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Axonal Transport Rates In Vivo Are Unaffected by Tau
Deletion or Overexpression in Mice
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Elevated tau expression has been proposed as a possible basis for impaired axonal transport in Alzheimer’s disease. To address this
hypothesis, we analyzed the movement of pulse radiolabeled proteins in vivo along retinal ganglion cell (RGC) axons of mice that lack tau
or overexpress human tau isoforms. Here, we show that the global axonal transport rates of slow and fast transport cargoes in axons are
not significantly impaired when tau expression is eliminated or increased. In addition, markers of slow transport (neurofilament light
subunit) and fast transport (snap25) do not accumulate in retinas and are distributed normally along optic axons in mice that lack or
overexpress tau. Finally, ultrastructural analyses revealed no abnormal accumulations of vesicular organelles or neurofilaments in RGC
perikarya or axons in mice overexpressing or lacking tau. These results suggest that tau is not essential for axonal transport and that
transport rates in vivo are not significantly affected by substantial fluctuations in tau expression.
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Introduction
Tau is an axonal microtubule-associated protein that stabilizes
microtubules, which serve as tracks for the axonal transport of
membranous organelles (MOs), vesicles, and protein complexes
(Hirokawa and Takemura, 2005). The abnormal somatoden-
dritic accumulation of tau in neurofibrillary tangles is one of the
two hallmark pathologies in Alzheimer’s disease (AD) and corre-
lates strongly with the extent of neuronal cell loss and the degree
of cognitive decline. Tau levels in AD brain may be elevated, but
this is still controversial (Khatoon et al., 1992). Although there
are no known mutations of tau in AD, tau mutations cause
FTDP-17 (frontotemporal dementia with parkinsonism linked to
chromosome 17) and are associated with the development of
corticobasal degeneration, progressive supranuclear palsy, and
Pick’s disease (Ballatore et al., 2007). These observations un-
equivocally establish a pathogenic role of tau in neurodegenera-
tive diseases. Interference with microtubule-dependent axonal
transport is one possible mechanism by which altered tau exerts
neurotoxicity. High levels of htau40 (the longest human tau iso-
form) overexpression in neuroblastoma, primary cortical neu-
rons, and retinal ganglion cells (RGCs) have been reported to
block the trafficking of MOs and neurofilaments, suggesting that
rates of fast and slow transport are impaired (Stamer et al., 2002).
The effects of higher or lower levels of tau on axonal transport in

vivo in the intact nervous system, however, have not been system-
atically studied.

In the present study, we directly addressed how modulations in
the levels of tau influence transport rates in vivo. By analyzing axonal
transport in optic axons from two different lines of mice that either
overexpress or lack tau, we found that rates of fast and slow transport
are not significantly impaired by modulating tau expression. These
findings show that axonal transport is not necessarily dependent on
the presence of tau and is not significantly inhibited by moderately
elevated levels of tau. These studies also underscore the importance
of direct analyses of axonal transport in vivo to evaluate potential
pathogenic influences on transport efficiency.

Materials and Methods
Generation of transgenic animals. Tau overexpressing mice were gener-
ated as described previously (Duff et al., 2000) that express a tau trans-
gene derived from a human PAC (P1-derived artificial chromosome), H1
haplotype, known as 8c mice. Generation of tau knock-out mice that
have a targeted disruption of exon one of tau were described previously
(Tucker et al., 2001).

Axonal transport studies. RGCs of adult 8c, tau knock-out, and wild-
type mice (from 3 to 18 months of age) were radiolabeled by intravitreal
injection of [ 35S]-methionine as described previously (Yuan et al., 2003).
These experimental protocols were approved by York University/Nathan
Kline Institute Institutional Animal Care and Use Committee under the
guidelines of the Institutional Animal Care and Use Committee of the
United States.

Tissue preparation, SDS-PAGE, and immunoblot analysis. Retina or
each optic pathway segment pooled from three mice was homogenized in
125 �l of cytoskeleton extraction buffer and processed as described pre-
viously (Yuan et al., 2003). Antibodies used were polyclonal anti-tau
antibody LK recognizing only mouse tau and polyclonal anti-tau anti-
body JM recognizing both human and mouse tau (Mercken et al., 1995).

Immunocytochemistry. Mice were anesthetized, and retina and optic
pathways were processed as described previously (Yuan et al., 2006).
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Paraffin-embedded retina was dissected, and 6-�m-thick vibratome sec-
tions were processed for immunocytochemistry using total tau antibody
Tau A0024 (polyclonal; Dako Cytomation, Carpinteria, CA).

Electron microscopy. The optic nerve and eyes containing the initial 1 mm
of optic nerve were dissected and processed as described previously (Nixon
et al., 1994). Quantitation of axonal neurofilaments and measurements of
the cross-sectional area of each axon or RGC were performed basically as
described previously (Nixon et al., 1994). Visible MOs, including mitochon-
dria, were counted together in RGCs, whereas in axons, mitochondria and
other MOs were counted separately. A total of 40 electron micrographs each
of retina and optic nerve from two wild-type, two tau knock-out, and two 8c
mice were inspected. The average number of MOs/�m2 of cross-sectional
area of perikarya were determined in a total of 57 RGC. A total of 10,084
neurofilaments were counted in 428 axon profiles at the 200 �m level. Neu-
rofilaments, mitochondria, and other MOs were quantified in a total of 428
optic axons of caliber sizes representing the overall caliber distribution in the
optic nerve.

Results
Tau is absent in optic axons and retinas of tau knock-out mice
and overexpressed in those of 8c mice
Previous studies showed that brain tau is absent in tau knock-out
mice (Tucker et al., 2001) and is overexpressed in 8c mice (Duff et
al., 2000). To determine whether tau is also absent in RGC in tau
knock-out and overexpressed in those of 8c mice, we performed

SDS-PAGE analyses on optic axons and retinas from those mu-
tant mice and their nontransgenic controls. Optic axons and ret-
inas have been shown to contain several heat-stable tau isoforms
in the 50 – 60 kDa [low molecular weight (LMW) tau] and 90 –95
kDa range [middle molecular weight (MMW) tau] (Mercken et
al., 1995). Tau isoforms were identified with antibodies LK and
JM. As expected and shown in Figure 1A–C, tau knock-out mice
lack tau in their optic axons and retinas. In contrast, 8c mice
expressed approximately fourfold more tau in optic axons than
did nontransgenic mice (8c, 12766 � 863 vs wt, 3190 � 535;
expressed as relative numbers; mean � SD; n � 4 – 6) (Fig. 1D),
consistent with previous findings in brain (Duff et al., 2000). The
steady-state levels of insoluble (8c, 4828 � 859 vs wt, 2341 � 335;
n � 4) and soluble tau (8c, 8096 � 541 vs wt, 4678 � 610; n � 4)
in 8c retinas were approximately twofold higher than the corre-
sponding levels in wild-type mice (Fig. 1E,F). The relatively low
staining of LMW tau in wild-type axons was attributable to the
fact that we analyzed total tissue lysates. In our previous study
(Mercken et al., 1995), tau was enriched in fractions of Triton-
soluble and heat-stable preparations. The apparent molecular
masses of LMW tau species were similar in wild-type and 8c mice,
indicating no evidence for changes in the state of phosphoryla-
tion of tau in 8c. Consistent with this observation, no significant

Figure 1. Tau expression in optic axons and retinas of tau knock-out and overexpressing mice. Total optic nerve extracts (A, D) or retinal Triton-soluble (B, E) and Triton-insoluble (C, F ) fractions
after separation on 10% SDS gels were subjected to immunoblot analysis with polyclonal anti-tau antibody. Tau was absent in optic axons (A) and retinas (B, C) of tau knock-out (ko) mice and
overexpressed in optic axons (D) and retinas (E, F ) of 8c mice. Immunofluorescence labeling of tau is absent in retinas from tau knock-out and increased in 8c mice (G–I ). RGCs are indicated by white arrows in
G–I. Note that the gel loads for wild-type (wt) samples are different, and the blots were developed for different time periods to avoid signal saturation. sol, Soluble; pel, pellet. Scale bar, 20 �m.
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changes were observed using phosphospe-
cific tau antibody AT8 in retinas by quan-
titative Western blotting and in RGCs by
immunofluorescence staining in 8c mice
compared with those in wild-type (data
not shown). Differences in the primary
structure of human and mouse HMW tau
(Kosik et al., 1989) may account for the
difference in electrophoretic mobility of
these two proteins. Immunofluorescence
studies using antibody Tau A0024 revealed
higher levels of total tau expression in the
RGCs of 8c (Fig. 1 I) and a complete lack of
tau staining in those of tau knock-out mice
(Fig. 1H), consistent with Western blot
data.

Axonal transport rates are not
significantly affected by eliminating tau
Previous studies revealed loss of brain tau
in dysphasic disinhibition dementia 2, a
form of frontotemporal dementia
(Zhukareva et al., 2001). To determine the
effect of tau deletion on slow transport, we
analyzed the rates and cargo compositions
of slow transport in optic axons of mice
lacking tau (Fig. 2) after intravitreal injec-
tion of 35S-methionine as described previ-
ously (Yuan et al., 2003). At 7 and 14 d
after injection, the optic pathways were cut
into 1 mm segments, which were fraction-
ated into cytoskeleton and soluble frac-
tions with a Triton X-100-containing
buffer. Fractionated proteins were sepa-
rated on 5–15% SDS-polyacrylamide gels,
transferred to nitrocellulose, and visual-
ized by x-ray film and phospho-imaging.
As shown in Figure 2, the transport rates of
slow transport cargoes, neurofilament
NF-L, NF-M, and NF-H, were not affected
significantly in the absence of mouse tau
(Fig. 2A–D,G–L), possibly reflecting com-
pensatory actions by other microtubule-associated proteins
(MAPs) (Harada et al., 1994) and Gem GTPase (Oyama et al.,
2004). The calculated peak rates at 7 and 14 d were 0.21 mm/d (1.5
mm divided by 7 d) and 0.18 mm/d (2.5 mm divided by 14 d) for
NF-L, NF-M, and NF-H in both tau-null and wild-type, consistent
with previously published results (Yuan et al., 2003, 2006; Yuan,
2006). The peak rate between 7 and 14 d was calculated as 0.14 mm/d
(1 mm divided by 7 d) for neurofilament proteins in both tau-null
and wild-type.

To determine whether fast transport rates are affected by tau
deletion, pulse-radiolabeling analyses were performed in tau-null
mice. Fast transport was measured in optic axons of tau-null and
nontransgenics as described above for slow transport, except the
mice in fast transport studies were analyzed at 5 h after injection.
As shown in Figure 2, fast transport rates in tau-null mice were
not significantly different from those in wild type. The transport
rates of two different fast transport cargoes (represented by p135,
one of the most heavily labeled proteins in fast transport with
molecular weight of 135 kDa and snap25) quantified by densi-
tometry, were not significantly affected in tau-null mice (Fig.
2E,F,M,N). The calculated peak and front rates for p135 were 12

and �38.4 mm/d, respectively (Fig. 2M,N), whereas the calcu-
lated peak and front rates for soluble snap25, a vesicle marker and
the most heavily labeled fast transport marker (Hess et al., 1992),
were 16.8 and �38.4 mm/d, respectively, in both tau-null and
wild type. The transport wave peak of snap25 in cytoskeleton
fractions moved from the 8 mm window at 5 h, indicating a peak
rate of �38.4 mm/d in both the mutant and wild type (data not
shown). These findings indicate that both slow and fast transport
rates are not significantly altered in the absence of mouse tau.

Axonal transport rates are not significantly impaired by
tau overexpression
Elevated tau expression has been proposed as a possible basis for
impaired axonal transport in AD (Stamer et al., 2002). To deter-
mine the effect of moderate tau overexpression on slow transport
rate, we analyzed the rates and cargo composition of slow trans-
port in optic axons from 8c and nontransgenic controls. As
shown in Figure 3, the slow transport rates of neurofilament pro-
teins were similar in 8c and their wild-type controls at 15 d after
injection (Fig. 3A,B) and at 30 d postinjection (Fig. 3C,D). The
calculated peak rates at 15 and 30 d were 0.23 mm/d (3.5 mm divided

Figure 2. Global transport rates are not significantly affected by tau deletion in mice. At 7 d, 14 d, or 5 h after intravitreal
injection of 35S-methionine into wild-type (A, C, E) and tau-null (B, D, F ) mice, the optic pathways cut into 1 mm segments were
fractionated into cytoskeletal and soluble fractions, which were subjected to 5–15% SDS-PAGE gels, transferred to nitrocellulose,
and visualized by autoradiography. Redistributions of slowly transported neurofilament proteins and fast transported snap25 and
p135 along axons over time were quantified by densitometric scanning of autoradiographs. Graphs showing relative radioactivity
of the labeled protein (vertical axis) plotted against distance from the eye displayed by optic segment number (horizontal axis)
indicate that slow transport rate of neurofilament proteins (G–L) and fast transport rates of p135 and snap25 (M, N ) are not
significantly affected by tau deletion. Eighteen mice (9 tau-null and 9 wild-type controls) were studied to generate the data, and
representative images are shown. Wild-type and tau-null mice are represented by squares and diamonds, respectively. ko,
Knock-out; wt, wild type.
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by 15 d) and 0.18 mm/d (5.5 mm divided by 30 d) for NF-L, NF-M,
and NF-H in both 8c and wild type. The peak rate between 15 and
30 d was calculated as 0.13 mm/d (2 mm divided by 15 d) for neu-
rofilament proteins in both 8c and wild type.

To determine the effect of moderate tau overexpression on
fast transport, pulse-radiolabeling analyses were performed in 8c
mice. Fast transport was measured in optic axons as described
above for tau-null mice, except 8c mice were used. As shown in
Figure 3, E and F, the fast transport in 8c mice was not signifi-
cantly different from that in wild type. The transport rates of two
different fast transport cargoes (represented by protein p135 and
snap25) were not significantly impaired in 8c mice (Fig. 3M,N).
The calculated peak and front rates for p135 were 12 and �38.4
mm/d, respectively, whereas the calculated peak and front rates
for snap25 were 16.8 and �38.4 mm/d, respectively, in both 8c
and wild-type (Fig. 3M,N). These findings indicate that both
slow and fast transport rates are not significantly impaired by
overexpressing tau in mice.

Normal distributions of NF-L and snap25 after tau deletion or
tau overexpression in mice
Previous in vitro studies indicate that tau overexpression in RGC
blocks the transport of vesicles and neurofilaments into axons
and causes their accumulation in the cell bodies (Stamer et al.,
2002). To determine whether it is also the case in vivo, we per-

formed quantitative immunoblotting of
retinal proteins with anti-NF-L and
snap25 antibodies. As shown in Figure
4A–D, no significant alterations in steady-
state levels of NF-L and snap25 were ob-
served in the retinas of tau-null and 8c
mice compared with those of wild type.
These results indicate no significant accu-
mulation of neurofilaments and snap25-
associated vesicles in the retinal ganglion
cell bodies in retinas of tau-null or 8c mice.

Because small, undetectable changes in
axonal transport could still lead to abnor-
mal protein distribution over extended pe-
riods of time, we performed additional
quantitative immunoblot analyses on op-
tic axons to determine the distributions of
neurofilaments and snap25-associated
vesicles at steady state in tau-null and 8c
mice. The optic pathways were cut into 1
mm segments, separated into cytoskeleton
and soluble fractions, and subjected to
5–15% SDS-polyacrylamide gels followed
by immunoblot analysis using antibodies
to NF-L. Quantitative analyses of these im-
munoblots revealed similar steady-state
levels and proximo-distal distributions of
NF-L and snap25 along optic axons in tau-
null, 8c, and wild-type mice (Fig. 3E–P).
Tau distribution pattern was also not sig-
nificantly affected along optic axons in tau
overexpressing mice (data not shown).
Lack of organelle and neurofilament accu-
mulations in RGCs and optic axons of tau-
null and 8c mice was also confirmed by
analyses of the numbers of visible MOs,
mitochondria, and neurofilaments from
electron micrographs. As shown in Figure

4Q–T, the organelle numbers per cross-sectional area (�m 2) of
RGC perikaryon and MOs, mitochondria, and neurofilaments
per cross-sectional area (�m 2) of optic axons were not signifi-
cantly altered in tau-null and 8c mice compared with wild type.

Discussion
Although the effects of tau expression on axonal transport of
neurofilaments and vesicles have been investigated in vitro
(Stamer et al., 2002), in vivo effects of tau expression on transport
have not been studied systematically. Our studies here on the
effects of tau deletion or increased tau expression on axonal
transport demonstrate for the first time that general rates of slow
and fast transport along optic axons in vivo are not significantly
affected by substantial modulations of tau levels. The results of
our in vivo studies contrast with earlier proposals that tau over-
expression impedes axonal transport, which were based on in
vitro studies of neuronal cells showing massive perikaryal accu-
mulations of organelles after high tau overexpression. These
studies relied on morphological markers of organelle accumula-
tion rather than direct measurement of axonal transport rates
(Stamer et al., 2002). Our results are consistent with a recent
report that monomeric tau at levels even 20-fold higher than
physiological ones did not affect in vitro axonal transport rates in
squid axoplasm (Morfini et al., 2007). At levels 50-fold higher
than normal, however, all tau proteins nonspecifically inhibited

Figure 3. Global transport rates are not significantly impaired by tau overexpression in mice. Axonal transport rates were
measured as described in Figure 2, except the postinjection time points were 15 d, 30 d, and 5 h. Slow transport rates of
neurofilament proteins (A–D, G–L; 4 –7% SDS-PAGE gels) and fast transport rates of p135 and snap25 (E, F, M, N ) were not
significantly impaired in 8c mice. Measurements are mean � SD. Thirty-six mice (18 8c mice and 18 wild-type controls) were
studied to generate the data, and representative images are shown. Wild-type (wt) and 8c mice are represented by squares and
diamonds, respectively.
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axonal transport, independently of their microtubule-binding
activity (Morfini et al., 2007).

The normal transport patterns of NF-L and snap25 along op-
tic axons of tau-null mice indicate that tau is not essential for
axonal transport in vivo and may be compensated by other pro-
teins as suggested by the absence of detectable phenotype in mice
lacking tau (Harada et al., 1994; Tucker et al., 2001; Oyama et al.,
2004). The observation that axonal transport is not hindered by
moderate tau expression is also consistent with our ultrastruc-

tural data showing that the morphology of RGC and optic axons
appears normal, and there is no neuropathology in 8c mice (Duff
et al., 2000). In one study of 12-month-old T44 tau transgenic
mice that overexpress the shortest human tau isoform, fast transport
rates were slowed in the L5 ventral roots of the spinal cord (Ishihara
et al., 1999). However, in a later study by this group, the rate of fast
transport in 13-month-old T44 mice exceeded that previously seen
in 12-month-old wild-type mice (Zhang et al., 2005). Therefore, no
conclusive evidence exists for changes in axonal transport rates after

Figure 4. Transport markers do not accumulate in retina and distribute normally along optic axons after tau deletion or overexpression in mice. Steady-state levels of NF-L and snap25 in retinas
by immunoblot analysis (A–D) were not significantly altered, and distributions of these proteins along optic pathways were unchanged (E–P) in tau-null and 8c mice compared with wild-type mice.
Measurements are mean � SD from 8 –12 animals for each group. Wild-type and tau-null or 8c mice are represented by squares and diamonds, respectively. The numbers of visible MOs counted
on electron micrographs expressed as organelle numbers per cross-sectional area (�m 2) of RGC perikaryon in tau-null and 8c mice were not significantly different from those in wild-type mice (Q).
Measurements are mean � SE from 17–21 RGC for each genotype. Similarly, MOs (R), mitochondia (S), and neurofilaments (T ) per cross-sectional area (�m 2) of optic axons were not significantly
affected in tau-null and 8c mice compared with wild-type mice. Measurements are mean � SE from 119 –176 axons of representative caliber for each group. wt, Wild type; Mito, mitochondria; ko,
knock-out.
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tau overexpression in vivo. Our results do not exclude the possibility
that tau may interfere with axonal transport when overexpressed at
extremely high levels or when its isoform composition or phosphor-
ylation state is altered significantly. The mouse model used here was,
in fact, ideal to address the specific issue of tau overexpression effects
on transport in the absence of tau hyperphosphorylation or brain
pathology.

There are conflicting reports on tau levels in AD brain
(Ksiezak-Reding et al., 1988; Khatoon et al., 1992), and soluble
tau levels may actually be reduced 38 – 65% in affected brain re-
gions such as frontal and temporal lobes (Ksiezak-Reding et al.,
1988). Loss of tau has also been reported to be associated with
sporadic and familial tauopathies with frontotemporal dementia
(Zhukareva et al., 2001). Our studies of tau deletion and overex-
pression suggest that the fluctuations of tau steady-state levels
that possibly might be achieved in pathological states are unlikely
to affect neuronal function by altering global axonal transport
rates, in the absence of other changes in tau biophysical proper-
ties. Such possibilities have yet to be investigated systematically in
animal models in which tau is pathologically altered.

Tau itself is transported at a unique slow rate of transport,
which on average is somewhat faster than tubulin and slower
than other MAPs (Mercken et al., 1995). The rates of wild-type
and mutant tau axonal transport in cultured cortical neurons are
similar (Utton et al., 2002). Although the transport of mutant or
otherwise modified forms of tau may be specifically affected in
pathological situations, such alterations of a subpopulation of tau
do not necessarily alter general axonal transport function. In this
regard, the overexpression of a NF-H-LacZ fusion protein in
transgenic mice inhibits export of a subpopulation of newly syn-
thesized neurofilament protein into axons and induces
�-internexin and neurofilament triplet to aggregate in neuronal
perikarya. However, the transport rate of NF-L that escapes into
axons remains normal (Yuan et al., 2006; our unpublished data).
Abnormal intraneuronal accumulation of �-synuclein in Lewy
bodies and Lewy neurites caused by familial Parkinson’s disease
(FPD)-linked mutations has suggested a defect in axonal trans-
port of �-synuclein. However, in transgenic mice overexpressing
FPD-linked mutant human �-synuclein, the development of
Lewy body inclusions in some spinal motor neurons is not asso-
ciated with alterations in the transport rates of slowly transported
proteins, including �-synuclein, neurofilaments, and tubulin (Li
et al., 2004).

In conclusion, our studies directly demonstrate in vivo that the
global axonal transport rates are not significantly affected by tau
deletion or overexpression in mice. In contrast to reports of
perikaryal accumulations of transport cargoes in neuronal cell
cultures with high tau overexpression, we find that high levels of
tau alone are insufficient to impair general axonal transport func-
tion in vivo. Our data do not preclude the possibility that aggre-
gation or dysfunction of pathologically altered tau induces neu-
rodegenerative changes in Alzheimer’s diseases that secondarily
cause axonal transport dysfunction. These results underscore the
value of performing axonal transport analyses in vivo to investi-
gate pathologic consequences of pathogenic proteins on trans-
port of proteins and or organelles.
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