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Abstract

KCC2 is the major chloride extruder in neurons. The spatiotemporal regulation of KCC2 expression orchestrates the
developmental shift towards inhibitory GABAergic drive and the formation of glutamatergic synapses. Whether KCC2’s role
in synapse formation is similar in different brain regions is unknown. First, we found that KCC2 subcellular localization, but
not overall KCC2 expression levels, differed between cortex and hippocampus during the first postnatal week. We
performed site-specific in utero electroporation of KCC2 cDNA to target either hippocampal CA1 or somatosensory cortical
pyramidal neurons. We found that a premature expression of KCC2 significantly decreased spine density in CA1 neurons,
while it had the opposite effect in cortical neurons. These effects were cell autonomous, because single-cell biolistic
overexpression of KCC2 in hippocampal and cortical organotypic cultures also induced a reduction and an increase of
dendritic spine density, respectively. In addition, we found that the effects of its premature expression on spine density
were dependent on BDNF levels. Finally, we showed that the effects of KCC2 on dendritic spine were dependent on its
chloride transporter function in the hippocampus, contrary to what was observed in cortex. Altogether, these results
demonstrate that KCC2 regulation of dendritic spine development, and its underlying mechanisms, are brain-region
specific.
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Introduction brain is built during normal development and how this process

Proper function of neural circuits requires the orchestrated
formation of trillions of synapses. During the last decades,
much effort has been directed towards understanding how syn-
apses form, a necessary step to better comprehend how the

goes awry in diseases characterized by altered synapse func-
tion. The vast majority of studies have often focused on specific
neuron cell types from specific brain regions. However, one
important question is whether molecular mechanisms
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regulating synapse formation in a specific neuronal cell type
(e.g., glutamatergic neurons) can be generalized to similar neu-
rons localized in different brain regions (e.g., in the cortex vs.
the hippocampus).

KCC2 is a potassium-chloride cotransporter, the only mem-
ber of the Cation Chloride Cotransporter family that is almost
exclusively expressed in neurons (Kaila, Price, et al. 2014). The
increase in KCC2 expression during development is responsible
for the shift of GABAergic drive towards more inhibitory activ-
ity, by decreasing intracellular [Cl7] (Ben-Ari et al. 1989;
Chudotvorova et al. 2005; Fiumelli et al. 2005; Lee et al. 2005). In
addition, it has been suggested that KCC2 can modulate gluta-
matergic synapse development and function, via ion-transport
independent mechanisms (Li et al. 2007; Gauvain et al. 2011;
Fiumelli et al. 2013; Chevy et al. 2015). For example, removing
KCC2 in immature cortical neurons prevented spine maturation
altogether, leading to an increase of filopodia protrusions
(Li et al. 2007). Conversely, removing KCC2 in mature hippocam-
pal neurons, after spine formation and when KCC2 expression
reached its plateau, did not affect spine density but reduced the
efficacy of excitatory synapses, through an alteration of AMPA
receptor aggregation (Gauvain et al. 2011; Chevy et al. 2015).
Interestingly, these effects were not due to reduction of trans-
porter activity, but to altered interactions of KCC2 with the cyto-
skeleton (Li et al. 2007; Gauvain et al. 2011). Consistent with
these findings, premature expression of KCC2 induced by in
utero electroporation of its ¢cDNA in cortical pyramidal cells
caused a long-lasting increase in dendritic spine density through
a mechanism that was independent of its ion transporter func-
tion (Fiumelli et al. 2013). All together, these studies suggest that
KCC2 expression levels control dendritic spine density and
AMPA receptor aggregation in pyramidal cells, by modulating
cytoskeleton dynamics. However, seemingly in contrast with
this hypothesis, embryonic (E18.5) KCC2™~ hippocampi showed
increased GABAergic and glutamatergic synapse density and a
higher frequency of spontaneous glutamatergic and GABAergic
postsynaptic currents than wild-type age-matched neurons
(Khalilov et al. 2011). One possible explanation for this discrep-
ancy is that the effects of KCC2 alterations on spine formation
are brain-region dependent, at least during early developmental
stages. KCC2 has gained a lot of attention recently because
alterations of its function and expression levels have been
reported in several neurodevelopmental disorders, including
epilepsy and autism, both in humans and rodent models (Ferrini
and De Koninck 2013; Kaila, Ruusuvuori, et al. 2014; Merner et al.
2015; Awad et al. 2016; Tang et al. 2016; Di Cristo et al. 2018).
Therefore, elucidating the precise role, and underlying mecha-
nisms of KCC2 on synapse formation in different brain region is
a first, critical step to understand how alterations of its expres-
sion or function may contribute to specific circuit and cognitive
deficits.

Here, we report that KCC2 subcellular localization in pyra-
midal neurons during the first postnatal week was significantly
different in the CA1l region of the hippocampus and the
somatosensory cortex. We further found that premature
expression of KCC2 by targeted in utero electroporation caused
opposite effects on spine density in the 2 regions and that
KCC2-induced spine loss in the hippocampus was dependent
on its transporter activity. Finally, we showed that increasing
the levels of Brain Derived Neurotrophic Factor (BDNF), a potent
regulator of KCC2 expression and activity in the immature
brain (Ludwig et al. 2011; Puskarjov et al. 2015), was sufficient
to block the spine density increase induced by KCC2 premature
expression in cortical pyramidal neurons.

Materials and Methods
Animals

Sprague-Dawley pups were obtained from Charles River
Laboratories (St. Constant, Quebec, Canada) at postnatal day 1
(P1) or pregnant at gestational day 10 (E10). Pups were culled to
12 per dam, matched by gender, weighed and kept with their
mother in a 12 h light/dark cycle with food and water ad libi-
tum. Animal care and use conformed to institutional policies
and guidelines (CIBPAR, Sainte-Justine Hospital Research
Centre, Université de Montréal, Montreal, Quebec, Canada).

Western Blot

Whole lysate proteins were extracted from hippocampal and
somatosensory cortex tissue in vivo or hippocampal and corti-
cal organotypic cultures, at different ages in vivo or days
in vitro, as indicated in the legends, following the previously
described protocol (Ouardouz et al. 2010). To obtain membrane
protein fractions, samples were homogenized in 5 vol of HB
(300 mM sucrose/10 mM Tris-HCl, pH 7.5/1mM EDTA/protease
inhibitor mixture) and centrifuged at 1000 x g for 10 min at 4 °C.
The pellet was washed in 0.5 vol HB and used as the nuclear
fraction. The supernatants was centrifuged at 17000 x g for
15 min at 4 °C, yielding the mitochondria fraction. The superna-
tant was further separated by ultracentrifugation at 100000 x g
for 1h. The pellet and supernatant were used as the membrane
and cytosol fractions, respectively.

For organotypic slice cultures, at least 34 slices per animal
were pooled in a sample, in order to have enough proteins from
whole lysates. Each experimental group included 3-5 animals.
Membranes were probed with the following primary antibodies:
anti-KCC2 1:1000 (rabbit polyclonal IgG; Cat. no. 07-432, Millipore),
1:200 anti-BDNF (cat#N-20: sc-546, Santa-Cruz Biotechnology, Inc.),
anti-glyceraldehyde-3-phosphate dehydrogenase 1:4000 (GAPDH,
mouse monoclonal IgG; Cat. no. AM4300; Applied Biosystems) and
anti-p dystroglycan 1:3000 (rabbit polyclonal IgG, Cat no. ab43125,
Abcam). Specificity of BDNF antibody was verified using tissue
from a BDNF”~ mouse and a wild-type littermate (data not
shown). All samples were run simultaneously. Bands were quanti-
fied using Image ] software. The intensity of KCC2 and BDNF
bands were normalized over the intensity of the GAPDH band for
whole lysates or of the p dystroglycan band for membrane frac-
tions, in the same lane (internal loading control).

Immunolabeling Experiments

Brains were perfused with saline (0.9% NaCl) followed by 4%
paraformaldehyde/phosphate buffer, pH 7.4, then cryopro-
tected in 30% sucrose/PBS, and frozen in Tissue Tek. Brains
were sectioned (80 um thick for in utero electroporation experi-
ment, 40 ym for immunostaining of KCC2) using a cryostat
(Leica). Slices were blocked in 10% NGS and 0.3% Triton for 2h
at room temperature, and incubated overnight at 4°C in 5%
NGS, 0.1% Triton and the following primary antibodies—NeuN,
1:400 (mouse monoclonal, Cat. no. MAB377 Millipore); KCC2,
1:200 (rabbit polyclonal, Cat. no. 07-432 Millipore); GFP, 1:500
(chicken polyclonal, Cat. no. Ab13970 Abcam). The following
secondary antibodies were used: anti-mouse Alexa 633-
conjugated goat IgG and anti-rabbit Alexa 488-conjugated goat
IgG (1:400; Molecular Probes, Invitrogen) or Alexa 488 goat
anti-chicken IgY H&L (1:500, Cat. no. Ab150169 Abcam). NeuN
staining was used to unequivocally identify the CA1 region in
hippocampal slices. GFP immunostaining was used to enhance
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GFP signal so we could reliably detect thin spines in all imaged
cells. For the quantification of KCC2 expression and localization
in vivo, we imaged the somatosensory cortex (SSCx) and the
CA1 hippocampal region in 3-4 sections/animal. Confocal
stacks were acquired using a Leica SP8 confocal microscope
and a x63 (glycerol, NA 1.3) objective and a z step of 0.5pm. The
classification of the KCC2-positive neurons to groups with and
without signal in the plasmalemma was done manually relying
on the detectable fluorescence band on the periphery of the
cell. To quantify KCC2 expression levels in the plasmalemmal
compartment in organotypic cultures, either naive or treated
with BDNF, pyramidal cell somata were outlined, using NeuN
staining as reference, then an outer profile was traced at about
1pym from the inner one and the intensity levels were mea-
sured, after background subtraction, using the quantification
tools included in Leica LAS X software. 5-6 organotypic cultures
were imaged per experimental groups, using a Leica SP8, as
described above. All analysis were done blind to the age and
treatment.

Organotypic Slice Culture

Slice culture preparation was essentially as described in
Chattopadhyaya et al. (2004). Mouse pups at postnatal day 4
(P4) for cortical slices and at P6 for hippocampal slices were
decapitated, and brains were rapidly removed and immersed in
ice-cold culture medium (containing MEM, 20% horse serum,
1mM glutamine, 13mM glucose, 1mM CaCl,, 2mM MgSQO,,
0.5 pm/mL insulin, 30 mM HEPES, 5mM NaHCOs;, and 0.001%
ascorbic acid). Coronal brain slices of hippocampus or cortex,
400 pm thick, were cut with a Chopper (Stoelting, Wood Dale,
IL) into ice-cold culture medium. Slices were then placed on
transparent Millicell membrane inserts (Millipore, Bedford,
MA), usually 3-5 slices/insert, in 30 mm Petri dishes containing
0.75mL of culture medium. Finally, they were incubated in a
humidified incubator at 34°C with a 5% CO,-enriched atmo-
sphere, and the medium was changed 3 times per week. All
procedures were performed under sterile conditions. Constructs
to be transfected were incorporated into “bullets” made using
1.6 um gold particles coated with 30 pg of each of the plasmids
of interest. These bullets were used to biolistically transfect
slices by gene gun (Bio-Rad, Hercules, CA) at high pressure
(180 Pa). Cultures were biolistically tranfected with either pCI-
KCC2wt-IRES-eGFP or pCI-KCC2 C568A-IRES-eGPF together with
pCI-tdTomato or pCI-GFP, from equivalent postnatal day (EP) 6
to EP20. We found that the colocalization of GFP and tdTomato
signals was 100% when cultures were shot with pCI-KCC2wt-
IRES-eGFP or pCI-KCC2 C568A-IRES-eGPF and pCI-tdTomato.
Therefore, in parallel experiments, we shot pCI-GFP to maxi-
mize detections of thin dendritic spines, as GFP provided the
best signal for our confocal system configuration. Transfected
slices were incubated under the same conditions as described
above, before fixation and imaging. In specific experiments
described in the Result Section, we treated cortical cultures
with human BDNF (50 ng/mL, Alomone cat#B-250) from the day
of culture preparation to EP9 (to analyze the effect of BDNF
treatment on KCC2 localization at the plasmalemmal com-
partment) or until EP20 (for spine analysis). To control for vari-
ability due to slice preparation, we prepared one plate from
each pup, and treated half of the plate with BDNF and half
with vehicle solutions. For immunolabeling of organotypic
culture, slices were fixed with 4% PFA, then cryoprotected in
30% sucrose/PBS and frozen/thawed to increase antibody pen-
etration. Slices were then incubated with the appropriate
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primary and secondary antibodies, and imaged, as describe
above.

In Utero Electroporation

In utero electroporation was performed essentially as described
in (Awad et al. 2016). The day of mating was defined as embry-
onic day zero (E0), and the day of birth was defined as postnatal
day zero (P0). E17 timed-pregnant Sprague Dawley rats were
anesthetized with isoflurane (induction, 4%; surgery, 2%), and
the uterine horns were exposed by laparotomy. The DNA (2 pg/pL
in distilled water) together with the dye Fast Green (0.3 mgmL™%
Sigma, St Louis, MO, USA) was injected (5 pL) through the uterine
wall into one of the lateral ventricles of each embryo by a sterile
30-gauge needle. After soaking the uterine horn with a
phosphate-buffered saline (PBS) solution, the embryo’s head
was carefully held between tweezer-type circular electrodes
(10 mm diameter; Nepa Gene, Bulldog Bio, Canada) to transfect
the cortex. To target the hippocampus, we used the tweezer-
type circular electrodes as well, while a third electrode (7 x 6 x
1mm?®, platinum-plated copper) was accurately positioned for
electroporation (Dal Maschio et al. 2012). For the electropora-
tion, 5 electrical pulses (amplitude, 50 V; duration, 50 ms; inter-
vals, 150 ms) were delivered with a square-wave electroporation
generator (CUY21EDIT, Nepa Gene; ECM 830, BTX, Harvard
Apparatus). After electroporation, the uterine horns were
returned into the abdominal cavity, and embryos allowed con-
tinuing their normal development. At P20, rats were fixed by
transcardial perfusion with 4% PFA in phosphate buffer (0.1M,
pH 7.4)

The cDNA encoding KCC2 full-length WT (KCC2wt), the loss-
of-function mutant KCC2-C568A, and the transporter-dead
mutants C-term KCC2 (KCC2-CTD) and delta N-term KCC2 (KCC2-
ANTD) were previously described and cloned into pCAG-IRES-
EGFP (Fiumelli et al. 2013). The pCAG vector bears a modified
chicken p-actin promoter with a cytomegalovirus immediate-
early enhancer that directs high and persistent expression levels
in neurons in vivo (Niwa et al. 1991). The vectors expressing
wild-type or mutant KCC2 were cotransfected with pCAG-IRES-
tdTomato or pCAG-GFP. Finally, pCAG-IRES-tdTomato or pCAG-
GFP plasmids alone were used as a control. These plasmids com-
bination are referred thereafter as “KCC2wt,” “KCC2 C568A,”
“KCC2 CTD,” “KCC2 ANTD,” and “Ctrl,” respectively.

Confocal Imaging of Pyramidal Cells and Dendritic
Spine Analysis

The 2-3 labeled typical pyramidal neurons were randomly
selected from CA1l area or the somatosensory cortex of each
analyzed animal or organotypic cultures. Image stacks of basal
dendrites were acquired at 0.5pm intervals using a confocal
microscope (Leica SPE or SP8) with a x63 glycerol objective (x63,
NA 1.3), and then analyzed with Neurolucida (MicroBrightField)
software. To avoid problems in identifying dendrite provenance
in highly transfected areas, we analyzed only the basal den-
drites included in 4 identically sized stacks centered around
the soma, which in our imaging conditions represent the first
120 pm of basal dendrites originating from the soma. Low mag-
nification (x10 or x20) images of each analyzed pyramidal cell
were acquired as reference of cell localization and overall
morphology.

Spine density, spine morphology and spine length were
analyzed and quantified in 3D using Neurolucida software
(MicroBrightField), as described in Awad et al. (2016). We classified
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spines as mushroom spines, identified by a clearly distinguish-
able enlargement of the head of the spine (compared with the
neck); stubby spines, identified as structures with equal thick-
ness between head and neck (minimum 0.3pm thick); thin
spines as long and thin protrusions lacking a clearly defined
head (maximum of 0.3 pm thick). Values for animals belonging
to the same experimental group were not statistically differ-
ent and were pooled. All quantification was done blind to the
treatment.

Statistical Analysis

Differences between 2 experimental groups were assessed
using unpaired t-test for normally distributed data and Mann-
Whitney test for not normally distributed data, except for the
experiment investigating KCC2 levels in the membrane fraction
of cortical organotypic cultures treated with vehicle or BDNF,
which was analyzed by paired t-test (organotypic cultures pre-
pared from a single mouse were treated half with vehicle and
half with BDNF). Differences between 3 or more experimental
groups were assessed with one-way ANOVA and Tukey’s multi-
ple comparisons test. For non-normally distributed data, non-
parametric Kruskal-Wallis one-way ANOVA test was used.
Two-way ANOVA with Holm-Sidak’s multiple comparison post
hoc analysis was used to determine the relative contribution of
age (factor 1) and brain region (factor 2) on KCC2 expression
levels. Cumulative distributions of spine length or spine diame-
ter were plotted as follow: for each cell, spine length or spine
diameter values were ordered by cumulative distribution; then
values were binned. For all cells belonging to the same experi-
mental group, the mean + standard error of mean (SEM) of
each bin was calculated and plotted. Statistical differences of
cumulative distribution were analyzed using the Kolmogorov—-
Smirnov (KS) test. All results are expressed as mean + SEM.
Spine density, length and diameter analysis were represented
with Tukey boxplots (median + 1.5 x interquartile range, IQR;
box represents first-third quartile). Statistical analysis was per-
formed using Prism 7.0 (GraphPad Software).

Results

As a first question, we asked whether and how the develop-
mental time course of KCC2 expression differed between
somatosensory cortex and hippocampus. To evaluate overall
expression levels, we performed western blot and measured
both the monomeric (140KDa) and dimeric (~250-280KDa)
forms of KCC2 at 3 developmental ages, PO, P7, and P14.
Consistent with previous studies (Markkanen et al. 2014), we
found that KCC2 expression levels were low at PO and increased
over the first 2 postnatal weeks, in both brain regions (Fig. 1A,B,
Suppl. Fig. S1; 2-way ANOVA, factor age: ™P < 0.0001 for both
KCC2 monomer and dimer bands). We found no overall statisti-
cal difference in KCC2 expression between the hippocampus
and the somatosensory cortex at all ages examined (Fig. 1B;
2-way ANOVA, KCC2 monomer: factor brain region: P = 0.0549,
interaction: P = 0.3030; KCC2 dimer: factor brain region: P =
0.1342, interaction P = 0.4073). KCC2 protein can be found both
in cytoplasmic and plasmalemmal compartments, but KCC2-
dependent CI” extrusion in neurons is most dependent on KCC2
expression in the neuronal membrane (i.e., the surface pool).
Thus, we asked whether KCC2 localization in the plasmalem-
mal compartment could be different in those regions. First, we
quantified KCC2 levels in the membrane fractions from hippo-
campus and somatosensory cortex of P7 and P20 pups, by

western blot (Fig. 1C,D, Suppl. Fig. S1). We could detect only
KCC2 dimers in the membrane fraction, whose expression
levels have been previously shown to increase with age and to
correlate with the development of inhibitory neurotransmis-
sion (Blaesse et al. 2006; Mahadevan et al. 2015). We found that
membrane KCC2 levels were significantly higher in the hippo-
campus compared with the cortex at P7 (Fig. 1D; t-test P =
0.0177), but not at P20 (Fig. 1D; t-test P = 0.6152). As a comple-
mentary approach, we compared KCC2 immunostaining inten-
sity in pyramidal neuron membranes from the CA1 and layer 2/
3 of the somatosensory cortex at P7 (Fig. 1E). KCC2 was already
localized along pyramidal soma membranes in the CA1 at P7,
but not in the cortex (Fig. 1E,F; Hipp: 84 + 1%; cortex: 10 + 1%;
t-test, *P < 0.001). On the other hand, KCC2 could be observed
along the membranes of cortical pyramidal neurons by P20,
similarly to what observed in CA1 pyramidal neurons (Fig. 1E,G;
Fig. 1F, Hipp: 94 + 2%, cortex: 89 + 4; t-test, P = 0.270).
Altogether, our results show that, during the first postnatal
week, KCC2 localization to the plasmalemmal compartment is
much higher in the CA1 region. While cytoplasmic KCC2 may
still affect several aspects of neural circuit formation, including
glutamatergic synapse formation, it does not seem to affect
Ecapa (Khalilov et al. 2011); thus, our results suggest that KCC2
transporter activity may play a larger role in influencing Egapa
in the hippocampus than in cortex during this developmental
time window.

It has been reported that premature KCC2 expression
induces a long-term increase in dendritic spine density in
somatosensory cortical pyramidal neurons (Fiumelli et al
2013). However, whether KCC2 premature expression affects
spine formation in hippocampal pyramidal neurons in the
same fashion is still unknown. To address this question, we
overexpressed KCC2 by in utero electroporation at embryonic
day 17 (E17) specifically in the CA1 region of the hippocampus,
by using a triple-electrode probe (Dal Maschio et al. 2012). We
expressed 2 different forms of KCC2, the wild type form
(KCC2wt) as well as KCC2 carrying the C568A point mutation
(KCC2 C568A), lacking both the cotransporter activity and its
binding activity to the protein 4.1 N, which mediates its interac-
tion with the cytoskeleton (Li et al. 2007). KCC2 plasmids were
coelectroporated with Td-Tomato to label the entire neuron
arborization, while Td-Tomato alone served as a control.
Transfected CA1 pyramidal cells were imaged and analyzed at
P20 (Fig. 2A). Premature expression of KCC2wt, but not KCC2
C568A, significantly decreased spine density in basal dendrites
of CA1 pyramidal cells (Fig. 2B,C; Ctrl: 0.78 + 0.05 spine/pm,;
KCC2wt: 0.62 + 0.04 spine/pm; KCC2-C568A: 0.82 + 0.08 spine/
pm; one-way Anova, P = 0.0492). On the other hand, KCC2
C568A-expressing cells showed significantly longer spines
(Fig. 2D; Ctrl: 1.42 + 0.05pm, KCC2wt: 1.42 + 0.05pm; KCC2-
C568A: 1.64 + 0.03pm; one-way Anova, *P = 0.0142). Longer
spines have been suggested to represent immature thin or filo-
podia spine (Bosch and Hayashi 2011), however, KCC2 mutant
expressing cells showed long spines with a distinctive mush-
room head, indicating they are likely not immature (Fig. 2B). In
fact, spine diameter analysis revealed that KCC2-C568A electro-
porated pyramidal cells had significantly larger spines com-
pared with Ctrl and KCC2wt electroporated neurons (Fig. 2E;
Ctrl: 0.650 + 0.009 pm, KCC2wt: 0.675 + 0.003 pm; KCC2-C568A:
0.86 + 0.01 pm; one-way ANOVA, **P < 0.0001). One possibility
is that KCC2-C568A may act as a dominant negative, since in
utero electroporation of shRNA against KCC2 in CA1 neurons
caused a similar increase in spine length (but not spine head
size) (Awad et al. 2016).
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Figure 1. KCC2 localization in the plasmalemmal compartment of pyramidal cell somata occurs earlier in the hippocampus compared with the somatosensory cortex.
(A) Western blot analysis of KCC2 monomer and dimer expression levels (monomer: 140KDa; dimer: >250KDa) in the hippocampus (H) and cortex (C) extracted from
the same animals at different postnatal days (postnatal day 0—PO, P7, and P14). Blot shows representative samples of both regions from one animal per age.
(B) Quantification reveals that KCC2 expression of the dimer (upper panel) and monomer (lower panel) are not significantly different between brain regions, but signif-
icantly increases with time (2-way Anova, KCC2 monomer: brain region, P = 0.0549; age, ***P < 0.0001; KCC2 dimer: brain region, P = 0.1342; age, **P < 0.0001) PO: n =5
rats, P7: n = 4 rats, P14: n = 4 rats. Circles represent individual sample values. Horizontal and vertical lines represent mean and SEM, respectively. (C) Western blot
analysis of KCC2 in the membrane fractions prepared from the hippocampus (H) and cortex (C) extracted from the same animals at P7 and P20. Blot shows represen-
tative samples of both regions from 2 animals per age. (D) Quantification reveals that the expression of KCC2 dimer is significantly higher in the hippocampus than in
somatosensory cortex at P7 (t-test *P = 0.0177), but not at P20 (t-test P = 0.6152). Note that we did not reliably detect KCC2 monomer in the membrane fractions. P7:
n =5 rats, P20: n = 6 rats. Circles represent individual sample values. (E) Confocal images of KCC2 immunostaining (green) at P7 and P20. Neuronal somata are labeled
with anti-NeuN antibody (blue). By P7, KCC2 staining is clearly visible in the plasmalemmal compartment of CA1 (arrows), but not of cortical (arrowheads) pyramidal
neurons. Scale bar, 10 ym. (F,G) Quantification of the percentage of NeuN+ cells showing KCC2 membrane immunostaining at P7 (F) and P20 (G) (t-test, P7: *P = 0 <

0.001; P20: P = 0.270).

Since the effects of KCC2 premature expression we observed
in the hippocampus were the opposite to what were previously
reported for the somatosensory cortex (Fiumelli et al. 2013), we
sought to verify that our results were not due to technical dif-
ferences, by electroporating the same constructs described
above in somatosensory cortex (Fig. 2AF). Consistently with
previous studies (Fiumelli et al. 2013), we found that KCC2wt
premature expression caused spine density increase (Fig. 2F,G,
Ctrl: 1.41 + 0.12 ym; KCC2wt: 2.17 + 0.17 ym; one-way Anova,
P = 0.005). KCC2-C568A expression, on the other hand, did not
affect spine density (Fig. 2G, Tukey’s multiple comparison Ctrl
vs. KCC2 C568A mutant P = 0.372), or head size (Fig. 2G-I,
Tukey’s multiple comparison Ctrl vs. KCC2 C568A mutant P =
0.914), while it only had a minor effect on spine length (Fig. 2H,
Tukey’s multiple comparison Ctrl vs. KCC2 C568A mutant P =
0.212; K-S test Ctrl vs. KCC2-C568A **P = 0.0006).

In utero electroporation introduced KCC2 in many, neigh-
boring pyramidal neurons (Fig. 2A), thus, potentially affecting

the local network excitability by rendering Egaga more negative
in densely transfected neurons (Cancedda et al. 2007).
Therefore, we asked whether the opposite effects of KCC2 pre-
mature expression in CAl and somatosensory pyramidal neu-
rons were due to cell autonomous or circuit-based effects. To
address this question, we transfected KCC2wt in isolated pyra-
midal cells in either hippocampal or cortical organotypic cul-
tures, by biolistic transfection, from equivalent postnatal day
(EP) 6 to EP20 (Fig. 3A). Similarly to what was observed following
in utero-electroporation in vivo (Fig. 2B,C), KCC2wt transfected
CA1 neurons displayed a significant decrease in spine density
compared with control pyramidal neurons (Fig. 3B-D, Ctrl: 0.99
+ 0.12 spine/pm; KCC2wt: 0.56 + 0.05 spine/pm; t-test *P =
0.0083). In contrast, spine length and spine head diameter were
not significantly affected in KCC2wt-expressing neurons com-
pared with controls (Fig. 3E, t-test P = 0.2248; Fig. 3F; t-test P =
0.5903). We then performed the same experiment in cortical
organotypic cultures. Similarly to what we observed in vivo
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Figure 2. Premature expression of KCC2 in vivo decreases spine density in hippocampal neurons, but increases spine density in cortical pyramidal neurons.
(A) Schematics of experimental procedure. (B) Representative basal dendrite segments from 2 different CA1 pyramidal cells showing that KCC2wt-expressing cells
have fewer spines, while KCC2mut have longer and larger spines compared with control cells. Arrows indicate spines. Scale bar, 5 ym. (C) Spine density is significantly
reduced in KCC2wt-expressing cells compared with control and KCC2 C568A-expressing ones (one-way Anova, *P = 0.0492). (D, E) Cumulative distribution and average
(inset) spine length (D) and spine diameter (E). (D: one-way Anova *P = 0.0142; Kolmogorov-Smirnov (KS) test, Ctrl vs. KCC2wt *P = 0.0147; Ctrl vs. KCC2-C568A ***P <
0.0001; KCC2wt vs. KCC2-C568A ***P < 0.0001; E: one-way Anova, **P < 0.0001; K-S test, Ctrl vs. KCC2-C568A **P = 0.0002; KCC2wt vs. KCC2-C568A *P = 0.0091).
Pyramidal neurons: Ctrl, n = 8 from 5 animals, KCC2wt, n = 9 from 5 animals, KCC2-C568A, n = 5 from 3 animals. (F) Confocal images showing representative basal
dendrite segments of pyramidal neurons from somatosensory cortex. (G-I) Analysis of spine density (G), spine length (H), and spine diameter (1) of cortical pyramidal
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(Fig. 2F,G), we found that KCC2 premature expression in the
cortex induced a striking increase in spine density of pyramidal
cells (Fig. 3G-I, Ctrl: 0.91 + 0.08 spine/pm; KCC2wt: 1.76 + 0.1
spine/pm; t-test, **P < 0.0001), as well as an increase in spine
length (Fig. 3J, 1.58 + 0.05 spine/pm; KCC2wt: 1.76 + 0.04 spine/
pm; t-test, *P = 0.0238) while there were no statistical differ-
ence in spine diameter (Fig. 3K, t-test, P = 0.7203). Altogether,
these results confirm that premature overexpression of KCC2
leads to a decrease of spine density of CAl pyramidal neurons;
while it leads to an increase in spine density in cortical layer
2/3 pyramidal cells, both in vivo and in vitro. Further, this
effect is cell autonomous, as low-density overexpression of
KCC2 in organotypic cultures showed similar results as high-
density KCC2 electroporation in vivo.

BDNF can increase KCC2 activation, by regulating its locali-
zation at the membrane, in the developing brain (Khirug et al.
2010; Puskarjov et al. 2015). Could a difference in BDNF expres-
sion in CA1 versus cortex affect KCC2 localization? To answer
this question, we first performed a western blot analysis of
BDNF expression levels in the hippocampus compared with the
somatosensory cortex, both in vivo and in vitro. In vivo, we
found significantly higher levels of BDNF in the hippocampus
than in the cortex extracted from the same animal at P7 and
P14 (Fig. 4A; 2-way Anova, age *P < 0.0001, brain region **P <
0.0001, interaction ™P < 0.0001—Sidak’s multiple comparison
P7: *P = 0.0144, P14: *P < 0.0001), while we found no difference
at PO (Fig. 4A; Sidak’s multiple comparison test, P > 0.9307). In
vitro, we collected the first data point at EP8, 2 days after cul-
ture preparation, since we have previously observed that 2
days are needed for the slices to attach to the membranes and
to eliminate most cellular debris caused by slicing. The variabil-
ity in BDNF expression levels between different samples was
more pronounced in vitro than in vivo, nevertheless we found
that BDNF levels were significantly higher in the hippocampal
cultures compared with cortical cultures at EP8, while they
showed a tendency towards higher values at EP12 (Fig. 4B;
2-way Anova, age, P = 0.0521, brain region, **P = 0.0026, interac-
tion *P = 0.0566). Thus, these data suggest that, both in vivo and
in vitro, BDNF expression levels are higher in the hippocampus
compared with the cortex during the first 2 postnatal weeks.

To understand whether this difference in BDNF levels may
contribute to the region-specific effects of KCC2 premature
expression on spine formation, we increased BDNF in cortical
organotypic cultures by adding it (50ng/mL) to the culture
medium (Fig. 4C). We predicted that if the ability of KCC2 pre-
mature expression to increase pyramidal cell spine density were
due to the lower levels of BDNF, pyramidal neurons transfected
with KCC2wt would show no increase, or even a decrease, in
spine density compared with control neurons, in cortical cul-
tures treated with BDNF. Indeed, we found no statistical differ-
ence in spine density between untreated control pyramidal
neurons, pyramidal neurons treated with BDNF or pyramidal
neurons transfected with KCC2wt and treated with BDNF
(Fig. 4D,E; Ctrl: 0.91 + 0.08 spine/um; Ctrl + BDNF: 1.18 + 0.09
spine/pm; KCC2wt + BDNF: 1.27 + 0.13spine/ym; one-way
Anova, P = 0.0765). BDNF treatment induced a slight increase in
spine length in control pyramidal neurons (one-way Anova, *P =
0.0366), but had no major effect on spine diameter (one-way

Anova, P = 0.1047). In contrast to what was previously reported
in hippocampal organotypic cultures (Tyler and Pozzo-Miller
2001, 2003), we did not find an increase in spine density in
BDNF-treated cortical organotypic cultures, a difference that
might be explained by the different medium composition, BDNF
concentration and length of BDNF treatment (Kellner et al.
2013). Nonetheless, our data show that KCC2 premature expres-
sion is unable to increase spine density in cortical pyramidal
neurons in the presence of higher BDNF levels.

Next, we investigated whether KCC2 expression and/or
localization were affected by BDNF treatment. Since the differ-
ence in KCC2 plasmalemmal localization in pyramidal neurons
between CA1 and somatosensory cortex was clearly visible at
P7, but not overly different by P20 (Fig. 1C-G; Suppl. Fig. S1), we
analyzed KCC2 expression and localization at EP9, after 5 days
of treatment with BDNF. As expected, western blot analysis
revealed no statistical difference in overall KCC2 expression
levels (Fig. 5A,B, KCC2 monomer, t-test P = 0.7829; KCC2 dimer,
Mann-Whitney test P = 0.3929); we thus analyzed KCC2 plas-
malemmal localization by immonolabeling (Fig. 5C, D) and
western blot analysis of membrane fractions (Fig. 5E,F; Suppl.
Fig. S1). Immunofluorescence analysis revealed that KCC2
expression at the membrane of pyramidal cell somata was sig-
nificantly increased by BDNF treatment (Fig. 5C,D; t-test, *P =
0.0359). Quantification of KCC2 in the membrane fractions
showed that variability in KCC2 expression levels between dif-
ferent samples was more pronounced in vitro than in vivo, nev-
ertheless, when comparing cultures prepared from the same
pup, we found that membrane KCC2 levels were significantly
higher in organotypic cultures treated with BDNF compared
with those untreated (Fig. 5E,F; paired t-test *P = 0.0143).
Therefore, both experimental approaches indicate that BDNF
strongly promotes the localization in the plasmalemmal pool
of already synthetized KCC2.

Higher BDNF expression levels may be responsible for the
pronounced KCC2 localization at the membrane of CA1 pyrami-
dal neurons during the first 2 postnatal weeks, which in turn
might affect spine formation. In particular, more pronounced
KCC2 localization at the membrane could translate into a larger
role for KCC2 transporter function in this specific developmen-
tal window. In the somatosensory cortex, Fiumelli et al. (2013)
reported that the increase of spine density due to premature
KCC2 expression was ion-transport independent, since electro-
poration of 2 transporter-inactive KCC2 variants, the C-terminal
domain of KCC2 (KCC2 CTD), and the N-terminal deleted form
of KCC2 (KCC2 ANTD) induced an increase in pyramidal cell
spine density that was undistinguishable from that induced by
electroporation of KCC2wt. In the CA1 region of the hippocam-
pus, we found that, while premature expression of KCC2wt
decreased spine density (Fig. 2B,C), both KCC2 CTD and KCC2
ANTD had no affect on spine density compared with control
pyramidal cells (Fig. 6A,B; Ctrl: 1.36 + 0.06 spine/pm; KCC2 CTD:
1.31 + 0.10 spine/um; KCC2 ANTD: 1.38 + 0.05 spine/um; one-
way Anova, P = 0.8019). KCC2 CTD induced a slight increase of
spine length (Fig. 6C; Ctrl: 1.26 + 0.03 um; KCC2 CTD: 1.40 +
0.04pm; KCC2 ANTD 1.26 + 0.03pm; one-way Anova, *P =
0.0129), but no difference in spine diameter (Fig. 6D; one-way
Anova, P = 0.1301). These results suggest that the transporter

neurons reveals that KCC2wt premature expression increases spine density (one-way Anova, **P = 0.005), but neither spine length (one-way Anova, P = 0.193) or spine
diameter were affected (one-way Anova, P = 0.921). Cumulative distribution of spine length shows slightly longer values in KCC2wt and KCC2 C568A transfected cells
(KS test: Ctrl vs. KCC2wt **P = 0.0006; Ctrl vs. KCC2-C568A **P = 0.0006; KCC2wt vs. KCC2-C568A P > 0.99). Pyramidal neurons: Ctrl: n = 7 from 3 animals, KCC2wt: 8

from 5 animals, KCC2 C568A: 6 from 3 animals.
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Figure 3. The effects of KCC2 premature expression on spine density are cell-autonomous. (A) Schematics of experimental procedure. (B,C) Low (B1,C1) and high
(B2, C2) magnification of CA1 transfected pyramidal cells (NeuN immunostaining, blue). KCC2wt-expressing cells show fewer spines (3-4, arrowheads) compared with
control cells (1-2, arrowheads). The 14 are from boxed regions in B2, C2. Scale bars B1-C1, 50 pm; B2-C2, 10 pm; b1/2-c3/4, 2 pm. (D) Spine density is strongly reduced
in KCC2wt-overexpressing cells (t-test, *P = 0.0083). (E,F) Cumulative distribution and average (inset) spine length (E) and spine diameter (F) (E: t-test, P = 0.2248; K-S
test, P = 0.4070; F: t-test, P = 0.5903; K-S test, P = 0.9957). n = 6 Ctrl pyramidal cells, n = 6 KCC2 wt pyramidal cells. (G,H) Low (G1,H1) and high (G2,H2) magnification of
cortical pyramidal neurons. Spine density is increased in KCC2wt-overexpressing cells (compare dendrite segment in 3-4 with those in 1-2). Scale bars G1-H1, 50 pm;
G2-H2, 10 pm; g1/2-h3/4, 2 ym. (I) Spine density (t-test, **P < 0.0001). () Spine length (t-test, *P = 0.0238; K-S test, *P = 0.0116). (K) Spine diameter (t-test, P = 0.7203; K-S

test, P = 0.3075). n = 7 Ctrl cells, n = 7 KCC2wt-transfected cells.
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Figure 4. BDNF treatment blocks the spinogenesis promoting effect of KCC2 premature expression. (A) Western blot representative bands (top) and analysis (bottom)
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number of rats. (B) Western blot analysis of organotypic cultures shows that BDNF levels are higher in hippocampal than in cortical cultures during the first postnatal
week in organotypic cultures (2-way Anova, age P = 0.0521, brain region **P = 0.0024). Hippocampus: n = 3, 4, and 4 for P8, P12, and P17, respectively; Cortex: n = 4, 4,
and 3 for P8, P12, and P17, respectively. N represents samples, where each sample is obtained by pooling 3-4 cultured slices together. (C) Schematic of experimental
procedure. (D) Representative basal dendrite segments of pCI-GFP transfected cortical pyramidal neurons, either untreated (Ctrl), or treated with BDNF (Ctrl + BDNF),
and of pCI-GFP/KCC2wt transfected pyramidal neurons treated with BDNF (KCC2wt+BDNF). (E) Spine density analysis (one-way Anova, P = 0.0765). (F) Cumulative and
average (inset) spine length analysis reveal that spines are longer after BDNF treatment, independently of KCC2 overexpression (one-way Anova, P = 0.0366; K-S test,
Ctrl vs. Ctrl + BDNF **P = 0.0003, Ctrl vs. KCC2wt + BDNF P = 0.0707; Ctrl + BDNF vs. KCC2wt + BDNF *P = 0.0365). (G) Cumulative and average (inset) spine diameter
analysis (one-way Anova, P = 0.1047; K-S test: Ctrl vs. Ctrl + BDNF *P = 0.0413; Ctrl vs. KCC2wt + BDNF P = 0.2877; Ctrl + BDNF vs. KCC2 wt + BDNF *P = 0.0164). N = 7
Ctrl cells; n = 9 ctrl+BDNF cells; n = 9 KCC2wt + BDNF cells.

function of KCC2 contributes to the effects of KCC2 on spine All together our data demonstrate that the effects of KCC2
formation in the hippocampus during the first postnatal weeks, premature expression on spine formation are brain-region spe-
possibly due to its more pronounced localization at the cific, and in particular, may be dependent on the local levels of

membrane. BDNF.



4058 | Cerebral Cortex, 2018, Vol. 28, No. 11

A B =
5 20 3 151
Ctrl BDNF treated < z
KCC2 dimer DE_ 151 ° £ °
KCc2 o ) 1.0 2 ° ! #7
monomer 2 =
(140KDa) L i, E
S o c 051 o
GAPDH S o5 ]
(37KDa) &) o
L @] [&]
¥ 0 T T o 0 . r
Ctrl BDNF treated X Ctrl BDNF treated

E

Cirl

W)

©

o

1
*

BDNF treated

BDNF treated 2.5 9 *

@D
o
L

o
o

KCC2

Membrane KCC2
staining (au)
8 3

1 2 1 2
dimer
(280KDa)
(]

Dystro-
ol . glycan o
Ctrl  BDNF treated ~ 5%P2

h
=)
L

-
o
1

-
o
1

KCC2 dimer/
dystroglycan (au)
o

Ctrl BDNF treated

Figure 5. BDNF treatment in organotypic cortical cultures increases KCC2 expression levels in the plasmalemmal compartment. (A, B) Example bands (A) and quantifi-
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(F) Quantification shows that BDNF treatment significantly increases membrane levels of KCC2 (paired t-test *P = 0.0143). N = 5 animals.

Discussion

The main finding of our work is that premature KCC2 expres-
sion, during the same developmental time window, has 2 dis-
tinct and opposite effects on spine formation in CA1 region of
the hippocampus and in the overlying somatosensory cortex, 2
structures that are often considered similar when synapse
formation mechanisms are tackled. In particular, we demon-
strate that the effects of KCC2 premature expression on spine
formation in CA1 are dependent on the transporter activity,
contrary to what was reported in cortical neurons (Li et al. 2007;
Fiumelli et al. 2013). Finally, our findings suggest caution is nec-
essary before generalizing molecular mechanisms regulating
synapse formation to different brain regions.

Why do cortical and CA1 pyramidal cells respond so differ-
ently to increased KCC2 expression? KCC2 function is not solely
determined by its expression levels; in fact, KCC2 proteins
can be found both in cytoplasmic and plasmalemmal pools,
and the relative abundance of these 2 pools could change

depending on the age and activity levels in the network (Khirug
et al. 2010; Khalilov et al. 2011; Puskarjov et al. 2015). Regulation
of KCC2 membrane localization likely allows for finer tuning and
rapid changes of Cl1~ gradients. Therefore, KCC2 levels in the plas-
malemma pool might be a better indicator of the impact of KCC2
transporter function on Egapa compared with the total levels of
KCC2 protein. For example, despite similar high expression levels
of KCC2 protein during the first postnatal month, the capacity to
extrude CI” in neurons of the lateral superior olive emerges grad-
ually during the first 2 postnatal weeks (Balakrishnan et al. 2003).
Our results show that the relative abundance of the plasmalem-
mal and the cytoplasmic KCC2 pools is temporally and spatially
heterogeneous, even when comparing regions that are develop-
mentally and ontogenetically very close as the hippocampus and
the cortex. Indeed, while we did not detect any difference in the
time course of KCC2 expression increase between the hippocam-
pus and the somatosensory cortex, we found that membrane
KCC2 levels were at least 2-fold higher in the hippocampus than
in the cortex, in P7 rats. Additionally, we could detect KCC2
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Figure 6. Transporter-dead KCC2 mutants are unable to induce spine loss in CA1 pyramidal neurons. (A) Confocal images of basal dendrites from 2 different pyrami-
dal neurons per experimental groups, in utero electroporated with pCI-GFP alone or pCI-GFP together with C-terminal region of KCC2 (KCC2 CTD) or the N-terminal
deleted KCC2 mutant (KCC2 ANTD). Scale bar, 5pm. (B) Spine density is not significantly different between the 3 groups (one-way Anova, P = 0.8019). (C) Cumulative
and average (inset) spine length show longer spines in KCC2 CTD transfected neurons (one-way Anova, *P = 0.0129; K-S test, Ctrl vs. KCC2 CTD P = 0.0707, Ctrl vs.
KCC2 ANTD P = 0.07532, KCC2 CTD vs. KCC2 ANTD *P = 0.0234). (D) Cumulative and average (inset) spine diameter analysis reveal no significant difference between
the 3 groups (one-way Anova, P = 0.1301; K-S test, Ctrl vs. KCC2 CTD P = 0.4401, Ctrl vs. KCC2 ANTD P = 0.9925; KCC2 CTD vs. KCC2 ANTD P = 0.2264). Ctrl: n = 7 pyra-
midal cells from 3 animals; KCC2 CTD: n = 9 pyramidal cells from 4 animals; KCC2 ANTD: n = 9 KCC2 NTD pyramidal cells from 4 animals.

immunolabeling in the plasmalemmal of close to 100% of CAl
pyramidal neurons, but only in 10% of somatosensory pyramidal
neurons, at the same age (Fig. 1). However, the difference in the
localization of KCC2 immunolabeling or in membrane KCC2
levels between the 2 brain regions was negligible by P20 (Fig. 1).
These observations suggest that KCC2 may play a stronger role
in regulating Egaga in CA1 than in cortical pyramidal neurons, at
least during the first postnatal week. To be able to clearly detect
plasmalemmal KCC2 localization in situ, we focused on the
somatic compartment of pyramidal cells. However, it is impor-
tant to note that KCC2 membrane expression profiles could be in
principle distinct in various subcellular structures in neurons,
since several studies have shown differences in Egaga between
the dendritic, somatic, and axon initial segment compartments
(Duebel et al. 2006; Baldi et al. 2010; Rinetti-Vargas et al. 2017).
During neural circuit formation, synapse number is regu-
lated both by genetic and activity-dependent mechanisms. In
this context, we could envision the battling of 2 actions induced
by KCC2 overexpression, the spinogenesis promoting effects,
mediated by changes in cytoskeleton dynamics (Li et al. 2007;
Gauvain et al. 2011; Fiumelli et al. 2013; Chevy et al. 2015), and
the transporter-mediated alteration of GABA driving force.
Premature expression of KCC2 leads to more negative Egapa
(Rivera et al. 2004; Cancedda et al. 2007; Galanopoulou 2008;
Khirug et al. 2010; Pellegrino et al. 2011), which may render
spike generation and back-propagating action potentials less
likely. Reduced neuronal activity may in turn impair synapse
potentiation, therefore leading to synaptic loss (Turrigiano
et al. 1998). Since we observed that, at P7, KCC2 immunolabel-
ing is already clearly visible in the plasmalemmal compartment
in CA1l, but not cortical, pyramidal neurons, and membrane
KCC2 levels are significantly higher in the hippocampus com-
pared with the cortex, it is possible that KCC2 premature
expression may have a larger impact on Egaga in CA1 hippo-
campal neurons, therefore leading to impaired spine forma-
tion/stabilization. Further studies are needed to clarify to what

extent Egapa differs between pyramidal cells in CA1 and in the
somatosensory cortex during the first postnatal weeks.

One possibility is that the effects of KCC2 premature expres-
sion on spinogenesis may be secondary to global alterations of
neuronal activity caused by widespread alterations in Egaga,
which may occur following high-density in utero electropora-
tion of KCC2 cDNA. We think that this is unlikely because
single-cell KCC2 overexpression in CA1 pyramidal neurons in
hippocampal and cortical organotypic cultures induced den-
dritic spine alterations similar to those observed following in
utero electroporation in vivo. In our hands, biolistic transfec-
tion leads to plasmids expression in only few (>5), sparse pyra-
midal cells per organotypic culture, which is unlikely to perturb
network activity. Therefore, it seems more likely that it is the
specific cellular contexts in which the transfected neurons
develop that determine how KCC2 overexpression affects spine
formation.

What are the molecular mechanisms underlying the differ-
ent effects of premature KCC2 expression in cortical versus CA1
pyramidal neurons? BDNF is one the strongest modulator of
KCC2 activity (Rivera et al. 2002; Kaila, Price, et al. 2014). Most
importantly, this modulation is age-dependent as BDNF accel-
erates KCC2 expression and its phosphorylation-mediated acti-
vation in developing neurons in normal condition or following
seizures (Fiumelli et al. 2005; Fiumelli and Woodin 2007; Khirug
et al. 2010; Ludwig et al. 2011; Puskarjov et al. 2015), while it has
the opposite effects in adult neurons following injury, trauma
or seizures (Rivera et al. 2002, 2004; Kaila, Price, et al. 2014).
Here, we report that overall BDNF expression levels are consis-
tently higher in the hippocampus than in the cortex, extracted
from the same animal, during the first 2 postnatal weeks
(Fig. 4A). Lower cortical BDNF levels might contribute to the
reduced plasmalemmal localization of KCC2 immunostaining,
since BDNF has been shown to promote KCC2 confinement at
the membrane (Ludwig et al. 2011; Puskarjov et al. 2015).
Consistently, treating cortical organotypic cultures with BDNF
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lead to significantly increased levels of membrane KCC2, as
detected by western blot, and stronger KCC2 immunolabeling
in the plasmalemmal compartment of cortical pyramidal
somata, in situ (Fig. 5). On the other hand, we did not observe
an overall increased KCC2 expression levels in BDNF-treated
cultures, in contrast to what previously reported in dissociated
cultures (Ludwig et al. 2011). Length of treatment or differences
in culture conditions (dissociated neurons vs. organotypic cul-
tures) might contribute to the observed differences. Of note,
when treated with BDNF, cortical pyramidal neurons prema-
turely expressing KCC2 did not show any difference in spine
density compared with control neurons, either untreated or
treated with BDNF (Fig. 4). Therefore, KCC2 premature expres-
sion promotes spine formation only in presence of low BDNF.

Altogether, our data support the hypothesis that BDNF
levels modulate the effects of KCC2 on spine formation, at least
during the first postnatal weeks. It has been proposed that, in
mature hippocampal neurons, KCC2 regulate AMPA receptor
clustering in the postsynaptic membranes (Gauvain et al. 2011,
Chamma et al. 2013; Chevy et al. 2015). Since BDNF expression
is strongly regulated by neuronal activity, in particular by LTP-
inducing stimulation, and it is, in turn, important for LTP
expression (Patterson et al. 1992; Korte et al. 1996), it will be
interesting to investigate whether BDNF levels may also affect
directly KCC2-induced AMPA receptor clustering, by modulat-
ing KCC2 localization at the membrane. Premature expression
of BDNF in pyramidal cells accelerated the development of
GABAergic synapses and the onset and closure of critical period
plasticity in visual cortex (Huang et al. 1999). Our data suggest
that BDNF may exert these effects in part by promoting mem-
brane localization of KCC2, which may in turn increase KCC2
impact on the regulation of intracellular [Cl7], thus leading to
more negative Egapa and more efficient inhibition. Since the
timing of critical periods is different between different cortical
areas, it will be interesting to explore whether the shift of KCC2
localization from the cytoplasmic to the plasmalemmal com-
partments will also be similarly different.

We recently reported that electroporation of shRNA against
KCC2 at E17.5 induced a reduction of spine density in CA1 pyra-
midal neurons (Awad et al. 2016). On a first glance, this obser-
vation may appear discordant with the data presented here;
showing that KCC2 overexpression by the same technique dur-
ing the same developmental period also causes spine loss.
Using shRNA-mediated manipulation and KCC2-deficient mice,
a recent study showed that KCC2 interacts with and inhibits
B-PIXb, a GEF for small GTPases Racl and Cdc42, in hippocam-
pal dissociated cultures (Llano et al. 2015). p-PIX, through acti-
vation of Racl, forms part of the signaling cascade controlling
cofilin-1 phosphorylation (Saneyoshi et al. 2008; Mizuno 2013).
Racl and cofilin-1 are known to play a pivotal role in spine
morphogenesis. Interestingly, the activity of these 2 proteins
must be tightly regulated to obtain normal spine formation. For
example, knockdown of cofilin-1 by shRNA and overexpression
of constitutively active cofilin-1 induces similar phenotype in
developing neurons: long filopodia-like structures (Hotulainen
et al. 2009; Shi et al. 2009). Similarly, both long-term increase
and decrease of Racl activity leads to decreased spine numbers
(Nakayama et al. 2000; Zhang et al. 2003). In other words, the
shift in actin turnover balance in either direction results in dis-
rupted dendritic spine development. Therefore, either reducing
or increasing KCC2 expression may alter the ratio between
active and inactive forms of B-PIX, which in turn would alter
both Racl and cofilin-1. It remains to be determined to what
extent the molecular mechanisms linking KCC2 to cytoskeleton

rearrangements are spatially and temporally similar in different
brain regions. To add another layer of complexity, it is likely
that by reducing KCC2 expression in CA1l pyramidal neurons,
we may affect 2 parallel processes, which can potentially affect
spine formation in 2 different directions, by promoting the abil-
ity of the transfected cells of producing back-propagating poten-
tials and favoring LTP, but at the same time by impairing AMPA
receptor aggregation in mature spines (Gauvain et al. 2011;
Chevy et al. 2015) that could in turn lead to spine loss. Thus, the
balance of these processes will likely determine spine numbers
in CA1 pyramidal neurons during development.

Our data show that overexpression of KCC2 C568A, which
may act as dominant negative (Pellegrino et al. 2011), by in utero
electroporation in the hippocampus significantly increased both
spine length and size, without affecting spine density. In addi-
tion, overexpression of KCC2-CTD in hippocampal pyramidal
neurons in vivo also increased spine length, without affecting
spine density (Fig. 6C), consistent to what reported by Li et al.
(2007) in cultured neurons. Since KCC2-CTD retains its ability to
bind to cytoskeleton proteins, these data support the hypothesis
that KCC2 can influence spine morphology independently of its
transporter activity, while spine formation may be modulated
by both KCC2 transporter activity and its interactions with cyto-
skeleton proteins when extracellular signals, such as BDNF, pro-
mote KCC2 membrane localization and activity. Given that
spine length inversely correlates with the spine’s contribution
to somatic voltage (Araya et al. 2014), dynamic, subcellular
changes in KCC2 localization may contribute to synaptic trans-
duction and plasticity by regulating spine neck length.

Recently, several studies, including ours, showed that
insults in the developing brain, such as seizures or cortical dys-
plasia (Galanopoulou 2008; Khirug et al. 2010; Awad et al. 2016),
induce a premature expression and/or activation of KCC2.
Overall, our results suggest that these pathology-induced
alterations of KCC2 expression may differentially affect the
formation of dendritic spines in different brain regions. It will
be important to understand whether and how these specific
circuit alterations are long-lasting and may affect diverse cog-
nitive functions.
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Supplementary material is available at Cerebral Cortex online.
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