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The serotonin system has recently been demonstrated to have an important role in Parkinson's disease, in
particular in response to L-DOPA treatment. It has been shown that central serotonin neurons convert periph-
erally administered L-DOPA to dopamine. Striatal dopamine release by these serotonin neurons is believed to
be a main player in the induction of the troublesome L-DOPA-induced dyskinesias, which develops in patients
within 5–10 years after the use of the drug. Electrophysiological characterization of midbrain dopamine neu-
rons and dorsal raphe nucleus serotonin neurons has further revealed close interaction between these two
cells groups. These data indicate that the loss of dopamine neurons and fibers alone and following L-DOPA
treatment might change the electrophysiological properties of the serotonin neurons in the dorsal raphe nu-
cleus. Although in vivo data have indicated changes in firing properties following dopamine depletion by
6-OHDA, the data have been conflicting. We therefore investigated the electrophysiological properties of se-
rotonin neurons following dopamine degeneration and L-DOPA treatment in the 6-OHDA-lesion mouse
model of Parkinson's disease using in vitro patch clamp technique in acute slices. We found that 6-OHDA le-
sions alone significantly increased spontaneous and maximal firing discharges of serotonin neurons, which
were accompanied by respective changes in the action potential waveforms. L-DOPA treatment did not re-
verse this increase in spontaneous frequency, but partially normalized AP properties. Our data demonstrate
that the intrinsic excitability of serotonin neurons is altered in response to both dopamine degeneration as
well as subsequent L-DOPA treatment. This lesion- and treatment-induced plasticity of the serotonin might
contribute to its role in L-DOPA induced dyskinesia.

© 2013 Elsevier Inc. All rights reserved.

Introduction

Parkinson's disease (PD) is characterized by the progressive loss of
dopamine (DA) in the nigrostriatal pathway, resulting in motor
symptoms including bradykinesia/akinesia (slowness/absence of
movements), tremor and postural imbalance. The gold standard dis-
ease therapy is based on restoring the DA concentration in the brain
using the DA precursor L-DOPA (in combination with peripheral
amino-acid decarboxylase [AADC] inhibitors), which is converted in
the brain to DA. It has recently been demonstrated that the serotonin
system plays a major role in the conversion of peripherally adminis-
tered L-DOPA to DA at multiple sites in the brain, including the
striatum and substantia nigra (SN), after complete DA depletion

(Navailles et al., 2010a). In fact, serotonin neurons do not only con-
vert exogenous delivered L-DOPA to DA, but also store it and release
it in an activity-dependent manner (Arai et al., 1994, 1995, 1996;
Hollister et al., 1979; Ng et al., 1970, 1971). This suggests that the
“DA production” in the serotonin neurons may be responsible for
both functional effects of L-DOPA treatment, as well as side effects
caused by the same medication in more severe stages of PD, when
the majority of the DA neurons and fibers are lost in the brain. In
fact, the development of L-DOPA-induced dyskinesias has been tightly
associated with DA release from serotonin neurons in both rodent
and non-human primates (Bezard et al., 2013; Carlsson et al., 2007;
Carta et al., 2007; Munoz et al., 2008; Rylander et al., 2010), as well
as indication in human PD (Bonifati et al., 1994; PsychoGenic,
Eltoprazine, press release June 12, 2012).

Interestingly, the midbrain [including the SN and ventral tegmen-
tal area (VTA)] receives the densest serotonin innervation in the brain
of humans and several animal species including rodents (Mackay et
al., 1978; Moukhles et al., 1997). Serotonin fiber projections, originat-
ing in the dorsal raphe nucleus (DRN), also innervate DA axonal tar-
get areas such as the caudate putamen (Di Giovanni et al., 2008). In
addition, a proportion of DA fibers from the SN and VTA also projects
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back to the raphe nucleus, as demonstrated by both retrograde trac-
ing and the expression of DA D2-receptor on the DRN serotonin neu-
rons (Haj-Dahmane, 2001; Kitahama et al., 2000). It has been
extensively reported that DA and serotonin systems have multiple
connections, most importantly functional electrophysiological inter-
actions (for review see Di Giovanni et al., 2008). About a handful of
studies have investigated the in vivo electrophysiological effect on
DRN serotonin neurons in response to DA neurodegeneration induced
by 6-OHDA in the rat PD model, however the data have shown in-
consistent results, where increased, decreased or unchanged firing
properties in DRN serotonin neurons were evident after DA depletion
(Chu et al., 2004; Guiard et al., 2008; Wang et al., 2009; Zhang et al.,
2007). However, effects of 6-OHDA lesions on in vitro electrophysiology
of DRN serotonin neurons in acute slices, as well as those of sequential
DA replacement therapy, i.e. L-DOPA treatment, are unknown. There-
fore, in order to further clarify the effect of DA lesions, we investigated
the electrophysiological properties of identified serotonin neurons in
the DRN in normal mice, after unilateral intrastriatal 6-OHDA lesion,
and subsequent L-DOPA-treatment using in vitro patch clamp tech-
nique. We confirm that 6-OHDA, 3–4 weeks post lesion, significantly
increases both spontaneous and maximal firing discharges. These
changes, in addition, were associated with alterations of action poten-
tial (AP)waveforms. Following L-DOPA therapy in 6-OHDA lesioned an-
imals, the spontaneous discharge was not significantly changed, but AP
properties such as duration were normalized after the DA replacement
therapy.

Material and methods

Animals

In this study 57 adult (12–20 weeks old) male C57/B6 mice
(Charles-River, GmbH, Germany), weighing N25 g in the beginning
of the experiment, were used. The animals were housed with free ac-
cess of water and food with standard 12 h/12 h light/dark cycle. All
surgeries and preparations were performed according to ethical
guidelines approved by the Regierungspräsidium Darmstadt, Germany
(V54-19c 20/15-F 40/31).

6-OHDA lesion/sham-operation

The lesion and sham-operation surgery was performed under 1–2%
isoflurane (in 100% O2, Forene, Abbott, Wiesbaden, Germany) anesthe-
sia. In order to achieve a partial unilateral lesion of the nigrostriatal
pathway, or sham-operation, the animals received two injections,
each of 2 μl, of 6-OHDA (D4381, Sigma-Aldrich, Steinheim, Germany;
3.2 μg/μl in 0.2% L-ascorbic acid-saline) or of 0.2% L-ascorbic
acid-saline, into the striatum, while placed in a stereotactic frame
(Kopf instruments, Tujunga, CA) fitted with a 10 μl syringe and
33-Gauge blunt needle (WPI Inc., Sarasota, FL). The anteroposterior
(AP), mediolateral (ML), and dorsoventral (DV) coordinates for the
two injections were: I): AP: +1.0 mm, ML: −2.1 mm, DV: −2.9 mm;
and II) AP: +0.3 mm, ML: −2.3 mm and DV: −2.9 mm, in relation
to bregma and dura in a flat skull position. The 6-OHDA or ascorbic
acid-saline was injected at a rate of 0.5 μl/min using a minipump
(Micro4, WPI Inc.), and the needle was kept in place for at least 3 min
before it was slowly retracted, to avoid backflow. Before surgery Desip-
ramine (25 mg/kg; D3900, Sigma-Aldrich)was injected 30 min prior to
the 6-OHDA injections, to protect unselective damage to the noradren-
ergic system. Further, atropine was injected 15 min before surgery to
prevent heart failures during operation. Paracetamol (4% Ben-u-ron
saft, Bene Arzneimittel, Munich, Germany) was used in the drinking
water, or subcutaneous injections of Carpofen (5 mg/kg) were used as
post-operative pain treatment for the first 24 h post surgery.

L-DOPA treatment

Twelve animals [normal controls (n = 2) and sham-operated con-
trols (n = 3); and6-OHDA-lesions (n = 7)] receiveddaily subcutaneous
injections of 6 mg/kg L-DOPA methyl-ester (D1507, Sigma-Aldrich), in
combination with the aminoacid decarboxylase inhibiter Benserazide
(10 mg/kg; D7283, Sigma-Aldrich). The 6-OHDA and sham-operated an-
imals received their first injections at two weeks post surgery for 10–
14 days. The L-DOPA dose, timing of the initiation and duration of the
drug and the patch-clamp recording were based on first: 6 mg/kg is
shown to be the lowest dose of L-DOPA that can improve the functional
behavior in severe 6-OHDA lesioned rodents (comparable to therapeutic
doses in PD patients; Kirik et al., 2002); second: it was important that
the time following 6-OHDA lesion was the same [at 21–28 days — at
which time the majority of the DA neurons in the SN has degenerated
(Alvarez-Fisher et al., 2008)] for the drug-naïve/vehicle and L-DOPA-
treated animals in the 6-OHDA groups; third: the L-DOPAwas introduced
later than one week after the 6-OHDA injection, as the major loss of DA
cells in the SN is within the first 7 days (Alvarez-Fisher et al., 2008);
and fourth the sub-chronic L-DOPA treatment of 10–14 days using the
selected dose develops signs of dyskinesias in severely DA lesioned
rodents (Lundblad et al., 2004).

Electrophysiology

Slice preparation
At 21–28 days post 6-OHDA lesion (36–48 h post last L-DOPA-

injection) or sham-lesion, 225 μm thick coronal slices of the brain
stem including the DRN were prepared as previously described
(Lammel et al., 2008). Briefly, mice were anesthetized by an overdose
of Ketamine (500 mg/10 ml; Ratiopharm, Ulm, Germany) and
Dormitor (1 mg/ml, Pfizer GmbH, Berlin, Germany). Heparin (100 μl;
25,000 I.E./5 ml, Ratiopharm) was infused intracardially, followed by
transcardial perfusion with ice-cold artificial cerebrospinal fluid
(ACSF) solution containing in mM/l: 125 NaCl, 2.5 KCl, 25 NaHCO3;
1.25 NaH2PO4, 2.5 Glucose, 50 Sucrose, 6.174 MgCl2, 0.1 CaCl2 and
2.96 Kynurenic Acid (Sigma-Aldrich), bubbled with carbogen gas (95%
O2 and 5% CO2), for 5–7 min at a flow rate of about 10–15 ml/min.
The brains were rapidly removed and the DRN were sliced at 225 μm
thick coronal sections using a Vibratome (VT1200S, LeicaMicrosystems,
Wetzlar, Germany). The slices were directly transferred to carbogen
bubbled ACSF (in mM/l: 125 NaCl, 2.5 KCl, 25 NaHCO3; 1.25 NaH2PO4,
2.5 Glucose, 22.5 Sucrose, 2.058 MgCl2, and 2 CaCl2), and allowed
to recover for at least 1.5 h at 37 °C before in vitro patch clamp
measurements.

Whole cell patch-clamp recording
In order to perform patch clamp recordings the slices containing

the DRN were transferred to a heated (37 °C) chamber, continuously
perfused with 2–4 ml/min carbogen bubbled ACSF, including 4 μM
non-NMDA glutamate receptor antagonist (CNQX; Biotrend AG,
Zurich, Switzerland) and 10 μM GABAA receptor antagonist (SR95531;
Biotrend AG, Zurich, Switzerland). Slices from three animals were also
perfused without the GABAA blocker, in order evaluate the frequency
of spontaneous firing neurons without this inhibition. Borosilicate
glass pipettes (GC150TF-10, Harvard Apparatus, Kent, UK) were pulled
(DMZ Universal puller, Zeitz Instruments GmbH, Munich, Germany)
with 2.9–4.7 MΩ tip resistance (average: 3.6 ± 0.027). The pipettes
werefilledwith internal solution containing [inmM/l: 135 K-gluconate,
5 KCl, 10 HEPES, 0.1 EGTA, 2 MgCl2, 0.2 Li2GTP, 2 Na2ATP and 1 μg/μl
Neurobiotin (NB); pH = 7.35 with KOH (270–300 mOsm)]. The DRN
and the serotonin cells were visualized by infrared differential contrast
videomicroscope fitted with digital camera (VX55, Photonics, Pittsfield,
MA),mounted to anuprightmicroscope (Axioskop 2, FSplus, Zeiss, Jena,
Germany). Recordings in current clamp were collected using the
EPC-10 amplifier (HEKA electronics, Lambrecht, Germany) and Patch
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Master v.2.43 software (HEKA electronics). Cells that displayed contin-
uous spontaneous pacemaker activity over 5 sweeps, each 5 s, with an
uncompensated series resistance of b20 MΩ were collected for
analysis.

Data analysis
The patch-clampwhole-cell recordingswere digitized at 20–50 kHz.

Spontaneous and evoked firing frequencies, subthreshold and action
potential waveformswere analyzed using Fitmaster (HEKAelectronics)
and IGOR pro v6.02a fitted with Neuromatic v2.00 (WaveMetrics Inc.,
Lake Oswego, OR).

Histological analysis

The forebrains of the animals used for in vitro patching were fixed
in 4% PFA (in 0.1 M phosphate buffer) for 24–48 h, and transferred
into a storing solution containing 10% sucrose, 0.05% NaN3 in PBS.
All forebrains were further sliced at 35 μm slices through the striatum
using a freezing slide-microtome (VT1000S, Leica Microsystems)
before immunohistochemically visualized for tyrosine hydroxylase
(TH), serotonin, and serotonin transporter (SERT) proteins. The
patched sections (225 μm) were following electrophysiological mea-
surements fixed in 2% PFA (in 0.1 M phosphate buffer, pH 7.4) for 1–
3 h, thereafter they were stored in a storing solution for at least 24 h
until processes for serotonin, TH and NB stainings.

Immunohistochemistry
The free-floating sections were first rinsed in PBS, before

non-specific binding were blocked by a 1 h pre-incubation in 5% ap-
propriate normal serum containing 0.25% Triton X-100 for the striatal
(35 μm) section, and 5% normal serum containing 2% Triton X-100,
for the 225 μmpatch sections dissolved in PBS. This step was followed
by incubation (overnight for the striatal 35 μm sections and over two
nights for the patched 225 μm sections) in room temperature with
appropriate primary antibodies in the same respective solution as
for the blocking step. Here we used the rabbit anti-TH (1:1000;
#657012; Calbiochem, EMD Chemicals, San Diego, CA) and the rabbit
anti-SERT (1:1000; Immunostar, Hudson, WI), as primary antibodies,
to separately stain the fiber network in the striatum (in the 35 μm
sections) to assess the lesion size in the two systems. For the identifi-
cation of the patched neurons (in the 225 μm sections) we used the
mouse anti-TH (1:1000; MAB318; Millipore, Temacula, CA)
co-stained with rabbit anti-serotonin (5-HT; 1:1000; Immunostar,
Hudson, WI). For the representation of the coronal levels of the DRN
in Fig. 2F, we used a concentration of 1:4000 (instead of 1:1000) of
the 5-HT antibody, due to the smaller section thickness. On the 2nd
or 3rd day respectively the sections were rinsed 3 times with PBS,
followed by incubation in appropriate secondary fluorescence anti-
bodies (1:1000 goat anti-rabbit Alexa 488 for serotonin; 1:1000
goat anti-mouse Alexa 647 for TH; and streptavidin 568 for NB; all
Invitrogen, Darmstadt, Germany) or biotinylated secondary antibody
[1:1000 goat anti-rabbit for TH and SERT; Vector Laboratories, Burlin-
game, CA]. The incubation time for the secondary antibodies were 1 h
for the 35 μm sections for 3,3′-diaminobenzidine (DAB), and over-
night for the in vitro patched 225 μm sections. For the fluorescence
stainings the sections were rinsed additional 3 times in PBS before
being mounted on glass slides and coverslipped with Vectashield™
(H-1400; Vector Laboratories). The sections taken for the DAB stain-
ing were, following the secondary antibody incubation, rinsed 3
times in PBS, incubated 1 h with Avidin-Biotin complex (ABC Elite
standard, PK-6100, Vector Laboratories) before visualization with
DAB (SK-4100, Vector Laboratories) and H2O2. The sections were
mounted on gelatinized glass slides, dehydrated in ascending alcohol
solutions and cleared in Xylene, and finally coverslipped with DEPEX
mounting medium (VWR International Ltd, Poole, UK).

Morphological analysis

Confocal microscopy
In order to confirm the nature of the cells patched, Laser scanning

microscope was used (EZ C1, Nikon GmbH, Düsseldorf, Germany).
Florocromes Alexa 488, 568 and 647 were excited by Argon laser
using appropriate filters, where serotonin was excited in green, NB
in red and TH in far-red (visualized in blue on Fig. 2E).

Estimation of TH- and SERT-positive fiber innervations in the striatum
The DA and serotonin fiber densities in the striatumwere evaluated

from TH- and SERT-positive staining. Briefly, images were taken
through 7 rostral-caudal levels (AP: +1.2 mm, +0.9 mm, +0.6 mm,
+0.3 mm, 0.0 mm, −0.3 and −0.9 mm, relative from bregma) using
an Olympus BX61 microscope with 2×/0.05 objective. Cortex, where
no DA fibers where evident, was used as background level for the TH
density and corpus callosumwas used as background for the SERT den-
sity. Thewhole striatumwas outlined as previously described (Carlsson
et al., 2007), and the optional density was evaluated by ImageJ v 1.44o
(for MacOsX platform; NIH, http://rsb.info.nih.gov/ij/). The data are
expressed as optical density in percentage of the control side.

Statistical analysis

All statistical analyses were performed with Student's unpaired
t-test using Graphpad Prism v5.0c (Graphpad software Inc., La Jolla).
The level of significance was set at p b 0.05. Data are presented as
mean ± S.E.M.

Results

Effect of intrastriatal 6-OHDA lesions on DA and serotonin fibers in the
striatum

TH- and SERT-positive fiber densities were evaluated throughout the
striatum at seven coronal sections, as described above. At 21–28 days
after 6-OHDA injections, TH-immunoreactivity indicated a robust and
significant DA lesion within the striatal complex to 28.1 ± 5.5% of intact
side (n = 8; Figs. 1A–C), as compared to control animals (103.1 ± 3.2%
of intact side; n = 5; Student's unpaired t-test, p b 0.0001). L-DOPA in-
jections did not alter the extent of the 6-OHDA lesions (37.4 ± 3.1%
of intact side, n = 7). In contrast, the SERT-immunoreactivity showed
no lesion or hyperinnervation of serotonin fibers in the striatum
(110.5 ± 1.9% of intact side, n = 7), after 6-OHDA lesion, as compared
to controls, 110.0 ± 1.5% of intact side (n = 5; Figs. 1D–F). Also,
L-DOPA treatment did not affect the SERT immunoreactivity in the stria-
tum of 6-OHDA-treated animals (108.9 ± 1.4% of intact side).

Electrophysiological properties of adult identified serotonin neurons in
the DRN

Electrophysiological properties including spontaneousfiring (Fig. 2A),
the action potential (AP) waveform properties (Fig. 2B), subthreshold
properties such as sag amplitudes and rebound delays (Fig. 2C), as
well as current-evokedmaximalfiring frequencies (Fig. 2D)were charac-
terized in control (n = 14) and sham-operated (n = 3) animals. Out of a
total of 104 whole-cell recorded and spontaneously firing neurons in the
DRN, 87 were successfully labeled with NB and immunohistochemically
identified as serotonin neurons (84%; Fig. 2E). These identified serotonin
neurons were distributed across the full rostro-caudal range of the DRN
with themajority localized close tomidline, and lesser neurons in the lat-
eral wings of the DRN (Figs. 2F, G). In the presence of the selective GABAA

receptor blocker SR95531 (10 μM), 80–90%of the patched serotoninDRN
neurons fired spontaneously in high quality coronal brain slices from
adult mouse, which were achieved by combined intravascular perfusion
with ice-cold neuroprotective solutions followed by careful slicing using
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Fig. 1. TH- and SERT-positive fiber innervation in the striatum following 6-OHDA lesion. TH-positive staining revealed a severe loss of DA fibers in the striatum (A; compare intact B
and lesion side C). The lateral and dorsal striatum is almost completely denervated throughout the rostrocaudal axis, while the nucleus accumbens and the rostromedial striatum,
which is mainly projected from the VTA, are relatively spared in this intrastriatal lesion. The SERT-positive staining revealed that no lesion or hyperinnervation of the serotonin
fibers was present in the striatum following the 6-OHDA-induced DA lesion (D; compare intact E and lesion side F). Scale bar in D (apply to A and D) and F (apply to B, C, E and
F) represent 1 mm and 200 μm respectively.
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Fig. 2. Basic electrophysiological properties and recorded serotonin neurons in the DRN. Electrophysiological properties such as spontaneous pacemaker frequency (A), the action
potential (AP) and its properties (B), Sag amplitude and rebound delay using a hyperpolarization protocol, and Maximal firing using depolarization protocol (D), were investigated
in this study. The recorded DRN serotonin cells were visualized by neurobiotin (NB; Red — steptavidin 568) labeling, and the sections were fluorescence co-immunostained using
serotonin antibody (green — Alexa 488), and tyrosine hydroxylase (TH) antibody (Blue — Alexa 647) (E). The patched and recorded serotonin neurons were distributed over the
whole rostrocaudal axis of the DRN in both controls (G) and 6-OHDA lesion animals (H). The cells were located mainly in the midline and less in the lateral wings. Serotonin staining
of the two mapped levels is represented in panel F. The electrophysiological properties in panel A–D represent the top cell visualized in E (white arrow) with an average sponta-
neous firing of 2.3 Hz (first sweep 2.8 Hz), maximal firing of 26.4 Hz, Sag amplitude & rebound delay of 3.1 mV and 147.9 ms, respectively, and AP duration of 4.5 ms. The second
cell in panel E was also individually recorded (data not shown). Scale bar in A and B represents 20 μm and 250 μm, respectively. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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the Leica VT1200S vibratome (see methods for details). For comparison,
in the absence of GABAA receptor inhibition, only about half of the sero-
tonin DRN neurons patched were spontaneously active (n = 8 of 17
cells; 47%). The remaining electrically silent neurons showed slight-
ly hyperpolarized membrane potentials (−53.4 ± 4.8 mV, n = 8)
and started to fire action potentials upon injection of small depolarizing
currents (11.3 ± 5.3 pA; n = 8 from three animals). This physiological
state is consistent with the presence of tonic local inhibition via GABA
interneurons in the DRN (Jolas and Aghajanian, 1997). Thus, we were
able to study a functionally homogeneous serotonin DRN neuronal pop-
ulation in the presence of SR95531. The mean spontaneous pacemaker
frequency of the identified adult serotonin DRN neurons recorded in
synaptic isolation (isolated from non-NMDA glutamate and GABAA,
but not 5-HT1A autoreceptor) was 2.2 ± 0.1 Hz (Figs. 3A, C; normal:
2.2 ± 0.1 Hz, n = 66 versus sham-operated: 2.0 ± 0.4 Hz, n = 21

showed no difference and were pooled). The spontaneous frequency
showed a slowing down over the five measured sweeps, and reached
at the last sweep an overall average of 74% of the initial sweep (from
2.6 ± 0.1 to 1.9 ± 0.1 Hz). The pacemaker of serotonin DRN neurons
was also regular as indicated by a small coefficient of variation (CV),
an arithmetic measure of regularity of spontaneous pacemaker activity
(15.7 ± 0.9%, n = 87). To study the full dynamic range of firing fre-
quencies, we applied currents ramps of increasing amplitudes to se-
rotonin DRN neurons, which revealed a mean maximal discharge
frequency of 30.4 ± 1.5 Hz before onset of depolarization block
(n = 81, Figs. 3D, F).

Analysis of the AP waveforms (Fig. 2B) showed a mean maximum
and minimum of 51.3 ± 0.4 mV and −61.0 ± 0.5 mV, respectively,
and a pronounced and slow afterhyperpolarization (AHP) with a
mean amplitude of 32.5 ± 0.4 mV, calculated from the AP threshold
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(designated at the point of upstroke velocity = 5 mV/ms; −28.5 ±
0.3 mV). The mean duration of APs at threshold was 3.5 ± 0.1 ms
(n = 86, Figs. 5A, C). Using a stepwise hyperpolarizing protocol
(−25 pA/sweep), all but two neurons show either no or only very
small sag amplitudes (1.8 ± 0.2 mV, n = 86) when hyperpolarized to
−80 mV (Figs. 2C, 3G, I). The mean post-hyperpolarization rebound
delay before the first AP was 277.0 ± 23.2 ms (n = 86, Figs. 2C, 3G,
J). The basic electrophysiological properties of adult identified serotonin
DRN neurons are summarized in Table 1.

6-OHDA-induced electrophysiological changes in DRN serotonin neurons

At 21–28 days after the intrastriatal 6-OHDA injections, serotonin
neurons (n = 45 cells from 9 animals, distributed across the rostro-
caudal axis of the DRN) were recorded (Figs. 2F, H). The 6-OHDA-
induced DA lesion was associated with a significant increase
(+18%) in pacemaker firing to 2.6 ± 0.1 Hz (n = 45, Figs. 3B, C;
Student's unpaired t-test, p = 0.01). Similar to the normal cells, the
serotonin cells in the 6-OHDA lesioned rats showed a slowing down
in spontaneous firing to 70% of the initial sweep. The post-6-OHDA
recorded serotonin neurons showed also a small but significant de-
crease in the regularity of firing (CV of 19.2 ± 1.6%, n = 45, Student's
unpaired t-test, p = 0.047). The increased spontaneous discharge
was accompanied with a 23% increased maximum firing to 37.5 ±
2.1 Hz compared to control cells (n = 40, Figs. 3D–F; unpaired
t-test, p = 0.008). In contrast to these firing properties, sag ampli-
tudes and rebound delays were not significantly altered (Figs. 3G–J).
Moreover, closer analysis of the AP waveforms, revealed a significant-
ly decreased AP duration to 3.1 ± 0.1 ms (−13%; n = 45, Student's
unpaired t-test, p = 0.002; Figs. 5B, C). Following the 6-OHDA lesion,
we also note small (b10%) but significant changes in several AP wave-
form properties (see Table 1). In addition, the whole-cell capacitance
was significantly smaller after the 6-OHDA lesion (28.9 ± 1.0 pF) as
compared to cells from control animals (32.2 ± 1.0 pF; Student's un-
paired t-test, p = 0.04), which might indicate a small reduction of
size in post-6-OHDA lesion serotonin DRN neurons.

Effect of L-DOPA treatment on electrophysiological properties of serotonin
DRN neurons from 6-OHDA-treated and control animals

Compared to neurons from L-DOPA-naïve 6-OHDA lesioned animals,
the accelerated mean spontaneous firing frequency of serotonin DRN
neurons were unaffected (2.5 ± 0.1 Hz; n = 39 cells from 7 animals)
following sub-chronic L-DOPA therapy in 6-OHDA treated animals
(6 mg/kg/day; 12.7 ± 0.6 days), (Figs. 4B, C). In contrast, the AP dura-
tion was significantly prolonged following L-DOPA treatment (+12%
to 3.4 ± 0.1 ms; n = 38), compared to drug-naiveDA lesioned animals
(Student's unpaired t-test, p = 0.02; Figs. 5E, F). Indeed, the AP dura-
tion after L-DOPA treatment was very similar to those observed in con-
trol animals (Fig. 5A). Moreover, the CV for the spontaneous firing was
not different following L-DOPA treatment in the 6-OHDA-induced DA
depleted animals, 18.6 ± 2.1%. Also, the maximum firing discharge
was reduced after L-DOPA treatment (33.8 ± 2.0 Hz, n = 36), and no
longer significantly different from controls (Figs. 4E, F). Finally, the
mean input resistance was higher in serotonin DRN neurons from
6-OHDA lesioned animals, which were treated with L-DOPA in contrast
to those from lesioned L-DOPA-naïve animals (+14%; 666.8 ± 41.3 MΩ
(n = 45) vs. 582.5 ± 26.7 MΩ (n = 39); Student's unpaired t-test,
p = 0.044; Table 1).

In non-lesioned animals treated with L-DOPA (6 mg/kg/day, 11.6 ±
0.8 days), the spontaneousfiring dischargewas also increased compared
to drug-naïve non-lesioned controls (+27%; 2.8 ± 0.3 Hz, n = 30;
Student's unpaired t-test, p = 0.009; Figs. 4A, C), and a trend was ob-
served for higher maximal firing frequencies (36.0 ± 2.5 Hz, n = 27;
Student's unpaired t-test, p = 0.06; Figs. 4D, F). Ta
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Discussion

In the current study, we used whole-cell patch-clamp recordings
to study the intrinsic electrophysiological properties of immunohis-
tochemically identified serotoninergic DRN neurons in adult mice
and compared them with those recorded in mice that had received
an intrastriatal injection of 6-OHDA to generate a unilateral Parkinson
model. In addition, we explored the effects of L-DOPA treatment on
the electrophysiological characteristics in serotoninergic DRN neu-
rons, both in control and 6-OHDA-treated mice. Our data show that
severe unilateral DA lesions (i.e. ca.70% striatal DA fiber loss) were
sufficient to induce significantly higher spontaneous and maximal in
vitro firing rates in serotoninergic DRN neurons compared to those
from control mice. These data are in accordance with some but not
all in vivo studies, which have shown significant increases in firing
frequencies of putative DRN serotonin neurons after 6-OHDA (Chu
et al., 2004; Guiard et al., 2008; Wang et al., 2009; Zhang et al.,
2007). Interestingly, Wang and colleagues showed a significant in-
crease of 35% in DRN serotonin neurons in vivo in rats from 2.0 Hz
in normal controls to 2.7 Hz in 6-OHDA lesioned animals, which can
be compared to our in vitro data showing a 18% increase from
2.2 Hz in normal controls to 2.6 Hz in 6-OHDA lesioned mice (Wang
et al., 2009). The discrepancy with significantly decreased firing
seen by Guiard and colleagues may be explained by the waiting
time between the 6-OHDA injection and the recordings. Guiard et
al. recorded the cells 10 days following the toxic injection, while in
the current study and the in vivo study by Wang and colleagues
recorded the cells around 21–28 days and after 3 weeks, respectively
(Guiard et al., 2008; Wang et al., 2009).

Our in vitro data set indicates that at least a component of the in-
creased firing of serotonin DRN neurons is mediated by changes in

intrinsic excitability. In vivo data have also identified a more bursty fir-
ing pattern in serotoninergic DRN neurons after the DA degeneration.
As burst firing does only occur in the intact brain, triggered by synaptic
inputs,we could not study these types of changes infiring pattern in our
in vitro study of synaptically isolated (from non-NMDA glutamate and
GABAA, but not 5-HT1A autoreceptor) serotonin DRN neurons. We
however identified an increased variability within the interspike inter-
val distribution after 6-OHDA lesion, which was quantified as the coef-
ficient of variation (CV). Increased CV is often related to enhanced
burstiness in in vivo recordings, and has indeed been reported by
Wang et al. (2009). Althoughwe have not yet identified the biophysical
mechanisms responsible for the increased pacemaker frequency in se-
rotonin DRN neurons post 6-OHDA lesions, altered DA neurotransmis-
sion on the serotonin system is a likely candidate. First the midbrain
receives one of the densest serotonin projections from the DRN in ro-
dents as well as non-human primates (Mackay et al., 1978; Moukhles
et al., 1997). Second, direct and dense DA fibers projecting back from
the SN and VTA to the DRN has been demonstrated using retrograde
tracing techniques (Kalén et al., 1988; Kitahama et al., 2000; Peyron et
al., 1995). In addition, studies reported D2-like receptor expression on
the brainstem serotonin neurons, indicating a direct action of DA on
the serotonin DRN neurons (Haj-Dahmane, 2001; Mansour et al.,
1990). As activation of D2 receptors on serotonin DRN neurons induces
membrane depolarization and increased excitability (Haj-Dahmane,
2001), chronic post-lesion DA depletion might induce a compensatory
increase in intrinsic excitability as a form of homeostatic plasticity. It
will be interesting to compare D2-receptor mediated responses in
serotonin DRN neurons from control and 6-OHDA lesioned animals.
However, the changes in intrinsic excitability might be caused by
more indirect changes in the neuronal network, induced by striatal DA
depletion.
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The noradrenaline (NA) networkmay be one system that could in-
fluence the firing properties of the serotonin neurons. It has been
demonstrated that the adrenergic agonist phenylephrine can elicit
the clocklike firing pattern in serotonin neurons in the DRN
(Vandermaelen and Aghajanian, 1983; Kirby et al., 2003). Moreover,
6-OHDA lesions have been shown to affect the NA system (Uretsky
& Iversen, 1969). In our study, substantial damage of NA fibers
or cells is unlikely, as we used the reuptake inhibitor desipramine.
Nevertheless, significant increases in NA concentration have been
detected in the striatum, but not in the prefrontal cortex, at 3 to
7 weeks post bilateral intrastriatal, and unilateral medial forebrain
bundle (MFB) 6-OHDA lesions (Eskow Jaunarajs et al., 2010;
Tadaiesky et al., 2008). In addition, 6-OHDA injections in neonatal
rats led to an increase in NA in the raphe nucleus in adulthood
(3-months old rats; Molina-Holgado et al., 1993). The studies indicate
that enhanced NA signaling might be also present in our model fol-
lowing 6-OHDA lesions and – if so – might influence serotonin DRN
firing. However, the noradrenergic system is completely disconnected
from the raphe in the coronal in vitro slices used in our study, and
thus can be effectively ruled out for causing the observed increases
in firing of serotonin DRN neurons post lesion.

It is also possible that the serotonin system was affected in the
6-OHDA model, and it is important to stress that the serotonin system
is also significantly affected in PD, with loss of serotonin neurons in
the DRN and fibers in the caudate-putamen aswell as neurotransmitter
(Kish et al., 2008; Kovac et al., 2003). A significant reduction in 5-HT1A
receptor binding sites has also been reported inMPTP-intoxicatedmon-
keys, and PD patients (Doder et al., 2003; Frechilla et al., 2001). In addi-
tion to the soma and pre-synaptic localized 5-HT1A autoreceptors, a
decrease in the postsynaptic 5-HT1A receptors, with high abundance

in prefrontal cortex, which through a longer negative feedback loop
leading to increased activity in the DRN neurons, may contribute to al-
tered excitability of serotonin DRN neurons reported in this study.
Again, a direct assessment of 5-HT1A autoreceptor signaling in serotonin
DRN neurons from control and 6-OHDA lesioned mice would be useful
in follow-up studies.

Interestingly, serotonin neurons in medial and DRN have been dem-
onstrated to have differences in some electrophysiological properties
(Beck et al., 2004; Calizo et. al., 2011). This has also been observed
among different serotonin neuron subfields in the DRN (Calizo et al.,
2011). Calizo and colleagues showed differences in properties like Rest-
ing membrane potential, AHP and responses to a 5-HT receptor agonist
(5-CT) in particular between the lateral wings and more dorsomedial
subfields of the DRN (Calizo et al., 2011). It is likely however that the lo-
cation of the cells plays a minor role in our data set, as our recorded cells
were placed in the dorsomedial DRN, and not in the lateral wings (see
Figs. 2F–H). Moreover, in previous studies, large proportion of the
recorded DRN cells was serotonin-negative, as well as not-spontaneous
active (Calizo et al., 2011; Kirby et al., 2003). We did not observe too
many serotonin-negative cells (N88% of serotonin-positive neurons) in
our study, which may be due to our selection of recordings from only
spontaneous firing cells. We used spontaneous firing cells as inclusion
criteria, as the hallmark in vivo characteristics of serotonin neurons are
the 1–5 Hz regular pacemaker activity (Aghajanian and Vandermaelen,
1982). Under in vitro recording conditions both spontaneously active
and electrically silent serotonin DRN neurons are encountered (Becks
et al., 2004; Brambilla et al., 2007; Jolas et al., 2000; Kirby et al., 2003;
Pan et al., 1990), and a selective focus on only active cells might bias
the results (Kirby et al., 2003). However, under our recording conditions
including the inhibition of GABAA receptors, almost all identified
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serotonin DRN neurons were spontaneously active. This functional ho-
mogeneity of synaptically isolated serotonin DRN neurons helped to re-
veal the changes in intrinsic excitability observed in this population after
6-OHDA lesions.

Anothermainfinding of our studywas that chronic L-DOPA treatment
subsequent to the 6-OHDA lesion did not reverse the hyperexcitable phe-
notype of serotonin DRN neurons. This persistent hyperexcitability of se-
rotonin DRN neurons might be a novel mechanism that contributes to
the important role of the serotonin system in L-DOPA-induced dyskine-
sia. Both an increase in serotonin neuron firing discharge following DA
depletion alone, and L-DOPA not reversing this phenomenon, may have
an important impact on this treatment-induced side effect. It is known
that DA, derived from peripherally administered L-DOPA is, activity-
dependently, released from serotonin neurons in multiple brain regions,
including the nigrostriatal pathway (Navailles et al., 2010a). This
strengthens the facts that the serotonin system is the major player in
the development andmaintenance of L-DOPA-induced dyskinesias in ro-
dents and non-human primates (Bezard et al., 2013; Carta et al., 2007;
Munoz et al., 2008; Rylander et al., 2010). It is suggested that the inter-
mittent and pulsatile release of DA, causing high peaks of extracellular
DA, is associatedwith the development and expression of the dyskinesias
(de la Fuente-Fernandez et al., 2004; Olanow et al., 2006). Therefore, it is
feasible to believe that an increased firing of the DRN serotonin neurons,
following DA denervation of the nigrostriatal pathway, will lead to a
more rapid release of convertedDA (as compared toDA release in normal
firing cells), and in turn aggravated peaks of extracellular DA. At these
significant DA peaks, the expression of L-DOPA-induced dyskinesia is
likely to also be more severe. These more rapid peaks possibly are
resulting in further abnormal swings in extracellular DA content. In addi-
tion, as L-DOPA treatment cannot reverse the firing rate of these neurons,
the swing will remain supernormal and increase the risk of developing
dyskinesia. This is likely to be further aggravated by the indications that
the serotonin release from terminals is decreased after acute L-DOPA ad-
ministration (Navailles et al., 2010b),which in turndecreased serotonin1-
A autoreceptor stimulation, and that the serotonin neurons lack an
autoregulatory feedback via D2 receptors (that are found on the DA ter-
minals in the striatum) to control this DA release.

Similar to Lundblad et al. (2004), using the same intrastriatal lesion
model resulting in about 70% DA fiber denervation in the striatum, and
L-DOPA dose of 6 mg/kg, we indeed observed occasional expression of
L-DOPA-induced dyskinesia in the few animals thatwe tested for abnor-
mal involuntarymovement (AIMs)with low frequency (average sum of
limb, orolingual, and axial dyskinesias — scored every 20 min — 6.3 ±
2.3 AIM scores; n = 4). In our study, however, with the limited number
of mice and the low frequencies of dyskinesias, it was not suitable to
correlate these AIMs with the respective electrophysiological proper-
ties. It would nevertheless be of great interest, in a follow-up study, to
correlate in particular the firing properties of the serotonin neurons
with the animals' individual expression patterns and frequency of
L-DOPA-induced dyskinesias. To achieve this, higher doses of L-DOPA
in the partial 6-OHDA lesion model should be used here to induce
more severe AIMs, or to use the 6-OHDA MFB model of PD, which
shows more complete nigrostriatal DA denervation, and subsequently
more severe dyskinesias following chronic L-DOPA treatment (Lundblad
et al., 2004). When using the MFB lesion model in mice however one
needs to consider the very highmortality rates following the 6-OHDA in-
jection (Lundblad et al., 2004). In addition, significant lesions of the VTA,
which are also caused in the MFB model, might have distinct effects on
the serotonin DRN neuronal physiology (for review see Di Giovanni et
al., 2008).

In addition, L-DOPA treatment appears to induce its own type of
plastic changes of intrinsic electrophysiological properties in seroto-
nin DRN neurons as evident from the higher pacemaker frequencies
in neurons recorded from non-lesioned, but L-DOPA treated mice.
Here, it is further unlikely that NA plays the major role in the increase
in spontaneous firing, as L-DOPA treatment has shown not to affect

the NA levels in normal animals, and even normalizes the increase
seen after 6-OHDA lesions (Eskow Jaunarajs et al., 2010). Again, the
underlying biophysical mechanism of this L-DOPA induced plasticity
in serotonin DRN neurons needs to be identified in future studies.

In conclusion, our study identified novel plastic changes in intrin-
sic excitability of identified serotonin DRN neurons in response to
both striatal DA depletion and L-DOPA treatment. These changes in
excitability might contribute both to the PD and L-DOPA-induced dys-
kinesias as discussed above. The important next step would be the
identification of altered receptor and ion channel mechanisms that
cause the reported changes in excitability of serotonin DRN neurons,
first identified in this study.
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