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Abstract

The RAS/RAF/MEK/ERK1/2 intracellular signaling pathway is activated by numerous cues
during brain development and dysregulated in neurodevelopmental syndromes, particularly
the RASopathies and certain forms of autism. Cortical excitatory/inhibitory imbalance is
thought to be critical in the neuropathogenesis of these conditions. However, the
developmental functions of ERK1/2 signaling in cortical inhibitory neurons (CINs) and other
medial ganglionic eminence (MGE)-derived non-neuronal cells are poorly understood. Here,
we genetically modulated ERK1/2 signaling in mouse MGE neural progenitors or GABAergic
neurons in vivo. We find that MEK-ERK1/2 signaling is essential for regulating MGE-derived
oligodendrocyte number in the anterior commissure. While Erk1/2 inactivation does not alter
CIN number, we discovered a significant and persistent reduction in somatostatin, but not
parvalbumin, expression in a subset of CINs. ERK1/2 signaling is also necessary for
chemogenetic activity-dependent FOSB expression in CINs in vivo. Interestingly, one week of
chronic chemogenetic stimulation in juvenile or adult animals partially rescues the decrease
in somatostatin expression in Erk1/2 mutant CINs. Our data demonstrate ERK1/2 signaling is
required for the establishment of MGE-derived glia, whereas in CINs, ERK1/2 drives activity
dependent-responses and the expression of somatostatin in a subset of neurons.
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eLife assessment

This is an important study on the role of the Ras/MEK/Erk signaling cascade in brain
development, with both theoretical and practical implications in multiple fields. The
authors reveal functional redundancy and shared function for Erk1 and Erk2 in
determining medial ganglionic eminence derived glial number, and exclude a role for
Erk1 and Erk2 in the regulation of GABAergic neuron number or initial specification of
GABAergic identity. They combine multiple methods including Ribotags,
electrophysiology, and chemogenetic stimulation using DREADDs towards
comprehensive conclusions. Reviewers expressed concerns about the coherence of
the findings, and about the selection of controls mouse lines. Heterozygous ERK1/2
mice are used as 'het controls' throughout the manuscript, however, reviewers felt
that there was not sufficient evidence that ERK levels in heterozygous mice are
similar to wildtype mice. Nevertheless, these compelling findings will be of interest
to a broad readership, and especially readers interested in kinase function and
neurodevelopmental syndromes.

Introduction

The canonical RAS/RAF/MEK/ERK1/2 intracellular kinase cascade is a ubiquitous pathway
activated by a wide array of extracellular signals (Lavoie et al., 2020     ). Mutations in Receptor
Tyrosine Kinase (RTK)-associated effectors and upstream regulators of Extracellular Regulated
Kinase (ERK1/2, aka MAPK3/1) signaling cause a family of developmental syndromes collectively
termed the “RASopathies” (Rauen, 2013     ). Individuals with RASopathies frequently exhibit
craniofacial abnormalities, cardiac malformations, and increased cancer risk, in addition to
neurological conditions such as epilepsy, developmental delay, intellectual disability, and autism
(Tidyman & Rauen, 2016     ). Most RASopathy mutations increase ERK1/2 signaling, however,
microdeletions that disrupt Erk1 or Erk2 expression have been linked to neurocognitive delay,
intellectual disability, and autism (Ben-Shachar et al., 2008     ; Fernandez et al., 2010     ; Linhares et
al., 2016; Newbern et al., 2008     ; Nowaczyk et al., 2014     ; Pucilowska et al., 2015     ; Rauen,
2013     ; Saitta et al., 2004     ; Samuels et al., 2009     ; Sánchez et al., 2020     ). Moreover, ERK1/2
signaling is a point of functional convergence for several autism and schizophrenia-associated
copy number variants (Blizinsky et al., 2016     ; Courchesne et al., 2020     ; Heavner & Smith,
2020     ; Lord et al., 2020     ; Moyses-Oliveira et al., 2020     ; Rosina et al., 2019     ). Understanding
the normal functions of ERK1/2 signaling in the developing forebrain may be instructive for
defining neuropathological mechanisms in multiple neurodevelopmental syndromes.

The patterning of the forebrain is heavily dependent upon canonical trophic cues known to
activate RTK signaling, but the precise functions of downstream kinase cascades are less clear
(Assimacopoulos et al., 2003     ; Faedo et al., 2010     ; Maisonpierre et al., 1990     ; O’Leary et al.,
2007     ). Studies of the mouse dorsal pallium have shown that FGF and ERK1/2 signaling via ETV5
are crucial for cortical gliogenesis, while neurogenesis is relatively less affected (Dinh Duong et al.,
2019     ; Fyffe-Maricich et al., 2011     ; S. Li et al., 2014     ; X. Li et al., 2012     ; Pucilowska et al.,
2012     ). Interestingly, cell-specific Mek1/2-deletion in embryonic cortical excitatory neurons leads
to subtype-specific deficits in morphological and electrophysiological properties during the early
postnatal period (L. Xing et al., 2016     ). In contrast to mouse excitatory neurons, GABAergic
cortical inhibitory neurons (CINs) are primarily derived from progenitor domains in the medial
and caudal ganglionic eminences (MGE and CGE) (Wonders & Anderson, 2006     ). CIN patterning
cues, migratory paths, master transcription factors, and expression levels of ERK1/2 pathway
components differ significantly from dorsally derived glutamatergic neurons (Mardinly et al.,
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2016     ; Mayer et al., 2018     ; Ryu, Kang, et al., 2019; Ryu, Kim, et al., 2019; Talley et al., 2021     ). It
is unknown whether ERK1/2 signaling has similar or unique functions in the development of glial
and neuronal derivatives of the ganglionic eminences.

CINs exhibit substantial heterogeneity in their morphology, gene expression profile,
electrophysiological properties, and contributions to cognition (Bomkamp et al., 2019     ; DeFelipe
et al., 2013     ; Gour et al., 2021     ; Lim et al., 2018     ; Mayer et al., 2018     ; Petros et al., 2015     ).
The two largest classes of CINs are identified by parvalbumin (PV) or somatostatin (SST)
expression and are distinguished by unique electrophysiological properties (Dehorter et al.,
2015     ; Lim et al., 2018     ; Okaty et al., 2009     ; Pan et al., 2018     ; Urban-Ciecko & Barth, 2016     ).
Differences in their generation and local morphogen gradients bias progeny towards specific
subtypes (McKenzie et al., 2019     ; Miyoshi et al., 2007     ; Petros et al., 2015     ). Trophic cues and
neurotransmitters (e.g. BDNF/TrkB, Neuregulin-1/ErbB4, glutamate/NMDAR) are also important
extracellular influences on CIN development (Cancedda et al., 2007     ; De Marco García et al.,
2011     ; Exposito-Alonso et al., 2020     ; Fazzari et al., 2010     ; Glorioso et al., 2006     ; Hong et al.,
2008     ; Huang et al., 1999     ; Itami et al., 2007     ; Miller et al., 2011     ). While the transcriptional
mechanisms of CIN development have been intensely studied, the signaling pathways that serve as
intermediaries between extracellular stimulation and gene expression changes are relatively less
clear. Recent work has shown that hyperactive MEK-ERK1/2 and PI3K-linked signaling pathways
have critical roles in CIN development and subtype specification (Angara et al., 2020     ; Knowles et
al., 2022     ; Malik et al., 2019     ; Vogt et al., 2015     ). However, the field still lacks crucial
information on whether ERK1/2 signaling is necessary for CIN subtype identity.

The initial stages of postnatal development are characterized by a series of activity-dependent
events in which CINs play a critical role (Ben-Ari et al., 2007     ; Cancedda et al., 2007     ; Close et
al., 2012     ; Denaxa et al., 2012     ). Early spontaneous activity causes the release of GABA, which
functions as a neurotransmitter and trophic cue to depolarize neurons and promote connections
in the nascent cortical circuit (Ben-Ari et al., 2007     ; Owens & Kriegstein, 2002     ). Later stages of
patterned activity are especially important for establishing the timing of critical periods and
excitatory/inhibitory tone in cortical networks (Reh et al., 2020     ). Activity-dependent responses
have been well studied in cortical excitatory neurons, where glutamatergic activation of ERK1/2
has been shown to modulate synaptic strength (Cristo et al., 2001     ; Thomas & Huganir, 2004     ;
Wu et al., 2001     ; J. Xing et al., 1996     ; Yap & Greenberg, 2018     ). CINs express different levels of
glutamate receptor subunits, calcium-binding proteins, and calcium responsive kinases that
modulate intracellular signaling responses to glutamate (Cohen et al., 2016     ; Matthews et al.,
1994     ; Paul et al., 2017     ; Sik et al., 1998     ; Tasic et al., 2016     ; Topolnik, 2012     ). Indeed, many
features of the activity-dependent transcriptome in CINs differ from excitatory neurons
(Guenthner et al., 2013     ; Hrvatin et al., 2018     ; Mardinly et al., 2016     ; Spiegel et al., 2014     ).
Nonetheless, the phosphorylation-dependent signaling requirements for ERK1/2 in CINs are
difficult to assess with transcriptomic approaches.

Studying the functions of ERK1/2 specifically in ventral forebrain derivatives using germline
knockouts of Erk1 and Erk2 is complicated by a combination of embryonic lethality, compensatory
interactions, and non-cell autonomous effects (Newbern et al., 2011     ; Samuels et al., 2008     ;
Selcher, 2001     ). Here, we used cell-specific genetic modifications to conditionally inactivate
ERK1/2 signaling in medial ganglionic eminence (MGE) progenitors (Nkx2.1Cre) and GABAergic
neurons (VGATCre) in embryonic mice. We show that ERK1/2 signaling is a critical modulator of
MGE-derived oligodendrocyte number in juvenile mice. In contrast, Erk1/2 appears dispensable
for early tangential migration of CINs, the expression of core cortical GABAergic neuron genes,
and global CIN number. Further analysis of postnatal stages of cortical maturation, however,
revealed that the expression of SST protein in a subset of CINs requires ERK1/2 signaling. We also
found that Erk1/2 is vital for activity-dependent FOSB expression in CINs following chemogenetic
stimulation in vivo. Moreover, chronically increasing CIN activity during early postnatal stages or
in adulthood was sufficient to partially rescue the proportion of CINs that express SST. Our data
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reveal previously undescribed roles for ERK1/2 signaling in select aspects of ventral forebrain glial
development and the maturation of CINs. These results may also inform our understanding of the
cellular events underlying neurodevelopmental disorders linked to aberrant ERK1/2 signaling.

Results

ERK1/2 signaling regulates the number of
ventral forebrain-derived oligodendrocytes
The ERK1/2 signaling pathway is an established regulator of dorsal pallium derived glial number,
but its role in glial specification from subpallial progenitor domains remains less clear (Dinh
Duong et al., 2019     ; X. Li et al., 2012     ). Neural progenitors within the subpallial medial
ganglionic eminence (MGE) produce both neurons and glia after regional patterning by the
transcription factor, Nkx2.1, at ∼E8.5 (Shimamura & Rubenstein, 1997     ). Nkx2.1Cremice provide a
valuable tool to selectively induce genetic modifications in MGE-derived glia and cortical
inhibitory neurons (CINs) early in development. To completely inhibit ERK1/2 signaling and
fluorescently label MGE derivatives, we generated quadruple genetically modified mice with
germline Erk1/Mapk3 deletion (Erk1-/-), loxp-flanked ("floxed”) Erk2/Mapk1 exon 2 alleles
(Erk2fl/fl), Nkx2.1Cre +/-, and a Cre-dependent tdTomato/RFP reporter, Ai9+/- (see Genetically
modified mice in Materials and Methods) (Madisen et al., 2010     ; Newbern et al., 2008     ; Samuels
et al., 2008     ; Selcher, 2001     ; L. Xing et al., 2016     ; Xu et al., 2008     ). Nkx2.1Cre; Ai9 mice showed
an overall pattern of RFP-labeled neurons and glia consistent with previous reports at P14 (Figure
1A     ) and E13.5 (Figure 1-figure supplement 1A     ) (Madisen et al., 2010     ; Xu et al., 2008     ).
Mutant mice with complete Nkx2.1Cre-mediated Erk1/2 inactivation (Erk1-/-; Erk2fl/fl; Nkx2.1Cre;
Ai9) were born at normal Mendelian ratios, survived into adulthood, and exhibited a reduction in
ERK2 protein in CINs compared with Erk1+/+; Erk2wt/wt; Nkx2.1Cre; Ai9 (WT) or Erk1-/-; Erk2fl/wt;
Nkx2.1Cre; Ai9 (HET control) mice of the same age (Figure 1-figure supplement 1B-J     ). Nearby
cells, presumptive excitatory neurons, often showed higher levels of ERK2 protein expression,
consistent with previous reports (Holter et al., 2021     ; Mardinly et al., 2016     ). Past research has
demonstrated that DRG sensory or cortical excitatory neuron directed Erk1-/-; Erk2fl/wt; Cre
expressing mice were relatively normal (Newbern et al., 2011     ; L. Xing et al., 2016     ). Erk1-/-;
Erk2fl/wt; Nkx2.1Cre; Ai9 mice were also grossly intact and used as littermate controls for certain
experiments.

The anterior commissure is a ventral white matter tract populated by glia from multiple
progenitor domains including the MGE (Kessaris et al., 2006     ; Minocha et al., 2015     ). Glia from
Erk1-/-; Erk2fl/fl; Nkx2.1Cre; Ai9 mutants had less ERK2 immunoreactivity than Erk1-/-; Erk2fl/wt;
Nkx2.1Cre; Ai9 HET controls (Figure 1-figure supplement 2B-G     ). We used a marker of the
oligodendrocyte lineage, OLIG2, to quantify the density of oligodendrocytes and OPCs at postnatal
day 14 (P14). We found a significant reduction in OLIG2+/RFP+ co-expressing cells in the anterior
commissure of Erk1-/-; Erk2fl/fl; Nkx2.1Cre; Ai9 mutants when compared with Erk1-/-; Erk2fl/wt;
Nkx2.1Cre; Ai9 littermate controls (CTL 473 +/- 34 cells/mm2, MUT 13 +/- 13 cells/mm2, p=.0002,
student’s t-test) (Figure 1 B-H     , Figure 1-figure supplement 2A     ). GFAP+/RFP+ astrocyte density
was similarly reduced (CTL 84 +/- 9 cells/mm2, MUT 19 +/- 9 cells/mm2, p=.016, student’s t-test)
(Figure 1-figure supplement 2H-J     ), suggesting that ERK1/2 signaling is necessary for MGE-
derived astrocyte and oligodendrocyte number.

RASopathies are primarily caused by mutations that hyperactivate ERK1/2, and often other,
signaling cascades. To determine if hyperactive MEK-ERK1/2 signaling is sufficient to modulate
MGE-derived glial density in the ventral forebrain, we generated mice expressing a Cre-dependent
hyperactivating Mek1S217/221E mutation (CAG-loxpSTOPloxp-Mek1S217/221E). Mek1S217/221E;
Nkx2.1Cre; Ai9 mutants display relatively increased MEK1 levels in RFP+ CINs and glia (Figure 1-
figure supplement 1K-P     , Figure 1-figure supplement 2K-P     ) (Alessi et al., 1994     ; Bueno,
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Figure 1.

ERK1/2 signaling regulates MGE-derived oligodendrocyte number.

(A) Anatomical image of a P14 Erk1-/-; Erk2fl/wt; Nkx2.1Cre; Ai9+/-coronal section showing the expected neuroanatomical pattern of Nkx2.1Cre-mediated
recombination. Note the presence of Nkx2.1Cre-derived oligodendrocytes in the anterior commissure at this stage. (B-H) Representative confocal images
of the anterior commissure at P14 display a significant decrease in the density of OLIG2+/RFP+ co-labeled cells in Erk1-/-; Erk2fl/fl; Nkx2.1Cre; Ai9 mutants
(C, F-G) compared to HET controls (B, D-E) (quantification in H; N=3, mean ± SEM, *student’s t-test, p=.0002) (scale bars 100µm (B-C), 50µm (D-G)). (I-O)
Confocal images of the anterior commissure at P21 revealed a significant increase in the number of OLIG2+/RFP+ cells in Mek1S217/221E; Nkx2.1Cre; Ai9
mutants (J, M-N) relative to wildtype (I, K-L) (scale bar = 100 µm I-J, 50 µm K-N) (Quantification in O; N=3-4, mean ± SEM, *student’s t-test, p=.004). (P-T)
We observed ectopic expression of OLIG2+/RFP+ cells in the fimbria of Mek1S217/221E; Nkx2.1Cre; Ai9 mutants (scale bar = 50 µm) (quantification in T; N=3-
4, mean ± SEM, *student’s t-test, p=.005).
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2000     ; Cowley, 1994     ; Holter et al., 2021     ; Klesse et al., 1999     ; Krenz et al., 2008     ; Lajiness et
al., 2014     ; X. Li et al., 2012     ). In contrast to Erk1/2 inactivation, Mek1S217/221E; Nkx2.1Cre; Ai9
mutants showed an increase in OLIG2+/RFP+ cell density in the anterior commissure at P21
compared with Nkx2.1Cre; Ai9 littermate controls (WT 285 +/- 74 cells/mm2, Mek1S217/221E 692 +/-
51 cells/mm2, p=.004, student’s t-test) (Figure 1I-O     , Figure 1-figure supplement 2A     ). In
addition, we observed ectopic MGE-derived glial profiles in the fimbria of Mek1S217/221E;
Nkx2.1Cre; Ai9 mutants (Figure 1P-T     ). However, we did not observe an increase in RFP+/GFAP+
cell density in the anterior commissure of these animals (Figure 1-figure supplement 2Q-S     ).
These data indicate that increased MEK-ERK1/2 signaling enhances MGE-derived oligodendrocyte
number.

Reduced ERK1/2 signaling does not alter total
CIN number in the somatosensory cortex
ERK1/2 signaling is necessary for the survival and physiological maturation of select excitatory
neuron subpopulations, but its requirement for CIN development is unclear (L. Xing et al., 2016     ).
In the primary somatosensory cortex of Erk1-/-; Erk2fl/fl; Nkx2.1Cre; Ai9 mice, we found no
difference in the density of Nkx2.1Cre-recombined cells compared with HET controls at P14 (Figure
2A-E     , p=0.476, student’s t-test) and P60 (p=0.288, student’s t-test, data not shown). Nkx2.1Cre does
not recombine in the fraction of CINs derived from the lateral or caudal ganglionic eminences
(Kessaris et al., 2006     ; Talley et al., 2021     ). These data suggest ERK1/2 is not required for the
generation of the subset of CINs derived from the MGE.

To comprehensively assess the role of Erk1/2 in all postmitotic GABAergic neurons, we generated
conditional mutants using VGAT/Slc32a1Cre(Madisen et al., 2010     ; Vong et al., 2011     ). VGATCre is
expressed in all GABAergic neurons early in development. We found that Erk1-/-; Erk2fl/fl; VGATCre;
Ai9 mutant mice were born at normal Mendelian ratios but exhibited profound growth delay by
the end of the first postnatal week and lethality in the second week (N=10). No significant
difference in the density of VGATCre-recombined cells was observed between P5 Erk1-/-; Erk2fl/fl;
VGATCre; Ai9 mutant and Erk1-/-; Erk2fl/wt; VGATCre; Ai9 HET control cortices (CTL 998 +/- 98
cells/mm2, MUT 1010 +/- 162 cells/mm2, p=.955, student’s t-test) (Figure 2F-J     ). Together, these
data suggest that ERK1/2 signaling is dispensable for the initial establishment and maintenance of
CIN number.

ERK1/2 deletion alters SST expression
in a subset of inhibitory neurons
CINs are a heterogeneous population of neurons that can be divided into numerous subtypes with
overlapping but distinct transcriptional profiles. Although CIN number was unaltered in the
cortex following ERK1/2 deletion, gene expression changes in these cells remained unknown. To
study the CIN translatome, we employed a Cre-dependent ‘Ribotag’ mouse that expresses an HA-
fused ribosomal protein, RPL22HA, for translating ribosome affinity purification followed by RNA
sequencing (Sanz et al 2009     ). Whole cortices were dissected from P7.5 Erk1-/-; Erk2fl/fl; VGATCre;
Rpl22HA (MUT), Erk1-/-; Erk2fl/wt; VGATCre; Rpl22HA(HET), or wildtype controls (Erk1+/+; Erk2wt/wt;
VGATCre; Rpl22HA) (WT). Following homogenization, HA-containing ribosomes were
immunoprecipitated and RNA was purified from cortical (INPUT) or immunoprecipitated (IP)
samples, amplified, and sequenced. As expected, we observed a near complete absence of reads
complementary to Erk1/Mapk3 exons 1-6 in Erk1-/- animals and a gene dose dependent reduction
of Erk2/Mapk1 exon 2 in IP fractions (Figure 3-figure supplement 1A     ). A comparison of the
>3400 differentially expressed genes between IP and INPUT fractions within each genotype
revealed that IP fractions exhibited significant enrichment of Cre and well-established core
GABAergic genes (Gad1/2, Slc32a1, Erbb4, Dlx1/2/5/6), as well as significant depletion of genes
expressed in glia (Fabp7, Sox10, Pdgfra, S100b) and excitatory neurons (Neurod1/6, Camk2a) (Table
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Figure 2.

Erk1/2 deletion does not alter CIN number.

(A-E) Representative images of P14 somatosensory cortex in HET control (A-B) and Erk1-/-; Erk2fl/fl; Nkx2.1Cre; Ai9 (C-D) mutant animals, showing similar
density of Nkx2.1Cre-positive cells (quantification in E, N=4, mean +/- SEM, student’s t-test, p=0.476) (scale bar = 50µm). (F-J) At P5, heterozygote control
(F-G) and Erk1-/-; Erk2fl/fl; VGATCre; Ai9 mutant animals (H-I) showed no significant difference in the density of VGATCre-positive cells in the somatosensory
cortex (quantification in J, N=4, mean +/- SEM, student’s t-test p=.955) (scale bar = 50µm).

https://doi.org/10.7554/eLife.88313.1


Sara J. Knowles et al., 2023 eLife. https://doi.org/10.7554/eLife.88313.1 8 of 49

S1 and Figure 3-figure supplement 1B-C     ) (Hrvatin et al., 2018     ; Mardinly et al., 2016     ; Mi et
al., 2018     ; Paul et al., 2017     ; Tasic et al., 2016     ). These data indicate the Ribotag approach
significantly enriched samples for CIN-derived mRNA.

We next examined the differential expression of genes between control (HET) and mutant (MUT)
IP, CIN-enriched samples, particularly those important for GABAergic specification and subtype
identity (Table S2). A significant decrease in known ERK1/2 target genes Spry4, Etv5, and Egr2 was
noted in MUT IP samples (Figure 3A     -magenta) (X. Li et al., 2012     ; Newbern et al., 2011     ; L.
Xing et al., 2016     ). However, the expression of master transcriptional regulators of global CIN
identity (Lhx6, Dlx2/5/6) and GABAergic metabolism (Gad1/2, Slc32a1) was not significantly
different between HET and MUT IP samples (Figure 3A     -green). GO analysis detected a
significant overrepresentation of differentially expressed genes in the category of “regulation of
cell differentiation” (GO:0045595, adj. p =.002) and “nervous system development” (GO:0030182,
adj. p =.04). Indeed, we observed changes in the expression of genes linked to neural maturation
(Notch1, Smo, Fgf18, Bdnf) and CIN subtype specification (Mafb, Sst, Sp9, Crhbp, Grin2d). Together,
these data indicate that ERK1/2 inactivation does not significantly disrupt core mediators of CIN
identity but may have selective effects on later stages of subtype maturation.

We further analyzed CIN subtypes in Erk1-/-; Erk2fl/fl; VGATCre; Ai9 brains at P5, prior to the
observed lethality. At this stage, SST, a canonical marker of a subset of regular spiking (RS) CINs,
and Calbindin 1 (CALB1), a calcium binding protein co-expressed in a subset of CINs partially
overlapping with SST, are expressed (Forloni et al., 1990     ; Kawaguchi, 1997     ; Marsh et al.,
2016     ; Martin et al., 2017     ; Mi et al., 2018     ; Munguba et al., 2019     ; Nigro et al., 2018     ; Tasic
et al., 2016     ). We assessed these two classes of SST-expressing CINs and found a statistically
significant reduction in SST+/CALB1- cells in mutants relative to littermate controls (p=0.017,
student’s t-test), but no change in SST+/CALB1+ co-expressing cells (p=0.938, student’s t-test) (Figure
3B-J     ). The early lethality of the Erk1-/-; Erk2fl/fl; VGATCre; Ai9 mice prohibited our ability to study
fully mature CIN markers, as PV is not expressed until the second postnatal week and only a
subset of RS CINs have initiated SST protein expression (del Rio et al., 1994     ; Forloni et al.,
1990     ; Huang et al., 1999     ). Nonetheless, our data are consistent with a role for ERK1/2 in the
early development of SST-CIN subtypes in the first postnatal week.

The broad recombination pattern of VGATCre throughout the entire nervous system leaves open
the possibility of non-cell-autonomous effects on CIN development. We therefore performed more
detailed studies of subtype specification in Nkx2.1Cre mutants, where recombination occurs in a
smaller subset of CINs, but survival extends into adulthood. Quantification of PV-CIN number in
P14 and adult Erk1-/-; Erk2fl/fl; Nkx2.1Cre; Ai3 mice revealed no differences in the proportion of
Nkx2.1Cre-derived CINs expressing PV or their somal size (CTL: 181.7 +/- 4.4µm2, MUT: 187.4 +/-
5.0µm2, mean +/- SEM, N=105 cells/group, student’s t-test, p=0.398) (Figure 4A-C, E-G, I- K, M-O,
Q     ). Notably, we observed a significant reduction in the proportion of Nkx2.1Cre-derived, SST-
expressing CINs at P14, an effect which persisted into adulthood (Figure 4D, H, L, P, Q     ). This
phenotype appears to require complete loss of ERK1/2 signaling since overall PV and SST cell
densities were unchanged between P60 Cre-negative Erk1-/- mice and Erk1-/-; Erk2fl/wt; Nkx2.1Cre

(HET control) animals (Figure 4-figure supplement 1A     ). Additionally, Erk2fl/fl; Nkx2.1Cre; Ai14
mutants showed no relative difference in CIN density or subtypes at P30 compared to Erk2
wildtype controls (Figure 4-figure supplement 1B-F     ). Attempts to generate an Erk1-/-; Erk2fl/fl;
SSTCre strain yielded no viable mutants at birth (0 of 49, 12 expected) (Taniguchi et al., 2011     ).
Hyperactivation of MEK-ERK1/2 signaling in P21 Mek1S217/221E; Nkx2.1Cre; Ai9 mice did not alter
the density of SST-expressing CINs, though we observed the previously reported decrease in
cortical GABAergic neuron number due to embryonic loss of PV-CINs (Figure 4-figure supplement
1G-L     ) (Holter et al., 2021     ). Together, these data demonstrate subtype-selective requirements
for ERK1/2 signaling in regulating SST expression.
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Figure 3.

Loss of ERK1/2 does not alter the initial expression of generic regulators of GABAergic function.

(A) HET IP vs MUTANT IP volcano plot of expressed protein-coding genes in Ribotag, CIN-enriched samples illustrates the significant reduction in ERK1/2
pathway target genes in Erk1/2 inactivated (Erk1-/-; Erk2fl/fl; VGATCre; Rpl22HA) immunoprecipitated fractions (magenta - Spry4, Etv5, Egr2) (N=3, p<.05). A
significant difference was not detected in the expression of master regulators of CIN specification (green - Lhx6, Dlx2/5/6) and key GABA processing
genes (green - Gad1/2, Slc32a1). However, the expression CIN-subtype enriched genes (Crhbp, Sst, Mafb, Grin2d, Sp9) and canonical developmental
signals (Notch1, Smo, Fgf18, Bdnf) were significantly altered in mutant CINs. (B-J) Immunolabeling analysis of CIN subtype markers revealed a significant
reduction in SST+/CALB- cell density (yellow arrowheads) in mutants, while SST+/CALB+ co-labeled cell density was unchanged (quantification in B, N=4,
mean ± SEM, *student’s t-test p=0.017). Representative images in (D-F, H-J) are from layer 5 primary somatosensory cortex (scale bar = 25µm).

https://doi.org/10.7554/eLife.88313.1
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Figure 4.

The proportion of SST-expressing CINs decreased following reductions in ERK1/2 signaling.

(A-H) Representative confocal images of the somatosensory cortex at P14. The proportion of PV-expressing CINs was similar between genotypes (C, G,
quantification in Q; N=3, mean ± SEM, student’s t-test, p > .05), while the proportion of SST+/EYFP+ cells was significantly lower in mutants compared to
HET controls (D, H, quantification in Q; N=3, mean ± SEM, *student’s t-test, p = .005). (I-P) By P60, no difference in PV-CINs was detected (K, O,
quantification in Q; N=3, mean ± SEM, p > .05), whereas a significant decrease in the density of SST+/EYFP+ cells in mutant cortices was still apparent (L,
P, quantification in Q; N=3, mean ± SEM, *student’s t-test p = .03) (scale bars =50 µm).

https://doi.org/10.7554/eLife.88313.1
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Chemogenetic activation of MGE-derived CINs in acute slices
The postnatal maturation of CINs is dependent on trophic cues and neurotransmitter signaling.
NRG1/ERBB4, BDNF/TRKB, and glutamate/NMDAR signaling promote appropriate activity-
dependent responses in CINs through the activation of multiple intracellular signaling cascades
(Fazzari et al., 2010     ; Huang et al., 1999     ; Ting et al., 2011     ; Yap & Greenberg, 2018     ).
However, the specific roles of ERK1/2 signaling in this process remain unclear. To interrogate the
cell-autonomous contributions of ERK1/2 to CINs’ activity-dependent gene expression we directly
activated a subpopulation of GABAergic neurons using a chemogenetic approach with Designer
Receptors Exclusively Activated by Designer Drugs (DREADDs). DREADDs are based on a modified
G-Protein-Coupled Receptor and the engineered ligand, clozapine-N-oxide (CNO) (Jendryka et al.,
2019     ; Nawaratne et al., 2008     ; Roth, 2016     ). In hM3Dq-DREADD expressing neurons, CNO has
been shown to activate Gq-PLC signaling, resulting in KCNQ channel closure, TRPC channel
opening, and ultimately membrane depolarization (Choveau et al., 2012     ; Mori et al., 2015     ;
Rogers et al., 2021     ; Roth, 2016     ; Topolnik et al., 2006     ; Zou et al., 2016     ).

We generated Erk1/2; Nkx2.1Cre; Gq-DREADD-HA animals for chemogenetic activation of CINs
(Rogan & Roth, 2011     ; Zhu et al., 2016     ). We performed patch-clamp recordings of FS-CINs in
acute slices from P15-P22 HET control and mutant cortices (Figure 5A     ) (Anderson et al., 2010     ;
Kawaguchi, 1997     ; McCormick et al., 1985     ). We did not detect a difference in resting membrane
potential (CTL -69.00 ± 1.8 mV, MUT -69.75 ± 1.2 mV, p=0.73), membrane resistance (CTL 140.0 ± 18
MOhm, MUT 132.5 ± 12 Mohm, p= 0.74) or capacitance (CTL 42.5 ± 3.1 pF, MUT 43.5 ± 3.9 pF,
p=0.85) between genotypes (Figure 5-figure supplement 1A     ). Bath application of 10µM CNO
induced a depolarizing increase in the holding current of both HET control and ERK1/2 inactivated
FS-CINs (p<.05, paired t-test) (Figure 5B     ). Current clamp recordings revealed that depolarizing
current injections following application of CNO significantly increased firing frequency when
compared to baseline conditions (p<.05, paired t-test) (Figure 5C     ). In sum, acute CNO treatment
effectively increases the activity of CINs in slices.

ERK1/2 regulates activity-dependent FOSB expression
in CINs following chemogenetic depolarization in vivo
During the emergence of GABAAR-mediated inhibition in the neonatal cortex, activity is especially
critical for the survival of CINs (De Marco García et al., 2011     ; Hanson et al., 2019     ; Lodato et al.,
2011     ; Okaty et al., 2009     ; Pan et al., 2018     ; Southwell et al., 2012     ). To assess the role of
chronic changes in activity on CIN number in vivo, we treated Erk1/2; Nkx2.1Cre; Gq-DREADD-HA
animals with saline vehicle or 2 mg/kg CNO daily from P8-P14 (Figure 5D     ). We identified
Nkx2.1Cre-derived CINs using the haemagglutinin (HA) tag fused to the Gq receptor in the Cre-
dependent construct. The density of Cre-recombined, HA+ CINs in the primary somatosensory
cortex was not altered by seven days of CNO treatment at this age (Figure 5-figure supplement
1B     ).

In excitatory neurons, ERK1/2 signaling is an important regulator of activity-dependent gene
expression (Thomas & Huganir, 2004     ). However, this relationship is less clear in developing
CINs, which exhibit notable differences in activity-dependent gene programs (Hrvatin et al.,
2018     ; Mardinly et al., 2016     ; Sik et al., 1998     ). We therefore measured the expression of the
activity-dependent, AP-1 family transcription factor, FOSB. Consistent with past studies, we found
that 5.4 +/- 1.9% of HA+ CINs in vehicle treated, Erk1-/-; Erk2fl/wt; Nkx2.1Cre; Gq-DREADD-HA, HET
control mice exhibited detectable FOSB immunoreactivity, whereas we observed many
surrounding excitatory neurons with significant FOSB expression (Figure 5E-H     ) (Hrvatin et al.,
2018     ; Mardinly et al., 2016     ). Vehicle-treated Erk1-/-; Erk2fl/fl; Nkx2.1Cre; Gq-DREADD-HA mutant
CINs did not exhibit significant differences in the proportion of FOSB+/HA+ cells when compared
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Figure 5.

ERK1/2 is required to induce FOSB expression in CINs after h3MDq-DREADD mediated stimulation.

(A) Representative traces of firing response to depolarizing current steps from HET control or mutant neurons indicate that recorded neurons had a
fast-spiking electrophysiological phenotype. (B) Acute treatment of CINs in acute slices with 10µM CNO led to a depolarizing increase in the holding
current in both HET control and mutant neurons (n=8 neurons/genotype, mean +/- SEM, paired t-test, p <.05). (C) HET control and mutant neurons were
recorded under current clamp and the response to a depolarizing current step (200pA, 1s) was measured. CNO significantly increased the firing
frequency induced by the applied current step in both HET control and mutant neurons when compared to baseline (VEH) (n= 8 neurons/genotype,
mean +/- SEM, paired t-test, p<.05). (D) Diagram of the in vivo experimental design. Animals were treated with 2 mg/kg CNO or saline vehicle by IP
injection for 7 days beginning at P8. (E) One week of chemogenetic stimulation increased FOSB expression in HET control CINs but not in mutants (mean
+/- SEM, N=4-5/group, one-way ANOVA followed by Fisher’s LSD, F3,14=15.37, *post-hoc p<.001). (F-Q) Representative confocal images of FOSB/PV/HA
co-expression in layer 5 somatosensory cortex at P14. White arrowheads indicate HA+ cells lacking significant FOSB expression, whereas magenta
arrows indicate FOSB+/HA+ co-labeled cells (scale bar = 25 µm).
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to vehicle treated HET controls (Figure 5E, L-N     ). Lastly, we found that hyperactivation of MEK-
ERK1/2 signaling in Mek1S217/221E; Nkx2.1Cre; Ai9 mice also did not alter basal FOSB expression in
CINs (Figure 5-figure supplement 1D-F     ).

We next analyzed FOSB expression in CINs following one week of chemogenetic stimulation from
P8-P14. In HET control mice, CNO led to a significant, 6.3-fold increase in FOSB+/HA+ co-labeled
cells to 23.9 +/- 1.2% of HA+ CINs (mean +/- SEM, F3,14=15.37, post-hoc p<.001) (Figure 5E, I-K     ,
magenta arrows). At P14, PV+/FOSB+/HA+ triple-labeled cells represented 3.8 +/- 0.4% (mean +/-
SEM, N=4) of HA+ CINs (Figure 5I-K     ). Importantly, in Erk1-/-; Erk2fl/fl; Nkx2.1Cre; Gq-DREADD-HA
mutant CINs, CNO-induced FOSB expression was dramatically reduced when compared to CNO
treated HET controls (F3,14=15.37, post-hoc p<.001) (Figure 5E     , O-Q, magenta arrows). Notably,
we were unable to detect a statistically significant increase in FOSB-expressing CINs in CNO
treated mutants relative to vehicle treated mutants (post-hoc p=.221) (Figure 5E     ). Together,
these data demonstrate that ERK1/2 signaling is necessary for chemogenetic activity-dependent
FOSB expression in developing CINs.

Chemogenetic stimulation during development
increases SST-expressing CINs in Erk1/2 mutants
Our results suggest ERK1/2 mediates select aspects of activity dependent signaling in CINs.
However, chronic chemogenetic activation may be capable of activating ERK1/2-independent
pathways that compensate for the effects of Erk1/2 deletion on SST expression during
development. We therefore assessed whether one week of daily CNO treatment between P8 and
P14 modified the proportion of SST+/HA+ cells in the somatosensory cortex. Both calbindin-
positive and calbindin-negative SST+/HA+ populations were decreased in mutant cortices at P14,
suggesting a generalized effect of Erk1/2 deletion on SST-expressing CIN subtypes (Figure 6A     ,
SST+/CALB1- p=.007; SST+/CALB1+ p=.014). In HET control Erk1-/-; Erk2fl/wt; Nkx2.1Cre; Gq-DREADD-
HA animals, we found that increasing activity during the second postnatal week did not
significantly alter the proportion of SST+/HA+ CINs (F3,14 = 22.83, post-hoc p=0.144) (Figure 6B-
F     ). However, chemogenetic stimulation of Erk1-/-; Erk2fl/fl; Nkx2.1Cre; Gq-DREADD-HA mutants
induced a significant increase in SST+/HA+-CINs relative to vehicle-treated mutants (Figure 6B, G-
J     ) (F3,14 = 22.83, post-hoc p=0.005). We did not observe statistically significant changes in the
proportion of PV-expressing neurons or co-expression of PV and SST in HA+ neurons, indicating
that chemogenetic activation did not induce ectopic SST expression in FS CINs (data not shown).
The intensity of SST immunoreactivity in CINs reaching a minimum threshold of SST-expression
was not significantly different across conditions (Figure 5-figure supplement 1C     ). These data
indicate one week of chemogenetic stimulation during early development is sufficient to increase
the proportion of CINs expressing SST following the loss of Erk1/2.

ERK1/2 signaling is required for activity-
dependent FOSB expression in adult CINs
Early cortical circuits may be uniquely capable of responding to altered activity relative to adult
stages. We tested the role of ERK1/2 in activity-dependent FOSB expression in adult CINs between
6-10 months of age following one week of daily CNO administration (Figure 7A     ). In HET control
adult mice, CNO led to a significant 6.5-fold increase in the proportion of CINs expressing FOSB to
27.6 +/- 2.1% of HA+ CINs (mean +/- SEM, F3,8 = 31.88, post-hoc p<0.001) (Figure 7B-C, J     ). At this
stage, 16.4 +/- 1.7% of FOSB+/HA+ CINs expressed PV (mean +/- SEM, N=3). As in young mice, adult
CNO-treated Erk1-/-; Erk2fl/fl; Nkx2.1Cre; Gq-DREADD-HA mutant CINs displayed significantly less
FOSB induction than HET controls (F3,8 = 31.88, post-hoc p<0.001) (Figure 7B-E, J     ). We noted a
reduced proportion of FOSB-expressing HA+ CINs in both PV-immunolabeled (4.1 +/- 0.5%) as well
as PV-negative subtypes (3.1 +/- 0.7%) (mean +/- SEM, N=3). The overall pattern and number of non-
recombined FOSB+ cells across the primary somatosensory cortex were relatively unaffected by
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Figure 6.

Juvenile chemogenetic stimulation increases SST expression in a subset of CINs.

(A) Both CALB1+ and CALB1-SST-expressing cells were reduced in P14 mutant animals when compared to HET controls (mean +/- SEM, N=5, student’s t-
test, SST+/CALB- p=.007, SST+/CALB+ p=.014). (B) CNO treatment increased the proportion of CINs expressing SST in ERK1/2 inactivated mutants, though
this proportion remained significantly lower than in HET control animals (N=4-5, one-way ANOVA followed by Fisher’s LSD, F3,14=22.83, *post-hoc
p=.005). (C-J) Representative confocal images of CIN subtypes in P14 somatosensory cortex, layer 5 (scale bar = 50µm) (D, F, H, J). Monochrome image
highlighting somatostatin immunoreactivity in those cells.
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CIN-specific Erk1/2 deletion or chronic chemogenetic stimulation (Figure 7F-I, K     ). These data
demonstrate that ERK1/2 is required for chemogenetic activation of multiple subtypes of mature
CINs.

Finally, we tested whether seven days of chemogenetic stimulation during adulthood altered the
proportion of SST-expressing CINs. Following one week of daily CNO treatment, HET control
animals showed no change in the proportion of SST+/HA+ cells in the primary somatosensory
cortex (Figure 8A-F     ). In mutant animals, however, we found a modest but statistically
significant increase in the proportion of SST+/HA+ cells following CNO treatment relative to vehicle
treated mutants (Figure 8B, G-J     ) (F3,12 =126.54, post-hoc p=0.024). These data suggest that
activity-mediated increases in the number of SST-expressing CINs in Erk1/2 mutants can occur
well into adulthood.

Discussion

Over the course of development, CINs respond to well-defined extracellular cues that regulate
proliferation, specification, and the release of neurotransmitters critical for cortical function. Yet
the role of associated downstream intracellular signaling cascades in vivo has received less
attention. Here, we show that ERK1/2 activity in MGE derivatives is critical for the establishment
of glial number but is not necessary for CIN survival or initial commitment to a GABAergic fate.
However, we found that ERK1/2 is important for activity dependent expression of FOSB in CINs
and regulates the number of SST-expressing, but not PV-expressing, GABAergic neurons.
Interestingly, in vivo chemogenetic stimulation of mutant CINs was sufficient to partially
overcome the effect of Erk1/2 inactivation and increase the proportion of CINs expressing SST.
These data provide new insight into the specific signaling requirements of developing MGE-
derivatives and the cellular functions of ERK1/2 in the development of cortical inhibitory circuits.

Our findings show that loss of ERK1/2 significantly decreases MGE-derived glial number in the
anterior commissure, while hyperactive MEK-ERK1/2 signaling is sufficient to increase MGE-
derived oligodendrocyte number. Notably, overall oligodendrocyte numbers remained unchanged
in ERK1/2 deletion models (Figure 1–figure supplement 2A     ), possibly due to compensatory
changes in glia from other progenitor domains (Kessaris et al., 2006     ; Orduz et al., 2019     ). These
results are consistent with previous findings in neural progenitor domains in the dorsal cortex
and peripheral nervous system and further indicate a critical requirement for ERK1/2 signaling in
establishing myelinating glial number across the nervous system, despite substantial differences
in origin and local extracellular environments (Dinh Duong et al., 2019     ; Filges et al., 2014     ; X.
Li et al., 2012     ; Newbern et al., 2011     ). Whether the reduction in MGE-derived glial number is
due to a disruption in the gliogenic transition in neural progenitors or subsequent stages of glial
development is unknown (Ishii et al., 2012     ; S. Li et al., 2014     ; X. Li et al., 2012     ), but our results
are consistent with a key role for FGF-ERK1/2 signaling in driving forebrain oligodendrocyte
development (Furusho et al., 2011     , 2017     ; Ishii et al., 2016     ). It will be interesting to further
dissect the specific molecular mechanisms of ERK1/2 contributions to glial development with Cre
lines that recombine at different stages.

Upstream RASopathy mutations in Ras and Nf1 alter multiple parallel kinase cascades, including
ERK1/2, increase glial number, and alter white matter structure (Angara et al., 2020     ; Breunig et
al., 2015     ; Fattah et al., 2021     ; Gutmann et al., 2001     ; Holter et al., 2019     ; Krencik et al.,
2015     ; López-Juárez et al., 2017     ; Rizvi et al., 1999     ). Whether reduced ERK1/MAPK3,
ERK2/MAPK1, or MEK2/MAP2K2 gene dosage in individuals with 16p11.2-, distal22q11.2-, or
19p13.3-microdeletions, respectively, is sufficient to disrupt myelinating glial number and
contribute to abnormal white matter microstructure observed in some of these conditions is
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Figure 7.

ERK1/2 is required for activity-dependent responses in adults.

(A) Animals aged 6-10 months were administered 2 mg/kg CNO or saline vehicle via daily IP injection for one week. (B-E) High magnification images
from layer 5 of the adult somatosensory cortex showing FOSB expression within CINs following 7 days of daily CNO treatment (scale bar = 10µm). One
week of CNO treatment increased FOSB expression in HET control CINs but not Erk1-/-; Erk2fl/fl; Nkx2.1Cre; Gq-DREADD-HA mutant CINs (quantification in J).
(F-I) Confocal images of the adult somatosensory cortex layers 2-5, showing the distribution of FOSB+ cells (scale bar = 100µm). The density of
FOSB+/Nkx2.1Cre-negative cells was unchanged in response to Erk1/2 deletion or chemogenetic stimulation. (J) Quantification of Nkx2.1Cre-positive cells
expressing FOSB (N=3, one-way ANOVA followed by Fisher’s LSD, F3,8 =31.87, *post-hoc p<.001). (K) Quantification of Nkx2.1Cre-negative cells expressing
FOSB (N=3, one-way ANOVA, F3,8 = 0.16, p>.05).
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Figure 8.

One week of chemogenetic stimulation in adulthood induces a partial rescue of SST expression.

(A) Diagram of experimental design. (B) In adult mice, the proportion of CINs expressing SST is lower in vehicle treated mutants when compared to
vehicle treated HET controls. One week of CNO treatment in adult mutants increased SST-CINs relative to vehicle treated mutants (N=4, one-way ANOVA
followed by Fisher’s LSD, F3,12 =126.54, *post-hoc p=.024 MUTVEH/MUTCNO). (C-J) Confocal images showing immunolabeling for HA, PV, and SST in HET
control and Erk1-/-; Erk2fl/fl; Nkx2.1Cre; Gq-DREADD-HA mutant mice. Yellow arrowheads indicate SST+/HA+ co-labeled cells in layers 4-5 of the primary
somatosensory cortex (scale bar =25µm).
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unclear (Chang et al., 2016     ; Owen et al., 2014     ; Qureshi et al., 2014     ; Silva et al., 2022     ). This
conserved functional link may also be an important consideration in pediatric RASopathy clinical
trials utilizing prolonged pharmacological ERK1/2 pathway inhibition (Payne et al., 2019     ).

Past studies have shown that distinct neuronal populations arising from the same progenitor
domain exhibit unexpectedly diverse cellular responses to ERK1/2 modulation (Holter et al.,
2021     ; Hutton et al., 2017     ; Newbern et al., 2011     ; Sanchez-Ortiz et al., 2014     ; Vithayathil et
al., 2015     ; L. Xing et al., 2016     ). In many non-neuronal cells, ERK1/2 and PI3K/AKT are
important regulators of proliferation, migration, and survival (Lavoie et al., 2020     ). In CINs,
PI3K/AKT mediates comparable cellular behaviors (Oishi et al., 2009     ; Polleux et al., 2002     ; Vogt
et al., 2015     ; Wei et al., 2020     ; Wong et al., 2018     ). Early studies in cancer cell lines suggested a
critical role for ERK1/2 in migration (Klemke et al., 1997     ) and an early CNS-wide Erk1/2
conditional knockout exhibited reduced calbindin- and GAD67-expressing, presumptive
GABAergic neurons in the P0.5 cortex (Imamura et al., 2010     ). In contrast, pharmacological
MEK1/2 inhibitors did not disrupt embryonic CIN migration in acute slice assays (Polleux et al.,
2002     ). We used two strains of mice with improved selectivity for the GABAergic lineage to show
that ERK1/2 is not necessary for CIN migration or survival in vivo. This outcome differs from our
previously reported requirement for ERK1/2 signaling in excitatory corticospinal neuron survival
during the neonatal period (L. Xing et al., 2016     ). The mouse models we have generated will
provide important tools for further dissection of the precise mechanisms that regulate these cell
context-dependent functions.

Early CIN development is determined, in part, by local morphogen gradients acting via specific
transcriptional programs (Hu et al., 2017     ; Lim et al., 2018     ). For example, SHH signaling is
required for the specification of MGE-derived GABAergic neurons during mid embryogenesis and
later biases these neurons toward a SST-expressing fate (Tucker et al., 2008     ; Tyson et al., 2015     ;
Xu et al., 2005     , 2010     ; Yu et al., 2009     ). Moreover, the pharmacological MEK1/2 inhibitor,
U0126, blocks the SHH-induced production of OPCs in cultured dorsal neural progenitors (Kessaris
et al., 2004     ). In certain contexts, ERK1/2 signaling has been shown to non-canonically activate
GLI1, a well-known transcriptional target of SHH (Pietrobono et al., 2019     ; Po et al., 2017     ). It is
possible that SHH and ERK1/2 signaling converge on GLI1 to direct neurons toward a SST-
expressing CIN fate. Indeed, conditional loss of Nf1 or expression of a hyperactivating BRafV600E

variant leads to a reduction in PV-CINs and an increase in the proportion of SST-expressing CINs
(Knowles and Stafford et al., 2022     ). SST expression alone provides an incomplete view of the RS-
CIN lineage. Examination of a panel of genes associated with SST-expressing CINs that includes ion
channels, transcription factors, and synaptic molecules alongside SST would be informative.
Future studies will be necessary to identify the molecular mediators associated with changes in
ERK1/2 activity and CIN specification in the developing CNS.

Cortical circuit formation establishes a complex balance between GABAergic and glutamatergic
signaling. GABA-mediated signals promote the maturation of excitatory neurons, in part via
ERK1/2 dependent mechanisms (Cancedda et al., 2007     ; Obrietan et al., 2002; Peerboom &
Wierenga, 2021     ). Past reports demonstrate that early alterations in CIN number or activity can
permanently change circuit architecture and animal behavior (Bitzenhofer et al., 2021     ; Kaneko
et al., 2022     ; Magno et al., 2021     ; Tuncdemir et al., 2016     ). Here, we employed a chemogenetic
approach to selectively activate CINs with temporal specificity. We found that Nkx2.1Cre-targeted
chemogenetic stimulation during the second postnatal week did not alter CIN number. Past studies
have identified a role for activity in early CIN survival (Denaxa et al., 2018     ; Priya et al., 2018     ;
Southwell et al., 2012     ; Wong et al., 2018     ). However, we modulated the activity of endogenous
CINs at a stage past the reported peak of CIN apoptosis and after GABAARs acquire inhibitory
responses (Ben-Ari et al., 2007     , p.; Denaxa et al., 2018     ; Southwell et al., 2012     ; Wong et al.,
2018     ). It is not clear whether CIN-specific ERK1/2 signaling is required for global cortical circuit
activity or cognitive behaviors (Adler et al., 2019     ; Chen et al., 2019     ; Cummings & Clem,
2020     ; Fu et al., 2014     ; Kluge et al., 2008     ; C. Lee et al., 2022     ; Magno et al., 2021     ).
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Recent work has led to a deeper appreciation for the unique contributions of CIN subtypes to
cortical microcircuits. While our past studies have clearly identified significant effects of MEK-
ERK1/2 hyperactivation on PV-CIN lineage specification, we failed to observe changes in PV-CIN
number, intrinsic membrane properties, or the expression of PV following Erk1/2 deletion (Angara
et al., 2020     ; Holter et al., 2021     ; Knowles et al., 2022     ). However, we now show that ERK1/2
signaling is necessary for activity-dependent FOSB expression in adult PV-CINs.

Unexpectedly, we found that ERK1/2 is critical for SST protein expression in a subset of CINs.
Somatostatin is developmentally regulated; Sst mRNA is first detected in immature CINs by mid-
embryogenesis, but substantial levels of SST protein are not observed in CINs until early neonatal
stages and patterns of SST expression do not fully mature until P30 (Batista-Brito et al., 2008     ;
Denaxa et al., 2012     ; Forloni et al., 1990     ; D. R. Lee et al., 2022     ; Ma et al., 2022     ; Neves et al.,
2013     ; Taniguchi et al., 2011     ). A loss of SST protein has been seen in a number of other
neuropathological conditions, but has not been directly assessed in conditions characterized by
reduced ERK1/2 signaling (Davies et al., 1980     ; Fee et al., 2017     ; Pantazopoulos et al., 2017     ;
Peng et al., 2013     ; Robbins et al., 1991     ; Sun et al., 2020     ; Tripp et al., 2011     ; Wengert et al.,
2021     ). SST is not only a marker of RS-CINs, but an active neuropeptide with biological functions
(Baraban & Tallent, 2004     ; Grilli et al., 2004     ; Liguz-Lecznar et al., 2016     ; Smith et al., 2019     ;
Song et al., 2021     ; Tereshko et al., 2021     ). The release of bioactive neuropeptides from subtypes
of CINs likely contributes to cortical computation (Ouwenga et al., 2018     ; Smith et al., 2019     ).
SST has an overall inhibitory role on cortical circuits and loss of SST protein can cause subtle
deficits in motor learning (Tallent & Qiu, 2008     ; Zeyda et al., 2001     ). Indeed, a recent report
demonstrated that exogenous SST infusion into V1 can improve performance in a visual
discrimination task, independent of GABA (Song et al., 2020     ). Administration of SST or synthetic
analogues may compensate for the aberrant development of SST-expressing CINs in Erk1/2 loss of
function models (Banks et al., 1990     ; Engin & Treit, 2009     ; Kiviniemi et al., 2015     ; McKeage,
2015     ). Approaches that target SST may have broader applications in the treatment of
neurodevelopmental disorders, particularly select cases of epilepsy, autism, and schizophrenia
where deficits in SST-CIN function are well described (Song et al., 2021     ).

Interestingly, one week of chemogenetic stimulation partially restored SST expression in Erk1/2-
deleted CINs at both juvenile and adult stages. Chemogenetic depolarization may engage several
parallel cascades including cAMP/PKA, Ca2+, PKC, and ERK1/2, which often converge on common
transcriptional targets, such as CREB, SRF, and AP-1 family members (Yap & Greenberg, 2018     ).
We demonstrated that the activity-dependent expression of FOSB, a CREB target, requires ERK1/2
signaling in CINs, similar to glutamatergic neurons (Guenthner et al., 2013     ; Hrvatin et al.,
2018     ; Mardinly et al., 2016     ; Spiegel et al., 2014     ). Reduced SST expression in a subset of CINs
in Erk1/2 deleted animals limited our ability to directly assess whether ERK1/2 signaling is
required for FOSB expression in this specific CIN subtype. Interestingly, one of the first CREB
target genes to be identified was SST (Montminy & Bilezikjian, 1987     ; Yamamoto et al., 1988     ).
Chemogenetic activation of ERK1/2-independent cascades appears sufficient to partially
compensate for the loss of Erk1/2 and modestly increase SST expression in CINs. Whether other
activity-dependent genes critical for CIN plasticity are similarly modified remains to be seen. Our
finding that adult chemogenetic activation partially restored SST expression raises the possibility
that adult modulation of neural activity may be capable of reversing select developmental deficits
in ERK1/2-related syndromes.
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Materials and Methods

Genetically modified mice
All mice were fed ad libitum, housed under a 12-hour light-dark cycle, and studied in accordance
with ARRIVE and Institutional Animal Care and Use Committee guidelines at Arizona State Univ.,
Michigan State Univ., and the Univ. of Arizona. Mature mice examined in this study were
euthanized via CO2 inhalation or approved chemical anesthetics prior to transcardial perfusion,
while embryonic/neonatal mice were cryoanesthetized, as described in the AVMA Guidelines on
Euthanasia. Male and female mice on mixed genetic backgrounds were utilized in all experiments
in this work and generated from crosses between the following individual strains of mice.

To generate Erk1/Erk2 loss-of-function mutants, mice expressing Nkx2.1Cre or Slc32A1/VGATCre

were bred with mice possessing a neo-insertion in exons 1-6 in the Erk1/Mapk3 gene (referred to
as Erk1-) and/or a loxp flanked exon 2 in the Erk2/Mapk1 gene (referred to as Erk2fl ) (Monory et
al., 2006     ; Samuels et al., 2008     ; Selcher, 2001     ; Xu et al., 2008     ). Littermates expressing Cre
recombinase and heterozygous Erk2fl/wt were often used as controls for complete Erk1/2 loss-of-
function experiments unless stated otherwise. Cre-dependent tdTomato/RFP (Ai9 or Ai14) or eYFP
(Ai3) strains were employed to fluorescently-label Cre-expressing cells (Madisen et al., 2010     ).

Conditionally hyperactive MEK-ERK1/2 mutants were generated by crossing Nkx2.1:Cre mice with
CAG-loxp-STOP-loxp-Mek1S217/221E(referred to as Mek1S217/221E) mice on a mixed genetic
background to generate double heterozygous mutants expressing Mek1S217/221E in a Cre-
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dependent pattern. Mek1S217/221Emice were kindly provided by Dr. Maike Krenz and Dr. Jeffrey
Robbins (Krenz et al., 2008     ).

For chemogenetic experiments, an loxp-STOP-loxp-Gq-DREADD-HA line was used, which produces
the engineered G-protein coupled receptor, hM3Dq, with a hemagglutinin (HA) tag in Cre-
expressing cells (Zhu et al., 2016     ). To chemogenetically stimulate these neurons in vivo, mice of
the indicated age were randomly assigned to receive an intraperitoneal injection of 2 mg/kg body
weight clozapine-N-oxide (CNO) or 0.09% NaCl saline vehicle every 24 hours for 7 consecutive
days. Body weight and time of injection were recorded each day and tissue was collected 2 hours
after the last dose of CNO.

PCR Genotyping
Genomic DNA was rapidly extracted from mouse tissue samples for PCR genotyping with 25mM
NaOH, 0.2 mM EDTA, pH=12 and subsequently neutralized with 40 mM Tris-Cl, pH=5. The primers
used for genotyping were as follows: (listed 5’-3’): Cre – TTCGCAAGAACCTGATGGAC and
CATTGCTGTCACTTGGTCGT to amplify a 266 bp fragment; Erk1- – AAGGTTAACATCCGGTCCAGCA,
AAGCAAGGCTAAGCCGTACC, and CATGCTCCAGACTGCCTTGG to amplify a 571 bp segment wildtype
and a 250 bp segment KO allele; Erk2fl – AGCCAACAATCCCAAACCTG, and
GGCTGCAACCATCTCACAAT amplify 275 bp wildtype and 350 bp floxed alleles; Ai3/Ai9 – four
primers were used - AAGGGAGCTGCAGTGGAGTA, CCGAAAATCTGTGGGAAGTC,
ACATGGTCCTGCTGGAGTTC, and GGCATTAAAGCAGCGTATCC amplify a 297 bp wildtype Rosa26
segment and a 212 bp Ai3/Ai9 allele; hM3Dq – CGCCACCATGTACCCATAC and
GTGGTACCGTCTGGAGAGGA amplify a 204 bp fragment; Mek1S217/221E –
GTACCAGCTCGGCGGAGACCAA and TTGATCACAGCAATGCTAACTTTC amplify a 600 bp fragment.

Tissue Preparation and Immunostaining
Mice of the specified age were fully anesthetized and perfused with cold 1X PBS followed by 4%
PFA in a 1X PBS solution. Brains were then removed and post-fixed at 4C. Brains were sliced with a
vibratome or were cryoprotected for preparation on a cryostat. Sectioned brain tissue was then
incubated for 24-48 hours at 4°C in a primary antibody solution diluted in .05 – 0.2% Triton in 1X
PBS with 5% Normal Donkey Serum (NDS). Primary antibody information is provided in the table
below.

Sections were then washed three times in 1X PBS .05% Triton and incubated in a solution
containing secondary antibodies diluted to 1:1000 in 1X PBS .05 – 0.2% Triton and 5% NDS. A Zeiss
LSM710 or LSM800 laser scanning confocal microscope was used to collect images. Representative
confocal images were optimized for brightness and contrast in Adobe Photoshop and compiled
into figures with Adobe Illustrator.
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Image Analysis
For all immunolabeling experiments, images from multiple tissue sections per mouse containing
the anatomical region of interest were quantified by an observer blinded to the genotype. At least
three biological replicates per genotype were derived from at least three independent litters to
minimize litter batch effects and littermate controls were frequently utilized. To estimate labeled
cell density, regions of interest were defined using standard anatomical and architectonic
landmarks, the area was measured in Photoshop, and labeled cells were quantified. Sampling
information for assessments of anterior commissure glia can be found in Figure 1 – figure
supplement 2A     . Cortical density measurements are derived from counts collected across an
entire cortical column. For analyses of postnatal samples, total CIN density and co-labeled
proportions were measured from a minimum of three mice per genotype and at least 500 Cre-
expressing CINs derived from confocal images of at least three sections per mouse. Power analyses
were performed prior to conducting most experiments to estimate sample size using a significance
level of 5%, power of 80%, and standard deviation based on pilot studies or previously published
work. For quantitative analysis of the intensity of SST immunoreactivity in CINs, we analyzed
images which were acquired with the same settings across trials. We sampled from a minimum of
10 randomly selected cells per animal that met a minimal threshold for SST-expression and three
animals per condition. Integrated density of SST immunoreactivity was measured using
Photoshop. For comparisons involving two groups, statistical significance was determined using
an unpaired, two-tailed t-test. For comparison of three or more groups, we performed a one-way
ANOVA followed by Fisher’s LSD post-hoc tests using IBM SPSS Statistics 28.

RNA collection and sequencing
RNA collection and ribosome immunoprecipitation from brain samples was performed essentially
as described in Sanz et al., 2009     . Whole P7.5 cortices were rapidly dissected, rinsed, and Dounce
homogenized in 500 µL of ice-cold RNase-free buffer polysome buffer (50 mM Tris pH 7.5, 100 mM
KCl, 12 mM MgCl2, 1% NP-40, 1 mM DTT, 200U/ml Promega RNasin, 1 mg/ml heparin, 100 µg/ml
cycloheximide, and protease inhibitors). The lysate was cleared via centrifugation at 10,000g for
20 min at 4°C. 60 µl of supernatant (“INPUT”) containing RNA derived from the entire cortical
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sample was collected and lysed with 350 µl of buffer RLT from Qiagen RNeasy Kit supplemented
with 10μl/ml bME. Rpl22HA-containing ribosomes were immunoprecipitated (“IP”) from the
remaining supernatant by gently mixing with 5µl of rabbit anti-HA antibody (#71–5500 Thermo
Fisher Sci) and incubating with gentle rocking at 4°C for 2 hours before isolation with 50 µl of
protein A/G magnetic beads previously equilibrated in polysome buffer and a magnetic stand.
Immunoprecipitates were rinsed 3x with 800 µl of a high salt buffer (50 mM Tris pH 7.5, 300 mM
KCl, 12 mM MgCl2, 1% NP-40, 1 mM DTT, 100 µg/ml cycloheximide) and then lysed in 350 µl of
buffer RLT. RNA isolation from INPUT and IP fractions was performed following manufacturer’s
instructions using Qiagen’s RNeasy extraction kit with DNAse digestion. RNA quantitation was
performed using a Ribogreen RNA reagent and samples with an RNA integrity number < 7 on an
Agilent Bioanalyzer were selected for sequencing.

2 ng of purified RNA were used for single primer isothermal amplification (SPIA) and generation
of double-stranded cDNA with the Ovation RNAseq System V2 per manufacturer instructions
(Nugen Technologies). Library construction and sequencing were performed on the Illumina
NextSeq 500 platform at the Arizona State University’s Genomics Core facility. RNAseq reads were
quality checked, filtered, aligned to the mouse genome Ensembl GRCm38 primary assembly using
RNA-STAR, and read counts were estimated using featureCounts (Dobin et al., 2013     ). DEXseq
was employed to measure differential exon usage in Erk1 exons 1-6 and Erk2 exon 2 (Anders et al.,
2012     ). Analysis with DeSeq2 resulted in >11,000 protein-coding genes in each sample with a
normalized count > 50 (Table S1) (Love et al., 2014     ). Protein-coding genes were considered
differentially expressed if the DeSeq2 derived fold-change between conditions was >1.5,
unadjusted p-value <.05, and the CoV of normalized DeSeq2 counts within a condition were < 90
(Table S2). All code is publicly available, please see original papers for full information. Raw
sequencing data are available in NCBI’s Gene Expression Omnibus repository at accession number
GSE206633 (Edgar et al., 2002     ).

Electrophysiology
For electrophysiological experiments, postnatal day 15-22 (P15-22) mice were used for the
preparation of in vitro whole-cell patch-clamp experiments as previously reported (Anderson et
al., 2010     ; Goddeyne et al., 2015     ; Holter et al., 2021     ; Nichols et al., 2018     ). The
somatosensory cortices of these mice were injected with a Cre-dependent AAV9-FLEX-tdTomato
(Addgene catalog #28306-AAV9) viral vector solution between P0-P2 to unambiguously label a
subset of recombined CINs for fluorescently-guided patch clamping. In brief, mice were then
deeply anesthetized by isoflurane inhalation before decapitation. Brains were quickly removed
and immersed in the saturated (95% O2, 5% CO2), ice-cold artificial cerebral spinal fluid (aCSF),
which contains (in mM): 126 NaCl, 26 NaHCO3, 2.5 KCl, 10 Glucose, 1.25 Na2H2PO4H2O, 1
MgSO4·7H2O, 2 CaCl2H2O, pH 7.4. Coronal slices from the region of the somatosensory cortex (350
μm in thickness) were collected with a vibratome (VT 1200; Leica, Nussloch, Germany). Following
the preparation of brain slices, they were allowed to recover in the same aCSF at 32°C for 30
minutes before being moved to room temperature for an additional 30 minutes. For patch-clamp
recordings, slices were transferred into a submerged recording chamber and perfused
continuously with aCSF at 32°C at a rate of 1-2 ml/min. Whole-cell patch-clamp recordings were
obtained from fluorescent positive neurons in layer V (L5) of the somatosensory cortex by using
an Axon 700B amplifier. The data were filtered at 2 kHz and sampled at 10 kHz via a digitizer
(Digidata 1440, Molecular Devices) and recorded using Clampex 10.6 software (Molecular Devices).
The pipettes had a resistance of 2-5 Mῼ when filled with the internal solution which contains (in
mM): 135 K-Gluconate, 4 KCl, 2 NaCl, 10 HEPES, 4 EGTA, 4 Mg ATP and 0.3 Na Tris. Pipettes were
pulled from borosilicate glass (BF150-110-10, Sutter Instruments) by using a Sutter Instrument
puller (Model P-1000). The stability of the recordings was monitored throughout the experiment
and recordings with series resistances (Rs) larger than 25 Mῼ or a change of more than 20% were
abandoned.
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Data were analyzed using Clampfit software (Molecular Devices) and results were presented as
mean ± SEM. Membrane resistance (Rm) and capacitance (Cm) were calculated from the response
to a voltage step (5mV). Resting membrane potential was measured during current-clamp
recording prior to the introduction of steps (-200pA, 0 or 200pA, 1 s duration) used in examining
the firing properties of the neurons. For calculation of CNO induced changes in holding current,
neurons were recorded under voltage clamp at -70mV. The change in holding current was
calculated by subtracting the baseline value (i.e., in aCSF) from that measured after 20 minutes of
bath application of CNO (10 µM). At this time point, CNO-induced changes in holding current had
reached a steady-state plateau. Data were compiled and appropriate statistical analysis was
performed using Prism software (Graphpad) and figures compiled in CorelDraw (Corel
Corporation) and Adobe Illustrator. For all electrophysiological statistics, p< .05 was considered
statistically significant and tested with an unpaired student t-test unless otherwise indicated.
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Figure 1 - figure supplement 1.

Cre-targeted modulation of ERK1/2 signaling.

(A) Coronal hemisection of an E13.5 Nkx2.1Cre; Ai9 brain showing the expected pattern of Nkx2.1Cre-mediated recombination. (B-J) High-resolution
confocal images of neurons demonstrating reduced ERK2 immunoreactivity in RFP-expressing cells in P14 Erk1-/-; Erk2fl/fl; Nkx2.1Cre; Ai9 mice (H-J)
compared with wildtype (B-D) or heterozygote controls (E-G) (scale bar = 5µm). (K-P) High-resolution confocal images demonstrating an increase in
MEK1 expression in RFP-expressing neurons in Mek1S217/221E; Nkx2.1Cre; Ai9 (N-P) animals compared to wildtype (K-M) (scale bar = 5µm).
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Figure 1 - figure supplement 2.

Reduced ERK1/2 signaling regulates MGE-derived GFAP+ astrocyte number.

(A) Extended data on Nkx2.1Cre-derived OLIG2+ cells in the anterior commissure. (B-G) High-resolution confocal images demonstrating reduced ERK2
immunoreactivity in RFP-expressing cells in the anterior commissure of P14 Erk1-/-; Erk2fl/fl; Nkx2.1Cre; Ai9 mice (E-G) compared with heterozygote
controls (B-D) (scale bar = 5µm). (H-J) Images demonstrating reduced density of RFP+/GFAP+ co-labeled cells in the anterior commissure of Erk1-/-;
Erk2fl/fl; Nkx2.1Cre; Ai9 mice compared with heterozygous controls. (Quantification in J, N=3, mean ± SEM, *student’s t-test, p<.05) (scale bar = 50µm). (K-
P) High-resolution confocal images demonstrating an increase in MEK1 protein expression in RFP-expressing neurons in Mek1S217/221E; Nkx2.1Cre; Ai9
animals (N-P) compared to wildtype controls (K-M) (scale bar = 5µm). (Q-S) Images of RFP+/GFAP+ cells in the anterior commissure of wildtype and
Mek1S217/221E; Nkx2.1Cre; Ai9 mice compared with heterozygous controls. (Quantification in S, N=3-4, mean ± SEM, *student’s t-test, p>.05) (scale bar =
50µm).
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Figure 3 - figure supplement 1.

RiboTag in Erk1/2 VGATCre mice enriches for CIN mRNA.

(A) Read coverage maps for Erk1/Mapk3 and Erk2/Mapk1 in a representative immunoprecipitated RNA sample from a wildtype (grey), heterozygous
control (blue), and mutant Erk1 Erk2 VGATCre Rpl22HA (red) cortex. As expected, Erk1 exons 1-6 were not detected in heterozygous (N=3) and mutant
(N=3) fractions relative to wildtype (N=2) samples (DEXSeq: p<0.005). Analysis of Erk2/Mapk1 exon 2 (inset), which is loxp-flanked in conditional
knockouts, revealed a statistically significant reduction in immunoprecipitated mutant samples when compared to heterozygote controls (DEXSeq: 2.5-
fold reduction, p<0.005, N=3). (B) Heatmap of DeSeq2-derived normalized gene expression values for select protein coding genes with known specificity
for CINs, excitatory neurons, pan-glia, astrocytes, and oligodendrocytes in all samples. Values were unit-variance scaled for each gene within a row for
visualization purposes; purple values indicate relative enrichment while green values indicate relative depletion. (C) Volcano plots including >11,000
expressed protein coding genes in IP vs INPUT fractions within each of the three test conditions. Grey dots indicate genes not significantly changed,
yellow-green dots are significantly enriched genes in INPUT fractions, while blue dots are significantly enriched genes in IP fractions. Select genes
known to be expressed in distinct cell types noted in (B) are highlighted.
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Figure 4 - figure supplement 1.

Complete loss of ERK1/2 signaling is required to alter the number of SST-expressing cells.

(A) Quantification of total PV-expressing and SST-expressing cell density in the P60 somatosensory cortex of Cre-negative controls (Erk1-/-), HET controls
(Erk1-/-; Erk2fl/wt; Nkx2.1Cre) and mutant (Erk1-/-; Erk2fl/fl; Nkx2.1Cre) mice (N=3, mean +/- SEM, one-way ANOVA followed by Fisher’s LSD; PV-F2,6=0.621,
p>.05; SST-F2,6=16.206, p=.004). (B-F) Representative images showing CIN subtypes in the P30 primary somatosensory cortex. Nkx2.1Cremediated deletion
of Erk2 did not alter total Cre-expressing CIN number or the density of SST-or PV-expressing CINs (quantification in F, N=3, mean +/- SEM, students t-test
p >.05) (scale bar = 50 µm). (G-L) Hyperactivation of ERK1/2 in Mek1S217/221E; Nkx2.1Cre mice reduced total Cre-expressing CIN density (quantification in
K; N=3, mean +/- SEM, students t-test p <.05) but did not alter SST+/RFP+-CIN density (quantification in L; N=3, mean +/- SEM, students t-test p >.05)
(scale bar = 50 µm).
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Figure 5 - figure supplement 1.

Intrinsic excitability of FS-CINs is not changed following ERK1/2 modulation.

(A) Key FS-CIN intrinsic properties appear to be unaffected by ERK1/2 deletion, as there was no difference in resting membrane potential (p=0.73),
membrane resistance (p= 0.74), or capacitance (p=0.85) (n=8 neurons/genotype, student’s t-test). (B) HA+ cell density was unchanged by 7 days of CNO
treatment (N=4-5, one-way ANOVA, F3,24=0.62, p>.05). (C) CNO did not alter the intensity of SST immunoreactivity across genotypes (N=3 animals,
minimum 12 cells/animal, one-way ANOVA, F3,8=3.446, p=.072). (D-F) Confocal images showing low expression of FOSB in P21 wildtype CINs under basal
conditions (D). FOSB expression was relatively unchanged in Mek1S217/221E; Nkx2.1Cre CINs (E) (Quantification in F, mean +/- SEM, N=3, student’s t-test,
p>.05) (scale bar = 25 µm).
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Reviewer #1 (Public Review):

The Ras/MEK/Erk signaling cascade is a ubiquitous pathway activated by many extracellular
signals and is critical for a wide variety of cell function. In this manuscript, the authors
generate Erk1/2 double knockouts specifically in Nkx2.1-derived cells (basically MGE/POA-
derived cells in the forebrain) and explore changes in oligodendrocyte number and cortical
interneuron function. They observe a striking loss of Nkx2.1-lineage oligos (and astrocytes) in
the anterior commissure, although the mechanism for this specific loss is unclear. While
there is no significant change in the number of cortical interneurons, the authors do note a
decrease in SST+/Calb- INs in the mutant. The authors then use DREADDs to manipulate
activity in Nkx2.1-lineage cells. Surprisingly, chemogenetic activation of Nkx2.1-lineage KO
cells led to an upregulation of SST protein in SST+ INs, while other characteristics in KO mice
(cFos expression, open field locomotion) were not changed (or altered at much lower levels)
in KOs compared to similar stimulation in control mice. Overall, the paper contains
numerous insightful observations, but a coherent, overall theme for what Erk1/2 is doing in
Nkx2.1-lineage cells at different development timepoints is somewhat lacking. For example,
the authors focus on changes in SST levels in the KO mice, justifiably because that is where
they see the biggest difference, yet they perform e-phys experiments only on PV+, fast spiking
cells in Figure 5. While it may be more challenging to find SST+ cells in the KO, the logic of
recording from PV cells was not clear. Sometimes this paper reads as a series of data points
where the overall theme of the story is not always evident.

More importantly, the authors use heterozygous ERK1/2 mice as 'het controls' throughout the
manuscript. However, they have not sufficiently demonstrated that the ERK levels in hets are
similar to WT. Figure 1B-J purports to show that ERK1/2 levels in a handful of cells from
heterozygous mice are equivalent to WT, but there is no quantification of this observation. It
is unconventional to use heterozygous mice as controls without clearly demonstrating that
they are similar/identical to controls. Especially in a scenario such as this, where one would
expect to see 50% of protein levels in hets compared to WT mice. As such, readers are
cautioned for how to interpret some of these findings. For example, there may be instances
where there is no significant difference between KO and 'het controls', but if they had
compared to true WT controls, then it's possible some differences could emerge.

https://doi.org/10.7554/eLife.88313.1
http://orcid.org/0000-0003-2865-0112


Sara J. Knowles et al., 2023 eLife. https://doi.org/10.7554/eLife.88313.1 49 of 49

Reviewer #2 (Public Review):

Knowles et al. investigated the developmental roles of Erk1/2 expression in cells from the
Nkx2.1-lineage, which includes the PV and SST classes of cortical inhibitory interneurons
(CINs) and glial subtypes. They find that embryonic expression of Erk1/2 regulates the
number of Nkx2.1-derived oligodendrocytes and astrocytes, but not CINs, observed in
postnatal mice. However, Erk1/2 is necessary for the expression of SST in subset of Nkx2.1-
derived CINs, which can be partially rescued by postnatal depolarization via chemogenetic
stimulation with DREADDs. Finally, loss of Erk1/2 from these cells impairs activity-dependent
expression of FOSB. Collectively, this revised paper demonstrates differential roles of Erk1/2
for the development of glia and neurons. Furthermore, it suggests SST CINs may be
particularly vulnerable to loss of Erk1/2 signaling during both early embryonic and later
postnatal developmental stages.

Strengths:
This paper uses multiple transgenic mouse lines to investigate the contributions of Erk1/2 loss
and over-expression and MEK overexpression for interneuron and glial development.
Furthermore, they consider how Erk1/2 signaling may evolve over the course of development
from embryonic to postnatal juvenile and adult stages. Thus, they investigate Erk1/2's early
role in cell differentiation and its later role in activity dependent signaling. This approach to
studying gene function throughout development is important but not often attempted within
a single study.

The authors investigate Erk1/2 using several techniques, including immunohistochemistry,
sequencing of translated genes using the Ribotag method, electrophysiology, and
chemogenetic stimulation using DREADDs. Thus, they aim to apply a comprehensive battery
of approaches to assay Erk1/2 signaling in Nkx2.1-derived cells throughout development.

Weaknesses:
This paper describes a series of mostly separate observations that are not directly linked. The
mechanisms underlying their observations and the significance of the findings are often
unclear.

The authors use Erk1-/-; Erk2fl/wt; Nkx2.1Cre as "het" controls throughout the manuscript.
However, there is no explanation for why this is a valid control except for a statement that
they are "grossly intact", without elaboration. It is unclear why the authors did not use
Nkx2.1Cre mice for their control. Figure 1 - Supplemental Figure 1 provides the only
comparison between Erk1-/-; Erk2fl/wt; Nkx2.1Cre and Erk1-/-; Erk2wt/wt; Nkx2.1Cre mice.
This figure shows a single example of immune staining for Erk2, but it is not obvious that
Nkx2.1 control or "het control" cells even express Erk2 in this image. There is no
quantification. Thus, their choice of control condition is not obviously appropriate.
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