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Do Animals See 20/20?
The Spectrum of Ocular Anatomy
and Physiology in Animals
Seth Eaton, VMD, DACVO
Ocular Services on Demand
University of Wisconsin–Madison
Madison, WI
jseaton2@wisc.edu
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Conflict of Interest Statement
Paid consultant for >30 pharmaceutical companies, but no
conflicts to disclose.
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Abbreviations
• AMD: age-related macular degeneration
• CNV: choroidal neovascularization
• FA: fluorescein angiography/angiogram
• IOP: intraocular pressure
• min: minutes
• mm: millimeters
• NaCl: sodium chloride
• NHP: nonhuman primate
• OCT: optical coherence tomography
• TM: trabecular meshwork

3

Objectives
• Introduce fundamental features of ocular anatomy and physiology in mammals
• Discuss pertinent variations with a focus on laboratory species
• Explore challenges associated with species-related variations and animal models
of human disease
• Briefly present a general guideline regarding choice of animal models

4
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Animal Models in Preclinical Ocular Drug Development
• Normal animal eyes are often used as surrogate models in safety studies
• Induced/experimental models for human ocular diseases used for:
• Proof of concept studies
• Proof of efficacy studies
• No one model is “perfect” in feasibility or translatability
• Differences in functional ocular morphology and physiology influence suitability

5

The Spectrum of Ocular Anatomy
and Physiology in Animals
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The Ocular “Blueprint”
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Aqueous Outflow
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Rodents
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Rodents
• Very shallow anterior chamber
• Thin cornea/sclera
• Schlemm’s canal present
• Large lens → narrow vitreous
• Rod-dominant retina
• No true macula
• Visual streak controversial

Mouse

Rat

3.2 mm

6.3 mm

1.9 mm

3.9 mm

*Measurements from Eaton JS et al., 2015, June. Normative ocular biometric values for the adult mouse, rat, rabbit, dog,
pig, nonhuman primate, and human. In Investigative Ophthalmology & Visual Science (Vol. 56, No. 7).
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Rodents
• Very shallow anterior chamber
• Thin cornea/sclera
• Schlemm’s canal present
• Large lens → narrow vitreous
• Rod-dominant retina
• No true macula
• Visual streak controversial
OSOD
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Rodents

• Other challenges

• High incidence of corneal
dystrophy in laboratory strains
• Restraint can affect ocular
vascular features

13
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Rabbits

15

Rabbits
• Very stable precorneal tear film
• Only one nasolacrimal punctum
• Third eyelid
• Thin cornea/sclera
• Scleral venous plexus (no Schlemm’s canal)
• Larger vitreous than rodents
• Merangiotic fundus
• Lack of true lamina cribrosa

16.8 mm

7.2 mm

*Measurements from Eaton JS et al., 2015, June. Normative ocular biometric values for the adult mouse, rat, rabbit, dog,
pig, nonhuman primate, and human. In Investigative Ophthalmology & Visual Science (Vol. 56, No. 7).
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Rabbits
• Very stable precorneal tear film
• Only one nasolacrimal punctum
• Third eyelid
• Thin cornea/sclera
• Scleral venous plexus (no Schlemm’s canal)
• Larger vitreous than rodents
• Merangiotic fundus
• Lack of true lamina cribrosa
OSOD
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Rabbits

• Other challenges

• Iris pigmentation may mask uveal
inflammation
• “Background” corneal erosions
can be observed in normal
animals

18
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Pigs

19

Pigs
• Deep-set eyes
• Very thick eyelids
• Only one nasolacrimal
punctum
• Mucinous tear film
• No macula but area
centralis

23.9 mm

7.7 mm

OSOD

*Measurements from Eaton JS et al., 2015, June. Normative ocular biometric values for the adult mouse, rat, rabbit, dog,
pig, nonhuman primate, and human. In Investigative Ophthalmology & Visual Science (Vol. 56, No. 7).
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Cats
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Cats
• Third eyelid
• Comparatively deep
anterior chamber
• Angular aqueous plexus (no
Schlemm’s canal)
• Presence of tapetum
lucidum
• Distinct area centralis

20.0 mm

7.7 mm

*Measurements from Eaton JS et al., 2015, June. Normative ocular biometric values for the adult mouse, rat, rabbit, dog,
pig, non-human primate, and human. In Investigative Ophthalmology & Visual Science (Vol. 56, No. 7).
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Dogs
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Dogs
• Third eyelid
• Comparatively deep anterior
chamber
• Angular aqueous plexus (no
Schlemm’s canal)
• Presence of tapetum lucidum
• Distinct area centralis

20.8 mm

7.2 mm

OSOD

*Measurements from Eaton JS et al., 2015, June. Normative ocular biometric values for the adult mouse, rat, rabbit, dog,
pig, non-human primate, and human. In Investigative Ophthalmology & Visual Science (Vol. 56, No. 7).
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Primates
25

Primates
Cynomolgus Macaque

• True Schlemm’s canal
• Narrow lens
• True macula and fovea
• Similar retinal physiology to humans

17.6 mm

*Measurements from Eaton JS et al., 2015, June. Normative ocular biometric values for the adult mouse, rat, rabbit, dog,
pig, nonhuman primate, and human. In Investigative Ophthalmology & Visual Science (Vol. 56, No. 7).
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Primates
Cynomolgus Macaque

• True Schlemm’s canal
• Narrow lens
• True macula and fovea
• Similar retinal physiology to humans

OSOD

27

The Spectrum of Challenges Associated
with Ocular Anatomy and Physiology

28
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Topical Administration
• Ophthalmic solutions,
suspensions, gels, or ointments
• Anatomical challenges
• Nasolacrimal punctal openings
• Third eyelid
• Corneal/scleral thickness

• Physiological challenges
• Blink rate
• Tear film dynamics

• Must also consider the target

29

Intracameral Administration
• Injection/implantation directly
into the anterior chamber
• Anatomical challenges:
• Chamber depth and volume

• Physiological challenges

• Aqueous humor flow rate
• Aqueous humor turnover

30
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Intravitreal Administration
• Injection/implantation directly
into the vitreous body
• Anatomical challenges
• Chamber depth and volume
• Retinal vascular pattern
• Retinal thickness

• Physiological challenges

• Differences in vitreous flow
dynamics
• Photoreceptor distribution

31

Other
Administration
Routes

32
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Species/Strain Differences in Ocular Reactivity
• The influence of ocular
pigmentation
• Evolutionary influence on
ocular inflammation
• Uveal surface area
• Intravitreal versus
subretinal administration

33

The Spectrum of Animal Models
for Human Ocular Disease

34
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• Age-related macular degeneration
• Diabetic retinopathy
• Glaucoma

35

Age-Related Macular Degeneration
“Dry”

Intermediate

“Wet”

Fundus diagrams courtesy of National Eye Institute
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Vascular Endothelial Growth Factor (VEGF)
• Target for the majority of the
marketed drugs currently
used to treat wet AMD
• Lucentis™ (ranibizumab)
• Avastin™ (bevacizumab)
• Eylea™ (aflibercept)

37

FA images courtesy of Paul Miller, DVM, DACVO
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The Future for CNV Models . . .
• Laser-induced models reflect an acute disease
process
• No model replicates all features of human AMD
• Next steps:
• Imaging (i.e., adaptive optics, OCT angiography)
• Robust identification and characterization of
species-related differences
• Refinement of induction methods in species other
than the NHP

Fundus image courtesy of Paul Miller, DVM, DACVO
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Diabetic Retinopathy
• Microvascular consequence of
diabetes mellitus (Types I and II)
• Range from non-proliferative
“background” disease to severe
proliferative retinopathy
• ± associated with macular edema

Image courtesy of Retina Image Bank, American Society of Retinal
Specialists
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Glaucoma
• Induced models

• Episcleral vessel injection with
hypertonic NaCl
• Cauterization of episcleral vessels
• Translimbal photocoagulation
• Microbead injection
• Steroid-induced

• Transgenic models
• Spontaneous models

41

Laser-Induced Experimental Glaucoma
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Laser-Induced Experimental Glaucoma
• Variable IOP level
• IOP fluctuations are common
• Even day-to-day

• Laser photocoagulation will result in blood-aqueous
barrier compromise
• Possible impact on pharmacokinetics/drug distribution
• May impact drug response

43

Iris

Methods
• Atomic force microscopy
• Proteomic analysis
• Light and transmission electron
microscopy

• Marked and invariable tissue softening
• Downregulation of structural and matrix
proteins
• Thinning and acellularity of TM
• Loss of giant vacuole formation

44
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Choosing an Animal Model
Key Questions
1. What is the therapeutic objective?
2. What is the target tissue?
3. How will the test article get to the target?
4. Are there any known toxicity/safety concerns?
5. What experimental endpoints are important?
45

Summary and Conclusion
• Ocular anatomy of laboratory animal species comprises a diversity of
morphological variations
• Physiological diversity presents challenges in preclinical ocular drug
development from tear film to retina
• Investigators must be mindful of these variations to:
• Generate meaningful and reproducible data
• Interpret findings and attempt translation to the human
• To observe Russell and Burch’s 3Rs (reduction, refinement, and replacement)

46
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Getting the 20/20 Read:
Clinical Evaluation Techniques for
Ophthalmic Toxicology
Joshua T. Bartoe, DVM, MS, DACVO
Northern Biomolecular Research Inc.
Norton Shores, MI
Phone: 239.353.5535
Email: josh.bartoe@northernbiomedical.com
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Conflict of Interest Statement
The author declares no conflict of interest.
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Abbreviations
• ERG: electroretinography
• GFP: green fluorescent protein
• GLP: good laboratory practice
• IOP: intraocular pressure
• ISCEV: International Society for Clinical Electrophysiology of Vision
• NHP: nonhuman primate
• OP: oscillatory potential

3

Overview
• Basic structural examinations (IND-enabling GLP)
• Advanced structural examinations
• Basic functional examinations (IND-enabling GLP)

• Advanced functional examinations

4
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Basic Structural Examinations
• Slit-lamp biomicroscopy
• Indirect ophthalmoscopy
• Ocular scoring schemes

.

5

Slit-Lamp Biomicroscopy

.

6
#2020SOT

30

#toxexpo 30

Presenter 2 | AM03

Slit-Lamp Biomicroscopy
• Handheld or table-mounted microscope for high magnification of anterior segment
structures; training required due to fine motor movements for correct focus
• Swing-arm creates off-center “slit” illumination for examination of clear ocular
media
• Refraction of light traveling from one optical density into different optical density
generates Purkinje image
• Screening large series of optical sections lying between Purkinje images allows 3D
spatial localization of opacities

7

Slit-Lamp Biomicroscopy
Primary
Sclera

Human

Choroid
Retina

Aqueous
humor

Cornea
Lens

Vitreous
humor
Optic
nerve

Iris
Ciliary
body

Cannot See

© 2009 Klintworth
http://commons.wikimedia.org
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Purkinje Images

.

9

Optical Sections
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Indirect Ophthalmoscopy

.

11

Indirect Ophthalmoscopy
• Head-mounted illumination source; prisms allow binocular visualization of
posterior segment
• Handheld lens required to compensate for refractive power of lens within globe,
some magnification based on diopter selected (20D = ~ 4x in dog eye), 20–28D for
large animals, 28–40D for small animals
• Typically seven views required to screen large animal fundus, four views for small
animals
• Image visualized is inverted and left-right shifted; training required to ensure
repeatable, complete fundus screening
12
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Indirect Ophthalmoscopy

Choroid

Secondary
Sclera

Retina

Aqueous
humor

Cornea

© 2015 MPI
Lens

Vitreous
humor

Optic
nerve

Iris
Ciliary
body

Primary

13

Scoring Schemes

.
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Lesion Scoring Schemes
• Subjective quantification of predictable signs of ocular inflammation; reliability can
be concern with untrained examiners; best to have single examiner for
repeatability
• Numerical data can be statistically analyzed; plots generated to show group trends
over time
• Hackett-McDonald or SPOTS are recommended as modern alternatives to
McDonald-Shadduck and Draize

15

Modified
Hackett-McDonald
Topical Drops

SUN
IVT / SR

SPOTS
Topical
IVT / SR
Hybrid

Lesion Call
Harmonization
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Advanced Structural Examinations
• Confocal scanning laser
ophthalmoscopy
• Optical coherence
tomography

.

17

Confocal Scanning Laser Ophthalmoscopy

.

18
#2020SOT

36

#toxexpo 36

Presenter 2 | AM03

Confocal Scanning Laser Ophthalmoscopy (cSLO)
• Noncontact camera allows capture ~90° fundus angle (180° entire fundus)
• Advantages: laser light can transmit through some ocular opacities, various filters
allow detection of fluorescent substances (lipofuscin, fluorescein, GFP)

• Disadvantages: due to need for forward globe positioning, sedation is frequently
required; significant start-up equipment cost

19

eGFP

Lipofuscin
Right

Left

Fluorescein Angiography

NHP
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Optical Coherence Tomography

.

21

Optical Coherence Tomography (OCT)
• Noncontact camera (large animal, +/- contact for small animal) allows capture of
cross-sectional images of retina, cornea, optic nerve, and iridocorneal angle; near
histology resolution
• Advantages: software allows reliable “repeat” imaging to monitor changes,
morphology alterations (i.e., retinal layer thickness) can be monitored in life in real
time, measurements are reliable and correlate with histology
• Disadvantages: due to need for stillness of globe for “repeat” imaging, sedation is
frequently required; significant start-up equipment cost

22
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Week 6
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Basic Functional Examinations
• Tonometry
• Electroretinography
.

24
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Tonometry

.

25

Tonometry
• Instrument measures number of probe oscillations after striking cornea (rebound)
or pressure to flatten defined corneal surface (applanation)

• Advantages: relatively low-cost equipment, technician can be trained to collect
measurements, monitor change in intraocular pressure (IOP) over time, <IOP is
reliable sign of intraocular inflammation
• Disadvantages: indirect measurement of IOP, corneal pathology (edema, fibrosis,
etc.) affects readings, training required to ensure reliability/repeatability of
measurements

26
#2020SOT

40

#toxexpo 40

Presenter 2 | AM03

Conventional Outflow Pathway

J Bartoe modified from
http://commons.wikimedia.org

Small Animal TONOLAB
iCare

Venous Plexus

Large Animal Tono-Pen AVIA
Reichert Technologies
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Electroretinography

.
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Electroretinography
• Scotopic (dark-adapted, rod-mediated) and photopic (light-adapted, conemediated) retinal function assessed via predetermined protocol of light flashes at
variable intensity
• Typically Ganzfeld dome is used to ensure maximal light saturation of retinal
surface, electrical signal is recorded from corneal contact lens electrode, subdermal
reference electrode typically placed at lateral canthus
• ISCEV standard protocol developed for human clinical trials, good choice for NHP,
modifications for other species, a- and b-wave amplitude and latency values
analyzed

29

Ground
electrode
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OFF bipolar
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a
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Advanced Functional Examinations
Fluorescein angiography

• Fluorescein angiography
• Visual evoked potentials

.

31

Fluorescein Angiography

.

32
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Fluorescein Angiography
• Fluorescein dye is injected intravenously, allowed to circulate into retinal and
choroidal (indocyanine green can be used to increase visualization) vasculature;
images are collected at set times after injection
• Advantages: vascular leakage or filling defects are readily evident, defect pattern
may be instructive of underlying pathology
• Disadvantages: some animals can have sensitivity and even anaphylactic reactions
to injected dye, training required for interpretation of image patterns

33

Fluorescein Angiography
Primate

Fluorescein Angiography

https://www.atlantiseyecare.com

Indocyanine Green Angiography

Cat
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Visual Evoked Potentials

.
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Visual Evoked Potentials
• Similar to ERG, Ganzfeld dome is used to stimulate retina, electrical signal is
recorded off scalp overlying visual cortex, assays entire visual perception pathway

• Advantages: since visual testing can be difficult in untrained laboratory animal,
allows some assessment of visual perception, pattern, and color stimuli to be
utilized
• Disadvantages: signal-to-noise ratio challenging, especially with non-NHP testing
animals, large number tracing averages required to ensure reliability, significant
impact of sedation protocols

36
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Reference
electrodes

Recording
electrode
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Summary and Conclusion
• Basic structural exams including slit-lamp biomicroscopy and indirect
ophthalmoscopy are typically required on GLP IND-enabling ocular
toxicology studies
• Basic functional exams including tonometry and electroretinography
are typically required on GLP IND-enabling ocular toxicology studies
involving direct injection into the eye
• Advanced structural and functional exams including confocal scanning
laser ophthalmoscopy, optical coherence tomography, fluorescein
angiography, and visual evoked potentials may periodically be
requested by regulators and can be used to answer specific, studyrelated questions

38
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20/20 under the Scope:
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Abbreviations
• API: active pharmaceutical
ingredient

• NHP: nonhuman primate

• SRPC: scientific review and
publication committee

• FBR: foreign body reaction

• nvAMD: neovascular agerelated macular degeneration • STP: Society of Toxicologic
Pathology
• OCT: optical coherence

• GA: geographic atrophy

• PDS: port delivery system

• IHC: immunohistochemistry

• PFA: paraformaldehyde

• INL: inner nuclear layer

• RGC: retinal ganglion cells

• ISH: in situ hybridization

• RPE: retinal pigment
epithelium

• CB: ciliary body

tomography
• FFPE: formalin-fixed, paraffin
embedded
• ONL: outer nuclear layer

• ITV: intravitreal
• NBF: neutral buffered formalin

• US: ultrasound

• S: sclera

3

Outline
Rat

Rabbit

Dog

NHP

Minipig

• Background
• When to consider expanded ocular sampling
• Collecting, fixing, trimming, and sampling the eye
• Why expanded sampling is necessary: case studies

Typhaine Lejeune, CRL MTL

4
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Background
• Content is based on work from the STP SRPC Non-rodent Ocular
Trimming and Sampling Working Group
• Working group was formed in response to recent interactions with the US
FDA by sponsors and pathology consultants where the US FDA has
requested serial sectioning of the eye through the cone-dominant areas
(fovea/macula, area centralis, visual streak)

AIM: production of a “Points to Consider” manuscript to advise
and guide on ocular fixation, trimming, and sampling in
nonrodent species
Note: work is not finalized and is yet to be endorsed by STP SRPC

5

What Is the Visual Streak?
The primate isn’t the only species with a
cone-dominant region of the retina!
All common nonrodent laboratory animal
species have areas of cone/ganglion cell
dominance in the retina—visual streak
In some species, this contains a circular
area of highest visual acuity called the
area centralis

Coimbra et al., 2017

This region of the retina contains the:
• Highest density of ganglion cells
• Highest density of cones
• Lowest density of rods
• Smaller receptive field sizes than the peripheral retina
6
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Why Do We Want to Make Sure We Capture Cone-Dense
Areas of the Retina?
In the human retina, cone photoreceptors are largely located in the macula, and at
highest densities in the fovea
They are responsible for sharp central vision—visual
acuity in bright light conditions
• Used extensively for reading, driving, etc.
• Loss of central vision is particularly impactful to
patients (GA, nvAMD, DME, etc.)
Cone-specific toxicities will be difficult to identify if
cone-dense areas of the retina are not examined
Anatomical Distribution of Rods and Cones:
Neuroscience. 2nd edition. Purves D, Augustine GJ, Fitzpatrick D, et al., editors. Sunderland (MA): Sinauer Associates; 2001.

7

When to Consider Expanding Ocular Sampling or
Dedicated Ocular Toxicity Study?

Formulation

Route of
administration
In-life
ophthalmic
findings

(e.g., ITV depot)

Expanded
ocular
sampling

Target or class
liability

8
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The Practicalities . . .
In-life
Necropsy
Fixation
Trimming
Sectioning

9

Assessment of the Eye: Seeing In, as Well as Seeing Out . . .
Identifying and sampling of in-life findings
• Identify test article or lesions in the eye in life

• Ophthalmic exam (annotated diagrams); fundoscopic images, OCT,
US
• Accurate identification and recording of lesions during trimming

Proactive discussion!
Histologist

Ophthalmologist
Pathologist
10
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Collection of the Eyes and Optic Nerves at Necropsy
• Enucleation and marking for orientation

• Superior suture or tissue ink at 12 o’clock position
• Consider collection with adnexa en bloc, particularly if topical,
subconjunctival, etc.

• Collection of left and right eyes/optic nerves in separate
labeled containers
• Aqueous and vitreous collection at necropsy

• 100ul aqueous and/or vitreous fluid can be collected (vitreous
replaced with fixative)
• Consider marking site of collection

Note: correlation with in-life findings may occur at
necropsy, but more likely during trimming (after fixation)
11

Fixation of the Eye
Fixative used (and fixation method) will depend on what the samples are being
collected for

Light microscopy
Preferred:
• Davidsons: 24–48h
• Modified Davidsons: 24–
48h
Transfer to NBF or 70%
ethanol

Immunohistochemistry or
Electron microscopy
in situ hybridization
• Perfusion

Because an IHC/ISH technique
works with FFPE tissue does
not guarantee it will work with
Davidsons/Modified
Davidsons-fixed material
• NBF or PFA may be preferred

• Karnovsky’s ½ strength
• Modified Karnovsky’s

• Immersion (with injection)
• Glutaraldehyde: NBF (1:1)
• Modified Karnovsky’s

12
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Trimming and Sectioning the Eye
Many ocular structures are present circumferentially
around the eye
• Identified in either horizontal or sagittal sections
• Trimming generally focuses on capturing the optic disc

Rabbit,
Dog, Minipig

Cone-dense regions of large animal species (excluding
NHP) are often not considered
STANDARD OCULAR SAMPLING
Superior
Single section examined per
eye
Inferior

Steven Sorden, Covance Madison

What does “expanded ocular sampling”
mean?
Assessment of more than the standard
single section of eye collected
US FDA recommendation/expectation for
ocular tox studies

• Rabbit, dog, minipig:
- Sagittal section

Superior
NHP

• NHP
- Horizontal section
Inferior

13

The Visual Streak Is Captured Routinely in All Species
Except the Dog
Rabbit

Dog

Superior

Minipig

NHP

Temporal

Nasal

Inferior

US FDA reviewers were concerned that the cone-rich areas were

Visual streak/macula not adequately examined using standard sectioning paradigms
Area centralis/fovea
Optic disc
The only nonrodent species in which the visual streak/area
Plane of sectioning centralis is not captured using standard sectioning practices is the
Howland and Howland, 2008

dog

14
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How Can I Tell I Got It . . . ?!?

15

Rabbit

Peripheral retina
A

Minipig

C

RGC

Visual streak
RGC

INL

INL

ONL

ONL

D
RGC

RGC

INL

INL

ONL

ONL

E
RGC

Dog

B

F

RGC

Area centralis
G
RGC

INL

INL
ONL

INL

ONL

I

H

Visual streak/macula are
characterized by
• Tightly packed or
multilayered ganglion cells
• Large numbers of cone
nuclei

ONL

J

Macula

Fovea

RGC

NHP

RGC
INL

RGC
INL

ONL

ONL

INL

ONL
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How Do I Make Sure That I Get It?
Rabbit, Dog,
Minipig, NHP
1

2

3

There’s more than one right way to trim an eye!

NHP

In addition to ensuring all key ocular structures are
examined (including fovea/area centralis), histopathological
evaluation should include:
• Site of administration
• Site of residence/deposition
• If depot-based, where possible, the depot should be
identified

3
1
2

NHP

Dog

4

3
1

1

2

2

Multiple step sections per block may be required
3

Minimum of 3–5 sections per eye should be examined

17

Recording Histologic Examination of the Eye
Expanded ocular sampling is a US FDA recommendation for all ocular toxicity studies,
regardless of route of administration or lack of ophthalmology findings
Appropriate recording of methods used, components examined, and observations is
required
Make general statement within methods section of the pathology report relating to the sectioning
paradigm used, the number of sections examined (minimum of 3–5 recommended), and the
components/structures of the eye routinely captured by these sections (particularly
macula/fovea/visual streak)
• Record absence of the normally examined components/structures from the slides as a free text
comment
• Site of administration/implantation (if observed)
• Test article (if observed)

18
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Expanded Ocular Sampling Doesn’t Just Mean the Eye . . .
The eye does not exist in isolation!
• Optic nerves
• Ocular surface system
•
•
•
•

Palpebra
Cornea

Lacrimal glands
Harderian glands
Meibomian glands
Eyelids

Lacrimal gland

• Nasolacrimal system
• Extraocular muscles
All critical for functional vision and
support of the globe

Optic nerve

Harderian
gland

19

The Neuroretina Is an Outpouching of the Brain
• Optic nerves

• Composed of axons of retinal ganglion cells,
which ultimately terminate in the brain

• Note: the best fixative for the eye may not be the
best fixative of the optic nerve—formalin
produces fewer artefacts in nervous tissue

• Retinal effects are often associated with
concurrent changes in the optic nerve
• Effects in the retina and optic nerve may also
be observed in the optic tract

By KDS444—https://commons.wikimedia.org/wiki/File:Gray722.png
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Ocular Surface System
Primary function is to provide, protect, and maintain a smooth refractive surface.
Dysfunction in components can significantly impact corneal health.
Examination of OSS components is critical to differentiate primary and secondary
corneal toxicities.

•
•
•
•
•

Lacrimal glands: aqueous layer
Harderian glands*: lipid layer
Meibomian glands: lipid layer
Conjunctiva (goblet cells): mucin layer
Eyelids

21

The Nasolacrimal System and Nasal Turbinates
The nasolacrimal system and nasal turbinates may be exposed to significant amounts of API
in ocular tox studies

• Topical

• Only 5% API in tear film goes to cornea or
conjunctiva/sclera
• Nasolacrimal duct
• Nasal turbinates
• Nasopharynx

• Strong scientific rationale to include these tissues on
ocular tox studies for topical products

• Intraocular

Meyer et al., 1993

• Majority of clearance should be through aqueous or through blood-retinal barriers

• Nasal turbinate lesions (epithelial erosion/ulceration) nonclinically following ITV aflibercept (also
observed with systemic administration of Zaltrap)

22
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Expanded Ocular Sampling:
Case Studies
In-life ophthalmic findings
Route of administration
Formulation
Target or class liability

23

In-Life Ophthalmic Findings
When one section of the eye isn’t enough . . .

24
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Expanded Ocular Sampling Based on In-Life Findings

Dosing

Small molecule kinase inhibitor (ICH M3)
IND-enabling 28-day oral gavage study in the NHP
• Bilateral peripapillary swelling observed as
early as day 14
• Resolved following 14-day dose-free period

Recovery

• No histologic correlates identified with standard
sectioning
- Horizontal plane (macula and optic disc)

25

Sampling Can Significantly Influence Your Interpretation
of the Study
OCT: retinal nerve fiber layer thickness (µm) throughout study

90

Sagittal plane

180

0

90

180 270

Unaffected

270

Superior

Nasal

Inferior

Temporal
Affected

Subsequent studies revealed histologic correlates (enlargement
of axons) were apparent but would not be detected using
standard (horizontal plane) sampling
• Changes in retinal thickness were in the superior and
inferior quadrants
26
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Ocular Studies
When one section of the eye isn’t enough . . .

27

Expanded Ocular Sampling for Intravitreal and
Intracameral Formulations
A single horizontal section in the NHP captures:
• Optic disc
• Macula and fovea
. . . but misses the inferior and superior
portions of the globe

Many depot-based formulations will not be captured in a
single horizontal plane of section

F

ON

- May “float” superiorly, or “sink” to the inferior globe
- A single horizontal section will not assess local effects related to
the formulation
Hydrogel depot seen in inferior globe

28
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If You Can’t See the Test Article, You Might Miss the Lesion . . .
CB
CB

I

FBR

L
CB

FBR

Foreign body reactions
(granulomatous inflammation,
granulomas) are a significant
liability for depot-based
formulations
• Must observe the test article!

Microspheres
FBR

PLGA rod
CB
FBR

S

Hydrogel

PLGA rod

29

Test Article–Related Effects May Be Focal . . .
PAS

GFAP
Vitreous

Inferior calotte

Superior calotte

Vitreous
ILM

RD

E

INL

NFL

ONL
PR

INL
ONL
PR
Vitreous

Vitreous

E

E
INL

ONL

INL
RD

PR

ONL
PR
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Route of Administration
When one section of the eye isn’t enough . . .

31

Route of Administration
Sampling of the eye may need to be adjusted to
adequately capture route/region of
administration
•
•
•
•
•
•

Delivery devices
Depots
Suprachoroidal
Subretinal
Subtenon
Intracameral

Correlation with in-life
OE/imaging data

Himawan et al., 2019
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Tailoring the Sampling to the Study . . .
Surgically implanted intravitreal medical device (port delivery system—
PDS) designed to provide sustained drug delivery to the back of the eye
• Minipig utilized as the nonclinical tox species
Expanded sampling
Superior

Expanded sampling #2

Temporal

Inferior

Standard ocular sampling
does not capture
implantation site

Nasal

PDS
Temporal

4

3

1

2

Superior

PDS
3

PDS
Nasal

Expanded sampling #3

2

2

1

1

3

Inferior

Explantation of the device at
necropsy for analysis of contents—
adjustment of sectioning to capture
implantation site

Superior temporal quadrant of
the eye processed with device
in situ (plastic-embedded
sections)

33

2 1

PDS
3
4

PDS

Expanded sampling #2

2 1

3

Expanded sampling #3

Plastic-embedded sections of
superior temporal quadrant
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Target or Class Liability
When one section of the eye isn’t enough . . .

35

Expanded Ocular Sampling Based on Target Liability
Large molecule kinase inhibitor
(ICH S9)—systemic administration
• Target known to be expressed by
RPE cells
Small molecule inhibitors of the
same target shown to produce
significant ocular lesions
• Increased sampling enabled
identification of retinal
macrophage infiltrates (arrows) in
an early NHP study

RGC
INL

ONL
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Conclusions and Summary
AKA—What should I take away from this talk?
• Make sure your ophthalmologists, histologists, and pathologists are
communicating
• All the common laboratory animal species have areas of cone dominance in
the retina—these should be assessed
• Generally identifiable by increased numbers of ganglion cells . . . BUT you might need
to look in a different place

• Looking at a single section of the eye on an ocular program is not enough
• . . . In fact, even looking at multiple sections of the eye on an ocular
program is not enough if you’re looking in the wrong place
• Ensure clear and detailed recording of what has been examined to
minimize questions later

37
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Questions?
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Abbreviations
• MROHD: maximum recommended ocular
human dose
• NCE: New Chemical Entity
• NHP: nonhuman primate
• NOAEL: No-Observed-Adverse-Effect-Level
• NZR: New Zealand Red (Rabbit)
• NZW: New Zealand White (Rabbit)
• OCT: optical coherence tomography
• PBPK: physiologically based pharmacokinetic
• PK/PD: pharmacokinetics/pharmacodynamics

• ADA: anti-drug antibodies
• AUC: area under the concentration-time
curve
• Cmax: maximum observed concentration
• DB: Dutch-Belted (Rabbit)
• ERG: electroretinogram
• FIH: first-in-human
• GLP: good laboratory practices
• HED: human equivalent dose
• ICH: International Council for Harmonisation
of Technical Requirements for
Pharmaceuticals for Human Use
• IOP: intraocular pressure
• IVT: intravitreal

3

Outline
• Evaluating systemic toxicities
•
•
•
•
•
•
•

Separate systemic and ocular studies?
Systemic endpoints in ocular studies
Repurposing from an approved systemic indication
Opportunity for a single species
Waivers for carcinogenicity if negligible systemic exposure
Phototoxicity considerations
Decision trees

• Unique considerations for ocular routes of administration

• Small versus large molecules
• Anatomic size differences
• Functional differences (tapetum, melanin, blink rate, merangiotic retina, vitreal
rheology, etc.)

• Various approaches to determining margins of safety
• FIH dose selection and translating findings to the clinic

4
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What We All Understand about Preclinical Development
Or could you
get a waiver?

Chronic
indications
require carc

Ocular AND
systemic
studies?

Could a single
species be
appropriate?

Use of the
clinical
route of
admin

Rodent and
nonrodent
species

Maybe ocular development
requires other considerations?
5

Systemic Exposures following Ocular Administration
• Drugs administered by systemic routes can generally follow ICH guidelines
• But what if your locally administered drug doesn’t provide adequate
systemic exposure to evaluate potential risk?
• Many ocular drugs produce low-to-negligible systemic exposure
• Limitation on highest achievable dose due to formulation/vehicle limitations

• Do you have to conduct repeat-dose studies by both ocular and systemic
routes?
• In both a rodent and nonrodent species?

6
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Recent Examples
• XiidraTM (lifitegrast ophthalmic solution 5%, Novartis/Shire)
• Rhopressa® (netarsudil ophthalmic solution 0.02%, Aerie
Pharmaceuticals Inc.)
• Zioptan® (tafluprost ophthalmic solution, 0.0015%, Akorn Inc/Merck)
All New Chemical Entities that were supported by not only topical ocular
studies in two species, but also intravenous studies in both rat and dog

7

Considerations . . .
• Endpoints to assess systemic liabilities (including clinical pathology and
histopathology) can be incorporated into studies using ocular administration

• Use higher ocular dose (if not limited by formulation) or exaggerated frequency of dosing
to establish margin to anticipated clinical dose
• Systemic exposure after ocular administration expected to be lower in humans than
animals due to blood volume differences

• Systemically administered ocular drugs can lead to overly exaggerated
assessment of risk
• Margins of safety hundreds- to thousands-fold higher than clinical dose

• When do systemic studies make sense?

• No adverse systemic findings have been observed after ocular administration

• If adverse systemic findings—additional systemic safety studies would likely far exceed systemic
exposure after ocular dosing

8
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The Joy of Repurposing
• Ocular drug candidates are often repurposed from drugs approved for
systemic indications
• Full nonclinical toxicology package by a systemic route readily available
• Only safety studies by the ocular route necessary

• Ocular studies for a repurposed drug

• Ocular endpoints and histopathology
• Any known systemic target organs identified from prior program
• Even if no systemic targets, prudent to collect and retain to help address any
unforeseen clinical systemic effects or address targeted questions from regulatory
agencies
• Oral drugs → First Pass metabolism in liver; however, repurposed
oral drugs for ophthalmic use may still involve this route as excess
volume from a topical drop is typically removed by
nasolacrimal drainage and swallowed

9

Repurposing Example
• Zerviate® (cetirizine ophthalmic solution, 0.24%, Nicox)

• Genetic toxicology, Carcinogenicity, and Reproductive and Developmental
toxicology were all supported by studies previously performed in support of Zyrtec
(cetirizine tablets, Johnson & Johnson)
• Topical ocular studies evaluating only ocular tissues were performed in a single
species, rabbits
• Systemic tissues were only collected and retained (not evaluated) in the chronic
six-month rabbit study

10
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The Case for Single Species
• Rodent and nonrodent species are usually recommended for safety testing of
products administered systemically. This principle is not always applicable to
the development of ocular products.
• Rabbits are commonly used for safety and PK assessments due to physiological
and anatomical similarities to the human eye in addition to the extensive
experience and database that exists with this species.
• Even though rabbits are not classified as rodents, they are better than rats and mice due
to the relatively small size of eyes in these species.

• Additional ocular safety studies in a “nonrodent” species (typically dog or NHP)
are frequently conducted in addition to studies in rabbit; but whether they are
truly necessary should be discussed with the regulatory agencies, especially in
development of topical ocular products.
• Ocular injectables can benefit from studies in both rabbit and dog/NHP if NCE
• Higher potential for observation of adverse findings
• Higher likelihood of translatability to humans when using more than one species

11

Waivers and Other Study Type Considerations
A lack of systemic exposure after ocular administration can also be used to
support waivers for several toxicology study types routinely conducted for
products administered systemically.
• Carcinogenicity:
•
•
•
•

If demonstrated no genotoxic potential,
No indication of neoplastic changes in subchronic and chronic studies,
And negligible human systemic exposure after ocular administration,
Supportive structure-activity relationship analysis.

12
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Waivers and Other Study Type Considerations
• Reproductive Toxicity:

• If patient population is beyond reproductive potential
• Systemic exposure after ocular administration in humans is minimal

• Examples: the following recently approved New Chemical Entities for ocular
administration were only supported by embryo-fetal development studies:
• Rhopressa
• VyzultaTM (latanoprostene bunod ophthalmic solution, 0.024%, Bausch & Lomb Inc)
• Xiidra
• EyleaTM (aflibercept, Regeneron Pharmaceuticals)

13

Waivers and Other Study Type Considerations
Photosafety

Due to the ocular route of administration and potential high exposures in
ocular tissues, an early assessment of the light absorbance of the small molecule
ocular candidate is suggested to establish an initial understanding of the potential for
phototoxicity.
• According to ICH S10, Photosafety Evaluation of Pharmaceuticals, absorbance within the range of
natural sunlight (290–700 nm) and distribution to the eye or skin determines the need for
additional phototoxicity assessment.

• The next step would include evaluation of the candidate in the in vitro 3T3 Neutral Red Uptake assay
• A positive result should trigger in vivo assessment of phototoxic risk; however, for ocular products there
is currently a lack of ocular models for testing photosafety beyond in vitro assay.
• The lack of appropriate models for ocular administered drugs is also explicitly called out within ICH S10.

• Thus, if photosafety has been identified as a risk, adaptations should be considered in clinical study
designs such as evening administration, avoidance of sunlight, or mandating use of appropriate
UV-protecting sunglasses.
• These recommendations would likely be carried forward to the label once the product gains approval.

14
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Decision Tree—New Molecular Entities
Safety Pharm
Ocular Study with
Systemic Evaluation in
Appropriate Species
Only

Is the candidate a
biologic?
Is the candidate
intended for topical
ocular administration
or ocular injection?

Genetox
Safety Pharm
Ocular Rabbit Study with
Systemic Evaluation
Ocular Dog/Monkey
Study with Systemic
Evaluation

Genetox

If systemic exposure
and adverse systemic
tox not observed in the
ocular studies . .

Safety Pharm
Ocular Rabbit Study
with Systemic
Evaluation

Systemic Rat
(or systemic study
in relevant species)

15

Decision Tree—Repurposed Products
Ocular Study with
Systemic Evaluation in
Appropriate Species
Only
Is the candidate
intended for topical
ocular administration or
ocular injection?

Is the candidate a
biologic?

Ocular Rabbit Study
with Systemic
Evaluation

Ocular Rabbit Study
with Systemic
Evaluation
Ocular Dog/Monkey
Study with Systemic
Evaluation
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Unique Considerations for Ocular Routes of Administration
Nonclinical Species for Large Molecules

• Use of relevant species (pharmacologically active)
• Typically, large molecules cannot be delivered through the topical route
because of the well-developed absorption barriers present on the ocular
surface
• Injection routes such as intravitreal, intracameral, subretinal, or subchoroid

• Intravitreal products Lucentis and Eylea appeared to only use NHP to
support chronic ocular safety

• US FDA Summary Review for Eylea indicates that the Sponsor was asked to justify
the use of just a single species for chronic studies; it is possible the only
pharmacologically relevant species was NHP

17

Unique Considerations for Ocular Routes of Administration
Nonclinical Species for Large Molecules

• Immune-privileged?
• Ocular administration of biologics can induce a systemic immune reaction
• Include systemic endpoints + evaluation of ADA
• ADA may be unrelated to a potential immune response in humans, but can be
helpful to determine source of observed toxicities or PK

• For instance, ocular inflammation observed after ocular injection of a biologic could be a result
of an impurity or high endotoxin levels in the product or could simply be immune-mediated and
therefore not represent an inherent risk in the clinical candidate

• High incidence of ADA in rabbits . . . NZW>>DB=NZR
• NHP commonly used due to higher human relevance and less risk of antigenic
response to drug

18
#2020SOT

76

#toxexpo

Presenter 4 | AM03

Unique Considerations for Ocular Routes of Administration
Anatomic Size Differences—Rodents

• Use of rodents is limited due to small size of the eye
• The lens of mice and rats is also proportionally much greater than in other
larger species or humans
• Problematic when performing ocular injection procedures in the posterior
compartment of the eye

• Topical ocular drops can be administered via pipette to the ocular surface

• Larger species such as rabbit, dog, and NHP are more commonly used because the
size and structure are more translatable to the human eye
• Allows for administration of a clinically relevant drop size (30–50µL)

• Ocular exams are also more challenging as the fundus is less visible in
rodents
19

Unique Considerations for Ocular Routes of Administration
Anatomic Size Differences—Rabbits, Dogs, NHP

• Rabbits are the most frequently selected species for PK and safety studies
• Differences between rabbit eyes and human eyes are well understood, which can
help to support translational strategies. In general:

• Rabbit eye is smaller than the human eye but the lens is proportionally larger in rabbits, which
might affect ocular distribution of the drug
• Rabbits are also frequently used for ocular injection studies due to total ocular size comparability
to human allowing for dose volumes that mimic anticipated clinical administration

• Dog eyes, like rabbit eyes, are similar in size to human eyes
• However, nonhuman primate eyes are considered to be the closest example
of the human eye in common preclinical species

20
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Unique Considerations for Ocular Routes of Administration
Functional Differences between Species

• Nictitating membrane (third eyelid) and Harderian gland are present in
many animal species, including rabbit and dog
• Can act as an additional reservoir where drug can distribute and affect
concentrations in remaining tissues
• In general, nictitating membrane is rare in primates

• Retinal toxicity findings in dogs are often associated with the tapetum
(not present in human eye); therefore, safety assessments in the back of the
eye can be difficult to extrapolate to human
• Additionally, the aqueous humor flow in dogs is higher than in humans and
can affect the clearance of the drug from the anterior chamber

21

Unique Considerations for Ocular Routes of Administration
Functional Differences—Rabbits

• Melanin binding

• If compound highly binds, Pigmented strains (e.g., DB, NZR, “F1” [F1 offspring of
NZW crossbred with NZR]) can provide more accurate drug distribution prediction
in humans
• Albino (NZW) can otherwise be used
• Large eyes, rabbits are easy to handle, readily obtainable
• Gross observations of hyperemia are easier to detect in albino rabbits

• Slower blink rate

• Can slow drug clearance after topical ocular dosing and result in overestimation
of drug absorption in the clinic
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Unique Considerations for Ocular Routes of Administration
Functional Differences—Rabbits (Cont.)

• Merangiotic retina—blood vessels are localized to a specific portion of the
retina
• Primates, dogs, and rodents have a holangiotic retina

• Retinal capillaries are sparser in rabbits than humans
• Vitreous can be much thicker compared to syneretic vitreous of elderly
patients

23

Unique Considerations for Ocular Routes of Administration
Functional Differences—Dogs and Monkeys

• Holangiotic retina
• Primate fundus more similar to human, presence of macula and fovea
• Primates still only used when other large animal species are not
appropriate
• Primate dexterity may also confound safety assessment, as monkeys tend
to rub their eyes, inducing swelling and hyperemia when any ocular
discomfort is experienced
• The volume of the vitreous in dog eye is the most similar to human

24
#2020SOT

79

#toxexpo

Presenter 4 | AM03

Unique Considerations for Ocular Routes of Administration
Functional Differences—Rodents

• Ocular tissue concentrations can be overestimated in rodents

• Sclera is much thinner than in larger species—↑ permeation, ↑ drug levels
• Focal length shorter—overestimation of drug concentration in back of eye

• Systemic exposure after topical ocular administration much higher
• Can lead to distribution of drug to contralateral eye

• Scaling ocular PK from mouse to rabbit for IVT admin has been described
• More commonly used to understand pharmacology—distribution and drug
levels in target tissues are better assessed in larger species

25

Unique Considerations for Ocular Routes of Administration
Study Design

• Dosing is typically conducted in one eye per animal, contralateral eye
serving as a control
• Still have a vehicle control group

• If dose both eyes, can combine endpoints from other study types . . .

• Can have one eye for histopathology, the other for ocular tissue concentrations or
PD endpoint
• Systemic absorption may be impacted if dosing both eyes

• For topical ocular studies, an assessment of ocular discomfort and gross
ocular observations should be included in addition to ophthalmic exams
• Other endpoints: IOP, OCT, ERG
26
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Margins of Safety
• Dosing posology and administered dose are often
exaggerated within nonclinical safety studies to
provide appropriate margins of safety

• However, this is not always possible for ophthalmic products.
• The concentrations of topical ocular formulations are often limited based on
solubility constraints, and therefore the highest tested dose may be a Maximum
Feasible Dose (MFD)
• A topical ocular product anticipated for daily dosing (QD) may be dosed three or
four times/day in nonclinical safety studies in an attempt to evaluate effects due to
higher exposure
• When evaluating candidates intended for ocular injection, decreasing the interval
between doses compared with planned clinical dosing posology can provide
additional margins of safety

27

Margins of Safety
• For systemically administered therapeutics, margins are routinely expressed by
area under the concentration-time curve (AUC) or maximum observed
concentration (Cmax) parameters
• However, if the local route of administration doesn’t result in measurable systemic
exposure, another approach should be considered

• Historically, clinical dose selection and what eventually is expressed in
ophthalmic product labels in the US is determined by comparing the animal and
human doses on a total daily dose basis
• In this method, the ocular NOAEL after ocular dosing, determined in animal safety studies
and expressed in mg/kg/day, is compared to the “maximum recommended ocular human
dose” (MROHD), expressed as a total ocular dose in a 50–60 kg patient
• This method is appropriate to use as a basis for margin calculation for topical ocular drugs
that have little to no systemic exposure; however, there are many examples of products
where systemic exposures were detectable and yet this methodology was still used
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Product

US Label Margin
Calculation Basis

PatadayTM

MROHD

Zioptan®

Cmax, AUC, mg/m2

Pazeo®

MROHD, AUC, mg/m2

Vigamox®

Contributing Factor(s)

Latest Label
Update

Plasma levels generally below LLOQ; however, quantifiable within
2 hrs of dosing
Have plasma exposure; different method for margin calcs by
endpoint
Have Cmax and AUC in humans; different method for margin calcs
by endpoint

2014

MROHD

Have AUC in humans; no info on exposure in animals

2016

Acular LS

No margins provided in
PLLR format;
carcinogenicity section
removed

Animal exposure Cmax only available by non-Sponsor publication;
previously MROHD (2003–2008)

2016

Restasis®

HED mg/m2

No detectable exposure; original label MROHD (2002), changed in
2012

2017

Zymar®

MRHOD on mg/m2 basis

MROHD 2003–2005; Cmax-based margins in 2015

2017

ZerviateTM

MRHOD on mg/m2 basis

Detectible exposure in both humans and animals

2017

Rhopressa®

Cmax

Xiidra®
Ozurdex®
VyzultaTM

AUC
HED mg/m2
HED mg/m2

TM

Human and animal exposure after ocular administration generally
below LLOQ
Plasma exposures observed in humans
Originally mg/kg-basis (up to 2009)
Plasma exposure below LLOQ

2010

2015

2017
2017
2018
2018
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Determination of FIH Starting Dose
• Ocular injection—often the starting dose is the same as that tested in the
animals since these compounds are usually intended to supply long-lasting
effects
• In this case, the ocular safety margin can be calculated based on the differences in
vitreal volume between animals and human

• Topical Ocular—the margins are typically based on ocular safety studies
(often using exaggerated dose concentration or dosing frequency)
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Determination of FIH Starting Dose
• According to US FDA guidelines, for products with dose limited by the
local toxicities, human equivalent dose (HED) can be estimated from the
lowest ocular NOAEL assessed in ocular toxicology studies and used to
calculate safety margins for the proposed starting clinical ocular dose
based on the amount of drug (mg) at the application site rather than
scaling using mg/m2
• For drugs administered through injections, where distribution outside of
the dosing compartment is limited, the dose should be normalized
between species based on the differences in compartmental volumes
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Determination of FIH Starting Dose
• If nonclinical safety studies with systemic administration are conducted, a minimal
10-fold exposure margin between the systemic dosing NOAEL and the planned ocular
clinical dose tested in ocular toxicology studies typically supports the selection of the
starting clinical dose.
• Finally, for repurposed products with known human systemic safety profile, the human
systemic exposure after ocular dosing can be estimated based on blood volume
differences between animal species and human using exposure data from animal ocular
safety studies.
• The estimated human exposures can then be compared, and margins generated, to the
known systemic exposures after systemic dosing. The doses selected for testing in
humans should be within the anticipated pharmacologically active range, based on
efficacy in animal models of disease and any available PK/PD data and modeling
predictions.
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Translation of Nonclinical Findings to the Clinic
• Incorporation of clinically relevant ocular endpoints
• IOP, OCT, ERG, slit-lamp, and fundus examinations

• Target engagement
•
•
•
•

Typically using biomarkers
Drug concentrations and binding to target
If target in anterior segment—straightforward, minimal modeling
If target in posterior segment—PBPK models are frequently used to estimate
exposures in humans
• Assessment of efficacy endpoints in nonclinical PD models
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Summary and Conclusions
• When considering the development of a compound for ocular use, the path is not as well
defined as compared with systemic drug development
• Although general patterns have emerged after years of working with regulatory agencies and
achieving regulatory approval on multiple topical and injectable ocular products, many times
the approval of one product serves as a template for the next instead of each development
strategy being tailored to a particular compound and stemming from early and frequent
dialogue with the regulators
• Ultimately, the primary concern of each development program is the safety of the human
subjects
• Once the safety concern is adequately addressed, there are many strategies to accelerate the
development of ocular compounds to patients to enable an early decision to discontinue a
program or, better yet, support further investment and bring more innovative vision-saving
products to the market
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