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Summary

Throughout life, neuronal networks in the mammalian neocortex maintain a balance of
excitation and inhibition which is essential for neuronal computation. Deviations from a
balanced state have been linked to neurodevelopmental disorders and severe disruptions
result in epilepsy. To maintain balance, neuronal microcircuits composed of excitatory and
inhibitory neurons sense alterations in neural activity and adjust neuronal connectivity and
function. Here, we identified a signaling pathway in the adult mouse neocortex that is
activated in response to elevated neuronal network activity. Over-activation of excitatory
neurons is signaled to the network through the elevation of BMP2, a growth factor well-
known for its role as morphogen in embryonic development. BMP2 acts on parvalbumin-
expressing (PV) interneurons through the transcription factor SMAD1, which controls an
array of glutamatergic synapse proteins and components of peri-neuronal nets. PV
interneuron-specific impairment of BMP2-SMAD1 signaling is accompanied by a loss of PV
cell glutamatergic innervation, underdeveloped peri-neuronal nets, and decreased
excitability. Ultimately, this impairment of PV interneuron functional recruitment disrupts
cortical excitation — inhibition balance with mice exhibiting spontaneous epileptic seizures.
Our findings suggest that developmental morphogen signaling is re-purposed to stabilize

cortical networks in the adult mammalian brain.

Introduction
Neuronal circuits in the neocortex underlie our ability to perceive our surroundings, integrate

various forms of sensory information, and support cognitive functions. Cortical computation
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relies on assemblies of excitatory and inhibitory neuron types that are joined into canonical
microcircuit motifs. The synaptic innervation and intrinsic properties of fast-spiking
parvalbumin-expressing inhibitory interneurons (PV interneurons) have emerged as key
parameters for controlling cortical circuit stability and plasticity 2. During development,
sensory experience shapes synaptic innervation of PV interneurons in an afferent-specific
manner and synaptic input to PV interneuron dendrites is a critical node for cortical
dysfunction in neurodevelopmental disorders 3. In the adult brain, neuronal activity-
dependent regulation of PV interneuron recruitment and excitability are fundamental for the
maintenance of excitation — inhibition balance and have been implicated in gating cortical
circuit plasticity during learning processes 282, However, the molecular mechanisms
underlying these critical features, in particular trans-cellular signaling events that relay
alterations in neuronal network activity and adjust PV interneuron function are poorly

understood.

Bone Morphogenetic Protein signaling is mobilized by neuronal network activity in

adult neocortex

To identify candidate trans-cellular signals that are regulated by neuronal network activity in
mature neocortical neurons, we examined secreted growth factors of the bone morphogenetic
protein family (BMPs), which had been implicated in cell fate specification and neuronal growth
during development 32°, Amongst four bone morphogenetic proteins (BMP2,4,6,7) examined,
Bmp2 mRNA was significantly upregulated in glutamatergic neurons upon stimulation (3.5 +/-
0.5 fold, Extended Data Fig. 1a-d). A similar activity-dependent elevation of BMP2 was
observed at the protein level in neurons derived from a Bmp2 HA-tag knock-in mouse
(Bmp2HAHA - Extended Data Fig. 1e-g). BMPs are well known for their function as
developmental morphogens and in fate specification of neuronal progenitors, where they
direct gene regulation in recipient cells through SMAD transcription factors (Fig. 1a) 2'-%6,
Interestingly, the canonical BMP- target genes Id7 and Smad6 were significantly upregulated
in stimulated neocortical cultures, a process that was blocked by addition of the extracellular
BMP-antagonist Noggin (Extended Data Fig. 1h, i). In the neocortex of adult mice, key BMP
signaling components continue to be expressed with the ligand BMP2 exhibiting highest
mRNA levels in glutamatergic neurons (Extended Data Fig. 2a-c). To test whether BMP-target
gene transcription is activated in response to elevated neuronal network activity in adult mice,
we chemogenetically silenced upper layer PV interneurons in the barrel cortex (Fig. 1b). This
local reduction of PV neuron-mediated inhibition results in increased neuronal network activity

27.28 agccompanied by a 4- to 8-fold transcript increase for the activity-induced primary response
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genes cfos and Bdnf (Fig. 1c). Importantly, this chemogenetic stimulation also resulted in
upregulation of four critical SMAD1/5-dependent BMP target genes (/d1, 1d3, Smad6 and
Smad7) (Fig. 1c). To monitor BMP target gene activation with temporal and cell type-specific
resolution in vivo, we developed a novel temporally-controlled BMP-signaling reporter (Fig.
1d). We combined BMP-response element sequences (4xBRE) from the /d7 promoter #° with
the small molecule (LMI070)-gated miniX°" cassette *° to drive a nucleus-targeted eGFP
(Extended Data Fig. 3a). Thus, the level of nuclear eGFP reports activation of BMP-signaling
during a time window specified by LMIO70 application (Extended Data Fig 3a-c). Notably,
chemogenetic stimulation in presence of LMIO70 resulted in a 3-fold increase in eGFP intensity
in PV interneurons (Fig. 1e-g). In aggregate, these results demonstrate that increased cortical
network activity mobilizes BMP2 signaling to alter transcriptional responses in PV interneurons

in the adult mouse barrel cortex.

BMP-SMAD1 signaling controls transcriptional regulation of synaptic proteins

During development, the combinatorial action of various BMP ligands and receptors directs
cell type-specific target gene regulation through SMAD transcription factors, but also SMAD-
independent functions have been described 31517193136 |n neocortical neurons, BMP2
stimulation (20 ng/ml for 45 minutes) resulted in SMAD1/5 activation in both, glutamatergic
and GABAergic neurons (Extended Data Fig. 4a-c). To uncover SMAD1 target genes in
postmitotic mammalian neurons, we performed chromatin immunoprecipitation sequencing
(ChiP-seq) for Smad1/5 from naive and BMP2-stimulated neocortical cultures (Fig. 2a). We
found 349 BMP2-responsive (> 2-fold increase and p.adj value < 0.05) SMAD1/5 binding sites
and 167 sites that were bound constitutively (stimulation independent, < 2-fold increase and
p.adj value< 0.05) (Fig. 2b and Supplementary Table 1). Importantly, BMP2-responsive peaks
were associated with promoter elements whereas the majority of constitutive SMAD1/5
binding regions were promoter-distal. To explore whether SMAD1 triggers de novo activation
of target genes or rather modifies transcriptional output of active genes, we mapped active
regulatory elements by performing ChiP-seq for histone 3 acetylated at lysine 27 (H3K27ac),
a chromatin modification that marks active promoters and enhancers. By intersecting
H3K27ac ChiP-seq signals with SMAD1/5 peaks (Fig. 2b-e), we found that the majority of
BMP2-responsive regulatory elements are already active in naive cultures. By comparison,
constitutively bound regions exhibited only low H3K27ac signal (Fig. 2b, c) suggesting that
they are transcriptionally silent. Sequence analysis confirmed enrichment of the SMAD1/5
DNA binding motif in the BMP2-responsive gene regulatory elements (Fig. 2d). The impact of
BMP2-induced SMAD1/5 recruitment on transcriptional output was examined by RNA-


https://doi.org/10.1101/2023.03.11.532164

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.11.532164; this version posted March 12, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

sequencing (Fig. 2a). Differential gene expression analysis identified 30 and 147 up-regulated
transcripts 1 and 6 hours after BMP2-stimulation, respectively (Extended Data Fig. 4c,
Supplementary Table 2). 50% of the regulated genes 1 hour after BMP2-stimulation had direct
Smad1/5 binding at their promoters and included negative feedback loop genes of the BMP
signaling pathway (/d1, Id3 and Smad7). 25% of differentially regulated genes 6 hours after
BMP2-stimulation had direct Smad1/5 binding. (Extended Data Fig. 4d). Conditional knock-
out of Smad1 in post-mitotic neurons was sufficient to abolish upregulation of these genes in
response to BMP2 signaling and reduced their expression in naive (unstimulated) neurons
(Fig. 2f and Extended Data Fig. 4e,f Supplementary Table 3). Direct transcriptional targets of
BMP-SMAD1 signaling in neocortical neurons included an array of activity-regulated genes
such as Junb, Trib1 and Pim3, key components of the extracellular matrix (Bcan, Gpc6) and
glutamatergic synapses (Lrrc4, Grin3a) (Fig.2e, Extended Data Fig. 4d). Moreover, neuronal
Smad1 ablation was accompanied by broad gene expression changes beyond de-regulation
of direct SMAD1 target genes (Fig. 2g). Top GO terms enriched amongst the upregulated
genes were “glutamatergic synapse” and transcription factors under the term “nucleus” (Fig.
2h). Furthermore, de-regulated genes include the majority of neuronal activity-regulated rapid
primary (rPRG) and secondary (SRG) activity-response genes (Fig. 2i). Thus, SMAD1 is the
key downstream mediator of BMP signaling in mature neurons and its neuronal loss of function

results in a severe imbalance of neuronal network activity in vitro.
Synaptic innervation and excitability of PV interneurons are controlled by SMAD1

PV interneurons in neocortical circuits are key regulators of excitation — inhibition balance and
glutamatergic synapse formation onto PV interneurons and peri-neuronal nets (PNNSs)
surrounding these cells are modified in response to changes in neuronal network activity 3-8,
To test whether SMAD1 regulates synapse formation onto PV interneurons, we generated
conditional Smad1 knock-out mice. Postnatal ablation of Smad? in PV interneurons
(Pvere*::Smad1™;, Smad14"V mice) did not alter PV cell density or distribution in the
somatosensory cortex of adult mice (Extended Data Fig. 5a-c). We then adopted genetically
encoded intrabodies (Fibronectin intrabodies generated by mRNA display, FingRs) directed
against PSD-95 and gephyrin (GEPH) to quantitatively map synaptic inputs to PV interneurons
in vivo *° (Extended Data Fig. 6a-c). FingR probes were selectively expressed in PV
interneurons in layer 2/3 of barrel cortex using cre recombinase-dependent adeno-associated
viruses (Fig. 3a-g, Extended Data Fig. 6a-c and Supplementary Movie 1). In Smad 714"V mice,
we observed a 40% reduction in morphological glutamatergic synapse density onto PV
interneurons (Fig. 3b, c). This was accompanied by a comparable reduction in mEPSC

frequency but no change in mEPSC amplitude in acute slice recordings (Fig. 3d-f). The density
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of peri-somatic PV-PV synapses (identified by synaptotagmin-2 and FingR GPHN co-
localization) was also reduced (Fig. 3h, i), but there was no significant change in mIPSC
frequency or amplitude in PV cells of Smad74F¥ mice, likely due to compensatory inhibition
derived from other interneuron classes (Fig. 3j-1). Thus, SMAD1 is required for normal
functional glutamatergic innervation of layer 2/3 PV interneurons, resulting in reduced

glutamatergic input to these cells in Smad714"" mice.

Neuronal activity-induced regulation in PV interneurons modifies the elaboration of PNNs and
parvalbumin expression ':27:37:384041 ‘and our ChiP-Seq analysis identified the PNN component
brevican (Bcan) as one of the direct SMAD1 targets in neuronal cells. In Smad14F" mice, the
elaboration of PNNs around PV interneurons and parvalbumin protein expression were
significantly reduced (Fig. 4a-c). This results in a significant reduction in the density of
parvalbumin-immuno-reactive cells in layer 2/3, despite the normal density of genetically-
defined PV interneurons (Extended Data Fig. 5a-c). Through organizing PNNs, Brevican has
been implicated in regulating plasticity and excitability of PV interneurons 3. Interestingly, the
firing rate of SMAD1-deficient PV interneurons in response to current injections was
significantly reduced in the barrel cortex of adult mice (Fig. 4d-f and Extended Data Fig. 5d,
note that firing rate was unchanged in young animals, Extended Data Fig. 5e). This reduced
firing frequency most likely is explained by a reduction in input resistance in the Smad14"”
cells (Extended Data Fig. 5d). Thus, in the absence of BMP-SMAD1 signaling PV interneurons
not only receive less glutamatergic drive but are also less excitable. These cellular alterations
resulted in a severe overall disruption of cortical excitation — inhibition balance. As compared
to control littermates, Smad74”Y mice exhibited hyperactivity in open field tests and frequently
exhibited spontaneous seizures when introduced into novel environments (Fig. 4g, h). Video-
coupled EEG recordings with electrodes over the barrel cortex (Supplementary Movie 2)
revealed marked high amplitude activity bursts at the time of seizure followed by a refractory
period (Fig. 4i). Overall, our results demonstrate that elevated network activity in the
somatosensory cortex of adult mice triggers the upregulation of BMP2 in glutamatergic
neurons which balances excitation by controlling synaptic innervation and function of PV

interneurons through the transcriptional factor SMAD1.

Discussion

Despite being exposed to a wide range of sensory stimulus intensities, cortical circuits exhibit
remarkably stable activity patterns that enable optimal information coding by the network. This

network stability is achieved by homeostatic adaptations that modify the excitability of
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individual neurons, scale the strength of synapses, as well as microcircuit-wide modifications
of excitatory and inhibitory synapse density '©24245 These multiple adaptations occur at
various time-scales, from near instantaneous adjustments of excitation and inhibition during
sensory processing ¢, to slower modifications of synaptic connectivity upon longer-term shifts
in circuit activation as they occur during sensory deprivation but also in disease states 124751,
Thus, both rapid cell intrinsic, as well as long-lasting trans-cellular signaling processes have

evolved to ensure cortical network function and stability.

Differential recruitment of PV interneuron-mediated inhibition has emerged as a key node for
the control of excitation — inhibition balance and cortical plasticity 28°. We here demonstrate
that elevated neuronal network activity in the somatosensory cortex of adult mice triggers BMP
target gene expression in PV interneurons. The transcription factor SMAD1, directly binds to
and regulates promoters of an array of glutamatergic synapse proteins and components of the
perineuronal nets, such as brevican. Thus, BMP2-SMAD signaling provides a trans-neuronal
signal to adjust functional PV interneuron recruitment and excitability that ultimately serve to
maintain excitation — inhibition balance and stabilize cortical network function in adult
neocortex. In developing auditory cortex, genetic deletion of type | BMP-receptors from PV
interneurons is associated with a loss of spike-timing dependent LTP at PV interneuron output
synapses onto principal neurons of layer 4 whereas basal GABAergic transmission was
unchanged ®2. This suggests a selective role for BMP2-SMAD1 signaling in controlling

glutamatergic input connectivity to PV interneurons.

Importantly, transcriptional regulation through BMP2-SMAD1 signaling significantly differs
from the action of activity-induced immediate early genes. As secreted growth factor, BMP2
derived from glutamatergic neurons relays elevated network activity to PV interneurons
through the activation of an array of SMAD1 target genes. Rather than ON/OFF responses,
the maijority of direct SMAD1 targets exhibit active enhancer and promoter elements and are
already expressed under basal conditions. However, SMAD1 activation results in an elevation

of transcriptional output, indicating a graded gene expression response to BMP2.

In early development, BMP growth factors act as morphogens that carry positional information
and differentially instruct cell fates 232426, The combinatorial complexity arising from the
substantial number of BMP ligands and receptors has the power to encode computations for
finely tuned cell-type-specific responses 2%, Our work suggests that the spatiotemporal
coding power, robustness, and flexibility which evolved for developmental patterning is
harnessed for balancing plasticity and stability of neuronal circuits in the adult mammalian
brain. Notably, additional BMP ligands besides BMP2 are selectively expressed in neocortical

cell types (Extended Data Fig. 2b). Moreover, an array of type | and type || BMP receptors are
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detected across neocortical cell populations. This suggests that BMP-signaling might control

additional aspects of cell-cell communication in the mammalian neocortex.

Disruptions in excitation — inhibition balance and homeostatic adaptations have been
implicated in neurodevelopmental disorders as there is reduced GABAergic signaling and a
propensity to develop epilepsy in individuals with autism 4%-5'°* Considering that BMP-
signaling pathways can be targeted with peptide mimetics °° they may provide an entry point
for therapeutic interventions in neurodevelopmental disorders characterized by disruptions in

PV interneuron innervation, excitation — inhibition balance, and seizures.
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Fig. 1. Neural activity elevation elicits BMP signaling in PV interneurons of the adult barrel
cortex. (a) lllustration of BMP pathway components (adopted from 32). (b) Schematic representation
of chemogenetic neuronal activity manipulation protocol in adult barrel cortex. (¢) Expression of
immediate early genes cFos and Bdnf and SMAD1/5 target genes Id1, Id3, Smad6, and Smad7 in
barrel cortex of chemogenetically stimulated and control mice (N=3-6 mice/group). Two-way
ANOVA with Tukey’s post hoc test. (d) Schematic representation of viral vector for expression of
nuclear eGFP reporter (NLS-eGFP) under control of BMP reporter element (4xBRE) and the miniX°"
splicing cassette. (e) Experimental paradigm. (f) Representative images of 4xBRE-driven eGFP
signal in the nucleus of layer 2/3 PV interneurons marked by cre-dependent expression of hM4Di-
mCherry or tdTomato, respectively. (g) Quantification of BRE signaling reporter readout in
chemogenetically stimulated and control PV interneurons. Bar graph for mean + SEM of nuclear
eGFP intensity per mouse (N=4-6 mice/group, n=61-84 cells per condition, Kruskal-Wallis test with

Dunn’s multiple comparisons) and cumulative distribution of eGFP reporter intensity per PV
interneuron (Komolgorov-Smirnov test).
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Fig. 2. BMP2-SMAD1 signaling regulates synaptic components and is required for stable
cortical networks. (a) Schematic representation of BMP2 stimulation experiments from neocortical
cultures. (b) ChiP-seq analysis of naive (0 hour) and growth factor-stimulated (1hour 20ng/ml BMP2)
neocortical neuron cultures at DIV14. Heatmaps in purple display peak strength of SMAD1/5
binding, heatmaps in green show H3K27ac binding at SMAD1/5 peak regions. The right column (in
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black) displays position of promoter elements. Each binding site is represented as a single horizontal
line centered at the SMAD1/5 peak summit, color intensity correlates with sequencing signal for the
indicated factor. Peaks are ordered by decreasing Smad1/5 peak intensity. (c) Mean normalized
ChiP-seq signal for SMAD1/5 and H3K27ac plotted for BMP2-responsive and constitutive SMAD1/5
binding sites. Gray lines indicate signal obtained from vehicle-treated cultures and purple lines signal
obtained from BMP2-stimulated cultures. (d) Top enriched motifs detected for BMP2-responsive
(left) and constitutive (right) SMAD1/5 peaks. (e) Examples of IGV genome browser ChiP-seq tracks
displaying H3K27ac (green), SMAD1/5 (purple) and RNA-seq signal for SMAD1/5 targets /d3, Bcan
and Grin3a in naive (-) and BMP2-stimulated cultures. (f) gPCR analysis of mMRNA expression of
Id3, Bcan and Grin3a mRNAs in AAV-Syn-eGFP infected versus AAV-Syn-Cre infected Smad1™"
neocortical cultured neurons. Fold change (FC) relative to unstimulated cells is shown for 1 hour
and 6 hours stimulation with 20ng/ml BMP2. (g) Vulcano plot of differential gene expression in naive
Smad1™ cortical cultures infected with AAV-Syn-iCre infected versus AAV-Syn-eGFP. Dashed lines
indicate log2FC:0.4 and -log10Adj.-p-val: 2 chosen as thresholds for significant regulation. Number
of significantly down- and up-regulated genes are indicated on the top. (h) Top ten enriched cellular
component gene ontology terms for genes upregulated in conditional Smad?1 mutant cells (Smad 1"
infected with AAV-Syn-iCre) in unstimulated cortical cultures. (i) Expression levels of neuronal
activity-regulated rapid Primary Response Genes (rPRGs) and Secondary Response Genes
(SRGs) as defined in % in conditional Smad? mutant cells (Smad1™ infected with AAV-Syn-iCre)
compared to control AAV-Syn-eGFP infected cultures. The bar graphs show the means + SEM (N=5
per condition, one-way ANOVA with Dunnett’'s multiple comparisons).
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Fig. 3. SMAD1 regulates glutamatergic innervation of PV interneurons. (a) Schematic
representation of AAV-driven, cre-recombinase-dependent intrabody probes for glutamatergic
(PSD-95FingR-mGreenL) synapses. Intrabody expression is driven from human synapsin promoter
(hSyn) fused to a CCR5 zinc finger binding site (ZnF). Intrabody coding sequences (FingRs) are
fused to mGreenLantern and a CCR5-KRAB transcriptional repressor for autoregulation of probe
expression. Thus, excess probe accumulates in the nucleus. (b) FingRPSD-95mGreenLantern-
marked synapses formed onto control (PV°®::Ai9°™) and Smad1 conditional knock-out (Smad14F)
PV interneurons and corresponding dendritic stretches. (¢) Quantification of glutamatergic synapse
density on the dendrites of PV interneurons. Number of synapses was normalized to dendritic length
(Mean and SEM from N=3-4 animals per genotype, n=40 cells per genotype, unpaired t-test). Note
that the vast majority of PSD-95FingR-mGreenLantern-marked structures co-localize with the
presynaptic marker vGIuT1 (see FigS6A). (d) Representative traces of mEPSC recordings from
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control (gray) and Smad714FV (red) PV interneurons in acute slice preparations from adult mice. (e)
Frequency distribution of interevent intervals (Kolmogorov-Smirnov test) and mean mEPSC
frequency (mean + SEM for n=15 cells/genotype, from N=4 mice. Kolmogorov-Smirnov test). (f)
Frequency distribution of mEPSC amplitudes (Kolmogorov-Smirnov test) and mean mEPSC
amplitude (mean = SEM for n=15 cells/genotype, from N=4 mice. Kolmogorov-Smirnov test). (g)
Schematic representation of AAV-driven, cre-recombinase-dependent intrabody probes for
GABAergic (GPHNFingR-eGFP) synapses, fused to eGFP and a CCR5-KRAB transcriptional
repressor for autoregulation of probe expression. Thus, excess probe accumulates in the nucleus.
(h) Synapses formed onto control (PV°::Ai9"°™) and Smad1 conditional knock-out (Smad14"V) PV
interneurons. (i) Quantification of PV-PV GABAergic synapse density on PV interneuron somata.
Number of GPHNFingR-eGFP / Synaptotagmin2 (SYT2) — containing structures was normalized to
soma volume (mean and SEM from N=3-4 animals per genotype, n=78 cells, unpaired t-test). (j)
Representative traces of mIPSCs recorded from control (in gray) and Smad714"V (red) PV
interneurons in acute slice preparations. (k) Frequency distribution of interevent intervals
(Kolmogorov-Smirnov test) and mean mIPSC frequency (mean + SEM for n=15 cells/genotype, from
N=4 mice. Kolmogorov-Smirnov test). (I) Frequency distribution of mIPSC amplitudes (Kolmogorov-
Smirnov test) and mean mIPSC amplitude (mean £ SEM for n=15 cells/genotype, from N=4 mice.
Kolmogorov-Smirnov test).
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Fig. 4
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Fig. 4. Loss of SMAD1 in PV interneurons results in disruption of E/l balance in the adult
mice. (a) Parvalbumin immunoreactivity and Wisteria floribunda agglutinin (WFA)-binding to the
PNNs in adult control (PVe::Ai9°™) and Smad? conditional knock-out (Smad74FV) mice. (b)
Quantification of parvalbumin immunoreactivity per cell in PV°e::Ai9°™ (gray) and Smad14*V (red)
mice. Bar graphs with mean intensity per mouse (N=8/genotype) and cumulative distribution of
mean intensity per cell (n=81 cells for PV°::Ai9"™ n=67 cells for Smad1*"V mice). Kolmogorov-
Smirnov test for bar graph and cumulative distribution). (c) As in B but plotting WFA staining
intensity. (d) Experimental strategy and example traces from current-clamp recordings of control (in
gray) and Smad14fV (red) PV interneurons in acute slice preparations. (e) Comparison of firing
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frequencies of layer 2/3 PV interneurons at given currents and (f) Mean firing frequency in response
to 200 pA current injection in cells from PVee::Ai9°™ (gray) and Smad14"V (red) mice (N=4 mice,
n=12 cells for PV®::Ai9°" and N=4, n=14 cells for Smad1**V, Kolmogorov-Smirnov test). (g)
Quantification of the velocity in open field from adult PVe::Ai9°™ (gray) and Smad14FV (red) mice
(N=10 mice/genotype, unpaired t-test). (h) Number of PV°e::Ai9"™ control (0 out of 65 mice) and
male and female Smad74"" (red) mice (12 out of 71 mice) displaying spontaneous seizures during

cage changes. (i) Representative 2.5 minutes EEG trace obtained from a Smad74"V mouse. All bar
graphs show the means + SEM.
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