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Type | lissencephaly is a neuronal migration disorder caused by haploinsufficiency of the PAFAHIBI (mouse: Pafah[bl) gene and
is characterized by brain malformation, developmental delays, and epilepsy. Here, we investigate the impact of Pafah/bl
mutation on the cellular migration, morphophysiology, microcircuitry, and transcriptomics of mouse hippocampal CAl
parvalbumin-containing inhibitory interneurons (PV + INTs). We find that WT PV + 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 + INTs and results in the emergence of a noncanonical
“intermediate spiking (IS)” subset of PV + 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 + 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,' yet how MCD causes
epilepsy is not understood.* 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 PAFAHIBI (also known as LIS7) which
encodes an enzyme that regulates microtubule dynamics of
migrating neurons during cerebral cortex development.”® Mice
with heterozygous deletion of Pafahlbl 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 Pafahlbl mutant mice.”®
However, there is a broad diversity of interneurons of the

hippocampus.’ Furthermore, it remains unclear if observed
changes in inhibition are due to cell autonomous effects of
Pafah1b] 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,'® including synchronization of large-scale
oscillations.” In this study, Ekins et al'' examined
hippocampal PV-INs across multiple levels of analysis in the
Pafahib] heterozygous deletion mouse model of lissencephaly
to determine the effect of loss of Pahalbl 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 Pafahibl in all cells
(“GlobalLis”), in only pyramidal neurons (“EmxLis,” using
Emx1-Cre mice), or only in interneurons derived from the
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medial ganglionic eminence (NkxLis, using Nkx2.1-Cre mice,
which includes PV-INs). Both the global and pyramidal
neuron-specific Pafahlbl 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 Pafahlbl 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 Pafahibl
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 Pafahlbl
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 Pafahlbl 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
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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 Pafahlb] is doing in inter-
neurons to disrupt their migration, post-migratory integration,
and structural and physiological development and function, and
when expression of Pafahibl is required. It would be of inter-
est to disrupt Pafahlbl 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 Pafahlbl 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,
Pafahlbl 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 Pafahlbl 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,'* or augmenting function of existing inter-
neurons (such as with optogenetics, chemogenetics or cell
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type—specific small molecules), could be viable potential ther-
apeutic approaches.
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