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Abstract

During neuronal development, AMPA receptors (AMPARs) and NMDA receptors (NMDARs) are important for neuronal
differentiation. Kainate receptors (KARs) are closely related to AMPARs and involved in the regulation of cortical network
activity. However, their role for neurite growth and differentiation of cortical neurons is unclear. Here, we used KAR agonists and
overexpression of selected KAR subunits and their auxiliary neuropilin and tolloid-like proteins, NETOs, to investigate their
influence on dendritic growth and network activity in organotypic cultures of rat visual cortex. Kainate at 500 nM enhanced
network activity and promoted development of dendrites in layer II/III pyramidal cells, but not interneurons. GluK2 overexpres-
sion promoted dendritic growth in pyramidal cells and interneurons. GluK2 transfectants were highly active and acted as drivers
for network activity. GluK1 and NETO1 specifically promoted dendritic growth of interneurons. Our study provides new insights
for the roles of KARs and NETOs in the morphological and physiological development of the visual cortex.
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Introduction

In the mammalian CNS, L-glutamate is the principal excitatory
neurotransmitter for fast synaptic transmission. It acts via AMPA
(GluA), NMDA (GluN), and kainate receptors (GluK) [1, 2].
AMPARs, NMDARs, and KARs are essential for neuronal de-
velopment and display distinct functions in regulating synaptic
transmission and plasticity. For instance, in tadpole optic tectum
neurons, the maturation of the complex dendritic trees has been

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/512035-018-1414-0) contains supplementary
material, which is available to authorized users.

D4 Petra Wahle
petra.wahle@rub.de

Faculty for Biology and Biotechnology ND 6/72, Developmental
Neurobiology, Ruhr University Bochum, Universititsstra3e 150,
44801 Bochum, Germany

Medical Faculty, Neuroanatomy and Molecular Brain Research,
Ruhr University Bochum, Universitétsstrafie 150,
44801 Bochum, Germany

Faculty of Chemistry and Biochemistry, Biochemistry [—Receptor
Biochemistry, Ruhr University Bochum, Universititsstrafle 150,
44801 Bochum, Germany

@ Springer

shown to be dependent on activity and calcium signaling trig-
gered by NMDARs [3]. Blocking NMDARSs impairs dendritic
development evoked by visual synaptic activity [4, 5]. In the
rodent barrel cortex, deletion of the GluN1 subunit leads to ab-
normal development of dendritic patterns [6, 7]. Disruption of
GIuA2 decreases dendritic complexity in the frog optic tectum
[8]. In slice cultures of rat visual cortex, overexpression of dis-
tinct splice variants of AMPARs differentially regulates the mor-
phological maturation of pyramidal cells and interneurons.
Interestingly, the AMPAR flip isoforms with prolonged channel
opening times are more efficient than flop isoforms and calcium-
permeable AMPARs [9]. Moreover, type-I transmembrane
AMPA receptor regulatory proteins (TARPs) enhance dendritic
maturation of cortical pyramidal cells by augmented trafficking
of endogenous AMPARSs [10]. The growth response requires
NMDARs and voltage-gated calcium channels (VGCCs). In a
developmental context, the role of KARs and NETOs for
dendritogenesis in the neocortex has remained elusive.

KARs are represented by three low-affinity subunits,
GluK1, 2, 3, and two high-affinity subunits, GluK4, 5 [11].
KARs are expressed as homo- and heterotetramers of various
subunit combinations; only GluK1-3 can form functional
homomeric channels, whereas GluK4/5 co-assemble with
low-affinity subunits [12]. KARs diversify by RNA editing
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to control calcium permeability and by alternative splicing
[13]. In rodent cortex, GluK2 and GluKS5 are the most abun-
dant subunits [14, 15] with pyramidal cells mainly expressing
GluK?2 [12, 16], while interneurons abundantly express
GluK1 [17-19]. Pre- and postsynaptically located KARs
modulate transmitter release and network excitability, respec-
tively, through ionotropic and also metabotropic pathways
[13,20-22].

Compared to AMPARs and NMDARs, an involvement of
KARs in neuronal maturation has not been tested as exten-
sively. Monnerie and Le Roux 2006 [23] have shown that
exposing E18 dissociated mouse cortical neurons for 3 days
to 10-100 uM kainate increases the number of primary den-
drites and dendritic length in an NBQX- and NS-102-sensitive
fashion. Kainate at low concentrations (300 nM) enhances
neurite outgrowth of cultured mouse dorsal root ganglion neu-
rons (DRGs) [24] and higher concentrations have been shown
to stop neurite outgrowth in DRGs [25]. Kainate at low con-
centrations increases the amplitude of EPSCs in supragranular
cortical pyramidal cells [26], and our study on AMPAR re-
vealed that larger amplitudes are efficient inducers of dendritic
growth [9]. However, KARs usually desensitize fast, and can
become quickly internalized in a PKC-dependent fashion
when activity increases [27, 28]. Yet, KARs may influence
growth via metabotropic actions, for instance by enhanced
recycling of AMPARS to synaptic membranes; this has recent-
ly been shown to contribute to hippocampal LTP [29].
Moreover, in neonatal hippocampus, activation of presumably
presynaptic KARs by 50 nM kainate contributes to network
activity [30], and perinatal network activity is discussed as a
driver for morphological maturation [5]. NETO1 contributes
to the development of hippocampal circuitry by regulating
axonal and presynaptic KARs [31]. In DRGs, NETO2 plays
a crucial and dynamic role in neurite outgrowth during devel-
opment and in adult DRGs [32].

In the present study, we used KAR-targeting pharmaca as
well as overexpression of selected KAR and NETO subunits
to systematically investigate their role in dendritic growth dur-
ing early postnatal development. The results suggest that
GluK2 contributes to pyramidal cell dendritic maturation, cel-
lular excitability, and network activity. Moreover, GluK1 as
well as NETO1 enhance dendritic maturation of interneurons.

Methods
Organotypic Cultures

Visual cortex organotypic cultures (OTCs) were prepared
from PO/1 newborn rat pups (Long Evans) as described [33].
Tissue was chopped in 350 um slices using a Mcllwain tissue
chopper (Ted Pella, Redding, CA, USA) and mounted on a
coverslip with a plasma/thrombin clot. OTCs were kept at

37 °C in roller tubes supplied with 700 pl semi-artificial me-
dium containing 25% adult horse serum, 25% Hank’s bal-
anced salt solution, 50% Eagle’s Basal Medium, 1 mM L-
glutamine (all from Life Technologies, Karlsruhe, Germany),
and 0.65% D-Glucose (Merck, Darmstadt, Germany). To pre-
vent excessive glial growth, OTCs were treated at DIV 2 (DIV
= days in vitro) with a cocktail of uridine, cytosine-3-D-
arabino-furanosid, and 5-fluordeoxyuridine (all from Sigma-
Aldrich, Steinheim, Germany) for 24 h. Medium was changed
every third day for transfected OTCs which did not receive
any pharmacological treatment. All data presented derived
from minimum of two, mostly three independent culture prep-
arations each done from four to five pups. Slices from every
individual were allocated to all experimental conditions of the
respective experiment. For calcium imaging, OTC medium
was changed to artificial cerebrospinal fluid (ACSF) contain-
ing in mM: 125 NaCl, 5 KCI, 2 CaCl,, 1 MgSOy, 25
NaHCOs, 1.25 NaH,POy,, 25 glucose, pH 7.4.

Expression Plasmids

All plasmids (see Supplementary Table 1) were prepared as
endotoxin-free solutions using the EndoFree Plasmid Maxi
Kit (Qiagen, Cat No./ID: 12362). Plasmid stocks were diluted
to 1 pg/ul and stored at — 20 °C.

Pharmacological Treatment

For pharmacological treatment to test the involvement of L-
type voltage-gated calcium channels, NMDARs or AMPARs,
OTCs were kept under nifedipine (10 uM; Sigma-Aldrich,
Steinheim, Germany), or DL-2-amino-5-phosphonovaleric
acid (APV, 50 uM; Sigma-Aldrich, Deisenhofen, Germany),
or GYKI 47261 (1 uM; Tocris, Wiesbaden, Germany) from
DIV 5-10 concomitant with the overexpression of the
GluK2(R) subunit. For chronic stimulation, OTCs were kept
under final concentrations in the medium of 500 nM kainate,
or 1 uM ATPA, or 1 uM UBP 310 (all from Tocris,
Wiesbaden, Germany) from DIV 5-10. Medium was
refreshed every second day in order avoid accumulation of
pharmaca. To test the involvement of metabotropic actions
on the kainate-induced increase in network activity, we divid-
ed two large batches of cultures into two groups: one for
calphostin C and one for H89. From the two batches, 2 % 5
OTC have been recorded. The PKC inhibitor calphostin C
(1 uM; Tocris, Wiesbaden, Germany) or the PKA inhibitor
H89 (10 uM; Tocris, Wiesbaden, Germany) were added to the
recording chamber for 30 min after baseline activities were
recorded and could be increased by 500 nM kainate.
Afterwards, calphostin C or H89 were washed out with
ACSF containing 500 nM kainate for 10 min before activity
was subsequently recorded.
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Biolistic Transfection

Transfection was carried out as described [9, 10, 33]. Briefly,
cartridges were prepared by coating 10 mg gold microcarriers
(1 pm diameter; BioRad) with 10 pg plasmid encoding the
reporter (EGFP or mCherry) alone or in combination with
10 pg of the plasmid encoding one of the effector proteins
(KAR subunits, NETOs, TTBK2-KD). TTBK2-KD was a gift
from Dario Alessi [34]. For confocal calcium imaging, the
calcium sensor GCaMP6m (pGP-CMV-GCaMP6m, a gift
from Douglas Kim [35]) served as a reporter and was
cotransfected with one of the effector proteins. Although
GCaMP6m shows very low baseline fluorescence, cells could
easily be selected for imaging when fluorescence increased
upon activity. Cultures were blasted at DIV 5 using the
hand-held Helios Gene Gun (BioRad, Munich, Germany)
with 180 psi helium pressure. In order to test if the morpho-
logical development of wild-type neurons wired up in a net-
work containing GluK2(R) transfectants is affected by the
increased network activity, two blasts to OTCs were delivered:
the first blast delivered EGFP and the second blast delivered
mCherry; this is the control condition. For the experimental
condition, the first blast delivered EGFP together with
GluK2(R) and the second blast delivered mCherry. This
way, we labeled two separate neuronal subsets in every cul-
ture. The probability that one cell is occasionally double-
transfected by two blasts (mCherry-coated particle striking
the same cell that was previously hit by GluK(R) + EGFP)
is very low. Still, prior to fixation, every OTC was checked for
transfectants positive for both EGFP and mCherry. This was
indeed the case in a few OTCs and these OTCs were
discarded. After 5 days of overexpression, the mCherry-
labeled layer II/III pyramidal cells were reconstructed. We
focused only on this population because they were the ones
strongly responding to GluK2 overexpression.

Immunohistochemistry and Inmunofluorescence

For morphometrical analysis, OTCs were fixed with pre-
warmed (37 °C) 4% paraformaldehyde in 0.1 M phosphate
buffer pH 7.4 at DIV 10 for 2 h. Immunohistochemistry
against EGFP or mCherry was done as described [9, 33] using
amouse antibody against GFP (1:1000; clone GSN24, Sigma-
Aldrich, RRID: AB 563117) or mCherry (Living Colors®,
Clontech, Hamburg, Germany, RRID AB 2307319) over-
night followed by biotinylated goat anti-mouse (1:1000;
Dako A/S, Glostrup, Denmark, product no. E043301-2) for
3 h, ABC reagent for 2 h (Vector Laboratories Inc.,
Burlingame, CA, USA, Cat# PK-7100; RRID:
AB _2336827), and reacted with 3,3'-diaminobenzidine
(Sigma-Aldrich, Steinheim, Germany) and H,O,. The DAB
reaction product was intensified with OsO,4 (Sigma-Aldrich,
Steinheim, Germany). Subsequently, cultures were
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dehydrated and coverslipped with DEPEX (Sigma-Aldrich,
Steinheim, Germany). For fluorescent staining, OTCs were
transfected with the fluorophore-tagged receptor subunits
(GluK2(R)-pEGFP or GluA2(R)i-pEYFP, respectively) at
DIV 5. After 3 days of overexpression, OTCs were fixed
and incubated with the GFP antibody as described above.
Subsequently, incubation with fluorescent secondary antibod-
ies (1:500 goat anti-mouse ALEXA-488, Thermo Fisher
Scientific Cat# A-11001, RRID: AB_2534069) was done for
1 h to enhance the signal. After incubation, OTCs were
washed 3x with TBS, 3x with PBS, coverslipped with
sRIMS [36], sealed with nail polish, and imaged.

Morphometrical Analysis

Immunostained neurons were reconstructed with the
Neurolucida system (MicroBrightField, Inc., Williston,
Vermont, USA) as described [10] by observers blinded to
experimental conditions. Reconstructed cells were cross-
checked and classified by a second observer, who was also
blinded to condition. No preselection of cells was done.
Pyramidal cells and interneurons were distinguished by
criteria of dendritic and axonal patterns [9, 33].

Kainate-Induced Dendritic Injury Assay

At DIV 10, OTCs overexpressing EGFP alone or together
with the effector proteins indicated (KAR subunits, TTBK2-
KD) were challenged with 25 uM kainate for 10 min in the
roller incubator, followed by fixation with pre-warmed 4%
phosphate-buffered paraformaldehyde and immunostained
against EGFP as described above. The percentage of
transfected neurons with symptoms of dendritic beading was
determined by two observers blinded to conditions as de-
scribed [9, 10] (for representative neurons displaying dendritic
beading, see Supplementary Fig. 1A).

Two-Photon and Confocal Calcium Imaging

OTCs were allowed to express EGFP alone or together with
effector proteins for a minimum of 2 days before recording.
On the day of recording, cultures were loaded with Oregon
Green® 488 BAPTA-1 AM (OGB; Molecular Probes,
Oregon, USA) as described [37] and subsequently washed
with oxygenated ACSF. After loading, OGB was washed
out with oxygenated ACSF and cultures were allowed to re-
cover in the roller incubator for at least 1 h. OTCs were im-
aged under constant perfusion with 32 °C oxygenated ACSF,
at a rate of 3—5 ml per min. The imaging setup is based on a
custom-build two-photon laser scanning microscope with a
Ti:sapphire laser system (Spectra Physics, Mountain View,
CA, USA). This system provides a mode-locked laser light
(pulse width < 100 fs, 80 MHz, center wavelength 790 nm)
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and is connected to a scanning setup (Sutter Instruments,
Lambrecht/Pfalz, Germany) with a water-immersion objective
(%20, 0.8 NA, Zeiss, Oberkochen, Germany). Image analysis
and acquisition of data were done with MacBiophotonics
Image] software, MatLab 6.5 and Scanlmage 3.0 [38]. For
confocal calcium imaging, single neurons transfected with
GCaMP6m alone or together with effector proteins (KAR
subunits, TTBK2-KD) were recorded earliest after a 2-day
period of overexpression. At the day of recording, the culture
medium was replaced by oxygenated ACSF with multiple
washing steps. After recovery (for at least 1 h in the incuba-
tor), cultures were imaged using a Leica TCS SP5 confocal
microscope (Leica, Mannheim, Germany) with a x10 objec-
tive at 1400 Hz and 3 frames/s. The normalization to the mean
fluorescence intensities (AF/F®) was done in order to allow
comparison of data from several experiments. Z-stacks of var-
ious sizes (depending on culture thickness, but all spaced by
1 um steps) of neurons stained for the overexpressed
fluorophore-tagged receptor subunits (GluK2(R)-pEGFP or
GluA2(R)i-pEYFP, respectively) were obtained with x10 ob-
jective at 1024 x 1024 pixels. Maximum projections of im-
ages were assessed using Fiji/lmage] [39] and enhanced for
contrast and brightness only when used for qualitative image
preparation.

The basal levels of activity do vary between batches and
even between sister cultures from the same animal. One factor
is the degree of maturity of the cortex at the time of explanta-
tion. Smaller litters are advanced compared to large litters as
published [40]. Further, it is known that neurons cope in a very
individual manner with OGB loading or GCaMP
overexpression—these sensors can interfere with neuronal
physiology which might also be one factor to influence the
basal levels of activity. Therefore, we always test our treat-
ment groups against sister cultures made from the animals
from the same litter (1 batch/1 culture preparation). Further,
as development advances, the levels of activity at different
time points vary—in fact, the control traces show a natural
increase in spontaneous activity (to be seen, e.g., in Fig. 1).
Last but not least, depending on how many recordings from
DIV 7 or DIV 10 finally ended in the pool, the frequencies
vary between 5 and 12 calcium events per 5 min in the
controls.

Assessment of Relative Fluorescence Intensities
Along Dendrites

The analysis of the differential expression patterns of each
fluorophore-tagged receptor in the presence or absence of
TTBK2-KD overexpression (Supplementary Fig. 2) was done
as described [41]. In brief, using the Simple Neurite Tracer
plugin for ImageJ, multiple randomly chosen dendritic seg-
ments of each neuron were analyzed in 5 pm bins. Dendrites
were identified by ALEXA-488 fluorescence originating from

the immunostained GFP located within the C-terminal domain
of the given receptor. Fluorescence intensity was normalized
to maximal intensity of each dendrite. The length of each
dendrite analyzed was set from 0 to 1.0 by piecewise linear
interpolation to normalize the line profile distance.
Subsequently, the obtained interpolated data were pooled,
and the mean =+ s.e.m was plotted against normalized distance.

Statistical Analysis

Statistical analysis was performed using SigmaPlot12 (SPSS
Inc., Chicago, USA). For all data, non-parametric ANOVA on
Ranks tests with corrections for multiple testing when appro-
priate (Bonferroni or Dunn’s test) was conducted followed by
Mann-Whitney rank sum tests. Graphs were created with
SigmaPlot12 (SPSS Inc., Chicago, USA).

Results

A Low Dose of Kainate Is Sufficient to Increase
Network Activity in OTCs

One major role of functional KARs is to regulate network
activity [42]. To confirm if the KARs are functionally
expressed in OTCs, we monitored neuronal activity with
two-photon calcium imaging in the absence and presence of
kainate (Fig. 1) in OTCs aged DIV 7-10. Wash-in of 500 nM
kainate (low kainate concentrations are known to activate only
KARs [43]) increased network activity at every developmen-
tal time point tested (Fig. la, b; Supplementary Fig. 4A).
While the amplitudes of spontaneous calcium events were
unchanged, the rate of events was significantly increased
(Fig. lc, Supplementary Fig. 4A). This confirmed that
KARs are functionally expressed during the time window
tested, and that 500 nM kainate is sufficient to enhance net-
work activity.

Chronic Kainate Treatment Enhances Maturation
of Supragranular Pyramidal Cells

Next, we tested if the low dose of kainate can influence den-
dritic growth. OTCs were transfected with EGFP at DIV 5 and
treated once daily either with water as control or 500 nM
kainate in water from DIV 6-10, medium was exchanged
every second day. Kainate treatment resulted in a significant
increase of apical dendrite length and branching of layer II/I11
pyramidal cells, but failed to promote dendritic growth of
layer VI pyramidal cells (Table 1A). In addition, the basal
dendrites of both cell types were unaffected by the kainate
treatment. Considering interneurons, kainate failed to elicit
dendritic growth (Table 1B). This suggested that the KAR-
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Fig. 1 Kainate increases a
spontaneous network activity in Before calcium event
OTCs. a Representative images
of a two-photon recording from
an individual OTC (DIV 8)
showing the rise, peak, and
decline of a spontaneous calcium
event. b Representative traces of
spontaneous calcium events
(expressed as AF/F% at DIV 7
10 in the absence (control) and b
after wash-in of 500 nM kainate. ¢
Quantitative analysis (mean +
s.e.m.) of amplitudes and
frequencies of spontaneous
calcium events before (control)
and after wash-in of kainate (DIV
7-10 recording, data pooled).
Note that DIV 5-10 is the time
window for the analysis of
dendritic growth. Numbers of
analyzed OTCs are given in the
bars. *** P <0.001 for treatment
versus control group. Scale bars
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induced network activity promotes dendritic maturation in a
cell class- and compartment-specific manner.

Acute ATPA Treatment Reduces Network Activity
in OTCs

In order to investigate if interneurons in OTCs express function-
al GluK1-containing KARs during the early postnatal time win-
dow, we recorded calcium events in the absence or presence of
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1 uM ATPA, a potent GluK 1-selective agonist [44]. Activating
interneurons with ATPA has been reported to increase the
GABAergic inhibition in pyramidal neurons [44-48] resulting
in a reduction of network activity. As expected, the rate of spon-
taneous calcium events significantly decreased in the presence
of ATPA, and this effect was reversed after washout (Fig. 2a, b);
amplitudes were not affected. These observations suggested that
interneurons in OTCs express functional GluK1-containing
KARSs which can be activated by ATPA.
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Table 1 Quantitative morphometric analysis of kainate-treated
pyramidal cells and interneurons (A). Mean + s.e.m. of apical and basal
dendritic length and segment number of pyramidal cells from layer II/I1I
and layer V/VI treated with water as control or 500 nM kainate,
respectively. ADL, apical dendritic length (um); BDL, mean basal
dendritic length (um). (B) Mean + s.e.m. of dendritic length and

segment numbers of interneurons treated with water as control or
500 nM kainate, respectively. MDL, mean dendritic length (um); MDS,
mean dendritic segments; PD, number of primary dendrites. The number
of reconstructed cells per group is given in (n). In this and the following
tables, values in italic followed by P values indicate significant
differences to the control condition.

A. Kainate-treated pyramidal cells
Pyramidal cells in layers II/I11

Treatment ADL (n)
Segments

H,O control 1053 £48 (81)
28.7+1.4

Kainate 500 nM 1289+49 (130), P=0.003
37.7+1.5 P<0.001
B. Kainate-treated interneurons

Treatment
H,>O control

Kainate 500 nM

MDL ()
394420 (63)

377423 (66)

Pyramidal cells in layers V/VI

BDL ADL (n) BDL
Segments Segments Segments
212+13 1021+43 (93) 252+30
6.4+03 25.1+14 6.7+0.3
245+13 1054 +34 (124) 248 £11
8.1+04 23+0.9 6.5+£0.3
MDS (n) PD

93+0.7 47+0.2

95+1 46+0.2

Pharmacological Treatment Targeting of GluK1
Affects Dendritic Maturation of Interneurons

Since interneurons did not display an enhanced dendritic growth
upon kainate treatment, we applied the more potent GluK1-
agonist ATPA at 1 uM to OTCs from DIV 6 to 10. ATPA failed
to alter the morphology of pyramidal cells (Table 2A).
Interestingly, ATPA-treated interneurons displayed a significant
increase in mean dendritic length (MDL) by 17.3% (Table 2B;
for representative ATPA-treated interneurons, see Fig. 6¢). This
observation suggested that the GluK 1 subunit can elicit dendritic
elongation in interneurons. By contrast, when the GluK1 antag-
onist UBP 310 (1 uM) was applied, the MDL was significantly
decreased by 28.17% (Table 2C). Together, the two experiments
suggested a role of GluK1 for dendritic growth in interneurons.

Overexpression of GluK2(Q) and GluK2(R) Enhances
the Activity of Individual Neurons

It has been reported that the GluK2 subunit is important for
regulating cell excitability and network activity [43, 49-53].
In order to test if an enhanced expression of GluK?2 leads to an
enhanced activity of the neurons, we transfected the genetical-
ly encoded calcium sensor GCaMP6m alone as control or
together with either GIluK2(Q) or GluK2(R), respectively.
Only pyramidal cells with a clearly identifiable axon were
recorded (Fig. 3a). Confocal calcium imaging of individual
transfectants revealed that the frequency of spontaneous cal-
cium events was enhanced in neurons overexpressing
GluK2(Q) or GluK2(R), compared to controls at DIV 7-10
(Fig. 3b, c¢). Amplitudes were not different (Fig. 3c). This
suggested that GluK2 is, independent of its editing status, a
regulator of excitability and that neurons overexpressing

GluK2 are significantly more active than age-matched wild-
type neurons.

TTBK2-KD Decreases Spontaneous Activity
of Individual Neurons

A recent study has shown that tau-tubulin kinase-2 (TTBK2)
can reduce GluK2 surface expression in a Rab5-dependent
manner, and this function is independent of its kinase activity
[54]. We therefore employed TTBK2 as a brain-derived enzy-
matic tool to elicit via its overexpression a partial knockdown of
endogenous GluK?2 in individual cells. In order to avoid poten-
tial effects mediated by the kinase domain, we used the kinase-
dead TTBK2 mutant (TTBK2-KD) for the experiments be-
cause its only known function is to promote GluK2 endocytosis
[54]. We first overexpressed TTBK2-KD together with GFP-
tagged GluK2 subunits and assessed the relative fluorescence
patterns along arbitrarily selected dendritic segments
(Supplementary Fig. 2). When coexpressed with TTBK2-KD,
the distribution of GluK2(R)-EGFP resembled a vesicular pat-
tern compared to GluK2(R)-EGFP alone (Supplementary
Fig. 2A, B), and concurrently, the relative fluorescence along
dendrites was significantly decreased (Supplementary Fig. 2C).
As a control, we tested if TTBK2-KD could affect the distribu-
tion of GluA2(R)i-EYFP in a similar fashion, and this was not
the case (Supplementary Fig. 2D-F). If the endogenously
expressed GIuK2 subunits are required for neuronal activity,
an overexpression of TTBK2-KD and the resulting reduction
of surface GIuK2 should decrease the activity of the transfected
neurons. Intriguingly, neurons transfected with TTBK2-KD
displayed about 50% less spontaneous calcium events com-
pared to age-matched wild-type cells recorded in sister cultures
(Fig. 4a, b); amplitudes were not different. In addition, TTBK2-
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Fig. 2 ATPA reduces network a
activity in OTCs. a ATPA 1 uM
Representative traces of
spontaneous calcium events DIV7
(expressed as AF/F°) at ages
indicated in the absence or
presence of 1 pM ATPA. b
Quantitative analysis (mean +
s.e.m.) of amplitudes and
frequencies of spontaneous ATPA 1 uM
calcium events in ATPA-treated
OTCs (DIV 7-10 recording data DIV 8
pooled), showing that ATPA does
not influence the amplitudes but
decreases the rate of spontaneous
calcium events. Numbers of
analyzed OTCs are given within
bars. *** P <0.001 for 1 uM
ATPA versus control (= before
ATPA); **, P=0.001 for 1 uM
ATPA versus washout ATPA1 HM
DIV 10
w
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KD transfectants were significantly less sensitive to kainate-
induced excitotoxicity determined by dendritic injury assay
(Supplementary Fig. 1D, E). These observations provided fur-
ther evidence that GluK2 is important for promoting activity
during the early postnatal time window.

GluK2 Transfectants Increase Network Activity
in OTCs

Next, we asked if the comparatively few GluK2-
overexpressing neurons generated by biolistic transfection in
every OTC can transmit their enhanced activity to neighbor-
ing wild-type neurons. OTCs were transfected at DIV 5 with
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either EGFP alone or with EGFP plus one of the GluK2
editing variants. To monitor activity of wild-type neurons,
we used the calcium dye OGB. For recording, we selected in
every OGB-loaded OTC those areas of interest which were
void of EGFP-expressing or EGFP/GluK2-expressing neu-
rons, in order to only record calcium events from wild-type
cells not overexpressing GluK2 (five arbitrarily selected
somata per ROI). Interestingly, two-photon calcium imaging
revealed that wild-type cells in OTCs harboring GluK2
transfectants display significantly higher frequencies of calci-
um events than age-matched wild-type cells from OTCs har-
boring only EGFP transfectants (Fig. 5a, b). Amplitudes
remained unchanged (Fig. 5b). These observations suggested
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Table 2 Quantitative morphometric analysis of ATPA-treated
pyramidal cells and interneurons (A). Mean + s.e.m. of apical and basal
dendritic length and segment number of pyramidal cells from layer II/I1I
and layer V/VI treated with water as control or 1 pM ATPA, respectively.
ADL, apical dendritic length (um); BDL, mean basal dendritic length
(um). (B) Mean + s.e.m. of dendritic length and segment numbers of

interneurons treated with water as control or 1 uM ATPA, respectively.
(C) Mean + s.e.m. of dendritic length and segment numbers of
interneurons treated with DMSO as control or 1 uM UBP 310,
respectively. MDL, mean dendritic length (um); MDS, mean dendritic
segments; PD, number of primary dendrites. The number of reconstructed
cells per group is given in (n)

A. ATPA-treated pyramidal cells
Pyramidal cells in layers II/11

Pyramidal cells in layers V/VI

Treatment ADL (n) BDL ADL (n) BDL
Segments Segments Segments Segments

H,O control 1133 +£50 (62) 213+14 975+55 (41) 238+22
31.6+1.5 6.6+0.5 226+14 6.1+0.5

ATPA 1 uM 1192 +£42 (93) 243+15 1053 +38 (57) 285+18
30+1.3 6.9+0.3 23+1.2 6.8+04

B. ATPA-treated interneurons

Treatment MDL (n) MDS (n) PD

H,O control 341+£16 (54) 7+03 4.1+0.2

ATPA 1 uM 400+15 (89), P=0.017 7.7+0.3 44+02

C. UBP 310-treated interneurons

Treatment MDL (n) MDS (n) PD

Control + DMSO 529+42 (28) 9.4+09 49+03

UBP 3101 uM 380+18 (27), P= 0.007 6.7+0.4, P=0.02 44+04

that GluK2-overexpressing neurons display a “pacemaker-
like behavior” which drives the activity in the organotypic
neuronal network. This is in line with a role of the GluK2
subunit in promoting network activity. Further, the effect
was independent of the editing status of GluK2. We also tested
if the wild-type network is affected by cells overexpressing
GluK1 and found that both GluK1 editing variants failed to
alter amplitudes and frequencies (Fig. 5c, Supplementary
Fig. 4B).

Selected GluK Subunits Promote Dendritic Growth
in a Cell Class- and Compartment-Specific Manner

To test their influence on dendritic growth, various KAR sub-
unit editing variants were overexpressed from DIV 5 to 10. To
test if an overexpression of transfected KAR subunits oc-
curred, we transfected neurons with GluK2(R) containing a
C-terminal GFP-tag. Confocal imaging revealed that neurons
expressed clearly detectable quantities of GFP-tagged
GluK2(R) protein and that the protein subunit was dispersed
throughout the neurites (Fig. 6a; Supplementary Fig. 2A).
This confirms reports that transfection with GluK2 in CA3
pyramidal cells leads to a labeling of the somatodendritic com-
partment [55]. Evidence that functional GluK subunit overex-
pression had been elicited was determined by dendritic injury
assays which reported that the two GluK1 and the two GluK2
variants confer a significantly higher sensitivity to kainate (see
Supplementary Fig. 1A—C).

Regarding dendritic maturation, both GluK2(R) and
GluK2(Q) were able to increase elongation and branching of
apical dendrites in layer II/IIT pyramidal cells (Table 3A; for
representative pyramidal cells, see Fig. 6b). Further,
GluK2(Q) and GluK2(R) increased the dendritic complexity
of layer II/III apical dendrites as revealed by Sholl analysis
(Supplementary Fig. 3A). For basal dendrites of layer II/III
pyramidal cells, length and segmentation were not significant-
ly different when tested with an ANOVA on ranks (Table 3A).
However, the Sholl analysis revealed that in the basal den-
drites of GluK2(Q), but not GluK2(R) overexpressing pyra-
midal cells, the branching was increased in the proximal parts
of the dendrites (Supplementary Fig. 3B). GluK1(Q) and
GluK1(R) as well as the high-affinity subunit GluK5 failed
to change the morphology of pyramidal cells (Table 3A). In
another experiment, we examined if the augmented network
activity induced by GluK2(R) transfectants is sufficient to
promote dendritic growth in wild-type neurons overexpress-
ing mCherry only in the same OTC. Interestingly, the apical
dendrites of layer II/IIl pyramidal cells of these wild-type
neurons displayed an increase in elongation and branching
in a similar compartment-specific fashion as GluK2(R)
transfectants (Table 3B). In interneurons, both, GluK2(Q)
and GluK2(R) were able to enhance dendritic elongation,
but not branching. Interestingly, the two editing variants of
GluK1, known to be enriched in interneurons [17, 56, 57],
indeed promoted dendritic elongation and branching only in
interneurons (Table 3C; for representative GluK1-
overexpressing interneurons, see Fig. 6¢). Overexpression of
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Fig. 3 GluK2(Q) and GluK2(R) a
both increase spontaneous
activity of transfected neurons. a
Representative images of a
confocal recording from an
individual neuron (DIV 8)
expressing GCaMP6 showing the
rise, peak, and decline of a single
spontaneous calcium event. Only
cells with clearly identifiable
axons were considered for b
recording. Arrow points to axon.
b Representative traces of
spontaneous calcium events
(expressed as AF/F°) at ages
indicated from cells
overexpressing GCaMP6 only as
control or coexpressing GCaMP6
with the GluK subunit indicated. ¢
Quantitative analysis (mean +
s.e.m.) of amplitudes and
frequencies of spontaneous
calcium events from cells
expressing GCaMP6 only as
control or coexpressing GCaMP6
with the GluK subunit indicated
(DIV 7-10 recording data
pooled). GluK2(Q) and
GIluK2(R) both increase the rate
of spontaneous calcium events
displayed by single transfectants
in the time window permitted for
dendritic growth. Numbers of
analyzed cells are given within
bars. *** P <(.001 for treatment
versus control group. Scale bars
25 um
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GluKS5 failed to enhance dendritic growth of interneurons
(Table 3C). Taken together, the data suggested that KARs
contribute in a very distinct manner to dendritic maturation
of neocortical neuron types.

NMDARs and VGCCs But Not AMPARs Are Required
for KAR-Mediated Dendritic Growth

It has been previously reported that overexpressing either select-
ed AMPARs of the flip splice variant or trafficking-competent
type-I TARPs can promote pyramidal cell dendritic growth.
Physiologically, the overexpression correlates with an increase
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in amplitude, but not rate, of spontaneous calcium events [9, 10].
The enhanced cationic influx in turn activates NMDARs and
VGCCs, and indeed those channels were required downstream
of AMPARs [9]. In the present study, the GluK2 overexpression
increased the frequency of calcium events which could also re-
sult in an enhanced activation of NMDARs and VGCCs. To
examine if NMDARs and VGCCs also act as downstream me-
diators of the KAR-induced dendritic growth, we treated
GluK2(R)-overexpressing neurons with the NMDAR antagonist
APV and the L-type VGCC blocker nifedipine. Indeed, APV and
nifedipine abolished the growth-promoting action of GluK2(R)
in pyramidal cells and interneuron (Table 4A, C). This
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Fig. 4 TTBK2-KD-transfected
neurons display decreased
spontaneous activity. a
Representative traces of calcium
events (expressed as AF/F) at
ages indicated from cells
overexpressing GCaMP6 only as
control or coexpressing GCaMP6
with TTBK2-KD. b Quantitative
analysis (mean + s.e.m.) of
amplitudes and frequencies of
spontaneous calcium events from
cells expressing GCaMP6 only as
control or coexpressing GCaMP6
with TTBK2-KD (DIV 7-10
recording data pooled). In the
presence of TTBK2-KD,
transfected neurons display a
decreased rate of spontaneous
calcium events. Numbers of
analyzed cells are given within
bars. *** P<(.001 for treatment
versus control group
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implicated that KARs, similar to AMPARSs, employ downstream
signaling of NMDARs and VGCCs to promote dendritic
growth. Neurons expressing EGFP only that were treated with
APV or nifedipine were not significantly affected (Table 4B).
Next, we asked if KARs act upstream of AMPARs. For this,
we tested the GluK2(R)-mediated effect in the presence of
1 uM GYKI 47261, a selective AMPAR antagonist.
Interestingly, the effect of GluK2(R) overexpression was not
abolished by GYKI 47261 (Table 5), suggesting that GluK2
exerts its effects independent from AMPARSs.

TTBK2-KD Transfectants Display a Reduction in Apical
Dendrite Branching

TTBK2-KD-transfected neurons displayed an internalization
of endogenous GluK2 and a decreased spontaneous activity

)lS)
Q;lg’ d
,<K

(Fig. 4). We asked if this could affect dendritic maturation.
Indeed, a DIV 5-10 overexpression of TTBK2-KD resulted
in slightly, but not significantly shorter apical dendrites (9.7%
shorter for layer II/III pyramidal cells; 11.6% shorter for layer
VI pyramidal cells; Table 6A). However, there was a signifi-
cant reduction in the apical dendrite branching of both cell
classes (15.4% fewer segments for layer II/IIl pyramidal cells;
16.3% fewer segments for layer VI pyramidal cells).
Accordingly, Sholl analysis of layer II/III apical dendrites re-
vealed that TTBK2-KD overexpression resulted in a signifi-
cant reduction of dendritic complexity (Supplementary
Fig. 3C). Interneurons remained unaffected by the overexpres-
sion of TTBK2-KD (Table 6B). This observation suggested
that a reduction of surface GluK2 and the resulting decrease in
excitability are sufficient to impair the morphological matura-
tion of pyramidal cells.
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Fig. 5 GluK2(Q) and GluK2(R) a
transfectants both increase
network activity in OTCs. a
Representative traces of
spontaneous calcium events in
wild-type neurons loaded with
OGB-1 AM (expressed as AF/F o)
at ages indicated in the absence or
presence of GluK2(Q) or
GluK2(R) transfectants within the
same OTC. Control OTCs
contained EGFP-expressing
neurons only. Areas of interest in
OTCs containing EGFP +
GluK2(Q) or EGFP + GluK2(R)
transfectants were randomly
placed in sections that did not
contain EGFP signals from
transfectants. b Quantitative
analysis (mean + s.e.m.) of
amplitudes and frequencies of
spontaneous calcium events from
OGB-1 AM-loaded wild-type
cells in the absence or presence of
GluK1(Q) or GluK1(R)
transfectants within the same
OTC (DIV 7-10 recording data
pooled). ¢ Quantitative analysis
(mean =+ s.e.m.) of amplitudes and
frequencies of spontaneous
calcium events from OGB-1 AM-
loaded wild-type cells in the b
absence or presence of GluK2(Q)

or GluK2(R) transfectants within

the same OTC (DIV 7-10

recording data pooled), showing

that GluK2(Q) and GluK2(R)
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NETO1 Specifically Promotes Dendritic Growth
of Interneurons

Trafficking-competent type-I TARPs promote dendritic matu-
ration of pyramidal cells due to an increased surface delivery
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of AMPARs [10]. Interestingly, all of the TARPs failed to
promote dendritic growth of interneurons, and reasons for this
observation have remained elusive. NETOs are auxiliary sub-
units for KARs and modulate channel kinetics [58, 59].
Although their role in trafficking KARs is still under debate
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Fig. 6 Representative pyramidal
cells and interneurons at DIV 10.
a Confocal image (z-stack) of a
neuron (DIV 8) overexpressing
GluK2(R) with a c-terminal GFP-
tag (GluK2(R)-pEGFP N1). Scale
bar 20 um. b Representative
Neurolucida reconstructions of
pyramidal cells transfected with
plasmids encoding EGFP alone as
control or together with the
indicated GluK subunit. Scale bar
100 um. ¢ Representative
Neurolucida reconstructions of
interneurons. Cells were
transfected with EGFP as control,
treated with 1 uM ATPA from c
DIV 5-10, or cotransfected with
the GluK or NETO subunit
indicated. Scale bar 100 um

ATPA

GIuK1(Q)

b EGFP GluK2(Q)
Layer I/l N
pyramidal cells !
T

Layer VI
pyramidal cells

Interneurons

GIuK1(R) GluK2(Q)

[60], a recent study has revealed that NETOL1 is important for
GluK1 surface expression in interneurons [61]. Therefore, we
overexpressed NETO1 and NETO2 from DIV 5 to 10 and
assessed their influence on dendritic maturation. Both
NETOs failed to change the morphology of pyramidal cells
(Table 7A). Strikingly, NETOL1 significantly enhanced den-
dritic elongation of interneurons (Table 7B; for representative
NETOI1-overexpressing interneurons, see Fig. 6b). NETO2
failed to do this. In another experiment, NETO1 overexpress-
ing interneurons were kept under the GluK1 antagonist UBP
310 [1 uM], and this prevented the effect on dendritic growth
in interneurons (Table 7C). These observations suggested that
NETOL can specifically promote dendritic maturation in in-
terneurons, most likely by increasing surface expression of
GluK1-containing KARs.

PKC or PKA Inhibitors Prevent
the Network-Promoting Effect of Kainate

We initially tried to test if inhibition of PKC or PKA
could influence the dendritogenic effects of KARs.
However, when OTCs were kept chronically under
calphostin C (PKC blocker, 1 uM) from DIV 5 to 10,
the cells eventually all died, making it impossible to test

whether KAR-mediated dendritic growth would be affect-
ed by PKC inhibition. The experiments with H§89 (PKA
blocker, 10 M) ended up in the same way. Alternatively,
we tested if these blockers would affect the influence of
500 nM kainate on network activity. For this, OTCs were
loaded as described with OGB and recorded on DIV 8.
After the baseline activities could as expected be augment-
ed by 500 nM kainate, the blockers were applied for
30 min. Subsequently, blockers were washed out with
ACSF containing 500 nM kainate for 10 min before ac-
tivity was recorded. The network activity was almost
completely abolished after the treatment with either
calphostin C or HS89, respectively. Even the presence of
500 nM kainate following the washout failed to restore
the activity (Fig. 7a). The amplitudes and the rate of
spontaneous calcium events were significantly reduced af-
ter treatment with calphostin C or H89, respectively (Fig.
7b). Network activity did not recover within 20 min be-
fore the recording was terminated (not shown). This con-
firmed that both PKC and PKA are involved in the
kainate-mediated increase in cellular excitability and net-
work activity [20-22, 51, 52]. To this end, we can only
speculate that the growth-promoting effects of KARs
might involve activation of PKC and/or PKA.
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Table 3 Quantitative
morphometric analysis of KAR-
mediated effects on pyramidal
cells and interneurons (A). Mean
+ s.e.m. of apical and basal
dendritic length and segment
number of pyramidal cells from
layer II/III and layer V/VI
overexpressing the indicated
GluK subunits or living within
GluK2(R) transfectants within the
same network. For “GluK2 Q/R,”
ANOVA on ranks vs “control for
GluK2” with Dunn’s correction
for multiple testing was
performed followed by Mann-
Whitney U tests. P values are
given. ADL, apical dendritic
length (um); BDL, mean basal
dendritic length (um). (B) Mean +
s.e.m. of apical and basal
dendritic length and segment
number of “wild-type” pyramidal
cells from layer II/III neurons
expressing mCherry only within a
network containing GluK2(R)
transfectants. (C). Mean + s.e.m.
of dendritic length and segment
numbers of interneurons
overexpressing the indicated
GluK subunits. For “GluK1
Q/R,” ANOVA on ranks vs
“control for GluK1” with Dunn’s
correction for multiple testing was
performed followed by Mann-
Whitney U tests. For “GluK2
Q/R,” ANOVA on ranks vs
“control for GluK2” with Dunn’s
correction for multiple testing was
performed followed by Mann-
Whitney U tests. P values are
given. MDL, mean dendritic
length (um); MDS, mean
dendritic segments; PD, number
of primary dendrites. The number
of reconstructed cells per group is
given in (n)

Discussion

To summarize, we demonstrated that members of the kainate
receptor family can contribute to differentiation of neurons in
rat visual cortex, with overexpression of GluK1 and GluK2
having quite distinct cellular consequences. We report that
first, GluK2 overexpression and kainate in the nanomolar
range promote dendritic growth of apical dendrites in layer
II/IIT pyramidal cells and of interneurons, whereas a subtle
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A. Pyramidal cells overexpressing KARs

Condition

Control for GluK1

GluK1(Q)

GluK1(R)

Control for GluK2

GluK2(Q)

GluK2(R)

Control for GluK5

GluKS

B. “Wild-type” pyramidal cells in network with GluK2(R) transfectants

Without GIuK2(R) in
network

With GluK2(R) in network

Pyramidal cells in layers II/I1I

ADL (n)
Segments
1104 +45 (45)

292416
118047 (46)

31.9+1.7
1211 £53 (40)

292419
1082 +40 (90)

33.6+1.4

1330+ 76 (52), P=0.005

42.4+2.7, P=0.008
1327+48 (93), P< 0.001

403+1.5, P<0.001
1112 £96 (20)

287424
1075+ 84 (18)
312495

870+ 118.5(13)
19523

1544+ 119.2(13),
P<0.001
36.8+3.4, P<0.001

C. Interneurons overexpressing KARs

Condition
Control for GluK1
GluK1(Q)
GIluK1(R)

Control for GluK2
GluK2(Q)
GIuK2(R)

Control for GluK5
GluK5

MDL ()
322418 (51)

397420 (41), P= 0.008
415+22(53), P= 0.002

320+ 15 (29)
415+ 22 (45), P= 0.003
496+ 37 (34), P< 0.001
409 +34 (15)
389 +36 (20)

Pyramidal cells in layers

V/VI

BDL ADL (n) BDL

Segments Segments Segments

218+13 1102 +40 300+ 14
(90)

6+0.3 18.9+0.7 5.8+0.2

261+18 1134 +58 284+15
(64)

7.6+0.5 21.5+1 59+03

276 +20 1150 +58 282+14
1)

7.5+0.5 23+1.2 6.6+0.3

224+ 11 996+39 (88) 286+17

7.6+0.3 252413 7.7+03

249+13 1099 +37 288 +12
on

8.8+0.4 26.9+1.2 82+0.2

265+13 1140 +44 297 +20
(75)

8.6+£0.4 233+1.2 7.8+04

232426 1028 £37 235421
29

6.7+0.7 23.2+1.7 57+04

244 +28 930+44 (28) 261+25

7.7+0.9 20.8+1.3 6.4+0.6

321+£38

7.8+1.1

320+35

8.8+0.8

MDS (n) PD

5.1+0.2 52+0.2

704, P<0.001 49+0.1

7.9+04, 4.6+0.1

P<0.001

7.6+04 44+0.1

9.3+0.6 48+0.2

10.1+0.7 43+0.2

9.2+0.9 46+0.3

8+0.7 52403

decrease of endogenous GluK2 impairs dendritic growth.
Second, NETO1 and GluK1 overexpression and selective

GluK1 activation enhance dendritic growth only in interneu-
rons. Third, the high-affinity subunit GluKS does not enhance
dendritic growth. Fourth, in contrast to our previous data on
the neuritogenic role of AMPARs and TARPs [9, 10], the
effects of GluK1 and GluK2 were independent of their editing
status. Fifth, the effects concur with an increase in the frequen-
cy rather than amplitude of calcium events.
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Table 4 Quantitative morphometric analysis of pharmacologically
treated cells overexpressing GluK2(R) (A). Mean + s.e.m. of apical and
basal dendritic length and segment number of pyramidal cells from layer
I/III and layer V/VI overexpressing EGFP only or together with
GluK2(R) in the absence or presence of APV or nifedipine. ADL,
apical dendritic length (um); BDL, mean basal dendritic length (um).
For “GluK2(R) + DMSO,” “GluK2(R) + APV,” and “GluK2(R) +
nifedipine,” ANOVA on ranks vs “control + DMSO” with Dunn’s
correction for multiple testing was performed followed by Mann-
Whitney U tests. P values are given. (B) Mean + s.e.m. of apical and
basal dendritic length and segment number of pyramidal cells from layer
II/II expressing EGFP only in the presence of absence of APV and

nifedipine. For “control + DMSO,” “control + APV,” and “control +
nifedipine,” ANOVA on ranks vs “control + DMSO” with Dunn’s
correction for multiple testing was performed followed by Mann-
Whitney U tests. P values are given. (C) Mean + s.e.m. of dendritic
length and segment numbers of interneurons overexpressing GluK2(R)
in the absence or presence of antagonists APV or nifedipine. For
“GluK2(R) + DMSO,” “GluK2(R) + APV,” and “GluK2(R) +
nifedipine,” ANOVA on ranks vs “control + DMSO” with Dunn’s
correction for multiple testing was performed followed by Mann-
Whitney U tests. P values are given. MDL, mean dendritic length
(um); MDS, mean dendritic segments; PD, number of primary dendrites.
The number of reconstructed cells per group given in (1)

A. Pyramidal cells treated with APV and nifedipine

Pyramidal cells in layers 1I/I1I

Condition ADL (n)
Segments

Control + DMSO 1046 +58 (38)
306+1.4

GluK2(R) + DMSO 1430+ 82 (34), P=0.002
40.8+3.2, P=0.008

GluK2(R) + APV 50 uM 1057 +87 (22)
31+£3.2

GluK2(R) + nifedipine 10 uM 1001 +114 (17)
29.8+3.8

B. “Wild-type” cells treated with APV and nifedipine

Control + DMSO 1091 +78 (10)
33.84+3.3

Control + APV 50 uM 1081 +130 (10)
33.1+£58

Control + nifedipine 10 pM 1002172 (10)
21.2+3.5

C. Interneurons treated with APV and nifedipine

Condition MDL (n)

Control + DMSO 329420 (21)

GluK2(R) + DMSO 497+53 (11), P= 0.005

GluK2(R) + APV 50 uM 382+34 (24)

GluK2(R) + nifedipine 10 uM 322+28(25)

Pyramidal cells in layers V/VI

BDL ADL (n) BDL
Segments Segments Segments
236+17 1090+97 (24) 261 +18
79+0.6 24.1+23 7.5+0.5
255+18 1122 +83 (21) 290+21
83+0.7 2742 8.4+0.8
264+19 965 +99 (26) 279 +24
8.5+0.8 23.6+2.7 72+0.5
211+26 1039+76 (23) 234+19
7.7+0.6 30.8+£2.8 8+0.5
255+20.5

6.1+0.6

270+38

64+1.1

260+32

7+12

MDS (n) PD

82+0.7 43+0.2

95+14 43+04

10.6£0.7 44+0.3

8.1+0.7 43+0.2

KARs for Neurite Growth

KARSs have been shown to modulate differentiation of dorsal
root ganglion cells (DRGs) in a biphasic manner depending on
collapsin response mediator protein-2 [24]. It is postulated that
early in development, during periods of structural plasticity,
homo- and/or heteromeric low-affinity KARs keep neurites
motile, despite their low channel conductance, low sensitivity
to glutamate, fast onset of desensitization, and also slow re-
covery from desensitization [62, 63]. KAR activation by low
agonist concentrations, e.g., by ambient glutamate, has been
suggested to promote neurite outgrowth via a metabotropic
signal cascade triggered by low-affinity subunits independent
of their ionotropic function [20]. Later in development, high-
affinity subunits increase in expression, forming heteromeric
receptors which are targeted to active pre- and postsynaptic

sites [64]. Their strong ionotropic function with high channel
conductance and lower desensitization rates [62, 65] arrests
further neurite outgrowth [25, 66, 67], presumably by an in-
creased uncoupling of KARs from their metabotropic actions
[24].

GluK2 Overexpression and Kainate Promote Dendritic
Growth

GluK2 is enriched in pyramidal cells [68, 69]. It is particularly
important for regulating cellular excitability. Evidence sug-
gests that a metabotropic mechanism via a G protein and pro-
tein kinase C underlies this effect, which is independent of its
ionotropic function, of GluK1, and of AMPARs [20].
Accordingly, GluK2 is important for network activity, e.g.,
in cortex and hippocampus, and for kainate-induced gamma
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Table 5 Quantitative morphometric analysis of pharmacologically treated
neurons (A). Mean =+ s.e.m. of apical and basal dendritic length and segment
number of pyramidal cells from layer I/III overexpressing GluK2(R) in the
absence or presence of GYKI 47261. For “control + DMSO,” “GluK2(R) +
DMSO,” “control + GYKI,” and “GluK2(R) + GYKI,” ANOVA on ranks
vs “control + DMSO” with Dunn’s correction for multiple testing was
performed followed by Mann-Whitney U tests. P values are given. ADL,
apical dendritic length (um); BDL, mean basal dendritic length (um). The
number of reconstructed cells per group given in (1)

Pyramidal cells treated with GYKI 47261

Pyramidal cells in layers II/I1I

Condition ADL (n) BDL
Segments Segments
Control + DMSO 987+93 (22) 250+17
225424 6.6+04
GluK2(R) + DMSO 1537+ 154 (20), P=0.007  284+20
37.5+3.9, P<0.001 84+05
Control + GYKI 1 uM 1003 +£78 (22) 215+17
24+2 6+04
GluK2(R) + GYKI 1 pM 1443+ 136 (19), P=0.017  309+33
39+4.3, P=0.008 9+09

oscillations, the latter being stronger in supragranular cortical
layers [43, 49]. In GluK2-deficient mice, kainate fails to evoke
network oscillations or epileptic seizures, and even postsyn-
aptic KAR currents were absent [50, 53]. In cortical pyramidal
cells, KARs are distributed to the apical dendrites and increase
in density towards distal compartments, where they locate at
extrasynaptic sites [70]. There, glutamate could activate
KARs along with AMPARs, e.g., with GluA3(Q)-flip, one
of the growth-promoting AMPAR subunits [9] which is high-
ly expressed in apical dendrites [71]. We suggest that the net-
work activity elicited by 500 nM kainate triggers apical

Table 6 Quantitative morphometric analysis of cells overexpressing
TTBK2-KD (A). Mean + s.e.m. of apical and basal dendritic length and
segment number of pyramidal cells from layer II/IIl and layer V/VI
overexpressing the kinase-dead mutant of tau-tubulin kinase 2 (TTBK2-
KD). ADL, apical dendritic length (um); BDL, mean basal dendritic

dendritic growth in supragranular pyramidal cells via these
endogenously expressed receptors. In line with our earlier
study [9], blockers of NMDARs and VGCCs also abolished
the GluK2-induced growth, but GluK2 still could promote its
effects on growth under GYKI 47261. This suggests that,
similar to AMPARs, GluK2 contributes to dendritic matura-
tion upstream of NMDARs and VGCCs.

Our recordings revealed enhanced activity of GluK2-
overexpressing neurons as well as their wild-type neighbors.
Presumably, the GluK2-overexpressing pyramidal cells acted
as pacemakers for the network. With GluK2 overexpression,
pyramidal cell apical dendrites may grow via the action of
these extra receptors or via the increased network activity that
they themselves had elicited. It was a phenocopy of chronic
kainate treatment. GluK2 channels contribute only marginally
to postsynaptic currents [65, 72, 73], and the calcium event
amplitudes of the transfectants and wild-type neighbors were
not different from those in control cells. This could argue
against a direct action of the overexpressed GluK2. Further,
the above-mentioned wild-type neighbors did also respond
with dendritic growth in a similar fashion when GluK2
transfectants were present in the same OTC, indicating that
GluK2 exerts its growth-promoting effects mostly by driving
network activity. On the other hand, apical dendrites remained
slightly shorter and significantly less branched in pyramidal
cells expressing the kinase-dead variant of TTBK2. These
neurons also displayed less calcium events and were less sen-
sitive to kainate in a dendritic injury assay, suggesting that at
least a partial knockdown had been achieved with this brain-
derived enzymatic tool. TTBK2-KD has been shown to re-
duce GluK2 surface expression in a Rab5-dependent manner
[54], and a reduced amount of surface GIluK2 might be re-
sponsible for the decreased excitability and the resulting
slightly impaired morphology of transfected neurons. It is

length (um). (B) Mean + s.e.m. of dendritic length and segment
numbers of interneurons overexpressing TTBK2-KD. MDL, mean
dendritic length (um); MDS, mean dendritic segments; PD, number of
primary dendrites. The number of reconstructed cells per group given in

(n)

A. Pyramidal cells overexpressing TTBK2-KD
Pyramidal cells in layers II/III

Pyramidal cells in layers V/VI

Condition ADL (n) BDL ADL (n) BDL
Segments Segments Segments Segments

Control 1014 +48 (62) 246 +17 888 +51 (46) 291+19
272+14 72+04 203+1.1 72+05

TTBK2-KD 916+42 (76) 259+11 785+44 (51) 265+13
23+1.1, P=0.018 6.9+0.3 171, P=0.033 6.7+0.3

B. Interneurons overexpressing TTBK2-KD

Condition MDL (n) MDS (n) PD

Control 317426 (18) 7+0.5 48+0.3

TTBK2-KD 388+30 (25) 73+0.6 43+03
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Table 7 Quantitative morphometric analysis of cells overexpressing
NETOs (A). Mean =+ s.e.m. of apical and basal dendritic length and
segment number of pyramidal cells from layer II/IIl and layer V/VI
overexpressing the indicated NETO subunits. ADL, apical dendritic
length (um); BDL, mean basal dendritic length (um). (B) Mean +
s.e.m. of dendritic length and segment numbers of interneurons

overexpressing the indicated NETO subunits. (C) Mean + s.e.m. of
dendritic length and segment numbers of interneurons overexpressing
NETOL in the presence of the GluK1 antagonist UBP 310. MDL, mean
dendritic length (um); MDS, mean dendritic segments; PD, number of
primary dendrites. The number of reconstructed cells per group given in

(m)

A. Pyramidal cells overexpressing NETOs
Pyramidal cells in layers II/I11

Condition ADL (n)
Segments

Control 1162 +£52 (75)
27.5+1.6

NETO1 1373 +121 (28)
27.6+2.1

NETO2 1360 +77 (27)
43.7+34

B. Interneurons overexpressing NETOs

Condition MDL (n)

Control 395+25 (48)

NETO1 501+43 (39), P=0.02

NETO2 333+24 (22)

C. Interneurons overexpressing NETO1 treated with UBP 310

Control DMSO 403+£29 (17)

NETO!1 + UBP 310 1 uM 380+28 (18)

Pyramidal cells in layers V/VI

BDL ADL (n) BDL
Segments Segments Segments
251+16 1060 +58 (65) 256+ 14
6.6+£0.5 23+14 6.5+0.4
317+27 1004 +88 (32) 301 +£27
72+0.7 18+1.4 55+04
210+22 1065 +68 (28) 218+£20
8.1+0.7 28.6+2.8 6.5+0.6
MDS PD
63+0.3 4.8+03
7+0.5 41+0.2
6.8+0.7 53+03
6.9+0.6 45+0.2
6.8+0.6 54+04

unlikely that other receptors, e.g., AMPARSs, became internal-
ized, because that would have likely resulted in a reduction of
calcium event amplitudes. This has been seen in neurons after
shRNA knockdown of the AMPAR-trafficking TARP -8,
and dendritic growth is impaired in these neurons [10].
Although the data of the TTBK2-KD experiments is interest-
ing since it had directly opposite effects to GluK2 overexpres-
sion, it should still be considered with caution. At present, we
cannot exclude that TTBK2-KD could have had unknown
effects on various other receptors (KARs or non-KARs) or
intracellular pathways which might contribute to the outcomes
we discovered. Still, if for example GluK1 would have been
affected by TTBK2-KD in a similar manner than GluK?2, the
interneurons should have been affected in a similar way.
However, this was not the case. GluK4 or GluKS5 could only
be affected if coexpressed in heterotetramers with either
GluK1 or GluK2.

Basal dendrites are known to employ different mechanisms
for growth [74] and display a more protracted, activity-
independent development [75]. This could explain why nei-
ther kainate treatment nor manipulation of AMPARs could
promote basal dendrite maturation.

Interestingly, interneurons overexpressing GluK?2
responded also with dendritic growth. They were in a more
active network wired up with pyramidal cells overexpressing
GluK2. It could be possible that the growth of GluK2 overex-
pressing interneurons was solely mediated by the increased

network activity without any direct effects of GluK2.
However, a kainate-induced increase of network activity
(Table 1B) was not sufficient to promote dendritic growth of
interneurons. Therefore, the increased maturation of GluK2-
transfected interneurons could possibly reflect the combined
effect of increased network activity and augmented individual
excitability (evoked by GluK2 overexpression).

Our experiments with the inhibitors calphostin C (blocks
PKC) and H89 (blocks PKA) indicate that the metabotropic
actions of KARs on transmitter release and cellular excitabil-
ity are involved in KAR-mediated pacing of the network, and
possibly also the growth-promoting actions. The KAR action
on postsynaptic excitability is predominantly PKC-dependent
[20] while the presynaptic action is mainly PKA-dependent
[20, 22]. Based on our observations, both of the described
KAR-mediated metabotropic pathways are required for the
observed effects of KARs on driving developing networks
and dendritic maturation in the early postnatal time window.

GluK1 Increase Dendritic Complexity Only
in Interneurons

Interneurons strongly express KARs containing the GluK1
subunit, and a majority also expresses GluK2 [17, 53, 56,
57]. GluK1 has a small conductance and has been reported
to open, close, and desensitize faster than GluK2 by at least 2-
fold [76]. The predominant KAR is likely a GluK1/2
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Fig. 7 Kainate fails to increase a Control
network activity in the presence

of PKC or PKA inhibitors. Two ‘
large batches of cultures were

divided into two groups: one for
calphostin C and one for H89.
From the two batches, 2 x 5 OTC
have been recorded (a).
Representative traces of
spontaneous calcium events in
wild-type neurons at DIV 8
loaded with OGB-1 AM
(expressed as AF/F). Activity
was first recorded in the absence
or presence of 500 nM kainate.
Subsequently, the PKC inhibitor
calphostin C (1 uM) or the PKA
inhibitor H89 (10 uM) were
incubated for 30 min in the
recording chamber. Afterwards,
the inhibitors were washed out
with ACSF containing 500 for
10 min, activity was recorded for b
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heteromer, which displays 30% faster desensitization and a
40% slower recovery from desensitization than homomeric
GluK2 [69]. Thus, in wild-type interneurons treated with
500 nM kainate, the contribution of the KARs to postsynaptic
currents might be too small to trigger growth to any detectable
extent. In contrast, overexpression of GluK2 could lead to
more homomeric receptors, and overexpression did elicit den-
dritic elongation.

Overexpression of GluK1 elicited a growth response selec-
tive of interneurons, elongation and branching were enhanced.
Further, the ATPA-evoked depression of network activity and
the ATPA-evoked dendritic growth selectively of interneurons,
along with the impaired growth under UBP 310, indicate a role
of endogenous GluK1. These observations may be the direct
consequence of GluK1 activation in interneurons. Indeed,
ATPA depolarizes interneurons [48], and this can prevent sei-
zure propagation [47], whereas a GluK1 deficit leads to higher
susceptibility to kainate-induced seizures [50]. GluK1-

@ Springer

containing KARs can downregulate synaptic transmission
[77, 78], and GluK1-containing KARs on interneurons regulate
inhibition by enhancing GABA release [79]. However, al-
though KARs can be involved in postsynaptic transmission in
the cortex [72], their currents are rather small [73, 80].
Intriguingly, support for a direct effect scenario comes from
our finding that NETOL1 exclusively promotes dendritic matu-
ration of interneurons, an effect that was abolished by treatment
with UBP 310. A recent study shows that NETO1, by increas-
ing the trafficking of GluK1, is required for KAR-mediated
somatodendritic excitation of cholecystokinin-, parvalbumin-,
and somatostatin-containing interneurons [61]. Both NETOs
were ineffective in pyramidal cells. Here, selected type-I
TARPs exclusively promote growth [10]. This could indicate
that the two major cortical neuron classes employ different
iGIluR auxiliary proteins to regulate dendritic maturation.
Alternatively, an indirect effect might be possible. GluK1 is
expressed in presynaptic glutamatergic terminals and
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increases glutamate release [26, 81, 82]. Thus, overexpression
of GluK1 in pyramidal cell presynapses as well as activation
by ATPA of GluK1 in wild-type presynapses may enhance the
glutamatergic input to interneurons, which then respond with
dendritic growth. However, in this scenario, the glutamate
release onto pyramidal cells should also increase, and a sub-
sequent activation of AMPARs/NMDARs should then elicit
dendritic growth. However, this was not the case, and this
would argue for the direct effect scenario.

In summary, the present study provides insight on how
certain KAR subunits and their auxiliary partners, the
NETOs, contribute to the morphological and physiological
maturation of rat visual cortical neurons during the early post-
natal period.
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