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Abstract

Dendrites are tree-like structures with tiny spines specialized to receive excitatory synaptic transmission. Spino-dendritic
plasticity, driven by neural activity, underlies the maintenance of neuronal connections crucial for proper circuit function.
Abnormalities in dendritic morphology are frequently seen in epilepsy. However, the exact etiology or functional implications are
not yet known. Therefore, to better comprehend the structure-function significance of this dendritic pathology in epilepsy, it is
necessary to identify the common spino-dendritic disturbances present in both human and experimental models. Here, we
describe the dendritic and spine structural profiles found across human refractory epilepsy as well as in animal models of

developmental, acquired, and genetic epilepsies.
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Introduction

Dendrites are tree-like extensions that are specialized to
receive information transmitted between neurons. Dendrites
have microscopic protrusions called dendritic spines, which are
sites for excitatory synaptic transmission. Dendritic spine
shapes are highly dynamic and can change in response to neural
activity driven by behavioral and cognitive experiences.! For
example, stimuli driving learning and memory processes can
result in the remodeling of existing spines as well as the gen-
eration of new spines (spinogenesis). This synaptic plasticity is
thought to underlie the maintenance of neuronal connections
necessary for cognitive development. As such, neuronal func-
tion and cognitive behavior can be deeply affected by subtle
changes in dendritic and spine morphology. Abnormalities in
dendritic architectures are often found in epilepsy* and neu-
rological disorders like Alzheimer’s disease,* which are char-
acterized by cognitive decline. However, the exact causes and
functional implications of the dendritic pathology in epilepsy

are not definitively known.>* It is well established that
dendritic structure and function are strongly coupled. This indi-
cates that an increase in spine density and/or the presence of
mushroom-like or stubby-shaped spines may result in greater
excitatory input compared to thin spines. Consequently, the
functional impact of changing spine density may vary depend-
ing on which type of spine is affected. Therefore, the identifi-
cation of spino-dendritic structural pathology across human
and animal models of epilepsy can help us better understand
the potential functional impact. Here we describe and summar-
ize the spino-dendritic structural profiles found in human
refractory epilepsy as well as in animal models of developmen-
tal, acquired, and genetic epilepsies.

Dendritic Profiles in Human Epilepsy

Since the first descriptions of the phenomenon of blebbing
or swollen dendritic spines in brains from individuals with
epilepsy, observed by DeMoor in 1898, neurologists and
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scientists have been intrigued by the presence of these “unique”
dendritic morphological abnormalities in epileptic illnesses
(reviewed in the study by Swann et al’). Then after, numerous
investigations have consistently found areas of focal dendritic
swelling known as dendritic beading along with sparse dendri-
tic spines and simplified dendritic architectures across different
brain regions that include the neocortex, hippocampus, and
amygdala derived from refractory epilepsy cases (e.g., tem-
poral lobe epilepsy [TLE] and focal cortical dysplasia
[FCD]).>"°

Dendritic structures in neocortical and hippocampal
pyramidal neurons from TLE patients often exhibit reduced
branching, the presence of bead-like shafts, and loss of dendri-
tic spines.®'" The appearance of dendritic beading, character-
ized by abnormal patterns of microtubule whirling, was
specifically localized in apical dendrites.” Within amygdala
neurons from TLE cases, the dendritic structures showed
reduced numbers of first-order branches, with the remaining
dendrites showing nodular varicosities, dendritic shaft swel-
ling, spine bifurcation, and pronounced constrictions.’ Further-
more, a comparison of dendritic architectures in FCD cases
such as FCDIIa and FCDIIb,® which are characterized by the
presence of dysmorphic neurons,'? revealed contrasting
changes in dendritic complexity in normal looking neurons and
dysmorphic neurons. Normal looking neurons showed
decreases in dendritic branching and spine density, while dys-
morphic neurons showed increased dendritic complexity and
more filopodia-like protrusions.® It is possible that dysmorphic
neurons may carry mutations within the mechanistic target of
rapamycin (mTOR) pathway, which may directly influence
their dendritic structure, while nearby seemingly normal neu-
rons may show secondary effects in their dendritic arbors. Fur-
ther, the areas of reduced spine densities in type II FCD cases
correlated with increased immunoreactivity for microglial mar-
kers and complement proteins Clq and C3.* These findings,
along with evidence of colocalization of C1q to Map2-labeled
dendrites in areas with fewer dendrites in FCD'? suggest that
complement-mediated neuroimmune interactions may contrib-
ute to dendritic structural abnormalities in epilepsy (for review
see the study by Wyatt-Johnson and Brewster'?).

The clear absence of dendritic structural abnormalities in
brains of autopsy controls”*'! raises the possibility that the
aforementioned dendritic structural pathology is unique to epi-
lepsy. Indeed, the observation that neocortical areas with high
interictal spiking exhibited reductions in both the density and
length of silver-stained fibers in layer IV neurons compared to
areas of low spiking activity in the human epileptic brain'®
suggests a potential role for network hyperactivity in the desta-
bilization of dendritic structures that occurs in human epilepsy.

Dendritic Profiles in Experimental Models

Early Life Seizures

During prenatal and postnatal development, dendrites grow
(dendritogenesis), spines emerge, and new synapses form

(synaptogenesis). Dendritic growth can continue until
adulthood (reviewed in the study by Prigge and Kay'”), while
synaptogenesis peaks in the early postnatal period (reviewed in
study by Sudhof'®), but also continues in adulthood. Subse-
quently, pruning of dendrites, spines, and synaptic structures
plays a crucial role in shaping functional neural connectiv-
ity."!>:1® Dendritogenesis and pruning are carefully orche-
strated by a combination of genetic programs and neural
activity."'>'® However, events such as early-life seizures
(ELS) can disrupt these processes and harm the proper network
connectivity and function of the developing brain.'’

Experimental models of ELS occurring between the first
and second weeks of postnatal development are associated with
long-lasting alterations of hippocampal dendritic architec-
tures'®?? and hippocampal-dependent spatial learning and
memory dysfunctions.'”'®2%2! Dendritic structural alterations
in CAl pyramidal cells and dentate granule cells (GCs) have
been consistently reported in studies utilizing different models
of ELS induced by the volatile convulsant flurothyl,*’
hyperthermia,'®** chemoconvulsants,*' or hypoxia.'® Seizures
triggered with flurothyl inhalation during postnatal days (P) 7
to 11 in mice resulted in decreased basal dendrite length and
branching of CA1 neurons and impaired spatial learning and
memory functions 6 weeks later.”’ The induction of experi-
mental febrile status epilepticus (SE) through hyperthermia in
P10 rats was linked to a reduction in the length of CA1 apical
dendrites and an increase in the complexity of GC dendritic
structures, which correlated with reduced spatial memory func-
tions 12 weeks after the ELS.'® Because it is well established
that seizures can promote neurogenesis of GCs that integrate
into existing GC circuitry,® a different study evaluated the
dendritic and spine morphology of newborn GCs between
1- and 8-weeks post febrile seizures in P10 rats.* This study
found that newborn GCs exhibited longer dendrites with
increased spine densities, specifically within the molecular
layer of the dentate gyrus.** In line with these findings, a time
course analysis performed between 1 and 3 weeks after ELS
induced with the chemoconvulsant kainic acid (KA) in P14
mice revealed an initial rise in GC dendritic branching and
spine density along with a persistent reduction in dendritic
branching within CA1 and CA3 cells.?' Additionally, an
increased abundance of thin-shaped spines coupled with a
decreased density of stubby-shape spines in CA1 dendrites was
observed between 1- and 4-weeks following hypoxia-induced
seizures in P10 rats'® as well as following KA in immature
mice.?! Given that short CA1 dendrites, arborized GC den-
drites, and thin-shaped spines are indicative of an immature
state,'” it is possible that ELS may disrupt the maturation of
dendritic architectures.

These studies agree that ELS is associated with dendritic
complexity that is decreased in CAl and increased in GCs.
Underlying mechanisms may be related to impaired growth
or excessive pruning of CAl dendrites or amplified growth
or inadequate pruning of GCs, potentially involving signaling
cascades such as neuron-restrictive silencer factor (NRSF),'®

calcineurin,?* immune complement molecules,®'* microglia,?!
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Figure |I. Common spino-dendritic alterations in two primary neuronal types in healthy and epileptic conditions. (A-B) Illustrations of pyramidal
neurons under healthy (A) and seizure or epileptic conditions (B). (B) Representative cartoons depicting reduced spine and branching density
along with the classic beading phenotype seen in the dendritic apical shaft of pyramidal neurons from seizure or epileptic conditions. (C-D)

lllustrations of dentate granule cells under healthy (C) and seizure or epileptic conditions (D). (D) Granule cell cartoon demonstrating increased
dendritic complexity including increased spine density and extensive dendritic branching under seizure or epileptic conditions. Created with

BioRender.com.

and the mTOR pathway (discussed next). It is noteworthy that
treatments involving minocycline®’ and NRSF signaling inhi-
bitors'® attenuated some of the dendritic pathology and
improved hippocampal-dependent functions. This finding sug-
gests that ELS may contribute to the development of behavioral
and/or cognitive impairments later in life.

Acquired Epilepsy

Brief seizures and episodes of SE in adults can cause
immediate and enduring alterations in the morphology of

dendritic arbors within the neocortex and hippocampus.
Evidence of rapid seizure-induced dendritic changes comes
from in vivo timelapse multiphoton imaging of neocortical
neurons in adult mice, which revealed that electrographic sei-
zures triggered with 4-aminopyridine (4AP) or KA resulted in
the immediate development of dendritic beading and spine
loss.?>2® This effect was aggravated with increased seizure
severity>>® and was facilitated by the disruption of the actin
cytoskeleton through calcineurin-dependent signaling.?® In
addition, a single generalized seizure induced in adult rats using
the chemoconvulsant pentylenetetrazol was sufficient to cause
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a mTOR-dependent loss of CA1 dendritic spines within
3 hours.” These findings support the idea that spino-dendritic
structures are susceptible to rapid plastic changes in response to
seizure activity.

Longer periods of seizure activity associated with SE events
can lead to long term severe loss in spine and dendritic density
in the neocortex and hippocampus, along with the subsequent
development of spontaneous recurrent seizures (SRS) and cog-
nitive decline.?¢*%%=32 Within the neocortex, >50% of spines
were lost between 24 hours and 6 weeks after KA.>**® Within
hippocampal CA1 dendrites, a 15% to 20% loss in spine den-
sity along with a 30% decrease in dendritic branching were
observed during the period of epileptogenesis between 1 and
3 weeks after SE.**? Status epilepticus-induced decreases in
dendritic branching and spine density within CA1 and the neo-
cortex were prevented or mitigated by inhibiting the mTOR
pathway.**% This effect corresponded with enhanced learning
and memory abilities in rats that experienced SE.*® In contrast
to these observations in CAl, significant increases in CA3
spine numbers (~30%)* and increases in GC dendritic
branching and spine density>* were reported during the chronic
epilepsy phase following SE. A recent review by Jean et al®®
further describes differences in the dendritic spine morphology
within the hippocampus during epileptogenesis and discusses
potential underlying mechanisms. Taken together, these find-
ings support an association between SE and enduring altera-
tions in dendritic structures. However, despite this compelling
evidence, a definitive link between dendritic structural abnorm-
alities and the subsequent development of SRS and cognitive
decline remains elusive.

Genetic Epilepsy

Due to the essential role the mTOR pathway plays in modulating
neuronal and dendritic structures under physiological and
pathological conditions, including epilepsy,’®*’ numerous
studies have been conducted to determine how genetically
enhancing mTOR activity can lead to dendritic structural
alterations and trigger epilepsy.>**° For example, genetic
ablation of the upstream mTOR regulatory molecule the phos-
phatase and tensin homolog (Pten) renders mTOR constitu-
tively active and promotes epilepsy.’’ Pten deletion in
hippocampal dentate GCs results in dendric overgrowth, neu-
ronal hyperexcitability, and epilepsy that resembles human
FCD.*® Granule cells that lack Pten exhibit complex dendritic
branches with an augmented number of spines and increased
excitability.*®*'**> Some mechanisms implicated in the
extensive dendritic structures observed in Pten-negative GCs
include an increase in the rate of microtubule polymeriza-
tion** and downstream signaling of the mTOR complex 2.*?
Similar dendritic overgrowth occurs in association with loss-
of-function mutations in TSC* and DEPDC5 molecules,*®*
which negatively regulate mTOR signaling and also result in
epilepsy (reviewed in the study by Jozwiak et al*® and
Samanta*®). Although these findings collectively highlight a
crucial role for mTOR signaling in the dendritic structural

pathology associated with neuronal hyperexcitability,
seizures, and epilepsy, a recent study showed that normaliza-
tion of dendritic structures did not alter seizure severity in
Pten null mice.** Thus, the precise function of irregular den-
dritic architectures in the generation of epileptic circuits
requires further investigation.

Conclusion

The most common spino-dendritic disturbances found across
both human epilepsy cases and experimental models include a
reduction in the complexity of dendritic arbors and spine num-
bers within pyramidal cells of the neocortex and hippocampus
(Figure 1A-B)> 11820212335 A qditionally, increases in den-
dritic branching and spine density are evident specifically in
dysmorphic cells in human FCD cases®® and in GCs following
ELS'®2122 or genetic-induced decreases of mTOR regulatory
molecules like Pten, TSC, and DEPDCS5 (Figure 1C-D).} 7424547
Notably, the presence of dendritic beading seems to be a
unique feature related to seizures and epilepsy. These altera-
tions in spines and dendrites likely involve different mechan-
isms, including pro-epileptogenic modifications (such as those
seen in mTOR mutants), adaptive homeostatic adjustments
(potentially involving spine loss), and changes due to cellular
injury. The stage of the disease can further impact dendritic
complexity, as observed in human studies focusing on chronic
and refractory epilepsy, in contrast to animal models, which
often deal with acute epilepsy conditions.

In our view, this evidence suggests a definitive link
between dendritic structural abnormalities and epilepsy,
though there is still a limited understanding regarding the
precise role of these dendritic changes in triggering SRS and
cognitive decline. To achieve a comprehensive understand-
ing, we must acknowledge the limitation that the dendritic
irregularities may also be connected to inherent methodolo-
gical challenges, especially in human clinical studies, that
include variations in brain tissue acquisition methods such
as biopsies for epilepsy cases and autopsies from control
cases. Other factors that can impact human dendritic archi-
tectures include use of anti-seizure drugs, underlying health
conditions, disease stage, age, and sex. In fact, a particular
aspect that is notably lacking information relates to sex-
differences in dendritic architectures in epilepsy, as only one
study discussed here addressed potential sex differences in
experimental epilepsy.*® In human TLE, sex-differences are
known to occur at the synaptic level, with men showing higher
synaptic density in the temporal neocortex compared to
women.>® Moving forward, this body of evidence from devel-
opmental, acquired, and genetic epilepsies can help guide the
selection of appropriate animal models and timelines to deter-
mine the functional impact of dendritic structural irregulari-
ties in experimental epilepsy. Unraveling the processes
underlying pathological spino-dendritic remodeling may hold
the key to developing innovative therapeutic strategies
addressing either the causes or the consequences of alterations
in dendritic complexity in epilepsy.



44

Epilepsy Currents 24(1)

Declaration of Conflicting Interests

The authors declared no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.

Funding

The authors disclosed receipt of the following financialsupport for
theresearch, authorship, and/or publicationof this article: The funding
is provided by National Institute of Neurological Disorders and Stroke
(RO1 NS096234)

ORCID iD

Amy L. Brewster

https://orcid.org/0000-0002-3677-410X

References

1.

Runge K, Cardoso C, de Chevigny A. Dendritic spine plasticity:
function and mechanisms. Front Synaptic Neurosci. 2020;12:36.
doi:10.3389/fnsyn.2020.00036. PubMed PMID: 32982715;
PMCID: PMC7484486.

. Swann JW, Hablitz JJ. Cellular abnormalities and synaptic

plasticity in seizure disorders of the immature nervous system.
Ment Retard Dev Disabil Res Rev. 2000;6(4):258-267. doi:
10.1002/1098-2779(2000)6:4<258::AID-MRDD5>3.0.CO;2-H.
PubMed PMID: 11107191.

. Wong M. Stabilizing dendritic structure as a novel therapeutic

approach for epilepsy. Expert Rev Neurother. 2008;8(6):
907-915. doi:10.1586/14737175.8.6.907. PubMed PMID:
18505356; PMCID: PMC3935512.

. Dorostkar MM, Zou C, Blazquez-Llorca L, Herms J. Analyzing

dendritic spine pathology in Alzheimer’s disease: problems and
opportunities. Acta Neuropathol. 2015;130(1):1-19. doi:10.1007/
s00401-015-1449-5. PubMed PMID: 26063233; PMCID:
PMC4469300.

. Swann JW, Al-Noori S, Jiang M, Lee CL. Spine loss and other

dendritic abnormalities in epilepsy. Hippocampus. 2000;10(5):
617-625. doi:10.1002/1098-1063(2000)10:5<617::AID-HIPO13>3.
0.CO;2-R. PubMed PMID: 11075833.

. Rossini L, De Santis D, Mauceri RR, et al. Dendritic pathology,

spine loss and synaptic reorganization in human cortex from epi-
lepsy patients. Brain. 2021;144(1):251-265. doi:10.1093/brain/
awaa387. PubMed PMID: 33221837.

. Vaquero J, Oya S, Cabezudo JM, Bravo G. Morphological study

of human epileptic dendrites. Neurosurgery. 1982;10(6 Pt 1):
720-724. doi:10.1227/00006123-198206010-00007. PubMed
PMID: 7110546.

. Rossini L, De Santis D, Cecchini E, et al. Dendritic spine loss in

epileptogenic Type II focal cortical dysplasia: role of enhanced
classical complement pathway activation. Brain Pathol. 2023;
33(3):e13141. doi:10.1111/bpa.13141. PubMed PMID: 365643
49; PMCID: PMC10154370.

. Aliashkevich AF, Yilmazer-Hanke D, Van Roost D, Mundhenk

B, Schramm J, Blumcke I. Cellular pathology of amygdala neu-
rons in human temporal lobe epilepsy. Acta Neuropathol. 2003;
106(2):99-106. doi:10.1007/s00401-003-0707-0. PubMed PMID:
12684832.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

AN I

Dachet F, Bagla S, Keren-Aviram G, et al. Predicting novel
histopathological microlesions in human epileptic brain
through transcriptional clustering. Brain. 2015;138(Pt 2):
356-370. doi:10.1093/brain/awu350. PubMed PMID: 25516101;
PMCID: PMC4306820.

Bothwell S, Meredith GE, Phillips J, et al. Neuronal hypertrophy
in the neocortex of patients with temporal lobe epilepsy. J Neu-
rosci. 2001;21(13):4789-4800. doi:10.1523/INEUROSCI.21-13-
04789.2001. PubMed PMID: 11425906; PMCID: PMC6762344.
Crino PB. Focal cortical dysplasia. Semin Neurol. 2015;35(3):
201-208. doi:10.1055/5-0035-1552617. PubMed PMID:
26060899; PMCID: PMC6413691.

Wyatt SK, Witt T, Barbaro NM, Cohen-Gadol AA, Brewster AL.
Enhanced classical complement pathway activation and altered
phagocytosis signaling molecules in human epilepsy. Exp Neurol.
2017;295:184-193. doi:10.1016/j.expneurol.2017.06.009.
PubMed PMID: 28601603.

Wyatt-Johnson SK, Brewster AL. Emerging roles for microglial
phagocytic signaling in epilepsy. Epilepsy Curr. 2020;20(1):
33-38. doi:10.1177/1535759719890336. PubMed PMID:
31791133; PMCID: PMC7020537.

Prigge CL, Kay JN. Dendrite morphogenesis from birth to adult-
hood. Curr Opin Neurobiol. 2018;53:139-145. doi:10.1016/
j.conb.2018.07.007. PubMed PMID: 30092409; PMCID:
PMC6242770.

Sudhof TC. Towards an understanding of synapse formation.
Neuron. 2018;100(2):276-293. doi:10.1016/j.neuron.2018.09.
040. PubMed PMID: 30359597; PMCID: PMC6226307.
Casanova JR, Nishimura M, Swann JW. The effects of early-life
seizures on hippocampal dendrite development and later-life
learning and memory. Brain Res Bull. 2014;103C:39-48. doi:
10.1016/j.brainresbull.2013.10.004. PubMed PMID: 24140049;
PMCID: 3988276.

Patterson KP, Barry JM, Curran MM, et al. Enduring memory
impairments provoked by developmental febrile seizures are
mediated by functional and structural effects of neuronal restric-
tive silencing factor. J Neurosci. 2017;37(14):3799-3812. doi:
10.1523/JNEUROSCI.3748-16.2017. PubMed PMID: 28275159;
PMCID: PMC5394897.

Lippman-Bell JJ, Handy M, Nieder CG, Getzfread M, Jensen FE.
Altered hippocampal dendritic spine maturation after hypoxia-
induced seizures in neonatal rats. Mol Cell Neurosci. 2021;113:
103629. doi:10.1016/j.mcn.2021.103629. PubMed PMID:
34015497.

Nishimura M, Gu X, Swann JW. Seizures in early life suppress
hippocampal dendrite growth while impairing spatial learning.
Neurobiol Dis. 2011;44(2):205-214. doi:10.1016/j.nbd.2011.07.
002. PubMed PMID: 21777677.

Yang X, Li T, Liu J, et al. Effects of minocycline on dendrites,
dendritic spines, and microglia in immature mouse brains after
kainic acid-induced status epilepticus. CNS Neurosci Ther. 2023.
doi:10.1111/cns.14352. PubMed PMID: 37438982.

Raijmakers M, Clynen E, Smisdom N, et al. Experimental febrile
seizures increase dendritic complexity of newborn dentate gran-
ule cells. Epilepsia. 2016;57(5):717-726. doi:10.1111/epi.13357.
PubMed PMID: 27020476.


https://orcid.org/0000-0002-3677-410X
https://orcid.org/0000-0002-3677-410X
https://orcid.org/0000-0002-3677-410X
http://www.ncbi.nlm.nih.gov/pubmed/32982715
http://www.ncbi.nlm.nih.gov/pubmed/11107191
http://www.ncbi.nlm.nih.gov/pubmed/18505356
http://www.ncbi.nlm.nih.gov/pubmed/26063233
http://www.ncbi.nlm.nih.gov/pubmed/11075833
http://www.ncbi.nlm.nih.gov/pubmed/33221837
http://www.ncbi.nlm.nih.gov/pubmed/7110546
http://www.ncbi.nlm.nih.gov/pubmed/36564349
http://www.ncbi.nlm.nih.gov/pubmed/36564349
http://www.ncbi.nlm.nih.gov/pubmed/12684832
http://www.ncbi.nlm.nih.gov/pubmed/25516101
http://www.ncbi.nlm.nih.gov/pubmed/11425906
http://www.ncbi.nlm.nih.gov/pubmed/26060899
http://www.ncbi.nlm.nih.gov/pubmed/28601603
http://www.ncbi.nlm.nih.gov/pubmed/31791133
http://www.ncbi.nlm.nih.gov/pubmed/30092409
http://www.ncbi.nlm.nih.gov/pubmed/30359597
http://www.ncbi.nlm.nih.gov/pubmed/24140049
http://www.ncbi.nlm.nih.gov/pubmed/28275159
http://www.ncbi.nlm.nih.gov/pubmed/34015497
http://www.ncbi.nlm.nih.gov/pubmed/21777677
http://www.ncbi.nlm.nih.gov/pubmed/37438982
http://www.ncbi.nlm.nih.gov/pubmed/27020476

Kumari and Brewster

— AW WAL

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

45

Danzer SC. Adult neurogenesis in the development of epilepsy. Epi-
lepsy Curr. 2019;19(5):316-320. doi:10.1177/1535759719868186.
PubMed PMID: 31409149; PMCID: PMC6864561.

Casanova JR, Nishimura M, Le J, Lam TT, Swann JW. Rapid
hippocampal network adaptation to recurring synchronous activ-
ity—a role for calcineurin. Eur J Neurosci. 2013;38(8):
3115-3127. doi:10.1111/ejn.12315. PubMed PMID: 23879713,
PMCID: 3805814.

Zeng LH, Xu L, Rensing NR, Sinatra PM, Rothman SM, Wong
M. Kainate seizures cause acute dendritic injury and actin depo-
lymerization in vivo. J Neurosci. 2007;27(43):11604-11613. doi:
10.1523/JINEUROSCI.0983-07.2007. PubMed PMID: 17959803.
Guo D, Zeng L, Zou J, Chen L, Rensing N, Wong M. Rapamycin
prevents acute dendritic injury following seizures. Ann Clin
Transl Neurol. 2016;3(3):180-190. doi:10.1002/acn3.284.
PubMed PMID: 27042678; PMCID: PMC4774262.

Rensing N, Ouyang Y, Yang XF, Yamada KA, Rothman SM,
Wong M. In vivo imaging of dendritic spines during electro-
graphic seizures. Ann Neurol. 2005;58(6):888-898. doi:10.1002/
ana.20658. PubMed PMID: 16240365.

Guo D, Arnspiger S, Rensing NR, Wong M. Brief seizures
cause dendritic injury. Neurobiol Dis. 2012;45(1):348-355. doi:
10.1016/j.nbd.2011.08.020. PubMed PMID: 21889979; PMCID:
PMC3225723.

Carter AN, Born HA, Levine AT, et al. Wortmannin attenuates
seizure-induced hyperactive PI3K/Akt/mTOR signaling,
impaired memory, and spine dysmorphology in rats. eNeuro.
2017;4(3). doi:10.1523/ENEURO.0354-16.2017. PubMed PMID:
28612047; PMCID: PMC5467399.

Brewster AL, Lugo JN, Patil VV, et al. Rapamycin reverses status
epilepticus-induced memory deficits and dendritic damage. PLoS
One. 2013;8(3):e57808. doi:10.1371/journal.pone.0057808.
PubMed PMID: 23536771.

Schartz ND, Herr SA, Madsen L, et al. Spatiotemporal profile of
Map2 and microglial changes in the hippocampal CAl region
following pilocarpine-induced status epilepticus. Sci Rep. 2016;
6:24988. doi:10.1038/srep24988. PubMed PMID: 27143585;
PMCID: PMC4855223.

Peng W, Shen Y, Wang Q, Ding J, Wang X. TPPU pre-treatment
rescues dendritic spine loss and alleviates depressive behaviours
during the latent period in the lithium chloride-pilocarpine-
induced status epilepticus rat model. Brain Sci. 2021;11(11).
d0i:10.3390/brainscil1111465. PubMed PMID: 34827464;
PMCID: PMC8615907.

Heysieattalab S, Sadeghi L. Dynamic structural neuroplasticity
during and after epileptogenesis in a pilocarpine rat model of
epilepsy. Acta Epileptologica. 2021;3(1):3. doi:10.1186/s42494-
020-00037-7.

Puhahn-Schmeiser B, Kleemann T, Jabbarli R, Bock HH, Beck J,
Freiman TM. Granule cell dispersion in two mouse models of tem-
poral lobe epilepsy and reeler mice is associated with changes in
dendritic orientation and spine distribution. Hippocampus. 2022;
32(7):517-528. doi:10.1002/hipo.23447. PubMed PMID: 35621370.
Jean G, Carton J, Haq K, Musto AE. The role of dendritic spines
in epileptogenesis. Front Cell Neurosci. 2023;17:1173694. doi:

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

10.3389/fncel.2023.1173694. PubMed PMID: 37601280;
PMCID: PMC10433379.

Switon K, Kotulska K, Janusz-Kaminska A, Zmorzynska J,
Jaworski J. Molecular neurobiology of mTOR. Neuroscience.
2017;341:112-153. doi:10.1016/j.neuroscience.2016.11.017.
PubMed PMID: 27889578.

Karalis V, Bateup HS. Current approaches and future directions
for the treatment of mTORopathies. Dev Neurosci. 2021;43(3-4):
143-158. doi:10.1159/000515672. PubMed PMID: 33910214,
PMCID: PMC8440338.

Pun RY, Rolle 1J, Lasarge CL, et al. Excessive activation of
mTOR in postnatally generated granule cells is sufficient to cause
epilepsy. Neuron. 2012;75(6):1022-1034. doi:10.1016/j.neuron.
2012.08.002. PubMed PMID: 22998871; PMCID: PMC3474536.
Nguyen LH, Brewster AL, Clark ME, et al. mTOR inhibition
suppresses established epilepsy in a mouse model of cortical dys-
plasia. Epilepsia. 2015;56(4):636-646. doi:10.1111/epi.12946.
PubMed PMID: 25752454.

Rensing N, Han L, Wong M. Intermittent dosing of rapamycin
maintains antiepileptogenic effects in a mouse model of tuber-
ous sclerosis complex. Epilepsia. 2015;56(7):1088-1097. doi:
10.1111/epi.13031. PubMed PMID: 26122303; PMCID:
PMC44962385.

LaSarge CL, Pun RYK, Gu Z, Santos VR, Danzer SC. Impact of
mTOR hyperactive neurons on the morphology and physiology of
adjacent neurons: do PTEN KO cells make bad neighbors? Exp
Neurol. 2019;321:113029. doi:10.1016/j.expneurol.2019.113029.
PubMed PMID: 31377403; PMCID: PMC6744293.

Cullen ER, Tariq K, Shore AN, Luikart BW, Weston MC. mTORC2
inhibition improves morphological effects of PTEN loss, but does
not correct synaptic dysfunction or prevent seizures. J Neurosci.
2023;43(5):827-845. doi:10.1523/INEUROSCI.1354-22.2022.
PubMed PMID: 36526374; PMCID: PMC9899090.

Santos VR, Pun RYK, Arafa SR, et al. PTEN deletion increases
hippocampal granule cell excitability in male and female mice.
Neurobiol Dis. 2017;108:339-351. doi:10.1016/j.nbd.2017.08.
014. PubMed PMID: 28855130; PMCID: PMC5675774.

Getz SA, Tariq K, Marchand DH, et al. PTEN regulates dendritic
arborization by decreasing microtubule polymerization rate. J Neu-
rosci. 2022;42(10):1945-1957. doi:10.1523/JNEUROSCI.1835-21.
2022. PubMed PMID: 35101965; PMCID: PMC8916761.
Tavazoie SF, Alvarez VA, Ridenour DA, Kwiatkowski DJ, Saba-
tini BL. Regulation of neuronal morphology and function by the
tumor suppressors Tscl and Tsc2. Nat Neurosci. 2005;8(12):
1727-1734. d0i:10.1038/nn1566. PubMed PMID: 16286931.

De Fusco A, Cerullo MS, Marte A, et al. Acute knockdown of
Depdc5 leads to synaptic defects in mTOR-related epileptogen-
esis. Neurobiol Dis. 2020;139:104822. doi:10.1016/j.nbd.2020.
104822. PubMed PMID: 32113911.

Ribierre T, Deleuze C, Bacq A, et al. Second-hit mosaic muta-
tion in mTORCI1 repressor DEPDCS5 causes focal cortical
dysplasia-associated epilepsy. J Clin Invest. 2018;128(6):
2452-2458. doi:10.1172/JC199384. PubMed PMID: 29708508;
PMCID: PMC5983335.

Jozwiak S, Kotulska K, Wong M, Bebin M. Modifying genetic
epilepsies—results from studies on tuberous sclerosis complex.


http://www.ncbi.nlm.nih.gov/pubmed/31409149
http://www.ncbi.nlm.nih.gov/pubmed/23879713
http://www.ncbi.nlm.nih.gov/pubmed/17959803
http://www.ncbi.nlm.nih.gov/pubmed/27042678
http://www.ncbi.nlm.nih.gov/pubmed/16240365
http://www.ncbi.nlm.nih.gov/pubmed/21889979
http://www.ncbi.nlm.nih.gov/pubmed/28612047
http://www.ncbi.nlm.nih.gov/pubmed/23536771
http://www.ncbi.nlm.nih.gov/pubmed/27143585
http://www.ncbi.nlm.nih.gov/pubmed/34827464
http://www.ncbi.nlm.nih.gov/pubmed/35621370
http://www.ncbi.nlm.nih.gov/pubmed/37601280
http://www.ncbi.nlm.nih.gov/pubmed/27889578
http://www.ncbi.nlm.nih.gov/pubmed/33910214
http://www.ncbi.nlm.nih.gov/pubmed/22998871
http://www.ncbi.nlm.nih.gov/pubmed/25752454
http://www.ncbi.nlm.nih.gov/pubmed/26122303
http://www.ncbi.nlm.nih.gov/pubmed/31377403
http://www.ncbi.nlm.nih.gov/pubmed/36526374
http://www.ncbi.nlm.nih.gov/pubmed/28855130
http://www.ncbi.nlm.nih.gov/pubmed/35101965
http://www.ncbi.nlm.nih.gov/pubmed/16286931
http://www.ncbi.nlm.nih.gov/pubmed/32113911
http://www.ncbi.nlm.nih.gov/pubmed/29708508

46 Epilepsy Currents 24(1)
Neuropharmacology. 2020;166:107908. doi:10.1016/j.neuro-

50. Alonso-Nanclares L, Gonzalez-Soriano J, Rodriguez JR,
pharm.2019.107908. PubMed PMID: 31962286. DeFelipe J. Gender differences in human cortical synaptic den-

49. Samanta D. DEPDCS5-related epilepsy: a comprehensive review. sity. Proc Natl Acad Sci USA. 2008;105(38):14615-14619. doi:
Epilepsy Behav. 2022;130:108678. doi:10.1016/j.yebeh.2022.

10.1073/pnas.0803652105. PubMed PMID: 18779570; PMCID:
108678. PubMed PMID: 35429726. PMC2567215.


http://www.ncbi.nlm.nih.gov/pubmed/31962286
http://www.ncbi.nlm.nih.gov/pubmed/35429726
http://www.ncbi.nlm.nih.gov/pubmed/18779570

	Exploring Dendritic and Spine Structural Profiles in Epilepsy: Insights From Human Studies and Experimental Animal Models
	Introduction
	Dendritic Profiles in Human Epilepsy
	Dendritic Profiles in Experimental Models
	Early Life Seizures
	Acquired Epilepsy
	Genetic Epilepsy

	Conclusion
	Declaration of Conflicting Interests
	Funding
	ORCID iD
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


