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A B S T R A C T

In Parkinson's disease, degeneration of substantia nigra dopaminergic neurons is accompanied by damage on
other neuronal systems. A severe denervation is for example seen in the locus coerulean noradrenergic system.
Little is known about the relation between noradrenergic and dopaminergic degeneration, and the effects of
noradrenergic denervation on the function of the dopaminergic neurons of substantia nigra are not fully un-
derstood. In this study, N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine (DSP4) was injected in rats, whereafter
behavior, striatal KCl-evoked dopamine and glutamate releases, and immunohistochemistry were monitored at 3
days, 3 months, and 6 months. Quantification of dopamine-beta-hydroxylase-immunoreactive nerve fiber den-
sity in the cortex revealed a tendency towards nerve fiber regeneration at 6 months. To sustain a stable nora-
drenergic denervation throughout the experimental timeline, the animals in the 6-month time point received an
additional DSP4 injection (2 months after the first injection). Behavioral examinations utilizing rotarod revealed
that DSP4 reduced the time spent on the rotarod at 3 but not at 6 months. KCl-evoked dopamine release was
significantly increased at 3 days and 3 months, while the concentrations were normalized at 6 months. DSP4
treatment prolonged both time for onset and reuptake of dopamine release over time. The dopamine degen-
eration was confirmed by unbiased stereology, demonstrating significant loss of tyrosine hydroxylase-im-
munoreactive neurons in the substantia nigra. Furthermore, striatal glutamate release was decreased after DSP4.
In regards of neuroinflammation, reactive microglia were found over the substantia nigra after DSP4 treatment.
In conclusion, long-term noradrenergic denervation reduces the number of dopaminergic neurons in the sub-
stantia nigra and affects the functionality of the nigrostriatal system. Thus, locus coeruleus is important for
maintenance of nigral dopaminergic neurons.

1. Introduction

Parkinson's disease is characterized by progressive degeneration of
dopaminergic neurons in the substantia nigra, leading to reduced levels
of dopamine in the striatum. However, in recent years attention has also
been drawn to cell death occurring in other nuclei than the nigral. For
instance, an extensive loss of noradrenaline-producing neurons in the
brainstem nucleus locus coeruleus has been associated with Parkinson's
disease (Braak et al. 2003; Chan-Palay and Asan, 1989), and the loss of
noradrenergic neurons has been reported as more pronounced than the
loss of dopaminergic neurons (Zarow et al. 2003). The locus coeruleus
projections target widespread areas over the brain, including the

substantia nigra and ventral tegmental area (Collingridge et al. 1979;
Jones and Moore, 1977), where dopaminergic neurons are located
(Zarow et al. 2003). Although the noradrenergic cell loss in the locus
coeruleus has been identified in Parkinson's disease, the consequence of
this degeneration and the temporal relation between noradrenergic and
dopaminergic cell loss remain unclear.

In 2003, Braak and co-workers proposed a Parkinson's disease sta-
ging model, suggesting alpha-synuclein propagation and Lewy body
pathology to occur in a specific and predictable topographic pattern
with a more peripheral onset, starting in the vagal nerve and/or the
olfactory system and thereafter propagating further into the central
nervous system, affecting the locus coeruleus prior to the substantia
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nigra (Braak et al. 2003). This theory, known as the Braak hypothesis,
has in recent years gained support from both in vitro and in vivo studies
demonstrating prion-like properties of alpha-synuclein, with a cell-to-
cell spread and seeding of misfolded proteins (Desplats et al. 2009;
Hansen et al. 2011; Kordower et al. 2011). The hypothesis that Par-
kinson's disease might have a peripheral origin is supported by ob-
servations of Lewy bodies in the enteric nervous system of Parkinson's
disease patients many years before development of typical clinical
symptoms (Hilton et al. 2014; Shannon et al. 2012; Stokholm et al.
2016). There are, however, discrepancies in the Braak staging scheme
in Parkinson's disease, which involve the proposed caudal-to-rostral
evolution of the disease, and the fact that not all patients follow the
outlined staging system (Parkkinen et al. 2008; Zaccai et al. 2008).
There is mismatch at symptom onset between the loss of nigral dopa-
minergic neurons and loss of striatal dopaminergic nerve fibers, with
considerably more striatal nerve fibers lost compared to nigral dopa-
minergic neurons, implicating a rostral-to-caudal disease spread
(Tagliaferro and Burke, 2016). Nevertheless, independent of direction
of α-synuclein propagation, the effects of locus coeruleus degeneration
on dopaminergic neuronal function is still unclear.

Neuroinflammation is proposed as another contributing factor in
Parkinson's disease. Previous studies have suggested that noradrenaline
suppresses neuroinflammation (Feinstein et al. 2002; Heneka et al.
2003; Marien et al. 2004; Mavridis et al. 1991) by affecting microglial
production of proinflammatory cytokines (Heneka et al. 2010). This
theory is strengthened by observations demonstrating that nora-
drenergic hyperinnervation protects the nigrostriatal dopaminergic
neurons from neurotoxins (Kilbourn et al. 1998). Notably, increased
dopaminergic neuron vulnerability has been found in animals with a
noradrenergic depleted locus coeruleus (Heneka et al. 2003; Marien
et al. 2004; Mavridis et al. 1991), and increased dopaminergic graft
survival is seen when nigral neurons are co-grafted with locus coeruleus
(Berglöf and Strömberg, 2009). In view of the neuroprotective prop-
erties of noradrenaline for nigral dopaminergic neurons, it seems
plausible that degeneration of noradrenergic fibers and neurons might
be part of the etiology behind Parkinson's disease. Degeneration of the
locus coeruleus neurons has, in fact, been suggested to precede and
promote the nigral cell death in Parkinson's disease, but the dynamics of
this relationship remains elusive (Del Tredici and Braak, 2013; Zarow
et al. 2003).

The aim of the present work was to investigate the interaction be-
tween the noradrenergic and the dopaminergic systems. For this pur-
pose, selective noradrenergic denervation was induced with N-(2-
chloroethyl)-N-ethyl-2-bromobenzylamine (DSP4; Jonsson et al. 1981;
Archer et al. 1984), and consequences from such were assessed on the
striatal dopamine system, and the temporal relation between nora-
drenergic and dopaminergic cell loss in rats.

2. Material and methods

2.1. Animals

Female Sprague-Dawley rats weighing 150–180 g at purchase

(Taconic, Ry, Denmark) were used in this study. The animals were
housed under a 12:12 h light-dark cycle with ad libitum access to pellets
and water. All experiments were approved by the local animal ethics
committee.

2.2. Study design

Study design is described in Fig. 1. Rats were administered with one
or two injections of either saline or DSP4 (50mg/kg) and thereafter
evaluated via behavioral assessments, electrochemical recordings, and
immunohistochemistry. The dopamine recordings were performed
using in vivo chronoamperometry at 3 days, 3 months, and 6 months.
Since the chronoamperometric recordings are terminal, the functional
impact on the glutamate system was analyzed in a separate set of
saline/DSP4-treated animals. Striatal glutamate levels were analyzed 3
months following drug administration using in vivo amperometry. After
electrochemical assessments, the animals were sacrificed and the brains
sectioned and evaluated using immunohistochemistry and unbiased
stereology. During the study, the impact on the motor coordination was
analyzed in a subset of animals using rotarod performance test.

2.3. Noradrenergic denervation

Selective denervation of the locus coeruleus noradrenergic nerve
terminals was performed via systemic DSP4 (50mg/kg; Sigma-Aldrich/
Merck, Darmstadt, Germany) injections. The toxin was dissolved in
0.9% NaCl and thereafter immediately injected intraperitoneally (i.p).
The lesion effect was evaluated at 3 days (DSP4 x 1, n=10), 3 months
(DSP4 x 1, n=10), and 6 months (DSP4 x 1, n=10) following DSP4
administration using dopamine-beta–hydroxylase (DBH) im-
munohistochemistry. Saline-injected animals served as controls (3 days,

Abbreviations

DSP4 N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine
i.p. Intraperitoneal
rpm revolutions per minute
MEA microelectrode arrays
AP anterio-posterior
ML medio-lateral
DV dorso-ventral
BSA bovine serum albumin

m-PD 1,3-phenylenediamine
PBS phosphate buffered saline
DBH dopamine-beta-hydroxylase
TH tyrosine hydroxylase
Iba1 ionized calcium-binding adapter molecule 1
ir immunoreactive
NET noradrenaline transporter
SERT serotonin transporter
DAT dopamine transporter

Fig. 1. Scheme illustrating the study design. The three time lines (with ar-
rowheads) depict the experimental time points (3 days, 3 months, 6 months).
Syringes illustrate treatment with intraperitoneal injections of DSP4 or saline.
DA=dopamine, Glut= glutamate, IHC= immunohistochemistry.
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n=10; 3 months, n=6; 6 months, n=6). Following noradrenergic
nerve fiber evaluation, we decided to administer a second dose of DSP4
to animals kept in experiment longer than 3 months. That is, a booster
dose was administered to the 6-month time point (DSP4 x 2, n=10;
saline x 2, n=4), to sustain a stable noradrenergic denervation
throughout the experiment. The additional dose was administered 2
months after the first administration. The different 6-month saline
control groups (saline x 1 and saline x 2) did not differ in regards of
DBH-immunoreactive (-ir) nerve fiber density and was therefore bun-
dled and considered as one group (n=10, t8= 0.87, p=0.41)
throughout the study. Two of the animals in the 3-day group were not
denervated and therefore excluded from the study.

2.4. Behavioral testing

To assess the motor coordination of the animals, an accelerating
rotarod (Med Associates Inc., USA) was used. The rotarod consisted of a
suspended rod, accelerating from 4 to 40 revolutions per minute (rpm)
during a 5-min time period. A trial started when the animal was placed
on the rod and was stopped when the rat fell off the rod or after 300 s.
Three consecutive trials were performed with a 15min period of rest in
between and the mean time spent on the rotarod was thereafter cal-
culated. The rats had undergone training at three occasions prior to
experiment. The mean weights for the different groups were as follows:
3 months, DSP4 x 1–249 g, saline - 266 g; 6 months, DSP4 x 2–319 g,
saline - 340 g.

2.5. In vivo electrochemical recordings

In vivo electrochemistry was used to study extracellular dopamine
and glutamate levels in the striatum of DSP4-lesioned and control an-
imals. Dopamine recordings were performed in individual subjects at 3
days (DSP4 x 1, n=5; saline, n=5), 3 months (DSP4 x 1, n=5; saline,
n=5), and 6 months (DSP4 x 2, n=7; saline, n=8). For glutamate,
the recordings were performed at 3 months (DSP4 x 1, n=7; saline,
n=6). Recordings were performed using the Fast Analytical Sensing
Technology (FAST-16) system (Quanteon, Nicholasville, KY, USA;
Hoffman and Gerhardt, 1998). Prior to recordings the rats were an-
esthetized with urethane (1.25 g/kg), tracheotomized to facilitate
spontaneous breathing, and placed on a heating pad to keep adequate
body temperature. The skull was fixed in a stereotaxic frame, the scalp
removed, and the bone overlying the striatum bilaterally removed using
a dental drill. In addition, a mm-wide hole was drilled caudally to the
striatum and an Ag/AgCl reference electrode implanted. The electrodes
were calibrated (procedures described below) and assembled together
with a micropipette using sticky wax (130–160 μm distance between
the tips for dopamine carbon fiber electrodes and 50–100 μm for glu-
tamate microelectrode arrays; MEA). The micropipettes were filled with
potassium chloride (KCl; 120mM for dopamine recordings, 70mM for
glutamate recordings) solution and connected to a micropressure
system allowing precise ejections into the brain. The ejection volumes
were monitored using a scale fitted in the ocular of an operating mi-
croscope. The electrode/pipette assembly was lowered into the striatum
using a microdrive.

2.5.1. In vivo chronoamperometry
Dopamine release was quantified in the striatum of DSP4-lesioned

and control animals at 3 days, 3 months, and 6 months following DSP4
injection using carbon fiber electrodes and in vivo chronoamperometry
(van Horne et al. 1992). The technique allows for second-by-second
monitoring of electrochemically active compounds with high temporal
and spatial resolution. In brief, single carbon fiber electrodes were
coated with Nafion (Sigma-Aldrich/Merck, Darmstadt, Germany). A
square-wave potential of 0–0.55 V was applied at 5 Hz causing oxida-
tion and subsequent reduction of analytes found in close proximity to
the electrode tip. The resulting currents from the oxidation/reduction

reactions were integrated to an average signal per second by the FAST
software. Increased extracellular analyte levels induce a rapid change in
current, directly proportional to analyte concentration (Scatton et al.
1988). Increments in analyte concentration results in a peak formation,
in which the highest point (with the baseline as a reference), corre-
spond to the maximum peak amplitude (μM). Reduction/oxidation ra-
tios were monitored to distinguish between biogenic amines, where 0.8
corresponds to dopamine, 0.2 to 5-HT, and 0.6 to noradrenaline
(Strömberg et al. 1991). Electrode calibration was performed using
standard solutions of ascorbic acid and dopamine, in accordance with
previously described protocols (Gerhardt et al. 1984). The electrodes
used in the study recorded dopamine in a linear manner (R2 > 0.995),
with high selectivity over ascorbic acid (200:1), and with a limit of
detection < 0.05 μM when signal to noise ratio was set at 3:1. The
recordings were performed at the following coordinates (in mm cal-
culated from bregma): anterio-posterior (AP) = 0 and + 0.1, medio-
lateral (ML) = ±2.6 and dorso-ventral (DV) = −3.5, −4.5, −5.5.
The striatal location (starting hemisphere for each animal) for the first
recordings was alternated and balanced within each group of animals.
Ejections of 240 nl KCl were performed in intervals of 5 min.

2.5.2. In vivo amperometry
Recordings of striatal glutamate release and glutamate basal levels

(μM) were performed in DSP4-lesioned animals and control animals at
3 months following DSP4 injection using in vivo amperometry and en-
zyme-coated ceramic-based microelectrode arrays (MEAs; Burmeister
et al. 2000). A detailed description of in vivo amperometric recordings
of glutamate has been published previously (Hascup et al. 2007), and
was here followed with some minor modifications. For the experiments,
electrodes (Thin-Film Technologies, Inc., Buellton, CA, USA) with four
channels (333× 15 μm) arranged in two pairs (sites separated by
30 μm for each pair) were used. Different coatings were applied to the
channels, creating one pair of recording sites detecting glutamate and
one pair, located 100 μm from the first pair, acting as sentinel sites. This
so called self-referencing approach produces, by subtraction of inter-
fering signals, a more specific glutamate signal (Burmeister and
Gerhardt, 2001). The glutamate recording sites were coated with a
solution of l-glutamate oxidase (1%), bovine serum albumin (BSA, 1%),
and glutaraldehyde (0.125%). When glutamate reaches the electrode
surface, it is degraded by l-glutamate oxidase into α-ketoglutarate and
hydrogen peroxide (H2O2). H2O2, in contrast to glutamate, is an oxi-
dizable compound, and detectable by the electrode (Day et al. 2006).
The sentinel sites were coated with a BSA/glutaraldehyde solution,
resulting in a matrix with similar properties as at the recording sites but
without the ability to record glutamate. Hence, by subtracting the
current recorded at the sentinel sites from the current recorded at the
glutamate detecting sites, a signal specific for glutamate is produced. In
addition, glutamate oxidase is considered a selective enzyme (Bohmer
et al. 1989), and thus, unwanted enzymatic reactions are not a concern.
After the coating procedure, electrodes were left to dry for a minimum
of 72 h. An additional size-excluding coat was thereafter applied to all
four channels through an electroplating procedure with 1,3-phenyle-
nediamine (m-PD, 5mM), to block interfering molecules such as as-
corbic acid from reaching the recording sites. The electrodes were used
for recordings earliest 24 h after the electroplating procedure. Cali-
bration of the coated electrodes was performed prior to recordings to
ensure selective detection of glutamate. The calibration process was
undertaken at 37 °C in a beaker with 40ml phosphate buffered saline
(PBS, 0.05M, pH=7.4) with an Ag/AgCl electrode as reference. A
constant potential of 0.7 V was applied at 2 Hz using the FAST-16
system and software and the signal was amplified 500× (2 nA/V).
Standard solutions of ascorbic acid and glutamic acid were added to the
beaker to produce a final concentration of 250 μM of ascorbic acid and
60 μM of glutamic acid, where the latter was achieved by three sub-
sequent 20 μM increments. The resulting current produced upon each
addition was measured and electrodes were included when detecting
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glutamate in a linear manner (R2 > 0.99), with a selectivity of> 20:1
over ascorbic acid, and with a limit of detection < 2 μM, with a signal-
to-noise level set at 3:1. Standard solutions of dopamine and H2O2 were
added to the beaker (2 and 8.8 μM, respectively) at the end of the ca-
libration, to assure impermeability of larger molecules and to test
electrode sensitivity to the reporter molecule H2O2. Recordings were
performed at the following striatal positions (in mm calculated from
bregma): AP = 0 and + 0.1, ML = ±2.6 and DV = −3.5, −4.5, in
both hemispheres. At each striatal recording site, a stable baseline was
acquired, and basal glutamate concentration and glutamate release was
recorded. Calibrated volumes of 100 nl KCl was pressure-ejected at the
recording sites at 2 min intervals to evoke glutamate release. The re-
leases were calculated in μM above baseline. The hemisphere and
striatal position for the first measurement was alternated between the
subjects of each experimental group. The first KCl-evoked release was
excluded at every striatal recording site in order to avoid priming ef-
fects.

2.6. Tissue processing and immunohistochemistry

Following in vivo electrochemical recordings, animals were trans-
cardially perfused with calcium-free Tyrode solution followed by 4%
paraformaldehyde in 0.1M phosphate buffer. The brains were dissected
out from the skull and postfixed for 24 h in 4% paraformaldehyde.
Thereafter brains were thoroughly rinsed in 10% sucrose and 0.01%
NaN3 in 0.1M phosphate buffer. Brains were frozen in CO2 and 40 and
12 μm thin cryostat sections were then mounted and thawed onto
chromealun-gelatin-coated glass slides. Sections were incubated for

48 h at 4 °C with the following primary antibodies: dopamine-beta-hy-
droxylase (DBH; mouse anti-DBH, 1:150; Millipore, Temecula, CA,
USA), tyrosine hydroxylase (TH; rabbit anti-TH, 1:300; Millipore,
Temecula, CA, USA or mouse anti-TH, 1:1500; Immunostar, Hudson,
WI, USA), serotonin transporter (SERT; mouse anti-SERT, 1:100;
Millipore, Temecula, CA, USA) or ionized calcium-binding adapter
molecule 1 (Iba1; rabbit anti-Iba1, 1:1000; Wako Chemicals GmbH,
Neuss, Germany). Sections were thereafter incubated with secondary
antibodies for 4 h (40 μm) or 1 h (12 μm) at room temperature. The
secondary antibodies used were Alexa Fluor®-conjugates- A594 goat
anti-mouse (1:500; Molecular Probes, Leiden, The Netherlands), A488
goat anti-rabbit, (1:500; Molecular Probes, Leiden, The Netherlands).
All antibodies were diluted in 0.3% Triton-X100.5% goat serum (di-
luted in PBS and applied for 15min in room temperature) was used as a
blocking agent prior to the secondary antibody. Sections stained with
either DBH or Iba1 were also processed for TH. The sections were rinsed
three times in PBS between incubations.

2.7. Unbiased stereological cell counts

Quantitative estimates of total numbers of TH-immunoreactive (-ir)
neurons in the locus coeruleus and substantia nigra were determined at
6 months (DSP4 x 2/saline) using stereological cell counting. Serial
sections through the locus coeruleus and substantia nigra were ana-
lyzed using the optical fractionator (West et al. 1991) and the Stereo
Investigator stereological software (MBF Bioscience, Williston, VT,
USA). The software was coupled to a fluorescence microscope with a
computer-controlled x-y-z motorized stage. Cell counting was

Fig. 2. DSP4-induced nerve fiber denervation. Photomicrographs of DBH-ir nerve fibers in cortex (a–f). The left panel display DBH-ir fibers in controls at 3 days
(saline x 1, a), 3 months (saline x 1, b) and 6 months (saline x 1, c) following a systemic injection, whereas the right panel display the effect of the DSP4 (50mg/kg)-
lesion at 3 days (DSP4 x 1, d), 3 months (DSP4 x 1, e) and 6 months (DSP4 x 1, f), scale bar: 100 μm. Fiber density measurements (g) revealed significantly reduced
DBH-ir nerve fibers already at 3 days (saline, n=10; DSP4 x 1, n=10) following a single systemic DSP4-administration. This effect was persistent at 3 months
(saline, n=6; DSP4 x 1, n=10) following administration. However, at 6 months (saline, n=6; DSP4 x 1, n=10) a small tendency towards nerve fiber regeneration
was seen (although still significantly different). To maintain DBH-ir nerve fiber denervation throughout the experiment two systemic DSP4 injections (separated by 2
months) were administered to animals kept 6 months in the experiment (h). Statistical analysis revealed significantly lower DBH-ir nerve fiber levels in the animals
administered with two DSP4 injections (DSP4 x 2, n=10) compared to animals administered a single injection of DSP4 (DSP4 x 1, n = 10). *p < 0.05
***p < 0.001.
Photomicrographs depicting striatal TH-ir nerve fiber density at 3 days (saline, i; DSP4 x 1, j; scale bar: 100 μm) and striatal SERT-ir nerve fiber density at 3 months
(saline, k; DSP4 x 1, l; scale bar: 50 μm). No obvious difference was found in either TH-ir nerve fiber density or SERT-ir nerve fiber density between the treatment
groups.
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performed on 40 μm serial sections through the areas of interest. Since
the selection of the first section in the caudal position varied from brain
to brain, a random systematic design was ensured. Prior to counting,
the average section thickness was measured on a number of sections
from different brains. As the sections were mounted in aqueous
medium, there was no significant shrinkage from the original 40 μm
thickness. A guard height of 2 μm was used with a sampling brick depth
of 20 μm. Pilot studies were performed to determine suitable counting
frame and sampling grid dimensions prior to counting, with a counting
frame size set to count around 5 neurons per frame. Outline contours
were drawn at low magnification (10× ) and the outlined region
measured with a systematic random design of dissector-counting
frames. The slides were coded and TH-ir cells were counted using a
60×objective lens with a 1.4 numerical aperture.

The substantia nigra outline contours included pars compacta and
pars lateralis (containing predominately TH-ir dopaminergic neurons)
and excluded pars reticulata (containing mostly TH-ir fibers). For the
substantia nigra, 7–8 sections from a 1:8 series were analyzed for each
brain. Counting frame was set to, width (X) 100,5 μm, height (Y)
75,67 μm, with a depth of 20 μm. Sampling grid area was
180×180 μm.

The locus coeruleus outline contours were drawn to only include the
A6 noradrenaline cells (Hökfeldt et al., 1984). For locus coeruleus, 5–6
sections from a 1:5 series were analyzed for each brain. Counting frame
was set to, width (X) 61,55 μm, height (Y) 46,34 μm, with a depth of
20 μm. Sampling grid area was 90× 90 μm. Systematic random sam-
pling was implemented by the Stereoinvestigator software until the
regions of interest were covered.

2.8. 8 Statistical analyses

The optical DBH- ir nerve fiber density was measured in the frontal
cortex and expressed as gray values. Measurements were performed on
blind-coded slides based on images captured with a CCD camera
(ProgRes C14; Jenaoptik, Jena, Germany). NIH image 1.61 (software;
National Institute of Health) was used to produce the gray density from
binary images. Mean values for each brain were calculated from three
images.

The electrochemical data collected from different striatal recording
sites were statistically homogenous and therefore bundled for each
group to provide a representative estimation of the dopamine and
glutamate release in the striatum as a whole structure. This approach is
supported by previous studies (Lundblad et al. 2009; Nevalainen et al.
2011). To describe the kinetics of KCl-evoked dopamine release, three

different parameters during each time point were examined: peak am-
plitude (maximum concentration (μM) recorded after KCl-stimulation),
Trise (time until maximal concentration is reached), and T80 (time until
the peak amplitude has decreased 80% from its maximum value).
Moreover, to determine extracellular glutamate concentration, the
baseline value was averaged over 30 s before first KCl ejection. This was
performed by subtracting the current recorded by the sentinel channel
from the signal taken up by the recording channel, hence providing
assessment of the resting extracellular glutamate concentration (μM).
Upon each KCl-stimulation, an increase in extracellular glutamate
concentration was observed, and the maximum glutamate concentra-
tion reached (calculated from the baseline) was defined as the max-
imum peak amplitude and referred to as glutamate release (μM).

Statistical tests included one- or two-way analysis of variance
(ANOVA). When necessary (to identify effects from dual/single factors
within and between groups) the ANOVAs were followed by Bonferroni
post hoc testing or post hoc t-tests. The alpha level was set at p < 0.05
and the results are expressed as mean value ± standard error of mean.

3. Results

3.1. DSP4-induced nerve fiber denervation

Noradrenergic denervation via DSP4-injections was evaluated by
measuring the density of DBH-ir fibers in the normally densely nora-
drenaline innervated cortex (Fig. 2a–f). Measurements were performed
at three different time points (3 days, 3 months, and 6 months) fol-
lowing administration of a single injection of either DSP4 or saline. A
significant main effect for treatment was found, with significantly re-
duced DBH-ir fibers in the DSP4-treated animals compared to controls
at all time points (F1, 46= 690.81, p < 0.001, two-way ANOVA;
Fig. 2g). There was a non-significant main effect of different time points
(F2, 46= 2.31, p=0.11) and no interaction effect between treatment
and time point (F2, 46= 1.40, p=0.26). A successful noradrenergic
denervation was thus achieved using DSP4 with, at average, 18.8%,
10.3%, and 24.8% of the DBH-ir fibers remaining at 3 days, 3 months,
and 6 months, respectively, when compared to the control condition. As
a small tendency toward regeneration was seen at 6 months, animals
kept for longer than 3 months were given two consecutive DSP4 in-
jections to avoid regeneration and keep noradrenergic denervation
throughout the experiments. Density measurements performed at 6
months and following two separate injections demonstrated desired
effect, with the cortex severely devoid of DBH-ir fibers and with sig-
nificantly lower nerve fiber levels compared to animals administered

Fig. 3. Locus coeruleus TH-ir cells. Photomicrographs depicting TH-ir cells in the locus coeruleus in saline-treated (a) and DSP4-treated (b) animals at 6 months
(DSP4 x 2/saline); scale bar: 100 μm. Cell quantification using unbiased stereology confirmed a significant reduction in TH-ir locus coeruleus neurons in DSP4-treated
rats (n=9) compared to saline controls (n = 6) (c). ***p < 0.001.
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with a single DSP4 dose (t12.5= 4.70, p < 0.001; Fig. 2h). Further-
more, no statistical significant difference was found between DBH-ir
nerve fiber density at 3 days (DSP4 x1) and 3 months (DSP4 x 1)
compared with 6 months (DSP4 x 2; F2, 27= 2.95, p=0.07, one-way
ANOVA).

To elucidate the specificity of the denervation after DSP4 treatment,
TH-ir nerve fiber density was evaluated in the striatum at 3 days after
injection (DSP4 x 1/saline). The results revealed no obvious loss of TH-
ir nerve fibers in the striatum, implying no acute denervation effect on
the dopaminergic nerve fibers (Fig. 2i and j). In addition, evaluation of
the SERT-ir nerve fiber density in the striatum, performed at 3 months
(DSP4 x 1/saline), demonstrated no differences between DSP4 and
saline (Fig. 2k and l).

3.2. Unbiased stereological cell counts of noradrenergic neurons

To assess the long-term effects of DSP4 administration, brains were
processed for unbiased stereological cell counting, and the mean total
number of TH-ir cells in the locus coeruleus was quantified at 6 months
(DSP4 x 2) using the optical fractionator (West et al. 1991). Cell number
quantification was performed in the locus coeruleus in the right
hemisphere of each animal. The results revealed that the number of TH-
ir neurons in DSP4-lesioned animals was significantly reduced in locus
coeruleus compared with control animals (t12.3= 7.64, p < 0.001).
The saline controls had a mean total number of 2261 ± 78 TH-ir
neurons compared with 1106 ± 388 for DSP4-treated animals (Fig. 3).
Thus, the DSP4 treatment affected both nerve fiber density and reduced
the number of neurons in the locus coeruleus.

3.3. Motoric dysfunction after DSP4 administration

To evaluate possible motor dysfunction, such as postural dis-
turbances, a rotarod performance test was used following DSP4-induced
noradrenergic denervation. At 3 months (DSP4 x 1), the DSP4-treated
rats demonstrated a significant decrease in the time spent on the ac-
celerating rotarod compared to controls (t13= 3.77, p < 0.01), sug-
gesting motoric dysfunction. The same tendency was observed at 6
months (DSP4 x 2), although not significant (t13= 2.01, p=0.08;
Fig. 4).

3.4. Effects of DSP4-lesion on striatal dopamine release

To further elucidate the effects found in rotarod behavior, record-
ings of KCl-evoked striatal release of dopamine were performed using
high-speed in vivo chronoamperometry (Fig. 5). The extracellular do-
pamine levels after local KCl-stimulation were quantified in saline- and
DSP4-treated animals at different time points; 3 days (DSP4 x 1/saline),
3 months (DSP4 x 1/saline), and 6 months (DSP4 x 2/saline). The re-
duction/oxidation ratio for the signals was approximately 0.8, sug-
gesting that it was dopamine that gave the signal. Since the main
purpose with DSP4-treatment was to produce a stable noradrenergic
lesion, and no statistical significant difference was found between DBH-
ir nerve fiber density at 3 days (DSP4 x 1) and 3 months (DSP4 x 1)
compared with 6 months (DSP4 x 2), the three time points were all
handled within the same statistical model. A two-way ANOVA was
conducted to examine the effect of treatment (DSP4 or saline) on KCl-
evoked striatal dopamine release over time. DSP4-treatment resulted in
significantly increased peak amplitudes of striatal dopamine when
compared with saline-treatment, with significant main effects of treat-
ment (F1, 262= 34.07, p < 0.001) and time after the DSP4 injection
(F2, 262= 6.69, p=0.001; Fig. 5b). No interaction effect was found
between the factors (F2, 262= 2.30, p=0.10). To explore the data
further, the main analysis was followed by three additional post hoc t-
tests with Bonferroni correction (testing the hypothesis at α= 0.05/3,
i.e. considered as significant if p < 0.0167) between DSP4 and saline
within each time point. Significantly higher peak amplitudes of KCl-

evoked dopamine release were found in the DSP4-treated animals
compared with controls at 3 days (DSP4 x 1 6.92 ± 0.40 μM, saline
4.45 ± 0.39 μM; t85=−4.42, p < 0.001) and 3 months (DSP4 x 1
8.06 ± 0.42 μM, saline 5.34 ± 0.43 μM; t90=−4.49, p < 0.001).
The same tendency was observed at 6 months, although not statistically
significant.

3.5. Effects of DSP4-lesion on dopamine onset and clearance

Two-way ANOVA demonstrated no significant effect of treatment on
Trise (time until maximal peak concentration; F1, 259= 1.08, p=0.30),
however, Trise was significantly prolonged over time (F2, 259= 7.02,
p < 0.001). The trending interaction effect was non-significant (F2,
259= 2.39, p=0.093). To explore the effect on time since injection, the
two-way analysis was followed up by one-way ANOVAs, conducted
separately for each treatment group (DSP4/saline). Whereas no sig-
nificant difference in Trise was found for the control group (F2,
149= 1.07, p=0.37), such was found within the DSP4-treated group
(F2, 110= 5.52, p < 0.01) with a significant difference between 3 days
and 6 months (p < 0.01; Fig. 5c).

Furthermore, for T80, the time measured from maximal amplitude
until the concentration had reached 80% of maximal concentration, a
significant main effect for time after injection was seen (F2, 259= 3.04,
p < 0.05) but no significant main effect of treatment (F1, 259= 0.36,
p=0.55). Also, an interaction effect between the factors was found (F2,
259= 3.80, p < 0.05).

To follow up and explore the effect on time after injection and the
significant interaction effect, the two-way analysis was followed up by
one-way ANOVAs, conducted separately for each treatment (DSP4/
saline) as well as separate t-tests for each time point. For treatment, an
increase in T80 was found in the DSP4-treated group (F2, 110= 4.20,
p < 0.05) with a significant difference between 3 days and 3 months
(p < 0.05) and 3 days and 6 months (p < 0.05). No significant dif-
ference in T80 was found in the control group (F2, 149= 2.80,
p=0.064). For time points, the main analysis was followed by three
additional post hoc t-tests with Bonferroni correction (testing the hy-
pothesis at α= 0.05/3, i.e. considered as significant if p < 0.0167)
between DSP4 and saline within each time point. These tests declared a
significant difference at 3 days, with significantly reduced T80 in the
DSP4 animals compared to saline (t85= 3.29, p < 0.001; Fig. 5d).

3.6. DSP4-lesion effects on striatal glutamate release

To further study effects of the noradrenergic denervation on trans-
mitter releases, striatal KCl-stimulated glutamate release was recorded
using in vivo amperometry and enzyme-coated microelectrode arrays.
Three months following a single dose of DSP4, i.e. the time point when
significantly increased striatal dopamine release was seen, significant
different levels of KCl-evoked glutamate release was found in the DSP4-
treated animals with a mean release peak amplitude above baseline of

Fig. 4. Rotarod performance test. At 3 months, DSP4-treated animals managed
to stay significantly shorter time periods on the rotarod compared to controls
(saline, n=8; DSP4 x 1, n=7). The same trend, however not significant, was
seen at 6 months (saline, n=8; DSP4 x 2, n = 7). **p < 0.01.
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approximately 4 μM compared to approximately 11 μM in intact saline-
treated control animals (t126.78= 9.03, p < 0.001). No difference in
baseline extracellular glutamate levels was found between the animal
groups, with concentrations around 4 μM in both DSP4 - and saline-
treated animals (t26= 1.41, p=0.16; Fig. 6). Thus, striatal dopamine
release was increased, while striatal glutamate release was reduced
after DSP4 treatment.

3.7. Total TH-ir neuron number in the substantia nigra

To corroborate the results of impaired rotarod behavior and

enhanced striatal dopamine release in the DSP4 animals, the number of
TH-ir neurons in the substantia nigra was evaluated at 3 and 6 months.
No visible loss of TH-ir neurons was found at 3 months (supplementary
material; Figure S1). However, at 6 months, a difference was evident
and confirmed by unbiased stereology demonstrating a significantly
reduced mean total number of TH-ir neurons in the substantia nigra of
DSP4-lesioned animals compared with controls (t13= 2.33, p < 0.05).
The DSP4-treated group (DSP4 x 2) had a mean total number of
6957 ± 347 TH-ir neurons compared with a mean total number of
8397 ± 551 for saline controls (Fig. 7).

Fig. 5. Dopamine recordings. In vivo chronoamperometric striatal recordings of KCl-evoked dopamine release in DSP4-treated and saline-treated control animals.
Signal from a single KCl-evoked (arrow) dopamine release (a). DSP4 treatment significantly increased the extracellular dopamine release (measured as peak am-
plitude) at 3 days, and 3 months compared with saline treatment. No significant differences in dopamine release were found at 6 months (b). An increase in Trise, i.e.
time in seconds needed to reach the peak amplitude (maximal concentration), was found over time within the DSP4-treated animals with significantly increased Trise
at 6 months compared to 3 months (c). T80, measured as the time from peak amplitude until the concentration had decreased to 80% of maximal concentration, was
increased within the DSP4-treated animals with significant differences between 3 days and 3 months, and between 3 days and 6 months (d). At 3 days, T80 was
significantly reduced in the DSP4-treated animals compared with saline (measurements - saline: 3 days, n=48; 3 months, n=48; 6 months, n=56. DSP4: 3 days,
n=39; 3 months, n=44; 6 months, n = 44). *p < 0.05, **p < 0.01, ***p < 0.001.

Fig. 6. Glutamate recordings. In vivo amperometric striatal recordings of KCl-evoked glutamate release in DSP4-treated and saline-treated control animals.
Quantification of striatal glutamate at 3 months (DSP4 x 1/saline) demonstrated significantly reduced levels of glutamate in DSP4-treated animals (measurements,
n=136) compared to saline-treated controls (measurements, n = 99) (a). The concentrations are calculated above baseline. The basal extracellular glutamate
concentrations, estimated by averaging the baseline, did not differ significantly between the groups (b). ***p < 0.001.
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3.8. Iba1-ir microglia in the substantia nigra

The immunological response at 6 months following DSP4 treatment
was investigated in the substantia nigra utilizing Iba1 im-
munohistochemistry. An evident difference in Iba1-ir morphology was
found between the groups, with typical resting state Iba1-ir microglia in
the control animals compared to the Iba1-ir microglia found in the
DSP4 animals demonstrating typical signs of reactivity, such as a large
rounded soma and short processes (Fig. 8).

4. Discussion

This study demonstrated that DSP4 significantly reduced the nora-
drenergic nerve fiber density in the cortex, a denervation effect seen to
a similar extent from 3 days to 6 months, when administering a booster
dose of DSP4 to the animals with longest survival time. Loss of DBH-ir
nerve fibers was confirmed, together with an approximately 50% loss of
noradrenergic neurons in the locus coeruleus. Also, DSP4 treatment
impaired rotarod behavior at 3 but not at 6 months. Alterations in
neurotransmission were found, with increased striatal KCl-evoked do-
pamine release at 3 days and 3 months after DSP4 treatment and sig-
nificantly reduced striatal glutamate release at 3 months. Furthermore,
DSP4 treatment prolonged both Trise and T80 for dopamine over time
when comparing within the DSP4-treated group, while the acute effect
of DSP4 reduced T80 for dopamine. The DSP4 lesions significantly re-
duced the number of dopaminergic neurons in the substantia nigra at 6
months, and shifted the microglia over the same area into a morpho-
logically reactive state. Altogether, these data indicate that a nora-
drenergic lesion have profound effects on the dopamine system.

DSP4 is, besides to denervate the noradrenergic system, commonly
used to inhibit the noradrenaline transporter (NET). A recent in vitro
study has, however, found that it also affects the serotonin- and dopa-
mine transporters (SERT and DAT; Wenge and Bonisch, 2009). Though,
in contrast to the strong and irreversible inhibition of NET, the in-
hibition of DAT and SERT was 5 and 40 times lower, respectively, and
included a reversible component. This low-grade effect on the dopa-
minergic and serotonergic systems may therefore not be of great im-
portance in studies using DSP4. The noradrenergic selectivity of DSP4
thus suggests that the effects found on the dopaminergic neurons in the
present study are exerted via the noradrenergic system. The nora-
drenergic nerve fibers have previously been reported to be degenerated
approximately 10 days after a DSP4 injection (Fritschy and Grzanna,
1992). While several short-term studies involving DSP4-lesioned ani-
mals have failed to demonstrate loss of locus coeruleus neurons (Szot
et al. 2010; Zhang et al. 1995), we have in this study found long-term
effects with loss of noradrenergic neurons at 6 months after lesion, a
finding also documented by others (Fritschy and Grzanna, 1992). Even
though the loss of the locus coeruleus neurons was significant at long-
term time points, sprouting may occur after a single dose of DSP4
(Fritschy and Grzanna, 1992), an effect seen in the current study.

Therefore, two consecutive doses of DSP4 were given for the 6 months
time point, which was demonstrated to be efficient.

KCl-evoked dopamine release was increased at the earlier time
points (3 days and 3 months) after the noradrenergic lesion, while at 6
months, released dopamine reached normal levels. These results are
supported by another study, with initially higher levels of dopamine
that normalized at longer time points (Pycock et al. 1975), while other
studies demonstrate decreased striatal dopamine release and reduced
metabolites after noradrenergic nerve fiber depletion as well as in DBH
knock-out mice (Harro et al. 2003; Lategan et al. 1990, 1992; Schank
et al. 2006; Rommelfanger and Weinshenker, 2007). Locus coeruleus
neurons innervate the substantia nigra and a single-pulse stimulation of
the locus coeruleus neurons evokes a dual effect, i.e. excitation followed
by inhibition of the nigral neurons (Grenhoff et al. 1993). However, a

Fig. 7. Substantia nigra TH-ir cells at 6 months. Photomicrographs depicting TH-ir cells in the substantia nigra pars compacta (encircled) in saline-treated (a) and
DSP4-treated (b) animals at 6 months (DSP4 x 2/saline); scale bar: 100 μm. Stereological cell counts of TH-ir cells in DSP4-treated rats (n=9) demonstrate a
significant reduction in TH-ir nigral neurons compared to saline controls (n = 6) (c). *p < 0.05.

Fig. 8. Iba1-ir microglia. Photomicrographs depicting Iba1-ir microglia over
the substantia nigra at 6 months. A morphological difference was found in that
the microglia in saline control animals (a) appeared to be in a resting state (i.e.
smaller elongated soma with thin processes) whereas the Iba1-ir microglia in
DSP4 animals (DSP4 x 2; b) displayed a reactive morphology (i.e. larger
amoeboid/rounded somas with short processes). Scale bar: 25 μm.
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burst-like stimulation from locus coeruleus results in a long-lasting in-
hibition of the nigral neurons, similar to the effect reported in the axis
of locus coeruleus/ventral tegmental area/nucleus accumbens
(Kielbinski et al. 2019). As a consequence, a denervation of the locus
coeruleus may abolish the inhibition and lead to enhanced dopamine
release. Thus, locus coeruleus may exert different effects on the sub-
stantia nigra neurons depending on the firing pattern. The reduced le-
vels of striatal glutamate release found after a DSP4 lesion may, at least
partly, support the finding of increased dopamine concentrations, since
dopamine inhibit striatal glutamate activity via dopamine D2 receptors
located on the glutamatergic nerve terminals (Bamford et al. 2004a,
2004b).

At the earlier time points, the time to reach the maximal dopamine
concentration, Trise, was not changed although the final concentration
was significantly higher. Seen over time, however, Trise was prolonged,
i.e. despite that the dopamine release was normalized at 6 months, the
time needed to reach maximal dopamine concentration was longer.
Further, T80 was significantly shorter, i.e. the clearance of extracellular
dopamine occurred faster at the 3-day time point after the nora-
drenergic denervation, while at 6 months the dopamine reuptake oc-
curred slower when compared within the DSP4-treated group. Thus, the
long-term effect of noradrenergic denervation demonstrated that do-
pamine was released in normal concentrations, but by a more slowly
acting dopamine system when regarding that Trise was prolonged. It is
known that serotonergic nerve fibers may uptake and participate in the
clearance of extracellular dopamine and thereby also release of dopa-
mine (Kannari et al. 2006), and since KCl stimulates release also from
serotonergic nerve fibers this may then potentially affect the con-
centration of released dopamine as well as the clearance. Thus, it is
possible that the increased dopamine release seen is produced by ser-
otonergic nerve fibers. The striatal SERT-ir nerve fiber density did,
however, not appear to be altered by the DSP4 treatment, suggesting a
comparable magnitude of serotonergic nerve fiber involvement in-
dependent of treatment. Similar interference from reminiscent nora-
drenergic nerve fibers is not possible, since the striatum is missing
noradrenergic innervation. However, noradrenergic nerve fibers may
affect clearance of dopamine in the prefrontal cortex (Fuxe, 1965;
Mazei et al. 2002; Swanson and Hartman, 1975). Furthermore, the
motor behavior was impaired after the DSP4 lesion when the released
dopamine levels were enhanced. The impaired behavior is supported by
other investigators, who found that a noradrenergic denervation ag-
gravates behavioral deficits in Parkinson's disease animal models
(Srinivasan and Schmidt, 2003; Rommelfanger et al. 2007; Shin et al.
2014). Also, since the locus coeruleus sends projections to the ventral
horn of the spinal cord (Nygren and Olson, 1977; Westlund et al. 1983)
and to the cerebellum (Olson and Fuxe, 1971; Ungerstedt, 1971), it is
reasonable to assume that reduced noradrenergic innervation could
cause balance impairment. Indeed, depletion of noradrenaline from the
cerebellum has been found to result in impaired motor performance
(Watson and McElligott, 1984). Regarding the discrepancy in time
spent on the rotarod between the saline controls at 3 and 6 months, it is
likely explained by the weight differences.

It has been documented that loss of noradrenergic input to the
substantia nigra increases the vulnerability of the dopaminergic neu-
rons (Marien et al. 2004; Mavridis et al. 1991; Srinivasan and Schmidt,
2003; Shin et al. 2014; Rommelfanger et al. 2007; Yao et al. 2015;
Farrand et al. 2017). However, here we demonstrate a direct effect of a
long-term sustained noradrenergic locus coerulean lesion on the nigral
dopaminergic neurons, resulting in dopaminergic cell loss. A plausible
underlying mechanism might be found in the suppressive properties of
noradrenaline when it comes to neuroinflammation (Heneka et al.
2003). An idea supported by our finding of altered microglia mor-
phology over substantia nigra following DSP4 treatment, with Iba1-ir
microglia exhibiting a reactive morphology. Furthermore, this micro-
glia reaction can be counteracted if the vagus nerve is stimulated,
suggesting that the microglial reactivity is mediated via loss of

noradrenaline (Farrand et al. 2017). However, there is still a possibility
that the reactive microglia, as well as the loss of dopaminergic neurons,
might be a direct consequence of the neurotoxin. This means, DSP4 may
be uptaken by the dopaminergic neurons through DAT, and thereby
inhibit dopamine uptake (Wenge and Bonisch, 2009). We would then
have expected a prolonged and not shortened dopamine clearance time,
as found at 3 days. Moreover, it is known that the acute action of DSP4
on DAT is reversed at longer time points (Wenge and Bonisch, 2009).
Thus, the loss of dopaminergic neurons seen at 6 months in the current
study is most likely caused by the noradrenergic denervation, sup-
porting the Braak theory, i.e. that a noradrenergic cell death in the
locus coeruleus impacts the dopaminergic nigral neurons. There is no
evidence that DSP4 toxicity involves alpha-synuclein oligomerization.
However, DSP4 treatment has been found to affect alpha-synuclein, but
then in combination with a dopaminergic neurotoxin (Farrand et al.
2017).

Taken together, this study clearly demonstrates the importance of
an intact locus coeruleus for maintenance of the nigral dopaminergic
neurons and motor function. As such, noradrenergic maintenance may
play an important part in the etiology of Parkinson's disease.
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