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Egr3 is a nerve growth factor (NGF)-induced transcriptional regulator that is essential for normal sympathetic nervous system develop-
ment. Mice lacking Egr3 in the germline have sympathetic target tissue innervation abnormalities and physiologic sympathetic dysfunc-
tion similar to humans with dysautonomia. However, since Egr3 is widely expressed and has pleiotropic function, it has not been clear
whether it has a role within sympathetic neurons and if so, what target genes it regulates to facilitate target tissue innervation. Here, we
show that Egr3 expression within sympathetic neurons is required for their normal innervation since isolated sympathetic neurons
lacking Egr3 have neurite outgrowth abnormalities when treated with NGF and mice with sympathetic neuron-restricted Egr3 ablation
have target tissue innervation abnormalities similar to mice lacking Egr3 in all tissues. Microarray analysis performed on sympathetic
neurons identified many target genes deregulated in the absence of Egr3, with some of the most significantly deregulated genes having
roles in axonogenesis, dendritogenesis, and axon guidance. Using a novel genetic technique to visualize axons and dendrites in a
subpopulation of randomly labeled sympathetic neurons, we found that Egr3 has an essential role in regulating sympathetic neuron
dendrite morphology and terminal axon branching, but not in regulating sympathetic axon guidance to their targets. Together, these
results indicate that Egr3 has a sympathetic neuron autonomous role in sympathetic nervous system development that involves modu-
lating downstream target genes affecting the outgrowth and branching of sympathetic neuron dendrites and axons.

Introduction
The sympathetic nervous system (SNS) is a subdivision of the
autonomic nervous system that regulates organ homeostasis and
it is the target of many developmental and degenerative diseases
in vertebrates, including humans. SNS development is a complex
process mediated by multiple transcriptional regulators, mor-
phogens, and target tissue-derived growth factors that direct pre-
cursor migration, noradrenergic specification, differentiation,
and target tissue innervation (Goridis and Rohrer, 2002; Rohrer,
2003; Howard, 2005). Once precursors migrate to form discrete
sympathetic ganglia, axons extend along blood vessels, which
produce diffusible factors such as Artemin (Honma et al., 2002)
and neurotrophin 3 (Francis et al., 1999; Kuruvilla et al., 2004)
that are required for normal axon growth along blood vessels.
Additional target tissue-derived trophic factors such as nerve

growth factor (NGF) (Crowley et al., 1994; Glebova and Ginty,
2004) and NGF-induced morphogens such as Wnt5a (Bodmer et
al., 2009; Ho et al., 2012) are required for normal patterning of
sympathetic innervation within target tissues.

NGF has long been known as an essential target tissue-derived
survival factor for sympathetic neurons (Levi-Montalcini and
Booker, 1960; Levi-Montalcini and Cohen, 1960; Crowley et al.,
1994); however, more recent studies have demonstrated its addi-
tional role in target tissue innervation (Albers et al., 1994; Has-
sankhani et al., 1995; Patel et al., 2000; Glebova and Ginty, 2004).
NGF function is mediated by tyrosine kinase receptor TrkA sig-
naling, which activates Ras/mitogen activated protein kinase
(MAPK), Src/protein kinase C (PKC), and phosphotidylinositol
triphosphate (PI3) kinase signaling pathways (Skaper, 2008). Al-
though there is considerable cross-talk among the different sig-
naling pathways, PI3 kinase signaling has a major role in neuron
survival, whereas Ras/MAPK signaling is primarily involved in
neuronal differentiation and neurite outgrowth (Klesse and
Parada, 1999; Atwal et al., 2000; Huang and Reichardt, 2001).
However, very little is known about how NGF signaling pathways
regulate gene expression within sympathetic neurons to facilitate
its major functions in axon and dendrite outgrowth during target
tissue innervation.

Egr3 is an example of a transcriptional regulator that is in-
duced by NGF and coupled to MAPK signaling in sympathetic
neurons. Mice lacking Egr3 in all tissues have sympathetic inner-
vation abnormalities and dysautonomia, but whether its expres-
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sion in sympathetic neurons is required for normal target tissue
innervation and/or what target genes it regulates is not known
(Eldredge et al., 2008; Li et al., 2011). Here, we show that loss of
Egr3 expression specifically in sympathetic neurons leads to ab-
normal neurite outgrowth in response to NGF signaling in vitro
and sympathetic neuron dendrite and axon abnormalities in vivo.
We identified several Egr3-regulated target genes with known
roles in axonogenesis and dendritogenesis, and using a genetic
labeling strategy to visualize a random subset of sympathetic neu-
rons, we found that Egr3 is important for dendrite development
and axon innervation, but not for axon guidance to target tissues.
Thus, Egr3 has a sympathetic neuron autonomous role in gene
regulation involved in the outgrowth and branching of dendrites
and axons, which likely explains the diminished sympathetic
innervation and physiologic dysautonomia that occurs in its
absence.

Materials and Methods
Animals
Mice with Bax and Egr3 germline loss-of-function mutations were gen-
erated as previously described (Knudson et al., 1995; Tourtellotte and
Milbrandt, 1998). CaMKII-iCre BAC transgenic mice were obtained
from G. Schutz (Casanova et al., 2001). D�H-Cre BAC transgenic mice
were recovered from the GENSAT sperm cryorepository (MMRRC
Stock# 032081-UCD) using in vitro fertilization and oocytes derived
from C57BL/6 female mice. Isogenic C57BL/6J CAG-FlpE mice were
obtained from the RIKEN animal resource (#RBRC01834) (Kanki et al.,
2006), and Rosa-eGFP (JAX# 005670), Ai14 (JAX# 007908), and StLa
(JAX# 010633) Cre-recombinase reporter mice were obtained from The
Jackson Laboratory (Soriano, 1999; Belteki et al., 2005; Nam and
Benezra, 2009; Madisen et al., 2010). All mice were back-crossed at least
four generations to the C57BL/6 genetic background.

Egr3-Cre knockin mice. An 8.3 kb HindIII genomic DNA fragment
(spanning 50605023–50613323, GenBank NT_039606.8) isolated from
129Sv/J mouse genomic DNA that contained both coding exons, the
intron, and the 3�UTR of Egr3 was used to generate the targeting vector
(Tourtellotte and Milbrandt, 1998). The endogenous translation start
codon was converted to an NcoI site and the coding sequence for Cre-
recombinase was exchanged with the endogenous exon 1, intron, and
exon 2 coding sequence of Egr3 using homologous recombination in
Escherichia coli (recombineering) (Liu et al., 2003). A PGK-Neo (Neo)
positive-selection cassette containing a novel BglII restriction site and
flanked by forward-oriented Frt (F) sites was inserted downstream of the
nlsCre coding sequence. The targeting construct was electroporated into
129/ola-derived HM-1 embryonic stem (ES) cells and G418-resistant
clones were screened for homologous recombination. ES cell clones were
screened using long-range PCR flanking the 3� recombination arm of the
targeting construct with primers OT1182 (TTGCATCGCATTGTCT
GA) and OT1114 (AAGCACCCCTGTCAAGTTTC). PCR-positive
clones were additionally screened by Southern blotting with a 700 nt
probe located 5� of the 5� recombination arm (spanning 50604041–
50604741, GenBank, NT_039606.8), which was hybridized to genomic
DNA restricted with BglII endonuclease to yield a 7.1 kb wild-type band
and a 4.3 kb targeted band. Three appropriately targeted clones were
injected into isogenic C57BL/6J blastocysts using standard methods
(Magin et al., 1992); chimeric mice were mated to C57BL/6J female mice
and germline heterozygote mice (Egr3 �/Neo) were mated to CAG-FlpE
mice (Kanki et al., 2006) to remove the frt-flanked Neo positive-selection
cassette from the germline and to generate the final Egr3-Cre allele (des-
ignated Egr3 �/Cre).

Egr3-flx mice. The Egr3-flx mice were generated using the same 8.3 kb
HindIII genomic DNA fragment used to generate the Egr3-Cre knockin
targeting construct. A forward-oriented loxP site containing a novel BglII
restriction site was targeted into the intron using homologous recombi-
nation in E. coli (insertion site at position 778, GenBank, NT_039606). A
PGK-Neo (Neo) positive selection cassette flanked by forward-oriented
Frt (F) sites and a single forward-oriented loxP site positioned 3� to the

F-Neo-F cassette was targeted immediately downstream of the TGA
translation stop codon in exon 2 using homologous recombination in E.
coli (insertion site at 2463 nt, GenBank, NT_039606). The targeting con-
struct was electroporated into 129/ola-derived HM-1 ES cells and G418-
resistant clones were subjected to screening by long-range PCR and
Southern blotting. Targeted clones were identified by 3� long-range
PCR using primers OT1111 (TACGAAGTTATTAGGTGGATCC) and
OT1114 that spanned the 3� recombination arm. Correctly targeted
clones were screened by Southern blotting using the same probe that was
used for generating Egr3-Cre mice, which yielded a 7.2 kb fragment for
the wild-type allele and a 4.5 kb fragment for the Neo allele on BglII
restricted genomic DNA. Three targeted clones were injected into iso-
genic C57BL/6J blastocysts using standard methods (Magin et al., 1992).
Germline heterozygous Egr3 �/Neo mice were mated to CAG-FlpE mice
to excise the frt-flanked Neo positive-selection cassette (Kanki et al.,
2006) to generate the final Egr3 �/f allele (designated Egr3 �/f).

D�H-CreIRES�lacZ (DC�lZ) transgenic mice: The transgenic mice
were generated using B6SJL embryos and are similar to sympathetic re-
porter mice that were previously generated by us (Eldredge et al., 2008).
However, these new sympathetic reporter mice express Cre-recombinase
and the axon localized �lacZ reporter (Callahan and Thomas, 1994) tran-
scribed as a single bicistronic mRNA under control of the human dopa-
mine �-hydroxylase (D�H) promoter (Mercer et al., 1991).

All mice were genotyped by PCR with genomic DNA isolated from tail
biopsy tissue. The sequences of the genotyping primers and PCR condi-
tions are available upon request. All experimental procedures involving
mice complied with the Public Health Service Policy on Humane Care
and Use of Laboratory Animals and all animal-related protocols were
approved by the Northwestern University Institutional Animal Care and
Use Committee.

Tissue preparation
Anesthetized mice were perfused through the heart with 0.1 M phosphate
buffered, pH 7.2, 4% paraformaldehyde (PFA) and tissues were postfixed
at 4°C for 1– 4 h. For frozen sections, tissues were cryoprotected over-
night at 4°C in graded (15–30%) sucrose, embedded in OCT and sec-
tioned at 12 �m thickness. For quantitative studies involving stereologic
neuron counting, PFA fixed tissues were embedded in paraffin and serial
sectioned at 16 �m. For some experiments, tissues were isolated fresh for
RNA extraction.

Ganglion neuron counts
SCG neuron numbers from adult (�8 weeks) DC�lZ �; Egr3 �/� and
DC�lZ �; Egr3 f/� mice were determined using unbiased stereology and
optical dissector methods (StereoInvestigator; Microbrightfield) on ev-
ery fifth serial section as previously described (Albert et al., 2005; El-
dredge et al., 2008).

Immunohistochemistry
Immunofluorescence staining for tyrosine hydroxylase (TH; rabbit
anti-TH, 1:5000; Millipore Bioscience Research Reagents), Renin
(goat anti-renin, 1:150; Santa Cruz Biotechnology), and PECAM (hamster
anti-PECAM (2H8), 1:250; a gift from William A. Muller, Northwestern
University, Chicago, IL) were performed on frozen tissue sections. Im-
munohistochemistry staining for Egr3 (rabbit anti-Egr3, 1:1000; Santa
Cruz Biotechnology) was performed on paraffin tissue sections. �III
tubulin staining (mouse anti-tubulin, TU-20, 1:1000; Millipore Biosci-
ence Research Reagents) was used to label neurons grown in culture.
Species-appropriate secondary antibodies conjugated to Cy3 (Jackson
ImmunoResearch) or Alexa488 (Invitrogen) were used to localize pri-
mary antibody binding.

Semiquantitative sympathetic axon terminal innervation
Quantification of target tissue innervation on adult DC�lZ �; Egr3 �/�

and DC�lZ �; Egr3 f/� mice was performed using fluorescence densitom-
etry. Fluorescent images were captured with a Zeiss LS510 confocal
microscope using identical aperture and photomultiplier tube voltage
settings to ensure accurate comparison between tissues from both
conditions. The density of TH-positive terminals was calculated using
MetaMorph software (Molecular Devices) as the ratio of total immuno-
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fluorescence in a specified area and averaged for six separate confocal
areas per section. Representative sympathetic target tissues, such as
spleen, pineal gland, heart, and kidney, were analyzed in areas with the
highest density of axons identified in control tissues. The “relative inner-
vation” in DC�lz �; Egr3 f/� mice was expressed as a mean percentage of
control (DC�lZ �; Egr3 �/�) from 3 to 4 animals of each genotype as
indicated.

LacZ enzyme histochemistry
Whole mount lacZ enzyme histochemistry was performed on adolescent
(�4 weeks) D�H-Cre �; Egr3 �/�; StLa �/f and D�H-Cre �; Egr3 �/�;
StLa �/f mice. Adolescent mice were examined since adult tissues had
high nonspecific lacZ background staining in whole-mounted tissues
and SNS development is complete by this age. Tissues were dissected and
postfixed in 2% PFA, 0.2% glutaraldehyde, 5 mM EGTA, and 0.01%
NP-40 in PBS-Mg at 4°C and reacted overnight at 37°C in reaction buffer
(1 mg/ml X-gal, 5 mM potassium ferrocyanide, 5 mM potassium ferricya-
nide). Whole tissues were cleared by stepping them through increasing
concentrations of glycerol (20, 50, 80, and 100%; 4 d each) mixed in 1%
potassium hydroxide (KOH). The tissues were imaged with a Nikon
SMZ1500 stereomicroscope and a Nikon DS-Ri1 digital camera. Focal
image planes for superior cervical ganglion (SCG) neurons were pro-
jected to flat-field using the Zerene Stacker software program (Zerene
Systems). Neuron tracings were drawn using the DrawingSlate II (GTCO

CalComp Peripherals) drawing pad with TabletWorks software. Quan-
tification of dendrite morphology was done using MetaMorph software
on calibrated images. The axon was identified as the only neurite that
extended out of the ganglia while all other neurites were classified as
dendrites. Only dendrites longer than the diameter of the soma were
counted as primary dendrites. The maximum extent of the dendritic
arbor was calculated as the diameter of the largest concentric circle that
could encompass the entire dendritic arbor. Calculation of divergent
axons emanating from the external carotid artery was measured by
counting axons that crossed a defined border that was parallel to and
three times the width of the artery. Quantification of sympathetic axon
branching in the submandibular gland was calculated by counting the
branch points of axons within the target tissue once they breached the
tissue edge.

Primary sympathetic neuron cultures
SCG neurons from newborn (P0) Egr3 �/� and Egr3 �/� mice were used
for neuron culture. SCG neurons were dissociated with type IV collage-
nase (1 mg/ml, Sigma), followed by 0.25% trypsin-EDTA and plated on
poly-L-lysine- and laminin-coated coverslips with media containing
DMEM, 10% fetal bovine serum, 1% penicillin/streptomycin, and 2
ng/ml NGF. Neurons were differentiated for 2 days as previously de-
scribed (Eldredge et al., 2008). Neurite outgrowth parameters were mea-

Figure 1. Design and validation of Egr3-Cre knockin mice to trace historical Egr3 expression in tissues. A, Gene targeting in ES cells was used to replace both exons and the intron of Egr3 with the
open reading frame encoding nuclear localized Cre-recombinase (nlsCre). The Egr3-Cre (Egr3 �/Cre) allele was generated by removing the frt-site flanked Neo-positive selection cassette from the
germline using CAG-FlpE mice. B, Left, Electroporated G418 selected ES cell clones were screened using long-range PCR to amplify across the 3� recombination arm (primers: OT1182 and OT1114).
Right, PCR confirmed ES cell clones were screened by Southern blotting using a 713 nt probe located upstream of the 5� recombination arm (5� ext), which was hybridized to BglII restricted genomic
DNA. C, To validate the appropriate expression and function of Cre-recombinase, Egr3 �/Cre mice were mated to Ai14 Cre-recombinase reporter mice that irreversibly express fluorescent tdTomato
protein after Cre-recombinase mediated loxP-site recombination (Madisen et al., 2010). Dentate gyrus granule neurons expressed Egr3 protein in (left) Egr3 �/Cre; Ai14 �/f and Egr3 �/�; Ai14 �/f

mice, but only in (right) Egr3 �/Cre; Ai14 �/f mice did they also express the tdTomato reporter. D, In Egr3 �/Cre; Ai14 �/f double heterozygous mice, Egr3 reporter (T) was observed in arteries along
which sympathetic nerves travel (splenic artery shown here), which colocalized in endothelial cells with the vascular endothelial marker PECAM (arrowheads). The tdTomato reporter is localized
primarily in the endothelial nucleus whereas the PECAM protein is expressed on the endothelial membrane surface. E, Left, Sympathetic nerves labeled with TH and T (data not shown) were observed
coursing along the adventitia of arteries (arrowheads). Right, Within nerves (sciatic nerve shown here) T was colocalized in S100� Schwann cells (data not shown) and a fraction (28%) of TH�
unmyelinated axons was closely associated with T� Schwann cells (TH�; T�) in sectioned nerves. Scale bars: C, 200 �m; D, E, left, 50 �m; E, right, 5 �m.
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sured using MetaMorph software on calibrated digital images of �III
tubulin-positive neurons.

Illumina BeadChip gene expression profiling
Microarray studies were performed on total cellular RNA isolated from
P0 SCG from Egr3 �/�; Bax �/� and Egr3 �/�; Bax �/� mice. As neurons
do not innervate target tissues properly in Egr3 �/� mice and hence some
neurons die, the Bax-deficient genetic background (Bax �/�) was used to
inhibit neuron apoptosis and therefore avoid detecting apoptosis-
related genes that are a secondary consequence of Egr3 loss. Total RNA
was isolated from SCG using Trizol extraction (Invitrogen) and the in-
tegrity of the RNA samples was verified using an Agilent 2100 Bioana-
lyzer. Microarray analysis was performed at the National Institutes of
Health Neuroscience Microarray Consortium using the Illumina Bead-
Chip platform and MouseWG-6 v.2.0 BeadChip microarrays. Briefly,
cRNA for array hybridization was generated using 500 ng of total cellular
RNA from each experimental condition using the TotalPrep RNA Am-
plification kit (Applied Biosystems). Then 1500 ng of amplified heat
denatured biotin-labeled cRNA was mixed with hybridization buffer (Il-
lumina), the mixture was hybridized to the arrays at 58°C for 20 h, the
arrays were washed and stained according to the manufacturer’s specifi-
cations, and they were scanned using the Illumina iScan. RNA isolated
from three individual mice of each genotype was used for hybridization
to a MouseWG-6 v.2.0 slide with six independent arrays each containing
45,281 probe targets. Using the BeadStudio software, the raw dataset was
processed by subtracting background noise and normalizing using an
average normalization parameter. The error model used to determine
significantly differentially expressed genes was Illumina custom. The
dataset was filtered using the cutoff of difference p value � 0.01. The list
of differentially expressed genes was analyzed using the Gene Ontology
(GO) software program Database for Annotation, Visualization and In-
tegrated Discovery (DAVID). The background reference list used was
MouseWG-6_V1_1_R4_11234304_A. The microarray data have been
deposited in NCBI’s Gene Expression Omnibus and are accessible
through NCBI GEO Series accession number GSE41290 (Edgar et al.,
2002).

Quantitative real-time PCR
Quantitative real-time PCR (qPCR) was performed as previously described
(Albert et al., 2005). Briefly, total cellular RNA was isolated from P0 SCG

from control Egr3�/�; Bax�/� mice and exper-
imental Egr3�/�; Bax�/� mice. cDNA was syn-
thesized using Superscript III reverse
transcriptase (Invitrogen) and random octamer/
oligo-dT priming according to recommenda-
tions by the manufacturer. Relative gene
expression was determined using Sybr Green (In-
vitrogen) fluorescence with non-intron spanning
primers. The primers spanned and amplified
the following coding regions of target genes:
apbb1 (amplified 2184 –2304 nt, GenBank,
NM_001253885), b3galt6 (amplified 466–712 nt,
GenBank, NM_080445), efnb1 (amplified 1467–
1663 nt, GenBank, NM_010110), esd (amplified
352–731 nt, GenBank, NM_016903), gins2 (am-
plified 506 – 814 nt, GenBank, NM_178856),
hs3st2 (amplified 996 –1300 nt, GenBank,
NM_001081327), insc (amplified 410–670 nt,
GenBank, NM_173767), irak1 (amplified 1234–
1383 nt, GenBank, NM_001177973), lmo7 (am-
plified 2754–2971 nt, GenBank, NM_201529),
mxra8 (amplified 300 –511 nt, GenBank,
NM_024263), nf1 (amplified 5041–5316 nt, Gen-
Bank, NM_010897), ngfr (amplified 723–904 nt,
GenBank, NM_033217), notch1 (amplified
6532–6836 nt, GenBank, NM_008714), pabpc1l
(amplified 1029 –1188 nt, GenBank,
NM_001114079), pde3a (amplified 728–993 nt,
GenBank, NM_018779), plxnd1 (amplified
3584–3800 nt, GenBank, NM_026376), ptpn11

(amplified 564–679 nt, GenBank, NM_001109992), rccd1 (amplified 1152–
1439 nt, GenBank, NM_173445), ret (amplified 965–1206 nt, GenBank,
NM_001080780), slc15a2 (amplified 2343–2649 nt, GenBank,
NM_021301), slit2 (amplified 5249–5407 nt, GenBank, NM_178804), sox9
(amplified 807–1016 nt, GenBank, NM_011448), and zfp292 (amplified
2973–3235 nt, GenBank, NM_013889). Standard curves were generated for
each primer pair using mouse genomic DNA and the target gene expression
results were normalized to GAPDH expression for each sample analyzed.
Results are represented as fold-change expression relative to the control con-
dition and represent 3–4 replicates from different animals.

Statistical analysis
Values are expressed as mean � SEM and p values are determined by
Student’s t test unless otherwise designated. For the � 2 test the expected
random distribution was calculated by dividing the total N evenly among
the number of given conditions.

Results
Egr3 has a sympathetic neuron autonomous role in target
tissue innervation
Egr3 expression is regulated by NGF signaling in sympathetic
neurons and in the absence of Egr3 mice have physiologic dysau-
tonomia caused by a failure of sympathetic neurons to properly
innervate target tissues (Eldredge et al., 2008). In addition, mice
lacking both Egr3 and Bax (the latter, which prevents apoptotic
neuron death) have innervation abnormalities that resemble
those occurring in mice lacking both NGF and Bax (Glebova and
Ginty, 2004; Li et al., 2011), further suggesting that Egr3 regu-
lates, at least in part, gene expression induced by NGF signaling in
sympathetic neurons to influence target tissue innervation. How-
ever, previous studies indicate that Egr3 is also expressed in blood
vessels along which sympathetic axons travel (Shneider et al.,
2009) and in Schwann cells that myelinate some axons in nerves
through which unmyelinated sympathetic axons pass during de-
velopment (Gao et al., 2007). Moreover, Egr3 may be expressed
in other tissues that sympathetic axons encounter during devel-
opment, and its expression in those tissues may be transient,

Figure 2. Egr3 is required for normal neurite outgrowth and branching in NGF-treated sympathetic neurons. A, Dissociated
Egr3 �/� (KO) sympathetic neurons have impaired neurite outgrowth in response to NGF treatment. Neurites from Egr3 KO
neurons have significantly fewer branch points (B), decreased total neurite length (C), and decreased longest neurites compared
with Egr3 �/� wild-type (WT) neurons (D). *p � 0.05, N � 60 neurons of each genotype analyzed. Scale bar: A, 50 �m.
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raising the possibility that Egr3 has a complex role in target tissue
innervation that may not solely depend on its expression in sym-
pathetic neurons. To identify cells that express Egr3 at any time
during their development, we generated Egr3-Cre knockin mice
using gene targeting to replace the endogenous Egr3 coding se-
quence with the coding sequence for nuclear localized Cre-
recombinase (nlsCre) (Fig. 1A,B). Egr3�/Cre mice were mated
with Ai14�/f reporter mice, which constitutively express the red
fluorescent protein tdTomato (T) in cells that express Cre-
recombinase (Madisen et al., 2010). In the hippocampal dentate
gyrus, where Egr3 is robustly and transiently expressed by neu-
ronal activity (Li et al., 2007), T fluorescence was constitutively
coexpressed with Egr3 in Egr3�/Cre; Ai14�/f double heterozygous
dentate gyrus granule neurons as expected (Fig. 1C). We exam-
ined T fluorescence in peripheral tissues known to interact with
sympathetic axons from newborn and adult Egr3�/Cre; Ai14�/flx

double heterozygous mice and found strong labeling in arterial
vascular endothelial cells (identified by colocalization with the
endothelial cell marker, PECAM; Fig. 1D), which are in close
proximity with sympathetic axons that course along the surface
of arterial vessels (identified by the sympathetic marker, TH; Fig.
1E, left). Within perivascular nerves, the Egr3 reporter was pres-

ent in 100% of Schwann cells (identified by colocalization with
the Schwann cell marker, S100; data not shown and Gao et al.,
2007). Although sympathetic axons are unmyelinated, they are
bundled with myelinated axons in mixed motor and sensory
nerves, where they often come in close contact with Schwann
cells. For example, within the sciatic nerve we found that 28% of
TH� axons were closely associated with Schwann cells that ex-
pressed the Egr3 tracer (Fig. 1E). The association frequency is
very likely higher since the analysis only assessed association in
single tissue sections and not along entire individual axons. To-
gether, these results indicate that Egr3 is expressed in cells that
could influence SNS development apart from its presumed au-
tonomous function within sympathetic neurons.

Unlike NGF, which is required for sympathetic neuron sur-
vival and neurite outgrowth, Egr3 is not required for neuron
survival in isolated sympathetic neurons treated with NGF (El-
dredge et al., 2008). Thus, if Egr3 has a role in mediating gene
regulation induced by NGF signaling, it may have a role in neurite
outgrowth. To test whether Egr3 has an autonomous role in sym-
pathetic neurite outgrowth in response to NGF, sympathetic neu-
rons were isolated from the SCG of newborn Egr3�/� (wild-type)
and Egr3�/� (Egr3 knock-out; KO) mice and grown in dissoci-

Figure 3. Design and validation of Egr3-flx conditional knock-out and sympathetic neuron Cre-driver mice. A, The mouse Egr3 genomic locus was modified to contain forward-oriented loxP sites
in intron 1 and downstream of the stop codon using homologous recombination in E. coli. A frt-flanked Neo selection cassette was inserted upstream of the 3� loxP site and the Egr3-flx (Egr3 �/f)
allele was generated by removing the Neo selection cassette from the germline using CAG-FlpE mice. B, Left, Electroporated G418 selected ES cell clones were screened using long-range PCR with
primers that flanked the 3� recombination arm (primers: OT1111 and OT1114). Right, PCR confirmed ES cell clones were screened by Southern blotting analysis using a 713 nt probe (5� ext) located
upstream of the 5� recombination arm that was hybridized to BglII restricted genomic DNA. C, To validate the conditional knock-out allele, CaMKII-iCre transgenic mice (Casanova et al., 2001) were
mated to Egr3 �/f mice to ablate Egr3 in postnatal forebrain and hippocampal dentate gyrus neurons. As expected, Egr3 protein was robustly expressed in CaMKII-iCre �; Egr3 f/f (left; Ctl) dentate
gyrus neurons but was completely absent in CaMKII-iCre �; Egr3 f/f (right; cKO) neurons. D, The human D�H promoter was used to generate transgenic mice that express a Cre-recombinase and axon
localized �-galactosidase (�lacZ) bicistronic message in noradrenergic neurons (designated DC�lZ transgenic mice). E, Cre-recombinase and lacZ expression were detectable in all TH� sympathetic
neurons. F, To validate the efficiency of DC�lZ mice to recombine loxP sites in sympathetic neurons, they were mated to Rosa-eGFP reporter mice (Belteki et al., 2005). DC�lZ �; Rosa-eGFP �/f mice
showed no expression of eGFP, whereas DC�lZ �; Rosa-eGFP �/f mice showed expression of eGFP in all sympathetic neurons (SCG shown here). Scale bars: C, 200 �m; E, F, 100 �m.
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ated cultures treated with NGF (Fig. 2A). Compared with wild-
type SCG neurons, those lacking Egr3 had significantly fewer
neurite branch points (Fig. 2B), decreased total neurite length
(Fig. 2C), and a reduction in the length of the longest neurite (Fig.
2D). These data indicate that Egr3 has a moderate, but significant
autonomous role in neurite extension and branching in response
to NGF, which may be correlated with the abnormal sympathetic
target tissue innervation abnormalities observed in germline
Egr3 KO mice.

To further examine whether Egr3 has a sympathetic neuron
autonomous role in target tissue innervation, we generated two
novel mouse strains. We generated mice with a conditional Egr3
allele by inserting loxP sites flanking exon 2 (flx allele), which
contains the zinc-finger DNA binding domain required for tran-
scriptional activation by the Egr3 protein. When loxP sites are
recombined, the resulting mutation is similar to the germline
loss-of-function mutation we generated in Egr3 KO mice (Tour-
tellotte and Milbrandt, 1998) (Fig. 3A,B). Homozygous Egr3 f/f

mice were indistinguishable from wild-type mice, they expressed
normal levels of Egr3, and removal of exon2 by loxP-site recom-
bination led to complete loss of Egr3 protein in Cre-
recombinase-expressing cells as expected (Fig. 3C). In addition,
we generated transgenic mice (DC�lZ) using the human D�H
promoter (Mercer et al., 1991) to drive the expression of a bicis-
tronic transcript in noradrenergic neurons that encodes Cre-
recombinase and axon localized lacZ (�lacZ) (Fig. 3D). DC�lZ
transgenic mice expressed high levels of Cre-recombinase and

lacZ in sympathetic neurons (Fig. 3E),
and functional tests demonstrated effi-
cient loxP-site recombination by activa-
tion of eGFP expression in sympathetic
neurons from reporter mice (Fig. 3F).

Using DC�lZ transgenic mice and
Egr3-flx mice, we ablated Egr3 expression
in sympathetic neurons to examine its
neuron-specific role in target tissue inner-
vation (Fig. 4A). Mice with the genotype
DC�lZ�; Egr3 f/f showed loxP-site recom-
bination specifically in sympathetic neu-
rons and adrenal chromaffin cells, but not
in blood vessels, nerves, or other tissues
examined (Fig. 4B). Since Egr3 heterozy-
gous mice have no identifiable abnormal-
ities, and to minimize mosaicism in
recombined sympathetic neurons, we
mated Egr3�/f mice to Egr3�/� mice to
generate Egr3 f/� mice. Mice with specific
ablation of Egr3 in sympathetic neurons
(DC�lZ�; Egr3 f/�, subsequently referred
to as cKO mice) lacked the characteristic
scoliosis and gait ataxia seen in germline
Egr3 KO mice, the latter which is caused
by loss of Egr3 in muscle spindle stretch
receptors (Tourtellotte and Milbrandt,
1998; Tourtellotte et al., 2001; Chen et al.,
2002b). However, the cKO mice had
prominent SNS abnormalities including
blepharoptosis and significant neuron
loss in the SCG compared with DC�lZ�;
Egr3�/� (referred to as Ctl) mice, and
similar to the blepharoptosis and neuron
loss identified in germline Egr3 KO mice
(Fig. 4C). In addition, Egr3 cKO mice had

peripheral sympathetic target tissue innervation abnormalities
that closely recapitulated the innervation abnormalities observed
in germline Egr3 KO mice (Li et al., 2011). For example, sympa-
thetic innervation (demonstrated by TH immunofluorescence)
to heart, spleen, kidney, and pineal gland was significantly re-
duced in Egr3 cKO mice (Fig. 5). These results clearly demon-
strate that Egr3 expression by sympathetic neurons is essential for
their normal target tissue innervation and that loss of Egr3 ex-
pression within sympathetic neurons recapitulates the SNS ab-
normalities observed in mice lacking Egr3 expression in all
tissues.

Egr3-mediated gene regulation in sympathetic neurons
In vitro studies from Egr3 KO sympathetic neurons and in vivo
studies with Egr3 cKO mice indicate that it has a sympathetic
neuron autonomous role in target tissue innervation, but the
target genes it regulates within them are not known. To charac-
terize Egr3-mediated gene expression in sympathetic neurons we
used Illumina BeadChip microarray analysis. SCGs from three
newborn (P0) Egr3�/�; Bax�/� and Egr3�/�; Bax�/� mice were
isolated to obtain total cellular RNA to perform the array analysis
in triplicate. Since Egr3 does not have a direct role in neuron
survival (Eldredge et al., 2008), the Bax-deficient genetic back-
ground was used to inhibit neuron apoptosis-associated gene
induction resulting from abnormal target tissue innervation (Li
et al., 2011). The analysis yielded 197 transcripts that were signif-
icantly downregulated (p � 0.01) and 240 transcripts that were

Figure 4. Egr3 ablation specifically in noradrenergic neurons leads to abnormal SNS development. A, DC�lZ� transgenic mice
were mated to Egr3 �/f mice to ablate Egr3 in sympathetic neurons, but not in peripheral cells such as Schwann cells and arterial
endothelial cells with which sympathetic axons interact during development. B, PCR amplification of the flx (f) and cKO allele using
genomic DNA isolated from DC�lZ �; Egr3 f/f tissues showed loxP recombination to generate the cKO allele specifically in tissues
expressing D�H (SCG neurons and adrenal chromaffin cells) but not in other tissues tested. The flx allele PCR product remains
detectable in the SCG and adrenal glands from DC�lZ �; Egr3 f/f mice since these tissues contain several cell types (glial cells,
endothelial cells, fibroblasts, adrenal cortical cells, etc.) that do not express D�H and hence, do not express Cre-recombinase. As
expected, no cKO PCR product was detected in any of the tissues tested from DC�lZ; Egr3 f/f mice. C, Left, Compared with DC�lZ �;
Egr3 �/� mice (Ctl), DC�lZ �; Egr3 f/� (cKO) mice had bilateral ptosis similar to the ptosis that is observed in germline Egr3 KO
mice, which is caused by disruption of sympathetic innervation from the SCG to the levator muscles of the eyelids. Right, Loss of
Egr3 specifically in sympathetic neurons (cKO) resulted in �30% loss of SCG neurons, similar to the neuron loss observed in
germline Egr3 KO mice, which lacked Egr3 in all tissues. *p � 0.05, N � 4 animals of each genotype analyzed.
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significantly upregulated (p � 0.01) in the
absence of Egr3 from a total of 45,281 tar-
get sequences represented on the array
(�1% of sequences on the array were dif-
ferentially expressed). The integrity of the
microarray dataset was determined by ex-
amining 30 upregulated and downregu-
lated genes with highly significant
difference scores (small difference p val-
ues) using qPCR. Using qPCR analysis on
independently isolated RNA, 77% (23/30)
of the genes tested were confirmed to be
deregulated (Table 1).

Using GO analysis to categorize the
differentially expressed genes based on
their known function and then applying a
candidate target gene approach on qPCR-
confirmed deregulated genes, we identi-
fied several functional categories of
deregulated genes that were signifi-
cantly over represented ( p � 0.001) in
the array dataset using DAVID func-
tional annotation analysis (Huang da et
al., 2009). We focused on genes in
significantly enriched categories with
ascribed functions related to SNS devel-
opment (GO: 0048485), axonogenesis
(GO: 00074904), dendrite morphogenesis
(GO: 0048813), and axon guidance (GO:
0007411) since abnormal sympathetic tar-
get tissue innervation, not related to neuron
survival, appears to be a dominant function
of Egr3 in sympathetic neurons (Eldredge et
al., 2008; Li et al., 2011). Since sympathetic
neurons require Egr3 for neurite outgrowth
(in vitro) and target tissue innervation (in
vivo), it was not surprising to identify
significantly deregulated genes with GO
functions related to SNS development
and axonogenesis (Table 2). Unexpectedly,
however, some of the most significantly de-
regulated genes have ascribed functions that
relate to dendritogenesis and axon guidance
(Table 2). These results raise the possibility
that target tissue innervation abnormalities
in Egr3 KO mice could be related to abnor-
mal sympathetic axon guidance as growing
axons traverse blood vessels and navigate in-
termediate peripheral targets during early
development. Similarly, as previous studies
have shown that NGF is important for den-
dritogenesis in vivo (Snider, 1988; Ruit et al.,
1990), Egr3 may regulate gene expression
involved in sympathetic neuron dendrito-
genesis, which could further contribute to the profound physiologic
dysautonomia observed in Egr3 KO mice. For example, qPCR con-
firmed genes deregulated in Egr3-deficient sympathetic neurons
with previously documented roles in dendritogenesis and axon
guidance (Table 2), such as Ngfr (Hartmann et al., 2004; Gascon et
al., 2005; Salama-Cohen et al., 2005; Zagrebelsky et al., 2005),
Notch1 (Redmond et al., 2000; Salama-Cohen et al., 2006;
Breunig et al., 2007), Efnb1 (Moreno-Flores et al., 2002), Ptpn11
(Chacón et al., 2010), and Slit2 (Furrer et al., 2007; Dimitrova et al.,

2008; Hocking et al., 2010), could contribute to abnormal SNS de-
velopment in the absence of Egr3, but whether abnormalities in
dendritogenesis and/or axon guidance exist in Egr3 KO mice has not
been examined.

In vivo genetic tracing of sympathetic neuron dendrite
morphology and axon guidance
Previous studies have used either retrograde tracers (Rubin,
1985; Smolen and Beaston-Wimmer, 1986) or direct intracellular

Figure 5. Egr3 ablation in sympathetic neurons impairs their target tissue innervation. Tissues known to have abnormal target
tissue innervation in germline Egr3 KO mice, where Egr3 is absent in all tissues (Eldredge et al., 2008), were examined in DC�lZ �;
Egr3 f/� (cKO) mice using semiquantitative TH immunofluorescence. Compared with DC�lz �; Egr3 �/� (Ctl) mice, sympathetic
innervation to the heart (A, left ventricle, lv) was reduced by 58%, in the spleen by 57% (B), in the kidney by 41% (C), and in the
pineal gland (D) by 56% in DC�lZ �; Egr3 f/� (cKO) mice. Unlike the heart and pineal gland where TH� fibers innervated the
tissues diffusely, in the spleen the majority of the innervation was confined to the subcapsular space and in the kidney it was
localized primarily to the juxtaglomerular organ highlighted by immunofluorescent staining for renin (Rn). *p � 0.02, N � 3– 4
animals of each genotype analyzed, as indicated in parentheses. Scale bars: 50 �m.
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sympathetic neuron injections with fluorescent dyes (Yawo,
1987; Voyvodic, 1989) to label dendrites and axons in vivo, but
the yield of analyzable neurons is often low. As some of the iden-
tified target genes may have a role in dendritogenesis, dendrite
morphology was examined in vivo using a genetic tracing tech-
nique that generates mosaic loxP recombination to sparsely label
neurons and their processes in Cre-recombinase reporter mice.
D�H-Cre BAC transgenic mice (recovered from the GENSAT
repository; MMRRC Stock# 032081-UCD and previously un-
characterized) were found to inefficiently recombine loxP sites in
sympathetic neurons. For example, when they were mated to
StLa reporter mice, which express axon localized lacZ (�lacZ)
after Cre-mediated loxP recombination (Nam and Benezra,
2009), �1% of sympathetic neurons were labeled in sympathetic
ganglia (Fig. 6A; SCG shown). The labeling pattern was similar to
Golgi-stained neurons or neurons labeled by a Thy1 driven trans-
gene reporter (Feng et al., 2000) in that the entire neuron and its
processes were labeled. This sparse labeling pattern made it pos-
sible to compare in detail individual sympathetic neuron den-
drite and axon morphology between wild-type and Egr3 KO
mice.

Although there was never a visually similar pattern of labeled
neurons in sympathetic ganglia in any of the mice examined, to
determine whether sympathetic neurons were randomly labeled,
we first quantified sympathetic neurons that were lacZ labeled in
D�H-Cre�; Egr3�/�; StLa�/f (referred to as Ctl) and D�H-
Cre�; Egr3�/�; StLa�/f (referred to as Exp) mice and we found
no significant difference between them (Fig. 6B). To determine
whether the loxP-site recombination in sympathetic neurons was
stochastic, and hence whether labeling of SCG neurons was ran-
dom, we examined the percentage of neurons labeled in different
regions of the SCG. SCG neurons that give rise to internal carotid

axons (ICA) generally reside in the rostral half of the ganglion,
whereas those giving rise to the external carotid axons (ECA)
generally reside in the caudal half of the ganglion (Bowers and
Zigmond, 1979). The SCGs were divided into rostral and caudal
portions (Fig. 6A) and the percentage of lacZ-stained neurons in
both halves was determined. No significant difference from the
expected random distribution of neurons (50% in rostral and
50% in caudal) was identified between rostral and caudal por-
tions of the SCG in Ctl (� 2, p � 0.39) or Exp mice (� 2, p � 0.75)
(Fig. 6C). Similarly, since SCG neurons give rise to more eCA
axons that innervate target tissues compared with iCA axons, the
distribution frequency of labeled eCA axons was greater than in
iCA axons in both Ctl (� 2, p � 0.03) and Exp (� 2, p � 0.02) mice
as expected (Fig. 6D). However, there was no significant differ-
ence in the frequency distribution of axons between Ctl and Exp
mice (� 2, p � 0.66). These results indicate that sympathetic neu-
rons are randomly labeled in these reporter mice and that the
random labeling pattern is retained in Egr3 KO mice.

Abnormal sympathetic neuron dendritogenesis in Egr3
KO mice
Chemical clearing of whole lacZ-stained sympathetic ganglia
made it possible to visualize dendrites in detail and to compare
them between Ctl and Exp mice (Fig. 7A). Neuron tracings from
flat-field projected images of labeled sympathetic neurons dem-
onstrated that neurons from Exp mice had significantly fewer
primary dendrites compared with neurons from Ctl mice in both
the SCG (p � 0.00001) and stellate ganglion (STG) (p �
0.00001) (Fig. 7B). Similarly, labeled neurons had decreased total
dendrite length in Exp mice in the SCG (p � 0.00001) and STG
(p � 0.00001) (Fig. 7C) as well as a reduction in the maximum
extent of the dendritic arbor in SCG (p � 0.00001) and STG (p �
0.00001) compared with neurons from Ctl mice (Fig. 7D). Fi-
nally, in agreement with previously published results indicating
that sympathetic neurons are atrophic in the absence of Egr3
(Eldredge et al., 2008; Li et al., 2011), we observed that labeled
neurons in Exp mice were also significantly atrophic compared
with Ctl mice (mean soma area in Ctl � 769.9 � 45.6 �m 2 and in
Exp � 560.5 � 32.7 �m 2, p � 0.0004). Thus, in addition to target
tissue innervation abnormalities, Egr3 has a role in dendrite mor-
phogenesis that may further contribute to physiological sympa-
thetic dysfunction in Egr3 KO mice. Since germline Egr3 KO
mice have �30% neuron loss that occurs during late embryogen-
esis and early postnatal life (Eldredge et al., 2008), these data do
not rule out the possibility that neuron loss may influence the
dendritogenesis of remaining neurons. Similarly, since these
studies were performed using germline KO mice, the data do not
definitively demonstrate that dendritogenesis abnormalities are
due to loss of Egr3 expression within sympathetic neurons.

Role of Egr3 in axon guidance and target tissue innervation
Gene expression analysis indicated that several genes well estab-
lished to have a role in axon guidance such as Plxnd1 (Chauvet et
al., 2007), Efnb1 (Orioli and Klein, 1997; Flanagan and Vander-
haeghen, 1998; Bush and Soriano, 2009), and Slit2 (Nguyen Ba-
Charvet et al., 1999; Brose and Tessier-Lavigne, 2000; Plump et
al., 2002) and some genes less well recognized to be involved in
axon guidance including Ngfr (Wong et al., 2002; Lim et al.,
2008) and Ret (Enomoto et al., 2001; Kramer et al., 2006; Honma
et al., 2010) are deregulated in sympathetic neurons that lack
Egr3 (Table 2). This raises the possibility that target tissue inner-
vation abnormalities may result from abnormal axon guidance as
they traverse the periphery to innervate target tissues during de-

Table 1. qPCR-confirmed deregulated genes sampled from 30 genes with the
smallest difference p value in the microarray dataset of differentially expressed
genes in Egr3-deficient sympathetic neurons. (23 confirmed genes shown)

Official gene symbol
NCBI gene
ID (mouse)

Microarray
qPCR
fold change
(� SEM)

Difference p
value Fold change

Downregulated
Sox9 20682 2.74 	 10 �6 �2.25 �2.32 � 0.08
Plxnd1 67784 5.07 	 10 �6 �1.82 �2.28 � 0.05
Esd 13885 5.99 	 10 �6 �3.80 �1.64 � 0.12
Gins2 272551 2.22 	 10 �5 �1.88 �1.51 � 0.07
Ret 19713 5.28 	 10 �5 �1.63 �1.94 � 0.06
Insc 233752 2.94 	 10 �4 �2.32 �2.77 � 0.48
Notch1 18128 3.92 	 10 �4 �1.63 �2.07 � 0.30
Efnb1 13641 2.75 	 10 �3 �1.40 �2.24 � 0.34
Lmo7 380928 3.00 	 10 �3 �2.90 �2.59 � 0.53
Hs3st2 195646 5.42 	 10 �3 �2.68 �1.60 � 0.25
Ngfr 18053 8.50 	 10 �3 �1.48 �2.86 � 0.19

Upregulated
B3galt6 117592 3.68 	 10 �8 7.47 2.58 � 0.11
Mxra8 74761 6.73 	 10 �7 2.20 1.60 � 0.17
Nf1 18015 2.05 	 10 �5 2.87 2.26 � 0.37
Apbb1 11785 7.44 	 10 �5 1.54 1.78 � 0.16
Pabpc1l 381404 2.90 	 10 �4 4.77 3.67 � 0.23
Slit2 20563 5.32 	 10 �4 1.70 1.63 � 0.20
Slc15a2 57738 8.59 	 10 �4 3.72 2.24 � 0.55
Irak1 16179 1.57 	 10 �3 2.80 2.00 � 0.17
Zfp292 30046 1.95 	 10 �3 2.79 1.50 � 0.08
Pde3a 54611 6.81 	 10 �3 3.91 1.97 � 0.20
Rccd1 269955 7.72 	 10 �3 3.59 4.43 � 0.45
Ptpn11 19247 8.65 	 10 �3 1.55 1.73 � 0.27

Results represent qPCR-confirmed deregulated genes from three replicate cDNA samples ( p � 0.05).
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velopment. However, as sympathetic target tissue innervation is
diminished, but not completely absent in Egr3 KO mice (El-
dredge et al., 2008; Li et al., 2011), axon guidance abnormalities
would likely exist in only a subset of axons, if at all. Previous
analysis using sympathetic axon reporter mice to label all sympa-
thetic axons in the absence of Egr3 was not informative because it
was impossible to visualize a small number of potentially mis-
guided axons among the entire labeled axon population (El-
dredge et al., 2008). However, using mosaic neuron/axon labeling
in Ctl and Exp mice, where only a small subset of sympathetic
axons are randomly labeled, it was possible to carefully examine
individual axon trajectories in Exp mice.

To determine whether sympathetic axon guidance was dis-
rupted in Egr3 KO mice, a whole-mount preparation was devel-
oped to examine axons projecting along their entire trajectory,
from the SCG along the external carotid artery to the subman-
dibular gland (Smg) (Fig. 8A). The Smg was chosen as a repre-
sentative target tissue to study since it receives robust sympathetic
innervation from the SCG and innervation to it is highly abnor-
mal in Egr3 KO mice (Eldredge et al., 2008). In Ctl and Exp mice,
labeled sympathetic ECAs followed the course of the external
carotid artery (Fig. 8B, arrowheads) and only occasional axons
were observed to diverge from the artery en route to the Smg (Fig.
8B, arrow). There was no statistical difference between the num-
ber of divergent axons arising from the SCG to innervate the Smg
between Ctl and Exp mice (p � 0.39, N � 12 Ctl and N � 12 Exp
mice analyzed) (Fig. 8B). These results indicate that loss of Egr3
does not result in axon misguidance to the Smg and therefore
does not explain the diminished sympathetic target tissue inner-
vation observed in Egr3 KO mice.

Egr3 has a clear neuron autonomous role in target tissue in-
nervation that is unrelated to neuron survival or axon guidance,
but how sympathetic target tissue innervation is impaired in Egr3
KO mice remains unclear. Based on in vitro results demonstrat-
ing that Egr3 has a role in neurite extension and branching, target
tissue innervation could be impaired if axons from Egr3 KO neurons
fail to extend and branch properly within tissues. Interestingly, mice
lacking both NGF and Bax have innervation abnormalities that
are characterized by ineffective axon invasion and branching
within most tissues (Glebova and Ginty, 2004) and similar results
were observed in mice lacking both Egr3 and Bax (Li et al., 2011).
To determine whether Egr3 has a role in axon branching within
target tissues, SCG-Smg whole-mount preparations were used to
examine axon innervation to the gland. A significant decrease in
axon branching within the gland in Exp relative to Ctl mice was

observed (Fig. 8C). Thus, terminal axon branching within target
tissues, and not neuron loss or axon guidance, appears to explain
the relatively diminished target tissue innervation that occurs in
sympathetic neurons lacking Egr3.

Discussion
The SNS is an essential part of the autonomic nervous system,
which is impaired in many human neurodegenerative and meta-
bolic diseases such as diabetes. Since the underlying cause of sym-
pathetic neuron loss in these diseases is largely unknown and they
lead to substantial suffering and premature death (Vinik et al.,
2011), a greater understanding of critical signaling pathways in-
volved in establishing and maintaining sympathetic target tissue
innervation homeostasis is of considerable interest. NGF and sig-
naling through its high-affinity TrkA receptor is essential for
sympathetic neuron survival, target tissue innervation, and post-
natal viability in mice (Crowley et al., 1994; Smeyne et al., 1994;
Glebova and Ginty, 2004) so it is not surprising that rare muta-
tions in NGF� (HSAN type V, OMIM #608654) and TrkA
(HSAN type IV, OMIM #256800) also lead to severe develop-
mental abnormalities of the SNS in humans (Rotthier et al.,
2012). How these essential mediators regulate downstream sig-
naling in sympathetic neurons or whether any downstream effec-
tors are involved in human disease is not known.

In previous studies we found that Egr3 is regulated by NGF
signaling in sympathetic neurons and that it has an essential role
in SNS development in mice (Eldredge et al., 2008; Li et al., 2011).
However, the studies were performed in germline Egr3 knock-
out mice, where Egr3 was absent in all tissues. In addition to
sympathetic neurons, Egr3 is expressed in a variety of cell types
where it is induced by signaling molecules that mediate its sub-
stantial pleiotropism. For example, Egr3 expression is regulated
by neuregulin-1 (Nrg1) in developing myoblasts, where it has an
important role in regulating skeletal muscle stretch receptor
morphogenesis (Tourtellotte and Milbrandt, 1998; Hippen-
meyer et al., 2002), it is regulated by factors such as brain-derived
neurotrophic factor in cortical neurons, where it has a role in
regulating NMDA receptor and the plasticity associated Arc gene
expression involved in learning and memory (Li et al., 2005,
2007; Kim et al., 2012), and it is regulated by T-cell receptor
signaling, where it has a role in immune function (Carter et al.,
2007; Li et al., 2012). To determine how Egr3 expression may
specifically influence sympathetic neuron development, we ex-
amined its expression pattern in tissues known to interact with
developing sympathetic axons. Using Egr3-Cre knockin mice

Table 2. Selected qPCR-confirmed deregulated genes in Egr3-deficient sympathetic neurons and their GO determined functional associations

Official gene symbol
NCBI gene
ID (mouse)

Microarray
qPCR fold
change
(�SEM) SNS development Axonogenesis Dendritogenesis Axon guidance

Difference p
value Fold change

Downregulated
Plxnd1 67784 5.07 	 10 �6 �1.82 �2.28 � 0.05 X
Ret 19713 5.28 	 10 �5 �1.63 �1.94 � 0.06 X X X
Notch1 18128 3.92 	 10 �4 �1.63 �2.0 � 0.30 X X X
Efnb1 13641 2.75 	 10 �3 �1.40 �2.24 � 0.34 X X X
Ngfr 18053 8.50 	 10 �3 �1.48 �2.86 � 0.19 X X X X

Upregulated
Nf1 18015 2.05 	 10 �5 2.87 2.26 � 0.37 X X
Apbb1 11785 7.44 	 10 �5 1.54 1.78 � 0.16 X
Slit2 20563 5.32 	 10 �4 1.70 1.63 � 0.20 X X X
Ptpn11 19247 8.65 	 10 �3 1.55 1.73 � 0.27 X X X

Fold change compared to control with negative fold-change values representing genes downregulated in the absence of Egr3 and positive fold-change values representing genes upregulated in the absence of Egr3. All qPCR fold changes
are significant, p � 0.05, three replicate cDNA samples.
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(Egr3�/Cre) and Cre-dependent reporter mice (Ai14) it was pos-
sible to trace the historical expression of Egr3, even if expression
is transient and/or present in lineage precursors during develop-
ment. In newborn and adult mice, we found reporter expression
localized in Schwann cells and arterial vascular endothelial cells,
but not in other tissues that may be encountered by developing
sympathetic axons during their outgrowth to target tissues. Thus,
Egr3 may have a functional role in Schwann cells or endothelial
cells, which could influence sympathetic target tissue innerva-
tion. We confirmed a cell autonomous function for Egr3 within
sympathetic neurons using isolated Egr3-deficient sympathetic
neurons, which showed significant neurite outgrowth and
branching abnormalities compared with wild-type neurons in
response to NGF treatment. Similarly, using Egr3 conditional
knock-out and D�H-CreIRES�LacZ (DC�lZ) cre-driver trans-

genic mice to ablate Egr3 function in sympathetic neurons in
vivo, but not in other cells such as Schwann cells or vascular
endothelial cells, we found that Egr3 cKO mice had sympathetic
target tissue innervation abnormalities that were indistinguish-
able from Egr3 KO mice. Our studies did not address the role of
Egr3 expression in Schwann cells or vascular endothelial cells.
Nevertheless, previous studies indicate that Egr3 modulates the
expression of the low-affinity NGF receptor (Ngfr) in Schwann
cells where it has a role in peripheral axon myelination (Cosgaya
et al., 2002; Gao et al., 2007) and it appears to mediate vascular
endothelial growth factor signaling in vascular endothelial cells
(Suehiro et al., 2010). Thus, a sympathetic neuron autonomous
phenotype that is similar to the phenotype observed in germline
KO mice indicates that Egr3 function in Schwann and vascular
endothelial cells is not likely related to SNS development.

To identify target genes that are regulated by Egr3 in sympa-
thetic neurons we used microarray analysis on SCG isolated from
newborn wild-type and Egr3 knock-out mice. We identified sev-
eral hundred genes that were significantly upregulated and
downregulated in the absence of Egr3 (p � 0.01 and 1.2-fold
cutoff). The list of deregulated genes appeared to be relatively
reliable since �75% of the 30 most significantly deregulated
genes were confirmed by qPCR analysis and all of them were
found to be deregulated in the same direction (upregulated or
downregulated) as indicated by the microarray data (Table 1).
Our current results indicate that Egr3 has a role in neurite out-
growth that appears to correlate with abnormal dendrite devel-
opment and terminal axon branching in vivo. Thus, the large list

Figure 6. In vivo genetic tracing highlights randomly labeled sympathetic neurons and their
dendrite morphology and axon trajectories. A, Sympathetic neurons are labeled in a mosaic
pattern in D�H-Cre �; StLa �/f SCG where �1% of the neurons are labeled by the �lacZ re-
porter (neurons and their processes labeled by lacZ histochemistry shown). iCA axons arise
primarily from neurons located in the rostral 50% of the ganglion (black dashed line) and eCA
axons arise primarily from neurons located in the caudal 50% of the ganglion (red dashed line).
B, No significant difference in the number of lacZ-labeled SCG neurons was detected between
D�H-Cre �; Egr3 �/�; StLa �/f (Ctl) and D�H-Cre �; Egr3 �/�; StLa �/f (Exp) SCG (N � 6
mice of each genotype analyzed). C, To examine whether lacZ-labeled neurons were randomly
distributed, the distribution frequency of neurons located in rostral and caudal regions was
determined. No difference in their distribution frequency relative to an expected random 50%
distribution was detected between rostral and caudal regions of the SCG in either Ctl or Exp SCG.
(N � 6 mice of each genotype analyzed; n.s., not significant, � 2 test). D, Since the SCG provides
greater innervation to target tissues innervated by axons that travel along the external carotid
artery, the frequency distribution of lacZ-stained axons was significantly different from a ran-
dom (50%) distribution, as expected in both Ctl (� 2, *p � 0.03) and Exp (� 2, *p � 0.02) mice.
However, no significant difference was seen in the ECA–ICA frequency distributions between Ctl
and Exp mice (n.s., not significant; � 2 test; frequency distributions are shown as percentage of
total lacZ-stained axons for each genotype, N � 6 animals of each genotype analyzed). Scale
bar: A, 200 �m.

Figure 7. Abnormal dendrite morphogenesis in sympathetic neurons lacking Egr3. A, Top,
lacZ-stained neurons in Ctl (D�H-Cre �; Egr3 �/�; StLa �/f) and Exp (D�H-Cre �; Egr3 �/�;
StLa �/f) sympathetic ganglia were labeled in a sparse mosaic pattern with their axons and
dendrites clearly visible. In labeled neurons, processes that projected out of the ganglia were
defined as axons (arrowhead), while the remainder of the processes confined to the ganglia
were defined as dendrites. Bottom, Representative tracings from neuron profiles of flat-field
(arrowheads) projected images demonstrated attenuated dendritic processes in Exp sympa-
thetic neurons compared with those from Ctl mice. B–D, Dendrite morphology was quantified
in Exp and Ctl neurons from SCG and STG. Compared with Ctl neurons those from Exp mice
showed significantly decreased total number of dendrites per neuron (B) significantly de-
creased total dendrite length (C) and a reduction in maximum extent of the dendritic arbor in
sympathetic neurons from both SCG and STG (D). *p � 0.00001, N � 3– 4 animals analyzed of
each genotype. Scale bars: A, 50 �m.
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of deregulated genes was refined using GO
analysis on qPCR confirmed deregulated
genes to organize them by relevant func-
tion (Table 2). Some of the genes that were
significantly deregulated in the absence of
Egr3 have been previously shown to be
involved in SNS development including
Ngfr (Lee et al., 1994; Bamji et al., 1998;
Brennan et al., 1999), Notch1 (Tsarovina
et al., 2008), Ret (Enomoto et al., 2001;
Tsui-Pierchala et al., 2002), Nf1 (Vogel et
al., 1995; Vogel and Parada, 1998), and
Ptpn11 (shp-2) (Chen et al., 2002a). More
specifically, many of the genes regulated
by Egr3 in sympathetic neurons have roles
in neurite outgrowth such as Ngfr
(Yamashita et al., 1999; Bentley and
Lee, 2000; Domeniconi et al., 2005),
Ephrin-B1 (Tanaka et al., 2004), Notch1
(Sestan et al., 1999; Huang et al., 2005),
Ret (Enomoto et al., 2001; Zhang et al.,
2006), Nf1 (Romero et al., 2007), Apbb1
(Ikin et al., 2007), Ptpn11 (shp-2) (Chen
et al., 2002a; Perrinjaquet et al., 2010), and
Slit2 (Wang et al., 1999; Ozdinler and Er-
zurumlu, 2002). For example, Ret is a re-
ceptor for the glial cell line-derived
neurotrophic factor (GDNF) family of li-
gands, which include GDNF, neurturin,
artemin (ARTN), and persephin (Airaksi-
nen et al., 1999; Baloh et al., 2000; Airak-
sinen and Saarma, 2002). Ret knock-out
mice have sympathetic neuron migration
abnormalities (Enomoto et al., 2001) and
one of its ligands, ARTN has an essential
role in mediating sympathetic axon
growth along blood vessels (Honma et al.,
2002). Since Egr3 is first expressed in
postmigratory sympathetic neurons, it is
not surprising that loss of Egr3 does not
result in neuron migration abnormalities
(Eldredge et al., 2008). However, de-
creased Ret expression in postmigratory Egr3-deficient neurons
could result in abnormalities in GDNF and ARTN signaling.
GDNF and ARTN knock-out mice have partial loss of sympa-
thetic neurons and target tissue innervation (Moore et al., 1996;
Honma et al., 2002), most likely caused by their well established
role in sympathetic neurite outgrowth and branching (Ebendal et
al., 1995; Honma et al., 2002; Niwa et al., 2002; Yan et al., 2003).
In addition, Ngfr is also required for normal sympathetic target
tissue innervation (Lee et al., 1994). Thus, Egr3-mediated regu-
lation of Ngfr expression in sympathetic neurons could modulate
some aspects of NGF signaling that may be essential for modu-
lating a feedforward signaling loop that is dependent on NGF-
induced Egr3 expression. Negative regulators of sympathetic
neurite outgrowth, which were upregulated in the absence of
Egr3, such as Ptpn11 (shp-2), Apbb1, and Nf1 may further con-
tribute to decreased sympathetic axon and dendrite outgrowth
in vivo (Chen et al., 2002a; Ikin et al., 2007; Romero et al.,
2007). NGF has a clear role in sympathetic neuron dendrite
development in vivo (Snider, 1988; Ruit et al., 1990) although
our studies did not determine which particular target genes
may predominate.

The microarray analysis also identified several genes with a
role in axon guidance such as Plxnd1 and Efnb1 (downregulated)
and Slit2 (upregulated), suggesting that Egr3 could modulate
axon guidance. While we cannot rule out that Egr3 has a role in
early sympathetic axon guidance, our analysis showed only axons
with abnormal branching and no evidence of axon guidance ab-
normalities along blood vessels. Many molecules with axon guid-
ance functions have been shown to have other functions in
neuronal processes including synapse formation and dendritic
spine formation as well as axon and dendritic growth (Miller and
Kaplan, 2003). For example, Slit2, which was upregulated in
Egr3-deficient sympathetic neurons, can increase axon branch-
ing of sensory neurons (Wang et al., 1999; Ozdinler and Er-
zurumlu, 2002). Slit proteins along with their Robo receptors are
also involved in dendrite development in cortical and retinal gan-
glion neurons (Whitford et al., 2002; Dimitrova et al., 2008).
Therefore, this molecule could influence axon and dendrite de-
velopment in sympathetic neurons apart from any specific role in
axon guidance.

In summary, Egr3 is an NGF-induced transcriptional reg-
ulator with a sympathetic neuron autonomous function in

Figure 8. Egr3 has a role in target tissue innervation that is independent of axon guidance. A, Chemical clearing and whole-mount
preparations using genetic axon tracing with D�H-Cre driver and StLa reporter mice made it possible to visualize a random subset of SCG
neurons and their entire axon trajectories as they innervate the Smg. The Smg has profound innervation abnormalities in Egr3 KO mice
(Eldredge et al., 2008) making this an informative preparation for testing whether innervation abnormalities are due to axon guidance
defects or branching within the target tissue. B, Sparsely labeled axons were traced along the external carotid artery (eCA; white dashed
lines) in Ctl (D�H-Cre �; Egr3 �/�; StLa �/f) and Exp (D�H-Cre �; Egr3 �/�; StLa �/f) mice. In both Ctl and Exp mice sympathetic axons
coursed along the artery (arrowheads) to innervate the Smg, but occasional axons diverged from the artery to innervate tissues other than
the Smg (arrow). There was no significant difference in the number of sympathetic axons traveling from the SCG to the Smg that diverged
from the eCA between Ctl and Exp mice. C, In the Smg from Ctl and Exp mice lacZ-stained sympathetic axons entered the target tissue
normally. However, the extent of axon branching within the target tissue was decreased in Exp relative to Ctl mice. *p�0.015; N�6 –12
animals studied of each genotype as indicated. Scale bars: A, 500�m; B, 250�m; C, 100�m. Dashed lines highlight the common carotid
artery, internal carotid artery (iCA) and external carotid artery (eCA).
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dendrite morphogenesis and axon branching. Mice lacking
Egr3 have physiologic sympathetic dysautonomia that appears
to be caused by disrupted expression of a relatively small net-
work of genes, some of which have functions related to den-
drite and axon development. These results raise the possibility
that similar regulatory networks may be impaired in humans
with SNS disease, the majority of which are not understood
and poorly treated.
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