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In a host of neurodegenerative diseases Tau, a microtubule-
associated protein, aggregates into insoluble lesions within
neurons. Previous studies have utilized cyanine dyes as Tau
aggregation inhibitors in vitro. Herein we utilize cyanine dye
3,3�-diethyl-9-methyl-thiacarbocyanine iodide (C11) to modu-
late Tau polymerization in two model systems, an organotypic
slice culturemodel derived fromTau transgenicmice and a split
green fluorescent protein complementation assay in Tau-ex-
pressing cells. In slice cultures, submicromolar concentrations
(0.001 �M) of C11 produced a significant reduction of aggre-
gated Tau and a corresponding increase in unpolymerized Tau.
In contrast, treatmentwith a 1�Mdosepromoted aggregationof
Tau. These results were recapitulated in the complementation
assay where administration of 1 �M C11 produced a significant
increase in polymerized Tau relative to control, whereas treat-
ment of cells with 0.01�MC11 resulted in amarked reduction of
aggregatedTau. In the organotypic slice cultures,modulation of
Tau aggregation was independent of changes in phosphoryla-
tion at disease and microtubule binding relevant epitopes for
both dosing regimes. Furthermore, treatment with 0.001 �M

C11 resulted in a decrease in both total filamentmass and num-
ber. Therewas no evidence of apoptosis or loss of synaptic integ-
rity at either dose, however, whereas submicromolar concentra-
tions of C11 did not interfere with microtubule binding, higher
doses resulted in a decrease in the levels of microtubule-bound
Tau. Overall, a cyanine dye can dissociate aggregated Tau in an
ex vivomodel of tauopathywith little toxicity and exploration of
the use of these type of dyes as therapeutic agents is warranted.

Abnormal accumulation of aggregated proteins is a common
feature of many neurodegenerative disorders including Parkin-
son, Huntington, and Alzheimer diseases. The defining lesions
in Alzheimer disease include the extracellular plaques com-
posed of amyloid � and intracellular polymers of the microtu-
bule-associated protein Tau. Under normal conditions, as
much as 90% of the Tau expressed in neurons is bound to

microtubules providing stability for the cytoskeleton. In addi-
tion, Taumay also play a role in themicrotubule interactions of
both Golgi membranes and dynein (1, 2).
Intracellular Tau aggregates are a defining feature in a host of

neurodegenerative disorders including Alzheimer disease, cor-
ticobasal degeneration, and frontotemporal dementia. Devel-
opment of neurofibrillary pathology in Alzheimer disease fol-
lows a highly stereotyped pattern (3, 4) and the appearance of
tangles correlates with both neuronal loss and severity of cog-
nitive symptoms (5–7). Evidence suggests that Tau polymeri-
zationmay also be directly linked to degeneration.Mutations in
the Tau gene are sufficient to cause familial cases of frontotem-
poral dementia and the disease causing mutations have been
shown to alter the propensity for secondary structure and to
promote Tau aggregation in vitro (8–10). Transgenic animals
expressing aggregation-prone mutant Tau develop synaptic
dysfunction (11). In contrast, animals expressing Tau contain-
ing an aggregation-inhibitingmutation displayed no changes in
synapse number despite similar levels of hyperphosphorylation
(11). Neurons containing Tau polymers have also been shown
to have both accumulation of pro-apoptotic caspases as well as
signaling deficits (12, 13). Impaired neurotransmission and
morphological changes were observed in lesion-bearing neu-
rons in aCaenorhabditis elegansmodel of tauopathy (14). Addi-
tionally, abnormal Tau aggregates have also been found to
affect both gene transcription and proteasome activity (15, 16).
In cell culture models higher levels of Tau polymerization was
correlated with increased cell death (17, 18). Conversely, treat-
ment with Tau aggregation inhibitors reduced levels of cell loss
(18, 19). These findings indicate that development of Tau
aggregation inhibitors is a potential avenue for the creation of
disease modifying therapies.
A number of polymerization inhibitors have been studied

including Congo red derivatives, anthraquinones (Pickhardt et
al. (20), disputed in Crowe et al. (21)), 2,3-di(furan-2-yl)-qui-
noxalines (21), phenylthiazolylhydrazide (22, 23), polyphenols
and porphyrins (24), and cyanine dyes (25–27). Cyanine dyes
were identified in a small molecule screen as Tau fibrillization
antagonists. Of these, 3-(2-hydroxyethyl)-2-[2-[[3-(2-hydroxy-
ethyl)-5-methoxy-2-benzthiazolylidene]methyl]-1-butenyl]-5-
methoxybenzothiazolium (N744)2 has been well characterized
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utilizing in vitro assays (25–27). N744 was capable of inhibiting
filament formation at substoichiometric concentrations with
an IC50 of 294 � 23 nM (25). Analysis utilizing electronmicros-
copy revealed that N744 was capable of reducing both total
filament mass and filament number. Also, substoichiometric
concentrations of N744 were capable of disaggregating mature
filaments. Over 19 h of incubation total filament length was
reduced to 13 � 2% of the control (25). In contrast to other
polymerization inhibitors, length distribution remained
unchangedwithN744 treatment. This is not inconsequential as
these results indicate that disaggregation was endwise rather
than the result of random breakage. Interestingly, further study
revealed that N744 activity is biphasic with optimal inhibition
occurring at �4 �M (26). Above this concentration, inhibition
is relieved and polymerization levels greater than control sam-
ples are observed at higher drug concentrations. These changes
are reflected by changes in the equilibrium constant, or mini-
mal concentration, for Tau polymerization. In the inhibitory
range, increasing doses of N744 produced corresponding
increases in the critical concentration. In contrast, higher con-
centrations of N744 resulted in a lowering of the equilibrium
constant. Although N744 is not capable of directly triggering
Tau polymerization, it appears capable of increasing the con-
centration of Tau available for incorporation into fibrils by
competitively binding to the negatively charged surfaces pre-
sented by polymerization inducers (26). These findings demon-
strate the potential usefulness of cyanine dyes as candidates for
development as therapeutics and use in hypothesis testing.
Within the cyanine dye family, there are multiple commer-

cially available molecules that vary with respect to the meso
substituent, bridge length, and N substituent. Of these, 3,3�-
diethyl-9-methylthiacarbocyanine iodide (C11) was found to
have a similar potency in vitro to N744 (28). In addition, the
molecular properties of C11 present distinct advantages com-
pared with N744. Comparisons of topological polar surface
area, octanol water partition coefficient (miLogP), and molec-
ular weight indicate that C11 is more likely to cross the blood-
brain barrier, and thus was chosen for further study.
Here we examine the effects of cyanine dye C11 over a wide

concentration range in a transfected cell and an ex vivo culture
system making aggregated, tangle-type Tau. An inactive cya-
nine, C2, was used to control for nonspecific effects of the cya-
nine scaffold. Two different culture systems were utilized to
assay the effects of cyanine treatment on Tau polymerization.
In the first, organotypic slices were cultured from the hTau
mouse line that expresses all six isoforms of wild type human
Tau. Slice cultures accumulate a robust level of aggregated Tau
in a physiologically relevant milieu. In addition, because the
hemispheres are plated separately, one hemisphere may be
retained to serve as a within-animal control, thus eliminating
the problem of variable aggregate levels between animals. A
second culture system utilized human embryonic kidney cells
transfected with split GFP-labeled Tau. In this assay, GFP fluo-
rescence is altered uponTau aggregationwith higher degrees of
polymerization resulting in reduced GFP signal (29). This sys-

tem allows for a high number of replicates as well as fast and
quantitativemeasurements. Results show that C11 is capable of
significantly reducing levels of aggregated Tau at submicromo-
lar concentrations (0.001�M)with no effects on polymerization
with C2. In addition, these effects were not dependent on
changes in phosphorylation state.

EXPERIMENTAL PROCEDURES

Animals—Togenerate the hTau line, transgenicmice (line 8c
(30)) were crossed to a targeted line in which the endogenous
mouse Tau gene was non-functional (31). Pups at postnatal day
10 from the hTaumouse line (32) of either sex were utilized for
organotypic slice cultures. The hTau line expresses all six iso-
forms of human wild-type Tau under the control of the human
Tau promoter due to integration of a PAC-derived human
genomic sequence. Animals were used in accordance with
National Institute of Health/Institutional Animal Care and Use
guidelines.
Antibodies—The following monoclonal anti-Tau antibodies

were used, CP27 (total human Tau) and PHF-1 (phospho-
Ser396/404) were gifts from Dr. Peter Davies (Albert Einstein,
NewYork,NY).AT8 (phospho-Ser202/205) and phospho-Thr212
monoclonal antibodywere purchased fromThermo (Rockford,
IL). Phospho-Ser262 and phospho-Ser396 were obtained from
BIOSOURCE (Camarillo, CA). Monoclonal anti-�-tubulin and
synaptophysin antibodies were purchased from Sigma. Anti-
cleaved poly(ADP-ribose) polymerase (PARP) antibody was
obtained from Cell Signaling (Danvers, MA).
Preparation of Organotypic Slices—Organotypic slice cul-

tures were prepared utilizing protocols modified from Duff et
al. (33) (depicted in Fig. 1). Brains were removed from hTau
pups at postnatal day 10. Hemispheres (cortex and hippocam-
pus) were sectioned into 400-�m thick slices and separated in
ice-cold buffer (pH 7.1). Slices (�18 per hemisphere) were
transferred to membrane inserts containing 0.4-�m pores
(Laboratory Disposable Products, Wayne, NJ). Following sec-
tioning, slices were allowed to incubate in culture for 14 days in
media containing 25% serum. Media was exchanged every 2
days. Following the incubation period slices comprising each
hemisphere were treated with either C11 (Sigma, structure
shown in Fig. 2) or DMSO vehicle (final concentration of
DMSO in media 0.008%), thus allowing the DMSO-treated
slices to serve as a within-animal control. C11-treated slices
were dosed at 1.0, 0.1, or 0.001 �M (n� 6mice per group). This
compound is structurally similar to a previously identified Tau
polymerization antagonist N744 and it has a similar dose-re-
sponse curve in vitro. Additional slices (n � 5 mice) were
treated with either 0.001�MC2 (an inactive cyanine) or DMSO
control (final concentration of DMSO in media 0.008%).
Tissue Fractionation—Tissue fractionation procedures were

adapted from Greenberg and Davies (34). Control and C11- or
C2-treated slices were homogenized in RIPA buffer (50 mM

Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM sodium
fluoride, 1 mM Na3VO4, 1 �g/ml protease inhibitors, 1 �g/ml
phosphatase inhibitors) and centrifuged at 20,000 � g for 20
min at 4 °C. The pellet fraction was discarded and the resulting
supernatant assayed for total protein concentration. Samples
were then diluted as necessary to achieve equivalent total pro-

PARP, poly(ADP-ribose) polymerase; DMSO, dimethyl sulfoxide; GFP,
green fluorescent protein; MES, 4-morpholineethanesulfonic acid.
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tein levels. To generate the heat stable (S) fraction an aliquot of
the low speed supernatant was retained and boiled for 10 min.
After heating, the samples were centrifuged at 20,000� g for 20
min at 4 °C and the supernatant was retained and diluted inO�
buffer (62.5mMTris-HCl, pH6.8, 5% glycerol, 2-mercaptoehta-
nol, 2.3% SDS, 1 mM EGTA, 1 mM phenylmethylsulfonyl fluo-
ride, 1 mM NaVO4, 1 �g/ml protease inhibitors, 1 �g/ml phos-
phatase inhibitors). The S fraction represents soluble Tau. To
isolate Tau polymers, an additional fraction of low speed super-
natant was incubated in 1% Sarkosyl for 30 min at room tem-
perature. Samples were then centrifuged for 1 h at 100,000 � g
at 20 °C. Supernatant was discarded and the Sarkosyl-insoluble
pellet was resuspended in 20 �l of O� buffer.
Estimation of C11Concentration—Because the effects of C11

are mediated by dye concentration, determining the level of
compound in the target tissue may explain the observed effects
onTau polymerization. Sliceswerewashed three times in phos-
phate-buffered saline to remove dye bound to the surface of the
tissue. Slices were then collected as described above and centri-
fuged at 20,000 � g for 20 min at 4 °C. Supernatant fractions
were removed and reserved for determination of C11 concen-
tration. To generate a standard curve, varying concentrations of
C11 (0.001–10 �M) were incubated in untreated tissue homo-
genates overnight at 37 °C in a 96-well plate. Following incuba-
tion, homogenates from control and treated samples were
added to the plate in triplicate. Fluorescence data were col-
lected using a TECAN Infinite M200 plate reader, excitation
550 nm, emission 585 nm (35). Average and standard deviation
for each sample and standard was calculated. The average flu-
orescence of each standard was then plotted against the C11
concentration to generate a standard curve. Slope of the result-
ant line was determined and utilized to estimate dye concentra-
tion in the treated samples.

Preparation of Samples for Elec-
tron Microscopy—Sarkosyl-insolu-
ble fractions from control and
treated slices were prepared as
described above with the exception
that the final pellet was resuspended
in 100 �l of phosphate-buffered
saline. Sampleswere fixedwith glut-
araldehyde (2% final volume) and
adsorbed onto 400-esh formvar-
coated copper electron microscope
grids (Electron Microscopy Sci-
ences, Ft. Washington, PA) for 20
min. Grids were then washed with
double distilled water. Grids were
then stained with uranyl acetate
(Electron Microscopy Sciences) at

2% final volume for 5 min. Following staining, grids were
washed a second time.
Microtubule Binding Assay—Because C11 is capable of bind-

ing to the Tau protein it is important to ascertain whether the
presence of the drug interferes with normal microtubule bind-
ing, which is potentially detrimental. Additional slices were
prepared and treated as described abovewith either 1.0 or 0.001
�M C11. Microtubule binding assays were conducted utilizing
methods adapted from Volgelsberg-Ragaglia (36). Samples
were homogenized in warm (37 oC) RAB buffer (0.1 MMES, pH
6.8, 0.5 mM MgSO4, 1 mM EGTA, 1% Triton X-100, 20 �M

Taxol, 2 mM GTP, phosphatase inhibitor mixture, and protein
inhibitor mixture) using a warmed Dounce homogenizer.
Samples were centrifuged at 3,000 � g for 4 min at 25 °C to
remove debris. The resulting supernatant was collected and
a 50-�l aliquot was diluted in O� buffer and boiled for 5min.
A 100-�l aliquot of the remaining supernatant was centri-
fuged at 100,000 � G for 20 min at 25 °C. The supernatant
was collected and the pellet was resuspended in 100 �l of
RAB buffer. Fifty-�l fractions of both the supernatant and
pellet fractions were diluted in 450 �l of O� buffer and
boiled. Immunoblotting was carried out on the total, cytoso-
lic (free), and microtubule-bound fractions with CP27 as the
primary antibody.
Quantitative Immunoblot Analysis—Membranes were

blocked for 30 min in phosphate-buffered saline containing 5%
milk. Appropriate dilutions of primary and secondary antibod-
ies were applied. Bands were visualized with enhanced chemi-
luminescence reagent (Immunobilon Western HRP substrate
luminol reagent, Millipore) using a Fujifilm LAS3000 imaging
system in the linear range. Signal was quantified using Multi-
gauge version 3.0.
Filament Quantification—Random images from each grid

were obtained using a JEOL 1200 transmission electron micro-
scope operated at 80 kV at�12,000magnification. Imageswere
imported into Image J and individual filaments were traced
manually to obtain length data. These methods have been well
established in multiple in vitro studies (37–39). Total length
and filament number were averaged over each condition and
standard deviation calculated. For each image the total number
of filaments in each 10-nm length range, or bin, was determined

FIGURE 1. Preparation of organotypic slices. A, brains were removed from hTau pups between 9 and 11 days
postnatal. Olfactory bulb and brainstem are removed and the hemispheres (cortex/hippocampus) were sep-
arated. B, each hemisphere was sectioned into 400-�m slices. C, slices from each hemisphere were plated in
tissue culture inserts on different rows in six well plates. This method allows each animal to act as its own
control thus eliminating the problem of variability due to differing pathology between individual animals.

FIGURE 2. Structure of cyanine dye C11.
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and expressed as a percentage of total filament number. The
percentage of filaments per bin was then averaged and plotted
against length interval midpoint.
Plasmid Construction—Plasmids were generated as previ-

ously described (29). Briefly, the small fragment of GFP was
amplified by PCR and cloned into XbaI and ApaI sites of
pcDNA3.1(�). pcDNA3.1(�)-T4 was used to generate human
Tau isoform 24 (containing exon 10 but lacking exons two and
three). To obtain Tau-GFP11, Tau PCR products were cloned
into the KpnI and XbaI sites of the pcDNA3.1(�) with the GFP
vector. The large GFP fragment was cloned into the NheI and
NotI sites of pcDNA3.1(�).
Cell Culture—Human embryonic kidney cells were grown in

clear bottom 96-well plates in Opti-MEM (Cellgro, Herndon,
VA) with media exchanged every other day. Cells were allowed
to incubate in culture for either 1 or 2 days post-transfection
following which they were treated with either C11 or DMSO
vehicle (DMSO final concentration in media, 0.3%).
Detection of GFP and C11—GFP complementation was

measured daily using a TECAN InfiniteM200 plate reader with
an excitation wavelength of 485 nm and an emission wave-
length of 520. C11 fluorescence was measured concurrently.
Signal was averaged over wells in each condition (n � 8) and
plotted as percent of initial value against time.
Analytical Methods—Chemiluminescence signal was deter-

mined as described above. For each sample, signal relative to
control was determined for each treated samples. Average and
standard error was determined for each group. Statistical sig-
nificance was determined utilizing a two-tailed Student’s t test.

RESULTS

C11 but Not C2 Is Capable of Modulating Tau Polymeriza-
tion in Organotypic Slice Cultures—Tissue fractionation was
performed as described above for slices (n � 6 mice per group)
treated with C11, C2, and vehicle control. All fractions were
subjected to immunoblotting with CP27, an antibody against
human Tau (Fig. 3). No significant change in total Tau levels
was observed in any C11 dosing regime (107.6 � 15.7 for 0.001
�M, 98.03 � 6.4 for 0.1 �M, and 94.1 � 6.53 for 1 �M C11)
relative to control. In addition, no change was seen in the levels
of Tau in the soluble fraction relative to control in slices treated
with 0.1, or 1 �MC11 (94.1 � 10.6 and 108.1 � 22.5). However,
treatment with 0.001 �M C11 resulted in a significant increase
(p� 0.01) in solubleTau.This increase in unpolymerizedTau is
mirrored by a reduction in the levels of aggregated protein.
Addition of 0.001 �M C11 to culture media produced a signifi-
cant reduction (p� 0.003) in Sarkosyl-insoluble Tau relative to
untreated slices from the same animal (55 � 27.7). In contrast,
incubationwith 1�MC11 resulted in significantly elevated (p�
0.001) levels of polymerized Tau (305.43 � 86.9). No change
was observed in slices treated with 0.1 �M (101.3 � 7.9). These
results indicate that the biphasic effects observed with cyanine
dyes incubated with recombinant Tau in vitro are also present
in cultured tissue (26). However, compared with in vitro stud-
ies, much lower doses were required to achieve inhibition.
Because 1 �M and 0.001 �M doses produced significant and
opposing effects on Tau polymerization, they were chosen for
further investigation. No change in the concentration of aggre-
gated Tau was observed following treatment with compound

FIGURE 3. C11, but not C2 treatment modulates Tau polymerization. Slice cultures were treated as described with 0.001, 0.1, and 1 �M C11 (n � 6 per group)
or 0.001 �M C2 (n � 5). A–D, immunoblotting was carried out on the total (Tot), soluble (S), and Sarkosyl-insoluble (I) fractions. Blots were incubated with CP27,
a monoclonal antibody recognizing all six human Tau isoforms, and bands were visualized. Images were quantified using Multigauge version 3.0 and expressed
as percentage of control signal � S.E. E, following treatment with 0.001 �M C11, total Tau levels remained unchanged (107.6 � 15.7). Soluble Tau levels
increased to 112 � 9% control (p � 0.01). Sarkosyl-insoluble Tau was reduced to 55.5 � 27.7% of that of control slices (p � 0.003). F, slices dosed with 0.1 �M

showed no change in levels of total (98.03 � 6.8) soluble (101.3 � 7.9) or aggregated (94.1 � 10.6) Tau. G, incubation with 1 �M C11 resulted in no change in
total (94.1 � 6.53) or soluble (108 � 22.5) Tau levels relative to control. Insoluble Tau levels increased (p � 0.001) with treatment (305.43 � 86.9). H, the inactive
cyanine C2 showed no changes in the levels of total, soluble, or insoluble Tau relative to control slices. * indicates p � .05.
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C2, indicating that the compound is ineffective against Tau
polymerization in culture as well as in recombinant protein.
C11 Is Detectable in Slice Homogenate—Fluorescence meas-

urements were obtained in triplicate for each standard, control,
and treated sample. Values recorded from the standard samples
were averaged and plotted against C11 concentration to gener-
ate the standard curve (Fig. 4A). The equation for the resultant
line was calculated as,

y � 10442x � 128.17 (Eq. 1)

with an R2 value of 0.991. Average fluorescence was then calcu-
lated for each of the control and treated samples with values of
32,504 � 8,212.9 and 183.2 � 61.7 for 1 �M (Fig. 4B) and 0.001
�M (Fig. 4C), respectively. Utilizing Equation 1, the concentra-
tion of C11 in treated slices was estimated as 0.0053 and 3.101
�M for the 0.001 and 1 �M dosing regimes, thereby indicating
that the drug is taken up and concentrated by the tissue.
Changes in Tau Polymerization Are Not Dependent on

Changes in Phosphorylation—Because hyperphosphorylation
has been postulated as a polymerization promoter (40–43) and
multiple aggregation inhibitors act via effects on protein
kinases (44–46), an examination of whether C11 also affects
phosphorylation was performed. The heat-stable fraction from
control, C11-, and C2-treated slices were subjected to immu-
noblotting to assay for changes in phosphorylation state (Fig.
5A). However, no changes in occupancywere seen in eitherC11
dosing regime or with C2 treatment at Ser202/205 (AT8), Thr212,
Ser262, Ser396, or Ser396/404 (PHF-1) sites (Fig. 5, B–F). These

sites have been implicated in disease
or as modulators of polymerization
in vitro. These data demonstrate
that Tau polymerization can be tar-
geted independently of phosphoryl-
ation. As Tau kinases have multiple
targets within the cell, directly tar-
geting abnormal Tau may provide a
way to reduce the unwanted side
effects of treatment.
C11 Modulates Both Total Fila-

ment Mass and Number but Does
Not Affect Length Distribution—
Well characterized electronmicros-
copy methods were utilized to assay
the effect of C11 treatment at the
level of individual filaments. Indi-
vidual filament lengths were quanti-
fied using the Image J program and
total filament length and number
were determined for each grid and
expressed as percent control. Treat-
ment with 0.001 �M C11 resulted in
a significant decrease (p � 0.01) in
filament number relative to control.
In contrast, average filament num-
ber significantly increased (p �
0.01) to 207.96% of control follow-
ing incubation with 1 �M C11 (Fig.
6A). Similar to filament number, at

0.001 �M C11 average total filament length was significantly
reduced (p � 0.001) to 23.63% of total length obtained from
control slices. In addition, significantly higher (p � 0.001) total
filament mass at the time of tissue collection was achieved with
the higher dose (317.1% comparedwith control slices) (Fig. 6B).
No significant change was seen in the filament length distribu-
tion at either dose (Fig. 6,C andD). In both dosing regimes, the
distribution was exponential for control and treated samples.
This suggests that changes in filamentmass andnumber are not
the result of random breakage. This is not insignificant as
breakage may produce further nucleation sites.
C11 Treatment Does Not Affect Slice Viability—Additional

immunoblots were performed to assess the effect of C11
treatment on slice viability, synaptic, and cytoskeletal integ-
rity (Fig. 7). No changes were seen in levels of cleaved PARP
indicating that C11 treatment at either dose does not result
in activation of pro-apoptotic caspases (90.9 � 28.4 for 0.001
�M and 90.04 � 21.1 for 1 �M). Similarly, in both dosing
regimes, no significant change in the level of synaptophysin
immunoreactivity was detected (117.3 � 26.5 for 0.001 �M

and 92.2 � 26.6 for 1 �M). Tubulin levels were likewise
unchanged in cultures incubated with 0.001 �M C11
(103.4 � 25.8). However, when dosed with 1 �M, a significant
reduction in tubulin concentration was detected (20.4 �
22.7). Additional immunoblots from the Sarkosyl-insoluble
fraction of Tau revealed the presence of tubulin at signifi-
cantly higher levels relative to control samples (data not
shown). This result suggests that the increased Tau polym-

FIGURE 4. C11 is internalized and concentrated in slice cultures. A, untreated homogenate was incubated in
triplicate for 24 h at 37 °C with varying (1.0 – 0.003 �M) concentrations of C11. Fluorescence signal was then
plotted against C11 concentration and a linear curve fit to the data (y � 10442x � 128.17). B, in 0.001 �M treated
(T) and control (C) slices (n � 6 mice per group) fluorescence was 183 � 61.7 and 80.2 � 33.3, respectively.
C, average fluorescence was measured in homogenates (n � 6 per group) of 1 �M C11 treated (T) and control
(C) slices. Values obtained were 32,504.8 � 8,212.9 and 153.8 � 38.9, respectively. Utilizing the equation of the
standard curve, the C11 concentration in 1 �M and 0.001 �M treated samples was estimated as 3.1 and 0.0053
�M, respectively.
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erization observed following high dose C11 treatment
results in tubulin being sequestered into the intracellular
Tau aggregates.
Inhibitory Doses of C11 Do Not Affect Microtubule Binding—

Because C11 is capable of binding Tau, it is necessary to assess
whether this binding interferes with the ability of the protein to
interact with tubulin. Slices were treated as described above
with either 1 or 0.001 �M C11 versus DMSO vehicle (Fig. 8).
Again, total Tau levels relative to control remained unchanged
(91.1 � 8.6 for 1 �M and 104.4 � 11.8 for 0.001 �M). When

incubated with 0.001 �M, treated slices showed no change in
the ratio of microtubule bound (93.5 � 12.9) and unbound Tau
(94.1 � 11.7). Indeed, the majority of Tau in the cells was
microtubule bound with only faint immunoreactivity in the
unbound supernatant fraction. These results indicate that at
submicromolar concentrations, C11 does not appear to affect
normal Tau-microtubule interaction. In contrast, addition of 1
�MC11 to the culturemedia resulted in a significant shift in the
pattern of Tau binding with treated slices, showing marked
microtubule detachment relative to control slices. This is

FIGURE 5. Incubation with C11 does not affect phosphorylation. A, aliquots from the heat stable fraction of control (C) and treated (T) slices were used to determine
the relative levels of phosphorylation at disease and polymerization relevant epitopes. B–F, immunoblots were processed and quantified as described. No changes
were seen in band intensity or mobility relative to control for Thr212 (B) (106.3 � 7.6 for 1 �M (H), 111.02 � 26.4 for 0.001 �M (L), and 112.2 � 9.6 for C1), Ser262 (C) (93.2 �
9.6 for 1 �M, 106.1 � 12.3 for 1 �M, and 86.9 � 8.6 for C1), Ser396 (D) (101.2 � 13.7 for 1 �M, 116.6 � 13.5 for 0.001 �M, and 93.8 � 6.7 for C1), AT8 (E) (100.8 � 5.3 for 1 �M,
102.8 � 12.6 for 0.001 �M, and 106.4 � 10.62 for C1), or PHF-1 (F) (97.8 � 13.8 for 1 �M, 100.04 � 18.03 for 0.001 �M, and 106.4 � 10.6 for C1).
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unsurprising considering the sequestration of tubulin with Tau
aggregates at this dose.
C11 Alters Tau Polymerization in Split GFP Tau-transfected

Cells—Following transfection, cells were incubated overnight
prior to addition of C11. GFP fluorescence steadily decreased in
both untreated controls and cells dosed with 1 �M C11 (Fig. 9).
However, both the rate and extent of the decrease was aug-
mented in response to high doseC11. A 50� 0.97% reduction if
GFP fluorescence (from 35,993 fluorescence units to 18,460)
was observed in control cells after 3 days in culture, reflecting

the increase in Tau aggregates. Cells treated with 1 �M C11
showed a 62� 1.27% loss of GFP signal (from 32,065 to 12,326)
reflecting a significantly greater degree of Tau aggregation rel-
ative to control. Indeed, at each time point, treated cells showed
significantly reduced fluorescence (p� 0.001) suggesting accel-
erated aggregate formation. To ascertain whether treatment
with low concentrations of C11 reduced Tau polymerization,
cells were allowed to incubate without treatment for 2 days in
culture to accumulate aggregates. C11 was then added to the
media and cells were incubated with the drug for a further 2

FIGURE 6. C11 treatment results in changes in filament mass and number. Filaments in the Sarkosyl-insoluble fraction were negatively stained with uranyl
acetate. Image J was used to measure total filament length obtained for each electron micrograph and the average for each condition was calculated. A, total
filament number as a percentage of control was determined. A significant increase (p � 0.01) was observed at 1 �M (207.96%), whereas treatment with 0.001
�M produced a significant decrease (p � 0.01) (76.24% of control) B, significantly higher (p � 0.001) total filament mass was observed at 1 �M C11 (317.1% of
control). In contrast, 0.001 �M treated samples showed a significant reduction (p � 0.001) to 23.63% of control values. C and D, the number of filaments falling
into each 10-nm length range was determined and expressed as a percentage of total filament number. Distributions were similar for control (black bars) and
treated (gray bars) samples. E and F, electron micrographs from 1 �M and 0.001 �M treated samples, respectively, are shown.
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days. Following treatment, fluorescence was measured. As
before, fluorescence decreased progressively in control cells
with a final value of 78 � 2.7% of control (from 34,854 to

27,327). Significantly higher fluo-
rescence was obtained in 0.01 �M

treated cells relative to control.
Indeed, incubationwith the drug for
3 days resulted in no significant loss
of GFP signal, indicating that poly-
merized Tau did not accumulate at
this dose. These data indicate a shift
of the dose-response curve in differ-
ent culture systems. However,
although the inhibitory dose differs,
in both systems 1 mM C11 led to
increased aggregation. In the orga-
notypic slices 0.001�Mwas the opti-
mal dose whereas, in cells a 10-fold
higher dose was required to prevent
polymerization. However, both val-
ues are markedly lower than the
IC50 of �280 �M obtained in vitro.

DISCUSSION

Insoluble Tau polymers accumu-
late in affected cells in a host of neu-
rodegenerative conditions. Identifi-
cation of compounds capable of
reducing the burden of aggregated
Tau could potentially result in the
creation of disease-modifying ther-
apies. One such example, methyl-
thioninium chloride (methylene
blue, RemberTM), which has been
shown to reduce Tau fibrillization
in vitro (24, 47), is the subject of
clinical trials.
In vitro studies have shown that

small molecule cyanine dyes are
capable of selectively binding to
abnormally folded Tau protein and
modulating its polymerization in a
biphasic, dose-dependent manner
(25).We have shown that it is possi-
ble to recapitulate these results in an
organotypic slice culture system.
Cyanine dye C11 is capable of either
significantly reducing, or increasing
the levels of Sarkosyl-insoluble Tau.
Indeed, inhibition is possible at sub-
micromolar concentrationswithout
affecting normal microtubule bind-
ing or adverse effects on synaptic
integrity. As a control, a similar
molecule (C2) determined to be
inactive in vitro was utilized to
assess nonspecific effects of the cya-
nine skeleton. No changes were

seen in the relative amounts of total, soluble and polymerized
Tau relative to untreated slices. Furthermore, no changes were
seen in tubulin, synaptophysin, or cleaved PARP with C2 treat-

FIGURE 7. C11 treatment does not negatively affect slice viability. Total protein fractions were assayed for
relative levels of cleaved PARP, tubulin, and synaptophysin to ascertain the health of the cultures. A and C, slices
incubated with 1 �M C11 showed no difference in cleaved PARP (CP) (92.2 � 26.5) or synaptophysin (Syn)
(90.04 � 21.1) signal relative to control, however, a marked decrease in tubulin (Tub) immunoreactivity was
observed (44.5 � 27.5). B and D, no changes in the relative concentration of any of the proteins was observed
with 0.001 �M C11 (90.9 � 28.4 for cleaved PARP, 117.3 � 26.5 for synaptophysin (Syn), and 103.8 � 28.5 for
tubulin (Tub)).

FIGURE 8. High dose, but not low dose C11 treatment affects microtubule binding. An assay of Tau-microtu-
bule binding was performed. Total, microtubule-bound and unbound (free) Tau was assessed by immunoblotting.
A and C, following incubation with 1 �M C11 no change in the level of total Tau (91.1 � 8.6) was observed. However,
a decrease in microtubule-bound (53.8 � 12.6) and an increase in free Tau (150.9 � 5.8) was found compared with
DMSO-treated controls. B and D, no change in the relative concentration of total (Tot) (104.4 � 11.8), microtubule-
bound (B) (93.5 � 12.9), or free (F) Tau (94.06 � 11.7) was observed with 0.001 �M C11.
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ment. In addition, effects on polymerization were not depend-
ent on alterations in Tau phosphorylation, indicating that a
reduction in occupancy at phosphoepitopes is not required to
reduce Tau filament burden. These results also suggest that
increased levels of soluble, hyperphosphorylated Tau mono-
mers are not toxic to the slice cultures. However, at present,
slices have only been incubated with C11 for 1 week in culture.
It may require longer periods of incubation, or additional assay
methods for toxicity to become apparent. Furthermore, these
results have been confirmed using a second model system. In
these studies, low doses of C11 were capable of significantly
reducing the levels of aggregated Tau in cells transfected with
the longest human Tau isoform.
In contrast, treatment with 1 �M C11 produced a signifi-

cant elevation of polymerized Tau with a marked decrease in
the levels of soluble tubulin. This was accompanied by an
increase in tubulin in the Sarkosyl-insoluble fraction. Stud-
ies utilizing N744 suggest that a possible mechanism by
which cyanine dyes facilitate Tau polymerization is through
competitive binding. Dye polymers were capable of displac-
ing Tau from the surface of negatively charged polystyrene
microspheres and thus raising the concentration of Tau in
solution. A similar process may be occurring in the slice
cultures. Incubation with higher doses of C11 may result in
the displacement of Tau from the microtubule surface. This
would result in an increase in the concentration of Tau avail-
able for incorporation into aggregates. Additionally, previ-
ous studies have shown that several microtubule-associated
proteins such as microtubule-associated proteins 1 and 2 can
be sequestered into neurofibrillary lesions and the Sarkosyl-
insoluble fraction. It may be that additional microtubule-
associated proteins are also being recruited into the Sarko-
syl-insoluble fraction and this loss of support results in the
destabilization of the microtubules. This destabilization
could then allow tubulin dimers to be likewise sequestered
in the Sarkosyl-insoluble fraction. Loss of tubulin and

increased Tau filament burden
does not, however, appear to
result in increased toxicity after 1
week. No loss of synaptic integrity
or activation of pro-apoptotic
caspases was observed. On a
superficial level, slices treated
with 1 �M C11 did not appear less
healthy than control, neutral, or
low dose-treated cultures. As
stated above, longer incubation
times may be necessary to observe
toxic effects. Further studies will
be necessary to fully evaluate the
consequences of altered Tau
polymerization.
Similar to N744, the dose-re-

sponse relationship of C11 indicates
the existence of a therapeutic index.
Among compounds that act on
amyloid-forming proteins, this is
not unheard of. A similar dose-re-

sponse effect was observed with Congo Red in models of Hun-
tington disease. In vitro, Congo Red has a monophasic and
steep dose-response curve (48). However, in biological models,
amore complex pattern emerges. Low concentrations inhibited
huntingtin polymerization with higher doses resulting in relief
of that inhibition (49). Similarly, although it retains its biphasic
shape, the dose-response curve of C11 shifts depending on the
model system utilized. Although this may limit the utility of
C11, it should be noted that a 100–1000-fold increase in
concentration is required to promote Tau aggregation.
Additionally, these results indicate that results obtained in
animals or tissue culture with aggregation inhibitors identi-
fied in vitromust be interpreted carefully. Indeed, what may
appear to be a negative result may in fact occur because the
dose-response curve has shifted due to changing model sys-
tems. This may result in promising compounds being aban-
doned unnecessarily.
Finally, these findings further demonstrate the potential util-

ity of cyanine dyes. This class of molecules has also been suc-
cessfully used in cell culture as inhibitors of nitric oxide pro-
duction (50). In addition, a cyanine dye, Platonin, has been
shown to reduce tissue damage and improve survival in a rat
model of heat stroke (51). Cyanines have also demonstrated
utility as contrast agents (52, 53) and one, Cardio Green, has
been approved for use in humans. Together with the results
described above, these data indicate the potential of this class of
compounds for further development as potential therapies.
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