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Figure 1. Scheme of the sequential ectodomain
shedding / intramembrane processing of APP. Stimuli
including calcium influx stimulate the ectodomain
shedding of the N-terminal extracellular domain
releasing soluble Nter fragment (sNter) outside the
cell. The remaining C-terminal fragment (CTF) is
further cleaved at the transmembrane domain by the
intramembrane protease γ-secretase releasing Aβ like
peptides and an APP intracellular domain (AICD).
AICDs has been proposed to shuttle to the nucleus
where they regulate transcription. TF: transcription
factor; RE: response element.

• γ-secretase, an intramembrane protease that
contains presenilin (PS) as its catalytic subunit,
cleaves amyloid precursor protein (APP), a
transmembrane protein involved in Alzheimer
Disease (AD).

• APP intramembrane cleavage generates the APP
Intracellular Domain (AICD), a versatile signaling
peptide known to regulate transcription in cell lines
(Fig. 1; Suedhof, 2001).

• Evidence from familial form of AD (FAD) suggests
that loss of PS/γ-secretase functions and altered
AICD production participate in neurodegeneration
in AD.

• In addition, reports about the role of calcium on
intramembrane proteolysis of other γ-secretase
substrates (i.e.: Notch, N-cadherin) suggests that
calcium influx associated with neuronal firing could
stimulate APP cleavage by γ-secretase.

• To study how neuronal activity regulates γ-secretase-mediated APP proteolysis, AICD
production and AICD transcriptional functions, we created a bicistronic lentiviral tool that
combines optogenetic stimulation with the expression of fluorescently-tagged APP in mouse
hippocampus (Fig. 2A). After validation, this tool was associated to a biochemical approach,
such as Western Blot and cellular imaging (Fig. 2B).

Figure 2. Expression of an APP reporter transgene
combined with optogenetic. (A) Scheme of the
bicistronic lentiviral construct used to follow APP
cleavage and AICD production. Left, the construct
contains the hippocampus granule-cell-specific
promoter C1ql2, the highly-sensitive Channelrhodopsin
variant ChIEF bound to the “stop-carry on” sequence
2A, and APP bound to the reporter Tomato. Right,
scheme of APP-Tomato at the membrane. γ-Secretase
cleaves APP within the membrane, releasing AICD-
Tomato intracellularly. (B) Hippocampal-specific
expression of APP-Tomato in granule cells of
C57BL/6WT mice. Top, epifluorescent images of
parasagittal section at 2,5x magnification. DG: dentate
gyrus; MF: mossy fibers. Scale bar, 200 µm. Bottom,
close-up of the picture on the top panel (see dashed
box), 16x magnification. Scale bar, 50 µm.
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Figure 4. Biochemical and imaging analysis of mice parasagittal sections expressing APP-Tomato in dentate gyrus granule cells. (A) Western-blot from cell
fractionation lysate of APP-Tomato hippocampal slices probed against Tomato. Arrows show differences in AICD-Tomato expression in the nuclear fraction in
control and stimulated conditions. Stimulation protocol: 20Hz, 3x10s. (B) Representative images and quantification showing the expression levels of APP-
Tomato. Left panel, slices were kept in ACSF and immunostained 4 hours after slicing (No stim). Mid panel, slices were stimulated with blue light and kept in
ACSF for 4 hours before immunostaining. Stimulation protocol: 20Hz, 3x10s. Arrows indicate neurons for which the fluorescence is evenly distributed between
soma-nucleus. Right panel, cumulative frequency distribution of the relative fluorescence intensity between nucleus and cytosol under control and stimulated
conditions. n=3; Mann Whitney test, ****P<0.0001. Scale bar, 20 µm. (C) Experiments as in B) in presence of g-secretase non-competitive inhibitor DAPT (10
µM). n=3. Mann Whitney test p>0.05. Scale bar, 20 µm.
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• Then, to monitor activity-dependent transcription and to prospectively study the
involvement of AICD, we combined optogenetic activation to an activity-dependent
promoter driving the expression of a fluorescence reporter (Fig. 3).
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Figure 3. Construction of the lentiviral vector
and synthetic E-SARE promoter used to monitor
activity-dependent transcription. (A) Left,
lentiviral vector used to optogenetically activate
ChIEFTomato-positive granule cells. (B)
Adapted from Kawashima et al. 2013. The E-
SARE expression cassette contains an inverted
terminal repeats (ITR), d-Venus (a destabilized
form of Venus fluorescent protein with enhanced
catabolism) under the control of the E-SARE
synthetic promoter.

• Using a biochemical approach, our results show that AICD-
Tomato expression in the nuclear fraction is increased under
condition of high-frequency illumination, suggesting that γ-
secretase proteolytic activity and production of AICD-Tomato is
enhanced by neuronal activation (Fig. 4A).

• Using confocal microscopy, our data shows that under control
condition (Fig4B, left panel), neurons display a higher APP-
Tomato fluorescence in the soma than in the nucleus, whereas
under stimulated condition (Fig4B, central panel) neurons display
a higher APP-Tomato fluorescence in the nucleus (see arrows).

• Fluorescence of the nucleus versus the soma of 150 control or stimulated neurons was measured and
revealed a significant increase of 1,2 of the relative nucleus-to-soma ratio by light stimulation (Fig. 4B, right
panel; Mann Whitney test ****p<0.0001), in agreement with results obtained from biochemical experiments.
The cumulative frequency distributions of the measured population of neurons under both conditions were
graphed. In three independent experiments, fluorescence of APP-Tomato shuttled to the nucleus in
function of high-frequency stimulation, suggesting that AICD-Tomato is being transported to the nucleus
when neurons are active.

• To confirm that the observed increase in AICD production upon stimulation depends on the γ-secretase
intramembraneous cleavage of APP, we performed the same immunohistochemistry and imaging
experiment in presence of γ-secretase inhibitor DAPT. Relative nucleus-to-soma ratio demonstrated a
complete inhibition of the light-induced translocation of AICD-Tomato to the nucleus (Fig.4C; right panel;
Mann Whitney test p>0.05). Our results show that neuronal activity regulates γ-secretase-mediated APP
cleavage, leading to an increase in AICD, which in turn translocates to the nucleus.

Figure 5. Imaging analysis and quantification of parasagittal sections expressing E-SARE reporter GFP in dentate gyrus granule cells. (A) Representative images showing the expression levels the construcst (see
material and methods, Fig. 3). Top panels, control slices showing d-Venus basal expression 4 hours after slicing. Bottom panel, stimulated slices displaying d-Venus expression 4h after illumination of the dentate gyrus
(20Hz, 3x10s). Arrows indicate E-SARE d-Venus-positive neurons. Scale bar, 20 µm. (B) Quantification of mean fluorescence and d-Venus-positive neurons in control and stimulated conditions. Top, mean fluorescence
of 200 control or stimulated neurons. Bottom, d-Venus-positive neurons and dynamic range in control and stimulated conditions. Cells with a mean intensity above the set threshold were considered positive cells (see
material and methods for details on threshold setting). Dynamic ranges were calculated from the ratio of activity under the two conditions. Error bars, s.e.m. across two mice. One-way ANOVA followed by Tukey’s post
hoc test ###p<0.001;****p<0.0001.

• To investigate whether AICDs regulate activity-dependent transcription, we first set-up a new strategy to monitor the activity-dependent
transcription in a specific population of stimulated neurons. We combined optogenetic stimulation by ChIEF-Tomato with the recently developed
“enhanced synaptic activity-responsive element" (E-SARE; see materials and methods, Fig. 3). When d-Venus is under the control of E-SARE,
green fluorescence reports the activation of the promoter, which responds to neuronal activity.

• Confocal imaging analysis demonstrated that under control condition (Fig.5A, top panel, left), neurons display low level of d-Venus expression
whereas under stimulated condition (Fig.5A, upper panel, left) neurons display an increased expression of d-Venus fluorescence (see arrows).
Mean fluorescence of 200 control or stimulated neurons was measured and revealed a significant increase under stimulated condition (Fig. 5B,
left; one-way ANOVA followed by Tukey’s post hoc test ****p<0.0001; error bars, s.e.m. across two mice). d-Venus-positive neurons in control and
stimulated conditions were counted, using as a threshold the mean fluorescence of the control condition plus twice its standard deviation. Cells
with a mean intensity above the set threshold, were considered positive cells (Fig. 5B, right). Our results demonstrated a significant increase in d-
Venus-positive neurons 4 hours after stimulation, demonstrating that light-induced neuronal activation triggers activity-dependent transcription.

• As our data validated the newly developed approach, we are looking forward to study the involvement of AICD in activity-dependent transcription.
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• γ-Secretase, an intramembrane protease that cleaves transmembrane proteins, such as
APP, N-cadherin and Notch. The cleavage of the two latter proteins releases ICDs;
versatile signaling molecules reported to migrate to the nucleus and regulate gene
expression (Struhl and Greenwald 1999). Similarly, the cleavage of APP leads to the
production of AICD, however whether it translocates to the nucleus and regulates
transcription remains unsolved. Meanwhile, previous reports (Marambaud et al., 2003)
have demonstrated that calcium influx stimulates the processing of E- and N-cadherin by
γ-secretase. This suggests that the increased Ca2+ entry facilitated by neuronal activity
could regulate APP processing and AICD production.

• Here we developed a new strategy that combines optogenetic stimulation with the
expression of an APP reporter transgene: APP-Tomato. This approach allows us to study
the effect of neuronal activity on γ-secretase-mediated APP cleavage. Combining the new
approach to a biochemical approach based on cell-fractionation, we observed an increase
of AICD in the nucleus when neurons were stimulated at high-frequency. Similarly,
combining optogenetic-based activation of fluorescently-tagged APP expressing neurons,
we visualized an increase of fluorescence distribution in the nucleus upon stimulation of
the dentate gyrus, indicating that neuronal activity stimulates the shuttling of APP-Tom-
related peptide to the nucleus. In addition, comparable imaging experiments in presence
of γ-secretase inhibitor DAPT fully inhibited the light-induced changes in fluorescence
distribution, demonstrating the involvement of γ-secretase proteolytic activity and AICD
translocation to the nucleus upon neuronal firing.

• The regulation of gene transcription by an AICD-dependent mechanism has been
previously proposed by Südhof and Cao (2001), although it is still debated. Recent
evidence (Octave et al. 2014) suggests that impaired APP cleavage could lead to a
decreased functional response in IEG expression, an event that could participate in the
cognitive deficits observed in patients with AD.

• Here we developed a new strategy, in which we combined optogenetic stimulation with an
activity-dependent promoter driving the expression of a fluorescence reporter to study the
involvement of AICD in activity-dependent fast transcription. Imaging analysis revealed a
strong increase in the expression of activity-reporter protein d-Venus in ChIEF-Tomato-
positive cells after stimulation, demonstrating that light-induced neuronal activation
triggers activity-dependent transcription. Similar experiments in presence of γ-secretase
inhibitor will allow the elucidation of AICD involvement in activity-dependent transcription.
Moreover, prospective experiments to study downstream genes, whose expression could
potentially be regulated by neuronal firing and subsequent produced-AICD, remain to be
performed. Candidate downstream genes are Bin1 and Picalm, two genes which are
associated with late onset form of AD (Lambert et al. 2013).

• Taken together, we demonstrate that neuronal activity stimulates γ-secretase proteolysis,
production of AICD transported to the nucleus, and activity-dependent transcription. These
findings extend our knowledge about the physiological regulation of γ-secretase and
reveal a bigger picture of neuronal activity functions in the brain. Our data also reveals the
new piece of evidence that AICD translocates to the nucleus upon stimulation, becoming
increasingly evident its contribution towards significant downstream pathways involving
regulation of important AD-related genes. Ultimately, investigating whether loci associated
with the late-onset form of AD (like Bin1 and Picalm) are downstream genes regulated by
AICD, could provide new avenues for developing effective therapeutics for AD.
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