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The Sympathetic Neurotransmitter Switch Depends on the
Nuclear Matrix Protein Satb2
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Sympathetic neurons can switch their neurotransmitter phenotype from noradrenergic to cholinergic on exposure to neuropoietic
cytokines in vitro and in vivo. Here, we provide evidence that this transspecification is regulated by the chromatin architecture protein
Satb2. Treatment with the neuropoietic cytokines ciliary neurotrophic factor (CNTF) and leukemia inhibitory factor rapidly and strongly
increases Satb2 transcript and protein levels in cultures of rat superior cervical ganglia neurons. Knockdown of endogenous Satb2 by
short interfering RNA prevents the upregulation of choline acetyltransferase (Chat) and vesicular acetylcholine transporter (Vacht) by
CNTF as well as the loss of norepinephrine transporter (Net). Conversely, overexpression of Satb2 in the noradrenergic sympathetic
phenotype results in a marked increase of Chat and Vacht expression and reduced Net mRNA levels in the absence of neuropoietic
cytokines. Chromatin immunoprecipitation analysis in primary sympathetic neurons reveals that Satb2 binds to matrix attachment
regions (MARs) within the Chat locus. In vivo, in the rat stellate ganglion, Satb2 is expressed exclusively in sudomotor cholinergic
neurons innervating the sweat glands and only after establishment of contact between neurons and target. These findings demonstrate a
function of the MAR-binding protein Satb2 in growth factor-dependent neurotransmitter plasticity in postmitotic neurons.

Introduction
The vast majority of mature sympathetic neurons uses noradrena-
line as a neurotransmitter and has vasoconstrictor, secretomotor, or
pilomotor functions. A minor subpopulation secretes acetylcholine
and innervates sweat glands, vasculature, and periosteum.

The acquisition of noradrenergic phenotype by neural crest
precursor cells occurs early in development, before target con-
tact, and is mediated via a transcription factor network induced
by bone morphogenetic proteins. The concerted action of Mash1,
Phox2b/2a, Hand2, and Gata2/3 has been shown to activate both
the expression of the noradrenalin biosynthetic machinery and
pan-neuronal markers in autonomic precursors (Goridis and
Rohrer, 2002; Rohrer, 2003; Sarkar and Howard, 2006).

The cholinergic sudomotor neurons, innervating the sweat
glands, develop much later by a transspecification process from
fully functional noradrenergic neurons. This neurotransmitter
plasticity occurs at postnatal stages in individual postmitotic neu-
rons under the influence of neuropoietic cytokines, released by
the target tissue after innervation (Landis, 1990, 1996; Stanke et
al., 2006). The noradrenergic-to-cholinergic neurotransmitter
switch can be induced in vitro in cultured sympathetic neurons by
members of the neuropoietic cytokine family, such as ciliary neu-
rotrophic factor (CNTF) or leukemia inhibitory factor (LIF)
(Fann and Patterson, 1994). Although this neurotransmitter
switch has served as an intensively studied model of neuronal

diversification, little is known about the nuclear molecules and
processes that act as a counterpart of the well characterized nor-
adrenergic transcription factor network in controlling the down-
regulation of noradrenergic markers and the specification of the
cholinergic transmitter phenotype.

The DNA-binding proteins Satb1 and Satb2 represent a novel
class of gene regulators, which affect transcription by binding to
AT-rich sequences of matrix attachment regions (MARs), tether-
ing them to the nuclear matrix and forming distinct chromatin
loops (Cai et al., 2003, 2006; Britanova et al., 2005; Szemes et al.,
2006). These higher-order chromatin changes coupled with re-
cruitment of chromatin remodeling complexes at the anchorage
sites ensure precise, coordinated regulation of many close and
distant genes (Yasui et al., 2002; Galande et al., 2007; Gyorgy et
al., 2008). Previous studies have elegantly demonstrated a crucial
role of Satb2 in cell specification and differentiation processes in
non-neuronal cells. For example, Satb2 directs B-cell differenti-
ation by binding to the MARs of the Ig � locus and enhancing its
expression (Dobreva et al., 2003). Satb2 also functions as a mo-
lecular determinant of skeletal development and osteoblast dif-
ferentiation (Dobreva et al., 2006). Recently, it has been shown
that Satb2 is a part of cell-intrinsic genetic mechanisms that con-
trol the projection neuron identity in the developing cortex (Al-
camo et al., 2008; Britanova et al., 2008).

Here, we show for the first time that Satb2 can also be regu-
lated acutely by neurotrophic growth factors. Members of the
gp130 cytokine family strongly induce Satb2 in postmitotic sym-
pathetic neurons undergoing neurotransmitter transspecifica-
tion. We find that Satb2 binds to MARs of the cholinergic locus
and is both required and sufficient for the activation of its tran-
scription. Moreover, Satb2 is specifically expressed in sudomotor
cholinergic neurons only after target contact, suggesting that it
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may regulate target-induced noradrenergic-to-cholinergic phe-
notype switch after sweat gland innervation.

Materials and Methods
Primary cell culture. Superior cervical ganglia (SCGs) were dissected from
newborn rats [postnatal day 0 (P0) to P2]. Ganglia were trypsinized and
dissociated by trituration, and the resulting cell suspension was preplated for
2–3 h in noncoated tissue culture dishes to allow adherence of the non-
neuronal cells (Friedel et al., 1997). Neurons were plated in either 35 mm
tissue culture dishes (immunoblotting assay) or 12-well plates [reverse tran-
scription (RT)-PCR assay], previously coated with poly-DL-ornithine
(Sigma-Aldrich) and laminin (Invitrogen). Cells were incubated for differ-
ent time periods (2, 6, 8, 24, and 72 h) in Ham’s F-14 medium (Invitrogen),
containing 0.1 mg/ml apotransferrin, 16 mg/ml putrescine, 6 ng/ml proges-
terone, 8 ng/ml sodium selenite, 5 �g/ml insulin, 100 mg/ml penicillin G, 60
mg/ml streptomycin sulfate (all supplements from Sigma-Aldrich), in the
presence of either NGF (20 ng/ml; PeproTech) or CNTF (25 ng/ml; Pepro-
Tech) and NGF (5 ng/ml). In some experiments, LIF (ESGRO LIF; 1000
U/ml; Millipore), glial cell line-derived neurotrophic factor (GDNF) (25
ng/ml; PeproTech), or Neurturin (25 ng/ml; PeproTech) were used instead
of CNTF. The cultures were maintained in a humidified atmosphere of 5%
CO2 in air at 37°C. The medium of the long-term cultures was changed 1 or
2 d after plating. Glial cell proliferation was inhibited with Aphidicolin (5
�g/ml; Sigma-Aldrich).

Electroporation. For Satb2 knockdown experiments, 1–3 � 10 6 disso-
ciated rat SCG neurons were centrifuged at 80 � g for 5 min at room
temperature, resuspended in 100 �l of Nucleofector Solution (Amaxa
Rat Neuron Nucleofector kit), and mixed with either stealth small inter-
fering RNA (siRNA) duplexes against Satb2 (three duplexes; 2 �g each;
Invitrogen) or 6 �g of stealth siRNA Negative Control (Medium GC;
Invitrogen). Cells were electroporated with Amaxa Nucleofector device
(program G13) according to the manufacturer’s instructions. Immedi-
ately after nucleofection, prewarmed culture medium (900 �l) was added
to the cell suspension and the neurons were plated in 35 mm tissue
culture dishes, previously coated with poly-DL-ornithine/laminin at a
density of 300,000 cells per dish. The cultures were incubated for 2 d in
Ham’s F-14 medium, supplemented as above, in the presence of CNTF
(25 ng/ml) and NGF (5 ng/ml). The medium was changed 1 d after
plating. Cells were directly harvested in lysis/binding buffer for mRNA
isolation (100 mM Tris-HCl, pH 7.5, 500 mM LiCl, 10 mM EDTA, 1%
LiDS, 5 mM dithiothreitol) or in 2� Roti-Load 1 sample buffer (Roth) for
immunoblotting, since the transfection efficiency in knockdown exper-
iments was close to 100% (tested by electroporation of Cy3-conjugated
siRNAs). The sequences of the siRNAs against rat Satb2 (Invitrogen)
were as follows: stealth_734, GCUGAAGAUCCAAUUACAAAGUUGU;
stealth_995, CGAGAGAACCUUUCAGACUAUUGU; stealth_1721,
CGUCAACAUCACAGCUGCCAUUUAU.

For overexpression experiments, neurons were nucleofected (program
G13) with expression plasmids—either 3.5 �g of pmaxGFP (Lonza) and 5
�g of pcDNA3.1-mSatb2 or, as control, 3.5 �g of pmaxGFP and 5 �g of
empty pcDNA3.1 vector (Invitrogen). The expression plasmid pcDNA3.1-
mSatb2 was constructed by subcloning the coding sequence of Mus musculus
Satb2 (cDNA clone MGC:170250, IMAGE:8861645) into the EcoRI site of
pcDNA3.1. After nucleofection, the neurons were plated in either 35 mm
poly-DL-ornithine/laminin-coated dishes for real-time RT-PCR analysis or
in precoated glass-bottom dishes (MatTek) for immunocytochemistry. The
cultures, grown on 35 mm dishes, were incubated for 2 d in supplemented
F14 medium, containing 5 ng/ml NGF. Since the transfection efficiency in
overexpression experiments (10–20%) was lower than in siRNA knock-
down experiments, only green fluorescent protein (GFP)-positive nucleo-
fected neurons were used for analysis—three to five pools of �150–200
GFP-positive neurons per condition were aspirated by using a glass micro-
capillary (inner diameter, 15–20 �m) and transferred into Microfuge tubes,
containing 20 �l of lysis/binding buffer for RNA extraction. The neurons,
plated on glass-bottom dishes, were cultured for 3 d in the presence of NGF
(10 ng/ml) and CNTF (10 ng/ml). The caspase inhibitor Q-VD-OPH (10
�M; Calbiochem) was added to the culture medium to prevent neuronal
death.

RNA isolation and real-time PCR. mRNA was isolated using Dyna-
beads Oligo-dT25 (Invitrogen) following the manufacturer’s protocol.
Briefly, mRNA was annealed to the beads by incubation in lysis/binding
buffer on a rotating mixer for 10 min at room temperature. After several
washing steps, mRNA was eluted from the beads by adding 16 �l of 10
mM Tris-HCl and incubating for 3 min at 85°C. The eluted mRNA was
quickly transferred to a new tube, chilled on ice, and immediately used
for cDNA synthesis according to High-Capacity cDNA Reverse Tran-
scription Kit protocol (Applied Biosystems).

The levels of mRNAs were assessed by quantitative real-time PCR
using Fast SYBRMaster Mix (Applied Biosystems). All amplification re-
actions were conducted in triplicate. Relative expression ratios were cal-
culated by the ��Ct method (Pfaffl, 2001). The Gapdh gene was used for
normalization.

The following primers were used: rat Gapdh, forward, 5�-CTG-
GAGAAACCTGCCAAGTATG-3�; rat Gapdh, reverse, 5�-ACAACCTG-
GTCCTCAGTGTAG-3�; rat Satb2, forward, 5�-CCGCACACAGGG-
ATTATTGTC-3�; rat Satb2, reverse, 5�-TCCACTTCAGGCAGGTTG-
AG-3�; rat Vacht, forward, 5�-CTCACCACTTGTAACATTCCCC-3�; rat
Vacht, reverse, 5�-AAACCATGCCCATCTCCCAC-3�; rat Net, forward,
5�-CAGCACCATCAACTGTGTTACC-3�; rat Net, reverse, 5�-GGCTTCT-
GGATACAGGACAAATAC-3�; rat VIP, forward, 5�-CACGCCCTATT-
ATGATGTGTCC-3�; rat VIP, reverse, 5�-TCCGAGATGCTACTG-
CTGATTC-3�; rat Chat, forward, 5�-CAGCCAATTGGGTCTCT-
GAATAC-3�; rat Chat, reverse, 5�-GAGGCAGGCTGCAAATCTTAG-3�;
rat NF160, forward, 5�-AGCATTGAGCTCGAGTCGGTG-3�; rat NF160,
reverse, 5�-CTGCTGGATGGTGTCCTGGTAG-3�.

Immunocytochemistry. Primary SCG neurons were grown on coverslips or
glass-bottom dishes precoated with poly-DL-ornithine (Sigma-Aldrich) and
laminin (Invitrogen) in Ham’s F-14 medium, supplemented as above for 3 d.
Cells were washed in PBS (0.01 M), pH 7.4, fixed in 4% paraformaldehyde in
PBS for 15 min, and permeabilized in 0.3% Triton X-100 in PBS (PBST) for
10 min. After blocking with serum (10% normal serum, 1% BSA in PBST),
cells were incubated overnight at 4°C with the appropriate primary antibod-
ies (rabbit anti-Tau, 1:300, Dako; mouse anti-Satb2, 1:100, Abcam; rabbit
anti-Vacht, 1:1000, Sigma-Aldrich) diluted in 1% BSA in PBST. After several
rinses in PBST, cells were incubated for 1 h with Alexa Fluor secondary
antibodies (Alexa 488-conjugated goat anti-rabbit, Alexa 555-conjugated
goat anti-mouse or goat anti-rabbit; 1:2000; Invitrogen) and washed three
times in PBS. The coverslips were incubated for 2 min with the DNA stain
4�,6-diamidino-2-phenylindole (DAPI) (300 nM in PBS), rinsed in PBS and
deionized water, and mounted on slides with Mowiol (Sigma-Aldrich). Pic-
tures were taken with an ApoTome Imaging System based on Axio Ob-
server.Z1 (Zeiss) using AxioVision software.

Immunoblotting. Total protein extracts from cultured primary SCG
neurons were prepared by direct lysis of the cells in 2� Roti-Load 1
sample buffer (Roth). The lysates were briefly sonicated, centrifuged for
15 min at 13,000 rpm to remove the cellular debris, and subjected to 10%
SDS-PAGE. The separated proteins were transferred to a polyvinylidene
difluoride membrane (Millipore), which was first blocked with 5% milk
powder in TBST (0.1% Tween 20 in TBS) for 1 h and then incubated
overnight at 4°C with the corresponding primary antibodies, diluted in
blocking solution: mouse anti-Satb2 (1:100; Abcam), goat anti-Erk2 (1:
2000; Santa Cruz), or mouse anti-�-tubulin (1:100,000; Sigma-Aldrich).
After incubation with HRP-coupled secondary antibodies, the blots were
developed using ECL reagent (GE Healthcare). For quantification of
protein expression, ImageJ software was used (http://rsb.info.nih.gov/ij).

Chromatin immunoprecipitation assay. Chromatin immunoprecipita-
tion (ChIP) assay was performed using the EZ-Magna ChIP G kit (Mil-
lipore) following the manufacturer’s instructions. Briefly, primary SCG
neurons, cultured for 2 d in the presence of CNTF (25 ng/ml) and NGF (5
ng/ml), were fixed with 1% formaldehyde in growth medium for 10 min
at room temperature. After cell and nuclear lysis, the cross-linked DNA
was sheared to �200 – 600 bp lengths by sonication on ice in a Fisher 200
sonifier (six to seven 10-s-long bursts at power output 2; duty cycle,
90%). The sheared cross-linked chromatin was diluted with dilution
buffer and incubated overnight at 4°C with 5 �g of mouse anti-Satb2
antibody (Abcam) or 1 �g of normal mouse IgG as a negative control.
Protein G magnetic beads (20 �l) were added to the samples to collect the
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immune complexes. After washing the beads in several wash buffers (low
salt, high salt, LiCl, and TE buffer), protein–DNA complexes were eluted
and reverse cross-linked at 62°C for 2 h with shaking by incubation in
ChIP elution buffer, containing proteinase K. The precipitated genomic
DNA was purified using spin columns and used as a template in real-time
PCRs. The input DNA (an aliquot of the sheared chromatin, not sub-
jected to immunoprecipitation, but reverse-cross-linked and purified)
was diluted to 1% and used to validate the performance of different
primer pairs, designed to amplify MARs within the Chat locus (for
primer sequences, see supplemental Methods, available at www.
jneurosci.org as supplemental material). The fold enrichment was esti-
mated using the following equation: 2 ^(Ctmock � Ctspecific), where
Ctmock and Ctspecific are the mean threshold cycles of PCR on DNA
samples from mock (IgG) and Satb2 immunoprecipitations (Nelson et
al., 2006). In one of the technical replications, semiquantitative PCR was
used to quantify the fold change after ChIP. After resolving the PCR
products in gel electrophoresis, band intensities were quantified using
ImageJ software and the fold change after ChIP was calculated as the ratio
of the intensity of the Satb2 IP band to that of the mock (IgG) IP band.

Tissue preparation and immunohistochemistry. Stellate ganglia from
newborn or 30-d-old rats were dissected and fixed in 4% paraformalde-
hyde in PBS for 20 min. After several washes in PBS, the ganglia were
cryoprotected by immersion in 25% sucrose solution in PBS at 4°C and
mounted in TissueTek medium (Sakura Finetek). Fourteen-micrometer-
thick sections were cut with a cryostat, mounted on gelatin-coated slides, and
air-dried for 1 h at 37°C.

The sections were fixed for 5 min in precooled acetone (�20°C),
washed two times, 5 min each, in Tris-buffered saline (TBS) and perme-
abilized in 0.25% Triton X-100 in TBS (TBST) for 10 min. After 1 h
preincubation in blocking solution (10% normal serum, 1% BSA in
TBST), primary antibodies were applied, diluted in blocking solution,
and then the sections were incubated at 4°C overnight. The following
antibodies were used: mouse anti-Satb2 (1:100; Abcam); rabbit anti-
Vacht (1:1000; Sigma-Aldrich); rabbit anti-rat calcitonin gene-related
peptide (CGRP) (1:300; AbD Serotec). Subsequently, the sections were
rinsed three times, 5 min each in TBST, incubated in the corresponding
Alexa Fluor secondary antibodies (1:2000 dilution in blocking solution;
Invitrogen) for 1 h at room temperature. Finally, the sections were incu-
bated for 2 min with the DNA stain DAPI (300 nM in PBS), rinsed again
in TBS and deionized water, and mounted with Mowiol (Sigma-
Aldrich). Images were obtained with a Zeiss Axio Observer.Z1 fluores-
cence microscope and AxioVision software.

Results
Satb2 mRNA and protein levels are strongly induced by
members of the gp130 cytokine family in primary rat SCG
neurons
We previously analyzed the global transcriptome changes accom-
panying the sympathetic neurotransmitter transspecification by
using Affymetrix GeneChip Rat Genome 230 2.0 microarrays.
Gene expression was compared between primary SCG neurons
cultured for 7 d in the presence of either NGF or CNTF and NGF
(unpublished observations). Among the Affymetrix features
most strongly induced by CNTF, we identified the probe set
1390838_at (18-fold upregulation), which was located on chro-
mosome 9, immediately downstream of the Satb2 locus.

Although not part of the current annotation for Satb2 mRNA
sequence (ENSRNOT0000001378; NM_001109306), this feature
most likely represents the 3�-untranslated region of the Satb2
transcript, based on alignment with a cluster of expressed se-
quence tag sequences associated with this locus. Since the nuclear
matrix protein Satb2 was previously implicated in various devel-
opmental processes, we tested for Satb2 differential expression.
Satb2 mRNA levels were determined in primary SCG neurons at
different time points after CNTF treatment by quantitative RT-
PCR. The results show that Satb2 mRNA expression was signifi-
cantly increased after CNTF application, starting from �3-fold

in 2 h and reaching �140-fold in 72 h, similarly to the expression
of the cholinergic marker genes Chat and Vacht (Fig. 1A,B).
Furthermore, the comparison of Satb2, Chat, and Vacht time
course revealed that Satb2 expression preceded that of the cho-
linergic markers by several hours. The cholinergic differentiation
factor LIF, another member of the gp130 cytokine family, had the
same effect on Satb2 transcript levels as CNTF (Fig. 1C), whereas
GDNF family ligands GDNF and Neurturin did not induce Satb2
expression in primary SCG neurons (supplemental Fig. 1, avail-
able at www.jneurosci.org as supplemental material). As shown
by immunoblotting, Satb2 protein levels were also strongly in-
creased in CNTF- versus NGF-treated primary cultures (Fig.
1D). Double immunostaining with antibodies to Satb2 and the
neuron-specific marker Tau confirmed the induction of Satb2 in
virtually all CNTF-treated neurons, demonstrating strong nu-
clear Satb2 staining (Fig. 1E). In neurons cultured with NGF,
Satb2 expression was very low and could not be detected either by
immunostaining or by Western blot. Satb2 was also not detected
in non-neuronal cells (Fig. 1E).

Satb2 siRNA knockdown prevents cholinergic gene locus
induction by CNTF
The upregulation of both Satb2 and the cholinergic marker genes
in response to CNTF raised the possibility that Satb2 is required
for transcriptional regulation of cholinergic or noradrenergic
markers by CNTF. To test this hypothesis, we used siRNAs to
knock down Satb2 expression in SCG primary neurons. We first
assessed the extent of Satb2 gene silencing in CNTF-treated cul-
tures by quantitative RT-PCR and Western blotting. Dissociated
ganglion cells were electroporated with either Satb2 siRNAs or
control siRNA before plating and analyzed for Satb2 mRNA and
protein expression at day 2 and day 3 in culture, respectively. The
combined application of three siRNA duplexes against Satb2
caused �80% reduction in the Satb2 mRNA level relative to the
control siRNA transfected sample, both in neuronal mass cul-
tures (Fig. 2A) and in microcapillary aspirated neurons (data not
shown). Western blot analysis confirmed the effectiveness of
siRNA duplexes in knocking down Satb2 also on the protein level.
In lysates from Satb2 siRNA-transfected CNTF-treated cultures,
Satb2 protein could not be detected, similarly to NGF-treated
cultures, whereas in neurons transfected with control siRNA and
treated with CNTF, Satb2 protein levels were strongly induced
(Fig. 2B). Next, we measured Chat and Vacht mRNA expression
in CNTF-treated sympathetic neurons after Satb2 siRNA knock-
down. Strikingly, the elimination of Satb2 resulted in a drastic
reduction in Chat and Vacht transcript levels relative to control
siRNA (10-fold and 5-fold decrease, respectively), whereas the
expression of the neuropeptide vasoactive intestinal peptide
(VIP), which serves as an additional cholinergic marker, was un-
affected. Additionally, Satb2 knockdown produced a significant
increase in the expression of the noradrenergic marker Net.

These results show that Satb2 is necessary for the induction of
the cholinergic gene locus by CNTF in primary sympathetic
neurons. Furthermore, Satb2 functions in antagonizing the
expression of the noradrenergic marker gene Net after CNTF
application.

Satb2 overexpression results in increased Chat and Vacht
mRNA levels and strong Vacht immunoreactivity in
noradrenergic neurons
To investigate whether Satb2 can promote cholinergic gene ex-
pression in noradrenergic neurons, we transfected primary SCG
neurons with a Satb2 expression construct to achieve overexpres-
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sion of Satb2. GFP plasmid was coelectroporated to detect trans-
fected cells. Almost all GFP-positive, nucleofected neurons
strongly expressed Satb2, whereas the nonelectroporated neu-
rons had undetectable levels of Satb2 under both culturing con-

ditions (supplemental Fig. 2, available at
www.jneurosci.org as supplemental ma-
terial): 5 ng/ml NGF (RT-PCR analysis)
and 10 ng/ml NGF plus 10/ng ml CNTF
(immunocytochemistry). After 2 d in cul-
ture, GFP-positive neurons were aspi-
rated by a glass microcapillary and
analyzed for marker gene mRNA expres-
sion. Quantitative RT-PCR revealed that
forced expression of Satb2 caused not
only a strong increase in both Chat and
Vacht mRNA levels (80.3-fold and 21.4-
fold, respectively, relative to mock-
transfected samples) but also a significant
reduction in the level of Net mRNA (Fig.
3A,B). At the same time, the expression of
the neuronal marker NF160 was unaltered
(Fig. 3C). These findings suggest a specific
function of Satb2 in driving cholinergic and
suppressing Net gene expression without
affecting a pan-neuronal marker in postmi-
totic sympathetic neurons. Furthermore,
immunocytochemistry analysis revealed
strong Vacht immunostaining in neurons
electroporated with Satb2 expression
plasmid as opposed to undetectable Vacht
immunoreactivity in GFP- and Satb2-
negative nontransfected neurons (Fig.
3D). In control experiments, in which
only GFP/mock plasmids were electropo-
rated, there was no difference in Vacht
immunofluorescence of GFP-positive and
GFP-negative neurons (data not shown).
The increase in Vacht immunostaining af-
ter Satb2 overexpression was similar to
the induction of Vacht immunoreactivity
after CNTF treatment (supplemental Fig.
3, available at www.jneurosci.org as sup-
plemental material).

Together, the results of gain- and loss-
of-function experiments demonstrate that
Satb2 is both necessary and sufficient for
stimulation of cholinergic locus gene ex-
pression in primary sympathetic neurons.
In addition, Satb2 has a function in reduc-
ing the levels of the noradrenergic marker
Net during the cholinergic switch.

Satb2 binds to MAR sequences in the
Chat locus
Previous studies have shown that Satb2
interacts with different AT-rich DNA se-
quences, part of MARs/SARs (scaffold at-
tachment regions), and is capable of either
activating or repressing the transcription
of the corresponding gene loci (Dobreva
et al., 2003, 2006; Alcamo et al., 2008; Bri-
tanova et al., 2008; Savarese et al., 2009).
To examine whether the positive tran-

scriptional effect of Satb2 on the cholinergic locus correlates with
in vivo binding of Satb2 to MARs within the locus, we performed
ChIP experiments in CNTF-treated rat primary sympathetic
neurons. First, we tested whether the commercially available

A

C

E

D

B

Figure 1. Neuropoietic cytokines induce Satb2 in primary SCG neurons. A, Quantitative RT-PCR analysis reveals a rapid and
significant increase in Satb2 mRNA level on CNTF stimulation. B, The induction of the cholinergic locus by CNTF follows a similar but
slightly delayed time course. C, Satb2 mRNA level is also markedly induced 24 h after treatment with LIF. Data represent mean �
SEM of three independent experiments; unpaired two-tailed t test, comparison with NGF-treated neurons: *p �0.05, **p �0.01,
***p � 0.001. D, Immunoblotting shows strong Satb2 protein expression in CNTF-treated SCG neurons and undetectable Satb2
protein levels in NGF-treated cultures. Tubulin was used as a loading control. E, Images of primary SCG neurons, cultured in the
presence or absence of CNTF, costained for Tau and Satb2. Nuclei were stained with DAPI. The expression of Satb2 is virtually absent
from the nuclei of NGF-treated neurons. Scale bar, 20 �m.

A B C

Figure 2. Satb2 is required for induction of cholinergic gene locus by CNTF. A, B, Quantitative RT-PCR (A) and immunoblotting (B)
experiments demonstrate effective Satb2 knockdown on mRNA and protein level by siRNA in primary SCG neurons. C, Satb2 gene silencing
in CNTF-treated SCG neurons greatly reduces Chat and Vacht transcript levels, without affecting VIP levels. Data shown represent mean�
SEM (n�4 – 6); unpaired two-tailed t test, comparison with control siRNA-transfected neurons: *p�0.05, **p�0.01, ***p�0.001.
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mouse monoclonal Satb2 antibody can
immunoprecipitate Satb2-bound chro-
matin fragments. Sheared chromatin
from lysates of cultured sympathetic neu-
rons was immunoprecipitated with anti-
Satb2 antibody or normal mouse IgG, and
the immunoprecipitates were subjected to
Western blotting. As shown on supple-
mental Figure 4 (available at www.
jneurosci.org as supplemental material),
Satb2 was detected in the sample immu-
noprecipitated with anti-Satb2 antibody,
demonstrating the usability of this anti-
body in the ChIP assay. Next, we used the
available computer algorithms, MAR-Wiz (http://
genomecluster.secs.oakland.edu/marwiz/)
and SMARTest (http://www.genomatix.de)
to search for putative MARs within the 60
kb genomic sequence encompassing the
rat cholinergic locus. The MAR-Wiz algo-
rithm identified two MARs elements,
�1000 bp long (termed MAR1 and
MAR2), whereas the Genomatix software
predicted only one potential MAR, �400
bp long (termed SMAR) (Fig. 4A). We de-
signed primer pairs that allow for the am-
plification of overlapping or neighboring
regions within the in silico predicted MAR
elements (three amplicons per MAR ele-
ment), as well as regions located directly
upstream or downstream of the MARs.
ChIP assay followed by PCR analysis of
the immunoprecipitated chromatin frag-
ments showed that in vivo Satb2 occupies
some (MAR2 and SMAR) but not all pre-
dicted MARs within the rat Chat locus
(Fig. 4B) and do not bind to coding sequences of �-actin (nega-
tive control). The level of enrichment in Satb2 immunoprecipi-
tations was lower for fragments amplified with primers located
upstream or downstream of the SMAR element (data not
shown).

Satb2 expression in vivo labels a subpopulation of cholinergic
neurons in the sympathetic stellate ganglion
Our in vitro functional studies demonstrate that Satb2 is required
for CNTF-triggered cholinergic transspecification of cultured
sympathetic neurons. To find in vivo correlates for the proposed
function of Satb2 as a cholinergic transmitter phenotype deter-
minant, we applied immunohistochemistry to examine the ex-
pression of Satb2 relative to cholinergic markers in sympathetic
stellate ganglion. In mature paravertebral sympathetic ganglia of
rodents, cholinergic postganglionic neurons are a minority (i.e.,
they only constitute �3–5%) (Masliukov and Timmermans,
2004). The stellate ganglion, in particular, contains the highest
number of cholinergic neurons. They fall into two classes with
different morphological and neurochemical properties: large,
scattered, CGRP-positive sudomotor neurons that project to the
forelimb sweat glands, and significantly smaller CGRP-negative
cholinergic neurons that form loose clusters within the ganglion
and innervate the periosteum (Anderson et al., 2006). Both pop-
ulations initially express noradrenergic markers and require in-
teractions with their target tissues to acquire cholinergic
phenotype (Landis, 1990; Asmus et al., 2000).

We analyzed Satb2 and Vacht coexpression in sections of rat
stellate ganglion at three developmental stages, embryonic day 18
(E18), P1/P2, and P30, that is, before (E18, P1/P2) and after (P30)
the innervation of one of the cholinergic target tissues, the fore-
paw sweat glands (Guidry and Landis, 1998). At E18 and P1/P2,
we found a small number of postganglionic sympathetic neurons
positive for Vacht immunoreactivity, as previously reported
(Schäfer et al., 1997). At these developmental stages, however, we
could not detect Satb2-positive nuclei in sections of stellate gan-
glia from five animals (Fig. 5A; supplemental Fig. 5, available at
www.jneurosci.org as supplemental material). In contrast, at P30
several Satb2-positive nuclei were detected in virtually every sec-
tion (Fig. 5B; supplemental Fig. 6, available at www.jneurosci.org
as supplemental material). Notably, all Satb2-labeled neurons
were also immunoreactive for Vacht. But only 63% of the exam-
ined 336 Vacht-immunoreactive cells coexpressed Vacht and
Satb2, whereas the remaining cells were single Vacht-positive. To
characterize the Satb2-expressing subpopulation of cholinergic
neurons more precisely, we analyzed the colocalization of Satb2
with CGRP, a marker of the sudomotor cholinergic neurons,
which project to the sweat glands (Cane and Anderson, 2009).
We examined a total of 120 Satb2-positive neurons on sections
from several animals. Ninety-eight percent of these neurons also
expressed CGRP (Fig. 5C; supplemental Fig. 6, available at
www.jneurosci.org as supplemental material). The difference
from 100% double-positive neurons might be attributable to
the difficulty of precisely distinguishing the cytoplasmic

A
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Figure 3. Satb2 promotes cholinergic gene expression, suppresses Net expression, and induces Vacht immunoreactivity. A–C,
Quantitative RT-PCR experiment shows a marked increase in Vacht and Chat transcript levels (A) after Satb2 overexpression in
NGF-treated SCG neurons. The mRNA level of the noradrenergic marker Net is reduced on Satb2 nucleofection (B), whereas the
expression of the generic neuronal marker, NF160, remains unaltered (C). Data in A and C represent mean�SEM of seven separate
experiments; three to five pools of �150 –200 GFP-positive nucleofected neurons were analyzed per experiment and per condi-
tion (Satb2 or mock transfection); unpaired two-tailed t test, comparison with mock-transfected neurons: ***p � 0.0001. Data in
B represent mean � SEM of three independent experiments; two pools of �150 –200 GFP-positive nucleofected neurons were
analyzed per experiment and per condition; unpaired two-tailed t test, comparison with mock-transfected neurons: ***p�0.001.
D, Immunofluorescence for Vacht (red) demonstrates that overexpression of Satb2 results in increased Vacht immunoreactivity in
transfected, GFP-positive neurons compared with nonelectroporated, GFP-negative SCG primary neurons. Scale bar, 10 �m.
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CGRP staining from the abundant CGRP-immunoreactive
preganglionic terminals.

Collectively, these data indicate that in vivo Satb2 marks a
distinct subpopulation of cholinergic sympathetic neurons, the
large CGRP-positive sudomotor neurons that project to the
sweat glands—the source of the cholinergic differentiation fac-
tor. Satb2 is not present in the stellate ganglion before the inner-
vation of the sweat glands, but the expression is high after the
establishment of the target contact.

Discussion
Here, we demonstrate that the nuclear matrix protein Satb2 has
an important function in controlling the neurotransmitter switch
in primary sympathetic neurons. Satb2 is acutely upregulated on
activation of neuropoietic cytokine receptors; it reduces Net ex-
pression, occupies MARs within the cholinergic locus, and is both
necessary and sufficient for driving its expression. We provide
evidence that Satb2 acts with high target gene specificity in post-
mitotic neurons only after they have established contacts with
a specific target organ, the sweat gland. Our finding that a
nuclear architecture protein, engaged in chromatin regula-
tion, is induced downstream of growth factor signaling, pro-
vides a novel concept for the role of chromatin modifications
in growth factor responses of fully differentiated postmitotic
neurons. Future experiments with Satb2 conditional mutants
will be required to confirm in vivo the proposed functional
role of Satb2 in the acquisition of the cholinergic phenotype of
the sudomotor neurons.

Satb2 regulates the cholinergic locus but not neuropeptides
The cholinergic phenotype is functionally defined by the expres-
sion of Chat, the acetylcholine-synthesizing enzyme, and Vacht,
the vesicular membrane transporter that translocates cytoplas-
mic acetylcholine into secretory vesicles. The genes encoding the

two proteins have a close chromosomal location, with Vacht be-
ing embedded into the first intron of Chat (Eiden, 1998). This
arrangement, called the cholinergic gene locus (or Chat locus), is
considered to permit coordinate regulation of the two cholinergic
markers (Berrard et al., 1995; Misawa et al., 1995). In addition, as
part of their chemical phenotype, all cholinergic sympathetic
neurons also express VIP and in the case of the sudomotor neu-
rons, CGRP. It appears that the establishment of a mature “chem-
ical code” is a rather complex process, involving heterogeneous
signals and also modes of regulation. Our data demonstrate that,
even though Satb2 is an essential candidate player, it is not the
only regulator. For example, in vitro the expression of CGRP is
triggered by activin A and not by neuropoietic cytokines (Fann
and Patterson, 1994; Cheng et al., 1997). In vivo, in rat sweat
glands, a close homolog of activin A (activin B) is detected (Fann
and Patterson, 1995). Thus, it seems unlikely that Satb2, acting
downstream of gp130 cytokines, is implicated in the control of
CGRP phenotype.

With regard to VIP, although both VIP and the Chat locus are
strongly induced by gp130 cytokines (Lewis et al., 1994), our
RNA interference experiments reveal that only the induction of
Chat and Vacht selectively depends on Satb2 and not that of VIP.
The neuropoietic signaling that triggers the neurotransmitter
switch is quite diverse; it comprises several pathways downstream
of the gp130 receptor (Heinrich et al., 2003), and consequently
multiple genes appear to be affected (unpublished observations).
CNTF induces VIP expression through the activation of signal
transducer and activator of transcription (STAT) and AP-1 pro-
teins, which bind to distinct sites within a 180 bp element in the
VIP promoter, termed cytokine response element (CyRE)
(Symes et al., 1997). Even though two perfect matches and two
CyRE homologous sequences have also been identified in the
Chat locus (Berse and Blusztajn, 1995), our knockdown results
suggest that the presence of these elements is not sufficient to
ensure robust transcriptional activation in response to CNTF and
that Satb2 is required as well. In analogy with the role of Satb1 in
the regulation of cytokine genes (Cai et al., 2006), it is plausible
that Satb2 by binding to MARs in the Chat locus forms transcrip-
tionally active chromatin structure (with specific chromatin
“loopscape”) and recruits chromatin-modifying or remodeling
enzymes, thus conferring inducibility of the Chat locus and per-
mitting binding of STAT and AP-1 to CyREs. This is consistent
with previous findings demonstrating that some transcription
factors bind target promoters only at open chromatin states
(Maier et al., 2004).

Alternatively, Satb2 itself might have several activities depend-
ing on the individual locus. Our overexpression results, showing
that Satb2 is capable of activating Vacht expression in the absence
of CNTF, indicate a more direct role in augmenting cholinergic
gene expression, not simply ensuring favorable transcriptional
environment. One possible mechanism is that Satb2 may coop-
erate with REST4 to counteract the repressor activity of REST
(RE-1 silencing transcription factor), a transcriptional repressor
that has previously been shown to bind Chat promoter and
downregulate cholinergic gene transcription in both cholinergic
and noncholinergic cells (Lonnerberg et al., 1995; Hahm et al.,
1997; Hersh and Shimojo, 2003).

Satb2 expression in the rat stellate ganglion
Several arguments point to a highly specific effect of Satb2 in
sudomotor neuron development. First, our colocalization exper-
iments demonstrate that, in rat stellate ganglia, Satb2 is exclu-
sively restricted to this subpopulation of cholinergic sympathetic
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Figure 4. Satb2 occupies MAR elements within the Chat locus. A, Schematic representation
of the putative MARs (arrowheads) within the rat Chat locus. B, ChIP assay shows Satb2 binding
to some of the MARs (MAR2 and SMAR) within the Chat locus in primary SCG neurons. At day 2
in culture, CNTF-treated primary SCG neurons were cross-linked with formaldehyde and immu-
noprecipitated with mouse monoclonal Satb2 antibody or normal mouse IgG as a negative
control. Input DNA represents sheared chromatin not subjected to immunoprecipitation. ChIP
assay was followed by amplification of DNA fragments within the putative MARs (MAR1: am-
plicons A6, A7, A8; MAR2: amplicons A9, A10, A11; SMAR: amplicons A1, sA1), and �-actin
coding region (negative control). The fold enrichment of the ChIP target was calculated relative
to IgG control. Error bars represent the SD of four immunoprecipitations (two cell culture exper-
iments and preparations of cross-linked chromatin, respectively, each with two technical rep-
lications of the immunoprecipitation reaction).
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neurons. Furthermore, it appears that the expression of Satb2 in
these neurons is strictly developmentally regulated in a target-
dependent manner. At late embryonic (E18) and early postnatal
stages (P1/P2), before establishing the contact with the target
tissue, neurons of stellate or thoracic sympathetic chain ganglia
do not express Satb2, whereas at P30, after contacting the forepaw
sweat glands, all CGRP	 cholinergic neurons also express Satb2.
These findings, together with the in vitro functional data, strongly
suggest an important role of Satb2 in the target-dependent cho-
linergic transspecification of sweat gland innervation.

The postnatal target-induced neurotransmitter switch is not
the only mechanism to generate cholinergic neurons (Apostolova
and Dechant, 2009). Some neurons in rodent sympathetic gan-
glia are known to acquire cholinergic properties before birth at
early embryonic stages (Schäfer et al., 1997; Huber and Erns-
berger, 2006). Studies in mice deficient for gp130, LIFR� (LIF
receptor �), or CNTFR (CNTF receptor) have demonstrated that
the embryonic cholinergic differentiation is not controlled by
gp130 cytokines (Stanke et al., 2000, 2006). Consistently, our
results show a lack of Satb2 expression during late embryonic or
early postnatal stages. At the same time, growth factors of the
GDNF family, acting through the ret tyrosine kinase receptor,
have been implicated in the maturation of cholinergic sympa-
thetic neurons during prenatal development (Burau et al., 2004).
Since GDNF family ligands cannot induce Satb2 expression—at
least in vitro—and Satb2 is not expressed during this time period,
it is unlikely that the embryonic cholinergic differentiation fol-
lows mechanisms that require Satb2.

It seems plausible that the expression of cholinergic markers
in early sympathetic precursors or newborn postmitotic neurons
occurs in a more naive, relaxed chromatin state, in which Satb2 is

dispensable. During the course of development, the chromatin
structure becomes more and more restricted and nonpermissive
to transcription. Thus, the function of Satb2 in the late target-
dependent neurotransmitter switch might be to return the chro-
matin into a more plastic state that enables transspecification,
otherwise not possible in more restrictive chromatin state.

Growth factor-induced Satb2 expression
Previous studies have implicated Satb2 in various cell-intrinsic
differentiation programs, in which it functions to couple changes
in chromatin structure with gene transcription. For instance, it
has been shown that Satb2 represses Hoxa2 during skeletogenesis
and also acts with other regulatory proteins to promote osteo-
blast differentiation (Dobreva et al., 2006); in the developing ce-
rebral cortex, Satb2 inhibits corticospinal motor neuron fate and
promotes the establishment of callosal projection neurons
(Alcamo et al., 2008; Britanova et al., 2008). Notably, in both
developmental paradigms, the expression of Satb2 appears to be
cell-intrinsically regulated. Our data show that, in postmitotic
sympathetic neurons, Satb2 is rapidly and strongly induced by
members of the neuropoietic cytokine family. To our knowledge,
this is the first evidence supporting a novel mode of Satb2 regu-
lation (i.e., induction by cell-extrinsic cues as opposed to cell-
intrinsically programmed expression).

What could be the implications of such growth factor-
induced expression of a chromatin remodeling protein in differ-
entiated postmitotic neurons? Recent studies provide evidence
that target-derived growth factors not only control neuronal sur-
vival but also the acquisition of late aspects of neuronal fate, such
as mature axonal projections, neurotransmitter identity, and ter-
minal position of the neuron cell bodies (Hippenmeyer et al.,
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Figure 5. Satb2 is expressed by sudomotor cholinergic neurons in rat stellate ganglia after target contact. A–C, Sections from P1/P2 (A) and P30 (B, C) rat stellate ganglia were coimmunostained
for Satb2 and Vacht (A, B), and Satb2 and CGRP (C). Scale bar, 20 �m. Nuclei were stained with DAPI. At P1/P2, no Satb2-positive cells were detected, although clusters of Vacht-expressing cells were
readily seen (A). At P30, Satb2 is expressed in Vacht-positive (B), CGRP-positive neurons (C).
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2004). These fine adjustments in neuronal connectivity and func-
tion matching the target needs are considered to be mediated
trough transcriptional events. Thus, one would speculate that the
execution of the target-induced programs of terminal differenti-
ation requires not only recruitment of classical, stimuli-induced
transcriptional regulators but also alterations in higher-order
chromatin structure and composition of chromatin-modifying
platforms to render postmitotic neurons responsive to the target-
derived cues. Our results, demonstrating that the nuclear ar-
chitecture protein Satb2 is essential for the target-driven
cholinergic differentiation of sympathetic neurons provide
support for this hypothesis. It will be of future interest to deter-
mine whether Satb2, or its close homolog Satb1, is involved in
other growth factor- or neuronal activity-driven plastic changes
affecting postmitotic neurons.

At the same time, our finding that Satb2 is activated downstream
of CNTF or LIF signaling raises an interesting possibility that Satb2
participates in another developmental switch (i.e., from neurogen-
esis to gliogenesis) known to be regulated by neuropoietic cytokines
and to involve epigenetic modifications (Allen, 2008).

In conclusion, our results reveal a novel function for Satb2 in
gp130 cytokine-dependent specification of the cholinergic neuro-
transmitter phenotype. Our data also give strong support for the idea
that changes in chromatin architecture in addition to other epige-
netic modifications are important for postmitotic neuron plasticity
and target-mediated terminal neuronal differentiation.
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