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Summary

People with epilepsy often experience long-term cognitive dysfunction and other neurological
deficits, including memory loss, learning disabilities, and neurobehavioral disorders, which may
exhibit a progressive course correlating with worsening seizure control. Furthermore, one-third of
epilepsy patients have seizures that are intractable to all available treatments. Thus, novel
therapies for seizures and the neurological comorbidities of epilepsy are desperately needed. As
most current treatments are merely “symptomatic” therapies that suppress seizures, recently
epilepsy researchers have realized the critical need for novel therapeutic strategies targeting the
underlying mechanisms of epileptogenesis and seizure-related brain injury. Y et to date, few such
“anti-epileptogenic” therapies have emerged or are even in developmental stages. Although many
seizure medi cations modul ate the functional or physiological activity of neurons, arelatively
unexplored therapeutic strategy for epilepsy are methods for stabilizing the structure of neurons.
Human pathological studies and animal models of epilepsy demonstrate obvious structural
abnormalitiesin dendrites of neurons, which could contribute to neuronal dysfunction,
epileptogenesis, and cognitive/neurological deficitsin epilepsy patients. This dendritic injury may
be caused by activity-dependent breakdown of cytoskeletal elements, such as actin.
Mechanistically-targeted approaches to limit seizure-related structural changes in dendrites may
represent a novel therapeutic strategy for treating epilepsy and its complications.
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Introduction

In addition to the immediate detrimental consequences of seizures, people with epilepsy
often also experience long-term cognitive dysfunction and other neurological deficits. In
particular, memory loss, learning disabilities, and behavioral problems are especially
common in epilepsy patients, and often exhibit a progressive course, frequently correlating
with worsening seizure control [1-5]. Furthermore, about one-third of all patients with
epilepsy have seizuresthat are intractable to all currently-available treatments and that may
escalate in frequency and severity [6-8]. There are multiple biological, environmental, and
psychosocial factors that may contribute to progressive neurological dysfunction in epilepsy
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patients. From the biological perspective, increasing attention has focused on the role of
underlying epileptogenic mechanismsin the brain, as well as the seizures themselves, in
directly causing brain injury and leading to neurological deficitsin epilepsy patients. Thus,
understanding mechanisms of epileptogenesis and seizure-induced brain injury is critical for
devising novel therapies that can potentially prevent or reverse the detrimental
neurocognitive consequences of seizures and retard progressive epileptogenesis.

Despite the recent proliferation of medications and other treatments available for epilepsy,
the current state of epilepsy therapies developed to date has been characterized by
significant limitations and disappointments. First, given the high prevalence of epilepsy
(~1% worldwide), the one-third of patients with intractable epilepsy represents an enormous
population of patients. While about a dozen new seizure medications have become available
over the past 15 years and may offer more favorable side effect profiles than older drugs, al
these medications have had minimal effect in reducing the number of patients with
intractable seizures [9-12]. In addition, even in patients who respond well to medication,
treatment with current “antiepileptic” drugs does not appear to alter the natural history of
epilepsy or improve ultimate prognosis. For example, long-term outcomes, such as chance
of chronic seizure remission, are not significantly improved by treatment with seizure
medication [13-15]. Thus, most current “antiepileptic” drugs are probably not truly anti-
epileptic or anti-epileptogenic in nature, but are simply symptomatic treatments that
suppress seizures (anti-seizure) without affecting the underlying mechanisms of
epileptogenesis and brain injury. Finally, very little can be offered epilepsy patients in terms
of specifically treating the other comorbidities of epilepsy, such as cognitive and learning
deficits, which may be as disabling as the seizures themselves [16].

Theredlization of the limitations of currently available epilepsy treatments has produced a
recent paradigm shift in strategies for developing new therapies for epilepsy. Rather than
treating the end-stage symptoms of seizures, over the past decade epilepsy researchers have
increasingly discussed and promoted the concept of targeting underlying brain mechanisms
of epileptogenesis and injury that causes epilepsy and its complications to develop [17-19].
On one extreme, this “ anti-epileptogenic” or neuroprotective approach could be applied to
patients at risk for epilepsy (e.g. severe traumatic brain injury) to interrupt the process of
epileptogenesis and completely prevent the development of epilepsy and its comorbiditiesin
the first place. In patients with newly diagnosed epilepsy, “ disease-modifying” therapy
could limit or reverse the progression of epilepsy, the emergence of intractability, and the
development of cognitive and other neurological deficits.

Despite this modern trend focusing on devel oping anti-epileptogenic or disease-modifying
therapies for epilepsy, unfortunately to date, no such novel therapies have yet become
available, or are evenin clinical trials. However, thereis promise for substantial progressin
this areain the near future, based on recent advancesin our understanding of mechanisms of
epileptogenesis and seizure-induced brain injury, such as related to neuronal degth, glial
activation (astrogliosis), neurogenesis, axonal sprouting, and changes in gene expression
(especially of ion channels, neurotransmitter receptors, or other proteins directly affecting
neuronal excitability). These biological mechanisms identify potential novel targets for
therapeutic intervention. Most current seizure medications directly regulate the functional or
physiological activity of neurons, such as by modulating ion channels or neurotransmitter
receptors. In contrast, rather than focusing on the functiona activity of neurons, arelatively
unexplored therapeutic strategy for epilepsy is stabilizing the structure of neurons. Human
pathological studies and animal models of epilepsy demonstrate obvious structural
abnormalitiesin dendrites of neurons, which could contribute to neuronal dysfunction,
epileptogenesis, and other cognitive/neurological deficitsin epilepsy patients. On a
mechanistic level, this dendritic injury is likely mediated by activity-dependent breakdown
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of cytoskeletal elements, such as actin. Thus, mechanistically-targeted approachesto limit
seizure-induced structural changes in dendrites may represent a novel therapeutic strategy
for treating epilepsy and its complications. In the remainder of this article, | will review the
evidence for structural abnormalitiesin dendrites in epilepsy, the functional implications and
molecular mechanisms of this dendritic injury, and rational therapeutic strategies for
preventing these dendritic changes.

Normal Dendritic Structure, Function, and Plasticity

The dendrites of neurons have long been recognized to serve the critical role of the basic
postsynaptic structure that receives synaptic signals from other neurons during synaptic
transmission. In addition to this elementary function of transmitting electrical signals from
the synapse to the decision-making cell body of the neuron, in recent years more detailed
information has emerged about the complex regulation and mechanisms of dendritic
structure, function, and plasticity. Rather than acting as one, uniform entity, dendrites are
typically compartmentalized into many individual processing units. In many neurons, such
as principal neuronsin the mammalian neocortex and hippocampus, the structural basis for
this compartmentalization occurs in the form of dendritic spines, small knob-like
protuberances that extend out from dendritic branches. Dendritic spines usually receive
synaptic contact from a single presynaptic terminal and are the major site of input for
glutamatergic synapses, the primary type of excitatory synapse in the brain. While spines
serve astheinitial conduits for transmitting signals from the synapse to the dendrite and
ultimately cell body of the neuron, instead of simply transferring the original messagein a
faithful manner, spines aso have the capability of modulating the original synaptic signal
[20]. Postsynaptic potentials can be altered electrically via structural variability in passive
membrane properties and active regulation by voltage-gated ion channels within spines[21].
In addition to their electrical properties, spines may also serve as localized biochemical
compartments for modulating receptor expression and activating intracellular signaling
pathways and second messengers, such as calcium [22-26].

Given the unique ability of dendritic spinesto modulate synaptic signaling, much attention
has focused on the role of dendritic spinesin synaptic plasticity and mechanisms of learning
and memory [27,28]. A fundamental hypothesis of dendritic spine function has been that the
formation of new spines or a change in existing spine morphology occurs during learning
and these spine changes, especially when associated with new or strengthened synaptic
connections, serves as the anatomical locus of memory storage. This hypothesisis now
supported by severa lines of evidence. First, modulation of dendritic spine morphology and
number has been demonstrated in cellular models of learning and synaptic plasticity. Thisis
seen most clearly in studies of long-term potentiation (L TP), a synaptic model of learning in
which along-lasting increase in synaptic efficacy occurs following high-frequency electrical
stimulation of presynaptic inputs onto postsynaptic neurons. In both pathologica studies and
live time-lapse imaging of dendritesin animal models, induction of L TP causes arapid
increase in dendritic spine number or expansion of spine size [29-34]. Furthermore,
behavioral studiesin animals have documented changes in dendritic spines as a result of
learning. The number of dendritic spines, and the corresponding number of synapses,
increasein critical brain regions with learning following different animal conditioning
paradigms [35-42]. In addition, abnormalities in dendritic spines and synapses have been
frequently found in different syndromic and non-syndromic forms of mental retardation in
people, again suggesting arole of spinesin cognitive function and learning [43-49].
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Dendritic Abnormalities in Epilepsy

With the known effects of synchronous electrical activity on dendritic spines, such as with
high-frequency electrical stimulation to induce LTP, it would not be surprising if dendritic
structure were also affected by seizures, which similarly consist of highly synchronized
electrical activity. Given the probable involvement of dendritic spinesin synaptic plasticity
and learning, abnormalities in dendritic spines could also represent a possible structural
substrate and mechanistic basis for seizure-induced brain injury and cognitive deficitsin
epilepsy. Furthermore, dendritic dysfunction has been increasingly implicated in
mechanisms of epileptogenesisitself. Consistent with these ideas, there is strong evidence
for abnormalities in dendritic structure in human epilepsy and animal models.

Evidence for dendritic abnormalities in human epilepsy is primarily derived from
pathological analysis of brain specimens resected as part of surgical treatment of patients
with intractable epilepsy. Such pathological specimens obtained from or near the region of
the epileptic focus in neocortex or hippocampus have revealed a number of abnormalitiesin
dendrites, but most commonly demonstrate aloss of dendritic spines [50,51]. Dendritic
spine lossis commonly seen in hippocampal pyramidal neurons and dentate granule cellsin
patients with temporal |obe epilepsy and may occur in isolation or associated with varicose
swelling of the dendritic branches [52-56]. Similar findings of spine loss and dendritic
swelling have also been documented in pyramidal neurons of neocortex, including sites
distant from the primary epileptogenic focus [57]. Other |ess common dendritic
abnormalities that have been described in both neocortical and hippocampal epilepsy include
changes in dendritic length, shape, and branching patterns, aswell as afocal increasein
dendritic spines [55-59].

While human pathological studies are usually limited by problems with confounding factors
and lack of good control specimens, well-controlled studies have demonstrated anal ogous
findings of dendritic injury in animal models of epilepsy. Similar to the clinical findings, a
loss of dendritic spines and varicose swelling of dendritesis frequently found in histological
sections obtained from rats that had acute seizures or chronic epilepsy induced in vivo by
various methods, such as convulsant drugs or electrical kindling [60-65], although rarely an
increase in dendrites or spines has been reported [66-68]. Furthermore, spine loss and other
dendritic changes can also occur with in vitro seizure models involving epileptiform
bursting in brain slice-cultures [69—72]. While previous studies have utilized fixed-tissue
methods to give isolated, static views of dendritic injury, recently modern microscopy
methods have directly visualized seizure-related dendritic injury with time-lapse imaging in
living animalsin vivo [73-75]. These in vivo time-lapse studies have demonstrated a
remarkable evolution of dendritic injury acutely following seizures, first with atransient
beading of dendrites that resolves quickly within a couple hours after a seizure, followed by
amore persistent loss of dendritic spines (Fig. 1).

Although evidence from both human epilepsy and animal models strongly supports the
hypothesis that dendritic abnormalities occur in epilepsy, the functional, behavioral, and
clinical conseguences of these dendritic changes are not as well documented. While the
animal studies have shown that seizures can directly induce dendritic injury, the converse
role of these dendritic abnormalities in promoting epileptogenesisis not as clearly
established. It seems probable that dendritic injury could be epileptogenic and enhance the
likelihood of future seizures by disrupting the normal, finely-tuned balance between
excitatory and inhibitory networksin the brain, especially if inhibitory circuits are more
affected. On the other hand, it is also possible that aloss of dendritic spines and synapses
could actually be beneficial in suppressing seizures, by inhibiting synaptic transmission and
preventing the propagation of seizure activity. In terms of cognitive deficits and other
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neurological comorbidities of epilepsy, it isrational to conclude that the dendritic injury and
loss of spines most commonly documented in epilepsy, especialy in hippocampal and other
relevant cortical areas, should predispose to learning problems and other cognitive deficits.
It is more difficult to explain the functional significance of increased dendritic branching
and spines that has occasionally been reported, but this could represent a compensatory
response to brain injury. Clearly, additiona studies are needed to define more specifically
the behavioral and functional effects of dendritic changes in epilepsy.

Mechanisms of Dendritic Injury

Assuming that the documented structural abnormalitiesin dendrites cause adverse
conseguences in epilepsy patients, anovel, rational therapeutic strategy for epilepsy would
be to attempt to stabilize dendritic structure and thus prevent dendritic injury. Before such a
therapeutic approach can be pursued, an understanding of the underlying biological
mechanisms causing these dendritic changes is necessary. Identification of the molecular
substrates and cellular signaling pathways mediating and regulating dendritic architecture
may reveal new therapeutic targets for preventing or reversing deleterious structural changes
in dendrites. Although mechanistic information about dendritic injury in epilepsy has just
recently begun to be explored, helpful clues and rational hypotheses can be derived from
more established data related to mechanisms of structural plasticity in dendrites under
physiological conditions. It is reasonable to hypothesize that the same mechanisms that
account for normal synaptic plasticity might also mediate pathophysiological changesin
dendrites with epilepsy, but in a more extreme, disregulated, or opposing fashion.

The molecular mechanisms mediating the previously-mentioned plasticity of dendritic
spines with long-term potentiation have been well-characterized. Formation of new dendritic
spines or changes in existing spine morphology during LTP likely results from modulation
of the filamentous actin cytoskeleton of dendrites [76-80]. Actinisamajor structural
protein of dendritesthat is highly concentrated in dendritic spines and can exist in astable
polymerized filamentous form (F-actin) or a soluble, depolymerized monomeric form (G-
actin). F-actin forms complex filamentous networks that provide structural support and
stability for dendrites, whereas conversion between F-actin and G-actin may allow for
structural plasticity. Actin polymerization can be regulated directly by actin-binding
proteins, such as cofilin and profilin, which in turn are controlled by a number of upstream
signaling pathways, in particular a series of kinases and phosphatases, such as PAK and
LIM kinases and calcineurin and slingshot phosphatases, that can be activated by neuronal
and synaptic activity [81-83]. Physiological forms of neuronal activation, such as during

L TP, have been shown to regulate actin polymerization in a complex, tightly-regulated
manner, and may lead to increases in F-actin [76—78] or depolymerization of F-actin [79,80]
depending on the situation. Overall, it islikely that LTP causes an initial transient phase of
actin depolymerization, which allows for structural plasticity and motility leading to new
spine formation or changes in spine morphology, followed by subsegquent polymerization of
F-actin, which results in long-term stabilization of these dendritic changes and consolidation
of LTP[80].

Analogous to activity-dependent regulation of the actin cytoskeleton with synaptic plasticity
in LTP under physiological conditions, similar mechanisms could aso be involved in
epilepsy, but may be activated in an extreme or inappropriate manner leading instead to
pathological changesin dendritic structure. It is reasonable to hypothesize that abnormal
cellular and molecular processes that cause epileptogenesis, or are activated by seizure
themselves, could trigger mechanisms leading to complete breakdown of the normal actin
cytoskel eton and resulting dendritic injury and loss of spines. In recent years, some data
from animal models have started to accumulate to support this hypothesis. 1t is well-
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established that acute seizures cause massive activation of glutamate receptors and calcium
influx, and chronic epileptogenesis is a so associated with dysregulation of calcium-
dependent processes, such as within dendritic spines [84,85]. Recent evidence suggests that
specific calcium-activated enzymes, such as calcineurin, are activated in animal models of
epilepsy [86]. Furthermore, actin and actin-associated proteins are regulated by acute
seizures or during chronic epileptogenesis [75,87,88]. In particular, seizures lead to acute
depolymerization of filamentous actin, which could directly account for structural changes
in dendrites [75]. Thus, alogical mechanistic scheme mediating dendritic injury in epilepsy
could involve dysregulation of intracellular calcium within spines, activation of a cascade of
cal cium-dependent phosphatases and kinases, and depolymerization of F-actin, with
resultant breakdown of the actin cytoskeleton of dendrites (Fig. 2).

While actin is amajor cytoskeletal protein in dendrites, there are other structural or
regulatory proteins that could also be involved in epilepsy-related dendritic abnormalities.
For example, myosin has recently been shown to regulate dendritic spine morphology [89].
Furthermore, in addition to intracellular elements controlling dendritic architecture, proteins
in the extracellular matrix, such as the matrix metalloproteinases, can aso affect remodeling
on dendritic spines [90,91]. Future research should determine whether these or other
cytoskeletal and regulatory proteins are critically involved in dendritic injury in epilepsy.

Although defining mechanisms of dendritic injury in epilepsy may reveal interesting basic
insights into activity-dependent synaptic plasticity, from aclinical standpoint the ultimate
goal isto use this knowledge to develop novel, more effective treatments for epilepsy
patients. Similar to most other prospects for anti-epileptogenic or disease-modifying
therapies, clearly this processis still initsinfancy with regard to devel oping methods for
modul ating dendritic structure. However, there is already some preliminary evidence to
suggest that targeting dendritic stucture could be an effective strategy. At least in animal
models of dendritic injury following acute seizures, pharmacological inhibition of upstream
signaling pathways regulating actin polymerization is neuroprotective against seizure-
induced dendritic injury. In particular, the calcineurin inhibitor, FK506, which may also
have neuroprotective properties in other neurological disorders[92,93], is ableto prevent
changes in actin-binding proteins that cause actin depolymerization and correspondingly
avert dendritic beading and spine loss that usually results from the seizures [75]. These
experiments at least provide “ proof-of-principle” that stabilizing dendritic structure
pharmacologically represents a viable therapeutic strategy for epilepsy. A number of other
drugs targeting different portions of the actin pathway, including direct actin-binding agents,
could also be similarly tested (Fig. 2), although the specificity and safety of currently
available pharmacological agents could be significant concerns. Furthermore, many
additional experiments are needed to determine the functional and clinical benefits of this
type of approach, aswell as devising practical methods for applying it to patients.

Expert Commentary

Given the enormous burden of intractable seizures and neurocognitive deficitsin epilepsy
patients, clearly novel therapies for epilepsy and its comorbidities are needed that are more
than just symptomatic treatments, but that target underlying processes of epileptogenesis and
seizure-related brain injury. Successful development of such disease-modifying therapies
not only depends on identifying the relevant causal mechanisms to modulate, but also
requires that these interventions not result in serious adverse effects. Unfortunately to date,
no such therapy for epilepsy has emerged, or even appears close to clinical development
beyond the basic science lab. As supported by the evidence reviewed in this article, the
proposed approach of stahilizing dendritic structure holds much promise. Most available
therapies for epilepsy modulate neuronal function, physiology, and excitability and are able
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to suppress seizures in many patients, but again do not appear to alter the underlying course
or prognosis of epilepsy or address the neurocognitive aspects of epilepsy. In contrast, a
completely different therapeutic strategy focusing on synaptic structure and integrity may
have a better chance of having true “anti-epileptogenic” properties and preventing brain
injury that causes neurocognitive deficits.

On the other hand, there are a number of potential limitations and pitfalls with adopting this
novel therapeutic approach targeting structural stability of neurons. First of all, while it
makes intrinsic sense that dendritic beading and spine loss are not beneficial for the brain,
it’s not clear that preventing these structural changes will have anti-epileptogenic effects. As
mentioned above, it is also possible that the decrease in synaptic transmission and
connectivity occurring with dendritic injury could actually retard seizure generation or
spread, though it seems just as likely that such disruption of finely-tuned neuronal networks
would promote seizures. With specific regard to actin, the potentially complicated effects of
regulating actin-based motility is exemplified in arecent study that showed that while
stabilizing actin with actin-binding drugs helped to inhibit seizures in the short-term, both
actin depolymerizing and stabilizing agents resulted in along-term increase in neuronal
excitability and seizuresin rats [94]. Thus, there islikely a delicate balance between actin
polymerization and depolymerization, with excessive changesin either direction potentially
causing undesirable effects. Since direct actin-binding drugs could have strong neurological
and non-neurological toxicity, it might be safer to first explore the utility of upstream
signaling modulators, such as calcineurin inhibitors, which have already been used in people
for other clinical purposes usually without serious neurological side effects.

Even if stabilizing dendritic structure does not have beneficia effects for epileptogenesis,
there is still potential for this strategy in limiting seizure-related brain injury that may cause
neurocognitive deficits in epilepsy patients. Given the importance of dendritic spinesin
synaptic plasticity and putative memory mechanisms, it islikely that dendritic injury
contributes to learning problems and other neurological issues, and preventing this injury
could have beneficia effects for epilepsy patients. But again, there could be afine balance
between protecting against dendritic injury and causing adverse effects, as excessive
stabilization of dendritic structure could unintentionally impede normal synaptic plasticity
and thus have detrimental effects on cognition and learning. In addition, as actin and other
structural components of dendrites are localized ubiquitously in avariety of cell types
throughout the nervous system and rest of the body, the potential for widespread
neurological and systemic side effectsis a significant concern. Thus, in order to maximize
efficacy while minimizing potential side effects, there may be only selected situations or
specific patient populations at risk, in which these protective drugs may be indicated. In a
plausible scenario, actin-stabilizing drugs could be administered to patientsin the acute
setting following a significant brain injury (e.g. severe head trauma) or during status
epilepticus to prevent initial dendritic damage from occurring, but then be withdrawn as the
patient starts to show signs of recovery from theinitia event, in order to prevent long-term
adverse effects.

Overdl, the therapeutic strategy of stabilizing dendritic structure offers some enticing
advantages and promise, but a number of issues need to be addressed before such an
approach could be seriously considered for clinical use. While it appears that actin-
stabilizing drugs may offer neuroprotection against epilepsy-related dendritic injury in some
situations, these same drugs could theoretically have detrimental effects on the brain and
non-neurological systems under other conditions, especially with long-term use. Future
studies, as outlined below, need to define the specific factors and circumstances dictating
when the benefits of these therapies would outweigh the risks.
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Five-year View

Much additional work will be required over the next five years to determine whether
targeting dendritic structure represents a feasible strategy to pursue for clinical applications.
At this point, most of thiswork will need to continue to be pursued on the basic research
level, primarily in animal models, before considering clinical trials. First, as mentioned
above, while there is already promising data to indicate that stabilizing actin can prevent
dendritic injury, the long-term behavioral and functional consequences of this protective
effect are not known. Thus, additional studies need to be done in animal modelsto
determine whether preventing dendritic injury actually trandates into functionally
meaningful improvementsin either the development of epilepsy or behavioral/learning
deficits in rodents. Second, although preliminary evidence suggests that calcineurin
inhibitors, such as FK506, are efficacious for preventing dendritic injury, similar basic
research studies testing other drugs that modulate different parts of the relevant cell
signaling pathways (Fig. 2) may find drugs with better efficacy or fewer side effects.
Finally, even if promising drugs are identified that appear to be efficacious, more detailed
studiesin animals will first need to be performed to determine optimal methods of drug
delivery, pharmacokinetics, safety, and potential toxicities of the drugs. Of course, thereis
always some uncertainty about the relevance of animal studiesto people. Nevertheless, if
these steps can be accomplished, it is conceivable that initial clinical trials could then be
proposed in epilepsy patients, especially for drugs, such as calcineurin inhibitors, which are
already FDA approved for other indications.

Even if the therapeutic strategy of stabilizing dendritic structure ultimately provesto be
ineffective or infeasible, other parallel approaches for identifying therapeutic targets
focusing on other mechanisms of epileptogenesis and seizure-induced brain injury should
continue. In the ideal scenario, within afive-year time frame a number of potential therapies
that exert true “anti-epileptogenic” actions or protect against seizure-induced brain injury
would beidentified and ready to proceed to clinical trialsin epilepsy patients.
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Key Issues

Many patients with epilepsy have intractable seizures and neurocognitive
deficits.

As most currently-available treatments for epilepsy are symptom-based only,
novel therapeutic strategies targeting underlying mechanisms of epileptogenesis
and seizure-induced brain injury are needed.

Structural abnormalities in dendrites (spine loss and dendritic beading) are
commonly observed in human pathological studies and anima models of
epilepsy and may contribute to progressive neurological dysfunction and
cognitive deficits.

Specific cell signaling pathways and regulatory molecules leading to the
breakdown of cytoskeletal proteins, such as actin, areinvolved in the
mechanistic basis of dendritic injury.

While a number of issues need to be defined related to efficacy and safety of
potential drugs, mechanistically-targeted therapeutic strategies for stabilizing the
dendritic cytoskeleton may represent anovel treatment for epilepsy and its
complications.
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Figure 1.

Seizures cause acute dendritic injury in mice in vivo. Dendrites of cortical neurons
expressing green-fluorescent protein were imaged directly by multiphoton microscopy in
vivo under control conditions and before and immediately after seizures. In control (saline-
injected) mice or mice given phenobarbital with kainate (Pb+KA) to suppress seizures, there
were minimal structural changes in dendrites and spines over a several hour period. In mice
given kainate to induce seizures, seizures for 30 minutes caused acute, evolving changesin
dendrites, depending on the severity (stage) of the seizures. In severe stage 5 seizures, there
was often an immediate beading of dendrites with complete loss of spines. The dendritic
beading would usually resolve within two hours of seizure termination with an
accompanying partial recovery of spines, but aresidual, longer-term loss of spines persisted.
Modified with permission from [75]; Copyright 2007 by the Society for Neuroscience.
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Putative mechanisms of dendritic injury Potential therapeutic interventions
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Figure2.

Putative signaling pathways and molecular mechanisms mediating dendritic injury in
epilepsy. Acute seizures and chronic epileptogenesis may be associated with increased
intracellular calcium in dendrites due to neuronal depolarization and excessive glutamate
receptor and calcium channel activation. Elevated intracellular calcium may activate

cal cium-dependent enzymes, such as calcineurin, triggering a cascade of downstream
kinases and phosphatases. These regulatory kinases (e.g. PAK and LIM kinase) and
phosphatases (e.g. Slingshot) control the activity of actin binding proteins and
depolymerizing/polymerizing factors due to changes in phosphorylation states. Ultimately,
activation of actin-depolymerizing factors, such as cofilin, can cause depolymerization of
filamentous actin (F-actin), leading to the breakdown of the actin cytoskeleton of dendrites.
From atherapeutic standpoint, multiple steps along this pathway could be targeted to
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prevent dendritic injury, although the specificity and safety of such interventions are
uncertain.
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