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Summary

The credo that epileptic seizures can be initiated only by “epileptic” neurons has been recently
challenged. The recognition of key astrocytic-neuronal communication, and the close interaction
and crosstalk between astrocytes and brain endothelial cells, has shifted attention to the blood—
brain barrier (BBB) and the “neurovascular unit.” Therefore, the pursuit of mechanisms of seizure
generation and epileptogenesis now includes investigations of cerebral blood flow and
permeability of cerebral microvessels. For example, leukocyte adhesion molecules at the BBB
have been proposed to play a role as an initiating factor for pilocarpine-induced status epilepticus,
and a viral infectionmodel with a strong BBB etiology has been used to study epileptogenesis.
Finally, the fact that in nonepileptic subjects seizures can be triggered by BBB disruption, together
with the antiseizure effects obtained by administration of potent antiinflammatory “BBB repair”
drugs, has increased the interest in neuroinflammation; both circulating leukocytes and resident
microglia have been studied in this context. The dual scope of this review is the following: (1)
outline the proposed role of BBB damage and immune cell activation in seizure disorders; and (2)
explain how increased cerebrovascular permeability causes neuronal misfiring. The temporal
sequence linking seizures to peripheral inflammation and BBB dysfunction remains to be clarified.
For example, it is still debated whether seizures cause systemic inflammation or vice versa. The
topographic localization of fundamental triggers of epileptic seizures also remains controversial:
Are immunologic mechanisms required for seizure generation brain-specific or is systemic
activation of immunity sufficient to alter neuronal excitability? Finally, the causative role of
“BBB leakage” remains a largely unresolved issue.
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This review is focused on epilepsy and mechanisms leading to seizures. In the following
paragraphs the terms “epilepsy” and “seizures” are sometimes used as synonyms, even
though it is clear that a significant distinction exists, seizures being a symptom of epilepsy
and not a disease per se. Occurrence of seizures does not always lead to a diagnosis of
epilepsy and seizures do not exclusively occur in the context of epilepsy. Within a life span,
5-10% of the population will have at least one seizure without an epilepsy diagnosis. While
the distinction between seizures and epilepsies is clinically well understood, translation to
the basic scientists’ laboratory has been more problematic. Epilepsy research has sometimes
failed to consider the multifaceted clinical reality of seizure disorders; this has sometimes
led to a simplistic modeling of the disease and its mechanisms. The gap between clinical
reality and research models, if filled, will open a venue for the investigation of new
therapeutic approaches. Given the many new and exciting cell types and mechanisms of this
disease, one of the goals of this manuscript is to incite a more “holistic” approach to the
epileptic disease and its symptoms.

A similar disclaimer can be made on the use of the terms “leakage” and “opening” when
referring to increased permeability across the blood-brain barrier (BBB). These terms are
useful jargon to describe increased permeability across the endothelial cells constituting the
BBB. These terms of course give no specific information of the site of the “leakage”; for
example, is increased passage of molecules of ions pericellular (tight junctions),
transcellular (pinocytosis and/or vesicular release), or due to a generic failure of the many
mechanisms ensuing selective trans-BBB permeability. The accepted term according to
current orthodoxy is “BBB disruption” or “failure.” These are more elegant but not much
more informative terms. The reality seems to be more complex and difficult to reduce to a
few semantic terms. Tight junctions alone are complex “doors” that open and close
stochastically in a manner not dissimilar to ion channels. When an agent, for example
histamine, is applied to increase permeability, the probability of a single tight junction to be
in an open (permissive) state is increased. Conversely, when agents that “tighten” the BBB
are applied, the probability of a permissive state is reduced. In the case of “osmotic blood-
brain barrier disruption” often mentioned in this review, the data are close to nonexistent,
but the consensus is that shrinkage of endothelial cells causes a mechanical disarray of the
junctional complex. This is unlikely to be controlled by any specific rules, but is rather due
to drastic yet reversible changes in cell morphology leading to a spatial reorganization of the
junctions.

Blood-Brain Barrier and Neurologic Diseases

The BBB is the most important vascular barrier of the central nervous system (CNS). The
BBB protects the brain from harmful substances circulating in the bloodstream, while also
supplying the brain with the nutrients required for proper brain function. Examples of
molecules that would be toxic to a brain lacking the BBB are cardioactive drugs and
penicillin. The BBB likewise strictly regulates the trafficking of cells of the immune system;
it also prevents free movement of chemokines and cytokines from the blood into the brain
and vice versa. Recent findings indicate that neurovascular dysfunction is an integral part of
many neurologic disorders (Krizanac-Bengez et al., 2004; Zlokovic, 2008; Neuwelt et al.,
2011), including epilepsy (Marchi et al., 2010b). In diseases with a compromised BBB, the
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microenvironment of neurons is altered and brain infiltration of cells, ions, or molecules
may initiate, amplify, procrastinate, repair, or disrupt a CNS response.

Failure of the BBB is observed in association with a variety of pathologic events, such as
stroke, multiple sclerosis (MS), and epilepsy. Increasing evidence has shown that BBB
damage often accompanies abnormal neuronal activity. Therefore, in addition to epilepsy,
seizures are observed in patients with MS (Hauser, 2008), as a consequence of stroke
(Asconape & Penry, 1991), or during systemic or local inflammation (Hauser, 2008), all
conditions associated with a leaky BBB. In addition, clinical and animal model findings
show that acute failure of the BBB induced by “mechanical” means (e.g., osmotic shock to
disrupt tight junctions between endothelial cells) is a mechanism of acute seizures (Marchi
et al., 2007a). More recent experimental and clinical evidence has shown that BBB failure
can cause seizures regardless of the means used to induce BBB failure (Seiffert et al., 2004;
Pavlovsky et al., 2005; Oby et al., 2006; Marchi et al., 2007a; Fabene et al., 2008;
Ransohoff, 2009; lvens et al., 2010). The unanswered question remains: why does BBB
disruption (BBBD) lead to seizures? Candidate mechanisms linking BBBD to abnormal
neuronal firing include extravasation of potassium, albumin, or cells of the immune system
(see Table 1 and Fig. 2) (Seiffert et al., 2004; Fabene et al., 2008; David et al., 2009a). Other
studies propose that seizures induce proinflammatory changes limited to the brain, but in
these studies peripheral leukocyte activation has not been measured and thus its role cannot
be ruled out (Vezzani & Granata, 2005). Unquestionably glial, microglial, and endothelial
cells are all capable of reacting to seizures by producing typical proinflammatory molecules
such as cytokines and adhesion molecules (e.g., (Librizzi et al., 2007). Recently, toll-like
receptors (e.g., TLR-4) were associated with the perpetuating seizures (Maroso et al., 2010).
These receptors are widely expressed in myeloid cells, thus it is unclear whether a peripheral
response is involved.

If BBB damage is a key factor in the etiology of CNS diseases, then BBB protective agents
or drugs that improve BBB function should prevent the downstream cascade that affects
neurons. These protective agents may also be of use when the BBB is compromised by
events initiated in the parenchyma; therefore, this class of therapeutics may be of value to
treat CNS diseases caused by either brain or blood-borne triggers. Drugs used to repair the
BBB range from steroids to membrane sealing agents (Marchi et al., 2009, 2011a). An
important correlate of the “BBB hypothesis of disease” is the lessening of issues of drug
penetration into the brain, which is commonly recognized as a major if not insurmountable
obstacle for CNS therapies (Loscher & Potschka, 2005).

Early Mechanisms of Neuronal Changes after Blood—Brain Barrier

Disruption

The functional stability and reliability of mammalian neuronal networks is made possible
thanks to a tightly controlled brain homeostasis. The intracellular and extracellular milieu of
the CNS is regulated by metabolic, ionic, and transcriptional mechanisms, including
buffering of extracellular ions such as potassium, control of pH and ATP levels (see Table 1
and Fig. 1), as well as constant synthesis of enzymes, proteins, and phospholipids that
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maintain the structural integrity of cells. Even a slight dysregulation of these mechanisms
causes altered neuronal function, which in turn may affect behavior.

Based on available data, the main candidates for ictogenic sequelae of blood-brain barrier
disruption can be divided roughly into three categories: (1) ions, such as potassium and ion
channel modulators (e.g., albumin (Ivens et al., 2007; David et al., 2009a,b); (2)
neurotransmitters (adenosine, glutamate, and ATP); and (3) metabolic products (again
adenosine, glucose, pH, CO,). The following paragraphs summarize the possible role of a
few among these candidates.

Potassium ions are crucial for normal action potential generation in all excitable tissue.
Therefore, in cardiac myocytes, neurons, vascular smooth muscle, and retinal effector cells,
extracellular potassium concentration ([K*]out) is a key regulator of resting membrane
potential and repolarization. The biophysical properties of most excitable cells are designed
to adapt to a specific range of potassium concentrations. Therefore, cardiac action potential
properties are well suited for a relatively broad range of [K*]o,t, Whereas neurons are far less
tolerant and require a stricter potassium homeostasis. In brain, potassium is maintained at
levels that are significantly lower than in blood (Fig. 2 and Table 1), and the generation of
fast action potentials typical of CNS neurons requires an equally rapid repolarizing
potassium current. In addition, the size of brain extracellular space is reduced compared to
that of other excitable tissues (Nicholson & Sykova, 1998). This exaggerates the amplitude
of ionic changes following transmembrane fluxes. Finally, in addition, the frequency of
neuronal firing far exceeds the cardiac rate; therefore, extracellular potassium changes
following a single neuronal action potential need to be rapidly restored (Ransom et al., 1992;
Pappas & Ransom, 1994). All of these factors have led to the development of a highly
specialized glioneuronal system to buffer extracellular potassium (Kofuji & Newman,
2004).

Under conditions of preserved BBB integrity, the local maintenance of ion homeostasis is
sufficient to maintain [K*],,t within narrow ranges. However, when cerebrovascular events
alter BBB integrity, a surge in potassium from the blood to brain will overcome glial
potassium buffering. In addition, potassium ions regulate cerebral blood flow (Nguyen et al.,
2000). Although modest changes in [K*]out (Up to 12 mM) cause dilation of arteries,
increased levels of K* induce massive, potentially ischemic, reduction in blood flow. This
may further affect homeostasis by decreasing metabolic support of neurons and glia
(cerebral hypoxia).

The considerations made for potassium ions can be expanded to maintenance of brain pH,
but the extent of changes caused by protons and their effect on neuronal firing is different.
The brain is slightly acidic compared to blood, and protons have an inhibitory effects on
sodium currents; a negative pH shift will decrease excitability (Benitah et al., 1997).
Seizures are accompanied by a large drop in pH, which may ultimately contribute to seizure
termination. In addition, low pH is a mechanism of vasodilation used by the brain to couple
neuronal activity to cerebral blood flow (Aaslid, 2006). When the BBB is breached, these
equilibria are lost and intrinsic controllers of activity are impaired, leading to increased
neuronal firing.
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Adenosine and glutamate have opposing effects on overall brain activity (Dunwiddie &
Fredholm, 1989). Glutamate is more concentrated in blood, leading to an increase in
neuronal firing and excitotoxic potential after BBB disruption. Adenosine is short-lived due
to enzymatic activity, but its metabolic production is another efficient mechanism of
neurovascular control. When the BBB is breached, a complex synergy of adenosine
(Parkinson et al., 2003) and glutamate (Smith, 2000; Grant et al., 2003) transporters and
catalytic enzymes is altered, leading to an overall drop in adenosine available to curb
neuronal firing and increased glutamate; the result is a synergistic increase in neuronal
excitability. As in the case of potassium and protons (pH), adenosine is also a powerful
controller of cerebral blood flow (Ko et al., 1990); a reduced level of CNS adenosine will
compromise autoregulation and exacerbate the consequences of BB disruption.

These examples demonstrate how BBB disruption may alter the intrinsic mechanisms that
control of neuronal excitability. A direct effect on cell metabolism, resting membrane
potential, or membrane conductance may occur in parallel with an indirect effect involving
cerebral blood flow. Of interest, the lag time to seizure development after acute osmotic
BBB opening is consistent with a rapid ionic (or neurotransmitter) changes. Therefore, after
BBB disruption, seizures occur within minutes from the event (Marchi et al., 2007a, 2009,
2011b), suggesting that transcriptional or other molecular mechanisms are not involved.
Whether this also applies to spontaneous epileptic seizures is not known.

Long-Term Mechanisms and Consequences of Blood—-Brain Barrier

Disruption

Epilepsy is a chronic disorder. Therefore, although the mechanisms described so far may
explain how BBB disruption leads to individual seizures, these do not address the process of
epileptogenesis and/or maintenance of an epileptic pathology. Friedman and Kaufer (Ivens
etal., 2007; David et al., 2009a,b) have proposed that albumin extravasated across a “leaky”
BBB may produce long-lasting effects, in particular directed toward astrocytic spatial
buffering of K* and glutamate transporters (David et al., 2009a). The process seems to
depend on complex molecular machinery initiated by signaling at the transforming growth
factor a (TGF-p) receptor. This model may explain posttraumatic epilepsy, where seizures
originate, with a variable delay, in the same regions where the BBB was breached at time of
head injury (Korn et al., 2005). Other chronic BBB-related events leading to seizures are
glucose transporter 1 (GLUT-1) deficiency (DeVivo et al., 1991), and, albeit indirectly,
multiple drug resistance to antiepileptic drugs (Dombrowski et al., 2001; Loscher &
Potschka, 2005). The latter has been discussed elsewhere (Ghosh et al., 2010; Marchi et al.,
2010a; Ghosh et al, 2011a,b).

Because it is generally agreed that “seizures begot seizures,” and that BBB disruption can
cause a long-lasting, generalized seizure in humans and animal models, it is possible that
seizures induced by BBB “opening” cause brain permeability changes that encourage future
ictal events. In addition, the quantitative and qualitative morphologic or radiologic
properties of seizure-inducing BBB permeability changes in acute, provoked, or chronic
seizures are not clear. Data comparing morphologic aspects of BBB disruption in acute
(mannitol, rodent brain) or chronic (rodent, human) seizures have shown a surprising
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similarity (Marchi et al., 2010b,c, 2011b,c). Both conditions are characterized by a regional,
patchy or diffuse leakage from capillaries or venules, with perivascular accumulation of
immunoglobin G (IgG) or extravasated albumin. In neither condition, in human (Marchi et
al., 2011b,c), porcine (Marchi et al., 2007a, 2010c), or rodent brain (Marchi et al., 2007b,
2009, 2011c) have leukocytes been seen in the brain parenchyma, with the exception of one
report using postmortem tissue (Fabene et al., 2008). However, when seizures are induced
by a chemoconvulsants directly injected into the hippocampus (kainate), a robust leukocyte
recruitment is seen (Zattoni et al., 2011). The clinical significance of these findings is not
clear, but cell infiltration in CNS does not seem to be necessary for seizure generation
(Marchi et al., 2011c). An important caveat in human studies using resected tissue is the fact
that these samples are almost invariably “inflamed” by the chronic recording devices (grids,
electrodes, etc.). The recording electrodes may cause reactive changes independent from
seizures that can be considered artifacts.

Neurological Diseases, Leukocytes, and the BBB

The previous paragraphs summarized the consequences of BBB dysfunction on neuronal
behavior. Most of the data were obtained from experimental models, and even when human
tissue is used, methodological confounders exist (see above). To translate science to therapy,
the real issue is to understand whether comparable cerebrovascular damage occurs in
epilepsy and whether BBB leakage actively causes real life seizures. In particular, the
participation of white blood cells (discussed briefly in preceding text) is important for
therapeutic translation.

Direct evidence of a contribution of circulating leukocytes to human epilepsy requires
specifically designed studies; indirect evidence is provided in a recent study (Marchi et al.,
2011b) showing that antiinflammatory drugs effectively decrease seizure burden. The
neuroanatomic correlates for leukocyte role in generic generation of these are important: (1)
If systemic inflammation is a target to treat seizures, then these antiepileptic drugs do not
require penetration across the BBB; (2) if conversely the crucial target is microglia or
extravasated leukocytes, then the issue of CNS penetration remains a concern.

Pathologic leukocyte-BBB interactions that facilitate seizures are not dissimilar from those
involved in MS (Fabene et al., 2008, 2010; Sotgiu et al., 2010) or ischemic stroke (Hurn et
al., 2007; Subramanian et al., 2009). However, the extent and molecular or pathophysiologic
overlap between epilepsy and recognized inflammatory brain diseases remains to be defined.
For instance, although the interplay between activated leukocytes-BBB and associated BBB
damage contributes to seizures, the occurrence and relevance of leukocyte brain
extravasation is a matter of controversy (Fabene et al., 2008; Ravizza et al., 2008; Marchi et
al., 2010b). Brain invasion of immune cells is a trademark of specific forms of epilepsy such
as West syndromes or epilepsies triggered by viral infections (Vezzani & Granata, 2005);
however, in the majority of the epilepsies a frank immunologic brain response has yet to be
proven. This suggests that, after causing BBB damage, leukocytes may exhaust their role,
highlighting the role of BBB damage as a seizure-promoting factor (Fabene et al., 2008,
2010).

Epilepsia. Author manuscript; available in PMC 2014 July 11.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Janigro

Page 7

Muscarinic Regulation of T-Cell Function

Why and how systemic inflammation becomes active before an ictal event is unknown.
Basic science studies have shed some light here thanks to the use of receptorspecific
convulsive agents such as pilocarpine, a muscarinic agent. Kainate acting on a subclass of
glutamatergic synapses has also been employed. In addition to their known actions on
neurons, these molecules activate the innate immune system by action on T or B cells
(Marchi et al., 2007a, 2010b, 2011c; Sturgill et al., 2011). Because most of our knowledge
derives from pilocarpine, we focus here on the effects of this drug.

In contrast to what is widely believed, pilocarpine does not promptly cross the BBB;
pilocarpine’s seizurepromoting potency does, however, depend on BBB disruption (see
below). Studies in which pilocarpine’s levels were measured at time of seizures or in
animals before seizure onset have demonstrated that the permeability of pilocarpine is
comparable to that of sucrose, this despite pilocarpine’s favorable oil-to-water partition
coefficient (Marchi et al., 2007b). In addition, the levels of pilocarpine needed to cause
seizures were not consistent with the high affinity that the drug has for its receptors (Dehaye
et al., 1984). Finally, the combined effects of lithium (given before a low dose of
pilocarpine) were shown to be due to lithium’s inflammatory action (Marchi et al., 2009). It
was also shown that pilocarpine acts at least in part by a massive activation of leukocytes, in
a manner comparable to that of lithium. In fact, pilocarpine and lithium caused seizures
regardless of the order of administration, or the interval between the exposures of these two
drugs. Others then demonstrated that pilocarpine has a profound effect on leukocyte
adhesion to the endothelium (Fabene et al., 2008).

Pilocarpine acts on leukocytes that express cholinergic nicotinic and muscarinic receptors.
Although activation of nicotinic receptors suppresses immune/inflammatory responses
(Rosas-Ballina & Tracey, 2009), the role of muscarinic receptors in immunity is unclear.
Muscarinic receptors play a role in the generation of CD8* cytolytic T lymphocytes.
Analysis of mice with targeted deletions of each of the known muscarinic receptors (M1-
MB5) showed that CD8* T cells from M1 receptor—deficient mice had a defect in the ability
to differentiate into cytolytic T lymphocytes (Razani-Boroujerdi et al., 2008). These findings
are consistent with results linking pilocarpine-induced seizures to CD8* T cell activation
and mobilization from the spleen (Marchi et al., 2011c). The sequence of effects of
cholinergic agonists leading to seizures can be thus summarized as follows: (1) Pilocarpine,
injected systemically, activates T cells to acquire a cytotoxic (CD8") phenotype; (2) These
events occurring in the spleen, or being therein amplified, translate into an inflammatory
response that with yet unknown mechanisms causes BBB leakage in regions that are highly
epileptogenic (limbic system); several reports have described the pattern of BBBD before
pilocarpine-induced status epilepticus ensues; (3) In addition to T cells, other cell types are
involved (see below and Sandberg, 1994). Consistent with its inflammatory action,
pilocarpine-induced seizures are prevented by antagonists of interleukin 15 (1L-1/) or
steroids (Marchi et al., 2009, 2011b).

In addition to T cells, other cell types are involved in leukocytosis induced by convulsive
agents. Perforin is a cytolytic protein found exclusively in the granules of CD8* T cells and

Epilepsia. Author manuscript; available in PMC 2014 July 11.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Janigro

Page 8

natural killer (NK) cells. Upon degranulation, perforin inserts itself into the target cell’s
plasma membrane, forming a pore. Mice that are genetically deficient in perforin have
severe immunodeficiency and impaired protection against viruses and tumors, because
perforin is required to deliver granzymes into the cytosol of the target cell (Bischofberger et
al., 2009; Voskoboinik et al., 2010). Recently published results have shown that perforin-
deficient mice have a greatly reduced sensitivity to pilocarpine-induced seizures (Marchi et
al., 2011c). However, how immune effector proteins utilized by NK cells contribute to CNS
vascular permeability remains poorly understood (Suidan et al., 2008). For example, it is not
known whether (1) perforin acts directly on endothelial cell membrane to cause BBB
disruption; (2) perforin has direct effects on neuronal excitability; or if (3) other factors such
as vascular endothelial growth factor (VEGF) released by neurons are involved.

These data may provide a novel therapeutic venue if it is confirmed that seizures are
preceded by activation of T cells, acting together with NK cells to cause BBB disruption. A
recent report has shown that pediatric patients affected by multidrug-resistant seizures
benefit from antiinflammatory treatment, namely steroids (Marchi et al., 2011b). The
positive effects of these therapeutic interventions were correlated with improved BBB
function, suggesting that as seen in pilocarpine seizures, human epilepsy has an etiologic
cerebrovascular component. A recent report has listed these antiinflammatory approaches
for treating status epilepticus (Beghi & Shorvon, 2011 and Commentary); our data suggest
that steroidal treatment can be used as an add-on therapy in a much broader range of
epilepsies (Marchi et al., 2011b).

Splenectomy in Neurologic Diseases

The involvement of the immune system in brain disease is a well-accepted reality, and
several therapies aimed at the maintenance of a normal immune response have been proven
effective in MS and other neuroimmune diseases. These concepts have recently been
expanded to encompass seizure disorders and stroke. The spleen is a chief controller of
immune function and, in particular, it determines the fate of CD8* T cells, which, as
discussed earlier, are involved in pilocarpine seizures (Marchi et al., 2009, 2011c). Stroke
researchers have shown that splenectomy has a profound ameliorating effect on
postischemic function (Ajmo et al., 2008; Lee et al., 2008), and the same was reported for
pilocarpine-induced seizures (Marchi et al., 2011c). All of these diseases share in common a
leaky BBB and abnormal neuronal function or apoptosis. These results, taken together,
strongly support a role for spleen-mediated activation of T cells as in precipitant of
experimental seizures.

When comparing BBBD-triggered seizures to diseases with an acknowledged BBB
component, it was reported that cell extravasation often seen in brain of MS is virtually
absent in brains from epileptics or in rat brain at the time of status epilepticus induced by
pilocarpine. Experiments in different animal models confirmed that leaky BBB does not
always translate into presence of parenchymal leukocytes (Marchi et al., 2007a,b, 2009,
2010b, 2011c). Therefore, white blood cell extravasation is a rare event in the parenchyma
of animals with disrupted BBB, or after seizures induced by pilocarpine or in patients with
chronic epilepsy. Lymphocytes extravasated only into the Virchow-Robin space or in the
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subdural-pial space. However, widespread leakage of the BBB was nevertheless associated
with increased leukocyte adhesion to the vascular wall. No extravasation was observed in
the same regions. Consequently, adhesion of activated CD8" T cells or perforin itself
released by NK cells is sufficient to disrupt local BBB integrity without cell extravasation.

Conclusions

Models and strategies to study neurologic diseases constantly adapt to novel hypotheses and
tools used to probe the CNS. The pairing of microanatomy with electrophysiology was an
important step used to demonstrate how neuroanatomic detail marries function. New
methods and instruments have been developed to study the brain, but understanding the
anatomic detail of cellular processes remains important. For example, whether entry of
leukocytes into the brain is important for seizure generation will likely be answered by
careful anatomic studies. An accurate experimental design in basic research still requires a
strong neuroanatomic component, as demonstrated by the continuous growth of
neuroimaging in clinical neurosciences.
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Quantitative gradients across the BBB and their predicted effect on neuronal excitability.

The size of the molecules and ions depicted on the left side of the figure are roughly

proportional to their trans-BBB concentrations. The brain concentration changes indicated
by arrows is a semiquantitative means of showing what expected after BBB disruption. The

predicted effect on neuronal excitability is also shown. BBB “openings” of different
duration and extent and occurring in different regions of the brain may have distinctly

different effects.
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mechanisms are similarly affected by depolarization. In these examples the left panel shows
normal synaptic transmission where the NMDA receptor is blocked by internal magnesium

and synaptic transmission is limited to activation of 2-amino-3-(5-methyl-3-0xo0-1,2-

oxazol-4-yl) propanoic acid (AMPA) receptors. After cell depolarization neural transmitter

release is increased, blockade of NMDA receptors is removed and synaptic hyper-

excitability is predicted. Changes in astrocytes (not shown) are perhaps the best documented
after disruption of the BBB. Both glutamate uptake and potassium buffering are reduced by
yet unknown mechanisms perhaps involving albumin. These, together with the changes
shown in the right panel will synergistically increase both neuronal cell excitability and

synchronization.
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Table 1

Summary of mechanisms that may affect neuronal behavior after BBB disruption
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M echanism or molecule

Role of BBB in mechanism

Evidence for

Evidence against

Extracellular K*

Magnesium

Serum albumin in
astrocytes

Glutamate

Serum [K]>Brain [K] (Davson &
Segal, 1995)

Negligible K+ permeability across
BBB (Stanness et al., 1996)

Serum [Mg]<Brain [Mg]

Albumin quotient (serum>brain)

Serum levels<brain levels (Smith,
2000)

Kj, knock-out mice exhibit low seizure
threshold (Djukic et al., 2007)

Extracellular potassium increases excitability
(Janigro et al., 1997; Emmi et al., 2000;
Hinterkeuser et al., 2000; Schroder et al.,
2000; Kofuji & Newman, 2004; Tate &
Sisodiya, 2007; Olsen & Sontheimer, 2008;
Zhang & Verkman, 2008; Steinhauser &
Seifert, 2010; Stewart et al., 2010; Pardini et
al., 2011)

Potassium causes seizures when directly
applied (Traynelis & Dingledine, 1988;
Trombin et al., 2011)

Loss of potassium homeostasis in human
epileptic brain (Bordey & Sontheimer, 1998;
Heinemann et al., 2002; Steinhauser &
Seifert, 2010)

Low magnesium causes epileptiform
activity; high serum Mg is neuroprotective
(Amtorp & Sorensen, 1974; Zhang et al.,
1995)

TGF-greceptor-mediated albumin uptake in
neocortical epileptogenesis (Ivens et al.,
2007; Cacheaux et al., 2009; David et al.,
2009b)

Link with TGF-/£and albumin (Ivens et al.,
2007; Cacheaux et al., 2009; David et al.,
2009b)

Causes seizures and is elevated in brain of
epileptics

Osmotic BBBD in rats
did not cause
increased [K*]out
(Somjen et al., 1991)

Present in neurons less
so in glia in human
epilepsy (Marchi et al.,
2010b,c)
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