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In the past, microglia were broadly categorized into two “states”: “resting” and “activated”.  In the 

healthy mature CNS, microglia have ramified morphologies with small soma and many thin 

processes, which were classified as in the “resting” state. However, any disturbance in the 

homeostasis of CNS, such as infection and injury, can trigger microglia to shorten processes 

and enlarge cell soma, resembling a more traditional macrophage-like “amoeboid” phenotype 

(Kettenmann et al., 2011). The phenotype shift is accompanied with changes in gene 

expression and functional behaviors, which were collectively summarized as “microglia 

activation” (Hanisch & Kettenmann, 2007; Kettenmann et al., 2011).  Activated microglia can 

actively migrate to injury or infection sites following chemotactic gradients or increase local 

densities through proliferation (Hanisch & Kettenmann, 2007). Until recently, studies on 

microglia focused only on their roles as inflammatory cells in the contexts of CNS disturbances 

such as injuries and neurodegenerative diseases.  However, recent studies showed that 

microglia are far more complex and the “resting” state microglia have been active in neuron 

network surveillance, protruding and retracting their processes constantly, contributing to 

neonatal synaptic pruning and adult synaptic plasticity (Harry, 2013; Schafer et al., 2012).  In 

this thesis, we used multi-photon imaging along with other optical techniques to investigate 

microglia’s behaviors and functions in a variety of different scenarios. 
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1.1 Introduction and organization of this thesis 

The work described in this dissertation involves the study of neuropathology and neurological 

injuries via various methods to modulate and observe changes in cellular behaviors in the 

nervous system.  

 

Chapter 2 

This chapter provides a comprehensive overview of roles of microglia in the central nervous 

system (CNS) from recent literature.  Topics range from microglial origins, microglial functions 

as inflammatory cells in the CNS, and the more recent findings of the microglia’s roles in 

synaptic modulations. 

 

Chapter 3 

This chapter introduces four different models of vascular dysfunction in the brain and explores 

how they modulate beta amyloid deposition in Alzheimer’s disease. This entire chapter was 

published in the Journal of Cerebral Blood Flow and Metabolism in 2019, and my contribution 

focused on the penetrating arteriole occlusion model, its corresponding inflammatory effects, 

and modulation of beta amyloid proteins.  Because vascular pathology is a common comorbidity 

to Alzheimer’s disease, this study suggests an important mechanism for vascular impacts on 

Alzheimer’s disease progression. 

 

Chapter 4 



25 

 

This chapter provides some follow-up work to the previous chapter on investigating the roles of 

microglia in aiding the fibrillar to non-fibrillar transition of beta amyloid protein in Alzheimer’s 

disease caused by a penetrating arteriole occlusion. It also includes an introduction of roles of 

microglia as barriers, protectors, and destroyers in Alzheimer’s disease.  

 

Chapter 5 

This chapter investigates microglia interactions with the neuron circuitry when responding to 

degenerating neuronal circuits through micrometer-scale injuries. With imaging by multiphoton 

microscopy and ablation by tightly focused femtosecond laser, we were able to demonstrate 

that microglia can respond to some of the mildest CNS disturbance and potentially have an 

active role in synaptic modulation during injuries. In addition to developing experimental 

methods, these exploratory experiments provide a first look at differences in microglia 

interactions with neurons that are directly connected and unconnected to injured neurons.  

 

Chapter 6 

This chapter investigates the short-term and long-term neurological and inflammatory effects of 

radiofrequency-based (RF) ablation on nerve tissues. Although RF ablation is a commonly used 

clinical technique to decrease unwanted neural signaling, mechanistic studies are surprisingly 

sparse. This work differs in nature from the earlier chapters because it is in partnership with an 

industry partner, Aerin Medical who developed the RF device. We applied RF and cryoablation 

on rat sciatic nerves to model a clinical treatment of rhinitis, in which patients suffer from 

excessive fluid production in the nasal cavity. We demonstrated that both ablation techniques 

induce sustained neurodegeneration and demyelination, as well as persistent inflammation in 
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affected nerve tissues. This work was in collaboration with Dr. Kawasi Lett from Schaffer-

Nishimura lab and sponsored by Aerin Medical. My contribution centered on investigating the 

inflammatory effects and neuron degeneration following nerve ablations via histology and 

immunostaining techniques. 

 

Chapter 7 

This chapter summarizes the important findings presented by this thesis and provides some 

directions for future work. 
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CHAPTER TWO 

MICROGLIA PHYSIOLOGY AND FUNCTIONS UPON INJURIES AND IN HEALTHY CNS 
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2.1  Microglia introduction and origin 

Microglia are the resident immune cells in the central nervous system.  They are ontogenetically 

related to macrophages with shared markers such as F4/80, Fc receptor and CD11b (Perry et 

al., 1985).  Microglia descend from yolk sac macrophages that migrated into CNS at an early 

gestational age and differentiated and distributed widely throughout fetal development (Ginhoux 

et al., 2013).   

 

Normally, microglia exhibit a morphology with long, complex processes. However, when facing 

any real or potential danger, the CNS evokes rapid, profound changes in microglia cell shape, 

gene expression, and functional behaviors as shown in different CNS injury models. 

Chemotactic reorientation and non-transcriptional adjustment in microglia occur in minutes to 

seconds, with massive induction of complex genes activated within a few hours. Depending on 

the scale of injuries, microglia activation has been shown to persist from hours to days for 

cellular injuries, and months to years for traumatic brain injuries (Lyons et al., 2000).  A wide 

range of changes can stimulate the activation of microglia, indicating that microglia are prepared 

to recognize a variety of stimuli that threatens the CNS integrity and homeostasis (Hanisch & 

Kettenmann, 2007; Kettenmann et al., 2011).  After microglia activation, there have been 

controversies in the exact roles they perform.  Some argued that activated microglia perform 

protective functions including forming a barrier that isolates injury sites from the rest of CNS and 

phagocytosing cell debris that can contribute to worsening CNS damage (Lalancette-Hébert et 

al., 2007), others argued that activated microglia can mistakenly phagocytose neuronal parts, 

causing neurodegeneration and cognitive decline (Alawieh et al., 2020). 
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2.2  Microglia functions as inflammatory cells during injury response 

2.2.1  Recognition of injury and pathogens 

In order to respond to injuries and pathogen, microglia would first have to recognize them in the 

CNS.  It has been shown that microglia are capable of responding to a variety of stimuli that 

change the homeostasis in the CNS, and now it is proposed that microglia might recognize 

different stimuli through different pathways. 

 

Several groups have proposed that the microglial response to injuries might be ATP based. It is 

known that cell injuries cause ATP leakage into the extracellular space and work from Davalos 

et al. has demonstrated that microglia are unable to respond without an ATP gradient between 

microglia and the injury site (Davalos et al., 2005). It was shown that ATP leakage causes a 

potassium outward current in microglia, which leads to morphological shift and chemotaxis.  The 

magnitude of outward current appears to decrease in microglia further away from the injury, 

which seems to make it correlated with level of microglia response (Swiatkowski et al., 2016).  It 

was further hypothesized that the initial ATP release by damaged cells triggered ATP-induced 

ATP release by astrocytes, which amplified the signals and caused response from microglia that 

were further than the direct perimeter of the injury (Pascual et al., 2012).  Others have argued 

that chemokine receptors and cytokine receptors can contribute to injury recognition as well.  

Previous work has shown that Cx3cr1 KO mice had microglia in more activated phenotype 

without injury and CD 200 KO mice showed an accelerated microglia response after a facial 

nerve transection (Cardona et al., 2006; Hoek et al., 2000).  Both studies support the argument 

that microglia constantly communicate with their environment and are able to elicit responses 

quickly when CNS homeostasis is disturbed by sensing differences through their receptors like 

CD200R and Cx3cr1.  
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For recognizing pathogens like bacteria and viruses, a different mechanism through toll-like 

receptors (TLRs) was proposed.  Toll-like receptors are a group of pattern recognition receptors 

that enable the innate immune system to sense the invasion of pathogenic microorganisms 

(Akira & Takeda, 2004).  Microglia are reported to express all of the identified TLRs (1-9) in 

mice, suggesting microglia utilize TLRs for pathogen recognition (Olson & Miller, 2004). One 

study showed that stimulation of resting microglia with TLR agonist caused microglia to exhibit 

activated phenotype and upregulation of a series of chemokines and cytokines similar to when 

presented with Theiler’s murine encephalomyelitis virus (Olson & Miller, 2004). Another study 

demonstrated that elimination of TLR2 in mice caused defects in bacteria cell wall product 

peptidoglycan (PGN) recognition and downregulation of TNF-alpha and IL-12 expression 

(Kielian et al., 2005). Interestingly, a study done by Kielian et al. also presented no significant 

difference in intact bacteria recognition between WT and TLR2 KO mice even though 

recognition of PGN was impaired in TLR2 KO mice, raising questions about potential existence 

of other mechanisms involved in microglia recognition of pathogenic microorganisms. 

 

2.2.2  Microglia morphology changes in injuries 

After recognizing injuries, microglia usually undergo morphological changes, commonly used by 

researchers as markers for microglia “activation” with imaging techniques.  At “resting” state 

without CNS disturbance, microglia exhibit a phenotype with small soma and long, complex 

processes. However, when responding to injuries and pathogens, microglia are capable of 

quickly shifting their morphology by shortening their processes and enlarging the cell soma 

(Kettenmann et al., 2011).  Interestingly, recent studies have shown that microglia morphologies 

go beyond the simple “ramified” and “amoeboid” distinctions. Depending on the scale and 
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nature of CNS disturbances, microglia have been reported to exhibit a series of morphologies 

resembling “honeycombs”, “jellyfish” and “cups”, etc. (Roth et al., 2014; Tremblay et al., 2010), 

implying intermediate states of microglia activation when responding to different stimuli. 

Furthermore, microglia were also reported to only send in processes to the injury site while 

maintaining the “ramified” morphology when the injuries are small enough (Lee et al., 2008).   

 

The underlying mechanisms for microglia morphology change are still not well-understood, but 

recent studies have implicated cytoskeleton remodeling through regulation of purinergic 

receptors (Christensen et al., 2006; Fontainhas et al., 2011; Kettenmann et al., 2011; Roth et 

al., 2014).  For example, when presented with AMPA glutamate receptor agonist kainite (KA), 

microglia showed condensation of cytoplastic actin filaments and redistribution of those 

filaments, resembling a shift to the “activated” phenotype (Christensen et al., 2006). On the 

other hand, inhibitors of purinergic receptors P2RY12 or P2RY4 inhibits the microglia phenotype 

change into “honeycombs and jellyfish” completely during brain compression experiments. More 

strikingly, P2RY6 antagonist and CBX, which blocks astrocyte mediated ATP-induced ATP 

release via connexin hemichannels, were able to block microglia phenotype change into 

“jellyfish”, but not into “honeycombs” (Roth et al., 2014), implying that microglia activation might 

be a step-wise process with multiple intermediate states that require different receptors to elicit 

morphological changes. 

 

2.2.3  Injury-induced microglia chemotaxis 

Microglia chemotaxis is considered to be a very important aspect of immune response when 

CNS is challenged with injuries. By migrating towards the injury site, microglia can effectively 
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enclose the apoptotic and necrotic cells within its barriers before phagocytosing them (Hanisch 

& Kettenmann, 2007; Kettenmann et al., 2011). If migrated microglia are not sufficient in 

managing the injury, they can also undergo local proliferation (Kreutzberg, 1996).  Depending 

on the scale of injuries, microglia migration can range from only sending processes from the 

close proximity of a focal laser injury, to migrating across different brain regions after middle 

forebrain bundle transection (Cho et al., 2006; Lee et al., 2008). Microglia migration was 

reported to be observed between five minutes to 24 hours upon injury and last between hours to 

days (Carbonell et al., 2005; Lee et al., 2008). The large discrepancy in observed migration time 

might be due to differences in scale and nature of the injuries. In addition, microglia migration 

speed was also reported to be at variance across different injuries and different levels of 

microglia activation (Lee et al., 2008).  

 

Even though the underlying mechanisms for microglia chemotaxis have not been fully 

understood, it was generally accepted that ATP and ionotropic receptors potentially play a role 

in this process (Kettenmann et al., 2011).  Studies have shown that microglia migrate along an 

ATP gradient, and elimination of the ATP gradient disabled microglia to migrate to the injury site 

(Davalos et al., 2005).  Microglia migratory response to ATP was proposed to be through P2Y12 

receptors since P2Y12R KO mice proved to be ineffective in migrating along the ATP gradient 

(Haynes et al., 2006).  Interestingly, P2Y12 receptor has been linked to elicit an outward 

potassium current in microglia when presenting with ATP, and potassium channel blockers 

alone are able to block injury-induced chemotaxis (Swiatkowski et al., 2016).  The evidence 

above together painted a possible mechanism behind microglia chemotaxis that injuries induce 

ATP release, which caused an outward potassium current through microglia purinergic receptor 

P2Y12R.  However, the exact mechanisms of how potassium current drive microglia chemotaxis 
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is still not well-understood and should be further studied in the future.  At the same time, it is 

worth noting that even though P2Y12R inhibition showed significant reduction in microglia 

migration upon injury, it alone was not able to block injury-induced chemotaxis completely, 

which hints that other receptors or mechanisms contribute to the process (Haynes et al., 2006; 

Lou et al., 2016). 

 

2.2.4  Injury-induced phagocytosis 

Microglia are considered to be the professional phagocytes in the CNS.  During injuries, 

microglia migrate to the injury sites and phagocytose cellular debris in order to restore CNS to 

homeostasis (Hanisch & Kettenmann, 2007; Norris et al., 2018). Studies of microglia in 

phagocytosis, synaptic pruning and neurodegenerative diseases suggest that the classical 

complement pathway plays an important role in microglia phagocytosis. Until recently, the 

evidence for the involvement of the complement pathway in microglia phagocytosis has been 

mostly circumstantial.  However, advances in research in the past several years provided some 

direct evidence for the role of complement pathways in microglia phagocytosis in injuries 

(Alawieh et al., 2020; Norris et al., 2018).  One study done by Norris et al. showed that 

complement genes in microglia were upregulated one day after optical crush injuries. Blockage 

of complement pathway using C1qa KO and Itgam (CD11b or C3R) KO mice showed 

significantly more residual neuronal debris in the brain without changes in microglia number 

(Norris et al., 2018).  In neonatal developing brains, microglia plays a crucial role in neuron 

network reorganization through synaptic pruning by elimination of underdeveloped synapses in 

a complement-dependent manner (Schafer et al., 2012). 
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Interestingly, even though there is an overwhelming amount of evidence pointing at classical 

complement pathway being behind microglia phagocytosis, there is evidence implying other 

mechanisms are in play as well. One study showed that increasing extracellular UDP level was 

able to trigger microglia phagocytosis through P2Y6 receptor and inhibition of P2Y6 receptor 

abolished such effects (Koizumi et al., 2007).  In summary, the classical complement pathway 

has a high likelihood to be a major player in microglia phagocytosis in injuries, but we should 

caution against excluding other mechanisms to be potentially involved, which means further 

studies are needed. 

 

2.2.5  Controversial protective role of microglia in injuries 

There have been some debates over whether microglia act more as “protectors” or more as 

“villains” in CNS injuries.  There is some evidence that microglia limit ischemic lesions by 

repairing the brain blood barrier (BBB) and improving neuron survival by preventing decrease in 

brain-derived neurotrophic factors (BDNF) and glia-derived neurotrophic factors (GDNF) in 

ischemic injuries even though the underlying mechanisms have not been well-studied (Imai et 

al., 2007; Lou et al., 2016).  It is also possible that microglia protect neurons and help restore 

CNS homeostasis by phagocytosing unwanted apoptotic cells and debris (Lalancette-Hébert et 

al., 2007).  However, some others argued that microglia activation exacerbates the injury by 

accidentally phagocytosing intact neurons and synapses, which could be a potential reason for 

cognitive function decline for post-stroke patients (Alawieh et al., 2020). A study done by 

Alawieh et al. showed that inhibition of complement pathway was able to reduce post-stroke 

synaptic uptake by microglia, thus attenuating post-stroke cognitive decline (Alawieh et al., 

2020).  Alzheimer’s disease studies showed that inhibition of complement pathway can 

successfully decrease neuronal and synapses loss and improve cognitive functions (Hong et al., 
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2016; Shi et al., 2017). With arguments from both ends, it is possible that microglia can act both 

as “protectors” and as “villains” depending on the scale and nature of the injury, and their exact 

roles should be examined carefully upon future studies. 

 

2.3  Microglia’s functions in neuron network pruning and synaptic plasticity 

2.3.1  Overview 

Microglia are considered to be the “macrophages” of the CNS, so their functions as 

inflammatory cells have been relatively well-characterized in the past several decades. Until 

recently, microglia were thought to be “resting” until encountering disturbances in the CNS, then 

“activate” to respond to injuries or pathogens. However, advances in microglia research have 

unveiled that aside from being immune cells, microglia play crucial roles in neonatal synaptic 

pruning and adult synaptic plasticity.  In this portion of the chapter, we will discuss in detail 

about some of the microglia roles observed in intact CNS and proposed underlying 

mechanisms. 

 

2.3.2  Observation of synaptic pruning by microglia 

“Resting” stage microglia exhibit a specific phenotype with small soma and long, complex 

processes.  With maturation of in vivo imaging techniques such multiphoton imaging, it was 

unveiled that those processes actively extend, retract and make contacts with synapses 

constantly in the uninjured CNS (Davalos et al., 2005; Nimmerjahn et al., 2005; Wake et al., 

2009). Thus, it was hypothesized that microglia play an active role in regulating neuron network 

by phagocytosing unwanted synapses.  In 2011, Paolicelli et al. visualized engulfed synaptic 

materials inside microglia in developing mouse hippocampus for the first time with high-
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resolution imaging and 3D reconstructing techniques (Paolicelli et al., 2011). It was later proven 

that synaptic pruning by microglia at this stage is necessary for proper brain development since 

mice lacking the chemokine receptor Cx3cr1 showed immature connectivity in the developing 

hippocampus, which was marked by increase in long-term-depression and low synaptic 

multiplicity (Paolicelli et al., 2011; Zhan et al., 2014). Disruption of microglia phagocytosis of 

synapses at this stage allows more numerous, but weaker inputs into the LGN, resulting in a 

defective visual system (Schafer et al., 2012). Additionally, Cx3cr1 KO mice showed autism-like 

characteristics in social interactions (Zhan et al., 2014). 

 

2.3.3  Synapse selection for microglia pruning 

It is still unclear how microglia determine the synapses to phagocytose, but multiple studies 

have argued that the selection process is based on synaptic strength or neuron activity 

(Fontainhas et al., 2011; Sipe et al., 2016; Tremblay et al., 2010; Wake et al., 2009).  In work 

done by Wake et al., it was demonstrated that microglia make brief contacts with synapses and 

decrease in neuron activity significantly decrease frequency of contacts without change in 

processes speed (Wake et al., 2009).  The most convincing evidence comes from monocular 

deprivation experiments in mice.  This experiment was conducted by closing one eye in 

neonatal mice during the critical eye development period, which yielded visual cortex on one 

hemisphere to be properly stimulated and the other one without stimulation, resulting in weaker 

neuron activities.  Visual-deprived cortex showed overall smaller and sparser dendritic spines, 

suggesting weaker and fewer synapses (Tremblay et al., 2010), and microglia exhibited “hyper-

ramified” morphology and decreased mobility with an increase in synaptic puncta overlap, 

suggesting more phagocytosis of synapses (Sipe et al., 2016). 
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The exact mechanism behind neuron-activity-driven synaptic pruning by microglia is still widely 

debated, but existing studies converge on a combination of ATP-driven purinergic receptor 

regulation and neuronal communication with microglia through chemokine and cytokine 

receptors (Feng et al., 2019; Pascual et al., 2012; Sipe et al., 2016; Zhan et al., 2014).  ATP is a 

central metabolic and energetic molecule, which also acts as neuromodulator for cells in the 

CNS (Khakh & Burnstock, 2009).  With the combination of ATP-gated purinergic receptors, ATP 

is able to facilitate calcium-dependent release of neurotransmitters (Sáez-Orellana et al., 2015), 

resulting a positive correlation between neuron activity and ATP concentration.  Since purinergic 

receptor disruption alters microglia morphology and decreases engulfment of synaptic puncta, it 

is highly likely that ATP-sensitive purinergic receptors contribute to the process of synapse 

selection for elimination (Sipe et al., 2016).  The other possibility is that there are “don’t eat me” 

signals such as CD200 and Cx3Cl1 in more active synapses that prevented microglia from 

phagocytosing them (Feng et al., 2019; Zhan et al., 2014).  In one study, it was shown that 

overexpression of CD200 resulted denser dendritic spines and more functional “mushroom” 

shaped spines, and loss of CD200 resulted in poor cognitive performances and more spine loss 

(Feng et al., 2019).  More evidence such as lower expression of CD200 in aging and 

neurodegenerative diseases suggest that CD200 plays an important role in synaptic selection 

(Feng et al., 2019), but further research needs to be conducted to verify its relationship with 

neuron activities. 

 

2.3.4  Phagocytosis and digestion of synapses 

Even though the direct action of microglia phagocytosing a synapse has rarely been recorded, 

there are multiple studies reporting observation of synaptic puncta within microglia (Schafer et 

al., 2012; Vasek et al., 2016).  The phagocytosis of synapses by microglia has been proposed 



38 

 

to be using the classical complement pathway and digestion of synapses through autophagic 

regulator Atg7 (Kim et al., 2017).  One of the key proteins in complement pathway C1q was 

observed to localize to synapses at an early stage of development throughout CNS and retina 

(Stevens et al., 2007).  The expression of C1q was reported to weaken in adulthood but could 

be upregulated through disease and aging (Schafer et al., 2012; Stevens et al., 2007).  Current 

evidence supports this claim since genetic disruption of complement pathway by elimination of 

C1q or the downstream CR3 successfully blocks microglia phagocytosis of synapses, which can 

result in a disorganized nervous system with defects in synapse refinement and eye-specific 

segregation in mice (Schafer et al., 2012; Stevens et al., 2007).  In conclusion, it is clear that 

under normal circumstances, proper functioning of complement pathway seems to be crucial in 

correct brain development, but abnormal activation of complement pathway in diseases and 

infections can potentially lead to accidental synapsed elimination by microglia, leading to 

neurodegeneration and cognitive decline (Stevens et al., 2007; Vasek et al., 2016), which 

makes complement pathway a potential therapeutic target. 

 

2.3.5  Microglia’s role in neurogenesis 

Even though majority of microglia research on intact CNS focuses on their roles in synaptic 

elimination through phagocytosis of synaptic materials, there are voices claiming that microglia 

can potentially assist neurogenesis and synaptic formation (Miyamoto et al., 2016; Vukovic et 

al., 2012). In the events when neurogenesis is observed such as during developing 

somatosensory cortex and exercises, microglia were reported to have a crucial role because 

elimination or inhibition of microglia resulted in less neuronal precursor cell activity and 

decreased dendritic spine densities (Miyamoto et al., 2016; Vukovic et al., 2012).  The exact 

mechanisms behind the observations is still not clear, even though one study has claimed that 
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microglia chemokine receptor Cx3cr1 contributes to its neurogenesis function (Vukovic et al., 

2012).  Due to limited number of studies, more research would have to be conducted to 

elucidate microglia’s roles and mechanisms in neurogenesis in the future. 
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3.1  Abstract 

Vascular dysfunction is correlated to the incidence and severity of Alzheimer’s disease (AD). In a 

mouse model of AD (APP/PS1) using in vivo, time-lapse, multiphoton microscopy, we found that 

occlusions of the microvasculature alter amyloid-beta (Aβ) plaques. We used several models of 

vascular injury that varied in severity. Femtosecond laser-induced occlusions in single capillaries 

generated a transient increase in small, cell-sized, Aβ deposits visualized with methoxy-X04, a 

label of fibrillar Aβ. After occlusions of penetrating arterioles, some plaques changed morphology, 

while others disappeared, and some new plaques appeared within a week after the lesion. 

Antibody labeling of Aβ revealed a transient increase in non-fibrillar Aβ one day after the occlusion 

that coincided with the disappearance of methoxy-X04-labeled plaques. Four days after the lesion, 

anti-Aβ labeling decreased and only remained in patches unlabeled by methoxy-X04 near 

microglia. Histology in two additional models, sparse embolic occlusions from intracarotid 

injections of beads and infarction from photothrombosis, demonstrated increased labeling 

intensity in plaques after injury. These results suggest that microvascular lesions can alter the 

deposition and clearance of Aβ, and confirm that Aβ plaques are dynamic structures, complicating 

the interpretation of plaque burden as a marker of AD progression.  

 

3.2  Introduction  

Vascular health is emerging as a critical factor in Alzheimer’s disease (AD). Recent clinical work 

correlating postmortem pathology with cognitive performance suggests that cerebrovascular 

damage, such as small strokes, strongly exacerbates dementia in patients with Alzheimer’s 

pathology1. There is evidence that the neurological decline in AD begins before the deposition of 

amyloid-beta (Aβ) in plaques, and vascular abnormalities are present even before neurological 

decline2. Risk factors for small strokes and hemorrhages, such as hypertension, diabetes, and 
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smoking, are also risk factors for AD3, 4. Cerebrovascular disease is commonly observed along 

with AD pathology5. Vascular dementia and AD often occur in the same patient, leading to a 

diagnosis of “mixed dementia” 2, 6. Taken together, this evidence implicates vascular pathology 

as an important contributing factor in AD-associated dementia.  

 

Aβ, the peptide that drives the pathology of AD, is produced by neurons at relatively steady levels 

throughout life in the majority of patients7 and cleared from the brain through multiple pathways 

including through the vessels8-10. Events that increase the concentration of Aβ in the brain, either 

by increasing production or decreasing clearance, are potential initiators or exacerbators of AD. 

Animal experiments that model stroke or blood flow reductions have shown that Aβ deposits 

increase in the margin of a stroke11-15. Hypoxia may also increase Aβ accumulation16, 17. Ischemic 

and hemorrhagic lesions also lead to increased inflammation, altered protein synthesis, and 

generation of reactive oxygen species, all of which have been linked to increased Aβ 

aggregation18. Collectively, these data suggest that vascular lesions accelerate Aβ accumulation 

by locally increasing production or decreasing clearance of Aβ. However, other experiments 

suggest the opposite relationship, indicating that there are some situations in which inflammation 

or injury might decrease Aβ deposition19-23. 

 

Previous work in animal models investigating the effect of vascular occlusions on Aβ accumulation 

have tended to focus on the impact of larger strokes, such as those produced by occlusion of the 

middle cerebral artery11-15. In the aging human population, however, occlusions in smaller vessels, 

often producing no noticeable acute symptoms, are far more common4. The impa24ct of these 

microvascular occlusions on Aβ accumulation has remained unexamined. We hypothesized that 

such small vessel occlusions that do not cause large infarcts with clinically apparent symptoms 
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could be important modulators of Aβ deposition in AD. Occlusions in the microvasculature (e.g. 

arterioles and capillaries) from processes such as embolism, lipohylalinosis or microthrombus 

formation could thus contribute to the development of dementia both through their direct effects 

on neurons and other brain cells as well as through their impact on AD pathology.  

 

Here, we used several models of small stroke ranging in impact in a transgenic mouse model of 

AD to examine how microvascular occlusions affect the formation of new Aβ deposits as well as 

how they affected pre-existing Aβ plaques. Occlusions of single capillaries using femtosecond 

laser ablation result in >50% blood flow decrease in only a few downstream branches and no 

infarcts25, while occlusions of penetrating arterioles by focused illumination of rose bengal result 

in larger numbers of affected vessels and ~400-µm cortical infarcts26-28.  A larger, 1-2 mm infarct 

results from the direct occlusion of hundreds of capillaries by wide-field rose bengal illumination29. 

We also included a mild embolic stroke from microbeads injections through the carotid artery. We 

found that microvascular lesions alter nearby Aβ deposition in a variety of ways, driving both the 

appearance and disappearance of Aβ deposits as well as transient rearrangements. These data 

suggest a complex relationship between vascular occlusions and Aβ accumulation, which may 

be the source of conflicting results in the literature on the effects of vascular lesions on Aβ 

deposition.  

 

 

3.3  Materials and methods 

3.3.1  Experimental Animals 
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We used males and female mice with mutated proteins associated with inherited forms of AD 

(mutated amyloid precursor protein (Mo/HuAPP695swe) and mutant presenilin 1 (PS1-dE9); 

Jackson Labs strain: B6.Cg-Tg(APPswe,PSEN1dE9)85Dbo/J) and develop dense amyloid 

plaques throughout the brain by about six month of age, here referred to as APP/PS130. Wild type 

controls were age-matched littermates. Animals are group housed, with a 12-hour light cycle. 

Ages ranged from 8 to 28 months. To image plaques and microglia, we crossed the APP/PS1 

mice to mice that have green fluorescent protein (GFP) knocked in for the Cx3cr1 gene 

(B6.129P(Cg)-Ptprca Cx3cr1tm1Litt/LittJ, breeders from Jackson Labs31), to create mice with one 

intact Cx3cr1 allele and APP/PS1 genes. To identify lesions in tissue sections by visualizing 

neuron degeneration, we crossed the AD-microglia mice to B6.Cg-Tg(Thy1-YFP)HJrs/J (breeders 

from Jackson Labs). These mice express YFP in a subset of neurons, GFP in microglia and AD-

related genes. All the mice expressing GFP in microglia are referred to here as AD-microglia mice 

and grouped together because we did not see any effects of YFP expression on plaque or 

microglia dynamics. AD-microglia mice were used at 11-13 months of age. Number of animals 

used and corresponding age information for each experiment was summarized in Supplementary 

Table 1. All animal experiments were conducted according to procedures approved by Cornell 

University’s Institutional Animal Care and Use Committee. Cornell University is accredited by the 

Association for Assessment and Accreditation of Laboratory Animal Care International, and all 

experiments conform to these guidelines. ARRIVE (Animal Research: Reporting in vivo 

Experiments) guidelines were followed for reporting results of animal experiments.  

 

3.3.2  In vivo imaging with multiphoton microscopy 

Chronic cranial windows were implanted in adult mice (Supplementary Methods). To fluorescently 

label the microvasculature, we used Texas-red dextran in saline (40 µL, 2.5%, MW = 70 kDa, 
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Invitrogen). We administered 20 to 40 µl methoxy-X04 (1 mg/ml, preparation details in 

Supplementary Methods), a Congo red derivative that crosses the blood-brain barrier and labels 

Aβ fibrils32, to mice before each imaging session to label Aβ deposition and cerebral amyloid 

angiopathy (CAA). During image acquisition, mice were maintained under anesthesia with 1-2% 

isoflurane in oxygen and secured in a custom-built stereotactic frame to reduce breathing artifacts. 

To prevent dehydration, 100 µl of 5% glucose in saline was administered every hour. The 

breathing rate was maintained at ~1 Hz by adjusting the inhaled isoflurane concentration. The 

mouse was kept at 37ºC with a feedback-controlled heating pad throughout imaging. Images were 

obtained on a custom-built multiphoton microscope27 running ScanImage software33.  

 

3.3.3  Femtosecond laser ablation for subsurface vessel occlusion 

To occlude single, subsurface vessels, including pre-capillary arterioles and capillaries, we used 

femtosecond laser pulses to drive photodisruption within the targeted vessel while imaging with 

multiphoton microscopy25. In brief, 50-fs, 800-nm, 1-kHz laser pulses from a regenerative 

Ti:Sapphire amplifier (Legend-USP; Coherent, Santa Clara, CA), were aimed into the target 

vessel. The amount of irradiation was increased gradually from 1 to 1000 pulses starting at low 

energies (~50-nJ incident per pulse) to higher energies (maximum ~500 nJ). Several places along 

the target segment were irradiated until the motion of red blood cells stopped as visualized by 

Texas-red dextran injected into the vasculature. Vessels were checked for recanalization for 

about 2 hours and if found flowing, reclotted with repeated irradiation. All vessels occluded using 

this method spontaneously were flowing again after one day.  Control data was taken from 

ipsilateral regions at least ~500 µm from lesions in the same imaging windows as lesions.   
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3.3.4  Photothrombotic occlusions of penetrating arterioles with rose bengal  

Penetrating arterioles were occluded using photothrombosis during imaging with multiphoton 

microscopy.  Mice were injected retro-orbitally with 50 µL of rose bengal (10 mg/mL in saline) 

immediately before irradiation.  Green laser light (~5-mW incident power) was focused through 

the microscope objective into the center of the imaging plane at a targeted penetrating arteriole 

26. Laser irradiation was delivered in 10-60-s bouts alternating with imaging, until the arteriole and 

some of its branches were occluded. This also clotted some capillaries within the vicinity of the 

target vessel, resulting in a region with some occluded capillaries ~100 to 300 µm wide. In 

APP/PS1 animals, separate animals without lesions were used as controls. In AD-microglia 

animals, the contralateral hemispheres without lesions were used as control.  

 

3.3.5  Image analysis of in vivo multiphoton microscopy of plaques and microglia 

To quantify and characterize plaques and microglia, in vivo image stacks were maximum-

intensity-projected.  Images were then segmented using a threshold based on the average and 

standard deviation intensity of a manually chosen background region (Supplemental Methods and 

Supplementary Figure 1).  

 

3.3.6  Intact-skull photothrombotic occlusions of vessels within a 1-mm region with rose 

bengal  

For larger lesions that generate cortical infarctions, we irradiated through the intact skull to 

occlude nearly all vessels in a cortical region ~1mm wide. The skin above the skull was injected 

with 100 µL of 0.125% bupivacaine, retracted and kept wet with saline. Mice were injected retro-
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orbitally with 50 µL of rose bengal (10 mg/mL in saline) immediately before irradiation. A 

collimated beam (~ 40 mW) with about 1-mm diameter was aimed on the skull about 2-mm lateral 

and 3-mm caudal to bregma on one side of the skull for five minutes. After irradiation, the skin 

was closed and these mice were dosed with buprenorphine (0.010mg/100g) every 8 hours for the 

first 72 hours of survival for pain management while minimizing interference with the inflammation 

due to the lesion. The contralateral hemisphere without lesions was used as control. 

 

3.3.7  Microbead embolic stroke model  

During surgery, mice were anesthetized using 5% isoflurane and maintained at 1.5-2.0%. 

Glycopyrrolate (0.5 mg/kg mouse) was injected intramuscularly to facilitate respiration. Body 

temperature was kept constant at 37°C using a heating blanket. An incision was made in the neck 

and blunt dissection was performed to expose and isolate the left carotid artery. The common and 

external carotid arteries were temporarily ligated with taut sutures and a small needle (29G) was 

guided into the common carotid artery above the ligation. A 100-μL solution containing ~2,000, 

25-µm diameter, blue, polystyrene microspheres (Polysciences, Inc., PA) or sterile saline for the 

sham experiments was slowly injected. The needle was then withdrawn, the puncture in carotid 

artery allowed to clot, and the neck incision was sutured shut. Animals were given buprenorphine 

(0.010mg/100g), every 8 hours for three days after the surgery. Animals survived for 5 or 10 days 

after lesioning. Two animals died within two days after microbead injections and were not counted 

in the reported animal numbers.  

 

3.3.8  Immunohistochemistry and imaging tissue 
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At the end of the survival period, animals were transcardially perfused with phosphate buffered 

saline (PBS) followed by 4% paraformaldehyde in PBS. Brains were post-fixed, cryoprotected 

and sectioned on a cryostat. Microglia were labeled with anti-IBA-1, a rabbit polyclonal antibody 

(Wako 019-19741) and Aβ was labeled with using polyclonal antibodies, pan-Aβ (MBL 

International Corporation AT-5001) and Abcam ab2539. Details are provided in Supplementary 

Methods.    

 

3.3.9  Statistical Analysis 

When distributions of the data were non-normal, non-parametric statistical tests were used. When 

comparing plaque properties between lesioned and unlesioned groups the Wilcoxon-Mann-

Whitney rank sum test was implemented. When comparisons were made in two regions of the 

same animal’s brain, injection and contralateral side, Wilcoxon rank signed test for paired data 

was used. Alpha was set to 0.05. These tests used Kaleidagraph. Box plots show quartiles and 

medians in boxes, black dots show means and whiskers show 1.5 x (75th-25th percentile values). 

When analyzing individual plaques across different days, a Kruskal-Wallis test, which is a non-

parametric one-way ANOVA test (Graphpad Prism), and multiple comparison test followed by 

Dunn’s correction was used. 

 

3.4  Results 

To study the interaction between microvascular occlusions and Aβ deposits in the APP/PS1 

transgenic mouse model of AD, we used several models of vascular lesions that occluded small 

brain vessels ranging in size from single capillaries to small arterioles. The injury models also 

differed in the number of vessels affected, providing a range of severity. To observe changes in 
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Aβ plaque deposition, we used in vivo multiphoton microscopy to image methoxy-X04-labeled, 

fibrillar Aβ in plaques32 over timescales of hours to weeks. We also compared the density and 

morphology of Aβ deposits near and far from microvascular occlusions using antibody labeling in 

extracted tissue. 

 

3.4.1  Femtosecond laser occlusions of capillaries and pre-capillary arterioles cause the 

formation of small, transient Aβ deposits 

The mildest of our vascular lesion models is the occlusion of a single capillary or pre-capillary 

arteriole below the cortical surface. During imaging, clots were induced in subsurface pre-

capillary arterioles and capillaries by irradiating the vessel wall with tightly-focused femtosecond 

laser pulses to induce clotting in the vessel and stop blood flow25. Over several days, we 

observed an accumulation of fluorescent deposits around the targeted vessel, which included 

autofluorescence at both green and red wavelengths, as well as fluorescence from Texas-red 

and methoxy-X04 (Fig. 1a-h). Because the emission spectra of the autofluorescence overlapped 

that of methoxy-X04, we found it was necessary to linearly unmix the signals from a blue (425 

nm center wavelength) and green (530 nm) image to differentiate the two sources of 

fluorescence. Images from lesioned areas in mice that did not receive methoxy-X04 injections 

were used to estimate the spectra of the autofluorescence, while spontaneous plaques in 

animals with no vascular lesions were used to estimate the spectra of pure methoxy-X04. We 

used the blue and green images to compute an unmixed methoxy-X04 image (e.g. Fig. 1d and 

h, Supplementary Fig. 1).  
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New methoxy-X04-labeled deposits appeared as soon as one day after an occlusion of a single 

capillary or pre-capillary arteriole (Fig. 1 and Supplementary Fig. 4). These deposits tended to 

be smaller (~5-15 µm in diameter) than spontaneously-formed extracellular plaques, which can 

reach diameters greater than 100 µm. A couple days after the lesion, the methoxy-X04 deposits 

increased in number and in area per deposit as compared to control regions without lesions 

(Fig. 1 q-t). By two weeks, the number of deposits had returned to pre-occlusion levels. We did, 

however, see examples where methoxy-X04 deposits that appeared after the occlusion 

persisted as long as 60 days after the lesion. Similar analysis on the unmixed autofluorescence 

channels showed autofluorescent deposits remained unaffected in both number and area (Fig.1 

u-x).  Lesions did not produce detectable methoxy-X04 deposits in wild type littermates 

(Supplementary Fig. 2). Similar deposits were found to appear after a vessel occlusion in 

experiments using a thinned-bone window rather than a craniotomy (Supplementary Fig. 3). 

 

3.4.2  Pre-existing Aβ plaques change morphology after capillary and penetration 

arteriole occlusions 

After occlusion of single, targeted capillaries and pre-capillary arterioles, the morphology of 

some nearby, pre-existing plaque, as visualized by methoxy-X04, changed in the days after the 

lesion to appear more condensed near the middle of the plaque (Fig. 2). These changes started 

to reverse after about one week with the plaques regaining a more “diffuse” appearance. Pre-

existing, parenchymal plaques had much brighter methoxy-X04 labeling than the small (~10 µm) 

deposits which appeared in regions without plaques after capillary occlusions (Fig. 1), so 

images for analysis of parenchymal plaques were not unmixed. Plaques were individually 

identified for tracking over time by referencing landmarks such as the blood vessels and other 

plaques. In control animals, the intensity of methoxy-X04 labeling in the same plaque increased 
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to 152% of baseline (median) after three days, while in plaques around a lesion, intensity 

increased to 112% of baseline (Fig. 2d). In control animals, the area of a plaque increased to a 

median of 142% of baseline, while in lesioned animals, plaques stayed about the same size with 

a median of 97% of baseline (Fig. 2e).  

 

We then imaged pre-existing plaques in a more severe model of focal stroke in which we occlude 

a penetrating arteriole (Fig. 3) 26, 28, 34. This stroke model also led to the occlusion of some 

capillaries within a ~200 µm diameter region around the targeted vessel. Because both Aβ 

accumulation and vascular lesions affect microglia, we also used APP/PS1 mice that express 

GFP in microglia, here referred to as AD-microglia mice (Fig. 3c). After the lesion, we observed 

several changes that followed the same trends in both types of mice. One day after the lesion, 

many of the larger, diffusely-labeled plaques decreased in area, while the methoxy-X04 signal 

became brighter at the center of some plaques. In addition, other plaques appeared to decrease 

in intensity of labeling and some plaques disappeared. The condensation and “brightening” of 

larger plaques and the disappearance of smaller deposits was more pronounced about a week 

after the lesion. Alterations in appearance of the deposits stabilized by two weeks after the lesion. 

These lesions were also accompanied by an accumulation of red autofluorescent deposits. The 

tissue rearranges after these injuries and some of the vasculature, which we used for landmarks, 

was altered, so for quantitative comparisons, projections were taken in approximately the same 

image volumes that were identified by the vasculature before and one day after the lesioning. At 

one day after lesioning in both strains of mice, the intensity of plaques was statistically unchanged 

but highly variable (Fig. 3e). Both the area of methoxy-X04 labeling and the number of plaques in 

regions within ~1 mm of the lesion was reduced when compared to controls (Fig. 3f), and the 

number of plaques at the lesion decreased to a median of 44% of baseline levels in APP/PS1 
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mice and to a median of 67% in AD-microglia mice (Fig. 3g).  

 

3.4.3  Penetrating arteriole occlusion causes both disappearance and appearance of 

plaques 

In AD-microglia mice, the numbers of plaques were sufficiently sparse to enable us to individually 

track a subset of plaques over two weeks after a penetrating arteriole occlusion and in the 

hemisphere contralateral to the lesion (Fig. 4 and Supplementary Fig. 5). In individually-identified 

plaques, the methoxy-X04 labeling intensities on average increased, but with high variation 

between plaques at one and three days after the lesion. Methoxy-X04 labeling intensity returned 

to baseline after two weeks (Fig. 4b). The change in area of individual plaques was also variable 

(Fig. 4c), and manual tracking of landmarks such as vessels confirmed that some plaques 

disappeared (Fig. 4d and Supplementary Fig. 5). We found that only about 2/3 of the plaques 

visible before lesioning were still visible at 3 or 4 days after the lesion using both in vivo imaging 

and anti-Aβ stained tissues (Fig. 4d-e and Supplementary Fig. 10). A subset (12%) of the plaques 

that were visible with methoxy-X04 at baseline disappeared temporarily and then reappeared over 

the course of two weeks. On the contralateral hemisphere, no plaques disappeared (Fig. 4e and 

Supplementary Fig. 5b). A small number of new plaques appeared on both sides, although the 

lesion side had a higher rate of appearance (23% of baseline plaques) than the contralateral 

control (12% of baseline plaques).  

 

3.4.4  Aβ plaque disappearance correlates with appearance of non-fibrillar Aβ protein at 

lesion center after a penetrating arteriole occlusion 
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In sectioned tissue harvested one and four days after the penetrating arteriole occlusion, the 

lesion was easily visualized by abnormal axons and loss of cell bodies of YFP-expressing neurons. 

We defined the center of this region, around 300-400 µm below the cortical surface, as the lesion 

center to facilitate spatial comparisons. One day after lesion, anti-Aβ immunostaining showed 

increased intensity compared to the control region on the contralateral side which was distributed 

diffusely in an ellipsoidal volume at the lesion center that was largely gone at four days (Fig. 5). 

Sections processed without primary antibody showed no intensity difference, suggesting the 

labeling increase reflects Aβ proteins (Supplementary Fig. 7). Normalized average anti-Aβ 

intensity verified that anti-Aβ labeling transiently increased significantly one day after occlusion 

but returned close to control values by day 4 (Fig. 5e-f).  On day 4, although the average anti-Aβ 

labeling intensity was reduced near the lesion center to control levels, anti-Aβ labeling remained 

bright in isolated clumps that were not colabeled by methoxy-X04 (Fig. 5b and f). Methoxy-X04, 

which labels fibrillar Aβ, appeared in a pattern distinct from the anti-Aβ antibody. There were 

almost no Aβ plaques labeled by methoxy-X04 within the lesion center, but methoxy-X04 plaques 

were present all around the lesion (Fig. 5a-b).  One day after the occlusion, the number of 

methoxy-X04-labeled plaques in regions with increased anti-Aβ labeling around the lesion center 

decreased to 20% relative to the neighboring regions, with the trend continuing on day 4 (Fig. 5g-

h).  However, changes in methoxy-X04 distribution were not evident in spatially average intensity 

of methoxy-X04 likely due to the sparse distribution of plaques (Supplementary Fig. 8). 

 

3.4.5  Cx3cr1-GFP microglia population changes coincide with alterations in plaques 

after penetrating arteriole occlusions 

Microglia dynamics were visualized by the GFP in AD-microglia mice during in vivo imaging and 

in tissue sections. At baseline, plaque-associated microglia clustered densely around and within 
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methoxy-X04-labeled deposits. Microglia not immediately adjacent to the plaques were ramified 

and scattered throughout the parenchyma. One day after occlusion, in vivo imaging in the top 150 

µm of cortex showed that the GFP signal in parenchymal microglia became very faint in the 

immediate ~200-µm radius of the occluded vessel (Fig. 3c), but the total number of microglia 

stayed about constant (Fig. 6a). In plaque-associated microglia in this region, GFP labeling 

lingered with higher intensities than in parenchymal microglia (Fig. 4a, Supplementary Fig. 5, 6c 

and d). Over the course of 7 days, there was a large increase in microglia density relative to 

baseline in the region around the occluded vessel that remained on day 14 (Fig. 3c, 6a). These 

microglia were not ramified and had larger cell bodies and fewer, shorter processes than the 

microglia at baseline or in control. In some cases, microglia changes were accompanied with a 

shape change of the plaque (Fig. 4a) or disappearance (Supplementary Fig. 5a). There were no 

notable differences in area covered by microglia around plaques that stayed visible for at least 

three days or disappeared (Supplementary Fig. 6). In control regions, contralateral from the 

lesions, microglia did not change in number or shape either near or far from plaques (Fig. 3d, 6c). 

In sectioned tissue, we were able to observe microglia beyond the maximum two-photon imaging 

depth. Overall, microglia dynamics ex vivo followed trends similar to in vivo, but the increase in 

number was observed earlier deeper in the tissue (Fig. 6b). One day after the lesion, the number 

of microglia assessed by GFP visualization in sections doubled relative to the control at the lesion, 

with the greatest density centered around 300-400 µm below the surface, coinciding with the 

location of the diffuse anti-Aβ increase (Fig. 6c-e). Closer to the cortical surface, the rate of 

increase in microglia number was slower than at the lesion center.  Labeling with antibodies 

against IBA-1 showed similar patterns to GFP and there was no significant difference in ratios of 

GFP and IBA-1 between lesioned and control regions at any time point (Supplementary Fig. 11) 
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3.4.6  Non-fibrillar Aβ coalesces at microglia after four days in penetrating arteriole 

lesion 

Four days after the lesion, the number of microglia quantified in tissue sections increased to 2.5 

times the number on the contralateral side (Fig. 6b) and tended to be spread over a larger area 

than at day 1 (Fig. 6c-d). Microglia remained rounded compared to control. At the lesion center 

where, three days earlier, methoxy-X04 plaques had disappeared and diffuse anti-Aβ increased, 

microglia with shortened processes were observed near the new, anti-Aβ positive, methoxy-X04 

negative deposits (Fig. 5i-iv). In comparison, at all time points the regions away from the lesion 

contained parenchymal microglia with small cell bodies and long processes that were distinct from 

the morphologies of both the parenchymal microglia at lesions and plaque-associate microglia 

(Fig. 6c-e and Supplementary Fig. 9).  

 

3.4.7  Closed-skull rose bengal stroke model showed increased labeling intensity for Aβ 

deposits at lesion margins 

We also evaluated the effects of an even more severe model of stroke on Aβ deposits using 

photothrombosis in a ~1mm area irradiated through the skull. This model of stroke leads to the 

occlusion of a large fraction of surface and sub-surface blood vessels in the irradiated region. 

After a 10-day survival, tissue was harvested and Aβ deposits were visualized using a pan-Aβ 

antibody. We found infarctions at the cortical surfaces of ~1-mm diameter that extended in 

depth through most of the cortex (Fig. 7a and c). We analyzed Aβ deposits within 500 µm of the 

edge of the infarct and found that these deposits had increased intensity of labeling when 

compared to plaques found on the contralateral side with no lesion (Fig. 7e). Both the area per 

plaque and the number of plaques showed a trend toward increasing around the infarct as 
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compared to the contralateral side, although these trends did not reach significance (Fig. 7f and 

g).  

 

3.4.8  Embolic stroke models also caused an increase in the intensity of labeling of Aβ 

deposits 

Finally, we used another model of small-scale stroke in which vessels were occluded by injection 

of fluorescent microbeads into the internal carotid artery24. Beads with 25-μm diameter lodged in 

small arterioles or capillaries in the territory of the middle cerebral artery on the same side of the 

brain as the carotid artery injection. For the sham procedure, animals were injected with sterile 

saline. No obvious behavioral signs of stroke were seen in any of the animals, and we did not 

observe infarcts in any animal. Animals survived 5 days or 10 days before perfusion and 

histological analysis of Aβ deposits using pan-Aβ antibodies. The number of plaques was highly 

variable across animals, so we normalized measures of plaque properties from the side ipsilateral 

to the injection to the measurements taken in the equivalent region on the contralateral side of 

the same brain section (Fig. 7h-k). This normalization controls for differences between animals 

and enables a comparison between microbead-injected and sham animals. After 5-day survival 

the normalized intensity of the labeling of plaques was increased by more than 10% in lesioned 

animals compared to sham, with this increase still present but diminishing in the 10-day survival 

animals (Fig. 7l). While there was a slight trend for an increase in normalized plaque volume after 

microbead injection with 5- and 10-day survivals when compared to the sham experiments, the 

variability in the data was high and the trend did not reach significance (Fig. 7m). The normalized 

number of plaques did not appear different between lesioned and sham animals (Fig. 7n).  
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3.5  Discussion 

3.5.1  Morphological changes in pre-existing amyloid plaques after ischemic lesions  

Histological studies have suggested that "diffuse" plaques might transition to "dense" or "dense 

core" plaques under conditions such as injury11, 35. Using time lapse imaging of the small lesions 

from occlusions of single or a few capillaries or arterioles, we showed that pre-existing plaques 

that were diffusely-labeled with methoxy-X04 can appear to condense, with labeling concentrating 

towards the center of the plaque, although on average the total intensity of the labeling did not 

increase (Fig. 2 and 3). In the single subsurface capillary occlusion model, this effect appeared 

to relax somewhat over two weeks (Fig. 2). In more severe injuries, it was not clear whether this 

condensation was reversible over a similar timeframe (Fig. 4a). It is not known whether these 

plaque changes occur in humans, but the observation of both diffuse and dense plaque 

morphologies in humans suggests that these finding may be clinically relevant35, 36.  

 

3.5.2  Disappearance and appearance of Aβ plaques after microstrokes 

Several previous imaging studies showed that Aβ deposits can disappear after treatments such 

as anti-Aβ antibodies12, 37-39. Time-lapse imaging with methoxy-X04 revealed a natural cause of 

disappearance by showing some pre-existing plaques disappeared near the occlusions of 

penetrating arterioles, although a fraction of these plaques also reappeared over two weeks (Fig. 

4). Methoxy-X04 labeling fibrillary Aβ lasts up to 90 days, thus plaque disappearance was unlikely 

due to turnover of methoxy-X0440. The occlusion of a penetrating arteriole induces a more severe 

drop in blood flow than the occlusion of a subsurface capillary25, 26, after which we did not observe 

disappearance of plaques. This suggests that a minimum level of blood flow change, injury or 

inflammation is required for plaques to disappear. In both the lesioned and control hemisphere of 
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the AD-microglia mice, there was a high rate of newly formed plaques compared to previous 

studies41-44, which might be explained by both local and systemic effects of the lesion. The net 

result in the immediate area around the penetrating arteriole occlusion is a decrease in the 

number of plaques at two weeks, despite an increase in the rate of appearance of new plaques. 

Two alternate kinds of ischemic injuries, a larger infarct and embolic stroke (Fig. 7), increased 

intensity and number of plaques reminiscent of the higher rate of plaque formation after 

penetrating arteriole occlusion. The dynamics of Aβ deposits likely sensitively depend on 

parameters of the injury.  In the penetrating arteriole occlusion model, the decrease in Aβ deposits 

was primarily observed in the center of lesion (i.e. “core”) where the tissue was disrupted but 

intact (Fig. 5).  However, in the intact-skull model where the infarct was larger, tissue at the “core” 

of the lesion disintegrated so analysis is only in the margins where Aβ labeling increased. In the 

embolic stroke model, the injection of beads resulted in minimal tissue damage with no infarct, 

potentially suggesting that the tissue damage was not severe enough to cause plaque 

disappearance. 

 

3.5.3  Microstrokes drive a transition between plaques and non-fibrillar Aβ 

The disappearances of methoxy-X04 plaques one day after a penetrating arteriole occlusion 

coincides with the appearance of delocalized, diffuse Aβ, revealed by antibody labeling (Fig. 5). 

This new deposit did not colabel with methoxy-X04 suggesting that lesions cause production of 

non-fibrillar forms of Aβ or, alternatively, conversion of pre-existing Aβ from plaques to a non-

fibrillar form. The non-fibrillar and soluble forms of Aβ aggregates have been associated with 

neurotoxicity45, 46, which implies that occlusions in small vessels or microstrokes could worsen 

AD progression even if the plaque number is reduced. The spatial and temporal correlation 

between Aβ changes and microglia dynamics suggests a role for inflammatory cells in this 
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process that needs future investigation. The new anti-Aβ-labeled aggregates found at the lesion 

center on day 4 had nearby microglia, supporting a role for microglia in transitions of Aβ deposit 

morphologies after the lesion (Fig. 5iii-iv). The small, cell-sized methoxy-X04 deposits that 

appeared after the occlusion of capillaries (Fig.1 and Supplementary Fig. 4) suggests the 

involvement of phagocytosis of Aβ by microglia or other cells such as astrocytes12, 39. The 

microglia near the Aβ plaques that survived lesioning had more robust GFP signal than 

parenchymal microglia (Fig. 4a), consistent with the idea that the plaque-associated microglia 

are functionally different from the other microglia47. Vascular injuries are triggers for 

inflammatory cascades that can add to inflammation that is already present in the AD brain. 

Many other cells such as monocytes and astrocytes play a role in phagocytosis of plaques and 

these cells also activate during ischemia and stroke, but were not investigated here48-54. We also 

caution that we cannot clearly distinguish between resident and invading cells, so that the 

Cx3cr1-GFP cells characterized here could originate from circulating cells. Although we 

observed similar plaque dynamics after injury between AD and AD-microglia mice, it is worth 

noting that the Cx3cr1-GFP mouse model has one copy of Cx3cr1 chemokine receptor replaced 

by GFP, which could have a potential impact in plaque recognition and clearance51, 55.  

 

3.5.4  Imaging in Aβ deposition and lesion studies 

This study revealed several experimental aspects that can complicate multiphoton microscopy 

imaging studies of Aβ in mouse models. First, our finding that the vascular injury can change 

plaques from diffuse to dense and back again suggests that many kinds of injury or 

inflammation might have this effect. This suggests that other studies using cranial windows, 

which can cause inflammation in brain tissue, may need to contend with the effects described 

here56. In this study, we used open cranial windows, which had been implanted for at least three 
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weeks and in some cases several months, to minimize the effects of the cranial window. We 

cannot rule out the effects of the window and imaging although we saw similar results without 

cranial windows. The other cautionary result from this work is that autofluorescence in imaging 

studies can be quite bright, cell-shaped and confounding because it correlates with the 

experimental treatment. Some autofluorescence, including the red autofluorescence (for 

example, in Fig. 1 and 3c), is likely related to cell stress and injury and therefore is associated 

with the strokes induced here57. In this work, we found that the spectral properties of methoxy-

X04, the standard for multiphoton microscopy of Aβ plaques, are similar to autofluorescent 

signals produced around vascular lesions. We found that it is possible to unmix these signals 

and that methoxy-X04 and autofluorescence signals appear in separate volumes. It is unclear 

how previous in vivo imaging studies of Aβ changes after stroke handled this complication.  

 

There are some limitations in our methods that may bias the types of plaques analyzed. Methoxy-

X04 was injected before each imaging session, and because the labeling from previous imaging 

sessions is still present, stable plaques accumulate more labeling with each imaging session. Our 

finding that in control animals, plaques increased in size and intensity over time is consistent with 

this mechanism and the literature41, 42. The regions measured could also have some selection 

bias, because regions were chosen where it was possible to identify what appeared to be the 

same vessels at both time points. In an attempt to reduce bias, the thresholding algorithm was 

based on quantitative measures as much as possible (the user still had to choose background 

regions manually). It was not practical to blind the analysis because the difference between 

lesioned and unlesioned images was too clear.  In vivo imaging analysis was limited to the upper 

cortical region after penetrating arteriole occlusions. The lesion has a depth-dependent structure 

that may be related to the cell types or vascular structures found in different layers in cortex34. 
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The increase in anti-Aβ labeling as well as the accumulation of microglia was centered around 

layer 4 or 5. This resulted in some differences between measurements with in vivo imaging, which 

only went ~200 µm deep, and postmortem, sectioned tissue. 

 

3.6  Conclusions 

The emerging picture is that vascular injury certainly alters Aβ accumulation, but it is much more 

complex that a simple increase or decrease. Even around a single lesion, the heterogeneity of 

plaque dynamics suggests that Aβ is highly sensitive to local physiology such as regional 

variations in blood flow 54, 58 and tissue structure. Here, we found complex dynamics in Aβ deposits 

after multiple models of mild or small strokes that could reflect a redistribution of Aβ within the 

tissue in response to injury and inflammation as well as changes in total amount. We did not 

investigate factors such as sex or environment that have known modifiers of both AD and vascular 

health59, but these could be important for our understanding of the disease in clinical populations. 

This work demonstrates that vascular pathology and prior injury can influence Alzheimer’s 

disease and because microvascular pathology and cardiovascular risk factors are common in AD, 

the mutability of Aβ deposits must be considered when using plaques as a marker for AD 

progression. 
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Figure 1. Spectral unmixing of multiphoton microscopy images around laser-induced 

vascular lesions reveals methoxy-X04 deposits and autofluorescence. Images were taken 

one hour (a-d) and two days (e-h) after a pre-capillary arteriole was clotted with femtosecond 

laser irradiation. Red shows both Texas-red dextran injected into vessels and accumulated 

autofluorescence (a and e). Spectral unmixing yielded images of methoxy-X04 (blue in b and f, 

white in d and h) in CAA and other deposits, as well as autofluorescence signals (green in b and 

f, white in c and g). (i-p) Time-lapse imaging of methoxy-X04 deposits near a pre-capillary arteriole 

occluded by femtosecond laser ablation. Texas-red dextran was injected in the vasculature to 

visualize vessels (red, panels i-l). Unmixed methoxy-X04 channel (white, panels m-p) is displayed 

with same normalization across days. Punctate methoxy-X04 deposits in regions without pre-

existing, large, parenchymal plaques observed after occlusions of single subsurface vessels in 

APP/PS1 animals. Arrows indicate deposits identified by automated segmentation. (q) 

Quantification of number of methoxy-X04  and (u) autofluorescent deposits in AD mice within 50 

µm of the occluded vessel. (r and v) Similar vessels with no lesions were imaged within the same 

cortical windows in AD animals for control. (s) Area of each deposit of methoxy-X04 and (w) 

autofluorescence after lesion and (t and x) in control. AD with lesions: 27 lesions in 8 animals, 11 

to 15 months in age, 6 males, 2 females; AD with no lesions: 26 vessels in 9 animals, 5 males, 4 

females, 11 to 16 months in age. Significance tested within each graph by ANOVA with posthoc 

Tukey’s test. Comparisons at same time points of AD with and without lesions were tested with 

Wilcoxon-Mann-Whitney rank sum test. Black dots show means. 
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Figure 2. Pre-existing plaques change shape and size after occlusions of single subsurface 

vessels. (a) Vessels (red) and plaques (methoxy-X04, green) before occlusion. Target vessel 

for occlusion, a subsurface, pre-capillary arteriole, is indicated by white ellipse. (b) Methoxy-X04 

labeling of plaques near the occlusion was imaged over time (region indicated by yellow box in 

(a)). Images are maximum intensity projections though 50 µm and are median filtered for display. 

(c) Intensity profile over time normalized by peak value averaged in the y-direction in region of 

white box in (a). (d) Mean intensity and (e) area of methoxy-X04 labeling in the same plaques 

within 200 µm of the lesion at three days after occlusions of single subsurface capillaries or pre-

capillary arterioles normalized to baseline images (22 plaques in occlusion group (n = 3 lesions 

in 3 animals, two male, one female, 12 months), 28 plaques in control in separate animals with 

no lesions (1 male, 1 female, 12 months old)). Boxplot shows median and quartiles, black dot 

shows mean. P-values calculated from Wilcoxon-Mann-Whitney rank sum test. 
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Figure 3. In vivo imaging of plaque and microglia dynamics after an ischemic lesion 

induced by rose bengal photothrombosis of a penetrating arteriole. (a) Plaques in an 

APP/PS1 animal are visualized with methoxy-X04 (cyan and white) and vessels by Texas-red 

dextran injection (red). White ellipse indicates targeted penetrating arteriole. (b) Control region 

imaged in animal with no lesions. Images in a and b are maximum projections displayed with 

median filtering. (c) Penetrating arteriole occlusion in an AD-microglia mouse. Microglia (Cx3cr1-

GFP) are shown in green, blood vessels in red, and methoxy-X04 in cyan. (d) Contralateral side 

of the same mouse was imaged as control. The images in c and d are average projections of 20 

µm. Contrast of each channel was adjusted for best view in the baseline images. The contrasts 

of images from the subsequent days are displayed so that the mean of manually chosen 

background regions appears the same across days. (e) Mean intensity and (f) area of methoxy-

X04 labeling, and (g) number of plaques at 1 day after lesion (occ) and in control (con) in the 

image region with values all normalized to baseline in APP/PS1 (occlusion: 13 lesions in 13 

animals, 8 males and 5 females, controls: 10 males and 7 female, 8-12 months old) and AD-

microglia mice (13 lesions in 13 animals, 5 males and 8 female, 8-10 months old). (f) Outliers not 

shown on graph (AD, control: 5.9, 8.21). (g) Outliers not shown on graph (AD, control: 3.4, 4.6). 

Data were plotted so that each dot represents one animal. Black dots show means. P-values 

calculated from Wilcoxon-Mann-Whitney rank sum test. 
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Figure 4. Two-photon microscopy images of plaques and microglia, and quantification of 

individually identified plaques after a penetrating arteriole occlusion. (a) An example plaque 

near penetrating arteriole occlusion. Microglia (Cx3cr1-GFP in green), plaques (methoxy-X04 in 

red), and blood vessels (Texas-red in blue) in AD-microglia mice after occlusion of a penetrating 

arteriole. Methoxy-X04 deposits overlapped spatially with GFP-labeled microglia, so show up as 

yellow in the merged images. Images were median filtered with radius of one pixel and are 

summed projections of the log of intensities. (b) Intensity and (c) area of methoxy-X04 in 

individually identified plaques that were tracked over 14 days after a penetrating arteriole 

occlusion in AD-microglia mice (3 lesions in 3 animals, 2 males and 1 female, 8-10 months old). 

Individual plaques from occlusion sites are represented by dim solid lines and plaques from 

control sites on the contralateral hemisphere of the same animals are plotted with dim dotted lines. 

Bold lines show medians with error bars representing interquartile ranges. Kruskal Wallis test 

shows no significant differences across the 14-day period in intensity, but significant differences 

in area (p = 0.0024), which was followed by multiple comparison analyses with Dunn’s correction 

(* occlusion day 1 vs. occlusion day 14: p = 0.0028, occlusion day 14 vs. control day 14: p = 

0.0005). In (b) and (c) plaques that disappeared were shown in the graph as having an intensity 

and area of zero. (d) Number of individually tracked plaques near the occlusion and (e) in control 

regions. Numbers are normalized by the cumulative number of plaques present during the two 

weeks.  
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Figure 5. Immunohistology and quantification of Aβ protein one (left) and four (right) days 

after a penetrating arteriole occlusion.  (a-d) Aβ immunostaining was performed on sections 

from AD-microglia mice one day (a) and four days (b) after occlusion. Control images were taken 

in the contralateral hemisphere (c-d). Aβ protein was visualized by anti-Aβ antibody (red), 

microglia by Cx3cr1-GFP (green), neurons by YFP (yellow) and plaques by methoxy-X04 (blue). 

White square regions show representative high magnification images (i-iv) from (a) and (b). 

Average anti-Aβ labeling intensity as a function of distance from the center of the lesion one day 

(e) and four days (f) after lesion. Solid line represents average anti-Aβ intensity and shaded area 

represents standard deviation. (g-h) Number of plaques inside and outside of the region of 

elevated anti-Aβ labeling near lesion center one day (g) and four days (h) after occlusion. Same 

sized regions were evaluated on the contralateral side as control. Bar represents standard 

deviation and each dot represents one animal. A Kruskal-Wallis test showed no significant 

differences. (Day 1: 1 male and 3 females; day 4: 2 males and 2 females, 8-12 months old)  
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Figure 6.  Microglia after a penetrating arteriole occlusion. (a) Quantification of microglia 

number from in vivo images at lesions in a 350 x 350 x 20 µm volume near the cortical surface 

and in control sites on the contralateral hemisphere. Bold line shows mean and standard deviation.  

A subset of animals was harvested at 4 days and used for immunohistology, but data are shown 

pooled for all animals measured at each time point.  (n = 5 animals imaged for 14 days, 3 males 

and 2 females, 8-12 months old; n = 7 animals imaged for 4 days, 4 males, 3 females, 8-12 

months old). Dim lines represent individual animals. Paired t-tests were used to compare 

experiment and control groups on the same day (* p = 0.03, ** p = 0.01).  (b) Microglia counted 

in a 500 x 500 µm square at lesion center in 20-µm tissue sections one and four days after lesion 

normalized to contralateral side (mean and standard deviation). Each dot represents one animal 

(n = 8 animals, day 1: 1 male and 3 females; day 4: 2 males and 2 females, 8-12 months old).  (c-

e) Representative images of sections one (c) and four days (d) after lesion. Microglia were 

visualized by both anti-IBA-1 antibody (red) and Cx3cr1-GFP (green), neurons express YFP 
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(yellow), and plaques were stained by methoxy-X04 (blue). (e) Representative control image was 

taken from the contralateral hemisphere four days after lesioning. Images of contralateral 

hemisphere from one day after lesion shown in Supplementary Fig. 9. White square regions show 

representative high magnification images (i-iii) from (c-e) with just shown methoxy-X04 and anti-

IBA-1 for clarity.   

 

 

 

Figure 7. Anti-Aβ antibody labeling of lesions from 10-day survival after closed skull 

photothrombosis and embolic stroke. Aβ deposits in cortical sections were labeled with 

antibodies against Anti-Aβ and detected with widefield fluorescence (n = 4, ages 26-28 months, 

3 females, 1 male). (a) Fluorescent image of anti-Aβ labeling on lesion side shows labeled 

plaques. (b) Contralateral cortex in same section used as control. (c-d) White light images shows 

disrupted tissue at lesion and intact tissue on contralateral control. (e-g) Comparison of anti-Aβ 

antibody labeling in tissue sections around lesion and on contralateral side in equivalent brain 

region. Bars show mean values. Wilcoxon rank sign test for paired values was used for p-values. 

Unlisted p-values were greater than 0.1. (h-i) Low magnification multiphoton fluorescence images 
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from bead injection (h) and contralateral side (i) of an animal that was sacrificed 5 days after bead 

injection in the embolic stroke model. Such images were used to find areas (boxes) near 

microbeads (red circles) and mirroring regions on the contralateral side. (j and k) Projection of 

200-µm deep multiphoton image stacks (after background removal) labeled with anti-Aβ antibody. 

The images in (j) and (k) come from the white boxes in (h) and (i), respectively. (l-n) Quantification 

of labeling with anti-Aβ at 5 and 10 days after embolic stroke. Ratios between lesion and 

contralateral side for labeling intensity (l), volume per plaque (m), and number of plaques (n). 

Each point represents the mean value from an imaged region normalized by values from the 

corresponding region on the contralateral side.  Black dot is mean, box shows median and 

quartiles. Outliers not shown: intensity (10 day bead, 2.1; 5 day bead, 2.5), number (10 sham, 

13.5). Kruskal-Wallis rank sum tests followed by Wilcoxon-Mann-Whitney rank sum tests were 

used to evaluate significance. Unlisted p-values were greater than 0.1. Animals survived 5 days 

(5 mice with microbeads (3 males and 2 females), 2 sham mice (1 male, 1 female), 10-26 months 

old) or 10 days (7 mice with microbeads (4 females, 3 males), 4 sham mice (1 female, 3 males), 

10-22 months old). 
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SUPPLEMENTAL DATA 

Supplementary Figures 

 

Supplementary Figure 1. Image segmentation identifies methoxy-X04 deposits following 

occlusion of a capillary. (Left) Raw images show vasculature labeled with Texas-red dextran 

(red) and a combination of autofluorescence and methoxy-X04 signals in the 425 nm emission 

channel (green).  (Middle) We used linear unmixing to separate methoxy-X04 from 

autofluorescence. (Right) Methoxy-X04 images were then segmented to identify individual 

deposits, shown with different colors for each deposit. 
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Supplementary Figure 2. (a-c) In vivo multiphoton microscopy about two weeks after 

capillaries were occluded by femtosecond laser irradiation. Texas-red dextran (red) was injected 

into the vasculature for each imaging session. Red deposits are a combination of Texas-red and 

autofluorescence. (d-f) Images showing methoxy-X04 after unmixing analysis. White arrows 

indicate methoxy-X04 labeled deposits identified by automated image segmentation. Images 

are shown with same normalization. (a and d) are the same examples shown in Figure 1h-o. 

Quantification of (g) number and (h) areas of methoxy-X04 deposits in aged wild type animals 

with lesions: 10 lesions in 3 animals, 12-17 months old, 2 males, 1 female. Significance tested 

within each graph by ANOVA with posthoc Tukey’s test. Comparisons at same time points to 

AD mice with lesions (Figure 1p-s) were tested with Wilcoxon-Mann-Whitney rank sum test. 
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Supplementary Figure 3. Methoxy-X04 deposition after occlusion of a capillary through a 

thin-bone window. Multiphoton microscopy image stack maximum projection before and 2 

days after a clot in 9-month old AD mouse. Methoxy-X04 labeling is shown in green. Red is 

Texas-red dextran injected into vessels. 
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Supplementary Figure 4. One day after a femtosecond-laser induced occlusion of a pre-

capillary arteriole, methoxy-X04 deposits (red) appear both inside and outside of microglia 

(white) in a region within ~100 µm of the targeted vessel in an AD-microglia mouse. Image is a 

maximum projection through 5 µm in z and median filtered for display.  
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Supplementary Figure 5. Additional examples of high magnification, two-photon microscopy 

images of microglia (Cx3cr1-GFP in green), plaques (methoxy-X04 in red), and blood vessels 

(Texas-red in blue) in AD-microglia mice after occlusion of a penetrating arteriole (a) and on the 

contralateral hemisphere (b).  
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Supplementary Figure 6. Quantification of plaque-associated microglia at plaques near 

lesions with corresponding plaque fates. Plaque-associate microglia were defined as 

microglia that with cell bodies or processes that overlapped with a methoxy-X04 labeled plaque. 

Microglia were categorized by whether they were at plaques that “stayed” and were visible for at 

least 3 days or at plaques that “disappeared” within 3 days. Measurements were made before 

the lesion (day 0) and one day after the lesion. Area associated with microglia is defined as the 

fraction of the region that had intensity above a threshold, and the intensity is the normalized 

intensity within the segmented region. Although the area associated with microglia above 

threshold decreased for both plagues that stayed and disappeared, there was no difference 

between the area or intensity of plaques with the different fates.  Statistical significance was 

determined with a Kruskal-Wallis test. Box plots represent the 75th percentile with line 

representing the median.  Each circle represents one plaque and the black dot represents the 

average.  One outlier in graph (b) in the stayed, day 1 group was not shown (value = 117). 
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Supplementary Figure 7. Tissue sections from one and four days after a penetrating arteriole 

occlusion from lesioned (a and b) and contralateral (c and d) hemispheres processed without 

primary antibodies shown as procedural controls for Figure 5 and 6 which used anti-Aβ and anti-

IBA-1 antibodies. Green is microglia (Cx3cr1-GFP), yellow is neurons (Thy1-YFP) and blue is 



99 

 

methoxy-X04. Red is the secondary antibody with Alexa-647 used for both anti-Aβ and IBA-1 

and likely also shows some residual Texas-red from in vivo vascular labeling. 

 

 

Supplementary Figure 8. Quantification of methoxy-X04 one (left) and four (right) days 

after a penetrating arteriole occlusion.  (a-b) Average methoxy-X04 intensity as a function of 

distance from the center of the lesion one day (a) and four days (b) after lesion. Solid line 

represents average methoxy-X04 intensity and shaded area represents standard deviation.  
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Supplementary Figure 9. Anti-IBA-1 staining of microglia contralateral to lesion one day 

after a penetrating arteriole occlusion. (a) Representative images at low magnification. 

Microglia were visualized by both anti-IBA-1 antibody (red) and Cx3cr1-GFP (green), neurons 

were visualized by YFP (yellow), and plaques were visualized by methoxy-X04 (blue). White 

square region shows a representative high magnification image (i).  
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Supplementary Figure 10. Registration of in vivo imaging of plaques and ex vivo 

immunohistology for Aβ after penetrating arteriole occlusion using CLARITY. Labeling 

with methoxy-X04 was similar with in vivo and ex vivo. Anti-Aβ labeling overlaps with methoxy-

X04, but also shows additional deposits. Red shows blood vessels. Plaques stained by anti-Aβ 

were manually compared with those labeled by methxoy-X04 from in vivo imaging.  
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Supplementary Figure 11. Anti-IBA-1 and Cx3cr1-GFP maintain similar ratios with and 

without penetrating arteriole occlusion.  Each bar shows percentage of labeled pixels 

positive for anti-IBA-1 alone, Cx3r1-GFP alone or both. Average percentages with standard 

deviations across four animals are shown in each group. The percentage of pixels labeled with 

anti-IBA-1 and Cx3cr1-GFP or both remained stable before and after penetrating arteriole 

occlusions.  One-way ANOVA showed no statistically significant differences across lesion and 

control groups. This suggests that GFP remains a reliable marker to analyze microglia behavior 

in vivo after a penetrating arteriole occlusion.  
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 TOTAL 
NUMBER 

MALES FEMALES AGE 
RANGE 
(MONTHS) 

CAPILLARY OCCLUSION WITH 
FEMTOSECOND LASER ABLATION 

 

22 14 8 11-16 

ROSE BENGAL OCCLUSION OF 
PENETRATING ARTERIOLE 

    

     APP-PS1 MICE 17 18 12 8-12 

     AD-MICROGLIA 4 1 3 11 

     AD-MICROGLIA-YFP NEURON 

 

11 6 5 11-13 

WIDE-FIELD ROSE BENGAL WITH 
INTACT SKULL 

 

4 1 3 26-28 

EMBOLIC STROKE 18 10 8 10-26 

 

Supplementary Table 1. Detailed information of mice used in each experiment.   
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Supplemental methods 

Surgical preparation for in vivo imaging 

Chronic cranial windows were implanted in adult transgenic AD mice and littermate wild type 

controls in order to gain optical access to the cortical vasculature. Mice were anesthetized with 

5% isoflurane in oxygen and were maintained at 1.5-2% during surgery. An anticholinergic to 

prevent secretions, glycopyrrolate (0.5 mg/kg mouse) and dexamethasone (0.2mg/kg mouse; to 

reduce post-surgical inflammation) were administered intramuscularly and the analgesic 

ketoprofen (5mg/kg mouse) was administered subcutaneously prior to surgery. Bupivacaine (0.1 

ml, 0.125%) was administered at the incision site to provide local anesthesia. 100 µL of 5% 

glucose in saline was administered every hour to prevent dehydration. The mouse was secured 

in a custom-built stereotactic frame for surgery. A bilateral 5-mm diameter craniotomy was 

performed over the parietal cortex and the portion of skull removed was replaced with a sterile 

8-mm glass coverslip (World Precision Instruments), glued onto the remaining skull with 

cyanoacrylate adhesive and dental cement. The mouse was kept at 37 C throughout the 

surgery via a feedback-controlled heat pad. After the surgery, ketoprofen (5mg/kg) and 

dexamethasone (0.2mg/kg) were administered every 24 hours for three days post-operatively. 

Animals were given at least three weeks to recover from surgery before imaging to allow time 

for any inflammation from the surgery to subside.  

Methoxy-X04 preparation and administration 

Methoxy-X04 was obtained through several sources and administered to animals differently in 

different experiments.  Initially, methoxy-X04 was received as a gift from W. Klunk. Methoxy-

X04 was diluted in normal saline adjusted to pH 12 with 0.1 N NaOH. 40 µl of methoxy-X04 was 

administered retro-orbitally 30 minutes prior to each imaging session. This procedure was used 
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for occlusions of capillaries/precapillary arterioles with femtosecond laser ablation, intact-skull 

occlusion, embolic stroke model and penetrating arterioles occlusions in APP/PS1 mice. 

In penetrating arteriole model with AD-microglia mice, methoxy-X04 from Abcam was used.  We 

diluted this methoxy-X04 in 10% DMSO, 45% propylene glycol and 45% saline due to difficulty 

dissolving in saline alone. Since injection of DMSO retro-orbitally caused death in some mice, 

we thus switched to intraperitoneal injection 24 hours prior to each imaging session. For each 

experiment, we administered 40 µl before the initial imaging session and 20 µl before each 

follow-up imaging session to visualize any additionally formed Aβ fibrils. 

 

Two-photon microscopy 

Two-photon excitation of methoxy-X04 and Texas-red was driven by a train of 830-nm, 100-fs 

pulses from a Ti:Sapphire laser oscillator (MIRA HP, pumped by a Verdi-V18 or Vision S, 

Coherent). The emission filter used for unmixing methoxy-X04 was 425/60nm (center 

wavelength/bandwidth), autofluorescence was 530/30nm and Texas-red was 645/60nm. For 

animals with GFP and YFP, excitation was centered at 850 nm, and emission filters were 

417/60 nm, 494/41 nm, 538/40 nm and 629/53 nm separated by dichroics at 466nm, 520 nm, 

and 605 nm. To obtain a map of the vascular network, low magnification images were taken 

with a 4X (numerical aperture: 0.28) air objective (Olympus). High-resolution images of the 

capillary bed were taken with a 20X (numerical aperture: 0.95 or 1.0) water-immersion objective 

(Olympus or Zeiss). To visualize capillary beds, stacks of images spaced by 1 µm were taken 

up to depths of 300-400 µm. These stacks allowed for visualization of large surface vessels and 

the capillary network. 
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Image analysis of in vivo two-photon microscopy data 

1. Analysis and quantification of plaques 

The same volumes at baseline and at later time points were manually chosen in images from 

lesioned and control animals using the vasculature as spatial cues. Image stacks from these 

regions were maximum projected and median filtered for two-dimensional analysis. In each 

image, a region without plaques was manually selected with ImageJ (NIH, 

http://rsb.info.nih.gov/ij/) and the background intensity mean and standard deviation were 

measured. In both APP/PS1 and AD-microglia animals, plaques were identified by thresholding 

at an intensity equal to the mean + 4 X standard deviation of the background. Small areas of 

methoxy-X04 labeling less than about 50 µm2 were excluded from analysis. 

 

In AD-microglia animals, a subset of plaques or their locations were identifiable at all imaging 

times over 14 days and were used to measure changes in intensity, area and number of 

plaques. This analysis used images stacks 790 µm (1024 pixels) in width and height and 

200~250 µm in depth. To ensure that we were tracking the same plaques across different days, 

we used the blood vessels as landmarks to define a volume that was visible across all image 

days. Only plaques that were in this volume were tracked. Plaques were excluded from analysis 

if they were at the border of images and their locations could not be imaged consistently. To 

quantify how individual plaques changed using the methoxy-X04 channel, analysis volumes 

were maximum projected, and then median filtered with 1-pixel radius. Three background areas 

were manually selected and the mean + 4 X standard deviation of the intensity in the 

background regions was used to threshold the images to segment plaques. Each plaque was 

numbered and tracked individually for the time period of the experiment. Plaque intensity and 

area were measured with ImageJ. When a plaque was not found in the image volume identified 

by landmarks as the same region in which the plaque was observed at other times, the intensity 
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and area values were recorded as zero. Total plaque number was counted by summing the 

plaques that existed from the beginning and new plaques that appeared in later days. 

 

2. Analysis and quantification of microglia 

2.1  Microglia and plaque image analysis and display 

For displaying the detailed images of plaques and microglia (Fig. 4 and Supplementary Fig. 5) 

that are at the occlusion site, substacks spanning 5 µm in depth were chosen around the center 

of the plaques. When needed, due to spatial misregistration of the right- and left-going scans in 

the two-photon microscope, alternate lines in the image were aligned to each other. The 

corrected images were median filtered with a radius of 1 pixel. Because the microglia were 

much dimmer than the methoxy-X04 signal, we needed to use a nonlinear adjustment for 

displaying the microglia images in Figure 4 and Supplementary Figure 5. For the microglia 

channel, the log of intensities was calculated, and the resulting images were sum projected 

(ImageJ). To set the intensity scale for display, a region of background was manually selected in 

which we calculated mean and standard deviation (SD). On occlusion images, the displayed 

values of log (intensity) of the microglia channel was scaled from 0 to mean + 20 X SD of the 

background. On control images, due to higher fluorescence intensity, the displayed value of 

log(intensity) of microglia channel was scaled from 5 X mean to 5 X mean + 20 X SD. The 

maximum displayed values of the other channels were scaled so that the ratio of the maximum 

displayed log(intensity) of the microglial channel to the maximum in the channel was constant 

across time points.  

 

2.2  Microglia counting 
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The same site across time points were identified using vascular landmarks and plaques, and 

then GFP (microglia) channel was isolated.  Each stack was divided into two stacks consisting 

of 20 µm in depth and each was averaged to limit overlap of microglia. Projected images were 

median filtered with 1-pixel radius.  Microglia were manually counted in each projected image 

and the average of the two stacks was reported for each animal at each time point. 

 

2.3  Quantification of microglia colocalization with plaques 

To quantify microglia around plaques, substacks spanning 5 µm in depth were chosen around 

the center of the plaques.  To define the radius of a plaque from the methoxy-X04 channel, 

plaques were fit manually with a circle. The intensity of a manually chosen background area 

was measured, then GFP-positive pixels were identified by thresholding the image at mean + 4 

X SD of the intensity in the background area. Plaque associated microglia were as defined 

pixels above threshold within 1.25 times the plaque radius from the plaque center. Microglia 

area (in supplementary figure 6a and b) were calculated as total number of GFP-positive pixels 

divided by total number of pixels within 1.25 times the plaque radius.  Microglia intensity (in 

Supplementary Figure 6b) was calculated as average intensity of GFP-positive pixels divided by 

average intensity of background. 

 

Immunohistochemistry, imaging and analysis of tissue sections 

The brains were removed and post-fixed for 24 hours in 4% paraformaldehyde in PBS. The 

brains were cryoprotected in 30% sucrose in PBS, then in 60% for 1 day each. Tissue was cut 

using a cryostat into coronal sections. Sections were washed three times in 0.5% Triton-X100 in 

PBS, placed in a blocking solution of 5% donkey serum with 0.5% Triton in PBS for at least one 

hour, and then incubated in primary antibody at 4 ºC overnight. Next, sections were washed 
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twice in PBS then incubated in secondary antibodies for three hours in room temperature or 24 

to 48 hours at 4 ºC. After incubation, the sections were washed, mounted on slides, and 

coverslipped either using Pro-Long Gold Antifade Reagent (Roche) or Pro-Long Diamond 

Antifade Reagent (ThermoFisher).  

 

1. Rose bengal photothrombosis of a penetrating arteriole model 

Tissue was cut into 20-μm sections from AD-microglia animals. Aβ was fluorescently labeled 

using Abcam ab2539, which is a rabbit polyclonal anti-Aβ antibody with 1:200 dilution. Microglia 

were fluorescently labeled using anti-IBA-1, a rabbit polyclonal antibody (Wako 019-19741) with 

1:500 dilution. Secondary antibody was Alexa 647 donkey anti-rabbit (Invitrogen) with 1:300 

dilution for both anti-Aβ and anti-IBA-1. Anti-Aβ and anti-IBA-1 staining were performed on 

alternate tissue sections.  

 

Sectioned and stained tissue was imaged with a Zeiss LSM880 confocal inverted microscope 

(i880). Detector wavelengths were: 640-727 nm (Alexa 647), 532-629 nm (YFP), 482-517 nm 

(GFP) and 410-475 nm (methoxy-X04). Lasers wavelengths were 633 nm, 514 nm, 488 nm and 

405 nm for each channel, respectively. Images were taken with a 40x, NA 1.2, water immersion 

objective and a 5x5 tiled scan was performed on occlusion side and a 3x3 tiled scan on 

contralateral control side on each section of tissue. 

 

1.1  Quantification of anti-Aβ, methoxy-X04, and microglia 
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One representative slice of brain with the largest region affected by occlusion as visualized by 

YFP in neurons was selected from each mouse for analysis. The maximum and minimum 

intensity displayed in each channel was adjusted manually to maximize feature clarity and 

minimize pixel saturation. Controls were defined as regions at approximately the same locations 

as occlusion on the contralateral side of the tissue sections. The same maximum and minimum 

intensity values for each channel were used for occlusion side and the contralateral control side. 

Anti-Aβ and methoxy-X04 intensity in relation to distance from center of occlusion was 

measured in rings with 8 µm width. Average intensity measured in each ring was normalized by 

dividing with the average intensity in the contralateral control region. Methoxy-X04 plaque 

number was manually counted inside and outside a manually-defined region of increased pan-

Aβ labeling around the lesion center. The region was chosen while blinded to the methoxy-X04 

channel and was approximately 3500 µm2. Plaques in Supplementary Figure 8 were defined as 

methoxy-X04-positive areas that were larger than 50 µm2. For comparison, the plaque number 

was counted in the surrounding, adjacent ring-shaped region with the same area. 

 

Microglia were fluorescently labeled by both Cx3cr1-GFP and anti-IBA-1 antibody, but the 

quantification was made from the anti-IBA-1 channel. A 430 x 430 µm area was analyzed in the 

lesion image and corresponding contralateral control image from each mouse. Within this area, 

microglia cell bodies were manually counted. Due to overlap of processes, anti-IBA-1 channel 

was used as verification but not directly used for counting. Microglia number was normalized by 

dividing the occlusion side by control side. 

 

1.2  Colocalization analysis of GFP and anti-IBA-1 
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One representative slice of brain with the largest region affected by occlusion as visualized by 

YFP in neurons was selected from each mouse for analysis. Controls were defined as regions 

at approximately the same locations as occlusion on the contralateral side of the tissue 

sections. Average pixel intensities were calculated for individual image on GFP and anti-IBA-1 

channel respectively. Then images were thresholded based on previously calculated average 

pixel intensities. Degree of colocalization was determine by the percentage of pixels above 

thresholds for both GFP and anti-IBA-1 channels, percentage of pixels above threshold in GFP 

channel only, and percentage of pixels above threshold in anti-IBA-1 channel only. Pixels below 

thresholds in both channels were excluded from analysis. Average percentage with standard 

deviation across four animals in each group were reported in the figure.  

 

2. Wide-field rose bengal photothrombosis with closed skull model 

Tissue was cut into 40-μm sections from AD animals, Aβ was fluorescently labeled using pan-

Aβ (MBL International Corporation AT-5001), which is a rabbit polyclonal anti-Aβ antibody with 

1:100 dilution. Secondary antibody was tetramethylrhodamine (TRITC) donkey anti-rabbit 

secondary antibody (Jackson ImmunoResearch) in PBS with 1:200 dilution. Tissue was imaged 

with widefield fluorescence microscopy. 

 

To analyze Aβ in stained tissue, a region without plaques was manually selected and the 

background intensity mean and standard deviation was measured. Using ImageJ, plaques in 

both the lesioned and control images were identified by thresholding at an intensity equal to the 

mean of background + 4 X standard deviation of background. Small areas of labeling less than 

about 50 µm2 were excluded from analysis. 
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3. Embolic stroke model 

Tissue was cut into 200-μm sections from AD animals, Aβ was fluorescently labeled using pan-

Aβ (MBL International Corporation AT-5001) with 1:100 dilution. Secondary antibody was 

tetramethylrhodamine (TRITC) donkey anti-rabbit secondary antibody (Jackson 

ImmunoResearch) in PBS with 1:200 dilution. 

 

Stained tissue was imaged with the same multiphoton microscope used for in vivo imaging. 

Microbeads were imaged with a 425/60 nm filter and TRITC was imaged with a 595/50 nm filter 

(Chroma, Inc.). A 4X, 0.28 numerical aperture (NA) objective (Olympus) was used to obtain low-

magnification views of the location of injected microbeads. For each animal, a region was 

chosen manually on the injection side and in the mirror position on the contralateral side. A 20X, 

1.0 NA objective (Zeiss) was used for high-resolution imaging of Aβ plaques near beads and in 

control regions.   

 

To analyze Aβ in stained tissue, three-dimensional image stacks were imported into ImageJ. A 

mean and standard deviation of intensity was determined for the mirror region on the 

contralateral side to the injection in images taken for each animal. Plaques in both the lesioned 

and contralateral sides were identified by thresholding at an intensity equal to the mean of 

background + 4 X standard deviation of background. Pixels defined as background (i.e. below 

threshold) were set to zero. This new “threshold stack” was then imported into the image 

analysis software package, Volocity. Volocity’s object identification tools were used to identify 

the 3D locations of microbeads and the volume, intensity, and location of amyloid beta plaques. 

Objects less than a minimum volume of 200 μm3 were excluded from analysis.  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CLARITY 

1. Tissue processing 

Mice were retro-orbitally injected with 20 µl Alexa 594-conjugated CD31 (dilution 1:100) 30 

minutes prior to perfusion.  Then mice were perfused with 4% PFA followed by 1% agarose 

solution mixed with 2.5mg/ml lysine fixable Texas-red1. Brains were harvested after perfusion 

and soaked in 4% PFA overnight. Brains were sectioned into 1mm thick slices and excess 

tissue outside of cranial window area was trimmed off. Tissue sections were then transferred to 

CLARITY hydrogel solution for embedding and processing2. To initiate polymerization, sections 

were degassed with 100% nitrogen then incubated at 37 C until polymerized. Polymerized 

excess gel was gently peeled off then clean brain tissues were transferred to clearing solution. 

Brain tissues were then left on a shaker at 37 C to passively clear until transparent. Cleared 

brain tissues were washed in 1x PBST for 24 hours then incubated in 5% goat serum diluted 

with PBST for blocking for 24 hours. For anti-Aβ staining, tissues were incubated in primary 

antibody diluted with 5% goat serum (Abcam 2539, 1:100) for two days. After washing in PBST 

solution for 24 hours to remove any unbound primary antibody, tissues were transferred to 

secondary antibody diluted with 5% goat serum and incubated for 2 days (TRITC, Invitrogen, 

1:100). Tissues were then washed with PBST for another 24 hours. Since we had difficulties 

labeling blood vessels in cleared tissues with lysine fixable dextran dye alone, we incubated 

brain tissues in 1% tomato lectin conjugated with FITC to further label endothelial cells on blood 

vessel walls. Tissues were incubated in tomato lectin diluted with 5% goat serum (Sigma-

Aldrich, 1:100) for two days then washed with PBST for 24 hours. Mounted tissue sections were 

imaged with Zeiss LSM880 confocal inverted microscope. 
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2. Image analysis of plaques 

Occlusion sites were found by matching vessel labeling with in vivo, low magnification vessel 

map. The volumes imaged in vivo were identified by matching landmark blood vessels from two-

photon images. In order to quantify changes in plaques after occlusion, we located every plaque 

from in vivo imaging and found its corresponding location in cleared section. Images were 

average-projected 5um around center of each plaque. A plaque was categorized as “existing” 

when it was clearly visible from in vivo methoxy-X04 labeling and ex vivo anti-Aβ staining. A 

plaque was categorized as “disappeared” when it was clearly visible in vivo but not visible in 

corresponding location ex vivo. If one plaque was not visible ex vivo, we searched along z-

direction to eliminate possibility of plaque location shift due to tissue expanding/shrinking from 

the clearing process. A plaque was categorized as “newly appeared” when an anti-Aβ stained 

volume exceeded the size of background noise (40 µm2) and was not visible during in vivo 

imaging. All plaques were manually counted and plotted as a percentage of total plaques 

counted in vivo and ex vivo. 
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CHAPTER FOUR 

DAP 12 DELETION DELAYS MICROGLIA ACTIVATION AND FORMATION OF 

PROTOFIBRILLAR BETA AMYLOID IN OCCLUSION OF A PENETRATING ARTERIOLE 
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4.1  Abstract 

In our previous experiments, we demonstrated that aged APP/PS1 mice experience decrease in 

Aβ plaques and transient increase in protofibrillar Aβ proteins at lesion center one day after a 

penetrating arteriole occlusion (see previous chapter). The DAP12 gene in microglia has been 

proposed to play a role in enabling microglia to act as a barrier around Aβ plaques, delaying 

protofibrillar Aβ protein attachment, thus modifying plaque morphology. We hypothesized that 

microglia could play a role in the fibrillar to protofibrillar transition in Aβ we observed in 

penetrating arteriole occlusions. To investigate this possibility, we performed single penetrating 

arteriole occlusions with rose bengal in DAP12 +/+ and DAP12 knockout (KO) 5xFAD mice. 

Two-photon imaging and post-mortem immunohistology showed that there was less protofibrillar 

Aβ protein observed at lesion center in DAP12 KO mice one day after lesion compared to wild 

type. At the same time, microglia in DAP12 KO mice had delayed activation at lesion center, 

suggesting microglia potentially play a role in the mechanisms behind fibrillar to protofibrillar 

transition in Aβ protein during vascular occlusions. 

4.2  Introduction 

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder that mainly affects the 

elderly population. Until now, AD is still the most common cause of dementia and a leading 

cause of death in the United States (Alzheimer's Association, 2020). AD histopathology 

revealed abnormal morphology and proliferation of microglia, and dysregulation of microglia 

genes implies direct correlation between microglia and AD, but it was uncertain whether 

microglia play a beneficial, detrimental or nonconsequential role in the development of 

Alzheimer’s disease (Hansen et al., 2018). DNAX-binding protein of 12kDa (DAP12) is involved 

in the triggering receptor expressed on myeloid 2 (TREM2) pathway that regulate microglia 

innate immunity functions. This pathway is thought to have a critical role in AD because some 

variants in the TREM2 gene greatly increase the risk of AD. In this section of the chapter, we 



118 

 

will discuss the advances in recent AD research associated with microglia and their potential 

roles as barriers, destroyers or protectors in the progression of Alzheimer’s disease. 

 

4.2.1  Plaque-associated microglia act as barriers around amyloid beta (Aβ) plaques 

Amyloid beta (Aβ) plaques are one of the core hallmarks in Alzheimer’s disease. Existing 

research suggests that Aβ triggers neuronal dysfunction and death in the brain. The soluble 

forms, oligomeric and protofibrillar Aβ, are more toxic than the insoluble, fibrillar types (Ballard 

et al., 2011).  In AD patients and mouse models, scientists have discovered that there are 

microglia colocalized with Aβ plaques and those microglia exhibited phenotype more akin to the 

“activated” microglia with reduced process mobility (Condello et al., 2015). Some scientists refer 

to them as “disease-associated microglia” (DAM) and some refers to them as “plaque-

associated microglia” (PAM).  The association between microglia and Aβ plaques seeded the 

hypothesis that microglia act as a “barrier” between neurotoxic plaques and the rest of CNS. 

The hypothesis was validated by research showing that protofibrillar amyloid beta has higher 

affinity for binding to existing plaques without microglia coverage, and the areas lacking 

microglia suffer higher axonal dystrophy (Condello et al., 2015).  Additional evidence for barrier 

function is that TREM2 deficiency or haplodeficiency decreases plaque compactness and allows 

more diffuse Aβ proteins to associate with existing plaques (Wang et al., 2015, 2016; Yuan et 

al., 2016).  TREM2 deficient and haplodeficient mice exhibit likely consequences from the lack 

of microglia barrier such as increased insoluble Aβ, more layer V neuronal loss, and greater 

cognitive damage compare to aged-match TREM2 positive AD mice (Wang et al., 2015, 2016).   

Until recently, scientists have lacked the tools to carefully characterize the differences between 

PAM and the rest.  With transcriptional single-cell sorting, Keren-Shaul et al. discovered that 

these microglia around the plaques are in a distinct microglia subpopulation that downregulates 



119 

 

homeostatic microglia genes such as P2RY12/P2RY13, Cx3cr1 and TREM119, at the same 

time, upregulates AD risk genes such as APOE, CTSD, LPL, Tyrobp, and TREM2 (Keren-Shaul 

et al., 2017).  PAM cells also showed higher phagocytosis of Aβ in both mice and human 

samples, further confirmed their protective functions in AD (Keren-Shaul et al., 2017).  

Interestingly, research done by another group using a similar strategy revealed additional 

subsets of microglia exhibiting either interferon-related genes or proliferation-related genes in 

separate clusters (Friedman et al., 2018), indicating that microglia might have more roles either 

in disease setting or healthy CNS that we do not yet fully understand and need further research 

to gain a fuller picture. 

 

4.2.2  Microglia activity in synaptic degeneration 

Part of protective functions in microglia has been attributed to their phagocytic activities in 

clearing out cytotoxic Aβ proteins.  However, since the revelation that microglia contribute to 

synaptic pruning in the early development stage of the CNS (Paolicelli et al., 2011; Schafer et 

al., 2012; Sipe et al., 2016), scientists had been wondering whether microglia could accidentally 

phagocytose synapses in neurodegenerative diseases, worsening the cognitive decline 

(Bachiller et al., 2018; Hansen et al., 2018; Hickman et al., 2018).  Similar to phagocytosis in 

previous sections, microglia phagocytosis of synapses in Alzheimer’s disease was proposed to 

be through the classical complement pathway.  A study done by Hong et al. showed that the 

complement protein C1q immunoreactivity was elevated long before major synapses loss in AD 

mice and oligomeric Aβ induces deposition of C1q at postsynaptic junctions in wild type mice 

(Hong et al., 2016).  Their group also observed a higher percentage of post-synaptic protein 

PSD95 colocalized with C1q in hippocampus of AD animals with significant synaptic puncta loss 
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(Hong et al., 2016), indicating microglia actively contributing to synaptic degeneration in 

Alzheimer’s disease through complement pathway. 

 

Recent recognition of importance of complement pathway in AD suggest it as a potential 

therapeutic target to prevent or alleviate synaptic loss. A couple groups have shown that C1q or 

its downstream protein C3 inhibition can successfully protect synaptic materials from microglia 

phagocytosis and abort oligomeric Aβ-induced synaptic losses in wild type animals (Hong et al., 

2016; Shi et al., 2017). However, it is worth noting that complement pathway inhibition 

exacerbates both the soluble and insoluble Aβ burden in the brain since microglia have lost the 

capability to phagocytose Aβ proteins, potentially posing risks for worse cognitive decline (Shi et 

al., 2017). In conclusion, microglia actively participate in neurodegeneration through activation 

of complement pathway but scientists need to caution against promoting complement pathway 

carelessly as a therapeutic candidate before thorough evaluation of benefits and potential 

harms. 

 

4.2.3  Protective role of TREM2/DAP12 pathways 

The TREM2 is a surface receptor on microglia.  It was shown that TREM2 plays a role in 

sensing the environment and regulating microglia activation through DAP12 phosphorylation, 

which promotes downstream signaling in microglia (Konishi & Kiyama, 2018).  In general, 

TREM2 KO mice exhibit reduced activity in microglia phagocytosis and increased expression of 

TNF- a (Takahashi et al., 2005).  TREM2 deficiency has also been linked to impaired 

remyelination during neuronal regeneration probably due to dysfunctional apoptotic myelin 

clearance during damage (Poliani et al., 2015). In AD mice, TREM2 was proposed to assist 
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clearance of apoptotic neurons by microglia through recognition of extracellular lipids (Atagi et 

al., 2015; Poliani et al., 2015; Wang et al., 2015).  TREM2 KO AD mice have been shown to 

have more insoluble Aβ and more layer V neuronal loss, which indicates that TREM2 modulates 

Aβ accumulation and limits neuronal loss (Wang et al., 2015).  Interestingly, it was also 

observed that in TREM2 KO/AD mice, microglia did not colocalize with Aβ plaques and 

exhibited a ramified phenotype similar to ones observed in intact healthy CNS (Wang et al., 

2015), which implies that the increased accumulation of Aβ plaques and neuronal loss might be 

associated with loss of microglia function as “Aβ plaque barriers”, which could exacerbate AD 

progression and cognitive decline.  

In this chapter, as a follow-up experiment of the previous chapter, we explore how the 

TREM2/DAP12 pathway in microglia potentially plays a role in transforming fibrillar plaques to 

protofibrillar Aβ proteins after a penetrating arteriole occlusion. We used 5xFAD mice, a model 

of AD of disease with over production of Aβ, with intact and knockout of DAP12. 

 

 

4.3  Material and methods 

4.3.1  Animals 

Animals were transferred from Luo lab at Weill Cornell Medicine.  All animal experiments were 

conducted in accordance with the recommendations in the Guide for the Care and Use of 

Laboratory Animals published by National Institutes of Health, and all animal procedures were 

approved by the Cornell University Institutional Animal Care and Use Committee (IACUC 

protocol numbers 2015-0029). 

 



122 

 

4.3.2  Chronic cranial window for in vivo two-photon imaging 

Optical access to brain was achieved through a long-term implanted glass-covered cranial 

window (Holtmaat et al., 2009).  Animals were anesthetized using isoflurane (1.5–2% in oxygen) 

and placed on a feedback-controlled heating pad that maintained body temperature at 37°C (50-

7053P; Harvard Apparatus). Mice were given either glycopyrrolate (0.05 mg/100 g mouse 

weight; subcutaneously; Hikma Pharmaceuticals) or atropine sulfate (0.005 mg/100 g; 

subcutaneously; 54925-063-10, Med-Pharmex Inc.) to prevent fluid buildup in the lungs that 

could obstruct breathing. Animals were also given dexamethasone (0.025 mg/100 g; 

subcutaneously; 07-808-8194, Phoenix Pharm Inc.) and ketoprofen (0.5 mg/100 g; 

subcutaneously; Zoetis Inc.) to reduce postsurgical inflammation and pain. A 5-mm diameter 

bilateral craniotomy was performed over parietal cortex using a dental drill. The exposed brain 

was covered with sterile saline and sealed with an 8-mm diameter glass coverslip using 

cyanoacrylate glue (Loctite 406; Henkel), tissue adhesive (70200742529, 3MTM), and dental 

cement (Co-Oral-Ite Dental Mfg Co.). Animals were given a single injection of 5% weight/volume 

(w/v) glucose in saline at the end of surgery (1 ml/100 g). All mice recovered at least 21 days 

from the surgery before in vivo imaging. 

 

4.3.3  Two-photon microscopy 

Two-photon excitation of methoxy-X04 and Texas-red was driven by a train of 830-nm, 100-fs 

pulses from a Ti:Sapphire laser oscillator (MIRA HP, pumped by a Verdi-V18 or Vision S, 

Coherent). The emission filter used for unmixing methoxy-X04 was 425/60nm (center 

wavelength/bandwidth), autofluorescence was 530/30nm and Texas-red was 645/60nm. 

Excitation was centered at 850 nm, and emission filters were 417/60 nm, 494/41 nm, 538/40 nm 

and 629/53 nm separated by dichroics at 466nm, 520 nm, and 605 nm. To obtain a map of the 
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vascular network, low magnification images were taken with a 4X (numerical aperture: 0.28) air 

objective (Olympus). High-resolution images of the capillary bed were taken with a 20X 

(numerical aperture: 0.95 or 1.0) water-immersion objective (Olympus or Zeiss). To visualize 

capillary beds, stacks of images spaced by 1 µm were taken up to depths of 300-400 µm. These 

stacks allowed for visualization of large surface vessels and the capillary network. 

 

4.3.4  Photothrombotic occlusions of penetrating arterioles with rose bengal 

Penetrating arterioles were occluded using photothrombosis during imaging with multiphoton 

microscopy. Mice were injected retro-orbitally with 50 μL of rose bengal (10 mg/mL in saline) 

immediately before irradiation. Green laser light (~5-mW incident power) was focused through 

the microscope objective into the center of the imaging plane at a targeted penetrating arteriole. 

Laser irradiation was delivered in 10-60-s bouts alternating with imaging, until the arteriole and 

some of its branches were occluded. This resulted in a ~100 to 300μm-wide region with some 

occluded capillaries within the vicinity of the target vessel. The contralateral hemispheres 

without lesions were used as control. 

 

4.3.5  Immunohistochemistry and imaging tissue 

At the end of the survival period, animals were transcardially perfused with phosphate buffered 

saline (PBS) followed by 4% paraformaldehyde in PBS. Brains were post-fixed, cryoprotected 

and sectioned to 20µm-sections on a cryostat. Microglia were labeled with anti-IBA-1, a rabbit 

polyclonal antibody (Wako 019-19741, 1:500) and Aβ was labeled with using polyclonal anti-Aβ 

antibody (Abcam ab2539, 1:200). Sections were left in primary antibody solutions overnight at 

4ºC then incubated with donkey anti-rabbit Alexa 647 (Invitrogen A-31573, 1:300) for 3 hours in 
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room temperature. All antibodies were diluted in 5% donkey serum (Abcam ab4745). All images 

were taken with Zeiss LSM880i inverted confocal laser scanning microscope. Detector 

wavelengths were: 640-727 nm (Alexa 647), 532-629 nm (Texas red), and 410-475 nm 

(methoxy-X04). Lasers wavelengths were 633 nm, 514 nm, and 405 nm for each channel, 

respectively. Images were taken with a 40x, NA 1.2, water immersion objective and a 5x5 tiled 

scan was performed on each section of tissue. 

 

4.3.6  Quantification of diffused Aβ 

One representative slice of brain with the largest region affected by occlusion as visualized by 

YFP in neurons was selected from each mouse for analysis. The maximum and minimum 

intensity displayed in each channel was adjusted manually to maximize feature clarity and 

minimize pixel saturation. Controls were defined as regions at approximately the same locations 

as occlusion on the contralateral side of the tissue sections. The same maximum and minimum 

intensity values for each channel were used for occlusion side and the contralateral control side. 

Anti-Aβ and methoxy-X04 intensity in relation to distance from center of occlusion was 

measured in rings with 8 µm width. Average intensity measured in each ring was normalized by 

dividing with the average intensity in the contralateral control region. 

 

 

4.4  Results 

4.4.1  TREM2/DAP12 involvement in post-microstroke amyloid dynamics.  
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We transferred DAP12 knockout mice that also carry the 5xFAD genes (DAP12-/- x 5xFAD) and 

the DAP12+/+ x 5xFAD controls from the Luo lab at Cornell Weill to the Nishimura lab in Ithaca 

and induced microstrokes (Figure 1). In DAP12+/+ mice, Aβ dynamics were similar to what was 

seen in the APP/PS1 mice from previous chapter. One day after a microstroke in the DAP12+/+ 

mice, we saw a reduction in fibrillar, methoxy-X04 plaques and the appearance of an antibody-

labeled, Aβ cloud at the lesion center (Figure 1a). In DAP12+/+ x 5xFAD, in addition to the haze 

of Aβ, some antibody-labeled Aβ remained in more concentrated, but still non-fibrillar 

aggregates.  DAP12 deletion caused drastic changes in the dynamics of Aβ. In the knockouts, 

less methoxy-X04-labeled plaques were observed at the lesion as in wild types APP/PS1, but 

there was no Aβ haze formation (Figure 1e). Quantitative measurements of antibody-labeled Aβ 

confirmed the visual observation (Figure 2a and c). Four days after a microstroke, DAP12+/+ 

mice exhibited similar pattern in antibody-labeled Aβ visually (Figure 1b) but quantitative 

measurements indicate a decrease in antibody-labeled Aβ intensity at the lesion center (Figure 

2b). Interestingly, DAP12 KO mice showed little Aβ haze formation with much smaller diameter 

on day 4 (Figure 1f), which could also be seen from quantitative analysis (Figure 2d). Control 

images showed consistent low intensity in antibody-labeled Aβ without substantial changes in 

both DAP12 +/+ and KO mice (c-d and g-h) even though quantitative analysis indicates higher 

standard deviation in anti- Aβ intensity one day after occlusion in DAP12 +/+ mice (Figure 2a). 

 

IBA-1 immunohistology showed wild type microglia converted to ameboid shapes and 

aggregated at a microstroke after 24 hours (Figure 3a), but DAP12-/- mice had a remarkable 

lack of response to the microstroke (Figure 3c). Microglia had ramified shapes similar to 

baseline and were only slightly increased in number. At day 4, microglia in DAP12-/- appeared 
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to recover the capability to become activated and had similar shape and number to DAP12+/+ 

ones (Figure 3b and d).  

 

4.5  Discussion 

It has been shown that DAP12 knockout (KO) mice do not form “plaque-associated microglia” 

near fibrillar plaques in AD mouse models, and our results showed that DAP12 deficiency 

impedes but does not completely prevent microglia’s ability to activate during vascular 

occlusions.  Absence of Aβ haze formation coincided with lack of microglia activation in DAP12 

KO mice one day after occlusion suggests that microglia activation potentially plays an 

important role in transforming fibrillar Aβ plaques into non-fibrillar Aβ proteins after vascular 

occlusion.  However, slight increase in Aβ haze in DAP12 KO mice on day 4 implies that DAP12 

deficiency potentially does not prevent fibrillar to non-fibrillar Aβ transition but delays it due to 

delayed activation of microglia.  The exact mechanisms behind this transition and the roles that 

microglia play still need to be examined in future studies.  

Although our data suggests suppressing TREM2/DAP12 might be helpful in reducing the Aβ 

load after microstroke (Figure 1 and 2), this paradoxically may not be beneficial from a more 

wholistic perspective (Wu et al., 2017). TREM2 KO studies in models of ischemia show poorer 

outcomes after stroke, which suggests that TREM2 has important functions in the resolution of 

cell damage (Kawabori et al., 2015; Sieber et al., 2013).  In wild type mice, debris is removed, 

leaving a clean hole while damaged tissue lingers in the lesion for longer in the TREM2 KO 

(Kawabori et al., 2015; Sieber et al., 2013), potentially increases neurotoxicity and exacerbates 

neurodegeneration and cognitive decline.  
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Figure 1. DAP12 knockout abrogates the formation of a cloud of non-fibrillar Aβ. 

Immunohistology one day and four days after penetrating arteriole occlusion in (a-b) wild type, 

(e-f) DAP12-deleted 5xFAD mice and corresponding contralateral controls (c-d, g-h). Fibrillar 

plaques (methoxy-X04) are reduced in both groups at the lesion centers (a-b and e-f). Aβ 

protein was visualized by anti-Aβ antibody (red), blood vessels by lingering Texas-red dextran 

(yellow) and fibrillar plaques by methoxy-X04 (blue).  Antibody labeling of Aβ shows some 

methoxy-free deposits and increased diffuse labeling in DAP12+/+, which is gone in DAP12-/- . 

Contralateral controls show consistent anti-Aβ overlapped with methoxy-X04 without much 

fluctuation in labeling intensity across different regions. 
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Figure 2. Quantification of diffuse Aβ. Average anti-Aβ labeling intensity as a function of 

distance from the center of the lesion one day (a and c) and four days (b and d) after lesion in 

wild type (a and b) and DAP12 KO (c and d) mice. Labeling intensity was normalized to the 

intensity of staining in the contralateral, non-lesioned hemisphere. Solid lines represent mean 

and shaded area represent standard deviation. (n = 4 lesions in each group) 
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Figure 3. Microglia delayed activation in DAP12 KO mice after a penetrating arteriole 

occlusion. Representative images of Iba-1 stained microglia one day (a and c) and four days (b 

and d) in wild type (a and b) and DAP12 KO (c and d) mice after lesion.  Microglia were 

visualized by anti-IBA-1 antibody (red), blood vessels by lingering Texas-red dextran (yellow) 

and fibrillar plaques by methoxy-X04 (blue). White square regions show representative high 

magnification images (i-iv) from (a-d) to show detailed morphology of microglia. It is clear that 

microglia (red) are numerous and activated in DAP12+/+, but remain ramified at the lesion in 

knockout on day 1.  Microglia in both DAP12 +/+ and KO showed in activated state on day 4.  
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5.1  Abstract 

Microglia are the resident immune cells of the central nervous system that activate in response 

to injuries with morphological changes, proliferation, and migration to the injury site. Microglia 

are also involved in regulating synapses in normal development and likely in adult plasticity. 

However, microglial responses and impact on synaptic integrity during mild injuries are less well 

understood. In mice with fluorescently labeled microglia and neurons, we use femtosecond laser 

ablation of individual branches of cortical neurons to investigate microglia interactions with both 

the cut neuron and the surrounding cell. In vivo imaging with two-photon microscopy showed 

that microglia respond to micrometer-scale damage of neuron processes by extending their 

processes to enclose the injury site in a ball-shaped volume. After ablation of a single dendrite, 

some of microglia processes enlarged and formed “bubble”-like structures post ablation with 

significant decline in mobility coincided with loss of surrounding dendritic spines.  Compared to 

similar ablations of dendrites, microglia response after axonal damage was attenuated and 

microglia formed smaller enclosing balls. However, the rate of spine loss was increased in 

dendrites connected to the targeted axon compared to unconnected neurons and there were 

more microglia process contact events with longer durations. Together, our finding suggests 

that microglia can play a role in modulating synaptic changes even in some of the mildest 

injuries.  

 

5.2  Introduction 

Inflammation is a complex cellular and molecular response to stress, injury or infection.  In the 

brain, the inflammatory response involves the activation of microglia that protects and support 

neuronal functions. Microglia are the resident immune cells in the central nervous system 

(CNS), accounting for approximately 10% of the adult brain cell population (Kreutzberg, 1996; 
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Lawson et al., 1990).  In the homeostatic state, microglia exhibit a morphology with long, 

complex processes, which was previously categorized as a “resting state”. However, when 

facing any actual or potential danger in a variety of CNS injury models and neurodegenerative 

diseases, the CNS evokes rapid, profound changes in microglia cell shape, gene expression, 

and functional behaviors, which was traditionally referred to as in an “activated state” (Ahn et al., 

2018; Kettenmann et al., 2011; Lyons et al., 2000). Recent progress in microglia research 

unveiled that microglia have more varied morphologies and functions than the two previously 

recognized categories.  For example, “resting state” microglia constantly extend and retract their 

processes in intact CNS, functioning as monitors for CNS homeostasis (Davalos et al., 2005; 

Nimmerjahn et al., 2005; Wake et al., 2009).  As phagocytes in the CNS, microglia were found 

to not only capable of phagocytosing pathogens and cell debris during injuries (Alawieh et al., 

2020; Norris et al., 2018), but also synaptic materials (Schafer et al., 2012; Vasek et al., 2016), 

which play a crucial function in modulating neuron networks through controlled and programmed 

neonatal synaptic pruning (Paolicelli et al., 2011; Schafer et al., 2012; Zhan et al., 2014). 

 

In adult brains under normal circumstances, some proteins that contribute to microglia 

phagocytosis of synaptic materials seem to be downregulated (Stevens et al., 2007). 

Interestingly, when activated in an inflammatory response against injuries or pathogens, 

microglia have been shown to upregulate those phagocytic pathways and may mistakenly 

phagocytose synaptic materials at healthy synaptic terminals, contributing to synaptic 

degeneration and cognitive decline in severe brain injuries, neurodegenerative diseases and 

virus infections (Alawieh et al., 2020; Stevens et al., 2007; Vasek et al., 2016).  However, many 

stimuli can potentially cause mild disturbances in the CNS, and microglia responses and their 

impacts on synaptic integrity are less well-characterized in those scenarios.  In this study, we 
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used a previously described injury model (Koyama et al., 2016) to ablate a single neuron 

process with tightly focused femtosecond laser via in vivo two-photon microscopy in transgenic 

mice to investigate how microglia respond to alteration in neuronal microcircuitry.    

 

5.3  Materials and methods 

5.3.1 Animals 

Experiments were performed in 20 to 40-week old transgenic mice on a C57BL/6J genetic 

background. Breeders were purchased from The Jackson Laboratory (Cx3cr1-GFP #8451, 

Thy1-YFPH #3782, wild-type).  For transsynaptic AAV experiments, Cx3cr1-GFP mice were 

cross with wild-type to produce hemizygous Cx3cr1-GFP mice so that offspring remain one 

copy of intact chemokine receptor Cx3cr1.  For all other experiments, Cx3cr1-GFP mice were 

crosses with Thy1-YFPH mice to produce hemizygous offspring that label both microglia and a 

subset of pyramidal neurons. All animal experiments were conducted in accordance with the 

recommendations in the Guide for the Care and Use of Laboratory Animals published by 

National Institutes of Health, and all animal procedures were approved by the Cornell University 

Institutional Animal Care and Use Committee (IACUC protocol numbers 2015-0029). 

 

5.3.2  Chronic cranial window for in vivo two-photon imaging 

Optical access to brain was achieved through a long-term implanted glass-covered cranial 

window (Holtmaat et al., 2009).  Animals were anesthetized using isoflurane (1.5–2% in oxygen) 

and placed on a feedback-controlled heating pad that maintained body temperature at 37°C (50-

7053P; Harvard Apparatus). Mice were given either glycopyrrolate (0.05 mg/100 g mouse 

weight; subcutaneously; Hikma Pharmaceuticals) or atropine sulfate (0.005 mg/100 g; 
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subcutaneously; 54925-063-10, Med-Pharmex Inc.) to prevent fluid buildup in the lungs that 

could obstruct breathing. Animals were also given dexamethasone (0.025 mg/100 g; 

subcutaneously; 07-808-8194, Phoenix Pharm Inc.) and ketoprofen (0.5 mg/100 g; 

subcutaneously; Zoetis Inc.) to reduce postsurgical inflammation and pain. A 5-mm diameter 

bilateral craniotomy was performed over parietal cortex using a dental drill. The exposed brain 

was covered with sterile saline and sealed with an 8-mm diameter glass coverslip using 

cyanoacrylate glue (Loctite 406; Henkel), tissue adhesive (70200742529, 3MTM), and dental 

cement (Co-Oral-Ite Dental Mfg Co.). Animals were given a single injection of 5% weight/volume 

(w/v) glucose in saline at the end of surgery (1 ml/100 g). All mice recovered at least 21 days 

from the surgery before in vivo imaging and neuron processes ablation. 

 

5.3.3  Virus injection for labeling connected neurons 

Commercial AAV vectors were purchased from Addgene (pAAV-FLEX-tdTomato, AAV9, 

Addgene 28306; AAV-EF1a-DIO-EYFP, AAV9, Addgene 27056) and AAV2 CreERT2WGA 

(transsynaptic-Cre) was a generous gift from Dr. Jian Zhong’s lab at Weill Cornell Medicine. For 

injection, a Cx3cr1-GFP mouse was anesthetized, then a craniotomy was performed with 

methods described above.  The exposed brain was kept moist with sterile saline while waiting 

for injection.  2.5 μl of combined transsynaptic-Cre (diluted 1:500) and pAAV-FLEX-tdTomato (> 

1013 vg/mL) was loaded into a single glass micro-pipet (shorted as combination virus) with pipet 

tip around 15 μm in diameter. 2.5 μl of AAV-EF1a-DIO-EYFP (> 1013 vg/mL) was loaded into a 

separate glass micro-pipet (shorted as YFP virus) with similar tip diameter.  Viruses were 

injected into mouse cortex at 30-degree angle with a pressurized injector (Drummond, Nanoject 

III) controlled with micromanipulators (Luigs and Neumann, SM-7; Scientifica PatchStar). 

Combination virus was injected to 3 spots on left hemisphere at 3 depths (50 μm, 150 μm, 250 
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μm) with 20 nl each depth at speed 5nl/sec. YFP virus was injected to 3 spots symmetrical to 

combination virus on the right hemisphere with same depths, volume and speed as previously 

described. A 2 to 3-minute interval was waited in between injection at each depth to prevent 

virus backflow.  After injection, an 8-mm glass coverslip was secured similar to regular 

craniotomy with procedures described above.  Virus-injected mice were allowed to rest 

minimum 21 days before two-photon imaging or neuron processes ablation. 

 

5.3.4  Multi-channel in vivo two-photon excited fluorescence microscopy 

Mice were anesthetized with isofluorane (0.5 to 1.5% in oxygen) and placed in a stereotaxic 

apparatus equipped with a feedback-controlled heating pad. As above, mice were given either 

glycopyrrolate (0.05 mg/100 g; subcutaneously) or atropine sulfate (0.005 mg/100 g; 

subcutaneously) to prevent fluid buildup in the lungs. The blood plasma was labeled with red 

fluorescent dextran-conjugated dye (2.5% w/v Texas-Red 70 kDa Neutral; Invitrogen) diluted in 

sterile saline and retro-orbitally injected (50 μl) immediately before imaging. Imaging was 

performed on a custom-built four-channel 2PEF microscope using the following emission filters 

(center wavelength/bandwidth): 417/60 (second-harmonic), 494/41 (GFP), 510/84 (YFP) and 

641/75 nm (tdTomato and Texas-Red) separated with longpass dichroics with cutoffs at 466, 

520 and 562 nm. Excitation pulses came from a tunable Ti:Sapphire laser (Mira-Optima-900-F) 

set to a wavelength of 880 nm for imaging YFP, GFP, Texas-Red. An additional femtosecond 

laser at 1045 nm was used to image tdTomato (Satsuma, Amplitude Systèmes). Image stacks 

were acquired through ScanImage software (version 3.8, Vidrio Technologies) (Pologruto et al., 

2003). Respiration was monitored throughout the imaging session and the isoflurane level was 

adjusted to maintain a steady breathing rate of ~1 Hz. During the imaging session, mice 

received an hourly dose of 5% w/v glucose in saline (1 ml/100 g). In animals that received 
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atropine and not glycopyrrolate, the atropine was supplemented hourly (0.001 mg/100 g; 

subcutaneously).   

 

 

5.3.5  Neuron processes ablation with femtosecond laser 

A neuron process was located approximately 70 to 100 μm below the cortical surface. 

Femtosecond laser was tightly focused (Olympus, 25x, 1.05 numerical aperture (NA), water 

immersion objective) on the center of the targeted process.  We used 50-fs duration laser 

pulses produced by a Ti:sapphire regenerative amplifier (Legend 1 k USP; Coherent), pumped 

by a Q-switched laser (Evolution 15; Coherent) and seeded by a Ti:Sapphire oscillator 

(Chinhook; Kapteyn-Murnane Laboratories Inc.) that was pumped by a continuous wave laser 

(Verdi-V6; Coherent, Inc). Laser energy was controlled to about 50 to 90 nJ by a series of 

neutral filters and one pulse was let through to ablate the targeted neuron process.  Smaller 

laser energy was not used since it fails to consistently ablate the targeted neuron process with 

only one pulse while multiple pulses seem to trigger microglia processes aggregation.  

Successful neuron process ablation was marked as a gap in fluorescence on the targeted 

neuron process followed by disappearance of fluorescence in the rest of the neuron process 

within 5 minutes. We acquired 2PEF image stacks with 1 μm axial spacing at 3.3x zoom (field of 

view: 150 x 150 µm) before and after the ablation, as well as a movie during the ablation 

process at 7.3x zoom (field of view: 65 x 65 µm). 
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5.3.6  Microglia processes quantification before and after ablation 

Microglia dynamics were recorded by a series of 2PEF image stacks with 1 μm axial spacing at 

3.3x zoom with 5 to 7-minute intervals for 30 minutes before and 12 hours after ablation. 

Microglia processes can be distinctively recognized by GFP and their unique morphology. To 

quantify processes movements, 10 to 15 processes from each ablation on each imaging time 

point were randomly selected.  Then the exact coordinates of processes across each image 

stack were recorded along with morphological distinctions (e.g. the “bubbles”).  The “bubbles” 

were defined as a spherical area lack of GFP at the end of processes. Processes that did not 

move over a noticeable distance was marked as “resting” for that particular time point.  Other 

observations such as movement directions of processes were also recorded.  To counter small 

dislocations between image stacks from either mouse breathing or manual adjustment of 

motion-control stage, the coordinates of a housekeeping feature (usually a bouton) was also 

recorded.  The relative positions and other observations of processes were inputted into a 

structure matrix in MATLAB (2020a) where processes movement speeds across different image 

stacks were automatically computed with a prewritten script.   

 

In experiments with AAV-injected mice, microglia dynamics were recorded in similar manners at 

proximal connections instead of at ablation center.  Microglia processes visits on proximally 

connected dendrite and not connected dendrites were visually identified by no visible 

fluorescent gap between a microglia process and the dendrite of interest. Number of microglia 

process visits were manually counted within a 30 minute-period and the duration of each visit 

was defined by the time interval between the first and last image stack that the microglia 
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process has no visible fluorescence gap with the interested dendrite.  If a microglia process visit 

only appeared in one image stack, the duration of the visit would be counted as 2.5 minutes.  

 

5.3.7  Proximal neuron connection identification and subsequent axon ablation 

TdTomato-labeled axons and YFP-labeled dendrites could be identified with a 1045 nm 

femtosecond laser (Satsuma, Amplitude Systèmes) on right hemispheres of the injected mice 

about four weeks post injection.  A proximal connection between neurons was defined when the 

bouton of a tdTomato-labeled axon was within 1 µm of a YFP-labeled dendritic spine.  Due to 

uncertainty in laser power needed for successful neuron process ablation in deeper tissue, 

proximal connections deeper than 100 µm were not included in the study.  After location of a 

proximal connection, the axon of interest was manually traced.  The ablation center was 

selected to be minimum 50 µm away from the proximal connection so that effects of microglia 

responses due to axon ablation could be minimized on microglia behavior quantification around 

interested dendrites. Ablation process follows similar procedures described above without a 

movie during ablation process due to photobleaching of tdTomato fluorophores from constant 

laser exposure. Image stacks were taken in similar manners described above except that 

repeated image stacks at each spot were taken with Mira-Optima-900-F and Satsuma 

separately due to different levels of optical scattering of different wavelengths at different tissue 

depths.  

 

5.3.8  Dendritic spine quantification before and after ablation 

In Cx3cr1-GFP x YFPH mice, dendritic spines can be clearly identified via bright yellow 

florescent proteins.  In pre- and post-ablation image stacks, 2 to 3 dendritic branches ranging 
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between 30 to 50 µm in length within 60 µm radius of ablation center were randomly selected. 

Image stacks were carefully examined to identify overlapping spines between pre- and post-

ablation images. Spine changes were normalized by dividing number of spines changed over 

initial spine count before ablation. Spine changes after 12 hours were excluded from spine 

changes after one week to avoid double counting. 

 

In AAV-injected Cx3cr1-GFP mice, YFP-labeled dendritic spines could be identified in similar 

manners. After proximal connection has been identified, spines on the proximally connected 

dendrite were manually counted.  Proximally not connected (separate) dendrites were randomly 

chosen with similar length as the connected dendrite.  Due to the sparsity of virus expression, 

majority of dendrites counted on one ablation were from the same neuron.   

 

5.3.9  Image processing and statistical analysis 

All 2PEF images were analyzed using Fiji, an open source image processing software. Image 

manipulations were limited to linear adjustment to optimize image contrast.  Due to fine details 

in microglia processes and dendritic spines, all images except for Figure 6a and b were single 

frames without projection.  Images in Figure 6a and b were maximum projected from 2PEF 20 

µm-image stacks.   

 

All graphs were generated with Graphpad Prism.  Data points or column heights represent 

mean and error bars represent standard deviation.  With data limited to two groups, standard 

student t-test was performed for statistical significance.  With data consists of more than two 
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groups, one-way or two-way ANOVA was performed then followed by multiple comparison to 

test individual significance between pairs (α = 0.05).  

 

 

5.4  Results  

5.4.1  Femtosecond laser ablation successfully cut a single neuronal process with 

minimal collateral tissue damage. 

To study how microglia respond to damage to specific neural circuits, we used a previously 

described injury model that utilizes a femtosecond pulsed laser to ablate one process of a 

pyramidal neuron (Koyama et al., 2016) in mice with microglia labeled with Cx3cr1-GFP and 

neurons labeled with a complementary fluorescent protein. We first determined femtosecond 

laser pulse energies around 50~90 nanojules (nJ), which enabled consistent ablation at the 

minimum energies at about 100 μm depth below surface. To study how microglia react to 

ablation of a neuron process, we used the YFPH mouse line that expresses yellow fluorescent 

protein (YFP) primarily in Layer 5 pyramidal neurons crossed to the Cx3cr1-GFP mice.  Our first 

experiment started with ablation a pyramidal neuron dendrite.  During imaging, a dendrite was 

ablated by irradiating the center of dendrite with one pulse of tightly focused femtosecond laser.  

The laser irradiation provided sufficient energy to ionize the center of the targeted dendrite, 

causing rupture of dendrite cell membrane and release of a small amount of YFP before 

disappearing completely (Figure 1a and b). Energy from the femtosecond laser was controlled 

so that there was minimal collateral damage as can be observed from the similarities across 

frames in Cx3cr1-GFP labeled microglia immediately after dendrite ablation (Figure 1c). To 
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understand how microglia responded to this micrometer-scale injury, we quantified some of the 

microglia behaviors immediately and multiple hours after the dendrite ablation. 

 

5.4.2  Microglia respond to dendrite injury by immediately moving processes toward 

injury and forming an encapsulation ball at target site. 

Within minutes after dendrite ablation, microglia processes around the target dendrite started to 

approach the center of ablation.  In all (8/8 lesions) dendrite ablations, microglia processes from 

several different cell bodies formed a tight encapsulated ball at the ablation center within 10 

minutes following ablation, with the diameter of the processes ball expanding slowly overtime 

and reached its maximum diameter between 30 minutes to an hour after the ablation (Figure 

2a).  To understand the correlation between microglia response and power of ablation laser, we 

repeated the dendrite ablation experiment with varying ablation laser power.  Microglia response 

was measured as the diameter of ball formed by microglia processes 30 and 60 minutes after 

dendrite ablation (Figure 2c).  With ablation laser power set between 1.1mW and 1.7mW at 

shutter, we observed a positive correlation between the size of the microglia encapsulation ball 

and laser power used, with greater microglial ball diameter correlated with higher laser power, 

possibly due to more collateral tissue damage. Laser power less than 1.1mW often failed to 

ablate a dendrite so those data points were not included.  In order to consistently ablate a 

dendrite with minimum collateral damage, we decided to use 1.2-1.4mW laser power for all the 

following ablation experiments 

 

The speed of microglia processes responding to the dendritic injury varies depending on the 

distance between the initial position of the process and the ablation center (Figure 2b).  Over 
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the first 5 minutes after ablation, we observed a continuous increase in processes moving 

speed towards the ablation center when the processes were located between 12.5 and 15.8 μm 

away from the target dendrite (Figure 2b, red line). Microglia processes located closer than 12.5 

μm did not show noticeable changes in moving speed (Figure 2b, green line) and processes 

located further than 15.8 μm showed transient increased in moving speed but soon dropped to 

baseline (Figure 2b, blue line).   

 

5.4.3  Microglia experience morphology change over one day with significant decrease 

in processes movement due to longer resting time. 

To understand how microglia respond to dendritic ablation over longer periods of time, we 

tracked the microglia for 20 hours after the ablation.  At the ablation center, the ball formed by 

microglia processes persisted for at least 4 hours before slowing decreasing in size over the 20 

hours.  The enlargement of the encapsulation ball at the ablation center appeared to be driven 

by the enlargement of processes, without the motion of cell soma. Typically, these balls 

included a hollow “bubble”, possibly due to phagocytosis of material from ablated dendrite 

(Figure 3a). Microglia processes retracted from ablation center starting around 8-12 hours after 

dendrite ablation and the ball formed by microglia processes usually largely resolved around 24 

to 30 hours after ablation (Figure 3a. Data beyond 20 hours was not shown).  Strikingly, 

microglia processes that are relatively far from the ablation center can still respond to the injury 

with an enlarged process end and a hollow “bubble” (red circles in Figure 3b). The formation of 

“bubble”-like processes did not seem to follow the path of ablated dendrite and no fluorescence 

was observed inside the bubbles, leaving the content within the bubbles a mystery.  Other than 

morphological changes in processes, the dendritic injury seemed to induce very little change in 
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the overall microglia morphology with almost all microglia retained their “ramified” state without 

apparent movement in soma (supplementary figure to be made). 

 

Since microglia processes are known to constantly extend and retract to monitor CNS 

homeostasis, we wondered if there were differences in microglia process movement after the 

dendrite ablation.  To test this, we recorded stacks that are 100-μm thick centered on the target 

dendrite for 30 minutes with 5~7-minute intervals before and 12 hours after dendrite ablation.  

Then we randomly selected 10 to 15 microglia processes near the ablation center and tracked 

their movements over the 30-minute period. Interestingly, we saw a decrease to ~82 % of 

baseline in the average microglia processes movement speed 12 hours after ablation and this 

difference is further amplified in the “bubble”-like processes to ~75% of baseline (Figure 3c). 

Microglia move in bouts with periods of rest with no motion between. To understand whether the 

decrease in movement speed was due to microglia moving slower or resting for longer, we 

tracked the length of time microglia processes stayed at the same place and speed of 

processes movement when microglia was not resting. The results showed that 12 hours after 

dendrite ablation, microglia processes stayed unmoving on average 5 minutes longer compared 

to before the ablation (Figure 3d) while movement speeds were not significantly different before 

and after ablation (Figure 3e), indicating that microglia processes were not moving slower after 

the ablation, but resting for longer.  In the literature, some studies have found that microglia 

processes resting time correlates positively with decrease in synaptic materials (citation). Thus, 

we were interested in investigating whether this longer resting time in microglia processes 

following ablation leads to synaptic material loss. To test this hypothesis, we tracked multiple 

dendrites within a 60-μm radius of the ablation center before, 12 hours and one week after the 

ablation.  We found that approximately 1.5% of dendritic spines were lost after 12 hours and 4% 
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were lost within one week (Figure 3f) after ablation, possibly an effect of microglia resolving the 

dendritic injury. A smaller number of new spines, 0.1% and 2.5%, appeared over the same 

periods.  

 

5.4.4  Femtosecond laser induced axon damage led to limited responses from microglia. 

Next, we wanted to investigate whether microglia would respond similarly to axon damage, so 

we repeated ablation experiments on axons with similar laser power. In the YFPH mouse, a 

small number of axons are identifiable through their morphology consistent with boutons rather 

than dendritic spines. Successful ablation was confirmed by the visual appearance of a gap in 

the axon followed by disappearance of YFP signal shortly after.  Strikingly, microglia showed 

very little morphological differences before and 12 hours after ablation with only some 

redistribution in processes (Figure 4a).  The “bubble”-like features in processes were largely 

absent regardless of the distance from the ablation center (Figure 4a and b). In addition, 

microglia movement speed did not seem to decrease 12 hours following axon ablation (Figure 

4c) and no significant dendritic spine change was observed 12 hours or one week after ablation 

(Figure 4d).   

 

5.4.5  Ablation of input axon increased rate of spine disappearance in connected 

dendrites  

To understand how neurons respond to changes in synaptic inputs and whether microglia 

actively play a role in this process, we used AAV-based strategies to label connected pre- and 

post-synaptic neurons with different fluorescent proteins before ablating the input axon with 

femtosecond laser.  To label connected neurons, we used an AAV that delivers Cre-
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recombinase transsynaptically in an anterograde manner in combination with AAVs that express 

two Cre-dependent, different colored, fluorescent proteins (Figure 5a).  Since some neurons are 

known to project their axons to the opposite hemisphere, we co-injected transsynaptic Cre AAV 

and Cre-dependent tdTomato AAV in one hemisphere while only injecting Cre-dependent eYFP 

AAV in the opposite hemisphere, resulting in presynaptic neurons expressing red while 

downstream neurons show yellow (Schematic diagram in Figure 5b). In vivo two-photon imaging 

showed success in labeling connected neurons in transgenic Cx3cr1-GFP mice (Figure 5c) with 

pre-synaptic axons, post-synaptic dendrites, and microglia shown in distinct colors all in the 

same frame (Figure 5i). In the eYFP-injected hemisphere, tdTomato only labels axons, while 

eYFP  labeled axons, dendrites, and soma, suggesting that eYFP expression is driven by 

expression of Cre recombinase after the transsynaptic AAV jump synapses. Since eYFP-

labeled neurons were never observed without presence of tdTomato-labeled axons in the 

neighborhood, it is unlikely that the neurons were expressing eYFP without Cre recombinase. 

 

After locating a potential connection where a tdTomato-labeled axon is in close proximity of an 

eYFP-labeled dendrite, we ablated the axon 50 to 100 μm away (Figure 6a and i) from the 

possible synapse (Figure 6c and iii) using the pulsed femtosecond laser.  After a successful 

ablation, tdTomato fluorescent protein disappeared at the ablation center within 5 minutes 

(Figure b and ii) and later at the possible synapse (Figure d and iv). To understand whether 

downstream neurons respond to loss of presynaptic connections, we tracked dendrites that 

were proximally connected to and unconnected (separate) from the ablated axons. The resulting 

spine count showed a 7% reduction in spine numbers from dendrites that were proximally 

connected compare to ones that were separate one week following ablation (Figure 6i) with 

some examples shown in Figure 6e and f. The percentage of spines that disappeared was 
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doubled in connected dendrites compared to separate axon. Both the percentage of 

disappearing and appearing spines was high compared to the rates after axon ablation when all 

neuron labeling came from transgenic expression of the YFPH mouse. Interestingly, we also 

observed some spine morphology changes in spines that remained after one week following the 

ablation at the synapse as shown in figure 6g and h. 

 

5.4.6  Microglia visit dendrites connected to ablated axons more frequently and with 

longer touching times. 

 

To investigate if there were any changes in microglia behavior following the ablation, we tracked 

microglia at the proximal synapse by recording stacks for 30 minutes with 5~7-minute intervals 

before and 12 hours after axon ablation.  Strikingly, we found an 80% increase in the number of 

visits by microglia processes on the proximally connected dendrite 12 hours after ablation 

compare to before, but such a difference was not observed in dendrites separate from the 

ablated axon (Figure 6j). Additionally, microglia processes seemed to stay longer at the 

proximally connected dendrite 12 hours after ablation even though there was no statistical 

significance difference (Figure 6k). 

 

 

5.5  Discussion 

5.5.1  Type of cell damage govern microglia reaction independent of laser power 
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Although the size of the microglial encapsulation response showed a positive correlation with 

laser power after ablating dendrites (Figure 2(c)), the faster resolution of encapsulation by 

microglia in axon ablation (maybe a supplement figure) with similar laser power indicates that 

the intrinsic driver for microglia response is not laser power itself but the level of cellular 

damage. In addition to direct damage from the laser ablation effects which scale with laser 

power, how the injury resolves might independently drive the microglia response. Axons in 

pyramidal cells usually range between 0.1 to 0.5 μm in diameter compare to dendrites that can 

go between 0.5 to 3 μm in diameter (Ramaswamy & Markram, 2015). The smaller diameter can 

potentially cause less leakage of intracellular content and release of ATP during ablation, which 

was attributed to the migration and activation of microglia (Haynes et al., 2006). Smaller 

diameter can also possibly promote easier sealing of leaked cell membrane with little 

reorganization of phospholipids. In some suggest that microglia play a role as a “barrier” that 

prevent intracellular content from leaking outside the initial injury location (citation needed), 

which could be an explanation why microglia send more processes to dendrite ablation but had 

milder/shorter response to axon ablations.    

 

Interestingly, in a couple instances of both axon and dendrite ablation the ablated axon or 

dendrite was able to regenerate and “reattach” to itself within several hours after ablation. 

Alternatively, the disruption was incomplete and some component remained connected. In those 

instances, microglia processes returned to their initial positions and phenotypes much more 

quickly without noticeable changes in mobility, further suggesting that the responses we 

observed in microglia processes after ablation have direct correlation with cellular damage.  The 

regenerated dendrites/axons seemed to have altered bouton/spine arrangements compared to 

those before ablation.  The regeneration of dendrites/axons does not seem to correlate with 



152 

 

either laser power or the initial microglia response, so the exact mechanisms that caused the 

regeneration was still unknown.  Some literature has proposed that microglia actively play a role 

in neurogenesis and repair (Miyamoto et al., 2016; Vukovic et al., 2012), but our observation still 

lacks enough evidence to support this claim in this scenario.  

 

5.5.2  Clearance of remaining cell debris post ablation 

As the phagocytes in the CNS, microglia have long been proposed to have a role in clearance 

of cell debris (Kettenmann et al., 2011; Norris et al., 2018), so we expected to see microglia 

actively phagocytosing the distal portion of dendrites after detachment from the main branch by 

femtosecond laser ablation. Surprisingly, other than the initial recruitment of microglia processes 

at the ablation center, we did not observe microglia processes aggregating at any other 

locations after 20 hours of tracking.  It is possible that we missed the time that microglia were 

phagocytosing the rest of cell debris since we only took images every 4 hours.  However, we 

also cannot rule out the possibility that microglia do not actively engage in clearing cell debris as 

much as what most believed. To prove either hypothesis, further ex vivo studies of intracellular 

content within microglia after dendrite ablation will be needed. 

 

5.5.3  Microglia forms “bubble”-like processes after dendrite ablation 

One very interesting phenomenon we observed in dendrite ablation was the formation of 

“bubble”-like processes in microglia after dendrite ablation.  The formation of those “bubbles” 

could be immediately observed at the center of ablation within half an hour after ablation. There 

is evidence that at least some of these bubbles are microglia processes internalizing 

intracellular content or cell debris resulting from ablation ((Sierra et al., 2010) and a 
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supplementary Figure that shows a bouton within a bubble).  However, it is worth noting that 

those “bubble”-like processes could be observed outside of the ablation center starting around 4 

hours after ablation and sometimes persisted between 12 hours to several days (Figure 3b). 

Since the bubbles did not contain any fluorescence and we failed to observe any changes in 

boutons and spines near the “bubbles”, we were unsure of the identity of content within the 

“bubbles”.  In literature, several other groups have also observed similar structure in microglia 

processes after various CNS disturbance models, and the “bubbles” were generally considered 

as evidence of microglia phagocytosis (Roth et al., 2014; Sierra et al., 2010; Tremblay et al., 

2010).  Interestingly, ex vivo immunostaining showed that those “bubbles” sometimes co-stain 

with DAPI and PECAM, suggesting phagocytosis of epithelial cells, but negative to both NeuN 

and GFAP (Sierra et al., 2010), consistent with our observation of no noticeable synaptic 

material loss around the “bubbles”.  Another possibility of the identity of “bubbles” is stress 

granule formation within microglia due to exposure of stress factors such as Amyloid beta 

protein in Alzheimer’s disease (Ghosh & Geahlen, 2015). In our injury model, microglia might 

have experienced stress from leakage of intracellular contents from ablated dendrites.  

However, one counterargument for this theory is the lack of “bubble”-like processes in models 

with more severe injuries where microglia are expected to experience higher stress levels (Ahn 

et al., 2018; Lee et al., 2008). In conclusion, more evidence to unveil the identity of those 

“bubbles” or the reasons they formed is still lacking.  In order to further understand their 

identities and potential functions, ex vivo imaging with higher resolution and magnification will 

be needed in future studies.  

 

5.5.4  Role of microglia in dendritic spine losses after ablation 
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The changes in microglia processes mobility coincide with losses of dendritic spines in nearby 

dendrites from the dendrite ablation model (Figure 3). Other studies suggest that microglia 

activated by injuries can “accidentally” phagocytose synaptic materials (Alawieh et al., 2020), 

which could be why we observed spine losses after neuron process ablations. Axonal ablation 

triggered less microglial responses, potentially explained less spine loss observed in YFPH 

mice. It was worth noting that in AAV injected mice, we observed much higher dendritic spine 

loss in dendrites proximally connected to the ablated axon compare to not connected dendrites.  

One explanation to the difference might be a reduction in neuroactivity in the post synaptic 

dendrites after loss of some presynaptic signals since microglia seem to phagocytose more 

synaptic materials from less active neurons or less stable synapses (Fontainhas et al., 2011; 

Sipe et al., 2016; Wake et al., 2009). One other possibility is that the AAV-labeled neurons 

intrinsically have higher spine turnover rate compare to YFPH neurons from the transgenic line, 

but this possibility needs to be further examined by comparing natural spine changes without 

ablation experiments. In the literature, between 10 to 20% dendritic spines on pyramidal 

neurons were reported to sporadically disappear over 8 days (Trachtenberg et al., 2002).  

However, we observed much lower rate of spine changes in our models possibly due to 

differences in neurons or differences in counting methods.  Whether the spine changes 

following ablation were actually caused by microglia requires future studies by either ablating 

microglia from the CNS or suppressing their phagocytosis pathways then examine dendritic 

spine changes following ablations.  

 

5.5.5  Limitations in imaging effects of microglia in connected neuron in vivo 

This study revealed several experimental aspects that can complicate multiphoton microscopy 

imaging studies of microglia with connected neurons in mouse models.  First, AAV injections 
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caused more inflammation and scar tissues compared to regular craniotomy.  Even though 

microglia in AAV injected mice did not exhibit notable differences in morphology or processes 

mobility, we did notice an overall decrease in fluorescence intensity in microglia in several of the 

mice injected. This not only creates challenges in tracking microglia behaviors but also 

introduces uncertainties in microglia processes changes following the ablations. To limit effects 

on microglia behaviors from imaging quality differences, we only included data of microglia 

behaviors when microglia could be clearly visible across different days.  Another limitation is our 

inability to confirm synapses in vivo.  Even though we only conducted experiments on axons 

with presynaptic bouton in close proximity with postsynaptic dendritic spines like ones in Figure 

5c, we still lack a definitive marker that confirms the synaptic connection especially since there 

could be multiple synapses formed between two neurons (Yoshihara et al., 2009).  To confirm a 

synaptic connection in vivo, a different strategy or advances in in vivo synapse labeling might 

have to be developed in the future. 
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Figure 1. Femtosecond laser-induced ablation of pyramidal neuron dendrite. (a) Time-

lapse in vivo two-photon images of femtosecond laser induced dendrite ablation. (Red: i.v. 

injected Texas Red Dextran; Yellow: Thy-1 promoter-driven YFP expression of pyramidal 

neurons. Green: Cx3cr1 chemokine-receptor driven GFP expression of microglia). (b) YFP 

channel in isolation. (c) GFP channel in isolation. 
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Figure 2. Microglia send processes towards ablation site immediately following dendritic 

injury without movement in soma. (a) One-hour time-lapse in vivo two-photon imaging of 

dendrite ablation.  Green inner circle is 25 μm in diameter.  Red middle circle is 37.5 μm in 

diameter.  Blue outer circle is 50 μm in diameter. White arrow points at one example of a 

microglia process that was tracked over 5 minutes after dendrite ablation. (b) Speed of microglia 

processes at different distances from the ablation center within the first five minutes of ablation. 

Green line shows speed of microglia processes within the green circle before ablation. Red line 

shows speed of microglia processes between green and red circles before ablation.  Blue line 

shows speed of microglia processes between red and blue circles.  Red dashed line shows 
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onset of ablation.  (c) Correlation of microglia ball size with femtosecond ablation laser power 30 

and 60 minutes after ablation (n = 8 lesions in 4 mice). 
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Figure 3. Microglia morphology over one day with decreased processes movement due 

to longer resting intervals.  (a) 20-hour time-lapsed tracking of microglia response to dendrite 

ablation at ablation center. (b) Images from the same stack 50 μm above the ablation center.  

Red circles indicate microglia processes that have “bubble”-like morphologies. (c) Average 

speed of microglia processes movement before, 12 hours after dendrite ablation with and 

without “bubble”-like processes. (n = 58 processes before, n = 52 processes after, and n = 19 

processes after “bubbles”.  *P = 0.01, **P = 0.005) (d) Average resting time of microglia 

processes before and 12 hours after dendrite ablation (P = 0.001). (e) Average speed of 

microglia processes when not resting before and 12 hours after dendrite ablation.  (f) Percent of 
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dendritic spines observed before ablation at 12 hours and one week after dendrite ablation (n = 

8 dendrites from 4 ablations in 2 mice. P = 0.04).  
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Figure 4. Femtosecond laser induced axon damage led to smaller responses from 

microglia.  (a) In vivo two-photon images of femto-second laser induced ablation of an axon 

before and 12 hours after ablation at ablation center. Red circles indicate the targeted axon. (b) 

Images from the same stack 50 μm above the ablation center. (c) Average speed of microglia 

processes movement before and 12 hours after axon and dendrite ablation (n = 70 processes 

from 5 axon ablations in 2 mice, *P = 0.007). Dendrite ablation data is the same as in previous 

figure. (d) Percentage of initial number of dendritic spine changes 12 hours and one week after 

axon or dendrite ablation (n = 5 dendrites analyzed in axon ablation in 2 mice. * P = 0.02). Spine 

changes after dendrite ablation is the same data as in previous figure.  
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Figure 5. Transsynaptic virus labeling strategy to visualize connected neurons. (a) 

Diagram of constructs delivered by three different AAV vectors.  (b) Schematic diagram of virus 

injection strategy to label connected neurons from different hemispheres with transsynaptic-Cre 

and different Cre-dependent fluorescent protein. (c) In vivo two-photon image showing 

successful labeling of both pre- and post-synaptic neurons. (Red: pre-synaptic axon labeled with 

tdTomato and blood vessels labeled with i.v. injection of Texas red dextran. Yellow: post-

synaptic dendrite labeled with eYFP. Green: microglia labeled with transgenic Cx3cr1-GFP.) 

High magnification image of synapse within the white box is shown in (i) with white arrow 

pointing at the synapse. 
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Figure 6. Ablation of input axon accelerated rate of spine disappearance and resulted in 

more microglia visits and longer touching times in connected dendrites. (a) In vivo two-

photon images of the target axon before ablation.  Zoomed-in view of targeted axon from white 

box shown in (i).  (b) In vivo two-photon images of targeted axon after ablation. Zoomed-in view 

of the ablated target axon from white box shown in (ii). (c) In vivo two-photon images of the 

post-synaptic neuron before ablation.  Zoomed in view of the target axon from the white box are 

shown in (iii). White arrow points to the connected target axon from (a). (d) In vivo two-photon 

images of the post-synaptic neuron after ablation.  Zoomed in view of the target synapse from 

the white box are shown in (iv). White arrow points to the ablated target axon. (e-f) Spine 

disappearance on a dendrite proximally connected to the target axon before (e) and one week 

(f) after axon ablation. White arrows point to the disappeared spines. (g-h) Spine morphology 

changes at the synapse before (g) and one week (h) after axon ablation. White arrows point to 

the spines with different morphologies. (i) Percentage of dendritic spine changes on dendrites 
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proximally connected to and separate from ablated axon one week after axon ablation (n = 5 in 

connected dendrites and n = 12 in separate dendrites in 5 axon ablations. P = 0.005). (j) 

Number of microglia visits within 30 minutes dendrites proximally connected to and separate 

from the ablated axon before and 12 hours after axon ablation (n = 3 for connected dendrites 

and n = 4 for separate dendrites in 2 mice. *P = 0.02, **P = 0.02).  (k) Average time of microglia 

processes touching the dendrites proximally connected to and separate from ablated axon 

before and 12 hours after axon ablation (n = 25 microglia processes among 3 axon ablations in 

2 mice. No significant difference was found). 
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CHAPTER SIX 

RF ABLATION CAUSES SUSTAINED NERVE DAMAGE WITH PERSISTENT INFLAMMATION 

IN RAT’S SCIATIC NERVES 
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6.1  Abstract 

Radio frequency (RF) based ablation has been widely adopted as a way to treated conditions 

with aberrant neural activities in the clinical settings, but its neurological and inflammatory 

effects on treated tissues are poorly understood.  By partnering with Aerin Medical, we applied 

RF and cryoablation on rat sciatic nerves to model a clinical treatment of rhinitis, in which 

patients suffer from excessive fluid production in the nasal cavity.  Our results showed that both 

ablation techniques induced sustained neurodegeneration with moderate increase in thermal 

and mechanical nerve sensitivity and some reduction in nerve conduction velocity. Treated 

nerves also experienced persisted inflammation in surrounding tissues.  This result suggests 

that RF ablation can potentially provide long-term relief in patients suffered from diseases 

stemmed from elevated neuron activity such as rhinitis, but potential side effects including 

chronic discomfort and pain from persisted inflammation should also be taken into 

consideration. 

 

6.2  Introduction 

Ablation of neural tissue has become widely deployed in clinical settings as a method of 

reducing aberrant neural activity in multiple applications using several modalities including 

radiofrequency (RF). Although there are many clinical reports of its efficacy, the mechanism of 

action is not well understood. A recently developed device provides intranasal RF radiation 

delivery that has demonstrated efficacy for treatment of nasal air way obstruction (Aerin 

Medical). This technology can also be used for treatment of rhinitis through the modulation of 

nerve activity with the distinct advantage that it eliminates the need for cutting into the tissue. An 

older, alternative technology is cyroablation (ClariFix), which applies extreme cold to ablate in 
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similar context. In this work, we characterize the tissue and electrophysiological effects of RF 

neuroablation and cryoablation on rat sciatic nerve. 

 

There are multiple mechanisms by which RF ablation could be changing neural output that 

range from destruction of the nerve tissue and neuron death to modulations in firing or 

transmission through a mostly intact nerve. Previous studies using model systems such as the 

rat sciatic nerve have demonstrated that low temperature RF ablation reduces axon number, 

thickness and myelination after ablation (Podhajsky et al., 2005; Vatansever et al., 2008), but 

measure of nerve activity or behavioral outcome are rare. In one study by Vatansever et al., 

2008 , functional deficits were qualitatively assessed by observing the rat’s motor behavior and 

were only observed at the higher irradiation parameters. Our understanding of the mechanism 

of action in the clinical application is hampered by the lack of direct measurements of nerve 

function through electrophysiology. Long term functional neurotransmission is ultimately critical 

for positive clinical outcomes. The longevity of the outcome depends not only on the initial 

lesion, but how the nerve recovers and remodels over time after the treatment. Neural 

transmission and activity in the long term can be affected by the nature of the initial lesion 

because of ancillary effects such scarring, inflammation and microenvironmental cues that alter 

how nerve tissue regrows. Especially in partial disruptions, the neural activity and transmission 

that result in the long term can be unpredictable. Therefore, it is critical to characterize the 

correspondence between structural and anatomical alterations and electrophysiological 

changes. In addition, ablation at the axons can cause the death of the entire neuron, which 

could result in improved reliability in reduction of neural transmission. We used 

electrophysiology and behavior measure to test functional consequences of ablative RF and 

cryotherapy on peripheral nerves at acute and 1-month time points. Nerve morphology and 
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inflammation were assessed in tissue sections. In addition to providing assessment of this 

particular procedure, this work will inform future approaches through enhanced understanding of 

mechanisms.  

 

 

6.3  Materials and Methods 

6.3.1  Animals 

For all experiments, adult male Sprague Dawley rats (Charles River) weighing 350-400 g each 

were used. Food and water were provided ad libitum. The rats were housed in pairs in standard 

two-cubic-foot cages with ground corn cob bedding and they were maintained on 12:12-h light-

dark cycle. All experiments were approved by the Cornell University Institutional Animal Care 

and Use Committee (IACUC). 

 

6.3.2  Aerin RF and ClariFix nerve treatment  

Rats were anesthetized under 4% isoflurane and maintained on ~2% isoflurane in 100% 

oxygen. Toe pinch was performed on both hindlimbs to confirm that animals were unconscious. 

All surgeries were performed in sterile conditions. Body temperature was maintained at 37.5 C 

with a feedback-controlled heating pad. Each rat was given ketoprofen (0.5mg/kg), 

dexamethasone (0.2mg/kg), bupivacaine at the incision site.  The left and right hindlegs were 

shaved and sterilized with 70% alcohol and povidone iodine. Glucose was administered to 

animals that were anesthetized for more than one hour and additional glucose was administered 

hourly. Tissue around the sciatic nerve was exposed leaving approximately 5mm of tissue 
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separating the nerve itself from the open air. The right leg was used for treatment with one of 

the two ablation treatments. The Aerin RF probe (Aerin Medical, Sunnyvale, CA), was placed on 

the section of nerve and treatment was initiated using the console.  The programmed procedure 

lasted 60s with 45s being the active ablation. The ClariFix cryoprobe (Arrinex Inc, Redwood 

City, CA) was placed on the exposed surgery site and treatment was performed by blowing 

extreme cold nitrous oxide air for 60 seconds according to the manufacturer’s instructions. 

Probes were left at targeted nerves for additional 30s to a minute after treatment to prevent 

frozen tissues from tearing before removing the device. Once the surgery was completed, the 

surrounding muscle was closed with dissolvable #5 sutures, and the skin with #4 silk sutures. A 

sham surgery, identical in all steps except for the treatment itself, was performed on the left leg. 

Rats were monitored daily, and ketoprofen (0.5mg/kg) and dexamethasone 0.2mg/kg) used to 

manage pain and inflammation for three days. 

 

6.3.3  Von Frey paw withdrawal response to test mechanical allodynia  

Individual rats were placed in a covered transparent plexiglass chamber atop an elevated metal 

mesh platform. Each animal was permitted habituate to the chamber for 30 minutes. The 

chamber and platform were sterilized after each animal was tested. The plantar surface of each 

hind paw was tested for foot withdrawal response using a series of von Frey filaments 

(NC12775 Exacta™, North Coast Medical Inc., Morgan Hill, CA, USA). The lowest force that 

generated a foot withdrawal response was determined to be the threshold. Trials were 

separated by 10-minute rest periods. 

 

6.3.4  Thermal Allodynia  
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Individual rats were placed in the testing chamber used in the prior test for mechanical 

allodynia. 100% acetone was applied to the plantar surface of the paw using a Pasteur pipette. 

The latency to withdrawal was measured after acetone application. Trials were separated by 10-

minute rest periods. 

 

6.3.5  Nerve conduction velocity  

Rats were anesthetized under 4% isoflurane and maintained on ~2% isoflurane in 100% 

oxygen. Breathing rate was monitored to be approximately 1Hz. Toe pinch was performed on 

both hindlimbs to confirm that animals were unconscious. Body temperature was maintained at 

37.5 Celsius with a feedback-controlled heating pad. Glucose was administered hourly to 

animals that were anesthetized for more than one hour.  Nerve stimulation was performed using 

a >>MODEL NUMBER<< stimulus isolator. Sciatic nerve compound action potential signals 

were amplified (x10000) using an AM systems >>MODEL NUMBER<<. Stimulation amplitudes 

ranged from 0.1 to 4mA. 

 

6.3.6  Staining and tissue imaging 

At the end of the survival period, animals were transcardially perfused with phosphate-buffered 

saline (PBS) followed by 4% paraformaldehyde in PBS. Sciatic nerves were extracted, post-

fixed overnight in 4% PFA, cryoprotected in 30% sucrose until tissue sank to the bottom, frozen, 

and sectioned with 5-10 µm thickness on a cryostat. Selected 5-µm-thick tissue sections were 

stained with traditional H and E staining to show tissue structures or submerged in 1% Toluidine 

blue solution (Electron Microscopy Science 26074-15) for 45 seconds to show myelination. 

Macrophages were labeled with anti-IBA-1(Wako 019-19741, 1:500), Schwann cell filaments 
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were labeled with anti-GFAP (Abcam 7260, 1:300), and apoptotic cells were labeled with anti-

cleaved-caspase 3 (Abcam 2302, 1:300).  Antibodies were diluted in 5% donkey serum with 

overnight incubation at 4 ºC.  Donkey anti-rabbit Alexa 488 (Abcam 150073) was used as 

secondary antibody with a three-hour incubation at room temperature. Antibody stained slides 

were preserved with Prolong diamond antifade mountant with DAPI (P36962).  Colored images 

were taken with a Zeiss upright fluorescence microscope with 10x (Zeiss, EC Plan-NEOFLUAR, 

NA 0.3) and 20x (Zeiss, Plan-APOCHROMAT, NA 0.8) objectives and Thorlab 1.6 MP CMOS 

compact scientific camera.  Fluorescent images were taken with Zeiss LSM880i inverted 

confocal laser scanning microscope.  Detector wavelengths were: 482nm-517nm (Alexa 488) 

and 410nm-475nm (DAPI).  Laser wavelengths were set at 488nm and 405nm respectively. 

Images were taken with a 40x, NA 1.2, water immersion objective and a 3x3 tiled scan was 

performed on all tissue sections.  Brightfield images were color-corrected using ImageJ to show 

a consistent white background.  Intensities of fluorescent images were adjusted in ImageJ to 

reflect consistent background intensity outside of tissue sections. All manipulations preserved 

linear gray scale transformations.  

 

6.4  Results 

6.4.1  Nerve ablation observations 

To model the ablation of neural tissue through mucosal tissue similar to procedures used for 

rhinitis treatments, muscle above the sciatic nerve was kept intact resulting in about 3-5 mm of 

muscle tissue between the ablation probes and the sciatic nerve. During the ablation procedure, 

we observed high frequency leg twitching, likely due to excess activation of mechanosensitive 

and TRP ion channels due to the presence of the probes and the rapid temperature changes. 

For nerves treated with the Aerin RF device, we observed tissue blanching and some bleeding 
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on the nerve itself. There was minimal damage on the surrounding fasciae and muscle. For 

nerves treated with the ClariFix device there was evident freezing of the surrounding tissue for 

about a 5mm radius. As thawing proceeded following ClariFix treatment, bleeding occurred in 

most cases. Excess blood was absorbed with sterile cotton swabs and the surgery site was 

irrigated with sterile physiological saline before the incisions were closed. The incisions were 

sutured closed after ablation and sham procedures and animals were allowed to recover.  

 

Prior to transcardial perfusion, rats were anesthetized, placed in the supine position, then an 

incision made into the biceps femoris to expose the sciatic nerves. The nerves were observed 

for gross structural differences after ablation compared to the sham surgeries on the 

contralateral side of the same rat. We performed qualitative assessment of excessive bleeding, 

fibrosis, size differences, and additional vascularization on the nerve. Nerves treated with both 

ablation devices showed increased swelling and vascularization 48 hours post treatment (Figure 

1b and d) and no apparent improvement over one month (Figure 1f and h).  Untreated control 

nerves showed little swelling and no apparent vascularization at both time points (Figure 1a, c, e 

and g). 

 

6.4.2  Single treatment of nerve ablation using Aerin RF and ClariFix has subtle 

physiological effect 

The sciatic nerve was chosen because this injury paradigm allowed us to monitor animals over 

chronic time periods and did not cause significant deleterious side effects. Before sacrificing the 

animals, we first observed the effect of RF ablation and cryoablation by assessing the muscle 

tone of the hindlimb digits. Rodents tend to seek stable footing when suspended in the air by the 
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tail. This is demonstrated by an escape behavior characterized grasping with the forelimbs 

(Figure 1i) and locomotor behavior with the hindlegs. Loss of muscle tone indicated by a failure 

to extend the digits of the paw when the animal was lifted (Figure 1i) was observed immediately 

upon completion of the surgeries and at 48hr after treatment in both the Aerin RF and ClariFix 

groups. One month after nerve treatment, there was persistent myotonia of the treated hindlimb, 

made apparent by the curled digits of the right hindfoot when the rats were picked up, in both 

Aerin RF and ClariFix treated rats (Figure 1i shows a representative hindlimb). Despite this, all 

rats were able to ambulate and bear weight on their hind legs.  

 

6.4.3  Thermal hyperalgesia is moderately increased one month after ablation treatment. 

We next wanted to determine whether there are any measurable physiological differences 

between treated and untreated nerves using these two treatment modalities. In order to analyze 

whether the nerve ablation paradigms in our study affects thermal sensitivity, a drop of 100% 

acetone was applied to the plantar surface of the hind footpad and allowed to evaporate. The 

latency of the paw withdrawal response to the rapid cooling, was measured for both untreated 

and treated sides. There was a trend towards a decrease in the latency of hind paw withdrawal 

response in three treatment groups,  AerinRF 48h, AerinRF 1 month, and ClariFix 1 month 

(Figure 2a), but this only reached significance in the treated side of the AerinRF 48hr group 

compared to the sham side of the same group (p=0.0356). A von Frey paw withdrawal assay 

tests for sensitivity to mechanical stimulation with increasing force. Paw withdrawal with 

decreased forces suggest hypersensitivity. Although, not reaching statistical significance, both 

treatments similarly trended towards lower withdrawal thresholds relative to the untreated foot in 

the ablated limb (Figure 2b).  
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6.4.4  Nerve conduction velocity dropped after ablation treatments 

Both RF ablation and cryoablation intend to reduce the activity of the target nerves. We 

therefore hypothesized that such operations would reduce the conduction velocity of compound 

action potentials (CAPs) that propagate across the nerve. In a terminal procedure 48 hours and 

one month after treatment, rats were anesthetized, and the sciatic nerves were exposed for 

stimulation and recording. Nerves treated with RF ablation and ClariFix cryoablation exhibited 

slower conduction velocity compared to untreated controls with current amplitude at 0.5mA even 

though no significant difference was observed across any groups (Figure 3c). Since a larger 

magnitude current stimulation will recruit more nerve fibers by surpassing the depolarization 

threshold of their membrane potential, permitting AP propagation, we tested whether increasing 

the magnitude of the current stimulation to 1.5 mA would significantly increase CAP propagation 

speed.  With stimulation current amplitude at 1.5mA, we found that there were moderate 

decreases in CAP propagation speed in the treated nerves compared to sham controls across 

all groups (Figure 3d) but no statistical significance was reached other than Aerin 48hr (P = 

0.03). In addition, we also observed that there was a moderate increase in the mean CAP 

propagation speed between all sham groups from the 0.5mA stimulation paradigm compared to 

the respective sham controls of the 1.5mA stimulation group (Figure 3c and d). 

 

6.4.5  Both Aerin RF and ClariFix ablation showed similar levels of tissue disruption and 

demyelination two days and one month following ablation.  

Two days after the ablation of right sciatic nerve, H & E staining showed both Aerin RF and 

ClariFix treated nerves exhibited some degrees of tissue tearing and disruption (Figure 4a and 

b). The tissue treated with either ablation method showed apparent loss in integrity with tears 

and swelling clearly observed (Figure 4a and b and zoomed in features in Figure 4i and ii).  RF-
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treated nerves also showed a high number of infiltrating inflammatory cells, which can be seen 

in dark purple, signaling ongoing inflammation (Figure 4i).  Inflammatory cells could be seen not 

only in the nerves but also the connecting tissues between nerves and muscles (Figure 4a). 

ClariFix treated nerves displayed similar influx in inflammatory cells yet showed distinguishable 

patterns in tissue disintegration (Figure 4b and ii).  One month following ablation, both Aerin RF 

and ClariFix treated nerves showed residual signs of tissue disintegration even though apparent 

tissue repairs could also be observed (Figure 4d and e, with zoomed-in views in Figure 4iv and 

v).  Control tissues displayed minimum tissue tearing with fine structures such as axon bundles 

clearly visible and showed almost no inflammatory cells in the center of the nerves both two 

days and one month following ablation (Figure 4c and f and zoomed in features in Figure 4iii 

and vi). 

 

Two days after the ablation of right sciatic nerve, Toluidine blue staining displayed similar levels 

of tissue disruption in treated nerves as observed in H & E staining (Figure 5a and b).  In 

contrast to control tissues with clear myelinated axon bundles shown in blue circles (Figure 5c 

and iii) no clear axon bundle could be observed in the acutely treated tissues (Figure 5a and b 

and zoomed-in features in Figure 5i and ii).  One month after treatment, even though treated 

tissues still remained mostly disrupted, some signs of axon bundle repairs could be seen in 

scattered small circles (Figure 5d and e and zoomed-in features in Figure 5iv and v). Control 

tissues from sham surgeries showed similar patterns to controls in acute groups with clear axon 

bundles in blue circles and no sign of tissue disintegration. 

 

6.4.6  Both Aerin RF and ClariFix ablation showed similar levels of inflammation, axon 

degeneration and apoptosis two days and one month following ablation.  
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Two days after the ablation of right sciatic nerve, both Aerin RF and ClariFix treated nerves 

showed infiltration of IBA-1 positive cells with enlarged, round cell bodies, consistent with pro-

inflammatory macrophages (Figure 6a and b).  In tissues collected after one month, both Aerin 

RF and ClariFix treated tissues still displayed elevated number of IBA-1 positive cells with 

phenotype similar to ones observed in the short-term studies but those cells were more 

aggregated around periphery of the nerves (Figure 6k and l). Control tissue from sham 

surgeries showed lower amount of IBA-1 positive cells exhibiting smaller cell size and elongated 

shapes, consistent with resident macrophages (Figure 6c and m). 

 

In anti-GFAP studies, both Aerin RF and ClariFix treated nerves showed patchy and scattered 

GFAP positive structures two days after treatment (Figure 7a and b). One month after 

treatment, there was no apparent improvement at the center of the nerves, but peripheral 

regions showed structures resembling axonal bundles (Figure 7k and l). Control tissue 48 hours 

post sham surgeries also displayed some patchiness in GFAP distribution even though not as 

obvious compare to treated tissues (Figure 7c). In contrast, control tissues in the long-term 

study displayed uniform distribution of GFAP protein across the tissue cross section with the 

circle-like shape resembling myelinated axon bundles (Figure 7m). 

 

In anti-cleaved caspase 3 studies, both Aerin RF and ClariFix treated nerves showed some 

positive staining in cell-like structures (Figure 8a, b, k, l). Control tissue showed elevated 

positive staining in axon-like structures around periphery of nerves from the 48-hr study (Figure 

8c) but was absent from the one-month study (Figure 8m).  
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6.5  Discussion 

6.5.1  Behavioral and electrophysiological effects of nerve ablation with Aerin RF and 

ClariFix devices 

The primary purpose of the behavioral and electrophysiological analysis was to ascertain the 

whether there was an effect of a single round of treatment of the two treatment types. We tested 

for mechanical hyperalgesia, thermal allodynia, and differences in nerve conduction velocity. 

The von Frey filament test showed that there was no significant difference between the Aerin 

RF and ClariFix groups the 48hr timepoint as well as at the 1-month timepoint. On average, 

there was a reduction in the threshold for paw withdrawal for treated nerves compared to sham 

controls, but it was determined to not be statistically significant. With respect to the acetone test 

for thermal allodynia, the ClariFix 48hr group where there was no quantitative difference in the 

mean paw withdrawal times of the treated nerve compared to sham controls. There was a 

significant difference in the paw withdrawal times of the treated AerinRF 48hr nerves compared 

to sham. This could suggest that there is a difference in the acute regulation of TRP channels in 

re response to heat and cold. This difference seems to be lost over time as both AerinRF 1-

month and ClariFix 1-month show similar reduction in the paw withdrawal latency, albeit not 

statistically significant. The aforementioned test demonstrated similar trends in models of 

peripheral nerve ablation, where there is hypersensitivity post-injury. Future experiments will 

likely require multiple treatment sessions to increase the ablation efficacy beyond what we have 

observed on a nerve as robust as the sciatic nerve.  

 

Electrical stimulation allows us to test speed of compound action potential (CAP) propagation 

across the nerve. At 0.5mA stimulation current, there was no measured difference in the 

conduction velocity of the treated nerve of the AerinRF 48hr, ClariFix 48hr, Aerin 1-month, and 
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ClariFix 1-month. In this experiment, a current of this magnitude stimulated the similar nerve 

fibers in both the sham and treated. Higher current amplitude will recruit more axon fibers. We 

observed a difference in the CAP speed of the untreated nerves across all groups. The only 

statistically significant difference was between the treated and sham nerves of the AerinRF 48hr 

group. All other groups show a similar trend of faster CAP conduction velocity in untreated 

nerves compared to treated nerve, despite not being significant. This suggest that nerve 

treatment has some effect on the electrophysiological properties of the nerve. Perhaps this 

could account for the myotonia observed throughout the study and could suggest altered 

neurotransmitter release at the NMJ.  

 

6.5.2  Short-term and long-term physiological and inflammatory effects of nerve ablation 

using Aerin RF and ClariFix devices 

Both H & E staining and IBA-1 staining showed increased number of inflammatory cells in 

nerves two days and one month after ablation treatments.  Increase in number and change in 

morphology of IBA-1 positive inflammatory cells 48 hours after treatment suggest elevated 

inflammation in the nerves. The limited number of IBA-1 positive inflammatory cells in nerves 

from sham surgeries indicates that the inflammation was from ablation treatments and not from 

the surgical procedures. Sustained inflammatory cell number and phenotype was observed after 

one month in treated tissue poses questions for potential long-term inflammatory effects for 

patients who go through the treatments.  

 

From H & E and Toluidine blue staining, there was clear tissue disruption observed in both the 

short-term and long-term studies following treatments. In control tissues, axon bundle-like 
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structures could be seen throughout the nerves, but such structures were absent in both RF and 

ClariFix treated nerves, suggesting damages in nerve functions.  The patchy and disjointed 

structures shown in anti-GFAP staining was a sign of axon disintegration as a result of the 

treatments. Less uptake in toluidine blue dye in treated nerves also suggested demyelination. 

Some axon bundle-like structures could be observed in the long-term studies, which suggests 

some degrees of nerve regeneration and repair.  However, morphology of nerves one month 

post treatment still exhibited clear signs of disruption compare to controls, indicating limited 

restoration of nerve functions. Interestingly, even though nerves treated with both methods 

exhibited very similar results 48 hours post treatment, tissues treated with ClariFix appeared to 

have slightly more integrity in tissue structure and more uptake in Toluidine blue one month post 

treatment, potentially means better nerve regeneration.  This result might suggest that RF 

ablation treatment potentially offers more sustained long-term benefits for patients who suffered 

rhinitis.  However, it is worth noting that anti-cleaved caspase 3 staining only showed 

moderately elevated level of apoptosis.  This result implies that the neuron disintegration was 

driven by necrosis instead of programmed and controlled apoptosis progress, which releases 

more intracellular contents and promotes inflammation (Challa & Chan, 2010). Short-term anti-

cleaved caspase 3 staining showed positive axon-like structures in sham surgeries implies 

apoptosis associated with surgical procedures that were resolved in the long-term studies.  
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Figure 1. Sample images of sciatic nerves and rat’s legs after ablation surgeries.  (a-h) 

Images of sciatic nerves in the intact animal. Healthy sciatic nerves in control legs appeared as 

the opaque white structures beneath the fascia (a,c,e,g).  Aerin ablation (b and f) and ClariFix (d 

and h) treated nerves appeared swollen and exhibited increased neovascularization. Ruler 

markings are in mm. (i) Sample image of rat showing healthy untreated left hindlimb and loss of 

muscular tone in the digits in ablation treated right hindlimb one month after surgery. 
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Figure 2. Behavioral response to stimulation after nerve ablation.  (a) Acetone test on 

footpad to test thermal analgesia. One drop of 100% acetone was dropped on the rat’s hind 

footpad and allowed to evaporate. Time it took for rat to retract the foot was recorded as an 

indicator for nerve’s sensitivity to temperature. (b) Von Frey paw withdrawal response to test 

mechanical allodynia. Increased pulling force was applied to rat’s hindlegs. Force it took for rat 

to retract the hindleg was recorded as an indicator for nerve’s sensitivity to force.  Values were 

normalized to control untreated left hindlegs. Values less than 1 indicates elevated sensitivity to 

force. 
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Figure 3. Quantitative measurements of acute and chronic nerve functions following RF 

and Cryoablation treatment.  (a-b) Examples of compound action potentials (CAPs) recorded 

from sciatic nerves one month after Aerin RF (a) and ClariFix cryoablation (b) treatments. (c-d) 

Conduction velocity measured from sciatic nerves with multiple current amplitudes. Slight 

reduction in compound action potential (CAP) propagation speed was observed with stimulation 

current set at 0.5mA (c) and moderate duction when current set at 1.5mA (d) in ablation treated 

nerves. Nerves treated with Aerin RF device showed significant reduction in propagation speed 

48 hours after treatments compared to sham controls (P = 0.03).  
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Figure 4. H&E staining of sciatic nerves after ablation. Hematoxylin and Eosin (H&E) 

staining for sciatic nerves after treatments with ablation devices. (a to d) H&E staining was 

performed on harvested sciatic nerves 48 hours (a to c) and one month (d to f) after treatments 

with (a and d) Aerin RF device, (b and e) ClariFix device and (c and f) control sham surgeries. (i 
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to vi) Zoomed in view of H&E stained sciatic nerve structures after ablation treatments.  Tissue 

structures could be seen in pink while cell nuclei were stained in purple. 

 

Figure 5. Toluidine blue staining of sciatic nerves after ablation for sciatic nerves after 

treatments with ablation devices. (a to d) Toluidine blue staining was performed on harvested 

sciatic nerves 48 hours (a to c) and one month (d to f) after treatments with (a and d) Aerin RF 
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device, (b and e) ClariFix device and (c and f) control sham surgeries. (i to vi) Zoomed in view of 

Toluidine blue stained sciatic nerve structures after ablation treatments.   
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Figure 6. IBA-1 immunohistology of sciatic nerve sections after treatments with ablation 

devices. IBA-1 immunostaining was performed on sections from Aerin RF (a and k), ClariFix (b 

and l) and sham surgeries (c and m) treated nerve tissues 48 hours (a to c) and one month (k to 

m) after surgical procedures. IBA-1 positive structures were shown in green (d-f and n-p), DAPI 

positive cell nuclei were shown in blue (g-i and q-s) while the images with merged channels 

were shown in a-c (48 hours after treatments) and k-m (one month after treatments). 
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Figure 7. GFAP immunohistology of sciatic nerve sections after treatments with ablation 

devices. GFAP immunostaining was performed on sections from Aerin RF (a and k), ClariFix (b 

and l) and sham surgeries (c and m) treated nerve tissues 48 hours (a to c) and one month (k to 

m) after surgical procedures. GFAP positive structures were shown in green (d-f and n-p), DAPI 

positive cell nuclei were shown in blue (g-i and q-s) while the images with merged channels 

were shown in a-c (48 hours after treatments) and k-m (one month after treatments). 
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Figure 8. Cleaved Caspase 3 immunohistology of sciatic nerve sections after treatments 

with ablation devices. Cleaved caspase-3 immunostaining was performed on sections from 

Aerin RF (a and k), ClariFix (b and l) and sham surgeries (c and m) treated nerve tissues 48 

hours (a to c) and one month (k to m) after surgical procedures. Cleaved caspase-3 positive 

structures were shown in green (d-f and n-p), DAPI positive cell nuclei were shown in blue (g-i 

and q-s) while the images with merged channels were shown in a-c (48 hours after treatments) 

and k-m (one month after treatments). 
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CHAPTER SEVEN 

CONCLUSIONS AND FUTURE DIRECTIONS 

  



199 

 

7.1  Conclusions and future directions of this thesis 

In this final chapter, we will review some of the major conclusions presented in previous 

chapters and offer directions where some of the future work can be explored. 

 

In chapter 3, we introduced four different types of vascular dysfunction models in Alzheimer’s 

disease.  Via a combination of in vivo two-photon microscopy and ex vivo immunostaining, we 

were able observe various plaque dynamics following different degrees of vascular injuries.  In 

this study, we proved that, different from what was traditionally believed, amyloid beta plaques 

are dynamic structures with a complex nature that are sensitive to changes in local blood flow 

and tissue structure.  Antibody labeling of beta amyloid proteins showed a transient increase at 

lesion one day after penetrating arteriole occlusion along with a decrease in fibrillar plaques.  

The transition between fibrillar to more neurotoxic protofibrillar forms of beta amyloid proteins in 

microstrokes indicates a potentially profound impact of vascular dysfunctions in cognitive 

decline in Alzheimer’s disease, as well as limitation of using fibrillar amyloid beta plaques as an 

indicator for disease progression.  

 

What this study did not examine was the underlying mechanisms behind the plaque dynamics 

after various vascular injuries. Microglia activation and migration were observed corresponding 

with transient increase in protofibrillar beta amyloid proteins suggests that microglia could play a 

role in fibrillar to protofibrillar transition of beta amyloid proteins.  In addition, data on day 4 after 

occlusion showed that Aβ staining decreased but remained in patches near microglia, 

suggesting microglia played a role in clearance of Aβ proteins after the transition.  However, the 
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detailed mechanisms and their potential impacts for Alzheimer’s disease progression need to be 

studied in future research.  

 

In chapter 4, we followed up with our previous study in plaque dynamics in Alzheimer’s disease 

after vascular injuries and explored potential roles of microglia in beta amyloid protein 

transitions from fibrillar to protofibrillar forms. With deletion of  the DAP12 gene in microglia from 

Alzheimer’s mice, we discovered that DAP12 played an important role in facilitating microglia 

activation upon microstroke injuries, and elimination of DAP12 gene decreased buildup of 

protofibrillar Aβ proteins, suggesting microglia play a role in fibrillar to protofibrillar transitions of 

Aβ proteins. Even though this study implies potential benefits of suppressing DAP12 gene to 

impede neurotoxic Aβ protein formation after microstrokes, DAP12 has been shown to play 

protective roles by limiting Aβ plaque growth and clearing cell debris after vascular injuries.  

Thus, more research needs to be done to gain a better understanding of roles of DAP12 and 

microglia after microstrokes to determine a more wholistic implication of their alterations in 

progression of Alzheimer’s disease.  

 

In chapter 5, we investigated microglia’s interactions with neuron circuitry when responding to 

micrometer-scale injuries.  By using combination of multi-photon imaging and a femtosecond 

ablation laser, we discovered that microglia respond to a single cut on neuron processes by 

extending their processes to enclose the injury site in a ball-shaped volume within minutes of 

the injury.  Dendritic cuts led some microglia processes to enlarge and formed “bubble”-like 

structures with impeded mobility, which coincided with loss of nearby dendritic spines.  Axonal 

cuts resulted in attenuated microglia response, but more dendritic spine loss was observed in 
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dendrites connected to the targeted axons, coupled with more microglia processes contact 

events and longer contact durations compared to not connected dendrites. Together, our study 

suggest that microglia can play a role in synaptic modulation that is altered even in some of the 

mildest injuries in the central nervous system, but the exact mechanisms behind the microglia 

responses observed and their potential implications in synaptic plasticity and memory 

modulation still needs to be further examined.  

 

In chapter 6, we investigated the short-term and long-term neurological and inflammatory effects 

of radiofrequency-based (RF) ablation on nerve tissues. Although RF ablation is a commonly 

used clinical technique used eliminated unwanted neural signaling, mechanistic studies are 

surprisingly sparse. This work differs in nature from the earlier chapters because it is in 

partnership with an industry partner, Aerin Medical who developed the RF device. We applied 

RF and cryoablation on rat sciatic nerves to model a clinical treatment of rhinitis, in which 

patients suffer from excessive fluid production in the nasal cavity. We demonstrated that both 

ablation techniques induce sustained neurodegeneration and demyelination, as well as 

persistent inflammation in affected nerve tissues.  This result suggests that RF ablation can 

potentially provide long-term relief in patients suffered from diseases stemmed from elevated 

neuron activities, but potential side effects including chronic discomfort and pain from persisted 

inflammation should also be taken into consideration.  

 

 


