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This could revolutionize how we measure 
pathology samples and understand 

structural/developmental biology



Moving from physically 
cutting up a brain



To making it see-through!



Learning Objectives
1. Explain why tissue scatters light and how one can alter 

the light scattering properties of tissue. 
2. Describe laser-induced fluorescence and light-sheet 

fluorescence microscopy.  
3. Summarize how combining these two methods allows 

one to measure structures within intact tissue and  
organs. 

4. Theorize how these advancements may help with  
pressing public health issues.
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Natural curiosity about our 
(and animal) insides

“About the transparentizing of human and animal preparations” 
Published in 1914 by Werner Spalteholz

Dr. Werner Spalteholz
଀ ଀

Über das Durchsichtigmachen
von menschlichen und
tierischen Präparaten
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Natural curiosity about our 
(and animal) insides

notiert hat, so muß man diese durch Rechnung bestimmen.
Man geht dabei am besten von der durch Landolt1) auf
gestellten Formel aus:

n૲ 1 n1 ૲ 1 , n2 ૲ 1

in der p das Gewicht, n den Brechungsindex, d die Dichte
des Gemisches, ply p2, ... die Gewichte, nu n2, . . . die
Brechungsindices, dly d2, . . . die Dichten seiner Kompo
nenten bezeichnen. Da wir nur das Verhältnis der beiden
Bestandteile kennen lernen wollen, verwenden wir die
Formel in der Form:

n2 ૲ 1 n૲ 1

Pi _ dz d
Pi

~
n૲ 1 nx૲ 1'

Leider gibt auch diese Formel, die als die zuverlässigste
gilt, nicht immer ganz genaue Resultate.
Für die von mir hauptsächlich benutzten Flüssigkeiten

habe ich nach wiederholten eigenen Messungen folgende
Zahlen zugrunde gelegt:

Wintergrünöl, künstlich nfl = 1,538, spez. Gew. = 1,188
Safrol nD = 1,542, , , =1,102
Benzylbenzoat nD = 1,570, ૼ ૼ = 1,121
Isosafrol, farblos nfl = 1,577, ૼ ૼ =1,115.

Die Neuheit des Problems und der Wunsch, über ver
schiedene scheinbare Unstimmigkeiten Klarheit zu erhalten,

1) Podendorfs Aanal. d. Pbys. u. Chemie 1864, Bd. 123, S. 595.
Weiteres s. darüber Ostwald, Lehrbuch d. allgem. Chemie. 2. Aufl.
1891, 1. Bd., S. 416 ff.
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So many techniques!! 
What is different about all of them?



The search for the magic 
method…

Four general categories:

refractive index matched to the tissue, (2) removal of lipid fol-
lowed by hydration of the sample to lower the refractive index
of the remaining tissue components or, (3) active or passive
removal of lipid followed by immersion in a refractive index
matched medium.

Simple Immersion
Passive clearing by immersion in high refractive index solutions
is effective especially for smaller samples. Most commercially
available microscopy mounting media are glycerol based with
refractive indices between 1.40 and 1.44 and are able to impart

Figure 2. Methodology of Tissue Clearing Techniques
(A) (Left) Solvent-based clearing is a two-step process. First, the tissue is dehydrated and lipid is removed. Second, the tissue is moved to a high refractive index
solvent where additional lipid solvation and clearing occurs. (Right) Molecules commonly used for solvent-based clearing along with the refractive indices (RI) of
the pure chemical.
(B) (Left) For simple immersion, the tissue to be cleared is placed in an aqueous clearing solution for days to months. During this time, the solution is exchanged
repeatedly. (Right) Molecules commonly used for simple immersion along with the refractive indices (RI) at the commonly used concentration.
(C) Hyperhydration involves submerging the sample in an aqueous solution and allowing it to passively clear. During this clearing step, urea or formamide in the
clearing solution can enter tightly folded regions of high refractive index proteins, creating an osmotic gradient that pulls in water as well. This partially denatures
the protein, hydrates it, and decreases its overall refractive index. Some hyperhydration methods contain detergent that is used to disrupt membranes and
remove lipid from the sample.
(D) (Left) Hydrogel embedding is most often performed on an entire animal by perfusing with a fixative, a temperature-sensitive crosslinker, and the hydrogel
monomer. Alternatively, these chemicals can be passively diffused into an isolated tissue sample. Once fixed, the tissue of interest is warmed to induce hydrogel
crosslinking. The sample is then placed in a detergent solution to remove lipid material passively or via an electrophoretic charge. Finally, the lipid-free sample is
placed in a high refractive index matching solution for clearing. Histodenz is one high refractive index molecule that can be a component of this clearing solution.
Glycerol, TDE, or diatrizoic acid also can play this role.

252 Cell 162, July 16, 2015 ª2015 Elsevier Inc.
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Hydrogel embedding

Summary/Conclusions
The combination of optical tissue clearing techniques and fluorescent antibody
labeling offers simple and rapid imaging of entire intact eyes using C-DSLM.
However, antibody penetration and labeling specificity has so far limited our ability to
apply this technique.

Utilizing PECAM and PAX-6, we have generated both 2D and 3D maps of the
vascular and neuronal networks within control and ROP eyes. We find that 3D

Additional work must be conducted to optimize the labeling technique for high-contrast 
imaging of vascular and neuronal networks. Once complete, this methodology may be 
applied to a large number of samples and provide a unique datasets previously 
unavailable to researchers studying ROP.
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Three-dimensional quantification of the spatiotemporal co-evolution of
vascular and neuronal networks within intact Rat eyes
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Abstract Background

Results

Hypothesis
Three-dimensional fluorescence microscopy combined with intact, optically 
cleared eyes will generate more comprehensive view of angiogenesis than 
commonly used two-dimensional fluorescence microscopy techniques, such 
as confocal microscopy. 

Because confocal microscopy measurements have only been able to quantify 
changes to the retinal vasculature, we anticipate measurements of intact 
eyes may show previously unreported changes in vasculature within the 
Choroid and Sclera during ROP.

Methods

Results

Background

Eyes are first incubated in acrylamide monomer
for 24 hours. The monomer then polymerizes into
the hydrogel in heat for several hours. After this,
eyes are washed with SDS which binds to
neutrally charged fats in the tissue and removes
them from the hydrogel.

We have designed and built a prototype C-
DSLM (cleared tissue digital scanned light
sheet microscope) designed for two-color
imaging that utilizes an electrotunable lens
(ETL), inserted in the detection arm of a
digital scanned light-sheet microscope
(DSLM), to correct for shifts in focal plane
due for spatial heterogeneity in RI in cleared
tissue. Critically, C-DSLM compensates for
inhomogeneous clearing, is compatible with
any clearing technique, and can utilize
multiple types of air-immersion excitation
and detection objectives.

Lateral cross sections taken through the center of the rat eye provides the
greatest area for observing superficial layers of the eyes. At the site of these
superficial layers, expression of angiogenic factors like vascular endothelial
growth factor (VEGF) vary through stages of embryonic development.
Previous research has demonstrated that expression of angiogenic factors in
the retina become disrupted in pre-term infants. This disruption leads to the
onset of retinopathy of prematurity (ROP). ROP has not yet been studying
using three dimensional imaging techniques. (scale bar – 1 mm)

Confocal microscopy image of the
vasculature in a dissected and
flowered retina. This methodology
provides detailed information on the
vascular network at the cost of three-
dimensional correlations.

Retinopathy of prematurity (ROP) is a disease that affects blood vessel development and distribution
in the eyes of infants born prematurely. A common method used to investigate structure-function
relationships in ROP is serial sectioning followed by two-dimensional image analysis. Often, serial
sectioning is fraught with inconsistencies due to tissue tearing and folding which may introduce optical
artifacts. Of note are the errors that occur when multiple physical sections are computationally
reconstructed to quantify the spatial location of fluorescent labels within the original three-dimensional
tissue. In this work we utilize a technique, CLARITY, which renders tissue optically transparent
through the establishment of a monomer hydrogel matrix and removal of light scattering lipids to
generate optically transparent eyes. To measure fluorescent labels within these intact eyes we have
developed a unique digital scanned light sheet microscope (DSLM) specifically designed to quantify
fluorescently labeled signaling molecules and structures within CLARITY treated samples. These two
techniques combined provide a methodology to quantify the three-dimensional distribution of key
signaling molecules and structures during development of the eye, bypassing issues inherent in serial
sectioning, two dimensional imaging and computational reconstruction. Here, we report quantification
of the vascular and neuronal network structures in intact control and ROP model rat eyes. Using eyes
harvested at multiple time points in development, we provide a comparative analysis evaluating both
two dimensional and three dimensional imaging techniques and find that network features in
developing eyes are more accurately quantified using our three-dimensional imaging approach. This
paves the way for future studies of the exact timing of changes of signaling and structural
development, in three-dimensions, during the pathogenesis of ROP.

The molecular pathway for angiogenesis
starts with hypoxia-inducible factor 1α
(HIF-1α) translocating to the nucleus and
upregulating the expression of vascular
endothelial growth factor (VEGF). VEGF
then functions concurrently with insulin-
growth factor 1 (IGF-1) to initiate
angiogenesis. Hypoxic conditions
observed in pre-term infants affects this
pathway leading to abnormal
angiogenesis and ROP

Methods

Endothelial 
Antibodies

Compatibility Neuronal 
Cells

Compatibility

Anti-Mouse 
ERG

Anti-Mouse
Calretinin

Anti-Mouse Von 
Willebrand

Anti-Mouse 
PECAM (CD31)

Anti-Rabbit 
Pax-6

References

Comparison of commonly available
fluorescence microscopy techniques.
Light-sheet fluorescence microscopy
(right) requires less laser power and
enables rapid volumetric imaging with
minimal loss in resolution. However,
this requires more complex optics due
to the separation of the excitation and
detection pathways.

3D render 3D cross-section

3D network analysis

Threshold and flood-fill algorithm

We, and other groups, have found that not all antibodies are
suitable for penetration intact organs. Multiple trials have
shown that PECAM and Pax-6 provide the cleanest signal.

Top right: un-cleared vs. cleared eye
Middle right: cleared eye in RIMS
Bottom left: cleared eye in C-DSLM 
sample chamber
Far left: Dissecting eye from optic 
nerve
Near left: Removing lens from eye

2D histology sections of PECAM (top left) and Pax-6
(top right) labeled eyes (scale bar – 1mm). We then
threshold, binarize, and calculate total fluorescence
area, cell bodies, and connectivity using ImageJ for
multiple physical slices for every eye.
(scale bar – 1mm)
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ROP in the mouse has commonly be
induced through hyperoxia exposure.
Normoxia (left) and hyperoxia (right)
retinal vasculature.

C-DSLM imaging of PECAM (red) and Pax-6 
(blue). 3D blended rendering (top left) and 3D 
cross-section (top right) created with Vaa3D. 
Network analysis of C-DSLM data (bottom left), 
created with APP2-Neuron tool in Vaa3D.  This 
tool provides near-automated detection of 
networks within 3D fluorescence imaging data. 
For this image, we find ~850 branch points and an 
average radius of 70 microns for PECAM and 
~640 branch points and an average radius of 40 
microns for Pax-6. The imaging takes roughly 15 
minutes, speeding 3D reconstruction by optically 
sectioning instead of physical sectioning. 
(scale bars - 0.3 mm)
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The combination of optical tissue clearing techniques and fluorescent antibody
labeling offers simple and rapid imaging of entire intact eyes using C-DSLM.
However, antibody penetration and labeling specificity has so far limited our ability to
apply this technique.

Utilizing PECAM and PAX-6, we have generated both 2D and 3D maps of the
vascular and neuronal networks within control and ROP eyes. We find that 3D

Additional work must be conducted to optimize the labeling technique for high-contrast 
imaging of vascular and neuronal networks. Once complete, this methodology may be 
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Abstract Background

Results

Hypothesis
Three-dimensional fluorescence microscopy combined with intact, optically 
cleared eyes will generate more comprehensive view of angiogenesis than 
commonly used two-dimensional fluorescence microscopy techniques, such 
as confocal microscopy. 

Because confocal microscopy measurements have only been able to quantify 
changes to the retinal vasculature, we anticipate measurements of intact 
eyes may show previously unreported changes in vasculature within the 
Choroid and Sclera during ROP.

Methods

Results

Background

Eyes are first incubated in acrylamide monomer
for 24 hours. The monomer then polymerizes into
the hydrogel in heat for several hours. After this,
eyes are washed with SDS which binds to
neutrally charged fats in the tissue and removes
them from the hydrogel.

We have designed and built a prototype C-
DSLM (cleared tissue digital scanned light
sheet microscope) designed for two-color
imaging that utilizes an electrotunable lens
(ETL), inserted in the detection arm of a
digital scanned light-sheet microscope
(DSLM), to correct for shifts in focal plane
due for spatial heterogeneity in RI in cleared
tissue. Critically, C-DSLM compensates for
inhomogeneous clearing, is compatible with
any clearing technique, and can utilize
multiple types of air-immersion excitation
and detection objectives.

Lateral cross sections taken through the center of the rat eye provides the
greatest area for observing superficial layers of the eyes. At the site of these
superficial layers, expression of angiogenic factors like vascular endothelial
growth factor (VEGF) vary through stages of embryonic development.
Previous research has demonstrated that expression of angiogenic factors in
the retina become disrupted in pre-term infants. This disruption leads to the
onset of retinopathy of prematurity (ROP). ROP has not yet been studying
using three dimensional imaging techniques. (scale bar – 1 mm)

Confocal microscopy image of the
vasculature in a dissected and
flowered retina. This methodology
provides detailed information on the
vascular network at the cost of three-
dimensional correlations.

Retinopathy of prematurity (ROP) is a disease that affects blood vessel development and distribution
in the eyes of infants born prematurely. A common method used to investigate structure-function
relationships in ROP is serial sectioning followed by two-dimensional image analysis. Often, serial
sectioning is fraught with inconsistencies due to tissue tearing and folding which may introduce optical
artifacts. Of note are the errors that occur when multiple physical sections are computationally
reconstructed to quantify the spatial location of fluorescent labels within the original three-dimensional
tissue. In this work we utilize a technique, CLARITY, which renders tissue optically transparent
through the establishment of a monomer hydrogel matrix and removal of light scattering lipids to
generate optically transparent eyes. To measure fluorescent labels within these intact eyes we have
developed a unique digital scanned light sheet microscope (DSLM) specifically designed to quantify
fluorescently labeled signaling molecules and structures within CLARITY treated samples. These two
techniques combined provide a methodology to quantify the three-dimensional distribution of key
signaling molecules and structures during development of the eye, bypassing issues inherent in serial
sectioning, two dimensional imaging and computational reconstruction. Here, we report quantification
of the vascular and neuronal network structures in intact control and ROP model rat eyes. Using eyes
harvested at multiple time points in development, we provide a comparative analysis evaluating both
two dimensional and three dimensional imaging techniques and find that network features in
developing eyes are more accurately quantified using our three-dimensional imaging approach. This
paves the way for future studies of the exact timing of changes of signaling and structural
development, in three-dimensions, during the pathogenesis of ROP.

The molecular pathway for angiogenesis
starts with hypoxia-inducible factor 1α
(HIF-1α) translocating to the nucleus and
upregulating the expression of vascular
endothelial growth factor (VEGF). VEGF
then functions concurrently with insulin-
growth factor 1 (IGF-1) to initiate
angiogenesis. Hypoxic conditions
observed in pre-term infants affects this
pathway leading to abnormal
angiogenesis and ROP
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Comparison of commonly available
fluorescence microscopy techniques.
Light-sheet fluorescence microscopy
(right) requires less laser power and
enables rapid volumetric imaging with
minimal loss in resolution. However,
this requires more complex optics due
to the separation of the excitation and
detection pathways.

3D render 3D cross-section

3D network analysis

Threshold and flood-fill algorithm

We, and other groups, have found that not all antibodies are
suitable for penetration intact organs. Multiple trials have
shown that PECAM and Pax-6 provide the cleanest signal.

Top right: un-cleared vs. cleared eye
Middle right: cleared eye in RIMS
Bottom left: cleared eye in C-DSLM 
sample chamber
Far left: Dissecting eye from optic 
nerve
Near left: Removing lens from eye

2D histology sections of PECAM (top left) and Pax-6
(top right) labeled eyes (scale bar – 1mm). We then
threshold, binarize, and calculate total fluorescence
area, cell bodies, and connectivity using ImageJ for
multiple physical slices for every eye.
(scale bar – 1mm)
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ROP in the mouse has commonly be
induced through hyperoxia exposure.
Normoxia (left) and hyperoxia (right)
retinal vasculature.

C-DSLM imaging of PECAM (red) and Pax-6 
(blue). 3D blended rendering (top left) and 3D 
cross-section (top right) created with Vaa3D. 
Network analysis of C-DSLM data (bottom left), 
created with APP2-Neuron tool in Vaa3D.  This 
tool provides near-automated detection of 
networks within 3D fluorescence imaging data. 
For this image, we find ~850 branch points and an 
average radius of 70 microns for PECAM and 
~640 branch points and an average radius of 40 
microns for Pax-6. The imaging takes roughly 15 
minutes, speeding 3D reconstruction by optically 
sectioning instead of physical sectioning. 
(scale bars - 0.3 mm)

Summary/Conclusions
The combination of optical tissue clearing techniques and fluorescent antibody
labeling offers simple and rapid imaging of entire intact eyes using C-DSLM.
However, antibody penetration and labeling specificity has so far limited our ability to
apply this technique.

Utilizing PECAM and PAX-6, we have generated both 2D and 3D maps of the
vascular and neuronal networks within control and ROP eyes. We find that 3D

Additional work must be conducted to optimize the labeling technique for high-contrast 
imaging of vascular and neuronal networks. Once complete, this methodology may be 
applied to a large number of samples and provide a unique datasets previously 
unavailable to researchers studying ROP.
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cleared eyes will generate more comprehensive view of angiogenesis than 
commonly used two-dimensional fluorescence microscopy techniques, such 
as confocal microscopy. 

Because confocal microscopy measurements have only been able to quantify 
changes to the retinal vasculature, we anticipate measurements of intact 
eyes may show previously unreported changes in vasculature within the 
Choroid and Sclera during ROP.
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for 24 hours. The monomer then polymerizes into
the hydrogel in heat for several hours. After this,
eyes are washed with SDS which binds to
neutrally charged fats in the tissue and removes
them from the hydrogel.

We have designed and built a prototype C-
DSLM (cleared tissue digital scanned light
sheet microscope) designed for two-color
imaging that utilizes an electrotunable lens
(ETL), inserted in the detection arm of a
digital scanned light-sheet microscope
(DSLM), to correct for shifts in focal plane
due for spatial heterogeneity in RI in cleared
tissue. Critically, C-DSLM compensates for
inhomogeneous clearing, is compatible with
any clearing technique, and can utilize
multiple types of air-immersion excitation
and detection objectives.

Lateral cross sections taken through the center of the rat eye provides the
greatest area for observing superficial layers of the eyes. At the site of these
superficial layers, expression of angiogenic factors like vascular endothelial
growth factor (VEGF) vary through stages of embryonic development.
Previous research has demonstrated that expression of angiogenic factors in
the retina become disrupted in pre-term infants. This disruption leads to the
onset of retinopathy of prematurity (ROP). ROP has not yet been studying
using three dimensional imaging techniques. (scale bar – 1 mm)

Confocal microscopy image of the
vasculature in a dissected and
flowered retina. This methodology
provides detailed information on the
vascular network at the cost of three-
dimensional correlations.

Retinopathy of prematurity (ROP) is a disease that affects blood vessel development and distribution
in the eyes of infants born prematurely. A common method used to investigate structure-function
relationships in ROP is serial sectioning followed by two-dimensional image analysis. Often, serial
sectioning is fraught with inconsistencies due to tissue tearing and folding which may introduce optical
artifacts. Of note are the errors that occur when multiple physical sections are computationally
reconstructed to quantify the spatial location of fluorescent labels within the original three-dimensional
tissue. In this work we utilize a technique, CLARITY, which renders tissue optically transparent
through the establishment of a monomer hydrogel matrix and removal of light scattering lipids to
generate optically transparent eyes. To measure fluorescent labels within these intact eyes we have
developed a unique digital scanned light sheet microscope (DSLM) specifically designed to quantify
fluorescently labeled signaling molecules and structures within CLARITY treated samples. These two
techniques combined provide a methodology to quantify the three-dimensional distribution of key
signaling molecules and structures during development of the eye, bypassing issues inherent in serial
sectioning, two dimensional imaging and computational reconstruction. Here, we report quantification
of the vascular and neuronal network structures in intact control and ROP model rat eyes. Using eyes
harvested at multiple time points in development, we provide a comparative analysis evaluating both
two dimensional and three dimensional imaging techniques and find that network features in
developing eyes are more accurately quantified using our three-dimensional imaging approach. This
paves the way for future studies of the exact timing of changes of signaling and structural
development, in three-dimensions, during the pathogenesis of ROP.

The molecular pathway for angiogenesis
starts with hypoxia-inducible factor 1α
(HIF-1α) translocating to the nucleus and
upregulating the expression of vascular
endothelial growth factor (VEGF). VEGF
then functions concurrently with insulin-
growth factor 1 (IGF-1) to initiate
angiogenesis. Hypoxic conditions
observed in pre-term infants affects this
pathway leading to abnormal
angiogenesis and ROP
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Comparison of commonly available
fluorescence microscopy techniques.
Light-sheet fluorescence microscopy
(right) requires less laser power and
enables rapid volumetric imaging with
minimal loss in resolution. However,
this requires more complex optics due
to the separation of the excitation and
detection pathways.
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We, and other groups, have found that not all antibodies are
suitable for penetration intact organs. Multiple trials have
shown that PECAM and Pax-6 provide the cleanest signal.

Top right: un-cleared vs. cleared eye
Middle right: cleared eye in RIMS
Bottom left: cleared eye in C-DSLM 
sample chamber
Far left: Dissecting eye from optic 
nerve
Near left: Removing lens from eye

2D histology sections of PECAM (top left) and Pax-6
(top right) labeled eyes (scale bar – 1mm). We then
threshold, binarize, and calculate total fluorescence
area, cell bodies, and connectivity using ImageJ for
multiple physical slices for every eye.
(scale bar – 1mm)
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ROP in the mouse has commonly be
induced through hyperoxia exposure.
Normoxia (left) and hyperoxia (right)
retinal vasculature.

C-DSLM imaging of PECAM (red) and Pax-6 
(blue). 3D blended rendering (top left) and 3D 
cross-section (top right) created with Vaa3D. 
Network analysis of C-DSLM data (bottom left), 
created with APP2-Neuron tool in Vaa3D.  This 
tool provides near-automated detection of 
networks within 3D fluorescence imaging data. 
For this image, we find ~850 branch points and an 
average radius of 70 microns for PECAM and 
~640 branch points and an average radius of 40 
microns for Pax-6. The imaging takes roughly 15 
minutes, speeding 3D reconstruction by optically 
sectioning instead of physical sectioning. 
(scale bars - 0.3 mm)
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Summary/Conclusions
The combination of optical tissue clearing techniques and fluorescent antibody
labeling offers simple and rapid imaging of entire intact eyes using C-DSLM.
However, antibody penetration and labeling specificity has so far limited our ability to
apply this technique.

Utilizing PECAM and PAX-6, we have generated both 2D and 3D maps of the
vascular and neuronal networks within control and ROP eyes. We find that 3D

Additional work must be conducted to optimize the labeling technique for high-contrast 
imaging of vascular and neuronal networks. Once complete, this methodology may be 
applied to a large number of samples and provide a unique datasets previously 
unavailable to researchers studying ROP.
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Three-dimensional fluorescence microscopy combined with intact, optically 
cleared eyes will generate more comprehensive view of angiogenesis than 
commonly used two-dimensional fluorescence microscopy techniques, such 
as confocal microscopy. 

Because confocal microscopy measurements have only been able to quantify 
changes to the retinal vasculature, we anticipate measurements of intact 
eyes may show previously unreported changes in vasculature within the 
Choroid and Sclera during ROP.
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Eyes are first incubated in acrylamide monomer
for 24 hours. The monomer then polymerizes into
the hydrogel in heat for several hours. After this,
eyes are washed with SDS which binds to
neutrally charged fats in the tissue and removes
them from the hydrogel.

We have designed and built a prototype C-
DSLM (cleared tissue digital scanned light
sheet microscope) designed for two-color
imaging that utilizes an electrotunable lens
(ETL), inserted in the detection arm of a
digital scanned light-sheet microscope
(DSLM), to correct for shifts in focal plane
due for spatial heterogeneity in RI in cleared
tissue. Critically, C-DSLM compensates for
inhomogeneous clearing, is compatible with
any clearing technique, and can utilize
multiple types of air-immersion excitation
and detection objectives.

Lateral cross sections taken through the center of the rat eye provides the
greatest area for observing superficial layers of the eyes. At the site of these
superficial layers, expression of angiogenic factors like vascular endothelial
growth factor (VEGF) vary through stages of embryonic development.
Previous research has demonstrated that expression of angiogenic factors in
the retina become disrupted in pre-term infants. This disruption leads to the
onset of retinopathy of prematurity (ROP). ROP has not yet been studying
using three dimensional imaging techniques. (scale bar – 1 mm)

Confocal microscopy image of the
vasculature in a dissected and
flowered retina. This methodology
provides detailed information on the
vascular network at the cost of three-
dimensional correlations.

Retinopathy of prematurity (ROP) is a disease that affects blood vessel development and distribution
in the eyes of infants born prematurely. A common method used to investigate structure-function
relationships in ROP is serial sectioning followed by two-dimensional image analysis. Often, serial
sectioning is fraught with inconsistencies due to tissue tearing and folding which may introduce optical
artifacts. Of note are the errors that occur when multiple physical sections are computationally
reconstructed to quantify the spatial location of fluorescent labels within the original three-dimensional
tissue. In this work we utilize a technique, CLARITY, which renders tissue optically transparent
through the establishment of a monomer hydrogel matrix and removal of light scattering lipids to
generate optically transparent eyes. To measure fluorescent labels within these intact eyes we have
developed a unique digital scanned light sheet microscope (DSLM) specifically designed to quantify
fluorescently labeled signaling molecules and structures within CLARITY treated samples. These two
techniques combined provide a methodology to quantify the three-dimensional distribution of key
signaling molecules and structures during development of the eye, bypassing issues inherent in serial
sectioning, two dimensional imaging and computational reconstruction. Here, we report quantification
of the vascular and neuronal network structures in intact control and ROP model rat eyes. Using eyes
harvested at multiple time points in development, we provide a comparative analysis evaluating both
two dimensional and three dimensional imaging techniques and find that network features in
developing eyes are more accurately quantified using our three-dimensional imaging approach. This
paves the way for future studies of the exact timing of changes of signaling and structural
development, in three-dimensions, during the pathogenesis of ROP.

The molecular pathway for angiogenesis
starts with hypoxia-inducible factor 1α
(HIF-1α) translocating to the nucleus and
upregulating the expression of vascular
endothelial growth factor (VEGF). VEGF
then functions concurrently with insulin-
growth factor 1 (IGF-1) to initiate
angiogenesis. Hypoxic conditions
observed in pre-term infants affects this
pathway leading to abnormal
angiogenesis and ROP
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We, and other groups, have found that not all antibodies are
suitable for penetration intact organs. Multiple trials have
shown that PECAM and Pax-6 provide the cleanest signal.
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cross-section (top right) created with Vaa3D. 
Network analysis of C-DSLM data (bottom left), 
created with APP2-Neuron tool in Vaa3D.  This 
tool provides near-automated detection of 
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For this image, we find ~850 branch points and an 
average radius of 70 microns for PECAM and 
~640 branch points and an average radius of 40 
microns for Pax-6. The imaging takes roughly 15 
minutes, speeding 3D reconstruction by optically 
sectioning instead of physical sectioning. 
(scale bars - 0.3 mm)
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labeling offers simple and rapid imaging of entire intact eyes using C-DSLM.
However, antibody penetration and labeling specificity has so far limited our ability to
apply this technique.

Utilizing PECAM and PAX-6, we have generated both 2D and 3D maps of the
vascular and neuronal networks within control and ROP eyes. We find that 3D
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Abstract Background

Results

Hypothesis
Three-dimensional fluorescence microscopy combined with intact, optically 
cleared eyes will generate more comprehensive view of angiogenesis than 
commonly used two-dimensional fluorescence microscopy techniques, such 
as confocal microscopy. 

Because confocal microscopy measurements have only been able to quantify 
changes to the retinal vasculature, we anticipate measurements of intact 
eyes may show previously unreported changes in vasculature within the 
Choroid and Sclera during ROP.

Methods

Results

Background

Eyes are first incubated in acrylamide monomer
for 24 hours. The monomer then polymerizes into
the hydrogel in heat for several hours. After this,
eyes are washed with SDS which binds to
neutrally charged fats in the tissue and removes
them from the hydrogel.

We have designed and built a prototype C-
DSLM (cleared tissue digital scanned light
sheet microscope) designed for two-color
imaging that utilizes an electrotunable lens
(ETL), inserted in the detection arm of a
digital scanned light-sheet microscope
(DSLM), to correct for shifts in focal plane
due for spatial heterogeneity in RI in cleared
tissue. Critically, C-DSLM compensates for
inhomogeneous clearing, is compatible with
any clearing technique, and can utilize
multiple types of air-immersion excitation
and detection objectives.

Lateral cross sections taken through the center of the rat eye provides the
greatest area for observing superficial layers of the eyes. At the site of these
superficial layers, expression of angiogenic factors like vascular endothelial
growth factor (VEGF) vary through stages of embryonic development.
Previous research has demonstrated that expression of angiogenic factors in
the retina become disrupted in pre-term infants. This disruption leads to the
onset of retinopathy of prematurity (ROP). ROP has not yet been studying
using three dimensional imaging techniques. (scale bar – 1 mm)

Confocal microscopy image of the
vasculature in a dissected and
flowered retina. This methodology
provides detailed information on the
vascular network at the cost of three-
dimensional correlations.

Retinopathy of prematurity (ROP) is a disease that affects blood vessel development and distribution
in the eyes of infants born prematurely. A common method used to investigate structure-function
relationships in ROP is serial sectioning followed by two-dimensional image analysis. Often, serial
sectioning is fraught with inconsistencies due to tissue tearing and folding which may introduce optical
artifacts. Of note are the errors that occur when multiple physical sections are computationally
reconstructed to quantify the spatial location of fluorescent labels within the original three-dimensional
tissue. In this work we utilize a technique, CLARITY, which renders tissue optically transparent
through the establishment of a monomer hydrogel matrix and removal of light scattering lipids to
generate optically transparent eyes. To measure fluorescent labels within these intact eyes we have
developed a unique digital scanned light sheet microscope (DSLM) specifically designed to quantify
fluorescently labeled signaling molecules and structures within CLARITY treated samples. These two
techniques combined provide a methodology to quantify the three-dimensional distribution of key
signaling molecules and structures during development of the eye, bypassing issues inherent in serial
sectioning, two dimensional imaging and computational reconstruction. Here, we report quantification
of the vascular and neuronal network structures in intact control and ROP model rat eyes. Using eyes
harvested at multiple time points in development, we provide a comparative analysis evaluating both
two dimensional and three dimensional imaging techniques and find that network features in
developing eyes are more accurately quantified using our three-dimensional imaging approach. This
paves the way for future studies of the exact timing of changes of signaling and structural
development, in three-dimensions, during the pathogenesis of ROP.

The molecular pathway for angiogenesis
starts with hypoxia-inducible factor 1α
(HIF-1α) translocating to the nucleus and
upregulating the expression of vascular
endothelial growth factor (VEGF). VEGF
then functions concurrently with insulin-
growth factor 1 (IGF-1) to initiate
angiogenesis. Hypoxic conditions
observed in pre-term infants affects this
pathway leading to abnormal
angiogenesis and ROP
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Comparison of commonly available
fluorescence microscopy techniques.
Light-sheet fluorescence microscopy
(right) requires less laser power and
enables rapid volumetric imaging with
minimal loss in resolution. However,
this requires more complex optics due
to the separation of the excitation and
detection pathways.

3D render 3D cross-section

3D network analysis

Threshold and flood-fill algorithm

We, and other groups, have found that not all antibodies are
suitable for penetration intact organs. Multiple trials have
shown that PECAM and Pax-6 provide the cleanest signal.

Top right: un-cleared vs. cleared eye
Middle right: cleared eye in RIMS
Bottom left: cleared eye in C-DSLM 
sample chamber
Far left: Dissecting eye from optic 
nerve
Near left: Removing lens from eye

2D histology sections of PECAM (top left) and Pax-6
(top right) labeled eyes (scale bar – 1mm). We then
threshold, binarize, and calculate total fluorescence
area, cell bodies, and connectivity using ImageJ for
multiple physical slices for every eye.
(scale bar – 1mm)

104 Investigative Ophthalmology 8c Visual Science, January 1994, Vol. 35, No. 1

Downloaded From: http://iovs.arvojournals.org/pdfaccess.ashx?url=/data/Journals/IOVS/933177/ on 01/22/2016

104 Investigative Ophthalmology 8c Visual Science, January 1994, Vol. 35, No. 1

Downloaded From: http://iovs.arvojournals.org/pdfaccess.ashx?url=/data/Journals/IOVS/933177/ on 01/22/2016

ROP in the mouse has commonly be
induced through hyperoxia exposure.
Normoxia (left) and hyperoxia (right)
retinal vasculature.

C-DSLM imaging of PECAM (red) and Pax-6 
(blue). 3D blended rendering (top left) and 3D 
cross-section (top right) created with Vaa3D. 
Network analysis of C-DSLM data (bottom left), 
created with APP2-Neuron tool in Vaa3D.  This 
tool provides near-automated detection of 
networks within 3D fluorescence imaging data. 
For this image, we find ~850 branch points and an 
average radius of 70 microns for PECAM and 
~640 branch points and an average radius of 40 
microns for Pax-6. The imaging takes roughly 15 
minutes, speeding 3D reconstruction by optically 
sectioning instead of physical sectioning. 
(scale bars - 0.3 mm)
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Summary/Conclusions
The combination of optical tissue clearing techniques and fluorescent antibody
labeling offers simple and rapid imaging of entire intact eyes using C-DSLM.
However, antibody penetration and labeling specificity has so far limited our ability to
apply this technique.

Utilizing PECAM and PAX-6, we have generated both 2D and 3D maps of the
vascular and neuronal networks within control and ROP eyes. We find that 3D

Additional work must be conducted to optimize the labeling technique for high-contrast 
imaging of vascular and neuronal networks. Once complete, this methodology may be 
applied to a large number of samples and provide a unique datasets previously 
unavailable to researchers studying ROP.
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Three-dimensional fluorescence microscopy combined with intact, optically 
cleared eyes will generate more comprehensive view of angiogenesis than 
commonly used two-dimensional fluorescence microscopy techniques, such 
as confocal microscopy. 

Because confocal microscopy measurements have only been able to quantify 
changes to the retinal vasculature, we anticipate measurements of intact 
eyes may show previously unreported changes in vasculature within the 
Choroid and Sclera during ROP.
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Eyes are first incubated in acrylamide monomer
for 24 hours. The monomer then polymerizes into
the hydrogel in heat for several hours. After this,
eyes are washed with SDS which binds to
neutrally charged fats in the tissue and removes
them from the hydrogel.

We have designed and built a prototype C-
DSLM (cleared tissue digital scanned light
sheet microscope) designed for two-color
imaging that utilizes an electrotunable lens
(ETL), inserted in the detection arm of a
digital scanned light-sheet microscope
(DSLM), to correct for shifts in focal plane
due for spatial heterogeneity in RI in cleared
tissue. Critically, C-DSLM compensates for
inhomogeneous clearing, is compatible with
any clearing technique, and can utilize
multiple types of air-immersion excitation
and detection objectives.

Lateral cross sections taken through the center of the rat eye provides the
greatest area for observing superficial layers of the eyes. At the site of these
superficial layers, expression of angiogenic factors like vascular endothelial
growth factor (VEGF) vary through stages of embryonic development.
Previous research has demonstrated that expression of angiogenic factors in
the retina become disrupted in pre-term infants. This disruption leads to the
onset of retinopathy of prematurity (ROP). ROP has not yet been studying
using three dimensional imaging techniques. (scale bar – 1 mm)

Confocal microscopy image of the
vasculature in a dissected and
flowered retina. This methodology
provides detailed information on the
vascular network at the cost of three-
dimensional correlations.

Retinopathy of prematurity (ROP) is a disease that affects blood vessel development and distribution
in the eyes of infants born prematurely. A common method used to investigate structure-function
relationships in ROP is serial sectioning followed by two-dimensional image analysis. Often, serial
sectioning is fraught with inconsistencies due to tissue tearing and folding which may introduce optical
artifacts. Of note are the errors that occur when multiple physical sections are computationally
reconstructed to quantify the spatial location of fluorescent labels within the original three-dimensional
tissue. In this work we utilize a technique, CLARITY, which renders tissue optically transparent
through the establishment of a monomer hydrogel matrix and removal of light scattering lipids to
generate optically transparent eyes. To measure fluorescent labels within these intact eyes we have
developed a unique digital scanned light sheet microscope (DSLM) specifically designed to quantify
fluorescently labeled signaling molecules and structures within CLARITY treated samples. These two
techniques combined provide a methodology to quantify the three-dimensional distribution of key
signaling molecules and structures during development of the eye, bypassing issues inherent in serial
sectioning, two dimensional imaging and computational reconstruction. Here, we report quantification
of the vascular and neuronal network structures in intact control and ROP model rat eyes. Using eyes
harvested at multiple time points in development, we provide a comparative analysis evaluating both
two dimensional and three dimensional imaging techniques and find that network features in
developing eyes are more accurately quantified using our three-dimensional imaging approach. This
paves the way for future studies of the exact timing of changes of signaling and structural
development, in three-dimensions, during the pathogenesis of ROP.

The molecular pathway for angiogenesis
starts with hypoxia-inducible factor 1α
(HIF-1α) translocating to the nucleus and
upregulating the expression of vascular
endothelial growth factor (VEGF). VEGF
then functions concurrently with insulin-
growth factor 1 (IGF-1) to initiate
angiogenesis. Hypoxic conditions
observed in pre-term infants affects this
pathway leading to abnormal
angiogenesis and ROP
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Comparison of commonly available
fluorescence microscopy techniques.
Light-sheet fluorescence microscopy
(right) requires less laser power and
enables rapid volumetric imaging with
minimal loss in resolution. However,
this requires more complex optics due
to the separation of the excitation and
detection pathways.
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3D network analysis

Threshold and flood-fill algorithm

We, and other groups, have found that not all antibodies are
suitable for penetration intact organs. Multiple trials have
shown that PECAM and Pax-6 provide the cleanest signal.

Top right: un-cleared vs. cleared eye
Middle right: cleared eye in RIMS
Bottom left: cleared eye in C-DSLM 
sample chamber
Far left: Dissecting eye from optic 
nerve
Near left: Removing lens from eye

2D histology sections of PECAM (top left) and Pax-6
(top right) labeled eyes (scale bar – 1mm). We then
threshold, binarize, and calculate total fluorescence
area, cell bodies, and connectivity using ImageJ for
multiple physical slices for every eye.
(scale bar – 1mm)
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ROP in the mouse has commonly be
induced through hyperoxia exposure.
Normoxia (left) and hyperoxia (right)
retinal vasculature.

C-DSLM imaging of PECAM (red) and Pax-6 
(blue). 3D blended rendering (top left) and 3D 
cross-section (top right) created with Vaa3D. 
Network analysis of C-DSLM data (bottom left), 
created with APP2-Neuron tool in Vaa3D.  This 
tool provides near-automated detection of 
networks within 3D fluorescence imaging data. 
For this image, we find ~850 branch points and an 
average radius of 70 microns for PECAM and 
~640 branch points and an average radius of 40 
microns for Pax-6. The imaging takes roughly 15 
minutes, speeding 3D reconstruction by optically 
sectioning instead of physical sectioning. 
(scale bars - 0.3 mm)

Summary/Conclusions
The combination of optical tissue clearing techniques and fluorescent antibody
labeling offers simple and rapid imaging of entire intact eyes using C-DSLM.
However, antibody penetration and labeling specificity has so far limited our ability to
apply this technique.

Utilizing PECAM and PAX-6, we have generated both 2D and 3D maps of the
vascular and neuronal networks within control and ROP eyes. We find that 3D

Additional work must be conducted to optimize the labeling technique for high-contrast 
imaging of vascular and neuronal networks. Once complete, this methodology may be 
applied to a large number of samples and provide a unique datasets previously 
unavailable to researchers studying ROP.
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Abstract Background

Results

Hypothesis
Three-dimensional fluorescence microscopy combined with intact, optically 
cleared eyes will generate more comprehensive view of angiogenesis than 
commonly used two-dimensional fluorescence microscopy techniques, such 
as confocal microscopy. 

Because confocal microscopy measurements have only been able to quantify 
changes to the retinal vasculature, we anticipate measurements of intact 
eyes may show previously unreported changes in vasculature within the 
Choroid and Sclera during ROP.

Methods

Results

Background

Eyes are first incubated in acrylamide monomer
for 24 hours. The monomer then polymerizes into
the hydrogel in heat for several hours. After this,
eyes are washed with SDS which binds to
neutrally charged fats in the tissue and removes
them from the hydrogel.

We have designed and built a prototype C-
DSLM (cleared tissue digital scanned light
sheet microscope) designed for two-color
imaging that utilizes an electrotunable lens
(ETL), inserted in the detection arm of a
digital scanned light-sheet microscope
(DSLM), to correct for shifts in focal plane
due for spatial heterogeneity in RI in cleared
tissue. Critically, C-DSLM compensates for
inhomogeneous clearing, is compatible with
any clearing technique, and can utilize
multiple types of air-immersion excitation
and detection objectives.

Lateral cross sections taken through the center of the rat eye provides the
greatest area for observing superficial layers of the eyes. At the site of these
superficial layers, expression of angiogenic factors like vascular endothelial
growth factor (VEGF) vary through stages of embryonic development.
Previous research has demonstrated that expression of angiogenic factors in
the retina become disrupted in pre-term infants. This disruption leads to the
onset of retinopathy of prematurity (ROP). ROP has not yet been studying
using three dimensional imaging techniques. (scale bar – 1 mm)

Confocal microscopy image of the
vasculature in a dissected and
flowered retina. This methodology
provides detailed information on the
vascular network at the cost of three-
dimensional correlations.

Retinopathy of prematurity (ROP) is a disease that affects blood vessel development and distribution
in the eyes of infants born prematurely. A common method used to investigate structure-function
relationships in ROP is serial sectioning followed by two-dimensional image analysis. Often, serial
sectioning is fraught with inconsistencies due to tissue tearing and folding which may introduce optical
artifacts. Of note are the errors that occur when multiple physical sections are computationally
reconstructed to quantify the spatial location of fluorescent labels within the original three-dimensional
tissue. In this work we utilize a technique, CLARITY, which renders tissue optically transparent
through the establishment of a monomer hydrogel matrix and removal of light scattering lipids to
generate optically transparent eyes. To measure fluorescent labels within these intact eyes we have
developed a unique digital scanned light sheet microscope (DSLM) specifically designed to quantify
fluorescently labeled signaling molecules and structures within CLARITY treated samples. These two
techniques combined provide a methodology to quantify the three-dimensional distribution of key
signaling molecules and structures during development of the eye, bypassing issues inherent in serial
sectioning, two dimensional imaging and computational reconstruction. Here, we report quantification
of the vascular and neuronal network structures in intact control and ROP model rat eyes. Using eyes
harvested at multiple time points in development, we provide a comparative analysis evaluating both
two dimensional and three dimensional imaging techniques and find that network features in
developing eyes are more accurately quantified using our three-dimensional imaging approach. This
paves the way for future studies of the exact timing of changes of signaling and structural
development, in three-dimensions, during the pathogenesis of ROP.

The molecular pathway for angiogenesis
starts with hypoxia-inducible factor 1α
(HIF-1α) translocating to the nucleus and
upregulating the expression of vascular
endothelial growth factor (VEGF). VEGF
then functions concurrently with insulin-
growth factor 1 (IGF-1) to initiate
angiogenesis. Hypoxic conditions
observed in pre-term infants affects this
pathway leading to abnormal
angiogenesis and ROP
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Light-sheet fluorescence microscopy
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enables rapid volumetric imaging with
minimal loss in resolution. However,
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detection pathways.
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We, and other groups, have found that not all antibodies are
suitable for penetration intact organs. Multiple trials have
shown that PECAM and Pax-6 provide the cleanest signal.
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Middle right: cleared eye in RIMS
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sample chamber
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2D histology sections of PECAM (top left) and Pax-6
(top right) labeled eyes (scale bar – 1mm). We then
threshold, binarize, and calculate total fluorescence
area, cell bodies, and connectivity using ImageJ for
multiple physical slices for every eye.
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ROP in the mouse has commonly be
induced through hyperoxia exposure.
Normoxia (left) and hyperoxia (right)
retinal vasculature.

C-DSLM imaging of PECAM (red) and Pax-6 
(blue). 3D blended rendering (top left) and 3D 
cross-section (top right) created with Vaa3D. 
Network analysis of C-DSLM data (bottom left), 
created with APP2-Neuron tool in Vaa3D.  This 
tool provides near-automated detection of 
networks within 3D fluorescence imaging data. 
For this image, we find ~850 branch points and an 
average radius of 70 microns for PECAM and 
~640 branch points and an average radius of 40 
microns for Pax-6. The imaging takes roughly 15 
minutes, speeding 3D reconstruction by optically 
sectioning instead of physical sectioning. 
(scale bars - 0.3 mm)

Now what?  We can’t the eye(s) anymore!
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Can’t see anything in the brain either!



Hydrogel embedding

Need another way to “see” inside the tissue
Chung et al Nature 2013



Learning Objectives
1. Explain why tissue scatters light and how one can alter 

the light scattering properties of tissue. 
2. Describe laser-induced fluorescence and light-sheet 

fluorescence microscopy.  
3. Summarize how combining these two methods allows 

one to measure structures within intact tissue and  
organs. 

4. Theorize how these advancements may help with  
pressing public health issues.
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Summary/Conclusions
The combination of optical tissue clearing techniques and fluorescent antibody
labeling offers simple and rapid imaging of entire intact eyes using C-DSLM.
However, antibody penetration and labeling specificity has so far limited our ability to
apply this technique.

Utilizing PECAM and PAX-6, we have generated both 2D and 3D maps of the
vascular and neuronal networks within control and ROP eyes. We find that 3D

Additional work must be conducted to optimize the labeling technique for high-contrast 
imaging of vascular and neuronal networks. Once complete, this methodology may be 
applied to a large number of samples and provide a unique datasets previously 
unavailable to researchers studying ROP.
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Abstract Background

Results

Hypothesis
Three-dimensional fluorescence microscopy combined with intact, optically 
cleared eyes will generate more comprehensive view of angiogenesis than 
commonly used two-dimensional fluorescence microscopy techniques, such 
as confocal microscopy. 

Because confocal microscopy measurements have only been able to quantify 
changes to the retinal vasculature, we anticipate measurements of intact 
eyes may show previously unreported changes in vasculature within the 
Choroid and Sclera during ROP.

Methods

Results

Background

Eyes are first incubated in acrylamide monomer
for 24 hours. The monomer then polymerizes into
the hydrogel in heat for several hours. After this,
eyes are washed with SDS which binds to
neutrally charged fats in the tissue and removes
them from the hydrogel.

We have designed and built a prototype C-
DSLM (cleared tissue digital scanned light
sheet microscope) designed for two-color
imaging that utilizes an electrotunable lens
(ETL), inserted in the detection arm of a
digital scanned light-sheet microscope
(DSLM), to correct for shifts in focal plane
due for spatial heterogeneity in RI in cleared
tissue. Critically, C-DSLM compensates for
inhomogeneous clearing, is compatible with
any clearing technique, and can utilize
multiple types of air-immersion excitation
and detection objectives.

Lateral cross sections taken through the center of the rat eye provides the
greatest area for observing superficial layers of the eyes. At the site of these
superficial layers, expression of angiogenic factors like vascular endothelial
growth factor (VEGF) vary through stages of embryonic development.
Previous research has demonstrated that expression of angiogenic factors in
the retina become disrupted in pre-term infants. This disruption leads to the
onset of retinopathy of prematurity (ROP). ROP has not yet been studying
using three dimensional imaging techniques. (scale bar – 1 mm)

Confocal microscopy image of the
vasculature in a dissected and
flowered retina. This methodology
provides detailed information on the
vascular network at the cost of three-
dimensional correlations.

Retinopathy of prematurity (ROP) is a disease that affects blood vessel development and distribution
in the eyes of infants born prematurely. A common method used to investigate structure-function
relationships in ROP is serial sectioning followed by two-dimensional image analysis. Often, serial
sectioning is fraught with inconsistencies due to tissue tearing and folding which may introduce optical
artifacts. Of note are the errors that occur when multiple physical sections are computationally
reconstructed to quantify the spatial location of fluorescent labels within the original three-dimensional
tissue. In this work we utilize a technique, CLARITY, which renders tissue optically transparent
through the establishment of a monomer hydrogel matrix and removal of light scattering lipids to
generate optically transparent eyes. To measure fluorescent labels within these intact eyes we have
developed a unique digital scanned light sheet microscope (DSLM) specifically designed to quantify
fluorescently labeled signaling molecules and structures within CLARITY treated samples. These two
techniques combined provide a methodology to quantify the three-dimensional distribution of key
signaling molecules and structures during development of the eye, bypassing issues inherent in serial
sectioning, two dimensional imaging and computational reconstruction. Here, we report quantification
of the vascular and neuronal network structures in intact control and ROP model rat eyes. Using eyes
harvested at multiple time points in development, we provide a comparative analysis evaluating both
two dimensional and three dimensional imaging techniques and find that network features in
developing eyes are more accurately quantified using our three-dimensional imaging approach. This
paves the way for future studies of the exact timing of changes of signaling and structural
development, in three-dimensions, during the pathogenesis of ROP.

The molecular pathway for angiogenesis
starts with hypoxia-inducible factor 1α
(HIF-1α) translocating to the nucleus and
upregulating the expression of vascular
endothelial growth factor (VEGF). VEGF
then functions concurrently with insulin-
growth factor 1 (IGF-1) to initiate
angiogenesis. Hypoxic conditions
observed in pre-term infants affects this
pathway leading to abnormal
angiogenesis and ROP
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Comparison of commonly available
fluorescence microscopy techniques.
Light-sheet fluorescence microscopy
(right) requires less laser power and
enables rapid volumetric imaging with
minimal loss in resolution. However,
this requires more complex optics due
to the separation of the excitation and
detection pathways.

3D render 3D cross-section

3D network analysis

Threshold and flood-fill algorithm

We, and other groups, have found that not all antibodies are
suitable for penetration intact organs. Multiple trials have
shown that PECAM and Pax-6 provide the cleanest signal.

Top right: un-cleared vs. cleared eye
Middle right: cleared eye in RIMS
Bottom left: cleared eye in C-DSLM 
sample chamber
Far left: Dissecting eye from optic 
nerve
Near left: Removing lens from eye

2D histology sections of PECAM (top left) and Pax-6
(top right) labeled eyes (scale bar – 1mm). We then
threshold, binarize, and calculate total fluorescence
area, cell bodies, and connectivity using ImageJ for
multiple physical slices for every eye.
(scale bar – 1mm)
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ROP in the mouse has commonly be
induced through hyperoxia exposure.
Normoxia (left) and hyperoxia (right)
retinal vasculature.

C-DSLM imaging of PECAM (red) and Pax-6 
(blue). 3D blended rendering (top left) and 3D 
cross-section (top right) created with Vaa3D. 
Network analysis of C-DSLM data (bottom left), 
created with APP2-Neuron tool in Vaa3D.  This 
tool provides near-automated detection of 
networks within 3D fluorescence imaging data. 
For this image, we find ~850 branch points and an 
average radius of 70 microns for PECAM and 
~640 branch points and an average radius of 40 
microns for Pax-6. The imaging takes roughly 15 
minutes, speeding 3D reconstruction by optically 
sectioning instead of physical sectioning. 
(scale bars - 0.3 mm)
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Summary/Conclusions
The combination of optical tissue clearing techniques and fluorescent antibody
labeling offers simple and rapid imaging of entire intact eyes using C-DSLM.
However, antibody penetration and labeling specificity has so far limited our ability to
apply this technique.

Utilizing PECAM and PAX-6, we have generated both 2D and 3D maps of the
vascular and neuronal networks within control and ROP eyes. We find that 3D

Additional work must be conducted to optimize the labeling technique for high-contrast 
imaging of vascular and neuronal networks. Once complete, this methodology may be 
applied to a large number of samples and provide a unique datasets previously 
unavailable to researchers studying ROP.

Cavallaro, G., Luca, F., Paola, B., and Fabio, M. (2014). The pathophysiology of retinopathy of prematurity: an update of previous 
and recent knowledge. Acta Ophthalmologica 92, 2–20.
Chen, J., and Smith, L.E.H. (2007). Retinopathy of Prematurity. Angiogenesis 10, 133–140
Figueras-Aloy, J., Alvarez-Dominguez, E., Morales-Ballus, M., and Moretones-Sunol, G. (2010). Early Administration of 
Erythropoietin in the extreme premature, a risk factor for retinopath of prematurity. Anales De Pedatria 73, 327–333.
Coene, W.M.., and Van Dyck, D. (1996). Maximum-likelihood methof for focus-variatkon image reconstruction in high resolution 
transmission electron microscopy. Ultramicroscopy 64, 109–135.
Montoya, R.V., Clapp, C., Rivera, J.C., and Quiroz-Mercaso, H. (2010). intraocular and systemic levels of vascular endothelial 
growth factor in advanced cases of retinopathy of prematurity. Clinical Ophthamology 4, 947–953.
Pierce, E.., Avery, R.L., Aiello, L.P., and Smith, L.E.H. (1995). Vascular endothelial growth factor.vascular permeability factor 
expression in a mouse model of retinal neovascularization. 92.
Smith, L.E.H. (2003). Pathogenesis of retinopathy of prematurity. Seminars in Neonatology 8, 469–473.
Voie, A.H., Burns, D.H., and Spelman, F.A. (1993). Orthogonal-plane fluorescence optical sectioning: Three-dimensional imaging 
of macroscopic biological specimens.
Journal of Microscopy 170, 229–236.
Zheng, Guoyan, (2010) Statistical shape model-based reconstruction of a scaled, patient-specific surface model of the pelvis from 
a single standard AP x-ray radiograph, Medical Physics, 37, 1424-1439 DOI:http://dx.doi.org/10.1118/1.3327453
Stalling, D., Wasterhoff, M., and Hege, H.-C. (2005) Amira: a highly interactive system for visual data analysis. National Science 
Foundation.
Chung, K., and Deisseroth, K. (2013). Structural and molecular interrogation of intact biological systems. Nature 000.

Future Work

Three-dimensional quantification of the spatiotemporal co-evolution of
vascular and neuronal networks within intact Rat eyes

Jasmine Singh1,2, Gregory J. Seedorf2, Joseph A. Brzezinski3, Douglas P. Shepherd1,2,4

1Integrative Science Program, University of Colorado Denver, Denver CO 80217
2Pediatric Heart Lung Center, University of Colorado Denver, Aurora CO 80045

3Department of Ophthalmology, University of Colorado School of Medicine, Aurora CO 80045
4Department of Physics, University of Colorado Denver, Denver CO 80217

Abstract Background

Results

Hypothesis
Three-dimensional fluorescence microscopy combined with intact, optically 
cleared eyes will generate more comprehensive view of angiogenesis than 
commonly used two-dimensional fluorescence microscopy techniques, such 
as confocal microscopy. 

Because confocal microscopy measurements have only been able to quantify 
changes to the retinal vasculature, we anticipate measurements of intact 
eyes may show previously unreported changes in vasculature within the 
Choroid and Sclera during ROP.
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for 24 hours. The monomer then polymerizes into
the hydrogel in heat for several hours. After this,
eyes are washed with SDS which binds to
neutrally charged fats in the tissue and removes
them from the hydrogel.

We have designed and built a prototype C-
DSLM (cleared tissue digital scanned light
sheet microscope) designed for two-color
imaging that utilizes an electrotunable lens
(ETL), inserted in the detection arm of a
digital scanned light-sheet microscope
(DSLM), to correct for shifts in focal plane
due for spatial heterogeneity in RI in cleared
tissue. Critically, C-DSLM compensates for
inhomogeneous clearing, is compatible with
any clearing technique, and can utilize
multiple types of air-immersion excitation
and detection objectives.

Lateral cross sections taken through the center of the rat eye provides the
greatest area for observing superficial layers of the eyes. At the site of these
superficial layers, expression of angiogenic factors like vascular endothelial
growth factor (VEGF) vary through stages of embryonic development.
Previous research has demonstrated that expression of angiogenic factors in
the retina become disrupted in pre-term infants. This disruption leads to the
onset of retinopathy of prematurity (ROP). ROP has not yet been studying
using three dimensional imaging techniques. (scale bar – 1 mm)

Confocal microscopy image of the
vasculature in a dissected and
flowered retina. This methodology
provides detailed information on the
vascular network at the cost of three-
dimensional correlations.

Retinopathy of prematurity (ROP) is a disease that affects blood vessel development and distribution
in the eyes of infants born prematurely. A common method used to investigate structure-function
relationships in ROP is serial sectioning followed by two-dimensional image analysis. Often, serial
sectioning is fraught with inconsistencies due to tissue tearing and folding which may introduce optical
artifacts. Of note are the errors that occur when multiple physical sections are computationally
reconstructed to quantify the spatial location of fluorescent labels within the original three-dimensional
tissue. In this work we utilize a technique, CLARITY, which renders tissue optically transparent
through the establishment of a monomer hydrogel matrix and removal of light scattering lipids to
generate optically transparent eyes. To measure fluorescent labels within these intact eyes we have
developed a unique digital scanned light sheet microscope (DSLM) specifically designed to quantify
fluorescently labeled signaling molecules and structures within CLARITY treated samples. These two
techniques combined provide a methodology to quantify the three-dimensional distribution of key
signaling molecules and structures during development of the eye, bypassing issues inherent in serial
sectioning, two dimensional imaging and computational reconstruction. Here, we report quantification
of the vascular and neuronal network structures in intact control and ROP model rat eyes. Using eyes
harvested at multiple time points in development, we provide a comparative analysis evaluating both
two dimensional and three dimensional imaging techniques and find that network features in
developing eyes are more accurately quantified using our three-dimensional imaging approach. This
paves the way for future studies of the exact timing of changes of signaling and structural
development, in three-dimensions, during the pathogenesis of ROP.

The molecular pathway for angiogenesis
starts with hypoxia-inducible factor 1α
(HIF-1α) translocating to the nucleus and
upregulating the expression of vascular
endothelial growth factor (VEGF). VEGF
then functions concurrently with insulin-
growth factor 1 (IGF-1) to initiate
angiogenesis. Hypoxic conditions
observed in pre-term infants affects this
pathway leading to abnormal
angiogenesis and ROP
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Comparison of commonly available
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Light-sheet fluorescence microscopy
(right) requires less laser power and
enables rapid volumetric imaging with
minimal loss in resolution. However,
this requires more complex optics due
to the separation of the excitation and
detection pathways.
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We, and other groups, have found that not all antibodies are
suitable for penetration intact organs. Multiple trials have
shown that PECAM and Pax-6 provide the cleanest signal.

Top right: un-cleared vs. cleared eye
Middle right: cleared eye in RIMS
Bottom left: cleared eye in C-DSLM 
sample chamber
Far left: Dissecting eye from optic 
nerve
Near left: Removing lens from eye

2D histology sections of PECAM (top left) and Pax-6
(top right) labeled eyes (scale bar – 1mm). We then
threshold, binarize, and calculate total fluorescence
area, cell bodies, and connectivity using ImageJ for
multiple physical slices for every eye.
(scale bar – 1mm)
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ROP in the mouse has commonly be
induced through hyperoxia exposure.
Normoxia (left) and hyperoxia (right)
retinal vasculature.

C-DSLM imaging of PECAM (red) and Pax-6 
(blue). 3D blended rendering (top left) and 3D 
cross-section (top right) created with Vaa3D. 
Network analysis of C-DSLM data (bottom left), 
created with APP2-Neuron tool in Vaa3D.  This 
tool provides near-automated detection of 
networks within 3D fluorescence imaging data. 
For this image, we find ~850 branch points and an 
average radius of 70 microns for PECAM and 
~640 branch points and an average radius of 40 
microns for Pax-6. The imaging takes roughly 15 
minutes, speeding 3D reconstruction by optically 
sectioning instead of physical sectioning. 
(scale bars - 0.3 mm)
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Summary/Conclusions
The combination of optical tissue clearing techniques and fluorescent antibody
labeling offers simple and rapid imaging of entire intact eyes using C-DSLM.
However, antibody penetration and labeling specificity has so far limited our ability to
apply this technique.

Utilizing PECAM and PAX-6, we have generated both 2D and 3D maps of the
vascular and neuronal networks within control and ROP eyes. We find that 3D

Additional work must be conducted to optimize the labeling technique for high-contrast 
imaging of vascular and neuronal networks. Once complete, this methodology may be 
applied to a large number of samples and provide a unique datasets previously 
unavailable to researchers studying ROP.
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Abstract Background

Results

Hypothesis
Three-dimensional fluorescence microscopy combined with intact, optically 
cleared eyes will generate more comprehensive view of angiogenesis than 
commonly used two-dimensional fluorescence microscopy techniques, such 
as confocal microscopy. 

Because confocal microscopy measurements have only been able to quantify 
changes to the retinal vasculature, we anticipate measurements of intact 
eyes may show previously unreported changes in vasculature within the 
Choroid and Sclera during ROP.

Methods

Results

Background

Eyes are first incubated in acrylamide monomer
for 24 hours. The monomer then polymerizes into
the hydrogel in heat for several hours. After this,
eyes are washed with SDS which binds to
neutrally charged fats in the tissue and removes
them from the hydrogel.

We have designed and built a prototype C-
DSLM (cleared tissue digital scanned light
sheet microscope) designed for two-color
imaging that utilizes an electrotunable lens
(ETL), inserted in the detection arm of a
digital scanned light-sheet microscope
(DSLM), to correct for shifts in focal plane
due for spatial heterogeneity in RI in cleared
tissue. Critically, C-DSLM compensates for
inhomogeneous clearing, is compatible with
any clearing technique, and can utilize
multiple types of air-immersion excitation
and detection objectives.

Lateral cross sections taken through the center of the rat eye provides the
greatest area for observing superficial layers of the eyes. At the site of these
superficial layers, expression of angiogenic factors like vascular endothelial
growth factor (VEGF) vary through stages of embryonic development.
Previous research has demonstrated that expression of angiogenic factors in
the retina become disrupted in pre-term infants. This disruption leads to the
onset of retinopathy of prematurity (ROP). ROP has not yet been studying
using three dimensional imaging techniques. (scale bar – 1 mm)

Confocal microscopy image of the
vasculature in a dissected and
flowered retina. This methodology
provides detailed information on the
vascular network at the cost of three-
dimensional correlations.

Retinopathy of prematurity (ROP) is a disease that affects blood vessel development and distribution
in the eyes of infants born prematurely. A common method used to investigate structure-function
relationships in ROP is serial sectioning followed by two-dimensional image analysis. Often, serial
sectioning is fraught with inconsistencies due to tissue tearing and folding which may introduce optical
artifacts. Of note are the errors that occur when multiple physical sections are computationally
reconstructed to quantify the spatial location of fluorescent labels within the original three-dimensional
tissue. In this work we utilize a technique, CLARITY, which renders tissue optically transparent
through the establishment of a monomer hydrogel matrix and removal of light scattering lipids to
generate optically transparent eyes. To measure fluorescent labels within these intact eyes we have
developed a unique digital scanned light sheet microscope (DSLM) specifically designed to quantify
fluorescently labeled signaling molecules and structures within CLARITY treated samples. These two
techniques combined provide a methodology to quantify the three-dimensional distribution of key
signaling molecules and structures during development of the eye, bypassing issues inherent in serial
sectioning, two dimensional imaging and computational reconstruction. Here, we report quantification
of the vascular and neuronal network structures in intact control and ROP model rat eyes. Using eyes
harvested at multiple time points in development, we provide a comparative analysis evaluating both
two dimensional and three dimensional imaging techniques and find that network features in
developing eyes are more accurately quantified using our three-dimensional imaging approach. This
paves the way for future studies of the exact timing of changes of signaling and structural
development, in three-dimensions, during the pathogenesis of ROP.

The molecular pathway for angiogenesis
starts with hypoxia-inducible factor 1α
(HIF-1α) translocating to the nucleus and
upregulating the expression of vascular
endothelial growth factor (VEGF). VEGF
then functions concurrently with insulin-
growth factor 1 (IGF-1) to initiate
angiogenesis. Hypoxic conditions
observed in pre-term infants affects this
pathway leading to abnormal
angiogenesis and ROP
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We, and other groups, have found that not all antibodies are
suitable for penetration intact organs. Multiple trials have
shown that PECAM and Pax-6 provide the cleanest signal.
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sample chamber
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2D histology sections of PECAM (top left) and Pax-6
(top right) labeled eyes (scale bar – 1mm). We then
threshold, binarize, and calculate total fluorescence
area, cell bodies, and connectivity using ImageJ for
multiple physical slices for every eye.
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ROP in the mouse has commonly be
induced through hyperoxia exposure.
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retinal vasculature.

C-DSLM imaging of PECAM (red) and Pax-6 
(blue). 3D blended rendering (top left) and 3D 
cross-section (top right) created with Vaa3D. 
Network analysis of C-DSLM data (bottom left), 
created with APP2-Neuron tool in Vaa3D.  This 
tool provides near-automated detection of 
networks within 3D fluorescence imaging data. 
For this image, we find ~850 branch points and an 
average radius of 70 microns for PECAM and 
~640 branch points and an average radius of 40 
microns for Pax-6. The imaging takes roughly 15 
minutes, speeding 3D reconstruction by optically 
sectioning instead of physical sectioning. 
(scale bars - 0.3 mm)
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Summary/Conclusions
The combination of optical tissue clearing techniques and fluorescent antibody
labeling offers simple and rapid imaging of entire intact eyes using C-DSLM.
However, antibody penetration and labeling specificity has so far limited our ability to
apply this technique.

Utilizing PECAM and PAX-6, we have generated both 2D and 3D maps of the
vascular and neuronal networks within control and ROP eyes. We find that 3D
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Abstract Background

Results

Hypothesis
Three-dimensional fluorescence microscopy combined with intact, optically 
cleared eyes will generate more comprehensive view of angiogenesis than 
commonly used two-dimensional fluorescence microscopy techniques, such 
as confocal microscopy. 

Because confocal microscopy measurements have only been able to quantify 
changes to the retinal vasculature, we anticipate measurements of intact 
eyes may show previously unreported changes in vasculature within the 
Choroid and Sclera during ROP.

Methods

Results

Background

Eyes are first incubated in acrylamide monomer
for 24 hours. The monomer then polymerizes into
the hydrogel in heat for several hours. After this,
eyes are washed with SDS which binds to
neutrally charged fats in the tissue and removes
them from the hydrogel.

We have designed and built a prototype C-
DSLM (cleared tissue digital scanned light
sheet microscope) designed for two-color
imaging that utilizes an electrotunable lens
(ETL), inserted in the detection arm of a
digital scanned light-sheet microscope
(DSLM), to correct for shifts in focal plane
due for spatial heterogeneity in RI in cleared
tissue. Critically, C-DSLM compensates for
inhomogeneous clearing, is compatible with
any clearing technique, and can utilize
multiple types of air-immersion excitation
and detection objectives.

Lateral cross sections taken through the center of the rat eye provides the
greatest area for observing superficial layers of the eyes. At the site of these
superficial layers, expression of angiogenic factors like vascular endothelial
growth factor (VEGF) vary through stages of embryonic development.
Previous research has demonstrated that expression of angiogenic factors in
the retina become disrupted in pre-term infants. This disruption leads to the
onset of retinopathy of prematurity (ROP). ROP has not yet been studying
using three dimensional imaging techniques. (scale bar – 1 mm)

Confocal microscopy image of the
vasculature in a dissected and
flowered retina. This methodology
provides detailed information on the
vascular network at the cost of three-
dimensional correlations.

Retinopathy of prematurity (ROP) is a disease that affects blood vessel development and distribution
in the eyes of infants born prematurely. A common method used to investigate structure-function
relationships in ROP is serial sectioning followed by two-dimensional image analysis. Often, serial
sectioning is fraught with inconsistencies due to tissue tearing and folding which may introduce optical
artifacts. Of note are the errors that occur when multiple physical sections are computationally
reconstructed to quantify the spatial location of fluorescent labels within the original three-dimensional
tissue. In this work we utilize a technique, CLARITY, which renders tissue optically transparent
through the establishment of a monomer hydrogel matrix and removal of light scattering lipids to
generate optically transparent eyes. To measure fluorescent labels within these intact eyes we have
developed a unique digital scanned light sheet microscope (DSLM) specifically designed to quantify
fluorescently labeled signaling molecules and structures within CLARITY treated samples. These two
techniques combined provide a methodology to quantify the three-dimensional distribution of key
signaling molecules and structures during development of the eye, bypassing issues inherent in serial
sectioning, two dimensional imaging and computational reconstruction. Here, we report quantification
of the vascular and neuronal network structures in intact control and ROP model rat eyes. Using eyes
harvested at multiple time points in development, we provide a comparative analysis evaluating both
two dimensional and three dimensional imaging techniques and find that network features in
developing eyes are more accurately quantified using our three-dimensional imaging approach. This
paves the way for future studies of the exact timing of changes of signaling and structural
development, in three-dimensions, during the pathogenesis of ROP.

The molecular pathway for angiogenesis
starts with hypoxia-inducible factor 1α
(HIF-1α) translocating to the nucleus and
upregulating the expression of vascular
endothelial growth factor (VEGF). VEGF
then functions concurrently with insulin-
growth factor 1 (IGF-1) to initiate
angiogenesis. Hypoxic conditions
observed in pre-term infants affects this
pathway leading to abnormal
angiogenesis and ROP

Methods

Endothelial 
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Anti-Mouse 
ERG

Anti-Mouse
Calretinin

Anti-Mouse Von 
Willebrand

Anti-Mouse 
PECAM (CD31)

Anti-Rabbit 
Pax-6

References

Comparison of commonly available
fluorescence microscopy techniques.
Light-sheet fluorescence microscopy
(right) requires less laser power and
enables rapid volumetric imaging with
minimal loss in resolution. However,
this requires more complex optics due
to the separation of the excitation and
detection pathways.

3D render 3D cross-section

3D network analysis

Threshold and flood-fill algorithm

We, and other groups, have found that not all antibodies are
suitable for penetration intact organs. Multiple trials have
shown that PECAM and Pax-6 provide the cleanest signal.

Top right: un-cleared vs. cleared eye
Middle right: cleared eye in RIMS
Bottom left: cleared eye in C-DSLM 
sample chamber
Far left: Dissecting eye from optic 
nerve
Near left: Removing lens from eye

2D histology sections of PECAM (top left) and Pax-6
(top right) labeled eyes (scale bar – 1mm). We then
threshold, binarize, and calculate total fluorescence
area, cell bodies, and connectivity using ImageJ for
multiple physical slices for every eye.
(scale bar – 1mm)
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ROP in the mouse has commonly be
induced through hyperoxia exposure.
Normoxia (left) and hyperoxia (right)
retinal vasculature.

C-DSLM imaging of PECAM (red) and Pax-6 
(blue). 3D blended rendering (top left) and 3D 
cross-section (top right) created with Vaa3D. 
Network analysis of C-DSLM data (bottom left), 
created with APP2-Neuron tool in Vaa3D.  This 
tool provides near-automated detection of 
networks within 3D fluorescence imaging data. 
For this image, we find ~850 branch points and an 
average radius of 70 microns for PECAM and 
~640 branch points and an average radius of 40 
microns for Pax-6. The imaging takes roughly 15 
minutes, speeding 3D reconstruction by optically 
sectioning instead of physical sectioning. 
(scale bars - 0.3 mm)
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Learning Objectives
1. Explain why tissue scatters light and how one can alter 

the light scattering properties of tissue. 
2. Describe laser-induced fluorescence and light-sheet 

fluorescence microscopy.  
3. Summarize how combining these two methods allows 

one to measure structures within intact tissue and  
organs. 

4. Theorize how these advancements may help with  
pressing public health issues.
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If you are really patient, you can 
reconstruct a whole mouse brain
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Basomedial amygdala mediates  
top-down control of anxiety and fear
Avishek Adhikari1,2*, Talia N. Lerner1,2*, Joel Finkelstein1*, Sally Pak1, Joshua H. Jennings1,2, Thomas J. Davidson1,2, 
Emily Ferenczi1,3, Lisa A. Gunaydin1,3, Julie J. Mirzabekov1, Li Ye1,2, Sung-Yon Kim1,3, Anna Lei1 & Karl Deisseroth1,2,3,4,5

Human1,2 and animal3,4 studies have implicated diverse cortical and 
subcortical regions in anxiety and fear regulation. Interestingly, altered 
structure1 and activity correlations2 between mPFC and amygdala have 
been reported in patients with anxiety disorders, although the precise 
causal connections remain unclear3,5. Complexity is suspected, since 
ventral and dorsal mPFC (vmPFC and dmPFC, respectively) may have 
opposing roles in fear (vmPFC inhibits dmPFC6, and stimulation of 
vmPFC7 or dmPFC3 respectively decreases or increases freezing). 
Relevant subcortical regions are also complex; inhibitory inter-
calated cells (ITCs) in amygdala have been hypothesized to be vmPFC  
targets8, and to inhibit fear-promoting cells of the central nucleus of the 
amygdala, which could be relevant to the decreased freezing caused by 
electrical stimulation of vmPFC3. In contrast, dmPFC innervates the 
basolateral amygdala (BLA)9, and the bulk of the BLA population pro-
motes fear10–12. This model could explain vmPFC–dmPFC functional 
differences3,10 and why lesioning ITCs promotes freezing13, but has 
never directly and precisely been tested.

In rats the vmPFC–ITC projection is sparse8, suggesting considera-
tion of other targets of mPFC in amygdala for mediation of top-down 
control. Moreover, prior investigations of mPFC–amygdala circuitry 
employed electrical13–15 or optical stimulation that did not precisely 
resolve projections defined by cortical subregion origin and amyg-
dala subregion target7,16,17. Finally, slower-timescale vmPFC18–21 and 
dmPFC18,22,23 lesions and inactivations have generated conflicting 
effects on anxiety. The precise identity of a functional top-down anx-
iolytic circuit has thus remained unknown. Here, we resolved distinct 
mPFC–amygdala projections in mice by combining anatomical tracing, 
CLARITY, in vivo and in vitro mapping of functional connectivity, and 
optogenetic control of mPFC–amygdala projections during fear- and 
anxiety-related behaviours.

Direct top-down control of anxiety
Increased anxiety involves alterations in physiology and behaviour (for 
example, increases in respiratory rate and risk-avoidance)24. In rodents, 

avoidance of open arms of the elevated plus maze (EPM) is a measure of 
anxiety-related behaviour24,25. We expressed channelrhodopsin ChR2-
H134R in mouse vmPFC (Extended Data Fig. 1a, b, Supplementary 
Note 1) and implanted fibre-optic cannulae above the amygdala 
(vmPFC–amygdala:ChR2 mice, Fig. 1a) or above vmPFC (vmPF-
C:ChR2 mice). vmPFC–amygdala activation decreased avoidance of 
open spaces in EPM (two-way repeated measures analysis of variance 
(ANOVA), opsin ×  epoch interaction, F2,37 =  3.1, P =  0.04, post-hoc 
Wilcoxon rank-sum test P =  0.009; Fig. 1b, see Extended Data Table 1 
for absolute values) and open field (Extended Data Fig. 2d). Projection-
targeting appeared to resolve a distinct cell population, since directly 
exciting the entire vmPFC was not anxiolytic (Extended Data Fig. 2b, c).

Respiratory rates increased during exploration of the anxiogenic 
open field (relative to home cage)24,26,27 in control animals (second 
and third epochs in Fig. 1c, g marked by a dashed red line, Fig. 1c; see 
Extended Data Fig. 3 for heart rate (a), sham-injected animals (e–h) and 
raw traces (i, j)). vmPFC–amygdala activation suppressed this increase 
in respiratory rate (Fig. 1c; two-way repeated measures ANOVA, main 
effect of opsin, F2,29 =  11.7, P =  0.0014, post-hoc Wilcoxon rank-sum 
test, P =  0.03) without changing locomotion (Fig. 1d), or respiratory 
rate in the home cage (Extended Data Fig. 3b), suggesting suppression 
of respiratory rate only in anxiogenic settings (Supplementary Note 2). 
Antidromic spikes in PFC were not readily detected following opto-
genetic excitation of vmPFC–amygdala:ChR2 terminals (Extended 
Data Fig. 4). Dorsal mPFC (dmPFC) was investigated next. dmPFC–
amygdala:YFP mice did not exhibit labelled fibres in hypothalamus, 
in contrast to vmPFC–amygdala:YFP mice (Extended Data Fig. 1c, g),  
supporting correct anatomical targeting9 (Supplementary Note 1). 
Upon optical stimulation, dmPFC–amygdala:ChR2 mice showed 
no changes in behavioural (Fig. 1f, h and Extended Data Fig. 2g) or  
physiological (Fig. 1g and Extended Data Fig. 2h–j) measures of  
anxiety; consistent with prior reports28,29.

To evaluate the necessity of endogenous vmPFC–amygdala 
activity for anxiolysis, we expressed the inhibitory halorhodopsin 

Anxiety-related conditions are among the most difficult neuropsychiatric diseases to treat pharmacologically, but respond 
to cognitive therapies. There has therefore been interest in identifying relevant top-down pathways from cognitive control 
regions in medial prefrontal cortex (mPFC). Identification of such pathways could contribute to our understanding of 
the cognitive regulation of affect, and provide pathways for intervention. Previous studies have suggested that dorsal 
and ventral mPFC subregions exert opposing effects on fear, as do subregions of other structures. However, precise 
causal targets for top-down connections among these diverse possibilities have not been established. Here we show 
that the basomedial amygdala (BMA) represents the major target of ventral mPFC in amygdala in mice. Moreover, BMA 
neurons differentiate safe and aversive environments, and BMA activation decreases fear-related freezing and high-
anxiety states. Lastly, we show that the ventral mPFC–BMA projection implements top-down control of anxiety state and 
learned freezing, both at baseline and in stress-induced anxiety, defining a broadly relevant new top-down behavioural 
regulation pathway.

1Department of Bioengineering, Stanford University, Stanford, California 94305, USA. 2CNC Program, Stanford University, Stanford, California 94304, USA. 3Neurosciences Program, Stanford 
University, Stanford, California 94305, USA. 4Department of Psychiatry and Behavioral Sciences, Stanford University, Stanford, California 94305, USA. 5Howard Hughes Medical Institute, Stanford 
University, Stanford, California 94305, USA.
*These authors contributed equally to this work.
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Human1,2 and animal3,4 studies have implicated diverse cortical and 
subcortical regions in anxiety and fear regulation. Interestingly, altered 
structure1 and activity correlations2 between mPFC and amygdala have 
been reported in patients with anxiety disorders, although the precise 
causal connections remain unclear3,5. Complexity is suspected, since 
ventral and dorsal mPFC (vmPFC and dmPFC, respectively) may have 
opposing roles in fear (vmPFC inhibits dmPFC6, and stimulation of 
vmPFC7 or dmPFC3 respectively decreases or increases freezing). 
Relevant subcortical regions are also complex; inhibitory inter-
calated cells (ITCs) in amygdala have been hypothesized to be vmPFC  
targets8, and to inhibit fear-promoting cells of the central nucleus of the 
amygdala, which could be relevant to the decreased freezing caused by 
electrical stimulation of vmPFC3. In contrast, dmPFC innervates the 
basolateral amygdala (BLA)9, and the bulk of the BLA population pro-
motes fear10–12. This model could explain vmPFC–dmPFC functional 
differences3,10 and why lesioning ITCs promotes freezing13, but has 
never directly and precisely been tested.

In rats the vmPFC–ITC projection is sparse8, suggesting considera-
tion of other targets of mPFC in amygdala for mediation of top-down 
control. Moreover, prior investigations of mPFC–amygdala circuitry 
employed electrical13–15 or optical stimulation that did not precisely 
resolve projections defined by cortical subregion origin and amyg-
dala subregion target7,16,17. Finally, slower-timescale vmPFC18–21 and 
dmPFC18,22,23 lesions and inactivations have generated conflicting 
effects on anxiety. The precise identity of a functional top-down anx-
iolytic circuit has thus remained unknown. Here, we resolved distinct 
mPFC–amygdala projections in mice by combining anatomical tracing, 
CLARITY, in vivo and in vitro mapping of functional connectivity, and 
optogenetic control of mPFC–amygdala projections during fear- and 
anxiety-related behaviours.

Direct top-down control of anxiety
Increased anxiety involves alterations in physiology and behaviour (for 
example, increases in respiratory rate and risk-avoidance)24. In rodents, 

avoidance of open arms of the elevated plus maze (EPM) is a measure of 
anxiety-related behaviour24,25. We expressed channelrhodopsin ChR2-
H134R in mouse vmPFC (Extended Data Fig. 1a, b, Supplementary 
Note 1) and implanted fibre-optic cannulae above the amygdala 
(vmPFC–amygdala:ChR2 mice, Fig. 1a) or above vmPFC (vmPF-
C:ChR2 mice). vmPFC–amygdala activation decreased avoidance of 
open spaces in EPM (two-way repeated measures analysis of variance 
(ANOVA), opsin ×  epoch interaction, F2,37 =  3.1, P =  0.04, post-hoc 
Wilcoxon rank-sum test P =  0.009; Fig. 1b, see Extended Data Table 1 
for absolute values) and open field (Extended Data Fig. 2d). Projection-
targeting appeared to resolve a distinct cell population, since directly 
exciting the entire vmPFC was not anxiolytic (Extended Data Fig. 2b, c).

Respiratory rates increased during exploration of the anxiogenic 
open field (relative to home cage)24,26,27 in control animals (second 
and third epochs in Fig. 1c, g marked by a dashed red line, Fig. 1c; see 
Extended Data Fig. 3 for heart rate (a), sham-injected animals (e–h) and 
raw traces (i, j)). vmPFC–amygdala activation suppressed this increase 
in respiratory rate (Fig. 1c; two-way repeated measures ANOVA, main 
effect of opsin, F2,29 =  11.7, P =  0.0014, post-hoc Wilcoxon rank-sum 
test, P =  0.03) without changing locomotion (Fig. 1d), or respiratory 
rate in the home cage (Extended Data Fig. 3b), suggesting suppression 
of respiratory rate only in anxiogenic settings (Supplementary Note 2). 
Antidromic spikes in PFC were not readily detected following opto-
genetic excitation of vmPFC–amygdala:ChR2 terminals (Extended 
Data Fig. 4). Dorsal mPFC (dmPFC) was investigated next. dmPFC–
amygdala:YFP mice did not exhibit labelled fibres in hypothalamus, 
in contrast to vmPFC–amygdala:YFP mice (Extended Data Fig. 1c, g),  
supporting correct anatomical targeting9 (Supplementary Note 1). 
Upon optical stimulation, dmPFC–amygdala:ChR2 mice showed 
no changes in behavioural (Fig. 1f, h and Extended Data Fig. 2g) or  
physiological (Fig. 1g and Extended Data Fig. 2h–j) measures of  
anxiety; consistent with prior reports28,29.

To evaluate the necessity of endogenous vmPFC–amygdala 
activity for anxiolysis, we expressed the inhibitory halorhodopsin 

Anxiety-related conditions are among the most difficult neuropsychiatric diseases to treat pharmacologically, but respond 
to cognitive therapies. There has therefore been interest in identifying relevant top-down pathways from cognitive control 
regions in medial prefrontal cortex (mPFC). Identification of such pathways could contribute to our understanding of 
the cognitive regulation of affect, and provide pathways for intervention. Previous studies have suggested that dorsal 
and ventral mPFC subregions exert opposing effects on fear, as do subregions of other structures. However, precise 
causal targets for top-down connections among these diverse possibilities have not been established. Here we show 
that the basomedial amygdala (BMA) represents the major target of ventral mPFC in amygdala in mice. Moreover, BMA 
neurons differentiate safe and aversive environments, and BMA activation decreases fear-related freezing and high-
anxiety states. Lastly, we show that the ventral mPFC–BMA projection implements top-down control of anxiety state and 
learned freezing, both at baseline and in stress-induced anxiety, defining a broadly relevant new top-down behavioural 
regulation pathway.
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