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Research

The APP-interacting protein FE65 is required
for hippocampus-dependent learning and
long-term potentiation
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FE65 is expressed predominantly in the brain and interacts with the C-terminal domain of b-amyloid precursor protein
(APP). We examined hippocampus-dependent memory and in vivo long-term potentiation (LTP) at the CA1 synapses
with isoform-specific FE65 knockout (p97FE65�/�) mice. When examined using the Morris water maze, p97FE65�/�

mice were impaired for the hidden platform task but showed normal performance in the probe test. To further
discriminate the role of FE65 in acquisition and memory consolidation, we examined p97FE65�/� mice with temporal
dissociative passive avoidance (TDPA) and contextual fear conditioning (CFC). p97FE65�/� mice showed impaired short-
term memory for both TDPA and CFC when tested 10 min after training. After multiple TDPA training sessions, the
crossover latency of some p97FE65�/� mice reached the cutoff value, but it significantly decayed in 8 d. At the Schaffer
collateral-CA1 synapses, p97FE65�/� mice showed defective early-phase LTP (E-LTP). These results demonstrate novel
roles of FE65 in synaptic plasticity, acquisition, and retention for certain forms of memory formation.

[Supplemental material is available online at http://www.learnmem.org.]

FE65 is predominately neurospecific and is expressed in the
hippocampus (Kesavapany et al. 2002; Wang et al. 2004a), a brain
region involved in certain forms of learning and memory. The
gene was first identified as an interaction protein of the b-amyloid
precursor protein (APP) (Fiore et al. 1995). Molecular and cellular
studies have revealed several functional domains in FE65. The
WW domain is required for interacting with Mena through
specific proline-rich motifs (Chen and Sudol 1995; Ermekova
et al. 1997), as well as for mediating gene transcription (B Cool,
G Zitnik, G Martin, and Q Hu, unpubl.). The second (or more
C-terminal) phosphotyrosine interaction (PID) or phosphotyro-
sine binding (PTB) domain (Bork and Margolis 1995) is required
for interacting with the C-terminal of APP (Fiore et al. 1995; Borg
et al. 1996; Zambrano et al. 1997). FE65 also interacts with low-
density lipoprotein-receptor-related protein (LRP) (Kinoshita et al.
2001), ApoE receptor (Hoe et al. 2006), histone acetyl transferase
Tip60 (Cao and Sudhof 2001), and transcription factor CP2/LSF/
LBP1 (Zambrano et al. 1998) through its first PID domain. The
second PID/PTB domain also binds to the mouse b-amyloid
precursor-like proteins, APLP1 and APLP2 (Bressler et al. 1996).

Several lines of evidence have suggested that a physical
interaction between FE65 and APP may be related to the patho-
genesis of Alzheimer’s disease (AD). First, a mutant form of APP,
responsible for some cases of familial AD, shows an altered in vivo
interaction with FE65 (Zambrano et al. 1997). Second, it has been
demonstrated that APP and FE65 colocalize in the endoplasmic

reticulum and Golgi complex, and FE65 facilitates translocation of
APP to the cell surface and b-amyloid secretion (Sabo et al. 1999).
Third, decreased levels of the neuronal forms and increased levels
of the non-neuronal forms of FE65 are observed in the middle
temporal and frontal cortex of AD brains (Hu et al. 2000).
Interestingly, the intronic polymorphism of FE65, which leads to
the expression of the FE65a2 isoform with lower affinity to APP,
associates with resistance to the late onset of AD (Hu et al. 2002).

In addition to its pathological function in AD, emerging
evidence suggests that APP may be an essential molecule for
regulating neuroplasticity and neural development (Seabrook et al.
1999). Under nonpathological conditions, APP may play functional
roles in axonal transport (Suzuki et al. 2006), neurite growth (Ikin
et al. 2007), synapse modification (Sabo et al. 2003), and gene
transcription (Muller et al. 2007, 2008). APP knockout (KO) mice
display deficits in long-term potentiation (LTP), spatial memory,
increased gliosis, and a significant reduction in dendritic length
(Dawson et al. 1999; Seabrook et al. 1999), leading to the hypothesis
that APP is critical for normal neuronal functions. Furthermore,
mice lacking multiple APP family members (APP, APLP1, and
APLP2) show cortical dysplasia (Heber et al. 2000). Strikingly, mice
lacking multiple FE65 family members (FE65 and FE65L1) show
a similar phenotype (Guenette et al. 1996, 2006). These nonpatho-
logical functions of APP may be explained by the fact that its natural
proteolytic product AICD (APP intracellular domain) confers tran-
scription activity in immortalized cell lines (Cao and Sudhof 2001).
Several studies have implicated FE65 in AICD nuclear translocation
and AICD-mediated gene transcription (Cao and Sudhof 2001; von
Rotz et al. 2004; Muller et al. 2007). However, our recent study
suggests that FE65 may regulate transcription independent of AICD
(Yang et al. 2006). Due to some similar features shared between APP
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and Notch (Schroeter et al. 1998; Kimberly et al. 2003), it was
hypothesized that APP/FE65 may regulate transcription-dependent
forms of plasticity, such as long-term memory formation.

Correlated with the phenotypes in APP KO mice, defective
hippocampus-dependent memories have been observed with
isoform-specific p97FE65�/� mice, which express only p60FE65
(p60), but not p97FE65 (Wang et al. 2004a). p97 and p60 are
possibly generated by alternative translation from the same
transcript (Wang et al. 2004a; B Cool, G Zitnik, G Martin, and
Q Hu, unpubl.). p60 is the shorter version of p97, lacks part of the
WW domain, and is incapable of activating gene expression
(B Cool, G Zitnik, G Martin, and Q Hu, unpubl.). Despite the pre-
vious description of p97FE65 function in memory, how it regulates
certain processes of plasticity, especially the synaptic function, is
largely unknown. It is also not clear whether p97FE65 regulates
learning/acquisition or memory retention/consolidation.

In the present study, we examined several forms of hippo-
campus-dependent memory as well as in vivo LTP with young
adult (2- to 4-mo-old) p97FE65�/� mice. We demonstrate that
p97FE65�/� mice show major deficits in learning/acquisition for
spatial task, temporal dissociative passive avoidance (TDPA), and
contextual fear conditioning (CFC). Consistently, p97FE65�/�

mice are defective in early-phase LTP (E-LTP).

Results

p97FE65�/� mice show normal
hippocampus formation
We first examined the overall morphol-
ogy of the hippocampus of isoform-
specific p97FE65�/� mice. Neutral red
staining (Supplemental Fig. 1A) and cal-
bindin staining (Supplemental Fig. 1B)
revealed no significant difference be-
tween wild-type (WT) and p97FE65�/�

mice in gross hippocampal morphology
and mossy fiber formation, respectively.
Immunostaining for the neuronal and
dendritic marker MAP2 also revealed no
significant difference in cortex and dif-
ferent areas of the hippocampus includ-
ing CA1, CA3, and dentate gyrus (Sup-
plemental Fig. 1C). The expression levels
of synaptic marker proteins Synapsin I
(Supplemental Fig. 1D) and VGAT (Sup-
plemental Fig. 1E) were comparable be-
tween WT and p97FE65�/� mice. These
data, together with a previous report
(Wang et al. 2004a), implicate that there
is no severe abnormality in hippocampal
morphology in p97FE65�/� mice.

p97FE65�/� mice exhibit impaired
acquisition, but normal memory
retrieval, in the MWM task
Despite major efforts to probe the func-
tion of FE65 in AD pathogenesis, little has
been investigated to study plasticity un-
der normal and nonpathological condi-
tions. A previous study documented very
interesting memory phenotypes in spatial
and associative memory with isoform-
specific p97FE65�/� mice at 14 and 27 mo
(Wang et al. 2004a). Due to aging effects

on plasticity, the phenotypes observed with aged p97FE65�/�

mice may be complicated by other factors. In addition, it is not
clear whether FE65 regulates learning/acquisition or memory
consolidation and retention. Here, we examined several forms of
learning and memory with young adult mice (2–4-mo old).

WT and p97FE65�/� mice were first trained by the visible
platform version of the Morris water maze (MWM), during which
a visible flag was attached to the platform. Both groups showed
significant improvement in escape latency over the training
sessions (Fig. 1A), and there was no significant difference between
WT and p97FE65�/�mice (F(1,20) = 0.12, P = 0.5326). Furthermore,
WT and p97FE65�/� mice displayed similar swimming speed
during visible platform training (Fig. 1B). These results indicate
that p97FE65�/� mice are normal in nonspatial learning, motiva-
tion, vision, and motor functions.

We then further trained the same animals by a hidden
platform task, during which the platform was placed underneath
opaque water, and animals learned to use extramaze spatial cues
to navigate the circular pool and find the hidden platform. Al-
though both WT and p97FE65�/� showed significant improve-
ment in escape latency during training (F(8,20) = 13.88, P < 0.0001),
repeated-measures of two-way ANOVA showed a significant dif-
ference between genotypes (F(1,20) = 23.45, P < 0.0001; Fig. 1C).
There was no significant difference in swimming speed between
WT and p97FE65�/� mice during the hidden platform training

Figure 1. p97FE65�/�mice show defective hidden platform learning. (A) Both p97FE65�/� (KO) and
wild-type (WT) mice show comparable performance during the visible platform training. (B) p97FE65�/�

mice show comparable swim speed to that of WT mice during the visible platform training. (C )
p97FE65�/� mice show impaired improvement in escape latency during the hidden platform training.
(D) WT and p97FE65�/�mice show comparable swimming speed during the hidden platform training.
(E ) WT and p97FE65�/�mice show comparable time spent in the target quadrant during the probe test.
(F ) p97FE65�/� mice show normal acquisition during the reversal training. (G) WT and p97FE65�/�

mice show comparable swimming speed during the reversal training. (H) p97FE65�/� mice show
normal performance in the probe test after reversal training. The probe test was performed 1 d after the
last reversal training session.
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(P = 0.2034, two-way ANOVA; Fig. 1D). The travel distance for
p97FE65�/�mice to find the platform was also significantly longer
(F(1,160) = 11.27, P = 0.0031; Supplemental Fig. 2A).

Next, we examined the animals with the probe test, during
which the hidden platform was removed. Although the time spent
to first reach the hidden platform location was significantly longer
for the p97FE65�/� mice during the probe test (P < 0.01, data not
shown), the two groups showed no significant difference in the
percentage of time spent in the target quadrant (P = 0.2594; Fig.
1E). There was also no significant difference between WT and
p97FE65�/� mice in the crossing number for the hidden platform
location (data not shown).

We then trained the animals with the reversal paradigm,
during which the hidden platform was moved to the opposite
quadrant. This task requires the animals to relearn the new
platform location and suppress the pre-established memory for
the old platform location. As shown in Figure 1F, WT and
p97FE65�/� mice showed a similar decrease in escape latency
during the reversal training. WT and p97FE65�/� mice also
showed comparable swimming speed during the reversal training
(P = 0.1274, two-way ANOVA; Fig. 1G), and there was no sig-
nificant difference in the travel distance either (P = 0.8794, two-
way ANOVA; Supplemental Fig. 2B). When tested by the probe
test, both groups showed significant preference for the new plat-
form location (P < 0.05 for both genotypes; Fig. 1H).

p97FE65�/� mice show impaired learning and memory
retention in TDPA
Because p97FE65�/� mice showed a slower rate of acquisition but
normal performance in the probe test, it is possible that FE65
is required for learning rather than con-
solidation. To further confirm the possi-
bility, we next trained animals with
TDPA, during which multiple training
sessions were involved and the learning/
acquisition could be better examined.
Compared with standard passive avoid-
ance (PA), the animals received a mild
electric footshock 10 min after they
crossed over to the dark chamber in the
TDPA paradigm. Therefore, the associa-
tion between the dark chamber (the con-
ditioned stimulus) and the aversive
footshock (the unconditioned stimulus)
was temporally separated by 10 min. Our
previous results have demonstrated that
animals gradually improve their cross-
over latency through the multiple train-
ings, and the task is dependent on the
hippocampus (Zhang et al. 2008). As
shown in Figure 2A, p97FE65�/� mice
displayed significantly slower improve-
ment in crossover latency than WT mice
during TDPA training (P < 0.05). Further-
more, the percentage of animals reaching
the cutoff value (300 sec) of crossover
latency was higher for WT mice (Fig. 2B).
After 5 d of TDPA training, all WT mice
reached the cutoff value when tested on
day 6. Only 60% of p97FE65�/�mice (six
out of 10 animals) reached the cutoff
value on day 6. To test long-term mem-
ory retention, we selected animals that
reached the cutoff value and retested
them 8 d later. As shown in Figure 2C,

p97FE65�/� mice showed significant shorter crossover latency,
indicating that p97FE65 is required for long-term retention of
TDPA memory.

To further examine the ability of learning or acquisition,
another cohort of WT and p97FE65�/�mice was trained by a single
TDPA trial and tested shortly (10 min) after the training. As shown
in Figure 2D, p97FE65�/� mice showed significantly shorter cross-
over latency (F(1,26) = 8.12, P = 0.0215). These results demon-
strate that p97FE65�/� mice are defective in learning/acquisition,
as well as retention, which may involve both consolidation and
reconsolidation. Because p97FE65�/� mice showed comparable
crossover latency to that of WT mice during the first TDPA training
session (Fig. 2A,D), it is unlikely that their deficits during testing
are attributed to an abnormal preference for darkness. We further
performed the dark/light test, during which their preference for
the lit and dark chambers was examined (Krishnan et al. 2008). The
animals were first placed in the dark chamber; p97FE65�/� and WT
mice displayed a similar latency to cross over to the lit chamber
(Fig. 2E). During the 10-min dark/light test, animals were allowed
to travel freely between the dark and lit chambers, and the two
groups stayed for similar length of time in the lit chamber (Fig. 2F).

p97FE65�/� mice show impaired acquisition in CFC
We next examined learning/acquisition by another hippocampus
paradigm, CFC. During training, both WT and p97FE65�/� mice
displayed minimal freezing (Fig. 3A). When a brief footshock was
delivered, WT and p97FE65�/� mice showed a similar reaction to
the shock, as implied by the increase in velocity during the mild
electric shock (Fig. 3B). The similar shock-induced increase in
movement velocity demonstrated normal pain sensitivity in

Figure 2. p97FE65�/� mice show deficits in TDPA. (A) p97FE65�/� (KO) mice show poor
improvement in crossover latency during TDPA training. Mice were trained on day 1 and tested daily
on days 2–6. From day 2 to day 5, mice were first scored for crossover latency. They then received a mild
footshock 10 min after entering the dark chamber. When a particular mouse reached the 300-sec
arbitrary cutoff value, it was not further trained. The value of 300 sec was registered as crossover latency
for the test and for all the tests thereafter. (B) The percentage of animals reaching the cutoff value of
crossover latency is lower for p97FE65�/� mice during whole training sessions. (C) p97FE65�/� mice
show impaired long-term memory retention. After 5 d of TDPA training, all WT mice reached the 300-
sec cutoff value. Six out of 10 p97FE65�/� mice also showed crossover latency of 300 sec. These mice
were tested 8 d later to measure their long-term memory retention. For example, if a particular mouse
reached the 300 sec value on day 4, it was further tested on day 12. (D) p97FE65�/�mice show deficits
in short-term memory for TDPA. Animals were trained by a single session of TDAP and tested 10 min
after the training. (E) During the dark/light test, WT and p97FE65�/�mice showed comparable latency
to cross over from the dark chamber to the lit chamber. (F ) During the dark/light test, WT and
p97FE65�/�mice spent comparable time in the lit chamber. The values for the first 5 min of the entire
dark/light test are shown.
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p97FE65�/� mice. However, p97FE65�/� mice displayed signifi-
cantly less immediate freezing, indicating impaired acquisition/
learning (P < 0.01, analysis with both two-way ANOVA and
Bonferroni post-test; Fig. 3A). When tested 24 h after training,
p97FE65�/� mice still showed significant impairments in freezing
(P < 0.05, analysis with both two-way ANOVA and Bonferroni
post-test; Fig. 3A). To rule out that the defective CFC learning was
not due to altered basal activities, we measured animal movement
in the CFC training chamber. As shown in Figure 3, C and D,
p97FE65�/� mice showed normal ambulatory movement and to-
tal movement. Next, we trained the animals by a hippocampus-
independent CFC paradigm, during which mice received three
mild footshocks (Wiltgen et al. 2006). When tested 24 h after
training, p97FE65�/� mice displayed comparable freezing to that
of WT mice (Fig. 3E).

p97FE65�/� mice show impairments for E-LTP in vivo
To examine synaptic plasticity and the cellular correlates of
learning, we examined in vivo E-LTP. We placed stimulating and
recording electrodes in anesthetized animals and recorded the
excitatory postsynaptic potentials at the Schaffer collateral-CA1
synapses of the hippocampus. Our in vivo electrophysiological
results showed comparable input–output curves in WT and
p97FE65�/� mice, indicating normal basal neural transmission
(Fig. 4A). Two-way repeated-measures ANOVA indicated that there
was no significant effect of genotype (F(1,22) = 1.2, P = 0.3) and the
interaction between genotype and stimulation intensity (F(7,154) =

0.6, P = 0.8) on the input–output curve (Fig. 4A). There was also no
significant effect of genotype (F(1,22) = 0.14, P = 0.7) on paired-
pulse facilitation (PPF) (Fig. 4B).

It has been demonstrated that acquisition and E-LTP may
share similar mechanisms. They are independent of de novo tran-
scription and translation. We examined WT and p97FE65�/� mice
with E-LTP induced by a single train of high frequency stimula-
tion (HFS). Compared with WT mice, potentiation in p97FE65�/�

mice was significantly diminished within 60 min after induction

(P = 0.026; Fig. 4C). These results suggest that p97 functions in
short-term plasticity, which correlates with the impaired learning/
acquisition in the isoform-specific p97FE65�/� mice.

Acute knockdown of FE65 by siRNA leads to defective
learning in TDPA
To specifically reduce the expression of FE65 in the hippocampus,
we infused FE65 siRNA to the dorsal hippocampus. We first
demonstrated that the siRNA could effectively reduce both p97
and p60 by >70% 48 h after administration (Fig. 5A). We next
trained the animals by TDPA 48 h after hippocampal infusion with
control or FE65 siRNA. When tested 10 min after training, the
FE65 siRNA-infused mice showed significantly shorter crossover
latency (Fig. 5B).

Inhibition of phosphodiesterase activity rescues the
learning deficits in the isoform-specific p97FE65�/�mice
As described earlier, we showed that the hippocampal morphol-
ogy, as well as the expression levels of neuronal and synaptic
marker proteins, is normal in p97FE65�/� mice. To further test
whether some of the plasticity-related signaling pathways are
intact in p97FE65�/� mice, we administered rolipram to elevate
cAMP signaling. Rolipram is a specific inhibitor of the type 4
phosphodiesterase (PDE4), and it enhances the activity of cAMP/
PKA/CREB and LTP (Vitolo et al. 2002; Gong et al. 2004).
Compared with the vehicle-injected control, rolipram-injected
p97FE65�/� mice showed significant improvement in TDPA. The
crossover latency (tested 10 min after training) in the rolipram-
injected p97FE65�/�mice was comparable to that of the WT mice
(Fig. 6A). These data demonstrate that the function of an FE65-
independent signal transduction pathway is intact in p97FE65�/�

mice. Interestingly, rolipram treatment rescues memory deficits in
a mouse model for AD (Gong et al. 2004). We also found that
rolipram caused potentiation of fEPSP (Fig. 6B,C). However,
administration of rolipram did not rescue the HFS-induced E-LTP

Figure 3. p97FE65�/� mice show defective acquisition in CFC. (A)
p97FE65�/� (KO) and WT mice show comparable freezing before the mild
footshock (during training). p97FE65�/� mice showed less freezing
(immediate freezing) after the footshock. p97FE65�/� mice also showed
less freezing 24 h after the training. (B ) p97FE65�/� mice and WT mice
show comparable reaction during the footshock. Both genotypes show
similar low velocity before the mild electric footshock. The velocity
increased significantly during the footshock for both WT and p97FE65�/�

mice. (C,D) The animals were introduced to the CFC training chamber for
10 min, and the time for ambulatory movement (C) or total movement
(D) was measured by the TruScan system. Data for the first 5 min or last 5
min are shown. (E ) p97FE65�/�mice showed normal freezing when they
were tested 24 h after the hippocampus-independent CFC training.

Figure 4. p97FE65�/� mice show defective in vivo E-LTP induced by
a single tetanus. The field EPSP at the Schaffer collateral-CA1 synapses
was recorded from anesthetized WT and p97FE65�/� (KO) mice. (A)
p97FE65�/� and WT mice show comparable input–output curves. (Right)
Representative traces of fEPSP from WT and p97FE65�/� (KO) mice. (B)
p97FE65�/� and WT mice show comparable PPF. Representative traces
for PPF (with 80-msec interval) are shown. (C) Early-phase LTP (E-LTP) was
induced by a single train of HFS (100 Hz, 1-sec duration). p97FE65�/�

mice showed lower potentiation. Representative traces before HFS (trace
1) and 60 min after HFS (trace 2) are shown.
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in p97FE65�/� mice; there is not significant further fEPSP poten-
tiation after HFS (Fig. 6B,C). It has been shown that elevating
cAMP production by forskolin attenuates memory deficits and
potentiates synaptic responses without HFS (Wong et al. 1999). It
is possible that rolipram causes partial synaptic saturation and
prevents further activity-dependent potentiation. We noticed that
the effects of rolipram on in vivo LTP might be different from the
in vitro situations. Incubating hippocampal slices with rolipram
rescues LTP deficits in aged mice without affecting the baseline
values of fEPSP (Barad et al. 1998).

Discussion
The function of FE65 in learning and memory was addressed with
isoform-specific p97FE65�/� mice, which express p60 but not the
full-length p97. In a previous study, 14- and 27-mo-old p97FE65�/�

mice were compared with their WT littermates. At 14 mo,
p97FE65�/� mice showed defective performance in TDPA. At 27
mo, p97FE65�/� and WT mice showed similar performance that is
significantly worse than 14-mo-old WT mice. Interestingly, the
level of p97 but not p60 declined significantly in 27-mo-old WT
mice. Because p60 lacks part of the WW domain, its transcriptional
activity is compromised (B Cool, G Zitnik, G Martin, and Q Hu,
unpubl.). Therefore, it is suggested that the learning and memory
deficits in the isoform-specific p97FE65�/�mice may be due to the
lack of activity-dependent transcription mediated by p97. How-
ever, the previous study did not test whether p97FE65�/� mice
were impaired for learning/acquisition or memory consolidation/
retention. To avoid the complication
of aging, we examined young adult
p97FE65�/�mice (2–4 mo old) with a bat-
tery of hippocampus-dependent para-
digms. In the TDPA paradigm, the
p97FE65�/� mice can eventually learn
and reach the cutoff value of crossover
latency after multiple training sessions
(Fig. 2A). However, they showed signifi-
cantly less memory retention (Fig. 2B),
indicating that p97 may regulate the
transcription of memory-related genes.
Because both consolidation and recon-
solidation are triggered during the multi-
ple training sessions, it is difficult to de-
termine the function of FE65 in these
distinct transcription-dependent process-
es. Our preliminary experiments detected
that membrane depolarization by KCl,

which induces calcium influx and gene transcription, stimulated
the nuclear translocation of FE65 in primary hippocampal neu-
rons (C Moon and H Wang, unpubl.). To demonstrate the role of
FE65-mediated transcription, future experiments need to identify
the target genes of FE65 in stimulated neurons and during
memory consolidation/reconsolidation.

Surprisingly, the major deficits with p97FE65�/� mice are
related to short-term memory or acquisition, which is a
transcription-independent process. Consistently, the isoform-
specific p97FE65�/� mice showed severe impairment in E-LTP
at the Schaffer collateral-CA1 synapses. These data suggest that
FE65 may be a multifunctional protein that is involved in both
transcription-dependent and -independent phases of memory
formation. Although cellular studies implicate APP function in
transcription, which depends on FE65 (Cao and Sudhof 2001), the
existing data suggest that APP may regulate neuronal function in
transcription-independent manners. APP KO mice show similar
phenotypes to that of p97FE65�/� mice. They display impaired
acquisition in the conditioned avoidance test and the hidden
platform paradigm (Dawson et al. 1999). APP KO mice also show
defective potentiation shortly after HFS. When hippocampal
slices from APP KO mice were stimulated by four 10-burst trains
(at 100 Hz with a 20-sec interval), the potentiation started to de-
cline immediately after HFS and was significantly lower than WT
controls within 30 min (Dawson et al. 1999; Seabrook et al. 1999).

Analysis of data obtained from p97FE65�/� and APP KO mice
implicates aging/developmental effects. The learning impair-
ments are observed with 10-mo-old, but not 4-mo-old, APP KO
mice (Dawson et al. 1999). The LTP impairments are observed with
8- and 20-mo-old APP KO mice (Dawson et al. 1999; Seabrook et al.
1999). LTP in younger APP KO mice has not been examined.
Compared with 2- to 4-mo-old mice, p97FE65�/�mice show more
severe impairments in spatial memory at 14 mo. The 14-mo-old
p97FE65�/� mice show defective acquisition in both hidden
platform and reversal training. Although p97FE65�/� mice (14-mo
old) do not show significant defects in the probe test after
hidden platform training, they are severely impaired in the probe
test after reversal training (Wang et al. 2004a). During reversal
training, the animals need to actively suppress the previously
established memory, and in the meantime acquire new informa-
tion to relearn the new platform location. In this study, the young
adult p97FE65�/� mice showed normal time spent in the target
quadrant, but we noticed that they took a longer time to reach the
platform location during the first probe test (after hidden platform
training; data not shown), indicating that the spatial memory in
mutant mice may not be as precise as the WT animals. Therefore,
memory suppression may be easier for the young adult p97FE65�/�

Figure 5. siRNA-mediated knockdown of FE65 results in short-term
memory deficits for TDPA. (A) Effective knockdown of FE65 by an siRNA
approach. To determine the specific effects of siRNA on FE65 expression,
neurons were transfected with control or FE65 siRNA. Samples were
collected 48 h after transfection and analyzed by Western blot. The
expression of both p97 and p60 was significantly reduced in neurons
transfected with FE65 siRNA. (B) Infusion of FE65 siRNA into the
hippocampus results in defective short-term memory of TDPA. Animals
infused with control or FE65 siRNA were trained by a single TDPA session
and tested 10 min after training.

Figure 6. PDE4 inhibitor rescues TDPA deficits, but not LTP, in p97FE65�/� (KO) mice. (A) Twenty
minutes before TDPA training, mice were given rolipram (0.1 mg/kg in 1% DMSO/PBS) or vehicle (1%
DMSO/PBS) through i.p. injection. Mice were trained by a single TDPA session. The animals were tested
10 min after training. (B) After baseline fEPSP was established, p97FE65�/� mice were given rolipram
(0.1 mg/kg through i.p. injection). HFS (100 Hz, 1-sec duration) was delivered 20 min after rolipram
administration. fEPSP was recorded for 60 min after HFS. Representative fEPSP traces before
rolipram treatment (trace 1), after rolipram treatment but before HFS (trace 2), and 60 min after
HFS (trace 3) are shown. (C) The relative values of fEPSP corresponding to baseline (values for trace 1),
rolipram-treated (values for trace 2), and HFS-induced (values for trace 3) responses are shown.
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mice, and their performance in the reversal test, as a balanced
outcome of old memory suppression and new learning, appeared to
be comparable to that of WT mice. It is intriguing that aged
p97FE65�/� mice are severely impaired for the reversal test (Wang
et al. 2004a). One possibility is that the expression of other
members of the FE65 family also declines with age. Because the
FE65 family members interact with similar sets of signaling mole-
cules, including APP (McLoughlin and Miller 2008), the compen-
sation from FE65L1 and FE65L2 in p97FE65�/� mice may
dramatically diminish following aging.

How could APP and FE65 regulate the transcription-indepen-
dent events involved in plasticity? One possibility is that the basal
level of certain plasticity-related gene products is lower in APP KO
and p97FE65�/� mice. Alternatively, it has been shown that both
APP and FE65 are localized in the nerve terminals and are
associated with the actin-rich lamellepodia in the growth cones
(Sabo et al. 2003), suggesting their function in neurite growth and
synapse modification. Consistently, APP-containing membranous
cargos undergo rapid axonal transport (Lazarov et al. 2005).
Moreover, knocking down presynaptic APP impairs synaptic
activity (Herard et al. 2006). FE65 may also regulate synaptic
plasticity by regulating Ab production and secretion (Sabo et al.
1999; Wang et al. 2004a). Compared with Tg2576 neurons, which
overexpress a human APP mutant, the levels of Ab40 and Ab42 are
significantly reduced in p97FE65�/�/Tg2576 double-transgenic
neurons. Although exogenous application of Ab (at 200 nM)
impairs LTP, a slight increase of Ab (at 200 pM) enhances both
LTP and spatial memory (Puzzo et al. 2008). Future experiments
need to determine whether the endogenous Ab is lower, and
whether application of picomolar Ab rescues the LTP and learning
in p97FE65�/� mice.

FE65 may regulate neuronal function in an APP-independent
manner, and vice versa. At least, the FE65 family members interact
with all members of the APP family (Bressler et al. 1996; Guenette
et al. 2006). Although MAP2 staining revealed no significant
difference between WT and p97FE65�/� mice, APP KO mice
showed abnormality in neuronal morphology and development
(Seabrook et al. 1999). Other lines of evidence also imply that the
interaction between FE65 and other cellular components may be
functionally relevant. For example, the FE65/FE65L1 double-KO
and Mena KO mice share some common phenotypes, such as het-
erotopic neurons and defects in axon pathfinding (McLoughlin
and Miller 2008). Many other FE65-interacting proteins have
been shown to regulate neuroplasticity under nonpathological
conditions. LRP may regulate LTP through its binding to tissue
plasminogen activator (Zhuo et al. 2000). ApoE receptors are
required for both LTP and CFC (Weeber et al. 2002). Interestingly,
FE65 also interacts with the intracellular domain of Notch, and it
has been suggested that Notch and APP may regulate a number of
same target genes (Fischer et al. 2005). Mice with a reduced level of
Notch display defects in both LTP and spatial learning (Costa et al.
2003; Wang et al. 2004b). Because certain regulatory functions
may be shared by FE65s (FE65, FE65L1, and FE65L2), using neu-
rons derived from double- or triple-mutants will facilitate the
understanding of how the FE65 family participates in the com-
plex signaling network.

Materials and Methods

Animals
Isoform-specific FE65 mutant mice (p97FE65�/�) were generated
by conventional gene-specific recombination by replacing exon 2
with a neo cassette and backcrossing into the C57BL/6 back-
ground for at least 10 generations. p97FE65�/� mice were pre-
viously characterized, and the expression of p97, but not p60, was

ablated (Wang et al. 2004a). Animals were housed in the Univer-
sity Laboratory Animal Research Facility, and all the manipula-
tions were in compliance with the guidelines of Institutional
Animal Care and Use Committee at Michigan State University.
The mice had ad libitum access to water and food and were housed
under 12-h dark/light cycles.

Analysis of hippocampal morphology
Fresh whole brains were obtained from age-matched WT and
p97FE65�/� mice (2–4 mo old), and then cut into 0.5-mm-thick
coronal slices by a vibratome. The slices were immediately fixed in
PBS with 6% paraformaldehyde, 50 mM HEPES pH 7.6 for 6 h,
subsequently cryoprotected with 20% sucrose/PBS for 24 h, and
further processed by a sliding microtome to obtain 40-mm-thick
slices. Overall hippocampal histological analysis was performed by
Neutral Red staining. Mossy fiber formation was stained by anti-
bodies against Calbindin (1:1000). Antibodies against microtubule-
associated protein 2 (MAP2) (1:500) were used to compare the
neuron numbers between WT and p97FE65�/� mice. Antibodies
against synapsin I (1:500) and vesicular GABA transporter (VGAT)
(1:1000) were used to stain general presynaptic and inhibitory
presynaptic markers, respectively. The incubation for primary and
secondary (rhodamine red-conjugated) antibodies was 2 h in PBS
with 0.1% triton X-100, 3% BSA, and 3% crude serum at room
temperature. The samples were then examined with fluorescence
detection by confocal microscopy.

Morris water maze (MWM)
The MWM was used for testing hippocampus-dependent spatial
memory (Morris et al. 1982). Animal activity was measured by
a video-based tracking system (WaterMaze; Coulbourn Instru-
ments). The pool was filled with opaque water (by adding wash-
able white paint) and surrounded by extramaze cues. The escape
platform (10 cm in diameter) was placed in the center of
a designated quadrant with its top positioned 1 cm below the
water surface. During the visible platform training, the platform
was marked by a flag, and mice were trained by four trials per day
for 2 d. In the hidden-platform test, mice were first trained daily by
two trials with a 4-h interval for 9 d. A probe test was given on day
10. At the beginning of each trial, mice were pseudorandomly
dropped at one of the six start points. Mice were allowed to swim
freely until they climbed onto the platform and stayed on the
platform for 20 sec. If mice were unable to find the platform
within 90 sec, they were guided to the platform and allowed to
stay on the platform for 20 sec. During the probe test, the hidden
platform was removed from the pool, and mice were allowed to
swim for 60 sec. The time spent in each quadrant, as well as the
number of platform crossings, was recorded. For the reversal task,
the hidden platform was moved to the opposite quadrant. Mice
were trained daily by two trials with a 4-h interval for 3 d. A probe
test was performed on day 4.

Temporal dissociative passive avoidance (TDPA)
Training and testing for the TDPA paradigm was performed as
described (Zhang et al. 2008). During training, the mouse was
introduced to the lit half of the training chamber (Coulbourn
Instruments) and allowed to explore for 1 min before the trap door
was opened. After the animal entered the dark chamber, the trap
door was closed and a mild footshock (0.7 mA for 2 sec) was
delivered 10 min later. The animal was returned to its home cage 20
sec after the footshock. When tested, the trained mouse was
reintroduced to the lit chamber. The time spent in the lit chamber
before entering the dark chamber was scored as crossover latency
and used as the index for memory formation. We chose 300 sec as
the cutoff value for crossover latency. For the experiments in Figure
2A, animals were trained on day 1 and tested daily on days 2–6. On
days 2–5, mice were first scored for crossover latency. They were
then shocked 10 min after they entered the dark chamber. There-
fore, the animals were also trained following the scoring. For the
experiments in Figure 2D, the animals were trained once, tested
10 min after the training, and crossover latency was recorded.
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Dark/light test
The same PA chamber and lighting conditions were used for the
dark/light test as described previously (Krishnan et al. 2008). A
mouse was introduced to the dark chamber and habituated for
2 min before the trap door was opened. The animals were allowed
to move between the dark and lit chamber for 10 min. The latency
of animals’ initial crossover to the lit chamber was recorded.
The total time spent in the lit and dark chamber was also scored.

Contextual fear conditioning (CFC)
During training, mice were placed in the operant chamber with
a metal grid floor for 30 sec (TruScan chamber with photobeam
sensors; Coulbourn Instruments), after which a mild electric
footshock was delivered (0.7 mA with 2-sec duration). Mice stayed
in the training chamber for another 30 sec, during which
‘‘immediate freezing’’ was scored. Twenty-four hours after train-
ing, mice were tested and scored for freezing. The freezing
behavior, defined by immobility except for breathing, was scored
once every 5 sec for 3 min. The movement velocity before and
during the mild electric footshock was monitored by the TruScan
system. To measure the hippocampus-independent CFC memory
(Wiltgen et al. 2006), a mouse was placed into the training
chamber for 2 min before receiving three mild electric footshocks
(1.5 mA, 2-sec duration) delivered once every 2 min. The animals
remained in the training chamber for 30 sec after the last shock
and were returned to their home cages. The animals were tested
24 h after training, and the percentage of freezing was scored.

In vivo extracellular recording
Naı̈ve male mice (2–4 mo of age) were anesthetized with sodium
pentobarbital (100 mg/kg, i.p.), and placed in a stereotaxic frame
(David Kopf). Recording and stimulating electrodes were made of
a pair of Teflon-coated PT/IR wires (50 mm inner diameter, 100 mm
outer diameter, World Precision Instruments, Inc; cat. no.
PTT0110). The coordinates for the recording electrode in the
CA1 region were AP = �1.7–1.9 mm, ML = 1.2 mm, and DV =
1.5–1.9 mm from skull surface. The stimulating electrode was
implanted into the ipsilateral Schaffer collateral fibers (AP =
�1.7–1.9 mm, ML = 1.7 mm, and DV = 1.6–2.0 mm from skull
surface). Constant current pulses (0.10 msec duration) were de-
livered once every 30 sec. After a stable baseline (50% of maximal
fEPSP) was established, E-LTP was induced by a single train of high
frequency stimulation (HFS, at 100 Hz for 1 sec). The potentiation
was calculated by comparing the slope of fEPSP with that of the
baseline values. After electrophysiological recordings, electrolytic
currents (4 mA, 2 sec) were delivered to produce a thermolytic
lesion at the electrode tips, which was used for histological
confirmation of the electrode placement.

Hippocampal infusion of FE65 siRNA
Stealth siRNA duplex was purchased from Invitrogen. The sequen-
ces for the double-strand siRNA used for mouse FE65 are: CCA
GAUGCUCAAGUGCCACGUGUUU (upper strand) and AAACA
CGUGGCACUUGAGCAUCUGG (lower strand). For the control
duplex siRNA, sequences with the same GC content are scrambled.
First, 300 mg of double-strand siRNA was annealed in 1.4 mL of
annealing buffer (10 mM Tris-HCl, pH 8.0, 20 mM NaCl, 1 mM
EDTA) and then precipitated (after adjusting the solution to 0.3 M
sodium acetate and 10% isopropanol). Before transfection or
hippocampal infusion, the precipitate was washed by ice-cold
70% ethanol, dried, and resuspended in PBS at 10 mg/mL. For
hippocampal infusion, 1 mL of double-stranded siRNA was mixed
with 0.5 mL of Lipofectamine 2000 (Invitrogen) for 30 min at room
temperature (Gavrila et al. 2008). After deep anesthetization, the
siRNA was delivered through a 30-gauge needle (1.5 mL for each
side of the hippocampus at 0.15 mL/min) to the dorsal hippocam-
pus. The stereotaxic coordinates for injection are: AP = �1.9 mm,
ML = 1.6 mm, and DV = 2.0 mm from skull surface. Forty-eight
hours after injection, mice were trained by TDPA. The transfection
of siRNA to neurons was performed as described previously
(Bhargava et al. 2004; Dalby et al. 2004). Forty-eight hours after

transfection, the effects of siRNA on FE65 expression were ana-
lyzed by Western blot analysis. A polyclonal rabbit antibody
(FE518) was used to detect both p97 and p60 isoforms of FE65
(Wang et al. 2004a).

Data analysis
Two-way repeated-measures ANOVA was used for analyzing
MWM, CFC (followed by Bonferroni post-test), and TDPA data
(genotype and time/trial as between-/within-subject factor). The
Student’s t-test was used to assess significance for data between
two groups. Data were expressed as the average 6 SEM. Differences
with P-values < 0.05 were considered statistically significant.
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