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Abstract

The mechanisms underlying mesial temporal lobe epilepsy (MTLE) remain uncertain. Putative
mechanisms should account for several features characteristic of the clinical presentation, and the
neurophysiological and neuropathological abnormalities observed in patients with intractable MTLE.
Synaptic reorganization of the mossy fiber pathway has received considerable attention over the past
two decades as a potential mechanism that increases the excitability of the hippocampal network by
the formation of new recurrent excitatory collaterals. Morphological plasticity beyond the mossy
fiber pathway has not been as thoroughly investigated. Recently, plasticity of the CA1 pyramidal
axons has been demonstrated in acute and chronic experimental models of MTLE. As the
hippocampal formation is topographically organized in stacks of slices (lamellas), synaptic
reorganization of CA1 axons projecting to subiculum appears to increase the connectivity between
lamellas providing a mechanism for translamellar synchronization of cellular hyperexcitability,
leading to pharmacologically intractable seizures.

1. Introduction

Pharmacologically intractable partial-onset epilepsy afflicts 20% of patients with epilepsy
[26]. However, this subset of patients, about 590,000 Americans, accounts for most of the
health care expenditures used for the care of patients with epilepsy. Currently, pharmacological
therapy for these patients is aimed to symptomatically relieve seizures by reducing their
frequency and severity. Over the past 30 years, almost thirty thousand compounds have been
screened using two animal models of acute evoked convulsions to select them for human
clinical trial development. Thus, it should not be surprising that this strategy has provided
clinicians with excellent anticonvulsants, but that these compounds appear to be less effective
against other seizure types, and ineffective in altering the development and natural history of
the epilepsies. The development of therapies that alter the natural history of this condition has
been hampered by our lack of understanding of the fundamental mechanisms of
epileptogenesis, the pathophysiological process underlying the developing of epilepsy.
Understanding the mechanisms of epileptogenesis might lead to better experimental models
for drug discovery of compounds that are disease modifying, altering the natural history of
symptomatic partial-onset epilepsy. Although the mechanisms underlying epileptogenesis
remain uncertain, several putative mechanisms observed in limbic structures of patients with
partial-onset epilepsy have been explored to explain the progressive nature and development
of epilepsy. Our current pharmacological agents fail to target synaptic reorganization. As
synaptic reorganization of limbic structures appears to progressively enhance limbic
hyperexcitability, it might contribute towards pharmacological intractability in partial-onset
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epilepsy. This review will critically summarize some of these potential mechanisms including
synaptic reorganization in the hippocampal circuitry, aiming to place them within the
perspective of the most common pharmacologically intractable partial onset epilepsy, mesial
temporal lobe epilepsy.

2. Human Mesial Temporal Lobe Epilepsy

Mesial temporal lobe epilepsy (MTLE) is the most common epilepsy syndrome with
pharmacologically intractable partial-onset seizures. This epileptic syndrome has a high
association with a remote history of febrile seizures, particularly complex or prolonged febrile
seizures, but has also been observed associated with other acute neurological insults such as
after an episode of partial-onset status epilepticus, closed head injury, brain tumors, stroke,
etc. However, many patients with MTLE have no obvious brain insults, other than perhaps,
the cumulative effect of repeated brief partial-onset seizures, which in experimental models
have been shown to be associated with neuronal loss in limbic structures [14,16]. Typically,
when there is a history of a prior neurological injury, there is a latency between the initial insult
and the onset of MTLE that spans at least several weeks but more commonly several years. It
has been observed that severe prolonged insults such as prolonged febrile convulsions or
generalized convulsive status epilepticus appear to have a shorter latency to the onset of
spontaneous partial-onset seizures, as compared to other less severe precipitating events such
as simple febrile seizures [77]. Thus, a latent period between the precipitating event and the
onset of epilepsy is one of the hallmarks of the pathophysiological process underlying the
progressiveness of epileptogenesis in MTLE.

Most of our understanding of the pathophysiology of MTLE relies from studies of brain tissue
obtained surgically from patients with intractable and unilateral MTLE; typically, the tissue is
examined after 20 or more years from the onset of their epilepsy. The majority of these highly
selected patients dramatically improve after an anterior temporal lobectomy, which includes
resection of the hippocampus, amygdala, and adjacent temporal neocortex [21,37,38). Thus,
it has been presumed that the mechanisms underlying the development and intractability of
MTLE must lie within the resected tissue. In a long-term study after temporal lobectomy for
unilateral intractable MTLE, about 65% of patients were seizure free or having only auras
(Engel’s class | result), and an additional 15% were significantly improved (class 11 result) in
their seizure frequency [23]. However, despite that these patients were not longer having
pharmacologically intractable seizures after temporal lobectomy, the majority of them still had
experienced rare epileptic seizures. Fifty-five percent of these patients had at least one post-
operative partial-onset seizure during an average of 14-years of follow-up after surgery. This
and other studies support the view that the mechanisms that led to pharmacologically
intractable MTLE lie within the removed temporal structures, but rare partial-onset seizures
can be generated elsewhere in the brain of individuals who have suffered intractable MTLE
for many years.

Neurophysiological studies have shown that most patients with intractable MTLE have seizure
onset within the hippocampal formation [21], and this has led to the study of hippocampal
slices from the resected hippocampus obtained during resective surgery in these epileptic
patients. The neurophysiological studies demonstrate evidence for cellular hyperexcitability
in granule cells and hippocampal pyramidal neurons [41,57], but only under certain conditions
that impair inhibitory mechanisms. Cellular hyperexcitability can be demonstrated by
abnormal bursting activity in granule cell and hippocampal pyramidal neurons in response to
stimulation, and it is mediated by N-methyl-D-aspartate (NMDA) type of glutamate receptors
[24]. To unveil this form of cellular hyperexcitability, the human postsurgical hippocampal
slices were pharmacologically manipulated to develop a mild impairment of GABAa mediated
inhibition [24]. In addition, these investigators found a general correlation between the degree
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of cellular hyperexcitability of granule cells under these conditions, and the degree of synaptic
reorganization of the mossy fiber pathway, a form of morphological plasticity observed in
patients with MTLE and in experimental models of MTLE. Thus, their study suggested that
the neurophysiological abnormalities can be associated with neuropathological alterations in
patients with MTLE. However, causative relationships between these phenomena can not be
established with this approach, which only examines the late stage of these phenomena after
many years from the onset of partial seizures.

Studies of the resected tissue from intractable MTLE have shown several neuropathological
abnormalities including: 1) a pattern of hippocampal neuronal loss known as mesial
hippocampal sclerosis [5,21], 2) sprouting and reorganization of the mossy fibers in the dentate
gyrus [30,49,67], 3) hippocampal gliosis [5,21], and 4) dispersion of granule cells with ectopic
locations [30]. These neuropathological abnormalities might be consequences of repeated
seizures or the result of the initial precipitating brain insult that led to repeated seizures.
However, each of them might be a potential mechanism that contributes toward the
pathophysiological process of epileptogenesis, which resulted in pharmacologically intractable
MTLE. The relative role of each of these neuropathological abnormalities in epileptogenesis
has been considerably improved as they have been replicated in multiple experimental models
of MTLE, where the relationships between these phenomena and other potential mechanisms
can be systematically tested.

3. Experimental Models of MTLE

There are two general strategies to study the process of epileptogenesis in experimental models
of MTLE. The first strategy is to produce an acute excitotoxic insult that induces status
epilepticus, which later results in the developing of spontaneous brief seizures. This strategy
demonstrates a latency of several days between the insult and the development of seizures, but
it is unclear how representative it is of the majority of patients with intractable MTLE who
have no identifiable insult earlier in life. Two of the most often used models with this approach
are the kainic acid and the pilocarpine models of MTLE. Experimental studies in rats that
experienced convulsive status epilepticus induced with kainic acid (KA-SE) or pilocarpine
have shown similar neuropathological and neurophysiological abnormalities to those observed
in intractable MTLE. Adult rats exposed to KA-SE demonstrate prominent neuronal damage
and gliosis in hippocampal pyramidal neurons and the hilar polymorphic neurons of the dentate
gyrus [45,68]. After hippocampal neuronal loss, these regions demonstrate morphological
plasticity with sprouting of the mossy fiber pathway into the inner molecular layer of the dentate
gyrus [45,68]. Synaptic reorganization induced by seizures has been studied extensively in the
mossy fiber pathway due to the ease of detecting changes in the laminar pattern of this pathway
using Timm histochemistry or dynorphin-A immunocytochemistry [14,15,17,25,30,49,66,
67]. Most studies in experimental models of MTLE have shown sprouting in the mossy fiber
pathway into the inner molecular layer of the DG and terminal sprouting in CA3 stratum oriens
[70]. The second strategy for the study of epileptogenesis in models of MTLE is to provide
frequent small insults that only lead to brief repeated seizures using chemoconvulsants [25] or
electrical stimulation of limbic pathways (i.e.: kindling) [66]. In general, these chronic models
of MTLE (second strategy) show considerable less injury as compared to the acute models that
require an initial episode of status epilepticus. Furthermore, the neuropathological and
neurophysiological abnormalities evoked in the chronic models are less severe than in the acute
models. Although the chronic models more appropriately mimic the seizure burden and
frequency of patients with intractable MTLE, they also lead to less frequent late spontaneous
seizures than the kainic acid or pilocarpine models of MTLE.

Sprouting and synaptic reorganization have only been investigated in hippocampal pathways;
however, neuronal loss has been demonstrated in multiple limbic areas [16]. Experimental
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models that evoke a more limited degree of hippocampal injury, such as electrical kindling,
demonstrate a lesser degree of synaptic reorganization, as compared to the acute models of
status epilepticus [14,16,18]. An advantage from the acute models of MTLE is that one can
study the time course of progression of the neuropathological and neurophysiological
abnormalities in relation to the development of spontaneous partial-onset seizures. Following
an acute excitotoxic insult, several of these neuropathological phenomena develop during the
latency period for several days, before the emergence of cellular hyperexcitability and the onset
of spontaneous seizures [9,27]. During the latency period, there are transitory functional
impairments of inhibitory control that recovers during the chronic state. Other
neuropathological abnormalities are permanent. It has been hypothesized that these permanent
neuropathological alterations might underlie the mechanisms of epileptogenesis in intractable
MTLE that leading to late intractable spontaneous seizures (Fig. 1), in particular, several
investigators have shown that the progressive development of synaptic reorganization parallels
the increased cellular excitability in the dentate gyrus [76], preceding spontaneous seizures.
This type of synaptic reorganization of the mossy fiber has been observed in essentially all
acute and chronic adult models of MTLE, and in pathological specimens of humans with MTLE
[70]. Thus, synaptic reorganization of hippocampal structures is a potential mechanism
explaining hippocampal hyperexcitability in patients with intractable MTLE.

4. Features of Sprouting and Synaptic Reorganization of the Mossy Fibers

The easier histological method to demonstrate mossy fiber sprouting is to use Timm
histochemistry, which depicts the projection pattern of the mossy fibers in the hippocampus
due to its high content of Zinc in their synaptic terminals. In the inner molecular layer, there
are few Timm granules in normal rats and humans. After many repeated seizures or an episode
of status epilepticus, the inner molecular layer demonstrates a dense band of Timm granules
in both humans and experimental models of MTLE (Fig. 2). Granule cells axons, the mossy
fibers, reorganize and sprout into the inner molecular layer to form new synaptic terminals
with dendrites of interneurons and primarily spine and dendrites of granule cells. Timm
histochemistry has been used at light and ultrastructural levels to assess the time course of
development and permanence of the reorganized projection pattern. Small amounts of mossy
fiber sprouting into the inner molecular layer can be recognized as early as 5 days, peaks at 3
weeks, and has been observed to last as long 18 months [14,15]. After an excitotoxic insult,
neuronal degeneration in the hilus can be recognized as early as 6 hours, and at 24 hours,
terminal degeneration in the inner molecular layer can be detected prior to the development of
mossy fiber sprouting [45,68]. In contrast, early during development seizure-induced mossy
fiber sprouting may occur in the absence of neuronal death [7,28,29]. Nevertheless, in adult
animals, neuronal loss of the hilar polymorphic neurons is considered the mechanism that
triggers mossy fiber sprouting into the inner molecular region of the dentate gyrus [16].
Ultrastructural experiments of acute lesions of pathways projecting to the molecular layer of
the dentate gyrus have taught us that the synaptic densities in the molecular layer are restored
by 21 days after the lesion [34]. In the kainic acid and pilocarpine models, most of the newly
formed synaptic terminals in the inner molecular layer of the DG are on granule cell spines
creating primarily a recurrent excitatory collateral circuit [13,17]. It has been estimated that a
sprouted granule cell develops about 500 newly formed synaptic contacts with granule cells
and less than 25 contacts upon interneurons [8]. Using the chronic model of repeated kindling
seizures to limbic structures, it was also shown that the early degrees of mossy fiber sprouting
consists in the development of punctate granules that formed “strings” in the inner molecular
layer before spreading to the rest of the layer [14]. These strings were subsequently identified
as collections of synaptic contacts upon interneurons including basket cells [17,50]. Thus, it is
likely that mossy fiber sprouting, early on, is a homeostatic compensatory mechanism that is
trying to restore inhibitory control by providing feedback synaptic connections upon basket
cell interneurons. However, as the repeated kindling seizures continue, or the extent of the
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inner molecular terminal degeneration from the death of hilar polymorphic neurons is
overwhelming, the newly formed synaptic contacts develop primarily upon granule cell spines,
dendrites, and soma [8,17].

Seizure-induced plasticity of the mossy fibers is not limited to the formation of aberrant
recurrent collaterals into the inner molecular layer of the dentate gyrus. Other alterations of
the normal terminal field of the mossy fibers include: a) increased branching within the hilus
of the DG, b) development of abnormal connectivity between the two blades of the dentate
gyrus, ¢) increased connectivity to granule cells and hilar region along the septotemporal axis
of the hippocampus, and d) formation of aberrant recurrent collaterals into the stratum, oriens
of CA3, where the pyramidal neurons extend their basal dendrites [11,69,70]. In addition, the
dendritic tree of the granule cells of the dentate gyrus also exhibit morphological plasticity
remodeling the target surface for synaptic contacts [52]. The dendritic remodeling might have
significant consequences in the biophysical properties that allowing for alterations in the
temporal and spatial summation of postsynaptic potentials.

To summarize, the latency for the development of morphological plasticity matches the time
course of development of spontaneous seizures in acute and chronic experimental models of
MTLE. Neuronal loss and terminal degeneration precede the development of mossy fiber
sprouting into the inner molecular layer in the acute models of MTLE, and in addition, there
is a direct correlation between the degree of neuronal cell loss, mossy fiber sprouting into the
inner molecular layer, and granule cell hyperexcitability. However, the physiological
consequences of hilar polymorphic neuronal loss and mossy fiber sprouting remain a
controversial subject.

5. Functional effects of mossy fiber sprouting

Despite that the evidence shows a direct correlation between the development of mossy fiber
sprouting, neuronal loss, and cellular hyperexcitability, there are several alternative hypotheses
about the functional effects in the epileptic dentate gyrus after losing hilar neurons besides the
formation of recurrent excitatory collaterals upon granule cells. An early hypothesis advanced
as potential mechanism of MTLE was that the initial insult or the repeated seizures led to a
loss of GABA-ergic inhibitory interneurons, tilting the delicate balance between excitatory and
inhibitory forces [6,48,51]. The evidence supporting this idea came from immunocytochemical
studies of the gamma-aminobutyric decarboxylase (GAD), a critical enzyme in the metabolism
of GABA. However, subsequent studies showed that mMRNA for this enzyme was still present
at normal amounts, with no major changes in the number of those interneurons [12]. It was
then identified that the most vulnerable hilar neuron appeared to be the mossy cells. This led
to the “dormant cell hypothesis” [60], which states that the epileptic hippocampal network
hyperexcitability is due to the loss of neurons that normally excite the more resistant inhibitory
basket cells [60,61]. In several models of MTLE, including the kainic acid model (KA-SE),
prominent degeneration of the mossy cells in the hilus ensues immediately during status
epilepticus relatively sparing the basket interneurons. The mossy cells normally project
excitatory afferents to the basket interneurons, which are the GABA-containing neurons that
provide feedback inhibition onto granule cells. The dormant basket cell hypothesis contends
that once these mossy cells begin degenerating, the basket cells are not longer providing the
normal inhibitory tone required to granule cells leading to disinhibition [60]. There is
experimental evidence of immediate granule cell disinhibition at the time when the mossy cells
begin degenerating in two models of TLE, but only when granule cells discharged continuously
during the status epilepticus [61]. However, several observations have placed significant
questions on the validity of this hypothesis. For example, the inhibitory tone of granule cells
is restored after resolution of status epilepticus, and appears intact despite the emergence of
late spontaneous seizures [55]. Furthermore, a specific prediction of this hypothesis would be
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that if mossy cells were acutely removed from a normal hippocampal slice preparation, the
dentate gyrus would become hyperexcitable. When this experiment was performed by Soltezs
and collaborators, there was no evidence of hyperexcitability [53], suggesting that this
hypothesis is no longer valid. Thus, after eliminating several alternative hypotheses, we are
left with synaptic reorganization of the circuitry as the leading contender to explain the process
of epileptogenesis. However, synaptic reorganization might be initially a homeostatic
mechanism that tries to restore the inhibitory tone of granule cells [59,62], but once the process
is repeated many times, the overwhelming targets of the sprouted mossy fibers constitute
recurrent excitatory collaterals upon granule cells of the dentate gyrus [12,55].

Reorganization of the epileptic circuitry with newly sprouted recurrent excitatory synapses has
been advanced as a putative mechanism explaining, at least in part, the cellular
hyperexcitability observed in intractable partial-onset epilepsy. This hypothesis is supported
by the demonstration in a computer model that even a small increase (4%) in the number of
recurrent excitatory collaterals in the dentate gyrus circuitry is sufficient to cause persistent
cellular hyperexcitability in the abnormally connected dentate gyrus [40]. A more complex
modeling study examined the role of mossy fiber sprouting and the loss of mossy cell using a
more elaborate computer model with 500 granule cells, 15 mossy cells, 6 basket cells and 6
interneurons [54]. This latter study examined the effect of mossy fiber sprouting and the loss
of mossy cells in the pilocarpine model and assessed the effect of progressive amounts of mossy
fiber sprouting from 0 to 50% of the maximum extent of mossy fiber sprouting observed in
the pilocarpine model. The study showed that modest amounts (10-15%) of recurrent
excitatory connectivity resulted in hippocampal network hyperexcitability [54]. Computer
modeling demonstrations are just one of several lines of evidence that strongly support the
hypothesis that sprouted mossy fibers plays a key role underlying the intractability of MTLE.
Direct paired cell recordings of granule cells have shown monosynaptic potentials between
epileptic granule cells [56].

Despite the ubiquity of mossy fiber sprouting in experimental models of MTLE and in human
MTLE, some investigators have suggested that mossy fiber sprouting does not appear to be a
necessary precondition to establish intractability. There are rare examples of experimental
models of MTLE where mossy fiber sprouting was not observed [39]. This apparent
discrepancy does not invalidate the hypothesis that circuit reorganization is necessary for
epileptic intractability as the only evidence thoroughly investigated in those rare observations
was limited to mossy fiber sprouting. Reorganization of synaptic circuitry might be occurring
elsewhere in the limbic system initiating pharmacologically intractable temporal lobe epilepsy.

6. Synaptic reorganization in limbic pathways beyond the mossy fibers

In experimental models of epilepsy and in humans with intractable partial-onset epilepsy, the
CAL pyramidal neurons demonstrate persistent cellular hyperexcitability and a pattern of
neuronal loss similar to those observed in the epileptic dentate gyrus [35,36,42,43,63,64].
Hyperexcitability of epileptic CA1 neurons has been proposed to result from sprouting of
recurrent CA1 axon collaterals. Studies investigating local axonal arborizations of the CAl
pyramidal neurons have used primarily the kainic acid model of epilepsy [46,47,58,64]. This
observation has been extended to humans with MTLE and the pilocarpine model, confirming
the exuberant axonal sprouting of CA1 axons into the stratum oriens of the CA1 region [22,
35,36]. However, all of these results were demonstrated in hippocampal slice preparations,
which have limited depiction of the axonal projection perpendicular to plane of the
hippocampal slice, and can not articulate the complexity of the anatomical topography of the
CAL projection to the subiculum.

Epilepsy Behav. Author manuscript; available in PMC 2010 February 27.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cavazos and Cross

Page 7

The examination of the time course of the formation of sprouted CA1 recurrent collaterals in
acute models of MTLE suggest that seizure-induced CAL hyperexcitability is due to the
formation of recurrent excitatory collaterals in the CA1 region [22,35,36,42,43,63,64].
Prolonged excitatory post-synaptic potentials (EPSPs) bursts observed in bicuculline treated
hippocampal slices from kainic acid (KA) treated rats showed an all or-none behavior [42,
43]. The all-or-none behavior cannot be explained by changes of the intrinsic properties of
CA1 pyramidal neurons because the EPSP bursts would then be graded. Thus, the prolonged
EPSP bursts are mediated by synaptic transmission reflecting a network-driven
hyperexcitability, suggesting a role for synaptic reorganization and sprouting in the CAL.
However, the prolonged EPSP bursts were only seen in 28% of the isolated CA1 transverse
slices spontaneously [42,43]. Although this may be due to a sampling error, one possibility is
that the critical recurrent CA1 collaterals are cut-away of the hippocampal slice because of the
variability in the plane of cutting slices. Subsequently, Smith and Dudek [63,64] using isolated
CA1 transverse slices demonstrated that glutamate microapplication to the CA1 pyramidal cell
layer increased excitatory postsynaptic current frequency only in slices of KA-treated rats but
not in control slices. These results, along with the work of Esclapez et al. [22] and Lehmann
et al. [35,36], support the hypothesis that the increased recurrent excitatory connections
between CA1 pyramidal cells after kainic acid induced status epilepticus are functional
connections that increase the excitatory drive of the hippocampal circuitry.

In a recent study, we examined the possibility that the distal axonal projection of the epileptic
CAL pyramidal neurons reorganize outside of its normal laminar boundaries within the
subiculum and CAL hippocampal region (Fig. 3) [18]. If present, sprouting of the CAl
projection to its final output, the subiculum, might provide a mechanism for the enhanced and
persistent cellular hyperexcitability in this region that has been observed using a variety of
techniques. The major finding of our study is that there was substantial plasticity of the terminal
field (distal axonal branches) of the CA1 axonal projection to subiculum in five animal models
(three models of acute prolonged seizures and two models of chronic recurrent brief seizures)
of intractable partial-onset epilepsy using two histological methods. In three experimental
models of epilepsy, our tracing experiments showed that the retrograde labeling extended 42—
67% beyond the normal lamellar organization to include lamellas above and below the injection
site. This is a demonstration of substantial plasticity of the CA1 projection to subiculum along
the septotemporal axis of the hippocampus allowing for increased transverse connectivity
among hippocampal lamellas above and below the normal circuitry. The reorganized circuitry
might allow epileptic activity in a hippocampal lamella to recruit and synchronize activity in
additional hippocampal lamellas, amplifying the epileptic response, and playing a role in the
persistent hyperexcitability observed in intractable partial-onset epilepsy (Figs. 4, 5).

7. Cellular hyperexcitability in subiculum

The main projection pathway of the CA1 region is to the subiculum, which is the final output
structure of the hippocampal formation. The principal neurons in the subiculum are
electrophysiologically characterized by their firing properties: regular spiking or bursting
action potentials [65]. Regular spiking neurons are further subdivided into tonic-spiking, with
regularly timed spikes, whereas adapting neurons have slow increase in latency between spikes.
Bursting neurons can also be further divided into weak bursting and strong bursting action
potentials. The first burst in a weak bursting neuron has two to three spikes, where a strong
bursting neuron contains three or more spikes [44]. These action potentials can be spontaneous
in the isolated subiculum or evoked by orthodromic stimulation of efferent CA1 neurons. The
relative ratio of pyramidal subicular neurons is controversial and varies in several studies, from
69 % bursting neurons [65,72] to 37% bursting [44], but Menendez de la Prida [44] found that
neurons with a larger soma are more likely to be bursting and may contribute to a bias in the
method to classify neurons because it is easier to impale larger pyramidal neurons.
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Synaptic reorganization of the CAL axons projecting to the subiculum might have a major role
explaining the persistent cellular hyperexcitability in the epileptic hippocampal formation
circuitry. In the pilocarpine and kainic acid models of MTLE, there is some degree of neuronal
degeneration in the subiculum that is less than in CAL or the hilus of the dentate gyrus. In a
study using the pilocarpine model, there was only 30% neuronal loss in the subiculum, while
over 60% of CA1 pyramidal and hilar polymorphic neurons degenerated [31]. This selective
vulnerability has also been observed in patients with MTLE [19,20]. Neuronal loss results in
achange of the relative ratio of bursting behavior of pyramidal neurons in the subiculum, which
has also been studied in the pilocarpine model. After status epilepticus induced with
pilocarpine, there is a prominent increase in the number of bursting neurons in the subiculum
from 40% in normal rats to 82% of neurons [73], perhaps due to selective vulnerability of the
non-pbursting pyramidal neurons in the subiculum. Nevertheless, the presence of increased
numbers of intrinsically bursting neurons in the output gate of the hippocampus might allow
the reorganized subiculum to play potentially a critical role in modulating the transition
between interictal and ictal events [74,75].

8. Translamellar hyperexcitability

The observation that epileptic models reorganize the CA1 projection to subiculum with an
increased lamellar ratio might be better understood in the context of the lamellar hypothesis
of hippocampal organization. The hypothesis of the lamellar organization of the hippocampus
was derived from mapping of the hippocampal formation using extracellular field evoked
recordings [2,3]. The lamellar hypothesis proposes that the hippocampal formation consists of
a stack of hippocampal slices that are functionally connected uni-directionally along the rostro-
caudal axis. In this manner, the entorhinal cortex projects to the dentate gyrus via the perforant
pathway. The dentate gyrus then projects to the CA3 pyramidal region via the mossy fiber
pathway. The CA3 region projects to the CA1 pyramidal region through the Schaffer
collaterals. The CAL region projects to the subiculum, which in turn, projects back to the
entorhinal cortex completing the loop within the hippocampal formation. The myelinated fibers
of these synaptic pathways project in the rostro-caudal axis following the alvear surface of the
hippocampus [71]. In essence, the function of the structure is primarily organized
topographically into hippocampal slices or lamellas, and interconnections with lamellas above
or below have no major significant importance for its primary function. However, there is some
divergence of the projections within lamellas. For example, experiments have shown that an
injection of 10% of the ventrodorsal axis of the entorhinal cortex projected to about 25% of
the dentate gyrus [1]. Furthermore, some types of hilar polymorphic neurons give rise to highly
dense projections to the dentate gyrus for almost two thirds of the entire ventrodorsal axis
[32,33]. Despite that the presence, density and extent of these associational interconnections
seem to invalidate the lamellar hypothesis, detailed functional studies are lacking. The function
of some of the hilar polymorphic neurons could be activating local inhibitory circuits tuning
out lamellas above or below the activated lamella [78,79]. Nevertheless, the projections in the
hippocampal formation clearly follow a topographical organization that is reorganized in
experimental models of MTLE providing additional pathways for further activation of
hippocampal circuitry that do not normally receive these projections [18]. The functional
consequences of these alterations are not completely understood, but might contribute to the
state of hypersynchrony and hyperexcitability observed in epilepsy.

A revision of the lamellar hypothesis using extracellular field potentials in vivo [4] showed
that it still “remains a useful concept for understanding of hippocampal connectivity.”
Andersen et al. [4] showed that the amplitude of the compound action potential was largest in
a slightly oblique transverse band across the CA1 toward the subiculum with decreasing
activation in the lamellas above and below the activated lamella despite the larger dorso-ventral
extent of the neuroanatomical projection. Recent experiments [10,78,79] have also shown that
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the larger extent of dorsoventral projections actually serves to inhibit the surrounding lamellas
to limit the spread of activation. In the dentate gyrus, the excitatory associational projections
play a major role for activating inhibitory hilar circuits in the lamellas away from the source
of the associational projection. This pattern of organization strengthens the lamellar hypothesis
by fine-tuning the activation to the “on lamella” while there is increase inhibition in the “off
lamella” (see Figs. 4,5). Furthermore, Zappone and Sloviter [79] suggest that hilar neuronal
loss in epileptic models leads to translamellar disinhibition in the dentate gyrus. Although the
functional consequences of remodeling of the CA1 projection to the subiculum in acute and
chronic epilepsy models is not known, we suggest that the enhanced excitatory spread of CA1
axonal collaterals that make contacts with spines profiles would enhance translamellar
hyperexcitability in the subiculum (Fig. 5), the output gate of the hippocampal formation
[18]. Early during the process of epileptogenesis, it is likely that in chronic models of MTLE,
the primary effect of translamellar sprouting is to aim to restore inhibitory tone such as been
observed in isolated hippocampal slices. However, as the number of potential targets for the
sprouted fibers decreases, translamellar sprouting results in primarily recurrent excitatory
collaterals that with cellular hyperexcitability. There are many unanswered questions deserving
further investigation.

8. CONCLUSIONS

Synaptic reorganization of hippocampal pathways induced by excitotoxicity or repeated
seizures is not limited to the mossy fiber pathway. Increased connectivity of the epileptic
hippocampal network allows for increased synchrony and faster propagation of epileptic
discharges within the structure. Synaptic reorganization of mossy fiber projection of the dentate
gyrus has been shown to play a significant role underlying persistent cellular hyperexcitability
in the epileptic circuitry of the hippocampal formation. As the subiculum is the output gate of
the hippocampus, its critical location in the limbic pathways, the presence of intrinsically
bursting neurons, and the increased lamellar interconnectivity in epileptic models might also
explain the persistent cellular hypersynchrony and hyperexcitability in the limbic system
observed in humans with intractable MTLE. Although synaptic reorganization of limbic
pathways is not a necessary precondition for the occurrence of partial onset seizures, it might
be the cellular mechanism underlying the pharmacological intractability of human MTLE.
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The schematic diagram describes the relationships between pathophysiological phenomena
and brain location during epileptogenesis in mesial temporal lobe epilepsy. Partial-onset

seizures might initially originate in neocortical areas, but after the establishment of

intractability, there is a vicious circle of interrelated pathophysiological phenomena within the
hippocampal circuitry that self sustains intractable seizures with propagation to neocortical

structures.
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Figure 2. Mossy Fiber Sprouting

These are three photomicrographs from histological sections of the dentate gyrus (DG) stained
with Timm histochemistry. Dark punctate granules depict the projection pattern of mossy fiber
terminals that originate from granule cell axons. (A) The dentate gyrus from a normal rat shows
dense staining in the hilus (area within the U-shape of the DG) and in the CA3 region, with an
absence of dark punctate granules in the molecular layer of the DG (arrow). (B) The dentate
gyrus from a rat that experienced status epilepticus induced with kainic acid demonstrates
prominent staining in the molecular layer of the DG. (C) Human dentate gyrus obtained
surgically during a standard anterior temporal lobectomy for the treatment of
pharmacologically intractable mesial temporal lobe epilepsy. Note that the molecular layer of
the DG has prominent staining demonstrating mossy fiber sprouting into that region.

Epilepsy Behav. Author manuscript; available in PMC 2010 February 27.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cavazos and Cross

Page 16

lamellar

control ratio

CAl —f SUbiculum

1.4:1

e

L A Ak B A

epileptic /

CAl

i. Subiculum

> cPTZ-2.0:1
- Pilo -2.3:1
e KA - 2.3:1

Figure 3. Synaptic reorganization in the CA1l projection to subiculum

There is a prominent reorganization of the lamellar projection of the CA1 axonal pathway to
the subiculum in several animal models of mesial temporal lobe epilepsy using retrograde
tracers. In control rats, the extent of CA1 retrograde labeling from an injection site is limited
to a couple of lamellas above and below of the injection site in subiculum. In contrast, in
epileptic rats, the retrograde labeling extends beyond several CA1 lamellas above and below
the normal projection. This is direct evidence that axonal terminals from neurons in those layers
extend their axons into the area of injection (Figure modified from ref. 18).
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Figure 4. Synaptic Reorganization in mossy fiber pathway results in translamellar
hyperexcitability in the hippocampal formation

The schematic drawings illustrate the normal hippocampal circuitry, the abnormal circuitry
during the latent state, and after spontaneous seizures develop in the kainic acid model of mesial
temporal lobe epilepsy. The red neurons and axons are excitatory neurons, while the blue
neurons are inhibitory interneurons. A. In the normal dentate gyrus, activation of granule cells
in a lamella results in a limited activation of the CA3 pyramidal region shown also in red, and
the hilar neurons inhibit dentate granule cells in lamellas above and below the activated lamella.
B. During the latent state, inhibitory mechanisms are functionally impaired with slow
improvement in the inhibitory tone (perhaps, in part, due to synaptic reorganization of
inhibitory pathways). There is a mild degree of disinhibition in lamellas above and below the
activate lamella (shown as smaller blue block in those lamellas). Furthermore, mild
disinhibition results in a greater degree of activation in the CA3 pyramidal region (shown as
a greater number of activated red CA3 lamellas). C. Once spontaneous seizures develop in
epileptic models, there is prominent synaptic reorganization of the mossy fiber into the inner
molecular layer of the DG, across DG blades, and into the basal dendrites of CA3 pyramidal
regions. The resulting increased recurrent excitatory connectivity between principal neurons
in the hippocampus and within hippocampal lamellas results in translamellar sprouting.
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Figure 5. Synaptic Reorganization in CA1 projection to the subiculum results in translamellar
hyperexcitability in the hippocampal formation

The schematic drawings illustrate the normal hippocampal circuitry, the abnormal circuitry
during the latent state, and after spontaneous seizures develop in the kainic acid model of mesial
temporal lobe epilepsy. The red neurons and axons are excitatory neurons, while the blue
neurons are inhibitory interneurons. A. In the normal hippocampus, activation of the CAl
pyramidal neurons in a lamella results in a limited activation of subicular neurons shown also
in red, and the CAL interneurons inhibit CA1 pyramidal neurons from lamellas above and
below the activated lamella (shown as a blue block over those lamellas). B. During the latent
state, inhibitory mechanisms are functionally impaired with slow improvement in the inhibitory
tone (perhaps, in part, due to synaptic reorganization of inhibitory pathways). There is a mild
degree of disinhibition in lamellas above and below the activate lamella (shown as smaller blue
block inthose lamellas). Furthermore, mild disinhibition results in a greater degree of activation
in subiculum (shown as a greater number of activated subiculum sections). C. Once
spontaneous seizures develop in epileptic models, there is prominent synaptic reorganization
of the CA1 pyramidal axons making synaptic contacts with additional CA1 pyramidal neurons
and subicular neurons in sections (lamellas) above and below their normal projection pattern.
The resulting increased recurrent excitatory connectivity between principal neurons in the
hippocampus and within hippocampal lamellas results in translamellar sprouting.
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