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Abstract
Recent studies have implicated the neuronal calcium-sensing pro-

tein visinin-like 1 protein (Vilip-1) as a peripheral biomarker in

Alzheimer disease (AD), but little is known about expression of

Vilip-1 in the brains of patients with AD. We used targeted and

quantitative mass spectrometry to measure Vilip-1 peptide levels in

the entorhinal cortex (ERC) and the superior frontal gyrus (SF)

from cases with early to moderate stage AD, frontotemporal lobar

degeneration (FTLD), and cognitively and neuropathologically nor-

mal elderly controls. We found that Vilip-1 levels were significantly

lower in the ERC, but not in SF, of AD subjects compared to normal

controls. In FTLD cases, Vilip-1 levels in the SF were significantly

lower than in normal controls. These findings suggest a unique role

for cerebrospinal fluid Vilip-1 as a biomarker of ERC neuron loss in

AD.

Key Words: Alzheimer disease, Frontotemporal lobar degeneration,

Human postmortem brain tissue, Visinin-like 1 protein (Vilip-1).

INTRODUCTION
Alzheimer disease (AD) is the leading cause of demen-

tia in the United States affecting more than 5 million people.
Clinically, this progressive neurodegenerative disease is
characterized by loss of memory, decline in cognitive abili-
ties, and behavioral changes that worsen over time. The 2
major neuropathologic hallmarks of AD are extracellular pla-
ques comprised of the amyloid-b (Ab) peptide and intracellu-
lar neurofibrillary tangles composed of hyperphosphorylated
tau protein (1, 2). In addition to accumulating protein aggre-
gates, the brains of patients with AD also exhibit gross ana-
tomical changes, such as atrophy, which results from neuronal
cell loss (3, 4).

Several studies have identified the primarily brain-
expressed neuronal calcium sensing protein, visinin-like pro-
tein 1 (Vilip-1), as a peripheral early stage AD biomarker.
Vilip-1 belongs to a large family of calcium-dependent mo-
lecular switches and has been shown to modulate receptor
trafficking from the cytosol to the plasma membrane. Vilip-1
expression in the brain is neuron-specific (5). Vilip-1 levels
have been shown to be elevated in cerebrospinal fluid (CSF)
and plasma from individuals with AD compared to cogni-
tively normal control subjects (6). Additionally, higher con-
centrations of CSF Vilip-1 were predictive of the progression
of cognitive decline. Some studies suggested that Vilip-1
CSF elevation phenomenon is specific to AD because no
changes were detected in patients with other neurodegenera-
tive disorders such as Lewy body dementia (6, 7). It is not
known whether increased Vilip-1 in CSF of AD subjects re-
flects increased accumulation of this protein in brain paren-
chyma, or its release due to neuronal cell death (5, 8).

We hypothesized that Vilip-1 alterations in brain tissue
are associated with neuronal loss. To test this hypothesis we
examined 2 brain regions associated with differing degrees of
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neuronal loss in early to moderate stage AD subjects: the ento-
rhinal cortex (ERC) and the superior frontal gyrus (SF) (4, 9–
11). We found that Vilip-1 levels were decreased in the ERC
and unchanged in the SF in AD subjects compared to normal
controls. In contrast, levels of Vilip-1 were significantly lower
in the SF of subjects with frontotemporal lobar degeneration
(FTLD) compared to controls (12).

MATERIALS AND METHODS

AD and FTLD Patients
AD and FTLD patients were identified through the

Brain bank of the Alzheimer Disease Research Center
(ADRC) at the University of Pittsburgh using protocols ap-
proved by the University of Pittsburgh Institutional Review
Board and Committee for Oversight of Research Involving
the Dead. Individuals had undergone neurologic, neuropsy-
chological, and psychiatric diagnostic evaluations at succes-
sive time points as part of the participation in the Clinical
Core of the ADRC, as previously described (13, 14). Neuro-
pathologic assessment and diagnosis were as previously de-
scribed (15).

Briefly, at autopsy the brains were removed intact, ex-
amined grossly, and divided in the midsagittal plane.
Postmortem interval (PMI) was recorded. Gray matter sam-
ples from the right ERC and SF were dissected and frozen
at� 80�C. The left hemibrains were immersion fixed in 10%
buffered formalin for at least 1 week, sectioned into 1.0 cm
coronal slabs, and sampled according to the Consortium to
Establish a Registry for Alzheimer’s Disease (CERAD) pro-
tocol for the neuropathologic diagnosis of AD. AD pathology
was evaluated using modified Bielschowsky silver impregna-
tion and immunohistochemical staining (IHC) for tau and b-
amyloid. Neuritic plaque density was assessed according to
CERAD criteria (16); distribution of tau pathology was clas-
sified according to Braak stages (17). Lewy body pathology
was assessed by a-synuclein IHC and classified into brain-
stem-predominant, limbic and neocortical types following
consensus criteria (18). TDP-43 IHC was performed on sec-
tions of middle frontal gyrus and mesial temporal lobe, as
previously described (15). Sections were evaluated for the
absence or presence of TDP-43-positive neuronal cytoplas-
mic inclusions, neuronal intranuclear inclusions and dystro-
phic neurites.

Although neuropathologic diagnoses of AD were made
according to CERAD criteria, all AD subjects also met NIA-
Reagan criteria for intermediate to high probability that their
dementia was due to AD lesions (19). Neuropathologic diagno-
sis of FTLD-TDP, FTLD-FUS, or FTLD-tau was determined
following consensus criteria (20–22). When TDP pathology
was present in cases that fulfilled diagnostic criteria for another
neurodegenerative disease, no distinct diagnosis of FTLD-TDP
was rendered, following consensus recommendations (23).

Normal Control Subjects
There were 12 non-demented, neuropathologically nor-

mal control cases in the study. Two normal control subject brain

specimens were obtained through the ADRC as described
above. The remaining 10 normal control subject brain speci-
mens were obtained through the Allegheny County Medical
Examiner’s Office, with consent obtained from the subjects’
next-of-kin. The protocol used to obtain consent was approved
by the University of Pittsburgh Institutional Review Board and
Committee for Oversight of Research Involving the Dead. An
independent committee of experienced clinicians made consen-
sus Diagnostic and Statistical Manual of Mental Disorders, 4th
Edition (DSM-IV) diagnoses for each subject, using informa-
tion obtained from clinical records and structured interviews
with surviving relatives. Samples from subjects without any
DSM-IV diagnosis (ie, including no diagnosis of a cognitive
disorder) were used.

At autopsy, the brains were removed intact, examined
grossly, and divided in the midsagittal plane. Samples from
the right frontal pole, hippocampus, ERC, and cerebellum
were collected, fixed in 4% paraformaldehyde, and processed
for hematoxylin and eosin stain, Bielschowsky silver impreg-
nation, amyloid b IHC, and a-synuclein IHC. These sections
were reviewed by an experienced neuropathologist and in all
cases were determined to be without evidence of any neuro-
degenerative pathology. The right hemispheres were blocked
coronally at 1- to 2-cm intervals and the resultant slabs snap
frozen in 2-methyl butane on dry ice, and stored at -80�C.
Tissue slabs containing either the SF immediately caudal to
the genu of the corpus callosum or the ERC were identified.
From these slabs, SF and ERC were removed as single blocks.
Gray matter was collected by cutting 40-lm sections and fro-
zen at �80�C.

It is of note that AD and FTLD patient subjects had
significantly lower PMIs than normal controls. However, us-
ing quantitative Western blot, we previously established the
stability of Vilip-1 protein across a 48-hour PMI in a mouse
model (Supplementary Data - Fig. 1); therefore, we did not
match subjects groups on PMI.

Sample Preparation
Tissue homogenates were prepared from fresh frozen

human SF and ERC gray matter. Total protein was extracted
using SDS extraction buffer (0.125 M Tris – HCl (pH 7), 2%
SDS, and 10% glycerol) at 70�C. Using the bicinchoninic
acid assay (Micro BCATM Protein Assay, Pierce, Rockford,
IL), protein concentration was measured. A pooled technical
replicate sample composed of homogenate aliquots from all
subjects was also prepared for each experiment (SF and
ERC). Twenty mg of total protein from the gray matter ho-
mogenate or pooled sample was mixed with Lysine 13C6

Stable Isotope Labeled Neuronal Proteome Standard (13C6

STD; 20 mg) for on-gel trypsin digestion. To evenly distribute
AD, FTLD, and normal control subjects throughout prepara-
tion, on-gel digestion, and analysis, samples were organized in
a block distribution. For the SF experiment, each block was
composed of 7 subjects and 1 pooled technical replicate, for a
total of 12 blocks. For the ERC experiment, each block was
also composed of 7 subjects and 1 pooled technical replicate,
for a total of 4 blocks. Each block was run on a single 10-well
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4%–12% BisTris gel with 2 SeeBlueVR Plus2 Pre-stained
Protein Standards. On-gel trypsin digestion was performed as
previously described (24), with samples run 4 cm into the gel
and divided into 2 fractions (above and below 65 kDa).

Liquid Chromatography-Selected Reaction
Monitoring/Mass Spectrometry

Vilip-1 and microtubule-associated protein 2 (MAP2)
peptides were selected for analysis based on the presence of
a lysine, the amino acid labeled in the 13C6 STD, and 100%
homology across mouse and human sequences (determined
by Uniprot BLAST search). Five peptide sequences were
identified from the Vilip-1 protein for quantification as indi-
cated as underlined text in the following Vilip-1 amino acid
sequence:

MGKQNSKLAPEVMEDLVKSTEFNEHELKQWYK
GFLKDCPSGRLNLEEFQQLYVKFFPYGDASKFAQHA
FRTFDKNGDGTIDFREFICALSITSRGSFEQKLNWAFN
MYDLDGDGKITRVEMLEIIEAIYKMVGTVIMMKMNE
DGLTPEQRVDKIFSKMDKNKDDQITLDEFKEAAKSDP
SIVLLLQCDIQK

Additionally, 2 peptide sequences were identified from
the neuronal integrity marker, MAP2, for quantification to
assess neuronal loss (Supplementary Data - Fig. 2A).

Liquid chromatography-selected reaction monitoring/
mass spectrometry (LC-SRM/MS) analyses were conducted
as previously described (24). In brief, peptide peaks were de-
tected using a TSQ Quantiva triple stage quadrupole mass
spectrometer (Thermo Scientific) with an UltiMate 3000
Nano LC Systems (Thermo Scientific). Two ll (�1 lg pro-
tein) of sample was loaded/desalted on a PepMap100 Nano-
Trap column (Thermo Scientific) at 8 ll/minute for 2 minutes
and separated on a Reprosil-pur 3-mm PicoChip column
(New Objective, Woburn, MA) at 400 nl/minute over a 20-
minute gradient from 2%–35% mobile phase B (Acetonitrile
containing 0.1% formic acid). SRM transitions were timed
using 1.5-minute retention windows. Transitions were moni-
tored, allowing for a cycle time of 1 second, resulting in a dy-
namic dwell time, never falling below 2 mseconds. The MS
instrument parameters were as follows: capillary temperature
275�C; spray voltage 1100 V; and a collision gas of 1.4
mTorr (argon). The resolving power of the instrument was
set to 0.7 Da (full width half maximum) for the first and third
quadrupole. All samples were analyzed in triplicate. Using
Skyline, integrated peak areas for both “light” human pep-
tides and the “heavy” 13C6 STD peptides were calculated for
each of the peptide sequences. The light:heavy integrated
area ratio was calculated to obtain peptide measures using
multiple transitions per peptide. We have previously demon-
strated that this approach yields high reproducibility and line-
arity of measurement across several orders of magnitude of
peptide abundance (24), and observed similar sensitivity for
detection of Vilip-1 (Supplementary Data - Fig. 2B-F).
Coefficients of variation for Vilip-1 and MAP2 peptides in
the current experiment are shown in Supplementary Data -
Table 1.

Measurement of Soluble Ab and Phospho-tau
by Sandwich Enzyme-Linked Immunosorbent
Assay

Levels of soluble Ab1-40 and Ab1-42 and of tau pro-
tein had been previously determined in SF from a subset of
study subjects (25, 26). See Supplemental Methods for addi-
tional details.

Statistical Analysis
All light:heavy ratios were log2 transformed for statis-

tical analysis. Replicate peptide values were averaged prior
to analysis. Assessment of demographic, clinical, and patho-
logical differences between groups was performed using
analysis of variance (ANOVA), t-tests, or v2 tests. Initial
comparison of Vilip-1 and MAP2 peptide levels between AD
subjects and normal control subjects used two-sample T-tests
for both the ERC and SF regions. A repeated measure two-
way ANOVA was employed to evaluate the brain region by
diagnosis interaction with correlations between the 2 mea-
surements (in ERC and SF regions) from the same sample
being accounted for. In the SF region, ANCOVA was used to
assess whether demographic, clinical, and pathological sub-
groups affected individual Vilip-1 and MAP2 peptide levels.

RESULTS

Alterations in Vilip-1 Levels in ERC and SF
Cortex From Controls, AD, and FTLD Cases

Vilip-1 levels were assessed in ERC and SF of 12 AD
cases and 12 cognitively normal controls (Table 1). Vilip-1

TABLE 1. Subjects of Cohort 1

Variable Alzheimer

Disease (n¼ 12)

Control

(n¼ 12)

Age (years)a 84.5 6 8.9 70.7 6 9.4

Range (years) 71–101 56–89

Sex

Male 5 (42) 8 (67)

Female 7 (58) 4 (33)

Postmortem interval (hours)a 5.1 6 2.9 12.2 6 5.9

Range (hours) 2–10 4–20

Age of onset (years) 76.0 6 9.0

Range (years) 63– 90

Duration of Illness (years) 7.9 6 3.0

Range (years) 4–13

a-synuclein

Negative 12 (100)

Brainstem/Transitional 0 (0)

Neocortical 0 (0)

Braak

4 3 (25)

5 9 (75)

Mean values 6 SD or number of subjects with percentage of group in

parentheses.
aIndicates groups differ significantly on these variables.
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peptide levels in the ERC were significantly decreased in AD
cases compared to cognitively normal controls (Fig. 1;
Table 2). However, in AD SF, Vilip-1 levels were not signifi-
cantly different from cognitively normal controls. The above
pattern was found for all 5 Vilip-1 peptides, and for all of
them in the region by diagnosis interaction reached signifi-
cance (Table 2).

The observed decrease in Vilip-1 levels selectively in
the ERC from AD cases suggested that it might be related to
neuronal loss. We conducted 2 further analyses. First, we
evaluated Vilip-1 peptide levels in the SF of FTLD subjects
(Table 3), compared to control cases and to an expanded co-
hort of AD cases. SF Vilip-1 levels in FTLD were signifi-
cantly lower than in cognitively normal controls and AD
cases for all peptides (Fig. 2; Table 4).

Next, we assessed levels of MAP2, a marker that is re-
duced by neuron loss (27) in the ERC and SF of all cases.
MAP2 levels were significantly decreased in ERC of AD
cases compared to normal controls (all p< 0.001; Table 5),
and decreases in the ERC exceeded those in the SF of these
cases. In the SF, the magnitude of reduction in MAP2 levels
was greater in FTLD than in AD (Table 6). Similarly, within
the SF of AD cases, Vilip-1 levels and MAP2 levels were
significantly correlated (Supplementary Data - Fig. 3). In
contrast, Vilip-1 levels in the SF of AD cases did not corre-
late with measures of fibrillar tau, soluble total tau or phos-
phorylated tau, soluble Ab1-42, soluble Ab1-40, Braak Stage,
or comorbid Lewy body pathology (Supplementary Data -
Fig. 3).

Role of Vilip-1 in Ab-induced Neuronal Death
In Vitro

A previous study found that overexpression of Vilip-1
in PC12 cells increased cell death in response to a calcium
challenge (28), suggesting that Vilip-1 may not be only a

marker of neuronal death in AD, but may contribute actively
to the process. To evaluate this possibility, we investigated
whether altering Vilip-1 levels impacted Ab-induced neuro-
nal death in Vilip-1 heterozygous and wild type mice pri-
mary neuronal cultures. Soluble Ab1-42 exposure led to
robust increases in cell death rates in cultures derived from
both Vilip-1 heterozygous and wild type mice. We saw no
significant difference in cell death rates following soluble
Ab1-42 exposure between heterozygous Vilip-1 and wild-type
genotypes (Supplementary Data - Fig. 4).

Vilip-1 Levels in SF of AD Cases and Clinical
Indicators of Disease Severity

Because CSF levels of Vilip-1 are predictive of more
rapid cognitive decline, we examined SF Vilip-1 levels in the
expanded AD cohort to assess whether indicators of greater
disease severity would be associated with reduced SF Vilip-1
in AD. No association was observed between Vilip-1 levels
and Mini-Mental State Examination (MMSE) score at death,
or between Vilip-1 levels and the presence of psychosis (an
indicator of a more rapidly progressive AD subgroup [25]).
Nor did SF Vilip-1 levels correlate with age at death, age of
disease onset, and duration of illness.

DISCUSSION
We evaluated the hypothesis that Vilip-1 is altered in

AD and associated with neurodegeneration by assessing
Vilip-1 protein levels in 2 different brain regions with vary-
ing degrees of neuronal loss. We found Vilip-1 levels were
decreased in the ERC of AD subjects, an area with greater
neuronal loss even at early stages of the disease. However, in
the SF, an area with comparatively less neuronal loss in early
to moderate disease stages, Vilip-1 levels in AD did not dif-
fer from those in normal controls. In contrast, Vilip-1 levels
in the SF were decreased in FTLD subjects, which have neu-
ronal loss in the frontal and temporal lobes. Additionally, in
an expanded group of AD subjects, lower Vilip-1 levels in
the SF correlated with lower levels of MAP2, but did not as-
sociate with other neuropathologic measures including Braak
stage, total and phosphorylated tau levels, soluble Ab1-42,
soluble Ab1-40, and Lewy body pathology. These findings
provide evidence that Vilip-1 is altered in AD and may be
more closely associated with neuronal loss than with upstream
pathologies such as Ab and phosphorylated tau accumulation.

Recent studies have identified a potential role for Vilip-1
as a biomarker in AD. CSF and plasma Vilip-1 levels have
been shown to be elevated in mild cognitive impairment and
AD compared to normal control subjects (6, 29, 30).
Additionally, Vilip-1 CSF levels were predictive of subse-
quent cognitive decline, as higher Vilip-1 levels in CSF indi-
cated a more rapid deterioration in cognitive performance
(29, 31, 32). While CSF Vilip-1 levels are elevated in AD,
our findings, which are the first reported quantitative levels
of Vilip-1 in human brain tissue, indicate decreased ERC and
unchanged SF Vilip-1 protein levels in early to moderate AD
stages. The most parsimonious explanation of this combination
of CSF, ERC, and SF findings is that Vilip-1 is released upon

FIGURE 1. Log2-transformed expression ratios of a representa-
tive peptide, Vilip-1 (LNW) in the entorhinal cortex (ERC) and
the superior frontal gyrus (SF) comparing Alzheimer disease
(AD) patients (n¼12) and cognitively normal control subjects
(n¼12). *Indicates p<0.05. See Table 2 for statistical tests
used.
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neuronal death (8), and that such release from degenerating
ERC neurons into interstitial fluid is sufficient to influence the
CSF compartment sampled by lumbar puncture.

The impact of the ERC on CSF levels could reflect the
overall greater extent of neuron loss in this region in AD.
Neuronal loss occurs in the ERC of AD subjects and the SF of
FTLD subjects (4, 12). Conversely, despite reductions in corti-
cal volume, stereological studies have found limited loss of
neurons within the frontal cortex of subjects with mild to mod-
erate AD (10, 11). Although neuronal counts in the ERC
and SF of our subjects were not available, we assessed MAP2

peptide levels as a confirmatory measure to assess neuronal
loss. MAP2 is a neuron-specific protein that interacts with mi-
crotubules and the cell cytoskeleton (33). Because it is among
the most vulnerable cytoskeletal proteins, MAP2 immunoreac-
tivity is lost in neuronal death (27). We found that MAP2 lev-
els were significantly decreased in the ERC of AD subjects
compared to normal controls. MAP2 levels were also reduced,
albeit to a lesser extent, in the SF of AD subjects compared to
normal controls. However, in FTLD subjects the magnitude of
MAP2 reduction was greater, consistent with a larger amount
of neuronal loss in FTLD compared to AD in this region.
Conversely, our lab has previously reported that MAP2 pep-
tide levels are unchanged in auditory cortex of schizophrenia
subjects, a region without neuronal loss in that disease (34).
Finally, although there was no reduction in Vilip-1 levels in
the SF in AD subjects as a group, within subject Vilip-1 and
MAP2 levels were correlated.

TABLE 2. Summary of Vilip-1 Peptide Expression in ERC and SF Brain Regions and the Effect of Region by Diagnosis From
Cohort 1

ERC SF Region by Diagnosis

Peptide AD:Control t, df p Valuea AD:Control t, df p Value F, df p Valuea

STE 0.680 �2.618, 22 0.016 1.075 0.858, 22 0.400 7.283, 1, 44 0.010

LNL 0.694 �2.322, 22 0.030 1.076 0.944, 22 0.355 6.251, 1, 44 0.016

LNW 0.661 �2.788, 22 0.011 1.027 0.399, 22 0.694 7.309, 1, 44 0.010

VEM 0.653 �2.621, 22 0.016 1.033 0.475, 22 0.639 6.770, 1, 44 0.013

SDP 0.676 �2.480, 22 0.021 0.972 �0.366, 22 0.718 4.294, 1, 44 0.044

AD, Alzheimer disease; ERC, entorhinal cortex; SF, superior frontal gyrus; n¼ 12; cognitively normal control; n¼ 12 AD).
aAll values in column indicate significance (p< 0.05).

TABLE 3. Descriptive Information of Subjects in Cohort 2

Variable AD FTLD

n¼ 58 n¼ 10b

Age (years)a 84.2 6 7.0 74.7 6 10.4

Range (years) 68–101 62–90

Sex

Male 29 (50) 4 (40)

Female 29 (50) 6 (60)

Postmortem interval (hours) 6.1 6 3.4 6.2 6 2.3

Range (hours) 2–17 4–20

Age of onset (years)* 75.9 6 7.0 64.7 6 10.3

Range (years) 57–90 47–89

Duration of Illness (years) 8.2 6 3.3 10.0 6 4.2

Range (years) 2–18 6–18

a-synuclein

Negative 30 (52)

Brainstem/Transitional 15 (26)

Neocortical 13 (22)

Braak

3 6 (10)

4 20 (35)

5 32 (55)

AD, Alzheimer disease; FTLD, frontotemporal lobar degeneration.

This expanded cohort contains all subjects from Cohort 1 with an addi-

tional 46 AD subjects and 10 FTLD Subjects.
aIndicates groups differ significantly on these variables.
bFTLD subtypes: TDP-43, n¼ 4; Tau, n¼ 6.

FIGURE 2. Log2-transformed expression ratios of a representative
peptide, Vilip-1 (LNW) in the superior frontal gyrus comparing an
expanded cohort of patients with Alzheimer disease (AD) (n¼58),
frontotemporal lobar degeneration (FTLD) subjects (n¼10), and
cognitively normal control subjects (n¼12). *Indicates p<0.05.
See Table 4 for statistical tests used.
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A number of other factors may also lead the ERC to
have a greater impact on CSF Vilip-1 levels than SF. First,
proximity of the ERC to the ventricular system could impact
protein diffusion and penetration into the CSF. A dual neuro-
imaging-CSF study investigating how brain Ab deposition is
reflected in the CSF, correlated carbon-11-labeled Pittsburgh
Compound B, which binds fibrillar Ab deposits in the brain,
with CSF Ab1-42 concentrations in 30 patients with probable
AD. They found that the relationship between CSF Ab con-
centrations and amyloid load in the brain were strongest
within brain regions surrounding the ventricles, suggesting

that CSF protein levels may chiefly reflect pathology localized
to brain regions in the vicinity of the ventricular system (35).
Notably, this idea of access via proximity of the affected brain
region to the ventricle is consistent with the anatomy of our
observed Vilip-1 reductions in brain regions with significant
neuronal loss. The hippocampus, which is anatomically juxta-
posed to the ERC, is located in the temporal lobe, medial to
the inferior horn of the lateral ventricle. The hippocampal-
CSF interface runs the entire length of lateral ventricle in each
hemisphere of the brain, while the frontal cortex is located rel-
atively far from the ventricular system (36). In addition to
proximity, MRI studies have demonstrated the breakdown of
the ventricular lining in AD, rendering it more accessible to
proteins in the local interstitium (37), which could include
Vilip-1 released upon neuronal death in the ERC.

Given the correlation of Vilip-1 with a marker of neu-
ronal death, an important question is whether Vilip-1 merely
reflects neuron death, or in some way contributes to that pro-
cess in AD. A previous study had found that Vilip-1 overex-
pression in pheochromocytoma cells leads to increased
Ca2þ-mediated cell death (28). However, because we found
decreased, not increased, Vilip-1 in AD (and no evidence of
increased Vilip-1 in a mouse model of Ab overproduction,
Supplementary Data - Fig. 5), we chose to evaluate whether
Vilip-1 reductions altered the magnitude of Ab-mediated
cortical neuronal death. We found no evidence of an effect of
Vilip-1 levels on this process. Although these findings should
be subject to further replication, they suggest Vilip-1 is un-
likely involved in an AD-specific death mechanism in corti-
cal neurons and more likely serves solely as a nonspecific
marker of neuron death.

TABLE 5. Summary of MAP2 Peptide Expression in Entorhinal Cortex and Superior Frontal Gyrus Regions and the Effect of Region
by Diagnosis in Cohort 1

MAP2 Peptide Entorhinal cortex Superior frontal gyrus Region by Diagnosis

AD:Control t, df p Value AD:Control t, df p Value F, df p Value

LIN 0.242 4.638, 21 < 0.001* 0.63 2.106, 22 0.047* 7.792, 22 0.011a

DLA 0.299 5.119, 21 < 0.001* 0.805 1.375, 22 0.183 19.993, 22 < 0.001a

AD, Alzheimer disease; MAP2, microtubule-associated protein 2.

Cohort 1: AD, n¼ 12; cognitively normal controls, n¼ 12.
aSignificant values (p< 0.05).

TABLE 6. Summary of MAP2 Peptide Expression Diagnosis Differences From Expanded Cohort Group

MAP-2 Peptide AD vs. Control FTLD vs. Control AD vs. FTLD

AD:Control p Value FTLD:Control p Value AD:FTLD p Value

LIN 0.554 0.010a 0.358 < 0.001a 1.439 0.054

DLA 0.729 0.065 0.507 < 0.001a 1.549 0.013a

AD, Alzheimer disease; FTLD, frontotemporal lobar degeneration; MAP-2, microtubule-associated protein 2.

AD subject group (n¼ 58); FTLD subject group (n¼ 10); cognitively normal controls (n¼ 12).
aIndicates significant values (p< 0.05).

TABLE 4. Summary of Vilip-1 Peptide Expression Diagnosis
Differences From Expanded Alzheimer Disease Subject Cohort
Group

AD vs. Control AD vs. FTLD FTLD vs. Control

Peptide AD:

Control

P Value AD:

FTLD

p Valuea FTLD:

Control

p Valuea

STE 1.024 0.161 1.335 0.002 0.767 < 0.001

LNL 0.746 0.478 1.300 < 0.001 0.773 < 0.001

LNW 0.984 0.592 1.254 0.002 0.784 0.003

VEM 0.996 0.245 1.376 0.017 0.724 0.003

SDP 0.934 0.618 1.600 0.002 0.584 0.004

AD, Alzheimer disease; FTLD, frontotemporal lobar degeneration.

AD subject group (n¼ 58); FTLD subject group (n¼ 10); cognitively nor-

mal controls (n¼ 12)
aAll values in column indicate significance (p< 0.05).
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Previous reports have qualitatively described Vilip-1
associating with other AD pathologies, like neuritic plaques
and neurofibrillary tangles in the neocortex (38). Others have
indicated that Vilip-1 may play an active role in tau phos-
phorylation (28). However, we found that Vilip-1 levels in
the SF did not correlate with any other measures of amyloid
or tau pathology, including Braak stage, soluble Ab1-42, Ab1-

40, total or phosphorylated tau levels. The discrepancy be-
tween our findings and previous work may be in part due to
the approach used. We used quantitative LC-SRM/MS of
gray matter brain homogenate to measure total levels of
Vilip-1 peptide in brain tissue, an approach that allowed for
simultaneous measurement and quantification of five Vilip-1
peptides with high precision and reproducibility. Peptide de-
tection was linear and over repeated runs we observed low
variability in peptide measures. Similarly, we used highly
specific ELISA (enzyme-linked immunosorbent assays) to
measure soluble Ab1-42, Ab1-40 and total and phosphorylated
tau. In contrast, the prior study indicating an association of
Vilip-1 with plaque and tangle pathology used qualitative
IHC (38). Alternatively, we may have failed to detect a cor-
relation between Vilip-1 and neurofibrillary pathology due to
the limited range of this pathology in the SF at the Braak
stages (3–5) studied, and/or the limited extent of neuronal
loss in this region at these stages. In fact, our principal find-
ing, that Vilip-1 levels are decreased within the ERC, but not
SF, of AD subjects, can be seen as strong evidence of a cor-
relation of Vilip-1 loss with neurofibrillary pathology, as the
ERC has substantially greater neurofibrillary pathology than
the SF at Braak stages 3 to 5.

A noteworthy discrepancy exists between the current
findings of reduced SF Vilip-1 levels in FTLD in comparison
to AD and control subjects and prior CSF findings that Vilip-
1 levels in non-AD dementia subjects, including individuals
clinically diagnosed with frontotemporal dementia and Lewy
body dementia were lower than in AD, and no different from
control subjects (6). Although this discrepancy could arise
from the increased access of ERC to the CSF in AD, without
having CSF measurements from a neuropathologically veri-
fied population of FTLD subjects, it remains possible that
CSF Vilip-1 levels are changed in this neurodegenerative dis-
order. Alternatively, future postmortem studies involving
larger numbers of FTLD subjects of each pathologic subtype
and including more subjects with short durations of illness
may reveal greater variability in the degree of Vilip-1 reduc-
tions than seen in the current study.

A potential limitation of this study was the significantly
younger normal control group. We opted to utilize a neuropa-
thologically normal control group, as previous Western blot
data from our laboratory (not shown) indicated decreased
levels of Vilip-1 in controls with asymptomatic comorbid
neuropathologies such as mesial temporal sclerosis and cere-
brovascular disease. Additionally, selection of age-matched
control subjects is complicated, as many biomarker and neu-
roimaging studies have demonstrated that amyloid deposition
in AD begins decades prior to the emergence of cognitive
symptoms (39, 40). Thus to obtain neuropathologically nor-
mal subjects, our control group was of younger age. Despite
these obstacles, several observations make it unlikely that

age is associated with the alterations we observed in Vilip-1.
First, it would be difficult to explain an age effect that led to
differential expression of Vilip-1 in the ERC, but not SF, of
the same subjects. Second, we have shown (using microarray
analysis of cognitively normal adults) that Vilip-1 mRNA is
unaffected by age across the adult lifespan (41). Finally, our
FTLD subjects were substantially younger than our AD co-
hort yet still had significantly reduced Vilip-1 protein levels
compared to controls. Another potential confound in human
tissue studies is matching normal control subjects as closely
as possible on PMI. Our study included AD with signifi-
cantly lower PMIs than normal controls; however, we previ-
ously established the stability of Vilip-1 protein across a 48-
hour PMI in a mouse model, a much greater range than in the
current study. Moreover, as for age difference, it would be
difficult to reconcile a PMI effect with differential expression
of Vilip-1 only in the ERC, but not SF, of the same subject
pairs. Finally, there was a non-significant trend towards a
greater proportion of male control subjects. However, SF and
ERC Vilip-1 levels did not differ by sex, nor were there any
sex x diagnosis interactions, and there was no effect of sex
on the differential expression of Vilip-1 in the ERC, but not
SF (data not shown).

In summary, we found that Vilip-1 levels in the ERC,
but not the SF, were significantly lower in AD subjects com-
pared to normal controls. In FTLD cases, Vilip-1 levels in
the SF were significantly lower than in normal controls. Our
findings suggest that CSF measurement of Vilip-1 can serve
as a direct in vivo index of ERC (and possibly hippocampal)
neuron death in early to middle stages of AD. Currently no
such index exists, although medial temporal atrophy, assess-
able on brain imaging, certainly includes an indirect assess-
ment of neuron loss in this region. This interpretation would
justify expanded investigation of Vilip-1 as a CSF biomarker
in AD and evaluation of its utility as an index of neuronal
survival (neuroprotection) during intervention studies in hu-
mans and in appropriate animal models.
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