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Abstract

Foxg1 is an ancient transcription factor gene orchestrating a number of neurodevelopmental processes taking place in the
rostral brain. In this study, we investigated its impact on neocortical activity. We found that mice overexpressing Foxg1 in
neocortical pyramidal cells displayed an electroencephalography (EEG) with increased spike frequency and were more
prone to kainic acid (KA)-induced seizures. Consistently, primary cultures of neocortical neurons gain-of-function for Foxgl
were hyperactive and hypersynchronized. That reflected an unbalanced expression of key genes encoding for ion channels,
gamma aminobutyric acid and glutamate receptors, and was likely exacerbated by a pronounced interneuron depletion. We
also detected a transient Foxgl upregulation ignited in turn by neuronal activity and mediated by immediate early genes.
Based on this, we propose that even small changes of Foxg1l levels may result in a profound impact on pyramidal cell
activity, an issue relevant to neuronal physiology and neurological aberrancies associated to FOXG1 copy number variations.
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Introduction

Foxgl is a pleiotropic effector mastering a variety of neurode-
velopmental subroutines occurring within the rostral brain.
It specifies the telencephalic field (Hanashima et al. 2007),
promotes subpallial programs (Manuel et al. 2010), and activates
paleo- and neocortical morphogenesis (Muzio and Mallamaci

2005). Besides, Foxgl stimulates neural precursor self-renewal
(Martynoga et al. 2005) and orchestrates temporal articulation of
neocorticogenesis. Stable Foxg1 silencing paves the way to Cajal-
Retzius cell generation (Hanashima et al. 2004). A short-term
decline of it followed by reactivation is instrumental to birth,
radial migration, proper laminar commitment, and architectural
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maturation of later born pyramidal neurons (Martynoga et al.
2005; Miyoshi and Fishell 2012; Toma et al. 2014; Chiola et al.
2019). FOXGI1 upregulation occurring in autism spectrum
disorder (ASD) patient-specific neuro-organoids has been
reported to underlie an increase of neocortical interneurons, due
to aberrant hyperproliferation of their progenitors (Mariani et al.
2015). On the other side, ablation of one Foxgl allele decreases
the number of these cells, due to their defective migration from
basal forebrain (Shen et al. 2019). Moreover, a reduction of Foxgl
levels also perturbs interneuronal maturation. It evokes neurite
hypertrophy (Shen et al. 2019), deregulates Gad2 (Patriarchi et al.
2016), and reduces their electrical activity (Zhu et al. 2019). In this
respect, a dampened interneuronal function has been suggested
to contribute to seizures occurring in patients with structural
FOXG1 mutations (Mitter et al. 2018; Vegas et al. 2018). Next,
a reduction of Foxgl levels in neopallial stem cells is required
for their progression to glial lineages (Brancaccio et al. 2010;
Falcone et al. 2019). Finally, as suggested by the devastating
Rett-like and West syndromes affecting patients with defective
or supranumerary FOXG1 alleles, respectively (Florian et al. 2011,
Striano et al. 2011), fine-tuning of FOXG1 expression levels is
globally crucial to proper brain morphogenesis and function.

We speculated that, in addition to its impact on dendri-
togenesis and laminar identity, persistent expression of Foxgl
in pyramidal neurons might further modulate their functional
regime. We tested this hypothesis in vivo and in vitro. We
found that Foxgl upregulation in neocortical pyramids increased
their electrical activity and made Foxgl-GOF mice more prone
to kainic acid (KA)-induced seizures. Unbalanced expression of
key genes implicated in GABAergic and glutamatergic transmis-
sion likely underlie these phenomena, possibly exacerbated by
a concomitant reduction of interneurons and astrocytes. We
also found that, in turn, a transient Foxgl upregulation was
triggered by electrical activity. The resulting positive feedback
loop between Foxg1l expression and electrical activity may make
pyramidal neurons sensitive to even small changes of Foxgl
expression products. That may be relevant to normal control of
neocortical functional regime and account for neurological aber-
rancies stemming from FOXG1 copy number variations (Florian
et al. 2011; Seltzer et al. 2014).

Materials and Methods

This section includes generation of lentiviral vectors, mouse
handling, generation and selection of transgenic mouse lines,
histology, brain section immunofluorescence, EEG record-
ings, behavioral observation of KA-induced seizures, in situ
hybridization, corticocerebral cultures, Arc-SARE evaluation of
neuronal activity, calcium imaging, cell culture immunofluores-
cence, photography and image processing, RNASeq, quantitative
RT-PCR, western blot analysis, image acquisition, and statistical
evaluation of results. For each of them, full details are provided
in Supplementary Information.

Results

Generation of Transgenic Mice Overexpressing Foxgl in
Deep-Layer Neocortical Projection Neurons

To investigate etiopathogenic mechanisms linking exaggerated
FOXG1 allele dosage to pronounced neuronal hyperactivity
peculiar to West syndrome patients, we generated mice
gain of function for Foxgl, by zygotic lentiviral transgenesis
and TetON/OFF technology (Supplementary Fig. 1A). Three

single transgene insertion, CD1-congenic male founders were
obtained. They were scored for transgene expression, in vitro
and in vivo. Two of them performed very poorly and were
discarded, and the third one (founder “E”) was selected and
employed for this study.

We investigated the Tre-Foxgl-IRES-Egfp spatiotemporal
expression pattern in Foxgl™+; Tg:Tre-Foxgl-IRES-Eqgfp*/~
compound mutants (Hanashima et al. 2002), and we compared
it with the distribution of the Foxg1 protein, normally detectable
throughout telencephalon since E9.5. We found that the trans-
gene was activated at E14.5, when a weak Egfp signal, restricted
to the neocortical field, could be found (Supplementary Figs 2A
and 3A). A stronger signal, again limited to neocortex, was
detectable at E16.5 (Fig.1A,B and Supplementary Fig. 2B).
This pattern remained substantially unchanged at later
developmental ages (Fig. 1C and Supplementary Fig. 2C), until
P7 (Fig.1D,F and Supplementary Fig. 2D) and beyond (not
shown). Within neocortex, transgene products showed a
dynamic radial distribution. At E14.5, a faint signal was
detectable in a few cells located in the uppermost cortical plate
(Supplementary Fig. 3A, arrowheads). At E16.5, a large fraction
of cortical plate cells were intensely immunoreactive for Egfp,
which also stained large bundles of presumptive corticofugal
fibers running within the subplate and below it (Fig. 1B and
Supplementary Fig. 3B). A similar pattern was retained at PO and
P7, when—however—the cortical plate signal was prevalently
limited to deeper layers (Supplementary Fig. 3C, upper row, and
D) and the Egfp-positive fibers were clustered just above the
subventricular zone (Supplementary Fig. 3C, upper row, and D,
arrows) and further detectable while crossing the striatal field
(Supplementary Fig. 3C, lower row, arrows). Remarkably, at none
of the developmental ages analyzed, transgene activity was
detectable within periventricular proliferative layers, where the
endogenous Foxgl was conversely active, albeit at low levels
(Fig. 1B and Supplementary Fig. 3A-C, asterisks).

Next, we addressed the identity of neural cells expressing
the transgene. We found that almost the totality of them was
postmitotic neurons co-expressing Egfp and two established
pan-neuronal markers, Tubb3 and NeuN, at E16.5 through
P7 (Fig. 1C,D and Supplementary Fig.4). Based on obvious
morphological criteria (a thin apical dendrite emerging from
a radially oriented soma (Fig.1C and Supplementary Fig. 4,
arrows)), these cells turned out to be pyramidal neurons.
Comparison of their P7 radial distribution with DAPI staining
as well as with the profiles of three established layer-specific
markers, FoxP2 (layer VI), Ctip2 (layer V), and Cux1l (layers
IV-II) (Molyneaux et al. 2007), suggested a presumptive layer
VI/V identity (Supplementary Fig.6). To corroborate specific
glutamatergic identity of these cells, we coimmunoprofiled P7
and P15 brains for Egfp and three GABAergic interneurons’
markers, parvalbumin (PV), somatostatin (SST), and calretinin
(CR) (Wamsley and Fishell 2017). As expected, no Egfp colocaliza-
tion with such markers was detected at all (Fig. 1E). Finally, we
coimmunoprofiled transgenic P7 brains for Egfp and the astro-
cyte marker $S1008 (Raponi et al. 2007). Again, no colocalization
was observed, confirming that transgene-expressing cells were
deep-layer projection neurons (Fig. 1F).

Neural Hyperactivity-Hyperexcitability of Foxg1-GOF
Mice

To preliminarily assess the impact of Foxgl overexpression
on neocortical projection neurons activity, primary cultures
of neocortical precursors, originating from E16.5 Foxgl-GOF
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[A] DAPI Foxg1EGFP Foxg1

Figure 1. Expression pattern of the Foxgl-promoter-tTA-driven, Foxgl-IRES-EGFP transgene. (A and B) Restriction of transgene products to the cortical plate of the E16.5
neocortical primordium. In (B), a high power magnification of the a’ boxed region of (A) is shown. The asterisk highlights the vz Foxgl expression domain. (C and D)
Confinement of transgene products to Tubb31 and NeuN* pyramidal neurons within deep layers of neonatal gray matter. In both rows, high-power magnifications
in columns 24 correspond to boxed insets in column 1 (¢’ and d’, respectively). Arrows in (C, 3rd panel) point to Tubb31 apical dendrites, connecting neuronal somata
to the marginal edge of the cortical wall. (E and F) Absence of transgene products in neocortical parvalbumin™ (PV1), somatostatint (SSTT), and calretinint (CRT)
interneurons as well as in neocortical S1008% astrocytes. In (E), high-power pictures refer to dark gray areas within the associated silhouettes, and solid and empty
arrowheads point to EGFPT and interneuron marker™ cells, respectively. In (F), high-power magnifications in columns 24 correspond to the boxed region in column 1
(f'). Abbreviations: mz, marginal zone; cp, cortical plate; sp, subplate; svz, subventricular zone; vz, ventricular zone; FoxglEGFP, TREt-Foxg1-IRES-EGFP transgene-driven
EGFP.



4 | Cerebral Cortex, 2020, Vol. 00, No. 00

DIV

tissue dissociation(")
cell plating
differentiative medium |
457

|

- O

p<0.074
45pM glutamate
analysis

w A U1 O

N

U] E16.5 neocortex

norm-pErk* cell freq

[N

0
45uM glutamate + + - -

Foxg1genotype  gof wt gof wt

n=4343

Figure 2. Nuclear-pErklt immunoprofiling of E16.5+DIVS8, Foxgl-GOF
(Foxg1tTA/+ Tg:TREt-Foxg1-cds-IRES-EGFPT/~) and wt  (Foxgl™/*;Tg:TREt-
Foxg1-cds-IRES-EGFP—/~) neocortical precursors, terminally (45 min) pulsed
by 45 pM glutamate. Protocol and results are shown. Data normalized
against wt-not pulsed samples. Absolute nuclear-pErk1™ cell frequency in
wt/not-pulsed samples=0.10 (see Supplementary Materials and Methods:
Immunofluorescence). Results evaluated by t-test (unpaired, one-tailed). n,
number of biological replicates (i.e., independently transduced samples, each
including >1200 cells); **P < 0.01; ***P < 0.001.

(Foxg1'™/*,Tg:Tre-Foxg1-IRES-Egfp*™/~) embryos and their lit-
termate wt controls, were immunoprofiled at DIV8 for the
activity reporter pErkl (Tyssowski et al. 2018), in baseline
conditions as well as upon terminal stimulation by 45 pM
glutamate. Normalized against wt-unstimulated samples, the
prevalence of pErkl* cells equaled 1.37+0.11, 2.59+0.18
and 3.78+0.42 in wt-stimulated, Foxgl-GOF-unstimulated,
and Foxgl-GOF-stimulated samples, suggesting that Foxgl
overexpression promoted the activity of neocortical cultures
both in baseline conditions (proxg1-GoF/unstim-vs-wt/unstim < 0.001)
and upon acute stimulation (proxg1-GoF/stim-vs-wt/stim < 0-003)
(Fig. 2 and Supplementary Fig. 5).

Next, to investigate consequences of Foxgl overexpression in
vivo, P41 Foxgl-GOF (Foxgl'™/*;Tg:Tre-Foxg1-IRES-Egfp*/~) mice
and wt controls, awake and freely moving, were profiled by
EEG. Electrical activity was monitored within the hippocampus.
Albeit not expressing the transgene, in fact, this structure
receives extensive neocortical inputs via entorhinal cortex and
reverberates them, so acting as a comfortable proxy of global
neocortical activity. A bipolar electrode was placed between
Cornu Ammonis field 1 (CAl) and dentate gyrus (DG)/hilus
regions (Fig. 3A). It was secured to the skull and electrical activity
was monitored for 3 days, 2 h per day. The EEG was inspected
paying special attention to frequency and temporal distribution
of spikes (Fig. 3B). Interestingly, both total spike frequency and
interictal cluster frequency were increased by about 50% in
Foxg1l-GOF mutants as compared to controls (with n=4,4, and
P <0.01 and P <0.02, respectively). Ictal cluster frequency was
increased by >3 times; however, this did not reach statistical
significance. Isolated spike frequency was unaffected (Fig. 3C).
Altogether, these data point to an appreciable increase of
coordinated neuronal activity occurring in Foxgl-GOF mutants
compared to controls.

Then, to corroborate these findings, we challenged Foxgl-
GOF mutants with the proconvulsant glutamatergic agonist KA,
employing Foxgl-loss of function (Foxgl-LOF) (Hanashima et al.
2002) and “wild-type” mice as controls. We administered P35

animals with 20 mg/kg KA, by intraperitoneal injection, and
monitored their behavior over the following 2 h. Every 10 min,
a score was given, according to Racine’s staging criteria (Racine
1972) (Fig. 4A). The majority of animals did not go above Racine
stage (RS) 3 (repetitive movements and head bobbing; 5/14, 12/17,
and 7/9, as for GOF, WT, and LOF, respectively), a subset of them
reached RS4 (limbic motor seizure; 4/14,4/17, and 2/9, as for GOF,
WT, and LOF, respectively). Only a few got up to RS5, continuous
rearing and falling, and more (5/14, 1/17, and 0/9 in case of
GOF, WT, and LOF, respectively) (P < 0.073, x-square test) (Fig. 4B).
Longitudinal analysis of data showed that, for each genotype,
RS increased progressively from the onset of the experiment
to about 1 h later, then smoothly declining. The RS(t) curve
of the GOF group was on average 1.3 units above WT controls
(the corresponding GOF/WT gap was only 0.3). In particular, the
distance between the GOF and the WT curves peaked at 90
and 100 min, reaching 1.7 and 1.9, respectively, with P <0.01
(ANOVA) in both cases (Fig. 4C). Altogether, these data point to
a remarkable increase of neuronal excitability, occurring in GOF
models compared to controls, and rule out that such effect may
stem from dominant negative effects.

Finally, upon completion of Racine tests, mice were sacrificed
and their brains snap-frozen for subsequent analysis. Brains
were sliced and profiled by non-radioactive in situ hybridization,
for expression of the c-fos immediate early gene. Within Foxg1-
GOF brains, c-fos-mRNA was strongly activated throughout the
hippocampus, including the DG, as well as in a large number
of scattered neocortical cells. As for wt brains, the c-fos signal
was robust in CA3, less pronounced in CA1 and DG, limited to a
few cells within neocortex. Finally, c-fos activation was generally
weaker in Foxgl-LOF brains (Fig.4D). This scenario is consis-
tent with behavioral data reported above and strengthens the
hypothesis that a specific increase of neuronal activity occurred
in neocortex of Foxg1-GOF mutants.

Histogenetic Aberrancies of Foxg1-GOF Mice

We hypothesized that the neurological profile of our mutants
might first reflect gross histogenetic aberrancies, triggered by
Foxgl overexpression in neocortical projection neurons.

To test this hypothesis, we first scored Foxgl-GOF, PO and
P7 neocortices for their lamination pattern. At PO (Fig.5A),
the layer VI marker FoxP2 was slightly downregulated, the
layer V marker Ctip2 spread into deeper gray matter, and
Cuxl (normally expressed by layers IV-II) was dramatically
downregulated. A consistent scenario was detectable at P7
(Supplementary Fig. 6). Closely packaged in VI layer of WT
neocortex, FoxP2" cells were loosely distributed through layers
VI and V of GOF mutants. Ctip2* cells partially spread into layer
VI (arrows). Cux1t layer IV-II was halved in its radial extension.
The altered expression of these cortical markers points to
perturbed differentiation/segregation of layer V and layer VI
neurons as well as to an inhibition of layer IV-II programs in
Foxg1-GOF mutants, consistent with Hou et al. (2019).

Next, we inspected the neocortex of P35 GOF mutants for
spatial frequency of GABAergic interneurons, expressing PV,
SST, and CR. We detected a generalized reduction of PV* cells
(—42.57 £3.27%, P <0.0005, n=3,6), particularly pronounced
throughout layers VI-II and rostral neocortex. It did not reflect
a dominant negative effect, as Foxgl-LOF mutants did not
replicate it (Fig. 5B and Supplementary Table 1). SST* and CR*
interneurons were mainly unaffected, except a local decline of
the former in white matter (—31.09+5.50%, P <0.020, n=3,3)
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Figure 3. EEG recordings of P41 Foxgl-GOF (Foxg1!TA/+ Tg:Tre-Foxg1-IRES-Egfpt/~) and wt (Foxglt/T;Tg:TREt-Foxg1-IRES-Egfp—/~) mice. (A) Schematics of bipolar
electrodes placement into the hippocampal field. (B) Definition of spikes (as voltage fluctuations exceeding 4 standard deviations); classification of spikes (as isolated
or clustered, if 1 or >2 within 0.5 s, respectively); and spike clusters (as interictal and ictal, if lasting <4 s and >4 s, respectively). (C) Graphical summary of control-
normalized (1) total spike frequency, (2) isolated spike frequency, (3) interictal spike cluster frequency, and (4) ictal spike cluster frequency, in Foxg1-GOF and control
mice. Absolute, control average values were 500, 150, 95, and 0.25 events/10 min, respectively. Electrical activity monitored over 3 days, 2 h per day, in awake conditions.

n, number of biological replicates (i.e., individual mice); *P < 0.05; **P < 0.01.

and of the latter in medial neocortex (—61.25 + 14.42%, P < 0.009,
n=3,3) (Supplementary Fig. 7 and Supplementary Table 1).

Finally, we scored Foxgl-GOF cortices for S1008* astrocytes.
At PO, the neocortical spatial frequency of these cells was
reduced by 21.04+3.6% compared to wt controls (P <0.05).
At the same age, Foxgl-LOF mutants showed an opposite
trend (+28.6+9.3%, compared to wt), and the difference
between Foxg1-GOF and -LOF brains was statistically significant
(P<0.03) (Fig.5C and Supplementary Table 2). At P7, Foxgl-
GOF mutants still showed a reduction of S1008* astrocytes
(—15.6+2.4%, P<0.07, n=3,6), specifically pronounced in
lateral neocortex (—15.9+4.1%, P <0.03) as well as in layers
I and I-IV (-26.4+2.6%, P<0.05, and —19.6+4.9%, P <0.05,
respectively). As suggested by the different distribution of
51008+ cells in Foxgl-LOF neocortices, this phenomenon
hardly reflected a dominant-negative (DN) effect (Fig. 5D and
Supplementary Table 2). Intriguingly, Fgf9, a key promoter of
astroblast proliferation (Seuntjens et al. 2009), was robustly
downregulated in Foxgl-GOF mice (Supplementary Fig.8),
suggesting that the decreased astroglial density peculiar to
these mutants might originate from a non-cell autonomous,
neocortical astrogenic deficit.

Hyperactivity of Foxg1-GOF Neocortical Cultures

To corroborate the hypothesis that Foxgl overexpression
increases neocortical activity and preliminarily assess the
possibility to dissect such phenomenon in cultures of wt neo-
cortical precursors engineered by dedicated lentiviral effectors,

we generated Foxgl-GOF preparations via somatic lentiviral
transgenesis and probed them by a genetically encoded, delayed
activity reporter (Kawashima et al. 2009). Specifically, DIV7 cul-
tures originating from E16.5 neocortical precursors, harboring
1) a Tet°N-controlled Foxgl transgene, 2) a d2EGFP reporter
under the control of the “Arc-SARE-enhancer/minimal promoter
(ArcSAREp)” neuronal activity-responsive element, and 3) a
constitutively expressed PGKp-RFP normalizer, were employed.
Upon pre-terminal TTX silencing, they were stimulated by
Bdnf and finally profiled by cytofluorometry (Fig. 6A). Signal
specificity was assessed by dedicated, Bdnf°F controls (not
shown). Interestingly, the median d2EGFP/RFP fluorescence
ratio, providing a cumulative index of neuronal activity over the
previous 6 h, was upregulated by 1.60+0.10 folds in Foxg1-GOF
samples compared to controls (P <0.003) (Fig. 6B), suggesting
that Foxgl overexpression promoted neuronal activity.

To strengthen these findings and get insight into cellular
mechanisms underlying them, we reinvestigated the impact of
Foxgl on basal activity of neocortical cultures by fluorescence
calcium imaging (Bosi et al. 2015; Rauti et al. 2016). Here,
Foxgl was dampened by RNAi or, alternatively, upregulated
by TetON transgenesis. In the latter case, transgene overex-
pression was pan-neural (sustained by the Pgkl promoter),
specifically restricted to astrocytes or neurons (driven by
Gfap- and Syn-promoters, respectively) or further confined
to glutamatergic neurons (by means of the CaMKII-promoter)
(Fig. 7A). Fluorescence fluctuations were recorded and analyzed
by dedicated softwares. Three indices, representative of network
activity, were calculated: 1) prevalence of spontaneously active
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Figure 4. Comparative behavioral-molecular profiling of Foxg1-GOF, Foxgl-LOF, and wt, P35 mice upon proconvulsant stimulation. (A) Details of proconvulsant mice
stimulation and subsequent Racine Staging (RS). (B) Distribution of individuals of distinct genotypes in groups reaching different maximal RS values and (C) temporal
RS (average + SEM) progression in individuals of different genotypes. Statistical significance of results assessed by x-square (B) and ANOVA (C) assays, respectively.
*P <0.05; **P <0.01. (D) Acute c-fos in situ hybridization of KA-treated mice, upon completion of Racine profiling, mid-frontal brain sections. Throughout Figure 3,
“Foxg1-GOF” refers to Foxg1!TA/+ TREt-Foxg1-IRES-Egfpt/~ mutants; “wt” refers to data from pooled Foxglt/*;TREt-Foxg1-IRES-Egfp—/~ and Foxgl?/*;TREt-Foxgl-
IRES-ngp+/_ animals, among which no statistically significant differences were previously found; and “Foxg1-LOF” to Foxg1‘TA/+;TREt»Foxgl-IRES»ngp_/_ mutants.
Abbreviations: maxRS;, Racine stage, maximal animal-specific value; ctx, cortex; CA1-3, Cornu Ammonis 1-3 fields.
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Figure 5. Histogenetic anomalies of Foxg1-GOF mutants. (A) PO neocortical layering. Shown are neuronal packaging, as assessed by DAPI staining; expression profiles
of FoxP2, Ctip2, and Cux1; layer VI, V, and II-IV markers; and presumptive laminar architecture of Foxg1-GOF mutants (Foxgl“TA/+ ;TREt-Foxgl»IRES-nger/’) versus wt
controls (Foxgl1/+;TREt-Foxg1-IRES-Egfp— ™). (B) Comparative quantification of neocortical PVt interneurons in neocortices of P35 Foxgl mutants and controls. Graphs
show normalized densities of PV T cells in Foxg1-GOF, wt (defined as in (A)) and Foxg1-LOF (Foxg1tTA/+  TREt-Foxg1-IRES-Egfp—/~) mice. Data refer to the dark gray region of
the associated silhouettes. They are presented in a cumulative fashion (T, total) or are categorized along the medial-lateral axis (L, lateral; M, medial), the rostro-caudal
axis (R, rostral; I, intermediate; C, caudal), and the radial axis (MZ, marginal zone; GM, gray matter; WM, white matter). (Absolute PV+ cell densities in wt animals are
reported in Supplementary Table 1). Examples of anti-PV immunofluorescences refer to the boxed area within the intermediate frontal silhouette. Scale bars: 100 pm.
(C and D) Comparative quantification of S1008™ astrocytes in PO (C) and P7 (D) Foxgl mutants and controls. For both ages, graphs show wt-normalized densities of
510087 cells in neocortices of Foxg1-GOF, wt, and Foxg1-LOF mice (genotypes defined as in (A)). Data refer to the dark gray region of the associated silhouettes. In case of
P7 analysis, they are presented in a cumulative fashion (T, total) or are categorized along the medial-lateral axis (L, lateral; M, medial), the rostro-caudal axis (R, rostral;
1, intermediate; C, caudal), and the radial axis (I, [I-IV, V, VI, layers 1, 2-4, 5, 6; WM/SVZ, white matter/subventricular zone) (Absolute S10087 cell densities in wt animals
are reported in Supplementary Table 2). Examples of PO and P7 anti-S1008 and anti-EGFP immunofluorescences refer to the boxed areas within the corresponding

silhouettes. Abbreviations: i-vi, layers I-VI; iz, intermediate zone; e, ependyma; FoxglEGFP, TREt-Foxg1-IRES-EGFP transgene-driven EGFP. Scale bars: 100 pm. Statistical
significance evaluated by t-test (one-tailed, unpaired). *P < 0.05; **P < 0.01. n is the number of mice analyzed.
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Figure 6. Evaluation of neocortical culture activity upon Foxgl overexpression, by delayed arc-promoter-driven-reporter fluorometry. Cytofluorimetric profiling of
Foxg1-GOF, DIV7 cultures of dissociated E16.5 neocortical cells, harboring a d2EGFP activity reporter under the control of the “Arc-SARE-enhancer/minimal promoter
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that is, independently transduced samples, each containing 50000 cells.

neurons among total neurons; 2) occurrence of spontaneous
Ca’* episodes in active cells, evaluated by profiling cumulative
distribution of inter-event intervals (IEls, i.e., inter-calcium
transients intervals); and 3) neuronal activity synchronization,
by measuring cross-correlation factor (CCF) (Fig. 7B-F). The
results were as follows.

We found that Foxgl knockdown reduced the prevalence of
spontaneously active neurons (49% vs. 83%, with P <0.001 and
n=4,4) (Fig. 7B, panel 3), as well as their CCF (0.14+0.001 vs.
0.79+0.002, with P <0.001 and n=4,4) (Fig. 7B, panel 5). More-
over, Foxg1l-LOF cultures were characterized by transient high-
frequency bursts of activity interspersed by prolonged silent
periods (Fig. 7B, panel 2), resulting in a different cumulative
distribution of IEIs (P <0.01) (Fig. 7B, panel 4). In a few words,
knocking down Foxgl caused a complex alteration in network
dynamics, characterized by unevenly distributed calcium tran-
sients, restricted to less numerous hyposynchronized neurons.

As expected, generalized Foxgl overexpression conversely
increased the prevalence of spontaneously active neurons (94%
vs. 18%, with P <0.01, n=3,3) (Fig. 7C, panel 3), as well as their
CCF (0.9040.04 vs. 0.19+0.02, with n=3,1) (Fig. 7C, panel 5),
while prevalently shortening their IEIs (P <0.01) (Fig. 7C, panel
4). This points to a strong functional impact of pan-neural
Foxgl upregulation on synaptic networks, boosting neuronal
activity.

Next, when Foxgl overexpression was limited to astrocytes,
neither the prevalence of active neurons (29% vs. 30%, with
n=>5,4) nor their CCF (0.9+0.02 vs. 0.8+0.02, with n=5,4) was
affected (Fig. 7D, panels 3, 5). Instead, IEIs were significantly
increased (P <0.01) (Fig. 7D, panel 4). This means that neuronal
Foxgl upregulation is necessary to enhance network activity.
It further suggests that Foxgl-GOF astrocytes may somehow
dampen neuronal activity better than control astrocytes.

Conversely, restriction of Foxgl overexpression to the neu-
ronal lineage increased the prevalence of active neurons (98% vs.
31%, with P <0.001 and n=12,12) (Fig. 7E, panel 3) and their CCF

(0.98£0.01 vs. 0.4040.01, with P <0.001 and n=12,12) (Fig. 7E,
panel 5), while shifting cumulative distribution of IEIs signifi-
cantly to the left (P <0.001) (Fig. 7E, panel 4). This means that
neuronal Foxgl upregulation is not only necessary but also suf-
ficient to elicit a powerful stimulating effect on network activity.

Finally, further restriction of Foxgl overexpression to gluta-
matergic neurons increased the prevalence of active neurons
and the frequency of calcium events, while not appreciably
affecting the culture CCF (Fig. 7F). This suggests that interneu-
ronal Foxgl upregulation may play a major role in network
hypersynchronization.

Misregulation of Foxg1-GOF, Neocortical Neuron
Transcriptome

To cast light on molecular mechanisms underlying overactivity
of Foxgl-GOF neurons, we profiled the transcriptome of
neuronal cultures originating from E16.5 neocortical precursors,
transduced by a broadly expressed Foxgl transgene and allowed
to age up to DIV8 in the presence of AraC. Four Foxgl-GOF and
four control cultures were profiled. A minimum of 20 M paired
reads/sample were collected and aligned against the reference
genome, raw read counts were normalized as fragments per kilo-
base of exon model per million reads mapped (FPKM) values, and
results were finally filtered according to standard procedures.
Of ~53 000 genes, ~11 500 genes passed filtering. Among them,
5569 resulted to be differentially expressed in Foxg1-GOF versus
control cultures (with P <0.05 and FDR <0.05). A total of 2837
were upregulated (763 of them >2-folds) and 2832 downregu-
lated (665 of them >2-folds). As positive controls, total Foxgl-
mRNA (quantified by Foxg1-cds-specific reads) was increased by
4.4-fold; Arc and Hesl, expected to robustly arise upon Foxgl
overexpression (see Fig. 8 and Chiola et al. 2019), were upreg-
ulated as well, by 6.6-fold (P<5.31 x 107>*%, FDR<2.53 x
10-%2) and 34.9-fold (P<1.12 x 10713, FDR<2.93 x 107'%),
respectively; Emx2 and Tbrl, normally dampened by Foxgl
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Figure 7. Evaluation of neocortical culture activity upon Foxgl expression level modulation, by real-time Ca?t imaging. Ca2t sensor-based, fluorimetric activity
profiling of DIV8-10 cultures of dissociated E16.5 neocortical cells, loss- or gain of function (LOF or GOF) for Foxg1, and controls. (A) Experimental strategy, including
transgene configurations employed. (B-F) Results, referring to LOF (B), as well as to generalized (C), astroglia-restricted (D), neuron-restricted (E), and glutamatergic
neuron-restricted (F) GOF assays. In each (B-F) row, data presented as follows. In first panel (from left), snapshot of a representative field of manipulated Foxg1 cultures,
stained with Fluo4-AM (B) or Oregon-Green BAPTA 1-AM (C-F) Ca2™ indicators; scale bar: 50 um. In second panel, examples of repetitive Ca2t events spontaneously
recorded from control (top) or Foxg1:0F/GOF (bottom) neurons. In third panel, the histogram represents percentages of spontaneously active cells in the two experimental
contexts. In fourth panel, plot of cumulative IEI distributions in active cells of control (ctr) and Foxg1LOF/GOF cultures (omitted in case of (F), because of extremely low
frequency of calcium events in controls, compared to actively discharging Foxgl-GOF samples). In fifth panel, the histogram summarizes the cross-correlation factor
(CCF) measured under the two experimental conditions. Results evaluated by x-squared test (spontaneously active neuron frequency), Kolmogorov-Smirnov assay
(cumulative IEI distribution) and Mann-Whitney test (CCF). **P < 1072, ***P < 1073, n represents: 1) the number of visual fields (each taken from an independently
lentivirus-transduced cell sample) scored for assessment of “frequency of spontaneously active neurons” (third panel) and “CCF” (fifth panel) and 2) the number of
active neurons inspected for evaluation of “cumulative IEI distribution” (fourth panel).
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(Muzio and Mallamaci 2005; Toma et al. 2014), were down-
regulated by —50.1% (P<1.26 x 1073, FDR<3.57 x 1073)
and —-14.5% (P<8.31 x 1073, FDR<1.93 x 1072), respectively
(Supplementary Table 3 and Artimagnella and Mallamaci 2020).

Gene ontology (GO) terms enriched among differentially
expressed genes included: actin cytoskeleton organization,
axon guidance, ion transmembrane transport, potassium ion
transport, calcium ion transport, vesicle-mediated transport,
synaptic transmission (within the “biological process” class),
dendrite, synapse, dendritic spine, postsynaptic membrane,
synaptic vesicle, axon (within the “cellular component” class),
ion channel activity, voltage-gated ion channel activity, potas-
sium channel activity, calcium channel activity, PDZ domain
binding, phosphatidylinositol binding, SH3 domain binding,
integrin binding, protein tyrosine phosphatase activity, and
phosphoprotein phosphatase activity (within the “molecular
function” class). To get hints about molecular mechanisms
underlying abnormal activity of Foxgl-GOF neurons, we
specifically focused our attention on sets of differentially
expressed genes linked to intracellular signal integration and
synaptic transmission. Among them, genes encoding for: 1)
plasma membrane, voltage-dependent ion channels, including
those belonging to Scn, Kcn, and Cacn families (Catterall 2005;
Johnston et al. 2010; Zamponi et al. 2010; Shah and Aizenman
2014), as well as pumps and channels mediating Ca?" fluxes
among cytoplasm, ER, mitochondria, and extracellular spaces
(Kwon et al. 2016; Raffaello et al. 2016); 2) glutamatergic and
GABAergic ionotropic receptors (Traynelis et al. 2010; Jembrek
and Vlainic 2015; Crupi et al. 2019); 3) neuromodulator receptors
(Gu 2002); and 4) selected structural components of synapses
(Monteiro and Feng 2017). The results were highly articulated
(Supplementary Table 3 and Artimagnella and Mallamaci 2020).

We found a widespread upregulation of Scn genes. Scnla,
mainly restricted to PV* interneurons and required for their

inhibitory activity (Sun et al. 2016), was conversely decreased
by about 4-fold. Quantification of Kcn genes did not show any
simple shared trend. Kcc2, promoting the transition from gamma
aminobutyric acid (GABA)-driven depolarization to hyperpolar-
ization (Clayton et al. 1998; Rivera et al. 1999), was upregulated
>3-fold. Members of Cacnal, Cacnb, and Cacng subfamilies
were prevalently increased and the Cacna2d2/Cacna2dl ratio
was specifically upregulated by about 28-fold, all pointing to
a possible increase of Cacn-dependent Ca?t currents (Dolphin
2016). A complex expression pattern was also displayed by other
gene sets mastering Ca?t exchanges among cytoplasm and
other cell compartments. Implicated in Ca?* extrusion to cell
exterior, PMCA-encoding Atp2b2—4 and NCX-encoding Slc8a2,3
were upregulated and NCKX-encoding Slc24a2,4 downregulated.
SOCE effector-encoding genes Stiml and Orai2, promoting
Ca?* influx from cell exterior, were upregulated. Involved in
release of ER Ca?*, CICR- and IICR machinery genes Ryr1,2
and Itpr1,3 were downregulated and upregulated, respectively.
SERCA-encoding Atp2a2, implicated in ER Ca?" uptake, was
downregulated. Finally, two repressors of the MCU machinery,
mediating mitochondrial Ca?* uptake, Micu2 and Micu3, were
downregulated, and its stimulator Slc25a23 was upregulated,
altogether prefiguring an increased activity of this machinery.
Next, genes encoding for ionotropic glutamatergic recep-
tors showed a pattern definitively consistent with increased
neocortical activity. Grik1, restricted to interneurons (Paternain
et al. 2003), was downregulated; Grik3, active in pyramids and
encoding for the principal GluK3 subunit (Wisden and Seeburg
1993), was upregulated; and Grik4 and Grik5, both essential for
the normal ionotropic function (Fernandes et al. 2009), were
increased as well. As for Gria family, both Gria2, decreasing
Ca?* permeability of AMPA receptors, (Sanchez et al. 2001) and
Gria4, needed to prevent epileptic seizures (Beyer et al. 2008),
were downregulated. Finally, concerning Grin genes, in addition
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to Grinl decline, Grin2c¢/Grin2a and Grin2d/Grin2a ratios were
dramatically upregulated, pointing to likely prolonged opening
times of NMDA receptors (Paoletti et al. 2013). Grin3, normally
limiting Ca?* permeability of these receptors (Wada et al. 2006),
was downregulated. Moreover, a collapse of key genes impli-
cated in GABAergic conduction and GABA-mediated homeosta-
sis, Gadl, Gad2, Gabral, Bdnf (Supplementary Fig. 9 and (Hong
et al. 2008)), was also detected.

Dynamics of neuromodulator receptor genes (Gu 2002) was
very complex. It included alterations with a potential pro-
excitatory (Chrnb4, Adralb, Htr3a, Htr6, and P2rx4 upregulation,
as well as Grm2 and Grm8 decline) or pro-inhibitory outcome
(Adrala and P2rx2 downregulation as well as Grm4 and Drd2
upregulation). Similar considerations apply to modulation of
structural synaptic genes, some upregulated (e.g., Homer2,
Nrxn2,3 and Shank1l,2) and some decreased (e.g., Homerl,
Nign1).

Remarkably, a misregulation of layer-specific genes was
also evident (Supplementary Table 4). It included a widespread
downregulation of layers 2-4, layer 6, and subplate markers
and an upregulation of layer 5 ones, consistent with the
laminar phenotype displayed by Foxgl-GOF mice (Fig. 5A and
Supplementary Fig. 6 and Toma et al. 2014; Hou et al. 2019).

To strengthen these results, we evaluated mRNA levels of a
subset of differentially expressed genes, in sister preparations of
Foxg1-GOF cultures employed for Ca?* imaging assays, by qRT-
PCR. To note, here we restricted Foxgl overexpression to neurons,
under the control of pSyn promoter. Moreover, we omitted AraC,
so allowing neurons to mature in more biologically plausible
conditions, for example, in the presence of a large astrocyte
complement. Interestingly, gRTPCR analysis of these samples
reproduced the variation pattern previously detected in RNASeq
assays (Scnlla, Grik3, Grik4, and Grin2c upregulated, Scnla, Grin2a,
Gabral, Gadl, Gad2, and Bdnf downregulated; Fig. 8), corroborat-
ing the scenario emerging from these assays.

To sum up, Foxgl upregulation in postmitotic neocortical
neurons led to a misregulation of specific gene sets, encoding for
layer-specific effectors as well as for voltage-gated Nat and Ca?*
ion channels, intracellular Ca?* flux mediators, and glutamate-
and GABA-gated ion channels. This misregulation points to a
preferential promotion of layer 5 specification and prefigures a
synergistic stimulation of neocortical activity.

Interneuron Depletion

We further wondered if, similar to our Foxg1-GOF mouse models,
a misregulation of the GABAergic-to-glutamatergic neuron ratio
could occur in Foxg1-GOF primary preparations, contributing to
their abnormal activity profile. For this purpose, we set up cul-
tures of E16.5 neocortical precursors originating from Gad1E¢F%/+
donors (Tamamaki et al. 2003), expressing EGFP in all GABAergic
neurons; we engineered and processed them similarly to Fig. 7
assays; and we evaluated the resulting EGFP*NeuN*/NeuN*
cell ratio at DIV8 (Fig. 9 and Supplementary Fig. 10). We found
that generalized and neuron-restricted Foxgl overexpression,
driven by Pgkl and Syn promoters, respectively, decreased this
ratio from 16.8 £0.6% to 10.5+1.1% (P <0.001, n=4,4) and from
10.6 +0.4% t0 4.0 £ 0.7% (P < 0.0001, n=4,4), respectively (Fig. 9B,
graphs 2 and 4 from left). Astrocyte-confined Foxgl overexpres-
sion, under the control of the Gfap-promoter was ineffective
(Fig. 9B, graph 3). Knockdown of endogenous Foxgl reduced this
ratio only to a very limited extent, from 13.8 +£0.4% to 12.7 + 0.4%
(P <0.04,n=4,4) (Fig. 9B, graph 1). In other words, a pronounced
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interneuron depletion takes place upon neuronal Foxgl upreg-
ulation, likely contributing to network hyperactivity evoked by
this manipulation.

Activity-Dependent Foxg1 Upregulation in Neocortical
Neurons and Its Molecular Control

It is known that electrical activity exerts a complex impact on
neuronal transcriptome (Kim et al. 2010). Therefore, we investi-
gated whether, in addition to its ability to promote excitability,
Foxgl would be in turn regulated by neuronal activity.

To address this issue, we transferred DIV6.5 neural cultures
originating from E16.5 neocortical tissue under 25 mM extra-
cellular K+, namely a robust depolarizing treatment (He et al.
2011), and monitored temporal progression of Foxgl-mRNA and
-protein (Fig. 10A). Both gene products underwent a substantial,
transient upregulation. The former arose as early as at 1 h,
peaked up at 3 h (about 2.75-fold), and later declined, getting
back to baseline values by 18-24 h (Fig. 10C). The latter showed
an appreciable increase already at 6 h, peaked up at around 12 h
(about 1.75-fold), and later declined, rebounding to halved levels
at about 24 h (Fig. 10D). Interestingly such positive correlation
between Foxgl expression and neuronal activity was mainly
restricted to hyperactive cultures, as neuron silencing by TTX
downregulated Foxgl-mRNA only to a limited extent (Fig. 10B).

Looking for mechanisms underlying activity-dependent
Foxgl regulation, we noticed that the Foxgl transcription unit
and its surroundings are rich in binding sites for immediate
early gene-encoded transcription factors (IEG-TFs), validated by
Chromatin-Immuno-Precipitation (ChIP) in non-neural cell lines
or predicted in silico by Jaspar software (Mathelier et al. 2014)
(Fig. 11A). Therefore, we hypothesized that these TFs, including
pCrebl, nuclear-RelAP®, Fos, Egrl, Egr2 and Cebpb, might be
instrumental in such regulation.

To test this prediction, first we checked if temporal
progression of these TFs would be etiologically compatible
with Foxgl-mRNA fluctuations, in primary neocortical cultures
challenged by high potassium. Two of these effectors, pCrebl
and nuclear-RelP®®, normally tuned by fast post-translational
mechanisms (Flavell and Greenberg 2008; de la Torre-Ubieta
and Bonni 2011; Sun et al. 2016), peaked up as early as at 20 min
and remained above the baseline at least up to 90 min (Fig. 11C,E
and Supplementary Fig. 11A,B). Consistently, the d2EGFP-mRNA
products of the pCrebl- and NFkB-activity reporters cCAMP.RE;-
p(min)-d2EGFP and NFKB.BS4-p(min)-d2EGFP, pre-delivered to
neural cells by lentiviral transgenesis (Fig. 10B), displayed also
an early-onset, transient upregulation (Fig. 11D,F). Conversely,
Fos-, Egrl-, Egr2-, and Cebpb-mRNAs, largely modulated by
transcription-dependent mechanisms (Calella et al. 2007; Flavell
and Greenberg 2008), peaked up at 1 h and then declined
(Fig. 11G). In synthesis, activity-dependent elevation of all
six effectors preceded Foxgl-mRNA induction. As such, this
elevation could be instrumental in achieving Foxg1 induction.

To corroborate this inference, we systematically knocked
down all six IEG-TFs, by delivering the corresponding DN effec-
tors (Supplementary Table 5) (Schwarz et al. 1996; Van Antwerp
et al. 1996; Olive et al. 1997; Ahn et al. 1998; Park et al. 1999;
Mayer et al. 2008) to primary neuronal cultures. We evaluated
the impact of these manipulations, in basal conditions as well
as upon culture exposure to 25 mM K* for 3 h. In particular,
Egrl and Egr2 were functionally co-silenced with a unique DN
construct, Creb1-DN expression had to be set to very low levels
to prevent neuronal damage (Fig. 12A). The majority of the DN
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Figure 9. Interneuron quantification in Foxg1-GOF neocortical cultures. (A) Protocol and lentiviruses employed and (B) results. Data evaluated by t-test (unpaired,
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devices employed downregulated Foxgl-mRNA by about 15-40%,
both in baseline conditions and in the presence of 25 mM K*.
NFkB-DN was specifically ineffective under high K*. Creb1-DN
conversely reduced Foxgl-mRNA by about 50% and 90%, in base-
line condition and under high K™, respectively (Fig. 12B, 1st and
3rd graphs). Altogether, these results suggest that all six IEG-TFs
under analysis contribute to sustain neuronal Foxgl transcrip-
tion, synergically and to various extents, in resting conditions
as well as following intense electrical activity. In particular, they
point to pCreb1 as a key player in this context.

Finally, inspired by the presence of a number of known
Foxgl-binding sites within the Foxgl locus (Fig. 11A and data
not shown), we further speculated that late decrease of Foxgl
gene products upon prolonged K* stimulation (Fig. 10C,D) did
not simply reflect the delayed decline of its transactivators,
but it could be enhanced by Foxgl self-inhibition. As expected,
the delivery of a neuron-restricted Foxgl transgene (Fig. 12A)
downregulated endogenous Foxgl by >80%, both in the absence
of K+ stimulation and under high K* (Fig. 12B, 2nd and 4th
graphs). Consistently, the same transgene robustly shifted
the Foxgl(t) expression curve downward in aging neocortical
cultures (Supplementary Fig. 12A,B).

Summing up, neuronal hyperactivity elicited a delayed and
transient upregulation of Foxgl mRNA and protein, mediated by
the products of IEGs as well as by the negative feedback exerted
by the Foxgl protein on its encoding gene.

Hyperactivation of IEGs in K*-Stimulated, Foxg1-GOF
Neocortical Cultures

Hyperactivity of Foxgl-GOF neocortical cultures and activity-
dependent Foxgl upregulation suggest that a reciprocal positive

feedback may take place between Foxgl overexpression and
neocortical activity. This feedback might finely tune neocortical
activity of healthy individuals and strengthen electroclinical
signs of those with increased Foxgl dosage.

To test this prediction in a more stringent and biologically
plausible context, Foxgl was upregulated by gentle RNAa
(Fig. 13A), eliciting a 1.5x-2.0x expression gain, presumably
close to that caused by FOXG1 duplications, and complying
with activity-dependent gene tuning (Fimiani et al. 2016).
Then, neural cultures were pulsed by high K* and profiled for
activity and expression of selected IEGs (Fig. 13A), as proxies
of ongoing neuronal activity (Flavell and Greenberg 2008)
and—meanwhile—promoters of it (Jones et al. 2001; Lopez de
Armentia et al. 2007; Jancic et al. 2009; Viosca et al. 2009; Gruart
et al. 2012; Penke et al. 2013; Koldamova et al. 2014).

Interestingly, following Kt stimulation, the d2EGFP-mRNA
product of the pCrebl-activity reporter was rapidly upregulated
in Foxg1-GOF samples compared to controls (ctr;_o-normalized
levels at 1 h were 1.74+0.11 vs. 1.36 £0.13, respectively, with
P <0.032) (Fig. 13B, left graph). The corresponding NFkB-activity
reporter, similarly upregulated at 50 min in Foxgl-GOF sam-
ples and controls (1.15+0.03 and 1.19 £0.12, respectively, with
P =0.296), retained its overexpression at 2 h in the former, while
declining in the latter (1.22 £0.14 vs. 0.94 £0.08, with P < 0.003)
(Fig. 13B, right graph).

A consistent scenario emerged from quantification of
endogenous Fos, Egrl, and Cebpb-mRNAs. Peaking at 1 h in Foxg1-
GOF samples like in controls, both Fos- and Egrl-mRNAs showed
a delayed rebound toward baseline in Foxgl-GOF samples
compared to controls (ctr;_p-normalized levels at 2 h were
62.3+2.68 vs. 48.87 £3.91, with P <0.015, and 24.88+4.40 vs.

16.65 +1.78, with P < 0.049, respectively) (Fig. 13C). Cebpb-mRNA
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Figure 10. Activity-dependent modulation of neocortical Foxgl expression. Eval-
uation of Foxgl expression levels in dissociated DIV7 cultures originating from
E16.5 neocortical tissue: protocol (A) and results (B-D). In (B, C) qRTPCR quan-
tification of Foxgl-mRNA in cultures silenced by 1 pM TTX for 048 h (B) or
stimulated by 25 mM K™ for 0-24 h (C). In (D) WB quantification of Foxgl-protein
in cultures stimulated by 25 mM K+ for 1-24 h. Data double normalized, against
Gapdh (B, C) or beta-actin (D), and t=0 baseline values (B-D). Results evaluated
by t-test (unpaired, one-tailed), run against t=0 values. *P <0.05, **P <0.01,
*#*P <0.001. n=number of biological replicates, that is, independently grown
cell samples.

was conversely upregulated in Foxg1-GOF samples for atleast6 h
after high Kt exposure (for example, ctr;_o-normalized levels
at 2 h were 4.96+0.39 and 3.64+0.24, in GOF and ctr samples,
respectively, with P <0.016) (Fig. 13C).

Altogether, these data confirm that an even mild Foxgl over-
expression, comparable to that occurring in healthy hyperactive
neurons or in human patients with a supranumerary FOXG1
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allele, might enhance and/or lengthen neocortical responses
to depolarizing stimuli, a phenomenon of remarkable phys-
iopathological interest.

Discussion

To cast light on the impact of Foxgl on neocortical neuronal
activity, we took advantage of a novel transgenic mouse model,
overexpressing this gene within deep neocortical pyramids
(Fig. 1). Transgenic animals showed an abnormal EEG (Fig. 3) and
resulted more prone to KA-evoked limbic motor seizures (Fig. 4).
A pronounced hyperactivity of neocortical neurons underlay
such phenotype (Figs2 and 4D). A prominent interneuron
reduction throughout gray matter as well as an astroglial deficit
mainly confined to lateral superficial neocortex (Fig.5) likely
contributed to it. Remarkably, Foxgl overexpression achieved by
lentiviral transgene delivery to dissociated, neocortical neurons
also increased their activity and synchronization (Figs 6 and 7).
Looking for underlying molecular mechanisms, we profiled the
transcriptome of these cells. Results of this analysis included:
an upregulation of large Scn and Cacn gene sets, encoding
for Na®™ and Ca?* channels; complex anomalies in other key
genes governing Ca’* fluxes; aberrancies in Grin, Gria, and Grik,
NMDA-, AMPA-, and KA-receptor genes; as well as a collapse
of the GABAergic axis, including Gadl, Gad2, Gabral, and Bdnf
(Fig. 8 and Supplementary Table 3). Moreover, we investigated
if neuronal activity would—in turn—regulate Foxgl expression.
We found an activity-driven transient upregulation of this gene
(Fig. 10), mediated by the products of IEGs (Figs 11 and 12).
This points to a positive feedback between Foxgl and neuronal
activity (Fig. 13), likely tuning neocortical function of healthy
individuals and driving neurological aberrancies of patients with
altered Foxgl dosage.

Originally conceived to achieve pan-telencephalic Foxgl over-
expression, the transgene employed in in vivo assays resulted to
be confined to postmitotic, deep neocortical pyramids (Fig. 1 and
Supplementary Figs 2—4). This likely reflected transgene integra-
tion into a particular genomic location, permissive to transcrip-
tion only in these cells (Pikaart et al. 1998). Albeit unexpected,
this offered us the serendipitous opportunity to specifically
explore the role exerted by our gene of interest in such cells,
in living mice. As the hippocampus of these animals did not
express the transgene, its spontaneous electroclinical signs and
KA-evoked hyperactivity were hardly autochthonous. Rather,
they reflected abnormal neocortical inputs fed into this struc-
ture, which could be so exploited as an in vivo proxy of the
neocortical phenotype.

As expected, an increase of neocortical projection neurons
activity was actually detectable. This increase was primarily
inferred in neocortical derivatives of Foxgl-GOF transgenic
embryos, by pErkl and cfos-RNA activity-responsive reporters
(Tyssowski et al. 2018) (Figs 2 and 4D and Supplementary Fig. 5).
It was later confirmed in neocortical neurons made Foxgl-
GOF via somatic lentiviral transgenesis, by Arc-SARE activity
reporter (Kawashima et al. 2009) and optical profiling of Ca?*t
indicators (Figs 6 and 7). Remarkably, the positive correlation
between Foxgl expression levels and neuron network synchro-
nization emerged following generalized, both GOF and LOF
Foxgl manipulations. Furthermore, neuronal hyperactivity was
still prominent when Foxgl overexpression was restricted to
glutamatergic neurons (Figs 1 and 7F and Supplementary Fig.
2-4), pointing to mechanisms mostly taking place in these
cells.


https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhaa107#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhaa107#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhaa107#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhaa107#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhaa107#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhaa107#supplementary-data

14 | Cerebral Cortex, 2020, Vol. 00, No. 00

A [ Fos -
2 EGR1 - = -
o NFKB - -
§ cesp - -
5 cres -
| Foxe1 =
FOXG1-mRNA
RNA 5 3
DNA | hsa chr.14: 29,232,000 - 29,241,000 (hg19 assembly)
H by ChIP, on mixed cell lines, from USCS Genome Database m in silico, by Jaspar software
B DIVO DIV2 DIV7 DIV8
dissection() : - ! ! (E16.5 mouse neocortex
S @ neurobasal/B27/2%FBS/glutamax/25uMLglu
differ mediL\J/m\(/Z) ©Lva (pCreb1-sensor) or LVb (NFkB-sensor), each at moi=3
infection(®
S TRV | SVa0oA BEGERI) b AMP.RES i |p(PGK) ¢ RFP WPRE LTR|
anslysie IRVZCNN L TR | SV40pA [G2EGERI) Pimin)|NFKB.BS, | Ins |p(Pgk1) 2RFP WPRE|LTR|
C 1.75 . D= 2.5 E s = F:
p<10%2 <zt = p<10 " < 1.5 =
= 1.50 / p<1020 - ['4 — 2.0 *kk ‘%(_ 1.50 pRATTH—P 16~ - E
S 1.25 - g Fx 3 125 = NET =
5 / p<1074 peto®l | 2 B 2 15 *k o / p<10° p<10T! ZazZ10
1.00 SO - = 1.00—¥ £ W v
= EmE S EOE
E 0.75 S % & 1.0 £, 075 g%ﬂ‘l.
2 0.50 S sk E 0.50 S4x05
ol T3 o5 5 L3
g 025 =< € 0.25 =3
= ] =) x
0.00 0.0 0.00 =
0 20 40 60 90 g 0 60 180 || & 0 20 30 40 60 90 Z %0 120
=210, 210, 270, 270 * mi = . n =200, 200, 200, 200 + .
N s hom 4 ge  25mM KT min 25mM K*, min (cells, from 5,555  2>MM K, min 25mM K*, min
independently grown = independently grown n=6,44
samgles) ¥ n=644 samples) i
< 35
G <Zt 70 kK == X= Fos I — X=Egr1 = X = Cebpb
= l-'é 60 60 e 3.0
w— X=Egr2
8 % 50 50 s 25 Kk
E S 40 I 20 A
5 0 [ \ux /\
= 30 30 1.5
T = k% / \
5T 2 ek 20 104 ™
i
L2 0 *hk % 10 05 N>
3 l lw . =
% 0 ol £ - 0.0
= 0 1 2 3 6 12 18 24 01 2 3 6 12 18 24 01 2 3 6 12 18 24
n=4,3,3,3,3,3,4,4 25mM K*, hours
{ et ind Bocd Dt fiaedl Bt 4

Figure 11. Selecting putative mediators of Foxgl response to high K. (A) Localization of IEGF- (immediate early gene factor) and Foxg1-BSs (binding sites) within
the Foxg1 locus, as detected by ChIP on selected cell lines (UCSC) or predicted by Jaspar software. (B-G) Fluctuations of select IEGFs levels and activities evoked by
timed exposure of dissociated DIV7 cultures originating from E16.5 neocortex to 25 mM K : (B) protocol and (C-G) results. As for Creb1, shown are (C) qIF (quantitative
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Figure 12. Validating putative mediators of Foxg1 response to high K*. Foxg1 regulation in primary neocortical cultures engineered by immediate early gene-dominant
negative (IEG-DN) or Foxg1 transgenes: (A) protocol and (B) results. In (B), endogenous-Foxg1-mRNA levels upon expression of IEG-DNs or exogenous Foxg1, in the presence
of physiological [K*], (“no K*”) or under 25 mM [K*],, are shown. Foxgl-cds and Foxg1-3'UTR amplicons were used as proxies of endogenous Foxgl transcripts in
graphs 1, 3 and 2, 4, respectively. ctr is Plap. Data double normalized, against Gapdh-mRNA and ctr samples. Results evaluated by t-test (unpaired, one-tailed). *P < 0.05,
**P <0.01, ***P < 0.001. n=number of biological replicates, that is, independently transduced cultures.

Concerning molecular mechanisms underlying such phe-
notype, RNA profiling of Foxgl-GOF cultures highlighted
pronounced alterations of different specific gene sets, likely
contributing to it (Fig. 8 and Supplementary Table 3). General
dynamics of Scn and Cacn genes, as well as changes in NCKX,
SOCE, IICR, and SERCA genes, prefigure neuron hyperexcitability.
Misregulation of MCU genes, likely enhancing mitochondrial
Ca?* uptake, might stimulate respiration and sustain enduring
electrical activity (Sanganahalli et al. 2013). Unbalanced
expression of Gria, Grik, and Grin genes might result into
strengthened glutamatergic conduction. Last but not least, the
collapse of Gad and Scnla genes as well as the decline of Gabral
and Bdnf might jeopardize GABAergic control of neocortical
circuits. An ad hoc follow-up work will be required to rigorously
test these predictions.

To note, two concomitant histological abnormalities char-
acterizing the neocortex of Foxgl-GOF mutants, a widespread
decrease of interneurons and a more localized astroglial
deficit (Fig. 5B-D), might have worsened their phenotype.
Both phenomena originated noncell autonomously, as neither
interneurons nor astrocytes expressed the transgene (Fig. 1E,F).
A prominent reduction of GABAergic interneuron prevalence
also occurred in neocortical cultures made Foxg1-GOF by somatic
lentiviral transgenesis (Fig. 9 and Supplementary Fig. 9).

Remarkably, we also found that Foxgl-mRNA was transiently
upregulated under high [K*]o and slightly downregulated upon
TTX administration, suggesting thatits levels are physiologically

sensitive to changes of electric activity (Fig. 10C). An upregula-
tion of Foxgl protein followed the mRNA peak, corroborating its
potential relevance (Fig. 10D). Intriguingly, bioinformatic inspec-
tion of the Foxgl locus revealed a number of binding sites for
immediate early factors. As expected (Calella et al. 2007; Flavell
and Greenberg 2008; Snow and Albensi 2016), some of them
(or their mRNAs) showed a pronounced upregulation, which
preceded the Foxgl-mRNA maximum at 3 h. Specifically, pCreb1
and nuclear-Nfkb peaked at 20 min, Fos-, Egrl-, Egr2- and Cebpb-
mRNAs at about 1 h (Fig. 11 and Supplementary Fig. 11). Their
functional knockdown, by dominant negative devices, generally
reduced Foxgl-mRNA both in basal conditions and under high
[K*]o (Fig. 12). These data point to an involvement of these
effectors in mediating the impact of electric activity on Foxgl
levels. Finally, the introduction of an exogenous Foxgl trans-
gene dampened the expression of its endogenous counterpart,
suggesting that an autologous negative feedback may restrict
activity-dependent Foxgl arousal (Fig. 12).

In summary, Foxgl expression promotes neocortical elec-
trical activity which, in turn, may stimulate Foxgl expression.
This feedback suggests a crucial Foxgl role in fine-tuning of
neocortical excitability. In this respect, progressive postnatal
decline of Foxg1 levels (Supplementary Fig. 12) might contribute
to reduced excitability of more aged brains and misregulation
of Foxgl-mRNA in patients with Foxgl copy number variations
might deeply affect neuronal activity, resulting in their Rett-
like- and West-like EEG aberrancies (Florian et al. 2011; Seltzer
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Figure 13. Foxg1l-driven modulation of ieg response to high K*. Activities and expression levels displayed by select IEG proteins and mRNAs, respectively, in dissociated,
lentivector-engineered E16.5 4 DIV7 neocortical cultures, upon chronic Foxgl upregulation via RNA activation (RNAa) and timed culture exposure to 25 mM K+ : protocol

(A) and results (B, C). In

(B), qQRTPCR evaluation of pCreb1 and NFkb transcriptional activities; proxies: d2EGFP-mRNA products of lentiviral cAMP.RE3-p(min)-d2EGFP

and NFkB.BS4-p(min)-d2EGFP transgenes, respectively. (C), gRTPCR evaluation of Fos, Egrl, Egr2, and Cebpb mRNA levels. Data normalized against (B) RFP-mRNA;_;
and (d2EGFP-mRNA/RFP-mRNA); _o [RFP-mRNA product of the lentiviral p(Pgk1)-RFP transgene] and (C) Gapdh-mRNA,_; and (IEGF-mRNA/Gapdh-mRNA);_o. Results
evaluated by t-test (unpaired, one-tailed), run against ctr,_y; values. *P <0.05, **P <0.01, ***P <0.001. n=number of biological replicates, that is, independently

transduced cell samples.

et al. 2014). Consistently, gentle stimulation of Foxgl by saRNAs
led to a complex upward distortion of fluctuations of pCrebl
and Nfkb activity, as well as of Fos-, Egrl-, and Cebp-mRNAs,
evoked by high [K*], (Fig. 13). Non mere indices of neuronal
hyperactivity, upregulation of pCreb1, Egrl and Fos may promote
neuronal hyper-activity and -excitability (Jones et al. 2001; Lopez
de Armentia et al. 2007; Jancic et al. 2009; Viosca et al. 2009;
Zhou et al. 2009; Yassin et al. 2010; Descalzi et al. 2012; Gru-
art et al. 2012; Penke et al. 2013; Koldamova et al. 2014; Ryan
et al. 2015). Functional relevance of these phenomena to Foxg1-
associated phenotypes will be subject of a dedicated follow-up
study.
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