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Parkinson’s disease (PD) is a neurological disorder char-
acterized by the progressive loss of functional dopamin-
ergic neurons in the nigrostriatal pathway in the brain.
Although current treatments provide only symptomatic
relief, gene therapy has the potential to slow or halt the
degeneration of nigrostriatal dopamine neurons in PD
patients. Adeno-associated viruses (AAV) are vectors of
choice in gene therapy because of their well-character-
ized safety and efficacy profiles; however, although gene
therapy has been successful in preclinical models of the
disease, clinical trials in humans have failed to demon-
strate efficacy. Significantly, all primary AAV receptors of
the virus are glycans. We thus hypothesize that age re-
lated changes in glycan receptors of heparan sulfate (HS)
proteoglycans (receptor for rAAV2), and/or N-glycans with
terminal galactose (receptor for rAAV9) results in poor
adeno-associated virus binding in either the striatum or
substantia nigra, or both, affecting transduction and gene
delivery. To test our hypothesis we analyzed the striatum
and substantia nigra for changes in HS, N-glycans and
proteomic signatures in young versus aged rat brain stria-
tum and substantia nigra. We observed different brain
region-specific HS disaccharide profiles in aged com-
pared with young adult rats for brain region-specific pro-
files in striatum versus substantia nigra. We observed
brain region- and age-specific N-glycan compositional
profiles with respect to the terminal galactose units that
serve as receptors for AAV9. We also observed brain
region-specific changes in protein expression in the ag-
ing nigrostriatal pathway. These studies provide insight
into age- and brain region-specific changes in glycan
receptors and proteome that will inform design of im-
proved viral vectors for Parkinson Disease (PD) gene
therapy. Molecular & Cellular Proteomics 17: 1778–
1787, 2018. DOI: 10.1074/mcp.RA118.000680.

Parkinson disease (PD)1, the second most common neuro-
logical disorder, is characterized by the lack of functional

dopaminergic neurons in the nigrostriatal pathway, with age
being the primary risk factor. Studies of non-human primates
showed that cellular markers of aging mimic the histopatho-
logical features of PD. Aging-induced cellular mechanisms are
accelerated in dopaminergic neuron degeneration in PD (1).
Thus, understanding the role the aged environment plays in
changes in the nigrostriatal pathway are critical to under-
standing dopaminergic neuron demise in PD.

Current treatment strategies for PD include replacement
therapies for dopamine or drugs mimicking the action of
dopamine, which provide temporary symptomatic relief (2). A
major drawback of these therapeutic approaches is that they
do not restore lost neurological function or protect from fur-
ther degeneration of the nigrostriatal system. Gene therapy
has the potential to provide neuroprotection and/or restora-
tion. Currently, adeno-associated virus (AAV) vectors are be-
ing investigated in clinical trials to deliver trophic factors to the
striatum of PD patients in order to provide neuroprotection for
the remaining dopamine neurons (3).

AAVs are vectors of choice in gene delivery for PD because
of their safety and efficacy profiles. Significantly, all primary
receptors of the AAV are glycans (4–6). Preclinical aging
models of rats have been successful in gene delivery,
whereas in humans, clinical trials (7) have failed. A possible
explanation is that age related changes in cells and ECM
receptors for the viral delivery causes resistance to transduc-
tion of the virus (8, 9). Previous studies have demonstrated
that transduction of the nigrostriatal system using AAV2,
AAV5, or AAV9 is less efficient in aged rats than young adult
rats (8, 10).

We sought to characterize the age-related changes in gly-
can and protein expression in the striatum and substantia
nigra in young adult (3 months old) and aged (20 month old)
rats. To do this, we applied glycosidase and protease en-
zymes in series to fresh-frozen striatum and substantia nigra
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tissue sections. The released products were extracted and
analyzed using liquid chromatography-mass spectrometry.

MATERIALS AND METHODS

Experimental Design and Statistical Rationale—Aging studies were
performed on six young (3 months) and six aged (20 months) male
F344 rats. Three serial histological sections were used per brain
region (striatum and substantia nigra) per animal as technical repli-
cates. All serial tissue sections were process using the workflow
described below. Additionally, bovine brain cortex tissue was used to
control for reproducibility enzymatic activity and extraction of diges-
tion products from the slides. All postextraction samples were spiked
with an internal standard to control for run-to-run variability. Instru-
ment performance was assessed daily with a quality control external
standard.

Brain Cryosectioning—Rats were sacrificed with an overdose of
pentobarbatol and perfused with cold saline (no heparin added).
Brains were manually extracted and flash frozen in pre-chilled
2-methylbutane for 20 s. Brains were transferred to foil packets
prechilled on dry ice and then stored at �80°C. Packets were trans-
ferred to �20°C the day of sectioning. Frozen tissue was sectioned
using a cryostat. Brains were mounted on chucks using optimal
cutting temperature (OCT) polymer to attach the cerebellum to the
chuck (being very careful to avoid any OCT contact with brain regions
rostral to the cerebellum). Brains were sectioned in the coronal plane
at 10 �m thickness in the cryostat at approximately �12°C. Sections
were adhered to Superfrost Plus slides. Slides were submerged for 1
min in acetone that was chilled for at least one hour in the cryostat at
�12°C. The backs of the slides were dried and the striatum or
substantia nigra in both hemispheres was outlined in permanent
marker (images are shown in supplemental Figs. S1 and S2). Slides
were placed back in the cryostat and then transferred to a pre-chilled
slide box at �20°C for storage.

Enzymatic Digestion—Three fresh-frozen striatum and substantia
nigra serial sections from each of six 3 month old rats Y1, Y2, Y3, Y4,
Y5, Y6, and six 20 month old rats O7, O8, O9, O10, O11, O13 were
chosen. Samples were randomized and blinded prior to digestion.
Regions of striatum or substantia nigra were marked the back of the
slides using a hydrophobic IHC Pap pen (SuperHT pen, Biotium)
before serial ethanol (100%, 90%, 70%, 50%, 30%, water) washes.
Equivalent areas from both brain hemispheres were digested and
solutions pooled as single samples as described in supplemental
Table S1. Hyaluronan digestion was performed using 5 sequential
cycles of hyaluronidase (1.8 �l, 2 U/�l) incubation at 37°C for 1 h in a
humidified chamber with the last cycle digested overnight, after which
the digestion solutions were combined. After all the digestion cycles,
the HA disaccharides were extracted sequentially using 5 additions of
1.8 �l 0.3% ammonium hydroxide, after which the extraction volumes
were combined. Next, 5 sequential cycles of CS digestion was per-
formed with chondroitinase ABC (1.8 �l, 2 mU/�l) at 37°C, for 1 h in
a humidified chamber with the last cycle incubated overnight and
extracted using 1.8 �l 0.3% ammonium hydroxide and combined.
Following this, HS disaccharides and N-glycans were digested simul-
taneously using 5 sequential cycles of heparin lyases I, II, III (2 mU/�l)
and PNGase F (500,000 U/ml) in a volume of 1.8 �l at 37°C, for 1 h in
a humidifier chamber with the last cycle incubated overnight; released
HS disaccharides and N-glycans were extracted following each cycle
using 1.8 �l 0.3% ammonium hydroxide and combined. Following
glycan extraction, samples were reduced and alkylated using 10 mM

dithiothreitol (DTT) at 55 °C for 20 min and 20 mM iodoacetamide (IAA)

in 25 mM ammonium bicarbonate incubated at 55 °C for 20 min for
reduction and incubated at room temperature for 20 min in the dark
for alkylation. Proteins were then digested using 5 cycles of trypsin
(1.8 �l, trypsin 0.125 �g/�l) 37°C, for 1 h in a humidified chamber with
the last cycle incubated overnight and extraction after digestion with
30% ACN in 0.1% TFA. The enzyme digestion conditions are sum-
marized in supplemental Table S1. Glycan samples were desalted
using size exclusion chromatography (GE Healthcare Life Sciences
Superdex 3.2/300); HS disaccharide fractions were collected be-
tween 35–47 min and N-glycans were collected between 27–35 min
using mobile phase (25 mM ammonium acetate, 5% acetonitrile) at a
flowrate of 0.04 ml/min.

Heparan Sulfate Disaccharide Analysis—An internal standard
of 400 fmol of a synthetic disaccharide (�UA-2S ® Glc-
NCOEt-6S (I-P) internal standard, HD009, Iduron) was added to all
samples prior to HILIC-MS analysis. Randomized and blinded sam-
ples were analyzed using HILIC-MS with Thermo-Fisher Scientific
Glycanpac AXH-1 stationary phase, 1.9 �m particle size packed
in-house in a 150 �m X 20 cm column format. Disaccharides were
fractionated using a gradient of 85 to 15% mobile phase B in 45 min,
using mobile phase A 50 mM ammonium formate pH 4.5 and B 95%
acetonitrile with a 55 min method using Waters nano-Acquity inter-
faced with LTQ-Orbitrap-XL(Thermo-Fisher Scientific) in negative
polarity mode. The isoforms were quantified using targeted higher
energy collisional dissociation (HCD) tandem mass spectrometry
and relative and absolute disaccharide abundances are determined
using standard curves as described previously (11, 12). Represent-
ative extracted ion chromatograms (EICs) are shown in supplemen-
tal Fig. S3.

N-Glycan Analysis—An internal standard of 400 fmol 2AB labeled
N-glycan A2F (GKSB-313, Prozyme) was added to each sample prior
to HILIC-MS analysis. Randomized and blinded samples were ana-
lyzed using HILIC-MS with Tosoh Biosciences, Amide-80, and 5 �m
particle size stationary phase packed in-house in a 100 �m X 15 cm
column format. Glycans were fractionated using a gradient of 80 to
20% mobile phase B in 40 min, using mobile phase A 50 mM ammo-
nium formate pH 4.5 and B 95% acetonitrile compositions with a 70
min method using Waters nano-Acquity interfaced with LTQ-Or-
bitrap-XL (Thermo-Fisher Scientific) in negative polarity mode. Sam-
ples were analyzed by top-5 data-dependent HILIC-MS.

Proteomic Analysis—An internal standard of 100 fmol peptide re-
tention time calibration mixture (88321, Pierce) was added to all
samples prior to LC-MS analysis. Randomized and blinded samples
were analyzed using top-20 data-dependent acquisition reversed
phase LC-MS acquired using a Q-Exactive HF mass spectrometer
(Thermo-Fisher Scientific). We used a 150 �m � 10 cm C18 reverse
phase 1.7 �m BEH analytical column and a 180 �m � 2 cm 5 �m C18
trapping column from Waters technology with a 120 min method with
a gradient from 2 to 98% acetonitrile in 97min, using mobile phase A
99% water 1% acetonitrile 0.1% formic acid and mobile phase B
99% acetonitrile 1% water 0.1% formic acid.

Data Analysis—As shown in supplemental Table S2, LC-MS data
were acquired in random order. The sample codes are shown in
supplemental Table S3. The total ion current levels for all proteomics
data files are shown in supplemental Figs. S4 and S5. All raw data
files have been posted to the Pride public repository (Pride Repos-
itory number PXD008990). All protein TIC traces were in the inten-
sity range of 2.15E9 to 6.44E09 for striatum and 2.08E9 to 6.23E9
for substantia nigra. supplemental Table S4 shows the number of
proteins identified for each sample, indicating stable instrument
performance over the course of the data acquisition. Two proteom-
ics data files from striatum, Rat19 and Rat 32 were corrupted
because of a computer disk error.

1 The abbreviations used are: PD, Parkinson disease; HS, heparan
sulfate; AAV, adeno-associated virus; EIC, extracted ion chromatogram.
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The data were searched against the Uniprot/Swissprot database
release 2015_03, species: Rattus norvegicus (rat) using Peaks Studio
version 8.0 (Bioinformatics Solutions, Inc., Waterloo, ON, Canada)
with a 1% false discovery rate and at least 2 unique peptides required
for protein identification using PeaksDB. For striatum, 7973 entries
were searched using Peaks DB and 7000 using Peaks PTM. For
substantia nigra, 7921 entries were searched using Peaks DB and
7000 using Peaks PTM. The Peaks software used a decoy fusion
method to calculate false discovery rate (FDR) as published (13). A
10-ppm error tolerance for the precursor (MS1) and 0.1 Da mass error
tolerance for fragment ions (MS2) were specified. A maximum of 2
missed cleavages per peptide were allowed for the database search,
permitting non-tryptic cleavage at one end. Trypsin specificity was
defined as cleavage after Arg and Lys, when not followed by a Pro,
allowing for hydroxyl proline as a variable modification. After a regular
database search, a second PTM search was performed using Peak-
sPTM for a larger set of variable modifications which included (deami-
dation N, oxidation M, phosphorylation STY, HexNAc ST, HexHex-
NAc ST, hydroxylation K, hydroxylation-Hex K, ubiquitination K,
hydroxylation P, nitrotyrosine Y) and a fixed carbamidomethylation
modification. The results were a combination of database and vari-
able PTM searches. The PEAKS Studio Quantification module was set
for label free peptide quantification: significance �15, fold change
�1, quality �0, average area �1E4, charges from 1–10, detected in at
least 1 of 12 samples. The Peaks Studio scoring statistics are shown
in supplemental Fig. S6. Protein quantification was set to: significance
�15, fold change �2, at least 1 unique peptide. Abundances were
normalized relative to rat young 1. Tables showing the normalization
factors and Peaks exports showing peptide and protein identifica-
tions are provided as supplemental files.

Functional Annotation of Proteomes—The differentially quantified
proteins from the Peaks output were functionally annotated using the
Software Tool for Researching Annotations of Proteins (STRAP) soft-
ware (14). Here gene-ontology analysis of the protein ID were repre-
sented with GO-term association data in pie charts (biological proc-
ess, cellular component, and molecular function) as shown in
supplemental Fig. S7 and supplemental Fig. S8.

Data Analysis for N-Glycan Glycomics—Glycomics mass spectral
data were analyzed using GlyReSoft version 0.3.1 (available at www.
bumc.bu.edu/cbms) (15–17). After deconvolution and peak picking,
glycan compositions were assigned based on a combinatorial data-
base built using HexNAc 2–9, Hex 3–10, Fuc 0–5, NeuAc 0–4 and
NeuGc 0–4 constrained by HexNAc�Fuc and HexNAc-1�NeuAc.
Glycan matches containing NeuGc were excluded based on strong
evidence that this residue is rare in vertebrate brain (18). Note that the
addition of an oxygen atom to form NeuGc is the same mass shift as
a change from Fuc to Hex. Thus, the exclusion of NeuGc favored
assignment of compositions of the same mass with one less Fuc and
one more Hex residue. The resulting search space consisted of 5097
glycan compositions with 1 added for the internal standard tagged
glycan. The program was set to allow up to 3 formate adducts, and
the abundances of all adducted forms of a given composition were
summed. The program extracted peak masses and volumes in the
MS1 dimension. Compositions observed in at least two of the three
technical replicates were assigned based on mass values. All values
were normalized against the A2F internal standard. Average relative
abundances in young versus aged animals were plotted as bar graphs
for comparison and statistically significant differences were calcu-
lated using a two-tailed student t test. The sparsity ratio (ratio
of number of values observed for each animal over the total of six
per group) of each composition observed in the young or aged
group was calculated and values above 0.5 considered acceptable.
The number of terminal galactose was estimated by subtracting the
chitobiose core (HexNAc2Hex3) and all capped lactosamine units

(Neu5AcHexHexNAc) from the glycan composition. The number of
lactosamine units (HexHexNAc) remaining gives the maximum
number of terminal galactose residues in the glycan. Excess Hex-
NAc such as may arise from bisecting HexNAc or Hex from a
Gal-Gal motif are ignored.

RESULTS

Age-related Changes in Striatum Heparan Sulfate—As
shown in Fig. 1A, we observed that the summed abundances
of HS disaccharides were higher in young compared with
aged striatum. N-Acetylated disaccharide levels were signifi-
cantly lower (p � 0.03) in aged compared with young striatum
(Fig. 1B). We also observed significantly lower abundances of
N-sulfated disaccharides compared with N-acetylated disac-
charides in both young and aged striatum (p � 0.02 and p �

0.004) (Fig. 1B). Relative abundances for N-acetylated HS
disaccharide D0A6 (p � 0.002) was significantly higher and
N-sulfated disaccharide D0S0 (p � 0.02) significantly lower
for young compared with aged rat striatum (Fig. 1C). Absolute
fmol abundances of disaccharides are shown in supplemental
Fig. S9A. These trends are consistent with differing HS do-
main structure resulting from biosynthesis and/or post-bio-
synthetic modification by extracellular sulfatase, heparanase
and/or proteases.

Age-related Changes in Substantia Nigra for Heparan Sul-
fate—As shown in Fig. 2A summed HS disaccharide abun-
dances did not change significantly during aging in substantia
nigra. We observed lower abundances of N-sulfated com-
pared with N-acetylated disaccharides in the substantia-nigra
(p � 0.05 and p � 0.04) (Fig. 2B). The relative level of disac-
charide D0A0 (p � 0.04) was significantly higher in aged
compared with young substantia nigra (Fig. 2C), consistent
with the conclusion that the overall HS domain structure
differed significantly. Absolute fmol abundances of disaccha-
rides are shown in supplemental Fig. S9B.

Brain-Region Specific Changes to HS Chains During Ag-
ing—Although the quantity of HS released from striatum was
significantly lower for aged animals, that released from sub-
stantia nigra was similar (Fig. 3A). Both young and aged
animals showed brain region specific HS disaccharide com-
positions (Fig. 3B and 3C). For young animals, the levels of
disaccharides D0A6 and D2A6 were higher in substantia nigra
and those of D0A0 and D2S0 were higher in striatum (Fig. 3B).
For aged animals, D0A6 was higher in substantia nigra and
D0S0 in striatum. These results show that region-specific HS
chains undergo region-specific changes during brain aging.
We also quantified the saturated disaccharides that derive
from the non-reducing ends of the parent HS chain (supple-
mental Fig. S10). These disaccharides were severalfold less
abundant than those of the �-unsaturated disaccharides pro-
duced by the action of the heparin lyase enzymes. As a result,
differences in saturated disaccharides with aging were not
significant. HS chain length can be estimated from the ratio of
the summed �-unsaturated to saturated disaccharides. We
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observed no significant difference in chain length within ex-
perimental error.

Age-related Changes in Striatum N-linked Glycans—We
identified a total of 35 N-glycan compositions in the set of 6
young and 6 aged striatum specimens (the raw data are
included as a supplemental file). The 10 glycan compositions
for which the sparsity ratio (see the Methods section) was 0.5
or above are shown in Fig. 4. The glycans are ordered on the
X axis according to the maximum number of terminal galac-
tose residues, calculated from the compositions. The three
N-glycan compositions the abundances of which varied in a
statistically significant manner were [5, 6, 2, 2], [6, 7, 3, 2], and
[6, 7, 3, 3], given as [HexNAc, Hex, Fuc, Neu5Ac]. Although
these compositions are all sialylated, each is likely to contain
terminal galactose residues as estimated from the monosac-
charide composition as described in the Methods section.

Age-related Changes in N-linked Glycans in Substantia-
nigra—We identified a total of 46 N-glycan compositions in
the 6 young and 6 old substantia-nigra specimens (the raw
data are included as a supplemental file). The 22 glycan
compositions observed with a sparsity ratio of 0.5 or above
are shown in Fig. 5. Among these, 13 compositions varied in
abundances between young and old specimens in a statisti-
cally significant manner. A subset of 7 of these compositions
contained one or more terminal Gal residue using the metric
described in the Methods section.

Age-related Changes in Proteomics in the Striatum—We
identified an average of 1240 proteins from young and 1232
proteins from the aged striatum specimens. Fig. 6A shows the
number of proteins differentially identified in young versus
aged striatum and 6B the heat map of the differentially quan-
tified proteins. Proteins including DHPR are mitochondrial or
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involved in mitochondrial processes. Mitochondrial dysfunc-
tion is a hallmark of aging (19). We observed Atpb, a gene
responsible for the electrochemical gradient transfer across
the inner membrane of the mitochondria (20), differentially
quantified with age which could contribute to mitochondrial
dysfunction. We also observed PPR1B, a gene responsible for
dopaminergic and GABAergic signal integration (21) differen-
tially quantified with age. Other proteins of interest included
RAB3A which is involved in cell sorting. It is established that
the autophagy-lysosomal pathway is affected in Parkinson’s
disease (22).

We identified an average of 1348 proteins from the young
and 1375 proteins from the aged substantia nigra specimens.
Fig. 7A shows the distribution of common and unique proteins
identified in young versus aged substantia-nigra. The heat
map for substantia-nigra protein expression is shown in Fig.
7B. Differentially quantified proteins among young versus
aged substantia nigra included MBP and GFAP have been
reported to change with cellular populations in aging brain
(23, 24). As shown in Fig. 7B, we observed differential expres-
sion of DHPR, a protein involved in ROS. CDC42 and ATPK
were differentially regulated and are involved in mitochondrial
electron transport. This is consistent with alteration in the

mitochondrial pathways, a known hallmark of aging and Par-
kinson’s disease (25). We observed differential expression of
proteins VAMP2 and SYN2, both of which are involved in
voltage gated ion channel signaling and synapse formation
(26). Also, we observed differential regulation of protein
S100B, a calcium binding protein necessary for neuronal sig-
nal transduction that is known to be altered in Parkinson’s
disease in aged substantia nigra (27, 28).

The distribution of common and unique proteins differen-
tially quantified in the two brain regions with age is shown in
Fig. 8. We observed DHPR as the only protein in common
differentially quantified between striatum and substantia
nigra. There are several proteins in substantia nigra in neuro-
nal signal transduction and mitochondrial proteins like ATPK
and PRDX5 that are absent in the striatum.

DISCUSSION

Parkinson’s disease is a candidate for gene therapy be-
cause current treatments of dopamine replacement do not
slow or halt the progression of the disease (2). Gene therapy
has the potential to deliver a continuous supply of neuropro-
tective factors to prevent further degeneration of neurons in
PD patients (29–31). Currently, AAV vectors are being inves-

0.00E+00
2.00E+02
4.00E+02
6.00E+02
8.00E+02
1.00E+03
1.20E+03
1.40E+03
1.60E+03
1.80E+03
2.00E+03

N-acetylated N-sulfated

A
b

u
n

d
a

n
ce

, 
fm

o
l

B

C

0%

10%

20%

30%

40%

50%

60%

D0A0 D0A6 D2A0 D2A6 D0S0 D0S6 D2S0 D2S6

P
e

rc
e

n
t 
A

b
u

n
d

a
n

ce
, 

%

*
p=0.04

*
p=0.05

*
p=0.04

A

0.00E+00

5.00E+02

1.00E+03

1.50E+03

2.00E+03

2.50E+03

A
b

u
n

d
a

n
ce

, 
fm

o
l

FIG. 2. Comparison of HS disaccharide abundances in young versus aged rat substantia nigra. A, summed HS disaccharide
abundances; B, N-acetylated and N-sulfated HS disaccharides; C, relative disaccharide compositions. Error bars are standard error of the
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N-acetylated and N-sulfated disaccharides. Disaccharides structures are defined in Fig. 1D.
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FIG. 4. N-Glycans with terminal galactose from striatum. Red � young, Green � aged. The error bars show standard error of the means,
with student T-tests done for statistical significance with * p � 0.05. The maximum number of terminal galactose residues was calculated as
described in the methods section.
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FIG. 3. A, HS disaccharide abun-
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tigated in clinical trials to deliver trophic factors to the striatum
of PD patients to provide neuroprotection for the remaining
dopamine neurons (3, 30, 31). However, preclinical studies
(32) demonstrate that the aged brain environment may pres-
ent challenges to efficient gene transfer using rAAV2, rAAV5,
and rAAV9 (8, 10). The present results suggest that brain
region-specific changes in glycosylation may contribute to the
reduced transduction efficiency observed in the aged striatum
and substantia nigra.

We observed distinct age-related profiles of HS between
striatum and substantia nigra. In the aged brain, the striatum
has significantly lower overall abundance of HS whereas ag-
ing did not impact HS abundance in the substantia nigra.
Although it has been reported that the receptor for AAV2 is the
heavily sulfated domain that corresponds to D0S6 and D2S6
disaccharides (9, 33), we observed that in both the striatum
and the substantia nigra, levels of D0S6 and D2S6 were very
low and that no significant age related changes in these

FIG. 5. N-Glycans with terminal galactose from substantia nigra. Red � young, Green � aged. The error bars show standard error of the
means, with student T-tests done for statistical significance with * p � 0.05. The maximum number of terminal galactose residues was
calculated as described in the methods section.
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FIG. 6. A, Venn diagram of proteins
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striatum with 1% FDR. B, Differentially
quantified proteins by label-free
proteomics.
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disaccharides were observed. However, the domain struc-
ture of HS changes in both striatum and substantia nigra
during aging. Because AAV2 binds heavily sulfated HS do-
mains, our observation of differential sulfation indicates
brain region-specific HS expression is consistent with age-
related changes in viral transduction. Related to this, aging
studies have demonstrated alteration in levels of hepara-
nase, an enzyme involved in degradation and restructuring
of HS (34).

Desialylation increases transduction of AAV9 in Chinese
hamster ovary cells, implicating binding to galactose residues
exposed by removal of sialic acid residues (35). Increased
binding and transduction were also observed when AAV9

was administered in the presence of sialidase in live mice
(36, 37). These findings implicate galactose residues ex-
posed by alteration of sialic acid levels in the observed
changes in AAV9 binding and transduction. We observed a
set of N-glycan compositions with terminal galactose that
had lower abundances in aged than young brain. We ob-
served a larger number of N-glycans with terminal galactose
that varied in abundances with aging in substantia nigra
than in striatum.

Our findings may reflect developmental related changes in
expression of glycogenes (38) or modifications in co- and
post-translation of proteins during aging (39, 40). It is ob-
served that changes in glycosylation plays crucial roles in
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other age-related neurodegenerative diseases including prion
(41) and Alzheimer’s diseases (42). Hallmarks of aging and
Parkinson’s disease include protein aggregation, mitochon-
drial dysfunction and energy metabolism failure, oxidative
stress, aberrant protein degradation, synaptic dysfunction,
inflammation, blood brain barrier/ECM compromise, neuro-
toxicity, protein translation and lysosomal dysfunction (43).
We observed age-associated changes in the abundances of
several proteins involved in these pathways. Among these, we
observed in the striatum a change in Atpb, a gene responsible
for the electrochemical gradient transfer across the inner
membrane of the mitochondria, differentially quantified with
age. We also observed PPR1B, a gene responsible for dop-
aminergic and GABAergic receptor activation differentially
quantified with age, supporting age as a risk for Parkinson’s
onset with aberrant dopaminergic signaling. Other proteins of
interest included RAB3A which is involved in cell sorting. It is
established that the autophagy-lysosomal pathway is affected
in Parkinson’s disease (22).

Differentially quantified proteins included GFAP, a protein
known to change with cellular populations in aging brain (23,
24), and DHPR, an enzyme involved in the dopamine synthesis
pathway (44). CDC42 and ATPK were differentially regulated
and are involved in mitochondrial electron transport. This is
consistent with alteration in the mitochondrial pathways, a
known hallmark of aging and Parkinson’s disease (25).

Our proteomics signatures identified CD9 as one of the
proteins that changed with age in the striatum. CD9 is a
co-receptor for AAV2, consistent with the conclusion that its
alteration during aging is associated with reduced transduc-
tion. We also observed alterations in abundances in several
proteins in neuronal signaling, with a higher proportion of
changes in substantia-nigra compared with the striatum.

In summary, we observed age- and brain region specific
trends in HS, N-glycans with terminal galactose, and pro-
teomics. This work was motivated by the problem that al-
though PD prevalence increases, AAV mediated gene transfer
is reduced in aging brain. We therefore investigated age-
related changes in the receptors of AAV in the nigrostriatal
pathway. The primary receptor for AAV2 is HS proteoglycans.
We measured the abundances of HS disaccharides released
from striatum and substantia nigra, as components of the
nigrostriatal pathway are affected in PD pathology. We ob-
served in the striatum that the total level of HS disaccharides
was lower in aged, compared with young, brain. We also
observed brain region-specific trends in HS disaccharide
abundances. The primary receptor for AAV9 is N-glycans with
terminal galactose. Such N-Glycans were more abundant in
young brain. The patterns of changes in levels of N-glycans
with terminal galactose residues was brain region-specific.
These data indicate age-associated changes in nigrostriatal
glycosylation that may be of interest for identification of AAV
pseudotypes with improved gene transfer efficiency in aged
brain. Our proteomics results revealed differential levels of

mitochondrial enzymes that may pertain to the increasing
prevalence of PD with age.
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