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Progress in neurodegenerative disease research is hampered by the lack of biomarkers of neuronal dysfunc-
tion. We here identified a class of cerebrospinal fluid–based (CSF-based) kinetic biomarkers that reflect 
altered neuronal transport of protein cargo, a common feature of neurodegeneration. After a pulse admin-
istration of heavy water (2H2O), distinct, newly synthesized 2H-labeled neuronal proteins were transported 
to nerve terminals and secreted, and then appeared in CSF. In 3 mouse models of neurodegeneration, dis-
tinct 2H-cargo proteins displayed delayed appearance and disappearance kinetics in the CSF, suggestive of 
aberrant transport kinetics. Microtubule-modulating pharmacotherapy normalized CSF-based kinetics of 
affected 2H-cargo proteins and ameliorated neurodegenerative symptoms in mice. After 2H2O labeling, simi-
lar neuronal transport deficits were observed in CSF of patients with Parkinson’s disease (PD) compared 
with non-PD control subjects, which indicates that these biomarkers are translatable and relevant to human 
disease. Measurement of transport kinetics may provide a sensitive method to monitor progression of neuro-
degeneration and treatment effects.

Introduction
Biomarkers that provide insight into the pathophysiology, pro-
gression, and treatment response of neurodegenerative diseases 
would represent a major advance for disease research, clinical man-
agement, and drug development. Currently, in the absence of such 
biomarkers, survival, symptoms, or nonspecific outcome measures 
are used as indicators of disease progression and treatment effi-
cacy for clinical and investigative purposes. Survival studies and 
other clinical outcomes of low specificity, however, are affected by 
factors besides disease-modifying therapies and require large num-
ber of subjects to show effects in clinical trials (1).

Disturbances of neuronal transport have been suggested as 
potential causal factors in Alzheimer’s disease (AD), Parkinson’s 
disease (PD), Huntington’s disease (HD), and amyotrophic lat-
eral sclerosis (ALS) (2–12). Data from cell cultures and preclini-
cal models suggest that abnormal microtubule (MT) dynamics 
and MT-based neuronal transport may play a role (2–19). The 
recent development of an in vivo stable isotope–mass spectro-
metric technique for measuring the turnover of MTs provides 
insights regarding neurodegeneration (14–17). The measure-

ments revealed that hyperdynamic MTs underlie impairment of 
MT-based axonal transport in mice expressing the ALS-linked 
mutant SOD1G93A (15) and cognitive deficits in AD mice or other 
models of neurodegeneration (16, 17). Moreover, MT-modulating 
pharmacotherapy proved effective at delaying disease progression 
and increasing neuronal survival (15–17).

Because measurement of MT turnover requires neuronal tissue, 
translation into human studies was not possible. Here, we describe 
a method for measuring the efficiency of axonal transport in the 
CNS of living animals and humans, based on sampling and ana-
lyzing cerebrospinal fluid (CSF) after in vivo metabolic labeling.

Axonal transport ensures rapid delivery of biosynthetic prod-
ucts (e.g., cargo proteins) and organelles (e.g., mitochondria) to 
their correct destination, which is fundamental for normal func-
tion of synapses. Cargo vesicles within neurites are known to 
move along the MT tracks via molecular motors, such as dynein 
and kinesin, which connect vesicles with MTs while propelling 
the vesicle in an ATP-dependent manner in either anterograde 
or retrograde directions (20).

Newly synthesized cargo proteins destined for secretion travel 
from the cell bodies of neurons, where they are primarily pro-
duced, to the nerve terminals where they are released into the 
extracellular fluid (EF) and eventually reach the CSF, which is in 
steady state with the EF (21). Cargo may be sampled in CSF (22). 
Accordingly, we hypothesized that the timing of appearance and 
disappearance of newly synthesized 2H-labeled neuronal cargo 
proteins in CSF, after in vivo metabolic labeling, will reflect the 
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Finally, kinetics of the same cargo proteins were determined in 
the CSF of 6 non-PD control human subjects and 12 symptom-
atic PD patients. Marked alterations in neuronal 2H-cargo kinetics 
were observed in CSF from PD patients. These data indicated that 
CSF kinetic biomarkers of axonal transport provide direct in vivo 
metrics of neurodegeneration that are translatable in humans.

Results
Altered kinetics of neuronal transport in CSF of murine models of neuro­
degeneration. To evaluate in CSF the time of appearance of secreted  
neuronal cargo proteins as biomarkers of axonal transport, we 
used a pulse-chase 2H2O labeling protocol in mice. This label-
ing paradigm allows highly labeled proteins synthesized over the 
first approximately 48–72 hours of label exposure to be moni-
tored as they appear in and disappear from CSF (Figure 1A).  
Cargo proteins were selected on the basis of the following pub-
lished criteria: (a) high expression in neurons; (b) presence in 
CSF (Table 1); and (c) association with neurodegeneration and 
neuronal survival (11–13, 22–31).

To test whether changes in MT dynamics are causally involved 
in altered kinetics of axonal transport, we infused mice with 

kinetics of MT-based transport of neuronal vesicular cargo pro-
teins, assuming there is no change in protein clearance from 
the CSF. The procedure that has been developed for measuring 
appearance/disappearance kinetics of cargo proteins into CSF 
is simple and safe, involving administration of a pulse dose of a 
nonradioactive, stable isotope–labeled tracer such as heavy water 
(2H2O), followed by CSF sampling through lumbar puncture (LP) 
and gas chromatographic/mass spectrometric (GC/MS) analysis 
of label content in selected cargo proteins.

We have measured the kinetics of appearance in and disappear-
ance from CSF for several cargo proteins carried via secretory 
vesicles in neurons (23–31), including chromogranin-B (CHGB), 
α-synuclein (SNCA), neuregulin-1 (NRG1), and the nonamy-
loidogenic N-terminal fragment of amyloid precursor protein 
(sAPPα). We first compared CSF transport kinetics of healthy 
mice with those of mice infused with the MT-depolymerizing drug 
nocodazole (16), of symptomatic SOD1G93A mice (15, 30), and of 
mice injected with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP) (13, 19, 32, 33). We then determined the effects of MT-
stabilizing pharmacotherapy on altered CSF-based kinetics of 
neuronal cargo proteins in these models.

Figure 1
Effects of nocodazole on CSF-based secretion kinetics of 
neuronal cargo proteins and on MT turnover in mice. (A) 
Decline in plasma body water 2H enrichment (n = 10 per time 
point in duplicate; mean ± SD). Body water decay curves 
did not differ between nocodazole-infused mice and vehicle 
controls. Body water 2H2O content decayed to low levels 
by 3–5 days after bolus injection. (B) Delays in the time of 
appearance, Tmax, and disappearance of 2H-CHGB and 
2H-NRG1 were observed in CSF from nocodazole-infused 
mice compared with vehicle controls (n = 10 per time point 
in duplicate; mean ± SD). CSF was collected 1, 2, 3, 5, and  
10 days after labeling. 2H-CHGB and 2H-NRG1 were sequen-
tially immunoprecipitated and purified to homogeneity from 
albumin/Ig-depleted CSF. *P < 0.001. (C) CSF-based secre-
tion kinetics of 2H-CHGB and 2H-NRG1 in vehicle-infused, 
nocodazole-infused, nocodazole/noscapine-treated, and 
nocodazole/taxol-treated mice (mean ± SD). Treatment with 
noscapine and taxol normalized MT-mediated transport rates 
of 2H-CHGB and 2H-NRG1 to the levels observed in CSF of 
age-matched vehicle controls. *P < 0.001. (D) 2H-label incor-
poration of hippocampal tubulin in dimers and MTs (n = 4 
per group; 10-week-old males, mean ± SD). In nocodazole-
infused mice, an increase in 2H-free tubulin dimers correlated 
with a reduction in 2H-labeling of MTs associated with TAU 
and MAP2. The nocodazole/noscapine and nocodazole/taxol 
treatment groups showed 2H-labeling of TAU- and MAP2-
associated MTs similar to vehicle controls. *P < 0.001.
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nocodazole, a MT-depolymerizing agent, 1 day before CSF sam-
pling. Measurement of newly synthesized 2H-CHGB and 2H-NRG1 
in CSF from nocodazole-infused mice revealed major delays com-
pared with vehicle-treated controls (Figure 1B). In vehicle-treated 
mice, the times of first appearance (day 1 or 2), peak (Tmax; day 3),  
and disappearance (days 5–10) were markedly earlier than in 
nocodazole-treated mice. Similar changes in CSF secretion kinet-
ics were observed for other axonally transported cargo, 2H-SNCA 
and 2H-sAPPα, in nocodazole-treated mice (Supplemental Fig-
ure 1A; supplemental material available online with this arti-
cle; doi:10.1172/JCI64575DS1). Amyloid precursor protein is 
expressed in adult CNS, and its processing is known to generate 
the sAPPα fragment, which has been linked to neuroprotection 
(22–24, 27) and regulation of the choline transporter activity at the 
neuromuscular junction (34). The SNCA protein has been linked 
to impairment of MT-dependent transport in PD models (11–13). 
CHGB and NRG1 have been linked to motoneuron degeneration 
and survival (25, 26). CHGB, NRG1, sAPPα, and SNCA have been 
previously reported to be released extracellularly (22–25, 28–31).

To confirm that the effects of nocodazole are on transport kinet-
ics, rather than protein metabolism, we next isolated cortical synap-
tic vesicles (Supplemental Figure 2). Anti-synaptophysin antibody 
staining was used to confirm the isolation of synaptic vesicles from 
nocodazole-treated and vehicle-treated control mice (Supplemental 
Figure 2A). The relative abundance of CHGB and NRG1 proteins 
in cortical synaptic vesicles was not different in nocodazole-treated 
compared with vehicle-treated control mice, as detected by West-
ern blotting (Supplemental Figure 2B), consistent with unchanged 
pool sizes and production rates of these proteins. However, pulse 
2H2O labeling revealed a significant delay in the time of disappear-
ance of vesicular 2H-CHGB and 2H-NRG1 cargo within the cortical 
axons of nocodazole- compared with vehicle-treated mice (Supple-
mental Figure 2C). These results were consistent with concomitant 
delays in time of appearance we observed for these 2H-labeled cargo 
molecules in CSF in the absence of altered protein concentrations 
or synthesis rates (Figure 1B).

Table 1
Level of cargo molecules in murine CSF

Albumin/Ig- Total protein Total cargo protein 
depleted CSF (ng/ml) (ng/ml)
CHGB
WT 41,200–51,400 3.2 ± 0.7
Vehicle injection 41,200–51,400 4.3 ± 0.6
Nocodazole injection 51,000 2.2 ± 0.6
MPTP injection 50,700 2.8 ± 0.8
SOD1G93A 39,600 1.8 ± 0.4
NRG1
WT 37,800–46,700 3.5 ± 0.4
Vehicle injection 37,800–46,700 4.1 ± 0.9
Nocodazole injection 45,300 2.8 ± 0.7
MPTP injection 45,200 2.3 ± 0.5
SOD1G93A 36,700 2.6 ± 0.6
sAPPα
WT 32,000–41,500 5.5 ± 0.7
Vehicle injection 32,000–41,500 6.1 ± 0.8
Nocodazole injection 39,000 3.8 ± 0.5
MPTP injection 38,300 4.3 ± 0.7
SOD1G93A 30,700 5.8 ± 0.6
SNCA
WT 26,300–35,000 0.8 ± 0.7
Vehicle injection 26,300–35,000 1.1 ± 0.9
Nocodazole injection 32,200 0.5 ± 0.6
MPTP injection 31,400 0.3 ± 0.7
SOD1G93A 25,900 0.2 ± 0.4

Values represent mean ± SD of 3 replicates (n = 10 per group). Total 
protein decreased after sequential immunoprecipitation of each secreted 
cargo molecule. The percentage of secreted cargo proteins removed 
from CSF samples by preincubation with antibody beads was 90%–95% 
for each, as quantitated by ELISA.

Figure 2
Noscapine and taxol partially reverse nocodazole-induced MT disassembly in living cells. (A) Measurement of FDAP to determine MT dynamics in 
neuronal processes. PC12 cells were transiently transfected to express PAGFP-tagged tubulin, neuronally differentiated and focally irradiated with 
an UV laser in the middle of a process. FDAP, as an indicator for the ratio of soluble to polymerized tubulin, was determined in the activation spot, 
as indicated in the color-coded filled contour plots of 2D intensity function. (B) FDAP plots of cells treated with vehicle (0.01% DMSO), nocodazole 
alone, or nocodazole in combination with taxol or noscapine. Total fluorescence demonstrates photostability of the activated protein. Taxol and 
noscapine partially reversed the nocodazole-induced increase in FDAP, indicative of MT stabilization by these drugs. FDAP plots show the mean 
of n = 15–27 measurements per experimental condition.
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as expected, nocodazole treatment increased FDAP compared with 
vehicle-treated cells (Figure 2B). Both taxol and noscapine partially 
reversed the effect of nocodazole, suggestive of protective activity on 
MTs. These findings are consistent with the known MT-stabilizing 
activities of taxol and noscapine (14–16, 35–38) and provide a mech-
anistic explanation for the restoration of MT-based transport and 
appearance of 2H-labeled cargo proteins in CSF that we observed.

We previously reported that hyperdynamic MTs underlie impair-
ment of axonal transport in SOD1G93A mice (15). Based on these 
findings, we examined secretion curves of 2H-labeled neuronal 
cargo proteins into CSF of symptomatic SOD1G93A mice (39). Pulse 
2H2O labeling revealed major delays in time of appearance and 
disappearance for 2H-CHGB and 2H-NRG1 in CSF from symp-
tomatic SOD1G93A compared with age-matched WT mice (Figure 
3A). The secretion curve of 2H-sAPPα in CSF from symptomatic 
SOD1G93A mice was similar to — but somewhat less affected than — 
those of 2H-CHGB and 2H-NRG1, whereas the secretion curve for 
2H-SNCA was no different from WT controls (Figure 3A). These 
data suggest the existence of altered rates of cargo transport, over 
time and space, from a broad population of neurons affected in 
symptomatic SOD1G93A mice.

Noscapine and taxol have been identified as MT-targeting agents 
(14–16, 35–37). Thus, we next measured their protective effects 
against nocodazole-induced defects in neuronal transport in vivo. 
Noscapine and taxol reversed the nocodazole-induced reduction 
in kinetics of 2H-CHGB and 2H-NRG1 in CSF compared with the 
vehicle control group (Figure 1C). Similar results were obtained for 
secretion kinetics of 2H-sAPPα and 2H-SNCA in CSF of taxol- or 
noscapine-treated mice (Supplemental Figure 1A). Altered CSF-
based kinetics of 2H-cargo proteins were mirrored by changes in 
MT turnover in nocodazole-treated mice (Figure 1D). Specifically, 
2H-label incorporation into TAU- and MAP2-associated (axonal and 
dendritic, respectively) MTs from hippocampus (Figure 1D) and 
cortex (Supplemental Figure 1B) was reduced by nocodazole treat-
ment compared with the basal levels found in vehicle-treated mice.

To confirm that taxol or noscapine directly reversed the 
nocodazole-induced effects on MT polymerization, we also used a 
live cell imaging assay to determine MT dynamics in living neuronal 
cells. The method is based on determination of fluorescence decay 
after photoactivation (FDAP) of photoactivatable GFP–tagged 
(PAGFP-tagged) tubulin in a spot of a neuronal process (Figure 2A). 
FDAP is an indicator of the ratio of soluble to polymerized tubulin; 

Figure 3
Differential delays in transport rates of neuronal cargo pro-
teins in symptomatic SOD1G93A mice and MPTP-infused 
mice. (A) Delays in the time of appearance, Tmax, and 
disappearance of 2H-CHGB, 2H-NRG1, and 2H-sAPPα 
were observed in CSF from symptomatic 13-week-old 
SOD1G93A mice compared with age-matched WT con-
trols (n = 5 male and 5 female per time point in duplicate, 
mean ± SD). The appearance curve of 2H-sAPPα sug-
gested less of an effect in delay of secretion rates than 
that measured for 2H-NRG1 and 2H-CHGB in CSF from 
symptomatic 13-week-old SOD1G93A animals. CSF secre-
tion kinetics of 2H-SNCA did not change compared with 
age-matched WT mice. CSF was collected 1, 2, 3, 5, and 
10 days after labeling. 2H-labeled cargo proteins were 
sequentially immunoprecipitated and purified to homoge-
neity from albumin/Ig-depleted CSF. *P < 0.001. (B) Delays 
in the time of appearance, Tmax, and disappearance of 
2H-CHGB, 2H-SNCA and 2H-sAPPα were observed in CSF 
from symptomatic MPTP-injected 8-week-old male mice 
compared with age-matched vehicle controls (n = 10 per 
time point in duplicate, mean ± SD). CSF secretion kinetics 
of 2H-NRG1 did not change compared with age-matched 
vehicle control mice. Mice received a pulse 2H2O labeling 
at 10 days after the last MPTP injection, and CSF was 
collected from vehicle- and MPTP-injected mice 1, 2, 3, 5, 
and 10 days after labeling. 2H-labeled cargo proteins were 
sequentially immunoprecipitated and purified to homoge-
neity from albumin/Ig-depleted CSF. *P < 0.001.
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with an increase in TAU phosphorylation at Ser262 in MPTP-
injected mice (Supplemental Table 1), which is uniquely located 
within one of the MT-binding regions of TAU (40). A similar 
degree of hyperdynamicity was observed in these brain regions 
and MT populations isolated from transgenic mice expressing 
human A53T mutant SNCA on a Snca-null background (Supple-
mental Figure 3B and ref. 41).

We previously reported that reduction of hyperdynamic MTs 
by noscapine resulted in recovery of axonal transport, increased 
motoneuron survival, delayed symptoms, and life extension in 
SOD1G93A mice (15). Based on these findings, we next exam-
ined the effects of noscapine and the drug riluzole, an agent 
approved clinically for the treatment of ALS, on alterations of 
MT-based transport in symptomatic SOD1G93A mice, based on 
the appearance of 2H-labeled neuronal cargo proteins in CSF. 
Treatment with noscapine normalized CSF kinetics of affected  
neuronal cargo (i.e., 2H-CHGB, 2H-NRG1, and 2H-sAPPα) with-
out adversely affecting the normal kinetics of 2H-SNCA, where-
as riluzole had no significant effects on kinetics of any cargo 
molecules (Figure 4A).

The environmental toxin MPTP replicates the main biochemi-
cal and pathological hallmarks of PD (32, 33). Several studies 
indicate that this toxin exerts its effect by inhibiting mitochondri-
al complex 1 of substantia nigra dopaminergic neurons (32, 33). 
MPTP also causes loss of dopaminergic neurons in a complex1-
independent mechanism by increasing phosphorylation of MT-
associated TAU and MT dysfunction, which precede mitochon-
dria injury (13, 19). Because MPTP-induced MT dysfunction and 
TAU phosphorylation may affect neuronal transport, we inves-
tigated whether MPTP-injected mice show altered CSF kinetics 
for 2H-labeled neuronal cargo proteins. Delayed CSF secretion 
kinetics of 2H-CHGB, 2H-sAPPα, and 2H-SNCA were observed in 
MPTP-injected mice compared with vehicle-treated controls (Fig-
ure 3B). In contrast, the CSF appearance kinetics of 2H-NRG1 was 
identical to those of vehicle-treated controls, unlike those seen in  
SOD1G93A mice (Figure 3, A and B). Moreover, in MPTP-injected 
mice, changes in CSF appearance of 2H-CHGB, 2H-sAPPα, and 
2H-SNCA were associated with altered MT dynamics in substan-
tia nigra and striatum 3 and 7 days after the last MPTP injection 
(Supplemental Figure 3A). Hyperdynamic TAU-MTs correlated 

Figure 4
Noscapine treatment restores transport rates of neu-
ronal cargo proteins in symptomatic SOD1G93A and 
MPTP-injected mice. (A) CSF-based secretion kinetics 
(appearance, Tmax, and disappearance) of 13-week-
old 2H-CHGB, 2H-NRG1, 2H-sAPPα, and 2H-SNCA in 
SOD1G93A mice after 3 weeks of treatment with noscap-
ine or riluzole (n = 5 males and 5 females per time point 
in duplicate, mean ± SD). Noscapine normalized MT-
mediated transport rates of 2H-CHGB, 2H-NRG1, and 
2H-sAPPα in symptomatic SOD1G93A mice to the levels 
observed in CSF of age-matched WT controls, where-
as riluzole had much less of an effect. Normal kinetics 
of 2H-SNCA was not adversely affected by noscapine 
treatment. *P < 0.001. (B) CSF-based secretion kinetics 
in 8-week-old symptomatic MPTP-injected mice. Treat-
ment with noscapine normalized the kinetics of secre-
tion of 2H-CHGB, 2H-sAPPα, and 2H-SNCA (n = 10  
males per time point in duplicate, mean ± SD). Nor-
mal kinetics of 2H-NRG1 were not adversely affected 
by noscapine treatment. Noscapine was administered 
7 days after the last MPTP injection, treatment was for 
10 days, and a pulse 2H2O labeling was administered 
on the last day of treatment (17 days after the fourth 
and final MPTP injection). CSF was collected from WT, 
vehicle control, SOD1G93A, and MPTP mice 1, 2, and 
3 days after labeling. 2H-labeled cargo proteins were 
sequentially immunoprecipitated and purified to homo-
geneity from albumin/Ig-depleted CSF. *P < 0.001.
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LPs to collect CSF and collection of blood samples to measure 
body 2H2O enrichments. 2H2O has been extensively administered 
to humans for over 60 years without evidence of toxicities (42) and 
has no serious adverse effects in animal systems until it reaches 
levels greater than 20% of total body water — more than an order 
of magnitude greater than the levels achieved in these subjects. 
The labeling protocol of a 7-day pulse dose of 2H2O was given to  
6 non-PD controls and 12 PD subjects (see Table 2 for clinical 
details and biochemical assessment in body fluids).

The 6 non-PD control subjects showed a minimal lag period 
between changes in 2H2O enrichment in body water (the precur-
sor pool) and 2H-cargo appearance (the product) (Figure 5, A and 
B), indicative of rapid transit of newly synthesized cargo proteins 
from the cellular site of synthesis to the site of sampling. PD 
patients exhibited markedly slower transport kinetics of 2H-cargo, 
characterized by a pattern of strikingly prolonged release into the 
CSF (Figure 6, A and B). Specifically all 12 PD subjects showed 
persistence of 2H-CHGB, 2H-sAPPα, and 2H-SNCA in CSF at days 
15, 21, 22, 23, and 38, instead of a return to baseline enrichments 
in parallel with the fall in body 2H2O enrichment, as observed in 
the non-PD control subjects. In 1 PD subject, PD6084, repeated 
LPs were performed at days 3, 9, 21, and 38, which clearly showed 
delayed appearance in addition to persistence of 2H-cargo in CSF 
(Figure 6B). Stated differently, the 2H-cargo present in CSF during 
the 2H2O label decay phase from days 15–38 in control subjects 
had enrichments that reflected almost exactly the Tmax possible at 
the low body 2H2O enrichments present at the date of CSF sam-
pling, whereas the 2H-cargo in PD patients had enrichments much 
greater than the possible Tmax if the cargo molecules had been syn-
thesized on that day. Therefore, the cargo must have been synthe-
sized when the body 2H2O enrichments were higher (i.e., at least 
several days previously).

These results were consistent with a defect in axonal transport. 
Interestingly, the secretion curves for 2H-NRG1 in the PD subjects 
were similar to those observed in controls (Figure 6B), suggestive of 
altered rates of cargo transport, as reflected in CSF from a distinct 
degeneration of neuronal subpopulations affected in PD patients.

The persistence of 2H-cargo proteins in CSF of PD patients could 
not be explained by defective protein clearance from CSF, since no 
significant changes in the turnover rate (half-life) of total CSF pro-
teins were observed in the PD patients (Supplemental Figure 5C).

A previous radiolabeling study of axonal transport (43) showed 
slowing with aging, particularly for slow axonal transport of 
SNCA. It is therefore conceivable that the transport abnormali-
ties in the PD patients were simply a result of their older age, not 
of pathology. Despite the difficulties in obtaining a large control 
cohort of elderly volunteers for routine LP, 4 controls that were 
close in age to the PD patients (Table 2) did not show altered cargo 
transport kinetics compared with the younger controls (Figure 
5B). Thus, aging per se appears unlikely to explain the changes in 
CSF secretion rates of cargo molecules observed in PD patients.

In summary, these results demonstrated that CSF kinetic bio-
markers of axonal transport were translatable into human subjects 
and may be useful to assess the status of neurodegeneration and 
potentially to monitor therapeutic modulation.

Discussion
Biomarkers reflecting neuronal dysfunction prior to neuronal cell 
death would be particularly useful for guiding therapeutic inter-
ventions. Previous studies have shown that striking changes in MT 

Similarly, in MPTP-injected mice, treatment with noscap-
ine normalized CSF kinetics of affected neuronal cargo (i.e., 
2H-CHGB, 2H-SNCA, and 2H-sAPPα) without adversely affecting 
the normal kinetics of 2H-NRG1 (Figure 4B); reduced hyperdy-
namic MTs (Supplemental Figure 3A); and resulted in symptom 
reversal (Supplemental Figure 4, A–C).

Alterations in CSF kinetics of neuronal 2H-cargo proteins were 
not caused by general defects in CSF protein clearance, as the 
replacement rate (half-life) of total CSF proteins was identical in 
symptomatic SOD1G93A, MPTP-injected, and control mice (Sup-
plemental Figure 5, A and B).

It is also possible that generic suppression of neurotransmis-
sion may reduce the release of the cargo proteins in the CSF. How-
ever, the altered cargo kinetics observed were induced by treat-
ment with a MT-depolymerizing agent and reversed by treatment 
with a MT-stabilizing agent (36–38).

In summary, these results demonstrate, first, that measurement 
of appearance/disappearance kinetics of pulse-labeled neuronal 
cargo proteins into CSF represents a biomarker for monitoring 
axonal transport defects and, second, that treatments targeting 
MT dynamics can improve altered cargo transport kinetics in 
symptomatic murine models of neurodegeneration.

Altered kinetics of neuronal transport in CSF of PD patients. Next, we 
asked whether this approach could reveal differences in patients 
with neurodegenerative disease compared with non-PD control 
subjects. The technique for measurement of neuronal transport 
kinetics in human subjects involves a simple outpatient procedure 
consisting of daily oral intake of 3 drinks of 2H2O (3× 50 ml of 70% 
2H2O) for a week (the pulse labeling period), followed by 1 or more 

Table 2
Clinical details of PD patients and biochemical assessment  
in body fluids

 PD patients Non-PD controls  
 (n = 12) (n = 6)
UDPRS PART III score 19.9 ± 6.3 –
Hoehn and Yahr stage 2.08 ± 0.27 –
Consecutive LPs per subject (n) 1A 4
Sex (F/M) 3/9 0/6
CSF albumin (g/l) 0.35 ± 0.11 0.37 ± 0.08
Plasma albumin (g/l) 41.4 ± 0.60 41.3 ± 0.64
CSF hemoglobin (ng/ml) 0.51 ± 0.53 0.50 ± 0.64
Total protein (mg/ml) 0.44 ± 0.06 0.40 ± 0.05
CHGB (ng/ml) 7.86 ± 4.7 19.21 ± 4.3
SNCA (ng/ml) 1.32 ± 3.2 2.58 ± 4.1
sAPPα (ng/ml) 118.3 ± 5.4 100.1 ± 6.2
NRG1 (ng/ml) 8.33 ± 1.93 14.27 ± 2.9

Values represent mean ± SD. F, female; M, male; UDPRS, unified PD 
rating scale. 3 non-PD control subjects were HIV infected, albeit virtu-
ally suppressed; 1 PD patient was excluded because the subject failed 
to meet study criteria. PD patients’ ages at LP were 62.3 ± 0.94 years 
(n = 3), 66.7 ± 1.69 years (n = 3), 58 ± 0.70 years (n = 4), and 78.5 ± 
3.5 years (n = 2); non-PD controls’ ages at LP were 36.5 ± 2.5 years 
(n = 2), 51.0 ± 2.0 years (n = 2), and 60.5 ± 0.5 years (n = 2). Total 
protein, CHGB, SNCA, sAPPα, and NRG1 were measured in albumin/
Ig-depleted CSF. All CSF samples had normal total protein concentra-
tions and normal CSF plasma albumin levels (which correlate with low 
hemoglobin levels in CSF), as measured by ELISA. The percentage of 
secreted cargo proteins removed from CSF samples by preincubation 
with antibody beads was 85% for each, as quantitated by ELISA.  
A1 PD subject volunteered for 4 LPs.
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duction rate of cargo proteins by the cell or the absolute rate of 
release into the CSF. The steady-state concentration in CSF of a 
transported protein is a function of the rate of production (mg/h) 
and the rate constant of removal (fraction removed/h). At steady 
state, the absolute amount of a protein removed from CSF must 
equal the amount released into CSF, whether the protein con-
centration in CSF is low, normal, or high. Accordingly, transport 
kinetics of 2H-cargo proteins, revealed by kinetics of appearance 
in and disappearance from CSF, have the same interpretation 
regardless of CSF concentrations (Figure 7). For example, NRG1 
and CHGB concentrations were both markedly reduced in CSF of 
MPTP-injected mice and PD subjects, but the times of appearance 
in and disappearance from CSF of NRG1 were unchanged from 
those of controls, whereas these were much delayed for CHGB 
(Figure 7 and Table 2). Another example is SNCA, altered levels 
of which have been observed in PD patients (44). SNCA in the 
CSF does not by itself cause neurodegeneration, however, whereas 
impaired axonal transport of SNCA reflects a functionally signifi-
cant perturbation from homeostasis and may be an important fea-
ture of the pathogenesis of neurodegenerative diseases. An altera-
tion in general clearance (turnover) of proteins from CSF could 
alter kinetics of labeled proteins in CSF, but this was not observed 
in murine ALS and PD models or in PD human subjects.

turnover, which in turn affects kinetics of axonal transport, are 
early and progressive events in preclinical models of neurodegener-
ation (2–8, 11, 12, 15, 19). However, translating from animal mod-
els to human patients the hypothesis that impaired trafficking of 
cargo is associated with neurodegeneration required a method by 
which to capture kinetics of transport by sampling CSF.

To our knowledge, the in vivo stable isotope method described 
here represents the first direct exploration of altered kinetics of 
axonal transport by sampling CSF in animals and humans with 
neurodegeneration. We demonstrated in pharmacological, ALS, 
and PD mouse models an association between altered cargo trans-
port and altered MT turnover and showed that reduction of MT 
turnover with MT-targeting agents restored MT-based transport 
while delaying or reversing disease end points. Together with 
other studies (15–17, 19, 38), these results raise the possibility that 
neuronal dysfunction caused by hyperdynamic MTs and altered 
MT-based transport represents a therapeutic target.

The results obtained using the 2H2O pulse labeling method pro-
vided a quantitative measure of how long it takes for an 2H-labeled 
cargo, synthesized during the label exposure period, to travel from 
the place of synthesis (cell body) to the distal regions of a neuron 
to be released into the EF and ultimately reach the CSF (Figure 7).  
Thus, this method is not designed to measure the absolute pro-

Figure 5
Transport rates of neuronal cargo proteins in CSF of non-
PD volunteers. (A) Decline in plasma body water 2H enrich-
ment in control (Ctrl) volunteers. Body 2H2O enrichments 
peaked at day 7, then died away with a half-life of approxi-
mately 7 days, consistent with known turnover rate of body 
water in humans. (B) Enrichment curves in CSF cargo pro-
teins from 6 control non-PD volunteers (mean ± SD, gener-
ated by technical replicates of repeated sample prepara-
tions and analyses). 4 LPs were conducted in 6 controls 
(days 2–15, 21–43) after beginning 2H2O administration 
(7-day labeling protocol). The line represents the curve fit 
of the data. 2H-labeled cargo proteins were sequentially 
immunoprecipitated and purified to homogeneity from albu-
min/Ig-depleted CSF.
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then transported and released into CSF as 2H-labeled cargo. In the 
case of dying neurons, old cargo proteins may be released, but they 
will not be 2H-labeled and will not interfere with in vivo measure-
ments of MT-based neuronal transport, in contrast to the potential 
confounding effects of cell death on protein levels in CSF.

To our knowledge, this is the first direct in vivo measurement of 
axonal transport of cargo proteins in experimental animals and 
humans with neurodegeneration. This approach may be useful as a 
biochemical record of neurodegenerative or reparative processes in 
diseases such as PD and ALS. Importantly, the clinical data reported 
here showed that these biomarkers distinguished PD patients from 
controls and may provide a powerful tool to select animal models, 
evaluate treatment (e.g., therapies addressing MT dynamics, as dem-
onstrated in this study), and understand patient variability.

Methods
Animal studies and 2H2O labeling. Transgenic mice carrying the human SOD1 
gene with a G93A mutation and WT littermate mice were purchased from 
Jackson Laboratories. Transgenic mice carrying the human A53T mutant 
SNCA cDNA driven by the mouse prion protein promoter homozygosed 
on a Snca-null background [Sncatm1Nbm;Tg(Prnp­SNCA*A53T) mice] (41) were 
bred in house at the National Genome Research Institute/NIH (NHGRI/
NIH) facility. FVB/N and 129S6 (Taconic), the 2 background strains that 

In considering these data, it is useful to distinguish the fundamen-
tal information provided by isotopic measurements of flux through 
a pathway (e.g., MT-based transport of cargo) from the information 
provided by measurement of protein levels in CSF (e.g., by ELISA).

Sampling of CSF does not allow direct characterization of time 
to release of cargo proteins from axons of different lengths, but 
the kinetic labeling techniques capture integrated rates of cargo 
transport, differing in time and space, from a broad population 
of neurons affected by the disease. Indeed, preclinical and clini-
cal results revealed discrete secretion curves of cargo proteins 
affected by neurodegeneration (e.g., CHGB, sAPPα, and SNCA 
versus NRG1 in MPTP-injected mice and PD subjects), which sug-
gests the existence of kinetically distinct degeneration of neuronal 
subpopulations. The ability to assign specific cargo proteins to 
specific classes of neurons would be potentially powerful, but 
this knowledge is not yet available. These observations were not 
apparent from standard measurements of protein concentrations 
in CSF, but required the use of kinetic labeling techniques.

It is likely that the concentrations of CSF proteins (e.g., amyloid-β 
and TAU) will be useful in some diseases, whereas cargo protein 
transport rates will be more informative for the state or course of 
other illnesses. One important distinction relates to cell viability. 
Neurons must be viable in order for proteins to be synthesized and 

Figure 6
Differential delays in transport rates of neuronal 
cargo proteins in CSF of PD subjects. (A) Decline 
in plasma body water 2H enrichment in control non-
PD volunteers and PD subjects. Body 2H2O enrich-
ments peaked at day 7, then decayed with a half-
life of approximately 7 days, consistent with known 
turnover rate of body water in humans. (B) 4 LPs 
were conducted in 1 PD patient (PD 6084; days 3, 
9, 21, and 38), and a single LP was conducted in 11 
PD subjects (days 15, 21, 22, or 23) after starting 
2H2O administration (7-day labeling protocol). Delays 
in the time of appearance of neuronal 2H-CHGB, 
2H-SNCA, and 2H-sAPPα, but not that of 2H-NRG1, 
were observed in CSF from PD subjects compared 
with 6 control volunteers (mean ± SD, generated by 
technical replicates of repeated sample preparations 
and analyses). Solid and dashed lines represent 
curve fits of the data for controls and PD volunteers, 
respectively. 2H-labeled cargo proteins were sequen-
tially immunoprecipitated and purified to homogene-
ity from albumin/Ig-depleted CSF. *P < 0.001.
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of different groups. For CSF kinetics of transport, mice received a pulse 
2H2O labeling consisting of an intraperitoneal bolus of 30–35 ml/kg 2H2O 
(99.9%; Isotec-Sigma) containing 0.9% w/v NaCl. CSF collection, storage 
procedures, and total protein isolation are described in Supplemental 
Methods. For MT dynamics, mice received an intraperitoneal priming bolus 
of 30–35 ml/kg 2H2O (99.9 mol % 2H2O) containing 0.9% wt/vol NaCl and 
then maintained on 8% 2H2O in drinking water (to allow for dilution of 
label by metabolic water) for 24 hours prior to sacrifice. Both labeling pro-
tocols result in 4%–5% body water 2H enrichment (14–17). Measurement of 
2H2O enrichment in body water is described in Supplemental Methods. All 
animals were housed in a controlled temperature and humidity environ-
ment and maintained on a 12-hour light/dark cycle, with access to food and 
water provided ad libitum.

Cell culture and transient transfection. Chemicals, cell culture media, and 
supplements were obtained from Sigma-Aldrich and Invitrogen; culture 
plates and dishes were from Thermo Fisher Scientific unless stated other-
wise. pIREShyg2-PAGFP-αTubulin was constructed by Tulu et al. (45) and 
obtained from Addgene (Addgene plasmid 12296). PC12 cells were cul-
tured in serum-DMEM as described previously (46). 105 cells were plated 
on 35-mm polylysine- and collagen-coated glass-bottomed culture dishes. 
Cells were transiently transfected with 2.5 μg pIREShyg2-PAGFP-αTubulin 
using Lipofectamine 2000 and OPTIMEM. Cells were neuronally differen-
tiated in DMEM containing 1% v/v serum and 100 ng/ml 7S mouse NGF 
(Alomone Labs) for 4 days with 1 medium exchange after 2 days. Cells 

are mixed in the Sncatm1Nbm;Tg(Prnp­SNCA*A53T) mice, were bred in house 
at KineMed to generate mixed-background control mice. Intracerebro-
ventricular cannulated (ICVC) C57BL/6BomTac mice (Taconic), males 
aged 10 weeks, received 6-μl infusions of either nocodazole (30 nM in 20% 
Captisol; CyDex Pharmaceuticals) or nocodazole with noscapine (10 nM; 
Sigma-Aldrich) and nocodazole with taxol (10 nM; Sigma-Aldrich) over a 
period of 6 minutes. Control animals were infused with 6 μl of 20% Cap-
tisol. For ICVC infusion, the internalization tip of a sterile cannula was 
stereotaxically placed in the lateral ventricle (anterior/posterior, –1.0 mm; 
medial/lateral, +1.0 mm, left side; dorsal/ventral, –2.0 to 2.5 mm). In the 
studies with mice expressing ALS-linked mutant SOD1G93A, noscapine 
(Sigma-Aldrich) was injected intraperitoneally at 200 mg/kg/d, and rilu-
zole was given in diet, with the final drug dose computed to be 44 mg/kg/d. 
Treatment of SOD1G93A mice was begun at the symptomatic age of 10 weeks 
and continued until 13 weeks, when mice were sacrificed for collection of 
CSF and comparison with untreated age-matched WT mice. For MPTP 
intoxication, MPTP (Sigma-Aldrich) or vehicle (saline) was injected over 
the course of 1 day at 2-hour intervals (4 single intraperitoneal injections 
of 20 mg/kg MPTP or vehicle) in C57BL/6 males aged 8 weeks. Noscapine 
was injected intraperitoneally at 200 mg/kg/d. Treatment of MPTP-injected 
mice began 7 days after the 4 MPTP injections and continued for 10 days, 
at which time mice were sacrificed for collection of CSF and comparison 
with untreated age-matched control mice. All animals tolerated the treat-
ments well, and there were no differences in body weight among animals 

Figure 7
Model and kinetic interpretation of transport 
dynamics of released cargo proteins in CSF. 
Newly synthesized cargo proteins destined for 
secretion travel from the cell body of neurons, 
where they are primarily produced, to the nerve 
terminal, where they are released into the CSF. 
MT-based transport kinetics are based on the 
timing of appearance and disappearance of 
newly synthesized 2H-labeled neuronal cargo 
proteins in CSF, after in vivo metabolic labeling. 
The differences between kinetics of appearance 
in and disappearance from CSF of 2H-CHGB 
and 2H-NRG1 in controls and PD subjects are 
summarized. Solid and dashed lines represent 
the curve fits of the data for controls and PD vol-
unteers, respectively. CHGB and NRG1 concen-
trations were both markedly reduced in CSF of 
PD subjects (see Table 2). Delayed kinetics of 
appearance in and disappearance from CSF of 
2H-labeled cargo proteins were independent of 
CSF protein concentrations.
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included 3 healthy volunteers and 3 individuals with well-treated HIV 
infection; the latter were on combination antiretroviral therapy with long-
term plasma viral suppression, had normal CSF white blood cell counts, 
and CSF/plasma albumin ratios indicated absence of local inflamma-
tion or abnormal blood-brain barrier permeability. Eligible subjects were 
instructed to drink 50 ml of 70% 2H2O (Isotec-Sigma) 3 times per day, leav-
ing at least 3 hours between doses, for a period of 7 consecutive days. Com-
pliance to the experimental protocol was monitored by the clinical staff 
through collection of blood plasma samples for body water enrichment.  
4 LPs were conducted in 6 controls and 1 PD patient (days 2–15 and 21–43), 
and a single LP was conducted in the other 11 PD subjects (days 15, 21, 22, 
or 23), after starting 2H2O administration (7 days labeling protocol).

Processing of cargo proteins for GC/MS analysis. Purified cargo proteins were 
hydrolyzed by treatment with 6N HCl for 16 hours at 110°C. Protein-
derived amino acids were derivatized to pentafluorobenzyl derivatives, 
and 2H incorporation in alanine released from total vesicular proteins 
was measured by GC/MS, as described elsewhere (50). 2H enrichment was 
calculated as the percent increase over the natural abundance of alanine 
derivative present as the (M+1) mass isotopomer (EM1) (50).

Calculations. The fraction of newly synthesized alanine in each sample 
was calculated as the ratio of the measured EM1 value to the maximal 
value expected at the measured body water enrichment, which was calcu-
lated by mass isotopomer distribution analysis, as described in detail else-
where (50). This value was taken to represent fractional protein synthesis. 

Statistics. The statistical significance of CSF secretion rates of selected 
cargo molecules was assessed by 1-way ANOVA with Tukey post-hoc test-
ing. A P value less than 0.05 was considered statistically significant. Soft-
ware for statistics included SigmaStat3.0 and Microsoft Excel 2003.

Study approval. All animal procedures were approved by KineMed Animal 
Care and Use Committee. Sncatm1Nbm;Tg(Prnp­SNCA*A53T) mice were bred 
in accordance with protocols approved by the NHGRI/NIH Institutional 
Animal Care and Use Committee. All human studies were approved by 
the UCSF Committee on Human Research, and written informed consent 
was obtained from all participants before study entry. Clinical work was 
performed at the UCSF CTSI Clinical Research Center (CRC) of the San 
Francisco General Hospital.
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were pretreated with drugs (30 nM nocodazole, alone or in combination 
with 10 nM taxol or 10 nM noscapine) or carrier alone (0.01% DMSO) for  
30 minutes and imaged within 1 hour.

Photoactivation and live cell imaging. Live cell imaging was performed on a 
laser scanning microscope (Eclipse TE2000-U inverted; Nikon) equipped 
with argon (488 nm) and blue diode (405 nm) lasers and EZ-C1 software. 
The microscope was enclosed in an incubation chamber maintained at 
37°C and 5% CO2 (Solent Scientific Limited). PAGFP-expressing cells 
were visualized with a Fluor ×60 (NA 1.4) UV-corrected (VC) objective lens. 
Photoactivation in a 5-μm diameter spot in the middle of a process was 
performed with the 405-nm blue diode. Automated image acquisition was 
essentially performed as described previously for 112 seconds at a frequency  
of 1 frame/s and a resolution of 256 × 256 pixels (47, 48).

Image analysis. Images were analyzed using Fiji (General Public License). 
A circular region of interest (ROI) of 13 pixels in diameter was defined to 
mark the activation area, and the sum of gray values of the pixels in the 
ROI was calculated for every frame. All values were normalized to the value 
of the first frame after activation. Data were plotted as color-coded filled 
contour plots of 2D intensity function using MatLab (MathWorks Inc.) 
and as FDAP plots (48).

Isolation and purification of CSF secreted proteins. CSF samples were first 
immunodepleted using the albumin/IgG removal kit (Fisher Scientific) 
and then fractionated by sequential binding to CHGB (Abcam), NRG1 
(H-210; Santa Cruz Biotechnology), sAPPα (2B3; IBL America), and SNCA 
(Cell Signaling) antibody beads. Each eluted cargo protein was purified 
to homogeneity by reverse-phase chromatography on a Gemini-NX–5 μm 
C18 Column (Phenomenex) using a 20%–40% acetonitrile in 0.1% TFA gra-
dient over 25 minutes at 1.5 ml/min. ELISA tests were used according to 
the manufacturer’s instructions to determine concentrations of CHGB, 
NRG1, SNCA (Uscn Life Science), and sAPPα (IBL International) in CSF 
(Table 1), and the identity of each protein was confirmed by mass spec-
trometry (see Supplemental Methods).

Isolation of tubulin dimers and MTs. In brief, mice were anesthetized by inhala-
tion of isoflurane (2%–2.5% atm) in 2-min/l O2, followed by cardiac puncture 
and thoracectomy. Cardiac puncture was performed to collect blood for body 
water measurements of 2H2O enrichments. Brains were rapidly removed and 
washed in MT-stabilizing buffer (MSB) containing protease and phospha-
tase inhibitor cocktails (at concentrations recommended by the manufac-
turer, Calbiochem); the striatum and substantia nigra were dissected and 
gently homogenized in MSB. Tubulin dimers and TAU-, MAP2-associated, 
and cold stable MTs were isolated and purified to homogeneity as previously 
described (14–17). A sandwich ELISA was used to measure TAU phosphoryla-
tion at Ser262 in striatal and substantia nigra total lysates of MPTP-injected  
mice compared with vehicle controls (Santa Cruz Biotechnology).

Human study design and 2H2O labeling. The study group consisted of symp-
tomatic PD patients, all on standard anti-PD medications, and 6 non-PD 
volunteers. PD diagnosis was based on clinical evaluation and UK Parkin-
son’s Disease Society Brain Bank Clinical Diagnostic Criteria (49). Unified 
PD Rating Scale, PART III, and Hoehn and Yahr scores were obtained for 
each subject (Table 2). None of the patients had any atypical features or 
evidence of more widespread neurological disease. The 6 non-PD controls 
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