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Odorant Sensory Input Modulates DNA Secondary Structure
Formation and Heterogeneous Ribonucleoprotein
Recruitment on the Tyrosine Hydroxylase and Glutamic Acid
Decarboxylase 1 Promoters in the Olfactory Bulb
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Adaptation of neural circuits to changes in sensory input can modify several cellular processes within neurons, including neurotransmitter
biosynthesis levels. For a subset of olfactory bulb interneurons, activity-dependent changes in GABA are reflected by corresponding changes in
Glutamate decarboxylase 1 (Gad1) expression levels. Mechanisms regulating Gad1 promoter activity are poorly understood, but here we show
that a conserved G:C-rich region in the mouse Gad1 proximal promoter region both recruits heterogeneous nuclear ribonucleoproteins (hn-
RNPs) that facilitate transcription and forms single-stranded DNA secondary structures associated with transcriptional repression. This pro-
moter architecture and function is shared with Tyrosine hydroxylase (Th), which is also modulated by odorant-dependent activity in the olfactory
bulb. This study shows that the balance between DNA secondary structure formation and hnRNP binding on the mouse Th and Gad1 promoters
in the olfactory bulb is responsive to changes in odorant-dependent sensory input. These findings reveal that Th and Gad1 share a novel
transcription regulatory mechanism that facilitates sensory input-dependent regulation of dopamine and GABA expression.
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Introduction
A fundamental question in neurobiology is how neurons

adapt to changes in circuit activity. Identifying molecular mech-

anisms that underlie activity-dependent adaptations is important
for understanding neural circuit plasticity. In the mammalian
olfactory bulb (OB), changes in odorant sensory input can alter
dopamine and GABA biosynthesis levels in interneurons. This
sensory input-dependent regulation of dopamine and GABA is
suggested to be integral for modifying the detection thresholds
and discrimination of odorants (Parrish-Aungst et al., 2011).
Activity-dependent changes of dopamine levels in the OB are
reflected by corresponding changes in the expression of Tyrosine
hydroxylase (Th), which encodes the rate-limiting enzyme for do-
pamine biosynthesis (Baker et al., 1983, 1993; Baker and Farbman,
1993). OB dopaminergic neurons also contain GABA and preferen-
tially coexpress Glutamate decarboxylase 1 (Gad1) (Parrish-Aungst
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Significance Statement

Adaptation of neural circuits to changes in sensory input can modify several cellular processes within neurons, including neu-
rotransmitter biosynthesis levels. This study shows that transcription of genes encoding rate-limiting enzymes for GABA and
dopamine biosynthesis (Gad1 and Th, respectively) in the mammalian olfactory bulb is regulated by G:C-rich regions that both
recruit heterogeneous nuclear ribonucleoproteins (hnRNPs) to facilitate transcription and form single-stranded DNA secondary
structures associated with repression. hnRNP binding and formation of DNA secondary structure on the Th and Gad1 promoters
are mutually exclusive, and odorant sensory input levels regulate the balance between these regulatory features. These findings
reveal that Th and Gad1 share a transcription regulatory mechanism that facilitates odorant-dependent regulation of dopamine
and GABA expression levels.
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et al., 2007; Kiyokage et al., 2010), which encodes one of two rate-
limiting enzyme isoforms for GABA biosynthesis. Activity-dependent
changes of GABA levels in the OB are reflected by corresponding
changes in the expression of Gad1 (Parrish-Aungst et al., 2011; Lau and
Murthy, 2012; Banerjee et al., 2013).

The molecular mechanisms responsible for the sensory input-
dependent expression of Gad1 and Th in OB dopaminergic
neurons are not fully understood. For Th, odorant-dependent
transcription requires AP-1 and CRE cis-regulatory elements in
the proximal promoter (Kim et al., 1993; Nagamoto-Combs et
al., 1997; Trocmé et al., 1997; Baker et al., 2001; Lewis-Tuffin et
al., 2004; Wang et al., 2015). These elements straddle highly con-
served G:C-rich regions that regulate transcription by adopting
DNA secondary structures (G-quadruplexes and i-motifs) and
recruiting heterogeneous ribonucleoprotein (hnRNP) transcrip-
tion factors (Banerjee et al., 2014). For Gad1, however, the
cis-regulatory regions and transcription factors required for
activity-dependent transcription are not known. In this study, we
show that the Gad1 proximal promoter, like Th, contains a con-
served G:C-rich region that modulates transcription by adopting
DNA secondary structures and recruiting hnRNPs. Using a unilateral
naris occlusion mouse model of odor deprivation, we demonstrate
for both the Gad1 and Th promoters that changes in odorant sensory
input levels shift the balance between the protranscription recruit-
ment of hnRNPs and repression mediated by DNA secondary
structure formation. Together, these findings reveal a novel ac-
tivity-dependent mechanism for regulating gene transcription.

Materials and Methods
Animals. All mice were housed in humidity-controlled cages at 22°C
under a 12:12 h light/dark cycle and provided with food and water ad
libitum. All procedures were performed under protocols approved by the
Weill Cornell Medical College Institutional Animal Care and Use Com-
mittee and conformed to National Institutes of Health guidelines. Gad1-
GFP mice were heterozygous for a GFP reporter knock-in allele in the
Gad1 loci, and details for the generation of this line have been described
previously (Tamamaki et al., 2003). Tissue from males and females was
used for all analyses.

Unilateral naris closure mouse model of odor deprivation. One nostril of
wild-type (WT) C57BL/6J mice (aged 1–3 months) was permanently
closed using a spark-gap cautery under isoflurane anesthesia. Naris oc-
clusion was confirmed at 1 month after closure and tissue was harvested
1–3 months after confirmation of naris closure.

Organotypic slice cultures. The preparation and culture of forebrain
organotypic slices from postnatal day 4 mouse pups have been previously
described (Akiba et al., 2009). Slices were cultured in depolarizing con-
ditions containing 25 mM KCl. The slices cultured with 25 mM KCl were
also treated either with 100 �M TMPyP4, 100 �M TMPyP2, or no drug.
All slices were cultured for 24 h at 37°C and 5% CO2 and were imaged
with a Nikon Eclipse 80i fluorescence microscope at 0 and 24 h.

Cell culture. The Gad1-expressing human NT2 cell line (ATCC) was
maintained at 37°C at 5% CO2 on primaria-coated culture dishes in
DMEM/F12 cell culture medium supplemented with 10% FBS and 1%
penicillin/streptomycin.

Transcription assays with NT2 cells overexpressing hnRNP LL were
conducted using transient transfections with Lipofectamine LTX trans-
fection reagent (Invitrogen). These experiments used the pGL3.0 basic
plasmid (Promega) with a firefly luciferase reporter gene under the con-
trol of the WT rat 3.4 kb Gad1 upstream region and a pEFnFlag-hnRNP
LL (a generous gift from Dr. Kristen Lynch, University of Pennsylvania).
Four hours after transfection, cells transfected with pGL3.0-Gad1 3.4
were treated with either saline or 100 �M of either TMPyP2 or TMPyP4.
Cells were transfected according to the manufacturer’s protocol and main-
tained for 24 h before firefly luciferase activities were measured using the
Luciferase Assay System (Promega). Luminescence was measured with
LMaxII illuminometer (Molecular Devices). Luciferase activity was reported

as the mean of three independent transfection experiments with error bars
representing the SEM. Significant changes in activity were assessed by two-
tailed Student’s t tests.

For studies with membrane depolarization of human SH-SY5Y cul-
tures, cells were plated in media containing either 50 mM KCl or NaCl. By
contrast, NT2 cells were plated and were cultured for 24 h before the
media was supplemented with either 50 mM KCl or NaCl. Both SH-SY5Y
and NT2 cells were cultured for 42 h after treatment with either KCl or
NaCl before harvested for either qRT-PCR or chromatin immunopre-
cipitation (ChIP) assays.

Immunohistology and antibodies. All immunohistological analyses
used adult C57BL/6 mice that were perfused transcardially with
phosphate-buffered 4% formaldehyde. Brains were removed and post-
fixed for 4 h before being cryoprotected overnight in 30% sucrose and cut
in 30 �m sagittal sections. Sections were blocked with 1% BSA in PBS for
1 h before overnight incubation with primary anti-hnRNP LL antibody
(Cell Signaling Technology) at a 1:50 dilution. The primary antibody was
visualized with an AlexaFluor-594 secondary antibody (Invitrogen) at a
1:400 dilution. Sections were imaged on either a Nikon 80i Eclipse fluo-
rescence microscope or a Meta 500 scanning laser confocal microscope
(Carl Zeiss).

Genomic sequence alignment. All Gad1 proximal promoter genomic
sequences were obtained from http://ensembl.org, and the Gad1 gene
identifiers for each species used are provided below. For all species, 500
bp sequences upstream of the translation start site were aligned and visu-
alized using Multi-LAGAN and mVISTA web-based services (http://
genome.lbl.gov/vista/mvista/submit.shtml) (Brudno et al., 2003; Frazer et
al., 2004). The Gad1 gene identifiers for each species used were as
follows: armadillo, Dasypus novemcinctus ENSDNOG00000005509; cat, Fe-
lis catus ENSFCAG00000007099; chimpanzee, Pan troglodytes ENSP-
TRG00000012626; cow, Bos taurus ENSBTAG00000007258; dog, Canis
familiaris ENSCAFG00000012560; dolphin, Tursiops truncatus ENSTTRG
00000004553; elephant, Loxodonta africana ENSLAFG00000002694;
ferret, Mustela putorius furo ENSMPUG00000000808; gibbon, Nomascus
leucogenys ENSNLEG00000005195; gorilla, Gorilla gorilla ENSGGOG
00000016598; guinea pig, Cavia porcellus ENSCPOG00000004156; horse,
Equus caballus ENSG00000128683; human, Homo sapiens ENSG00000128683;
macaque, Macaca mulatta ENSMMUG00000015198; mouse, Mus musculus
ENSMUSG00000070880; pig, Sus scrofa ENSSSCG00000022233; rabbit,
Oryctolagus cuniculus ENSOCUG00000012644; rat, Rattus norvegicus
ENSRNOG00000000007; sheep, Ovis aries ENSOARG00000002329; and
sloth, Choloepus hoffmanni ENSCHOG00000006753.

Circular dichroism (CD). All CD experiments were performed with
an Aviv 414 CD spectrophotomer (Aviv Biomedical) with a wave-
length range from 200 to 330 nm using a 1 nm step width and 1 s dwell
time. Spectra for each sample are shown as an average of three scans.
All DNA oligonucleotide sequences were used at concentrations of 5
mM. Both WT and mutant G-rich oligonucleotides were in Tris buffer
at pH 7.4 with either 0 or 100 mM KCl. Both WT and mutant C-rich
oligonucleotides were in sodium citrate/phosphate buffer at either pH
7.6 or 4.6. Oligonucleotide sequences used for CD experiments as fol-
lows: Gad1 C-rich WT (the methylated oligonucleotide used the same
sequence, except all cytosines within CpG motifs were methylated),
5�-CCTCGTGATTCCCCCCGCCGAGCGGGTCCCCGCCTCCCCAC-
TCCGCCCCCGCCTCCCCCAAGCCCAG-3�; Gad1 G-rich WT,
5�-CTGGGCTTGGGGGAGGCGGGGGCGGAGTGGGGAGGCGGG-
GACCCGCTCGGCGGGGGGAATCACGAGG-3�; Gad1 C-rich Mut
(mutated positions italicized), 5�-CCTCGTGATTATGTGAGCCG-
AGCGGGTCCCCGCCTATGTACTCCGATGTAGTATGTACCAAGC-
CCAG-3�; and Gad1 G-rich Mut (mutated positions italicized),
5�-CTGGGCTTGGTACATACTACATCGGAGTACATAGGCGGGG-
ACCCGCTCGGCTCACATAATCACGAGG-3�.

PCR interference assays with TMPyP4 and TMPyP2. All PCRs were
performed on an ABI 7500 Fast Real-time PCR System (Applied Biosys-
tems) using SYBR Green PCR master mix (Applied Biosystems) with 0, 5,
10, or 25 nM of either TMPyP4 (Sigma-Aldrich) or TMPyP2 (Frontier
Scientific). Data are shown as the mean of three independent trials with
error bars representing the SEM. The WT and mutant oligonucleotide
template strands used were the same as those in the CD experiments. The
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oligonucleotide sequences for the template and primer strands are as
follows: primer for the Gad1 WT and mutant forward strand: 5�-AGT-
CAGTCCTGGGCTT-3�; and primer for the Gad1 WT and mutant re-
verse strand: 5�-AGTCAGTCCCTCGTGA-3�.

hnRNP pull-down assays. A total of 1 �g of single-stranded biotinyl-
ated DNA oligonucleotide was incubated with 5 mg of streptavidin-
coated Dynabeads (Invitrogen) in 300 ml of streptavidin-biotin-binding
buffer (10 mM Tris, pH 7.5, 1 mM EDTA, 1 M NaCl, 0.003% NP40) at
room temperature for 20 min. To minimize nonspecific interactions, the
oligo-bead complexes were incubated for 30 min with a blocking buffer
(2.5 mg/ml BSA in 10 mM HEPES, pH 7.6, 100 mM potassium glutamate,
2.5 mM DTT, 10 mM magnesium acetate, 5 mM EGTA, 3.5% glycerol with
0.003% NP40, and 5 mg/ml polyvinylpyrrolidone). Gad1-expressing
NT2 cells were grown in 10 mm dishes and collected at 80% confluence.
A total of 3 � 10 7 cells were lysed, along with the freshly harvested mouse
OB or cortex tissue, and the nuclei were extracted with NE-PER nuclear
and cytoplasmic extraction reagents (Thermo Scientific). Immobilized
oligonucleotides were incubated with 100 mg of nuclear extract for 1 h at
4°C with constant rotation in 400 �l of protein-binding buffer (10 mM

HEPES, pH 7.6, 100 mM potassium glutamate, 80 mM KCl, 2.5 mM DTT,
10 mM magnesium acetate, 5 mM EGTA, 3.5% glycerol with 0.001%
NP40, and 1 mg of nonspecific carrier DNA), in the presence or absence
of 100 �M TMPyP2 or TMPyP4 treatment. Protein–DNA complexes
were then washed three times (10 mM HEPES, pH 7.6, 100 mM potassium
glutamate, 2.5 mM DTT, 10 mM magnesium acetate, 5 mM EGTA, 3.5%
glycerol, 0.5 mg/ml BSA, and 0.05% NP40). Proteins bound to the oli-
gonucleotides were then eluted with 50 �l of denaturing Laemmli sample
loading buffer at 37°C for 15 min. hnRNP K protein in the supernatant
was visualized by Western blot with a rabbit anti-hnRNP K antibody
(Abcam) at 1:2000 dilution or a rabbit anti-hnRNP LL antibody (Assay-
BioTech) at 1:200 dilution using an Odyssey imaging system (Li-Cor
Biosciences). Band intensities were quantified using ImageJ software
(National Institutes of Health) and are reported as the mean of duplicate
pull-down assays with error bars representing the difference between the
mean and the individual trials. The oligonucleotide sequences used in the
experiments were (mutated positions are italicized): Gad1 WT strand,
BIO-5�-CCTCGTGATTCCCCCCGCCGAGCGGGTCCCCGCCTCC-
CCACTCCGCCCCCGCCTCCCCCAAGCCCAG-3�; Gad1 hnRNP K
binding site mutant, BIO-5�-CCTCGTGATTCCCCCCGCCGA-
GCGGGTCCCCGCCTAAAAACTCCGCCCCCGCCTAAAAAAAGC-
CCAG-3�; and Gad1 hnRNP LL binding site mutant, BIO-5�-CCT-
CGTGATTAATAATATTGAGCGGGTAATTAAATCCCCACTCCGC-
AAATTAATCCCCCAAGCCCAG-3�.

ChIP assays. Adult C57BL/6 mice (3– 6 months of age) were used for
ChIP assays to examine promoter occupancy in OB and cortical tissue.
ChIP assays in cultured cells were performed with NT2 cells, which were
grown in 10 mm culture dishes to 70% confluence before being trans-
fected with pEFnFlag-hnRNP LL (a gift from Dr. Kristen Lynch, Univer-
sity of Pennsylvania). For experiments in the presence of either TMPyP4
or TMPyP2, cells were treated with 100 mM TMPyP4 or TMPyP2 for 24 h
before being harvested. For ChIP assays with depolarized SH-SY5Y and
NT2 cells, cells were cultured with either 50 mM KCl or 50 mM NaCl for
42 h before being harvested.

All tissues and cells were washed with ice-cold PBS and then cross-
linked with 1% formaldehyde in PBS on ice for 15 min. Fixation was
terminated by addition of 125 mM glycine, and samples were washed with
PBS before application of SDS lysis buffer (Millipore). Sample chromatin
was sheared with a Bioruptor (Diagenode), and immunoprecipitation of
cross-linked protein/DNA complexes used the Magna ChIP Protein-A/G
kit (Millipore) following the manufacturer’s instructions. Immunopre-
cipitation reactions used either 1 �g of rabbit anti-hnRNP LL (Cell Sig-
naling Technology), 3 �g of mouse anti-hnRNP K (Abcam), or 4 �g of
mouse anti-Flag M2 antibody (Sigma). An equivalent amount species-
matched IgG (Santa Cruz Biotechnology) was used for control assays.
Reverse cross-linking was done overnight in the presence of Proteinase K
at 62°C with shaking. Immunoprecipitated Gad1 promoter genomic
DNA fragments were purified with MinElute PCR purification columns
(QIAGEN). The DNA fragments were amplified and quantified using a
7500 Fast Real-time PCR System (Applied Biosystems) and SYBR Green
PCR master mix (Applied Biosystems). For all ChIP experiments, three
independent experiments were conducted. The mean relative enrich-
ment of the Gad1 proximal promoter is reported, with error bars repre-
senting the SEM. Statistical significance was assessed using the two-tailed
Student’s t test.

ChIP experiments to detect G-quadruplex secondary structures on the
Th or Gad1 promoters used a His/FLAG-tagged BG4 single chain phage
display antibody. The expression plasmid for this antibody was gener-
ously provided by Dr. Shankar Balasubramnian (Cambridge, UK). Con-
trol experiments used His-tagged thioredoxin expressed from a pET-32a
expression plasmid (Novagen/EMD Millipore). Both His-tagged BG4
and Thioredoxin proteins were generated with BL21(DE3) Escherichia
coli cells. An overnight growth was used to inoculate 300 ml of LB media
that was incubated at 37°C with shaking to an OD600 of 0.1, at which
point protein expression was induced with 1 mM IPTG (Calbiochem). Six
hours after induction, the cells were spun down and the pellet was washed
with PBS before being resuspended in 1.6 ml of equilibration buffer (PBS,

Figure 1. Conservation of a G:C-rich region in the mammalian Gad1 promoter. Nucleotide alignment of mammalian Gad1 proximal promoter DNA genomic sequences showed a highly conserved
G:C-rich region (gray) containing two overlapping G-quadruplex/i-motif consensus sequences (highlighted in yellow). The human and mouse transcription start sites (Erlander and Tobin, 1992;
Szabó et al., 1996) are circled in green, and nucleotide positions are numbered relative to the translation start site.

4780 • J. Neurosci., May 3, 2017 • 37(18):4778 – 4789 Wang et al. • Novel Activity-Dependent Transcription Regulation



with 10 mM imidazole, pH 7.4, and 1 mM PMSF). The resuspended cells
were placed on ice, lysed by sonication, and cellular debris was removed
by centrifugation. Lysate with equivalent loads of either BG4 or Thiore-
doxin was incubated on HisPur Ni-NTA resin (Thermo Scientific) at 4°C
for 2 h. Sheared chromatin from either mouse OB or cortex tissue was
added and incubated at 4°C overnight. The BG4/Thioredoxin-bound
resin was then washed three times with 1� PBS containing 25 mM

imidazole and eluted in PBS with 1 mM EDTA and 25 mM imidazole.
Samples were reverse cross-linked overnight at 62°C on a shaker with
1 mg of Proteinase K. DNA was purified using MinElute PCR purifi-
cation columns (QIAGEN). Th and Gad1 promoter genomic DNA
fragments were amplified and quantified using a 7500 Fast Real-time
PCR System (Applied Biosystems) and SYBR Green PCR master mix
(Applied Biosystems). Data are presented as the mean from three
independent ChIP experiments, with error bars representing the
SEM. Statistical significance was assessed using two-tailed Student’s t
tests.

For ChIP assays, the primer sequences used for amplifying the G:C-rich
regions of the Gad1 proximal promoter were as follows: 5�-TCGCCCTA-
CAAAGCTCCAGAGGC-3�; and 5�-AGGGCTGCTTCCTTGCTTGCAC-
3�. Primer sequences used to amplify the G:C-rich regions of the mouse Th
proximal promoter were as follows: 5�-GTCGCCCTCGCTCTGTGCCCA-
3�; and 5�-GGCTGACGTCAAAGCCCCTCTGG-3�.

qRT-PCR. For either cultured cells or the OB tissue ipsilateral and
contralateral to the closed nares, RNA was isolated using an RNA

mini-prep kit (Epoch) following the manufacturer’s protocol. First
strand reactions were conducted using SuperScript III first strand
synthesis kit (Invitrogen) following the manufacturer’s protocol.
Quantitative PCRs were performed on a 7500 Fast Real-time PCR
System (Applied Biosystems). Quantitative PCRs used TaqMan Uni-
versal PCR Master Mix (Applied Biosystems) and TaqMan Gene Ex-

Figure 2. CD spectra for G- and C-rich single oligonucleotide strands from the Gad1 promoter. A, C, WT and mutant oligonucleotides for analysis of the Gad1 promoter G-rich and C-rich strands,
respectively. Yellow represents conserved G-quadruplex and i-motif consensus sequences. Red represents mutated positions. B, Spectra for the WT G-rich strand were potassium-dependent and
consistent with G-quadruplex formation. By contrast, spectra for the mutant strand were not potassium-dependent, indicating that G-quadruplexes were not formed. D, Spectra for the WT C-rich
strand were pH-dependent and consistent with i-motif formation. Spectra for the mutant strand did not show any pH dependence, indicating that i-motifs were not formed. By contrast, methylation
of all cytosines in CpG motifs within the WT oligonucleotide enhanced the signal maxima of the spectra, indicating that methylation increased i-motif formation.

0

5

10

15

20

control BG4

OB tissue Cortical tissue

0

10

20

30

control BG4

R
el

at
iv

e 
en

ric
hm

en
t

of
 G

ad
1 

pr
om

ot
er

R
el

at
iv

e 
en

ric
hm

en
t

of
 G

ad
1 

pr
om

ot
er

**

Figure 3. DNA secondary structures are present on the Gad1 promoter in vivo. ChIP assays
with the BG4 antibody detected G-quadruplex secondary structure on the Gad1 promoter in
both OB and cortical tissue. *p � 0.01.
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pression Assays primer sets (Applied
Biosystems) Mm00447557_m1, Mm00725661_s1,
Mm04409831_s1, and Mm00804896_m1 for
Th, Gad1, hnRNP K, and hnRNP LL, respec-
tively. All gene expression levels were normal-
ized to �-actin (Mm01205627_g1) levels. Data
are reported as the mean, with error bars rep-
resenting the SD. Measures of significance in
the expression levels between the ipsilateral
and contralateral OBs were assessed using two-
tailed Student’s t tests.

Results
Regulation of Gad1 promoter activity
by DNA secondary structure
The human and rodent Gad1 proximal
promoter contains a G:C-rich region up-
stream of the transcription start site (Er-
lander and Tobin, 1992; Szabó et al.,
1996). Analysis of this G:C-rich region re-
vealed two overlapping consensus se-
quences for i-motifs (C�3N1–12C�3N1–

12C�3N1–12C�3) and G-quadruplexes (on
the opposite strand; G �3N1–12G�3N1–

12G�3N1–12G�3) that are highly conserved
in mammals (Fig. 1). By contrast, an anal-
ysis of the mammalian Gad2 proximal
promoter (�1 kb upstream from the
transcription start site) did not find con-
servation of either G:C-rich regions or
G-quadruplex/i-motif consensus sequences
(data not shown).

To determine whether the Gad1 G:C-
rich region can adopt DNA secondary
structure, single-stranded oligonucleotides
from the mouse Gad1 promoter were ex-
amined by CD spectroscopy. G-quadru-
plexes are stabilized in vitro by high
potassium concentrations (�100 mM)
(Burge et al., 2006), and CD spectra for
the WT G-rich single strand displayed
a potassium-dependent enhancement
that was absent in a mutant strand lack-
ing G-quadruplex consensus sequences
(Fig. 2 A, B). On C-rich single strand oli-
gonucleotides, i-motif structures are
stabilized by low pH (pH � 5) (Gehring
et al., 1993). The CD spectra for the
Gad1 C-rich strand showed a pH depen-
dence that was absent when the i-motif
consensus sequences were mutated (Fig.
2C,D). Together, the CD data show that
the G- and C-rich strands of the Gad1 proximal promoter can
form G-quadruplex and i-motif DNA secondary structures,
respectively.

In schizophrenia, bipolar disorder, and autism spectrum
disorder, reduced Gad1 expression is associated with in-
creased methylation of its proximal promoter (Chen et al.,
2011; Zhubi et al., 2014). To establish whether methylation of
the Gad1 C-rich strand modified i-motif secondary structure for-
mation, an oligonucleotide of the Gad1 C-rich strand with meth-
ylated CpG motifs was analyzed by CD spectroscopy. Under
conditions that favor i-motif formation, the signal maximum at
290 nm for a methylated sequence was enhanced compared with

the WT oligonucleotide (Fig. 2D). These results show that meth-
ylation does not disrupt i-motif formation, and suggest that it
increases i-motif stability, which is consistent with recent ther-
modynamic studies (Bhavsar-Jog et al., 2014).

To test whether the Gad1 promoter contains DNA second-
ary structure in vivo, ChIP studies were conducted using an
antibody (BG4) that specifically recognizes G-quadruplexes
(Biffi et al., 2013). Assays with mouse OB and cortical tissue
showed significant enrichment of the Gad1 proximal pro-
moter (Fig. 3), revealing that DNA secondary structure is pres-
ent on the Gad1 promoter in vivo in both OB and cortical
GABAergic neurons.

0

1

2

3

0 2.5 5
TMPyP2 or TMPyP4
Concentration (nM)

R
el

at
iv

e 
ch

an
ge

 in
 

tra
ns

cr
ip

tio
n 

pr
od

uc
t f

or
m

at
io

n

10

 
TMPyP2

TMPyP4

A

*
* *

control 0hrs

TMPyP2 0hrs

TMPyP4 0hrs

control 24hrs

TMPyP2 24hrs

TMPyP4 24hrs

MOB

AOB

RMS

MOB AOB

RMS

MOB
AOB

RMS

B C

D E

F G

Figure 4. Regulation of Gad1 promoter activity by small molecules that stabilize nucleic acid secondary structure. A, PCR
interference assays showed that increasing concentrations of TMPyP4, but not TMPyP2, blocked transcription and PCR
amplification of WT template oligonucleotides. *p � 0.01. B–G, Gad1-GFP expression was strongly repressed in the main
OB (MOB) of depolarized forebrain slice cultures after 24 h exposure to 100 �M of TMPyP4, but not TMPyP2. Gad1-GFP is not
expressed in the accessory OB (AOB), and Gad1-GFP expression in the rostral migratory stream (RMS) does not show the
same sensitivity to TMPyP4. Scale bar, 100 �m.

4782 • J. Neurosci., May 3, 2017 • 37(18):4778 – 4789 Wang et al. • Novel Activity-Dependent Transcription Regulation



G-quadruplex and i-motif secondary structures are stabilized
by interactions with the porphyrin compound, TMPyP4 (Fedor-
off et al., 2000; Phan et al., 2005). By contrast, the isomer,
TMPyP2, is ineffective at stabilizing these structures (F. X. Han et
al., 1999; H. Han et al., 2001; Qin and Hurley, 2008). We previ-

ously showed that TMPyP4-mediated sta-
bilization of DNA secondary structures
can impede PCR amplification of tem-
plate oligonucleotide strands (Banerjee et
al., 2014). PCRs using the oligonucleotide
sequences from the CD studies as tem-
plate strands confirmed that TMPyP4, but
not TMPyP2, can stabilize secondary
structures formed by the Gad1 proximal
promoter (Fig. 4A).

Because of toxicity (Fujiwara et al.,
2015), we were unable to test whether mod-
ifying the stability of Gad1 promoter DNA
secondary structures with TMPyP4 could
alter Gad1 expression levels in vivo. As an
alternative, Gad1 promoter activity was
monitored in forebrain organotypic slice
cultures from Gad1-GFP mice. Compared
with either control or TMPyP2-treated cul-
tures, GFP expression in the OB was
strongly attenuated in cultures treated with
TMPyP4 (Fig. 4B–G). These findings show
that small molecules that alter nucleic acid
secondary structure stability can modulate
Gad1 expression levels in brain tissue. Inter-
estingly, TMPyP4 did not reduce GFP ex-

pression in the rostral migratory stream, which contains neuroblasts
migrating to the OB, suggesting that there is differential regulation of
Gad1 transcription between migrating neuroblasts and mature in-
terneurons in the OB (Fig. 4B–G).
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Regulation of Gad1 promoter activity by hnRNP proteins
We previously showed that hnRNP K binds to C-rich regions in
the Th proximal promoter that form secondary structures (Ba-
nerjee et al., 2014), but we found that hnRNP K was not recruited
to the Gad1 promoter in the OB in vivo, and only indirectly
associated with Gad1 promoter in the cortex (Fig. 5). hnRNP LL
binds to CG elements (5�-CCCGC-3�) (Kang et al., 2014), and the
presence of several CG elements in the Gad1 C-rich strand sug-
gested that hnRNP LL targets the Gad1 C-rich strand. Immuno-
fluourescence studies with Gad1-GFP mice showed that hnRNP
LL was expressed in nearly all Gad1-containing neurons in the
OB glomerular layer (Fig. 6A–C). Coexpression was also ob-
served in a subset of Gad1-expressing neurons in the cortex (Fig.
6D–F). Transcription assays in NT2 cells showed that hnRNP LL
overexpression was also sufficient to increase Gad1 reporter

gene expression levels 48 � 10% (p � 0.01) relative to controls
containing an empty expression plasmid. Western blots of pro-
tein pull-down experiments showed that a biotinylated single-
stranded Gad1 C-rich oligonucleotide interacted with hnRNP LL
protein from either OB or cortical nuclear lysate (Fig. 7A,B).
Mutation of hnRNP LL recognition motifs substantially dimin-
ished the pull-down of hnRNP LL from OB and cortical tissue
(Fig. 7B,C), suggesting that hnRNP LL directly associates with
the Gad1 promoter through these recognition sites in both brain
regions. To address whether methylation of the Gad1 promoter
altered recruitment of hnRNP LL, protein pull-down assays were
performed with the biotinylated single-stranded Gad1 C-rich oli-
gonucleotide that had all CpG motifs methylated. Nuclear lysate
from either the OB or the cortex showed that the methylated
strand had an increased association with hnRNP LL compared
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with the unmethylated strand (Fig. 7D,E), indicating that meth-
ylation of the CpG sites on the Gad1 promoter enhances recruit-
ment of hnRNP LL.

ChIP assays with OB and cortical tissue showed that hnRNP
LL associated with the Gad1 promoter in vivo (Fig. 7F). The
pull-down of hnRNP LL from either OB or cortical lysate was
blocked by the presence of TMPyP4, but not TMPyP2 (Fig. 7B),
indicating the secondary structure formation and hnRNP LL
protein binding were mutually exclusive. Consistent with these
findings, ChIP assays using NT2 cells expressing FLAG-tagged
hnRNP LL showed that hnRNP LL occupancy on the Gad1 pro-
moter was blocked when the cells were treated with TMPyP4, but
not with TMPyP2 (Fig. 7G). Together, the studies indicate that
hnRNP LL directly interacts with the Gad1 C-rich strand in both
the OB and cortex to facilitate Gad1 expression.

Odorant sensory input-dependent DNA secondary structure
formation and hnRNP occupancy on the Gad1 and Th
proximal promoters
Circuit activity levels in the OB are dependent on odorant sensory
input from the olfactory epithelium. A subset of glomerular layer
interneurons, which includes interneurons coexpressing dopa-
mine and GABA, receives direct afferent input through synaptic
connections with the olfactory sensory neuron axons (Kosaka
and Kosaka, 2005, 2007). In addition, both Gad1 and Th expres-
sion levels in the OB are dependent on odorant sensory input
(Baker et al., 1983; Wilson and Wood, 1992; Baker et al., 1993,
1999; Cigola et al., 1998; Puche and Shipley, 1999; Akiba et al.,
2009; Parrish-Aungst et al., 2011; Banerjee et al., 2013). In mice
with unilateral naris occlusion, the permanent closure of one

nostril strongly reduces odorant-dependent circuit activity in the
ipsilateral (closed) OB compared with the contralateral (open)
OB (Coppola, 2012). Both Th and Gad1 expression levels are
significantly reduced in the closed OB of adult mice 1 month after
naris occlusion (Fig. 8A,B). To address whether this reduction in
gene expression was associated with an increase in secondary
structure on the Th and Gad1 proximal promoters, ChIP assays
were performed with the G-quadruplex-specific BG4 antibody.
These assays showed that both the Gad1 and Th promoters in the
closed OB contained much higher levels of secondary structure
(Fig. 8C,D). Because the pull-down and ChIP assays suggested
that the interaction between hnRNP LL and the Gad1 promoter
was mutually exclusive to secondary structure formation (Fig.
7B,G), ChIP assays were performed to test whether hnRNP oc-
cupancy was diminished in the closed OBs. These assays showed
a significant reduction in hnRNP K and LL occupancy on the Th
and Gad1 proximal promoters, respectively, in the closed OB
(Fig. 8E,F). Western blot and qRT-PCR studies confirmed that
this reduced occupancy of hnRNP K and LL was not due to a
decrease in either gene or protein expression levels (Fig. 8G–I).
Together, these studies show that odorant sensory input-
dependent changes in Th and Gad1 transcription are associated
with a shift in the balance between secondary structure formation
and hnRNP protein occupancy on each respective promoter.

Differential occupancy of DNA secondary structure and
hnRNPs on the Gad1 and Th proximal promoter in cultured
cells with membrane depolarization
To test whether DNA secondary structure and hnRNPs differen-
tially occupy the Gad1 and Th proximal promoters in an alterna-
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tive model system, BG4 and hnRNP ChIP assays were performed
in KCl depolarized human SH-SY5Y and NT2 cultured cell lines.
Unlike primary cell culture alternatives, this simple model system
provides a large and homogenous set of Th- or Gad1-expressing cells
suitable for ChIP analyses. Th and Gad1 expression levels are in-
creased in human SH-SY5Y and NT2 cells, respectively, depolarized
with 50 mM KCl compared with cultures with equimolar treatment
of NaCl (Fig. 9A,B). In the SH-SY5Y and NT2 cell lines, ChIP assays
with the BG4 antibody showed that KCl-mediated depolarization
reduced the presence of G-quadruplexes in the Th and Gad1 pro-

moter regions, respectively (Fig. 9C,D). By contrast, ChIP assays for
hnRNP K and LL showed increased occupancy on the Th and Gad1
promoter, respectively, in response to membrane depolarization
(Fig. 9E,F). Together, these findings show that membrane depolar-
ization induces changes in secondary structure formation and hn-
RNP protein recruitment on the Th and Gad1 promoters that are
associated with increased transcription levels. Because membrane
depolarization is an essential component of synaptic activity, the
findings with the cultured cell lines complement and support the
model generated with in vivo and in vitro studies using OB and cor-
tical tissue.

Discussion
These studies have identified a novel activity-dependent molec-
ular mechanism regulating Gad1 and Th transcription that is
mediated, in part, by DNA secondary structure (summarized in
Fig. 10). Single DNA strands in G:C-rich regions can either adopt
secondary structures, such as G-quadruplexes and i-motifs, or
recruit single-strand DNA-binding proteins, such as hnRNP K
and LL. DNA secondary structure formation is associated with
reduced gene transcription levels. The mechanisms underlying
this secondary structure-dependent repression are not estab-
lished but may include either disruption of transcription elonga-
tion, blocking the binding of transcription activator proteins, or
recruitment of transcription repressor proteins (Brooks et al.,
2010). By contrast, the recruitment of single-strand DNA-
binding proteins, such as hnRNP K and LL, promote gene tran-
scription by preventing secondary structure formation. hnRNP K
can also facilitate transcription by contacting general transcrip-
tion factors, such as TBP (Michelotti et al., 1996; Shnyreva et al.,
2000). Both hnRNP K and LL preferentially bind C-rich strands,
and the complementary G-rich strands are likely bound by re-
lated proteins, such as hnRNP A1 (Banerjee et al., 2014). The
absence of hnRNP LL knock-out mice and the lethality of hnRNP
K knock-out mice (Gallardo et al., 2015) limited the current
study from further defining the role of these proteins, but future
studies incorporating either tissue-selective knockdown or gene
editing will better define their role in neural circuit activity-
dependent regulation of gene expression.

The presence of either secondary structure or hnRNPs in the
G:C-rich regions of the Gad1 and Th proximal promoters is mu-
tually exclusive in the proposed mechanism. This is consistent
with structural studies showing that hnRNP binding requires
hydrogen bonding and stacking interactions with the nucleotide
bases that would preclude secondary structure formation
(Shamoo et al., 1997; Xu et al., 1997; Backe et al., 2005). Our
studies indicate that sensory input-dependent activity levels
can shift the balance between DNA secondary structure forma-
tion and hnRNP binding. This role for neural circuit activity is a
previously unreported feature in DNA secondary structure-
mediated regulation of gene transcription. Moreover, the strong
conservation of the G-quadruplex/i-motif consensus sequences
and recognition sites for hnRNPs in both Th and Gad1 through-
out mammals suggests that this shared mechanism is functional
in both rodents and humans.

The proposed sensory input-dependent mechanism is ex-
pected to be independent of regional patterning transcription
factors required for expression of these genes in the OB and other
brain regions. Regional transcription factors are likely necessary
to maintain Th and Gad1 in a transcriptionally active state,
whereas DNA secondary structure and hnRNPs modulate tran-
scription levels in response to changes in odorant sensory input
levels without disrupting the regional transcription factors. RNA
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polymerase generates negative supercoiling in upstream genomic
DNA, and this negative supercoiling drives the formation of sec-
ondary structures, such as G-quadruplexes (Sun and Hurley,
2009; Zhang et al., 2013). Our finding that G-quadruplexes are
present on Th and Gad1 promoters when sensory input-
dependent activity levels are low indicates that regional transcrip-
tion factors bound to the promoter and/or distal regulatory
regions of these genes are able to recruit RNA polymerase, but
these protein complexes are ineffective at resolving DNA second-
ary structure generated by RNA polymerase. High sensory input-
dependent activity levels can resolve these structures and increase
transcription levels, but the molecular details driving the shift
from DNA secondary structure formation to hnRNP recruitment
remain to be established. Additional studies are also required to
determine whether this driving force is downstream of synapti-
cally activated pathways within the neuron or, alternatively, by
the activity-related release of growth factors or other signaling
molecules from neighboring cells that can lead to modifications
of gene promoter chromatin environments. Nevertheless, the in-
tegration of regulation from regional transcription factors with
the sensory input-dependent shown in this study would provide
the dynamic dopamine and GABA production in OB interneu-
rons and short axon cells needed to adjust detection thresholds in
response to changing odorant levels. Similarly, this regulation of
Gad1 in cortical interneurons would allow for dynamic GABA
expression required to regulate principal cells in cortical circuits.

This study shows that promoter DNA secondary structure is a
component of activity-dependent regulation of gene transcrip-
tion, but the presence of G-quadruplexes or i-motifs in the prox-
imal promoter does not necessarily indicate that transcription of
a gene is dependent on synaptic activity. In both humans and
mice, several genes with activity-dependent transcription (in-
cluding Arc, Egr1, Nr4a1, and Rheb) have G-quadruplex motifs in
their proximal promoters. Genomic analyses of G-quadruplex
motif distribution in humans and rodents, however, have shown
that these motifs have a preference for the proximal promoter of

genes (Verma et al., 2008; Maizels and Gray, 2013; Chambers et
al., 2015; Hänsel-Hertsch et al., 2016). Furthermore, �40% of
genes in the human genome have G-quadruplex consensus mo-
tifs in their proximal promoter regions (Huppert and Balasubra-
manian, 2007), and most of these genes are not dependent on
synaptic activity or membrane depolarization for transcrip-
tion. Thus, although these findings show that DNA secondary
structure can be a component of activity-dependent regula-
tion of gene transcription, the presence of secondary structure
in a gene promoter is not sufficient to make gene transcription
activity-dependent.

The proposed mechanism provides a molecular basis for the
shared odorant sensory input-dependent regulation of Th and
Gad1 in the OB. The presence of DNA secondary structure and
the hnRNP binding on the Gad1 promoter in the cortex, how-
ever, suggests that this mechanism is not just limited to OB
GABAergic interneurons. Several studies have reported that
Gad1 expression levels in the cortex and hippocampus are
activity-dependent (Liang et al., 1996; Esclapez and Houser,
1999; Ramírez and Gutiérrez, 2001; Patz et al., 2003; Lau and
Murthy, 2012). Although speculative, the mechanism established
in this study is likely functional in the GABAergic neurons that
coexpress either hnRNP LL in these regions as well. Additional
studies to identify specific channels and receptors required for
regulating Gad1 expression by DNA secondary structure and hn-
RNPs may provide insight into neurological disorders associated
with impaired Gad1 activity and synaptic inhibition, such as
epilepsy.

This study also significantly advances our molecular under-
standing of how Gad1 transcription is activated by demonstrat-
ing that hnRNP LL interacts with the Gad1 promoter in both OB
and cortex and facilitating transcription in cultured cells. In the
midbrain, hnRNP LL may interact with Pitx2 on the Gad1 pro-
moter because Pitx2 both specifies midbrain GABAergic neurons
and activates the Gad1 expression by binding its promoter (West-
moreland et al., 2001; Waite et al., 2011). In the forebrain, how-
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ever, other factors directly bound to the Gad1 promoter that can
interact with hnRNP LL are not presently known.

Increased methylation of the Gad1 promoter is associated
with reduced gene expression levels in schizophrenia, bipolar
disorder, and autism (Chen et al., 2011; Zhubi et al., 2014), but
this study showed that methylated CpG motifs in the Gad1 pro-
moter C-rich strand do not disrupt either secondary structure
formation or hnRNP recruitment. These findings would suggest
that promoter methylation does not block the activity-dependent
regulation of gene expression by DNA secondary structure and
hnRNPs, but further studies are needed to establish whether
methylation impedes the ability of proteins, such as helicases, to
resolve DNA secondary structures or if methylated C:G-rich re-
gions recruit repressive factors that either block hnRNP binding
or further stabilize the DNA secondary structures.

The Gad1 transcription start site used in this study was previ-
ously identified as the dominant start site and is conserved be-
tween mice and humans (Szabó et al., 1996; Westmoreland et al.,
2001). There are, however, alternative Gad1 transcription start
sites that are upstream (Szabó et al., 1996; Yanagawa et al., 1997;
Westmoreland et al., 2001; Chen et al., 2011). Both hnRNP re-
cruitment and DNA secondary structure formation by the G:C-
rich region identified in this study would also modulate Gad1
expression from the alternative start sites. G-quadruplexes on the
template strand, as is the case in Gad1, can impede or block RNA
polymerase as it transcribes genes (Yu et al., 2009; Broxson et al.,
2011; Agarwal et al., 2014). Proteins, such as hnRNP LL, that bind
the single-stranded template can prevent secondary structure
formation. Thus, regulating the balance between hnRNP recruit-
ment and DNA secondary structure formation is likely to be
important in the expression of all Gad1 transcripts.
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