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oxygen consumption compared with young adult NPCs.

strategy in aged NPCs.
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(Bacl(ground: Mitochondrial dysfunction occurs in many tissues during normal aging.
Results: Aged neural progenitor cells (NPCs) have decreased regenerative capacity, fewer functional mitochondria, and less

Conclusion: Coordinated changes in proteomics, subcellular structure, and physiology demonstrate an altered metabolic

Significance: Such alterations may explain the age-dependent responses to hypoxia encountered during tumor or stroke.
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Although neurogenesis occurs in discrete areas of the adult
mammalian brain, neural progenitor cells (NPCs) produce
fewer new neurons with age. To characterize the molecular
changes that occur during aging, we performed a proteomic
comparison between primary-cultured NPCs from the young
adult and aged mouse forebrain. This analysis yielded changes
in proteins necessary for cellular metabolism. Mitochondrial
quantity and oxygen consumption rates decrease with aging,
although mitochondrial DNA in aged NPCs does not have
increased mutation rates. In addition, aged cells are resistant to
the mitochondrial inhibitor rotenone and proliferate in
response to lowered oxygen conditions. These results demon-
strate that aging NPCs display an altered metabolic phenotype,
characterized by a coordinated shift in protein expression, sub-
cellular structure, and metabolic physiology.

Neural progenitor cells (NPCs),? which retain the capacity to
produce new neurons in the adult mammalian brain, reside in
the subventricular zone (SVZ) of the lateral ventricle and the
subgranular zone of hippocampal dentate gyrus. However,
rates of neurogenesis decline in both areas during normal aging
(1,2), and this phenomenon is correlated with cognitive decline
(3, 4). Factors shown to regulate the rate of adult neurogenesis
include both cell-intrinsic factors (5, 6) and factors within the
microenvironment, or neurogenic niche (2, 7, 8). Disruptions to
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stem cell regulatory mechanisms, such as tumor suppressor
pathways, have been shown to occur in NPCs during normal
aging (5, 9). Several of these regulatory proteins participate in
both cell cycle control and glycolytic-mitochondrial coupling
(10, 11), disruptions in which are hallmarks of cancer (12, 13).
Several recent studies convincingly argue that the neural stem
cell is the cell of origin of adult-onset brain tumors and that
aged NPCs form more malignant tumors (9, 14). Therefore, the
metabolic characteristics of normal aging NPCs may give
insight into events that precede or accompany oncogenic
transformation.

Mitochondrial dysfunction is known to be important in
many tissues during normal aging (15) and in neurons under
pathological conditions such as Parkinson disease (16). How-
ever, mitochondrial function has not been studied in aging neu-
ral stem cells. A dysregulation of energetic supply and demand
in aging cells can compound oxidative stress and lead to accu-
mulation of random mutations in mitochondrial DNA
(mtDNA; 17, 18); for example, mitochondrial damage due to
oxidative stress has been shown to cause toxicity to neurons,
leading to disease and cell death (19). Alternatively, a tight cor-
relation between mitochondrial mass and metabolic activity in
a cell type over the course of the lifespan would provide evi-
dence for a dynamic system capable of adjusting to changing
energetic supply and demand.

In this report, we present the first comparative proteomic
analysis between young and aged NPCs, which yielded age-re-
lated changes in abundance of proteins involved in cellular
metabolism. In support of these results, we report the novel
finding that aging NPCs have decreased mitochondrial mass,
corresponding with lower oxygen consumption and increased
resistance to mitochondrial inhibition. These findings have
implications for the understanding of normal aging and age-
related pathologies, providing a potential mechanism by which
aging NPCs could adapt to nutrient deprivation and hypoxia,
with relevance to environmental conditions encountered in
tumor and stroke.
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FIGURE 1. Aged NPCs have a lower proliferative index. Cells were plated at serial dilutions in 96-well plates. After 1T week, neurospheres were quantified. A,
NPCs derived from the young adult forebrain produced more neurospheres at nearly every plating dilution compared with those from the aged adult forebrain
(p < 0.01, linear regression analysis; error bars, S.E.). B, aged cells produced more wells with no spheres at each dilution (B, p < 0.01, linear regression analysis).
C-H, cultures from the young adult (C-£) and aged adult brain (F-H) are shown, after 1 week, at original plating dilutions of 25 cells (C and F), 250 cells (D and
G),and 1000 cells (Eand H). /, aged cells incorporate significantly less of the thymidine analog IdU during a 30-min pulse compared with young cells (p < 0.05).
Jand K, pictured are young (J) and aged (K) NPCs labeled with the nuclear marker DAPI (blue) and IdU (red). Scale bars, 10 um.

EXPERIMENTAL PROCEDURES

NPC Isolation—All experiments were performed as
approved by the University of Washington Institutional Animal
Care and Use Committee (IACUC). Female C57BL/6 mice were
housed at 21 °C with access to food and water ad libitum. Adult
NPCs were isolated as described previously (20). Briefly, wild-
type C57BL/6 mice, 3 months and 15-18 months of age, were
perfused transcardially with cold saline. Forebrain tissue was
mechanically and enzymatically dissociated, then the cell sus-
pension was mixed with a Percoll solution and centrifuged. The
isolated progenitor cells were grown in proliferation medium,
consisting of DMEM/F12 supplemented with 2 mMm glutamine,
1% N2 (Invitrogen), 20 ug/ml heparin (Sigma), 20 ng/ml EGF
(Peprotech, Rocky Hill, NJ), and 20 ng/ml basic FGF (Pepro-
tech). Cultures were used for experiments between passages 3
and 12. Cellular assays were performed in triplicate at least
three times, at 21% oxygen, unless otherwise indicated. Com-
parisons between age groups were performed with two-tailed ¢
tests in Excel unless otherwise indicated.

Cellular Assays—A serial-dilution sphere-forming assay was
performed as described (21). Briefly, cells were plated at serial
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dilutions between 5 and 1000 cells in 100 ul/well in a 96-well
plate, with 12 replicants per dilution. After allowing cells 1 week
of growth, the number of neurospheres/well was quantified.
Significance of the effect of age on sphere count was deter-
mined by linear regression analysis performed in SPSS, adjust-
ing for concentration, passage number, and interaction effect.

To characterize multipotency of cells, NPCs were plated in
24-well plates on glass coverslips coated with laminin and poly-
L-lysine (Sigma) overnight in proliferation medium. The
growth medium was then replaced by differentiation medium,
and cultures were maintained for 10 days. Differentiation
medium consisted of neurobasal medium with 2 mm glutamine,
supplemented with 2% B27 (Invitrogen) + 20 ng/ml brain-de-
rived neurotrophic factor for neurons and 1% N2 (Invitrogen) +
10% fetal bovine serum for astrocytes. Cells were fixed in 4%
paraformaldehyde. Neurons were labeled with anti-MAP2
mouse antibody (Sigma M 1406, 1:500) and astrocytes with anti-
glial fibrillary acidic protein rabbit antibody (Daco Z0334,
1:700).

Live cells were plated on poly-L-lysine-coated coverslips and
exposed to 1X JC1 dye (Biotium 30001) for 90 min, then cov-
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FIGURE 2. Neuronal differentiation is impaired in aged NPCs. Young adult NPCs (A and B) and aged adult NPCs (C and D) were subjected to optimized
differentiation protocols in vitro. Young adult NPCs (A) differentiated into significantly more MAP2™ neurons than aged adult NPCs (C), when plated under
permissive conditions (€, p < 0.05; error bars, S.E.). Young NPCs (B) differentiated into significantly fewer glial fibrillary acidic protein-positive (GFAP ") astrocytes

than aged NPCs (D), when plated in serum (E, p < 0.05). Scale bars, 10 um.

erslipped and photographed at X60 using confocal fluores-
cence microscopy. The number of JC1™ mitochondria in each
cell within a z-stack image was quantified. In healthy mitochon-
dria, which maintain electric potentials required for normal
function, JC1 dye forms aggregates detected as red fluorescence
(termed JC17 here). Citrate synthase (22) activity was quanti-
fied using a commercially available kit (Sigma CS0720). CS, the
rate-limiting enzyme in the TCA cycle, is exclusive to the mito-
chondrial matrix and proportional to mitochondrial mass. Cell
number and viability were quantified using the automated
ViCell system after cells were plated at 10° cells/dish and incu-
bated for 4 days. Rotenone (Sigma R8875) was diluted in
medium before adding to cells. LD, was calculated by applying
best-fit lines to cell death data at various rotenone concentra-
tions and solving for 50% death with drug treatment.

Oxygen consumption and lactate production were measured
in young and aged NPC cultures simultaneously under flow
culture conditions as described previously (23). This metabolic
perfusion chamber utilizes an ultrastable oxygen sensor based
on the detection of the decay of the phosphorescent emission
from an oxygen-sensitive dye, applied within a previously
designed flow culture system. Lactate was measured enzymat-
ically using a fluorometer (model 2390A; American Instrument
Co., Silver Spring, MD). Measurements of metabolic activity
were taken over several time points and collected in two inde-
pendent experiments.

Mutation frequency in mtDNA was quantified by the ran-
dom mutation capture assay, as described previously (24). This
methodology is a single-molecule sequencing approach, which
selects mutation sites by digesting wild-type molecules at a
known restriction site (Tagql). The initial digestion step purifies
the mutated mtDNA; mutated sites within the genes 12 S and
ND?5 are thus selected by a single round of real-time PCR ampli-
fication, thus speeding the process of mutation discovery by
disassociating it from the fidelity of PCR amplification. Mito-
chondrial DNA content was normalized to nuclear DNA con-
tent using a QPCR control. Mutation frequencies were com-
pared by two-tailed ¢ tests performed.

Comparative Proteomic Analysis—Live cells were labeled
over multiple passages using stable isotope labeling with amino
acids in cell culture (SILAC). Isotope-labeled lysates were col-
lected and subjected to orthogonal fractionation (22). Proteins
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were combined, then sorted by size with one-dimensional gel
electrophoresis. The gel was divided into 10 sectors, and two of
these sectors were selected for comparison. Proteins were
digested and purified with polymeric sorbent MCX columns.
The purified labeled peptides were then separated and analyzed
with an LCQ system linked directly to two alternating reversed-
phase C18 columns, followed by analysis with MS/MS to assay
relative protein abundance between isotope-labeled groups.
Proteins from the mixture were later identified using the com-
puter program Sequest, which searched MS/MS spectra against
the International Proteins Index database. Potential peptides
and proteins were further analyzed by newly developed com-
puter software to select proteins with high probability of being
correct (<5% error rate). Relative protein abundance between
groups was calculated using a specialized algorithm, the Auto-
mated Statistical Analysis of Protein abundance (ASAP) ratio.
Proteins with significantly differing abundance (>20% ASAP
ratio, aged(light chain):young(heavy chain) were grouped by
primary cellular function, as listed in the International Proteins
Index IPI database. Relative abundance of select proteins iden-
tified with MS/MS were verified by Western blotting. Seven
pairs of lysates from primary cultures were collected for analy-
sis. Membranes were blocked in 5% donkey serum, then incu-
bated overnight in rabbit polyclonal primary antibodies phos-
phoglycerate kinase 1 (Abcam, AB38007) and septin 9 (Santa
Cruz, SC130263). Blots were visualized using secondary anti-
bodies conjugated to horseradish peroxidase, and normalized
to B-actin (Abcam AB8227). Blots were analyzed with Image]
software (National Institutes of Health).

Tissue Histology—To quantify active mitochondria in young
adult and aged adult NPCs, the brains of mice aged 3 months
(n = 4) and 20 months (n = 4) were removed and serially sec-
tioned into 20-um slices. Tissue sections were stained on glass
slides after being subjected to antigen capture using 0.01 M
sodium citrate and 2 N HCI. Tissue was stained with anti-Nestin
goat polyclonal antibody (Santa Cruz SC-21249, 1:250) and
anti-complex V mouse monoclonal antibody (Mitoscience
MS507, 1:250) or anti-BrdU (mouse monoclonal antibody, BD
Biosciences 347580, 1:100) and anti-voltage-dependent anion
channel (VDAC) rabbit polyclonal antibody (Cell Signaling
48668, 1:200). Mitochondrial counts were quantified in blinded
photomicrographs of Nestin™ and BrdU"™ NPCs (n = 12/ani-
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FIGURE 3. Comparative proteomics assay reveals age-related changes in metabolic protein expression. A, 124 proteins were identified by MS/MS and
grouped by pathway. B, identified proteins with significant age-related differences are shown (error bars, S.D.). Few changes were observed in proteins involved
in cytoskeletal maintenance, cell-cell adhesion, stress response, redox state, or protein degradation. Significant age-related decreases were observed primarily
in signal transduction, transcriptional regulation, and aerobic respiration (ATP synthesis), whereas significant age-related increases in protein expression were
observed primarily in signal transduction, protein synthesis, and anaerobic respiration. C, Western blot analyses were performed to measure the abundance of
several proteins identified using MS/MS, including phosphoglycerate kinase (PGK1) and septin 9 (Sept9). D, a 41% increase in phosphoglycerate kinase 1 and
a 25% increase in septin 9 were observed, although these changes were not statistically significant (p > 0.05; error bars, S.E.).

mal) within the SVZ. A region of interest was defined in Nes-
tin™ cells with similarly sized rings covering Nestin™ areas in
the perinuclear region of each labeled cell. VDAC™ mitochon-
dria were quantified in the perinuclear region defined by BrdU
and DAPI staining. Photomicrographs of 10-20 consecutive
optical images were used for quantification. For purposes of
presentation, single optical planes of mitochondrial markers
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were selected to depict perinuclear mitochondria in Nestin™
and BrdU" cells. Mitochondrial content was compared
between groups using a two-tailed ¢ test.

RESULTS

To determine the proliferative capacity of isolated young
adult and aged adult NPCs, we quantified sphere formation
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FIGURE 4. Aged NPCs have fewer mitochondria and are resistant to rotenone toxicity. A and B, numbers of JC1* mitochondria (red) were quantified in
young adult (A) and aged adult (B) NPCs. Scale bars, 5 um. C, a significant decrease in JC1™ mitochondria/cell was observed in aged NPCs (p < 0.0001; error bars,
S.E.). D, a significant decrease in citrate synthase activity was observed in aged NPCs (p < 0.01). E and F, cell viability (E) and cell number (F) significantly
decreased in both young and aged NPCs upon exposure to 50 nm and 100 nm of rotenone; viability of young NPCs also significantly decreased after exposure
to 10 nm rotenone (p < 0.01), whereas aged NPCs were unaffected (p > 0.05).

using a serial dilution assay (21), plating cells in 96-well
plates at various densities for 1 week prior to quantification
(Fig. 1). Aged cells formed fewer neurospheres than young
cells (p < 0.01, Fig. 1A). Aged cells also produced more wells
with no spheres at each dilution (p < 0.01, Fig. 1B); aged cells
were 14.6 times more likely than young cells to have no
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spheres per well. Young cultures produced one sphere for
every 24 cells, whereas aged cultures produced one sphere
for every 55 cells. In addition, more young cells (Fig. 1))
incorporate the thymidine analog IdU than aged cells (Fig.
1K) after a 30-min pulse (p < 0.05, Fig. 11). These data sug-
gest that fewer aged cells are actively cycling, although the
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FIGURE 5. Aged NPCs have decreased aerobic activity and a proliferative response to lowered oxygen conditions. A, oxygen consumption rate (OCR) was
significantly lower in aged cells (p < 0.01; error bars, S.E.). B, lactate production rate (LPR) was higher in aged cells, although not significantly so (p = 0.16). C, no
significant differences in mutation frequency were observed between young and aged NPCs at either locus tested: 12 S rRNA and ND5 (p > 0.05). D and E,
viability (D) and cell number (E) under various oxygen conditions are shown. Aged cells were less viable than young cells (p < 0.05) and had a significantly lower
cell count (p < 0.001) under ambient laboratory conditions (21% O,). Young NPCs had no significant changes in viability or cell number under varying oxygen
conditions (p > 0.05). Aged NPCs significantly increased cell number under 5% or 2% oxygen conditions (p < 0.01 and p < 0.001, respectively), without any

changes in cell viability (p > 0.05).

two cultures are immunophenotypically similar, with no sig-
nificant differences in Nestin, Sox2, or CD133 labeling (data
not shown).

To ascertain the multipotency of cells from each culture, we
determined the differentiative capacity of young and aged cells
(Fig. 2). Under permissive conditions, cells of each age are capa-
ble of differentiating into neurons (Fig. 2, A and C) and astro-
cytes (Fig. 2, B and D), as identified by morphological charac-
teristics and labeling with appropriate immunomarkers. A
fraction of cells in both cultures matures into morphologically
distinct neurons after 10 days in B27 and BDNF; however, aged
NPCs form significantly fewer neurons than young NPCs (p <
0.05, Fig. 2E). A high fraction of astrocytic differentiation was
observed in young and aged cultures after as little as 4 days of
exposure to fetal bovine serum; however, significantly more
astrocytes were observed in aged cultures (p < 0.05, Fig. 2E). In
addition, astrocytic morphology appeared more frequently
protoplasmic in young cultures and more fibrous in aged
cultures.

To characterize changes in protein expression during cellu-
lar aging, we subjected isotope-labeled cellular lysates of pri-
mary cultured young and aged adult mouse NPCs to a compar-
ative MS/MS-based comparative proteomic analysis and
mapped identified proteins by cellular pathway. We identified a
total of 124 proteins (Fig. 3A and supplemental Table 1); of
these, 29 had significant age-related differential abundance
(Fig. 3B). Approximately one-fifth of total proteins, and one-
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third of proteins with significant age-related changes in expres-
sion, have metabolic functions. We observed significant
increases in enzymes necessary for glycolysis such as phospho-
glycerate kinase 1 and significant decreases in nuclear encoded
subunits of Complex V of the mitochondrial electron transport
chain (ATP synthases a and 3). We attempted to verify findings
on select proteins using Western blot analysis. We observed a
41% increase in phosphoglycerate kinase 1 and a 25% increase
in septin 9 (Fig. 3C). With relatively small changes in protein
abundance, analysis using Western blot densitometry tech-
niques did not reach statistical significance (p > 0.05, Fig. 3D),
but the trends observed in the proteins tested do agree with the
results of the mass spectrometry-based assay.

If observed proteomic differences are due to metabolic
reprogramming in aged NPCs, one might expect changes in
mitochondrial number or function. Therefore, we further
investigated the mitochondrial and metabolic function of pri-
mary cultured NPCs from the young and aged brain.

To establish the effects of aging on mitochondria, we assayed
the number of active mitochondria (JC1") in NPCs isolated
from the young (Fig. 44) and aged (Fig. 4B) adult mouse fore-
brain. We observed a 45% decrease in JC1™ mitochondria/cell
in aged NPCs, compared with young adult NPCs (p < 0.0001,
Fig. 4C). Consistent with a decline in quantity of active mito-
chondria, we observed a 26% decrease in citrate synthase activ-
ity in aged NPCs, compared with young NPCs (p < 0.01, Fig.
4D).

JOURNAL OF BIOLOGICAL CHEMISTRY 38597
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To determine the functional importance of mitochondrial
number for cell survival, we treated NPCs with various concen-
trations of the mitochondrial inhibitor rotenone (Fig. 4, E and
F). Viability of both young and aged cells significantly decreased
after exposure to 50 nM and 100 nM of rotenone for 4 days (p <
0.0001). Viability of young NPCs also significantly decreased
after exposure to 10 nM rotenone (p < 0.01), whereas viability of
aged NPCs was unaffected at this concentration (p > 0.05). The
dose at which 50% lethality is observed (LD,) of rotenone was
37.5 nM for young cells and 77.5 nm for aged cells. Together,
these results suggest that mitochondrial quantity contributes to
age-specific cellular function.

We then measured aerobic and anaerobic metabolism in
flow culture chambers fitted to quantify multiple metabolic
endpoints in two independent samples simultaneously (Fig. 5).
Aged NPCs consumed significantly less oxygen than young
NPCs (p < 0.01, Fig. 54). Aged adult NPCs produce more lac-
tate, a by-product of glycolysis, than young adult NPCs,
although this result was not significant (p = 0.16, Fig. 5B). The
reduced oxygen consumption rate with age is consistent with a
decrease in mitochondrial number.

Because age-related increases in genomic instability can con-
tribute to mitochondrial decline, we hypothesized that aged
NPCs may have increased mutation rates within the mtDNA.
Surprisingly, no significant age-related differences in mtDNA
mutation frequency were observed, suggesting that losses of
functional mtDNA-encoded genes do not underlie the
observed mitochondrial deficits (Fig. 5C).

An important microenvironmental condition in many neu-
ropathological states is hypoxia. To determine cellular
responses to hypoxia, we exposed NPCs to 21% O, (ambient
laboratory conditions), 5% O, (normoxic conditions), or 2% O,
(hypoxic conditions) and measured cell number and viability.
We observed that aged cells were less viable than young cells
(p < 0.05) and had a significantly lower cell count (p < 0.001),
after 4 days in ambient laboratory conditions (Fig. 5, D and E).
Interestingly, aged NPCs, but not young NPCs, had increased
cell number without changes in viability under lowered oxygen
conditions (p < 0.01 at 5% O, and p < 0.001 at 2% O,, Fig. 5E).
These results suggest that aged NPCs adapt more readily than
young NPCs to changes in O, concentration. To test the rele-
vance of our results to NPCs in vivo, we quantified the number
of mitochondria in NPCs in the young adult (Fig. 64 and C) and
aged adult (Fig. 6, B and D) SVZ. Little to no staining of mito-
chondria was observed in the DAPI™ nuclear region, but
labeled mitochondria were observed in the perinuclear area in
nearby optical planes. We observed 38% fewer Nestin™ and 55%
fewer BrdU™ NPCs in the aged SVZ (p < 0.001), signifying an
age-related decrease in proliferative progenitor cells. We quan-
tified Complex V* mitochondria in young adult (Fig. 64) and
aged adult (Fig. 6B) Nestin® NPCs and found a significant
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decrease with age (p < 0.05, Fig. 6E). This may be due to a
decrease in Complex V protein specifically or decrease in Com-
plex V-containing mitochondria. To determine whether mito-
chondria themselves are lost in aging NPCs, we used a pan-
mitochondrial antibody against the VDAC, also known as
mitochondrial porin. We quantified VDAC™ mitochondria in
proliferating, BrdU" NPCs in the young adult (Fig. 6C) and
aged adult (Fig. 6D) SVZ and found a significant age-related
decrease in VDAC™ mitochondria (Fig. 6F). These findings ver-
ify the results from our proteomic comparison, which shows
decreased expression of Complex V subunits (specifically, ATP
synthases « and f3) in aged NPCs, and the results from our
cellular assays, which show decreased numbers of functional
mitochondria in aged NPCs.

DISCUSSION

Primary cultured NPCs from the aged adult mouse forebrain
grow more slowly and produce fewer neurons than those from
the young adult forebrain. Results from the serial dilution assay
support the notion that there are fewer stem-like cells in aged
cultures, because cells derived from the aged forebrain form
fewer spheres at nearly every dilution tested (Fig. 1). These data
agree with previous results demonstrating that fewer numbers
of NPCs in aged cultures are capable of forming neurosphere
colonies (5). In addition, fewer NPCs in aged cultures are able to
differentiate into neurons with mature immunophenotypes.

Mechanisms underlying the proliferative deficits of NPCs in
the aging brain have focused on cell cycle regulatory proteins (5,
6, 25, 26) and availability of extrinsic growth factors (7, 8,
27-29). Meanwhile, mitochondrial changes during aging have
been investigated in other systems (15, 17, 18). This study is the
first investigation into mitochondria and metabolism in aging
NPCs. We have identified an altered metabolic physiology that
is consistent with decreased mitochondrial mass and decreased
expression of rate-limiting enzymes in aerobic metabolic path-
ways. Together, these results suggest that regulation of meta-
bolic machinery, including mitochondrial quantity and pro-
teomic content, contributes to age-specific metabolic strategies
utilized by NPCs. These data provide a cellular mechanism
underlying the increased proliferative response of aged NPCs to
hypoxic conditions, which has been reported in vivo (30, 31). It
is possible that the more anaerobic metabolic strategy favored
by aged cells may be due to a predisposition of individual cells
toward an astrocytic, lactate-secreting phenotype.

The data presented in this study suggest that aging is corre-
lated with a loss of mitochondria and oxidative metabolism in
NPCs. Mitochondrial mass and aerobic activity are correlated,
as might be expected; aged NPCs that show a 26% decrease in
citrate synthase activity also show a 16% decrease in oxygen
consumption. Oxygen consumption rates by young adult NPCs
under base-line conditions correlate well with oxygen con-

FIGURE 6. Aged NPCs contain fewer Complex V* mitochondria in vivo. A and B, Nestin-labeled NPCs (red) with DAPI-labeled nuclei (blue) within the young
adult (A) and aged adult (B) SVZ contain perinuclear Complex V' mitochondria (green). Cand D, BrdU-labeled NPCs (red) with DAPI-labeled nuclei (blue) within
the young (C) and aged (D) SVZ contain perinuclear VDAC™ mitochondria (green). Scale bars, 1 um. A single representative optical plane representing
mitochondria is overlapped with a nearby optical plane showing nuclear staining in each photomicrograph. Complex V" mitochondria were counted within
circled regions of interest in the perinuclear region of Nestin™ cells (A and B); VDAC " mitochondria were counted within the perinuclear region of BrdU™ cells.
E and F, aged NPCs contained, on average, 24% fewer Complex V* mitochondria (E, p < 0.05) and 26% fewer VDAC™ mitochondria (F, p < 0.05) per cell

compared with young NPCs.
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sumption rates of adult cortical neurons and astrocytes (32, 33).
However, the oxygen consumption rates of aged adult NPCs
under base-line conditions are significantly decreased. The
consistency between cellular structure and physiology is fur-
ther displayed in response to rotenone treatment and lowered
oxygen conditions, in that aged cells appear to have a tolerance
for both.

Rotenone is a mitochondrial complex I inhibitor, preventing
oxidation of NADH to NAD™" by metabolic substrates. Aged
NPCs are more resistant to pharmacological inhibition of com-
plex I than young NPCs. The LD, upon rotenone treatment is
37.5 nMm for young cells and 77.5 nM for aged cells, whereas 10
nM rotenone is sufficient to induce cell death in primary dop-
amine neuron culture (34, 35), and 150 nM rotenone is sufficient
to induce cell death in SH-SY5Y neuroblastoma cells (36). Aged
NPCs even showed a spike in cell number after treatment with
low doses of rotenone. Cells also showed an age-related differ-
ence in response to altered oxygen conditions. Aged NPCs sig-
nificantly increased total viable cell number under 5% or 2%
oxygen conditions. This effect appears to be due to an increase
in proliferation, as cell viability in both young and aged NPC
cultures was not affected in response to altered oxygen
conditions.

NPCs do not increase the frequency of mtDNA mutations
over the lifespan, suggesting that deficits in aerobic metabolism
are unlikely to be caused by insufficient transcription of
mtDNA encoding necessary subunits of electron transport
chain enzymes. Surprisingly, this assay revealed that mitochon-
drial mutation rate actually decreased (albeit nonsignificantly)
inaged NPCs. The mutations observed could be associated with
damage due to reactive oxygen species (37). Perhaps lower rates
of aerobic respiration in aged NPCs produce less reactive oxy-
gen species, which then cause fewer mutations. The random
mutation capture assay does not test for accumulation of mito-
chondrial mutations, but the frequency at which mtDNA muta-
tions occur. Alternatively, fusion and fission of mitochondria
within the same cell may serve to remove mutated and useless
mtDNA (38). Lower mitochondrial number may be due to
elimination.

In support of a non-mtDNA-based deficit, the comparative
proteomic analysis identified age-related changes in nuclear-
encoded subunits of metabolic proteins. Specifically, this
MS/MS-based approach yielded a decreased abundance of
nuclear encoded subunits of the electron transport chain Com-
plex V, namely ATP synthase « and (3, in aged NPCs. This
finding was verified in vivo (Fig. 6). Interestingly, our mitochon-
drial counts in the young and aged SVZ suggest that decreases
in Complex V scale with mitochondrial number. The pro-
teomic comparison also yielded increases in abundance of rate-
limiting enzymes in glycolysis and the citric acid cycle. Age-
related increases in anaerobic metabolic machinery may
partially compensate for deficits in electron transport chain
machinery.

Together, these findings suggest a coordinated shift in pro-
tein expression, subcellular structure, and metabolic physiol-
ogy in aging NPCs, allowing resistance to hypoxia and mito-
chondrial inhibition. This metabolic reprogramming may
provide insight into mechanisms that drive the dramatic age-
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dependent outcomes for neurologic diseases including stroke,
trauma, and brain cancer.
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