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Neurobiology of Disease

Memory Impairment in Transgenic Alzheimer Mice Requires
Cellular Prion Protein

David A. Gimbel,* Haakon B. Nygaard,* Erin E. Coffey, Erik C. Gunther, Juha Laurén, Zachary A. Gimbel,
and Stephen M. Strittmatter
Cellular Neuroscience, Neurodegeneration, and Repair Program, Yale University School of Medicine, New Haven, Connecticut 06536

Soluble oligomers of the amyloid-3 (A3) peptide are thought to play a key role in the pathophysiology of Alzheimer’s disease (AD).
Recently, we reported that synthetic A oligomers bind to cellular prion protein (PrP ) and that this interaction is required for suppres-
sion of synaptic plasticity in hippocampal slices by oligomeric AS peptide. We hypothesized that PrP is essential for the ability of
brain-derived A to suppress cognitive function. Here, we crossed familial AD transgenes encoding APPswe and PSenlAE9 into
Prnp—/— mice to examine the necessity of PrP“ for AD-related phenotypes. Neither APP expression nor A level is altered by PrP®
absence in this transgenic AD model, and astrogliosis is unchanged. However, deletion of PrP© expression rescues 5-HT axonal degen-
eration, loss of synaptic markers, and early death in APPswe/PSenl1AE9 transgenic mice. The AD transgenic mice with intact PrP®
expression exhibit deficits in spatial learning and memory. Mice lacking PrP€, but containing AB plaque derived from APPswe/
PSen1AE9 transgenes, show no detectable impairment of spatial learning and memory. Thus, deletion of PrP © expression dissociates A3

accumulation from behavioral impairment in these AD mice, with the cognitive deficits selectively requiring PrP .

Introduction

In Alzheimer’s disease (AD), the amyloid- 8 peptide accumulates
in plaques while synapses are lost and the brain becomes dysfunc-
tional. Soluble AB oligomer species have been implicated in the
synaptic loss and the dementia of AD (Hsia et al., 1999; Mucke et
al., 2000b). AB oligomers with deleterious effects on synaptic
function have been prepared from synthetic peptide, from cell
culture supernatants, and from brain extracts (Lambert et al.,
1998; Walsh et al., 2002; Cleary et al., 2005; Lesné et al., 2006;
Shankar et al., 2008). We searched for high-affinity oligomeric-
specific AB-binding sites and identified cellular prion protein,
PrP¢ (Laurén et al., 2009).

Our previous demonstration of AB oligomer binding to PrP©
used synthetic peptide (Laurén et al., 2009), but did not explore
whether the action of brain-derived AB species interact with
PrP €. Earlier work also demonstrated a requirement of PrP < for
acute AB oligomer suppression of synaptic plasticity in hip-
pocampal slices (Laurén et al., 2009), leaving open the possibility
that AB oligomer action to disrupt memory uses different or
multiple pathways. A recent paper confirmed that PrP € is a high-
affinity binding site for AB oligomers, but suggested that memory
impairment by acute A injection does not require PrP“ (Balducci
etal., 2010).
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To extend analysis of PrP© function in AD models, we
examined spatial learning and memory in transgenic APPswe/
PSen1AE9 mice (Jankowsky et al., 2004) with and without PrP€
(Manson et al., 1994). Since the manifestation of several other
neurodegenerative conditions in mice is not altered by loss of
PrP© expression (Steele et al., 2009), this paradigm assesses the
role of PrP © in pathways specific to the APPswe/PSen1AE9 con-
dition. Our hypothesis predicts that PrP© functions downstream
of AB production but upstream of intracellular toxicity within
neurons, and for this reason, we did not examine transgenic Tau-
induced mouse phenotypes.

Here, we report that AD transgenic mice lacking PrP < accu-
mulate AB, but show normal survival and no loss of spatial learn-
ing and memory.

Materials and Methods

Mice. The APPswe/PSen1AE9-coinjected transgenic mice (Jankowsky et
al., 2004) were obtained from The Jackson Laboratory, and Prup—/—
mice (Edinburgh strain) (Manson et al., 1994) were obtained from Dr.
Chesebro of the Rocky Mountain Laboratories. Both strains were exten-
sively backcrossed (>10 generations) onto the C57BL/6] background
and were maintained on this strain background.

Brain tissue collection. Mice were killed and immediately perfused with
ice-cold 0.9% NacCl for 2 min. The brains were then dissected out and
placed in ice-cold 0.9% NaCl. For biochemical analysis, the right poste-
rior part of the brain extending to the hippocampus was weighed and
immediately frozen in —80°. To extract the soluble/cytosolic fraction, the
brains were homogenized in three volumes (w/v) of 50 mm Tris-HCI, 150
mu NaCl, pH 7.6 (TBS) containing a protease inhibitor cocktail (Roche
Complete #10745000), 1 mm sodium orthovanadate, and 50 mm sodium
fluoride. Tissue was homogenized using an ultrasonic cell disruptor (Ul-
trasonic Power), and ultracentrifuged at 100,000 X g for 20 min at 4°. The
supernatant was mixed with 4X SDS-PAGE loading buftfer, boiled for 5
min, and stored for subsequent analysis. The pellet was then resuspended
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to the same volume as the original homogenate in TBS with 2% Triton
X-100 (American Bioanalytical), 0.1% SDS (American Bioanalytical), a
protease inhibitor cocktail (Roche Complete #10745000), 1 mm sodium
orthovanadate, and 50 mm sodium fluoride. Tissue was homogenized
and ultracentrifuged at 100,000 X g for 20 min. The supernatant was
mixed with 4X SDS-PAGE loading buffer, boiled for 5 min, and stored
for subsequent analysis. The remaining pellet was then resuspended to
the same volume in 0.1 M formic acid, homogenized, and ultracentri-
fuged, and the supernatant was frozen after neutralizing pH with 50 ul of
1 M Trizma-base. The remaining pellet was then resuspended to the same
volume in 6N guanidine-HCl (American Bioanalytical), homogenized,
and ultracentrifuged, and the supernatant was frozen for subsequent
analysis.

Immunohistochemistry. One hemisection containing the frontal cortex
was immersed in fresh 4% paraformaldehyde (PFA) overnight. After the
brains were fixed, they were embedded in 10% gelatin and placed in 4%
PFA for 20 h at 4°C. Parasagittal sections (30 wm) were then cut using a
Leica WT1000S vibratome. For immunohistochemistry, sections were
blocked in 10% donkey serum for 1 h, followed by incubation with
primary antibody overnight at 23°. Primary antibodies were diluted in
PBS with 0.2% Triton X-100 (American Bioanalytical). The following
antibodies were used: B-amyloid antibody (Cell Signaling Technology
#2454, and Millipore 6E10 MAB 1560, both 1:250), 5-HT (Immunostar
#20080, 1:16,000), PSD-95 (Invitrogen #51-6900, 1:250), GFAP (Sigma
#C9205, 1:2500), and synaptophysin (Millipore MAB5258, 1:1000). Fol-
lowing incubation, the sections were washed three times with PBS, and
incubated in secondary fluorescent antibody (Invitrogen Alexa Fluor
donkey anti-rabbit or anti-mouse, all 1:500) for 2 h at room temperature
(RT). The slices were then washed three times and transferred to PBS.
Each free-floating section was mounted on a microscope slide (Fisher-
brand Superfrost/Plus) and coverslipped using fluorescent mounting
medium (Vector Laboratories #H-1000).

Imaging and analysis. All images and analyses were generated by per-
sonnel without knowledge of the mouse genotype. 3-Amyloid images
were obtained using a Zeiss Axiolmager Z1 fluorescent microscope with
a 10X objective. Mosaic images of the entire frontal cortex from each
animal were obtained and analyzed, and plaque burden was calculated
using Image]. The fractional area occupied by GFAP-positive astrocytes
from the frontal cortex was measured by computer-assisted analysis of
images obtained at 20X objective magnification.

Z-stack images of 5-HT-labeled slices (30 wm stack of 15 images at 2
wm spacing) were obtained using an UltraView VoX spinning disc con-
focal microscope (PerkinElmer). Optical stacks from two sites in the
frontal cortex were obtained using a 20X objective, and images were
projected using Adobe Photoshop. All images were in the sagittal plane
and were carefully matched for location in the rostral-caudal (I mm
posterior to bregma) and medial-lateral (1 mm lateral from midline)
directions. All individual serotonin fibers within each image were traced
and the total unit length of axon per area in the sagittal plane is reported,
as described previously in our spinal cord studies (GrandPré et al., 2002;
Kim et al., 2004; Li et al., 2004, 2005; Wang et al., 2006, 2009; Dulffy et al.,
2009), and in studies of cerebral cortex 5-HT innervation (Mamounas et
al., 2000; Austin et al., 2002; Grider et al., 2006).

Using the UltraView VoX spinning disc confocal microscope
(PerkinElmer), synaptophysin and PSD-95-immunoreactive puncta
were imaged with a 100X objective in sections of the frontal lobe of
cerebral cortex. Four to eight parasagittal images were obtained from two
slices from each of 910 mice per genotype. Thus, the measurements for
each genotype derived from 60 images with 100-200 synaptic puncta per
image, or ~10,000 synaptic puncta per genotype. The fractional area
occupied by immunoreactive puncta from frontal cortex was measured
as described (Masliah et al., 1992; Buttini et al., 1999; Mucke et al., 2000a;
Chin et al., 2004; Buttini et al., 2005; Linhoff et al., 2009) using Image],
excluding cell somata.

Immunoblots. Precast 10% tris-glycine or 10-20% tris-tricine gels
were used (Bio-Rad). After transfer, the PVDF membranes (Bio-Rad
#162-0174) were incubated in blocking buffer for 1 h at RT (Licor Odys-
sey blocking buffer #927-4000). Membranes were then washed five times
in TBST, and incubated overnight in primary antibodies. The following
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antibodies were used: 6E10 (Millipore MAB 1560 1:1000), 22C11 (Mil-
lipore MAB 348, 1:100), 6D11 (Covance 39810-500, 1:500), and actin
(Santa Cruz Biotechnology #SC1616, 1:200). All antibodies were diluted
in Odyssey blocking buffer, and membranes were incubated overnight at
4°. Following primary antibody incubation, the membranes were washed
five times with TBST, and secondary antibodies were applied for 1 h at
23° (Odyssey donkey anti-mouse or anti-goat IRDye 680 or 800). Mem-
branes were then washed and proteins visualized using a Licor Odyssey
Infrared imaging system. Blots were analyzed using Image], and normal-
ized to actin optical density.

Behavioral studies. Animals were randomized and the experimenter
blinded to genotype for the duration of behavioral testing.

Morris Water Maze testing (Vorhees and Williams, 2006) was per-
formed over the course of 6 d and consisted of a 3 d learning trialand a3 d
reversal trial. Both trials were performed in an open-water pool ~1 m in
diameter and used a submerged, nonvisible escape platform located in
the center of one of the pool’s four quadrants. This location remained
constant for each 3 d trial; for the reversal trial, the platform was placed,
for the duration of the trial, in the quadrant diagonally across from its
original location in the learning trial. Over the course of each testing day,
an animal swam a total of eight times—four times in the morning, con-
stituting one “block” of swims, and four times in an afternoon block.
Over the course of a block, each mouse would begin its swim in each of
four distinct locations around the wall of the pool, and was timed for its
latency to reach the escape platform for a maximum time of 1 min. If the
mouse did not find the submerged platform within 1 min, it was removed
from the water and placed on the platform for ~10 s before being taken
from the pool.

The water maze probe trial was performed 2 d following the third and
last day of the reversal trial, and in the same 1 m pool described above. For
the purposes of the probe trial, the platform was removed from the pool;
all mice were started from a location along the pool wall diagonally
opposed to the location of the platform in the reversal trial and permitted
to swim for 1 min. The probe trials were recorded on a JVC Everio
G-series camcorder and analyzed using Panlab’s Smart tracking and
analysis program, v2.5.

A block of five swims to a visible platform was conducted after the
probe trial.

Passive avoidance testing (King et al., 2003) was performed over the
course of 3 d after water maze testing was complete. On the first day of
testing, each subject was permitted 5 min to explore the passive avoid-
ance apparatus, which consisted of two chambers, one well lit and one
dark, connected by a door and sharing a metal grid floor through which
current might be passed. The door between the light and dark boxes
remained open for the duration of the 5 min, and no shock was admin-
istered. The second day of testing consisted of a single “shock trial.” Each
animal was placed in the light box to begin and, upon entry into the dark
box, the dividing door closed, and the mouse was subjected to a shock of
0.5 mA, duration 2 s; time to entry was recorded. On the third day of
testing, each animal was placed in the light box to start, and its time to
enter the dark box was recorded. No shock was administered. The fol-
lowing were constant settings throughout the 3 d experiment: door de-
lay = 15, cutoff time = 5 min. Passive avoidance testing was performed
using Ugo Basile’s 7550 line passive avoidance set-up (step-through
method) with model 7553 (mouse-specific apparatus).

Statistical analysis. Repeated-measures two-way and one-way ANOVA
tests were prepared using SPSS software.

Results

Mice with one of four genotypes were generated on an inbred
C57BL/6] background, with and without the APPswe/PSen1AE9
transgene on the wild-type or Prup—/— background. At 12
months of age, these mice were killed and the brain tissue was
examined histochemically and biochemically. Since the reported
interactions of AB and PrP© are posttranslational, the overall
expression of APP and PrP © is not predicted to be altered by the
status of the other gene. Indeed, levels of sAPP (22C11) and
sAPPa (6E10) in the transgene-positive animals are indistin-
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Figure1.  APPand ABlevels are not dependent on PrP . a—f, Inmunoblot analysis of soluble brain extracts (a—c, ) or detergent-extracted particulate fractions (d) or guanidinium-solubilized
material (e) with anti-A3 6E10 antibody (a, c- e), anti-APP 22C11 antibody (b), or anti-PrP ¢6D11 antibody (f). Genotype isindicated at the top of each blot for separate mice. The migration of MW
standards is shown at the left. g, Densitometric analysis of immunoblot signals from experiments as in a—f. Data are mean = SEM for n = 5-12 mice per genotype. h, i, Inmunofluorescent
detection of A in a parasagittal section of the anterior half of a APPswe/PSen1AE9 transgenic mouse brain at 12 months of age of the Prp+/+ (h) or Pmp—/— (i) genotype.

guishable between the wild-type and Prnp—/— backgrounds
(Fig. 1la,b,g). Similarly, PrPC levels are not different in brain ex-
tracts of mice with and without the APPswe/PSen1AE9 transgene
(Fig. 1f).

The processing of APP produces membrane-associated
C-terminal fragments and soluble Af species. Immunoblot of
detergent extracts of the particulate phase reveals no effect of
Prnp genotype on 3-CTF detected with 6E10 antibody (Fig. 1d,g).
Soluble monomeric AB levels in brain homogenates prepared
under non-denaturing conditions show no correlation with PrP©
level (Fig. 1¢,9). Thus, APP metabolism is independent of PrP €.

A role for PrP© in mediating AB oligomer synaptotoxicity is
downstream of A production and is not required for A fibril-
lization, so A plaque load is not predicted to be altered by the
status of PrP© expression. The level of A extracted from APP-
swe/PSenl1AE9 brain homogenates by formic acid or guani-
dinium-HCI from the particulate phase is not altered by status of
the Prnp gene (Fig. le,g). Similarly, the burden of AB-immuno-

reactive plaque is altered minimally in APPswe/PSen1AE9 trans-
genic brain without PrP“ as compared to that with PrP® (Fig.
1h,i), 8.3 £ 0.5 versus 10.4 = 0.7 as a percentage of brain area.
Minimal effects of PrP© on A level are generally consistent with
previous observations of a minor increase in A plaque in PrP -
overexpressing APPswe transgenic mice (Schwarze-Eicker et al.,
2005) and a slight increase of mouse A levels in Prnp—/— mice
(Parkin et al., 2007).

While the synaptic action of Af oligomer is hypothesized to
be mediated by PrP <, the non-neuronal reaction to AB plaque
deposition may occur through alternate cellular receptors. We
assessed astrogliosis in the APPswe/PSen1AE9 brains histologi-
cally (Fig. 2a). Familial AD transgene expression increased
GFAP-positive area, but deletion of PrP © expression did not alter
the astrocyte reaction. Thus, APP expression, A3 level, and gliosis
are not altered by deletion of PrP .

Having shown that PrP € has little effect on AB metabolism,
we assessed its role in mediating the deleterious chronic effects of
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brain-derived AB in vivo on neuronal
form and function, focusing on measures
that cannot be modeled in vitro. AB-
dependent neurodegeneration in trans-
genic mice is not as pronounced as it is in
human AD, but restricted aspects of de-
generation have been reported by assess-
ment of monoaminergic pathways (Liu et
al., 2008). An examination of serotonin-
immunoreactive fibers in the cerebral
cortex reveals significant deficits in the
APPswe/PSen1AE9 mice at 12 months of
age (Fig. 2b,c), matching the selective de-
generation described previously (Liu et
al., 2008). At this age, axonal degeneration
occurs, but serotonergic cell loss is not yet
detectable (Liu et al., 2008). The appear-
ance of 5-HT-immunopositive axons in
Prnp—/— mice is similar to that in wild-
type mice. In the transgenic APPswe/
PSen1AE9 mice lacking PrP € 5-HT-
immunoreactive fibers are indistinguis-
hable from control mice and significantly
preserved relative to APPswe/PSen1AE9
mice with PrP €. Thus, this transgenic AD-
like axon degeneration phenotype is de-
pendent on PrP €.

Synapse loss has been considered a
hallmark of AD and been detected in
transgenic models (Davies et al., 1987;
Scheffet al., 1990; Hsia et al., 1999; Mucke
et al., 2000b; Biscaro et al., 2009). We
examined a presynaptic marker, anti-
synaptophysin, and a postsynaptic marker,
anti-PSD-95, in separate sections (Fig. 2d—
f). The immunopositive area for either of
these markers is slightly, but significantly,
reduced in cortical sections from APPswe/
PSen1AE9 mice. Nontransgenic brain lack-
ing PrP¢ exhibits no alteration of these
markers relative to wild type. In contrast, the
APPswe/PSen1AE9, Prnp—/— brain shows
an increased area occupied by both markers
relative to APPswe/PSen1AE9 samples with
PrP€, and is indistinguishable from wild-
type brain by these measures. Thus, the loss
of synaptic marker area caused by APPswe/
PSen1AE9 expression is rescued by a lack of
PrP € expression.

An obvious but incompletely under-
stood phenotype of the AD transgenic
mice is reduced survival, characterized by
sudden death occurring in the adult pe-
riod. This phenotype may result from
hyperexcitability and status epilepticus
(Palop et al., 2007; Minkeviciene et al.,
2009). Mouse survival was monitored be-
tween 0 and 12 months of age, with 40%
of APPswe/PSen1AE9 transgenic mice be-
ing lost (Fig. 3), similar to previous re-
ports for this strain (Halford and Russell,
2009). In contrast, <4% of APPswe/
PSen1AE9 mice lacking PrP © died during
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Figure2.  Serotonin axons and synaptic markers are preserved in APPswe/PSen1AE9 mice lacking PrP . a, Anti-GFAP immu-
nohistology of parasagittal brain sections was scored for astrocytic area in the anterior half of the cerebral cortex. Data are mean
SEM for n = 10 mice per genotype. b, Parasagittal sections of cerebral cortex from mice of the indicated genotypes were stained
with anti-5-HT. Projections of 30 wm confocal Z-stacks are shown. Note the reduced fiber length in the APPswe/PSen1AE9
sample. Scale bar, 50 m. ¢, The 5-HT-immunoreactive fiber length in the parasagittal plane from images as in b was measured.
Dataare mean == SEM forn = 10 —16 mice per genotype. *p << 0.05, one-way ANOVA with post hoc comparisons as indicated; n.s.,
no significant difference. d, Cerebral cortex from mice of the indicated genotypes was stained with anti-synaptophysin antibody
and imaged by confocal microscopy with a 100X objective. Scale bar, 10 um. e, f, The fractional area of immunoreactive puncta
from images as in d is reported as a function of genotype. Sections were stained with anti-synaptophysin (e) or anti-PSD-95 (f).
Data are mean = SEM for n = 4—8 sites from each of 9—10 mice per genotype. *p << 0.05, one-way ANOVA with post hoc
comparisons.
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Figure3.  Survival of APP-PSen mice improved by absence of PrP . Survival of wild-type and
APPswe/PSen1AE9 transgenic mice with and without PrP expression. Survival of the APPswe/
PSen1AE9 mice is significantly shorter than each of the other three genotypes by the Wilcoxon
statistic ( p << 0.005).

the same age period ( p < 0.005). The rescue of survival in the
Prnp—/— group demonstrates that death in the transgenic group
requires endogenous PrP .

Previously, we examined the in vitro requirement of PrP© for
acute AP suppression of CA1-LTP in hippocampal slices. While
some strains of FAD transgenic mice have been shown to exhibit
spatial memory deficits (Chen et al., 2000), deficits of CA1-LTP
are not uniform, being present in some cases (Nalbantoglu et al.,
1997; Chapman et al., 1999; Moechars et al., 1999; Trinchese et
al., 2004) but not in others (Hsia et al., 1999; Larson et al., 1999;
Fitzjohn et al., 2001; Roder et al., 2003; Gureviciene et al., 2004;
Volianskis et al., 2008). We observed no deficit in the magnitude
of this form of LTP in hippocampal slices of 12-month-old
plaque-bearing APPswe/PSen-1AE9 mice (supplemental Fig. 1,
available at www.jneurosci.org as supplemental material), con-
sistent with previous studies of this strain (Volianskis et al.,
2008). There was a slight reduction of hippocampal input—out-
put curves for this pathway, but this did not reach statistical
significance in our studies. Intact LTP may reflect homeostatic
compensation in the chronic condition with reduced synaptic
numbers, but it precluded an assessment of PrP ©g invivo role for
CA1-LTP in this cohort of mice. Since some Af3 plaque-bearing
mouse strains do exhibit reduced hippocampal LTP (Nalbantoglu
et al., 1997; Chapman et al., 1999; Moechars et al., 1999;
Trinchese et al., 2004), the degree of chronic compensation may
vary by age, strain, pathway, and transgene.

The phenotype of APPswe/PSen1AE9 mice most directly re-
lated to Alzheimer’s disease is age-dependent memory impair-
ment, and this was our primary outcome measure. Spatial
learning and memory were examined in the Morris water maze
(Morris, 1984) for the four groups of mice at 3 and 12 months of
age. Visually cued performance was rapid in all four genotypes at
12 months of age (Fig. 4a, right). For hidden platform tests, mice
were trained to one platform location, and then the platform
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position was reversed and training continued for the new loca-
tion. At 12 months of age, the APP-PSen and the Prnp genotypes
altered performance, and there was a significant interaction of the
two genotypes [two-way repeated-measures (RM) ANOVA:
APP-PSen X Prnp interaction, p = 0.015; APP-PSen, p < 0.001;
Prnp, p < 0.001]. Both wild-type and Prnp—/— mice learn the
new location of the hidden platform over several trial blocks, and
latencies to reach the platform approach those for visible plat-
form locations (Fig. 4a). For APPswe/PSen1AE9 transgenic mice,
learning is severely impaired with much longer latencies to reach
a hidden platform. The learning of the APPswe/PSen1AE9 mice
on the Prnp—/— background is indistinguishable from the con-
trol groups. By post hoc pairwise RM-ANOVA, the APPswe/
PSen1AE9 mice differ ( p < 0.001) from each of the other three
groups, and none of the other groups differ significantly from one
another. For the APPswe/PSen1AE9 strain, enhanced learning
was observed for both males and females lacking PrP“ as com-
pared to those with PrP© expression (Fig. 4b).

As an AD model, the PrP-dependent learning deficit of APP-
swe/PSen1AE9 mice is predicted to be an age-dependent phe-
nomenon. Previously, we have shown that APPswe/PSen1AE9
mice learn normally while young adults, but progressively exhibit
learning deficits in a radial arm water maze from 6 to 12 months
of age as AP plaque develops (Park et al., 2006). Here, we exam-
ined Morris maze learning for each of the four genotypes at 3
months and 12 months (Fig. 4c—g). The APPswe/PSen1AE9 mice
show a significant decline in learning over this period (Fig. 4e)
(RM-ANOVA, p < 0.01). None of the other strains exhibit an
age-dependent decline in learning for this task. Thus, the
Prnp—/— genotype interacts with APPswe/PSen1AE9 transgene
to prevent the expression of an age-dependent learning deficit.

For the 12-month-old mice, the memory of learned platform
locations was examined in a 60 s probe trial 2 d after the last
learning trial (Fig. 4h—j). The wild-type and Prnp—/— mice prefer
the location of the previously learned hidden platform, making
significantly more platform crosses and spending more time in
the platform location. In contrast, the APPswe/PSen1AE9 mice
show no preference for the hidden platform location, and spend
significantly less time in the target zone. The transgenic memory
deficit is alleviated on the Prnp—/— background, demonstrating
that PrP< is essential for impairment of memory by these AD
transgenes in mice.

A second, but less specific, test of learning is passive avoid-
ance. In this paradigm, wild-type mice exhibit an increased
latency to enter a preferred dark chamber after receiving a
footshock in that location (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material). The APPswe/
PSen1AE9 mice enter the dark chamber significantly sooner,
consistent with reduced learning or memory at 24 h. In the
absence of PrP <, postshock latencies are statistically indistin-
guishable from wild-type mice regardless of the presence of
the APPswe/PSenlAE9 transgenic allele. Thus, on the Prup—/—
background, the APPswe/PSen1AE9 passive avoidance deficit is not
detectable.

Discussion

The major finding of this study is that memory deficits in AD
transgenic mice require the presence of PrP. While previous
studies had shown that synthetic AB oligomers bind to PrP“ and
depend on PrP€ to suppress LTP in slices acutely (Laurén et al.,
2009), the role of PrP€ for in vivo toxicity of brain-derived A3
had not been tested. The data here demonstrate a requirement of
endogenous PrP© for the ability of familial AD transgenes to
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Figure 4. Deletion of PrP € expression rescues spatial learning and memory in APPswe-PSen1AE9 transgenic mice. a, Spatial
learning is plotted as the latency to find a hidden platform in the Morris water maze at 12 months of age. After the first set of swim
trials, the platform location was reversed for the second set of trials. At a later time, after the probe trial, latency to reach a visible
platform was scored. Data are mean == SEM for these groups: (57BL/6,n = 19 (8 male, 11 female); Prap—/— n = 15 (7 male,
8 female); APP-PSen n = 11 (6 male, 5 female); APP-PSen, Prnp—/— n = 20 (11 male, 9 female). Performance differed by
genotype across trial blocks 5-6 and 912 (two-way RM-ANOVA: APP-PSen by Prnp interaction, p = 0.015; APP-PSen, p <
0.001; Prnp, p << 0.001). For the indicated Tukey post hoc pairwise comparisons, the APP-PSen group differed from each of the
other three groups ( p << 0.001), but none of the other genotypes differed significantly from one another. b, The performance of
the APPswe/PSen1AE9 transgenic mice with and without PrP € expression from trial blocks 11-12 of a iis separated by sex. The
latencies are reduced in the Prnp—/— groups compared to the Prnp+/+ groups, *p << 0.05, two-tailed Student’s t test. ¢-f,
Mice of each genotype were tested for spatial learning at 3 months, and the data are compared to the 12 month performance curves
replotted from a. By RM-ANOVA, only the APP-PSen group differed significantly ( p << 0.05) between age groups. Data are
mean = SEM for n = 11-20 mice per group. g, The performance of the APPswe/PSen1AE9 transgenic mice with and without
PrP C expression from trial blocks 11-12 of d—Fis separated by age. The latencies are reduced in the Prmp— /— groups compared
tothe Prnp+/+ at 12 months but not 3 months, *p << 0.05, two-tailed Student’s t test. h, Two days after the second set of hidden
platform learning trials from a, a 60 s probe trial was conducted. The swim track of one representative mouse from each of the four
genotypesisillustrated. A small circle indicates the learned platform location. i, f, The time spent at the site of the previous platform
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induce several deficits. In addition to res-
cuing impairments in spatial memory,
deletion of Prup expression improved sur-
vival, and prevented loss of serotonin ax-
ons and synaptic markers. It is striking
that APP and A levels are not altered in
APPswe/PSen1AE9 mice by the lack of
PrP . In this regard, the effect of deleting
PrP© on mouse transgene phenotypes is
similar to that of deleting Tau expression
(Roberson et al., 2007). The dissociation
of AB accumulation and dysfunction is
consistent with PrP“ functioning imme-
diately downstream of A oligomers in a
pathological cascade. To the extent that
certain deficits might be derived from the
PSenlAE9 transgene independently of
APPswe (Zhang et al., 2009), they still re-
quire PrP € to be manifest.

Recently, Balducci et al. (2010) con-
firmed the direct binding of AB oligomers
to PrP© but reported that PrP € is not es-
sential for AB-induced memory deficits.
This study used distinct methods from
those used here. In place of AD transgen-
esis and spatial memory tests in the Mor-
ris water maze, the authors injected mice
intracerebroventricularly with synthetic
AP oligomer and examined object recog-
nition memory. It may be significant that
they synthesized a depsipeptide prepara-
tion and alkalinized it to induce conver-
sion to the AB itself. Some studies of
transgenic APP mice have shown impair-
ments of spatial learning but not object
recognition (Chen etal., 2000), suggesting
that the Balducci experiment may score
AP actions distinct from, and less sensi-
tive than, the genetic model. In their
study, mice lacking PrP< show a typical
preference for novelty, but after AB oli-
gomer injection they show reversed
behavior [reversed discrimination = neg-
ative 0.22 * 0.8 in the study by Balducci et
al. (2010), their Fig. 4C]. The reversal is
not an absence of object memory, as in
wild-type mice injected with AB oli-
gomer. The AB-oligomer-injected PrP -
null mice actively avoid novel objects and
prefer familiar objects. Since novelty seek-
ing is reversed, an assessment of memory
function is tenuous but, at face value, ob-
ject memory is detectable in the AB-
oligomer-injected PrP “-null mice. Thus,
their method might be construed to sup-
port, rather than refute, the hypothesis

<«

location (i) and crosses of the previous platform location (j) are
shown. Data are mean = SEM forn = 11-20 mice per group.
*p < 0.05, one-way ANOVA with post hoc comparison to the
WT group.
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that PrP ©is required for memory impairment by AB. Clearly, AB
has an unexplained action in this experiment that alters prefer-
ence for novelty versus familiarity, possibly via arousal or anxiety
(Berlyne, 1966; Berlyne et al., 1966; Mumby, 2001). Regardless of
these uncertainties regarding the acute synthetic AB injection
model, our studies demonstrate that PrP“ is essential for APP/
PSen transgenic memory and survival deficits.

The molecular events that link AB oligomer binding to PrP©
with subsequent loss of synaptic markers, 5-HT axon degenera-
tion, survival, and memory function are not yet defined. Several
other neurodegenerative conditions are not dependent on PrP
(Steele et al., 2009), so there is specificity for APP/AB-dependent
phenotypes. Similar to AB oligomers, misfolded infectious PrP >
requires PrP € to induce neurotoxicity. The requirement of PrP“
for degeneration as opposed to infection has been demonstrated
by the infection of grafted wild-type brain tissue in Prnp—/—
hosts (Brandner et al., 1996), and the requirement for neuronal
PrP¢ (Mallucci et al., 2003) and membrane-anchored PrP€
(Chesebro et al., 2005) for neurotoxicity. Since PrP€ is a lipid-
anchored cell surface protein, it is presumably coupled to trans-
membrane proteins and intracellular signal transduction, but
which associated proteins are relevant for these degenerative phe-
notypes is not known. The proteome of PrP -associated proteins
(Schmitt-Ulms et al., 2004) and the neurodegeneration of mice
expressing truncated PrP€ (Baumann et al., 2007; Li et al., 2007)
may facilitate future mechanistic studies.

In the constitutive Prnp mutant, loss of PrP€ expression
throughout life rescues memory deficits in the transgenic
mice. It is not clear which phenotypes might be reversible if
PrP€ expression or AB-oligomer binding were blocked at
some point after the onset of AD-related deficits. However,
further molecular and pharmacological analysis should define
the potential utility of PrP © blockade in alleviating AD onset,
progression, and symptoms.
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