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Abstract
Alzheimer’s disease (AD) is a complex neurodegenerative process that involves altered brain
immune, neuronal and metabolic functions. Understanding the underlying mechanisms has relied
on mouse models that mimic components of AD pathology. We used gel-free, label-free LC/MS/
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identified peptides and phosphopeptides are available for download at https://discovery.genome.duke.edu/express/resources/2699/
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MS to quantify protein and phosphopeptide levels in brains of APPSwDI/NOS2−/− (CVN-AD)
mice. CVN-AD mice show a full spectrum of AD-like pathology, including amyloid deposition,
hyperphosphorylated and aggregated tau and neuronal loss that worsens with age. Tryptic digests,
with or without phosphopeptide enrichment on an automated titanium dioxide LC system, were
separated by on-line two-dimensional LC and analyzed on a Waters Synapt G2 HDMS, yielding
relative expression for >950 proteins and >1100 phosphopeptides. Among differentially expressed
proteins were known markers found in humans with AD, including GFAP and C1Q.
Phosphorylation of connexin 43, not previously described in AD, was increased at 42 weeks,
consistent with dysregulation of gap junctions and activation of astrocytes. Additional alterations
in phosphoproteins suggests dysregulation of mitochondria, synaptic transmission, vesicle
trafficking and innate immune pathways. These data validate the CVN-AD mouse model of AD,
identify novel disease and age-related changes in the brain during disease progression and
demonstrate the utility of integrating unbiased and phosphoproteomics for understanding disease
processes in AD.
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INTRODUCTION
Alzheimer’s disease (AD) is characterized by the formation of amyloid plaques consisting of
amyloid-β peptide (Aβ) in the brain parenchyma and cerebral vasculature, the formation of
neurofibrillary tangles (NFTs) consisting of aggregates of hyperphosphorylated tau within
neurons, neuronal loss and cognitive changes 1, 2. Along with these major pathological
features there is also the presence of neuroinflammation, which is thought to play a key role
in AD pathology 3, 4.

The study and treatment of AD has focused primarily on the Aβ cascade hypothesis, which
states that the abnormal production of Aβ peptides and their accumulation into amyloid
plaques are the underlying cause of the disease 5, 6. However, the recent failure of clinical
trials using anti- Aβ therapies has challenged the validity of the amyloid cascade
hypothesis 7, 8 and further underscores the lack of a mechanistic understanding of the onset
of disease and those changes that are important to disease progression. Numerous transgenic
models including mice expressing mutant or human alleles of genes such as the
presenilins 9, 10, tau 11, 12 and amyloid precursor protein (APP) 13, 14 have been developed to
mimic the pathological features of AD, in particular the deposition of Aβ. While these
models have led to significant advances in our understanding of specific pathologies, most
do not reproduce all of the key features of AD and thus are limited in their ability to model
the complete disease process 15, 16,17.

Our laboratory has focused on the role of redox balance and chronic inflammation as
contributing factors to the Alzheimer’s disease process. In so doing, we have developed the
APPSwDI/NOS2−/− mouse (herein termed CVN-AD model) that presents with age-related
accumulation of Aβ, cerebral amyloid angiopathy, hyperphosphorylated and aggregated tau
and neuronal loss, accompanied by loss of learning and memory behaviors 18, 19. This model
expresses the Swedish K670N/M671L and vasculotropic Dutch/Iowa E693Q/D694N
mutations in the amyloid precursor protein (APP), under control of the Thy-1 promoter, and
has a functional knock out of the NOS2 gene encoding for the inducible form of nitric oxide
synthase (iNOS) 19. As a result, the CVN-AD mice produce Aβ peptides under conditions of
low NO production. We believe that lack of NOS2/iNOS and the subsequent lowering of
brain NO levels alter NO-mediated regulation of the immune response to Aβ production and
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amyloid deposition. Since human NOS2 gene and iNOS protein expression and activity are
significantly restricted during immune challenges compared to murine NOS2 and
iNOS 20–22, the lowered NO in the CVN-AD mouse produces a more human-like response
during chronic inflammation. Our previous studies suggest, then, that the full spectrum of
AD-like pathology can be recreated in mice under these unique immune redox
conditions 18, 19, 23, 24. Therefore, an in depth study of this AD model should provide
valuable insights into the fundamental events that lead to disease progression in humans
with AD.

Mass spectrometry (MS)-based proteomics, including quantitation of differential protein
expression and post-translational modification, has been an important tool for the
identification of biomarkers of AD and for the investigation of underlying causes of AD-like
pathology 25–31. Using proteomics, differentially expressed proteins in post-mortem human
AD brain tissue are observed when compared to normal age-matched individuals. Many of
these proteins are also found in mouse models of amyloid deposition including glial
fibrillary acidic protein (GFAP) 26, 27, 32–34, apolipoprotein E (ApoE) 26, 34, 35,
peroxiredoxin 6 26, and complement C1Q 26. Our data further supports a role for these
specific proteins in the response to Aβ production and amyloid deposition and identifies
additional new proteins and phosphoproteins that may contribute to the disease process in
AD. To study these changes, robust, quantitative, label-free proteomics strategies were
implemented across a cohort of 15 animals. Four different ages of CVN-AD mice were
examined (6, 12, 24 and 42 wks), with emphasis on 42 wks where the full spectrum of AD-
like pathology is observed. Enrichment of phosphopeptides was performed utilizing a
recently developed automated titania-based enrichment system. LC/MS/MS analysis of both
unbiased and enriched samples was performed using an online multidimensional LC
separation to improve coverage. Our results demonstrate proteins and phospho-proteins that
may contribute to the AD-like pathologies in our unique mouse model of AD.

METHODS
Animal Model

APPSwDI mice were obtained from Davis et al 36 and crossed to NOS2−/− mice yielding
APPSwDI/NOS2−/− mice as previously described 18. Three male mice were selected for
each age (6, 12, 24 and 42 weeks) taking care to include animals from as many different
litters as possible within each age group. C57BL6 mice at 42 wks of age were used as wild-
type (WT) comparators. All mice were maintained at Duke University under approved
animal protocols. The research in this paper was conducted according to NIH guidelines on
animal care. Care was taken to minimize the number of animals used and to diminish their
suffering. General pathological features of APPSwDI/NOS2−/− mice include severe cerebral
vascular amyloid deposition, tau pathology and neuronal loss associated with a decline in
learning and memory as previously described 18, 19.

Sample preparation
Mice (6, 12, 24, 42 weeks) were euthanized with an intra-peritoneal injection of ketamine
and perfused intracardially with 25 ml 0.9% saline. Brains were removed and bisected into
hemispheres. Right hemispheres were fixed in 4% paraformaldehyde, left hemispheres were
snap frozen in liquid nitrogen and stored at −80 °C. Snap frozen hemibrains were pulverized
under liquid nitrogen and stored at −80°C. Although AD pathology is readily observed in
hippocampus, analysis of this region was unlikely to generate sufficient quantities of protein
necessary for robust phosphopeptide enrichment (typically 1 mg) in individual animals.
Therefore, whole brain lysates were used. To prepare protein lysates, approximately 40 mg
of powdered brain was homogenized by sonication in 200–400 μl of lysis buffer containing
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50 mM ammonium bicarbonate, pH 8, 0.25% Rapigest SF (Waters), Complete Protease
Inhibitor (Roche) and Phosphatase Inhibitor Cocktails I and III (Sigma-Aldrich). After
sonication for up to 5 cycles of 5s followed by 30s on ice, samples were centrifuged at
20,000 × g for 10 min. Supernatant protein concentrations were determined by Bradford
assay.

For unbiased proteomic analysis 1050 μg of each supernatant was adjusted to 5 μg/μl with
lysis buffer and was reduced by incubation with 10 mM DTT for 10 min at 80°C. Next, 20
mM iodoacetamide was added, and samples were incubated at room temp in the dark for 30
min. Following addition of 1:100 (w/w) Sequencing Grade Modified Trypsin (Promega),
samples were incubated with shaking at 37°C overnight. Next, samples were acidified to a
final concentration of 1% TFA/2% ACN and incubated at 60°C for 2 h. Samples were
centrifuged at 20,000 × g for 5 min and 50 μg of digested protein was transferred to Total
Recovery LC Vials (Waters) followed by addition of 50 fmol of MassPrep ADH standard
(Waters) per μg of brain protein digests. Sample pH was adjusted by addition of 1:1 vol. of
200 mM ammonium formate, pH 10.

To enrich for phosphopeptides the remaining 1 mg per sample of proteolyzed brain
homogenates was dried by SpeedVac. Peptides were reconstituted in 40 μl of enrichment
loading buffer (80% ACN, 1% TFA, 1M glycolic acid) containing 30 pmol trypsinized
bovine α-casein and were enriched using a newly developed automated process 37. Briefly,
phosphopeptides were enriched on a 10 cm × 250 μm capillary column packed with 5 μm
Titansphere particles (GL Sciences). A CapLC pump and autosampler (Waters) were used to
inject the sample as well as to perform a series of wash steps with 80% ACN, 1% TFA and 1
M glycolic acid, followed by 80% ACN, 1% TFA, and finally elution with 5% aqueous
ammonia, 20% ACN. The enrichment was monitored online prior to fraction collection
using a Waters 2487 UV detector. Fractions were collected into 30 μl of 30% formic acid
using a Honeycomb Fraction Collector (BASi). Enriched, acidified phosphopeptides were
dried down in a SpeedVac and reconstituted in 15 μl of 33% aqueous ammonia, 67% 10mM
citrate, 200mM ammonium formate with 12.5 fmol/μl of MassPrep ADH standard digest for
2D-LC-MS/MS analysis.

2D-LC-MS/MS
Two-dimensional liquid chromatography in a high-low pH reversed phase/reversed phase
configuration was utilized for analysis of peptide and phosphopeptide mixtures in a manner
similar to previously described 38, 39. For both sample types, peptides were first trapped at 2
μl/min at 97/3 v/v water/ACN in 20 mM ammonium formate (pH 10) on a 5 μm XBridge
BEH130 C18 300 um × 50 mm column (Waters). A step gradient of ACN at 2 μl/min was
used to elute peptides from the 1st dimension column. Five steps of 10.8%, 14.0%, 16.7%,
20.4% and 50.0% ACN were utilized for the unbiased analyses, and three steps of 4.7%,
9.4% and 30.0% ACN were used for phosphopeptide analyses. These percentages were
optimized for delivery of an approximately equal load to the 2nd dimension column for each
fraction. For 2nd dimension separation, the eluent from the 1st dimension was first diluted
10-fold online with 99.8/0.1/0.1 v/v/v water/ACN/formic acid and trapped on a 5 μm
Symmetry C18 180 μm × 20 mm trapping column (Waters). For un-enriched peptide
digests, 2nd dimension separations were performed on a 1.7 μm Acquity BEH130 C18 75
μm × 150 mm column (Waters) using a linear gradient of 7 to 35% ACN with 0.1% formic
acid over 37 min, at a flow rate of 0.5 μl/min and column temperature of 35 °C.
Phosphopeptide analysis was performed identically with the exception that the gradient was
from 3 to 20% over 30 min and 20 to 30% ACN over the next 6 min. The total analysis time
was 6 h each for un-enriched samples and 4 h each for phosphopeptide-enriched samples.
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All MS data collection was performed with the 2D nanoAcquity coupled to a Synapt G2
HDMS mass spectrometer (Waters). Three types of data acquisition were performed in this
study, including data-independent analysis (MSE), ion mobility assisted data-independent
analysis (HDMSE) and data-dependent analysis (DDA). MSE runs used 0.6 s cycle time
alternating between low collision energy (6 V) and high collision energy ramp in the trap
region (15 to 40 V), while HDMSE runs used 0.6 s cycle time alternating between low
collision energy (6 V) and high collision energy ramp in the transfer region (27 to 50 V). For
DDA, the instrument performed a 0.6 s MS scan followed by MS/MS acquisition on the top
3 ions with charge greater than 1. MS/MS scans for each ion used an isolation window of
approximately 2.3 Da, 0.6 s scan duration with a maximum of 3 s per precursor, and
dynamic exclusion of ions within 1.2 Da of the selected precursor m/z for 120 s.

Quantitative analysis of unenriched samples was preceded by three column conditioning
runs using a pooled sample to improve retention time reproducibility during the study.
Approximately 3 μg of unenriched peptide digest was injected and data was collected once
for each sample (three biological replicates) using data-independent acquisition (MSE)
analysis. Samples were analyzed such that the biological replicates for each condition were
evenly distributed throughout the run queue, and a pooled quality control (QC) sample was
analyzed three times throughout the study to assess quantitative reproducibility. Finally,
seven additional analyses of pooled samples by ion-mobility data-independent analysis
(HDMSE) or data-dependent acquisition (DDA) were performed and aligned to gain
complementary qualitative identifications.

Phosphopeptide analyses were performed in duplicate for each sample using data-dependent
analysis (DDA) mode. Two column-conditioning runs of a pooled sample were performed
prior to running individual samples. Approximately 25% of each enriched sample was
injected. The first analytical replicate of each sample was analyzed prior to analyzing the
second analytical replicate of any sample. Samples were randomized in a similar manner to
that done for the unbiased samples and a pool of the phosphoprotein-enriched samples was
analyzed seven more times interspersed throughout the study to assess quantitative
reproducibility.

Data processing
For robust peak detection and label-free alignment across sample injections (125 raw data
files for unbiased and 117 for phosphoproteomics), the commercial package Rosetta
Elucidator v3.3 (Rosetta Biosoftware) with multidimensional PeakTeller algorithm was
utilized, as recently described 40–44. Briefly, accurate-mass and retention time alignment
between samples across each fraction was first performed, with a minimum required peak
confidence score of 0.5. Aggregate data for each sample was then obtained by summation of
peptide intensities across the three or five fractions. Feature intensities for each injection
were subjected to robust median scaling (top and bottom 10% excluded) to generate a single
intensity measurement for each feature (accurate mass and retention time pair) in each
sample. As previously reported 39, the High/Low pH RPLC configuration generated highly
unique fractions, with 82% (9,582/11,695) and 97% (1,497/1,546) of peptides eluting in
only a single fraction for unbiased and phosphoproteomic samples, respectively.

We utilized both DDA and HD/MSE to generate peptide identifications for the unbiased
samples, and DDA alone for phosphopeptides. For DDA acquisition files, .mgf searchable
files were produced in Rosetta Elucidator and searches were then submitted to and retrieved
from the Mascot v2.2 (Matrix Sciences) search engine in an automated fashion. For MSE

data, ProteinLynx Global Server 2.5 (Waters) was used to generate searchable files which
were then submitted to the IdentityE search engine (Waters) 45. Results files were then
imported back into Elucidator. A total of 1,174,634 and 59,045 search results were obtained
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for the unbiased and phosphoproteomic samples, respectively. To enable global spectra
scoring across results from both search engines used for the un-enriched samples, search
results were concurrently validated using the PeptideProphet and ProteinProphet algorithms
in Elucidator using independent reverse decoy database validation 46, 47. The PeptideProphet
score was set such that the aggregate data set has a 1.1% peptide false discovery rate (FDR)
and a <5% protein FDR, which corresponded to a minimum PeptideProphet score of 0.62.
Each peptide identified was allowed to be assigned to a single protein entry, and these
assignments were made by ProteinProphet according to the rules of parsimony. For the
phosphopeptide samples, annotation was applied to the highest scoring MS/MS spectrum for
the aligned data, simply using a minimum Mascot score of 11, giving the desired spectral
false discovery rate of 1.0% (4.2% at the peptide level). In addition to phosphopeptide
identifications, the confidence of phosphorylation site localization was measured using the
implementation of the Ascore algorithm within Elucidator. For binary comparisons and
downstream analysis relative protein expression between samples was calculated using the
sum of the intensities of all peptides assigned to a particular protein, which has been
previously shown to produce accurate data 48. P-values for binary comparisons (see Tables
1–2) were calculated after a log2 transformation of the data using a one-way error-weighted
ANOVA with Benjamini-Hochberg FDR correction for multiple hypotheses. For the
unenriched and phosphopeptide-enriched data, this was performed at the protein level and
phosphopeptide level, respectively. Instead of using a set fold-change cutoff, we chose to
use a statistical powering analysis to estimate the appropriate effect-size cutoff as a function
of protein or phosphopeptide intensity. It has been previously shown that relative variance
(%CV) increases as the observed intensity of a peptide or protein decreases, and a powering
analysis can be used to make an appropriate effect size measurement for each protein or
peptide since a single fold-change cutoff may not be appropriate across a large intensity
range 49. This can also be observed in our data, as shown in the Supplemental Data for
proteins (Fig. S1A) and for phosphopeptides (Fig. S1B). The best measure of actual data
variance at a particular intensity level was calculated using a moving average, which is the
dark line shown in Figure S1. We therefore calculated the effect size (as Cohen’s d) for each
binary comparison, and determination of significance was made by using an ANOVA p-
value <0.05 and a Cohen’s d > 1.7. An effect size of 1.7 indicates that the mean of one
group is positioned at the 95th percentile of the other group used in the comparison 50.
Effect Size (Cohen’s d) for each statistically significant analyte is given in Table 1 and 2.
The variance values and Cohen’s d calculations for all analytes are included in supplemental
tables.

Both DDA and MSE data were searched against the Swissprot database v57.1 with mus
musculus taxonomy along with the sequences for ADH1_YEAST, CASA1_BOVIN and
CASA2_BOVIN, plus reverse decoy database (48,026 total entries, downloaded 04/21/11).
Mascot searches used 10 ppm precursor and 0.04 Da product ion tolerances, and PLGS 2.5
was searched with auto tolerance resulting in final tolerances of ~5 ppm and ~14 ppm for
precursor and product ions, respectively. Both search engines utilized fixed
carbamidomethyl (C) and variable oxidized (M) and deamidation (NQ) modifications. MS/
MS spectra from phosphopeptide-enriched samples were also searched using variable pST
and pY modifications. Enzyme specificity was set to tryptic and a maximum of 2 and 3
missed cleavages were allowed for the unbiased and phosphopeptide searches, respectively.
The full set of quantitative data at the peptide-level for each sample injection, including
annotation of peptide and protein scores are available in Supplemental Data.

To check for common contaminants the samples acquired using DDA methods were also
searched against a concatenated database comprised of the SP_Mouse DB (UniProt) used
for the primary analysis and the cRAP DB (common Repository of Adventitious Proteins)
v2102.01.1from the Global Proteome Machine (http://www.thegpm.org/crap/). The same
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search tolerances and allowed modifications used here were identical to that for the principal
analysis. No contaminants were identified in the unenriched (<3% FDR at protein level,
<1% FDR at the peptide level) or in the phosphopeptide-enriched samples (3% FDR at the
protein level, <1% FDR at the peptide level). In addition, data was searched for variable
lysine and prolyl hydroxylation. These supplemental data, in the form of a Scaffold file, are
available for download at at https://discovery.genome.duke.edu/express/resources/
2699/2699_open_mouse_cRAP_073113.sf3 and https://discovery.genome.duke.edu/express/
resources/2699/2699_open_mouse_cRAP_pSTY_073113.sf3 and https://
discovery.genome.duke.edu/express/resources/
2699/2699_open_mouse_cRAP_073113_oK_oP.sf3

Quantitative Data QC
Several steps were taken in order to ensure and check for quantitative reproducibility. Three
pooled QC samples were interspersed throughout LC-MS analysis of the un-enriched
samples and six pooled phosphopeptide QC samples were interspersed throughout analysis
of the enriched samples. All pools and individual samples, both enriched and unenriched,
were spiked with digested yeast alcohol dehydrogenase prior to LC-MS analysis (see
above). The median CVs of the peptides identified to ADH were 14.3% and 21.8% in the
unenriched and enriched data sets, respectively. To monitor the phosphopeptide enrichment,
digested alpha-casein was spiked in prior to enrichment and the median CV of the enriched
phosphopeptides range was 27%. Binned CV histograms of peptides and phosphopeptides
across the pooled QC samples run throughout each sample set are shown in Supplemental
Figure S2. Additionally, principle component analysis was performed to identify potential
outliers (Supplemental Figure S3).

Immunohistochemistry
Paraformaldehyde fixed hemibrains were incubated for 24 h in 10%, 20% and 30% sucrose
sequentially for cryoprotection. Frozen sagittal sections were collected at a thickness of 25
microns on a microtome. Sections were equally spaced at 600 μm apart. Sections were
stained free-floating using standard techniques with either AT8 antibody (1:500, Thermo
Scientific), or anti-GFAP antibody (1:3000, Invitrogen). Secondary antibodies, ABC kit, and
DAB kit were from Vector Laboratories.

Western blot analysis
Forty micrograms of protein supernatants from brain lysates were separated on 4–20%
denaturing SDS-PAGE gels (Criterion, BioRad) at a constant voltage of 200 V followed by
transfer to PVDF membranes at 4°C overnight at 50 V. Membranes were blocked in TBS,
0.1% Tween-20 (TBST), with 5% non-fat milk and incubated overnight at 4°C in either anti-
Cx43 (1:1000, Chemicon), anti-Phos (S368) Cx43 (1:1000, Cell Signaling), anti-pS202/
pT205 Tau (AT8) (1:500, Thermo Scientific), anti-pT212/pS214 Tau (AT100) (1:1000,
Thermo Scientific), anti-pT231/pS235 Tau (AT180) (1:500, Thermo Scientific), anti-Tau
(1:1000, Upstate Biotech), or anti-actin (1:2000, Santa Cruz) in TBST, 1% milk. Membranes
were washed in TBST with 1% milk and incubated 1 h in either anti-goat HRP conjugated
or anti-rabbit HRP conjugated antibodies (1:2000, Santa Cruz). Membranes were washed
and developed using Western Lightning Plus ECL reagent (Perkin Elmer). Digital images
were captured using a FluorChem Q imaging system (Cell Biosciences) and quantitative
analysis was performed using Alpha View software (Cell Biosciences). Individual
densitometry values were adjusted using actin. In the case of phospho-Cx43 analysis, these
values were also normalized to Cx43 values for each sample. By normalizing values to 42
week WT samples, which were run on all gels from a single preparation, densitometric
comparisons between gels was made possible. Phospho-Tau densitometric data were
normalized to total tau.
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RESULTS
Development of the integrated analysis of brain sample protein expression and
phosphorylation

Since both expression level changes and alterations in phosphorylation can be phenotypic of
AD or AD-like pathology, we developed a method to quantitate changes in both levels and
in phosphorylation of proteins in individual brain digests from CVN-AD versus wild-type
mice. Principal comparisons were made between 42 wk old CVN-AD mice and age matched
WT mice. Proteins that were judged to be significantly different at this age were then re-
examined in 6, 12 or 24 wk old CVN-AD mice for patterns of change.

Fig. 1 shows a simplified view of the work- flow plan we developed to quantitate both
global protein expression and phosphoproteins in the same brain digest. For analysis of
changes in global protein expression, a small portion (3 μg per sample) of the digested brain
lysate (see methods for details) was separated using five-fraction, two-dimensional liquid
chromatography and analyzed in-line with a Waters Synapt G2 HDMS mass spectrometer.
For quantitative analysis, each sample was analyzed singly by data-independent acquisition
(MSE) with a QC pool also analyzed throughout the study. Representative chromatograms
from each fraction of one of the QC pool injections are shown in Figure 1B, highlighting the
orthogonal nature of the approach. In addition, pools were analyzed by data-dependent
acquisition (DDA) and by ion mobility-assisted MSE (HD-MSE) to increase qualitative
identifications. Using Rosetta Elucidator, a total of 25 analyses were aligned independently
and the relative abundance of co-aligned features was determined by measuring area-under-
the-curve. At 1% peptide FDR, the analysis resulted in the quantitation of 11,695 peptides
and 1,814 proteins across the 15 samples, with 955 proteins being confidently identified by
two or more peptides (see Supplemental Tables).

Phosphopeptides were enriched from a second aliquot of the tryptic digest sample in an
automated fashion using a titania-based enrichment platform. In contrast to our previous
label-free phosphoproteomic studies 51, which utilized a single dimension LC separation and
a Thermo Orbitrap instrument for analysis of phosphopeptide-enriched samples, for this
study, we optimized a three-fraction 2D-LC separation interfaced to a Waters Synapt G2
based on the same high/low pH separation utilized for the un-enriched samples. Using rat
brain tissue for method development, a ~30% increase in the number of phosphopeptide
identifications was observed (data not shown). Each of the 15 TiO2-enriched mouse brain
digests was analyzed in duplicate for more robust quantitation at the peptide level.
Representative chromatograms of each fraction from a pooled sample run throughout the
study (Fig. 1C) show excellent use of the separation space with the optimized first
dimension fraction cuts and second dimension gradient. In addition, the fractions were
highly unique, with 97% of phosphopeptides identified in only one of the three fractions
(Table S4). Data was processed in Elucidator essentially as described for the un-enriched
samples (see above and Methods) except that confidence of site localization was measured
using the implementation of the Ascore algorithm within Elucidator 52. At a 1% spectral
FDR, we quantified 1,170 phosphopeptides belonging to 560 proteins across the 15 samples.
Importantly, using the label-free alignment strategy, these peptides were quantified in
virtually all samples. We observed 80% specificity for phosphopeptides based on area under
the curve (AUC) measurements of phosphopeptides versus AUC measurements of all
identified peptides.

To gauge the increase in proteome coverage by this novel integrated approach, we compared
the overlap between the un-enriched and phosphopeptide-enriched proteomes (Fig. 2A). 274
of the 955 quantified proteins (those identified with 2+ peptides) had a corresponding
quantified phosphopeptide. For these 274 proteins, changes in phosphopeptide expression
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can be compared to changes in overall protein expression to elucidate whether the
phosphorylation change is likely due to a change in modification stoichiometry or a change
in overall protein abundance 53. We also used a top3 protein quantitation that uses the
average intensity of the three peptides that yield the highest MS signal for each protein for
the estimation of relative protein abundance (Fig. 2B) 54, 55. This is based on the theory that
the average of the three most efficiently ionized peptides directly correlates with the input
amount of the corresponding protein. A similar plot was made for the phosphopeptide
abundance in the enriched samples using only the AUC intensity of each peptide (Fig. 2C).
Both plots include all quantified species with those significantly dysregulated at 42 weeks
plotted in black. These analyses clearly show that the proteins and phosphopeptides that
were significantly changed were distributed across the entire quantifiable dynamic range
(Fig. 2B–C).

Differential protein expression in CVN-AD mice vs. WT
We first examined relative protein expression in un-enriched samples from aged CVN-AD
mice, where an advanced AD-like pathology is clearly evident. We found that 15 proteins
with at least 2+ peptides (p<0.05; d>1.7) were increased compared to WT mice at 42 wks of
age (Table 1). Two additional proteins quantified by a single peptide were also included in
Table 1 (see below). In contrast, only four proteins were significantly down-regulated in
CVN-AD versus WT mice and identified by at least 2+ peptides. The Cohen’s d test (see
methods) was used to provide increased validation for the significance of the protein
changes in CVN-AD mice compared to WT mice.

Age-related changes in protein expression
In order to probe for possible trends in age-associated protein expression that might provide
insight into the development of an AD-like phenotype, we compared the levels of proteins
known to be significantly different in CVN-AD mice at 42 wks of age (see Table 1) with the
levels of the same proteins in CVN-AD mice at 6,12 or 24 wks of age. Examples of these
expression patterns are shown in Fig. 3. Protein levels of Multidrug resistance associated
protein 6 (MRP6), Ras related protein RAB43 and UK114 ribonuclease in CVN-AD mice
increased over the 42 wks to a level significantly greater than WT mice at 42 wks of age
(Fig. 3A, E, F, respectively). In contrast, glyoxalase domain containing protein-4 (GLOD-4)
levels were initially high at 6 wks and remained elevated throughout the times studied (Fig.
3B). Similarly, patterns were found for proteins that decreased in CVN-AD mice at 42 wks
compared to WT mice. For example,, ninein (NIN) levels decreased from 6 wks to 42 wks,
while α-Internexin (AINX) protein levels were initially lower or remained low (Fig. 3C, D,
respectively).

To further understand the relationship of protein expression patterns to disease, we
immunostained fixed sections of CVN-AD mice brain at 6, 12, 24, and 42 wks of age for
GFAP (Fig. 4). Increased immunoreactivity for GFAP is a common indicator of AD-like
disease progression 56, 57, As shown in Fig. 4A–H, intense GFAP immunostaining indicative
of reactive astrocytes was observed in the CA1 and CA2 regions of the hippocampus, in the
subiculum, and in the molecular layer of the dentate gyrus beginning at 12 weeks of age, but
was not observed in WT control mice of the corresponding age. Immunopositive staining
was also observed in the cortex and was consistent with activated astrocytes surrounding Aβ
deposits (arrows Fig. 4). Reactive gliosis increased with age and by 42 weeks was observed
throughout a large area of the brain. Thus, these data correlate with the relative protein
expression of GFAP in the CVN-AD brains as observed using LC/MS/MS (Fig. 4I).
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Analysis of C1Q proteins
It is increasingly appreciated that “single-hit” proteins may be considered significant based
on additional, supplementary criteria 58. Among quantified proteins with only a single
peptide, two biologically important proteins, C1QB and C1QC, were markedly upregulated
at 42 weeks in CVN-AD mice (Table 1). To justify inclusion of these proteins as significant,
we considered the following criteria: a) these two peptides are the most commonly identified
to the respective proteins in the PeptideAtlas database (www.peptideatlas.org) and thus the
most likely to be identified if the protein is low abundance; b) the C1QB peptide was
identified by both Mascot and PLGS search engines in the same 2DLC fraction; c) the
C1QC peptide was identified in three independent biological samples (in the same 2DLC
fraction); and d) the two peptides to these closely related proteins have virtually identical
expression patterns across the samples (Fig. 5A). Using these peptide identification criteria,
we determined that complement C1QB and C1QC were significantly changed in CVN-AD
mice compared to WT mice, with both subunits of the C1Q complex induced >3.6-fold
compared to WT at 42wks. Comparing the expression of C1Q peptides to that of
Peroxiredoxin-6 (Prdx6), a protein identified with 24 peptides, we can see a similar increase
over time (Fig. 5B), and statistically significant difference between expression in CVN-AD
and WT at 42 weeks. Expression patterns of other known markers of AD, including APOE,
GFAP, and GRN are also highly consistent (Table S1 and S2).

Analysis of Phosphopeptides
We identified 7 phosphopeptides that were significantly increased by greater than 1.5-fold,
and 4 that were decreased by 1.5-fold or more in CVN-AD versus wild-type mice at 42
weeks (Table 2). Potential associations of the specific phosphopeptide with AD (if known)
are also shown and include Aldoa 60, Shank2 61, phospholemman 62, Cx43 63, 64, and
MBP 65.

Of the phosphoproteins in Table 2 we chose to examine connexin 43 (Cx43) in more detail.
Cx43 is an integral membrane protein that forms hemichannels consisting of six Cx
subunits. Adjacent cells align these hemichannels to form intercellular gap junctions that
promote communication between astrocytes and facilitate neuronal-glial interactions.
Phosphorylation of the Cx43 C-terminus has been previously correlated with multiple
cellular functions including gap junction formation and disassembly, regulation of
hemichannel permeability, membrane targeting of Cx subunits, alterations in intercellular
communication, and astrocyte activation 66,67. We quantified a total of three Cx43
phosphopeptides corresponding to two unique phosphorylation sites, pSer365 and pSer373.
The non-phosphorylated forms of these peptides were also found in the un-enriched sample
set. All three phosphopeptides were altered with age in the CVN-AD mice and were
significantly up-regulated versus WT mice at 42 weeks (Fig. 6A). On the other hand, the
intensity values of the non-phosphorylated forms of these peptides in the un-enriched data
set did not change at 6, 12, 24, or 42 wk in CVN-AD mice nor in 42wk WT mice (Fig. 6B).
To validate our findings of increased Cx43 phosphorylation we measured phosphorylation at
Ser368 using a commercially available antibody against pSer368 and Western blot. This site
lies between the two phospho sites identified in our study and was not specifically identified
among the enriched peptides. The inability to find the Ser368 site in this study is likely due
to the trypsin digest which would generate a 4-mer peptide that is too small to be confidently
identified in such a complex sample. However, our western blot shows that pSer368 was
significantly increased at 24 and 42 weeks in brain lysates of CVN-AD mice versus aged-
matched wild-type brain lysates while total levels of Cx43 were unchanged across all
treatment groups (Fig. 6C–E). Collectively, these data demonstrate that Cx43
phosphorylation is altered in CVN-AD mice and is consistent with studies demonstrating
altered gap junction permeability in Alzheimer’s disease 63, 64.
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Tau phosphorylation
The formation of neurofibrillary tangles (NFT) consisting of hyperphosphorylated and
aggregated tau protein is a major hallmark of Alzheimer’s disease. Our previously published
studies have shown the formation of hyperphosphorylated tau in aged CVN-AD mice using
well-described antibodies (AT8, AT180) to detect specific phosphorylated epitopes 18. We
confirmed the presence and distribution of pathologically phosphorylated tau in 6 to 42
week-old CVN-AD mice by immunohistochemistry (Fig. 7) using the AT8 antibody, which
is specific for the double phospho-epitope pS202/pT205. Immunostaining was observed in
the subiculum and hippocampus of CVN-AD versus wild-type mice beginning at 12 weeks
of age and increased with age. A significant increase in phosphorylation of two additional
disease associated epitopes, (AT100 (pT212/pS214) and AT180 (pT231/pS235)) was also
observed by western blot in CVN-AD mice at 42 weeks compared to WT mice (Fig. 8). The
phosphoproteomic analysis identified 24 tau phosphopeptides, many of which are known to
be associated with tau pathology, over the entire time course. However, we were unable to
detect a statistically significant increase in total or phosphorylated tau at any site with age,
nor was there a difference observed when compared to wild-type mice (Supplemental Fig.
4A–B). Since immunohistochemistry clearly shows increased phospho-tau, the lack of
detection in our phosphopeptide analysis appears discordant. To better understand this
discrepancy we examined the abundance of phospho-tau peptides and compared this to the
abundance of other phosphopeptides in our data set. Phospho-tau is estimated to be the 4th

most abundant phosphoprotein in mouse brain, accounting for almost 4% of the total
phosphopeptide signal, but was estimated to be only the 136th most abundant protein
quantified in the un-enriched dataset (Supplemental Fig. 4C–D). Collectively, these data
show that tau is highly phosphorylated in mouse brain irrespective of disease-state and
suggests that the hyperphosphorylation recognized by the AT8, AT100, and AT180
antibodies represents small and localized increases in phosphotau relative to the total.

DISCUSSION
In this study we have shown that label-free quantitative proteomics can be easily
implemented for accurate quantitation of brain tissue proteomes and (phospho)proteomes.
These techniques, coupled with the CVN-AD mouse model that mimics the full spectrum of
human AD-like pathology, have collectively allowed us to examine proteins and
phosphoproteins that may be involved in AD. Using this approach we have identified a
subset of proteins that when compared to non-diseased wild type mice, are significantly
changed as a result of the disease process. A number of the up-regulated proteins have been
previously found to be induced in humans with AD and in other mouse AD models,
including: glial fibrillary acidic protein (GFAP) 26, 27, 32–34, apolipoprotein E
(ApoE) 26, 34, 35, and complement C1Q74, 75. Each of these 3 proteins are believed to be an
early component of the response to amyloid and are produced by astrocytes and/or
microglia. For example, C1Q initiates complement-mediated pro-inflammatory events, that
may be involved in immune-mediated neuronal damage in AD 68, 69. However despite its
known involvement in immune toxicity, the neuronal expression of C1Q, its participation in
clearance of apoptotic cells, and its ability to induce neurotrophic factors strongly indicate a
neuroprotective function for C1Q 70–72.

Peroxiredoxin 6 (Prdx6) is an additional protein found in our study that has been previously
associated with AD 26. Oxidative stress has been tightly linked to neurodegenerative
diseases including AD and increased expression of anti-oxidant genes and proteins are
invariantly observed at some stage of the disease process 73–75. In this study five members
of the peroxiredoxin family were identified in the unbiased proteome (Prdx1, 2, 3, 5 and 6),
with Prdx4 as a notable exception likely due to its inherently low expression levels in mouse
brain 76. Of these family members we detected significantly elevated intensities for Prdx6
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and Prdx3 but no change in the expression level of Prdx1, Prdx2, and Prdx5. Prdx6
induction has been found in human AD brain, particularly in plaque associated, GFAP
positive astrocytes 77 and is up-regulated in brains of APPSwLon mice 26. Although
increased Prdx2 has also been found in AD hippocampus 78, we did not observe a significant
change in levels of this specific protein in our study. This may be due, at least in part, to
regionalization of Prdx2 expression in brain making detection in whole brain lysates
difficult. Compared to the other Prdx isoforms, which are of the 2-Cys peroxiredoxin class,
Prdx6 is a bifunctional 1-Cys peroxiredoxin that exhibits both peroxidase and Ca2+-
independent phospholipase A2 activities 79. Prdx6 is a stress-responsive protein, and is
induced in numerous disease models, although neither the precise regulatory mechanism(s),
nor the relevant substrates of Prdx6, are known in AD. Although little is known with regards
to its specific induction versus other isoforms, cumulative data suggests that Prdx6 has a
protective, rather than deleterious role, in AD 77.

Several significantly up regulated and down-regulated proteins were also found in the
proteome but their functions are unknown and/or have not yet been associated with AD. For
example, UK114 is a ribonuclease involved in immune regulation of chemokines 80 while
latexin, which is also increased in the CVN-AD mice is a negative regulator of stem cells
and is associated with aging 81. A 1.8-fold decrease in level was found for the protein,
ninein, in CVN-AD versus WT mice at 42 weeks. Ninein expression is increased when
neuronal dendrites are formed thus, decreased levels may result in disruption of plasticity.
Loss of ninein is also associated with depletion of progenitors in the ventricular zone
(VZ) 82, 83. Alpha-internexin, a second protein that is likely to impact neuronal plasticity,
was also significantly decreased 84, 85.

An additional strength of our analysis is the ability to achieve high throughput and robust
quantitation of phosphopeptides on the same brain samples using an automated
phosphopeptide enrichment1. For example, CVN-AD mice demonstrate increased
phosphorylation of bassoon, and to a lesser extent of complexin 2 (see Supplemental Table
S4). Because of the involvement of these proteins in synaptic transmission 86, 87 these
phosphorylation changes suggest that synaptic active zone organization and the regulation of
excitatory synaptic activity are altered in our mouse model. Altered regulation of synaptic
activity is further indicated by the modifications to Shank2, and DLG2, proteins of the post-
synaptic density. The phosphorylation of phospholemman (FXYD1) and the decreased
expression of FXYD7 (Supplemental Table S3) both point to an alteration of ion transporter
activity, which is regulated by FXYD family members 88 and is critical to proper neuronal
excitation. Nonetheless, a major challenge of this (and other) phosphoproteomic analyses is
that the functional relevance of only a small fraction of annotated phosphorylation sites have
been characterized. Thus, although phosphorylation was dysregulated on a number of AD-
associated proteins in our study, the implications of many of these site-specific
modifications are for the most part not readily interpretable.

Astrocyte proteins were also found to have abnormal phosphorylation patterns that could
affect normal functioning. For example, gap junction protein connexin 43 (Cx43) affects
glutamate uptake, a key process involved in excitotoxicity 67. Alterations to Cx43
phosphorylation have been reported to correlate with the activation of astrocytes in AD and
in the response to traumatic brain injury (TBI) 89. Phosphorylation at specific sites regulates
membrane targeting, gap junction assembly and permeability 66. In our study we identified
two sites of increased phosphorylation on Cx43, namely, Ser365, and Ser368. Increased
phosphorylation at Ser368 has been functionally linked to a decrease in gap junction
permeability and is often correlated to regions of TBI and decreased glutamate clearance 90.
It is also interesting to note that phosphorylation at Ser365 may in fact prevent
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phosphorylation of Ser368 66, suggesting that these specific changes in Cx43
phosphorylation may be mutually exclusive and occur in a regionally distinct manner.

Phosphorylation of the tau protein at specific sites is clearly an important pathological
finding that is relevant to AD 91, 92. Previously, we have reported that the AT8 phospho-
epitope (pS202/pT205) was phosphorylated in CVN-AD mice and was localized to affected
neurons 18. In this study we performed a longitudinal immunohistochemical analysis of
brain sections in the CVN-AD mouse and show that disease-associated AT8 positive tau is
markedly increased beginning at 12 weeks and further increases with age. We also detected
increased phosphorylation by western blot analysis of the AT180 (pT231/pS235), and
AT100 (pT212/pS214) disease-associated phospho epitopes. However, while our
phosphoproteomic analysis clearly shows that tau is abundantly phosphorylated in whole
brain, representing greater than 4% of the total phosphopeptide intensity, global levels of tau
phosphorylation do not appear significantly altered in whole brain homogenates of CVN-AD
versus wild-type mice assayed by this method. Two potential explanations are possible.
First, while use of whole tissue is not an uncommon approach, regional specificity of the tau
pathology may limit the ability to detect changes in whole brain lysates. Additionally, the
sensitivity of unlabeled MS/MS quantitation for singular proteins in complex mixtures is
generally less than the sensitivity obtained through more specific detection methods, such as
immunodetection 93. As indicted by immunohistochemistry, the phosphorylation of disease-
associated tau in AD and CVN-AD mice is regionally constrained. Thus, although localized
increases in specific phospho-tau epitopes are detectable by specific antibodies, these
changes are masked by high levels of global tau phosphorylation when assayed using whole
brain MS/MS analysis. These data re-enforce the requirement for the combination of
localized (regional, subcellular and PTM-specific) analyses with phosphoproteomic analyses
of disease models.

Overall, our analysis identified alterations in protein expression associated with immune
reactivity, lipid metabolism and white matter changes, cytoskeletal integrity, synaptic
regulation, axonal transport, vesicle trafficking, signal transduction, and redox balance.
Many of the identified proteins in Table 1 are known to be found in humans with AD
through either biochemical analyses or direct proteomic quantification. These data show
early involvement of specific proteins and phospho-proteins such as C1qb/c, GFAP and
Phospho-Cx43 as well as proteins and phospho-proteins not commonly associated with AD
such as RAB43, MRP6 or ninein. Insight into the role of these proteins in the disease
process may be useful to further understanding AD pathology and mechanisms behind the
disease. In addition, the extensive overlap of proteins and protein phospho-modifications
observed in CVN-AD mice with proteins and phospho-proteins known to be altered in
humans with AD provides significant validation of this mouse model of AD. Finally, these
data show that gel and label-free methodologies, combined with automated phosphopeptide
enrichment, are well-suited to statistically-robust investigations of longitudinal protein
expression and post-translational modifications in disease processes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

AD Alzheimer’s disease

APP amyloid precursor protein

APPSwDI amyloid precursor protein (K670N/M671L, E693Q, D694N)

NOS2 nitric oxide synthase 2

WT wild-type

CVN-AD (APPSwDI/NOS2−/−)

Ser serine

NFT neurofibrillary tangle

Aβ amyloid beta

CSF cerebral spinal fluid

PIB Pittsburgh compound B

PET positron emission tomography

iNOS inducible nitric oxide synthase

NO nitric oxide

GFAP glial fibrillary acidic protein

ApoE apolipoprotein E

ADH alcohol dehydrogenase

DAB 3,3′-diaminobenzidine

Cx43 connexin 43

HRP horseraddish peroxidase

ECL enhanced chemiluminescence

DDA data dependent analysis

QC quality control

RPLC reverse phase liquid chromatography

FDR false discovery rate

CASA casein A

TiO2 titanium dioxide

Prdx6 peroxiredoxin 6

Prdx1 peroxiredoxin 1

Prdx2 peroxiredoxin 2

Prdx3 peroxiredoxin 3

Prdx5 peroxiredoxin 5

PLGS ProteinLynx Global Server

MW molecular weight

PHF paired helical filaments
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MAP microtubule associated protein

GSK3β glycogen synthase kinase 3 beta

CDK cyclin dependent kinase

PKC protein kinase C

Sir2 silent information regulation 2

HDAC histone deacetylase

SIRT2 sirtuin 2

TBI traumatic brain injury

PTEN phosphatase and tensin homolog

PI3k phosphatidylinositol-3-OH kinase

Akt protein kinase B

PKB protein kinase B

PKA protein kinase A

PKN protein kinase N

CaMII Ca2+/calmodulin protein kinase II

C1qB complement C1q subcomponent B

C1qC complement C1q subcomponent C

CHO47 uncharacterized protein C8orf47 homolog

PP2BC serine/threonine-protein phosphatase 2B catalytic subunit gamma

Dyn2 dynamin 2

Mrp6 multidrug resistance-associated protein 6

Rab43 ras-related protein Rab-43

UK114 ribonuclease UK114

Lyst lysosomal-trafficking regulator

NIN ninein

A4 amyloid precursor protein

AldoA fructose-bisphosphate aldolase

Shank2 SH3 and multiple ankyrin repeat domains protein 2

Bsn bassoon

NDRG2 N-myc down-regulated family member 2

Plm phospholemman

Rims1 regulating synaptic membrane exocytosis protein 1

NASP nuclear autoantigenic sperm protein

DLG2 Disks large homolog 2

Spir1 Spire 1 homolog

GAP43 neuromodulin
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MBP myelin basic protein

K1522 uncharacterized protein KIAA 1522

NHERF1 Na+/H+ exchange regulatory cofactor 1

DG dentate gyrus
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Figure 1.
Proteomic workflow. A, Powdered brain lysates from five treatment groups were trypsinized
and each was split into two fractions. Un-enriched peptides were analyzed by 5 fraction RP-
RP 2D-LC. Phosphopeptides were enriched using an automated capillary TiO2 column, and
were analyzed by 3 fraction RP-RP 2D-LC followed by label-free quantitation. B,
Representative base peak intensity chromatograms from each fraction for the 5-fraction
analysis of the un-enriched samples. C, Representative base peak intensity chromatograms
from each fraction for the 3-fraction analysis of the phosphopeptide samples.
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Figure 2.
Summary of quantified proteomes. A, Venn diagram comparing the overlap between
proteins quantified with 2+ peptides in the un-enriched sample versus identified proteins in
the phosphoproteome B-C, The intensity of quantified proteins (B) and phosphopeptides (C)
plotted against ranked abundance. Proteins/phosphopeptides that were significantly different
between CVN-AD and WT mice brain lysates at 42 wks of age were determined by using an
ANOVA p-value <0.05 and a Cohen’s d effect size > 1.7 as described in the Methods and
are denoted with black circles.
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Figure 3.
Age-related protein intensity patterns in CVN-AD mice. A subset of proteins that were
determined to be significantly different between CVN-AD and WT mice at 42wks of age
(identified in Table 1) were further assessed to determine patterns of expression in CVN-AD
mice at earlier time points (6,12, 24wks). Patterns of change are shown for A, MRP6; B,
GLOD 4; C, NIN; D, AINX; E, RAB43; F, UK114. Data are mean protein intensity
(Supplemental Table S3) ± S.E.M., *p<0.05 compared to 6wks (one-way ANOVA). P-
values indicated above horizontal bars correspond to 42wk CVN-AD vs 42wk WT
comparison (also found in Table 1).
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Figure 4.
Age-related increase in GFAP expression in CVN-AD mice. Representative immunopositive
staining for GFAP in mouse brain fixed sections from CVN-AD and from wild-type mice at
6, 12, 24 and 42 weeks of age. GFAP immunoreactivity is evident in the cortex (C, arrows),
CA1, CA2, and dentate gyrus (DG) at 12 weeks in CVN-AD mice and progresses into the
subiculum (S), CA3, and throughout the cortex with age. Scale bars = 500um. I, Data
represent the corresponding mean protein intensity found in brain lysates from CVN-AD
mice (Supplemental Table S3) ± S.E.M for GFAP at 6, 12, 24, and 42 wks. *p<0.05
compared to 6wks (one-way ANOVA). P-values indicated above horizontal bars correspond
to 42wk CVN-AD vs 42wk WT comparison (also found in Table 1).
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Figure 5.
Comparison of single-hit age-related C1Q protein intensity changes with Prdx6 age-related
protein changes in CVN-AD mice. Prdx6 was chosen to compare against these single-hit
proteins due to its high number (24) of identified peptides. Protein intensity values of C1QB
and C1QC (A) and Prdx6 (B) were plotted for mice at 6, 12, 24 and 42 wks of age in CVN-
AD mice and at 42wks of age in WT mice. Mean protein intensity (Supplemental Table S3)
± S.E.M. (n = 3) significantly increased in CVN-AD mice with age, *p<0.05 compared to
6wks (one-way ANOVA). P-values indicated above horizontal bars correspond to 42wk
CVN-AD vs 42wk WT comparison (Table 1).
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Figure 6.
Phosphorylation of connexin 43 in CVN-AD versus wild-type mice. A, Average intensities
of three different CX43 phosphopeptides, corresponding to two unique phospho-sites,
pSer365 and pSer373, are shown for CVN-AD mice at 6, 12, 24 and 42wks of age and for
WT mice at 42wk of age. Data are mean intensities ± S.E.M. (n=3 per group), **p<0.01 for
CVN-AD 42 weeks versus CVN-AD at 6 weeks (one-way ANOVA); * P< 0.05 for CVN-
AD mice 42 weeks versus wild-type (pSer365 peptides only; Rosetta Elucidator error
model) B, The corresponding intensities of un-enriched Cx43 peptides (containing non-
phosphorylated Ser365 and Ser373) are shown for the same brain lysates as in A. Data are
mean ± S.E.M. (n=3 per group). C,D, Cx43 phosphorylation at Ser368 and total Cx43 levels
were measured by western blot using whole brain lysates at 6, 12, 24 and 42 wks from either
CVN-AD (C) or WT (D) mice. Images are representative of triplicate assays for each mouse
strain. E, Data represent the average fold change of pSer368 levels in CVN-AD mice with
respect to WT mice. Fold change was determined from the ratios of Cx43-Ser368/total
CX43 levels for CVN-AD mice compared to Cx43-pSer368/total CX43 levels for WT mice.
Phosphorylation of Ser368 at 24 and 42 weeks was significantly higher in CVN-AD. Data
are mean ± S.E.M. (n=3 per group), *p<0.05, CVN-AD versus wild-type (student’s t-test).
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Figure 7.
Immunohistochemical analysis of phospho Tau in CVN-AD versus wild-type mice. The
phosphorylation of tau was compared between CVN-AD and wild-type mice at 6, 12, 24 and
42 weeks of age using immunohistochemistry on brain sections. AT8 immunoreactivity,
corresponding to double phosphorylation at pS202/pT205, is evident in the CA1 and
subiculum (S) at 12 weeks in CVN and increases in severity with age. At 42 weeks
immunoreactivity is evident in the dentate gyrus (DG). Subiculum scale bars = 100um.
Hippocampus scale bars = 500um.
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Figure 8.
Western blot analysis of Tau in CVN-AD versus wild-type mice. A. Tau phosphorylation at
pT231/pS235 and pT212/pS214 was measured by western blotting using AT180 and AT100
antibodies, respectively, along with total tau and actin in 42 week WT and CVN animals. B.
Densitometric analysis of AT180 and AT100 immunoreactivity from whole brain lysates of
42 week CVN-AD mice versus 42 week old WT mice. Data values are normalized to total
tau. AT180 and AT100 phospho tau epitopes were significantly higher in CVN-AD. Data
are mean ± S.E.M. (n=3 per group), *p<0.05 CVN-AD versus wild-type (student’s t-test).
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