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Alzheimer’s disease (AD) represents the most common age-related neurodegenerative disorder. It is characterized by the invariant
accumulation of the �-amyloid peptide (A�), which mediates synapse loss and cognitive impairment in AD. Current therapeutic ap-
proaches concentrate on reducing A� levels and amyloid plaque load via modifying or inhibiting the generation of A�. Based on in vivo
two-photon imaging, we present evidence that side effects on the level of dendritic spines may counteract the beneficial potential of these
approaches. Two potent �-secretase inhibitors (GSIs), DAPT (N-[N-(3,5-difluorophenacetyl-L-alanyl)]-S-phenylglycine t-butyl ester)
and LY450139 (hydroxylvaleryl monobenzocaprolactam), were found to reduce the density of dendritic spines in wild-type mice. In mice
deficient for the amyloid precursor protein (APP), both GSIs had no effect on dendritic spine density, demonstrating that �-secretase
inhibition decreases dendritic spine density via APP. Independent of the effects of �-secretase inhibition, we observed a twofold higher
density of dendritic spines in the cerebral cortex of adult APP-deficient mice. This observation further supports the notion that APP is
involved in the modulation of dendritic spine density—shown here for the first time in vivo.

Introduction
Alzheimer’s disease (AD) is the most common neurodegenera-
tive disorder in the elderly. Pathognomonic features include the
accumulation of amyloid �-peptide (A�), neurofibrillary tangles,
neuronal death, and synapse loss (Terry et al., 1991; Selkoe,
2002). The amyloid precursor protein (APP) is of central impor-
tance in AD pathogenesis because it represents the precursor of
A� as the prime causative agent (Selkoe, 1994). APP is first
cleaved by the �-site APP-cleaving enzyme 1 (BACE1), resulting
in a secreted ectodomain of APP and the 99 aa C-terminal frag-
ment � (CTF�). The latter is subsequently processed by
�-secretase to generate the APP intracellular domain and A�,
which is secreted into biological fluids (Haass, 2004). A major
therapeutic approach, which is currently under clinical testing, is
the pharmacological inhibition of �-secretase (Selkoe and Wolfe,
2007). To assess the impact of �-secretase inhibitors (GSIs) on
individual synapses, we performed transcranial two-photon im-
aging in the cortex of living mice. Long-term in vivo imaging
provides a powerful tool to explore structural plasticity of single
synapses over extended time periods in the cerebral cortex of

living mice (Grutzendler et al., 2002; Trachtenberg et al., 2002;
Tsai et al., 2004; Spires et al., 2005; Zuo et al., 2005; Holtmaat et
al., 2006; Fuhrmann et al., 2007). This method thus enables direct
monitoring of the effect of drugs on structural plasticity of indi-
vidual spines during and after drug administration. Specifically,
dendritic spines in apical dendrites of layer 3 and layer 5 neurons of
the somatosensory cortex were analyzed in wild-type (WT) mice to
assess the impact of the �-secretase inhibitors DAPT (N-[N-(3,5-
difluorophenacetyl-L-alanyl)]-S-phenylglycine t-butyl ester) and
LY450139 dihydrate (hydroxylvaleryl monobenzocaprolactam),
which is in clinical trials (Fleisher et al., 2008), on structural plasticity
of dendritic spines.

Materials and Methods
Mice. APP �/� mice (Li et al., 1996) were crossed with heterozygous mice
of the YFP-H line (Feng et al., 2000) (The Jackson Laboratory). The
APP �/� offspring was backcrossed with APP �/� mice to yield littermate
APP �/� and APP �/� mice. As controls we used mice of the same back-
ground, but that were APP �/�. All mice were heterozygous for YFP and
of mixed gender, and were analyzed at 4 – 6 months of age. Mice were
group housed under pathogen-free conditions until surgery, after which
they were singly housed. All procedures were in accordance with an
animal protocol approved by the University of Munich and the govern-
ment of upper Bavaria.

Cranial window surgery. A cranial window over the right cortical hemi-
sphere was surgically implanted as previously described (Fuhrmann et
al., 2007). The mice were anesthetized with an intraperitoneal injection
of ketamine/xylazine (0.13/0.01 mg/g body weight). Additionally, dexa-
methasone (0.02 ml at 4 mg/ml) was intraperitoneally administered im-
mediately before surgery (Holtmaat et al., 2005). A circular piece of the
skull over the somatosensory cortex (4 mm in diameter) was removed
using a dental drill (Schick-Technikmaster C1; Pluraden). Immediately,
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a round coverslip (5 mm diameter) was glued to the skull using dental
acrylic (Cyano-Veneer fast; Schein) to close the craniotomy. A small
metal bar, containing a hole for a screw, was glued next to the coverslip to
allow repositioning of the mouse during subsequent imaging sessions.
After surgery, mice received a subcutaneous analgesic dose of carpro-
phen (Rimadyl; Pfizer) for 3 d (5 mg/kg). Imaging began after a 21 d rest
period after surgery for the window to become stable. The mice were
killed at the end of the experiment by cervical dislocation.

�-Secretase inhibitor administration. DAPT (Millipore Bioscience Re-
search Reagents, Merck) was formulated in 5% (v/v) ethanol and corn oil
and subcutaneously administered in 100 mg/kg (Dovey et al., 2001) daily
for 4 d. LY450139 (Gitter et al., 2004) was synthesized following the
schemes provided by Lilly and formulated in 10% Cremophor EL solu-
tion (Sigma-Aldrich), and administered subcutaneously in 30 mg/kg
(Ness et al., 2004) daily for 4 d.

Two-photon in vivo imaging. In vivo two-photon imaging was per-
formed in 3- to 4-d intervals after a 21 d rest period after cranial window
surgery (Fuhrmann et al., 2007). An Axioskop 2Fs mot LSM510Meta/
NLO setup (Zeiss), equipped with a MaiTai laser (Spectra Physics), was
used. The MaiTai Ti:Saphir laser had a bandwidth of 710 –920 nm and

was pumped by a 10 W solid-state laser (Millenia X; Spectra Physics).
Yellow fluorescent protein (YFP) was excited at 880 nm. For in vivo
imaging, mice were anesthetized by an intraperitoneal injection of ket-
amine/xylazine, 0.01/0.0075 mg/kg body weight). Imaging sessions
lasted for no longer than 60 min. Image acquisition was performed with
the Zeiss LSM510 Rel3.2 software. For overview images, z-stacks of 150
�m with 2 �m z-resolution and 1024 � 1024 pixels per image frame
(0.22 �m/pixel) were taken with a Zeiss 40� water-immersion objective
(0.8 numerical aperture). For higher-resolution images to count den-
dritic spines, the same objective was used. Image stacks of various sizes
(10 –50 �m depth) with 1 �m z-resolution and 512 � 512 pixels per
image frame (0.11 �m/pixel) were generated. Care was taken to ensure
similar fluorescence levels in space and time. Apical dendritic tufts in layer
1–2 of the somatosensory cortex were imaged. Repositioning of the same
dendritic element over time was achieved by orienting to the vascular pattern
and unique branch points of apical dendrites. Five to 10 positions per mouse,
containing several dendritic elements and neurons up to 200 �m below the
pial surface, were imaged over the indicated time periods.

Image processing and data analysis. All images were deconvolved
(AutoDeblur, version X2.0.1, Media Cybernetics) and filtered with an

Figure 1. The fate of individual dendritic spines before and after GSI treatment in WT and APP KO mice (APP �/�). A–D, Over a time period of 25 d, representative two-photon in vivo images were
taken of the same dendritic element in 4- to 6-month-old mice. Numbers indicate time points in days relative to day 0 when the treatment (LY450139; 30 mg/kg) started for 4 d. Blue arrows
exemplarily mark spines that were stable at that exact time point; green arrows indicate gained spines, whereas red arrows represent lost spines at that time point. Scale bars, 3 �m. A, GSI-treated
WT mice; B, vehicle-treated WT mice; C, GSI-treated APP KO mice; and D, vehicle-treated APP KO mice.

10406 • J. Neurosci., August 19, 2009 • 29(33):10405–10409 Bittner et al. • �-Secretase Inhibition Reduces Spine Density



edge-preserving algorithm, followed by a local contrast change (Imaris
5.0.1, Bitplane). The images were aligned (Stackreg plug-in, NIH ImageJ,
version 1.38), and maximum intensity was projected (Zeiss LSM510
3.2Rel software) or three-dimensionally reconstructed (Filament tracer,

Imaris 5.7.2, Bitplane). In some figures, dis-
tracting neighboring dendritic elements were
removed. Spines were counted in z-stacks by
manually scrolling through the images of sub-
sequent time points of the same position. All
clear protrusions emanating laterally from the
dendritic shaft, regardless of shape, were mea-
sured. Spines were counted as stable when they
were detected at the same place, not �1 �m
away from the previous position. Lost spines
were counted as lost when they consisted of �4
pixels and as gained when they consisted of �4
pixels in length protruding from the dendrite.
This scoring method has previously been used
successfully (Holtmaat et al., 2005; Fuhrmann
et al., 2007). Because the z-axis resolution of
two-photon microscopy is insufficiently low,
only protrusions emanating laterally from the
dendrite were counted. Dendritic spine analy-
sis was performed in a blind manner by an
experimenter without knowledge of the exper-
imental conditions. Spine densities refer to the
amount of spines per dendrite length, in mi-
crometers, from which they protrude. Spines
lasting for �8 d were classified as transient and
spines with a lifetime of 8 d or more as persis-
tent (Holtmaat et al., 2006; Knott et al., 2006).
Fraction of spine survival represents the frac-
tion of spines present at a certain time point
compared with the first imaging time point.
Analysis of spine shape was performed with
3DMA software as previously described (Koh
et al., 2002).

Statistics. To test for significant changes over
time, repeated-measures ANOVA was per-
formed of individual mice in each group (n �
4 –5 mice with a total of 35,420 analyzed
dendritic spines in 5–9 dendrites per mouse).
To test significance of dendritic spine density
and dendritic spine density related to spine
shape, one-way ANOVA was performed com-
paring individual dendritic elements (n � 70
APP�/�, n � 36 APP�/�, n � 66 WT) with a
total of 6224 dendritic spines in n � 29 mice. All
data are presented as mean � SEM; asterisks
(***) indicate p � 0.001.

Results
GSIs are known to reduce A� levels in the
brain of transgenic Alzheimer mouse
models as much as 60% while significantly
increasing APP-CTF levels (Dovey et al.,
2001; Ness et al., 2004). In our experi-
ments, GSI treatment led to a significant de-
crease of dendritic spine density in 4- to
6-month-old WT mice, an effect that was
not observed in vehicle-treated mice (Figs.
1A,B, 2A; repeated-measures ANOVA;
p � 0.001; n � 5 per group). This decline
in spine density started directly after GSI
treatment and did not recover within 3
weeks after the last application. Further-
more, the GSI-induced dendritic spine
loss was associated with a lower survival

fraction of dendritic spines compared with vehicle-treated mice
(Fig. 2B). Notably, only the density of persistent spines (lifetime
�8 d), which represent the synapse-forming class of spines

Figure 2. Dendritic spine density decreased after GSI treatment by either DAPT or LY450139, exclusively in WT, but not in APP
KO, mice, indicating an APP-dependent mechanism. A–D, Time point values represent mean values of individual mice (n � 5 per
group). The gray column indicates the 4 d treatment period (days 0 –3). Error bars represent mean�SEM. A, The average dendritic
spine density decreased significantly in WT mice after GSI treatment compared with vehicle-treated WT mice (repeated-measures
ANOVA; p � 0.001), whereas in APP KO mice, GSI treatment had no effect on the dendritic spine density. In addition, the baseline
dendritic spine density in APP KO mice was elevated by twofold. The severity of the induced dendritic spine loss in WT was stronger by DAPT
compared with LY450139. B, The average survival fraction of spines significantly decreased (repeated-measures ANOVA; p � 0.001)
exclusively in WT mice after GSI treatment. The decrease in dendritic spine density manifested only in a loss of persistent spines (repeated-
measures ANOVA; p � 0.001) (C), whereas in transient spines, no significant difference was detected (D).

Figure 3. Dendritic spine density and spine shape are dependent on APP expression in a dose-dependent manner. A, Repre-
sentative images of dendritic branches of 4- to 6-month-old WT, heterozygous APP (APP �/�), and APP KO (APP �/�) mice.
Dendritic elements were three-dimensionally reconstructed to classify dendritic spines regarding their shape using a computer-
based algorithm. Dendritic spine shapes are exemplarily indicated by t (thin), s (stubby), and m (mushroom). Scale bars, 3 �m.
B, The dendritic spine density was significantly higher in APP �/� mice compared with APP �/� littermates and WT mice
(one-way ANOVA, p � 0.001). C, The increase in dendritic spine density in APP �/� mice compared with APP �/� and WT mice
was mainly caused by an increase in stubby- and mushroom-shaped spines (one-way ANOVA). Error bars (B, C) indicate SEM.
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(Holtmaat et al., 2006; Knott et al., 2006) decreased (Fig. 2C;
repeated-measures ANOVA; p � 0.001; n � 5 per group). The
density of transient spines (lifetime �8 d) remained unchanged
(Fig. 2D). This indicates that the mechanisms involved in build-
ing up new spines are not altered by the GSI treatment.

GSIs block �-secretase processing of APP as well as numerous
other type I membrane proteins, including Notch (Geling et al.,
2002; Kopan and Ilagan, 2004). To investigate whether the GSI-
induced dendritic spine loss in WT mice was a consequence of an
inhibition of APP processing, mice deficient for APP [APP
knock-out (APP KO)] were treated with the GSIs in the same way
as WT mice. Hereby, we detected that APP KO mice exhibit a
baseline dendritic spine density that is approximately twofold
higher compared with WT mice (Fig. 3A,B). In littermates het-
erozygous for APP (APP�/�), dendritic spine density was signif-
icantly lower than in APP KO mice but still elevated compared
with WT mice (Fig. 3A,B; APP�/�, 0.59 � 0.03 �m�1 vs
APP�/�, 0.40 � 0.02 �m�1 vs WT, 0.33 � 0.01 �m�1; one-way
ANOVA, p � 0.001; n � 70 vs n � 36 vs n � 60 dendrites,
respectively). This strongly reinforces the evidence that dendritic
spine density is modulated in a dose-dependent manner by APP
expression. The increased dendritic spine density in APP KO
mice was attributable to a higher number of persistent spines
(Fig. 2C), whereas no significant difference in transient spine
density was observed (Fig. 2D). To support the fact that APP KO
mice had more functional synapses compared with WT, we clas-
sified the spines according to their shape. APP KO mice displayed
an increased level of thin-, stubby-, and mushroom-shaped
spines (Fig. 3C). However, especially the amount of stubby- and
mushroom-shaped spines was increased, which are mainly per-
sistent spines and therefore represent functional synapses (Holt-
maat et al., 2006; Majewska et al., 2006).

After GSI treatment, the dendritic spine density in 4- to
6-month-old APP KO mice remained constant (Figs. 1C,D, 2A),
with unchanged densities of persistent (Fig. 2C) and transient
spines (Fig. 2D). At the same time, the survival fraction of den-
dritic spines in APP KO mice was similar to those in WT (Fig.
2B). The observation that the pharmacological inhibition of
�-secretase activity, either by DAPT or LY450139, had no effect
on dendritic spines in APP KO mice demonstrated that the GSI-
induced decrease in dendritic spine density in WT mice is depen-
dent on APP.

Discussion
Our results show two interesting findings. First, adult APP KO
mice show a significantly increased spine density in the cerebral
cortex, and second, �-secretase inhibition leads to a reduction of
dendritic spines in an APP-dependent manner.

The enhanced spine density in the cerebral cortex of APP KO
mice supports previous in vitro findings showing that cultured
hippocampal neurons from newborn mice as well as hippocam-
pal sections from adult APP KO mice exhibit an increased num-
ber of synaptic endings (Priller et al., 2006). Detailed patch-clamp
studies in autaptic hippocampal neurons further revealed that a
lack of APP increases the number of synapses but does not affect
the function of individual excitatory synapses either presynapti-
cally or postsynaptically (Priller et al., 2006). The present study
observed a close dose–response correlation between the ex-
pressed amount of APP and the number of dendritic spines in the
cerebral cortex, since heterozygote APP litters show fewer spines
than APP KO mice but more than WT mice. This result is in line
with the previously proposed view that A� reduction is beneficial
for excitatory synaptic transmission and dendritic spine density

(Kamenetz et al., 2003; Hsieh et al., 2006). Interestingly, an alter-
native way to reduce A� levels via the pharmacological inhibition
of �-secretase activity in 4- to 6-month-old WT mice did not
enhance dendritic spine density. In contrast, �-secretase inhibi-
tion resulted in a persistent reduction of dendritic spine density
in vivo. This effect was directly linked to the presence of APP,
since the dendritic spine density did not decrease after �-secretase
inhibition in APP KO mice. However, whether this negative effect
on dendritic spine density can also be observed in aged WT mice
(Lanz et al., 2003) was not analyzed. Together, chronic GSI treat-
ment over 4 consecutive days led to a loss of dendritic spines,
whereas acute GSI treatment in previous studies was not found to
alter spine density in organotypic hippocampal slices (Kamenetz
et al., 2003) or cognition (Comery et al., 2005). We did not ana-
lyze whether the spine loss after chronic �-secretase inhibition
actually affects cognition. However, based on the results obtained
from presenilin conditional KO mice (Saura et al., 2004), it is
tempting to speculate that this may occur.

In addition to the advantageous reduction of A� after
�-secretase inhibition, other APP cleavage products seem to neg-
atively modulate dendritic spine density in vivo. An involvement
of the secreted N-terminal APP fragments sAPP� and sAPP� is
not very likely because they are largely unaffected by �-secretase
inhibition (Dovey et al., 2001). We rather suggest that the APP-
derived �-secretase substrates C83 and/or C99, respectively,
APP-CTFs that accumulate during �-secretase inhibition, are
toxic to dendritic spines in vivo. By these means, after �-secretase
inhibition, the synaptotoxic effect of APP-CTF accumulation
might exceed the beneficial reduction of A�, finally resulting in a
decreased dendritic spine density in vivo. In this context, the toxic
effect of �-secretase inhibition on dendritic spine density in the
adult mouse brain should make evident possible side effects of
therapeutic approaches that lower A� but, on the other hand,
increase the levels of C-terminal APP fragments.
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