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Analysis of the molecular basis of learning and memory
has revealed details of the roles played by many genes
and the proteins they encode. Because most individual
studies focus on a small number of proteins, many com-
plexities of the relationships among proteins and their
dynamic responses to stimulation are not known. We
have used the technique of reverse phase protein arrays
(RPPA) to assess the levels of more than 80 proteins/
protein modifications in subcellular fractions from hip-
pocampus and cortex of mice trained in Context Fear
Conditioning (CFC). Proteins include components of sig-
naling pathways, several encoded by immediate early
genes or involved in apoptosis and inflammation, and
subunits of glutamate receptors. At one hour after train-
ing, levels of more than half the proteins had changed in
one or more fractions, among them multiple components
of the Mitogen-activated protein kinase, MAPK, and
Mechanistic Target of Rapamycin, MTOR, pathways, sub-
units of glutamate receptors, and the NOTCH pathway
modulator, NUMB homolog (Drosophila). Levels of 37 pro-
teins changed in the nuclear fraction of hippocampus
alone. Abnormalities in levels of thirteen proteins ana-
lyzed have been reported in brains of patients with Alz-
heimer’s Disease. We therefore further investigated the
protein profiles of mice treated with memantine, a drug
approved for treatment of AD. In hippocampus, meman-
tine alone induced many changes similar to those seen
after CFC and altered the levels of seven proteins asso-
ciated with Alzheimer’s Disease abnormalities. Lastly, to

further explore the relevance of these datasets, we super-
imposed responses to CFC and memantine onto compo-
nents of the long term potentiation pathway, a process
subserving learning and memory formation. Fourteen com-
ponents of the long term potentiation pathway and 26 pro-
teins interacting with components responded to CFC and/or
memantine. Together, these datasets provide a novel view of
the diversity and complexity in protein responses and inter-
actions following normal learning. Molecular & Cellular
Proteomics 13: 10.1074/mcp.M113.035568, 919–937, 2014.

The molecular underpinnings of learning and memory
(L/M)1 are complex and involve transcription, translation and
epigenetic responses (1, 2). At the protein level, they can
involve changes in levels and patterns of post translational
modifications (PTM), dynamic and reversible processes that
regulate protein activity and localization. The best studied of
PTMs is phosphorylation and, relevant to L/M, phosphoryla-
tions/dephosphorylations of N-methyl-D-aspartate (NMDA)
and �-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) glutamate receptor subunits are associated with in-
duction of long term potentiation (LTP) and are critical for
initiation of molecular responses to stimulation (3, 4). The
cascade of phosphorylation increases of the protein kinases
making up the classical MAP kinase pathway has been well
documented for roles in L/M (5, 6), as has the MTOR signaling
pathway (7). More recently, the roles in L/M of the complex
PTMs of histone proteins, involving phosphorylation, acetyla-
tion and methylation, and their regulation of chromatin con-
figuration, have been elucidated (8). Protein responses can
also involve redistribution among intra-cellular compartments,
for example, translocation from cytosol to nucleus or from
membrane to cytosol, and these are frequently driven by
phosphorylation/dephosphorylation and other PTMs (9).
PTM-independent protein levels also change with L/M, and
while these can result from initiation of transcription, they also
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arise from translation of existing compartmentalized mRNAs,
e.g. localized within dendrites (10–12), and alteration of rates
of protein degradation (13). Rapid increases in levels of pro-
teins in responses to L/M have been documented for imme-
diate early genes (IEGs), such as ARC (14).

Current knowledge of molecular responses to L/M has been
assembled from multiple experiments that each measured a
small number of proteins. Experiments have differed in L/M
task, specifics of the task protocols, the timing of measure-
ments, the brain region analyzed and method of analysis.
Observed protein responses will be influenced by each of
these variables. Analysis of pathways also is often not com-
prehensive, for example, measurements of the level of phos-
phorylation of the MAPK component ERK1/2 is used fre-
quently to represent the activity of the MAPK pathway (15).
This may not, however, reflect the full complexity of the path-
way responses, or of cross talk of MAPK with other pathways
or from other inputs.

For analysis of molecular responses to L/M, Context Fear
Conditioning (CFC), a form of associative learning that re-
quires a functioning hippocampus, has advantages (16). A few
minutes exposure to a novel environment followed by a brief
electric shock is sufficient to provoke a fear response, which
is measured as “freezing,” that is, lack of all movement except
for respiration, when the animal is returned at a later time to
the same context. A single trial has been shown to promote
robust learning. Protein responses during a few minutes or a
few hours and up to one or a few days after CFC have been
reported. For example, in hippocampus of mice exposed to
CFC, levels of phospho(p)-CREB were elevated at 30 min post
training, normal at 60 min, and elevated again between three
and six hours (17). In other experiments, hippocampal levels
of pERK1 were increased at 60 min post training, while in-
creased levels of pPKC were observed 24 h later (18). Hip-
pocampal region-specific increases in pERK1/2, pELK and
pRSK were present at 30 and 60 min post training, but re-
turned to those levels seen in untrained animals by 120 min
(19). Thus, CFC provides a well-defined time frame during
which learning and some molecular responses are known to
occur.

Hippocampal function is impaired in Alzheimer’s Disease
(AD) (20–21). Hippocampal-based L/M tasks, including CFC,
have been used in studies of mouse models of AD to assess
effects of AD mutations, the APP A� peptide and drug re-
sponses (22). The NMDAR antagonist, memantine, has been
shown to rescue L/M deficits in mouse models of AD and has
been approved for treatment of moderate AD (23, 24). Little is
known, however, about the molecular responses that underlie
such successes, and it is of interest to understand the con-
sequences of its use, not only on the NMDAR, but also on
downstream signaling and other molecular processes.

To elucidate more of the complexities of molecular re-
sponses to learning and relationships among these re-
sponses, we have measured levels of 84 proteins/protein

modifications that are directly required for L/M and/or that are
components of pathways and processes known to subserve
L/M. Measurements were made in hippocampus and cortex
of mice at 60 min after training in CFC with and without
pretreatment with memantine.

MATERIALS AND METHODS

Mice—Mice were on a mixed C57BL/6JEi x C3Sn.BLiA
(B6EiC3Sn.BLiA F2) background (statistically 50% B6; 50% C3) ob-
tained as the euploid control progeny of B6EiC3Sn.BLiA a/A-Ts65Dn
females and B6EiC3Sn.BLiA F1 males (25). These mice represent the
wild type littermates of a cohort originally generated for studies on
Down syndrome (to be reported elsewhere). Mice were bred at the
University of Colorado School of Medicine (Aurora, Colorado) or The
Jackson Laboratory (Bar Harbor, Maine). Colonies were maintained in
a room with HEPA-filtered air and a 14:10 light:dark cycle, fed a 6%
fat diet and acidified (pH 2.5–3.0) water ad libitum. Littermates (sup-
plemental Table S1) were housed in the same cage. All procedures
were approved by the Institutional Animal Care and Use Committee of
the University of Colorado or The Jackson Laboratory and were
performed in accordance with National Institutes of Health guidelines
for the care and use of animals in research. Male mice only (age 3–4
months) were used.

Context Fear Conditioning—Context fear conditioning was per-
formed as described (25–27). Briefly, mice were placed in a novel
cage (Med Associates, St. Albans, VT, Modular Mouse Test Cham-
ber), allowed to explore for 3 mins and then given an electric shock (2
s, 0.7 mA, constant electric current). These mice are the context-
shock (CS) group and learn to associate the context with the aversive
stimulus (25). Learning is displayed by “freezing” upon re-exposure to
the context, where freezing is defined as a lack of movement except
for respiration. A second group of mice were placed in the novel cage,
immediately given the electric shock (2 s), and then allowed to explore
for 3 min. These mice are the shock-context (SC) group and do not
acquire conditioned fear (27). All mice received an injection of me-
mantine (5 mg/kg intraperitoneal) or the equivalent volume of saline
15 min prior to exposure to the novel context. Four groups of mice
(9–10 per group) were used: CS mice injected with saline or with
memantine and SC mice injected with saline or with memantine, as
described in (25). Mice were sacrificed at 60 min post training without
measurement of freezing; prior work has demonstrated that CS mice
of this age and strain background are successful in learning, SC mice
do not learn and memantine does not affect freezing (25).

Tissue Processing and Preparation of Protein Lysates—Mice were
sacrificed by cervical dislocation without anesthetic. Brains were
rapidly removed and placed in ice-cold artificial cerebral spinal fluid
(aCSF) (in mM: 210 Sucrose, 2.5 KCl, 1 CaCl2, 7 MgSO4, 1. 5
NaH2PO4, 26 NaHCO3, and 10 D-glucose, saturated with 95% O2 and
5% CO2) while the hippocampus and cortex were rapidly dissected.
Tissues were snap frozen in liquid nitrogen and stored at �80 °C until
use. Without thawing, tissue samples were weighed and placed in 10
volumes of hypotonic buffer (10 mM HEPES, pH7.9, 10 mM KCl, 1.5
mM MgCl2) containing protease, phosphatase and kinase inhibitors.
Tissues were thoroughly homogenized using 30 strokes at 300 rpm
with a Compact Digital Homogenizer (Model BDC2002, Caframo Ltd.
Canada) at 4 °C. Following centrifugation for 10 min at 8000 rpm, the
supernatant (S1) was retained and the pellet (P1) was resuspended, in
1⁄2 the original volume of Urea buffer (8 M urea, 4% CHAPS, 50 mM

Tris) and passaged ten times through a 16 G needle. The suspension
was incubated for 1 h at 4 °C with gentle rotation and, following
centrifugation at 14000 rpm for 30 min, the supernatant S2 was
retained as the nuclear-enriched fraction. The original supernatant S1
was centrifuged for 30 min at 40,000 rpm at 4 °C. The resulting
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supernatant (S3) was retained as the cytosolic fraction and the pellet
(P2) was resuspended in 2.5 volumes of Urea buffer to form the crude
membrane fraction. Protein concentrations, determined using the
660 nM Protein Assay kit (Pierce), were within the range of 3–4
mg/ml for all samples. Information for each mouse on age, litter-
mates, and weights of individual brain regions is provided in sup-
plemental Table S1.

Antibodies and Validation for RPPA—Antibodies are listed in sup-
plemental Table S2. Prior to use in RPPA, each lot of each antibody
was tested on Western blots of mouse brain lysates, as described
previously (28), and verified to produce predominant band(s) of ex-
plainable size, that is, clean band(s) of the correct size(s) in the
absence of significant background and nonspecific bands. All anti-
bodies listed in supplemental Table S2 are suitable for RPPA.

Array Assembly and Printing—For each sample, a five point dilution
series in three replicates was printed as described previously (28).
Arrays with nuclear-enriched and cytosolic fractions from hippocam-
pus were produced in three print runs and those from cortex, in two
print runs. Membrane fractions from cortex and hippocampus were
printed on the same slides in two print runs. Slides were stored at 4 °C
until use.

Slide Screening and Data Analysis—Slides were screened with
antibodies and processed, signal intensities were normalized to the
general protein stain SyproRuby (Invitrogen, CA), and protein expres-
sion data analyzed as described in (28). Data from antibody screen-
ings that produced normalized signal intensities �0.1 were consid-
ered too low to be reliable and were discarded. Additional details of
quality control and validation of inter-slide and inter-print run repro-
ducibility are provided in (28).

Statistical Analysis—After exclusion of technical outliers, each
SyproRuby-normalized protein value was included in the statistical
analyses if the level was within its mean � 3 standard deviations. This
process eliminated on average �1% of the total observed data for
each protein. For each protein, median differences were calculated
for four pairwise group comparisons: CS-saline versus SC-saline
(normal learning, NL), SC-memantine versus SC-saline (memantine
effect, M), CS-memantine versus SC-memantine (successful learning
plus memantine, NL�M), and CS-memantine versus CS-saline (suc-
cessful learning end point, EP). Treatment and genotype differences
were assessed using a three-level mixed effects model to account for
possible correlations among replicates and dilution levels within each
mouse, with different mice being the random effects. Bonferroni
corrections were applied. supplemental Table S3 contains results (%
difference, p value and S.E.) for all proteins in the nuclear, cytosolic
and membrane fractions, for each of the four pairwise comparisons.
All data analyses were carried out using SAS® version 9.3 (SAS
Institute Inc., Cary, NC).

Network Displays and Databases—Components of the long term
potentiation (LTP) pathway and their relationships were obtained from
the Kyoto Encyclopedia of Genes and Genomes (KEGG http://
www.genome.jp/kegg/) database. Protein interaction partners of
each LTP pathway protein component were obtained from the IntACT
(http://www.ebi.ac.uk/intact/), HPRD (Human Protein Reference Da-
tabase, http://www.hprd.org/) and BioGRID (Biological General Re-
pository for Interaction Datasets, http://thebiogrid.org/) databases; all
interacting proteins that were analyzed by RPPA were retained, fil-
tered for Gene Ontology (GO) terms, and those sharing Cellular Com-
ponent GO terms were added to the LTP pathway network. The
expanded network was constructed using Cytoscape 3.0.2 (29).

RESULTS

The goals of the protein measurements were first to sample
the complexity of changes that occur with learning in CFC and
then to determine how these changes are altered by treatment

with the NMDAR antagonist, memantine. A total of 84 pro-
teins/protein modifications were screened in nuclear, cytoso-
lic and/or membrane fractions from hippocampus and cortex.
Proteins were chosen for their relevance to CFC specifically,
or to learning/memory and synaptic plasticity more generally,
and also for associations with Alzheimer’s Disease. Because
RPPA requires highly specific antibodies, many antibodies
that can be used in Western blots cannot be used in RPPA.
Therefore, not all proteins of interest could be measured. The
number of samples, 10 mice in each of four groups, two brain
regions and three subcellular fractions, or a total of 240,
precludes use of Western blots for practical reasons. Proteins
(listed in supplemental Table S2) include phosphorylation de-
pendent and independent forms: 20 components of MAP
kinase signaling, 14 related to MTOR signaling, 14 related to
NMDAR subunits or their interactions, seven relevant to apo-
ptosis or inflammation, four IEG proteins, three histone mod-
ifications, and 12 proteins relevant to AD. Pairs of phosphor-
ylation dependent and independent levels were measured for
20 proteins.

General Protein Profile Features—Using data from the four
groups of mice generated in CFC (the SC-sal and SC-mem
groups that do not learn the context, and the CS-sal and
CS-mem groups that do learn the context), four pairwise
group comparisons were carried out. To identify protein re-
sponses in normal, successful learning (NL), protein levels in
CS-sal were compared with those in SC-sal. To determine the
effects of memantine treatment without the stimulation to
learn (M), protein levels in SC-mem were compared with those
in SC-sal. Comparison of levels in CS-mem to SC-mem iden-
tify protein responses in successful learning in the presence of
pretreatment with memantine (NL�M). Lastly, CS-mem ver-
sus CS-sal comparisons identify similarities and differences in
protein levels at the end point, after successful learning (EP).
General features of protein responses are summarized in Ta-
ble I. As discussed in previous work (28), the number of
replicate measurements and the reproducibility of RPPA al-
lows accurate determination of protein differences as small as
10%. Of 84 proteins screened in one or more fractions, levels
of expression of 72 and 65 were detectable in nuclear and
cytosolic fractions, and 28 in membrane fractions. In all three
subcellular fractions of hippocampus, �one half of proteins
responded to one or more stimuli (normal learning, memantine
treatment, or normal learning with memantine) and the large
majority of the responses were increases. For example, in the
nuclear fraction from normal learning, 37 proteins changed in
level, and 34 of these increased. Notably, memantine alone, in
the nuclear fraction, resulted in changes in levels of 24 pro-
teins, of which 21 were increases. In cortex, proteins in the
nuclear fraction were less affected by normal learning and
memantine treatment, with only 25 and nine responding, re-
spectively. Cortex also showed overall a larger proportion of
proteins decreasing, in particular in the nuclear and mem-
brane fractions.
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Although on average, proteins changed in level by 15–30%,
a small number of protein changes stand out with magnitudes
that exceed 50%. These are shown in Table II. Among these
are pERK1/2 and pCAMK2A/B; their involvement in learning is
well established (5, 6). A novel finding concerns phosphory-
lation of NUMB, a protein involved in modulation of NOTCH
signaling and postnatal neurogenesis (30, 31). pNUMB
showed very strong increases in both hippocampus and cor-
tex in cytosolic fractions with successful learning.

Figs. 1–6 provide graphical comparisons of responses in
hippocampus and cortex to normal successful learning (NL),
to memantine treatment alone (M), to successful learning with
memantine treatment (NL�M), and of levels at the end point
of learning with and without memantine (EP). Results for a
subset of proteins measured are shown, grouped by pathway
or process (additional results are in supplemental Fig. S1–S8).
Data for all proteins in the four comparisons in the three
fractions of hippocampus and cortex are provided in supple-
mental Table S3. All measurements were made at a single, 60
min, time point post training. This time point was chosen
because it is within the time frame established for maximum
increases in the levels of components of the MAPK pathway
following associative learning (19) and therefore results here
can be directly compared with those from prior work. With
only a single time point, however, protein levels and compar-

isons between groups represent a snapshot of dynamic pro-
cesses. The data do not indicate if protein levels in any group
were continuing to change, and if so, what their rates of
change and directions were. Thus, we describe differences
and similarities present at 60 min, aware that such compari-
sons would likely look different at other time points.

Hippocampus Nuclear-enriched Fraction, MAP Kinase and
MTOR—Several components of the MAPK pathway have
been shown to directly influence L/M. Knockouts and other
mutations created in mouse for BRAF, ERK, RSK, CREB,
PCK, and CAMKII, each result in impairments in L/M, synaptic
plasticity and/or synaptic transmission (15, 32–38). Other
studies using pharmaceuticals to inhibit specific kinases, in-
cluding MEK, PKC and PKA, also cause L/M impairments (39).
In Fig. 1, components of the MAPK pathway in the nuclear-
enriched fraction are shown. In NL (Fig. 1A), 13 of 20 compo-
nents of the MAPK pathway are increased; these include six
of ten phosphorylated forms. Notably, sequential components
of the classical cascade of MEK1/2-ERK1/2-RSK all show
increased phosphorylation, although levels are not propor-
tional. For example, pERK1/2 increases by �60%, whereas
the upstream pMEK1/2 and downstream pRSK each increase
only by �20%. Phosphorylation of CREB is not altered; this is
consistent with the time frame previously reported that the
initial increase in pCREB following CFC returns to baseline by

TABLE I
Numbers of proteins changed in each treatment group and brain region/subcellular fraction (total number of proteins measured)

Nuclear (72) Cytosol (65) Membrane (28)

NL M NL�M NL M NL�M NL M NL�M

Hippocampus
Total 37 24 23 36 22 26 14 8 13
Increased 34 21 19 21 11 23 8 1 12
Decreased 3 3 4 14 11 3 6 7 1

Cortex
Total 25 9 31 37 19 22 15 15 18
Increased 13 4 20 25 13 6 3 10 6
Decreased 12 5 11 12 6 16 12 5 12

TABLE II
Proteins that change by �50%

Hippocampus Cortex

Nuclear Cytosolic Nuclear Cytosolic

Protein NL M NL�M NL M NL�M NL M NL�M NL M NL�M

BRAF �60% �60% �60%
MEK1/2 �50%
pMEK1/2 �60%
pERK1/2 �60% �195% �100% �110% �90% �70%
pCAMK2AB �120% �70% �125% �135% �115% �60%
pPRKCAB �70% �65%
S6 �80% �80%
DYRK1A �80% �70%
NR2A �80%
pNR2A
pNUMB �155% �60% �260% �190%
Tau �65% �75%
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FIG. 1. Response of MAP kinase and MTOR pathway components in the hippocampus, nuclear-enriched fraction. Protein levels were
measured by RPPA and signals normalized to SyproRuby. Median differences were calculated for the indicated pairwise comparisons and
statistical significance determined using a three-Level Mixed Effects Model. The y axis indicates the percent increase or decrease in protein
level caused by treatment. Black bars, significant change; white bars, nonsignificant change. Error bars indicate the S.E. No error bar indicates
weak signals and measurements were not made (protein names are included for ease of comparison with other treatments/fractions/brain
regions). X, change is specific to that treatment. A, Normal learning: CS saline versus SC saline; B, Memantine: SC memantine versus SC saline;
C, Normal learning � memantine: CS memantine versus SC memantine; D, End point - MAPK: CS memantine versus CS saline. E, Changes
in the ratio of phosphorylated to whole protein for a subset of MAP kinase pathway components; white bars, SC saline; black bars, CS saline.
*, p � 0.05; **, p � 0.01 by the Student’s t test.
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60 min (17). Additional increases in phosphorylation involve
CAMKII (120%), PKCA/B (�30%) and JNK (�35%), also doc-
umented for association with L/M (37, 38, 40). Changes are

not confined to phosphorylation-specific forms. Phosphoryl-
ation-independent levels increase for BRAF, ERK1/2, RSK,
ELK, CAMKII, PKCA, and JNK, implying that translocation

FIG. 2. Response of MAP kinase and MTOR pathway components in the hippocampus, cytosolic fraction. A–D, legend as for Fig. 1.
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from the cytosol, translation, and/or inhibition of degradation
are initiated within the 60 min time frame. While most of these
increases are modest, on the order of 10–20%, and therefore
might not have been detected when assessed by Western
blot methods, levels of BRAF increase by 60% and ELK by
34%.

The ratio of phosphorylated to total protein measures the
proportion of a protein that is in a specific functional state;
changes in this ratio reflect another regulatory mechanism. Fig.
1E, shows that there are significant changes in proportions of
phosphorylated forms of multiple components of the MAP ki-
nase pathway. Although both phosphorylated and total levels of
CAMKII increase, the proportion of active pCAMKII to CAMKII
increases by �75%. In contrast, ratios for RSK are unchanged.
For BRAF and ELK, because levels of phosphorylated forms did
not change while whole protein levels increased, the propor-
tions of activated BRAF and ELK decrease significantly.

Fig. 1B shows the effects of memantine alone on MAPK. Of
the 13 components of the MAPK pathway that increased in
NL, eight also increase in M. These include BRAF, pERK1/2,
ELK, pCAMKII, PKCA, pPKCA/B, JNK, and pJNK. The
changes here, however, are more modest: only �15–20% for
BRAF and pERK1/2, compared with 60% for both in NL.

Similarly, the increase in pCAMKII was only �70% here,
compared with 120% in NL.

Fig. 1C shows results for NL�M, that is, how memantine
treatment alters the normal molecular dynamics associated
with learning. Increases in levels of BRAF, pERK1/2, pCAMKII,
and pJNK still occur as in NL, but again the increases are
more modest. Further consideration shows the relationship
among the levels of change in the three treatments. For ex-
ample, levels of pCAMKII increase by 70% with memantine
treatment; these levels then increase a further 40% with CFC
training; together this produces an increase in pCAMKII from
initial levels equivalent to those seen in NL. This conclusion is
supported by data in Fig. 1D: when levels of pCAMKII after
NL�M are compared with those after NL (i.e. EP levels,
CS-mem compared with CS-sal), the difference is only �5%
and is statistically insignificant. Similarly for pJNK, the in-
creases are 25 and 15% for M and NL�M, respectively, the
sum of which is again equivalent to the 35% increases seen
in NL. These data show that memantine treatment initiates a
subset of molecular responses that are common to those
seen in normal learning, at least at the 60 min time point.

A slightly different scenario is seen with ELK, PCKA,
pPCKA/B, and JNK. For these proteins, memantine produces

FIG. 3. Response of IEG proteins
and histone H3 modifications in the
hippocampus nuclear-enriched and
cytosolic fractions. A–C, legend as for
Fig. 1.
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changes equivalent in magnitude to those seen in NL, and no
further increases are seen in response to NL�M. One possi-
bility is that, for successful learning, rather than a dynamic
response, a specific protein level, which is different from the
baseline level, is required for each of these proteins. If this
level is induced prior to training, no further increase is required
for learning. Again, data in Fig. 1D show that EP levels do not
differ significantly.

Lastly, there are treatment-specific changes in protein lev-
els. Specific to NL are increases in pMEK, ERK, RSK, pRSK,

and CAMKII; specific to NL�M is an increase pPKCG. These
differences could be explained if memantine alters the dura-
tion or timing of some protein responses. For example, the
elevated pPKCG levels in NL�M could be an extension of
activation already terminated in NL or an early initiation of an
activation that will occur at a later time point in NL. Similarly,
the lack of elevated pMEK in NL�M compared with NL could
result if memantine caused MEK activation to be terminated
early (or initiated later). Additional experiments assessing pro-
tein levels at different time points post training could answer

FIG. 4. Response of the NMDA receptor subunits and related proteins in the hippocampus membrane and cytosolic fractions. A–D,
legend as in Fig. 1. E, Ratios of phosphorylated to whole protein increase for NR2A and NR2B in NL; white bars, SC saline; black bars, CS
saline. **, p � 0.01 by the Student’s t test.
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this question. Fig. 1D shows that, with the exception of ERK,
differences in end point levels of MAPK components do not
reach significance, reflecting the general modest levels of
treatment-specific differences.

The MTOR pathway is also relevant to synaptic plasticity
and L/M (for review see 7). Inhibition of MTOR kinase activity
with rapamycin blocks NMDAR-dependent late phase LTP
and knockout of the downstream component of MTOR sig-
naling, p70S6K, results in impaired L/M. As shown in Fig. 1,
compared with MAPK, increases in NL in MTOR components
are modest, averaging 15–20%. However, examples of the
same molecular scenarios seen with MAPK proteins are also
seen with MTOR. Increases in pMTOR are �20% in NL,
equivalent to the sum of �10% in M and �13% in NL�M.
Increases in pS6 and GSK3B are seen only in NL and M, and
increases in P70S6, AMPKA and pGSK3B-ser9 are seen only
in NL and NL�M. Lastly, treatment-specific responses in-
clude increases in pEIF4B and pAKT in NL, and S6 in M. As
with MAPK, EP levels do not differ.

Hippocampus Cytosolic Fraction, MAP Kinase and MTOR—
Fig. 2 shows results of analysis of MAPK and MTOR pathway
components in the cytosolic fraction of hippocampus. Not
surprisingly, the patterns of protein responses are quite dif-
ferent from those in the nuclear-enriched fraction, in the num-
ber and identities of the proteins that change and the direction
and magnitude of the changes. Obvious patterns of cytosol-
nuclear translocation, i.e. where increases in the nuclear frac-
tion are accompanied by a decrease in the cytosol, were not
generally observed. Levels of ERK, RSK and ELK increased in
the cytosolic fraction, even though they also increased in the
nuclear fraction. For the MTOR pathway components in NL,
cytosolic levels of pP70S6 and S6 decrease by �25% and if
the initial levels in the nucleus are much higher than those in
the cytosol, a consequent nuclear increase may be below the
level of detection. Other possibilities to account for the ob-
servation include dephosphorylation or degradation. Meman-
tine treatment however provides an example of reciprocal in-
creases and decreases: both S6 and pS6 levels decrease in the

FIG. 5. Response of the AD relevant proteins in the hippocampus nuclear, cytosol and membrane fractions. A–C, legend as for Fig. 1.
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cytosol, by 20 and 31%, respectively, and increase in the nu-
clear fraction by 24 and 19%, respectively. This also effectively
increases the proportion of activated S6 in the nucleus by �25%.

Treatment-induced relationships among changes in protein
levels in the cytosol also differ from those seen in the nuclear
fractions. For example, levels of pERK increase very strongly
in the cytosol in NL and M, while pCAMKII increases in NL and
NL�M. Unlike in the nuclear fraction, BRAF levels do not
change in any of the three treatments, but pBRAF increases in
NL and M. Conversely, levels of pMEK and of ELK increase
only in NL and NL�M. In a scenario different from those seen
in the nuclear fraction, the 25% increase in MEK seen in NL is
countered by a decrease of �10% in M which is “rescued” by
a more robust increase �32% in NL�M. Similarly, memantine
produces an �20% decrease in the level of pS6 which is
countered by a �30% increase in pS6 in NL�M, potentially
restoring levels of pS6 to those present in NL. Unlike the
nuclear fraction, EP comparisons show several differences,
notably in pERK and S6. Because learning is equally success-

ful with or without memantine, such differences must not be
critical at this 60 min time point.

Hippocampus, IEGs, and Histone Modifications—Changes
in levels of IEG proteins, ARC and EGR1 have been reported
in CFC (41) and knockouts in mouse result in impaired L/M or
synaptic transmission (42, 43). Fig. 3 shows that, in the cyto-
solic fraction, levels of EGR1 increase in both NL and NL�M,
and levels of ARC increase uniquely in NL�M. In the nuclear-
enriched fraction, levels of phosphorylated CFOS increase in
both NL and NL�M.

Modifications of histone proteins, including acetylation,
phosphorylation and methylation on multiple lysine residues
in H3 and H4, have been shown to respond to several forms
of L/M, including CFC (44). Adequate antibodies were avail-
able for acetylation and methylation of histone H3 (K9, K18
and K4). Shown in Fig. 3 are decreases in the levels of
acetylation at lysines K9 and K18 uniquely in the nuclear
fraction, while levels of methylation at lysine K4 are not
affected by any treatment.

FIG. 6. Protein responses in cortex. A, MAP kinase proteins in the nuclear fraction. B, MTOR proteins in the nuclear fraction. C, NMDA
receptor subunits and related proteins in the membrane fraction. A–C, legend as for Fig. 1.
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Hippocampus, NMDA Receptor, and Related Proteins—
Fig. 4 shows changes in levels of subunits of NMDA and
AMPA receptors, compared in both membrane and cytosolic
fractions. In NL, membrane levels of NR1, NR2A, and NR2B
decrease by 25–35%. Cytosolic levels show a corresponding
increase only for NR2B. This suggests that, for NR2A (NR1
signals were too low for reliable quantitation), either the in-
crease was proportionately too small to be detected or that
active degradation has occurred. Levels of pNR1 and pNR2B
also decrease in the membrane. Phosphorylation of NR1 at
Ser889 has been reported to promote dispersion within the
membrane (45, 46). Functional consequences of the phos-
phorylation of NR2B at Tyr1336 are unknown but it is known
to be carried out in response to CFC by the FYN kinase and
to be transient (47). These changes in NMDAR subunits in the
membrane result in increases in the proportions of phosphor-
ylated to whole protein for NR2A and NR2B as shown in Fig.
4E. In the cytosol, levels of phosphorylation of all three
NMDAR subunits increase by 15–40%.

Memantine treatment alone produces the same pattern of
decreases in the membrane in the levels of NR1 and NR2A as
seen in NL. The magnitude of the decreases is smaller (Fig.
4B), however, and there are no further changes in NL�M (Fig.
4C). These patterns of responses result in significantly higher
levels of NR1, NR2A and NR2B in NL�M compared with NL,
that is, in EP (Fig. 4D). Cytosolic patterns of NMDAR subunits
in NL�M are the same as those in NL, with the exception of
a strong (80%) increase in levels of NR2A. This may partially
compensate for the decrease in NR2A levels induced by me-
mantine alone. Memantine alone did not affect levels of AMPAR
subunits, but in NL�M there are significant increases in mem-
brane levels of GLUR3 and GLUR4 that are not seen in NL.

Other changes in NMDAR-related proteins in the membrane
include decreases of PSD95 by �40% in NL and by �20% in
M, resulting in �20% higher levels in EP. There is also a
modest increase in membrane levels of BDNF in NL and
NL�M. The most striking response in all three comparisons is
the very robust increase in cytosolic levels of phospho-
NUMB. This includes one of the strongest responses ob-
served, �155% in NL, and �40 and �60% in M and NL�M,
respectively. Levels of pNUMB also increase in the mem-
brane. Although the role of NUMB in learning and memory has
not been investigated, it has been shown to interact with
NMDAR and to modulate dendritic spine development and
morphology (48). Another protein that is involved in regulation
of dendritic spines and that also interacts with NMDAR is the
guanine nucleotide exchange factor, TIAM1 (49, 50). Meman-
tine induces an increase of TIAM1 in the cytosol and a corre-
sponding decrease in the membrane. Lastly, large increases
of �50–80% are seen in pCAMKII in the membrane fraction
in NL and NL�M.

Hippocampus, Alzheimer’s Disease-Related Proteins—Al-
though mutations in only a few genes have been shown to be
causative of AD and these only in a small number of familial

AD, abnormal levels of additional proteins have been found
in brains of AD patients and mouse models and their ma-
nipulation in mouse models has had positive effects. Be-
cause hippocampal L/M is primarily affected in AD (21–22)
and because memantine has shown positive effects in
mouse models of AD and is in use for moderate to severe
AD (51), we determined the responses of 12 AD-related
proteins to CFC. Results are shown in Fig. 5. With the
exception of ERBB4, each protein changes in at least one
treatment/fraction combination and several have inter-re-
lated functions affecting NMDA receptor activity and signal-
ing, as well as phosphorylation of Tau, the microtubule-
associated protein that is hyperphosphorylated and a
component of neurofibrilary tangles in AD (52). Levels of Tau
itself were unchanged here except for increases in the cy-
tosol with memantine treatment.

A major protein player in AD is APP, the amyloid precursor
protein whose aberrant processing leads to accumulation of
the A� peptide in neuritic plaques that are a hallmark AD
pathology; mutations in or duplications of the APP gene cause
some familial AD (53). APP levels are unchanged in NL and in
M, however, they increase by �15% in the membrane fraction
in NL�M.

Increased levels of calcineurin (CaN), a Ca-calmodulin-de-
pendent protein phosphatase, are seen in aging and are sug-
gested to play a role in age-related cognitive decline (re-
viewed in 54). A number of lines of evidence suggest that CaN
is hyperactivated in mouse models of AD, in particular, inhi-
bition of CaN activity in these systems reverses A�-induced
abnormalities in synaptic plasticity, dendritic spines and CFC
performance (55–57). CaN substrates include NMDA receptor
subunits and Tau (58, 59). In NL, levels of the CaN catalytic
subunit, CaNA, are decreased in the cytosol by �30%; this is
accompanied by increases of 15% and �20% in the mem-
brane and nuclear fractions, respectively. Memantine did not
affect the distribution of CaNA, but in NL�M, CaNA increased
in both the membrane and nuclear fractions. RCAN1 is an
inhibitor of CaN and it is increased in brains of AD patients (60)
and has been proposed to have roles in increased Tau phos-
phorylation and in neurodegeneration (61, 62). In NL, RCAN1
is increased in the membrane fraction, while memantine treat-
ment produced increases in RCAN1 in all three fractions. In
NL�M, a decrease in RCAN1 levels in the cytosol counters
the increase produced by memantine. Given the patterns of
RCAN1 changes, they are not simply a feedback response to
changes in CaN, nor are they driving changes in CaN distri-
bution.

Interleukin 1-beta (IL1B) is a proinflammatory cytokine. Its
observed up-regulation in AD is suggested to have both pos-
itive and negative contributions to disease progression (63). In
NL, cytosolic levels of IL1B decrease by �20% while nuclear
levels increase in M. IL1B has also been shown to increase the
phosphorylation of NR2A and NR2B by SRC family kinases
(64). Here, we examined expression of the SRC kinase, FYN
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and its phosphorylated form, pSRC-Tyr416. FYN is required
for CFC (47), its levels are elevated in AD, and its targets
include NR2B and Tau (reviewed in 65). In NL, total levels of
FYN decrease in the cytosol by 30% and both total FYN and
pSRC increase in the nuclear fraction. Memantine alone did
not affect FYN or pSRC, but in NL�M nuclear levels of pSRC
increase by 30%, comparable to increases in NL.

CDK5, a cyclin dependent kinase, is also required for CFC
(66). It is up-regulated in AD brains and includes Tau among
its targets. Regulatory proteins, p35 and its calpain-cleaved
p25 fragment mediate, respectively, transient and extended
activation of CDK5 (reviewed in 67). Under all three stimula-
tion conditions, CDK5 and p35/p25 exhibit complex, and
differing, patterns of increases and decreases in the mem-
brane, cytosol and nuclear fractions. In NL, CDK5 appears to
redistribute from the cytosol to the membrane, and p35/p25
from the cytosol to the nucleus. The redistributions differ in
NL�M and are simpler in M.

PP2A is a protein phosphatase that also targets Tau, bind-
ing to a sequence that is targeted by the kinase FYN (68).
Changes in levels of PP2A activity and subunit proteins have
been documented in AD, potentially contributing to the ob-
servations of hyperphosphorylated Tau (69, 70). Levels of the
PP2A-A regulatory subunit decreased in the cytosol in NL and
in M.

ERBB4 is a membrane receptor tyrosine kinase that is
activated by the binding of neuregulin-1. It has critical roles in
neural differentiation and synapse formation and, in the adult
brain, in both excitatory and inhibitory neurotransmission (71).
Activation by neuregulin results in ERBB4 cleavage by
�-secretase and release of the C-terminal fragment into the
cytoplasm. This fragment retains kinase activity and translo-
cates to the nucleus where it functions as a transcription
factor (72). Increased levels of ERBB4 have been reported in
brains of both AD and mouse models of AD (73). Here, levels
of ERBB4 are unchanged with NL, M or NL�M.

The Wnt/�-catenin signaling pathway functions in synapse
formation and remodeling (reviewed in 74). Reduced levels of
�-catenin are found in patients with AD caused by mutations
in presenilins and in mouse models of AD (75). In the latter,
treatment with lithium up-regulates expression of �-catenin
and ameliorates impairments (76). Both NL and M appear to
result in redistribution of �-catenin among the three fractions.

Cortex Protein Profiles—In many pathways, protein re-
sponses in the cortex are simpler than those in the hippocam-
pus. This is particularly true in NL, as shown for MAP kinase
proteins in the nuclear fraction in Fig. 6A (compare with Fig.
1A). Only six proteins were affected versus 13 in hippocam-
pus. MTOR components are also less responsive (Fig. 6B). In
contrast, responses of the NMDA receptor subunits and re-
lated proteins are actually more complex in cortex than in
hippocampus (Fig. 6C; compare with Fig. 4A). In the mem-
brane, 11 proteins change in NL and 12 change in NL�M,
compared with nine and seven, respectively, in hippocampus.

Specific to cortex are decreases in TRKA, TIAM1, and pCAMKII.
The only NL-specific change in cortex is a modest increase in
pGLUR2, and NL�M-specific changes are increases in GLUR3
and GLUR4. Interestingly, unlike hippocampus, memantine ef-
fects on NMDAR in cortex are largely opposite to those seen in
NL. Responses in cortex of additional proteins can be found in
supplemental Figs. S3–S8.

DISCUSSION

Analysis of molecular events at the protein and protein
modification level provides a more direct measure of func-
tional responses than does analysis at the RNA level. We have
generated protein profiles from brain regions of mice 60 min
after training in a single trial protocol previously shown to
result in robust learning/memory in mice of this mixed B6C3
genetic background (25). Use of the higher throughput tech-
nique of RPPA allows measurement of a large number of
proteins in a single, uniform sample set. Here, the sample set
was composed of hippocampus and cortex from a total of 40
mice, ten in each of four groups, the context-shock and
shock-context groups, injected with either saline or meman-
tine. With subcellular fractionation, this resulted in 240 sam-
ples. An additional advantage of RPPA is the large number of
replicate measurements that are possible per sample, here
three replicates of a five point dilution series, which allows an
accuracy not practical to obtain with Western blots or immu-
nocytochemistry. In previous work, we have shown that dif-
ferences as low as 10% can be reproducibly measured with
our RPPA protocol (28). Exploiting RPPA therefore can pro-
vide a different view of molecular responses to L/M, a broad
view, surveying multiple components from multiple pathways
and allowing detection of more relationships among levels of
functionally diverse proteins. Because of the requirement of
RPPA for highly specific antibodies, however, not all proteins
of interest can be assayed. For example, antibodies against
different sites of NMDAR subunit phosphorylation routinely
used in Western blots detected apparently nonspecific bands
and therefore could not be used in RPPA. Additional technical
issues contribute to details of the protein profiles. To optimize
preservation of PTM, protein lysates were prepared as rapidly
as possible. Thus, nuclear-enriched and crude membrane
fractions were used, instead of, for example, synaptic vesicles
and synaptic membranes.

Expression levels of 72 and 65 proteins were above back-
ground in the nuclear and cytosolic fractions, respectively.
This does not imply that the other proteins screened are not
present. Antibodies with higher affinities, spotting higher con-
centrations of lysates, or use of signal amplification protocols
might produce detectable expression. After CFC, in hip-
pocampus, levels of 37, 36, and 14 proteins changed in the
nuclear, cytosolic and membrane fractions, respectively, pro-
viding a complex picture of molecular events associated with
normal learning. Validation of these responses, and support
for their relevance to L/M, can be obtained from three sets of
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data: (1) previous experiments with CFC, (2) mutations that
disrupt L/M or synaptic plasticity, and (3) consistency of re-
sponses between NL and NL�M.

(1) Several reports have shown that increases in pERK2
levels peak at 60 min post training (19, 77) both in whole
hippocampus and specifically in the hippocampal subregion,
CA1. Such results are consistent with the increases in
pERK1/2 observed here in NL and NL�M in both the nuclear
and cytosolic fractions. CFC-associated increases in
pERK1/2 also have been shown to depend upon activation of
PKC (77), results that are qualitatively consistent with obser-
vations here of increased levels of pPKCA/B. Also consistent
with results here are reports showing that EGR1 increased in
dorsal hippocampus (here in the cytosol) at 60 min post CFC
training (41), CFOS protein increased in the nucleus (here
pCFOS) after NMDAR stimulation (78), and pSRC-418 in-
creased at 40 min after CFC in dorsal hippocampus (47) (here
in the nuclear fraction). These consistent protein responses
were observed despite differences in technical aspects of the
experiments, for example use of rats versus mice; different
background strains of mice; training in CFC with a single
shock or with multiple shocks (17–19, 41); or measurement of
protein levels by Western blots of tissue lysates or immuno-
histochemistry on brain slices.

The time frame of measurements with respect to training in
CFC is an important variable, for example, no change in
pCREB levels were seen here at 60 min post training, but this
is consistent with observations that pCREB was elevated at
30 min, but had returned to pretraining levels by 60 min (17).
A similar difference in experimental timing may have contrib-
uted to the failure here to observe increases in ARC protein
that were previously reported (79). That CFC training protocol
involved 7–12 shocks with intershock intervals of several min-
utes, thus extending the training period over 30–60 min.
Therefore, although mice were sacrificed 60 min after training,
this corresponds roughly to 30–60 min later than our mea-
surements. As reviewed in (14), increases in ARC protein are
rapid but transient, returning to baseline by 60 min in some
experimental paradigms.

One observation, however, is less explicably inconsistent
with prior work: the levels of histone H3 acetylation at K9
decreased robustly by �40%. This is in contrast to increases
in H3 K9 acetylation reported elsewhere (80). We discuss this
further below.

(2) Excluding PTM forms, 60 proteins were analyzed. Of
these, 16 are encoded by human intellectual disability (ID)
genes, defined as genes that result in ID when mutated based
on observations in human populations (81). Nine of these ID
proteins plus a further 21 are encoded by genes that, when
mutated, knocked out or overexpressed in mouse models,
result in one or more L/M or synaptic plasticity phenotypes
(82). This means that a total of 37 of the 60 proteins have
already been directly implicated as critical for L/M in the
mammalian brain (indicated in supplemental Table S2). That

23 of 37 responded to training in CFC is one manifestation of
this critical association.

(3) Responses consistent in NL and NL�M include in-
creases in components of the MAP kinase and MTOR path-
ways, decreases in acetylation of histone H3, and changes in
cytosolic and nuclear levels of IEG proteins, and in cytosolic
levels of NMDAR subunits. The directions of the changes are
the same, although the magnitude of the changes sometimes
differs (see below).

These three different types of supporting information ar-
gue for the technical validity and biological relevance of the
RPPA data overall. They do not, of course, prove that every
observed protein response is required for learning in CFC or
in any other L/M paradigm, or rule out the possibility that
additional responses occur at alternative time points.

Novel Observations of Protein Responses to CFC—For
many proteins, this is the first time they have been measured
individually or in combination with other pathway/complex
components in association with CFC, or indeed with any L/M
task. Robust increases, to �150% of controls, in phosphor-
ylation of NUMB in the cytosol were observed. NUMB has not
previously been implicated in learning, but it has clear roles in
cortical development. NUMB functions in asymmetric cell
division by antagonizing NOTCH signaling. In cultured hip-
pocampal neurons, it has been shown to accumulate in the tip
of growing axons and to regulate endocytosis of cell adhesion
proteins; it also localizes to dendritic spines and participates
in regulation of spine morphology and maturation (48). NUMB
has been shown to complex with NR1 and NR2B in rat brain
and to influence processing and trafficking of APP (83–85).
NUMB is phosphorylated by PKC and CAMKII (86, 87), both
of which are activated by CFC and memantine. These data
suggest that NUMB may participate in regulation of NMDAR
subunit localization in response to CFC.

The role of the MAPK pathway in L/M is well documented.
Here, we examined phosphorylation of components of the
classical MAPK cascade of BRAF-MEK-ERK-RSK. In the nu-
clear fraction, we found no changes in pBRAF, and while
increased levels of pMEK1/2 and downstream pRSK are qual-
itatively consistent with the increases in pERK1/2, they are not
directly proportional, with pERK increasing by almost 60%
compared with modest 15–20% increases in pMEK and
pRSK. In the cytosolic fraction, increases in pBRAF and
pMEK of 20–40% are associated with an almost 200% in-
crease in levels of pERK. The MAPK pathway is activated, not
only upstream by NMDAR, but also by PKC acting on
ERK1/2; individual kinase components of MAPK are also
inactivated by multiple protein phosphatases. Thus, these
differing changes in phosphorylation levels of components
of the MAPK cascade likely reflect the complexities of
crosstalk among upstream activation by phosphorylation
and the interplay of rates of dephosphorylation.

We observed strong 30–40% decreases in the levels of
histone H3 acetylations at K9 and K18 in the nuclear fraction
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from hippocampus, in both NL and NL�M. This is contrary to
a prior report of increases at the same sites after CFC (80).
Most experimental parameters used here were the same or
similar, e.g. in both studies, mice were �3 months old, train-
ing in CFC consisted of one trial and a single shock; mice
were sacrificed 60 min later for protein analysis. There are
differences in strain background: C57BL/6 in (80) versus a
mixed B6C3. However, if acetylation changes in H3K9 and
K18 are important to L/M, such strain differences would not
be expected to result in such large and opposite outcomes. A
second difference in experimental protocols is the intensity of
the training: use of 1 mA versus 0.7mA in the electric shock.
Indeed, training strength has been shown to affect the dy-
namics at least of acetylation at H3K18: strong training re-
sulted in an increase in acetylation while weak training pro-
duced a decreased level (88). Use of 0.7 mA and 1 mA in CFC
in mouse are both common and both result in successful L/M.
Presumably, both stimulations also result in transcriptional
activation of largely similar sets of genes. It is therefore diffi-
cult to explain the discrepant results. Certainly, patterns in
histone modification are complex and both increases and
decreases in acetylation participate in transcriptional activa-
tion (8). Further experiments with differing CFC protocols
could resolve this issue.

Not all changes involved PTM. Increased whole levels of
proteins in one subcellular fraction imply that trafficking from
another compartment, inhibition of degradation or increased
translation take place within the 60 min time frame of this
study. The modest, but statistically significant and reproduc-
ible increases of �20% that occur for several components of
the MAP kinase pathway in both cytosol and nuclear fractions
of hippocampus are below the sensitivity of more commonly
used methods of Western blots and immunohistochemistry.
However, translation of mRNAs localized within dendrites has
been well documented and may be responsible for increases
in MEK, ERK, ELK, JNK, and CAMKII in the cytosol seen in NL
and/or NL�M (89).

Decreases in whole protein levels are seen for NMDAR
subunits in the hippocampal membrane fraction. This implies
trafficking to the cytosol with or without subsequent degra-
dation. In NL, the decrease in NR2B in the membrane is
matched by a corresponding increase in the cytosol. For
NR2A, however, the cytosolic level does not change. As re-
viewed in (90), the number and subunit composition of
NMDARs can respond rapidly to neuronal activation or sen-
sory stimulation. The dynamics are specific to cell and syn-
apse type, however, and such observations typically have
been made in heterologous cell systems or ex vivo slice
cultures (e.g. using measurement of LTP and LTD), where
conditions, measurements and resolution are very different
than here. Synaptic activity has been shown to accelerate
turnover in particular of NR1 (91), and furthermore, following
removal from the membrane, NR1 and NR2A are localized to
degradative endosomes (consistent with their lack of increase

in cytosol here) while NR2B is sequestered to recycling en-
dosomes (consistent with its increased levels in the cytosol
here) (92).

Effects of Memantine—Memantine treatment caused de-
creases in the levels of NR1, pNR1 and NR2A in the hip-
pocampal membrane fraction, and an additional decrease in
NR2A in the cytosol. Memantine is an open channel blocker of
NMDAR with a high off rate (93). Its clinical use to treat AD is
based on the prediction that it can decrease the hyperactiva-
tion of NMDAR that contributes to neurotoxicity and neuronal
death. It is not obvious then that memantine would also
reduce membrane levels of NMDAR. Prior studies of the
mechanism of action of memantine have not documented
such decreases, but also do not rule them out. Experimental
systems have included heterologous expression of NMDAR
subunits in xenopus oocytes or other cell systems or electro-
physiological measurements in brain slices (94). These sys-
tems lack endogenous regulatory mechanisms present in vivo in
tests of L/M and do not address changes in protein distribution.
Conversely, use here of lysates from whole hippocampus
masks region and cell type-specificities, that is, decreases in
membrane levels of NMDAR subunits are unlikely to be uniform
throughout the hippocampus. However, it remains possible that
decreases in membrane levels of NMDAR in response to me-
mantine may be an additional mechanism by which memantine
produces the beneficial effect in AD and AD mouse models of
decreasing excitatory neurotransmission. These observations
are not without precedent. Three hours after treatment with the
NMDAR antagonist, MK-801, levels of NR1 and NR2A were
significantly decreased in synaptosomes (95). Furthermore, the
MK-801 effects were more dramatic than those of another
NMDAR antagonist, AP5 (96). Phosphorylation levels were not
assessed in these experiments, however, results serve to show
that effects on NMDAR subunit level and localization are drug
specific and not generalizable.

Memantine treatment also abolishes the decreases in mem-
brane levels of NMDAR subunits seen in response to CFC in
NL. As a result, levels of NR1, NR2A, and NR2B are elevated
in the membrane after NL�M compared with NL. Memantine
did not, however, affect the CFC-induced increases in the
level of pCAMKII, one function of which is to bind NR2B,
facilitate phosphorylation by the casein kinase CK2, and de-
crease NR2B membrane association (96).

In contrast to effects on NMDAR subunits, memantine
treatment did not alter any AMPAR subunit levels. However,
after CFC with memantine treatment levels of GLUR4 (but
neither pGLUR2 nor GLUR3) were elevated in the membrane
compared with NL. GLUR4 levels normally are highest in early
postnatal times, but increases have been documented in sev-
eral rodent model systems, in responses to stress, ischemia
and environmental enrichment (97–99). Lastly, memantine
uniquely caused apparent degradation of NR2A with a signif-
icant decrease in cytosolic levels. This was, however, fol-
lowed by a 75% increase following CFC. These data together
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indicate that there are several additional mechanisms govern-
ing expression of glutamate receptor subunits that remain to
be elucidated.

Memantine treatment affected nuclear levels of 12 compo-
nents of MAPK and MTOR and cytosolic levels of 10, indirect
consequences of memantine-induced perturbations in NMDAR
activity. Notably, 11 of 12 and 6 of 10 of these were also
affected, although more strongly, by the stimulation of NL. One
interpretation in these cases is that, for learning to occur, two
protein parameters are required: a specific level of the protein
and a dynamic change in protein level. Memantine initiates the
change to the required level and subsequent stimulation in
CFC then produces a more modest increase. This is the
scenario seen in hippocampus with pERK, BRAF, and
pCAMKII. Similarly, some changes occur in NL and M but not
in NL�M. It may be that memantine alone produces the
required protein level to facilitate learning and no further
change is then needed for NL�M. This scenario is seen in
hippocampus with ELK, PKC, pPCKA/B, JNK, and pS6.

Interpretation of responses to memantine must consider
that, in selecting a single time point, 60 min after training, the
profiles obtained are a snap shot of molecular events. They

FIG. 7. Functional interactions of AD-related proteins. Functions
and interactions for ten proteins previously reported to be abnormal in
brains from patients with AD converge on NMDAR activity and phos-
phorylation of Tau. See text for references. Arrows, activation or phos-
phorylation; blunt lines, inhibition or dephosphorylation; dashed lines, in-
teraction. Yellow, changed in NL only; blue, changed in NL�M only; green,
changed in both NL and in NL�M; stripes in any color, changed in M.

FIG. 8. LTP pathway components and interacting proteins: response in hippocampus. Components of the LTP pathway imported from
the KEGG database are outlined in and their connections are indicated with solid red lines. Complexes are indicated by their components if
at least one component was measured by RPPA; otherwise the complex name is used (e.g. CAM). Primary protein interactions involving
proteins measured by RPPA are indicated in ovals and connected to pathway components by dashed lines. Pathway components and
interacting proteins are color coded according to experimental responses: solid yellow, changed in NL only; solid blue changed in NL�M only;
solid green changed in both NL and NL�M. White stripes indicate proteins that were changed in M. Color coding does not discriminate
increases and decreases, or nuclear from cytosolic or membrane. See Figs. 1–6 and supplemental Table S3 for magnitude and direction of
changes. Gray, no change in any condition. White, components of the LTP pathway that were not measured. *, human ID protein and/or mouse
protein that results in L/M or synaptic plasticity deficits when mutated (81).
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lack information on the rate of change and the direction of any
continuing changes. Where the magnitude of change in
NL�M is less than in NL, protein levels may have not yet
peaked or may have peaked earlier and now are decreasing.
Expanding the time frame to include measurements at earlier
and later time points would provide information that might be
more easily interpreted with respect to data obtained from
other experimental protocols.

Alzheimer’s Disease-related Proteins—Thirteen proteins
with reported abnormal levels in brains of patients with AD
were measured (Fig. 5 and NUMB in Fig. 4). No previous
report has included measurement of more than one or two of
these proteins, so results here provide a unique view of the
dynamic relationships. Responses of these proteins are com-
plex and many patterns are specific to one treatment. A
survey of the literature reveals that functional interactions
among these proteins converge on NMDAR and Tau (54–76).
As shown in Fig. 7, nine proteins responded in NL, and six of
them directly interact with or activate/inhibit the NMDAR or
Tau phosphorylation. It is not obvious how perturbations in
the levels of all of these proteins might propagate in the AD
brain with the stimulation of L/M. Seven proteins responded in
M and eight in NL�M. These experiments were of course
carried out in control mice where initial protein levels, and
learning, are normal. These responses and the effects of
memantine on NMDAR and Tau in AD brains, where levels of
these proteins are already perturbed, will be interesting to
see. Memantine has also been shown to correct deficits in
CFC in a mouse model of Down syndrome (25). This provides
yet another model system for elucidating dynamic protein
responses.

Conclusion—To illustrate how the complexities of the ob-
served protein changes might be integrated into a response to
L/M, we considered functional relationships between the pro-
teins measured by RPPA and pathways relevant to L/M. We
chose long term potentiation (LTP) because it is a major
cellular mechanism believed to underlie learning and memory
(100). From studies using molecular and genetic manipulation,
representations of the LTP pathway at the protein level have
been developed and extensively curated (101). The LTP path-
way is comprised of 70 proteins, including subunits of protein
complexes, and involves signaling through NMDAR to MAPK,
plus contributions from and crosstalk with PKC, PKA, and
calcineurin complexes, and components of the MTOR path-
way. Fifteen RPPA proteins are components of the LTP path-
way. We have further expanded the pathway by adding the 30
RPPA proteins that directly interact with one or more compo-
nents of the LTP pathway. As shown in Fig. 8, a total of 35
RPPA proteins, 11 pathway components and 24 that interact
with components, responded in NL. Memantine treatment
modulated 22 of these responses and initiated a further six.
Thus, normal learning induces considerable modulation of the
LTP pathway, and while memantine appears to significantly
alter these normal responses, it does so without perturbing

the learning process, in this task in these mice. It will be of
interest to determine which differences between responses in
NL and NL�M are merely differences in timing of the re-
sponses. Comparison of these patterns with those associated
with failed learning in mouse models of AD, and with patterns
associated with rescue of learning by memantine, will be
helpful in understanding the critical features of molecular re-
sponses to learning and memory. Similar studies are in pro-
gress with a mouse model of Down syndrome that also dis-
plays deficits in CFC that are rescued by treatment with
memantine.
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Lipp, H. P., Grant, S. G., Bliss, T. V., Wolfer, D. P., and Kuhl, D. (2006)
Arc/Arg3.1 is essential for the consolidation of synaptic plasticity and
memories. Neuron 52, 437–444

43. Jones, M. W., Errington, M. L., French, P. J., Fine, A., Bliss, T. V., Garel, S.,
Charnay, P., Bozon, B., Laroche, S., and Davis, S. (2001) A requirement
for the immediate early gene Zif268 in the expression of late LTP and
long-term memories. Nat. Neurosci. 4, 289–296

44. Levenson, J. M., O’Riordan, K. J., Brown, K. D., Trinh, M. A., Molfese,
D. L., and Sweatt, J. D. (2004) Regulation of histone acetylation during
memory formation in the hippocampus. J. Biol. Chem. 279,
40545–40559

45. Tingley, W. G., Ehlers, M. D., Kameyama, K., Doherty, C., Ptak, J. B., Riley,
C. T., and Huganir, R. L. (1997) Characterization of protein kinase A and
protein kinase C phosphorylation of the N-methyl-D-aspartate receptor
NR1 subunit using phosphorylation site-specific antibodies. J. Biol.
Chem. 272, 5157–5166

46. Suen, P. C., Wu, K., Xu, J. L., Lin, S. Y., Levine, E. S., and Black, I. B.
(1998) NMDA receptor subunits in the postsynaptic density of rat brain:
expression and phosphorylation by endogenous protein kinases. Brain
Res. Mol. Brain Res. 59, 215–228

47. Isosaka, T., Hattori, K., Kida, S., Kohno, T., Nakazawa, T., Yamamoto, T.,
Yagi, T., and Yuasa, S. (2008) Activation of Fyn tyrosine kinase in the
mouse dorsal hippocampus is essential for contextual fear conditioning.
Eur. J. Neurosci. 28, 973–981

48. Nishimura, T., Yamaguchi, T., Tokunaga, A., Hara, A., Hamaguchi, T.,
Kato, K., Iwamatsu, A,, Okano, H., and Kaibuchi, K. (2006) Role of numb
in dendritic spine development with a Cdc42 GEF intersectin and
EphB2. Mol. Biol. Cell 17, 1273–1285

49. Tolias, K. F., Bikoff, J. B., Kane, C. G., Tolias, C. S., Hu, L., and Greenberg,
M. E. (2007) The Rac1 guanine nucleotide exchange factor Tiam1
mediates EphB receptor-dependent dendritic spine development. Proc.
Natl. Acad. Sci. U.S.A. 104, 7265–7270

50. Tolias, K. F., Bikoff, J. B., Burette, A., Paradis, S., Harrar, D., Tavazoie, S.,
Weinberg, R. J., and Greenberg, M. E. (2005) The Rac1-GEF Tiam1
couples the NMDA receptor to the activity-dependent development of
dendritic arbors and spines. Neuron 45, 525–538

51. Lipton, S. A. (2007) Pathologically-activated therapeutics for neuroprotec-
tion: mechanism of NMDA receptor block by memantine and S-nitrosy-
lation. Curr. Drug Targets 8, 621–632

52. Wang, J. Z., Xia, Y. Y., Grundke-Iqbal, I., and Iqbal, K. (2013) Abnormal
hyperphosphorylation of tau: sites, regulation, and molecular mecha-
nism of neurofibrillary degeneration. J. Alzheimers Dis. 33, S123–S139

53. Schellenberg, G. D., and Montine, T. J. (2012) The genetics and neuro-
pathology of Alzheimer’s disease. Acta Neuropathol. 124, 305–323

54. Reese, L. C., and Taglialatela, G. (2011) A role for calcineurin in Alzhei-
mer’s disease. Curr. Neuropharmacol. 9, 685–692

55. Cavallucci, V., Berretta, N., Nobili, A., Nisticò, R., Mercuri, N. B., and
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