






alternation test as shown in Fig. 1, A–C. Mice in the
Ab1–42 groups were implanted with in-dwelling cannula
inserted into the CA1 region of the hippocampus, allowed
to recover from surgery for 7 days, and then were
administered bilateral injections of oligomeric Ab1–42.
Control mice were implanted with the in-dwelling can-
nula but received bilateral injections of ACF. Both groups
of mice were gavaged daily with vehicle starting 1 day
after receiving the hippocampal microinjections. Mice
that received bilateral microinjections of oligomeric
Ab1–42 exhibited a lower percentage of alternations
compared with mice that received bilateral microinjec-
tions of ACF (P , 0.001). Once daily oral treatment with
BPN14770 starting on the day after intrahippocampal
microinjection of oligomeric Ab1–42 significantly attenu-
ated the impairment of spontaneous alternation behavior
induced by Ab1–42 at doses of 0.01 and 0.03 mg/kg (P ,
0.001). To assess the role of PKA, the mice were treated
daily with the PKA inhibitor H-89 by microinjection
through the in-dwelling cannula 30 minutes prior to oral
administration of BPN14770. The memory enhancing
effect of BPN14770 was blocked by pretreatment with
the PKA inhibitor (P , 0.001), while bilateral microin-
jection of H-89 did not have a significant effect on the

memory impairment induced by Ab1–42. There was no
significant difference in the number of arm entries across
the groups, which indicated that BPN14770 did not affect
motor activity (Fig. 1B).
BPN14770 Prevented Ab-Induced Working Memory

Impairment in the Morris Water Maze Test. In the
training blocks of the MWM test (acquisition sessions), mice
treated with intrahippocampal microinjection of oligomeric
Ab1–42 were slower to reach the hidden platform in blocks 3, 4,
5, and 6 compared with the controls (P , 0.05 or P , 0.001)
(Fig. 1C). Microinjection of oligomeric Ab1–42 into the hippo-
campus did not impair motor activity since there was no
difference in mean swimming velocity (Supplemental Fig. 1).
Daily treatment with BPN14770 prevented the impairment of
acquisition at a dose of 0.03 mg/kg, e.g., the latency to touch
the platform for the BPN14770-treated (0.03 mg/kg) mice was
significantly shorter than that of the vehicle-treated Ab1–42

group from the fifth to sixth block (P, 0.01 or P, 0.001). The
effects of BPN14770 on acquisition were blocked by pre-
treatment with H-89 (blocks 5 and 6; P , 0.05 or P , 0.01)
(Fig. 1D).
To test short-term memory retention, the animals were

tested 1 hour after the last acquisition trial in a probe trial in
which the hidden platform was removed. The mice treated

Fig. 1. BPN14770 prevented Ab-induced
spatial memory impairment in the
Y-maze test and training (acquisition)
trials of the Morris water maze test. (A)
Oligomeric Ab1–42 decreased alternations
in the Y-maze test, and this was reversed
by BPN14770 in a dose-dependent man-
ner. The effect of BPN14770 was blocked
by pretreatment with the PKA inhibitor
H-89. H-89 was administered each day
30 minutes before oral administration of
BPN14770. (B) The number of entries,
a measure of motor activity, was not
changed by the drug treatments. Results
are shown as mean 6 S.E.M. (n 5 12 per
group). Results were analyzed by one-way
ANOVA followed by a post hoc Dunnett’s
test. Shown are the results for the alter-
nations (F6,77 5 7.762, P , 0.001) and
number of entries (F6,775 0.243, P5 0.96).
***P , 0.001 vs. vehicle-treated control
group; #P , 0.05, ###P , 0.001 vs. vehicle-
treated Ab1–42 group; $$$P , 0.001 vs.
BPN14770-treated Ab1–42 group. (C and D)
Learning curves in the Morris water maze
test. Learning to locate the position of the
hidden platform is impaired in mice
treated with oligomeric Ab1–42 and this
is reversed by BPN14770 in a dose-
dependent manner. Results are presented
as mean 6 S.E.M. (n 5 12 per group).
Results were analyzed by two-way
ANOVA followed by a post hoc Dunnett’s
test. (C) Shown are the results for factor
treatment T (F4,330 5 15.78, P , 0.001),
factor block B (F5,330 5 65.60, P , 0.001),
and factor T� B (F20,3305 2.346, P5 0.001).
(D) Shownare the results for factor treatment
T (F4,330 5 27.85, P , 0.001), factor block B
(F5,330 5 72.89, P , 0.001), and factor T� B
(F20, 330 5 4.058, P , 0.001). *P , 0.05,
***P , 0.001 vs. vehicle-treated control
group; ##P , 0.01, ###P , 0.001 vs. vehicle-
treated Ab1–42 group; $P , 0.05, $$P , 0.01
vs. BPN14770-treated Ab1–42 group.
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with oligomeric Ab1–42 and gavaged with vehicle took signif-
icantly longer to swim to the previous platform location and
made fewer crossings in the target quadrant than control mice
that received microinjections of ACF (P , 0.001; P , 0.001)
(Fig. 2, A andB). The percentage of the time spent in the target
quadrant also was significantly lower in Ab1–42-treated mice
than mice microinjected with ACF (P , 0.01) (Fig. 2C). Once
daily oral gavage with BPN14770 dose dependently reduced
the Ab1–42-induced memory loss as evidenced by a decrease in
the latency to the platform location (P, 0.001), an increase in
the entries into the target quadrant (F3,44 5 3.426, P , 0.05),
and an increase in the time spent in the target quadrant
(P 5 0.01). Pretreatment with H-89 once again blocked the
protective effects of BPN14770 on memory loss (P , 0.01,
P , 0.05, and P , 0.05, respectively); a second probe trial
test for long-term memory that was performed 24 hours
after the training session yielded similar results as shown
in Fig. 2, D–F. BPN14770 at doses of 0.003, 0.01, and
0.03 mg/kg reversed impairment of spatial memory consol-
idation and retrieval induced by Ab1–42 as shown by
a shorter time to reach the previous platform location
(P , 0.01) (Fig. 2D), more crossings (F3,44 5 9.953, P ,
0.001) (Fig. 2E), and longer time spent in the target
quadrant (P , 0.01) (Fig. 2F). The benefit of BPN14770
was blocked by H-89 (P , 0.05, P , 0.01, and P , 0.01,
respectively). Notably, there was no significant difference
in swimming speed across groups in the training session
(F6,77 5 0.430, P 5 0.857) or 1-hour (F6,77 5 0.526, P 5
0.785) and 24-hour (F6,77 5 0.411, P 5 0.870) probe trails
(Supplemental Fig. 1, A–C). The total swimming distance
they traveled also did not show any significant difference in
the 1-hour (F6,77 5 0.526, P 5 0.785) or 24-hour (F6,77 5
0.411, P 5 0.870) probe trails (Supplemental Fig. 1, D and
E). This indicates that there was no impairment of vision or
motor activity across the treatments.

BPN14770 Ameliorated Ab1–42-Induced Neuronal At-
rophy in the CA1 of the Hippocampus. The morphology
of CA1 pyramidal neurons in the hippocampus was severely
affected by exposure to oligomeric Ab1–42 (Fig. 3). This can be
seen by the detailed segmental analysis of the number of
dendritic branch points, total dendritic length, and dendritic
spine density as a function of radial distance from the cell
soma (150–350 mm) (). This quantitative analysis found
significant differences across all three parameters between
mice treated with oligomeric Ab1–42 compared withmice given
bilateral microinjections of ACF (P , 0.001, P , 0.001, and
P , 0.01) (Figs. 4 and 5). BPN14770 prevented oligomeric
Ab1–42 toxicity in a dose-dependent manner. BPN14770 at
doses of 0.003, 0.01, and 0.03mg/kg significantly increased the
total number of dendrites (P , 0.01), dendritic length (P ,
0.001), and spine density (P , 0.01). Daily administration of
the PKA inhibitor H-89 prior to administration of BPN14770
blocked the protective effect of BPN14770. The improvement
due to treatment with BPN14770 was positively correlated
with the total number of dendrites and dendritic length
(Supplemental Figs. 2–4), but not the spine density of CA1
neurons (Supplemental Fig. 4C).
BPN14770 Prevented Ab1–42-Induced Decreases in

Plasticity-Related Protein Expression in the Hippo-
campus. Bilateral injection of oligomeric Ab1–42 reduced two
biomarkers of synaptic density, synaptophysin and postsyn-
aptic density protein 95 (PSD-95). As shown in Fig. 6, A and B,
synaptophysin and PSD-95 were significantly reduced in mice
treated with oligomeric Ab1–42 compared with mice that
received microinjection of ACF (P , 0.01 or P , 0.001). Daily
dosing with BPN14770 prevented the loss of synaptophysin
and PSD-95 in a dose-dependent manner (P , 0.05 for
synaptophysin; P 5 0.001 for PSD-95). Levels of synaptophy-
sin and PSD-95 were positively correlated with the improve-
ment in memory (Supplemental Figs. 5–7).

Fig. 2. BPN14770 prevented Ab-inducedmemory deficit 1 and 24 hours after the training session. (A–C) Ab-treatedmice showed impaired memory 1 hour
after the training session and this was prevented by BPN14770. H-89 blocked the effects of BPN14770 at a dose of 0.03mg/kg. Results are shown asmean6
S.E.M. (n 5 12 per group). Results were analyzed by one-way ANOVA followed by a post hoc Dunnett’s test. Shown are the results for latency to platform
(F6,77 5 8.375, P , 0.001), entries in the target quadrant (F6,77 5 4.161, P 5 0.001), and percentage of time spent in the target quadrant (F6,77 5 5.070,
P , 0.001). **P , 0.01, ***P , 0.001 vs. vehicle-treated control group; #P , 0.05, ##P , 0.01, ###P , 0.001 vs. vehicle-treated Ab1–42 group; $P , 0.05,
$$P, 0.01 vs. BPN14770-treated Ab1–42 group. (D–F) Ab-treatedmice showedmemory deficits 24 hours after the training session and this was prevented by
BPN14770. H-89 blocked the effects of BPN14770 at a dose of 0.03mg/kg. Results are shown asmean6 S.E.M. (n5 12 per group). Results were analyzed by
one-way ANOVA followed by a post hoc Dunnett’s test. Shown are the results for latency to platform (F6,775 6.054,P, 0.001), entries in the target quadrant
(F6,775 8.443, P, 0.001), and percentage of time spent in the target quadrant (F6,775 5.972, P, 0.001). *P, 0.05, ***P, 0.001 vs. vehicle-treated control
group; #P , 0.05, ##P , 0.01, ##P , 0.001 vs. vehicle-treated Ab1–42 group;

$P , 0.05, $$P , 0.01 vs. BPN14770-treated Ab1–42 group.
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Daily administration of H-89 prior to dosing with
BPN14770 blocked the protective effect of BPN14770 (P ,
0.01 or P , 0.05). Thus, the protective effect of BPN14770 on
biomarkers of synaptic density is consistent with the pro-
tective effect of the compound on dendritic morphology.
BPN14770 Prevented Ab-Induced Decreases in Phos-

phorylated CREB/CREB, BDNF, and Nerve Growth
Factor Inducible Protein Expression in the Hippocam-
pus. Previous studies have shown that BPN14770 increases
signaling through cAMP, which leads to activation of PKA and

phosphorylation of CREB (Zhang et al., 2018). Bilateral
microinjection of oligomeric Ab1–42 into the hippocampus
impairs signaling through this pathway. As shown in
Fig. 6C, oligomeric Ab1–42 significantly reduced the ratio of
phosphorylated CREB (pCREB)/CREB (P , 0.01) compared
with microinjection of ACF, and this was prevented by
treatment with BPN14770 in a dose-dependent manner (P ,
0.001). Moreover, the effect of BPN14770 on CREB phosphor-
ylation was blocked by pretreatment with the PKA inhibitor
H-89 (P , 0.05). Bilateral microinjection of oligomeric Ab1–42

Fig. 3. Photomicrographs of representative cannula place-
ments in the hippocampus. (A) Sections are according to the
atlas (Paxinos and Franklin, 2004); (B) Rapid Golgi staining
in the hippocampus section showing the cannula track.

Fig. 4. Photomicrographs of representative Golgi-impregnated hippocampal CA1 pyramidal neurons [(A–G), scale bar, 25 mm] and the apical dendrite
[(H–N), scale bar, 5 mm] from each of the treatment groups. (A and H) Vehicle 1 (ACF)1 vehicle 2 (distilled water); (B and I) Ab1–42 1 vehicle 2; (C and J)
Ab1–42 1 BPN14770 (0.003 mg/kg); (D and K) Ab1–42 1 BPN14770 (0.01 mg/kg); (E and L) Ab1–42 1 BPN14770 (0.03 mg/kg); (F and M) Ab1–42 1 H-89;
and (G and N) Ab1–42 1 H-89 1 BPN14770 (0.03 mg/kg).
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also decreases expression of BDNF and nerve growth factor
inducible protein (VGF), which are downstream effector
molecules of cAMP signaling through CREB phosphorylation
(P , 0.01; P , 0.05) (Fig. 6, D and E). Daily dosing with
BPN14770 dose dependently prevented the loss of BDNF and
VGF in the hippocampus at 0.03 mg/kg (P , 0.01; P , 0.05).
The increase in pCREB/CREB, BDNF, and VGF expression in
the hippocampus was positively correlated with the improve-
ment in memory (Supplemental Figs. 5–7). The effects of
BPN14770 on BDNF and VGF were blocked by pretreatment
with the PKA inhibitor H-89 (P , 0.001; P , 0.01).

Discussion
This studydemonstrates thataphosphodiesterase-4Dallosteric

inhibitor protects against memory loss and neuronal atrophy

induced by microinjection of oligomeric Ab1–42 into the
hippocampus of hPDE4D mice. The use of hPDE4D mice
allowed us to explore PDE4D pharmacology at doses of
BPN14770 that do not appreciably inhibit PDE4 subtypes A
and B, the other subtypes of PDE4 present in the brain (Zhang
et al., 2018; Gurney et al., 2019). Very low doses BPN14770
(0.01 and 0.03 mg/kg) prevented the impairment of memory
acquisition and retrieval in the MWM and Y-maze tests
caused by microinjection of oligomeric Ab1–42. The morpho-
logic studies showed that BPN14770 protected hippocampal
neurons against oligomeric Ab1–42 neurotoxicity, as evidenced
by preservation of the number of dendrites, total dendritic length,
and spine density in theCA1 of the hippocampus. BPN14770 also
prevented Ab-induced reduction of pCREB/CREB, BDNF, and
VGF and deficits in synaptic marker proteins such as synapto-
physin and PSD-95 in the hippocampus. The protective effect of

Fig. 5. BPN14770 prevented Ab-induced neuronal atrophy in the hippocampal CA1 pyramidal neurons. (A) Number of dendrites; (B) total dendritic
length and (C) spine density (per 10 mm distances) were measured. Results are expressed as mean 6 S.E.M. (n 5 6 per group). Results were analyzed
by one-way ANOVA followed by a post hoc Dunnett’s test. Shown are the results for the number of dendrites (F6,35 5 8.339, P , 0.001), total dendritic
length (F6,35 5 19.49, P , 0.001), and spine density (F6,35 5 10.31, P , 0.001). **P , 0.01, ***P , 0.001 vs. vehicle-treated control group; ##P , 0.05,
###P , 0.001 vs. vehicle-treated Ab1–42 group;

$P , 0.05, $$P , 0.01, $$$P , 0.001 vs. BPN14770-treated Ab1–42 group.

Fig. 6. Immuno-blot analyses for synaptophysin (A), PSD-95 (B), pCREB/CREB (C), BDNF (D), and VGF (E) expression in the hippocampus. Results
are expressed as mean 6 S.E.M. (n 5 6 per group). Results were analyzed by one-way ANOVA followed by a post hoc Dunnett’s test. Shown are the
results for synaptophysin (F6,35 5 4.514, P 5 0.002), PSD-95 (F6,35 5 8.739, P , 0.001), pCREB/CREB (F6,35 5 8.621, P , 0.001), BDNF (F6,35 5 10.10,
P, 0.001), and VGF (F6,355 4.845, P5 0.001). *P, 0.05, **P, 0.01, ***P, 0.001 vs. vehicle-treated control group; #P, 0.05, ##P, 0.01, ###P, 0.001
vs. vehicle-treated Ab1–42 group;

$P , 0.05, $$P , 0.01, $$$P , 0.01 vs. BPN14770-treated Ab1–42 group.
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BPN14770 was prevented by pretreatment with the PKA
inhibitorH-89, which suggests that the benefit of BPN14770 is
mediated through PKA activation.
The Morris water maze is an aversively motivated spatial

learning and memory paradigm that has been used exten-
sively to study the neurobiology of cognitive performance in
rodents. The learning and memory paradigms in this task are
dependent on two major aspects of functional processing:
motivation (reward related and climbing onto the platform
to escape from the water) and information processing (acqui-
sition, consolidation, and retrieval of the platform location)
(Lubbers et al., 2007; Zhang et al., 2013). In the present study,
mice treated with oligomeric Ab1–42 were slower to reach the
platform in the acquisition phase, and in the probe trials they
spent less time in the target quadrant where the platform
previously was located. BPN14770 dose dependently pre-
vented Ab1–42-induced memory loss in hPDE4D mice, as
shown by a progressive decrease in latency to platform in
the training session (acquisition trial) and probe trials, and by
an increase in exploration time in the target quadrant in the
probe trial, although it is difficult to reflect aspects of
motivation and perseverance in this task. A protective effect
of BPN14770 also was observed in the Y-maze test. Our
present findings are corroborated by our previous report that
BPN14770 increases brain cAMP levels and improvesmemory
function through a cAMP- and PKA-dependent pathway
(Zhang et al., 2018). This new study also is consistent with
our earlier finding that knockdown of long-form PDE4D in the
cortex significantly improves cognitive function in stressed
animals (Wang et al., 2013). This further supports the idea
that PDE4D is a key modulator of memory processes and that
a selective PDE4D allosteric inhibitor prevents oligomeric
Ab1–42 neurotoxicity and improves memory function by stim-
ulating compensatory synaptic mechanisms.
Our study shows that microinjection of oligomeric Ab1–42

into the CA1 of the hippocampus induces dendritic abnormal-
ities with associated impairment of memory function. This
supports the idea that alterations in hippocampal circuitry are
critical for understanding disorders involving memory im-
pairment and dementia (Sapolsky et al., 1986). The hippo-
campus is susceptible to abnormal aging processes such as
extracellular Ab deposition, and thus exhibits a crucial role in
regulating memory functions, including the formation of
stable declarative (or explicit) memory in humans and spatial
(or relational/contextual) memory in rodents (Xu et al., 2009).
Recent evidence suggests that synaptic loss in the hippocam-
pus is strongly associated with cognitive dysfunction (Scheff
and Price, 2003, 2006). Thus, therapeutic treatments that
improve synaptic plasticity may have potential therapeutic
benefit for patients with early or prodromal Alzheimer’s
disease. In the present study, microinjection of oligomeric
Ab1–42 into the hippocampus resulted in serious neuronal
atrophy. This was prevented by daily treatment with
BPN14770 as shown by the dose-dependent protection of the
number of dendrites, total dendritic length, and spine density.
Although we did not find a relationship between memory
improvement and spine density, this did not affect the correla-
tion between memory behavior and plasticity changes in
mature neurons in our further study. The main reason may
be that the development of neurons is a highly complex process
and not all of the synapses would become mature neurons. The
further correlation analysis between the behavioral phenotype

and dendritic morphology in themature hippocampal neurons
indicates that the benefit of BPN14770 for memory improve-
ment was positively correlated to the structure and function of
CA1 neurons. These effects of BPN14770 corroborate our
previous observations, which suggested that BPN14770 aug-
ments long-term potentiation in the hippocampus, one of the
initial and transient changes in synaptic plasticity that
underlies early stages of memory deficits associated with
Alzheimer’s disease (Wang et al., 2004; Zhang et al., 2018).
Previously, BPN14770 was shown to ameliorate behavioral
phenotypes in a mouse model of fragile X syndrome, while
also improvingmaturation of dendritic spinemorphology on
layer II/III pyramidal cells in the dorsolateral prefrontal
cortex (Gurney et al., 2017). Knockdown of PDE4D mRNA
also stimulates synapse maturation on layer II/III pyrami-
dal cells in the dorsolateral prefrontal cortex (Baumgärtel
et al., 2018).
The effect of BPN14770 on the preservation of dendritic

morphology was corroborated by the preservation of pre-
and postsynaptic proteins, e.g., synaptophysin and PSD-95,
which are markers of synaptic density. The preservation of
these two synapse-related proteins suggests that the effects
of BPN14770 on neuroplasticity not only apply to structural
remodeling, but also to the functional plasticity of the brain.
Moreover, this effect of BPN14770 on Ab-induced neuro-
nal atrophy was prevented by pretreatment with the PKA
inhibitor H-89, which further supports the critical role
of PKA-mediated cell signaling in neuroplasticity. These
results agree with previous studies, which demonstrated
that activation of the cAMP/PKA/CREB pathway results
in facilitation of synaptic plasticity and memory formation
(Gong et al., 2004; Zhang et al., 2018). CREB phosphoryla-
tion upregulates synaptic plasticity-related proteins, such as
synaptophysin and PSD-95; therefore, it supports long-
lasting alterations in synaptic connectivity and memory
formation (Prickaerts et al., 2002). Our findings suggest that
the reduction in PKA-pCREB signaling induced by oligo-
meric Ab1–42 is reversed by treatment with BPN14770,
which in turn promotes enhancement of memory and neuro-
nal remodeling.
TheBDNFgene contains a cAMP response element towhich

phosphorylated CREB binds, thereby enhancing transcription
(Xu et al., 2006). Clinical observations suggest that phosphor-
ylated CREB is aberrantly sequestered in hippocampal
neurons in Alzheimer’s disease with generalized disruption
of CREB-mediated signaling (Satoh et al., 2009), BDNF
regulation of synaptic plasticity, and neurogenesis (Cunha
et al., 2010; Hollands et al., 2016; Moreno-Jiménez et al.,
2019). VGF is a BDNF-inducible neuropeptide that plays an
important role in hippocampal neurogenesis and synaptic
plasticity (Alder et al., 2003; Bozdagi et al., 2008). A signifi-
cant decrease in VGF level has been observed in the cerebro-
spinal fluid, prefrontal cortex, and hippocampus of patients
with Alzheimer’s disease (Rüetschi et al., 2005; Thakker-
Varia et al., 2010; Ramos et al., 2014). Our results indicate
that oligomeric Ab1–42 significantly decreases BDNF and VGF
expression in the hippocampus, while BPN14770 prevents
such deficits.
In summary, modeling of oligomeric Ab1–42 neurotoxicity

in mice indicates that BPN14770 triggers multiple compen-
satory mechanisms that reduce impairment of memory,
damage to dendritic morphology, deficits in synaptic proteins,
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impaired signaling through CREB phosphorylation, and pro-
duction of neurotrophic signaling molecules such as BDNF
and VGF.
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