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Abstract

Dysfunction of the central noradrenergic and dopaminergic systems is the primary neurobiological characteristic of

Parkinson’s disease (PD). Importantly, neuronal loss in the locus coeruleus (LC) that occurs in early stages of PD may

accelerate progressive loss of dopaminergic neurons. Therefore, restoring the activity and function of the deficient norad-

renergic system may be an important therapeutic strategy for early PD. In the present study, the lentiviral constructions of

transcription factors Phox2a/2b, Hand2 and Gata3, either alone or in combination, were microinjected into the LC region of

the PD model VMAT2 Lo mice at 12 and 18month age. Biochemical analysis showed that microinjection of lentiviral

expression cassettes into the LC significantly increased mRNA levels of Phox2a, and Phox2b, which were accompanied

by parallel increases of mRNA and proteins of dopamine b-hydroxylase (DBH) and tyrosine hydroxylase (TH) in the LC.

Furthermore, there was considerable enhancement of DBH protein levels in the frontal cortex and hippocampus, as well as

enhanced TH protein levels in the striatum and substantia nigra. Moreover, these manipulations profoundly increased

norepinephrine and dopamine concentrations in the striatum, which was followed by a remarkable improvement of the

spatial memory and locomotor behavior. These results reveal that over-expression of these transcription factors in the LC

improves noradrenergic and dopaminergic activities and functions in this rodent model of PD. It provides the necessary

groundwork for the development of gene therapies of PD, and expands our understanding of the link between the

LC-norepinephrine and dopamine systems during the progression of PD.
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Introduction

The locus coeruleus (LC, A6) is the primary source of

norepinephrine (NE) in the brain, and sends divergent

projections throughout the central nervous system

(Aston-Jones et al., 2000). The hippocampus (HP) and

frontal cortex (FC) are the brain regions to receive sole

noradrenergic innervation from the LC (Haring and

Davis, 1985; Samuels and Szabadi, 2008).

Correspondingly, the substantia nigra pars compacta

(SN, A9) and ventral tegmental area (VTA, A10)

(Anden et al., 1966; Domesick, 1988) are the primary

source of dopamine (DA) in the brain, each of which

sends variant axons throughout the striatum and other

regions of the cerebral cortex. NE and DA play
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important roles in spatial memory, attention, motor
functions, as well as emotional behaviors (Robbins and
Everitt, 1995; Bromberg-Martin et al., 2010). Although
the noradrenergic and dopaminergic systems account for
different functions and activities in the brain, however,
they are closely correlated in normal and pathogenic con-
ditions, likely due to the fact that NE and DA are on the
same biosynthesis pathway.

Parkinson’s disease (PD) is a neurodegenerative dis-
ease in which both the noradrenergic and dopaminergic
systems share a progressive neuronal loss. Nevertheless, a
number of studies have showed that a constant and
extensive neuronal loss in the LC of PD patients is
even greater than loss of dopaminergic neurons, and
this pathology appears earlier to the dopaminergic neu-
ronal loss in the SN (Cash et al., 1987; Bertrand et al.,
1997; Zarow et al., 2003). Recent observation showed
that a transgenic mouse, expressing human wild-type
a-synuclein controlled by dopamine b-hydroxylase
(DBH) promoter, developed a-synuclein in LC neurons
with degeneration of LC fibers, decreased striatal DA
metabolism, and non-motor symptoms of PD
(Butkovich et al., 2020). Therefore, NE deficiency is an
early indication of PD progression in the brain (Espay
et al., 2014). Moreover, LC-NE pathologies are directly
associated with the severity of parkinsonism, including
cognitive inflexibility (McGaughy et al., 2008). More
importantly, an intact LC-NE neuronal system has neu-
roprotective effects on dopaminergic neurons and an
increased NE concentration in the brain can facilitate
the recovery of the damaged dopaminergic system
(Delaville et al., 2011; Isaias et al., 2011; Paredes-
Rodriguez et al., 2020). Therefore, restoration of the
damaged central LC-NE system may positively influence
the recovery process of degeneration to the dopaminergic
system, ultimately facilitating the treatment of PD.

Over the past several years, substantial progress has
been made in uncovering critical effects of transcription
factors such as Phox2a, Phox2b, Hand2 and Gata3 on
the brain’s noradrenergic system. It is well known that
during the embryonic period, these transcription factors
coordinately control the differentiation of noradrenergic
neurons (Brunet and Pattyn, 2002; Schmidt et al., 2009;
Tsarovina et al., 2010). Recent studies also revealed that
these transcription factors have potential regulatory roles
for noradrenergic properties in the adult brain.
Supportive evidence includes that all four transcription
factors are present in fully differentiated noradrenergic
neurons in vitro and in noradrenergic neurons in the
brain throughout life (Zhu et al., 2005; Doxakis et al.,
2008; Zhao et al., 2008; Schmidt et al., 2009; Pellegrino
et al., 2011). Furthermore, they are required for mainte-
nance of mature noradrenergic neurons in vivo and for
the continued expression of DBH and tyrosine hydroxy-
lase (TH) (Lucas et al., 2006; Schmidt et al., 2009; Card

et al., 2010; Tsarovina et al., 2010). Our previous studies

in vitro and in vivo showed that these transcription factors

could increase the transcription of DBH and TH (Fan
et al., 2009; Fan and Zhu, 2010; Fan et al., 2011).

Therefore, it is feasible to enhance the function of the

noradrenergic system in PD animal models by overex-

pressing these transcription factors in the LC.
The neural specific vesicular monoamine transporter 2

(VMAT2) is a transmembrane protein and is a key reg-

ulator of monoamine homeostasis. VMAT2 plays an

important role in monoamine storage, protects neuro-

transmitters from oxidation and controls quantal secre-

tion of these neurotransmitters (Erickson et al., 1992). As
such, loss of VMAT2 function has been considered to be

conductive to the pathology of PD (Lotharius and

Brundin, 2002). A transgenic mouse (called as VMAT2

Lo) has been created with �95% shutdown in endoge-

nous VMAT2 expression (Mooslehner et al., 2001;

Colebrooke et al., 2006). These mice display substantial
reductions of DA and NE levels in the striatum and

cortex, and progressive degeneration in dopaminergic

and noradrenergic neurons with formation of

a–synuclein containing inclusions in the SN (Caudle

et al., 2007; Taylor et al., 2009, 2011). This model also
shows motor- and non-motor symptoms with the VTA

unaffected, thereby replicating important pathogenic fea-

tures of PD. More importantly, unlike other chemical

and genetic models of PD, neuronal loss in the LC of

VMAT2 Lo mice starts earlier (at 12months, and with

a larger reduction at 18months of age) than occurs in the
SN (beginning at 18months and reaching significant

degeneration at 24months and maximal severity at

30months) (Caudle et al., 2007; Taylor et al., 2014).

Furthermore, the LC undergoes a much more severe

degeneration than the SN in the VMAT2 Lo mice
(Taylor et al., 2011, 2014). Therefore, these mice are an

excellent model for the analysis of restoring noradrener-

gic activity and further affecting the dopaminergic

system.
In the present study, effects of forced overexpression

of transcription factors on activities and function of cen-

tral noradrenergic and dopaminergic systems were exam-

ined. The lentiviral construction cassettes of Phox2,

Hand2 and Gata3, alone or combined, were microin-

jected into the LC region in VMAT2 Lo mice. The
expression levels of noradrenergic and dopaminergic phe-

notypes in brain areas were measured. The results dem-

onstrated that overexpressed transcription factors

upregulated DBH and TH expression in the LC and its

main projection areas, and increased NE/DA concentra-
tions in the striatum. Furthermore, these treatments also

enhanced TH expression in the SN and striatum and

improved cognitive and locomotor performance. These

data indicate that microinjection of these transcription
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factors can be an alternative approach for gene therapy
in PD.

Method and Materials

Lentiviral Vector Production

Lentiviral vectors were prepared and used by the similar
methods as published previously (Fan et al., 2011), which
was approved by the Institutional Biosafety Committee
of the East Tennessee State University. Briefly, a lentivi-
ral vector pLenti6/V5, and the packaging vector
pCMV�R8.9 and pVSVG were used in this preparation.
Dual promoters to drive the genes of interest (Phox2a,
Phox2b, Hand2 or Gata3 from mice), and the reporter
gene (enhanced green fluorescent protein, eGFP), an
index for verification of viral delivery to the LC site in
mouse brains, were constructed as lentiviral-mediated
expression cassettes, based on the manufacturer’s instruc-
tion (Invitrogen, Carlsbad, CA, USA). The cassette for
the control in the experiments contained eGFP only.
After modification, transferring, co-infection, and untra-
centrifugation, the lentiviral stock was obtained and their
viral titers were measured. A stock with viral titer (1x108

TU) was stored at �80�C until use.

Animals and in Vivo Stereotaxic Microinjection

Both male and female VMAT2 Lo mice (RRID:
MGI_3758030), bred in the animal facility of the XXX
State University, were used in the present study. As
described above, neuronal loss in the LC of VMAT2
Lo mice starts at 12months, and with a larger reduction
at 18months of age (Taylor et al., 2014). Considering
these characteristics, two ages of mice were selected for
microinjection treatments: 12months of age (the LC
begins degeneration), and 18months of age (significant
LC neuronal loss and dopaminergic neurons in the SN
beginning to degenerate). Although VMAT2 Lo mice at
24month of age showed more severely neuronal loss in
the SN with major motor deficits, they were determined
to be of too advanced age to bear the microinjection
surgery based on preliminary observations. Tissues
were used without regard to the sex of the animal so
we are unable to assess sex-dependent effects.

These mice were housed on a 12 h light/dark cycle and
had free access to food and water. All animal handling
procedures were approved by the Animal Care and Use
Committee of East Tennessee State University, which are
consistent with the NIH Guide for the Care and Use of
Laboratory Animals (National Research Council, 2011).
VMAT2 Lo and age-matched wild-type littermates were
randomly assigned to the experimental and control/
sham-operation groups. The animal numbers used in
groups were estimated by a power analysis. This is

based on our preliminary studies, by assuming the
weaker of the two effects (i.e., Post-BUP).
Microinjection was performed based on previous works
(Carlezon and Neve, 2003) with some modifications.
Briefly, under gas anesthesia through isoflurane (1.5–
2.0%), animals were placed in a stereotaxic apparatus
(David Kopf Instruments, Tujunga, CA). Two burr
holes were drilled into the skull above the LC region
with an electric hand-drill to the level of the dura
mater. A sterile 26-guage Hamilton syringe, loaded
with recombinant lentivirus preparations (1 ml at 1� 108

TU of titer per milliliter, or 2ml in the combination of
two genes), was lowered to the LC ([AP]¼�5.4mm,
[LAT]¼�0.9mm, and [V]¼�3.9mm) (Paxinos and
Franklin, 2001). Microinjection was carried out at a
rate of 0.1ml/30 seconds over a period of 10minutes
(20min in the combination of two genes: either
Phox2aþHand2, Phox2bþGaba3, or Phox2bþHand2,
Phox2bþGaba3). After injection, dental cement was
used to fill the holes and the incision closed with sutures.
In the control mice, the lentiviral cassette carrying eGFP
only was bilaterally microinjected, whereas in sham-
operated mice an empty Hamilton syringe was lowered
into the LC region without injection. Mice given surgery
were allowed to recover, and 21 days later were sacrificed
by decapitation (for biochemical measurements) or per-
fusion (for immunofluorescence staining). After decapi-
tation mouse brains were removed, rapidly frozen in 2-
methyl-butane on dry-ice, and stored at �80�C until dis-
section of different brain regions (see below for the
details of the LC dissection). Perfused mouse brains
were also stored at �80�C until section on a cryostat.
To protect newly synthesized NE and DA, the no-
selective monoamine oxidase inhibitor phenelzine
(10mg/kg, i.p.) (Griebel et al., 1998; Dwivedi et al.,
2006; Sakata et al., 2013) was administered daily for
21 days for all VMAT2 Lo mice (except for those without
injected mice), as well as corresponding control and
sham-operation groups. Microinjection into the LC
region was verified by examining eGFP fluorescence
under a fluorescence microscope to confirm the delivery
of the viruses to the LC region. Mice with missed place-
ments were eliminated from the study.

RNA Isolation and Quantitative Real-Time Polymerase
Chain Reaction (qPCR) Analysis for mRNAs of Phox2a,
Phox2b, Hand2, Gata3, TH and DBH in the LC

The brains of some mice were microdissected at �20�C.
First, along the line between the posterior border of the
cerebral cortex and cerebellum was vertically cut with a
razor blade to separate the brain stem from the brain
cortex to show the midbrain aqueduct. Then a slight
trimming to sure the appearance of the 4th ventricle,
which was used for orientation of the LC. From there a
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posterior section from appearance of 4th ventricle to the
place where the 4th ventricle becomes a triangle shape a
section of about 350 mM thickness was cut again (approx-
imately �5.34 to �5.70mm from the Bregma). On this
coronal section a 2mm trephine tool was used to punch
the LC region near two corners of the 4th ventricle. The
LC tissues were collected and stored at �80�C for RNA
isolation. The RNA isolation and qPCR analysis were
similar to those described previously (Zha et al., 2011).
Briefly, RNAzol reagent (Molecular Research Center,
Inc., Carlsbad, CA) was used to extract total RNA
from dissected brain LC regions of mice. The superscript
III First-Strand Synthesis Kit (Applied Biosystems/Life
technologies, Forster City, CA, USA) was used to con-
vert cDNAs, based on the manufacturer’s protocol. Then
qPCR analysis was performed using primers listed as
follows. Mouse DBH: 50- CTCAGGAGACTGCCTTT
GTGTTG-30 and 50- GAAGCTGAGAGGCAAAGAT
GTGG-30. Mouse TH: 50-AGCCGTGCAGCCCTACC
A-AGATCAA-30 and 50- AATGGGCGCTGGATACG
AGAGGCAT-30; Mouse Phox2a: 50-CGAGGAACTGG
CGCTCAAGA-30 and 50- CGCTCCTGTTTGCGGAA
CTTG-30; Mouse Phox2b: 50-GGGCTAAGTTTCGC
AAGCAG-30 and 50- CAGTGCTGTCGGGATCAG
TG-30; mouse b-actin: 50-CAACGAGCGGTTCCGA
TG-30 and 50- GCCACAGGATTCCATACCCA-30.
For analyzation of the relative changes in gene expres-
sion from qPCR, the value of each interest gene was nor-
malized to b-actin (DCt). The comparative threshold
cycle method (2�DDCT) (Livak and Schmittgen, 2001)
was used to compare mRNA levels of each respective
gene expression calculated as the inverse log of DDCT
to give the relative fold change. These measurements
were performed in triplicate of each cDNA aliquot.

Immunofluorescence Staining for DBH and TH

This method was similar to previous work from our lab-
oratory (Fan et al., 2011). Briefly, the slides containing
the sections of LC regions were pre-incubated in 5%
bovine serum albumin in phosphate-buffer saline (PBS)
supplemented with 0.2% Triton-X 100. These slides were
further exposed to primary monoclonal antibody solu-
tion (for DBH: 1:2000, ab19353, RRID: AB_73185,
Abcam, Cambridge, MA, USA; for TH: 1:1000, MA1-
24654, RRID: AB_79566, ThermoFisher Scientific,
Waltham, MA, USA) overnight at 4�C. After washing,
slides were then probed with 2nd antibodies (for DBH:
Alexa Fluor 488-conjugated goat anti-rabbit IgG; for
TH: Alexa Fluor 488-conjugated Goat anti-mouse IgG;
both from Abcam, Cambridge, MA, USA), followed by 4
time rinses with 0.1M PBS. A Leica TCS SP2 confocal
microscope system (Leica Microsystems Inc.,
Bannockburn, IL, USA) was used to observe and acquire
immunofluorescence labeling. These images were

quantitatively quantified using ImageJ software
(Rasband, US National Institutes of Health, Bethesda,
http://rsbweb.nih.gov/ij, 2010). Non-immunoreactive
portions of brain sections adjacent to the LC region
were taken as the reference background levels.

Measurement of NE/DA by High-Performance Liquid
Chromatography (HPLC)

Measurement of NE/DA in mouse striatum was similar
to those described before (Fan et al., 2020). Briefly, ani-
mals were sacrificed and brains were dissected. The stri-
atum was homogenized in an ice-cold solution containing
0.2M perchloric acid, 1� 10�7 M ascorbic acid, and
dihydroxybenzylamine (2 mg/ml) which was used as the
internal standard. Following centrifugation (10,000 xg at
4�C for 5minutes) and filtration in 0.2 mm nylon dispos-
able syringe filters, the supernatant (5 mL) was injected
into the HPLC system. This chromatography system
includes an Ultrasphere ODS reverse-phase column
(Beckman), electrochemical detection and a Hitachi D-
2500 Chromato-Integrator. The mobile phase consisted
of 4% acetonitrile, 0.1M sodium nitrate, 0.08M sodium
dihydrogen phosphate, 0.2mM sodium octyl sulfate, and
0.1mM EDTA. A standard curve was constructed with
known amounts of NE/DA to calculate the NE/DA con-
centration. Before centrifugation and filtration, the pro-
tein concentration in tissue homogenate of the striatum
was measured, which was used to define the NE/DA pre-
sentation in homologies as pg/mg proteins.

Behavior Tests: Morris Water Maze (MWM) &
Locomotor Behavior Tests

The MWM is a behavior test for animal spatial learning
and reference memory and the method used for this task
was similar to previous work (Brown et al., 2001).
Briefly, animals were administered a total of 4 days of
testing. Each day two trial blocks of four trials were
given to each animal, for a total of 24 training trials
during acquisition. On each trial, mice were released
with their snout pointing towards the wall of the pool
in the east, north, south and west (these directions do not
indicate compass points) quadrants of the pool and
allowed a swim time of 60 s to reach the platform. If
the mouse did not find the platform, it was placed
there by the experimenter. Regardless, if the animal
found the platform, it spent the last 10 s of each trial
on the platform. Both swim distance and escape latency
(time to find the platform) were recorded on each trial.
Following the last trial, the platform was removed from
the pool and a probe trial was administered. For the
probe trial, the mean search difference (MSD) and
mean search difference (MZD) scores (Brown et al.,
2000; Gonzalez et al., 2000) were used to analyze

4 ASN Neuro
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search behavior. The total time spent searching and swim

pattern was recorded via a digital camera (Rockhouse

Products, NJ, USA). The AnyMaze

behavioral scanning system (Stoelting, Co, Wood

Dale, IL, USA) was used to analyze all behavioral

measurements.
The locomotor activity test is a mean of assessing

spontaneous locomotor activity and arousal in mice,

and is necessary to establish baseline levels of motor

activity. The method used was similar to a previous pub-

lication (Brown et al., 2011). Briefly, animals were placed

individually in a square arena (30 cm/side) with Plexiglas

floor and walls (Kinder Inc., Poway, CA, USA) and

allowed to freely move for 60min. All animal locomotor

activities were recorded by the AnyMaze behavioral soft-

ware and distance traveled during the 60min period was

recorded and analyzed.

Western Blot Analysis

Western blotting was performed similar to previous work

from our laboratory (Fan et al., 2011). About 30 mg pro-

teins from each sample were loaded into a 10% SDS–

polyacrylamide gel and electrophoretically separated,

and electro-blotted onto a nitrocellulose membrane

(Amersham Life Sciences, Buckinghamshire, UK).

These blots were respectively incubated with antibodies

of monoclonal anti-TH antibody (H-16, 1:1,000 dilution,

AMAb91112, RRID: AB_2665805, Sigma, USA), or

monoclonal antibody against DBH (sc-365710, 1:100

dilution, RRID: AB_1084404, Sanda Cruz

Biotechnology, Dallas, TX, USA), which was followed

by being exposed to the second antibody (1:5,000 dilu-

tion; Amersham Life Sciences, Buckinghamshire, UK).

Immunoreactive bands were visualized and detected by

G:Box Imaging (Fyederick, MD, USA) after membranes

were probed by enhanced chemiluminescence (ECL,

Amersham Life Sciences, Buckinghamshire, UK) or

super ECL (Sigma Chemical Co., St Louis, MO, USA).

By the similar steps, ß-actin reactivates were determined

as an index of equal loading and transfer effectivities

after membranes were re-probed using antibody against

mouse ß-actin.
Statistics: All experimental data are presented in the

text and graphs as the mean� SEM, with an enumerated

replicate number (N¼ x/group) in the figure legends.

Statistical analysis was carried out using one-way analy-

sis of variance (ANOVA) when comparing multiple treat-

ment groups for most experiments (SigmaStat, Systat

Software Inc., Richmond, VA). Then post-hoc

Duncan’s Multiple Range tests were performed for

planned comparisons. A two-way ANOVA was used

for MWM acquisition statistics.

Results

Microinjection of Lentiviral Expression Cassettes
Enhanced mRNA Levels of Phox2a/2b, DBH and
TH in the LC Region

The cassettes of recombinant lentiviral vector-cDNAs
(Phox2a or Phox2b, plus Hand2 or Gata3) were bilaterally
microinjected into the LC region of VMAT2 Lomice. Age-
matched wild-type littermates were used as the control
(microinjected with lentiviral constructs containing eGFP
only) and sham operation groups (an empty Hamilton
syringe lowered into the LC region without injection). All
mice were sacrificed on the 22nd day after microinjection, a
period that long enough for overexpression of transcription
factors based on past works (Fan et al., 2011). Figure 1A
showed that microinjection was accurately delivered to the
LC region as indicated by eGFP fluorescence in the target
area. The first experiment was to examine mRNA levels of
Phox2a/2b, Hand2 andGata3 in thesemice by quantitative
PCR (qPCR).As shown inFigure 1B andC,microinjection
of these lentiviral expression cassettes significantly influ-
enced mRNA levels of Phox2a and Phox2b in the LC
regions (Figure 1A for Phox2a, 12month: F6,64,¼ 6.85,
p< 0.01; 18month: F6,63¼ 4.18, p< 0.05. Figure 1B for
Phox2b, 12month: F6,56,¼ 9.25, p< 0.001; 18month:
F6,58¼ 7.37, p< 0.01). Comparison of the control and
sham-operation groups showed no significant difference,
indicating microinjection operation did not cause marked
effects on these gene expressions. The comparison results
for the control and sham-operation groups were similar for
all following experiments. Post hoc analysis revealed that
whereas both control and sham-operated groups demon-
strated a significantly higher Phox2a mRNA expression
than those in VMAT2 Lo mice without microinjection
(Lo) (p< 0.05 or 0.01 respectively), microinjection of
Phox2a, Phox2aþHand2 and Phox2aþGata3 resulted in
a markedly increased Phox2a mRNA level (p< 0.01), as
compared to those of Lo mice. However, there was no sig-
nificant difference between thesemicroinjection groups and
control groups (Figure 1A). A similar expressive pattern
was found for Phox2b mRNA measurements (Figure
1B). Similarly, microinjection of these cassettes also mark-
edly influenced mRNA levels of Hand2 and Gata3 in the
LC (Figure 1D for Hand2, 12months: F6,64,¼ 5.33,
p< 0.01; 18month: F6,63¼ 5.24, p< 0.01. Figure 1E for
Gata3, 12month: F6,56,¼ 6.78, p< 0.01; 18month:
F6,58¼6.27, p< 0.01). It is noteworthy that comparing to
those in the control, there are a relatively lower expression
level of Phox2a or Phox2b in the LC in Lo mice of both 12
and 18month-old, and relatively lower levels of Hand2 and
Gata3 in the LC of 18month-month. It indicates that in
VMAT2 Lo mice the expression of these transcription fac-
tors was also reduced accompanied with the loss of norad-
renergic neurons.

Cui et al. 5



Next, mRNA levels of DBH and TH in the LC were
measured aiming to elucidate effects of over-expression
of these transcription factors on the noradrenergic phe-
notype. qPCR analysis showed that microinjection of
lentiviral expression cassettes markedly changed mRNA
levels of DBH and TH (Figure 2A for 12month-old,
DBH: F8,54¼ 7.15, p< 0.01; TH: F8,54¼ 3.21, p< 0.05.
Figure 2B for 18month-old, DBH: F8,52¼ 7.25,
p< 0.001; TH: F8,52¼ 6.53, p< 0.01). Post hoc analysis
demonstrated that in 12month-old Lo mice, mRNA

levels of DBH and TH were not significantly different
from the control (Figure 2A), indicating a relatively
intact distribution of noradrenergic neurons at that
developmental period. However, in 18month-old Lo
mice (Figure 2B), mRNA levels of DBH and TH were
markedly reduced as compared to those in the control, a
consistent finding with previous work (Taylor et al.,
2014). In the LC of 12month-old VMAT2 Lo mice,
a significantly increased DBH mRNA level was found
in the groups microinjected with Phox2b,

Figure 1. Effects of microinjection on mRNAs of Phox2a/2b, Hand2 and Gaba3 in the LC region as indicated by eGFP fluorescence in the
target area. mRNA expression levels of Phox2a (A), Phox2b (B), Hand2 (C) and Gata3 (D) in the LC of 12 or 18month-old mice after
microinjection of lentiviral expression cassettes, measured by qPCR (N¼ 6). * p< 0.05, ** p< 0.01, compared to the Lo. † p< 0.05,
compared to the control. Scale bar¼ 100 mm in (A). Abbreviations: Con: control; Sham: sham-operation; Lo: VMAT2 Lo mice without
microinjection; 2a: microinjection with Phox2a; 2 b: microinjection with Phox2b; 2a/H or 2 b/H: microinjection with Phox2a or
Phox2bþHand2; 2a/G or 2 b/G: microinjection with Phox2a or Phox2bþGata3.
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Phox2aþHand2, Phox2bþHand2 and Phox2bþGata3,

respectively, as compared to Lo animals. Interestingly,

DBH mRNA levels in the group of microinjection of

Phox2b, Phox2aþHand2, Phox2bþHand2 and

Phox2bþGata3 were even higher than those of the con-

trol (Figure 2A). Whereas microinjection of

Phox2bþHand2 increased TH mRNA levels, other

groups did not show a statistical difference at 12months

of age, as compared to the Lo group (Figure 2A).

Nevertheless, in 18month-old mice, all microinjection

groups showed an enhanced mRNA level of DBH or

TH in the LC, as compared to those Lo mice (Figure

2B, p< 0.05 or p< 0.01).

Microinjection of Lentiviral Expression Cassettes

Increased Protein Levels of DBH and TH in the

LC Region

Immunofluorescence analysis was used to measure pro-

tein levels of DBH and TH in the LC after microinjection

of lentiviral expression cassettes in the brain of 12 and
18month-old mice. Our previous study demonstrated
that protein levels of DBH and TH in the LC as mea-
sured by immunofluorescence staining and western blot-
ting were very similar (Fan et al., 2020). Therefore, only
immunofluorescence staining was used for DBH and TH
proteins in the LC in the present study. As shown in
Figure 3, overexpression of transcription factors in the
LC significantly affected DBH protein levels in the LC
(12month-old: F8,54¼ 4.15, p< 0.05; 18month-old:
F8,63¼ 6.78, p< 0.01). DBH immunoreactivities in the
LC of 12month-old Lo mice were not markedly different
from those of the control. However, 18month-old Lo
mice exhibited a markedly reduced DBH immunoreactiv-
ities as compared to those of control (p< 0.01,
Figure 3B), indicating a severe loss of noradrenergic
neuron in the LC of 18month-old VMAT2 Lo mice.
Post hoc analysis demonstrated that in the LC of
12month-old mice, the microinjection of all injected
groups produced a significant increase of DBH immu-
noreactivities, as compared to those of the control
(Figure 3A). In the LC of 18-month-old mice, whereas
all VMAT2 Lo mice microinjected with lentiviral expres-
sion cassettes showed a marked enhanced DBH immu-
noreactivities than those in the Lo mice, DBH
immunoreactivities in the groups microinjected with
Phox2aþHand2, and Phox2aþGata3 were higher than
those in the control group (p< 0.05) (Figure 3B).

The TH immunofluorescence staining in the LC also
showed similar results as those of DBH. Compared to the
control, TH immunoreactivity in the LC of Lo mice at
the age of 12month-old were not significantly reduced,
but those of Lo mice at 18month-old did show a reduc-
tion compared to the control (Figure 4). Microinjection
of lentiviral expression cassettes highly influenced the TH
immunoreactivity in the VMAT2 Lo mice (12month-old:
F8,64¼ 5.65, p< 0.01; 18month-old: F8,62¼ 7.88,
p< 0.01). Post hoc tests revealed that where TH immu-
noreactivity in all microinjection groups were markedly
higher than those of Lo mice (p< 0.05 or p< 0.01), they
were also significantly higher than those of the control in
12month-old VMAP2 Lo mice (p< 0.05 or 0.01). In mice
of 18month-old, LC TH immunoreactivities after micro-
injection of Phox2a/2bþ Hand2 or Gata3 were higher
than those of the control (p< 0.01, Figure 4B).

Microinjection of Lentiviral Expression Cassettes
Increased Protein Levels of DBH and TH in Other
Brain Regions

In the brain the LC is the primary source of noradrener-
gic projections to the FC and HP. Therefore, DBH pro-
tein levels in these regions were measured by western
blotting. As shown in Figure 5, DBH protein levels in
the FC and HP of 12month-old Lo mice were not

Figure 2. Effects of microinjection on mRNAs of DBH and TH in
the LC of 12 or 18month-old mice after microinjection of lentiviral
expression cassettes, measured by qPCR (N¼ 6). *p< 0.05,
**p< 0.01, compared to the Lo. †p< 0.05, compared to the con-
trol. See Figure 1 legend for abbreviations. 12-m or 18-m: 12 or
18month-old mice.
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significantly changed compared to the control. Further,
microinjection of lentiviral expression cassettes markedly
influenced DBH protein levels in these two regions
in VMAT2 Lo mice at 12 and 18month-old ages
(Figure 5A: 12month-old FC: F8,64¼ 3.55, p< 0.05;

18month-old FC: F8,62¼ 5.78, p< 0.01. Figure 5B:
12month-old HP: F8,56¼ 3.75, p< 0.05; 18month-old
HP: F8,60¼ 5.97, p< 0.01). Post hoc tests demonstrated
that in the FC (Figure 5A) of 12month-old VMAT2 Lo
mice microinjection of Phox2b and Phox2bþHand2

Figure 3. Effects of microinjection on DBH proteins in the LC after microinjection of lentiviral expression cassettes measured by
immunoflurescence in mice at age of 12month-old (N¼ 6) (A) and 18month-old (N¼ 5) (B). Upper panels in A and B are representative
micrographs of DBH immunofluorescence. Lower panels in A and B: quantitative analysis of DBH immunofluorescence. *p< 0.05,
**p< 0.01, compared to the Lo mice; †p< 0.05, compared to the control. See Figure 1 legend for abbreviations. 12-m or 18-m: 12 or
18month-old mice. Scale bar: 25mm for all images.
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significantly increased DBH protein levels (p< 0.05).
However, although DBH protein levels in all microinjec-
tion groups in 18month-old mice were higher than those
in Lo mice, only those microinjected with Phox2a,
Phox2aþGata3, and Phox2bþGata3 reached statistical

significances (p< 0.05). In the HP (Figure 5B),
12month-olds that received microinjection of Phox2a
and Phox2aþGata3 markedly enhanced DBH protein
levels, as compared to those in Lo mice. In the
18month-old groups, microinjection of Phox2a and

Figure 4. Effects of microinjection on TH proteins in the LC. after microinjection of lentiviral expression cassettes (N¼ 6) measured by
immunoflurescence in mice at age of 12month-old (A) and 18month-old (N¼ 5) (B). Upper panels in A and B are representative
micrographs of TH immunofluorescence. Lower panels in A and B: quantitative analysis of TH immunofluorescence. *p< 0.05, **p< 0.01,
compared to the Lo mice † p< 0.05, compared to the control. See legends of Figures 1 and 2 for abbreviations. Scale bar: 25mm for all
images.
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Phox2bþGata3 significantly increased DBH protein
levels (p< 0.05 or p< 0.01), although DBH levels in all
injection groups were higher than those of Lo mice
(Figure 5B).

The striatum and SN are the major regions where
dopaminergic neuron are distributed in the brain. To
assess effects of overexpression of transcription factors
in the LC on dopaminergic neurons, TH protein levels,
as a dopaminergic phenotype, in these regions were
examined. Compared to the control, TH protein levels
of the striatum (Figure 6A) and SN (Figure 6B) in Lo
mice of 12month-old mice were not significantly changed
(p> 0.05). However, 18month-old Lo mice exhibited a
significantly reduced TH protein level in these two brain

areas (p< 0.05). Microinjection of lentiviral expression
cassettes markedly influenced TH levels in these two
regions (Figure 6A: 12month-old striatum: F8,59¼ 3.78,
p< 0.05; 18month-old striatum: F8,64¼ 6.48, p< 0.01.
Figure 6B: 12month-old SN: F8,60¼ 4.28, p< 0.05;
18month-old SN: F8,64¼ 6.17, p< 0.01). Post hoc tests
revealed that in 12month-old VMAT2 Lo mice, micro-
injection of Phox2a and Phox2bþHand2 markedly
enhanced TH protein levels in the striatum (p< 0.05).
In 18month-old VMAT2 Lo mice, all microinjection
groups showed a significant increase of TH levels in the
striatum, as compared to those in Lo mice (p< 0.05 or
p< 0.01, Figure 6A). In the SN, there were an enhanced
TH protein level in microinjection of Phox2b and
Phox2aþGata3 in 12month-old mice, and microinjection

Figure 5. Effects of microinjection on DBH proteins in the FC and
HP (A) and hippocampus (B) of mice measured by western blotting
(all N¼ 5). The upper panels in A and B show autoradiographs
obtained by western blotting. The lower panels in A and B show
quantitative analysis of band densities. *p< 0.05, **p< 0.01, com-
pared to the Lo mice. See legends of Figures 1 and 2 for
abbreviations.

Figure 6. Effects of microinjection on DBH proteins in the stria-
tum and SN (A) and substantia nigra (SN, B) of mice measured by
western blotting (all N¼ 5). The upper panels in A and B show
autoradiographs obtained by western blotting. The lower panels in
A and B show quantitative analysis of band densities. *p< 0.05,
**p< 0.01, compared to the Lo mice. See legends of Figures 1 and
2 for abbreviations.
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of Phox2a, Phox2aþHand2 and Phox2aþGata3 exhib-
ited an increased TH protein level in 18month-old mice
(P< 0.05, Figure 6B).

Microinjection of Lentiviral Expression Cassettes
Increased NE/DA Levels in the Striatum

To examine effects of overexpression of transcription fac-
tors in the LC on noradrenergic and dopaminergic trans-
mitters in the brain, NE and DA concentrations in the
striatum of VMAT2 Lo mice and littermates were mea-
sured by HPLC using similar methods as previous work
(Fan et al., 2020). In both 12 and 18month-old Lo mice,
NE and DA concentrations in the striatum were signifi-
cantly reduced, as compared to those in the control
(p< 0.01), a consistent finding to previous report
(Taylor et al., 2014). As shown in Figure 7, microinjec-
tion of lentiviral expression cassettes significantly
affected NE/DA concentrations in the mouse striatum
(Figure 7A: 7 to 12 month-old: NE: F8,54¼ 7.89,
p< 0.01; DA: F8,54¼ 7.23, p< 0.01. Figure 7B:
18month-old: NE: F8,52¼ 5.23, p< 0.01; DA:
F8,52¼ 7.68, p< 0.01). Post hoc tests demonstrated that
although NE concentrations in the striatum in all groups

of 12month-old and 18month-old VMAT2 Lo mice were
much lower than those in the control or sham groups,
they were markedly higher than those in the Lo mice
(p< 0.05). Similar results were revealed for DA concen-
trations in the striatum in all groups of 12month-old
(Figure 7A) and in three groups of 18month-old
VMAT2 Lo mice (microinjection of Phox2a, Phox2b
and Phox2aþHand2 (P< 0.05 or 0.01, Figure 7B). The
increased NE/DA concentrations in the striatum indicate
that overexpression of transcription factors in the LC
improved upon a significantly degenerated noradrenergic
and dopaminergic system, although the levels of NE and
DA were significantly lower than those of controls.

Microinjection of Lentiviral Expression Cassettes
Altered Cognitive and Locomotor Behavior

The MWM behavioral test was performed in these PD
model mice. The acquisition latency and mean search
difference (MSD) were used to judge effects of overex-
pression of transcription factors in the LC on cognitive
behavior. A two-way ANOVA was used for the statistics
of accusation in which the treatment and trial block were
two effectors. The analysis revealed that a significant
main effect of treatment (F1,70¼ 9.11, p< 0.001), trial
block (F1,70¼ 47.43, p< 0.001), and a significant interac-
tion of treatment x trial block (F1,70¼ 2.92, p< 0.04.
Both controls and sham groups demonstrated significant
lower latencies than all other groups from trial blocks
through 5, especially compared to Lo group (ko mice).
As shown in Figure 8A and B, Lo mice in both 12 and
18month-old exhibited a longer acquisition latency and
lower MSD scores, as compared to those in the control,
indicating a cognitive deficit, and it should be noted that
there were no significant differences in swim speed (m/s)
across groups. In 12month-old VMAT2 Lo mice, micro-
injection with Phox2aþGata3 markedly improved acqui-
sition latency performance (p< 0.05) from trial blocks 3
to 5, and microinjection with Phox2bþGata3 also
improved acquisition latency in trial block 5, as com-
pared to Lo mice (Figure 8A).

In addition, microinjection with Phox2b,
Phox2aþGata3 and Phox2bþGata3 markedly increased
MSD scores on the probe trial (F8,44¼3.87, p< 0.05), as
compared to those in Lo mice (Figure 8B), indicating
improvement of search behavior for the platform. In
18month-old mice, microinjection with Phox2a,
Phox2aþHand2 and Phox2bþGata3 significantly
reduced acquisition latency (p< 0.05). Also, except for
the microinjection with Phox2b, all other groups
showed a significantly increased MSD score (F8,44¼
4.52, p< 0.05), compared to the Lo mice (Figure 8D).
These results demonstrated that overexpression of spe-
cific transcription factors in the LC ameliorated deficits
in spatial memory performance without disrupting swim

Figure 7. Effects of microinjection of lentiviral expression cas-
settes on NE/DA levels in the striatum measured by HPLC (all
N¼ 6) in 12 (A) and 18month-old (B) mice. *p< 0.05, **p< 0.01,
compared to the Lo mice. See Figure 1 legend for abbreviations.
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speed, indicating that cognitive function appears to have
been improved in microinjected VMAT2 Lo mice.

For locomotor activities, as shown in Figure 8E and
F, Lo mice in both 12 and 18month-old showed a sig-
nificant reduction in distance traveled (p< 0.05 or
p< 0.01). Microinjection of Phox2aþHand2, Phox2aþ
Gata3 and Phox2bþGata3 in 12month-old mice, as well
as all microinjected groups except for Phox2b groups in
18month-old mice demonstrated no change in locomotor
activity. Therefore, it appears that several manipulations

of these transcription factors alleviated spontaneous

motor deficits due to knock-down of VMAT2.

Discussion

This study is an extension of our previous investigations

in adult and aged rats (Fan et al., 2011, 2020). In the

present study, VMAT2 Lo mice, a mouse PD model at

ages of 12 or 18month-old, were microinjected with

Figure 8. Behavior tests, Effects of Microinjection of Lentiviral Expression Cassettes on Mouse Behavior Performance Measured by
MWM or Locomotor Tests (N¼ 5). Acquisition latency (A, B) is represented as a function of trial blocks. Trial blocks consisted of four
training trials each. Mean search difference scores (C, D) are represented as a function of group. Distance traveled is represented as the
locomotor test result in 12month-old (E) and 18month-old (F). *p< 0.05, **p< 0.01, compared to the Lo mice. See legends of Figures 1
and 2 for abbreviations.
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transcription factors Phox2a/2b or their combination
with Hand2 or Gata3 in the LC for 3weeks to determine
whether these manipulations influence expression levels
of noradrenergic and dopaminergic phenotypes in the
brain. The results showed that after microinjection,
mRNA levels of Phox2a/2b, as well as DBH and TH in
the LC were significantly increased, as compared to those
of Lo mice. Furthermore, protein levels of DBH and TH
in the LC, FC and HP, as well as TH protein levels in the
striatum and SN were markedly elevated. These upregu-
lated gene expressions were accompanied by an increased
level of NE and DA in the striatum and an improved
cognitive and locomotor behavior. The current observa-
tions not only support our previous findings that over-
expression of these transcription factors in the LC can
upregulate the expression of noradrenergic phenotypes,
but also provide the evidence that restoring a damaged
noradrenergic function can facilitate the recovery of
injured dopaminergic system.

VMAT2 Lo mice display substantial reductions of DA
levels in the striatum and cortex, and progressive neuro-
degeneration in the SN with formation of a–synuclein
containing inclusions (Taylor, 2014). This model also
shows progressive degeneration in the LC with deficits
in motor and non-motor phenotypes, thereby replicating
important pathogenic features of PD (Caudle et al., 2007;
Taylor et al., 2009, 2011). More interestingly, neuronal
loss in the LC of these mice begins at 12months of age,
and with a larger reduction at 18months of age, whereas
neuronal loss in the SN begins at 18months and reaches
significant degeneration at 24months and later (Caudle
et al., 2007; Taylor et al., 2014). Considering one of goals
of this study is to examine whether a restored noradren-
ergic system can bring improvement to damaged dopa-
minergic neurons, two age groups such as 12 and
18month-old were selected for over-expression manipu-
lation. The reason for the selection of these ages is based
on the consideration that at ages of 12 or 18months, the
neuronal loss of noradrenergic or dopaminergic neurons
in the LC or SN should be just beginning to emerge and
at this stage PD model mice should have ability to repair
damaged neurons, if an appropriate strategy is provided.
The data showed that in VMAT2 Lo mice at age of
12months the microinjection increased mRNA levels of
Phox2a/2b and DBH/TH, as well as increased protein
levels of DBH/TH in the LC and other brain regions
were generally higher than those in 18month-old
groups. Furthermore, consistent with these effects, the
microinjections of these transcription factors raised
NE/DA concentrations in the striatum of 12month-old
VMAT2 Lo mice which were also relatively higher than
those in 18month-old mice. Moreover, mRNA levels of
DBH and TH in the LC induced by microinjection in
12month-old mice, rather than 18month-old mice,
were even higher than those in the control (Figure 2A).

This comparison reveals that the interference strategy for
PD would get better benefit at the early stage.

In the present study the lentiviral expression con-
structs of Phox2a or Phox2b were bilaterally microin-
jected into the LC region in combination with
constructs of transcription factors Hand2 or Gata3 for
the goal to assess the synergistic effects of these transcrip-
tion factors. The test is based on the fact that they work
as a complex co-transcriptional regulatory network to
strengthen transactivation of various genes (Howard,
2005) and interact in a combinatorial fashion as a tran-
scription factor scaffold at the DBH promoter (Xu et al.,
2003; Howard, 2005). The consequence of synergistic
actions in combination of Phox2 and Hand2 (Howard
et al., 2000), or Phox2 and Gata3 (Lim et al., 2000;
Tsarovina et al., 2004) is the significant enhancement of
transcriptional activities at the promoters of noradrener-
gic marker genes (Xu et al., 2003; Pellegrino et al., 2011).
It resulted for instance in a 5-fold increase in DBH
expression than that with Phox2a alone (Rychlik et al.,
2003). However, our data showed although there was a
mild increase for DBH and TH in the LC, as well as
DBH and TH in other brain regions in some groups
microinjected with combination cassettes when compared
to those microinjections of Phox2a or Phox2b alone, this
increase did not reach statistical significance. It indicates
that an expected synergistic action did not occur.
Currently we do not have a satisfactory explanation for
this discrepancy between those findings in the literature
and the present study. One possible contribution is the
difference between in vitro and in vivo experiments.
Among those reports regarding the synergistic action
from Phox2 and Hand2 or Gata3, except for two reports
which were related to development in embryos (Lim
et al., 2000; Tsarovina et al., 2004), all other reports
were in vitro studies. To the best of our knowledge, the
present research is the first study in vivo to examine the
synergistic effects of these transcription factors.
Generally, there has been a growing body of evidence
defining the value of using cell culture as an appropriate
in vitro model in order to elucidate mechanisms associat-
ed with the in vivo. However, in vitro experiments may be
under non-physiological conditions, as in vivo there are
stronger capacities to buffer or interfere with the trans-
activity. Therefore, the interpretation for in vitro results
should be cautious. Nevertheless, a tendency towards the
synergism was observed in the present study and it
deserves further investigation.

Coincident with our previous study in rats, the present
observation demonstrated that microinjection of lentivi-
ral expression cassettes in the LC improved MWM acqui-
sition and probe trial performance, indicating an
advancement in cognitive behavior in the microinjected
VMPT2 Lo mice. In addition, the current study showed
an ameliorative locomotor activity. Accompanying DA
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reduction, significant depletion of NE (>80%) in differ-
ent brain regions was reported in the postmortem PD
brain (Taquet et al., 1982) due to the neuronal loss in
the LC (Freed, 1990; Zarow et al., 2003). In a conse-
quence, progressive cognitive disturbances such as
memory loss, impaired ability in learning, attention and
decision making are typical problems in PD (Baggio
et al., 2014). Animal studies showed that the reduction
of these neurotransmitters leads to the functional deficits
in frontal cortex functions, including cognitive inflexibil-
ity (Tait et al., 2007; McGaughy et al., 2008). A locomo-
tor deficit is an important hallmark of PD and most PD
models have reduced locomotor activity (Taylor et al.,
2010). In PD mouse models treated with MPTP, the
degeneration of dopaminergic neurons was followed by
a marked reduction of locomotor (Colotla et al., 1990;
McNaught et al., 1996; Zeng et al., 2014; Gratuze et al.,
2019). As showing in the present study, Lo mice exhibited
the similar cognitive and locomotor deficits (Figure 8),
possibly due to substantial reductions in NE/DA in the
brain as observed in the striatum in the present study and
reported in the literature (Taylor, 2014). Our study also
showed that overexpression of transcription factors in
the LC enhanced NE/DA concentrations in the striatum,
compared to those in Lo mice (Figure 7), as a result
parallel to upregulated noradrenergic and dopaminergic
phenotypes. An improved MWM and locomotor activity
results (Figure 8) fits relatively well with these alterations
in the brain, especially in 18month-old groups. It has
been reported that stimulation of the noradrenergic
system or NE infusion enhance MWM acquisition
(Hatfield and McGaugh, 1999). In recently developed
transgenic mice expressing a-synuclein in the LC, adre-
nergic receptor antagonists rescued non-motor symptoms
of PD (Butkovich et al., 2020). A selective monoamine
oxidase B inhibitor L-deprenyl alleviated acquisition and
probe trial performance deficits caused by scopolamine
(Yavich et al., 1993; Gelowitz et al., 1994). Similarly, DA
antagonists impair MWM learning (McNamara and
Skelton, 1993) and transgenic mice lacking DA D1 recep-
tors showed severely impaired MWM acquisition (Smith
et al., 1998); and administration of D1 receptor agonists
enhanced acquisition performance (Hersi et al., 1995).
Likely, administration of smilagenin (He et al., 2019) or
overexpression pre-enkephalin in the striatum
(Bissonnette et al., 2014) to increase TH positive neurons
in SN significantly improved the locomotor ability.
Therefore, enhanced noradrenergic and dopaminergic
activities resulting from overexpression of these tran-
scription factors in the LC significantly improves the
function of the NE and DA systems. It consequently
improves behavioral performance, because both NE
and DA modulate the behavioral-affective components
of the whole-animal response (Antelman and Caggiula,
1977; Morilak et al., 2005).

It is worthwhile to note that the Morris water maze is
well documented to be a hippocampal-dependent task
(D’Hooge and De Deyn, 2001). Compared to the TH
in the striatum and SN, in mice of 18- month-old the
effects of microinjection of expressional cassettes on
DBH in the hippocampus were not especially robust
although were higher than Lo group, and even were
not significant different from those of the controls,
expect for one group of “2a” (Figure 5B). However,
those groups that showed a significantly increased
DBH protein levels such as Phox2a in 18-month-old
and Phox2aþGata3 and Phox2bþGata3 in the hippo-
campus at age of 12months, demonstrated an improve-
ment on the latency (Figure 8B) and Mean Search
Difference score (MSD) of the probe trial (Figure
8C/8D). The probe trial, without the platform in the
pool, is an excellent measurement of spatial memory,
and has been argued to be more accurate relative to hip-
pocampal integrity in past work (Whishaw et al., 1995).
The importance of the hippocampus in Morris water
maze performance, and especially on the probe trial of
this task demonstrates that these groups and enhanced
DBH positively correlate with spatial memory on this
task.

However, there is a discrepancy between behavior and
biochemical measures in some groups (Figure 8). While
this inconsistency between biochemical and behavioral
events has been reported in the literature, especially
when monoamine oxidase inhibitors were applied (Pani
et al., 1990; Blaha et al., 1996), this discrepancy may be
attributed by following reasons. First, the LC-NE system
is a critical component of the neural architecture. As
such, it appears reasonable to propose that dysfunction
of this system might contribute to the alteration in the
cognitive processes, and vice versa. However, the data in
the literature show some difference. For example, rats
with 6-OHDA-induced LC ablation did not show any
signs of impairment in learning tasks (Mason and
Fibiger, 1979). Furthermore, the noradrenaline uptake
inhibitor desipramine failed to improve learning and
memory impediment caused by the neurotoxin DSP4
(Ichihara et al., 1993). Similarity also happened to the
DA system: intra-cerebral injection of DA did not effi-
ciently elicit behavioral changes (Costall and Naylor,
1975). Therefore, there is a notion that the LC-NE
system may be viewed as a general and global modulator
of neuronal circuits that guide behavioral action (Itoi,
2008; Itoi and Sugimoto, 2010). Second, behavioral
tests like the MWM is influenced by numerous factors,
including other transmitter systems (D’Hooge and De
Deyn, 2001). It may at least partly account for that
behavioral performances in PD animal models are more
complex than the change in gene expression and neuro-
transmitter levels. Finally, age may be another possible
effector. Mice at the age of 18month are relatively old. It
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is reported that young and aged animal have different
effect in water maze performance (Sirvio et al., 1991).
It is documented that MWM performance declines with
increasing age of the animals (Brandeis et al., 1989).
Whereas more studies are needed to clarify correlation
between the behavioral alterations and gene overexpres-
sion, nevertheless, the present study provides some evi-
dence for functional output of genetic manipulations in
this PD model.

It is well known that significant neuronal loss (about
70%) occurs in the LC in PD, and continues throughout
PD (Mavridis et al., 1991; Gesi et al., 2000). Disturbance
of the LC-NE system influences both the onset and pro-
gression of neuronal damage in the dopaminergic tract.
A functional LC-NE system benefits the recovery of
damaged dopaminergic neurons (Espay et al., 2014).
Therefore, restoring the damaged central LC-NE
system in PD by augmenting noradrenergic neurotrans-
mission positively impacts the recovery process of degen-
erated dopaminergic neurons (Paredes-Rodriguez et al.,
2020). However, the strategies targeting the LC-NE
system in PD are currently limited. Although gene ther-
apies for PD have been used in clinical trials (Nakata
et al., 2012; O’Connor and Boulis, 2015), and the lenti-
viral vector-based gene therapy has been used in patients
with advanced PD at ages 48-65 with promising results
(Palfi et al., 2014). However, whereas none of clinical
applied gene therapy has resulted in significant clinical
benefits, these gene therapies target the genes of the
dopaminergic circuitry that are downregulated in PD.
There is no similar gene therapy aiming at the noradren-
ergic phenotype. The identification and testing of new
therapeutic genes in this field would be necessary
(Nakata et al., 2012; Bartus et al., 2014; O’Connor and
Boulis, 2015). Therefore, the present study is the first to
use genetic approaches to augment LC-NE function and
further positively impact the recovery process of dopami-
nergic neurons in PD. It expands our understanding of
molecular mechanisms involved in the facilitating effects
of NE on the DA phenotype expression. It may also pro-
vide opportunities for the development of novel therapies
for the treatment of PD.

In summary, the present study demonstrated that
overexpression of transcription factors in the LC of PD
model VMAT2 Lo mice upregulated expression of DBH/
TH in the LC and in the HP and FC, as well as TH
protein levels in the striatum and SN. The enhancement
of noradrenergic and dopaminergic phenotype expres-
sion may further increase NE and DA concentrations
in the brain, as measured in the striatum, which was
accompanied by the functional improvement as indicated
by the behavioral performance in a cognitive task and
spontaneous activity. This study carefully investigated
the possibility that symptomatic relief in PD patients as
a result of therapeutic intervention might be related, at

least in part, to the NE neurotransmitter system. These
results reveal that over-expression of these transcription
factors in the LC can improve noradrenergic and dopa-
minergic activities and functions in this PD model.
It provides necessary groundwork for the development
of gene therapies of PD, and expands our understanding
of the link between LC-norepinephrine and dopamine
systems during the progression of PD.

Summary Statement

The present study employs forced overexpression of tran-
scription factors in brains to reverse the deficiencies of
noradrenergic neurons in Parkinson’s disease model
mice. The results showed a biochemical and functional
amelioration in degenerating dopamine neurons possibly
through an improved noradrenergic system.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with

respect to the research, authorship, and/or publication of this

article.

Funding

The author(s) disclosed receipt of the following financial sup-

port for the research, authorship, and/or publication of this

article: This work was supported by grants to Zhu MY from

NIH MH080323, AG055107, and Michael J Fox Foundation

for Parkinson’s Research (MJFF); a grant to GWM from NIH

ES023839.

ORCID iDs

Gary W. Miller https://orcid.org/0000-0001-8984-1284
Meng-Yang Zhu https://orcid.org/0000-0002-5403-1270

References

Anden, N. E., Hfuxe, K., Hamberger, B., & Hokfelt, T. (1966).

A quantitative study on the nigro-neostriatal dopamine

neuron system in the rat. Acta Physiol. Scand. , 67(3),

306–312.
Antelman, S. M., & Caggiula, A. R. (1977). Norepinephrine-

dopamine interactions and behavior. Science (New York, N.

Y.), 195(4279), 646–653.
Aston-Jones, G., Rajkowski, J., & Cohen, J. (2000). Locus coe-

ruleus and regulation of behavioral flexibility and attention.

Prog. Brain Res., 126, 165–182.
Baggio, H. C., Sala-Llonch, R., Segura, B., Marti, M. J.,

Valldeoriola, F., Compta, Y., Tolosa, E., & Junque, C.

(2014). Functional brain networks and cognitive deficits in

Parkinson’s disease. Hum. Brain Mapp., 35(9), 4620–4634.
Bartus, R. T., Weinberg, M. S., & Samulski, R. J. (2014).

Parkinson’s disease gene therapy: Success by design meets

failure by efficacy. Mol. Ther., 22(3), 487–497.
Bertrand, E., Lechowicz, W., Szpak, G. M., & Dymecki, J.

(1997). Qualitative and quantitative analysis of locus coeru-

leus neurons in Parkinson’s disease. Folia neuropathologica/

Cui et al. 15

https://orcid.org/0000-0001-8984-1284
https://orcid.org/0000-0001-8984-1284
https://orcid.org/0000-0002-5403-1270
https://orcid.org/0000-0002-5403-1270


association of polish neuropathologists and medical research

Centre. P AS, 35, 80–86.
Bissonnette, S., Muratot, S., Vernoux, N., Bezeau, F., Calon,

F., Hebert, S. S., & Samadi, P. (2014). The effect of striatal

pre-enkephalin overexpression in the basal ganglia of the 1-

methyl-4-phenyl-1,2,3,6-tetrahydropyridine mouse model of

Parkinson’s disease. Eur. J. Neurosci., 40(2), 2406–2416.
Blaha, C. D., Coury, A., & Phillips, A. G. (1996). Does mono-

amine oxidase inhibition by pargyline increase extracellular

dopamine concentrations in the striatum? Neuroscience,

75(2), 543–550.
Brandeis, R., Brandys, Y., & Yehuda, S. (1989). The use of the

morris water maze in the study of memory and learning. Int.

J.Neurosci., 48(1–2), 29–69.
Bromberg-Martin, E. S., Matsumoto, M., & Hikosaka, O.

(2010). Dopamine in motivational control: Rewarding, aver-

sive, and alerting. Neuron, 68(5), 815–834.
Brown, R. W., Gonzalez, C. L., Whishaw, I. Q., & Kolb, B.

(2001). Nicotine improvement of morris water task perfor-

mance after fimbria-fornix lesion is blocked by mecamyl-

amine. Behav. Brain Res., 119(2), 185–192.
Brown, R. W., Perna, M. K., Noel, D. M., Whittemore, J. D.,

Lehmann, J., & Smith, M. L. (2011). Amphetamine locomo-

tor sensitization and conditioned place preference in adoles-

cent male and female rats neonatally treated with quinpirole.

Behav. Pharmacol., 22(4), 374–378.
Brunet, J. F., & Pattyn, A. (2002). Phox2 genes - from pattern-

ing to connectivity. Curr. Opin. Genet. Dev., 12(4), 435–440.
Butkovich, L. M., Houser, M. C., Chalermpalanupap, T.,

Porter-Stransky, K. A., Iannitelli, A. F., Boles, J. S.,

Lloyd, G. M., Coomes, A. S., Eidson, L. N., De Sousa

Rodrigues, M. E., Oliver, D. L., Kelly, S. D., Chang, J.,

Bengoa-Vergniory, N., Wade-Martins, R., Giasson, B. I.,

Joers, V., Weinshenker, D., & Tansey, M. G. (2020).

Transgenic mice expressing human alpha-synuclein in nor-

adrenergic neurons develop locus coeruleus pathology and

non-motor features of Parkinson’s disease. J Neurosci, 40:

7559–7576.
Card, J. P., Lois, J., & Sved, A. F. (2010). Distribution and

phenotype of Phox2a-containing neurons in the adult

Sprague-Dawley rat. J. Comp. Neurol., 518(12), 2202–2220.
Carlezon, W. A., Jr., & Neve, R. L., (2003). Viral-mediated

gene transfer to study the behavioral correlates of CREB

function in the nucleus accumbenes of rats. In J. Q. Wang,

(Ed.), Methods in molecular medicine: Drugs of abuse:

Neurological reviews and protocols (Vol. 79, pp. 331–350).

Humana Press Inc.
Cash, R., Dennis, T., L’Heureux, R., Raisman, R., Javoy-Agid,

F., & Scatton, B. (1987). Parkinson’s disease and dementia:

Norepinephrine and dopamine in locus ceruleus. Neurology,

37(1), 42–46.
Caudle, W. M., Richardson, J. R., Wang, M. Z., Taylor, T. N.,

Guillot, T. S., McCormack, A. L., Colebrooke, R. E., Di

Monte, D. A., Emson, P. C., & Miller, G. W. (2007).

Reduced vesicular storage of dopamine causes progressive

nigrostriatal neurodegeneration. J. Neurosci. , 27(30),

8138–8148.
Colebrooke, R. E., Humby, T., Lynch, P. J., McGowan, D. P.,

Xia, J., & Emson, P. C. (2006). Age-related decline in striatal

dopamine content and motor performance occurs in the

absence of nigral cell loss in a genetic mouse model of

Parkinson’s disease. Eur. J. Neurosci., 24(9), 2622–2630.
Colotla, V. A., Flores, E., Oscos, A., Meneses, A., & Tapia, R.

(1990). Effects of MPTP on locomotor activity in mice.

Neurotoxicol. Teratol., 12(4), 405–407.
Costall, B., & Naylor, R. J. (1975). The behavioural effects of

dopamine applied intracerebrally to areas of the mesolimbic

system. Eur. J. Pharmac., 32(1), 87–92.
Delaville, C., Deurwaerdere, P. D., & Benazzouz, A. (2011).

Noradrenaline and Parkinson’s disease. Front. Syst..

Neurosci., 5, 31.
D’Hooge, R., & De Deyn, P. P. (2001). Applications of the

morris water maze in the study of learning and memory.

Brain Res. Rev., 36(1), 60–90.
Domesick, V. B. (1988). Neuroanatomical organization of

dopamine neurons in the ventral tegmental area. Ann. N.

Y. Acad. Sci., 537, 10–26.
Doxakis, E., Howard, L., Rohrer, H., & Davies, A. M. (2008).

HAND transcription factors are required for neonatal sym-

pathetic neuron survival. EMBO Reports, 9(10), 1041–1047.
Dwivedi, Y., Rizavi, H. S., & Pandey, G. N. (2006).

Antidepressants reverse corticosterone-mediated decrease

in brain-derived neurotrophic factor expression:

Differential regulation of specific exons by antidepressants

and corticosterone. Neuroscience, 139(3), 1017–1029.
Erickson, J. D., Eiden, L. E., & Hoffman, B. J. (1992).

Expression cloning of a reserpine-sensitive vesicular mono-

amine transporter. PNAS. USA., 89(22), 10993–10997.
Espay, A. J., LeWitt, P. A., & Kaufmann, H. (2014).

Norepinephrine deficiency in Parkinson’s disease: The case for

noradrenergic enhancement. Mov. Disord., 29(14), 1710–1719.
Fan, Y., Huang, J., Duffourc, M., Kao, R. L., Ordway, G. A.,

Huang, R., & Zhu, M. Y. (2011). Transcription factor Phox2

upregulates expression of norepinephrine transporter and

dopamine beta-hydroxylase in adult rat brains.

Neuroscience, 192, 37–53.
Fan, Y., Huang, J., Kieran, N., & Zhu, M. Y. (2009). Effects of

transcription factors Phox2 on expression of norepinephrine

transporter and dopamine beta-hydroxylase in SK-N-BE(2)

C cells. J. Neurochem., 110(5), 1502–1513.
Fan, Y., Zeng, F., Brown, R. W., Price, J. B., Jones, T. C., &

Zhu, M. Y. (2020). Transcription factors Phox2a/2b upre-

gulate expression of noradrenergic and dopaminergic phe-

notypes in aged rat brains. Neurotox. Res., 38(3), 793–807.
Fan, Y., & Zhu, M.-Y. Effects of transcription factors Phox2

on neurogenesis in the rat hippocampus., Society for

Neuroscience, San Diego, (2010). pp. 852–817. /G849.
Freed, D. M. (1990). On the involvement of the locus ceruleus

in Parkinson’s disease. J. Neuropsychiatry Clin. Neurosci.,

2(1), 114–115.
Gelowitz, D. L., Richardson, J. S., Wishart, T. B., Yu, P. H., &

Lai, C. T. (1994). Chronic L-deprenyl or L-amphetamine:

Equal cognitive enhancement, unequal MAO inhibition.

Pharmacol. Biochem.Behav., 47(1), 41–45.
Gesi, M., Soldani, P., Giorgi, F. S., Santinami, A., Bonaccorsi,

I., & Fornai, F. (2000). The role of the locus coeruleus in the

development of Parkinson’s disease. Neurosci. Biobehav.

Rev., 24(6), 655–668.

16 ASN Neuro



Gratuze, M., Josset, N., Petry, F. R., Pflieger, M., Eyoum Jong,

L., Truchetti, G., Poitras, I., Julien, J., Bezeau, F., Morin,

F., Samadi, P., Cicchetti, F., Bretzner, F., & Planel, E.

(2019). The toxin MPTP generates similar cognitive and

locomotor deficits in hTau and tau knock-out mice. Brain

Res., 1711, 106–114.
Griebel, G., Curet, O., Perrault, G., & Sanger, D. J. (1998).

Behavioral effects of phenelzine in an experimental model

for screening anxiolytic and anti-panic drugs: Correlation

with changes in monoamine-oxidase activity and mono-

amine levels. Neuropharmacology, 37(7), 927–935.
Haring, J. H., & Davis, J. N. (1985). Differential distribution of

locus coeruleus projections to the hippocampal formation:

Anatomical and biochemical evidence. Brain Res., 325(1-2),

366–369.
Hatfield, T., & McGaugh, J. L. (1999). Norepinephrine infused

into the basolateral amygdala posttraining enhances reten-

tion in a spatial water maze task. Neurobiol. Learn. Mem.,

71(2), 232–239.
He, X., Yang, S., Zhang, R., Hou, L., Xu, J., Hu, Y., Xu, R.,

Wang, H., & Zhang, Y. (2019). Smilagenin protects dopa-

minergic neurons in chronic MPTP/Probenecid-Lesioned

Parkinson’s disease models. Front. Cell. Neurosci., 13, 18.
Hersi, A. I., Rowe, W., Gaudreau, P., & Quirion, R. (1995).

Dopamine D1 receptor ligands modulate cognitive perfor-

mance and hippocampal acetylcholine release in memory-

impaired aged rats. Neuroscience, 69(4), 1067–1074.
Howard, M. J. (2005). Mechanisms and perspectives on differ-

entiation of autonomic neurons. Dev. Biol., 277(2), 271–286.
Howard, M. J., Stanke, M., Schneider, C., Wu, X., & Rohrer, H.

(2000). The transcription factor dHAND is a downstream

effector of BMPs in sympathetic neuron specification.

Development , 127(18), 4073–4081.
Ichihara, K., Nabeshima, T., & Kameyama, T. (1993).

Dopaminergic agonists impair latent learning in mice:

Possible modulation by noradrenergic function. JPET,

264(1), 122–128.
Isaias, I. U., Marotta, G., Pezzoli, G., Sabri, O., Schwarz, J.,

Crenna, P., Classen, J., & Cavallari, P. (2011). Enhanced cate-

cholamine transporter binding in the locus coeruleus of patients

with early Parkinson disease. BMC Neurology, 11(1), 88.
Itoi, K. (2008). Ablation of the Central noradrenergic neurons

for unraveling their roles in stress and anxiety. Ann. N. Y.

Acad. Sci., 1129, 47–54.
Itoi, K., & Sugimoto, N. (2010). The brainstem noradrenergic

systems in stress, anxiety and depression. J.

Neuroendocrinol., 22(5), 355–361.
Lim, K. C., Lakshmanan, G., Crawford, S. E., Gu, Y., Grosveld,

F., & Engel, J. D. (2000). Gata3 loss leads to embryonic

lethality due to noradrenaline deficiency of the sympathetic

nervous system. Nat Genet., 25(2), 209–212.
Livak, K. J., & Schmittgen, T. D. (2001). Analysis of relative

gene expression data using real-time quantitative PCR and

the 2(-Delta Delta C(T)) method. Methods , 25(4), 402–408.
Lotharius, J., & Brundin, P. (2002). Pathogenesis of

Parkinson’s disease: Dopamine, vesicles and alpha-synu-

clein. Nat Reviews. Neurosci, 3(12), 932–942.

Lucas, M. E., Muller, F., Rudiger, R., Henion, P. D., &

Rohrer, H. (2006). The bHLH transcription factor hand2

is essential for noradrenergic differentiation of sympathetic

neurons. Development , 133(20), 4015–4024.
Mason, S. T., & Fibiger, H. C. (1979). Regional topography

within noradrenergic locus coeruleus as revealed by retro-

grade transport of horseradish peroxidase. J. Comp.

Neurol., 187(4), 703–724.
Mavridis, M., Degryse, A. D., Lategan, A. J., Marien, M. R., &

Colpaert, F. C. (1991). Effects of locus coeruleus lesions on

parkinsonian signs, striatal dopamine and substantia nigra

cell loss after 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

in monkeys: A possible role for the locus coeruleus in the

progression of Parkinson’s disease. Neuroscience, 41(2-3),

507–523.
McGaughy, J., Ross, R. S., & Eichenbaum, H. (2008).

Noradrenergic, but not cholinergic, deafferentation of pre-

frontal cortex impairs attentional set-shifting. Neuroscience,

153(1), 63–71.
McNamara, R. K., & Skelton, R. W. (1993). The neurophar-

macological and neurochemical basis of place learning in the

Morris water maze. Brain Res Rev, 18(1), 33–49.
McNaught, K. S., Thull, U., Carrupt, P. A., Altomare, C.,

Cellamare, S., Carotti, A., Testa, B., Jenner, P., &

Marsden, C. D. (1996). Nigral cell loss produced by infusion

of isoquinoline derivatives structurally related to 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine. Neurodegeneration, 5(3),

265–274.
Mooslehner, K. A., Chan, P. M., Xu, W., Liu, L., Smadja, C.,

Humby, T., Allen, N. D., Wilkinson, L. S., & Emson, P. C.

(2001). Mice with very low expression of the vesicular mono-

amine transporter 2 gene survive into adulthood: Potential

mouse model for parkinsonism. Mol Cell. Biol., 21(16),

5321–5331.
Morilak, D. A., Barrera, G., Echevarria, D. J., Garcia, A. S.,

Hernandez, A., Ma, S., & Petre, C. O. (2005). Role of brain

norepinephrine in the behavioral response to stress. Prog.

Neuro-Psychopharmacol. Biol Psychiatry, 29(8), 1214–1224.
Nakata, Y., Yasuda, T., & Mochizuki, H. (2012). Recent prog-

ress in gene therapy for Parkinson’s disease. Curr. Mol.

Med., 12(10), 1311–1318.
O’Connor, D. M., & Boulis, N. M. (2015). Gene therapy for

neurodegenerative diseases. Trend. Mol. Med., 21(8),

504–512.
Palfi, S., et al. (2014). Long-term safety and tolerability of

ProSavin, a lentiviral vector-based gene therapy for

Parkinson’s disease: A dose escalation, open-label, phase

1/2 trial. Lancet , 383(9923), 1138–1146.
Pani, L., Gessa, G. L., Carboni, S., Portas, C. M., & Rossetti,

Z. L. (1990). Brain dialysis and dopamine: Does the extra-

cellular concentration of dopamine reflect synaptic release?

Eur. J. Pharmacol., 180(1), 85–90.
Paredes-Rodriguez, E., Vegas-Suarez, S., Morera-Herreras, T.,

De Deurwaerdere, P., & Miguelez, C. (2020). The noradrener-

gic system in Parkinson’s disease. Front. Pharmacol., 11, 435.
Paxinos, G., & Franklin, K. (2001). The mouse brain in stereo-

taxic coordinates. Elsevier Sciences.
Pellegrino, M. J., Parrish, D. C., Zigmond, R. E., & Habecker,

B. A. (2011). Cytokines inhibit norepinephrine transporter

expression by decreasing Hand2. Mol. Cell. Neurosci., 46(3),

671–680.

Cui et al. 17



Robbins, T., & Everitt, B. (1995). Central norepinephrine neu-
rons and behavior. In F. Bloom ?0026; & D. Kupfer (Eds.),
Neuropsychopharmacology: The fourth generation of prog-

ress. Raven Press. New York, pp. 363–372.
Rychlik, J. L., Gerbasi, V., & Lewis, E. J. (2003). The interac-

tion between dHAND and arix at the dopamine beta-
hydroxylase promoter region is independent of direct
dHAND binding to DNA. JBC , 278(49), 49652–49660.

Sakata, K., Mastin, J. R., Duke, S. M., Vail, M. G., Overacre,
A. E., Dong, B. E., & Jha, S. (2013). Effects of antidepres-
sant treatment on mice lacking brain-derived neurotrophic
factor expression through promoter IV. Eur. J. Neurosci.,
37(11), 1863–1874.

Samuels, E. R., & Szabadi, E. (2008). Functional neuroanato-
my of the noradrenergic locus coeruleus: Its roles in the reg-
ulation of arousal and autonomic function part I: Principles
of functional organisation. Curr. Neuropharmacol., 6(3),
235–253.

Schmidt, M., Lin, S., Pape, M., Ernsberger, U., Stanke, M.,
Kobayashi, K., Howard, M. J., & Rohrer, H. (2009). The
bHLH transcription factor Hand2 is essential for the main-
tenance of noradrenergic properties in differentiated sympa-

thetic neurons. Dev Biol., 329(2), 191–200.
Sirvio, J., Riekkinen, P., Jr., Valjakka, A., Jolkkonen, J., &

Riekkinen, P. J. (1991). The effects of noradrenergic neuro-
toxin, DSP-4, on the performance of young and aged rats in
spatial navigation task. Brain Res., 563(1-2), 297–302.

Smith, D. R., Striplin, C. D., Geller, A. M., Mailman, R. B.,
Drago, J., Lawler, C. P., & Gallagher, M. (1998).
Behavioural assessment of mice lacking D1A dopamine
receptors. Neuroscience, 86(1), 135–146.

Tait, D. S., Brown, V. J., Farovik, A., Theobald, D. E., Dalley,
J. W., & Robbins, T. W. (2007). Lesions of the dorsal nor-
adrenergic bundle impair attentional set-shifting in the rat.
Eur J. Neurosci., 25(12), 3719–3724.

Taquet, H., Javoy-Agid, F., Cesselin, F., Hamon, M., Legrand,
J. C., & Agid, Y. (1982). Microtopography of methionine-
enkephalin, dopamine and noradrenaline in the ventral mes-
encephalon of human control and parkinsonian brains.
Brain Res., 235(2), 303–314.

Taylor, T. N., Alter, S. P., Wang, M., Goldstein, D. S., &
Miller, G. W. (2014). Reduced vescular storage of catechol-
amines causes progressive degeneration in the locus coerus.
Neuropharmacology, 76, 97–105.

Taylor, T. N., Caudle, W. M., & Miller, G. W. (2011). VMAT2-
Deficient mice display nigral and extranigral pathology and
motor and nonmotor symptoms of Parkinson’s disease.
Parkinson’s Disease, 2011, 124165.

Taylor, T. N., Caudle, W. M., Shepherd, K. R., Noorian, A.,
Jackson, C. R., Iuvone, P. M., Weinshenker, D., Greene,

J. G., & Miller, G. W. (2009). Nonmotor symptoms of
Parkinson’s disease revealed in an animal model with
reduced monoamine storage capacity. J. Neurosci, 29(25),
8103–8113.

Taylor, T. N., Greene, J. G., & Miller, G. W. (2010). Behavioral
phenotyping of mouse models of Parkinson’s disease. Beh.
Brain Res., 211(1), 1–10.

Tsarovina, K., Pattyn, A., Stubbusch, J., Muller, F., van der
Wees, J., Schneider, C., Brunet, J. F., & Rohrer, H. (2004).
Essential role of gata transcription factors in sympathetic
neuron development. Development , 131(19), 4775–4786.

Tsarovina, K., Reiff, T., Stubbusch, J., Kurek, D., Grosveld,
F. G., Parlato, R., Schutz, G., & Rohrer, H. (2010). The
Gata3 transcription factor is required for the survival of
embryonic and adult sympathetic neurons. J. Neurosci. ,

30(32), 10833–10843.
Whishaw, I. Q., Cassel, J. C., & Jarrad, L. E. (1995). Rats with

fimbria-fornix lesions display a place response in a swim-
ming pool: A dissociation between getting there and know-
ing where. J Neurosci., 15(8), 5779–5788.

Xu, H., Firulli, A. B., Zhang, X., & Howard, M. J. (2003).
HAND2 synergistically enhances transcription of

dopamine-beta-hydroxylase in the presence of Phox2a.
Dev. Biol, 262(1), 183–193.

Yavich, L., Sirvio, J., Heinonen, E., & Riekkinen, P., Sr. (1993).
The interaction of L-deprenyl and scopolamine on spatial
learning/memory in rats. J. Neural Transm. , 6(3), 189–197.

Zarow, C., Lyness, S. A., Mortimer, J. A., & Chui, H. C.
(2003). Neuronal loss is greater in the locus coeruleus than
nucleus basalis and substantia nigra in Alzheimer and
Parkinson diseases. Arch. Neurol., 60(3), 337–341.

Zeng, X. S., Jia, J. J., Kwon, Y., Wang, S. D., & Bai, J. (2014).
The role of thioredoxin-1 in suppression of endoplasmic
reticulum stress in Parkinson disease. Free Radic. Biol

Med, 67, 10–18.
Zha, Q., Wang, Y., Fan, Y., & Zhu, M. Y. (2011).

Dexamethasone-induced up-regulation of the human norepi-
nephrine transporter involves the glucocorticoid receptor
and increased binding of C/EBP-beta to the proximal pro-
moter of norepinephrine transporter. J. Neurochem., 119(3),
654–663.

Zhao, G. Y., Li, Z. Y., Zou, H. L., Hu, Z. L., Song, N. N.,
Zheng, M. H., Su, C. J., & Ding, Y. Q. (2008). Expression of
the transcription factor GATA3 in the postnatal mouse
Central nervous system. Neurosci. Res., 61(4), 420–428.

Zhu, M. Y., Wang, W. P., Iyo, A. H., Ordway, G. A., & Kim,
K. S. (2005). Age-associated changes in mRNA levels of
Phox2, norepinephrine transporter and dopamine beta-
hydroxylase in the locus coeruleus and adrenal glands of
rats. J. Neurochem., 94(3), 828–838.

18 ASN Neuro


