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Synopsis

Introduction (Chapter 1 of the thesis)

Alzheimer's disease (AD), the most common cause of dementia, is an irreversible
progressive neurodegenerative disorder that leads to loss of memory and cognition
(Hardy, 2006). Pathologically, AD is characterized by brain atrophy along with an
accumulation of AP plaques and neurofibrillary tangles (Hardy, 2006). But the most
robust correlation for the severity of dementia and staging of AD is with the extent of
synapse loss (Shankar & Walsh, 2009). More than 90% of AD cases are sporadic with
no known familial mutations in APP or PSEN genes (Tanzi, 2012). Beyond the familial
mutations, many genetic factors significantly increase the risk of AD(Tanzi, 2012).
Apolipoprotein isoform €4 (APOE4) is the most well-established genetic risk factor
which increases the frequency of AD occurrence and decreases the age of onset
significantly (Kim et al., 2009; C. C. Liu et al., 2013). APOE has three major isoforms
in humans - €2 (APOE2), €3 (APOE3) and €4 (APOE4). But among them, only APOE4
is shown to increase the predisposition to AD by affecting the clearance of Ap (Kim et
al., 2009; C. C. Liuetal., 2013). However, many studies have reported that the presence
of the APOE4 allele can cause synaptic defects independently. Reduction of neurite
outgrowth, dendritic complexity, spine density, and loss of synaptic proteins is well
reported in APOE4 mice models (Dumanis et al., 2009; Nathan et al., 1994; Rodriguez
et al., 2013; Teter et al., 2002; Yong et al., 2014). Consequently, APOE4 mice of both
younger and older age groups are reported to show defects in spatial learning and
memory(Rodriguez et al., 2013). This supports the idea that APOE4 could have an
impact on cognitive processes from early in life. In support of this, many studies have
drawn correlations between APOE genotype and cognition in humans as well (de Jager
et al., 2012; Reas et al., 2019; Small et al., 2004; Wisdom et al., 2011). One of the
known mechanisms for APOE4 mediated synaptic defects is the interference of APOE4
with glutamate receptor signaling pathways (Chen et al., 2010), especially downstream
of NMDARs (Bacskai et al., 2000; Nakajima et al., 2013; Sheng et al., 2008). Thus,
upon binding to its cognate receptor, APOE not only performs the classical function of
lipid transport, but it is also known to influence multiple signaling pathways in an
isoform dependent manner (Hoe et al., 2005; Huang et al., 2017, 2019).

It is now well established that synapse loss is an early feature and a structural correlate
of AD which occurs pre-symptomatically (Shankar & Walsh, 2009). Synapses are the
sites where neuronal activity is interpreted, making them the fundamental functional
units of learning and memory. Various stimuli can cause changes in the synaptic
function, ultimately bringing about structural changes like induction, pruning,
enlargement or shrinkage of spines (Kelleher et al., 2004; Sutton & Schuman, 2006).
The re-modeling and maintenance of these structural and functional changes of
synapses require the synthesis of new proteins which are tightly regulated spatio-
temporally (Kelleher et al., 2004; Sutton & Schuman, 2006). Thus, activity mediated
synthesis of new proteins and changes in the proteome play an important role in driving
synaptic plasticity (Kelleher et al., 2004; Sutton & Schuman, 2006; Suzanne Zukin et
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al., 2009). Though APOE4 is indicated to be one of the key factors influencing synaptic
loss and cognitive defects in AD, the molecular mechanisms behind this are still unclear.
Considering the importance of protein synthesis in synaptic functioning and its
relevance to the synaptic loss in AD, investigating translation regulation becomes an
important aspect in the context of APOE4 mediated defects as well. Hence, we studied
the effect of APOE4 on basal and synaptic activity mediated translation in neurons, and
tried to investigate the mechanism behind protein synthesis dysfunction, if any.

Hypothesis

APOE4 impairs synaptic protein synthesis regulation in neurons, and thus causes
synaptic dysfunction.

Objectives
1. To investigate the effect of APOE on global protein synthesis in neurons

2. To investigate the effect of APOE on synaptic activity mediated protein
synthesis in neurons

3. To examine the mechanism underlying the APOE mediated protein synthesis
response

Model System

Rat primary cortical neurons and rat cortical synaptoneurosomes were the two primary
model systems used in the study. They were treated with APOE from different sources
at different time points.

Materials and methods (Chapter 2 of the thesis)

The materials and methods used in the study are published in “APOE4 Affects Basal
and NMDAR-Mediated Protein Synthesis in Neurons by Perturbing Calcium
Homeostasis” published in Journal of Neuroscience, October 20, 2021. DOI -
10.1523/JNEUROSCI.0435-21.2021.

Results

The results of the study are divided into 5 main chapters in the thesis. The results section
here will be discussed as per the same thesis chapters —

Sources of APOE (Chapter 3 of the thesis)

We used 2 primary sources of APOE to treat the neurons or synaptoneurosomes —
conditioned media from stem cells and recombinant APOE protein. Isogenic human
stem cell lines expressing APOE3 or APOE4 or APOE KO were characterized for the
expression and secretion of APOE. The amount of APOE secreted by the stem cells was
quantified using ELISA, and equal amounts of APOE was used to treat the neurons.
The final APOE concentration used for the treatments was 10-15nM. Phosphorylation
of ERK was used as a readout to validate the APOE treatment (Hoe et al., 2005; Huang
etal., 2017, 2019). APOE4 conditioned media or recombinant protein treatment for 20
minutes caused a significant increase in the phosphorylation of ERK, both in primary
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neurons and synaptoneurosomes, thus validating that our APOE treatment paradigm
was functional.
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Figure 1 — Sources of APOE

A - Representative immunoblots showing the APOE secreted in 2-day iPSC conditioned media
kept in culture conditions for 1 day.

B - The ELISA based measurements of the APOE concentrations in the 2-day iPSC conditioned
media.

C — Experimental design for APOE treatment.

D — Representative immunoblots showing the levels of p-ERK, ERK and Tujl in rat primary
cortical neurons after 20 minutes treatment with APOE conditioned media. The graph represents
the ratio of p-ERK to ERK normalized to Tujl under different APOE conditions. Data is
represented as mean +/- SEM. N=3, One-way ANOVA (p=0.0031) followed by Tukey’s
multiple comparison test.

E - Representative immunoblots showing the levels of p-ERK, ERK and Tujl in rat primary
cortical neurons after 20 minutes treatment with APOE recombinant protein (10nM). The graph
represents the ratio of p-ERK to ERK normalized to Tujl under different APOE conditions.
Data is represented as mean +/- SEM. N=3, One-way ANOVA (p=0.0041) followed by Tukey’s
multiple comparison test.

Effect of APOE on regulation of protein synthesis (Chapter 4 of the thesis)

In order to investigate the effect of APOE on global protein synthesis, we used three
different model systems — rat primary cortical neurons, rat synaptoneurosomes and
human neurons derived from APOE KO iPSCs. The sources of APOE used were
recombinant protein and stem cell conditioned media. The readouts used for global
protein synthesis measurement were phosphorylation status of translation elongation
factor eEF2 and FUNCAT (Fluorescent Non-Canonical Amino Acid Tagging).
Increased phosphorylation of eEF2 reduces the translation elongation rates and hence
inhibits global protein synthesis (Kaul et al., 2011). FUNCAT measures de-novo protein
synthesis through incorporation of Methionine analog, and hence serves as a direct
correlate for translation.



Interestingly, | observed that 1 minute treatment with both APOE3 and APOE4 caused
a reduction of global protein synthesis. This was indicated by increased phosphorylation
of eEF2 and decreased FUNCAT signal intensity. However, at 20-minute time point,
only APOE4 caused an inhibition of global protein synthesis, whereas translation had
recovered to basal levels in APOE3 treatment condition. The increased eEF2
phosphorylation (translation inhibition) caused by APOE4 at the 20-minute time point
was validated in the all the three model systems mentioned. Further, we treated the
neurons with APOE conditioned media for 1 minute, following which APOE was
removed and recovery of 5mins, 10mins or 20mins was allowed. We observed that the
recovery from the translation inhibition was significantly slower in case of APOE4
treatment, hence causing a longer and sustained increase in eEF2 phosphorylation.
Additionally, APOE4 treatment for 20 minutes in the presence of APOE receptor
antagonist RAP prevented the increased in eEF2 phosphorylation. Thus, we confirmed
that the effect of APOE on translation was mediated through APOE receptors.

Figure 2
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Figure 2 - Effect of APOE on regulation of protein synthesis

A - Representative immunoblots showing the levels of p-eEF2, eEF2 and Tujl in rat primary
cortical neurons after 1 minute and 20 minutes treatment with APOE3 or APOE4 iPSC
conditioned media. The graph represents the ratio of p-eEF2 to eEF2 normalized to Tujl under
different APOE conditions. Data is represented as mean +/- SEM. Dotted line indicates the
untreated condition. All the APOE treatments were normalized to untreated condition. N=4.
One-way ANOVA (p<0.0001) followed by Dunnett’s multiple comparison test.

B - Representative immunoblots showing the levels of p-eEF2, eEF2 and Tujl in rat cortical
synaptoneurosomes after 20 minutes treatment with recombinant APOE protein. The graph
represents the ratio of p-eEF2 to eEF2 normalized to Tujl under different APOE conditions.
Data is represented as mean +/- SEM. N=4, Unpaired Student’s t-test.

C — Representative immunoblots showing the levels of p-eEF2, eEF2 and Tuj1 in human APOE
KO neurons after 20 minutes treatment with APOE3 or APOE4 iPSC conditioned media. The
graph represents the ratio of p-eEF2 to eEF2 normalized to Tujl under different APOE
conditions. Data is represented as mean +/- SEM. N=4, Unpaired Student’s t-test.

D - The representative images for MAP2 and FUNCAT fluorescent signals in rat primary
cortical neurons under untreated conditions or after 1 minute treatment with APOE3 / APOE4
recombinant protein (15nM) (Scale bar - 10uM).

E - The graph represents the quantification of the FUNCAT fluorescent intensity normalized to
MAP?2 fluorescent intensity under different APOE treatment conditions at 1-minute time point.
N = 20-40 neurons from 4 independent experiments, One-way ANOVA (p=0.0058) followed
by Tukey’s multiple comparison test.

F - The graph represents the quantification of the FUNCAT fluorescent intensity normalized to
MAP2 fluorescent intensity under different APOE treatment conditions at 20-minute time point.
N = 20-40 neurons from 4 independent experiments, One-way ANOVA (p=0.0001) followed
by Tukey’s multiple comparison test.

G - The levels of p-eEF2, eEF2 and Tuj1 in rat primary cortical neurons after 1 minute treatment
with APOE3 or APOE4 iPSC conditioned media followed by 5-minute, 10-minute and 20-
minute recovery with pre-conditioned neurobasal media. The graph represents the ratio of p-
eEF2 to eEF2 normalized to Tujl under different APOE conditions. The data from each
recovery time point is normalized to its corresponding 1-minute APOE treated set. Data is
represented as mean +/- SEM. For APOE3 1’ and APOE4 1°, N=8, Unpaired Student’s t-test.
For APOE 1’ + 5’R, N=4, Unpaired Student’s t-test. For APOE 1’ + 10°’R, N=5. For APOE 1’
+20°R, N=3.

H - Representative immunoblots showing the levels of p-eEF2, eEF2 and Tujl in rat primary
cortical neurons after RAP pre-incubation (200nM) followed by 20 minutes treatment with
APOE3 or APOE4 conditioned media. The graph represents the ratio of p-eEF2 to eEF2
normalized to Tujl under different APOE conditions. Data is represented as mean +/- SEM.
N=5, One-way ANOVA (p=0.003) followed by Tukey’s multiple comparison test.

Effect of APOE on NMDAR mediated translation response (Chapter 5 of the thesis)

In order to check the effect of APOE on activity mediated translation response, we chose
stimulation of NMDA receptors as the activity paradigm. The reason for choosing
NMDAR stimulation was that the interaction between NMDARs and APOE receptors
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was previously reported, hence it is known that APOE mediated signaling influences
the NMDAR mediated calcium influx and signaling pathways (Chen et al., 2010; D. S.
Liu et al., 2015; Ohkubo et al., 2001; Qiu et al., 2003). The rat primary cortical neurons
or synaptoneurosomes were treated with APOE for 20 minutes and stimulated with
NMDA during the last 5 minutes. This was followed by the measurement of protein
synthesis response using eEF2 phosphorylation and FUNCAT. The translation response
of 5-minute NMDAR stimulation is well studied in our lab previously (Ghosh Dastidar
et al., 2020; Kute et al., 2019). NMDAR stimulation for 5 minutes causes an increase
in the phosphorylation of eEF2 and hence inhibition of global protein synthesis. In the
background of the global translation inhibition, certain specific MRNAs like PTEN and
PSD95 undergo translation upregulation (Kute et al., 2019). NMDAR stimulation in the
APOES3 treated neurons and synaptoneurosomes showed a normal response — increased
eEF2 phosphorylation, decreased FUNCAT signal, increased PTEN and PSD95 levels.
However, in the background of APOE4 treatment, the neurons failed to elicit NMDAR
mediated translation response. It is important to note that decreased FUNCAT signal
and increased eEF2 phosphorylation, PTEN and PSD95 levels were observed with 20-
minute APOE4 treatment alone, but NMDAR mediated increase was lost. Thus, the
NMDA activity mediated protein synthesis response was perturbed by APOE4.

Intriguingly, the translation response with 20-minute APOE4 treatment seemed to
resemble the translation response of 20-minute APOE3 treatment with 5-minute
NMDAR stimulation. However, the puzzle was that the APOE4 treatment was for 20
minutes while the NMDAR stimulation was for 5 minutes. In order to make a better
comparison of the translation profiles of APOE treatment and NMDAR stimulation, we
performed NMDAR stimulation for 1-minute and 20 minutes (time points for which
APOE translation response was established). We observed that 1-minute NMDAR
stimulation caused an increase in eEF2 phosphorylation and global protein synthesis
inhibition (decreased FUNCAT signal), similar to APOE3 and APOE4 treatment.
However, 20-minute NMDAR stimulation caused a reduction of eEF2 phosphorylation
and hence activation of global protein synthesis (increased FUNCAT signal). Thus, the
20-minute translation response was distinct for all 3 paradigms with NMDA causing
reduction of eEF2 phosphorylation (translation upregulation), APOE3 causing no
change in eEF2 phosphorylation (no change in translation) and APOE4 causing
increased eEF2 phosphorylation (translation downregulation). Hence, we were able to
establish the distinct temporal profiles of protein synthesis on NMDAR stimulation and
APOQOE treatment.
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Figure 3 - Effect of APOE on NMDAR mediated translation response

A — Experiment design for NMDAR stimulation following APOE conditioned media treatment
of rat primary cortical neurons.

B - The representative images for MAP2 and FUNCAT fluorescent signals in rat primary
cortical neurons treated with APOE3 / APOE4 recombinant protein (15nM) for 20 minutes
along with NMDAR stimulation for 5 minutes (Scale bar - 10uM).

C - The graph represents the quantification of the FUNCAT fluorescent intensity normalized to
MAP2 fluorescent intensity under different APOE treatment conditions along with NMDAR
stimulation. N = 20-40 neurons from 2 independent experiments, One-way ANOVA (p<0.0001)
followed by Tukey’s multiple comparison test.

D - Representative immunoblots showing the levels of p-eEF2, eEF2 and Tujl in rat primary
cortical neurons treated with APOE3 or APOE4 conditioned media for 20 minutes along with
5-minute NMDAR stimulation. The graph represents the ratio of p-eEF2 to eEF2 normalized to
Tujl. Data is represented as mean +/- SEM. N=4-5, One-way ANOVA (p=0.0047) followed by
Dunnett’s multiple comparison test.

E - Representative immunoblots showing the levels of PTEN and Tujl in rat primary cortical
neurons treated with APOE3 or APOE4 conditioned media for 20 minutes along with 5-minute
NMDAR stimulation. The graph represents the PTEN levels normalized to Tujl. Data is
represented as mean +/- SEM. N=4, One-way ANOVA (p=0.002) followed by Dunnett’s
multiple comparison test.

F - Representative immunoblots showing the levels of PSD95 and Tujl in rat primary cortical
neurons treated with APOE3 or APOE4 conditioned media for 20 minutes along with 5-minute
NMDAR stimulation. The graph represents the PSD95 levels normalized to Tujl. Data is
represented as mean +/- SEM. N=4, One-way ANOVA (p=0.0216) followed by Dunnett’s
multiple comparison test.

G - Representative immunoblots showing the levels of p-eEF2, eEF2 and Tujl in rat primary
cortical neurons stimulated with NMDA (20uM) for 1 minute, 5 minutes and 20 minutes. The
graph represents the ratio of p-eEF2 to eEF2 normalized to Tujl. Data is represented as mean
+/- SEM. N=3, One-way ANOVA (p=0.0015) followed by Tukey’s multiple comparison test.

H — Model illustrating the temporal profiles of eEF2 phosphorylation and global protein
synthesis on NMDAR stimulation, APOE3 treatment and APOE4 treatment.

Understanding APOE mediated translation response using polysome profiling
(Chapter 6 of the thesis)

To obtain more mechanistic insights into the translation responses of APOE and
NMDA, we performed polysome profiling assay. Briefly, the neurons treated with
APOE or NMDA were subjected to density-based separation on 15-45% sucrose
gradient. 11 fractions were collected from the gradient and probed for the distribution
of ribosomal proteins. Puromycin treatment was used to identify actively translating
ribosome fractions. Based on the shift of the ribosomal protein RPLPO upon Puromycin
treatment, fractions 7-11 were classified as actively translating ribosomes and fractions
1-6 were grouped as non-actively translating ribosomes. The ratio of the distribution of
an mRNA or ribosomal protein in Fractions 7-11/Fractions 1-6 was calculated to
understand the distribution in the translating pool/non-translating pool.
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The neurons were subjected to NMDAR stimulation for 1, 5 and 20 minutes, subjected
to polysome profiling and probed for the distribution of ribosomal protein RPLPO. At
1-minute NMDAR stimulation, there was no change in the RPLPO distribution
compared to basal conditions. However, at 5-minute NMDAR stimulation, there was a
shift of ribosomes (detected through RPLPO) from the translating pool (fractions 7-11)
to the non-translating pool (fractions 1-6) indicating an inhibition of protein synthesis.
Conversely, at 20-minute NMDAR stimulation, the ribosomes shifted towards the
actively translating pool (fractions 7-11) indicating translation upregulation. Thus,
polysome profiling assay validated the NMDAR translation response observed
previously through eEF2 phosphorylation and FUNCAT.

Further, we performed polysome profiling with APOE conditioned media treatment as
well. 20-minute APOE3 treatment with 5-minute NMDAR stimulation caused a shift
of ribosomes/RPLPO towards the non-translating pool compared to APOE3 treatment
indicating translation inhibition. Similarly, 20-minute APOE4 conditioned media
treatment also caused a shift of ribosomes towards fractions 1-6/ non-translating pool.
Along with RPLPO, we investigated the shift of PTEN and PSD95 mRNAs as well. As
expected, APOE3+NMDA and APOEA4 treatment caused a shift of the mRNAs towards
the translating pool fractions 7-11 in the background of translation inhibition. However,
control mRNAs such as -actin and a-tubulin did not show any change, thus validating
the translation activation of specific candidates.

Interestingly, 20-minute APOE4 treatment with 5-minute NMDAR stimulation led to a
further shift of ribosomes towards the non-translating fractions 1-6 compared to APOE4
treatment, thus causing maximal inhibition of protein synthesis. In the previous assays
of FUNCAT and eEF2 phosphorylation, APOE4+NMDA condition was similar to
APOE4 treatment. This feature of APOE4+NMDA treatment causing maximal
inhibition of translation was captured only with the polysome profiling assay. To
investigate this further, we analyzed the non-translating fractions 1-6 only in all the
conditions. The fractions 1-6 were grouped into fractions 1-3 and fractions 4-6.
Fractions 1-3 constituted the mRNP pool due to the absence of ribosomal proteins in
them. Fractions 4-6 formed the pool of ribosomal subunits 40S, 60S and monosomes
80S. The ratio of the mRNAs or proteins in Fractions 1-3/Fractions 4-6 determines their
enrichment in the translationally inhibitory mRNP complex.

With the analysis of the fractions 1-6, we observed that all the mRNAs, irrespective of
their specificity to NMDAR stimulation, showed a marked increase in fractions 1-3 or
the mRNP pool. This corresponds with the maximal ribosomal shift of APOE4+NMDA
condition, indicating a non-specific general translation inhibition. Since the mRNAs
were accumulated in the mRNP pool, we hypothesized that the inhibition could be at
the translation initiation stage. So, we investigated the phosphorylation status of
translation initiation factor e[F2a which is a well-established marker for stress response
(Wek, 2018). We observed that elF2a phosphorylation increased only in the
APOE4+NMDA condition. As a further validation, we observed that the RPS6 (small
ribosomal subunit protein) had accumulated in Fractions 3-4 in APOE4+NMDA
condition, which potentially correspond to the 48S pre-initiation complex. Thus,
NMDAR stimulation in APOE4 background not only perturbs the NMDAR mediated
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translation response, but it also causes a stress response phenotype by increasing the

phosphorylation of elF2a.
Figure 4
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Figure 4 - Understanding APOE mediated translation response using polysome
profiling

A — Grouping of fractions 1-6 as non-translating pool and fractions 7-11 as translating pool
based on the puromycin sensitivity.

B - The percentage distribution of ribosomal protein RPLPO in Fractions 4-11 on 20-minute
APOE3 or APOE4 iPSC conditioned media treatment along with 5-minute NMDAR
stimulation of rat primary cortical neurons.

C - The ratio of the percentage distribution of RPLPO in the translating pool (F7-11) by non-
translating pool (F1-6) on 20-minute APOE3 or APOE4 iPSC conditioned media treatment
along with 5-minute NMDAR stimulation of rat primary cortical neurons. Data is represented
as mean +/- SEM. N=3, One-way ANOVA (p=0.0002) followed by Tukey’s multiple
comparison test.

D - The ratio of the percentage distribution of PTEN mRNA in the translating pool (F7-11) by
non-translating pool (F1-6) on 20-minute APOE3 or APOE4 iPSC conditioned media treatment
along with 5-minute NMDAR stimulation of rat primary cortical neurons. Data is represented
as mean +/- SEM. N=3, One-way ANOVA (p=0.006) followed by Dunnett’s multiple
comparison test.

E - The ratio of the percentage distribution of PSD95 mRNA in the translating pool (F7-11) by
non-translating pool (F1-6) on 20-minute APOE3 or APOE4 iPSC conditioned media treatment
along with 5-minute NMDAR stimulation of rat primary cortical neurons. Data is represented
as mean +/- SEM. N=3, One-way ANOVA (p=0.0286) followed by Dunnett’s multiple
comparison test

F - The ratio of the percentage distribution of 3-actin mMRNA in the translating pool (F7-11) by
non-translating pool (F1-6) on 20-minute APOE3 or APOE4 iPSC conditioned media treatment
along with 5-minute NMDAR stimulation of rat primary cortical neurons. Data is represented
as mean +/- SEM. N=3, One-way ANOVA (ns).

G - The ratio of the percentage distribution of a-tubulin mRNA in the translating pool (F7-11)
by non-translating pool (F1-6) on 20-minute APOE3 or APOE4 iPSC conditioned media
treatment along with 5-minute NMDAR stimulation of rat primary cortical neurons. Data is
represented as mean +/- SEM. N=3, One-way ANOVA (ns).

H - Flowchart indicating the grouping of Fractions 1-6 into two pools — Fractions 1-3 (MRNPS)
and Fractions 4-6 (Ribosomal subunits and monosomes). The ratio of percentage distribution
of the mRNAs in Fractions 1-3 over Fractions 4-6 was considered for further analysis.

I - The ratio of the percentage distribution of PSD95 mRNA in the Fractions 1-3 (mMRNPs) over
Fractions 4-6 on 20-minute APOE3 or APOE4 iPSC conditioned media treatment along with
5-minute NMDAR stimulation of rat primary cortical neurons. Data is represented as mean +/-
SEM. N=3, One-way ANOVA (p<0.0001) followed by Tukey’s multiple comparison test.

J - The ratio of the percentage distribution of B-actin mRNA in the Fractions 1-3 (mRNPs) over
Fractions 4-6 on 20-minute APOE3 or APOE4 iPSC conditioned media treatment along with
5-minute NMDAR stimulation of rat primary cortical neurons. Data is represented as mean +/-
SEM. N=3, One-way ANOVA (p<0.0001) followed by Tukey’s multiple comparison test.

K - The ratio of the percentage distribution of a-tubulin mRNA in the Fractions 1-3 (mRNPs)
over Fractions 4-6 on 20-minute APOE3 or APOE4 iPSC conditioned media treatment along

xxvil



with 5-minute NMDAR stimulation of rat primary cortical neurons. Data is represented as mean
+/- SEM. N=3-4, One-way ANOVA (p=0.0079) followed by Tukey’s multiple comparison test.

L - Representative immunoblots showing the levels of p-elF2, elF2 and Tujl in rat primary
cortical neurons on 20-minute APOE3 or APOE4 iPSC conditioned media treatment along with
5-minute NMDAR stimulation. The graph represents the ratio of p-elF2 to elF2 normalized to
Tujl. Data is represented as mean +/- SEM. N=4, One-way ANOVA (p=0.0047) followed by
Tukey’s multiple comparison test.

The role of calcium in APOE mediated translation response (Chapter 7 of the
thesis)

NMDARs are ionotropic glutamate receptors which cause the influx of calcium upon
activation. The calcium influx controls multiple signaling pathways downstream of
NMDARs, including the phosphorylation of eEF2 as eEF2 kinase is a calcium-
calmodulin dependent kinase. Hence, we investigated the role of calcium in NMDAR
and APOE translation profiles. When we performed NMDAR stimulation in the
absence of extracellular calcium, the translation response was completely lost; neither
the initial eEF2 phosphorylation increase nor the later phase p-eEF2 drop was observed.
Similarly, when the primary cortical neurons were treated with APOE for 20 minutes
in the absence of extracellular calcium, APOE4 mediated increase in eEF2
phosphorylation was absent, indicating that the translation inhibition caused by APOE4
was calcium dependent.

To identify the sources of calcium influx, we performed calcium imaging for 5 minutes
using Fluo-4 AM dye for NMDAR stimulation and APOE treatment of rat primary
cortical neurons. We tested for 2 major sources of extracellular calcium entry in the
post-synapse NMDARs and L-type Voltage Gated Calcium Channels (L-VGCCs) using
their respective antagonists MK801 and Nifedipine. As anticipated, we observed that
NMDAR stimulation caused a robust influx of calcium in the neurons. MK801
completely blocked the NMDA mediated calcium influx, confirming the specificity of
the drug. However, NMDAR stimulation in the presence of Nifedipine did not prevent
the initial entry of calcium, but it significantly affected the sustenance of calcium in the
neurons. Thus, upon NMDAR stimulation, NMDARs were the first and primary source
of calcium influx. L-VGCCs were the secondary source responsible for the sustenance
of calcium levels. Calcium imaging with APOE3 addition revealed that APOE3 caused
a short burst of calcium in the neurons. We identified that NMDARs were the source of
calcium influx and L-VGCCs were not involved in the case of APOE3. However,
APOEA4 led to a marked influx of calcium in the neurons, which was significantly higher
than the APOE3 mediated calcium response. Even in the case of APOE4, NMDARs
were the first and the primary source of calcium influx as MK801 pre-treatment
completely blocked the APOE4 mediated calcium entry. However, L-VGCCs had a
significant role in sustaining the calcium levels in the case of APOE4 treatment. Thus,
both APOE3 and APOE4 activated NMDARs and caused calcium influx through it.
Since the NMDAR mediated calcium influx was significantly higher in case of APOE4,
it led to the activation of L-VGCCs which helps in sustaining the higher calcium levels
in the presence of APOEA4.
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Once we identified the sources of calcium entry in each case, we investigated if the
calcium channel antagonists could influence the translation profiles. Since APOE3 and
APOE4 caused the initial burst of calcium through NMDARs, MK801 was able to
prevent the APOE mediated increase in eEF2 phosphorylation and FUNCAT signal
decrease at 1-minute. L-VGCCs had a role only in APOE4 mediated translation
response at the 20-minute time point. Accordingly, Nifedipine was not able to block the
APOE3 and APOE4 mediated eEF2 phosphorylation at 1-minute. However, Nifedipine
was able to prevent the APOE4 mediated p-eEF2 increase and FUNCAT signal
decrease at the 20-minute time point; whereas Nifedipine had no effect on the APOE3
translation response at 20 minutes. Thus, we were able to demonstrate that the distinct
translation responses of APOE3 and APOE4 were closely linked to their calcium

profiles.
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Figure 5 - The role of calcium in APOE mediated translation response

A - Representative immunoblots showing the levels of p-eEF2, eEF2 and Tujl in rat primary
cortical neurons treated with APOE3 or APOE4 conditioned media for 20 minutes in the
presence or absence of extracellular calcium. The graph represents the ratio of p-eEF2 to eEF2
normalized to Tujl. Data is represented as mean +/- SEM. N=3-4, One-way ANOVA
(p=0.0004) followed by Tukey’s multiple comparison test.

Rat primary cortical neurons (DIV15) were subjected to calcium imaging for 7 minutes using
Fluo-4AM dye. The graphs represent the time trace for the change in the fluorescence (Delta F/
FO) at a given time point compared with initial fluorescence (FO) under the following conditions

B - NMDAR stimulation (20 uM), nifedipine (50 uM) pre-treatment followed by NMDAR
stimulation (20 uM), and MK801 (25 uM) pre-treatment followed by NMDAR stimulation
(20mM).

C - APOES3 treatment (15 nM), nifedipine (50 uM) pre-treatment followed by APOE3 addition
(15 nM), and MK801 (25 uM) pre-treatment followed by APOE3 addition (15 nM).

D — APOE4 treatment (15 nM), nifedipine (50 uM) pre-treatment followed by APOE4 addition
(15 nM), and MK801 (25 uM) pre-treatment followed by APOE4 addition (15 nM).

E - Representative immunoblots showing the levels of p-eEF2, eEF2 and Tujl in rat primary
cortical neurons on 1-minute APOE3 or APOE4 iPSC conditioned media treatment along with
MK801 (25 uM) pre-incubation. The graph represents the ratio of p-eEF2 to eEF2 normalized
to Tujl. Data is represented as mean +/- SEM, N = 5, One-way ANOVA (p = 0.0006) followed
by Dunnett’s multiple comparison test.

F - The graph represents the quantification of the FUNCAT fluorescent intensity normalized to
MAP2 fluorescent intensity under different APOE3 and MK®801 treatment conditions at 1-
minute time point. Each data point represents an individual neuron. N=40-50 neurons from 4
independent experiments, One-way ANOVA (p<0.0001) followed by Tukey’s multiple
comparison test.

G - The graph represents the quantification of the FUNCAT fluorescent intensity normalized to
MAP2 fluorescent intensity under different APOE4 and MK801 treatment conditions at 1-
minute time point. Each data point represents an individual neuron. N=40-50 neurons from 4
independent experiments, One-way ANOVA (p<0.0001) followed by Tukey’s multiple
comparison test.

H - Representative immunoblots showing the levels of p-eEF2, eEF2 and Tujl in rat primary
cortical neurons on 20-minute APOE3 or APOE4 iPSC conditioned media treatment along with
Nifedipine (50 puM) pre-incubation. The graph represents the ratio of p-eEF2 to eEF2
normalized to Tujl. Data is represented as mean +/- SEM, N=3, One-way ANOVA (p = 0.0036)
followed by Tukey’s multiple comparison test.

I - The representative images for MAP2 and FUNCAT fluorescent signals in rat primary cortical
neurons treated with APOE3 or APOE4 recombinant protein (15 nM) for 20 minutes along with
MK801 pre-incubation (50 uM) (Scale bar - 10uM).

J - The graph represents the quantification of the FUNCAT fluorescent intensity normalized to
MAP2 fluorescent intensity under different APOE and Nifedipine treatment conditions at 20-
minute time point. Each data point represents an individual neuron. N=20-30 neurons from 4
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independent experiments, One-way ANOVA (p<0.0001) followed by Tukey’s multiple
comparison test.

Concluding Remarks (Chapter 8 of the thesis)

The primary finding of my work is that APOE4, a well-established risk factor for
Alzheimer’s disease affects global protein synthesis in neurons. We observe that the
different APOE isoforms APOE3 and APOE4 have a distinct protein synthesis profile.
APOE3 leads to a transient inhibition of global protein synthesis which eventually
recovers to basal levels. However, APOE4 causes a larger and sustained inhibition of
global protein synthesis which fails to recover to basal levels in 20-minute period.

The protein synthesis downstream of NMDAR stimulation has a distinct temporal
profile with early phase translation inhibition and late phase translation activation.
Though the initial translation response upon APOE3 and APOE4 treatment appears to
mimic the early phase NMDAR translation inhibition, the protein synthesis profiles at
the later phase is distinct. At 20-minute time point, NMDAR stimulation causes
translation activation, APOE4 treatment causes translation inhibition and protein
synthesis recovers to basal levels under APOE3 treatment. As a result of the distinct
temporal profiles of translation, the neurons retain their physiological response to
NMDAR stimulation in the background of APOE3 treatment. However, in the presence
of APOE4, the translation response to NMDAR stimulation is perturbed. Interestingly,
the phosphorylation of eIF2a increases only in the condition of APOE4 treatment along
with NMDAR stimulation, implying the involvement of stress response.

Finally, the distinct profiles of protein synthesis are closely linked to calcium signatures.
The stimulation of NMDARs causes an influx of calcium through NMDARs and L-
VGCCs. APOES treatment causes a short burst of calcium influx through activation of
NMDARs alone. However, APOE4 causes a larger and sustained influx of calcium
through sequential activation of NMDARs followed by L-VGCCs. The sustained
increase of calcium in the neurons on APOE4 treatment leads to the steady increase in
eEF2 phosphorylation as well, thus causing an inhibition of global protein synthesis in
APOE4 background. Thus, in summary, we propose the following model —
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Figure 6
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Figure 6 - Model illustrating calcium signature and corresponding protein synthesis
regulation downstream of NMDAR stimulation and APOE treatment.

A - Stimulation of NMDA receptors lead to influx of calcium through NMDARs (1) which
activates L-VGCCs (2). The influx of calcium through L-VGCCs further helps in sustaining the
calcium levels on NMDAR stimulation (3). The calcium through NMDARs and L-VGCCs
generates a specific temporal profile of eEF2 phosphorylation, causing an initial inhibition of
global protein synthesis followed by translation activation in a later phase.

B - Exposure to APOES3 activates NMDARs through an unknown mechanism (1), leading to a
short burst of calcium through it (2). This leads to an acute increase in eEF2 phosphorylation,
primarily contributed by calcium influx through NMDARS, which recovers to basal levels.
Global translation also follows a similar temporal profile of initial decrease followed by
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recovery. Hence, the NMDA activity mediated translation response is unaffected in APOE3
treated neurons.

C - Exposure to APOE4 activates NMDARSs through an unknown mechanism (1), causing
higher influx of calcium through NMDARs (2) than APOE3 condition. The higher calcium
influx through NMDARSs could lead to L-VGCC activation in APOE4 condition (3a). Besides,
APOE4 binding to APOE receptors could also directly regulate the sustained activation of L-
VGCCs (3b). Overall, the L-VGCC activation under APOE4 treatment condition contributes to
the huge and sustained increase in calcium levels (4). This leads to the sustained increase in
eEF2 phosphorylation as well as global translation inhibition. There could also be a possibility
of APOE4 activating signalling cascades which further contribute to the sustained increase in
eEF2 phosphorylation (5). Hence, the NMDA activity mediated response is perturbed,
potentially causing a stress-response phenotype in APOE4 treated neurons.

Future Directions

The mechanism by which APOE activates NMDARs is not addressed in the study. This
would give more insights into the effect of APOE on glutamate receptor mediated
signalling. The role of AP in APOE4 mediated protein synthesis response is another
potential way to get the study forward. Studying the role of AP would help in
understanding the role of protein synthesis dysregulation in familial AD models as well.
The role of internal calcium sources in APOE mediated protein synthesis response is
not explored. In our study, | have only focused on the role of extracellular sources of
calcium influx. Since APOE4 is known to affect ER mediated calcium release, the role
of intracellular calcium sources in APOE translation response would be interesting. This
study draws attention to the idea of temporal regulation of protein synthesis by
sequential activation of different calcium sources. This can be investigated further to
delineate the effect of internal vs external calcium sources, spatial regulation of protein
synthesis mediated by calcium and the mechanisms by which they regulate translation.
Overall, the regulation of translation by calcium is the arena that the study opens up.
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Chapter 1

Introduction

1.0 Alzheimer’s disease: History and Hallmarks

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder which causes
brain atrophy leading to loss of memory and cognition®. It was first reported by Dr.
Alzheimer in 1907 as a “Characteristic disease of the cerebral cortex”, where he
reported his observations on plaques (military foci) and neurofibrillary tangles (fibrils)2.
Initially, a distinction was made between Alzheimer’s disease and senile dementia
(attributed to hardening of arteries or arteriosclerotic dementia). By 1970s, it was shown
that majority of the cases which were classified as senile dementia had the hallmarks
(plaques and tangles) of AD 3, thus making AD one of the most common causes of
dementia in the world.

The biochemical composition of the lesions found in the AD brains were dissected out.
In 1964, the ultra-structural studies of the neuritic plaques were conducted and its
contents were identified as amyloid fibrils ®, now shown to be AP peptide. It was also
predicted that the source of the fibril was a local cellular product and not a blood
secretion ©. Eventually, APP (Amyloid Precursor Protein) was identified as the genetic
locus implicated in AD "1, Genetic sequencing of Alzheimer’s families helped in
identification of mutations in APP, which were soon shown to affect the processing of
APP 1217 In 1990s, Presenilin 1 and Presenilin 2 were identified as other genes whose
mutations also increased amyloid plaques and caused early onset AD 182,

In 1963, the structure of the tangles was described as containing paired helical
fragments (PHFs) 2*. By 1980s, it was identified that the tangles primarily consisted of
the microtubule associated protein Tau 228, Further, it was identified that the Tau
protein in the tangles were hyperphosphorylated 2°-33, which is shown to be the cause
for the formation of the tangles 3+

1.1 Ap pathology

AP, the primary component of the amyloid plaques, is generated as a result of the
cleavage of the Amyloid Precursor Protein (APP). APP belongs to the class of type-I
transmembrane proteins and it undergoes a sequential cleavage; first one by the a- or
the B-secretase and second one by the Y'-secretase "%, The cleavage by a- or -Secretase
results in the generation of the soluble APP fragment (sAPPa or sAPPf) and the
membrane tethered C-terminal fragment (APP-CTFa or APP-CTEp) 3738, While the a-
secretase cleaves APP within the AP domain (non-amyloidogenic pathway), the B-
secretase cleaves right at the beginning of it (amyloidogenic pathway). The CTFs
undergo a cleavage by the Y'-secretase complex which cuts at the carboxy-end of the
AP domain 3”3, In case of CTFa, the Y'-secretase cleavage results in the generation of
a 3KDa peptide p3 and APP Intracellular Domain (AICD) 3738, In case of CTF, the Y-
secretase cleavage results in the generation of A peptide and APP Intracellular Domain
(AICD) **8, Among the a-secretases, zinc metalloproteinases ADAM10 and ADAM17
are the best characterized ones in mammals. Aspartyl protease BACEL1 is the primary
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B-secretase in neurons 373, The Y'-secretase is a complex which mainly contains the
catalytic subunits Presenilins (Presenilin 1 and 2), Nicastrin, Anterior Pharynx
Defective (APH1) and Presenilin enhancer (PEN2) 3-*°. Y'-secretase catalyses three
sequential cleavages in the A domain of the APP protein — the e-cleavage at AP 49,
followed by the d-cleavage at AP 46 and finally the Y'-cleavage at the site Ap 40 or AP
42, with AP 40 or AP 42 being the final products of the Y-secretase cleavage “°.

Figure 1.1 — Sequential processing of APP (Figure taken from Hui Zheng and
Edward H Koo, Molecular Neurodegeneration, 2006)
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Over 20 AD-causing mutations have been identified in APP, where the mutations either
increase the B-cleavage (shift the balance towards amyloidogenic pathway) or increase
AP 42 levels **. The longer species AP 42 has a higher propensity to aggregate and form
plaques, and hence considered as the more toxic one in AD pathology *>*. Thus, the
deregulation of APP processing causes an increase in A} generation, particularly AP
42, which results in its aggregation and plaque formation 374, This forms the basis of
the amyloid cascade hypothesis which believes that AR accumulation is the primary
event which drives AD pathology. There are over 200 mutations identified in the
Presenilins (PSEN1 and PSEN2) which cause AD, where most of the mutations lead to
increased production of AP 42 over Ap 40 44,

Now, it is clear that it is not just the aggregation of A into plaques, but the intracellular
soluble forms of AP are also toxic. This led to the AP oligomer hypothesis which
proposes that the soluble AP oligomers initiate the AD pathogenesis rather than the
plaques “®*8. The AP oligomers were considered to be the intermediate form before the
AP plaque generation 68, However, many studies, including the ones using synthetic
AP oligomers, have shown that the oligomers are necessary and sufficient to drive AD
neurodegeneration “6-*8, Additionally, this has also led to the idea that the extracellular
AP plaques could be the protective aggregates which sequester the toxic AP oligomers,
thus reducing the intracellular defects caused by them 4°.
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1.2 Cellular defects in AD

1.2.1 Mitochondrial dysfunction

Mitochondrial dysfunction is reported extensively in AD and it is an established early
feature in AD pathogenesis *°. Impaired energy metabolism and reduced utilization of
glucose (identified from PET imaging) is a key feature reported consistently in AD
patients; and they are known to occur years before the onset of the disease >3, Defects
have been reported at multiple steps, starting from glucose transport to glucose
metabolism 4. Multiple transcriptomic and proteomic studies have shown genes/
proteins related to glycolysis, TCA cycle and oxidative phosphorylation being
downregulated in AD %53, with OXPHOS being the most severely affected pathway 54,
Thus, a decrease in most of the complexes of ETC were reported %%, owing to an
overall reduction in the ATP levels 596667,

Increased oxidative stress is another well-established feature in AD . Though
Reactive Oxygen Species (ROS) are important signaling molecules, increased
production of ROS by the mitochondria is shown to cause oxidative damage>>%. In case
of AD, oxidative damage of cellular lipids (lipid peroxidation) ®¢ RNA/ DNA (8-
hydroxyguanosine or 8-hydroxy de-guanosine) 772, proteins and sugars "3are reported.
In particular, the oxidation of several enzymes involved in energy metabolism is shown
to affect their function and further contribute to the impaired metabolism .
Additionally, the increased oxidative stress is shown to cause mutations in
mitochondrial DNA in the AD brain >"47°_ Along with this, alterations in mitochondrial
fission-fusion dynamics are also reported in AD, titled more towards the fission process
677 Particularly, AP is shown to stimulate the fragmentation of mitochondria, thus
forming smaller dysfunctional mitochondria . This gets further worsened by
impaired mitophagy ®, thus leading to accumulation of damaged dysfunctional
mitochondria.

Figure 1.2.1 — Mitochondrial dysfunction in AD (Figure modified from Wenzhang
Wang et al, Molecular Neurodegeneration, 2020)
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1.2.2 Synaptic dysfunction

Synapse loss is shown to occur pre-symptomatically in AD, much before plaque
formation 883, It is also shown to be the best correlate for the severity of dementia and
staging of AD 8828485 | oss of dendritic spines, pre- and post-synaptic proteins is
reported in human AD brain samples and the transgenic mouse models of AD 81848692,
Even soluble AP oligomer treatment at low nanomolar to micromolar concentration is
shown to affect synaptic plasticity and cognition in rats in vivo *-%. Additionally, the
increased phosphorylation of Tau and disrupted microtubule network is shown to affect
the axonal transport in AD neurons %,

Long term potentiation and depression (LTP and LTD) are widely used as paradigms to
study synaptic plasticity, memory and learning 82°. Both of them require the activation
of glutamate receptors, influx of calcium which further regulates the kinase-
phosphatase balance 82%. One of the consistent findings in AD is the impairment of
long-term potentiation (LTP) by AP oligomers in the transgenic AD mouse models
95.96.99-103 ' Some studies have also reported enhanced long-term depression (LTD) or
weakening of synapses in the presence of Ap 19419 This is further supported by studies
which indicate increased internalization of post-synaptic glutamate receptors,
particularly AMPARs 1%, further contributing to the LTD exaggeration in AD.
Ultimately, these result in behavioural, learning and memory deficits in the transgenic
mouse model of AD.

AP is also proposed to activate many glutamate receptors at the post-synapse. One of
the best-studied among them is NMDA receptors. AP is shown to cause calcium influx
through NMDARs, hence affecting calcium homeostasis and causing excitotoxicity
107,108 Thjs is also proposed to cause the increased activation of the calcium dependent
phosphatase calcineurin, thus enabling the dephosphorylation and internalization of
AMPARs 104109110 - Additionally, the AP is also reported to activate extra-synaptic
NMDARs; A blocks synaptic NMDARs which causes glutamate spill over to activate
extra-synaptic NMDARs 1. The activation of extra-synaptic NMDARSs is known to
cause excitotoxicity and activate pro-death signalling in neurons 1. The excitotoxicity
is further worsened by the AB-mediated inhibition of the excess glutamate re-uptake by
blocking Excitatory Amino Acid Transporters (EEATs) 112113, Metabotropic glutamate
receptor 5 (MGIURD) is another proposed receptor candidate to which AB binds. AP is
reported to affect the clustering and activation of mGIuRS5, thus affecting calcium
dynamics downstream of it and leading to synaptic dysfunction 415, Similarly, Ap is
also reported to bind to calcium permeable a-nicotinic acetylcholine receptors 6. While
one of the proposed mechanisms for synaptic dysfunction is the interaction between A3
and neuronal receptors, the other potential mechanisms behind synaptic dysfunction in
AD remain unexplored.



Figure 1.2.2 — Synaptic dysfunction in AD (Figure modified from Victoria Campos-
Pefia and Marco Antonio Meraz-Rios, Chapter from InTech book series, 2014)
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Apart from the mitochondrial and synaptic dysfunction which are well-established in
AD, there are studies showing defects in lysosomes and Golgi apparatus as well. The
process of autophagy is reported to be defective at multiple steps in AD — decreased
levels of autophagosome regulator ATG7, failed maturation of lysosomes and
impairment of auto-phagolysosomes '8 With respect to Golgi, increased
fragmentation of Golgi and defects in protein trafficking are reported °.

1.2.3 Microglial and astrocyte dysfunction

Microglia plays a dual function in AD, where one part of it can be beneficial in AP
clearance while the other part can worsen the AD phenotypes 2122, Classically,
microglia are the macrophages of the CNS which get activated upon brain injury or
infections. Several studies have indicated the presence of activated microglia around
the AP deposits 122124, Additionally, microglia are also shown to physically interact with
AR, hence enabling their phagocytosis and clearance **7*?%, On the other hand, excessive
activation of microglia by A leads to the release of pro-inflammatory cytokines which
further worsen the process of neurodegeneration 2412932 In support of this, aggravated
microglial activation and impairment of microglial function is reported in AD which
facilitates AP deposition and AD progression 120:121,125-133,

Astrocytes wrap around the pre- and post- synaptic compartments, providing critical
support for synaptic functioning in terms of energy, ion and neurotransmitter
homeostasis, growth factor secretion and oxidative stress regulation. Similar to
microglia, astrocytes also have a dual role in AD pathology 1. The astrocytes also play
an important role in phagocytosis of AP deposits. They express a wide array of receptors
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(RAGE and LRPs) which bind to AP and hence help in their clearance 323
Additionally, astrocytes also express and secrete AP degrading proteolytic enzymes
(Neprilysin, Insulin Degrading Enzyme) which further contribute to the clearance of Ap
121134135 However, AP mediated activation of astrocytes is also reported to promote
neurodegeneration by secreting of pro-inflammatory cytokines 121:12°1% Hence, similar
to microglia, the AP load and the extent of activation become critical factors in
determining the toxic/ trophic role of astrocytes. This is further compounded by the
effect of AP on astrocyte functioning. AP is shown to disrupt the calcium homeostasis
in astrocytes, particularly ER calcium regulation, and elevated astrocytic baseline
calcium levels are observed in several AD model systems 3613 Af is reported to
interact with several receptors (Metabotropic Glutamate Receptor 5, Nicotinic
Acetylcholine Receptors, Purinergic Receptors P2Y1) which cause calcium influx in
astrocytes 14014 Ultimately, this affects the glutamate uptake capacity of the

astrocytes, hence exacerbating the glutamate excitotoxity and synaptic dysfunction in
AD 135,145,146_

Figure 1.2.3 — Microglial and astrocytic dysfunction in AD (Figure taken from Marc
Fakhoury, Current Neuropharmacology, 2018
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1.3 Risk factors of AD

AD is classified into early onset AD (EOAD) and late onset AD (LOAD) which occurs
over 65 years of age. EOAD, contributing to about 5% of the total AD cases, is caused
due to genetic mutations in either APP or PSEN genes leading to an increase in AP
levels +%47148 Though no known genetic mutations are established with sporadic or
LOAD (which contributes to over 95% AD cases), certain genetic risk factors which
increase the pre-disposition to AD are identified, the most well-established risk factor
being &4 isoform of Apolipoprotein E (APOE) 47149, The presence of APOE4, even
in heterozygous condition, is shown to significantly increase the frequency of AD and
reduce the mean age of clinical onset of AD 4. The mechanistic insights about APOE
are discussed in the upcoming sections.



The other reported genetic risk factor for AD is TREMZ2, a transmembrane receptor for
lipoproteins in microglia 2480 1t is also shown to act as a receptor for Ap 148150,
Though the mechanisms with regards to TREM2 are not well investigated, certain
mutations of TREM2 are identified in AD patients, with R47H and R62H being the
most well studied. The mutations were shown to affect the binding of A to TREM2,
hence altering the microglial clearance of AP and increasing the plaque associated
neuronal loss #4810, Thus, deficiency in TREM2 function was shown to affect the
protective barrier formed by the microglia around the plaques to enable their
compaction. The amyloid plaques were more diffused, branched and covered larger
surface area under conditions of TREMZ2 deficiency or mutations, hence increasing the
risk of AD 148150,

1.4 Apolipoprotein E (APOE) — cellular functions and isoforms

APOE is a lipoprotein primarily involved in the transport of cholesterol and other lipids
by binding to its cognate receptors. Liver expresses the majority (about 75% of the total)
of APOE, followed by the brain. In the brain, astrocytes are the primary cell types to
express and secrete APOE ****>*, The APOE expression in neurons is minimal and is
reported to increase under stress conditions. It is a 299 aa protein having a receptor
binding region (136-150 aa) in the N-terminal domain (1-167 aa) and a lipid binding
domain (244-272 aa) in the C-terminal region (206-299 aa). Humans express three
different isoforms of APOE (APOE2, APOE3 and APOE4) as a result of two single
nucleotide polymorphisms (SNPs). Hence, the three APOE isoforms differ only at two
amino acid positions 112 and 158. APOE2 has Cysteine residues at 112 and 158;
APOE3 has Cysteine at 112 and Arginine at 158, while APOE4 has Arginine at both
the positions *>*154, APOE2 is the least common allele in the population (around 8%)
and APOE3 is the most common one (around 77%). While APOE4 distribution in the
population is around 14%, it is enhanced to 40% in AD patients, making it one of the
most well studied risk factors of AD 172>,

Apart from the distribution frequency, the isoforms also differ in their lipid binding
preferences. While APOE2 and APOE3 show a preferential binding to high-density
lipoproteins (HDLs), APOE4 is associated with low-density and very low-density
lipoprotein complexes (LDLs and VLDLs) %4, This difference is attributed to the
‘domain interaction’ which specifically occurs in APOE4. Due to the presence of Arg
in 112" position of APOE4, there is an interaction between Arg 61 in the N-terminal
domain with Glu 255 in the C-terminal domain which is termed as the ‘domain
interaction’. If the domain interaction is perturbed in APOE4 either by mutating Arg
61—Thr 61 or Glu 255—Ala 255, the lipid binding preference of APOE4 changes to
HDL complexes -4, Thus, the structural property of APOE4 distinguishes it from the
other APOE isoforms with respect to its lipid binding and is implicated in increasing
the pre-disposition to AD as well.



Figure 1.4 — Apolipoprotein E structural domains and isoforms (Figure modified
from Takahisa Kanekiyo et al, Neuron, 2014).
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1.5 APOE receptors and receptor mediated signaling

APOE binds to family of type-1 single transmembrane receptors called LDLR family
of receptors. The family contains over 10 different receptors each of them having the
characteristic ligand binding repeats, EGF like repeats and YWTD motifs in the B-
propellor domains 3155, Some of the receptors in the family include LDLR (Low
Density Lipoprotein Receptor), VLDLR (Very-low Density Lipoprotein Receptor) and
LRPs (LDLR related proteins). The receptor family binds to about 30 different ligands
including APOE, Reelin, 02 macroglobulin and tissue type plasminogen activator **>>,
Upon ligand binding, the receptors undergo a constitutive endocytosis to transport the
ligands into the cell. Receptor Associated Protein (RAP) acts as an antagonist for the
entire LDLR family of receptors 1°°-1%,

Figure 1.5.1 — Apolipoprotein E receptors or LDLR family of receptors (Figure
taken from Guojun Bu et al, Nature Reviews, 2009)
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APOE is also shown to activate different signaling pathways upon binding to the APOE
receptor. Three primary ones were the ERK pathway, Dab1-SFK pathway and PI13K-
Akt pathway. ERK 1/2, Dab1 and Akt phosphorylation increased upon APOE treatment
of neurons, and this was blocked by RAP indicating that the increase was receptor
dependent **°. Similarly, INK 1/2 pathway was shown to be inhibited by APOE **°, The
isoforms of APOE are also known to have different affinities in binding to the receptor
where APOE2 is shown to have the minimum affinity 1% Hence, the signaling
pathways downstream of APOE receptors are also activated with APOE4 causing the
maximal activation of ERK 1/2 phosphorylation %162 The ERK activation
downstream of APOE treatment is shown to increase both c-fos and CREB
phosphorylation, leading to transcriptional activation in an isoform dependent manner
with APOE4 causing highest activation 160161,

LDLR and LRP1 are the APOE receptors enriched in the brain. LRP1 is also shown to
be present at the neuronal post-synaptic complexes, and influence synaptic signaling,
especially downstream of NMDA receptors 153161.163-165° APQE receptors are shown to
interact with NMDARs through PSD95 %: and internalized endosomes of APOE
receptors are shown to contain NMDARs and AMPARs as well %7, The activation of
ERK pathway downstream of APOE is also shown to be dependent on NMDARs 59162,
Along with RAP, even NMDAR antagonist MK801 was able to prevent the APOE
mediated ERK phosphorylation, hence indicating that both APOE receptors and
NMDARs were involved 1%°162, Studies have also indicated that APOE causes influx of
calcium through NMDARs 4165 put the mechanism of this remains unexplored.
Hence, the binding of APOE to its cognate receptors activates multiple signaling
pathways in an isoform-dependent manner.

Figure 1.5.2 — Signalling pathways regulated by APOE-APOE receptors (Figure
taken from Hyang-Sook Hoe et al, Journal of Neurochemistry, 2005)
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1.6 APOE and Alzheimer’s disease

APOE was implicated in AD when it was found as one of proteins to be co-deposited
with AB in the amyloid plaques ®8. Further, it was identified that the 4 isoform of
APOE increases the risk for AD. Several studies have suggested mechanisms through
which APOE4 could increase the aggregation of plaques and decrease their clearance.
The binding of APOE to AP depends on multiple factors, important ones being the
isoform of APOE and its lipidation status. AP is shown to have two binding regions in
APOE, one in N-terminal receptor binding domain between residues 144-148 and the
other one in the lipid binding C-terminal domain of APOE 1°216° Hence, the lipidation
status of APOE influences where AP binds to APOE and its affinity. Experiments with
the purified APOE protein or the recombinant APOE protein which is not lipidated
suggest that APOE4 binds to AB with better affinity *°. However, when cell-secreted
lipidated APOE was used, APOE3 showed stronger interactions with AP as compared
to APOE4 10, Thus, many studies have implicated the role of APOE in clearance of
AP, where astrocyte secreted APOE3 can bind to AP better than APOE4 and clear it
more efficiently.

There are three primary ways in which AP is cleared (proteolytic degradation, cellular
clearance/lysosomal degradation, cerebro-vascular clearance/drainage pathway) and
the role of APOE is implicated in all three mechanisms °2. Firstly, APOE bound A is
shown to be more susceptible to the proteolytic degradation by enzymes such as NEP
(Neprilysin) and IDE (Insulin Degrading Enzyme) 1. The lipidated APOE3 which
binds to AP better could facilitate the proteolytic degradation more than APOEA4.
Secondly, the cellular clearance of APOE3-ApB complexes mediated through neuronal
APOE receptors is better than the clearance of APOE4-AP complexes 2172, In case of
APOES3, the receptor endocytosis of APOE-Ap complex and the following lysosomal
degradation is shown to be more efficient 12172 Additionally, the recycling of the
APOE receptors back to the surface is also shown to be slower in case of APOE4, hence
affecting the receptor availability for clearance ¢7. Additionally, APOE is shown to
promote the microglial phagocytosis for clearance of AP aggregates 1’3. Even in this
process, APOE3 is shown to induce microglial phagocytosis better than APOE4 174175,
Lastly, APOE-Ap complexes are also cleared through the ISF drainage by binding to
the APOE receptors on the brain vasculature or blood brain barrier 1’6177, Owing to the
better binding of APOE3 to A, even the clearance of A} through the blood brain barrier
is more efficient in case of APOE3 than APOE4 178-180,

Apart from the clearance of AP, many in-vitro studies have outlined the role of APOE
with respect of aggregation of AB. APOE4 is shown to stabilize the AP peptide more
than APOES3, and hence aid their oligomerization and aggregation 181182 Additionally,
many recent studies have shown that APOE4 can increases the generation of A itself.
The activation of ERK pathway by APOE4 is shown to increase the transcription of
APP mRNA, hence forming more APP protein and Ap 18384, Thus, APOE4 can affect
AP production, aggregation and clearance, rationalizing its strong association with AD
pathogenesis.
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Figure 1.6.1 — Role of APOE in Af pathogenesis (Figure taken from Sridevi Raman
et al, Neurobiology of Disease, 2020)
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1.7 APOE and cellular defects

Along with their involvement in AD, many cellular defects are observed in APOE4 TR
(targeted replacement) mice models and humans with APOE4 genotype, highlighting
that presence of APOE4 alone could cause AD like phenotype.

1.7.1 Mitochondrial dysfunction

Similar to AD, defective uptake of glucose and impaired glucose metabolism is reported
in APOE4 TR mice model as well . Consecutively, cognitively normal APOE4
carriers (who have a risk for developing AD) were shown to have decreased glucose
metabolism in the cerebrum 187 In addition to glucose metabolism, reduced activity
of mitochondrial ETC complex IV and altered expression of mitochondrial ETC
enzymes is also reported in young adult APOE4 carriers 1818 However, transgenic
APOE4 mice models showed defect in all ETC complexes and hence reduced
mitochondrial respiration *. The PINK1-Parkin pathway was also shown to be affected
in the neurons of APOE4 mice, hence leading to defects in mitochondrial fission and
mitophagy °!. The altered mitochondrial dynamics was observed in APOE4 expressing
astrocytes as well 1%,
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One of the proposed mechanisms for APOE4 mediated mitochondrial defects is the
domain interaction of APOEA4. Cellular studies which have used APOE4 with disrupted
domain interaction were able to rescue the mitochondrial defects, mainly the restored
expression of mitochondrial ETC complexes %, The other proposed mechanism
involves the intracellular cleavage of APOE4. APOE4 is shown to undergo a specific
cleavage in neurons generating two fragments APOE4 1-272 and APOE4 272-299, both
of which have been associated with mitochondrial defects. APOE4 fragment 1-272 is
shown to interact with mitochondrial proteins of ETC complexes 11 and IV and impair
their activity 1%%. The APOE4 fragment 272-299 is shown to affect the ER-mitochondrial
calcium homeostasis by increasing the mitochondrial calcium uptake %4; hence causing
mitochondrial dysfunction and eventual neurotoxicity.

1.7.2 Synaptic dysfunction

Initial studies reported that APOE4 carriers displayed cognitive deficits and reduction
in hippocampal volume, decades before the development of dementia 1861919 Thjs
supported the idea that APOE4 could have an impact on cognitive processes from early
in life. Consequently, many studies have drawn correlations between APOE genotype
and cognition in humans, where APOE4 carriers were shown to global cognitive
functioning 1*"-2%, Accordingly, APOE4 mice of both younger and older age groups are
reported to show defects in spatial learning and memory 2%,

The memory defects are correlated with the multiple synaptic defects observed in the
APOE4 mice model. Reduction of neurite outgrowth, dendritic complexity, spine
density, and loss of synaptic proteins are well reported in APOE4 mice models 2025,
Further, the APOE4 mice were also shown to affect the hippocampal long-term
potentiation 167296208 thys impairing synaptic plasticity. APOE4 is also reported to
interfere with glutamate receptor signaling pathways'®’, especially downstream of
NMDARs 163165209 ' As discussed earlier, APOE receptors are shown to interact with
NMDARs. The binding of APOE4 to APOE receptors is shown to activate NMDARS,
cause excess calcium influx through NMDARs and initiate excitotoxic response 65209
212 The dysregulated calcium response mediated by APOE4 is proposed to be one of
the ways by which APOE4 causes synaptic defects. Additionally, the internalized
endosomes of APOE-APOE receptor are shown to contain the glutamate receptors
NMDARs and AMPARSs as well 7. The recycling of the receptors back to the surface
is shown to be slower in case of APOE4, hence reducing the surface availability of
NMDARs and AMPARs 7. This is another proposed mechanism through which
glutamate mediated synaptic plasticity could be affected in the presence of APOEA4.

1.8 Protein synthesis and AD — a link to synaptic dysfunction?

Synaptic dysfunction is one of the most well-established defects both in AD and APOE4
model system, and it is shown to occur decades before the onset of dementia. Yet the
mechanisms behind synaptic defects are not well understood. We were interested in
obtaining insights into the reason behind the synaptic failure in dementia; and hence
explored protein synthesis dysregulation as a possible mechanism. It is now clear that
protein synthesis is one of the key processes essential for synaptic plasticity, and in turn
learning and memory. The changes in the synaptic strength are generally accompanied
by changes in electrical properties or morphological changes in the synapses such as
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pruning, induction, enlargement or shrinkage 2****>. The re-modeling and maintenance
of these structural and functional changes in the synapses requires the synthesis of new
proteins, which are tightly regulated spatio-temporally?3-21>, Further, it is also well-
established that many of these proteins are synthesized locally, in dendritic or axonal
compartments, and in response to different synaptic stimulations *3-2%¢. Various
synaptic stimuli, either in the form of neurotransmitters or neuromodulators, causes
changes in the synaptic structure and function, often accompanying the synthesis of
specific new proteins #3216, Thus, activity mediated synthesis of new proteins and
changes in the proteome play an important role in driving synaptic plasticity; and could
be a potential underlying mechanism behind the synaptic dysfunction in AD.

Multiple studies have shown the dysregulation of protein synthesis and its machinery
in familial AD model systems. Dysregulation of de-novo protein synthesis is observed
in AD 217218 a5 well as in other forms of taupathies 21222, Along with basal translation,
defects in synaptic activity mediated signaling and translation is also reported to occur
pre-symptomatically in AD 217224226 |ntriguingly, ribosomes are also shown to be
affected in AD with altered expression of rRNA and mRNAs coding for ribosomal
proteins documented to occur pre-symptomatically 227-22°, Alterations in the amount,
activity, and post-translational modifications of translation components like elF2a,
eEF1A, elF4E, and p70 RPS6 kinasel are also reported in AD 224:225,230-232

Particularly, the role of translation initiation defects (elF2a and its kinases) are well
established in AD pathology. elF2a and its phosphorylation is one of the major
checkpoints regulating translation initiation. GTP bound elF2a associates with Met-
tRNA and 40s ribosomes to form the pre-initiation complex. On finding the start codon
on the mRNA, the elF2a dissociates through GTP hydrolysis #*-2%¢. The GDP-elF2a is
recharged with GTP through the interaction with the guanosine exchange factor (GEF)
elF2B 33723, The phosphorylation of eIF2a significantly hinders the interaction between
elF2o. and elF2B, hence causing an inhibition of translation initiation. The
phosphorylation of elF2a is mediated by four kinases (PERK, PKR, GCN2 and HRI),
each of which act as sensors for stress signals (misfolded protein ER stress, viral
infections, amino acid starvation and heme deficiency/ oxidative stress respectively) 233
26 The translation inhibition mediated by elF2a is accompanied by translation
activation of specific candidates such as ATF4 which help in coping with the stress
response and restoring translation to normal levels %3-2%¢, This entire process mediated
by increased elF2a phosphorylation is termed as integrated stress response (ISR).

Elevated phosphorylation of elF2a is a consistent observation in AD, both in post-
mortem human brain samples and in transgenic mouse models, indicating inhibition of
protein synthesis in AD 22>23+241_Interestingly, genetic or pharmacological suppression
of elF2a kinases PERK or GCN2 alleviated the plasticity and memory impairments of
the transgenic AD mice model 22523, Hence, many therapeutic approaches have been
designed targeting the eIF2a phosphorylation and the ISR. One such drug candidate is
ISRIB (small molecule inhibitor of ISR) which alleviates the protein synthesis response,
synaptic plasticity and memory defects in the AD mouse model 242524 Additionally,
the BACE1 mRNA is shown to get translationally activated under the conditions of ISR
due to its specialized 5’UTR, thus tilting the APP processing to the amyloidogenic

13



pathway 242, This is also suggestive that protein synthesis defect could occur pre-
symptomatically leading to the synaptic defects and AP accumulation.

Figure 1.8.1 — Role of el F2a phosphorylation and integrated stress response in AD
pathogenesis (Figure taken from Mauricio M Oliveira et al, Seminars in Cell and
Developmental Biology, 2021)
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The other key step of translation regulation occurs at the stage of translation elongation,
which is relatively less explored in the context of neurodegeneration. eEF2 and its
phosphorylation is the checkpoint for the regulation of translation elongation. eEF2-
GTP binds to the A-site on the ribosomes. Upon GTP hydrolysis, the ribosome
undergoes a conformational change which enables the translocation of the ribosome on
the mMRNA, hence making the A-site available for the binding of the upcoming t-RNA
during the translation elongation process 2*3. The phosphorylation of eEF2 affects its
binding to the A-site of the ribosome, hence reducing the ribosome translocation and
translation elongation. The kinase which mediates the phosphorylation of eEF2 is the
calcium-calmodulin kinase 111 or eEF2 kinase (eEF2K). Similar to elF2a kinases which
are sensitive to stress, eEF2 kinase is also activated upon energy deprivation, but it is
also activated by calcium 2*3. The calcium mediated regulation of eEF2K makes it
important in the context of local translation regulation, especially upon synaptic
stimulations which alter the calcium homeostasis in the neurons 24424, Unlike initiation,
the role of translation elongation is not well explored in AD. Recently, there are some
reports suggesting increased eEF2 phosphorylation in post mortem brain samples of AD
patients and AD mouse models 243246-248 ' Additionally, reduction of eEF2K in the AD
mouse model showed recovery of protein synthesis defects, spine morphology, post-
synaptic density formation and finally synaptic long-term potentiation 246-248,
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1.9 The gap in the knowledge or the missing links

1.9.1 APOE4 and protein synthesis

Though APOE4 is one of the most well-established risk factors for AD, and APOE4 TR
mice mimics many of the AD phenotypes, the role of protein synthesis in the context of
APOE4 is under explored. Considering - a) the synaptic dysfunction observed in the
APOE4 model systems, b) the importance of protein synthesis for synaptic plasticity
and c) the early defects of protein synthesis observed in familial AD model systems,
protein synthesis regulation is likely to play a key role in APOE4 mediated synaptic
pathology as well. Thus, investigating the defects of translation and their mechanisms
in APOE4 model is critical, and a gap of knowledge in the field.

Although recent studies have shown the involvement of eEF2 in AD pathology, the
mechanistic insights into this are minimal. The initiation step of translation can by-pass
the dependency on elF2a by adapting to cap-independent mechanisms. However, till
date, eEF2-independent means of translation elongation are not known. Hence, | think
that elongation would be a critical and fate-determining step for translation regulation.
This was one of the reasons why we chose to investigate eEF2 mediated regulation of
protein synthesis in APOE4 models. Additionally, | was also interested in exploring
calcium as one of the possible connecting links between APOE4 and translation. Since
calcium homeostasis is known to be disrupted in AD and calcium is a key factor
regulating eEF2 kinase, we hypothesized that calcium could be an interesting link to
provide mechanistic insights into APOE4 mediated defects.

Figure 1.9.1 — Cartoon depicting the proposed work — effect of APOE4 on protein
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1.9.2 Aims, objectives and model system

With the above-mentioned ideas, we hypothesized that APOE4 would affect protein
synthesis in neurons, and this could be one of the molecular mechanisms to explain
APOE4 mediated synaptic dysfunction. Accordingly, we designed the following
objectives for the study —

1. To investigate the effect of APOE4 on global protein synthesis in neurons,
particularly on translation elongation
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2. To investigate the effect of APOE4 on synaptic activity mediated protein
synthesis in neurons
3. To examine the mechanism underlying the APOE4 mediated protein synthesis
response
Since | was particularly interested in studying the effect on APOE on neuronal and
synaptic protein synthesis, | chose rat primary cortical neurons (DIV15), rat cortical
synaptoneurosomes and human iPSC derived neurons as the three model systems. The
neurons or synaptoneurosomes were treated with APOE from different sources and
evaluated for protein synthesis. The different sources of APOE and protein synthesis
response are discussed in the results section.

1.10 References
Bibliography of the references in the introduction section is present at the end of the
thesis in the references chapter.
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Chapter 2

Materials and Methods

2.0 Ethics Statement

All rodent work was carried out with Sprague Dawley (SD) rats in accordance with the
procedures approved by the Institutional Animal Ethics Committee (IAEC) and the
Institutional Biosafety Committee (IBSC), InStem, Bangalore, India.

All the human stem cell work was carried out in accordance with and approval from the
Institutional Human Ethics Committee, Institutional Stem Cell Committee, and
Institutional Biosafety Committee at inStem, Bangalore, India. The proposal titled
“Stem Cell Models for Discovery of RNA-mediated Regulation in Neurodegeneration”
was given approval by the IC-SCR of inStem (Reference number — 017/SCR/IV-
28.07.2015/RM-1).

2.1 Reagents used in the study

2.1.1 Antibodies used for Western blotting

Table 2.1
Protein Dilution Catalog number, Company
eEF2 1:1000 2332S, Cell Signaling Technologies
p-eEF2 1:2000 2331S, Cell Signaling Technologies
ERK 1:1000 9102, Cell Signaling Technologies
p-ERK 1:1000 9101, Cell Signaling Technologies
APOE 1:1000 NB110-60531, Novus Biologicals
Tujl 1:4000 T8578, Sigma
RPLPO 1:4000 ab101279, Abcam
RPS6 1:3000 2217, Cell Signaling Technologies
PTEN 1:1000 95528, Cell Signaling Technologies
PSD95 1:1000 P246, Sigma
a-tubulin 1:5000 T9026, Sigma
elF2 1:1000 9722S, Cell Signaling Technologies
p-elF2 1:1000 97218, Cell Signaling Technologies
Secondary Rabbit HRP | 1:5000 A0545, Sigma
Secondary Mouse HRP | 1:5000 31430, Thermofisher Scientific
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2.1.2 Antibodies used for Immunostaining

2.1.3 Drugs and dyes
Table 2.3

Drug Concentration | Catalog number, Company
NMDA 20uM 0114, Tocris

RAP 200nM 553506-M, Sigma

Nifedipine 50uM N7634, Sigma

MK801 25uM 0924, Tocris

Azidohomoalanine (AHA) | 1uM 1066100, Click Chemistry tools
Cycloheximide 0.1mg/ml C7698, Sigma

Puromycin 1mM P8833, Sigma

Fluo-4AM 1uM F14217, ThermoFisher Scientific
Fluo-8AM 2 uM CAS 1345980-40-6, AAT Bioquest
lonomycin 10uM 407950, Sigma

2.1.4 Neuronal Culture reagents

Table 2.4
Reagent Catalog humber, Company
Poly-L-Lysine P2636, Sigma
Trypsin 15050057, ThermoFisher Scientific
MEM 10095080, ThermoFisher Scientific
FBS 12103C, Sigma
Neurobasal 21103049, ThermoFisher Scientific
B27 17504044, ThermoFisher Scientific
Glutamax 35050061, ThermoFisher Scientific

2.1.5 Stem Cell Culture and Neuronal Differentiation reagents

Table 2.5
Reagent Catalog number, Company
mTeSrl 72232, Stem Cell Technologies
Matrigel 354277, Corning
Trypsin 15090046, ThermoFisher Scientific
Collagenase IV 17104019, ThermoFisher Scientific
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Knock Out Serum Replacement

10828028, ThermoFisher Scientific

PBS 10010023, ThermoFisher Scientific
DMEM F12 21331020, ThermoFisher Scientific
Neurobasal 21103049, ThermoFisher Scientific
PenStrep 15140122, ThermoFisher Scientific
Glutamax 35050061, ThermoFisher Scientific

B27 without Vitamin A

12587—010, ThermoFisher Scientific

N2 supplement

17502-048, ThermoFisher Scientific

Poly-Ornithine

P4957, Sigma

Laminin

L2020, Sigma

SMAD Inhibitor SB431542

72232, Stem Cell Technologies

Noggin Analog LDN193189

72142, Stem Cell Technologies

EGF AF-100-15, Pepotech
FGF 100-18C, Peprotech
DbcAMP D0627, Sigma
BDNF 450-02, Peprotech
GDNF 450-10, Peprotech
L-Ascorbic Acid A4403, Sigma

Rock Inhibitor Y0503, Sigma
Accutase A6964, Sigma

2.1.6 RNA isolation, cDNA synthesis and gPCR reagents

Table 2.6
Reagent Catalog number, Company
Trizol LS 10296-028, ThermoFisher Scientific
Pellet paint 70748-3, Sigma
MMLV RT enzyme MO0253L, NEB
0.1 MdATT 707265ML, ThermoFisher Scientific
RNase Out 10777019, ThermoFisher Scientific
dNTPs 18427088, ThermoFisher Scientific

Random hexamer

N8080127, ThermoFisher Scientific
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SYBR Green mix RR420A, Takara

2.1.7 Primer sequences for gPCR

Table 2.7

MRNA Forward Primer (5'—3") Reverse Primer (5'—3")

PTEN AGGACCAGAGATAAAAAGGGAGT | CCTTTAGCTGGCAGACCACA
PSD95 ATGGCAGGTTGCAGATTGGA GGTTGTGATGTCTGGGGGAG

B - actin GGCTCCTAGCACCATGAAGAT AAACGCAGCTCAGTAACAGTC
a-tubulin | TATGCCAAGCGTGCCTTTGT TGAAAGCAGCACCTTGTGAC

2.2 Buffer Compositions

2.2.1 Lysis Buffer

20mM Tris-HCI, 100mM KCI, 5mM MgCl,, 1% Nonidet P-40 (NP40), 1mM
Dithiothreitol (dTT), 1X Protease Inhibitor Cocktail, 40 units/ml RNase inhibitor, 1X
Phosphatase Inhibitor, pH 7.4.

2.2.2 Gradient Buffer

20mM Tris-HCI pH (7.4), 100mM KCI, 5mM MgCl2, 1% Nonidet P-40 (NP40), 1ImM
dTT, 1X Protease Inhibitor Cocktail, RNase inhibitor, 0.1mg/ml Cycloheximide.

2.2.3 Synaptoneurosome Buffer

118mM NaCl, 5mM KCl, 1.2mM MgS0g4, 2.5mM CaClz, 1.53mM KH2POs, 212.7mM
Glucose, 1X Protease Inhibitor Cocktail, pH 7.5.

2.2.4 Artificial Cerebro-Spinal Fluid (ACSF)

120mM NaCl, 3mM KCI, 1mM MgCI2, 3mM NaHCO3, 1.25mM NaH2POs, 156mM
HEPES, 30mM glucose, with or without calcium (2mM CaCl,), pH 7.4.

2.2.5 Resolving Gel Buffer — SDS PAGE
1.5mM Tris-HCI, pH 8.8.

2.2.6 Stacking Gel Buffer — SDS PAGE
1.0mM Tris-HCI, pH 6.8.

2.2.7 Running Buffer — SDS PAGE
25mM Tris-HCI, 190mM Glycine, 0.1% SDS, pH 8.3

2.2.8 Transfer Buffer — Western Blotting
25mM Tris-HCI, 190mM Glycine
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2.2.9 TBST or Wash Buffer — Western Blotting
20mM Tris-HCI (pH 7.4), 150mM NaCl, 1% (v/v) Tween-20.

2.2.10 Blocking buffer — Western Blotting
5% Bovine Serum Albumin (BSA) prepared in 1X TBST.

2.2.11 Permeabilization buffer — Immunostaining
50mM Tris-HCI (pH 7.4), 150mM NaCl, 0.3% (v/v) Triton X-100.

2.2.12 TBSsot or Wash Buffer — Immunostaining
50mM Tris-HCI (pH 7.4), 150mM NacCl, 0.1% (v/v) Triton X-100.

2.2.13 Blocking buffer — Immunostaining
2% FBS and 2% BSA prepared in 1X TBSsot.

2.2.14 Borate Buffer
40mM Boric acid, 10mM Borax, pH 8.5.

2.2.15 4X SDS loading buffer

250mM Tris-HCI (pH 6.8), 50% (v/v) Glycerol, 10% (w/v) SDS, 0.1% (w/v)
Bromophenol Blue, 4% (v/v) B-mercaptoethanol.

2.3 Methods
2.3.1 Rat primary neuronal cultures

Preparation of the cell culture dishes - The dishes for neuronal cultures were coated for
5-6 hours at 37°C with Poly-L-Lysine solution (0.2mg/ml) made in borate buffer (pH
8.5). Enough solution required to cover the surface of the dishes were added. After 5-6
hours, the excess solution was removed and washed thrice with autoclaved double
distilled water, following which the plates were placed under UV for 2-3 hours. In case
where coverslips were used, the coverslips were treated with nitric acid for 1 day,
following which the excess nitric acid was washed with autoclaved water. Finally, the
coverslips were autoclaved and used for coating with Poly-L-Lysine.

Neuronal cultures - Primary neuronal cultures were prepared from cerebral cortices of
Sprague-Dawley rat embryos (E18.5) as previously published by our lab*=3. The cortex
tissue was dissected from the embryos and trypsinized for 5 minutes at 37°C using
0.25% trypsin. The trypsinized tissue was washed twice with 1X HBSS and
homogenized in MEM media. The dissociated cells were counted with the help of
tryphan blue using an automated cell counter. The cells were plated on pre-coated Poly-
L-Lysine (P2636, Sigma) dishes at a density of 40000-50000 cells/cm? for biochemistry
experiments and 30000-40000 cells/cm? for imaging-based experiments. For all the
experiments, the neurons were initially plated on Minimum Essential Media (MEM,
10095080, ThermoFisher Scientific) supplemented with 10% FBS to aid their
attachment. After 3 hours in MEM, the media was changed to Neurobasal (21103049,
ThermoFisher Scientific) supplemented with B27 (17504044, ThermoFisher Scientific)
and 1X Glutamax. Both MEM and Neurobasal complete media were subjected to
filtration with 0.22um filter before use. The neurons were maintained in culture for 15-
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20 days at 37°C, 5% COz conditions by supplementing Neurobasal media every 5-6
days.

2.3.2 Synaptoneurosome preparation

Synaptoneurosomes were prepared from cortices of P30 male Sprague-Dawley rats as
previously published'#®. The cortex tissue was dissected in chilled 1X PBS solution.
The dissected cortices were homogenized on ice in 10 volumes of the
synaptoneurosome buffer (118mM NaCl, 5mM KCI, 1.2mM MgSOg4, 2.5mM CaCly,
1.53mM KH2PQOg4, 212.7mM Glucose, 1X Protease Inhibitor Cocktail, pH 7.5). The
homogenate was filtered through three 100uM nylon filters (NY1H02500, Merck
Millipore) and one 11uM nylon filter (NY1102500, Merck Millipore). The filtrate was
centrifuged at 1500 x g for 15 minutes at 4°C. The pellet obtained was resuspended in
1.2ml synaptoneurosome buffer and used for APOE treatment.

2.3.3 iPSC maintenance and conditioned media collection

iPSC lines - The iPSCs (APOE KO, APOE 3/3, and APOE 4/4) were obtained from
Bioneer A/S, Denmark. Briefly, the iPSCs from an 18-year old male of APOE 3/4
genotype were subjected to CRISPR-Cas9 gene editing to obtain isogenic iPSC lines of
APOE KO, APOE 3/3, and APOE 4/4 genotypes®.

IPSC culture - The iPSCs were maintained on hESC qualified Matrigel (354277,
Corning) and cultured in mTeSR1 complete media (72232, Stem Cell Technologies) at
37°C, 5% CO2 conditions. CTK solution which is a mixture of 1mg/ml Collagenase IV
(17104019, ThermoFisher Scientific), 0.25% Trypsin, 20% Knock-Out Serum
(10828028, ThermoFisher Scientific), LmM Calcium Chloride (made in PBS) was used
to dissociate the iPSCs for passaging. The iPSCs were passaged once they reached about
80% confluency. The iPSCs were incubated with CTK solution for 5-6 minutes at 37°C.
After 5 minutes, the CTK solution was removed and the iPSCs were placed back in the
incubator for 1 more minute. The colonies were collected in DMEM-F12 media
supplemented with 10% KOSR and centrifuged at 1000rpm for 1-2 minutes. The
pelleted cells were resuspended in fresh mTeSR1 media and plated on Matrigel coated
dishes. The split ratio depended on the density of the iPSCs before the passage, but was
usually maintained at 1 —3.

Collection of conditioned media - Once the iPSCs reached about 50% confluency, the
media was changed from mTeSR1 to Neurobasal supplemented with Glutamax. The
iIPSCs were washed once with Neurobasal before changing the media. The iPSCs were
maintained in Neurobasal based media for 48 hours. After 48 hours, the conditioned
media was collected, given a short spin at 1000 x g for 2 minutes to remove the cell
debris and subjected to ELISA (ab108813, Abcam) to estimate the amount of APOE
secreted by iPSCs.

2.3.4 Neuronal differentiation of iPSCs

The protocol for neural differentiation was adapted from Yichen Shi et al (Shi, Kirwan
and Livesey, 2012) and Yu Zhang et al (Zhang et al., 2017) to differentiate iPSCs into
forebrain glutamatergic neurons. The Neural Basic Media (NBM) for differentiation
contained 50% DMEM F-12 (21331-020, ThermoFisher Scientific), 50% Neurobasal,
0.1% PenStrep, Glutamax, N2 (17502-048, ThermoFisher Scientific), and B27 without
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Vitamin A (12587-010, ThermoFisher Scientific). Once the iPSCs reached 70-80%
confluency on Matrigel-coated dishes, they were subjected to monolayer neural
induction through Dual SMAD inhibition by changing the mTeSR1 media to Neural
Induction Media (NIM). NIM is composed of NBM supplemented with small molecules
SB431542 (10 uM, an inhibitor of TGFB pathway) (72232, Stem Cell Technologies)
and LDN193189 (0.1 pM, an inhibitor of BMP pathway) (72142, Stem Cell
Technologies). The cells were subjected to neural induction for 12-15 days till a uniform
neuroepithelial had formed. NIM was changed every day during the induction period.
After the induction, the monolayer was dissociated using Accutase (A6964, Sigma).
The dissociated cells were centrifuged at 1200 rpm for 3 minutes at room temperature.
The pellet was resuspended in NIM and plated in NIM containing 10 pM ROCK
inhibitor (Y0503, Sigma) overnight on pre-coated poly-L-ornithine/laminin dishes.
These are considered as Passage 0 (PO) NSCs. Poly-L-Ornithine and Laminin coating
was used for maintenance of neural progenitors and their terminal differentiation. Poly-
L-Ornithine (1:10 dilution in 1X PBS) (P4957, Sigma) coating was performed at 37°C
for a minimum of 4 hours and maximum overnight. The excess Poly-L-Ornithine
solution was removed and the plates were given 3 washes with 1X PBS. This was
followed by overnight coating with Laminin (5 pg/ml diluted in 1X PBS) (L2020,
Sigma) at 37°C. The NSCs was maintained in Neural Expansion Media (NEM) which
is composed of NBM supplemented with FGF (10 ng/ml) (100-18C, Peprotech) and
EGF (10 ng/ml) (AF-100-15, Pepotech); and NSCs were passaged using dissociation
reagent Accutase. NSCs beyond Passage 6 (P6) were not used for neuronal
differentiation. Neuronal maturation and terminal differentiation were achieved by
plating the neural stem cells at a density of 25,000-35,000 cells/cm2 in the Neural
Maturation Media (NMM) composed of NBM supplemented with BDNF (20 ng/ml)
(450-02, Peprotech), GDNF (10 ng/ml) (450-10, Peprotech), L-Ascorbic Acid (200
MM) (A4403, Sigma) and db-Camp (50 uM) (D0627, Sigma). The neurons were
subjected to maturation for a period of 4-5 weeks by supplementing them with NMM
every 4-5 days.

2.3.5 APOE treatment of neurons

The primary neurons or human iPSC derived neurons were treated with APOE from
conditioned media or recombinant APOE protein (350-02, 350-04, Peprotech). For
conditioned media treatment, the spent neuronal media was mixed with the APOE
conditioned media in the ratio 1:1 such that the final APOE concentration used to treat
the neurons was 8-10nM nM. In case of recovery, the conditioned media mixture was
removed, and the spent neuronal media (neurobasal with B27 supplement) was added
for recovery. For recombinant protein treatment, the neurons were treated with 15 nM
of recombinant APOE3 or APOE4 protein in neurobasal media. In the experiments with
no calcium in the external media, the neurons were treated with 15 nM recombinant
APOE3 or APOE4 protein in Artificial Cerebrospinal Fluid (ACSF — 120 mM NaCl, 3
mM KCI, 1 mM MgClz, 3 mM NaHCOs3, 1.25 mM NaH2POs, 15 mM HEPES, 30 mM
glucose, pH 7.4) with or without calcium (2 mM CaCl). For stimulation of NMDAR
receptors, 20 uM NMDA (0114, Tocris) was added in the neurobasal media for the
required time periods. For NMDAR stimulation after APOE treatment, 20 uM NMDA
was added during the last 5 minutes of the 20 minutes APOE treatment. For the pre-
treatment with other drugs, Nifedipine (50 uM) (N7634, Sigma), MK801 (25 uM)
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(0924, Tocris), or RAP (200 nM) (553506-M, Sigma) were added for 10 minutes before
the addition of conditioned media mixture. After the treatment, the cells were lysed in
buffer containing 20 mM Tris-HCI, 100 mM KCI, 5 mM MgCl,, 1% Nonidet P-40
(NP40), 1 mM dTT, 1X Protease Inhibitor Cocktail, RNase inhibitor, 1X Phosphatase
Inhibitor and centrifuged at 20000 x g, 4°C for 20 minutes. The supernatant was either
denatured in SDS-dye for Western blotting or in Trizol LS for RNA isolation.

2.3.6 APOE treatment of synaptoneurosomes

The resuspended synaptoneurosomes were treated with 20 nM recombinant APOE3 or
APOE4 protein for 20 minutes at 37°C with constant mixing at 350 rpm. For stimulation
of NMDA receptors in the synaptoneurosomes, NMDA (40 uM) was added during the
last 5 minutes of the 20 minutes treatment. For blocking APOE receptors, RAP (200
nM) was added 10 minutes before the addition of APOE. After the treatment, the
synaptoneurosomes were given a short spin, the pellet was resuspended in lysis buffer
(20 mM Tris-HCI, 100 mM KCI, 5 mM MgClz, 1% Nonidet P-40 (NP40), 1 mM dTT,
1X Protease Inhibitor Cocktail, RNase inhibitor, 1X Phosphatase Inhibitor) and
centrifuged at 20000 x g, 4°C for 20 minutes. The supernatant was denatured in SDS-
dye and subjected to Western blotting.

2.3.7 Immunostaining

The APOE KO, APOE 3/3 and APOE 4/4 iPSCs grown on 4-well dishes were subjected
to immunostaining of the pluripotency markers OCT4 and NANOG. The iPSCs were
grown on coverslips and subjected to immunostaining once they reached 40-50%
confluency. The iPSCs were fixed with 4% PFA for 10-15 minutes, which was followed
by 3 washes with 1X PBS. This was followed by permeabilization with 0.3% Triton X-
100 made in TBSso. This was followed by 1 hour blocking with 2% BSA and 2% FBS
prepared in TBSsoT. They were incubated with the primary antibody (prepared in
blocking buffer) overnight at 4°C. The details of the antibodies and their dilutions is
mentioned in the material section. This was followed by 3 washes with TSBsoT
(approximately 10 minutes per wash) and 1-hour incubation with the secondary
antibody (prepared in blocking buffer) at room temperature. The details of the
antibodies and their dilutions is mentioned in the material section. After 3 washes with
TBSsoT following secondary antibody incubation (approximately 10 minutes per wash),
the iPSCs were subjected to post-fixing with 4% PFA for 10-15 minutes. This was
followed by 3 washes with 1X PBS and then mounting with Mowiol® 4-88 mounting
media (81381, Sigma). The 4 well plates were imaged on Olympus 1X73 inverted
fluorescence microscope with 20X objective.

2.3.8 FUNCAT (Fluorescent non-canonical amino acid tagging)

For metabolic labeling, the existing neurobasal media of the DIV15 neurons was
removed, and they were incubated in Methionine-free DMEM for 45 minutes.
Following this, the neurons were treated with L-azidohomoalanine (AHA, 1 uM)
(1066100, Click Chemistry tools) for 30 minutes in Met-free DMEM (21013024,
ThermoFisher Scientific). They were then treated with 15 nM APOE3 or APOE4
recombinant protein in the same media (Met-free DMEM with AHA) for 1-minute or
20-minutes. For stimulation of NMDA receptors following APOE treatment, NMDA
(20 puM) was added during the last 5 minutes of the 20 minutes treatment. For NMDA

stimulation time point, 20 UM NMDA was added for 1,5 and 20 minutes. For FUNCAT
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assays with MK801 (25 puM) pre-treatment, the drug was added during the last 20
minutes of AHA treatment. For FUNCAT assays with Nifedipine (50 puM) pre-
treatment, the drug was added during the last 10 minutes of AHA treatment.

After the treatment, the coverslips were given one wash with 1X PBS and fixed with
4% PFA. After 15 minutes of fixing, they were washed thrice with 1X PBS. The neurons
were permeabilized for 10 minutes with 0.3% Triton X-100 solution prepared in TBSso.
The permeabilized neurons were subjected to blocking for 1 hour with a mixture of 2%
Bovine Serum Albumin (BSA) and 2% Fetal Bovine Serum (FBS) prepared in TBSsot.
After blocking, where the newly synthesized AHA incorporated proteins were tagged
with an alkyne-fluorophore Alexa-Fluor 555 through click reaction for 2 hours at room
temperature (C10269, CLICK-iT cell reaction buffer kit, Click Chemistry Tools). After
3 washes with TBSset (approximately 10 minutes per wash), the neurons were stained
with MAP2 antibody (prepared in blocking buffer) and incubated overnight at 4°C. 3
washes with TBSset (approximately 10 minutes per wash) were given after primary
antibody incubation. This was followed by staining with secondary antibody (prepared
in blocking buffer) against MAP2 for 1 hour at room temperature. 3 washes with TBSsot
(approximately 10 minutes per wash) were given after secondary antibody incubation.

For FUNCAT experiments with 1-minute APOE treatment, 20-minute APOE
treatment, APOE treatment + NMDA stimulation, primary antibody MAP2 (M9942,
Sigma) and corresponding secondary antibody Alexa Flour 488 were used. For
FUNCAT experiments with NMDA stimulation time points, MK801 +APOE treatment,
Nifedipine + APOE treatment, primary antibody MAP2 (ab32454, Abcam) and
corresponding secondary antibody Alexa Flour 647 were used.

The coverslips were mounted with Mowiol® 4-88 mounting media (81381, Sigma) and
imaged on Olympus FV300 confocal laser scanning inverted microscope with 60X
objective. The pinhole was kept at 1 Airy Unit and the optical zoom at 2X to satisfy
Nyquist's sampling criteria in XY direction. The objective was moved in Z-direction
with a step size of 1 uM (~8-9 Z-slices) to collect light from the planes above and below
the focal plane. The image analysis was performed using FIJI software and the
maximum intensity projection of the slices was used for quantification of the mean
fluorescent intensities. The mean fluorescent intensity of the FUNCAT channel was
normalized to the MAP2 channel for comparison between different APOE treatment
conditions.

2.3.9 SDS PAGE and Western Blotting

The APOE treated neuron lysates or synaptoneurosome lysates denatured in 4X
Laemmli buffer were run on SDS PAGE gels and subjected to western blotting analysis.
The denatured lysates were run on 10% resolving and 5% stacking acrylamide/bis-
acrylamide gels at a constant voltage of 75-80V. Once the samples reached the bottom,
the gels were taken out and subjected to overnight transfer onto PVDF membrane at
constant voltage of 20V. After transfer, the blots were stained with PonceauS to check
for the transfer. The blots were also cut depending on the requirement of the proteins to
be detected and their corresponding molecular weights. The blots were subjected to
blocking for 1 hour at room temperature using 5% BSA prepared in TBST. This was
followed by primary antibody (prepared in blocking buffer) incubation for 2-3 hours at
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room temperature. HRP (Horseradish peroxidase) tagged secondary antibodies were
used for primary antibody detection. The secondary antibodies (prepared in blocking
buffer) were incubated with the blots for 1 hour at room temperature. Three washes of
5-10 minutes each were given after primary and secondary antibody incubation using
TBST solution. The blots were subjected to chemiluminescent based detection of the
HRP tagged proteins using the ECL mixture. The solution A and B of the ECL mixture
was mixed in the ratio 1:1, incubated with the blots for 1-2 minutes, then removed and
imaged in the ImageQuant/ GelDoc system.

All the western blot quantifications were performed using densitometric analysis on
ImageJ software. For the analysis of eEF2 phosphorylation and ERK phosphorylation,
the samples were run in duplicates where one set was used to probe for the phospho-
proteins (p-eEF2 and p-ERK), and the other set was used to probe for the total proteins
(eEF2 and ERK). In each set, the loading control used was Tujl. In every set, eEF2 and
ERK were probed on the same blot. Hence, the Tujl blot used to normalize the eEF2
and ERK blot was the same in a given set. Similarly, p-eEF2 and p-ERK were probed
on the same blot for a given set. Hence, Tuj1 blot of the corresponding set was used to
normalize the p-eEF2 and p-ERK blot of that set. Thus, for each sample, the ratios of
p-eEF2/Tujl and eEF2/Tuj1 were obtained separately. Further, the ratio of p-eEF2/Tuj1
to eEF2/Tuj1 was calculated to get the final ratio of p-eEF2/eEF2. Similar analyses were
done for calculating the ratios of p-ERK/ERK and p-elF2/elF2. For elF2
phosphorylation analysis, the samples were run in duplicates (one set for phospho-
protein, one set for total protein). Tujl was used as the normalizing control for each
blot. For PTEN and PSD95 level analysis, the blots were cut; PTEN and PSD95 were
probed on the same blot and Tuj1 was used as the normalizing control for each set. For
RPLPO and RPS6 distribution analysis, the individual polysome fractions were run and
probed for the ribosomal proteins. The densitometric value was obtained for each
fraction. The values from fractions 1-11 were summed up to get the total value. Further,
the percentage distribution of the ribosomal protein in each fraction was calculated as
(densitometric value of the fraction/total densitometric value) *100. When the
distribution of the ribosomal protein in F1-6 or F7-11 or F3-4 were calculated, the sum
of the percentages in the mentioned fractions were considered. The details of the
antibodies used, and their dilutions are given in the table at the materials section.

2.3.10 RNA isolation

The neuron lysates were subjected to RNA isolation using the Trizol method. In case of
total RNA levels measured from neurons, approximately 10% of the lysate prepared
from 2 million neurons was used for RNA isolation. In case of polysome profiling
samples, 200 ul was used from each fraction for RNA isolation. The lysates were mixed
with 3 times more volume of Trizol LS solution. The samples were placed on the rotor
for 5 minutes to enable proper mixing of lysates with Trizol LS. 0.2 ml Chloroform was
added per 0.75 ml Trizol LS and incubated for 5 minutes. The samples were mixed once
again and centrifuged at 12000g, 4°C for 15 minutes. After the spin, the aqueous phase
on the top was collected and transferred to another fresh tube. This was mixed with
isopropanol solution (0.5 ml isopropanol was used per 0.75 ml Trizol LS solution) along
with 2ul pellet paint and incubated at room temperature for 5-10 minutes. The samples
were centrifuged at 12000g, 4°C for 15 minutes. After the spin, the supernatant was
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discarded and the 200pl of chilled 80% ethanol was added into each tube. The pellet
was dislodged by giving a short vortex and centrifuged at 10000g, 4°C for 10 minutes.
The ethanol supernatant was discarded and the pellets were air dried till the ethanol
evaporated. The dried pellets were resuspended in 10 pl of DEPC treated water. The
extracted RNA was subjected to NanoDrop to measure the quantity and purity.

2.3.11 cDNA synthesis

The isolated RNA was subjected to reverse transcription to obtain the cDNA samples.
In case of polysome samples, the entire RNA isolated from each fraction was subjected
to cDNA synthesis. In case of total neuron lysate, 0.5-1 ug RNA was used for cONA
synthesis. The total volume of RNA was made up to 10 pl. Each RNA sample was
mixed with 1 pl of Random Hexamer (50 puM) and 1 pl of dNTPs mix (10 mM each).
This mixture was incubated at 65°C for 5 minutes and then placed on ice for at least 1
minute. Master mix for the reverse transcription was prepared such that 10 pl of the
master mix was added to each RNA sample. 10 ul of the master mix contained 2 pl of
the 10X MMLV RT buffer, 2 pl of 0.1M dTT, 0.3 pl of the MMLV RT enzyme, 0.2 ul
of RNase Out (RNase inhibitor). The RNA mix along with the master mix was
incubated at 42°C for 1 hour, followed by 75°C for 10 minutes.

2.3.12 gPCR

The qPCR was performed for the required gene using SYBR green method. The details
of the primers used for each candidate mRNA is mentioned in the material section. A
master mix was prepared using 5 pl SYBR green master mix, 1 pl primer mix (10 uM
mix of forward and reverse primer) and 3 pl water. 9 pl of the SYBR mix was added to
each well on the qPCR plate. 1 ul of the required cDNA sample was added per well and
subjected to qPCR amplification and detection. Primer against f-actin mRNA was used
as the control. Ct value of the mRNA of interest and B-actin mRNA was noted. Copy
number of mRNA of interest and B-actin was calculated and the ratio of this was
considered for analysis. In case of polysome samples, the Ct value and copy number of
the mRNA in each fraction was measured and percentage distribution was calculated.

2.3.13 Polysome profiling

The DIV15 neurons (~1.5 to 2 million cells) were treated with APOE3 or APOE4 iPSC
conditioned media for 20 minutes. For stimulation of NMDARs, NMDA (20 uM) was
added during the last 5 minutes of the 20 minutes treatment. After the treatment, the
cells were lysed in about 1ml of lysis buffer containing 0.1 mg/ml Cycloheximide
(C7698, Sigma) and centrifuged at 20000 x g, 4°C for 20 minutes. The supernatant was
loaded on 15%-45% linear sucrose gradient. 15% and 45% sucrose solutions were
prepared in the gradient buffer and mixed with the gradient maker to prepare 10ml of
15-45% gradient. The gradients were loaded with approximately 900ul of the lysates
and subjected to ultracentrifugation at 39000 rpm, 4°C for 1.5 hours. After the spin,
60% sucrose was used to pump the separated factions of the gradient through the
polysome profiler and 1ml fractions were collected (11 fractions in total). As the
fractions were collected, they were passed through a UV spectrophotometer to obtain
the absorbance profile at 254nm. The individual fractions were subjected to Western
blotting to probe for ribosomal protein RPLPO and RNA isolation/qPCR to probe for
candidate mRNAs.
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To identify actively translating polysomes, the cells were treated with 1 mM Puromycin
(P8833, Sigma) and lysed in the buffer containing Puromycin instead of
Cycloheximide. The Puromycin-sensitive fractions 7-11 were considered as the actively
translating fractions whereas the Puromycin-insensitive fractions 1-6 were considered
as the non-translating pool. The ratio was considered as shown —

Ratio of (Translating pool / Non-translating pool) = Ratio of (sum of percentage of
mRNA or protein in fractions 7-11 / sum of percentage of mMRNA or protein in fractions
1-6)

To further dissect the distribution of mRNAs/proteins in the non-translating pool,
fractions 1-6 were further divided into fractions 1-3 (inhibitory complex) and fractions
4-6 (ribosomal subunits and monosomes). In this case, the percentage was calculated
with respect to distribution in fractions 1-6 as total. The enrichment of the
mRNAs/proteins in the inhibitory complex was calculated as —

Sum of percentage of MRNAs or proteins in fractions 1-3 / Sum of percentage of mMRNAs
or proteins in fraction 4-6

2.3.14 Calcium imaging

Calcium imaging was perfomed with DIV15 neurons plated on Nunc glass-bottomed
imaging dishes. The imaging and washes were performed with ACSF media (120 mM
NaCl, 3 mM KCI, 1 mM MgCl;, 3 mM NaHCOg, 1.25 mM NaH2PO4, 15 mM HEPES,
2 mM CaClz, 30 mM glucose, pH 7.4). The cells were washed once with ACSF and
incubated at 37°C with 1 ml of freshly prepared Fluo4-AM dye solution (1uM Fluo4-
AM and 0.002% Pluronic acid in ACSF) (F14217, ThermoFisher Scientific) for 20
minutes. They were given two washes and incubated in ACSF at 37°C for 10-20 minutes
to enable the de-esterification of the dye. Further, the ACSF was removed and replaced
with 800-900 pl of fresh ACSF before imaging. The drugs Nifedipine (50uM) and
MK®801 (25pM) were added during this de-esterification incubation step. During the
drug treatment, all the washes were performed with ACSF containing the corresponding
drug and imaged in ACSF containing the drug. The neurons were imaged using
Olympus FV300 confocal laser scanning inverted microscope with 20X objective,
illuminated with 488 nm lasers. The neurons were imaged for a total time of 7 minutes
at a rate of 3 seconds per frame (140 frames in total). They were imaged in basal
condition for 1 minute (20 frames). Following that, they were imaged for 5 minutes
(100 frames) with addition of APOE recombinant protein (20 nM) or NMDA (20 pM).
Finally, they were imaged for 1 minute (20 frames) with the addition of lonomycin
solution (10 uM lonomycin with 10 mM CacCl,) (407950, Sigma). The images obtained
were analyzed using the Time-Series Analyzer plug-in on FIJI software. The average
intensities were obtained for the selected ROIs (ROIs were drawn manually and the
lonomycin responsive cells were included). The change in fluorescent intensity at each
frame was normalized to the initial fluorescent intensity of the first frame (FO) for each
ROI. The normalized change in fluorescent intensity (AF/F0) was plotted along the time
axis and used for statistical analysis as well. For calculation of changes at 1-minute and
2-minutes after APOE addition, sum of the intensities before APOE addition (F0) and
sum of the intensities after 1-minute or 2-minutes of APOE addition (F) was calculated.
The summed values were used to calculate the AF/FO value or (F-F0)/FO value.
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2.3.15 Statistical analyses

All statistical analyses were performed using Graph Pad Prism software. The normality
of the data was checked using the Kolmogorov-Smirnov test. For experiments with less
than 5 data points, parametric statistical tests were applied. Data were represented as
mean = SEM in all biochemical experiment graphs. FUNCAT and calcium imaging
data was represented as boxes and whiskers with all the individual data points.
Statistical significance was calculated using Unpaired Student's t-test (2 tailed with
equal variance) in cases where 2 groups were being compared. One-way ANOVA was
used for multiple group comparisons, followed by Tukey's multiple comparison test or
Dunnett’s multiple comparison test. P-value less than 0.05 was considered to be
statistically significant.
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Chapter 3

Sources of APOE

3.0 Introduction

Apolipoprotein E (APOE) belongs to the family of lipoproteins well characterized for
their function of lipid transport, highly expressed in the liver 12, APOE is the most
abundant lipoprotein expressed in the central nervous system (CNS) 3. In the CNS,
astrocytes are the primary cell types which largely express APOE 2-°, whereas neurons
are known to express APOE under conditions of stress>>’. ABCA1 (ATP-binding
cassette protein) interacts with APOE and transports cholesterol, thus making the
astrocyte secreted APOE lipidated in nature®. The lipidation status of APOE is shown
to create differences in the binding of APOE to AB®, thus influencing the clearance of
AB. However, the lipidation of APOE does not seem to affect the signaling pathways
activated by the binding of APOE to its cognate receptors in neurons'®,

In order to study the effect of APOE on neuronal protein synthesis, we decided to use
APOE from two major sources — the cell secreted APOE which is lipidated in nature
and the recombinant APOE protein which is not lipidated. The use of recombinant
protein helps in achieving APOE treatment of uniform concentration across batches.
Previously, studies have reported the use of APOE secreted from astrocytes or cell lines
overexpressing different isoforms of APOE>1%12-16 However, the limitation of using
cell lines overexpressing different APOE isoforms would be that the cell lines have the
endogenous APOE expressed and secreted as well. This could also influence the
expression and secretion of the over-expressed APOE isoforms. To our advantage, we
had the availability of isogenic iPSC lines expressing different isoforms of APOE
(APOE 3/3, APOE 4/4 and APOE KO) obtained from the CRISPR-Cas9 editing of the
original line APOE 3/4. We also had the understanding that stem cells express and
secrete abundant amounts of APOE2. Based on this, we thought that the iPSCs could
be an apt source for APOE as we had isogenic iPSCs endogenously expressing different
isoforms of APOE. Hence, we used the stem cell secreted medium as the primary source
for APOE, which we propose is better than using conditioned media from APOE over-
expressing cell lines. We have also used the recombinant APOE protein as an additional
source to validate the results from the conditioned media.

Results

3.1 Characterization of the APOE isogenic iPSC lines

In order to use the APOE secreted by stem cells as a source, we began by performing a
thorough characterization of the iPSCs expressing different APOE isoforms. APOE 3/4
was the primary iPSC line obtained from the fibroblasts of an 18-year-old healthy
male!’18, APOE 3/4 iPSC line was subjected to CRISPR/Cas9 based gene editing to
obtain the other isogenic iPSC lines expressing different isoforms APOE 3/3, APOE
4/4 and APOE KO8, We did not use the conditioned media from the heterozygous
APOE 3/4 iPSC line as the proportion of expression and secretion of the individual
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isoforms (APOE3 and APOEA4) remains unclear, which would make the analysis
inconclusive.

APOE KO, APOE 3/3 and APOE 4/4 iPSCs showed the expression of the pluripotency
markers OCT4 and Nanog (Fig 3.1 A). OCT4 and Nanog expression was nuclear, as
characterized by the use of nuclear marker DAPI (Fig 3.1 A). All the three iPSC lines
showed normal karyotyping profile (Fig 3.1 B). APOE 3/3 and APOE 4/4 iPSCs
expressed similar and substantial amounts of APOE while there was absence of APOE
expression in the APOE KO iPSC lines (Fig 3.1 C).
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Figure 3.1 — Characterization of APOE isogenic iPSC lines

A — Representative images of APOE KO, APOE 3/3 and APOE 4/4 iPSCs subjected to
immunostaining for nuclear marker (DAPI) along with pluripotency markers OCT4
(green) and Nanog (gold). Scale bar - 100uM.

B — Karyotyping profiles of APOE KO, APOE 3/3 and APOE 4/4 iPSCs

C — Representative immunoblots indicating the expression of APOE and loading control
a-tubulin in APOE KO, APOE 3/3 and APOE 4/4 iPSCs.

3.2 APOE secretion by iPSCs

In order to estimate the amount of APOE secreted by the iPSCs, the iPSCs were first
subjected to a media change from stem cell media mTeSR1 to Neurobasal once they
reached 50% confluency. This step was carried out to ensure that the APOE treatment
of the neurons was performed in Neurobasal based conditioned media rather than
mTeSR1 based conditioned media. The iPSCs were maintained in Neurobasal for 48
hours. The 2-day conditioned media had significant amount of APOE secreted into it as
detected by Western Blotting (Fig 3.2 A). The secreted APOE in the 2-day conditioned
media was also stable for up to 24 hours when kept in culture conditions (37°C, 5% 02)
(Fig 3.2 B). The amount of APOE in the 2-day conditioned media was estimated using
ELISA (Fig 3.2 C). The APOE concentration in 2-day conditioned media was
approximately 0.3pg/ml (Fig 3.2 D). This was comparable between APOE3 and APOE4
conditioned media while APOE KO iPSCs did not show any APOE secretion.
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Figure 3.2
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Figure 3.2 - APOE secretion by iPSCs

A — Representative immunoblots showing the APOE secreted in 2-day iPSC
conditioned media.

B - Representative immunoblots showing the APOE secreted in 2-day iPSC conditioned
media kept in culture conditions for 1 day.

C — Standard curve for APOE ELISA.

D — The ELISA based measurements of the APOE concentrations in the 2-day iPSC
conditioned media.

3.3 Validation of APOE treatment paradigm

Primary cortical neurons (DIV15) obtained from the cortices of the Sprague-Dawley rat
embryos (E18.5) were used for the validation of the APOE treatment paradigm (Fig 3.3
A). The iPSC conditioned media was mixed with the existing neuron media to obtain
the APOE concentration of 8-10nM. Along with conditioned media, we used
recombinant APOE protein as another source of APOE. Previously, many studies have
reported the activation of ERK signaling pathway downstream of APOE treatment 1°-
1219 APOE mediated increase in ERK phosphorylation was also shown to be isoform-
dependent, with APOE4 causing the maximal phosphorylation of ERK %12, Hence, we
used this well-established readout of ERK phosphorylation to validate our treatment
paradigm and APOE sources.

Previous studies have reported that the ERK phosphorylation in neurons increased with
around 15-minute APOE treatment and remained high for up to 2 hours treatment,
following which the p-ERK recovered to basal levels'®'!. Hence, we looked at the
phosphorylation of ERK in primary neurons after 20-minute treatment with APOE
conditioned media, as it was the earliest time point at which the ERK phosphorylation
was increased. As reported previously, APOE4 conditioned media treatment for 20
minutes caused the maximal increase in ERK phosphorylation (Fig 3.3 B), whereas
APOE3 and APOE KO conditioned media treatment was similar to control conditions
(Fig 3.3 B). Similarly, APOE4 recombinant protein treatment (15nM) for 20 minutes
also caused a marked increase in ERK phosphorylation, thus validating that the APOE
mediated signaling effects are independent of lipidation status (Fig 3.3 C). Further, we
conducted the APOE treatment experiments in rat cortical synaptoneurosomes
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(biochemically isolated synaptic compartments) to verify if the APOE mediated
signaling effects are synaptic. APOE4 recombinant protein treatment (15nM) for 20
minutes caused an increase in ERK phosphorylation in the synaptoneurosomes as well
(Fig 3.3 D). To confirm the specificity of APOE mediated ERK activation, we pre-
incubated the neurons with APOE receptor antagonist RAP, followed by the APOE
conditioned media treatment for 20 minutes. RAP treatment blocked the APOE4
mediated increase in ERK phosphorylation validating that the signaling was mediated
by APOE binding to its cognate receptors in the neurons (Fig 3.3 E).
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Figure 3.3 - Validation of APOE treatment paradigm
A — Experimental design.

B — Representative immunoblots showing the levels of p-ERK, ERK and Tujl in rat
primary cortical neurons after 20 minutes treatment with APOE conditioned media. The
graph represents the ratio of p-ERK to ERK normalized to Tuj1 under different APOE
conditions. Data is represented as mean +/- SEM. N=3, One-way ANOVA (p=0.0031)
followed by Tukey’s multiple comparison test.

C - Representative immunoblots showing the levels of p-ERK, ERK and Tujl in rat
primary cortical neurons after 20 minutes treatment with APOE recombinant protein
(15nM). The graph represents the ratio of p-ERK to ERK normalized to Tujl under
different APOE conditions. Data is represented as mean +/- SEM. N=3, One-way
ANOVA (p=0.0041) followed by Tukey’s multiple comparison test.
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D - Representative immunoblots showing the levels of p-ERK, ERK and Tujl in rat
cortical synaptoneurosomes after 20 minutes treatment with APOE recombinant protein
(15nM). The graph represents the ratio of p-ERK to ERK normalized to Tujl under
different APOE conditions. Data is represented as mean +/- SEM. N=3, Unpaired
Student’s t-test.

E - Representative immunoblots showing the levels of p-ERK, ERK and Tujl in rat
primary cortical neurons after RAP pre-incubation (200nM) followed by 20 minutes
treatment with APOE conditioned media. The graph represents the ratio of p-ERK to
ERK normalized to Tujl under different APOE conditions. Data is represented as mean
+/- SEM. N=3, One-way ANOVA (p=0.0097) followed by Tukey’s multiple
comparison test.

3.4 Summary and discussion

In summary, we have characterized the APOE iPSCs for their pluripotency markers,
karyotype profile and APOE expression. We have quantified the APOE secretion by
IPSCs and optimized the APOE iPSC conditioned media treatment paradigm for
primary cortical neurons and synaptoneurosomes. The use of synaptoneurosomes
showed that the effect of APOE signaling was synaptic as well. This was consistent
with the findings that APOE receptors LRP1 and ApoEr2 are present at the post-
synapse'®2%2!, We have validated the treatment by probing for ERK phosphorylation, a
previously established readout for APOE treatment. Importantly, we did not observe
any changes in ERK phosphorylation depending on the APOE source, as APOE from
conditioned media and recombinant protein showed comparable results. This was
consistent with other studies which have shown that the signaling effect of APOE does
not depend on the source®®. Hence, we decided to use APOE from both sources for our
future experiments related to protein synthesis analysis as well. | would like to bring to
notice that while APOE concentration in conditioned media came up to 8-10nM,
recombinant APOE protein was used at 15nM. We initially began our experiments using
15nM as the APOE concentration based on ERK phosphorylation and previous
literature. But, since APOE secreted by iPSCs is not constant and we dilute APOE iPSC
conditioned media with neurobasal in the ratio 1:1, we did not get 15nM of APOE every
time from iPSCs. Hence, the concentration of APOE in iPSC conditioned media ranged
from 8-15nM while we used recombinant protein at 15nM.

Further, we have verified that the ERK activation was specific to APOE binding to its
receptors in the neurons by using APOE receptor antagonist RAP. The control
experiments using RAP and APOE KO conditioned media validated that the results we
observed were APOE specific. A major concern in the field of APOE has been regarding
the concentrations of the APOE protein used in the experiments. The concentration of
APOE in the mouse brain interstitial fluid and human cerebrospinal fluid is in the low
nanomolar range 2223, Hence, the APOE concentrations we have used in the study are
quite comparable to physiological concentrations of low nanomolar range, as opposed
to the many studies which have used APOE concentrations of high micromolar range
101213 Thys, we have established stem cell secreted APOE as a valid source and
optimized our treatment paradigm with two different sources of APOE at
physiologically relevant concentrations.
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Chapter 4

Effect of APOE on regulation of protein synthesis

4.0 Introduction

APOE4 is associated with AD as a risk factor due to its role in AP clearance'™.
However, many studies have shown that the presence of APOE4 alone is sufficient to
increase the AP load, implying APOE4 as a causative factor for AD>®. Additionally,
there are increasing evidences suggesting the independent role of APOE4 in causing
cognitive defects. Several studies and meta-analysis of studies have shown that adult
APOE4 carriers (with no AD pathology) perform significantly worse in measures of
episodic memory, executive functioning, and global cognitive ability compared to
APOE4 non-carriers™, APOE4 carriers with Mild Cognitive Impairment (MCI)
showed an accelerated cognitive decline compared to non-carriers of APOE4, reflecting
early signs of AD pathology as well %, In corroboration, APOE4 knock-in mice model
also show defects in spatial learning and memory*2%3, In fact, the learning and memory
deficits were observed in younger APOE4 mice (3 months old) and it persisted in older
adults (18 months) as well*2. Correspondingly, there was a reduction of spine density,
dendritic length and arborization in the entorhinal cortex of the 3-month-old APOE4
mice!?. Several other studies have also reported reduction of neurite outgrowth,
dendritic complexity and spine density in the cortex of APOE4 mice models*?°, as
early as 1-month as well?!. The loss of synaptic proteins, particularly in an age-
dependent manner, is also well-reported in APOE4 mice models!®?2,

However, the mechanisms behind APOE4 mediated synaptic defects are poorly
understood. Though dysregulation of protein synthesis is implicated in familial models
of AD 2325 the role of translation is not studied in the context of APOE4. As | have
explained earlier in the introduction, protein synthesis is an integral process important
for synaptic structure and function. Hence, we decided to investigate the effect of APOE
on protein synthesis regulation, as a possible mechanism to understand APOE4
mediated synaptic and cognitive defects.

Results

4.1 APOE4 treatment for 20 minutes increases eEF2 phosphorylation in rat
neurons and synaptoneurosomes

In order to study the effect of APOE on protein synthesis, we treated rat primary cortical
neurons (DIV 15) or rat synaptoneurosomes with APOE for 20 minutes, a time point
which we have validated previously using ERK phosphorylation. We used APOE from
IPSC conditioned media (8-10nM) and recombinant APOE protein (15nM) as the two
sources of APOE (Fig 4.1 A). One of the primary readouts we used to assess protein
synthesis response was phosphorylation status of eukaryotic translation elongation
factor 2 (eEF2) (Fig 4.1 A). eEF2 is a GTP-dependent translocase which catalyzes the
step of ribosome translocation during protein synthesis 2. eEF2 is regulated by
phosphorylation at the site of Threonine 56 (T56) in the GTP binding domain, which
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hinders the association of eEF2 with the ribosome ?-3°. Hence, increased eEF2
phosphorylation is a readout for global reduction of protein synthesis 26332,

The neurons treated with APOE4 conditioned media for 20 minutes showed a
significant increase in eEF2 phosphorylation compared to APOE3 conditioned media,
APOE KO conditioned media and neurobasal conditions (Fig 4.1 B). APOE3 or APOE
KO conditioned media treatment had no effect on neuronal translation upon 20-minute
exposure (Fig 4.1 B). This indicated that APOE4 conditioned media treatment for 20
minutes caused a global reduction of protein synthesis. The same effect was observed
with recombinant APOE protein treatment as well. While 20-minute treatment with
APOE4 recombinant protein caused an increase in eEF2 phosphorylation, APOE3
recombinant protein treatment for 20 minutes did not affect eEF2 phosphorylation
compared to control conditions (Fig 4.1 C). Additionally, synaptoneurosomes treated
with recombinant APOE4 protein also showed an increase in eEF2 phosphorylation
compared to APOE3 treatment, verifying that the effect of APOE4 on protein synthesis
is synaptic as well (Fig 4.1 D). Thus, 20-minute treatment with APOE4 (conditioned
media or recombinant protein) caused an increase in eEF2 phosphorylation, both in

neurons and synaptoneurosomes preparations, implying an inhibitory effect of APOE4
on global protein synthesis.
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Figure 4.1 - APOE4 treatment for 20 minutes increases eEF2 phosphorylation in rat
neurons and synaptoneurosomes

A — Experimental design

B - Representative immunoblots showing the levels of p-eEF2, eEF2 and Tujl in rat
primary cortical neurons after 20 minutes treatment with APOE iPSC conditioned
media. The graph represents the ratio of p-eEF2 to eEF2 normalized to Tujl under
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different APOE conditions. Data is represented as mean +/- SEM. N=5, One-way
ANOVA (p=0.0001) followed by Tukey’s multiple comparison test.

C - Representative immunoblots showing the levels of p-eEF2, eEF2 and Tujl in rat
primary cortical neurons after 20 minutes treatment with recombinant APOE protein.
The graph represents the ratio of p-eEF2 to eEF2 normalized to Tujl under different
APOE conditions. Data is represented as mean +/- SEM. N=4, One-way ANOVA
(p=0.0002) followed by Tukey’s multiple comparison test.

D - Representative immunoblots showing the levels of p-eEF2, eEF2 and Tujl in rat
cortical synaptoneurosomes after 20 minutes treatment with recombinant APOE
protein. The graph represents the ratio of p-eEF2 to eEF2 normalized to Tujl under
different APOE conditions. Data is represented as mean +/- SEM. N=4, Unpaired
Student’s t-test.

4.2 APOE4 mediated increase in eEF2 phosphorylation is dependent on APOE
receptors

In order to ensure the robustness of the effect of APOE4 on protein synthesis, we
validated our results in human iPSC derived neuron system. We subjected APOE KO
IPSCs to neuronal differentiation to obtain forebrain glutamatergic neurons. Human
APOE KO neurons (1 month into neuronal maturation) were treated with APOE3 or
APOE4 iPSC conditioned media for 20 minutes (Fig 4.2 A). As observed previously,
the neurons treated with APOE4 conditioned media showed an increase in eEF2
phosphorylation compared to APOE3 treated neurons (Fig 4.2 B). Thus, we validated
the inhibitory effect of APOE4 on global protein synthesis in human neurons as well as
in mouse neurons treated with astrocyte secreted APOE.

Further, to confirm the specificity of the effect of APOE on eEF2 phosphorylation, rat
primary cortical neurons were treated with APOE3 or APOE4 iPSC conditioned media
in the presence of APOE receptor antagonist RAP (Fig 4.2 C). RAP abolished the
APOE4 mediated increase in eEF2 phosphorylation, while it had no effect in the
presence of APOE3 conditioned media (Fig 4.2 C) or APOE KO conditioned media
(Fig 4.2 D). RAP prevented the APOE4 mediated increase in eEF2 phosphorylation in
the synaptoneurosomes as well (Fig 4.2 E), while it had no effect upon APOE3
treatment (Fig 4.2 E). Synaptoneurosomes treated with RAP in the absence of APOE
did not show any change in eEF2 phosphorylation (Fig 4.2 F), confirming the specificity
of APOE4 response. Thus, similar to ERK phosphorylation, the effect of APOE4 on
eEF2 phosphorylation was also dependent on APOE binding to its cognate receptors in
neurons and signaling downstream of APOE receptors.
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Figure 4.2
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Figure 4.2 - APOE4 treatment for 20 minutes increases eEF2 phosphorylation in
mouse neurons and human neurons

A - Experimental design for APOE treatment of human iPSC derived neurons

B — Representative immunoblots showing the levels of p-eEF2, eEF2 and Tujl in
human APOE KO neurons after 20 minutes treatment with APOE3 or APOE4 iPSC
conditioned media. The graph represents the ratio of p-eEF2 to eEF2 normalized to Tuj1
under different APOE conditions. Data is represented as mean +/- SEM. N=4, Unpaired
Student’s t-test.

C - Representative immunoblots showing the levels of p-eEF2, eEF2 and Tujl in rat
primary cortical neurons after RAP pre-incubation (200nM) followed by 20 minutes
treatment with APOE3 or APOE4 conditioned media. The graph represents the ratio of
p-eEF2 to eEF2 normalized to Tujl under different APOE conditions. Data is
represented as mean +/- SEM. N=5, One-way ANOVA (p=0.003) followed by Tukey’s
multiple comparison test.
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D - Representative immunoblots showing the levels of p-eEF2, eEF2 and Tujl in rat
primary cortical neurons after RAP pre-incubation (200nM) followed by 20 minutes
treatment with APOE KO conditioned media. The graph represents the ratio of p-eEF2
to eEF2 normalized to Tujl under different APOE conditions. Data is represented as
mean +/- SEM. N=3, Unpaired Student’s t-test (ns).

E - Representative immunoblots showing the levels of p-eEF2, eEF2 and Tujl in rat
cortical synaptoneurosomes after RAP pre-incubation (200nM) followed by 20 minutes
treatment with APOE3 or APOE4 recombinant protein. The graph represents the ratio
of p-eEF2 to eEF2 normalized to Tujl under different APOE conditions. Data is
represented as mean +/- SEM. N=4, One-way ANOVA (p=0.0088) followed by
Tukey’s multiple comparison test.

F - Representative immunoblots showing the levels of p-eEF2, eEF2 and Tujl in rat
cortical synaptoneurosomes after RAP incubation (200nM) in the absence of APOE
treatment. The graph represents the ratio of p-eEF2 to eEF2 normalized to Tujl under
different APOE conditions. Data is represented as mean +/- SEM. N=3, Unpaired
Student’s t-test (ns).

4.3 Both APOE3 and APOEA4 inhibit global protein synthesis at 1-minute, while
only APOE4 is inhibitory at 20 minutes

In order to obtain a more profound understanding of the effect of APOE on protein
synthesis, we decided to investigate an earlier treatment time point. Since the effect of
APOE on protein synthesis was receptor mediated, we hypothesized that we would be
able to capture this earlier than 20-minutes as well. Hence, we treated the rat primary
cortical neurons with APOE3 or APOE4 iPSC conditioned media at two different time
points — 1 minute and 20 minutes. Interestingly, at 1-minute time point, both APOE3
and APOE4 conditioned media treatment caused an increase in eEF2 phosphorylation
compared to control conditions (Fig 4.3 A). However, by 20-minute time point, eEF2
phosphorylation had recovered to basal levels in APOE3 treated conditions, while it
continued to remain high in APOE4 treated neurons (Fig 4.3 A). These results indicated
that both APOE3 and APOE4 treatment for 1-minute caused a global inhibition of
protein synthesis, whereas only APOE4 treatment caused translation inhibition at 20-
minute.

Though eEF2 phosphorylation is a robust readout for translation status, it is also a
correlative one. Hence, we validated the results using a more direct readout for protein
synthesis such as FUNCAT (Fluorescent Non-Canonical Amino-acid Tagging). Briefly,
the neurons were subjected to Methionine deprivation for 45 minutes followed by the
incorporation of Methionine analog AHA for 30 minutes (Fig 4.3 C). The AHA
incorporated in the de-novo synthesized proteins was detected using a fluorescent tag
attached to it through click chemistry (Fig 4.3 C). The assay was validated using the
control condition of Methionine deprivation without AHA incorporation, but followed
by click chemistry reaction. Under this condition, the fluorescent FUNCAT signal
following click chemistry was absent, indicating that the FUNCAT signal was indeed
from the AHA incorporated de-novo synthesized proteins only (Fig 4.3 B). We also
performed MAP2 immunostaining following the FUNCAT reaction to detect the

neurons and normalize the FUNCAT signal.
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We conducted the FUNCAT assay with APOE treatment conditions where the neurons
were exposed to APOE after the AHA incorporation step (Fig 4.3 C). At 1-minute,
treatment with both APOE3 and APOE4 recombinant protein (15nM) showed a
reduction in the FUNCAT signal compared to untreated conditions, indicating a
reduction of global protein synthesis (Fig 4.3 D and E). However, at 20-minutes, only
APOEA4 treated neurons showed a significant reduction in the FUNCAT signal, whereas
the FUNCAT signal of APOES3 treated neurons was similar to untreated conditions (Fig
43 F and G). The results with the FUNCAT assay corroborated the eEF2
phosphorylation results. In summary, both APOE3 and APOE4 inhibited global protein
synthesis at 1-minute. While APOE3 treated neurons recovered, APOE4 continued to
inhibit protein synthesis at 20-minute time point as well.
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Figure 4.3 - Both APOE3 and APOEA4 inhibit global protein synthesis at 1-minute,
while only APOE4 is inhibitory at 20 minutes

A - Representative immunoblots showing the levels of p-eEF2, eEF2 and Tujl in rat
primary cortical neurons after 1 minute and 20 minutes treatment with APOE3 or
APOE4 iPSC conditioned media. The graph represents the ratio of p-eEF2 to eEF2
normalized to Tujl under different APOE conditions. Data is represented as mean +/-
SEM. Dotted line indicates the untreated condition. All the APOE treatments were
normalized to untreated condition. N=4. One-way ANOVA (p<0.0001) followed by
Dunnett’s multiple comparison test.

B — Validation of the FUNCAT assay. Representative images indicating MAP2 and
FUNCAT fluorescent signals in rat primary cortical neurons subjected to click
chemistry without AHA incorporation.

C — Experimental design for the FUNCAT assay.

D - The representative images for MAP2 and FUNCAT fluorescent signals in rat
primary cortical neurons under untreated conditions or after 1 minute treatment with
APOE3 / APOE4 recombinant protein (15nM) (Scale bar - 10uM).

E - The graph represents the quantification of the FUNCAT fluorescent intensity
normalized to MAP2 fluorescent intensity under different APOE treatment conditions
at 1-minute time point. N = 20-40 neurons from 4 independent experiments, One-way
ANOVA (p=0.0058) followed by Tukey’s multiple comparison test.

F - The representative images for MAP2 and FUNCAT fluorescent signals in rat
primary cortical neurons under untreated conditions or after 20-minute treatment with
APOE3 / APOE4 recombinant protein (15nM) (Scale bar - 10uM).

G - The graph represents the quantification of the FUNCAT fluorescent intensity
normalized to MAP2 fluorescent intensity under different APOE treatment conditions
at 20-minute time point. N = 20-40 neurons from 4 independent experiments, One-way
ANOVA (p=0.0001) followed by Tukey’s multiple comparison test.

4.4 APOES3 treated neurons recover from protein synthesis inhibition faster than
APOEA4 treated neurons

Previously, we observed that both APOE3 and APOE4 caused an inhibition of protein
synthesis, but APOE3 treated neurons recovered to basal conditions faster than APOE4
treated neurons. In order to investigate this further, we subjected the neurons to a phase
of recovery after 1-minute or 20-minute APOE treatment (Fig 4.4 A). Rat primary
cortical neurons (DIV15) were treated with APOE3 or APOE4 iPSC conditioned media
for 1 minute, following which APOE conditioned media was removed and they were
subjected to recovery using pre-conditioned neurobasal for 5-minutes, 10-minutes and
20-minutes (Fig 4.4 A). Firstly, we observed that 1-minute treatment with APOE4 led
to higher increase in eEF2 phosphorylation compared to 1-minute APOE3 treatment
(Fig 4.4 B). With 5-minutes of recovery following 1-minute treatment, eEF2
phosphorylation continued to remain significantly high in APOE4 treated neurons
compared to APOE3 treatment (Fig 4.4 B). However, by 10-minutes and 20-minutes of
recovery, APOE4 treated neurons had recovered to the same extent as APOE3 treated
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neurons (Fig 4.4 B). This clearly demonstrated that the recovery from translation
inhibition was slower in APOE4 treated neurons.

Additionally, we also subjected the 20-minute APOE4 conditioned media treated
neurons to a 20-minute recovery period (Fig 4.4 A and C). The phosphorylation of eEF2
reduced significantly following the 20-minute recovery indicating that the APOE4
treated neurons can recover from the translation inhibition even with 20-minute
treatment if APOE is removed from the media (Fig 4.4 C). Along the same lines, we
questioned what would the translation response be if the neurons were treated with
APOE chronically. To answer this, we treated rat primary cortical neurons with APOE
iPSC conditioned media for 24 hours (Fig 4.4 D). We observed that 24-hour APOE4
treatment caused a substantial increase in eEF2 phosphorylation compared to APOE3
or APOE KO conditions (Fig 4.4 D). Thus, chronic presence of APOE4 also caused an
inhibition of protein synthesis.
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Figure 4.4 - APOES treated neurons recover from protein synthesis inhibition faster

than APOE4 treated neurons

A — Experimental design for APOE treatment followed by recovery
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B - Representative immunoblots showing the levels of p-eEF2, eEF2 and Tujl in rat
primary cortical neurons after 1 minute treatment with APOE3 or APOE4 iPSC
conditioned media followed by 5-minute, 10-minute and 20-minute recovery with pre-
conditioned neurobasal media. The graph represents the ratio of p-eEF2 to eEF2
normalized to Tuj1 under different APOE conditions. The data from each recovery time
point is normalized to its corresponding 1-minute APOE treated set. Data is represented
as mean +/- SEM. For APOE3 1’ and APOE4 1°, N=8, Unpaired Student’s t-test. For
APOE 1’ + 5°’R, N=4, Unpaired Student’s t-test. For APOE 1’ + 10’R, N=5. For APOE
1’ +20°R, N=3.

C - Representative immunoblots showing the levels of p-eEF2, eEF2 and Tujl in rat
primary cortical neurons after 20-minute treatment with APOE4 iPSC conditioned
media followed by 20-minute recovery with pre-conditioned neurobasal media. The
graph represents the ratio of p-eEF2 to eEF2 normalized to Tuj1 under different APOE
conditions. Data is represented as mean +/- SEM. N=3, Unpaired Student’s t-test.

D - Representative immunoblots showing the levels of p-eEF2, eEF2 and Tujl in rat
primary cortical neurons after 24-hour treatment with APOE KO or APOE3 or APOE4
iPSC conditioned media (8-10nM). The graph represents the ratio of p-eEF2 to eEF2
normalized to Tujl under different APOE conditions. Data is represented as mean +/-
SEM. N=3, One-way ANOVA (p=0.0068) followed by Tukey’s multiple comparison
test.

4.5 Summary and discussion

In this chapter, we have shown that 20-minute treatment with APOE4 conditioned
media or recombinant protein causes an increase in the phosphorylation of eEF2 in rat
primary cortical neurons and rat synaptoneurosomes. This leads to an inhibition of
global protein synthesis which was demonstrated through FUNCAT assay as well. We
ensured the robustness and relevance of our results by testing it in the human neuron
system. Similar to rat neurons, we observed that APOE4 conditioned media treatment
for 20 minutes caused an increase in eEF2 phosphorylation in human APOE KO
neurons as well. Though neurons express very limited amounts of APOE, conditions of
stress are shown to increase neuronal APOE expression®*3, The experiments
performed in the APOE KO neuron system validated that the effect on protein synthesis
was not due to changes in neuronal APOE expression, rather it was due to the signaling
downstream of APOE receptors. In support of this, APOE receptor antagonist RAP was
able to prevent APOE4 mediated increase in eEF2 phosphorylation in rat primary
neurons and synaptoneurosomes, further strengthening the involvement of APOE-
APOE receptor cascade in the protein synthesis response.

We also investigated the temporal profile of the protein synthesis response on APOE
treatment. Interestingly, we found that both APOE3 and APOE4 lead to an increase in
eEF2 phosphorylation at an early time point 1-minute. This was also confirmed by the
FUNCAT assay where APOE3 and APOE4 treatment for 1-minute showed a reduction
of global protein synthesis. However, by 20-minutes, protein synthesis had recovered
to basal in APOES3 treated neurons, whereas it remained inhibited in APOE4 treated
neurons. This prompted us to study the recovery from protein synthesis inhibition on
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APOE treatment. We found that the recovery from translation inhibition was indeed
slower in APOE4 treated neurons. Previously, studies have reported the differences in
APOE isoforms with respect to the extent of activation of signaling pathways such as
ERK and Akt pathways, with APOE4 isoform causing the highest activation >3¢37,
Similarly, we observed that APOE4 isoform caused the highest phosphorylation of
eEF2, even at the 1-minute time point. However, the key difference between the APOE
isoforms was their distinct temporal profiles. The temporal differences in APOE
mediated response are not studied extensively and our results provide novel insights to
understand the basic question ‘What makes APOE4 a risk factor in AD?".

The removal of APOE from the media enabled the neurons to recover from the protein
synthesis inhibition. However, the chronic and constant exposure to APOE4 for 24
hours caused a significant increase in eEF2 phosphorylation. We understand that our
model system of isolated primary neurons lacks the physiological clearance APOE
mechanisms provided by the astrocytes. Hence, we estimate that the effects of APOE4
on protein synthesis could be more subtle physiologically. However, unlike the
neurotransmitters which are released in a localized way and cleared out very fast, we
also estimate that the neurons would have a continuous and non-localized exposure to
APOE. Thus, in the longer run, the slower recovery from protein synthesis inhibition
combined with continuous exposure to APOE could play a major role in contributing to
APOE4 mediated pathology.
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Chapter 5

Effect of APOE on NMDAR mediated translation response

5.0 Introduction

Protein synthesis is highly regulated spatially and temporally downstream of neuronal
activity™®. Stimulation of neurons with specific neurotransmitters or neurotrophic
factors is shown to elicit distinct translation responses involving translation of specific
candidate mRNAs*®!. Over the past few decades, numerous studies have
demonstrated the local protein synthesis in neurons, especially at the dendrites, enabling
the synapses to specifically synthesize new proteins required for long-term
plasticity>®2-%>, This in turn enables the synapses to independently control their strength
downstream of activity, without relying on the transport of specific proteins from the
soma**>*>, Considering the dysregulation of basal protein synthesis in APOE4 treated
neurons (demonstrated in Chapter 4) and the importance of activity mediated protein
synthesis for synaptic plasticity, we decided to investigate the effect of APOE4 on
activity mediated translation response as well.

Glutamate being the principal excitatory neurotransmitter in mammalian CNS,
stimulation of glutamate receptors is critical for long term plasticity response®’. The
importance of activity driven protein synthesis regulation in glutamate mediated
plasticity is also well understood 31218, There are 2 main types of glutamate receptors —
ionotropic and metabotropic'®. The ionotropic receptors encompass three kinds —
Kainite receptor, AMPA receptors (AMPARs) and NMDA receptors (NMDARs)®°. On
the other hand, there are 8 kinds of metabotropic glutamate receptors (mGIuRs —
mGIuR1 to mGIuRS8) distributed into 3 groups °. Among these, the translation response
is well characterized for Group 1 mGIluRs and NMDARs. The activation of mGIuRs is
known to cause a global upregulation of protein synthesis; whereas the NMDAR
mediated translation response involves early phase translation inhibition followed by
global translation activation’2-%3,

We decided to focus on the effect of APOE on protein synthesis response mediated by
NMDARs for two primary reasons -

1. APOE receptors (both LRP1 and ApoeR2) are shown to interact with NMDARS.
APOE receptors are shown to be present at the post-synapse’*? and their
interaction with NMDARs is shown to be mediated through the post-synaptic
density protein PSD95 2426, The endosomes containing the internalized APOE
receptors upon APOE binding are shown to contain NMDARs as well, further
supporting the interaction between the two receptors?’. The activation of ERK
signaling pathway downstream of APOE receptors is also shown have the
involvement of NMDARs?®%, Using NMDAR antagonists is shown to block
APOE mediated ERK phosphorylation to an extent similar to using APOE receptor
antagonists?®®2°, Though the mechanism is not well understood, it is clear that
binding of APOE to its receptor causes an activation of NMDARs as well. This
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formed the basis to hypothesize that APOE could affect the translation response
downstream of NMDARs.

2. NMDARs behave as co-incidence detectors of both pre-synaptic activity (release
of glutamate) and post-synaptic activity (voltage change causing removal of
magnesium block and induction of calcium signaling)®. This co-incident detection
makes NMDAR dependent plasticity, particularly long-term potentiation (LTP),
very crucial for associative learning and adapting to environmental stimuli****. Not
surprisingly, spatial learning and memory is shown to be dependent on NMDAR-
LTP303233 The induction of LTP is shown to be dependent on protein synthesis,
and also results in the regulation of protein synthesis?>*°. NMDAR-LTP induction
is shown to be affected in APOE4 mice model 3%, which also show defects is
spatial learning and memory®¢. Thus, NMDAR mediated plasticity is shown to be
affected in APOE4 mice model, but the effect of APOE4 on NMDAR mediated
protein synthesis remains unclear. Hence, we decided to study the effect of APOE4
on protein synthesis downstream of NMDAR stimulation.

Results

5.1 NMDAR stimulation for 5 minutes leads to global inhibition of protein
synthesis accompanied with translation activation of specific candidates

Our lab has extensively studied the translation response downstream of NMDARS,
particularly with 5-minute NMDA stimulation (20pM). We have previously shown that
5-minute NMDAR stimulation leads to a global inhibition of protein synthesis indicated
by increase in eEF2 phosphorylation (Fig 5.1 A) "%2, In this background, specific set of
candidate mRNAs such as PTEN and PSD95 get translationally activated (Fig 5.1 A)’.
To begin with, | wanted to check if | can validate this previous finding in my model
system. As reported earlier, 5-minute NMDAR stimulation (in neurobasal media) of rat
primary cortical neurons (DIV15) caused an increase in eEF2 phosphorylation
indicating translation inhibition (Fig 5.1 B). At the same time, NMDAR stimulation
also caused an increase in PTEN and PSD95 protein levels in these neurons (Fig 5.1 C
and D), indicating the translation activation of specific candidates.

Figure 5.1
A Global translation inhibition
- 7 = |(Increased eEF2 phosphorylation)
NMDAR stimulation | ~
(20uM , Sminutes)
> | Translation activation of specific
mRNAs like PTEN and PSD95
v.
QO
B S c D
Ny N ¥
S L K\ Q
2 &
p-eEF2 « ww|~98KDa _ S & & &
TUJ1 | s | ~50KDa PTEN| == |~55KDa PSD95 4 &|~o5KDa
eEF2| == == ~9gKDa TUJL e ‘~ Tujl e —-‘ &
Tujll-—.‘ ~50KDa J] 50KDa ] S50KDa
o~ 20 p<0.0001 , Pp=0.0141 2.0 p=0.0118
w 2.0 =) A
g 1.5 ;—1 ) é e
N 1.0 - § i 4 § 1.0 Svvt
% 0.5 E [N
& o 0.5 o
0.0 T o 0.0
4 \a Q v
e“‘o 4 ‘\\@" & \@o
x x x




Figure 5.1 - 5-minute NMDAR stimulation leads to global inhibition of protein
synthesis accompanied with translation activation of specific candidates

A — Translation response downstream of 5-minute stimulation of NMDARs in rat
primary cortical neurons (DIV15) using 20uM NMDA.

B - Representative immunoblots showing the levels of p-eEF2, eEF2 and Tujl in rat
primary cortical neurons after 5-minute NMDAR stimulation. The graph represents the
ratio of p-eEF2 to eEF2 normalized to Tujl. Data is represented as mean +/- SEM. N=4,
Unpaired Student’s t-test.

C - Representative immunoblots showing the levels of PTEN and Tujl in rat primary
cortical neurons after 5-minute NMDAR stimulation. The graph represents the levels of
PTEN normalized to Tujl. Data is represented as mean +/- SEM. N=4, Unpaired
Student’s t-test.

D - Representative immunoblots showing the levels of PSD95 and Tujl in rat primary
cortical neurons after 5-minute NMDAR stimulation. The graph represents the levels of
PSD95 normalized to Tujl. Data is represented as mean +/- SEM. N=4, Unpaired
Student’s t-test.

5.2 APOE KO conditioned media treatment does not affect NMDAR translation
response

Since the translation response for 5-minute NMDAR stimulation is well-established,
we decided to investigate this in APOE treated neurons. Briefly, rat primary cortical
neurons (DIV15) were stimulated with NMDA during the last 5 minutes of the 20-
minute APOE conditioned media treatment (Fig 5.2 A). Following the stimulation, we
assessed the phosphorylation status of eEF2, PTEN and PSD95 protein levels in the
neurons as readouts for NMDAR translation response (Fig 5.2 A). To confirm that the
treatment with iPSC conditioned media does not affect NMDAR translation response,
we stimulated (20 uM NMDA, 5 minutes) the neurons treated with APOE KO iPSC
conditioned media for 20 minutes. As observed under control/ neurobasal conditions,
APOE KO conditioned media treated neurons also showed an increase in eEF2
phosphorylation (Fig 5.2 B), PTEN (Fig 5.2 C) and PSD95 (Fig 5.2 D) protein levels
on NMDAR stimulation. Thus, the 5-minute NMDAR translation response of global
translation inhibition accompanied with translation activation of specific mMRNAs was
unaffected by conditioned media treatment.
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Figure 5.2
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Figure 5.2 — APOE KO conditioned media treatment does not affect NMDAR
translation response

A — Experiment design for NMDAR stimulation following APOE conditioned media
treatment of rat primary cortical neurons

B - Representative immunoblots showing the levels of p-eEF2, eEF2 and Tujl in rat
primary cortical neurons treated with APOE KO conditioned media for 20 minutes
along with 5-minute NMDAR stimulation. The graph represents the ratio of p-eEF2 to
eEF2 normalized to Tujl. Data is represented as mean +/- SEM. N=5, Unpaired
Student’s t-test.

C - Representative immunoblots showing the levels of PTEN and Tujl in rat primary
cortical neurons treated with APOE KO conditioned media for 20 minutes along with
5-minute NMDAR stimulation. The graph represents the levels of PTEN normalized to
Tujl. Data is represented as mean +/- SEM. N=5, Unpaired Student’s t-test.

D - Representative immunoblots showing the levels of PSD95 and Tujl in rat primary
cortical neurons treated with APOE KO conditioned media for 20 minutes along with
5-minute NMDAR stimulation. The graph represents the levels of PSD95 normalized
to Tujl. Data is represented as mean +/- SEM. N=5, Unpaired Student’s t-test.

5.3 APOEA4 affects translation inhibition on 5-minute NMDAR stimulation

Once we verified that conditioned media treatment does not affect NMDAR response,
we subjected rat primary cortical neurons to NMDAR stimulation (20uM, 5 minutes)
in the background of APOE3 or APOE4 iPSC conditioned media treatment for 20
minutes. Neurons treated with APOE3 conditioned media showed increased eEF2
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phosphorylation (Fig 5.3 A), as observed with neurobasal and APOE KO conditioned
media treatment. On the other hand, APOE4 conditioned media treatment caused an
increase in eEF2 phosphorylation (Fig 5.3 A) as observed previously (Chapter 4).
However, APOEA4 treated neurons failed to respond to NMDAR stimulation as they did
not show a further increase in eEF2 phosphorylation (Fig 5.3 A). Similar results were
observed with rat cortical synaptoneurosomes as well. Synaptoneurosomes treated with
recombinant APOES3 protein (15nM) for 20 minutes along with NMDAR stimulation
(20uM, 5 minutes) showed an increase in eEF2 phosphorylation (Fig 5.3 B). But,
APOE4 recombinant protein treated synaptoneurosomes failed to respond to NMDAR
stimulation with respect to eEF2 phosphorylation and global translation inhibition (Fig
530).

We performed FUNCAT assay as well to validate the NMDAR translation response.
Briefly, rat primary cortical neurons were subjected to APOE3 or APOE4 recombinant
protein treatment for 20 minutes along with NMDAR stimulation (20uM) during the
last 5 minutes, following which they were subjected to FUNCAT assay. As observed
with eEF2 phosphorylation, NMDA stimulation following APOE3 treatment caused a
decrease in FUNCAT signal compared to APOE3 treatment indicating a decrease in
global protein synthesis (Fig 5.3 D and E). As observed earlier (Chapter 4), 20-minute
APOE4 treatment led to a reduction of the FUNCAT signal (Fig 5.3 D and E). However,
NMDAR stimulation following APOE4 treatment did not cause a change in the
FUNCAT signal compared to APOE4 treated neurons (Fig 5.3 D and E), indicating that
NMDAR mediated translation inhibition response was lost on APOE4 treatment.
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Figure 5.3 - APOE4 affects translation inhibition on 5-minute NMDAR stimulation

A - Representative immunoblots showing the levels of p-eEF2, eEF2 and Tujl in rat
primary cortical neurons treated with APOE3 or APOE4 conditioned media for 20
minutes along with 5-minute NMDAR stimulation. The graph represents the ratio of p-
eEF2 to eEF2 normalized to Tujl. Data is represented as mean +/- SEM. N=4-5, One-
way ANOVA (p=0.0047) followed by Dunnett’s multiple comparison test.

B - Representative immunoblots showing the levels of p-eEF2, eEF2 and Tujl in rat
cortical synaptoneurosomes treated with APOE3 recombinant protein for 20 minutes
along with 5-minute NMDAR stimulation. The graph represents the ratio of p-eEF2 to
eEF2 normalized to Tujl. Data is represented as mean +/- SEM. N=3, Unpaired
Student’s t-test.

C - Representative immunoblots showing the levels of p-eEF2, eEF2 and Tujl in rat
cortical synaptoneurosomes treated with APOE4 recombinant protein for 20 minutes
along with 5-minute NMDAR stimulation. The graph represents the ratio of p-eEF2 to
eEF2 normalized to Tujl. Data is represented as mean +/- SEM. N=5, Unpaired
Student’s t-test.

D - The representative images for MAP2 and FUNCAT fluorescent signals in rat
primary cortical neurons treated with APOE3 / APOE4 recombinant protein (15nM) for
20 minutes along with NMDAR stimulation for 5 minutes (Scale bar - 10uM).

E - The graph represents the quantification of the FUNCAT fluorescent intensity
normalized to MAP2 fluorescent intensity under different APOE treatment conditions
along with NMDAR stimulation. N = 20-40 neurons from 2 independent experiments,
One-way ANOVA (p<0.0001) followed by Tukey’s multiple comparison test.

5.4 APOEA4 affects candidate specific translation activation on 5-minute NMDAR
stimulation

In the previous sections, we examined only the translation inhibition response on
NMDAR stimulation. Here, we further examined the NMDAR mediated translation
activation of specific candidate mMRNAs like PTEN and PSD95. NMDAR stimulation
(20uM, 5 minutes) following APOE3 conditioned media treatment for 20 minutes led
to increased levels of PTEN and PSD95 protein (Fig 5.4 A and B) in rat primary
neurons. Thus, NMDAR specific translation activation was unaffected in the presence
of APOE3. However, APOE4 conditioned media treatment for 20-minutes caused an
increase in PTEN and PSD95 levels (Fig 5.4 A and B), mimicking the condition of
APOE3+NMDA. NMDAR stimulation following APOE4 conditioned media treatment
caused no further change in PTEN and PSD95 levels compared to APOE4 treated
neurons (Fig 5.4 A and B). Hence, along with global translation inhibition, NMDA
mediated translation activation of specific candidates was also perturbed in the presence
of APOE4.

Additionally, we measured the levels of PTEN and PSD95 mRNAs on APOE
conditioned media treatment with or without NMDAR stimulation. APOE KO, APOE3
and APOE4 conditioned media treated (20 minutes) neurons showed similar levels of
PTEN and PSD95 mRNAs (Fig 5.4 C and D). NMDAR stimulation in the conditioned
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media background did not alter the PTEN and PSD95 mRNA levels (Fig 5.4 C and D).
Thus, the increase in PTEN and PSD95 protein levels observed on NMDAR stimulation
(in APOE KO and APOE3 background) and APOE4 treatment were due to translation
activation, and not transcriptional upregulation.
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Figure 5.4 - APOE4 affects candidate specific translation activation on 5-minute
NMDAR stimulation

A - Representative immunoblots showing the levels of PTEN and Tujl in rat primary
cortical neurons treated with APOE3 or APOE4 conditioned media for 20 minutes along
with 5-minute NMDAR stimulation. The graph represents the PTEN levels normalized
to Tujl. Data is represented as mean +/- SEM. N=4, One-way ANOVA (p=0.002)
followed by Dunnett’s multiple comparison test.

B - Representative immunoblots showing the levels of PSD95 and Tujl in rat primary
cortical neurons treated with APOE3 or APOE4 conditioned media for 20 minutes along
with 5-minute NMDAR stimulation. The graph represents the PSD95 levels normalized
to Tujl. Data is represented as mean +/- SEM. N=4, One-way ANOVA (p=0.0216)
followed by Dunnett’s multiple comparison test.

C - Rat primary cortical neurons were treated with APOE KO/APOE3/APOE4
conditioned media for 20 minutes along with NMDAR stimulation for 5 minutes and
subjected to RT-PCR to measure the levels of PTEN mRNA. The graph indicates the
copy number of PTEN mRNA normalized to copy number of f-actin mRNA under
different treatment conditions. Data is represented as mean +/- SEM, N=5. One-way
ANOVA (ns).
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H - Rat primary cortical neurons were treated with APOE KO/APOE3/APOE4
conditioned media for 20 minutes along with NMDAR stimulation for 5 minutes and
subjected to RT-PCR to measure the levels of PSD95 mRNA. The graph indicates the
copy number of PSD95 mRNA normalized to copy number of -actin mMRNA under
different treatment conditions. Data is represented as mean +/- SEM, N=5. One-way
ANOVA (ns).

5.5 APOE4 does not mimic NMDAR translation response

While it does appear like the APOEA4 treatment is mimicking 5-minute NMDA mediated
translation response, it was important to consider that the APOE4 treatment was for 20
minutes while NMDAR stimulation was for 5 minutes. Hence, in order to obtain a better
understanding of the NMDA mediated translation response temporally, we stimulated
rat primary cortical neurons (DIV15) with NMDA (20uM) for 1 minute, 5 minutes and
20 minutes. With 1-minute stimulation of NMDARs, phosphorylation of eEF2
increased significantly compared to basal levels (Fig 5.5 A). This increase in
phosphorylation of eEF2 was observed with 1-minute APOE3 and APOE4 treatment as
well (Chapter 4). With 5-minute NMDAR stimulation, phosphorylation of eEF2 was
still higher than basal, but lower compared to 1-minute NMDAR stimulation condition
(Fig 5.5 A). Interestingly, 20 minutes of NMDAR stimulation caused a decrease in
phosphorylation of eEF2 compared to basal conditions (Fig 5.5 A), indicating global
translation activation (Fig 5.5 A). We performed FUNCAT assay at 1, 5 and 20-minute
NMDAR stimulation time points to support the eEF2 phosphorylation data. The
FUNCAT signal showed a significant decrease with 1-minute and 5-minute NMDAR
stimulation compared to basal condition, indicating decreased translation (Fig 5.5 B and
C). In correspondence with p-eEF2 decrease, the FUNCAT signal with 20-minute
NMDAR stimulation showed a marked increase (Fig 5.5 B and C), further validating
the global protein synthesis upregulation in the later phase of NMDAR translation
response. Hence, at 20-minute time point, while APOE4 led to an increase in eEF2
phosphorylation and APOE3 did not alter p-eEF2 levels, NMDAR stimulation led to
decrease in eEF2 phosphorylation (Fig 5.5 D). Thus, at 20-minute time point, the
translation response of NMDAR stimulation, APOE3 treatment and APOE4 treatment
were completely different (Fig 5.5 D).
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Figure 5.5
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Figure 5.5 - APOE4 does not mimic NMDAR translation response

A - Representative immunoblots showing the levels of p-eEF2, eEF2 and Tujl in rat
primary cortical neurons stimulated with NMDA (20uM) for 1 minute, 5 minutes and
20 minutes. The graph represents the ratio of p-eEF2 to eEF2 normalized to Tujl. Data
is represented as mean +/- SEM. N=3, One-way ANOVA (p=0.0015) followed by
Tukey’s multiple comparison test.

B - The representative images for MAP2 and FUNCAT fluorescent signals in rat
primary cortical neurons stimulated with NMDA (20 uM) for 1, 5 and 20 minutes (Scale
bar - 10pM).

C - The graph represents the quantification of the FUNCAT fluorescent intensity
normalized to MAP2 fluorescent intensity under different NMDAR stimulation
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conditions. N = 40-50 neurons from 3 independent experiments, One-way ANOVA
(p<0.0001) followed by Tukey’s multiple comparison test.

D — Model illustrating the temporal profiles of eEF2 phosphorylation and global protein
synthesis on NMDAR stimulation, APOE3 treatment and APOE4 treatment.

5.6 Summary and Discussion

In this chapter, we validated the previously established 5-minute NMDAR translation
response in our primary neuron system. 5-minute stimulation with NMDA (20uM)
caused a global inhibition of protein synthesis as indicated by eEF2 phosphorylation
and FUNCAT. In the background of global translation inhibition, specific candidate
mMRNAs like PTEN and PSD95 get translationally activated ‘. In the conditions of
neurobasal, APOE KO conditioned media and APOE3 conditioned media/ recombinant
protein treatment, the translation response to 5-minute NMDAR stimulation is
conserved, with respect to global translation inhibition and candidate specific
translation activation. However, in the presence of APOE4 conditioned media/
recombinant protein, the translation response to 5-minute NMDAR stimulation is
perturbed. Thus, presence of APOE4 not only affects global protein synthesis, it also
impairs NMDAR mediated protein synthesis. The loss of activity mediated translation
with APOE4 treatment provides a potentially strong explanation for the synaptic
pathologies and defects observed in APOE4 model systems.

Treatment with APOE4 for 20 minutes caused an increase in eEF2 phosphorylation,
decreased protein synthesis (reduced FUNCAT signal), increase in PTEN and PSD95
levels. It appeared that APOE4 treatment mimicked the condition of APOE3 treatment
+ NMDA stimulation. But, the 20-minute APOE4 treatment had a similar translation
response as 5-minute NMDAR stimulation. In order to understand the APOE translation
response better in comparison to NMDAR translation profile, we investigated the
NMDAR translation response at 1-minute and 20-minute time points as well. At 1-
minute time point, NMDAR stimulation led to significant increase in eEF2
phosphorylation and translation inhibition, identical to 1-minute treatment of APOE3
and APOEA4. Hence, at the earlier time point, all three translation responses were similar,
implying the involvement of NMDARs in the early phase of APOE response. As
discussed in the introduction, APOE binding to its receptors is shown to influence
NMDAR activity due to the interaction between APOE receptors and
NMDARs?>%:3738  Thus, we were also prompted to investigate the involvement of
NMDARs in the early phase translation inhibition caused by APOE3 and APOE4
(discussed in further chapters).

However, at 20-minute time point, NMDAR stimulation led to decrease in eEF2
phosphorylation and translation upregulation. While translation status of APOE3
treated neurons was similar to untreated conditions at 20 minutes, APOE4 treatment for
20 minutes caused an increase in eEF2 phosphorylation and translation inhibition.
Though the translation profile seemed similar at 1-minute time point, it diverged over
time and the later phase translation profiles of all the three conditions were completely
distinct. The divergence of the translation profiles hinted that NMDARs were probably
not involved in the later phase of APOE response; while there could be other distinct
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10.

11.

components in the later phase of APOE and NMDAR responses. This brings attention
to the regulation and specificity of translation response downstream of different stimuli.
Hence, we also hypothesize that the candidates getting translationally activated and
inhibited in these different conditions could be distinct. Techniques like high throughput
sequencing could give more information on the candidates and help in identifying the
specific pathways influenced under each condition. Though this an interesting future
direction, our focus was towards understanding the mechanisms causing the distinct
translation profiles rather than investigating the effects of it. Hence, we proceeded to
further dissect out the translation profiles for NMDAR stimulation, APOE3 and APOE4
treatment with the hope to achieve more mechanistic insights into these differences.
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Chapter 6

Understanding APOE mediated translation response using polysome
profiling

6.0 Introduction

Translation response to NMDAR stimulation follows a distinct temporal profile. As
shown in Chapter 5, APOE4 affects the translation response to 5-minute NMDAR
stimulation, with respect to global translation inhibition and translation activation of
specific candidate mMRNAs. However, the translation profile downstream of APOE4 has
different kinetics in itself. While 20-minute APOE4 treatment caused translation
inhibition, 20-minute NMDAR stimulation caused global translation activation. To
obtain more mechanistic insights into these differences and to obtain a better
understanding of the APOE4+NMDA translation defect, we performed polysome
profiling with NMDAR stimulation and APOE conditioned media treated neurons.

Polysome profiling is a technique where the cell lysates are subjected to a density-based
separation on a linear sucrose gradient using ultracentrifugation . The samples
separated based on density are collected as individual fractions corresponding to
mRNPs (messenger ribonucleoproteins), ribosomal subunits (40S and 60S),
monosomes (80S) and polysomes. The individual fractions are probed for the
distribution of different proteins and mRNAs*®, hence providing the translation profile
of the cells. Investigating the distribution of ribosomal proteins or rRNA in the
individual fractions provides insights into global translation status of the cell. Shift of
ribosomes from lighter fractions (monosomes and light polysomes) towards heavier
fractions (heavy polysomes) would indicate translation activation and vice versa. At the
same time, it allows to probe for individual candidate mRNAs as well, without losing
the sight of the global translation response downstream of specific stimulation or
treatment. Another advantage of the technique is the ability to distinguish between the
translationally active polysomes and stalled polysomes ®7. Thus, along with studying
the distribution of the candidate mRNAs, it would be possible to investigate their
translation status as well. Further, the mRNA or protein distribution profiles can be
compared between different treatment conditions.

Careful investigation of the translation profiles and use of inhibitors for specific stages
of eukaryotic translation can answer if the translation regulation is initiation or
elongation mediated for specific candidates*®°. As | have explained previously in
Chapters 4 and 5, the primary mode of regulation of translation elongation is through
phosphorylation of eukaryotic translation elongation factor (eEF2), where increased
eEF2 phosphorylation corresponds to decrease in global protein synthesis'®?*. The
primary mechanisms of inhibition of cap-dependent eukaryotic translation initiation are
by phosphorylation of eIF2a and phosphorylation of 4EBP®. The increased
phosphorylation of a-subunit of elF2 increases its binding to its own GEF elF2B, hence
preventing the formation of the ternary complex of translation initiation. eIF2a kinases
PKR, PERK, GCN2 and HRI are primarily activated downstream of different kinds of
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cellular stress such as unfolded protein response, ER stress, amino-acid starvation etc.,
3. On the other hand, increased phosphorylation of the cap binding protein 4EBP
drastically increases its affinity for elF4E, hence it sequesters elFAE and prevents the
formation of elF4F cap-binding complex 2. The regulation of protein synthesis through
elF2a phosphorylation at initiation stage gets reflected in the earlier fractions of the
polysome profile as it would prevent the formation of 80S complex; whereas the
regulation at elongation stage gets reflected in the heavier polysome fractions. Hence,
understanding the translation profiles and identifying the stages of translation regulation
under different treatment conditions would help in recognizing the potential signaling
pathways involved in the specific translation response.

Results

6.1 Grouping of polysome profiling fractions

Rat primary cortical neurons (DIV15) treated with cycloheximide were subjected to
ultracentrifugation and separated on a 15% - 45% linear sucrose gradient. 11 fractions
corresponding to mRNPs, ribosomal subunits (40S and 60S), monosomes (80S) and
polysomes were collected from the separated gradient. As the fractions were collected,
they were passed through a UV spectrophotometer, measuring the absorbance at 254nm
to provide the polysome profile (Fig 6.1 A). In order to identify the actively translating
polysomal pool, the rat primary cortical neurons were treated with puromycin (1 mM)
performing the polysome profiling assay. Puromycin, being a t-RNA analog, gets
incorporated by the actively translating polysomes and disrupts them 87. The 11
fractions collected under conditions of cycloheximide and puromycin treatment were
subjected to immunoblotting for the ribosomal protein RPLPO (Fig 6.1 C). The
distribution of RPLPO was used as a proxy for the distribution of ribosomes. Upon
puromycin treatment, there was a reduction of percentage of RPLPO distributed in
fractions 7-11, and they showed a shift towards the initial fractions 1-6 (Fig 6.1 B and
C). Hence, the puromycin sensitive fractions 7-11 were grouped as actively translating
fractions while the puromycin insensitive fractions 1-6 were grouped as non-translating
fractions (Fig 6.1 D). Thus, the ratio of the percentage distribution of any mRNA or
protein in fractions 7-11 by fractions 1-6 indicates the ratio of the distribution in
translating pool over non-translating pool (Fig 6.1D).
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Figure 6.1
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Figure 6.1 - Grouping of polysome profiling fractions

A — Absorbance profile at 254nm indicating the 11 fractions separated on a 15%-45%
linear sucrose gradient. The fractions correspond to mRNPs, 40S, 60S, 80S and
polysomes.

B — The percentage distribution of ribosomal protein RPLPO in the 11 fractions on
cycloheximide and puromycin treatment of rat primary cortical neurons.

C — Representative immunoblots indicating the distribution of ribosomal protein RPLPO
in the 11 fractions on cycloheximide and puromycin treatment of rat primary cortical
neurons.

D — Grouping of fractions 1-6 as non-translating pool and fractions 7-11 as translating
pool based on the puromycin sensitivity.

6.2 Polysome profiling validates the NMDAR translation response

Rat primary cortical neurons (DIV15) were subjected to polysome profiling after
NMDAR stimulation (20uM) for 1 minute, 5 minutes and 20 minutes. The fractions
collected were probed for the distribution of RPLPO protein (Fig 6.2 A and 6.2 D). In
correlation with eEF2 phosphorylation results, 5-minute NMDAR stimulation caused
the shift of RPLPO from the translating fractions 7-11 towards the non-translating pool
of fractions 1-6 (Fig 6.2 B and 6.2 C). The decrease in actively translating ribosomal
pool further supports the translation inhibition caused by 5-minute NMDAR
stimulation. On the other hand, 20-minute NMDAR stimulation led to a shift of RLPO
towards the actively translating fractions 7-11, thus validating the translation
upregulation caused by 20-minute NMDAR stimulation (Fig 6.2 E and 6.2 F). However,
1-minute NMDAR stimulation did not cause any change in the RPLPO/ribosome
distribution (Fig 6.2 E and 6.2 F), while eEF2 phosphorylation response was highest at
this time point. Hence, at 5-minute and 20-minute time points of NMDAR stimulation,
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the shift of ribosomes observed in polysome profiling assay correlates with the eEF2
phosphorylation status, validating the early phase translation inhibition and later phase
translation upregulation on NMDAR stimulation.
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Figure 6.2 - Polysome profiling validates the NMDAR translation profile

A - Representative immunoblots indicating the distribution of ribosomal protein RPLPO
in Fractions 1-11 on 5-minute NMDAR stimulation of rat primary cortical neurons.

B - The percentage distribution of ribosomal protein RPLPO in Fractions 1-11 on 5-
minute NMDAR stimulation of rat primary cortical neurons.

C — The ratio of the percentage distribution of RPLPO in the translating pool (F7-11) by
non-translating pool (F1-6) on 5-minute NMDAR stimulation of rat primary cortical
neurons. Data is represented as mean +/- SEM. N=3. Unpaired Student’s t-test.

D - Representative immunoblots indicating the distribution of ribosomal protein RPLPO
in Fractions 1-11 on 1-minute and 20-minute NMDAR stimulation of rat primary
cortical neurons.

E - The percentage distribution of ribosomal protein RPLPO in Fractions 1-11 on 1-
minute and 20-minute NMDAR stimulation of rat primary cortical neurons.

F - The ratio of the percentage distribution of RPLPO in the translating pool (F7-11) by
non-translating pool (F1-6) on 1-minute and 20-minute NMDAR stimulation of rat
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primary cortical neurons. Data is represented as mean +/- SEM, N=3. One-way
ANOVA (p=0.0248) followed by Tukey’s multiple comparison test.

6.3 Polysome profiling validates the APOE mediated translation response — Global
translation inhibition

In order to obtain further insights into APOE mediated translation profiles, we subjected
the APOE treated neurons to the polysome profiling assay. Firstly, we performed
polysome profiling with the rat primary cortical neurons (DIV15) treated with
APOE3/APOE4 iPSC conditioned media for 1-minute and probed them for the
distribution of RPLPO (Fig 6.3 A). With respect to the eEF2 phosphorylation and
FUNCAT assay, both APOE3 and APOE4 caused translation inhibition at 1-minute
time point (Chapter 4). Accordingly, there was no difference in the percentage
distribution of RPLPO between APOE3 and APOEA4 treated neurons at 1-minute time
point (Fig 6.3 B and 6.3 C).

Further, we performed polysome profiling with rat primary cortical neurons (DIV15)
treated with APOE3 or APOE4 iPSC conditioned media for 20 minutes along with
NMDAR stimulation (20uM) during the last 5 minutes (Fig 6.3 D). As observed
previously, 5-minute NMDAR stimulation in APOE3 background caused a shift of
RPLPO from translating Fractions 7-11 towards Fractions 1-6 (Fig 6.3 E and 6.3 F). 20-
minute treatment with APOE4 conditioned media also caused a shift of the ribosomes
from the translating pool to the non-translating pool (Fig 6.3 E and 6.3 F). Thus, in
correlation with eEF2 phosphorylation and FUNCAT results, 20-minute APOE4
treatment was similar to APOE3+NMDA condition, both of which caused an inhibition
of protein synthesis compared to APOE3 treatment. However, the shift of RPLPO
towards the non-translating initial fractions (especially Fraction 4) was maximum in
APOE4+NMDA condition (Fig 6.3 E and 6.3 F) indicating abnormal translation
response. Hence, though APOE4 treated neurons remained non-responsive to NMDAR
stimulation with respect to eEF2 phosphorylation, PTEN and PSD95 protein levels,
polysome profiling indicated that they show a further reduction of protein synthesis
with respect to ribosomal distribution.
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Figure 6.3
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Figure 6.3 - Polysome profiling validates the APOE mediated translation response —
Global translation inhibition

A - Representative immunoblots indicating the distribution of ribosomal protein RPLPO
in Fractions 1-11 on 1-minute APOE3 or APOE4 iPSC conditioned media treatment of
rat primary cortical neurons.

B - The percentage distribution of ribosomal protein RPLPO in Fractions 1-11 on 1-
minute APOE3 or APOE4 iPSC conditioned media treatment of rat primary cortical
neurons.

C — The ratio of the percentage distribution of RPLPO in the translating pool (F7-11) by
non-translating pool (F1-6) on 1-minute APOE3 or APOE4 iPSC conditioned media
treatment of rat primary cortical neurons. Data is represented as mean +/- SEM, N=3.
Unpaired Student’s t-test.

D - Representative immunoblots indicating the distribution of ribosomal protein RPLPO
in Fractions 1-11 on 20-minute APOE3 or APOE4 iPSC conditioned media treatment

along with 5-minute NMDAR stimulation of rat primary cortical neurons.
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E - The percentage distribution of ribosomal protein RPLPO in Fractions 4-11 on 20-
minute APOE3 or APOE4 iPSC conditioned media treatment along with 5-minute
NMDAR stimulation of rat primary cortical neurons.

F - The ratio of the percentage distribution of RPLPO in the translating pool (F7-11) by
non-translating pool (F1-6) on 20-minute APOE3 or APOE4 iPSC conditioned media
treatment along with 5-minute NMDAR stimulation of rat primary cortical neurons.
Data is represented as mean +/- SEM. N=3, One-way ANOVA (p=0.0002) followed by
Tukey’s multiple comparison test.

6.4 Polysome profiling validates the APOE mediated translation response —
Candidate specific translation activation

As observed in the results discussed in Chapter 5, 20-minute APOE4 treatment not only
led to global translation inhibition, but it also caused the translation activation of
specific candidates like PTEN and PSD95, mimicking the translation response of 5-
minute NMDAR stimulation. In order to investigate this further, we probed for the
distribution of PTEN and PSD95 mRNAs in the polysome profiling fractions under the
conditions of APOE3 or APOE4 iPSC conditioned media treatment for 20 minutes
along with NMDAR stimulation (20uM, 5 minutes). 5-minute NMDAR stimulation in
the background of APOE3 treatment caused a shift of PTEN and PSD95 mRNAs
towards Fractions 7-11 from Fractions 1-6 (Fig 6.4 A, 6.4 B, 6.4 C, 6.4 D). This
indicated that the specific translation activation of these candidates on NMDAR
stimulation was intact in the presence of APOE3. 20-minute APOE4 conditioned media
treatment caused a shift of these mMRNAs towards the translating pool of Fractions 7-11
(Fig 6.4 A, 6.4 B, 6.4 C, 6.4 D), validating the increased protein levels of PTEN and
PSD95 observed on APOE4 treatment (Chapter 5). This further corroborated the
observation that 20-minute APOE4 treatment mimicked 5-minute NMDAR stimulation
in APOE3 background. However, with APOE4+NMDA condition, there was no
significant difference in the PTEN and PSD95 mRNAs in Fractions 7-11 compared to
APOE4 treatment (Fig 6.4 A, 6.4 B, 6.4 C, 6.4 D). We used B-actin and a-tubulin
MRNAs as controls as their distribution in the Fractions 1-11 did not change
significantly with respect to APOE treatment or NMDAR stimulation (Fig 6.4 E, 6.4 F,
6.4 G, 6.4 H).
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Figure 6.4
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Figure 6.4 - Polysome profiling validates the APOE mediated translation response —
Candidate specific translation activation

A - The percentage distribution of PTEN mRNA in Fractions 1-11 on 20-minute
APOE3 or APOE4 iPSC conditioned media treatment along with 5-minute NMDAR
stimulation of rat primary cortical neurons.

B - The ratio of the percentage distribution of PTEN mRNA in the translating pool (F7-
11) by non-translating pool (F1-6) on 20-minute APOE3 or APOE4 iPSC conditioned
media treatment along with 5-minute NMDAR stimulation of rat primary cortical
neurons. Data is represented as mean +/- SEM. N=3, One-way ANOVA (p=0.006)
followed by Dunnett’s multiple comparison test.

C - The percentage distribution of PSD95 mRNA in Fractions 1-11 on 20-minute
APOE3 or APOE4 iPSC conditioned media treatment along with 5-minute NMDAR
stimulation of rat primary cortical neurons.

D - The ratio of the percentage distribution of PSD95 mRNA in the translating pool
(F7-11) by non-translating pool (F1-6) on 20-minute APOE3 or APOE4 iPSC
conditioned media treatment along with 5-minute NMDAR stimulation of rat primary
cortical neurons. Data is represented as mean +/- SEM. N=3, One-way ANOVA
(p=0.0286) followed by Dunnett’s multiple comparison test

E - The percentage distribution of p-actin mRNA in Fractions 1-11 on 20-minute
APOES3 or APOE4 iPSC conditioned media treatment along with 5-minute NMDAR
stimulation of rat primary cortical neurons.

F - The ratio of the percentage distribution of $-actin mMRNA in the translating pool (F7-
11) by non-translating pool (F1-6) on 20-minute APOE3 or APOE4 iPSC conditioned
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media treatment along with 5-minute NMDAR stimulation of rat primary cortical
neurons. Data is represented as mean +/- SEM. N=3, One-way ANOVA (ns).

G - The percentage distribution of a-tubulin mMRNA in Fractions 1-11 on 20-minute
APOE3 or APOE4 iPSC conditioned media treatment along with 5-minute NMDAR
stimulation of rat primary cortical neurons.

H - The ratio of the percentage distribution of a-tubulin mRNA in the translating pool
(F7-11) by non-translating pool (F1-6) on 20-minute APOE3 or APOE4 iPSC
conditioned media treatment along with 5-minute NMDAR stimulation of rat primary
cortical neurons. Data is represented as mean +/- SEM. N=3, One-way ANOVA (ns).

6.5 NMDAR stimulation in APOE4 background causes the shift of the mRNAs to
the mRNP pool

We observed that the ribosomal shift towards Fractions 1-6 was highest in
APOE4+NMDA condition, indicating maximal translation inhibition (Fig 6.3). And,
when we paid close attention to the mRNA distribution, it appeared that the shift of the
mMRNAs was particularly high in the initial fractions (Fractions 1-3) in APOE4+NMDA
condition (Fig 6.4). In order to acquire a better understanding of the translation response
in APOE4+NMDA condition, we reanalyzed the initial non-translating Fractions 1-6
only (Fig 6.5 A). Fractions 1-6 were grouped into two pools - Fractions 1-3 which
primarily constituted the mRNPs as they did not show the signal for RPLPO (ribosomes)
and Fractions 4-6 which constituted the ribosomal subunits and monosomes (Fig 6.5
B). The ratio of the percentage distribution of the mRNAs in Fractions 1-3 over
Fractions 4-6 indicated their enrichment in the mRNP pool which was devoid of
ribosomes (Fig 6.5 B). Interestingly, PSD95, B-actin and a-tubulin mRNAs showed a
marked enrichment in Fractions 1-3 in APOE4+NMDA condition (Fig 6.5 C, 6.5 D and
6.5 E). This seemed like a general response as both NMDAR/APOE specific candidates
like PSD95 and NMDAR/APOE non-responsive control mMRNAs showed the same
response in APOE4+NMDA condition. To validate this further, we picked another
important synaptic candidate mMRNA CaMKIIa. Interestingly, CaMKIIa also showed
an increase in Fractions 1-3 on APOE4+NMDA condition (Fig 6.5 F). However, PTEN
mRNA did not show this trend of increase in Fractions 1-3 on APOE4+NMDA
condition (Fig 6.5 G). Unlike other mMRNAs, PTEN mRNA is majorly (about 75%)
present in Fractions 1-6 (Fig 6.4 A) even in the unstimulated condition. This may be the
reason for not observing a shift of PTEN mRNA within these pools. Thus, along with
showing maximum shift of ribosomes towards the non-translating pool, NMDAR
stimulation in APOE4 background also causes an increased accumulation of mMRNAs in
the mRNP fractions.
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Figure 6.5
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Figure 6.5 - NMDAR stimulation in APOE4 background causes the shift of the
MRNAs to the mRNP pool

A - Absorbance profile at 254nm indicating the grouping of Fractions 1-6 into two pools
— Fractions 1-3 (mRNPs) and Fractions 4-6 (Ribosomal subunits and monosomes)

B - Flowchart indicating the grouping of Fractions 1-6 into two pools — Fractions 1-3
(mRNPs) and Fractions 4-6 (Ribosomal subunits and monosomes). The ratio of
percentage distribution of the mRNAs in Fractions 1-3 over Fractions 4-6 was
considered for further analysis.

C - The ratio of the percentage distribution of PSD95 mRNA in the Fractions 1-3
(mRNPs) over Fractions 4-6 on 20-minute APOE3 or APOE4 iPSC conditioned media
treatment along with 5-minute NMDAR stimulation of rat primary cortical neurons.
Data is represented as mean +/- SEM. N=3, One-way ANOVA (p<0.0001) followed by
Tukey’s multiple comparison test.
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D - The ratio of the percentage distribution of B-actin mRNA in the Fractions 1-3
(mRNPs) over Fractions 4-6 on 20-minute APOE3 or APOE4 iPSC conditioned media
treatment along with 5-minute NMDAR stimulation of rat primary cortical neurons.
Data is represented as mean +/- SEM. N=3, One-way ANOVA (p<0.0001) followed by
Tukey’s multiple comparison test.

E - The ratio of the percentage distribution of a-tubulin mMRNA in the Fractions 1-3
(mRNPs) over Fractions 4-6 on 20-minute APOE3 or APOE4 iPSC conditioned media
treatment along with 5-minute NMDAR stimulation of rat primary cortical neurons.
Data is represented as mean +/- SEM. N=3-4, One-way ANOVA (p=0.0079) followed
by Tukey’s multiple comparison test.

F - The ratio of the percentage distribution of CaMKIlao mRNA in the Fractions 1-3
(mRNPs) over Fractions 4-6 on 20-minute APOE3 or APOE4 iPSC conditioned media
treatment along with 5-minute NMDAR stimulation of rat primary cortical neurons.
Data is represented as mean +/- SEM. N=3-4, One-way ANOVA (p=0.0038) followed
by Tukey’s multiple comparison test.

G - The ratio of the percentage distribution of PTEN mRNA in the Fractions 1-3
(mRNPs) over Fractions 4-6 on 20-minute APOE3 or APOE4 iPSC conditioned media
treatment along with 5-minute NMDAR stimulation of rat primary cortical neurons.
Data is represented as mean +/- SEM. N=4, One-way ANOVA (ns).

6.6 NMDAR stimulation in APOE4 background causes stress response

The increased accumulation of the mRNAs in the mRNP pool (fractions 1-3) indicated
the translation inhibition of the mMRNAs in APOE4+NMDA condition, predominantly
at the stage of translation initiation. In order to understand this better, we probed the
polysome fractions for the distribution of small ribosomal subunit protein RPS6 (Fig
6.6 A and 6.6 B). Fraction 3 showed the presence of RPS6 protein, while the large
subunit protein RPLPO was absent in Fraction 3. However, Fraction 4 showed the
presence of both RPS6 and RPLPO. If translation was inhibited at the initiation stage,
we would anticipate the increase in 43s or 48s pre-initiation complexes which would be
distributed in Fractions 3 and 4. Hence, we quantified the percentage of RPS6 in
Fractions 3 and 4 under different conditions. We observed that APOE4+NMDA
condition showed a marked increase in the percentage of RPS6 in Fractions 3-4 (Fig 6.6
B and 6.6 C), indicating a potential increase in the pre-initiation complexes. To validate
this further, we probed for the phosphorylation of eukaryotic translation initiation factor
elF2a, a well-established readout for increased stress response, under the conditions of
APOE3/APOE4 iPSC conditioned media treatment along with NMDAR stimulation
(Fig 6.6 D). APOEA4 treatment followed by NMDAR stimulation led to a significant
increase in the phosphorylation of elF2a, which was not observed with APOE4
treatment or NMDAR stimulation in APOE3 background (Fig 6.6 D). Thus, NMDAR
stimulation in APOE4 background caused a stress response phenotype by increasing the
phosphorylation of e[F2a and shifting the mRNAs to the inhibitory/mRNP pool.
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Figure 6.6
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Figure 6.6 - NMDAR stimulation in APOE4 background causes stress response

A - Representative immunoblots indicating the distribution of ribosomal protein RPS6
in Fractions 1-11 on 20-minute APOE3 or APOE4 iPSC conditioned media treatment
along with 5-minute NMDAR stimulation of rat primary cortical neurons.

B - The percentage distribution of ribosomal protein RPS6 in Fractions 1-11 on 20-
minute APOE3 or APOE4 iPSC conditioned media treatment along with 5-minute
NMDAR stimulation of rat primary cortical neurons.

C - The percentage distribution of RPS6 in Fractions 3-4 on 20-minute APOE3 or
APOE4 iPSC conditioned media treatment along with 5-minute NMDAR stimulation
of rat primary cortical neurons. Data is represented as mean +/- SEM. N=3, One-way
ANOVA (p=0.0015) followed by Tukey’s multiple comparison test.

D - Representative immunoblots showing the levels of p-elF2, elF2 and Tujl in rat
primary cortical neurons on 20-minute APOE3 or APOE4 iPSC conditioned media
treatment along with 5-minute NMDAR stimulation. The graph represents the ratio of
p-elF2 to elF2 normalized to Tujl. Data is represented as mean +/- SEM. N=4, One-
way ANOVA (p=0.0047) followed by Tukey’s multiple comparison test.
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6.7 Summary and Discussion

In this chapter, we use polysome profiling as a technique to validate and provide more
insights into the translation profiles on NMDAR stimulation and APOE treatment.
Firstly, we validated the translation profile for NMDAR stimulation. 1-minute NMDAR
stimulation caused the highest increase in eEF2 phosphorylation (Chapter 5); however,
this was not reflected in the polysome profiling assay as we did not observe any change
in the ribosomal distribution. We hypothesize that, though eEF2 is phosphorylated, it
would probably take longer for the shift in ribosomes to transpire. However, with 5-
minute NMDAR stimulation (where eEF2 phosphorylation is lower than 1-minute
NMDAR stimulation but higher than untreated) the reduction of ribosomes in the
actively translating fractions was clearly evident. This further points out towards the
idea that the changes in eEF2 phosphorylation precede the changes in the ribosomal
distributions. At 20-minute time point of NMDAR stimulation, the marked ribosomal
shift towards the actively translating pool confirms the robust translation activation of
late phase NMDAR stimulation. Thus, we were able to illustrate the use of polysome
profiling and ribosomal distributions to study global translation profiles.

The ribosomal distribution was similar between 1-minute APOE3 and APOE4
conditioned media treatment. This correlates with the eEF2 phosphorylation and
FUNCAT results indicating that both APOE3 and APOE4 cause translation inhibition
at 1-minute. However, with 20-minute APOE4 treatment, the ribosomes decreased in
the translating pool compared to APOE3 treatment, affirming the translation inhibition
caused by APOE4 treatment. 5-minute NMDAR stimulation in APOE3 background
showed the normal NMDAR response of decreased ribosomes in the translating pool.
Interestingly, 5-minute NMDAR stimulation in APOE4 background showed the
maximum reduction of ribosomes in the translating fractions, though the eEF2
phosphorylation remained similar to APOE4 treatment alone. This indicated that there
were additional mechanisms contributing to the translation inhibition in
APOE4+NMDA condition and prompted us to probe for translation initiation as well.
The results from elF2 phosphorylation confirmed that the inhibition of translation
initiation occurred in APOE4+NMDA condition only. Hence, the ribosomal
distributions/ polysome profiling was a sensitive tool that helped in identifying that
NMDAR stimulation indeed had an effect in APOE4 background as well. While
APOEA4 treatment and NMDAR stimulation in APOE3 background caused inhibition of
translation elongation, NMDAR stimulation in APOE4 background led to inhibition of
translation initiation and elongation.

Another advantage of polysome profiling was that we could probe for the polysomal
distribution of individual candidate mMRNAs and understand their translation profiles in
the background of the global translation status. Accordingly, we were able to show the
translation activation or shift of PTEN and PSD95 mRNAs into the actively translating
pool on NMDAR stimulation in APOE3 background, which corresponds to the
increased protein levels as well (Chapter 5). Treatment with APOE4 for 20 minutes
brings out the same response as APOE3+NMDA. But, on NMDAR stimulation in
APOE4 background, the protein levels of PTEN and PSD95 remained similar to APOE4
treatment, and the mRNA distribution in the translating pool also did not change

significantly. However, when we analyzed the non-translating pool alone by re-
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grouping fractions 1-6, we were able to capture a distinct phenomenon where the
MRNAs showed a dramatic increase in the first three fractions corresponding to the
MRNP pool. This was observed for mRNAs which were non-targets of NMDAR
stimulation as well, indicating that it was an abnormal response. Hence, polysome
profiling became an important tool to identify the shift of mRNAs towards the
translation inhibitory mRNP complexes with APOE4+NMDA condition.

The increased elF2 phosphorylation and shift of mMRNAs towards the mRNP fractions
in APOE4+NMDA condition directed towards the stress response phenotype. This
demonstrated that the physiological synaptic stimulation could generate a stress
response in the background of a treatment which mimics the physiological stimulation.
The translation initiation inhibition in APOE4+NMDA background was further
supported by the increased accumulation of RPS6 in Fractions 3-4 which potentially
represent the 43S and 48S pre-initiation complexes. This also opens up an interesting
arena for future studies to identify the signaling pathways/ kinases responsible for the
activation of elF2 phosphorylation in APOE4+NMDA condition only. Thus, as
explained in the introduction, the use of polysome profiling provided greater sensitivity
and helped us in dissecting out the mechanistic details of translation inhibition in
different conditions, especially that of APOE4+NMDA. In summary, though APOE4
causes translation elongation inhibition, NMDAR stimulation in APOE4 background
causes inhibition of translation initiation and elongation leading to stress response.
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Chapter 7

The role of calcium in APOE mediated translation response

7.0 Introduction

In the previous chapters, we observed that both APOE3 and APOE4 inhibit protein
synthesis at an early time point (1-minute) similar to NMDAR stimulation. However,
only APOEA4 affects the translation response to NMDAR stimulation. In order to obtain
more mechanistic insights about the differences in the translation responses, we decided
to study the calcium profiles under these conditions.

Calcium is an important secondary messenger, especially downstream of synaptic
stimulations. Stimulation of ionotropic NMDARs or metabotropic mGIuRs have
distinct calcium profiles which determine their downstream signaling *=. NMDA
receptors are ionotropic glutamate receptors which have a high permeability for calcium
along with sodium and potassium 2. Stimulation of NMDARs leads to a robust increase
in intracellular calcium contributed by different sources — NMDA receptors, L-Type
Voltage Gated Calcium Channels (L-VGCCs), and internal calcium stores 2. The
activation of the different sources of calcium upon NMDAR stimulation is spatially and
sequentially regulated *¢%°, NMDARs lead to the first burst of calcium which further
activates L-VGCCs, followed by internal stores through calcium-induced calcium
release (CICR)*%%. Previous studies have outlined the contribution of calcium in
causing the inhibitory phase of NMDAR translation response through activation of
eEF2 kinase %!, eEF2 kinase is a calcium-calmodulin dependent kinase 111 which is
known to get activated upon elevated calcium levels, particularly downstream of
NMDARs'2. However, the role of calcium in the later phase translation activation upon
NMDAR stimulation is less explored.

Another example of the specific calcium signature downstream of synaptic activity is
with respect to stimulation of metabotropic glutamate receptors (mGIuRs). While
NMDARs are shown to activate both external and internal sources of calcium, mGIuR
stimulation primary involves internal calcium sources. The activation of Group 1
mGIuRs is coupled to the G-Protein Coupled Receptor (GPCR) pathway leading to the
generation of Inositol-3-Phosphate (IP3) and Diacylglycerol (DAG) through the
cleavage mediated by PLC*3. IP3 causes the release of calcium from the ER stores by
binding to IP3 receptors. mGIuR activation is also shown to cause influx of extracellular
calcium through L-VGCCs in the later stages®. Thus, the calcium signature and its
regulation downstream of mGIuR stimulation is also highly distinct and specific.

Therefore, we speculated if the distinct translation response downstream of APOE
isoforms was also linked to calcium. Another important reason to study calcium was
that APOE has been reported to cause an influx of calcium in neurons through the
activation of NMDARs 7%, Hence, the increased eEF2 phosphorylation upon APOE
treatment could potentially be linked to calcium influx through NMDARS. Thus, putting
together these 3 points (1. APOE causes calcium influx in neurons through NMDARS;
2. NMDAR stimulation causes distinct calcium profile through sequential activation of
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different sources and 3. Early phase translation inhibition on NMDAR stimulation is
calcium-dependent), we thought that calcium could be an interesting link to understand
APOE and NMDA translation profiles. Hence, we investigated the calcium signatures
and sources involved in APOE treatment and their contribution to the translation
response.

Results

7.1 NMDA and APOE mediated translation response is calcium dependent

To begin with, we investigated the role of calcium in NMDAR dependent translation
response. We stimulated rat primary cortical neurons with NMDA (20 uM) in ACSF
with or without calcium (Fig 7.1 A). When the neurons were stimulated with NMDA in
the presence of calcium, the translation response was similar to previous observation.
The eEF2 phosphorylation increased at 1-minute and 5-minute time points, indicating
a phase of translation inhibition (Fig 7.1 A). At 20-minute, eEF2 phosphorylation
showed a significant reduction compared to the earlier time points indicating a phase of
translation activation (Fig 7.1 A). In the absence of external calcium (calcium-free
ACSF), the eEF2 phosphorylation did not change on NMDAR stimulation at 1, 5 or 20-
minute time points compared to basal condition (Fig 7.1 A). Thus, the presence of
extracellular calcium was critical for the NMDAR response, both with respect to early
translation inhibition and later phase of translation activation.

As reported earlier, the neurons treated with APOE4 recombinant protein for 20 minutes
in the presence of extracellular calcium showed an increase in eEF2 phosphorylation
compared to APOE3 treated neurons (Fig 7.1 C). However, APOE4 mediated increase
in eEF2 phosphorylation was completely abolished in the absence of calcium (Fig 7.1
C). Untreated or APOE3 treated neurons in calcium-free ACSF did not show any
change in eEF2 phosphorylation (Fig 7.1 B and 7.1 C). Thus, the APOE4 mediated
translation inhibition was also dependent on extracellular calcium.

As a control, we wanted to verify that the changes in eEF2 phosphorylation were not
due to the changes in the levels of eEF2 kinase (eEF2K) and phosphatase (PP2A).
Previously, there have been reports showing that APOE4 causes a transcriptional
downregulation of the regulatory subunit of PP2A . However, in our model system
and APOE treatment paradigm (conditioned media for 20 minutes), we did not observe
any changes in the mRNA levels of eEF2 kinase (Fig 7.1 D) and PP2A regulatory
subunit (Fig 7.1 E). Thus, the changes in eEF2 phosphorylation were not mediated by
transcriptional changes of the kinase or phosphatase.
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Figure 7.1
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Figure 7.1 — NMDA and APOE mediated translation response is calcium dependent

A - Representative immunoblots showing the levels of p-eEF2, eEF2 and Tujl in rat
primary cortical neurons stimulated with NMDA for 1-minute, 5-minute and 20-

minutes in the presence or absence of extracellular calcium. The graph represents the
ratio of p-eEF2 to eEF2 normalized to Tujl. Data is represented as mean +/- SEM. N=3.
For data points with calcium, One-way ANOVA (p=0.0017) followed by Tukey’s
multiple comparison test. For data points without calcium, One-way ANOVA (ns —non-

significant).

B - Representative immunoblots showing the levels of p-eEF2, eEF2 and Tujl in rat
primary cortical neurons in the presence or absence of extracellular calcium. The graph
represents the ratio of p-eEF2 to eEF2 normalized to Tujl. Data is represented as mean

+/- SEM. N=3, Unpaired Student’s t-test.

C - Representative immunoblots showing the levels of p-eEF2, eEF2 and Tujl in rat
primary cortical neurons treated with APOE3 or APOE4 conditioned media for 20
minutes in the presence or absence of extracellular calcium. The graph represents the
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ratio of p-eEF2 to eEF2 normalized to Tujl. Data is represented as mean +/- SEM. N=3-
4, One-way ANOVA (p=0.0004) followed by Tukey’s multiple comparison test.

D — Rat primary cortical neurons were treated with APOE3/APOE4 conditioned media
for 20 minutes and subjected to RT-PCR to measure the levels of eEF2 kinase mMRNA.
The graph indicates the copy number of eEF2K mRNA normalized to copy number of
B-actin mRNA. Data is represented as mean +/- SEM, N=7. Unpaired Student’s t-test

(ns).

E — Rat primary cortical neurons were treated with APOE3/APOE4 conditioned media
for 20 minutes and subjected to RT-PCR to measure the levels of PP2A regulatory
subunit PPP2R5E mRNA. The graph indicates the copy number of PPP2R5E mRNA
normalized to copy number of B-actin mRNA. Data is represented as mean +/- SEM,
N=5. Unpaired Student’s t-test (ns).

7.2 NMDAR stimulation and APOE treatment involves distinct calcium signatures
and sources

In the previous section, we showed that NMDA and APOE mediated translation
response was calcium dependent. NMDAR stimulation is known to cause influx of
calcium through NMDA receptors which eventually activates L-type Voltage Gated
Calcium Channels (L-VGCCs) *’. The activation of L-VGCCs is known to sustain the
influx of calcium in neurons. Similarly, APOE is known to cause calcium influx in
neurons through NMDARs %%, but the involvement of L-VGCCs is not clear. We
investigated the contribution of these two sources in NMDA and APOE calcium
responses by performing calcium imaging with Fluo-4AM dye.

As reported previously, stimulation with NMDA caused a rapid and robust influx of
calcium in neurons (Fig 7.2 A), which specifically gets blocked upon pre-incubation
with NMDAR antagonist MK801 (Fig 7.2 A). NMDAR stimulation in the presence of
L-VGCC antagonist Nifedipine did not block the initial influx of calcium; however, the
sustained increase in calcium was blocked (Fig 7.2 A). This establishes the temporal
pattern of the different calcium sources involved in NMDAR response. The initial entry
of calcium into the neurons occurs through NMDARSs, which further activates L-VGCC
and sustains the increased levels of calcium.

Next, we investigated the calcium profiles upon APOE treatment. Addition of APOE3
recombinant protein caused a short burst of calcium into the neurons (Fig 7.2 B). The
pre-treatment with MK801 completely blocked the calcium entry indicating that
NMDARs were one of the major sources of calcium influx upon APOE3 treatment (Fig
7.2 B). Interestingly, pre-incubation with Nifedipine had no effect on APOE3 mediated
calcium response indicating that L-VGCCs had no role (Fig 7.2 B). Thus, NMDARs
were the primary source of calcium influx upon APOES3 treatment. On the other hand,
addition of APOE4 recombinant protein caused a robust influx of calcium in the neurons
(Fig 7.2 C). Pre-incubation with MK801 prevented the APOE4 mediated calcium influx
showing that NMDARs were the primary source of calcium entry (Fig 7.2 C). Pre-
incubation with Nifedipine did not block the influx of calcium, though it prevented the
sustenance of calcium levels (Fig 7.2 C); thus, showing that L-VGCCs were activated
upon APOE4 addition and contributed to the later phase of calcium response. Hence,
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APOEA4 calcium response also involved two sources — NMDARs which initiated the
calcium entry and L-VGCCs which sustained the calcium influx.

Figure 7.2
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Figure 7.2 — The distinct calcium signatures and sources upon NMDAR stimulation
and APOE treatment

Rat primary cortical neurons (DIV15) were subjected to calcium imaging for 7 minutes
using Fluo-4AM dye. The graphs represent the time trace for the change in the
fluorescence (Delta F/ FO) at a given time point compared with initial fluorescence (FO)
under the following conditions —

A - NMDAR stimulation (20 uM), nifedipine (50 uM) pre-treatment followed by
NMDAR stimulation (20 uM), and MK801 (25 uM) pre-treatment followed by
NMDAR stimulation (20mM).

B - APOE3 treatment (15 nM), nifedipine (50 uM) pre-treatment followed by APOE3
addition (15 nM), and MK801 (25 uM) pre-treatment followed by APOE3 addition (15
nM).

C — APOE4 treatment (15 nM), nifedipine (50 uM) pre-treatment followed by APOE4
addition (15 nM), and MK801 (25 uM) pre-treatment followed by APOE4 addition (15
nM).

7.3 APOE4 causes a higher and sustained influx of calcium compared to APOE3

Next, we quantified the calcium responses (change in the Fluo-4AM intensities) at 1-
minute and 2-minutes after the addition of APOE. At both the time points, the extent of
the calcium influx caused by APOE4 in the neurons was significantly higher than
APOES3 (Fig 7.3 A and Fig 7.3 E). The influx of calcium caused by APOE3 and APOE3
in the presence of Nifedipine (Nifi+APOE3) was not significantly different at 1-minute

81



and 2-minute time points (Fig 7.3 B and Fig 7.3 F). However, in the presence of MK801,
APOE3 mediated calcium influx was significantly lower at both the time points (Fig
7.3 B and Fig 7.3 F), thus validating that NMDARs were the primary source of calcium
entry on APOES3 treatment. With APOE4 addition, only MK801 significantly reduced
the calcium influx at both 1-minute and 2-minute time points (Fig 7.3 C and Fig 7.3 G).
Nifedipine pre-incubation significantly reduced the calcium levels on APOE4 addition
at 2-minute time point only (Fig 7.3 C), whereas it did not affect the calcium influx at
1-minute time point compared to APOE4 treatment (Fig 7.3 G). Thus, NMDARs were
the primary source of calcium influx on APOE4 addition as well. L-VGCCs contribute
to the sustenance of calcium, hence affecting the calcium response at 2-minute time
point rather than 1-minute. Another interesting observation was that, at both 1-minute
and 2-minute time points, the calcium influx caused by NMDARs in APOE4 condition
(Nifedipine+APOE4 condition) was significantly higher than APOE3 and
Nifedipine+APOE3 (Fig 7.3 D and Fig 7.3 H). Thus, the initial NMDAR component of
the calcium was also higher in case of APOE4 addition as compared to APOE3 (Fig 7.3
D and Fig 7.3 H). Finally, we measured the calcium levels in neurons subjected to
chronic exposure of APOE4 for 24 hours. APOE4 recombinant protein (Fig 7.3 1) or
APOE4 conditioned media (Fig 7.3 J) treatment for 24 hours led to a significant increase
in resting calcium levels.

Figure 7.3
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Figure 7.3 — APOE4 causes a higher and sustained influx of calcium compared to
APOE3

A-D - Box plots representing the quantification of the change in Flou4-AM fluorescence
(AF/F0) after 2 min of APOE addition. N=4-5 experiments, each experiment has the
average value of 40-50 neurons.

A - Unpaired Student’s t test; B - One-way ANOVA (p = 0.0058) followed by Tukey’s
multiple comparison test; C - One-way ANOVA (p = 0.0029) followed by Tukey’s
multiple comparison test; D - One-way ANOVA (p = 0.0038) followed by Tukey’s
multiple comparison test.

E-H - Box plots representing the quantification of the change in Flou4-AM fluorescence
(AF/FO0) after 1 min of APOE addition. N=4-5 experiments, each experiment has the
average value of 40-50 neurons.

E - Unpaired Student’s t test; F - One-way ANOVA (p=0.0008) followed by Tukey’s
multiple comparison test; G - One-way ANOVA (p = 0.0038) followed by Tukey’s
multiple comparison test; H - One-way ANOVA (p<0.0001) followed by Tukey’s
multiple comparison test.

| - The graph shows the resting cytosolic calcium measured in rat primary cortical
neurons (DIV15) were treated with APOE4 recombinant protein (15 nM) for 24 h and
subjected to calcium imaging using Fluo8-AM. N=50-60 neurons from 3 independent
experiments, Kolmogorov—-Smirnov test.

J - The graph shows the resting cytosolic calcium measured in rat primary cortical
neurons (DIV15) were treated with APOE KO or APOE4 (10-15 nM) conditioned
media for 24 h and subjected to calcium imaging using Fluo8-AM. N=50-60 neurons
from 3 independent experiments, Kolmogorov—Smirnov test.

7.4 NMDAR and L-VGCC inhibitors affect APOE mediated increase in eEF2
phosphorylation

NMDARs were the primary initiating source of calcium influx on APOE addition.
Correspondingly, pre-treatment with MK801 was able to prevent both APOE3 and
APOE4 mediated increase in eEF2 phosphorylation at 1-minute time point (Fig 7.4 A),
while MK801 incubation had no effect on eEF2 phosphorylation in the absence of
APOE conditioned media (Fig 7.4 A). L-VGCCs did not prevent the APOE mediated
calcium influx, whereas they helped in the sustenance of APOE4 calcium at later time
points. Accordingly, Nifedipine did not block the APOE mediated increase in eEF2
phosphorylation at 1-minute (Fig 7.4 B). Nifedipine alone did not have an effect on
eEF2 phosphorylation in the absence of APOE (Fig 7.4 B). However, Nifedipine
successfully prevented the APOE4 mediated increase in eEF2 phosphorylation at 20
minutes (Fig 7.4 C); while it had no effect on eEF2 phosphorylation in APOE3
condition (Fig 7.4 C). As a control, we validated that either of the drugs MK801 or
Nifedipine did not have an effect on eEF2 phosphorylation in the presence of APOE
KO conditioned media (Fig 7.4 D and Fig 7.4 E).
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Figure 7.4
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Figure 7.4 — NMDAR and L-VGCC inhibitors affect APOE mediated increase in
eEF2 phosphorylation

A - Representative immunoblots showing the levels of p-eEF2, eEF2 and Tujl in rat
primary cortical neurons on 1-minute APOE3 or APOE4 iPSC conditioned media
treatment along with MK801 (25 puM) pre-incubation. The graph represents the ratio of
p-eEF2 to eEF2 normalized to Tujl. Data is represented as mean +/- SEM, N =5, One-
way ANOVA (p =0.0006) followed by Dunnett’s multiple comparison test.

B - Representative immunoblots showing the levels of p-eEF2, eEF2 and Tujl in rat
primary cortical neurons on 1-minute APOE3 or APOE4 iPSC conditioned media
treatment along with Nifedipine (50 pM) pre-incubation. The graph represents the ratio
of p-eEF2 to eEF2 normalized to Tujl. Data is represented as mean +/- SEM, N=3,
One-way ANOVA (p =0.001) followed by Dunnett’s multiple comparison test.

C - Representative immunoblots showing the levels of p-eEF2, eEF2 and Tujl in rat
primary cortical neurons on 20-minute APOE3 or APOE4 iPSC conditioned media
treatment along with Nifedipine (50 pM) pre-incubation. The graph represents the ratio
of p-eEF2 to eEF2 normalized to Tujl. Data is represented as mean +/- SEM, N=3,
One-way ANOVA (p = 0.0036) followed by Tukey’s multiple comparison test.
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D - Representative immunoblots showing the levels of p-eEF2, eEF2 and Tujl in rat
primary cortical neurons on 1-minute APOE KO iPSC conditioned media treatment
along with MK801 (25 pM) pre-incubation. The graph represents the ratio of p-eEF2 to
eEF2 normalized to Tujl. Data is represented as mean +/- SEM, N = 5, Unpaired
Student’s t-test (ns).

E - Representative immunoblots showing the levels of p-eEF2, eEF2 and Tujl in rat
primary cortical neurons on 20-minute APOE KO iPSC conditioned media treatment
along with Nifedipine (50 uM) pre-incubation. The graph represents the ratio of p-eEF2
to eEF2 normalized to Tujl. Data is represented as mean +/- SEM, N=4, Unpaired
Student’s t-test (ns).

7.5 NMDAR and L-VGCC inhibitors affect APOE mediated inhibition of protein
synthesis

We used the FUNCAT assay to directly measure the protein synthesis response in the
presence of calcium channel blockers MK801 and Nifedipine. In line with the eEF2
phosphorylation and calcium results, MK801 was able to prevent the APOE3 (Fig 7.5
A and Fig 7.5 B) and APOE4 (Fig 7.5 C and Fig 7.5 D) mediated translation inhibition
at 1-minute. MK801 incubation alone in the absence of APOE had no effect on protein
synthesis (Fig 7.5 B and Fig 7.5 D). Similarly, at the later time point of 20 minutes,
Nifedipine completely blocked the APOE4 mediated translation inhibition (Fig 7.5 E
and Fig 7.5 F); whereas Nifedipine had no effect on protein synthesis in APOE3
background (Fig 7.5 E and Fig 7.5 F). Thus, MK801 prevented the APOE4 mediated
translation inhibition at the early time point and Nifedipine blocked it at the later time
point.
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Figure 7.5
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Figure 7.5 — NMDAR and L-VGCC inhibitors affect APOE mediated inhibition of
protein synthesis
A - The representative images for MAP2 and FUNCAT fluorescent signals in rat
primary cortical neurons treated with APOE3 recombinant protein (15 nM) for 1-minute
along with MK801 pre-incubation (25 pM) (Scale bar - 10uM).

B - The graph represents the quantification of the FUNCAT fluorescent intensity
normalized to MAP2 fluorescent intensity under different APOE3 and MK801
treatment conditions at 1-minute time point. Each data point represents an individual
neuron. N=40-50 neurons from 4 independent experiments, One-way ANOVA

(p<0.0001) followed by Tukey’s multiple comparison test.
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C - The representative images for MAP2 and FUNCAT fluorescent signals in rat
primary cortical neurons treated with APOE4 recombinant protein (15 nM) for 1-minute
along with MK801 pre-incubation (25 uM) (Scale bar - 10uM).

D - The graph represents the quantification of the FUNCAT fluorescent intensity
normalized to MAP2 fluorescent intensity under different APOE4 and MK801
treatment conditions at 1-minute time point. Each data point represents an individual
neuron. N=40-50 neurons from 4 independent experiments, One-way ANOVA
(p<0.0001) followed by Tukey’s multiple comparison test.

E - The representative images for MAP2 and FUNCAT fluorescent signals in rat
primary cortical neurons treated with APOE3 or APOE4 recombinant protein (15 nM)
for 20 minutes along with MK801 pre-incubation (50 uM) (Scale bar - 10uM).

F - The graph represents the quantification of the FUNCAT fluorescent intensity
normalized to MAP2 fluorescent intensity under different APOE and Nifedipine
treatment conditions at 20-minute time point. Each data point represents an individual
neuron. N=20-30 neurons from 4 independent experiments, One-way ANOVA
(p<0.0001) followed by Tukey’s multiple comparison test.

7.6 mGIuR activation reduces the eEF2 phosphorylation on NMDAR stimulation
and APOE4 treatment

Both APOE4 treatment and NMDAR stimulation caused the influx of calcium through
NMDA receptors and L-VGCCs. Yet, only NMDAR stimulation caused translation
activation at 20 minutes; whereas eEF2 phosphorylation remained elevated with 20-
minutes APOE4 treatment. Thus, we hypothesized that NMDAR stimulation could
involve different components which trigger the dephosphorylation of eEF2 and activate
protein synthesis. The rise of cellular calcium on NMDAR stimulation is contributed
by 3 sources in a sequential manner — NMDA receptors, L-VGCCs and calcium release
from ER’. We tested if the calcium release from internal stores could have a role in the
phase of translation activation.

It is well-established that mGIuR stimulation causes release of calcium from internal
stores through IP3 receptors. Hence, we used mGIuR agonist DHPG to trigger internal
calcium release and checked its effect on eEF2 phosphorylation. To begin with, we
added DHPG during the translation inhibition phase of NMDAR stimulation to check
if it can dephosphorylate eEF2 and activate translation. The phosphorylation of eEF2
was maximum at 1-minute and remained high till 5 minutes on NMDAR stimulation
(Fig 7.6 A). Thus, we used a 5-minute NMDAR stimulation paradigm where we added
DHPG during the last 4 minutes (Fig 7.6 A). The idea was that if DHPG can actively
dephosphorylate eEF2, then p-eEF2 levels with NMDA+DHPG for 5 minutes would be
lower than 5-minute NMDA stimulation alone. Interestingly, we found that the addition
of DHPG could bring down the phosphorylation of eEF2 even in the presence of NMDA
(Fig 7.6 A). This suggested that release of calcium from internal stores could potentially
cause the translation activation.

Further, we tried the same experiment with APOE treatment. Since phosphorylation of
eEF2 was maximum at 1-minute and continued to remain high till 20 minutes in the
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case of APOE4, we checked if the presence of DHPG along with APOE4 can reduce
the eEF2 phosphorylation by 20 minutes. So, in the course of 20-minute APOE
treatment, we added DHPG during the last 19 minutes (Fig 7.6 C). We observed that
addition of DHPG was able to reduce eEF2 phosphorylation in the presence of APOE4
as well (Fig 7.6 D). Thus, we hypothesize that calcium release from internal stores could
be the factor which distinguishes the NMDAR and APOE4 translation profiles.
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Figure 7.6 — mGIuR activation reduces the eEF2 phosphorylation on NMDAR
stimulation and APOE4 treatment

A — Schematic representing the NMDAR stimulation and mGIuR activation paradigm
in rat primary cortical neurons

B — Representative immunoblots showing the levels of p-eEF2, eEF2 and Tujl in rat
primary cortical neurons on NMDAR stimulation (20uM, 1 minute) or NMDAR
stimulation followed by DHPG addition (20uM NMDA 1°, 50uM DHPG 4°). The graph
represents the ratio of p-eEF2 to eEF2 normalized to Tuj1. Data is represented as mean
+/- SEM, N=4, One-way ANOVA (p=0.0005) followed by Tukey’s multiple
comparison test.

C — Schematic representing the APOE treatment and mGIuR activation paradigm in rat
primary cortical neurons

D — Representative immunoblots showing the levels of p-eEF2, eEF2 and Tujl in rat
primary cortical neurons on APOE conditioned media treatment (20”) with or without
DHPG stimulation (50uM, 19°). The graph represents the ratio of p-eEF2 to eEF2
normalized to Tujl. Data is represented as mean +/- SEM, N=3, One-way ANOVA
(p=0.0485) followed by Tukey’s multiple comparison test.
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7.7 Summary and Discussion

In this chapter, we explore the link between protein synthesis and calcium homeostasis
to explain the translation responses upon NMDAR stimulation and APOE treatment.
To begin with, we establish that calcium is required to elicit the NMDAR mediated
protein synthesis response, both with respect to early phase translation inhibition and
later phase translation activation. Further, we show that the APOE4 mediated translation
inhibition is also dependent on extracellular calcium. We studied the calcium traces
upon NMDAR stimulation and APOE treatment; and identified the sources of calcium
influx as well. NMDAR stimulation involved the influx of calcium through NMDA
receptors, followed by activation of L-VGCCs. APOE3 treatment caused a short burst
of calcium through NMDA receptors, without the involvement of L-VGCCs. APOE4
treatment led to a robust increase in calcium levels caused by the activation of NMDA
receptors and L-VGCCs. Accordingly, we were able to block the APOE3 and APOE4
mediated eEF2 phosphorylation and translation inhibition at early time (1-minute) using
NMDAR antagonist MK801. L-VGCC antagonist Nifedipine blocked the APOE4
mediated eEF2 phosphorylation and translation inhibition at later time point (20-
minutes). Thus, the highlight of this chapter was the demonstration of how different
calcium signatures and sources regulate protein synthesis.

Interestingly, both NMDAR stimulation and APOE4 treatment led to the influx of
calcium through NMDA receptors and L-VGCCs. Yet, the translation response at 20-
minute NMDAR stimulation (translation activation) and 20-minute APOE4 exposure
(translation inhibition) were different. Hence, we hypothesized that the translation
activation on NMDAR stimulation probably involved an additional component. The
stimulation of NMDARs leading to L-VGCC activation is reported to initiate CICR
from the ER stores’. Hence, the intracellular calcium increase downstream of NMDAR
activation is contributed by calcium from external sources (NMDARs and L-VGCCs)
followed by calcium from internal sources (ER stores), likely to occur in distinct phases
which are temporally and spatially separated. We hypothesized that these distinct
calcium sources could be coupled to the distinct translation phases observed on
NMDAR activation. Along the lines of this hypothesis, we questioned if the release of
calcium from internal sources could be the key difference between the APOE4 and
NMDAR stimulation. And, we questioned if the release of calcium from internal stores
could have a role in the phase of translation activation. Additional support to was
provided to this idea from the studies which show that stimulation of Group 1
metabotropic glutamate receptors using DHPG leads to the release of calcium from
internal stores and causes global translation activation %134,

Thus, broadly, the influx of calcium from external sources (NMDARs and L-VGCCs)
caused the inhibition of translation, through calcium dependent activation of eEF2
kinase and eEF2 phosphorylation. We hypothesize that the calcium release from
internal stores could cause the activation of translation, potentially through activation
of phosphatases leading to decreased eEF2 phosphorylation. Interestingly, in case of
NMDAR stimulation, the phase of translation activation is also triggered by calcium
influx from external sources, as NMDAR stimulation for 20 minutes in the absence of
calcium fails to cause protein synthesis activation (Fig 7.1 A). This highlights the

sequential regulation of calcium on NMDAR stimulation - calcium release from internal
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stores is triggered by the initial calcium influx from external sources *’. As reported
previously, L-VGCCs behave like the switches which trigger the calcium release from
ER 7. The activation of CICR is shown to have a feedback inhibition on the calcium
entry through L-VGCCs and NMDARs’. Hence, we hypothesize that in case of APOEA4,
the release of calcium from internal stores is blocked; either due to the failure of L-
VGCCs to trigger CICR or due to defective CICR. To address few aspects of our
hypothesis, we performed preliminary experiments with mGIuR agonist DHPG which
is shown to release calcium from internal stores through IP3 receptors. The addition of
DHPG was able to decrease the phosphorylation of eEF2 during the translation
inhibition phase of NMDAR stimulation (5-minute) and APOE4 treatment (20-minute).
Hence, we think that the internal calcium stores are the critical component of NMDAR
protein synthesis response which is defective in case of APOE4. And, we propose this
as an interesting future direction to take this work forward.

Another interesting question that arises is that why was L-VGCC activated by APOE4
only, and not APOE3. One of the possible explanations is that the initial calcium influx
through NMDARs is significantly higher in case of APOE4 compared to APOE3.
Hence, APOE4 might cause a higher depolarization required for the activation of L-
VGCCs. The other possibility is that APOE4 binding to its cognate receptor could
activate some signaling pathways which directly regulate L-VGCCs. Another critical
point we note is that MK801 completely blocked the APOE4 mediated calcium influx
and showed a recovery of translation inhibition. However, eEF2 phosphorylation still
showed a trend of increase (though not statistically significant) in the presence of
MKS801 in APOE4 treated neurons. Hence, though NMDAR mediated calcium seems
to be the primary initiating cause, we cannot rule out the possibility that other signaling
pathways and calcium independent mechanisms could be involved in APOE4 mediated
increase in eEF2 phosphorylation. Finally, another unexplained aspect is the mechanism
through which APOE activates NMDARs. We have previously shown that the effect of
APOE on protein synthesis is mediated through APOE receptors (Chapter 4). Though
the influence of APOE receptor-associated signaling on NMDARs has been studied 22,
the exact mechanism behind APOE mediated calcium influx through NMDARS is yet
to be understood. Another possible mechanism of APOE mediated NMDAR activation
could be through the production of AB. APOE4 has been shown to cause an increase in
AB production 2% and AP is shown to directly activate NMDARs?*. This could be
another interesting future direction to take the work forward.
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Chapter 8

Concluding remarks

8.0 Highlights

e APOE4 causes a global inhibition of protein synthesis through sustained
phosphorylation of eEF2 for 20 minutes.

e The increase in eEF2 phosphorylation is mediated by sustained influx of calcium
through NMDAR and L-VGCC activation.

e Hence, the NMDA mediated translation response is perturbed in APOE4 treated
neurons, potentially causing a stress-related phenotype through elF2a phosphorylation.

e APOES3 causes an initial inhibition of global translation which recovers to basal levels
by 20 minutes, thus not altering the NMDA mediated translation response.

e APOE3 causes a short burst of calcium through NMDARs only, without the
involvement of L-VGCCs, thus leading to an acute increase in eEF2 phosphorylation.

e Hence, different calcium signatures and sources lead to distinct temporal profiles of
translation.

8.1 Summary

The primary finding of my work is that APOE4, a well-established risk factor for
Alzheimer’s disease affects global protein synthesis in neurons. We observe that the
different APOE isoforms APOE3 (not a risk factor for AD) and APOE4 (risk factor for
AD) generate distinct protein synthesis profiles. APOE3 leads to a transient inhibition
of global protein synthesis which eventually recovers to basal levels. However, APOE4
causes a larger and sustained inhibition of global protein synthesis which fails to recover
to basal levels in 20-minute period. We show that the inhibition of protein synthesis is
mediated by the increase in the phosphorylation of eukaryotic translation elongation
factor eEF2.

The protein synthesis downstream of NMDAR stimulation has a distinct temporal
profile with early phase translation inhibition and late phase translation activation.
Though the initial translation response upon APOE3 and APOE4 treatment appears to
mimic the early phase NMDAR translation inhibition, the protein synthesis profiles at
the later phase is distinct. While NMDAR stimulation causes translation activation at
20-minute time point, APOE4 treatment causes translation inhibition and protein
synthesis recovers to basal levels under APOE3 treatment. As a result of the distinct
temporal profiles of translation, the neurons retain their physiological response to
NMDAR stimulation in the background of APOE3 treatment. However, in the presence

93



of APOE4, the translation response to NMDAR stimulation is perturbed. Interestingly,
the phosphorylation of eIF2a increases only in the condition of APOE4 treatment along
with NMDAR stimulation, implying the involvement of stress response to a
physiological stimulus.

Finally, the distinct profiles of protein synthesis are closely linked to calcium influx
signatures. The stimulation of NMDARs causes an influx of calcium through NMDARs
and L-VGCCs. APOE3 treatment causes a short burst of calcium influx through
activation of NMDARs alone. However, APOE4 causes a larger and sustained influx of
calcium through sequential activation of NMDARs followed by L-VGCCs. The
sustained increase of calcium in the neurons on APOE4 treatment leads to the steady
increase in eEF2 phosphorylation as well, thus causing an inhibition of global protein
synthesis in APOE4 background. Thus, in summary, we propose the following model —
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Figure 8 - Model illustrating calcium signature and corresponding protein synthesis
regulation downstream of NMDAR stimulation and APOE treatment

A - Stimulation of NMDA receptors lead to influx of calcium through NMDARs (1)
which activates L-VGCCs (2). The influx of calcium through L-VGCCs further helps
in sustaining the calcium levels on NMDAR stimulation (3). The calcium through
NMDARs and L-VGCCs generates a specific temporal profile of eEF2
phosphorylation, causing an initial inhibition of global protein synthesis followed by
translation activation in a later phase.

B - Exposure to APOE3 activates NMDARs through an unknown mechanism (1),
leading to a short burst of calcium through it (2). This leads to an acute increase in eEF2
phosphorylation, primarily contributed by calcium influx through NMDARs, which
recovers to basal levels. Global translation also follows a similar temporal profile of
initial decrease followed by recovery. Hence, the NMDA activity mediated translation
response is unaffected in APOES3 treated neurons.

C - Exposure to APOE4 activates NMDARs through an unknown mechanism (1),
causing higher influx of calcium through NMDARs (2) than APOE3 condition. The
higher calcium influx through NMDARSs could lead to L-VGCC activation in APOE4
condition (3a). Besides, APOE4 binding to APOE receptors could also directly regulate
the sustained activation of L-VGCCs (3b). Overall, the L-VGCC activation under
APOE4 treatment condition contributes to the huge and sustained increase in calcium
levels (4). This leads to the sustained increase in eEF2 phosphorylation as well as global
translation inhibition. There could also be a possibility of APOE4 activating signalling
cascades which further contribute to the sustained increase in eEF2 phosphorylation (5).
Hence, the NMDA activity mediated response is perturbed, potentially causing a stress-
response phenotype in APOE4 treated neurons.

8.2 Future perspectives

There are numerous avenues that the project opens, and it can be taken forward in
multiple ways. One of the ways is to investigate the upstream mechanisms which govern
the APOE mediated protein synthesis response. The mechanism by which NMDARs
are activated upon APOE binding to its cognate receptors is unknown. Understanding
the signaling pathways downstream of APOE receptors which could modulate
NMDARs would be the first way to take it forward. Additionally, if APOE4 directly
regulates L-VGCCs or eEF2 phosphorylation is another aspect which can be
investigated. The other direction to take the study forward would be investigating
downstream of the APOE protein synthesis response. One of the possibilities would be
to check the candidates which are getting translationally affected upon NMDAR,
APOE3 and APOE4 treatment at different time points. Ribosome profiling can be
performed at early and late time points under different treatment conditions to validate
if the candidates are similar or different, and what cellular processes they regulate.
Additionally, the effect of APOE4 mediated protein synthesis inhibition upon synaptic
plasticity can be studied. The levels of different pre- and post-synaptic protein can be
investigated in the presence of APOEA4. It would be ideal if our important findings,
especially with regards to the effect of APOE4 on protein synthesis, can be replicated
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in vivo in APOE4 mice model. Further studies could be performed in animal models of
APOEA4 to investigate the readouts of synaptic morphology, number, and plasticity to
connect it to the protein synthesis phenotype.

The role of AP in APOE4 mediated protein synthesis is unexplored. Since APOE4 is
known to increase the levels of APP and AP, the contribution of these to the protein
synthesis response can be studied. One of the most interesting take homes from the
study is the role of calcium in regulating protein synthesis response. Though we studied
the role of external calcium sources like NMDARs and L-VGCCs, we did not
investigate the role of internal calcium sources such as Endoplasmic Reticulum and
mitochondria. The contribution of ER calcium release to the protein synthesis response,
both in the context of basal condition and APOE4 treatment, would be important to
completely understand the regulation by calcium. Additionally, we focused on L-
VGCCs only in our current work, however the role of other different types of VGCCs
(such as N, T, R-type) could also be investigated. Further, we studied the effect of
APOE on the activity paradigm of NMDAR stimulation only. However, it is known that
protein synthesis is important for other synaptic responses as well, such as mGIuR
stimulation, BDNF treatment or NGF treatment. Hence, the effect of APOE
downstream of other stimulation paradigms can also be investigated to get a better
picture of the impact of APOE on synaptic translation.

Finally, the role of calcium in regulation of protein synthesis could be an interesting
topic to explore further. This study focuses on the temporal regulation of protein
synthesis by the sequential activation of different calcium sources. But the different
calcium sources are also spatially segregated. For example, NMDARs are present at the
post-synapse; VGCCs are at the synapses, dendritic shafts as well as cell bodies. ER
calcium source would be mostly in the dendritic/axonal shafts and cell bodies, but lesser
at the synapse heads. Hence, along with the temporal aspect, the spatial regulation of
calcium could be important factor influencing translation. Considering a) the local
regulation of translation at the synapses and b) calcium being an important local
secondary messenger at the synapses, the role of calcium as one of the modes of
translation regulation (similar to microRNAs or RBPs) would be worth investigating in
the future.
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