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Abstract

Down syndrome is the most prevalent form of intellectual disability caused by the triplication of ~
230 genes on chromosome 21. Recent data in Ts65Dn mice, the foremost mouse model of Down
syndrome, strongly suggest that cognitive impairment in individuals with Down syndrome is a
consequence of reduced synaptic plasticity due to chronic over-inhibition. It remains unclear
however whether changes in plasticity are tied to global molecular changes at synapses, or are due
to regional changes in the functional properties of synaptic circuits. One interesting framework for
evaluating the activity state of the Down syndrome brain comes from in vitro studies showing that
chronic pharmacological silencing of neuronal excitability orchestrates stereotyped changes in the
protein composition of synaptic junctions. In the present study, we use proteomic strategies to
evaluate whether synapses from the Ts65Dn cerebrum carry signatures characteristic of inactive
cortical neurons. Our data reveal that synaptic junctions do not exhibit overt alterations in protein
composition. Only modest changes in the levels of synaptic proteins and in their phosphorylation
are observed. This suggests that subtle changes in the functional properties of specific synaptic
circuits rather than large-scale homeostatic shifts in the expression of synaptic molecules
contribute to cognitive impairment in people with Down syndrome.
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Down syndrome (DS), triplication of human chromosome 21 (HSA21), is a condition that
results in moderate to profound intellectual disability (Brugge et al. 1994; Lejeune et al.
1959). Over the past century, there have been intense efforts to better understand what
attributes of the DS brain are coincident with cognitive impairment. In turn, these efforts
have highlighted general decreases in brain weight (a function of cerebral and cerebellar
atrophy, shortened occipital lobes, and narrowing of the superior temporal gyri), and
particular deficits in pyramidal cell dendritic arborization and dendritic spine architecture
(Davidoff 1928; Schmidt-Sidor et al. 1990). For example, dendritic branching and spine
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counts in the hippocampus (Ferrer and Gullota 1990; Suetsugu and Mehraein 1980), in
layers 111 and V of visual cortex (Takashima et al. 1981; Becker et al. 1986), and in layers of
the motor cortex (Marin-Padilla 1972; Marin-Padilla 1976) are dramatically reduced in
people with DS. Moreover, the remaining spines in the visual and motor cortices adopt
irregular morphologies: some spines appear long and tortuous, while others develop
enlarged heads (all features of synaptic contacts with reduced plastic or learning potential;
Marin-Padilla 1976; Takashima et al. 1981). Intriguingly, the emergence of these
cytological phenotypes tends to parallel the beginning of 1Q decline in DS-affected children
within the first few years of life (Nadel 2003), further suggesting that the loss of cognitive
performance is directly coupled to a loss of plasticity at synapses during early stages of
development.

Investigation of nervous system abnormalities and cognitive dysfunction in DS has been
greatly facilitated by the development of the mouse model Ts65Dn (Davisson et al. 1990;
Reeves et al. 1995) which is segmentally trisomic for approximately 110 of the 230 genes
found on HSA21 (Akeson et al. 2001). Ts65Dn mice faithfully recapitulate some of the
most fundamental features of DS, showing craniofacial (Richtsmeier et al. 2000;
Richtsmeier et al. 2002) and cerebellar abnormalities (Baxter et al. 2000; Olson et al. 2004),
and nearly comprehensive deficits in declarative memory (Bimonte-Nelson et al. 2003;
Demas et al. 1996; Demas et al. 1998; Escorihuela et al. 1995; Escorihuela et al. 1998;
Holtzman et al. 1996; Hunter et al. 2003; Hyde and Crnic 2001; Wenger et al. 2004).
Moreover, the cytological changes in spine morphology observed in persons with DS are
also present in several parts of the Ts65Dn brain, including the hippocampus, motor and
somatosensory cortices (Belichenko et al. 2004). Such similarities between Ts65Dn and
individuals with DS suggest that phenotypes characterized in the mice might translate well
to the condition in people.

In the past decade a series of studies looking at synaptic connections within the Ts65Dn
brain have suggested that reduced learning in Ts65Dn mice is due to altered function of
excitatory synapses in the hippocampal formation. In the absence of GABA-A receptor
blocking reagents, excitatory synapses in CA1 and dentate gyrus are unable to undergo long-
term potentiation (LTP) - the electrophysiological correlate of learning and memory
(Belichenko et al., 2004; Costa and Grybko 2005; Fernandez et al. 2007; Kleschevnikov et
al. 2004; Kurt et al., 2000; Siarey et al. 1997; Siarey et al. 1999). This deficit in synaptic
plasticity might result from either molecular changes in synaptic constitution or changes in
neuronal circuits which are linked by extensive synaptic connections.

Ultrastructurally, excitatory synapses are comprised of a presynaptic terminal and an
adjacent postsynaptic structure that is usually situated on the heads of large mushroom-
shaped dendritic spines. Both compartments contain complex protein matrices. The
presynaptic active zone is a specialized region of plasma membrane that is equipped with
release machineries which organize vesicle-mediated exocytosis of neurotransmitter into the
synaptic cleft. The postsynaptic density (PSD) is a molecular scaffold that confines
postsynaptic receptors and links postsynaptic receptor activation to myriad downstream
signaling moieties (for review, see Sheng and Hoogenraad 2007; Waites et al. 2005; Ziv and
Garner 2004).

Despite the tightly organized structure of pre- and post-synaptic sites, synapses have been
shown to be highly plastic with regard to their size and protein composition. For example,
changes in postsynaptic receptor number in response to synaptic activity are traditionally
thought to lead to long-term modifications in synaptic strength, such as LTP and long-term
depression (LTD) (Malinow and Malenka 2002). More recently, another form of plasticity
has been described wherein chronic (but not acute) shifts in the activity levels of neural
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circuits lead to altered synapse morphology and/or composition (Turrigiano et al. 1998).
This form of plasticity is now commonly referred to as "homeostatic plasticity” (Turrigiano
and Nelson 2000). A seminal study relating to homeostatic plasticity by Ehlers (2003)
suggested that chronic pharmacological silencing of cultured neurons orchestrates
stereotyped changes in the proteomic makeup of the PSD, as neurons attempt to compensate
for reduced synaptic transmission by increasing the responsiveness of the postsynapse.

In the present study, we address whether chronic changes in excitability in Ts65Dn mice
(Fernandez et al. 2007; Fernandez and Garner 2007) can be linked to global changes in the
protein composition of synapses in vivo. To that end, we prepared synaptosomes or PSD's
from the Ts65Dn cerebrum and evaluated synaptic protein profiles via two quantitative
methods: Odyssey-based fluorescence western blotting or quantitative mass spectrometry
using the iTRAQ (isobaric tag for relative and absolute guantitation) reagent. While the
former allowed us to carefully evaluate a number of key synaptic proteins known to respond
to chronic activity states in synaptosomal preparations, the latter represented a
comprehensive screen of hundreds of proteins associated with the PSD.

Materials and Methods

Synaptosomal and PSD Fractionation

Segmental trisomy 16 (Ts65Dn) mice were obtained by mating female carriers of the 1716
chromosome (B6EIC3H — a/ATs65Dn) with (C57BL/6JEiI x C3H/HeJ)F1 (JAX # JR1875)
males. Ts65Dn mice were thus maintained on the B6/C3H background. Wildtype (WT) and
Ts65Dn littermates with at least one functional Rd allele (3 months old; Jax West
Laboratories, Davis, CA) were euthanized via CO, inhalation (n = 4-6 experimental pairs,
per cohort). The cerebri sans cerebella were immediately removed, flash-frozen in liquid
nitrogen, and homogenized in Tris Buffer-A [40mM Tris, pH 7.5] containing 0.3M sucrose,
1.6 mg/ml protease inhibitor cocktail (Roche Applied Science), and phosphatase inhibitors:
1mM NaF, 1ImM Na-molybdate, 1mM Na-tartrate, 1mM NazgVO,4, 100nM Fenvalerate, and
250nM Okadaic acid (Sigma); [ratio of tissue to buffer, 1:10]. Subsequently, homogenized
samples were cleared by centrifugation at 1000 g for 10 min (4°C). The membranous
fraction was separated from the cytosolic fraction at 17 000 g for 20 min, and submitted to
density centrifugation (120 min, 85 000 g) using a gradient consisting of 0.8 M, 1.0 M, and
1.2 M sucrose in Tris Buffer-A. The resulting synaptosomal fraction was collected at the
1.0-1.2 M interface, diluted with Tris Buffer-A, pelleted (20 min, 78 500 g), and stored at
—80°C.

For PSD preparations, synaptosomes were further homogenized in 10mM Bicine Buffer (pH
7.5) containing 5% N-octyl-beta-D-glucopyranoside (NOG, Calbiochem, San Diego, CA,
USA), phosphatase inhibitors and protease inhibitors, and applied onto a second
discontinuous gradient (1.0 M, 1.4 M, 2.2 M sucrose in 10 mM bicine pH 7.5, containing
1% NOG and phosphatase inhibitors; 120 min, 85 000 g) as diagramed in Supplementary
Figure 1. The PSD fraction was collected at the 1.4-2.2 M interface, diluted in 210mM bicine
pH 7.5 and pelleted by centrifugation (20 min, 78 500 g) before storing at —80°C.

Quantitative Fluorescence Western Blotting

Protein concentration was determined (in triplicate) using the Bradford assay. Samples (6
ug) were denatured in loading buffer containing sodium dodecyl sulfate (SDS; 8%) and
dithiothreitol (1mM), separated by polyacrylamide gel electrophoresis (7.5%; BioRad), and
transferred to a nitrocellulose membrane (Hybond ECL, Amersham, Piscataway, NJ). Equal
loading and transfer of material in each lane was verified by Ponceau staining; note that total
protein stains might be a more accurate loading control than immunodetection of high-
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abundance single proteins (Aldridge et al. 2008). The membranes were then washed in TBS,
blocked in TBS containing 5% milk (Carnation), and probed with the following antibodies:
mouse anti-Rim1/2 (1:1000; BD Transduction Laboratories), mouse anti-Munc13 (1:250;
BD Transduction Laboratories), mouse anti-clathrin heavy chain (1:1000; a gift from R.
Jahn), mouse anti-synaptojanin (1:500; BD Transduction Laboratories), rabbit anti-Erc/
CAST?2 (1:1000; a gift from Y. Takai), rabbit anti-CASK (1:1000; Zymed), mouse anti-
synapsinl (1:2000; Synaptic Systems), mouse anti-Munc18 (1:1000; BD Transduction
Laboratories), mouse anti-synaptotagmin (1:500; a gift from R. Jahn), rabbit anti-VGIuT1
(1:1000; a gift from R. Reimer), rabbit anti-VGAT (1:2500; a gift from R. Reimer), mouse
anti-CtBP1 (1:2500; BD Transduction Laboratories), rabbit anti-GAP43 (1:1000;
Chemicon), rabbit anti-synaptophysin (1:4000; Santa Cruz), mouse anti-SNAP25 (1:500; a
gift from R. Jahn), mouse anti-GKAP (pan; 1:500; a gift from S. Kindler), rabbit anti-NR2A
(1:1000; Novus), rabbit anti-NR2B (1:1000; Molecular Probes); rabbit anti-neurabinl/
spinophilin (1:500; a gift from S. Shenolikar), mouse anti-NR1 (1:1000; BD Transduction
Laboratories), rabbit anti-SAP102 (1:4000; a gift from J. Hell), rabbit anti-PSD95 (1:500; a
gift from J. Hell), mouse anti-alpha-tubulin (1:1000; Sigma), mouse anti-tyrosinated-tubulin
(1:1000; Sigma), rabbit anti-GABAal (1:1000; Upstate Biotechnology), mouse anti-
CaMKIlla (1:1000; Zymed), and rabbit anti-phospho-ERK p42/p44 (1:500; Cell Signaling
Technology). Detection of bound primary antibodies was performed with fluorescently-
conjugated goat anti-rabbit (Alexa Fluor 680, 1:30 000, Molecular Probes, Invitrogen,
Carlshad, CA) or goat anti-mouse (Rockland IRDye 800, 1:5000, Rockland
Immunochemicals, Inc., Gilbertsville, PA) secondary antibodies. Immunofluorescence was
detected and analyzed using the Odyssey imaging system (LI-COR Biosciences, Lincoln,
NE). Please note that samples from 4 independent WT and Ts65Dn experimental pairs were
analyzed. Synaptosomes from one of these WT-Ts65Dn pairs were run together on one gel
in duplicate or triplicate. Each synaptic protein in our survey was probed at least twice —
meaning that data were always collected from at least 2 of the 4 experimental pairs.

Mass Spectrometry Analysis: Sample Preparation

A more detailed description of the mass spectrometry analysis can be found in Trinidad et al
(2008). In brief, for digestion of PSD samples, 500 ug aliquots of material were processed in
parallel. Each PSD sample was resuspended in 25 mM ammonium bicarbonate, containing 6
M guanidine hydrochloride. The mixture was incubated for one hour at 57°C with 2 mM
Tris (2-carboxyethyl) phosphine hydrochloride to reduce cysteine side chains. These side
chains were then alkylated with 4.2 mM iodoacetamide in the dark for 45 min at 21°C. The
resulting mixture was diluted six fold with 25 mM ammonium bicarbonate, and 5% (w/w)
modified trypsin (Promega, Madison, WI, USA) was added. Thereafter, the pH was adjusted
to 8.0 and the mixture was digested for 12 hours at 37°C. The digests were desalted using a
C18 Sep Pak cartridge (Waters, Milford, MA, USA) and lyophilized to dryness using a
SpeedVac concentrator (Thermo Electron, San Jose, CA, USA).

Mass Spectrometry Analysis: iTRAQ Labeling and Strong Cation Exchange
Chromatography

500 pg of tryptic peptides from each sample were labeled with iTRAQ reagent following the
manufacturer's suggestion with slight modifications (Trinidad et al. 2008). Strong cation
exchange (SCX) chromatography was used to initially fractionate the labeled peptide
mixture. This was performed using an AKTA Purifier (GE Healthcare, Piscataway, NJ,
USA) equipped with a Tricorn 5/200 column (GE Healthcare, Piscataway, NJ, USA) packed
in-house with 5 um 300 A polysulfoethyl A resin (Western Analytical, Lake Elsinore, CA,
USA). The 2.0-mg combined PSD sample was loaded onto the column in 30% acetonitrile, 5
mM KH,PQOy, pH 2.7 (Buffer A). Buffer B consisted of Buffer A with 350 mM KCI. The
gradient went from 1% B to 29% B over 19 ml, from 29% B to 75% B over 14 ml, and from
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75% B to 100% B over 2.5 ml. 5% of each fraction was reserved for analysis using an ESI-
Qg-TOF tandem MS, while the remaining 95% was subjected to immobilized metal affinity
chromatography as previously described (Trinidad et al. 2006). Peptide fractions were
analyzed on a QSTAR Pulsar mass spectrometer (Applied Biosystems, Foster City, CA,
USA). For each MS spectrum, the two most intense multiple charged peaks were selected
for generation of subsequent collision-induced dissociation MS.

Mass Spectrometry Analysis: Interpretation of MS/MS Spectra

Results

Data were analyzed using Analyst QS software (version 1.1), and MS/MS centroid peak lists
were generated using the Mascot.dll script (version 1.6b18). The MS/MS spectra were
searched against the entire Uniprot Mus musculus database (downloaded April 19, 2007,
with a total of 64,717 entries) using the following parameters: 1.) initial peptide tolerances
in MS and MS/MS modes were 200 ppm and 0.2 daltons, respectively; 2.) trypsin was
designated as the enzyme and up to two missed cleavages were allowed; 3.)
carbamidomethylation and iTRAQ labeling of lysine residues were searched as fixed
modifications; 4.) the peptide amino termini were fixed as either iTRAQ modified or protein
N-terminal acetylated; 5.) oxidation of methionine was allowed as a variable modification;
and 6.) phosphorylation of serine/threonine/tyrosine residues were only allowed for titanium
dioxide-enriched fractions. Subsequently, all high scoring peptide matches (expectation
value < 0.01) from individual LC-MS/MS runs were used to internally recalibrate MS parent
ion m/z values within that run. Recalibrated data files were then searched with a peptide
tolerance in MS mode of 50 ppm. The output of both searches was combined into a single
output file for identification purposes. Proteins identified with single peptides were accepted
with Protein Prospector expectation values < 0.001. Proteins identified by multiple peptides
were accepted if one of the peptides had an expectation value < 0.01. False identification
rates against a randomized-concatenated database were: protein level = 0.81%, peptide level
= 0.08%, phosphopeptide level = 0.43%. Protein accession numbers were mapped onto the
corresponding UniGene entries (www.nchi.nlm.nih.gov/sites/entrez?db=unigene), and
proteins were condensed to single proteins for quantification and identification purposes if
they matched to the same UniGene entry. Peptides that corresponded to proteins from more
than one UniGene entry were not used for quantification. All phosphopeptides were
manually inspected to verify that the majority of high abundance peaks were y or b sequence
ions, or y-H,0/H3PO4 or b-H,O/H3PO, ions when appropriate. Site assignments were done
manually with the assistance of an in-house site assignment script. A threshold of 25 counts
was set for peaks in the iTRAQ diagnostic ion region. Please note that only peptides with at
least one peak above threshold were used for quantification.

Quantification of Protein Levels in Synaptosome Preparations

The quantitative reliability of the Odyssey imaging system was validated using
synaptosomal fractions prepared from WT mouse brain. First, antibodies directed against
each of the synaptic proteins in our survey (at concentrations specified in Materials and
Methods) were calibrated to determine the dynamic range of signal detection. Loading 1, 3,
6, 9 and 11 ug of synaptosomal material, we found that the infrared signal generated by each
antibody was generally linear between 3- and 9-ug (see Fig. 1A for representative signal
plots). In subsequent studies, we evaluated the reproducibility of our Western blot
procedure. Here, we loaded synaptosomal material (in 6- and 9-pg triplicates) across 3
separate blots, and probed simultaneously for the membrane associated-guanylate kinase
homology (MAGUK) protein SAP102 and the aj subunit of the GABAA receptor. As shown
in Fig. 1B, there was a close agreement between SAP102 and a4 signals within each blot and
between blots, suggesting that precise amounts of protein could be identified and compared
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from one blot to another using the Odyssey system. Thus, given a defined amount of
synaptosome (3-9 pg) we could detect all the presynaptic and postsynaptic proteins in our
survey in a linear manner and do so with significant reproducibility (Fig. 1C).

Next, quantitative differences in the protein composition of WT and Ts65Dn synaptosomes
(prepared from 4 independent, experimental pairs of WT-Ts65Dn littermates) were
systematically assessed using 6 ug of sample — the center of the linear range. The kinds of
alterations that we had expected at Ts65Dn synapses are molecular adaptations that occur in
response to homeostatic plasticity (Turrigiano and Nelson 2000). Fundamentally, these
molecular responses involve scaling of AMPA and GABA, receptor numbers. However,
work from Ehlers (2003) also suggests that chronic changes in excitability completely
refashion protein ensembles within the PSD. Chronic activity blockade with tetrodotoxin in
cortical culture induces a coordinated departure from the synapse of particular glutamate
receptor subunits such as the NR2A subunit of the NMDA receptor, particular MAGUK
adaptors that traffic and stabilize glutamate receptors in the PSD such as PSD-95, and
particular kinases involved with activity-dependent signal transduction such as CaMKl|la.
Compensatory increases in other protein ensembles are observed as well, with recruitment of
SAP102 and the NR2B subunit of the NMDA receptor. Accompanying this differential
trafficking and/or retention of PSD constituents is altered NMDA-mediated signaling to
downstream effectors. Chronic activity deprivation robustly increases levels of
phosphorylated p44/p42 MAPK (ERK 1/2) in response to glycine application, while nearly
abolishing phosphorylation of CREB. Reciprocal molecular changes in PSD composition
and effector signaling are observed when activity is chronically elevated in culture with
bicuculline. The physiological significance of these respective synaptic profiles remains
unclear at the present time, but it is likely that coordinated changes in protein complexes
differentially influence the sensitivity of the synapse to LTP and LTD-inducing stimuli.

The homeostatic plasticity model notwithstanding, Ts65Dn synapses showed relatively few
changes outside of those expected from gene triplication (e.g., synaptojanin). For instance,
synaptosomes prepared from WT and Ts65Dn mice exhibited no differences in their content
of VGIUT or VGAT (presynaptic transporters necessary for the vesicular uptake of
glutamate and GABA, respectively), suggesting that the total number of excitatory and
inhibitory vesicles was conserved. Moreover, there were no fluctuations in the levels of
several other presynaptic proteins, such as synapsin (an actin-binding protein that regulates
the size of the readily-releasable and reserve pools of synaptic vesicles; Greengard et al.
1993), synaptotagmin (a putative calcium sensor in the presynaptic terminal; Geppert et al.
1994), and synaptophysin (a classic vesicle-associated protein; Sudhof 1987). Proteins
integral to presynaptic forms of LTP also remained unchanged, namely Rim1/2, Munc-13
and Munc-18 (Fig. 2A, left set of panels; Table 1). On the postsynaptic side, a number of
proteins that are upregulated or downregulated in an activity-dependent manner (Ehlers
2003) were maintained in Ts65Dn, including the NMDA receptor subunits NR1, NR2A and
NR2B, SAP102, spinophilin, and phospho-ERK p42/p44. Nonetheless, Ts65Dn synapses
did demonstrate some homeostatic-like signatures, with very modest reductions in PSD-95,
CaMKIla and GABAA, a1 (Fig. 2B, right set of panels; Table 1; *p < 0.05). Considering that
these reductions were subtle (i.e., 15-20%), we would conclude that the greater constitution
of the Ts65Dn synapse is fundamentally intact and that activity-dependent changes are
either absent or only expressed at a restricted subpopulation of synapses. By the nature of
our analysis — using whole cerebri as starting material for subcellular fractionation — we can
not preclude the possibility that the small changes we observed or failed to observe were
diluted by mixing substrate more affected by trisomy with that which was less affected.
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Mass Spectrometry Quantification of Protein Levels in PSD preparations

PSD fractions were isolated from WT and Ts65Dn mouse brains using a two-step sucrose
density gradient centrifugation protocol which includes limited solubilization by the non-
ionic detergent N-octyl-beta-D-glucopyranoside — an extraction method that allows for the
maintenance of sensitive but otherwise legitimate protein-protein interactions. Western blot
analysis was used to confirm that the final PSD fraction did not possess immunoreactivity to
the presynaptic marker synaptophysin. While the resulting preparations are highly enriched
for postsynaptic proteins, a limited number of presynaptic proteins are reproducibly isolated
using this method, possibly due to their tight interactions with trans-synaptic proteins
(Trinidad et al. 2006; Walikonis et al. 2000). Two independent biological replicates were
isolated. Each replicate consisted of two samples: pooled brains from 6 WT mice, paired
with pooled brains from 6 Ts65Dn littermates. The resulting set of four PSD preparations
(WT1; Ts65DN1; WT2; Ts65DN2) were digested with trypsin and chemically labeled with
the iTRAQ reagent. This allowed for simultaneous relative quantification of both
WT:Ts65Dn PSD preparations. The peptide mixture was fractionated using strong cation
exchange chromatography and analyzed by reverse phase liquid chromatography coupled to
an ESI-QTOF mass spectrometer — resulting in the identification and quantification of 922
unique proteins on the basis of 1 or more unique peptides (Fig. 3; Supplementary Table
S1). Noteworthy, our PSD preparation was not completely free of contaminating proteins
(whose abundance will likely vary from preparation to preparation). Because these
contaminents generally occur at low levels, we focused our subsequent analysis on those
proteins identified by three or more unique peptides (a total of 442 proteins; Supplementary
Table S1A). For each protein, the WT/Ts65DN ratio was calculated for both independent
sets of PSD preparations. The distribution of logyg-averaged WT/Ts65DN ratios is shown in
Fig. 3A. Positive ratios indicate that a given protein was, on average, more abundant in the
WT PSD preparations, while a negative ratio indicated that it was more abundant in the
Ts65Dn PSD preparations. Over 95% of the proteins measured had logqg-based expression
values between —0.108 and 0.108, corresponding to WT/Ts65DN ratios between 0.78 and
1.28. This narrow, symmetrical distribution suggested that there were no wholesale shifts in
protein expression between WT and Ts65Dn PSD's. In addition, Figs. 3B and 3C show the
distribution of proteins annotated in the Gene Ontology as synaptic (http://go.princeton.edu)
along with a subset of synaptic proteins we have previously characterized as being enriched
in the hippocampus (Trinidad et al. 2008). In both cases, these subsets also displayed a
narrow, symmetrical distribution. Surprisingly, these results suggest that the few modest
changes observed in the synaptic expression of proteins at the synaptosomal level do not
penetrate to the PSD level. This interpretation is bolstered by the fact that trisomy-related
proteins which are over-expressed in synaptosomes as expected (e.g., synaptojanin; Table 1)
are found at normal levels in the PSD preparations (Supplementary Table S1). The reason
for this discrepancy is unclear, but might be due to the tight regulation of protein trafficking
thought to occur within the PSD lattice. Table 2 lists those proteins exhibiting the largest
consistent increase or decrease in WT/Ts65Dn (DS) ratios from both PSD preparations.

We then examined the relative expression of phosphopeptides quantified in our analysis.
Fig. 3D summarizes the logyg-averaged WT/Ts65DN ratios for 641 phosphorylated peptides
(black bars). By and large, values for the log1g WT/Ts65DN phosphopeptide ratios were
normally distributed around a median of 0.0. With only two independent sample replicates,
it is a bit difficult to make statistically definitive conclusions about differences in the
phosphorylation state of WT versus Ts65Dn PSD's. Nevertheless, several phosphopeptides
appeared to be particularly and consistently altered in Ts65Dn samples, including those
associated with NMDA receptor complexes (Table 3, and Supplementary Tables S2A-2B).

The general distribution of phosphopeptides appears broader than that of the protein-level
distribution. Still, the phosphorylation data is based upon single peptide measurements,
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whereas each protein value represents the average of however many peptides were identified
for that protein. Therefore, from an averaging point of view, it is not surprising per se that
the protein values have a narrower range. To assess more directly if the distribution of
phosphorylation levels was different, we examined the log,g-averaged WT/Ts65DN peptide
ratios for all non-phosphorylated peptides from proteins that we found to be phosphorylated
(Fig. 3D, white bars). As expected, it was broader than the protein ratio histogram in Fig.
3A. The distribution of phosphorylated peptides showed an overall reduction in WT/
Ts65DN ratio (i.e., a relative increase in phosphorylation in Ts65Dn synapses relative to
WT ones). Here, the median WT/Ts65DN ratio of phosphorylated peptides was 7.3% less
than that of the non-phosphorylated peptides (0.944 relative to 1.018; p < 0.001, Student's t-
test) — a significant but subtle shift.

These data, together with our Western blot analysis, suggest that the trisomic condition in
Ts65Dn does not lead to substantial changes in protein composition at excitatory synapses
and that deficits in cognition are likely to reside in changes in the physiological properties of
specific neural circuits.

Discussion

It has recently been proposed by several groups that developmental intellectual disabilities
are rooted in alterations at synaptic junctions (Chechlacz and Gleeson 2003; Fernandez and
Garner 2007; Zoghbi 2003). In keeping with this suggestion, partial Mmu16 trisomy and
reduced excitability are both predicted to alter the normal stochiometry of proteins at
Ts65Dn DS excitatory synapses. Here, we report that synaptosomes and PSD's isolated from
the cerebri of adult Ts65Dn mice show no overt changes in their protein composition and
only modest changes if any in protein expression. However, shifts in the phosphorylation of
a number of synaptic proteins were observed. Our data suggest that the trisomic condition
primarily serves to change the functional state of synaptic proteins, but does not result in a
fundamental reorganization of synapses.

While gross changes in synaptic composition were not observed in this study, we did
observe modest changes in a few synaptic proteins present in synaptosomal preparations.
Increased levels of synaptojanin, a presynatic protein involved in coordinating a network of
accessory factors associated with clathrin-mediated synaptic vesicle recycling (Dresbach et
al. 2001), are consistent with its gene being present on HSA21 and also triplicated in
Ts65Dn mice. The increased levels found in our study (WT/Ts65Dn ratio of 0.57 for
synaptojanin in synaptosome preparation; Table 1) are predicted to influence the rate of
synaptic vesicle endocytosis and perhaps the expression and/or function of non-triplicated
presynaptic proteins. Our quantitative Western analysis also detected modest, but significant
decreases (~15-20%) in the levels of four synaptic proteins. These include the presynaptic
active zone protein ERC1/CAST2/ELKS, the PSD proteins PSD-95 and CaMKlla, as well
as the a1 subunit of the GABA receptor (Table 1). ERC1/CAST2/ELKS is a structural
protein of the presynaptic active zone (Deguchi-Tawarada et al. 2004). The functional
significance of its reduction is unclear, though studies in C. elegans and Drosophila suggest
that orthologues of the active zone protein may contribute to the assembly and stability of
synapses (Dai et al. 2006; Patel et al. 2006; Wagh et al. 2006). PSD-95 is a core structural
protein of the PSD lattice, and is critical for the tethering of AMPA type glutamate receptors
within the PSD (Elias et al. 2006), as well as the trans-synaptic cell-adhesion molecule
Neuroligin (Sudhof 2008). Decreases in the levels of these proteins would correspond to
weaker synapses, which are typically situated on thin spines with a smaller number of
AMPA receptors (Elias et al. 2008). CaMKlla is a critical regulatory kinase of the PSD and
dendritic spines that directly participates in NMDA receptor dependent synaptic plasticity

J Neurochem. Author manuscript; available in PMC 2010 July 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Fernandez et al.

Page 9

such as occurs during the induction of LTP (Malenka and Bear 2004). Loss of CaMKlla
from synaptosomes is likewise consistent with weak un-potentiated synapses.

Unlike synaptosomes, we observed no overt changes in protein expression in PSD
preparations from Ts65Dn mice. The few synaptic proteins found to exhibit slight changes
(e.g., 20-35% decrease) include Munc13, Fragile X mental retardation protein (FMRP), the
B subunit of the voltage-dependent calcium channel (VGCC), and liprina Similar to ERC1/
CAST2/ELKS, Munc13, p of VGCC and Liprina are involved in aspects of presynaptic
function such as synaptic vesicle priming, activity dependent influx of calicum and the
structural organization of the active zone, respectively (Schoch and Gundelfinger 2006).
FMREP is found both pre- and post-synaptically, and is involved in the translation of
dendritically localized mRNAs (Galvez and Greenough 2005; Willemsen et al. 2004).
Again, though it is diffcult to predict how these subtle changes will alter synaptic function,
their lower levels are generally consistent with the notion of weaker synapses formed onto
thin spines.

Over-inhibition in Ts65Dn would be expected to chronically hinder excitability in the brain,
triggering molecular (i.e., compositional) and structural homeostatic changes in dendritic
spines geared towards increasing the sensitivity of the postsynapse to incoming stimuli.
Despite these expectations, we found little evidence indicating that the basic constitution of
Ts65Dn synapses was significantly different from that of WT. For example, NMDA
receptor subunits NR1, NR2A, and NR2B were unaltered in both synaptosomes and PSD
fractions. Other proteins regulating receptor function and localization such as scaffolding
molecules and kinases were either unchanged (SAP102; pERK1/2) or subtly down regulated
(PSD-95; CamKlla) in synaptosomes. Interestingly, we found no evidence of increased
levels of GABAA receptors at synapses suggesting that over-inhibition is not a consequence
of enhanced inhibitory postsynaptic responsiveness. The subtle decrease of GABAp
receptor a1 subunit observed in synaptosomes might indicate a compensatory down-
regulation of inhibitory receptors in response to over-inhibition. Since homeostatic changes
can occur at the level of synapse composition, synapse number, or even neuron numbers, it
is possible that changes in spine morphology or in the number of synapses as seen in
Ts65Dn mice and people with DS represent compensatory responses to an altered activity
state in the brain.

All in all, the biochemical data presented here are consistent with other reports showing little
change in the expression of a host of excitatory and inhibitory synaptic proteins in the
Ts65Dn brain (Table 4). Indeed, using Western blot of whole hippocampal extracts from
adult mice, investigators have found no major shifts in the expression of presynaptic
proteins such as synapsin, postsynaptic receptors such as GIuR1, NR1 or GABAaal, or in
the expression of trafficking/scaffolding molecules such as PSD-95, neuroligins 1 and 2, and
gephyrin (Pollonini et al. 2008;Siddiqui et al. 2008;Belichenko et al. 2009). Levels of
proteins involved in signaling cascades associated with learning and memory, CaMKIlla and
ERKZ1/2, also remain stable in the Ts65Dn condition (Siarey et al. 2006;Siddiqui et al.
2008). However, this relative stability is belied by significant changes in the
phosphorylation state of glutamatergic receptors and their signaling effectors which have a
role in communicating synaptic activity from the postsynapse to the nucleus (Siarey et al.
2006;Siddiqui et al. 2008). These findings nicely complement our phospho-proteomic data
(Table 3, and Supplementary Table S2) showing that peptides from a variety of synaptic
proteins including pre- and post-synaptic scaffold proteins and receptors (e.g., Piccolo,
Synapsin, Liprin, Dynamin, PSD-95, NMDA receptors, etc.) are altered. This strongly
suggests that shifts in the activity of both phosphatases and kinases within neurons in the
trisomic condition are modifying the activity of key synaptic proteins.
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One caveat to the current work is that we evaluated synapses as constitutive rather than
kinetic organelles. In reality, the processes that underlie synaptic plasticity and adult
learning and memory are predicated on the dynamic movement of molecules in and out of
the synapse in response to activity, such as CaMKIlla recruitment to spines after NMDA
receptor activation (Shen et al. 2000) or, conversely, synapsin dispersal (Chi et al. 2001).
They are also dependent on the proper turnover of protein pools with defined exchange
rates, allowing synapses to have a stable background with which to sense patterned activity.
Accordingly, though the constitutive support structure appears normal at Ts65Dn synapses,
it remains an open question as to whether synaptic proteins in Ts65Dn mice demonstrate the
same kinetic parameters as WT ones. As such, live imaging of Ts65Dn synapses will be an
important area of future investigation.

In summary, the current study argues that cognitive impairment in people with DS cannot be
easily reduced to compositional changes at excitatory synapses. Instead, it might emerge
from higher order deficits in neural circuits including their glial partners — astrocytes —
which have been demonstrated to participate in synaptic transmission to balance excitation
and inhibition, and which have a known role in triggering oxidative stress in the DS brain
(Busciglio et al. 2002; Fellin et al. 2006). In this regard, it is important to note that synapses
in the hippocampus can undergo changes in synaptic strength in the presence of GABAA
receptor antagonists (Costa and Grybko 2005; Fernandez et al. 2007; Kleschevnikov et al.
2004) arguing that basic features of synaptic plasticity at excitatory hippocampal synapses
are intact.

Interestingly, Hanson et al. (2007) have recently shown that the functional nature of synaptic
connectivity in the CA3 auto-associative network is modified in organotypic slices prepared
from the Ts65Dn hippocampus. Herein, CA3-CA3 connections were more abundant in
Ts65Dn mice, as was the number of active versus silent synapses. Considering that these
modifications could be relevant to degraded pattern separation and decreased memory
capacity in individuals with DS, these data raise the possibility that analogous circuit
changes in various other parts of the brain might underlie the spectrum of DS-associated
cognitive problems. That said, further systems-based experiments in Ts65Dn await to be
conducted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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iTRAQ isobaric tags for relative and absolute quantification
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Figure 1. Western blot analysis with the Odyssey imaging system

(A) All antibodies used to quantify proteins in WT and Ts65Dn synaptosomes were
calibrated to determine the linear range of detection. Representative signal plots show that
this range was generally between 3-9 ug of synaptosomal material. (A, inserts) Western
blotting (1, 3, 6, 9, and 11-ug sample loaded sequentially left to right) for CamKlla,
SAP102 and GABApal. Overhanging brackets indicate the 3-9 pug lanes. (B) The Odyssey
system can reliably detect defined amounts of protein within and between blots. Probing for
SAP102 and GABAal generates comparable fluorescence intensities. (C) The Odyssey
system in practice. With the use of differentially labeled secondary antibodies, multiple
synaptic proteins can be surveyed at once with virtually no signal overlap (WT, Ts65Dn
triplicates are shown left to right). Ms (red), mouse; Rb (green), rabbit.
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Figure 2. Protein conservation in Ts65Dn synaptosomes

(A,B) Probing for key presynaptic and postsynaptic proteins shows few differences between
the makeup of WT and Ts65Dn synaptosomes beyond the expression of synaptojanin, a
protein upregulated in Ts65Dn (WT, Ts65Dn duplicates or triplicates are displayed left to
right; 6 pg per lane).
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Figure 3. Overall comparison between WT and Ts65Dn synapses

(A) Everything considered, protein levels did not display a large degree of variation between
WT and Ts65Dn mice. A histogram from two biological replicates of synapses shows that
the logyg average protein expression had a very small spread. 442 proteins were quantified
using three or more unique peptides, and approximately 95% of the expression ratios were
within +/— 0.108 logyq units (corresponding to a range of 0.78 to 1.28 for the WT/Ts65DN
ratios). (B) For the same set of experiments, we examined the distribution for the subset of
proteins annotated as “synaptic” in the Gene Ontology database (a total of 52 proteins). (C)
We also examined the distribution for a subset of proteins found to be enriched in the
hippocampus (a total of 96) in a previous study (Trinidad et al. 2008). For both of these
subsets, the distributions were approximately as narrow as that for the entire dataset. Figure
3(D) shows the distribution of phosphopeptides for proteins identified with three or more
unique peptides (black bars, 641 phosphopeptides). The phosphorylation ratios showed a
higher degree of spread. Only 70% of the phosphopeptides had expression ratios within +/—
0.108 logyg units. Because peptide-level measurements should exhibit a larger variance than
protein-level measurements (composed of averages of many peptides), we also plotted the
expression ratios of non-phosphoryalted peptides from proteins found to be phosphorylated
(white bars, 2178 peptides). Phosphopeptides displayed a clear shift towards lower WT/
Ts65DN ratios, consistent with an average increase in phosphorylation stoichiometry in the
Ts65Dn mouse of approximately 7%.
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Table 1
Odyssey Fluorescence Values

Summary of fluorescence values obtained for proteins examined in WT and Ts65Dn synaptosomes via
Western blot and Odyssey visualization. All WT and Ts65Dn samples were loaded in duplicate or triplicate in
7.5% homemade PAGE gels. For quantification purposes, the mean raw intensity value for the WT bands of a
given protein in a gel-blot were divided by the mean raw intensity value for the Ts65Dn bands, creating a WT/
Ts65Dn ratio for each protein. The averages of these ratios across individual blots are presented along with
their standard deviations (mean + SD). n indicates the number of times for which a protein was probed/blotted.
WT/Ts65Dn protein ratios were evaluated via two-tailed, one-sample t-tests against an expected, hypothetical
value of 1.0 (a value signifying no change between the WT and Ts65Dn conditions) using GraphPad Software.
P values < 0.05 were considered significant (*).

WT/Ts65Dn Ratio

Rim1/2 1.10+£0.182,n=9
Munc-13 1.04+0.155,n=4
Clathrin 0.98+0.179,n=14

*Synaptojanin

0.57£0.160,n =6

*Erc/CAST2 1.15+0.064,n=10
CASK 0.96 +0.037,n=3

Synapsin | 1.04+0.092,n=12
Munc-18 1.09+0.157,n=10

Synaptotagmin

1.09+0.165 n=7

VGIuT1 0.97£0.057,n=2
VGAT 1.00+0.138,n=11
CtBP1 1.05+0.054,n=2
GAP-43 0.89+0.151,n=7

Synaptophysin

1.08+0.140,n=8

SNAP-25 1.15+0.068,n=2
GKAP 0.82+0.117,n=3
NR2A 1.11+0.203,n=9
NR2B 1.11+0.179,n=10
Spinophilin 1.01+0.111,n=10
NR1 1.08 £0.209,n =12
SAP102 1.03+0.116,n=16
*PSD-95 1.27+0.151,n=12
Alpha-Tubulin 0.99+0.158,n=9
Tyro-Tubulin 1.03+0.153,n=3

*GABA, alpha 1
*CaMKII alpha
Phospho-ERK

1.16+£0.134,n=9
1.22+0.194,n=16
0.86 £0.259,n =5
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Table 3

This table lists the subset of phosphopeptides showing the largest consistent increase or decrease in WT/
Ts65Dn (DS) ratios. The columns list the Protein Names; the sequence of the phosphopeptide; the number of
peptides identified/quantified for that entry; the WT/Ts65Dn (DS) ratio for the first biological replicate; the
WT/Ts65Dn (DS) ratio for the second biological replicate; and the average of the two ratios. For the peptide
sequence, lower case “s, t, or y” designates the site of phosphoryaltion. If multiple sites are enclosed in
parenthesis, the exact site of phosphorylation could not be determined from the MS/MS spectra. Lower case
“m” refers to oxidation of methionine. To be included on this table, phosphopeptides needed to be quantified
from proteins identified by at least three unique peptides. For both sets of independent biological isolates, the
peptides further needed to show an increase or decrease of 15%.

1duasnuey Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Protein Name Peptide WT/DS1 WT/DS2 average
Discs, large homolog 4 (PSD-95, SAP-90) EQLMN(sSLGsGtAsSLRs)NPK 414 121 2.67
CaMKII a/y/d AGAYDFPSPEWDTVTPEAK 3.45 1.62 2.54
Armadillo repeat deleted in velo-cardio-facial syndrome  sSLAADDEGGPDLEPDYSTATR 1.62 2.40 2.01
Glutamate receptor, ionotropic, NMDA2A (epsilon 1) YLPEEVAH(sDIS)ETSSR 2.29 1.50 1.89
Glutamate receptor, ionotropic, NMDAZ2B (epsilon 2) NMANLSGVNGsPQSALDFIRR 2.00 1.73 1.87
Piccolo (presynaptic cytomatrix protein) TTLYFDEEPELEmMESL (tDs)PEDR 1.35 1.84 1.60
Centaurin, gamma 1 LK(sFGs)LR 1.43 1.63 1.53
Liprin alpha 3 SLPGSALELR 1.37 1.68 1.52
Discs, large homolog-associated protein 1 SLDSLDPAGLLTSPK 1.72 1.31 1.51
Liprin alpha 3 RGSALGPDEAGGELER 1.76 1.25 1.50
Dynein cytoplasmic 1 light intermediate chain 1 DFQEYVEPGEDFPASPQR 0.57 0.40 0.48
RIKEN cDNA 2010300C02 gene DTSLPKGD(tPPPEtItD)NLETPSDTER 0.37 0.60 0.48
Signal-induced proliferation-associated 1 like 1 FLMPEAYP(ss)PR 0.37 0.55 0.46
Leucine rich repeat containing 7 GGLEGQS(sls)ymTDPQFLK 0.38 0.53 0.46
Erythrocyte protein band 4.1-like 3 GI(sQNLITTVTPEK 0.34 0.52 0.43
Reticulon 4 Acetyl-mEDIDQSSLVSSSADsPPRPPPAFK 0.59 0.27 0.43
Dynamin 1 SGQASPSRPESPRPPFDL 0.31 0.54 0.43
Piccolo (presynaptic cytomatrix protein) LPSP(tsPLs)PHSNK 0.40 0.33 0.36
Adducin 2 (beta) SPS(tEs)QLMSK 0.42 0.27 0.35
Synapsin | LP(sP) AAPQQSASQATPVTQGQGR 0.10 0.29 0.20
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Table 4

A brief summary of the Ts65Dn synaptic proteomics literature.

Page 21

Authors
Siarey et al., 2006

Pollonini et al.,
2008

Siddiqui et al.,
2008

Belichenko et al.,
2009

Tissue

Whole Hippocampus

Hippocampal Synaptosomes

Whole Hippocampus

Cortex, Soluble and Crude
Membrane Fractions

Hippocampus, Soluble and Crude
Membrane Fractions

Whole Hippocampus

Proteins surveyed

CaMKllo, pCaMKlla, Akt, pAkt, ERK1/2,
pPERK1/2, GluR1, pSer831-GluR1, pSer845-
GluR1

GluR1, pSer831-GluR1

Synaptophysin, Synapsin, MAP2, PSD-95,
Spinophilin, Gephyrin, CDKS5, pCREB, C/EBPS,
MuSK, NR1, GIuR1, GIuR2, GIuR3

TIAML, Dyrk1A, ITSN1, Akt, pAkt (Ser473),
ERK1/2, pERK1/2(Tyr204) NR1, pNR1
(Ser897), pELK, pGSK3B

TIAM1, Dyrk1A, ITSN1, Akt, pAkt, ERK1/2,
PERK1/2, NR1, pNR1, pELK

GABAp0l, GABAAB2, GABAAR3, GABARRL,
GABAgR2, Neuroligin 1 & 2, GIluR1,GIluR2

Results

1 pCaMKlIla, pAkt, GIuR1,
pSer831-GluR1
| PERK1/2

| pSer831-GluR1

| Synaptophysin
1 CDK5

1 TIAM1, Dyrk1A
(membrane)

1 ITSN1, pAkt, pGSK3B
(soluble)

1 TIAM1, Dyrk1A, ITSN1,
pAkt, pERK1/2, pELK
(soluble)

< No changes
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