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Prolyl endopeptidase (PREP) is a phylogenetically conserved serine
protease and, in humans and rodents, is highly expressed in the
brain. Several neuropeptides associated with learning and memory
and neurodegenerative disorders have been proposed to be the
substrates for PREP, suggesting a possible role for PREP in these
processes. However, its physiological function remains elusive.
Combining genetic, anatomical, electrophysiological, and behavioral
approaches, we show that PREP genetrap mice have decreased
synaptic spine density in the CA1 region of the hippocampus,
reduced hippocampal long-term potentiation, impaired hippocampal-
mediated learning and memory, and reduced growth-associated
protein-43 levels when compared with wild-type controls. These
observations reveal a role for PREP in mediating hippocampal
plasticity and spatial memory formation, with implications for its
pharmacological manipulation in diseases related to cognitive
impairment.

Keywords: CA1, hippocampus, long-term potentiation, prolyl
endopeptidase, synaptic spines

Introduction

Prolyl endopeptidase (PREP, E.C. 3.4.21.26; also called PO,
POP, PE) is a serine protease (Venäläinen et al. 2004). The
primary function of PREP is thought to hydrolyze the Pro-Xaa
bond of short peptides (Polgar 1994; Cunningham and
O’Connor 1997). In humans and rodents, it is highly
expressed in several brain areas (Myöhänen et al. 2008), in-
cluding the hippocampus (Bellemère et al. 2004). Several
PREP inhibitors have been shown to improve memory impair-
ment in animals (Schneider et al. 2002) and they have been
evaluated in preclinical trials as potential drugs for the treat-
ment of the natural memory deficit that occurs with aging
(Morain et al. 2000) and the pathological memory loss charac-
teristic of Alzheimer’s disease (Mannisto et al. 2007).

The physiological role of PREP in the central nervous
system is still the subject of numerous studies (for review see
Brandt et al. 2007). Recent in vivo peptidomic studies have
only partially confirmed potential endogenous substrates that
were proposed by an in vitro investigation (Nolte et al. 2009).
Other biological functions correlated with its cytosolic localiz-
ation (Dresdner et al. 1982; Schulz et al. 2002, 2005; Venäläi-
nen et al. 2004; Myöhänen et al. 2008) have been proposed,
including the participation in inositol phosphate signaling
(Williams et al. 1999; Schulz et al. 2002), protein secretion
and/or axonal transport (Schulz et al. 2005), and protein–

protein interaction (Di Daniel et al. 2009). A study by
Di Daniel et al. (2009) has recently demonstrated that, in a
PREP knockout primary neuronal culture, PREP is involved in
the outgrowth of growth cones and that this action does not
require its peptidase activity but a protein–protein interaction.

To further understand its physiological role, we studied the
effect of PREP knockdown on hippocampal morphology and
function using a PREP knockdown mouse model. Our data
suggest that deficiency in PREP levels negatively affects
hippocampal function.

Materials and Methods
The Institutional Animal Care and Use Committees of Yale University
have approved all procedures described below. Male mice (3–4
months old) were housed in a temperature-controlled environment
(25 °C) with a 12:12-h light:dark (1800–0600) photoperiod. All
animals were provided regular chow diet and water ad libitum unless
otherwise stated.

Generation of Gene Trap PREP (PREPgt/gt) Mice
A genetrap (GT) mouse for PREP was generated from the BayGe-
nomics clone RRM213 and back crossed to B6 for 10 generations.
The PREP genetrap presence was confirmed at every generation by
genotyping 3 microsatellite markers (D10Mit148, D10Mit55, and
D10Mit36) as previously reported (Warden et al. 2009).

BayGenomics clone RRM213 (NHLBIFBay Area Functional Geno-
mics Consortium, http://baygenomics.ucsf.edu) was identified as
having an insertion in the second intron of the PREP gene in a
129-strain embryonic stem cell. As protein coding begins in the first
exon, the resulting protein in the GT mice would include the first 40
amino acids of this 710 residue protein before the inserted
β-galactosidase.

Detectable PREP protein in PREPgt/gt mice results from alternative
splicing to remove the β-gal containing “GT” exon. The previous data
(Warden et al. 2009) show that efficiency of alternative splicing of
PREP varies between tissues, but in all tissues PREPgt/gt mice exhibit
reduced protein. This is true also in the hippocampus.

In Situ Hybridization for PREP
In situ hybridization was performed as previously described (Diano
et al. 1998). Brains were dissected, embedded in a plastic mold
(Thermo Scientific, United States of America) with a tissue tek (O.C.T.
Compound, Sakura, United States of America), and quickly frozen
using liquid nitrogen. Thirty micrometer-thick coronal sections (cryo-
stat Leica’s CM 1850, Wetzlar, Germany) were mounted onto slides
and stored in −80 °C until use.

Riboprobe specific to mouse PREP was designed on sequencing
data in National Center for Biotechnology Information. A sequence
between 1531 and 2030, 500 bp in size, from the mouse PREP
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(GenBank accession no. NM_011156) was synthesized (Biomatik,
United States of America) and incorporated into the pBluescript
vector. In vitro transcription using either T3 or T7 RNA polymerases
was performed as previously reported (Diano et al. 1998). 35S-labeled
riboprobes were then purified using Sephadex columns (ProbeQuant
G-50 Micro Columns, Pharmacia Biotech, United States of America)
following the manufacturer’s protocol, and 5 × 105 counts per minute
per section was used for the hybridization.

The slides with hybridization solution were then coverslipped and
incubated at 55 °C overnight. Slides were then washed, dehydrated in
alcohol, stored with a Phosphor Screen (GE Healthcare, United States
of America) for 1 day, visualized by the phosphorimager (Storm 860,
GE Healthcare, United States of America), and finally emulsion auto-
radiography performed as previously reported (Diano et al. 1998).

LacZ Staining
Adult Prepgt/gt mice (n = 4) were perfused with 2% paraformaldehyde.
Brain sections were prepared on a vibratome at 50-μm thickness in
the coronal plane. Floating sections were incubated overnight at 37 °C
in the staining solution containing 5 mM K3Fe(CN)6, 5 mM K4Fe
(CN)6·3H2O, 2 mM MgCl2, 0.01% sodium deoxycholate, 0.02% NP40
in phosphate buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 8 mM
Na2HPO4, 2.6 mM KH2PO4), and 1 mg/mL of X-gal (American Bioana-
lytical, Cat# AB02400). After washing 3 times with PBS, sections were
mounted in Aqua poly/Mount solution (Polysciences, Cat# 18606).

Western Blot
The hippocampi were collected from PREPwt/wt and PREPgt/gt mice and
lysed by modified RIPA buffer (50 mM Tris–HCl, pH 7.5, 150 mM NaCl,
1 mM ethylenediaminetetraacetic acid, 1% Triton X-100, 0.1% sodium
dodecyl sulfate, 1 mM phenylmethylsulfonyl fluoride) supplemented
with a protease inhibitor cocktail (Roche, Cat# 11 836 170 001) on ice
for 30 min followed by centrifugation at 14 000 × g for 15 min. Protein
concentrations were determined using the BCA kit (Thermo Scientific,
Cat# 23228 and 1859078). Twenty microgram of proteins were resolved
by 8% sodium dodecyl sulfate–polyacrylamide gel electrophoresis
and transferred to the polyvinylidine fluoride membrane (Millipore,
Cat# IPVH 15150). Membranes were blocked with 5% dry milk in TBS
(50 mM Tris–HCl, pH 7.5, 150 mM NaCl) for 1 h and incubated with
either anti- PREP antibody (rabbit anti-PREP diluted 1:5000, Abcam,
Cat# ab58988), or anti-phospho–growth-associated protein (GAP)-43
(rabbit anti- phospho–GAP-43 diluted 1:2000, Abcam, Cat# ab75828),
or anti-GAP-43 (rabbit anti-GAP-43 diluted 1:10000, Abcam, Cat#
ab16053) overnight at 4 °C. After 3 washes with TBST (TBS including
0.05% Tween 20), membranes were incubated with anti-rabbit IgG con-
jugated to horseradish peroxidase (Santa Cruz Biotechnology, Cat#
sc-2004) for 1 h and washed 3 times with TBST. Immunoreactive bands
were visualized using the ECL kit (Thermo Scientific, Cat# 32016).
Membranes were stripped using stripping buffer (Thermo Scientific,
Cat# 21059) and reused to detect β-actin (Sigma, Cat# A5441).

Electron Microscopy and Quantitative Synapse Count
Animals were transcardially perfused under deep ether anesthesia
with heparinized saline followed by a fixative containing 4% parafor-
maldehyde and 0.1% glutaraldehyde in 0.1 M phosphate buffer
(pH 7.35). Brains were removed and postfixed, and 50-µm vibratome
coronal sections were cut. Sections were osmicated, dehydrated in in-
creasing ethanol concentrations, and flat embedded in Araldite. Ultra-
thin consecutive sections (75 nm) of the CA1 stratum radiatum were
cut on a Leica ultra microtome, collected on Formvar-coated single-slot
grids, and analyzed with a Tecnai 12 Biotwin (FEI) electron micro-
scope furnished with a Hamamatsu HR/HR-B CCD camera system.
The dissector technique requires picture pairs depicting the identical
regions in adjacent ultrasections, with these identical regions ident-
ified by landmarks, such as myelinated fibers (Sterio 1984). Before
spine synapse counting, the pictures were coded for blind analysis
(Diano et al. 2006). Asymmetric spine synapses (determined when a
spine was in contact with an axon forming asymmetrical synaptic
membrane specializations) were counted according to the rules of the
dissector technique (Sterio 1984) within an unbiased counting frame

superimposed onto each electron micrograph. The average volumetric
density (synapse/μm3) of spine synapses within each sampling area
was then determined by dividing the sum of spine synapses counted
in all samples taken from that particular sampling area by the dissector
volume. The dissector volume was calculated by multiplying the area
of the unbiased counting frame by ultrasection thickness and by the
number of dissectors (Diano et al. 2006).

We quantified the volume of the CA1 region of the hippocampus
using the StereoInvestigator 7 software (MicroBrightField Inc., Willis-
ton, VT, United States of America). Every third section was analyzed
at ×2.5 magnification using the Cavalieri Estimator to determine the
area. The volume of CA1 was determined by multiplying the area
computed by the Cavalieri Estimator by the section thickness (100
µm) and by the sampling interval (3).

Long-Term Potentiation in CA1 Region of the Hippocampus
Transverse hippocampal slices were prepared from C57/B6 wild-type
(WT) and Prepgt/gt mice (4–6 weeks old) with a vibratome. Briefly, the
brains were rapidly removed and immersed in an oxygenated cutting
solution at 4 °C containing (in mM): Sucrose 220, KCl 2.5, CaCl2 1,
MgCl2 6, NaH2PO4 1.25, NaHCO3 26, and glucose 10, and adjusted to
pH 7.3 with NaOH. The hippocampus was dissected, trimmed into a
tissue block, and glued to the specimen tray of the vibratome. After
preparation, slices were maintained in a holding chamber with artificial
cerebrospinal fluid (ACSF; bubbled with 5% CO2 and 95% O2) contain-
ing (in mM): NaCl 124, KCl 3, CaCl2 2, MgCl2 2, NaH2PO4 1.23,
NaHCO3 26, glucose 10, pH 7.4 with NaOH and were transferred to a
immerse recording chamber constantly perfused with bath solution
(33 °C) at 2 mL/min after at least a 1-h recovery. Field excitatory post-
synaptic potential (fEPSP) of CA3/Schaffer collateral-CA1 synapses was
induced by stimulating the Schaffer collateral pathway with a bipolar
tungsten wire electrode and recorded with a glass extracellular elec-
trode (filled with 2 M NaCl, 1–2 MΩ resistance) placed in the stratum
radiatum of the CA1 region. The stimulation intensity (square pulse,
50 μs duration) was adjusted to allow the fEPSP amplitudes induced by
a test stimulus at ∼30–50% of the maximum. The baseline and after
high-frequency stimulation (HFS) responses of Schaffer collateral-CA1
synapses were recorded at an interval of 15 s at this intensity. Long-
term potentiation (LTP) was evoked by delivering the HFS (100 Hz, 1 s
duration, 2 trains, 5 s interval) to Schaffer collateral fibers. All data were
sampled at 3–10 kHz and filtered at 1–3 kHz with an Apple Macintosh
computer using Axograph X (AxoGraph Scientific). fEPSC amplitudes
were measured with AxoGraph X and plotted with Igor Pro software
(WaveMetrics, Lake Oswego, OR, United States of America).

Behavioral Testing

Morris Water Maze
Morris water maze consisted of a circular pool (100 cm diameter, 36 cm
deep) filled with water at 25 ± 1 °C to a depth of 13 cm, and floating
black resin beads to cover the surface and hid the platform. On day 1, a
60-s free-swimming trial was performed for adaptation. On days 2–8,
the training procedure was done with 4 trials per day and 4 different
starting positions that were equally distributed around the perimeter of
the maze. A submerged (1.5 cm below the surface of the water, invis-
ible to the animal) Perspex platform (10 × 10 cm) was placed in the
center of a quadrant fixedly to let the animals learn the location of the
platform that could be used to escape from the water. After the last
training, a probe trial consisting of a 60-s free-swimming period
without the platform to test spatial memory was performed. Swimming
paths for the training session and probe trial were monitored using an
automatic tracking system. This computerized tracking system was used
to record the escape latency (latency to find the platform), swimming
trace and distance, and time spent in target quadrant.

Y-maze Test
Y maze test was performed in a single 5 min trail and spontaneous
alternations and arms entries were manually recorded. Data are
reported as percent of correct spontaneous alternations.
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Rota Rod Test
Mice were habituated to the testing room for 30 min. Rota rod
maximal revolutions per minute was 40.0 and the acceleration time
was 200 s. Mice were given 6 trials for 2 consecutive days.

Statistical Analysis
Data are expressed as mean ± standard error of the mean (SEM) and
analyzed with either Student’s t-tests or 2-way analysis of variance
(ANOVA) (see Results). Because the multiple factorial ANOVAs yield
multiple main effects and interaction effects, only significant effects
that are critical for the interpretation of the data discussed in Results
were reported. For the probe test of Morris Water Maze, the time
spent in the target quadrant was analyzed versus the chance level
(25%) using the Wilcoxon signed-rank test. The levels of statistical sig-
nificance were set at P < 0.05.

Results

PREP Localization in the Hippocampus
To assess its anatomical localization, we analyzed PREP
mRNA distribution in the brain. In situ hybridization analysis
showed labeling in the hippocampus (Fig. 1A) as previously
reported (Bellemère et al. 2004; Myöhänen et al. 2007).
Within the hippocampus, RNA labeling was observed in prin-
cipal neurons of CA1, CA2, CA3 regions and dentate gyrus
(Fig. 1A). In situ hybridization for PREP in PREPgt/gt mice
also showed hybridization signal (Fig. 1B) in the hippo-
campus. LacZ staining in the hippocampus of PREPgt/gt mice
shows similar staining observed by in situ hybridization
(Fig. 1C).

In addition to the hippocampus, PREP labeling was
observed in other areas of the brain involved in memory
function including entorhinal cortex, amygdala complex, and
septum (data not shown).

PREPgt/gt Mice are Deficient in PREP Protein
Since our PREP mRNA probe showed signals in PREPgt/gt

mice, we assessed PREP protein levels in our GT mice by
western blot analysis of the hippocampus and compared
them with those of WT controls. PREP protein levels were
strongly diminished in our PREPgt/gt mice compared with WT
controls (Fig. 1D).

PREP Deletion Reduces Spine Synaptic Number
in the CA1 Region of the Hippocampus
Next, we assessed the density of spine synapses in the
stratum radiatum of the hippocampal CA1 region by electron
microscopic unbiased stereology (Fig. 2; Sterio 1984; Diano
et al. 2006).

Prepgt/gt mice displayed significantly (P = 0.014) a lower
synaptic spine density (1.082 ± 0.021 number of spine
synapses/μm3) compared with WT control littermates (1.322
± 0.072 spine synapses/μm3; Fig. 2B). No significant differ-
ence in the volume of CA1 region per hemisphere was found
between WT (3.43 ± 0.21 mm3) and Prepgt/gt mice (3.31 ± 0.19
mm3; P = 0.72; Fig. 2C).

PREP Knockdown Inhibits Hippocampal CA1 LTP
To determine whether the lack of PREP gene could affect
electrophysiological properties, we measured LTP on pyrami-
dal CA1 neurons from the hippocampal slices of Prepgt/gt and
WT mice (Fig. 3). In the hippocampal slices from WT (Fig. 3),
2 trains of HFS (100 Hz, 1 s duration) were delivered to the
Schaffer collateral inputs to CA1 pyramidal cells after a stable
fEPSP was recorded for at least 10 min. In WT mice, the am-
plitude of fEPSP was 174.7 ± 14.9% of the baseline (n = 10)
right after the HFS, and that was 154.3 ± 8.2% of the baseline
(n = 10) 40 min after the HFS. The stimulation protocol
induced LTP in WT mice (P < 0.0001, paired t-test). In the hip-
pocampal slices from Prepgt/gt mice (Fig. 3B), the amplitude
of fEPSP was 137.0 ± 8.2% of the baseline (n = 13) right after
the HFS, and 121.5 ± 7.4% of the baseline (n = 13) 40 min
after the HFS. The potentiation in fEPSP was small but signifi-
cant in Prepgt/gt mice (P < 0.01, paired t-test). Furthermore,
LTP induced by HFS was significantly greater in WT than in
Prepgt/gt mice (P < 0.01, unpaired t-test; Fig. 3B). These results
indicate that PREP is involved in the LTP of the CA1 area of
the hippocampus.

PREP Gene Knockdown Causes a Functional
Impairment of Spatial Learning and Memory
Prepgt/gt mice showed reduced performances of the spatial
learning task (Fig. 4A–D). A 2-way ANOVA analysis of the
time to platform as repeated measure revealed main effects of
PREP gene knockdown (F1,84 = 5.92, P = 0.0315; Fig. 4A).
Two-way ANOVA analysis for the distance swam as repeated
measure revealed also a significant effect of PREP gene
knockdown (F1,84= 10.32, P = 0.0075; Fig. 4B). No difference
in average speed was found between WT and Prepgt/gt mice
(P = 0.7887; Fig. 4C). Memory retrieval for the previously
learned spatial information (platform location) was tested 1
day after the last training in a free probe trial for 60 s. While
WT control mice spent a significant greater amount of time
in the quadrant where the escape platform was located
(P = 0.0391), the time spent by the Prepgt/gt mice did not
differ from the chance level (P = 0.2344; Fig. 4D), indicating
an impairment of the spatial memory retention in the
Prepgt/gt mice.

To assess whether PREP gene knockdown could also alter
other aspects of higher brain function, we tested Prepgt/gt and
WT mice in a “working-like” memory test, such as spon-
taneous alternations in the Y-maze apparatus. No differences
were observed between WT and Prepgt/gt in the percentage of

Figure 1. (A and B) Light microscopic image of hippocampi from WT (A) and Prepgt/gt

mice (B) showing labeling for PREP mRNA in the hippocampus by in situ hybridization.
(C) Light microscopic image of the hippocampus of a Prepgt/gt mouse showing LacZ
staining. (D) Representative images showing the results from the western blot analysis
of the hippocampi of 3 WT and 3 Prepgt/gt mice labeled for PREP and β-actin. Bar
scales in A and C represent 500 µm.
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correct alternations (Fig. 5A; P = 0.3046) and in the total
number of arm entries (Fig. 5B; P = 0.2179). Genotype-
induced differences were also not significant in these
tests. Finally, to test whether Prepgt/gt mice had altered
balance or motor coordination, the rota rod test was per-
formed. Motor performance was similar between Prepgt/gt

and control mice (Fig. 5C, group difference F1,88 = 0.30,
P = 0.6002; interaction between time and groups F11,88 = 0.78,
P = 0.6628). Altogether, these data indicate a deficit in the

hippocampal-mediated learning and memory in the Prepgt/gt

mice compared with WT controls as observed by the water
maze experiment.

PREP Gene Knockdown Causes a Decrease in GAP-43
Levels in the Hippocampus
To test the hypothesis that PREP may interact with GAP-43 in
modulating synaptic plasticity, we assessed the levels of

Figure 2. (A) Representative electron microscopic images illustrating unbiased spine synapse quantification. Upper (WT) and lower (Prepgt/gt) left panels (reference sections)
and upper (WT) and lower (Prepgt/gt) right panels (look-up sections) are electron micrographs taken from the same field of the stratum radiatum of the CA1 subfield of the
hippocampus from adjacent sections. Spine synapses (arrows), with asymmetrical synaptic membrane specializations, are identified on both micrographs. When the synaptic
membrane specializations appear only on 1 section they are counted (arrows). Those appearing clearly on both electron micrographs are eliminated from the quantification.
(B and C) Graphs showing the results of the synaptic spine density (spine synapse/μm3; n=3 and n= 4 in WT and Prepgt/gt mice, respectively; B) and the average volume of
the CA1 (in mm3 of 1 hemisphere; C) of WT and Prepgt/gt mice. Data are shown as mean ± SEM. *P= 0.014. Bar scale in A (lower-right panel) represents 500 nm.
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GAP-43 as well as its phosphorylated form (pGAP-43) in the
hippocampi of Prepgt/gt mice and compared them with those
of WT controls (Fig. 6A–D). We found that in Prepgt/gt mice,
the levels of both pGAP43 (Fig. 6B) and GAP-43 (Fig. 6C)
were significantly lower (P < 0.0001) than those observed in
WT mice. No difference in the ratio of pGAP-43/GAP-43 was
observed (Fig. 6D).

Discussion

The results of our work reveal a new role for PREP in spatial
memory formation. We confirmed that PREP is expressed in
the hippocampus and showed that PREP GT mice displayed a

significant reduction in PREP protein levels. We found that
Prepgt/gt mice had an impairment in spatial learning and
memory associated with a reduction in synaptic spine density
in the stratum radiatum of the CA1 region of the hippo-
campus, a inhibition of LTP in CA1 pyramidal neurons, and a
reduction of GAP-43 and its phosphorylated form. Moreover,
Prepgt/gt mice did not exhibit any other gross behavioral
abnormality, and we provided evidence that other aspects of
cognitive functions were unaltered. Furthermore, no differ-
ences in hippocampal volumes were observed in Prepgt/gt

mice compared with their WT controls, excluding a possible
effect of PREP ablation in development of the normal brain.

Figure 4. (A) Graph showing impaired spatial learning in Prepgt/gt mice evaluated as increased time needed to locate the platform during the Morris water maze experiment.
(B) Graph showing the time WT and Prepgt/gt mice spent searching the escape platform in the Morris water maze. (C) Graph showing the distance swam during the Morris water
maze test. (D) Graph showing the results of the analysis of the percent of time spent in the target quadrant. (A–C) were analyzed by 2-way ANOVA (see details in the section
Results). A mice (n= 7) was used for both WT and Prepgt/gt mice. (D) was analyzed by the Wilcoxon signed-rank test. *P=0.0391 versus the chance level (25%) to spend
time in the target quadrant.

Figure 3. Representative LTP traces from WT and Prepgt/gt mice (A). Dotted traces: Baseline; solid traces: LTP. (B) Graph showing the results of the LTP induced by
high-frequency stimulation of the Schaffer collateral inputs to CA1 pyramidal cells in WT (n= 4 mice; 11 cells total) and Prepgt/gt mice (n= 4 mice; 11 cells total). Data for each
time point were analyzed by t-test. Using unpaired t-test, a significant difference was found between the WT and Prepgt/gt mice in expression of LTP.
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The primary function of PREP has been thought to be the
hydrolysis of Pro-Xaa bond of peptides shorter than 30 mer,
including neurotensin, substance P, and thyrotropin-releasing
hormone (Cunningham and O’Connor 1997). In addition,
changes in PREP expression or enzymatic activity have been
reported during aging and in several neurodegenerative
disorders including Alzheimer’s and Parkinson’s diseases
(Rossner et al. 2005). Together, these led to the development
of specific PREP inhibitors to be tested in animal models of
learning and memory and in clinical trials (Morain et al.
2000, 2002). However, to date, none of the PREP inhibitors
has progressed in clinical use.

Our study together with a recent observation (Di Daniel
et al. 2009) argue against the hypothesis that the inhibition of

PREP could be beneficial for the treatment of the natural
memory deficit that occurs with aging (Morain et al. 2000)
and the pathological memory loss characteristic of Alzhei-
mer’s disease (Mannisto et al. 2007). We showed, indeed, that
PREP expression is positively correlated with the regulation
of synaptic functions. While Di Daniel et al. (2009) have
recently reported that the lack of PREP causes reduced cone
growth in primary cultured neurons, here we report that in
vivo the lack of PREP causes a reduction of synaptic spine
density in the hippocampus together with a reduced LTP and
impaired memory functions.

The function of PREP has been the subject of controversy
due to several in vitro evidence and conflicting pharmacological
studies due to the lack of in vivo studies using a PREP

Figure 6. (A) Representative images showing the results from the western blot analysis of the hippocampi of 3 WT and 3 Prepgt/gt mice labeled for pGAP-43, GAP-43, and
β-actin. (B) Graph showing the results of the densitometry of the protein levels of pGAP43 in WT (n=6) and Prepgt/gt mice (n= 6; normalized on β-actin). (C) Graph showing
the results of the densitometry of the protein levels of GAP-43 in WT (n= 6) and Prepgt/gt mice (n=6; normalized on β-actin). (D) Graph showing the results of the ratio of
pGAP-43/GAP-43 in WT (n= 6) and Prepgt/gt mice (n=6). ***P< 0.0001.

Figure 5. Graphs showing the results of the Y-maze test (A and B; n= 9 and n= 11 in WT and Prepgt/gt mice, respectively) and rotarod test (C; n = 7 and n = 7 in WT and
Prepgt/gt mice, respectively). No difference was observed between WT and Prepgt/gt mice in these tests.
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transgenic mouse model. The evidence that PREP is a cyto-
plasmic and not a secretory vesicle protein (Myöhänen et al.
2008) makes it less likely that is involved in the processing of
neuropeptides. In support of this, a recent in vivo study using
intracerebral microdialysis showed that pharmacological
inhibition of PREP did not induce changes in extracellular
neuropeptides levels such as neurotensin and substance P (Jalk-
anen et al. 2011). These further supports ex vivo reports using
different PREP inhibitors (Mannisto et al. 2007).

Because of its cytoplasmic localization, it has been
suggested that PREP is involved in the regulation of inositol
1,4,5-triphosphate signaling (Williams and Harwood 2000).
This may occur via the modulation of different inositol-
polyphosphate phosphatases (Williams and Harwood 2000;
Schulz et al. 2002; Harwood and Agam 2003) or via intracellu-
lar calcium levels (Di Daniel et al. 2009). It has also been pro-
posed that protein–protein interaction between PREP and the
GAP-43 (also known as neuromodulin) is important in synap-
tic plasticity (Di Daniel et al. 2009). In support of this hypoth-
esis, we have found a significant reduction of GAP-43 protein
levels as well as its phosphorylated form in the hippocampus
of Prepgt/gt mice compared with WT controls.

GAP-43, in its non-phosphorylated form, binds to calmodu-
lin, controls the availability of calmodulin pool that binds CA+
+, and regulates activity-dependent synaptic plasticity via
CaM-Kinase-II (Benowitz and Routtenberg 1997). On the
other hand, when phosphorylated, GAP-43 has been shown
to be correlated with the duration of LTP and vesicle recycling
in the membrane of hippocampal neurons (Leahy et al. 1993).
Our results on decreased levels of GAP-43 and pGAP-43 in
Prepgt/gt mice as well as on the reduction of synaptic spine
density and impairment of LTP support the hypothesis of a
possible interaction between PREP and GAP-43 that may play
a role in synaptic plasticity.

The function of PREP in protein–protein interaction seems
to be independent from its catalytic activity. Indeed, Di Daniel
et al. (2009) have shown that in vitro expression of PREP with
a mutation in its catalytic core did not prevent the PREP inter-
action with GAP-43 and synaptic plasticity. Further work is
needed to understand the role of PREP in hippocampal sy-
naptic function and plasticity. Studies on conditional and
neuron-specific knockout mice for PREP, which to our knowl-
edge have not been performed, will further elucidate the role
of this protein in the brain functions. Nevertheless, the selec-
tive spatial memory impairment of Prepgt/gt mice implies that
the role of this protein in learning and memory functions
should be re-examined in light of these new findings.
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