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Abstract. Tau is a microtubule associated protein that is localized to
the axon in neurons. During pathological conditions, including fron-
totemporal dementia �FTD�, a shift in tau isoforms occurs that leads to
enhanced expression of a form of tau with four �rather than three�
microtubule binding repeats; this has been postulated to alter micro-
tubule structure. Second harmonic generation �SHG� is a technique
that allows the visualization of intact microtubules in axons of living
neurons without the need for labeling or fixing. We examined how the
presence of exogenous tau influences SHG in living neurons. Our
results show that the presence of tau significantly enhances SHG, spe-
cifically in neuronal axons, despite the presence of tau throughout the
entire cell. Our data also suggest that the presence or absence of the
fourth microtubule binding repeat does not significantly alter tau’s
ability to enhance SHG. These results provide evidence that SHG is a
useful, noninvasive tool to study tau-microtubule interactions in ax-
ons; further, it appears that tau overexpression, rather than specific
isoforms, is the major contributor to tau-induced changes in axonal
microtubule SHG signal. © 2008 Society of Photo-Optical Instrumentation Engineers.
�DOI: 10.1117/1.3050422�

Keywords: second harmonic generation; microtubule; Alzheimer’s disease; tau
protein; neuron; axon.
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Introduction
icrotubules are dynamic, labile structures that undergo tight

egulation by numerous proteins. Microtubules provide im-
ortant functions for most cell types, including structural sup-
ort, intracellular transport, and chromosome separation dur-
ng cell division. Perhaps the most well-studied microtubule
ssociated protein to date is tau protein, since changes in tau
plicing and tau mutations lead to a neurodegenerative disease
alled frontotemporal dementia �FTD� with parkinsonism
inked to chromosome 17 �FTDP-17�, a clinical syndrome that
eads to neuronal loss and dementia. Tau is also a key com-
onent of one of the pathological hallmarks of Alzheimer’s
isease �AD�, the neurofibrillary tangle �NFT�. Tau is
niquely localized in neurons and is associated with microtu-
ules only in axons where the microtubules adopt an asym-
etric conformation. Understanding the way in which tau and
icrotubules interact in living cells is crucial to understanding

ow disruption of this process might lead to cell dysfunction
r death.

Approximately 50 tau gene mutations are associated with
TDP-17. Many of the mutations are within the introns adja-
ent to exon 10 and have been shown to alter tau splicing to
avor inclusion of exon 10, which encodes an additional mi-
rotubule binding domain. Tau isoforms containing exon 10
re referred to as 4 repeat �4R� isoforms, whereas those lack-

ddress all correspondence to: Bradley T. Hyman, Massachusetts General Hos-
ital, 114 16th Street, Charlestown, MA 02129. Tel: 617 726 2299; Fax 617 724
480; E-mail: bhyman@partners.org.
ournal of Biomedical Optics 064039-
ing exon 10 are referred to as 3 repeat �3R� isoforms. Alter-
ations of exon 10 splicing are also seen in nonfamilial cases
of FTD,1–8 supranuclear palsy,8–10 and in some instances of
AD.3,8,11,12 We have also recently shown that alternative splic-
ing of an amino terminal domain �exon 2� as well as exon 10
occur differentially in AD and control brain tissue.12 Other
FTDP-17 tau mutations lead instead to amino acid changes,
often centered near the microtubule binding domains, and
these are also believed to alter tau-microtubule dynamics. One
of the most common of these mutations is the P301L
mutation.4,13–15

These studies have provided valuable information about
the marked effect tau splicing has in terms of association with
neurodegeneration, but they have lacked a functional readout
for the effect tau alterations have on intact microtubules
within neurons. In isolated tau/tubulin preparations, the pres-
ence of the fourth microtubule binding repeat in tau appears to
stabilize microtubules, unlike the isoforms that contain only
three repeats.16,17 By contrast, and somewhat contrary to ex-
pectations based on these in vitro data, recent fluorescence
recovery after photobleaching �FRAP� data suggest that 3R
tau and 4R tau have very similar properties with regard to
tau/tubulin association in intact retinal ganglion cells.18

We have explored this issue using an alternative approach
to examine the effect of tau splice forms on microctubules in
intact neurons. Second harmonic generation �SHG� is a non-
linear optical microscopy method with inherent properties that

1083-3668/2008/13�6�/064039/9/$25.00 © 2008 SPIE
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ake it suitable for visualizing microtubule structure in living
ells. In SHG, light is generated by a structure at exactly
ne-half the wavelength of incident light; unlike fluorescence,
he SHG signal can be elicited by a broad range of incident
ight, and the emitted photons “track” at exactly one-half the
avelength of incident light. Moreover, the process is nonab-

orptive, so there is no photobleaching or free radical genera-
ion �for review, see Ref. 19�. SHG arises only from inher-
ntly asymmetric chemical structures, including some
iological molecules. A number of proteins have been shown
o generate second harmonic signals, including collagen,20,21

yosin,22–24 and axonal microtubules,19,25,26 with axonal mi-
rotubules being the weakest source of SHG.

In this study, we took advantage of the observation that
xonal microtubules give rise to an SHG signal due to their
symmetric structure.26 A disruption of axonal microtubules
auses the loss of SHG signal.26 We utilized SHG as a func-
ional readout for microtubule structure in living cultured neu-
ons and examined the effect of the presence of exogenous tau
n transfected neurons. Our results clearly demonstrate that
he presence of exogenous tau significantly enhanced SHG
ignal. Surprisingly, and in contrast to extrapolation from bio-
hysical measures of isolated tau/microtubule interaction as-
ays, our results suggest that the 3R and 4R isoforms of tau,
nd even a P310L FTDP-17-associated mutant form of tau, all
eem to alter microtubules/SHG to a similar extent.

Experimental Procedures
.1 Cell Culture and Western Blot Analysis
rimary cortical neurons were prepared from cerebral cortices
f CD-1 strain mouse embryos �day 15 to 17 of gestation�.
ortices were dissociated by trypsinization for 5 min at room

emperature, and cells were resuspended in Neurobasal �NB�
edium supplemented with 10% fetal bovineserum �FBS�,
mmol /L glutamine �Gln�, 100 U /ml penicillin, and

00 �g /ml streptomycin, then centrifuged at 100 g for
0 min and resuspended in NB/B27 �NB medium containing
% �v/v� B-27 supplement�, 100 U /ml penicillin, 100 �g /ml
treptomycin, and 2 mmol /L Gln. The cells were then plated
t 1�106 on 42-mm round coverslips �Hemogenix, Colorado
prings, CO�, and coated with Poly-D-Lysine �20 �g /ml� in
0-mm cell culture dishes �Corning, Lowell, MA�. Neurons
ere grown for 7 to 10 days in vitro and transiently trans-

ected with the indicated constructs using Lipofectamine 2000
Invitrogen, Carlsbad, CA� according to the manufacturer’s
rotocol.

H4 human neuroglioma cells were maintained in Opti-
EM �Gibco, Carlsbad, CA� supplemented with 10% �v/v�

BS, 100 U /ml penicillin, and 100 �g /ml streptomycin
Gibco, Carlsbad, CA�. Where indicated, cells were tran-
iently transfected with the identified constructs using Lipo-
ectamine 2000 �Invitrogen, Carlsbad, CA� according to the
anufacturer’s protocol.
Tau constructs were subcloned into either mRFP-N1 or

CFP-N1 vectors �Clontech, Mountainview, CA�. Using
au3R�−2−3�, Tau3R�+2+3�, Tau4R�−2−3�, or Tau4R

+2+3� in pcDNA3.1��� as templates, we performed poly-
erase chain reaction using the following primers: 5�-
TCGAGATGGCTGAGCCCCGCCAGGAGTTCGAAG-3�
ournal of Biomedical Optics 064039-
�forward� and 5�-GGATCCAAACCCTGCTTGGCCAGGG
AGGCAGAC-3� �reverse�, digested with Xho1 and BamH1
and ligated into appropriate color vectors. The integrity of
each construct was verified using DNA sequencing analysis.

H4 human neuroglioma cells were transiently transfected
with Lipofectamine 2000 according to the manufacturer’s pro-
tocol and collected 48 hr post-transfection in 100-�l 2X so-
dium dodecyl sulfate �SDS� lysis buffer �0.25 M Tris-Cl, pH
7.5, 2% SDS, 5 mM ethylenediaminetetraacetic acid, 5 mM
ethylene glycol tetraacetic acid, and 10% glycerol supple-
mented with a protease inhibitor pellet obtained from Gibco,
Carlsbad, CA�. Cell lysates were then sonicated for 10 sec
and boiled for 10 min. Samples were centrifuged at room
temperature for 10 min at 15,000 g. Sample concentrations
were determined using the bicinchoninic acid assay �Pierce,
Rockford, IL�. Samples were diluted to 1 �g /�l in 2X SDS
running buffer and loaded onto precast 4 to 12% Tris-Glycine
gradient polyacrylamide gels �Invitrogen, Carlsbad, CA�,
electrophoresed, and transferred to polyvinylidene fluoride
membranes. Membranes were blocked for 1 hr at room temp
in Tris Buffered Saline Tween-20 �TBST� �20 mM Tris-Cl,
pH 7.6, 137 mM NaCl, 0.05% Tween 20� and 5% milk and
incubated in TBST and milk at 4 °C overnight in the indi-
cated primary antibody. Membranes were then washed 3
times for 10 min in TBST at room temperature and incubated
for 1 hr with appropriate horseradish peroxidase-conjugated
secondary antibody in TBST and milk. Membranes were
washed 3 times for 10 min in TBST at room temperature and
visualized with enhanced chemiluminescence �Amersham,
Piscataway, NJ�.

2.2 Live Cell Imaging and SHG
Primary neurons on coverslips were fitted in a perfusion or
culture �Hemogenix, Colorado Springs, CO� closed chamber
with a 1-mm silicone gasket between glass coverslips. The
chamber contained Hank’s balanced salt solution �HBSS� pre-
warmed to 37 °C, and it was affixed in the heated stage of a
Zeiss Axiovert 200 inverted microscope. All images were ac-
quired on a Zeiss LSM-510 META confocal microscope fitted
with a He /Ne 543-nm laser for red fluorescence protein
�RFP� fluorescence and a Coherent �Santa Clara, CA� chame-
leon mode-locked Ti/Saph tunable �720 to 930 nm� laser
with �140-fs pulse width and �20 to 30 mW average power
with linear polarization at the sample, for cyan fluorescent
protein �CFP� and SHG imaging. All images were acquired
using a Zeiss 25�0.8 numerical aperture �NA� Plan-
NEOFLUAR water/oil immersion lens for epifluorescence
and an infinity-corrected Zeiss 20�0.75-NA PlanAPO-
CHROMAT dry lens affixed to a custom condenser tube �fab-
ricated by Zeiss, Jana, Germany� affixed to the condenser
housing, which projected the forward-propagating signal onto
a photomultiplier tube �PMT, Hamamatsu�. A 400�25-nm
bandpass filter was fitted between the condenser housing and
the PMT. This aided in both reducing background fluores-
cence at the SHG PMT and in verifying the SHG nature of the
signal observed, since 800-nm light was used to induce the
SHG signal. The resulting 400-nm signal should pass through
the filter unobstructed, while producing an SHG signal using
900 nm should result in a loss of the SHG signal, because the
resulting 450-nm signal would be blocked by the bandpass
November/December 2008 � Vol. 13�6�2
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lter. The bandpass filter also ensured that no fluorescent sig-
al from the fluorophores would pass through to the PMT,
ince CFP emits around 450 nm and RFP emits around
90 nm, and both are blocked by the bandpass filter. To fur-
her ensure the signal obtained was from SHG and not autof-
uorescence, a polarizer was placed in front of the SHG PMT,
nd the polarizer was rotated to demonstrate the polarized
ature of the SHG signal. Since the SHG signal is a polarized
ignal, rotating the polarizer perpendicular with respect to the
aser polarization should result in a loss of SHG signal, in
ontrast to fluorescence emissions.

Images were collected using Zeiss LSM 3.5 software and
xported as JPEG images for analysis in Image J. The Neuron
macro plugin for Image J was used to trace and quantify the
HG signal in all sample images, and the resulting intensity
ata were analyzed using Graphpad Prism 4 �San Diego, CA�
o carry out t-tests or one-way analyses of variance �ANO-
As�. Data were presented as mean�SEM for each condi-

ion, and results were considered significant if p�0.05.

Results
.1 Second Harmonic Generation Signal is

Detectable in Single Neuronal Processes
ecent work has shown that an SHG signal arises mainly

rom axonal processes in neurons, not from the cell body or
endrites,26 in acute hippocampal slices. Therefore, we sought
o determine whether it was possible to visualize an SHG
ignal from a single neuronal process in a cultured neuron that
ould allow us to visualize intact axonal microtubules in a

iving neuron. Figure 1 shows the morphology of a single
euron transfected with RFP and visualized with the red fluo-
escence signal. The RFP was excited with a 543-nm He /Ne
aser, and the emitted light at 590 nm was directed to the
MT through a 570- to 610-nm bandpass filter. Similarly, the
HG signal was obtained with 800-nm excitation and col-

ected in the forward direction after passing the signal through
375- to 425-nm bandpass filter. A weak SHG signal was

bserved in single processes extending from each neuron.
everal characteristics suggest that this was SHG: the 400-nm
ignal was seen only in the axon �as expected given the asym-
etric microtubule structure unique to axons�, whereas tau

nd autofluorescent moieties are most strongly seen in the cell
ody. This signal was lost when treated with colchicine, indi-
ating that it was microtubule dependent. We inserted a po-

ig. 1 Weak SHG signal is obtainable from nontransfected neurons. Ph
imultaneously in the 543/590-nm fluorescent excitation/emission si
ittle SHG present in cells that have endogenous levels of mouse tau
epresents of at least three neurons in each transfection from three se
ournal of Biomedical Optics 064039-
larizer in the light path between the sample and the PMT.
Rotating the polarizer between 0 and 90 deg should either
allow a polarized signal to pass or block a polarized signal,
depending on the orientation, while fluorescent signals should
be unaffected by the orientation of the polarizer. As expected,
when the polarizer was in the 0-deg position, the SHG signal
was strong. However, when the polarizer was shifted to the
90-deg position, the SHG signal was completely lost. As an-
other test, we changed excitation wavelength to 900 nm, and
the SHG signal observed in a 375 to 425 emission filter was
lost, as would be expected for SHG �Fig. 2�. Finally, we dem-
onstrated that if the optics were reconfigured to detect the
back-propagating signal, the signal was undetectable, again as
expected for SHG—which is predominantly forward-
propagating, unlike a fluorescent signal.

3.2 Overexpression of Tau Increases the SHG Signal
Next, we examined whether altering tau levels would enhance
the SHG signal. As a first step, we characterized tau expres-
sion in H4 cells. Figure 3 shows a western blot analysis of
various tau constructs expressed in H4 cells to verify the bio-
chemical properties of each construct. The different isoforms’
molecular weights corresponded to the presence or absence of
the fourth microbutubule binding repeat �4R, representing
exon 10� or the 2 amino-terminal inserts �+2+3�. All con-
structs migrated to the expected molecular weight, indicating
that the proteins were expressed and processed appropriately
in cells.

We examined whether microtubules in H4 neuroglioma
cells, which are morphologically flat with several long pro-
cesses, would show SHG signal. No SHG signal could be
detected from H4 cells transfected with CFP �Fig. 3�b��. By
contrast, imaging of H4 cells transfected with tau showed
robust tau expression in the cell body and processes; interest-
ingly, the SHG signal arose primarily from perinuclear com-
partments where tau levels were highest, and where the mi-
crotubule network appears to reorganize within the perikeria
�Fig. 3�c��.

Next we examined whether transfection of tau would en-
hance SHG in neurons, and if so, in which cellular compart-
ment. Given that tau is a microtubule binding protein that
promotes the assembly and stability of microtubules in axons
�reviewed in Ref. 27�, it might follow that expression of tau
would increase axonal SHG signal. To further test this hy-
pothesis, and also to determine if the presence of a fluorescent

crograph showing a neuron transfected with RFP alone and visualized
d� and 800/400-nm SHG excitation/emission �green�. There is very
sed and that express RFP, but there is signal detectable. Micrograph
mice.
otomi
gnal �re
expres

parate
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ag on tau would change the SHG, we transfected neurons
ith different isoforms of either TauRFP, untagged tau

otransfected with RFP, or RFP alone. SHG signal was mea-
ured by tracing SHG positive neurites using the Neuron J
acro for Image J and analyzing the intensity across the en-

ire length of the process.
Since transfection efficiency was very low in cultured neu-

ons with our transfection method, it was possible to visualize
he processes of a single neuron and follow them for many

Polarization at 00

Polarization at 00

ig. 2 SHG signal but not GFP signal is abolished by blocking polariz
ignal obtained in the SHG channel, a polarizer was placed in the ligh
t either 0 or 90 deg. Both the GFP and SHG signals were obtained fr
as changed and the GFP signal of tau-transfected neurons was obta
as present only in the 0-deg position of the polarizer and was aboli

ignal. This also rules out autofluorescent signals contaminating the SH
icrograph represents of three neurons transfected with tau.

62 Kda

(a)

(b)

(c)

ig. 3 Biochemical properties of tagged tau constructs are normal. Re
ransfected into H4 human neuroglioma cells. �a� Cell lysates were imm
hat all expressed tau migrates to the expected molecular weight and
ignificantly alter tau processing. All constructs were transfected utilizi
ormalized for each sample. �b� Expression of CFP in H4 neurogliom
ntire cell, with no SHG signal detectable in transfected cells. �c� Im
ntire cell. SHG signal, however, comes from filamentous structures co
rocesses. Note specifically that the microtubule network seems to re
ignal is present in more than one process. Photomicrographs are
reparations.
ournal of Biomedical Optics 064039-
hundreds of microns without interference from the processes
of neighboring, untransfected neurons. When TauRFP-
transfected neurons were examined, the RFP fluorescence and
SHG signals were distinct �Fig. 4�a��: SHG signal was present
in only one process, whereas the TauRFP fluorescence signal
was present in multiple processes and the cell body. To verify
that the signal obtained in the SHG channel was indeed SHG
and not contaminating fluorescence, the wavelength of the

Polarization at 900

Polarization at 900

Ex: 488 nm
Em:510 nm

Ex: 800 nm
Em:400 nm

t with a polarizer. To conclusively demonstrate the SHG nature of the
of the SHG signal, and the orientation of the polarizer was positioned
PTau4R�+2+3�-transfected neurons. As expected, when the polarizer
ere was no difference in the GFP signal. Conversely, the SHG signal
hen it was set to 90 deg, indicating the polarized nature of the SHG

al, because they would not be affected by the position of the polarizer.

ative blot showing various tagged tau constructs that were transiently
otted and probed with a pan tau antibody �AB-3�. Western blot shows
e presence of a C-terminal fluorescent protein �CFP or RFP� does not

of DNA per condition, and the total lysate protein concentration was
s leads to robust expression of CFP and fluorescence throughout the
f fluorescently tagged tau shows that tau is localized throughout the
g both tau and tubulin that encircle the nucleus and continue into the
e into circular structures in transfected H4 cells, and that robust SHG
ntative of at least three cells from each of at least three separate
ed ligh
t path
om GF
ined, th
shed w
G sign
present
unobl

that th
ng 1 �g
a cell

aging o
ntainin

organiz
represe
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xcitation laser was changed from 800 nm to 900 nm. As ex-
ected, the SHG signal was abolished, since the bandpass
lter in front of the SHG detector blocked 450-nm emission
Fig. 4�b��. As a further control, we added a 450-nm bandpass

ig. 5 Using circularly polarized light does not alter pattern of SHG
ouse neuron transfected with Tau4R�+2+3�CFP and visualized with

ell, including all processes and the cell body. �b� The forward-prop
hould eliminate the dependence of the angle of orientation seen with
HG channel, confirming that the primary neurite that is visible with
f the SHG signal with tau in the axon, again indicating that TauCFP

hree separate neurons from at least three separate transfections, all sh
f SHG signal.

(a)

(b)

(c)

ig. 4 Tau enhances SHG signal in transfected neurons. Embryonic d
ndividual transfected cells were examined for SHG signal. �a� Transfe
ignal at 800 nm in a single process, which is presumably the axon. F
ignal in the first panel and SHG signal when a 900-nm excitation wa
ot detectable when 900-nm excitation is used, as expected, becaus
25 nm. Third panel shows merged image. Micrographs are represen
ouse primary neuronal culture preparations. �c� Sister cultures of pr

reated with 100 �M colchicine for 30 min prior to imaging, which c
n a cell and a similar amount of TauRFP expression as in �a� and �b�. S
ndicating the microtubule nature of the SHG signal. Third panel show
eurons for three separate mouse primary culture preparations.
ournal of Biomedical Optics 064039-
filter to the turret, and we were able to switch between the
400-nm and 450-nm filters. Reconfiguring the detectors dem-
onstrated that the signal was substantially forward-
propagating and could not be detected in the back-propagating

nsfected neurons. Representative photomicrograph showing a single
two-photon excitation. �a� TauCFP localization throughout the entire
SHG signal after circularly polarizing the excitation source, which

ly polarized light. Note that only a single process is still visible in the
the axon. �c� The merging of the first two images and co-localization
ces SHG in only the axon. Micrographs are representative of at least
that circularly polarized light does not significantly affect the pattern

mouse primary neurons were transfected with TauRFP for 48 hr, and
euron showing both TauRFP expression throughout neuron and SHG
nel shows merged image. �b� Same cell as in �a� but showing TauRFP
th is used in the second panel, thus demonstrating that SHG signal is
andpass filter before the SHG-detecting PMT cuts out all light above
of at least three neurons per transfection from at least three separate
neurons as in �a� and �b� that were transfected with TauRFP and also
ely depolymerized the microtubules. First panel shows TauRFP signal
panel shows SHG signal, which is completely abolished as expected,
ed image. Micrographs are representative of at least three transfected
in tra
800-nm
agating
linear

SHG is
enhan
owing
ay 15
cted n
inal pa
veleng

e the b
tative
imary
omplet
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s merg
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onfiguration �data not shown�. As expected, when we used
00-nm light and the 400-nm filter, there was a detectable
HG signal. To test the hypothesis that the SHG signal ob-
erved was due to microtubule structures, sister cultures of
auRFP-transfected neurons were treated with 100-�M
olchicine for 30 min and imaged as above. Since colchicine
ompletely disrupts microtubule stability, any SHG signal
rising from microtubules should be attenuated. As expected,
reatment of cells with colchicine led to the complete loss of
HG signal �Fig. 4�c��. These results clearly demonstrate that
HG signal is obtainable from a single neuronal process that

s presumably the axon, and that the source of SHG signal
ithin that process is the microtubule network.

As an additional control, we inserted a Berek compensator
New Focus, San Jose, CA� into the excitation light path �to
ircularly polarize the laser source� and examined the SHG
ignal from the processes. Figure 5 shows that, as expected,
ven when the excitation beam was circularly polarized, only
ne process showed a strong SHG signal.

Expression of either tagged or untagged tau led to a sig-
ificant and equal increase in SHG signal �Fig. 6� over that of
FP alone �RFP=15.0�1.5, TauRFP=32.1�4.6, and Tau
RFP=31.7�2.6; p�0.001 for both RFP versus TauRFP

nd RFP versus Tau+RFP�. The presence of either RFP or
FP fusion constructs on the C-terminus of tau did not further
nhance or decrease the SHG signal from microtubules when
ompared to tranfection with untagged tau �p�0.05�.

One possibility that could account for increased SHG sig-
al from tau-transfected axons is that expression of tau sig-
ificantly increases the overall diameter of the axon, and
herefore increases the signal by giving rise to a signal from a
arger axonal cross-section. To rule this out, images of axons
f both RFP- or TauRFP-transfected neurons were examined
n Image J, and the axonal diameter was measured at least
0-�m distal to the axon hillock and before the first major
ifurcation of the axon. Three separate measurements per

Tau Transfection Condition

*** ***
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ig. 6 Expression of either a tagged tau or untagged tau results in
ncreased SHG. Mouse primary neurons were transiently transfected
ith either RFP alone, TauRFP, or Tau+RFP, and SHG signal was
uantitated for each condition. The expression of RFP alone resulted

n a modest amount of SHG signal �mean±SEM=15±1.5� while ex-
ression of either TauRFP �32.1±4.6� or Tau+RFP �31.7±2.6� re-
ulted in a statistically significant increase in SHG signal; p�0.001 for
ach when compared to RFP alone �n=15 for each condition�, n
25 neurons/condition. Interestingly, TauRFP and Tau+RFP were not

ignificantly different.
ournal of Biomedical Optics 064039-
axon were averaged, and a two-tailed t-test revealed that there
was no significant difference between RFP- and TauRFP-
transfected axons. Therefore, tau expression does not increase
SHG simply by increasing the size of the axon �data not
shown�.

3.3 Different Tau Isoforms Do Not Significantly Differ
in Enhancing SHG

In in vitro assays, 4R tau binds microtubules with a greater
affinity and polymerizes the formation of microtubules to a
greater extent than 3R tau16,28 �reviewed in Ref. 29�. Having
shown that tau enhances SHG signal in neurons, we next
sought to determine whether different tau isoforms would dif-
ferentially affect SHG signal. Tau-CFP constructs were gen-
erated for ease of planned co-transfection experiments, and in
all instances they were equivalent to the transfection protocol
utilized for the Tau-mRFP constructs used above. Neuronal
cultures were transfected with one of the following constructs:
CFP, Tau3R�−2−3�CFP, Tau3R�+2+3�CFP,
Tau4R�−2−3�CFP, or Tau4R�+2+3�CFP. SHG signal was
determined for each condition. As expected, the expression of
any isoform of tau enhanced the observed SHG signal com-
pared to empty-vector or CFP-transfected neurons �Fig. 7�.
Surprisingly, however, there was no significant difference be-
tween exon 10-containing or exon 10-skipping constructs, in-
dicating that the presence of 3 or 4 microtubule binding re-
peats did not significantly affect tau’s ability to enhance
microtubule SHG signal in living neurons. No morphological
changes in axon shape were noted qualitatively, and measur-
ing the axon diameter revealed no difference between tau-
transfected and control neurons.

Mutations in the tau gene found in FTDP-17 have been
shown to decrease the in vitro association of tau with micro-
tubules and the rate of microtubule polymerization.13,17,30–34

To determine if tau mutations alter axon-derived SHG in
living neurons, we transfected neurons with
P301LTau4R�+2+3�CFP and examined the effect on SHG
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Fig. 7 Different tau isoforms do not significantly differ in their ability
to enhance SHG. Primary mouse neurons were transiently transfected
with the indicated tau isoform fused to CFP or CFP alone and SHG
signal was measured. Note that CFP alone was different from all
groups, and that there were no intergroup differences that were the
result of tau isoform, or even the mutated P301L form of tau. CFP
mean±SEM=6.12±1.48, Tau3R�−2−3�CFP=28.35±7.85,
Tau3R�+2+3�CFP=27.34±5.31, Tau4R�−2−3�CFP=19.88±3.28,
Tau4R�+2+3�CFP=36.65±9.26, TauP301L-CFP=26.85±7.45, and
n=20 to 30 neurons per condition.
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ignal. Surprisingly, the mutant tau enhanced the SHG signal
bserved in the transfected neurons �Fig. 8� to essentially the
ame extent as other tau isoforms.

Discussion
ur earlier studies suggested that axonal microtubule struc-

ures gave rise to SHG, as detected in bundles of axons in
lice preparations,26 and we proposed that the signal was due
o a unique structure of axonal microtubules. Our current ex-
eriments demonstrate that the unique SHG signal can be de-
ected in single axons. The signal is lost with the addition of
he pharmacological disruption of microtubules by colchicine,
nd enhanced �only in axons� by transfection with the axonal
icrotubule binding protein tau, suggesting that tau-
icrotubule interactions gave rise to the enhanced signal.
hese data are consistent with the idea that the signal seen in
xon bundles originates from the axonal microtubule structure
tself rather than from extracellular compartments such as col-
agen or basement membrane. This observation further sup-
orts the idea that the source of SHG signal in axons is the
symmetric polarity of axonal microtubules.

Interestingly, H4 neuroglioma cells have very little or no
HG signal present, even in the many small neurites that en-
ircle the cells. However, when tau is transfected into H4
ells, the microtubule network, along with tau, rearranges into
ircular filamentous structures that give rise to significant
HG signals. There are also multiple processes that can be
bserved with SHG signal-transfected H4 cells. These data
uggest that H4 cells differ significantly from neurons in their
rocessing of tau and the organization of microtubules within
rocesses, and highlight the importance of studying tau-
icrotubule interactions in axonal compartments.
Our results, following tau transfections, were unexpected

rom several perspectives: overexpressed tau appeared in the
oma and all processes of a neuron, and localized with tubulin
n all cellular compartments. However, SHG signal was ob-
erved only in single processes. These data suggest that tau-
ubulin interactions in the soma or dendritic processes do not
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ig. 8 FTDP-17 mutant tau does not differentially impact SHG gen-
ration.Primary mouse neurons were transiently transfected with indi-
ated tau construct. Surprisingly, expression of either TauRFP or
301L-Tau4RCFP resulted in a high level of SHG signal with
ean±SEM being 33.5±4.7 and 37.2±7.4, respectively, and n=20 to
0 neurons per condition.
ournal of Biomedical Optics 064039-
stabilize microtubules into the same conformation in all cell
compartments, and instead, that a unique conformation occurs
in axons. The enhancement of SHG signal in these axonal
compartments is consistent with the idea that excess tau �in
the axon� can stabilize microtubules or enhance microtubule
bundling; if so, these data using an in vivo biophysical mea-
sure in neocortical neurons complement and extend observa-
tions in retinal ganglion cells �RGCs� in which tau overex-
pression led to functional impairments in organelle
transport.33,35–39 Consistent with this idea, it was demonstrated
by Mandelkow et al. that overexpressed tau leads to an in-
creased density of microtubule bundles in axons,40 and we
postulate that this bundling underlies the enhanced SHG sig-
nal. Although it is not clear how this concept of being an
improved SHG source compares to microtubule stability mea-
sured in vitro, our data demonstrate that overexpressed tau
changes the biophysical properties of the axon in a striking
fashion. One possibility that could account for increased SHG
signal from tau-transfected axons is that expression of tau
significantly increases the overall diameter of the axon, and
therefore increases the signal from a larger axonal cross-
section. To rule this out, images of axons of both RFP- or
TauRFP-transfected neurons were examined in Image J, and
the axonal diameter was measured at least 20-�m distal to the
axon hillock and before the first major bifurcation of the axon.
Three separate measurements per axon were averaged, and a
two-tailed T-test revealed that there was no significant differ-
ence between RFP- and TauRFP-axons. Therefore, tau expres-
sion does not increase SHG by increasing the size of the axon
�data not shown�.

We hypothesized that 4R tau would enhance SHG to a
greater extent than 3R tau. Our results suggest, however, that
the presence of the fourth microtubule binding repeat had
very little effect on microtubule SHG signal, implying that
within the microenvironment of an intact axon, the presence
of the fourth microtubule binding repeat does not significantly
change the tau-induced microtubule conformation. This is
consistent with the findings of Konzack et al., who demon-
strated by using both FRAP and fluorescence correlation spec-
troscopy that the dwell time of a single molecule of tau on
microtubules is very short, and that there was no significant
difference between 3R and 4R tau with respect to how rapidly
it diffused through the RGC axon or moved off and on the
microtubules.18 These data suggest that within the physiologi-
cal environment of an axon, the tau isoform has little effect on
microtubule-tau interactions.

The picture that emerges from our data is that tau interacts
with microtubules in a specific asymmetric conformation in
axons to generate a unique conformation that supports SHG.
Using this assay of tau-microtubule interactions, it appears
that the presence of the fourth microtubule binding repeat
may exert less effect on the tau-microtubule interaction in
axons than previously thought. Thus, although changes in tau
splicing are clearly important in FTDP-17 and related condi-
tions, our current data, as well as that of Konzack et al.,18

suggest that the elevation of 4R tau may have additional
pathogenic mechanisms independent of differential 3R versus
4R effects on axonal tau-microtubule interactions.
November/December 2008 � Vol. 13�6�7
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