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Neurofibromatosis 1 (NF1) is caused by mutations in the NF1 gene,
which encodes the protein, neurofibromin, an inhibitor of Ras activ-
ity. Cortical GABAergic interneurons (CINs) are implicated in NF1 pa-
thology, but the cellular and molecular changes to CINs are unknown.
We deleted mouse Nf7 from the medial ganglionic eminence, which
gives rise to both oligodendrocytes and CINs that express somato-
statin and parvalbumin. Nf7 loss led to a persistence of immature
oligodendrocytes that prevented later-generated oligodendrocytes
from occupying the cortex. Moreover, molecular and cellular proper-
ties of parvalbumin (PV)-positive CINs were altered by the loss of Nf1,
without changes in somatostatin (SST)-positive CINs. We discovered
that loss of Nf1 results in a dose-dependent decrease in Lhx6 expres-
sion, the transcription factor necessary to establish SST* and
PV* CINs, which was rescued by the MEK inhibitor SL327, revealing
a mechanism whereby a neurofibromin/Ras/MEK pathway regu-
lates a critical CIN developmental milestone.

cortical interneuron | oligodendrocyte | MGE

Neuroﬁbromatosis 1 (NF1) is caused by mutations in the
gene NFI1, which encodes the neurofibromin protein (1).
Neurofibromin contains a centrally located GTPase-activating
protein (GAP) domain, which inhibits RAS activity (2) as well
as domains that mediate protein interactions or regulate other
signaling events (3, 4). NF1 is a RASopathy (5), which can impact
multiple organs and tissues, including the brain, thereby leading to
cognitive changes (i.e., increased incidence of autism spectrum
disorder [ASD] and learning disabilities) in a subset of those di-
agnosed (6-8). While the cellular and molecular mechanisms
underlying these cognitive changes are poorly understood, they
are likely due to haploinsufficiency of the NFI gene, suggesting
that phenotypes uncovered in models where one allele is lost
would be more relevant to understanding the underlying biology.

In animal models, loss of NfI leads to altered myelination, in-
creased oligodendrocyte precursors in the spinal cord, and prefer-
ential gliogenesis at the expense of neurogenesis in the brain (9-12).
While most brain cell types likely contribute to the cognitive
changes in NF1, pan-GABAergic deletion of one NfI allele in mice
impairs cognitive performance and alters excitatory/inhibitory bal-
ance (13, 14). These studies suggest glia and/or GABAergic neu-
rons as potential modulators of NfI’s function in the brain.

The median ganglionic eminence (MGE) gives rise to multiple
cell types, including the majority of GABAergic cortical inter-
neurons (CINs) (15) and the first wave of oligodendrocytes to
populate the brain (16). MGE-derived oligodendrocytes die off
after birth, and later waves of oligodendrocytes that are derived
from Gsh2 and Emx! lineages are the dominant populations in the
adult cortex (16). MGE-derived CINs primarily express the mo-
lecular markers somatostatin (SST) or parvalbumin (PV), which
are determined by the transcription factor LAx6 after the MGE is
regionally patterned by Nkx2.1 (17-19). Lhx6 is a cardinal cell fate
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determination factor expressed in the MGE, and when deleted,
SST* and PV* CINs do not acquire their mature cell fates, and a
subset assume properties of caudal ganglionic eminence-derived
CINs (17, 19-21). While recent studies have examined the role of
transcription factors that influence MGE and caudal ganglionic
eminence CIN development (22-24), few reports have assessed
how cellular signaling proteins regulate these processes (25-27).
After their programming in the MGE, CINs tangentially migrate
into and laminate the neocortex. As they mature, they become
diversified into further subclasses with distinct molecular, an-
atomical, and physiological properties (28, 29). These diverse
properties contribute unique roles to brain function, but whether
distinct CIN groups are altered in NF1 is unknown.

The MGE provides an ideal opportunity to probe both
oligodendrocytes and GABAergic CINs after NfI deletion. Here,
we show that loss of NfI in mouse MGE-lineages results in a
persistence of immature oligodendrocytes in the adult neocortex,
preventing later-generated oligodendrocyte establishment. More-
over, PV expression is lost in half of the CINs, and molecular and
cellular properties unique to this CIN group are depleted in a
dose-dependent manner, without any changes in the SST group.
Finally, LAx6 expression was lost after one or both copies of NfI
was deleted, and this loss can be rescued by inhibiting MEK, thus
implicating a RAS/MAPK mechanism. This provides insights
into glial as well as CIN molecular and cellular alterations that
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Fig. 1. Persistence of immature Nkx2.1-Cre lineage and depletion of later-

generated oligodendrocytes in Nf1 cKOs. Immunofluorescent images from
the somatosensory cortex of P30 Nkx2.1-Cre*; Ai14¥'+ mice that were WT
(A and D), Nf1f®"* (cHet; B and E), or Nf1F/o¥'flox (cKO; C and F). Images show
Nkx2.1-Cre lineages (tdTomato*) colabeled for the oligodendrocyte markers
OLIG2 (all oligodendrocytes) or NG2 (oligodendrocyte progenitor cells). (G)
Quantification of the cell density of total OLIG2* cells in the somatosensory
cortex at P30. (H) Quantification of double-labeled tdTomato*/OLIG2* cells
in the somatosensory cortex at P30. (/) Quantification of the cell density of
double-labeled tdTomato*/NG2™ cells in the somatosensory cortex at P30. (J)
Quantification of OLIG2* cells that were not tdTomato™ in the somatosen-
sory cortex at P30. Data are presented as the mean + SEM. All groups, n = 4.
**P < 0.01; ***P < 0.001; ****P < 0.0001. (Scale bar in F, 100 pm.)

could occur in NF1, and links NfI loss to alterations in a cardinal
CIN developmental program.

Results

Conditional Loss of Nf1 from the MGE Results in a Persistence of
Immature MGE Lineage Oligodendrocytes. To assess NfI’s role in
MGE lineages, we crossed NfI“* mice (30) with Nkx2.1-Cre,
which begins to express approximately embryonic day 9.5 (E9.5) in
MGE progenitors (31) and Ai14, which expresses tdTomato after
cre-recombination (32). Conditional NfI heterozygous (cHet) and
Nfl knockout (cKO) mice were born at Mendelian ratios and
survived into adulthood. Fluorescent in situ hybridization detected
Nfl in wild-type (WT) MGE-lineage CINs (i.e., SST") in the so-
matosensory cortex at postnatal day 30 (P30), but not in cKOs (S
Appendix, Fig. S14).

Next, Nkx2.1-Cre-lineage cells from WT, NfI cHet, and NfI
cKO brains were assessed at P30 in the neocortex. While WT
and NfI cHet brains looked equivalent, NfI ¢cKO brains had an
increase in Nkx2.1-Cre-lineage cells (tdTomato™) with small cell
bodies (Fig. 1 A-F). Previous studies have indicated that glial
numbers can increase after NfI deletion (9-11). Since the early
wave of oligodendrocytes is derived from the MGE (16), we
explored whether oligodendrocytes may represent this population.
We probed for OLIG2 (i.e., a general marker of oligodendrocytes).
While the total number of OLIG2" cells did not change (Fig. 1G),
there was a ~200-fold increase in the number of tdTomato™ cells
colabeled for OLIG2 in the cKOs (Fig. 1 A-C and H; P < 0.0001).
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We next probed for NG2, a marker of oligodendrocyte precursor
cells that are still immature. Interestingly, many NfI cKO MGE-
lineage oligodendrocytes were NG2*, suggesting they were still
oligodendrocyte precursor cells; there were no NG2* cells in the
WTs or NfI cHets (Fig. 1 D—F and I; P < 0.0001). Finally, we
asked whether these immature oligodendrocytes influenced
later-generated waves of oligodendrocytes in the somatosensory
cortex. Thus, we counted tdTomato /OLIG2" cells and found ~84%
reduction in these cells in NfI cKOs (Fig. 17; WT [P = 0.0009] and
NfI cHet [P = 0.001]). Thus, the persistence of early-generated
MGE lineage oligodendrocytes prevented later-generated waves
from occupying the cortex.

Molecular and Cellular Properties of PV* CINs Are Specifically Reduced
in Nff cKOs. We first asked whether NfI was expressed in different
CIN groups via assessing single-cell levels of NfI transcripts from
~P30 CINs in the cortex (33). NfI transcripts were found in all
CIN cell types examined (SI Appendix, Fig. S1B).

We probed for the CIN marker, PV, in the somatosensory
cortices of WTs, NfI cHets, and Nfl cKOs at P30 (Fig. 2 A-C); an
example of PV/tdTomato colabeled CINs is shown (SI Appendix,
Fig. S2 A-C). While there was no difference between WT and NfI
cHet PV* CINs, Nfl cKOs had a ~60% decrease in PV*" CINs
(Fig. 2J; vs. WT [P = 0.03] and NfI cHet [P = 0.04]). In addition,
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Fig. 2. Molecular and cellular impacts on PV* CINs in Nf1 cHets and cKOs.

Immunofluorescent images from the somatosensory cortex of P30 Nk x2.1-
Cre*; Ai147°%* mice that were WT, Nf17®%* (cHet), or Nf1F¥Flox (cKO),
stained for PV (A-C), Kv3.1 (D-F), or VVA (G-/). Quantification of the cell
density of PV* cells (J), Kv3.17" cells (K), or VVA™* cells (L) in the somatosensory
cortex at P30. Data are presented as the mean + SEM. All groups, n = 4. *P <
0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. (Scale bars in C, F, and |,
100 pm.)

Angara et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915458117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915458117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915458117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915458117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915458117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915458117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915458117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1915458117

there was an increased percentage of PV* CINs in cortical layers ii/
ili/iv and less in layer v in both NfI cHets and NfI cKOs (SI Ap-
pendix, Fig. S2D; layers ii/iii/iv, WT vs. NfI cHet [P = 0.0007] and
WT vs. Nfl cKO [P = 0.002]; layer v, WT vs. NfI cHet [P = 0.005]
and WT vs. NfI cKO [P = 0.01]). In contrast, we did not detect any
changes in SST cell density or lamination between genotypes (S/
Appendix, Fig. S3).

PV* CINs exhibit fast-spiking properties, which are primarily
mediated by the fast-inactivating potassium channel, Kv3.1, which is
highly expressed within PV* CINs (26). We thus examined whether
Kv3.1 expression was altered in NfI cHets and cKOs (Fig. 2 D-F)
and found that this channel was reduced in both genotypes (Fig. 2K;
WT vs. NfI cHet [P = 0.002], WT vs. NfI cKO [P < 0.0001], and
NfI cHet vs. NfI cKO [P = 0.0003]). In addition, PV* CINs develop
perineuronal nets composed of various extracellular matrix proteins
at more mature stages of development (34). We found that in both
Nfl cHets and cKOs, the density of perineuronal nets was de-
creased in a dose-dependent manner (Fig. 2 G-I and L; WT vs. Nfl
cHet [P = 0.0005], WT vs. NfI cKO [P < 0.0001], and NfI cHet vs.
NfI cKO [P = 0.005]). Thus, while PV expression was only de-
creased in cKOs, cHets had less severe but significant molecular
and cellular changes induced by the loss of NfI.

We also examined SST* and PV™ cells in the hippocampus and
striatum. Notably, a similar increase in OLIG2" cells was observed (S7
Appendix, Fig. S4 [P < 0.0001] and SI Appendix, Fig. S5 [P = 0.0004]),
and PV* cells decreased in each region (SI Appendix, Fig. S4
[P = 0.01] and SI Appendix, Fig. S5 [P = 0.04]). However, no
changes in SST™ cells in each region or choline acetyltransferase-
positive cells in the striatum were seen (SI Appendix, Figs. S4 and
S5). Thus, PV* CINs are particularly sensitive to NfI loss.

No Change in PV* CINs When Nf1 Is Deleted from Postmitotic PV-Cre-
Lineage CINs. To determine whether NfI was necessary in postmitotic
PV* CINs, we crossed our Nf]F Toxed” 4;14 mice with a PV-Cre line
(35). We found no differences in the cell density of PV-Cre-lineage
CINs (tdTomato™) in the somatosensory cortex at P30 (Fig. 3 4, D,
G, and J). We also colabeled these cells with PV and found no
difference in the number of CINs that expressed PV (Fig. 3 A-I and
K). Thus, loss of NfI in postmitotic PV CINs does not recapitulate
the phenotypes observed by deletion in developing CINs or pro-
genitors, suggesting a role during development.

Nf1 Loss in the MGE Does Not Alter Cell Proliferation. To probe how
the loss of PV expression could occur, we assessed whether loss
of NfI altered cell proliferation in the MGE. MGE-derived CINs
are generated throughout midgestation, with peak production
occurring ~E13.5 (36, 37). Moreover, since some PV* CINs are
generated later than SST CINs, we also assessed proliferation at
E15.5. We first pulsed pregnant dams with EAU that had either
E13.5 or E15.5 embryos for 30 min to label proliferating cells in
(S) synthesis phase of the cell cycle. We also costained these brains
for the (M) mitosis phase marker, phospho-histone 3 (PH3). Labeled
cells were counted in both the ventricular zone and subventricular
zones of the MGE, which are hypothesized to differentially generate
SST* and PV* CINs (38). We did not detect any differences (S/
Appendix, Fig. S6 A-V). Thus, loss of NfI does not alter cell pro-
liferation during peak CIN proliferation.

The Lhx6 Transcription Factor Is Reduced in Both Nff cHets and Nf1
cKOs. Since LAx6 is a cardinal transcription factor that is the pri-
mary determinant of MGE-specific CIN properties (21), we
wanted to assess whether L/hx6 expression was altered in NfI
mutants. To this end, we first crossed a Lhx6-GFP-expressing
mouse, which drives GFP to a greater extent in PV" MGE-lineage
CINs than in SST* (24), with our Nkx2.1-Cre; NfI*"**¢ mice to
examine MGE-derived CINs in the somatosensory cortex at P30.

We first assessed the cell density of Lhx6-GFP* CINs in the
somatosensory cortex at P30. Interestingly, the number of
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Fig. 3. Lack of overt phenotypes after conditional loss of Nf7 in postmitotic

PV-Cre lineages. P30 WT, Nf1 cHet, and Nf1 cKO coronal issue was visualized
for tdTomato; that is, PV-Cre lineages (A, D, and G), PV (B, E, and H), or
merged (C, F, and /). () Quantification of the cell density of PV-Cre lineages
at P30 in the somatosensory cortex. (K) Quantification of the cell density of
tdTomato™/PV* colabeled cells. Data are expressed as the mean + SEM. WT,
n = 3; cHet, n = 3; cKO, n = 4. (Scale bar in /, 100 pm.)

GFP* cells was decreased in both NfI cHets, ~37% reduced vs.
WT, and the NfI cKOs, ~77% reduced vs. WT (Fig. 4 A-D; WT
vs. Nfl cHet [P = 0.02], WT vs. Nfl ¢cKO [P = 0.0008], NfI cHet
vs. Nfl cKO [P = 0.01]). Considering there were no changes in
SST* CINs, or any other marker in NfI cHets, we wanted to
assess Lhx6 expression in another manner. Thus, we performed
in situ hybridization at P30 and counted the number of cells
expressing Lhx6 transcript in the neocortex. Notably, the number
of Lhx6* cells was also reduced by half in both the NfI cHets and
NfI cKOs (Fig. 4 E-H; WT vs. NfI cHet [P = 0.0004] and WT vs.
Nfl cKO [P = 0.006]). While the decrease in total Lhx6 ex-
pression was not as severe as the loss of GFP expression, there
was a reduction in the intensity of Lhx6 expression in both the
Nf1 cHets and NfI cKOs in CINs that was more noticeable in the
NfI cKOs. Together, these data reveal that loss of NfI results in
decreased Lhx6 levels in a dose-dependent manner.

We next examined whether expression from the Lhx6-GFP
reporter was altered during development by first examining
Lhx6-GFP* embryos at E15.5, a point when CINs are tangen-
tially migrating through the developing neocortex, but before
large numbers of OLIG2* cells enter the neocortex (39). As in
the P30 brains, the expression of Lhx6-driven GFP in E15.5
neocortices was decreased in a NfI dose-dependent manner (S/
Appendix, Fig. S7TA-C and G; WT vs. NfI cHet [P = 0.0003], WT
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Fig. 4. Loss of Lhx6 expression at P30. GFP expression from a Lhx6-GFP
reporter was probed in the neocortices of WT, Nf1 cHet, and Nf1 cKO
mice (A-C). (D) Quantification of Lhx6-GFP™* cell density. In situ hybridization
to detect NfT RNA in P30 neocortices in the same genotypes at P30 (E-G). (H)
Quantification of Nf1* cells in the neocortex at P30. Data are presented as
the mean + SEM. For Lhx6-GFP counts, n = 3 (WT), n = 6 (cHet) and n = 3
(cKO); in situ counts, n = 3, all groups. *P < 0.05; ***P < 0.001. (Scale bars in
C, 100 pm and G, 200 um.)

vs. Nfl cKO [P < 0.0001], and NfI cHet vs. NfI cKO [P = 0.009]);
the same patterns were observed at P2 (SI Appendix, Fig. S7T D-F
and H; WT vs. NfI cHet and NfI cKO, P < 0.0001). While this
GFP reporter provided an inroad into a potential molecular
change in Nfi-depleted CINs, it was unknown whether the LHX6
protein was still present and/or whether a loss of MGE-derived
CINs had occurred.

LHX6 Protein Persists Embryonically in Nff cHets and cKOs. To first un-
derstand whether the LHX6 protein was lost in Nf loss-of-function
mutants, we probed E15.5 and P2 brains with a LHX6 antibody to
examine the protein in the neocortex. Unlike the GFP reporter,
there was no change in LHX6 protein at E15.5 (Fig. 5 A-C and M).
However, by P2, there was a dramatic decrease in LHX6 protein in
both the NfI cHets and cKOs (Fig. 5 G-I and O; WT vs. NfI cHet
[P =0.004] and WT vs. NfI cKO [P = 0.0006]). Thus, while the GFP
reporter showed faster dynamics after Nfl depletion, the LHX6
protein remained in developing CINs embryonically. Importantly, at
both E15.5 and P2, there was no change in tdTomato™ cell density
(Fig. 5 D-F, J-L, N, and P). These data demonstrate that LHX6
expression is decreased over a long developmental window, and that
a decrease in LHX6 expression occurs, rather than a loss of CIN
cells.

We also probed for OLIG2 and the early oligodendrocyte marker
PDGFR-alpha at E15.5. Consistent with earlier experiments (S/
Appendix, Fig. S6), OLIG2" cells in the MGE ventricular zone (VZ)
of Nfl cKOs were not altered (SI Appendix, Fig. S8 A, B, and I,
SVZ1, P = 0.01; SVZ2, P = 0.03); these are MGE progenitors.
While there was an increased trend in OLIG2" cells in the neo-
cortex, these did not reach significance (S Appendix, Fig. S8 C, D,
and J). Interestingly, PDGFRa* cells were also increased in the
MGE in Nfl cKOs and trended up in the neocortex (SI Appendix,
Fig. S8 E-H, K, and L; SVZ1, P = 0.002; SVZ2, P = 0.005). Thus,
immature oligodendrocytes are elevated in NfI cKOs as early
as E15.5.

LHX6 Is Lost in a MEK-Dependent Manner. To uncover the mechanism

leading to the loss of LHX6, we asked whether core signaling
pathways downstream of NfI may be responsible (i.e., MEK or
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PKA) (3). To this end, we generated primary MGE cultures and
found that both the loss of LHX6 and increase in oligodendrocyte
phenotypes could be recapitulated in vitro (Fig. 6). Next, we ap-
plied vehicle, the MEK inhibitor SL327 (40), or the PKA inhibitor
H-89 (41) to E13.5 MGE primary cultures and then assessed the
proportion of LHX6" cells after 7 d of culture (Schema, Fig. 64).
The MEK inhibitor (MEKi) did not alter LHX6 expression in
WT CINs; however, it restored expression of LHX6 in NfI cKO
CINs (Fig. 6 B-E and J; WT vehicle vs. NfI cKO vehicle and NfI
cKO vehicle vs. NfI ¢cKO MEKi; P < 0.0001). However, PKA
inhibition not only failed to rescue the LHX6 phenotype but also
exacerbated the decreased expression in both WTs and NfI
cKOs (Fig. 6 F-I and K; WT vehicle vs. WT PKAi [P = 0.0002],
WT vehicle vs. NfI cKO vehicle [P < 0.0001], and NfI cKO ve-
hicle vs. NfI cKO PKAi [P = 0.001]). Unlike the specific effect of
MEK inhibition on LHX6 expression, both the MEKi and PKAi
decreased OLIG2 expression in both WTs and NfI cKOs (ST Ap-
pendix, Fig. S9 A-J; MEKi: between WTs [P = 0.0001], WT vehicle
vs. drug and Nf1 cKO vehicle vs. NfI cKO drug [P < 0.0001]; PKA:i:
between WTs [P = 0.0002], WT vehicle vs. drug and Nfl cKO
vehicle vs. NfI cKO drug [P < 0.0001]). Thus, LHX6 expression is
dependent on MEK activity downstream of NfI, providing an
initial inroad and mechanism to this observation in NF1 biology.
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Fig. 5. Persistence of LHX6 protein embryonically but loss postnatal. LHX6
protein was probed in E15.5 WT Nf7 cHet and Nf1 cKO neocortices (A-C).
TdTomato* cells (Nkx2.1-Cre-lineage) were probed at E15.5 from the same
genotypes (D-F). LHX6 protein and tdTomato expression was probed at P2
from the same brains (G-L). Quantification of the cell density of E15.5 LHX6™"
CINs (M), tdTomato™ CINs (N) or P2 LHX6" CINs (O) and tdTomato™ CINs (P).
Data are expressed as the mean + SEM n = 3, all groups. **P < 0.01; ***P <
0.001. (Scale bars in Fand L, 100 pm.)
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cells were cultured and either vehicle (DMSO) or the MEK inhibitor (SL327,
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Data are expressed as the mean + SEM n = 4, all groups. **P < 0.01; ***P <
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Discussion

We explored how cells derived from the MGE are altered by
mouse NfI loss. Notably, both GABAergic CINs and oligoden-
drocytes are implicated in NF1 (9-14), yet the molecular and
cellular impacts had not been explored. We found that immature
oligodendrocytes appear embryonically, but LHX6 protein is not
depleted until early postnatal stages, which may be why
SST* CINs are spared in this model but late-developing
PV* CINs are impacted. Importantly, while PV expression is
only altered in NfI cKOs, there are intermediate phenotypes
affecting Kv3.1 expression and the formation of perineuronal
nets in cHets as well, which are important for their fast-spiking
properties and mature phenotypes. Importantly, since these
properties, as well as the depletion of LHX6, occurs in cHets but
only cKOs exhibit the oligodendrocyte phenotype, we propose
these phenotypes are independent of each other. Given these
findings, it is important to remember that cognitive changes in
those diagnosed with NF1 are caused by haploinsufficiency of
NF1 and likely involve the dysfunction of other brain cell types.
Moreover, while phenotypes uncovered in our NfI cHets are
more likely to reflect what could occur in NF1 CINs, the loss of
both NfI alleles in the cKOs is valuable to understanding the
biological function of neurofibromin.

We first discovered a glial phenotype that was different from
the competition between gliogenesis and neurogenesis previously
reported in the SVZ of the dorsal LGE, where progenitors
preferentially generated oligodendrocytes at the expense of
neurons (11). Here, MGE-derived oligodendrocytes that lacked
NfI expressed the immature marker, NG2; persisted into adult
stages; and competed out later-generated oligodendrocytes. This
occurred without changes in MGE proliferation or changes in
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embryonic CIN numbers. This is interesting, as ventral-derived oli-
godendrocytes of the spinal cord outnumber their later-generated
dorsal counterparts and loss of NfI in the spinal cord results in ele-
vated immature markers (9, 10), similar to what we observe in MGE-
derived oligodendrocytes that also have ventral origins. Moreover,
early-generated oligodendrocytes may noncell-autonomously influ-
ence the development of their later-generated counterparts, sug-
gesting a form of glial communication that may help us understand
how oligodendrocytes establish proper numbers in the brain.

Since GABAergic neurons have been implicated in ASD and
NF1 (13, 42, 43), we wanted to explore these cells in more detail.
Our study demonstrates that loss of NfI in MGE-derived CINs, a
deletion more spatially restrictive than a previous report (13),
results in a specific loss of PV expression. This is interesting, as the
expression of PV is uniquely reduced in the cortices of humans
with ASD (44). Thus, manipulating PV* CIN function and num-
bers may be a potential therapeutic inroad in the future. However,
it is also important to consider that many other cells in the brain
will be impacted in those diagnosed with NF1, and the role of
GABAergic CINs will need to be considered in this context.

While our deletion strategy led to a loss of LAhx6 and depleted
molecular and cellular properties of PV* CINs, future studies
are needed to determine the net effect on brain physiology and
function. The loss of PV* CINs is likely to lead to a net increase
in excitability. This raises an interesting point, which is that while
our more restrictive manipulation may reveal an important role
for PV* CIN development, there may be other GABAergic
neurons responsible for the increased GABAergic tone pre-
viously reported (14), and potentially those derived from the
caudal ganglionic eminence.

Lhx6 expression in MGE-derived CINs is necessary for many of
their molecular properties (17, 19, 20, 45, 46). Moreover, Lhx6 is
repressed in several types of cancers via hypermethylation of its
regulatory elements (47-50). While the signaling events repressing
Lhx6 are not known, it is possible that a RAS/MEK pathway me-
diates these effects and could potentially lead to L/x6 repression in
CINs. Our primary culture experiments highlight the role of MEK
in regulating LHX6 expression, which we hypothesize is the
mechanism for this repression. Interestingly, another group
found that a constitutively active MEK1 mouse model also ex-
hibits a selective loss of PV* CINs in the neocortex (51). This
suggests that PV* CIN development may be regulated through
the core RAS/MAPK pathway and may not be due to other NfI-
regulated signaling events. However, oligodendrocyte numbers
responded moderately to both MEK and PKA inhibition, sug-
gesting that this may be primarily due to another mechanism, or
this phenotype is regulated by multiple functions of NfI.

The selective loss of PV CINs and the preservation of the
SST* CIN numbers in our mutants raises important questions
regarding the role of LAx6 in the regulation of CIN phenotypes.
While GFP expression from a Lhx6-reporter line was decreased
by E15.5, LHX6 protein was present at this age and did not
decrease until early postnatal stages. We propose that SST de-
velopment may be mostly complete by early postnatal ages, but
PV* CINs may need additional time for LHX6 to instruct their
development. This is in line with a recent report proposing that
SST lineages are preferentially determined very early in the VZ
of the MGE, while PV lineages are more likely to be committed
at later stages (38).

The persistence of immature oligodendrocytes and loss of
PV* CINs in NfI mutants opens avenues for probing potential
mechanisms underlying NfI dysfunction. Our studies provide
insights into some molecular and cellular alterations that may
occur in those diagnosed with NF1. Moreover, these findings may
have broader implication for other RASopathies and associated
neurodevelopmental disorders, such as ASD. Finally, how changes
in GABAergic CINs work with alterations in other brain cell types
will be important to uncover in the future.
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Experimental Procedures

Animals. All mouse strains have been published: Ai14 Cre-reporter (32),
Nkx2.1-Cre (31), Lhx6-GFP (Gensat), Nf17°* (30), PV-Cre (35). Nf1"* mice
were initially on a mixed C57BL6/J, CD-1 background and then backcrossed
to CD-1 for at least four generations before analysis. For timed pregnancies,
noon on the day of the vaginal plug was counted as E0.5. All animal care and
procedures were performed according to the Michigan State University and
University of California San Francisco Laboratory Animal Research Center
guidelines.

Immunofluorescent Tissue Staining. Brains were harvested either from em-
bryos and then fixed overnight in 4% paraformaldehyde (PFA) or from
postnatal mice that were perfused with saline followed by 4% PFA; the latter
group was postfixed in 4% PFA for 30 min. The brains were then sunk in 30%
sucrose, embedded in OCT, and sectioned using a cryostat (Tissue-Tek Cryo-3).
Immunofluorescent labeling was performed on 25-uym (P30) or 20-um (em-
bryonic and P2) cryosections with the primary antibodies listed in supple-
mental information. The appropriate 488, 594, or 647 Alexa-conjugated
secondary antibodies were from Thermo Fisher Scientific. Sections were
coverslipped with Vectashield containing DAPI (Vector Laboratories).

In Situ Hybridization. For standard in situ hybridization, a Lhx6 Digoxigenin-
labeled riboprobe was used as previously described (52). In situ RNA hy-
bridization was performed as previously described (53). Imaging was per-
formed with a 60x objective (Nikon Apo 1.4 oil) under Nikon Ti microscope
with DS-Qi2 color camera.
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Primary MGE Cultures and Drug Treatments. MGE tissue was harvested from
E13.5 WT or Nf1 cKO brains and then mechanically dissociated via trituration
with a P1000 pipette tip as previously described (54). Roughly 100,000 cells
were seeded into individual wells of a 24-well plate that was coated with
poly-L-Lysine and laminin containing DMEM with 10% FBS. The following
day, the media was replaced with Neurobasal media containing glutamax,
glucose, B27, and penicillin/streptomycin. In addition, wells were incubated
with vehicle (DMSO), 10 pM SL327 in DMSO or 10pM H-89 dissolved in
DMSO. Media was replaced every 2 days with either vehicle or drugs added
fresh each time. Cells were fixed in 4% PFA on day 7 and probed for either
LHX6 or OLIG2. NucBlue (Thermo Fisher) was added to label DAPI™ nuclei.
For analysis, random images were taken from each well, and either the
number of LHX6" or OLIG2" cells were counted using Image-J software and
normalized to the number of DAPI* cells in each image.

Data Availability Statement. All data are available upon request from the
corresponding author.
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