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A Death Receptor 6-Amyloid Precursor Protein Pathway
Regulates Synapse Density in the Mature CNS But Does Not
Contribute to Alzheimer’s Disease-Related Pathophysiology
in Murine Models
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Recent studies implicate death receptor 6 (DR6) in an amyloid precursor protein (APP)-dependent pathway regulating developmental
axon pruning, and in a pruning pathway operating during plastic rearrangements in adult brain. DR6 has also been suggested to mediate
toxicity in vitro of A� peptides derived from APP. Given the link between APP, A�, and Alzheimer’s disease (AD), these findings have
raised the possibility that DR6 contributes to aspects of neurodegeneration in AD. To test this possibility, we have used mouse models to
characterize potential function(s) of DR6 in the adult CNS and in AD-related pathophysiology. We show that DR6 is broadly expressed
within the adult CNS and regulates the density of excitatory synaptic connections onto pyramidal neurons in a genetic pathway with APP.
DR6 knock-out also gives rise to behavioral abnormalities, some of which are similar to those previously documented in APP knock-out
animals. However, in two distinct APP transgenic models of AD, we did not observe any alteration in the formation of amyloid plaques,
gliosis, synaptic loss, or cognitive behavioral deficits with genetic deletion of DR6, though we did observe a transient reduction in the
degree of microglial activation in one model. Our results support the view that DR6 functions with APP to modulate synaptic density in the
adult CNS, but do not provide evidence for a role of DR6 in the pathophysiology of AD.
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Introduction
Alzheimer’s disease (AD) is a neurodegenerative disorder associ-
ated with complex pathology including decreased synaptic den-
sity, neurite and neuronal loss, and inflammation (Holtzman et
al., 2011). AD is clinically defined by the presence of amyloid
plaques comprised primarily of A� peptides, which are �- and
�-secretase generated proteolytic fragments of the amyloid pre-
cursor protein (APP; Zhang et al., 2011), suggestive that APP
and/or its proteolytic products are causative in human disease.
This notion is further supported by human genetic studies that

identified mutations within APP, or the molecular components
that cleave APP, Presenilin 1 and 2, that alter the risk for develop-
ing AD (Cruts et al., 1998; Athan et al., 2001; Rogaeva et al., 2001;
Brickell et al., 2007; Hardy and Crook, 2010; Cruchaga et al.,
2012; Jonsson et al., 2012). However, our understanding of how
APP and its proteolytic products contribute to degeneration re-
mains incomplete, which has led to efforts to identify APP-
interacting proteins that mediate neurodegeneration.

Studies of developmentally regulated axon degeneration sug-
gest that death receptor 6 (DR6) may constitute such an APP
interacting protein (Nikolaev et al., 2009; Olsen et al., 2014).
During development, functional circuits are established through
a wave of exuberant neurite outgrowth followed by selective
pruning to establish appropriate connectivity (Luo and O’Leary,
2005). Recent studies implicate DR6 and APP in mediating prun-
ing. DR6, also known as TNFRSF21, is a member of the extended
tumor necrosis factor receptor superfamily of surface receptors
that can engage caspase-mediated signaling (Pan et al., 1998; Ka-
sof et al., 2001). Like APP, DR6 is expressed in neurons during
development; further, the pruning of retinal ganglion cell (RGC)
axons within their target field is delayed to a similar extent in mice
deficient for DR6, APP, caspase-3, or caspase-6 (Nikolaev et al.,
2009; Simon et al., 2012; Olsen et al., 2014), implicating DR6 and
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APP in promoting caspase-dependent developmental axon de-
generation. In addition, in cell-based binding paradigms APP can
bind to the extracellular domain of cell-surface expressed DR6 via
its E2 domain (Olsen et al., 2014), suggestive that APP and DR6
may interact to promote developmental axon pruning. DR6 also
contributes to axonal pruning in the adult cortex that occurs
during plastic rearrangements triggered by sensory deprivation
(Marik et al., 2013), though involvement of APP in this process
has not yet been described.

DR6 has also been suggested to participate in pathological degen-
eration. DR6 has been reported to form a receptor complex with p75
(also a TNFRSF member) required for mediating toxic effects of the
A� peptide on cortical neurons in culture (Hu et al., 2013). Together
with the role of APP and DR6 in developmental pruning, such stud-
ies have raised the possibility that DR6 may contribute to patholog-
ical neurodegeneration associated with AD.

Here we have explored whether DR6 and APP functionally inter-
act in the same pathway in vivo to regulate connectivity in the adult
nervous system. We have also explored directly whether DR6 con-
tributes to APP-driven pathology by using mouse models of AD.

Materials and Methods
Animal models. All animal procedures were performed with approval
from the Institutional Animal Care and Use Committee in accordance
with the institution’s ethical guidelines. Unless otherwise stated, all ani-
mals are derived within the C57BL/6 murine background, and age-
matched colony controls were used for comparison between genotypes.
DR6 knock-out animals were generated and characterized previously
(Zhao et al., 2001). APP knock-out animals were generated by the tar-
geted deletion of the entire APP coding region: deletion from 420 bp
upstream of exon 1 through the polyadenylation site. APP;DR6 double
knock-out animals were generated by crossbreeding of single knock-
outs. BACE-1 knock-out animals were described previously (The Jackson
Laboratory). The PS2APP (Richards et al., 2003) and APP41 (Rocken-
stein et al., 2001) transgenic models of AD were generated and charac-
terized previously, and crossed to DR6 knock-out animals. For these
experiments, all PS2APP transgenic mice (PS2APP-Tg) were maintained
as homozygous animals, and behavioral, biochemical, and histological
analysis was performed in mice of either sex. PS2APP-Tg;DR6 �/�;
GFP-M� animals were generated by the crossbreeding of PS2APP-Tg;
DR6 �/� animals to animals positive for the GFP-M transgene; a
previously characterized reporter line expressing GFP in a subset of neu-
rons (Feng et al., 2000).

In situ hybridization. DR6 mRNA was stained in tissue sections by
nonisotropic in situ hybridization as previously described (Ziskin et al.,
2013). Briefly, animals were deeply anesthetized, perfused transcardially
with 4% PFA before brains were harvested and fixed overnight in 4% PFA
at 4°C. Brains were then paraffin embedded and sectioned (4 �m) in the
coronal plane. Two probes were designed with sizes 901 and 559 nt
length, corresponding to oligonucleotides CTGCCCACCTGGAATG-
TATC to TGGCCGTTGCGGTAGTA and TGTAAAGCTCACACG-
GACTGTCTGG to TTCGGATACTGCACACCACT of mouse DR6
(Tnfrsf21, GenBank accession NM_178589). Both probes generated compa-
rable staining patterns: data from the 901 nucleotide probe is shown.

Analysis of L2/3 pyramidal cell morphology, spine density, and spine
stability. Layer 2/3 pyramidal neurons of the somatosensory cortex were
fluorescently labeled by targeted in utero electroporation at embryonic
day 16 of progenitor cells that give raise to L2/3 neurons in the adult
neocortex, as previously described (Saito and Nakatsuji, 2001), with a
CAGGs promoter-based expression plasmid containing the cDNA for
the green fluorescent protein EGFP (Gray et al., 2006). At indicated ages,
animals of either sex were anesthetized, perfused with 10 ml of PBS
followed by 10 ml of 4% PFA � 10% sucrose in PBS and the collected
brains fixed in 4% PFA � 10% sucrose in PBS overnight at 4°C. Postfix-
ation, brains were embedded in agarose and immersed with PBS. Apical
dendrites from fluorescently labeled L2/3 pyramidal neurons were visu-
alized en bloc using a two-photon microscope (Prairie Technologies Ul-

tima IV microscope powered by a Spectra Physics MaiTai DeepSee laser).
To assess gross dendritic arbor structure, neuronal cell bodies and their
processes were imaged under a 60� NA 1.0 objective (Olympus) at a
field-of-view of 1024 � 1024 pixels at 0.122 �m/pixel and z-axial step size
of 1 �m using 910 nm laser wavelength. Dendritic arbor morphology was
quantified using Neurolucida (MBF Bioscience) to trace dendritic pro-
cesses and NeuroExplorer to perform Sholl analysis, using 20-�m-radius
spheres. shRNA-mediated knockdown of APP or DR6 was achieved us-
ing a CAGGs-based plasmid expressing the fluorescent protein mCherry
by placing an APP (5� ACA CGG AGG TGT GTC ATA ACC GTT TTG
GCC ACT GAC TGA CGG TTA TGA CAC CTC CGT GT) or DR6
(Olsen et al., 2014) targeting sequence into the mir155 3�UTR sequence
following the mCherry cDNA; the mir155 sequence mediates efficient
processing of hairpin RNA (Shan et al., 2009). The DR6-expression plas-
mid was generated by subcloning a cDNA encoding full-length murine
DR6 into the CAGGs-based expression plasmid. Individual dendritic
spines on apical dendrites were visualized using 910 nm laser wavelength
and a 40� NA 0.8 objective (Olympus) with a field-of-view of 512 � 512
pixel at 0.084 �m/pixel and z-axial stepping of 1 �m. Coelectroporation
of mCherry expressing plasmids was confirmed using an overlapping
laser beam tuned to 1020 nm. Dendritic spine density was quantified
using custom analysis routines in MATLAB (MathWorks) and repre-
sented per animal as the average number of spines (�100 –200 spines
counted from each neuron) per �m of dendrite analyzed from 3 to 5
neurons located within the somatosensory cortex.

The stability of spines on L2/3 apical dendrites within the somatosensory
neocortex was assessed via longitudinal in vivo imaging of dendrites and
spines, as described previously (Holtmaat et al., 2009), with minor modifi-
cations. Cranial imaging windows were implanted into male or female adult
(�2 months of age) animals 2 weeks before initiating an imaging experi-
ment. For imaging, animals were anesthetized (3% sevoflurane, 2 L/min flow
rate), immobilized on a custom built heated stage and apical dendrites of
L2/3 pyramidal neurons, transfected by in utero electroporation with a
CAGGs-based expression plasmid encoding the fluorescent protein DsRed-
Express (Bevis and Glick, 2002), were visualized using 980 nm laser wave-
length and a 40� NA 0.8 objective (Olympus) with a field-of-view of 512 �
512 pixel at 0.084 �m/pixel and z-axial stepping of 1 �m. The spatial location
of individual dendritic segments were mapped relative to unique fiducial
markers in the pia mater vasculature, thus enabling the identification and
tracking of spines across time points. A dendritic spine was defined as per-
sistent if it was detected in both the initial and 2 week imaging time points.
The proportion of spines that persisted (survived) over 2 weeks was esti-
mated by dividing the number of persistent spines by the total number of
spines detected on the corresponding dendritic segment at the initial time
point, and is reported as an average across animals per genotype. Similar to
previous results, �20–30% of dendritic spines were lost over a 2 week inter-
val (Holtmaat et al., 2009); however, spine density at the initial and 2 week
time point did not differ (data not shown).

Barnes maze. The maze consists of an elevated (90 cm) white circular
table (91 cm diameter) with twenty 5 cm holes equally spaced around the
perimeter of the maze (Stoelting). A target escape tunnel (6 � 25 cm) was
placed below one of the holes. The maze was placed in the center of a
room with prominent extramaze visual cues. During all phases of train-
ing, mice were released from a cylinder in the center of the maze, as bright
lights were turned on. Once the mouse entered the escape tunnel, the
lights were dimmed, and the mouse was allowed to stay in the tunnel for
10 –20 s. Mice that failed to reach the goal within the time limit were
gently guided to the escape box and left inside for 10 –20 s. During famil-
iarization training, a channel was made such that only one escape hole
was available for the animal to enter. Mice received four consecutive trials
(1 min max) to become familiar with entering the escape tunnel. Spatial
training consisted of allowing the mouse to freely explore the maze for up
to 3 min to locate the new target hole. During this time, the animal’s
movements were recorded using a ceiling mounted camera and tracked
using TopScan software (CleverSys). Training occurred over 2 consecu-
tive days, with four trials per day separated by a 15 min intertrial interval.
Latency to enter target hole, distance traveled, velocity (m/s), and errors
(total number of nose pokes into incorrect holes) were analyzed. A spatial
probe trial was conducted 24 h after the final training session, where the
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escape tunnel was removed and the animal was allowed to explore for 3
min. Number of nose pokes and percentage time spent exploring each
hole, as well as latency and path length to reach the virtual target hole
were measured. A measure of percentage accuracy was calculated [(per-
centage time exploring target hole/ all locations) � 100].

Water maze. For PS2APP-Tg mice, the water maze consisted of a pool
(122 cm diameter) filled with water (18 � 2°C) made opaque with non-
toxic white tempera paint, and placed in a room surrounded by distinct
extramaze cues. Mice were first given four pretraining trials in which they
had to swim down a channel (15 � 122 cm) and mount a 15 cm platform
hidden 1.5 cm below the water surface at the end of the channel. During
hidden platform training, mice swam freely throughout the pool for 60 s
to locate the submerged platform. Two sessions (3 trials, 10 min intertrial
interval) of hidden training occurred on each of 5 consecutive days. The
platform location remained the same throughout the hidden-platform
training, but the drop location was changed semirandomly between tri-
als. Mice that did not find the platform within 60 s were guided to it and
placed on it for 10 s. A spatial probe trial was performed 72 h after
completion of hidden-platform training. The platform was removed,
and mice were allowed to swim in the pool for 60 s. For cued visible-
platform training, the platform was submerged but visibly cued with a
striped mast (15 cm in height). Mice received three cued sessions, each
consisting of two training trials with an intertrial interval of 10 min.
Platform location and drop location were varied for each cued trial.
Escape latencies, swim paths, swim speeds, percentage of time spent in
each quadrant, and platform crossings (in a zone 200% the size of the
platform) were recorded using a ceiling-mounted camera and tracked
using TopScan software (CleverSys).

To demonstrate that behavioral effects are independent of exact model,
testing location, or exact protocol, APP41 mice were tested by a different lab
in a different facility as previously described (Faizi et al., 2012). The Morris
Water Maze used for APP41 mice was surrounded by privacy blinds on
which visual cues were placed. Male and female APP41 mice (6–7 months of
age) received a daily series of four trials, �45 min apart. To verify the visual
acuity of mice, animals were tested in four trials during which the platform
was made visible. The probe trial was conducted 24 h after the last hidden
trial. Each trial was recorded through an overhead camera and the tracking
software EthoVision (Noldus Information Technology). Otherwise testing
procedure was similar to that used for the PS2APP-Tg model.

Active avoidance. Avoidance boxes (44 � 17 � 25 cm), which consisted
of two compartments separated by an automated guillotine door (Med
Associates), were located in separate sound-attenuating cubicles. Mice
received 2 consecutive days of avoidance training following a modified
protocol (Foldi et al., 2011). Mice acclimated for 30 min in a room
adjacent to the training room. Each training session began with a 5 min
acclimation period where the animal was placed into one side of the
shuttle box with the door closed and no stimuli presented. Avoidance
training trials started immediately following this acclimation period. The
door between the two sides of the shuttle box opened and a light and
72–73 dB tone was presented for a total of 7 s on the side of the chamber
that contained the animal, and was coterminated with a 2 s foot shock
(0.3 mA), after which the door closed. If the animal shuttled during the
tone/light presentation, the stimulus was terminated immediately, the
shock was not delivered; this was scored as an avoidance response. If
the animal shuttled during the foot shock presentation, the shock was
immediately terminated and the door closed; this was recorded as an
escape response. The animal received 100 consecutive trials each day,
with varying intertrial intervals averaging 40 s. Stimulus delivery and
avoidance responses were controlled and recorded automatically using
the MED-PC IV software (Med Associates).

Fear conditioning. Mice were placed in a fear-conditioning chamber
(31.8 � 25.4 � 26.7 cm; (Med Associates) within a sound-attenuating
cubicle. The mice were allowed to explore the chamber for 180 s before a
30 s tone (90 dB white noise) was presented, which coterminated with a
2 s foot shock (0.7 mA). There was then a 90 s delay followed by a second
pairing of a 30 s tone with a 2 s foot shock, and then another 90 s delay.
Twenty-four hours following training, a context test was administered.
Mice were placed into the same chamber used for training and their
freezing behavior was monitored for 5 min. No shock or tone was ad-

ministered. After a 4 h delay, a cued test was administered. For this, the
testing chamber was cleaned with 1% acetic acid solution to provide a
novel olfactory cue. The floor of the chamber was covered with a smooth
Plexiglas plate and a semicircle insert was added to alter the context of the
environment. The house lights in the conditioning box were turned off.
Mice were placed in different chambers from the ones used during train-
ing/context testing. Mice had 180 s to explore the new altered context
before the tone used in training was presented continuously for 180 s.
Freezing to new context and during the tone was monitored. The behav-
ior of the mice during training and testing phases were recorded using a
near infrared camera and the percentage time freezing was calculated
using Video Freeze software (Med Associates).

Open field. Spontaneous locomotor activity was measured with an
automated Photobeam Activity System-Open Field (San Diego Instru-
ments). Mice were placed individually in a clear plastic chamber (41 �
41 � 30 cm), and their horizontal and vertical movements were moni-
tored for 15 min/session with two 16 � 16 photobeam arrays. Mice were
tested every other day for a total of three sessions.

A� ELISA and histological analysis of PS2APP and APP41 animals. Mice
were deeply anesthetized and transcardially perfused with PBS. The brain
was collected and split along the midline. The right hemi-brain was drop
fixed for 48 h at 4°C in 4% paraformaldehyde for immunohistochemistry
(see below), and the left forebrain was frozen and later homogenized in 10
volumes of 5 M guanidine HCl in 50 mM Tris, pH 8.0, and further diluted 1:10
in casein blocking buffer [0.25% casein, 0.05% sodium azide, aprotinin (20
mg/ml), 5 mM EDTA, pH 8.0, leupeptin (10 mg/ml) in PBS] for A�40 and
A�42 analysis, as previously described (Atwal et al., 2011).

Immersion-fixed hemi-brains were cryoprotected, frozen, and sec-
tioned at 35 �m as previously described (Wang et al., 2011). Up to 40
hemi-brains were embedded per block in a solid matrix and sectioned
coronally (MultiBrain processing by NeuroScience Associates). Sections
were stored in cryoprotectant at �20°C until use. Free-floating sections
were then rinsed in Tris-buffered saline (TBS), treated with hydrogen
peroxide in TBST (TBS plus Triton X-100), and blocked with TBST plus
goat serum before overnight incubation at room temperature with pri-
mary antibody diluted in TBST (Wako rabbit, Rb; anti-IBA1, 019-19741,
1:15,000; Serotec biotinylated rat anti-CD68, MCA1957BT, 1:400; or
Dako rabbit, Rb; anti-GFAP, Z0334, 1:20,000). Binding was detected
with biotin-conjugated secondary antibodies followed by avidin-biotin-
HRP complex (details in Vectastain elite ABC kit, Vector Laboratories),
and developed with diaminobenzidine tetrahydrochloride. The IBA1
and CD68-immunostained sections were counterstained with a Nissl
stain (0.05% thionine/0.08 M acetate buffer, pH 4.5). To reveal amy-
loid plaque pathology, neighboring sections were stained by Campbell–
Switzer stain. A detailed protocol for this stain can be found online at the
NeuroScience Associates website (http://www.neuroscienceassociates.
com/Documents/Publications/campbell-switzer_protocol.htm).

Histological samples were imaged at 100� magnification using the Leica
SCN400 system or DM6000B microscope equipped with automated loader
and software (Leica Microsystems). Quantification of GFAP, CD68, and
IBA1 staining and enlarged dark cluster areas was performed using
morphometric-based methods in MATLAB (MathWorks), as previously
described (Le Pichon et al., 2013). Plaque area was analyzed from slides
stained using the Campbell–Switzer method with plaques appearing with a
black or amber hue. Multiple color classifiers spanning narrow ranges in
RGB space were created for positive and negative features. Plaques were
segmented using these classifiers and applying adaptive thresholding, Eu-
clidean distance transform, morphological operations, and reconstruction.
The percentage plaque load or IBA1/GFAP/CD68 positivity for the entire
section was calculated by normalizing the positive pixel area to tissue section
area and averaged from four to seven sections/animal. All images, segmen-
tation overlays, and data were reviewed by a pathologist.

Analysis of dendritic spine density relative to amyloid plaques. GFP-M
transgenic animals, of either sex, of indicated PS2APP-Tg and DR6
genotypes were injected (10 mg/kg) with an amyloid probe, methoxy-
X04 (Klunk et al., 2002), 24 h before brain harvest. Apical dendrites of
L5 pyramidal neurons and amyloid plaques within the somatosensory
cortex were imaged en bloc using a two-photon microscope (Prairie
Technologies Ultima IV microscope powered by two Spectra Physics

Kallop, Meilandt et al. • The Role of DR6 in Alzheimer’s Disease-Related Pathophysiology J. Neurosci., May 7, 2014 • 34(19):6425– 6437 • 6427

http://www.neuroscienceassociates.com/Documents/Publications/campbell-switzer_protocol.htm
http://www.neuroscienceassociates.com/Documents/Publications/campbell-switzer_protocol.htm


MaiTai DeepSee laser). Individual dendrites
and spines were visualized under a 60� NA
1.0 objective (Olympus), with a field-of-view
1024 � 1024 pixels at 0.098 �m/pixel and
z-axial step size of 0.5 �m, using 910 nm laser
wavelength and 525/50 nm bandpass filter
(Chroma) placed before the GaAsP detector.
Simultaneous imaging of dendrites and am-
yloid plaque was achieved by tuning a second
beam-overlapping laser to 840 nm wavelength,
separating green and blue fluorescent photons
with a 495 LP dichroic mirror (Chroma) and
placing a 440/80 nm bandpass filter before an
independent detector. Spine density was calcu-
lated as the number of visible spines on an api-
cal dendrite divided by the corresponding
length of dendrite per field-of-view. A dendrite
was considered to be proximal to an amyloid
plaque if an amyloid plaque was in the field-of-
view. A dendrite considered distal to amyloid
plaque was confirmed to be at least 100 �m
away from the nearest plaque in x, y, or z di-
mensions. For each class of dendrites, proximal
and distal spine density was measured from
three to five neurons per animal, representing
100 –200 spines counted per neuron and re-
ported as the average per animal. Amyloid
plaque density was assessed over the same cor-
tical area imaged for spine measurements; how-
ever, a lower-magnification was used to capture
greater cortical volume (�400 � 400 � 200
�m) with a 20� NA 1.0 objective (Olympus).
Individual plaques were identified as a cluster
of pixels with intensity values three times
greater than background and at least 50 �m 3 in
volume. Plaque density was calculated per an-
imal as the total number of plaques divided by
imaged volume. Plaque size was calculated as
the average volume per plaque per animal.

Statistical analysis. All data are presented as
mean � SEM. For quantitative cell morphol-
ogy (apical dendrite morphology and spine
density), biochemical, and histological analy-
sis, statistical significance was assessed by Stu-
dent’s t test for comparison between two
samples, or one-way ANOVA with post hoc
Tukey–Kramer HSD test for comparison across
multiple groups. Unless otherwise stated, for
comparison of behavioral data collected over
multiple sessions or positions (water maze), we
used multifactor repeated-measures ANOVA
with between-subjects factor of genotype
(PS2APP or DR6 ) and the within-subjects fac-
tor of sessions (sessions or trials) or quadrants
(platform positions). Sex was also included as a
between-subjects factor in the analysis; how-
ever, there was no genotype effect specific for a
given sex, thus all data are pooled based on
genotype. One-way ANOVA with post hoc
Tukey–Kramer HSD or Dunnett’s test were
performed for comparison with control ani-
mals. In all cases, n/s corresponds to not signif-
icant, p � 0.05; *p � 0.05, **p � 0.01, and
***p � 0.001.

Results
DR6 is widely expressed in the adult CNS
Before investigating the functional role of DR6 in the mature
nervous system, we first confirmed that it is expressed by charac-

terizing DR6 mRNA localization in 2-month-old DR6�/� and
DR6�/� animals using in situ mRNA hybridization. Staining of
coronal brain sections in DR6�/� revealed broad expression of
DR6 mRNA absent in DR6�/� animals. Specifically, DR6 mRNA
expression is evident within neocortical L2–L6, in the pyramidal
cell layers (CA1-3 region) of the hippocampus proper and gran-

Figure 1. DR6 is broadly expressed in the adult CNS but is not required to establish gross neuronal morphology. A, In situ
hybridization of coronal sections shows wide expression of DR6 mRNA in L2–L6 of the neocortex and the molecular layer in
the hippocampus in DR6 �/� animals, which is absent in DR6 �/� animals. B, Representative traces corresponding to
apical dendrites of L2/3 pyramidal neurons labeled by in utero electroporation of a GFP-expressing plasmid in DR6 �/� and
DR6 �/� animals. Scale bar, 20 �m. C, Quantification of the total apical dendrite length, the number of branches per apical
dendrite and the complexity of apical dendrites, measured as the number of dendrite crossings per 20 �m spherical radii
increments, for L2/3 pyramidal neurons in DR6 �/� versus DR6 �/� animals, n 	 4 and 5 animals, respectively, with three
neurons analyzed per animal.
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ule cell layer of the dentate gyrus (Fig. 1A).
The pattern of mRNA expression within
these brain regions suggests that DR6 is
expressed within pyramidal neurons of
the mature cortex. Expression is also
found in the hilus of the dentate gyrus, the
amygdala, thalamus, brainstem, and cere-
bellum, consistent with expression of DR6
in other cell types. However, expression of
DR6 in white matter was below the limit
of detection using these methods.

While collecting brain samples from
DR6�/� and DR6�/� animals for expres-
sion analysis, we did observe a trend to-
ward an increase (�10%) in the weight of
whole brains from DR6�/� compared
with DR6�/� animals (DR6�/� male,
0.451 � 0.010, n 	 7; DR6�/� male,
0.486 � 0.004, n 	 5, p 
 0.01; DR6�/�

female, 0.457 � 0.003, n 	 3; DR6�/� fe-
males, 0.49 � 0.016 g, n 	 4 animals, p 	
0.06). Consistent with this observation, a
similar (�10%) increase in brain size was
observed in DR6�/ � compared with
DR6�/� animals in an independent study
using �CT-based imaging to measure
whole brain volume (data not shown).
However, comparison of the gross organi-
zation (apparent laminar organization
and thickness) of the cortex, hippocam-
pus, as well as other brain regions, in
coronal sections counterstained with he-
matoxylin did not reveal an obvious
difference between DR6�/� and DR6�/�

animals at 2 months of age. To further
examine whether loss of DR6 function al-
ters gross cellular architecture, we as-
sessed the morphology of L2/3 pyramidal
neurons fluorescently labeled by in utero
electroporation. In both DR6�/� and
DR6�/� animals, the cell bodies of labeled
neurons were positioned within 300 �m
of the neocortical surface (data not
shown), consistent with the labeling and
correct positioning of L2/3 pyramidal
neurons. Morphometric analysis of total
dendritic length, branch number, and
complexity did not reveal a difference
between DR6�/� compared with DR6�/�

Figure 2. DR6 and APP define a genetic pathway that regulates synapse density independent of BACE-1 activity. A, Represen-
tative images and quantitation of spine density on apical dendrites from 2-month APP �/� and APP �/� animals. Dendritic spine
density is significantly increased in APP �/� animals compared with APP �/� (APP �/�, 0.53 � 0.03, n 	 7; APP �/�, 0.68 �
0.02 spines/�m, n 	 5 animals). B, Spine density in 12-month APP �/� and APP �/� animals (APP �/�, 0.50 � 0.04, n 	 5;
APP �/�, 0.51�0.01 spines/�m, n 	3 animals). C, Representative images and quantitation of spine density on apical dendrites
from 2-month DR6 �/� and DR6 �/� animals. Dendritic spine density is significantly increased in DR6 �/� animals compared
with DR6 �/� (DR6 �/�, 0.61 � 0.04, n 	 3; DR6 �/�, 0.79 � 0.02 spines/�m, n 	 3 animals). D, Spine density in 12-month
DR6 �/� and DR6 �/� animals (DR6 �/�, 0.52 � 0.01, n 	 6; DR6 �/�, 0.54 � 0.03 spines/�m, n 	 9 animals). E, Repre-
sentative images and quantitation of spine density on apical dendrites from 2-month APP �/�;DR6 �/�, APP �/�;DR6 �/� and
APP �/�;DR6 �/� animals. Dendritic spine density is significantly increased in APP �/�;DR6 �/� and APP �/�;DR6 �/� ani-
mals compared with APP �/�;DR6 �/�; however, there is no difference between APP �/�;DR6 �/� and APP �/�;DR6 �/�

animals (APP �/�;DR6 �/�, 0.73 � 0.02, n 	 6; APP �/�;DR6 �/�, 0.83 � 0.03, n 	 4; APP �/�;DR6 �/�, 0.83 � 0.03
spines/�m, n 	 4 animals). F, Quantitation of spine density on apical dendrites from 1-month wild-type animals expressing
shRNA targeting APP (shAPP�) or a nonspecific shRNA targeting LacZ (shAPP�). Knockdown of APP increased spine density

4

(shAPP�, 0.46 � 0.03, n 	 5; shAPP�, 0.75 � 0.05 spines/
�m, n	4 animals). G, Quantitation of spine density on apical
dendrites from 2-month wild-type animals expressing shRNA
targeting DR6 (shDR6�) or a nonspecific shRNA targeting
LacZ (shDR6�). Knockdown of DR6 did not alter spine density
(shDR6�, 0.60 � 0.03, n 	 6; shDR6�, 0.67 � 0.05 spines/
�m, n 	 6 animals). H, Quantitation of spine density on api-
cal dendrites from 2-month BACE-1�/� and BACE-1 �/ �

animals. Loss of BACE-1 function does not result in altered
spine density (BACE1 �/�, 0.60 � 0.02, n 	 7; BACE-1 �/�,
0.66 � 0.04 spines/�m, n 	 7 animals). Scale bars: A, C, E, 5
�m.
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animals (Fig. 1B,C), suggesting that DR6
function is not required for establishing or
maintaining gross neuronal architecture.
The basis for the larger mass of DR6
knock-out brains compared with wild-
types is not clear, although it could poten-
tially reflect reduced pruning of axons and
neuronal cell bodies (Marik et al., 2013),
or changes in brain vasculature (Tam et
al., 2012).

DR6 and APP define a genetic pathway
independent of BACE-1 that regulates
excitatory synapse density
Recent studies of developmental axon
pruning suggest that DR6 and APP may
function in the same pathway to regulate
axonal morphology in the retinotectal
system (Nikolaev et al., 2009; Olsen et al.,
2014). Loss of APP function has been re-
ported to result in an increase in excit-
atory synapse density in the cortex of
adult animals (Priller et al., 2006), evi-
denced by an increase in the number of
dendritic spines on apical dendrites of py-
ramidal neurons in the neocortex (Bittner
et al., 2009). To assess whether DR6 may
act with APP in the mature nervous sys-
tem, we examined whether the loss of DR6
phenocopies the loss of APP by quantify-
ing dendritic spines on L2/3 pyramidal
neurons within the somatosensory cortex
fluorescently labeled by in utero electro-
poration.

To establish a baseline for comparison,
we characterized spine density in APP�/�

versus APP�/� animals at 2 months of
age. Similar to published analysis of L5
pyramidal neurons in APP�/� animals
(Bittner et al., 2009), apical dendrites of
L2/3 pyramidal neurons exhibit a �30%
increase in spine density compared with
APP�/� animals (Fig. 2A). This increase
in spine density is transient: analysis of
spine density on L2/3 pyramidal neurons at
12-months of age did not reveal a difference
between APP�/� and APP�/� animals (Fig.
2B). Furthermore, longitudinal in vivo im-
aging of dendritic spines in 2-month
APP�/� and APP�/� animals did not reveal
a difference in spine stability between geno-
types, as assessed by quantifying the propor-
tion of spines that persisted over a 2 week
interval (APP�/�, 0.72 � 0.03, n 	 5 ani-
mals, 18 neurons, 742 spines t 	 0; APP�/�,
0.77 � 0.04, n 	 3, 8, 374), consistent with
previously published observation of L5 neu-
rons (Bittner et al., 2009), suggesting that
loss of APP does not directly alter spine dy-
namics even though spine density is
increased.

In DR6�/� animals, similar to APP�/�

animals, spine density was increased

Figure 3. Loss of DR6 function does not ameliorate spatial or conditioned learning and memory deficits in 7- to -8-month-old
PS2APP mice. A, The number of errors made (nose pokes into the incorrect hole) before reaching the target hole in the Barnes Maze.
PS2APP, but not DR6, genotype significantly altered animal performance ( p 
 0.001, two-way repeated-measures ANOVA). B,
Percentage time spent searching the former target/all hole locations in a Barnes Maze probe trial conducted 24 h after the last
training trial. PS2APP, but not DR6, genotype significantly altered animal performance ( p 
 0.05, two-way ANOVA); n 	 20
NTg;DR6 �/�, 18 NTg;DR6 �/�, 19 PS2APP-Tg;DR6 �/� and 14 PS2APP-Tg;DR6 �/� mice. C, The distance traveled before reach-
ing the hidden (1–10) or visible (V1–3) platform during each training session of the Morris Water Maze. PS2APP, but not DR6,
genotype significantly altered animal performance during the hidden platform training ( p 
 0.001) and visible platform training
( p 
 0.01, two-way repeated-measures ANOVA). D, The number of times mice crossed over an area 200% greater than the
previous platform location, compared with similar control locations in other quadrants during a probe trial conducted 72 h after
Morris Water Maze training. PS2APP, but not DR6, genotype significantly altered crossing in the target zone ( p 
 0.001, two-way
ANOVA); target, opposite (Opp), adjacent right (Adj R), and adjacent left (Adj L); n 	 19 NTg;DR6 �/�, 14 NTg;DR6 �/�, 16
PS2APP-Tg;DR6 �/� and 13 PS2APP-Tg;DR6 �/� mice. E, Active avoidance training measured as a percentage of trials (in blocks
of 20 trials, with multiple blocks per day, D) where an avoidance response occurred; n 	 10 mice/group. DR6 genotype had a
significant effect on avoidance rates on both E, D1 ( p 
 0.001) and E, D2 ( p 
 0.01, two-way repeated-measures ANOVA), but
there was no effect of or interaction with PS2APP genotype. F, Total distance traveled in an open field during three 15 min sessions;
n 	 20 mice/group. DR6 genotype significantly reduced animal activity ( p 
 0.001, two-way repeated-measures ANOVA), but
there was no effect of or interaction with PS2APP genotype. G, Percentage time freezing at the end of fear conditioning training.
DR6 genotype had a significant effect on freezing behavior ( p
0.0001, two-way ANOVA), but there was no effect of or interaction
with PS2APP genotype. H, Percentage time freezing to the training context 24 h after training, and to an altered context and in
response to a cue 28 h after training. DR6 genotype had a significant effect on freezing behavior to the context ( p 
 0.0001,
two-way ANOVA), but there was no effect of or interaction with PS2APP genotype; n 	 20 NTg;DR6 �/�, 19 NTg;DR6 �/�, 18
PS2APP-Tg;DR6 �/� and 16 PS2APP-Tg;DR6 �/� mice.
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�30% on apical dendrites of L2/3 pyramidal neurons at 2
months of age (Fig. 2C). This increase in spine density was also
transient, as spine density did not differ between 12-month
DR6�/� and DR6�/� animals (Fig. 2D). Furthermore, longitu-
dinal in vivo imaging of dendritic spines in 2-month DR6�/�,
DR6�/�, or DR6�/� animals did not reveal a difference in spine
stability between genotypes, as assessed by quantifying the pro-
portion of spines that persisted over a 2 week interval (DR6�/�,
0.75 � 0.02, n 	 6 animals, 19 neurons, 1696 spinest 	 0; DR6�/�,
0.72 � 0.02, n 	 5, 14, 992; DR6�/ �, 0.74 � 0.01, n 	 5, 16,
1838). Interestingly, there was evidence of a DR6 gene dose de-
pendence in spine density (DR6�/�, 0.55 � 0.02, n 	 6; DR6�/�,
0.65 � 0.02, n 	 7; DR6�/�, 0.74 � 0.05 spines/�m, n 	 10
animals; DR6�/� vs DR6�/�, p � 0.01; DR6� vs DR6�/ �, p 	
0.17 paired Student’s t test), reminiscent of the reported gene
dose effect of APP on spine density of L5 pyramidal neurons
(Bittner et al., 2009). Together, these data indicate that loss of
DR6 phenocopies APP loss of function with respect to effects on
dendritic spine density on cortical pyramidal neurons.

If DR6 functions with APP to regulate spine density then loss
of both DR6 and APP function should mimic the loss of either
DR6 or APP alone, i.e., the loss of function phenotypes should be
nonadditive. To test this possibility, we crossed DR6 and APP
knock-out animals and assessed spine density in 2 month old
animals. Consistent with previous results, spine density was ele-
vated in L2/3 pyramidal neurons in APP�/�;DR6�/� animals
(Fig. 2E) (APP�/�;DR6�/ � animals were not included in this
experiment since spine density in DR6�/ � compared with
DR6�/� had been assessed multiple times in the same back-
ground strain, C57BL/6). Importantly, spine density in APP�/�;
DR6�/� double knock-out animals did not differ from that in
APP�/�;DR6�/� animals (Fig. 2E), consistent with the model
that DR6 and APP act within the same genetic pathway to regu-
late dendritic spine density in vivo.

To further understand the potential mechanism by which
DR6 and APP regulate spine density, we assessed cell autonomy
of APP and DR6 function with respect to spine density using
shRNA targeted knockdown of each transcript in wild-type ani-
mals. In utero electroporation of an APP targeting construct, ca-
pable of �90% APP knockdown in heterologous expression
experiments (data not shown), into embryos resulted in a signif-
icant increase in spine density in the transfected L2/3 neurons of
adult animals compared with control (Fig. 2F). Because transfec-
tion of the shRNA targeting construct was restricted to the ana-
lyzed L2/3 pyramidal neurons, due to the developmental timing
of electroporation and confirmed by the detection of a coex-
pressed fluorescent protein, these data are consistent with the
previously reported cell-autonomous activity of APP in the reg-
ulation of spine density in vitro (Wei et al., 2010). However, elec-
troporation of a DR6 targeting construct, capable of a similar
level of DR6 knockdown (Olsen et al., 2014), into embryos did
not result in alterations of spine density within transfected neu-
rons in adult animals (Fig. 2G). Consistent with this observation,
electroporation of a DR6 expressing plasmid into L2/3 pyrami-
dal neurons of DR6�/� knock-out embryos did not rescue the
elevated spine density phenotype observed in 2-month-old ani-
mals (DR6�/�;DR6(�), 0.81 � 0.05 spines/�m, n 	 4 animals;
data collected in the same experiment reported in Fig. 2C). These
results suggest that DR6 acts non-cell-autonomously with respect to
regulating spine density, although we cannot exclude the possibility
that DR6 also acts cell-autonomously but that shDR6 is less effective
at eliminating its target in these neurons than is shAPP.

Within the CNS, APP is proteolytically processed by the
�-secretase protein, BACE-1, to give rise to soluble APP ectodo-
main, and if combined with �-secretase cleavage, A� peptides.
To test whether BACE-1 activity contributes to the regulation of
spine density, we assessed spines in L2/3 pyramidal neurons of
BACE-1 knock-out animals. In contrast to DR6 and APP knock-
out animals, spine density in BACE-1�/� animals did not differ
from BACE-1�/� control animals (Fig. 2H). Together these data
are consistent with a model in which DR6 and APP act within the
same genetic pathway to regulate spine density independent of
BACE-1 activity. A similar lack of effect of genetic BACE-1 dele-
tion has also been observed in the DR6- and APP-dependent
pruning of retinal ganglion cell axons (Olsen et al., 2014).

Loss of DR6 function does not rescue behavioral deficits in
the PS2APP murine model of AD
Our finding that DR6 and APP function in a BACE-1-
independent pathway to regulate dendritic spine density in vivo
raises the question whether DR6 contributes to aspects of the
pathophysiology of AD. To directly test whether DR6 contributes
to APP-mediated AD-related cognitive deficits, we assessed
whether DR6 loss of function alters behavioral phenotypes in the
PS2APP model of AD at 7– 8 months of age. PS2APP-Tg animals
are homozygous for a transgene that expresses AD-causing famil-
ial mutations in human presenilin-2 (N141I) and APP (K670N,
M671L), and exhibit age-dependent behavioral deficits coinci-
dent with amyloid plaque deposition, neuroinflammation, and
synaptic dysfunction compared with nontransgenic littermates
(NTg; Richards et al., 2003; Ozmen et al., 2009). The Barnes Maze

Figure 4. Loss of DR6 function does not alter A� production in the PS2APP model of AD. A,
Guanidine-extracted total A�40 and A�42 abundance in brain homogenates from 7– 8 month
PS2APP-Tg mice (PS2APP-Tg;DR6 �/�, n	18; PS2APP-Tg;DR6 �/�, n	16 animals). B, Total
A�40 and A�42 abundance in 11–12 month PS2APP-Tg mice (PS2APP-Tg;DR6 �/�, n 	 7;
PS2APP-Tg;DR6 �/�, n 	 5 animals).
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Figure 5. Loss of DR6 function does not ameliorate amyloid plaque or gliosis pathology in the PS2APP model of AD. A, Representative low- and high-magnification (inset) images of brain amyloid
pathology and gliosis (GFAP and CD68) in 7– 8 and 11–12 month mice. Plaque deposition was visualized by Campbell–Switzer staining, astrocytes by anti-GFAP IHC, and(Figure legend continues.)
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was used to assess the ability of animals to use spatial cues to
find a hidden escape hole on a brightly lit platform. Learning
can be tracked by quantifying the number of nose pokes into
incorrect holes (errors) across successive training trials.
PS2APP-Tg animals exhibited a significant defect in learning this
task, evidenced by increased number of errors per trial compared
with NTg animals (Fig. 3A). There was no difference between the
PS2APP-Tg;DR6�/� and PS2APP-Tg;DR6�/� animals. To assess
memory retention, animals were tested 24 h after the final training
session in a maze with no true escape hole. Compared with NTg
animals, PS2APP-Tg animals were less accurate in searching for the
target hole during the probe trial (Fig. 3B). Loss of DR6 function,
however, did not alter performance in either PS2APP-Tg or NTg
animals.

Similar results were found when spatial learning and memory
were assessed using the Morris Water Maze. During the training
phase, PS2APP-Tg animals traveled a significantly greater dis-
tance (Fig. 3C), and took significantly longer (data not shown) to
locate a hidden platform compared with NTg animals. Compar-
ison of swim speeds during the hidden or visible platform train-
ing revealed no significant differences between groups (data not
shown), and all animals learned to quickly locate a cued platform
(Fig. 3C), suggesting that the deficits cannot be attributed to
sensorimotor defects. Loss of DR6 function did not improve per-
formance, as no differences were found between the PS2APP-Tg;
DR6�/� and PS2APP-Tg;DR6�/� animals for either hidden or
visible training. To assess spatial memory retention, animals were
tested 72 h after the completion of hidden platform training (Fig.
3D). Compared with NTg animals, PS2APP-Tg animals failed to
search predominantly in the target zone versus all other correspond-
ing zones (opposite, adjacent right, and adjacent left), and crossed
over the target zone significantly fewer times (Fig. 3D), consistent
with a defect in spatial memory. Loss of DR6 function did not alter
performance in either the PS2APP-Tg or NTg animals.

Murine models of AD have also been reported to exhibit be-
havioral deficits in nonspatial associative learning tasks, such as
active avoidance and contextual fear conditioning (Richards et
al., 2003). During active avoidance training, animals learn to
avoid a foot shock by shuttling to the opposite side of the test
chamber within 5 s of the appearance of a warning cue. Similar to
previous studies (Richards et al., 2003), PS2APP-Tg;DR6�/�

mice displayed a significant impairment in avoidance learning on
Day 1 of training (Fig. 3E), but performed similarly to NTg;
DR6�/� mice by Day 2. Interestingly, loss of DR6 function alone
resulted in alterations in this behavior as NTg;DR6�/� and
PS2APP-Tg;DR6�/� mice exhibited a significant increase in
avoidance responses compared with NTg;DR6�/� and PS2APP-
Tg;DR6�/� animals. Because similar improvements were seen in

DR6�/� animals regardless of the presence or absence of the PS2APP
transgene, we cannot conclude that loss of DR6 function rescues the
PS2APP deficit. Rather the loss of DR6 seems to directly influence
behavior on this task.

To determine whether the alterations in avoidance behavior
in DR6�/� animals are due to differences in activity levels, we
measured spontaneous locomotor activity in an open-field para-
digm over three separate 15 min sessions. DR6�/� animals ex-
hibited a significant decrease in activity, traveling a significantly

4

(Figure legend continued.) microglia by anti-CD68 IHC. Scale bars: A, 300 �m; inset, 60 �m.
B, Quantification of staining for plaque, GFAP, and CD68 in 7– 8 and 11–12 month animals.
There were no significant differences in plaque load between the PS2APP-Tg;DR6�/� and
PS2APP-Tg;DR6 �/ � mice at either age. Analysis of GFAP and CD68 staining by ANOVA
found a significant main effect of PS2APP genotype ( p 
 0.0001) in both ages. At 7– 8
months, loss of DR6 function resulted in a significant reduction in CD68 staining (NTg;
DR6 �/�, 0.14 � 0.02, n 	 20; NTg;DR6 �/�, 0.11 � 0.01, n 	 19; PS2APP-Tg;
DR6 �/�, 1.34 � 0.18, n 	 18; PS2APP-Tg;DR6 �/�, 0.83 � 0.11% Area, n 	 16
animals). A two-way ANOVA found a significant main effect of DR6 genotype ( p 
 0.001)
and a PS2APP DR6 interaction ( p 
 0.01). However, no difference was detected at 11–12
months (NTg;DR6 �/�, 0.48 � 0.04, n 	 9; NTg;DR6 �/�, 0.41 � 0.02, n 	 9; PS2APP-
Tg;DR6 �/�, 2.91 � 0.34, n 	 7; PS2APP-Tg;DR6 �/�, 3.31 � 0.44% area, n 	 5
animals).

Figure 6. Loss of DR6 function does not prevent spine loss associated with amyloid plaque in
the PS2APP murine model of AD. A, Representative images of apical dendrite segments from L5
pyramidal neurons either distal or proximal to amyloid plaques in 6 month PS2APP-Tg;DR6 �/�

and PS2APP-Tg;DR6 �/� animals. Scale bar, 5 �m. B, Quantification of spine density in relation
to amyloid plaque proximity reveals a reduction of spine density on dendrites proximal (P) to
plaques compared with distal (D) in PS2APP-Tg;DR6 �/� similar to PS2APP-Tg;DR6 �/� ani-
mals (NTg;DR6 �/�, 0.57 � 0.02, n 	 7; NTg;DR6 �/�, 0.52 � 0.02, n 	 9; PS2APP-Tg;
DR6 �/�, distal 0.54 � 0.02, proximal 0.33 � 0.01, n 	 16; PS2APP-Tg;DR6 �/�, distal
0.57 � 0.02, proximal 0.33 � 0.02 spines/�m, n 	 15 animals). C, Amyloid plaque density
and size within the cortex was not altered with loss of DR6 function (PS2APP-Tg;DR6 �/�,
density 1286�305, size 378�86, n	16 animals; PS2APP-Tg;DR6 �/�, density 1293�150
plaques/mm 3, size 488 � 84 �m 3, n 	 15 animals).
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shorter distance (Fig. 3F); a phenotype
which would be predicted to result in a
decrease in active avoidance rather than
the increase observed in DR6�/� animals.
PS2APP-Tg genotype did not alter activity
in this assay.

We further evaluated the potential role
for DR6 in associative learning tasks by
assessing whether DR6 knock-out alters
contextual fear conditioning. During fear
conditioning training, animals received
two pairings of a 30 s tone that cotermi-
nated with a 2 s foot shock. Analysis of
freezing behavior immediately after the
second training foot shock revealed that
DR6�/� animals froze significantly more
than DR6�/� animals, regardless of the
PS2APP genotype (Fig. 3G). Twenty-four
hours later, mice were placed back into
the same chambers used during training
to test their context memory. Again, the
DR6�/� animals froze significantly more
than the DR6�/� animals (Fig. 3H). This
altered behavior was limited to context
memory, as cued memory testing in an
altered context 4 h later revealed no signif-
icant difference in freezing behavior either
in the altered context alone, or during the
tone presentation.

Together our behavioral analysis of
PS2APP-Tg animals indicates that the absence of DR6 does not
ameliorate the behavioral deficits in the PS2APP model of AD;
however, there are some behavioral changes that can be attrib-
uted to loss of DR6 function alone.

Loss of DR6 function does not ameliorate amyloid plaque
formation, gliosis, or synapse loss in the PS2APP murine
model of AD
We next examined the brains of 7- to 8-month-old animals fol-
lowing behavioral analysis and an additional 11- to 12-month-
old cohort to determine whether DR6 deletion alters A�
pathology and gliosis in the PS2APP model. Analysis of
guanidine-extracted total A� levels from forebrain samples
did not reveal a difference between behaviorally tested
PS2APP-Tg;DR6 �/� or PS2APP-Tg;DR6 �/� animals at 7– 8
(Fig. 4A) or 11–12 months of age in an independent cohort (Fig.
4B). Consistent with our biochemical analysis, immunohisto-
chemical staining for A� plaques did not reveal a difference in
total amyloid plaque burden between DR6 genotypes (Fig. 5). To
determine whether DR6 deletions alter plaque-associated gliosis,
we stained neighboring sections for GFAP, an indicator of acti-
vated astrocytes, or CD68, an indicator of activated microglia.
Consistent with previous studies, GFAP staining covered more
brain area in samples from PS2APP-Tg animals; however, it did
not differ between PS2APP-Tg;DR6�/� and PS2APP-Tg;DR6�/�

animals (Fig. 5). Analysis of CD68� staining also revealed a sig-
nificant increase in staining in sections from PS2APP-Tg animals.
Interestingly, CD68� staining was significantly lower in sections
from 7– 8 month PS2APP-Tg;DR6�/� animals compared with
PS2APP-Tg;DR6�/� animals. However, this effect was not ob-
served in 11- to 12-month-old animals. Together, these data sug-
gest that loss of DR6 function does not grossly impact the
pathogenic processing of APP or gliosis in the PS2APP model of

AD, but also raises the possibility that DR6 plays a modest and
transient modulatory role in microglia; an observation that needs
to be confirmed with further analysis.

Another salient pathology associated with AD is a decrease in
synapse density during disease progression (DeKosky and Scheff,
1990; Terry et al., 1991), with greater reduction of synapses
around amyloid plaques (Koffie et al., 2009), suggesting that
APP, or its proteolytic products, contributes to focal synapse loss.
To test whether an APP-DR6 pathway contributes to amyloid-
associated synapse loss, we crossed PS2APP-Tg;DR6�/� animals
to the GFP-M transgenic line to visualize neuronal morphology
in the context of AD-related pathology. GFP-M transgenic ani-
mals express GFP within a subset of L5 pyramidal neurons in the
cortex (Feng et al., 2000), thus enabling the morphometric anal-
ysis of neurons. To assess synapse loss, we quantified dendritic
spine density on apical dendrites of L5 pyramidal neurons within
the somatosensory cortex in 6-month-old animals. Quantifica-
tion of spine density on dendrites proximal or distal to abundant
cortical amyloid plaques revealed a focal reduction in spine den-
sity adjacent to amyloid plaques (Fig. 6A), reminiscent of focal
synapse loss observed in AD patient samples. Loss of DR6 func-
tion did not prevent this defect, as dendrites proximal to amyloid
plaques in PS2APP-Tg;DR6�/� animals exhibited a reduction in
spine density comparable with PS2APP-Tg;DR6�/� animals (Fig.
6B), suggesting that DR6 is not required for synapse loss associ-
ated with APP-driven amyloid plaque pathology.

Loss of DR6 function does not rescue deficits in an alternate
APP murine model of AD
One concern in the evaluation of phenotypes in transgenic mod-
els of AD is that some of the phenotypes may be specific to the
particular model and not generalizable to other models or repre-
sentative of the fundamental biology underlying AD. Therefore,

Figure 7. Loss of DR6 function does not alter spatial learning and memory deficits or pathology in the APP41 murine model of
AD at 6 –7 months of age. A, Distance traveled before reaching the hidden platform (sessions 1– 4) or visible platform (trials V1– 4)
during Morris Water Maze training. APP41, but not DR6, genotype significantly altered animal performance during the hidden
platform training ( p 
 0.001) and visible platform training ( p 
 0.01, two-way repeated-measures ANOVA). B, Percentage time
spent in each quadrant of the Morris Water Maze during probe trial: target, opposite (Opp), adjacent right (Adj R), and adjacent left
(Adj L). APP41, but not DR6, genotype significantly altered time spent in the target quadrant ( p 
 0.01, ANOVA). Dotted line
signifies chance performance; n 	 70 APP41-NTg;DR6 �/�, 56 APP41-Tg;DR6 �/�, and 44 APP41-Tg;DR6 �/� mice. C, Quanti-
fication of staining for plaque, GFAP and IBA1; n 	 22 APP41-NTg;DR6�/�, 19 APP41-Tg;DR6 �/�, and 20 APP41-Tg;DR6 �/�.
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we also tested whether loss of DR6 function alters the behavioral
and pathological phenotypes observed in an APP-only driven AD
model, the hAPPlon/swe line 41 (Rockenstein et al., 2001). Similar
to PS2APP-Tg animals, animals positive for the APP41 transgene,
APP41-Tg, express high levels of A�1– 40 and A�1– 42, begin to
develop amyloid plaques at 3– 4 months of age, and exhibit de-
fects in spatial learning and memory compared with control lit-
termates, APP41-NTg (Rockenstein et al., 2001; Faizi et al., 2012).
Because this experiment was designed to test the effect of DR6
loss of function on deficits associated with the APP41 transgene, a
APP41-NTg;DR6�/� cohort was not included in the study. In the
Morris Water Maze, 6- to 7-month-old APP41-Tg animals trav-
eled a significantly greater distance to locate the hidden or visible
platform during training compared with APP41-NTg animals
(Fig. 7A), although all animals eventually learned the task. Loss of
DR6 function did not alter this response. Comparison of swim
speeds during the hidden platform training found no signifi-
cant differences between the groups (data not shown), sug-
gesting the defect is cognitive. During a probe trial 24 h after
the completion of hidden platform training, APP41-Tg ani-
mals failed to search predominantly in the target quadrant
compared with all other corresponding quadrants (opposite,
adjacent right, and adjacent left), and spent significantly less
time searching in the target quadrant compared with APP41-
NTg controls (Fig. 7B), consistent with a deficit in spatial
memory. There was no difference between APP41-Tg;DR6 �/�

and APP41-Tg;DR6 �/� animals.
Upon completion of behavioral experiments, brains were col-

lected for histological analysis. Similar to our results from the
PS2APP model, loss of DR6 function did not significantly alter
amyloid plaque load or gliosis in APP41-Tg animals (Fig. 7C).
Together, our biochemical, histological, and behavioral analysis
of DR6 knock-outs in two distinct models of AD failed to find
evidence that DR6 functions in their APP-related pathology.

Discussion
The identification of molecular pathways by which APP and its
proteolytic fragments promote neurodegeneration is of great in-
terest in the hopes of identifying potential targets for the treat-
ment of AD. In this study, we conducted genetic studies to
evaluate DR6 function in the mature nervous system and in the
context of APP function, both under normal and AD-related
conditions. We found that although DR6 and APP function
within the same genetic pathway to regulate the density of excit-
atory synapses onto pyramidal neurons in the adult, loss of DR6
function does not ameliorate the pathological phenotypes asso-
ciated with two distinct murine models of AD.

Previous studies have implicated APP in the regulation of syn-
apse density, both in vitro and in vivo (Priller et al., 2006; Bittner
et al., 2009; Wei et al., 2010). Here we extend these findings in two
important ways. First, through analysis of BACE-1 knock-out
animals we provide evidence that APP-mediated physiological
regulation of synapse density in vivo is BACE-1-independent,
thus likely independent of A� or additional BACE-1-cleaved APP
products (s-�APP or �-CTFs). Second, our genetic analysis of
APP and DR6 single knock-out, and APP;DR6 double knock-
outs, supports a model in which APP regulates synapse density
through a shared genetic pathway with DR6, because a similar
phenotype was seen in the double mutant as in each of the single
mutants. As the ectodomains of DR6 and APP have been shown
to interact directly (Nikolaev et al., 2009; Olsen et al., 2014), the
regulation of synapse density could be through a direct interac-
tion. Further examination of APP and DR6, however, is required

to determine whether an interaction is obligatory for function,
and whether APP and DR6 represent a ligand-receptor pair or
function via another modality, such as scaffolding molecules or
coreceptors, to regulate synapse density.

Understanding how DR6 and APP regulate synapse density
requires identifying the cellular context in which the pathway
acts, and the timing of their action. In the context of regulating
developmental axon degeneration, in vivo shRNA-knockdown of
either DR6 or APP results in delayed developmental pruning of
axons from transfected neurons, suggestive that both proteins
can act cell-autonomously, likely within axons, to promote de-
generation during development (Olsen et al., 2014). In analogous
experiments, here in L2/3 pyramidal neurons of the mature CNS,
shRNA-knockdown of APP within postsynaptic cells supported a
cell-autonomous role for APP with respect to the regulation of
spine density, but shRNA-knockdown of DR6 did not. One pos-
sibility is that DR6 functions in the presynaptic compartment and
APP in the postsynaptic compartment to mediate their effects; we
cannot, however, exclude that shDR6 was simply less effective
than shAPP in knocking down its target and that both function in
the postsynaptic compartment. With respect to timing of their
action, the finding that DR6 regulates axon pruning during in-
duced plasticity in the adult (Marik et al., 2013), raises the possi-
bility that the effects on synapse density reflect ongoing roles for
DR6 and APP in the adult. However, we also cannot exclude that
the differences in synapse number reflect altered connectivity
established during development, e.g., if more axons are retained
after development in APP and DR6 knock-out mice, with in-
creased synaptic density being a secondary consequence via alter-
ing the probability of presynaptic and postsynaptic cell contact.
Interestingly, DR6 knock-out animals are reported to exhibit an
increase in the density of presynaptic boutons but no change in
bouton stability (Marik et al., 2013), consistent with the findings
here of elevated dendritic spine density but no change in spine
stability in DR6 knock-out animals. The lack of effect on bouton
and spine stability might be interpreted to support the idea that
increased synaptic density in adult APP and DR6 knock-out mice
is a secondary consequence of increased connectivity established
in development, although further studies, including removal of
APP and/or DR6 specifically in the adult, will be required to
definitively rule in or rule out ongoing roles for these proteins in
regulating synaptic density in the adult.

In line with altered spine density in DR6�/� animals, several
behavioral abnormalities were observed in mice lacking DR6.
Specifically, they showed reduced spontaneous locomotion in an
open field, increased freezing response to a foot shock, and faster
learning to avoid a shock in an active avoidance task. Given the
lack of DR6 effect in more demanding cognitive tasks, such as the
Barnes Maze and Morris Water Maze, it is likely that these
changes reflect alterations in reactivity to novel and/or aversive
stimuli. Although we did not test APP�/� mice in the battery of
behavioral tests described here, several APP-deficient mouse
lines have been characterized previously (Müller et al., 1994;
Dawson et al., 1999; Ring et al., 2007; Senechal et al., 2008).
Interestingly, like DR6�/� mice, APP�/� animals are reported to
show reduced locomotion in an open field. This is also potentially
consistent with the idea that DR6 and APP act in the same path-
way to alter neuronal morphology and function, though because
there are many ways that locomotor activity can be altered, alter-
nate pathways may also be involved. Interestingly, APP�/� mice
were also reported to have altered active avoidance behaviors
(Müller et al., 1994; Dawson et al., 1999; Senechal et al., 2008).
Although most of these studies found that older APP�/� animals
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were slower to acquire avoidance behavior, Dawson et al. (1999)
noted that young (4-month-old) APP�/� animals tended to ac-
quire avoidance faster than the APP�/� controls-similar to the
results found here with DR6�/� mice. However, in contrast to
these two similarities in behavioral alterations in DR6�/� mice
and APP�/� mice, there is a notable divergence between these
mice in spatial learning and memory. Morris Water Maze deficits
are widely reported in APP�/� mice (Müller et al., 1994; Dawson
et al., 1999; Ring et al., 2007), although we see no evidence of
spatial learning impairments in DR6�/� mice. This suggests that
removal of APP can affect neural function and behavior through
some pathways that are dependent on DR6 function but others
that are independent.

Although studies of DR6 and APP knock-out animals suggest
that APP can function in both DR6-dependent and -independent
pathways in vivo, it is important to understand if the relationship
between the two proteins is similar or different in the disease
context. Our genetic analysis of DR6 in murine models of AD
indicates that DR6 is not required for most of the APP-driven
AD-related pathology that is apparent in two distinct APP over-
expression models. No difference was observed in the appearance
of amyloid plaques or in gliosis, though a role for DR6 in these
processes was not necessarily expected; there was, however, an
apparent transient reduction in the degree of microglial activa-
tion, although further studies will be required to confirm this
effect and determine its basis. However, given the interaction of
DR6 and APP and the report that DR6 functions to mediate toxic
actions of A� peptides in vitro (Hu et al., 2013), one might have
expected DR6 removal to mitigate synaptic loss and/or cognitive
behavioral deficits, especially because those defects in mouse
models appear to be dependent on A� because they can be im-
proved by administration of antibodies to A� (Brody and Holtz-
man, 2008). However, we did not observe any reversal of those
deficits upon genetic deletion of DR6. Our results, therefore, ar-
gue against a central role for DR6 in establishing APP and/or A�
driven pathology in these mice. Whether it contributes to the
axon degeneration observed in Alzheimer’s disease remains to be
determined.
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