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KAbstract

Alzheimer’s Disease (AD) is a neurodegenerative pathology which progresses with age and is the

~

most common cause of dementia. AD is characterized by the formation of Amyloid-f (ApB) plaques that
are insoluble in the extracellular matrix of the brain, causing dystrophy of adjacent cells. The analysis of
the spatial distribution and morphology of A deposits can help to characterize AD progression and to
develop techniques for early diagnosis of the disease. We explored here two-photon microscopy as a new
tool to visualize amyloid deposits in fixed retinal tissues of human donors, and a dog used as a natural
animal model. Deposits provided higher signal than the adjacent tissues and were located lying on the
retinal nerve fiber layer and penetrating slightly into it. These results suggest that two-photon micros-
copy can be used as a non-invasive technique to visualize amyloid plaques in non-stained retinal tissues,

\which might help in AD diagnosis.

J
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Introduction

Alzheimer’s Disease(AD) is a progressive neurodegen-
erative disorder, characterized by the accumulation of
perphosphorylatedt-protein in neurofibrillary tangles and in-
soluble fibrils (plaques or deposits) composed of Amyloid-3
(AP) protein in the extracellular space of the brain [1]. In
the brain, senile AP deposits are mainly distributed along the
cortex and also present in the hippocampus. Over the past
30 years, the typical criteria of AD diagnosis have included
probable factors as dementia, mild cognitive impairment

and preclinical symptoms [2]. More recently, the advances
in neuropsychology have allowed identifying prodromal AD
in patients with cognitive impairment [3]. However the only
definitive way to diagnose AD is to locate plaques and tan-
gles in brain tissue, which is determined by means of biopsy
or autopsy after death [4].

Since no definitive diagnosis prior to death is currently
available, the development of imaging methods to visualize
APplaques is a field of interest to facilitate AD detection. In
particular, some neuroimaging techniques have been report-
ed to be sensitive to amyloid location in the brain; includ-
ing Positron Emission Tomography (PET), Photon Emission
Computed Tomography (SPECT) and Magnetic Resonance
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Imaging (MRI). PET presents low resolution (~6 mm) with
respect to the average diameter of AP plaques in the brain
(0.06mm) [5,6] and thus it not able to spatially resolve in-
dividual plaques. SPECT achieves resolutions less than a
Imm but the sensitivity is even lower than PET [7,8]. MRI
provides higher spatial resolution (between 0.1 and Imm)
but with also low sensitivity [9,10]. Moreover, ppolarization
properties of stained AP have been studied in brain tissue. In
combination with Congo red, Ais brief ringent as seen un-
der crossed polarizer’s[11] and can used as a biomarker [12].
Two-Photon Excitation Fluorescence (TPEF) techniques al-
low high-resolution imaging (~1 pum) of microscopic struc-
tures and optical tomography with a restricted excitation vol-
ume (i.e. out-of-plane photobleaching is avoided) [13,14].
In TPEF microscopy, infrared light provides fluorescence
which otherwise require levels of ultraviolet radiation with
high risk of photodamage. This long-wavelength light leads
to deeper tissue penetration and tissues markers are not re-
quired.

In particular, senile AP plaques have been imaged with
TPEF microscopy in the brain of in vivo AD animal models
[15]. The detected fluorescence was carried out by injecting
a contrast agent (Thioflavine-S) into the brain. Different ex-
periments have demonstrated the presence of AP deposits in
(ex vivo and in vivo) brain tissue of both humans and animal
models [16-18]. TPEF and second harmonic signal have also
been analyzed in unstained brain slices of ttransgenic mice
[19]. Although it is well known that AP deposits are pres-
ent in neural tissue when AD is established [20], the use of
TPEF microscopy to obtain in vivo imaging of the brain as a
diagnosis method of AD, is unfortunately very invasive.

On the other hand, A deposits have also been found in
the neural layers of postmortem retinal tissues from human
donors affected by AD [21] and in retinas of animal models
[22,23], using atomic force microscopy and fluorescence la-
beling techniques, respectively. Results were consistent with
brain pathology and clinical reports. Moreover, ours are the
first measurements of the polarization properties of A de-
posits in retinal tissue [24,25], including their visibility in
crossed polarization.

The neural retina is optically accessible, so any tech-
nique able to detect AP deposits in the eye will be of great
interest to understand and track AD. Since all retinal layers
has been reported to provide TPEF signal [26], the aim of
this work is to propose TPEF microscopy as an alternative

non-invasive method to visualize A deposits in unstained
retinal tissues. Retinas from both AD-affected human do-
nors and a beagle dog suffering from cognitive impairment
were analyzed. The inherent co focal properties of TPEF mi-
croscopy will allow the optical sectioning of the samples,
and therefore the assessment of the longitudinal size (along
depth) of AP deposits within the retina.

Methods

Experimental system: TPEF microscope

A mode-locked Ti:Sapphire laser used as illumina-
tion source (A=760 nm, pulses of 120 as at 76 MHz) was
coupled into an inverted commercial microscope [26]. The
light reached the sample through a non-immersion micro-
scope objective (20x, NA=0.5). The non-linear signal from
the sample was detected in the backward direction via the
same microscope objective. This passed through a spectral
filter (TPEF filter, 435-700 nm) and reached the photomul-
tiplier tube. A Diachronic Mirror (DM) was used to separate
the excitation from the emission wavelengths. Images were
recorded in the XY plane using a scan unit composed of a
pair of non-resonant galvanometric mirrors. A Z-scan motor
coupled to the microscope objective allowed optical section-
ing. It was used to locate the focal plane along the Z axis and
to acquire stacks of images for different depth positions, in
order to get 3D volume renderings.

Retinal tissue

X-Y stage -

Z-motor l

Objective

Figure 1: Schematic diagram of the multiphoton microscope (see
text for details).

Samples

Four partial retinas from both four human donors (sam-
ples #1-#4) with a diagnosis of AD (and age matched normal
without AD or glaucoma) and a beagle dog suffering from
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a naturally occurring cognitive dysfunction syndrome were
analyzed. The latter is an animal model for retinal pathology
in AD, since its AP amino acid sequence is identical to that
of human beings. Moreover, symptoms and brain pathology
of this dysfunction syndrome are similar to similar to those
produce by AD.

Human retinas were dissected from eyes obtained fol-
lowing informed consent under the auspices of the Eye Bank
of Ontario. The dog was categorized by a battery of non-
verbal cognitive function test. The animal was euthanized
for unrelated reasons and one of the retinas was analyzed.
The retinas were fixed in par formaldehyde solution over-
night, flap-mounted on a microscope slide and covered with
a cover slip. One of the samples (#1) was stained with 0.1
% Thioflavine-S. This was used as a test to ensure that the
deposits imaged with TPEF microscopy corresponded to A
deposits [27].

Experimental TPEF imaging

In previous experiment, the specimens were firstly
placed between crossed polarizer’s with the microscope op-
erating in bright-field mode. This allowed a faster location
of the areas with presumed A deposits [24,25] used for the
posterior TPEF imaging. Then, at different retinal locations
containing deposits, series of TPEF images (210x210 pm?2)
were acquired at different depth positions throughout the
retina (from the inner retinal structures to the photorecep-
tors outer segments). Further details on TPEF imaging can
be found elsewhere [26]. Image processing was performed
with MatLab TM custom-written software. 3D images were
reconstructed using the public domain image processing
software Imagel and the AP deposit isolation method was
performed with the UCSF Chimera package.

Results
TPEF Imaging of Human Retinas

Figure 2 shows TPEF images of different human retinal
areas containing deposits with different morphology, density
and distribution. In particular, (Figure 2a) corresponds to
sample #1, the retina stained with Thioflavine-S. The deposit
was positive to staining and showed polarization contrast,
what confirm that the imaged deposit was A type [27]. In a
large deposit, such as this one, it can also be observed how
the edges show stronger TPEF signal which permits a better
visualization of the plaque morphology.

This is probably a side effect of the labeling procedure,
not present in the rest of samples. In all cases, a visual inspec-
tion reveals that AP deposits provide stronger TPEF signal
than surrounding retinal structures. Moreover A deposits
were mainly located over the nerve fibers layer, although in
some cases they slightly penetrate into it. It is worth noticing
that the measured signal corresponds to endogenous fluo-
rescence (i.e. the sample’s autofluorescence) arising from
specific molecules.

Figure 2: TPEF images containing AP deposits in different
human retinal tissues (samples #1-#4). Bar length: 50 pm.

Figure 3 shows a set of six TPEF images of sample in
(Figure 2a) (sample #1) acquired at different depth locations
starting at the first inner retinal layer providing TPEF signal
(i.e. the APdeposit, Figure 3a). When imaging deeper into
the sample, the retinal nerve fiber layer and some ganglion
cells are visible (Figure 3¢ and 3d). Once the AP deposit is
above the section, a shadowed area with lower TPEF signal
and surrounded brighter structures can be seen.

Figure 3:Set of TPEF images of an ABdeposit at different retinal
depth locations. The specimen is the same as that in Figure 2a.

Another example of ABdeposits and retinal structures
in a human sample (#2) is presented (Figure 4). The deposit
and some retinal structures are easily visualized in (Figure
4a-c). Beneath the AP deposit (located close to the ganglion
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cell layer in this sample), the corresponding shadow lying
over the photoreceptor mosaic is observed (Figure 4f).

Figure 4: Set of TPEF images containing an A deposit as a func-
tion of retinal depth. The sample is the same as in Figure 2b.

For the sense of completeness, (Figure 5) presents an
additional set of TPEF images as a function of depth (around
the retinal nerve fiber layer) for the sample in (Figure 2d)
(for the sample in (Figure 2c¢), results were similar). In this
example, the deposits were found near the top of the nerve
fiber layer (Figure 5a,b), again having higher TPEF intensity
levels that the adjacent structures. However when increas-
ing the section depth, it can easily be observed how these
deposits penetrate into the nerve fiber layer (Figure 5c,d).
When going deeper (Figure 5e,f), it disappears and the fibers
appear intact (i.e. with absence of AB)

Figure 5: TPEF images from sample in Figure 2d recorded at dif-
ferent depths. Bar scale: 50 pm.

From the stacks of TPEF images along the Z direc-
tion, optical sectioning and 3D renderings of the retina can
be done. These provide detailed and valuable information
of the dimensions and morphology of the AB deposits. For
samples #1 and #3, (Figure 6) depicts the corresponding
volume renderings (from 15 images each) where 3D views
of the deposits are shown. It is evident that the maximum
fluorescence signal comes from the deposits. Moreover, the
estimated thickness of these A} deposits was respectively 32
and 20 pm.

#1

#3

AP deposit thickness
32 pm

Ap deposit thickness
20 um

Figure 6: Reconstructed volume renderings of samples #1 and
#3. The reconstruction was carried out using stacks of 15 images
spaced 5 and 2 um, respectively. The estimated thickness of the A}
deposit is indicated with a white bar.

TPEF Imaging in Dog Retinas

This section presents the results on Ap deposit TPEF
imaging in an animal model of Alzheimer’s disease with
cognitive impairment (sample #5). (Figure 7) shows TPEF
images from two different locations containing A deposits
in a dog retina. Similar to the human specimens, the retinal
areas with deposits were imaged at different depth locations.
[lustrative examples are depicted in (Figure 8,9). In (Fig-
ure 8f and 9f) the photoreceptor layer is clearly displayed.
Finally, the reconstructed volume renderings are shown in
(Figure10). The estimated AP thickness values for the loca-
tions were 27 and 21 um, respectively.

Figure 7: TPEF images of two locations containing AP} deposits in
a dog retinal tissue. Bar length: 50 pm.
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Figure 8: TPEF images containing an AP deposit as a function of
retinal depth. The sample is that in Figure 8a. Bar length: 50 pm.

Figure 9: TPEF images of a dog retina acquired at different depths
locations (the retinal area is that shown in Figure 8b). Bar scale:
50 um.

#5a #5b

AP deposit thickness
27 pm

AP deposit thickness
21 pm

Figure 10: 3D reconstructed images of the two retinal locations
of Figure 7.

TPEF Imaging of Isolated APDeposits

Once volume renderings are reconstructed from the
stacks of TPEF images (see for instance Figure 6 and 10),
UCSF software was used to isolate the AP deposit from reti-
nal tissue. (Figure 12) shows 3D visualizations of isolated A3
deposits corresponding to samples #1 and #2 (human tissue)

and #5 (dog retina). The thickness of the deposits computed
from these images was 32 and 27 um for samples #1 and #5
respectively. The thickness value for the deposits shown in
sample #2 ranged between 15 and 40 pum in depth.

Figure 11: Reconstructed 3D AP deposits isolated from the
surrounding retinal structure

Discussion and Conclusions

In the present work, a TPEF microscope has success-
fully been used to visualize AP deposits in retinas of human
donors with a diagnosis of AD and a beagle dog suffering
from cognitive impairment. The instrument represents a
useful non-invasive imaging tool, offering high resolution
imaging without noticeable photodamage. The optical sec-
tioning capabilities of TPEF techniques also allowed 3D re-
construction of the imaged structures. These might help to
better visualize the areas of interest and to provide additional
information about the size, location, spatial organization and
morphology of Ap plaques.

Although TPEF microscopy has been used to explore
different retinal structures [28-35], to our knowledge, this
is the first time that it has been used to image A plaques in
retinal tissues. Results herein confirm that retinal AP plaques
exhibit auto fluorescencein both humans and dogs. This
agrees with previous multiphoton experiments carried out in
the brain of transgenic AD mice [19]. Moreover, it has been
shown that AB deposits provide higher TPEF signal levels
than the normal retinal structures. This enhances the visual-
ization, which facilitates their location across the different
retinal areas. This also allows visualizing both the plaques
and retinal cells without labeling procedures.

TPEF images have demonstrated that for both, human
and dog retinas, the AP deposits are mainly located at the
inner retina. In particular, they are lying in front of nerve
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fiber layer and slightly penetrating into it. This corroborates
that the beagle dog is a useful and valuable animal model to
explore analyze AD in retinal tissues. The morphology and
location of the deposits depend on both the sample and the
retinal location. This variability was also reported in brain
plaques of AD mouse models [19]. The stacks of individual
frames acquired along the Z-direction have allowed the re-
construction of volume renderings of the areas of interest.
These representations provide detailed information of the
retinal morphology. Moreover, the 3D TPEF images corre-
sponding to isolated AP plaques allow obtaining more de-
tailed information of the shape and size. It has been reported
that the optic nerve of patients diagnosed of AD showed de-
generation of retinal ganglion cells and their axons in the fi-
ber layer [36] as well as abnormalities in retinal vascular pa-
rameters [37]. There is also evidence that visual disturbances
in patients with AD are caused by pathological changes in
the optic nerve [38]. All these damages could also be related
to the presence of APdeposits. Since the progression of AD
is related to an increase in AP deposits in neural tissue, the
analysis of the spatial distribution of AP could help to better
understand and potentially track AD as well as the effects of
therapies.

To conclude, TPEF microscopy has successfully been
used to image presumed Afplaques in fixed retinas of AD-
affected human donors and a beagle dog suffering from
cognitive impairment. Results demonstrated that the TPEF
signal from plaques is different and higher than that from
surrounding retinal tissue, what facilitates the characteriza-
tion of their morphology and size. Nevertheless the results
here presented must be understood as a preliminary study on
the use of TPEF signals for the detection of AP plaques in AD
retinas. Additional experiments are required to corroborate
the performance and accuracy of the technique. These might
include the characterization of AP spectral fluorescence and
the use of fresh retinas from donors suffering from with AD
at different stages, among others.
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