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Eye imaging in dementia models: Understanding the progression of the tau protein
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To start with, what I’m showing here is a big-picture of the ASRP project that I will be presenting today.

The overarching research goal for the project is:
to study   the Alzheimer’s-related pathologies in the eye     using mouse models

Specifically, we used different medical imaging techniques     to study the presence of two types of pathological proteins in the retina
which are the clinical indication    of the onset    of Alzheimer’s Disease,
 
The first is called hyperphosphorylated Tau protein,
The second is called Aβ-protein plaques
I will elaborate more detailed retinal pathologies for these two types of pathological proteins in the later slides.

I will also focus my talk     on two other important aspects of our ASRP project:

- First is the connections between the Alzherimer’s-related  pathologies in the retina to their counterpart pathologies in the brain
Second is to correlate and translate of our findings in the mouse eyes to the human eyes, 
And see their relevance to the Alzheimer’s patients in the clinics




Motivation — Why use retinal imaging for AD

- The retina is an extension of the central nervous system (CNS)

e Sharing embryonic origin with the brain

* Anatomically similar

* Functionally connected

e Easier to access and image
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First, let me explain the motivation behind this project:
So why are we using retinal imaging for diagnosing Alzheimer’s Disease

Biologically, the retina is an extension of the central nervous system (CNS)
as shown in the schematic diagram on the right

it sharing the same embryonic origin with the brain 
	
There are also similarities in terms of anatomies,
In the sense that both the retina in the eye and the cortex in the brain are laminar organs.
With different types of neuronal cell organized in each layer in a similar fashion. �
They also both have similar immunology barriers, 
called blood retinal barrier, and blood brain barrier accordingly.

In addition, the retina and the brain are also functionally connected, 
With the visual pathway transmitting visual signals from the retina at the back of the eye
All the way to the visual cortex at the back of the brain

Finally,  compared to the brain which is protected by the bony skull, the retina is much more accessible for medical imaging.

It can be readily examined in vivo using noninvasive, light-based imaging techniques
Which provide higher resolution images than neuroimaging techniques such as MRI and PET    and are more cost-effective.




==========
they are both capable of transmitting signal and information across different layers of neurons
 such as fundus photography and optical coherence tomography (OCT) 

(469) Cerebral Cortex Layers - YouTube



Does Alzheimer’s pathology also manifest in the eye?

* Alzheimer’s Disease
 Complex multi-factorial disease, manifest multiple pathologies

vascular disruption,

Abnormal protein expression and aggregation

inflammation-related immune response
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So an important question to ask is:
Does Alzheimer’s pathology also manifest in the eye?
And if it does, can we detect it?
At what stage of the disease?

These are some of the questions that we attempted to answer in this ASRP project.



The Alzheimer’s Disease is a complex multi-factorial disease     that manifests multiple pathologies, which includes
vascular disruption,
Abnormal protein expression and aggregation
inflammation-related immune response
And eventually neural degeneration



Does Alzheimer’s pathology also manifest in the eye?

e Hallmarks of AD - two types of toxic proteins:
 Amyloid precursor protein (APP) => B-Amyloid (AB) => plaques
e Tau: microtubular associated protein (MAP) => hyperphosphorylated (pTau)

=> neurofibrillary tangles
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Specifically, the clinical hallmarks for Alzheimers are two types of toxic form of proteins:
The first is the β-Amyloid – which is a abnormal debrid of the originally healthy protein called Amyloid Precursor Protein (or APP)
       APP sits in the neuronal cell menbrain helping the cell to grow and repair
      But In this toxic form, the β-Amyloid is not soluble and become sticky, eventually forming plaques between neuronal cells

The second type is call Tau. Which is a type of Microtubular associated protein (or MAP)
          When healthy, it forms the scaffold of the neuronal cell.
      But in this toxic form, Tau protein is hyperphosphorylated,
	eventually become toxic neurofibrillary tangles inside the cell


These two types of proteins have also been reported in the retina.
Our studies investigate their association with Alzheimer’s disease
As well as ways to imaging and quantify them effectively
In both in the postmortern tissues 
As well as using live imaging



==================

Dementia are a group of age-related neurodegenerative diseases
Alzheimer’s Disease: most common type of dementia
Account for 60% of dementia cases


Now coming back to the Alzheiemr’s Disease
- It is the most common type of dementia
Account for ~60-70% of dementia cases

Early diagnosis is crucial


β-Amyloid – which is a abnormal debrid of a otherwise healthy protein called Amyloid Precursor Protein 
	sitting in the neuronal cell membrain heling cell to grow and repair
Amyloid Precursor Protein


Part 1:
Imaging Tau pathology in the retina and optical nerve

* Transgenic mouse model with Tau pathology (rTg4510)

SIMON FRASER i
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In the first project, we to look at the Tau pathology in the retina and optical nerve
And it’s association to the brain pathology

Using a transgenic mouse model with Tau pathology call rTg4510

in collaboratiion with University College London


=================
 that overexpress Tau

Ian Harrison / Mark Lythgoe / and Imre Lengyel



Tauopathy in mouse brain + Cortex

* Hippocampus
* Thalamus

* Hyperphosphorylated (pTau) brain staining | ot
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To start with, we first confirm the tau pathology in the brain
 use imminohistochemistry staining for the hyperphosphorylated Tau

The histology slice is shown in the left
The transgenic mouse showed significant higher immunoreactivity
      indicated as the dark brown staining


Which is also confirmed by the quantitative analysis shown on the right
The blue bar represent the data from wildtype group
The red bar represent the transgenic group


For multiple brain structures including

Cortex
Hippocampus
Thalamus
Superior Colliculus



====================

PG-5 immunoreactivity staining


Neurodegeneration in the mouse brain
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We also quantified and compared the brain structural volumes from the brain MRI images which reflect the level of neural degenerations

Significant reduced volume was find in the cortex and hippocampus region, which are known to be affected by Dementia such as Alzheimer’s disease

while thalamus showed a significant increased volume

=====
Cortex
Hippocampus
Thalamus
Superior Colliculus



Optical Nerve Volume reduction
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From the MRI image, we also quantify and found a reduction of optic nerve volume in the group of transgenic mouse of Tau pathology.

The optical nerve is the nerve fiber bundle that connect the retina to the visual cortex in the brain
It’s main function is to transmit the visual signals.

=====================
(Left) Example images demonstrating the segmentation protocol used for volumetric analysis of the optic nerve from T2-weighted MR images. (a, b, c and d)
(Right) Optic nerve volume (Normalised to total eye volume) in wildtype and rTg4510 mice. 



Optical Nerve Signal Intensity increase
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In addition, there is also a sigificant increase in MRI signal intensity in the transgenic animal
reflecting an increased water content or edema, 
which might indicate an degeneration of the axonal fibers in the optical nerve.

=========
(T2W MRI)


pTau deposition in the retina

* Immunohistochemically-stained retina sample

Retinal Ganglion Cell Layer
Inner Plexiform Layer

Inner Nuclear Layer
Outer Plexiform Layer

Outer Nuclear Layer

Photoreceptor Layer

Retinal pigment epithelium
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We then looked at the toxic phosphorylated Tau deposition in the retina of the same mouse

Below is a sample microscopic image of the immunostained retina
Different layers showed different immunoresponse

Total Tau (both healthy and toxic) immunoreactivity is shown in green,
pTau immunoreactivity is shown in red, 
and Hoechst nuclear counterstain is shown in blue.


===============
using histopathological analysis


Specifically, we’re interested in the total Tau (both healthy and toxic, as shown in green)
And the toxic phosphorylated Tau (as shown in red)


Below is a sample image from fluorescent confocal microscopy
of an immunohistochemically stained retina


Sample F


- ____________________________________________________________________________
Results — pTau in retina

* pTau in the inner retinal layer of the retina

Tau pTau

Tau
pTau
Nuclear

Wildtype

(Tg4510
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Increased level of pTau in both the outer and inner retinal layers

Inner retina: responsible to collect all visual signals and pass it the visual cortex in the brain through optical nerve
 =======================
Accumulation of tau/pTau in both the central/peripheral retinal ganglion cell (RGC), inner plexiform (IPL) and inner nuclear layers (INL) of the neurosensory retina

Tau immunoreactivity is shown in green,
pTau immunoreactivity is shown in red, 
and Hoechst nuclear counterstain is shown in blue.
Co-localisation of tau and pTau stains indicated with white arrow in merged channel images (c and f), 
which can be observed more clearly in higher magnification images (C′ and F′).


Immunolabelling of total tau with the A0024 antibody in the neurosensory retina of wildtype as well as in rTg4510 mice showed cytosolic and neurite immunoreactivity that was strongest in the retinal ganglion cell layer (RGCL), inner plexiform layer (IPL) and inner nuclear layer (INL).

- Co-labelling with AT8, which labels pTau, showed occasional weak cell body labelling in normal mouse.
In contrast, in the rTg4510 animals, numerous neuronal somas and neurites were pTau immunopositive in the RGCL, IPL and INL (Fig. 1e)


Results — pTau in retina

* pTau positive cell number and intensity
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We confirmed the observations with quantitative analysis

Both the cell numbers mean intensity of the pTau staining is significantly higher
   in the transgenic mouse of tau pathology (as shown in red)


Results — neurodegeneration in retina

* Neuronal cell nuclear density
* Retina layer thickness
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Furthermore, there is also a reduction in the neuronal cell nuclear density   in the Tg (red),

although no retinal layer thickness is detected.

This indicate a certain level of neurodegeneration in the cellular level




Summary of findings
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Here is a schematic diagram summarize the Findings of pTau Pathology in the rTg4510 Mouse Visual System. 

The brown color shown in schematic of the layers of the retinal neuron (in the left), 
       and immunohistochemical slice of the brain (in the right)
       represent tau pathology in both the retina and the brain
       which are lined through the optical nerve that also underwent certain level of neurodegeneration



=====================
(b) wildtype and (c) rTg4510 mice, demonstrating the localisation of retinal and parenchymal tau pathology in the brain, overlaid with the geniculate and extra-geniculate visual pathways for contextualisation of the effect of tau pathology on the visual system


-
Patient data of optical nerve volume

e Atrophic changes in optic nerve volume were similarly observed in
Dementia patient with Tau pathology (- 36.6 + 2.6%).

Optic Nerve Volume

B Control
800 WM pementia

*% | %%
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Left Right
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To connect the findings in the mouse model to the clinical data,
We also collected some MRI images from Dementia patients with Tau pathology,
   and quantify their optical nerve volumes, which also showed reduction of optical volume,
   similar to the findings using transgenic moue model


===========
FTD, 5 patients



Project 2:
In vivo imaging of AP pathology in the retina

* Transgenic mouse model with Amyloid pathology (APP/PS1)

UBC| THE UNIVERSITY
SFU SIMON FRASER W OF BRITISH COLUMBIA
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In the second project, we aim to investigate the AB pathology in the retina using in vivo imaging

This is a close collaboration between SFU UBC

In this project, we use a transgenic mouse model of Amyloipathy (APP/PS1)



Ex vivo AR immunostaining in the retina

* Significantly higher ex vivo retinal Ab immunoreactivity in transgenic mic
* Retinal AB increased with age in the transgenic mice, but not in wildtype.

B wildtype wr) [l Transgenics (Tg)

Tg 10+ * 10
WT o " . , g 9 o
AN GCL g 81 g * /
IPL = IPL E 64 g 64 ¢
b7 n
(1] o A
[ 2 4 @ 44
: |N|. < 4 < A ry
o ) < <
wm J’ o}? OPL E 2 £ 29
[+7] 1}
2 o (12
St . .m.mj.hl.h.k&&'!k ‘bh..m .-§¢ GShav s O ot T p pa )

Age in Months



Presenter
Presentation Notes
Again, we used immunostaining stainig in the retina first to confirm the presence of Amyloid deposition
The results confirmed the significantly higher level of Abeta in the transgenic mouse model retina
More importantly, the level of retinal Abeta increased with age in the transgenic mice, but not in wildtype
          as shown in the rightmost


====================
Retinal cross-section of an 18 month Tg mouse eye demonstrating Ab immunoreactivity (arrows) in the inner retina in the ganglion cell layer (GCL) and the inner plexiform layer (IPL) compared to (F) the age-matched WT retina, which demonstrates a pale pink baseline level of immunoreactivity. Scale bar in D = 400 microns

Retinal Ab increased with age in the Tg (blue), but less so in the WT (red) (r2 = 0.74, vs. r2 = 0.06, p = 0.76. (


In vivo retinal fluorescence imaging

e Retinal in vivo Fluorescence After Curcumin Injection Is Higher in transgenic mouse
than Wildtype Mice, and increases with age

Tg — 16 months

. Wildtype (WT)
. Transgenics (Tg)
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We achieved in vivo imaging of retinal Abeta with
tail vein injection of with Curcumin , which is a natural compound that binds to the Abeta

And 

Sample image of our preliminary result of In vivo fluorescence imaging of the mouse retina after curcumin tail vein injections,
Again, yellow arrow of the strong green fluorescent signal of the speck-like extracellular Aβ deposition
It shows the accumulation of Aβ in the retina with fSLO (Fluorecent Scanning Lasor Ophthalmoscope) imaging is higher in Alzheimer’s mouse model than wild-type from one year onward


Ex vivo AB immunostaining in the mouse brain

* Retinal in vivo fluorescence correlates with ex vivo cortical AR Loads
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Finally 

Ex vivo WT and Tg mouse wholemount and 6E10 immunofluorescence. Ab deposits in the ex vivo retinal wholemount were identified by 6E10 immunofluorescence (red) and confocal imaging taken at the level of the GCL.



Connection to retinal AB pathology in human eye

* Levels of intracellular and extracellular AB retinal deposits were significantly
higher in AD than controls.
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Parallel studies ASRP project
Human post-mortem brain and retinal tissue from donors with neuropathologically confirmed AD

Amyloid Beta Immunoreactivity in the Retinal Ganglion Cell Layer of the Alzheimer’s Eye
ex vivo Immunohistochemistry staining of GCL from the retinal whole mount
Blue-DAPI: Neuclei staining
Yellow arrow of the red: staining shows fluorescence-labelled Aβ (543/563nm exitation)


Amyloid Beta Immunoreactivity in the Retinal Ganglion Cell Layer of the Alzheimer’s Eye

Method:
This study assessed retinal tissues from neuropathologically confirmed AD cases to determine the regional distribution of Aβ in retinal wholemounts and to inform on future retinal image studies targeting Aβ. Aβ load was compared between AD and control (non-AD) eyes. 
Concurrent post-mortem brain tissues were also collected. Neuropathological cortical assessments including neuritic plaque (NP) scores and cerebral amyloid angiopathy (CAA) were correlated with retinal Aβ using immunohistochemistry, confocal microscopy, and quantitative image analysis
Results
Levels of intracellular and extracellular Aβ retinal deposits were significantly higher in AD than controls. 
Mid-peripheral Aβ levels were greater than central retina in both AD and control eyes. 
In AD retina, higher intracellular Aβ was associated with lower NP score, while higher extracellular Aβ was associated with higher CAA score.




Moving forward

* Integrated non-invasive multi-modal retinal imaging
e Retinal structural change
» Optical coherence tomography (OCT)

* Retinal vascular change
* Optical coherence tomography angiography (OCTA)
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Other novel quantitative imaging biomarkers 
Dynamic imaging contrast



AD Pathogenesis model revisited

* Two-hit hypothesis

* First hit: vascular pathology is an important
factor in AD pathogenesis

* Second hit: AB accumulation and
hyperphosphorylation of Tau protein

* Neuronal injury and neurodegeneration

Vascular factors

Genetic factors

(e.g., hypertension, diabetes (e.g., APOE4)
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Nelson, A. R. et al. Neurovascular dysfunction and neurodegeneration in dementia and
Alzheimer’s disease. Biochim. Biophys. Acta - Mol. Basis Dis. 2016 23
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- AD is a multi-factorial disease affected at different stage
Two-hit hypothesis of AD


In the updated vascular model, “hit one” of the pathological cascade is the cerebral vascular damage (Figure 1 green part), such as cerebral blood flow (CBF) reduction, blood-brain barrier (BBB) breakdown, accumulation of blood-derived neurotoxic molecules, oligemia, and microvascular hypoperfusion. Consequently, “hit two” is the accumulation of the Aβ (Figure 1 black part) including Aβ clearance disruption across the BBB, as well as the overexpression and enhanced production of Aβ precursor protein (APP). The combination of “hit one” (vascular damage) and “hit two” (Aβ accumulation) induce an inflated detrimental neuroinflammatory response 22 as well as the phosphorylation of tau protein – another protein hall mark of AD. The combination of the above steps induces neuronal dysfunction and neurodegeneration through independent but interrelated pathways 37–40, and eventually lead to the cognitive decline and dementia that are characteristic of AD 41–43.



Multi-model non-invasive retinal imaging

* Optical Coherence Tomography (OCT)
e Structural OCT
* OCT Angiography

 Two-photo excited fluorescence imaging

e Retinal angiography
» fluorescently-labelled cells
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Adaptive Optics (SAO) enhanced�- Optical Coherence Tomography (OCT)�- fluorescence image of retinal vasculature�- fluorescence image of retinal microglia


Two-photo excited fluorescence imaging�- retinal angiography�- fluorescently-labelled cells


Sensorless Adaptive Optics (SAO) enhanced (A) Optical Coherence Tomography (OCT) B-scan focused on the outer plexiform layer (OPL); (B) en face images focused and extracted from the NFL and OPL retinal layers. Confocal SLO images of the (D) nerve fiber layer (NFL) and (E) vasculature of the rat retina. (F-G) fluorescein angiography of a mouse e retinal vasculature of outer plexiform ayer (OPL), and the depth-color-coded multi-layer projection. (H-J) fluorescence images of EGFP labeled microglia in the mouse retina (Cx3cr1) from three time points and (I) color-coded with time. The white arrows denote areas of significant growth and retraction. (Pilot results published in 40,83,105


two-photon excited fluorescence imaging system providing high-quality angiography and cellular-level resolution of fluorescently labelled cells


Quantitative retina morphology analysis
for optical coherence tomography (OCT)

Deep-learning-based Layer-wise retinal thickness map
automatic retinal layer segmentation

B TR AT e w .
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The proposed segmentation methods has been applied to multiple clinical and preclinical studies, 

To quantify longitudinal retinal neuronal layer thickness changes in response to neurotoxicity and treatment.
==============
and shall also be applicable to other medical image domains.
The extension to domain adaptation will enable the methods to be extendable to large scale longitudinal studies.
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Thank you

Q&A
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