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The effect of ApoE on NMDAR-dependent ERK/CREB signaling is isoform-dependent, and ApoE4
accelerates memory decline in ageing. However, this isoform-dependent function on neuronal signaling
during ageing is unclear. In this study, we have examined NMDAR-associated ERK/CREB signal
transduction in young and aged huApoE3 and huApoE4 targeted replacement (TR) mice. At 12 weeks
huApoE4 mouse brain, increased NR1-S896 phosphorylation was linked to higher protein kinase C (PKC)
activation. This up-regulation was accompanied by higher phosphorylation of AMPA GluR1-S831,
CaMKII, ERK1/2 and CREB. But at 32 weeks, there was no significant difference between huApoE3 and
huApoE4 TR mice on NMDAR-associated ERK/CREB signaling. Interestingly, in 72-week-old huApoE4
TR mice, protein phosphorylation that were increased in younger mice were significantly reduced. Lower
NR1-S896 phosphorylation was linked to reduced PKC, GluR1-S831, CaMKII, ERK1/2 and CREB
phosphorylation in huApoE4 TR mice as compared to huApoE3 TR mice. Furthermore, we have
consistently detected lower ApoE levels in young and aged huApoE4 TR mouse brain, and this was
associated with reduced expression of the ApoE receptor, LRP1 and NR2A-Y1246 phosphorylation. These
results suggest age-specific, isoform-dependent effects of ApoE on neuronal signaling.

T
he human apolipoprotein E (apoe) gene is genetically linked to cognitive function in ageing and diseases1–4.
This gene is located on chromosome 19 encoding a 35 kDa protein5 that exists in 3 isoforms, E2, E3 and E46.
These isoforms differ by amino acid substitutions at two positions (residues 112 and 158): E2 (Cys112, Cys158),

E3 (Cys112, Arg158), and E4 (Arg112, Arg158). The ApoE3 allele is maintained at an allele frequency of ,78% in
populations and the ApoE4 has an allele frequency of ,14% in the populations. The ApoE2 allele however is
relatively rare, existing in ,10% in most populations.

ApoE is highly expressed in the liver and brain5. Non-demented aged ApoE4 carriers are reported to experience
faster cognitive decline1–4. Similar impairment is also observed in mice expressing human ApoE47,8.

In the central nervous system (CNS), ApoE binds to the highly conserved low-density lipoprotein receptor
(LDLR) family9, including LRP1 and ApoER2. This LDLR family is intimately involved in neuronal signal
transduction, modulation of ligand-gated ion channels, and regulating neurite outgrowth, synapse formation
and neuronal migration10.

The ApoE isoform-dependent effect on cognition is linked to the N-methyl-D-aspartate receptor
(NMDAR)11–13 since ApoER2 was reported to bind NMDAR1 (NR1). Disrupting the binding of reelin, an
ApoER2 ligand, results in learning and memory defects14. Another ApoE receptor, LRP1, is able to regulate
NMDA-dependent Ca21 influx possibly via scaffolding protein PSD9515.

NMDARs are glutamate-gated ion channels comprising an assembly of three major subunits16 that are pivotal
for learning and memory, and the induction of long-term synaptic plasticity. Changes in NMDAR subunits
composition and localization have been detected during ageing17,18. NMDAR function is mediated by calcium
(Ca21) ions leading to the intracellular activation of the transcription factor cAMP/calcium-dependent response
element binding partner (CREB)16,19,20. The function of NMDAR is closely associated with AMPAR activation21,22.
Neurons expressing ApoE4 were reported to have lower NMDAR and AMPAR functions23, leading to lower
LTP13.

ApoE has been shown to regulate the NMDAR-dependent ERK/CREB signaling24, and this process is ApoE
isoform-dependent13. Although ApoE4 accelerates memory decline in ageing, these studies did not examine if and
how ApoE isoforms interact with these signaling proteins during ageing. Hence, our study will investigate this
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isoform-dependent change in NMDAR-associated ERK-CREB sig-
naling in the ageing huApoE3 and huApoE4 targeted replacement
(TR) mice.

Results
ApoE expression in the ageing huApoE TR mouse brain. We and
others have observed lower ApoE levels in the brain of young and
aged huApoE4 TR mice25–27 and in non-demented APOE4 carriers27.
However, it is unclear how lower ApoE4 content (Figures 1 and S1)
could affect the expression of ApoE receptor.

To examine this relationship, we immunoblotted for the ApoE
receptor, ApoER2 as this protein was reported to bind NMDAR1
(NR1)11. However, we were unable to detect this protein in both
huApoE3 and huApoE4 TR mice. We next probed for another
ApoE receptor, the low-density lipoprotein receptor-related protein
1 (LRP1)9 in the ageing brain of huApoE3 and huApoE4 TR mice. By
comparing the protein level at each time point, we found that LRP1
content was reduced by 27%, 27% and 36% in the brains of huApoE4
TR mice at 12, 32 and 72 weeks as compared to huApoE3 TR mice of
similar ages (Figures 1 and S1). On the other hand, ApoE level was
reduced by 37%, 29% and 24% in the brain of huApoE4 TR mice as
compared to huApoE3 TR mice at 12, 32 and 72 weeks respectively
(Figures 1 and S1).

Differential NR1 phosphorylation in ageing brain of ApoE TR
mice. ApoE4 was reported to impair synaptic plasticity by
reducing N-methyl-D-aspartate receptor (NMDAR) function12,13,24.
NMDAR1 (NR1) is the obligatory subunit of the heterotetramer
receptor16. We therefore examined the effect of lower ApoE4
expression on NR1 activation.

NR1 phosphorylation at S896 was significantly increased
(,154%) in 12-week-old huApoE4 TR mice as compared to
huApoE3 TR mice (Figures 2 and S2). At 32 weeks, there was no
difference in NR1-S896 phosphorylation between huApoE3 and
huApoE4 TR mice. However, at 72 weeks, NR1-S896 phosphoryla-
tion was reduced by 40% in huApoE4 TR mice.

In contrast, there was no difference in NR1 phosphorylation at
S897 between huApoE3 and huApoE4 TR mice at 12, 32, and 72
weeks (Figures 2 and S2).

NR2A phosphorylation was lowered in the brain of huApoE4 TR
mice. NR2 is another major subunit of the NMDAR28. While the
NR1 subunit is expressed ubiquitously, NR2 expression is spatially
and temporally regulated. NR2A and NR2B are the predominant
NR2 subunits expressed in the cortex and hippocampus16.

In figures 3 and S3, NR2A and NR2B levels did not differ between
huApoE3 and huApoE4 TR mice at 12, 32 and 72 weeks. On the
other hand, NR2A phosphorylation at Y1246 was significantly

Figure 1 | Lower human apolipoprotein E (huApoE) and LRP1 levels in the brain of huApoE4 targeted replacement (TR) mice as compared to
huApoE3 TR mice. Western blot and densitometric analysis of huApoE and LRP1 levels in E3 (white bar) and E4 (grey bar) TR mice at 12, 32 and 72 weeks

of age. (A) The blot shown here is a representative of five independent experiments. Blot images were cropped for comparison. Actin was used as a loading

control in each sample. (B, C) Densitometric analysis was performed using the NIH ImageJ software and the relative value for ApoE4 TR mice was

normalized against age-matched ApoE3 TR mice. Each value represents the mean 6 SEM for individual mouse brain sample. Brain huApoE and LRP1

levels were significantly reduced in E4 TR mice as compared to E3 TR mice of similar age; (B) *p 5 0.001, **p 5 0.007, ***p , 0.001 using Student’s

t-test; (C) *p 5 0.01, **p 5 0.02, ***p 5 0.003 using Student’s t-test.
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reduced in huApoE4 TR mice by 65%, 32% and 51% at 12, 32 and 72
weeks respectively as compared to huApoE3 TR mice. However, we
were unable to detect NR2B phosphorylation at Y1472 in the
huApoE TR mouse brain.

Protein kinase C but not protein kinase A phosphorylation was
altered in huApoE4 TR mice. NR1 phosphorylation on S896 was
reported to be regulated by protein kinase C (PKC), whereas NR1
phosphorylation on S897 was regulated by protein kinase A (PKA)29.

PKA is a heterotetramer composed of a regulatory subunit dimer
and a catalytic subunit dimer30. The catalytic subunit can be spliced
into three isoforms (Ca, Cb, Cc). In figures 4 and S4, PKA phosphor-
ylation at T197 on the Ca subunit was not significantly affected
between huApoE3 and huApoE4 TR mice. This is expected since
NR1-S897 phosphorylation did not differ between huApoE3 and
huApoE4 mice (Figure 2).

On the other hand, PKC has more than 12 different isoforms. The
PKC isoforms are serine/threonine kinases involved in wide range of
physiological processes including differentiation and brain func-
tion31. PKC a isoform (PKC a) is ubiquitously expressed and is
activated in response to many different kinds of stimuli. Here, we
detected PKC phosphorylation at T497 on the a subunit which was
significantly increased by 49% in 12-week-old huApoE4 TR mice as

compared to age-matched huApoE3 TR mice (Figures 4 and S4). But
at 72 weeks, PKC phosphorylation was reduced by 28% in huApoE4
TR mice as compared to huApoE3 TR mice. This change in profile is
similar to that detected on NR1-S896 phosphorylation (Figure 2).

Differential AMPA GluR1 phosphorylation in huApoE TR mice.
Another major glutamate receptor that exists alongside NMDAR is
AMPA receptor (AMPAR)16. Changes in NMDAR phosphorylation
therefore could regulate AMPAR activity21,22.

In figures 5 and S5, AMPA GluR1 phosphorylation at S831 was
increased by 44% in 12-week-old huApoE4 TR mice as compared
to huApoE3 TR mice at similar age. However, when the mice were
72 weeks old, GluR1 S831 phosphorylation was significantly
reduced by 34% in huApoE4 TR mice. When both huApoE3
and huApoE4 TR mouse brain samples from the three time points
were examined in similar blot, there was an increased in GluR1
S831 phosphorylation in huApoE3 TR mice at 12- and 32-week
(Figure S5).

In contrast, GluR1 phosphorylation at S845 did not differ between
huApoE3 and huApoE4 TR mice at the three time points; 12, 32 and
72 weeks (Figure 5). This is expected as PKA regulates GluR1 phos-
phorylation at S84532, and PKA phosphorylation did not differ
between huApoE3 and huApoE4 mice (Figure 4).

Figure 2 | NR1 expression and phosphorylation in the ageing brain of huApoE TR mice. Immunoblotting and densitometric analysis of total

NMDA Receptor subunit 1 (NR1), phosphorylated NR1 at (S896) and (S897) in huApoE3 (white bar) and huApoE4 (grey bar) TR mice at 12, 32 and 72

weeks of age. (A) The blot shown here is a representative of five independent experiments. Blot images were cropped for comparison. (B, C) Densitometric

analysis was performed using the NIH ImageJ software and the relative value for ApoE4 TR mice was normalized against age-matched ApoE3 TR mice.

Each value represents the mean 6 SEM for individual mouse brain sample. In E4 TR mice, NR1 phosphorylation at S896 was significantly increased at 12

week but was significant reduced at 72 week as compared to E3 TR mice of similar age (*p 5 0.002 using Student’s t-test).
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CaMKII activation in the ageing huApoE TR mice. ApoE effect on
NMDAR function requires calcium (Ca21) signaling33. The
secondary messenger effects of Ca21 are mostly mediated via Ca21

-sensing protein kinases such as calmodulin kinase II (CaMKII)34

that is able to dock with NMDAR. CaMKII has catalytic and
regulatory domains. The binding of Ca21 to its regulatory domain
activates the kinase by phosphorylating threonine 286 (T286)35.

At 12 weeks, CaMKII phosphorylation was significantly increased
by ,40% in huApoE4 TR mice as compared to huApoE3 TR mice
(Figures 6 and S6). In aged (72 weeks) mice, CaMKII phosphoryla-
tion was reduced by ,20% in huApoE4 TR mice.

ERK/CREB signaling in the ageing huApoE TR mice. A major
signaling cascades regulated by Ca21 influx through NMDAR is
the downstream extracellular signal-regulated kinase (ERK)
pathway, which culminates in CREB-mediated gene transcription
to influence neuronal survival and plasticity36–38.

ERK proteins are regulated by the dual phosphorylation of threo-
nine 202 (T202) and tyrosine 204 (Y204) on ERK1 and, threonine
185 (T185) and tyrosine 187 (Y187) on ERK239. In 12-week-old
huApoE4 TR mice, ERK phosphorylation was significantly higher
(,167%) than huApoE3 TR mice (Figures 6 and S6). At 32 weeks,
ERK phosphorylation did not differ between huApoE4 and huApoE3

TR mice. However, ERK phosphorylation in huApoE4 TR mice was
reduced by 25% as compared to huApoE3 TR mice at 72 weeks.

Similar changes were observed in CREB signaling. CREB is acti-
vated by phosphorylation at Serine 133 (S133) by several signaling
pathways including ERK38. In 12-week-old huApoE4 TR mice, CREB
phosphorylation at S133 was increased by ,71% as compared to
huApoE3 TR mice (Figures 6 and S6). At 32 weeks, we did not detect
any difference in CREB phosphorylation between the two mouse
lines. But, at 72 weeks, CREB phosphorylation was reduced by
,30% in huApoE4 TR mice as compared to huApoE3 TR mice.

Discussion
The huApoE targeted replacement (TR) mice (apoE TR) are com-
monly used to examine the role of ApoE in memory formation and
synaptic function8,40,41, due to the high degree of conservation between
murine and human ApoE receptors9,42. ApoE4 TR mice are reported
to have impaired spatial memory retention in tests that ApoE3 TR and
murine apoE-expressing animals are able to perform8,40,43. The earlier
studies have also observed gender susceptibility since the cognition of
female ApoE4 mice is more affected than male ApoE4 mice8,40,43,44.

Most studies have reported cognitive impairment in aged huApoE
TR mice at 15–18 months (,65–78 weeks)8,40,41. However, there has

Figure 3 | NR2 subunits expression and phosphorylation in the brain of huApoE4 TR mice as compared to huApoE3 TR mice. Immunoblotting and

densitometric analysis of NMDA Receptor subunit 2A and 2B (NR2A and NR2B), phosphorylated NR2A at (Y1246) in E3 (white bar) and E4 (grey bar)

TR mice at 12, 32 and 72 weeks of age. (A) The blot is a representative of five independent experiments. Blot images were cropped for comparison.

(B, C) Densitometric analysis was performed using the NIH ImageJ software and the relative value for ApoE4 TR mice was normalized against age-

matched ApoE3 TR mice. Each value represents the mean 6 SEM for individual mouse brain sample. (B) NR2A phosphorylation at Y1246 levels in E4 TR

mice were significantly reduced as compared to E3 TR mice (*p 5 0.003, **p , 0.001 using Student’s t-test).
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been contrasting results on cognitive performance in young animals.
In younger mice aged 6–8 months (,26–34 weeks), there was a
report showing enhanced cognitive function in ApoE4 TR mice45,
whereas another study observed impaired cognition in similar mouse
line43.

To better understand the role of ApoE on neuronal signaling
during development and ageing, we have chosen to examine and
compare huApoE3 and huApoE4 TR female mice at 12, 32 and 72
weeks. In this study, we found that ApoE4 expression has differential
effects on neuronal signaling in young and aged mice. In young mice
(12 weeks), ApoE4 expression was linked to higher NMDAR-
dependent ERK/CREB signaling. But at 32 weeks, there was no sig-
nificant difference in the affected signaling pathways between
huApoE3 and huApoE4 mice. However, in aged (72 weeks) mice,
the signal transduction was lowered.

One possible explanations for our observations could be related to
the structural difference between huApoE3 and huApoE446. In
huApoE4, arginine at position 112 mediates an intramolecular
domain interaction between arginine at position 61 and glutamine
at position 255. This intramolecular interaction however is absent in
huApoE3 as the protein contains a cysteine at position 112. Another

possibility may be due to the lower ApoE levels reported in the brain
of huApoE4 TR mice25–27 and this could affect ApoE function on
neuronal signaling.

The ApoE receptor ApoER2 has been shown to bind to NMDAR
via PSD9511. In this study, we were unable to detect ApoER2. This
was in contrast to earlier study13 showing ApoER2 expression in
similar mouse line. However, this may due to different experimental
conditions since we use whole brain sample instead of hippocampal
sections13.

In this study, we have consistently detected lower ApoE levels in
young and aged huApoE4 TR mouse brain which concur with
reduced expression of another ApoE receptor, LRP1. This ApoE-
LRP1 interaction could regulate brain ApoE levels and cognitive
function as conditional LRP1-KO mice experience age-dependent
synaptic loss and memory decline3.

In addition, we found that the reduced ApoE expression in
huApoE4 TR mice was associated with lower NR2A phosphorylation
at Y1246. But, this change was not reported by earlier study13 when
total phosphotyrosine was probed using immunoprecipitated NR2A
from hippocampal samples. Moreover, they13 did not observe differ-
ential ApoE expression between huApoE4 and huApoE3 mice25–27.

Figure 4 | PKC but not PKA phosphorylation was altered in the brain of huApoE4 TR mice. Immunoblotting of protein kinase A Ca subunit (PKA Ca)

and protein kinase C a subunit (PKC a) expression and phosphorylation in E3 (white bar) and E4 (grey bar) TR mice at 12, 32 and 72 weeks of age.

(A) The blot shown here is a representative of five independent experiments. Blot images were cropped for comparison. (B, C) Densitometric analysis of

phosphorylated PKA Ca (T197) and PKC a (T497) was performed using the NIH ImageJ software. The relative value for ApoE4 TR mice was normalized

against age-matched ApoE3 TR mice. Each value represents the mean 6 SEM for individual mouse brain sample. (C) Brain PKC a phosphorylation at

T497 in E4 TR mice was significantly increased at 12 week but was significant reduced at 72 week as compared to E3 TR mice of similar age (*p 5 0.03,

**p , 0.001 using Student’s t-test).
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ERK1/2 activation can lead to NMDAR-mediated neuroprotec-
tion in neurons36–38. We have detected increased ERK signaling in 12-
week-old huApoE4 TR mice. This was also reported in earlier study13

using similar mouse line at 3–5 months (,12–21 weeks).
While ApoE is mainly expressed by astrocytes, the protein can also

be detected in neurons47. ApoE has been found to have a negative
impact on NMDAR and AMPAR functions in vitro23, which affects
LTP13. NR1 phosphorylation could affect AMPAR activity as these
two receptors are found to co-localize in many synapses21,22. This
could involve ApoE co-binding to ApoE receptor and NMDAR11

leading to changes in subunit composition and/or phosphorylation
as reported here.

Here, we have observed similar pattern of changes in CaMKII,
PKC and GluR1 S831 phosphorylation between ApoE4 and ApoE3
mice. It is possible that GluR1 S831 phosphorylation is regulated by
increased CaMKII but not PKC since the latter modulates GluR1
S84548–50.

CREB-induced synaptic activity is associated with long-term
changes in neuronal plasticity which is thought to underlie learning
and memory38. It is tempting to speculate that the early activation of
this signal transduction may contribute to the better cognitive per-
formance in young female ApoE4 subjects51. In contrast, reduced

neuronal signaling could be linked to the faster cognitive decline in
ApoE4 non-demented subjects52,53.

Our results suggest age-specific, isoform-dependent effects of
ApoE on neuronal signaling. However, there are limitations to the
current study. Firstly, this study has only immunoblotted the phos-
phorylation proteins in the ageing mouse brain. Future interven-
tional study using appropriate antagonists and agonists is needed
to validate current observations. Another limitation is that we did
not compare the age-specific, isoform-dependent effects of ApoE on
neuronal signaling in different brain regions; cortex and hippocam-
pus. This regional analysis will provide a better understanding of the
molecular changes in the ageing mouse brain.

Nevertheless, this study raises an important question. While we
have consistently detected lower ApoE levels in young and aged
huApoE4 TR mouse brain, higher phosphorylation protein levels
observed in young ApoE4 mouse brain switched to lower phosphor-
ylation pattern in aged ApoE4 mouse brain. This suggests the
involvement of other adaptor protein(s) in linking ApoE function
to the NMDAR-dependent ERK/CREB signaling pathway. In addi-
tion, what is the connection between the NMDAR-associated ERK/
CREB signaling and PKC activity? PKC can interact with either Ras
or Raf-1, a MAPK kinase kinase (MAPKKK), and both are upstream

Figure 5 | GluR1 phosphorylation at S831 but not S845 was altered in the ageing brain of huApoE TR mice. Immunoblotting and densitometric analysis

of AMPA Receptor subunit 1 (GluR1), phosphorylated GluR1 at (S831) and (G845) in E3 (white bar) and E4 (grey bar) TR mice at 12, 32 and 72 weeks of

age. (A) The blot shown here is a representative of five independent experiments. Blot images were cropped for comparison. (B, C) Densitometric analysis

was performed the NIH ImageJ software and the relative value for ApoE4 TR mice was normalized against age-matched ApoE3 TR mice. Each value

represents the mean 6 SEM for individual mouse brain sample. (B) Brain phosphorylated GluR1 (S831) levels in E4 TR mice were significantly increased

at 12 week and was significant reduced at 72 week as compared to E3 TR mice of similar age (*p 5 0.008, **p 5 0.01 using Student’s t-test).
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Figure 6 | CaMKII, ERK1/2 and CREB expression and phosphorylation in the brain of huApoE4 TR mice as compared to huApoE3 TR mice.
Immunoblotting of (a) CaMKII a-subunit (CaMKIIa), (c) ERK1/2 and (e) CREB expression and phosphorylation in E3 (white bar) and E4 (grey bar) TR

mice at 12, 32 and 72 weeks of age. (A, C, E) The blot is a representative of five independent experiments. Blot images were cropped for comparison.

Densitometric analysis of phosphorylated CaMKII-a (T286), ERK1(T202/Y204)/2(T185/Y187) and CREB (S133) was performed the NIH ImageJ

software. The relative value for ApoE4 TR mice was normalized against age-matched ApoE3 TR mice. Each value represents the mean 6 SEM for

individual mouse brain sample. Phosphorylated CaMKIIa, ERK1/2 and CREB levels in E4 TR mice were significantly increased at 12 week but were

significant reduced at 72 week as compared to E3 TR mice of similar age. (B) *p 5 0.006, **p 5 0.02 using Student’s t-test. (D) *p 5 0.03, **p 5 0.02

using Student’s t-test. (E) *p 5 0.03, **p , 0.001 using Student’s t-test.
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regulators of the ERK signaling cascade54. Further, in vivo ERK phos-
phorylation is coupled to Ca21-dependent upstream activators
including PKC and PKA in hippocampus and dorsal horn55. This
warrants further investigations to unravel the intermediates that
transduce NMDA signaling to downstream ERK and CREB.

Methods
Animals. The animal experimental methods were carried out in accordance with the
approved protocol #009/10 reviewed by the Institutional Animal Care and Use
Committees (IACUC) at the National University of Singapore. The human
apolipoprotein E3 and E4 targeted replacement mice were created as described56 and
were obtained from a colony maintained at Taconic. The endogenous mouse ApoE
gene was replaced by the human APOE genomic fragments via homologous
recombination. All the mice in this study were kept on 2018 Teklad Global 18%
Protein Rodent Diet (Harland Laboratories). They were bred and housed
conventionally, under ambient conditions (12 hrs dark, 12 hrs light). All experiments
were performed on five (n 5 5) female homozygous huApoE3 and huApoE4 mice at
12, 32 and 72 weeks of age. An additional set of female homozygous mice at similar
time points were used for the supplementary experiments.

Preparation of brain homogenates. The procedure used to prepare mouse brain
homogenate is the same as described in our earlier study25. The mouse brain tissues
were snapped frozen in liquid nitrogen when harvested and the wet weight of the
tissues (in mg) was determined using an electronic balance. Twenty percent (w/v)
brain homogenates were prepared with ice-cold 1 3 RIPA lysis buffer (Cell Signaling
Technology) containing detergents such as 1% Nonidet P40 and 1% sodium
deoxycholate together with the protease inhibitors cocktail tablet (Roche). This lysis
buffer also contains sodium orthovanadate, pyrophosphate and glycerophosphate,
which can act as phosphatase inhibitors.

Lysates were homogenized using a hand held motorized pestle (Sigma-Aldrich, St.
Louis, USA) for 30 seconds on ice. Tissue lysates were subsequently centrifuged at
30,000 g for 30 minutes under 4uC. The soluble portion of the lysates was collected for
analysis.

Protein quantification of lysates. The procedure used to quantify protein
concentration in mouse brain homogenates is the same as described in our earlier
study25. Tissue lysates were quantified using the PierceTM MicroBCA assay kit
(ThermoFisher Scientific, Waltham, USA) in a 96-well microplate format. Lysates
were diluted in PBS and the working reagent was prepared and added in
accordance to the manufacturer’s instructions. Samples were then incubated at
37uC for 30 minutes before reading the absorbance values at 562 nm. Protein
concentrations of samples were calculated based on a standard curve constructed
from a range of BSA standards. The brain tissue lysates were aliquoted and stored
at 280uC.

Immunoblot analysis. The procedure used to perform immunoblotting is the same
as described in our earlier study25. Soluble brain proteins from lysate samples were
heated at 95uC for 5 minutes. Protein samples were then centrifuged at 14,000 g for 2
minutes on a bench top centrifuge before they were loaded on a 7.5% or 10% Tris-
glycine polyacrylamide gel. The Precision Plus proteinTM standard (Bio-Rad
Laboratories, Hercules, California USA) was used as a molecular weight standard and
run together with the samples on the same piece of gel.

The separated proteins were transferred onto a nitrocellulose membrane, probed
with the respective primary antibodies and exposed to horseradish peroxidase (HRP)-
conjugated secondary antibodies. The reactive protein bands were visualized by
chemiluminescence on the Image Station 4000R (Carestream Health Inc) using the
SuperSignalH West Dura Substrate (Pierce) system.

Immunoblotting of b-actin (Sigma) was included in all western blot analysis to
ensure comparable protein loading. The primary antibodies used in this study
were anti-huApoE (Calbiochem, Cat#178479), anti-LRP1 (Santa Cruz Biotech,
Cat#SC-16168), anti-ApoER2 (Santa Cruz Biotech, Cat#SC-20746), anti-NR1
(Cell Signal Tech, Cat#5704), anti-pNR1(S896) (Cell Signal Tech, Cat#3384), anti-
pNR1(S897) (Cell Signal Tech, Cat#3385), anti-NR2A (Chemicon, Cat#AB-1555),
anti-pNR2A (Y1246) (Cell Signal Tech, Cat#4206), anti-NR2B (Cell Signal Tech,
Cat#4207), anti-pNR2B (Y1472) (Cell Signal Tech, Cat#4208), anti-GluR1 (Cell
Signal Tech, Cat#8850), anti-pGluR1(S831) (Santa Cruz Biotech, Cat#16313),
anti-pGluR1(S845) (Cell Signal Tech, Cat#8084), anti-PKA-Ca (Cell Signal Tech,
Cat#5842), anti-pPKA-Ca (T197) (Cell Signal Tech, Cat#5661), anti-PKCa
(Abcam, Cat#ab137807), anti-pPKCa (T497) (Abcam, Cat#ab76016), anti-
CaMKII (Cell Signal Tech, Cat#3357), anti-pCaMKII(T286) (Cell Signal Tech,
Cat#3361), anti-ERK1/2 (Cell Signal Tech, Cat#9258), anti-pERK1/2 (Invitrogen,
Cat#44689G), anti-CREB (Cell Signal Tech, Cat#9197), anti-pCREB(S133) (Cell
Signal Tech, Cat#9191).

Densitometry analysis was performed25 by measuring the optical densities of the
targeted protein bands relative to the b-actin level from the same brain sample. For
protein phosphorylation, the optical densities of the phosphorylated protein bands
were measured relative to the targeted total protein level from the same brain sample.
The analysis was performed using the NIH ImageJ software.

Statistical analysis. Significant differences were analyzed using two-tailed Student’s
T-test, as described in our earlier study25.
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