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Ste20-like Kinase Is Critical for Inhibitory Synapse
Maintenance and Its Deficiency Confers a Developmental
Dendritopathy
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The size and structure of the dendritic arbor play important roles in determining how synaptic inputs of neurons are converted to
action potential output. The regulatory mechanisms governing the development of dendrites, however, are insufficiently understood.
The evolutionary conserved Ste20/Hippo kinase pathway has been proposed to play an important role in regulating the formation
and maintenance of dendritic architecture. A key element of this pathway, Ste20-like kinase (SLK), regulates cytoskeletal dynamics in
non-neuronal cells and is strongly expressed throughout neuronal development. However, its function in neurons is unknown. We
show that, during development of mouse cortical neurons, SLK has a surprisingly specific role for proper elaboration of higher, >
third-order dendrites both in male and in female mice. Moreover, we demonstrate that SLK is required to maintain excitation-inhibi-
tion balance. Specifically, SLK knockdown caused a selective loss of inhibitory synapses and functional inhibition after postnatal day
15, whereas excitatory neurotransmission was unaffected. Finally, we show that this mechanism may be relevant for human disease,
as dysmorphic neurons within human cortical malformations revealed significant loss of SLK expression. Overall, the present data
identify SLK as a key regulator of both dendritic complexity during development and inhibitory synapse maintenance.
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Significance Statement

We show that dysmorphic neurons of human epileptogenic brain lesions have decreased levels of the Ste20-like kinase (SLK).
Decreasing SLK expression in mouse neurons revealed that SLK has essential functions in forming the neuronal dendritic tree
and in maintaining inhibitory connections with neighboring neurons.

Introduction

In the developing brain, neurons form intricately branched den-
dritic arbors. Their topology and morphology profoundly affect
signal integration at dendrites (Mainen and Sejnowski, 1996;
Schaefer et al., 2003; Ferrante et al., 2013). Usually, the extent of
branching of the dendritic tree correlates with the number and
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distribution of competing excitatory and inhibitory inputs that
the neuron can receive and process (Megias et al., 2001). This
suggests that both the branching pattern of dendrites as well as
dendritic synapse distribution must be precisely regulated (Katz
et al., 2009; Warren et al., 2012; Kerrisk et al., 2013; Menon et al.,
2013).

The dynamic and coordinated assembly and disassembly of
the actin and microtubule cytoskeleton underlie dendritic out-
growth and branching and are regulated by the phosphorylation
status of its components (Sfakianos et al., 2007; Arikkath and
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Reichardt, 2008; Jan and Jan, 2010). Several members of the
Ste20/Hippo kinase family have been shown to be critically
involved in the establishment of neuronal morphology and syn-
apse formation, such as TAOK1/2, MINK, TNIK, MSN, and
MST3Db for spine synapse development in hippocampal cultures
(Ultanir et al., 2014), and Hippo for dendritic tiling in
Drosophila (Emoto et al., 2006). Ste20-like kinase (SLK) is a
highly conserved mammalian member of the Ste20-kinase family
with a pronounced expression in the developing brain (Zhang et
al., 2002). SLK has been shown to control multiple aspects of
cytoskeletal dynamics, including the orientation of microtubules,
F-actin polymerization, and the actin-microtubule interplay in
non-neuronal cells (Sabourin and Rudnicki, 1999; Sabourin et
al., 2000; Wagner et al.,, 2002). In migrating fibroblasts, cross talk
between actin and microtubules occurs at integrin-31 contain-
ing signaling complexes at the leading edge. A role for SLK in
regulating the turnover of this complex has been suggested
(Wagner et al., 2002). Therefore, in non-neuronal cells, SLK is a
key regulator of growth and migration as well as of focal adhe-
sion turnover (Sabourin and Rudnicki, 1999; Sabourin et al,,
2000; Wagner et al., 2002, 2008; Quizi et al., 2013). Accordingly,
constitutive SLK KO mice die during embryonic development
and show marked developmental defects (Al-Zahrani et al,, 2013,
2014). However, SLK’s role in neurons, in particular during de-
velopment, is still unresolved.

Here, we demonstrate a critical and highly selective role for
SLK-mediated phosphorylation in regulating the formation of
the distal compartment of the dendritic tree and the stability of
inhibitory synapses. Functionally, this manifests in an impaired
inhibition in SLK-deficient neurons. A loss of SLK in dysmor-
phic neurons of epileptogenic lesions indicates a potential role in
human disease.

Materials and Methods

Ethical approvals. Informed and written consent for additional stud-
ies was given from patients included in this research project (for details,
see Table 1). Procedures were conducted in accordance to the Helsinki
Declaration and were approved by the local University of Bonn Medical
Center ethics committee.

All animal studies were approved and performed in accordance to
guidelines and regulations set forth by the local ethics committee and in
accordance with the European Community Council Directive of
November 24, 1986 (86/609/EEC). Animals were housed under con-
trolled conditions (12 h light-dark cycle, temperature 22 = 2°C and hu-
midity 55 * 10%) with food and water ad libitum.

Cell culture and transfection procedures. HEK293T cells were cul-
tured in DMEM (Invitrogen) supplemented with 10% FCS and 1% peni-
cillin-streptomycin at 37°C in 5% CO, at a density of 70% confluency in
24-well plates. Cells were transfected 24 h later via calcium phosphate
precipitation as described previously (van Loo et al,, 2012; Grote et al,,
2016) and harvested after 48 h.

Primary cortical neurons were dissected from E17-E19 mouse brains
(van Loo et al., 2012; Alvarez-Baron et al., 2013; Grote et al., 2016) and
plated at high density on poly-D-lysine-coated (0.01%) 24-well glass
cover slips in NeuroBasal medium (Invitrogen) complemented with B27
and L-glutamine. Two to four days later (DIV2-DIV4), cortical neurons
were transfected using calcium phosphate (Kohrmann et al., 1999; Grote
et al,, 2016) with either the SLK expression plasmids, the short hairpin
RNA (shRNA) vectors alone or together with the shRNA-resistant res-
cue plasmids. For analysis of SLK’s subcellular localization, mRFP and
the expression regulated GFP-fused FingRs (fibronectin intrabodies gen-
erated with mRNA display) that bind to endogenous PSD95 or gephyrin
with high affinity (pCAG_PSD95.FingR-eGFP-CCR5TC: AddGene plas-
mid #46 295 and pCAG_GPHN.FingR-eGFP-CCR5TC: AddGene
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Table 1. Patient information’

Age (yr) Postsurgical outcome: Medication
ID Lesion at surgery Sex ILAE classification with AED
1 GG 34 F NA NA
2 GG 9 M 1 No
3 GG 37 F 4 NA
4 GG 14 M 1 No
5 GG 38 M 1 Yes
6 GG 12 M 1 Yes
7 GG 17 F 3 NA
8 GG 31 M 3 NA
9 FCDIIb 48 M 1 NA
10 FCDIIb 4 F 1 NA
1 FCDIIb 71 M 1 No
12 FCDIIb 47 M NA NA
13 FCDIIb 44 M 3 Yes
14 FCDIIb 31 M 3 Yes
15 FCDIIb 20 M NA NA
16 FCDIIb 22 M NA NA
17 FCDIIb 20 M 5 NA
18 FCDIIb 33 F NA NA

“Surgical tissue from GGs (WHO Grade 1) and FCDIIb were obtained from male (M) and female (F) patients.
ILAE, International League Against Epilepsy; AED, antiepileptic drugs.

plasmid #46 296 were a gift from Don Arnold) (Gross et al., 2013) were
cotransfected. Neurons were fixed in 4% PFA at DIV14 for dendrite
number and immunolabeling experiments or at DIV21 for SLK localiza-
tion analysis.

Adeno-associated virus (AAV) production. For recombinant AAV
(rAAV2/8) production, HEK293T cells were grown to 80% confluency
and plated onto 15cm dishes (Greiner); 24 h later, the cells were trans-
fected with the respective pAAV plasmid, helper plasmids encoding rep
and cap genes (pRV1 and pH21), and adenoviral helper pFA6 using the
calcium phosphate method. At 48-72 h after transfection, cells were lysed
in 0.5% sodium deoxycholate (Sigma) and 50 U/ml Benzonase endonu-
clease (Sigma), and rAAV viruses were purified using HiTrap heparin
column purification (GE Healthcare). rAAV particles were concentrated
to a final volume of 400pul by Amicon Ultra Centrifugal Filters
(Millipore) (van Loo et al., 2015).

Protein separation and Western blot. Protein-expressing HEK293T
cells were harvested in PBS 48 h after transfection and pelleted. Cells
were resuspended in lysis buffer (4 mm HEPES, 150 mm NaCl, 1%
Triton X-100, protease inhibitor cocktail (cOmplete Roche)), sonicated
for 2 s, and cell debris was pelleted. Protein concentration in the super-
natant was determined at the NanoDrop (ND-100); 50 ug/sample was
mixed with 6x Laemmli buffer (Tris-hydrochloride 378 mm, 30% glyc-
erol, 12% SDS, 0.06% Bromophenol blue, 10% /3-mercaptoethanol),
denatured at 95°C for 5min, and separated by SDS-PAGE. Afterward,
proteins were transferred to a nitrocellulose membrane, which was
blocked in 3% fish gelatin subsequently. Primary antibodies mouse anti-
B-Actin (1:10,000, Abcam) and rabbit anti-SLK (1:800, generous dona-
tion by Prof. Luc Sabourin, Ottawa Hospital Research Institute) were
incubated for 2-3 h at room temperature. After three washing steps, fluo-
rescently labeled IRDye anti-mouse 800 nm or IRDye anti-rabbit 680 nm
IgG (LI-COR) was incubated for 45min in a dilution of 1:20,000 and
detected with the infrared Odyssey system (LI-COR Biosciences). Band
intensity was quantified with Image].

Generation of constructs. cDNAs for mouse kinase-dead SLK (K63R;
kindly provided by Prof. Luc Sabourin, Ottawa Hospital Research
Institute), mouse SLK (mSLK), and mutated human shRNA-resistant
SLK (hSLK) were amplified from plasmids and ligated into the pB-
CAG-GFP and/or pB-CAG-mCherry plasmids kindly provided by Joe
LoTurco (University of Connecticut) into Xmal and Agel (mSLK) or
EcoRI and Agel (hSLK) restriction sites, respectively. Corresponding
shRNAs were designed based on sequences in the RNAi Codex database
(Olson et al.,, 2006), ordered as oligonucleotides from Invitrogen, and
annealed in 100 mum Tris, pH 7.5, 1 M NaCl, and 10 mm EDTA solution
for 10min at 95°C. Afterward, samples were slowly cooled down to
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Table 2. Cloning primers”
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Primers 5'-3" sequence

mSLK-GFP-fw GCGCCCGGGATGTCCTTCTTCAATTTCCGTAAG
mSLK-GFP-rev GCGACCGGTCCTGACCCAGTGGAATGTAAG
mSLK-mCherry-fw GCGCCCGGGATGTCCTTCTTCAATTTCCGTAAG
mSLK-mCherry-rev GCGACCGGTCCTGACCCAGTGGAATGTAAG
hSLK-GFP-fw GCGGAATTCACCATGTCCTTCTTCAATTTCCGTAAGA
hSLK-GFP-rev ACCGGTTGATCCGGTGGAATGCAAGC
hSLK-mCherry-fw GCGGAATTCACCATGTCCTTCTTCAATTTCCGTAAGA

hSLK-mCherry-rev

shRNA against SLK for pAAV plasmids: shSLK-fw
shSLK for pAAV plasmids: shSLK-rev

shSLK for pLVTHM plasmids: shSLK-fw

shSLK for pLVTHM plasmids: shSLK-rev

ACCGGTTGATCCGGTGGAATGCAAGC
GATCTCGGGTTGAGATTGACATATTAATAGTGAAGCCACAGATGTATTAATATGTCAATCTCAACCTTTTGGAAA
AGCTTTTCCAAAAGGTTGAGATTGACATATTAATACATCTGTGGCTTCACTATTAATATGTCAATCTCAACCCGA
(GCGTGGTTGAGATTGACATATTACTCGAGTAATATGTCAATCTCAACCTTTTTTAT
C(GATAAAAAAGGTTGAGATTGACATATTACTCGAGTAATATGTCAATCTCAACCA

“The primer pairs were designed to clone constructs used in this study. fw, forward primer; rev, reverse primer.

room temperature and inserted into the vectors pAAV-U6-shRNA-
CBA-hrGFP/pAAV-U6-shRNA-CBA-mRFP (rAAV; hrGFP; mRFP) or
pLVTHM-mRFP (Lentivirus; mRFP) via BamHI and HindIII or Mlul
and Clal restriction sites, respectively. All primer pairs, including restric-
tion enzyme recognition sequences used in this study, are listed in Table
2.

Immunohistochemistry. For coimmunofluorescence analysis, brains
from in utero electroporated and perfused mice were collected at post-
natal day (P) 30-40 and cut to 80 um slices on a Microm HM 650V
vibratome (Thermo Fisher Scientific). Afterward, brain slices were
washed in 0.1% Triton X-100 PBS solution and blocked with 0.1%
Triton X-100, 0.1% Tween 20, and 4% BSA in TBS, pH 7.7, for 1 h. This
was followed by an overnight incubation with primary antibodies mouse
anti-NeuN (1:300, Millipore), rabbit anti-GFAP (1:400, Sigma), or rabbit
anti-SLK (1:800, generous donation by Prof. Luc Sabourin, Ottawa
Hospital Research Institute) at 4°C. After three washing steps, brains
were incubated with secondary fluorescently labeled antibodies
AlexaFluor-647 and -405 (Invitrogen) for 1 h and mounted on glass
slides with vectashield (Vector Laboratories).

For immunofluorescence analyses of ganglioglioma (GG) and focal
cortical dysplasia Type IIb (FCDIIb) tissue diagnosed according to the
current WHO classification by an experienced neuropathologist (A.]J.B.)
(Louis et al., 2007), we used paraffin sections. We identified tumor or
lesion versus adjacent nontumor or nonlesioned “control” CNS tissue
based on H&E staining. Paraffin was removed via a xylol-alcohol series.
Afterward, the sections were microwaved for permeabilization in 0.1 M
citric buffer for 20 min. Slices were then blocked in 10% FCS and 1%
NGS in PBS for 2 h at 37°C, followed by an overnight incubation with
primary antibodies mouse anti-microtubule-associated protein 2 (MAP-
2) (1:400, Millipore), chicken anti-vimentin (1:2000, Millipore), and rab-
bit anti-SLK (1:800, generous donation by Prof. Luc Sabourin, Ottawa
Hospital Research Institute) at room temperature. After washing 3 times
with 0.1% Triton X-100 in PBS, sections were incubated for 2 h at 37°C
with secondary antibodies AlexaFluor-647, -488, and -405 (1:200) and
then mounted with corbit (Eukitt) mounting medium.

For immunofluorescence analysis of transfected primary cortical
neurons at DIV14 or DIV21, cells were fixed with 4% PFA for 15 min,
washed 3 times with PBS, incubated for 10 min with 0.3% Triton X-100,
and subsequently treated with blocking solution (0.1% Triton X-100, 1%
FCS, 10% BSA in PBS) for 1 h. Neurons were then incubated overnight
with primary antibodies against mouse MAP-2 (1:200, Millipore) or SLK
(1:800, generous donation by Prof. Luc Sabourin, Ottawa Hospital
Research Institute) at 4°C. After washing with PBS, secondary antibodies
against mouse AlexaFluor-405, rabbit AlexaFluor-647 (1:200), or
AlexaFluor-488 phalloidin (1:300, phalloidin-iFluor 488, Abcam) were
applied for 45min at room temperature, followed by three washing
steps.

Image analysis and quantification. Confocal images of single trans-
fected primary neurons were acquired with a Nikon Eclipse Ti confocal
microscope (Nikon Instruments) and subjected to morphometric analy-
ses and quantification using ImageJ software with Neuron] plug-in. Each
traced branch of a DIV14 primary neuron was designated as primary,

secondary, or higher-order dendrite depending on its branch point ori-
gin. Neurites growing out of the neuron’s soma were labeled as primary
or first-order dendrites, dendrites branching from first-order dendrites
were defined as secondary or second-order dendrites, and those branch-
ing from secondary dendrites accordingly as higher-order dendrites. The
total number of primary, secondary, and higher-order dendrites was
then calculated for each neuron in each condition and summarized as
mean value. The length of each branch was determined using the
Neuron] plug-in of Image] after reconstruction of the neuronal arbor.

Confocal maximum intensity projection images of z stacks of coim-
munohistochemically stained GG or FCDIIb samples were analyzed by
NIS Elements Nikon software. With the auto-detect function, all MAP-
2-expressing neurons were automatically recognized and set as an ROI
inside or outside the region of the GG (visualized by strong vimentin im-
munoreactivity). For FCDIIb analysis, dysmorphic neurons with dra-
matically increased soma size and strong MAP-2 immunoreactivity were
analyzed. As controls, we analyzed normal-sized neurons without appa-
rent pathologic change of morphology in an area with maximal distance
from dysmorphic neurons. Single-cell SLK fluorescence intensity was
determined by the software within the ROI for semiquantitative SLK
protein expression in lesioned and control tissue and subtracted by back-
ground fluorescence of individual micrographs.

After in utero electroporation (IUE) or viral injections, 80 pim coro-
nal vibratome brain slices were analyzed. For Sholl analysis and quantifi-
cation of total dendrite number, confocal images were taken and each
branch from single hrGFP/mRFP-expressing neurons was traced from
the branching point to the tip using Neuron] or Imaris 9.1.0. Primary,
secondary, and higher-order dendrites were determined as described
before. Each traced neuron was overlaid with rings in 10/1 um intervals,
and the number of intersecting neurites was counted for each circle by
the Sholl analysis Image] Plug-In or the Imaris software (Sholl, 1953). In
order to analyze single in utero electroporated or transduced neurons,
mostly isolated multipolar neurons from cortical layers 2/3 at the bor-
ders of the IUE or injection area were selected. Robust overexpression of
a kinase-dead SLK K63R-mRFP/GFP variant by IUE, assayed by red or
green fluorescence, was for unknown reasons not possible.

After in utero co-electroporation of shSLK-mRFP or the empty
shRNA vector together with GFP-fused FingRs, synapse density of prox-
imal dendrites was determined in mice of different ages. Neurons were
analyzed by manually counting all green punctae overlapping with the
volume dye mRFP. Afterward, the length of the processes was analyzed
with Neuron] software. The corresponding number of gephyrin™ or
PSD95 " punctae per dendrite was summarized as the mean value per
100 pm dendrite.

Confocal maximum intensity projection images of z stacks of trans-
fected primary cultured cortical neurons were taken to analyze possible
overlap of SLK immunolabeling with PSD95- or gephyrin-GFP-FingR
expression. We performed background correction by subtracting the
corresponding background fluorescence intensity from the SLK,
gephyrin-GFP, or PSD95-GFP fluorescence signal. We defined an over-
lap as positive or colocalized if the PSD95- or gephyrin-GFP ROI over-
lapped with SLK, with >3 times the fluorescence intensity of the
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background; all SLK fluorescence intensity values <3 times the value of
the background were counted as negative or not colocalized.

All images and figures were edited and created in Adobe Photoshop
CS5/CS6 or Adobe Illustrator CS5/CS6.

IUE in mice. Intraventricular IUE used in our laboratory was
described previously (Grote et al.,, 2016). In short, time pregnant CD1/
C57BL/6 WT mice (embryonic day [E] 14) were deeply anesthetized
with isoflurane inhalation and injected with gabrilen (5mg/kg, Mibe)
and buprenovet (0.05 mg/kg, Bayer) as analgesia. Uterine horns were
exposed from the abdominal cavity, and each embryo was injected
once into the lateral ventricle with 1-2 ul DNA (with a concentration
of 1.5 pg/pl) and Fast Green (1 mg/ml, Sigma) with a pulled and bev-
eled glass capillary (Drummond Scientific) using a microinjector
(Picospritzer I1I, General Valve). Five electric pulses with 50 ms du-
ration were delivered at 950 ms intervals with a 7 mm electrode by
discharging a 4000 uF capacitor charged to 45 V with a CUY21SC
electroporator (Nepa Gene). Electrode forceps were placed to target
cortical ventricular progenitors in the somatosensory and motor
cortex (Saito and Nakatsuji, 2001). Five, 15, 30, 45-50, or 60 d after
birth, electroporated animals were anesthetized with ketamine/
xylazine (100 mg/kg and 10 mg/kg, respectively) and killed by car-
diac 4% PFA perfusion. In utero electroporated offspring mice were
assigned to experimental groups based on the electroporated plas-
mids regardless of sex.

Stereotactic viral vector injection. For intracortical viral injections,
mice at P30-P32 were anesthetized with fentanyl (0.05 mg/kg, Braun) +
midazolam (5 mg/kg, Braun) + medetomidin (0.5 mg/kg, Zoetis) intra-
peritoneally, and holes were drilled into the skull at the coordinates (in
mm) as follows: 1 posterior, —0.9/0.9 lateral, and 1.5 ventral relative to
bregma. Using a 10 ul Hamilton syringe, stereotactic injection of 300 nl
virus was performed into both hemispheres at 3 depths (1.5/1/0.5 ven-
tral) at a rate of 200 nl/min, regulated by a microprocessor-controlled
mini-pump (World Precision Instruments). Five minutes after the injec-
tion, the needle was withdrawn and the incision site closed.

Electrophysiological approaches. Mice ranging from 4 to 6 weeks in
age were decapitated under deep isoflurane anesthesia. The brain was
quickly removed and immersed in ice-cold preparation solution of the
following composition (in mwm): NaCl 60, sucrose 100, KCl 2.5, CaCl, 1,
MgCl, 5, NaH,PO, 1.25, D-glucose 20, NaHCO; 26, pH 7.4, when satu-
rated with 5% C0O,/95% O,. 300-pm-thick coronal brain slices contain-
ing the somatosensory cortex were prepared with a vibratome (Microm
HM650 V, Thermo Fisher Scientific). After slowly warming the slices to
35°C in preparation solution over 20 min, slices were kept until record-
ing at room temperature in aCSF of the following composition (in mm):
NaCl 125, KCl 3, CaCl, 2, MgCl, 2, NaH,PO, 1.25, D-glucose 15,
NaHCO; 26, pH 7.4, when saturated with 5% CO,/95% O,.

Two-photon imaging and cell identification. Cells were visualized
using an Eclipse FN1 upright microscope equipped with infrared differ-
ence interference contrast optics and a water-immersion lens (x60,
0.9 NA; Olympus). Two-photon laser irradiation at 810 nm was provided
by a Ti:Sapphire ultrafast-pulsed laser (Chameleon Ultra II, Coherent)
and a galvanometer-based scanning system (Prairie Technologies).
Fluorescent emissions were separated using a dichroic mirror (DXC
575). Green hrGFP fluorescence was collected at 525/70 nm. Cells elec-
troporated with shSLK-hrGFP or hrGFP control plasmids were identi-
fied visually by hrGFP fluorescence, and targeted whole-cell patch-
clamp recordings were obtained. Cells were filled with Alexa-594 via the
pipette, and fluorescence was collected at 605/45 nm.

Voltage clamp. Miniature EPSCs and IPSCs (mEPSCs and mIPSCs,
respectively) were recorded under whole-cell voltage-clamp conditions
from neurons within cortical layer 2/3 with a pyramidal morphology.
Somatic whole-cell voltage-clamp recordings were made with an
AxoPatch 200B amplifier (Molecular Devices). Data were sampled at
10kHz and filtered at 1 kHz with a Digidata 1322A interface controlled
by pClamp software (Molecular Devices). Electrode resistance in the
bath ranged from 3 to 4 M{), and series resistance ranged from 8 to
27 M(). The internal solution contained the following (in mm): cesium
methanesulfonate 110, tetraethylammonium chloride 10, HEPES 10,
EGTA 11, CaCl, 2, Mg-ATP, 2, Alexa-594 100 um, pH adjusted to
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7.2 with CsOH (290 mOsmol). The extracellular solution contained the
following (in mm): NaCl 140, KCI 3.5, CaCl, 2, MgCl, 1, D-glucose
25, HEPES 10, and TTX 300 nM, pH adjusted to 7.4 with NaOH
(310 mOsmol). Potentials were corrected offline for a liquid junction
potential of 10 mV.

Passive membrane properties were quantified as follows. The input
resistance was determined under voltage-clamp conditions from the
steady-state current responses to 5 or 10 mV voltage steps (200 ms) from
a —77.5mV holding potential and was not significantly different
between the hrGFP and shSLK-hrGFP group. Holding currents in both
groups were not significantly different (—108.9 = 9.4pA, n=12, and
—101.1 £ 8.5pA, n=11). Cell capacitance was determined as the charge
(Qo) required to fully charge the membrane. Q. was measured as the
total area under the current response to the aforementioned voltage
steps, minus the charge flowing across the membrane resistance. Cell ca-
pacitance was then calculated as Q./V, where V was the amplitude of the
voltage step. Frequencies and amplitudes of mEPSCs were determined at
a holding potential of —67 mV, which was the calculated CI” reversal
potential at 35°C. mEPSCs were measured for 2 min. Subsequently, the
cell was clamped to 0 mV, and mIPSCs were recorded for 30 s. Offline
detection and analysis of mEPSCs and mIPSCs were performed with
a custom routine programmed in IGOR Pro. Detection of mEPSC
events was performed by calculating the first derivative of current
traces and selecting events for which the first derivative was >5
times the SD of the baseline 0-3 ms before the event. An additional
criterion used for mEPSCs was that the mEPSC time constant of
decay had to be between 5 and 15ms. mIPSCs were detected if the
difference between the mean current amplitudes in two adjacent
moving windows (0.5 ms) was > 5 pA. All detected postsynaptic cur-
rents were assessed by visual inspection and events because of spuri-
ous noise were rejected manually.

Active properties. Active action potential (AP) properties were deter-
mined under current-clamp conditions; subsequently, the paired-pulse
ratio (PPR) was determined in voltage-clamp mode in the same cell.
These current-clamp and paired pulse-experiments were conducted
using a BVC.700A amplifier (Dagan). Data were sampled at 100 kHz
and filtered at 10kHz with a Digidata 1322A interface controlled by
pClamp software (Molecular Devices). Electrode resistance in the bath
ranged from 3 to 4 M(), and series resistance ranged from 8 to 27 m{).
The internal solution contained the following (in mm): potassium-gluco-
nate 140, HEPES acid 5, EGTA 0.16, MgCl, 0.5, phosphocreatine-diso-
dium 5, Alexa-594 100 um, pH adjusted to 7.25 with KOH (290
mOsmol). The extracellular solution contained the following (in mm):
NaCl 125, KCl 3, NaH,PO, 1.25, NaHCOj; 26, CaCl, 2, MgCl, 2, glucose
15, pH adjusted to 7.4 with NaOH (308 mOsmol). Holding potentials
were corrected offline for a liquid junction potential of 15mV.

Under these recording conditions, the resting membrane potential
[mV] was —75.7 = 1.9 (n=8, control [hrGFP]) and —72.8 £ 1.6 (n=12,
shSLK-hrGFP), input resistance [mM{)] was 179.3 = 13.2 and 230.7 =
42.9, and cell capacitance [pF] was 144.2 * 8.1 and 133.8 = 18.9, respec-
tively. The input-output relationship was determined using 500 ms
depolarizing current injections to elicit trains of APs. Individual APs
were elicited by 500 ms current injections and AP properties measured
from the first AP elicit within 20 ms of the current injection (Ferrante et
al.,, 2013). The peak potential was the maximum voltage attained, ampli-
tude determined as the difference from AP threshold. The AP duration
was determined as the duration at the half-maximal amplitude. The
maximal depolarization and repolarization rates were the high and low
points of the first derivation of the voltage trace. AP threshold was deter-
mined from the peak of the second derivative (Thome et al., 2014). The
fast afterhyperpolarization amplitude was the difference between the
maximum hyperpolarization reached within 5ms of the AP and the AP
threshold.

The PPR was quantified at different interstimulus intervals (50-
300 pA) as the amplitude ratio of IPSC2/IPSCI. For stimulation, a con-
centric bipolar electrode (FHC) was placed laterally at a distance of 70-
250 pm from the recorded cell in layer 2/3. The membrane voltage was
held at —60mV, and CNQX and D-AP5 (10 and 25 um, respectively)
were included in the bath solution to block glutamatergic transmission.
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Experimental design and statistical analysis. In this study, male and
female mice were used in both the experimental and the control groups.
Sample sizes and the appropriate controls are indicated in the figure
legends. The following statistical tests were applied: repeated-measures
two-way ANOVA with Sidak’s multiple-comparisons test (dendrite
number and length in vitro, dendrite number and Sholl analysis in vivo;
see Figs. 1 and 2), one-way ANOVA with Sidak’s multiple-comparisons
test (Western blot analysis; see Fig. 1), two-way ANOVA with Sidak’s
multiple-comparisons test (dendrite number in vivo, PPR, and number
of APs; see Fig. 4), two-way ANOVA with Tukey’s multiple-compari-
sons test (synapse quantification in vivo; see Fig. 4), and unpaired two-
tailed t test (electrophysiological measurements and SLK fluorescence
quantification in dysmorphic neurons; see Figs. 4 and 5). Details about
test statistics and degrees of freedom (for ANOVA as df = DFn, DFd)
can be found in the figure legends. All SEs are indicated as the SEM.
Statistical analyses were performed with Prism GraphPad (version 6.07).

Results

SLK is required for establishing higher-order dendrites in
vitro
To examine whether a decrease of SLK protein levels affects neu-
ronal development, we generated specific shRNAs targeted
against mSLK mRNA sequences as well as shRNA-resistant
human ¢DNA variants (hSLK) for rescue experiments. We con-
firmed knockdown and rescue efficiency by immunoblotting of
protein homogenates from HEK293T cells, which had been
cotransfected with the mSLK mCherry-tagged expression plas-
mids, the hrGFP-expressing shRNA, and the shSLK-resistant
hSLK rescue plasmid (Fig. 1A). In addition, SLK staining of
shSLK-expressing neurons in vitro confirmed that SLK protein
levels were reduced compared with control neurons (Fig. 1B).
We then used the validated shRNA to reduce the expression
of SLK in primary cortical neurons (DIV4) with the plasmid cod-
ing for shSLK and hrGFP (shSLK-hrGFP). As a control, neurons
were transfected with the empty shRNA vector only expressing
hrGFP. The neuronal morphology was analyzed at DIV14 using
confocal micrographs (Fig. 1C). While proximal first- and sec-
ond-order dendrites were not altered in the absence of SLK, the
number of higher-order dendrites was significantly reduced by
41.2% on SLK loss (control [hrGFP] 30.8 = 2.1 vs shSLK-hrGFP
18.1 = 1.5 higher-order dendrites per neuron), or by 39.3% on
expression of the kinase-dead SLK K63R mutant (18.7 = 2.1
higher-order dendrites per neuron). Coexpression of sShRNA-re-
sistant hSLK reversed the decrease of higher-order dendrites to
levels that were even higher than those in hrGFP-expressing con-
trol neurons (43.6 = 1.5 higher-order dendrites per neuron; Fig.
1D). None of the tested conditions caused a significant change in
the average length of individual first-, second-, or higher-order
dendrite segments compared with control (Fig. 1E). These results
demonstrate a selective role of SLK in the formation of the distal
dendritic tree.

Impairment of cortical development after shRNA-mediated
SLK knockdown in vivo

We next probed whether reducing SLK expression in developing
neurons in vivo also causes similar changes in dendritic morpho-
genesis. Mice were in utero electroporated at E14 with the vali-
dated shRNA (shSLK-hrGFP) or the control plasmid (hrGFP)
(Fig. 2A). IUE of shSLK at E14 knocks down SLK in progenitor
populations from cortical layers 2/3 and 4 (Fig. 2B) (Molyneaux
et al,, 2007). At the time point of analysis on postnatal day P30-
P35, neurons expressing hrGFP, indicating shSLK or hrGFP con-
trol vector expression, were spread throughout the somatosen-
sory, agranular insular, dysgranular insular, and partly the motor
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and cingulate cortex, ranging approximately from bregma 2.0 to
—2.5 (Fig. 2B). Nonelectroporated cortical neurons showed
moderate SLK immunoreactivity, which was absent in shSLK-
expressing neurons and could be rescued by coexpression of the
shRNA-resistant hSLK variant (Fig. 2C). In shSLK-electropo-
rated mice, the cortical architecture was locally disrupted in elec-
troporated brain areas. We found a subset of cells, varying in
number, located in deeper cortical layers and identified them as
ectopic neurons (Fig. 2D). GFAP staining was inconspicuous
and did not show any differences between hrGFP control and
shSLK-hrGFP electroporated animals (Fig. 2D). Subsequently,
we selected single in utero electroporated neurons at the edge of
the electroporated cortical area to further study their morphol-
ogy (Fig. 2E,F). In accordance with the in vitro results, reduction
of SLK protein levels by shSLK expression in vivo caused a signif-
icant and selective reduction in the number of secondary and
higher-order dendrites (Fig. 2G; reduction of secondary den-
drites by 24.3%, control [hrGFP] 17.7 = 1.2 vs shSLK-hrGFP
134+ 1.4, and for higher-order dendrites by 62.5%, control
[hrGFP] 9.3 = 0.8 vs shSLK-hrGFP 3.5 = 0.7 higher-order den-
drites per neuron). This selective loss in complexity of the distal
dendritic tree was also revealed by morphometric Sholl analysis
(Fig. 2H). Thus, SLK is also essential in vivo for proper formation
of the distal dendritic arbor.

To investigate whether SLK is required for the outgrowth
and/or the maintenance of higher-order dendrites, we examined
the effect of SLK knockdown in adult animals. However, intra-
cortical injection of mRFP or shSLK-mRFP-expressing rAAV at
P30-P32 (Fig. 21,)) did not reduce the number of distal dendrites
(Fig. 2K) or the complexity of the dendritic arbor at P74 (Fig.
2L). This finding shows that SLK is selectively required for the
development of normal dendritic complexity but not for the
maintenance of an established dendritic tree.

SLK is present in dendrites and inhibitory synapses

Our data so far show the importance of SLK in dendrite develop-
ment, but it is still unresolved how SLK regulates this process
and which cellular signaling complexes are involved. To this end,
we first aimed at elucidating the subcellular distribution of SLK
in neurons, which is still unknown. In non-neuronal cells, SLK
has been shown to colocalize with the microtubule network dur-
ing adhesion and spreading (Wagner et al., 2002). Therefore, the
subcellular localization and potential colocalization with actin
and dendritic microtubules were analyzed in cultured primary
cortical neurons (DIV14). Neurons expressing mRFP as volume
dye were labeled with antibodies against SLK and either the den-
dritically enriched MAP-2 or Alexa488-labeled phalloidin to vis-
ualize F-actin. SLK protein was present throughout the neuron,
with a particularly strong expression in the cell body and in neu-
rites where it colocalized with the dendritic marker protein
MAP-2 (Fig. 3A). Remarkably, a prominent colocalization of
SLK and phalloidin was detected in neurite tips/growth cones of
mRFP-transfected neurons (Fig. 3B,C), supporting a functional
role of the kinase in dendritic growth.

Synaptic localization and function have been reported for sev-
eral other members of the Ste20 kinase family (TAO1/2, MSTS3,
and TNIK) (Hussain et al., 2010; Ultanir et al., 2014; X. Chen et
al,, 2018). Next, we therefore assessed whether SLK is present at
excitatory (PSD95") or inhibitory (gephyrin®) synapses by
transfecting neurons with a volume dye (mRFP) and the expres-
sion-regulated GFP-fused PSD95- or gephyrin-FingRs. SLK was
detected at high levels evenly distributed throughout the den-
drites but appeared to be absent from dendritic spines.
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Figure 1. /n vitro knockdown of SLK results in impaired dendritic arbor formation. A, HEK293T cells were transfected with SLK expression plasmids alone or together with mouse-specific
shSLK. As a rescue, shSLK was introduced together with an shRNA-resistant hSLK variant. shSLK targeting mSLK specifically knocked down mouse SLK expression, whereas the expression levels
of the shRNA-resistant hSLK were not affected. n=5. One-way ANOVA (Conditions: pie—ss.1. a4, 200 << 0.0001); Sidak’s multiple-comparisons test, ****p << 0.0001, compared with nontrans-
fected control if not indicated otherwise (in detail: nontransfected vs mSLK: pi—7 753, dt=20) << 0.0001; nontransfected vs mSLK + ShSLK: pi— o677, dr=20) = 0.9999; nontransfected vs hSLK:
Pi=6822, di=20) << 0.0001; nontransfected vs hSLK -+ shSLK: p(—s 891, dr=20) << 0.0001; mSLK vs mSLK + ShSLK: pe—7.821, ar=20) << 0.0001; hSLK vs hSLK + ShSLK: pe—3 069, dt=20) = 0.2730).
B, Mouse cortical neurons were transfected on DIV2 with shSLK-hrGFP and stained with antibodies against SLK on DIV5. SLK expression was strongly reduced in shSLK-expressing neurons com-
pared with nontransfected neighboring neurons. Scale bar, 50 pum. Inlays represent single neurons in a higher magnification. ¢, Neurons were transfected at DIV4 with an hrGFP control plas-
mid, shRNAs targeting SLK (shSLK-hrGFP), a kinase-dead SLK mutant (SLK K63R), or shSLK in combination with shRNA-resistant SLK expression plasmids (hSLK), and were reconstructed at
DIV14. Color code indicates different order dendrites. D, Knockdown of SLK led to a significant reduction in the number of higher-order dendrites but no obvious change in the abundance of
proximal processes. A similar effect was observed when kinase-dead SLK was transfected. Overexpression of shRNA-resistant hSLK counteracted the decrease in the total number of distal den-
drites. n=10 control (hrGFP), n=9 shSLK-hrGFP, n=12 SLK K63R, and n=11 shSLK-hrGFP + hSLK neurons. Experiment was repeated 3 times; repeated-measures two-way ANOVA
(Interaction: p(r—2s ss; af=s, 76) << 0.0001; Dendrite order: pie—y11; dr=2, 76) << 0.0001; Condition: p(e=.1ss; ar=3, 35 = 0.0016); Sidak’s multiple-comparisons test, *p << 0.05, ****p <'0.0001,
compared with control (in detail: Primary dendrites: control vs shSLK: p—o2547, dr=114) = 0.9919; control vs SLK K63R: pe—g.1979, dr=114) = 0.9962; control vs shSLK + hSLK: pe—o.s009, dt=114) =
0.8097; Secondary dendrites: control vs ShSLK: p—q 5621, ar=114) = 0.9233; control vs SLK K63R: pi=2735, ar=114) = 0.0215; control vs shSLK + hSLK: p—1 oss, ar=114) = 0.6250; Higher-order
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Accordingly, a quantitative analysis revealed only a low degree of
colocalization (28.4 *+ 15.1%) of SLK and PSD95-GFP, which
was concentrated at the tips of dendritic spines (Fig. 3D,E). In
contrast, SLK was present at most inhibitory postsynaptic sites,
as evidenced by a high degree of overlap with gephyrin punctae
located on dendritic shafts (97.7 = 1.8%; Fig. 3F,G). Together,
these findings are consistent with SLK being present at inhibi-
tory, but not excitatory, synapses.

SLK deficiency leads to a selective loss of inhibitory
postsynapses in vivo

To further probe for a specific synaptic role of SLK restricted to
inhibitory synapses, we analyzed whether SLK knockdown pref-
erentially affects the density of inhibitory synapses compared
with excitatory synapses. We in utero co-electroporated mice
(E14) with the empty shRNA vector expressing mRFP as a con-
trol or shSLK-mRFP plasmids and expression-regulated GFP-
fused PSD95/gephyrin-FingRs to label excitatory or inhibitory
synapses (Fig. 4A,B). As higher-order dendrites were substan-
tially reduced in number, we restricted our comparative analysis of
synapse density in control versus SLK knockdown neurons to prox-
imal dendrites. We found no significant changes in the density of
excitatory postsynapses labeled with PSD95-FingRs at any time
point (Fig. 4C). Quantification of gephyrin® punctae showed that
there was also no difference in the initial formation of inhibitory
postsynapses between mRFP control and shSLK-mRFP neurons.
After P15, however, inhibitory postsynapse density did not further
increase as in mRFP control cortices, but instead displayed a signifi-
cant decrease (Fig. 4D; gephyrin® synapses/100 um at P5: control
[mRFP] 6.6 £ 0.7 vs shSLK-mRFP 4.7 + 0.6; P15: control [mRFP]
16.5 + 1.3 vs shSLK-mRFP 17.2 = 0.7; P30: control [mRFP] 22.8 =
2.0 vs shSLK-mRFP 13.1 * 1.0; P60: control [mRFP] 25.6 = 2.5 vs
shSLK-mRFP 11.7 £ 1.0). Interestingly, this selective reduction of
inhibitory postsynapses after P15 is preceded by the failure of SLK-
deficient, developing neurons to form higher-order dendrites (Fig.
4E, no higher-order dendrites at P5; higher-order dendrites/neuron:
P15: control [mRFP] 6.6 * 0.9 vs shSLK-mRFP 1.1 = 0.4; P30: con-
trol [mRFP] 9.3+ 0.8 vs shSLK-mRFP 3.5+ 0.7; P60: control
[mRFP] 7.6 = 1.1 vs shSLK-mRFP 2.3 = 0.4). These results point to
a role of SLK in regulating dendrite outgrowth as well as inhibitory
postsynapse maturation and maintenance in vivo, culminating in a
profoundly disturbed balance between dendritic excitation and
inhibition.

Reduced inhibition in SLK knockdown neurons

In order to assess the functional consequences of SLK loss, we
performed patch-clamp recordings in acute brain slices from
P30 to P40 mice that were in utero electroporated at E14 with
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dendrites: control vs shSLK: pe=s.015, a=114) << 0.0001; control vs SLK K63R: pr=s 145, a=114)
< 0.0001; control vs shSLK + hSLK: py—s207, a=114) << 0.0001). E, No difference in dendrite
length (in pixels) was observed in any tested condition. n =10 control (hrGFP), n =9 shSLK-
hrGFP, n =12 SLK K63R, and n =11 shSLK-hrGFP + hSLK neurons. Experiment was repeated
3 times; repeated-measures two-way ANOVA (Interaction: p—oaes; dr=s, 76 = 0.8726;
Dendrite order: p(e—ss3.so; dr=, 76) << 0.0001; Condition: p(e—o,asses; df=3, 35 = 0.9658); Sidak's
multiple-comparisons test, not significant, compared with control (in detail: Primary dendrites:
control vs shSLK: py—q.3519, dr=114y = 0.9793; control vs SLK K63R: pi—o2105, dr=114) = 0.9954;
control vs shSLK + hSLK: p—o 6289, ar=114) = 0.8966; Secondary dendrites: control vs shSLK:
Pe=02288, df=114) = 0.9941; control vs SLK K63R: Pie=0.1861, df=114) = 0.9968; control
vs shSLK + hSLK: pi=o3104, dr=114y = 0.9856; Higher-order dendrites: control vs shSLK:
Pt=0506, df=114) = 0.9424; control vs SLK K63R: Pt=06198, df=114) = 0.9005; control vs shSLK
+ hSLK: pi=1113, gr=114 = 0.6079).

J. Neurosci., September 29, 2021 - 41(39):8111-8125 - 8117

hrGFP control or shSLK-hrGFP plasmids. We selected hrGFP-
expressing neurons within cortical layers 2/3 for recording. First,
we recorded spontaneous mEPSCs and mIPSCs (Fig. 4F). As
predicted by the selective loss of inhibitory synapses in shSLK
neurons, the mIPSC frequency was reduced by 43% (Fig. 4G,
control [hrGFP] 10.0 = 1.2 Hz vs shSLK-hrGFP 5.7 = 1.1 Hz),
whereas the mIPSC amplitude (Fig. 4H) was unchanged. In con-
trast, both the mEPSC frequency (Fig. 4I) and amplitude (Fig.
4]) were unchanged. To exclude that a change in the release
probability of inhibitory synapses contributes to the reduction of
the mIPSC frequency, we measured the PPR of stimulated IPSCs
in hrGFP-expressing neurons (Fig. 4K). The PPR was calculated
as the ratio of the amplitudes of two consecutively elicited IPSCs
(IPSC2/IPSC1), and is an index of synaptic release probability.
Paired-pulse depression of synaptically evoked IPSCs was
unaltered in shSLK-hrGFP-expressing neurons compared
with hrGFP control neurons (Fig. 4K). We also determined
whether shSLK neurons exhibit changes in their active and
passive properties. The input resistance was unchanged in
shSLK neurons (Fig. 4L), although the cell capacitance was
significantly reduced following SLK knockdown (Fig. 4M;
control [hrGFP] 153.2 = 10.2 pF vs shSLK-hrGFP 1159 *
13.2 pF), consistent with a smaller dendritic arbor (Figs. 1,
2). The active properties of SLK-deficient neurons were
determined in current clamp by injecting 500 ms current
steps of various magnitudes (Fig. 4N). There was no signifi-
cant difference in the input-output responses for any current
injection magnitude between hrGFP control and SLK-
deficient neurons (Fig. 4N). AP properties were mostly
unchanged in SLK knockdown neurons with only the peak
depolarization rate being significantly reduced (Table 3).
Collectively, the functional data suggest that the major func-
tional phenotype of SLK-deficient excitatory neurons is a
pronounced loss of functional inhibitory input.

SLK expression is lost in dysmorphic neurons of human
epileptogenic malformations

Our data identify SLK to be essential for the development of a
normal dendritic complexity and inhibitory synapse density in
adulthood. These findings suggest that changes in SLK abun-
dance might be associated with diseases that exhibit dys-
plastic neurons and an altered excitation-inhibition (E/I)
balance, such as focal epileptogenic lesions. We therefore
examined whether loss of SLK occurs in dysplastic neurons
in FCDIIb and GGs. To this end, we performed coimmuno-
labeling of FCDIIb biopsies from epilepsy surgery of phar-
maco-refractory patients with antibodies against SLK and
neuronal MAP-2. Quantification of SLK immunoreactivity
revealed a robust loss of expression in dysmorphic FCDIIb
neurons by 74% (nonlesioned control 216.2 7.4 a.u. vs
FCDIIb 55.4 = 5.7 a.u.; Fig. 5A,B) compared with adjacent
normal brain tissue. In dysmorphic neurons of GGs, SLK
expression was reduced by 15% (control 677.8 = 24.7 a.u. vs
GG 573.5 = 19.6 a.u.; Fig. 5C,D). SLK fluorescence colocal-
ized with the neuronal protein MAP-2 but was undetectable
in the vimentin-expressing glia cells (Fig. 5C). Dysmorphic
neurons with fundamentally aberrant dendrite structure are
the major cell type of the most frequent FCDIIb (with so-
called balloon cells) (Bliimcke et al., 2011). This feature is
shared with GGs, the most common long-term epilepsy-
associated tumors (Fig. 5E,F) (Thom et al., 2012). These
data suggest a pathophysiological role for loss of SLK in
dysmorphic, epileptogenic neurons.
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Figure 2.  In utero knockdown of SLK leads to impaired dendritic branching in cortical neurons. 4, Embryos of time pregnant CD1/C57BL/6-hybrid mice were in utero electroporated at E14
with hrGFP-labeled shSLK or control plasmids. B, Exemplary brain slices of a 30-d-old in utero electroporated mouse are depicted, illustrating the distribution of neurons expressing shSLK-
hrGFP in cortical layers, from rostral to caudal. Scale bar, 1000 pm. €, Brain slices of mice in utero electroporated with hrGFP, shSLK-hrGFP, or shSLK-hrGFP combined with hSLK were stained
with SLK antibodies. SLK staining is absent in shSLK neurons, whereas hrGFP and shSLK-hrGFP + hSLK plasmid-expressing neurons show moderate or strong SLK immunoreactivity. Scale bar,
50 um. D, Immunohistochemical staining against NeuN and GFAP in hrGFP control- or shSLK-hrGFP-electroporated brain slices. Scale bar, 400 pum. E, Mice were in utero electroporated with
hrGFP or shSLK-hrGFP, and dendrite outgrowth was analyzed at P30. Example images show control (hrGFP) or shSLK-hrGFP electroporated neurons that were chosen for reconstruction (white
arrows). Scale bar, 100 pm. F, High-magnification images of reconstructed, multipolar, cortical neurons electroporated with either hrGFP-expressing control or shSLK-hrGFP plasmids. G,
Quantification of the number of different order dendrites in hrGFP- or shSLK-hrGFP electroporated brain slices shows robust reduction of distal dendrites in the absence of SLK. N=4 and N=9
mice from different litters with n=15 control (hrGFP) and n =14 shSLK-hrGFP neurons; repeated-measures two-way ANOVA (Interaction: p(e=s32. 42, 54 = 0.0078; Dendrite order:
Pir=so7; di=2, 59 << 0.0001; Condition: pi—1s2s; a1, 27 = 0.0002); Sidak's multiple-comparisons test, **p <<0.01, ****p <<0.0001 (in detail: Primary dendrites: control vs shSLK:
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Discussion

Dendrites are highly specialized neuronal compartments and the
primary sites at which neurons receive, process, and integrate
inputs from their multiple presynaptic partners. Here, we show
for the first time, that the kinase SLK, a member of the evolution-
ary conserved Ste20/Hippo kinase family, plays an important
role in neuronal development. SLK-mediated phosphorylation
critically regulates in a highly selective manner the formation of
the distal dendritic tree during development and inhibitory syn-
apse density. Loss of SLK leads to a less complex dendritic tree
and impaired inhibition. Furthermore, SLK is lost in dysmorphic
neurons of epileptogenic lesions, including FCDIIb and GGs,
supporting a critical role of SLK during neuronal development.

SLK is required for the development of the distal dendritic
tree but not for its maintenance

Our results show that the expression of SLK during develop-
ment is selectively required for the formation of distal den-
drites but not for their maintenance once they are formed.
Our data further demonstrate that proper dendritic complex-
ity depends on SLK kinase activity, since both the kinase-
dead SLK K63R variant and shSLK expression resulted in
similarly impaired dendritic architecture, and overexpres-
sion of SLK caused an increase in the number of higher-
order dendrites. The most likely underlying mechanism is a
modulation of cytoskeletal dynamics, which crucially under-
lies neurite growth and branching (Swiech et al., 2011;
Sakakibara et al., 2013; Arthur et al., 2015; Yalgin et al,,
2015) and which is regulated by SLK in non-neuronal cells.
In this context, integrin signaling has been shown to be
involved in the outgrowth and branching of dendrites, in
part by impacting cytoskeletal dynamics (Moresco et al.,
2005; Marrs et al., 2006), and SLK has been suggested to act
downstream of integrin receptors (Wagner et al., 2008). Only
few SLK substrates have been identified so far; however,
among them are several cytoskeletal proteins, including
RhoA (Guilluy et al., 2008), ezrin (Viswanatha et al., 2012;
Machicoane et al., 2014), paxillin (Quizi et al., 2013), and the

«—

Pie=0s89s, d—s1) = 0.8693; Secondary dendrites: control vs ShSLK: py—3 s, g1y = 0.0023;
Higher-order dendrites: control vs ShSLK: pi—a 666, ar=s1) << 0.0001). H, Sholl analysis of sin-
gle neurons also reveals a reduction in the complexity of the distal dendritic tree in SLK-defi-
cient cortical neurons compared with hrGFP control neurons. N=4 and N=6 mice from
different litters with n =7 control (hrGFP) and n =9 shSLK-hrGFP neurons; repeated-meas-
ures two-way ANOVA: Condition (control (hrGFP) vs shSLK-hrGFP): ****p <0.0001
(Interaction: p—y077; dt=gs, 1100 << 0.0001; Distance from soma: pie_sss3; dr=ss, 1100 << 0.0001;
Condition: pye—ens7; df=1, 19 << 0.0001). /, Mice were intracortically injected with AAVs expressing
mRFP or shSLK-mRFP, and dendrite outgrowth was analyzed 6 weeks later. Example images of
control (mRFP) or shSLK-mRFP transduced neurons. Scale bar, 100 pum. J, Images of reconstructed,
cortical neurons that were transduced with mRFP or shSLK-mRFP. K, Knocking down SLK in
adult animals does not change the number of different order dendrites compared with
control animals. N=4 and N =6 mice from different litters with n =29 control (mRFP)
and n=30 shSLK-mRFP neurons; repeated-measures two-way ANOVA (Interaction:
P(F=0.1905; df=2, 16) = 08284, Dendrite order: P(r=5.997; df=2, 16) = 00]14, Condition:
P(F=0.0006349; d=1, g) = 0.9805); Sidak’s multiple-comparisons test, not significant (in detail:
Primary dendrites: control vs ShSLK: p(—o.1414, ar=24) = 0.9986; Secondary dendrites: control
vs ShSLK: pie=0.4029, di=azy = 0.9704; Higher-order dendrites: control vs ShSLK: p—o.2004, df=24) =
0.9960). L, Sholl analysis after SLK knockdown at P30 shows no difference in the complexity of
the dendritic arbor between control and shSLK-mRFP-expressing neurons. N =4 and N = 6 mice
from different litters with n=29 control (mRFP) and n=30 shSLK-mRFP neurons; repeated-
measures two-way ANOVA: Condition (control (mRFP) vs shSLK-mRFP): not significant
(Interaction: pe—o322: dar=319, 2557 > 0.9999; Distance from soma: pie—zs37, di=319, 255 <
0.0001; Condition: pye—o3003; g1, ) = 0.5986).
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p1509"e dynactin subunit (Zhapparova et al, 2013). As
components of the integrin signaling complex, ezrin and
paxillin are involved in the regulation of the stability of actin
fibers and both have been linked to the processes controlling
dendrite morphogenesis (Myers and Gomez, 2011; Jin et al.,
2018). RhoA acts as a negative regulator of dendritic arbor
growth and dendrite number (H. Chen and Firestein, 2007),
and its activity is inhibited by SLK, both by direct phospho-
rylation of RhoA and indirectly by phosphorylating ezrin
that then inhibits RhoA (Guilluy et al., 2008; Al-Zahrani et
al., 2020), suggesting that one pathway by which SLK con-
trols dendritic tiling is via RhoA. This shows that multiple
candidate downstream mechanisms are already known that
could affect neuronal processes. However, studies of SLK
function have revealed that the kinase triggers different
downstream cascades in distinct non-neuronal cell types. It
will therefore be important to resolve which signaling cas-
cades are regulated by SLK in neurons and how they differ
between development and adulthood.

Functionally, the selective impact of SLK loss on the forma-
tion of distal dendrites is intriguing because the length and
structure of the dendritic arbor profoundly influence signal inte-
gration and thereby neuronal network function (Katz et al., 2009;
Warren et al., 2012; Menon et al., 2013). Future studies will have
to resolve how this specific deficit impacts the properties of the
connected neuronal networks.

SLK selectively regulates inhibitory synapse density in the
period of synapse stabilization

One intriguing finding of our study is the selective impact of
SLK deficiency on the density of inhibitory synapses during de-
velopment. Inhibitory synapses initially develop normally, but
their density is significantly reduced after P15. Therefore, SLK is
not required for the initial formation of inhibitory synapses but
rather for the stabilization of already formed postsynaptic struc-
tures. After their initial establishment, inhibitory synapses need
to be actively maintained to ensure their proper functionality
(Sfakianos et al., 2007; Lin and Koleske, 2010). This process
involves the dynamic interaction of the inhibitory synapse-spe-
cific protein scaffold with cytoskeletal filaments and cytoskele-
ton-interacting proteins and is regulated by phosphorylation
(Kirsch and Betz, 1995; Yamauchi, 2002; Bausen et al., 2006;
Okabe, 2007; Tyagarajan et al., 2011; Tyagarajan and Fritschy,
2014; Choii and Ko, 2015).

In contrast to excitatory synapses, both the actin and the
microtubule cytoskeleton are thought to participate in stabilizing
the inhibitory postsynaptic scaffolding complex (Harvey et al.,
2004; Bausen et al., 2006; Papadopoulos et al., 2008). This differ-
ence might explain the selective role of SLK in stabilizing the in-
hibitory postsynapse. As mentioned above, SLK has been
reported to regulate actin and microtubule dynamics down-
stream of integrin signaling. It was shown that integrins control
the level of gephyrin at inhibitory synapses (Charrier et al,
2010), suggesting a role for this complex and thereby maybe also
for SLK in the control of inhibitory synapse stability.

This selective loss of inhibitory synapses might have patho-
logic consequences as it was recently demonstrated that loss of
local inhibition caused by a destabilization of already formed in-
hibitory synapses leads to a pathologic neuronal network mani-
festing with complex symptoms, including impaired anxiety, fear
memory, and social interaction behavior (Papadopoulos et al.,
2008; Lin and Koleske, 2010; Liang et al., 2015).
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Figure 3.  Strong coexpression with gephyrin localizes SLK to inhibitory postsynapses. A, Cultured cortical neurons were fixed and stained against MAP-2 or SLK at DIV14. Scale bar, 50 pum. B,
Cultured cortical neurons were transfected at DIV4 with mRFP, stained with SLK, MAP-2 antibodies, and phalloidin, and analyzed at DIV14. Scale bar, 50 pm. €, Close-up of the growth cone shows
colocalization of SLK and F-actin. Scale bar, 6 pum. D, Cultured cortical neurons were transfected at DIV4 with mRFP and PSD95-GFP-FingRs, stained with SLK antibodies at DIV21, and overlap of
PSD95™ punctae and SLK was assessed. Scale bar, 25 pim. E, Only lttle spatial overlap between SLK and PSD95-GFP-FingRs can be observed. Scale bar, 25 pm. F, Cultured cortical neurons were
transfected at DIV4 with mRFP and gephyrin-GFP-FingRs and stained with SLK antibodies at DIV21. Scale bar, 25 pm. G, Gephyrin-GFP overlaps spatially with SLK staining. Scale bar, 25 um.

SLK loss in dysmorphic neurons of human developmental disorders associated with epilepsy. In acquired temporal lobe epi-
brain lesions as pathomechanism underlying epileptogenic lepsy models, multiple changes in the GABAergic system have
network formation been described. In Alzheimer’s disease models, loss of a sodium

Impaired inhibitory neuronal signaling or altered E/I balance  channel isoform (Navl.l) expressed mainly in interneurons
may be a common phenomenon across the spectrum of  seems to cause hyperexcitability (Palop et al., 2007; Verret et al.,
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Figure 4. shRNA-mediated SLK knockdown reduces inhibitory postsynapse density and mIPSC frequency. A, Exemplary neurons of 30-d-old mice in utero co-electroporated at E14 with
mRFP (control) or shSLK-mRFP together with PSD95-GFP-FingRs. White squares represent areas of higher magpnification seen in the right panel, depicturing first- and second-order dendrites.
Scale bar, 10 pum. B, Exemplary images of cortical neurons electroporated with gephyrin-GFP-FingRs together with mRFP or shSLK-mRFP. Right, Area within the white square at higher magnifi-
cation. Scale bar, 10 um. €, PSD95™ postsynapse density is unchanged at P5, P15, P30, or P60 in shSLK-mRFP-expressing neurons compared with control. Excitatory synapse quantification: in
total P5: N=4 and N=4 mice from different litters with n=9 control (mRFP) and n =9 shSLK-mRFP neurons; P15: N=4 and N =4 mice from different litters with n=7 control (mRFP)
and n =7 shSLK-mRFP neurons; P30: N =5 and N'= 7 mice from different litters with n =10 control (mRFP) and n = 14 shSLK-mRFP neurons; P60: N =4 and N = 4 mice from different litters
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2012). In autism spectrum disorders, E/I imbalance seems to
occur mainly via loss of excitatory synapses (Anderson et al.,
2012; Schmeisser et al., 2012). In contrast, in a mouse model of
tuberous sclerosis, E/I imbalance is increased because of a

«—

with n=9 control (mRFP) and n=7 shSLK-mRFP neurons; two-way ANOVA (Interaction:
Pr=1649; diz3, 64 = 0.1868; Time point: pr_grss ar=3, 64 < 0.0001; Condition:
PiF=1429; di=1, 64) = 0.2363); Tukey’s multiple-comparisons test, not significant (in detail: P5:
control vs ShSLK: pig—o, dr—sa) = 0.9999; P15: control vs shSLK: p(g—r906, dr—say = 0.4546;
P30: control vs ShSLK: pg— 660, dr—s4) = 0.9346; P60: control vs ShSLK: pq—1.13, a4 =
0.9887). D, Inhibitory synapse density is quantified for mice at P5, P15, P30, and P60 and
shows no difference at P5 and P15 but a significant reduction at P30 and P60 when electro-
porating shSLK-mRFP compared with control mRFP. Inhibitory synapse quantification: in total
P5: N=5 and N=5 mice from different litters with n=19 control (mRFP) and n=21
shSLK-mRFP neurons; P15: N=6 and N'=38 mice from different litters with n=15 control
(mRFP) and n =24 shSLK-mRFP neurons; P30: N=6 and N =6 mice from different litters
with n =10 control (mRFP) and n=11 shSLK-mRFP neurons; P60: N=4 and N =4 mice
from different litters with n =10 control (mRFP) and n =10 shSLK-mRFP neurons; two-way
ANOVA (Interaction: pie—1665; dt=3, 1127 << 0.0001; Time point: pie=7074; dt=3, 112 << 0.0001;
Condition: pie=s.16; dr=1, 112 << 0.0001); Tukey’s multiple-comparisons test, *p << 0.05,
**¥%1) <0.0001 compared with mRFP control, unless indicated otherwise (in detail: P5: con-
trol vs ShSLK: pg— 001, dr=112 = 0.8485; P15: control vs shSLK: pig—o.6s73, at=112) = 0.9997;
P30: control vs ShSLK: pg—7.411, g=112) << 0.0001; P60: control vs ShSLK: p(q—1036, ar=112) <<
0.0001; shSLK: P15 vs P60: pig4.875, ar=112) = 0.0176). E, The number of higher-order den-
drites is reduced in shSLK-expressing cortical neurons starting from P15 persisting to P60.
Dendrite quantification: in total P5: N=4 and N'=>5 mice from different litters with n=5
control (mRFP) and n= 10 shSLK-mRFP neurons; P15: N=4 and N =4 mice from different
litters with n =38 control (mRFP) and n =12 shSLK-mRFP neurons; P30: N=4 and N=9
mice from different litters with n =15 control (mRFP) and n = 14 shSLK-mRFP neurons; P60:
N=4 and N=5 mice from different litters with n=29 control (mRFP) and n=10 shSLK-
mRFP neurons; two-way ANOVA (Interaction: pir—ssos de=3, 75 = 0.0016; Time point:
Pir=2a.68; di=3, 75 << 0.0001; Condition: pr—s172; at=1, 75y << 0.0001); Sidak’s multiple-com-
parisons test, ****p <C0.0001 compared with mRFP control (in detail: P5: control vs shSLK:
Pie=o, dt=75) > 0.9999; P15: control vs shSLK: pi=s311, =75 << 0.0001; P30: control vs
ShSLK: pie=ss67, dr=75) << 0.0001; P60: control vs shSLK: py—s oo, at=75) << 0.0001). F,
Example traces of voltage-clamp recordings of mIPSCs and mEPSCs from hrGFP control and
shSLK-hrGFP-expressing neurons. G, H, Patch-clamp recordings of mIPSCs (holding potential
0mV) showed a decrease in mIPSC frequency in shSLK-hrGFP electroporated cells, whereas
the mIPSC amplitude was not changed. Unpaired two-tailed t test: *p <<0.05 (G,
Pi=2639, di=21) = 0.0154; H, py—1241, ai=21) = 0.2281). I, J, mEPSC frequency (holding poten-
tial —60mV) and amplitude were not different in shSLK-hrGFP-expressing neurons com-
pared with hrGFP control. Unpaired two-tailed ¢ test: not significant (I, py=os102, dt=21) =
0.6153; J, p=0.4026, at=21) = 0.6913). K, Example image of an shSLK-expressing neuron that
was filled with Alexa-594. Scale bar, 20 um. The PPR of two electrically elicited IPSCs
remained unchanged in control (hrGFP) and shSLK-hrGFP cells. n=6 control (hrGFP) and
n=6 shSLK-hrGFP neurons; two-way ANOVA (Interaction: pie_12s; =7, 75 = 0.3000;
Interpulse interval: PF=0.8838; di=7, 75 = 0.5235; Condition: PF=04102; df=1, 75) = 0.5238);
Sidak’s multiple-comparisons test: not significant (in detail: 10 ms: p—y 33, 4r=75) = 0.2067;
25MS: Pe=1327, de=75) = 0.8119; 50 MS: Pe— 0808, dt=75) = 0.9999; 75 MS: Pe—q.07856, d=75)
> 0.9999; 100 Ms: p=03747, ar=75) > 0.9999; 150 MS: Ps—o 5876, ar=75) = 0.9986; 200 ms:
Pie=13a5, dr=75) = 0.8011; 500 MS: P25, ar=75) = 0.9999). L, M, Input resistance was
comparable in both groups, whereas the cell capacitance was significantly reduced in the
ShSLK-hrGFP group. Unpaired two-tailed t test: *p << 0.05 (L, p=o6224, a=21) = 0.5404; M,
Pi=2.262, di=21) = 0.0344). N, Number of APs elicited by 500 ms depolarizing current steps.
Input-output responses did not differ for any current injection magnitude between control
(hrGFP) and shSLK-hrGFP-expressing neurons. n =8 control (hrGFP) and n = 12 shSLK-hrGFP
neurons; two-way ANOVA (Interaction: pir—o1s7: df=14, 249 = 0.9996; Injected current:
DiF=9.08; di=14, 249) << 0.0001; Condition: p(e—1g.51. dt=1, 249) << 0.0001); Sidak’s multiple-com-
parisons test, not significant (in detail: 10pA: ppo ar=249 > 0.9999; 100 pA:
Pi=os432, di=249) = 0.9995; 120 pA: P=1 427, dt=2a9) = 0.9198; 140 pA: P17, drma9) =
0.9008; 150 pA Pie=1319, df=249) = 0.9564; 175 pA Pie=1513, df=249) = 0.8792; 200 pA
Pu=r492, dt=219) = 0.8903; 225 pA: =1 513, ar=2a9) = 0.8792; 250 pA: Py 557, ar=2a9) =
0.8551; 275 pA: Pit=1.049, df=249) = 0.9948; 300 pA: Pt=0.8394, df=249) = 0.9996; 325 pA:
Pu=0ss3, dt=219) = 0.9995; 350 pA: Pt 171, ar=aa9) = 0.9845; 375 pA: Py, dr=2a9) =
0.9805; 400 pA: p=o5312, di=249) = 0.9999). G-J, L, M, N=3 and N =5 mice with n=12
control (hrGFP) and n = 11 shSLK-hrGFP neurons.
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Table 3. AP properties”

AP properties Control (hrGFP) (n=28) shSLK-hrGFP (n=12)

Peak potential 351+17 323+18
Peak depolarization rate (V/s) 366 = 25 319 = 20%*
Peak repolarization rate (V/s) —703+27 —584+28
Threshold (mV) —503+1.0 —465+ 16
Duration at half-amplitude (ms) 1.1+ 0.04 1.25 = 0.06
Fast afterhyperpolarization amplitude (mV) 5.9 = 1.1 6.1£16

“APs were recorded from cells expressing control (hrGFP) or shSLK (shSLK-hrGFP) encoding plasmids that
were introduced by IUE at E14. n=28 control (hrGFP) and n=12 shSLK-hrGFP neurons; two-way ANOVA
(interaction: p(r—y497, 45, 108y = 0.0351; AP properties: p_sis; 4=, 105 < 0.0001; condition:
Dir=1.086; di=1, 108) = 0.2997); Sidak’s multiple-comparisons test, **p << 0.01, for comparison between indi-
cated value and respective control value (in detail: peak potential: p(—q211s, ar=108) > 0.9999; peak depola-
rization rate: p—3sss, dr—10s) = 0.0034; peak repolarization rate: pi_oo 4105y = 0.9376; threshold:
Pit=02874, dr=108) = 0.9999; duration at half amplitude: p(—g01,134, dr=108) > 0.9999; fast afterhyperpolariza-
tion amplitude: p(—o.01513, dr=108) > 0.9999).

reduction in inhibitory synapse function (Bateup et al., 2013).
Our discovery of an SLK-mediated E/I imbalance provides an in-
triguing new aspect to this range of mechanisms. Furthermore,
novel gene mutations of SLK found in families with intellectual
disability point to the importance of SLK’s role for proper CNS
development and the substantial potential of aberrant neuronal
network function in the case of SLK impairment (Anazi et al,
2017).

With respect to hyperexcitable brain malformations, several
recent studies have significantly advanced our understanding of
the pathogenic events that initiate the formation of FCDs and
GGs (Koelsche et al., 2013; Koh et al., 2018; Baldassari et al.,
2019). Less is known on how the characteristic morphologic and
functional neuronal phenotypes of FCDII and GGs develop.
Several aspects of our mouse model and human data suggest loss
of SLK as a significant pathomechanism for the emergence of
dysmorphic neurons in focal lesions. First, reduced expression of
SLK is present in both FCDIIb and GGs, despite their substan-
tially different molecular-genetic backgrounds (Koelsche et al.,
2013; Lim et al,, 2015). Second, although many genes are differ-
entially expressed in dysmorphic lesions, knockdown of just SLK
had a profound and selective effect on neuronal, particularly
dendritic, morphology and function. The resulting E/I imbalance
of a relatively restricted, focal ensemble of neurons could con-
tribute to the episodic generation of epileptiform activity. Of
note, intellectual disability is a frequent comorbidity in FCD
patients, and SLK has been recently reported as a potential intel-
lectual disability risk gene (Anazi et al., 2017). Decreased inhibi-
tion is a key feature of many focal cortical malformation models
(Calcagnotto et al., 2005; André et al., 2010; Talos et al., 2012),
and our data suggest that reduced SLK levels in dysplastic neu-
rons might contribute to the development of these lesions in
humans, despite the large spectrum of dendritic impairment in
neuronal elements of FCDs, which comprise both hyper- and
hypo-arborized dendrites (Rossini et al., 2021). It should further
be noted that, in FCDs, a significant reduction in IPSC frequency
and a potentially compensatory decrease in transporter-mediated
GABA reuptake function (Calcagnotto et al.,, 2005) but also a
higher frequency of spontaneous IPSCs presumably because of
altered GABA, receptor subunit composition have been
reported (André et al., 2010). The complexity of inhibitory signal
transmission of FCDs will require further network-based analy-
ses in the future for which SLK knockdown appears as a suitable
model. A further intriguing observation in our experiments was
that SLK influences rather the maintenance than the initial devel-
opment of inhibitory synapses, which may be in line with the
clinical notion that most FCDIIb and GG patients do not de-
velop epilepsy before early childhood (Sisodiya et al., 2009).
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Figure 5. Dysmorphic neurons with aberrant dendritic architecture show loss of SLK immunoreactivity in human epileptogenic developmental lesions. A, The expression of SLK was compared
between normal human brain tissue/nonlesioned control tissue and the adjacent dysmorphic lesion. Coimmunohistochemistry of FCDIIb specimens with antibodies against SLK and MAP-2
reveals SLK-expressing neurons in control areas, whereas SLK immunoreactivity in large dysmorphic neurons in the lesioned cortex is almost absent. Scale bar, 100 um. B, Quantification of SLK
fluorescence intensity shows low values for dysmorphic neurons within the FCDIIb-lesioned area compared with neurons in the normal-appearing columnar cortex. N =10 different patients
with a total of n =269 control and n = 94 dysmorphic neurons. Unpaired two-tailed ¢ test: ****p << 0.0001 (p(=1.32, dar=361) << 0.0001). €, In GGs (i.e., benign human brain tumors harboring
dysmorphic neurons), coimmunohistochemistry with antibodies against SLK, MAP-2, and vimentin revealed strong expression of SLK in MAP-2-expressing (i.e., neuronal elements) but not in
vimentin-positive astroglial cells in control brain tissue. Scale bar, 100 um. D, The expression of SLK is substantially reduced in dysmorphic neuronal (i.e., MAP-2 positive elements) in GG.
=8 different patients with n =613 control cells and n =466 cells within the GG. Unpaired two-tailed t test: **p << 0.01 (py3.15, ar=1077) = 0.0017). E, Human specimens of F(DIlb and GGs
were stained with antibodies against MAP-2. Highly enlarged dysmorphic neurons in an FCDIIb; note the aberrantly thick and short neurites (FCDIIb, black arrow). Substantially pathologic archi-
tecture of neurites in GG; note the shortened processes of aberrant and strongly varying diameter (GG, black arrows). Delicate process pattern in normal cerebral cortex structures (control, black
arrow). Scale bar, 100 pum. F, H&E staining of human specimens of FCDIIb and GGs. Very large, irregularly oriented dysmorphic neurons with aberrantly thin (FCDIIb, gray arrow) or particularly
strong processes (FCDIIb, black arrow) without organoid organization in very low cellular matrix indicating a dysmorphic (FCDIIb) rather than neoplastic process. Clusters of sometimes even
binucleated (GG, black arrow) dysmorphic neurons (GG, asterisk) in a cellular matrix of neoplastic astroglia in GG. Normal cerebral cortex structures, which have a clear organoid organization
(control). Scale bar, 100 pm.
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In conclusion, our data attribute to SLK a critical and highly
selective role in the regulation of dendritic complexity during de-
velopment and of inhibitory synapse stabilization. Our results
also suggest that SLK contributes to morpho-functional abnor-
malities in dysmorphic neurons of highly epileptogenic brain
lesions.
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