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A B S T R A C T

Congenital microcephaly is highly associated with intellectual disability. Features of autosomal recessive pri-
mary microcephaly subtype 3 (MCPH3) also include hyperactivity and seizures. The disease is caused by biallelic
mutations in the Cyclin-dependent kinase 5 regulatory subunit-associated protein 2 gene CDK5RAP2. In the
mouse, Cdk5rap2 mutations similar to the human condition result in reduced brain size and a strikingly thin
neocortex already at early stages of neurogenesis that persists through adulthood. The microcephaly phenotype
in MCPH arises from a neural stem cell proliferation defect. Here, we report a novel role for Cdk5rap2 in the
regulation of dendritic development and synaptogenesis of neocortical layer 2/3 pyramidal neurons. Cdk5rap2-
deficient murine neurons show poorly branched dendritic arbors and an increased density of immature thin
spines and glutamatergic synapses in vivo. Moreover, the excitatory drive is enhanced in ex vivo brain slice
preparations of Cdk5rap2 mutant mice. Concurrently, we show that pyramidal neurons receive fewer inhibitory
inputs. Together, these findings point towards a shift in the excitation – inhibition balance towards excitation in
Cdk5rap2mutant mice. Thus, MCPH3 is associated not only with a neural progenitor proliferation defect but also
with altered function of postmitotic neurons and hence with altered connectivity.

1. Introduction

Autosomal recessive primary microcephaly (MicroCephaly Primary
Hereditary; MCPH) is a rare neurodevelopmental disorder character-
ized by intellectual disability and microcephaly at birth due to severe
reduction in brain volume that affects especially the neocortex (Kaindl
et al., 2010; Kraemer et al., 2011). So far, twenty five genes have been
linked to MCPH and are referred to as MCPH1-25 (DiStasio et al., 2017;
Kadir et al., 2016; Moawia et al., 2017; reviewed in Zaqout et al.,
2017b). Some MCPH patients have epilepsy and/or a hyperactivity
disorder (Passemard et al., 2009). Biallelic mutations in the gene en-
coding centrosomal Cyclin-dependent kinase 5 regulatory subunit-as-
sociated protein 2 (CDK5RAP2) lead to MCPH3 (MIM*604804) (Bond
et al., 2005; Hassan et al., 2007; Issa et al., 2013b).

MCPH is seen as model disorder for microcephaly. Thus, unraveling
pathomechanisms of this disease can convey insight into basic me-
chanisms of physiologic brain development, particularly of brain
growth and cortex formation. One current model for the microcephaly
phenotype in MCPH invokes a premature shift from symmetric to
asymmetric cell divisions and thus premature neurogenesis with a
subsequent depletion of the progenitor pool (Buchman et al., 2010; Fish
et al., 2006; Lizarraga et al., 2010). In addition, increased apoptosis of
neural progenitors and postmitotic cells has been reported in MCPH3
mice (Kraemer et al., 2015; Lizarraga et al., 2010). Premature neuro-
genesis due to CDK5RAP2 dysfunction may be secondary to dis-
turbances in cleavage plane orientation of apical neural progenitors
(Lizarraga et al., 2010), altered centriole engagement and cohesion
(Barrera et al., 2010), microtubule organizing dysfunction of the
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centrosome through interaction with the gamma tubulin ring complex
(Fong et al., 2008), improper spindle formation and chromosome seg-
regation (Bond et al., 2005). Most studies regarding the pathophy-
siology of MCPH have focused on division and survival of neural pro-
genitors. The effect of MCPH proteins on neuronal differentiation and
function within the neural circuit, however, has been largely neglected.
Since a smaller brain does not necessarily imply intellectual disability
but MCPH patients often display such condition together with hyper-
activity, and in some cases epilepsy, we reasoned that MCPH proteins
may have additional roles in postmitotic neurons, during synaptogen-
esis and synaptic transmission. Also, neurodevelopmental disorders
associated with intellectual disability and neuropsychiatric conditions
are often associated with defects in dendritic arborization and spine
formation. We have therefore addressed whether loss of Cdk5rap2 as
seen in MCPH3 affects the function of differentiated neurons in the
neocortex by performing morphological and electrophysiological stu-
dies on the established MCPH3 mouse model, Cdk5rap2 mutant or
Hertwig's anemiamice (an/an). Our results demonstrate that Cdk5rap2 is
essential for the maturation of the dendritic arbor and its synaptic
connectivity and affects dendritic structure and synaptic connectivity in
the mature brain.

2. Results

2.1. Preserved neocortical layer organization but thin upper layers

To address the role of Cdk5rap2 in mature neurons, we used the
established Cdk5rap2 mouse model (Hertwig's anemia mice (an/an))
(Lizarraga et al., 2010). Cdk5rap2 mutant mice (an/an) display reduced
overall brain size. Neocortical area was reduced to 46% and parietal
cortical thickness to 67% (Fig. 1) at birth, in line with the findings
reported by (Lizarraga et al., 2010). These structural changes persisted
into adulthood (reduction in neocortical area to 50% and parietal
cortical thickness to 68%; Fig. 1) and were associated with a strong
reduction in the total number of cells in the neocortex of P0 and adult
an/an mice (Fig. 2A and B).

Cortical layer organization was grossly undisturbed, as revealed by
immunostaining with the layer 2–4 marker Cux1 and the layer 5–6
marker Ctip2 (Fig. 2A). While both Cux1+ upper layers and Ctip2+

deep layers were thinner (Fig. 2C), only the relative thickness of upper
layers with respect to the total cortical thickness was reduced in P0 and
adult an/an mice (Fig. 2C and Table S1). The relative thickness of deep
layers with respect to total cortical thickness remained unchanged
(Fig. 2C). Cell counts per view-field were reduced for Cux1+ and
Ctip2+ neocortical neurons (Fig. 2D and Table S1). However, the re-
lative number of both Cux1+ and Ctip2+ neocortical neurons (Fig. 2D)
with respect to total DAPI+ nuclei was not changed, suggesting that
neuronal cell fate is unaltered. Together, these findings indicate that
despite the large reduction in cell numbers and cortical area, cortical
architecture remains relatively undisturbed.

2.2. Reduced dendritic complexity of layer 2/3 pyramidal neurons

We next analyzed the dendritic tree of layer 2/3 neocortical neurons
of adult an/an and littermate +/+mice in Golgi stained brain sections.
We quantified the dendritic complexity of individual neurons using
Sholl analysis (SHOLL, 1953). Mutant Cdk5rap2 in an/an mice is as-
sociated with a downward shift of the Sholl curve for both apical and
basal dendrites of layer 2/3 pyramidal neurons, indicating a marked
reduction in the complexity of these dendrites (Fig. 3A, B and Fig. S2).
In line, although the number of primary dendrites were similar
(+/+=5.3 ± 0.2 vs. an/an=4.9 ± 0.2 dendrites, p= .2, TT),
numbers of secondary and tertiary dendrites were reduced in an/an
(secondary: +/+=10.4 ± 0.3 vs. an/an=8.8 ± 0.3 dendrites,
p < .002, TT; tertiary: +/+=18.4 ± 1.3 vs. an/an=10.5 ± 0.8
dendrites, p < .0001, TT; n=44 +/+ and 39 an/an neurons from 6

+/+ and 4 an/an animals; Fig. 3B).
As neuronal surface area and input resistance are inversely pro-

portional, the reduction in dendritic complexity could alter the intrinsic
properties of an/an layer 2/3 neocortical neurons. We therefore
performed whole cell patch clamp recordings on these neurons.
Indeed, when compared to control neurons, an/an neurons showed
an increased input resistance (Rin+/+=81.5 ± 8.6 MΩ, n=15 vs.
Rinan/an=153.5 ± 15.1 MΩ, n=17, p < .001, MWU, Fig. 3C) while
resting membrane potential remained similar (VM+/+=−79.1
± 2.4mV, n=14 vs. VMan/an=−74.9 ± 2.5mV, n=10, p= .1,
MWU). Accordingly, neuronal membrane capacitance was smaller in
an/an (C+/+=125.7 ± 11.3 pF vs. Can/an=94.9 ± 6.8 pF, p < .03,
MWU). As a consequence, the rheobase, i.e. the minimal current am-
plitude for action potential induction, decreased (Irheo+/+=295.4
± 23.6 pA, n=13 vs. Irheoan/an 186.9 ± 44.3 pA, n=13, p= .04, TT,
Fig. 3E and F) and neuronal gain, given by the slope of the F/I re-
lationship, increased (F/Islope+/+=115.5 ± 14.9 AP/nA, n=14 vs.
F/Islopean/an=159.6 ± 18.9 AP/nA, n=13, p= .08, TT, Fig. 3E and
G). Thus, our data imply that the reduced dendritic arborization of
an/an neurons is associated with intrinsic pro-excitatory neuronal
properties. While reduced dendritic arborization may impact on
incoming dendritic signals by reducing the catchment area but in-
creasing the electrotonic compactness (Spruston et al., 1993), the latter
properties putatively privilege small and remote inputs.

2.3. Increased spine density, excitatory synapse number, and spontaneous
glutamatergic transmission

Our morphological findings and the fact that MCPH patients can
suffer from hyperactive behavior and seizures prompted us to study
dendritic spine and synapse properties of layer 2/3 neurons in adult
an/an mice. We first analyzed dendritic spines in Golgi-stained
pyramidal neurons and found an increase in the density of spines
along apical and basal dendrites (+/+=0.58 ± 0.04 μm−1 vs.
an/an= 0.76 ± 0.03 μm−1, p= .0007, TT, Fig. 3H and I). We next
assessed whether spine morphology was altered in the mutants. We
detected a significant increase in the number of thin-shaped “im-
mature” spines in an/an mice compared to +/+ littermates
(+/+=16.2 ± 2.5% vs. an/an=28.5 ± 3.2%, p < .005, TT,
Fig. 3H and I). Thin spines, containing long necks and small spine
heads, are thought to represent immature spines (Dailey and Smith,
1996). To address whether the increase in spine density and altered
spine morphology results in a change in excitatory transmission, we
recorded spontaneous excitatory postsynaptic currents (sEPSCs) of
layer 2/3 pyramidal neurons in ex-vivo adult brain slices (Fig. 3J).
sEPSCs mainly correspond to spontaneous presynaptic glutamate
vesicle release (Schuster et al., 2015), since spontaneous action po-
tentials in layer 2/3 neurons in slices are unlikely events. In accordance
with the elevated spine density we found an increase in the total
excitatory charge transfer (QT+/+=1010.4 ± 135.3 fC, n=15 vs.
QTan/an=1969.2 ± 460.2 fC, n=14, p < .05, MWU, Fig. 3K) mainly
due to an augmented sEPSCs frequency (f+/+=18.1 ± 0.8 events/s,
n=15 vs. fan/an=29.4 ± 1.6 events/s, n=14, p < .0001, TT,
Fig. 3L), since sEPSC kinetics were similar (decay: τ+/+=
7.8 ± 0.6ms, n=15 vs. τan/an=8.1 ± 0.8ms, n=14, p= .6,
MWU). The increase in frequency might be in part due to the reduced
neuronal size in an/an mice, making them electrically more compact
and less leaky (Spruston et al., 1993).

Most of the additional spines in the mutant displayed “immature”
thin spine morphology. Since spine head width has been correlated to
the level of AMPA receptors, this could suggest a reduced number of
AMPARs per spine (Matsuzaki et al., 2001). In our study mean
EPSC amplitude and amplitude density, as indirect measures of
AMPA receptor number in the postsynaptic density (Nair et al., 2013)
did not differ between groups (I+/+=10.5 ± 0.6 pA, n=15 vs.
Ian/an=8.8 ± 0.7 pA, n=14, p= .09, TT, Fig. 3M, inset; I/C+/
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+=0.092 ± 0.009 pA/pF, n=15 vs. I/Can/an=0.097 ± 0.008 pA,
n=14, p= .65, MWU), excluding an overall postsynaptic phenotype in
an/an neurons.

Survival to adulthood is a very rare event for an/an mice. To test
whether the changes in cell morphology was directly caused by the loss
of gene function or rather the result of secondary compensatory effects,
we investigated layer 2/3 neuronal activity in an/an mice at an early
stage of synaptogenesis using ex-vivo P6/7 brain slices. At this stage of
development, we did not observe significant changes in membrane re-
sistance, neuronal excitability (Rin+/+=598.6 ± 50.7 MΩ, n=29 vs.
Rinan/an=657.9 ± 53.6 MΩ, n=35, p= .45; Irheo+/+=29.2 ± 3.7
pA vs. Irheoan/an=35.8 ± 5.6 pA, p=1, MWU; FIslope+/+=
334.5 ± 21.5 AP/nA, n= 29 vs. FIslopean/an=421.1 ± 44.8 AP/nA,
n=35, p= .2, MWU; VM+/+= -72.6 ± 1.1mV, n=22 vs. VMan/an

= -68.9 ± 1.7mV, n=27, p= .2 Fig. 4A – D) or neuronal membrane
capacitance (C+/+=75.1 ± 5.4 pF vs. Can/an=74.5 ± 4.1 pF,
p= .99, MWU). This indicates comparable electrotonic compactness at
this stage, enabling us to investigate electrophysiological differences
independent of gross morphological changes. Excitatory synaptic drive
was already elevated in the mutant as evident by the 48% increase in
total excitatory charge transfer (QT+/+=93.3 ± 16.6 fC, n=23 vs.
QTan/an=138.6 ± 18.3 fC, n=28, p < .08, MWU; Fig. 4F) and 53%

increase in sEPSC frequency (f+/+=2.18 ± 0.22 events/s, n=29 vs.
fan/an=3.33 ± 0.27 events/s, n=38, p= .008, MWU; Fig. 4E and G).
This increase in frequency was not accompanied by a change in am-
plitude (I+/+=6.24 ± 0.39 pA, n=29 vs. Ian/an=5.84 ± 0.31 pA,
n=38, p= .3, MWU; Fig. 4H), amplitude density (I/C+/+

=0.087 ± 0.005 pA/pF, n=29 vs. I/Can/an=0.084 ± 0.005 pA,
n=38, p= .89, MWU) or kinetics (decay: τ+/+=7.8 ± 0.5ms,
n=29 vs. τan/an=8.1 ± 0.6ms, n=38, p= .7, TT).

Changes in sEPSC frequency in P6-7 an/an mice are unlikely due to the
detection of more events from distal dendrites because electrical compact-
ness was similar in both genotypes. The increase could be mediated by
changes in spontaneous presynaptic firing (but see TTX-experiments under
2.5) or may be linked to presynaptic vesicle release probability (del Castillo
and Katz, 1954). We therefore evoked paired pulse responses in layer 2/3
neocortical neurons but found no alteration in the paired pulse ratio of
an/an cells (Fig. 4I and J), suggesting that presynaptic release probability is
unaffected. Finally, immunohistochemical staining for pre- (VGlut1) and
postsynaptic (PSD95) markers revealed a 66% increase in VGlut1/PSD95-
positive synapses already at P6/7 in an/an layer 2/3 neurons (Fig. 4K and
L). Taken together, these results point towards an increase in excitatory
drive of layer 2/3 pyramidal neurons in an/an mice regardless of their age
or severity of alteration (as indicated by early death vs. survival).

Fig. 1. Microcephaly with pronounced cortical thinning in an/an mice. (A) Coronal brain sections of P0 and adult littermate animals with parietal cortex sections
magnified on the right side (Nissl staining, scale bars 500 μm). (B) Reduction of the neocortical area and parietal cortical thickness in an/an mice. Throughout these
graphs n=8 animals/group and error bars indicate S.E.M., TT, **p < .01, ****p < .0001. For age as additional between subject factor see ANOVA at table S1.
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2.4. Minor influence of Cdk5rap2 on dendritic complexity or excitatory
transmission in cultured neocortical pyramidal neurons

Altered Cdk5rap2 function may contribute, in a cell intrinsic
fashion, to reduced dendritic complexity and elevated excitatory drive
of an/an mice layer 2/3 neurons. Cdk5rap2 has been shown to interact
with chromatin associated Cdc20-anaphase promoting complex (Cdc20-
APC) protein (Kraemer et al., 2011; Zhang et al., 2009) that can in-
fluence dendritic development (Kim et al., 2009). Therefore, we in-
vestigated the effect of Cdk5rap2 loss of function in vitro. We first used
autaptic (i.e. singly cultured neurons) primary neuronal cultures
from newborn +/+ and an/an cortices that allow for detailed
quantification of synaptic properties. Neurons derived from an/an
cultures had a reduced soma size (A+/+=148.6 ± 7.7 μm2, n=28
vs. Aan/an=126.3 ± 5.6 μm2, n=38, p= .02, TT). We found no sig-
nificant change in the total length of dendrites (Ld+/+

=962.9 ± 92.8 μm, n=28 vs. Ldan/an=878.8 ± 74.9 μm, n=36,

p= .7, MWU). The axonal length was reduced by nearly 30% when
compared to those from +/+ cultures (Laan/an=986.9 ± 159.8 μm,
n=23 vs. La+/+=1314.1 ± 172.1 μm, n=17, p= .07, MWU,
Fig. 5A and C). However, numbers of primary dendrites (+/+:
5.4 ± 0.6, n=20; an/an: 5.7 ± 0.4, n=31, p= .46, MWU) and
dendritic tips (+/+: 20.9 ± 2.1, n=20 an/an: 22.0 ± 1.6, n=31,
p= .7, TT) did not differ between the groups, resulting in a comparable
branching index (+/+: 4.2 ± 0.4, n=20, an/an: 5.7 ± 0.25,
n=31, p= .57, TT, Fig. 5A and B).

We next analyzed the synaptic transmission of glutamatergic au-
taptic neurons but found no significant difference in evoked responses
(EPSCs; I+/+=5.54 ± 0.67 nA, n=65 vs. Ian/an=5.15 ± 0.67 nA,
n=54, p= .64, MWU, Fig. 5D) nor in mEPSC rates or amplitudes be-
tween +/+ and an/an mouse neurons (f+/+=2.3 ± 0.4 events/s,
n=52 vs. fan/an=2.7 ± 0.4 events/s, n=45, p= .3, MWU; I+/+

=24.5 ± 1.7 pA, n=52 vs. Ian/an=23.6 ± 1.3 pA, n=45, p= .9,
MWU; Fig. 5H to J). Utilizing responses induced by hypertonic solution,

Fig. 2. Preserved neocortical layer organization despite reduced thickness of upper cortical layers in an/anmice. (A) Coronal brain sections of P0 and adult littermate
animals stained for upper layer marker Cux1 (layers 2–4) and deeper layer marker Ctip2 (layers 5–6) (immunofluorescence images, scale bar 100 μm). (B) Reduction
of total DAPI+ nuclei per view-field in an/an mice. (C) While the Cux1+ upper layers and Ctip2+ deep layers are thinner, only the relative thickness of upper layers
with respect to the total cortical thickness mice was reduced in an/an mice. The relative thickness of the deep layers with respect to the total cortical thickness was
similar. (D) Reduction of the Cux1+ and Ctip2+ cortical layer neurons per view-field in an/an mice versus+/+ littermates without reduction in the relative number
of both layers. Throughout these graphs n=7 animals/group and error bars indicate S.E.M., TT, p < .05, **p < .01, ***p < .001, ****p < .0001. For age as
additional between subject factor see ANOVA at table S1.
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we next determined the size of the readily releasable pool (RRP= the
amount of primed synaptic vesicles; (Rosenmund and Stevens, 1996))
in an/an compared to +/+ neurons and found, consistent with
the unchanged evoked response, no alteration between wildtype and
mutant neurons (RRP+/+=307.2 ± 51.4 pC, n=51 vs. RRPan/an
=416.5 ± 71.5 pC, n=44, p= .3, MWU; Fig. 5E and F). The vesi-
cular release probability (Pvr), as calculated by comparing evoked re-
sponse and RRP size, was also comparable between +/+ and an/an

neurons (Pvr+/+=11.7 ± 0.9%, n= 51 vs. Pvran/an=10.6 ± 0.9%,
n=44, p= .9, TT, Fig. 5G).

We further examined synapse formation on cortical neurons in
dissociated cultures and found no differences. In detail, the density of
glutamatergic presynaptic punctae was comparable (Fig. 5K; VGlut1;
+/+=3140 ± 249 puncta/0.15mm2, n=38 vs. an/an=3487 ±
300 puncta/0.15mm2, n=37, p= .4, MWU; from 3 independent cul-
tures). Taken together, our results from the cultured neurons imply that

Fig. 3. Distinctive morphological and physiological characteristics of layer 2/3 pyramidal neurons from an/an mature neocortex. (A and B) Reduced dendritic
complexity in photomicrographs / reconstructed neurons (A, Golgi staining, scale bar 100 μm) as shown by less dendritic intersections 50–110 μm from the soma and
a reduction of the numbers of secondary and tertiary dendrites in an/an mice (B, Sholl analysis, n=44 +/+ and 39 an/an neurons from 6 +/+ and 4 an/an
animals). (C) Input resistance of an/an neurons was increased. (D) Exemplary voltage responses to rectangular current injections (−200,± 50 and 400 pA) depicting
firing behavior (D) and the relation of elicited action potentials and the current injected (E). (F and G) Population data showing shifted neuronal offset (F) and a trend
towards an increased gain in an/an neurons (G). (H) Magnified image of secondary basal dendrites (Golgi staining, scale bar 10 μm). (I) Average spine density was
increased (left) with a larger proportion of thin-shaped immature spines in an/an mice (right, n=410 +/+ and 373 an/an spines counted in 34 (+/+) and 30
(an/an) 20 μm long dendritic segments from 5 animals/group). (J) Scheme and example traces of sEPSCs recordings in neurons voltage clamped at -60mV. (K) Box
plots showing an increased total excitatory charge transfer in an/an mice due to increased sEPSCs frequency (L). (M) Average amplitudes were not altered.
Serial resistance (Rs+/+=9.8 ± 0.7 MΩ vs. Rsan/an=11.0 ± 0.6 MΩ, p= .1; not shown) was comparable. Population data for E-G and K-M are from 15 +/+ and
14 an/an neurons from 4 animals / group; age: P30 – P80). Boxes in this and the following figures represent 25–75% plots, means and medians are depicted by an
open square and a horizontal line, respectively.
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changes induced by Cdk5rap2 mutation are not entirely cell intrinsic
and require in-vivo like neuron-neuron interactions. Note that these
results do not exclude an astrocytic malfunction in an/an, because both,
autaptic and continental neuronal cultures were grown on non-mutated
feeder astrocytes.

2.5. Decreased inhibitory tone in ex-vivo slices of Cdk5rap2 mutants

Given the observed increased excitatory drive at the soma of pyr-
amidal Cdk5rap2 mutant neurons ex-vivo but not in singly cultured
neurons and the known control of pyramidal neurons by inhibitory
neurons, we again drew upon brain slice experiments to analyze the
importance of neuronal interaction for the Cdk5rap2 phenotype. We
first examined the inhibitory tone in ex-vivo brain slices by quantifying

miniature inhibitory postsynaptic currents (mIPSC) (Fig. 6A). At P6-7,
we found that the Cdk5rap2 mutation is associated with decreased in-
hibitory charge transfer (QT+/+=126.3 ± 13.5 fC, n=30 vs. QTan/an

=102.4 ± 12.9 fC, n=32, p < .03, MWU, Fig. 6B). A comparison of
frequency and amplitude of mIPSC events showed that the decreased
tone was most likely due to the decreased frequency of events (f+/+

=1.40 ± 0.05 events/s vs. fan/an=1.04 ± 0.05 events/s, p < .0001,
MWU) because mIPSC amplitude (I+/+=11.36 ± 0.95 pA, n=30 vs.
Ian/an=12.28 ± 0.94 pA, n=32, p= .2, MWU, Fig. 6C and D), am-
plitude density (I/C+/+=0.129 ± 0.009 pA/pF vs. I/Can/an
=0.131 ± 0.009 pA/pF, p= .86, TT), mIPSC kinetics (decay: τ+/+

=8.34 ± 0.21ms, n=30 vs. τan/an=8.62 ± 0.46ms, n=32,
p= .8, MWU) and neuronal membrane capacitance (C+/+

=90.2 ± 13.1 pF vs. Can/an=89.0 ± 8.3 pF, p= .7, MWU) were

Fig. 4. Increased excitatory synapse number and frequency of sEPSCs of layer 2/3 neocortical pyramidal neurons at onset of synaptogenesis (P6/7). (A) Voltage
changes of exemplary +/+ (top) and an/an (bottom) neurons to rectangular current injections of −100,± 25 and 100 pA. (B and C) Population data on neuronal
offset (B) and gain (C) revealed no differences. (D) Input resistance did not vary between +/+ and an/an neurons. (E) Scheme and example traces for sEPSC
recordings in neurons voltage clamped at -60mV. (F and G) Box plot graphs displaying values from 29 +/+ and 38 an/an neurons from 4 animals/group, showing a
trend towards increased total excitatory charge transfer in an/an mice (F) and an increase in sEPSC frequency in neurons from an/an mice (G). (H) Average
amplitudes remained unchanged. Serial resistance (Rs+/+=9.1 ± 0.5 MΩ vs. Rsan/an=8.8 ± 0.4 MΩ, p= .57; not shown) was similar. (I) Synaptic responses
evoked by electrical stimulation overlay of 10 individual traces recorded with 20 s intervals and a highlighted average trace. (J) population data of paired pulse ratio
(PPR+/+=0.85 ± 0.11 vs. PPRan/an=0.93 ± 0.09, p= .6). (K) 100 μm2 images of the upper layer of the parietal cortex at upper layer areas from littermate
animals stained for VGlut1 (excitatory-presynaptic) and PSD95 (postsynaptic) markers. Overlay depicts VGlut1/PSD95 positive synapses (dotted circles) (confocal
images, scale bar 2 μm). (L) The number of VGlut1/PSD95 positive synapses at layer 2/3 areas is increased in an/anmice (+/+=4.8 ± 0.4 vs. an/an=7.3 ± 0.8;
n=18 images from 4 +/+ animals and 28 images from 5 an/an animals).
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similar in both genotypes. This indicates that less inhibitory synapses
are formed on pyramidal neurons already in emerging neural networks,
which suggests that the density and/or axonal tree formation of in-
hibitory neurons is impaired.

The ability of synapse formation itself was not disturbed in cultured
GABAergic autaptic neurons (Fig. 6E) of an/an mice as synaptic transmis-
sion was comparable in the two groups. In particular, evoked responses
were similar in both genotypes (IPSCs; I+/+=4.81 ± 1.41 nA, n=8 vs.
Ian/an=4.13 ± 2.57 nA, n=15, p=.62, TT, Fig. 6F and G). Consistent
with the unchanged evoked response, RRP size (RRP+/+=2592.8
± 650.3 pC, n=8 vs. RRPan/an=2179.7 ± 274.1 pC, n=14, p=.6, 77;
Fig. 6H and I) and Pvr (Pvr+/+=12.1 ± 3.0%, n=8 vs. Pvran/

an=16.5 ± 2.6%, n=44, p=.9, TT, Fig. 6J) were also comparable be-
tween +/+ and an/an mice. Finally, mIPSC rates or amplitudes of +/+
and an/an mouse neurons (f+/+=0.7 ± 0.2 events/s, n=4 vs. fan/an
=0.9 ± 0.4 events/s, n=9, p=.5, MWU; I+/+=32.7 ± 9.2 pA,
n=4 vs. Ian/an=27.9 ± 4.5 pA, n=9, p=.8, MWU; Fig. 6K –M) and the
number of inhibitory synapses (VGat; +/+=2513.1 ± 197.2 puncta/
0.15mm2, n=38 vs. an/an=3007.5 ± 257.9 puncta/0.15mm2, n=37,
p=.2, MWU, Fig. 5J) were similar.

In search for a morphological correlate of decreased inhibition in
Cdk5rap2 mutant mice, we stained the cortex for GABA, a marker for
interneurons (Uematsu et al., 2008) that is also expressed in astrocytes
(Yoon and Lee, 2014). However, astrocytes do not substantially con-
tribute to the GABA+ cells at P6–7 (Fig. S4). The total number of
GABA+ cells in P6–7 an/anmice was smaller (GABA++/+=71.0 ± 5.2
neurons per view-field, n=6 animals vs. GABA+an/an=50.5 ± 7.1
neurons per view-field, n= 3 animals, p= .048, MWU; Fig. 7A and B).
This reduction matches the general diminution of the neocortex since
the relative proportion of these neurons (compared to total NeuN+

cells) was similar (GABA+/NeuN+
+/+=4.9 ± 0.5% n=6 animals vs.

GABA+/NeuN+an/an=6.2 ± 0.6% n=3 animals, p= .1, MWU;
Fig. 7A and B). In contrast, we found a decrease in both the total
number of GABA+ interneurons in adult an/an mice (GABA++/+

=37.3 ± 5.2 neurons per view-field, n=6 animals vs. GABA+an/an
=7.8 ± 1.5 neurons per view-field, n=4 animals, p= .0095, MWU;
Fig. S3A and B) and in the relative proportion of these neurons
(GABA+/NeuN++/+=2.7 ± 0.4%, n=6 animals vs. GABA+/NeuN+an/an
=1.2 ± 0.2%, n=4 animals, p=.0095, MWU; Fig. S3A and B). In line
with the reduced mIPSC frequencies, layer 2/3 from P6–7 an/an mice
showed a trend towards decreased numbers of VGat+ presynaptic in-
hibitory terminals in comparison to +/+ littermates (+/+=
110.3 ± 18.0 vs. an/an=73.1 ± 8.2, p=.09, TT; Fig. 7C and D). By co-
staining the same slices with VGlut1 and calculating the ratio of VGlut1 and
VGat positive punctae we found a markedly increased morphological ex-
citation to inhibition (E/I) ratio of layer 2/3 neurons in an/an mice
(+/+=1.3 ± 0.2 vs. an/an=2.4 ± 0.2, p=.003, TT; Fig. 7D) as a
result of a decrease in inhibitory relative to excitatory (see also Fig. 4K and
L) synapses. This is roughly in line with the functional E/I ratios calculated
by dividing excitatory and inhibitory charge transfers (+/+=1.14 ± 0.3
vs. an/an=1.6 ± 0.2, p=.056, MWU). The reduced inhibition (less
mIPSCs and VGat positive terminals) is likely due to the decreased number
of GABAergic synapses in the cortex, since neither inhibitory quantal am-
plitude nor IPSC decay kinetic was altered.

We reasoned that the reduced inhibitory influence observed in
an/an neurons ex-vivo contributes to an elevated frequency of gluta-
matergic signals at the soma. If our hypothesis holds true, blocking

Fig. 5. Neocortical pyramidal neurons derived from an/an and +/+ mice
display a comparable phenotype in vitro. (A) Photomicrographs of cultured
neurons stained for neuronal cytoskeleton by microtubule associated protein
(Map2 – white, all panels) and VGlut1 (green), scale bar: 10 μm. (B) Box plots of
branching index estimated by the ratio of counts of dendritic tips / primary
dendrites confirm a lack of alteration in branching patterns. (C) Box plots il-
lustrating soma size, dendritic length and axonal length of autaptic cortical
excitatory neurons. (D) Traces of excitatory postsynaptic currents (top) after a
2ms depolarization (EPSC) and population data of EPSC amplitudes from 65
+/+ (black) and 54 an/an (grey) autaptic cortical neurons. (E) Responses from
+/+ (black) and an/an (grey) cortical neurons during 500mM sucrose ap-
plication for 5 s. (F) Box plot of readily releasable pool (RRP) and (G) average
vesicular release probability (Pvr=EPSC charge / RRP charge) in autaptic
+/+ (51) and an/an (44) cortical excitatory neurons. (H) Traces of mEPSC
from +/+ (black) and an/an (grey) neurons. (I and J) Box plots of mEPSC
frequencies (I) and mEPSC amplitudes (J, +/+: 47 neurons; an/an: 43 neu-
rons). Data was collected from 2 independent cultures. (K) Examples of con-
tinental (high density) cultures stained for presynaptic markers VGlut (green),
VGat (red) and the nuclear marker DAPI (blue), scale bar: 25 μm. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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GABAergic transmission should level out the differences in the number
of excitatory events between the groups (i.e. particularly increase the
frequency of glutamatergic signals in wild-types, similar to finding in
Cdk5rap2 mutants). We therefore applied the GABAA receptor blocker
bicuculline (20 μM) to block inhibition and the sodium channel blocker
tetrodotoxin (1 μM) preventing increased pyramidal action potential
firing induced by bicuculline (Turrigiano et al., 1998) and putative
spontaneous interneuronal action potentials. Indeed, this treatment
increased the frequency of excitatory events in +/+ (3.9 ± 0.4 to
5.5 ± 0.4 events/s, n=24, p= .02, ANOVA-RM-B in +/+) but not in
an/an littermates at P6/7 (5.4 ± 0.4 to 5.8 ± 0.4 events/s, n=22,
p=1, ANOVA-RM-B in an/an neurons) (Fig. 7E–G). Note that in a
subset of experiments TTX alone did not change PSC frequencies in
general (2.6 ± 0.3 vs. 2.8 ± 0.3 events/s, n=17, p=1, ANOVA-RM-
B) or in one of the genotypes (1.8 ± 0.2 vs. 1.9 ± 0.3 events/s, n=9
in +/+, and 3.6 ± 0.4 vs. 3.8 ± 0.4 events/s, n=8 in an/an, p=1,
ANOVA-RM-B, respectively). This also renders a contribution of in-
creased presynaptic firing to the elevated sEPSC frequencies in an/an
mice (see 2.3) unlikely. We cannot, however, rule out that even in the
electrotonic compact neurons at P6-7 the increase in sEPSC frequency is
caused by a redistribution of the same number of excitatory inputs
causing more EPSCs to be detected somatically. Initial frequencies of
sEPSC before blocking of GABAA receptors were again increased in
an/an compared to wild-type neurons (Fig. 7F; p= .04, ANOVA-RM-B).
Notably, the excitatory charge transfers (QT+/+=151.0 ± 27.6 fC,
n=24 vs. QTan/an=115.2 ± 16.3 fC, n=22, p= .3, ANOVA-RM-B)
including mEPSC frequencies (p=.6), quantal mEPSC amplitudes (I+/+

=6.7 ± 0.9 pA, n=24 vs. Ian/an=5.4 ± 0.8 pA, n=22, p=.5) and
mEPSC kinetics (decay: τ+/+=4.8 ± 0.3ms, n=24 vs. τan/an=4.2 ±
0.2ms, n=22, p=.2, all ANOVA-RM-B) did not differ between neurons
from +/+ and an/an animals after blocking inhibition. Neuronal mem-
brane capacitance (C+/+=70.8 ± 4.0 pF vs. Can/an=84.8 ± 9.8 pF,
p < .09, MWU) and amplitude density (I/C+/+=0.088 ± 0.010 pA/pF,
n=24 vs. I/Can/an=0.065 ± 0.010 pA, n=22, p=.51, ANOVA-RM-B)
were comparable in +/+ and an/an neurons. Together these results sug-
gest that the elevated excitatory drive at the soma detected in an/anmice is
related to reduced inhibitory GABAA mediated transmission.

3. Discussion

Reduced brain size in patients with MCPH has been attributed to an
abnormal proliferation of neural progenitors. Here we show that
Cdk5rap2 also regulates the differentiation of neocortical neurons and
the establishment of the neocortical circuit.

We demonstrate that the profound developmental reduction in
brain size, cortical thickness and neuron numbers in the an/an mouse
model of MCPH3 (Lizarraga et al., 2010) persists into adulthood
(Fig. 1). Brain size in itself does not necessarily imply dysfunctionality.
Therefore, we investigated whether the malfunction of microcephaly-
associated protein Cdk5rap2 results in additional cellular and func-
tional defects that contribute to the neurologic phenotype. Perhaps our
most striking finding is that the Cdk5rap2 mutation impacts the estab-
lishment and function of neocortical circuits, whilst pyramidal cell fate
specification and cortical layering remain grossly unaltered (Fig. 2). In
particular, an/an mice are distinguished by an enhanced excitatory
drive of neocortical pyramidal neurons during synaptogenesis and in
adulthood. We performed multiple experiments to further dissect the
underlying mechanism: (1) On the in vitro level of individual isolated
neurons neither morphological nor physiological differences between
neocortical neurons of an/an mice and their wild-type litters were
present (Figs. 5 and 6). This finding suggests a dysfunction developing
network (including astrocytes) rather than mere cell autonomous me-
chanisms. (2) In ex-vivo slices from adult an/an mice we found sim-
plified dendritic arbors with increased thin “immature” spines to be
accompanied by an increase in both intrinsic excitability and (extrinsic)
excitatory drive on single layer 2/3 pyramidal neurons. (3) To address

the question whether the increase in excitatory drive is a secondary
effect, i.e., results from increased intrinsic excitability, we investigated
layer 2/3 neurons at an early stage of synaptogenesis. The overall in-
creased excitatory drive in the mutants seems of primary synaptic
origin, since the increased excitatory drive was not accompanied by a
change in intrinsic excitability (Fig. 4). The increased excitatory drive
was accompanied by reduced inhibition (Fig. 6). (4) In line with the
electrophysiological data, we detected an increase overall number of
excitatory synapses and a reduced number of inhibitory synapses in the
cortex (Figs. 4 and 6). This imbalance in the number of excitatory to
inhibitory synapses on a morphologic level in the cortex, however, does
not specifically pinpoint the finding to pyramidal neurons. (5) Ad-
dressing the role of inhibition in the pathomechanism of MCPH, we
found that blocking of GABAergic inhibition levels the excitatory drive
of pyramidal neurons of an/an and wild-type littermates (Fig. 7), ar-
guing that the increased excitatory drive is related to a primary lack of
inhibition. We cannot exclude a contribution of astrocytic malfunction,
although at P6-7 no obvious morphological differences were detected
(Fig. S4). Altogether, we conclude that the increase in excitability is due
to a shift in the balance of excitation and inhibition and that the pre-
dominant effect of Cdk5Rap2 mutation on the network level is loss of
GABAergic tone onto pyramidal neurons.

Reduced inhibition might result either from a decrease in inter-
neuron number or from a failure of interneurons to integrate into
functional networks for instances by an impaired ability to form func-
tional inhibitory synapses or both. We favor decreased inhibitory sy-
napse formation as primary cause at early stages (Fig. 6) putatively
resulting in reduced interneuron density at later stages (Fig. S3). In-
hibitory inputs originate from interneurons that play an important
regulatory role in brain development (Cossart, 2011) and migrate tan-
gentially from the ganglionic eminence into the cortical plate to in-
tegrate into local circuits (Guo and Anton, 2014). Concurrently,
Cdk5rap2 is highly expressed in the neocortex during neurogenesis and
neuronal differentiation (Issa et al., 2013a), but present at lower levels
during synaptogenesis that completes around P21. Loss of Cdk5rap2
prematurely shifts symmetric to asymmetric cell division leading to the
earlier generation of postmitotic neurons (Buchman et al., 2010). This
might impair the proper integration of interneurons into neocortical
circuits on a spatio-temporal level and lead to increased interneuron
death (Tuncdemir et al., 2016). Our results pointing to an impaired
inhibition fit to the actual view on the importance of interneurons
during neocortical development. Interneurons are critical for the in-
tegration and transmission of incoming synaptic inputs that drive ma-
turation (Kilb, 2012), since functional GABAergic connections regulate
network connectivity and excitation of pyramidal neurons (Isaacson
and Scanziani, 2011). At early stages of cortical development, i.e. when
neurons assume their positions and begin to mature, GABAergic inputs
are required for the proper development of dendritic arbors and ex-
citatory synaptic inputs (Maric et al., 2001; Wang and Kriegstein, 2008;
Wang and Kriegstein, 2009). Aberrant synaptic connections may lead to
excessive dendritic pruning contributing to the observed simplified
dendritic arbor. Thus, our findings of reduced dendritic complexity and
reduced inhibition are in line with these previous reports.

Maturation of inhibitory synaptic contacts on the soma of somato-
sensory neurons, in turn, depends on proper circuit function because it
is impaired upon deficits in early activity or sensory experience
(Chattopadhyaya et al., 2004; Jiao et al., 2006; Xue et al., 2014). No-
tably, in a previous study on adult neocortical layer 2/3 pyramidal
neurons (Schuster et al., 2015) we did not detect an increase in EPSC
frequency after blocking inhibition. This supports the view that during
early synaptogenesis in (wild-type) mice GABA release results in more
ambient GABA and suggests that this developmental regulation is im-
paired in an/an mice. Since cortical processing relies on the fine-tuned
interplay between excitation and inhibition, healthy brains exhibit a
tight control of E/I ratio in all cortical areas even after perturbations
(House et al., 2011; Xue et al., 2014). This control is usually ensured by
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several regulators of E/I adjustment (House et al., 2011; Lin et al.,
2008; Rico and Marín, 2011; Xue et al., 2014). Our results in Cdk5rap2
mutants argue for an impaired E/I set point regulation as putatively
caused by improper expression or targeting of molecules that control

synaptic specificity. In line, our results of reduced number of inhibitory
contacts while excitatory synapses and EPSC frequency was increased
in an/an are mimicked when PSD95 amount was increased experi-
mentally (Prange et al., 2004). Alternatively, inhibitory synaptogenesis

Fig. 6. Decreased inhibition at the soma of layer 2/3 neocortical ex-vivo pyramidal neurons in P6/7 but not in cultured neurons from an/an mice. (A) Scheme and
example of mIPSCs traces recorded at −60mV using equimolar Cl− and blocking excitatory postsynaptic currents with CNQX and DAP-5 (n=30+/+ and 32 an/an
neurons from 3 animals/group). (B and C) Box plots showing a decreased total inhibitory charge transfer in an/anmice (B) due to reduced mIPSCs frequency in an/an
neurons (C). (D) Box plot graph depicting the mean mIPSC amplitudes shows no alteration between neurons from +/+ and an/an mice. Note that the slight
reduction in serial resistance of an/an cells (Rs+/+=11.6 ± 0.7 MΩ vs. Rsan/an=9.3 ± 0.6 MΩ, p= .009; not shown) might attenuate the difference in fre-
quencies between the groups. (E) Photomicrographs of autaptic inhibitory neurons stained for Map2 (white) and VGat (red), scale bar: 10 μm. (F) Traces of inhibitory
postsynaptic currents evoked by a 2ms depolarization (IPSC). (G) Population data of evoked IPSC amplitudes from +/+ (black) and an/an (grey) autaptic cortical
neurons. (H) Responses from +/+ (black) and an/an (grey) cortical neurons during 5 s application of 500mM sucrose. (I) Box plot of readily releasable pool (RRP)
and (J) average vesicular release probability (Pvr= IPSC charge / RRP charge) in autaptic +/+ and an/an neurons. (K) Traces of mIPSCs from +/+ (black) and
an/an (grey) neurons. (L and M) Box plots of mIPSC frequencies (L) and mEPSC amplitudes (M). Data was collected from 2 independent cultures. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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might be regulated without E/I balance compensation as shown for
Npas4 (Lin et al., 2008).

Transient networks involve specific types of interneurons in deep
and superficial layers of the neocortex (Lim et al., 2018) and the 2 most
prevalent early born interneuron populations are SST+ and PV+, both
generated in the MGE (Rudy et al., 2011). Since PV+ neurons largely
synapse on the soma of pyramidal neurons (Buhl et al., 1994) and are

easy to recruit (Lazarus and Huang, 2011) they might represent a major
source of early mIPSCs (Soltesz et al., 1995). PV+ neurons that do not
fulfill their inhibitory role might contribute to cognitive deficits (Marín,
2012) due to perturbed perisomatic and axo-axonic inhibition. This
might lead to impaired oscillatory activity in the γ-frequency range
(30–80 Hz, (Draguhn and Buzsáki, 2004), disturbed perisomatic feed-
forward inhibition and therewith-reduced temporal precision of signal

(caption on next page)
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transduction in pyramidal neurons (Pouille and Scanziani, 2001) and
misguided activity flow in local circuits (Xiang et al., 1998). However,
synapses of PV+ neurons (on pyramidal neurons and between PV+)
appear only at the end of the first postnatal week (Pangratz-Fuehrer and
Hestrin, 2011) and might therefore contribute marginally to the ob-
served effects. For the GABAergic synapses that are present before that
(Luhmann and Prince, 1991), SST+ provide a putative source (Takesian
and Hensch, 2013). The loss or disturbance of SST+ may cause dys-
functional early transient networks and therewith impair the matura-
tion of other interneurons as PV+ basket cells (Tuncdemir et al., 2016).
It is also conceivable that a SST+ neuronal loss / dysfunction would
lead to disturbed oscillatory activity in the β-frequency range
(15–30 Hz, (Draguhn and Buzsáki, 2004)).

Regardless of the cellular source, GABA reduction in the extra-
cellular space might influence neuronal development by impairing: (a)
neuronal migration in the embryonic cortex (López Bendito et al.,
2003), (b) settlement of interneurons in the cortical plate (Bortone and
Polleux, 2009), (c) formation of inhibitiory synapses (Oh et al., 2016)
therewith setting the balance between inhibitory and excitatory sy-
napses in early postnatal stages as foundation of later circuit develop-
ment (Flores et al., 2015) and the neurogenesis of pyramidal neurons
(Silva et al., 2018).

Interpreting the functional role of increased excitatory synapses is
not that straightforward, given the lack of differences in excitatory
drive after blocking inhibition (Fig. 7). If surplus excitatory synapses
are on pyramidal neurons, they might be immature and silent. If they
are on interneurons, they might represent an insufficient homoeostatic
mechanism to increase inhibitory drive. In general, PV+ neurons re-
ceive strong excitatory input from pyramidal neurons across and within
layers and excitatory synapse number is modulated during development
(Chung et al., 2017). This modulation might influence the maturation of
working memory function since PV+ neurons are key intermediates in a
disinhibitory circuit motif for associative learning (Kepecs and Fishell,
2014).

Together, our results indicate that Cdk5rap2 influences E/I balance,
dendrite arborization and spine morphogenesis in layer 2/3 neocortical
pyramidal neurons further highlighting a connection between cen-
trosomal biology and dendritic morphogenesis. These data are in line
with the clinical finding that some MCPH patients suffer from hyper-
activity and seizures. Since small dysregulations in E/I balance of cor-
tical circuits, in particular due to developmental disruptions of inter-
neuron integration (Bartolini et al., 2013), can have dramatic effects on
entire cortical integration associated with the pathophysiology of
neuropsychiatric (eminently in developmental) diseases (Nelson and
Valakh, 2015), further studies in humans are warranted to analyze the
significance of these findings for individuals with MCPH gene muta-
tions.

4. Material and methods

4.1. Mice

All mouse experiments were carried out in accordance to state of
Berlin rules (registration no. T0309/09). Cdk5rap2 mutant or Hertwig's
anemia mice (an/an) carrying an inversion of exon 4 (leading to exon
skipping; (Lizarraga et al., 2010)) were generated by crossing hetero-
zygous (+/an) mice (C57BL/6 background; Jackson lab, stock no.
002306). Only 9.5% of the offspring carried a homozygous mutant
genotype (an/an) at birth due to in utero lethality (Zaqout et al., 2017a).
Most mutants die around postnatal day (P)7. Rare an/anmice surviving
longer were also used for morphological studies (n=7) and electro-
physiological recordings (n=5; P30–80). Neurons were regarded as
mature (Z.-W. Zhang, 2004) and none of the parameters was correlated
to age (table S2). The breeding was performed during the day, the day
of birth was designated as P0. Genotyping was confirmed by PCR pri-
mers for (+/+) F 5′-TC ACT GAG CTG AAG AAG GAG AA-3′, R 5′-TGT
CTT TCT GCC CTG ACA GT-3′ and (an/an) F 5′-GC AAT CAC TAA AAT
GTC CGA TT-3′, R 5′-TGT CTT TCT GCC CTG ACA GT-3′.

4.2. Nissl staining and neocortical dimension analysis

After dissection, brains were fixed in 4% PFA for overnight, dehy-
drated in an ethanol series (50, 70, 85, 90, 100%), cleaned with xylene,
and embedded in paraffin. 10 μm sections were cut on a microtome and
collected on Superfrost plus slides®. De-paraffinized coronal brain sec-
tions at the level of corpus callosum and anterior commissure were
incubated in 1% cresyl violet (C5042, Sigma-Aldrich, USA) in acetate-
buffered solution (pH 4.5) for 5min. At the level of corpus callosum and
anterior commissure, parietal cortical thickness was measured per-
pendicularly to pial surface, and neocortical area was estimated using
ImageJ software.

4.3. Golgi staining, dendritic complexity, and spine analysis

Golgi-Cox impregnation of adult brain samples was performed as
described (Zaqout and Kaindl, 2016). Briefly, brains were immersed in
the impregnation solution in darkness at room temperature (RT) for
2 weeks, and transferred into tissue-protectant solution at 4 °C for
4 days. Brains were cut into 200 μm sections for dendritic complexity
analysis and 100 μm sections for dendritic spine analysis as described
previously (Schuster et al., 2015). Sections were collected on gelatin-
coated slides, left to dry for 2 days, developed, dehydrated through
ethanol series, cleared in xylol solution, and mounted in Eukitt (quick-
252 hardening mounting medium; 03989, Fluka analytical, Germany).
For dendritic complexity assessment, Sholl analysis (Sholl, 1953) was
performed for layer 2/3 pyramidal neurons of matched +/+ and an/an

Fig. 7. Loss of GABAergic input adjusts excitatory drive in neocortical layer 2/3 pyramidal neurons of +/+ and an/an animals. (A) Coronal brain sections of P6-7
littermate animals stained for the interneuron/astrocyte marker GABA (green) and the neuronal marker NeuN (red) (immunofluorescence images, scale bar 100 μm).
(B) The total number GABA+ cells per view-field is reduced in an/an mice but the proportion of these cells in relation to total NeuN+ neurons per view-field is
comparable to +/+ mice. Note that there is no overlap of GABA and GFAP (Fig. S4), rendering an astrocytic contribution to GABA+ cells unlikely. (C) Images of
layer 2/3 areas (0.002mm2) of parietal cortices from littermate animals stained for VGlut1 (excitatory-presynaptic) and VGat (inhibitory-presynaptic) markers
(confocal images, scale bar 10 μm). (D) The trend towards reduced number of inhibitory synapses contributes to an increased E/I ratio at layer 2/3 areas in an/an
mice n=15 images from 6 +/+ animals and 20 images from 6 an/an animals). (E and G) Comparative example of mEPSCs recorded at -60mV before (E) and after
blocking spontaneous action potentials and GABAA receptors with tetrodotoxin and bicuculline (+Bicu +TTX) (G) in +/+ (black) and an/an (grey) neurons. (F) Line
series plots of PSC frequencies before (aCSF) and after blocking spontaneous action potentials and GABAergic transmission (+Bicu+ TTX). In neurons from +/+
mice the EPSC frequency increased, whereas EPSC frequency remained comparable in an/an. Note that this differential effect led to similar total excitatory charge
transfer (not shown) and mEPSCs frequency. The average amplitude was similar in +/+ and an/an pyramidal neurons (n= 30 +/+ and 26 an/an neurons from 4
animals/group). The serial resistance was comparable (Rs+/+=12.2 ± 0.8 MΩ vs. Rsan/an=11.5 ± 0.8 MΩ, p= .8, MWU; not shown). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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somatosensory neocortical regions. The total intersection number of the
dendritic tree with 30 10-μm spaced concentric circles were counted
with cell counter plug-ins in ImageJ. Neurite tracer plug-in in Fiji/Im-
ageJ was used to draw representative neurons. The number of spines
was counted in 20 μm long segments of secondary basal dendrites using
ImageJ. Spines were classified to one of three morphological subtypes:
mushroom (short neck, large bulbous end), stubby (no neck) and thin-
shaped (long neck).

4.4. Immunohistology and immunocytology

Paraffin sections were deparaffinized, exposed to heat-mediated
antigen retrieval citrate-based solution (pH 6.0; H-3300, Vector
Laboratories, USA), blocked for 1 h with 10% donkey or goat normal
serum at RT, and incubated overnight with the primary antibody at RT
followed by an incubation with the corresponding secondary antibodies
for 2 h at RT. The following primary antibodies were used at specified
dilutions: rabbit anti-Cux1 (1:200; Santa Cruz Biotechnology,
Heidelberg, Germany, sc-13,024 (Issa et al., 2013a)), rat anti-Ctip2
(1:250; Abcam, Cambridge, UK, ab18465 (Issa et al., 2013a)), mouse
anti-GABA (GABA, 1:100; Chemicon, Temecula CA, MAB316 (Uematsu
et al., 2008)), rabbit anti-NeuN (1:200; Merck-Millipore, Germany,
ABN78 (Issa et al., 2013a)), guinea pig anti-vesicular glutamate trans-
porter 1 (VGlut1, 1:500; Merck-Millipore, Germany, AB5905 (Mitchell
et al., 2012)), rabbit anti-vesicular GABA transporter (VGat, 1:500;
Merck-Millipore, Germany, AB5062P (Mitchell et al., 2012)), and rabbit
anti-post synaptic density 95 (PSD95, 1:200; Synaptic System, Göt-
tingen, Germany, 124-002 (Schuster et al., 2015)). Secondary anti-
bodies were used at 1:400 dilution: donkey Cy3-conjugated anti-rabbit
and anti-mouse IgG (Jackson ImmunoResearch, Suffolk, UK), donkey
Alexa Fluor® 488 conjugate anti-rat, and anti-guinea pig IgG (In-
vitrogen, Darmstadt, Germany). Nuclei were stained with 40,6-diami-
dino-2-phenylindole (DAPI, 1:1000, Sigma-Aldrich, USA). Neuronal
cultures were prepared from cortices of P0 – P2 +/+ and an/an mice
and stained with vesicular glutamate transporter 1 (VGlut1; excitatory
presynaptic marker; green) or vesicular GABA transporter (VGat; in-
hibitory presynaptic marker; red). Staining of microtubule network
with microtubule-associated protein Map2a (white) was used to display
soma and dendritic tree of individual neurons and count the number of
cells per view field. Cultures were fixed at DIV 14–16 with 4% PFA for
10min and permeabilized with 1xPBS+ 0.1% Tween 20 (PBS-T). Cells
were blocked with PBS-T containing 5% donkey serum for 1 h, before
applying the primary antibody overnight at 4 °C (anti-Map2a, Millipore,
anti-VGlut1 and anti-VGat, Synaptic Systems). The secondary fluor-
ophore-conjugated antibody was incubated for 1 h at RT. All antibodies
used in this paper are well established and were previously applied by
others and us on mouse tissue. In addition, negative control staining
experiments including the application of the secondary antibody only
have been performed (Fig. S1).

4.5. Electrophysiology on ex-vivo brain slices

Slices of mouse brains (P6/7 and adult) were used for ex-vivo re-
cordings. Mice were decapitated, brains removed, and transferred to
ice-cold artificial cerebrospinal fluid (ACSF) containing in mM 85 NaCl,
26 NaHCO3, 2.5 KCl, 1 NaH2PO4, 0.5 CaCl2, 7 MgCl2, 50 sucrose, and
10 glucose (290–310mOsm). Coronal slices (300 μm thick) containing
somatosensory cortex were cut on a Leica VT1200S (Leica
Microsystems, Germany). Slices recovered for 30min at 34 °C and were
kept at room temperature afterwards. Somatic whole-cell recordings
were performed in a submerged recording chamber perfused with ACSF
containing in mM 117 NaCl, 3.5 KCl, 1.25 NaH2PO4, 2 MgSO4 or
MgCl2, 26 NaHCO3, 10 glucose, and 2 CaCl2. All ACSF solutions were
constantly gassed with 95% O2/5% CO2, osmolarity was between 290
and 305mosmol/l, and experiments were performed at 32–34 °C.
Pyramidal neurons were visually identified in layer 2/3 using an

upright microscope equipped with infrared differential interference
contrast optics (Axioskop FS2; Zeiss or Olympus BX51, Germany).
Whole-cell patch clamp recordings were conducted with pipettes (tip
resistance 3–5MΩ) filled with intracellular solution containing in mM
120 K-gluconate, 10 KCl, 10 Na-phosphocreatine, 1 MgCl2, 1 CaCl2,
11 EGTA, 10 HEPES, 2 Mg -ATP, 0.3 Tris-GTP (pH 7.25, 288mOsm).
Only neurons with resting potentials below −65mV and spiking
characteristics of pyramidal neurons were included in the analysis.
Input resistance was calculated with a linear fit of the current clamp
generated I-V plot in close vicinity of the resting potential. Intersection
of the linear regression of the F-I relationship (estimated in the linear
range) and abscissa roughly approximated the rheobase. Postsynaptic
currents were recorded in voltage clamp at a holding potential of
−60mV. Under these conditions, most spontaneous postsynaptic
events are mediated by activation of glutamatergic, AMPA receptor
mediated currents (Schuster et al., 2015). Miniature postsynaptic cur-
rents (mPSCs) were recorded in the presence of 0.5–1 μM tetrodotoxin
(TTX). mEPSCs were analyzed in presence of bicuculline (20 μM) while
mIPSC were analyzed in presence of 10 μM CNQX and 25 μM D-AP5 and
with KCl-based internal solutions (all Tocris Bioscience). Data from
patch-clamp recordings were collected with an EPC-10 double amplifier
(HEKA, Germany), digitized (10 kHz, after Bessel filtering at 2.9 kHz),
and stored using PatchMaster software (HEKA). Series resistance (RS)
was monitored throughout experiments; neurons were rejected if RS
was> 20MΩ or varied> ± 30%. No RS compensation was used. Li-
quid junction potentials were not corrected for. Synaptic events were
detected offline using the Mini Analysis Program (Synaptosoft Inc.,
USA) and a threshold of 3.5 times noise (standard deviation of regions
without manually detectable postsynaptic currents). All events were
visually counterchecked. As integrated measure the total charge
transfer was calculated from the equation: Q= f×QPSCs, where f is the
frequency (s−1), and QPSCs is the average charge transfer for each PSC
(Ataka and Gu, 2006). Paired EPSCs (50ms interval) were elicited by
square pulse (100 μs) stimulation of the slice 50–100 μm lateral of the
recording electrode at the border between layer 2/3 and 4 with a
concentric tungsten electrode (TM33CCINS, WPI, USA). All compounds
used were purchased from Sigma-Aldrich, Germany unless stated
otherwise.

4.6. Electrophysiology on dissociated cell cultures

Autaptic and continental primary neuronal cultures were prepared
from the cortices of newborn (P0-P2) mice, and neurons were plated on
astrocyte feeder layer from cortices of non-mutated C57/Bl6 mouse
pups (P0-P2; prepared 2weeks before plating the neurons) as pre-
viously described (Wu et al., 2015). Briefly, cortices were removed,
enzymatically and mechanically dissociated. Neurons were cultured in
Neurobasal-A media containing B-27 Supplement, 10 IU/ml penicillin,
1 g/ml streptomycin, and 2mM L-alanyl-L-glutamine. The seeding
density for continental cultures was 1.35×104 cells/cm2. Cultures
with different genotypes were generated from siblings that were treated
identically during culturing and incubated at 37 °C with 5% CO2. Whole
cell voltage-clamp recordings from autaptic cortical neurons were ob-
tained between days in vitro (DIV) 14–16 at RT. Recordings and analysis
of data were done as previously described (Wu et al., 2015). Extra-
cellular solution contained in mM: 140 NaCl, 2.4 KCl, 10 HEPES, 10
glucose, 2 CaCl2, and 4 MgCl2. The pipette internal solution contained
in mM: 136 KCl, 17.8 HEPES, 1 EGTA, 4.6 MgCl2, 4 ATP-Na2, 0.3 GTP-
Na2, 12 creatine phosphate, and 50 U/ml phosphocreatine kinase. Both
extracellular and internal solutions were adjusted to pH 7.4 and os-
molarity of ~300mOsm. Borosilicate glass pipettes had a resistance of
3–4MΩ. Recordings were performed with a MultiClamp 700B ampli-
fier, and data were acquired with Clampex 10.0 (Molecular Devices). To
verify glutamatergic responses in autaptic cultures, 3 mM kynurenic
acid was applied to the extracellular solution. Sucrose solution
(500mM added to external solution) was applied for 5 s to assess the
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size of the readily releasable pool (RRP; (Rosenmund and Stevens,
1996)). Evoked EPSCs were recorded after somatic depolarization from
−70 to 0mV for 2ms. Vesicular release probability (Pvr) was de-
termined by calculating the EPSC charge divided by the RRP charge of
individual neurons. Spontaneous release was determined as mEPSC and
was recorded for 60 s at −70mV. To subtract background noise, re-
cording was performed with the application of 3mM kynurenic acid for
the same duration. Traces were filtered at 1 kHz, and events were de-
tected by using a template-based algorithm in AxoGraphX. Data was
collected from two independent cultures.

4.7. Imaging

Brightfield images of Nissl-stained brain sections and Golgi-stained
dendritic spines were taken by Olympus BX60 microscope equipped
with an Axiocam MRc Zeiss camera and Axiovision 4.8 software (Zeiss,
Göttingen, Germany). For studying dendritic arborization, 1-μm-spaced
Z-stack brightfield images were taken by an Olympus IX81 microscope
equipped with an F View II (sw) camera (Soft Imaging System GmbH,
Münster, Germany). Fluorescent images of layer markers were taken by
Olympus BX51 microscope by an Intas camera and Magnafire 2.1B
software (Olympus, Hamburg, Germany). Fluorescent images of sy-
naptic markers were taken by an lsm5exciter Zeiss confocal microscope
with the software Zen (version 2009, Zeiss, Jena, Germany).
Fluorescent images of dissociated cell culture were taken with an
Olympus IX81 epifluorescent microscope. All images were processed
using Adobe Photoshop CS6 version 13.0×64 and Fiji/ImageJ soft-
ware.

4.8. Statistical analysis

For in-vivo parietal cortical thickness, neocortical area, cortical
layers, Scholl analysis, and spine density statistics, two-tailed Student's
t-tests (TT) were applied. Statistics of ex-vivo brain slices electro-
physiology were performed using Origin8.5 (OriginLab, USA). For
normally distributed datasets (Shapiro-Wilk test) TT was used. In the
case of significant deviations from normal distribution (p≤ .05) the
non-parametric Mann-Whitney-U test (MWU) was used. The frequency
of mEPSCs before and after application of bicuculline was analyzed
with two way repeated measures ANOVA and post hoc Bonferroni
multiple-comparison tests (ANOVA-RM-B). Data of dissociated cell
cultures were first tested for a Gaussian distribution with D'Agostino
and Pearson omnibus normality test. If data were normally distributed,
one-way ANOVA followed by Bonferroni multiple-comparison tests
were performed. Otherwise, nonparametric Kruskal-Wallis test fol-
lowed by Dunn multiple comparison tests were used.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.nbd.2019.05.008.
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