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Abstract 

The research presented in this thesis studied the role of the blood-brain barrier in the development and 

progression of neuropathology. The blood-brain barrier is the specialized lining of the brain’s capillaries. The high 

selectivity of this lining is thought to have evolved to protect the brain by: a) barring the influx of neurotoxic 

molecules from the bloodstream to the brain; b) maintaining the precise ionic balance necessary for proper 

neuronal function; c) regulating the efflux of waste-products/pathogens from the brain; and d) allowing selective 

influx of nutrients/hormones/immune-factors into the brain. The barrier is formed by six primary elements, 

collectively referred to as the ‘neurovascular unit’: 1) specialized and highly selective endothelial cells, 

interconnected by dense/complex tight junctions; 2) a basement membrane enwrapping the endothelial layer; 3) 

pericytes, anchored in the basement membrane; 4) a layer of astrocytic end-feet; 5) neighboring microglial cells; 

and 6) neurons. These elements are key to proper development and maintenance of the specialized phenotype of 

cerebral capillaries, and can affect the selectivity of the endothelium by altering the expression/function of 

endothelial influx/efflux transporters, enzymes and/or tight-junctions. 

Altered blood-brain barrier (BBB) selectivity has been linked to numerous brain disorders, including brain insults 

(e.g., ischemic/hemorrhagic stroke, traumatic brain injury and seizures) and neuro-inflammatory diseases (e.g., 

multiple sclerosis, dementia, amyotrophic lateral sclerosis, and Parkinson’s disease). A consensus in the field of 

BBB research states that BBB dysfunction triggers neuro-inflammatory signaling (TGFβ, IL6, TNFα, IL1β) that 

can lead to reorganization/dysfunction of neuronal networks and mediate the development of neurological 

symptoms. However, many gaps remain in the current understanding of mechanisms that cause altered BBB 

selectivity, and the contribution of these selectivity changes to the development/progression of specific disorders. 

This thesis studied one facet of altered BBB selectivity – increased blood-to-brain influx, termed BBB leakage for 

simplicity. The first part of this thesis consists of a study in experimental animals, in which we explored 

mechanisms resulting in BBB leakage and the pathogenic processes that mediate subsequent brain tissue damage. 

The second part of this thesis consists of two clinical studies, examining the relevance of BBB leakage to 

neuropsychiatric symptoms in patients with bipolar disorder and patients with lupus.       

Our animal study demonstrated that pericytes are likely mediators of BBB leakage and loss of vascular 

responsiveness to neuronal energy demands (impaired neurovascular coupling). Our clinical studies revealed 

neuroimaging evidence of extensive BBB leakage in ~25% of patients in each cohort, and a link between extensive 

leakage and severity of neuropsychiatric symptoms. Moreover, our analysis suggests that the slow/subtle nature of 

the observed leakage represents an increase in trans-endothelial rather para-endothelial influx. We propose that the 

chronic systemic inflammation associated with both disorders is a likely cause of altered trans-endothelial leakage 

that may, in-turn, underlie neuro-functional changes that impact neuropsychiatric outcomes.  

These insights lay the foundation for the development of novel biomarkers and therapeutics that target 

mechanisms of BBB pathology. Moreover, the diagnostic software I developed for MRI-based quantification of 

BBB leakage has high translatability potential, and may enable routine assessment of BBB leakage in clinical 

settings. The ability to reliably identify patients with BBB leakage may serve as a stepping-stone towards diagnosis-

coupled treatment strategies. 
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Chapter 1 – Introduction 

Chapter Overview 

The blood-brain barrier (BBB) is the specialized lining of the brain’s blood vessels. A growing body 

of evidence suggests that altered influx/efflux across the BBB can impact neuronal activity. The goal 

of this thesis was to: 

I.   Explore mechanisms that drive increased blood-to-brain influx/leakage. 

II.  Examine whether subtle blood-to-brain leakage bears implications on mental health (e.g., 

depression and cognition). 

In this chapter, I will review key discoveries in BBB research and milestones in diagnostic BBB 

imaging, while framing my own work in the context of the current knowns and unknowns in the 

field. 

 

1.1. The blood-brain barrier 
The delivery of oxygen and glucose to brain tissue occurs primarily at the brain’s capillaries. The 

brain’s dense capillary network ensures that neurons are always in close proximity to a capillary, as 

exemplified by a recent study determining that cortical neurons are on average 17.8µm away from a 

feeding capillary.1 To protect the brain from substances that can impair neuronal function, the 

brain’s capillaries form a selective barrier between the blood and the brain – the blood-brain barrier 

(BBB).  

1.1.1.  The neurovascular unit 

The BBB is comprised of six main elements (Figure 1) – collectively referred to as the 

‘neurovascular unit’:2 

1. A layer of endothelial cells that: 

a. Are tightly-sealed by dense and continuous tight-junction proteins.  

b. Have scarce domains for non-selective trans-endothelial transport.  

2. A basement membrane surrounding the endothelial layer.  

3. Pericytes that are anchored in the basement membrane, engulfing the endothelium.  
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4. An ensheathing layer of astrocytic end-feet.  

5. Adjacent microglial cells.  

6. Neighboring neurons. 

These six elements represent a single building block of the BBB, with the term ‘neurovascular unit’ 

(NVU) emphasizing the intricate and complex relationship between neurons and their vasculature.2 

In the following section, I discuss the ‘barrier roles’ of these six elements in the order of their 

scientific discovery. The specific roles of each NVU element in the adult BBB are summarized in 

table 2. 

Figure 1 – The neurovascular unit 
 

 
 
 
Figure 1. The neurovascular unit. The 
term ‘neurovascular unit’ represents a 
single building block of the blood-brain 
barrier, and is comprised of six main 
elements: 1) endothelial cells, with dense 
and continuous tight junctions; 2) 
basement membrane enwrapping the 
endothelial layer; 3) pericytes, anchored 
in the basement membrane; 4) a layer of 
astrocytic end-feet; 5) neighboring 
microglial cells; and 6) neurons. These six 
elements form the complex structural 
and functional barrier between the blood 
and the brain’s environment.    

 

 

1.1.2.  Discovery 

Several scientific breakthroughs have contributed to our current understanding of the unique 

properties of the brain’s capillaries. Here I review key BBB discoveries from a historic perspective 

and a focus on the barrier roles of the six NVU elements.  

1.1.2.1.  First observations of the separation between the blood and the brain 

The 1880s saw the emergence of tissue dyes that can stain living cells without killing them (i.e., vital 

stains). In 1885 the German scientist Paul Ehrlich was developing intravital dyes that change their 

color based on oxygen consumption. The dyes were injected into a living animal and were expected 
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to circulate throughout the body and stain all organs. To his surprise, cationic dyes (which bind 

serum albumin) stained all peripheral organs, but not brain tissue or the spinal cord. Ehrlich 

concluded that the brain has low affinity to the dye, and dismissed the idea that the brain’s 

vasculature might selectively exclude it. Ehrlich went on to win a Nobel prize in 1908 for unrelated 

discoveries in the field of immunology.  

Five years after Ehrlich’s dye experiments, Max Lewandowsky observed that injection of 

neurotoxins into the dogs’ ventricles produced seizures, while peripheral injections (even in larger 

doses) did not. Lewandowsky coined the term ‘blood-brain barrier’, and he is credited with being the 

first to hypothesize that it is the brain’s capillaries that restrict certain substances from entering the 

brain.  

In 1913, Ehrlich’s student Edwin Goldman confirmed Lewandowsky’s hypothesis and disproved 

Ehrlich’s. Having injected the same dye directly into the cerebrospinal fluid (CSF) of rabbits and 

dogs, Goldman found that the same dyes do stain the brain and spinal cord but not peripheral 

organs – confirming a separation between peripheral circulation and the central nervous system 

(CNS).  

1.1.2.2.  The role of cerebral endothelium 

The morphology of the BBB remained unknown until the advent of electron microscopy (EM). In 

1966 Harvard’s Morris J. Karnovsky introduced an improved technique for EM imaging with the 

horseradish peroxidase tracer (HRP, a small enzyme the reaction of which yields a specific color 

change).3 A year later Karnovsky joined forces with neurobiologist Tom Reese to use the new 

method for visualizing mouse neuroanatomy. HRP was injected intravenously, and the small tracer 

(40KDal) was expected to reach brain tissue. It did not. Upon further investigation, the duo realized 

the tracer reached the lumen of cerebral capillaries, but failed to cross cerebral endothelium.4 They 

also found dense tight junctions between adjacent endothelial cell, and relatively low pinocytotic 

activity (vesicles that transport non-specific substances across endothelial cells). They concluded that 

the tight junctions prevent para-cellular passage of HRP, while the scarce pinocytotic vesicles 

prevented trans-cellular HRP transport. The primary physical barrier between the blood and the 

brain was identified as the cerebral endothelium. 
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1.1.2.3.  The role of astrocytes 

The contribution of astrocytes (whose end-feet enwrap 97% of the endothelium)5 to the barrier 

properties of cerebral vasculature became apparent in 1987. The Raff lab demonstrated that isolated 

astrocytes transform non-CNS endothelium into non-leaky CNS-like vessels in vivo.6 In parallel in 

vitro experiments conducted by the Brightman group, endothelial cells cultured without astrocytes 

were shown to remain leaky, while those co-cultured with astrocyte developed sealing tight 

junctions.7 These findings also demonstrated the flexible phenotype of endothelial cells, and their 

ability to gain specialized morphology in cerebral vessels. Later studies also elucidated the role of 

astrocyte signaling in: (a) maintaining endothelial cells; (b) regulating the expression of selective 

endothelial transport proteins; and (c) facilitating the expansion/constriction of capillaries.8,9 

1.1.2.4.  The role of the basement membrane  

The 1990s saw a growth in the understanding of the basement membrane in the context of the BBB. 

The cerebral basement membrane was suggested to have several barrier roles: (a) serve as a filter for 

molecules based on charge and molecular size; (b) provide structural support and anchoring to 

endothelial cells, pericytes, and astrocytes; (c) mediate signaling between the anchored cells; (d) allow 

dynamic construction/degradation of connections to allow cell growth and migration.10 

Interestingly, the proteins of the basement membrane were shown to be synthesized and deposited 

primarily by endothelial cells, pericytes and astrocytes.10,11 

1.1.2.5.  The role of microglia 

The early 2000s elucidated the role of microglia in regulating barrier leakiness – a role that manifests 

primarily in response to injury, infection, or systemic disease. Several animal studies showed that 

microglia (and astrocytes) secrete matrix metalloproteinases (MMPs)12,13 – enzymes that break-down 

tight junction proteins – presumably to allow mass migration of systemic immune cells 

(leukocytes) into the brain.14 In some cases, microglia may become phagocytic and engulf endothelial 

cells or other neurovascular components.14,15 

1.1.2.6.  The role of neurons 

In 2008, Liebner et al, demonstrated the role of neural tissue in BBB formation.  The study 

identified a neuronal signaling pathway required for proper BBB development and function – the 
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Wnt axis.16 Neurons also have important roles in the mature BBB. The activity of neurons regulates 

the diameter of the capillary, in a process that matches blood-supply to energy-consumption. This 

process is termed ‘neurovascular coupling’, and was first observed in 1890 by Roy and Sherrington.17 

Discoveries in the late 90s and early 2000s identified the signaling pathways involved in neuronal 

regulation of capillary diameter, and demonstrated the central role of pericytes in 

dilating/constricting the capillary.18 Changes in neuronal activity have been suggested to mediate 

circadian differences in the rate of brain-to-blood efflux;19 and glutamate – the main product of 

neuronal activation – has also been shown to increase cross-BBB influx.20–22 Together, the available 

evidence suggests that neuronal activity regulates both the diameter and the selectivity of 

neighbouring capillaries, however attempts to better understand this phenomenon are ongoing. 

1.1.2.7.  The role of pericytes  

The role of pericytes in barrier integrity was discovered in 2010. Two separate studies by Armulik et 

al., and Daneman at al., used knock-out mice to show that the absence of pericytes affects the 

development of endothelial cells. Both studies demonstrated that pericyte-deficient mice develop 

cerebral endothelium with widespread transcellular transport domains and less coverage by 

astrocytic end-feet.23,24 While both studies also reported slight abnormalities in tight junction 

structure, the leakiness of the endothelium was attributed primarily to increased trans-cellular influx. 

Pericytes were concluded to play a critical role in inhibiting the expression of proteins mediating 

trans-endothelial transport.   
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Figure 2 – BBB discovery milestones 

 

 
Figure 2. BBB discovery milestones. This figure presents key BBB discoveries, along with the number of annual 
BBB publications from 1880 to 2020  (based on a PubMed search with the terms “blood-brain barrier” or 
“blood brain barrier”). While 1885 is often regarded as the year the BBB was discovered, at the time the 
scientist conducting the experiment – Paul Ehrlich, did not interpret his observation in the context of a barrier. 
Ehrich observed that some dyes injected into animal circulation stain peripheral organs, but not the brain or 
spinal-cord, and concluded that the brain simply does not ‘pick up’ certain dyes. In 1990, Max Lewandowsky 
observed that some substances are toxic when injected into the brain’s ventricles, but not when injected into a 
vein. Lewandowsky suggested the existence of a barrier at the level of brain’s blood vessels and coined the 
term “blood-brain barrier.” In 1923, Edwin Goldman observed that dye injection into the cerebrospinal fluid of 
dogs and rabbits stains the brain/spinal-cord, but not peripheral organs. Goldman disproved the theory that 
the brain ‘does not pick-up dye.’ The next definitive evidence for Lewandowsky’s hypothesis came with the 
advent of electron microscopy. In 1967, Reese and Karnovsky identify the barrier properties of the cerebral 
endothelium, with its dense and continues tight junctions and scarce vesicular transport. In 1987, two 
independent groups led by Raff and Brightman showed that endothelial cells grown without astrocytes form 
leaky vessels, while endothelial cells grown with astrocytes develop tight-junctions and a non-leaky phenotype. 
The studies concluded that astrocytes drive the specialization of the brain’s endothelium. In 2010, two 
independent reports by Armulik and Daneman used pericyte-deficient mice to demonstrate that pericytes 
regulate expression levels of trans-endothelial transport and drive astrocytic end-feet to enwrap endothelial 
cells.  
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1.1.3.  Summary of BBB functions and barrier roles of the NVU 

Today, we have a clearer picture of the mysterious barrier Max Lewandowsky envisioned 120 years 

ago. Researchers have identified the selective nature of the BBB’s endothelium – allowing the 

passage of some molecules, while barring others.25,26 These insights led to several conclusions 

regarding the main restrictive/regulatory/permissive functions of the BBB: 

 

As reviewed in the previous section, researchers have also identified the elements comprising the 

building blocks of the BBB, and are beginning to understand the barrier roles of these elements. 

Astrocytes, pericytes, neuronal precursors, and the basement membrane  –  were all shown to be 

needed for proper embryonic development of the BBB’s selective endothelium.7,10,16,23,24 However, 

proper development of a selective endothelium does not mean the job of the NVU elements is 

complete. In fact, it is just the beginning of a lifelong interplay of maintaining and modulating 

endothelial selectivity.9,27 The specific roles of the basement membrane, astrocytes, pericytes, 

neurons, and microglia in the adult BBB are summarized in table 2.  

 

 

 

 

 

 

Table 1 – Main functions of the blood-brain barrier 

Bar Regulate Permit 

 Passage of molecules with 
neurotoxic potential 
 

 Passage of ions that can affect the 
precise ionic balance (homeostasis) 
necessary for proper neuronal 
function 

 Passage of nutrients, hormones, 
and growth factors essential for 
brain function  

 Clearance of neuronal waste 
products and expulsion of foreign 
agents  

 Communication with the systemic 
immune system 
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Table 2 – The elements of the neurovascular unit 

 

 

1.1.4.  The selective nature of the BBB 

In the previous section, I have reviewed the roles of the NVU elements in the development, 

regulation, and maintenance of the BBB and its specialized endothelium. Here, I provide a more 

detailed description of the specialized phenotype of the brain’s endothelial cells, allowing the 

selective passage of nutrients, electrolytes, proteins, immune factors and potential neurotoxins 

between systemic circulation and brain tissue.25,26 The key features that underlie this selectivity, and  

distinguish the phenotype of the brain’s endothelial cells from their peripheral counterparts, include: 

 

a) High expression of tight-junction proteins, that tightly seal the gaps between neighboring cells 

b) Low expression of vesicular trans-endothelial transport mechanisms 

c) Distinct expression of specific trans-endothelial transporters 

d) High expression of enzymes 

e) Thickness that is ~ 40% lower than of peripheral endothelium,35 presumably to facilitate faster trans-

endothelial transport 

 

−  

 
  

 
   

Element: Endothelial cells Basement 
membrane Pericytes Astrocytes Microglia Neurons 

Features: 

Tightly inter-connected by 
tight junction proteins.25 
 
Have scarce domains for 
non-specific transcellular 
transport.25 
 
Have efflux pumps and 
enzymes that eject and 
break-down potentially 
neurotoxic substances, 
respectively.25 

A highly organized 
protein sheet, of 50-
100 nm thickness.28 
 
Consists of 4 main 
protein types, 
predominantly 
synthesized by the 
BBB’s endothelial cells, 
pericytes and 
astrocytes.28 

Claw-shaped cells 
embedded in the basement 
membrane.25 
 
Represent <2% of total 
brain cell population.29 
 
Cover 30% of vessel 
circumference and 99% of 
vessels length.5 
 
Attach to endothelial cells 
via gap junctions and peg 
and socket junctions.30 

Star-shaped cells, whose 
end-feet enwrap 97% of 
the basement membrane.5 
 
 
Represent 20%-40% of 
total brain cell 
population.31   

The immune with 
constantly moving 
branches.25 
 
Represent ~12-16% of 
total brain cell 
population.32 
  

Represent ~15% of 
total brain cell 
population.33 

Role in 
adult BBB: 

Produce the proteins that 
form tight junctions.25 
 
Allow selective 
inward/outward 
transportation of nutrients 
and drugs.25 
 
Regulate expression of 
channels for water and ion 
exchange on astrocytes.34 

Filters molecules based 
on size and charge.28 
 
Provides anchoring for 
NVU cells.28 
 
Facilitates signal 
transduction between 
NVU cells .28 
 
Facilitate migration of 
systemic immune 
factors during CNS 
injury.28 

Provide structural support 
and stimulate expression of 
tight junctions.33 
 
Provide contractility in 
response to neuronal 
activity (neurovascular 
coupling).33 
 
Facilitate tight junction 
opening to systemic immu 
 
ne cells.33 

Modulate expression of 
endothelial carriers (glut1 
and Pgp) and enzymes..34 
 
Facilitate neurovascular 
coupling (via 
elongation/contraction of 
pericytes).33 
 
Facilitate immune 
responses.34 
 
Regulate neuronal 
environment and facilitate 
proper synaptic function.25  

Protect neurons and 
synapses.32 
 
Surveil the tissue for 
signs of injury and 
trigger an inflammatory 
pathways in response 
to CNS injury.25 

Regulate 
neurovascular 
coupling (via direct 
signaling and 
recruitment of 
astrocytes) to 
elongate/constrict 
pericytes.33 
 
Products of neuronal 
activation can 
increase BBB 
permeability.20 
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The expression of different transport mechanisms and enzymes at the brain’s endothelium, hence, 

plays a critical role in the selectivity of the BBB, and its integrity as a physical, metabolic, electrical, 

and immunological interface. In this section, I provide an illustration (Figure 3) and a brief 

description and of the selectivity mechanisms of the brain’s endothelium. 

1.1.4.1. Mechanisms of endothelial selectivity:  

1.1.4.1.1. Paracellular selectivity 
Paracellular flux refers to passive diffusion of molecules across the gaps between endothelial cells of 

the BBB. The diffusion is driven by a concentration gradient, with molecules moving from high- to 

low- concentrations.   

1.1.4.1.1.1. Tight junction proteins  
Under normal conditions, the gaps between adjacent endothelial cells at the BBB are sealed 

by tight junction proteins. The tight junctions of the BBB endothelium are far more dense, 

continuous, and complex than those in peripheral vasculature.36,37 The protein strands 

composing the BBB tight junctions include occludin, junctional adhesion molecules and 

members of the claudins family.38 

Tight junctions restrict paracellular diffusion of most molecules and microorganisms into the 

brain (including small ions, such as Na+ and Cl−), while allowing some flux of water, ions, 

and small (5–10nm in diameter) lipophilic molecules (e.g. sucrose) via size- and charge- 

selective pores formed by claudins.39 This restricted movement results in significantly 

different electrical charges on each side of the endothelium (the luminal and abluminal 

walls), and an endothelial electrical resistance that is >1000 times higher than that in 

peripheral vasculature.9 Altered expression of tight junctions has been associated with 

genetic disorders and severe BBB injury following sepsis, stroke, intracranial hemorrhage, 

brain tumors, and cerebral edema.40  

1.1.4.1.2. Transcellular selectivity 

In the present context, transcellular transport refers to the flux of substances through the brain’s 

endothelial cells. The term influx is used to reflect blood-to-brain transport (from the luminal to 

abluminal side of the cell), and efflux reflects transport to the bloodstream. Several mechanisms of 

transcellular transport have been identified at the brain’s endothelium: 
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Figure 3 – Endothelial Selectivity 
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1.1.4.1.2.1. Transcellular diffusion  
The brain endothelial cells allow limited passive diffusion across their membranes. Molecules 

that can diffuse freely include lipid-soluble gases (e.g., O2 and CO2), low molecular-weight 

alcohols (<500 Da, e.g., ethanol, butanol),41 and other psychoactive compounds such as 

caffeine, nicotine, cocaine, and heroin.42 This transport is driven by a concentration gradient 

and can be bi-directional. 

1.1.4.1.2.2. Vesicular influx  
A key feature distinguishing the brain’s endothelium from peripheral capillaries is its low 

expression of sites for vesicular transport.43 Termed transcytosis – vesicular transport allows 

the uptake and trafficking of large molecules from the bloodstream to the brain. 

Transcytosis involves endocytosis – the assembly of vesicles and encapsulation of cargo on the 

luminal side of the cell, and exocytosis – the release of encapsulated cargo at the abluminal 

side.42 While the rate of transcytosis in the brain’s endothelium is considered low,43 the 

mechanisms of vesicle assembly resemble those of peripheral capillaries and include: vesicles 

assembled by clathrin proteins, caveolin proteins and pinocytotic actin filaments. 

Clathrin 
Clathrin vesicles range between 70–150nm in diameter and are formed by the 

complexes of the clathrin protein.42  The clathrin proteins create an inward fold at 

the luminal cellular membrane that captures cargo and forms a clathrin-coated sac 

that can be trafficked through the cell’s cytoplasm. Clathrin transport can be: 

 Ligand-specific – large ligands such as proteins, hormones, growth factors, and 

enzymes can bind to specific membrane receptors that trigger ligand encapsulation 

in a clathrin coated sac.9 Ligands that can undergo receptor-mediated clathrin 

encapsulation include insulin, transferrin, low density lipoprotein (LDL) and 

amyloid beta (Aβ).44  

 Charge-specific – positively charged molecules can trigger clathrin-mediated 

encapsulation by adhering to the negatively charged membrane of the cell. This 

transport is termed adsorptive transcytosis, and is driven by the electrostatic interactions 

at the cellular membrane.44  Molecules that penetrate the brain via this route include 

positively charged proteins/peptide such as cationized albumin, antibody fragments 

and histones.44   
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 Non-specific –  some water-soluble molecules may also undergo uptake in clathrin 

vesicle, yet the extent and the content of non-specific clathrin transport in the 

healthy BBB remains unknown.42   

Caveolin 

Caveolin vesicles range between 50–100nm in diameter and are assembled by 

caveolin proteins, that create and coat flask-shaped cargo-containing capsules.42 

While receptor-mediated caveolin transport was shown to traffic albumin in 

peripheral endothelium, this receptor was found to be absent from the brain’s 

endothelial cells.44 Notably, a shift from ligand-specific clathrin transport to non-

specific caveolin transport has been suggested to contribute to increased cross-BBB 

leakage in aging,45 and to play a role in post TBI (traumatic brain injury) transcytosis 

of albumin.46 The exact cargo and expression of caveolar transcytosis in the healthy 

and diseased brain require further investigation. 

Pinocytosis 

Pinocytosis vesicles can range between 200-500nm in diameter and are formed by 

actin filaments that can engulf large amounts of extracellular fluid and water-soluble 

molecules.42 This is a highly-nonspecific form of transcytosis, and is often referred to 

as ‘cell drinking’ or ‘fluid-phase’ transcytosis.42 In the healthy brain, the expression of 

this transcytosis mechanisms at the brain’s endothelium is considered to be highly 

inhibited, however pathological changes in inhibition have been suggested to 

contribute to non-specific influx of macromolecules (including albumin) into the 

brain.42,46 

1.1.4.1.2.3. Carrier-mediated transporters 
While trans-endothelial transport of macromolecules requires vesicles, certain smaller molecules 

(<600 Da) can be trafficked by carrier proteins.25 Some carriers act as blood-to-brain influx 

transporters, while others expel molecules in brain-to-blood efflux.47  

Influx transporters 
The luminal side of the brain’s endothelial cells has several transporters that can bind 

small nutrients circulating the bloodstream and deliver them to the brain. These 

include the specific transporter for glucose (GLUT1), transporters for amino acids 

(LAT1), and transporters for nucleic acids.9,47  
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Efflux transporters 
Efflux transporters eject compounds into the bloodstream at the luminal side of the 

endothelial cells. Some carry their cargo from the brain (e.g., neuronal waste 

products captured on the abluminal endothelial membrane), while others capture 

cargo inside the cell’s cytosol (e.g., potentially neurotoxic compounds that diffused 

into the endothelial cell).47 These transporters require energy in the form of ATP, 

and are termed ATP-binding cassettes (ABCs).48  

One of the most expressed efflux transporters at the BBB is the P-Glycoprotein.48 P-

Glycoprotein plays a key role in the clearance of Aβ peptides from the brain, and 

restricts a large range of compounds (including anticancer drugs, antibiotics and 

opioids) from entering the brain.49 The expression of P-Glycoprotein transporters 

has been shown to increase in diseases such as ALS50 and epilepsy,51 and is 

hypothesized to underlie drug-resistance in affected patients.50,51 Conversely, reduced 

P-Glycoprotein expression/function has been linked to ageing,52 and was suggested 

to play a role in failed clearance of Aβ peptides in Alzheimer’s disease.49,53  

1.1.4.1.3.  Endothelial enzymes  
The brain’s endothelium also has a unique expression profile of enzymes, acting as an additional 

defense system that degrades potential neurotoxins before they can enter the brain.48 Some enzymes 

metabolize neurotransmitters circulating in the bloodstream (e.g., adrenaline, noradrenaline, 

dopamine, and GABA) to prevent them from affecting brain function; others metabolize drugs and 

toxins. Endothelial enzymes are suggested to contribute to the inability of various therapeutics to 

reach the brain.54  

1.1.4.1.4. Immuno-privilege 
While the brain is largely considered to be separated form the systemic immune system, emerging 

data suggests that peripheral immune cells – specifically lymphocytes T and B –  routinely enter the 

brain to provide additional surveillance for pathogens and repair of injured tissue.55–57  Lymphocyte 

are suggested to have both para-cellular and trans-cellular routs of crossing the endothelium. Para-

cellular passage is thought to involve tight-junction remodeling, while trans-cellular passage is 

believed to be mediated by interaction between PECAM proteins (Platelet endothelial cell adhesion 

molecule) present on the surfaces of both lymphocyte- and endothelial- cells.55,58 To help quell 

infection upon pathogen-detection lymphocytes trigger: a) endothelial signaling encouraging further 
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lymphocyte migration towards the BBB, and b) increase in the expression of endothelial proteins for 

trans-endothelial lymphocyte trafficking.55,57 Importantly, overstimulation of this response has been 

shown to underlie severe neuro-inflammation, edema and tissue damage.55,57 

1.1.5.  BBB dysfunction  

In the previous section I have reviewed the mechanisms underlying the para-cellular and trans-

cellular selectivity of the BBB’s endothelium. Notably, both para-cellular and trans-cellular pathways 

have been implicated in BBB dysfunction. These findings challenge the classic interpretation of BBB 

dysfunction, that was often referred to as ‘BBB-breakdown’ and assumed to involve free para-

cellular diffusion across broken-down tight-junctions.59–61 In a 2013 collaboration with Dr. Jens 

Dreier, our lab has shown that increased influx across the dysfunctional BBB can take place despite 

fully intact tight junctions.62 Numerous studies have since demonstrated that the expression of 

transcellular influx and efflux mechanisms is indeed not static, and can be altered in Alzheimer’s 

disease,49,53 epilepsy,51 traumatic brain injury,41,46 ageing,45,52 and even between night and day.19,63 

Together, these findings suggest that acquired ‘breakdown’ of para-cellular selectivity may represent 

severe BBB pathology in the core and/or surrounding-tissue of lesions such as tumors and 

stroke,41,59–61 while maladaptive modulation of trans-cellular influx/efflux may play a role in 

earlier/milder disease stages. However, this hypothesis requires further investigation, as the 

characteristics and temporal features of altered trans- and para- cellular selectivity remain far from 

clear, along with their exact contribution to BBB-mediated pathogenesis.  

There is little doubt in the literature that BBB dysfunction contributes to the development and 

progression of neuropathologies,64 yet many gaps in our understanding of BBB dysfunction persist. 

To position my work in a broader context, in the next section I lay out my perspective on the main 

open questions in the field. The specific questions that were the focus of this thesis are delineated in 

section 1.1.6.  

1.1.5.1.  Open questions in the field of BBB dysfunction 

1.1.5.1.1. What is BBB dysfunction? 
a) How does endothelial selectivity (Figure 3) change? 

· Which para-cellular/trans-cellular mechanisms are involved and when? 
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· Are there different phases of altered selectivity and what drives their 

progression? 

· Which substances leak and which fail to be cleared/metabolized? 

· Can endothelial selectivity be therapeutically restored? 

b) What transformations take place in non-endothelial NVU elements? 

· Which NVU elements undergo transformation, and in what order? 

· What mechanisms drive NVU transformation? 

· How does NVU transformation alters endothelial selectivity? 

· Can NVU transformations be blocked? 

1.1.5.1.2. What causes BBB dysfunction? 
a) What brain insults/pathologies result in BBB dysfunction, and how? 

b) What systemic diseases result in BBB dysfunction, and how? 

c) Can mechanisms resulting in BBB dysfunction be blocked? 

1.1.5.1.3. How does BBB dysfunction mediate changes in brain function?  
a) What mechanisms underlie changes in function/structure of neuronal networks? In 

what order/time-frame? 

b) Do specific mechanisms underlie specific change patterns in network 

function/structure? 

c) Can changes in network function/structure be prevented? 

1.1.5.1.4. Is BBB dysfunction always bad, or should it be simply referred to as ‘altered BBB 
function’? 

a) Does altered BBB selectivity have protective/beneficial effects? 

b) What are the benefits and drawbacks of reversing altered BBB selectivity? 

1.1.5.1.5. Can BBB dysfunction be diagnosed in living patients and what are the clinical features of 
BBB dysfunction? 

a) What methods can reliably diagnose BBB dysfunction in living patients, and what 

type of dysfunction do they reveal? 

b) What fluctuations in influx/efflux correspond to normal vs pathological BBB 

phenotype in different brain regions/networks/hemispheres?  

c) What kind of clinical symptoms are associated with BBB dysfunction? 
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d) Does the presence of BBB dysfunction exacerbate existing clinical symptoms? 

e) Do specific symptoms (or their severity) correspond to differences in affected 

endothelial selectivity mechanism, the involved NVU elements, the duration and 

extent of BBB dysfunction, the affected brain regions/networks? 

1.1.5.1.6. Can BBB diagnosis be coupled with targeted treatment? 
a) Can mechanisms associated with BBB dysfunction be targeted for the management 

or prevention of neuropathologies?   

1.1.6. A focus on cross-BBB influx/leakage  

My thesis focused on studying altered influx from the bloodstream to the brain, termed ‘BBB 

leakage’ for simplicity. Specifically, I examined: 

I. Mechanisms that cause BBB leakage (question 1.1.5.1.2) and pathological processes triggered 

by BBB leakage (question 1.1.5.1.3). 

In an animal study published in 2019 (chapter 3), I examined the role of pericytes and 

neurons in BBB leakage, and the potential role of impaired coupling between them in BBB-

mediated tissue damage.65  

Rationale: Pericytes and neurons have been shown to play important roles in BBB 

development, maintenance, and regulation; however, their role in mediating BBB leakage 

remains poorly understood. Moreover, pericytes regulate the supply of blood flow to 

neighboring neurons to meet neuronal energy demands (neurovascular coupling). Hence, 

impairment in pericyte-neuron coupling may potentially result in hypoxic conditions in 

surrounding tissue. 

II. The ability to diagnose BBB leakage in living patients and to understand its clinical correlates 

(question 1.1.5.1.5). 

 

In two clinical studied published in 2019 and 2020 (chapters 4 & 5), I tested whether 

neuroimaging evidence of slow trans-cellular BBB leakage can be found in patients without 
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gross brain abnormalities (such as tumors or stroke lesions); and whether such leakage is 

associated with neuropsychiatric manifestations.66,67 

Rationale: The prevalent methods for diagnosing BBB leakage in living patients focus on 

robust and fast para-cellular leakage.68–70 Animal studies suggest that BBB dysfunction is also 

likely to involve increased trans-cellular leakage,41,46,62 however clinical evidence of this 

phenomenon remains scarce, nor is it clear whether such leakage is associated with 

neuropsychiatric morbidity. In a recent study of individuals with traumatic brain injury, we 

have shown the feasibility of diagnosing trans-cellular BBB leakage.71 Here, I provide the 

first exploration of the clinical relevance of such leakage, and its association with the severity 

of mood symptoms in patients with bipolar disorder and cognitive symptoms in patients 

with lupus. 

The rationale behind these research goals is discussed in further detail in the introduction of each 

results chapter. The next two sections of the present chapter provide a short historical overview of 

existing technologies for diagnosing BBB dysfunction, followed by a review of current analysis 

approaches for MRI-based BBB assessment.   
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1.2.  Detecting BBB leakage in living patients and animals 

1.2.1. Imaging the living BBB – a historical perspective  

As detailed above, the BBB discoveries between 1885 and 1960s originated from animal experiments 

with vital (i.e., non-fatal) dyes.4 In this approach, a dye is injected intravenously and is allowed to 

circulate the blood stream of the living animal for several minutes. However, detection of the dye in 

brain tissue requires the sacrifice of the animal, extraction of its brain and ex-vivo imaging. Hence, 

the study of the living BBB necessitated the development of alternative imaging approaches. In this 

section (and its accompanying figure 4), I provide a brief summary of such imaging modalities.  

 

1.2.1.1.  Intra-operative fluorescein microscopy  
An early imaging breakthrough that allowed BBB visualization in living patients came from surgeries 

for brain tumor resection. As the surgery required a partial removal of the skull and exposure of the 

brain, in 1948 George Moore was able to image the surface of the brain using a fluorescent 

microscope.72,73 Moore coupled the procedure with an intravenous injection of a fluorescent dye that 

does not normally cross the BBB (the dye binds to proteins in the blood – primarily the BBB-

impermeable albumin). He observed that the dye delineates tumors, and later studies confirmed that 

tumors are indeed surrounded by abnormal vascularization, and leakage of the capillary wall.74,75 In 

1970 this method was also used to study tumor tissue after its resection. The tumor was extracted 30 

to 60 minutes post dye injection, and the presence of the fluorescent dye was studied ex-vivo.76  

The first analogous study I was able to identify in animals was published in 1984 using cats,77 and 

was termed intravital fluorescein microscopy. In 2010 our lab has established a method for intravital 

fluorescein microscopy in rats, allowing detailed and quantitative assessment of BBB permeability.78 

The approach was developed by Dr. Ofer Prager, who later enhanced it to allow simultaneous 

assessment of cortical blood-flow and diameter of cortical blood-vessels.79 The first part of my PhD 

research utilized this approach to study mechanisms associated with BBB leakage, in collaboration 

with Dr. Prager and Dr. Richard Kovács.65 The methodology of the approach is discussed in greater 

detail in the next chapter of this thesis (Methods, Section 1.2. Studying mechanisms of BBB leakage 

in-vivo). Notably, intra-operative fluorescein microscopy is still used today in specific clinical 
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settings (brain surgeries that require detailed mapping of blood-flow and permeability),81 and in 

animal studies of BBB leakage.82,83 

1.2.1.2. Single photon emission computed tomography (SPECT) 
Today the popularity of single photon emission computed tomography (SPECT) remains limited, 

mainly due to its ionizing radiation (gamma rays), and relatively low resolution. However, in 1969 

SPECT provided early validation of BBB differences between healthy and pathological tissue in 

living humans.84 Later studies confirmed the phenomenon with more advanced tracers and rotating 

gamma-scanners,59,85 and replicated the findings in animals.86 

1.2.1.3.  Computed tomography (CT) 
Computed tomography (CT) was first used for BBB imaging in living rabbits in 1970.87 In 1975 CT 

was used for imaging the BBB of living patients.88,89 Due to its limited resolution, CT is particularly 

useful for detecting hemorrhages and large BBB lesions. This application of CT is common clinical 

practice, and CT is regularly used for imaging patients with brain insults/tumors. This method has 

the advantage of widespread availability in clinical settings, but is disadvantaged by its X-ray 

radiation and limited sensitivity to non-robust BBB leakage.  

1.2.1.4. Positron emission tomography (PET) 
1980 marked the year of the first human BBB study using positron emission tomography (PET).90 

Advances in the technology enabled imaging the activity of specific BBB transporters in animals91 

and in humans.51,92 Notably, PET allows the study of both trans-endothelial influx and efflux. Similar 

to SPECT and CT, PET imaging requires exposure of patients to ionizing radiation and is limited in 

resolution. 

1.2.1.5. Magnetic resonance imaging (MRI) 
The first magnetic resonance imaging (MRI) of a live human was performed in 1977.92 The 

emergence of magnetic tracers compatible with MRI in the early 1980s,93 offered the first paradigm 

for non-invasive and non-ionizing BBB imaging. The first human studies focused on patients with 

brain tumors, providing evidence of tracer accumulation in and around tumor tissue due to BBB 

leakage.94,95 The 1990s saw a growth in BBB studies using MRI both in humans96,97 and animals.97  

Researchers realized that the accuracy of MRI-based BBB assessment benefits from continuous MRI 

acquisition post-injection,98–100 and the procedure became known as ‘dynamic contrast-enhanced 

MRI’ or DCE-MRI, for short. However, to date there is no consensus regarding the DCE-MRI 

duration necessary for accurate BBB assessment, or the optimal mathematical approach for deriving 
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physiologically-relevant information from the data.101,102103,104 More on that in section 3 of this 

chapter.  

Excitingly, contrast-free MRI approaches for BBB imaging (using arterial spin labeling)119 are 

currently under development, and may prove especially useful for BBB assessment in patients with 

renal pathology (in whom gadolinium-based contrast may exacerbate kidney damage).120  

Figure 4 – Milestones in in-vivo BBB imaging 

 

Figure 4.  Milestones in in-vivo BBB imaging. Today, the main technologies that allow BBB imaging of living 
animals/humans are intraoperative fluorescent microscopy (green); single positron emission computed 
tomography (SPECT, burgundy); computed tomography (CT, teal); single positron emission tomography (PET, 
pink); and magnetic resonance imaging (MRI, blue). For each technology, the figure presents key 
breakthroughs in in-vivo BBB imaging, along with the annual number of relevant publications (in-vivo BBB 
imaging in animals or humans). The number of publications was determined using PubMed: for each 
technology, the search was conducted with three elements:  (1) [“blood-brain barrier” or “blood brain 
barrier”] + (2) [optional terms describing the technology] + (3) [optional terms relevant to in-vivo imaging in 
animals and/or humans].  

1.2.2. Non-imaging markers as indicators of BBB leakage 

The advances in neuro-imaging techniques offer exciting opportunities for characterizing the living 

BBB. However, while these techniques provide detailed BBB mapping, the procedures tend to be 
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costly and not easily accessible. These limitations have led several groups to investigate the potential 

of non-imaging indicators of BBB leakage. Unlike the neuro-imaging techniques, these approaches 

do not rely on injected tracers. Instead, they either : a) test for the presence of brain-borne proteins 

(such as s100b or GFAP) in a subject’s blood sample;105,106 or b) test for the presence of blood-borne 

albumin or immunoglobulins in a subject’s cerebrospinal-fluid (CSF).107,108 However, recent findings 

raise growing concerns regarding the validity of these markers, as their serum/CSF concentrations 

can also be affected by BBB-unrelated factors.109,110 For instance, the s100b marker was discovered 

to also have non-neuronal origins (secreted to the circulation by adipose tissue),109 and CSF levels of 

albumin/immunoglobulins were shown to depend on the rate of CSF production and rate of venous 

washout.110 Hence, while blood-markers may provide valuable information regarding the 

presence/absence of BBB leakage when neuro-imaging techniques are inaccessible, the search for 

reliable such markers is ongoing.  

 

1.3.   Quantitative mapping of BBB permeability from DCE-MRI data 
MRI-based BBB assessment has seen a significant growth in popularity, thanks to its non-ionizing 

radiation, minimal invasiveness, and relatively high resolution.  However, extracting diagnostically 

relevant information from raw MRI data is no trivial task. Numerous processing steps are required 

to access the first critical part of this puzzle – how much contrast is present in every voxel of the 

brain (voxel is the 3D equivalent of a pixel) at each time point the brain was imaged. These 

processing steps are detailed in the next chapter of this thesis (Methods, Section 2. Studying BBB 

leakage in humans). Once this puzzle piece is at hand, the next major challenge is to understand 

whether contrast leaks from capillary to non-capillary tissue. The crux of this challenge lies in the 

fact that capillaries are too small to be visible in MRI (millimeter-scale resolution), and each voxel 

contains both capillary and non-capillary tissue (cells and the space between cells). To overcome this 

limitation scientists have turned to mathematical models, that make assumptions regarding the 

tissues in each voxel and the passage routs between them. These mathematical models are also 

known as pharmacokinetic models, as they aim to characterize the kinetics of a drug in the brain, 

with the drug in this case being the MRI contrast agent. 

 

1.3.   Quantitative mapping of BBB permeability from DCE-MRI data 

http://www.sciencedirect.com/topics/neuroscience/adipose-tissue
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1.3.1.  Pharmacokinetic models for estimating BBB leakage 

 The goal of pharmacokinetic models is to estimate the rate of contrast leakage within each voxel 

(from the capillary within the voxel to the voxel’s non-capillary tissue). In figure 5 below, I illustrate 

the main characteristics and assumptions of the four most recognized pharmacokinetic models: 

1.3.1.1. The Tofts Model 

The most widely used model was proposed in 1991 by Paul Tofts.104 This model assumes that under 

pathological conditions the injected contrast agent can diffuse freely from the capillary, in a 

potentially bi-directional process driven by a concentration gradient and reflective of para-cellular 

flux between endothelial cells (presumably due to disruption of tight junctions). Tofts further 

assumed that contrast that left the capillary cannot enter cells and is restricted to the space between 

them (referred to as the ‘extra-vascular, extra-cellular space’ or ‘interstitial space’ – marked in gray in 

Figure 5 below). For simplicity, an additional assumption stated that the capillary occupies a 

negligible portion of the voxel, and that contrast presence within the capillary lumen can be ignored. 

To quantify the rate of the assumed diffusion, the model analyzes contrast dynamics during the first 

~3 minutes post contrast injection. 

1.3.1.2. The Modified Tofts Model 

In 1999, Tofts updated his model to no longer dismiss the fact that some of the voxel’s contrast can 

be within the capillary lumen.103  

1.3.1.3. The Patlak Model 

Another widely used model was developed by Clifford Patlak in 1983.111 Patlak’s model assumed 

that contrast diffusion back into the capillary is unlikely, based on two sub-assumptions: a) contrast 

can be absorbed irreversibly, e.g., by tissue cells; and b) contrast concentration within the capillary is 

much greater than outside the capillary. Notably, while both the Tofts and Patlak models were 

classically used for characterizing the bolus phase of contrast circulation in the brain (the first 3 or 5 

minutes post-injection), the accuracy of the Patlak model was shown to benefit from longer DCE 

acquisition.112 The Patlak model was further confirmed to be fit for characterizing both fast and slow 

BBB leakage (lasting beyond the phase of initial contrast wash-in).112–114 
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1.3.1.4. The Veksler Model 

In 2010, our lab started developing a model that is fit for characterizing the slow and subtle BBB 

leakage we observed in in-vivo animal studies.78,115 This approach was later adapted to DCE-MRI by 

Dr. Ronel Veksler and Dr. Yoash Chassidim, and has become known as the Veksler model.116,117 

Unlike methods that focus on the initial bolus of the contrast, the Veksler approach focuses on the 

period of contrast-washout from blood vessels (6-20 minutes post contrast injection). The approach 

first identifies voxels that consist solely of vascular tissue (the superior sagittal sinus) and estimates 

the washout-rate of the vasculature. For the rest of the brain’s voxels – that contain capillaries, cells, 

and interstitial space – the model estimates whether: a) contrast accumulates in the voxel due to 

trans-endothelial leakage, or b) contrast does not accumulate due to properly functioning endothelial 

cells.  

Figure 5 – Pharmacokinetic models of contrast leakage 

 

Figure 5. Pharmacokinetic models of contrast leakage. Each square represents a voxel, partially occupied by a 
capillary cross-section (delineated by two adjacent endothelial cells in light salmon), a neighboring cell (green), and 
the space outside the capillary and between cells (i.e., ‘extra-vascular, extra-cellular space’, depicted in gray). Yellow 
circles represent contrast-agent molecules and yellow arrows represent the assumed directionality of contrast 
diffusion. The classic Tofts model characterizes contrast leakage in the first minutes post injection, and assumes 
that: a) the capillary volume is negligible, and contrast within it does not contribute to the overall contrast 
concentration of the voxel; b) contrast can diffuse freely according to the concentration gradient, presumably 
through open gap junctions; c) contrast can only diffuse into the space between cells (gray), without entering cells 
(green); and d) contrast can flow back into the capillary. The modified Tofts model eliminates the first assumption, 
taking into account the contrast present within the capillary. The Patlak model eliminates the assumption of back-
flow into the capillary, by assuming that: a) contrast can enter cells and accumulate within them irreversibly; and b) 
the capillary has a much greater concentration of contrast compared to its surroundings, making freely diffused 
back-flux unlikely. The Patlak model was also shown to be appropriate for fitting contrast dynamics that take place 
on a slower time scale. The Veksler model focuses on slow leakage and adds the assumption that it can be a product 
of trans-endothelial transport. 
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1.3.2. Fast and slow BBB leakage  

For my BBB research I created a software that implements two of these pharmacokinetic models: 

modified Tofts and Veksler. The MRI acquisition protocol was also designed accordingly, capturing  

both the bolus phase of contrast circulation (0-3minutes post injection) and the washout phase of 

the contrast (6-20minutes post injection). The aim of this acquisition was to allow future comparison 

between the two types of leakage captured by these models:  

• Fast BBB leakage (Tofts model) –  likely to correspond to severe BBB leakage, due to para-

cellular influx between gap-junctions. Such leakage is the hallmark feature of brain lesions 

caused by tumors, stroke, or multiple sclerosis (MS).68–70 

• Slow BBB leakage (Veklser model) –  likely to represent more subtle BBB leakage, due to 

changes in trans-cellular endothelial transport.71  Such leakage can also be found in patients 

with tumors, stroke, or MS, however, it is more likely to be found in the gray matter 

surrounding the lesions.71,117,118   

While the developed software does allow the calculation of both types of leakage, the clinical studies 

of this thesis focused on the analysis of slow/trans-cellular BBB leakage and its neuropsychiatric 

correlates. A detailed analysis of fast/para-cellular leakage in the studied patient-cohorts, and the 

interplay between the two leakage types will be the focus of future research.    

 

1.4.   Chapter Summary 
Despite the many discovered aspects of BBB structure and function – the current understanding of 

the BBB in health and disease remains incomplete. The knowledge gaps that were studied in this 

thesis include: i) mechanisms that cause BBB leakage; ii) pathological processes triggered by BBB 

leakage; iii) clinical diagnosis of trans-cellular BBB leakage; and iv) clinical correlates of trans-cellular 

BBB leakage. As will be further elaborated in the discussion chapter, the findings of this thesis also 

provide indirect insights into some of the other open questions in the field.  

 

1.4.    Chapter Summary  
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Chapter 2 – Methods 

Chapter Overview 

My PhD research had two primary focuses: 
 

I. Mechanisms that trigger cross-BBB influx/leakage and mediate subsequent neuronal 

dysfunction. 

II. Clinical diagnosis of BBB leakage and examination of associated symptoms. 

 
Hence, the methodology of this thesis includes: 
 

I. Animal research, allowing the study of cellular mechanisms using in-vitro and in-vivo 

models of BBB injury. 

II. Clinical research, allowing the characterization of BBB leakage in living patients and 

the study of BBB-associated clinical manifestations. 

 
The structure of the results chapters can be summarized in the following manner: 
 
 

Figure 6 – Results Chapters 

 
 
 
In the current chapter I will present the methodologies that allowed us to study the BBB in slice 

cultures, live rats, and finally − human subjects.  

Chapter 2 – Methods 
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2.1. Studying mechanisms of BBB dysfunction 

Many important insights into the function and dysfunction of the BBB have originated from studies 

in rodents. The brain microvasculature of rodents is similar to that of humans, and consists of the 

same elements of the neurovascular unit (NVU) reviewed in the introduction chapter and its first 

figure: endothelial cells (adjoined by tight junction proteins), basement membrane enwrapping the 

endothelial layer, pericytes anchored in the basement membrane, astrocytic end-feet (covering ~97% 

of the vascular surface area),1 and nearby microglial cells and neurons.2 This similarity has led to the 

development of several rodent models of BBB dysfunction, in which altered BBB selectivity can be 

induced either mechanically (e.g. weight drop,3 stroke induction),4 chemically (e.g., exposure of the 

vasculature to bile salts or serum albumin),5 genetically (by knocking-out or knocking-in genes that 

alter BBB development/function),6,7 or via kindling (e.g., induction of status epilepticus using kainic-

acid8 or pilocarpine).9 Here, we sought out to establish a novel model of BBB dysfunction, that 

mimics the subtle and confined BBB leakage following focal transient seizures. Focal transient 

seizures were induced via focal application of 4AP (4-aminopiridine, an inhibitor of voltage-gated 

potassium channels)10 on the exposed cortex of living rats.  

To allow the study of the effects of transient seizures at the cellular level, we had to overcome a 

major challenge in BBB research: the lack of in-vitro models of BBB dysfunction. To overcome this 

obstacle, we established a collaboration with Dr. Richard Kovács at the Neurophysiology Institute 

of the Charité Medical University in Berlin. Dr. Kovács has previously developed a slice culture 

model of the vasculature that maintains the complex architecture and dynamics of the BBB 

(organotypic vasculature), despite the absence of blood flow.11 In this collaboration, we induced 

transient seizures in the Kovács slice culture model. This paradigm allowed us to study the effects of 

neural seizure activity on the neurovascular unit at the capillary level, and the mechanisms underlying 

seizure-induced BBB leakage. Specifically, we tested the hypothesis that pericyte dysfunction plays a 

role in mediating BBB leakage and loss of neurovascular coupling, that may in-turn lead to ischemic 

neuronal injury.  

In the next section, I will present a description of the experimental settings of the models we 

established for transient seizures in-vitro and in-vivo. The section will put an emphasis on the 

2.1. Studying mechanisms of BBB dysfunction 



 

 
 

27 

imaging methodologies used for the quantification of BBB leakage in both models. Other aspects of 

the methodology will appear in greater detail in the paper presented in Chapter 3 – “Seizure‐induced 

microvascular injury is associated with impaired neurovascular coupling and blood–brain 

barrier dysfunction.” 

2.1.1. Studying mechanisms of BBB leakage in slice-cultures 

Slice preparation: 

The slice cultures were prepared as previously described by Kovács et al.11 In brief, the brains of 6-8 

day-old Wistar rats were removed (Figure 7A,B), and submerged in carbogen-containing medium. 

The brains were sliced using a microtome, to obtain 400µm-wide hippocampal slices (Figure 7C). 

Medium-submerged slices were maintained in an incubator, with a humidified atmosphere 

containing 5% CO2. The vascular tone of the cultured capillaries was maintained using the 

thromboxane analogue U46619 – an agent causing vascular constriction that compensates for the 

absence of blood flow and adrenergic input.11 

Seizure-induction and electrophysiological recordings: 

Seizure activity was induced in CSF-submerged slices using two different methods: (1) adding 4-

aminopyridine (100 µM) to the CSF, or (2) lowering the CSF-concentration of magnesium and 

elevating the CSF-concentration of potassium. Both methods induce stereotypic seizure-like 

discharges.11,12 Electrophysiological recordings were performed in area CA3 of the slice cultures 

(Figure 7C). 

Fluorescent labeling of the vascular lumen, pericytes and astrocytes: 

To confirm the organotypic architecture of the vasculature, the slices were incubated with antibodies 

for laminin − a major constituent of the vascular basement membrane (Figure 7E).  Pericytes were 

labeled with either: neuronal/glial antigen 2 proteoglycane (NG2), or mitochondrially-targeted 

fluorescent ethidium derivative (MitoSoxTM) – which accumulates within the mitochondria-rich 

pericytes. Pericytes were also confirmed based on their morphology (appearing as a “bump on a log” 

structure enwrapping a capillary, Figure 7F). Astrocytic end-feet were labeled using calcein-AM 

(Figure 7F). 

Monitoring pericytic injury: 
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To examine whether seizures lead to pericyte injury, we monitored the integrity of pericytic 

mitochondria. Since MitoSoxTM  accumulates predominantly within pericytic mitochondria, leakage 

of MitoSox from the mitochondria into the pericytic cytosol was used as an indicator of 

mitochondrial breakdown.13 

Studying neurovascular coupling: 

Neurovascular coupling was assessed by examining the ability of capillaries to appropriately dilate in 

response to seizures. The diameter of capillaries was measured as the distance between the astrocytic 

end-feet enwrapping the capillary cross-section (Figure 7F). To test whether deficiencies in 

neurovascular coupling are associated with reduced oxygen supply to the tissue, the level of tissue-

oxygenation was also continuously monitored and recorded (using Clark-style oxygen 

microelectrodes, Unisense, Denmark). 

Assessment of cross-BBB influx/leakage: 

To study seizure-induced changes in capillary leakage, slice cultures were incubated with 2',7'-

dichlorohydrofluorescein diacetate (H2DCF-DA, 20 μM, 30 min). H2DCF-DA leads to 

accumulation of its oxidation end-product – DCF, within the vascular lumen (Figure 7G). DCF flux 

from the capillary lumen to the peri-vascular space was used as an indicator of BBB leakage (Figure 

7H). 
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Figure 7 – Slice culture methodology 

 

Figure 7. Slice culture 
methodology A. Experiments 
were conducted in sacrificed 6 
day-old rats. B. The rat brain 
was  extracted, and a 400uM 
cross-sectional slice of the 
hippocampus was cut (C). The 
slice was maintained in 
conditions mimicking the brain’s 
microenvironment. D. 
Fluorescent microscopy was 
used continuously during the 
experiments, along with 
electrophysiological recordings 
from area CA3 of the 
hippocampus. E. A tracer for 
laminin was used for labeling 
the vasculature of the slice. F. 
CalceinAM and MitosoxTM were 
used for labeling astrocytes and 
pericytes, respectively. The 
labeling revealed astrocytic end-
feed enwrapping the capillaries, 
and allowed the continuous 
monitoring of capillary diameter 
in response to seizures. Mitosox 
accumulated in the 
mitochondria of pericytes, 
revealing the classic “bump on a 
log” structure of pericytes. G. 
The tracer DCF normally 
accumulates withing blood 
vessels and remains inside the 
vascular lumen. H. The cross-
section of a capillary before and 
after a seizure, demonstrates 
that seizures induce leakage of 
DCF from the capillary lumen. 
Such leakage is indicative of BBB 
dysfunction.   
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2.1.2. Studying mechanisms of BBB leakage in vivo 

Animal preparation: 

Male rats were anesthetized (with ketamine (100 mg/ml, 0.08 ml/100g) and xylazine (20 mg/ml, 

0.06 ml/100 g), and placed in a stereotactic frame. A craniotomy was performed, removing the part 

of the skull above the motor-sensory cortex of the right hemisphere. The dura was also removed, 

exposing the cortical tissue. A ring of bone-cement was anchored around the exposed cortex, 

creating a small ‘reservoir’ for continuously-perfused artificial CSF (aCSF). The aCSF was supplied 

using a peristaltic pump (Peri-Star, WPI). 

Seizure-induction and electrophysiological recording: 

Transient, focal seizures were induced by changing the solution supplied to the fluid-reservoir above 

the exposed tissue (Figure 8A). The pump continuously perfusing the reservoir was switched from 

supplying aCSF to delivering aCSF containing the convulsive agent 4AP (500mM). 

Electrophysiological activity was recorded using epidural (electrocochleographic; ECoG) electrodes 

(DSI, St Paul, MN). 

Studying neurovascular coupling: 

Similar to the slice culture experiments, the in vivo experimental set-up was also designed to allow 

the study of neurovascular coupling (i.e., the responsiveness of the vascular diameters to seizures). 

The diameter of arterioles was monitored continuously, and quantified as the cross-section of the 

vessel. To test whether reduced neurovascular coupling was accompanied by deficits in oxygenation, 

the oxygen level of the tissue was also continuously recorded (using Clark-style oxygen 

microelectrodes, Unisense, Denmark). 

Assessment of cellular injury: 

To examine whether seizures induce cellular damage that could underlie BBB injury, we used the 

fluorescent dye propidium iodide – a marker of cell-membrane injury that binds to exposed cellular 

DNA/RNA. The dye was intravenously injected into the rat’s tail (0.5 mg/kg body weight, 0.5 

mg/ml in saline), and its fluorescence in the exposed cortex was monitored using fluorescent 

microscopy. 

Assessment of BBB permeability: 
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Seizure-induced BBB permeability was assessed using the fluorescent dye sodium-fluorescein 

(NaFlu, Novartis). Normally this dye does not cross the BBB, due to its large molecular weight (376 

Da). The dye was injected intravenously into the rat’s tail (1 mg/ml in saline), and the exposed 

cortex was monitored using fluorescent microscopy for 3 minutes post injection (Figure 8B). Images 

were taken with a frequency of 5Hz. The images captured whether dye fluorescence remained within 

arterioles or leaked into non-vascular tissue due to BBB dysfunction (Figure 8C). Dye accumulation 

in non-vascular tissue was later quantified using image processing algorithms. Images were first 

registered to correct for movements during the 3min image acquisition. Next, pixels representing 

vascular and non-vascular tissue were identified, and a curve of the 3min fluorescence was 

constructed for every pixel. These curves were used to determine whether fluorescence has 

accumulated in the pixel. For each pixel, fluorescence accumulation was quantified as the area under 

the fluorescence time-curve, and was used as a measure of BBB permeability. 



 

 
 

32 

 

Figure 8 – In vivo methodology 

 

Figure 8. In vivo 
methodology. A. A 
craniotomy was performed 
on anesthetized rats, 
exposing the tissue of the 
right motor-somatosensory 
cortex. A ring of bone-
cement was anchored 
above the exposed cortical 
tissue to serve as a 
reservoir for continuously 
perfused   artificial 
cerebrospinal fluid (aCSF). 
Transient, focal seizures 
were induced by switching 
from cortical perfusion with 
aCSF to perfusion with aCSF 
containing the convulsive 
agent 4-aminopiridine 
(4AP). Electrocorticographic 
electrodes were used for 
recording 
electrophysiological 
activity; and O2 electrodes 
were used for recording 
tissue oxygenation. Sodium 
fluoresceine was injected 
intravenously for assessing 
BBB permeability, and the 
cortical tissue was 
continuously imaged using 
fluorescent microscopy (B). 
BBB permeability was 
quantified based on the 
dynamics of the injected 
tracer in non-vascular 
tissue. Prior to seizures, 
injected tracer remained 
within the blood vessels. A 
single transient seizure was 
sufficient to cause tracer 
accumulation in non-
vascular tissue – a 
phenomenon indicative of 
BBB leakage. 
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2.2. Studying BBB leakage in humans 
In the in-vitro and in-vivo experiments, the cross-BBB leakage was assessed using dyes that normally 

do not cross the BBB. A similar paradigm is used for assessing the BBB of living human patients. 

However, instead of using fluorescent dyes and fluorescent microscopy (allowing direct imaging of 

exposed brain tissue), we used a magnetic dye and magnetic resonance imaging (MRI). MRI has 

several advantages over direct imaging, with the primary benefit of eliminating the need to expose 

the subject’s brain with a craniotomy. MRI also allows 3D whole-brain mapping of BBB 

permeability, as opposed to the above-described 2D methods of imaging the surface of the cortex, 

or of the extracted hippocampus.  

To map BBB leakage using MRI, the magnetic dye is injected intravenously into the subject’s arm, 

and the brain is scanned repeatedly over a period of ~20 minutes -- to determine whether the dye 

leaks into brain tissue. The details of the acquisition protocol are presented in the next section, and 

its  accompanying figure 9. The drawbacks of this approach include the relatively long acquisition 

time (subjects must try to remain motion-less for 20 minutes), and the inability to examine patients 

with impaired renal function (the magnetic dye can further damage their kidneys). MRI-based BBB 

assessment is also challenging in terms of data analysis. The recorded MR signals do not directly 

reflect dye concentration in the tissue, and several computational steps are required to convert the 

images to data of physiological relevance. The software developed during my PhD integrates all 

these computational steps into a single automatic and stream-lined process, and calculates the rate of 

BBB leakage in every voxel of the brain (a voxel is the 3D equivalent of the 2D pixel). The steps of 

the developed software are detailed later in this chapter and summarized in figure 10.  

2.2.1. The MRI acquisition protocol  

BBB assessment requires a specialized protocol of MRI acquisition. Here, I describe the acquisition 

protocol used in the clinical studies presented in chapters 4 and 5. All study participants underwent 

MR scanning at the Biomedical Translational Imaging Centre (BIOTIC, QEII Hospital, Halifax, NS, 

Canada), on a 3T MRI scanner (Discovery MR750, GE Healthcare, Waukesha, WI, US), with a 32-

2.2. Studying BBB leakage in humans 
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channel MR Instruments head coil. The acquisition protocol consists of four sequences of T1-

weighted imaging: 

A) The first sequence acquires a high-resolution T1-weighted scan (Figure 9A). What sets this 

sequence apart is its relatively small voxel size (1x1x1mm), allowing a detailed view of brain-

anatomy and differentiation between small brain structures. This sequence aids the mapping of 

each participant’s brain onto the standardized brain template developed by the Montreal 

Neurological Institute (MNI), in a process termed spatial normalization (see next section – 

‘analysis pipeline’). The high-resolution anatomical sequence is also useful for measuring the 

volumes of different brain structures, using the VolBrain freeware.14 

 

Acquisition parameters of the 
T1-Weighted Sagittal 
anatomical Scan 

TE/TR: 2/6ms 
FOV: 224mm 
Acquisition matrix: 224x224x168 
Voxel size: 1x1x1mm 
Flip angle:  9° 

 

B) The second sequence consists of three scans of the brain, each acquired with a different flip angle 

(Figure 9B). This step is critical for later transforming the images from values of MR-intensity to 

values of T1-relaxation times. More on that in the next section – ‘analysis pipeline’. 

 

Acquisition parameters of the 
T1-Weighted Axial Scan 

TE/TR: 2/10ms 
FOV: 240mm 
Acquisition matrix: 192x192x34 
Voxel size: 1.25x1.25x6mm 
Variable flip angle:  5°/10°/30° 

 

C) Next, the magnetic contrast agent is intravenously injected into the participant’s arm 

(Gadobenate Dimeglumine, MultiHance, Bracco Imaging, Montreal, QC, Canada, Injection dose: 

0·1mmol/kg), and the brain is scanned continuously to capture the dynamics of the contrast in 

brain-tissue (Figure 9C). This sequence is, therefore, called dynamic contrast-enhanced MRI 

(DCE-MRI), and in our protocol it consists of two parts: 

Part I — the brain is scanned every 4 seconds between 0- and 3-minutes post injection (54 

brain scans). 

Part II — the brain is scanned every 20 seconds between minutes 6 and 20 post injection 

(additional 46 brain scans). 

https://volbrain.upv.es/
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The 0-3-minute acquisition captures robust/fast contrast kinetics, allowing the calculation of 

BBB permeability using the Tofts model.15 The 6-20-minute acquisition captures the 

subtle/slower accumulation of contrast in the tissue, quantified using the Veksler model of BBB 

leakage.16,17 

 

Acquisition parameters of the 
T1-Weighted Axial Dynamic 
Scan 

TE/TR: 2/4ms 
FOV: 240mm 
Acquisition matrix: 192x192x34 
Voxel size: 1.25x1.25x6mm 
Flip angle: 15° 
Δt=4sec, 0-3min post-injection. 
Δt=20sec, 6-20min post-injection 

 

D) The last sequence acquires another high-resolution T1-weighted scan (Figure 9D), with identical 

acquisition parameters to sequence A. This scan is acquired for future analysis, meant to test the 

potential of a simplified acquisition protocol. Future work will test whether comparing a single 

T1 image acquired before contrast injection (sequence A) to a single scan acquired 20 minutes 

after injection (sequence D), could allow reliable screening for BBB leakage without the need for 

dynamic scanning (sequence C). If this hypothesis is correct, the 20 minutes interval post-

injection can be dedicated to acquiring other types of sequences commonly requested by 

physicians (e.g., T2-weighted imaging, fluid-attenuated inversion recovery [FLAIR], diffusion 

weighted imaging [DWI], or functional MRI [fMRI]). This would simplify the integration of BBB 

imaging into standard clinical practice, as the overall duration of the MR protocol would not 

need to be substantially lengthened.  
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Figure 9 – Summary of MRI acquisition protocol 
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2.2.2. The developed BBB software 

 

Once the MR sequences are acquired, they are analyzed using a custom pipeline written in 

MATLAB. For simplicity I shall refer to the pipeline and its graphical user interface as the BBB 

software.  The BBB software requires a single input from the user: selection of the directory 

containing the MR data. Once the software knows where the data is stored, the user simply presses 

the button ‘run analysis’ for automatic execution of all computational steps required for quantifying 

BBB leakage in every voxel of the brain. The analysis consists of: 

2.2.2.1. Three steps of data pre-processing (Figure 10 A-C) 

2.2.2.2. Two steps calculating contrast concentration (Figure 10 D,E) 

2.2.2.3. Two steps mapping contrast leakage-rates (Figure 10 F,G) 

2.2.2.4. Two ‘post-processing’ steps, giving leakage-rates diagnostic relevance (Figure 10 H,I).  

2.2.2.1. Data pre-processing 

Data pre-processing involves steps that are performed on all sequences of the acquisition protocol 

to prepare the data for voxel-based analysis of contrast dynamics. The three pre-processing steps 

run by the BBB software are: 

A) Data format conversion 
The MRI machine exports images as 2-dimensional slices) in a format called DICOM (Digital 

Imaging and Communications in Medicine). This format is a standard method for transmitting 

medical images and their associated information (acquisition parameters, patient demographics, 

etc.). While specialized applications allow the viewing of data in DICOM format, customized image-

analysis necessitates the separation of images from the additional information encoded in the 

DICOM format. The BBB software performs this separation using the third-party application 

mcVerter.exe that: 

 Extracts the 2D slice-image from each DICOM (slice= 256x256 voxels) 

 Arranges the slices of a given scan into a 3D brain-representation (brain=256x256 voxels x 26 slices) 

 Saves the 3D data in a format called NIFTI (Neuroimaging Informatics Technology Initiative, 

Figure 10A). The DCE sequence is saved with an added fourth dimension representing time. 

2.2.2. The developed BBB software 

http://lcni.uoregon.edu/downloads/mriconvert/mriconvert-and-mcverter
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 Figure 10 − BBB software, analysis pipeline 
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B) Re-alignment and co-registration.  
The DCE acquisition consists of two sequences: 54 scans between 0-3 minutes and 46 scans 

between 6-20 minutes. The two sequences allow us to study the changes in contrast over time, in 

every voxel of the brain. This approach is known as ‘voxel-based analysis’. Successful voxel-based 

analysis requires all scans of a sequence to be accurately aligned, with every given voxel representing 

the exact same part of the brain across all scans. To overcome potential misalignment of voxels due 

to patient movement between scans, the BBB software uses the robust re-alignment algorithm 

developed by the Statistical Parametric Mapping initiative (SPM).18 More specifically, the software 

executes the SPM12 algorithm to: a) create a reference scan (as the average of the 46 scans between 

6-20 minutes); and b) re-align all scans of the dynamic sequence to the reference (Figure 10B). This 

re-alignment procedure relies predominantly on geometric transformations of rotation and 

translation. 

 

 
Relevant excerpt from Figure 10 

 

Once all scans within the dynamic sequence are properly aligned, another SPM12 re-alignment 

procedure is initiated to align the rest of the T1-weighted sequences (sequences A, B and D in figure 

9) to the same reference. While the alignment of scans within the same sequence is termed ‘re-

alignment’, the process of aligning different sequences is often referred to as ‘co-registration’. Post 

re-alignment and co-registration, all voxels of the acquired sequences match in size and orientation, 

representing the same part of the brain across all sequence scans. 

 

Due to the critical importance of proper voxel alignment for voxel-based DCE analysis, the BBB 

software tests the quality of the re-alignment results by calculating the mean-square-error between 

every two consecutive scans in the DCE sequence. Scans that remain misaligned (as reflected by a 

large mean-square-error) are automatically omitted from the sequence. Sequences with >1 scan that 

https://www.fil.ion.ucl.ac.uk/spm/software/
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fails re-alignment are extremely rare (most-commonly old datasets from one specific imaging 

center). 

C) Normalizing all scans to the MNI brain template.  
This step can be thought of as another co-registration process, only this time all scans are mapped 

to a standardized brain template. The BBB software maps all scans to the MNI brain template 

(Figure 10C), developed based on the scans of >300 healthy brains.19 This mapping is termed 

‘normalization’, as it is designed to compensate for the variability in brain shapes across humans. 

While all humans are likely to have similar gross anatomy, common variations include the 

morphology of gyri, sulci, corpus callosum, as well as minor differences in overall brain volume.20 

This part of the pipeline also uses an SPM12 algorithm. The algorithm first focuses on the 

anatomical sequence, mapping its superficial brain structures to the MNI template using affine 

geometric transformations than include translation, rotation, scaling, shear, and nonlinear warping. 

The ‘mapping instructions’ are saved in 12 transformation parameters, that are then used to 

transform the rest of the sequences (since all sequences were co-registered in the previous step). 

After normalization, all sequences represent the brain as 27 slices of 157x189 voxels that are aligned 

with the MNI template.  

2.2.2.2. Calculating contrast concentration 

Once all voxels of all scans are aligned, the software can focus on the information stored within 

them. The brightness of each voxel reflects the signal recorded by the MR scanner. The brighter the 

voxel, the more contrast it contains. However, the relationship between voxel brightness and actual 

contrast concentration is not linear, and depends both on tissue characteristics and acquisition 

parameters.21 Consequently, additional steps (Figure 10 D,E) and mathematical operations are 

required in order to convert voxel-based brightness-information to voxel-based levels of contrast: 

 

D) Calculating the T1 relaxation times of the dynamic sequence.  
The basis of contrast-enhanced MRI lies in the fact that the contrast agent shortens the longitudinal 

relaxation time (T1) of the tissue it reaches. This is the reason why the DCE sequence is T1-

weighted, which means that the acquisition parameters (such as echo time, repetition time, flip 

angle, etc.) are optimized towards capturing the longitudinal relaxation-time of protons in the tissue. 
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However, while this acquisition is more sensitive to T1 relaxation, components of T2 relaxation and 

proton density are also present in the recorded signal.22 The signal may also be affected by the 

specifics of the MRI machinery, such as receiver coil geometry/sensitivity and amplifier gains.22  

Raw T1-weigted images can be useful for qualitative inspection (e.g., in hospital settings). However, 

quantitative analysis over several time-points requires the conversion of T1-weigted values to 

definitive T1 relaxation times. The separation of the T1 component from the DCE sequence is 

possible through the acquisition of an additional, specialized MR sequence prior to contrast 

injection. The earliest strategies date back to the 1970s and rely on lengthy sequences that produce 

curves of ‘true’ T1 relaxation.23 Here we implemented a faster method,22 acquiring a series of 3 rapid 

scans – each with a different flip-angle (α = 5°, 10° and 30°; figure 9B). The BBB software uses 

these three scans to estimate the pre-contrast T1 relaxation times, based on the equation optimized 

by Deoni et al:24,25   

Equation I: 

 

 

This equation formulates a relationship between: 

· The flip angle of each scan – α 

· The raw T1-weighted signal corresponding to each α – S(α) 

· The repetition time of the three scans – TR 

· The actual longitudinal relaxation time — T1 

· The longitudinal magnetization at equilibrium – M0  

 

T1 and M0 are the unknowns of the equation. The equation can be solved in its linear form:  

 

Equation II: 

 

 

Once the 3 sets of α and s(α) are fed to equation II, its slope (E1) can be estimated using linear 

regression. T1 is then easily derived from: 
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Equation III: 

 

 

Using the series of 3 scans, equations I, II & III are solved for every voxel of the brain – resulting in 

voxel-specific T1 values. These T1 values are called the ‘T1 map’, and serve as the cypher for 

computing the actual T1 values of the DCE sequence. The set of variables required for the 

calculation of T1 at a particular time-point – T1(t) – can be summarized with the following 

representation: 

 

Equation IV: 

 

  

Hence, for every voxel, T1(t) is a function of:  

· The voxel’s T1 map value – T1map 

· The repetition time of the DCE sequence – TRDCE 

· The flip angle of the DCE sequence – αDCE 

· The voxel’s raw T1-weighted signal at time t – S(t) 

· The voxel’s raw T1-weighted signal at baseline (prior to contrast injection) –  St=0 

The calculations summarized in equation IV were covered in detail by Jackson et al.26  

 

E) Calculating the contrast concentration in the tissue.  
Once the DCE data represents true T1 relaxation times, the contribution of the contrast-agent to 

each voxel’s T1 can be computed. This is achieved using the Solomon-Bloembergen equation,27 

allowing the calculation of contrast concentration at each time point – C(t): 

Equation V: 
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For every voxel, equation V formulates the relationship between: 

· The voxel’s actual longitudinal relaxation time calculated in the previous step — T1(t) 

· The voxel’s pre-contrast T1 value – T1map 

· The relaxivity of the contrast-agent (a characteristic of the contrast-agent that is listed on 

its label) — Contrast Relaxivity 

2.2.2.3. Mapping leakage-rates 

Knowing the levels of contrast concentration in each voxel over time sets the stage for tackling the 

chief objective of the analysis. The software is now ready to estimate how leaky are the capillaries 

within each voxel. In the introduction chapter, I discussed the main challenge of this stage. The 

limited resolution of MRI results in voxels that contain both capillary and non-capillary tissue. 

Hence, to estimate how contrast leaks between the types of tissue inside each voxel, we enlist the 

help of more math. Mathematical models allow the calculation of leakage-rates between the tissue 

types within a voxel, by making certain assumptions regarding contrast kinetics. As reviewed in the 

introduction chapter, there are four widely used pharmacokinetic models that differ in assumptions 

and time interval of interest (Figure 5). I designed the BBB software to calculate BBB leakage based 

on two of these pharmacokinetic models: the modified Tofts model, allowing the characterization 

of fast, para-cellular leakage (0-3minutes post injection);28 and the Veksler model, characterizing 

slow, trans-cellular leakage (6-20minutes post injection).29 Since my PhD targeted understanding the 

role of slow/subtle BBB leakage in neuropsychiatric symptoms, my analysis focused on the Veksler 

approach. The approach identifies voxels that accumulate contrast during the time period when 

contrast is being washed out of the brain – i.e., the washout phase. The implementation of the 

approach consists of the following steps: 

 

F) Analyzing each voxel’s contrast-concentration-curves.  

· Constructing a contrast-concentration-curve for every voxel. At this stage of the 

analysis, the data is re-arranged. Each voxel is treated as a separate entity, and a curve 

representing its concentration over time is constructed: 
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Relevant excerpt from Figure 10 

 

· Calculating the slope of the contrast-concentration-curves for every voxel. The Veksler 

approach characterizes each curve using linear regression, under the assumption that the 

changes in contrast 6-20 minutes post injection are slow enough to satisfy the linear 

equation: 

 

Equation VI:  

 

Equation VI can be easily solved for every time-curve using linear regression, producing 

the value of the curve’s slope A (Figure 10F). The calculated slope represents the rate of 

contrast change in each voxel.  

· Identifying voxels containing only vascular tissue and calculating their average slope. 

This step relies on the identification of a major drainage vessel in the brain – the 

superior sagittal sinus. The ~20 voxels comprising the cross-section area of the superior 

sagittal sinus are identified automatically using a sophisticated, in-house-developed 

algorithm of iterative morphological operations. The slopes of the identified voxels are 

averaged, to produce a single value representing the rate of contrast washout from the 

brain’s vasculature – Ratewashout.  

· Comparing each voxel’s rate of contrast change to the rate of vascular contrast washout. 

Each voxel’s rate of contrast change is normalized to the vascular washout rate, 

resulting in a unitless value Rateleakage: 
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Equation VII:  

 

Rateleakage represents the rate of leakage from each voxel’s capillary to its non-capillary tissue.  

G) Mapping the leakage rates of the brain. 
Once all voxel-specific leakage-rates have been calculated, they can be mapped back to a 3D 

representation of the brain (a matrix of 189x156x27 voxels). The slices of the 3D leakage-rate map 

can be viewed, as in the following example of a patient with lupus: 

 
Relevant excerpt from Figure 10 

 

2.2.2.4. Giving leakage-rates diagnostic context 

H) Identifying voxels with leakage-rates reflecting BBB dysfunction.  
The leakage-rates in a given subject span between -0.08 and 0.08. To understand which values 

reflect ‘abnormal’ leakage, we studied the distribution of values in a population of 50 healthy 

controls.30 The 95th percentile of the distribution was identified as Rateleakage=0.02, and defined as the 

threshold separating ‘normal’ and ‘abnormal’ leakage-rates: 

 
Relevant excerpt from Figure 10 

 

Application of this threshold to patient data results in leakage maps in which shades of red denote 

suprathreshold voxels (Rateleakage >= 0.02) and shades of blue represent subthreshold voxels (Figure 
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10H). The extent of overall BBB pathology in a patient can then be represented as the percent of 

‘red’ voxels. 

 
Relevant excerpt from Figure 10 

 

I. Identifying brain regions with high percentage of abnormal BBB leakage.  
The 3-dimensional map identifying voxels with ‘abnormally’ high BBB leakage rates (Figure 10H) is 

next segmented into 126 regions of anatomical/functional significance using the MNI brain atlas 

(Figure 10I). The BBB software categorizes all ~800,000 voxels of a patient’s brain into 126 regions, 

and tallies the voxels with abnormal BBB leakage in each region. The total of such voxels in a 

region is divided by the region’s size (number of all voxels comprising the region). This calculation 

characterizes each region with a single value – percent of region with abnormal BBB leakage. Next, 

the software compares the patient’s region-specific values to those of controls. Regions with values 

two standard deviation higher than the control group are considered to have extensive BBB leakage 

(Figure 10I): 

 
Relevant excerpt from Figure 10 

 

 

https://github.com/neurodebian/spm12/tree/master/tpm
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2.2.3. Studying clinical manifestations of BBB dysfunction 
 

The developed BBB software provides a novel way of looking inside the brain and understanding 

brain pathology. It exposes subtle BBB leakage in otherwise healthy-looking brains, lacking any 

apparent lesions or structural abnormalities. This software allowed us to be the first to explore the 

link between subtle BBB leakage and neuropsychiatric symptomatology. 

To begin to understand the answer to this question, we studied two disorders – each characterized 

by the fact that some patients develop far worse neurological outcomes than others. We, therefore, 

sought to understand whether BBB pathology could help explain the difference in symptom severity 

among patients with similar diagnoses. Specifically, we studied: 

· patients with bipolar disorder – a condition with high prevalence of treatment-resistance31 

(morbidity that does not respond to mood-stabilizing medication).   

· patients with lupus – a disease in which ~40% of patients experience cognitive impairment 

throughout their illness.32 

Both patient groups were scanned with the described MR protocol at the Biomedical Translational 

Imaging Centre (BIOTIC, QEII Hospital, Halifax, Nova Scotia) in a collaboration with Dr. Chris 

Bowen and Dr. Steven Beyea.  

2.2.3.1. BBB leakage and psychiatric symptoms in patients with bipolar disorder 

2.2.3.1.1. Participants  
A total of 36 patients with bipolar disorder types I or II were consecutively recruited in 

collaboration with Dr. Cynthia Calkin, the head of the Mood and Metabolism Program at the 

Queen Elizabeth II Health Sciences Center, Halifax, Nova Scotia (Bipolar Registry and TRIO-BD 

study). Diagnoses were based on the DSM-5 criteria and required a consensus of at least 3 

psychiatrists.33   

Exclusion criteria included:  

1) Diabetes 

2.2.3. Studying clinical manifestations of BBB dysfunction 
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2) Pregnancy 

3) Age under 18 years old 

4) Contra-indication to MRI or gadolinium (e.g., estimated glomerular filtration rate [eGFR] < 60) 

5) Lack of full capacity to consent. 

The study was approved by the Nova Scotia Health Authority (NSHA) Research Ethics Board, and 

participants provided written informed consent.  

2.2.3.1.2. Psychiatric Assessment  
Mood symptom and progression of bipolar illness were assessed using: 

1) The Montgomery-Ǻsberg  Depression Rating Scale (MADRS).34 

2) The Hamilton Anxiety (HAM-A) scale.35 

3) The global assessment of functioning scale (GAF), reflecting illness effects on social, 

occupational, and psychological functioning).36 

4) The affective morbidity index (AMI), reflecting severity and length of manic/depressive 

episodes.37 

2.2.3.2. BBB leakage and cognitive symptoms in patients with lupus Participants  

2.2.3.2.1. Participants  
A total of 65 patients with Systemic Lupus Erythematosus (SLE) were recruited in collaboration 

with Dr. John G. Hanly, Division of Rheumatology, Queen Elizabeth II Health Sciences Center, 

Halifax, Nova Scotia. SLE was diagnosed using the revised American College of Rheumatology 

criteria.38 Patients were recruited consecutively, without pre-screening for cognitive impairment.  

Exclusion criteria included:   

1) Contra-indication to MRI or gadolinium (e.g., estimated glomerular filtration rate 

[eGFR]<60).  

2) Lack of full capacity to consent 

 

The study was approved by the Nova Scotia Health Authority (NSHA) Research Ethics Board, and 

participants provided written informed consent.  

2.2.3.2.2. Cognitive Assessment 
Cognitive performance was assessed in five cognitive domains: 
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1) Information processing speed was tested using the Symbol Digit Modalities Test 

(SDMT), measuring an individual’s ability to pair numbers with geometric figures − 

based on a given example.39  

2) Executive abilities were examined using the Fixed Design Fluency test, assessing an 

individual’s ability to generate different designs/drawings, based on specific 

instructions/guidelines (e.g. draw maximal number of unique designs using only 4 

straight lines).40  

3) Attention span was assessed using a paradigm of the California Verbal Learning Test 

(CVLT-II), counting the number of words recalled correctly after a single presentation of 

a word-list (trial 1).41 

4) New learning was assessed using a paradigm of the CVLT-II, counting the total of words 

recalled over five presentations of the same word-list (trials 1-5).41 

5) Delayed spontaneous recall was assessed a paradigm of the CVLT-II, counting the 

number of words recalled spontaneously after a 20-minute delay.41  

2.2.3.3. Acquiring a reference for normal BBB function 

The two groups of patients allowed us to examine the link between BBB pathology and symptom 

severity. The accumulation-rates of the two groups were analyzed in the context of the 50 healthy 

controls scanned in Israel,30 as detailed in the pipe-line section above (and Figure 10H). To provide 

an additional reference for normal BBB function, we recruited a group of subjects without 

neuropsychiatric symptoms from Nova Scotia (also through the Queen Elizabeth II Health Sciences 

Center). Control volunteers were recruited consecutively, and underwent MR imaging and BBB 

assessment. A group of 14 control subjects was recruited as part of the bipolar study, and was 

matched for sex, age, and metabolic status to the bipolar cohort. Nine subjects from this group also 

fulfilled the criteria to serve as controls for the SLE study (and were matched in sex and age to the 

SLE cohort).  

Controls – exclusion criteria for the bipolar study: 

1) Neuropsychiatric history (mood or cognitive symptoms)  

2) Diabetes 

3) Pregnancy 

4) Contra-indication to MRI or gadolinium (e.g., estimated glomerular filtration rate [eGFR] < 60) 
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5) Lack of full capacity to consent 

 

Controls – additional exclusion criteria for the SLE study:  

6) SLE 

7) Insulin resistance 

3) Age under 35 or over 70 years old 

 

2.2.3.4. Statistical analysis 

To investigate the link between BBB leakage and patient symptomatology, we employed a data-

driven approach. The BBB of each participant was mapped, and the extent of BBB pathology was 

calculated as the percent of brain voxels with BBB leakage (percent of red voxels in figure 10H). 

Hence, the brain of each participant was represented by a single parameter of BBB leakage. The 

difference in this parameter between patients and controls was assessed using the Wilcoxon rank 

sum test. Next, I performed an outlier analysis to identify patients with unusually high parameter 

values (i.e., percent of brain volume with BBB leakage). The outlier analysis was performed using 

the Median Absolute Deviation (MAD) approach, as it is considered more robust than traditional 

thresholding using standard deviations around the mean.42 The MAD threshold was calculated as:   

 

Equation VIII: 

 

 

 Based on: 

· The vector representing parameter values of all subjects  — X 

· The median of all subjects — Median(X) 

· The vector representing the absolute difference between each subject and the group 

median — (|X- Median(X)|) 

 

The outlier analysis divided the patients of each study into two groups: patients with ‘normal BBB 

leakage’ and patients with ‘extensive BBB leakage’. This data-driven division allowed us to explore 

group differences in symptoms. Symptoms that were represented by continuous scores/values were 
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compared using the Wilcoxon rank sum test, and symptoms of categorical nature were compared 

using the Chi-square test. The false discovery rate method was used to correct for multiple 

comparisons, and 0.05 was set as the level of significance. Multivariate analysis was used for the 

identification of potential confounds. All statistical analyses were performed in MATLAB_2018a. 
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Chapter 3 – Mechanisms of BBB dysfunction 

Chapter Overview 

This is the first of the three results chapters of this thesis, corresponding to the three manuscripts 

published during my PhD. The current chapter addresses the first goal of my research: 

understanding mechanisms that enhance BBB leakage and the processes that mediate subsequent 

neuronal dysfunction.  

 

 

This research focused on examining the effects of neuronal activity during seizures on pericytes and 

their ability to regulate neuronal oxygen supply (neurovascular coupling). In this study I 

collaborated with Dr. Ofer Prager – an expert in cortical imaging of live animals, and Dr. Richard 

Kovács – who specializes in slice culture models of microvasculature. Together we established 

novel models of transient seizures in-vivo and in-vitro, allowing us to explore both arteriolar and 

capillary changes in BBB integrity and neurovascular coupling.  

The experiments conducted in this study tested the following hypotheses: 

I. Neuronal activity during seizures results in impaired neurovascular coupling. 

II. Impaired neurovascular coupling results in hypoxia and ischemic tissue damage. 

III. Neuronal activity during seizures results in pericyte injury. 

IV. Pericyte injury mediates BBB leakage. 

Chapter 3 – Mechanisms of BBB dysfunction 
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V. Pericyte injury mediates impaired neurovascular coupling. 

Hypotheses I and II were tested both in vitro and in vivo, providing a characterization of 

neurovascular coupling and tissue oxygenation in organotypic capillaries and in cortical arterioles 

supplied by cerebral circulation, respectively. Hypotheses III-V were tested in-vitro, by 

characterizing cellular alterations at the capillary level.  

Our findings confirmed the validity of the first hypothesis, showing that neuronal activity during 

seizures, indeed, leads to reduced vascular responsiveness to neuronal activity. However, our results 

did not show that this impairment in neurovascular coupling is associated with tissue hypoxia, as 

oxygen levels in the tissue remained well above hypoxic levels throughout both in-vitro and in-vivo 

experiments (potentially due to innate oversupply of oxygen to neuronal tissue known as the 

‘oxygen paradox of neurovascular coupling’, as will be further discussed in the discussion chapter). 

Remarkably, our findings did support hypotheses III-V, as neuronal seizure-activity was found to 

induce pericyte injury (via breakdown of pericytic mitochondria) and rigor, followed by impaired 

neurovascular coupling and BBB leakage. We, hence, argue that pericytes are likely mediators of 

neurovascular un-coupling and BBB leakage. While neurovascular un-coupling did not induce 

hypoxia in acute settings, the potential role of long-lasting coupling-impairment in 

dysfunction/damage of neuronal networks warrants further examination.  
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Manuscript title: Seizure‐induced microvascular injury is associated with impaired neurovascular coupling and blood–brain barrier dysfunction 

Abstract 

Objective: Blood–brain barrier (BBB) impairment, redistribution of pericytes, and disturbances in 

cerebral blood flow may contribute to the increased seizure propensity and neurological 

comorbidities associated with epilepsy. However, despite the growing evidence of postictal 

disturbances in microcirculation, it is not known how recurrent seizures influence pericytic 

membrane currents and subsequent vasodilation.  

Methods: Here, we investigated successive changes in capillary neurovascular coupling and BBB 

integrity during recurrent seizures induced by 4‐aminopyridine or low‐Mg2+ conditions. To avoid 

the influence of arteriolar dilation and cerebral blood flow changes on the capillary response, we 

measured seizure‐associated pericytic membrane currents, capillary motility, and permeability 

changes in a brain slice preparation. Arteriolar responses to 4‐aminopyridine–induced seizures were 

further studied in anesthetized Sprague Dawley rats by using electrocorticography and tissue oxygen 

recordings simultaneously with intravital imaging of arteriolar diameter, BBB permeability, and 

cellular damage.  

Results: Within the preserved vascular network in hippocampal slice cultures, pericytes regulated 

capillary diameter in response to vasoactive agents and neuronal activity. Seizures induced distinct 

patterns of membrane currents that contributed to the regulation of pericytic length. During the 

course of recurrent seizures, individual vasodilation responses eroded, and BBB permeability 

increased, despite unaltered neurometabolic coupling. Reduced vascular responsiveness was 

associated with mitochondrial depolarization in pericytes. Subsequent capillary constriction 

preceded BBB opening, suggesting that pericyte injury mediates the breach in capillary integrity. In 

vivo findings were consistent with slice experiments, showing seizure‐related neurovascular 

 
Manuscript title:  
Seizure‐induced microvascular injury is associated with impaired 
neurovascular coupling and blood–brain barrier dysfunction   
Epilepsia, 2019 
Authors:  
Prager O*, Kamintsky L* (*equal first co-authorship), Hasam-Henderson LA, Schoknecht K, Wuntke 
V, Papageorgiou I, Swolinsky J, Muoio V, Bar-Klein G, Vazana U, Heinemann U, Friedman A, Kovács R. 

 

https://onlinelibrary.wiley.com/doi/epdf/10.1111/epi.14631
https://onlinelibrary.wiley.com/doi/epdf/10.1111/epi.14631
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decoupling and BBB dysfunction in small cortical arterioles, accompanied by perivascular cellular 

injury despite normoxic conditions. 

Significance: Our study presents a direct observation of gradually developing neurovascular 

decoupling during recurrent seizures and suggests pericytic injury as an inducer of vascular 

dysfunction in epilepsy. 
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3.1. Introduction 
 

Brain disorders such as depression, anxiety, and dementia are eight times more common in epilepsy 

patients than in the general population.1 With growing evidence of microvascular dysfunction in 

epileptic tissue, the role of blood–brain barrier (BBB) injury in seizure disorders is gaining particular 

interest.2–4 BBB dysfunction and subsequent infiltration of serum albumin into the brain were 

shown to initiate epileptogenic alterations such as astrocytic transformation, neuroinflammation, 

excitatory synaptogenesis, and pathological plasticity.5,6 As prolonged BBB opening is associated 

with delayed structural and functional disturbances of neuronal networks,7 it is tempting to 

speculate that BBB injury in the epileptic brain contributes to epilepsy comorbidities. However, the 

mechanisms underlying seizure‐related BBB dysfunction remain poorly understood. Among the 

components of the BBB neurovascular unit, pericytes may be of particular relevance, as they play a 

crucial role in BBB integrity8 and contribute to microcirculatory dysfunction.9–11 Moreover, pericytes 

were shown to redistribute following kainic acid–induced status epilepticus as well as in chronic 

epileptic tissue.12–14 

Despite some debate regarding the exact nomenclature of contractile cells along the microvascular 

axis,15–17 morphologically defined pericytes (spindle‐shaped cells engulfing microvessels measuring 

4‐10 μm in diameter) were shown to regulate local blood supply in response to neuronal metabolic 

demands, a phenomenon termed neurovascular coupling (NVC). 

Deficiencies in NVC were previously reported in neurological disorders associated with BBB injury, 

including Alzheimer’s disease,18 stroke,9 and subarachnoid hemorrhage.19 Seizures were reported to 

compromise stimulus‐ induced vascular reactivity,20,21 and tissue oxygenation around the epileptic 

focus22 and in deep cortical layers.23 Moreover, several studies implicate post-seizure hypoxia and 

vasoconstriction in seizure‐related memory and behavioral deficits24,25 and point to pericyte-like 

mural cells as the mediators of capillary constriction.26 This is in line with a recent study showing a 

correlation between mural cell remodeling, vascular pathology, and seizure severity by monitoring 

pericytic coverage in vivo over the course of several days after status epilepticus.27 Together, these 

studies highlight the importance of an in‐depth understanding of the development of metabolic and 

NVC abnormalities associated with recurrent seizures. 

3.1. Introduction 
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To allow a detailed investigation of capillary responses and BBB function in a controlled 

microenvironment, we established a slice culture model of organotypic microvasculature that allows 

the recording of seizure‐associated membrane currents in pericytes along with the measurement of 

vasomotility, BBB permeability, and mitochondrial respiration.28 We present the first 

characterization of distinct pericytic current patterns associated with seizure‐ induced vasomotility 

and demonstrate successively developing dysfunction of pericytes. We further show in vitro at the 

capillary level and in vivo at the arteriolar level that recurrent seizures trigger enhanced 

microvascular permeability and a gradual loss of NVC. 
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3.2. Materials and methods 
 

All experimental procedures were approved by the animal ethics committee of the respective 

universities, and the experiments were performed in adherence to the Care and Use of Mammals in 

Neuroscience and Behavioral Research (National Research Council, 2010) and the ARRIVE 

guidelines. 

3.2.1. In vitro experiments  

Slice cultures were prepared and maintained as described earlier.28 Wistar rats and heterozygous 

transgenic mice expressing green fluorescent protein (GFP) at the platelet‐ derived growth factor 

receptor β (PDGFRβ) promoter29 were sacrificed at postnatal day 6‐8 or 2‐3, respectively. 

Entorhinal cortex‐hippocampus slices (400 μm) were maintained under interface conditions 

(medium containing 50% minimal essential medium, 25% Hank balanced salt solution, 25% horse 

serum, pH 7.4; all from Gibco). 

Immunofluorescent reconstruction of the vascular unit was obtained with a Nikon (Tokyo, Japan) 

A1r multiphoton microscope (AMBIO Imaging Core Facility, Charité– Medical University Berlin) 

by using antibodies for laminin (Thermo Scientific), neuronal/glial antigen 2 proteoglycan (NG2), 

or PDGFRβ (Santa Cruz Biotechnology). 

Electrophysiological recordings were performed in area CA3 of the slice cultures in artificial 

cerebrospinal fluid (aCSF) containing (in mmol/L) 129 NaCl, 26 NaHCO3, 10 glucose, 3 KCl, 1.25 

NaH2PO4, 1.6 CaCl2, and 1.8 MgCl2 (perfusion = 5 mL/min, 32°C, pH = 7.4). Epileptiform activity 

was induced via perfusion with a zero magnesium (Mg2+)‐containing aCSF or by the voltage‐gated 

potassium channel inhibitor 4‐aminopyridine (4AP; 100 μmol/L). Both methods induce stereotypic 

ictal discharges resembling seizure activity.30,31 Local field potential (LFP) recordings of seizure-like 

events are referred to as “seizures” throughout the text. LFP and whole cell patch clamp recordings 

on visually identified pericytes were obtained by using a MultiClamp 700B amplifier and pClamp10 

software (Axon CNS; Molecular Devices). Recording electrodes were filled with aCSF (for LFP) or 

with a solution containing (in mmol/L) KCH3SO4 130, KCl 20, HEPES 10, MgCl2 2, EGTA 0.2, 

Na2ATP 2, Na2GTP 0.5, Na2Phosphocreatine 5, and in some cases Alexa Fluor 488 0.1. Changes in 
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tissue partial oxygen pressure (pO2) were recorded by using Clark‐style oxygen microelectrodes 

(Unisense) polarized and calibrated as described previously.32 

Fluorescent monitoring of vascular responsiveness was performed in slice cultures stained with the 

mitochondrially targeted ethidium derivative MitoSox and calcein‐AM (5 and 4 μmol/L, 

respectively).28 Labeling of astrocytic endfeet by calcein‐AM allowed for reconstruction of the 

vessels, whereas pericytes were visualized by the accumulation of MitoSox or by GFP fluorescence 

in slice cultures obtained from PDGFRβ‐bac‐GFP mice (Figures 11DE and 12BD). Changes in the 

permeability of the BBB were measured in slice cultures preincubated with 

2′,7′‐dichlorohydrofluorescein diacetate (20 μmol/L, 30 minutes), resulting in accumulation of the 

oxidation end‐product dichlorofluorescein (DCF) in the vascular lumen. 

A spinning‐disk confocal microscope system (Andor iXon EM+, Andor Revolution; Acal BFi) was 

used for imaging in parallel with the LFP recordings. Z scans containing the entire vessel were 

obtained at each time point, and changes in MitoSox/DCF fluorescence, pericyte length, and 

capillary diameter were evaluated offline and presented here as percentage of pre-treatment values 

in response to sequential seizures.  

3.2.2. In vivo experiments 

Animal preparations were performed as previously described.33,34 A craniotomy window was drilled 

over the motor‐somatosensory cortex of deeply anesthetized (ketamine/xylazine) male rats, and the 

dura was carefully removed. The exposed cortex was continuously perfused with aCSF containing 

(in mmol/L) 129 NaCl, 21 NaHCO3, 1.25 NaH2PO4, 1.8 MgSO4, 1.6 CaCl2, 3 KCl, and 10 glucose, 

with or without 4AP (500 μmol/L). 

To study NVC, we applied simultaneous recording of electrocorticographic (ECoG) activity and 

imaging of anatomically defined arterioles and venules (DL‐658 M‐TIL; Andor Technology).33,34 A 

subdural ECoG electrode was located within the imaging area next to the selected arteriole, and a 

reference epidural electrode was placed posterior to the window. ECoG signals were recorded at 

200 Hz (DSI) and band‐pass filtered at 1‐45 Hz.35 Changes in arteriolar diameter relative to pre‐4AP 

values were measured as previously described.36 To assess the neuronal activity, we calculated the 

normalized power of the ECoG signal for each seizure. Arteriolar responses were calculated as the 
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averaged diameter during each seizure, divided by the average pre-seizure diameter. For continuous 

monitoring of pO2, a miniaturized Clark‐type electrode was positioned near an arteriole of interest, 

and the duration and magnitude of the seizure‐associated initial dip, the peak magnitude, and the 

duration of dip‐to‐peak recovery were quantified. 

Fluorescent imaging of BBB permeability was obtained by using the BBB‐impermeable dye sodium 

fluorescein (NaFlu molecular weight = 376 Da, 1 mg/mL in saline; Novartis). To further confirm 

changes in BBB permeability, in a subset of experiments the fluorescent dye Evans blue albumin 

complex (molecular weight = 66 kDa) was injected intravenously. Assessment of cellular damage 

was performed through intravenous injection of propidium iodide (0.5 mg/kg body weight, 0.5 

mg/mL in saline33).  

3.2.3. Statistical reporting 

All results are presented as mean ± SEM. Statistics were performed using the SPSS 24 software 

packet (IBM). P < 0.05 was considered significant. 

3.2.3.1.  NVC evaluation  

Paired Wilcoxon analysis was used to compare parameters (vasodilation, seizure power, seizure 

duration, vasodilation/ power, n = 9, P = 0.05, 0.02, 0.11, 0.04, respectively) of early versus late 

seizures. 

3.2.3.2.  Cell damage, BBB permeability, oxygen measurements  
Paired Wilcoxon analysis was used to compare perivascular cell damage, microvascular permeability, 

and pO2 before and following seizures (n = 7, 10, 4, P = 0.043, 0.0049, 0.273, respectively). 

3.2.3.3.  Characterization of the vasodilatory response upon seizure activity 
Correlation between pericytic length and vascular diameter was described by  Pearson  coefficient  

(n = 20,  0.711, P = 0.005). Mann‐Whitney test was used to compare the first seizure‐induced 

changes in pericytic length/vascular diameter between low‐Mg2+ and  4AP  (n = 20  vs  10, P = 

0.042, 0.055, for length and diameter, respectively). Paired Wilcoxon analysis was used to compare 

vasodilation or the pO2 changes associated with first versus fourth seizure (n = 9 and 10 cultures 

presenting with at least four seizures, P = 0.028, 0.05 for low‐Mg2+ and 4AP, respectively and n = 6 

P = 0.833 for pO2 changes under low‐Mg2+ conditions).  
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3.3 Results 

3.3.1. Pericytes retain contractility in slice cultures 

Immunofluorescent laminin labeling revealed an extensive network of vessels and organotypic 

arborization throughout the slices, with the exception of an atypical dense meshwork of vessels at 

the bottom of the culture (Figure 11A). Notably, whereas the slicing procedure did result in the 

collapse of large arterioles and venules (diameters > 20 μm), microvessels (4‐10 μm in diameter, 

from here on referred  to as “capillaries”) retained their lumen and became sealed at the cut surface. 

Putative pericapillary pericytes in slice cultures were visualized using NG2 or PDGFRβ labeling, and 

were found at the abluminal side of the vascular wall, surrounded by small pockets of laminin ( 

Figure 11B). However, NG2 labeling was also observed in the parenchyma, likely representing 

oligodendrocyte precursor cells. To achieve long‐term visualization of capillaries and pericytes in 

the living slice culture, we used a combination of calcein‐AM and the mitochondrial superoxide 

indicator MitoSox.28 In addition to parenchymal/neuronal staining, bulk application of MitoSox also 

penetrated capillaries and underwent oxidation in the mitochondria of pericytes but not in 

endothelial cells. The accumulation of the oxidized dye within mitochondria (and to a lesser extent 

in the nucleus) revealed the typical “bump on a log” structure of pericytes, with lengthy arms 

extending to a distance of up to ~50 μm, often embracing a blood vessel (Figures 11C and 12A). 

Upon release of oxidized mitochondrial MitoSox into the cytosol (see below), the entire structure of 

individual pericytes became visible (Figure 11DE), allowing reconstruction of the morphology and 

clear distinction of these cells from endothelial cells or perivascular glia. Simultaneous calcein‐AM 

application labeled glial cells without crossing vascular walls, indicating the presence of a diffusion 

barrier.28 The outer vascular diameter was delineated as the distance between astrocytic endfeet 

(Figures 11C and 12A). 

The observed accumulation of MitoSox in pericytes (yet not endothelial cells) was confirmed in a 

transgenic mouse expressing GFP on the PDGFRβ promoter that allows pericytic visualization.29 

Although the size of the pericytes was slightly smaller compared to slice cultures from rats, MitoSox 

labeling in the transgenic model was colocalized with GFP in cells of the typical “bump on a log” 

morphology (Figure 11F and 11G). While some GFP fluorescence was also observed in non-mural 
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cells throughout the parenchyma, both MitoSox accumulation and GFP expression were 

significantly lower in such cells compared to pericytes (normalized MitoSox 3.9 ± 0.3 vs 2.0 ± 0.2 

and GFP fluorescence 16.7 ± 1.4 vs 8.9 ± 0.8 in pericytes and non-mural cells, respectively; n = 26). 

We thus conclude that pericytic accumulation of oxidized MitoSox is not exclusive to rats, and may 

be a general property of pericytes across different species. 

 

Figure 11 – Microvasculature and pericytes in slice culture 
 

 

Figure 11 – Microvasculature and pericytes in slice culture. A, Immunofluorescent laminin labeling revealed the 
organotypic arborization of the vascular network of the hippocampal slice (depth‐coded colors) as compared to the 
arborization pattern of an acute slice of the same thickness. B, Top: Neuronal/glial antigen 2 proteoglycan 
(NG2)‐positive pericytes (marked with arrowheads) were evident within laminin pockets, and were frequently 
located at the branching points of capillaries (false colors; blue = laminin, green = NG2, red = 
4,6‐diamidino‐2‐phenylindole [DAPI]). Bottom: Immunofluorescent platelet‐derived growth factor receptor β 
(PDGFRβ) labeling marked pericytes as areas of dense dye concentration along the wall of vessels (arrowheads; 
green = PDGFRβ, red = DAPI). C, Calcein‐MitoSox co-labeling in situ resulted in the delineation of capillaries by both 
calcein‐filled astrocytic endfeet and MitoSox‐positive spindle‐shaped pericytes, as seen in both longitudinal (left) 
and cross‐sectional (right) images of vessels. D, Pericytic morphology was confirmed at the end of experiments, 
using laser‐induced (100% intensity continuous illumination) release of MitoSox from the mitochondria into the 
cytosol. E, Volume rendering of individual pericytes following cytosolic MitoSox accumulation, as depicted from 
three different angles (the insert shows the maximum intensity projection of the raw confocal images). Note the 
typical “bump on a log” appearance and the one arm enwrapping the whole vessel. In contrast to endothelial cells, 
pericytes never covered the entire surface of a vessel. F, Slice cultures from PDGFRβ–green fluorescent protein 
(GFP) transgenic mice showcase capillary networks (top) delineated by spindle‐shaped and helical mural cells 
enwrapping the capillary wall (bottom). G, Colocalization of MitoSox labeling and GFP fluorescence in 
PDGFRβ‐positive mural cells. Maximum intensity projection of a capillary segment presents (from the left) GFP, 
MitoSox fluorescence, and their overlap. Although MitoSox is present throughout the parenchyma, it reaches far 
greater intensity inside pericytes. 
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The contractility of pericytes in slice cultures was previously demonstrated in response to direct 

mechanical stimulation or increasing intraluminal pressure.28 Here we investigated pericytic motility 

in response to vasoactive substances and seizures (Figure 12A‐D). Bath application of the 

thromboxane analogue U46619 induced dose‐dependent pericytic shortening, which was reversible 

upon washout or by application of the nitrogen monoxide donor S‐nitroso‐ N‐acetylpenicillamine 

(200 μmol/L;  Figure 12C). 

To examine whether vasoconstriction and dilation are associated with specific pericytic membrane 

currents, we employed whole cell patch clamp recordings in visually identified pericytes (n = 23;  

Figure 12Da and 2Db). In a subset of recordings, Alexa Fluor 488 was included in the pipette 

solution and the dye‐filled cells were transferred to the confocal microscope for subsequent 

morphological analysis. Patch clamped cells showed the typical “bump on a log” structure, with 

arms embracing the vessel, resembling the morphology of the PDGFRβ‐GFP–positive cells. 

Pericytes had a resting membrane potential of −77.8 ± 1.4 mV (−85.8 ± 1.4 mV following 

correction for the junction potential), and either high (87.7 ± 12.1 MΩ, n = 7) or low (37.8 ± 2.9 

MΩ, n = 16) input resistance, likely corresponding to individual or GAP junction coupled cells, 

respectively.37 Interestingly, whereas mechanical stimulation occurring during seal‐formation 

constricted pericytes and capillaries, clamping the cells to a membrane potential with zero net‐cur 

rent reversed this vasoconstriction. U46619 (100 nmol/L) induced a tonic low‐amplitude inward 

current across the pericytic membrane (79 ± 11.8 pA), superimposed with spontaneous epochs of 

inward currents (81.6 ± 27 pA, lasting a few hundred milliseconds) in nine of 15 pericytes (Figure 

12Dc). Whereas the application of the voltage‐dependent potassium channel blocker 4AP had no 

overt effect on membrane currents in cells clamped to −80 mV, subsequent induction of seizures 

triggered high‐amplitude phasic inward currents (up to 1 nA). The amplitude of these phasic inward 

currents decreased toward the end of seizures, occasionally turning into an outward current that 

reaches or exceeds the baseline recorded prior to U46619 application (Figure 12Dd). Together, 

these findings support the notion that the MitoSox‐labeled spindle‐shaped cells are pericytes that 

not only retain their motility in culture but also exhibit specific membrane currents in response to 

neuronal activity. 
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Figure 12 − Pericytes retain motility and respond to seizures in vitro 

 

Figure 12 − Pericytes retain motility and 
respond to seizures in vitro. Pericytes retain 
motility and respond to seizures in vitro.  A, 
Co-labeling of the slices with calcein‐AM and 
MitoSox allowed for measurement of vascular 
diameter. The diameter of the capillary was 
calculated by positioning a line that crosses 
both the pericytic body and its processes at 
the maximal intensity projection of the Z 
planes containing the vessel. The inflection 
points in the MitoSox intensity profile along 
that line correspond to the diameter of the 
vessel (neglecting the thickness of the 
endothelial layer). B, Representative image 
sequence showing pericyte shortening upon 
treatment with the vasoconstricting U46619 
and elongation in response to seizure activity. 
Pericytic length was measured using 
distinguishable MitoSox‐labeled mitochondria 
at distal locations (see also Video S2). The 
mitochondrial landmarks were connected with 
a freehand‐line (at a maximum intensity 
projection containing the entire pericyte), and 
the length at maximal constriction/elongation 
was divided by the initial length of the pericyte 
to represent percent change. C, Shortening of 
the pericytes in response to U46619 was found 
to be dose dependent (right panel) and 
reversible upon application of the nitric oxide 
donor S‐nitroso‐N‐acetylpenicillamine (SNAP; 
left panel, at 100 nmol/L U46619). D, Whole 
cell patch clamp recordings on visually 
identified pericytes. Da, Sequence of 
differential interference contrast (DIC) images 
focusing through a vessel. Asterisks mark the 
vessel lumen. A spindle‐shaped pericyte 
(arrows) was adjacent to the bifurcation of the 
vessel. The black frames mark the position of 
the pericyte, which is shown magnified in the 
last frame. Db, Image sequence from a 
pericyte filled with Alexa Fluor 488 via the 
patch pipette. From the left: DIC image, 
epifluorescent image during the whole cell 
recording, and maximum intensity projection 
of a Z stack obtained in the confocal 
microscope. Dc, Application of the 
vasoconstricting U46619 induces tonic and 

phasic inward currents across the pericytic membrane (traces on the right and excerpt show the phasic inward currents on 
[excerpt with a shorter time scale]). In contrast, the onset of 4‐aminopyridine–induced seizures was accompanied by large 
inward currents (arrow). Dd, The large inward current persisted throughout seizure duration, occasionally reversing 
polarity and turning into an outward current prior to seizure cessation (lower trace; red dotted line represents the zero 
current level before application of U46619). Im, membrane current. 
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3.3.2. Seizures are associated with loss of NVC 

To investigate whether seizure‐associated pericytic membrane currents result in an adequate 

vascular response, we next measured changes in pericytic length and capillary diameter in response 

to seizures as induced by two different proconvulsive treatments: 4AP and low‐Mg2+. The vascular 

tone of the cultured capillaries was maintained by U46619 to compensate for the absence of blood 

flow and adrenergic input.29 The first low‐Mg2+–induced seizure was characterized by pericytic 

relaxation (7.2 ± 1.1% elongation compared to the length before seizure onset, n = 20) and capillary 

vasodilation (12.5 ± 2.1%, reaching maximal values at seizure cessation, n = 20), followed by 

constriction to pre-seizure values (Figure 13A). The changes in pericytic length correlated with the 

changes in capillary diameter (Pearson coefficient = 0.711, P < 0.005), highlighting the 

vasoregulatory role of pericytes in vitro. Importantly, the vasodilatory responses decreased 

significantly with subsequent seizures (dilating 9.6 ± 2.2% in response to the first seizures vs 0.4 ± 

2.6% in response to the fourth, P = 0.028; Figure 13A). Upon the fourth seizure, changes in 

diameter were not different from zero (P = 0.889, n = 9). Notably, despite the reversible nature of 

U46619‐induced vasoconstriction (see above), recurrent seizures resulted in constriction that could 

not be reversed even upon U46619 washout (capillary diameter decreased to 85 ± 3.2% of the initial 

diameter following U46619 application and to 77 ± 4% after recurrent seizures, n = 9). Such 

irreversible vasoconstriction was previously termed “terminal rigor.”11 Following exposure to 4AP, 

the first seizure was also associated with pericytic relaxation (13.3 ± 2.8%) and capillary dilation 

(22.7 ± 7.4%), values slightly greater than those measured for the first seizure in the low‐Mg2+ 

model (P = 0.042 and 0.055 for pericyte length and capillary diameter, respectively; n = 10). Similar 

to the low‐Mg2+ findings, we observed a decrease in vasodilatory responses (with a 22.7 ± 7.5% vs 

6.4 ± 7% increase in diameter, associated with the first and the fourth seizure, respectively, P = 

0.05) and occasionally complete vascular unresponsiveness after ≥5 4AP‐ induced seizures. These 

results show that neuronal activity in organotypic slice cultures induces capillary dilation, and that 

these responses diminish over the course of recurrent seizures, irrespective of the type of 

proconvulsive treatment. 
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Figure 13 – Seizures impair neurovascular coupling in slice cultures 

 

 

Figure 13 – Seizures impair neurovascular coupling in slice cultures. A, Pericytic processes at both sides of 
a capillary are represented by the red lines on the kymograph (x‐t series), demonstrating the diameter 
changes associated with the seizures (field potential traces are superimposed on the lumen). Changes in 
vascular diameter in response to U46619 and the first four seizures are presented as percentage of initial 
diameter. Whereas early seizures were accompanied by adequate vascular responses, later seizures failed 
to induce vasodilatation (9.6 ± 2.2% in response to the first seizure vs 0.4 ± 2.6% to the fourth, *P = 0.028, 
Wilcoxon test, n = 9 capillaries, right panel). B, Seizures were accompanied by a decrease in tissue pO2, 
reaching complete recovery several minutes post-seizure. Notably, seizure‐related pO2 decreases never 
reached hypoxic levels (188 ± 17 mm Hg, n = 66 seizures) starting from a baseline pO2 of ~313 mm Hg. C, 
Early vs late pO2 responses to seizures remained unaltered (P = 0.953, Wilcoxon test, n = 6), pointing to 
stable oxygen consumption and unaltered neurometabolic coupling. fp, field potential; n.s., not significant. 
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3.3.3. Seizures do not induce disturbances in neurometabolic coupling 

We next set out to explore whether the observed loss of vascular responsiveness could be attributed 

to a gradually developing disturbance in neurometabolic coupling and consequent failure of energy 

metabolism, as described for low‐Mg2+ conditions.30 As slice preparations are continuously perfused 

with oxygen, decreases in pO2 represent increased mitochondrial respiration and allow the 

monitoring of neurometabolic coupling.32 In the submerged slice (at a depth of 80‐120 μm from 

slice surface, 95% O2, perfusion > 6 mL/min), baseline pO2 levels were measured at 313.3 ± 13 

mm Hg (Figure 13B). Seizures were accompanied by a characteristic pO2 response, with the initial 

tonic phase resulting in a decrease of 124 ± 9 mm Hg (reaching minimal values 58 ± 2 seconds after 

seizure onset, n = 66 seizures in 17 slice cultures). pO2 levels remained lower throughout the 

duration of the seizures (188 ± 17 mm Hg), yet completely recovered to baseline values within ~5 

minutes of seizure cessation (232.4 ± 10 seconds). Remarkably, even during pO2 minima, the tissue 

remained hyperoxic in all cultures. No significant differences in pO2 responses were found between 

the first and fourth seizure in a sequence (P = 0.833; Figure 13C), pointing to stable oxygen 

consumption and intact neurometabolic coupling. Together, these findings suggest that neither 

hypoxia nor disturbances of neuronal energy metabolism are responsible for neurovascular 

decoupling. 

3.3.4. Seizures induce pericytic constriction and mitochondrial depolarization 

As seizures are known to enhance oxidative metabolism and superoxide formation,31 which may in 

turn lead to MitoSox oxidation, we next examined whether seizures enhance MitoSox fluorescence 

in pericytes. These experiments were carried out without pre-constriction of the capillaries, because 

U46619‐induced changes in pericyte length alter mitochondrial distribution and fluorescence 

intensity irrespective of MitoSox oxidation (with a ~10% increase in fluorescence upon constriction 

and a ~−5% decrease upon relaxation). In the absence of the vasoconstricting U46619, individual 

seizures no longer induced vasodilatation or the corresponding length‐dependent changes in 

MitoSox fluorescence, indicating the complete absence of vasotonus in culture. However, periods 

of >40 minutes of recurrent seizures were associated with a gradual decrease in capillary diameter 

(−8.1 ± 2.1%) and pericytic length (−8.9 ± 1.7%, n = 22), despite the absence of U46619 (Figure 

14B). This constriction was irreversible and persisted even when seizures terminated following 
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perfusion with normal aCSF. Irreversible constriction was preceded by a slow and cumulative 

enhancement in fluorescence outside the mitochondria, all throughout the pericytic cytosol (29.3 ± 

9.0%, n = 22;  Figure 14BC). As mitochondrial retention of MitoSox depends on the presence of a 

negative mitochondrial membrane potential,38 this cytosolic enhancement is likely to reflect dye 

leakage from depolarized mitochondria. To examine the potential contribution of 

superoxide‐dependent oxidation of MitoSox to the observed enhancement in cytosolic 

fluorescence, slices were treated with the free radical scavenger tetramethylpiperidine‐N‐oxyl 

(TEMPOL; 500 μmol/L, coapplied with 4AP). Interestingly, despite the general suppression of 

MitoSox fluorescence, TEMPOL did not prevent the translocation of MitoSox into the cytosol 

(47.15 ± 10.7% increase in the cytosol at the end of the recording, compared to the fluorescence 

following U46619 application, n = 9). Together, these results associate vasoconstriction and 

pericytic rigor with depolarization of pericytic mitochondria, independent of free radical formation. 

3.3.5. Seizures induce changes in capillary permeability in vitro 

Although slice preparations are generally devoid of a BBB, in slice cultures we observed clear 

evidence of a diffusion barrier, with calcein failing to penetrate the capillary lumen nor entering 

pericytes or endothelial cells. Having also found that DCF (a substrate of the multidrug 

resistance‐associated protein 2) does accumulate in the lumen, we were granted a unique 

opportunity to explore seizure‐induced changes in BBB permeability in vitro (Figure 14D). In 

normal aCSF, DCF fluorescence increased continuously within the lumen, reaching 203 ± 43.5% of 

the initial value during the first 10‐minute recording period and a further 139 ± 30.7% between 10 

and 20 minutes (n = 11 slice cultures). While the largest increase in fluorescence (9.91 ± 1.01%) was 

observed between the first and second scans and likely reflects laser-induced auto-oxidation of the 

reduced dye (H2DCF) in the lumen, the gradual and continuous increase throughout the rest of the 

recording (by about 4%) most likely represents ongoing DCF uptake. Upon seizure induction, DCF 

fluorescence within individual microvessels underwent a biphasic change; the continuous slow 

increase was followed by a rapid fluorescence decrease within the lumen in six of 14 cultures (Figure 

14E and 14F). Remarkably, this rapid decrease coincided with terminal constriction and continuous 

fluorescence enhancement in the surrounding neuropil, indicating cross‐BBB leakage and not 

photobleaching. Occasionally, dye extravasation appeared as small protrusions at capillary borders, 

further indicative of increased permeability (Figure 14F, arrowhead). 
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Figure 14 – Recurrent seizures induce pericyte constriction, mitochondrial depolarization, and BBB leakage 

 

 

Figure 14. Recurrent seizures induce pericyte constriction, mitochondrial depolarization, and blood–brain 
barrier leakage. A, Prolonged seizure activity led to increased cytosolic MitoSox fluorescence in the pericytes 
(29.3 ± 9%, n = 22), indicative of mitochondrial leakage of MitoSox. B, These changes were concomitant with 
pericytic shortening (−8.9 ± 1.7%, n = 22) and a decrease in capillary diameter (−8.1 ± 2.1%, n = 22), as summarized 
in C. D, Superficial capillaries in the area CA3 (left) visualized by the dichlorofluorescein (DCF) accumulation in the 
capillary lumen. Double labeling with DCF and MitoSox clearly shows pericytes engulfing the capillary (capillary 
cross sections at different Z planes, right). The narrow dark gaps between the lumen and the pericytes represents 
the unlabeled endothelial cells. E, Neurovascular decoupling and terminal vasoconstriction were accompanied by 
a sudden release of DCF from the lumen, indicative of increased permeability of the BBB (upper panel). Maximum 
intensity projection of a DCF‐filled vessel (lower panels) shows pericytic, endothelial (endothel), and neuronal DCF 
fluorescence increase (as expected for ongoing H2DCF oxidation), yet decreasing intraluminal fluorescence 
following the seizure (scale bar = 10 μm). F, Representative DCF leakage from a vessel during 20 minutes of 
recurrent seizure activity. Arrowhead marks an individual site of DCF release. 
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3.3.6. Seizures induce NVC alterations in vivo 

The resolution of the slice culture model allowed us to characterize the functionality of 

microcirculation and individual pericytes; we next sought to validate the presence of a neurovascular 

decoupling of larger vessels in vivo. Using intravital microscopy and the open‐window technique, 

we imaged pial arterioles (defined here as vessels measuring 30‐60 μm in diameter) while monitoring 

ECoG activity during 4AP‐ induced seizures (n = 9;  Figure 15). Local perfusion of the exposed 

neocortex with 4AP induced recurrent seizures with an onset latency of 24.43 ± 5.14 minutes. 

Figure 15 – Seizures impair neurovascular coupling in vivo 

 

 

Figure 15. Seizures impair neurovascular coupling in vivo. A, Direct cortical imaging enabled continuous 
measurement of vascular diameter, as demonstrated for a representative experiment in B. Whereas early seizures 
(0‐30 minutes) elicited a 59.33 ± 8.46% increase in arteriolar diameter, late seizures (2‐4 hours) were 
accompanied by diameter increases of only 35.11 ± 4.55%. C, The gradual decrease in vascular responses to 
seizures was evident in seven of nine animals (P = 0.028, Wilcoxon test, n = 9 animals). D, Comparison of early 
(0‐30 minutes) versus late (2‐4 hours) seizures confirmed a significant reduction in diameter responses (P = 0.05, 
Wilcoxon test, n = 9 animals), despite an overall increase in seizure power (P = 0.02) and a lack of change in 
seizure duration. Hence, with a decrease in dilatations and an increase in power, the dilatation to seizure power 
ratio (denoted as NVC [neurovascular coupling]) was also significantly smaller in response to late seizures 
(P = 0.02). ECoG, electrocorticogram; *, P < 0.05. 
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Individual seizures lasted 3.09 ± 0.47 minutes, with 4.77 ± 1.15‐minute inter-seizure intervals (18.22 

± 2 seizures per animal, n = 9 rats), and were accompanied by reversible vasodilation (of up to 

60%). Importantly, seizure‐associated changes in arteriole diameter gradually decreased in 7 of 9 

animals (Figure 15C). Specifically, whereas early seizures (0‐30 minutes of 4AP) induced 

vasodilation of 59.33 ± 8.46% (n = 9), late seizures (2‐4 hours of 4AP) were associated with 

dilations of only 35.11 ± 4.55% (n = 9, P = 0.05;  Figure 15B). The reduction in vascular responses 

could not be attributed to a decline in seizure severity, as seizure power invariably increased over 

time (P = 0.02, early vs late seizures;  Figure 15D) with no changes in seizure duration (P = 0.11;  

Figure 15D). Consequently, the ratio between the vasodilatory response and the power of late 

versus early seizures was found to be significantly smaller (P = 0.04;  Figure 15D), further 

confirming arteriolar neurovascular decoupling. As pericytes and capillaries are not visible in this 

preparation, the finding of neurovascular decoupling at the arteriolar level suggests that smooth 

muscle cells are also prone to loss of responsiveness. 

3.3.7. Seizure‐induced cellular injury and microvascular permeability in vivo  

Having found pericytic injury and neurovascular decoupling, we proceeded to test whether these 

were accompanied by cellular damage in vivo. Visualization of cellular injury (using the 

intravenously injected membrane integrity marker propidium iodide)33 pointed to cumulative 

perivascular enhancement after 2‐4 hours of ongoing recurrent seizures (Figure 16B), reflective of 

cellular injury (P = 0.06, n = 7 animals, compared to pre-seizure values;  Figure 16). 

Our finding of pericytic injury and increased microvascular permeability in slice cultures prompted 

us to examine BBB permeability changes during recurrent seizures in vivo. In line with the 

literature3,39 and our in vitro findings, we observed seizure‐related vascular leakage, with increased 

fluorescence of the intravenously injected BBB‐ impermeable dye (NaFlu) around and along 

arterioles and venules (Figure 16B). Quantitative assessment of parenchymal tracer accumulation 

confirmed a significant increase in endothelial permeability (compared to pre-seizure conditions, n 

= 10, P = 0.0049;  Figure 16B). Notably, parenchymal increase in NaFlu fluorescence is likely to 

involve dye release from capillary BBB, as it appeared throughout the tissue and not only in the 

proximity of penetrating arteries and arterioles. Moreover, the leakage was not restricted to the pial 
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surface but was present in deeper cortical layers, as evidenced by the presence of the 

albumin‐binding dye Evans blue in the parenchyma (Figure 16A, yellow arrows). 

Figure 16 – Seizures induce cellular injury and vascular leakage in vivo. 

 

 

Figure 16. Seizures induce cellular injury and vascular leakage in vivo. A, Fluorescent imaging of Evans blue 
(intravenously injected premortem) demonstrates the extravasation of the dye in surface and deep cortical 
layers surrounding the window of 4‐aminopyridine administration. B, In vivo imaging has revealed 
overlapping seizure‐related increases in sodium fluorescein (NaFlu) and propidium iodide (PI) fluorescence 
in perivascular (arteriolar and venular) regions, reflective of blood–brain barrier (BBB) dysfunction 
(*P = 0.0049, Wilcoxon test, n = 10 animals) and cellular injury, respectively. C, Despite the impaired vascular 
responses to latent seizures, we never observed pO2 values reaching the hypoxic threshold of 10 mm Hg 
with the Clark‐style electrode (P = 0.273, Wilcoxon test, n = 4 animals). ECoG, electrocorticogram; 
*, P < 0.05. 

 

3.3.8. Seizure‐associated NVC impairment occurs under normoxic conditions in vivo 

The balance between metabolic demands and perfusion during seizures remains a matter of debate, 

with some studies showing that blood supply meets metabolic demands,40,41 whereas others 
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suggesting the contrary.42 More recently, postictal hypoperfusion was highlighted as the potential 

link between seizures and neurological comorbidities in epilepsy.24,25 We thus examined the potential 

effects of neurovascular decoupling on tissue oxygenation, using Clark‐style pO2 microelectrodes43 

located adjacent to the responding arterioles (Figure 16C, n = 4). Consistent with previous reports,44 

individual seizures induced a characteristic biphasic pO2 response: a rapid decrease at seizure onset 

(the “initial dip”) followed by a gradual increase that far exceeded the pre-seizure pO2 levels (the 

“overshoot”). The rapid dips upon seizure onset (from a baseline of 39.86 ±12.84 mm Hg to 26.46 

± 4.39 mm Hg) lasted 23.25 ±11.65 seconds, whereas the recovery phase lasted 113.5 ± 30.2 

seconds (t-recovery = t-peak − t-dip), reaching overshoot values of 79.87 ± 20.15 mm Hg. Importantly, 

despite neurovascular decoupling, the pO2 overshoots of late seizures did not decrease compared to 

early events (P = 0.273), ruling out aggravated hypoxia as the mediator of enhanced cellular injury 

and BBB dysfunction. 
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3.4. Discussion 
We report that recurrent seizures induce pericytic injury in vitro and are associated with 

neurovascular decoupling and BBB dysfunction at arteriolar and capillary levels. Seizure‐induced 

capillary constriction was accompanied by loss of mitochondrial integrity in pericytes, highlighting 

the role of energy metabolism in microvascular injury. Our findings may help understand the 

mechanisms behind the postictal microcirculatory hypoperfusion underlying behavioral and 

cognitive symptoms associated with seizure disorders.25 

The viability of endothelial cells and pericytes, and the resealing of small vessels in the slice culture 

preparation,28,45,46 granted us the opportunity to study capillary neurovascular responses, without 

potential contribution of precapillary dilation and changes in blood flow. In light of the controversy 

surrounding the nomenclature of mural cells along the vascular axis,17 for simplicity we relied on 

morphological criteria referring to vessels of the smallest diameter (4‐10 μm) as “capillaries” and to 

NG2‐ or PDGFRβ‐positive spindle‐shaped cells that engulf them as “pericytes.” Nevertheless, the 

collapse of large blood vessels due to the slicing procedure hindered the unequivocal determination 

of the vascular branching order, leading to the potential inclusion of arterioles and smooth muscle 

cells in our samples. Although the used fluorescence marker MitoSox is oxidized in different cell 

types throughout the parenchyma, its colocalization with GFP‐positive cells in PDGFRβ transgenic 

mice suggests that MitoSox‐accumulating contractile mural cells are actually pericytes, which retain 

motility and structural requirements to control vascular diameter. It is of note that other cell types, 

such as oligodendrocyte precursors or fibroblast-like stromal cells, may also express PDGFRβ in 

juvenile tissue or after slicing procedures,14 which would explain the faint GFP fluorescence in non-

mural cells we observed in culture (Figure 11). These cells resembled the fluorescence pattern of 

NG2, which is in line with the finding that parenchymal PDGFRβ immunoreactivity colocalizes 

with NG2 but is distinct from IBA1+ microglia in epileptic specimens.14 

The resting membrane potential of pericytes in culture was close to the reversal potential of 

potassium, suggesting that potassium conductance dominates in pericytes at rest, in the absence of 

adrenergic tonus and blood flow. Pericytes were maximally elongated, which necessitated the 

3.4. Discussion 
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application of vasoconstricting thromboxane analogue to restore the vasotonus.29 Moreover, the 

vascular responses may be underestimated in our preparation, as the high oxygen tension, necessary 

for maintaining recurrent seizure activity in submerged conditions, does not favor dilation.47 The 

observed resting membrane potential was lower than that reported in freshly isolated retinal 

capillaries or in acute brain slices,11,37 potentially due to the more destructive nature of those 

preparations or due to alterations in channel expression in culture following the exposure to serum. 

The effect of U46619 was mediated by a tonic inward current, as clamping the cells to their resting 

membrane potential prevented vasoconstriction. In line with the known role of moderate rises in 

extracellular potassium as one of the key mechanisms of vascular responsiveness,48,49 seizures led to 

apparent phasic inward currents associated with each individual clonic discharge. The subsequent 

reversal of the inward to an outward current, which corresponded to the time of maximal 

vasodilation of pre-constricted capillaries, may be explained by potassium‐dependent activation of 

inward‐rectifying potassium channels, as described for endothelial50 and smooth muscle48 cells. 

Unfortunately, pericytic constriction/dilation hindered stable current clamp recordings during 

recurrent seizures. Future studies are awaited to determine the relationship between recurrent 

seizures, pericytic membrane potentials, and contractility. 

Although depletion of high‐energy phosphates and increased lactate levels are frequently observed 

during status epilepticus,51 whether this solely points to increased neuronal energy demand or 

restricted oxidative metabolism remained unclear. Our in vitro findings demonstrate that the 

gradual decrease in capillary responsiveness occurs in the presence of ample oxygen and constant 

seizure‐associated respiration enhancement. Thus, disturbances in neurometabolic coupling and 

subsequent shifts in pH or tissue redox potential are unlikely to underlie neurovascular 

decoupling.30,31 Conversely, despite the seizure‐induced neurovascular decoupling, we never 

observed tissue oxygenation below the normoxic range (>20 mm Hg) during recurrent seizures in 

vivo. These results are in apparent contradiction to previous studies reporting local postictal 

hypoxia and vasoconstriction24,25 with optical methods (for review, see Suh et al52). This discrepancy 

could be explained by the lower spatial resolution (~60 μm) of the Clark‐style microelectrodes used 

in our study, by the different models of epileptogenesis, or by the use of the open window 

technique and perfusion with gassed aCSF. However, although reduced vascular responsiveness 

may yet prove to induce hypoxic neuronal damage, our results indicate that widespread hypoxia is 
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not a necessary condition for the dysfunction of pericytes. Remarkably, the loss of vascular 

responsiveness was observed in capillaries in vitro and in arterioles in vivo. It remains to be clarified 

whether pericytes and smooth muscle cells undergo similar functional disturbances or whether 

pericytic injury has a causal connection to neurovascular uncoupling in arterioles. This latter option 

is supported by studies suggesting that pericytic dilation precedes arteriolar dilation,11 and that gap 

junction–coupled pericytes contribute to the spread of vasodilatory signaling.53 

Free radicals are known to have vasoactive effects,9 and an increase in their production has been 

linked to seizures and subsequent cell damage.31 However, our experiments do not reflect a 

seizure‐related increase in free radical production in pericytes. The failure of TEMPOL to prevent 

the cytosolic increase in MitoSox fluorescence suggests that it represents dye leakage from the 

mitochondria due to loss of mitochondrial integrity, rather than genuine cytosolic oxidation of the 

probe. Similar to vascular smooth muscle cells, pericyte contraction is controlled by changes in 

intracellular Ca2+ concentration.37 Thus mitochondrial dysfunction leading to cytosolic Ca2+ 

dysregulation may explain the observed terminal rigor of injured pericytes, also described in 

hypoxia‐reperfusion,9 and oxygen glucose deprivation.11 Importantly, the observed terminal 

vasoconstriction and pericytic rigor coincided with a rapid release of intraluminal DCF, pointing to 

the breakdown of the endothelial diffusion barrier. Although this could be purely coincidental, these 

results are in accord with recent studies linking pericyte detachment to BBB breakdown.13 

Mechanisms underlying pericyte‐mediated BBB dysfunction may include glutamate‐dependent,3  

VEGF–dependent,54 and matrix metalloproteinase–dependent55 pathways. The potential 

contribution of these mechanisms awaits further investigation. 

By studying the longitudinal changes in the hemodynamic responses to seizures, our study reveals a 

gradual neurovascular decoupling at both the capillary and the arteriolar level and excludes hypoxia 

as an immediate cause of microvascular dysfunction and cellular injury. Our findings may explain 

the reported disturbances in blood flow regulation and mural cell remodeling following recurrent 

seizures.20,24,26,27 Furthermore, our in vitro evidence of pericytic injury–associated loss of capillary 

response and increased microvascular permeability highlights pericyte functionality as a potential 

therapeutic target for seizure disorders.27 
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Chapter 4 –  BBB leakage and psychiatric symptoms in bipolar patients 

Chapter Overview 

In the second study conducted during my PhD we sought to investigate the clinical relevance of 

BBB leakage. Specifically, we aimed to examine the potential link between subtle/slow BBB leakage 

and psychiatric symptoms in living patients. This study was a collaboration with Dr. Cynthia Calkin 

– the head of the Mood and Metabolism Program at the QEII Health Sciences Center, Halifax, 

Nova Scotia, and a psychiatrist with an expertise in bipolar disorder. 

 

 

 

With the neuroimaging expertise of Dr. Steven Beyea and Dr. Chris Bowen of the Biomedical 

Translational Imaging Centre (BIOTIC, QEII Hospital, Halifax, Nova Scotia) we established an 

MRI acquisition protocol suitable for assessing subtle/slow BBB leakage in patients and control 

volunteers (Figure 9). 

This clinical study aimed to test the following hypotheses: 

I. Evidence of subtle/slow BBB leakage can be found in patients with bipolar disorder, 

despite the absence of gross brain abnormalities (e.g., tumors or ischemic/hemorrhagic 

lesions). 
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II. Subtle/slow BBB leakage may be associated with worse psychiatric symptoms.  

III. BBB leakage may be associated with metabolic dysregulation, i.e., insulin-resistance. 

To analyze the MRI data, I developed a fully automatic software that calculates the rate of BBB 

leakage in every voxel of the brain (Figure 10). A total of 36 patients with bipolar disorder (type I 

and II) underwent the MRI acquisition protocol, along with 14 volunteers matched in sex, age, and 

metabolic status to the bipolar cohort. Our findings validated all three hypotheses, showing that: 

I. A subgroup of bipolar patients (~25%) have extensive BBB leakage. 

II. Compared to patients without extensive BBB leakage, this subgroup experiences a 

significantly more chronic course of illness (more frequent, long-lasting, and severe episodes 

of mania/depression that do not respond to mood stabilizing treatments), worse depression 

and anxiety, and lower overall level of functioning. 

III. This subgroup scored significantly higher on scales of metabolic and vascular pathology, 

and all patients within this subgroup are insulin-resistant. 

Our findings highlight the BBB as a likely mediator of bipolar disorder progression, and offer a new 

mechanistic framework for the severe psychiatric outcomes in bipolar patients with comorbid 

insulin-resistance. We argue that the long-lasting systemic inflammation associated with insulin-

resistance is a likely cause of BBB leakage. We further propose that leakage-mediated 

neuroinflammation may lead to neuronal dysfunction that underlies the progression of bipolar 

illness and exacerbation of its neuropsychiatric outcomes. The potential role of altered cross-BBB 

efflux in bipolar drug-resistance warrants further investigation.  
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Manuscript title: Blood-brain barrier imaging as a potential biomarker for bipolar disorder progression 

Abstract 

Bipolar disorder affects approximately 2% of the population and is typically characterized by 

recurrent episodes of mania and depression. While some patients achieve remission using mood-

stabilizing treatments, a significant proportion of patients show progressive changes in 

symptomatology over time. Bipolar progression is diverse in nature and may include a treatment-

resistant increase in the frequency and severity of episodes, worse psychiatric and functional 

outcomes, and a greater risk of suicide. The mechanisms underlying bipolar disorder progression 

remain poorly understood and there are currently no biomarkers for identifying patients at risk. The 

objective of this study was to explore the potential of blood-brain barrier (BBB) imaging as such a 

biomarker, by acquiring the first imaging data of BBB leakage in bipolar patients, and evaluating the 

potential association between BBB dysfunction and bipolar symptoms.  To this end, a cohort of 36 

bipolar patients and was recruited through the Mood Disorders Clinic (Nova Scotia Health 

Authority, Canada). All patients, along with 14 control subjects (matched for sex, age, and metabolic 

status), underwent contrast-enhanced dynamic MRI scanning for quantitative assessment of BBB 

leakage as well as clinical and psychiatric evaluations. Outlier analysis has identified a group of 10 

subjects with significantly higher percentages of brain volume with BBB leakage (labeled the 

“extensive BBB leakage” group). This group consisted exclusively of bipolar patients, while the 

“normal BBB leakage” group included the entire control cohort and the remaining 26 bipolar 

subjects. Among the bipolar cohort, patients with extensive BBB leakage were found to have more 

severe depression and anxiety, and a more chronic course of illness. Furthermore, all bipolar 

patients within this group were also found to have co-morbid insulin resistance, suggesting that 

insulin resistance may increase the risk of BBB dysfunction in bipolar patients. Our findings 

demonstrate a clear link between BBB leakage and greater psychiatric morbidity in bipolar patients 

and highlight the potential of BBB imaging as a mechanism-based biomarker for bipolar disorder 

progression. 
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4.1. Introduction 

Bipolar disorder affects approximately 2% of the population, and is characterized by episodes 

affecting mood, activity levels, and ability to carry out day-to-day tasks.1 A growing body of 

evidence suggests that treatment-resistant disease progression is common in bipolar patients, and 

may include a shift towards more frequent and severe episodes, worse depression, anxiety, 

socio/occupational dysfunction and increased risk of suicide.2 While the pathophysiology of bipolar 

disorder remains poorly understood, converging evidence points to the presence of 

neuroinflammation in bipolar patients.3,4 In light of the increasingly recognized role of the brain’s 

microvasculature in neuroinflammation, here we set out to examine the potential link between 

blood brain barrier (BBB) dysfunction and bipolar disorder progression.  

Under normal conditions the BBB restricts the entry of most blood-derived factors into the brain. 

This tight regulation of the brain’s environment is necessary for proper neuronal activity and is 

performed by the tightly connected membrane of endothelial cells within brain microvessels, and 

the mural and astrocytic cells engulfing it.5 Hence, disruption of this complex interface allows the 

extravasation of blood-derived factors into the brain, causing neuroinflammatory responses which 

can initiate various pathways of neural dysfunction and degeneration.6  

In the past two decades dynamic contrast-enhanced (DCE-) magnetic resonance imaging (MRI) has 

been gaining popularity as the method of choice for assessing BBB leakage in living subjects.7 In 

this method, repeated scans of the brain are acquired to capture signal changes due to cross-BBB 

extravasation of an intravenously injected contrast agent. As the current gold standard for BBB 

assessment still relies on post-mortem tissue analysis, cross-validation of the two methods in the 

same individuals is not a trivial task. However, DCE-MRI studies have been used to identify BBB 

dysfunction in disorders such as multiple sclerosis,8–11 stroke,12–14 brain tumors,15 epilepsy,16 

traumatic brain injury,17,18 and dementia6,19 — all of which were previously linked to BBB 

impairment in post-mortem studies. Moreover, while a large-scale validation of this approach is yet 

to be performed, two recent studies have successfully demonstrated the method’s reproducibility20 

and biological validity.10 
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4.2. Methods 

To date DCE-MRI has not been applied to the study of psychiatric disorders and the clinical 

correlates of BBB dysfunction in these disorders remain unknown. Thus, the goal of the present 

study was to obtain the first imaging evidence of BBB dysfunction in bipolar patients, and to test 

the association between BBB pathology and disease severity.  

4.2.1. Participants 

The study was approved by the Nova Scotia Health Authority Research Ethics Board (1021507). A 

total of 36 adult patients (over 18 years of age) were recruited to the study through the Mood 

Disorders Clinic (Nova Scotia Health Authority, Canada). Subjects underwent a detailed psychiatric 

interview using the schedule for affective disorders and schizophrenia (SADS-L)37 to diagnose 

bipolar disorder. Diagnoses required a consensus of at least 3 psychiatrists and were based on the 

DSM-5 criteria.38 As patients with type I versus II bipolar disorder differ primarily in severity of 

manic episodes, we did not exclude patients based on this criterion. Mood symptoms were rated 

using the Montgomery-Ǻsberg depression rating scale (MADRS),24 Hamilton anxiety rating scale 

(HAM-A),25 and the global assessment of functioning scale (GAF, reflecting illness effects on social, 

occupational, and psychological functioning).26 Course of illness was determined using the affective 

morbidity index (AMI, rating the severity and length of manic/depressive episodes),39 patient 

interviews, detailed review of medical records, and analysis of daily mood ratings. Additional data 

collection included: blood pressure (BP), body mass index (BMI), the homeostatic model 

assessment of insulin resistance (HOMA-IR, calculated based on fasting levels of blood glucose and 

insulin),23 and Framingham risk scores (heart age and risk of cardiovascular disease).21  

A group of 14 control subjects was also recruited and was matched for sex, age, and metabolic 

status to the bipolar cohort. The same schedule used for diagnosing bipolar disorder (SADS-L), was 

used to confirm a lack of psychiatric history in this group. The control group also underwent the 

above-mentioned protocol of interviews and assessments.  
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Participants with diabetes, pregnancy, or contradiction to MRI or contrast-enhancement (estimated 

glomerular filtration rate < 60) were excluded from the study. All participants provided informed 

consent prior to enrollment.  

4.2.2. BBB Imaging 

4.2.2.1. DCE-MRI acquisition and preprocessing 

Images were acquired using a 3T MRI scanner (Discovery MR750, GE Healthcare, Waukesha, WI), 

with a 32-channel MR Instruments head coil. The sequences acquired for BBB assessment included: 

(1) a T1- weighted 3D sagittal anatomical scan (BRAVO, TE/TR = 2/6ms, TI = 450ms, FOV 

22·4cm, acquisition matrix 224x224x168, voxel size 1x1x1 mm, acceleration 2, averages 2, scan time 

5min 42s); (2) a T1-weighted 3D tilted axial sequence with variable flip angles (2-10-30°,DESPOT1, 

TE/TR = 2/10ms, flip angle 15°, averages 2, FOV 24cm, acquisition matrix 192x192x34, voxel size 

1.25x1.25x6 mm, scan time 6min 39s) for the calculation of pre-contrast T1 map;40 and (3) a T1-

weighted 3D axial dynamic scan (LAVA, TE/TR = 2/4ms, FOV 24cm, acquisition matrix: 

192x192x34, voxel size 1.25x1.25x6 mm, flip angle 15°,  averages 1, Δt = 20 Sec) acquired between 

minutes 6 and 20 after intravenous injection enhanced of the magnetic contrast Gadobenate 

Dimeglumine (0·1 mmol/kg, MultiHance, Bracco Imaging Canada, Montreal, QC). All sequences 

were registered and normalized to MNI coordinates using SPM12 (University College London, 

www.fil.ion.ucl.ac.uk/spm). 

4.2.2.2. Image analysis  

As extravasation of contrast agent due to cross-BBB leakage leads to increased T1 signaling in the 

affected tissue, it allows quantitative assessment of contrast accumulation in the tissue and hence 

the contrast leakage rate. To achieve this, T1 intensities are first converted to contrast concentration 

values,40 and concentration-time curves are constructed for every brain voxel. The concentration-

time curves can next be fitted to one of several pharmacokinetic models, allowing the calculation of 

parameters corresponding to leakage rates. Here we used the linear model,14,20,27,28 which estimates 

the leakage rate Ki (mMol/min) by calculating the slope of each concentration-time curve between 

6-20 min. To compensate for inter-subject variabilities (due to heart rate, blood flow, or rate of 

contrast injection), each voxel’s leakage rate was normalized to that of the superior sagittal 
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sinus,14,27,28 resulting in a dimensionless measure of leakage rate. Leakage rates were considered 

pathological when exceeding 0.02, the 95th percentile of all values in a cohort of control subjects.17 

The percent of suprathreshold voxels was used as a measure reflecting overall BBB leakage. To 

identify subjects with abnormally high overall leakage an outlier analysis was performed (based on 

the median + two standard deviations of all 50 subjects).  

To quantify region-specific BBB leakage, each scan was segmented into 126 

anatomically/functionally significant areas in accordance with the MNI brain atlas 

(https://github.com/neurodebian/spm12/tree/master/tpm). The number of voxels with 

abnormally high leakage rates was quantified within each region and divided by the total of voxels 

comprising the region. This ratio was used as the measure of region-specific BBB leakage.  

4.2.3. Statistical analysis 

Continuous variables were compared using the Wilcoxon rank sum test, and categorical variables 

were compared using either Fisher’s or Chi-square test. Corrections for multiple comparisons were 

performed using the false discovery rate method. 
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4.3. Results 

4.3.1. Participants 

A cohort of 36 bipolar patients was recruited for the study (23 bipolar type I and 13 bipolar type II). 

The average duration of illness among the patients was 28±13 years, with an average onset at 22±10 

years of age. Bipolar disorder started with a depressive episode in 76% of patients, and about half 

(55%) have progressed to a chronic course of illness. The average age of the group was 49·1±11·3 

years and 70·6% were females. Control subjects were matched for sex, age, and metabolic syndrome 

(Table 3). Compared to controls, bipolar patients scored significantly worse on scales of depression 

(Montgomery-Ǻsberg depression rating scale), anxiety (Hamilton anxiety rating scale), and capacity 

of carrying out day-to-day functions (Global Assessment of Functioning, Table 3). No differences 

in anthropometric or metabolic measures were identified between the groups (Table 3). 

4.3.2. A sub-group of bipolar patients have a significantly higher level of BBB dysfunction 

All participants underwent DCE-MRI scanning and quantitative maps of leakage rates were 

calculated for each brain voxel27,28 (Figure 17A). The percent of brain tissue with pathological 

leakage rates was used as an overall measure of BBB dysfunction, revealing a high variability of 

values among the bipolar cohort (Figure 17B). In order to identify subjects with significantly 

higher levels of BBB dysfunction, an outlier analysis was performed (based on the median + two 

standard deviations of all 50 subjects). Ten of the 50 subjects were identified as outliers (subjects 

with over 12·2% of the brain affected by leakage). The outlier group consisted exclusively of 

bipolar patients, and was labelled the “extensive BBB leakage” group. The group with the lower 

level of BBB dysfunction included the entire control cohort as well as the remaining 26 bipolar 

patients. Since there were no differences between the controls and patients within this group 

(Figure 17C), it was collectively referred to as the “normal BBB leakage” group. To examine 

whether the differences between bipolar patients with extensive vs normal leakage were 

widespread (diffuse) or restricted to specific brain regions (focal), region-specific leakage was 

quantified in 126 anatomically/functionally significant brain regions and compared between the two 

groups. The comparison revealed a diffuse rather than focal difference, with 112 of the 126 regions 

4.3. Results 
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showing significantly higher leakage in the “extensive BBB leakage” group (Figure 17D, p<0·05, 

corrected for multiple comparisons).  

Table 3 – Demographic and clinical features of patients with Bipolar Disorder 

 
Bipolar 
Patients 

Controls P 

Demographics    

Age 49·1 (1·9) 47·6 (2·9) 0·666 

Sex (% female) 70·6 71·4 1·000 

Anthropometric and metabolic measures    

Body mass index (BMI) 30·1 (1·1) 28·2 (1·5) 0·358 

Waist-to-hip ratio 0·9 (0·02) 0·9 (0·03) 0·230 

Risk of cardiovascular disease (Framingham risk 
score)21 

8·6 (1·5) 4·9 (0·8) 0·469 

Framingham heart age21 53·0 (5·3) 47·7 (2) 0·602 

Metabolic syndrome22 (% subjects) 27·8 15·4 0·474 

Insulin resistance (HOMA-IR score)23 2·7 (0·3) 1·7 (0·2) 0·056 

Psychiatric characteristics    

Depression severity (MADRS score)24 18·1 (2·4) 1·9 (0·4) <0·001 

Anxiety severity (HAM-A score)25 11·8 (1·5) 2·0 (0·4) <0·001 

Global Assessment of Functioning (GAF score)26 66·8 (0·5) 92·1 (0·7) <0·001 

Medication use (% patients)    

Lithium  72 ·· ·· 

Antiepileptics 67 ·· ·· 

Atypical antipsychotics 56 ·· ·· 

Antidepressants 44 ·· ·· 

Benzodiazepines 56 ·· ·· 

Melatonin 19 0 0·169 

Blood pressure medication 14 14 1·000 

Cholesterol medication  14 0 0·304 

 
 
Mean (standard error), unless otherwise indicated. Continuous variables were compared using the Wilcoxon 
rank sum test, and categorical variables were compared using Fisher’s Exact Test. MADRS, Montgomery-Ǻsberg 
depression rating scale; HAM-A, Hamilton anxiety rating scale; HOMA-IR, homeostatic model assessment of 
insulin resistance.  
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Figure 17 – A sub-group of bipolar patients have extensive BBB leakage 

  

Figure 17. A sub-group of bipolar patients have 
extensive BBB leakage. A. The rate of BBB 
leakage was quantified for every brain voxel, 
with shades of blue representing tissue with 
non-permeable BBB and shades of red 
representing contrast agent accumulation due 
to BBB leakage. Representative leakage maps of 
five bipolar patients showcase the different 
extents of leakage among the bipolar cohort 
(displayed slices were selected to represent 
maximal BBB leakage in each subject). B. The 
overall percent of brain tissue with pathological 
leakage was calculated for all patients and 
controls, revealing a high variability of values 
among the bipolar cohort. C. Outlier analysis of 
all 50 subjects has identified a group with 
“extensive BBB leakage”, consisting of ten 
bipolar patients, and a group with “normal BBB 
leakage”, consisting of 26 patients and 14 
controls (p<0·0001). D. Compared to bipolar 
patients with normal BBB leakage, the 
“extensive BBB leakage” group had significantly 
higher levels of leakage in 112 of the 126 regions 
(Wilcoxon rank sum test with a false discovery 
rate correction for multiple comparisons).  
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4.3.3. Extensive BBB leakage in bipolar patients is associated with greater psychiatric 

morbidity  

To examine whether a higher level of BBB dysfunction corresponds to a worse bipolar outcome, we 

next compared the course of illness among the groups (episodic versus chronic), as well as levels of 

depression, anxiety, and socio/occupational functioning. Bipolar patients with extensive BBB 

leakage were found to have higher rates of chronic illness with more frequent and/or severe 

manic/depressive episodes (as exemplified in Figure 18A and quantified in Figure 18B). Moreover, 

extensive BBB leakage was found to be associated with greater severity of depression, anxiety, and 

socio/occupational dysfunction (Figure 18B). No associations between BBB pathology and age or 

disease duration were found in our cohort. 

 

Figure 18 – Extensive BBB leakage in bipolar patients is associated with a worse neuropsychiatric status 

 

 

Figure 18. Extensive BBB leakage in bipolar patients is associated with a worse neuropsychiatric status. A. 
Representative courses of illness show an episodic course in patients with normal BBB leakage (patients I and II, 
red pixels representing tissue with leaky BBB), and a progression towards a chronic course in patients with 
extensive BBB leakage (patients III and IV). B. Quantitative analysis confirmed the higher incidence of a chronic (vs 
episodic) course of illness among patients with extensive BBB leakage. Extensive BBB leakage was also associated 
with a greater severity of depression (Montgomery–Åsberg Depression Rating Scale, MADRS), elevated anxiety 
(Hamilton Anxiety Rating Scale, HAM-A), and worse socio/occupational functioning (Global Assessment of 
Functioning, GAF). Statistical comparisons were conducted using the Wilcoxon rank sum test. Error bars denote 
standard error of the mean. Asterisks denote level of significance, with * for p≤0·05, ** for p≤0·01, and *** for 

p≤0·001.  
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4.3.4. Extensive BBB leakage is associated with metabolic dysregulation, yet not with class of 
mood-stabilizing drugs 

Bipolar patients with extensive BBB leakage were found to have higher body-mass indices, elevated 

risk of cardiovascular disease, and advanced heart age (Figure 19). Furthermore, all patients within 

the “extensive BBB leakage” group were also found to have comorbid insulin resistance 

(homeostatic model assessment of insulin resistance >1·8).23 Notably, while all subjects with 

extensive BBB leakage had insulin resistance, not all subjects with insulin resistance had extensive 

BBB leakage (with four insulin resistant controls and 12 insulin resistant bipolar patients having 

BBB leakage within the normal range). No patients were receiving anti-diabetic or insulin sensitizing 

drugs. No differences in the class of mood stabilizing treatments were found between the normal 

and extensive BBB leakage groups.  

 

Figure 19 – Extensive BBB leakage is associated with metabolic dysregulation. 

 

Figure 19. Extensive BBB 
leakage is associated with 
metabolic dysregulation. 
Bipolar patients with extensive 
BBB leakage were found to 
have higher body mass indices, 
increased risk of cardiovascular 
disease, advanced heart age, 
and higher levels of insulin 
resistance. Statistical 
comparisons were conducted 
using the Wilcoxon rank sum 
test. Error bars denote 
standard error of the mean. 
Asterisks denote p≤0·05. 
HOMA-IR, homeostatic model 
assessment of insulin 
resistance. 
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4.4. Discussion 
This study presents the first imaging of BBB leakage in bipolar patients. Using dynamic contrast-

enhanced MRI, we show that a higher level of dysfunction (i.e. extensive BBB leakage), affects 28% 

of the bipolar cohort and none of the controls. The study further shows that patients with 

extensive BBB leakage experience a more chronic form of illness with greater severity of 

depression, anxiety, and socio/occupational dysfunction. Our findings suggest that BBB imaging 

holds potential as a mechanism-based biomarker for the psychiatric deterioration experienced by 

a sub-group of bipolar patients. 

We propose that BBB leakage may impact the functionality of the affected brain regions, leading to 

region-associated symptomatology. This hypothesis is supported by a recent imaging study in 

subjects with cognitive decline, linking cognitive impairment to BBB dysfunction in the 

hippocampus.19 Larger cohort studies are needed to determine the association between region-

specific BBB dysfunction and the diverse symptoms of bipolar progression. Moreover, future large-

scale prospective studies are needed for assessing the sensitivity and specificity of DCE-MRI 

based BBB assessment, before it can become part of routine medical practice.  

Our study also links BBB damage in bipolar patients to insulin resistance, in line with recent 

evidence associating insulin resistance with vascular dysfunction in the brain and increased risk of 

dementia.29 Insulin resistance is known to be more common in bipolar patients compared to the 

general population,30–32 yet the mechanisms underlying this phenomenon remain poorly 

understood.33 While atypical antipsychotics were suggested to cause insulin resistance in patients 

with bipolar disorder and schizophrenia,34–36 we found no association between the use of atypical 

antipsychotics and insulin resistance or BBB leakage. Future studies are warranted to better 

understand the high rates of insulin resistance observed in bipolar patients.  

While our study is the first to show direct imaging evidence of BBB dysfunction in psychiatric 

patients, future studies are needed to fully elucidate the mechanisms mediating the psychiatric 

decline associated with BBB dysfunction and to determine whether vascular-protecting therapies 

may prove beneficial for bipolar disorder treatment. 

4.4. Discussion 
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To conclude, our study reveals an association between BBB pathology and worse psychiatric 

morbidity in bipolar patients. Our findings further suggest that BBB imaging offers promise as a 

new biomarker for bipolar disorder progression. 
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Chapter 5 –  BBB leakage and cognitive symptoms in lupus patients 

Chapter Overview 

Our first clinical study has brought forward the hypothesis that the presence or lack of BBB leakage 

may help explain the stark differences in symptom-severity among patients with similar psychiatric 

diagnoses. The study’s findings also suggested that the observed BBB leakage may be secondary to 

insulin-resistance-mediated systemic inflammation. The clinical study presented in the current 

chapter extended these hypotheses to another illness associated with systemic inflammation and 

differences in the severity of neuropsychiatric symptoms. In a collaboration with Dr. John G Hanly, 

the director of research at the Division of Rheumatology (QEII Health Sciences Center, Halifax, 

Nova Scotia), we studied patients with the autoimmune disease lupus.  

 

 

 

Lupus patients underwent the same imaging protocol (Figure 9) as the patients and controls of the 

bipolar study, and a total of 65 lupus patients participated in the study. Nine of the 14 control 

subjects qualified as controls for this study, and were also matched in sex and age to the lupus 

cohort. BBB leakage was assessed using the same BBB software pipe-line (Figure 10), with an added 

data analysis step examining the volume of different brain structures using the VolBrain freeware. 
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This clinical study aimed to test the following hypotheses: 

i. Evidence of subtle/slow BBB leakage can be found in patients with lupus, despite the 

absence of gross brain abnormalities (e.g., tumors or ischemic/hemorrhagic lesions). 

ii. Subtle/slow BBB leakage may be associated with worse cognitive symptoms.  

iii. Subtle/slow BBB leakage may be associated with differences in the volume of specific brain 

regions.  

Excitingly, our findings validated all hypotheses, showing that: 

i. A subgroup of lupus patients (~25%) have extensive BBB leakage. 

ii. This subgroup experiences significantly worse cognitive impairment, compared to patients 

without extensive BBB leakage. 

iii. This subgroup has significantly smaller gray matter volume, compared to controls.  

These findings underscore the potential role of BBB-mediated processes in the cognitive 

impairment affecting a subgroup of patients with lupus. This study extends the mechanistic 

framework proposed in the previous chapter to lupus, suggesting that the long-lasting/recurrent 

systemic inflammation associated with the illness is a likely cause of BBB leakage, subsequent 

neuroinflammation and development of neuropsychiatric symptomatology. 
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Manuscript title: Blood-brain barrier leakage in systemic lupus erythematosus is associated with gray matter loss and cognitive 

Abstract 

Objectives: To examine the association between blood-brain barrier (BBB) integrity, brain volume 

and cognitive dysfunction in adult patients with systemic lupus erythematosus (SLE). 

Methods: A total of 65 ambulatory SLE patients and 9 healthy controls underwent dynamic 

contrast-enhanced magnetic resonance imaging (DCE-MRI) scanning, for quantitative assessment 

of blood-brain barrier (BBB) permeability. Volumetric data was extracted using the VolBrain 

pipeline. Global cognitive function was evaluated using a screening battery consisting of tasks falling 

into five broad cognitive domains, and was compared between patients with normal versus 

extensive BBB leakage. 

Results: SLE patients had significantly higher levels of BBB leakage compared to controls (p=0.04). 

Extensive BBB leakage (affecting over >9% of brain volume) was identified only in SLE patients 

(16/65; 24.6%), who also had smaller right and left cerebral gray matter volumes compared to 

controls (p=0.04). Extensive BBB leakage was associated with lower global cognitive scores 

(p=0.02), and with the presence of impairment on one or more cognitive tasks (p=0.01). 

Conclusion: Our findings provide evidence for a link between extensive BBB leakage and changes 

in both brain structure and cognitive function in SLE patients. Future studies should investigate the 

mechanisms underlying BBB-mediated cognitive impairment, validate the diagnostic utility of BBB 

imaging, and determine the potential of targeting the BBB as a therapeutic strategy in SLE patients. 
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5.1. Introduction 
Cognitive impairment is the most commonly reported and most widely studied manifestation of 

neuropsychiatric SLE (NPSLE),1-4 yet its causality remains incompletely understood. Disease 

mechanisms implicated in NPSLE include thrombotic cerebrovascular ischemia, brain-reactive 

autoantibodies, and complement activation.3 These pathways may also damage the blood-brain 

barrier (BBB), and thereby expose the brain to neurotoxic blood components that are normally 

restricted from entering the brain by the BBB. In animal models, extravasation of plasma proteins 

(such as albumin, thrombin and activated protein C) and lupus autoantibodies into brain tissue 

causes neuroinflammation and neurodegeneration.5-9 Recent evidence also suggests that 

autoimmune antibodies and cytokines can themselves alter the normal function of endothelial cells, 

breaching the BBB and infiltrating the brain.10,11 

Despite a strong rationale for BBB dysfunction playing a role in the pathogenesis of NPSLE,12,13 

evidence in SLE patients remains scarce and largely circumstantial (e.g. post-mortem findings of 

vascular lesions).14 Technical advances in neuroimaging offer a direct, quantitative, and detailed 

method for BBB assessment.15 Specifically, the use of dynamic contrast-enhanced MRI (DCE-MRI) 

allows quantification of contrast extravasation into brain parenchyma, and calculation of cross-BBB 

leakage-rates for every voxel of the brain.16-18 While DCE-MRI has been validated in conditions 

associated with BBB dysfunction (e.g. multiple sclerosis,19 stroke,20 traumatic brain injury,18 and 

dementia),21 it has not been well studied in NPSLE.22 Our objective was to measure BBB 

permeability in a large, unselected adult population of  SLE patients, and to examine associations 

with brain volume and cognitive function. 

5.1. Introduction 
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5.2.  Patients and Methods 

5.2.1. Patients 

Patients fulfilling the revised American College of Rheumatology (ACR) criteria for SLE23 were 

consecutively recruited from the Dalhousie Lupus clinic, Division of Rheumatology, Queen 

Elizabeth II Health Sciences Center, Halifax, Nova Scotia, Canada. All patients were invited to 

participate unless there were contraindications to contrast-enhanced MRI scanning. Patients were 

not pre-screened for cognitive impairment prior to study enrollment. The study was approved by 

the Nova Scotia Health Authority (NSHA) Research Ethics Board, and participants provided 

written informed consent. Controls were healthy individuals with no neuropsychiatric history, 

consecutively recruited for another study.24 For the present study, additional exclusion criteria were 

significant chronic illness (e.g. SLE, diabetes); and age under 35 or over 70 years old.  

Demographic and clinical data, disease activity [Systemic Lupus Erythematosus Disease Activity 

Index-2000 (SLEDAI-2K)]25 and cumulative organ damage [Systemic Lupus International 

Collaborating Clinics/ACR damage index (SDI)]26 were recorded (Table 4). Other variables 

included: lupus-related medications such as corticosteroids, antimalarials, immunosuppressive drugs 

(methotrexate, azathioprine, cyclophosphamide, leflunomide, mycophenolate mofetil and 

intravenous gamma globulin) and biologic agents (rituximab or belimumab); use of psychoactive 

medications; lifestyle habits and comorbidities (cigarette smoking, diabetes mellitus and 

hypertension). Laboratory variables included a complete blood count, serum creatinine, urinalysis, 

anti-dsDNA, antiphospholipid (anticardiolipin, lupus anticoagulant) antibodies, C3, and C4 levels. 

Clinical and cognitive assessments, blood collection and DCE-MRI scanning were performed on 

the same day. 

5.2.2. Cognitive function 

Clinical neuropsychological tests, based upon ACR recommendations,27 focused on five broad 

cognitive domains commonly affected in SLE.28 Information processing speed and executive 

abilities were represented by the Symbol Digit Modalities Test (SDMT)29 and the Design Fluency 

test (“fixed” generation of designs guided by pre-determined rules),30 respectively. Components of 

5.2.  Patients and Methods 



 

 
 

96 

the California Verbal Learning Test (CVLT-II)31 provided indices of attention span (number of 

words recalled correctly on trial 1), new learning (total words recalled over five list presentations on 

trials 1-5), and delayed spontaneous recall (number of words recalled spontaneously after a 20-

minute delay) for verbal information. Raw scores were standardized based on normative data 

published for each test, and converted to Z-scores.30 Z-scores ≤ -1.5 were considered to reflect 

“impaired” performance. 

5.2.3. Imaging 

5.2.3.1 MRI acquisition  

Images were acquired using a 3T MRI scanner (Discovery MR750, GE Healthcare, Waukesha, WI), 

with a 32-channel MR Instruments head coil. The sequences for BBB assessment included: [1] a T1-

weighted 3D sagittal anatomical scan (BRAVO, TE/TR=2/6ms, TI=450ms, FOV 224m, 

acquisition matrix 224x224x168, voxel size 1x1x1mm, acceleration 2, averages 2, scan time 5min 

42s); [2] a T1-weighted 3D tilted axial sequence with variable flip angles (5-10-30°, DESPOT1, 

TE/TR=2/10ms, flip angle 15°, averages 2, FOV 240mm, acquisition matrix 192x192x34, voxel 

size 1.25x1.25x6mm, scan time 6min 39s) for the calculation of pre-contrast T1 map;32 and [3] a T1-

weighted 3D axial dynamic scan (LAVA, TE/TR=2/4ms, FOV 240mm, acquisition matrix: 

192x192x34, voxel size 1.25x1.25x6mm, flip angle 15°,  averages 1, Δt=20sec) acquired between 

minutes 6 and 20 after intravenous injection of the magnetic contrast Gadobenate Dimeglumine 

(0·1mmol/kg, MultiHance, Bracco Imaging Canada, Montreal, QC).  

5.2.3.2. Volume analysis  

T1-weighted anatomical images were processed using VolBrain software (http://volbrain.upv.es),33  

an online pipeline that registers images to the Montreal Neurological Institute (MNI) space, and 

reports the volumes of expert-labeled anatomical structures as percentage of total intracranial 

cavity.33 We analyzed the volume of the following 23 structures: right/left cerebral gray/white 

matter, right/left cerebellum gray/white matter, right/left caudate, right/left putamen, right/left 

thalamus, right/left globus pallidus, right/left hippocampus, right/left amygdala, right/left nucleus 

accumbens, and the brainstem.  

http://volbrain.upv.es/
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5.2.3.3. BBB leakage analysis  

Contrast extravasation due to cross-BBB leakage leads to increased T1-weighted signaling in the 

affected tissue, allowing the calculation of the contrast leakage-rate. To achieve this, T1-weighted 

images acquired continuously post contrast-injection are first registered and normalized to MNI 

coordinates using SPM12 (University College London, www.fil.ion.ucl.ac.uk/spm). The signal 

magnitudes of the T1-weighted images are then converted to contrast concentration values,32 and 

concentration-time curves are constructed for every brain voxel. The concentration-time curves can 

next be fitted to one of several pharmacokinetic models, allowing the calculation of parameters 

corresponding to leakage-rates. We used the linear model17,18,24,34 which estimates the leakage rate Ki 

(mMol/min) by calculating the slope of each concentration-time curve between 6-20 min. To 

compensate for inter-subject variabilities (due to heart rate, blood flow, or rate of contrast 

injection), each voxel’s leakage-rate was normalized to that of the superior sagittal sinus, resulting in 

a dimensionless leakage-rate measure. With each voxel represented by the calculated leakage-rate, 

3D maps of BBB leakage were constructed for each subject. Leakage-rates were considered 

pathological when exceeding 0.02, the 95th percentile of all values in a cohort of control subjects.18  

The percent of suprathreshold voxels was used as a measure reflecting overall BBB leakage.  

To identify individuals with overall BBB leakage significantly different from the majority of 

participants, we applied an outlier analysis. The Median Absolute Deviation (MAD) approach was 

used for outlier identification, as it is more robust than traditional thresholding using standard 

deviations around the mean.35 We calculated the median value of all 74 subjects (65 SLE and 9 

controls) and the median of absolute deviations from the median. The threshold for abnormal 

values was defined as the median plus two medians of absolute deviations from the median. 

Participants with overall BBB leakage above this threshold were considered outliers, and this group 

was termed “extensive BBB leakage”. 

The 3D BBB leakage maps were segmented in accordance with the VolBrain atlas.33 BBB leakage 

within the above-detailed 23 structures was calculated as the percent of each structure’s voxels with 

suprathreshold leakage (i.e., leakage-rates exceeding 0.02).  

5.2.4. Statistical analysis 

Continuous variables were compared using the Wilcoxon rank sum test, and categorical variables 

using the Chi-square test. The false discovery rate method was used to correct for multiple 

comparisons. 

http://www.fil.ion.ucl.ac.uk/spm
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5.3. Results 

5.3.1. Demographic and clinical characteristics 

The 65 SLE patients were predominantly Caucasian (89%) and female (87.7%), with a mean age of 

48.9±13.3 years (Table 4). The median disease duration was 14 years (1 – 44), with a mean±SD of 

15.1±10.5. Cumulative disease manifestations, medication utilization and autoantibodies reflected 

the general lupus population,39 with low generalized disease activity and modest organ damage.  

Prior NP events from all causes occurred in 50/65 (77%) patients and NP events attributable to 

SLE were present in 15/65 (23%). The latter included transient ischemic attacks (n=4), stroke 

(n=3), cranial neuropathy (n=3), seizure disorder (n=2), acute confusional state (n=2), psychosis 

(n=2) and aseptic meningitis (n=1). Neuropsychological testing was omitted in one patient who was 

not a native English speaker. Impairment in one or more cognitive tests was present in 31/65 

(47.7%) patients. This included deficits in information processing speed (11%), attention span 

(22%), new learning (4.7%), delayed recall (12.5%) and executive abilities (22%). 

5.3.2. A sub-group of SLE patients have extensive BBB leakage 

3D maps of BBB leakage-rates were calculated for all SLE patients and controls (Figure 20A). 

Compared to controls, SLE patients had significantly higher brain volumes with pathological BBB 

leakage (p=0.04, Figure 20B). Outlier analysis was applied to identify subjects with abnormally high 

overall BBB leakage, termed “extensive BBB leakage”. Notably, all sixteen individuals identified as 

outliers were SLE patients. Those with lower levels of BBB leakage included all controls and 49 

SLE patients. As SLE patients within this group had BBB leakage comparable to controls (p=0.3, 

Figure 20B), SLE patients within this group were considered to have normal BBB function. 
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                                                                                                                                                                                                            Table 4 – Demographic and clinical features of SLE patients 

 
SLE (n=65) Controls (n=9) P 

Female (%) 87.7 66.7 0.1 

Age (years) (mean ± SD) 48.9 ± 13.3 51.8 ± 9.4 0.4 

Race/Ethnicity    0.4 

Caucasian (%) 89 100  

Other (%) 11 0  

Years of education (mean ± SD) 15.3± 3.1 20.9 ± 2.8 310-4 

Smokers (%): Current/Ever 11/37 0/22.2 0.3/0.4 

Disease duration (yr) (mean ± SD) 15.1 ± 10.5 -  

Cumulative ACR manifestations (%)    

Malar rash 43 -  

Discoid rash 7.7 -  

Photosensitivity 49 -  

Oral/nasal ulcers 57 -  

Serositis 31 -  

Arthritis 77 -  

Renal disorder 31 -  

Neurological disorder 11 -  

Hematologic disorder 86 -  

Immunologic disorder 85 -  

Antinuclear antibody 100 -  

Prior NP events (%) 77 0  

Prior NP events attributed to SLE (%) 23 -  

SLEDAI-2K score (mean ± SD)  
with/without NP variables 

2.8 ± 3.4/2.8 ± 3.4 - 
 

*SLICC/ACR damage index score 
(mean ± SD) with/without NP variables 

1.1 ± 1.2 /0.8 ± 1 - 
 

Medications (%)    

Corticosteroids 9.2 -  

Antimalarials 72.3 -  

Immunosuppressants 47.7 -  

ASA/clopidogrel 15.4 -  

Warfarin 10.8 -  

Psychoactive drugs 40 -  

Autoantibody positivity N (%)   -  

Lupus anticoagulant 27.7 -  

Anticardiolipin 17 -  

Co-morbidities (%):   -  

Hypertension  13.8 33.3 0.14 

Diabetes 4.6 0 - 

 
The Wilcoxon rank sum test and Fisher test were used for comparison of continuous and categorical data, 
respectively. NP, Neuropsychiatric; SLEDAI-2K, Systemic Lupus Erythematosus Disease Activity Index 2000; 
SLICC/ACR, Systemic Lupus International Collaborating Clinics/American College of Rheumatology. 
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Figure 20 – A sub-group of SLE patients have extensive BBB leakage 

 

 

Figure 20. A sub-group of SLE patients have extensive BBB leakage. A. The rate of BBB leakage was quantified 
for every brain voxel, with shades of blue representing tissue with non-permeable BBB and shades of red 
representing contrast agent accumulation due to BBB leakage. A qualitative review of leakage maps in these 
selected cases illustrates that some SLE patients are visually comparable to controls, while others exhibit 
visibly higher number of voxels with BBB leakage. B.  The percent of brain volume with BBB leakage was 
quantified for each subject, revealing a significant difference between SLE patients and controls (p=0.04). 
Outlier analysis of all 74 participants identified a group with “extensive BBB leakage”, consisting of 16 SLE 
patients; and a group termed “normal BBB leakage”, consisting of 9 controls and 49 SLE patients. 

 

5.3.3. Extensive BBB leakage in SLE patients is associated with smaller gray matter volume 

Volumetric comparison of 23 brain structures revealed that SLE patients with extensive BBB 

leakage had significantly smaller cerebral gray matter volumes compared to controls (right and left, 

p=0.04, corrected for multiple comparisons, Figure 21A). To examine whether the decrease in 

cerebral gray matter volume was associated with structure-specific BBB leakage, we compared the 

extent of BBB leakage within the 23 structures between the two SLE groups and controls. While 

the volumetric differences were restricted to cortical gray matter, differences in BBB leakage were 

present in all 23 structures (p<0.001, corrected for multiple comparisons, Figure 21B). 



 

 
 

101 

 

Figure 21 – Extensive BBB leakage in SLE patients is associated with smaller gray matter volume 

 

 

Figure 21. Extensive BBB leakage in SLE patients is associated with smaller gray matter volume. A. 
Depiction of the nine largest brain structures (of the 23 regions compared between the groups) illustrates 
the reduced right- and left- gray matter volumes in patients with extensive BBB leakage compared to 
controls (p=0.04, corrected for multiple comparisons). There were no volumetric differences in any other 
regions. B. Comparison of BBB leakage in the same 23 brain structures revealed that the ‘extensive BBB 
leakage group’ had higher levels of leakage in all regions (the same nine regions are depicted in B and A), 
compared to patients with normal BBB leakage and controls (p≤0.001, corrected for multiple comparisons). 
The Wilcoxon rank sum test was used to compare between the groups, and the false discovery rate 
algorithm was used to correct for multiple comparisons. Error bars denote standard error of the mean.  
Asterisks denote level of significance, with ***p≤0.001. GM, gray matter; WM, white matter; CE, cerebellum. 

 

5.3.4. Extensive BBB leakage in SLE patients is associated with cognitive impairment 

Compared to patients with normal BBB leakage, patients with extensive BBB leakage had poorer 

delayed recall (p=0.034, Figure 22A) and worse overall cognitive test performance (averaged Z-

score of five cognitive tasks, p=0.02). Impairment in ≥1 cognitive task was present in 47.7% of the 

total SLE sample, but occurred in 75% of patients with extensive BBB leakage, compared to only 

38.8% of patients with normal BBB leakage (p=0.01, Figure 22B). Testing for potential 
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confounders (Table 5) revealed that the groups were similar in age, use of medications, prior NP 

events due to any cause and those attributed to SLE, disease activity (SLEDAI-2K), cumulative 

organ damage (SDI), and rates of hypertension and diabetes mellitus, but that patients with 

extensive BBB leakage were more likely to be active smokers (p=0.03). 

 

Figure 22 – Extensive BBB leakage in SLE patients is associated with cognitive impairment 

 

 

Figure 22. Extensive BBB leakage in SLE patients is associated with cognitive impairment. A. SLE patients 
with extensive BBB leakage had worse delayed recall and lower mean cognitive scores (averaged Z-scores of 
the selected test scores representing each broad cognitive domain) compared to patients with normal BBB 
leakage (p=0.02, Wilcoxon rank sum test). B. The extensive BBB leakage group also had a significantly higher 
percent of subjects failing at least one cognitive test (p=0.01, chi-square test). Error bars denote standard 
error of the mean. 
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                                                                                                      Table 5 – Comparison between SLE patients with extensive versus normal BBB leakage 

 
Normal BBB  

Leakage (n=49) 
Extensive BBB  
Leakage (n=16) 

P Value 

Percent of brain volume with pathological 
leakage  

4.2 ± 2 16.5 ± 5.7 2·10-9 

Female (%) 87.8 87.5 1 

Age (years) (mean ± SD) 48.7 ± 13.4 49.5 ± 13.6 0.8 

Race/Ethnicity    0.8 

Caucasian (%) 89.8 87.5  

Other (%) 10.2 12.5  

Years of education 15.5 ± 3.2 14.9 ± 3 0.5 

Smokers (%): Current/Ever 6.1/30.6 25/56.3 0.03/0.06 

Disease duration (yr) (mean ± SD) 16.5 ± 10.5 11 ± 9.8 0.052 

Prior NP events (%) 79.6 68.8 0.40 

Prior NP events attributed to SLE (%) 22.4 25 0.8 

SLEDAI-2K score (mean ± SD)  
with/without NP variables 

2.4 ± 2.4 / 2.4 ± 2.4 4 ± 5.4 / 4 ± 5.4 0.6 /0.6 

SLICC/ACR damage index score 
(mean ± SD) with/without NP variables 

1 ± 1.1 / 0.9 ± 1 1.1± 1.5 / 0.8 ± 1.1 0.8 / 0.6 

Medications (%)    

Corticosteroids 10.2 6.25 0.6 

Antimalarials 71.4 75 0.8 

Immunosuppressants 42.9 62.5 0.2 

ASA/clopidogrel 18.4 6.25 0.2 

Warfarin 10.2 12.5 0.8 

Psychoactive drugs 42.9 31.3 0.4 

Autoantibody positivity N (%)    

Lupus anticoagulant 26.5 31.25 0.7 

Anticardiolipin 14.3 25 0.3 

Co-morbidities (%):     

Hypertension 14.3 12.5 0.9 

Diabetes 6.1 0 0.3 

 
The Wilcoxon rank sum test and Chi square test were used for comparison of continuous and categorical 
data, respectively. NP, Neuropsychiatric; SLEDAI-2K, Systemic Lupus Erythematosus Disease Activity Index 
2000; SLICC/ACR, Systemic Lupus International Collaborating Clinics/American College of Rheumatology. 
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5.4. Discussion 
The proposed pathogenesis of NPSLE involves variable autoimmune-mediated pro-thrombotic and 

pro-inflammatory mechanisms.3,4,36 Micro-vascular damage is common in many organs affected by 

SLE37 and has been found in brains of SLE patients examined postmortem.14 While impairment of 

the BBB may be a core component of the pathogenesis of NPSLE12,13 the evidence for this remains 

indirect and circumstantial,14,38,39 as clinical tools for diagnosing BBB dysfunction are lacking. In the 

current study we employed DCE-MRI to quantify BBB permeability directly and objectively in 65 

ambulatory SLE patients. We found associations of extensive BBB leakage with reduced cortical 

gray matter and with concurrent cognitive impairment. These findings are a key step in establishing 

the role of BBB dysfunction in the pathogenesis of NPSLE and highlight the BBB as a potential 

diagnostic and therapeutic target. 

 

The BBB provides the major physical interface between the circulation and the brain,13 regulating 

the passage of substances in and out of brain neuropil and maintaining the chemical environment 

needed for normal neuronal function. This control occurs through tightly connected endothelial 

cells, and the pericytes and astrocytes surrounding the endothelium. Dysfunction of the BBB allows 

leakage of blood components into the brain neuropil, triggering inflammatory processes that alter 

glial function, extracellular-matrix composition, neuronal connectivity, and neuronal function. One 

widely studied example is the inflammatory cascade initiated when albumin, a large serum protein, 

enters the brain. Albumin binds to astrocytes and activates the pro-inflammatory TGF-β cascade, 

resulting in neuronal hyperexcitability and delayed neurodegeneration.6 Similarly, thrombin and 

activated protein C enhance neuronal excitability in the brain.5 

In SLE, autoantibodies and inflammatory mediators may be responsible for BBB leakage.40 Anti-

ribosomal P and anti-NR2 autoantibodies,11 associated with NPSLE, were shown to bind the 

surface of cultured endothelial cells, causing endothelial activation, upregulation of adhesion 

molecules, and increased production of cytokines such as IL-6. Complement activation products, 

including C5a generated by immune complexes, can cause in vitro BBB disruption and apoptosis of 
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endothelial cells in an animal model of SLE.10 Once the BBB is breached, circulating autoantibodies 

(including anti-ribosomal P7 and anti-NR2 antibodies)8 can access the brain and bind to neuronal 

cells, causing apoptotic cell death,7,8 as well as microglial activation, synaptic pruning and reduced 

synaptic density.9  

Non-SLE specific mechanisms such as hypertension, systemic infection and cigarette smoking can 

also injure endothelial cells and increase BBB permeability.41,42 More frequent in SLE patients, these 

variables may be viewed as modifiable risk factors for BBB dysfunction. Our data revealed an 

association between current cigarette smoking and extensive BBB leakage in our SLE cohort. This 

finding is supported by experimental evidence that tobacco smoke disrupts endothelial tight-

junctions,43 and generates highly reactive oxygen species that cause oxidative damage.44  

Our study focused on cognitive impairment as a clinical phenotype of NPSLE. Neuropsychological 

testing permitted a standardized and objective determination of cognitive impairment, which can be 

regarded as both a subset of NPSLE and an indicator of overall brain health. A recent review 

reported 38% point prevalence (95% CI: 33-43) of cognitive impairment in SLE patients.1 Our 

study identified a comparable prevalence of 47.7% that is similar to previously reported studies.2 

Our patients were ambulatory with stable SLE and participated regardless of cognitive symptoms. It 

is, therefore, striking that extensive BBB leakage was found in 24.6% of patients, and one might 

anticipate an even higher prevalence in SLE patients with more overt NPSLE manifestations. The 

fact that not all patients with cognitive impairment had extensive BBB leakage is not surprising, 

since impaired cognition can result from a variety of factors, including many unrelated to SLE. 

However, patients with extensive BBB leakage were twice as likely to have cognitive impairment 

compared to those with normal BBB function, suggesting that the BBB plays an important role in 

this NPSLE manifestation. Notably, while 77% of patients had a history of NP events, none had 

clinically active NP events during the study which may account for the lack of association between 

extensive BBB leakage and NP events in our cohort. 

In early BBB studies, evidence for BBB leakage was inferred from CSF proteins that are normally 

restricted to the peripheral circulation (e.g. albumin13 and immunoglobulin G45). However, the 

presence of these proteins in the CSF can result from BBB-unrelated factors, such as blood-CSF 

barrier dysfunction (i.e. damaged choroid plexus epithelium) or meningeal barrier dysfunction (i.e. 

damaged arachnoid epithelium).13 These barriers differ significantly from the BBB, the capillaries of 
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which penetrate deep into the brain parenchyma. To address the limitations of CSF markers, BBB 

studies have evolved to MRI-based BBB assessment that allows calculation of cross-BBB contrast 

leakage in every voxel of the brain. Such studies have already demonstrated BBB dysfunction in 

patients with multiple sclerosis,19 stroke,20 traumatic brain injury18 and dementia.21 Two recent pilot 

studies demonstrated the proof-of-concept of MRI-based BBB assessment in 6 adult SLE patients 

(focusing on 5 regions of interest),22 and in 11 children with SLE (using arterial spin labeling).46 

While limited by small sample sizes, both studies reported increased BBB leakage in SLE patients 

compared to controls (finding lower cognitive performance in the 6 adult patients and normal 

cognition in the 11 children with SLE). Here we studied BBB leakage in a cohort of 65 patients, 

confirming higher levels of leakage compared to controls, and revealing that this difference is driven 

by a sub-group of SLE patients. Our results further demonstrate that compared to the rest of the 

SLE cohort, this sub-group had worse cognitive performance, and smaller cortical gray matter 

volumes, a finding commonly associated with neurodegenerative dementias. These findings support 

the hypothesis that BBB leakage may mediate neurodegeneration in SLE, leading to loss of gray 

matter and cognitive impairment. Our findings also highlight the potential of BBB imaging as a 

biomarker for identifying SLE patients at risk of cognitive decline.  

Strengths of our study include the lack of explicit recruitment bias, and the temporal proximity 

between clinical and neuroimaging protocols, usually within 6 hours. Longitudinal studies of 

cognition in SLE indicate that impairments can be subtle and evanescent.47 Thus, the short interval 

between neuroimaging and cognitive-testing increases the biological plausibility of the observed 

associations.  Our study reflects the demographic characteristics of SLE patients in our clinic48 but 

may not be applicable to younger SLE patients with more diverse race/ethnicity and shorter disease 

duration. The small number of controls and the sample size of our SLE cohort were additional 

limitations, precluding a more detailed examination of associations between BBB permeability in 

specific brain regions and scores in specific cognitive tests. A more comprehensive cognitive battery 

(allowing precise distinction between cognitive domains) and a larger sample size are needed to 

address this important question. Additionally, our imaging protocol required a gadolinium-based 

contrast that may be a concern in patients with substantial renal impairment. The use of contrast-

free BBB imaging (e.g. arterial spin labeling), or identification of reliable serum-based markers of 

BBB dysfunction, may allow wider applicability of BBB pathology as a screening biomarker. 
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The current study provides the first compelling evidence for a link between extensive BBB leakage 

and cognitive impairment within a sample of SLE patients. Future longitudinal studies are needed to 

examine changes in BBB permeability over time and whether concurrent presence of circulating 

autoantibodies increases the risk of cognitive impairment or other NPSLE features. Our findings 

also highlight the need to clarify the exact mechanisms underlying BBB damage and subsequent 

neuronal dysfunction in SLE, and the therapeutic potential of treatments targeting these 

mechanisms. 
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Chapter 6 – Discussion 

Chapter Overview 

The research presented in this thesis adds to the current understanding of altered BBB influx – 

termed BBB leakage, and its role in human neuro-pathologies. The three peer-reviewed studies that 

comprise the results chapters targeted several unknowns in the mechanisms mediating BBB leakage, 

the changes triggered by BBB leakage, clinical diagnosis of BBB leakage, and clinical symptoms 

associated with BBB leakage. As each of the results chapters presented a detailed discussion of our 

findings, their interpretation and significance, here I will focus on positioning the findings in the 

broader context of BBB research. I will revisit the open questions presented in section 1.1.5.1 of 

the introduction chapter, and discuss the insights added by the current work and other relevant 

studies in the field. In Figure 23, I provide an overview of the proposed mechanistic framework for 

clinical symptoms associated with BBB leakage. 

6.1. What is BBB leakage?  

6.1.1. How does endothelial selectivity change? 

Altered endothelial selectivity may involve changes in the function of any one of the selectivity 

mechanisms reviewed in section 1.1.4.1 (and Figure 3), including tight junctions, specific and non-

specific influx transporters/vesicles, efflux transporters, and enzymes. In this thesis I studied the 

pathological role of increased cross-BBB influx from the bloodstream into the brain, and will use 

the term ‘BBB leakage’ to refer to this aspect of altered endothelial selectivity. Mechanisms related 

to modified cross-BBB efflux will be discussed later in this chapter (section 6.6.3). 

Until recently, the prevailing hypothesis in BBB research presumed that BBB leakage occurs when 

the gaps between endothelial cells are no longer sealed by tight junctions. This hypothesis is 

reflected in the early term used to describe BBB pathology – ‘BBB breakdown’. First appearing in 

literature in 1975, the term suggests that leakage across the BBB is a result of structural break-down 

of its components, creating robust diffusion from the capillary to the extra-capillary space. Notably, 

this assumption shaped the Tofts pharmacokinetic model of BBB leakage,1 developed by Paul Tofts 
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in the 1990s and still widely used today. The approach characterizes fast and robust leakage 

occurring during bolus wash-in of contrast into the brain (first ~3 or 5 minutes following contrast 

injection), and has been shown to be highly useful for the detection of brain tumors (supplied by 

newly-formed blood vessels that lack a functional BBB), and the identification of BBB leakage in 

the core of ischemic/traumatic lesions.2–4 However, accumulating evidence suggests that this 

method fails to detect leakage in neurological disorders that are not associated with clear anatomical 

abnormalities or in non-lesion tissue.5  

The present thesis used the Veksler pharmacokinetic model to examine whether it can detect subtle 

BBB leakage in patients without gross anatomical abnormalities. Using this approach, we 

characterized BBB leakage occurring during the slow phase of contrast washout from the brain (6-

20 minutes following contrast injection) in patients with lupus and bipolar disorder. Our results 

revealed slow BBB leakage in ~25% of patients in each cohort.6,7 As the time scale of the observed 

leakage is likely to reflect the temporal properties of trans-endothelial trafficking,5 our findings 

suggest that BBB leakage does not necessarily equate structural BBB breakdown, and may in fact, 

involve altered endothelial function. Not only do we show that this approach is sensitive to BBB 

leakage in brains lacking overt anatomical abnormalities; but we also report a link between subtle 

leakage and neuropsychiatric symptoms.6,7   

The modifiable nature of trans-endothelial selectivity is supported by several animal studies. Early 

experimental evidence came from a 2013 collaboration between our group and Dr. Jens Dreier.8 

The study demonstrated that the large protein albumin (normally absent from the brain) can cross 

the leaky BBB of live rats, while the passage of smaller molecules remains barred and tight-junctions 

remain intact.8 More recent support for these findings comes from rodent studies showing that 

increased trans-endothelial influx underlies BBB leakage in the aging brain,9 and following traumatic 

brain injury.10 This transport was further shown to involve the trafficking of plasma proteins across 

the endothelium via non-specific caveolin vesicles – the expression of which is suggested to be 

upregulated in pathological conditions.9–11 In a parallel study by our group (Swissa et al., in 

preparation), we too show increased trans-endothelial trafficking of proteins across the leaky BBB, 

likely mediated by caveolin vesicles. Together, these results disprove the earlier assumptions 

equating all BBB leakage to free diffusion between broken-down junctions. These findings further 

suggest that subtle trans-endothelial BBB leakage involves altered expression of endothelial 
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transport mechanisms, and underscore the importance of future research into the role of altered 

trans-endothelial selectivity to blood-borne molecules. 

The potential role of fast/para-endothelial leakage in neuropsychiatric symptomatology also 

requires in-depth characterization. Reports that support this hypothesis include studies in stress95 

and schizophrenia,96 showing downregulated expression of the tight-junction protein Claudin-5.95,96 

Notably, accumulating evidence suggests that schizophrenia is associated with genes that regulate 

both trans- and para- endothelial leakage.97-99 A better understanding of alterations in both leakage 

mechanisms in different neuropsychiatric disorders may allow the development of new mechanism-

specific treatments. 

6.1.2. What transformations take place in non-endothelial neurovascular unit elements? 

In the previous section I discussed the endothelial transformation associated with BBB leakage. 

Here, I will focus on the transformation of the other cellular elements of the neurovascular unit 

(NVU) – astrocytes, microglia, pericytes and neurons.  

Thus far, the most extensively studied NVU cells in the context of BBB leakage have been the glial 

cells – astrocytes and microglia. A plethora of studies have linked BBB leakage to the activation of 

astrocytes and microglia, and subsequent initiation of a neuroinflammatory response (secretion of 

cytokines and chemokines, and recruitment of other immune cells).12–15 However, the causal link 

between these events is far from trivial, with evidence showing that neuroinflammation is both 

secondary to BBB leakage and can cause BBB leakage. In fact, the current consensus in the field is 

that BBB leakage and neuroinflammation act in a self-reinforcing feedback loop,16 that amplifies 

both processes (Figure 23). Hence, whether glial activation triggers the initial leakage or is triggered 

by it – is likely to be case-dependent.  

Pericytes and neurons are critical for proper embryonic development of the BBB,17–19 however, their 

role in BBB leakage in the adult brain remains incompletely understood. The experimental part of 

this thesis was the first to reveal that neuronal hyperexcitation leads to injury of pericytic 

mitochondria and subsequent pericyte rigor.20 Pericytic injury is then followed by BBB leakage and 

reduced dilation of capillaries/arterioles in response to neuronal activation – i.e., impaired 

neurovascular coupling.20 These results suggest that a transformation in pericyte function is likely to 

contribute to the altered selectivity of the brain’s endothelium. The mechanisms underlying pericyte 
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injury may involve neuronal release of glutamate,21–23 while pericyte-mediated changes in endothelial 

selectivity may involve the vascular endothelial growth factor (VEGF) pathway26 and matrix-

metalloproteinase activation.27 The exact mechanistic chain of events requires further research.  

6.2. What causes BBB leakage? 

While our animal study focused on the mechanisms underlying BBB leakage following seizures, 

BBB leakage can result from various types of brain pathologies and systemic immune-diseases: 

a) Brain pathologies that have been associated with BBB leakage can be further subdivided 

into: 

 Acute brain insults, such as seizures, ischemic/hemorrhagic stroke, tumors, brain 

infection, and traumatic brain injury.28 

 Neuro-inflammatory disorders, such as multiple sclerosis, dementia, Alzheimer’s 

disease, aging, amyotrophic lateral sclerosis (ALS) and Parkinson’s disease.29 

b) Systemic immune-diseases that have been suggested to induce BBB leakage include sepsis,30 

lupus,69 insulin resistance,31 and diabetes melitus.32  

The studies conducted in this thesis explored mechanisms of BBB leakage following seizures (in 

animals) and clinical correlates of BBB leakage in patients with lupus and bipolar disorder. Here, I 

will discuss the current understanding of mechanisms causing BBB leakage in these disorders. 

6.2.1. How do seizures cause BBB leakage? 

Seizures have long been on the list of brain insults that result in BBB leakage,33,94 however, the 

mechanisms underlying seizure-induced BBB leakage remain largely unknown. The animal 

experiments conducted in this thesis were the first to directly explore how seizures cause BBB 

leakage both in-vitro and in-vivo. Our findings suggest that seizures trigger pericyte injury that, in 

turn, leads to BBB leakage.20 Our study has also examined whether increased production of free 

radicals (reactive oxygen species – ROS) contributes to the observed pericytic damage. Notably, our 

data did not support the involvement of this mechanism, highlighting the potential mechanistic-role 

of alternative processes, such as increased neuronal release of glutamate.21,22 While neurogenic 

inflammation has also been suggested to contribute to seizure-induced cellular damage,24,25 whether 

neuronal inflammatory signaling can be fast enough to underlie the rapid pericytic injury observed 
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in our experiments remains to be examined. As stated in the previous section, how pericytes alter 

BBB selectivity also requires further exploration.  

6.2.2. How does lupus cause BBB leakage? 

In lupus, autoimmune antibodies circulate the bloodstream, interacting with different organ tissues 

and inducing inflammatory responses.34,35 Hence, the prevailing hypothesis in lupus research states 

that inflammatory factors interact with the BBB and cause increase in its permeability.34 However, 

while there is general consensus regarding the role of inflammation in causing BBB leakage, there is 

an ongoing debate regarding the site of the inflammatory interaction with the BBB.100 Some 

experimental evidence suggests that immune factors in the bloodstream interact with the BBB at the 

endothelial lumen;34,35 other studies suggest that immune cells migrate into the brain’s CSF via the 

lymphatic system36 or the choroid plexus37 and interact with the BBB at the abluminal space (in the 

network of clearance channels formed by astroglial cells around medium-sized blood vessels).37 

Further research is needed to better understand the inflammatory interactions resulting in BBB 

leakage in lupus patients, and whether they take place at the luminal and/or abluminal BBB surface.    

6.2.3. How does insulin-resistant bipolar disorder cause BBB leakage? 

Our study in patients with bipolar disorder revealed that all patients with extensive BBB leakage 

were also insulin resistant. This finding highlights the likelihood of a causal link between insulin 

resistance and BBB leakage. Indirect support for this hypothesis comes in several forms: a) shared 

inflammatory profiles that have been separately identified in BBB leakage and insulin resistance 

(e.g., the VEGF pathway and protein kinase C signaling);31 b) animal studies showing that high 

levels of serum glucose (hyperglycemia) trigger inflammation and BBB leakage;38–40 and c) studies in 

type 2 diabetes implicating chronic inflammation as a cause of BBB leakage.31 However, despite the 

probable role of inflammation in mediating BBB leakage in patients with insulin resistance, this 

inflammatory cascade and its effect on BBB selectivity is only partially understood. Future studies 

are needed to elucidate how systemic inflammation transforms BBB function. 

6.3. How does BBB leakage mediate changes in brain function? 

As discussed in section 6.2, BBB leakage can be a result of brain insults, neuro-inflammatory 

disorders, and systemic immune diseases. Accumulating evidence suggests that BBB leakage is not 
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only a consequence of these conditions, but may also play a critical role in their pathophysiology 

and progression.28,41,42 Animal studies by our group and others demonstrate that BBB leakage, in-

itself, mediates changes in neuronal function and connectivity that can result in seizures and 

neurodegeneration.13,43 These findings have been confirmed in animal models of brain insults such 

as traumatic brain injury, stroke and seizures, showing that mechanisms triggered by BBB leakage 

play key roles in the sequela of these neuropathologies.28,41,42 While the exact underlying mechanisms 

are not fully known, existing literature in this field converges on the role of BBB-triggered 

inflammation.44–46 For simplicity, from here on, I will use the terms ‘neuro-inflammation‘ and 

‘systemic inflammation’ to distinguish between inflammation in the brain and peripheral 

inflammation.  

Notably, the interplay between neuro-inflammation and BBB leakage is complex and multifaceted. 

The two processes can cause and amplify each other in a feedback-loop analogous to the chicken-

and-the-egg conundrum.47 Altered BBB function has been shown to trigger neuro-inflammation in 

several ways, including: a) failure to restrict blood-to-brain influx of neurotoxic macromolecules 

(e.g., serum albumin) that trigger astroglial activation;44–46 b) failure to expel noxious waste 

products;48,49 and c) recruitment of systemic pro-inflammatory cells.37,50  

Neuro-inflammatory signaling can, in turn, lead to neuronal damage either directly,24 or by first 

altering the connectivity of the neuronal network.52 In 2009, the Friedman group has identified the 

pathogenic role of the neuro-inflammatory TGF-β pathway (transforming growth factor beta) in 

neuronal damage triggered by BBB leakage.45,51 The pathway was found to be activated by the 

interaction of extravasated albumin with astrocytes,45,51 leading to astrocytic transformation,45,51 

secretion of pro-inflammatory cytokines (including interleukin-6, interleukin-1β and TNFα),12,24 

modified expression of astrocytic transporters,51 and altered ionic homeostasis.45 In 2015, we 

revealed that the TGF-β cascade also re-organizes the neural network (by stimulating the growth of 

new excitatory neuronal synapses), shifts the network balance toward excitation versus inhibition, 

and lowers the threshold for seizure activity.52  The increased propensity to seizures may then result 

in further cellular damage via increased glutamatergic neuronal singling.21-23 

The experimental chapter of this thesis explored another major hypothesis linking BBB leakage and 

neuronal injury. Specifically, we tested whether BBB leakage mediates neuronal damage by causing 

oxygen deficiency. This hypothesis assumed that BBB leakage is associated with impaired 
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neurovascular coupling and subsequent inability of the vasculature to supply sufficient oxygen to 

meet neuronal energy demands.53–55 Our in-vivo and in-vitro results confirmed the first part of the 

hypothesis: BBB leakage is, indeed, associated with impaired neurovascular coupling and gradual 

decrease in the responsiveness of both capillaries and arterioles to neuronal activity.20 Notably, 

contrary to the second part of the hypothesis, we found that focal loss of neurovascular coupling 

did not result in hypoxia, suggesting that widespread hypoxia may not be a primary mediator of 

tissue damage associated with BBB leakage. These results can be explained by what is referred to as 

the ‘oxygen paradox of neurovascular coupling’, arguing that oxygen supply to neuronal tissue 

evolved to surpass even extreme increases in energy demands.56 According to this hypothesis, the 

blood-flow responses to neuronal activation normally overshoot the required levels of oxygen, as a 

safeguard protecting brain tissue against fluctuations in oxygen supply and neurovascular 

coupling.56,57 Together these results suggest that BBB leakage is indeed associated with impaired 

neurovascular coupling, yet not necessarily hypoxia, due to protective oversupply of oxygen to the 

brain. However, the effects of long-term neurovascular un-coupling on tissue oxygenation are yet to 

be examined, and the full scope of mechanisms contributing to neuronal dysfunction following 

BBB leakage requires further investigation.  

6.4. Is BBB leakage always bad? 

Mounting evidence implicates BBB leakage in the development and exacerbation of brain 

pathologies.6,7,20,52,58,59 However, the tight link between BBB leakage and inflammation suggests that 

BBB leakage may also have physiologically-beneficial effects. Here, like in the rest of the body, the 

difference may lie in the distinction between transient and chronic inflammation: transient/acute 

inflammation fights invaders and heals injured tissue, while chronic inflammation may – in itself – 

cause tissue damage. For instance, the growth of new synapses we have demonstrated following 

leakage-induced neuro-inflammatory TGF-β signaling is thought to have evolved as a compensatory 

repair mechanism.52 Yet if the neuro-inflammatory activation persists, this repair process may result 

in overly-connected excitatory neuronal-networks that increase the susceptibility to seizures.52  

Additional evidence supporting an adaptive role of transient induction of BBB-leakage and neuro-

inflammation comes from studies of white blood cells. White blood cells (mainly lymphocytes T 

and B) have been shown to regularly enter the brain to provide additional immunosurveillance for 
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pathogens.50,61,62 Upon detection of a pathogen these cells stimulate BBB-mediated signaling that 

recruits a large number of additional lymphocytes circulating the bloodstream.50,61,62 The recruited 

lymphocytes are trafficked trans-cellularly across the BBB’s endothelium and help quell infection 

and repair injured tissue.50,61,62 However, this response can be a double-edged sword: if migration 

persists it can turn into chronic neuro-inflammation, edema and neuronal damage,62 yet blocking 

this trafficking altogether increases patients’ susceptibility to fatal CNS infections.62 

Together, these studies emphasize the importance of distinguishing between acute and chronic 

changes in BBB selectivity. Preliminary results from our lab suggest that adaptive increase in trans-

endothelial transport may play a role in strengthening synaptic connections (Swissa et al., in 

preparation) via an NMDA-dependent pathway.21 Swissa et al., show that neuronal stimulation 

induces a transient increase in trans-endothelial trafficking of sodium fluorescein (a dye that 

normally does not cross the BBB), and that this transport does not involve lymphocytes. Notably, 

the trafficking of sodium fluorescein has recently been shown to be carried out by transporters of 

thyroid hormones involved in synaptic plasticity and angiogenesis.63,64 Together, these results 

suggest that there might be separate mechanisms of adaptive/transient changes in BBB selectivity, 

the details of which require further characterization.  

While animal studies support the pathogenic role of the shift from acute to chronic BBB leakage,28,65 

whether the leakage we observed in patients with lupus and bipolar disorder reflects an analogous 

mal-adaptive transition remains unclear. However, if our hypothesis is valid, it may help explain why 

neurological symptoms do not affect all patients with these disorders equally. We hypothesize that a 

subset of patients develop long-lasting/recurrent BBB leakage, coupled with neuro-inflammation 

and subsequent neuronal dysfunction (Figure 23). Future research is needed to delineate the 

mechanisms involved in acute and chronic BBB leakage, and their physiological/pathological roles. 

 

6.5. Can BBB leakage be diagnosed in living patients and what are the clinical features 
of BBB leakage? 

In the introduction chapter, I have reviewed the existing methods allowing BBB assessment in 

living patients. These include indirect indicators of BBB leakage, such as serum/CSF markers,66–69 or 

direct visualization of the human BBB using neuroimaging modalities. While non-imaging markers 
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have the potential of offering accessible preliminary screening for BBB leakage, the existing markers 

are considered unreliable,70,71 and call for the development of more effective alternatives. As 

demonstrated in Figure 4, the past several decades have seen a marked increase in the popularity of 

MRI-based BBB assessment, likely due to its use of non-ionizing radiation (unlike SPECT, CT, and 

PET imaging), minimal invasiveness (as apposed to intra-operative fluorescence microscopy), and 

competitive spatial resolution. The introduction also reviewed the important distinction between the 

approaches currently used for quantifying BBB leakage, with the Tofts method characterizing fast 

and robust leakage during contrast wash-in and the Veksler method characterizing slow and subtle 

leakage during contrast wash-out. The Patlak model is not specific to either types of leakages, and 

has been suggested to capture both.72–74 

To understand the role of subtle BBB leakage in human neuropathology this thesis applied the 

Veksler approach to the exploration of a two-part hypothesis:   

I. Subtle/slow BBB leakage can be detected in disorders not associated with gross 

brain abnormalities (e.g., tumors or ischemic/hemorrhagic lesions). 

II. Subtle/slow BBB leakage may be associated with neuropsychiatric complications. 

The two clinical chapters of this thesis provided the first concrete evidence of subtle/slow BBB 

leakage in patients with lupus and patients with bipolar disorder, validating the first part of the 

hypothesis. Moreover, we discovered that ~25% of patients in each cohort have widespread or 

‘extensive’ BBB leakage affecting over 10% of brain tissue. The second part of the hypothesis was 

also confirmed separately in each cohort, when the neuropsychiatric symptoms of patients with 

extensive BBB leakage were found to be significantly more severe than of patients without extensive 

leakage.6,7 These results suggest that extensive BBB leakage does not affect all patients, but rather 

characterizes a sub-population of individuals with worse neuropsychiatric outcomes. Notably, brain 

volume examination of patients with lupus revealed that extensive BBB leakage is also associated 

with reduced gray matter volume – suggestive of neurodegeneration commonly found in patients 

with neurodegenerative dementias. 

Our findings emphasize the importance of examining both fast/robust and slow/subtle BBB 

leakage, as they may represent different leakage mechanisms (para-cellular vs trans-cellular) and 

phases (severe vs mild).5 As all studied patients have been diagnosed with lupus or bipolar disease 
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for a minimum of a year prior to MRI scanning, these results suggest that the observed leakage is 

likely to represent either a long-lasting or recurrent change in cross-BBB influx. We suggest that 

chronic BBB leakage may affect a sub-population of patients, and contribute to the pathogenesis of 

neurological symptoms, even when the leakage is subtle and trans-endothelial.  

We further argue that the nature of the neuropsychiatric symptoms is likely to depend on the 

specific brain regions and brain networks affected by leakage. This hypothesis is supported by a 

recent study in patients with dementia, linking BBB leakage in the hippocampus to memory 

impairment.75 We extend this hypothesis to suggest that cognitive impairment may be mediated by 

BBB leakage in regions/networks associated with executive function and memory, and that mood 

symptoms (depression/anxiety) may result from leakage in regions/networks associated with 

reward/affective processing and self-reflection (Figure 23). Larger scale clinical studies are needed 

to determine the association between specific neuropsychiatric symptoms and region-specific BBB 

leakage, and further animal studies are required to better understand the molecular mechanisms 

involved. 
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Figure 23 − Summary of proposed disease mechanisms 
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Figure 23.  Summary of proposed disease mechanisms. Our findings add several insights to the current 
framework of BBB-associated pathogenesis. Our animal study has shown that the excessive neural activity during 
seizures causes pericytic injury (potentially mediated by increased release of glutamate),21–23 and subsequent BBB 
leakage.20 Our clinical studies suggest that BBB leakage can also be caused by systemic inflammation, and that the 
associated leakage is likely to be mediated by increased trans-endothelial transport.6,7 How exactly systemic 
inflammation causes BBB leakage remains a matter of ongoing debate, with some groups implicating immune 
interactions at the endothelial lumen,34 while others suggesting that immune cells migrate to the CNS via the 
lymphatic system and interact with the endothelium at its abluminal side.37 We further propose that BBB-
leakage/neuroinflammation may have adaptive roles,50,63,64 that can become maladaptive if the processes persist 
or frequently reoccur. We argue that in a subset of patients, systemic inflammation may underlie a shift from 
transient/acute to long-lasting/recurrent BBB-leakage/neuroinflammation, creating a chronic amplification loop 
between leakage and neuroinflammatory signaling (including TGFβ, IL6, IL1β, TNFα),12,24,52 that damages neurons 
directly24 or via excitatory network-reorganization.52 Lastly, we hypothesize that the clinical symptoms of affected 
patients may correspond to the brain regions/networks affected by BBB leakage, and its duration and extent. 
Testing this hypothesis will require larger cohorts of patients, and will be the focus of future research. 

 

6.6. Future directions 

6.6.1. Diagnosing BBB leakage in clinical settings 

A large portion of this research was dedicated to the development of a software for DCE-MRI 

based quantification of BBB leakage. Notably, the software allows the characterization of both 

fast/robust leakage using the Tofts approach and slow/subtle leakage based on the Veksler method. 

While the current thesis focused on subtle leakage, we acknowledge the need to provide a 

comprehensive comparison between the two approaches.  

Additionally, the threshold used for distinguishing between normal and abnormal leakage stands to 

be optimized. At present, the upper threshold for ‘normal’ BBB leakage is based on a control study 

of 50 healthy individuals.76 The study examined the distribution of all leakage values in the control 

cohort and calculated the 95th percentile as the threshold separating ‘normal’ and ‘abnormal’ 

leakage. However, we have yet to explore whether the thresholding approach can be optimized to 

account for innate region-specific differences in cross-BBB influx,77 and the effects of age and sex.9 

As argued earlier, the duration of BBB leakage in different neuro-pathologies also needs to be 

understood. These questions need to be investigated in comprehensive – and potentially multi-

center – studies of healthy volunteers of different ages and sexes, and patients with different 

pathologies. 
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Moreover, the thresholding approach classifies leakage rates solely into two categories: normal and 

abnormal. This division binarizes the continuous values of leakage intensity, disregarding potentially 

valuable information. Future studies should examine whether nuanced differences in leakage 

intensity bear physiological and/or diagnostic significance. Future research should also explore 

whether machine learning algorithms can allow the detection/prediction of specific 

symptoms/diagnoses based on BBB leakage patterns.  

Importantly, the translation potential of the Veksler approach stands to greatly benefit from a 

simplified MRI acquisition protocol.  At present the approach images the brain for 14 minutes (6 to 

20 minutes post contrast injection), significantly increasing the duration of routine clinical MRI 

scans. A shortened protocol would reduce the costs of the procedure and increase the appeal of the 

approach to clinical centers. This issue may be addressed via analysis of real and simulated data, 

examining the correlation between the output of the current gold standard and the output of scans 

with less data points.  

The software’s computation of T1 relaxation times also stands to be optimized (methods section 

2.2.2.2). The current calculation uses the variable flip angle approach, which derives the baseline T1 

relaxation times from three scans – each acquired at a different flip angle.102-103 As this approach 

relies on accurate knowledge of the excitation flip angle, it is sensitive to potential flip angle errors 

and/or non-uniformities.104-106 Recent years have seen the emergence of T1 mapping approaches 

that account for potential flip angle inaccuracies,104-106 and the incorporation of these techniques into 

the BBB acquisition protocol and software should be considered.  

Lastly, the translation of BBB diagnosis into clinical practice may also be facilitated by the 

development of contrast-free BBB imaging (e.g., arterial spin labelling),78 eliminating the DCE-MRI 

requirement for the injection of gadolinium-based contrast agents that can exacerbate kidney 

damage in patients with existing renal pathology.79 

6.6.2.Understanding the neuro-functional correlates of BBB dysfunction 

In the present thesis, I used DCE-MRI to explore the link between imaging evidence of BBB 

leakage and clinical symptoms in living patients. The next step of this research should characterize 

the neuro-functional changes that may correspond to the observed symptoms. Specifically, 

assessment of neuronal activity – using modalities such as EEG (electroencephalogram), MEG 
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(magnetoencephalogram), and fMRI (functional MRI) – may reveal activation patterns associated 

with both BBB leakage and clinical disease manifestations. A recent study by our group examined 

the EEG recordings of patients with epilepsy and Alzheimer’s disease, and showed that regions 

with BBB leakage are associated with slower neuronal activity.80 In an ongoing extension of our 

lupus study, we are also characterizing BBB-associated changes in network functionality and 

connectivity using MEG and fMRI data. Additional studies are warranted to determine the effects 

of BBB leakage on neuronal activity in humans, and to understand the clinical relevance of 

mechanisms identified in animal studies. 

6.6.3. Understanding changes in BBB efflux 

My research examined changes in altered transport of substances from the bloodstream to the brain 

– a.k.a. cross-BBB influx/leakage. However, the BBB has several important functions beyond 

limiting entry into the brain. The BBB also plays critical roles in regulating homeostatic levels of 

ions, hormones and peptides in the brain, and removal of waste products from brain tissue into the 

bloodstream. The most abundant BBB efflux transporters are the P-glycoprotein and breast cancer 

resistance protein. Notably, in Alzheimer’s disease decreased expression of the P-glycoprotein efflux 

transporter is suggested to contribute to the accumulation of amyloid betta (Aβ) complexes in the 

brain, along with failure to remove other neurotoxic elements from the brain’s environment.81 

Conversely, epilepsy and amyotrophic lateral sclerosis (ALS) have been linked to overexpression of 

P-glycoprotein transport82,83 and the breast cancer resistance protein.84 While this overexpression is 

thought to have evolved as a protective mechanism (pumping out invaders/drugs from the brain), it 

was shown to contribute to drug resistance in both epilepsy and ALS.82,84 Together, these studies 

suggest that altered BBB efflux may also contribute to the development and progression of neuro-

pathologies, and call for a comprehensive characterization of the associated mechanisms. 

6.6.4 . Coupling BBB diagnosis with targeted treatments 

As the understanding of BBB-mediated pathology matures, it opens an exciting avenue for the 

development of novel mechanism-specific treatments. Such treatment-strategies will require: a) 

tools for accurate diagnosis of BBB-leakage; b) precise interpretation of the observed leakage (i.e., 

transient/adaptive or chronic/pathogenic); and c) risk analysis of treatment side-effects.  
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At present two treatments targeting mechanisms triggered by BBB leakage are being developed in 

our lab. The first is the off-label use of the FDA-approved drug Losartan (Cozaar). In 2014, we 

showed that Losartan blocks the TGF-β pathway (triggered by albumin influx), and inhibits the 

TGF-β neuroinflammatory cascade.85 Inhibition of neuroinflammation in turn, prevents the seizures 

and neuronal damage linked to BBB leakage.85 More recently, our group has tested another 

antagonist of the TGF-β pathway, the smaller molecule IPW.86 The study revealed that IPW can 

reverse neurological symptoms of aging in mice, such as hyperexcitability and memory 

impairment.86 However, while animal studies present encouraging results, the therapeutic potential 

of these treatments in patients with BBB-related pathologies awaits clinical validation.  

Other groups are examining treatments that inhibit alternative neuroinflammatory pathways, 

including the IL-6 signaling axis and the prostanoid cascade.101 Notably, studies in mice suggest that 

co-treatment with drugs that block different neuroinflammatory pathways is more effective than 

treatment with each drug individually.101 The discovered role of increased BBB efflux in drug-

resistant neuro-pathologies has also led to experimental exploration of therapies that inhibit the 

involved efflux transporters.87,88 

Another exciting treatment path is being studied by our collaborator Dr. Cynthia Calkin – the head 

of the Mood and Metabolism Program (QEII Health Sciences Center, Halifax, Nova Scotia). Dr. 

Calkin is examining whether metformin − an insulin-sensitizing drug – can treat refractory bipolar 

disorder symptoms in patients with co-morbid insulin-resistance. Remarkably, preliminary results 

suggest that once the treatment reverses insulin-resistance, patients experience improvement in 

affective symptoms, such as depression and anxiety. We hypothesize, that metformin reduces 

systemic inflammation, and subsequent BBB leakage and neuro-inflammatory signaling. Notably, 

previous clinical studies of metformin support its role in reducing systemic inflammation,89–91 and 

animal studies have demonstrated that metformin reduces both neuroinflammation92 and BBB 

leakage.93 Our collaboration with Dr. Calkin will be the first to test whether metformin reduces BBB 

leakage in humans, and whether BBB repair mediates the therapeutic effects of metformin. 

6.7. Chapter Summary 

Many aspects of BBB function in health in disease remain unknown, however, there is little doubt 

that BBB pathology contributes to the development of neurological dysfunction. This thesis adds 
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insights regarding: a) etiologies that can cause BBB leakage, b) mechanisms that mediate BBB 

leakage, c) clinical diagnosis of trans-cellular BBB leakage, and d) clinical symptoms of trans-cellular 

BBB leakage. Our animal study suggests that pericytic injury is likely to play a role in BBB leakage, 

and our clinical studies demonstrate that systemic immune diseases can lead to subtle BBB leakage, 

likely representative of altered trans-endothelial selectivity. Our findings raise the hypothesis that a 

sub-group of patients may develop recurrent and/or long-lasting BBB leakage and 

neuroinflammation that can lead to damage and reorganization of neuronal networks. This work 

has also involved the development of a completely automatic software for quantifying BBB leakage 

in living patients, and discussed the future steps required for translating MRI-based BBB imaging 

into routine clinical care. Together, the studies of this thesis serve as a stepping-stone towards the 

development of diagnosis-coupled treatment strategies, that target BBB-mediated mechanisms in 

patients with BBB pathology. 
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