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Purrose. To develop an efficient, low-cost instrument for robust real-time imaging of the
mouse retina in vivo, and assess system capabilities by evaluating various animal models.

MerHODS. Following multiple disappointing attempts to visualize the mouse retina during a
subretinal injection using commercially available systems, we identified the key limitation to
be inadequate illumination due to off axis illumination and poor optical train optimization.
Therefore, we designed a paraxial illumination system for Greenough-type stereo dissecting
microscope incorporating an optimized optical launch and an efficiently coupled fiber optic
delivery system. Excitation and emission filters control spectral bandwidth. A color coupled-
charged device (CCD) camera is coupled to the microscope for image capture. Although, field
of view (FOV) is constrained by the small pupil aperture, the high optical power of the mouse
eye, and the long working distance (needed for surgical manipulations), these limitations can
be compensated by eye positioning in order to observe the entire retina.

Resurts. The retinal imaging system delivers an adjustable narrow beam to the dilated pupil
with minimal vignetting. The optic nerve, vasculature, and posterior pole are crisply
visualized and the entire retina can be observed through eye positioning. Normal and
degenerative retinal phenotypes can be followed over time. Subretinal or intraocular injection
procedures are followed in real time. Real-time, intravenous fluorescein angiography for the
live mouse has been achieved.

Concrusions. A novel device is established for real-time viewing and image capture of the small
animal retina during subretinal injections for preclinical gene therapy studies.

Keywords: angiography, aperture, cornea, farred, fluorescein, fundus, gene, Greenough,
illumination, imaging, injection, in vivo, lens, microscope, mouse, novel, on-axis, optic nerve,
paraxial, parafocal, photography, preclinical, pupil, realtime, retina, subretinal, therapy,

vasculature

ovel gene therapy approaches for the eye are commonly

tested initially in mouse or rodent models of disease.!™8
Most studies currently use some form of recombinant adeno-
associated virus (AAV) or lentiviral vector to deliver genetic
constructs to the retina or other regions of the eye. Delivery of
wild-type genetic expression constructs is a first line approach
to testing gene-based therapies for autosomal recessive
conditions.3-® More recently, posttranscriptional gene silencing
agents as candidate therapeutics are being tested for treatment
of autosomal dominant conditions in rodent models of
disease.?? A popular delivery route for vectors for retinal gene
therapy is by way of subretinal injection,®® which opens the
subretinal space (separating outer segments of photoreceptors
from the apical microvilli of the RPE) to permit efficient
transduction of photoreceptors and/or RPE cells.!® Use of off-
axis illumination common in standard clinical surgical micro-
scopes poorly satisfy the entrance numerical aperture of the
small mouse eye (diameter ~3 mm) with a small dilated pupil
aperture (=1 mm), which makes it difficult to deliver robust
input energy to the retinal surface to achieve quality specular
imaging. Hence, vector delivery is often performed without

Copyright 2015 The Association for Research in Vision and Ophthalmology, Inc.
iovs.arvojournals.org | ISSN: 1552-5783

direct or immediate visual feedback, and success and extent of
delivery is often assessed on the basis of crude optical changes
of the retinal red reflex, without clear delineation of the
position of a subretinal fluid bleb, or post hoc through tissue
expression analysis (e.g., enhanced green fluorescent protein
[EGFPD).

We considered and tried various commercial systems for
mouse eye imaging. A critical factor in efficient imaging is the
delivery of light through the pupil to illuminate the intraocular
contents. The small size of the mouse eye and tiny dilated pupil
constrain design of a microscope with a large working distance,
to allow surgical manipulations, while viewing the retina by
high-quality imaging. Prior, long-working distance systems used
human surgical microscopes or microscopes with ring lights,
which all use off-axis spatially broad sources that cannot be
efficiently collected in order to deliver condensed light energy
into the small mouse pupil (Supplementary Fig. S1). Imaging
systems that contact the surface of the eye (e.g., Micron IV;
Phoenix Research Labs, Pleasanton, CA, USA), limit approaches
for realtime surgical intervention (e.g., subretinal injections).
Here, we designed and tested a long working distance, stereo
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microscope-based, optical system that couples input light as a
broad band or band-limited small spatial cone of illumination on-
axis into the dilated mouse pupil. We call this device a retinal
imaging system (RIS). We successfully used this system in both
neonatal and adult mice in vivo to accomplish: (1) real time
subretinal and intravitreal injections in the neonatal mouse eye,
(2) imaging of normal and degenerative mouse retinas, (3)
visualization of AAV-transduced regions of mouse retina, (4) far-
red viewing of the mouse retina (to avoid light damage), and (5)
true real-time intravenous fluorescein angiography in the live
mouse. This inexpensive, long working distance device with
constant illumination allows real-time surgical intervention and
imaging of the retina or anterior segment of the eye, and rivals
the imaging properties of commercially available contact
imaging tools for the rodent eye.

A preliminary version of these results were presented in
abstract/poster format (Butler MC, et al. JOVS 2010;51:ARVO E-
abstract 3103).

MATERIALS AND METHODS

Mouse Ocular Imaging System

The imaging system exploits a modified Greenough type stereo
microscope (Stemi 2000-C; Zeiss, Thornwood, NY, USA). The
illumination system launch is based upon a Xenon (Arc) 100-W
lamp, 350 lumen output (6000°K color temperature), and a
source optical numerical aperture (NA) = 0.52, which emits
broad-band energy (CL-100 surgical Illuminator, Welch Allyn,
Skaneateles Falls, NY, USA). Lamp output is coupled through a
spherical mirror onto the face of a small core diameter (1.4-mm
Single Fiber Illumination microlink headlight fiber) fiber optic
launch that delivers optical energy to an application-specific
optical train (see Results) to generate a narrow cone of light
that is focused, after reflection off a small front surface angled
mirror/prism (45°) into a small diameter circular spot (1.0-2.0
mm, variable spot size) at the dilated pupil aperture of the
mouse eye. The focal point is 76 mm, at the lowest
magnification, from the last optical element of the system
and offers this working distance and good clearance for diverse
surgical manipulations. While the 45° prism/mirror was fixed
in the prototype design, in principle the prism could be rotated
to steer the position of the beam within the pupil aperture.
Engineered into the optical train are positions for multiple
fluorescence excitation and emission band pass filters (Chro-
ma, Omega, Semrock), which can easily convert the bright
field imaging system into a fluorescence imaging device. A
SPOT Flex pixel shifting color mosaic digital camera Model FX
15.2 (Diagnostics Instruments, Inc., Sterling Heights, MI, USA)
was coupled onto the microscope platform and camera-
specific software (SPOT software 4.6; Diagnostic Instruments,
Inc.) acquired and processed images on a DELL desktop
computer running Windows XP professional 2002 (Microsoft,
Redmond, WA, USA).

Mouse Models

Animals lines used for imaging included the C57BL/6N
(Charles River, Wilmington, MA, USA), C57BL/6J (Jackson
Labs, Bar Harbor, ME, USA), a partially humanized mouse
adRP model (C1xBL6) with a single dose of the C1 transgene
of hRho P347S on the mouse Rho wild-type background.!!:!2
The Al mouse line is homozygous for the Al transgene of
hRho P347S on the mouse Rho knockout background.!!-1% A
mouse model was developed which is homozygous for wild-
type human Rho transgene (NHR-E)'> on the mouse Rho
knockout background (2HRho//1T1T) and has wild-type
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photoreceptor properties. A mouse Rho knockout model of
retinal degeneration (129R-)!! was also imaged. Animals were
maintained in the Veterinary Medical Unit (VMU) at the
Veterans Administration of Western New York Healthcare
System (New York, NY, USA) under protocols reviewed and
approved by the Institutional Animal Care and Use Commit-
tees (JACUC) at both the VA and the University at Buffalo
(Buffalo, NY, USA). Animal use was in adherence with the
ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research.

Anesthesia and Other Medications

Avertin was prepared as an aqueous solution of 2,2,2-
tribromethanol (12.5 mg/mL) and tert-amyl alcohol (25 mg/
mL; both Sigma-Aldrich Corp., St. Louis, MO, USA) with final
adjusted pH 7.25 and filtered sterilized (0.22 um; Millipore,
Billerica, MA, USA) prior to dark storage of aliquots at —20°C.1¢
Animals were anesthetized with 25 pL/gram of body mass via
intraperitoneal (IP) injection. Eyes were topically anesthetized
with Proparacaine hydrochloride (0.5% wt/vol; SANDOZ, Inc.,
Princeton, NJ, USA) and pupils dilated with one drop of
Cyclopentolate hydrochloride (1% wt/vol; Bausch & Lomb,
Inc., Tampa, FL, USA) and one drop of atropine sulfate (1% wt/
vol; AKORN, Inc., Lakeforest, IL, USA). After injections eyes
were coated with gentamicin sulfate ophthalmic ointment
(0.3%, 3 mg/gram gentamicin base; Perrigo, Minneapolis, MN,
USA). Buprenorphine hydrochloride (0.05 pg/gram, IP injec-
tion; Rickitt Benckiser Pharmaceuticals, Richmond, VA, USA)
was given as needed for pain.

scAAV2/8-EGFP Packaging

A self-complementary AAV2 genome plasmid that contained an
EGFP cDNA controlled by a CMV promoter was used to test for
transduction in the mouse retina. The AAV plasmid was a gift of
the Vector Core at the University of North Carolina (Chapel
Hill, NC, USA). Vector was pseudotype-packaged into wild type
AAV capsid 8 to titers greater than 102 vector genomes/mL by
University of North Carolina Vector Core. The viral prep used
in these studies is specified (#3412).

Imaging Gel

A gel formulated from 2 mg/mL (wt/vol) high molecular weight
(4 X 10° g/mole) carbomer in sterile 1X Dulbecco’s PBS
(Invitrogen, Grand Island, NY, USA) was used to form the
viscous optically transparent interface between the mouse
cornea and a premium cover glass (18 X 18 mm; Fisher
Scientific, Pittsburgh, PA, USA). This combination of gel and
glass cover slip suppress the strong optical front surface
curvature of the mouse cornea and related spherical aberra-
tions, to effectively create a Hruby-type lens (plano-concave)
for enhanced retinal imaging.'”

Intraocular and Subretinal Injections

Subretinal and intraocular injections were performed using
sterilized glass micro needles. (capillary tubes 1.5-mm external
diameter, 0.86-mm internal diameter, 100-mm length, Kimax-
51; Kimble Glass Co., Chicago, IL, USA) fashioned on a P-97
Flaming/Brown micropipette puller (Sutter Instrument Co.,
Novato, CA, USA). Glass needles were back-filled with injection
solution and mounted into an airtight electrode holder on a
MMN-33 micro manipulator (Narishige, Long Island, NY, USA).
The electrode holder was connected to a controlled pressure
delivery device (PLI-100 micro injector; Harvard Apparatus,
Boston, MA, USA). The needle was directed in a transscleral,
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transchoroidal approach for subretinal injections, or a pars
plana approach for intravitreal injections. The needle was
directed 1 to 1.5 mm posterior to the corneal limbus in the
nasal quadrant for subretinal injections. The needle is advanced
until the tip is directly visualized in proximity of the subretinal
space of the mouse eye, or at the boundary of retina and RPE.
This is facilitated by the presence of fluorescein (0.5 mg/mL)
within the injection pipette seen in contrast to the melanin
pigment of the RPE. Once the glass needle is positioned, the
fluid is delivered by the pressure injector (activated by foot
pedal, 60 PSI at primary regulator/and 1-5 PSI at the needle
tip) to force a small volume (~1 pL) of solution into the eye
over a few seconds. Subretinal injections from the superior or
inferior quadrant are also feasible. Successful subretinal
injections are confirmed by high-resolution optical coherence
tomography (OCT; Bioptigen, Morrisville, NC, USA). Mice were
maintained at 37°C through the duration of the procedure
using a heated water pad coupled to a water pump (Model
RTE-140; NESLAB, Portsmouth, NH, USA).

Fluorescein Angiography

Fluorescein Lite 25% (250 mg/mL; ALTAIRE Pharmaceuticals,
Aquebogue, NY, USA), diluted with sterile 1 X DPBS (final
concentration 10 mg/mL; Gibco Life Technologies, Grand
Island, NY, USA) was administered by bolus injection (50 pL)
into the tail vein of anesthetized mice, positioned on the RIS
imaging platform, through a 30-G stainless steel hypodermic
needle. Spectral band pass filters appropriate for fluorescein
(excitation = 482 nm/35 nm, Full Width Half Maximum
[FWHM] = 39 nm); emission = 530 nm/525 nm cut-on
wavelength longpass filter; Omega Optical, Brattleboro, VT,
USA) were used to excite and capture fluorescence emission
for imaging real-time fluorescein angiography. Far-red imaging
was accomplished by introducing an excitation filter (692 nm/
bp = 40 nm, FWHM = 47.6 nm) into the input light path.

RESULTS

Optical System Design

The RIS is a cost-effective instrument designed to achieve
optimal illumination of the mouse retina with broad band or
band-limited stimuli for bright-field, far-red, or fluorescence
imaging. The design requirements for the RIS included a long
working distance for surgical manipulations (~8 cm), and on-
axis (coaxial) illumination into the numerical aperture of the
mouse pupil without overfilling the pupil, while maintaining
field-of-view and depth-of-field of the standard Greenough-type
stereo microscope.

The optical design schematic shows the overall system
integration modeled on a Zeiss Stemi 2000-C microscope (Fig.
1A). An innovative feature of the system is that input light is
delivered on-axis in the open optical “space” between the
independent stereo view axes of the microscope. Fluorescence
excitation or farred input is shaped spectrally with interfer-
ence filters. Fluorescence emission bandpass filters are placed
proximal to the integrated camera. The microscope focus and
magnification adjustments are not affected by RIS optics. The
input source is based on a short arc, continuous xenon lamp,
positioned adjacent to a spherical mirror that captures part of
the energy and condenses it into the small diameter fiber optic
cable (1.4 mm diameter NA = 0.5; Fig. 1B). The spectral output
of the lamp provides a relatively uniform broad band light
source from 400 to 700 nm with a power of approximately 1
mWatts/cm? (Supplementary Fig. S2). This broad band source
allows for a wide variety of different fluors to be imaged and
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even farred imaging to be accomplished, simply by choosing
the proper filter or filter sets. The fiberoptic launch couples to
the microscope through an optical train of three achromatic
lenses (two fixed positive lenses and a mobile negative lens,
which capture energy from the fiber, shape the beam, and
condense the beam into the specimen plane where the eye
(NA ~ 0.5) is positioned. A photograph of the prototype RIS
system is shown (Fig. 1C). The optical train shapes the spot
size of the beam to avoid overfilling the pupil and provide
efficient energy transfer of light from the illuminator to the
mouse pupil. The outcome of the RIS design optical train
results in a narrow beam focused onto the dilated pupil plane
with an adjustable spot size ranging from 1 to 2 mm through
modulation of just one optical element (Fig. 1D). During
practical imaging the application of an optical gel covered with
a coverslip effectively removes the optics of the steep
curvature of the anterior surface from the imaging challenge
and also minimizes spherical aberrations of the small mouse
eye to improve image quality, in principle, simulating the
function of a commonly used Hruby lens'” (Supplementary Fig.
S3).

Major ergonomic features of RIS are the long working
distance for surgical manipulations, simple conversions from
bright field to far-red and fluorescence modes through rapid
positioning of rails for excitation (2 or more positions) and
emission (4 or more positions) filters, and an adjustable camera
mount to make the ocular and camera’s coupled-charged
device (CCD) chip image planes para focal. Several features are
novel in the RIS. First, the RIS is a noncontact system with
approximately 8 cm of working distance between the last
optical element and the eye as needed for surgical manipula-
tion (e.g., placement of glass needles by micromanipulators).
This positively differentiates our system from any contact based
imaging system (e.g., Micron IV). The longer working distance
is forced by the choice of an inexpensive stereo Greenough-
type microscope, which narrows the angular field of view
(FOV). Second, the illuminating light source, the fiber optic
cable, and the optical element train were chosen to shape and
focus a narrow intense beam of light, on optical axis, into the
tiny dilated pupil to illuminate intraocular contents and achieve
bright field, narrow field, or fluorescence imaging. This was the
most severe optical design challenge. A commercial (endo-
scopic) light source was used to launch into a small core high
NA fiberoptic and provided intense broad band spectral input
for the system design. The numerical aperture or light
collecting capacity of the mouse eye is surprisingly high (NA
~0.5, total angle ~ 60°) compared with the human eye (NA ~
0.2, total angle: 23°).'8 In the ideal world we would have tried
to match the optical delivery system NA to the NA of the eye
but the long working distance precluded this option. Instead,
we designed a lower NA delivery system that efficiently
captures the fiber output energy and projects it into a narrow
beam that can just fill the dilated pupil aperture. The narrow
beam is shaped by the movement of a single negative lens (NA:
0.113-0.131, total angle = 13.0°-15.0°) and has a minimum
spot size diameter of approximately 1.0 mm, which just fills the
dilated pupil and avoids overfilling (vignetting). Third, we
achieved on-axis illumination of the eye by exploiting unused
optical “space,” which exists between the independent view
paths of the Greenough device. We centered a mirror to reflect
the condensed illumination beam directly on optical axis with
the mouse eye and pupil aperture. We can focus, modulate, and
direct the illumination beam on-axis through the small pupil
aperture of the mouse eye. This efficient designs allows on-axis
spectral Maxwellian illumination of the interior of the mouse
eye and is paramount to the use and achievement of our device
to obtain superb images with simple operation at significantly
lower cost relative to commercial devices (e.g., Micron IV).
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Ficure 1. Schematic diagram of the major components of the on-axis retinal imaging platform. (A) An intense small gap continuous xenon source
is collected and condensed into a small core diameter fiber optic with approximately matching numerical aperture. The fiber leaves the launch box
and is coupled into the Greenough type stereo microscope exploiting the open optical “space” (~10°) between the two stereo viewing axes. The
cone of light emerging from the fiber is collected, shaped, and condensed into a beam focus by an optical train of three achromatic lenses (two fixed
positive lenses and one mobile negative lens) with the focal point approximately 7.5 cm from the last optical component in the system. The narrow
condensed beam is folded onto the optical axis of the microscope by a tiny front surface mirror or prism that can be used to steer the beam. The
beam condenses into the small dilated pupil of the mouse eye in a Maxwellian imaging paradigm. The mouse and eye are positioned to match this
point in space for maximal coupling. The eye is visualized with a stereo imaging system and a camera is attached for photodocumentation.
Excitation and emission filters are appropriately placed to modulate the input and output beams. (B) Optical schematic of the fiber optic launch box
(Welch Allyn, CL-100) and the optical delivery train at the level of the microscope. The short arc xenon source with an NA 0.52 is coupled into a
matched high NA fiber with a spherical mirror positioned proximate to the xenon lamp, which is held in a vertical position. The fiberoptic transmits
the energy to the stereo microscope, initially orthogonal to the optical axis. An optical rail made from three achromatic lenses collects the energy
from the fiber into an approximately collimated beam, shapes the angle of the beam (with the moveable negative achromatic lens), and condenses
the beam into the specimen plane. The position of the fiber relative to the first positive achromatic lens shapes the collimation of the beam. The
final positive lens focuses the energy onto the specimen plane. An excitation filter modulates the spectral pattern of the beam. A 45° mirror directs
the beam onto the optical axis, which resides between the independent stereo imaging axes. (C) Image of the Zeiss Stemi 2000-C microscope
modifications for the RIS converting it to the brightfield, far-red, and fluorescence setup. The components include the: fiber optic cable entry point
(), the fiber optic holder (b), the optical elements holder (c), the spot size regulator (d), the microscope body (e), the microscope/camera coupling
spacer with emission filter rail (f), the adjustable z-axis camera mounting ring (g), the emission filter rail (four filters) (h), the SPOT Flex camera (i),
and the excitation filter rail (j) (the CL-100 light source is not shown). (D) Spot sizes in the mouse pupil plane. Image of the minimum (/ef?) and
maximum (right) spot sizes created with a 1.4-mm core fiber input. Images were taken with the beam focused onto a flat optical surface placed at
the focal point of the eye input beam. The spot size is controlled by moving the position of the negative beam shaping lens in the optical train. Scale
bars: is 1.0 mm.
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FiGure 2. Bright field in vivo images demonstrating the RIS depth of field and imaging capabilities. Representative fundus images of a C57BL6(N) (6
months) (A), A wild-type human RHO on the mouse RHO knockout background (2HRho//1T/1T; ~4 months of age) (B); Mouse RHO knockout
(129R-; ~4 months of age). (C) Regions of interest, demonstrating depth of field of the RIS, are boxed in images (D-F) are expanded in images (G-I)
respectively, and show fine anatomical structures which can be identified. Images were enhanced for contrast and brightness to improve the fine
details in images (A, B, G, I). Images from an A1 mouse (~1 month of age) of the anterior chamber, both the cornea and iris are clearly visible, even
the smallest of blood vessels are visible protruding from the edge of the iris (black arrow beads) (D, G). The pars plana can be imaged with scleral
depression allowing visualization of ciliary body processes (red arrow heads) and the retinal thickness can be visualized highlighted by the (green
arrow heads) (E, H). Visualization of the hyaloid vessels (black arrow beads) is shown in (F, I) in a C57BL6(N); ~2-week old). Imaging of the mouse
retina including optic nerve head and vasculature and retinal pigmentation can be clearly visualized (A-C). These images demonstrate the depth of
view of the internal contents of the mouse eye provided by the RIS and the resolution capabilities of this system. The field of view allows the entire
cornea to be imaged, but is more limited when imaging the retina due to the small diameter of the dilated mouse pupil, the effects of the mouse
lenticular optics, and the long working distance of the instrument. Imaging of the entire retinal surface can be accomplished by manipulation of the
eye or animal.

transgenic lines, which are known to develop retinal degen-
erations. In addition, the RIS is capable of imaging the cornea,
anterior chamber, iris, lens, and the entire retina (including the
pars plana region) by simple positioning of the mouse eye
(rotation of eye or animal) relative to the input beam axis (Figs.
2D-D). The device is especially useful in efforts to develop

Operational Performance of the RIS

The capabilities of this device were first tested by examining
the fundus of normal mice, transgenic mice, and mice with
retinal degenerations (Figs. 2A-C). The device can be used to
follow the time course of retinal degenerations in mice and
provide photo documentation. Changes in the appearance of

the retina and RPE are readily visualized with the RIS and
anatomical differences in the optic nerve head and vasculature
are obvious when comparing wild-type C57BL/6 animals to

surgical skills for subretinal and intravitreal injection of vector-
containing fluids into the mouse eye for preclinical gene
therapy studies. Using the RIS we have the ability to visualize
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Subretinal injection imaged in real time. Initial, early, and final images of a subretinal injection in a C1XxBL/6 mouse (~1.5 months of age)

using a fluorescein sulfate in 1X PBS (ALTAIRE Pharmaceuticals, Inc.) to visualize the progression of the sub retinal bleb. A 10-second injection (16.6
PSI, using pulled glass capillary needle with a 2-um tip diameter) captures the entire injection in real time. Including needle tip placement prior to
RPE penetration (red arrow) (A), immediately following start of sub retinal injection (blue arrows) (B). Finally, the retinal detachment involving
approximately 20% of total retina (black arrows) (C). Optical coherence tomography enface and B-scan images image of the subretinal injection site
confirming the injection is located in the subretinal space of the retina. The enface image demonstrates the extent of the subretinal bleb identified
by the hypo reflective region of the retina in the nasal region (left side of image) and the B-scan location in (E) is highlighted with a green line (D).
A B-scan proximal to the optic nerve head (ONH) and including the leading edge of the injection bleb highlighted by the (white arrows) confirming

Investigative Ophthalmology & Visual Science

the injection was localized to the sub retinal space identified by the (black arrowbead) (E).

the entire process of a subretinal injection, when done through
a trans-scleral, transchoroidal approach, including placement
of the needle (Fig. 3A) into the subretinal space and
progression of the injection in real time (Fig. 3B [initial], Fig.
3C [final]). Optical coherence tomography imaging confirms
the injection is in the subretinal space by the en-face (Fig. 3D)
and b-scan (Fig. 3E) images. Subretinal injections via the trans-
scleral, transchoroidal approach using fashioned glass micro
needles placed under micromanipulator control avoid damage
to the cornea, lens, lens zonules, ciliary body, and retina
(retinotomy), and decreased the number of choroidal hemor-
rhages and cataracts observed in other approaches. The
fluorescence imaging capabilities of the device have been
used to identify regions within the retina in vivo that were
successfully transduced by subretinal injected AAV-EGFP
vector (Figs. 4A, 4B). In addition, the RIS can image the retina
under far-red illumination conditions, which will be useful for
subretinal or intravitreal injections under conditions that
minimize potential retinal light damage in mouse models,
which are light sensitive (Fig. 4C). A comparison of subretinal
and intravitreal injection is also shows as imaged with the RIS
(Supplementary Fig. S4). Finally, the fluorescence capabilities

of the device were used to conduct real time intravenous
fluorescein angiography after pulse injection of fluorescein
into the tail vein. In the normal adult C57BL/6 mouse the initial
arterial and then the arteriovenous phases appear rapidly, the
recirculation phase is achieved rapidly and iris perfusion and
later lid skin perfusion become apparent (Fig. 5A). Images of
the fully perfused retina with fluorescein show the detail of the
vasculature achieved with the RIS and changes in blood flow
between healthy (C57BL/6, Fig. 5B) and degenerating retinas
(A1, Fig. 5C [5.5 months], Fig. 5D [1 year]).

DISCUSSION

Capacity of the Retinal Imaging System

We achieved proof-of-principle in development of a relatively
simple and inexpensive instrument that allows detailed bright-
field, far-red, and fluorescence imaging of small animal retinas in
vivo. We demonstrated the utility of the RIS to: (1) noninvasively
monitor the fundus appearance of retinal degenerations over
time in single mouse models, (2) guide and assess subretinal
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| . | .
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Ficure 4. Bandpass limited imaging modes of the RIS for assessing subretinal injection efficiency and performing far red imaging. Enhanced green
fluorescent protein expression assessed in vivo in the retina of a C1xC57BL/6 mouse that received a subretinal injection of AAV-EGFP virus (1.0 pL)
at 14 days of age. The bright field (A) and fluorescence images (B) were taken 12 weeks post injection. Bandpass filters were used to excite the

EGFP and capture its emission for fluorescence imaging. In vivo imaging of C1xBL6 mouse (~2 months of age) retina using a far red bandpass filter
(692 nm peak, 40 nm bandpass) (C). This allows examination of the posterior pole and vasculature during dark-adapted studies or during subretinal

injections in light sensitive animal models (to prevent light damage).

injections in preclinical gene therapy studies, (3) monitor extent
of vector delivery and transduction (e.g., EGFP), and (4) conduct
real time, true pulse intravenous fluorescein angiography in the
live mouse.

Comparison With Other Types of Microscopes
Used for Preclinical Gene Therapy Studies

In early retinal gene therapy studies for photoreceptors and RPE
subretinal injections into small rodent eyes were conducted
with available human surgical microscopes!®~?> and allowed
only crude observation of changes in the optical appearance to

hand guided delivery.?® We examined two microscopes with off-
axis illumination lamps having large filaments (several mm), that
are effective in large human eyes with dilated pupils (9-10 mm)
because they project sufficient light energy output into the eye
to achieve sufficient intraocular illumination and allow real time
imaging. In our hands, such microscopes were ineffective for
retinal imaging because the illuminating light energy was not
effectively coupled into the small dilated pupil of the mouse eye.
Two of these prior studies mention the improved brightness of
images with use of a halogen light source placed into the
epifluorescence apparatus of the microscope for through-
objective illumination, when compared to alternative “coaxial”

assess extent of vector delivery. In all cases a corneal approach
with stainless steel cannula was used for subretinal injection by

and ring light delivery systems, but details were not elaborat-
ed.??> Some images reported in this work appear to be of

B. C. D.
ONH
ONH
ONH

Figure 5. Images from in vivo fluorescein angiography in C1xBL/6 (~2 months old) in real time. Early, middle, and late images taken after
administering a 50 pL bolus of 10 mg/mL fluorescein lite into the tail vein. The perfusion of the ONH (red arrows) is quickly followed by arterial
vessels (white arrows), which is then followed by the arteriovenous phase (green arrows) then finally followed by visualization of the small vessels
and capillary bed and finally general perfusion (A). Comparative intravenous fluorescein angiography (IVFA) of normal (C57BL6) and a degenerate
retina in a homozygous P347S RHO (A1) retinal degeneration mouse. Intravenous fluorescein angiography of the A1 mouse retina shows poor
perfusion through attenuated vasculature (due to progression of the retinal degeneration) (compare [C], 5.5 months and [D], 1 year). The
brightness and contrast were modified to enhance the image details (A, D).
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similar quality to those obtained on our system. The effective-
ness of the RIS is demonstrated by our ability to successfully
deliver virus preparations to the subretinal space approximately
80% of the time as determined by OCT imaging with pulled glass
microneedles. Although, existing microscopes were successfully
used in prior studies using relatively large stainless steel needles
and provided adequate images of the rodent fundus and
visualization of injection blebs?-2® a fine glass tip is significantly
more challenging to visualize and its careful placement under
direct visualization is responsible for our success. There is no
comparable existing system that allows for continuous, ade-
quate illumination, with significant working distance for
necessary micromanipulators required for surgical manipula-
tions of the mouse eye, at a reasonable price.

A review of recent literature yielded a number of papers,
which presented fundus images from rat eyes.?°"28 A few
papers included images of retinal detachments including pre-
and postinjection images, however none clearly demonstrate
the entire process of subretinal injection.?®282° Many papers
have images of both fundus and or fluorescein angiography
(after IP injection) obtained with commercial and expensive
Micron- or Scanning Laser Ophthalmoscope (SLO)-based
instruments.3%-35 Although, these instruments provide compa-
rable images to our device they cost approximately 10 times
more than our system. The Micro-IIl or IV devices (Phoenix
Research Labs) are cornea contact imaging devices with a 50°
FOV that generate images of high quality.>> However, contact
device systems do not readily adapt for surgical manipulations.
In Vivo Confocal Neuroimaging (ICON) has been used to
visualize single ganglion cells in the retina with a confocal
microscope and an adaptive biconcave lens placed on the
cornea.?® While excellent images may be obtained on this
device the working distance with typical objective lenses
severely constrains surgical adaptation. The SLO-based systems
also provide excellent imaging capabilities of the mouse
fundus, however, some constraints of SLO-based systems
include monochromatic images, difficulties imaging mice less
than 1 month of age due to the small size of the eye, and lack of
control of certain light sources on SLO systems.>” Other
systems were also used in a few of the publications, including
Topcon,3®3 FLIO,* TEFL' and Kowa??%® systems. These
systems have inherent limitations for either monitoring real-
time surgical techniques or providing adequate clearance for
surgical equipment required for procedures like subretinal
injections. Clinical ophthalmological imaging systems have also
been used to image the mouse eye. A clinical fundus
photography camera with a 20-diopter (D) lens placed in front
of the mouse eye and was able to image the mouse fundus.>®3°
This is not a system that would lend itself to a real-time surgical
microscope and the relative imaging capacity relative to our
system is not known. A portable Kowa fundus camera and a 90-
D field lens to obtain images of the fundus of various mouse
genetic lines.*243 The Kowa fundus camera (e.g., Genesis D)
uses a xenon flash illumination system for human fundus photo
generation. The xenon flash offers a broad-band white light
illumination but the lamp itself does not appear to be a narrow
arc device. The system has variable intensity but initiates a
single flash, and thus can be used only for single frame
photography and not real-time imaging. The use of contact
endoscopic fibers based on gradient index lenses allows small
eye fundus imaging with high resolution but could not be
readily adapted to surgical needs.! All of the above challenges
of these expensive systems are remedied with the RIS
providing full color images, on animals as young pl4 with
ease, complete control of light intensity and spot size to allow
optimized illumination for imaging needs at a fraction of the
cost of such systems. While the contact Micron IV device
appears to use an on-axis source and has a wide NA (because it
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shrinks the working distance to zero), we achieve both a range
of illumination conditions with equivalent visual resolution and
with the surgical option at much less cost. The narrow input
beam, because of internal reflectivity within the small mouse
eye, does not limit viewing to only the region of direct
illumination, so there is no constraint that emerges there.

Limitations and Potential Improvements of the RIS
Device

A limitation of the RIS, given that it is a noncontact imaging
device, is the FOV. At the lowest magnification and at the
design working distance of the Stem-2000C (92 mm; without
RIS attachments) the object field is 35.4 mm leading to a total
FOV of approximately 22°. In contrast the FOV of the Micron IV
contact device is 50°. The tradeoff of FOV in the RIS can be
managed by positioning the eye relative to the beam axis to
illuminate different retinal regions. Although, the FOV is
approximately one-half the FOV of the Micron III or IV system,
it was more than adequate for all our imaging requirements.
The RIS was designed for real-time subretinal surgery on the
mouse eye, whereas the Micro IV appears incapable of such
adaptations. Also, while not a major limitation, the RIS, like the
Micron IV, uses discrete filters for excitation/emission rather
than a device with uniform control over spectral input/output
for fluorescence. The RIS, like the Micron IV, uses continuous
illumination. A flash input, such as in the Kowa fundus camera
system, can delivery substantial energy (Joules) in a single flash
that can potentially lead to brighter images. The continuous
light source can also be modulated for intensity at the level of
the CL-100 launch, and the image intensity can be modulated
by controlling the exposure duration of the camera. Another
advantage of a brief and bright flash coupled efficiently into the
mouse eye is that the image acquisition is less affected by the
breathing of the animal. One means of coupling a flash system
to the RIS is to use established technology** in which a short
arc xenon flash is coupled optically into a 1-mm core fiber
optic of approximately 0.48 NA. The fiber from this system
could immediately couple to the RIS and the microsecond flash
system allows control over flash spectrum with 10 discrete
filters on a filter wheel. Flash intensity in this system is
regulated by controlling voltage on the flash capacitor.
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