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Learning Objectives

• To consider whether single neurons can be epileptogenic or whether local synaptic 
plexi or widespread networks are needed;

• To recognize that not all cerebral cortical malformations are equally epileptogenic, 
particularly in early infancy;

• To appreciate that modern neuropathology of cerebral malformations not only 
provides tissue diagnosis and correlation with neuroimaging, but also can identify 
factors conducive to, or protective against, epileptogenesis by demonstrating 
factors that change the ratio between excitatory and inhibitory synapses. 

No disclosures or conflicts of interest.



All cerebral malformations are not equally epileptogenic.

In many articles and chapters on neonatal 
seizures, a pie-graph of causes implies 
that the 20% category malformations is 
homogeneous. But is it?

Risk of seizures in early infancy

• Perisylvian polymicrogyria (pmg)   75%

• Schizencephaly (always with pmg) 80%

• Holoprosencephaly, alobar              60%

• Lissencephaly I - Miller-Dieker ~100%

• Lissencephaly II -Walker-Warburg~100%

• Down syndrome (trisomy-21)          6-9%

• Focal cortical dysplasia type I       ~100%  

• Focal cortical dysplasia type II      ~100%

• Hemimegalencephaly (HME)        ~100%

• Tuberous sclerosis complex (TSC)    90%

• Isolated agenesis, corpus callosum  10%
Kang SY, Kadam D. Neonatal seizures… Front Pediatr 2015

*



Pressler RM, et al. The ILAE classification of seizures 
in the neonate…  Epilepsia 2021;62:615-628.

*



Can a single neuron be epileptogenic or does seizure generation 
require local synaptic plexi or even wider synaptic networks?

What is the difference between a synaptic network and a synaptic plexus?

Plexus

• Short synaptic circuits between adjacent neurons
or structures

• Describes microscopic neuroanatomical data

• (below) U-fibre synaptic plexus beneath an 
epileptogenic focal cortical dysplasia type I

Network

• Long synaptic circuits between distant parts
of the brain, between cortical lobes or cortex
and subcortical structures

• Describes neurophysiological or functional
neuroimaging data



Individual “Hypermetabolic” Neurons at Epileptic Foci:
Mitochondrial respiratory complex enzymatic activities (frozen sections)

(top row) Ammon’s horn of hippocampus; 17y/o girl with focal complex temporal epilepsy
(bottom row, left) cortical tuber in 2 y/o boy; (right) hemimegalencephaly in 2 mo/o boy

NADH 
Complex I 

SDH
Complex II

COX
Complex IV

NADH NADH

Increased mitochondrial activity 
required for energy production in 
repetitively discharging neurons, to 
resynthesize depleted stores of
neurotransmitters.
Sarnat HB, Flores-Sarnat L, Hader W, 
Bello-Espinosa L. Mitochondrial “hyper-
metabolic” neurons... Can J Neurol Sci 

2011:38:909-917.



Drawing from Golgi impregnation
(Ramón y Cajal S, 1881, 1909-1911)

axodendritic

axosomatic

Cajal-Retzius neurons in the molecular 
zone form a pre-plate plexus. 
They express the gene Reelin that
organises architecture in the cortical 
plate. Acridine orange fluorochrome. 
(Sarnat HB. Revue Neurologique (Paris)
1989;145:127-133).

• Axodendritic synapses
are mainly excitatory.

• Axosomatic synapses
are inhibitory. But
why?

• The discharge rate of 
individual neurons 
depends in large part
on a balance between 
excitatory: inhibitory 
synaptic inputs.  



Keratan sulfate (KS) proteoglycan immunoreactivity in mature 
frontal cerebral cortex of an adolescent boy (surgical resection)

Reactivity throughout the cortex, but most intensely in 
deep layers and the U-fibre layer: normal mature 
pattern of distribution.

• Proteoglycans are glycoproteins with long 
glycosaminoglycan chains.

• In the developing CNS, the most abundant and 
functionally active glycosaminoglycan is keratan 
sulfate (KS); not keratin/cytokeratin.

• KS also expressed in other tissues: notochord; 
cartilage; bone; cornea; synovium; collagenous 
connective tissues.

• In the CNS, KS is secreted by astrocytes into the  
extracellular matrix as granulo-filamentous material.



Keratan sulfate (KS) proteoglycan

• KS surrounds axonal fascicles within CNS; chemotaxis for axonal guidance 
during ontogenesis

• KS binds to neuronal membranes of soma and proximal dendritic trunk, but 
not to distal dendritic ramifications or dendritic spines; absent from neuronal 
cytoplasm including axoplasm.

• Highest concentration at mid-gestation is in the thalamus and globus pallidus.

• KS at neuroblast membrane selectively repels glutamatergic (excitatory) and 
facilitates GABAergic (inhibitory) axons.

• Sarnat HB. Proteoglycan (keratan sulfate) barrier in developing human forebrain isolates 
cortical epileptic networks from deep heterotopia, insulates axonal fascicles, and explains 
why axosomatic synapses are inhibitory. J Neuropathol Exp Neurol 2019;78:1147-1159.



Keratan sulfate in fetal cerebral cortex
KS initially appears in molecular zone, then becomes patchy within cortex (thalamo-

cortical domains), finally diffuse with highest concentration in deep cortex and U-fibres.



Somatic membrane of immature and mature neurons
Extracellular matrix keratan sulfate (KS) granules bind to somatic membranes to 

repel glutamatergic (excitatory) axons but facilitate GABAergic (inhibitory) axons. 
No KS binding around dendritic spines. This explains why axosomatic synapses 

are inhibitory and axodendritic synapses are excitatory. 

35 week GA fetal cerebral cortex                        10-year-old girl with epilepsy, temporal cortex



Internal Capsule 
Granulo-filamentous keratan sulfate envelop long axonal fascicles so that axons 
neither leave the fascicle before their destination, nor can axons of grey matter 

structures en route join the fascicle. A few individual axons are ensheathed by KS.

2 fetuses: 19 weeks GA; anterior limb 20 weeks GA; posterior limb

pbW = pencil bundles of Wilson, short intrinsic bundles of corpus striatum; 
ascending and descending axons of both limbs of int. capsule are non-reactive.



Globus pallidus
Intrinsic coarse axonal bundles are insulated by surrounding layer of 

granulofilamentous KS. Astrocytes synthesize and secrete the extracellular KS.

9 weeks GA                                                                        23 weeks GA



Thalamic nuclei (th) show intense KS reactivity from 13wk GA, initially in the 
ventral and later the dorsal nuclei. By 26wk GA, dorsal and ventral thalamic 

nuclei are equally intense.



Where was keratan sulfate first described in the CNS?
By zoologists, in fetal spinal cord of animals. 

Ependymal processes of roof plate and floor plate ependyma form dorsal and ventral median septa that
secrete proteoglycans which selectively repel axonal growth cones in the longitudinal axis of the neural 

tube, but enabling passage of local commissural axons across the midline: chemical, not physical, barrier.

8 wk human spinal cord; 
vimentin

13wk human midbrain;
vimentin

13wk human pons;                    vimentin

Snow DM et al. Dev Biol 1990;138:359-376.
Bovolenta P, Dodd J. Development 1990;109:435-447.
Sarnat HB. J Neuropathol Exp Neurol 1992;51:58-75.



Focal cortical dysplasia type Ia

In FCD, KS distribution in cortex is abnormally patchy as in late 
2nd and early 3rd trimester fetuses and in places has a radial 

orientation similar to micro-columnar neurons. 
U-fibre layer dispersed neurons form intricate synaptic plexi.

posterior temporal epileptic focus



Perisylvian Polymicrogyria

• Polymicrogyria is seen by neuroimaging as clusters of small gyri. Neuropathological 
gross inspection of the cortex gives a similar impression.

• Palpation of the gyri at neurosurgical exposure or neuropathologically reveals that  
micro-gyri are not easily separated and seem “fused”.

• Microscopic examination reveals gaps or discontinuities in the pial membranes with 
multiple sites of fusion of adjacent molecular zones of facing micro-gyri.

• Synaptophysin immunocytochemistry shows synaptic continuity between gyri, i.e. 
”short-circuitry” between gyri involving axo-dendritic excitatory synapses.

• Calretinin shows clustering of Cajal-Retzius neurons at fusion sites and depths of sulci.

• Keratan sulfate (KS) proteoglycan is deficient in many micro-gyri and neuronal somatic 
membrane binding of KS that repels glutamatergic axons is deficient. Not all 
axosomatic synapses remain GABAergic/inhibitory.



MRI: 3-day-old neonate born 39wkGA; 
Apgar 1, 6, 8. Micro-ophthalmia, 
visceral malformations: kidneys with 
hydronephrosis; larynx; heart; GI tract. 
Epilepsy since birth. DDX59 mutation. 
Died at age 7 months.
(Courtesy of Dr. Anvita Pauranik, Calgary)



• Could 3rd trimester fetal seizures have caused 
fetal demise? 

• If this fetus had survived to be live-born, what 
would have been his risk of epilepsy in the 
neonatal period or early infancy?

• Synaptophysin is a glycoprotein of terminal 
axonal synaptic vesicular membranes, regardless 
of which neurotransmitter is contained within, 
and secreted by the vesicles.

Male fetus with spontaneous intrauterine death at 37.5 weeks gestation; normal viscera.
Coronal section of temporal lobe: Sylvian fissure, hippocampus, deep heterotopia (het), 

and perisylvian polymicrogyria (PMG).

synaptophysin

PMG

PMG

het

hippocampus

PMG



H&E
synaptophysin

Frontal extension of Sylvian fissure: Sulci between micro-gyri are not well demarcated and gyri appear to 
be fused. Synaptophysin immunoreactivity demonstrates synaptic continuity between adjacent molecular 
zones (layer 1 of cortex). Axo-dendritic synapses of the molecular zone are glutamatergic (excitatory).



Temporal extension of Sylvian fissure. Polymicrogyria is less well organized anatomically. 
Fusion of molecular zones is evident by synaptophysin immunoreactivity.



Other microgyri: synaptophysin

Sarnat HB. Excitatory/inhibitory synaptic ratios help 
explain epileptogenesis in polymicrogyria and Down 
syndrome. Pediatr Neurol 2021;116:41-54.



Calretinin: a calcium-binding aqueous protein 
selective for inhibitory GABAergic neurons 
and Cajal-Retzius neurons in the molecular zone
of immature cerebral cortex. In polymicrogyria
they cluster abnormally.

Cajal-Retzius neurons are present before the
first radial wave of neuroblast migration and
form a “preplate plexus”. They express the 
gene Reelin, essential for organization and
lamination of the cortical plate.



Calretinin: fusion of the molecular zones of
adjacent gyri and residual meningeal vessels
of the obliterated sulcus. In layer 2 (*) of the 
cortex, reactive inhibitory interneurons are 
excessive and abnormally aggregated.

*



Keratan sulfate: proteoglycan molecule of intercellular 
matrix; binds to neuronal somatic membranes but not to 
dendritic spines; repels glutamatergic axons and facilitates 
GABAergic axons trying to form synapses.

(left upper and lower panels) perisylvian cortex showing
greatly diminished immunoreactivity.

(below) uninvolved parietal lobe cortex of the same brain,
showing normal distribution of reactivity.

insula

operculum



• Could prenatal seizures have occurred, and contributed to 3rd trimester fetal death? 
Yes. Cortical neuronal maturation and synaptic functions are advanced enough in near-term     

fetuses to generate seizure activity, but whether they can cause sudden fetal death is 

speculative. Fetal seizures cannot occur before 25wk GA because of insufficient synapses.

• If this fetus had survived and lived into later infancy, what would have been the risk of 
epilepsy?  High.

• Why is polymicrogyria epileptogenic? 
1) Synaptic short-circuitry between adjacent micro-gyri of excitatory axo-dendritic synapses  

traversing fused molecular zones. 

2) Paucity of keratan sulfate proteoglycan in the intercellular matrix and of binding to neuronal   

somatic membranes fail to fully repel glutamatergic axons and enable GABAergic axons in  

axo-somatic synaptic formation, hence some excitatory axo-somatic synapses can form.

3) Clustering of Cajal-Retzius neurons facilitates abnormal cortical lamination and intra-cortical 

synaptic circuitry. Inhibitory interneurons of cortical plate are abnormally distributed.



Additional difficult query: Why do a minority of patients with 
perisylvian polymicrogyria not have epilepsy?

• Polymicrogyria (PMG) due to non-genetic etiology (e.g. chronic fetal cerebral 
ischaemia) does not exhibit abnormal sulci and fusion of gyri.

• In genetic causes of PMG, discontinuities in the lateral gyral pia mater are not 
uniform, some microgyria showing more gaps than others. The overall extent of 
discontinuities in the pia mater has not been studied quantitatively; cases without 
epilepsy might have fewer such gaps.

• Microgyri in non-epileptic cases might have better organized laminated cortex.

• Keratan sulfate might be more strongly expressed in perisylvian cortex in some cases.



When, during fetal life, is the cerebral cortex mature enough to generate prenatal seizures? It depends 
upon cortical synaptogenesis. Synaptophysin (a synaptic vesicular glycoprotein) immunoreactivity 

demonstrates the sequence of cortical synaptogenesis.

Sarnat HB, Flores-Sarnat L, Trevenen CL. Synaptophysin immunoreactivity in human hippocampus 
and neocortex 6-41 wks gestation. J Neuropathol Exp Neurol 2010;69:234-245.

19wk GA 26wk GA

33wk GA 40wk GA

Normal cortical synaptogenesis 
of fetal cerebral cortex 
(synaptophysin).

Seizures of cerebral cortical 
origin are not physiologically
possible before 25 weeks GA 
because synapses and synaptic 
plexi are insufficiently formed.



The sequence of cortical synaptogenesis correlates well 
with EEG maturation in premature infants.

Semiperiodic bursts in prematures are thalamo-
cortical stimulation of cortical neurons by 
thalamic pacemaker; the low voltage interperiodic
activity is intrinsic cortical rhythms.

Sarnat HB. Cerebral Dysgenesis: Embryology and Clinical
Expression. NY, London UK: Oxford University Press. 1992.

29wk GA

40wk GA



Extensive white matter heterotopia
13-year-old girl with focal epilepsy since early infancy, mild and well controlled 

medically without surgery. Mild cognitive deficits; doing well in high school at age 17.



Interictal EEG: R fronto-central 
transient sharp waves

(above) wakefulness
(right) asleep

Same patient.
Courtesy Dr. J.P. Appendino



5-year-old girl with parietal FCD IIa. Synaptophysin reveals clusters of neurons as 
irregular nodules in deep white matter but not in U-fibres. Many axons projections 
interconnect nodules but do not extend through U-fibres to overlying cortex: U-fibre
barrier. These findings not shown by H&E or by other histological stains.

Sarnat HB, Hader W, Flores-Sarnat L, Bello-Espinosa L. Synaptic plexi of the U-fibre layer beneath focal cortical 
dysplasias: role in epileptic networks. Clin Neuropathol 2018; 37: 262-276.



Holoprosencephaly (HPE), alobar and semilobar

• Failure of prosencephalic cleavage, so that frontal lobes continuous across midline.

• Absence of corpus callosum and olfactory bulbs; monoventricle.

• Cerebral cortex exhibits abnormal lamination; precocious and patchy synaptogenesis.

• Hippocampi poorly folded and continuous across midline; remain dorsal associated 
with lack of telencephalic flexure to form (no operculum or Sylvian fissure).

• Diencephalic structures non-cleaved (fused) in the midline, especially thalami, with 
obliteration of part or all of 3rd ventricle. 

• If rostro-caudal genetic gradient reaches mesencephalon, aqueductal atresia and 
fusion of collicular plate; mesencephalic neural crest hypoplastic leading to facial 
midline hypoplasia.

• Identification of 14 distinct mutated genes; all can produce similar phenotypes; they 
represent only 25% of all cases genetically studied; trisomy-13 frequent.

• Epilepsy absent in 40%; those infants who do develop seizures often have severe 
infantile epilepsies, such as infantile spasms. Why?



20wk GA fetus with alobar
holoprosencephaly. 47XX (trisomy-13). 

Keratan sulfate; precociousness and
excessive insulation of individual axons.

%



Keratan SO4 in HPE ensheaths individual axons, not just fascicles, 
hyperinsulating them and protecting against epilepsy. KS thus 
may explain why 40% of infants with HPE do not have seizures, 
despite severe cerebral cortical dyslamination. KS envelopment 
of axons occurs many months before myelination begins.

Sarnat HB, Yu W, Flores-Sarnat L. Keratan sulfate…fetuses 
with…holoprosencephaly. Clin Neuropathol 2021;40:70-86.

CONTROL



keratan

synaptophysin

synaptophysin

keratan

20wk GA female fetus with alobar HPE; 46XX
Distribution of KS and synaptophysin in cortex and fused thalami 
do not correspond well, except molecular zone of cortical plate.

Dorsal midline cleft is artifactual collapse of monoventricle.



The hippocampus does not express keratan sulfate until the postnatal 
period, in holoprosencephaly or in normal brain.

holoprosencephaly



Holoprosencephaly: Conclusions Regarding Epilepsy

• Because of precocious synaptogenesis in abnormal cerebral cortex, synaptic 
epileptic circuitry develops early and is conducive to severe infantile epilepsies.

• Keratan sulfate expression also is earlier than controls and ensheaths individual 
axons, providing greater insulation and suppressing epileptic activity, especially 
in the molecular zone where axo-dendritic glutamatergic synapses occur.

• Developmental pattern of expression of keratan sulfate and synaptophysin are 
not the same in cortical plate or thalamus, though keratan is strongly expressed 
in fused thalami, similar to its strong expression in controls.



Down syndrome (trisomy-21 + mosaics)
Despite evidence of cortical dysfunction and structural brain anomalies, the 

incidence of epilepsy is low in neonates, infants and children (6-9%).
But why?



Down syndrome (trisomy-21)
Despite evidence of cortical dysfunction and structural abnormalities, incidence of 

epilepsy is low in neonates, infants and children. Why?
Takashima S, Becker LE, Armstrong DL, Chan F: Abnormal neuronal development in the visual cortex of the human 

fetus and infant with Down’s syndrome: a quantitative and qualitative Golgi study. Brain Res 1981;225:1-21.

.

pericalcarine cortex: fetuses with Down;       4mo control       4mo Down
19wk GA                 42wk GA

In Down syndrome, cortical
apical dendrites are stunted
with fewer spines, postnatally, 
hence fewer axodendritic gluta-
matergic (excitatory) synapses
in molecular zone in particular. 
Axosomatic inhibitory synapses
are unaffected.

Net balance is less 
excitatory and normal 
inhibitory synaptic input, 
favouring suppression of 
epileptic discharges.

Initial fetal
dendritic 
growth no
different than 
in controls.



Another role of keratan sulfate in Down syndrome…

• 9% of children with Down syndrome have keratoconus, a congenital corneal 
dystrophy that distorts the cornea and greatly impairs vision.

• Cornea is the body tissue with the highest concentration of keratan sulfate.

• The metabolic defect in keratoconus is a genetically mutated keratan sulfate.

• Is keratan sulfate also altered in the brains of children with Down syndrome and 
keratoconus? Not studied; under investigation in our laboratory.

normal cornea      keratoconus                                            keratoconus



Another cerebral anomaly in Down syndrome: deep superior temporal 
sulcus that gives an illusion of hypoplasia of superior temporal gyrus.

• The diagnosis of Down syndrome often can be made without clinical or genetic data by 
inspection of the brain at post-mortem examination: a thin superior temporal gyrus 
bilaterally (*), often called “hypoplastic”. 

• Coronal gross sections reveal a superior temporal gyrus (*) of normal size but “buried” 
by an abnormally deep superior temporal sulcus. It is not an epileptogenic aberration.

*
*

*



17-year-old boy with Down syndrome but no epilepsy. Section of occipital lobe with line 
through calcarine fissure; pachygyria at ventral surface and scattered microgyria (*). 
Microscopic sections show tendency to radial micro-columnar architecture, but no 
macrocytic dysmorphic neurons; vertical synaptic columns shown by synaptophysin.
(Courtesy of Prof. Eleonora Aronica, Amsterdam, The Netherlands)

H&E

synaptophysin

*



Isolated agenesis of the corpus callosum

• Isolated callosal agenesis is the most frequent congenital malformation of the brain 
in live-born neonates and children.

• Isolated callosal agenesis is the most benign congenital malformation, causing few 
neurological deficits of motor and cognitive function.

• Isolated callosal agenesis has an incidence of epilepsy only slightly higher than age-
matched controls and does not cause severe infantile epilepsies such as infantile 
spasms. However, there is an increased incidence of autistic spectrum disorder.

• Non-isolated callosal agenesis is associated with many other brain malformations 
and genetic/metabolic syndromes in which prognosis and epilepsy depends upon 
those diseases and not upon agenesis of the corpus callosum.

• Small pyramidal neurons of cortical layer 3 that generate callosal axons are present 
in normal numbers; their axons that cannot traverse the midline to form the corpus 
callosum often find alternative aberrant pathways, such as the bundle of Probst or 
joining the internal capsule. Thus reciprocal interhemispheric communication still 
can occur in most patients.



Isolated agenesis of the corpus callosum, +/- anterior commissure
Incidence of epilepsy only slightly higher than age-matched controls.

(above) normal corpus callosum 
and anterior commissure in 
fetus of 32wk GA.

(right upper) callosal agenesis & 
well formed ant. commissure.

(right lower) agenesis of both 
corpus callosum & anterior 
commissure.

The first pioneer axons from the 
subplate zone traverse the midline at 
7wk GA in the anterior commissure, 
and 10wk GA in the corpus callosum.

Hence genetic expression or a 
pathological process began between 
7 and 10 weeks GA in callosal 
agenesis with intact anterior 
commissure, but before 7 weeks if 
both forebrain commissures absent.

Cortical lamination is normal. 

Timing is a critical in develop-mental 
neuropathology.



Satellitosis: adherence of glial cells (both astrocytes and 
oligodendrocytes) to neuronal somata

• Often occurs at epileptic foci, regardless of presence or absence of structural lesions.

• Non-specific for epilepsy; also occurs in ischaemic encephalopathy, X-irradiation, 
inflammation, around tumours, and many other easily excluded conditions.

• Nevertheless, satellitosis is found in all brain tissue at or near to epileptic foci.

• Because of its non-specificity, many neuropathology reports do not even mention it.

• Some authors consider satellitosis an attempted response to protect the neuron.

• Other authors consider satellitosis as a factor contributing to neuronal degeneration.

Sarnat HB, Flores-Sarnat L, Hader W. Satellite glia in epilepsy: guardian angels or      
assassins of neurons? Proceedings of the XII International Congress of Neuropathology. 
Rome: Medimond. 2010. pp 83-91.

• But how might satellitosis contribute to epilepsy? 



α-B-crystallinGFAPH&E

Satellitosis



Transmission electron microscopy (EM): Normal neuron with satellite cell… 
which occupies an area of the cell surface and displaces axo-somatic (inhibitory) synapses.

The synaptic ratio of
excitatory: inhibitory
synapses thus shifts, 
in favour of excitation.



Dead neurons with floccular cytoplasm and swollen, fragmented organelles, with closely 
apposed well-preserved satellite glial cells in a chronic epileptic focus.

Does satellitosis contribute to causing neuronal death? Are the dying neurons 
hypermetabolic?



α-B-crystallin

• Alpha-B-crystallin is a heat-shock (chaperone) protein widely expressed in the CNS.

• It labels glial cells in white matter and satellite cells in grey matter at the site of 
epileptic foci, often with diminishing gradient 2.5 to 3.0cm away from the focus.

• It is not specific for epilepsy, and also is upregulated in other types of adverse 
events: chronic ischaemia; exposure to cytotoxic drugs of chemotherapy; x-
irradiation; proximity to brain tumours; near to sites of cerebral infarcts.

• α-B-crystallin does not cause seizures, but provides a valuable tissue marker of an 
epileptic focus, regardless of the presence or absence of a structural lesion.

• Sarnat HB, Flores-Sarnat L. α-B-crystallin: a tissue marker of epileptic foci in 
paediatric resections. Can J Neurol Sci 2009;36:566-574.



Resection of parasagittal parieto-occipital epileptic focus in a 7-year-old 
girl born at term, epilepsy since 12 mos of age, normal development. 

cortical grey matter at focus             subcortical white matter at focus       white matter 2.5cm away from focus

α-B-crystallin is a cytoplasmic marker; nuclei are counterstained with haematoxylin.



Genetic mutations that do not cause cerebral dysgenesis
but are, nevertheless, epileptogenic

• Many specific genetic mutations are now identified that are the etiology of 
infantile epilepsies.

• Some genetic mutations alter ion channels of neural plasma membranes.

• Some cause alterations in molecular structure of neurotransmitter receptors or 
transporters.

• Some are specific for either GABAergic or glutamatergic synapses.

• Despite lack of easily recognized malformation of the cerebral cortex in particular, 
these factors are epileptogenic by altering the ratio of excitation vs. inhibition at 
the neuronal level.



Some epilepsies due to a specific genetic mutation are now found to 
have a morphological defect in neurons, if the proper technique is 

used to demonstrate it (not H&E histology).

2021;62:1256-1267



Other examples of loss of dendritic spines, altered neuropil, and 
synaptic reorganization, including astrocytes at synaptic membranes, 
that alter neuronal  excitatory/inhibitory ratios in epileptic conditions

Focal cortical dysplasia type II (defective mTOR pathway)

• abnormal peri-somatic baskets around dysmorphic neurons

• altered neuropil engulfed by glial processes

• changes in glutamatergic and GABAergic axonal terminals

• altered dendritic morphology and spine loss

Rossini L, De Santis D, Maurceri RR, et al. Dendritic pathology, spine loss and synaptic 
reorganization in human cortex from epilepsy patients. Brain 2021;144:251-265.

Aroor A, Brewster AL. Dendritic and spine loss in epilepsy: what seizures got to do with it? 
Epilepsy Currents 2021;21:186-188 (commentary on Rossini et al. 2021).

Shan L, Zhang T,  Fan K, et al. Astrocyte-neuron signalling in synaptogenesis. Front Cell Dev 
Biol – Signaling 2021; in press.



Microglial cells also contribute to regulating neuronal activity 
by negative feedback similar to inhibitory interneurons, shifting 
the ratio toward inhibition > excitation.

• Badimon A, Strasburger HJ, Ayata P, et al. Negative feeback control of 
neuronal activity by microglia. Nature 2020;586:417-423.

• Merlini M, Rafalski VA, Ma K, et al. Microglial G(i)-dependent dynamics 
regulate brain network hyperexcitability. Nature Neurosci 2021;24:19-23.

• Somani A, El-Hachami H, Patodia S, Sisodiya S, Thom M. Regional 
microglial populations in central autonomic brain regions in SUDEP. 
Epilepsia 2021;62:1318-1328.



Subpial resection as a less invasive surgery of epileptic foci

• Subpial resection (or freezing) of the most superficial layers of 
epileptogenic cerebral cortex, rather than a more extensive resection of 
the full thickness of cortex, was popular in the 1990s and early 2000s.

• Now seldom performed because, though it was effective in stopping 
seizures short-term, for a few weeks or months, seizures recurred 
similar to the pre-operative condition. 

• The physiological effect of subpial resection was that resection of the 
molecular zone removed dendrites and axo-dendritic synapses without 
altering axo-somatic synapses, thus shifting the excitatory/inhibitory 
ratio in favour of inhibition, but…

• pyramidal neurons from deep cortical laminae survived and recovered, 
then regenerating their dendritic trees, hence freedom from seizures is 
only transitory.



Conclusions
• Developmental neuropathology in brain malformations not only is diagnostic of the 

type of the dysgenesis, but may provide clues to epileptogenesis.

• The balance or ratio between excitatory and inhibitory synapses helps to determine 
the epileptic discharge potential of individual neurons.

• Some factors that can influence this ratio are: 

1) excitatory short circuitry by fusion of molecular zone of adjacent gyri;

2) keratan sulfate proteoglycan that repels glutamatergic and facilitates       

GABAergic axons to form synapses, and forms a barrier in the U-fibre layer;

3) isolation of deep white matter heterotopia from entering cortical networks;

4) hypoplasia or atrophy of dendritic branches and spines; 

5) abnormal clustering of inhibitory interneurons within cortex and of Cajal-

Retzius neurons in molecular zone that organize cortical plate via Reelin gene.

6) loss of dendrites and spines and synaptic remodeling

7) satellitosis of neurons that reduces area of axosomatic inhibitory synapses.



“The pathologist has the last word”, and the last words are… 
Neuropathology provides novel data and a perspective in epilepsy that compliment 

clinical examination, neuroimaging, neurophysiology, neuropsychology and genetics,       
especially in malformations of the brain.

MERCI!          THANK YOU!          ¡GRACIAS!

harvey.sarnat@albertahealthservices.ca

Santiago Ramón y Cajal at home 
with daughter Paola, circa 1910
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