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Abstract  

Pericytes, which are mural cells located on the external surface of blood vessels in the brain, 

play a role in various processes such as vasomotion and neurovascular coupling (NVC), 

which control the flow of blood to the brain. These cells possess contractile abilities, but 

recent research has identified different types of pericytes with varying morphology and 

protein expression, leading to a debate regarding their functional roles in regulating cerebral 

blood flow (CBF). 

The objective of this study is to examine the impact of different pericyte types on vasomotion 

and NVC by investigating specific calcium channels that could generate intracellular calcium 

events and influence their capacity to constrict or dilate. By utilizing in vivo two-photon 

microscopy, we assessed the calcium signaling of distinct pericyte populations—ensheathing 

pericytes (EP) and capillary pericytes (CP)—in transgenic mice expressing genetically 

encoded calcium indicators (RCaMP1.07 and GCaMP6s). Concurrently, we measured the 

hemodynamic properties of nearby blood vessels. We also studied the effects of calcium 

channel blockers, namely nimodipine and Pyr3, on pericyte calcium signals and vessel 

hemodynamics. 

Our findings revealed differential impacts of specific calcium pathways in brain pericytes on 

local hemodynamic behavior. Nimodipine and Pyr3 reduced calcium activity in both pericyte 

types, and this reduction was different in distinct pericyte sub-cellular compartments (somata 

vs. processes). Nimodipine increased the diameter of vessels covered by EP, reduced their 

CBF and diminished the response to NVC. Likewise, nimodipine reduced CBF and NVC 

response of blood vessels covered by CP. Interestingly, Pyr3 caused vasodilation in both EP 

and CP, and it solely decreased the response to NVC in EP. 

Our data provide fresh insights into the mechanisms of calcium signaling in brain pericytes, 

shedding light on the role of these cells in regulating CBF. This knowledge holds potential 

for advancing our understanding of cerebrovascular and neurodegenerative diseases, where 

the full understanding of their development is yet to be determined. 
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1. Chapter I.  

Introduction. 

The human brain stands as the most metabolically demanding organ1. The delivery of oxygen 

and essential nutrients through blood circulation assumes a critical role in meeting its 

metabolic demands2. This intricate process is influenced by a group of cells collectively 

known as the neurovascular unit (NVU). Under resting conditions, the NVU actively 

regulates the delivery of blood flow into the brain. Furthermore, when a specific region of 

the brain becomes activated, the NVU dynamically participates in the redirection of cerebral 

blood flow (CBF) to match the region's specific metabolic requirements3. The NVU (defined 

in the early 2000’s)4 is composed by astrocytes, oligodendrocytes precursors cells (OPCs), 

neurons, smooth muscle cells (SMC), pericytes and endothelial cells5. Together, these cells 

work in concert to ensure proper CBF delivery which encompasses various processes, such 

as vasomotion, neurovascular coupling and cerebral autoregulation.  

This thesis project focuses specifically on brain pericytes, which are mural cells situated on 

the basement membrane of capillaries. They are believed to participate in several functions 

that can influence cerebral blood flow (CBF) and the cellular environment around blood 

vessels6. Pericytes were first described by Eberth7 and Rouget8 in 1870s and later named by 

Zimmerman in 19239,10. Although more than a century has passed since pericytes were 

described, many of their mechanisms and functions remain unclear. Thanks to the 

development of new cell surface markers, labeling techniques, genetics, and microscopy 

refinements, many discoveries about pericytes have been achieved in the last 20 years10,11.  

The aim of Chapter I of this thesis is to discuss the main characteristics, functions, and 

mechanisms of brain pericytes. Additionally, it delves into the recent advancements in 

organizing brain vasculature within the field for a better understanding of the pericyte’s 

location. Moreover, this chapter explores the alterations in cerebral blood flow (CBF) during 

significant physiological processes, such as vasomotion and neurovascular coupling (NVC), 

emphasizing their importance in cerebral autoregulation.  
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Cerebral autoregulation is a mechanism employed by brain blood vessels to rapidly adapt 

their diameter in response to variations in perfusion pressure, ensuring consistent brain blood 

perfusion and optimal brain function12,13. While not the focus of this thesis, it is relevant for 

my later discussion.  

1.1 Brain vascular organization 

The brain blood vessels are arranged in a series of branching pathways that extend throughout 

the brain tissue. These pathways originate from large arteries like the middle cerebral artery. 

These arteries then branch out and travel along the surface of the brain in the subarachnoid 

space and pia matter. As they do so, they gradually decrease in diameter and transform into 

arterioles. The penetrating arterioles enter the cerebral cortex and continue to divide and 

become thinner as they go deeper, giving rise to precapillary arterioles, more recently labeled 

as blood vessels of the arteriole transition zone14,15. In the subsequent branching within 

deeper brain structures, the blood vessel diameter continues to decrease, creating a delicate 

network of capillaries. Towards the end of this capillary network, there is a change into post-

capillary venules, marking the arteriovenous differentiation. Finally, the postcapillary 

venules begin to widen, forming the vein system that carries deoxygenated blood back to the 

heart (Figure I.A)16. 

In cerebrovascular anatomy, brain vessels have been recently classified according to the 

sequence of vessel bifurcations and their structural components. In contrast with blood 

vessels from other organs, brain blood vessels are conformed by specialized layers of 

components that confer to them unique barrier properties and interactions with cells in the 

neurovascular unit. The outermost layer of the brain blood vessels is called tunica external 

or tunica adventitia. This external layer is composed of collagen fibres and fibroblasts, and it 

is in close contact with cells like astrocytic end-feet, perivascular nerves and pericytes. 

Following the tunica external, a middle layer called tunica media is encountered, it is 

composed mainly of SMC along with collagen fibers and elastin.  The last layer is situated 

in close contact with the blood vessel lumen, it is called the tunica intima. The tunica intima 
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comprises a single layer of endothelial cells and a well-developed internal elastic lamina, 

which separates it from the tunica media17–20.  

Even though these layers are present throughout all the brain vasculature, their components 

can vary according to the branching pattern of the brain blood vessels, conferring their 

different roles in the vascular system. For instance, large arteries such as the internal carotid 

artery can have in their tunica media up to 20 layers of SMC, in contrast, pial arteries possess 

around two to three layers of SMC. In addition, the blood vessels that penetrate into the brain 

(penetrating arterioles) have just one layer of SMC 17, and since they are the blood vessels 

where the branching pattern in the brain starts, they have been given the branching order 

“cero” (Figure. I.B). 

The next bifurcations (from 1st to 4th branching order) give rise to the arteriole transition 

zone. In this vascular segment, a gradual transition from SMC to pericytes takes place 

(Figure. I.B) 21. This transition is differentiated by changes in cell morphology and protein 

content. For example, SMC are spindle-shaped and have single elongated nuclei22 and 

pericytes are spatially isolated cells with a bulging nuclei and ovoid somata6. Moreover, this 

transition is underscored by modifications in the cytosolic layers, wherein pericytes and 

endothelial cells find themselves enveloped by a basal lamina. This lamina is endowed with 

constituents like collagen, proteoglycans, and fibronectin, alongside other extracellular 

matrix proteins. Importantly, this basal lamina shares a continuous interface with the 

astrocytic end-feet, further highlighting the intricate interplay of these cellular elements 

within the cerebrovascular framework17,18. 

Lastly, the brain capillary bed is situated within the context of the 5th branching order or 

beyond23. The architectural composition of the blood vessels in this domain bears 

resemblance to that observed in the arteriole transition zone. Notably, within this particular 

sector of the cerebral vasculature, a decrease in the expression of alpha-smooth muscle actin 

(αSMA) among pericytes is evident 24 (Figure I.A). This diminution serves as a prominent 

discriminant, distinguishing the mural cell populations across distinct segments of the 

cerebral vascular network 24,25. 
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Figure I. A Brain vasculature blood vessels bifurcation and arteriovenous differentiation in capillaries 

(arteriovenous differentiation is depicted by the orange-blue transition of colors); Change in mural cell 

morphology (SMC and pericytes) and in the expression of αSMA trough the brain vasculature. B Categorization 

of the cerebrovascular tree according to the branch order of the blood vessels. Images adapted from Hartamnn 

et al 202126and Grant et al 201923. The color green represents smooth muscle, color red represents pericytes and 

color pink indicates endothelia. 

It is noteworthy that according to the organization of brain vasculature, there are differences 

in the blood vessel’s functional roles, which could impact the cerebral vascular resistance 

B 

Arteriole transition zone. 

A 

SMC pericyte 

Arteriole transition zone. 
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and blood vessels' responsiveness to stimuli during NVC. These alterations may also be 

associated with the specific type of mural cells that envelop them. Subsequent sections will 

provide detailed explanations of cerebral vascular resistance, vasomotion, and NVC. 

1.2 Cerebral vascular resistance.  

Cerebral vascular resistance (CVR) refers to the resistance that brain blood vessels impose 

on the flow of blood. It is influenced by various factors, including the diameter and length of 

the blood vessel, as well as blood viscosity27. When the diameter of a blood vessel decreases, 

the CVR increases, whereas an increase in diameter leads to a reduction in CVR28. Similarly, 

elevated levels of components in the blood, such as a high hematocrit, increase its viscosity. 

This increased viscosity causes red blood cells to accumulate and collide with the vessel wall, 

thereby elevating the CVR29. The relationship between these parameters in determining CVR 

is described by the Hagen-Poiseuille equation, expressed as follows: 

R = 8Ln/(π*r^4)  

Where,  

R= Resistance of blood flow 

L= length of the blood vessel 

n= viscosity of blood  

r= radius of the blood vessel.  

According to the equation, CVR is inversely proportional to the fourth power of the radius. 

Therefore, even a slight change in diameter can have significant consequences for CVR.  

While Poiseuille's law provides insights into the relationship between factors influencing 

vascular resistance, its applicability is primarily limited to a single rigid pipe scenario with 

laminar flow. In the brain, however, the nature of vascular resistance becomes more intricate 

due to processes like vasomotion13,30 (For detailed information of vasomotion please refer to 

section 1.3.1). Moreover, there are heterogeneous temporal responses occurring in different 
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brain compartments. For instance, while arterioles may generate high CVR, the capillary bed 

may exhibit lower CVR due to the extensive branching of capillaries from a single artery13. 

Furthermore, each brain compartment undergoes distinct hemodynamic changes that could 

result in CVR outputs of varying magnitudes. 

Important mechanisms such as NVC and cerebral autoregulation significantly impact 

CVR27,31. NVC involves the redirection of blood flow and subsequent changes in blood 

vessel diameter in response to metabolic demands in specific brain regions, consequently 

affecting CVR (For detailed information about NVC please refer to section 1.3.2). Similarly, 

cerebral autoregulation plays a role in altering CVR during fluctuations in perfusion 

pressure12,13. 

Although certain studies have indicated that large arteries and small arterioles, such as the 

internal carotid and pial vessels, may contribute to approximately 50% of cerebral vascular 

resistance (CVR)32,33, there is still a need for further research to better understand the 

regulatory mechanisms of CVR in both healthy and diseased conditions. 

1.3 Cerebral blood flow in vasomotion and neurovascular coupling.  

1.3.1 Vasomotion. 

Vasomotion refers to the rhythmic variation in the constriction and dilation of blood vessels. 

As a result, this phenomenon induces blood flow motion, facilitating its delivery within an 

organ34. Vasomotion is considered a complex process due to the spontaneous oscillations 

through all the blood vessels. It varies in frequency, intensity, and location; therefore, the 

mechanisms originating vasomotion haven’t been fully understood30. Nevertheless, it has 

been clarified that vasomotion is a local phenomenon intrinsic to blood vessels, and it can be 

generated without the requirement of external inputs. Some studies have shown that 

vasomotion can occur in in vitro experiments, suggesting that it is an inherent process to the 

vascular wall35. However, vasomotion seen in in vivo studies show that oscillations are more 

complex, and have considerable influence from the outer environment, such as synaptic and 
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endothelial cell interactions34,36, changes in the blood pressure37 and systemic factors such as 

heart rate or breathing38.  

Because of the above, vasomotion has been described to be heterogeneous in some cases. A 

study that measured rat mesenteric and femoral arteries in vitro described vasomotion to be 

an irregular and “chaotic” process37. In contrast, studies conducted in brain blood vessels 

have shown vasomotion to be a synchronized process with neuronal activity, and it has been 

shown that the disruption of this synchronization could be involved in disease conditions39,40.  

The mechanisms underlying the contraction/dilation system of synchronized vasomotion in 

brain blood vessels have been mainly related with calcium oscillations of mural cells30,34,41. 

In arteries, vasomotion is caused by local changes in smooth muscle constriction and dilation, 

and thus, it requires the coordinated activity of SMC that contain αSMA, a protein that is 

mainly involved in the contraction process30,42.  Intracellular and extracellular events can lead 

to this process41. 

 In the intracellular events, the signal that initiates SMC activity is the release of calcium 

from the endoplasmic reticulum; this induces the contraction mechanism and activates ion 

channels present in the cell membrane that, in turn, start electrical communication via gap 

junctions causing contraction in neighboring SMC and further oscillations in the vessel tone. 

In the extracellular events, cell membrane of SMC can be depolarized by external ions that 

allow the entry of calcium and follow the same mechanism of contraction and communication 

mentioned above (More information about the contraction mechanism of SMC can be found 

in section 1.5.1)30,41. Likewise, this increase in calcium subsequently causes the opening of 

potassium channels, resulting in hyperpolarization, closing of calcium channels and further 

vasodilation. This above mechanism has been suggested to be the one participating in the 

repeated cycles of vasomotion40. 

Synchronized and constant vasomotion has been related with processes that maintain the 

proper functioning and healthy status of the brain, such as tissue oxygenation 30,43, 

perivascular clearance of substances from the brain44  and functional hyperemia during 

neurovascular coupling45. 
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1.3.2 Neurovascular coupling. 

Neurovascular coupling (NVC) can be defined as the dynamic temporal and regional 

adjustment of cerebral blood flow in response to neuronal activity and metabolic signals 46. 

NVC is crucial for adequate supply of blood to support information processing and generate 

a response of activated areas of the brain 47,48.  

In this process, the cells of the neurovascular unit (NVU) work together. Initially, signals are 

initiated in regions of the brain that require a high amount of energy, involving both glial 

cells and neurons. Neurons and astrocytes respond to an increase in neurotransmitters, like 

glutamate, sending vasoactive signals such as the production of nitric oxide49,50. Then, 

pericytes, SMC, and endothelial cells interpret these signals, resulting in modifications to the 

blood vessels, causing dilation of the arterioles and arteries upstream. These changes 

ultimately lead to an increase in CBF directed towards supplying the necessary oxygen and 

nutrients to meet the metabolic demands46,51,52.  

Studying NVC presents challenges due to the preference for non-invasive imaging 

techniques and the avoidance of sedatives and anesthetics to prevent alterations in brain 

activity53. Currently, assessment techniques for NVC include blood oxygen level-dependent 

(BOLD) imaging, functional magnetic resonance imaging (fMRI), intrinsic optical imaging 

(IOI), among others52. However, despite the advancements in these techniques, there are still 

unresolved questions regarding the precise location of synaptic activation, initiation of blood 

vessel dilation, signaling timing and distribution of blood flow47.   

In addition, it has been demonstrated that dysfunction in NVC can have significant 

implications for cognitive function, neuronal plasticity, and overall functionality, potentially 

leading to reduced capabilities 54. For instance, diminished neurovascular coupling has been 

observed in conditions including stroke55 and Alzheimer's disease56. 

NVC and vasomotion represent pivotal physiological processes in which mural cells, notably 

pericytes, assume a paramount role. Subsequent to this, the forthcoming sections will provide 
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an in-depth exploration of cerebral pericytes, furnishing intricate insights into their 

characteristics and functions within these critical physiological frameworks. 

1.4 Brain pericytes. 

 

1.4.1 Brain pericyte classification. 

Brain pericytes are encountered on the precapillary arterioles, capillaries and postcapillary 

venules in the brain9. They are characterized for having a protruding soma (bump-on-a-log 

shape) and thin processes that extend along the vessels6,11,23. Depending on the location of 

pericytes in the brain vasculature, they have different morphology, protein expression, and 

potential function, giving rise to a subclassification of pericytes: ensheathing, capillary and 

stellate pericytes6,57 (Figure II). 

 

Figure II. Pericyte subtypes (represented in red color), ensheathing, capillary and stellate pericytes. They are 

characterized for having a protruding soma (bump-on-a-log shape) and thin processes that extend along the 

vessel. Image adapted from Hartmann et al 201557. The color purple represents smooth muscle and color green 

represents the endothelia.  

Ensheathing pericytes (EP) are found on the precapillary arterioles (now referred to as the 

arteriole-capillary transition zone), generally on branch order from 1 to 4. They possess a 

highly visible protruding ovoid soma and circumferential processes that enwrap the vessels 

(Figure III.A)54. Capillary pericytes (CP) are located on the capillary walls, more than 4 

branch orders from the penetrating arteriole. They have elongated cell bodies (longer than 
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ensheathing pericytes) and slender processes that extend like thin strands along the capillary 

(Figure III. B)58.  Stellate pericytes (SP) are found in the postcapillary venules, they have a 

stellate shape (resembling a star, as in shape), and they possess slender and shorter 

processes59 (Figure III.C).  

 

 

 

 

Figure III. A Ensheathing pericyte (color green) with a highly protruding ovoid soma and processes that enwrap 

the vessel; B Capillary pericyte (color green) with a more elongated soma and thin processes that go along the 

vessel. Brain vasculature is represented in color red; C Stellate pericyte (color red) with a stellate shape and 

processes that form a mesh work. Image adapted from Hartmann et al 202126. 

For the classification and identification of pericytes, protein expression is a determinant 

factor. Table I summarizes the common and different protein markers for each pericyte 

subtype compared to SMC.  

Table I. Pericyte subtypes and SMC common and different markers. X= expression; L= low 

expression; NA= no expression 

Mural Cell  Smooth Muscle 

Cells  

Ensheathing 

pericyte 

Capillary 

pericyte 

Stellate pericyte. 

PDGFRβ60–63 X X X X 

NG247,60,64 X X X X 

CD1360,65 X X X X 

Vimentin51,66,67 X X X X 

RGS568 X X X X 

A 

B 
C 
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Desmin60 X L L L 

CD14660,69 X L L L 

αSMA60,68,70 X X L/NA L/NA 

CNN17172 X L NA NA 

Transgelin60 X L NA NA 

ABCC971,72 NA NA X X 

 

Pericytes subtypes and SMC share many common markers, but there are some proteins that 

distinguish the cell type. For example, Desmin, CD146, CNN1 and transgelin are highly 

expressed in SMC, but they have low or no expression in pericyte subtypes10. In contrast, 

αSMA is highly expressed in SMC and ensheathing pericytes, but it shows low or no 

expression in capillary and stellate pericytes 73,74. Finally, ABCC9 is a protein that has been 

recently identified with high expression in capillary and stellate pericytes, but it is not 

encountered in SMC or ensheathing pericytes10,72. 

Due to the similarities between mural cells, the identification, classification, and naming of 

pericyte subtypes have been heterogeneous among the field (summarized in Table 

II)9,23,26,60,75–77. The primary problem lies in the fact that various types of pericytes share the 

same name or that certain studies have treated all pericytes as a single group, disregarding 

their specific locations within the brain vasculature 25,67,75,78.This has generated much 

confusion about the functional roles of pericytes within the neurovascular unit and their 

signaling mechanisms. Therefore, researchers in the field are pushing for a unanimous 

nomenclature and consistency in the characterization of pericytes that is based on several 

aspects, such as protein marker expression, cellular morphology, and position of the mural 

cell within the vascular network. For this thesis, the designations of pericyte types mentioned 

earlier (ensheathing, capillary, and stellate) were chosen in accordance with published 
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research that has explicitly classified subtypes of pericytes. This selection was made to 

prevent any potential confusion.23,26,57,70,75.  

The field of pericyte research is continually progressing in terms of developing tools that aid 

in pericyte classification, such as genetic modification techniques and advanced imaging 

methods. For example, a recent study demonstrated that the fluoro-Nissl dye NeuroTrace 

500/525 is selectively taken up by capillary and stellate pericytes, while not being 

internalized by ensheathing pericytes70. This finding suggests that this dye could serve as a 

valuable tool for characterizing pericytes in future investigations. Techniques like ex vivo 

staining, in vivo measurements, and tracking the vessel hierarchy will enhance the 

identification of distinct pericyte types, which is crucial for studying their specific functions 

and metabolic mechanisms in the CNS. 

Table II. Alternative names and classifications of pericyte subtypes found in the literature. 

Type of pericyte Ensheathing26 Capillary26 Stellate26 

 

 

Alternative name 

Transitional 

pericyte75 

Thin strand 

pericyte23,57,60 

Mesh pericyte23,57 

Pre-capillary 

pericyte9 

Helical pericyte57 Post-capillary 

pericyte.9 

SMC cell pericyte 

hybrid.57 

Mid-Capillary 

pericyte75 

 

SMC 77   

 

1.4.2 Brain pericyte function.  

Different functions have been assigned to pericytes, such as regulating blood flow79 and 

preserving the integrity of the blood-brain barrier (BBB)80. Additionally, pericytes play a role 
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in various processes, including guiding immune cells and facilitating their entry 81, stabilizing 

blood vessels 82, promoting tissue repair 83, contributing to pathological scarring 84, removing 

neurotoxic substances through phagocytosis 85, supporting angiogenesis 86, and responding to 

neuroinflammation and microglial activity 87. It is worth mentioning that these functions may 

vary among different subtypes of pericytes. 

Emerging hypotheses suggest that different pericyte morphology, protein expression and 

location in the brain vasculature dictate the function role of these cells. α-SMA is a protein 

involved in the constriction/dilation process of the smooth muscle and is widely known for 

being an essential part of contractile machinery of SMC88–91, along with desmin92. As 

previously shown in Table I, desmin is expressed in SMC, and its filaments are mainly 

located at the dense bodies of SMC92. It is believed that desmin filaments are important in 

the maintenance of the structural integrity of the contractile apparatus by linking the 

contractile myofibrils to the sarcolemma and cellular organelles. Furthermore, desmin 

expression also varies according to the brain vasculature segment, being mainly expressed in 

arteries, and in a lower level in the arteriole transition zone93. Conversely, α-SMA is highly 

expressed in mural cells of the arteriole transition zone. The marked expression of α-SMA in 

mural cells of the arterioles and blood vessels of the transition zone has conferred on them 

the capacity to modulate CBF through constriction and dilation. Included in this group are 

EP that cover the blood vessels of the arteriole transition zone60,94,95. These cells are in the 

proximal branches coming off arterioles and have complex processes enwrapping the blood 

vessels that help to their contractile capacity10,11,59,96. In addition, EP highly contribute to 

NVC, responding to external signals from NVU and communicating with neighboring cells 

like SMC and endothelial cells10,48,97. It has been shown that following certain stimuli, blood 

vessels covered by EP exhibit dilation even before the penetrating arteriole in a scale of 

microseconds25,98, indicating that ensheathing pericytes play a significant role in regulating 

CBF.  

Conversely, CP are believed to participate in the maintenance of the BBB by controlling the 

expression of endothelial BBB tight and adherens junction proteins99. Also, they are related 

with small molecule transport100, detection of neuronal activity10 and response to vasoactive 
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signals with the elevation of calcium59. The contractile capacity of CP is a subject of debate, 

as they express very little or no αSMA; some authors deny their capacity to constrict 

capillaries 45,101,102. However, others in the field suggest that the presence of αSMA should 

not be a rule for conferring contractile capacity, and that capillary pericytes can participate 

in a slow capillary contraction using different mechanisms, and this could regulate red blood 

cells (RBC) passage and CVR 11,25,26,59. This functional role for CP remains under debate. 

Lastly, SP may participate in the immune cell entry regulation to the brain parenchyma 

influencing the opening of inter endothelial junctions6. They also have a contractile 

capacity59, but the conditions under which they contribute to CBF have not been investigated. 

Figure IV. . Depiction of functions and dysfunctions of pericytes (no pericyte subtype specified). Color soft 

red represents pericytes; color orange with a blue circle inside represents endothelial cells; color tan represents 

the basal lamina; color gray represents the blood vessel lumen with erythrocytes in color strong red and 

leukocytes in color strong gray, color green represents astrocytes end-feet. Image Adapted from Sweeney et al 

201651. 

 

1.4.3 Brain pericytes in disease. 

The varied functions of pericytes make them crucial for maintaining a healthy cellular 

environment. Any malfunction or impairment of pericytes can disrupt this balance and 

contribute to the development of various diseases (Figure IV). Several conditions including 
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microangiopathy associated with diabetes mellitus 103, HIV-related dementia104, epilepsy 105, 

cerebral autosomal-dominant arteriopathy with subcortical infarcts and leukoencephalopathy 

(CASIDIL) 106 , and brain cancer 107 , have been linked to the degeneration of pericytes and 

subsequent cerebrovascular dysfunction. Several loss-of-function studies have examined the 

effects of pericyte depletion on brain health in an effort to understand pericyte degeneration 

in disease. Depletion of pericytes leads to a breakdown of the BBB in mouse brain, inducing 

inflammatory responses in endothelial cells and immune cell infiltration82,108. Furthermore, 

the loss of pericytes has been related to a decrease in CBF in response to NVC10,75. 

In ischemic conditions, irregularities in pericyte contractile function can cause a prolonged 

constriction of blood vessels, leading to a decrease in CBF and subsequent pericyte death by 

a loss of energy supply25. It has been shown that even after arterial recanalization in ischemic 

conditions, pericyte constriction can develop a non-reflow phenomenon10,23. Additionally, 

pericyte detachment and migration to the site of the ischemic lesion can cause further leakage 

of the BBB and leukocyte infiltration25.  

Pericyte dysfunction is believed to contribute to blood flow changes in the aged brain109 and 

chronic hypoperfusion110, possibly causing white matter functional deficits and neuronal loss, 

and to be critical for aggravating cognitive decline diseases such as dementia and Alzheimer 

Disease (AD)10,111,112. A recent study showed that capillaries in AD human brains are 

constricted by pericytes, decreasing blood flow. This study also shows that pericyte loss can 

worsen Aβ protein deposition in transgenic AD mice113.  

It is important to note that the majority of these disease studies have failed to consider 

different classifications of pericytes and the impact that this would have on functional 

alterations and underlying disease pathology, particularly if the pericyte subtype dictates the 

role of these cells in brain physiology. Furthermore, knowledge of pericyte sub-types and 

their roles in regulating the hemodynamics of normal health tissue will be critical for 

understanding pathological changes in pericytes in disease. 

1.4.4 Brain pericyte and endothelial cell interactions. 
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Endothelial cells of the CNS are highly specialized, unlike endothelial cells from other 

organs, they play a paramount role in the protection of the blood vessels114.They closely 

interact with pericytes to ensure BBB integrity and share many signaling pathways that 

modulate different functions115.  Multiple signaling pathways are well described in the 

literature and they play an essential role in angiogenesis, vascular stability, and BBB 

formation during development10. These pathways include: 1) PDGF-BB/PDGFRβ, where 

platelet-derived growth factor BB (PDGF-BB) is secreted by endothelial cells, and it interacts 

with PDGFRβ that is expressed by pericytes.  This signaling pathway is important for 

endothelial-mesenchymal communication, pericyte survival, migration, proliferation, 

differentiation and blood vessel stabilization and development62,63,116,117. Disruption in 

PDGF-BB/PDGFRβ signaling leads to pericyte and endothelial cell apoptosis, causing 

vascular abnormalities51.  2) Transforming growth factor beta receptor II (TGFβR2), where 

TGFβ–TGFβR2 signaling regulates blood vessel stability. TGF-β endothelial cell secretion 

regulates differentiation of pericytes and promotes pericyte contractile protein expression118. 

It also facilitates correct pericyte attachment in coordination with Notch signaling119. 

Furthermore, TGF-β pericyte secretion helps endothelial maturation through SMAD 

transcription factors signaling10,86. Aberrant TGFβ–TGFβR2 signaling leads to the 

development of brain hemorrhages51. 3) Angiopoietin 1/endothelium-specific receptor 

tyrosine kinase Tie-2 interaction (Ang1-Tie2) pathway, where Ang1 is secreted by pericytes 

and binds to Tie2 expressed by endothelial cells, which is essential for endothelial cell 

survival and angiogenesis120. Disruption of this signaling pathway can produce angiogenic 

deficits121. 4) vascular endothelial growth factor (VEGF), where VEGF is expressed by both 

pericyte and endothelial cells. It promotes endothelial cell sprouting, stabilization, and 

survival, as well as it induces pericyte proliferation and migration82. VEGF up-regulation by 

pericytes can cause disruption of BBB82,122. Lastly, the Sphingosine-1-phosphate 

/Sphingosine-1-phosphate receptor 1 (S1P/S1PR) pathway, where SP1 is secreted by 

endothelial cells and its receptor S1PR is expressed in pericytes. The signaling between them 

is essential for pericyte coverage and stabilization of endothelial cell adhesion through N-

cadherin and maintains the BBB10120. 



- 29 - 

 

The above mechanisms are just a few examples that show the dependence and synergism 

between endothelial cells and pericytes. Many other interactions can be found in the 

literature10,51,97,121,123. Several recent studies suggest that endothelial cells are critical for 

NVC in brain and retina and potentially send vasodilating or vasoconstricting messages to 

mural cells to regulate blood flow54,97,124. This communication is likely spread by gap 

junctions between pericytes and endothelial cells, and thus, this communication is highly 

important for the regulation of CBF125.  

 

1.5 Brain pericyte calcium signaling. 

Calcium is a ubiquitous ion involved in important cell metabolic processes, i.e., molecule 

transport, neurotransmitter release, gene transcription among others126. Several studies have 

shown that EP calcium signaling has a paramount role in the contraction/dilation response of 

blood vessels following a similar mechanism as SMC15,101,115,127,128. CP calcium signaling has 

been associated with neurovascular unit communication97,129,130, but little is known about the 

signaling mechanisms driving this process. Additionally, in the past years pericyte calcium 

signaling has been generalized among the different pericyte subtypes and compared with 

SMC131, but recent publications have stated that EP and CP have different calcium signaling 

kinetics, and they respond differently to drugs that alter calcium signaling pathways132,133.  

Similar to many other brain cells, pericytes have fluctuations in intracellular calcium that are 

mediated by a number of different mechanisms. These calcium signals are believed to 

contribute to the functional roles of pericytes, such as αSMA-mediated contraction to 

regulate blood flow and pericyte-endothelial interactions that facilitate vascular stability and 

the BBB11. Therefore, it is important to understand the calcium signaling mechanisms in 

pericytes in order to better determine their functional roles in brain physiology.  

Pericytes express a number of G-protein coupled receptors (GPCR) that elevate intracellular 

calcium, like glutamate, noradrenaline, endothelin-1, and purinergic ATP recepors96. In 

addition, pericytes express a wealth of different ion channels (for sodium, potassium, 
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chloride, and calcium) and have a resting membrane potential that ranges from -32 to -70 

mV134. Membrane depolarization and hyperpolarization can influence the activity of voltage 

gated ion channels (VGIC) 51,96, such as voltage gated calcium channels (VGCC). 

Additionally, other calcium channels and transporters, such as transient receptor potential 

canonical channels (TRPC), sodium-calcium exchangers, and recently the storage operated 

calcium entry (SOCE) Orai1 channels have been reported to be expressed by 

pericytes15,72,132,135.    

 

1.5.1 L-type VGCC. 

L-type VGCC are transmembrane proteins that selectively conduct calcium ions in response 

to cell membrane depolarization. They have a unique sensitivity to dihydropyridines like 

nifedipine, amlodipine, nimodipine among others, which has facilitated the study of its 

molecular mechanisms136. 

Voltage clamp experiments and calcium imaging have shown that pericyte cell membranes 

contain L-type VGCC 77,137 that are assumed to couple depolarization and calcium influx to 

contraction in the same manner as smooth muscle136,138. The contraction mechanism is 

initiated by signals coming from NVU cells i.e synaptic activity of neurons or astrocytes, 

which causes depolarization of the mural cell membrane, subsequent opening of the L-type 

VGCC, and Ca2+ influx to cytosolic space. The presence of Ca2+ forms a Ca2+-calmodulin 

complex, that in turn activates myosin light chain kinase (MLCK) and phosphorylates the 

myosin light chain (MLC). Phosphorylated myosin can interact with actin generating force 

contraction. Furthermore, in the sarcoplasmic reticulum there are Ca2+ sensitive ryanodine 

receptors that are activated when Ca2+ is released. The activation of ryanodine receptors 

causes the release of more Ca2+ from the endoplasmic reticulum into the cytosol, and this 

intracellular calcium follows the same mechanism mentioned above to cause further 

contraction11 (Figure V). It should be noted that calcium-independent contraction has been 

described in SMC. Myosin light chain phosphatase (MLCP) is mainly involved, and this 

enzyme dephosphorylates MLC to prevent further interaction with actin. Thus, no 
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constriction is generated. When MLCP is inhibited by the activity of Rho kinase or CPI-17, 

phosphorylation of MLC remains and leads to contraction11. However, it is important to 

remember that not all pericyte subtypes may express the same calcium channel subunits and 

contractility machinery and this may confer different calcium signaling properties in these 

cells. 

1.5.2.  TRPC3 channel. 

Transient Receptor Potential (TRP) proteins are a superfamily of 27 cation channels, divided 

into 6 subfamilies based on gene sequence similarity: TRPC (Canonical), TRPM 

(Melastatin), TRPML (Mucolipins), TRPV (Vanilloid), TRPP (Policystin) and TRPA 

(Ankyrin-rich protein). All of them have diverse gating properties139.  

The TRPC subfamily consists of seven members, each designated by a specific number 

(TRPC1-7). These members have been implicated in various processes within the CNS, 

including neurite outgrowth, axon guidance, neurodegeneration, endothelium-mediated 

vasodilation, and SMC contraction140. Expression of TRPC3 channels has been demonstrated 

in SMC from brain vascular bed, and they are associated with the contractile response in 

cerebral arteries141. Recent transcriptome studies have identified TRPC3 expression in 

pericytes, with considerable RNA levels in capillary pericytes compared to other mural cells 

72,142. There is no literature yet that describes the molecular mechanism of these channels but 

signaling pathways of TRPC3 have been described in other cells like cardiomyocytes143 and 

lymphocytes144. It is believed that TRCP3 channels are activated by the stimulation of 

GPCRs that leads to the activation of phospholipase-C (PLC). PLC activates TRPC3 

channels allowing Ca2+ influx. PLC activation also produces diacylglycerol (DAG) and 

inositol triphosphate (IP3). IP3 binds to IP3 receptor in the sarcoplasmic reticulum generating 

calcium release and further increases cytosolic calcium. The calcium increase generated by 

this follows the same mechanisms of calcium-calmodulin complex for further contraction139 

(Figure V). Therefore, TRPC3 channels are important regulators of calcium (Ca2+) signaling, 

and both can act either depolarizing the cell membrane or activating the release of 

intracellular Ca2+ 136,145.  



- 32 - 

 

 

Figure V. Summary of L-type VGCC and TRPC3 signaling pathways. 

1.6 Can capillary pericytes contract by mechanisms similar to SMC?  

Currently, there is controversy in the contraction and dilation response in capillary pericytes, 

and in their association with CBF regulation. While some studies mention that blood vessels 

of the transition zone control the direction of blood flow77,96, other study mentions that 

capillaries are the ones that dilate first and have the earliest response in blood flow 

changes26,146. Furthermore, it is known that capillaries are the zone where the exchange of 

blood and tissue takes place, prompting the formation of the hypothesis that capillaries play 

a more significant role than arterioles in the regulation of blood flow 11.  

 Because CP express very little or no αSMA recent studies have proposed that a slow Ca2+ 

independent contraction mechanism caused by the polymerization of G-actin and F-actin 

may take place26,147, likewise, another study indicated that capillary pericyte contraction 
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could be mediated by the inhibition by Rho kinase147, but this mechanisms needs further 

investigation.  

However, recent findings have shown that CP possess Myh11, which is a contractile protein 

that may use calcium dependent mechanisms to contract148. Moreover, it has been suggested 

that CP contains different types of actin filaments, leading to the possibility that their calcium 

contractile machinery is not strictly ruled by αSMA149. 

 

Chapter II. Study Rationale, Hypothesis and Objectives 

2.1 Study Rationale. 

Brain pericytes are mural cells that play an important role in maintenance of optimal CNS 

function. In the last 20 years, advances in pericyte identification, classification and functional 

mechanisms have been described, but due to similarities between pericytes subtypes and 

SMC, there have been several disparities among studies. Much remains to be determined 

about how blood entering the neurovascular unit is distributed. Recent classification of 

pericyte sub-types suggests that ensheathing pericytes are possibly more important than 

capillary pericytes for regulating resting blood flow and NVC. However, the specific 

mechanisms underlying the role of pericytes in specific points of the brain vasculature remain 

to be established47,26,54. 

Recent in vivo two-photon calcium imaging data suggests that Ca2+ signals in different sub-

types of pericytes exhibit heterogeneity, leading to the hypothesis that Ca2+ is regulated by 

distinct mechanisms in these populations. Both EP and CP express L-type VGCC and TRPC3 

channels, but the contribution of these channels to pericyte Ca2+ signaling and nearby 

hemodynamics has not been determined. Therefore, a clearer understanding of pericyte Ca2+ 

signaling will advance our knowledge of the function role of these cells in the regulation of 

CFB.  
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2.2 Research project objectives and hypothesis 

 

• Objective 1. Characterize the mechanisms underlying Ca2+ signaling in different 

pericyte types. Hypothesis: Synchronous and asynchronous Ca2+ signals in different 

pericyte types (ensheathing or capillary pericytes) are mediated by distinct calcium 

ion channels. 

 

• Objective 2. Determine the role of pericyte Ca2+ events in basal blood flow and 

neurovascular coupling. Hypothesis: Calcium signals in ensheathing pericytes, but 

not capillary pericytes, are necessary for vasomotion, and NVC decreases these 

signals to induce dilation. 

 

This project will be the first to provide novel mechanistic insight into capillary and 

ensheathing pericyte Ca2+ signaling via L-type VGCC and TRPC3 channels and their 

functional relevance in brain blood flow control and intercellular communication within the 

neurovascular unit. This will greatly enhance our limited knowledge of these cells, while 

opening new avenues of research into diseases such as vascular dementia and stroke, since 

pericyte dysfunction may play a role in these pathologies.  
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Chapter III. Materials and Methods 

3.1 Animals and chronic cranial window implantation. 

All procedures outlined below were approved by the Animal Care Committee at the 

University of Manitoba in accordance with the Canadian Council on Animal Care. To detect 

fluctuations in pericyte calcium we used genetically encoded calcium indicators (GECIs) 

which are fluorescent proteins that become brighter when calcium binds to their calmodulin 

binding domain150. The GECI genes are expressed in specific pericyte cell populations in two 

novel transgenic mouse lines: Acta2-RCaMP1.07 (Tg(RP23-370F21-RCaMP1.07)B3-

3Mik/J) and PDGFRβ-CreERT2:GCaMP6sfl/fl (B6.Cg-Tg(Pdgfrb-cre/ERT2)6096Rha/J 

with B6;129S6-Gt(ROSA)26Sortm96(CAG-GCaMP6s)Hze/J). The Acta2-RCaMP1.07 

mice line was used to visualize calcium events of ensheathing pericytes (EP) since they 

express red Ca2+ indicator RCaMP1.07 in mural cells with α-SMA expression.  The 

PDGFRβ-CreERT2:GCaMP6sfl/fl mice line was used to visualize capillary pericytes (CP) 

under the expression of the Ca2+ indicator GCaMP6s in mural cells that express PDGFRβ 

after tamoxifen injection. Mice from 3 to 12 months old and both sexes were used.  

To access the pericytes in the brains of live mice for two-photon imaging, a chronic cranial 

window was implanted as described by Stobart et al151. The surgery was done in two parts. 

Briefly, the mouse was anesthetized with isoflurane (4% induction, 2% maintenance) and a 

head post was surgically fixed at the back of the head with dental cement. In the second step 

48-72 hours later, the mouse was anesthetized with a mix of medetomidine, midazolam, and 

fentanyl (5, 0.5, 0.05 mg/kg) and a 3x3mm piece of skull was removed and replaced with 

sapphire glass on the somatosensory area of the mice brain. The glass was permanently 

cemented (using dental cement) in place to seal the brain. Mice were allowed to recover from 

the surgery for at least three weeks before the imaging period. Likewise, the PDGFRβ-

CreERT2:GCaMP6sfl/fl mice received tamoxifen gavage (5mg/day for 5 consecutive days) at 

least 2-3 weeks before imaging. 
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3.2 Intrinsic optical imaging (IOI) and selection of imaging area. 

IOI was done to map and select highly activated areas of the mouse somatosensory cortex 

with whisker stimulation using the natural light-absorptive properties of hemoglobin to detect 

areas with increased blood flow152. In isoflurane anesthetized animals (4% induction, 1.5% 

maintenance), an Ace acA2040-55um camera was used to focus and visualize the chronic 

cranial window area under 630nm red light produced from LEDs. Next, specific whiskers 

(i.e., row A to E from dorsal to ventral and arc identified by numbers 1, 2 and so on from 

caudal to rostral) 153 were inserted into a glass capillary connected to a piezo actuator that 

vibrated at a frequency of 90 Hz. During whisker stimulation, pictures of the brain surface 

were captured to detect the absorption of light by increased oxygenated hemoglobin in the 

activated area. Complete cranial window images were repeatedly captured during this 

process for 10-20 trials of stimulation. Subsequently, the images were averaged and 

processed to encompass the most highly activated region by selecting the darkest area. The 

resulting image was used to select pericytes participating in neurovascular coupling and as a 

reference point to identify the blood vessel patterns within the circled area and enable 

consistent localization of the same pattern during subsequent imaging sessions.  

3.3 Mouse preparation before two photon imaging sessions. 

Mice were anesthetized with ketamine (20mg/kg) and xylazine (10mg/kg) applied via 

intraperitoneal (i.p.)  injection. Subsequently, 30 µL of a solution of fluorescent dextran in 

saline (2.5% w/v) was injected intravenously using a catheter as previously described154 to 

ensure the injection of the dextran and to reduce the waste of reagents caused by failed 

injections.  Fluorescent dextran are biologically inert substances which have been employed 

for studying vascular permeability and the integrity of the blood-brain barrier155. In this study, 

two distinct variants of fluorescent dextran, fluorescein dextran and Texas red dextran, were 

utilized to achieve clear differentiation of the fluorescence emitted by the GECI and to 

visualize the brain's blood vessels. It is worth noting that the fluorescein dextran used had a 

molecular weight of 70,000, which aids in reducing their rapid elimination by the kidneys. 
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During non-baseline data collection, calcium channel blockers, nimodipine (1mg/kg) and 

Pyr3 (20mg/kg), were administered via intraperitoneal (i.p.) injection, diluted in the vehicle 

polyethylene glycol 400 (PEG 400), 20 minutes prior to pericyte imaging. Each drug was 

evaluated separately in distinct sessions. Additionally, PEG 400 (20 mg/kg) was also 

administered similarly to the calcium channel blockers and evaluated independently. 

Consecutively, anesthetized mice were placed under a two-photon microscope using a 

platform to fix the head post to avoid movements. Likewise, a heating pad was placed under 

the mice to keep the body temperature. The cranial window surface was cleaned with a damp 

Bisco applicator and subsequently covered with ultrasound gel. Eye lubricant was applied on 

mice eyes to keep them moist. In addition, bipolar electrodes were percutaneously inserted 

into the superficial head of the masseter covering the whisker area from rostral to caudal to 

perform electrical whisker pad stimulation during the two-photon imaging sessions. 

3.4 Two-photon imaging sessions. 

All the procedures to conduct the two photon imaging sessions of brain pericytes in these 

mice models were previously described in depth and published in the journal of visualized 

experiments (JoVE) 156.  Below is a brief outline of the procedure, but please refer to article 

for detailed information of the protocol. 

3.4.1 Brain pericyte selection with depth stacks. 

A pulsed infrared two-photon laser (940 or 990nm) excited the GECI and fluorescent dextran 

for visualization of pericytes and the brain vasculature. Specifically, light of 940 nm 

wavelength was used to visualize brain pericytes from PDGFRβ-CreERT2:GCaMP6sfl/fl 

mice line and light of 990 nm wavelength was used to visualize pericytes from Acta2-

RCaMP1.07 mice line. 

To locate pericytes within the brain vasculature during the first imaging session, we 

performed a depth z-stack of the previously mapped highly activated whisker areas (Section 

3.2 Materials and Methods). Starting from the penetrating arteriole, images of 512x512-pizel 
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resolution were taken every 2 µm and until reaching around the 200 µm depth. The laser 

power of the two-photon microscope was set to automatically increase in an exponential 

gradient to allow the visualization of deep structures. Subsequently, the depth stacks were 

open with the ImageJ software and brain pericytes were selected based on their morphology 

and blood vessel branch order, saving their position as a region of interest (ROI) for future 

visualization and re-localization in the repeated imaging sessions. In addition, individual 

images of pericytes were taken to stablish a field of view (FOV) and the coordinates in X, Y, 

and Z position were saved to increase accuracy of the repeated imaging sessions. Moreover, 

we also gathered information of the blood vessels covered by pericytes, categorizing the 

blood vessels of the arteriole transition zone with their respective branch order, and giving a 

unique vessel number to all the monitored blood vessels for future reference and analysis.  

3.4.2 Brain pericyte calcium movies. 

Using the depth stack information, previously selected pericytes were located. Movies of 

128x128-pixel resolution and one minute long were taken during baseline imaging sessions 

and with the application of the calcium channel blockers and the vehicle PEG400. The 

movies were first taken at rest, and immediately after, a second movie with electrical whisker 

pad stimulation was taken without moving the FOV. STG4008 stimulus generator with 

MC_Stimulus II software was used to produce electrical stimulation that was performed after 

5 seconds of baseline at an intensity of 500µA at 4Hz for 5 seconds.  

Information of the laser power used in each session was saved to reproduce the same imaging 

conditions. All the pharmacology conditions were evaluated in separated different sessions 

and the mice were let to rest at least 2 days before a new imaging session or drug application.  

3.4.3 Blood vessels hemodynamic kymographs. 

After calcium movies, and using the same FOV, we used the line scan feature of the two-

photon microscope software to obtain information of the hemodynamic properties of the 

blood vessels (already labeled with fluorescent dextran) such as diameter (µm), velocity 

(mm/second) and RBC flux (cells/second). First, we drew a line perpendicular to the blood 
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vessel of interest to record diameter information, followed by a parallel line within the vessel 

lumen to record velocity and flux. Subsequently, we took line scans for 30 seconds to obtain 

the hemodynamic measurements during this period. Line scan measurements were collected 

twice per FOV, one at rest and the second one during whisker stimulation. It is important to 

mention that we followed the same line scan drawing pattern to record hemodynamic 

properties in each repeated session to keep consistency of the measurements. As a result, we 

obtained kymographs (graphical representation of a spatial position over a period of time) 

which were further process in programming platforms described in the next section. 

3.5 Image Processing. 

3.5.1 Calcium movies. 

The initial processing of the two-photon calcium movies involved using Image J. First, an 

average fluorescence projection of the movie was generated to identify regions exhibiting 

strong fluorescence. This projection aided in enhancing the visibility of pericyte morphology, 

specifically the soma and processes. Next, within Image J, lines were overlaid onto the 

pericyte structures using polygon selection. These lines were shaped to match the soma and 

processes, respectively, resulting in the creation of ROIs. Each ROI was assigned a unique 

letter and number corresponding to the structure it represented. Subsequently, the ROIs from 

each movie were saved alongside the movie file to enable their analysis in MATLAB. 

For the analysis of the data acquired during the two-photon imaging sessions, we utilized the 

Cellular and Hemodynamic Two-photon Image Analysis (CHIPS) toolbox algorithms for 

MATLAB developed by Ellefsen et al. 2014157 and Barret et al. 2018158. First, to ensure 

precise identification of fluorescence activity for defining calcium signaling features, CHIPS 

incorporated algorithms for spectral unmixing of the data. This process reduced the 

interference from fluorescein dextran bleeding through to the red fluorescence channel 

(RCaMP) and enhanced the detection of calcium signals.  Next, CHIPS employed the saved 

ImageJ ROIs to delineate the specific area of calcium events for analysis using two different 

methods. These methods aimed to extract information regarding calcium signaling 

characteristics, including calcium amplitude and frequency. In the first method, the data 
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underwent a smoothing process using both long-pass and band-pass filters. This resulted in 

a normalized calcium trace from the ImageJ ROI, representing the fluctuations in 

fluorescence (dF/F) over time. The obtained traces contained valuable data for estimating 

calcium signaling amplitudes, which were saved as a .csv file for subsequent analysis in 

statistical platforms. In the second method, CHIPS automatically detected pixel activity and 

fluorescence changes in three dimensions (x, y, and time) within the pre-selected ROIs. In 

this instance, predefined fluorescence thresholds (3-5 times the standard deviation of the 

baseline) were employed to identify calcium events. When the fluorescence activity 

surpassed these thresholds, pixels were considered “active” and neighboring active pixels 

were grouped together to generate calcium events. CHIPS automatically assigned a unique 

name to each calcium event and saved this information in a .csv file that could be opened in 

statistical platforms for subsequent analysis. The frequency of calcium events occurring 

during the duration of the recorded movie was determined as calcium frequency 

(signals/minute) from this active pixel analysis. 

3.5.2 Line Scans. 

To collect diameter data, we utilized CHIPS diameter analysis algorithms in MATLAB to 

process the kymographs. This algorithm determined the diameter by calculating the full width 

at half maximum of the fluorescence within the kymographs. Likewise, CHIPS also included 

features to obtain information of blood vessel’s wall oscillations (if present), according to the 

diameter fluorescence fluctuations, such as amplitude (vasomotor index; ΔD/D) and 

frequency (oscillations/minute).  

For the velocity and RBC flux data, we employed CHIPS radon velocity analysis algorithms 

to examine the kymographs. In this step, we drew a box within the kymograph borders to 

focus on the fluorescence corresponding to the blood plasma and RBC activity. The RBC 

appeared as black streaks, and by inputting the angle of these streaks into a radon 

transformation, the velocity and flux were calculated. The results generated by CHIPS 

processing were .csv files that contained the raw hemodynamic information from the 

kymographs, which were saved with a unique ID according to the blood vessel of origin. 
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Since CHIPS erroneously detected constant fluorescence (i.e., stalled blood vessel) as 

extremely high numeric values (thousands of units) in the hemodynamic measurements, 

which significantly distorted the data distribution, we applied a post-processing code to clean 

the hemodynamic data by removing errant values. When analyzing blood vessels of arterioles 

in the transition zone, we established a threshold of 50 µm for diameter, 15 mm/second for 

velocity, and 200 cells/second for flux. For brain capillaries, the threshold values were set at 

50 µm for diameter, 10 mm/second for velocity, and 100 cells/second for flux. Any data 

points exceeding these thresholds were replaced with the average of the two nearest data 

points to maintain data periodicity. It is worth noting that these thresholds were determined 

based on the average behavior of our data and aligned with reported values of similar 

hemodynamic properties of brain blood vessels in the literature. Subsequently, the cleaned 

data was interpolated to a frame period of 0.05, which was chosen as the most consistent 

frame period across the evaluated traces. Additionally, the data was smoothed to have 10 data 

points per second. The worked hemodynamic data were saved in .csv files to be imported 

into statistical platforms for further analysis. 

3.6 Acute in-vivo pharmacology experiments. 

Mice with cranial windows were imaged in baseline conditions following the same 

procedures of sections 3.2, 3.3 and 3.4 of this chapter, to obtain information about pericytes 

location. Next, anesthetized mice (2% isoflurane) underwent a cranial window removal 

surgery, in which the sapphire glass was carefully removed by drilling away the dental 

cement and trying to limit damage of the blood vessels. After the window removal, a solution 

of 10 μM of nimodipine dissolved in PEG400 (10 µL) and cortex buffer (990 μL), or PEG400 

in cortex buffer (sham solution) was topically applied with a sponge to the surface of the 

exposed area and left there for 20 minutes. During this time intravenous injection of the 

corresponding fluorescent dextran according to the mice line was applied as in section 3.3 of 

this chapter. After the 20 minutes of nimodipine or sham solution application, a 2% agarose 

gel was applied to the brain surface and a new glass window was placed on top and covered 

it with ultrasound gel to facilitate two-photon imaging. Finally, ketamine (20mg/kg) and 
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xylazine (10mg/kg) were administered intraperitoneally and isoflurane anesthesia was 

removed.  

Two-photon imaging of the mice and image processing were done using the same 

methodology as in sections 3.4 and 3.5 of this chapter. Mice from acute experiments were 

euthanized with a pentobarbital overdose (>150 mg/kg) after the two-photon imaging was 

concluded. 

3.7 Blood pressure measurements. 

Blood pressure measurements were taken using the CODA Monitor non-invasive blood 

pressure system. This system determines blood pressure based on the tail blood volume of 

the mice by using volume pressure recording (VPR). The obtained data goes through a 

differential pressure transducer to process the information and give measurements like 

systolic and diastolic blood pressure, mean blood pressure, and heart rate159,160.  

We measured blood pressure of the mice during two-photon imaging sessions of repeated in-

vivo pharmacology and acute in-vivo pharmacology experiments. The mice, following steps 

3.3 and 3.6, were placed on a heating pad with temperature control monitored by a rectal 

thermometer. The tail was inserted into the occlusion cuff and VPR systems after conducting 

preliminary tests to identify any air leaks. If any leaks were detected, the CODA system 

would not proceed with the measurements. Blood pressure readings were taken at 15-second 

intervals over 5-minute periods. Each imaging session involved approximately 10 

measurement periods. The measurements were manually recorded and saved in .csv format 

for subsequent analysis using statistical software. 

3.8 Statistical Analysis. 

We used the R programming platform to analyze the data sets obtained from all our 

experiments. In the Repeated in-vivo pharmacology study, the results for calcium, 

hemodynamics and blood pressure measurements were averaged according to the detected 

signals from each pericyte and blood vessel per each trial taken. The Normal distribution of 
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the data was assessed visually with the Quantile-Quantile (Q-Q) plots, histograms, and box 

plots, and statistically with Shapiro-Wilk Test. When the data was not normally distributed, 

the conversion to log normal was used and the normal distribution was tested after the 

conversion with the above methodology.  Detection of outlier data was done using the 

Rosner’s test with a minimum value of 2 and a maximum value of 15 outliers for detection, 

the detected outliers were discarded from the data set.  Linear Mix Models (LMM) were used 

to evaluate repeated measurements using the pharmacology condition as a fixed effect. 

Animal ID, number of pericyte spots or number of blood vessels were used as random effects. 

The likelihood-ratio of the LMM and their omnibus significance was performed with Anova 

test evaluating the LMM with and without the fixed effect. To evaluate the difference 

between pharmacology conditions pairwise comparisons with Holm-sequential Bonferroni 

correction were used.  

In the Acute in vivo pharmacology study, the distribution of results for calcium, 

hemodynamics, and blood pressure measurements, as well as outlier detection were assessed 

as mentioned above. To test the significant difference independent samples t-test was used if 

the data were normally distributed, and the Mann-Whitney U test as a nonparametric test 

when the data set did not comply with normality. 

3.9 Materials and Equipment used. 

Table III. Materials and Equipment used. 

Material/ Equipment Company Catalog 

Number 

Comments 

Acta2-RCaMP1.07 mice The Jackson 

Laboratory 

28345 Common Name: CHROMus line acta2-

RCaMP1.07 

Applicators (Regular) Bisco  X-80250P 
 

Agarose Sigma Aldrich   

ace acA2040-55um 

camera 

Basler 107210  

BioFormats package for 

MATLAB  

NA NA Available in: 

https://docs.openmicroscopy.org/bioform

ats/  
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CHIPS MATLAB toolbox NA NA Barrett MJP, Ferrari KD, Stobart JL, 

Holub M, Weber B. CHIPS: an 

Extensible Toolbox for Cellular and 

Hemodynamic Two-Photon Image 

Analysis. Neuroinformatics. 

2018;16(1):145-147. 

doi:10.1007/s12021-017-9344-y. 

Available in: https://github.com/EIN-

lab/CHIPS  

Clear Ultrasound Gel, 

Medium viscosity  

HealthCare Plus UGC250 
 

Dextran, fluorescein, 

70,000 MW, anionic 

Thermo Fisher 

Scientific 

D1823 
 

Dextran, Texas Red, 

70,000 MW, neutral 

Thermo Fisher 

Scientific 

D1830 
 

Dental cement Bisco dental NA  

Eye Lube Plus Optixcare NA 
 

FIJI Image J NA Available in: 

https://imagej.net/Fiji/Downloads 

GCaMP6sfl/fl mice The Jackson 

Laboratory 

28866 Common Name: Ai96(RCL-GCaMP6s) 

(C57BL/6J) or Ai96 (C57BL/6J) 

Head Post NA NA This product is custom made 

Head Post fixing platform  University of 

Zurich 

NA 
 

Isoflurane University of 

Manitoba 

NA  

Ketamine (Narketan 100 

mg/mL) 

Vetoquinol 440893 
 

MATLAB R2020b Mathworks NA Available in: 

https://www.mathworks.com/downloads/ 

MC_Stimulus II Multichannel 

systems 

NA Please refer: 

https://www.multichannelsystems.com/sit

es/multichannelsystems.com/files/docum

ents/manuals/MCS_STG4004%2BSTG4

008_Manual.pdf 

30 G Needle 

0.3mmx25mm  

BD PrecisionGlide 305128 
 

Nimodipine Sigma Aldrich  66085-59-4  
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Objective 

XLUMPLFLN20XW 

Olympus  NA Please refer: https://www.olympus-

lifescience.com/en/objectives/lumplfln-

w/ 

PDGFRβ-CreERT2 mice The Jackson 

Laboratory 

30201 Common Name: PDGFRβ-P2A-CreERT2 

Polyethylene Tubing, 

PE10 I.D. 28mm (0.11”) 

O.D. 61mm (.024”) 

BD Intramedic  427401 
 

Pyr3 TOCRIS 3751  

Prairie View Bruker 

Fluorescence 

Microscopy  

NA Please refer: 

https://www.bruker.com/en/products-

and-solutions/fluorescence-

microscopy/multiphoton-

microscopes/ultima-in-vitro.html 

Polychrome IV Till photonics NA  

Saphire glass NA NA This product is custom made 

STG4008 stimulus 

generator 

Multichannel 

systems 

NA Please refer: 

https://www.multichannelsystems.com/sit

es/multichannelsystems.com/files/docum

ents/manuals/MCS_STG4004%2BSTG4

008_Manual.pdf 

Tamoxifen  Sigma Aldrich  10540-29-1  

Ultima In Vitro 

Multiphoton Microscope 

Bruker 

Fluorescence 

Microscopy 

NA Please refer: 

https://www.bruker.com/en/products-

and-solutions/fluorescence-

microscopy/multiphoton-

microscopes/ultima-in-vitro.html 

Under Tank Heater Reptitherm U.T.H E169064 
 

Xylazine (Rompun 20 

mg/mL) 

Bayer HealthCare 2169592 
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Chapter IV. Results. 

4.1 Visualization and identification of brain pericyte subpopulations.  

To visualize and make a sharp identification of the different pericyte populations, we utilized 

Acta2-RCaMP1.07 mice that express the red genetically encoded calcium indicator (GECI), 

RCaMP1.07, in alpha smooth muscle actin (α-SMA) expressing cells, and PDGFRβ-

CreERT2:GCaMP6sfl/fl mice which express the green GECI GCaMP6s in cells with platelet-

derived growth factor receptor beta (PDGFRβ) after a Cre-Lox recombination process 

derived from tamoxifen administration (Fig. 1A). In order to access brain pericytes, we 

performed a craniotomy over the somatosensory cortex to implant a chronic cranial window 

(as previously described)161 for visualization of calcium fluctuations and fluorescence with 

two-photon microscopy (Section 3.1 Materials and methods). The recovery period of the 

mice was three weeks and tamoxifen injections for PDGFRβ-CreERT2:GCaMP6sfl/fl mice 

line were done during this time (Fig. 1A).  

In the Acta2-RCaMP1.07 mice, we observed RCaMP1.07 fluorescence in α-SMA positive 

cells on arteries and arterioles (Fig. 1B upper image, pointed with white arrows). We could 

also see a clear definition of EP morphology such as the previously defined by others “bump-

on-a-log” shape, with an ovoid cell soma and enwrapping processes around the blood vessels 

of the transition zone162,163 (Fig. 1B lower image). It is important to mention that the RCaMP 

fluorescence gradually decreased at further blood vessel bifurcations towards the capillary 

zone. This matches with the reported decrease of α-SMA in higher branching order of 

downstream vessels164,165. To visualize capillary pericytes, we used PDGFRβ-

CreERT2:GCaMP6sfl/fl mice and we observed GCaMP fluorescence (Fig. 1C upper image, 

pointed with white arrows) defining clear capillary pericyte morphology like an elongated 

ovoid soma and thin processes that travel along the brain capillaries (Fig. 1C lower image). 

This multimodal transgenic mice line approach allowed us to delimit ensheathing pericytes 

in the transition zone (1st to 4th branching order) thanks to the decrease of fluorescence with 

the decrease of αSMA  in the Acta2-RCaMP1.07  mice line and to separately identify and 

compare structural morphology and localization of capillary pericytes in the capillary zone 
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(5th to higher branching order) with PDGFRβ-CreERT2:GCaMP6sfl/fl mice (Fig. 1D).  This 

is crucial for establishing calcium signaling properties and the influence of pericyte 

populations on blood vessels hemodynamics, since the misunderstanding of pericyte types 

has created confusion in their functional roles and capacity to regulate CBF101,131. 
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Figure 1. Visualization and identification of brain pericyte subpopulations. A) Mice models and surgical 

scheme. B) Visualization of cells expressing αSMA (upper image, white arrows) and EP morphology (lower 

image) in Acta2-RCaMP1.07 mice line. Blood vasculature was labeled using fluorescein dextran. C)  

Visualization of cells expressing PDGFRβ (upper image) and CP morphology (lower image) in PDGFRβ-

CreERT2:GCaMPsfl/fl mice line. Blood vasculature was labeled using Texas red dextran. D) Diagram of brain 

vasculature transition and capillary zone covered by distinct types of pericytes. Description of brain pericyte 

calcium signaling characteristics and branch order classification are shown. 

4.2 L-type VGCC and TRPC3 channels have different effects on spontaneous pericyte 

calcium signaling. 

To study pericyte calcium channel machinery and their contributions to spontaneous calcium 

events, we evaluated calcium signaling in EP and CP by two-photon microscopy and assessed 

the resting calcium (baseline fluctuations) and the effect of calcium channel blockers to L-

type VGCC and TRPC3 channels in different repeated imaging sessions of the same fields 

of view. We recorded one minute calcium movies in baseline conditions and after the 

intraperitoneal injection application of calcium channel blockers that have different 

mechanism of action, L-type VGCC blocker Nimodipine (1mg/kg) and the specific TRPC3 

channel blocker Pyr3 (20mg/kg).  The movies were processed in MATLAB with our Cellular 

and Hemodynamic Two-photon Image Analysis (CHIPS; Section 3.5.1 Materials and 

Methods) to extract calcium signaling features such as amplitude (d/dF of calcium peaks) 

and frequency (signals/minute).  Additionally, we monitored the calcium signaling of 

pericyte morphological structures, somata and processes, to detail the calcium mechanisms 

in each of these compartments (Fig. 2A-B & D-E). We found that calcium amplitude and 

frequency of signals in EP soma and processes significantly decreased under the presence of 

nimodipine (Fig. 2B & C; Table 1.1 and 1.2). Furthermore, we saw a decrease with Pyr3 only 

in the calcium frequency of EP processes. 

 In contrast with EP calcium signaling, the amplitude of CP processes significantly decreased 

with Pyr3, and there was a tendency for reduced somata amplitude as well (P = 0.086). 

Similar to EP, nimodipine decreased amplitude and frequency of both soma and processes of 

CP (Figure 2E & F). 
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Figure 2. L-type VGCC and TRPC3 channels have different effects on spontaneous pericyte calcium 

signaling.  A) Two-photon image of a brain ensheathing pericyte from Acta2-RCaMP1.07 mice line. Soma of 

pericyte marked with cyan dashed line; Process of the pericyte marked with green dashed line. Following panels 

B, C, E and F make a comparison between baseline and calcium channel blockers Nimodipine and Pyr3. B) 

Individual calcium signaling traces of pericyte from panel “A” marked areas. C) Calcium signaling properties 

(amplitude and frequency) of ensheathing pericyte morphology structures (soma and process). N=7; n=43 D) 

Two-photon image of brain capillary pericyte from PDGFRβ-CreERT2:GCaMPsfl/fl mice line. Soma of pericyte 

marked with cyan dashed line; Process of the pericyte marked with green dashed line. E) Individual calcium 

signaling traces of pericyte from panel “D” marked areas. F) Calcium signaling properties (amplitude and 

frequency) of capillary pericyte morphology structures (soma and process). N=7; n=44. N= # of animals, n= # 

of pericytes P-value<0.05=*; P-value<0.01=**; P-value<0.001=***. For specific p-values and mean ± SD 

information please refer to table 1.1 and table 1.2 (Section 4.7, P-Values and mean ± SD Results). Linear mixed 

models for repeated measurements and pairwise comparisons with Holm-sequential Bonferroni correction were 

used in the statistical tests. 

4.3 Blood vessel hemodynamic properties of the transition zone are affected by 

ensheathing pericyte calcium channel activity. 

As mentioned before, EP have been recently classified as mural cells that significantly 

contribute to the regulation of brain blood flow. Several studies have shown their capacity to 

constrict and dilate blood vessels 15,97,101,115,127,128,166–168. L-type VGCC are known to contribute 

to EP contraction/dilation,115,169,170 but the role of other calcium channels,132,133,171 such as 

TRPC3, are yet to be fully elucidated. To investigate the extent of influence of L-type VGCC 

and TRPC3 channels of EP in the regulation of CBF, we measured blood vessel 

hemodynamics, such as diameter (μm), RBC velocity (mm/s) and RBC flux (cells/sec), in 

vessels covered by EP in baseline and under the effect of nimodipine and Pyr3. The 

hemodynamic measurements were done in the same two-photon imaging session of the EP 

calcium signaling recording using the same mice subjects (Acta2-RCaMP1.07 mice line) and 

applying the calcium channel blockers via intraperitoneal injections. Line scan features from 

the two-photon microscope were used to measure changes in fluorescence of brain 

vasculature labeled with fluorescein dextran. The resulting output consists of kymographs, 

which are graphical representations that visually depict the spatial position of RBC over a 

period of time (Fig. 3D). The kymographs were processed in CHIPS MATLAB toolbox to 

obtain mean numeric values for diameter, velocity, and flux. (Section 3.5.2 Materials and 

Methods).  

Figures 3A & B show a representative image and diameter traces from a 1st order branch 

blood vessel covered by an ensheathing pericyte during baseline and after the calcium 
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channel blockers. Our results show that both nimodipine and Pyr3 cause a dilatory effect in 

blood vessels of the transition zone (Fig. 3A-C; Table 2.1 and 2.2). Since the blood vessels 

of the transition zone have vasomotion132,172, we also examined attributes like vasomotor 

index which the diameter amplitude change (ΔD/D) during vasomotor fluctuations and peak 

frequency that gives the number of diameter oscillations of the vessel wall per minute. We 

found that these characteristics of vasomotion significantly decreased with nimodipine (Fig. 

3C). In contrast, Pyr3 decreased the vasomotor index of the blood vessels covered by EP but 

did not impact the frequency of vasomotor oscillations (Figure 3C-E).  

To evaluate the impact of the changes in diameter and vasomotion in blood flow dynamics 

caused by the calcium channel blockers, we measured velocity (mm/s) and RBC flux 

(cells/second) of the blood vessels covered by EP. Figure 3D includes kymographs 

illustrating a specific example of a 3rd branch order blood vessel in the transition zone in 

baseline and with calcium channel blockers. In these kymographs, black areas represent 

RBC, and white areas indicate blood plasma. Figure 3E and G are the representative traces 

of the velocity and flux measurements from figure 3D showing quantitatively the changes in 

the three conditions. We found that nimodipine caused a significant decrease in the velocity 

of blood flow, and in some cases, we noticed rapid and contrasting drops of velocity (Figure 

3D, 3E, 3F). Inversely, Pyr3 tended to increase velocity (p-value=0.067), and significantly 

increased RBC flux (Figure 3G, 3H).   

Recent studies have found that the kinetics of dilation/constriction differ in the distinct 

branches of the brain vasculature in the transition zone165,167,173. Furthermore, it has been 

found that first branch blood vessel plays a crucial role in brain capillary perfusion173. 

Therefore, we evaluated the role of L-type VGCC and TRPC3 channels in hemodynamics in 

the 1st to 3rd branches of the transition zone. Figure 4A shows a representative example of 

the branch order classification. Nimodipine caused a significant diameter increase in the 1st 

and 2nd branches, but had no significant effect in the 3rd branch (Fig. 4B).  However, Pyr3 

dilated only the 2nd branch (Fig. 4B left). Regarding the vasomotion features, we found that 

nimodipine significantly decreased the vasomotor index in all the three branches, whereas 

Pyr3 decreased the vasomotor index of the 2nd and 3rd branches (Fig. 4C). Lastly, peak 
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frequency was reduced by nimodipine in the 2nd and 3rd branches, but unaffected by Pyr3 

(Fig. 4D).  
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Figure 3. Blood vessel hemodynamic properties of the transition zone are affected by ensheathing 

pericyte calcium channel activity. All the following panels make a comparison between baseline and calcium 

channel blockers nimodipine and Pyr3. A) Two-photon images of a first branch order blood vessel covered by 

ensheathing pericytes from Acta2-RCaMP1.07 mice line. The vasculature is labeled fluorescein dextran. B) 

Individual traces of diameter from blood vessel of panel “A” area marked with a red line. C) Diameter, D) 

vasomotor index and E) peak frequency of blood vessels from the transition zone covered by ensheathing 

pericytes. N=7; n= 101. F) Representative kymographs of 3rd branch order blood vessel. The black spaces 

represent RBC, and the white spaces represent blood plasma. Duration of the kymographs= 30 seconds. 

Individual traces of velocity (G)  and flux (H)  from blood vessel kymographs of panel “D”. Box plots of I) 

velocity and J) flux of blood vessels from the transition zone covered by ensheathing pericytes. N=7; n= 101. 

N= # of animals, n= # of blood vessels P-value<0.05=*; P-value<0.01=**; P-value<0.001 For specific p-values 

and mean ± SD information please refer to table 2.1 and table 2.2 (Section 4.7, P-Values and mean ± SD 

Results). Linear mixed models for repeated measurements and pairwise comparisons with Holm-sequential 

Bonferroni correction were used in the statistical tests.  

 

In the evaluation of blood flow dynamics, nimodipine slightly decreased the velocity of the 

1st branch (P= 0.062) but did not affect velocity in the2nd and 3rd branches (Fig. 4E), nor the 

flux in any branch (Fig. 4F). In contrast, Pyr3 increased velocity and flux of 2nd and 3rd 

branches (Fig. 4E and 4F).  
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Figure 4: Hemodynamic properties of the blood vessels from the arteriole transition zone vary according 

to their branching order under the effect of calcium channel blockers. A) Two photon images of brain 

vasculature from Acta2-RCaMP1.07 mice line showing blood vessels branching. Dashed red lines show the 

magnification of the selected frame for better visualization. The vasculature is labeled with fluorescein dextran. 

All  the following panels make a comparison between baseline and calcium channel blockers Nimodipine and 

Pyr3. B)  Diameter C) vasomotor index D) peak frequency, E) velocity and F) flux of 1st, 2nd, and 3rd branch 

order blood vessels.  N=7; b1= 27; b2=32; b3=29. N= # of animals, b(n)= # of blood vessels from a given 

branch order P-value<0.05=*; P-value<0.01=**; P-value<0.001=***. For specific p-values and mean ± SD 

information please refer to table 2.1 and table 2.2 (Section 4.7, P-Values and mean ± SD Results). Linear mixed 

models for repeated measurements and pairwise comparisons with Holm-sequential Bonferroni correction were 

used in the statistical tests. 

 

4.4 L-type VGCC and TRPC3 channels have differential effects on resting capillary 

hemodynamics. 

To investigate the contributions of L-type VGCC and TRPC3 channels to capillary blood 

flow, we evaluated capillary hemodynamics in the same two-photon imaging session in 

which we monitored CP calcium signaling using PDGFRβ-CreERT2:GCaMP6sfl/fl mice, 

applying the calcium channel blockers via intraperitoneal injections and using Texas red 

dextran to label the brain vasculature. We followed the same line scan methodology and 

processing as with the blood vessels of the transition zone (Section 3.4.3 & 3.5.2 Materials 

and Methods). Blood vessels covered by CP significantly dilated with TRPC3 channel 

blocker, Pyr3, in comparison with baseline conditions and the L-type VGCC blocker, 

Nimodipine (Fig. 5A- C; Table 3.1 and 3.2). In terms of blood flow, nimodipine decreased 

velocity and RBC flux (Fig. 5D-H), but also caused heterogenous fluctuations in velocity 

(Fig. 5E). In contrast, Pyr3 did not alter these properties compared to baseline (Fig.5D-H).  
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Figure 5: L-type VGCC and TRPC3 channels have differential effects on resting capillary 

hemodynamics. All the following panels make a comparison between baseline and calcium channel blockers 

Nimodipine and Pyr3. A) Two-photon image of a brain capillary covered by a capillary pericyte from PDGFRβ-

CreERT2:GCaMPsfl/fl mice line. The vasculature is labeled with Texas red dextran. The white dashed line 

represents the same magnitude of area encasing tangentially the brain capillary. B) Two-photon image and 

Individual traces of brain capillary diameter from panel “A”, the continuous white line represents the area of 

the diameter measured shown in the traces. C) Box plots of diameter of brain capillaries covered by capillary 

pericytes. N=7 n=109. D) Individual representative kymographs of one brain capillary. The black spaces 

represent RBC, and the white spaces represent blood plasma. Duration of the kymographs= 30 seconds. 

Individual traces of velocity (E) and flux (G) from blood vessel kymographs of panel “D”. Box plots of velocity 

(F) and flux (H) of brain capillaries covered by capillary pericytes. N=7; n= 109. N= # of animals, n= # of 

blood vessels, P-value<0.05=*; P-value<0.01=**; P-value<0.001=***. For specific p-values and mean ± SD 

information please refer to table 3.1 and table 3.2 (Section 4.7, P-Values and mean ± SD Results). Linear mixed 

models for repeated measurements and pairwise comparisons with Holm-sequential Bonferroni correction were 

used in the statistical tests. 

4.5 Brain pericyte calcium response during neurovascular coupling is altered by 

calcium channel blockers. 

To further investigate the influence of L-type VGCC and TRPC3 channels on pericyte 

calcium signaling during sensory stimulation known to evoke NVC, we monitored calcium 

signaling from EP and CP located in a highly activated areas of the somatosensory cortex 

following injection of calcium channel blockers, nimodipine and Pyr3, in our two mice lines. 

Intrinsic optical imaging (IOI) was used to map activated brain regions corresponding to the 

whisker area and pericytes in these locations were the focus for the two-photon imaging 

sessions.  To ensure a strong sensory stimulation in anesthetized mice, we used a mild electric 

shock applied to the whisker area at 500μA at 4Hz for 5 seconds during the two-photon 

imaging sessions (Fig. 6A). Previous studies have shown that nearby neuronal activity 

induces a drop in EP and CP calcium signaling132,174. Similarly, we found that EP somata and 

processes experience a drop in calcium signaling during the 5 seconds period of stimulation 

and a slight rise of calcium after this period (Fig. 6B; baseline). Nimodipine and Pyr3 

decreased this EP calcium behaviour during stimuli in both pericyte structures, but 

nimodipine had a stronger impact on calcium signaling in EP processes (Fig.6B & C; Table 

4.1 and 4.2). CP also showed the decrease of calcium during the 5 seconds period of whisker 

stimulation in both soma and process, but in contrast with EP, the drop of calcium appears to 

happen slower after the stimulation starts and they do not show the rise in Ca2+ in the post-

stimulation period (Fig. 6D). Furthermore, nimodipine abolished the calcium decrease in CP, 
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particularly in the processes; however, we did not find any significant effects of Pyr3 (Fig.6D 

& E; Table 4.1 and 4.2). 
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Figure 6. Brain pericyte calcium response during neurovascular coupling is altered by calcium channel 

blockers. A) Cartoon illustrating the experimental set up of IOI and electrical whisker stimulation. All the 

following panels make a comparison between baseline and calcium channel blockers Nimodipine and Pyr3. B) 

Calcium signaling traces of EP during NVC. Black box represents the 5 seconds of electrical whisker 

stimulation (500 μA at 4 Hz). The traces show the mean value + SEM. Total seconds of traces=25; N=5; n=33 

C) Box plots of the minimum value of calcium peak amplitude of EP morphology structures (soma and process) 

during the stimulation period. N=5; n=33 D) Calcium signaling traces of CP during NVC. Black box represents 

the stimulation period. The traces show the mean value + SEM. Total seconds of traces=25; N=7; n=42. E) Box 

plots of the minimum value of calcium peak amplitude of CP morphology structures (soma and process) during 

the stimulation period; N=7; n=42. N= # of animals, n= # of pericytes P-value<0.05=*; P-value<0.01=**; P-

value<0.001=***. For specific p-values and mean ± SD information please refer to table 4.1 and table 4.2 

(Section 4.7, P-Values and mean ± SD Results). Linear mixed models for repeated measurements and pairwise 

comparisons with Holm-sequential Bonferroni correction were used in the statistical tests. 

 

4.6 Blood vessel hemodynamic properties are differentially altered by brain pericyte 

calcium channel activity during neurovascular coupling.  

Since brain pericyte calcium signaling is decreased during NVC and it has been shown that 

this influences CBF130,167,175,176 we were also interested to evaluate hemodynamics during 

electrical whisker stimulation and with calcium channel blockers. We measured diameter, 

velocity, and flux of blood vessels from the transition zone and brain capillaries in the same 

imaging sessions and in the same mice in which we imaged pericyte calcium signaling. We 

calculated the percent change in hemodynamics during stimulation relative to the pre-

stimulus baseline period. There was a significant increase in diameter during the period of 

stimulation (5 seconds) and it lasted a few seconds more after the stimulation ceased, 

followed by a strong decrease of diameter (Fig. 7A). Calcium channel blockers reduced this 

behavior, with nimodipine having the greatest effect (Fig. 7A & 7B; Table 5.1 and 5.2). We 

also classified vessels as the 1st to the 3rd branch order based on their position in the transition 

zone. Nimodipine greatly reduced the dilation caused by whisker stimulation in the 1st and 

2nd branches, but only minorly impaired the 3rd branch (P=0.059). Pyr3 caused a significant 

reduction of the dilation caused by stimulation at the 2nd branch, but had no effect on the 1st 

and 3rd branch (Fig. 7C). RBC velocity increased during the period of whisker stimulation 

and, similar to diameter, this increase lasted longer than the stimuli followed by an 

undershoot after the velocity increase (Fig. 7D). 
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Figure 7: Blood vessel from the arteriole transition zone hemodynamic properties are differentially 

altered by brain pericyte calcium channel activity during neurovascular coupling. All the following panels 

make a comparison between baseline and calcium channel blockers Nimodipine and Pyr3. Traces of the 

percentage change of diameter (A), velocity (D) and flux (G) of blood vessels from transition zone during 5 

seconds of whisker electrical stimulation (500 μA at 4 Hz) relative to diameter baseline. The black box 

represents the start of 5 seconds of stimulation. The traces show the mean value ± SEM. Total seconds of 

traces=25; N=5; n=65. Box plots of maximum value of diameter (B), velocity (E) and flux (H) percentage 

change during the 5 seconds of whisker electrical stimulation of blood vessels from the transition zone. N=5; 

n=65. Box plots of maximum value of diameter (C), velocity (F) and flux (I) percentage change during the 5 

seconds of whisker electrical stimulation of 1st, 2nd, and 3rd branch order blood vessels from the transition zone. 

N=5; b1=16, b2=21, b3=19. N= # of animals, n= #of blood vessels, b(n)= # of blood vessels from a given 

branch order P-value<0.05=*; P-value<0.01=**; P-value<0.001=***. For specific p-values and mean ± SD 

information please refer to table 5.1 and table 5.2 (Section 4.7, P-Values and mean ± SD Results). Linear mixed 

models for repeated measurements and pairwise comparisons with Holm-sequential Bonferroni correction were 

used in the statistical tests.  

Both calcium channel blockers reduced this effect during whisker stimulation, but 

nimodipine caused a greater reduction in velocity than Pyr3 (Fig. 7D & 7E). The effects of 

these blockers on velocity were obvious in the 2nd and 3rd branches, but not the 1st branch 

(Fig. 7F). In the terms of RBC flux during whisker stimulation, there was also an increase 

during stimulation and then undershoot after. Similar to velocity, nimodipine reduced the 

flux (Fig. 7G & H), particularly in the 2nd and 3rd branches (Fig. 7I). However, Pyr3 did not 

significantly reduce the flux elevation, though there was a tendency in the 2nd branch for a 

reduction (P=0.056; Fig. 7I).  

Brain capillaries covered by CP behaved somewhat differently than vessels from the 

transition zone covered by EP. We detected a subtle but substantial capillary dilation during 

the whisker stimulation without an undershoot of the diameter following the dilation (Fig. 

8A). Nimodipine significantly reduced this dilation during the stimulation period, while Pyr3 

had no effect (Fig. 8A & 8B; Table 6.1 and 6.2).  Likewise, electrical stimulation increased 

RBC velocity and flux through capillaries (Fig. 8C & E). Nimodipine significantly abolished 

this velocity and flux behavior, whereas Pyr3 did not cause any alteration (Fig. 8C-F).  
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Figure 8: Brain capillaries hemodynamic properties are differentially altered by brain pericyte calcium 

channel activity during neurovascular coupling. All the following panels make a comparison between 

baseline and calcium channel blockers Nimodipine and Pyr3. Traces of the percentage change of diameter (A), 

velocity (C) and flux (E) of brain capillaries during 5 seconds of whisker electrical stimulation (500 μA at 4 

Hz) relative to diameter baseline. The black box represents the start of 5 seconds of stimulation. The traces 

show the mean value ± SEM. Total seconds of traces=25; N=7; n=96. Box plots of maximum value of diameter 

(B), velocity (D) and flux (F) percentage change during the 5 seconds of whisker electrical stimulation of blood 

vessels from the transition zone. N=5; n=96. N= # of animals, n= #of blood vessels, b(n)= # of blood vessels 

from a given branch order P-value<0.05=*; P-value<0.01=**; P-value<0.001=***. For specific p-values and 

mean ± SD information please refer to table 6.1 and table 6.2 (Section 4.7, P-Values and mean ± SD Results). 

Linear mixed models for repeated measurements and pairwise comparisons with Holm-sequential Bonferroni 

correction were used in the statistical tests.  



- 63 - 

 

4.7 P-values and mean ± SD Results. 

Table 1.1 P-values. Brain pericyte calcium signaling analysis. 

 Amplitude Frequency 

 Baseline-

nimodipine 

Baseline-

Pyr3 

Baseline-

nimodipine 

Baseline-Pyr3 

Acta2-RCaMP1.07     

Soma 8.40e-09*** ns 0.319 1.81e-11*** ns 0.435 

Process 6.12e-08*** ns 0.665 6.45e-12 *** 0.0178* 

     

PDGFRβ-

CreERT2:GCaMP6sfl/fl 

    

Soma 0.00425** 0.0862c 0.00472** ns 0.180 

Process 2.4e-06*** 0.00449** 1.96e-10*** ns 0.947 

Table 1.2. Mean ± SD. Brain pericyte calcium signaling analysis. 

 Amplitude (dF/F) Frequency (signals/min) 

 Baseline Nimodipine Pyr3 Baseline Nimodipine Pyr3 

Acta2-RCaMP1.07       

Soma 0.374± 

0.207 

0.093± 0.164 0.336± 

0.258 

3.964± 

2.714 

0.103± 0.409 4.25± 

4.163 

Process 0.382± 

0.260 

0.0947± 

0.167 

0.362± 

0.282 

6.138± 

5.899 

0.212± 0.545 3.611± 

3.781 

       

PDGFRβ-

CreERT2:GCaMP6sfl/fl 

      

Soma 0.740± 

0.429 

0.473± 0.435 0.542± 

0.298 

3.581± 

2.468 

1.941± 1.344 2.98± 

2.485 

Process 0.753± 

0.242 

0.505± 0.258 0.598±0

.258 

17.394± 

8.814 

8± 7.635 17.405± 

9.967 

 

Table 2.1. P-values. Blood vessels of the transition zone covered by EP hemodynamic 

analysis. 

 Diameter Vasomotor Index Peak frequency 

Acta2-RCaMP1.07 Baseline-

nimodipine 

Baseline-

Pyr3 

Baseline-

nimodipine 

Baseline-

Pyr3 

Baseline-

nimodipine 

Baseline-

Pyr3 

All blood vessels 9.96e-10 

*** 

0.0222* < 2e-16 *** 2e-04 *** 1.79e-07 

*** 

ns 0.797 

1st Branch 0.000365 

*** 

ns 0.361 5.99e-08 

*** 

ns 0.183 ns 0.75 ns 0.75 
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2nd Branch 1.89e-06 

*** 

0.0199* 2.95e-09 

*** 

0.00210** 0.000108 

*** 

ns 0.940 

3rd Branch ns 0.141 ns 0.571 5.59e-07 

*** 

0.00861** 0.000317 

*** 

ns 0.706 

 Velocity Flux 

 Baseline-

nimodipine 

Baseline-

Pyr3 

Baseline-

nimodipine 

Baseline-

Pyr3 

All blood vessels 0.00761** 0.0678c ns 0.187 0.00458** 

1st Branch 0.0626c ns 0.184 ns 0.585 ns 0.476 

2nd Branch ns 0.113 0.00566** ns 0.682 ns 0.58 

3rd Branch ns 0.192 0.01958* ns 0.620 0.04* 

Table 2.2. Mean ± SD. Blood vessels of the transition zone covered by EP hemodynamic 

analysis. 

 Diameter (μm) Vasomotor Index (ΔD/D)  Peak frequency 

(oscillations/min) 

Acta2-

RCaM

P1.07 

Baselin

e 

Nimodi

pine 

Pyr3 Baseline Nimodip

ine 

Pyr3 Baselin

e 

Nimodi

pine 

Pyr3 

All 

blood 

vessels 

5.247±

1.755 

6.335±

2.591 

5.719±

2.165 

0.155± 

0.093 

0.055± 

0.049 

0.114± 

0.081 

4.677±

3.195 

3.189±

4.173 

4.784±

3.284 

1st 

Branch 

6.398±

1.556 

8.061±

2.457 

6.870±

2.025 

0.209± 

0.117 

0.052± 

0.031 

0.172± 

0.095 

6.146±

3.524 

5.353±

4.814 

6.469±

3.190 

2nd 

Branch 

4.837±

1.689 

5.741±

2.068 

5.379±

1.891 

0.136± 

0.065 

0.060± 

0.060 

0.084± 

0.049 

4.245±

2.874 

2.488±

3.908 

4.427±

3.686 

3rd 

Branch 

4.805±

1.676 

5.337±

2.504 

5.159±

2.338 

0.136± 

0.067 

0.056± 

0.058 

0.100± 

0.077 

4.168±

2.864 

1.466±

2.348 

3.714±

2.209 

 Velocity (mm/sec) Flux (cells/sec) 

 Baselin

e 

Nimodi

pine 

Pyr3 Baseline Nimodip

ine 

Pyr3 

All 

blood 

vessels 

3.376±

2.494 

2.715±

2.495 

4.069±

2.830 

54.183±

32.012 

55.493±

38.007 

58.554±

37.332 

1st 

Branch 

5.192±

2.361 

3.915±

2.839 

6.033±

2.579 

55.739±

31.653 

44.459±

22.826 

47.483±

25.687 

2nd 

Branch 

3.601±

2.437 

2.278±

1.843 

4.486±

3.213 

53.839±

29.948 

46.331±

30.872 

47.795±

31.127 

3rd 

Branch 

2.359±

1.897 

2.275±

2.099 

2.851±

1.869 

61.367±

44.345 

61.261±

45.978 

66.667±

40.130 
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Table 3.1. P-values. Blood vessels of the capillary zone covered by CP hemodynamic 

analysis. 

 Diameter Velocity Flux 

PDGFRβ-

CreERT2:GCaMP6sfl/fl 

Baseline-

nimodipine 

Baseline-

Pyr3 

Baseline-

nimodipine 

Baseline-

Pyr3 

Baseline-

nimodipine 

Baseline-

Pyr3 

All blood vessels ns 0.303 0.0224 * <2e-16 

*** 

ns 0.197 < 2e-16 

*** 

ns 0.321 

   Baseline-

PEG400 

 Baseline- 

PEG400 

 

All blood vessels   6.29e-13 

*** 

 2.59e-06 

*** 

 

Table 3.2. Mean ± SD. Blood vessels of the capillary zone covered by CP hemodynamic 

analysis. 

 Diameter (μm) Velocity (mm/sec) Flux cells/sec) 

PDGFRβ-

CreERT2:G

CaMP6sfl/fl 

Baseline Nimodip

ine 

Pyr3 Baseline Nimodipi

ne 

Pyr3 Baseline Nimodipi

ne 

Pyr3 

All blood 

vessels 

3.838±0

.977 

3.808±1.

028 

3.978±

0.986 

0.676±0

.380 

0.419± 

0.356 

0.677±

0.446 

26.826±

12.032 

16.392±1

0.014 

24.821±

10.392 

    PEG400   PEG400   

All blood 

vessels 

   0.466± 
0.296 

  20.402± 
9.254 

  

 

P-values and mean ± SD of experiments during whisker stimulation. 

Table 4.1. P-values. Brain pericyte calcium signaling analysis during NVC. 

 Minimum Value  

 Baseline-nimodipine Baseline-

Pyr3 

Acta2-RCaMP1.07   

Soma 0.0179 * 0.0347 * 

Process 0.000919 *** 0.0108 * 

   

PDGFRβ-

CreERT2:GCaMP6sfl/fl 

  

Soma 0.0107 * ns0.344 

Process 1.23e-05 *** ns0.307 
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Table 4.2. Mean ± SD. Brain pericyte calcium signaling analysis during NVC. 

 Minimum Value (dF/F) 

 Baseline Nimodipine Pyr3 

Acta2-RCaMP1.07    

Soma -0.583±0.276 -0.433±0.188 -0.445±0.284 

Process -0.527±0.186 -0.40±0.119 -0.433±0.171 

    

PDGFRβ-

CreERT2:GCaMP6sfl/fl 

   

Soma -0.549±0.365 -0.368±0.237 -0.457±0.458 

Process -0.570±0.205 -0.376±0.193 -0.608±0.198 

Table 5.1. P-values.  Blood vessels of the transition zone covered by EP hemodynamic 

analysis during NVC. 

 Max Value Diameter Max Value Velocity Max Value Flux 

Acta2-

RCaMP1.07 

Baseline-

nimodipine 

Baseline-

Pyr3 

Baseline-

nimodipine 

Baseline-

Pyr3 

Baseline-

nimodipine 

Baseline-

Pyr3 

All blood 

vessels 

2.35e-10 

*** 

0.011 * 0.000551*** 0.0328 * 5.49e-05 

*** 

ns 

0.10805 

1st Branch 6.53e-05 

*** 

ns 0.411     ns 0.99 ns 0.627 ns 0.443 ns 0.678 

2nd Branch 5.2e-06 *** 0.0105 * 0.0174 * 0.0606c 0.000645 

*** 

0.0567c 

3rd Branch 0.0592c ns 0.258 0.000901 

*** 

0.0305 * 0.0175 * ns0.1491 

Table 5.2. Mean ± SD.Blood vessels of the transition zone covered by EP hemodynamic 

analysis during NVC. 

 Max Value Diameter (%) Max Value Velocity (%) Max Value Flux (%) 

Acta2-

RCaMP1.0

7 

Baseline Nimod

ipine 

Pyr3 Baseline Nimodi

pine 

Pyr3 Baseline Nimodi

pine 

Pyr3 

All blood 

vessels 

15.650±

18.032 

3.882±

3.771 

10.413±

12.494 

38.144±

46.944 

16.018±

19.109 

24.515±

32.379 

41.254±

56.268 

19.348±

12.205 

31.018±

42.948 

1st Branch 23.238±

20.734 

4.693±

4.616 

16.691±

14.760 

25.620±

29.947 

16.1±20

.920 

24.096±

44.764 

24.596±

11.906 

21.266±

11.501 

26.771±

12.546 

2nd Branch 15±18.0

64 

3.619±

3.678 

9.191±1

1.696 

77.929±

101.661 

19.87± 

24.912 

17.521±

12.614 

33.431±

23.891 

17.610±

9.814 

23.568±

13.212 

3rd Branch 5.492± 

4.4790 

2.637±

1.426 

3.766±2

.888 

80.616±

82.611 

13.351±

9.599 

33.078±

36.763 

71.567±

93.544 

22.355±

15.146 

29.747±

26.822 
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Table 6.1. Blood vessels of the capillary zone covered by CP hemodynamic analysis during 

NVC. 

 Max Value Diameter Max Value Velocity Max Value Flux 

PDGFRβ-

CreERT2:GCaM

P6sfl/fl 

Baseline-

nimodipine 

Baseline

-Pyr3 

Baseline-

nimodipine 

Baseline

-Pyr3 

Baseline-

nimodipine 

Baseline

-Pyr3 

All blood vessels 0.00248 ** ns0.330

83 

3.85e-09 

*** 

ns0.819 ns 0.102 ns0.909 

Table 6.2 Blood vessels of the capillary zone covered by CP hemodynamic analysis during 

NVC. 

 Max Value Diameter (%) Max Value Velocity (%) Max Value Flux (%) 

PDGFRβ-

CreERT2:

GCaMP6sfl/

fl 

Baseline Nimodi

pine 

Pyr3 Baseline Nimodi

pine 

Pyr3 Baseline Nimodi

pine 

Pyr3 

All blood 

vessels 

5.677± 

5.030 

3.368± 

2.774 

4.727±

3.594 

67.729±

57.556 

27.378±

18.563 

69.306±

58.596 

52.477±

49.349 

37.953±

33.898 

49.551±

45.553 

ns = no significant difference 

P-value<0.05=*; P-value<0.01=**; P-value<0.001=***.  

A letter “c” besides the numerical value indicates that the p-value is close to a significant 

difference.  
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Chapter V. Discussion  

Although brain pericytes were first described more than a century ago, many of their 

characteristics, mechanisms, and functions have only recently been characterized. In this 

research the utilization of two mice lines that expressed genetically encoded calcium 

indicators (GECI) under promoters differentially expressed by the distinct pericytes sub-

populations was helpful to make a clear definition of features like their morphology and 

calcium signaling (Figure 1 A). Additionally, we used an advanced surgical procedure to 

access the same pericytes in the somatosensory cortex repeatedly177. By implanting a chronic 

cranial window, we were able to observe the calcium signaling behavior of pericytes and its 

effect on CBF using two-photon imaging under various pharmacological conditions and at 

various levels of the brain vascular bed, all within the same mouse subjects (Figure 1A-C). 

Furthermore, we used the recently developed classification of the brain vasculature (Figure 

1D), which is becoming the standard in the field15,146,178,179 and is an important factor to 

precisely define pericyte subtypes to avoid the disparities and misunderstanding that has 

previously happened in the pericyte field. Lastly, we optimized and developed algorithms in 

programming platforms to analyze the calcium movies and kymographs obtained from two-

photon microscopy. This standardization of our results allowed for consistent measurements 

that can be compared with other research studies in the field (Section 3.5 Materials and 

Methods). 

5.1 L-type VGCC and TRPC3 channel blockade impact brain pericyte calcium 

signaling. 

Recent studies have identified different calcium signaling properties in EP and CP 15,132,135. 

Glück et al. have shown that EP have synchronous calcium signaling that correlates with 

nearby blood vessel oscillations, whereas CP calcium signaling was more irregular and 

spontaneous fluctuations in calcium did not relate to the diameter of brain capillaries132. 

Consistent with this study, our results demonstrate that the calcium signaling of EP has a 

pattern of synchronous waves with similar amplitude and frequency in the EP morphological 

compartments, soma and process (Fig. 2B; black traces). We also confirmed that CP calcium 
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signaling was more asynchronous and irregular in both morphological compartments 

compared to EP (Figure 2E).  

Moreover, existing literature has demonstrated that EP calcium signaling is influenced by L-

type VGCCs59,98,180 and that inhibiting these channels with drugs like dihydropyridines, leads 

to a reduction in this signaling 132,148,181,182. We found similar results where the L-type VGCC 

blocker, nimodipine, reduced EP calcium signaling amplitude and frequency in both soma 

and processes, showing that L-type VGCC plays a major role in EP calcium signaling 

behavior (Figure 2C).  

We found that CP calcium signaling was also significantly affected by nimodipine with a 

decrease in amplitude and frequency in both soma and processes (Figure 2F). This partially 

agrees with a study that showed a mild decrease in calcium signals frequency with 

nimodipine just in CP soma132. Still, another study reported no alterations at all in CP calcium 

signaling when using VGCC blockers135. The fact that we saw a strong decrease in CP 

calcium signaling and this has not been reported in the mentioned studies could be due to the 

discrepancies in the methodology. The mentioned studies have evaluated CP calcium 

signaling in ex-vivo brain slices preparations, which could potentially impact physiological 

processes like NVU responses to changes in the blood flow and cellular communication, thus, 

influencing in CP channels gating properties. For instance, in research conducted by Klug et 

al., it was observed that calcium signaling in CP can exhibit variations under different cell 

membrane conditions. This study revealed that VGCC blockers did not impact calcium 

signaling CP at a baseline membrane potential of -40 mV. However, when the CP membrane 

was depolarized, VGCC blockers led to a notable decrease in calcium signaling15.  An 

explanation worth considering is that within our live mice model, CP depolarization may 

occur due to a natural physiological response, as part of the intrinsic signaling mechanisms 

of the brain, hence increasing CP sensitivity to VGCC blockers. 

Likewise, we demonstrated that TRPC3 channels influence in a different way EP and CP 

calcium signaling. In recent studies, the influence of TRPC channels on pericyte calcium 

signaling has been explored through their inhibition, showing a reduction in calcium 
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signaling features under these circumstances 132,135. However, these studies have overlooked 

the specific subfamilies of TRPC channels utilizing blockers that impact multiple subfamilies 

which also have been reported to be expressed by other cells in the neurovascular unit (NVU), 

such as neurons183,184.  Specifically, it has been reported that in Purkinje cells, TRPC3 

channels can regulate calcium entry in response to GPCRs such as mGluR1, and that this 

signaling process influences important physiological functions such as synaptic 

transmission185,186. Furthermore, there is evidence demonstrating a relationship between the 

modulation of vascular tone and the activation of TRPC3 channels in vascular smooth muscle 

cells in response to molecules such as endothelin-1 (ET-1) and angiotensin II (ANG II). 

These studies suggest that TRPC3 channels operate through a receptor-operated channels 

(ROCs) mechanism, leading to a calcium entry when stimulated by these GPCRs 

agonists187,188. 

In brain pericytes, TRPC3 channels have been recently found to be present with 

transcriptomes studies72; nevertheless, their confirmed protein expression in pericytes and 

how these channels influence pericyte subtypes have never been shown. To test the influence 

of TRPC3 channels in brain pericytes we used Pyr3, a highly specific blocker of the TRPC3 

channels. Pyr3 has been shown to successfully block TRPC3 channels in endothelial189 and 

SMC190 disturbing their calcium signaling.  

Our findings in brain pericytes revealed that the presence of Pyr3 had an effect on EP calcium 

signaling by decreasing its frequency, which was observed exclusively in EP processes 

(Figure 2C). Additionally, Pyr3 decreased the calcium amplitude within the processes of CP. 

While there was a noticeable trend towards reducing calcium amplitude in the soma, this 

trend did not reach statistical significance. Notably, Pyr3 did not influence calcium frequency 

in either compartment of CP morphology (Figure 2F). It is interesting to note the fact that 

Pyr3 affects different features of the calcium signaling of EP and CP and in different 

morphology compartments. One potential explanation for the observed variations is that 

TRPC3 channels contribute to the amplification of calcium responses in CP processes, 

potentially through ROCs signaling following the activation of GPCRs. Upon GPCR 

activation, there is a release of calcium from intracellular stores, specifically the endoplasmic 
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reticulum (ER). This calcium release subsequently activates TRPC3 channels, enabling the 

passage of calcium ions. Consequently, in the event that TRPC3 channels are inhibited in the 

CP, the activation of GPCRs would still trigger calcium events originating from the ER 

stores. This would lead to no alteration in the frequency of calcium events. However, due to 

the reduced calcium influx resulting from the blockade of TRPC3 channels, the amplitude of 

these events would decrease.  

Conversely, the fact that we saw a decrease of calcium frequency in EP processes could 

suggest that TRPC3 channels have the capacity to produce calcium events on their own, via 

other mechanisms that differ from ROCs calcium signaling enhancement. Further studies to 

disentangle these possible signaling differences between EP and CP should be considered to 

corroborate the above hypothesis. 

5.2 Brain pericyte L-type VGCCs strongly influence hemodynamics and vasomotion of 

blood vessels from the arteriole transition zone. 

In accordance with alterations of ensheathing and capillary pericytes calcium signaling with 

nimodipine and Pyr3, we also saw changes in the nearby blood vessel hemodynamics under 

the effect of these calcium channel blockers. Nimodipine is a drug currently used to improve 

neurological deficits and controlling the vasospasms following a subarachnoid 

hemorrhage191,192. In contrast with other types of dihydropyridines, nimodipine acts primarily 

on the smooth muscle of blood vessels193.  In SMC of the brain vasculature, the blocking of 

calcium signaling by nimodipine has been associated with the suppression of the constriction 

effect due to the disruption of (myosin light chain kinase) MLCK pathway activated with the 

formation of calcium-calmodulin complex194,195.  Moreover, studies in the brain pericyte field 

have shown that nimodipine was able to induce dilation of blood vessels covered by them148, 

and to slow pericyte-evoked constriction in ischemia conditions196. Similar to the above, we 

saw that nimodipine caused a dilatory effect in blood vessels of the arteriole transition zone 

covered by EP (Figure 3A-C). Furthermore, nimodipine abolished the oscillation features of 

vasomotion in amplitude and frequency (Figure 3D & 3E). This indicates that L-type VGCC 
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signaling influences not just the diameter of the blood vessels of the transition zone, but also, 

they are involved in the constriction-dilation process of vasomotion.   

In the evaluation of cerebral blood flow (CBF) with nimodipine, we noticed that nimodipine 

caused a reduction of velocity (Figure 3F-H). This decrease could be likely due to 1) the 

increase of blood vessel diameter impacting CBF velocity, 2) a decrease of blood pressure 

coming from bigger arteries resulting in a reduction of CBF velocity since it has been 

reported that nimodipine affects both, systolic and diastolic pressure197,198. Despite this 

decrease in velocity, we did not find a significant difference in red blood cells (RBC) flux. 

The above could be explained by the velocity-flow relationship that occurs in vessels 

assuming a laminar flow. This relationship states that in a constant diameter, the changes in 

flow are proportional to changes in velocity and vice versa, nevertheless, if the diameter 

changes unevenly, this relationship can be affected. For instance, if the diameter of a blood 

vessel increases the blood velocity and flux would decrease, but if there are blood vessels 

dilating downstream, even though the velocity of the evaluated blood vessel decreases the 

flux would stay unchanged199. As a result, the vasodilatory effect of nimodipine causes a 

decrease in blood flow velocity, but the fact that nimodipine also dilates downstream vessels 

results in unchanged RBC flux. 

 The novel classification of the brain vasculature by branch order based on their bifurcation 

pattern has helped the understanding of temporal and regional mechanisms of blood flow 

distribution within the brain.  For example, Zambach et al. showed that the 1st branch order 

had the strongest response when different vasoconstrictor and vasodilatory stimuli were 

applied98. To thoroughly evaluate the dilatory effect of nimodipine in blood vessels of the 

arteriole transition zone, we assessed the previously obtained hemodynamic measurements 

(from Figure 3) according to their branching pattern. We found that 1st and 2nd branches dilate 

with nimodipine, whereas the 3rd branch order did not show any significant alteration (Figure 

4B). This could be a consequence of the gradual decrease of αSMA expressed by pericytes 

as they go deeper in the brain vasculature, which has been well established in the 

field73,98,146,147,178,200, resulting in a reduced capacity of the 3rd branch to dilate/constrict 

comparing to the 1st and 2nd branches4. 
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Regarding the vasomotion features, we noticed a decrease in the frequency of blood vessel 

wall oscillations in the 2nd and 3rd branch with nimodipine (Figure 4D). This implies that 

vasomotion in the 2nd and 3rd branches could be more sensitive to a lack of calcium influx. 

Furthermore, nimodipine showed a decrease in the amplitude of vasomotion oscillations in 

all the branch orders (Figure 4 C), which indicates that L-type VGCC strongly participate in 

the magnitude of oscillations during vasomotion in all branch orders.  

In the terms of velocity and flux, it was observed that nimodipine had a notable reduction in 

the velocity of the 1st branch, although it did not reach statistical significance. Despite a clear 

trend of reduced blood flow velocity in both the 1st and 2nd branches (Figure 4E), the lack of 

a significant difference may be attributed to the division of the number of samples. The 

sample size might not have been sufficient to achieve the significant difference necessary to 

demonstrate a clear reduction in blood flow velocity per branch order, as it was seen when 

all the blood vessels of the arteriole transition zone were evaluated together under the effect 

of nimodipine.  

The contraction/dilation property of brain capillaries has been a subject of debate in recent 

years. Due to the lack of αSMA expression in capillary pericytes it has been argued that they 

do not possess the contractile machinery to significantly modulate brain capillary diameter 

or influence the regulation of CBF131. Nevertheless, recent work has shown that CP may have 

the capacity to constrict brain capillaries with slower kinetics compared to EP, possibly using 

a rapid actin polymerization mechanism and Rho kinase activity165,201. Likewise, studies have 

also shown that CP constrict brain capillaries in aging202 and Alzheimer’s Disease113.  

Although the constriction effect of CP is starting to be more established in the field, the 

mechanism in which they constrict and dilate are yet to be elucidated. Besides, new data 

about CP calcium signaling indicates that they could work differently than EP to evoke this 

constriction, for example, the same study conducted by Klug et al., showed that L-type 

VGCC can affect CP calcium signaling without causing an alteration in the brain capillary 

tone15. Consistent with this, we found that regardless of the decrease of calcium that CP 

showed with nimodipine, it did not affect the brain capillary diameter (Figure 5B & 5C), 

suggesting that L-type VGCC may not influence changes in brain capillary diameter.  
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Similar to the blood vessels of the arteriole transition zone, we saw a decrease in blood flow 

velocity with nimodipine in brain capillaries (Figure 5D-F). Since there was no dilation, this 

effect was likely due to the decrease of these hemodynamic properties in the upstream 

vessels, or as mentioned before, due to a systemic decrease of blood pressure leading to a 

decrease in CBF velocity. In contrast, differing with the results of blood vessels from the 

arteriole transition zone, we saw that brain capillaries RBC flux was decreased with 

nimodipine (Figure 5G).  

This could potentially be attributed to the elevated cerebrovascular resistance exerted by the 

brain capillaries, which is a result of their small diameter. Besides, the lack of dilation of 

brain capillaries makes the relationship velocity-flow mentioned above comply with these 

measurements being proportionally changed, since there are not changes in diameter in the 

measured vessel or downstream vessels when the velocity decreases then the flux decreases 

as well. 

5.3 TRPC3 channels cause vasodilation of blood vessels from the arteriole transition 

zone and brain capillaries affecting the blood flow dynamics. 

In the evaluation of the effect of TRPC3 channels on hemodynamic properties of blood 

vessels covered by pericytes, we noticed that their blockade caused vasodilation in both 

arteriole transition zone blood vessels and brain capillaries.  In contrast with nimodipine, 

Pyr3 had a milder effect in the vasodilation of blood vessels covered by ensheathing pericytes 

(Figure 3A-C). Furthermore, we showed for the first time that brain capillaries dilate in 

physiological conditions after the blockade of TRPC3 channels (Figure 5A-C). The observed 

dilation effect can be attributed to the inhibition of calcium influx resulting from the blockade 

of TRPC3 channels in pericytes. The fact that in EP, the decrease of calcium released by 

TRPC3 channels signaling caused a milder dilation as the one seen with nimodipine could 

be because L-type VGCC still provide calcium influx, and since these channels have shown 

to be primarily involved in their contractile capacity135,168,203, they would still provide enough 

calcium influx participating in blood vessels vasomotion. Conversely, TRPC3 channels in 
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CP could be a significant provider of calcium influx related with the maintenance of the 

myogenic tone, thus, its decrease would lead to dilation as observed with our results. 

Interestingly, we saw an increase in CBF flux and velocity of blood vessels arteriole 

transition zone when Pyr3 was applied (Figure 3F-J). This could mean that Pyr3 has a more 

localized and specific vasodilatory effect in EP in comparison with nimodipine. It could be 

that, while in the EP processes there is a decrease of calcium frequency with TRPC3, 

resulting in vasodilation, EP somata could exert a higher contraction effect, possibly creating 

heterogeneous oscillations of the vessel wall increasing CBF velocity and flux. The above 

could be an explanation of why we found vasomotor index changes with Pyr3 (Figure 3D). 

It is worth mentioning that the 2nd and 3rd branches showed the major changes in vasomotor 

index (Figure 4C) and the increase of CBF velocity and flux with Pyr3 (Figure 4E & 4F), 

this could be a result of TRPC3 channel calcium decrease inducing a local effect on specific 

blood vessels hemodynamics in the arteriole transition zone. Precise evaluation of calcium 

signaling behavior in each branch order with Pyr3 would be needed to further evaluate this 

hypothesis.  In addition, the fact that velocity increased specifically in the 2nd and 3rd branches 

could be a reflection of the vascular resistance of the 3rd branch due to its lower capacity to 

constrict/dilate as dynamically as the 1st and 2nd branch, resulting in CBF velocity and flux 

increase. 

In contrast, the velocity and flux of brain capillaries remained unchanged from baseline 

conditions when exposed to Pyr3 (Figure 5D-H). This observation suggests that the observed 

dilation could be an example of cerebral autoregulation mechanisms to maintain capillary 

perfusion in the wake of upstream changes. The dilatory effect could potentially decrease 

vascular resistance and uphold blood flow homeostasis within the brain. Furthermore, the 

dilation of brain capillaries in response to Pyr3, could indicate that the regulation of blood 

vessel tone is primarily driven by ROCs mechanisms in CP, since TRPC3 channels have 

shown to follow this pathway144,204. Some studies have provided support for this by 

demonstrating the significant impact of ROCs mechanisms on the elevation in calcium 

signaling during vasoconstriction in CP 15,135 
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It is important to note that we cannot disregard the potential involvement of endothelial cells 

in the aforementioned mechanism, as they also possess TRPC3 channels. Suppression of 

these channels has been demonstrated to cause endothelium-dependent hyperpolarization 

(EDH) induced dilation effect in heart205, mesenteric205 and cerebral206 arteries.  

Altogether, our results suggest that brain pericytes L-type VGCC and TRPC3 channels 

calcium signaling play a significant role in the regulation of brain blood vessels 

hemodynamics, however, their influence differ according to the pericyte type and the location 

in the brain vasculature. While L-type VGCC strongly impact hemodynamic features of the 

EP and blood vessels from the arteriole transition zone like diameter and vasomotion, they 

do not have a significant impact in the regulation of brain capillary tone. In contrast, TRPC3 

channels were found to have an impact on the tone of brain capillaries, indicating their ability 

to induce dilation. Additionally, TRPC3 channels exert an influence on the velocity and flux 

of blood in the upstream blood vessels of the arteriole transition zone, potentially contributing 

to the signaling mechanism for blood supply in the downstream brain capillaries. 

5.4 Brain pericyte calcium signaling during neurovascular coupling.  

Situated at the core of the neurovascular unit (NVU), brain pericytes benefit from their central 

location, enabling effective communication with neurons, astrocytes, and endothelial cells130. 

Recent studies have shown that pericytes play a crucial role during neurovascular coupling, 

receiving signals from the neighboring cells and redirecting cerebral blood flow during 

functional hyperemia. For instance, Cai et al showed that the optimal functionality of 

ensheathing pericytes is crucial for maintaining neurovascular coupling, as the integrity of 

these pericytes decreases in aged mice207. Similarly, Kisler et al. demonstrated that the loss 

pericytes in a transgenic mouse model diminishes blood vessel responsiveness to neuronal 

stimuli, ultimately resulting in a state of neurovascular uncoupling208. In addition, 

Nikolakopoulou et al., revealed that the loss of pericytes in this model can contribute to 

neuronal death that was associated with the absence of pericyte-derived pleiotrophin, which 

is a neurotrophic growth factor209. In order to advance research in this area, we investigated 

the calcium signaling mechanisms of brain pericytes that could influence neurovascular 
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coupling by evaluating the activity of ensheathing and capillary pericytes L-type VGCC and 

TRPC3 channels. Through the use of whisker pad stimulation to identify the highly active 

regions in the mouse somatosensory cortex (Figure 6A), we found that calcium signaling of 

EP and CP decreases when whisker stimulation is performed. 

Under baseline conditions, there is an initial decrease in calcium signaling observed in both 

the soma and processes of EP as soon as the stimulation commences (Figure 6B). This 

decrease is followed by a subsequent rise in calcium levels that appears to be more 

pronounced than calcium levels previous to stimulation. The drop in pericyte calcium during 

NVC has been shown in previous studies using ex-vivo retina and cerebellar 

preparations96,210. However, it is possible that in our in-vivo model this post-stimulus calcium 

rise is a myogenic response that would help EP to recover their basal calcium state after 

stimulus is induced. 

In addition, we found that the decrease in calcium during sensory stimulation occurs with 

slower kinetics in CP.  These slower response of calcium signaling from CP have been 

reported by other studies146,210, and although one would expect that the calcium signaling in 

the mural cells of the capillary bed would be faster due to neuronal and glial communication, 

there is not a clear explanation yet of why CP calcium signaling behaves in a lower time scale 

compared with EP. Rungta et al., speculate that this could be due to different gap-junction 

coupling with the endothelium between the two pericytes types. 

Moreover, the administration of nimodipine had a notable effect on the behavior of NVC 

calcium in both the soma and processes of EP and CP, with a greater impact observed in the 

disruption of the NVC-related calcium decrease in the processes (Figure 6C & 6E). The 

above indicates that brain pericyte processes L-type VGCC could be the primary structure 

responding to stimulus during NVC. In EP processes, this goes in accordance with their 

capacity to change the blood vessels vasomotion according to functional hyperemia and the 

surface area they cover in the brain vasculature, making them more susceptible to signals 

from the neighboring cells while NVC occurs.  Conversely, in CP elongated processes are 

vastly found across brain capillaries and in close contact with brain endothelial cells211, which 
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could make them accessible to NVC signals during whisker stimulation activating their L-

type VGCC. It is worth noting that EP were the sole participants to exhibit a decrease in their 

NVC calcium behavior when exposed to Pyr3 (Figure 6C). This observation suggests that 

EP may possess an extensive calcium regulatory mechanism involving both VGCC and 

TRPC3 in NVC, which potentially enables them to promptly respond and facilitate functional 

hyperemia. 

5.5 Brain pericyte calcium signaling influence brain blood vessels hemodynamics 

during neurovascular coupling. 

Recent literature has revealed that molecules released during neuronal activity lead to a 

decrease in pericyte calcium levels, triggering subsequent dilation of blood vessels. 

Furthermore, it has been reported that this dilation primarily manifests in the blood vessels 

covered by brain pericytes before affecting arterioles 175,176,212.  In our study, we also explored 

the effect of EP and CP calcium decrease originated by NVC in brain vasculature 

hemodynamics and the involvement of L-type VGCC and TRPC3 channels in this process. 

According to our results, whisker pad stimulation in baseline condition induced dilation of 

the blood vessels from the arteriole transition zone (Figure 7A). This NVC-induced dilation 

reached its peak near the end of the stimulation period, and it was followed by a constriction 

effect. The above observation goes in accordance with EP calcium dynamics shown in Figure 

6B. It is worth to mention that this dilation-constriction effects originated by stimulus have 

also been reported in a study conducted by Cai et al176., in which they applied the 

gliotransmitter ATP with a puffing pipette on EP from in-vivo mice models. As part of their 

supplementary material in this publication, they make the relationship of the dilation-

constriction mechanism with EP calcium dynamics, which is consistent with our 

observations. Interestingly, our study also shows the same dynamics of an increase-reduction 

behavior in velocity and flux of the blood vessels from the arteriole transition zone (Figure 

7D and 7G), which indicates that EP response to NVC with dilation is related with their 

ability to supply CBF to brain activated areas.  
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In addition, we showed for the first time that brain capillaries have the ability to dilate during 

NVC in physiological conditions (Figure 8A), and that this is goes in accordance with CP 

calcium behavior to whisker stimulation. Furthermore, we observed a notable rise in brain 

capillary blood flow velocity and flux during NVC (Figure 8C & 8E). This observation 

suggests that while the dilation of brain capillaries may be smaller in scale compared to 

upstream blood vessels, it has a substantial effect on blood flow dynamics. This finding aligns 

with Hagen-Poiseuille's law and demonstrates that even slight alterations in diameter can 

influence brain vascular resistance, thereby modifying CBF. 

It is important to note that in contrast to EP, capillary pericytes do not have a post-stimulation 

compensation effect. We did not observe any increase in calcium or brain capillary 

constriction following whisker stimulation. The above implies that CP could contribute to 

the regulation of vascular resistance and blood flow supply, but brain autoregulation 

mechanisms could be primarily driven by EP to maintain the equilibrium in CBF direction 

to downstream capillaries.  

5.6 L-type VGCC are the primary contributors to the calcium response in brain 

pericytes that influence the hemodynamics of blood vessels during neurovascular 

coupling. 

Regarding the involvement of brain pericyte calcium channels during NVC, we observed that 

the stimulation-induced dilation, and the increase of CBF velocity and RBC flux was 

suppressed with the application of nimodipine in blood vessels of the arteriole transition zone 

and brain capillaries (Figure 7 & Figure 8). In past studies, the expression of L-type VGCC 

in capillary pericytes has been debatable15,135,213, our findings demonstrate that L-type VGCC 

play a crucial role in the NVC responses originating from both EP and CP, which have an 

impact on functional hyperemia.   Besides, we raise the possibility that brain capillaries 

dilation during NVC is not necessarily a response to the upstream dilation of the blood 

vessels. Since we did not see a resting dilation with nimodipine in brain capillaries and the 

dilation during stimulus is blocked, this could mean that brain capillaries have a limited 

capacity for diameter expansion, making it not possible for them to dilate further.   
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Similarly, we observed a notable decrease in NVC-induced vasodilation and increase in CBF 

velocity when Pyr3 was applied specifically to the blood vessels in the arteriole transition 

zone. However, the extent of its suppression on dilation/constriction behavior was not as 

pronounced as nimodipine. This suggests that while blocking TRPC3 channels can influence 

NVC, it may primarily be attributed to a decrease in calcium levels rather than directly 

affecting pericytes' response to NVC and functional hyperemia. This could also indicate that 

L-type VGCC signaling is the more prevalent mechanism from EP to regulate vasomotion of 

the blood vessels in the arteriole transition zone when NVC occurs. 

Furthermore, we examined the impact of nimodipine and Pyr3 on the hemodynamic 

responses during NVC, specifically focusing on the blood vessels of the 1st, 2nd, and 3rd 

branch order. Our results indicate that the inhibition of vasodilation during NVC, caused by 

both calcium channel blockers, predominantly affects the first and second branches (Figure 

7C). Moreover, both nimodipine and Pyr3 suppressed the increase in velocity and flux 

observed in the 2nd and 3rd branches during NVC (Figure 7F & 7I). This is consistent with a 

study made by Rungta et al. which showed that blood vessels of 1st branch order will have 

the greatest dilation during functional hyperemia, thus, the blocking with calcium channel 

blockers affected in a greater scale the NVC-induced dilation. Furthermore, this study also 

shows that during stimulation, the brain capillaries will have the major increase in velocity, 

followed by the blood vessels from the arteriole transition zone. Our results agree with this 

since the major suppression in velocity and blood flux occurred in the 2nd and 3rd branches 

with both calcium channel blockers. This effect also goes in accordance with our previous 

results showing that resting velocity and flux are affected from the calcium decrease and 

subsequent vasodilation primarily in the 2nd and 3rd branch when Pyr3 is applied. 

Collectively, these findings indicate that both L-type VGCC and TRPC3 channels in brain 

pericytes play a role in influencing the hemodynamic response of blood vessels during NVC. 

L-type VGCC exhibit a stronger influence in attenuating the hemodynamic responses in 

blood vessels within the arteriole transition zone and brain capillaries, likely due to their 

significant calcium influx during brain activity. In contrast, TRPC3 channels only partially 

affect the hemodynamic responses in blood vessels within the arteriole transition zone during 
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NVC, suggesting that the calcium influx through these channels is not primarily associated 

with NVC-induced hemodynamic changes. 

5.7. Study Limitations. 

One limitation of this research project is that nimodipine, while having a preferential affinity 

for L-type VGCC in vascular smooth muscle, has been shown to also affect L-type VGCC 

in smooth muscle of other organs, such as those in the heart, potentially influencing blood 

flow changes 198,214. Due to these effects, we decided to measure the blood pressure of the 

mice during the repeated pharmacology sessions when administering systemically 

nimodipine and Pyr3, while also monitoring pericyte calcium signaling and blood vessel 

hemodynamics (Supplementary Figure 1A). Our results demonstrate that there is no 

difference in mean blood pressure when Pyr3 is applied, suggesting that the hemodynamic 

effects seeing in the brain caused by Pyr3 could be caused by a local effect in the brain.  

However, we were unable to obtain any blood pressure measurements when nimodipine was 

administered (Supplementary Figure 1B). This could be attributed to a considerable decrease 

in blood pressure that could hinder the accurate measurements with the non-invasive blood 

pressure CODA system. Since this system relies on the volume of the tail, a substantial 

change in blood pressure could potentially affect the readings. It should be noted that in all 

sessions involving nimodipine, the readings consistently indicated "low tail-volume." Similar 

mishaps when measuring arterial blood pressure in mice with hypotension using the tail-cuff 

system were discussed by Zhao et al. They also mention that vasoactive substances could 

lead to vasoconstriction of the tail artery affecting the accuracy of the measurements215. The 

above could be a possible explanation of why we were unable to obtain blood pressure 

readings when nimodipine was applied.  

Due to the inability to obtain blood pressure measurements, we opted to perform acute in-

vivo experiments as an alternative approach. In these experiments, rather than administering 

nimodipine systemically, we applied it topically to investigate whether the observed effects 

on blood vessels were due to a local effect from brain pericytes, rather than a reduction in 

mean blood pressure (Supplementary Figure 1C, Section 3.6 Materials and methods).  In the 
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acute experiments, we also measured blood pressure in two groups: one group receiving 

topical application of the vehicle (sham group) and another group receiving topical 

application of nimodipine. The absence of any significant difference in mean blood pressure 

between these two groups (Supplementary Figure 1D) further suggests that when nimodipine 

is systemically applied it reduces in the mean blood pressure. 

In the evaluation of the effect of nimodipine topically applied in brain pericyte calcium 

signaling and the blood vessels hemodynamics covered by them, we found that topically 

applied nimodipine also influenced the calcium signaling of EP and CP, exhibiting a similar 

decrease as observed in the repeated in-vivo experiments when nimodipine was systemically 

applied. This indicates that nimodipine has a direct effect blocking the L-type VGCC of brain 

pericytes regardless of the administration route (Supplementary Figure 2A, 2B, 3A & 3B). 

However, we encountered inconsistencies in the hemodynamic measurements. The sham 

hemodynamic results displayed altered values due to difficulties arising from bone growth 

underneath the cranial window. This made the subsequent removal of the window more 

challenging on certain occasions, leading to vessel damage. We speculated that the increased 

diameter and reduced vasomotion observed in the sham samples were caused by vessel 

damage compared to the nimodipine group (Supplementary Figure 2C-E). However, despite 

the vessel damage, we observed a decrease in CBF velocity with the topical application of 

nimodipine compared to the sham group (Supplementary Figure 2F). This suggests that, in 

addition to vessel damage, CBF velocity is still affected when nimodipine is applied 

topically. The above could be attributed to the combined effects of decreased calcium levels 

and dilation, which, (although not directly comparable in terms of vessel diameter between 

sham and nimodipine groups due to the aforementioned vessel damage) were still evident in 

the dynamics of CBF.  Further acute experiments with nimodipine vs. sham are required in 

order to draw a conclusion about hemodynamics. 

With regards to brain capillaries, we did not observe any differences in their hemodynamics 

(Supplementary Figure 3C-E). This lack of significant findings could potentially be attributed 

to the reduction in velocity and flux observed in brain capillaries when nimodipine was 
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administered systemically, which may be a consequence of the overall decrease in systemic 

blood pressure. 

 Furthermore, it is worth noting that in only these two measurements of our repeated 

pharmacology study (brain capillaries velocity and flux), we identified a difference between 

the baseline and the vehicle (PEG400) (Supplementary Figure 3F and 3G, table 3.1 and 3.2 

Results section). Several studies have utilized polyethylene glycols (PEGs) to explore their 

interactions with endothelial cells and SMC and how they can impact in their normal 

functioning216–220. It has been reported that PEGs with high molecular weights (1.5-3.5 kDa) 

can interact with surface proteins and organelles, leading to beneficial effects such as plasma 

membrane repair221–223. The effects of PEGs can vary significantly due to their amphiphilic 

nature and the diverse range of interactions they can induce depending on their molecule size. 

However, low molecular weight PEGs, such as PEG400, have been considered inert and have 

been commonly employed as drug carriers without any reported alterations224. In our study, 

the difference in brain capillaries CBF velocity and flux when comparing PEG400 

systemically applied to the baseline could be attributed to PEG400 being evaluated as a 

vehicle for the first time in thin brain capillaries. It is possible that PEG400 systemically 

applied binds to plasma proteins in the blood, which may have more pronounced effects in 

the brain capillaries due to their small diameter, causing a decrease in CBF flow. However, 

further research is required to elucidate the precise mechanisms underlying this observation. 

The above interaction could be the reason why we did not find a significant difference in 

CBF velocity and flux between sham and nimodipine groups in the acute experiments.  

Another limitation of our study is the utilization of the anesthetics ketamine/xylazine during 

in-vivo two-photon imaging. Several studies have shown the effect of general anesthesia 

using ketamine/xylazine on calcium transients in glial cells, and sensory response in murine 

models132,225–229. Thrane et al. reported that under the effect of ketamine/xylazine calcium 

signaling in neocortical astrocytes was markedly suppressed, as well as their calcium 

responses evoked by whisker stimulation227. Zandieh et al. studied sensory and motor evoked 

potentials under the effect of ketamine/xylazine anesthesia, reporting that the somatosensory 

evoked signals have a dependency on the level of anesthesia228. Taking the above literature 
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in consideration and due to cells in neurovascular unit have a cross-talked communication48, 

one cannot discard the possibility that the effect of ketamine/xylazine anesthetics in glial 

cells calcium signaling likewise affect calcium signaling in mural cells, as well as their 

calcium responses evoked by whisker stimulation. In addition, a study conducted by Glück 

et al. compared the reduction effect in calcium signals on distinct type of pericytes under 

isoflurane, finding that, although calcium signaling was decreased, pericytes still maintained 

the same calcium dynamics among their different types, as seen in awake conditions132, 

nevertheless, no study making comparison in pericyte calcium signaling between 

anesthetized and awake animals using ketamine/xylazine has been performed. 

5.8 Conclusions and significance. 

In this research project, we demonstrated distinct calcium signaling dynamics between 

ensheathing pericytes (EP) and capillary pericytes (CP), which align with their roles in 

vasomotion and maintaining the myogenic tone of blood vessels. Our study revealed that 

EP's L-type voltage-gated calcium channels (VGCC) play a primary role in the 

contraction/dilation process of arteriole transition zone blood vessels. Additionally, we found 

that TRPC3 channels can contribute to calcium influx in EP, exerting a more localized effect 

that influences the hemodynamic properties of the covered blood vessels. Conversely, CP 

also possesses L-type VGCC and TRPC3 channels; however, their functionality differs from 

EP. Specifically, we observed that TRPC3 channels in CP are the major contributors to 

calcium influx, impacting the myogenic tone of brain capillaries. Furthermore, we 

demonstrated the significant participation of L-type VGCC in both pericyte types during 

neurovascular coupling, influencing their ability to dilate during functional hyperemia. These 

findings partially agree with this project’s hypothesis, since we showed that L-type VGCC 

and TRPC3 channels regulate calcium signaling in both types of pericytes, following 

different pathways that work synergically to maintain cerebral autoregulation. Notably, we 

provided the first evidence of brain capillaries' dilation capacity, which is associated with the 

functioning of L-type VGCC during neurovascular coupling. Our findings establish a clear 

distinction between brain pericyte types and their respective functions, paving the way for 
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novel strategies to selectively target their calcium dynamics in controlling cerebral blood 

flow (CBF). 

 

Chapter VI. Supplementary material. 

 

Supplementary Figure 1. Blood pressure and acute experiments. A) Cartoon exemplifying the experimental 

set up of CODA monitor non-invasive blood pressure system. B) Mean blood pressure measured in repeated 

pharmacology experiments of mice in baseline conditions and under the effect of nimodipine and pyr3 applied 

via i.p. No values of blood pressure were detected with CODA system when nimodipine was applied. N=11. 

C) Acute pharmacology experiments drug application scheme. D) Mean blood pressure of mice in sham and 

nimodipine acute pharmacology experiments. NSh=6; N-nim=9. N= #animals used in repeated pharmacology 

experiments; NSh= # of animals used in sham acute experiments; N-nim= # of animals used in nimodipine 

acute experiments. P-value<0.05=*; P-value<0.01=**; P-value<0.001=***. For specific p-values and mean ± 

SD information please refer to table 7 (Section 6.1, P-Values and mean ± SD Results). Independent samples t-

test was used for comparisons. 
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Supplementary Figure 2. EP calcium signaling and blood vessels from the arteriole transition zone 

hemodynamic results from acute in-vivo pharmacology experiments All the panels make a comparison 

between sham and the calcium channel blocker Nimodipine. Calcium signaling properties (amplitude and 

frequency) of ensheathing pericyte morphology structures A) soma and B) process. NSh=3; nSh=28; N-nim=4; 

n-nim=34. C) Diameter D) vasomotor index and E) Peak frequency F) velocity and G) flux of blood vessels 

from the transition zone covered by ensheathing pericytes. NSh=3; nShV=22; N-nim=4; n-nimV=38 NSh= # 

of animals used in sham acute experiments, nSh= # of pericytes in sham acute experiments; N-nim= # of animals 

used in nimodipine acute experiments, n-nim= # of pericytes in nimodipine acute experiments. nShV= # blood 

vessels in sham acute experiments; n-nimV= # blood vessels in nimodipine acute experiments. P-value<0.05=*; 

P-value<0.01=**; P-value<0.001=***. For specific p-values and mean ± SD information please refer to tables 

8 and tables 9 (Section 6.1, P-Values and mean ± SD Results). Independent samples t-test and Mann-Whitney 

U test were used for comparisons. 
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Supplementary Figure 3. CP calcium signaling and brain capillaries hemodynamic results from acute in 

vivo pharmacology experiments Panels A,B,C,D and E make a comparison between sham and the calcium 

channel blocker Nimodipine. Calcium signaling properties (amplitude and frequency) of capillary pericyte 

morphology structures A) soma and B) process. NSh=3; nSh=21; N-nim=3; n-nim=26. C) Diameter D) velocity 

and E) flux of brain capillaries covered by capillary pericytes. NSh=3; nShV=48; N-nim=4; n-nimV=34. NSh= 

# of animals used in sham acute experiments, nSh= # of pericytes in sham acute experiments; N-nim= # of 

animals used in nimodipine acute experiments, n-nim= # of pericytes in nimodipine acute experiments. nShV= 

# blood vessels in sham acute experiments; n-nimV= = # blood vessels in nimodipine acute experiments. P-

value<0.05=*; P-value<0.01=**; P-value<0.001=***. For specific p-values and mean ± SD information please 

refer to tables 8 and tables 10 (Section 6.1, P-Values and mean ± SD Results). Independent samples t-test and 

Mann-Whitney U test were used for comparisons. F) Box plots of velocity (F) and flux (G) in baseline 

conditions and under the effect of the calcium channel blockers nimodipine, pyr3 and their vehicle PEG400 

applied separately via i.p. . N=7; n= 109. . N= # of animals, b(n)= # of blood vessels, P-value<0.05=*; P-



- 88 - 

 

value<0.01=**; P-value<0.001=***. For specific p-values and mean ± SD information please refer to table 3.1 

and table 3.2 (Section 6.1, P-Values and mean ± SD Results). Linear mixed models for repeated measurements 

and pairwise comparisons with Holm-sequential Bonferroni correction were used in the statistical tests. 

6.1 P-values and mean ± SD Results. 

Table 7. Supplementary material. P-values and mean ± SD of the mean blood pressure in 

repeated and acute pharmacology experiments. 

 P-Value P-Value Mean ±SD 

Repeated 

pharmacology 

experiments 

Baseline-

nimodipine 

Baseline-

pyr3 

Baseline Nimodipine Pyr3 

 NO VALUES 

DETECTED 

ns 0.751 106.932±25.028 NA 101.642±24.927 

 P-Value Mean ±SD 

Acute 

pharmacology 

experiments 

Sham-

Nimodipine 

Sham Nimodipine 

 ns0.103 78.84±12.595 97.619±23.938 

 

Table 8.1. Supplementary material. P-values. Brain pericyte calcium signaling analysis. 

 Amplitude Frequency 

 Sham-nimodipine Sham-

nimodipine 

Acta2-RCaMP1.07   

Soma 0.00262** 0.000367 *** 

Process   0.0002 *** 2.831e-05 *** 

   

PDGFRβ-

CreERT2:GCaMP6sfl/fl 

  

Soma 0.01181* 0.00166 ** 

Process          0.00158** 0.00939 ** 

 

Table 8.2. Supplementary material. Mean ± SD. Brain pericyte calcium signaling analysis. 

 Amplitude (dF/F) Frequency (signals/min) 

 Sham Nimodipine Sham Nimodipine 

Acta2-RCaMP1.07     

Soma 0.390±0.215 0.195±0.283 2.8±2.210 0.444±0.881 

Process 0.471±0.209 0.190±0.193 5.687±5.582 0.6±0.699 
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PDGFRβ-

CreERT2:GCaMP6sfl/fl 

    

Soma 0.936±0.659 0.472±0.439 5±2.380 2.666±2.566 

Process 0.573±0.242 0.296±0.226 12.444±8.276 5.954±5.802 

 

Table 9.1. Supplementary material. P-values. Blood vessels of the transition zone covered 

by EP hemodynamic analysis. 

 Diameter Vasomotor Index Peak Frequency 

Acta2-RCaMP1.07 Sham-nimodipine Sham-nimodipine Sham-nimodipine 

All blood vessels 0.00212 ** 0.00102 ** 6.887e-05 *** 

 Velocity Flux 

 Sham-nimodipine Sham-nimodipine 

All blood vessels 1.639e-06*** ns 0.497 

 

Table 9.2. Supplementary material. Mean ± SD. Blood vessels of the transition zone 

covered by EP hemodynamic analysis. 

 Diameter (μm) Vasomotor Index (ΔD/D)  Peak frequency 

Acta2-

RCaMP1.0

7 

Sham Nimodipin

e 

Sham Nimodipine Sham Nimodipine 

All blood 

vessels 

7.794±2.08

1 

6.017±2.18

7 

0.0915±0.058 0.145±0.078 6.057±3.52

8 

13.341±7.19

2 

 Velocity (mm/sec) Flux (cells/sec) 

 Sham Nimodipin

e 

Sham Nimodipine 

All blood 

vessels 

4.903±2.06

6 

2.572±1.21

9 

35.278±10.31

4 

33.886±12.05

4 

 

Table 10.1. Supplementary material. P-values. Blood vessels of the capillary zone covered 

by CP hemodynamic analysis. 

 

 

 Diameter Velocity Flux 

PDGFRβ-

CreERT2:GCaMP6sfl/fl 

Sham-

nimodipine 

Sham-

nimodipine 

Sham-

nimodipine 

All blood vessels ns 0.4091 ns 0.4617 ns 0.8023 
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Table 10.2. Supplementary material.  Mean ± SD. Blood vessels of the capillary zone 

covered by CP hemodynamic analysis. 

 Diameter (μm) Velocity (mm/sec) Flux cells/sec) 

PDGFRβ-

CreERT2:G

CaMP6sfl/fl 

Sham Nimodipine Sham Nimodipine Sham Nimodipine 

All blood 

vessels 

3.431±0.740 3.579±0.833 0.694±0.421 0.773±0.455 26.126±15.190 26.751±15.640 

 

ns = no significant difference 

P-value<0.05=*; P-value<0.01=**; P-value<0.001=***.  

A letter “c” besides the numerical value indicates that the p-value is close to a significant 

difference.  

NA= No Applicable  
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