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Alzheimer's disease is a neurodegenerative disease characterized pathologically by amyloid-β (Aβ) aggre-
gates in the brain. Notwithstanding many promising therapeutics that are under development, early diagno-
sis of Alzheimer's disease is limited. By targeting the Aβ aggregates, diagnosis can be improved and disease
progression reduced. Molecular imaging using monoclonal antibodies to target specific isoforms of Aβ aggre-
gates offer increased specificity in comparison to conventional imaging tracers; however, antibodies that are
widely used in histology do not necessarily show similar binding in a dynamic in vivo environment. In this
study, the diffusion and binding were studied of a classical monoclonal antibody, 6E10, in the brain of the
TgCRND8 mouse model of AD. After intracranial injection of fluorescent 6E10, we observed broad and
rapid labelling of Aβ deposits in the cortex and corpus callosum within 4 h. Aβ plaques were detected up
to 2.5 mm away from the injection site in TgCRND8mice and not in wild type mice at all, demonstrating spec-
ificity of binding. The apparent diffusivity and elimination constant of the anti-Aβ antibody were found to be
independent of both the age of the animal and the accumulation of Aβ in the extracellular space, suggesting
broad applicability of this targeting molecule. Mathematical modelling of the diffusion profiles of the anti-Aβ
antibody in the brain parenchyma provides insights into the utility of antibodies as molecular imaging tools
and targeted therapeutics.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Alzheimer's disease (AD) is a neurodegenerative disease which
impairs cognition, memory and behaviour in 100 million people
worldwide, and for which there is no definitive diagnosis or cure
[1]. The deposition of amyloid-β (Aβ) protein into neural plaques in
the brain parenchyma is considered the hallmark pathological feature
of AD [2]. The vast majority of AD therapies target the accumulation
of Aβ and for this reason neuroimaging tracers targeting isoforms of
Aβ are relevant as diagnostic tools [3].

Monitoring AD patients has traditionally been limited to beha-
vioural observation. More recently computed tomography and mag-
netic resonance imaging have been introduced to clinical practice to
for Cellular and Biomolecular
rio, Canada M5S 3E1. Tel.: +1

oichet).

rights reserved.
identify ventricular enlargement and cortical atrophy, but these tech-
niques are more useful in the later stages of AD [4]. Positron emission
tomography (PET) tracers that can selectively bind to Aβ deposits is a
more promising approach as an AD diagnostic tool . The most notable
of the PET imaging ligands developed is 11C-Pittsburgh Compound-B
(PIB), which is able to clearly distinguish between AD and healthy pa-
tients in most cases [5]. Notwithstanding these important results, PIB
has also shown both some non-specific binding [6] and limited bind-
ing to confirmed AD brain tissue samples [7].

Antibodies have been widely studied in passive immunization and
have shown success in clearing Aβ plaques and restoring cognitive
function [8]. Peripherally administered polyamine modified anti-Aβ
antibodies have bound specifically to Aβ plaques [9]. However,
many of the passive immunization studies, using classical monoclonal
antibodies such as 6E10, have not demonstrated widespread Aβ
plaque labelling despite intracranial delivery [10]. 6E10 is a commer-
cially available monoclonal antibody that is reactive to amino acids
1–16 of Aβ and has been widely used as an immunohistochemical

http://dx.doi.org/10.1016/j.jconrel.2011.12.036
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reagent [11]. The binding kinetics (association and dissociation con-
stants) of 6E10 have been described in model systems using surface
plasmon resonance and are similar to our more physiologically-
relevant in vivo studies and to some of the binding kinetics of novel
antibodies used to label Aβ plaques in vivo [12]; however, unlike
the present study, none of these studies have examined how the de-
position of Aβ in the extracellular space alters the diffusion of anti-
bodies in brain tissue.

The high specificity of antibodies makes antibody-mediated
brain imaging in AD an attractive tool that can complement con-
ventional PET tracers [13]. While application of antibodies has
typically been limited by low blood–brain barrier permeability
and inadequate transport in brain tissue, progress has been made
in improving permeability through chemical modification of the
antibody [14,15].

Within the larger context of antibody labelling in AD, the pri-
mary objective of this study is to visualize and measure the diffu-
sion, binding and elimination of the classical monoclonal antibody,
6E10, in the brain parenchyma of TgCRND8 mice and develop a
mathematical model that explains and predicts the diffusion of an-
tibodies in brain tissue. We examine the effect of age and accumu-
lation of Aβ in the extracellular space on the diffusion of
antibodies in brain tissue. To avoid confounding issues associated
with systemic circulation and blood–brain barrier permeability,
6E10 is injected directly into brain cortical tissue where 6E10 ex-
tensively labels Aβ plaques in the TgCRND8 mouse model of AD,
but cannot be visualized in the brain of a wild type (WT) mouse.
The selective binding observed in vivo is further investigated in
brain tissue slices using integrative optical imaging (IOI), a tech-
nique used to study the diffusion of fluorescently labelled proteins
and polymers in the brain [16,17]. Interestingly, the diffusive
properties of antibodies in the brain parenchyma of mice is largely
unaffected by age and Aβ accumulation. To better elucidate this
mechanism of 6E10 antibody diffusion, we developed a mathe-
matical model from first principles that predicts diffusion distance
and concentration profiles as a function of time. Understanding
how the movement of antibodies through brain tissue is affected
by age and accumulation of Aβ in the extracellular space has im-
portant implications for the use of antibody therapeutics in AD.

2. Materials and methods

2.1. Mice

Animal experiments were carried out in accordance with the
guidelines provided by the Canadian Council for Animal Care and
reviewed by an in-house research ethics approval board. TgCRND8
mice were maintained on a 129 background. The TgCRND8 mouse is
used as it is widely accepted as a robust model of Aβ deposition
[18]. Mice carrying the Swedish and Indiana mutations were differen-
tiated from wild type (WT) mice by PCR analysis of tail DNA.

2.2. Intracranial injection of fluorescent antibody

8 month old mice (TgCRND8 n=5, WT n=5) were anaesthetized
with isofluorane and placed into a stereotactic apparatus (Kopf). The
skull was exposed with an incision and two holes were drilled in the
left and right frontal cortex at the following coordinates: rostral:
+1 mm, lateral +/−2 mm, relative to bregma. A 26 gauge needle
with a 45° bevel tip attached to a 10 μL syringe (Hamilton Company)
was used for intracranial injections. Alexa488-6E10 was purchased
commercially (Covance Research Products) with approximately two
Alexa488 molecules immobilized per IgG. Alexa488 has a molecular
weight of 643 g/mol. In comparison the molecular weight of IgG is ap-
proximately 150000 g/mol. As a consequence, the modification of
6E10 with Alexa488 is estimated to have minimal impact on
diffusion. The needle and syringe were loaded with Alexa488-6E10
then lowered 1 mm into the left frontal cortex and 0.5 μL of antibody
was injected at a rate of 0.1 μL/min. The needle was left in the cortex
for 10 min after the injection was completed and removed in 0.2 mm
increments over 5 min. For the no antibody control, the needle was
lowered 1 mm into the right cortex, left in place for 15 min and
then removed in 0.2 mm increments over 5 min. The incision was
closed with sutures and the animals left to recover under a heat
lamp. Animals were sacrificed 4 h post surgery by CO2 asphyxiation
followed by cervical dislocation.

2.3. Histology

Brains were placed in 4% paraformaldehyde (Sigma-Aldrich)
for 12 h at 4 °C, followed by a cryo-protection treatment for 36 h
in 30% sucrose (Sigma-Aldrich). Samples were snap-frozen and
cut with a cryostat (Leica) into 100 μm thick coronal sections.
Slices were viewed with a fluorescent microscope under a FITC
filter.

2.4. Immunohistochemistry

Four random coronal sections from the TgCRND8 and WT mice
that received Alexa488-6E10 intracranial injections were blocked
with 5% bovine serum albumin (Sigma-Aldrich) for 2 h. Sections
were stained with a primary rabbit polyclonal anti-amyloid β anti-
body (1:1000, Abcam Ab2539) for 24 h, followed by staining with
an Alexa568 goat anti-rabbit IgG (1:1000, Invitrogen A11003) for
24 h. Vector shield (Vector Laboratories), containing a DAPI nuclear
stain, was used to mount sections. Sections were viewed under a
spinning disc confocal microscope (Quorum Technologies) with a
mercury arc lamp and DAPI filter (excitation filter=350 nm) and
two lasers (excitation=491 nm and 561 nm).

2.5. Integrative optical imaging (IOI)

IOI techniques were modelled on previous studies. 3, 4, 6, 8 and
16 month-old animals were sacrificed by cervical dislocation, brains
harvested and immediately placed into 4 °C artificial cerebrospinal
fluid (aCSF) composition of: 124 mM NaCl; 5 mM KCl; 26 mM
NaHCO3; 1.25 mM NaH2PO4; 1.3 mM MgCl2; 1.5 mM CaCl2; and
10 mM D-(+)-glucose bubbled with 95% O2/5% CO2 (pH 7.0). Brains
were sectioned using a vibratome into 400 μm thick coronal sections
and placed into 4 °C oxygenated aCSF. The diffusion of FITC labelled
bovine IgG (Sigma-Aldrich), Alexa488 6E10, and blocked Alexa488
6E10. The 6E10 antibody was blocked by pre-incubating the antibody
for 2 h with a 10:1 molar ratio of amyloid β peptide (1–42, Sigma-
Aldrich) to 6E10. A microinjector (World Precision Instruments)
was used to inject 4 nL of each antibody into the frontal cortex of
the 400 μm brain slices. Diffusion of fluorescently labelled antibody
was captured using a microscope (Zeiss Axio Observer.Z1) and cam-
era (Hamamatsu ImagEM EMCCD) over a 5 min period. At least 10 in-
jections in 4 slices from 2 different animals were recorded for each
antibody in TgCRND8 and WT mice. IOI was also used to estimate
free diffusivity of 6E10 in 0.3% agarose.

The apparent diffusivity and first order elimination constant
were calculated by using methods described previously [17,19].
ImageJ (http://rsbweb.nih.gov/ij/) was used to quantify the pixel
intensity profile at 18 s intervals over the 5 min profile for each in-
jection. Apparent diffusivity and elimination constants were calcu-
lated by fitting the intensity profiles to Eqs. (1) and (2) using a
programme written in mathCAD v14.0 (PTC). Eq. (1) is used to
calculate the apparent diffusivity using early time points where
the concentration of protein is high enough to neglect elimination.
Eq. (2) is a mass balance of populations of freely diffusing and
bound molecules used to calculate diffusivity and a first-order

http://rsbweb.nih.gov/ij/


Fig. 1. Alexa488-6E10 binds to plaques in 8 month old TgCRND8 mice. Numerous, large
fluorescent deposits are found several millimetres away from an intracortical (0.5 μL)
injection of Alexa488-6E10 anti-amyloid β antibody in TgCRND8 mice. (A) 6E10 anti-
body is immobilized in large deposits surrounding the needle track and on both sides
of the lateral ventricle (n=5; 1.25× magnification, scale bar 1 mm). (B) No
Alexa488-6E10 antibody is found in the brain of a wild type animal (n=5; 1.5× mag-
nification, scale bar 1 mm). White arrow indicates the injection site.
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elimination constant after a point-source injection. Fig. S1, (sup-
plementary information), provides raw data at various points in
the analysis to explain how apparent diffusivity and the elimina-
tion constant are calculated. Images found in Fig. S1A and B depict
representative fluorescent images at 6 early time points taken
from 8 month old transgenic and wild-type animals. Pixel intensi-
ty was plotted versus pixel distance for each of these representa-
tive images and is shown in Fig. S1C and D. These profiles were
fitted to Eq. (1) and the gamma term extracted for each profile
and plotted as a function of time, shown in Fig. S1E and F. Only
fits with R-squares greater than 0.8 were accepted. At early time
points, the change in gamma over time is linear and the slope
equal to apparent diffusivity. Once apparent diffusivity was calcu-
lated, Eq. (2) was fitted to the intensity profiles and the elimina-
tion constant extracted. In the absence of elimination, the
fluorescent profile will eventually fade to background as the fluoro-
phore reaches concentrations below the detection limit. In the pres-
ence of elimination, eventually all fluorophores are immobilized and
the fluorescent profile does not change. IOI uses this principle to sep-
arate elimination from apparent diffusivity. I(r,t) is the pixel intensity
at distance r from injection site and time t after injection, r is the ra-
dial distance from injection site (cm), E is the de-focused point-
spread function of objective [19], t is the time after injection (s), DA

is the apparent diffusivity (cm2/s), ke is elimination constant (s−1),
ε is the fluorophore efficiency upon cellular internalization, I0 is the
initial fluorescent intensity, U is the volume of protein injected, Cp is
the concentration of the protein solution, and α is the volume fraction
of extracellular matrix in the brain. Since the time required for inter-
nalization exceeded the time scale of IOI [17], the fluorophore effi-
ciency was deemed to be united. The volume fraction was
estimated at 0.2 [17].

I r; yð Þ ¼ E⋅ expð− r
γ

� �2
;γ ¼ 4D t þ toð Þð Þ12 ð1Þ

I r; tð Þ ¼ IoUCp

α 4πDAtð Þ3=2 ⋅ exp
−r2

4DAt

 !
⋅ exp −ke t−t0ð Þð Þ

þ ε·I0ke·∫
t
t0

UCp

α 4πDAtð Þ3=2 · exp
−r2

4DAt

 !
· exp −ke t−t0ð Þð Þdt

ð2Þ

3. Results

3.1. Alexa488-6E10 diffusion and elimination in 8 month old TgCRND8
mice

Four hours after intracranial injection of Alexa488-labelled 6E10
into 8 month old TgCRND8 mice, numerous fluorescent deposits
were observed in the left (ipsilateral) hemisphere demonstrating
that 6E10 binds to Aβ plaques (Fig. 1A). Deposits range in size from
less than 1 μm to 15 μm in diameter and are distributed up to
2.5 mm from the injection site, including around the needle track. In
contrast, no fluorescent deposits are observed near the needle track
on the control right hemisphere (data not shown). Similarly, fluores-
cent deposits are not observed in the wild type animals injected with
6E10 (Fig. 1B). Together, these data demonstrate the specificity of
6E10 antibody binding to Aβ plaques in live animals, thereby advanc-
ing a histological technique towards a diagnostic tool.

The distribution of the fluorescent deposits on a global scale was
investigated by examining complete brain sections surrounding the
injection site. Fluorescent deposits are widely distributed throughout
the brain parenchyma in sections taken 1 mm rostral to the injection
site (Fig. 2A). Sections taken from the injection site contain deposits
surrounding the injection site throughout the cortex and along the
corpus callosum (Fig. 2B). Brain sections taken 1 mm caudal to the
injection site had fluorescent deposits predominantly located along
the corpus callosum (Fig. 2C). In contrast, brain sections rostral and
caudal to the injection site in the wild type animal contain no fluores-
cent deposits (Fig. 2D,E,F).

The shape and morphology of the individual fluorescent deposits
in the TgCRND8 mice were examined using confocal microscopy.
Confocal images taken at 2 μm increments through a representative
fluorescent deposit 15 μm in diameter show a round, fibrous and hol-
low morphology (Fig. 3), reflecting the shape of previously reported
6E10-stained Aβ plaques [12,20]. This is the first demonstration of
live animal labelling of Aβ plaques with 6E10 — previous staining
with 6E10 used histological techniques.

3.2. Counter staining Alexa488-6E10 deposits with rabbit polyclonal
anti-amyloid β antibody

To confirm that the fluorescent deposits observed in the trans-
genic animals were Aβ plaques, the sections were stained with a
rabbit polyclonal anti-amyloid β IgG and a secondary detection
antibody. In most fluorescent deposits, the polyclonal anti-
amyloid β IgG (Fig. 4A) overlapped convincingly with the 6E10



Fig. 2. Distribution of Alexa488-6E10 illuminated plaques in TgCRND8 mice. Alexa488-
6E10 anti-amyloid β antibody binds to senile plaques in TgCRND8 mice, while no anti-
body is retained in the wild type mice after intracortical injections (0.5 μL). White ar-
rows indicate fluorescent deposits that are found several millimetres from the
injection site. Inset images show a close-up of the injection site where many fluores-
cent deposits are found. No fluorescence was observed on the control side of brains
(scale bar 1 mm, inset scale bar 250 μm).

Fig. 4. Alexa488-6E10 deposits are composed of Aβ. Immunohistological staining with
a rabbit polyclonal anti-amyloid β antibody reveals co-localization with the Alexa488-
6E10 deposits observed after intracranial injections. (A) Illumination using a 561 nm
laser illustrates a senile plaque stained by rabbit polyclonal anti-amyloid β antibody
(63× magnification, scale bar 20 μm). (B) Illumination using a 491 nm laser of a repre-
sentative Alexa488-6E10 deposit displays the characteristic halo-like pattern (63×
magnification, scale bar 20 μm). (C) Merged image of Alexa488-6E10 anti-amyloid β
deposit and Alexa568 anti-rabbit antibody shows overlap indicating that 6E10 deposits
are senile plaques (63× magnification, scale bar 20 μm). (D) DAPI channel reveals se-
nile plaque deposits are not associated with cell nuclei (63× magnification, scale bar
20 μm).
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deposit (Fig. 4B). Overlaying the two images (Fig. 4C) shows that
the polyclonal IgG stains the core of the senile plaque while
6E10 binds mostly to the periphery. The DAPI nuclear stain
(Fig. 4D) did not colocalize with either the 6E10 deposits or the
polyclonal anti-amyloid β IgG, demonstrating that the 6E10 de-
posits are extracellular as would be expected of senile plaques
(Fig. 4C). In these images, in vivo labelling of 6E10 appears to
stain the periphery of Aβ plaques, showing the characteristic
halo pattern whereas in immunohistochemical staining, the poly-
clonal antibody penetrates deeper into the core of the Aβ plaques,
demonstrating typical even staining. We attribute this difference
to the distinct binding conditions (in vivo versus histological)
and the broader binding of the polyclonal antibody.

3.3. Antibody diffusion and elimination from TgCRND8 versus WT brain
parenchyma

To gain greater insight into the kinetics of 6E10 diffusion in brain
tissue, IOI was used to assess diffusion of the antibody through the
brain parenchyma: the brain tissue from animals of 5 different ages
was compared from WT and TgCRND8 animals. Apparent diffusivity
of 6E10 was estimated at 3×10−7 cm2/s by fitting IOI data to
Eq. (1). Apparent diffusivity of 6E10 is statistically indistinguishable
regardless of the age of the animal and the presence of Aβ in the
brain parenchyma (Fig. 5A). Free diffusivity of 6E10 was estimated
in a dilute agarose solution (0.3%) at 5.8 cm2/s, which is roughly
twice as fast as in the brain tissue.

The first order elimination constant was calculated by fitting
IOI data to Eq. (2). The elimination constant encompasses all the
mechanisms by which a freely diffusing molecule is no longer dif-
fusing and largely depends on that molecule being immobilized
(binding to chemical receptors, nonspecific binding to
Fig. 3. Individual Alexa488-6E10 deposits have fibrous, hollow morphology. Confocal
image slices (2 μm apart) of the Alexa488-6E10 deposits found in the brains of
TgCRN8 mice after the intracranial injection (63× magnification, scale bar 7 μm).
extracellular matrix, etc.) and no longer moving through the ex-
tracellular space. Degradation would normally also contribute to
elimination; however, the IOI studies are too short for degradation
to be of concern. Elimination was unaffected by the age of the WT
animal, indicating that age-related changes in the extracellular
space do not affect immobilization (Fig. 5B). The elimination con-
stant remained similar at all ages in TgCRND8 mice, with the ex-
ception of the 4 month old animals. There is a significant
increase in total amount of antibody bound at 4 months of age rel-
ative to other age cohorts and the WT animal. In order to under-
stand whether the elevated binding was due to the accumulation
of Aβ in the extracellular space, a control was carried out where
the antigen binding site on 6E10 was blocked through pre-
incubating the antibody with an Aβ peptide to block specific bind-
ing. Importantly, by blocking the active site of 6E10, the increased
elimination constant at 4 months of age is in line with typical
levels, confirming the specificity and validity of this methodology
to quantify specific binding interactions.

4. Discussion

In contrast to previous reports, intracranial injection of 6E10 into
the cortex of TgCRND8mice was able to label Aβ plaques surrounding
the injection site, as far away as 2.5 mm [10]. The shape, size and
morphology of the fluorescent deposits combined with the co-
labelling with a polyclonal anti-Aβ antibody demonstrate that these
deposits are composed of Aβ. An effective diagnostic imaging tool
(or a therapeutic) must permeate the entire tissue, bind specifically
with the target and clear rapidly from non-targeted tissue. The bind-
ing of 6E10 to senile plaques is important because the antibody was
able to penetrate the brain tissue of TgCRND8 mice in only 4 h and

image of Fig.�3
image of Fig.�2
image of Fig.�4


W
ild

 T
yp

e

TgCRND8
0

2

4

6
3 mo

4 mo

6 mo

8 mo

16 mo

W
ild

 T
yp

e

TgCRND8

Blo
ck

ed
 in

 T
gCRND8

0.000

0.002

0.004

0.006
3 mo

4 mo

6 mo

8 mo

16 mo

E
lim

in
at

io
n

 C
o

n
st

an
t 

(s
-1

)
A

B

A
p

p
ar

en
t 

D
if

fu
si

vi
ty

 (
10

-7
 c

m
2 /

s)

Fig. 5. Apparent diffusivity and elimination is largely unaffected by age and accumula-
tion of Aβ. Calculating the apparent diffusivity and first-order elimination constant of
Alexa488-6E10 anti-amyloid β in TgCRND8 mouse brain tissue reveals that this anti-
body diffuses readily and is quickly bound. (A) Apparent diffusivity (cm2/s) of
Alexa488-6E10 in wild type and TgCRND8 mouse brain tissue is not significantly affect-
ed by the age of the animal. (B) First-order elimination constant reveals a similar level
of binding at all ages in the wild type, while in the TgCRND8 mouse the binding is ele-
vated at 4 months of age. After blocking the antigen binding site of 6E10, by pre-
incubating with amyloid β peptide, the elimination of the 6E10 antibody is significantly
reduced in the transgenic animal. Apparent diffusivity and first-order elimination con-
stants were calculated by fitting IOI data to Eq. (2).
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is visually different from that in wild type tissue (see Fig. 1). Impor-
tantly, unbound antibody could not be visualized in the parenchyma
at this short time period. We estimated that all plaques within
2 mm of the injection site were labelled, assuming isotropic diffusion.
Based on previous studies by Zhang and Sejnowski on volume of the
cortex, [21], we estimate that approximately 66% of all plaques in
the cortex were labelled. We can further refine our estimate, based
on studies by Dudal et al. [20] who suggested that 60% of plaques
are located in the cortex, to approximately 40% of the plaques present
in the left side of the brain being labelled with 6E10. Thus intracranial
injection of 6E10 can provide a broad, unbiased assessment of the Aβ
content in the cortex tissue of the TgCRND8 mouse model, but cannot
measure Aβ content in other areas of the brain such as the
hippocampus.

The pattern of Aβ plaque labelling in the TgCRND8 brain tissue
suggests the presence of both convective and diffusive mass transfer.
In brain slices rostral to the injection site, 6E10 diffused radially away
from the injection site. The broad pattern of distribution in the rostral
tissue suggests diffusive mass transfer as the antibody seemed to
move randomly through the brain rather than along a defined path.
No evidence of convective mass transfer in this part of the brain
could be found in the literature, which strengthens the hypothesis
that the staining in this region is predominantly an effect of diffusive
mass transfer. In contrast, convective mass transfer is likely responsi-
ble for antibody diffusion around the injection site as the antibody
clearly diffused more readily through the corpus callosum than the
cortex, as evidenced by the larger diffusion distances observed and
limited staining in the cortex. Similarly, tissue caudal to the injection
site only contained fluorescent plaques along the corpus callosum
and not along the cortex, indicating that the antibody preferentially
moved in this direction. Studies of the movement of macromolecules
in the rat brain have confirmed convective mass transfer along the
corpus callosum [22], which agrees with our observations.

Widespread labelling of Aβ plaques throughout the cortex and
corpus callosum with 6E10 contrasts with other reports [10,23–25].
At 4 h after injection, Wilcock et al. noted limited staining of Aβ pla-
ques in the Tg2576 mouse model and that 6E10 remained localized
to the area of injection for up to 1 week.We suggest three experimen-
tal differences to account for the increased 6E10 binding to Aβ pla-
ques observed in our studies. (1) The TgCRND8 mouse model
deposits Aβ plaques more quickly than the Tg2576 mouse model.
Comparing 8 month old TgCRND8 mice to 16 month old Tg2576
mice is difficult as different amounts and types of Aβ may be present
in each animal. (2) Our injection techniques differed as we left the
needle in place for a much longer period of time in order to minimize
antibody backflow. (3) We did not use a secondary antibody to detect
the location of the injected 6E10, but instead traced its diffusion di-
rectly with a primary label. A primary label enhances the selectivity
of detection. The differences are significant from a diagnostic point
of view because 6E10 may be a more valuable tool for labelling pla-
ques in vivo than was previously suggested.

To more fully understand the large diffusion distances and rapid
clearance we observed after intracranial injection of 6E10, the appar-
ent diffusivity and elimination constants of 6E10 were measured. Ap-
parent diffusivity and elimination constant were measured with IOI
and describe the tissue environment on a scale that is much smaller
than that examined after intracranial injection of 6E10. In contrast
to the intracranial injection where the entire brain was observed
over 4 h, IOI describes the movement of 6E10 through the extracellu-
lar space over much smaller distances (400 μm) and time frames
(4 min). The apparent diffusivity of 6E10 in TgCRND8 and WT mice
was consistent across all ages. Aβ plaques, while plentiful on a global
scale [18], only account for a small fraction of the elimination on the
small scale in which the elimination constant is measured. This obser-
vation has important consequences in imaging applications, as the
diffusion of 6E10 through the brain parenchyma will not be biassed
by the age of the animal or the accumulation of Aβ. The determining
factor for the retention of 6E10 in the brain is the antigen to which it
binds, rather than non-specific changes in the extracellular
environment.

Despite the clear binding of 6E10 to Aβ plaques observed after in-
tracranial injections, it appears that ageing or accumulation of Aβ pla-
ques does not change the extracellular space in a way that affects the
diffusion and elimination of 6E10. This observation is consistent with
existing literature that has shown that elimination and diffusion of
macromolecules in aged and AD tissue remain unaffected. The extra-
cellular space volume fraction is known to decrease as wild type ani-
mals age, mostly due to the loss of extracellular matrix [26]. In
contrast, the extracellular space volume fraction of APP23 mice in-
creases as Aβ is deposited in the parenchyma, presumably due to
neuronal loss [27]. Reduced numbers of neurons and axons have
been described in the TgCRND8mice, suggesting that increased extra-
cellular space volume fraction would be expected as was documented
in APP23 mice [28]. These counterbalancing effects could explain why
the apparent diffusivity of antibodies is unaffected by the age of the
animal and the accumulation of Aβ in the extracellular space in
TgCRND8 mice.

image of Fig.�5
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There is evidence of increased extracellular volume fraction that is
not accompanied by changes in apparent diffusivity [29]. However,
conflicting reports have shown that fluorescent 70 kDa dextran can
diffuse more quickly when the extracellular volume fraction increases
[30]. Our evidence supports the hypothesis that increased extracellu-
lar volume fraction has a limited impact on apparent diffusivity, but it
is important to note that the extracellular environment can vary dra-
matically in different mouse models and the diffusing molecules all
have different shapes, sizes and charges.

6E10 elimination from the extracellular space remained largely in-
dependent of the animal age and accumulation of Aβ, with the excep-
tion of the 4 month old TgCRND8 mice. We expected to see some
differences in elimination when comparing TgCRND8 to WT mice be-
cause Aβ deposits can account for up to 20% of the brain volume in
some mouse models of AD [27]. Non-specific binding of 6E10 to the
extracellular molecules is likely responsible for the bulk of the elimi-
nation constant observed using IOI relative to the influence of Aβ de-
posits. Removal of an IgG molecule from brain tissue first requires
binding to an extracellular molecule that facilitates efflux from the
brain. In the case of 6E10, its rapid clearance from the WT mouse by
4 h, indicates a high level of non-specific binding in the extracellular
space.

At 4 months of age, elimination from the extracellular space of
TgCRND8 mice was elevated approximately 3.5 fold over the WT con-
trol and all other ages examined in the TgCRND8. The elimination
constant was restored to control levels by blocking the antigen bind-
ing site. Changes in Aβ levels at 4 months of age in the TgCRND8 are
implicated in the significant rise in elimination. Multiple Aβ species
are present in different concentrations over the lifespan of transgenic
models of AD [31]. A widely dispersed, diffuse species of Aβ might be
present at 4 months of age that is responsible for elevating the elim-
ination constant of 6E10 in this animal cohort.

We developed a mathematical model that is able to predict con-
centration profiles as a function of both distance from injection site
and time after injection and can be found in the supplementary infor-
mation. Mathematical modelling of the diffusion and elimination of
6E10 in the extracellular space provides important insight into the
utility of antibodies as imaging tools (and potential therapeutics). An-
tibody concentrations reach a local maximum within 3 h in the re-
gions of the brain where Aβ plaque labelling was observed. The
local maximum likely reflects labelling of the plaque, followed by a
decrease in the background concentration of the antibody which al-
lows the plaque to be visualized. Consequently, individual plaques
can be differentiated from background. Also, the rapid removal of an-
tibody observed in the WT mouse is consistent with the antibody
concentrations predicted by the model. This model is not only useful
in understanding our in vivo observations, but can be used to opti-
mize administration parameters to achieve specific biological aims
such as dose or volume of distribution.

To assess the translation of these results from a mouse model to
clinical applications, we predicted the maximum distance a plaque
could be labelled in a human brain using the mathematical model.
The threshold plaque-labelling antibody concentration was estimated
to be the maximum concentration reached 3 mm from the injection
site in the TgCRND8 mouse, which from our model was approximate-
ly 1×10−12 mg/mL. We optimized the injection conditions in our
model by increasing the volume of injection (3 μL) and the antibody
concentration (10 mg/mL); however, the concentration of antibody
in the tissue did not rise above the threshold. These calculations sug-
gest that intracortical delivery of an antibody will not penetrate far
enough in the human brain; however, this analysis assumes that the
elimination constant cannot be reduced and relates only to intracorti-
cal delivery. The elimination of a monoclonal antibody may be re-
duced by removing the Fc region or using single chain binding
proteins [32]. A reduced elimination constant would increase the
penetration distance of an antibody. Moreover, modifications to the
antibody or the blood–brain barrier would allow intravenous deliv-
ery. Since the brain is highly vascularised, diffusion distances of
3 mm from the brain vasculature would reach the Aβ plaques, dem-
onstrating the potential for translation of antibody labelling.

Interestingly, 6E10 has been widely reported to reduce Aβ deposi-
tion, indicating that 6E10 can be used as both a molecular imaging
tool and a targeted therapeutic [33]. It has been proposed that
much of the therapeutic benefit of classical monoclonal antibodies is
mediated through the Fc receptor [32]. In diagnostic and monitoring
applications, where it is important to separate diagnosis from thera-
peutic, removal of the Fc region of monoclonal antibodies may pro-
vide a mechanism to retain molecular targeting of antibodies
without influencing disease progression.

Intracortical injection of the 6E10 monoclonal antibody rapidly
and specifically labels Aβ plaques that allow TgCRND8 and WT mice
to be clearly differentiated. Age-related or Aβ-induced changes in
the morphology of brain tissue do not appear to affect the apparent
diffusion of 6E10 in the extracellular space. Similarly, age and Aβ de-
position have limited impact on the elimination of 6E10 from the ex-
tracellular space of this mouse model. The data presented here
provide a framework for live animal PET imaging in the future
where a PET isotope can be used to non-invasively measure the reten-
tion of 6E10 in the mouse brain. Moreover, non-invasive imaging will
need to be coupled with non-invasive delivery of the antibody to the
cortex, such as intravenous delivery with a permeabilizing strategy
for the blood–brain barrier or chemically modifying the antibody to
increase permeability [15]. Clearly, antibodies remain an excellent
tool in the treatment, diagnosis and monitoring of AD because of
their ability to target specific isoforms of Aβ and these results facili-
tate their transition from histological technique to diagnostic tool.
These results also have broad implications where antibodies or anti-
body–drug conjugates are required to diffuse through brain tissue in
other disease models.
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