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Satb1 Is an Activity-Modulated Transcription Factor
Required for the Terminal Differentiation and Connectivity
of Medial Ganglionic Eminence-Derived Cortical
Interneurons

Jennie Close,* Han Xu,* Natalia De Marco Garcia, Renata Batista-Brito, Elsa Rossignol, Bernardo Rudy,
and Gord Fishell

New York University Neuroscience Institute and the Departments of Physiology and Neuroscience, NYU Langone Medical Center, New York, New York 10016

Although previous work identified transcription factors crucial for the specification and migration of parvalbumin (PV)-expressing and soma-
tostatin (SST)-expressing interneurons, the intrinsic factors required for the terminal differentiation, connectivity, and survival of these cell
types remain uncharacterized. Here we demonstrate that, within subpopulations of cortical interneurons, Satb1 (special AT-rich binding protein)
promotes terminal differentiation, connectivity, and survival in interneurons that express PV and SST. We find that conditional removal of Satb1
in mouse interneurons results in the loss of a majority of SST-expressing cells across all cortical layers, as well as some PV-expressing cells in
layers IV and VI, by postnatal day 21. SST-expressing cells initially migrate to the cortex in Satbl mutant mice, but receive reduced levels of
afferent input and begin to die during the first postnatal week. Electrophysiological characterization indicates that loss of Satb1 function in
interneurons results in aloss of functional inhibition of excitatory principal cells. These data suggest that Satb1 is required for medial ganglionic

eminence-derived interneuron differentiation, connectivity, and survival.

Introduction

Inhibitory interneurons (INs) are strikingly diverse in terms of mor-
phology, distribution, connectivity, physiology, and marker expres-
sion (DeFelipe, 1993; Kawaguchi and Kubota, 1996, 1997; Cauli et
al., 1997; Gupta et al., 2000; Markram et al., 2004; Batista-Brito and
Fishell, 2009). Each subpopulation of INs uniquely shapes cortical
processing through GABA-mediated inhibition (McBain and
Fisahn, 2001; Pouille and Scanziani, 2001; Wehr and Zador, 2003;
Somogyi and Klausberger, 2005; Klausberger and Somogyi, 2008).
For instance, somatostatin (SST)-expressing Martinotti cells are dis-
tinctly positioned to influence dendritic summation and integration
of excitatory inputs onto pyramidal cells (Kapfer et al., 2007; Silber-
berg and Markram, 2007; Tan et al., 2008; Berger et al., 2009; Mu-
rayama et al., 2009; Ma et al., 2010). However, little is known
regarding the molecular mechanisms that govern SST cell terminal
differentiation.
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Cortical INs are primarily derived from the medial ganglionic
eminences (MGEs) and caudal ganglionic eminences (CGEs), and
migrate tangentially from these transient embryonic structures to
their final position in the cortex (Anderson et al., 1999,2001; Parna-
velas et al., 2000; Marin and Rubenstein, 2001; Wichterle et al.,
2001; Nery et al., 2002; Flames et al., 2007; Welagen and Ander-
son, 2011). The MGE predominately gives rise to parvalbumin
(PV)-expressing and SST-expressing cortical INs, while the CGE
gives rise to reelin-positive/SST-negative, calretinin (CR)-express-
ing, vasoactive intestinal peptide (VIP)-expressing, and neuropep-
tide Y (NPY)-expressing INs (Nery et al., 2002; Miyoshi et al., 2007;
Xuetal., 2008; Lee et al., 2010; Miyoshi et al., 2010). Cortical INs are
also derived from the ventrolateral septum, as well as the preoptic
areas (Taglialatela et al., 2004; Gelman et al., 2009).

Expression of Nkx2.1, a homeobox protein, is required for IN
progenitors to differentiate as PV-expressing and SST-expressing
cells (Sussel et al., 1999; Butt et al., 2008). Lim/homeobox protein
6 (Lhx6), a transcription factor that functions downstream of
Nkx2.1, is required for marker expression and the proper laminar
positioning of PV and SST INs (Liodis et al., 2007; Du et al,,
2008). As these populations enter the cortex, Lhx6 activates the
expression of the sry-box 6 (Sox6) transcription factor, the loss of
which results in a failure of PV cells to develop their characteristic
fast-spiking capabilities (Azim et al., 2009; Batista-Brito et al.,
2009). However, as most SST cells are spared in Sox6 mutants, it
seems probable that Nkx2.1 and/or Lhx6 activate a parallel tran-
scription factor cascade required for SST cell specification.

We recently discovered that the mRNA encoding Satb1 (spe-
cial AT-rich binding protein), a homeobox protein that coordi-
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nates T-cell differentiation, is enriched in MGE-derived IN
precursors (Dickinson et al., 1997; Alvarez et al., 2000; Yasui et
al., 2002; Cai et al., 2006; Batista-Brito et al., 2008b). In this study,
we removed Satb1 in cortical IN precursors and find that the loss
of Satb1 results in a profound loss of SST-expressing cortical INs and
affects the maturation of some PV-expressing cortical INs. Given
that the loss of SST cells coincides with the period when they estab-
lish their synaptic connectivity, their loss could be a result of reduced
afferent input during the first postnatal week. This hypothesis is
supported by the fact that blockade of neuronal activity in MGE-
derived IN precursors diminishes Satb1 expression and leads to the
death of SST INs in the somatosensory cortex. These data indicate
that Satb1 is activity-dependent and is required for late-stage MGE-
derived IN differentiation, integration, and survival.

Materials and Methods

Satb1 conditional mice and genotyping

A conditional Satb1 allele was generated via homologous recombination
using a targeting construct in which loxP sites were placed in noncon-
served regions just 5’ to coding exon 2 and 3’ to coding exon 3 (Fig. 1 A).
The exon 2/3 and 5" and 3’ arm fragments were amplified from a bacte-
rial artificial chromosome containing Satbl genomic sequences derived
from the 129 mouse strain (bMQ 399E18 12957Ab2.2, Source BioScience
Lifescience). The Cre-mediated deletion of exons 2 and 3 results in pre-
mature termination of Satb] mRNA translation, due to the creation of
several in-frame stop codons. The targeting construct also contained a
flrted Neo cassette 3’ to the floxed region, and a negative diphtheria toxin
fragment A selection cassette flanking the 5" arm. This construct was
electroporated into W4 mouse embryonic stem cells, and 384 G418-
resistant colonies were selected for Southern blot screening. Recombi-
nant colonies were identified by Nhel digestion of genomic DNA,
followed by hybridization with 5" and 3" external probes, which resulted
in wild-type and mutant allele fragments of 14 and 8 kb, respectively (Fig.
1 F). Six positive colonies were selected and karyotyped, and two of these
were used for blastocyst injection. The resulting animals were genotyped
using the following primers: F1-GTGGCAGACATGCTTCAAGA and
R1-TGATAGCACGCAGGGAAA. A PCR cycle consisting of 95°C for
30's, 59°C for 30 s, and 72°C for 30 s, for a total of 31 cycles resulted in a
278 bp wild-type band, and a 358 bp mutant band after removal of the
Neo cassette with FIpE recombination. Null animals were generated by
crossing Satb1 conditional mutants with a Cre-deleter strain of mice, and
the null allele was detected using the following primers: F2-
TCTGCGTTCACTGATTTTGG and the R1 primer described above. The
PCR conditions used to detect the null allele were identical to those used
to detect the conditional allele, and the null allele PCR yielded a 567 bp
band in animals in which the null allele was present and the Neo cassette
was removed. We could not detect Satbl immunofluorescence in the
cortices of null animals (Fig. 1G,H).

Animals

All animals were treated in accordance with the regulations and guide-
lines of the Institutional Animal Care and Use Committee of the New
York University School of Medicine. The Dix5/6" (Stenman et al.,
2003), DIx6a“"™ (Yu et al., 2011), SST" (a gift from Josh Huang), Dix1/
2C7*ER (Batista-Brito et al., 2008a), X94 (Ma et al., 2006), G42 (Chat-
topadhyaya et al., 2004), 5SHT3a°"" (Gene Expression Nervous System
Atlas), RCE:LoxP reporter animals (Sousa et al., 2009) and Satb1 condi-
tional animals were maintained on a mixed background (Swiss Webster
and C57BL/6) and genotyped as described previously. To generate pro-
ductive crosses, Cre-positive/Satbl “* males were mated with Satb1%;
RCE:LoxP*"* females and the resulting Cre-positive, Satb1”*;RCE:
LoxP ™'~ and Satb1?* littermates were analyzed. Dix1/2°"**R induction
was performed by gavaging pregnant or nursing females with tamoxifen
(4 mg) at either embryonic day 13.5 (E13.5), E15.5, or postnatal day 1 (P1).

Histology and cell counting

Animals were anesthetized using an intraperitoneal injection of Nembu-
tal (0.25 mg/g body weight) followed by transcardiac perfusion of 4%
paraformaldehyde in PBS. Brains were then removed and placed in a
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solution of 30% sucrose in PBS at 4°C overnight, embedded in Tissue-
Tek Optimal Cutting Temperature (OCT) compound (Sakura), and frozen
at —80°C. Brain tissue was sectioned at a thickness of 16 wm onto Colorfrost
Plus microscope slides (Fisher). Sections were blocked using 2% goat serum
and 0.1% Triton X-100 in PBS for 1 h, followed by overnight incubation in
0.1% Triton X-100 in PBS with the following primary antibodies: rabbit
anti-GFP (1:2000, Invitrogen); rat anti-GFP (1:1000, Nacalai Tesque);
mouse anti-PV (1:1000, Sigma-Aldrich); rat anti-SST (1:500, Millipore Bio-
science Research Reagents); rabbit anti-NPY (1:500, Incstar); rabbit anti-
VIP (1:500, Incstar); mouse anti-CR (1:1000, Millipore Bioscience Research
Reagents), and rabbit anti-Satb1 (1:500, Victor Tarabykin). Following pri-
mary antibody incubation, slides were washed three times in PBS and incu-
bated for 1 h at room temperature with the appropriate Alexa fluor 488-
conjugated or 594-conjugated secondary antibodies (Invitrogen) raised in
goat. Slides were then washed three times in PBS and subjected to a 5 min
4',6-diamidino-2-phenylindole (DAPI) nuclear counterstain, followed by
application of Fluormount-G and coverslipping.

For cell quantification, fluorescent images were captured using a flu-
orescence microscope (Axioscope Al, Zeiss) with an attached cooled
CCD camera (Princeton Scientific Instruments) and MetaMorph soft-
ware (Universal Imaging). For each animal analyzed, images from five
somatosensory cortex sections of equal area were used to count cell den-
sities and numbers in the various cortical layers. Sections in which both
the caudoputamen and lateral ventricle were clearly visible were chosen
for analysis, and primary somatosensory cortical layers were binned from
layer I to layer VI using a DAPI counterstain to identify layer boundaries.

EEGs
EEGs were performed as described previously (Batista-Brito et
al., 2009).

Electrophysiology

Brain slice preparation. Mice were used between P18 and P21 for electro-
physiological experiments, except for the assessment of synaptic inputs
onto SST INs at early postnatal ages where P4—P6 pups were used. Mice
were anesthetized with intraperitoneal injection of pentobarbital (100
mg/kg body weight) and decapitated. The brain was quickly removed and
immersed in ice-cold oxygenated artificial CSF (ACSF) containing the
following (in mwm): 87 NaCl, 75 sucrose, 2.5 KCl, 1.25 NaH,PO,, 26
NaHCO,, 1 CaCl,, 2 MgSO,, and 10 glucose. Coronal slices (300 pum)
through primary somatosensory cortex were generated using a Vi-
bratome 1000 plus (Vibratome) and incubated in a holding chamber at
32-35°C for ~30 min followed by continued incubation at room tem-
perature for at least 1 h before physiological recordings. A slice was then
transferred to a recording chamber attached to the microscope stage and
completely submerged in ACSF containing (in mm) the following: 125
NaCl, 26 NaHCO;, 2.5 KCl, 1.25 NaH,PO,, 2 CaCl,, 2 MgSO,, and 10
glucose, pH 7.4 (bubbled with 95% O,/5% CO,). ACSF was perfused in
the recording chamber at 3 ml/min at 32°C.

Electrophysiological recordings. Whole-cell patch-clamp recordings
were obtained from visually identified neurons using an infrared differ-
ential interference contrast video microscopy system. For current clamp,
the internal pipette solution contained (in mm) the following: 130
K-gluconate, 0.5 EGTA, 7 KCI, 10 HEPES, 4 Mg-ATP, 0.3 Na-GTP, 5
phosphocreatine, pH 7.2, with KOH. For voltage clamp, the pipette so-
lution contained (in mm) the following: 130 Cs-gluconate, 0.5 EGTA, 7
KCl, 10 HEPES, 4 Mg-ATP, 0.3 Na-GTP, 5 phosphocreatine, 5 QX-314,
pH 7.2, with CsOH. Patch electrodes (3—6 (0M) were pulled from boro-
silicate glass capillaries (outer diameter, 1.5 mm). Series resistances were
usually 15-30 M{2 upon break-in and were compensated by ~70%, and
only cells with stable series resistance (<20% change throughout the
recording) were used for analysis. Data were collected using an Axopatch
700B amplifier (Molecular Devices), low-pass filtered at 5 kHz and dig-
itally sampled at 20 kHz online, and analyzed offline with pClamp9 soft-
ware (Molecular Devices).

To characterize the intrinsic membrane properties of neurons,
current-clamp recordings were made and hyperpolarizing and depolar-
izing current steps of 1000 ms duration were injected at 50 pA increments
at 0.1 Hz. To record spontaneous EPSCs (sEPSCs), slices were perfused
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Figure 1.

Satb1 conditional allele. A, Targeted region of the wild-type Sath1 genomic allele. B, Targeting construct, including coding exons 2 and 3 flanked by loxP sites (®>), PGK-Neo-positive

selection cassette in reverse orientation flanked by Frt sites (), and TK-diphtheria toxin fragment A-negative selection cassette. ¢, Homologous recombination in mouse W4 embryonic stem cells
with the targeting construct results in the insertion of an extra Nhel site (N) just 3" to coding exon 3. D, FIpE recombination results in removal of the Neo cassette. E, Cre recombination results in
deletion of coding exons 2 and 3. In addition, downstream mRNA sequences are not translated following recombination due to the creation of multiple in-frame stop codons in the resulting
transcription product. F, Southern blot analysis of Nhel digested genomic DNA from G418-resistant colonies reveals an expected 14 kb wild-type (WT) band, and an 8 kb band for the targeted mutant
allele (Mut) for both the 5" and 3" external probes. |, coding exon 1; 11, coding exon 2; ll, coding exon 3; IV, coding exon 4; F1, forward genotyping primer 1 for use in detecting the conditional allele;
R1, reverse genotyping primer 1; F2, forward genotyping primer 2 for use in detecting the null allele. G, Satb1 immunofluorescence in a cortical section from a wild-type animal. H, Satb1

immunofluorescence is undetectable in TK:Satb 7 animals.

with ACSF containing 1 uMm GABAzine to block GABA, receptors
(GABARs), and neurons were held at =70 mV. To record spontaneous
IPSCs (sIPSCs), slices were perfused with ACSF containing 50 um AP-5
and 20 uM CNQX to block NMDA and AMPA receptors, respectively,
and neurons were held at 0 mV. For paired recordings, whole-cell
current-clamp recordings in INs were paired with voltage-clamp record-

ings (Vyorp = 0 mV) in excitatory neurons in layer IV of primary
somatosensory cortex.

Data analysis. The following parameters were measured to character-
ize neuronal membrane properties: resting membrane potential was re-
corded immediately after the rupture of the neuronal membrane; input
resistance was determined by measuring the voltage change in response
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Figure2.  MGE-derived INs express Sath1. A, Dix1/2Cre™ RCE:LoxP pregnant females were gavaged with 4 mg of tamoxifen at
E13.5. Embryonic brains were sectioned coronally at E15.5 and immunofluorescence was performed to visualize EGFP-positive IN
progenitors (green) and Sath1 (red) expression. No Sath1 expression was seen in IN progenitors in the MGE or in tangentially
migrating IN progenitors at this stage. A, Magnification of boxed area in A. B, DIx1/2Cre;RCE:LoxP pregnant females were
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to asmall hyperpolarizing current pulse at rest-
ing potential (—50 pA, 1000 ms); membrane
time constant (7) was determined using a
monoexponential fit to the voltage produced
by a small hyperpolarizing current pulse at
resting potential (—50 pA, 1000 ms); action
potential voltage threshold was defined as dV/
dt = 20 mV/ms; action potential current
threshold (Ir;;) was defined as the first 1000 ms
rectangular current injection that elicited a
spike; spike height was measured from the
spike threshold to the peak; action potential
duration was measured as the spike width at
its half-amplitude; afterhyperpolarization
(AHP) was measured as the peak amplitude
of AHP from the spike threshold. SEPSCs or
sIPSCs were analyzed using Mini Analysis
Program (Version 5.6.28, Synaptosoft) and
all events were detected above a threshold of
10 pA. Each event was then manually selected
based on its rise and decay properties. Anal-
ysis of sSEPSCs or sIPSCs was performed with
cumulative probability plots and the cumu-
lative histograms were compared using the
Kolmogorov—Smirnov test for significant
differences. Population data are presented as
mean = SEM. To compare the results be-
tween different genotype groups, statistical
tests (Student’s ¢ test for two-group compar-
isons and ANOVA for multiple-group com-
parisons) were performed using statistical
software (Origin 7.5; OriginLab). In all cases,
statistical significance was defined as p <
0.05, unless otherwise indicated.

Mouse electroporations

Mouse in utero electroporations were per-
formed as described previously (De Marco
Garcia et al., 2011). Briefly, Swiss Webster
pregnant females were anesthetized and un-
derwent a cesarean-section surgery. DIx5/
6-eGFP and DIx5/6-Kir2.1 plasmids were
injected into the lateral ventricle of mouse
embryos at E13.5, E14.5, and E15.5. Upon
delivery of a square pulse, embryos were re-
turned to the abdominal cavity, which was
subsequently sutured. Females were allowed
to recover for 3—4 h in a humidified chamber

<«

gavaged with tamoxifen at E15.5 and embryonic brains were
sectioned on E17.5. In this photomicrograph, several EGFP/
Sath1 double-positive IN progenitors can be visualized enter-
ing the cortical plate at this stage. B’, Magnification of boxed
areain B. C, Coronal section from a wild-type P30 mouse brain.
Immunofluorescence for PV (green) and Sath1 (red) revealed
that a majority of PV cells express Satb1 at this stage. C’, Mag-
nification of boxed area in €. D, Coronal section from a wild-
type P30 mouse brain. Immunofluorescence for SST (green)
and Satb1 (red) revealed a majority of SST cells express Sath1
at this stage. D, Magnification of boxed area in D. E, Coronal
section from a P30 5HT3a-GFP mouse brain. Few or no (GE-
derived 5HT3a-GFP-labeled cells (green) express Satb 1 (red) at
this stage. E’, Magnification of boxed area in E. F, Quantifica-
tion of PV and SST cell Sath1 expression indicated that a ma-
jority of MGE-derived cells express Sath1at P30 (PV, 75 = 7%;
SST, 79 = 7%; n = 5). Error bars indicate SEM. Scale bars,
50 wm.
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Figure3. MGE-derived INsrequire Sath1for their migration and differentiation. Dix5/6“ was used to remove Satb1 expression in IN precursors and animals were analyzed at P21. All animals also
had the RCE:LoxP reporter allele in the background for Cre-dependent EGFP expression in the IN population. A, B, In Sath1</* animals (4), Dix5/6"*-mediated removal of Satb 7 does not affect either
the numbers or distribution of EGFP-expressing INs, whereas Dix5/67¢;Satb 7% animals (B) displayed a significant loss of INs in layer IV. €, D, Dix5/67Sath7% ™" animals have both normal numbers
and distribution of SST-expressing INs (C). However a dramatic reduction in the number of SST-positive cells was observed in DIx5/67¢:Satb19“ animals at P21 (D). E, F, PV cell distribution and
numbers appeared normal in DIx5/6:Satb7”* animals (), but slightly reduced in numbers in layers IV and VI in Dix5/6“":Satb7“ animals (F). G, DIx5/6":Satb1“* animals (gray bars) had
significantly fewer INs (EGFP, green) per area (square millimeter) on average in layers IV (41.5 = 1.8 for mutants vs 86.1 == 5.23 for controls) and VI (75.8 = 7.1 for mutants vs 106.44 = 7.7 for
controls), and a greater number of INs in layer V (144.4 = 6.5 vs 112.1 == 4.7), compared with heterozygote controls (white bars). H, Compared with controls, SST-expressing IN numbers were
significantly reduced in layers 11-VI in DIx5/67Satb7“* animals (26.8 + 3.0 for mutants vs 114.0 == 8.3 for controls). I, PV cell numbers were significantly reduced in layers IV (21.0 = 0.8 for
mutantsvs45.8 = 2.7 for controls) and VI (17.2 == 2.1 for mutants vs 37.5 == 1.6 for controls), and increased in layer V (60.6 == 1.8 for mutants vs 46.7 = 2.9 for controls) after Satb 7 removal. (n =
5 animals, with = 3 sections analyzed per animal for all experiments; *p << 0.05; **p << 0.01; ***p << 0.001. Error bars represent SEM.

at 37°C. Pups were killed at P5 and perfused with 4% PFA. Analysis  Results
was performed on cryostat sections. More than 28 brains were ana- .

lyzed for each condition and developmental stage. Statistical analysis MGI'E-derlved INs express Satb1 ) )

was performed using a Student’s ¢ test (two-tailed distribution, Previously, we found that Satb] mRNA expression was enriched

homoscedastic). in cortical IN progenitors (Batista-Brito et al., 2008b). To deter-
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Figure4.  SSTINs require postnatal expression of Sath1. Tamoxifen was administered to Dlx7/27***:Satb 1 conditional animals
on P1, and animals were killed at P21 for analysis. All analysis was done on animals positive for the RCE:LoxP reporter allele for
Cre-mediated EGFP expression. A, B, The numbers of EGFP-positive INs were similar between DIx1/2¢R-Sath 1™ controls (4) and
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mine the timing and IN-subtype specific-
ity of Satbl protein expression, we
performed immunofluorescence analysis
using an antibody against Satbl. To visual-
ize IN progenitors during differentiation,
we labeled them using animals double-
positive for the tamoxifen-inducible Dix1/
2¢7ER and RCE:LoxP reporter alleles. Dlx1/
20 ER is expressed in IN progenitors,
allowing us to label these populations in a
temporally specific manner. To mark IN
progenitors that remained in the MGE or
were in the process of tangential migration,
we gavaged pregnant Dlx1/2<"*}; RCE:LoxP
females at E13.5, sectioned E15.5 brains,
and performed double immunostaining
(Fig. 2A,A’). We saw little or no overlap
between EGFP-expressing and Satbl-
expressing cells at this stage, indicating that
IN progenitors do not yet express Satbl
when they are still in the MGE or migrating
tangentially (Fig. 2A,A’). In contrast, when
animals were gavaged at E15.5 and sec-
tioned at E17.5 (Fig. 2B,B’), occasional
EGFP/Satb1 double-positive cells could be
seen entering the cortical plate, indicating
that IN progenitors begin to express Satb1 as
they enter their radial migration/terminal
differentiation phase.

It was recently shown that cortical INs
can be divided into three main groups: PV
cells derived from the MGE; SST cells
derived from the MGE; and ionotropic
serotonin receptor-expressing (5HT3aR)
neurons, which are derived from the CGE
(Lee et al., 2010; Rudy et al., 2011). To
determine which subtypes of INs express
Satbl, we assessed its expression in PV-,
SST-, and 5HT3a-GFP-positive cells. A
majority of PV-positive cells expressed
Satbl at P30 (Fig. 2C,C’), as did SST-
expressing INs (Fig. 2 D, D’). This suggests
that MGE-derived IN subtypes express
Satbl at this stage. However, we did not
observe Satbl expression in 5HT3a-GFP-
positive INs at P30 (Fig. 2E,E’) or in ear-
lier ages (data not shown), indicating that
CGE-derived IN subtypes are Satbl-
negative. When we quantified Satbl ex-
pression in MGE-derived IN subtypes, we
found that 75 = 7% (n = 5 brains) of PV
cells and 79 = 7% (n = 5 brains) of SST

<«

Satb1% animals (B). A’, B’Higher-powered view of deep-layer
cells positive for EGFP after P1 tamoxifen administration. C,
Quantification of the percentage of EGFP cells expressing MGE
markers. In DIx1/27¢%-Sath 19 animals, 27.6 = 1.7% of cells
were SST-positive, compared with 10.5 == 1.1% in Satb1%
animals following P1 administration of tamoxifen. D, The
number of cells destined for each cortical layer was similar
between Satb7%™" and Satb7“* animals. n = 4 for Sath1™*
animals and n = 5 for Satb77“ animals. **p < 0.01.
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Figure5.  SST cells begin to die at P5 after Satb1 removal. A, SSTimmunofluorescence in SST7®;Satb 19+ animals at P5. B, SST
cell numbers are similar in SS7:Sath7% and control animals at this age. €, Quantification of cleaved caspase 3-positive cells.
Significant increases in the number of cleaved caspase 3 cells per square millimeter were observed in layers IV (0.8 == 0.3 for
Sath1c/+ vs 2.3 = 0.25 for Satb17%) and VI (2.9 + 0.5 for Satb7”" vs 5.24 = 1.1 for Satb17) of mutant animals. D, SST cell
numbers were not significantly differentin any layer at this age in mutant versus controls. £, F, Inmunofiuorescence performed on
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cells were Satb1-positive (Fig. 2 F). These
data suggest that Satbl is expressed by a
majority of MGE-derived INs as they en-
ter the terminal differentiation phase and
into adulthood.

MGE-derived INs require Satb1 for
migration and differentiation

To determine whether Satb1 plays a role
in IN differentiation, we removed
Satbl conditionally using either the
DIx5/6TRESEGEP(DIx5/6)  or the
DIx6a™ driver lines, both of which drive
Cre expression in all cortical INs embry-
onically shortly after these cells become
postmitotic (Yu et al., 2011). The DIx6a“™
line was used in all experiments in which
transgenic lines expressing EGFP were
used to visualize specific cell populations,
as the DIx5/6“"° line contains an IRES-
EGFP element that renders all cortical INs
EGFP-positive. Use of either the Dlx6a“™
or DIx5/6°¢ lines to remove Satbl re-
sulted in indistinguishable results with re-
gards to their effects on the numbers and
distribution of IN subtypes (data not
shown).

In P21 animals, both the distribution
and numbers of cortical INs in DIx5/6";
Satb1”" heterozygote animals (Fig. 3A)
was equivalent to that observed in DIx5/
6°%Sarb1 ™" animals (data not shown).
Therefore we used heterozygote litter-
mates as controls. However, DIx5/6"
Satb1 animals displayed a marked
reduction in the numbers of INs in layer 4
somatosensory cortex (Fig. 3B). Further-
more, when we analyzed MGE-derived IN
subtypes, we observed a dramatic reduc-
tion in the number of SST-expressing INs
in all layers in mutants compared with
heterozygotes (Fig. 3C,D). This is most
likely the result of aloss of SST cells, rather
than a loss of SST expression, as the over-
all reduction in IN numbers is consistent
with what would be expected from the net
loss of the SST cell population. To further
distinguish between a loss of SST cells and
SST expression, the DIx6a°" line was used
to remove Satbl in a transgenic mouse

<«

SST:Satb 19 animals at P21 indicated normal numbers of
SST-expressing cells (), but the number of SST-expressing
cells in SST:Satb 17 animals was drastically reduced (F). G,
Quantification of SST-expressing cell numbers revealed signif-
icantly reduced numbers of SST-expressing cells in SST%¢;
Sath1¢ animals (gray bars) compared with controls (white
bars). H, SST cell numbers per square millimeter of cortex in
SSTC®:Sath1“ are 81 + 20% of control numbers at P5, and
further decline to 55 == 10% and 40 == 9% of control numbers
by P10 and P21, respectively. n = 5 animals, = 3 sections were
analyzed per animal. *p << 0.05, **p << 0.01,***p < 0.001.
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line (X94 line) in which EGFP is expressed in a subpopulation of
SST cells (Ma et al., 2006). In these mutants, we observed a
profound loss of EGFP-positive cells, consistent with the no-
tion that SST cells are actually missing in mutant animals (data
not shown). While the number of PV cells appeared normal in
heterozygote animals (Fig. 3E), they were reduced in layers IV and
VI of the somatosensory cortex of mutant animals when compared with
heterozygotes (Fig. 3F).

When the results of Satbl removal were quantified, we found
significant reductions in the number of INs present per square
millimeter of somatosensory cortex in layers IV and VI in mutant
animals compared with heterozygote controls (41.5 * 1.8 for
mutants vs 86.1 = 5.23 for controls; Fig. 3G). In addition, we
noticed a significant increase in the number of INs per square
millimeter within layer V of mutants (144.4 * 6.5 for mutants vs
112.1 £ 4.7 for controls). When we quantified IN subtype num-
bers per square millimeter across cortical layers, we observed a
significant reduction in the number of SST cells in somatosensory
layers II-VI (26.8 £ 3 for mutants vs 114 * 8.3 for controls; Fig.
3H). To determine whether any subtype of SST cells was spared
after Satbl removal, we colabeled mutant brains with SST and
CR, NPY, or neuronal nitric oxide synthase and found that these
populations were also reduced in Satbl mutants (data not
shown). Notably, although DIx5/6""-mediated removal of Satbl
resulted in reduced numbers of PV-expressing cells per square
millimeter in layers IV (21.0 = 0.8 for mutants vs 45.8 = 2.7 for
controls) and VI (17.2 = 2.1 for mutants vs 37.5 = 1.6 for con-
trols), we observed a concomitant increase in this population
within layer V (60.6 = 1.8 per square millimeter cortex for mu-
tants vs 46.7 = 2.9 for controls) (Fig. 3H). These results suggest
that Satb1 is needed for the terminal differentiation and/or sur-
vival of the majority of SST-expressing cells, as well as for the
proper radial migration of a subset of PV-expressing cells.

SST cells require postnatal expression of Satb1

SST-expressing and PV-expressing cells continue to express
Satbl into adulthood. To determine whether Satbl is required
postnatally for the differentiation or survival of these cell types,
we administered tamoxifen to Dlx1/2“*%;Satb1 conditional an-
imals on P1, and the location and numbers of SST and PV cells
were analyzed in the somatosensory cortex at P21. As this ap-
proach results in the mosaic targeting of the DIx1/2-expressing
populations, we focused our analysis on EGFP+ cortical cells.
The overall number of EGFP+ cells was similar in Dlx1/2°7ER;
Satb1* animals compared with DIx1/2““**;Satb1”* controls
(Fig. 4A,B,D). In addition, we did see a reduction in the percent-
age of cells that expressed Satb1 at P21, with 72% of EGFP+ cells
expressing Satbl in control animals and 13% of EGFP+ cells
expressing Satb1 in Dlx1/2“F%;Sath17¢ animals after tamoxifen
treatment at P1 (data not shown). However, the percentage of
EGFP+ cells expressing SST was significantly reduced in DIx1/
29ERSatb1%° animals compared with heterozygote controls
(10.5% for mutants vs 27.6% for controls; Fig. 4C). There was no
significant change in the percentage of EGFP+ cells that ex-
pressed PV. Furthermore, we did not observe a significant change
in the percentage of cells destined for each of the cortical layers,
suggesting that IN radial migration was not affected by later re-
moval of Satbl (Fig. 4D). This suggests that Satbl may be re-
quired at two stages of MGE IN development: at an early
embryonic stage, where it is required to regulate radial migration
(in both SST-expressing and PV-expressing INs); and postnatally
to regulate SST cell terminal differentiation.
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Figure 6.  SST INs receive decreased excitatory glutamatergic synaptic inputs at early post-

natal ages in SST"%Sath 7%, Recordings obtained in ACSF containing 10 um GABAZine. A, Rep-
resentative traces of SEPSCs recorded from somatosensory cortical layer 4 SST INs of P5
wild-type (top, black) and SST<":Sath7* (bottom, red) mice. The frequency of SEPSCs recorded
in SST neurons from SST"%:Satb7“* mice was significantly lower. B, C, Bar graphs summarizing
the mean frequency and amplitude of SEPSCs recorded from 11 wild-type and 15 Satb 7~/ SST
INs. The mean frequency of SEPSCs declined significantly in Satb7 /"~ SST neurons (B). The
mean amplitude of SEPSCs was slightly yet significantly reduced in Satb7 = SST neurons ().
D, Cumulative probability plots of SEPSC interevent interval in SST INs show lower EPSC fre-
quency for SST:Sath7“* mice (wild-type, black; SST":Satb1%, red; Kolmogorov—Smimov
test, p < 0.0001). E, Cumulative probability plots of SEPSC amplitude from SST INs show re-
duced EPSC amplitudes for SST"*;Sath 77 mice (wild-type, black; SST:Satb 1%, red; Kolmogo-
rov—Smirnov test, p = 0.02).

SST cells die postnatally after Satb1 removal

Embryonic removal of Satbl resulted in a dramatic loss of SST
cells. To further dissect the role of Satb1 in the SST subpopulation
and to determine the time course of SST cell loss upon early
removal, we removed Satb1 using the SST" line in combination
with the RCE:LoxP reporter allele. SST" drives expression of Cre
in nearly all cortical SST INs from early embryonic ages (Tanigu-
chi et al,, 2011). Analysis of SST";Sath1”* mice at P5 revealed
that the SST cell population is largely intact in these animals when
compared with controls (Fig. 5A, B,D), although the number of
cleaved caspase-3-positive, apoptotic cells per square millimeter
was significantly elevated in layers IV (2.3 % 0.25 for mutants vs
0.8 = 0.3 for controls) and VI (5.24 = 1.1 for mutants vs 2.9 = 0.5
for controls; Fig. 5C). By P10, the SST cell population is reduced
by 40% in SST";Satb1?* mice (Fig. 5H), and by P21 this popu-
lation is reduced by 60% in mutants when compared with control
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Figure 7. Neuronal activity blockade selectively affects the survival of MGE-derived INs. 4, B, Representative example of a SST IN electroporated with a DIx5/6-eGFP plasmid at E13.5. 4,

Immunohistochemistry for GFP (green) and SST (red). B, Inverted eGFP image depicting neuronal morphology. €, Quantification of the number of cortical INs at P5 after different electroporation
stages. Mean values = SD were obtained from =28 brains for each condition. p values represent the results of a paired t test.

animals (Fig. 5E-G). In addition to our findings regarding the
loss of SST expression, we found that the number of GFP * cells
per square millimeter was reduced by 40% by P21 in mutant
animals when compared with controls, indicating that the loss of
SST-expressing cells is due in large part to cell death rather than
simply aloss of SST expression (data not shown). Together, these
data suggest that the SST IN population, although initially pres-
ent, begins to die at P5 in the absence of Satb1 gene function. As
Satbl was removed only in the SST population in these experi-
ments, these data also show that Satb1 acts in a cell-autonomous
manner to mediate SST cell survival.

Mutant SST INs receive reduced excitatory inputs at early
postnatal ages

Our immunohistochemistry experiments demonstrated that the
loss of Satbl results in a profound loss of SST-expressing INs
beginning in the first postnatal week. Because marker expression
and position of the SST cells is largely normal in mutant animals
at P5 but is lost subsequently, we reasoned that the loss of these
cells may occur due to a lack of sufficient connectivity of these
cells within the developing cortex. For instance, synaptic activity
has been shown to be important for neuronal survival during
development (Catsicas et al., 1992; Linden, 1994; Mennerick and
Zorumski, 2000). Therefore, we speculated that the inputs to SST
INs at early postnatal ages might be compromised after Satbl
removal. To test this hypothesis, Satbl was conditionally re-
moved using the SST“" driver line with the RCE:LoxP reporter in
the background for visualization, and the sEPSCs of layer IV SST
INs were examined at an age (P4—-P6) when mutant SST INs
begin to die (Fig. 5).

Layer IV SST INs were recorded under voltage-clamp config-
uration at a holding potential of —70 mV (near the reversal po-
tential for GABA-mediated currents) in the presence of GABA,R
antagonist (1 um GABAzine). For either wild-type animals or
Satbl mutant animals, SEPSCs were readily detected under our
recording conditions (Fig. 6 A), and were abolished by blockers of
NMDA and AMPA receptors (50 um AP-5 and 20 um CNQX,
respectively), confirming the glutamatergic nature of sEPSCs.
Analysis of sSEPSCs revealed a highly significant reduction in fre-
quency (mean = SEM: wild-type, 0.46 * 0.06 Hz, n = 11; Satbl
mutants, 0.22 = 0.03 Hz, n = 15; ttest, p = 0.001) and a slight, yet
significant, reduction in amplitude (mean * SEM: wild-type,

27 £ 1.9pA, n=11;Satbl mutant, 24 = 1.6 pA,n = 15; ttest, p =
0.04) in P4-P6 mutants (Fig. 6A—C). Cumulative probability
plots and Kolmogorov—Smirnov statistical analysis further con-
firmed an increase in sSEPSC interevent interval (Kolmogorov—
Smirnov test, p < 0.0001) and a reduction in SEPSC amplitude in
Satbl mutants (Kolmogorov-Smirnov test, p = 0.02) (Fig.
6D, E). Therefore, Satbl mutant SST INs received significantly
reduced excitatory inputs at early postnatal ages, which could be
the cellular mechanism underlying the SST IN death that we
observed beginning during this period.

Neuronal activity regulates the survival of SST INs

Our experiments revealed that Satb1 deletion in SST cells leads to
abnormal integration of these INs into nascent cortical circuits,
which may subsequently lead to SST cell death. This suggests that
Satb1 regulates a genetic program that allows for the formation
and/or stabilization of the excitatory inputs necessary for neuro-
nal survival. These results raised the question of whether neuro-
nal activity itself may regulate SST-expressing cell survival. To
assess the role of neuronal activity in IN survival, we perturbed
electrical activity in developing SST cells by expressing the Kir2.1
channel within cortical IN lineages through in utero electroporation.
We electroporated the inward rectifying channel Kir2.1 at different
developmental stages and scored for the presence of cortical INs at
P5. This strategy allows for the silencing of maturing INs (De Marco
Garcia et al,, 2011). Since GABAergic subtypes are born at different
time points in development, we selectively targeted SST-expressing
or CGE-derived interneurons by performing electroporations at
different stages. Whereas injections at E13.5 and E14.5 target SST
INs, electroporation at E15.5 exclusively targets CGE IN subtypes
(Fig. 7A, B) (De Marco Garcia et al., 2011). Our results show that
the number of Kir2.1-electroporated cortical INs that survive
until P5 is greatly reduced when these electroporations are per-
formed at E13.5 or E14.5, when MGE-derived INs are selectively
targeted, compared with electroporation of a control vector
(E13.5: 0 surviving neurons/mm? for Kir2.1 electroporations vs
10 = 2 for control electroporations; E14.5: 0.6 = 2 cells for Kir2.1
electroporations vs 8.3 = 3 for controls; Fig. 7C). By contrast, the
number of INs surviving after Kir2.1 electroporation at E15.5,
when CGE-derived cells are selectively targeted, is similar to that
observed when a control vector is electroporated (9.1 * 3 for
Kir2.1 electroporations vs 9.7 = 3 for controls). These results
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suggest that Kir2.1 expression compromises the survival of MGE-
derived but not CGE-derived subtypes. To determine whether
the expression of Satb1 itself is activity-dependent, we performed
genome-wide microarray analysis of control versus Kir2.1-
expressing INs in these experiments and found that, while general
IN markers, such as DIx6 and SST, were unchanged, Satb1 expres-
sion was strongly downregulated within the Kir2.1-expressing
population (data not shown). Together these results suggest that
neuronal activity regulates Satbl expression, which is required
for the survival of SST-derived cells.

Satbl removal from IN precursors reduces cortical

functional inhibition

We found that Satb1 is essential for the survival and differentia-
tion of PV and SST cells, and characterized the loss of SST cells
during the first few postnatal weeks. To examine the functional
consequence of Satb] removal from IN precursors and concom-
itant IN loss in older animals, we assessed the cortical functional
inhibition on excitatory neurons in layer 4, the layer where IN
loss was most prominent. SatbI was conditionally removed using
either the DIx5/6™ or SST™ driver line, and sIPSCs were then
compared among DIx5/6“Sath17, SST*;Satb1”* and wild-
type P18—P21 animals. In the presence of blockers of NMDA and
AMPA receptors (50 uMm AP-5 and 20 um CNQX, respectively),
layer 4 excitatory neurons were recorded under voltage-clamp
configuration at a holding potential of 0 mV (the reversal poten-
tial for glutamate-mediated currents).

For either wild-type animals or Satb]l mutant animals, sIPSCs
were readily detected under our recording conditions (Fig. 8 A),
and were abolished by GABA 4R blocker (1 um GABAzine), con-
firming the GABAergic nature of sIPSCs. Analysis of sIPSCs
revealed a highly significant reduction both in frequency (wild-
type: 10.6 * 0.5 Hz, n = 12; DIx5/6“"Sath1: 5.4 = 0.5 Hz, n =
10; SST"%;Sath17%: 8.8 = 0.4 Hz, n = 10; ANOVA, p < 0.0001)
and amplitude (wild-type: 109.8 = 3.2 pA, n = 12; DIx5/6™;
Satb17%:79.8 + 8.4 pA, n = 10; SST"Sath17: 97.7 + 4.6 pA, n =
10; ANOVA, p = 0.002) in P18—P21 mutants (Fig. 8 B,C). Cumu-
lative probability plots and Kolmogorov—Smirnov statistical
analysis further confirmed an increase in sIPSC interevent inter-
val in Satb1 mutant animals (wild-type vs DIx5;6“";Sath1°°, Kol-
mogorov—Smirnov test, p < 0.0001; wild-type vs SSTC™:Satb17°,
Kolmogorov—Smirnov test, p < 0.0001) and a reduction in sIPSC
amplitude (wild-type vs DIx5/6“";Satb1, Kolmogorov—Smir-
nov test, p < 0.0001; wild-type vs SST";Satb17, Kolmogorov—
Smirnov test, p < 0.0001) (Fig. 8 D,E). A separate comparison
between DIx5/6Satb17° and SST“";Satb1”* animals revealed
that cortical sIPSCs were more severely compromised in Dlx5/
6"%:Satb1¢ animals (sIPSC frequency: DIx5/657;Sath1¢, 5.4 +
0.5 Hz, n = 10; SST“";Satb19¢, 8.8 = 0.4 Hz, n = 10; £ test, p<
0.001; sIPSC amplitude: DIx5/6“"%;Satb17,79.8 + 8.4 pA, n =105
SST"Sath1?%, 97.7 + 4.6 pA, n = 10; t test, p < 0.05) (Fig.
8B, C), and this observation was further confirmed with cumula-
tive probability plots and Kolmogorov—Smirnov statistical anal-
ysis (sIPSC interevent interval: DIx5/6°7;Sath1¥¢ vs SST";
Satb1°, Kolmogorov—Smirnov test, p < 0.0001; sIPSC
amplitude: DIx5/6"%Satb17 vs SST"*;Satb1, Kolmogorov—
Smirnov test, p < 0.0001) (Fig. 8 D,E). Indeed, the more severe
deficit in cortical functional inhibition observed in DIx5/6";
Satb1”* animals was consistent with the finding that DIx5/6™;
Satb1?* animals displayed more prominent behavioral
phenotypes (such as epilepsy and lethality), and clearly relates to
the timing of Satbl removal. When Satbl was removed from all
cortical IN precursors using the DIx5/6™ driver line (Fig. 3), IN
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Figure 8.  GABAergic synaptic inhibition is decreased in the neocortex of Dix5/6%;Sath 1%
and SST-Satb 1 mice. A, Representative traces of sIPSCs recorded in somatosensory cortical
layer 4 excitatory neurons of P20 wild-type (top, black), Dix5/67%;Satb1* (middle, blue), and
SST:Sath17* (hottom, red) mice. Note that the frequency and amplitude of sIPSCs recorded in
the excitatory neurons from Dix5/6:Sath1* or SST™®;Satb1%“ mice were significantly de-
creased. B, €, Bar graphs summarizing the mean frequency and amplitude of sIPSCs recorded
from 12,10, and 10 excitatory neurons of wild-type, Dix5/67:Sath 1%, and SST™®;Satb 1“ mice,
respectively. B, Statistical comparison of the mean sIPSC frequency in excitatory neurons from
wild-type, DIx5/6:Sath 1%, and SST®;Satb1”* mice. €, Statistical comparison of the mean
sIPSC amplitude in excitatory neurons from wild-type, Dix5/67Sath1%, and SST"%;Sath1%¢
mice. D, Cumulative probability plots of sIPSC interevent interval show the reduced IPSC fre-
quencies for DIx5/6:Satb17“ and SST":Sath 1% mice, compared with wild types (Kolmogo-
rov—Smirnov test, wild type vs DIx5/6:Satb 1%, p < 0.0001; wild type vs ST Sath 1%, p <
0.0001; Dix5/6%;Sath 1% vs SST™:Sath1”*, p << 0.0001). E, Cumulative probability plots of
sIPSC amplitudes show reduced IPSC amplitude for Dix5/67%;Satb 1% and SST™;Satb1” mice
compared with wild types (Kolmogorov—Smimov test, wild type vs DIx5/6:Satb1*, p <
0.0007; wild type vs SST:Sath1%%, p << 0.0001; Dix5/6;Satb 17 vs SST":Satb 1%, p <
0.0001). *p << 0.05, **p << 0.01, t test.

loss was found in the SST IN population, as well as within the PV
IN population, albeit to a lesser extent (Cobos et al., 2005). These
results suggest that MGE-derived IN expression of Satbl is re-
quired for the establishment of effective inhibition of cortical
pyramidal cells.

Satb]l mutant animals display interictal epileptiform activity
during slow-wave sleep

We found that functional inhibition of pyramidal cells was dis-
rupted when Satbl was removed from inhibitory INs. In addi-
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Figure9. Sath7/~ mutants display cortical interictal epileptiform activity. Electrodes were implanted in the CA1 region of the right hippocampus, as well as right and left motor cortices (M1R
and M1L, respectively) at P14, and EEG recordings were performed between P16 and P18. 4, No abnormal activity was observed in cortical or hippocampal traces of Cre-negative littermate control
(WT) during slow-wave sleep. B, However, interictal epileptiform spikes were observed in the cortical traces obtained in Dix5/67;Sath 7/ mutant animals (arrowheads). €, Example slow-wave sleep
spectra from a wild-type control animal. D, Example slow-wave sleep spectra from a mutant animal. E, Fast Fourier transformation was performed and the total amplitude per frequency band was
quantified (average of 6 10 s epochs, 1sincrements, n = 3 animals). Note the reduction in the 6 band power (asterisk) in mutants when compared with controls. Error bars represent SEM.

tion, we observed massive seizures at ~P10 in DIx5/6“"%Satb1*

mutant animals (data not shown). To further characterize seizure
activity in these animals, EEG recordings were performed be-
tween P16 and P18 and analyzed as described previously (Batista-
Brito et al., 2009). During slow-wave sleep epochs, we observed
interictal epileptiform activity in the cortices of these animals
(Fig. 9A, B). No abnormal activity was detected in the hippocam-
pus of these animals. When spectral analysis was performed, we
observed a modest reduction in the power of the cortical § band
frequency activity in these animals when compared with controls
(Fig. 9C,D). These data further indicate that the balance between
cortical excitation and inhibition is disrupted with removal of
SatblI in the IN population, and are thus in agreement with the
notion that MGE-derived cells function in the generation of 6
oscillations (Le Bon-Jego and Yuste, 2007; Fanselow et al., 2008).
Surprisingly, we did not observe any epileptiform activity in an-
imals after removal of Satb1 using the SST" driver line, which
could reflect a difference in the timing of Satbl removal, or a
requirement for effects on PV cells in this process.

Satbl deletion increases neuronal excitability of SST INs

Although a majority of SST INs in DIx5/6“";Satb1”* mutant an-
imals die before P21, a fraction survive. To determine the conse-
quence of Satbl deletion on the maturation of SST INs that
remain, we next examined the passive and active membrane
properties of SST INs at later ages (P18—P21). Resting potential
was recorded immediately after the rupture of the neuronal
membrane; input resistance was determined by measuring the
voltage deflection in response to a hyperpolarizing current pulse
(=50 pA, 1000 ms). While the mean resting potential of mutant
SST INs was indistinguishable from that of wild-type SST INs
(mean * SEM: wild-type, —65.9 * 0.8 mV, n = 23 vs Satbl
mutants, —65.3 = 0.6 mV, n = 18, t test, p = 0.5), SatbI deletion
led to a significant increase in the mean input resistance of sur-
viving layer IV SST INs (mean = SEM: wild-type, 118.8 * 7.1
MQ, n = 23 vs Satb] mutant, 174.2 = 22.5 MQ, n = 18, ttest, p <
0.05) (Fig. 10A, B). Moreover, while the action potential voltage
threshold of mutant SST INs was not different from that of wild-
type SST INs (mean * SEM: wild-type, —41.8 = 0.8 mV, n = 23
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cells receive. It is also possible that these
altered intrinsic properties result from an
inability of SST INs to fully mature in the
absence of Satb1 expression.

Satb1 deletion decreases PV IN-
mediated synaptic inhibition

We found that cortical inhibition was di-
minished in Satbl mutants. In addition,
Satbl deletion had an enduring effect on
the membrane properties of surviving SST
INs, and deletion of Satb1 had a small but
significant effect on the PV cell popula-
tion. Therefore, we examined the effect of
Satbl removal on PV-expressing IN in-
trinsic properties and connectivity. As PV
expression does not occur until the sec-
ond postnatal week, Satbl could not be

specifically deleted from PV IN precursors

1 using the PV-Cre driver line. Instead,
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DIx6a“";Satb17° mice were crossed with
the G42 transgenic line in which EGFP is
expressed exclusively by PV-containing
% INs (Chattopadhyaya et al., 2004). The
-~ T membrane properties of PV INs were as-
T sessed in layer IV of somatosensory corti-
*% T cal slices at P18—-P21. In contrast to the
T alterations in membrane properties of
*% b SST INs, no obvious changes were de-
%% 1 tected in the membrane properties of PV
° ? INs compared with those of wild-type PV

INs (Table 1).

0~ 0
. S ol . S
Wi Z‘; s Wi WP
T

cle
ssx_melsa‘m

Figure 10.  Sath7~/~ SST INs exhibit increased membrane excitability at later developmental ages. A, Representative re-
sponses to current steps of increasing amplitude recorded from somatosensory cortical layer 4 SST INs in P20 wild-type (left, black)
and SST:Sath1%* (right, red) mice. Note that the SST neuron from the SST7%;Sath7% mouse responds with a larger voltage
deflection to the same amplitude of hyperpolarizing current and fires more spikes in response to the same amplitude of depolar-
izing currents. B, €, Bar graphs summarizing the mean input resistance and action potential current threshold of 23 wild-type and
18 mutant SST neurons. B, The mean input resistance is significantly larger in Satb1 '~ SSTINs. €, The mean current threshold to
elicit a spike is significantly lower in Sath1 ~/~ SST INs. D, Number of spikes plotted against the depolarizing current steps of
increasing amplitude. Six 1000 ms depolarizing currents ranging from 50 to 300 pA at 50 pA steps were injected. Note that
Sath1 ~~ SST INs fire more action potentials than wild-type SST INs in response to the same amount of current. *p << 0.5, **p <

0.07, t test.

vs Satbl mutant, —40.2 £ 0.9 mV, n = 18, t test, p = 0.2), the
action potential current threshold of mutant SST INs was signif-
icantly lower than that of wild-type SST INs (mean = SEM: wild-
type, 204.4 = 23.5 pA, n = 23 vs Satbl mutant, 161.1 = 20.4 pA,
n =18, ttest, p < 0.05) (Fig. 104, C), consistent with the increase
in input resistance. Furthermore, mutant SST INs exhibited a
twofold larger membrane time constant than wild-type SST INs
(mean * SEM: wild-type, 8.8 £ 0.4 ms, n = 23 vs Satbl mutant,
16.2 = 1.3 ms, n = 18, ¢ test, p < 0.001). In this regard, mutant
SST INss fired significantly more action potentials than wild-type
SST INs did in response to the same amount of suprathreshold
square-current injections (Fig. 10A,D). Together, these results
indicate that Satbl deletion in SST INs not only induced their
death at early postnatal ages, but also led to raised excitability of
those that survive to later developmental ages. The hyperexcit-
ability of SST INs lacking Satbl may be a homeostatic compen-
sation that results from the reduced excitatory drive that mutant

0 50 100 150 200 250 300
Injected current (pA)

We next examined whether the synap-
tic inhibition produced by PV INs in
Satb]l mutants was affected using paired
whole-cell recordings between PV INs
and neighboring excitatory neurons in
layer 4 somatosensory cortex. Single ac-
tion potentials were elicited in a PV IN
while unitary IPSCs were recorded in a
nearby excitatory cell (Fig. 114, Vo p =
0 mV). With a soma distance of ~50 um
(wild-type: 43.8 £ 3.8 um, n = 14
DIx6a“"Satb1*: 47.3 + 3.3 um, n = 15;¢
test, p = 0.49), PV INs were found to be
connected to excitatory cells with a simi-
larly high connection probability in wild-type and DIx6a“";
Sath19° mice (wild-type, 71.4%; Dix6a“"%;Satb1°C, 73.3%).
However, the amplitude of PV IN-evoked IPSCs was profoundly
decreased in DIx6a“";Satb17“ mice (wild-type: 540.5 = 111.8 pA,
1 = 10; Dlx6a“";Satb17%: 185.9 + 45 pA, n = 11; ttest, p < 0.01)
(Fig. 11 A, B). Furthermore, the variation of IPSC amplitude at
single connections was significantly greater in Dlx6a“";Sath17°
mice (coefficient of variation of IPSC amplitude: wild-type,
0.12 * 0.02, n = 10; DIx6a“";Satb1*,0.21 * 0.03,n = 11; t test,
p < 0.05). The kinetics of PV IN-mediated IPSCs was also slower
in DIx6a“"*;Satb1”* mice. For example, the IPSC rise time (20—
80%) was longer (wild-type: 0.41 * 0.03 ms, n = 10; Dlx6a“";
Satb17% 0.61 = 0.09 ms, n = 11; ¢ test, p < 0.05) and the IPSC
decay time constant was larger (wild-type: 6.52 = 0.27 ms, n =
10; DIx6a“";Satb1<: 8.49 = 0.70 ms, n = 11; f test, p < 0.05).
These data suggest that, in Satbl mutants, the connections from
PV-expressing INs onto pyramidal cells are formed, but are less
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Table 1. Comparison of membrane properties between wild-type SST INs or PV INs and surviving Satb1

Close, Xu et al. @ Satb1 Is Required for Interneuron Differentiation

~/~ SSTINs or PV INs in layer 4 somatosensory cortex

SSTINs PVINs
Wild type (n = 23) SST:Sath 17 (n = 18) Wild type (n = 12) DIx5/6“¢:Sath1 (n = 12)
Resting membrane potential (mV) —653 0.6 —65.9 + 0.8 —708 = 1.0 —69.7 = 1.2
Membrane resistance (M(2) 118.8 = 7.1 174.2 = 22.5% 713 £113 741+ 1.1
7(ms) 88+ 04 16.2 £ 1.3%* 82+ 06 74 %06
Action potential threshold (pA) 2044 =235 161.1 = 20.4* 550 = 69.9 535 = 40.8
Action potential threshold (mV) —419*+08 —40.2 =09 —424 26 —415*+18
Action potential height (mV) 649 = 17 651+ 1.6 60.7 = 3.5 60.4 = 3.1
Action potential width (ms) 0.41 = 0.01 0.43 = 0.02 0.23 = 0.01 0.22 = 0.01
Afterhyperpolarization (mV) 24+08 24+15

Foran explanation of the parameters, see Materials and Methods. Values shown are expressed as mean == SEM. Significant differences between mutant and wild-type values are expressed as significant difference from wild type (*p << 0.05;

*¥p < 0.01; ttest).

effective than in those of controls, which is in agreement with the
reduced levels of functional inhibition observed in such mutants.

To determine whether the dynamic properties of PV IN syn-
apses are altered by Satb1 deletion, the short-term plasticity of PV
IN-mediated IPSCs was assessed with a stimulus train (5 pulses at
40 Hz). IPSC amplitude depressed during the stimulus train for
both wild-type and DIx6a“"%;Satb1”* mice (Fig. 11). To quantify
the effect of Satb1 deletion on the kinetics of synaptic depression,
the peak amplitude of each IPSC was normalized to the first IPSC
in a train and was plotted as a function of stimulus number in the
train. The plot revealed a slightly slower short-term depression of
IPSCs in Dix6a-Cre;Sath19° mice, yet the difference did not reach
significance (Fig. 11). Together these results demonstrate that the
early removal of SatbI has a marked effect on the establishment of
PV-expressing IN-mediated inhibition. This suggests that, al-
though the specific role of Satbl may be different in PV-
expressing and SST-expressing IN populations, it is
nevertheless required for the proper maturation of both cell
types in the developing cortex.

Discussion

In the present study, we describe the role of Satb1 in the differ-
entiation and survival of MGE-derived IN subtypes. We find that
Satb1 is expressed in postmitotic INs derived from the MGE, and
that it is crucial for the proper differentiation and ultimately the
function of these cells. Specifically, Satbl is required for two
phases of IN differentiation: embryonically, for the proper radial
migration and synaptic integration of both PV-expressing and
SST-expressing cortical INs; and postnatally for the differentia-
tion of SST-expressing INs. Our results thus differentiate be-
tween the requirement for Satb1 in migration versus maturation
and connectivity. Specifically, while the incorrect positioning of
PV-expressing INs may account for the modest reduction in this
population, the massive loss of SST-expressing INs upon Satbl
gene removal may reflect their failure to establish proper connec-
tivity within the cortex.

Satb1 deletion disrupts the cortical

excitation/inhibition balance

We found that removal of Satb! in cortical INs had profound
effects on the balance between excitation and inhibition in the
cortical network. These include reductions in the amplitude and
frequency of spontaneous IPSCs in principal cells, as well as in-
terictal epileptiform spikes observed in the EEG of mutant ani-
mals. In animals in which SatbI was removed within all INs, we
observed massive seizures beginning in the second postnatal
week. We speculate that these seizures contribute to the mortality
observed in these animals, as they fail to thrive soon after
seizure onset and die by P28. As Satbl-null animals die at a

similar time point and in a similar manner (J. Close, unpub-
lished observations), it is probable that the mortality observed
in Satbl-null animals is largely explained by the loss of Satbl
within the inhibitory IN population.

Genetic mechanisms underlying Satb1 regulation of SST

IN maturation

In work to be published elsewhere, Satbl appears to function
downstream of Lhx6 in the genetic cascade regulating the matu-
ration of SST INs (M. Denaxa and V. Pachnis, personal communi-
cation). The special AT-rich binding proteins have been shown to
be crucial coordinators of cellular differentiation in multiple cell
types (Zhang et al., 2002; Dobreva et al., 2003, 2006; Alcamo et al.,
2008; Britanova et al., 2008; Savarese et al., 2009). By regulating
multiple genes concurrently via binding to matrix attachment
region sequences, chromatin looping, and recruitment of
chromatin remodeling factors, Satb1 likely has multiple roles in
the normal maturation of SST INs. Further examination of the
epigenetic modifications that result from the activity of this
gene, as well as the genetic cascades that act downstream of
Satb1 will no doubt prove fruitful. Interestingly, although we
observe that both PV cells and SST cells express Satbl, its
removal has far more profound consequences for the matura-
tion of the SST cell population. This suggests that although PV
and SST cells are both derived from the MGE, the progenitor
populations that give rise to these respective cell types may be
intrinsically divergent at the level of the epigenome. Exploring
these differences and the mechanisms by which they are im-
plemented will likely prove crucial in furthering our under-
standing of how cortical IN diversity is established.

Satb1 differentially regulates PV-IN versus SST-

IN development

Recent work from our laboratory suggests that, despite shar-
ing a common origin, PV and SST INs differ in the genetic
programs that allow them to achieve their divergent phenotypes.
Our characterization of the role of Sox6 in PV-expressing and SST-
expressing INs revealed that while Sox6 removal resulted in mispo-
sitioning of both PV-expressing and SST-expressing INs, it only
significantly affected survival of the PV-expressing IN population
(Batista-Brito et al., 2009). As noted above, Satbl removal also
had differential effects depending on the MGE IN subtype in
question. Loss of Satb1 resulted in both a general mispositioning
of MGE-derived INs and a loss of SST-expressing cells in the
somatosensory cortex. Although a portion of the lost SST expres-
sion can likely be attributed to downregulation of the SST locus,
a large portion of the loss of SST immunoreactivity is due to the
death of SST cells. This finding is bolstered by the fact that we see
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tion factors have not been discovered to
date. In fact, previous work has shown
that removal of Lhx6 does not alter DIx1
expression levels in the MGE (Zhao et

al., 2008). However, regardless of
whether DIx1 and Satb1 interact molec-
ularly or act in separate, parallel tran-
scription factor cascades, it is clear that

*T* both factors affect SST cell migration
1 and differentiation.

SST IN death after Satbl removal may
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La—— result from reduced excitatory input

We found that, before their death during
the first postnatal week, cortical SST cells
within Satb] mutant animals receive
fewer afferent inputs than their wild-type
counterparts. Studies of the cochlear nu-
cleus and olfactory bulb have shown thata
lack of afferent input to certain neuronal
subtypes can result in cell death (Brunjes,
1985; Frazier and Brunjes, 1988; Hashi-
saki and Rubel, 1989; Corotto et al., 1994;
Capurso et al., 1997). In addition, afferent
synaptic activity has been shown to be im-
portant for the survival of multiple neuronal
types during development (Catsicas et al.,
1992; Linden, 1994; Mennerick and Zorum-

Wild type Dix6a-Cre/Satb1°° L

Figure 11.  Satb7~/~ PV INs produce smaller unitary IPSCs in excitatory neurons. A, Representative paired whole-cell
recordings of PV INs and excitatory cells in layer 4 somatosensory cortex of a P19 wild-type mouse (left, black) and a P19
DIx6a“";Satb 1 mouse (right, blue). A single action potential was generated in a PV IN (bottom) and the resulting IPSC was
recorded in the excitatory cell (top). Note that the IPSC amplitude was largely reduced in the Dix6a“"®;Satb 1 mouse. Inset
illustrates recording configuration. B, Bar graph summarizing population results showing significantly smaller IPSC am-
plitudes in principal neurons from Dix6a;Satb 1% mice. €, Representative IPSCs in an excitatory cell (top) produced by
train of action potentialsin PV INs (bottom, 5 action potentials at 40 Hz) of wild-type (left, black) and DIx6a“"¢;Satb 1 mice
(right, blue). D, IPSCamplitude plotted as a function of stimulus number in the train. Each IPSC amplitude was normalized
to the first response in the train. Data points represent an average of 10 and 11 pairs from wild-type and Dlx6a“";Sath 17

mice, respectively. **p < 0.0, t test.

an increase in cleaved Caspase-3 expression at P5 in mutant ani-
mals, as well as substantial loss of GFP+ cells in the cortex with
DIx5/6-Cre or SST-Cre removal of Satbl. Because the GFP ex-
pression is driven by the constitutively active RCE (R26R CAG-
boosted EGFP) reporter after Cre recombination in these
experiments, loss of GFP-expressing cells reflects a death of these
cells. Notably, even those SST-expressing INs that persist
upon Satbl removal exhibit significant changes in their intrin-
sic properties, largely resulting in the increased excitability of
these cells. This could indicate that, although SST INs survived
after Satbl removal, they remain immature, a result consistent
with the higher than normal input resistance observed in these
cells. This may also reflect compensation for the loss of the SST
IN population. By contrast, PV cell intrinsic properties were
largely normal after Satbl removal. These data indicate that
Satb1 acts at multiple levels of MGE IN differentiation, from a
general requirement in the radial migration and positioning
during early development to a very specific requirement in the
maturation and integration of INs into cortical circuitry.

Of note, a previous study showed that removal of DIx1 also
resulted in a loss of SST cells (Cobos et al., 2005). Links con-
necting Nkx2.1, Lhx6, and the distalless family of transcrip-

2
Stimulation number

3 4 5  ski, 2000). This neuroprotective effect is
largely mediated by activity-dependent
Ca®" transients during development,
which activate neuronal antioxidant de-
fenses to suppress the apoptosis pathway
(Papadia et al., 2008; Léveillé et al., 2010).
If SST cells are sensitive to afferent input,
this lack of synaptic connectivity could
provide an explanation of the death of
these cells in conditional Satb] mutants.

Consistent with this hypothesis, we
find that suppressing the activity within
SST INs results in a reduction in their sur-
vival with a time course reminiscent of that seen in Satbl mutant
animals. Furthermore, a number of lines of evidence support the
notion that Satbl expression is regulated by activity. First, a re-
cent study examining Satbl within cortical pyramidal neurons
identifies Satbl as an immediate early gene whose expression is
coordinately regulated in conjunction with other immediate
early genes, including Fos and Arc (Balamotis et al., 2012). Sec-
ond, recent observations by the Pachnis laboratory has dem-
onstrated that KCl-induced activity can strongly upregulate
the expression of Satb1 in IN populations in vitro (V. Pachnis,
personal communication). Third, complementing the Pachnis
findings, we report here that attenuating normal cortical IN
activity through Kir2.1 expression results in a reduction in
Satbl expression. Together, these results indicate that Satbl
expression is regulated by activity, likely due to depolarization
of terminally differentiating INs by ambient glutamate or
GABA levels in the developing cortex. Once established, Satb1
function is required for the maturation and synaptic integra-
tion of these cells into cortical circuits, and ultimately this
process must be completed to ensure the connectivity and
survival of the SST cell population.
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