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Circadian rhythmicity is a subconscious process that controls for many of our 

daily behaviors such as appetite and sleep. Controlled by the 

Suprachiasmatic Nucleus (SCN), the circadian rhythm is entrained to 

environmental light by a unique retinal ganglion cell, the intrinsically 

photosensitive retinal ganglion cell (ipRGC). Experience dependent activity 

has been shown to influence synaptogenesis and refinement of neural 

circuits. We utilized the ipRGC-SCN circuit to investigate activity-dependent 

changes in synaptic structure to understand the effect of activity on 

synaptogenesis throughout early development. We used the super-resolution 

microscopy technique, STochastic Optical Reconstruction Microscopy to 

quantify synaptic structural changes. We found reduced synaptic density and 

volume in activity manipulated animals compared to controls. These findings 

suggest ipRGC photoactivity is permissive to the proper development and 

signaling in ipRGC-SCN synapses. The proper activity-dependent maturation 



  

of synapses in SCN neurons are crucial to the ability to normally photoentrain 

and maintain rhythmic bodily functions. 
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Chapter 1: Characterization of Synaptic Markers for STORM 

Imaging in the Suprachiasmatic Nucleus 

 

Thesis Introduction 

Researchers have investigated the field of chronobiology since the 

1950’s and has since quickly become a large field — encompassing areas 

from cellular and molecular biology to behavior and psychology1,2. In 

everyday life, we subconsciously attune ourselves to a daily rhythm, 

controlling our appetite, mood, and sleep. Termed, the circadian rhythm, the 

detection of ambient light and control of neuroendocrine function is the basis 

of rhythmic physiology and behavior in both animals and plants3–5. The 

Suprachiasmatic Nucleus (SCN), comprised of about 20,000 neurons, is the 

main circadian center in mammals and is responsible for the maintenance of 

the circadian rhythm. The rhythm encoded by the SCN is additionally 

responsible for synchronizing connected brain centers to this rhythm6,7. 

Synchronization is able to be upheld even in the absence of environmental 

light through a transcriptional/translational feedback loop within the neurons 

of the SCN, encoding for an innate rhythm of, conveniently, approximately 24 

hours and 11 minutes8,9.  

Early observation of innate periodicity was discovered in fungi, 

paramecium, algae, and humans through experiments on temperature 
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regulation and behavior1,2,5. The finding of innate periodicity led many 

researchers, including Pittendrigh, to consider a genetic mechanism for the 

control of this rhythmicity1. However, it wasn’t until the work of Ronald 

Konopka that the answer to genetic control of circadian rhythms was 

elucidated. Working in the lab of the renowned behavioral geneticist Seymour 

Benzer at Caltech, Konopka published a seminal paper showing two different 

x-chromosome mutations in Drosophila that lengthened and shortened the 

circadian period respectively10,11. Konopka induced point mutations in the 

genome, and after roughly 200 lines, found two mutations that produced a 19-

hour and 28-hour circadian rhythm. Konopka named this gene the period 

(Per) gene, and subsequently it has been a major target reporter of circadian 

rhythmicity in cultured SCN explants. Using the discovery of this Per gene 

mutation, two groups (Jeffrey Hall and Michael Rosbash) went on to 

sequence the gene in 1984 and showed rise and fall of its expression 

throughout the day11–13. Notably, Michael Young also sequenced the Per 

gene; however, it was later in 1994 that Young found what is now known as 

the crucial pair to Per, completing the hypothesized feedback loop. Using 

Drosophila as well, Young named this protein Timeless (tim; known as 

cryptochrome (cry) in mammals) and showed two very important findings. 

First, the rhythmic expression of tim is dependent on expression of Per, and 

secondly that tim was necessary to transport Per to the nucleus in order to 

inhibit its own transcription14. Since these critical discoveries, other proteins 

have been implicated in the genetic feedback of the circadian rhythm such as 
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CLOCK, and BMAL115. Discovered by Joseph Takahashi in 1997, the Clock 

gene, translated to the protein CLOCK, is necessary to turn on the expression 

of per and tim/cry through interaction in the nucleus of SCN neurons16. 

Through the early work discerning the genetic control of circadian 

rhythmicity, we now know the key players are per and tim/cry interact together 

to control their own transcription creating a rise and fall throughout the day. In 

order to reinitiate the expression of these circadian genes, CLOCK/BMAL1 

have been shown to turn on the transcription of per and tim/cry in the 

nucleus6. 

With the understanding that circadian rhythmicity was under genetic 

control, but influenced by perceived light, the link between the retina and the 

SCN was the next crucial piece to be understood. Naturally one might think 

the traditional photoreceptors and their downstream circuitry led to changes in 

irradiance information being passed to the SCN. However, blind individuals 

have been documented to retain normal sleep/wake behaviors, maintaining 

synchrony to the environment despite lack of photoreceptor function17. 

Experiments in genetically engineered mice lacking the rod/cone 

photoreceptors also showed proper attunement to environmental light and 

melatonin suppression during perceived daylight8,18. This then points to the 

presence of a third, specialized photoreceptor for the control of circadian 

rhythms. The work of Hattar and Berson in the early 2000’s uncovered the 

origins of the non-canonical photoreceptor in the ganglion cell layer of the 

retina19,20. These intrinsically photosensitive Retinal Ganglion Cells (ipRGCs) 
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utilize an invertebrate-like opsin, melanopsin, to detect blue shifted light and 

send excitatory signals to the SCN through glutamate neurotransmission17,21–

23. In addition to glutamate, ipRGCs also make use of a secondary excitatory 

neurotransmitter, Pituitary Adenylate Cyclase Activating Peptide (PACAP). 

PACAP acts as a modulator to the primary glutamate neurotransmission 

during scotopic lighting (dusk and dawn)24–26. To extend the dynamic range of 

light activity signaled to the SCN, recent work has also shown the existence 

of a small subset of γ-aminobutyric Acid (GABA) releasing ipRGCs providing 

inhibitor signaling27.  Thus far, these cells are the only known retinal cells to 

entrain the circadian clock to the environment. Since its discovery, Hattar and 

others have extended the depth of knowledge regarding ipRGCs and 

melanopsin and its effect on circadian biology28–31.  

The SCN, as the central circadian center of the brain, makes many 

connections to other nuclei across the brain, as well as receives feedback 

from many others7,32,33. The most widely known, is the influence on the pineal 

gland and its regulation of melatonin and sleep. This phenomena is attributed 

to the feeling of jetlag and difficulties associated with overnight shift work, 

resulting in impaired cognitive ability, mood, and, obviously, sleep3,4,34,35. 

Altered signaling within the SCN and the activity of ipRGCs have also been 

implicated as precursors to bipolar disorders and neurodegenerative diseases 

such as Alzheimer’s and Parkinson’s. Melanopsin polymorphisms have been 

implicated in occurrence of Seasonal Affective Disorder (SAD). Additionally, 

chronic light disruptions during the subjective night can lead to the 
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susceptibility of developing cancers, metabolic disorders (i.e. type-2 

diabetes), and cardiovascular disorders36–40. The ability of ipRGCs to 

accurately encode and communicate irradiance to the SCN is vital to 

sustained health and behavior.  

The synapse is the fundamental unit of neuro-computation. Through 

signal transduction, excitatory or inhibitory, from one neuron to another, the 

brain interprets the input and computes the proper response. Changes in 

neuronal activity, typically tied to experience such as sight or smell, have 

been shown to alter the synaptic composition and firing patterns to their post-

synaptic partners41–44. Studies manipulating the neuronal activity of 

experience dependent circuits have discovered negative effects ranging from 

weakened synaptic structure to drastic perturbations in axonal remodeling. 

Specifically, in studies of retinofugal projections of retinal ganglion cells to the 

dorsal Lateral Geniculate Nucleus (dLGN), axonal remodeling is drastically 

attenuate in an activity-dependent manner45–47.   

It is crucial to be able to observe the changes in synapses responsible 

for photoentrainment in order to understand how the ipRGC-SCN circuit is 

altered in response to activity-dependent changes. Electron microscopy is the 

gold standard for the visualization of synapses, offering unmatched 

resolution. However, the main limitation of electron microscopy is the lack of 

molecular specificity. Pioneered in the early 2000’s, super-resolution 

microscopy techniques were implemented to break the diffraction limit of light, 

achieving resolution orders of magnitude greater than previously possible48–
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51. Super-resolution microscopy is able to utilize fluorescently labeled 

immuno-histochemistry to achieve molecular specificity as well as the level of 

resolution necessary to distinguish structural changes at a synaptic level. The 

SCN is an uncharted area in regard to super-resolution imaging and as such, 

adequate synaptic markers for optimal resolution have yet to be 

characterized. We hypothesized that excitatory pre- and post-synaptic 

markers would provide the optimal labeling efficiency for the visualization of 

synaptic structure given the excitatory signaling nature of ipRGCs to the 

retinorecipient region of the SCN. 

In order to understand the possible pathology, it is crucial to 

understand the activity-dependent changes that occur at ipRGC-SCN 

synapse to ensure proper development and maintenance of this circuit. In the 

present study we focused on the activity-dependent changes in synapse 

structure of ipRGCs terminals in the retinorecipient region of the SCN 

throughout early post-natal development where the influence of activity on 

synapse formation is most prevalent. In order to manipulate activity, we 

eliminated the signaling ability of ipRGCs through the genetic ablation of 

melanopsin associated glutamatergic signaling and PACAP signaling. We 

observed and quantified the structures of retinorecipient synapses via super 

resolution imaging. The super resolution technique, Stochastic Optical 

Reconstruction Microscopy (STORM) allowed us to achieve a resolution high 

enough (~20nm) to discern pre- and post-synaptic clusters for quantification. 

We hypothesized that the number and size of synapses in activity-deprived 
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synapses would be dampened compared to controls, however not completely 

eliminated due to the maintained canonical photoreceptor signaling pathway.   

 

Introduction 

Decades of research has shown the neural organization and 

Suprachiasmatic Nucleus (SCN) signal and how it’s structure can coordinate 

the many rhythmic biological functions, including appetite, mood, and sleep. 

This includes work identifying the neuropeptides present in the SCN, the 

delineation of core and shell regions within the nucleus and the reciprocal 

signaling between them, and the cells responsible for the initial integration of 

light signaled from the retina7,16,17,33,52. While this vast amount of information 

allows better understanding of the SCN, it is at a cellular level. To date, there 

has been no prior work looking at the changes in signaling to the SCN at the 

synaptic level.  

Recent work has targeted this question through the use of serial block 

face electron microscopy and an innovative approach to genetically targeting 

ipRGC input to the SCN. This careful reconstruction and analysis of multiple 

retinorecipient cells found a preference for retinal contact on the distal 

dendrites of retinorecipient neurons and within close proximity to 

dendrodendritic synapses between SCN cells53. While electron microscopy is 
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arguably the gold standard of synaptic imaging in terms of resolution, the 

major limitation of this methodology is the lack of molecular specificity.  

Conventional fluorescent microscopy can provide molecular specificity 

through fluorescent proteins or antibody labeling; however, its resolution is 

limited by the diffraction of light. Questions involving the accurate observation 

and quantification of pre- and post-synaptic oppositions are not able to be 

performed using a diffraction limited imaging method. We aimed to 

characterize the activity-dependent changes throughout development in the 

SCN. Therefore, we utilized super-resolution microscopy to achieve high 

resolution images, clearly defining synaptic structure, while still maintaining 

molecular specificity. We set out to characterize synaptic scaffolding markers 

that would be sufficient for the detection of active zones and post-synaptic 

densities within the SCN. Additionally, it is known that ipRGCs are 

glutamatergic neurons that express Vesicular Glutamate Transporter 2 

(VGluT2)54. Therefore, we were able to accurately identify ipRGC pre-

synapses in the SCN through the labeling of VGluT2 vesicle pools. We 

hypothesized that, given the excitatory signaling nature of ipRGCs, similar 

pre- and post-synaptic proteins found in RGCs and their central targets would 

be found in SCN terminals alongside VGluT2 clusters.  

Microscopy has been used for centuries to observe and report 

biological structures and processes. Through the continued magnification of 

light by increasing and sophisticated arrays of lenses, scientists have been 
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able to visualize ever increasing complex structures. Just like the acuity of our 

own eyes however, there is a limit of how far one can magnify a biological 

sample before the waves of light blur and becomes indiscernible. When 

reduced to its most simplistic explanation, the limit to which an individual spot 

can be discerned is based on the size of the light intensity profile when the 

light wave is propagated through the optics of the microscope. In terms of 

practicality, this occurs when the intensity of light of two individual spots 

overlap enough to form one large spot of light in 3-dimensional space. The 

distribution of light intensity of a single spot is referred to as the Point Spread 

Function (PSF). Therefore, when the width of a molecules PSF overlaps with 

another, the intensity peaks overlap to produce a larger and wider PSF, thus 

decreasing the overall resolution. Therefore, the optimum resolution that can 

be achieved can be calculated by: 

0.61 (𝜆𝜆)
𝑁𝑁𝑁𝑁

 

Where 𝜆𝜆 is the wavelength of light being used and NA is the Numerical 

Aperture of the objective. This optimum point of resolution is referred to as the 

diffraction limit or the Abbe limit. With a commonly used high NA objective of 

1.40, the limit of resolution then becomes ~200nm in the x-y dimension55.  

For most studies, the limit of resolution is rarely a complicating factor. 

For instance, studies of organ or tissue level research do not necessitate 

such magnification in order to observe and elucidate any outstanding 
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questions. These microscopy techniques are commonly referred to as 

conventional imaging techniques. Attempts to extend the limit of diffraction 

came in the way of confocal microscopy. While still being considered 

conventional imaging, confocal microscopy is a method in which further 

resolution is achieved by limiting out of focus background light so that only 

light in the plane of focus is collected. In doing so, the sample can be optically 

sectioned and produce a higher resolution 3-dimensional data set. This is 

done through the use of a pinhole to physically block the out of focus light in 

addition to raster scanning the sample with a focused laser such that the 

entire field of view is not illuminated at once55. Using these two tricks, 

confocal microscopy has been able to achieve the closest resolution to the 

diffraction limit while still being a “conventional” imaging approach.  

In the early 2000’s groups began to establish intricate methods to 

break this current limit of resolution. These methodologies generally employ 

the theory of isolating two adjacent fluorescent molecules or manipulating the 

spatial frequency of fluorescent molecules in order to integrate their 

information towards a super-resolved image. Generally broken up into two 

categories, structural approaches or localization approaches, these 

techniques can garner at least 2x better resolution than conventional imaging. 

These approaches combine the use of fluorescent dye photo-physics and the 

manipulation of light in order to achieve the optimal illumination and collection 

of light intensities for the production of a super-resolved image56,57.  
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Structured Illumination Microscopy (SIM) is the only super-resolution 

method that does not utilize specialized fluorescent probes or individual 

molecule isolation. SIM achieves high resolution images by manipulating the 

structural frequency patterns of conventional images and deconvolution 

algorithms to limit the out of phase light being collected. This is done by 

illuminating the sample with stiped sinusoidal patterns in varying orientations 

to produce moiré fringes. This computational approach provides a 2x increase 

in resolution past the diffraction limit, allowing approximately 100nm lateral x, 

y resolution and 300nm axial z resolution. By saturating (Saturated SIM, or 

SSIM) the fluorescent intensities, the resultant images can produce higher 

spatial frequencies and thereby extend the level of deconvolution, thus 

achieving lateral resolution closer to 50nm56–58.  

The second structural super-resolution methodology utilizes creative 

inspiration from confocal microscopy. Similar to confocal, Stimulated 

Emission Depletion (STED) microscopy raster scans the imaging field, 

however, instead of blocking out of focus light through the use of a pinhole, 

STED isolates individual fluorescent molecules through a specialized laser 

system. Through the use of an activation laser and a red-shifted donut-

shaped “inactivation” laser, STED is able to force the molecules outside of the 

center, zero intensity spot, into a non-linear depletion ground state. This 

means that the width of the PSF of activated molecules at the center of the 

excitation laser will be reduced, thus allowing resolution past the diffraction 

limit. While achieving a resolution of ~30nm laterally and 30-40nm axially, 
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practically speaking, this also means the resolution is limited by the power 

output of the donut-shaped STED laser as both the inactivating STED laser 

and the excitation laser are both diffraction limited51,56,57.   

The final two super-resolution techniques make use of biochemical 

characteristics of fluorescent molecules rather than physical manipulations of 

light to isolate the PSF of individual molecules. These techniques are both 

classified as Single Molecule Localization Microscopy (SMLM) 

methodologies. Both Stochastic Optical Reconstruction Microscopy (STORM) 

and Photo-Activated Localization Microscopy (PALM) take advantage of the 

photo-switching capabilities of certain fluorescent probes. The major 

difference between the two techniques is the use of photo-activated 

fluorescent proteins in the case of PALM, and photo-switchable dyes in the 

case of STORM. By stochastic activation to a light state and de-activation to a 

dark state, the imaging of each fluorescent molecule is spaced out over time 

instead of all at once in the case of conventional microscopy. Through the 

“blinking” nature of these photo-switching probes, this ensures that the 

probability of activating two neighboring molecules with overlapping PSFs at 

the same time is low. The centroid of the PSF can then be calculated to a 

gaussian fit, given the standard deviation of the PSF divided by the square 

root of the number of photons detected at that spot. By temporally spacing out 

adjacently activated molecules through stochastic activation, calculating the 

resultant centroid position, and reconstructing all identified molecules into a 
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single image, STORM and PALM can achieve resolutions of 15-20nm 

laterally48,49,56,59–61.  

Achieving optimal STORM resolution relies on three main aspects of 

sample preparation, 1) photo-switching dye chemistry, 2) buffer composition, 

and 3) labeling density. The additional factors of spherical and chromatic 

aberrations caused by the objective lens and fluorescent probes respectively 

are negated through the imaging of fiducial bead fields and subsequent 

correction62–64.  

The photo-switching ability of a dye is broken down and characterized 

by three additional metrics to identify optimal conditions for STORM imaging, 

the photon yield per activation to its ‘on’ state, the number of cycles a dye can 

switch between the off-and-on state (recovery fraction), and the duty cycle, or 

the fraction of time spent in the ‘on’ state. As the theory of STORM 

necessitates a very bright molecule that is isolated from adjacent molecules, 

the optimal dye would be characterized by having a high photon count per 

switching event, a high switching cycle count (for increased accuracy in 

estimating the localization precision), and a low duty cycle62. Importantly, 

these characteristics are influenced by the amount of laser power used to 

illuminate these photoswitchable probes. The relationship between photon 

emission and the off-switching rate is linear with respect to excitation intensity 

for almost all dyes (Cy3B is the only exception), meaning, faster switching 

and higher photon emission leads to increased resolution.  
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These dye chemistry characteristics are also aided by the composition 

of the buffer they are imaged in. Prior work has shown the optimal buffer 

additions necessary for quality and sustained photo-switching. The addition of 

a thiol to the polymethine bridge of the cyanine dye forces a conversion to a 

dark state has been shown to improve the photo-switching ability of the dye. 

Additionally, to increase photon detection, work has shown the addition of the 

oxygen scavenger, Glucose Oxidase (GLOX), increased the number of cycles 

and photon yield per cycle by reducing triplet state inactivation of the 

fluorescent probe. Thus, the optimal imaging buffer utilizes a thiol, such as 

methylethylamine, and an oxygen scavenging system such as GLOX62,63.  

Finally, the labeling density of the sample can affect the resultant 

resolution of the image. Nyquist sampling dictates the image sampling interval 

be smaller than half of the desired spatial resolution65. This therefore means 

an increase in the number of photons detected per second will increase the 

overall resolution. In terms of labeling density, this means fluorophores 

activated simultaneously in too close of proximity to each other with low 

photon yields will not have their spatial resolutions preserved, thus losing 

overall image resolution. The labeling density can be affected by the primary 

antibody affinity as well as the thickness of the tissue being imaged. Too 

sparse of density will result in an incomplete structure being represented in 

the final image, whereas, too dense of a label can lead to many overlapping 

PSFs being active at the same time, thus not being able to isolate the 

centroid positions of these molecules. These are controlled for via label 
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concentration optimization, tissue thickness optimization, and the use of total 

internal reflectance (TIRF). TIRF is a physical manipulation of the angle in 

which light enters the objective to illuminate the sample. This angle, termed 

the critical angle, is the point at which a ray of light is “trapped” between the 

differing refractive indexes of the immersion oil and the sample. This exact 

point causes an evanescent wave of light in the z dimension that decays 

exponentially, thus greatly illuminating only the closest molecules to the 

sample surface. As such, this decreases background illumination while 

increasing the intensity of those molecules in proximity of the evanescent 

illumination59,61,66. Luckily, prior work has tabulated a long list of STORM dyes 

in detail across the color spectrum as well as established the proper buffer 

conditions necessary for optimal STORM imaging. The challenge that 

remained was the identification of molecular labels with sufficient density to 

accurately detect synapses within the SCN62.  

There have been studies using conventional microscopy approaches 

to characterize synaptic innervations in the SCN67. Various other studies have 

shown quality staining of pre- and post-synaptic scaffolding markers using 

STORM in both the retina and main olfactory bulb of the mouse. However, up 

to this point, super-resolution studies have not been conducted in the SCN. 

Therefore, no prior literature has described synaptic molecular markers with 

sufficient labeling density to accurately demarcate the structure of pre- and 

post-synaptic scaffolding structures. We hypothesized that, given the 

classification of ipRGCs as retinal ganglion cells (RGC), the structure and 
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scaffolding proteins associated with pre- and post-synaptic terminals would 

follow that of other, previously described RGCs and follow that of previously 

described markers in conventional studies. 

 

Methods 

 
Figure 1. Diagram of STORM sample preparation 
Samples were processed for STORM imaging using genetically identified mice (A) by 
histological sectioning and microdissection of the SCN (B), followed by immunolabeling (C) 
and resin infiltration and ultramicrotomy (D). Volumetric arrays were then imaging using a 
custom STORM microscope (E).  
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Tissue Preparation 

Animals 

Animals were acquired from Dr. Samer Hattar (Opn4cre/cre 68)  and Drs. 

Brad Lowell and Rachel Ross (PACAPfl/fl 69) and kept in 12/12 LD light cycles 

with access to food and water ad libidum. Animal handling and experiments 

were performed in accordance with protocols approved by the University of 

Maryland Institutional Animal Care and Use Committee standards. Tissue 

was collected from mice at three developmental time points (postnatal days 8, 

15, and ~60).  

Animal breeding was established to generate littermate controls in all 

experiments by crossing double homozygous Opn4 / PACAP knock-out 

animals with double heterozygous Opn4 / PACAP conditional control animals. 

In doing so, this would produce an expected litter with equal probability of 

double knock-out and double heterozygous animals.  

 

Eye Injections & Perfusion  

One day prior to tissue collection, retinofugal projections were labeled 

using fluorescent anterograde tracing to enable fluorescence-guided 

microdissection of the SCN. Upon perfection of localizing the SCN in slice, 

microdissection was moved to a label free detection. Animals were 

maintained under anesthesia with isoflurane inhalation through a nose cone 

apparatus and a roughly 0.3mm puncture was made at the scleral margin of 
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the eye. The anterograde tracer, Cholera Toxin Beta-subunit conjugated to 

Alexa-488 (Sigma) was injected into the vitreal space, and animals were 

returned to their cages. Animals at postnatal day 7 underwent careful surgical 

opening of the eyelid in order to access the eye for injection. 16-24 hours 

later, animals received a single IP injection of 20mg/kg ketamine/xylazine 

mixture. Animals were intracardially perfused with 0.9% saline (0.9-

1.1mL/min, 10-15mLs total) followed by 15-20mL of 4% paraformaldehyde in 

0.9% saline. Brain and retinae were dissected and post-fixed for 1 hour in 4% 

PFA at room temperature (Fig. 1a). 

 

Tissue slicing and screening 

Brains were embedded in 2.5% low-melt agarose and placed on ice to 

solidify. Brains were sliced in ice cold conditions at 60µm using a Leica 

VT1000 vibratome. Slices were then screened using an Olympus fluorescent 

dissecting scope to identify CTB-488(+) signal within the SCN; the two SCNs 

were removed using a 500um diameter circular punch using a blunt-edged 

needle (Fig. 1b).  

 

Immunohistochemistry  

Tissue punches were blocked in 10% Donkey-serum with 0.01% 

Sodium Azide and 0.25% Triton X-100 for 1-1.5 hours at room temperature 

then incubated in primary antibodies for 2-3 days at 4˚C (Ms Bassoon, Rb 

Homer1, Gp VGlut2). Following primary antibody incubation, tissue was 
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washed 4-5 times in 1xPBS for 20 minutes each and incubated in secondary 

antibodies overnight at 4˚C (Dk anti-Ms DyLight 749P1, Dk anti-Rb Alexa-

647, Dk anti-Gp Cy3B). Tissue was then washed 4-5 times in 1xPBS for 20 

minutes each and incubated in a lectin stain, wheat germ agglutinin 

conjugated to Alexa-488, overnight at 4˚C to label cytoarchitecture (Fig. 1c). 

STORM Imaging 

Resin polymerization and ultrasectioning 

Following WGA staining, tissue was washed in 1xPBS 2 times for 20 

minutes and post-fixed in 3% paraformaldehyde / 0.1% glutaraldehyde in 

1xPBS for 2-3 hours at room temperature. Tissue was then washed 3 times in 

1xPBS for 20 minutes each, followed by graded ethanol dehydration series, 

50%, 75%, 95%, 100%, 100%, for 20 minutes each. Dehydrated tissue was 

then infiltrated with Ultrabed Epoxy Resin (EMS) in increasing ratios diluted in 

100% ethanol (2:1 overnight, 1:1 for 2 hours, 100% resin twice for 2 hours). 

Upon embedment in BEEM capsules (EMS), blocks were cured in a 70˚C 

oven for 16-18 hours (Fig. 1d). 

 

Ultrasectioning 

Cured samples were trimmed and sectioned on a Leica UC7 

ultramicrotome. Blocks were trimmed using a diamond trim tool from Diatome 

and sections collected using a JumboHisto diamond also from diatome. 

Ultrathin sections were collected at 70nm onto coverslips coated with 0.5% 
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gelatin / 0.05% chromium potassium sulfate. Coverslips containing sections 

were dried on a hot plate at 60˚C to bond sections to the coverslip (Fig. 1e). 

 

 

STORM Dyes 

Custom STORM secondary antibody dyes were conjugated with 

corresponding species specificity to primary antibody host species. Previously 

quantified high quality STORM reporter probes (Atto 488, Cy3B, Alexa 647, 

DyLight 749P1) along with an activator probe, Alexa 405, were incubated in 

80µL of respective IgG antibody, 10µL sodium bicarbonate, 2.2µL respective 

reporter probe, and 1.3µL activator probe for 20 minutes in a light sealed 

container. The resultant conjugated antibodies are then purified using a NAP-

5 Sephadex column (GE Healthcare). 

 

STORM acquisition and analysis 

Samples were prepared for STORM imaging via exposing 

photoswitching sites by chemically etching the resin and sealing into a flow 

chamber filled with STORM imaging buffer. Etching was achieved by 

incubation in 10% sodium ethoxide (NaEtOH) for 5 minutes. Excess NaEtOH 

was rinsed with 95% ethanol to prevent precipitation. Fluorescent beads 

(540/560 and 715/755 mixture) in two different concentrations were spotted to 

serve as fiducial markers for chromatic aberration and flat field illumination 

corrections. Once the coverglass was adhered to a microscope slide using 
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double sided tape, a STORM imaging buffer consisting of 10% glucose, 

17.5µM glucose oxidase, 708nM catalase, 10mM mercaptoethylamine, 10mM 

NaCl, and 200mM Tris was flowed in and sealed with epoxy.  

Image acquisition was performed using a custom built TIRF system 

through an inverted Nikon Ti confocal stand with a Nikon 60x 1.4NA TIRF 

objective. The corresponding lasers used for excitation were 488nm, 561nm, 

647nm, and 750nm lines with a 405nm laser for secondary activation of far 

red (Alexa 647 and DyLight 750P1) STORM probes. Images were collected 

on a Hamamatsu Orca Flash CMOS camera with an overall field size of 

96x96µm.  

Using a Python based open source automated image acquisition 

software (Zhuang Lab GitHub), samples were tiled using a 4x 0.9NA objective 

and to achieve relative spatial position, then further tiled at 60x magnification 

to identify ROIs for image acquisition. Once ROIs were established, 

conventional resolution images were taken at each selected ROI, followed by 

STORM acquisition. The length of STORM imaging in each channel varied 

based on the signal in each respective wavelength; 750 contained 7000-8000 

frames, 647 contained 7000-8000 frames, 561 contained 8000 frames. 

STORM analysis was performed using the open source DAOSTORM 

algorithm to calculate the centroid positions of individual molecules49. The 

corresponding molecule list was transformed to correct for chromatic 

aberrations caused by the imaging objective and flat field illuminance 

aberrations by using the transformation maps generated by bead images. 
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Volumetric reconstruction of sections was achieved by alignment of adjacent 

sections using the WGA channel. The alignment algorithms (Fiji Processes) 

used were initially, the Scale-Invariant Feature Transform (SIFT) rigid 

alignment70, followed by elastic block matching alignment71. While the 

algorithms were sourced matched on adjacent sections, the parameters for 

transformation were applied through the volumetric stack. 

 

Results 

The projections of ipRGCs to the SCN were initially identified using 

anterograde tracing of CTB-488. Adult C57Bl/J6 animals (p30-p60) were 

utilized to test the labeling efficacy of synaptic markers in the retinorecipient 

region of the SCN as functionally mature synapses can adequately report 

complete or incomplete labeling. STORM imaging parameters such as buffer 

conditions, TIRF angle, and laser power, were optimized in this region and 

each synaptic marker was tested using these parameters. Optimization 

challenges that were overcome in the process of evaluating ideal 

immunolabeling of synaptic proteins included the reduction in background 

noise, standardizing optimal single molecule fitting parameters, and 

standardizing optimal volumetric stack alignment parameters. Synaptic 

staining quality was initially analyzed using volumetrically aligned STORM 

stacks based on three factors: (1) characteristic oblong shape comparable to 

those seen in prior synaptic super-resolution studies, (2) continuity of these 

structures across multiple sections, corresponding to real signal as opposed 
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to artifact, and (3) identified molecule counts above 500 using visualization 

software, Insight 3. Identified clusters that exhibited each of these criteria 

were considered good synaptic markers for reliable labeling of pre- and post-

synaptic oppositions within the SCN. Synaptic markers that did not meet 

these characteristics, and were therefore rejected, typically did not meet two 

out of three characterization parameters. A lack of continuity across sections 

and lack of clusters significant against background noise were automatically 

grounds for exclusion. The synaptic markers that met all three inclusion 

criteria were the pre-synaptic proteins, Munc13-1 and Bassoon; the post-

synaptic markers, Homer1 and PSD-95; and both excitatory glutamate vesicle 

transporter protein, VGluT2. In order to distinguish synaptic markers, the 

species specificity of each antibody was necessary to consider. For this 

reason, further tests were conducted to ascertain the optimal markers that do 

not have species cross-reactivity. We identified Ms-Bassoon (Synaptic 

Systems), Rb-Homer1/2/3 (Synaptic Systems), and Gp-VGluT2 (EMD-

Millipore) as the optimal pairing for the identification of synapses within the 

SCN. These successfully identified synaptic markers will provide the basis for 

accurate synapse identification and further synaptic metrics.  
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Figure 2. Manual Synapse Cluster Selection 
Through pixel blurring and Otsu-thresholding clusters were able to be manually separated by 
size into synaptic and non-synaptic classes for further analysis.  
 

The resulting STORM images acquired using our selected synaptic 

markers were further analyzed utilizing a series of thresholds and connected 

component analyses to assure accurate identification of paired synapses. 

Fitted STORM clusters were separated from background and assigned as 

synaptic or non-synaptic clusters through an automated MATLAB 

segmentation analysis (Fig. 2). Pixel blurring and otsu-thresholding of clusters 

was performed to accurately identify objects that are connected components 

and plotted as a size vs intensity heatmap. These calculations allow for the 

data to be parsed into two separate size classes, synaptic and non-synaptic. 

The resulting synaptic objects can then be further analyzed using a shell 

analysis to ascertain the presence of identified clusters of a separate imaging 

channel within the shell. Identified clusters within the shell analysis of 

separate channels are deemed as paired pre- and post-synaptic structures. 

These paired structures are then able to be quantified for the overall number 

of paired synapses, the size (in nm3) of identified synaptic clusters, and the 

intensity of these clusters (Fig. 3). 
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Figure 3. Paired Synapse Quantification 
Proof of concept quantification of optimal synaptic markers. A) Histogram distributions of 
synaptic marker volume in µm3. B) Synaptic cluster intensity measurements per cluster 
volume. C) Calculated mean values for synaptic volume, synaptic density, and intensity per 
cluster broken up by synaptic marker. 
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Table 1. Antibodies used for immunohistochemical characterization of SCN synapses 
Table 1 shows a complete list of all antibodies tested for labeling of synaptic structures in the 
SCN. Antibodies meeting labeling criterion and selected for further studies are highlighted.  

 

Discussion 

The SCN has been studied extensively on a cellular and physiological 

level for many years and further analysis using super-resolution imaging 

provides additional understanding into the changes in synaptic dynamics 

aiding circadian rhythmicity9,19,33,72. Through careful analysis of 9 different 

synaptic proteins of differing species specificity combinations, we have 

narrowed the field of synaptic markers to one pre- and post-synaptic marker 

Protein Species Company 
PSD-95 Ms ThermoFisher/Invitrogen 
PSD-95 Ms Synaptic Systems 
PSD-95 Rb Synaptic Systems 
Homer1a Rb Synaptic Systems 
Homer1/2/3 Rb Synaptic Systems 
Bassoon Gp Synaptic Systems 
Bassoon Rb Synaptic Systems 
Bassoon Ms Synaptic Systems 
Piccolo Rb Synaptic Systems 
SHANK1/2/3 Ms Santa Cruz 
VGluT2 Gp Millipore 
VGluT2 Rb Synaptic Systems 
ERC1/2 Rb Synaptic Systems 
Munc13-1 Rb Synaptic Systems 
Munc13-1 Ms Synaptic Systems 
Munc13-1 Gp Synaptic Systems 
SAP102 Rb Synaptic Systems 
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and one marker of VGluT2 that were then optimized for high quality STORM 

imaging. Bassoon and Homer synaptic markers are large components of the 

active zone (AZ) and post-synaptic density (PSD) respectively and make for 

ideal delineators of pre- and post-synaptic ends of the synapse73,74. Bassoon 

is a member of the pre-synaptic machinery involved in the maintenance and 

structure of the AZ as well as vesicle priming. Importantly Bassoon has been 

implicated in activity-dependent communication between the pre-synaptic 

bouton and the nucleus during development74,75. On the opposite side of the 

synapse, the marker we found to work most optimally targets all three 

isoforms of Homer. Known to be found in glutamatergic neurons Homer acts 

as a scaffolding protein allowing for the anchoring of post-synaptic machinery 

such as NMDA and metabotropic Glutamate receptors. Much like bassoon, 

Homer has also been implicated to be regulated in an activity-dependent 

manner76–78. With established synaptic markers that have regulatory roles in 

synaptic activity, the maturation and activity-dependent changes in the SCN 

will be able to be observed.  

While we show here optimized labeling of synaptic markers in the 

SCN, these markers were focused on previously validated markers in either 

the retina or other brain nuclei79,80. As such there are further synaptic markers 

that could be explored. For example, investigation into synaptic changes in 

reciprocal feedback would necessitate validating inhibitory synaptic markers 

as nearly all neurons in the SCN are GABAergic81. Additionally, there has 

been evidence of an ipRGC subtype that provides GABAergic stimulation to 
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retinorecipient neurons27. Recent progress in the field of translatomics and 

axonal ribo-Tag methodology can be an excellent resource for the targeting of 

actively translated proteins for STORM imaging82. The combination of a local 

translatome and STORM visualization of identified proteins can probe 

questions related to local synaptic organization during development and 

plasticity.  

It is important to consider the time frame and experimental process of 

STORM imaging and how it compares to other techniques in answering the 

same questions related to synaptic structure. One of the major limitations to 

STORM imaging in large volumes is the significant time investment, 

necessitating approximately two weeks from tissue harvest to analysis of 

images. As such, widespread screening for synaptic marker efficacy can be 

burdensome. A parallel approach to quickly screen for synaptic marker 

presence can be to increase the resolution by physically increasing the size of 

the structure you’re observing. A recently developed methodology achieves 

this by infiltrating the tissue with an elastic polymer, binding labeled 

structures, and physically expanding the tissue. Thusly termed Expansion 

Microscopy (ExM), this technique can achieve similar resolution to SSIM 

(~70nm laterally and 200nm axially) in roughly half the time necessitated for 

STORM processing83,84. While achieving a more efficient processing time, 

ExM does not reach the level of resolution STORM can achieve and thus, its 

use should be limited to large scale screening scenarios or experiments that 

involve questions of synapse localization.  
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At the current moment, due to limitations of antibody labeling species 

compatibilities and spectral overlap of laser line wavelengths, most STORM 

systems can only collect data from 4-color imaging experiments. Recent work 

by Ralf Jungmann and others have successfully shown the ability to achieve 

single-molecule localizations of fluorescently labeled DNA strand binding 

events85,86. Instead of utilizing the photokinetic nature of STORM probes to 

stochastically blink from a dark state to a light state, DNA-PAINT relies on 

transient, reversible DNA probe binding events that bring fluorescent-labeled 

probes into the plane of focus. As each fluorescent signal is dependent on a 

single binding event, it is possible to achieve 10-color imaging by observing 

the binding events of individual secondary DNA strands sequentially and 

recombining the data into one aligned image87. In the future, identified 

proteins of interest discovered by local translatomics can be combined with 

DNA-PAINT imaging to provide a highly multiplexed visualization of sub-

synaptic organization. This multiplexed imaging technique can enable for the 

spatiotemporal analysis of proteins/mRNA during changes in circadian phase 

protein expression or following activity manipulations.  

In summary, through careful analysis, we have identified pre- and post-

synaptic antibody markers in addition to VGluT2 antibody markers for the 

identification of ipRGC terminals in the SCN. Prior to this study, STORM 

synaptic imaging has not been described in the SCN. The identification of 

synaptic labeling in the SCN can further be used to answer questions of 

synaptic circuitry in the circadian system.  
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Chapter 2: Quantitative Analysis of Activity-Dependent 
Changes in Synaptic Structure in the Suprachiasmatic 
Nucleus 

 

Introduction 

Made up of ~20,000 neurons, the Suprachiasmatic Nucleus (SCN) is 

the central coordinator of daily biological processes and rhythms6,16,33. The 

SCN is able to achieve this task by maintaining innate reciprocal signaling 

within itself through transcriptional/translational feedback loops between its 

ventrolateral core and dorsomedial shell regions, irrespective of outside 

signaling7,9,88–90. This rhythmic expression is communicated to multiple brain 

regions controlling various behavior outputs such as, rest and activity (sub 

Paraventricular Zone), temperature (Preoptic Area), and appetite 

(Paraventricular Nucleus)52,91. Interestingly, in recent years, neurological 

diseases have been linked to the ability of light to entrain the circadian 

system, while other disorders have been attributed to circadian 

disruptions91,92. Most commonly known disorders involving circadian 

disruptions are the feeling of jetlag and Seasonal Affective Disorder 

(SAD)3,34,38,93. Further evidence has also shown the correlation of disruption 

to the onset of diabetes, cardiovascular disease, and cancers32,94. Finally, 

neurological diseases such as Parkinson’s and Alzheimer’s disease have 

been linked to the degradation of retinal circuitry and onset of circadian 

disorders36,37,39. Critically, all of these disorders are linked to ipRGC activity 
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and its ability to convey light signals in order to entrain the SCN95. Due to the 

wide breadth of brain regions that the circadian center signals to, changes or 

abnormalities to the synaptic structure and function can explain varying 

cognitive, physiological, and behavioral outcomes. It is important to 

understand how differing ipRGC activity can affect synaptic structure in the 

SCN and its implications on further signaling within the brain.  

To explore the activity-dependent changes in the SCN, we must 

understand how activity is signaled in ipRGCs. Discovered by Hattar and 

Berson in the early 2000’s, ipRGCs have become known as the crucial 

communicator of environmental light to photoentrain the circadian system19,20. 

IpRGCs accomplish their intrinsic photosensitivity through the protein 

melanopsin. Related to invertebrate opsins, melanopsin is a rhabdomeric type 

photoreceptor responsive to blue wavelengths (~480nm) that activates a Gq-

mediated signaling cascade causing a transient increase in cytosolic Ca2++ 

levels via transient receptor potential (TRP) channels17,28,96,97. Melanopsin 

itself is uniformly distributed throughout the cell, unlike traditional rods and 

cones that are compartmentalized, and have been recorded to have single 

photon responses17,98,99. The combination of high photon sensitivity with G-

protein mediated activation and diffuse protein expression combine to 

produce a slow and sustained response to light19,100. This depolarization 

causes the release of glutamate and Pituitary Adenylate Cyclase Activating 

Peptide (PACAP) onto retinorecipient neurons in the core region of the SCN 

through the retinohypothalamic tract (RHT)24,25,101,102. These retinorecipient 
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neurons express vasoactive intestinal peptide (VIP) and are the initiators of 

circadian phase resetting in response to light103–105. The primary excitatory 

signal for light signaling is glutamatergic acting through the canonical NMDA 

and AMPA receptors on VIPergic neurons within the SCN54,104. PACAP 

signaling is used as a modulator of glutamatergic signal during scotopic 

lighting and acts through the PAC1 receptor26. The excitatory drive of ipRGC 

glutamatergic neurotransmission allows for Ca2+ influx and activation of the 

cAMP response element-binding (CREB) pathway to induce new transcription 

of Per genes, thus signaling the start of the circadian cycle6,7. These 

functional aspects of melanopsin and ipRGCs signaling are considered the 

main avenue for the entrainment of the circadian system in an activity 

dependent manner.  

It is important to consider, despite being considered the third 

photoreceptor of the retina, ipRGCs are still involved in the canonical retinal 

ganglion cell circuitry within the retina, including rod and cone photoreception 

signal integration17,19,20. As such, ipRGCs participate in the early 

developmental activity dance known as retinal waves106. As the name 

suggests, waves of coordinated activity travel across the retina, sending 

action potentials to central brain targets and inducing synaptogenesis107–110. 

Throughout retinal development, retinal wave activity changes in its pattern of 

activity, being classified into three distinct phases. The first phase is pre-natal 

and is characterized by signaling between retinal ganglion cells via gap 

junctions. Immediately post-natal until p11, these “early-stage” waves are 
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coordinated through nicotinic acetylcholine receptor activation111–115. The 

“late-stage” waves in mice, approximately p11 to p21, are primarily ionotropic 

glutamate receptor activation from bipolar cells onto RGCs, as well as a 

switch from nicotinic to muscarinic acetylcholine receptors111,116,117. A large 

body of literature has focused on characterizing retinal waves and their effect 

on downstream synaptic organization. The initiation of early-stage retinal 

waves is thought to be spontaneous Ca++ spikes of Starburst Amacrine Cells 

(SACs) that propagate via recurrent excitatory connections. Correlated multi-

electrode array recording and Ca++ imaging experiments have shown these 

spontaneous events have a refractory period of approximately 1-2 minutes in 

early stage waves and 1 minute in late stage waves106,114,118. These lengthy 

refractory periods create functional boundaries that constrain the boundaries 

of these waves, which in turn create locally correlated RGC activity patterns. 

Manipulations of retinal wave activity have shown the altered organization of 

retinogeniculate and retinocollicular synaptic targets112,119,120. The genetic 

deletion of the B2 subunit of nicotinic AcetylCholine Receptors (nAChR) or 

repeated epibatidine exposure to block early-stage nicotinic retinal waves 

greatly reduces the activity-dependent refinement of eye-specific projections 

within these regions111,120–122. Importantly, in murine development, canonical 

photoreceptor opsins are not active due to the closure of the eyelid until 

around post-natal day 12, and therefore cannot contribute to the activity-

dependent development of retinofugal projections.  Melanopsin, however, has 

been shown to be responsive to light cues in utero and from birth at 
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p031,100,123,124. Therefore, the early post-natal activity of ipRGCs incorporates 

early-stage retinal wave activity as well as environmental light activity through 

melanopsin. Upon eye opening, ipRGC activity is expanded and modified to 

now include traditional rod and cone photoreceptor input as well as switch 

from early-stage to late-stage retinal wave activity.  

Overwhelming evidence has shown coordinated activity to induce 

synaptogenesis and activity-dependent refinement of synapses125–128. Upon 

activation, post-synaptic densities open Ca++ channels and NMDA receptors 

are recruited to the post-synaptic membrane, followed by scaffolding 

molecules (PSD95, Homer1, actin polymerization) and further receptor 

recruitment (AMPA receptors)129–134. In early development synaptic 

connections are characterized by large quantities of small synapses. Upon 

increased synaptic activity and maturation, selected synapses are either 

pruned or strengthened leading to fewer and structurally larger 

synapses44,135,136. The increase in post-synaptic structural organization has 

been shown to correlate to synaptic strength. Glutamate uncaging 

experiments have been shown to increase the dendritic spine size as a 

function of uncaging events125,137–139. The structural changes in synaptic size 

as a function of synaptic strength have primarily been studied within the 

hippocampus, however, the mechanisms of activity-dependent synaptic 

development in the SCN remains poorly understood.  

To observe changes in activity-dependent synaptic structure, we 

utilized volumetric STORM imaging to quantify how synaptic volume changes 
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through development and in response to activity perturbations. Using the 

previously described synaptic markers of Bassoon (pre-synaptic), Homer1/2/3 

(post-synaptic), and VGluT2 (pre-synaptic Glutamatergic vesicle pool), we are 

able to volumetrically reconstruct ~10um worth of SCN for synaptic analysis. 

In order to manipulate ipRGC activity to the SCN, we selectively bred a 

double knock-out (dKO) mouse line targeting melanopsin (Opn4) and 

PACAP. This dKO model selectively ablates activity originating from 

ipRGC/melanopsin photoreception. We hypothesized that manipulations to 

activity in ipRGC signaling would significantly decrease the number and size 

of synapses across development; however not to the extent of near 

elimination due to the survival of rod and cone signaling through ipRGCs.  

 

Methods 

Tissue Preparation 

Animals 

Animals were acquired from Jackson Labs and kept in 12/12 LD light 

cycles with access to food and water ad libidum. Experimental double Knock-

Out animals were selectively bred by crossbreeding Opn4cre/+ and PACAPfl/+ 

animals to produce a Opn4cre/cre/PACAPfl/fl x Opn4cre/+/PACAPfl/+ mating pair, 

ensuring 50% probability of experimental and littermate control offspring68,69. 

Experiments were performed adult animals ages p8, p15, and >p60. Animal 

handling and experiments were performed in accordance with the University 

of Maryland Institutional Animal Care and Use Committee standards.  
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Eye Injections & Perfusion 

Animals were maintained under anesthesia with isoflurane inhalation 

through a nose cone apparatus and a roughly 0.3mm puncture was made at 

the scleral margin of the eye. The anterograde tracer, Cholera Toxin Beta 

conjugated to Alexa-488 (Sigma) was intraocularly injected, and animals were 

returned to their cages for 16-18hours until sacrifice. At the time of sacrifice, 

animals were lethally anesthetized with a ketamine/xylazine mixture and 

allowed to sedate until no flinch response was noted. The animal then had its 

chest cavity surgically opened to expose the heart, a 32.5G butterfly needle 

was inserted into the left ventricle, and the right atrium eviscerated to allow 

blood to flow out of the vasculature. The animal was flushed with 10-15mL of 

0.9% saline with a flow rate of 0.9-1.1mL/min using a syringe pump until the 

discharge was clear. Once clear, the animal was perfused with 15-20mL of 

4% paraformaldehyde. Immediately following, the brain was dissected out 

and post-fixed for 1 hour at room temperature. 

 

Immunohistochemistry 

Tissue punches were blocked in 10% Donkey-serum with 0.01% 

Sodium Azide and 0.25% Triton X-100 for 1-1.5 hours at room temperature 

then incubated in primary antibodies for 2-3 days at 4˚C. Following primary 

antibody incubation, tissue was washed 4-5 times in 1xPBS for 20 minutes 

each and incubated in secondary antibodies overnight at 4˚C. Tissue was 
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then washed 4-5 times in 1xPBS for 20 minutes each and incubated in a 

lectin stain, wheat germ agglutinin conjugated to Atto-488, overnight at 4˚C to 

label cytoarchitecture. 

 

Resin polymerization and ultrasectioning 

Following WGA staining, tissue was washed in 1xPBS 3 times for 20 

minutes and post-fixed in 3% paraformaldehyde / 0.1% glutaraldehyde in 

1xPBS for 2-3 hours at room temperature. Tissue was then wash one last 

time 2-3 times in 1xPBS for 20 minutes each, followed by graded ethanol 

dehydration series, 50%, 75%, 95%, 100%, 100%, for 20 minutes each. 

Dehydrated tissue was then infiltrated with Ultrabed Epoxy Resin (EMS) in 

increasing ratios diluted in 100% ethanol (2:1 overnight, 1:1 for 2 hours, 100% 

resin twice for 2 hours). Upon embedment in BEEM capsules (EMS), blocks 

were cured in a 70˚C oven for 16-18 hours. 

 

STORM Imaging 

STORM acquisition and analysis 

Samples were prepared for STORM imaging via exposing 

photoswitching sites by chemically etching the resin and sealing into a flow 

chamber filled with STORM imaging buffer. Etching was achieved by 

incubation in 10% sodium ethoxide(NaEtOH) for 5 minutes. Excess NaEtOH 

was rinsed with 95% ethanol to prevent precipitation. Fluorescent beads 

(540/560 and 715/755 mixture) in two different concentrations were spotted to 
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serve as fiducial markers for chromatic aberration and flat field illumination 

corrections. Once the coverglass was adhered to a microscope slide using 

double sided tape, a STORM imaging buffer consisting of 10% glucose, 

17.5µM glucose oxidase, 708nM catalase, 10mM mercaptoethylamine, 10mM 

NaCl, and 200mM Tris was flowed in and sealed with epoxy.  

Image acquisition was performed using a custom built TIRF system 

through an inverted Nikon Ti confocal stand with a Nikon 60x 1.4NA TIRF 

objective. The corresponding lasers used for excitation were 488nm, 561nm, 

647nm, and 750nm lines with a 405nm laser for secondary activation of far 

red (Alexa 647 and DyLight 750P1) STORM probes. Images were collected 

on a Hamamatsu Orca Flash CMOS camera with an overall field size of 

96x96µm.  

Using a Python based open source automated image acquisition 

software (Zhuang Lab GitHub), samples were tiled using a 4x 0.9NA objective 

and to achieve relative spatial position, then further tiled at 60x magnification 

to identify ROIs for image acquisition. Once ROIs were established, 

conventional resolution images were taken at each selected ROI, followed by 

STORM acquisition. The length of STORM imaging in each channel varied 

based on the signal in each respective wavelength; 750 contained 7000-8000 

frames, 647 contained 6000-7000 frames, 561 contained 8000 frames 

(samples containing WGA in the 561 channel did not have STORM data 

taken), 488 contained 8000-10000 frames.  
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STORM analysis was performed using the open source DAOSTORM 

algorithm to calculate the centroid positions of individual molecules49. The 

corresponding molecule list was transformed to correct for chromatic 

aberrations caused by the imaging objective and flat field illuminance 

aberrations by using the transformation maps generated by bead images. 

Volumetric reconstruction of sections was achieved by alignment of adjacent 

sections using the WGA channel. The alignment algorithms (Fiji Processes) 

used were initially, the Scale-Invariant Feature Transform (SIFT) rigid 

alignment70, followed by elastic block matching alignment71. While the 

algorithms were sourced matched on adjacent sections, the parameters for 

transformation were applied through the volumetric stack. 

 

STORM Dyes 

Custom STORM secondary antibody dyes were conjugated with 

corresponding species specificity to primary antibody host species. Previously 

quantified high quality STORM reporter probes (Atto 488, Cy3B, Alexa 647, 

DyLight 750P1) along with an activator probe, Alexa 405, were incubated in 

80µL of respective IgG antibody, 10µL sodium bicarbonate, 2.2µL respective 

reporter probe, and 1.3µL activator probe for 20 minutes in a light sealed 

container. The resultant conjugated antibodies are then purified using a NAP-

5 Sephadex column (GE Healthcare). 

 

 



 

41 
 

 

 

Ultrasectioning 

Cured samples were trimmed and sectioned on a Leica UC7 

ultramicrotome. Blocks were trimmed using a diamond trim tool from Diatome 

and sections collected using a JumboHisto diamond also from diatome. 

Ultrathin sections were collected at 70nm onto coverslips coated with 0.5% 

gelatin / 0.05% chromium potassium sulfate. Coverslips containing sections 

were dried on a hot plate at 60˚C to bond sections to the coverslip. 

 
 

Results 

To examine the role of activity in the synaptic development of ipRGC 

terminals in the SCN, we utilized STORM super-resolution microscopy 

techniques to observe and quantify the changes in synaptic structure between 

wild-type and double Knock-Out conditions. In order to produce littermate 

controls, mice were selectively bred to produce double homozygous Knock-

Outs (Opn4cre/cre / PACAPfl/fl) and double heterozygous (Opn4cre/+ / PACAPfl/+) 

functional wild-type offspring with equal proportion. Following tissue 

immunostaining and polymerization into resin, samples were sectioned at 

70nm on an ultramicrotome for a total of 7-10µm in depth. To control for depth 

variability in SCN cytoarchitecture, only sections from the central-most depth 

of the SCN were analyzed.  
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Once the raw STORM data was processed and fit based on the 

localized PSF, prospective synaptic clusters were identified by size and 

intensity. Each synaptic marker was able to be split into distinct populations in 

this manner and the identified clusters were able to be manually selected for 

further processing. To ensure the quantification of ipRGC terminals, only 

clusters paired within a 140 pixel shell between all synaptic markers were 

quantified.  

A challenge in the processing of fitted STORM images was the 

presence of somatic signal (Fig. 4a). To counteract the non-synaptic 

background these clusters produced, we first created a filter to exclude signal 

within the soma based off of the collected conventional image (Fig. 4b). 

Additionally, previous STORM synaptic processing has used a watershed 

analysis to isolate connected structures to define a potential synaptic cluster. 

In the case of labeled synapses within the SCN, watersheding artefacts 

caused erroneous splitting of synaptic clusters into 2 or more separate 

components, therefore altering the resultant quantifiable metrics of paired 

synapses. 
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Figure 4. Computational filtering of large somatic background noise 
Computationally derived soma filters were calculated based on conventional images (A) in 
the specified color channel with the most somatic signal interference. Resulting filters (B) 
were applied to the image volume on a section by section basis, thereby occluding erroneous 
cluster identifications. Scale bar: 10µm  
 
 

The three metrics chosen to quantify synaptic structure were the 

overall number of paired clusters, the size in nm3, and the intensity of the 

label associated with those clusters. In wild-type animals we would expect to 

see an inverse relationship between the number of clusters and the size of 

those clusters throughout development, conforming to the notion of Hebbian-

based remodeling (Fig. 5). That being, as synapses mature with the input of 

coordinated activity, structure and strength of the synapse increases while 

decreasing axonal branching leading to fewer overall synapses. Finally, a 

unique feature of STORM imaging is the ability to provide information on the 

density of labeled protein by measuring the intensity profile of clusters.  
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Figure 5. STORM Imaging of Wildtype and Double Knock-Out Synapses 
Six example synapses across activity manipulation (Wildtype and double Knock-Out) across 
development. Paired synaptic clusters of Bassoon (green), Homer 1/2/3 (red), and VGluT2 
(magenta) are then quantified. 
 
 

The effect of activity on overall synaptic density is clear, being 

markedly less in double Knock-Out conditions. The synaptic density of all 

clusters was reduced by an average of 35% in double Knock-Out conditions 

at p8, 73% at p15, and 70% in mature animals (Fig. 6a,b). As glutamate is the 

main neurotransmitter in ipRGCs, one would hypothesize the rush of photic 

activity at eye-opening in a photic activity deprived synapse would increase 

the cluster density of VGluT2. The reduction in cluster density in mature 

double knock-out animals was consistent with expected results, having the 

lowest cluster density across development and condition. Overall, synapse 

density in wild-type animals followed Hebbian remodeling, decreasing in 

number throughout development as synapses mature. Double knock-out 

animals across development presented fewer synaptic clusters and 

decreased with age compared to wildtype animals. 
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Figure 6. Synaptic Density per Marker Across Development 
Synaptic density was calculated by quantifying the total synaptic cluster count divided by the 
total volume of the imaged region. A) Wildtype developmental effect on synaptic density. B) 
Activity-perturbed (double Knock-Out) developmental effect on synaptic density. Density 
counts by marker are consistent with rendered images: Bassoon (green), Homer 1/2/3 (red), 
VGluT2 (magenta). 
 
 

Quantifying the volume of synaptic markers in response to activity 

perturbations again showed a positive Hebbian-based trend. In wild type 

animals the volume of synaptic markers increases with age, with the vesicular 

pool associate with VGluT2 being the largest volume (Fig. 7a). Unlike the 

decrease in cluster density seen in double knock-out animals, the volume of 

VGluT2 clusters still increases throughout development, albeit at a 48%, 55%, 

and 58% reduction for p8, p15, and p60+, respectively, compared to wild type 

(Fig. 7b). The continued increase in size can reflect the attempt to signal 

normally utilizing outer photoreceptor input.  
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Figure 7. Mean Synaptic Cluster Volume per Marker Across Development 
Mean synaptic cluster volume was calculated across development for each synaptic marker. 
A) Distribution of mean volume across development in wildtype animals. B) Distribution of 
mean volume across development in activity-manipulated double Knock-Out animals. 
 
 

As STORM imaging is able to localize individual molecules, the 

resulting intensity within an image can provide information on the density of 

labeled molecules within the imaging field. Interestingly, the trend of intensity 

per condition is consistent across development for both wildtype and double 

Knock-Out conditions compared to area distributions (Fig. 8a,b). Interestingly, 

the intensity profile of synaptic proteins between Wildtype and Knock-Out 

conditions is similar (Fig. 8b). Additionally, the intensity profiles of VGluT2 

match the developmental changes in synaptic area distributions. 
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Figure 8. Mean Synaptic Intensity per Marker Across Development 
The mean synaptic intensity per cluster volume was calculated by dividing the total intensity 
per cluster by cluster volume and averaged across all clusters. A) Distribution of mean 
intensity per cluster volume across development in wildtype animals. B) Distribution of mean 
intensity per cluster volume across development in activity-manipulated double Knock-Out 
animals. 
 

These results suggest the reduction in photic activity from melanopsin 

associated signaling is sufficient to reduce the synaptic structure and VGluT2 

associated vesicle pools (Fig. 9). Additionally, despite the lack of melanopsin 

associated photic activity, Hebbian-based remodeling is still maintained in 

double knock-out animals as evidenced by the decrease in synaptic density 

while increasing in synaptic size (area). This suggests maintained synaptic 

pruning and refinement of the circadian circuit despite activity manipulations.  
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Figure 9. Volumetric Comparison of Synapses in the SCN 
Maximum intensity projections of 10 sections (700nm) in adult SCN demonstrating the loss of 
synapse density and size between wild type and double knock-out conditions. 
 

Discussion 

This work is the one of if not the first studies of activity-dependent 

structural changes in the SCN using super-resolution imaging. The trends we 

see in this study suggests the activity output of ipRGC specific signaling and 

its effect on synaptic structure in the SCN is highly correlated. Through the 

elimination of both unique signaling aspects of ipRGCs, melanopsin and 

PACAP, we were able to show a trend of reduced synaptic density and 

synapse size across development. This was particularly noticeable in VGluT2 

clusters, most likely reflecting the lack of melanopsin associated 

glutamatergic drive. We are able to see a trend of decreasing number of 

identified paired synaptic structures through development as expected. 

However, the trend of synaptic protein mean size increasing across 
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development in the dKO condition is similar compared to wild type animals. It 

is known that light activity from rods and cones is sufficient to drive circadian 

rhythmicity in normal lighting conditions, however, lacks the ability to shift the 

phase of photoentrainment19,140. Therefore, further analysis and biological 

replicates could support the notion that this activity is sufficient to maintain 

synaptic size and suggest the main driver of circadian photoentrainment is the 

ability of ipRGCs to maintain large VGluT2 cluster pools in order to secrete 

glutamate.  

The synaptic specializations of ipRGC neurons in the SCN can further 

be expanded by individual manipulation of signaling activity. Comparison of 

melanopsin knock-out, PACAP knock-out, and double-knock out conditions 

can reveal the relative contributions of activity to synaptic structure. 

Melanopsin associated glutamatergic signaling has shown to induce a 

transient response in circadian entrainment and the PLR, whereas PACAP 

signals for a sustained response69,97,141. STORM imaging of receptor content 

(NMDA, AMPA, or PACAP receptors) at the post-synaptic density can further 

inform changes in structural plasticity as it relates to function. As these 

glutamatergic and PACAPergic receptors are what allows for calcium influx 

and therefore proper entrainment signaling, a lower density of these receptors 

would infer alterations in functional signaling to retinorecipient neurons in the 

SCN. With the decrease in VGluT2 clusters associated with melanopsin 

knock-out and genetic ablation of PACAP signaling, we would expect the 

resultant physiological strength of these synapses to also be decreased. As 
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prior work on synaptic plasticity has shown long term potentiation being 

dependent on AMPA receptor addition to the post-synaptic density, it would 

be expected to see a reduction in AMPA current and receptor content in these 

double knock-out animals130,131,142–144. Electrophysiological recordings of 

retinorecipient neurons in the SCN can provide evidence the functional 

changes in synaptic transmission associated with the structural changes we 

see here. 

Recent work from the lab of Satchidananda Panda has conducted a 

careful electron microscopical analysis of ipRGC terminals in the SCN and 

other brain regions that ipRGCs target. Their ability to quantify synaptic 

structures in a volumetric manner was through the use of a genetically 

encoded electron microscopy tag53. The resolution capability of electron 

microscopy allowed the annotation and quantification of ipRGC synapses 

within the SCN. A fascinating observation and subsequent quantification 

found approximately 10% of randomly selected dendrites within the volume 

were dendrodendritic synapses. These dendrodendritic synapses are 

characterized by a lack of post-synaptic densities and are thought to be 

associated with inhibitory, GABAergic neurons. The relative proportion of 

dendrodendritic ipRGC synaptic connections to monosynaptic connections 

suggested a high preference of ipRGCs to synapse onto these coupled 

neurons53. Potential evidence of these dendrodendritic synapses has been 

observed in wild type and double knock-out animals, however additional 

synapse pairing code structures must be further developed for accurate 
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quantification of these occurrences and therefore cannot be conclusively 

classified as dendrodendritic synapses. Quantification of ipRGC connections 

and their proximity to dendrodentritic synapses in response to activity 

manipulations can shed light on how local SCN neuron coupling may be 

altered. 

Activity-dependent changes in synaptic structure and plasticity have 

been a hallmark of development and learning as well as disease22,108,126,145. 

Through the quantification of structural changes in the SCN in response to 

activity perturbations, we can aim to more fully understand the pathology and 

potential treatment methods linked to circadian disorders.  

 
 

Thesis Discussion 

The presence or absence of environmental light controlling the 

circadian system is communicated to the Suprachiasmatic Nucleus (SCN) 

through the unique retinal ganglion cell, the intrinsically photosensitive retinal 

ganglion cell (ipRGC)19. Light is detected in ipRGCs through the invertebrate-

like opsin, melanopsin, and drives an excitatory signal releasing glutamate 

and Pituitary Adenylate Cyclase Activating Peptide (PACAP) onto 

retinorecipient cells in the SCN96,97,141. The resulting excitatory signal from 

ipRGCs causes the cAMP Response Element Binding (CREB) induction of 

circadian gene expression (Per genes), thus signaling the onset of light and 

entraining the circadian rhythm to this cue6,90. The proper control and 
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synchrony of the circadian rhythm to environmental light has been shown to 

be dependent on ipRGC connection to the SCN and light signal from at least 

rods and cones3,146,147. Previous studies have explored the effect of 

genetically ablated ipRGC activity from melanopsin and PACAP signal on 

Pupillary Light Reflex (PLR); however, the extent to which this activity 

manipulation affects circadian photoentrainment and the synaptic structure of 

ipRGC-SCN connections has yet to be determined29,148. 

Our analysis of synaptic markers in the SCN is the first 

characterization of quality STORM labeling for the visualization of synaptic 

proteins, including adequate molecular localization and labeling density. The 

pre- and post-synaptic markers of Bassoon and Homer respectively have 

been shown to undergo activity-dependent restructuring73,74,77. Additionally, 

changes in VGluT2 clustering served as an accurate marker of glutamatergic 

activity being relayed to post-synaptic neurons. The SCN primarily 

coordinates it’s interneuronal signaling through GABA neurotransmission to 

couple rhythm generation throughout the nucleus81,149–151. Recent evidence 

has also shown evidence of GABA signaling from a subset of ipRGCs to 

retinorecipient neurons in the SCN27. Therefore, further characterization of 

inhibitory synaptic markers could expand the understanding of synaptic 

structural change in response to activity manipulations. This can be done by 

immunolabeling with inhibitory scaffolding proteins such as gephyrin and/or 

inhibitory receptors such as GABA and Glycine subunits. The relative position 

of ipRGC GABAergic synapses on retinorecipient neurons and the effect of 
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activity manipulations on the structure of these synapses can also be gleaned 

from this type of study.  

The effects of activity manipulations through studies of blockade and 

overexpression of activity have been shown to either reduce or increase 

activity-dependent synaptogenesis, respectively42,43,152,153. Through the 

genetic ablation of melanopsin associated glutamatergic signaling and 

PACAP signaling in order to manipulate activity patterns of the ipRGC-SCN 

circuit, we asked the question of how the reduction in activity would affect the 

synaptic structure throughout development. As prior work has shown the 

ability of mice to retain proper circadian entrainment after ablation of 

melanopsin but not phase shifting, we hypothesized the synaptic structure as 

a result of ipRGC activity manipulations would be reduced but not completely 

absent29,154. Remaining activity due to spontaneous retinal waves and input 

from rods and cones after eye opening would justify the observation of 

synapses throughout development106,117,155,156. After calculating paired 

structures and identifying an ipRGC-SCN synapse (paired VGluT2, pre-, and 

post-synaptic structures), we quantified the size, intensity per cluster area, 

and overall synapse density for each synaptic marker. The finding of similar 

developmental trends in VGluT2 cluster volume in activity-manipulated 

animals suggests photoentrainment is still active under rod and cone 

signaling control. Further experimentation can be done to assess the change 

in receptor content on SCN neurons to aid in answering questions of 

physiological change in these synapses. Of interest would be to quantify the 
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expression of the PAC1 receptor corresponding to PACAP signaling in 

response to activity manipulation. As previously discussed, PACAP 

modulates the glutamatergic signal from ipRGCs through the PAC1 receptor, 

increasing AMPA calcium signaling and acting as a gain control mechanism 

during the subjective night26,141,157. Therefore, it can be hypothesized that 

without PACAPergic signaling from ipRGCs, there would be a loss of the 

PAC1 receptor on retinorecipient neurons, and thus a lack of glutamatergic 

gain control. STORM imaging of the PAC1 receptor, as well as NMDA and 

AMPA receptors could tell us not only the position of these receptors on the 

PSD, but their change in expression in response to limited ipRGC activity.  

Understanding the activity-dependent changes in synapses signaling 

photoentrainment in the SCN can provide insight into the many altered 

circadian associated behaviors and disorders. It has been reported that >80% 

of primate protein-encoding genes follow a circadian expression pattern 

across central and peripheral tissues40,158. Thus, the precise control of 

circadian behaviors, and the consequences of altered behavior, become 

apparent across the body system, affecting locomotion, appetite, mood, and 

cognitive state4,35,91. Altered circadian function has been reported as a 

potential cause for many different disorders such as Seasonal Affective 

Disorder (SAD), onset of diabetes, cardiovascular disease, and behaviors 

associated with Parkinson’s and Alzheimer’s disease34,36–39,93. Therefore, 

altered synaptic structure of ipRGC input to the SCN and its ability to entrain 

the circadian system can have profound effects on the health and behavior of 
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the body. Through the understanding of how changes in activity affect the 

synaptic structure and signaling entraining the circadian clock, we can hope 

to understand the potential causes for circadian linked disorders. 
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