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The Course of Inhibition Never Did Run
Smooth: Parvalbumin Interneuron
Dysfunction in a Mouse Model
of Lissencephaly

Emergence of Non-Canonical Parvalbumin-Containing Interneurons in Hippocampus of a Murine Model of
Type I Lissencephaly

Ekins TG, Mahadevan V, Zhang Y, et al. eLife. 2020;9:e62373.

Type I lissencephaly is a neuronal migration disorder caused by haploinsufficiency of the PAFAH1B1 (mouse: Pafah1b1) gene and
is characterized by brain malformation, developmental delays, and epilepsy. Here, we investigate the impact of Pafah1b1
mutation on the cellular migration, morphophysiology, microcircuitry, and transcriptomics of mouse hippocampal CA1
parvalbumin-containing inhibitory interneurons (PV þ INTs). We find that WT PV þ INTs consist of 2 physiological subtypes
(80% fast-spiking, 20% non-fast-spiking [NFS]) and 4 morphological subtypes. We find that cell-autonomous mutations within
interneurons disrupts morphophysiological development of PV þ INTs and results in the emergence of a noncanonical
“intermediate spiking (IS)” subset of PV þ INTs. We also find that now dominant IS/NFS cells are prone to entering depo-
larization block, causing them to temporarily lose the ability to initiate action potentials and control network excitation,
potentially promoting seizures. Finally, single-cell nuclear RNAsequencing of PV þ INTs revealed several misregulated genes
related to morphogenesis, cellular excitability, and synapse formation.

Commentary

Malformations of cortical development (MCD) are associated

with a high incidence of epilepsy and are a major cause of

treatment-resistant pediatric epilepsy,1-3 yet how MCD causes

epilepsy is not understood.4 Lissencephaly is a form of MCD

defined by a “smooth brain” due to impaired gyrification of the

cerebral cortex; this condition is largely due to genetic causes,

the most common of which being heterozygous deletion of or

pathogenic variant in PAFAH1B1 (also known as LIS1) which

encodes an enzyme that regulates microtubule dynamics of

migrating neurons during cerebral cortex development.5,6 Mice

with heterozygous deletion of Pafah1b1 display abnormal

structural organization of the brain (particularly of the hippo-

campus), lowered seizure threshold, and learning impairment.

Although the immediately obvious structural brain abnormal-

ities characteristic of lissencephaly in humans arise from

abnormal migration of the excitatory principal neurons, deficits

in inhibition may also contribute to hyperexcitability and sei-

zures. Previous work in animal models also demonstrated

abnormal migration of hippocampal GABAergic inhibitory

interneurons and deficits in synaptic inhibition onto both inter-

neurons and excitatory neurons in Pafah1b1 mutant mice.7,8

However, there is a broad diversity of interneurons of the

hippocampus.9 Furthermore, it remains unclear if observed

changes in inhibition are due to cell autonomous effects of

Pafah1b1 loss in interneurons or are the consequence of migra-

tion into and development within an abnormal circuit scaffold.

Parvalbumin-expressing interneurons (PV-INs) are a key

cell type implicated in the pathophysiology of multiple epi-

lepsy syndromes and other neurodevelopmental disorders.

PV-INs have distinct properties such as high-frequency

spiking, fast inhibitory control over target neuron action

potential generation, and potent feedforward inhibition

essential to their role as critical regulators of neuronal

network function,10 including synchronization of large-scale

oscillations.9 In this study, Ekins et al11 examined

hippocampal PV-INs across multiple levels of analysis in the

Pafah1b1 heterozygous deletion mouse model of lissencephaly

to determine the effect of loss of Paha1b1 on the migration,

integration, cellular anatomy, and synaptic function of these

cells, and whether any alterations occurred via cell

autonomous or noncell autonomous mechanisms.

The authors used cell type–specific Cre driver mouse lines

to create mice with heterozygous loss of Pafah1b1 in all cells

(“GlobalLis”), in only pyramidal neurons (“EmxLis,” using

Emx1-Cre mice), or only in interneurons derived from the
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imaging biomarker for secondary generalization of seizures.

However, the study methods and data/result presentation are

complicated and require some attention before we dive deeper

into the discussion of the results.

The authors present data of a large but overall heteroge-

neous group of TLE patients—MRI-negative patients, patients

with hippocampal sclerosis, dysembryoplastic neuroepithelial

tumors, and cavernomas. While not necessarily a major prob-

lem, combining all these groups prior to showing that their

task-related fMRI activations are not different (and that thala-

mic activations are not different) creates a potential confounder

that is not addressed in the study. Further, they utilize their “go-

to” fMRI task—verb fluency—to assess language lateralization

including thalamic involvement in the task. However, since

there is no performance tracking with this covert task, there

is no way of knowing how well the participants performed the

task and how performance on the task influenced the observed

fMRI activations. To offset this, they tested letter fluency as

part of their neuropsychological battery—there were some

group differences including significant differences between left

TLE with and without generalized seizures.

In the primary analysis, they compared fMRI activation

patterns in patients with FBTCS within the last year to patients

with no FBTCS (ie, only with focal seizures [FS]) in the last

year to find that the activation patterns were different between

the groups with higher fMRI activation and more leftward

activation in patients with FS including differences in thalami.

Of interest is the fact that some of the peak activations fell into

the anterior thalamic nuclei that, as we all know, are the target

of deep brain stimulation. In the post hoc analyses, they showed

that FS patients’ thalamic activations were similar to healthy

controls performing the same task but active FBTCS partici-

pants had overall lower thalamic activations when compared to

either of those two groups. Important is that having FBTCS in

the last year was the most significant determinant of thalamic

activation. The study would be very easy to understand and

interpret had they stopped their analyses here. However, the

authors performed several useful but very complicated analyses

that undoubtedly make the interpretation of the results difficult.

These additional, in-part confirmatory in-part follow-up anal-

yses are psychophysiologic interaction, graph theory, and

receiver operating characteristic (RUC) curve analyses. The

understanding and interpretation of these analyses is neither

intuitive nor simple. While disentangling these analyses is not

part of this commentary, for the purpose of better understand-

ing their approach, we can briefly state that psychophysiologic

interaction is a between regions connectivity analysis for fMRI

data that is context-dependent. Graph theory analysis, as

explained previously in great detail,5 allows mathematical

analysis and description of complex systems using terms such

as “hubs,” “centrality,” and “betweenness.” Finally, the term

ROC—probably most recognized by neurologists—is a binary

classifier that allows diagnostic discrimination between groups.

These analyses show that, in patients with active FBTCS, there

is greater context-dependent thalamo-temporal and thalamo-

motor connectivity, higher thalamic degree and betweenness

centrality, and that ROC curves discriminate well between

individuals with and without active FBTCS. These findings

also indicate that having active FBTCS changes the brain more

than having FS alone and that the presence and the degree of

the changes may be used as a biomarker for disease severity.

As complicated as these analyses are, the authors provide

meticulous description of the procedures performed and of the

results in the main body of the manuscript with additional

details included in the supplement. However, more important

are implications of this study. Since fMRI has been a mainstay

of presurgical language and verbal memory evaluation for

years,6 most epilepsy centers obtain fMRI as part of their pre-

surgical patient staging protocol. However, we cannot expect

that psychophysiologic interaction, graph theory, and ROC

curve analyses of the task-related fMRI data will be performed

in the course of such evaluation. Rather, what the study shows

is that the task fMRI data can be used not only to perform a

rather simplistic analysis of language lateralization but also to

identify the negative effects of pathophysiology (here seizures)

on brain networks. Whether independently or in combination

with other measures (eg, functional connectivity or thalamic

stereoelectroencephalography), future research could teach us

if/how such results could be applied to evaluating disease

severity, staging in presurgical evaluation, predicting out-

comes, or deciding the treatment approaches (eg, resection vs

implantable devices).

Perhaps more importantly, these findings teach us some-

thing about the disease itself. They provide information about

the pathophysiology of temporal lobe seizures, about the

negative effects of seizures not only on local but also on

remote executive brain regions (ie, confirm the proposed a

long-time ago “nociferous cortex hypothesis”7), and outline the

negative effects of FBTCS on brain connectivity and pathways

of information transfer. While previously such negative effects

have been documented in resting-state studies, this effort

extends those findings to cognitive tasks and task-based con-

nectivity. This study shows that the task data can be used not

only to localize and lateralize brain functions but also to mea-

sure the effects of the disease on brain networks and its

severity.
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7. Sillanpää M, Anttinen A, Rinne JO, et al. Childhood-onset epi-

lepsy five decades later. A prospective population-based cohort

study. Epilepsia. 2015;56(11):1774-1783.

8. Reyes A, Kaestner E, Edmonds EC, et al. Diagnosing cognitive

disorders in older adults with epilepsy. Epilepsia. 2021;62(2):

460-471.

9. Lopinto-Khoury C, Mintzer S. Antiepileptic drugs and markers of

vascular risk. Curr Treat Options Neurol. 2010;12(4):300-308.

10. Mintzer S, Skidmore CT, Abidin CJ, et al. Effects of antiepileptic

drugs on lipids, homocysteine, and C-reactive protein. Ann

Neurol. 2009;65(4):448-456.

11. Mintzer S, Maio V, Foley K. Use of antiepileptic drugs and lipid-

lowering agents in the United States. Epilepsy Behav. 2014;34:

105-108.

12. Sanchez PE, Zhu L, Verret L, et al. Levetiracetam suppresses

neuronal network dysfunction and reverses synaptic and cognitive

deficits in an Alzheimer’s disease model. Proc Natl Acad Sci

U S A. 2012;109(42):E2895-E2903.

164 Epilepsy Currents 21(3)

medial ganglionic eminence (NkxLis, using Nkx2.1-Cre mice,

which includes PV-INs). Both the global and pyramidal

neuron-specific Pafah1b1 mutant mice exhibited abnormal

lamination in the hippocampus, while cytoarchitecture was

preserved in the interneuron-specific mutant. However, that the

laminar organization of PV-INs was similarly disrupted in all

3 mouse lines indicated that loss of Pafah1b1 has both cell

autonomous and nonautonomous effects on the migration of

PV-INs. The observation in the EmxLis mice is consistent with

the serial migration of first pyramidal cells followed by inter-

neurons at later developmental time points, with late migration

and integration of interneurons being dependent on signaling

cues from pyramidal cells or upon the earlier formation of a

normal pyramidal cell scaffold.

Next, the authors examined the morphology and physiology

of PV-INs in the GlobalLis mice. They found that approxi-

mately half of PV-INs in the GlobalLis mice had properties

characteristic of normal PV-INs observed in wild type (WT)

animals; however, the other half exhibited abnormal properties

including loss of high-frequency action potential firing and

progression to depolarization block during repetitive firing in

response to current injection. These PV-INs also had disorga-

nized axonal branching, extending outside of the pattern typical

for these cells, but normal dendritic morphology. In compari-

son to the effects on neuronal migration, these physiologic and

morphologic differences occurred only with loss of Pafah1b1

in interneurons. PV-INs had normal morphology and

physiology in the EmxLis mice.

Disruption in axonal morphology as well as physiologic

properties of PV-INs can result in downstream effects on the

inhibition of excitatory neurons. Accordingly, PV:pyramidal

cell synapses in hipoocampus were less reliable in the Global-

Lis mouse only when the presynaptic PV cell had impaired

physiology. The affected PV-INs also received less excitatory

input themselves, suggesting that, in addition to less reliable

inhibition of pyramidal cells, PV-INs will be recruited less

effectively for feedforward inhibition.

Finally, single-cell RNA sequencing (scRNAseq) was used

to assess the large-scale transcriptomic impact of the Pafah1b1

mutation. Affected transcripts identified as altered include

genes involved in interneuron migration such as cell adhesion

molecules as well as elements of intracellular signaling path-

ways. Although genes for several ion channels that could alter

PV-IN excitability were dysregulated, the potassium and

sodium channels which underlie the high-frequency firing of

PV-INs were not affected. However, the scRNAseq profiles

were derived from all hippocampal PV interneurons in the

GlobalLis mouse, and hence an effect specific to the abnormal

PV-INs could have been washed out.

Overall, this work highlights the cellular- and microcircuit-

level abnormalities in lissencephaly in an experimental model

system in impressive detail. Although the Pafah1b1 mutant

mice have neuronal migration defects and recapitulate some

albeit nonspecific phenotypes of human lissencephaly such as

impaired performance on various learning paradigms, this dis-

ease model has several limitations. First, the mouse brain is

lissencephalic to begin with. Additionally, these mice do not

have epilepsy per se; while the mutant mice do have lowered

seizure threshold, the need to use evoked seizure models com-

plicates the interpretation of the applicability of these findings

toward the question of how interneuron pathology in lissence-

phaly might contribute to epilepsy. Despite these limitations, it

would be interesting to compare the propensity for seizures and

learning deficits in GlobalLis, interneuron specific, and pyra-

midal cell-specific mutant mice, with the hypothesis that

disruptions to PV-IN mediated inhibition in the interneuron-

specific mutant mice would be sufficient to lower seizure

threshold.

Another question relates to what Pafah1b1 is doing in inter-

neurons to disrupt their migration, post-migratory integration,

and structural and physiological development and function, and

when expression of Pafah1b1 is required. It would be of inter-

est to disrupt Pafah1b1 in PV-INs under temporal control (such

as with a tetracycline-responsive element or a tamoxifen-

inducible Cre). This experiment might allow for separation of

a role for Pafah1b1 in interneuron migration versus post-

migratory integration versus electrophysiologic and synaptic

function.

An intriguing question is why some PV-INs continue to

develop typical morphology, physiology and synaptic proper-

ties, while others are dramatically impaired. The authors

hypothesize that differences from cell to cell in birth date,

Pafah1b1 protein levels during development, or excitatory

input to interneurons post-migration could underlie this varia-

bility. Understanding what makes certain cells resilient versus

vulnerable to the deleterious effects of the Pafah1b1 mutation

could lead to identification of potential therapeutic targets for

manipulating interneuron function, which could have broad

impact in developmental epilepsies beyond lissencephaly.

The inciting events in lissencephaly occur prenatally and

lead to what may be irreversible brain malformation. Preven-

tative therapies would require detection of a known pathogenic

or predicted pathogenic variant and intervention prior to for-

mation of the cerebral cortex. The study by Ekins et al high-

lights the possibility that postnatal interventions directed at

interneuron function could remain efficacious, perhaps by

compensation or rebalancing abnormal circuits to improve epi-

lepsy or cognition. This approach may be particularly relevant

to PV-INs, which have a delayed and prolonged developmental

trajectory compared to other cell types including significant

postnatal development. However, it is not known whether there

may be critical periods for such intervention and to what extent

cellular, circuit and ultimately behavioral function could be

modulated. Stated simply, epilepsy in lissencephaly could be

due to interneuron dysfunction in addition to or rather than the

structural brain malformation itself, which would have impor-

tant implications for therapy. Tools for cell type–specific or

global rescue of genetic perturbations (such as using

CRISPR/Cas9), replacement of dysfunctional interneurons via

cell transplantation,12 or augmenting function of existing inter-

neurons (such as with optogenetics, chemogenetics or cell

2 Epilepsy Currents
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imaging biomarker for secondary generalization of seizures.

However, the study methods and data/result presentation are

complicated and require some attention before we dive deeper

into the discussion of the results.

The authors present data of a large but overall heteroge-

neous group of TLE patients—MRI-negative patients, patients

with hippocampal sclerosis, dysembryoplastic neuroepithelial

tumors, and cavernomas. While not necessarily a major prob-

lem, combining all these groups prior to showing that their

task-related fMRI activations are not different (and that thala-

mic activations are not different) creates a potential confounder

that is not addressed in the study. Further, they utilize their “go-

to” fMRI task—verb fluency—to assess language lateralization

including thalamic involvement in the task. However, since

there is no performance tracking with this covert task, there

is no way of knowing how well the participants performed the

task and how performance on the task influenced the observed

fMRI activations. To offset this, they tested letter fluency as

part of their neuropsychological battery—there were some

group differences including significant differences between left

TLE with and without generalized seizures.

In the primary analysis, they compared fMRI activation

patterns in patients with FBTCS within the last year to patients

with no FBTCS (ie, only with focal seizures [FS]) in the last

year to find that the activation patterns were different between

the groups with higher fMRI activation and more leftward

activation in patients with FS including differences in thalami.

Of interest is the fact that some of the peak activations fell into

the anterior thalamic nuclei that, as we all know, are the target

of deep brain stimulation. In the post hoc analyses, they showed

that FS patients’ thalamic activations were similar to healthy

controls performing the same task but active FBTCS partici-

pants had overall lower thalamic activations when compared to

either of those two groups. Important is that having FBTCS in

the last year was the most significant determinant of thalamic

activation. The study would be very easy to understand and

interpret had they stopped their analyses here. However, the

authors performed several useful but very complicated analyses

that undoubtedly make the interpretation of the results difficult.

These additional, in-part confirmatory in-part follow-up anal-

yses are psychophysiologic interaction, graph theory, and

receiver operating characteristic (RUC) curve analyses. The

understanding and interpretation of these analyses is neither

intuitive nor simple. While disentangling these analyses is not

part of this commentary, for the purpose of better understand-

ing their approach, we can briefly state that psychophysiologic

interaction is a between regions connectivity analysis for fMRI

data that is context-dependent. Graph theory analysis, as

explained previously in great detail,5 allows mathematical

analysis and description of complex systems using terms such

as “hubs,” “centrality,” and “betweenness.” Finally, the term

ROC—probably most recognized by neurologists—is a binary

classifier that allows diagnostic discrimination between groups.

These analyses show that, in patients with active FBTCS, there

is greater context-dependent thalamo-temporal and thalamo-

motor connectivity, higher thalamic degree and betweenness

centrality, and that ROC curves discriminate well between

individuals with and without active FBTCS. These findings

also indicate that having active FBTCS changes the brain more

than having FS alone and that the presence and the degree of

the changes may be used as a biomarker for disease severity.

As complicated as these analyses are, the authors provide

meticulous description of the procedures performed and of the

results in the main body of the manuscript with additional

details included in the supplement. However, more important

are implications of this study. Since fMRI has been a mainstay

of presurgical language and verbal memory evaluation for

years,6 most epilepsy centers obtain fMRI as part of their pre-

surgical patient staging protocol. However, we cannot expect

that psychophysiologic interaction, graph theory, and ROC

curve analyses of the task-related fMRI data will be performed

in the course of such evaluation. Rather, what the study shows

is that the task fMRI data can be used not only to perform a

rather simplistic analysis of language lateralization but also to

identify the negative effects of pathophysiology (here seizures)

on brain networks. Whether independently or in combination

with other measures (eg, functional connectivity or thalamic

stereoelectroencephalography), future research could teach us

if/how such results could be applied to evaluating disease

severity, staging in presurgical evaluation, predicting out-

comes, or deciding the treatment approaches (eg, resection vs

implantable devices).

Perhaps more importantly, these findings teach us some-

thing about the disease itself. They provide information about

the pathophysiology of temporal lobe seizures, about the

negative effects of seizures not only on local but also on

remote executive brain regions (ie, confirm the proposed a

long-time ago “nociferous cortex hypothesis”7), and outline the

negative effects of FBTCS on brain connectivity and pathways

of information transfer. While previously such negative effects

have been documented in resting-state studies, this effort

extends those findings to cognitive tasks and task-based con-

nectivity. This study shows that the task data can be used not

only to localize and lateralize brain functions but also to mea-

sure the effects of the disease on brain networks and its

severity.
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