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Abstract 61 

Apolipoprotein E (APOE), one of the primary lipoproteins in the brain has three isoforms in humans – 62 

APOE2, APOE3, and APOE4. APOE4 is the most well-established risk factor increasing the pre-63 

disposition for Alzheimer's disease. The presence of the APOE4 allele alone is shown to cause synaptic 64 

defects in neurons and recent studies have identified multiple pathways directly influenced by APOE4. 65 

However, the mechanisms underlying APOE4 induced synaptic dysfunction remain elusive. Here, we 66 

report that the acute exposure of primary cortical neurons or synaptoneurosomes to APOE4 leads to a 67 

significant decrease in global protein synthesis. Primary cortical neurons were derived from male and 68 

female embryos of Sprague-Dawley rats or C57BL/6J mice. Synaptoneurosomes were prepared from 69 

P30 male Sprague-Dawley rats. APOE4 treatment also abrogates the NMDA mediated translation 70 

response indicating an alteration of synaptic signaling. Importantly, we demonstrate that both APOE3 71 

and APOE4 generate a distinct translation response which is closely linked to their respective calcium 72 

signature. Acute exposure of neurons to APOE3 causes a short burst of calcium through NMDARs 73 

leading to an initial decrease in protein synthesis which quickly recovers. Contrarily, APOE4 leads to 74 

a sustained increase in calcium levels by activating both NMDARs and L-VGCCs, thereby causing 75 

sustained translation inhibition through eEF2 phosphorylation, which in turn disrupts the NMDAR 76 

response. Thus, we show that APOE4 affects basal and activity mediated protein synthesis responses in 77 

neurons by affecting calcium homeostasis.  78 

 79 

Significance Statement  80 

Defective protein synthesis has been shown as an early defect in familial Alzheimer’s disease. However, 81 

this has not been studied in the context of sporadic Alzheimer’s disease, which constitutes the majority 82 

of cases. In our study, we show that APOE4, the predominant risk factor for Alzheimer’s disease, 83 

inhibits global protein synthesis in neurons. APOE4 also affects NMDA activity mediated protein 84 

synthesis response, thus inhibiting synaptic translation. We also show that the defective protein 85 

synthesis mediated by APOE4 is closely linked to the perturbation of calcium homeostasis caused by 86 

APOE4 in neurons. Thus, we propose the dysregulation of protein synthesis as one of the possible 87 
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molecular mechanisms to explain APOE4 mediated synaptic and cognitive defects. Hence, the study 88 

not only suggests an explanation for the APOE4 mediated pre-disposition to Alzheimer’s disease, it 89 

also bridges the gap in understanding APOE4 mediated pathology.  90 

 91 

Introduction 92 

Alzheimer's disease (AD) is an irreversible progressive neurodegenerative disorder that leads to loss of 93 

memory and cognition (Hardy, 2006). Pathologically, AD is characterized by brain atrophy along with 94 

accumulation of Aβ plaques and neurofibrillary tangles (Hardy, 2006). But, the most robust correlation 95 

for the severity of dementia and staging of AD is with the extent of synapse loss, which occurs pre-96 

symptomatically (Shankar and Walsh, 2009). The maintenance and re-modeling of synapses requires 97 

the synthesis of new proteins which are tightly regulated spatio-temporally (Kelleher, Govindarajan and 98 

Tonegawa, 2004; Sutton and Schuman, 2006). Thus, activity mediated synthesis of new proteins and 99 

changes in the proteome play an important role in driving synaptic plasticity (Kelleher, Govindarajan 100 

and Tonegawa, 2004; Sutton and Schuman, 2006; Suzanne Zukin, Richter and Bagni, 2009).  101 

Multiple studies have shown the dysregulation of protein synthesis and its machinery in AD. Alterations 102 

in the amount, activity, and post-translational modifications of translation components like eIF2α, 103 

eEF1A, eIF4E, and p70 RPS6 kinase1 are reported (An et al., 2003; Li et al., 2004; Ma et al., 2010; 104 

Beckelman et al., 2016; Yang et al., 2016). Intriguingly, altered expression of rRNA and mRNAs 105 

coding for ribosomal proteins are documented to occur pre-symptomatically in AD (Ding, 2005; Ding 106 

et al., 2006; Hernández-Ortega et al., 2016). Accordingly, studies have revealed a dysregulation of de-107 

novo protein synthesis in AD (Cefaliello et al., 2020; Elder et al., 2021) as well as in other forms of 108 

taupathies (Moreno et al., 2013; Radford et al., 2015; Meier et al., 2016; Evans et al., 2019; Koren et 109 

al., 2019). Along with basal translation, defects in synaptic activity mediated signaling and translation 110 

is also reported to occur pre-symptomatically in AD (Ma et al., 2010; Yang et al., 2016; Ahmad et al., 111 

2017; Cefaliello et al., 2020). However, the link between defective translation and dysregulation of 112 

synaptic signaling is not explored, and is likely to be an important early event in AD pathology.  113 
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Apart from the familial mutations which occur in only 10% of the population, many genetic factors 114 

which significantly increase the risk of AD have been identified (Tanzi, 2012). Apolipoprotein isoform 115 

ε4 (APOE4) is the most well-established genetic risk factor for AD which increases the frequency of 116 

occurrence and decreases the age of onset significantly (Kim, Basak and Holtzman, 2009; Liu et al., 117 

2013). APOE4, unlike the other isoforms APOE2 and APOE3, is shown to increase the predisposition 118 

to AD by affecting the clearance of Aβ (Kim, Basak and Holtzman, 2009; Liu et al., 2013). However, 119 

many studies have reported that the presence of APOE4 allele can cause synaptic defects independently. 120 

Reduction of neurite outgrowth, dendritic complexity, spine density, and loss of synaptic proteins is 121 

well reported in APOE4 mouse models (Nathan et al., 1994; Teter et al., 2002; Dumanis et al., 2009; 122 

Rodriguez et al., 2013; Yong et al., 2014). Consequently, APOE4 mice of both younger and older age 123 

groups are reported to show defects in spatial learning and memory (Rodriguez et al., 2013). Further 124 

evidence comes from studies drawing correlations between the APOE genotype and cognitive 125 

impairment in humans (Small et al., 2004; Wisdom, Callahan and Hawkins, 2011; de Jager et al., 2012; 126 

Reas et al., 2019). Moreover, APOE4 is reported to interfere with the glutamate receptor signaling 127 

pathways (Chen et al., 2010), particularly with NMDARs (Bacskai et al., 2000; Sheng et al., 2008; 128 

Nakajima et al., 2013); indicating that APOE receptors are present as a part of the post-synaptic density 129 

complex (May et al., 2004). Thus, APOE activates multiple signaling pathways in neurons with key 130 

signaling differences between the APOE isoforms (Hoe, Harris and Rebeck, 2005; Huang et al., 2017, 131 

2019). 132 

Though APOE4 is indicated to be one of the key factors influencing synaptic loss and cognitive defects 133 

in AD, the molecular mechanisms behind this are still unclear.  Here, we show that APOE4 inhibits 134 

basal and NMDAR mediated protein synthesis by increasing eEF2 phosphorylation. APOE4 mediated 135 

translation response is linked to the increased calcium influx caused by activation of NMDARs and L-136 

VGCCs. Thus, the dysregulation of calcium homeostasis by APOE4 leads to its impaired protein 137 

synthesis response.   138 

 139 

Materials and Methods  140 
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Ethics Statement - All animal work was carried out in accordance with the procedures approved by 141 

the Institutional Animal Ethics Committee (IAEC) and the Institutional Biosafety Committee (IBSC), 142 

InStem, Bangalore, India. All rodent work was done with Sprague Dawley (SD) rats. Rats were kept in 143 

20–22 temperature, 50–60 relative humidity, 0.3 μm HEPA-filtered air supplied at 15–20 ACPH, and 144 

14-h/10-h light/dark cycle maintained.  145 

All the human stem cell work was carried out in accordance with and approval from the Institutional 146 

Human Ethics Committee, Institutional Stem Cell Committee, and Institutional Biosafety Committee 147 

at InStem, Bangalore, India.  148 

Rat primary neuronal cultures – Primary neuronal cultures were prepared from cerebral cortices of 149 

Sprague-Dawley rat embryos (E18.5) as previously published by our lab (Kute et al., 2019; Ravindran, 150 

Nalavadi and Muddashetty, 2019; Ghosh Dastidar et al., 2020). Briefly, the cortex tissue was 151 

trypsinized and homogenized using 0.25% trypsin. The dissociated cells were plated on pre-coated 152 

Poly-L-Lysine (P2636, Sigma) dishes at a density of 40000-50000 cells/cm2 for biochemistry 153 

experiments and 30000-40000 cells/cm2 for imaging-based experiments. The plates were coated with 154 

Poly-L-Lysine solution (0.2mg/ml) made in borate buffer (pH 8.5) for 5-6 hours and excess solution 155 

was washed with water. For imaging experiments, the neurons were plated on nitric acid-treated 156 

coverslips which were coated with Poly-L-Lysine. For all the experiments, the neurons were initially 157 

plated on Minimum Essential Media (MEM, 10095080, ThermoFisher Scientific) supplemented with 158 

10% FBS to aid their attachment. After 3 hours in MEM, the media was changed to Neurobasal 159 

(21103049, ThermoFisher Scientific) supplemented with B27 (17504044, ThermoFisher Scientific) and 160 

1X Glutamax. The neurons were maintained in culture for 15-20 days at 37˚C, 5% CO2 conditions by 161 

supplementing Neurobasal media every 5-6 days.  162 

iPSC maintenance and conditioned media collection – The iPSCs (APOE KO, APOE 3/3, and APOE 163 

4/4) were obtained from Bioneer A/S, Denmark. Briefly, the iPSCs from an 18-year old male of APOE 164 

3/4 genotype were subjected to CRISPR-Cas9 gene editing to obtain isogenic iPSC lines of APOE KO, 165 

APOE 3/3, and APOE 4/4 genotypes (Schmid et al., 2019). The iPSCs were maintained in mTeSR1 166 

complete media (72232, Stem Cell Technologies) at 37˚C, 5% CO2 conditions. A mixture of 1 mg/ml 167 

Collagenase IV (17104019, Thermo Fisher Scientific), 0.25% Trypsin, 20% Knock-Out Serum 168 
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(10828028, ThermoFisher Scientific), 1 mM Calcium Chloride (made in PBS) was used to dissociate 169 

the iPSCs for passaging.  170 

Once the iPSCs reached about 50% confluency, the media was changed from mTeSR1 to Neurobasal 171 

+ Glutamax. The iPSCs were maintained in Neurobasal based media for 48 hours. After 48 hours, the 172 

conditioned media was given a short spin at 1000 x g for 2 minutes to remove the cell debris and 173 

subjected to ELISA (ab108813, Abcam) to estimate the amount of APOE secreted by iPSCs.  174 

Synaptoneurosome preparation – Synaptoneurosomes were prepared from cortices of P30 male 175 

Sprague-Dawley rats as previously published (Muddashetty et al., 2007; Kute et al., 2019; Paul et al., 176 

2019). Briefly, cortices were homogenized at 4˚C in 10 volumes of the synaptoneurosome buffer (118 177 

mM NaCl, 5 mM KCl, 1.2 mM MgSO4, 2.5 mM CaCl2, 1.53 mM KH2PO4, 212.7 mM Glucose, 1X 178 

Protease Inhibitor Cocktail, pH 7.5). The homogenate was filtered through three 100 μm nylon filters 179 

(NY1H02500, Merck Millipore) and one 11 μm nylon filter (NY1102500, Merck Millipore). The 180 

filtrate was centrifuged at 1500 x g for 15 minutes at 4˚C. The pellet obtained was resuspended in 1.2 181 

ml synaptoneurosome buffer and used for APOE treatment.  182 

Treatment with APOE and other drugs –  183 

a. Treatment of primary neurons - The primary neurons were treated with APOE from 184 

conditioned media or recombinant APOE protein (350-02, 350-04, Peprotech). For conditioned 185 

media treatment, the spent neuronal media was mixed with the APOE conditioned media in the 186 

ratio 1:1 such that the final APOE concentration used to treat the neurons was 10-20 nM. In 187 

case of recovery, the conditioned media mixture was removed and the spent neuronal media 188 

was added for recovery. For recombinant protein treatment, the neurons were treated with 15 189 

nM of recombinant APOE3 or APOE4 protein in neurobasal media. In the experiments with no 190 

calcium in the external media, the neurons were treated with 15 nM recombinant APOE3 or 191 

APOE4 protein in Artificial Cerebrospinal Fluid (ACSF – 120 mM NaCl, 3 mM KCl, 1 mM 192 

MgCl2, 3 mM NaHCO3, 1.25 mM NaH2PO4, 15 mM HEPES, 30 mM glucose, pH 7.4) with or 193 

without calcium (2 mM CaCl2).  For stimulation of NMDAR receptors, 20 μM NMDA (0114, 194 

Tocris) was added during the last 5 minutes of the 20 minutes treatment. For the pre-treatment 195 

with other drugs, Nifedipine (50 μM) (N7634, Sigma), MK801 (25 μM) (0924, Tocris), or RAP 196 
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(200 nM) (553506-M, Sigma) were added for 10 minutes before the addition of conditioned 197 

media mixture. After the treatment, the cells were lysed in buffer containing 20 mM Tris-HCl, 198 

100 mM KCl, 5 mM MgCl2, 1% Nonidet P-40 (NP40), 1 mM dTT, 1X Protease Inhibitor 199 

Cocktail, RNase inhibitor, 1X Phosphatase Inhibitor and centrifuged at 20000 x g, 4˚C for 20 200 

minutes. The supernatant was either denatured in SDS-dye for Western blotting or in Trizol LS 201 

for RNA isolation.  202 

b. Treatment of synaptoneurosomes - The resuspended synaptoneurosomes were treated with 203 

20 nM recombinant APOE3 or APOE4 protein for 20 minutes at 37˚C with mixing at 350 rpm. 204 

For stimulation of NMDA receptors in the synaptoneurosomes, NMDA (40 μM) was added 205 

during the last 5 minutes of the 20 minutes treatment. For blocking APOE receptors, RAP (200 206 

nM) was added 10 minutes before the addition of APOE. After the treatment, the 207 

synaptoneurosomes were given a short spin, the pellet was resuspended in lysis buffer (20 mM 208 

Tris-HCl, 100 mM KCl, 5 mM MgCl2, 1% Nonidet P-40 (NP40), 1 mM dTT, 1X Protease 209 

Inhibitor Cocktail, RNase inhibitor, 1X Phosphatase Inhibitor) and centrifuged at 20000 x g, 210 

4˚C for 20 minutes. The supernatant was denatured in SDS-dye and subjected to Western 211 

blotting.  212 

Mouse primary neuronal culture - Primary mouse neurons were generated from cortical and 213 

hippocampal tissue of wild-type embryos (E15-E17). Wild-type mouse embryos were obtained from 214 

pregnant B6.Cg-Tg (APPswe,PSEN1dE9)85Dbo/Mmjax mice (APP/PS1) mice, a widely used 215 

transgenic model of AD-like amyloidosis. The protocol used to generate primary neurons was 216 

previously described (Takahashi et al., 2004). In short, cortices and hippocampi were dissected, 217 

incubated in 0.25% trypsin for 15 minutes, and dissociated in Dulbecco's modified Eagle medium 218 

(DMEM) containing 10% Fetal Bovine Serum (FBS) (Gibco, 1008214) and 1% Penicillin/Streptomycin 219 

(ThermoFisher Scientific, SV3001). Dissociated primary cells were seeded on poly-D-lysine coated 220 

plates and maintained until 15 days in vitro in Neurobasal medium with B27 supplement, 1.4 mM L-221 

glutamine, and 1% Penicillin/Streptomycin. 222 

Mouse primary astrocyte culture - Primary astrocyte cultures were obtained from ApoE3 KI (B6.Cg-223 

Apoeem2(APOE*)Adiuj/J, the Jackson Laboratory, #029018), ApoE4 KI (B6(SJL)-Apoetm1.1(APOE*4)Adiuj/J, the 224 
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Jackson Laboratory, #027894) and ApoE KO (B6.129P2-Apoe<tm1Unc>/J, the Jackson Laboratory, 225 

#002052) (Piedrahita et al., 1992) mouse brains. Cortical and hippocampal tissue was dissected from 226 

post-natal pups (P1-P3). After dissection, the brain tissue was incubated in 0.25% trypsin for 15 227 

minutes. The tissue was dissociated into cells in DMEM containing 5% FBS (Gibco, 1008214) and 1% 228 

Penicillin/Streptomycin (ThermoFisher Scientific, SV3001) using soft plastic Pasteur pipettes. Primary 229 

cells were seeded at a concentration of 500,000 cells on poly-D-lysine coated T75 flasks. 3-5 hours 230 

after seeding and culturing in DMEM medium containing 5% FBS and 1% P/S, the medium was 231 

replaced by AstroMACS medium (Miltenyi Biotec, 130-117-03) with 0.5 mM L-glutamine. 232 

AstroMACS medium of the primary astrocytes was replaced every 2-3 days with fresh AstroMACS 233 

medium. When at least 80% confluence of the primary astrocyte cultures was reached (around DIV12), 234 

the astrocytes were cultured in Neurobasal medium supplemented with B27 supplement, 1% 235 

Penicillin/Streptomycin, and 1.4 mM L-glutamine for 48 hours for the collection of astrocyte 236 

conditioned medium. The conditioned astrocyte medium was used for the APOE treatment of the wild-237 

type mouse primary neurons. The primary mouse neuron and astrocyte experiments were approved by 238 

the Ethical Committee for animal research at Lund University. 239 

FUNCAT (Fluorescent non-canonical amino acid tagging) – For metabolic labeling, DIV15 neurons 240 

were incubated in Methionine-free DMEM for 45 minutes. Following this, the neurons were treated 241 

with L-azidohomoalanine (AHA, 1 μM) (1066100, Click Chemistry tools) for 30 minutes in Met-free 242 

DMEM (21013024, ThermoFisher Scientific). They were then treated with 15 nM APOE3 or APOE4 243 

recombinant protein in the same media (Met-free DMEM with AHA). For stimulation of NMDA 244 

receptors, NMDA (20 μM) was added during the last 5 minutes of the 20 minutes treatment. For 245 

FUNCAT assays with MK801 (25 μM) pre-treatment, the drug was added during the last 20 minutes 246 

of AHA treatment. For FUNCAT assays with Nifedipine (50 μM) pre-treatment, the drug was added 247 

during the last 10 minutes of AHA treatment.  248 

After the treatment, the coverslips were given one wash with 1X PBS and fixed with 4% PFA. After 15 249 

minutes of fixing, they were washed thrice with 1X PBS. The neurons were permeabilized for 10 250 

minutes with 0.3% Triton X-100 solution prepared in TBS50 (50 mM Tris, 150 mM NaCl, pH 7.6). The 251 

permeabilized neurons were subjected to blocking for 1 hour with a mixture of 2% Bovine Serum 252 
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Albumin (BSA) and 2% Fetal Bovine Serum (FBS) prepared in TBS50t (TBS50 with 0.1% Triton X-253 

100). After blocking, the neurons were subjected to the FUNCAT reaction for 2 hours where the newly-254 

synthesized AHA incorporated proteins were tagged with an alkyne-fluorophore Alexa-Fluor 555 255 

through click reaction (C10269, CLICK-iT cell reaction buffer kit, Click Chemistry Tools). After 3 256 

washes with TBS50t, the neurons were stained with MAP2 antibody (1:1000 dilution prepared in 257 

blocking buffer incubated overnight at 4˚C) for detection of neuronal cells. This was followed by 258 

secondary antibody staining (1:500 dilution prepared in blocking buffer, incubated for 1 hour at room 259 

temperature) (A-11008, ThermoFisher Scientific) to visualize MAP2.  260 

For FUNCAT experiments with 1-minute APOE treatment (Fig 5F and 5G), 20-minute APOE treatment 261 

(Fig 1F and 1G), APOE treatment + NMDA stimulation (Fig 2C and 2D), primary antibody MAP2 262 

(M9942, Sigma) and corresponding secondary antibody Alexa Flour 488 were used. For FUNCAT 263 

experiments with NMDA stimulation time points (Fig 5C and 5D), MK801 +APOE treatment (Fig 7C, 264 

7D, 7E and 7F), Nifedipine + APOE treatment (Fig 7H, 7I and 7-1C), primary antibody MAP2 265 

(ab32454, Abcam) and corresponding secondary antibody Alexa Flour 647 were used. 266 

The coverslips were mounted with Mowiol® 4-88 mounting media (81381, Sigma) and imaged on 267 

Olympus FV300 confocal laser scanning inverted microscope with 60X objective. The pinhole was kept 268 

at 1 Airy Unit and the optical zoom at 2X to satisfy Nyquist's sampling criteria in XY direction. The 269 

objective was moved in Z-direction with a step size of 1 μM (~8-9 Z-slices) to collect light from the 270 

planes above and below the focal plane. The image analysis was performed using FIJI software and the 271 

maximum intensity projection of the slices was used for quantification of the mean fluorescent 272 

intensities. The mean fluorescent intensity of the FUNCAT channel was normalized to the MAP2 273 

channel for comparison between different APOE treatment conditions.  274 

Immunostaining – The APOE iPSCs grown on 4-well dishes were subjected to immunostaining of the 275 

pluripotency markers OCT4 and NANOG. The iPSCs were fixed with 4% PFA which was followed by 276 

3 washes with 1X PBS. This was followed by permeabilization with 0.3% Triton X-100 made in TBS50. 277 

This was followed by 1 hour blocking with 2% BSA and 2% FBS prepared in TBS50T (with 0.1% Triton 278 

X-100). They were incubated with the primary antibody (prepared in blocking buffer) overnight at 4˚C. 279 

This was followed by 3 washes with TSB50T and 1-hour incubation with the secondary antibody 280 
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(prepared in blocking buffer) at room temperature. After 3 washes with TBS50T, the iPSCs were 281 

subjected to post-fixing with 4% PFA. This was followed by 3 washes with 1X PBS and then mounting 282 

with Mowiol® 4-88 mounting media (81381, Sigma). The 4 well plates were imaged on Olympus IX73 283 

inverted fluorescence microscope with 20X objective.  284 

Western blotting – The APOE treated neuron lysates or synaptoneurosome lysates were subjected to 285 

western blotting analysis. Briefly, the denatured lysates were run on 10% resolving and 5% stacking 286 

acrylamide gels and subjected to overnight transfer onto PVDF membrane. The blots were subjected to 287 

blocking for 1 hour at room temperature using 5% BSA prepared in TBST (TBS with 0.1% Tween-20). 288 

This was followed by primary antibody (prepared in blocking buffer) incubation for 2-3 hours at room 289 

temperature. HRP (Horseradish peroxidase) tagged secondary antibodies were used for primary 290 

antibody detection. The secondary antibodies (prepared in blocking buffer) were incubated with the 291 

blots for 1 hour at room temperature. Three washes of 5-10 minutes each were given after primary and 292 

secondary antibody incubation using TBST solution. The blots were subjected to chemiluminescent 293 

based detection of the HRP tagged proteins. For the analysis of eEF2 phosphorylation and ERK 294 

phosphorylation, the samples were run in duplicates where one set was used to probe for the phospho-295 

proteins (p-eEF2 and p-ERK), and the other set was used to probe for the total proteins (eEF2 and ERK). 296 

In each set, the loading control used was Tuj1. In every set, eEF2 and ERK were probed on the same 297 

blot. Hence, the Tuj1 used to normalize eEF2 and ERK was the same in a given set. Similarly, p-eEF2 298 

and p-ERK were probed on the same blot for a given set. Hence, Tuj1 used to normalize them was also 299 

the same for the given set. For eIF2 phosphorylation analysis, the samples were run in duplicates (one 300 

set for phospho-protein, one set for total protein). Tuj1 was used as the normalizing control for each 301 

blot. For PTEN and PSD95 level analysis, PTEN and PSD95 were probed on the same blot and Tuj1 302 

was used as the normalizing control for each set. For RPLP0 and RPS6 distribution analysis, the 303 

individual polysome fractions were run and used for percentage distribution quantification. The details 304 

of the antibodies used and their dilutions are given in the table at the end. All the western blot 305 

quantifications were performed using densitometric analysis on ImageJ software.  306 

Polysome profiling – The DIV15 neurons (~1.5 to 2 million cells) were treated with APOE3 or APOE4 307 

iPSC conditioned media for 20 minutes. For stimulation of NMDARs, NMDA (20 μM) was added 308 
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during the last 5 minutes of the 20 minutes treatment. After the treatment, the cells were lysed in buffer 309 

containing 20 mM Tris-HCl, 100 mM KCl, 5 mM MgCl2, 1% Nonidet P-40 (NP40), 1 mM dTT, 1X 310 

Protease Inhibitor Cocktail, RNase inhibitor, 0.1 mg/ml Cycloheximide (C7698, Sigma), 1X 311 

Phosphatase Inhibitor and centrifuged at 20000 x g, 4˚C for 20 minutes. The supernatant was loaded on 312 

15%-45% linear sucrose gradient prepared in buffer containing 20 mM Tris-HCl, 100 mM KCl, 5 mM 313 

MgCl2, 0.1 mg/ml Cycloheximide. The gradients loaded with the lysates were subjected to 314 

ultracentrifugation at 39000 rpm, 4˚C for 1.5 hours. 1 ml fractions were collected from the gradient 315 

after the spin (11 fractions in total); as the fractions were collected, they were passed through a UV 316 

spectrophotometer to obtain the absorbance profile at 254nm. The individual fractions were subjected 317 

to Western blotting to probe for ribosomal protein RPLP0 and RNA isolation/qPCR to probe for 318 

candidate mRNAs.  319 

To identify actively translating polysomes, the cells were treated with 1 mM Puromycin (P8833, Sigma) 320 

and lysed in the buffer containing Puromycin instead of Cycloheximide. The Puromycin-sensitive 321 

fractions 7-11 were considered as the actively translating fractions whereas the Puromycin-insensitive 322 

fractions 1-6 were considered as the non-translating pool. The ratio was considered as shown – 323 

Ratio of (Translating pool / Non-translating pool) = Ratio of (sum of percentage of mRNA or protein 324 

in fractions 7-11 / sum of percentage of mRNA or protein in fractions 1-6)  325 

To further dissect the distribution of mRNAs/proteins in the non-translating pool, fractions 1-6 were 326 

further divided into fractions 1-3 (inhibitory complex) and fractions 4-6 (ribosomal subunits and 327 

monosomes) *. The enrichment of the mRNAs/proteins in the inhibitory complex was calculated as –  328 

Sum of percentage of mRNAs or proteins in fractions 1-3 / Sum of percentage of mRNAs or proteins in 329 

fraction 4-6 330 

*In this case, the percentage was calculated with respect to distribution in fractions 1-6* 331 

Calcium imaging – Calcium imaging was done on DIV15 neurons plated on Nunc glass-bottomed 332 

imaging dishes. The imaging and washes were performed with ACSF media (120 mM NaCl, 3 mM 333 

KCl, 1 mM MgCl2, 3 mM NaHCO3, 1.25 mM NaH2PO4, 15 mM HEPES, 2 mM CaCl2, 30 mM glucose, 334 

pH 7.4). The cells were washed once with ACSF and incubated at 37˚C with 1 ml of freshly prepared 335 

Fluo4-AM dye solution (1μM Fluo4-AM and 0.002% Pluronic acid in ACSF) (F14217, ThermoFisher 336 
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Scientific) for 20 minutes. They were given two washes and incubated in ACSF at 37˚C for 10-20 337 

minutes before imaging. The drugs Nifedipine (50μM) and MK801 (25μM) were added during this 338 

incubation step. The neurons were imaged using Olympus FV300 confocal laser scanning inverted 339 

microscope with 20X objective, illuminated with 488 nm lasers. The neurons were imaged for a total 340 

time of 7 minutes at a rate of 3 seconds per frame (140 frames in total). They were imaged in basal 341 

condition for 1 minute (20 frames). Following that, they were imaged for 5 minutes (100 frames) with 342 

APOE recombinant protein (20 nM) addition. Finally, they were imaged for 1 minute (20 frames) with 343 

the addition of Ionomycin solution (10 μM Ionomycin with 10 mM CaCl2) (407950, Sigma). The 344 

images obtained were analyzed using the Time-Series Analyzer plug-in on FIJI software. The average 345 

intensities were obtained for the selected ROIs (ROIs were drawn manually and the Ionomycin 346 

responsive cells were included). The change in fluorescent intensity at each frame was normalized to 347 

the initial fluorescent intensity of the first frame (F0) for each ROI. The normalized change in 348 

fluorescent intensity (ΔF/F0) was plotted along the time axis and used for statistical analysis as well.  349 

Differentiation of iPSCs to neurons - The protocol for neural differentiation was adapted from Yichen 350 

Shi et al (Shi, Kirwan and Livesey, 2012) and Yu Zhang et al (Zhang et al., 2017) with some 351 

modifications. In brief, iPSCs were expanded in mTeSR until 70-80% confluency was reached. The 352 

Neural Basic Media (NBM) for differentiation contained 50% DMEM F-12 (21331–020, ThermoFisher 353 

Scientific), 50% Neurobasal, 0.1% PenStrep, Glutamax, N2 (17502–048, ThermoFisher Scientific), and 354 

B27 without Vitamin A (12587–010, ThermoFisher Scientific). The iPSCs were subjected to monolayer 355 

Dual SMAD inhibition by changing the media to Neural Induction Media (NIM) which is composed of 356 

NBM supplemented with small molecules SB431542 (10 μM, an inhibitor of TGFβ pathway) (72232, 357 

Stem Cell Technologies) and LDN193189 (0.1 μM, an inhibitor of BMP pathway) (72142, Stem Cell 358 

Technologies). The cells were subjected to neural induction for 12-15 days by changing the NIM every 359 

day. After the induction, the monolayer was dissociated using Accutase (A6964, Sigma) and the cells 360 

were plated in NIM containing 10 μM ROCK inhibitor (Y0503, Sigma) overnight on pre-coated poly-361 

L-ornithine/laminin dishes. Poly-L-Ornithine (1:10 dilution) (P4957, Sigma) followed by Laminin (5 362 

μg/ml) (L2020, Sigma) coating was used for maintenance of neural progenitors and their terminal 363 

differentiation. Expansion of the neural progenitor cells was carried out in Neural Expansion Media 364 
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(NEM) which is composed of NBM supplemented with FGF (10 ng/ml) (100-18C, Peprotech) and EGF 365 

(10 ng/ml) (AF-100-15, Pepotech). Neuronal maturation and terminal differentiation were achieved by 366 

plating the neural stem cells at a density of 25,000-35,000 cells/cm2 in the Neural Maturation Media 367 

(NMM) composed of NBM supplemented with BDNF (20 ng/ml) (450-02, Peprotech), GDNF (10 368 

ng/ml) (450-10, Peprotech), L-Ascorbic Acid (200 μM) (A4403, Sigma) and db-Camp (50 μM) (D0627, 369 

Sigma). The neurons were subjected to maturation for a period of 4-5 weeks by supplementing them 370 

with NMM every 4-5 days. 371 

Statistical analyses – All statistical analyses were performed using Graph Pad Prism software. The 372 

normality of the data was checked using the Kolmogorov-Smirnov test. For experiments with less than 373 

5 data points, parametric statistical tests were applied. Data were represented as mean ± SEM in all 374 

biochemical experiment graphs. FUNCAT and calcium imaging data was represented as boxes and 375 

whiskers with all the individual data points. Statistical significance was calculated using Unpaired 376 

Student's t-test (2 tailed with equal variance) in cases where 2 groups were being compared. One-way 377 

ANOVA was used for multiple group comparisons, followed by Tukey's multiple comparison test or 378 

Dunnett’s multiple comparison test. P-value less than 0.05 was considered to be statistically significant.  379 

 380 

 381 

Table 1- Antibodies used for Western blotting –  382 

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 

Tuj1 1:4000 T8578, Sigma 

RPLP0 1:4000 ab101279, Abcam 

RPS6 1:3000 2217, Cell Signaling Technologies 
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PTEN 1:1000 9552S, Cell Signaling Technologies 

PSD95 1:1000 P246, Sigma 

α-tubulin 1:5000 T9026, Sigma 

eIF2 1:1000 9722S, Cell Signaling Technologies 

p-eIF2 1:1000 9721S, Cell Signaling Technologies 

Secondary Rabbit HRP 1:5000 A0545, Sigma 

Secondary Mouse HRP 1:5000 31430, Thermofisher Scientific 

 383 

Table 2 - Antibodies used for Immunostaining – 384 

Protein Dilution Catalog number, Company 

MAP2 1:1000 M9942, Sigma 

MAP2 1:1000 ab32454, Abcam 

OCT4 1:500 sc-5279, Santa Cruz 

Nanog 1:500 500-P236, Peprotech 

Alexa Fluor 488 1:500 A-11059, Thermofisher Scientific 

Alexa Fluor 555 1:500 A-21428, Thermofisher Scientific 

Alexa Flour 647 1:500 A27040, Thermofisher Scientific 

 385 

Table 3 - Primers used for RT-PCR – 386 

mRNA Forward Primer (5'→3') Reverse Primer (5'→3') 

PTEN AGGACCAGAGATAAAAAGGGAGT CCTTTAGCTGGCAGACCACA 

PSD95 ATGGCAGGTTGCAGATTGGA GGTTGTGATGTCTGGGGGAG 

β - actin GGCTCCTAGCACCATGAAGAT AAACGCAGCTCAGTAACAGTC 

α - tubulin TATGCCAAGCGTGCCTTTGT TGAAAGCAGCACCTTGTGAC 

 387 

Results 388 

APOE4 causes a reduction of protein synthesis in neurons 389 
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Activity mediated protein synthesis is a dynamic process which impacts both short-term and long-term 390 

aspects of synaptic function and plasticity (Sutton and Schuman, 2006). APOE4 was previously shown 391 

to disrupt many synaptic functions (Wang et al., 2005; Dumanis et al., 2009; Chen et al., 2010; Liu et 392 

al., 2015), but its impact on protein synthesis in neurons has not been studied extensively. To study the 393 

effect of APOE4 on global and activity mediated protein synthesis in neurons, we used cultured primary 394 

cortical neurons (DIV 15) from Sprague-Dawley rats as our primary model system (Fig 1A). We have 395 

further validated our findings in synaptoneurosomes and human stem cell derived neuron model 396 

systems (Fig 1A). We used conditioned or secreted media from human induced pluripotent cells 397 

(hiPSCs) as one of the main sources of APOE in our study (Fig 1A). iPSC lines of different APOE 398 

genotypes (APOE3/3, APOE4/4, and APOE KO) were generated by CRISPR-Cas9 based editing of the 399 

original APOE3/4 iPSC line(Schmid et al., 2019). These iPSCs were characterized for the expression 400 

of the pluripotency markers (OCT4 and Nanog) and normal karyotype profile (Fig 1B and 1C). When 401 

the iPSCs reached 50% confluency, they were switched from stem cell medium to neurobasal medium. 402 

After 48 hours, the conditioned neurobasal media containing APOE protein was collected from the stem 403 

cells. The iPSCs express a significant amount of APOE protein (Fig 1D) and the APOE secreted by the 404 

iPSCs into the neurobasal media was stable for at least 48 hours (Fig 1E). The average concentration 405 

of APOE secreted in the conditioned neurobasal media was 0.2-0.3 μg/ml as measured by ELISA (Fig 406 

1F). We also used two other sources of APOE (astrocyte conditioned media and recombinant protein) 407 

to strengthen our results (Fig 1A). The readouts used for global protein synthesis measurements were 408 

phosphorylation status of eukaryotic translation elongation factor eEF2 (increase in eEF2 409 

phosphorylation implies translation inhibition) and Fluorescent Non-Canonical Amino-acid Tagging 410 

(FUNCAT – decrease in FUNCAT signal implies translation inhibition) (Fig 1A) (Dieck et al., 2012; 411 

Heise et al., 2014; Ghosh Dastidar et al., 2020).  412 

In the first experiment, we treated the rat primary cortical neurons with neurobasal media or conditioned 413 

neurobasal media from APOE KO, APOE3 or APOE4 iPSCs (final concentration of APOE was 10-15 414 

nM) for 20 minutes (Fig 1G). APOE4 conditioned media treatment for 20 minutes caused a significant 415 

1.5-fold increase in eEF2 phosphorylation compared to APOE3, APOE KO and untreated conditions 416 

(Fig 1G). Treatment with APOE3 (the most common APOE variant in the human population) did not 417 
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cause any change in eEF2 phosphorylation compared to APOE KO treatment or untreated conditions 418 

(Fig 1G). This indicated that there could be a significant reduction of protein synthesis in the neurons 419 

exposed to APOE4 for 20 minutes. The same response was observed when the neurons were treated 420 

with recombinant APOE protein instead of conditioned media at a similar concentration (15 nM). With 421 

recombinant APOE4 treatment for 20 minutes, a significant increase in eEF2 phosphorylation was 422 

observed compared to both untreated and APOE3 treated neurons (Fig 1H). Since APOE is primarily 423 

secreted by astrocytes in the brain, we wanted to investigate if APOE4 secreted from in-vitro cultured 424 

astrocytes has the same effect on neuronal translation as APOE4 secreted by iPSCs. To study this, we 425 

cultured primary astrocytes from APOE KO mice or humanized APOE 3/3 or APOE 4/4 knock-in mice 426 

and collected the APOE astrocyte conditioned media. The primary cultured neurons (DIV 15) from 427 

C57Bl/6 mice were exposed to the mouse APOE astrocyte conditioned media for 20 minutes and the 428 

translation status was measured by the phosphorylation of eEF2. We observed a significant increase in 429 

the phosphorylation of eEF2 in mouse neurons exposed to APOE4 astrocyte conditioned media as 430 

compared to APOE3 or APOE KO astrocyte conditioned media and neurobasal conditions (Fig 1I), 431 

further validating the effect of APOE4 on translation.  432 

To test whether the APOE4 induced translation inhibition occurs in the synaptic compartments, we 433 

prepared synaptoneurosomes from P30 rat cortices and treated them with 15 nM recombinant APOE 434 

protein for 20 minutes. We observed a significant increase in eEF2 phosphorylation in the 435 

synaptoneurosomes exposed to APOE4 recombinant protein as compared to APOE3 (Fig 1J). 436 

Additionally, we verified our findings in the human stem cell derived neuron system. Human APOE 437 

KO neurons derived from APOE KO iPSCs were treated with APOE3 or APOE4 iPSC conditioned 438 

media for 20 minutes and probed for eEF2 phosphorylation (Fig 1K). APOE4 conditioned media 439 

treatment for 20 minutes caused a significant increase in eEF2 phosphorylation compared to APOE3 440 

treatment in the human neuron system as well (Fig 1L), further supporting the finding of global 441 

translation inhibition by APOE4. 442 

Since the phosphorylation of eEF2 indicates the translation status at a given time point, we used the 443 

FUNCAT assay, a more direct readout for translation, to measure the cumulative effect of APOE4 444 

exposure on protein synthesis for 20 minutes in neurons. Neurons treated with recombinant APOE4 445 
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protein for 20 minutes showed a significant reduction in the FUNCAT signal compared to APOE3 446 

treated or untreated neurons (Fig 1M and 1N), thus corroborating the global decrease of protein 447 

synthesis in neurons exposed to APOE4. In summary, we have shown that APOE4 exposure for 20 448 

minutes caused a significant reduction of protein synthesis in primary neurons, human stem cell derived 449 

neurons and synaptoneurosomal preparations. We have demonstrated this by using APOE from multiple 450 

sources including iPSC conditioned media, astrocyte conditioned media, and recombinant protein. 451 

Reduction of protein synthesis on APOE4 treatment is mediated through APOE 452 

receptors  453 

We validated our APOE treatment paradigm by measuring the phosphorylation of ERK, a feature 454 

previously reported on APOE exposure (Huang et al., 2017, 2019).  We observed an increase in ERK 455 

phosphorylation in the neurons exposed to APOE4 conditioned media or APOE4 recombinant protein 456 

for 20 minutes (Fig 2A and 2B). However, 20-minute treatment with APOE3/APOE KO conditioned 457 

media or APOE3 recombinant protein did not cause a change in ERK phosphorylation as compared to 458 

control conditions (Fig 2A and 2B). We also observed the increase in ERK phosphorylation in 459 

synaptoneurosomes treated with recombinant APOE4 protein for 20 minutes, as compared to APOE3 460 

treatment (Fig 2C).  461 

To confirm that the effect of APOE on translation was mediated through the binding of APOE to its 462 

cognate receptor, we inhibited the APOE receptor using its antagonist RAP (Receptor Associated 463 

Protein). In the presence of RAP, APOE4 induced increase in the phosphorylation of eEF2 was blocked 464 

(Fig 2E). However, RAP did not have any effect on eEF2 phosphorylation when treated with APOE3 465 

conditioned media (Fig 2E) or APOE KO conditioned media (Fig 2D). Similarly, RAP was able to 466 

completely prevent the APOE4 mediated increase in the phosphorylation of ERK (Fig 2F), whereas 467 

RAP had no effect on ERK phosphorylation upon APOE3 treatment (Fig 2F). 468 

Additionally, RAP prevented the APOE4 mediated increase in eEF2 phosphorylation in 469 

synaptoneurosomes as well (Fig 2H), further validating that the APOE4 mediated translation inhibition 470 

was synaptic and mediated through APOE receptors. RAP treatment of synaptoneurosomes in the 471 

absence of APOE had no effect on eEF2 phosphorylation (Fig 2G). Thus, we validated that the 472 
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translation inhibition caused by APOE4 is specifically due to the binding of APOE to its cognate 473 

receptors in the neurons. 474 

 475 

NMDAR mediated translation response is completely lost on APOE4 exposure  476 

APOE4 was previously reported to interfere with NMDAR signalling (Qiu et al., 2003; Hoe, Harris and 477 

Rebeck, 2005; Liu et al., 2015) and we observed a significant inhibition of translation in neurons 478 

exposed to APOE4 (Fig 1). Hence, we aimed to investigate if the NMDAR mediated protein synthesis 479 

response is affected in the presence of APOE4. The activity of NMDA receptors has a very important 480 

role in synaptic plasticity. NMDAR stimulation leads to a distinct translation response which initially 481 

involves an inhibition of global translation with a small subset of mRNAs being translationally 482 

upregulated, followed by a more robust translation activation at a later phase (Kute et al., 2019; Ghosh 483 

Dastidar et al., 2020; Kuzniewska et al., 2020). Stimulation of cortical neurons with 20 μM NMDA for 484 

5 minutes led to an increase in phosphorylation of eEF2 as previously reported (Kute et al., 2019; Ghosh 485 

Dastidar et al., 2020) (Fig 3B), indicating global translation inhibition. In this background of global 486 

translation inhibition, certain specific candidates such as PTEN and PSD-95 are translationally activated 487 

(Kute et al., 2019). Consequently, we observed an increase in the protein levels of PTEN (Fig 3C) and 488 

PSD-95 (Fig 3D) with our stimulation paradigm in the neurons, representing a NMDAR specific 489 

translation response.  490 

To test the effect of APOE treatment on NMDAR mediated translation response, we incubated rat 491 

primary cortical neurons with APOE KO or APOE3 or APOE4 iPSC conditioned media (for 492 

biochemistry experiments) or recombinant protein (for FUNCAT experiments) for 20 minutes as 493 

previously described. During the last 5 minutes, the neurons were stimulated with 20 μM NMDA, 494 

followed by different assays to study the translation response (Fig 3A). When we incubated the neurons 495 

with APOE KO conditioned media for 20 minutes, the translation response to NMDAR stimulation was 496 

unaffected; we observed an increase in eEF2 phosphorylation (Fig 3E), PTEN protein levels (Fig 3F) 497 

and PSD-95 protein levels (Fig 3G). NMDAR stimulation of the APOE3 conditioned media treated 498 
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neurons showed a similar increase in the phosphorylation of eEF2 indicating a normal NMDAR 499 

response (Fig 3H). On the other hand, neurons exposed to APOE4 conditioned media did not show an 500 

increase in the phosphorylation of eEF2 on NMDAR stimulation (Fig 3H). However, it should be noted 501 

that APOE4 treatment alone caused an increase in eEF2 phosphorylation compared to APOE3 treated 502 

neurons, but APOE4 treated neurons failed to evoke the NMDAR mediated increase in eEF2 503 

phosphorylation (Fig 3H). We have previously shown that NMDAR stimulation for 5 minutes causes a 504 

significant decrease in the total protein synthesis as measured by FUNCAT assay (Ghosh Dastidar et 505 

al., 2020). In the neurons treated with recombinant APOE3 protein, 5-minute stimulation of NMDARs 506 

caused a decrease in the FUNCAT signal (Fig 3I and 3J) indicating a normal NMDAR response. 507 

However, in the neurons exposed to recombinant APOE4 protein, the NMDA induced decrease in the 508 

FUNCAT signal was completely lost (Fig 3I and 3J). Again, APOE4 exposure alone caused a 509 

significant decrease in the FUNCAT signal and NMDAR stimulation failed to elicit a response in 510 

APOE4 background (Fig 3I and 3J). 511 

With respect to the NMDAR specific translation activation, APOE3 conditioned media treated neurons 512 

showed a significant increase in PTEN (Fig 3K) and PSD-95 (Fig 3L) protein levels on 5-minute 513 

NMDAR stimulation. But, in the presence of APOE4 conditioned media, the NMDAR mediated 514 

increase in the levels of PTEN and PSD-95 proteins were lost (Fig 3K and 3L). Furthermore, there were 515 

elevated levels of PTEN and PSD-95 proteins on APOE4 exposure alone, but the NMDAR mediated 516 

increase was not observed. Since APOE4 has been previously reported to lead to transcriptional 517 

activation of several synaptic mRNAs (Huang et al., 2019), we checked whether PTEN and PSD-95 518 

mRNA levels were altered by APOE exposure. We did not observe any change in the mRNA levels of 519 

both PTEN (Fig 3M) and PSD-95 (Fig 3N) with APOE KO, APOE3 and APOE4 iPSC conditioned 520 

media treatment for 20 minutes. 521 

Finally, we also tested the NMDAR response in the presence of APOE in rat cortical synaptoneurosome 522 

preparations. When synaptoneurosomes were exposed to recombinant APOE3 protein for 20 minutes, 523 

they responded to NMDAR stimulation by showing an increase in eEF2 phosphorylation (Fig 3O). But 524 
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20-minute exposure to APOE4 recombinant protein resulted in a complete loss of the NMDAR response 525 

as there was no change in the phosphorylation of eEF2 (Fig 3P). In summary, 20 minutes of exposure 526 

to APOE4 completely abolished the NMDAR mediated translation response, both with respect to global 527 

translation inhibition and translation activation of specific candidates, whereas NMDAR response was 528 

unaffected by 20-minutes of APOE3 treatment. Interestingly, 20-minute APOE4 treatment seemed to 529 

elicit a similar translation response as 5-minute NMDAR stimulation, implying a role of NMDARs in 530 

the APOE4 mediated synaptic defect. 531 

Aberrant translation response by APOE4 mimics the translation response upon 5-minute 532 

NMDAR stimulation   533 

It was interesting that whilst 20 minutes of APOE4 exposure abolished the NMDAR mediated 534 

translation response in neurons, APOE4 treatment alone mimicked the features of 5-minute NMDAR 535 

translation response (Fig 3).  To further investigate this observation, we used the polysome profiling 536 

assay. We separated the rat primary cortical neuron lysate on a 15% - 45% linear sucrose gradient which 537 

was fractionated into 11 samples (Fig 4A). We used puromycin treatment to identify the translationally 538 

active polysome fractions (Fig 4B, 4C, 4D and 4E). Puromycin treatment disrupts the actively 539 

translating polysomes, as indicated by the absorbance profile at 254nm (Fig 4B) and the shift in the 540 

distribution of the ribosomal protein RPLP0 (Fig 4C and 4D). The ribosomal fractions 7-11, which 541 

were disrupted by puromycin, were grouped as the actively translating pool (Fig 4C, 4D and 4E); 542 

whereas fractions 1-6, which are insensitive to puromycin treatment, were grouped as the non-543 

translating pool (Fig 4C, 4D and 4E). After 5-minute NMDAR stimulation of neurons, we observed an 544 

increase in eEF2 phosphorylation indicating global translation inhibition (Fig 3). This global translation 545 

inhibition was also clearly reflected in the shift of ribosomes (RPLP0 protein) from the translationally 546 

active pool (fractions 7-11) to the inactive pool (fractions 1-6) (Fig 4F, 4G and 4H). 20-minute 547 

treatment with APOE3 conditioned media along with 5-minute NMDAR stimulation showed the same 548 

response of ribosomal shift (RPLP0) towards the translationally inactive fractions (Fig 4I, 4J and 4K), 549 

indicating that the exposure to APOE3 does not affect the NMDAR response. APOE4 conditioned 550 
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media treatment for 20 minutes resulted in the shift of the ribosomes (RPLP0) into the translationally 551 

inactive fractions (Fig 4I, 4J and 4K), similar to 5-minute NMDAR stimulation in the APOE3 552 

background. Interestingly, APOE4 treatment along with 5-minute NMDAR stimulation caused a further 553 

and maximum shift of the ribosomes (RPLP0) from the translationally active fractions 7-11 towards the 554 

inactive fractions 1-6 (Fig 4I, 4J and 4K).  555 

We have previously shown that, in the background of global inhibition of protein synthesis, NMDAR 556 

stimulation leads to translation activation of specific candidates such as PTEN and PSD-95 (Fig 3) 557 

(Kute et al., 2019). We further investigated the distribution of PTEN and PSD-95 mRNAs in the 558 

polysome fractions under APOE treatment conditions. On 5-minute NMDAR stimulation in APOE3 559 

background (20 minutes), we observed a shift of PTEN (Fig 4L and 4M) and PSD-95 (Fig 4N and 4O) 560 

mRNAs into the translationally active polysome fractions, validating that the normal NMDAR response 561 

was intact in the background of APOE3. Conversely, PTEN (Fig 4L and 4M) and PSD-95 (Fig 4N and 562 

4O) mRNAs shifted to the translating pool with 20 minutes of APOE4 exposure, even without NMDAR 563 

stimulation. This reinforces the idea that 20 minutes of exposure to APOE4 brings about the same 564 

translation response as 5-minute NMDAR stimulation. Additionally, NMDAR stimulation in the 565 

background of APOE4 elicited a very different response. It did not lead to the translation activation of 566 

PTEN and PSD-95 mRNAs (Fig 4L, 4M, 4N and 4O), though it caused a decrease of ribosomes from 567 

the translationally active pool compared to APOE4 treatment (Fig 4J and 4K). β-actin (Fig 4P and 4Q) 568 

and α-tubulin (Fig 4R and 4S) mRNAs were used as controls as their translation was unaffected by both 569 

NMDAR stimulation and APOE exposure. In summary, 20-minute treatment with APOE4 caused a 570 

translation response which appeared to be similar to 5-minute NMDAR stimulation in APOE3 571 

background. However, NMDAR stimulation in the background of APOE4 resulted in an aberrant 572 

translation response. 573 

NMDAR stimulation in the background of APOE4 causes a stress response 574 

Following 20-minute treatment with APOE4, neurons lost the ability to respond to NMDAR stimulation 575 

whilst similar exposure to APOE3 had no such effect (Fig 3 and 4). In the polysome profiling assay, 576 
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we observed that the shift of ribosomes into the translationally inactive pool was highest in the neurons 577 

stimulated with NMDA in the background of APOE4 treatment (Fig 4J and 4K). To understand this 578 

phenomenon better, we further analysed only the puromycin insensitive fractions (Fractions 1-6) to 579 

study the redistribution of the mRNAs within this pool (Fig 5A). Within this pool, Fractions 4-6 showed 580 

a signal for the ribosomal proteins RPLP0 (large subunit) or RPS6 (small subunit) or both indicating 581 

that these fractions contain either ribosomal subunits or monosomes (Fig 5B and 5C), as reflected in 582 

the A254 trace as well (Fig 5A). Fractions 1-3, which did not show any signal for ribosomal proteins, 583 

were mainly enriched in the mRNPs (messenger ribonucleoproteins) representing the mRNAs that are 584 

not associated with the ribosomes (Fig 5B and 5C).  585 

When we investigated the redistribution of the mRNAs between mRNP fractions (fractions 1-3) and 586 

ribosomal fractions (fractions 4-6) on NMDAR stimulation, we did not observe any significant change 587 

in the APOE3 background, whilst there was a 3-to-5-fold increase of mRNAs in the mRNP fractions 588 

(fractions 1-3) in the APOE4 background (Fig 5D, 5E and 5F). While NMDAR mediated translation 589 

activation was specific only to a subset of mRNAs, there was no such specificity in the NMDA induced 590 

shift of mRNAs into the mRNP fractions in the APOE4 background. Even the mRNAs such as β-actin 591 

and α-tubulin, which did not respond to NMDAR stimulation in the APOE3 background, were shifted 592 

to mRNP fractions in the APOE4 background (Fig 5E and 5F). This was an aberrant response that was 593 

consistent with stress-induced global translation inhibition. 594 

To verify if this was a stress response, we probed into the phosphorylation status of eukaryotic 595 

translation initiation factor eIF2α, a well-established marker for stress (Richter and Klann, 2009; Pakos‐596 

Zebrucka et al., 2016), which has been implicated in AD pathology as well (Ma et al., 2013). APOE3 597 

conditioned media treatment (20 minutes) along with 5-minute NMDAR stimulation did not cause a 598 

change in the phosphorylation of eIF2α (Fig 5G) while it increased eEF2 phosphorylation (Fig 3). But, 599 

in the presence of APOE4 conditioned media (20 minutes), 5-minute NMDAR stimulation caused a 600 

significant increase in eIF2α phosphorylation (Fig 5G) while there was no change in eEF2 601 

phosphorylation (Fig 3). Additionally, NMDAR stimulation in the background of APOE4 caused a 602 
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clear shift of the ribosomal protein RPS6 (small subunit) into fractions 3-4 (Fig 5H, 5I and 5J) which 603 

likely represents the unassembled subunits of the ribosome. The accumulation of the small subunit of 604 

the ribosome indicated an increased inhibition of translation at the initiation step, which was another 605 

characteristic feature of the stress response. We did not observe such a shift of RPS6 on NMDAR 606 

stimulation in the APOE3 background (Fig 5H, 5I and 5J). Overall, these results indicated that NMDAR 607 

stimulation of APOE4 treated neurons potentially leads to a pathological stress response. 608 

Translation response elicited by APOE treatment and NMDAR stimulation are different 609 

temporally  610 

An important feature of synaptic activity mediated translation is its unique spatial and temporal pattern 611 

of regulation (Ghosh Dastidar et al., 2020). NMDAR mediated translation response is a good example 612 

of this. Initially, NMDAR stimulation leads to global translation inhibition which gradually changes to 613 

a phase of robust translation activation (Ghosh Dastidar et al., 2020). We were able to capture this 614 

temporal pattern of NMDAR mediated translation response using the phosphorylation status of eEF2 615 

as one of the readouts (Fig 6A). On NMDAR stimulation (20 μM NMDA) of cultured cortical neurons, 616 

we observed a rapid and robust 2-fold increase in the phosphorylation of eEF2 at 1 minute. By 5 617 

minutes, the phosphorylation of eEF2 was reduced, but it remained significantly high (1.5-fold increase) 618 

compared to the untreated/basal condition (Fig 6A). By 20 minutes, the phosphorylation of eEF2 was 619 

further reduced below the basal/untreated level (<1.0) indicating global translation activation (Fig 6A). 620 

This temporal pattern of translation was also reflected in the polysome profiling assay and RPLP0 621 

distribution (Fig 6B, 6C and 6D). Stimulation with NMDA (20 μM) for 1 minute did not cause any 622 

change in the shift of ribosomes (RPLP0 distribution) (Fig 6B, 6C and 6D). However, 20-minute 623 

NMDAR stimulation caused an increase in the heavier polysomes and a significant shift of RPLP0 624 

towards the translating fractions 7-11, clearly indicating translation activation (Fig 6B, 6C and 6D). We 625 

further validated the temporal translation profile by performing the FUNCAT assay with 1-minute, 5-626 

minute and 20-minute NMDAR stimulation paradigms in the primary cortical neurons (Fig 6E and 6F). 627 

As observed earlier, 1-minute and 5-minute NMDAR stimulation caused a significant reduction in the 628 
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FUNCAT signal indicating translation inhibition (Fig 6E and 6F). However, 20-minute NMDAR 629 

stimulation caused a robust increase in the FUNCAT signal compared to all the time points depicting 630 

the phase of global translation activation (Fig 6E and 6F).  631 

In the previous sections, we have shown that the exposure to APOE4, but not APOE3, for 20 minutes 632 

generated a translation response similar to 5-minute NMDAR stimulation (Fig 3 and Fig 4). For a more 633 

comprehensive understanding of the effect of APOE in comparison to NMDAR stimulation, we studied 634 

the effect of APOE3 and APOE4 on neuronal translation at both 1-minute and 20-minute time points. 635 

Interestingly, with 1-minute conditioned media treatment, unlike the 20-minute time point, both APOE3 636 

and APOE4 showed a significant increase in eEF2 phosphorylation (Fig 6G). There was also a 637 

significant decrease in the FUNCAT signal in neurons exposed to recombinant APOE3 and APOE4 for 638 

1 minute (Fig 6H and 6I). These results indicated that, at the 1-minute time point, both APOE3 and 639 

APOE4 elicited a translation response that resembled NMDAR stimulation. The key difference was at 640 

the 20-minute time point. On 20-minute NMDAR stimulation, the phosphorylation of eEF2 was below 641 

the basal level (~1.35-fold) indicating translation activation (Fig 6A). In the case of APOE3 treatment, 642 

the phosphorylation of eEF2 was back to basal level by 20 minutes (Fig 6G). With APOE4 exposure, 643 

though eEF2 phosphorylation at 20 minutes was lower than the 1-minute time point, it was still 644 

significantly higher (1.5-fold) than the basal level (Fig 6G). There was no difference in the ribosomal 645 

(RPLP0) distribution between APOE3 and APOE4 conditioned media treated neurons at 1 minute (Fig 646 

6J, 6K and 6L); unlike the 20-minute time point where APOE4 treated neurons showed a shift of 647 

ribosomes to the non-translating fractions (Fig 4). This indicated that the recovery from the translation 648 

inhibition could be different between APOE3 and APOE4 treatments. 649 

Since the brain has elaborate mechanisms to clear APOE, we wanted to study how the neurons recover 650 

from APOE exposure. To understand this, we added a 20-minute recovery period following 20-minute 651 

APOE4 conditioned media exposure. When we tested the neurons after 20 minutes of recovery, 652 

phosphorylation of eEF2 was significantly reduced (Fig 6M), implying that the APOE4 mediated effect 653 

could be recovered. To further study the rate of recovery and their differences between the APOE 654 

isoforms, we treated the neurons with either APOE3 or APOE4 conditioned media for 1 minute (a time 655 

point where both APOE3 and APOE4 induced a robust translation inhibition - Fig 6G, 6H and 6I), 656 
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followed by a recovery of 5, 10 and 20 minutes (Fig 6N). Interestingly, with 1-minute treatment 657 

followed by 5 minutes of recovery, the phosphorylation of eEF2 was still significantly higher in neurons 658 

exposed to APOE4 compared to APOE3 (Fig 6N). But, by 10 minutes and 20 minutes of recovery, both 659 

APOE3 and APOE4 treated neurons had reached the same level of eEF2 phosphorylation, indicating 660 

that the rate of recovery from translation inhibition was significantly slower in APOE4 treated neurons 661 

(Fig 6N). In summary, whilst both APOE3 and APOE4 induced a robust translation inhibition at 1 662 

minute similar to NMDAR stimulation, their responses followed different temporal trajectories. The 663 

recovery from translation inhibition was slower in APOE4 treated neurons indicating the involvement 664 

of additional components in the APOE4 induced response. 665 

 666 

The translation response of APOE and NMDARs are closely linked to their calcium 667 

signature 668 

An important feature of APOE4 induced translation inhibition was that it resembled the NMDAR 669 

stimulation but also abolished the actual NMDAR mediated response. Since the NMDAR translation 670 

response is primarily due to the influx of calcium into the neurons (Ghosh Dastidar et al., 2020), we 671 

tested the effect of extracellular calcium in the APOE4 induced translation response. We treated the 672 

neurons with recombinant APOE3 or APOE4 protein for 20 minutes in ACSF medium with or without 673 

calcium (Fig 7A). As shown in the previous figures, incubation with APOE4 recombinant protein for 674 

20 minutes resulted in a significant increase in eEF2 phosphorylation when compared to APOE3 675 

treatment (Fig 7A), but the absence of calcium in the media abolished the APOE4 induced increase in 676 

the phosphorylation of eEF2 (Fig 7A). Though the absence of calcium showed a trend of decrease in 677 

eEF2 phosphorylation in the presence of APOE3 as well, it was not significant (Fig 7A). Thus, calcium 678 

influx had an important role in APOE4 mediated translation inhibition. Hence, we wanted to understand 679 

the calcium profiles of APOE3 and APOE4, and also compare it to the calcium profile of NMDAR 680 

stimulation. To study this, we measured the changes in cytosolic calcium in neurons on NMDA or 681 

APOE addition for 5 minutes using Fluo4-AM dye.   682 
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On NMDAR stimulation, there was a rapid influx of calcium and the increase in cytosolic calcium 683 

levels was sustained for 5 minutes (Fig 7B). NMDAR antagonist MK801 completely abolished 684 

NMDAR mediated calcium influx (Fig 7B), confirming the specificity of the response. It was previously 685 

reported that L type-voltage gated calcium channels (L-VGCCs) are essential for the sustenance of 686 

NMDAR mediated calcium(Dittmer et al., 2017). Inhibition of L-VGCCs using Nifedipine did not 687 

block the influx of calcium on NMDAR stimulation, but it eliminated the latter part of the sustained 688 

calcium response (Fig 7B). This verified that L-VGCCs were an important contributor to NMDAR 689 

induced calcium influx. The addition of recombinant APOE3 protein led to a small burst of calcium 690 

(Fig 7C) whereas the addition of recombinant APOE4 protein caused a robust and sustained increase 691 

in the cytosolic calcium which was substantially larger than APOE3 (Fig 7C and 7D). The change in 692 

the fluorescent intensity calculated after APOE addition also showed that APOE4 caused a significant 693 

increase in calcium levels compared to APOE3, both at the 1-minute and 2-minute time point (Fig 7E 694 

and 7I). MK801 treatment abolished the calcium influx for both APOE3 and APOE4 addition (Fig 7C 695 

and 7D) indicating that NMDARs were the primary source of calcium. Interestingly, treatment with L-696 

VGCC specific inhibitor Nifedipine prevented the APOE4 mediated sustenance of calcium while it did 697 

not affect the APOE3 mediated calcium response (Fig 7C and 7D). This indicated that APOE4 exposure 698 

caused a sustained increase in cytosolic calcium levels, which was initiated by calcium through 699 

NMDARs but the latter part of sustenance was primarily contributed by L-VGCCs. 700 

Further quantification of the change in fluorescent intensities showed that APOE3 exposure led to a 701 

small increase in the cytosolic calcium which was prevented by MK801 both at 1-minute and 2-minute 702 

time points; but Nifedipine had no effect on APOE3 mediated calcium response at either of the time 703 

points (Fig 7F and 7J). This showed that the APOE3 calcium response was mediated by NMDARs 704 

only. In case of APOE4, while Nifedipine pre-treatment reduced the calcium influx on APOE4 addition 705 

at 1-minute, it was still significantly higher compared to MK801 pre-treatment (Fig 7K). But, by the 2-706 

minute time point, Nifedipine also significantly reduced the APOE4 mediated calcium levels (Fig 7G). 707 

This indicated that the contribution of L-VGCCs was substantial for the APOE4 mediated calcium 708 

response, particularly from 2-minute onwards, rather than the earlier 1-minute timepoint. Finally, even 709 
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in the presence of Nifedipine, the increase in cytosolic calcium levels caused by APOE4 was 710 

significantly higher than APOE3 both at 1-minute and 2-minutes, indicating that the initial NMDAR 711 

component was also higher in the case of APOE4 (Fig 7H and 7L). In summary, both APOE3 and 712 

APOE4 caused initial calcium influx through NMDARs, but the extent of NMDAR mediated calcium 713 

entry was higher in the case of APOE4. At a later phase, APOE4 also caused an influx of calcium 714 

through L-VGCCs which did not happen in the case of APOE3. We also observed that the chronic 715 

exposure (24 hours) of APOE4 in the form of recombinant protein (Fig 7M) or conditioned media (Fig 716 

7N) led to a significant increase in the cytosolic calcium levels in neurons. This sustained calcium 717 

increase was likely to be the cause of aberrant translation inhibition and the loss of synaptic activity 718 

mediated translation response in APOE4 treated neurons.  719 

Further, we established the link between the different sources of calcium and the translation response 720 

generated by APOE. We tested the effect of 1-minute treatment of APOE3 and APOE4 conditioned 721 

media on eEF2 phosphorylation in the presence of MK801 (NMDAR inhibitor). As shown previously 722 

(Fig 6), 1-minute treatment of APOE3 or APOE4 conditioned media led to a significant increase in 723 

eEF2 phosphorylation (Fig 8A). However, in the presence of MK801, the phosphorylation of eEF2 on 724 

1-minute exposure to APOE3 and APOE4 was not significantly different from the untreated neurons 725 

(Fig 8A). This indicated that at 1 minute time point, both APOE3 and APOE4 mediated translation 726 

inhibition was caused by the influx of calcium through NMDARs.  Since we observed that the later part 727 

of APOE4 mediated calcium was through L-VGCCs, we tested whether blocking L-VGCCs would 728 

rescue the translation defect caused by APOE4. Preincubation of neurons with Nifedipine (L-VGCC 729 

inhibitor) did not have any effect on the APOE3 or APOE4 induced translation response at 1-minute, 730 

as measured by the phosphorylation of eEF2 (Fig 8C). This corroborated the findings that L-VGCCs 731 

did not contribute to the APOE3 calcium response, and L-VGCCs did not have a role in the APOE4 732 

calcium response at 1-minute. MK801 or Nifedipine alone did not have any effect on eEF2 733 

phosphorylation in neurons exposed to APOE KO conditioned media (Fig 8B and 8D).  To further 734 

validate the effect of calcium influx through NMDARs on APOE mediated translation response at 1-735 

minute, we performed FUNCAT assay in the neurons pre-treated with MK801. As observed previously, 736 
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the neurons treated with recombinant APOE3 (Fig 8E and 8F) or APOE4 (Fig 8G and 8H) protein for 737 

1-minute showed a reduction in the FUNCAT signal, indicating an inhibition of translation. But, when 738 

the neurons were pre-treated with MK801, APOE3 (Fig 8E and 8F) or APOE4 (Fig 8G and 8H) 739 

mediated reduction in the FUNCAT signal was recovered, further demonstrating that the calcium influx 740 

through NMDARs caused the APOE3/APOE4 mediated translation inhibition at 1-minute. As a control, 741 

MK801 pre-treatment in the absence of APOE exposure did not cause any change in the FUNCAT 742 

signal (Fig 8E, 8F, 8G, 8H). 743 

At the 20-minute time point, APOE4 conditioned media treatment caused an increase in eEF2 744 

phosphorylation compared to APOE3 exposure (Fig 8I). The presence of Nifedipine significantly 745 

reduced the APOE4 mediated increase in eEF2 phosphorylation (Fig 8I). Similarly, 20-minute 746 

treatment with recombinant APOE4 protein caused a significant reduction in the FUNCAT signal 747 

compared to APOE3 treatment (Fig 8J and 8K). However, there was no reduction in the FUNCAT 748 

signal of the neurons treated with APOE4 in the presence of Nifedipine (Fig 8J and 8K), further 749 

confirming the role of L-VGCCs in the later part of the APOE4 mediated translation defect. Hence, the 750 

translation inhibition caused by APOE4 has an early phase contributed by calcium through NMDARs 751 

while the sustenance of this response was due to the calcium through L-VGCCs. The perturbation of 752 

calcium homeostasis disrupted the basal and NMDAR mediated translation response in APOE4 treated 753 

neurons.  754 

Discussion 755 

In this study, we have shown that APOE4 inhibits protein synthesis in neurons and isolated synaptic 756 

compartments. We have tested this by using different sources of APOE, including APOE from stem 757 

cell conditioned media, astrocyte conditioned media, and recombinant protein. It is also important to 758 

note that we have used APOE at physiologically relevant low nanomolar concentrations (10 nM) (Ulrich 759 

et al., 2013; Wang et al., 2018). An important aspect of our study was that we were able to identify the 760 

distinct temporal responses of protein synthesis generated by APOE3 and APOE4. This gave us insights 761 

into how APOE3 and APOE4 lead to translation inhibition at 1-minute and the key difference existed 762 
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in their rate of recovery from the inhibition, where APOE4 mediated recovery was slower. The extent 763 

of eEF2 phosphorylation was another major difference between APOE3 and APOE4. Similar to the 764 

studies which show protein synthesis as an early defect in familial AD models (Ahmad et al., 2017; 765 

Cefaliello et al., 2020; Elder et al., 2020), our study raises the possibility of translation dysregulation 766 

as an early defect in APOE4 mediated pathology as well.  767 

 In neurons, the tight spatial and temporal regulation of synaptic translation is well studied for NMDAR 768 

stimulation (Scheetz, Nairn and Constantine-Paton, 2000; Hoeffer and Klann, 2008; Kute et al., 2019; 769 

Ghosh Dastidar et al., 2020). Initially, NMDAR stimulation leads to an inhibition of global protein 770 

synthesis which subsequently changes to a phase of translation activation (Kute et al., 2019; Ghosh 771 

Dastidar et al., 2020; Kuzniewska et al., 2020). The temporal changes in protein synthesis and 772 

correspondingly in the translatome would be important to promote the structural and functional changes 773 

at the synapse upon NMDAR stimulation (Jiang and Schuman, 2002; Matsuzaki et al., 2004; Hunt and 774 

Castillo, 2012). The interesting finding was that both APOE3 and APOE4 treatment appeared to mimic 775 

the translation inhibition phase of NMDAR stimulation. While APOE3 recovered from the inhibitory 776 

phase to the basal state faster than APOE4, neither of the APOE isoforms activated translation at a later 777 

time point (20-minute) like NMDAR stimulation. Thus, the primary difference was the distinct temporal 778 

profiles of translation upon APOE treatment and NMDAR stimulation, highlighting the specificity of 779 

the protein synthesis response downstream of synaptic stimulation.  780 

We have previously shown that the inhibitory phase of the NMDAR translation response involved the 781 

translation activation of a specific subset of mRNAs like PTEN and PSD95 (Kute et al., 2019). 782 

Accordingly, APOE4 treatment (but not APOE3 treatment) caused the translation activation of PTEN 783 

and PSD95. Thus, APOE4 treatment mimicked the early phase NMDAR translation response, but as a 784 

consequence rendered the neurons non-responsive to physiological NMDAR stimulation. However, 785 

APOE3 treatment did not affect the protein synthesis response to NMDAR stimulation. Another 786 

interesting finding was that NMDAR stimulation in the presence of APOE4 led to a stress response 787 

phenotype by causing an inhibition of translation initiation and eIF2α phosphorylation. Thus, activity 788 

mediated protein synthesis, which is salient in shaping synaptic plasticity, was impaired in APOE4 789 
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treated neurons; implying that the disruption of synaptic signaling is an important player in APOE4 790 

pathology.  791 

The specificity of the signal generated downstream of NMDARs is linked to their feature of high 792 

calcium permeability (Papadia and Hardingham, 2007; Lau et al., 2009; Higley and Sabatini, 2012). 793 

Previous studies have outlined the contribution of calcium in causing the inhibitory phase of NMDAR 794 

translation response (Scheetz, Nairn and Constantine-Paton, 2000; Ghosh Dastidar et al., 2020). 795 

Stimulation of NMDARs leads to a robust increase in intracellular calcium contributed by different 796 

sources such as NMDA receptors, L type-Voltage Gated Calcium Channels (L-VGCCs), and internal 797 

calcium stores; and their activation is regulated spatially and sequentially (Emptage, Bliss and Fine, 798 

1999; Higley and Sabatini, 2012; Griffith, Tsaneva-Atanasova and Mellor, 2016; Lee et al., 2016; 799 

Dittmer et al., 2017; Hiester et al., 2017). NMDARs lead to the first burst of calcium which further 800 

activates L-VGCCs, followed by internal stores through calcium-induced calcium release (CICR) 801 

(Emptage, Bliss and Fine, 1999; Lee et al., 2016; Dittmer et al., 2017; Hiester et al., 2017). Calcium 802 

being one of the most important secondary messengers, many kinases and phosphatases are sensitive to 803 

calcium (Colbran, 2004; Higley and Sabatini, 2012), and directly influence the signaling pathways that 804 

regulate protein synthesis (Higley and Sabatini, 2012). Thus, we hypothesized that the distinct 805 

translation responses generated downstream of synaptic stimulation could be a result of the specific 806 

calcium signatures. Hence, we explored the link between protein synthesis response and calcium 807 

homeostasis in the presence of APOE isoforms as a possible explanation for APOE4 mediated synaptic 808 

translation defects.  809 

APOE was previously reported to cause an influx of calcium in neurons which has been linked to the 810 

activation of NMDARs (Tolar et al., 1999; Veinbergs et al., 2002; Qiu et al., 2003; Hoe, Harris and 811 

Rebeck, 2005; Xu and Peng, 2017). Thus, we assessed the calcium signatures generated by APOE3 and 812 

APOE4 and identified the calcium sources involved. APOE3 led to a small burst of calcium where the 813 

source of calcium was NMDARs. However, APOE4 caused a sustained increase in intracellular calcium 814 

where the contributing sources were both NMDARs and L-VGCCs. The NMDAR antagonist MK801 815 

completely blocked the calcium influx caused by both APOE isoforms, further highlighting that 816 

NMDARs were the primary source of calcium entry. Consecutively, MK801 was also able to prevent 817 
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the APOE3 and APOE4 mediated translation inhibition at the early time point (1-minute). APOE 818 

receptors and NMDARs are known to interact with each other (Bacskai et al., 2000; Hoe, Harris and 819 

Rebeck, 2005; Nakajima et al., 2013), specifically through the Dab1-SFK pathway (Chen et al., 2005; 820 

Hoe, Harris and Rebeck, 2005). Activation of the ERK signaling pathway by APOE is also shown to 821 

be dependent on NMDAR activation (Ohkubo et al., 2001; Qiu, Hyman and Rebeck, 2004; Hoe, Harris 822 

and Rebeck, 2005). Though the influence of APOE receptor-associated signaling on NMDARs has been 823 

studied (Lane-Donovan and Herz, 2017), the exact mechanism behind APOE mediated calcium influx 824 

through NMDARs is yet to be understood. Interestingly even in the presence of MK801, eEF2 825 

phosphorylation still showed a trend of increase (though not statistically significant) in APOE4 treated 826 

neurons. Hence, though NMDAR calcium seems to be the primary initiating cause, we cannot rule out 827 

the possibility that other signaling pathways and NMDAR calcium independent mechanisms could be 828 

involved in APOE4 mediated increase in eEF2 phosphorylation. 829 

Apart from the involvement of NMDARs, our results highlight the importance of L-VGCCs in 830 

sustaining the calcium increase on APOE4 treatment. L-VGCC antagonist Nifedipine did not block the 831 

initial calcium entry on APOE4 treatment, but blocked its sustenance, further supporting the idea of 832 

sequential calcium entry where NMDARs were the first source and L-VGCCs were the latter. However, 833 

it is important to note that the initial NMDAR calcium component was also higher in the case of APOE4 834 

compared to APOE3. The higher calcium influx through NMDARs could be the plausible explanation 835 

for the L-VGCC activation by APOE4 only. Additionally, there could be a possibility of APOE4 836 

directly regulating the activation of L-VGCCs, hence causing the sustained increase of calcium. 837 

Corresponding to the calcium profile, Nifedipine could not prevent the APOE4 mediated translation 838 

inhibition at the earlier time point (1-minute), while it successfully rescued it at the later time point (20-839 

minute). These results support the idea that calcium signatures generated by the sequential activation of 840 

different sources generate distinct translation responses.  841 

It is important to note that our model system (cultured cortical neurons) lacks the APOE clearance 842 

mechanisms which exist physiologically. Thus, we speculate that many of the phenotypes we observe 843 

might be exaggerated and would probably be subtle in the brain. Previous studies have reported the 844 
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effects of APOE4 on transcription, especially that of PSD95 mRNA (Huang et al., 2019). We did not 845 

observe any changes in the steady-state levels of PSD95 mRNA in our system.  846 

With all the above points in consideration, we propose the model (Fig 9) where we try to explain the 847 

calcium and translation signatures downstream of NMDAR stimulation and APOE treatment. NMDAR 848 

stimulation leads to calcium influx through NMDARs and L-VGCCs leading to its distinct translation 849 

response of early phase inhibition (corresponding to increased eEF2 phosphorylation) followed by a 850 

later phase activation (corresponding to decreased eEF2 phosphorylation) (Fig 9A). APOE3 causes a 851 

short burst of calcium through NMDARs alone, causing an early phase translation inhibition that 852 

recovers to the basal level. Hence, APOE3 treatment followed by NMDAR stimulation does not affect 853 

the NMDA mediated translation response (Fig 9B). APOE4 causes a robust and sustained influx of 854 

calcium through NMDARs and L-VGCCs. This leads to a sustained translation inhibition phase which 855 

recovers much slower than APOE3. APOE4 mediated regulation of L-VGCCs or other signaling 856 

pathways could also contribute to the sustained calcium and translation inhibition. Hence, in the 857 

background of APOE4 treatment, NMDAR stimulation leads to a stress response causing further 858 

reduction of protein synthesis (Fig 9C).  859 

Thus, our work identifies the translation defect caused by APOE4 and links it to the calcium signature 860 

generated by it. Additionally, it puts forth a new perspective towards protein synthesis regulation 861 

brought about by the distinct calcium signatures and their sources. Many studies are attempting to 862 

elucidate how APOE4 could cause AD phenotype independent of classical familial mutations of AD 863 

(Huang et al., 2017; Lin et al., 2018). We propose that protein synthesis dysregulation could be a central 864 

component responsible for synaptic and cognitive defects in APOE4 mediated pathology.  865 
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Figure Titles and Legends - 1083 

Figure 1 - APOE4 treatment for 20 minutes decreases global protein synthesis in neurons 1084 

and synaptoneurosomes 1085 

A – Experimental workflow. Three different model systems primary cortical neurons, 1086 

synaptoneurosomes or human iPSC derived neurons were treated with APOE from different sources - 1087 

stem cell secreted APOE, astrocyte secreted APOE and recombinant APOE protein.  The APOE treated 1088 

neurons were probed for readouts of global protein synthesis.  1089 
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B – APOE KO, APOE3 and APOE4 iPSCs were characterized for the expression of nuclear marker 1090 

DAPI (left) and pluripotency markers OCT4 (middle) and NANOG (right). The representative images 1091 

for the same are shown (Scale bar - 100μM) 1092 

C – The karyotyping profile of APOE KO, APOE3 and APOE4 iPSCs  1093 

D - APOE KO, APOE3 and APOE4 iPSC cell lysates were probed for the expression of APOE. 1094 

Representative immunoblots indicating the levels of APOE and loading control Tubulin.  1095 

E - APOE KO, APOE3 and APOE4 iPSCs, upon reaching 50% confluency, were maintained in 1096 

neurobasal for 48 hours. Representative immunoblots indicate the APOE secreted by the iPSCs in 2-1097 

day conditioned neurobasal media.  1098 

F – The amount of APOE secreted by the iPSCs in 2-day conditioned neurobasal media was estimated 1099 

through ELISA. The graph indicates the average APOE concentration (μg/ml) in 2-day iPSC 1100 

conditioned media.  1101 

G - Rat primary cortical neurons (DIV15) were treated with APOE (10-15nM) from iPSC conditioned 1102 

media for 20 minutes and probed for phosphorylation of eEF2. Top - representative immunoblots 1103 

indicating levels of phospho-eEF2, eEF2 and Tuj1; Bottom - graph indicating ratio of phospho-eEF2 to 1104 

eEF2 normalized to Tuj1. Data is represented as mean +/- SEM. N=5, One-way ANOVA (p=0.0001) 1105 

followed by Tukey’s multiple comparison test. 1106 

H - Rat primary cortical neurons (DIV15) were treated with recombinant APOE protein (15nM) for 20 1107 

minutes and probed for phosphorylation of eEF2. Top - representative immunoblots indicating levels 1108 

of phospho-eEF2, eEF2 and Tuj1; Bottom - graph indicating ratio of phospho-eEF2 to eEF2 normalized 1109 

to Tuj1. Data is represented as mean +/- SEM. N=4, One-way ANOVA (p=0.0002) followed by Tukey’s 1110 

multiple comparison test. 1111 

I - Mouse primary cortical neurons (DIV15) were treated with APOE from mouse primary astrocyte 1112 

conditioned media for 20 minutes and probed for phosphorylation of eEF2. Top - representative 1113 

immunoblots indicating levels of phospho-eEF2, eEF2 and Tuj1; Bottom - graph indicating ratio of 1114 

phospho-eEF2 to eEF2 normalized to Tuj1. Data is represented as mean +/- SEM. N=7, One-way 1115 

ANOVA (p<0.0001) followed by Tukey’s multiple comparison test. 1116 
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J – Synaptoneurosomes prepared from P30 rat cortices were treated with recombinant APOE protein 1117 

(15nM) for 20 minutes and probed for phosphorylation of eEF2. Left - representative immunoblots 1118 

indicating levels of phospho-eEF2, eEF2 and Tuj1; Right - graph indicating ratio of phospho-eEF2 to 1119 

eEF2 normalized to Tuj1. Data is represented as mean +/- SEM. N=4, Unpaired Student’s t-test. 1120 

K – Experimental workflow. Human APOE KO neurons derived from human APOE KO iPSCs were 1121 

subjected to APOE3 or APOE4 iPSC conditioned media treatment for 20 minutes and probed for 1122 

phosphorylation of eEF2. 1123 

L – Human APOE KO neurons (4 weeks into neuronal maturation) were treated with APOE3/APOE4 1124 

(10-15nM) iPSC conditioned media for 20 minutes and probed for the phosphorylation of eEF2. Left - 1125 

representative immunoblots indicating levels of phospho-eEF2, eEF2 and Tuj1; Right - graph indicating 1126 

ratio of phospho-eEF2 to eEF2 normalized to Tuj1. Data is represented as mean +/- SEM. N=4, 1127 

Unpaired Student’s t-test.  1128 

M – Rat primary cortical neurons (DIV15) were treated with recombinant APOE protein (15nM) for 20 1129 

minutes and subjected to fluorescent non-canonical amino acid tagging (FUNCAT) along with 1130 

immunostaining for MAP2. The representative images for MAP2 and FUNCAT fluorescent signal 1131 

under different APOE treatment conditions are shown (Scale bar - 10μM).  1132 

N – The graph represents the quantification of the FUNCAT fluorescent intensity normalized to MAP2 1133 

fluorescent intensity under different APOE treatment conditions. Data is represented as mean +/- SEM 1134 

where each data point represents an individual neuron. N = 20-40 neurons from 4 independent 1135 

experiments, One-way ANOVA (p=0.0001) followed by Tukey’s multiple comparison test. 1136 

Figure 2 - APOE4 induced increase in eEF2 phosphorylation is mediated through APOE 1137 

receptors 1138 

A - Rat primary cortical neurons (DIV15) were treated with APOE (10-15nM) from iPSC conditioned 1139 

media for 20 minutes and probed for the phosphorylation of ERK. Top - representative immunoblots 1140 

indicating levels of phospho-ERK, ERK and Tuj1; Bottom - graph indicating ratio of phospho-ERK to 1141 

ERK normalized to Tuj1. Data is represented as mean +/- SEM. N=3, One-way ANOVA (p=0.0031) 1142 

followed by Tukey’s multiple comparison test. 1143 
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B - Rat primary cortical neurons (DIV15) were treated with recombinant APOE protein (15nM) for 20 1144 

minutes and probed for the phosphorylation of ERK. Top - representative immunoblots indicating levels 1145 

of phospho-ERK, ERK and Tuj1; Bottom - graph indicating ratio of phospho-ERK to ERK normalized 1146 

to Tuj1. Data is represented as mean +/- SEM. N=3, One-way ANOVA (p=0.0041) followed by Tukey’s 1147 

multiple comparison test. 1148 

C - Synaptoneurosomes prepared from P30 rat cortices were treated with recombinant APOE protein 1149 

(15nM) for 20 minutes and probed for the phosphorylation of ERK. Top - representative immunoblots 1150 

indicating levels of phospho-ERK, ERK and Tuj1; Bottom - graph indicating ratio of phospho-ERK to 1151 

ERK normalized to Tuj1. Data is represented as mean +/- SEM. N=3, Unpaired Student’s t-test.  1152 

D – Rat primary cortical neurons (DIV15) were treated with APOE receptor antagonist RAP (200nM) 1153 

along with APOE KO conditioned media for 20 minutes and probed for the phosphorylation of eEF2. 1154 

Top - representative immunoblots indicating levels of phospho-eEF2, eEF2 and Tuj1; Bottom - graph 1155 

indicating ratio of phospho-eEF2 to eEF2 normalized to Tuj1. Data is represented as mean +/- SEM. 1156 

N=3, Unpaired Student’s t-test. 1157 

E - Rat primary cortical neurons (DIV15) were treated with APOE receptor antagonist RAP (200nM) 1158 

along with APOE3/APOE4 (10-15nM) from iPSC conditioned media for 20 minutes and probed for 1159 

phosphorylation of eEF2. Top - representative immunoblots indicating levels of phospho-eEF2, eEF2 1160 

and Tuj1; Bottom - graph indicating ratio of phospho-eEF2 to eEF2 normalized to Tuj1. Data is 1161 

represented as mean +/- SEM. N=5, One-way ANOVA (p=0.003) followed by Tukey’s multiple 1162 

comparison test. 1163 

F - Rat primary cortical neurons (DIV15) were treated with APOE receptor antagonist RAP (200nM) 1164 

along with APOE3/APOE4 (10-15nM) from iPSC conditioned media for 20 minutes and probed for the 1165 

phosphorylation of ERK. Left - representative immunoblots indicating levels of phospho-ERK, ERK 1166 

and Tuj1; Right - graph indicating ratio of phospho-ERK to ERK normalized to Tuj1. Data is 1167 

represented as mean +/- SEM. N=3, One-way ANOVA (p=0.0097) followed by Tukey’s multiple 1168 

comparison test. 1169 

G - Synaptoneurosomes prepared from P30 rat cortices were treated with APOE receptor antagonist 1170 

RAP (200nM) for 20 minutes and probed for the phosphorylation of eEF2. Left - representative 1171 
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immunoblots indicating levels of phospho-eEF2, eEF2 and Tuj1; Right - graph indicating ratio of 1172 

phospho-eEF2 to eEF2 normalized to Tuj1. Data is represented as mean +/- SEM. N=3, Unpaired 1173 

Student’s t-test.  1174 

H - Synaptoneurosomes prepared from P30 rat cortices were treated with APOE receptor antagonist 1175 

RAP (200nM) along with recombinant APOE protein (15nM) for 20 minutes and probed for the 1176 

phosphorylation of eEF2. Left - representative immunoblots indicating levels of phospho-eEF2, eEF2 1177 

and Tuj1; Right - graph indicating ratio of phospho-eEF2 to eEF2 normalized to Tuj1. Data is 1178 

represented as mean +/- SEM. N=4, One-way ANOVA (p=0.0088) followed by Tukey’s multiple 1179 

comparison test. 1180 

Figure 3 – The NMDAR mediated translation response is lost in APOE4 treated neurons 1181 

A – Experimental workflow. Rat primary cortical neurons (DIV15) were treated with APOE from iPSC 1182 

conditioned media/recombinant protein for 20 minutes. During the last 5 minutes of the APOE 1183 

treatment, the neurons were subjected to stimulation of NMDA receptors (20μM NMDA, 5 minutes). 1184 

The NMDAR-mediated translation response in APOE treated neurons was probed by using the 1185 

following readouts - phosphorylation eEF2, FUNCAT and increased levels of PTEN and PSD95 1186 

proteins.  1187 

B - Rat primary cortical neurons (DIV15) were treated with neurobasal media for 20 minutes along with 1188 

NMDAR stimulation for 5 minutes (20μM NMDA) and probed for the phosphorylation of eEF2. Top 1189 

- representative immunoblots indicating levels of phospho-eEF2, eEF2 and Tuj1; Bottom - graph 1190 

indicating ratio of phospho-eEF2 to eEF2 normalized to Tuj1. Data is represented as mean +/- SEM. 1191 

N=4, Unpaired Student’s t-test. 1192 

C - Rat primary cortical neurons (DIV15) were treated with neurobasal media for 20 minutes along with 1193 

NMDAR stimulation for 5 minutes (20μM NMDA) and probed for PTEN protein levels. Top - 1194 

representative immunoblots indicating levels of PTEN and Tuj1; Bottom - graph indicating PTEN 1195 

levels normalized to Tuj1. Data is represented as mean +/- SEM. N=4, Unpaired Student’s t-test. 1196 

D - Rat primary cortical neurons (DIV15) were treated with neurobasal media for 20 minutes along 1197 

with NMDAR stimulation for 5 minutes (20μM NMDA) and probed for PSD95 protein levels. Top - 1198 
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representative immunoblots indicating levels of PSD95 and Tuj1; Bottom - graph indicating PSD95 1199 

levels normalized to Tuj1. Data is represented as mean +/- SEM. N=4, Unpaired Student’s t-test. 1200 

E - Rat primary cortical neurons (DIV15) were treated with APOE KO conditioned media for 20 1201 

minutes along with NMDAR stimulation for 5 minutes (20μM NMDA) and probed for the 1202 

phosphorylation of eEF2. Top - representative immunoblots indicating levels of phospho-eEF2, eEF2 1203 

and Tuj1; Bottom - graph indicating ratio of phospho-eEF2 to eEF2 normalized to Tuj1. Data is 1204 

represented as mean +/- SEM. N=5, Unpaired Student’s t-test. 1205 

F - Rat primary cortical neurons (DIV15) were treated with APOE KO conditioned media for 20 1206 

minutes along with NMDAR stimulation for 5 minutes (20μM NMDA) and probed for PTEN protein 1207 

levels. Top - representative immunoblots indicating levels of PTEN and Tuj1; Bottom - graph indicating 1208 

PTEN levels normalized to Tuj1. Data is represented as mean +/- SEM. N=4, Unpaired Student’s t-test. 1209 

G - Rat primary cortical neurons (DIV15) were treated with APOE KO conditioned media for 20 1210 

minutes along with NMDAR stimulation for 5 minutes (20μM NMDA) and probed for PSD95 protein 1211 

levels. Top - representative immunoblots indicating levels of PSD95 and Tuj1; Bottom - graph 1212 

indicating PSD95 levels normalized to Tuj1. Data is represented as mean +/- SEM. N=4, Unpaired 1213 

Student’s t-test. 1214 

H - Rat primary cortical neurons (DIV15) were treated with APOE3/APOE4 (10-15nM) conditioned 1215 

media for 20 minutes along with NMDAR stimulation for 5 minutes (20μM NMDA) and probed for 1216 

the phosphorylation of eEF2. Left - representative immunoblots indicating levels of phospho-eEF2, 1217 

eEF2 and Tuj1; Right - graph indicating ratio of phospho-eEF2 to eEF2 normalized to Tuj1. Data is 1218 

represented as mean +/- SEM. N=4-5, One-way ANOVA (p=0.0047) followed by Dunnett’s multiple 1219 

comparison test. 1220 

I - Rat primary cortical neurons (DIV15) were treated with recombinant APOE3 or APOE4 protein 1221 

(15nM) for 20 minutes along with NMDAR stimulation for 5 minutes (20μM NMDA). They were 1222 

subjected to fluorescent non-canonical amino acid tagging (FUNCAT) along with immunostaining for 1223 

MAP2. The representative images for MAP2 and FUNCAT fluorescent signal under different treatment 1224 

conditions are shown (Scale bar - 10μM).   1225 
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J – The graph represents the quantification of the FUNCAT fluorescent intensity normalized to MAP2 1226 

fluorescent intensity under different treatment conditions. Data is represented as mean +/- SEM where 1227 

each data point represents an individual neuron. N = 20-40 neurons from 2 independent experiments, 1228 

One-way ANOVA (p<0.0001) followed by Tukey’s multiple comparison test. 1229 

K - Rat primary cortical neurons (DIV15) were treated with APOE3/APOE4 (10-15nM) conditioned 1230 

media for 20 minutes along with NMDAR stimulation for 5 minutes (20μM NMDA) and probed for 1231 

PTEN protein levels. Top - representative immunoblots indicating levels of PTEN and Tuj1; Bottom - 1232 

graph indicating PTEN levels normalized to Tuj1. Data is represented as mean +/- SEM. N=4, One-1233 

way ANOVA (p=0.002) followed by Dunnett’s multiple comparison test. 1234 

L - Rat primary cortical neurons (DIV15) were treated with APOE3/APOE4 (10-15nM) conditioned 1235 

media for 20 minutes along with NMDAR stimulation for 5 minutes (20μM NMDA) and probed for 1236 

PSD95 protein levels. Top - representative immunoblots indicating levels of PSD95 and Tuj1; Bottom 1237 

- graph indicating PSD95 levels normalized to Tuj1. Data is represented as mean +/- SEM. N=4, One-1238 

way ANOVA (p=0.0216) followed by Dunnett’s multiple comparison test. 1239 

M - Rat primary cortical neurons (DIV15) were treated with APOE KO/APOE3/APOE4 (10-15nM) 1240 

conditioned media for 20minutes along with NMDAR stimulation for 5minutes (20μM NMDA) and 1241 

subjected to RT-PCR to measure the levels of PTEN mRNA. The graph indicates the copy number of 1242 

PTEN mRNA normalized to copy number of β-actin mRNA under different treatment conditions. Data 1243 

is represented as mean +/- SEM, N=5. One-way ANOVA (ns). 1244 

N - Rat primary cortical neurons (DIV15) were treated with APOE KO/APOE3/APOE4 (10-15nM) 1245 

conditioned media for 20minutes along with NMDAR stimulation for 5minutes (20μM NMDA) and 1246 

subjected to RT-PCR to measure the levels of PSD95 mRNA. The graph indicates the copy number of 1247 

PSD95 mRNA normalized to copy number of β-actin mRNA under different treatment conditions. Data 1248 

is represented as mean +/- SEM, N=5. One-way ANOVA (ns). 1249 

O - Synaptoneurosomes prepared from P30 rat cortices were treated with recombinant APOE3 protein 1250 

(15nM) for 20 minutes along with NMDAR stimulation for 5 minutes (40μM NMDA) and probed for 1251 

the phosphorylation of eEF2. Left - representative immunoblots indicating levels of phospho-eEF2, 1252 
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eEF2 and Tuj1; Right - graph indicating ratio of phospho-eEF2 to eEF2 normalized to Tuj1. Data is 1253 

represented as mean +/- SEM. N=3, Unpaired Student’s t-test.  1254 

P - Synaptoneurosomes prepared from P30 rat cortices were treated with recombinant APOE4 protein 1255 

(15nM) for 20 minutes along with NMDAR stimulation for 5 minutes (40μM NMDA) and probed for 1256 

the phosphorylation of eEF2. Left - representative immunoblots indicating levels of phospho-eEF2, 1257 

eEF2 and Tuj1; Right - graph indicating ratio of phospho-eEF2 to eEF2 normalized to Tuj1. Data is 1258 

represented as mean +/- SEM. N=5, Unpaired Student’s t-test.  1259 

Figure 4 – 20-minute treatment of neurons with APOE4 mimics the 5-minute NMDAR 1260 

response of global protein synthesis inhibition and translation activation of specific 1261 

candidate mRNAs 1262 

A – Representative polysome profile or absorbance profile at 254nm indicating the mRNPs, ribosomal 1263 

subunits (40S,60S), monosomes (80S) and polysomes distributed on 15% to 45% linear sucrose 1264 

gradient.  1265 

B – Rat primary cortical neurons (DIV15) were subjected to polysome profiling after treatment with 1266 

Cycloheximide (CHX) and Puromycin (Puro).  The graph represents the polysome profile or absorbance 1267 

profile at 254nm under CHX and Puro conditions.  1268 

C – The immunoblots show the distribution of ribosomal protein RPLP0 in the individual fractions on 1269 

Cycloheximide and Puromycin treatment conditions. 1270 

D - The graph represents the percentage distribution of RPLP0 in each fraction under CHX and Puro 1271 

treatment conditions.   1272 

E – Schematic showing the division of polysome profiling fractions into two pools based on sensitivity 1273 

to puromycin treatment. Fractions 7-11 were the puromycin sensitive or actively translating pool and 1274 

Fractions 1-6 were the puromycin insensitive pool or non-translating pool. The ratio of the percentage 1275 

of protein or mRNA in Fractions 7-11/Fractions 1-6 indicates their distribution in the translating 1276 

pool/non-translating pool.  1277 
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F - Rat primary cortical neurons (DIV15) were stimulated with 20μM NMDA for 5 minutes, subjected 1278 

to polysome profiling and probed for the distribution of ribosomal protein RPLP0. The immunoblots 1279 

indicate the distribution of RPLP0 in the individual fractions. 1280 

G - The line graph indicates the percentage distribution of RPLP0 in the individual fractions under basal 1281 

and 5-minute NMDA stimulated conditions.   1282 

H - The graph represents the ratio of RPLP0 protein distribution in fractions 7-11 (translating pool) to 1283 

fractions 1-6 (non-translating pool) under basal and 5-minute NMDA stimulated conditions. Data is 1284 

represented as mean +/- SEM. N=3, Unpaired Student’s t-test. 1285 

I - Rat primary cortical neurons (DIV15) were treated with APOE3/APOE4 (10-15nM) conditioned 1286 

media for 20 minutes along with NMDAR stimulation for 5minutes (20μM NMDA). The cell lysates 1287 

were subjected to polysome profiling and probed for the distribution of ribosomal protein RPLP0. The 1288 

immunoblots show the distribution of RPLP0 in the individual fractions under different treatment 1289 

conditions.  1290 

J - The line graph represents the percentage distribution of RPLP0 protein in Fractions 4-11 under 1291 

different APOE treatment conditions. 1292 

K – The graph represents the ratio of RPLP0 protein distribution in fractions 7-11 (translating pool) to 1293 

fractions 1-6 (non-translating pool) under different APOE treatment conditions. Data is represented as 1294 

mean +/- SEM. N=3, One-way ANOVA (p=0.0002) followed by Tukey’s multiple comparison test. 1295 

L - The line graph represents the percentage distribution of PTEN mRNA in each fraction under 1296 

different APOE treatment conditions. 1297 

M - The graph represents the ratio of PTEN mRNA distribution in fractions 7-11 (translating pool) to 1298 

fractions 1-6 (non-translating pool). Data is represented as mean +/- SEM. N=3, One-way ANOVA 1299 

(p=0.006) followed by Dunnett’s multiple comparison test. 1300 

N - The line graph represents the percentage distribution of PSD95 mRNA in each fraction under 1301 

different APOE treatment conditions. 1302 

O - The graph represents the ratio of PSD95 mRNA distribution in fractions 7-11 (translating pool) to 1303 

fractions 1-6 (non-translating pool). Data is represented as mean +/- SEM. N=3, One-way ANOVA 1304 

(p=0.0286) followed by Dunnett’s multiple comparison test. 1305 
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P - The line graph represents the percentage distribution of β-actin mRNA in each fraction under 1306 

different APOE treatment conditions. 1307 

Q - The graph represents the ratio of β-actin mRNA distribution in fractions 7-11 (translating pool) to 1308 

fractions 1-6 (non-translating pool). Data is represented as mean +/- SEM. N=3, One-way ANOVA 1309 

(ns). 1310 

R - The line graph represents the percentage distribution of α-tubulin mRNA in each fraction under 1311 

different APOE treatment conditions. 1312 

S - The graph represents the ratio of α-tubulin mRNA distribution in fractions 7-11 (translating pool) 1313 

to fractions 1-6 (non-translating pool). Data is represented as mean +/- SEM. N=3, One-way ANOVA 1314 

(ns). 1315 

Figure 5 – The NMDAR stimulation of APOE4 treated neurons invokes a stress response, 1316 

potentially through inhibition of translation initiation and eIF2 phosphorylation 1317 

A - Polysome profile indicating the fractions (F1-3 and F4-6) from the puromycin insensitive pool 1318 

considered for the experiments and analysis.  1319 

B - Representative immunoblots of ribosomal protein RPS6 and RPLP0 highlighting the pools F1-3 1320 

(mRNPs) and F4-6 (40s,60s,80s) considered for the experiments and analysis. 1321 

C - Schematic showing division of puromycin insensitive fractions 1-6 into two pools -fractions 1-3 1322 

which constitute the mRNPs and fractions 4-6 which constitute the ribosomal subunits (40s,60s) and 1323 

monosomes (80s).  1324 

Rat primary cortical neurons (DIV15) were treated with APOE3/APOE4 (10-15nM) conditioned media 1325 

for 20 minutes along with NMDAR stimulation for 5 minutes (20μM NMDA). The cell lysates were 1326 

subjected to polysome profiling and probed for the distribution of the following candidate mRNAs in 1327 

fractions 1-6 using RT-PCR method –  1328 

D - The graph represents the ratio of PSD95 mRNA distribution in fractions 1-3 to fractions 4-6. Data 1329 

is represented as mean +/- SEM. N=3, One-way ANOVA (p<0.0001) followed by Tukey’s multiple 1330 

comparison test. 1331 
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E - The graph represents the ratio of β-actin mRNA distribution in fractions 1-3 to fractions 4-6. Data 1332 

is represented as mean +/- SEM. N=3, One-way ANOVA (p<0.0001) followed by Tukey’s multiple 1333 

comparison test. 1334 

F - The graph represents the ratio of α-tubulin mRNA distribution in fractions 1-3 to fractions 4-6. Data 1335 

is represented as mean +/- SEM. N=3-4, One-way ANOVA (p=0.0079) followed by Tukey’s multiple 1336 

comparison test. 1337 

G - Rat primary cortical neurons (DIV15) were treated with APOE3/APOE4 (10-15nM) conditioned 1338 

media for 20 minutes along with NMDAR stimulation for 5 minutes (20μM NMDA) and probed for 1339 

phosphorylation of eIF2α. Left - representative immunoblots indicating levels of phospho-eIF2α, eIF2α 1340 

and Tuj1; Right - graph indicating ratio of phospho-eIF2 to eIF2 normalized to Tuj1. Data is represented 1341 

as mean +/- SEM. N=4, One-way ANOVA (p=0.0047) followed by Tukey’s multiple comparison test. 1342 

H - Rat primary cortical neurons (DIV15) were treated with APOE3/APOE4 (10-15nM) conditioned 1343 

media for 20 minutes along with NMDAR stimulation for 5 minutes (20μM NMDA). The cell lysates 1344 

were subjected to polysome profiling and probed for the ribosomal protein RPS6. The immunoblots 1345 

show the distribution of RPS6 on the linear sucrose gradient under different conditions.  1346 

I - The line graph represents the percentage distribution of RPS6 protein in each fraction under different 1347 

APOE treatment conditions. 1348 

J - The graph represents the percentage distribution of RPS6 protein in fraction 3-4 under different 1349 

APOE treatment conditions. Data is represented as mean +/- SEM. N=3, One-way ANOVA (p=0.0015) 1350 

followed by Tukey’s multiple comparison test.  1351 

Figure 6 – Temporal profiles of NMDA, APOE3 and APOE4 translation response 1352 

A - Rat primary cortical neurons (DIV15) were treated with NMDA (20μM) for 1 minute, 5 minutes, 1353 

20 minutes and probed for phosphorylation of eEF2. Top - representative immunoblots indicating levels 1354 

of phospho-eEF2, eEF2 and Tuj1; Bottom - graph indicating ratio of phospho-eEF2 to eEF2 normalized 1355 

to Tuj1. Data is represented as mean +/- SEM. N=3, One-way ANOVA (p=0.0015) followed by Tukey’s 1356 

multiple comparison test. 1357 
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B – Rat primary cortical neurons (DIV15) were stimulated with 20μM NMDA for 1 minute and 20 1358 

minutes, subjected to polysome profiling and probed for the distribution of ribosomal protein RPLP0. 1359 

The immunoblots indicate the distribution of RPLP0 in the individual fractions.   1360 

C - Line graph showing the percentage distribution of RPLP0 under different NMDA stimulation 1361 

conditions. 1362 

D - Bar graph representing the ratio of RPLP0 protein distribution in fractions 7-11 (translating pool) 1363 

to fractions 1-6 (non-translating pool) under different NMDA stimulation conditions. Data is 1364 

represented as mean +/- SEM. N=3. One-way ANOVA (p=0.0248) followed by Tukey’s multiple 1365 

comparison test. 1366 

E - Rat primary cortical neurons (DIV15) were stimulated with NMDA (20μM) for 1 minute, 5 minutes, 1367 

20 minutes and subjected to fluorescent non-canonical amino acid tagging (FUNCAT) along with 1368 

immunostaining for MAP2. The representative images for MAP2 and FUNCAT fluorescent signal 1369 

under different treatment conditions are shown (Scale bar - 10μM).   1370 

F – The graph represents the quantification of the FUNCAT fluorescent intensity normalized to MAP2 1371 

fluorescent intensity under different NMDAR stimulation time points. Data is represented as mean +/- 1372 

SEM where each data point represents an individual neuron. N = 40-50 neurons from 3 independent 1373 

experiments, One-way ANOVA (p<0.0001) followed by Tukey’s multiple comparison test. 1374 

G - Rat primary cortical neurons (DIV15) were treated with APOE3/APOE4 (10-15nM) conditioned 1375 

media for 1 minute and 20 minutes and probed for the phosphorylation of eEF2. Top - representative 1376 

immunoblots indicating levels of phospho-eEF2, eEF2 and Tuj1; Bottom - graph indicating ratio of 1377 

phospho-eEF2 to eEF2 normalized to Tuj1. Data is represented as mean +/- SEM. Dotted line indicates 1378 

the untreated condition. All the APOE treatments were normalized to untreated condition. N=4. One-1379 

way ANOVA (p<0.0001) followed by Dunnett’s multiple comparison test. 1380 

H – Rat primary cortical neurons (DIV15) were treated with recombinant APOE protein (15nM) for 1 1381 

minute and subjected to fluorescent non-canonical amino acid tagging (FUNCAT) along with 1382 

immunostaining for MAP2. The representative images for MAP2 and FUNCAT fluorescent signal 1383 

under different APOE treatment conditions are shown (Scale bar - 10μM).   1384 
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I – The graph represents the quantification of the FUNCAT fluorescent intensity normalized to MAP2 1385 

fluorescent intensity under different APOE treatment conditions. Data is represented as mean +/- SEM 1386 

where each data point represents an individual neuron. N = 20-40 neurons from 4 independent 1387 

experiments, One-way ANOVA (p=0.0058) followed by Tukey’s multiple comparison test. 1388 

J - Rat primary cortical neurons (DIV15) were treated with APOE3/APOE4 conditioned media (10-1389 

15nM) for 1 minute, subjected to polysome profiling and probed for the distribution of ribosomal 1390 

protein RPLP0. The immunoblots indicate the distribution of RPLP0 in the individual fractions.  1391 

K - The line graph shows the percentage distribution of RPLP0 under different APOE treatment 1392 

conditions.  1393 

L - The bar graph represents the ratio of RPLP0 protein distribution in fractions 7-11 (translating pool) 1394 

to fractions 1-6 (non-translating pool) under different APOE treatment conditions. Data is represented 1395 

as mean +/- SEM. N=3, Unpaired Student’s t-test (ns). 1396 

M - Rat primary cortical neurons (DIV15) were treated with APOE4 (10-15nM) conditioned media for 1397 

20 minutes and subjected to recovery for 20 minutes using pre-conditioned neurobasal media. The 1398 

samples were probed for the phosphorylation of eEF2. Top - representative immunoblots indicating 1399 

levels of phospho-eEF2, eEF2 and Tuj1; Bottom - graph indicating ratio of phospho-eEF2 to eEF2 1400 

normalized to Tuj1. Data is represented as mean +/- SEM. N=3, Unpaired Student’s t-test. 1401 

N - Rat primary cortical neurons (DIV15) were treated with APOE3/APOE4 (10-15nM) conditioned 1402 

media for 1 minute and subjected to recovery for 5 minutes/ 10 minutes / 20 minutes using pre-1403 

conditioned neurobasal media, and probed for the phosphorylation of eEF2. The data from each 1404 

recovery time point is normalized to its corresponding 1-minute APOE treated set. Left - representative 1405 

immunoblots indicating levels of phospho-eEF2, eEF2 and Tuj1; Right - graph indicating ratio of 1406 

phospho-eEF2 to eEF2 normalized to Tuj1. Data is represented as mean +/- SEM. For APOE3 1’ and 1407 

APOE4 1’, N=8, Unpaired Student’s t-test. For APOE 1’ + 5’R, N=4, Unpaired Student’s t-test. For 1408 

APOE 1’ + 10’R, N=5. For APOE 1’ + 20’R, N=3. 1409 

Figure 7 – The distinct calcium signatures generated by NMDAR stimulation, APOE3 1410 

treatment and APOE4 treatment 1411 
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A - Rat primary cortical neurons (DIV15) were treated with recombinant APOE3/APOE4 protein 1412 

(15nM) for 20minutes in the presence or absence of extracellular calcium (ACSF with or without 1413 

calcium) and probed for the phosphorylation of eEF2. Left - representative immunoblots indicating 1414 

levels of phospho-eEF2, eEF2 and Tuj1; Right - graph indicating ratio of phospho-eEF2 to eEF2 1415 

normalized to Tuj1. Data is represented as mean +/- SEM. N=3-4, One-way ANOVA (p=0.0004) 1416 

followed by Tukey’s multiple comparison test. 1417 

Rat primary cortical neurons (DIV15) were subjected to calcium imaging for 5 minutes. The graphs 1418 

represent the time trace for the change in Flou4-AM fluorescence compared to initial fluorescence 1419 

(ΔF/F0) under the following conditions – 1420 

B - NMDAR stimulation (20μM), Nifedipine (50μM) pre-treatment followed by NMDAR stimulation 1421 

(20μM) and MK801 (25μM) pre-treatment followed by NMDAR stimulation (20μM).   1422 

C - APOE3 treatment (15nM), Nifedipine (50μM) pre-treatment followed by APOE3 addition (15nM) 1423 

and MK801 (25μM) pre-treatment followed by APOE3 addition (15nM).  1424 

D - APOE4 treatment (15nM), Nifedipine (50μM) pre-treatment followed by APOE4 addition (15nM) 1425 

and MK801 (25μM) pre-treatment followed by APOE4 addition (15nM).  1426 

E, F, G, H – Box plots represent the quantification of the change in Flou4-AM fluorescence (ΔF/F0) 1427 

after 2 minutes of APOE addition. N=4-5 experiments, each experiment has the average value of 40-50 1428 

neurons.  1429 

E - Unpaired Student’s t-test; F - One-way ANOVA (p=0.0058) followed by Tukey’s multiple 1430 

comparison test; G - One-way ANOVA (p=0.0029) followed by Tukey’s multiple comparison test; H - 1431 

One-way ANOVA (p=0.0038) followed by Tukey’s multiple comparison test.  1432 

I, J, K, L - Box plots represent the quantification of the change in Flou4-AM fluorescence (ΔF/F0) after 1433 

1 minute of APOE addition. N=4-5 experiments, each experiment has the average value of 40-50 1434 

neurons.  1435 

I - Unpaired Student’s t-test; J - One-way ANOVA (p=0.0008) followed by Tukey’s multiple 1436 

comparison test; K - One-way ANOVA (p=0.0038) followed by Tukey’s multiple comparison test; L - 1437 

One-way ANOVA (p<0.0001) followed by Tukey’s multiple comparison test.  1438 



 

 55 

M - Rat primary cortical neurons (DIV15) were treated with APOE4 recombinant protein (15nM) for 1439 

24 hours and subjected to calcium imaging using Fluo-8AM. The graph shows the resting cytosolic 1440 

calcium measured in these neurons. N=50-60 neurons from 3 independent experiments. Kolmogorov-1441 

Smirnov test.  1442 

N - Rat primary cortical neurons (DIV15) were treated with APOE KO or APOE4 (10-15nM) 1443 

conditioned media for 24 hours and subjected to calcium imaging using Fluo-8AM. The graph shows 1444 

the resting cytosolic calcium measured in these neurons. N=50-60 neurons from 3 independent 1445 

experiments. Kolmogorov-Smirnov test. 1446 

Figure 8 - The APOE mediated translation response is regulated by calcium signature 1447 

and its sources 1448 

A - Rat primary cortical neurons (DIV15) were treated with MK801 (25μM) along with APOE3 or 1449 

APOE4 (10-15nM) conditioned media for 1 minute and probed for phosphorylation of eEF2. Left - 1450 

representative immunoblots indicating levels of phospho-eEF2, eEF2 and Tuj1; Right - graph indicating 1451 

ratio of phospho-eEF2 to eEF2 normalized to Tuj1. Data is represented as mean +/- SEM. N=5. One-1452 

way ANOVA (p=0.0006) followed by Dunnett’s multiple comparison test.  1453 

B - Rat primary cortical neurons (DIV15) were treated with MK801 (25μM) along with APOE KO 1454 

conditioned media for 1 minute and probed for the phosphorylation of eEF2. Left - representative 1455 

immunoblots indicating levels of phospho-eEF2, eEF2 and Tuj1; Right - graph indicating ratio of 1456 

phospho-eEF2 to eEF2 normalized to Tuj1. Data is represented as mean +/- SEM. N=5. Unpaired 1457 

Student’s t-test (ns).  1458 

C - Rat primary cortical neurons (DIV15) were treated with Nifedipine (50μM) along with APOE3 or 1459 

APOE4 (10-15nM) conditioned media for 1 minute and probed for phosphorylation of eEF2. Left - 1460 

representative immunoblots indicating levels of phospho-eEF2, eEF2 and Tuj1; Right - graph indicating 1461 

ratio of phospho-eEF2 to eEF2 normalized to Tuj1. Data is represented as mean +/- SEM. N=3. One-1462 

way ANOVA (p=0.001) followed by Dunnett’s multiple comparison test. 1463 

D - Rat primary cortical neurons (DIV15) were treated with Nifedipine (50μM) along with APOE KO 1464 

conditioned media for 20 minutes and probed for phosphorylation of eEF2. Left - representative 1465 
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immunoblots indicating levels of phospho-eEF2, eEF2 and Tuj1; Right - graph indicating ratio of 1466 

phospho-eEF2 to eEF2 normalized to Tuj1. Data is represented as mean +/- SEM. N=4. Unpaired 1467 

Student’s t-test (ns). 1468 

E - Rat primary cortical neurons (DIV15) were treated with MK801 (25μM) along with recombinant 1469 

APOE3 protein (15nM) for 1 minute. They were subjected to fluorescent non-canonical amino acid 1470 

tagging (FUNCAT) along with immunostaining for MAP2. The representative images for MAP2 and 1471 

FUNCAT fluorescent signal under different treatment conditions are shown (Scale bar - 10μM).   1472 

F – The graph represents the quantification of the FUNCAT fluorescent intensity normalized to MAP2 1473 

fluorescent intensity under different APOE3 treatment conditions. Data is represented as mean +/- SEM 1474 

where each data point represents an individual neuron. N = 40-50 neurons from 4 independent 1475 

experiments, One-way ANOVA (p<0.0001) followed by Tukey’s multiple comparison test. 1476 

G - Rat primary cortical neurons (DIV15) were treated with MK801 (25μM) along with recombinant 1477 

APOE4 protein (15nM) for 1 minute. They were subjected to fluorescent non-canonical amino acid 1478 

tagging (FUNCAT) along with immunostaining for MAP2. The representative images for MAP2 and 1479 

FUNCAT fluorescent signal under different treatment conditions are shown (Scale bar - 10μM).   1480 

H – The graph represents the quantification of the FUNCAT fluorescent intensity normalized to MAP2 1481 

fluorescent intensity under different APOE4 treatment conditions. Data is represented as mean +/- SEM 1482 

where each data point represents an individual neuron. N = 40-50 neurons from 4 independent 1483 

experiments, One-way ANOVA (p<0.0001) followed by Tukey’s multiple comparison test. 1484 

I - Rat primary cortical neurons (DIV15) were treated with Nifedipine (50μM) along with APOE3 or 1485 

APOE4 (10-15nM) conditioned media for 20 minutes and probed for phosphorylation of eEF2. Top - 1486 

representative immunoblots indicating levels of phospho-eEF2, eEF2 and Tuj1; Bottom - graph 1487 

indicating ratio of phospho-eEF2 to eEF2 normalized to Tuj1. Data is represented as mean +/- SEM. 1488 

N=3. One-way ANOVA (p=0.0036) followed by Tukey’s multiple comparison test. 1489 

J - Rat primary cortical neurons (DIV15) were treated with Nifedipine (50μM) along with recombinant 1490 

APOE3 or APOE4 protein (15nM) for 20 minutes. They were subjected to fluorescent non-canonical 1491 

amino acid tagging (FUNCAT) along with immunostaining for MAP2. The representative images for 1492 
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MAP2 and FUNCAT fluorescent signal under different treatment conditions are shown (Scale bar - 1493 

10μM).   1494 

K – The graph represents the quantification of the FUNCAT fluorescent intensity normalized to MAP2 1495 

fluorescent intensity under different treatment conditions. Data is represented as mean +/- SEM where 1496 

each data point represents an individual neuron. N = 20-30 neurons from 4 independent experiments, 1497 

One-way ANOVA (p<0.0001) followed by Tukey’s multiple comparison test. 1498 

Figure 9 – Model illustrating calcium signature and corresponding protein synthesis 1499 

regulation downstream of NMDAR stimulation and APOE treatment.  1500 

A - Stimulation of NMDA receptors lead to influx of calcium through NMDARs (1) which activates L-1501 

VGCCs (2). The influx of calcium through L-VGCCs further helps in sustaining the calcium levels on 1502 

NMDAR stimulation (3). The calcium through NMDARs and L-VGCCs generates a specific temporal 1503 

profile of eEF2 phosphorylation, causing an initial inhibition of global protein synthesis followed by 1504 

translation activation in a later phase.  1505 

B - Exposure to APOE3 activates NMDARs through an unknown mechanism (1), leading to a short 1506 

burst of calcium through it (2). This leads to an acute increase in eEF2 phosphorylation, primarily 1507 

contributed by calcium influx through NMDARs, which recovers to basal levels. Global translation also 1508 

follows a similar temporal profile of initial decrease followed by recovery. Hence, the NMDA activity 1509 

mediated translation response is unaffected in APOE3 treated neurons. 1510 

C - Exposure to APOE4 activates NMDARs through an unknown mechanism (1), causing higher influx 1511 

of calcium through NMDARs (2) than APOE3 condition. The higher calcium influx through NMDARs 1512 

could lead to L-VGCC activation in APOE4 condition (3a). Besides, APOE4 binding to APOE 1513 

receptors could also directly regulate the sustained activation of L-VGCCs (3b). Overall, the L-VGCC 1514 

activation under APOE4 treatment condition contributes to the huge and sustained increase in calcium 1515 

levels (4). This leads to the sustained increase in eEF2 phosphorylation as well as global translation 1516 

inhibition. There could also be a possibility of APOE4 activating signalling cascades which further 1517 

contribute to the sustained increase in eEF2 phosphorylation (5). Hence, the NMDA activity mediated 1518 

response is perturbed, potentially causing a stress-response phenotype in APOE4 treated neurons. 1519 
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 1520 

List of abbreviations (in alphabetical order) -  1521 

40s – eukaryotic small ribosomal subunit  1522 

60s - eukaryotic large ribosomal subunit 1523 

80s – eukaryotic monosome 1524 

A254 profile – Absorbance profile at 254nm 1525 

ACSF – Artificial Cerebro-Spinal Fluid 1526 

AD – Alzheimer’s Disease 1527 

AHA – Azido Homo Alanine 1528 

ANOVA – Analysis of Variance 1529 

APOE – Apolipoprotein E 1530 

APP – Amyloid Precursor Protein 1531 

BDNF – Brain Derived Neurotrophic Factor 1532 

BSA – Bovine Serum Albumin 1533 

Cas9 – Caspase 9 1534 

CHX - Cycloheximide 1535 

CICR – Calcium Induced Calcium Release 1536 

CRISPR - Clustered Regularly Interspaced Short Palindromic Repeats 1537 

Db-cAMP - N6,2′-O-Dibutyryladenosine 3′,5′-cyclic monophosphate  1538 

DIV – Days In-Vitro 1539 

DMEM – Dulbecco's Modified Eagle Medium 1540 

DMEM F12 - Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 1541 

dTT - Dithiothreitol 1542 

E – Embyonic day 1543 

eEF1A - Eukaryotic translation elongation factor 1 alpha 1 1544 

eEF2 - Eukaryotic translation elongation factor 2 1545 

eEF2K - Eukaryotic translation elongation factor 2 Kinase 1546 
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EGF – Epidermal Growth Factor 1547 

eIF2α - Eukaryotic translation initiation factor 2 subunit α 1548 

eIF4E - Eukaryotic translation initiation factor 4E 1549 

ELISA - Enzyme-Linked Immunosorbent Assay 1550 

ER – Endoplasmic Reticulum 1551 

ERK – Extracellular-signal Regulated Kinase 1552 

FBS – Fetal Bovine Serum 1553 

FGF – Fibroblast Growth Factor 1554 

Fig - Figure 1555 

FIJI – FIJI Is Just ImageJ 1556 

Fluo4-AM – Flou4 fluorescence dye with AcetoxyMethyl ester 1557 

Fluo8-AM – Flou8 fluorescence dye with AcetoxyMethyl ester 1558 

FUNCAT – Fluorescent Non-Canonical Amino-Acid Tagging 1559 

GDNF – Glial Derived Neurotrophic Factor 1560 

HEPA - High-efficiency particulate air 1561 

hiPSC – Human Induced Pluripotent Stem Cells  1562 

HRP – Horse Radish Peroxidase 1563 

IAEC - Institutional Animal Ethics Committee 1564 

IBSC - Institutional Biosafety Committee 1565 

iPSC - Induced Pluripotent Stem Cells 1566 

KI – Knock In 1567 

KO – Knock Out 1568 

L-VGCC – L type Voltage Gated Calcium Channels 1569 

MAP2 – Microtubule Associated Protein 2 1570 

MEM – Minimum Essential Medium  1571 

MK801 - Dizocilpine 1572 

mRNA – Messenger Ribonucleic Acid 1573 

mRNP – Messenger Ribonucleoprotein  1574 
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N – Number of experiments 1575 

Nanog - Homeobox protein NANOG 1576 

NBM – Neural Basic Media 1577 

NEM – Neural Expansion Medi 1578 

NIM – Neural Induction Media 1579 

NMDA - N-Methyl-D-aspartate 1580 

NMDAR – NMDA receptord 1581 

NMM – Neural Maturation Media 1582 

NP40 - Nonidet P-40 1583 

OCT4 - Octamer-binding Transcription Factor 4 1584 

P – Post-natal day 1585 

p70 RPS6 kinase - Ribosomal protein S6 kinase beta-1  1586 

PBS – Phosphate Buffered Saline 1587 

p-eEF2 – Phosphorylated Eukaryotic translation elongation factor 2 1588 

p-eIF2 – Phosphorylated Eukaryotic translation initiation factor 2 1589 

p-ERK – Phosphorylated Extracellular-signal Regulated Kinase 1590 

PFA - Paraformaldehyde 1591 

PP2a - Protein phosphatase 2A  1592 

PSD95 - Postsynaptic density protein 95 1593 

PSEN - Presenilin 1594 

PTEN - Phosphatase and tensin homolog 1595 

Puro - Puromycin 1596 

qPCR – Quantitative Polymerase Chain Reaction 1597 

RAP – Receptor Associated Protein  1598 

RNA – Ribonucleic Acid 1599 

ROI – Region of Interest 1600 

RPLP0 - Ribosomal Protein Lateral stalk subunit P0 1601 

RPS6 - Ribosomal Protein S6  1602 
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RT-PCR – Reverse Transcription Polymerase Chain Reaction  1603 

SD – Sprague Dawley 1604 

SDS – Sodium Dodecyl Sulphate 1605 

SEM – Standard Error of Mean 1606 

T75 – Tissue culture flask with 75cm2 growth area 1607 

TBS – Tris Buffered Saline 1608 

Tuj1 – Beta-III Tubulin 1609 

 1610 

 1611 




















