride et al., 2005). The MBs in WT fly brains were normal after vehicle or high-dose rolipram treatment. More than 90% of
the MBsin FS fly raised on vehicle control food displayed a range of crossover defects; however, significantly fewer MBs displayed crossover defects when the FS flies were raised on food containing
ahigh dose of rolipram. B, Short-term memory (60 min) was measured in WT and FS flies that were administered vehicle control food or high-dose rolipram treatments. WT flies kept on a high dose
of rolipram or vehicle demonstrate short-term memory. FS flies kept on vehicle fail to demonstrate short-term memory. In contrast, FS flies treated with the high-dose rolipram display short-term
memory at 60 minafter training. €, Short-term (60 min) memory was measured in WTand FS flies that were treated as described in Band tested in an alternative short-term memory paradigm where
a previously mated female was used as the target during the testing period. WT flies kept on vehicle or high-dose rolipram demonstrate short-term memory. FS flies kept on vehicle fail to
demonstrate short-term memory. In contrast, S flies treated with a high dose of rolipram demonstrate short-term memory. *p << 0.05, **p << 0.01, ***p << 0.001. The N values were at least 34

flies for each test group.

(McBride et al.,, 2005). The PDE-4 inhibitor, rolipram, at the
treatment dose that rescued memory (50 pm) did not rescue
the phenotype of aberrant midline crossing by the 8 lobes of the
mushroom bodies in the brains of FS flies (data not shown).
However, a higher dose of rolipram (500 um) did rescue the
phenotype of aberrant midline crossing by the 3 lobes of the MBs
in the brains of FS flies, whereas vehicle treatment had no effect
(Fig. 3A). This result left us with two possible explanations of how
the higher dose that rescues the midline-crossing defect would
affect memory: it could make it worse or it could continue to
rescue memory. We then reexamined the memory of ES flies with
this higher dose of rolipram and found that even this high dose of
rolipram continued to demonstrate efficacy in the rescue of
short-term memory in both the standard and alternative short-
term memory paradigms, whereas vehicle treatment did not (Fig.
3B,C).

Chronic adult onset PDE-4 inhibitor treatment abrogates the

enhanced mGluR LTD in fragile X mice

We next tested whether the PDE-4 inhibitor rolipram could be
effective in Fimrl KO mice. Because memory impairments have
been difficult to replicate in this model, we chose to focus on a
very reproducible electrophysiological phenotype. The most ro-
bust electrophysiological phenotype displayed by the fragile X
mouse model is exaggerated mGluR-dependent LTD in the CA1
region of the hippocampus (Huber et al., 2002). We therefore
decided to investigate the effects of PDE-4 inhibition on this form

of LTD in the mouse model. We first tested the efficacy of chronic
treatment in adulthood. In this study, mGluR-dependent LTD
was induced by treating hippocampal slices with 100 pm DHPG
for 10 min, which has been shown to stimulate mGIluR-LTD in
WT mice (Huber et al., 2000, 2001; Choi et al., 2011).

Rolipram was chosen as the drug treatment to inhibit PDE-4
in vivo because of the high degree of selectivity and established
dosing regimens in rats and mice (Barad et al., 1998; Gong et al.,
2004). Rolipram or DMSO vehicle treatment was given to litter-
mate control (WT) and Fmrl KO mice for 8 weeks beginning at
8—10 weeks of age. At the cessation of treatment, the mice were
given a treatment-free hiatus for 3-5 weeks before being tested
for DHPG-induced LTD. This was done to establish that long-
lasting changes had occurred in the mice and to ensure that no
rolipram or vehicles was remaining in the system during the elec-
trophysiology experiments for the chronic treatments (Gong et
al., 2004; Choi et al.,, 2011). In a similar experimental design,
rolipram treatments at this dose chronically for 3 weeks have
been demonstrated to have effects several months after treatment
cessation with regard to behavior, electrophysiology, and bio-
chemistry where increased phosphorylation of CREB at s133
continued to be increased after treatment (Gong et al., 2004). In
WT mice, an 8 week treatment with DMSO vehicle had no effect
on DHPG-induced mGluR-LTD, with depression of fEPSP slope
values to 82.7 = 2.8% and 83.4 = 1.4% at 60 and 80 min, respec-
tively, after induction (Figs. 4A and 5D, E). In contrast, WT mice
that were chronically treated with rolipram demonstrated en-
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Figure4, Long-term treatment of WT mice withrolipram enhances mGIuR-LTD. 4, Eight- to 10-week-old WT mice were administered daily injections of rolipram for 8 weeks followed by a hiatus
of 3—5 weeks. mGIuR-LTD was induced by brief bath application of the mGIuR agonist DHPG (100 M, 10 min). Plotted are average fEPSP slopes (= SEM) as a percentage of average preinduction
baseline values. Representative traces of field potentials are from times indicated by the numbers on the graph (1 and 2). Calibration: 1.5 mV, 5 ms. mGIuR-LTD was significantly enhanced in
rolipram-treated WT mice (n = 5 slices, 5 mice, open circles) compared with interleaved age-matched vehicle-treated WT mice (n = 4 slices, 4 mice, filled squares) at 60 min (WT vehicle: 82.7 =
2.8%; WTrolipram: 67.4 = 1.5%; ***p = 0.0001) and at 80 min (WT vehicle: 83.4 2= 1.4%; WT rolipram: 65.6 == 2.4%; ***p = 0.0001) after induction. B, Basal synaptic transmission is not affected
by chronicrolipram treatment in WT mice. Mean evoked fEPSP slopes (= SD) are plotted at three different stimulus intensities. Synaptic responses at threshold, half-maximal, and maximal stimulus
intensities were not significantly different between rolipram-treated WT mice (n = 5 slices, 5 mice, open circles) and interleaved age-matched vehicle-treated WT mice (n = 4 slices, 4 mice, filled
squares). €, PPF in WT mice after chronic rolipram treatment (7 = 5 slices, 5 mice, open circles) and interleaved age-matched vehicle-treated WT mice (n = 4 slices, 4mice, filled squares) was not
different. Synaptic responses to paired stimulation were evoked at interstimulus intervals ranging from 15 to 100 ms. Plotted are the mean percentage facilitation (% SD), as determined by
calculating the ratio of the second fEPSP slope to the first fEPSP slope.

hanced LTD of synaptic transmission at 60 and 80 min (67.4 =  were not significantly different between DMSO vehicle-treated
1.5% and 65.6 * 2.4%, respectively) (Figs. 4A and 5D,E). There  and rolipram-treated Fmr] KO mice (Fig. 5B,C).
was no difference in basal synaptic transmission between WT
mice treated with rolipram or DMSO vehicle (Fig. 4B). Also,  Acute pharmacologic PDE-4 inhibition restores mGluR-
there was no difference in PPF between WT mice treated with ~ dependent LTD to normal levels in Finrl KO mice
rolipram or DMSO vehicle, suggesting that chronic rolipram  mGluR-LTD was examined in hippocampal slices from un-
treatment did not have an effect on presynaptic release mecha-  treated WT and Frmrl KO mice (at 20—23 weeks of age) after acute
nisms in the CA1 region of the hippocampus (Fig. 4C). bath application of rolipram at a concentration that is within the
In Frmrl KO mice, an 8 week treatment with DMSO vehicle  range observed in the brain of mice during chronic treatment
had no effect on DHPG-induced mGluR-LTD, with LTD of  (Barad et al., 1998; Gong et al., 2004). Acute experiments differ
69.3 = 1.4% and 71.1 = 2.1% at 60 and 80 min after induction, from chronic treatment in that a drug effect is examined on the
which remained significantly enhanced compared with LTD in  unadulterated state of the synapse. Signaling at the synapse in WT
interleaved, age-matched, DMSO vehicle-treated WT mice at 60  mice is presumed to be set up to maintain a homeostatic balance
and 80 min (82.7 = 2.8% and 83.4 * 1.4%; Fig. 5A,D,E). In  leadingto optimal LTD in response to appropriate synaptic stim-
contrast, Frmr]l KO mice that were chronically treated with rolip-  ulation, an inverted U-model of signaling with regard cAMP
ram demonstrated abrogation of the enhanced mGIluR-LTD en-  (Sato et al., 2004). In the inverted U-model of homeostatic bal-
dophenotype at 60 and 80 min after induction (87.6 = 1.9% and  ance with regard to cAMP signaling, the optimal level of cAMP
87.6 = 1.9%; Fig. 5A, D,E). Basal synaptic transmission and PPF will allow for proper signaling and memory formation, whereas
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Figure 5.  Long-term treatment of fragile X mice with rolipram. 4, Eight- to 10-week-old Fmr7 KO mice were administered daily injections of rolipram for 8 weeks followed by a hiatus of 35
weeks. LTD wasinduced, measured, and plotted as described in Figure 2. mGIuR-LTD was significantly enhanced in vehicle-treated Fmr7 KO mice (n = 5 slices, 5 mice, filled squares) compared with
interleaved age-matched vehicle-treated WT mice (Fig. 2; n = 4slices, 4 mice, filled squares) at 60 min (WT vehicle: 82.7 = 2.8%; Fmr1 KO vehicle: 69.3 = 1.4%; Fig. 34,0, p = 0.0001) and at 80
min (WT vehicle: 83.4 = 1.4%; Fmr1 KO vehicle: 71.1 = 2.1%; Fig. 34,£, p = 0.0003) after induction. Chronic treatment of Fmr7 KO mice with rolipram (n = 7 slices, 7 mice, open circles) abrogated
the enhanced mGluR-LTD phenotype compared with vehicle-treated Fmr1 KO mice at 60 min (Fmr1 KO vehicle: 69.3 2= 1.4%; Fmr1 KO rolipram: 87.6 = 1.9%; Fig. 30, **p = 0.001) and at 80 min
(Fmr1 KO vehicle: 71.1 = 2.1%; Fmr1 KO rolipram: 87.9 %= 1.9%; ***p = 0.0001) after induction. B, Mean evoked fEPSP slopes (= SD) are plotted at three different stimulus intensities. Synaptic
responses at threshold, half-maximal, and maximal stimulus intensities between rolipram-treated Fmr7 KO mice (n = 7 slices, 7 mice, open circles) and interleaved age-matched vehicle-treated
Fmr1 KO mice (n = 5 slices, 5 mice, filled squares) were not different. €, PPF, evoked as described in Figure 2, between rolipram-treated Fmr7 KO mice (n = 7 slices, 7 mice, open circles) and
interleaved age-matched vehicle-treated Fmr1 KO mice (n = 5 slices, 5 mice, filled squares) was not different. Synaptic responses to paired stimulation were evoked at interstimulus intervals
ranging from 15 to 100 ms. Plotted are mean percentage facilitation (= SD), as determined by calculating the ratio of the second fEPSP slope to the first fEPSP slope. D, £, DHPG-LTD in WT and Fmr1
KOmice treated with vehicle or rolipram at 60 or 80 min after induction. **p << 0.001 (two-way ANOVA). ***p <2 0.0001 (two-way ANOVA). §Significant difference between WT and Fmr7 KO mice on vehicle
treatment (p = 0.0001) at 60 min and ( p = 0.0003) at 80 min. *Significance with respect to vehicle treatment within the same genotype. The number above each bar indicates the n.



404 - J. Neurosci., January 7, 2015 - 35(1):396 —408 Choi et al. @ PDE-4 Inhibition Rescues Fragile X Models

A 120 . DHPG
Rolipram

100 R O e, — -
é 80 - “f‘a(“(( (((((t’(((“ft((J((ﬁ(r«((((“(fg'tg(t(fq(((q.
r c‘((((é e
&

% 601
o
&
o 40
(=
EWT Acute Vehicle (n = 4)
20 1 O WT Acute Rolipram (n = 6)
0 - r . . .
-50 -25 0 25 50 75
Time (min)
DHPG
B 120 - .
Rolipram
'

100 e e — — - - - - - - —
—_ *k%k
X
o
~q—; 80 - : “(m‘m“p(«“m«(«{(g«‘o‘«w{(«(

o
o
n 60 1
o
w
& 40 -
B KO Acute Vehicle (n = 6)
20 - O KO Acute Rolipram (n = 5)
0 r r r r r
-50 -25 0 25 50 75
Time (min)
Ko M Ko
O
C 100, 100 D 100, 100
4 * 6 5 4 *k
80- 80 ]
6 80 6 80
> *
g 60 60 3 60] 60
o &
0 [0}
% 40 40 8. 40/ 40
a o
u ]
20 20 20 20
0. r . ‘ 0
DMSO Veh Rolipram DMSO Veh Rolipram
60 minutes 80 minutes

Figure 6. Differential effects of acute rolipram treatment in WT versus Fmr7 KO mice. 4, B, Acute bath application of rolipram in WT mice. Plotted are average fEPSP slope values (= SEM) as a
percentage of average preinduction baseline values. 4, WT mice were acutely treated with rolipram (n = 6 slices, 6mice, open circles) or with DMSO vehicle alone (n = 4 slices, 4 mice, filled squares)
at 60 min (WT acute vehicle: 77.9 = 2.4%; WT acute rolipram: 80.1 == 0.7%) and at 80 min (WT acute vehicle: 80.2 = 2.9%; WT acute rolipram: 80.1 == 1.5%) after induction. B, Acute application
of rolipram to slices from Fmr1 KO mice (n = 5 slices, 5 mice, open circles) compared with acute vehicle-treated Fmr7 KO mice (n = 65lices, 6 mice, filled squares) at 60 min (Fmr1 KO acute vehicle:
72.2 = 1.0%; Fmr1 KO acute rolipram: 81.3 == 1.9%; Fig. 4, p = 0.0002) and at 80 min after induction (Fmr1 KO acute vehicle: 72.0 == 1.2%; Fmr1 KO acute rolipram: 81.9 = 1.8%; Fig. 40, p =
0.0001). €, D, DHPG-LTD in WT and Fmr1 KO mice treated with vehicle or rolipram at 60 or 80 min after induction. **p << 0.001 (two-way ANOVA). ***p << 0.0001 (two-way ANOVA). §Significant
difference between WT and Fmr7 KO0 mice on vehicle treatment (p = 0.02) at 60 min and (p = 0.0015) at 80 min. *Significance with respect to vehicle treatment within the same genotype. The
number above each bar indicates the n. Acute rolipram treatment significantly reduces mGIuR-LTD in Fmr7 KO mice; in contrast, no effect of treatment is seen in WT mice.
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hypoactive cAMP signaling or hyperactive cAMP signaling will
lead to memory impairment. The classical example of this with
regard to memory was first provided in Drosophila where the
rutabaga mutation leads to hypoactive cAMP signaling and the
dunce mutation leads to hyperactive cAMP signaling and both
result in memory impairment. Consistent with this supposition,
we found that acute treatment with rolipram had no effect on
LTD in WT mice at 80.1 = 0.7% and 80.1 = 1.5% at 60 and 80
min after induction (Fig. 6 A, C,D). Similar acute treatment with
DMSO vehicle also had no effect on DHPG-induced mGluR-
LTD in WT mice, which is 77.9 = 2.4% and 80.2 = 2.9% of
average preinduction baseline values at 60 and 80 min after in-
duction (Fig. 6 A, C,D). These finding suggest that, under this set
of conditions, the signaling system may prevent overactive cAMP
signaling from altering the magnitude DHPG-induced mGluR-
LTD in WT mice.

mGluR-LTD remained enhanced in Frr] KO mice upon bath
application of DMSO vehicle at 72.2 * 1.0% and 72.0 * 1.2% of
baseline values at 60 and 80 min after induction (Fig. 6B-D). In
contrast, acute bath application with rolipram eliminated the
enhancement of mGluR-LTD, with fEPSP slope values of 81.3 =
1.9% and 81.9 = 1.8% relative to baseline at 60 and 80 min after
induction (Fig. 6B-D). This demonstrated that acute increases in
cAMP can restore mGIluR-LTD to WT levels, indicating that
there is a role for cAMP in the acute regulation of mGluR-LTD in
Fmrl KO mice.

Discussion

Despite intellectual disability affecting 3% of the population, the
pathognomonic cognitive impairments remain without clinical
treatment at this time. This remains a large unmet medical need
impairing the lives of afflicted patients, families, and caregivers
and the health system as a whole with estimates for care over the
course of a lifetime being $1.4 million for intellectual disability
and $2.4 million for intellectual disability with comorbid autism
spectrum disorder in the United States, highlighting the need for
the development for potential treatments (Buescher et al., 2014).
FXS 1s the most common cause of single gene-related intellectual
disability and autism spectrum disorder. The overall objective of
this work was to examine the efficacy of pharmacologically inhib-
iting PDE-4 activity to correct cognitive defects observed in the
fly and mouse models of FXS.

Rescue of memory in the Drosophila model of fragile X

The Drosophila fragile X model recapitulates the most debilitat-
ing aspect of the disease in humans, namely, impaired cognitive
function. In our further dissection of the proteins involved in the
mGluR signaling cascade, we identified PDE-4 as a potential sub-
strate whose inhibition may be beneficial in restoring proper in-
tracellular signaling in the fragile X model (Fig. 14). Based on our
data and that of others on the dfmr] mutants, tissue culture work,
studies of the mouse model, and samples from humans afflicted
with FXS, we knew that cAMP levels are suppressed in flies, mice,
and human cell culture models of FXS (Berry-Kravis and Sklena
1993; Berry-Kravis et al., 1995; Berry-Kravis and Ciurlionis 1998;
McBride et al., 2005; Kelley et al., 2007). PDE-4 inhibition should
increase cAMP signaling by preventing the breakdown of cAMP
that is produced during synaptic stimulation. Indeed, we ob-
served that rolipram treatment raises the levels of cAMP in dfimr]
mutants (Fig. 1B). That fragile X flies treated acutely or chroni-
cally in adulthood with PDE-4 inhibitors, or with genetically re-
duced levels of PDE-4, demonstrated intact courtship-based
immediate recall and short-term memory and olfactory-based
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learning, validates PDE-4 inhibition as a potential novel thera-
peutic target for the treatment of fragile X. Importantly, this ef-
fect was independent of rescuing the development malformation
of the mushroom body (MB). This finding adds to the growing
body of literature demonstrating that pharmacologic treatment
initiated in adulthood may have efficacy for the treatment of
cognitive disorders that are already present in childhood as was
first demonstrated in animal models of fragile X and neurofibro-
matosis Type 1 in 2005 (Li et al., 2005; McBride et al., 2005; for
review, see Raymond and Tarpey 2006; Walsh et al., 2008).

Rolipram treatment effectively restored proper mGluR-LTD
in the Fmrl KO mice
Because the treatment of the fly fragile X model with PDE-4
inhibitors rescued memory defects in courtship and classical ol-
factory conditioning, we wanted to explore whether the same
strategy might work in the mouse fragile X model. Because of its
proven reproducibility, the endophenotype of enhanced DHPG-
induced mGluR-LTD in the CA1 region of the hippocampus was
chosen to examine the effects of chronic treatment with rolipram.
Our initial experiments revealed that chronic rolipram treat-
ment abrogated the enhanced DHPG-induced LTD endopheno-
type in Fmrl KO mice, whereas it strengthened mGIluR-LTD in
WT mice. We subsequently investigated the role of cAMP in
mGIuR-LTD in WT mice using acute rolipram treatment and did
not see any effect of acute rolipram treatment on DHPG-induced
LTD. In contrast, when acute treatment with rolipram was per-
formed in Frmr] KO mice, there was a restoration of normal levels
of mGIuR-LTD. This indicates a role for cAMP signaling in
DHPG-induced LTD that was previously not identified. Investi-
gating the exact reasons for the different response of the WT mice
to chronic versus acute treatment is rolipram treatment is beyond
the scope of the current research endeavor. However, one reason
this may occur is through compensation in the system. The neu-
ronal signaling network is set up to maintain an optimal range for
cAMP signaling in the brain (Sato et al., 2004). In the Fmrl KO
mice, CAMP levels are abnormally low after synaptic stimulation.
Therefore, chronically raising cAMP levels into the normal range
allows the system to reset a balance in cAMP signaling even after
cessation of rolipram treatment, likely mediated through tran-
scriptional changes. However, in the WT mice, chronic rolipram
treatment likely increases cAMP signaling above the optimal
range. Therefore, the system is likely attempting to compensate
by dampening cAMP signaling during the duration of treatment
with rolipram, and by the end of the 8 week treatment the system
has likely reached a homeostasis to compensate for the artificially
high ¢cAMP levels through transcriptionally mediated changes.
However, once the rolipram treatment has been removed, the
system is continuing to dampen ¢AMP signaling leading to the
enhanced LTD in the WT mice.

Rolipram and other potential treatments for fragile X

Our data presented here fit well with recent data indicating that
chronic mGluR antagonist treatment is also able to rescue mem-
ory deficits in the fragile X Drosophila model (McBride et al.,
2005; Choi et al., 2010) as well chronic Group Il mGluR antago-
nist treatment being able to restore proper mGluR-dependent
LTD (Choi et al,, 2011). Because Group 1T mGluRs are coupled
predominantly to Gi, thereby decreasing cAMP levels after syn-
aptic stimulation, and to a lesser extent to Gq, thereby activating
InsP3R mediated calcium signaling, the case for a role of cAMP
signaling in mGluR-dependent LTD seems well founded. Indeed,
a precedent may be found in previous work that has indicated a
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role of Group II mGluRs receptor activation in reducing cAMP
and inhibiting PKA during low-frequency stimulation of LTD as
well as a role for Gi-coupled signaling during adenosine receptor-
mediated LTD (Santschi et al., 2006; Bailey et al., 2008). Addi-
tionally, a rise in cAMP activity should promote PKA activity and
antagonize GSK-3B activity (Fangetal., 2000; Li et al., 2000; Tanji
et al., 2002) (Fig. 1A). Overactive GSK-3B activity has also been
implicated in the pathogenesis of behavioral impairments in the
Drosophila and mouse models of fragile X (McBride et al., 2005;
Min et al., 2009; Mines et al., 2010; Yuskaitis et al., 2010a, b;
Mines and Jope 2011; Franklin et al., 2014). Therefore, in addi-
tion to the cAMP pathway, GSK3B dysfunction may be corrected
by PDE4 treatment. It is interesting to note that recently PDE-4
was identified as a cargo mRNA of FMRP, which is canonically a
translational repressor (Darnell et al., 2011).

In addition to increases in cAMP signaling by rolipram treat-
ment, rolipram has also been demonstrated to inhibit expression
and activity of matrix metalloprotease 9 (Martin-Chouly et al,,
2004; Oger et al., 2005; Sanchez et al., 2005). Inhibition matrix
metalloprotease 9 has been demonstrated to improve cognitive
phenotypes in both mouse models of fragile X and Alzheimer’s
disease and has even shown efficacy in an open label trial in fragile
X (Choi et al., 2007; Bilousova et al., 2009; Garcia-Alloza et al.,
2009; Noble et al., 2009; Cuello et al., 2010; Paribello et al., 2010).
Together, these results demonstrate the efficacy of pharmacolog-
ically inhibiting PDE-4 in the fly and mouse model of fragile X
and identify, for the first time, PDE-4 as a potential therapeutic
target for fragile X.

In conclusion, our work demonstrates that PDE-4 inhibition
is a novel therapeutic target for the treatment of fragile X. Before
this work, it has only recently been demonstrated that enhanced
LTD in the fragile X model could be abrogated by chronic phar-
macologic treatment (Choi et al., 2011). Equally as important is
the demonstration that treatment in adulthood alone can rescue
the phenotype, meaning that the phenotype is not irreversibly
determined by pathogenic developmental circuitry. These find-
ings urge the need for further exploration of PDE-4 inhibition as
a potential therapy in fragile X patients and in animal models of
fragile X. Additionally, this work is a stepping stone for the field to
begin a further pharmacologic dissection of the pathogenic sig-
naling leading to aberrant LTD in the fragile X model mouse,
with the hope of these findings allowing the treatment of patients
afflicted with fragile X.
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