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Abbreviations 
 
AI agranular insular 
ADL activities of daily living 
AP anteroposterior  
BDA  biotinylated dextran amine  
BDI Beck depression inventory 
c-Fos-ir c-Fos immunoreactivity  
Cg cingulate gyrus  
CMA cingulate motor area 
COX cytochrome C oxidase  
CPu caudate putamen 
CVLT California verbal learning test  
DA dopamine 
DAB 3,3-diaminobenzidine 
DBS deep brain stimulation 
DRN dorsal raphe nucleus 
DTI diffusing tensor imaging  
EP entepeduncular nucleus  
FST forced swim test 
GABA γ-aminobutyric acid 
GP globus pallidus 
GPe globus pallidus externus  
GPi globus pallidus internus 
HFS high frequency stimulation 
HRP horseradish peroxide  
IFC inferior frontal cortex  
IL infralimbic 
LED levodopa equivalent dose 
LFP local field potential  
LHb lateral habenula  
LSD least significant difference  
MC motor cortex 
MCS  motor cortex stimulation 
ML mediolateral 
MMSE mini mental state examination 
mPFC medial prefrontal cortex 
MSA multi system atrophy 
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MT motor time 
M1 lateral agranular cortex; primary motor cortex 
NAc nucleus accumbens 
NiCL2 nickel chloride  
PD Parkinson’s disease 
PHA-L leucoagglutinin 
PPN peduncular pontine nucleus 
PR premature responses  
PrL prelimbic 
PSTH peristimulus time histogram 
SD standard deviation 
SEM standard error of mean 
SMA supplementary motor area  
SN substantia nigra 
SNc substantia nigra compacta 
SNr substantia nigra reticulata 
STN subthalamic nucleus 
TBS tris-buffered saline 
TBS-T tris-buffered saline -Triton 
TMS transcranial magnetic stimulation 
TH tyrosine hydroxylase 
THir tyrosine hydroxylase immunoreactive 
UPDRS unified Parkinson’s disease rating scale 
VD ventrodorsal 
vmPFC ventromedial prefrontal cortex 
WGA-HRP wheat germ agglutinin-horseradish peroxidase 
5-HT 5-hydroxytryptamine; serotonin 
6-OHDA 6-hydroxy-dopamine 
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Parkinson’s disease 

Parkinson disease (PD) is a prevalent progressive neurodegenerative disorder with a 
major impact on the quality of life of patients and their families (Albin, et al., 1989, 
Wichmann and DeLong, 1996). In addition, due to the demographic changes the preva-
lence is increasing and leading to a larger socio-economic burden. In Europe 108 out of 
100.000 people suffer from PD (Virginia, 2008). The key motor symptoms are tremor, 
rigidity, bradykinesia and postural instability (Blandini, et al., 2000, Haegelen, et al., 
2009). Besides the motor symptoms, PD patients also suffer from non-motor symptoms 
such as cognitive impairments and mood changes. PD was recognized in 1817 when the 
British physician James Parkinson published his essay on the ‘shaking palsy (Parkinson, 
1817). Loss of neuromelanin-containing dopamine (DA) cells in the substantia nigra pars 
compacta (SNc) is one of the main neuropathological hallmarks of the disease with the 
presence of Lewy bodies. Lewy bodies are abnormal aggregates of alpha-synuclein fi-
brils inside neurons. In the early stages of the disease motor symptoms can be ade-
quately treated by DA replacement therapy, mainly by the dopamine precursor levodo-
pa (L-dopa). Unfortunately, the beneficial effects wear off progressively and are re-
placed by disabling side effects, such as ‘on-off’ fluctuations and L-dopa induced dyski-
nesias. 

The subthalamic nucleus 

The subthalamic nucleus (STN) plays an important role in the pathophysiology of PD. 
The STN was first described by Jules Bernard Luys in 1865, probably unaware of the 
description of the lentiform nucleus provided by Karl Friedrich Burdach more than 40 
years earlier. Luys named the nucleus “Bandelette accessoire des olives supérieur” in his 
first book entitled “Recherches sur le système cérébro-spinal, sa structure, ses fonctions 
et ses maladies” (Luys, 1865). In 1877, despite the incorrect denomination used by Luys, 
the STN was named by August Forel ‘corpus Luysii’, after its discoverer. In the current 
literature the STN is still often referred to as corpus Luysii (Hameleers, et al., 2006, 
Parent, 2002).  
 The STN is a spindle-shaped nucleus, located in the diencephalo-mesencephalic 
junction. It lies ventral to the thalamus and dorsolateral to the substantia nigra (SN) and 
lies within a hollow of the cerebral peduncle covered by a thin layer of fibers, the fields 
of Forel. The rat STN is considered to be an open nucleus, which means that the den-
drites of the STN neurons reach outside the boundaries of the STN, while in humans the 
nucleus is closed (except for the medial border). The STN distinguishes itself from all 
other, inhibitory, basal ganglia nuclei since it expresses the excitatory neurotransmitter 
glutamate (Smith and Parent, 1988). 
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STN neurons receive major input from the cortex and globus pallidus externus (GPe) 
and are under influence of the monoaminergic systems: fibers from the SNc, dorsal 
raphe nucleus (DRN) and the locus coeruleus (LC) make synaptic contact in the STN 
both pre- and post-synaptically releasing respectively DA, serotonin (5-HT) and nora-
drenalin (NA) (Boyajian, et al., 1987, Canteras, et al., 1990, Steinbusch, 1981). Within 
the cortico-basal ganglia thalamo-cortical circuit, the STN plays an important role in not 
only motor, but also in cognitive and limbic processes. Classically the STN is divided into 
three subregions: a motor, limbic and associative part (Hamani, et al., 2004, Temel, et 
al., 2005).  
 The STN neuronal firing properties have been studied in detail. STN neurons can 
express three different firing patterns: regular, irregular or bursty firing. Under normal 
conditions STN neurons show a mainly regular firing pattern around 20 Hz (Wichmann, 
et al., 1994). The discovery of the 1-methyl-4pheny-1.2.3.6-tetrahydropyridine (MPTP) 
non-human primate animal model of PD shed new light on the pathophysiological 
mechanisms of the disease. An important discovery was that in this animal model of PD 
the STN neurons were hyperactive and showed bursty firing properties (Bergman, et al., 
1994, Miller and DeLong, 1987), which was later also found in PD patients (Benazzouz, 
et al., 2002). 

The cortico-subthalamic pathway 

The classical model of the basal ganglia circuitry for motor control consists of the direct 
and indirect pathways (Albin, et al., 1989, Alexander and Crutcher, 1990). In this model 
cortical information enters the basal ganglia via the striatum and is processed via two 
separate pathways before the information is returned to the cortex via the thalamus. In 
physiological conditions, the indirect pathway is counterbalanced by the direct path-
way. The indirect pathway is a multisynaptic projection from the D2 projection neurons 
of the striatum to the output nuclei of the basal ganglia, which inhibits movements. The 
indirect pathway consists of an inhibitory projection from the D2 projection neurons of 
the striatum to the globus pallides externus (GPe), followed by an inhibitory projection 
from the GPe to the STN; and is completed by a glutamatergic projection from the STN 
to the globus pallidus internus (GPi) and substantia nigra pars reticulata (SNr). The di-
rect pathway is a monosynaptic inhibitory projection from the D1 projection neurons of 
the striatum to the basal ganglia output nuclei, SNr and GPi, which facilitates movement 
(DeLong, 1990). The theoretical model of the direct and indirect basal ganglia pathways 
has been widely used in the literature to explain the pathophysiology of movement 
disorders and to develop new therapeutic approaches for these disorders, such as PD 
(DeLong, 1990). Parkinsonian motor symptoms can be alleviated by both STN inactiva-
tion and ablation (Aziz, et al., 1991, Bergman, et al., 1990) and high frequency electrical 
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stimulation, rodent models of PD (Darbaky, et al., 2003), in MPTP-treated monkeys 
(Benazzouz, et al., 1996, Benazzouz, et al., 1993) and in Parkinsonian patients (Krack, et 
al., 2003, Limousin, et al., 1995). 
 During the last decade, another pathway within the cortico-basal ganglia infor-
mation flow regained more interest: the monosynaptic cortico-subthalamic pathway, 
also known as the ‘hyperdirect’ pathway (Nambu, et al., 2002). The functional role of 
this pathway in movement control was reintroduced in a theoretical model of the basal 
ganglia circuitry in which, in contrast to the classical model, three pathways were de-
scribed, namely the direct, indirect and the ‘hyperdirect’ pathway (Nambu, et al., 2002). 
Thus the classical concept is changed; there are two main input structures of the basal 
ganglia: striatum and STN. Several anatomical and electrophysiological studies have 
been performed on the monosynaptic cortico-subthalamic (‘hyperdirect’) pathway, but 
its functional role within the cortico-basal ganglia-thalamocortical circuit is still poorly 
understood: what is its role in movement control? Is the cortico-subthalamic pathway 
signaling altered in movement disorders?  
 The cortico-basal ganglia-thalamo-cortical circuit does not only play an important 
role in the control of movements, but is also involved in cognitive and limbic processes. 
Currently, two major theories for cortico-basal ganglia information processing for mo-
tor, associative and limbic information exist. The first supports a parallel flow of motor, 
associative and limbic information through the cortico-basal ganglia circuits (Alexander 
and Crutcher, 1990, Alexander, et al., 1986, Groenewegen and Berendse, 1990, 
Volkmann, et al., 2010) and the second supports convergence of these pathways (Per-
cheron and Filion, 1991, Percheron, et al., 1984), while others consider parallel path-
ways with interaction between them (Joel and Weiner, 1994). In the literature these 
two theories are still under debate. In the same way, the question whether the mon-
osynaptic cortico-subthalamic pathways are organized in a strictly parallel or conver-
gent manner is still not clearly answered. 

Deep brain stimulation  

Motor disturbances in MPTP treated non-human primates have been shown to be alle-
viated by both pharmacological inactivation and ablation of the STN (Aziz, et al., 1991, 
Bergman, et al., 1990). Later, these lesions were replaced by high frequency electrical 
stimulation of the STN (Benazzouz, et al., 1996, Benazzouz, et al., 1993). Shortly after 
the promising results in the MPTP-treated primates, Benabid and coworkers performed 
the first STN deep brain stimulation (DBS) in a PD patient (Pollak, et al., 1993). Since the 
introduction of STN DBS in 1993, this therapy has proven to be effective on the short 
and long term for the cardinal motor symptoms in patients with advanced PD (Krack, et 
al., 2003, Limousin, et al., 1995, Visser-Vandewalle, et al., 2005). Therefore STN DBS 
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currently is the first surgical therapy of choice for PD patients who became unrespon-
sive to conservative therapy or suffer from L-dopa induced side effects. In advanced 
stages of PD gait problems occur, which leads to frequent falls. Current STN DBS treat-
ment has no effect on these axial motor symptoms. 

Current problem 

Unfortunately, STN DBS has not only positive effects on the motor symptoms, but also 
affects mood and cognition in a substantial number of patients (Berney, et al., 2002, 
Piasecki and Jefferson, 2004, Saint-Cyr, et al., 2000, Smeding, et al., 2006, Temel, et al., 
2006, Witt, et al., 2008). These unwanted psychiatric side effects may overshadow the 
positive effects on the motor symptoms and become a major burden for both the pa-
tient and relatives. The challenge is to obtain good therapeutic effects and to prevent 
the occurrence of undesired psychiatric side effects. The undesired psychiatric side 
effects are thought to be caused by stimulation of the non-motor parts of the STN 
(Temel, et al., 2005). These psychiatric effects are associated with alterations in the 
serotonergic system, since high frequency stimulation (HFS) of the STN inhibited dorsal 
raphe nucleus (DRN) neuronal firing and a reduced release of serotonin (5-
hydroxytryptamine, 5-HT) in the rat (Navailles, et al., 2010, Tan, et al., 2010, Temel, et 
al., 2007). Another challenge is to treat the axial motor symptoms.  

Aim of the present study 

In this thesis we test the feasibility of reducing psychiatric side effects of STN DBS. 
Therefore, we conducted a set of experimental and clinical studies to investigate the 
mechanisms of how STN stimulation can be improved. 
 In chapter 1 we give insight to the reader about the outcome of STN DBS on the 
long term on motor disabilities and neuropsychological outcome in our own series. In 
chapter 2 we show that STN can produce psychiatric side effects. In this study we show 
also underlying functional neuroanatomical mechanisms for these side effects. In chap-
ter 3 we present the results of a systematic review on the motor and non-motor territo-
ries of the STN and its connections. In chapter 4 we investigate how functional the non-
motor connections of the STN are, utilizing animal models. In chapter 5 we challenged 
the hypothesis that motor and non-motor STN subterritories are separated. We provide 
evidence that motor and non-motor processes are incorporated in the STN. In chapter 6 
and 7 we attempt to perform selective targeting of the motor STN using the information 
obtained in previous chapters. Next, in chapter 8, we tested a novel technique to assess 
gait in a bilateral 6-OHDA model of PD. Eventually, in chapter 9 we questioned the rele-
vance of STN burst activity in relation to motor and non-motor symptoms and ad-
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dressed this question in an experimental study. Finally we provide an overall discussion 
on what has been learned thus far on the motor and non-motor functions of the STN 
and what the next steps should be. 
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Abstract 

 Background: Since the introduction of STN DBS many clinical studies have shown 
that this therapy is safe and effective on short- and mid-term. Only little is known about 
the long term follow-up.  
 Objectives: Analysis of motor and cognitive outcome during 10 years follow-up 
after STN DBS.  
 Methods: In this observational cohort study, we report on the motor and cognitive 
outcome in a cohort of 26 PD patients, who were prospectively followed up to 10 years 
after STN DBS surgery. 
 Results: In the early post-operative phase improvement on the UPDRS III (10.6, 
p<0.01) and IV (2.5, p<0.01) was seen and a 32% reduction in LED (p<0.01). After five 
years a worsening of the motor performance was observed. The worsening in motor 
performance was mainly due to a deterioration of bradykinesia (12.4±4.6, p<0.05) and 
axial symptoms (6.9±2.8, p<0.01). Memory function seemed to improve on short term, 
but there was a significant decline between 1 and 5 years after surgery (p<0.01). The 
course of mood remained relatively stable during follow-up and one third of the pa-
tients showed impulsive behavior after surgery.  
 Conclusions: The motor performance of patients showed deterioration in time, due 
to an increase in bradykinetic and axial symptoms. 
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Introduction 

The introduction of subthalamic nucleus deep brain stimulation (STN DBS) for Parkin-
son’s disease (PD) was a major step forward in the treatment of patients in the ad-
vanced stage of the disease (Benabid, et al., 1994). Since the introduction of STN DBS in 
1993 many clinical studies have shown that this therapy is safe and effective (Deuschl, 
et al., 2006, Romito, et al., 2002) during a four to eight year follow up (Fasano, et al., 
2010, Gervais-Bernard, et al., 2009, Krack, et al., 2003, Rodriguez-Oroz, et al., 2004, 
Schupbach, et al., 2005, Visser-Vandewalle, et al., 2005). However, from the studies 
with a longer follow-up we have learned that the motor benefit slowly wears off be-
cause of disease progression with axial and non-motor symptoms, which do respond 
sufficiently to dopaminergic medication and stimulation. Only few studies reported a 
long term follow-up with data up to ten years after surgery (Castrioto, et al., 2011, Fas-
ano, et al., 2010, Zangaglia, et al., 2012, Zibetti, et al., 2011). Their results indicated a 
persistent effect of stimulation on the core motor symptoms but an increase in disabil-
ity and cognitive impairment due to disease progression. Given the impact of disease 
progression on outcome, STN DBS is more and more considered in patients with early 
motor complications as a combined treatment with levodopa (Schuepbach, et al., 
2013). We started our STN DBS program for PD patients in 1999. In this observational 
cohort study, we report on the motor and cognitive outcome in a cohort of 26 PD pa-
tients, who were prospectively followed up to 10 years after STN DBS surgery. 

Material and Methods 

Patient population 
Between 1999 and 2003 patients with the clinical findings consistent with idiopathic PD 
and who suffered from severe response fluctuations and/or dyskinesias, despite optimal 
drug treatment, were selected for STN DBS surgery. Patients suffering from severe psy-
chiatric co-morbidities and cognitive decline, e.g. psychosis and dementia, were exclud-
ed. Other exclusion criteria were a Hoehn and Yahr stage of five at the best moment of 
the day, and general contraindications for surgery such as severe hypertension or blood 
coagulation disorders. For more details of the in- and exclusion criteria, see previous 
publications (Kocabicak and Temel, 2013, Temel, et al., 2007). 

Surgery 
The stereotactic procedure was performed under local anesthesia. A stereotactic frame 
(CRW, Radionics, or Leksell G, Elekta) was fixed on the skull of the patient. A CT-scan of 
the head with frame was fused with a pre-operative MRI (1 mm axial T1W, and 2mm 
T2W images) using NeuroPlan (Radionics, Ghent, Belgium) and laterthe FrameLinkTM 
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software (Medtronic, Minneapolis, USA). The target was defined on the fused CT-MRI 
images by using the combination of atlas-based indirect coordinates (11-12 mm lateral 
to the AC–PC line, 2 mm posterior to the mid-commissural point, and 4 mm inferior to 
the intercommissural line) and MR-based direct targeting. Electrophysiologic recordings 
were performed in 1 mm steps from 10 mm above target, and in 0.5 mm steps from 5 
mm above target, until typical nigral activity was seen. Then, test stimulation was per-
formed. After determining the final optimal target for stimulation, a permanent quadri-
polar DBS macroelectrode was implanted with pole 1 at the determined optimal posi-
tion within the STN (Medtronic, Minneapolis, USA, model 3389). Two to four days later, 
the internalisation session took place and the internal pulse generator (Kinetra and later 
Activa PC, Medtronic, Minneapolis, USA) was implanted. For more details of the surgical 
procedure, see previous publications (Kocabicak and Temel, 2013, Temel, et al., 2007). 

Clinical evaluation 
Patients were evaluated pre-operatively and at 3 months, 1 year, 5 years and 10 years 
after surgery. Post-surgical testing was conducted whilst the patients were ON medica-
tion and ON stimulation with DBS parameters that were individually optimized. Non-
motor and motor activities of daily living (ADL) were evaluated using respectively Uni-
fied Parkinson’s Disease Rating Scale (UPDRS) I and II. The motor performance was as-
sessed by the UPDRS III. UPDRS III subscores were calculated for tremor, rigidity, brady-
kinesia and axial symptoms. The levodopa challenge on UPDRS III was calculated (Es-
selink, et al., 2004). Medication intake was defined by the levodopa equivalent dose 
(LED) (Esselink, et al., 2004). Cognition was evaluated using a battery with standardized 
tests assessing executive function, memory and global cognition. For the present study 
the following executive tests were included: the Stroop Color Word Test and the Con-
trolled Oral Word Association Test including semantic fluency (animals and professions) 
and letter fluency (N, A, K). For memory, the California Verbal Learning Test (CVLT) was 
used and for global cognition, the Mini Mental State Examination (MMSE). See for all 
tests Lezak et al (Lezak, et al., 2004). The existence and severity of depressive symptoms 
were assessed through the Dutch version of the Beck Depression Inventory (2nd edi-
tion) (Beck, et al., 1996). Behavioral changes reported by patients or family were col-
lected and documented. Patients gave consent for anonymous use of the collected 
data. 

Data analysis 
First, baseline characteristics were compared between patients who completed the 
total follow-up (n=12) and those lost during the 10 year follow-up (n=14) using an inde-
pendent samples t-test. A p-value of less than 0.05 was considered to be statistically 
significant. Non-parametric tests were used for the continuous variables. Given the 
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small sample sizes of the variables, the exact Friedman’s test for multiple comparisons 
was used to evaluate the course, with planned (between two consecutive points in 
time) exact Wilcoxon sign rank tests in case of significant effects. A p-value of less than 
0.05 was considered to be statistically significant. No Bonferroni correction was applied 
to preserve statistical power and to reduce the risk of type II error. All statistical anal-
yses were conducted using the Statistical Package for the Social Sciences version 21.0 
software (SPSS Inc, Chicago, Illinois, USA). 

Results 

We operated on twenty-seven patients more than 10 years ago. One patient was ex-
cluded in the analyses since the diagnosis was postoperatively revised to multi system 
atrophy (MSA). Twelve patients completed the 10 year follow-up, but only 10 were able 
to perform the cognitive test battery (see Table 1 for baseline patient characteristics). 
Three patients died before the 5-year follow-up was reached and four were lost to fol-
low-up due to moving to another part of the country, problems to travel to the hospital 
because of severe deterioration or co-morbidity. Another 7 patients died before the 10-
year follow-up was reached. At baseline, patients who completed the total follow-up 
were younger than those who did not, respectively 54 (±5.8) and 60 (±6.2) years old, (F 
0.158, p=0.02). No differences were found for gender, disease duration, UPDRS III (levo-
dopa challenge), side of onset, year of operation, cognitive function and education 
level. 
 
Table 1: Baseline characteristics of the patients 

Gender Description of the baseline characteristics for patients 
who completed the 10 year follow-up compared to 
patients who did not. Note that only age at time of 
surgery was significantly lower in patients who com-
pleted the 10 year follow-up. Values are expressed as 
means±SD.  *p<0.05 

Male 18 

Female 8 

Age at surgery (years) 

Mean±SD 58.0±6.9 

Range 43−70 

Disease duration (years) 

Mean±SD 12.7±5.1 

Range 1−20 

Follow-up (months) 

Mean±SD 89.6±40.6 

Range 14−137 
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Activities of daily living (ADL)  
The course of the ADL is shown in table 2. Initially the UPDRS-II score improved after 
surgery. After 5 years however, there was a decrease in ADL function as indicated by an 
increase of the UPDRS-II score at 5 and 10 years after surgery. The level of functioning 
after 10 years with DBS and medication became at the level of the preoperative medi-
cation OFF score.  
 

 
Fig. 1. UPDRS (sub-)scores and LED changes over time. Patients were scored postoperatively with stimulation 
and medication ON. In the graph means are plotted with an error bar representing the standard deviation. 
Baseline values plotted are with medication ON. (A) Postoperatively, UPDRS values initially improved. After 5 
years, UPDRS III scores are at the same level as baseline and further increases at 10 years follow-up. (B) The 
increase in UPDRS III score was mainly due to an increase of bradykinesia and axial symptoms. (C) A sustained 
reduction in LED was seen after surgery. * p<0.05 compared to baseline; ** p<0.01 compared to baseline. 
UPDRS = Unified Parkinson Disease Rating Scale; LED = Levodopa Equivalent Dose. 

Motor outcome 
The UPDRS III score showed a clear reduction shortly after surgery. From 1 year postop-
eratively till 10 year, a gradual increase in the part III score was observed, mainly due to 
a substantial increase in bradykinesia subscores and axial symptoms subscores. The 
differences of the UPDRS III between 1 and 5 years and 5 and 10 years were significantly 
higher for the axial and bradykinesia subscores than rigidity and tremor (p<0.05). Never-
theless, the part III score with stimulation and medication was still better preoperative 
medication OFF score (p<0.05).  
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The LED was reduced immediately after surgery with 32% and at one year follow-up 
with 42% compared to baseline and this LED reduction sustained until 10 years of fol-
low-up (see table 2). The improvement in the part IV score remained stable over the 
years, in line with the LED reduction. 
 
Table 2: Outcome scores on the UPDRS and medication 

baseline 3 months  1 year  5 years  10 years  

  ON med OFF med  

UPDRS I  1.8±1.5  2.7±2.2  1.3±1.2†  1.4±1.4  3.1±1.3##**  4.2±1.8## 

UPDRS II 11.3±6.9 21.6±6.8  7.9±4.1‡  8.6±5.2#‡ 14.3±5.4#‡** 20.4±6.1##** 

UPDRS III 21.2±12.7 40.3±13.8 10.6±8.2##‡ 13.0±6.4#‡ 21.7±8.2‡* 28.7±6.5†** 

Tremor  1.1±2.0  4.0±4.3   .5±1.2   .8±1.5   .9±1.2   .6±1.0 

Rigidity  5.1±4.0  8.4±5.3  2.5±2.3  1.9±2.9  2.4±1.5  2.6±2.0 

Bradykinesia ±7.5±5.9 16.4±5.8  4.6±4.4#‡  4.7±4.2#‡ 10.8±4.4†** 12.4±4.6#†* 

Axial  3.2±2.1  7.4±2.8  2.1±1.5#‡  2.0±1.3‡  3.6±2.5†*  6.9±2.8##** 

UPDRS IV  7.2±3.8  6.7±4.2  2.5±2.6##†  1.5±1.9##†  2.4±2.0##†  2.3±1.8## 

LED .824±479 .539±298## .490±298## .636±304 .562±314 

n=26 n=26 n=26 n=18 n=12 

UPDRS (sub-)scores and LED are shown. Patients were scored postoperatively with stimulation and medica-
tion ON. Values are expressed as means±SD. #p<0.05 compared to baseline ON medication; ## p<0.01 com-
pared to baseline ON medica on; † p<0.05 compared to baseline OFF medica on; ‡ p<0.01 compared to 
baseline OFF medication; * p<0.05 compared to timepoint before; ** p<0.01 compared to timepoint before. 
UPDRS = Unified Parkinson Disease Rating Scale; LED = Levodopa Equivalent Dose 

Cognitive outcome, mood and behavior. 
The course of the cognitive variables is shown in table 3 with significant differences 
between the respective time points for the time on card III of the Stroop Color-Word 
Test, verbal memory and verbal fluency. Post hoc Wilcoxon signed ranks tests between 
consecutive points in time of the time on the Stroop test and verbal fluency showed a 
decrease after surgery, in particular between 1 and 5 years after surgery. Memory 
scores showed an increase until 1 year after surgery. However, from 1 to 5 years after 
surgery, scores on both learning and free recall showed a decrease with further de-
crease of learning between 5 and 10 years. The MMSE and Beck Depression Inventory 
(BDI) scores showed a relatively stable course during ten years after surgery.  
 Based on the interviews during follow-up, 9 of the 26 (35%) patients showed im-
pulsive behavior. Post hoc analyses showed no significant differences between pre-
operative characteristics of those with and without postoperative impulsivity. There was 
however a trend for younger age (p=0.06) in the patients with impulsivity at follow-up. 
No significant correlations were found between the presence of postoperatively impul-
sivity and performance on the Stroop test. Adjustment of parameter settings and/or 
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reducing medication was helpful in most cases. Two patients showed postoperative 
apathy, with one patients also showing cognitive deterioration. Two patients had de-
pressive episodes, one of them improved after adjustment of the parameters.  
 
Table 3: Cognitive outcome and mood 

baseline 3 months  1 year  5 years  10 years  

  Score Score Score Score Score 

Stroop Color-Word (time) 113.4±32.5 .121±41.9 130.7±38.2* 151.6±69.1** 172.9±81.8* 

Stroop Color-Word (error) 000.8±1.8 00.9±1.3 001.3±2.4 002.9±8.8 001.4±2.1 

CVLT total learned trial1-5  047.8±10.7 48.8±9.3 052.7±10.8** 044.9±13** 039.6±13.9* 

CVLT free Long term recall  009.7±3.1 10.8±3.3* 0.011±3.3 007.9±4.8** 008.1±5.1 

fluency categories total 037.6±11.3 34.5±9.11* 035.7±12.2 030.1±11.1** 025.4±11.7* 

fluency letters totaal 036.5±13.1 34.9±10.8 034.7±11.2 026.9±15* 025.4±14.7* 

MMSE  028.2±3.3 28.3±1.8 028.6±1.9 026.2±3.9 025.4±5.2 

BDI-II 011.2±7.4 06.7±6.8 007.3±6.5 008.8±5.6 008.5±6.6 

n=26 n=26 n=26 n=14 n=8-10 

Cognitive outcome and mood are presented. Patients were scored with medication ON and stimulation ON. 
Values are expressed as means±SD. * p<0.05 compared to timepoint before; ** p<0.01 compared to 
timepoint before. CVLT = California Verbal Learning Test: MMSE = Mini Mental State Examination; BDI = Beck 
Depression Inventory 

Stimulation parameters 
At three months of follow-up the mean voltage, pulse width and frequency used were 
respectively for the left and right side 1.7 and 1.8 V, 84 and 89µs and 146 Hz. The mean 
voltage increased during follow-up up to respectively 3.2 and 3.7 V at 10 years follow-
up. The pulse width and the frequency remained stable (see table 4). 
 
Table 4: Stimulation parameters 

 3 months follow-up 1 year follow-up 5 years follow-up 10 years follow-up 

 Left Right  Left Right  Left Right  Left Right 

Voltage 1.7±0.8 1.8±0.9 2.7±1.1** 2.8±1.1* 3.2±1.1* 3.6±1.0** 3.2±1.5 3.7±1.3 

Pulse 
widthW 0.4±23 .89±25 .86±27 .89±25 .97±23 .94±17 .85±17 .95±21 

Frequency  146±42  152±42  166±23  157±26 

Stimulation parameters. Values are expressed as means±SD. * p<0.05 compared to timepoint before; ** 
p<0.01 compared to timepoint before. 
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Discussion 

In the early post-operative phase (3 months, 1 year) a strong improvement of the motor 
scores on the UPDRS III and IV and LED reduction was found. However, after five years a 
gradual worsening of the motor performance was observed, most probably due to dis-
ease progression. At ten years follow-up the UPDRS III scores were slightly worse than 
the pre-operative medication ON condition, but still better than the pre-operative med-
ication OFF condition. The worsening in motor performance was almost exclusively due 
to a deterioration of bradykinesia and axial symptoms. In line with this, we found an 
increase in the UPDRS II score over time after an improvement in early post-operative 
phase (3 months, 1 year). These results are in line with earlier reports (Castrioto, et al., 
2011, Krack, et al., 2003, Rodriguez-Oroz, et al., 2004, Zibetti, et al., 2011). 
 We have observed a considerable increase in the stimulation amplitudes over time. 
This has potentially two reasons. First, to counteract the worsening of the motor per-
formance or second due to mild gliosis, which occurs along the electrode trajectory. In 
the patients of this study, depression scores did not change over time. It is still unclear 
why in some patient mood-related changes were observed after STN DBS (Voon, et al., 
2008) and in others not (Castelli, et al., 2006). One third of the patients showed impul-
sive behavior after surgery, which appeared not to be related to response inhibition as 
assessed with the Stroop test. So far, however, no single cognitive test is available to 
capture the multifaceted construct of impulsivity (Sinha, et al., 2013).  
 Whereas our results seem to support the finding that STN-DBS cannot prevent 
cognitive decline along the course of the disease, DBS might be not as safe as suggested 
from a cognitive-behavioral standpoint (Zangaglia, et al., 2012). Although we did not 
find an association between reported behavioral changes and cognitive tests, there is 
evidence for an intervention related decrease in impulse control either by the surgical 
procedure and/or chronic stimulation. Especially younger patients seemed to be at risk 
of impulsive behavior, which is in line with earlier findings (Broen, et al., 2011). A de-
crease in performance on executive tests, on the other hand, seems to be associated 
with higher age and an advanced stage of the disease (Daniels, et al., 2010). Perhaps 
impulsive behavior is the result of a stimulation-induced combination of overestimation, 
increased risk taking and preference for competitive environments (Florin, et al., 2013). 
Therefore, optimization of the targeting of the motor part of the STN and preventing 
stimulation of the limbic and associative parts of the STN might help to reduce stimula-
tion induced behavioral side effects (Janssen, et al., 2012, Maks, et al., 2009).  
 Today, neurologists encounter PD patients in their outpatient clinic in whom DBS 
was started 5 to 10 years ago. The long term combined treatment with oral drugs is not 
sufficient anymore in most cases and quality of life in these patients is reduced. Patients 
have a high risk of falling due to increased axial motor disturbances. The field is search-
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ing for therapies to specifically treat these symptoms. Surgically, DBS of the peduncular 
pontine nucleus (PPN) has been experimentally applied, thus far without convincing 
efficacy (Ferraye, et al., 2010, Stefani, et al., 2007). Also limited evidence is published on 
combined STN DBS and DBS of the substantia nigra pars reticulata (SNr) on gait. A small 
reduction in freezing of gait was found in patients who received both STN DBS and SNr 
DBS compared to STN DBS alone. The authors proposed that given the efferent mon-
osynaptic GABAergic transmission from SNr to the PPN, high-frequency stimulation at 
the level of SNr might attenuate an overinhibitory drive (Weiss, et al., 2013). The initial 
clinical response to STN DBS can be predicted by the response to levo-dopa therapy at 
the beginning of the disease. Axial symptoms do not respond well to dopamine re-
placement therapies. Therefore, these symptoms are not related to the degeneration of 
the substantia nigra (dopaminergic system), but are more likely related to the non-
dopaminergic, monoaminergic systems (nor-adrenaline and serotonin) (Lang and Obe-
so, 2004).  
 This study has several limitations. Although our sample size is comparable to earlier 
long-term reports, only a small sample was presented. Given the consistent findings so 
far, the present work adds to a clearer image of the long-term results of STN DBS. A 
major limitation but inevitable from an ethical point of view is the lack of a control 
group. Other limitations in this study are non-blinded assessments and that testing was 
only performed in ON medication and ON stimulation conditions. The last was due to 
the fact that the vast majority of patients refused to be repeatedly tested in OFF condi-
tions. Finally, we did not correct the level of significance for multiple comparisons. 
However, we preferred to accept a high probability of type I errors, since a high proba-
bility of type II errors might mask possible adverse effects of DBS therapy.  
 In conclusion, from this cohort of patients we have learned that deterioration is 
due to an increase in bradykinetic and axial symptoms. Nevertheless, the medication 
ON and stimulation ON motor score after 10 years is still better than the preoperative 
medication OFF score. Younger patients might be more at risk for impulsive behavior 
after surgery, but may benefit longer from DBS therapy than older patients. Since the 
efficacy of stimulation in earlier stages of disease has been proven to be effective 
(Schuepbach, et al., 2013), we think that STN DBS should be considered in patients with 
in early stages of disease as a combined treatment with levodopa. 
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Abstract 

High frequency stimulation (HFS) of the subthalamic nucleus (STN) is the neurosurgical 
therapy of choice for the management of motor deficits in patients with advanced Par-
kinson’s disease, but this treatment can elicit disabling mood changes. Our recent ex-
periments show that in rats, HFS of the STN both inhibits the firing of 5-HT (5-
hydroxytryptamine; serotonin) neurons in the dorsal raphe nucleus (DRN) and elicits 5-
HT-dependent behavioral effects. The neural circuitry underpinning these effects is 
unknown. Here we investigated in the dopamine-denervated rat the effect of bilateral 
HFS of the STN on markers of neuronal activity in the DRN as well as DRN input regions. 
Controls were sham-stimulated rats. HFS of the STN elicited changes in two 5-HT-
sensitive behavioral tests. Specifically, HFS increased immobility in the forced swim test 
and increased interaction in a social interaction task. HFS of the STN at the same stimu-
lation parameters, increased c-Fos immunoreactivity in the DRN, and decreased cyto-
chrome C oxidase activity in this region. The increase in c-Fos immunoreactivity oc-
curred in DRN neurons immunopositive for the GABA marker parvalbumin. HFS of the 
STN also increased the number of c-Fos immunoreactive cells in the lateral habenula 
nucleus, medial prefrontal cortex but not significantly in the substantia nigra. Collective-
ly, these findings support a role for circuitry involving DRN GABA neurons, as well as 
DRN afferents from the lateral habenula nucleus and medial prefrontal cortex, in the 
mood effects of HFS of the STN. 
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Introduction 

Currently, high frequency stimulation (HFS) of the subthalamic nucleus (STN) is the 
neurosurgical therapy of choice for treatment resistant patients with advanced Parkin-
son’s disease (PD). Randomized controlled trials have shown that HFS of the STN was 
superior over best medical treatment (Deuschl, et al., 2006, Weaver, et al., 2009, Wil-
liams, et al., 2010). Despite improving motor disability, in some patients HFS of the STN 
induces mood disorders such as depression and increased impulsivity (Berney, et al., 
2002, Houeto, et al., 2002, Temel, et al., 2006). In addition, evidence suggests that the 
risk of suicide and suicide attempts increases significantly (Soulas, et al., 2008, Voon, et 
al., 2008). These mood-related side-effects often mitigate the positive effects on motor 
symptoms and negatively influence the quality of life of patients and their families 
(Schrag, et al., 2000, Troster, et al., 2003).  
 Depression, impulsivity and suicide are associated with a dysfunctional 5-
hydroxytryptamine (5-HT; serotonin) system (Mann, 2003, Smith, et al., 1997). Recently 
we found that, in a rat model of PD, bilateral HFS of the STN inhibited the firing rate of 
5-HT neurons of the dorsal raphe nucleus (DRN) and induced 5-HTdependent changes 
in depressive-like behavior (Hartung, et al., 2011, Temel, et al., 2007). Furthermore, in 
microdialysis studies HFS of the STN was reported to decrease 5-HT release in the rat 
forebrain (Navailles, et al., 2010), and we have observed this effect in similar studies 
(Tan, et al., 2010). These findings support the idea that changes in mood induced by 
HFS of the STN are caused by reduced 5-HT function. 
 The neural circuitry underpinning the effect of HFS of the STN on 5-HT neurons is 
not known but likely involves indirect projections from the STN to the DRN. Thus, alt-
hough there is no direct projection from the STN to the DRN (Peyron, et al., 1998), pro-
jections from the STN target regions with major inputs to the DRN including the medial 
prefrontal cortex (mPFC), lateral habenula nucleus (LHb) and substantia nigra reticulata 
(SNr) and compacta (SNc) (Aghajanian and Wang, 1977, Hajos, et al., 1998, Jankowski 
and Sesack, 2004, Kirouac, et al., 2004, Varga, et al., 2001). γ-aminobutyric acid (GABA) 
neurons in the DRN may be a key part of the circuitry because they inhibit nearby 5-HT 
neurons (Liu, et al., 2000) and are selectively targeted by inputs from the mPFC and LHb 
(Hajos, et al., 1998, Varga, et al., 2003, Varga, et al., 2001). 
 The present study used molecular markers of neural activity to test the hypothesis 
that HFS of the STN alters the function of GABA neurons in DRN, as well as DRN input 
regions. The principle marker used was the activity-dependent immediate early gene c-
Fos, supplemented by measurements of the metabolic enzyme cytochrome C oxidase. 
Initial experiments established STN stimulation parameters that would evoke behavioral 
changes in 5-HT-dependent tests of emotionality. 



CHAPTER 2 

34 

Material and Methods 

Animals 
Male Lewis rats (280-320 g, Maastricht University) were housed individually under con-
ditions of constant temperature (20-22 °C) and humidity (60-70%) with a reversed 
light/dark cycle (lights on 17h-05h). Rats had access to water and food ad libitum. Ex-
periments were ethically reviewed and approved by the Animal Experimental Commit-
tee of Maastricht University.  

Experimental groups 
Rats were randomly assigned to one of three groups: i) neurosurgical sham-control 
without STN electrode implants (n = 6), ii) dopamine lesion without STN electrode im-
plants (n = 10) and iii) dopamine lesion with STN electrode implants (n = 12). 

Dopamine lesions and STN electrode implantation 
Rats were dopamine-denervated by bilateral intra-striatal injection of 6-hydroxy-
dopamine (6-OHDA). Rats were pretreated (1 h) with desipramine (20 mg/kg i.p.) prior 
to induction and maintenance of general anesthesia using a combination of ketamine 
(90 mg/kg i.p.) and xylazine (10 mg/kg i.p.), and placement in a stereotactic frame 
(Stoelting, Wood Dale, USA; model 51653). Either 6-OHDA (5 mg/ml 6-OHDA in 0.9% 
saline with 0.2% ascorbic acid) or vehicle (0.9% saline with 0.2% ascorbic acid) was in-
jected bilaterally (2 ml at 0.5 ml/min) in two striatal locations (coordinates according to 
bregma and skull surface AP þ0.7 mm, ML +/-2.8 mm, DV -5.0 mm and AP -0.4 mm, ML 
+/-3.4 mm, DV -5.0 mm; (Paxinos and Watson, 1998). Bipolar stimulating electrodes 
were then implanted bilaterally into the STN (AP -3.8 mm, ML +/-2.5 mm, DV -8.0 mm) 
and fixed in place using dental cement (Heraeus Kulzer, Germany) and skull screws, as 
described previously (Tan, et al., 2010). For animals in both neurosurgical sham-controls 
and dopamine lesion, electrodes were inserted bilaterally into the STN but then re-
moved before closing the skull. 

High frequency stimulation 
Rats were allowed a minimum of 3 weeks to recover from surgery before proceeding 
with stimulation and behavioral testing. Bipolar stimulation parameters (130 Hz, 60 ms, 
150 mA) were clinically relevant and previously shown in animal models to evoke 
changes in emotional and cognitive responses, and inhibit 5-HT neuronal activity (Tan, 
et al., 2010, Temel, et al., 2007, Temel, et al., 2005). Stimulation was delivered via a 
stimulus isolator (A360, World Precision Instruments) driven by a stimulus generator 
(World Precision Instrument, A310 Accupulser, Germany) connected to a digital oscillo-
scope (Agilent 54622D oscilloscope, Agilent Technologies, the Netherlands) to monitor 
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current output (Tan, et al., 2010, Temel, et al., 2004). Stimulation was delivered daily, 
either for the duration of the behavioral paradigm on testing days or for 30 min on non-
testing days. 

Forced swim test 
Rats were tested in the forced swim test (FST), which is a well validated model of de-
pressive-like behavior and sensitive to 5-HT manipulations (Cryan, et al., 2002). The FST 
was carried out using clear Perspex cylinders (height 50 cm x diameter 20 cm) filled with 
water (30 cm deep, 25 °C) and surrounded by black walls. On the pretest day, rats were 
placed individually in a water-filled cylinder for 15 min. This was repeated on the test 
day (24 h later) for 5 min, while stimulation was applied to rats with implanted elec-
trodes (Temel, et al., 2007). All sessions were videotaped and analyzed independently 
by two investigators. Immobility was defined as the time of no movement or minor 
movements whilst keeping the nose above the water (Van den Hove, et al., 2005). 

Social interaction 
Rats were also tested in a social interaction test in which increased social interaction is 
associated with decreased 5-HT levels (Collins, et al., 1979, Tonissaar, et al., 2008). The 
protocol was as previously described (File and Hyde, 1978) with modification (Kask, et 
al., 2001). In brief, two weight-matched rats with implanted STN electrodes were taken 
from their home cages and placed in a novel test environment (50 x 50 cm open field) 
for 5 min during which one of the two rats was stimulated. Sessions were recorded on 
video and analyzed off-line by two investigators who scored the time the stimulated rat 
spent sniffing, following and crawling under and over the non-stimulated rat.  

Histological and immunocytochemical staining 
Following the behavioral experiments, rats with STN electrodes were stimulated (30 
min) on one final occasion and sacrificed. Two hours after the last stimulation rats were 
perfused transcardially with Tyrode’s buffer (0.1 M) and fixative containing 4% para-
formaldehyde, 15% picric acid and 0.05% glutaraldehyde in 0.1M phosphate buffer (pH 
7.6) at 4 °C. Brains were then removed and post-fixed for 2 h at 4 °C prior to overnight 
immersion in 15% sucrose at 4 °C. Finally, brains were snap-frozen in solid carbon diox-
ide and stored at -80 °C before being sectioned serially (30 mm) using a cryostat. Sec-
tions were then kept at -80 °C before staining. 

Electrode localization 
Coronal sections containing the STN region and the electrode trajectory were mounted 
on gelatin-coated slides, and stained with a standard hematoxylin-eosin (Merck, Darm-
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stadt, Germany) histological procedure (Tan, et al., 2010) prior to evaluation of the 
location of the electrode tip. 

Tyrosine hydroxylase immunocytochemistry 
Dopaminergic lesions were verified by tyrosine hydroxylase (TH) immunocytochemistry. 
Sections containing the SNc were incubated overnight with the mouse anti-TH primary 
antibody (1:8000 dilution, kindly supplied by Dr. C. Cuello, Canada), washed with Tris-
buffered saline (TBS) and TBS-Triton X-100 (TBS-T), and then incubated with the sec-
ondary antibody (donkey anti-mouse biotin, 1:800 dilution, Jackson Immunoresearch 
Laboratories, West Grove, USA). This was followed by 2 h exposure to avidinbiotin-
peroxidase complex (Elite ABC kit, Vectastain; Vector Laboratories, Burlingame, USA), 
and the horseradish peroxidase complex was visualized using a 3,3-diaminobenzidine 
(DAB) solution. Brain sections were mounted on gelatin-coated slides, air-dried, dehy-
drated and cover-slipped using Pertex (Histolab Products ab, Göteborg, Sweden). TH-
positive cells in the SNc were counted using stereology (CAST-GRID-Computer Assisted 
Stereological Toolbox; Olympus, Hamburg, Germany). After delineating the SNc using 
microscopic video images, cell numbers were determined using an optical fractionator 
(Schmitz and Hof, 2005). The area of interest was analyzed in a systematic-random 
fashion as described previously (Temel, et al., 2006). 

c-Fos immunocytochemistry and double-labeling with parvalbumin 
Brain sections were processed for c-Fos immunocytochemistry. In brief, sections were 
incubated overnight with polyclonal rabbit anti-c-Fos primary antibody (1:10,000; Santa 
Cruz Biotechnology Inc, Santa Cruz, USA) and then, after washing, biotinylated donkey 
anti-rabbit secondary antibody (1:800; Jackson Immunoresearch Laboratories Inc., 
Westgrove, USA). Visualization of the HRP product was similar to that used for TH im-
munostaining except with nickel enhancement. A series of sections from STN stimulated 
rats were examined for double-labeling of c-Fos and parvalbumin, a calcium-binding 
protein expressed by a subpopulation of putative GABAergic neurons (Celio, 1990, Cha-
rara and Parent, 1998). These sections were incubated with the primary antibodies, 
rabbit anti-c-Fos (1:5000; Santa Cruz Biotechnology Inc, Santa Cruz, USA) and mouse 
antiparvalbumin (dilution 1:5000; Swant, Bellinzona, Switserland), for 2 days. After 
washing, sections were incubated with donkey antirabbit alexa 594 (1:200, Invitrogen, 
Breda, the Netherlands) and donkey anti-mouse alexa 488 (1:200, Invitrogen, Breda, the 
Netherlands). Sections were then washed, mounted on gelatincoated glasses and cover-
slipped with 80% glycerol in TBS. Stained sections were photographed (4x magnifica-
tion) using a camera (Olympus DP70) mounted on a bright-field microscope (Olympus 
AX70). Cells immunopositive for c-Fos were counted automatically (cell P program, 
Olympus) as described previously (Moers-Hornikx, et al., 2009). The mean number of 
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cells was corrected for surface area and expressed as cells/mm2. Fluorescent parval-
bumin/c-Fos double-labeled cells were visualized using a Disk Spinning Unit microscope 
(Olympus DSU BX51WI, Pennsylvania, USA). Typically, parvalbumin-positive cells had a 
green-stained cytoplasm with adjoining axon whereas c-Fos-positive cells had a deep 
red nuclear staining. Co-localization of these fluorescent signals in a single cell was eval-
uated using confocal imaging. 
 

 
Fig. 1. Effect of 6-OHDA lesions on TH expression in the SNc. TH immunocytochemistry of a control rat (A) and 
a 6-OHDA treated rat (B) (SNc = substantia nigra compacta; VTA = ventral tegmental area; scale 
bar = 500 μm). Grouped data for TH-positive neurons in the SNc presented in means ± s.e.m (C), *p < 0.05 
control versus non-stim and stim groups. Illustrative coronal section that shows the histological verification of 
the electrode location in the STN (CP = cerebral peduncle; STN = subthalamic nucleus; ZI = zona incerta; 
bar = 150 μm) (D). 

Cytochrome C oxidase histochemistry 
A series of brain sections were processed for cytochrome C oxidase (COX) histochemis-
try. COX activity was used as a marker of metabolic activity in the DRN. Tissue sections 
were mounted on gelatin-coated slides and air-dried overnight prior to incubation in a 
nickel enhanced 0.1 MHEPES solution (1% nickel chloride, pH 7.4) containing 0.0224% 
cytochrome C oxidase (equine heart, Sigma Aldrich, the Netherlands), 0.115% DAB and 
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4.5% sucrose. Sections were incubated at 37 °C under constant shaking in the dark for 6 
h before being transferred to a neutral buffered formaldehyde medium for 10 min to 
stop the reaction. This was followed by ethanol dehydration, xylene treatment and 
DEPEX fixation. COX activity was analyzed using a slightly modified method described 
previously (Kaya, et al., 2008). COX activity was quantified by measurement of inversed 
optical density (ImageJ software version 1.41°; U.S. National Institutes of Health, Be-
thesda, USA) in digital photographs taken using a light microscope (Olympus AX70) and 
connected to a digital camera (Olympus U-CMAD-2; analySIS imaging system, Münster, 
Germany). The inversed optical density, which is inversely related to COX activity (i.e. 
value of zero is a dark staining and reflects high metabolic activity),was obtained from 3 
DRN images per rat (AP -7.6 mm, -7.8 mm and -8.0 mm) and corrected for measured 
surface area (mm2). 

Statistical analysis 
Data are presented as mean ± S.E.M. values. Histological and behavioral data were 
analyzed statistically using a one-way ANOVA with an LSD post-hoc multiple compari-
sons test. Because STN stimulation was performed bilaterally, data from bilateral struc-
tures were pooled. All statistical analyses were performed with SPSS 15.0 version for 
Windows. P values lower than 0.05 were considered statistically significant. 

Results 

Validation of dopamine lesions and electrode implantations 
Rats receiving bilateral intra-striatal injections of 6-OHDA demonstrated a significant 
reduction in TH-positive cells in the SNc compared to sham-controls (p < 0.01, Fig. 
1A−C). S mula ng electrodes were posi oned bilaterally and symmetrically (interelec-
trode variation <0.1 mm) in the STN in all rats except two, for which electrodes were 
located in the zona incerta. The latter rats were excluded from the analysis. No signs of 
significant histological damage due to implantation or chronic stimulation were ob-
served (Fig. 1D). 

Effect of HFS of the STN in FST and social interaction test 
In the FST, bilateral HFS of the STN caused a significant increase in immobility time 
compared to non-stimulated (stimulation off) controls, indicating increased behavioral 
despair (Fig. 2A). In the social interaction task, HFS of the STN evoked significantly more 
sniffing behavior in comparison to non-stimulated rats (p < 0.05). However, crawling 
and following behavior remained unchanged (Fig. 2B). The increase in social interaction 
is in line with a previous report showing increased social interaction in 5-HT-depleted 
rats (Collins, et al., 1979). 
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Fig. 2. Effects of HFS of the STN on immobility time in the forced swim test (A) and sniffing behavior in the 
social interaction test (B). Mean time ± s.e.m values are shown. (*p < 0.05 stim versus non-stim rats). 

Effect of HFS of the STN on c-Fos immunoreactivity in the DRN 
Bilateral HFS of the STN increased the number of c-Fos positive neurons in the DRN 
compared to non-stimulated controls (Fig. 3A−D). This effect was apparent in both me-
dian and lateral subdivisions of the DRN. Thus, c-Fos counts in the median subdivisions 
were greater in stimulated compared to non-stimulated rats (stimulated 7.13 ± 0.41 vs 
control 2.90 ± 0.75 cells/mm2 and non-stimulated 3.39 ± 2.30 cells/mm2; p < 0.01), and 
this was also the case for the lateral subdivisions (stimulated vs control; respective-
ly12.99 ± 0.92 and 5.92 ± 1.66 cells/mm2; p < 0.05). In STN stimulated rats the number 
of c-Fos positive cells in the lateral subdivisions was higher compared to the median 
subdivisions (lateral wings vs central DRN; respectively 12.99 ± 0.92 vs 7.13 ± 0.41 
cells/mm2; P < 0.01). To characterize the identity of the c-Fos-positive DRN neurons, 
sections were assessed for immunofluorescent double-labeling with parvalbumin, which 
marks GABA neurons. Parvalbumin positive cells were predominantly present in the 
lateral aspects of the DRN. HFS of the STN evoked immunofluorescent c-Fos positive 
cells throughout the DRN, as described above. Qualitative assessment showed parval-
bumin/c-Fos co-localized cells situated within the lateral aspects (Fig. 4). No double-
labeled cells have been observed in the median parts of the DRN. 
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Fig. 3. Effect of HFS of the STN on c-fos expression in the DRN. Representative pictures taken from a non-
stimulated control (A), non-stimulated 6-OHDA (B) and stimulated 6-OHDA rat (C). Cumulative data of c-fos 
neurons in the DRN (D), *p < 0.01; stim vs control; #p < 0.05 stim vs non-stim. Aq: aqueduct, MLF: medial 
longitudinal fasciculus, LW: DRN lateral wing (bar = 200 μm). 

Effect of HFS of the STN on COX activity in the DRN 
Experiments examined the effect of HFS of the STN on metabolic activity in the DRN, as 
assessed by COX activity. It was found that compared to non-stimulated controls, HFS of 
the STN significantly increased the inversed optical density measurements of COX in the 
DRN (P < 0.05), indicative of an overall lower level of metabolic activity in this region 
(Fig. 5A−D). Interes ngly, COX ac vity in the DRN of dopamine-lesioned rats was signifi-
cantly higher than non-lesioned rats (P < 0.05; i.e. decreased inversed optical density 
ratio). This is in line with our previous findings (Kaya, et al., 2008). 
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Fig. 4. Effect of HFS of the STN on GABA neurons in the 
DRN lateral wings. A representative high power confo-
cal fluorescent image of parvalbumin (green) and c-fos 
(red) double-labeled cells, which are located in the DRN 
lateral wing and indicated by the arrows. MLF: medial 
longitudinal fasciculus (bar = 200 μm).  

 

 
Fig. 5. Effect of HFS of the STN on COX activity in the DRN. Representative pictures of the DRN region of a 
non-stimulated control rat (A), non-stimulated 6-OHDA rat (B) and stimulated 6-OHDA rat (C). The white 
dashed line represents the delineation of the DRN used to measure optical density ratio (A). Cumulative data 
of DRN inverse optical density ratio (mean ± s.e.m.) (D). *p < 0.05 Inversed optical density ratio non-stim vs 
control. **p < 0.05 stim vs control and #p < 0.001 stim vs non-stim. Aq: aqueduct, MLF: medial longitudinal 
fasciculus (bar = 200 μm). 
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Effect of HFS of the STN on c-Fos immunoreactivity in mPFC, LHb and SN 
Experiments investigated the effect of HFS of the STN on c-Fos immunoreactivity in 
specific regions with direct neural projections to the DRN. In STN stimulated rats, the 
number of c-Fos positive neurons in the medial part of the LHb was significantly greater 
than non-stimulated controls (P < 0.05) (Fig. 6A−D). In addi on, the number of c-Fos 
positive cells in the prelimbic cortex was greater in STN stimulated compared to non-
stimulated rats, whereas c-Fos counts in the infralimbic cortex was not different be-
tween groups (Fig. 6E−H). Finally, the number of c-Fos positive neurons in the SNr and 
SNc tended to be greater in STN stimulated versus non-stimulated control rats but this 
effect was not statistically significant (P > 0.05, Fig. 6I−J). 
 

 
Fig. 6. Effect of HFS of the STN on DRN afferent nuclei. Expression of c-fos in the medial aspect of the LHb and 
mPFC of non-stimulated control (A, E), non-stimulated 6-OHDA (B, F) and stimulated 6-OHDA rats (C, G). 
Cumulative data in means ± s.e.m for the LHb (*p < 0.001 stim vs control; #p < 0.01 stim vs non-stim) (D) and 
mPFC (*p < 0.05 stim vs non-stim) (H). No change in c-fos expression in the SNr (I) and the SNc (J) after STN 
HFS. 3rdV: Third ventricle, CG1: cingulate cortex 1, FMI: forceps minor of the corpus callosum, IL: infralimbic 
cortex, LHl: laterolateral habenula, LHm: mediolateral habenula, MH: medial habenula, PrL: prelimbic cortex 
(bar = 200 μm). 
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Discussion 

Although HFS of the STN improves motor disability in patients with advanced PD, psy-
chiatric side-effects overshadow these therapeutic benefits in some patients (Temel, et 
al., 2006, Troster, et al., 2003). Indeed, clinical depression has recently been recognized 
as a major risk factor for post-operative suicide associated with HFS of the STN (Soulas, 
et al., 2008, Voon, et al., 2008). Depression is linked to low 5-HT, and ourselves and 
others have recently reported that in rodent PD models, HFS of the STN inhibits the 
firing of 5-HT neurons in the DRN and decreases extracellular5-HT in forebrain regions 
(Hartung, et al., 2011, Navailles, et al., 2010, Tan, et al., 2010, Temel, et al., 2007). The 
neural circuitry, which mediates the inhibitory effect of HFS of the STN on the 5-HT 
system, is unknown. The current experiments demonstrated that HFS of the STN in-
creased c-Fos immunoreactivity in the DRN and in specific DRN input regions. Moreo-
ver, findings indicated that this increase in c-Fos immunoreactivity in the DRN co-
localized in neurons expressing the GABAergic marker, parvalbumin.  
 Initial experiments demonstrated that rats with bilateral intrastriatal injections of 
the dopamine neurotoxin 6-OHDA had a marked loss of TH immunoreactivity in the SNc, 
indicative of an extensive loss of ascending dopamine neurons that marks PD. In these 
animals, HFS of the STN at clinically relevant stimulation parameters, both increased 
immobility in the FST and increased sniffing in a social interaction test. Both effects are 
consistent with decreased 5-HT transmission (Collins, et al., 1979, Cryan, et al., 2002, 
Higgins, et al., 1988, Higgins, et al., 1992, Hogg, et al., 1994), and previously we found 
that the increase in immobility induced by HFS of the STN was prevented by SSRI treat-
ment (Temel, et al., 2007). 
 At the same stimulation parameters used in the behavioral experiments, HFS of the 
STN reduced the activity of COX in the DRN, suggesting an overall decrease in metabolic 
activity in this region over a longer period of time. This reduction came on top of ele-
vated baseline COX activity in non-stimulated 6-OHDA animals that was apparent when 
compared to naive controls. The finding of elevated COX activity in the DRN of 6-OHDA 
lesioned rats confirms our earlier study (Kaya, et al., 2008), which also reported in-
creased firing of DRN 5-HT neurons in such animals as also observed by others (Wang, 
et al., 2009, Zhang, et al., 2007). 
 Since 5-HT neurons comprise the large majority (around 50%) of neurons in the 
DRN (Steinbusch, 1981), it seems entirely plausible that the decrease in metabolic activ-
ity measured by COX activity evoked by HFS of the STN, reflects the decrease in 5-HT 
cell firing detected in electrophysiological studies (Hartung, et al., 2011, Temel, et al., 
2007). To better understand the chemical identity of DRN neurons modulated by HFS of 
the STN immunoreactivity of the immediate early gene c-Fos was measured in the DRN. 
It was found that HFS of the STN increased c-Fos immunoreactivity in DRN neurons, and 
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this effect was apparent across specific DRN subdivisions. Distinct forebrain projections 
arise from DRN subdivisions (Commons, et al., 2003, Jacobs, et al., 1978, Molliver, 1987, 
O'Hearn and Molliver, 1984) and these may regulate specific behavioral responses 
(Roche, et al., 2003). Interestingly, c-Fos positive neurons were located mostly in the 
lateral wings of the DRN, which are abundant in GABA neurons (Allers and Sharp, 2003). 
This result is in line with previous data showing swim stress to induce c-Fos expression 
in the lateral DRN (Roche, et al., 2003). Moreover, double-labeling experiments re-
vealed that these c-Fos-positive neurons co-localized the GABA neuron marker parval-
bumin, which is present in a subset of putative GABA neurons in the DRN (Charara and 
Parent, 1998). It should also be noted that some c-Fos-positive neurons was observed in 
the medial DRN that were not parvalbumin-positive. This finding is consistent with our 
recent observation that a subpopulation of putative 5-HT neurons (24%) was excited by 
HFS of the STN (Hartung, et al., 2011. However, microdialysis data suggest that the 
overall effect of HFS of the STN on the 5-HT system is inhibitory {Navailles, 2010 #235, 
Tan, et al., 2010). Moreover, it should be pointed out that the medial DRN also contains 
many non-5-HT containing neurons (Charara and Parent, 1998, Fu, et al., 2010). Taken 
together, these data support the idea that the main effect of HFS of the STN in the DRN 
is to activate local GABA neurons, which synapse with and inhibit nearby 5-HT neurons. 
 Since there is no evidence of a direct projection from the STN to the DRN, the DRN 
GABA neurons are likely activated by afferent inputs. Interestingly, HFS of the STN in-
creased c-Fos immunoreactivity in the LHb. Previous neuroanatomical and electrophys-
iological data suggest that there is an excitatory glutamate projection from the LHb to 
the DRN, which selectively activates GABA neurons to inhibit nearby 5-HT neurons 
(Aghajanian and Wang, 1977, Sharp, et al., 2007, Varga, et al., 2003, Wang and 
Aghajanian, 1977). Although the present study did not prove that the LHb neurons acti-
vated by HFS of the STN, projected to the DRN, the c-Fos positive neurons were located 
in the medial aspect of the LHb that is the primary source of DRN afferents (Aghajanian 
and Wang, 1977, Peyron, et al., 1998). Therefore, excitatory projections from the LHb to 
the DRN GABA neurons are a candidate neural substrate for the inhibition of DRN 5-HT 
neurons by HFS of the STN. The STN does not, however, directly project to the LHb but 
indirectly through the ventral pallidum and entopeduncular nucleus (Groenewegen and 
Berendse, 1990, Groenewegen, et al., 1993, Nagy, et al., 1978).  
 HFS of the STN also increased c-Fos immunoreactivity in the prelimbic cortex of the 
mPFC, another source of input to the DRN (Hajos, et al., 1998, Jankowski and Sesack, 
2004, Peyron, et al., 1998, Sesack, et al., 1989, Vertes, 2006). Indeed, electrical stimula-
tion of the mPFC, including the prelimbic area, inhibits 5-HT cell firing in the DRN via 
activation of DRN GABAergic neurons (Hajos, et al., 1998, Varga, et al., 2003, Varga, et 
al., 2001). The STN is known to project to the mPFC directly via a subthalamic-cortical 
projection (Degos, et al., 2008) but also indirectly through basal ganglia-thalamocortical 
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connections (Temel, et al., 2005). A recent study using optogenetic techniques suggest-
ed that subthalamic-cortical connections contribute to the effects of HFS of STN (Gradi-
naru, et al., 2009). Thus, another candidate substrate for the inhibition of 5-HT neurons 
is the excitatory input from the prelimbic cortex to the DRN GABA neurons.  
 Another candidate pathway for the inhibition of 5-HT neurons by HFS of the STN is 
the SN. The SN projects to the DRN and receives powerful inputs from the STN (Kalen, 
et al., 1988, Kirouac, et al., 2004, Kirouac and Pittman, 2000). Part of the evidence for a 
role for the SN are case reports that HFS of this brain area induces acute depressive 
symptoms (Bejjani, et al., 1999, Blomstedt, et al., 2008). In the present study, HFS of the 
STN caused a tendency for an increase in the number of c-Fos immunoreactive cells in 
the SNr and SNc, but this effect was not statistically significant. Although STN-SN-DRN 
connectivity does not show up as a potential substrate for the inhibition of 5-HT cell 
firing, it cannot be completely ruled out.  
 In summary, the current data show that in an animal model of PD, HFS of the STN, 
at clinically relevant stimulation parameters which evoked changes in learned helpless-
ness and social interaction increased c-Fos immunoreactivity in DRN GABA neurons and 
decreased metabolic activity in this region. HFS of the STN also increased c-Fos immu-
noreactivity in neurons in the LHb and prelimbic cortex which are DRN input regions. 
These data are consistent with the view that HFS of the STN activates DRN GABA neu-
rons to inhibit 5-HT neuronal activity and trigger mood changes, and that DRN afferents 
from the LHb and mPFC may be involved. 
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Abstract 

The subthalamic nucleus (STN) is a key structure in the basal ganglia and plays a major 
role in the pathogenesis of Parkinson’s disease. The STN is a popular target for deep 
brain stimulation (DBS). DBS of the STN improves motor symptoms. Unfortunately, also 
negative stimulation induced side-effects on behavior and cognition can occur. These 
side-effects are thought to be caused by direct stimulation of the associative and limbic 
pathways that run through the STN. In the primate, three functionally segregated parts 
are clearly described within the STN: a dorsolateral motor part, a medial limbic part and 
a ventrolateral associative part. In the rodent however, these subdivisions are not well 
defined. In this review we describe all anterograde cortico-subthalamic tracer studies to 
map the rodent STN. As a result, a crude functional subdivision in the rodent STN can be 
made. The lateral two thirds of the STN receive input from the motor and pre-motor 
cortex, sparing the medial tip. The medial third receives input from the anterior cingu-
lated, the prelimbic and the agranular insular cortices. There is little evidence for a ven-
trolateral-dorsomedial subdivision of the medial STN. We conclude that, even though 
the functional subdivisions are not as clear cut as in the primate STN, a partial anatomi-
cal subdivision is present in the rodent STN  
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Introduction 

The subthalamic nucleus (STN), also known as Corpus Luysii (Hameleers, et al., 2006), is 
a key structure in the basal ganglia. This small lentiform nucleus is embryologically a 
diencephalic structure, but in the adult brain it is located at the diencephalo-
mesencephalic junction (Parent and Hazrati, 1995, Parent and Hazrati, 1995). In spite of 
its relatively small size, the STN plays a major role in the pathophysiology of Parkinson’s 
disease (PD): the physiological regular firing pattern of STN neurons changes to a patho-
logical bursty neuronal activity (Benazzouz, et al., 2002, Bergman, et al., 1994, Dostrov-
sky and Lozano, 2002, Magill, et al., 2000, Ni, et al., 2001). The key position of the STN 
in the basal ganglia and the evident change in its electrical activity in PD, make this 
nucleus a popular target for neurosurgical therapies such as deep brain stimulation 
(DBS). Over the last decades, it has been shown consistently that DBS of the STN allevi-
ates motor symptoms and improves quality of life significantly in PD patients (Kleiner-
Fisman, et al., 2006, Krack, et al., 2003, Rodriguez-Oroz, et al., 2004, Visser-Vandewalle, 
et al., 2005). However, DBS of the STN can also produce behavioral side-effects (Kleiner-
Fisman, et al., 2006). In a meta-analysis, it has been shown that in up to 40% of the 
patients changes in cognition and mood have been observed (Temel, et al., 2006). 
These changes vary from subtle cognitive changes to major depression with suicidal 
ideation (Voon, et al., 2008). These behavioral side effects of STN DBS are thought to be 
caused by direct stimulation of the associative and limbic pathways that run through 
the STN (Temel, et al., 2005).  
 In the primate STN, three functional divisions have been circumscribed: a dorsolat-
eral motor part, a medial limbic part and a ventrolateral associative part (Hamani, et al., 
2004, Parent and Hazrati, 1995, Temel, et al., 2005). In rodents however, the partition 
into three separate subdivisions is not entirely clear, despite the fact the rat is often 
used as an animal model to investigate the motor and non-motor mechanisms of DBS of 
the STN.  
 Classically, both the primate and rodent STN receive their input from the globus 
pallidus externus (GPe), via the multisynaptic cortico-striato-pallido-subthalamic path-
way. The primate and rodent STN do not only receive input from basal ganglia nuclei, 
but they also receive direct afferent input from the cortex. A high density of cortical 
terminals is present in the STN (Afsharpour, 1985, Canteras, et al., 1990, Carpenter, et 
al., 1981, Fujimoto and Kita, 1993, Jurgens, 1984, Kitai and Deniau, 1981, Kolomiets, et 
al., 2001, Kunzle, 1978, Magill, et al., 2004, Monakow, et al., 1978, Nambu, et al., 1996, 
Nambu, et al., 2000, Nambu, et al., 1997, Nambu, et al., 2002, Rouzaire-Dubois and 
Scarnati, 1985, Strafella, et al., 2004). These afferent projections from the cortex are 
also known as the ‘hyperdirect’ pathway (Nambu, et al., 2002). They arise from several 
functional cortical areas. The major cortical input to the STN is arising from the motor 
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cortex (MC), but also prefrontal cortical areas project directly to the STN. In the primate 
these cortico-subthalamic loops divide the STN in the three functional subdivisions as 
mentioned before (Carpenter, et al., 1981, Hamani, et al., 2004, Jurgens, 1984, Kunzle, 
1978, Monakow, et al., 1978, Parent and Hazrati, 1995, Temel, et al., 2005). In contrast 
to the primate, it is not entirely clear how the functional subdivisions are organized in 
the rat STN.  
 Here, we have systematically analyzed the studies on the rat cortico-subthalamic 
projections. Our aim was to describe the functional subdivisions of the rat STN by look-
ing at the origins of the cortical afferents. We only included anterograde tracer studies 
with injection sites in the cortex. We excluded studies with retrograde tracer injections 
in the STN, since the tracer can be taken up by neighboring structures and it can diffuse 
to other STN subdivisions. 

Material and Methods 

Search strategy 
A structured Medline (Pubmed) search was performed including articles published up 
until December 2008. The following key words were used: STN, subthalamic nucleus, 
subthalamic in combinations with motor cortex (MC), MC, cortex, cortical, cort* and 
tracing, anterograde, phaseolus, biotinylated dextran amine (BDA), BDA, and rat or 
rodent. All references in the reviewed articles were checked to find additional studies. 

Study Selection 
All studies were reviewed independently by two investigators. Studies were selected 
according to the following criteria. Only studies with a rodent as a subject were includ-
ed. We excluded tracing studies in other species, like primates and cats. Studies were 
included if the injection site was in the cortex and if an anterograde tracer was used. 
Tracing studies which only made use of retrograde tracing techniques or an injection 
outside the cortex were excluded. In total 10 studies were selected. The results as well as 
the figures were systematically and extensively studied by the investigators. 

Results 

Projections from the motor and premotor cortical areas 
The projection from MC to the STN in the rodent was probably for the first time exten-
sively descrived by Afsharpour (Afsharpour, 1985). In his tracing experiments he inject-
ed 0.25-4 μl of 3H-proline/3Hleucine or 3H-lycine/3H-leucine using a Hamilton microsy-
ringe according to the cortical parcellation by Hall and Lindholm (Hall and Lindholm, 
1974) and Donoghue and Wise (Donoghue and Wise, 1982). Four injections in the ros-
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tral part of the lateral agranular cortex (M1) (coordinates from Bregma: anterioposteri-
or [AP] 5.5mm, mediolateral [ML] 2.8mm until AP 2.3, ML 4.5mm, ventrality not provid-
ed, animal weights were 230-488g) resulted in tracer signal in the lateral two thirds of 
the rostral STN with the greatest concentration of the tracer in the dorsolateral tip of 
the STN (table 1). Injections in the medial part of the lateral agranular cortex (coordi-
nates from Bregma: AP 5.8, ML 1.9 until AP -0.5, ML 3.0, ventrality not provided) result-
ed in a more band-shaped labeling confined to the ventral aspect of the rostral STN and 
seemed to shift dorsally at the caudal part of the STN. Injections in the caudal part of 
the lateral agranular cortex (coordinates from Bregma: AP -1.0mm, ML 2.5mm, ventrali-
ty not provided) however, induced only faint labeling in the ventral part of the middle 
third of the STN. Furthermore, the results showed that the rostral part of the medial 
agranular cortex (M2) (coordinates from Bregma: AP +5.8mm, ML 1.9 until AP -0.5mm, 
ML 3.0mm, ventrality not provided) projected to the ventral two thirds of the medial 
third of the STN and extended rostrocaudally (fig. 1).  
 In 1990, micro-electrophoretic injections of wheat germ agglutinin-horseradish 
peroxidase (WGA-HRP) in the rostral parts of the primary motor cortex (M1) (coordi-
nates: not provided; atlas: not mentioned; animal weights: 170-200g) were performed 
by Canteras et al. (Canteras, et al., 1990) . Labeling was seen in the rostral two thirds, 
but not in the ventromedial tip, of the STN. After a more extensive injection in the MC 
also labeling in the lateral half of the caudal third of the STN was present.  
 Wan et al. (Wan, et al., 1992) injected leucoagglutinin (PHA-L) into the caudal fore-
limb region of the MC (coordinates: not provided; atlas: not mentioned; animal weights: 
150-300g) by iontophoresis. They found tracer signal in the STN without describing a 
further topographical organization. 
 By using iontophoretic injections of WGA-HRP into the orofacial and forelimb areas 
of M1 , labeling was seen in the more lateral parts of the STN. The orofacial injections 
(authors used coordinates from the interaural line, re-calculated coordinates from 
Bregma: AP +3.5mm, ML 3.8mm and ventral [V] -1.5mm from the cortical surface; atlas: 
Paxinos and Watson, edition 2, 1986; animal weights: 270-300g) resulted in tracer signal 
in the central part of the mediolateral extension of the STN, whereas injections in the 
forelimb area of M1 (re-calculated coordinates from Bregma: AP +3.0mm, ML 2.3mm and 
V -1.5mm from the cortical surface) projected more ventrally and caudally, sparing the 
medial and lateral parts of the STN (Kolomiets, et al., 2001, Paxinos and Watson, 1986). 
 In a more recent study, Degos et al. (Degos, et al., 2008) injected iontophoretically 
PHA-L in the orofacial motor area of M1 (authors used coordinates from the interaural 
line, re-calculated coordinates from Bregma: AP +3.5mm, ML +3.8mm and V -1.2mm; 
atlas: Paxinos and Watson, edition 2 (Paxinos and Watson, 1986); animal weights: 300-
360g) . Tracer signal was seen in the caudal two thirds of the STN, in the lateral part of 
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the medial third of the STN and more to the medial side in the caudal third. The ven-
tromedial tip remained free of tracer.  
 

Fig. 1. Overview of the estimated 
injection or implantation sites in the 
different cortical regions of the rat. 
The red areas represent the injection 
sites in coronal sections of the brain. 
The red line in the sagital sections 
shows the estimated anteroposterior 
level of the coronal section. 
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Projections from the prelimbic cortex 
Only in a few anatomical studies an anterograde tracer was injected into the prelimbic 
cortex in order to determine the projection to the STN. The oldest publication which we 
have found about the projections from the prelimbic cortex to the STN showed tracer 
signal in the medial STN (Leichnetz, et al., 1987). The authors used a pellet of HRP-gel. 
The pellet was implanted in the dorsomedial frontal shoulder cortex (coordinates: not 
provided; atlas: not mentioned; animal weights: not provided), which encompasses the 
medial precentral and anterior cingulate cortices. The anatomical data showed heavy 
labeling in the dorsomedial STN.  
 A study by Berendse and Groenewegen (Berendse and Groenewegen, 1991) using 
PHA-L as an anterograde tracer showed labeling in the caudal part of the most medial 
part of the STN after pressure injections in the dorsal part of the prelimbic cortex (coor-
dinates from Bregma: not provided; atlas: not mentioned; animal weights: not provid-
ed). After injection in the ventral part of the prelimbic cortex (coordinates from Bregma: 
not provided), tracer signal was only visualized in the adjacent LH and not in the STN.  
 Kolomiets et al. (Kolomiets, et al., 2001) injected WGA-HRP into the prelimbic me-
dial orbital areas of the prefrontal cortex (authors used coordinates from the interaural 
line, re-calculated coordinates from Bregma: AP +3.5mm, ML 0.4mm and V -3.5mm 
from the cortical surface; atlas: Paxinos and Watson, edition 2, (Paxinos and Watson, 
1986); animal weights: 270-300g) using iontophoresis. The anterograde tracer was only 
present in the medial third of the rat STN.  
 Later, Orieux et al (Orieux, et al., 2002) showed scattered positive fibers in the 
medial part of the STN. Fibers were seen in almost the entire anteroposterior extent of 
the medial STN. The authors injected BDA in the prelimbic/ medial orbital cortex accord-
ing to us. This is in contrast to the opinion of the author himself who stated that the 
iontophoresis was in the cingulate cortex (coordinates from Bregma: AP +3.5mm, ML 
0.5mm and V -3.0mm from the cortical surface; atlas: Paxinos and Watson, edition 4, 
(Paxinos and Watson, 1998); animal weights: 250-300g).  

Projections from the anterior cingulate cortex 
One of the et al. (Leichnetz, et al., 1987). The pellet of HRP-gel in the dorsomedial 
shoulder cortex (coordinates: not provided; atlas: not mentioned; animal weights: not 
provided) resulted in tracer signal in the medial STN. 
A study using PHA-L demonstrated labeling of the ventral and lateral parts of the medial 
STN, most densely at the caudal levels. The tracer was injected with a pump into the 
dorsal anterior cingulate cortex (coordinates: not provided; atlas: not mentioned; ani-
mal weights: not provided) (Berendse and Groenewegen, 1991). 
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Projections from the insular cortex 
Canteras et al. (Canteras, et al., 1990). injected WGA-HRP into the granular insular cor-
tex using micro-electrophoretic deposits and found small varicosities in the dorsomedial 
narrow strip of the STN (coordinates from Bregma: not provided; atlas: not mentioned; 
animal weights: 170-200g).  
 A study by Berendse and Groenewegen (Berendse and Groenewegen, 1991) de-
scribed the afferent projections after injection of PHA-L into the dorsal agranular insular 
and the ventral agranular insular cortices (coordinates: not provided; atlas: not provid-
ed; animal weights: not provided). Tracer signal was only seen in the lateral hypotha-
lamic area, but not in the STN, after injection in the ventral agranular insular cortex. In 
contrast, fibers were seen in the rostral part of the STN in animals with an injection of 
BDA into the dorsal agranular cortex. 
 An iontophoretic deposit of BDA the dorsal agranular insular cortex (coordinates 
from Bregma: AP +2.0mm, ML 5.0mm and V -4.5mm from the cortical surface; atlas: 
Paxinos and Watson, edition 4, (Paxinos and Watson, 1998); animal weight: 250-300g) 
induced weak labeling in the anterior portion of the STN, occupying the entire mediola-
teral extent (Orieux, et al., 2002).  
 A third study with an injection of BDA into the insular cortex (coordinates from 
Bregma: AP 0.0 – -0.5mm, ML 5.6 – 6.0mm and V -7.0 – -7.6mm; atlas: Paxinos and 
Watson, edition 5, (Paxinos and Watson, 2005); animal weight: 230-300g) using ionto-
phoresis showed no tracer in the STN (Tsumori, et al., 2006).  

Projections from the somatosensory cortex 
Afsharpour (Afsharpour, 1985) was one of the first to look at the projections from the 
somatosensory cortex in the rat. He injected the 3H-proline/3H-leucine or 3H-
lycine/3H-leucine tracer into the caudal granular somatosensory cortex according to the 
cortical parcellation by Hall and Lindholm (Hall and Lindholm, 1974) and Donoghue and 
Wise (Donoghue and Wise, 1982) (coordinates from Bregma: AP -2.5mm, ML 6.0mm, 
ventrality not provided; animal weighst: 230 -488g). In his experiment there was no 
labeling in the STN. However, Canteras et al. (Canteras, et al., 1988, Canteras, et al., 
1990) injected WGA-HRP iontophoretically into the rostral half of the primary soma-
tosensory cortex (coordinates: not provided; atlas: not mentioned; animal weights: 170-
200g) and found positive fibers in the dorsolateral part at the midrostrocaudal level of 
the STN, but also with a lesser density in the dorsal part of the rostral portion and the 
dorsolateral tip of the caudal district. In a follow-up experiment they injected WGA-HRP 
into the caudal half of the primary somatosensory cortex (coordinates: not provided; 
atlas: not provided; animal weights: 170-200g) using iontophoresis and found only few, 
if any, labeling in the STN (Canteras, et al., 1990). In 2002, for a second time a tracer 
study with BDA did not show any labeling in the STN after iontophoretic injection of the 
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dye into somatosensory cortex (coordinates from Bregma: AP +1.0mm, ML 4.5mm and 
V -3.2mm from the cortical surface; atlas: Paxinos and Watson, edition 4, (Paxinos and 
Watson, 1998); animal weights: 250-300g) (Orieux, et al., 2002). 

Projections from other cortical areas 
Some studies have investigated the afferent input to STN from other cortical areas. No 
labeling was found in the STN after tracer injections in the retrosplenial cortex, and 
primary visual and primary auditory cortices (Canteras, et al., 1990, Kolomiets, et al., 
2001). Again no STN labeling was found after injections of PHA-L into the medial orbital 
and infralimbic cortex (Berendse and Groenewegen, 1991). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Table 1. In the table on the next pages an overview is given of all the injection sites per author, with the 
corresponding tracing site in the subthalamic nucleus. The anatomical description of the injection sites and 
the (re-calculated) coordinates from Bregma are shown if provided. Also the technique and tracer used are 
given. anteroposterior (AP), mediolateral (ML), ventrality (V), ventrality measured from the cortex (c). 
*Anatomical injection site based on figure in original article. 
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Discussion 

The functional subdivisions of the rat STN 
The reviewed data demonstrate the existence of a rough subdivision system in the rat 
STN. Several parallel projections from the cortex to the rodent STN are present. The 
most important projections originate from the motor and premotor cortex (Afsharpour, 
1985, Canteras, et al., 1990, Degos, et al., 2008, Kolomiets, et al., 2001, Wan, et al., 
1992), cingulate cortex (Berendse and Groenewegen, 1991, Leichnetz, et al., 1987, 
Orieux, et al., 2002), prelimbic (Berendse and Groenewegen, 1991, Kolomiets, et al., 
2001, Leichnetz, et al., 1987), and the agranular insular cortex (Berendse and Groe-
newegen, 1991, Orieux, et al., 2002). Afferent fibers from the motor cortex and the pre-
motor cortex project to the lateral two thirds of the rat STN, thereby sparing the medial 
tip. The medial third of the STN receives input from the anterior cingulate, the prelimbic 
and the agranular insular cortices. There is little evidence for a ventrolateral-
dorsomedial subdivision of the medial STN (Berendse and Groenewegen, 1991). The 
ventrolateral division of the medial third receives its input mainly from the anterior 
cingulate cortex, whereas the projection from the pre-limbic and agranular insular cor-
tex is restricted to the dorsomedial part (fig. 2).  
 

 
Fig. 2. This figure illustrates the functional subdivisions of the rodent STN. The nucleus has anatomically two 
major subdivisions: the lateral two-thirds consist of the motor part (blue) and the medial third is the limbic/ 
associative part (green/yellow). These divisions are not strictly segregated but partially overlapping. Thereby 
small evidence is present for an anatomical organization of the medial part. The arrows show the cortical 
projections to the different subthalamic subdivisions. 
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Differences between the studies  
There are some evident differences in the results between the various anatomical stud-
ies. They may result from the variances in the method of injection, injection sites and 
tracers used. We will elaborate on the main dissimillarities found per cortical injection 
site.  
 Berendse and Groenewegen (Berendse and Groenewegen, 1991) only observed 
labeling in the dorso-medial part of the STN after injection in the cingulate gyrus, 
though Leichnetz et al. (Leichnetz, et al., 1987) found tracer in the whole medial STN. 
The findings of Leichnetz et al. (Leichnetz, et al., 1987) could be due to the use of rela-
tively big pellets, making their method less accurate.. A high-quality methodological 
tracer study is needed to see whether the cingulate gyrus projects to the entire medial 
STN or that its projection is strictly focused to the dorso-medial part of the medial STN. 
 Another discrepancy is present between the studies about the projections from the 
prelimbic cortex to the medial STN. Kolomiets et al. (Kolomiets, et al., 2001) showed 
tracing to the medial part of STN from the dorsomedial frontal shoulder cortex involving 
the prelimbic, but also the cingulate cortex. The injection of Orieux et al. (Orieux, et al., 
2002) in the medial prefrontal cortex, according to us mainly in the prelimbic and medi-
al orbital cortices, gave labeling throughout the whole anteroposterior extent of the 
medial STN. This was in contradiction with the iontophoretic study of Berendse and 
Groenewegen (Berendse and Groenewegen, 1991) who only found labeling in the dor-
somedial part. 
 The dorsal part of the agranular insular cortex seems to project to the dorsomedial 
part of the STN. Canteras et al. (Canteras, et al., 1990) described this after injection into 
the granular cortex, and both Berendse and Groenewegen (Berendse and Groe-
newegen, 1990) as well as Orieux et al. (Orieux, et al., 2002) showed the same after an 
injection into the dorsal agranular insular cortex. Tsumori et al. (Tsumori, et al., 
2006)did not observe a projection from the insular cortex. This implicates that the re-
sults from Canteras et al. (Canteras, et al., 1990) may perhaps be a result of diffusion of 
the tracer to the dorsal agranular cortex. The ventral part of the agranular insular cortex 
also doesn’t seem to project to the STN, but only to the adjacent LH.  
 There is only little evidence that the somatosensory cortex projects to the STN. 
Canteras et al. (Canteras, et al., 1988) found some projections from the caudal half of 
the somatosensory cortex but this is in contradiction to the findings of Afsharpour (Af-
sharpour, 1985) and Orieux (Orieux, et al., 2002). The findings of Canteras et al. (Can-
teras, et al., 1988) could again be due to leakage of the tracer to the motor cortical 
areas.  
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Similarities between the studies 
There were also evident consistencies. For instance, injections in the motor areas never 
resulted in labeling in the medial part of the STN. Only Afsharpour (Afsharpour, 1985) 
mentioned labeling in the medial part of the STN after injection in the agranular cortex. 
If looked carefully to the injection sites of this study, diffusion of the tracer to the pre-
frontal areas like the cingulate gyrus cannot be ruled out.  
 Another challenge encountered in this review was the fact that some authors used 
different descriptions for the same anatomical site and did not always provide the ste-
reotactic coordinates and relevant images.  

Correlation between the cortico-subthalamic and subcortico- subthalamic projections 
The topography of the rat STN based on the cortico-subthalamic projections matches 
with the input from the subcortical regions. The lateral STN receives input from the 
lateral part of the parafascicular thalamic nucleus (Groenewegen and Berendse, 1990, 
Sugimoto, et al., 1983), which also projects to the lateral part of the caudate putamen 
(CPu). The lateral CPu indirectly projects to the lateral STN via the lateral part of the 
globus pallidus (GP: equivalent of the GPe in primates) (Gerfen, 1985, Kita and Kitai, 
1987, Ricardo, 1980). The medial part of the STN receives its input from the most medi-
al part of the parafascicular thalamic nucleus, which also projects to the nucleus ac-
cumbens (NAc) and the medial CPu. The NAc and the medial CPu project indirectly to 
the medial STN via respectively the lateral part of the subcommisural ventral pallidum 
and the medial part of the GP (Berendse and Groenewegen, 1990, Maurice, et al., 
1998). The NAc, in turn, receives input from the prefrontal cortex. It seems that the 
functionally different cortical areas project both in a ‘hyperdirect’ and indirect way to 
the STN in a parallel organized manner. Moreover, the efferent output of the STN to the 
GP, entepeduncular nucleus (EP: equivalent of the GPi in primates) and the ventral 
pallidum matches with the subdivisions based on the cortico-subthalamic tracer studies. 
The lateral STN mainly projects to the lateral GP and EP, whereas the medial part pro-
jects to the ventral pallidum and the medial GP and EP in the rat (Groenewegen and 
Berendse, 1990, Kita and Kitai, 1987, Maurice, et al., 1998). 

Cortical afferents 
Our findings from the reviewed data suggest that the cortical projections to the rat STN 
follow a specific pattern of innervation. The major input arises from the motor and 
premotor areas. The afferent projections from the motor cortex arise mainly from layer 
V (Gradinaru, et al., 2009, Kitai and Deniau, 1981) and are collaterals of the pyramidal 
tract or from fibers that also project to the striatum. In addition, projections arise from 
the prelimbic (Berendse and Groenewegen, 1991, Kolomiets, et al., 2001, Leichnetz, et 
al., 1987), anterior cingulate (Berendse and Groenewegen, 1991, Leichnetz, et al., 1987, 
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Orieux, et al., 2002) and dorsal agranular insular cortex (Berendse and Groenewegen, 
1991, Orieux, et al., 2002). The terminals of the cortical axons make contact with small 
dendrites and cell bodies of STN neurons and use glutamate as neurotransmitter.  
 The rat STN does not receive input from the ventral agranular and the granular 
insular, retrosplenial, primary visual and primary auditory, medial orbital and infralimbic 
cortices and probably also not from the somatosensenory cortex. Also noticeable is that 
not all cortical areas which are involved in associative and/ or limbic functions project 
directly to the STN. 

Integration of the motor, limbic and associative projections in the STN 
In agreement with the anatomical tracing studies, electrophysiological studies demon-
strate a functional subdivision as well. Neurons that respond to cortical stimulation 
were found in the anatomically defined territories of the STN (Kolomiets, et al., 2001, 
Magill, et al., 2004, Maurice, et al., 1998). Nevertheless, it seems unlikely that the sub-
divisions of the rat STN are entirely segregated from each other. The rat STN has a high-
er number of neurons per cubic millimeter (30,000 cells per mm3) compared to the 
primate and human STN (2,300 cells per mm3) (Hardman, et al., 2002). Moreover, the 
dendrites can extend across almost the entire STN. (Heimer, et al., 1995) An extra ar-
gument is that a ‘hyperdirect’ response to stimulation of the prelimbic cortex is seen in 
7% of the STN cells which also respond to motor cortex stimulation (Kolomiets, et al., 
2001). Despite these noteworthy differences between the rat STN and the (human) 
primate STN the internal organization and its place in the basal ganglia is highly compa-
rable.  

Limitations and methodological considerations 
Only ten studies could be identified in which an anterograde tracer was injected in a 
cortical area and the tracer signal was analysed in the STN. Due to the low number of 
studies, we also included papers in which the neuroanatomical tracing of the corti-
cosubthalamic projection was only a part of a broader study.  
 Various tracing techniques have been used in the studies reviewed here. Several 
authors have used tritiated amino acids or WGA-HRP. By using these tracers, it is not 
possible to distinguish between terminating or passing fibers. Others have used BDA 
which gives a very good labeling, but can be taken up by passing fibers or transported 
retrogradely. PHA-L has also been used and is a very specific anterograde tracer (Reiner, 
et al., 2000). The variety of techniques used, complicates the comparison between the 
studies. Therefore, we think that the results of the individual studies must be handled 
with care.  
 Another factor that needs to be taken into account is that the nomenclature of the 
different cortical areas has been amended over time, based on new insights. The ana-
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tomical names and delineations of the cortical regions have therefore changed in the 
newer editions of the atlas of Paxinos and Watson (Paxinos and Watson, 2005). In the 
reviewed studies, we have relied on the authors’ description of the injection sites and 
projections to the STN, since detailed anatomical pictures were often lacking.  

Conclusion 

A partial anatomical subdivision system is present in the rodent STN, although it is not 
as clear cut as in the primate. Neurons in the medial STN mainly get their afferent input 
from the limbic and associative cortical areas and those in the lateral two thirds receive 
their input from the motor areas.  
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CHAPTER 4 

Abstract 

The nucleus accumbens (NAc), ventromedial prefrontal cortex (vmPFC), and cingulate 
gyrus (Cg) are key regions in the control of mood-related behaviors. Electrical stimula-
tion of these areas induces antidepressant-like effects in both patients and animal 
models. Another structure whose limbic connections are receiving more interest in the 
context of mood-related behaviors is the medial part of the subthalamic nucleus (STN). 
Here, we tested the hypothesis that the mood-related effects of NAc, vmPFC, and Cg 
are accompanied by changes in the neural activity of the STN. We performed high-
frequency stimulation (HFS) of the NAc, vmPFC, and Cg. Animals were behaviorally test-
ed for hedonia and forced swim immobility; and the neuronal activities in the different 
parts of the STN were assessed by means of c-Fos immunoreactivity (c-Fos-ir). Our re-
sults showed that HFS of the NAc and vmPFC, but not Cg reduced anhedonic-like and 
forced swim immobility behaviors. Interestingly, there was a significant increase of 
c-Fos-ir in the medial STN with HFS of the vmPFC, but not the NAc and Cg as compared 
to the sham. Correlation analysis showed that the medial STN is associated with the 
antidepressant-like behaviors in vmPFC HFS animals. No behavioral correlation was 
found with respect to behavioural outcome and activity in the lateral STN. In conclusion, 
HFS of the vmPFC induced profound antidepressant-like effects with enhanced neural 
activity in the medial part of the STN. 
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Introduction 

The STN’s involvement in limbic functions can be explained by its connections to cortical 
and subcortical limbic regions via the cortico-basal ganglia-thalamocortical circuits (Al-
exander, et al., 1990, Alexander, et al., 1986, Tan, et al., 2011). The STN is generally 
subdivided into the dorsolateral (somatomotor), the ventromedial (associative), and the 
medial tip (limbic) parts (Temel, et al., 2005). The medial (ventromedial and medial tip) 
part of the STN is reciprocally connected with the ventral parts of the globus pallidus, 
which receives projections from the ventromedial prefrontal cortex (vmPFC), cingulate 
gyrus (Cg), and the medial part of the parafascicular thalamic nucleus, and is indirectly 
connected with the nucleus accumbens (NAc) (Berendse and Groenewegen, 1991, 
Janssen, et al., 2010, Kolomiets, et al., 2001). Interestingly, stimulation of the NAc, 
vmPFC and subgenual Cg has been shown to induce antidepressant-like responses in 
both patients (Kennedy, et al., 2011, Schlaepfer, et al., 2008) and animal models (Fa-
lowski, et al., 2011, Hamani and Nobrega, 2012). The relationship between the antide-
pressant-like effects induced by stimulation of these areas and the medial part of the 
STN remains largely unknown. Here, we addressed the research question whether the 
medial part of the STN is involved in the mood-related effects of stimulation of the NAc, 
vmPFC, and Cg. Utilising animal models, we performed HFS of the NAc, vmPFC, and Cg 
and tested for hedonia and forced swim immobility. Subsequently, we measured the 
effect of HFS on changes in neuronal activity of the subdivisions of the STN using c-Fos 
immunoreactivity (c-Fos-ir). 

Material and Methods 

Subjects 
Sixteen week-old male Sprague-Dawley rats (Harlan, Horst, the Netherlands; n = 30) 
were housed at the Central Animal Facility of Maastricht University (Maastricht, the 
Netherlands) with body weight of 320-370 g at the time of surgery. Electrodes were 
implanted in the NAc, vmPFC, and Cg. Rats were randomly assigned to one of the fol-
lowing experimental groups: 1. HFS NAc (n=6); 2. HFS vmPFC (n=6); 3. HFS Cg (n=6); and 
4. Sham (n=12). 

Surgery 
Details of the surgical procedure and the electrodes used have been described earlier 
(Lim, et al., 2008, Tan, et al., 2010). In brief, 30 min before surgery rats were injected 
with Temgesic (0.1 mg/kg, s.c.). Throughout surgery, rats were anesthetized by 2% 
isoflurane inhalation (IsoFlo®, Abbott Laboratories Ltd, Berkshire, UK). The rat was 
placed in a stereotactic apparatus (Stoelting, Wood Dale, USA;model 51653) two burr 
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holes were drilled and a bilateral electrode was implanted according to the following 
Bregma coordinates (mm): vmPFC: AP+2.7, ML 0.6, DV -4.6; Cg: AP +1.6, ML 0.6, DV -2.8 
mm; NAc: AP +2.2 mm, ML 1.5 mm , DV -6.8 mm) (Paxinos and Watson, 1998). Elec-
trodes were fixed to the skull with screws and dental cement (Heraues Kulzer, Hanau, 
Germany). After surgery, rats were injected with Temgesic (buprenorfine hydrochloride, 
0.1mg/kg, s.c.) for analgesia and received a period of two-week recovery. 

Stimulation 
Two weeks after surgery rats were stimulated for behavioural tests with monophasic 
pulses with an amplitude of 100 μA and a pulse width of 100 μs at 100 Hz (HFS), using 
an isolator (DLS100, WPI, Berlin, Germany) that was connected to a digital stimulator 
(DS8000, WPI, Berlin, Germany). In the experimental groups, HFS was applied based on 
previous experimental studies showing the most effective stimulation parameter for 
antidepressant response (Hamani, et al., 2010, Hamani, et al., 2010). The sham animals 
were implanted with electrodes and similarly treated as the HFS animals, but without 
stimulation. 

Behavioural Testing 

Sucrose Intake Test 
The sucrose intake test was performed over a period of two days. A day prior to the 
test, animals were trained to drink 1% sucrose solution by exposing them to sucrose 
instead of water during 1h. After a period of 14 h of food and water deprivation, ani-
mals were offered sucrose for 1 h and tested for the stimulation effect. The consump-
tion of the sucrose solution was measured simultaneously by weighing the bottles be-
fore and after the test. The sucrose intake was calculated based on the total amount of 
sucrose solution consumed in each animal. 

Forced Swim Test  
The FST was carried out using a transparent Perspex cylinder (50 x 20 cm) separated by 
black side walls and placed on a black base 60 cm from the floor. The cylinder was filled 
with tap water (25 ± 1 °C) to a depth of 30 cm (Cryan, et al., 2005, Temel, et al., 2007). 
Testing was carried out over two consecutive days. In the pre-test session, each rat was 
placed in the water for 15 min. The following day, rats were placed in the water for 10 
min. Electrical stimulation commenced 2 min before testing and continued during the 
entire duration of testing. Recordings of behaviour were taken by a digital camera. The 
duration of the following behaviours was measured by observer blind to treatments: 
‘‘immobility’’ (no movements or small and infrequent movements performed solely to 
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maintain the nose above the water), ‘‘swimming’’ (active swimming with the forepaws), 
and ‘‘climbing’’ (scratching of cylinder walls using both forepaws and hindpaws).  

Histology and immunohistochemistry 
90 min after the final 30 min of electrical stimulation procedure, rats were placed under 
generalized anaesthesia with Nembutal (75 mg/kg) and perfused transcardially with 
Tyrode (0,1 M) and fixative containing 15% picric acid, 4% paraformaldehyde, and 
0,05% glutaraldehyde in 0,1 M phosphate buffer (pH 7.6). Brains were removed, post-
fixed for 2 hours, and cryoprotected overnight in 15% sucrose in 0,1 M phosphate buff-
er (pH 7.6). Brain tissue was then quickly frozen with CO2 and stored at -80 °C. Subse-
quently, the brains were cut serially (10 series) on a cryostat (MICROM, Germany) into 
30 μm frontal sections and again stored at -80 °C. 

c-Fos Immunohistochemistry 
C-Fos immunoreactivity (c-Fos-ir) stainings were carried out using a primary antibody 
polyclonal rabbit anti-c-Fos in 0.1% Bovine Serum Albumin and Tris Buffered Solution-
Triton (TBS-T) solution (diluted 1: 20.000, Santa Cruz Biotechnology Inc,. Santa Cruz, CA, 
USA). Details of this staining have been previously described (Lim, et al., 2008, Lim, et 
al., 2009). Sections were incubated overnight at room temperature on a constant shak-
er and rinsed with TBS-T, Tris Buffered Solution (TBS), and TBS-T. After rinsing the sec-
tions were incubated with the secondary donkey anti-rabbit antibody in biotinylated 
biotine (diluted 1:400; Jackson Immunoresearch Laboratories Inc., Westgrove, USA) for 
90 min. After washing with TBS and TBS-T the sections were incubated with an avidin-
biotin-peroxidase complex (diluted 1:800, Elite ABC-kit, Vectastatin; Burlingname, USA) 
for 2 h. To visualize the immune complex of Horseradish Peroxide (HRP) reaction prod-
uct, sections were incubated with 3,3’-diaminobenzidine tetrahydrochloride (DAB)/ 
Nickel Chloride (NiCL2) solution (5 ml DAB solution, 5 ml Tris/HCl, 50 μl NiCL2, and 3.35 
μl hydrogen peroxide). After 10 min this reaction was stopped by rinsing thoroughly all 
the sections with TBS. All the sections were then mounted on gelatine-coated glasses. 
After dehydrating, all sections were cover-slipped with Pertex (HistolabProducts ab, 
Goteborg, Sweden). 
 Systematic quantitative cell counts of c-Fos-ir cells were performed in the STN. 
Photographs of the STN were taken at 4x magnification using an Olympus DP70 camera 
connected to an Olympus AX70 bright-field microscope (analysis; Imaging System, Mün-
ster, Germany). The same light intensity and threshold conditions were employed for all 
sections. The boundaries of the STN were delineated and measured according to the 
Paxinos and Watson rat brain atlas (Paxinos and Watson, 1998). Using the conventional 
image analysis program ‘Image J’ (version 1.38, NIH, USA) the counting of the numbers 
of c-Fos-ir cells was performed. A cell was counted as c-Fos-ir positive if the optical 



CHAPTER 4  

78 

density was 50% higher than the mean background density of that section. The STN was 
divided in two parts to distinguish between c-Fos activation in the medial and lateral 
part of the nucleus (see Fig. 1). The number of c-Fos-ir cells per mm2 was calculated for 
each area of interest. 
 

Fig. 1. The diagram shows how the STN was divided 
into two parts as medial and lateral STN for count-
ing the number of c-Fos-ir cells per mm2. The light 
and dark grey represent respectively the medial and 
lateral part of the STN. Abbreviations: CP cerebral 
peduncle, LH: lateral hypothalamus, ZI: zona incerta. 

Electrode localization 
Coronal sections containing the electrode trajectory were mounted on gelatin-coated 
slides, and stained with a standard hematoxylin-eosin (Merck, Darmstadt, Germany) 
histological procedure to examine the localization of the electrode tips and its sur-
rounding morphological changes due to the stimulation or implantation effects.  

Data and statistical analysis  
All data were analyzed using one-way ANOVA followed by an LSD post-hoc test to ana-
lyze group differences in more detail. Analysis was performed with SPSS statistical soft-
ware (SPSS version 15.0, IBM, Chicago, USA). All data are presented as means and 
standard errors of means (SEM). p<0.05 was considered to be statistically significant. 

Results 

Electrode tips were located within the region of their respective coordinates. The locali-
zations of the electrode tips for HFS NAc, HFS vmPFC, and HFS Cg are illustrated in Fig. 
2. Animals with misplacement of electrodes were discarded from analysis. No histologi-
cal damage due HFS was observed. 
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Fig. 2. Schematic representation of the electrode sites in the NAc and vmPFC (Fig. 2A), and Cg (Fig. 2B) ac-
cording to the Paxinos and Watson atlas (Paxinos and Watson, 1998), respectively. The symbol (•) indicates 
the tips of electrode localization. Abbreviations: Cg: Cingulate Gyrus, IL: Infralimbic, PrL: Prelimbic, M1: 
Primary Motor Cortex, M2: Secondary Motor Cortex, and NAc Core: Nucleus Accumbens Core. 
 

HFS of the NAc and vmPFC, but not Cg significantly increased the level of sucrose con-
sumption (F(3,20)=5.407, p=0.007, fig 3), and reduced forced swim immobility 
(F(3,19)=6.610, p=0.003) as compared to sham animals (Fig. 4). Despite no significant 
difference was found in the swimming time (F(3,18)=1.339, p=n.s.), there was a remarka-
ble increase of climbing time (F(3,20)=5.521, p=0.006) with NAc HFS in the forced swim 
test.  

 
Fig. 3. A set of bar graphs showing the total level of sucrose consumption after high-frequency stimulation of 
naïve rats during 1 h of testing. Note, significant increase of consumption was observed with stimulation of 
the NAc, vmPFC, the Cg regions Data represent means ± S.E.M. Indication: *, significant difference from the 
sham animals, (P<0.05). Abbreviations: Cg: Cingulate Gyrus, DBS: deep brain stimulation, NAc: Nucleus Ac-
cumbens, vmPFC: ventromedial prefrontal cortex. 
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Fig. 4. A set of bar graphs showing the different behavioural measures after high-frequency stimulation of 
naïve rats in the forced swim test. Note, stimulation of the NAc and vmPFC significantly reduced behavioural 
despair measure. Data represent means ± S.E.M. Indication: *, significant difference from the sham animals, 
(P<0.05). Abbreviations: Cg: Cingulate Gyrus, DBS: deep brain stimulation, NAc: Nucleus Accumbens, vmPFC: 
ventromedial prefrontal cortex. 

 
Since no significant difference (p’s>0.05) was found in the number of c-Fos-ir cells in the 
ipsilateral and contralateral regions of the medial and lateral STN, the data were pooled. 
Bonferroni post hoc test revealed that HFS of the vmPFC significantly increased the 
number of c-Fos-ir cells (F(3,17)=6.850, p=0.003) in the medial STN compared to non-
stimulated sham animals (Fig. 5). No significant difference was found in animals with 
HFS of the NAc and Cg. In addition, the number of c-Fos-ir cells was also higher in the 
medial STN of animals received NAc and vmPFC HFS when compared to the lateral STN 
(all t(4)=3.381, p<0.028; Fig. 5), respectively. No significant group difference was ob-
served in the lateral STN (F(3,17)=1.595, p=n.s.).  
 Since vmPFC HFS significantly enhanced c-Fos-ir in the medial STN, we next ad-
dressed the question whether the behavioral effects were associated with the c-Fos-ir 
of the medial STN. Our results show that the forced swim immobility and sucrose intake 
level were strongly correlated with the c-Fos-ir in the medial STN of animals with vmPFC 
HFS (Fig. 6A, B). No correlation was observed between the activity changes in the lateral 
STN and the behavioural parameters, as well as in the sham-treated animals (Fig. 6C). 



VMPFC DBS C-FOS EXPRESSION 

81 

 

Fig. 5. A set of bar graphs showing the effects of stimulation on the number of c-Fos-ir cells per mm2 in the 
medial and lateral part of the STN. Note: HFS of the vmPFC and NAc remarkably increased the c-Fos-ir expres-
sion in the medial part of the STN in comparison to sham. Data represent means ± S.E.M. Indication: *, signifi-
cant difference from the sham animals, (P<0.05); #, significant different to the lateral STN of respective group. 
Abbreviations: Cg: Cingulate Gyrus, DBS: deep brain stimulation, NAc: Nucleus Accumbens, vmPFC: ventro-
medial prefrontal cortex. 

 
 

 
Fig. 6. Scatter plots (A, B) and table (C) display the correlations between the behavioral variables and the STN 
c-Fos-ir. Note. The medial STN is strongly correlated with the depressive-like behaviors in animals of vmPFC 
HFS. No correlations were observed in the lateral STN, and the sham animals. Data represent means ± S.E.M. 
Indication: *, significant difference from the sham animals, (p<0.05); #, significant different from the lateral 
STN of respective group. Abbreviations: STN: subthalamic nucleus, vmPFC: ventromedial prefrontal cortex. 
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Discussion 

In the present study, we found that HFS of the NAc and vmPFC, but not Cg reduced 
forced swim immobility and anhedonic-like behavior in the sucrose intake test, indicat-
ing antidepressant-like response (Cryan, et al., 2002, Forbes, et al., 1996). In addition, 
HFS of the vmPFC, but not NAc and Cg, enhanced c-Fos-ir significantly and specifically in 
the medial part of the STN. To determine the neural-behavioral correlates of stimula-
tion effects, a significant correlation was observed between the medial STN c-Fos-ir and 
depressive-anhedonic-like behaviors (forced swim immobility and sucrose intake) in 
animals with vmPFC HFS. Overall, our data showed no correlation between the cellular 
activity in the lateral STN and parameters of the forced swim and sucrose intake tests. 
 The current findings of HFS of the NAc and vmPFC reproduced the antidepressant-
like effects of previous clinical (Mayberg, et al., 2005, Schlaepfer, et al., 2008) and ani-
mal studies (Falowski, et al., 2011, Hamani, et al., 2010, Hamani, et al., 2010). A possible 
explanation that HFS of these two targets was effective in treating depressive-like be-
havior can be partially explained in terms of their stimulation-induced neurochemical 
effects in the forebrain. HFS of the NAc has been shown to increase the levels of tyro-
sine hydroxylase (Falowski, et al., 2011), and serotonin (5-hydroxytryptamine, 5-HT) 
levels in the mPFC with approximately 27% increase as compared to the baseline (van 
Dijk, et al., 2012). Interestingly, vmPFC HFS also enhanced the 5-HT levels with remark-
able fourfold increase in the hippocampus by fourfold (Hamani, et al., 2010, Hamani, et 
al., 2011). On the other hand, we showed no antidepressant effects with HFS of the Cg. 
This is in line with a previous study which demonstrated that stimulation of certain 
cortical areas did not affect the 5-HT output in either hippocampus or amygdala (Juckel, 
et al., 1999). Based on this evidence, it is suggested that the antidepressant effects of 
NAc and vmPFC HFS on 5-HT neurotransmission were likely to be associated with their 
projections to the midbrain dorsal raphe nuclei (Peyron, et al., 1998). In contrast, STN 
stimulation, which can evoke depressive-like behavior, is known to reduce central levels 
of 5-HT by a dorsal raphe nucleus dependent mechanism (Navailles, et al., 2010, Tan, et 
al., 2012, Temel, et al., 2007). Taken together, these studies indicate that the regulation 
of depressive-like behavior by stimulation of these areas was probably mediated by a 
mechanism of 5-HT dependant neurotransmission.  
 The increase of neuronal c-Fos-ir in the medial STN by vmPFC HFS is in line with an 
earlier study which showed a neuronal activation in the medial STN following stimula-
tion of the prelimbic cortical regions (Sgambato, et al., 1997). However, the authors also 
found an enhanced neuronal activation in the lateral STN following stimulation of the 
motor cortex. One possible explanation for this observation could probably due to the 
direct projection of excitatory glutamatergic input from the vmPFC to the medial STN 
(Nambu, et al., 2002) via a monosynaptic connection between the cortex and STN. In 
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anatomical tracing studies, evidence clearly showed that the anterogradely-labelled 
fibers, originating from the mPFC, were found in the medial STN (Berendse and Groe-
newegen, 1991, Kolomiets, et al., 2001). Besides, data from electrophysiological study 
has also demonstrated that mPFC stimulation induced excitatory neuronal responses 
which was specifically located in the medial part of the STN, whereas cells that did not 
respond were located more laterally (Maurice, et al., 1998). Further, the medial STN 
also receives an indirect excitatory input from the vmPFC through a NAc-ventral pal-
lidum-STN disinhibitory circuit. The STN is known to project to the mPFC directly via a 
subthalamic-cortical projection (Degos, et al., 2008), but also indirectly through basal 
ganglia-thalamocortical connections (Temel, et al., 2005). At the behavioural level, it is 
important to highlight that the disconnection of vmPFC-STN showed impairment on 
attention and emotional behavior deficits (Chudasama, et al., 2003). Overall, these 
studies demonstrate that different parts of the STN receive specific cortical projections 
from the motor/premotor, and the limbic areas, particularly the vmPFC for control of 
limbic behaviors (Chudasama, et al., 2003, Maurice, et al., 1999).  
 In the present study, our correlation data have revealed a significant association 
between the medial STN cellular c-Fos-ir and the HFS-induced antidepressant-like be-
haviors. Although the medial STN is generally regarded as an integrator and processes 
limbic and associative information, our results strongly suggest that the medial STN has 
specific functional roles for depressive-like behaviors that depend largely on which 
limbic projection pathway was stimulated.  
 In conclusion, HFS of the NAc and vmPFC produced remarkable antidepressant-like 
responses with significant increased sucrose intake and reduction of forced swim im-
mobility behaviors. We found that vmPFC HFS enhanced the cellular activity within the 
medial part of the STN. This increase was correlated with the antidepressant-like behav-
iors in animals with vmPFC HFS.  
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Abstract 

 Introduction: The key role of the STN in the basal ganglia is reflected by its thera-
peutic role for Parkinson’s disease in which it is a target for deep brain stimulation 
(DBS). Two major concepts of cortico-basal ganglia information flow exist: one support-
ing parallel information flow from functionally different cortical regions through the 
basal ganglia and the other supporting integration of information. It remains unclear 
whether these different circuits are segregated or integrated within the STN. To address 
this question, we performed an electrophysiological study in the rat and investigated 
the responses of individual STN cells to the electrical stimulation of different cortical 
regions in control and dopamine depleted rodents.  
 Method: Motor (MC), cingulate (CG), pre-limbic (PrL), infra-limbic (IL) and agranular 
insular (AI) cortices were stimulated. Peristimulus time histograms (PSTHs) were gener-
ated and responses were analysed. All neurons were anatomically mapped, based on 
their cortical input.  
 Results: In control and sham animals, responses to MC, CG, PrL, IL and AI were 
seen. 6-OHDA lesioned animals showed the same kind of responses as control animals. 
Most neurons responded to only one cortical region, but in both control and 6-OHDA 
animals about 30% of the neurons showed an early response to both MC and AI, even 
more neurons responded with a late excitation to stimulation of different cortical re-
gions. Neuronal responses to cortical stimulation of the STN were grossly anatomically 
organized with large overlap and interaction between different functional cortico-
subthalamic pathways is seen electrophysiologically. 
 Conclusion: Subthalamic neurons a grossly functionally organized with overlap 
between them. Also a large number of neurons showed responses from different corti-
cal regions, which provides evidence for the integration of motor and non-motor corti-
co-subthalamic pathways. 
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Introduction 

The subthalamic nucleus (STN) possesses a central position in the basal ganglia circuitry 
(Albin et al., 1989, Smith et al., 1998). Classically, the STN receives its input from the 
globus pallidus externus (GPe), as a part of the indirect pathway. In addition a high den-
sity of cortical terminals is present in the STN; this monosynaptic, cortico-STN projection 
is also known as the ‘hyperdirect’ pathway (Nambu et al., 2002). As a driving force of 
the basal ganglia, the STN strongly controls the basal ganglia output nuclei by its excita-
tory glutamatergic efferents. Moreover the STN is also an output nucleus itself by its 
efferent projections to the cortex (Miyachi et al., 2006, Degos et al., 2008). The key role 
of the STN in the basal ganglia motor and non-motor information processing is nicely 
reflected by its therapeutic role for Parkinson’s disease (PD) in which it is a target for 
deep brain stimulation (DBS). In MPTP monkeys (Benazzouz et al., 1993, Benazzouz et 
al., 1996) and later in PD patients, STN DBS alleviates motor symptoms (Benazzouz et 
al., 1993, Limousin et al., 1995, Benazzouz et al., 1996, Krack et al., 2003, Janssen et al., 
2014).  
 Currently, two major concepts of cortico-basal ganglia information flow exist: one 
supporting parallel information flow from functionally different cortical regions through 
the basal ganglia (Alexander et al., 1986, Alexander and Crutcher, 1990, Groenewegen 
et al., 1990, Volkmann et al., 2010) and the other supporting integration of information 
coming from functionally different cortical regions (Percheron et al., 1984, Percheron 
and Filion, 1991). In line with the concept of parallel information processing, the STN 
has been divided into three distinct subdivisions: a dorsolateral motor part, a medial 
limbic part and a ventro-lateral associative part (Parent and Hazrati, 1995, Hamani et 
al., 2004, Temel et al., 2005).  
 Unfortunately, STN DBS does not only improve parkinsonian motor symptoms, but 
also often may affect mood and cognition of PD patients (Krack et al., 2003, Rodriguez-
Oroz et al., 2004, Visser-Vandewalle et al., 2005, Temel et al., 2006). The cognitive and 
psychiatric unwanted side effects are supposed to be a result of the stimulation of the 
non-motor parts of the STN (Temel et al., 2005) and could be prevented by selective 
stimulation of the motor area. To achieve this, it is mandatory to determine to what 
degree the motor and non-motor regions are segregated. For this purpose, using extra-
cellular electrophysiological approaches, the organization of the STN motor and non-
motor subdivisions were analyzed in the normal and dopamine (DA) depleted rodent 
brain. We performed cortical stimulation and recorded STN neuronal responses to deter-
mine to what extent information flow from motor and non-motor cortical areas to the 
STN is segregated, or is being integrated through the monosynaptic cortico-subthalamic 
pathway and the indirect cortico-striato-pallido-subthalamic pathway and assessed the 
changes on subthalamic responses to cortical stimulation after DA depletion. 
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Material and Methods 

Subjects 
Male Sprague Dawley rats (Centre d’Elevage Depré, Saint-Doulchard, France) weighing 
250–400 g were kept at constant room temperature (21.2°C) and relative humidity 
(60%) and had ad libitum access to water and food. All animal experiments were carried 
out in accordance with European Communities Council Directive 2010/63/UE. The study 
received approval from the local Ethics Committee (Bordeaux, France). 

6-hydroxydopamine lesions 
Details of the surgical procedure have been described earlier (Delaville et al., 2012). In 
brief, one hour before surgery rats were injected with desipramine (25 mg/kg, i.p., Sig-
ma-Aldrich, Saint-Quentin Fallavier, France). Rats were anesthetized with ketamine (75 
mg/kg)/xylazine (10 mg/kg) and fixed in a stereotactic apparatus (Stoelting, Wood Dale, 
USA). The skull was exposed, and burr holes were made. Next, 6-OHDA (2.5 μg/μl, in 
sterile 0.9% NaCl) containing 0.1% ascorbic acid was unilaterally injected in the medial 
forebrain bundle at the following coordinates relative to Bregma (in mm): AP -2.8, 
ML -2, DV -8.4 (Paxinos and Watson, 1998). At the end of the injection, the cannula 
remained in place for an additional 2 minutes and was then withdrawn slowly from the 
brain to prevent reflux of the solution. 

Single-unit recordings of STN neurons 
Rats were anesthetized with urethane hydrochloride (1.2 g/kg i.p., Sigma-Aldrich) and 
fixed in a stereotaxic apparatus (Horsley Clarke apparatus, Unimécanique, Epinay sur 
Seine, France). Body temperature was monitored with a rectal probe and maintained at 
37°C with a homeothermic warming blanket (model 50-7061, Harvard Apparatus, Les 
Ulis, France). Burr holes were made for stimulation and recording sites.  
 Extracellular recordings were performed with a glass micropipette, impedance 8-12 
MOhms, containing 4% pontamine sky blue dye dissolved in 0.9% NaCl. The pipette was 
lowered into the STN to record single-unit activity. The initial stereotactic coordinates 
relative to Bregma (in mm) were: AP -3.8, ML +/-2.5). During penetration of the brain at 
the Bregma level of the STN, a characteristic burst firing of units was encountered in the 
thalamus. Passing through a silent zone before an area with spontaneous firing neurons 
was encountered. From the first trajectory the recording electrode was moved in the 
medio-lateral and/or anterio-posterior plane to acquire neural responses in all STN 
subareas. Action potentials were amplified with a differential preamplifier (GRASS P15F, 
West Warwick, USA) and a differential amplifier (AM systems 1700, Sydney, Australia). 
The signal was displayed on a memory oscilloscope and registered on a computer 
(Scope 3.6; MacLab 4s AD Instruments, Cambridge Electronic Design, UK). Spikes were 
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separated from noise by a window discriminator apparatus (model 121, World Precision 
Instruments, UK) and sampled on-line (Spike 2 software, Cambridge Electronic Design, 
UK). At the end of each session, the last recording site used was marked by electropho-
retic injection of pontamine sky blue.  

Electrical stimulation of the prefrontal cortices 
A construction of two homemade, concentric electrodes was used for stimulation of 
five cortical regions ipsilateral to the recording site, namely the motor (MC), cingulate 
(Cg), prelimbic (PrL), infralimbic (IL) and the agranular insular cortices (AI) (Tan et al., 
2010). Stereotactic coordinates (in mm) relative to Bregma were respectively: AP 3.2, 
ML 4.0, VD -2.6 (MC); AP 3.2, ML 0.6, VD -2.6 (Cg); AP 3.2, ML 0.6, VD -3.8 (PrL); AP 3.2, 
ML 0.6, VD -5.2 (IL); AP 3.2, ML 4.0, VD -5.2 (AI) (Paxinos and Watson, 1998) (Fig. 1). 
Electrical stimuli were generated with an isolated stimulator (DS3, Digitimer Ltd., Hert-
fordshire, UK) triggered either by a MacLab/4S system (AD Instruments, Castle Hill, 
Australia). Stimulation consisted of 200 monophasic pulses of 0.3 ms width and 300 μA 
intensity delivered at a frequency of 1 Hz. These stimulation parameters were chosen 
based on earlier studies (Fujimoto and Kita, 1993, Maurice et al., 1999, Kolomiets et al., 
2001). The electrodes were moved up and down during the recordings to stimulate all 
targets. No qualitative differences in the response profiles were seen when moving the 
stimulation electrodes from the most dorsal cortical regions down to the most ventral 
cortical regions and back to the initial stimulation site. Histological evaluation of the 
brain sections, using acetylcholine esterase staining, confirmed that the electrodes 
traversed through the frontal cortex and reached a maximal depth of 5.2 mm according 
to bregma. Along the electrode trajectory, no additional histological damage was ob-
served. 

Histology and immunohistochemistry 
At the end of experiments, animals were sacrificed, brains were collected and frozen in 
isopentane at -45°C and stored at -80°C. Fresh-frozen brains were cryostat-cut on glass 
into coronal sections for localization of stimulation track in the cortex and pontamine 
sky blue dot in the STN. To this aim, acetylcholine esterase staining was used to contrast 
structures and to determine the location of the pontamine sky blue dot marking the last 
recording sites. Briefly, slides were air dried for one hour, rinsed for 5 minutes in a sodi-
um acetate buffer solution (pH 5.9). After pre-incubation for 15 minutes in a 0.375% 
glycine, 0.25% copper-sulfate sodium acetate buffer solution, slides were incubated in 200 
ml 0.375% glycine, 0.25% copper-sulfate sodium acetate buffer solution with 200 ml ace-
tylcholine iodide for 4 hours. Then, slides were washed for 5 minutes in the buffer solu-
tion, followed by a 2 minutes exposure to a 2% ammonium sulfide sodium acetate buffer 
solution. Finally, slides were rinsed 3 times in the buffer solution for 5 minutes. 
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Fig. 1. Drawing of trajectory of cortical elec-
trodes and the stimulation sites in the frontal 
cortex. The stimulation electrode construction 
was moved up and down along the same trajec-
tory. Stimulation sites were the motor cortex, 
cingulate gyrus, infralimbic gyrus, prelimbic 
cortex and the agranular cortex. 

Biochemistry 
Animals for final analysis went through an additional validation step regarding the ex-
tent of DA depletion. This biochemical step was mandatory for the inclusion of the elec-
trophysiology data from 6-OHDA animals. Monoamine tissue levels were measured by 
high-performance liquid chromatography (HPLC) coupled with electrochemical detec-
tion (De Deurwaerdere et al., 1998) to evaluate the extent of the DA depletion. Tissue 
concentrations of the dopamine and metabolites 3,4-Dihydroxyphenylacetic acid (DO-
PAC) and homovanillic acid (HVA) were measured in the anterior part of the striatum. At 
the end of electrophysiological recordings, rats were decapitated, and their brains were 
removed rapidly and frozen in cold isopentane. Both right and left portions of the ante-
rior striatum were dissected and stored at −80 °C un l their use in biochemical assays. 
The tissues were homogenized in 200 μl of 0.1 N HClO4 and centrifuged at 13,000 rpm 
for 30 min at 4 °C. Aliquots of the supernatants were diluted in the mobile phase and 
injected into the HPLC column (Chromasyl C8, 150×4.6 mm, 5 μm) protected by a 
Brownlee–Newgard precolumn (RP-8, 15×3.2 mm, 7 μm). The mobile phase, delivered 
at 1.2 ml/min flow rate, was as follows (in mM): 60 NaH2PO4, 0.1 disodium EDTA, and 
2-octane sulfonic acid plus 7% methanol, adjusted to pH 3.9 with orthophosphoric acid 
and filtered through a 0.22-μm Millipore filter. Detection of monoamines was per-
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formed with a coulometric detector (Coulochem I, ESA, Knivsta, Sweden) coupled to a 
dual-electrode analytic cell (model 5011). The potential of the electrodes was set at 
+350 and −270 mV. Paired-sample T-tests were performed between the left and right 
side of the brain samples using the Statistical Package for the Social Sciences version 
22.0 software (SPSS Inc, Chicago, Illinois, USA). 

Data analysis 
The basal firing rates and firing patterns of STN neurons were determined from the first 
10 minutes of recording before stimulation of the cortical areas was started. The mean 
firing rate was calculated per neuron and a discharge density histogram was developed 
to assess the firing pattern using the Kaneoke and Vitek method (Kaneoke and Vitek, 
1996, Chetrit et al., 2009, Janssen et al., 2012). The firing rate was compared between 
control and 6-OHDA animals using a t-test, firing patterns were analyzed using a Chi-
square test. Peristimulus time histograms (PSTHs) were constructed from 200 consecu-
tive stimulation trials with a bin size of 1 ms for each cortical stimulation site (MC, Cg, 
PrL, IL and AI). The criterion used to establish the existence of an excitatory response 
corresponded to the mean of the number of spikes recorded during the 500 ms preced-
ing the onset of cortical stimulation plus the standard deviation (SD) of this mean. An 
inhibition was considered as a period during which the number of spikes is 50% below 
the mean of the number of spikes during the 500 ms period preceding the stimulation 
or if no spikes were recorded (Georges and Aston-Jones, 2002, Beyeler et al., 2010, Kita 
and Kita, 2011). Figures were made with Adobe Photoshop CS3 Version: 10.0.1 (Adobe, 
San Jose, USA) and Matlab (The MathWorks, Natick, USA). 

Results 

Subthalamic neuronal responses to cortical stimulation in control animals 
A total of 284 STN neurons were recorded in control animals. The spontaneous firing 
rate in control animals was 8.6 ± 0.45 spikes/sec (mean ± SEM) (figure 2). The firing 
pattern was regular in XX% of the STN recorded neurons, and irregular or bursty in XX% 
of the neurons. 79% of the subthalamic neurons responded to stimulation of the MC, 
CG, PrL, IL and/ or AI cortices. Of all the STN neurons recorded in control animals, 37% 
showed a triphasic response, 10% had only an early excitation, while 37% had only a 
late excitation and 3% a combination of the early and late excitation, 13% showed only 
the STN specific long-lasting inhibition. These response patterns are in line with previ-
ous reports (Kitai and Deniau, 1981, Ryan and Clark, 1991, Fujimoto and Kita, 1993, 
Maurice et al., 1998, Kita and Kita, 2011).  
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Fig. 2. An example is shown of a baseline recording of a regular firing subthalamic neuron (A). Next a repre-
sentative triphasic response is shown in a peristimulus time histogram. First an early exaltation (E1) is seen 
followed by a late excitation (E2), between these excitatory phases, a short inhibition (I1) is present. After the 
triphasic response a long-lasting inhibition (I2) is seen (B). Also an example of iontophoretic blue point in the 
subthalamic nucleus is shown which was used to identify the exact anatomical localization of the recorded 
neurons (C).  

Spatial distribution of subthalamic neurons in relation to the corresponding cortical 
stimulation site. 
Figure 2C shows an example of a pontamine sky blue dot marking the site of the last 
recorded neuron in the STN. The dots were used to reconstruct the location of the STN 
recorded neurons as shown in figure 3. STN neurons responsive to motor cortex stimu-
lation were present throughout the whole STN, but more sparsely within the ventro-
medial part. Neurons responsive to stimulation of the associative-limbic cortices were 
more frequently found within the ventro-medial part of the STN. No differences were 
found in the localization of neurons showing a triphasic response, or just a response to 
either the direct monosynaptic cortico-subthalamic pathway or the indirect cortico-
striato-pallido-subthalamic pathway. Although a crude anatomical subdivision could be 
made between motor and non-motor areas within the STN, STN responses to motor 
cortex stimulation were not limited to the dorso-lateral part of the STN. The same, 
though to a lesser extent, was observed for responses to limbic/associative cortices.  
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Fig. 3.Illustration of all localization of responsive and non responsive neurons per stimulation site, which were 
drawn relative to the last recorded neuron based on the iontophoretic blue point. It should be noticed that 
the neurons which responded to MC stimulation are mainly seen in the lateral parts of the STN. The neurons 
which responded to stimulation of the medial prefrontal cortical areas, for the most part the CG, were located 
in the medial part of the STN. The neurons which were responsive to the agranular insular cortex seemed to 
be mainly located in the dorsal border of the STN. Abbreviations: agranular insular cortex (AI) , cingulate gyrus 
(CG), dorsal (D), infralimbic cortex (IL), medial (M), motor cortex (MC), lateral (L), prelimbic cortex (PrL), 
ventral (V). 

 
Figure 4 illustrates representative examples of peristimulus time histograms of two 
neurons recorded one below another. The first neuron showed a triphasic response to 
MC, PrL and AI stimulation, whilst the second one showed a late excitation to CG and 
PrL stimulation, and to a lesser extent also to the MC. From the 284 recorded neurons, 
in total 513 neuronal responses from the STN were acquired by stimulation of the dif-
ferent cortical areas. In control animals most neurons responded to only one cortical 
region. 41% of STN neurons which were responsive to MC stimulation, did not respond 
to stimulation of the other stimulated cortical areas, nevertheless 13.6% of the neurons 
showed an early response to both MC and AI, which originates from the monosynaptic 
cortico-subthalamic pathway, even more neurons responded with a late excitation to 
stimulation of different cortical regions. In table 1A-C, the responses of STN neurons per 
cortical stimulation site are given. This displays the integration of motor and non-motor 
cortico-subthalamic pathways. In a few neurons we tested if a combined stimulation of 
MC and CG would change the amplitude of the triphasic response when the neuron 
responded to separate stimulation of these cortical areas (figure 5). No increase in the 
amplitude of the early or late excitation was seen. Although, the onset and duration of 
the excitatory phases was more stringent when stimulation was combined.  
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Fig. 4. A representative example of the responses to cortical stimulation of two neurons is shown. The second 
neuron was recorded just below the first one. The first neuron showed a triphasic response to MC, PrL and AI 
stimulation. The second neuron showed a late excitation to CG and PrL stimulation, and to a lesser extent also 
to the MC.  
 

Fig. 5. Example of a neuronal response to stimulation of the MC (A), the CG (B), and the MC and CG combined 
(C). Abbreviations: cingulate gyrus (CG), motor cortex (MC). No increase in the amplitude of the early or late 
excitation was seen. Although, the onset and duration of the excitatory phases was shorter when stimulation 
was combined. 
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Table 1. First the responses per stimulation site are displayed for control animals (A) and 6-OHDA animals (B); 
most neuronal responses were induced by MC stimulation. Next the number of neurons which showed a 
response to different cortical areas is given for respectively the control (C) and 6-OHDA animals (D). Most 
overlap was seen between MC and AI stimulation, but also between MC and CG a significant number of STN 
neurons responded to stimulation of both areas. It should also be noticed that most overlap is seen in the E2 
response from the excitatory responses 

A 

    triphasic E1/E2  E2 E1 inhibition only total 

area MC 55  5 36 20  24 140 

CG  5  3 40  3  58 109 

PrL   0  1 16  1  52  70 

IL  0  0  9  0  58  67 

  AI 33  4 38  3  48 127 

Total   87 13 96 15  240 513 

 
B 

    triphasic E1/E2  E2 E1 inhibition only total 

area MC 61 7 35 19 14 136 

CG 8 4 37 4 34 87 

PrL  2 1 15 1 33 52 

IL 0 0 6 0 34 40 

  AI 41 4 36 4 27 112 

Total   112 16 129 28 142 427 

 

C     D    

  E1 E2 I2   E1 E2 I2 

MC-CG  0  8 55  MC-CG 1 9 31 

MC-PrL  0  6 44  MC-PrL 0 8 28 

MC-IL  0  2 45  MC-IL 0 4 27 

MC-AI 28 53 75  MC-AI 36 52 72 

CG-PrL  1 13 55  CG-PrL 4 13 36 

CG-IL  0  5 43  CG-IL 0 3 30 

CG-AI  0  4 49  CG-AI 1 5 27 

PrL-IL  0  6 40  PrL-IL 0 2 23 

Prl-AI  1  6 42  Prl-AI 0 3 22 

IL-AI  0 11 42  IL-AI 0 2 22 
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Subthalamic neuronal responses to cortical stimulation in 6-OHDA-lesioned animals 
A total of 101 STN neurons were recorded in 6-OHDA lesioned animals. Dopamine de-
pletion was confirmed in the 6-OHDA treated animals (p<0.01). Table 2 summarizes the 
tissue content of DA, DOPAC and HVA in the anterior striatum. Compared to control 
animals, the spontaneous firing rate of STN neurons in DA depleted animals significantly 
increased to 12.8 ± 1.12 Hz (mean ± SEM, F= 10.0, p=0.002). The firing pattern of STN 
neurons 6-OHDA lesioned animals was in 44% of the neurons regular; 56% of the neu-
rons showed an irregular or bursty firing pattern, which is in correspondence to previ-
ous studies (Hollerman and Grace, 1992, Ni et al., 2001, Janssen et al., 2012). 88% of 
the subthalamic neurons responded to stimulation of the MC, CG, PrL, IL and AI. Of all 
the STN neurons recorded in DA depleted animals, 39% showed a triphasic response, 
3% had only an early excitation, while 25% had only a late excitation and 13% a combi-
nation of the early and late excitation, 9% showed only the STN specific long-lasting 
inhibition. Interestingly, an increased number of neurons from the responsive neurons 
showed an excitation compared to the control group. This increase was seen in the 
group of responses in which a combined early and late excitation was present without 
early inhibition in-between. However, these differences were not significantly different 
between normal and DA depleted animals using a Chi-square test (p=0.22). The same 
overlap of responses to the stimulation of different cortical areas was seen in 6-OHDA 
lesioned animals compared to control animals (Table 1B-D). The anatomical localization 
of neurons within the STN depending on the responsiveness to stimulation of a specific 
cortical area was the same for normal and DA depleted rats.  
 
Table 2. 

  Control Unilateral 6-OHDA lesion 

  left right left right 

Dopamine   13598±1367   13572±1149   12079±375   1601±480** 

Noradrenaline   00131±11   00132±10   00095±12   0018±5** 

Serotonin   00195±21   00233±27   00240±34   0181±29 

Neurochemical analysis of unilateral 6-OHDA treatment induced depletion of DA. Tissue contents of striatal 
DA, 3,4-Dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA) measured by HPLC are depicted. 
Values are concentrations in ng/g of wet tissue presented as the mean ± SEM. Paired-sample t-test was 
performed between the left and right side of the brain samples. *p<0.05, **p<0.01. Abbreviations: dopamine 
(DA), 3,4-Dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA). 

Discussion 

Here we provided the first robust evidence showing that motor and non-motor cortico-
subthalamic pathways in the rat are not fully segregated, but partially integrated in the 
rat. This integration was most present through the indirect pathway.  
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Our results showed that most STN neurons were responsive to cortical stimulation. 
From the responsive neurons, the majority responded to stimulation of two or more 
cortical areas. Interestingly, responses to different cortical areas were mainly seen with 
a long latency. These long latency responses are related to the ‘indirect’ cortico-striato-
pallido-subthalamic pathway. A substantial number of neurons also showed a short 
latency response mainly originating from motor cortex, but was also seen after the 
stimulation of non-motor cortical areas. This short latency response is caused by the 
excitation of STN neurons through the monosynaptic glutamatergic cortico-subthalamic 
pathway. Frequently a combination of short and long latency responses were observed, 
which have been earlier characterized as a triphasic response (Fujimoto and Kita, 1993, 
Nambu et al., 2000, Kolomiets et al., 2001, Magill et al., 2004). 
 A large number of STN neurons selectively responded to either motor or non-
motor cortical regions with a crude somatotopy. Indeed, the responsive neurons to 
motor cortex stimulation were mainly located in the lateral portion of the STN, whereas 
neurons responding to stimulation of limbic/associative cortical areas were mainly seen 
in the medial parts of the STN. On the contrary, it should also be noticed that respon-
sive neurons to the stimulation of motor and non-motor cortices were not limited to 
these areas and functional territories largely overlapped. Indeed, a significant number 
of STN neurons responded to stimulation of both motor and non-motor regions, with a 
long latency response and also with short latency responses. Therefore, our findings are 
not in line with the two major theories for cortico-basal ganglia information processing. 
They do not support the absolute, parallel flow of motor, associative and limbic infor-
mation through the cortico-basal ganglia circuits (Alexander et al., 1986, Alexander and 
Crutcher, 1990, Groenewegen et al., 1990, Volkmann et al., 2010) and neither do these 
results support a pure convergence of these pathways (Percheron et al., 1984, Perche-
ron and Filion, 1991). Our findings, however, are in agreement with another theory 
which presumes parallel cortico-basal ganglia pathways with interaction between them 
(Joel and Weiner, 1994). The concept that the cortico-basal ganglia circuits are not 
completely closed and segregated from each other has accompanied the principle of 
parallel organization in the first description of this network (Alexander et al., 1986). A 
review of anatomical studies showed that the cortico-basal ganglia network is intercon-
nected by pathways, which are themselves components of the different loops within 
this network (Joel and Weiner, 1994). Thus, with respect to our results the organization 
of the cortico-subthalamic network is best described as functionally interconnected, 
parallel loops. There are several arguments supporting this vision: first of all dendrites 
extend across almost the entire STN (Hammond and Yelnik, 1983). Second, an anatomi-
cal tracer study has shown highly overlapped and fuzzy borders of somatopic presenta-
tions in the subthalamic nucleus, in agreement with our electrophysiological functional 
findings (Kita et al., 2014). The overlap between functional territories is also described 
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in non-human primates. Overlap is seen in projections from prefrontal, pre-motor, mo-
tor and limbic projections to the STN (Nambu et al., 1996, Haynes and Haber, 2013), 
and the same overlap is seen from projections from the GPe (Kita, 2007). An even 
stronger argument is that responses to stimulation of the non-motor cortices have been 
seen in STN neurons, which also responded to motor cortex stimulation (Kolomiets et 
al., 2001). Moreover, when we stimulated two different cortical areas the neuronal 
response was modulated. Other strong afferent projections of the STN from the ventral 
pallidum, intralaminar thalamic nuclei, and pedunculopontine tegmental nucleus also 
show overlapped functional anatomical projections (Groenewegen et al., 1993, Maurice 
et al., 1998). It is also not surpising that the cortico-subthalamic pathways are not orga-
nized in strict parallel matter since interactions between associative, limbic and motor 
circuits are necessary to perform complex tasks in stressful and highly demanding cir-
cumstances. 
 These findings are also clinically relevant. In Parkinson’s disease, STN DBS is applied 
to improve motor symptoms. Therefore the dorso-lateral sensori-motor part of the STN 
is targeted. Many efforts are currently made to improve targeting to avoid undesired 
neuropsychiatric side-effects, which are thought to be caused by stimulation of the non-
motor regions of the STN. If the interconnectivity of cortico-subthalamic pathways is as 
strong in humans as in rats, then these side effects cannot be totally avoided. 
 In the 6-OHDA treated rats no differences were seen in the functional anatomical 
localization of STN neurons compared to the sham group. So again a crude somatotopy 
was seen, but with great overlap. This finding shows that in a dopamine depleted state 
the somatotopy of STN neurons remains unchanged. Interestingly, as shown in table 1 
the interconnectivity of cortico-subthalamic pathways was similar in the control and 6-
OHDA treated group. It can however not be ruled out that in a long-term dopamine 
depleted brain segregation of cortico-subthalamic pathways is vanishing even further.  

Conclusion 

In this study, we show that the neuronal responses to cortical stimulation of the STN are 
grossly anatomically organized with large overlap and interaction between different 
functional cortico-subthalamic pathways is seen electrophysiologically. For STN DBS in 
PD patients this could suggest that avoidance of behavioral side effects by selective 
stimulation of the motor part solely is hard to achieve, since a pure motor part may not 
exist. 



FUNCTIONAL CORTICO-STN INPUTS 

101 

Acknowledgements 

The authors gratefully acknowledge the support of the BrainGain Smart Mix Programme 
of the Netherlands Ministry of Economic Affairs and the Netherlands Ministry of Educa-
tion, Culture and Science (grant no.: SSM06011). The study was also supported by the 
“Bordeaux University” and the “Centre National de la Recherche Scientifique” (CNRS, 
France). M. Janssen received travel grants from the Boehringer Ingelheim Foundation 
and the Dutch Parkinson Association. C. Delaville was supported by a fellowship from 
the “Ministère de l’Education Nationale, de la Recherche et de la Technologie” (France). 
We thank L. Cardoit for her technical assistance. The authors declare no competing 
financial interests. 
  



CHAPTER 5 

102 

References 

1. Albin, R. L., Young, A. B., and Penney, J. B., 1989. The functional anatomy of basal ganglia disorders. 
Trends Neurosci 12, 366-375. 

2. Alexander, G. E., and Crutcher, M. D., 1990. Functional architecture of basal ganglia circuits: neural 
substrates of parallel processing. Trends Neurosci 13, 266-271. 

3. Alexander, G. E., DeLong, M. R., and Strick, P. L., 1986. Parallel organization of functionally segregated 
circuits linking basal ganglia and cortex. Annu Rev Neurosci 9, 357-381. 

4. Benazzouz, A., Boraud, T., Feger, J., Burbaud, P., Bioulac, B., and Gross, C., 1996. Alleviation of 
experimental hemiparkinsonism by high-frequency stimulation of the subthalamic nucleus in primates: a 
comparison with L-Dopa treatment. Movement disorders : official journal of the Movement Disorder 
Society 11, 627-632. 

5. Benazzouz, A., Gross, C., Feger, J., Boraud, T., and Bioulac, B., 1993. Reversal of rigidity and improvement 
in motor performance by subthalamic high-frequency stimulation in MPTP-treated monkeys. Eur J 
Neurosci 5, 382-389. 

6. Beyeler, A., Kadiri, N., Navailles, S., Boujema, M. B., Gonon, F., Moine, C. L., Gross, C., and De 
Deurwaerdere, P., 2010. Stimulation of serotonin2C receptors elicits abnormal oral movements by acting 
on pathways other than the sensorimotor one in the rat basal ganglia. Neuroscience 169, 158-170. 

7. Chetrit, J., Ballion, B., Laquitaine, S., Belujon, P., Morin, S., Taupignon, A., Bioulac, B., Gross, C. E., and 
Benazzouz, A., 2009. Involvement of Basal Ganglia network in motor disabilities induced by typical 
antipsychotics. PLoS One 4, e6208. 

8. De Deurwaerdere, P., Stinus, L., and Spampinato, U., 1998. Opposite change of in vivo dopamine release 
in the rat nucleus accumbens and striatum that follows electrical stimulation of dorsal raphe nucleus: 
role of 5-HT3 receptors. The Journal of neuroscience : the official journal of the Society for Neuroscience 
18, 6528-6538. 

9. Degos, B., Deniau, J. M., Le Cam, J., Mailly, P., and Maurice, N., 2008. Evidence for a direct subthalamo-
cortical loop circuit in the rat. Eur J Neurosci 27, 2599-2610. 

10. Delaville, C., Chetrit, J., Abdallah, K., Morin, S., Cardoit, L., De Deurwaerdere, P., and Benazzouz, A., 2012. 
Emerging dysfunctions consequent to combined monoaminergic depletions in Parkinsonism. Neurobiol 
Dis 45, 763-773. 

11. Fujimoto, K., and Kita, H., 1993. Response characteristics of subthalamic neurons to the stimulation of 
the sensorimotor cortex in the rat. Brain Res 609, 185-192. 

12. Georges, F., and Aston-Jones, G., 2002. Activation of ventral tegmental area cells by the bed nucleus of 
the stria terminalis: a novel excitatory amino acid input to midbrain dopamine neurons. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 22, 5173-5187. 

13. Groenewegen, H. J., Berendse, H. W., and Haber, S. N., 1993. Organization of the output of the ventral 
striatopallidal system in the rat: ventral pallidal efferents. Neuroscience 57, 113-142. 

14. Groenewegen, H. J., Berendse, H. W., Wolters, J. G., and Lohman, A. H., 1990. The anatomical 
relationship of the prefrontal cortex with the striatopallidal system, the thalamus and the amygdala: 
evidence for a parallel organization. Prog Brain Res 85, 95-116; discussion 116-118. 

15. Hamani, C., Saint-Cyr, J. A., Fraser, J., Kaplitt, M., and Lozano, A. M., 2004. The subthalamic nucleus in 
the context of movement disorders. Brain 127, 4-20. 

16. Hammond, C., and Yelnik, J., 1983. Intracellular labelling of rat subthalamic neurones with horseradish 
peroxidase: computer analysis of dendrites and characterization of axon arborization. Neuroscience 8, 
781-790. 

17. Haynes, W. I., and Haber, S. N., 2013. The organization of prefrontal-subthalamic inputs in primates 
provides an anatomical substrate for both functional specificity and integration: implications for Basal 
Ganglia models and deep brain stimulation. The Journal of neuroscience : the official journal of the 
Society for Neuroscience 33, 4804-4814. 

18. Hollerman, J. R., and Grace, A. A., 1992. Subthalamic nucleus cell firing in the 6-OHDA-treated rat: basal 
activity and response to haloperidol. Brain Res 590, 291-299. 



FUNCTIONAL CORTICO-STN INPUTS 

103 

19. Janssen, M. L., Zwartjes, D. G., Tan, S. K., Vlamings, R., Jahanshahi, A., Heida, T., Hoogland, G., 
Steinbusch, H. W., Visser-Vandewalle, V., and Temel, Y., 2012. Mild dopaminergic lesions are 
accompanied by robust changes in subthalamic nucleus activity. Neurosci Lett 508, 101-105. 

20. Janssen, M. L. F., Duits, A. A., Turaihi, A. H., Ackermans, L., Leentjens, A. F. G., van Kranen-Mastenbroek, 
V., Oosterloo, M., Visser-Vandewalle, V., and Temel, Y., 2014. Subthalamic nucleus high frequency 
stimulation for advanced Parkinson’s disease: motor and neuropsychological outcome after 10 years. 
Stereotact Funct Neurosurg 92, 381-387. 

21. Joel, D., and Weiner, I., 1994. The organization of the basal ganglia-thalamocortical circuits: open 
interconnected rather than closed segregated. Neuroscience 63, 363-379. 

22. Kaneoke, Y., and Vitek, J. L., 1996. Burst and oscillation as disparate neuronal properties. J Neurosci 
Methods 68, 211-223. 

23. Kita, H., 2007. Globus pallidus external segment. Prog Brain Res 160, 111-133. 
24. Kita, H., and Kita, T., 2011. Cortical stimulation evokes abnormal responses in the dopamine-depleted rat 

basal ganglia. J Neurosci 31, 10311-10322. 
25. Kita, T., Osten, P., and Kita, H., 2014. Rat subthalamic nucleus and zona incerta share extensively 

overlapped representations of cortical functional territories. J Comp Neurol 522, 4043-4056. 
26. Kitai, S. T., and Deniau, J. M., 1981. Cortical inputs to the subthalamus: intracellular analysis. Brain Res 

214, 411-415. 
27. Kolomiets, B. P., Deniau, J. M., Mailly, P., Menetrey, A., Glowinski, J., and Thierry, A. M., 2001. 

Segregation and convergence of information flow through the cortico-subthalamic pathways. J Neurosci 
21, 5764-5772. 

28. Krack, P., Batir, A., Van Blercom, N., Chabardes, S., Fraix, V., Ardouin, C., Koudsie, A., Limousin, P. D., 
Benazzouz, A., LeBas, J. F., Benabid, A. L., and Pollak, P., 2003. Five-year follow-up of bilateral stimulation 
of the subthalamic nucleus in advanced Parkinson's disease. N Engl J Med 349, 1925-1934. 

29. Limousin, P., Pollak, P., Benazzouz, A., Hoffmann, D., Broussolle, E., Perret, J. E., and Benabid, A. L., 1995. 
Bilateral subthalamic nucleus stimulation for severe Parkinson's disease. Mov Disord 10, 672-674. 

30. Magill, P. J., Sharott, A., Bevan, M. D., Brown, P., and Bolam, J. P., 2004. Synchronous unit activity and 
local field potentials evoked in the subthalamic nucleus by cortical stimulation. J Neurophysiol 92, 700-
714. 

31. Maurice, N., Deniau, J. M., Glowinski, J., and Thierry, A. M., 1998. Relationships between the prefrontal 
cortex and the basal ganglia in the rat: physiology of the corticosubthalamic circuits. J Neurosci 18, 9539-
9546. 

32. Maurice, N., Deniau, J. M., Glowinski, J., and Thierry, A. M., 1999. Relationships between the prefrontal 
cortex and the basal ganglia in the rat: physiology of the cortico-nigral circuits. J Neurosci 19, 4674-4681. 

33. Miyachi, S., Lu, X., Imanishi, M., Sawada, K., Nambu, A., and Takada, M., 2006. Somatotopically arranged 
inputs from putamen and subthalamic nucleus to primary motor cortex. Neurosci Res 56, 300-308. 

34. Nambu, A., Takada, M., Inase, M., and Tokuno, H., 1996. Dual somatotopical representations in the 
primate subthalamic nucleus: evidence for ordered but reversed body-map transformations from the 
primary motor cortex and the supplementary motor area. J Neurosci 16, 2671-2683. 

35. Nambu, A., Tokuno, H., Hamada, I., Kita, H., Imanishi, M., Akazawa, T., Ikeuchi, Y., and Hasegawa, N., 
2000. Excitatory cortical inputs to pallidal neurons via the subthalamic nucleus in the monkey. J 
Neurophysiol 84, 289-300. 

36. Nambu, A., Tokuno, H., and Takada, M., 2002. Functional significance of the cortico-subthalamo-pallidal 
'hyperdirect' pathway. Neurosci Res 43, 111-117. 

37. Ni, Z. G., Bouali-Benazzouz, R., Gao, D. M., Benabid, A. L., and Benazzouz, A., 2001. Time-course of 
changes in firing rates and firing patterns of subthalamic nucleus neuronal activity after 6-OHDA-induced 
dopamine depletion in rats. Brain Res 899, 142-147. 

38. Parent, A., and Hazrati, L. N., 1995. Functional anatomy of the basal ganglia. II. The place of subthalamic 
nucleus and external pallidum in basal ganglia circuitry. Brain Res Brain Res Rev 20, 128-154. 

39. Paxinos, G., and Watson, C., 1998. The Rat Brain in Stereotaxic Coordinates. Academic Press, New York. 



CHAPTER 5 

104 

40. Percheron, G., and Filion, M., 1991. Parallel processing in the basal ganglia: up to a point. Trends 
Neurosci 14, 55-59. 

41. Percheron, G., Yelnik, J., and Francois, C., 1984. A Golgi analysis of the primate globus pallidus. III. Spatial 
organization of the striato-pallidal complex. J Comp Neurol 227, 214-227. 

42. Rodriguez-Oroz, M. C., Zamarbide, I., Guridi, J., Palmero, M. R., and Obeso, J. A., 2004. Efficacy of deep 
brain stimulation of the subthalamic nucleus in Parkinson's disease 4 years after surgery: double blind 
and open label evaluation. J Neurol Neurosurg Psychiatry 75, 1382-1385. 

43. Ryan, L. J., and Clark, K. B., 1991. The role of the subthalamic nucleus in the response of globus pallidus 
neurons to stimulation of the prelimbic and agranular frontal cortices in rats. Exp Brain Res 86, 641-651. 

44. Smith, Y., Bevan, M. D., Shink, E., and Bolam, J. P., 1998. Microcircuitry of the direct and indirect 
pathways of the basal ganglia. Neuroscience 86, 353-387. 

45. Tan, S., Vlamings, R., Lim, L., Sesia, T., Janssen, M. L., Steinbusch, H. W., Visser-Vandewalle, V., and 
Temel, Y., 2010. Experimental deep brain stimulation in animal models. Neurosurgery 67, 1073-1079; 
discussion1080. 

46. Temel, Y., Blokland, A., Steinbusch, H. W., and Visser-Vandewalle, V., 2005. The functional role of the 
subthalamic nucleus in cognitive and limbic circuits. Prog Neurobiol 76, 393-413. 

47. Temel, Y., Kessels, A., Tan, S., Topdag, A., Boon, P., and Visser-Vandewalle, V., 2006. Behavioural changes 
after bilateral subthalamic stimulation in advanced Parkinson disease: a systematic review. Parkinsonism 
Relat Disord 12, 265-272. 

48. Visser-Vandewalle, V., van der Linden, C., Temel, Y., Celik, H., Ackermans, L., Spincemaille, G., and 
Caemaert, J., 2005. Long-term effects of bilateral subthalamic nucleus stimulation in advanced Parkinson 
disease: a four year follow-up study. Parkinsonism Relat Disord 11, 157-165. 

49. Volkmann, J., Daniels, C., and Witt, K., 2010. Neuropsychiatric effects of subthalamic neurostimulation in 
Parkinson disease. Nature reviews. Neurology 6, 487-498. 

  



105 

CHAPTER 6 
 

Subthalamic Neuronal Responses to 
Cortical Stimulation 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Janssen MLF, Zwartjes DGM, Temel Y, Kranen-Mastenbroek V,  
Duits A, Bour L, Veltink P, Heida T, Visser-Vandewalle V. 
 
Mov Dis 2012 Mar;27(3):435-8. 
  



CHAPTER 6 

106 

Abstract 

 Background: Deep brain stimulation of the subthalamic nucleus alleviates motor 
symptoms in Parkinson’s disease patients. However, some patients suffer from cogni-
tive and emotional changes. These side effects are most likely caused by current spread 
to the cognitive and limbic territories in the subthalamic nucleus. The aim of this study 
was to identify the motor part of the subthalamic nucleus to reduce stimulation-
induced behavioral side effects, by using motor cortex stimulation. 
 Methods: We describe the results of subthalamic nucleus neuronal responses to 
stimulation of the hand area of the motor cortex and evaluate the safety of this novel 
technique.  
 Results: Responses differed between regions within the subthalamic nucleus. In the 
anterior and lateral electrode at dorsal levels of the subthalamic nucleus, an early exci-
tation (~5–45 ms) and subsequent inhibition inhibition (45–105 ms) were seen. The 
lateral electrode also showed a late excitation (~125–160 ms). Focal seizures were ob-
served following motor cortex stimulation.  
 Conclusions: To prevent seizures the current density should be lowered, so that 
motor cortex stimulation evoked responses can be safely used during deep brain stimu-
lation surgery.  
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Introduction 

Deep brain stimulation (DBS) of the subthalamic nucleus (STN) alleviates motor symp-
toms in Parkinson’s disease (PD) patients.(Deuschl, et al., 2006, Rodriguez-Oroz, et al., 
2004, Weaver, et al., 2009) However, in a substantial number of patients the improve-
ment of motor symptoms is accompanied by cognitive and/or limbic altera-
tions.(Berney, et al., 2002, Piasecki and Jefferson, 2004, Smeding, et al., 2006, Temel, et 
al., 2006, Witt, et al., 2008) These behavioral side effects are thought to be caused by 
stimulation of the associative and limbic areas in the STN.(Temel, et al., 2005) There-
fore, the optimal target is the dorsolateral part of the STN, supposedly the STN motor 
area.(Hamani, et al., 2004) Optimization, to identify the motor part, is currently done by 
intra-operative neurophysiologic measurements, such as spontaneous neuronal firing, 
neuronal kinesthetic responses and beta-power in the local field potential.(Chen, et al., 
2006, de Solages, et al., 2011, Gross, et al., 2006) Earlier, Nishibayashi et al. applied 
subdural motor cortex stimulation (MCS) in humans in order to identify the motor area 
of the globus pallidus internus and externus (Nishibayashi, et al., 2011). This report will 
provide insight in the cortically evoked responses of the human STN neurons. The aim 
of the study was to identify the STN motor area by using MCS in order to reduce stimu-
lation induced behavioral side effects. In this study, we tested the feasibility of identify-
ing the STN motor part by motor cortex stimulation and evaluated the safety of this 
novel approach.  

Patients and Methods 

Patients 
The study was approved by the Medical Ethical Committee of the Maastricht University 
Medical Center and all patients gave written informed consent. Patients were informed 
about the additional burr hole, subdural placement of the stimulation electrode and its 
additional potential complications, like the risk of a bleeding or a seizure. In- and exclu-
sion criteria were the same as for standard DBS STN. In total, five PD patients with an 
age ranging between 55 and 70 years old were enrolled in this study.  

Procedure 
The procedure and results described below are from the fifth patient, because the 
stimulation protocols used in the other patients did not result in a STN response due to 
saturation of the amplifier in the first two patients and suboptimal MCS protocols in the 
remaining two patients. (see table 1). The day before the DBS procedure transcranial 
magnetic stimulation (TMS) was performed to localize the hand area of the motor cor-
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tex. The stereotactic procedure was performed under local anesthesia. Preoperatively, 
the patient was loaded with 15 mg/kg Diphantoine intravenously in ninety minutes. A 
strip of four electrodes (AD-Tech, model TS04R-SP10X-000; Racine, USA) was placed in 
the subdural space through a burr hole posterolateral to the hand area (identified by 
TMS). The strip electrode position was verified by performing a MEP registration at the 
contralateral hand and arm and the stimulation amplitude threshold was obtained. 
Subsequently, five micro-electrodes (InoMed, MicroMacroElectrode) were simultane-
ously inserted towards the STN through a precoronal burr hole. After baseline record-
ings, cortical evoked neuronal activity was measured using a multiple channel registra-
tion system (InoMed, ISIS MER System; stimulation settings: bipolar, monophasic, 0.2 
ms, 15mA). After acquiring the cortically evoked responses, surgery was continued 
according to the standard procedure (Medtronic, Columbia Heights, Minneapolis, USA, 
model 3389). (Temel, et al., 2007) On the left side, the standard surgical procedure was 
performed without cortical stimulation. Three to four days after surgery, the electrodes 
were connected to an internal pulse generator (Medtronic, Kinetra, Model 7428). 
 
Table 1. The different motor cortex stimulation protocols used in all patients and the responsiveness of the 
subthalamic neurons to the applied protocol. The stimulation protocols which evoked a STN response were 
only used in the fifth patient. 

Monopolar/ bipolar Anodal/ cathodal Amplitude  
(times MEP level) 

STN response 

Monopolar Anodal 0.33 No 

   0.5 No 

   0.67 No 

   1 No 

   1.5 No 

  Cathodal 0.5 No 

    1 No 

Bipolar   0.33 No 

    0.67 No 

    1 Yes (partial) 

    2 Yes 

The stimulation protocols that evoked a STN response were only used in the fifth patient. MEP, motor-evoked 
potential; STN, subthalamic nucleus. 

Data analysis 
Data analysis was performed in Matlab (MathWorks, Natick, MA, USA). First, offset and 
drift were removed from the signal by a high-pass butterworth filter at 5 Hz. Subse-
quently, the stimulation artifact was removed. To assess multi/single unit activity, each 
epoch was digitally filtered between 350 and 5000 Hz. Spike detection was performed 
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using the envelope method.(Dolan, et al., 2009) To obtain single unit activity, spike 
sorting was performed by computing the principal components, which were clustered 
using either K-means or the Gaussian mixture model and the expectation maximization 
algorithm.(Lewicki, 1998) After spike detection, peristimulus time histograms (PSTHs) 
from 100 ms before until 200 ms after stimulation were constructed from 200 sweeps, 
grouping all trials with a specific stimulation setting. Bins of 1 ms were used and bins 1 
ms before and 2 ms after cortical stimulation were set to zero to avoid any remaining 
stimulation artifact to be mistaken for spikes. To determine significant excitatory and 
inhibitory responses from the PSTHs, changing points indicating increases and decreas-
es of the PSTH were detected using the change point analyzer software. (Magill, et al., 
2004, Taylor, 2000) The periods between two changing points were tested for having a 
significantly different firing rate compared to the 100 ms preceding stimulation. This 
was done using a two-tailed t-test with a 5% significance level. STN borders were de-
termined by the intra-operative observations of the neurophysiologist and the post-
operative analysis of the MER recordings. 

Results 

The STN was entered at a depth of 2 mm above target and left at 2.5 mm below target 
on the anterior and lateral trajectories. The central trajectory was within the STN from 
0.5 mm to 3.5 mm below target, while the medial trajectory did not go through the STN. 
The posterior channel was defect and could not be analyzed. We measured 8 neurons 
inside the STN at various locations in this patient. The neurons had an average firing 
rate of 47±25 Hz. Four neurons had a bursting pattern, three neurons showed a random 
pattern and one neuron showed a regular firing pattern. (Benazzouz, et al., 2002, Ka-
neoke and Vitek, 1996) Statistically significant responses in the STN were observed 
when MCS was performed with a single monophasic pulse (0.2 ms duration) at 15 mA 
and bipolar settings. Excitations ranged from a 30% to a 103% increase in firing rate 
relatively to the 100 ms period preceding stimulation, while the inhibitory periods 
ranged from an 11% to a 76% decrease in firing rate (Fig. 1). After each cortical stimu-
lus, a clear contraction of the contralateral hand musculature was observed. Both spon-
taneous unit activity and unit responses to cortical stimulation were recorded from 
target -1.5 until target +2.5 mm. Inside the STN, responses to MCS were found, while 
outside of the STN no responses were observed except for the medial electrode at 2.5 
mm from target (Fig. 1). Responses varied between different depths and between dif-
ferent locations in the anterior-posterior and medio-lateral plane within the STN.  
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Fig. 1. PSTHs of neuronal recordings starting 0.5 mm after the electrode first enters the STN (1.5 mm above 
target) until the last electrode leaves the STN (2.5 mm below target). Recordings inside the STN are enclosed 
with a red window. MCS was performed with a bipolar electrode configuration using a monophasic pulse with 
an amplitude of 15 mA and a duration of 0.2 ms. The arrows at the x-axis indicate the significant changes that 
were identified with the change point analysis. The red arrows specify changes after which a significant in-
crease or decrease in firing rate relatively to the 100-ms preceding stimulation was found. These periods are 
also indicated with shaded areas in which “I” denotes a period of inhibition, while “E” represents a period of 
excitation. When 2 periods of inhibition occurred after each other, a change is indicated with a dashed line. 
No results at −1.5 mm on the medial and central electrode are shown, as no neurons were measured on these 
locations. MCS, motor cortex stimulation; PSTH, peristimulus time histogram; STN, subthalamic nucleus. 

 
A focal seizure was seen in the first two patients; therefore Diphantoine was given pre-
operatively in the three following patients with approval of the Medical Ethical Commit-
tee. No seizures were present in patients 3 and 4. Unfortunately, the fifth patient also 
had a focal seizure. In all patients, the seizure started in the contralateral hand area 
corresponding with the cortical stimulation side, with repetitive twitching. The seizure 
did not occur during stimulation, but with a latency period of more than one hour. The 
seizure could be controlled by acute application of additional i.v. anti-epileptic drugs. 
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The anti-epileptics were stopped before discharge from the hospital. In the follow-up, 
no recurrent seizures occurred. 

Discussion 

The goal of this study was to provide insight in the cortically evoked responses of the 
human STN and evaluate the safety of this approach. We observed significant excita-
tions and inhibitions as a response to MCS. Responses varied between different depths 
and between different locations in the anterior-posterior and medio-lateral plane within 
the STN. These responses can be used to identify the motor area of the STN. Selective 
DBS of the motor part of the STN has the potential to prevent unwanted behavioral side 
effects.  
 Studies in rats and primates showed typical triphasic responses, consisting of an 
initial excitation, a subsequent inhibition and a second excitation.(Fujimoto and Kita, 
1993, Magill, et al., 2004, Maurice, et al., 1998, Nambu, et al., 2000) In contrast to intra-
cortical stimulation electrodes in animal studies, we used flat stimulation electrodes 
placed on the cortical surface. It is likely that the difference in methodology is responsi-
ble for the lack of clear tri-phasic responses in human studies. (Strafella, et al., 2004) On 
the other hand, a contraction of the contralateral hand musculature was observed after 
each cortical stimulus, which indirectly proved that a significant number of pyramidal 
neurons in the hand area of the MC were excited. A new finding is that in all electrode 
trajectories at different ventro-dorsal locations an “intermediate” excitation (starting 
from ~63-79 ms) was present in the period of the long lasting inhibition. The most rea-
sonable explanation for this third excitation is a sensory response of the STN to the 
muscular contraction induced by the MCS. (Hanajima, et al., 2004) 
 We believed that the burden of the affective and cognitive side effects outweighed 
the risks of the MCS procedure (additional burr hole, cortical stimulation). An important 
limitation of subdural MCS in our study is the occurrence of partial seizures. The risk of 
a seizure is related to the applied current and current density. In our stimulation proto-
col (settings: bipolar, monophasic, 0.2 ms, 15mA, 1.1 Hz), the current density was ±72 
µC/cm2, which might have been too high and thereby causing seizures. A second im-
portant consideration is the application of charge-balanced stimulation, which is 
achieved by biphasic instead of monophasic stimulation. Seizures also occur in other 
intra-operative procedures during which the cortex is stimulated repetitively (incidence 
of 1.2 %). (Szelenyi, et al., 2007) Interestingly, subdural MCS has been applied with a 
similar stimulation protocol without inducing epileptic seizures.(Nishibayashi, et al., 
2011) The main difference between the stimulation protocols is that Nishibayashi et al. 
applied a lower number of stimuli and the electrode contact size was larger. To prevent 



CHAPTER 6 

112 

seizures the current density should be lowered, so that MCS evoked responses can be 
safely used during DBS surgery.  
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Abstract 

Deep brain stimulation (DBS) of the subthalamic nucleus (STN) alleviates motor symp-
toms in Parkinson's disease (PD) patients. However, in a substantial number of patients 
the beneficial effects of STN DBS are overshadowed by psychiatric side effects. We 
hypothesize that stimulation of the STN motor area will provide the optimal effect on 
the motor symptoms without inducing these side effects, and expect that motor cortex 
stimulation (MCS) evokes a spatially specific response within the STN, which identifies 
the STN motor area. We previously showed that MCS evokes responses in the unit activ-
ity specifically within certain areas of the STN. Unit activity is generally considered a 
measure of the output activity. To gain more insight into the neuronal input into the 
STN, we describe the results of cortically evoked subthalamic local field potentials 
(LFPs). We show that the cortically evoked LFPs follow a certain temporal and spatial 
pattern. The significant peaks of the evoked LFPs coincide with the timing of some of 
the inhibitions and excitations present in the unit responses. The spatial resolution of 
responses measured in the LFP to MCS is not high enough to identify the STN motor 
region. However, we believe that optimizing targeting techniques and the development 
of novel DBS electrodes will improve STN DBS therapy for PD patients. 
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Introduction 

Neuronal recordings from the human subthalamic nucleus (STN) have become possible 
due to the surgical treatment for advanced Parkinson's disease (PD), such as deep brain 
stimulation (DBS) of the STN. STN DBS provides a remarkable improvement in the motor 
function of PD patients (Deuschl, et al., 2006). Unfortunately, STN DBS also induces 
unwanted behavioral changes, such as emotional disturbances and cognitive alterations 
(Temel, et al., 2006). These unwanted side-effects can be explained by the involvement 
of the STN in motor, associative and limbic behavior. Current spread to the associative 
area, which is located ventrolaterally, and to the limbic area in the most ventromedial 
tip of the nucleus is responsible for the psychiatric side effects (Hamani, et al., 2004, 
Parent and Hazrati, 1995, Temel, et al., 2005). Therefore, electrophysiological unit re-
cordings are utilized to identify the STN and optimize electrode placement. Also local 
field potentials (LFPs) are often measured from the implanted DBS electrodes. The LFP 
shows pathologic ß oscillatory activity (12–30 Hz) in the STN of PD patients. This patho-
logic increase in ß activity is mainly observed within the dorsolateral motor region of the 
STN (Kuhn, et al., 2005, Moran, et al., 2008, Trottenberg, et al., 2007). The LFP repre-
sents the summed postsynaptic potentials of a group of neurons (Buzsaki, 2004), there-
fore it can be considered as the input activity. In contrast, the unit activity is a measure 
of the output activity. In human, the cortex is classically connected to the STN via the 
indirect pathway, which not only passes through the striatum and globus pallidus exter-
na to the STN (Parent and Hazrati, 1995), but also via a monosynaptic pathway 
(Brunenberg, et al., 2012). Previously, we have shown in human that motor cortex stim-
ulation (MCS) evoked responses in the unit activity, which were not present outside the 
STN and differed spatially within the STN (Janssen, et al., 2012). Strafella et al. (Strafella, 
et al., 2004) had similar findings when measuring subthalamic unit activity during tran-
scranial magnetic stimulation. Considering the different neuronal origin of the LFP, a 
more detailed study of the response in the LFP to MCS will provide more insight into the 
subthalamic input activity and the pathways involved (Magill, et al., 2004). We hypothe-
sized that the LFP is specifically responsive to MCS in the dorsolateral region of the STN, 
as this is the area believed to be involved in motor function (Hamani, et al., 2004). 
Therefore, in this study we present the cortically evoked potentials in the LFP signal in 
the subthalamic region. As the LFP is believed to represent the neural input activity, it 
could provide an interesting tool for locating the STN motor area during stereotactic 
surgery. This potential use was studied by determining the temporal and spatial extent 
of the evoked LFPs. These results were also compared to the unit responses, which 
show a specific response to cortical stimulation in the dorsal STN (Janssen, et al., 2012). 
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Methods 

Subjects 
Patients were enrolled based on the same criteria used for standard STN DBS. Five pa-
tients (ages 52–70 years) were included, but only the procedure and results of the last 
patient are described. The stimulation protocols used in the other patients did not re-
sult in an STN response due to saturation of the amplifier in the first two patients and 
suboptimal MCS protocols in the remaining two patients. The study, including five pa-
tients, was approved by the Medical Ethical Committee of the Maastricht University 
Medical Centre and all the patients gave written informed consent. 
 
The procedure has been previously described in detail by Janssen et al. (Janssen, et al., 
2012). In short, subdural MCS with a strip of four electrodes (Model TS04R-SP10X-000; 
ADTech, Racine, WI, USA) was performed on the hand area of the motor cortex (stimu-
lation settings: bipolar, monophasic, 0.2 ms, 7 or 15 mA, 200 stimuli). Concurrently, 
neuronal activity in and around the STN was measured using five microelectrodes (Mi-
croMacroElectrode; InoMed, Emmendingen, Germany). Only local anesthesia was used. 
The stimulation amplitudes were determined based on the amplitude needed to obtain 
a motor evoked potential (MEP, 7 mA). 
 
In order to obtain LFPs from the raw signals, the signals were filtered using a non-causal 
second order band pass Butterworth filter between 3 and 95 Hz; 50 Hz noise was re-
moved using a notch filter. Subsequently, the signals were divided into epochs from 100 
ms before stimulation until 200 ms after stimulation. All epochs belonging to the same 
location and resulting from the same stimulation settings were averaged. Significant 
deflections in the average LFPs were determined when five successive samples exceed-
ed a threshold of plus or minus two times the standard deviation of the signal measured 
during 15 mA stimulation. LFP responses were compared to the responses in the unit 
activity. The unit responses were evaluated by peri-stimulus time histograms (PSTHs) in 
which significant changes were found by the change point analysis. A detailed descrip-
tion of the analysis of the unit activity is previously described (Janssen, et al., 2012). 
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Results 

LFP recordings in the anterior and lateral trajectories were made from 1.5 and 0.5 mm 
above the target until 1 and 2.5 mm below the target. These trajectories were inside 
the STN from 2 mm above the target until 2.5 mm below the target. Fig. 1 shows the 
LFPs and peri-stimulus time histograms (PSTHs) constructed using the responses in the 
unit activity (Janssen, et al., 2012) after cortical stimulation. The LFPs show a positive 
deflection around 43 ± 3 ms. This peak is present at all heights in the lateral trajectory 
and at −1.5 and −0.5 mm in the anterior trajectory. Subsequently, nega ve peaks are 
present at 78 ms in the anterior trajectory and at 81 ms in the lateral trajectory at a 
height of −1.5 mm. At −0.5 mm above the calculated target, this negative peak has 
disappeared. At +1 mm in the anterior and lateral trajectory and at +2.5 mm in the 
lateral trajectory, a positive peak is seen at ∼75 ms after stimulation. Finally, a signifi-
cant negative peak is visible in the anterior trajectory at +2.5 mm. In the central and 
medial trajectory, the LFP response did show some significant peaks, but no specific 
pattern was visible. The LFP results did not correspond with the changes in the PSTH, 
which showed little to no response to stimulation (Janssen, et al., 2012). 
 

Fig. 1. The cortically evoked LFPs using a 
stimulation amplitude of 7 and 15 mA are 
plotted as well as the PSTHs of the anterior 
and lateral electrode starting 0.5 mm after the 
electrode first enters the STN (1.5 mm above 
target) until it leaves the STN (2.5 mm below 
target). The PSTHs using 7 mA stimulation did 
not show any significant responses, therefore 
only the PSTHs obtained with 15 mA are 
plotted. LFP: LFPs were averaged over all trials. 
An asterisk indicates a significant LFP peak, 
which is determined by exceeding a threshold 
of ±2 times the standard deviation from the 
signal during 15 mA stimulation. The PSTHs 
are partially adapted from Janssen et al. 
(2012). 
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Responses were only visible in the LFPs when 15 mA stimulation was applied, but not 
when a stimulus amplitude of 7 mA was used; except for the responses shown at +2.5 
mm. This was in agreement with the fact that no significant responses to MCS were 
visible in the PSTHs while using an amplitude of 7 mA for MCS (Janssen, et al., 2012). 
 
The positive peak at 43 ms corresponds with the start of the first inhibitory period 
found in the PSTHs at heights −1.5 and −0.5 mm. The nega ve peaks at 78 and 81 ms at 
a height of −1.5 mm in the anterior and lateral trajectory are within the period of in-
creased firing rate in the PSTHs from about 63–100 ms after stimulation. The positive 
peaks in the anterior and lateral trajectories at ∼75 ms are not seen in the PSTHs at 
these levels. 

Discussion 

In this study, for the first time evoked LFPs in the STN region following MCS in a PD 
patient have been described. We showed that evoked LFPs follow a specific pattern in 
the dorsal STN, namely first a positive deflection around 43 ms followed by a negative 
deflection around 80 ms. The positive deflection is seen in the entire STN, but the nega-
tive deflection seems specific to the dorsolateral STN region. Some of the evoked LFP 
peaks are temporally and spatially linked to the unit responses to MCS. 
 We showed that the cortical input to the human STN can be visualized in the LFP. 
However, the temporal response in the LFP is not as clear-cut as in the rodent, although 
the LFP was averaged over many stimuli, which was not necessary in rodents (Magill, et 
al., 2004). In contrast to the animal data, the deflections in the LFP caused by the mono-
synaptic cortico-subthalamic pathway and the indirect cortico-striato-pallido-
subthalamic pathway were not found. This could be due to difference in the size of the 
dendritic fields between species and a prominent lower cell density in the human com-
pared to the rodent STN (Hammond and Yelnik, 1983) and (Marani, et al., 2008). None-
theless, a clear positive deflection around 43 ms and a negative deflection around 80 
ms were observed. The positive deflection was seen through the full ventro-dorsal axis 
of the STN and has a similar latency as observed in the rodents, which is the start of the 
long-lasting inhibitory period that may be caused by cortical disfacilitation (Magill, et al., 
2004). The negative deflection, which was only observed in the dorsal region of the STN, 
can be explained as a sensor response caused by muscular contraction induced by MCS 
(Hanajima, et al., 2004). Movement related neuronal activity of the STN has earlier been 
described (Abosch, et al., 2002) and (Hutchison, et al., 1998). 
 Magill et al. (2004) showed that a negative deflection in the LFP (input) coincides 
with an excitation shown in the PSTH (output) and vice versa. We clearly see that the 
positive peaks in the averaged LFP coincided with the long lasting inhibitory periods 
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found in the PSTH. This positive LFP peak was also present at a height of +1 mm, at 
which the inhibition was no longer present in the PSTH. In this PD patient, the LFPs, 
thus, extended to a broader area than the unit responses. There can be different rea-
sons for this. First, it should be considered that the LFP reflects the summed postsynap-
tic potentials of a group of neurons (Buzsaki, 2004), while multi-unit activity reflects the 
action potentials measured in one or just a few neurons. Changes in the synaptic activi-
ty do not always lead to an action potential. Furthermore, LFPs exhibit strong low-pass 
filtering properties (Bedard, et al., 2006), which could account for a larger responsive 
region of the low frequency LFP signal as compared to the high frequency spike signal. It 
has been argued that LFPs are volume conducted over a radius of 0.25 mm (Katzner, et 
al., 2009). As the measurement at +2.5 mm was just outside of the STN (+2 mm was still 
inside of the STN), it might be that the LFPs originating from STN activity were volume 
conducted outside the STN. The negative peak in the LFPs at a height of −1.5 mm 
around 80 ms coincided with an increased firing rate shown in the PSTHs. However, the 
remaining PSTH was not reflected in the LFP. Additionally, we found significant deflec-
tions in the LFPs when no significant changes in the PSTH were found (Fig. 1: +2.5 mm). 
These were probably caused by a low signal to noise ratio outside the STN, since also at 
7 mA significant peaks were found. 
 Finally, we only observed a response after MCS while using a stimulation amplitude 
of 15 mA, but not after 7 mA stimulation. Moreover, in the LFP no excitatory mon-
osynaptic response could be observed. This is not in line with what we expected, as our 
modeling study shows activation of pyramidal axons at 7 mA (Zwartjes, et al., 2012). A 
reason for this discrepancy could be suboptimal placement of the stimulation electrode 
or it could be that the synaptic strength from the cortical afferents is less strong than 
thus far assumed. To our knowledge no quantitative studies exist on the number of 
synapses in the STN with a cortical origin. This would imply that a STN response is only 
present when a high number of pyramidal neurons is activated. On the other hand a 
strong coherence is present between the prefrontal cortex and the STN, which impli-
cates a strong cortico–subthalamic connectivity (Litvak, et al., 2011). Furthermore, the 
duration of the stimulation artifact overlapped with the expected timing of the mon-
osynaptic response, which could have made this response invisible. We believe, despite 
the small sample size, that our results are important from a clinical perspective. In liter-
ature, it is being debated whether additional invasive procedures are warranted to 
improve the quality of the DBS procedure (Alegre, et al., 2012). We believe that neuro-
physiological recordings can be helpful to increase the accuracy of the implantation of 
DBS electrodes. Accurate targeting is the limiting step in achieving maximal benefit on 
motor symptoms and minimizing side effects on behavior and cognition. Here we 
showed that the evoked LFPs were not restricted to a certain area of the STN and also 
extended beyond STN borders. Thus, the evoked LFPs did not have a spatial resolution 
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high enough to locate the STN motor area. Further adaptation of the stimulation and 
recording protocol will decrease surgery time and will be of additional value to the 
standard used intra-operative tests to define the optimal site of implantation. To 
achieve this goal, computational models of cortical stimulation should be made to pre-
dict the optimal cortical stimulation site, electrode size and stimulation parameters 
(Zwartjes, et al., 2012). Moreover, since MCS had an unexpectedly high risk of inducing 
seizures (Janssen, et al., 2012), alternative non-invasive techniques, such as high resolu-
tion imaging, and other electrophysiological markers, such as the ß activity, should be 
further investigated to explore their possibilities to target the motor part of the STN 
(Lambert, et al., 2012, Zaidel, et al., 2010). Imaging techniques can be combined with 
intra-operative electrophysiological information providing a more precise indication of 
which area of the STN should be stimulated. The next step then would be to develop 
DBS electrodes that are able to stimulate a selective area (Martens, et al., 2011). Com-
bining the improved identification of the STN motor region and the development of DBS 
electrodes with a higher spatial resolution will optimize DBS therapy for PD patients. 
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Abstract 

Gait disturbances and postural instability represent major sources of morbidity in Par-
kinson’s disease (PD), and respond poorly to current treatment options. Some aspects 
of gait disturbances can be observed in rodent models of PD; however, knowledge re-
garding the stability of rodent gait patterns over timeis lacking. Here we investigated 
the temporal constancy and reproducibility of gait patterns in neurologically intact and 
bilaterally 6-hydroxydopamine (6-OHDA) lesioned rats, by using an automated quantita-
tive gait analysis method (CatWalk). The bilateral neurotoxin injections into the medial 
forebrain bundle resulted in an average dopamine (DA) loss of 70% in striatum, which 
corresponds to the DA levels observed in moderate-mid stage human PD. Rats were 
tested weekly during one month, and we found that in intact rats all parameters inves-
tigated remained constant over multiple tests. The 6-OHDA lesioned rats were impaired 
in several aspects of gait, such as stride length, swing speed, stance duration, step cycle 
duration, and base of support. However the stance and step cycle deficits were transi-
ent, the performance of 6-OHDA lesioned rats were indistinguishable from control rats 
by the last test session with regard to these parameters. Finally, we found that admin-
istration of a single dose of levodopa (l-DOPA) to the 6-OHDA lesioned rats could coun-
teract all but one observed deficits. Based on these findings we conclude that the gait 
pattern of intact rats is highly reproducible, 6-OHDA lesioned rats display impairments 
in gait, and l-DOPA can counteract most deficits seen in this model of experimental PD. 
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Introduction 

Parkinson’s disease is a progressive neurodegenerative disorder characterized by de-
generation of the midbrain dopaminergic neurons of the substantia nigra pars compac-
ta (SNc; (Dauer and Przedborski, 2003)). Nigral degeneration is recognized as a main 
cause of the key motor symptoms in PD such as akinesia, rigidity, and tremor (Gelb, et 
al., 1999); however, degeneration of other brain areas such as the cholinergic mesen-
cephalic motor region, the raphe nuclei and the noradrenergic locus coeruleus (LC) 
contribute to the symptomatology (Devos, et al., 2010, Karachi, et al., 2010, Tan, et al., 
2011, Zarow, et al., 2003). The classical concept is that the first motor symptoms of PD 
usually appear in patients when approximately 60% of the SNc dopamine (DA) neurons 
have degenerated and 70–80% of the normal striatal DA level is lost (Hornykiewicz, 
1975, Marsden, 1990). The majority of the key symptoms of PD can be treated with 
medication (Yuan, et al., 2010), and in later stages by deep brain stimulation (Williams, 
et al., 2010). Other important, debilitating and clinically relevant symptoms are gait and 
balance disturbances, which partially respond poorly to the classical treatments 
(Browner and Giladi, 2010, Devos, et al., 2010, Pullman, et al., 1988). These axial symp-
toms are characterized by hesitation of gait initiation and a reduction of kinematic gait 
parameters such as stride length, gait speed and swing phase duration in moderate-mid 
stage PD (Blin, et al., 1990, Devos, et al., 2010, Morris, et al., 1994). Balance is typically 
preserved in the early disease stages, and falls are rare during the first years after dis-
ease onset (Wenning, et al., 1999). Falls, freezing, festination, and postural instability 
become more pronounced in late-stage PD (Kemoun and Defebvre, 2001). Several ro-
dent models that mimicks various motor symptoms of PD have been developed, such as 
unilateral 6- hydroxydopamine (6-OHDA) lesions in rats, 1-methyl-4-phenyl- 1,2,3,6-
tetrahydropyridin (MPTP) lesions in mice, as well as transgenic mice models (Cenci and 
Ohlin, 2009, Meredith, et al., 2008, Taylor, et al., 2010). To date numerous behavioural 
tests have been applied to these models in order to investigate different aspects of gait. 
In animals with a unilateral 6-OHDA lesion, the cylinder test is commonly used to score 
asymmetries in forelimb use or akinesia (Cenci, et al., 2002, Shi, et al., 2004, Tillerson, et 
al., 2001). The test is limited to forelimb movements, manually scored, and repeated 
testing can leadto habituation problems. Motor performance tests like rotarod and 
treadmill are based on forced locomotion, and typically investigate the maximum per-
formance time at a set speed (Carter, et al., 1999, Chang, et al., 2003, Mazarakis, et al., 
2005, Shi, et al., 2006). These tests do not dissect specific errors in walking patterns that 
result in falls/altered position; however, an ambitious video monitoring system of 
treadmill walking developed by Amende et al. (Amende, et al., 2005) allows a more in-
depth analysis of dynamic gait parameters. Other tests that focus more on the balance 
aspect of walking are the beam walking and the ladder-rung test (Carter, et al., 1999, 
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Fleming, et al., 2004, Klein, et al., 2009, Metz and Whishaw, 2002), where animals are 
manually scored for the number of foot falls during the walk and the latency to cross. If 
scored by the thorough scoring schemes developed (Metz and Whishaw, 2009), the 
tests are sensitive to subtle dopamine-related deficits, but do only provide insight on a 
few parameters of gait. Static gait parameters are often investigated by footprint analy-
sis, where animal walks down a strip of paper after the front or hind paws are dipped in 
ink (de Medinaceli, et al., 1982, Klein, et al., 2009, Metz, et al., 2005). The introduction 
of the CatWalk automated gait analysis method has enabled simultaneous objective 
quantification of a large number of both static and dynamic gait parameters during 
voluntary walking (Hamers, et al., 2001). The method has been applied to evaluate 
walking patterns in models of pain (Gabriel, et al., 2007, Gabriel, et al., 2009), spinal 
cord injuries (Deumens, et al., 2007, Gensel, et al., 2006, Hamers, et al., 2006, 
Koopmans, et al., 2005), Huntington’s disease (Vandeputte, et al., 2010), and Parkin-
son’s disease (Chuang, et al., 2010, Vandeputte, et al., 2010, Vlamings, et al., 2007). The 
majority of the studies have focused on comparing one or two test sessions on the 
CatWalk, often before and after an intervention. The aim of this study was to investi-
gate the constancy and reproducibility of gait parameters, in the same animals, during 
multiple test sessions in neurologically intact and bilaterally 6-OHDA-lesioned rats, 
where the toxin was injected into the medial forebrain bundle (mfb). In addition, we 
treated the 6-OHDA rats with l-DOPA to evaluate which gait changes were responsive to 
DA therapy. 

Material and Methods 

Subjects 
Male Lister-Hooded rats (Charles River, Germany: weight 275 g at the beginning of the 
experiment) were housed in pairs under a 12-h reversed light/dark cycle (light on from 
6 pm to 6 am), with ad libitum access to food and water. Room temperature, (21±2◦C) 
humidity (60±10%) and air exchange (16 times per hour) were automatically controlled. 
Experiments were carried out in accordance with the ethical rules of the Danish Nation-
al Committee for use of Laboratory Animals. 

Surgery 
Rats were anesthetized with 2 ml/kg Hypnorm/Dormicum (fentanyl citrate, 0.079 
mg/ml; fluanisone, 2.5 mg/ml; midazolam, 1.25 mg/ml; Hoffman-LaRoche Basel, Swit-
zerland) before subjected to surgery. Rats were placed in a stereotactic frame (Kopf 
Instruments, model 900; CA, USA) and received one injection of 6-OHDA per hemi-
sphere in the mfb at the following coordinates relative to Bregma (in mm); tooth bar 
−3.2, AP −2.2, ML ±1.5, DV −8.0 mm (from the dura mater) (Paxinos and Watson, 1998). 
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6-OHDA was dissolved in 0.02% ascorbic acid at a concentration of 2.5 µg free base/µl 
and kept dark. 2 µl (5 µg free base) per hemisphere was continuously infused over 2 
min. Twenty rats were subjected to bilateral 6-OHDA infusion, a group of six rats re-
ceived bilateral infusion of ascorbic acid (sham operated), and an additional six rats 
were only sedated with Hypnorm/Dormicum (normal control group).  
 All the animals were given Temgesic (Reckitt Benckiser, Berkshire, UK) in conjunc-
tion with the surgery/anesthesia and a daily injection of Rimadyl (Carprofen; Pfizer Ani-
mal Health, New York, USA) for 5 consecutive days after surgery to reduce post-
operative pain. All rats received supplementary wet food and fruit the first week post 
surgery, and supplementary sucrose (5%) in drinking water, to control the weight loss. 
Rats that lost more than 20% of their pre-operative weight were immediately taken out 
of the study and euthanized (n = 3). One sham rat was lost after surgery. 
 

 
Fig. 1. Schematic illustration of the experimental design. 

Experimental groups 
These procedures resulted in three experimental groups consisting of control (n = 6), 
sham-operated (n = 5), bilateral 6-OHDA lesioned (n = 14) animals. All groups where 
tested in the CatWalk apparatus. Three bilateral lesioned rats were taken out of the 
study prior to CatWalk training as their weight loss was less than 10%. Previous work in 
our laboratory has shown a strong correlation between weight loss and the severity of 
SNc dopaminergic cell loss, and in rats that lost more than 10% of the pre-operative 
weight, striatal DA levels were typically reduced by at least 70% on average of both 
hemispheres (Lundbeck, unpublished data). 

Automated gait analysis and l-DOPA administration 
The CatWalk (Noldus TM) is a computer-assisted automated quantitative gait analysis 
system that allows rapid and objective quantification of multiple static and dynamic gait 
parameters. It consists of a glass walkway floor where light form a fluorescent tube is 
internally reflected, with a digital camera underneath. When a paw is placed on the 
glass, the light escapes the walkway, which results in illumination of the exact area of 
contact. The image is captured by the camera, digitized, and stored on a computer for 
off-line analysis. 



CHAPTER 8 

130 

 Rats were trained to walk down the runway daily one week prior to the first test 
session (Koopmans, et al., 2005). One test session consisted of three consecutive unin-
terrupted runs per rat, and a mean value per parameter was used in the statistical anal-
ysis. The first test session was performed 4 weeks post surgery, and subsequently rats 
where tested once a week during four weeks. A schematic overview of the experimental 
time lines is depicted in Fig. 1. 
 As it turned out that it was difficult to get the bilaterally 6-OHDA lesioned rats to 
cross the CatWalk when compared to the controls, we had to slightly modified our in-
clusion criteria so that each rat had to perform at least two runs per test session, and an 
acceptable run was defined as an uninterrupted walk of at least two-third of the run-
way. All test sessions took place between 8 am and 3 pm, during the animals’ dark cy-
cle. 
 One month after completing all four tests, the effect of l-DOPA on gait was investi-
gated in a subset of the 6-OHDA rats. After base-line measurements, all rats were test-
ed 30–60 min after an s.c. injection of 0.9% NaCl (vehicle). On the next day, control and 
sham operated rats were tested with vehicle again, whereas rats with bilateral 6-OHDA 
treatment were administered 6 mg/kg l-DOPA methylester (Sigma–Aldrich Denmark 
A/S, Copenhagen, Denmark) mixed with 15 mg/kg peripheral dopadecarboxylase inhibi-
tor Benserazide (Sigma–Aldrich) 30 min prior to the first run. 
 Below, we present a description of the parameters that were examined in the pre-
sent study. For a complete description of the CatWalk system, see Refs. (Hamers, et al., 
2006, Hamers, et al., 2001, Vlamings, et al., 2007). 

Static paw parameters 
Base of support (BOS): the average width (mm) between either the front paws or the 
hind paws; stride length: the distance (mm) between successive placements of the 
same paw; relative paw position: the distance between the position of the hind paw 
and the position of the previously placed ipsilateral front paw, in the same step cycle. If 
the hind paw is placed (partially) after the forepaw, the distance is positive, otherwise 
negative. 

Dynamic paw parameters 
Stance duration: the duration (s) of contact of a paw with the runway glass plate; swing 
duration: the duration (s) of no contact of a paw with the glass plate; step cycle: the 
time in seconds between two consecutive contacts with the glass plate of the same paw 
(i.e. stance + swing phase); duty cycle: express stance phase as a percentage of the step 
cycle. 
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Speed and coordination parameters 
Swing speed: the speed (m/s) of the paw during swing phase. Regularity index: a meas-
ure of interlimb coordination expressed as the number of normal step sequence pat-
terns relative to the total number of paw placements. There are six possible sequence 
patterns, and a RI of 100% indicates that each paw was correctly placed during the 
walkway crossing. 

Tissue preparation 
Rats were decapitated 10 days after the last test session, the right and left striatum (22–
28 mg) were rapidly dissected, frozen, and stored at −80 ◦C for further HPLC processing. 
The caudal part of the brain was immersed in ice cold paraformaldehyde (4%; pH 7.4) 
for 48 h, transferred to 20% sucrose for 24 h and thereafter sectioned coronally on a 
freezing microtome at 30 µm thickness.  

HPLC procedures 
The level of DA and noradrenalin (NA) in the striatum were measured using high pres-
sure liquid chromatography (HPLC) with electrochemical detection. The tissue was ho-
mogenised with a cell disrupter (Ultra-Turrax, IKA-Werke GmbH, Germany) in 1 ml ice-
cold 0.05 M perchloric acid. The homogenate was then centrifuged at 20,000 × g for 15 
min at 4 ◦C, and the supernatant was filtered through a Millipore filter (pore size, 0.22 
µm). Monoamines were separated by reverse-phase liquid chromatography (ODS 150 
×2 mm column). For DA, the mobile phase consisted of 150 mM NaH2PO4, 4.8 mM 
citric acid monohydrate, 3 mM dodecyl sulphate, 50 µM EDTA, 11. 3% methanol, and 
16.7% acetonitrile (pH 5.6) at a flow rate of 0.2 ml/min. Electrochemical detection was 
accomplished using a coulometric detector with the potential set to E2 = 200 mV (Cou-
lochem, II, USA). For NA, the mobile phase consisted of 75 mM lithium acetate, 4 mM 
sodium 1-heptanesulfonic acid, 100 µM EDTA, and 7% methanol (pH 4.7) at a flow rate 
of 0.25 ml/min. Electrochemical detection was accomplished using a coulometric detec-
tor (Coulochem, II, USA) set to the following potentials; guard cell (350 mV), E1/E2 
(−75/150 mV).  

TH immunohistochemistry 
Besides HPLC measurement of DA, we performed cell counts to study the potential rela-
tion of the concentration of DA and the number of dopaminergic cells in the SNc. For this 
purpose we stained the SNc for tyrosine hydroxylase (TH). TH immunohistochemistry was 
carried out using mouse anti-TH (diluted 1:100, kindly supplied by Dr. C. Cuello, Montreal, 
Canada) as primary antibody. After rinsing with TBS–Triton X-100 (TBS–T), Tris-buffered 
solution (TBS) and TBS–T, tissue was incubation with the secondary antibody (diluted 
1:400 donkey anti-mouse biotin; Jackson Immunoresearch Laboratories, West Grove, 
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USA). After rinsing, sections were incubated with ABC-kit (diluted 1:800, Vector laborato-
ries, USA). To visualize the horseradish peroxide (HRP) reaction product, sections were 
incubated with 3,3’-diaminobenzidine tetrahydrochloride (DAB) (Temel, et al., 2005). 

Stereological cell counting 
Stereological analysis was performed using a stereology workstation (CASTGRID- Com-
puter Assisted Stereological Toolbox, Olympus, Denmark). After exactly tracing the 
boundaries of the left and right SNc on microscopic video images displayed on a moni-
tor (magnification 10×), numbers of tyrosine hydroxylase immunoreactive (THir) neu-
rons and total numbers of neurons were evaluated with the Optical Fractionator (mag-
nification 40×) (Schmitz and Hof, 2005). Only neurons that came into focus within unbi-
ased virtual counting spaces distributed in a systematic–random fashion throughout the 
delineated regions were counted. Estimated numbers of neurons were calculated from 
the numbers of counted neurons and the corresponding sampling probability. 

Statistical analysis 
All individual runway crossings were analyzed using the CatWalk software. For each 
CatWalk parameter the rat’s individual averages were calculated over two or, if availa-
ble, three runs and used to obtain group means and standard errors (mean + S.E.M.). 
For parameters were each paw’s value was given separately, primary analysis revealed 
that the two front paws always gave almost identical numerical output for parameters 
investigated in the present study, and the same held true for the hind paws. No signifi-
cant differences between left and right paws were found with a 2-way analysis of vari-
ance (ANOVA) test. Thus, averages for front and hind paw parameters, respectively, 
were calculated and used in the statistical analyses.  
 All data sets were tested for normality distribution with the Kolmogorov–Smirnov 
(K–S) test prior to any statistical analyses. Statistical comparisons were performed using 
the general linear model with variables group and run, repeated measures analysis (2-
WAY RM ANOVA; repeated factor: run). Front paws were analyzed separately from hind 
paws when applicable (all parameters except print position and regularity index), as 
most statistical software cannot calculate 3-way repeated measures ANOVA. The l-
DOPA experiment was analyzed separately, using 2-way ANOVA (factors group and 
front/hind paw). CatWalk data were analyzed by statistical software SigmaStat 3.0. To 
evaluate significant differences in more detail, pair-wise multiple comparisons with post 
hoc Student–Neuman–Keul’s test was used.  
 The total level of DA in the left and right striatum and the number of THir neurons 
in the left and right SNc and the striatal DA levels were averaged per animal. The quan-
titative data on the total number of THir cells in the SNc were analyzed using independ-
ent samples T-test. The correlation between THir cell count and DA levels in the stria-
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tum was analyzed using a Pearson’s correlation. Data were analyzed using SPSS statisti-
cal software (version 15.0). A value of p < 0.05 was considered significant. 

Results 

Bilateral mfb lesions 
The survival rate after the mfb 6-OHDA lesions was 85% ten days after the injections. At 
the time of the first test session there was some non-significant variation in the mean 
weight between the groups, and the difference persisted throughout the experiment. 
Two rats in the bilateral 6-OHDA group were removed before the data analysis since 
they failed to meet the CatWalk inclusion criteria. The final number of animals included 
in the data analyses were: control n = 6; sham n = 5; and bilateral 6-OHDA n = 12. 

Striatal monoamine levels and SNc cell count 
The average striatal level of DA was reduced by 70.2 ± 5.1% in the group that received 
bilateral injections of 6-OHDA (p < 0.001 vs. control and sham; Fig. 2A). The bilateral 6-
OHDA group had an average reduction of striatal NA with 69.5 ± 4.4% (p < 0.001 vs. 
control and sham; Fig. 2B). The SNc THir cell count (average left and right) was reduced 
by 51 ± 8.8% (p < 0.05 vs. control and sham) in the groups that received bilateral injec-
tion of 6-OHDA (Fig. 2C) A significant correlation was found between the striatal DA 
levels and the SNc THir cell count (R2 = 0.61, p = 0.002; Fig. 2D).  

CatWalk parameters in normal and bilaterally 6-OHDA lesioned rats 
All data sets except the swing duration passed the K–S normality test. The swing data 
was moderately positively skewed, but the skewness was not pronounced enough to 
cause a skewed distribution of the swing dependent step and duty cycle data sets. All 
data sets passed the equal variance test. The main findings are schematically summa-
rized in Table 1. 
 
Table 1. Catwalk parameters in 6-OHDA animals vs. control groups. 
 Forelimb Hindlimb General 

Base of support ↓ –  

Stride length ↓ ↓  

Swing speed ↓ ↓  

Regularity index   – 
Relative paw position   – 
Stance phase ↑∼ ↑∼  

Swing phase – ∼ –  
Step cycle   ↑ 

↓: Significant decrease, ↑: significant increase, –: no significant change,  ∼: not stable over time. 
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Fig. 2. Reduction of striatal monoamines and nigral DA neurons in bilaterally 6-OHDA lesioned rats. Striatal 
dopamine (A) and noradrenalin (B) levels were reduced in 6-OHDA rats, as was the number of nigral DA 
neurons (C). *p < 0.005 compared to sham-lesioned rats. The number of nigral dopamine neurons is positively 
correlated to striatal dopamine levels (D). 

Base of support 
The forelimb base of support was significantly smaller in the bilaterally lesioned 6-OHDA 
rats compared to control rats (p = 0.01), and compared to sham operated animals (p = 
0.033). Hind limb BOS did not differ between the groups (Fig. 3A).  

Stride length 
The stride length was similar between front and hind paws in all groups (Fig. 3B), but 
the bilateral 6-OHDA rats took significantly shorter steps than control and sham operat-
ed rats (pfront = 0.002 and phind < 0.001 vs. control; pfront = 0.005 and phind = 0.003 vs. 
sham).  
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Swing speed 
Swing speed was decreased in the bilateral 6-OHDA-group for both forelimbs (p < 0.001 
vs. control; p = 0.002 vs. sham) and hind limbs (p < 0.001 vs. control and sham; Fig. 3C). 

Regularity index 
The overall ANOVA for regularity index (interlimb coordination) was significant at the 
level of group (control: 96.18 ± 0.88%; sham: 96.68 ± 0.91%; bilateral 6-OHDA: 93.64 ± 
0.73%; p = 0.047), but no significant differences were detected with post hoc test. 

Relative paw position 
No significant differences between either group or side (left vs. right) was noted in the 
analysis of relative paw position. All rats placed their hind paws in a position approxi-
mately 16 mm after their previously placed front paw during walking (control: 17.7 ± 2.7 
mm; sham: 14.2 ± 2.9 mm; bilateral 6-OHDA: 17.9 ± 2.3 mm). 

Stance phase 
The stance phase duration in the bilateral 6-OHDA group was significantly longer when 
compared to the control groups, for both forelimbs (p = 0.001 vs. control; p = 0 0.002 
vs. sham) and hind limbs (p = 0.010 vs. control; p = 0.014 vs. sham; Fig. 4A). There was 
also a significant overall interaction between the groups and the test sessions for the 
forelimbs (p = 0.001) as well as the hind limbs (p = 0.004). Post hoc analysis revealed 
that the difference was due to an effect of test within the bilateral 6-OHDA group (no 
test effect was seen in the control and sham groups). For the bilateral 6-OHDA rats, 
forelimb test session one and two differed from session three and four (p1 vs. 3 = 
0.005; p1 vs. 4 < 0.001; p2 vs. 3 = 0.002; p2 vs. 4 < 0.001; see Fig. 5A). For the hind 
limbs, the difference was significant between test one and four (p < 0.001) and between 
test two and four (p = 0.009). As a consequence of the test effect in the 6-OHDA group, 
post hoc analysis also revealed that on the level of single test sessions, the overall group 
difference seen in forelimb stance between the two control groups (sham and normal 
controls) and bilateral 6-OHDA was present in test one (p < 0.001 vs. control and sham) 
and in test two (p < 0.001 vs. control; p = 0.002 vs. sham). In test three the difference 
was only significant vs. the normal control group (p = 0.002), and in test four no differ-
ences was seen (p > 0.5). Thus, the longer stance phase for the bilateral group had dis-
appeared by test four. The same scenario was seen for the hind limbs (test one: p < 
0.001 vs. both control and sham; test two: p = 0.012 vs. control, p = 0.039 vs. sham; test 
three: p > 0.1 vs. both control and sham; test four: p > 0.5 vs. both control and sham). 
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Fig. 3. Static paw parameters and swing speed were changed following bilateral 6-OHDA lesions. In bilaterally 
6-OHDA lesioned rats the forelimb base of support was reduced (A). Furthermore both fore-and hind limb 
stride lengths (B) as well as swing speed (C) were reduced in the 6-OHDA rats. *p < 0.05 compared to normal 
control and sham operated control rats. 

Swing phase 
Duration of the swing phase did not differ between the groups for either forelimbs or 
hind limbs, although a trend toward a longer swing phase in the bilateral 6-OHDA group 
was detected for the hind limbs (p = 0.081; Fig .4B). The duration of the swing phase for 
the forelimbs displayed a significant test effect, where the mean swing phase of test 
one (0.153 ± 0.009 s) and test two (0.150 ± 0.009 s) differed from the mean swing 
phase of test three (0.189 ± 0.009 s; p1 vs. 3 = 0.028; p2 vs. 3 = 0.027. Test four (0.179 ± 
0.009 s) did not differ from the other trials. No interaction between group and test was 
found (pfront = 0.317; phind = 0.375). 

Step cycle 
As a consequence of the prolonged stance duration within the bilateral 6-OHDA group, 
the step cycle (stance + swing) also differed between the groups. Bilateral 6-OHDA rats 
had a significantly longer step cycle than the two control groups in both forelimbs (p < 
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0.001 vs. control; p = 0.002 vs. sham) and hind limbs (p = 0.004 vs. control; p = 0.005 vs. 
sham; Fig. 4C). No test effect was present, but a group and test interaction was seen 
(pfront = 0.026; phind = 0.013). The forelimb step cycle was longer for the bilateral rats in 
test one and two compared to test four (p1 vs. 4 = 0.020; p2 vs. 4 = 0.021; Fig. 5B). At 
the level of test session the bilateral rats had a significantly longer step cycle compared 
to control animals in test one (p < 0.001 vs. sham and control) and test two (p = 0.003 
vs. sham and control), but the difference was gone by test three and four. Similarly, the 
hind limbs stance duration differed between test one and four in the bilateral 6-OHDA 
group (p1 vs. 4 = 0.006; Fig. 5B), manifested again as a prolonged step cycle duration for 
bilateral animals compared to controls in test one (p < 0.001 vs. sham and control) and 
test two (p = 0.007 vs. control; p = 0.024 vs. sham). The increased step cycle duration 
for the bilateral rats had disappeared by test three and four. 

Duty cycle 
Also the duty cycle (the percentage of the step cycle spent in stance phase) of the fore-
limbs was significantly higher in the bilateral 6-OHDA group compared to the normal 
control group (p = 0.024) and to sham operated rats (p = 0.018; Fig. 4D). There was an 
overall effect of test session within the forelimbs, where test two displayed a longer 
duty cycle (69.4 ± 0.75%) than test one (66.9 ± 0.75%; p = 0.023), test three (64.6 ± 
0.75%; p < 0.001), and to test four (65.4 ± 0.75%; p = 0.001). Again, an overall group vs. 
test session interaction was found (p = 0.001; Fig. 5C), and it was due to differences 
present only within the bilateral 6-OHDA group. For bilateral rats test one and two were 
similar, but the forelimb duty cycle in the first and second test was significantly higher 
than in the fourth test (p1 vs. 4 = 0.002; p2 vs. 4 < 0.001). The second test displayed an 
increased duty cycle than the third (p2 vs. 3 = 0.002) and there was a significant reduc-
tion of duty cycle in test four compared to test three (p = 0.028). When the interaction 
was investigated at the level of test sessions, the increase in duty cycle between bilat-
eral 6-OHDA and control groups (Fig. 4D) were present in test one (p = 0.028 vs. control; 
p = 0.019 vs. sham) and in test two (p = 0.151 vs. control; p = 0.010 vs. sham), but dif-
ference between groups was gone in test three and four (Fig. 5C). The duty cycle did not 
differ between groups in total for the hind limbs (Fig. 4D), however there was an inter-
action between group and test session (p = 0.035). The interaction reflects a test effect 
within the bilateral 6-OHDA-group (Fig. 5C). The duty cycle of the hind limbs was re-
duced in test four compared to the first three test sessions (p1 vs. 4 = 0.019; p2 vs. 4 = 
0.001; p3 vs. 4 = 0.031). On the level of single test sessions, there was no effect of 
group. 
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Fig. 4. Dynamic paw parameters were affected in the 6-OHDA lesioned rats. The stance phase was increased 
both for fore-and hind limbs in the 6-OHDA animals (A), whereas no effect was seen in the swing phase (B). 
The fore- and hind limb step cycle (C), and the forelimb duty cycle (D) were increased in the 6-OHDA rats. *p < 
0.05 compared to normal control and sham operated control rats. 

Reversal of gait deficits with l-DOPA. 
No difference between control and sham operated rats was observed on the two con-
secutive test days (2-way RM-ANOVA), thus data from test one and two was pooled for 
these groups. For technical reasons only six bilaterally 6-OHDA lesioned rats could be 
allocated to this study (only drug naïve rats were used in this experiment). An overview 
of the main findings is summarized in Table 2.  

Base of support 
There was a significant difference in the base of support between front and hind limbs 
(p < 0.001; Fig. 6A). As seen previously, there were no group differences between the 
hind limb BOS, but a trend for bilateral 6-OHDA rats to have a more narrow BOS (p = 
0.056 vs. control; p = 0.061 vs. sham). l-DOPA administration did not counteract the 
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Fig. 5. Dynamic paw parameters changed in the 6-OHDA group during the time course of the study. The 
stance duration of both the fore- and the hind limbs had decreased by test four (A), which was reflected in a 
concomitant decrease of the step cycle (B) and the duty cycle (C) in test four. *p < 0.05 between compared 
groups. 

 

Table 2. Summary of reversal of gait deficits with l-DOPA. 

 Vehicle 6-OHDA vs. sham  l-DOPA in 6-OHDA vs. Sham 

 Forelimb Hindlimb General  Forelimb Hindlimb 

Base of support – –   ↓ – 

Stride length ↓ ↓   – – 

Swing speed ↓ ↓   – – 

Regularity index   –    

Stance phase ↑ ↑   – – 

Swing phase – –   – – 

Step cycle   ↑    

↓: Significant decrease, ↑: significant increase, –: no significant change  

reduced forelimb BOS, on the contrary the reduction became significant after the 
l-DOPA treatment (p = 0.003 vs. control; p = 0.002 vs. sham).  
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Stride length 
The stride length was equal between forelimbs and hind limbswithin each test group 
(Fig. 6B). As in the previous experiment, stride length was reduced in rats with bilateral 
6-OHDA lesions (p < 0.001 vs. control and sham; compare black bars in Figs. 3B and 6B). 
Interestingly, there was a significant improvement in bilateral rats after l-DOPA admin-
istration (p = 0.032 vs. untreated 6-OHDA group; Fig. 6B). No statistical difference be-
tween control groups and bilateral + l-DOPA group was found (Fig. 6B; compare white 
and grey bars to checked bars, p = 0.52 and p = 0.77, respectively). 

Swing speed 
Analysis of swing speed showed a highly significant difference between the hind and the 
forelimbs (p < 0.001; Fig. 6C). Again, a reduction of both hind and forelimb swing speed in 
the bilaterally 6-OHDA lesioned animals was present (p = 0.002 vs. control; p = 0.003 vs. 
sham; compare to Fig. 3C). After l-DOPA treatment the significance was gone (Fig. 6C; 
compare white and grey bars to checked bars, p = 0.688 and p = 0.577, respectively). 

3.3.4. Regularity index  
The regularity index analysis showed a difference between groups (control: 97.63 ± 
1.06%; sham: 97.96 ± 0.86%; bilateral: 93.79 ± 1.37%; bilateral + l-DOPA: 97.73 ± 1.09%; 
p = 0.044), but post hoc Newman–Keuls multiple comparisons did not reach statistical 
significance. 

Stance phase 
The duration of the stance phase did not differ between the forelimb and the hind limb 
(p = 0.07), but the bilateral 6-OHDA rats had an increased stance duration of both fore-
limbs and hind limbs (p = 0.005 vs. control and sham; Fig. 6D). l-DOPA reduced the 
stance duration so that the difference to control groups was abolished (p = 0.29 vs. 
control and 0.41 vs. sham). 

Swing phase 
There was no group difference in the duration of swing phase, either in hind or fore-
limbs, however the mean swing duration of forelimbs differed from the swing phase of 
the hind limbs (0.164 ± 0.0052 s vs. 0.128 ± 0.0052 s; p < 0.001). 

Step cycle 
The stance result was reflected in duration of the whole step cycle, so that bilateral 6-
OHDA had a prolonged step cycle compared to control groups (p = 0.006 vs. control and 
sham; Fig. 6E), and l-DOPA reduced the step cycle so that the statistical difference dis-
appeared (p = 0.30 vs. control and p = 0.44 vs. sham). 
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Discussion 

In this study we demonstrated that the CatWalk is a constant and reliable tool to inves-
tigate multiple gait parameters quantitatively. Furthermore, we investigated the gait 
deficits in a bilateral 6-OHDA animal model mimicking advanced stages of PD. Gait was 
generally disturbed in DA depleted animals which was reflected by changes in various 
gait parameters. L-DOPA therapy partially reversed some, but not all, disturbed gait 
parameters. Below, we will discuss the reproducibility of gait patterns with the CatWalk 

Fig. 6. Effect of l-DOPA treatment on gait deficits. A single dose of l-DOPA (10 mg/kg) worsened 
the forelimb base of support (A), but could restore both fore-and hind limb stride length in 
6-OHDA lesioned rats (B). l-DOPA could counteract the dopamine mediated impairment seen in 
both fore- and hind limb performance of swing speed (C), stance duration (D), and Step cycle 
duration (E) in the 6-OHDA rats. *p < 0.05 between compared groups. 
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system, gait changes in the experimental PD model, and the potential of l-DOPA to 
reverse gait disturbances.  

Constancy of gait patterns with the CatWalk system 
The CatWalk analyses revealed a high degree of constancy and reproducibility in how a 
crossing of the runway was executed by (neurologically) intact rats. Through all four test 
sessions, the parameters investigated displayed similar numerical output for both con-
trol and sham operated rats, irrespective of the fact that body weight varied to some 
degree between the test groups and test sessions. Inter-test variation of hind limb per-
formance was never present within these groups. Forelimb performance of the control 
groups was to some extent less uniform, since the swing phase (and thereby the duty 
cycle) showed some variability between tests. In this aspect it is noteworthy that the 
variation was not large enough to affect the average duration of the step cycle between 
tests. To conclude, all parameters but forelimb swing are stable over time in neurologi-
cally intact rats, and are thus suitable to investigate in multiple testing paradigms.  
 The second experiment (l-DOPA) allowed for comparison between front and hind 
limbs, and there was indeed a significantdifference between hind and forelimb dynam-
ics in both base of support, swing phase, and swing speed (see Fig. 5). This is in agree-
ment with what is visualized, but not statistically analyzed in other studies (Koopmans, 
et al., 2007). Based on these findings, the CatWalk proofed to be an objective tool to 
investigate the effect of pharmacologic and invasive treatments on gait.  

Bilateral 6-OHDA mfb lesions as a model for experimental PD 
Aware of the limitations of the bilateral 6-OHDA model, which mimics a DA disorder 
rather than the multisystem disorder of PD, we chose to use the best available rat mod-
el. We investigated bilateral 6-OHDA lesions, as toxin injections into the mfb to destroy 
DA neurons that terminate in the corpus striatum, and to some extent also neurons of 
the mesolimbic and mesocortical pathways. The rationale was to avoid the smaller, 
more compartmental lesions created by striatal infusions of 6-OHDA (where the injec-
tion sites are typically selected so that DA neurons innervating the lateral parts of stria-
tum are destroyed, whereas neurons that innervate the more medial areas are spared). 
The aim was to mimic a stage of PD where there are symptoms of motor deficits, but 
the subject is still able to perform tasks like walking. The obtained degree of DA dener-
vation is in line with previous studies, where bilateral mfb injections of 6 g 6-OHDA 
resulted in a 75% mean DA depletion (Srinivasan and Schmidt, 2004) and more than 
50% loss of SNc DA neurons, which is equal to the human situation (Hornykiewicz, 1975, 
Marsden, 1990). For each individual rat, the DA depletion was asymmetric between the 
striata, which reflects the clinical situation well (Hoehn and Yahr, 1967). A correlation 
was seen between SNc cell count and the amount of DA depletion in the striatum. To 



GAIT  ANALYSIS  

143 

our knowledge the correlation we found between SNc cell loss and DA depletion in the 
striatum has never been reported before in the bilateral 6-OHDA model. 
 The striatal NA levels are reduced by about 70%, a similar reduction as seen for DA. 
The LC–noradrenergic system has a facilitatory influence on the function of the nigro-
striatal DA system (Yavich, et al., 2003), however NA deficiency is mainly thought to 
underlie depression-like symptoms in PD (Gerlach, et al., 1994). 

Gait in PD 
Clinically, PD induces gait disturbances such as reduced overall velocity, decreased arm 
swing, reduced stride length, and increased duration of the stance phase (Blin, et al., 
1991, Knutsson, 1972, Stern, et al., 1983). To interpret data from experimental 6-OHDA 
lesioned quadrupedal rodents and extrapolate this to the (bipedal) PD patient is a haz-
ardous and difficult task. The dynamic parameter stance illustrates the pitfalls well, 
where PD patients have an increased stance duration of the part spend in double limb 
support (i.e. floor contact with both feet) (Krystkowiak, et al., 2001). The stance dura-
tion of a rat paw does not take the position of the other paws into consideration: it 
comprises single, double, triple and quadruple limb support. Thus, that the stance 
phase is initially prolonged in PD rats does not have any straightforward similarity to 
what is observed in patients. In this respect, swing speed and stride length may be more 
readily comparable as the length of a step and the speed it is conducted with are irre-
spective of the simultaneous behaviours of the other paws. Still, the translation of the 
gait parameters to the clinical situation has to be done with caution. 
 Rats subjected to bilateral 6-OHDA lesions had difficulties to perform an uninter-
rupted crossing of the runway. To our opinion these interruptions could be seen as 
“freezing” behaviour as present in PD patients (Kemoun and Defebvre, 2001). Due to 
this “freezing” behaviour, the inclusion criteria had to be modified. This meant that it 
was not possible to obtain and compare the time to cross the walkway (speed) between 
groups. Despite the loss of this parameter, several other aspects of gait could still be 
investigated. We found alterations in most parameters examined, which proved that a 
reduction of bilateral striatal DA (and NA) levels by 70% had a substantial effect on gait. 
The denervation following bilateral mfb infusion affected performance of both the fore-
limbs and the hind limbs (with exception of BOS), an interesting phenomenon as previ-
ous literature reports only changes in the forelimbs after unilateral mfb lesion 
(Vandeputte, et al., 2010) and mainly in the hind limbs after bilateral striatal 6-OHDA 
infusion (Vlamings, et al., 2007). 
 A closer look at the static gait parameter showed that the stride length was re-
duced by approximately 20% for both forelimbs and hind limbs. This is similar to the 
clinical situation, in which PD patients make smaller steps (Kemoun and Defebvre, 
2001). The relative paw position was not changed in the lesioned rats, which means 
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that the spatial dynamics between the ipsilateral hind limb and forelimb paw place-
ments were not affected by the reduced stride length. However, the reduced forelimb 
base of support displays an effect of the lesion in the interlimb placement of the fore 
paws. Duration of the dynamic parameters stance and step cycle were prolonged in 
both fore- and hind limbs of the lesioned rats, whereas no statistical differences were 
seen in the swing duration of the forelimbs and only a trend to a prolonged swing phase 
of the hind limbs. The swing phase trend affected the hind limb duty cycle (the percent-
age of the step cycle spent in stance phase), as it counterbalanced the prolongation of 
stance, such that no difference between the groups was present. On the contrary, the 
prolonged stance of the forelimb impacted the duty cycle of the forelimbs, thus it was 
increased for the bilateral 6-OHDA rats. An important finding during the data analysis 
was that the prolonged stance duration of the lesioned rats was not stable over time. 
The duration gradually decreased with each test session. Therefore, the initial signifi-
cant increase of stance duration in relation to control rats had disappeared by the last 
session. The normalization toward control rats was also reflected in a normalization of 
the step and duty cycle by test three and four. The knowledge that stance was not sta-
ble over time, warrants caution if it will be used in long-time studies. 
 Our finding that the swing speed was reduced in bilateral 6- OHDA rats was ex-
pected, as the swing phase duration was similar between groups (there even a trend to 
a prolonged swing phase in the hind limbs), but the distance the paw moved was de-
creased, hence the speed had to be reduced as well. Furthermore, there was strong 
indirect evidence that the average locomotor velocity in the PD rats was reduced as 
well; the duration of a step cycle was longer, the length of a step shorter, and the swing 
speed of the paw slower. Thus, for each step a bilateral 6-OHDA rat took, its body was 
moved a shorter distance during a longer time span in comparison to a normal rat. The 
left-right coordination, reflected in the regularity index, was slightly decreased in bilat-
eral lesioned rats, but not to the extent seen after for example unilateral spinal cord 
injury [(Hamers, et al., 2001, Klapka, et al., 2005). 

The effect of l-DOPA gait deficits 
l-DOPA treatment restored the stride length to almost the same distance as seen in 
intact rats. However, it only partially reversed the reduced swing speed and the pro-
longed step cycle seen in the DA lesioned rats. This could be due to fact that the dose 
was below optimal, but fits with the effects of l-DOPA measured in PD patients (Kla-
wans, 1986). The administered dose was chosen in the lower range of the therapeutic 
span to avoid the appearance of dyskinetic side effects upon de novo administration 
(Cenci, et al., 1998). It is noteworthy that the PD rats again displayed a prolonged stance 
phase in the l-DOPA experiment, which took place four weeks after the last test session 
of the former experiment. This indicates that the normalization of stance that gradually 
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took place in the repeated experiment required recurrent weekly exposure to the Cat-
Walk, rather than representing a late stage compensatory change of motor function as 
a result of the DA denervation. The restored stride length after l-DOPA treatment is in 
line with clinical findings, where stride length and kinematic parameters respond to l-
DOPA (Blin, et al., 1991, Lubik, et al., 2006). The base of support was not affected by l-
DOPA, which indicates that this could be a DA-resistant gait parameter. Interestingly, a 
previous study reported an increased forelimb BOS in parkinsonian rats after bilateral 
high frequency stimulation of the subthalamic nucleus (Vlamings, et al., 2007). Our 
findings again underline the limited role of l-DOPA therapy for axial symptoms in PD. 
Therefore the research focus should extend beyond DA, to investigate the pathophysio-
logical role of other neurochemical changes. Possible target receptor distribution in the 
motor circuit for novel drug therapies should be mapped. And second, the focus should 
move from the basal ganglia nuclei to the role of brain stem and cerebellar areas, and 
maybe even the spinal cord. 

Conclusion 

This experiment has shown that the CatWalk method is a very reproducible tool to 
assess voluntary walking in neurologically intact as well as Parkinsonian rats. Rats with a 
70% reduction in striatal DA showed gait disturbances, but not all deficits were stable 
over time and the translation of quadrupal to bipedal gait remains hazardous. L-DOPA 
therapy had good effects on gait, but not all parameters improved. In view of the fact 
that gait disturbances are a major cause of morbidity and even mortality in PD, further 
preclinical investigations to find underlying mechanisms for gait problems in PD, to 
provide novel therapeutic approaches, is needed.  
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Abstract 

The subthalamic nucleus (STN) is a major player in the input and output of the basal 
ganglia motor circuitry. The neuronal regular firing pattern of the STN changes into a 
pathological bursting mode in both advanced Parkinson’s Disease (PD) and in PD ani-
mals models with severe dopamine depletion. One of the current hypothesis, based on 
clinical and experimental evidence, is that this typical burst activity is responsible for 
some of the principal motor symptoms. In the current study we tested whether mild DA 
depletion, mimicking early stages of PD, induced deficits in motor behaviour and chang-
es in STN neuronal activity. The present study demonstrated that rats with a mild lesion 
(20-40 % loss of DA neurons) and a slowed motor response, but without gross motor 
abnormalities already have an increased number of bursty STN neurons under urethane 
anaesthesia. These findings indicate that the early increase in STN burst activity is a 
compensatory mechanism to maintain the dopamine homeostasis in the basal ganglia. 
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Introduction 

The subthalamic nucleus (STN), is a major player in the input and output of the basal 
ganglia motor circuitry (Albin, et al., 1989, Smith, et al., 1998). Firstly, the STN forms 
together with the striatum the basal ganglia entry sites for cortical input (Afsharpour, 
1985, Monakow, et al., 1978). Secondly, the STN strongly modulates the basal ganglia 
output nuclei by its glutamatergic efferents and is also an output nucleus itself by its 
direct cortical projections (Carpenter, et al., 1981, Ricardo, 1980).  
 Animal studies indicate that STN neurons normally fire in a regular manner 
(Nakanishi, et al., 1987, Overton and Greenfield, 1995, Wichmann, et al., 1994). In both 
PD patients and severe animal models of PD, the STN’s neuronal regular firing pattern 
changes into a pathological bursting mode (Benazzouz, et al., 2002, Bergman, et al., 
1994). One of the current hypothesis is that this typical burst activity is responsible for 
some of the principal motor symptoms (Benazzouz, et al., 1992, Bergman, et al., 1994, 
Hutchison, et al., 1998, Rodriguez, et al., 1998). Both, clinical and experimental evidence 
support this hypothesis. For instance, intra-operatively collected electrophysiological 
recordings from the STN of PD patients show a typical burst pattern and modulation of 
this pattern by deep brain stimulation (DBS) alleviates motor disability (Benabid, et al., 
1994, Krack, et al., 2003, Visser-Vandewalle, et al., 2005). Also animal models of PD are 
characterized by a pathological firing pattern of STN neurons (Bergman, et al., 1994, 
Hollerman and Grace, 1992, Ni, et al., 2001). 
 Although altered STN activity is observed in PD patients in the advanced stages of 
the disease as well as in animal models with severe DA lesions, it is still elusive at which 
stage of the disease changes in STN neuronal activity occur. In the current study, we 
addressed this by evaluating electrophysiological characteristics of STN neurons and the 
motor behaviour in an animal model mimicked early stages of PD by applying different 
levels of dopamine (DA) depletion by bilateral striatal 6OHDA injections. Electrophysio-
logical changes were assessed using in vivo, single-cell extracellular recordings in the 
STN. Motor behaviour was evaluated by reaction time task (Temel, et al., 2005) and 
locomotor activity in by the open field task (Hameleers, et al., 2007), and the CatWalk 
automated gait analysis task (Vlamings, et al., 2007). 

Material and Methods 

Subjects 
Male Lewis rats (N=30, 10 weeks old) bred and housed at the Central Animal Facility of 
Maastricht University (Maastricht, The Netherlands), were 15 weeks old and weighed 
~315 g at the time of surgery. All experimental procedures were approved by the Ani-
mal Experiments and Ethics Committee of Maastricht University.  
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Surgical procedure 
Two rats died peri-operatively, and the others were divided in the following four exper-
imental groups: A. sham (n=7); B. 2.5 μg/μl 6-OHDA (n=7); C. 5 μg/μl 6-OHDA (n=7); D. 
7.5 μg μl 6-OHDA (n=7). These three different concentrations were chosen to assess 
changes in motor behaviour and electrophysiological activity in mild to moderate DA 
depleted animals mimicking different stages of PD. Details of the surgical procedure 
have been described earlier (Tan, et al., 2010). In brief, one hour before surgery rats 
were injected with Temgesic (0.1 mg/kg, s.c.) and with desimipramine (20 mg/kg, i.p.). 
Throughout surgery, rats were anesthetized by 2% isoflurane inhalation. Rats were 
bilaterally injected in the striatum with 2 μl vehicle (0.2% ascorbic acid dissolved in 0.9% 
saline; i.e. sham), or 6-OHDA (2.5, 5.0 or 7.5 μg/μl; Sigma, Zwijndrecht, The Nether-
lands) at the following coordinates relative to Bregma (in mm): AP 0.7, ML +/-2.8, DV -
5.0 and AP -0.4, ML +/-3.4, DV -5.0) (Paxinos and Watson, 1998), at 0.5 μl/min. After 
surgery, the rats were given a 2-week recovery period before behavioural training was 
started. Data from all behavioural tests were acquired 3-4 weeks after surgery. 

Reaction time task 
Rats were trained to perform a reaction time (RT) task preoperatively. The motor per-
formances of the rats were tested in operant chambers as described earlier (Blokland, 
1998, Temel, et al., 2005). After training, the rats were tested for motor time perfor-
mance. Post surgery the rats were trained again and were tested. The motor time was 
acquired before and after the injection of 6-OHDA or saline into the striatum. The aver-
age motor time (MT) was calculated over five trials. For each animal the increase in 
motor time and RT was calculated and expressed in percentages, as for the change in 
premature responses (PR). 

Open field test 
The open field was performed as described earlier (Temel, et al., 2006). Locomotor 
activity (distance moved and speed) was recorded using a camera and Ethovision track-
ing software (Ethovision®, Noldus Information Technology, Wageningen, The Nether-
lands).  

CatWalk gait analysis 
Pre- and post- surgically the rats were trained to cross the walkway (Catwalk XT8.1, 
Noldus, The Netherlands), i.e. they were motivated by food deprivation 12h before 
training and rewarded with a food pellet (Noyes Precision pellets PJPPP-0045; Sandown 
Chemical Ltd., Hampton, UK) after a complete and continuous crossing. Training contin-
ued until crossing the walkway met the criteria for acquisition (Hamers, et al., 2001). 
The following gait parameters were evaluated: speed, walking pattern and standing 
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time, for more details we refer to Vlamings et al. 2007 (Vlamings, et al., 2007). For sta-
tistical analysis the data of 5 trials was averaged.  

Electrophysiology 
At the end of the behavioural experiments, rats were anesthetized with urethane (1.6 
g/kg, i.p.) and fixed in a stereotactic frame (Stoelting model 51950, Stoelting Co, Wood 
Dale, USA). Body temperature was maintained at 37°C (DC Temperature controller 41-
90-8D, FHC Inc. Bowdoin, USA). A glass microelectrode (borosilicate glass capillaries 
[GC200F-10], Harvard apparatus LTD, Massachusetts, USA), with an impedance of ±10-
15MΩ, containing 4% Pontamine sky blue dye dissolved in 0.9% NaCl was then lowered 
into the STN using a microdrive (Hydraulic probe drive chronic adaptor, 50-12-9 FHC 
Inc. Bowdoin, USA). Stereotactic coordinates in mm relative to Bregma were: AP -3.8, 
ML +/-2.5, DV -8.0 (Paxinos and Watson, 1998). The electrode was connected to an 
AlphaMap data acquisition system (AlphaOmega, Nazareth, Israel), allowing amplifica-
tion, filtering for live view and recording the extracellular neuronal activity. At the end 
of each session, the recording site was marked by an electrophoretic injection of Pon-
tamine sky blue using a 15 μA negative current for 20 min (Accupulser signal generator 
and a high current isolator [A385] with a charger [A382], WPI Inc. Sarasota, USA). Neu-
rons were only analysed if the recording site was histochemically confirmed to be in the 
STN (Fig 3a). 
 Raw data were analysed using Matlab (The MathWorks, Natick, MA). Spikes were 
detected based on a threshold that was defined as the standard deviation of the signal-
median multiplied by 3.5 (Dolan, et al., 2009). Classification of the spikes was based on 
the waveforms of the detected spikes. First, a principal component analysis was per-
formed. Subsequently, the principal components were clustered using either K-means 
or the Gaussian mixture model and the expectation maximization algorithm. Only time 
intervals with a stable firing rate and neurons with a signal to noise ratio greater than 
three were considered. 
 A discharge density histogram (Kaneoke and Vitek, 1996) was developed to assess 
the firing pattern as previously described (Boraud, et al., 1998, Chetrit, et al., 2009). The 
mean firing frequency was calculated per group. 

Histology 
At the end of the electrophysiological recordings, rats were transcardially perfused and 
prepared for immunohisstochemistry . Tyrosine hydroxylase (TH) immunohistochemis-
try was carried out using a monoclonal mouse anti-TH (diluted 1:100, kindly supplied by 
Dr. C. Cuello, Canada) as primary antibody. Details of this staining have been described 
previously (Temel, et al., 2006).  
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Stereological analysis 
Stereological analysis was performed using a stereology workstation (CAST-GRID-
Computer Assisted Stereological Toolbox, Olympus, Denmark). After exactly tracing the 
boundaries of the left and right substantia nigra pars compacta (SNc) 10x magnification, 
number of TH immunoreactive (THir) neurons was counted at 40x magnification using 
the Optical Fractionator (Schmitz and Hof, 2005). All neurons that were in focus in the 
unbiased virtual counting spaces throughout the delineated regions were counted. The 
number of neurons was estimated based on the number of counted neurons and the 
corresponding sampling probability. The total number of THir neurons in the left and 
right SNc was averaged per animal.  

Statistical analyses 
The data from the RT task, the open field, the electrophysiology and the data on the 
total number of THir cells in the SNc were analysed using a one-way ANOVA followed by 
a Least Significant Difference (LSD) post-hoc test. Electrophysiological differences in 
firing pattern were evaluated by a Chi-square test. The parameters of the Catwalk were 
analysed using a repeated measures one-way ANOVA followed by an LSD post-hoc test. 
All data were analysed using SPSS statistical software (SPSS version 15.0, IBM, Chicago, 
USA). p<0.05 was considered to be statistically significant. All data are presented as 
means and standard errors of means (SEM).  

Results 

Histology 
No significant difference was found between the number of THir cells in the SNc of the 
left and right side of the brain, therefore we pooled the data. Compared to sham con-
trols, the number of THir cells in the SNc was reduced by 20% in the 2.5 μg/μl 6-OHDA 
group, by 42% in the 5 μg/μl 6-OHDA group, and by 41% in the 7.5 μg/μl 6-OHDA group 
(Fig. 1). In the 6-OHDA treatment groups, the 5 μg/μl and 7.5 μg/μl 6-OHDA groups had 
significantly less THir cells than in the 2.5 μg/μl 6-OHDA group. 

Reaction time task 
Sham surgery did not affect MT, whereas all 6-OHDA groups showed a 20% longer MT 
after surgery (p<0.01; Fig. 2a). The sham surgery and the 6-OHDA treatment had no 
effect on the RT and PR (Figs. 2b and c). 
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Fig. 1. Mean total numbers of THir 
neurons in the SNc of sham-
operated rats and rats subjected to 
dopamine depletion. The total 
number of THir neurons in the left 
and right SNc were averaged per 
animal. Data represent means and 
S.E.M. per group. *Groups differ 
significantly from group A 
(p < 0.05), †groups differ significantly 
from group B (p < 0.05). Abbrevia-
tions are as follows: A: sham; B, C 
and D: 2.5, 5.0 and 7.5 μg/μl 6-
OHDA, respectively. 

 

Fig. 2. (a) Mean changes in motor time compared to baseline (%). *Groups differ significantly from sham 
group (p < 0.05). (b) Mean changes in reaction time compared to baseline (%). No significant differences were 
observed between groups (p > 0.05). (c) Mean changes in premature responses compared to base line (%). No 
significant differences were observed between groups (p > 0.05). Data represent means and S.E.M. per group. 
Abbreviations are as follows: A: sham; B, C and D: 2.5, 5.0 and 7.5 μg/μl 6-OHDA, respectively. 

Open field 
Sham surgery and 6-OHDA treatment had no effect on speed and distance moved dur-
ing a 10 min open field test. The measured speed (in m/min) in the sham, 2.5, 5.0 and 
7.5 mg/ml 6-OHDA groups was respectively 11.1 (2.2), 12.0 (1.6), 10.4 (1.7), 10.3 (1.1) 
(p>0.05, data not shown). The distance moved (in cm) was respectively 6641 (503), 
7180 (365), 6235 (394), 6199 (250) (p>0.05, Fig. 3a and b). 
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Fig. 3. (a) Mean speed in the open field during 10 minutes (cm/s) No significant differences were observed 
between groups. (b) Mean distance moved (cm) in the open field during 10 minutes of testing. No significant 
differences were observed between groups. Data represent means and S.E.M. per group. Abbreviations are as 
follows: A: sham; B, C and D: respectively 2.5, 5.0 and 7.5 µg/µl 6-OHDA. 

Catwalk gait analysis 
Surgery resulted in a significantly reduced speed (in mm/s), a reduced standing time 
and a changed walking pattern. However, there was no significant difference between 
the sham and 6-OHDA treatment groups for these parameters. The measured speed (in 
mm/s) and standing time (in s) in the sham, 2.5, 5.0 and 7.5 mg/ml 6-OHDA groups after 
surgery were respectively: 646 (56), 595 (70), 624 (22), 540 (85) (p>0.05) and 0.10 
(0.01), 0.11 (0.01), 0.11 (<0.00), 0.13 (0.02) (p>0.05). The step pattern, either cruciate 
or alternate, was respectively for 70 (17), 88 (11), 72 (16) and 77 (10) percent alternat-
ed (p>0.05, Fig 4). 
 

Fig. 4. (a) Speed on the catwalk (mm/s). No significant differences were found between groups (p>0.05). * In 
general speed was significantly reduced in all groups after surgery compared to baseline (p<0.05). (b) Per-
centage the rats show an alternate walking pattern (%). There were no significant differences seen between 
groups (p>0.05), * but after surgery the percentage of alternate movements was decreased (p<0.05). (c) 
Standing time on the catwalk (s). No significant differences were found between groups (p>0.05). * In general 
standing time was significantly reduced in all groups after surgery compared to baseline (p<0.05). Data repre-
sent means and S.E.M. per group. Abbreviations are as follows: A: sham; B, C and D: respectively 2.5, 5.0 and 
7.5 µg/µl 6-OHDA.  
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Electrophysiology 
In total 338 neurons were recorded, STN neurons from sham animals showed 7.8 ± 0.9 
spikes per second, which was similar to that of neurons from 6-OHDA treated animals 
(Fig. 3b). All groups displayed neurons with a regular, an irregular and a bursty type 
firing pattern (Fig. 3c). Whereas sham animals displayed mostly regular type firing neu-
rons (54%) and only 19% bursty type neurons, 6-OHDA treated animals displayed a 
minor amount of regular type firing neurons (32-38%) and mostly, i.e. 41-49% bursty 
type neurons (p<0.05). However, the distribution of regular, irregular and bursty type 
firing neurons did not differ between the different 6-OHDA treatment groups. 
 

 

Discussion 

In this study we investigated the link between the level of DA depletion, motor symp-
toms and STN burst activity in rats with different levels of dopaminergic denervation. 
Aside from a slower motor response in the reaction time task, animals with a mild lesion 
(i.e. 20% loss of THir cells in the SNc) displayed no gross locomotor abnormalities. How-

Fig. 3. (a) Representative low-power photomicrograph of a coronal brain section showing the subthalamic 
nucleus of a subject with an ionthophoretic injection (red arrow) at the site of the last recorded neuron. Scale 
bar: 500 μm. (b) Mean firing frequencies are displayed in spikes per seconds for sham and 6-OHDA groups. No 
significant differences were found (p > 0.05). Data represent means and S.E.M. per group. (c) Distribution of 
the firing pattern (%). In group A approximately 54% of the cells is regular, 27% irregular and 19% bursty. In 
the groups B, C and D the percentage of regular cells decreases to 32–38% and the number of bursty cells 
increases to 41–49%. χ2p < 0.05. Abbreviations are as follows: A: sham; B, C and D: 2.5, 5.0 and 7.5 
6-OHDA, respectively; CP: cerebral peduncle; STN: subthalamic nucleus, ZI: zona incerta; LH: lateral hypothal-
amus. 
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ever, the firing pattern of their STN neurons shifted from a more regular firing type to a 
burst mode. Animals with a substantial lesion (i.e. 40% loss of THir cells in the SNc), 
showing the same slowing in the motor response, had a similar shift in the firing pat-
tern. Thus, the electrophysiological properties of the STN already shifted to a bursty 
phenotype due to a mild DA depletion before severe motor symptoms were present. 
 The question arises if more severe lesioned animals, with more motor disabilities 
would have had a dose-dependent change in STN burst activity. Unexpectedly, the 7.5 
µg 6-OHDA treated group had a similar level of loss of THir cells as the 5 µg 6-OHDA 
group (Deumens, et al., 2002). Interestingly in literature, the amount of STN bursty 
neurons found in this study was similar to the number of bursty cells found in a study 
with a partial and severe 6-OHDA model (Breit, et al., 2007). On the other hand, one 6-
OHDA study showed a very high percentage of bursty neurons (90%) (Walters, et al., 
2007), while other studies with severe DA lesions report comparable percentages of 
bursty neurons as found in this study (Hollerman and Grace, 1992, Ni, et al., 2001).  
 In PD patients symptoms do not appear before more than 70 to 80% of the DA 
neurons in the SNc are lost. Such a late manifestation of symptoms must be due to the 
existence of compensatory mechanisms (Zigmond, et al., 1990). Also in this rodent 
study no gross motor changes were observed with relatively mild lesions (20-40% loss 
DA neurons). However this study evidenced that a small loss of DA neurons in the SNc 
gave rise to a bursty firing pattern in the STN of the rat. The abnormal bursty firing pat-
tern in DA depleted animals, generated by deep urethane anaesthesia, is in phase with 
the cortical slow wave activity (~1Hz) (Magill, et al., 2001). The shift of STN neuronal 
activity from a regular to a bursty phenotype in mild DA depleted animals may be a 
direct result of DA input from the SNc on the STN. The STN contains a high number of 
D5 receptors for dopamine (Svenningsson and Le Moine, 2002), which play a pivotal 
role in the control of the Ca2+ conductance necessary for neurons to express burst firing 
(Baufreton, et al., 2003). The early occurrence of a bursty phenotype might also be 
mediated by the indirect pathway via the globus pallidus (GP) (Breit, et al., 2007). Bau-
freton and Bevan 2008 (Baufreton and Bevan, 2008) described that the STN firing pat-
tern is influenced by the pre-synaptic D2 receptors on the GP terminals into the STN.  
 A provocative hypothesis is that hyperactivity of the STN is compensatory mecha-
nism to drive the remaining SNc neurons to enhance the dopamine release through the 
nigrostriatal pathway (Bezard, et al., 1999). Thus the early increase in STN burst activity, 
which remains with disease progression, might be a compensatory mechanism to main-
tain a DA homeostasis within the basal ganglia. To investigate this hypothesis, further 
studies are needed to assess the relationship between changes in STN and SNc neuronal 
firing properties and DA release in the striatum. 
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In the present thesis, we first showed the short- and long-term outcome of STN DBS in 
PD patients. In general STN DBS has a good effect on the motor symptoms, on the other 
hand a substantial number of patients (42%) developed psychiatric symptoms, such as 
increased impulsive behavior, depressed mood and hypomanic behavior. The amount of 
reported neuropsychiatric side-effects decreased in the last decennia (Odekerken, et al., 
2013). This is probably due to the improved imaging and targeting techniques, and a 
better patient selection. On the long term the positive effect of STN DBS on specific 
symptoms diminishes due to disease progression. Axial symptoms become more pro-
nounced, which are unresponsive to L-DOPA and STN DBS treatment. Subsequently, we 
investigated the functional anatomical connectivity of the STN with the DRN to explain 
the STN DBS induced side effects. In an animal model of PD we showed that HFS of the 
STN induced depressive like behavior. An increase in c-Fos in mainly GABA-ergic neu-
rons in the DRN, and decreased cytochrome C oxidase activity in this region was in-
duced by HFS of the STN. HFS of the STN also increased c-Fos in the lateral habenula, 
medial prefrontal cortex. These data implicate that the STN is indirectly connected to 
the serotonergic dorsal raphe nucleus. In addition, we provided a systematic review of 
the functional topography of the STN and its afferent and efferent connections. In line 
with, findings of this review we showed that STN is strongly involved in limbic processes 
and functionally connected to limbic brain regions. Subsequently, in an animal model 
we showed that motor and non-motor pathways are not fully segregated, but partially 
interconnected in the STN. Thereafter, we aimed to improve targeting of the STN motor 
region in a clinical study. Unfortunately, we were not able to provide a clear marker for 
the STN motor region. The results from single-unit and LFP recordings were promising, 
though caution is needed when repetitive, subdural cortical stimulation is applied. Next 
we showed that the Catwalk is a reproducible tool to assess gait in a bilateral 6-OHDA 
rat model of PD. Following this study, we studied the relevance of STN burst activity in 
relation to motor and non-motor symptoms. We showed that STN burst activity is pre-
sent when only minor behavioral symptoms are present. The results from this study 
implicate that STN burst activity might be a compensatory mechanism to instigate the 
remaining dopaminergic SNc neurons to keep the amount of available dopamine in the 
striatum at a sufficient level. Here, we will discuss the results from the studies per-
formed, review the serious unexpected side-effects, elaborate on the clinical implica-
tions of our findings and give directions for future research. 
 As stated earlier in this thesis, the human STN is classically subdivided into a dorso-
lateral sensorimotor area, a ventral associative and limbic medial tip (Hamani, et al., 
2004, Parent and Smith, 1987, Temel, et al., 2005). In line with this view, anatomical 
studies in animals indeed show that projections from cortical motor areas are most 
dense in the dorsolateral part of the STN. Afferent connections of the STN with associa-
tive and limbic brain regions are mainly found in the ventro-medial parts of the STN. 
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The topographical organization of the cortico-subthalamic projections in rodents and 
non-human primates overlaps with the topographical organization of the other afferent 
and efferent connections of the STN. The dorsolateral, motor STN receives input from 
the lateral part of the parafascicular thalamic nucleus, which also projects to the lateral 
part of the caudate putamen (CPu). The lateral CPu indirectly projects to the lateral STN 
via the lateral part of the GPe. The medial, limbic part of the STN receives its input from 
the most medial part of the parafascicular thalamic nucleus, which also projects to the 
nucleus accumbens (NAc) and the medial CPu. The NAc and the medial CPu project 
indirectly to the medial STN via respectively the lateral part of the subcommisural ven-
tral pallidum and the medial part of the GPe. The NAc, in turn, receives input from lim-
bic, prefrontal areas. Also the efferent output of the STN to the GPe, GPi and the ventral 
pallidum overlaps. The lateral STN mainly projects to the lateral GPe and GPi, whereas 
the medial part projects to the ventral pallidum and the medial GPe and GPi. (Berendse 
and Groenewegen, 1990, Karachi, et al., 2005, Kita and Kitai, 1987, Parent and Hazrati, 
1995). In agreement with the anatomical tracing studies, electrophysiological studies 
have also shown a crude functional subdivision. However, in rats a significant number of 
STN neurons respond to stimulation of motor and non-motor cortical regions as we 
have also shown in chapter 5. This finding doesn’t support the theory of parallel cortico-
basal ganglia pathways, but proofs that the cortico-subthalamic pathways are partially 
integrated. This neurophysiological finding is supported by the existence of a relation-
ship between cognitive and emotional processes and motor behavior (Bloem, et al., 
2001, Giladi, et al., 2005, Hausdorff, et al., 2006) and by the fact that neurons located in 
the effective dorso-lateral region of the STN for DBS in PD patients respond to emotion-
al stimuli (Fonoff, et al., 2012). This finding is also reflected by the overlap in functional 
subdivisions in anatomical studies (Kita, et al., 2014). To our knowledge, no electrophys-
iological studies in primates or humans are available which investigated whether single 
STN neurons receive convergent input from motor, associative and/or limbic cortical 
areas as we have shown in the rodent. A recent DTI study in humans sub-parcelated the 
STN in an anterio-medial limbic, middle associative and posterior-lateral motor area 
(Lambert, et al., 2012). Connectivity between the STN and motor and non-motor re-
gions was often not confined to one of the STN functional subterritories. Important to 
mention is that the sub-parcellation was based on STN connectivity with subcortical 
structures and could not be based on cortico-subthalamic connections. The majority of 
connecting cortical regions were found to receive contributions from all STN subre-
gions, but with different proportions of each type. Interestingly, the limbic connections 
were in general more prominent in the left hemisphere.  
 Since the beginning of STN DBS for the treatment of Parkinson’s disease this surgi-
cal therapy proved to be effective. Also on the long term a preserved effect on the core 
motor symptoms was seen. Several long-term follow-up studies, up to 10 years after 
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DBS implantation, showed sustained effect on tremor and rigidity. Unfortunately, axial 
symptoms did not seem to respond well to STN DBS. The increase in time on the UDPRS 
motor scale is probably due to further disease progression. Also an increase in disability 
and cognitive impairment due to disease progression was seen in these patients (Cas-
trioto, et al., 2011, Fasano, et al., 2010, Zangaglia, et al., 2012, Zibetti, et al., 
2011)_ENREF_12. In our case series, we reported similar outcome after 10 years (chap-
ter 1). It can therefore be concluded that STN DBS has a sustained effect on PD motor 
symptoms. To be able to also improve the axial symptoms and thereby reduce falling 
and quality of life other treatments are necessary. Also investigation on stimulation of 
brainstem structures, such as the pedunculo-pontine nucleus and the spinal cord to 
improve gait need further attention. In chapter 8 we validated a bilateral 6-OHDA rat 
model for PD to study gait. This animal model is currently used to further asses the gait 
dysfunction. Special emphasis in this research is given on the influence of the different 
mono-aminergic systems and the role of the brainstem nuclei and cerebellum in gait 
dysfunction in PD.  
 Unfortunately, STN DBS has not only positive effects on the motor symptoms, but 
also affects mood and cognition in a substantial number of patients (Berney, et al., 
2002, Piasecki and Jefferson, 2004, Saint-Cyr, et al., 2000, Smeding, et al., 2006, Temel, 
et al., 2006, Witt, et al., 2008). Still, the unwanted psychiatric side effects of STN DBS 
may overshadow the positive effects on the motor symptoms and become a major 
burden for both the patient and relatives. The challenge remains to obtain good thera-
peutic effects and to prevent the occurrence of undesired psychiatric side effects. It 
should be noticed though that in a recent randomized controlled trial, in the secondary 
outcome measures, the psychiatric and cognitive side-effects between PD patients 
treated with STN DBS or globus pallidus internus (GPi) stimulation were the same in 
both groups. But, the STN treated patients had a favorable motor on the motor symp-
toms (Odekerken, et al., 2013). The undesired psychiatric side effects of STN DBS are 
thought to be caused by stimulation of the non-motor parts of the STN (Temel, et al., 
2005). These psychiatric effects are associated with alterations in the serotonergic sys-
tem. High frequency stimulation (HFS) of the STN inhibited dorsal raphne nucleus (DRN) 
neuronal firing and a reduced the release of serotonin (5-hydroxytryptamine, 5-HT) in 
the rat (Navailles, et al., 2010, Tan, et al., 2010, Temel, et al., 2007). The occurrence of 
these side-effects in the individual patient might be caused by a predisposed vulnerabil-
ity of the 5-HT system. One might also question whether the “side-effects" of STN DBS 
on mood and cognition in PD patients could also be converted into a treatment for 
intractable psychiatric diseases. Currently trials are being conducted to assess the pos-
sibility of the STN as a surgical target for the treatment of psychiatric disorders, such as 
obsessive compulsive disorder and depression. It might also be well possible that other 
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nuclei connected to the STN might be a better target for the surgical treatment of psy-
chiatric diseases. 
 To overcome the DBS induces behavioural side-effects, we attempted to target the 
motor part of the STN by identifying the motor part by electrophysiological recordings 
of cortical evoked potentials. Unfortunately, this technique proofed not to be successful 
and serious adverse events occurred. Seizures were induced by subdural cortical stimu-
lation. As discussed in chapter 6, this was probably due to monophasic application of 
the pulses and a too high current density. The question remains whether the mon-
osynaptic cortico-subthalamic pathway could be a future roadmap to target the motor 
region of the STN in order to more selectively implant DBS electrodes for the treatment 
PD patients. Imaging techniques, like DTI, have been developed rapidly in the last years. 
Thus far no STN subregions could delineated based on the cortico-subthalamic connec-
tivity by DTI studies in humans. In the near future it might however be possible to point 
out the motor area within the STN by visualizing the cortico-subthalamic pathway using 
DTI. Although, in our hands electrophysiological approach was not successful, with ad-
vanced neurophysiological techniques this might be technically achievable and safe. But 
another question needs to be answered first. Is it possible to selectively stimulate the 
motor region of the STN? In chapter 5 we have shown that the motor- and non-motor 
pathways are not fully segregated. On the contrary, a large overlap is seen between 
motor and non-motor regions in the rodent STN. In humans, the segregation is probably 
more robust. If the interconnectivity of cortico-subthalamic pathways however is as 
strong in humans as in rats, then these side effects cannot be avoided. With the cur-
rently available techniques it cannot be avoided that neurons, which are placed within 
the neuronal network involved in limbic and cognitive processes, are affected by the 
applied current. To further define the area which is stimulated, new probes are being 
developed to steer the current applied. Thus, technically many steps can and still could 
be made to improve STN DBS. Another aspect of the occurrence of side-effects which 
needs attention is the patient selection. Hypothetically, some patients have a predis-
posed higher risk to develop behavioural side-effects which are not directly related to 
the DBS lead placement, but are caused by the vulnerability of the serotonergic system 
in the individual patient. It is therefore necessary to further investigate the role of the 5-
HT system in PD in general, and more specifically to the changes before and after the 
application of STN DBS to understand the occurrence of these side-effects. Moreover, in 
the future in might be possible by neuropsychological assessments to screen and ex-
clude patients which are at risk for the development of unwanted neuropsychiatric side-
effects. 
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Final conclusions 

Our findings underline the fact that the STN possesses a key position in the corti-
co−basal-ganglia−thalamo−cor cal network. The STN is strongly involved in motor, 
cognitive and limbic processes. A strict tripartite of STN subdivision can however not be 
made. At the single neuron level, cognitive, limbic and motor processes are being inte-
grated.  
 From a clinical point of view, STN DBS is an effective therapy to treat PD symptoms, 
though further reduction in psychiatric side-effects remains a challenge. Improvement 
of targeting by using enhanced imaging techniques, improved electrophysiological re-
cordings, and better stimulation electrodes might allow us to reduce undesired neuro-
psychiatric side-effects and enhance the therapeutic benefit. To improve axial symp-
toms in PD patients the focus for DBS treatment should be on the brainstem and cere-
bellar nuclei, and the influence of the non-dopaminergic mono-amines on gait needs 
further assessment. 
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Parkinson disease (PD) is a progressive neurodegenerative disorder. In Europe 108 out 
of 100.000 people suffer from PD. The key motor symptoms are tremor, rigidity, brady-
kinesia and postural instability, also non-motor symptoms such as cognitive impair-
ments and mood changes appear. PD is neuropathologically recognized by loss of do-
pamine (DA) cells and the presence of Lewy bodies. In the early stages of the disease 
motor symptoms can be adequately improved by levodopa treatment. Unfortunately, 
the beneficial effects wear off progressively and ‘on-off’ fluctuations and levodopa in-
duced dyskinesias appear. 
 The subthalamic nucleus (STN) plays an important role in the pathophysiology of 
PD. STN neurons in PD patients and in animal models of PD show a bursty firing pattern. 
Parkinsonian motor symptoms can be alleviated by both STN inactivation and ablation 
and high frequency electrical stimulation. Since the introduction of deep brain stimula-
tion of the subthalamic nucleus (STN DBS) in 1993, this therapy has proven to be effec-
tive on the short and long term. In advanced stages of PD gait problems occur, which 
leads to frequent falls. Current STN DBS treatment has no effect on these axial symp-
toms. 
 The STN in contrast to al other basal ganglia nuclei is excitatory. STN neurons re-
ceive major input from the cortex and globus pallidus externus (GPe) and are under 
influence of the monoaminergic systems. Within the cortico-basal ganglia thalamo-
cortical circuit, the STN plays an important role in not only motor, but also in cognitive 
and limbic processes. Classically the STN is divided into three subregions: a motor, lim-
bic and associative part. During the last decade the monosynaptic cortico-subthalamic 
pathway, also known as the ‘hyperdirect’ pathway regained new interest. Currently, two 
major theories for cortico-basal ganglia information processing for motor, associative 
and limbic information exist. The first supports a parallel flow of information through 
the cortico-basal ganglia circuits and the second supports convergence of these path-
ways, while others consider parallel pathways with interaction between them. The 
question whether the monosynaptic cortico-subthalamic pathways are organized in a 
strictly parallel or convergent manner is still not clearly answered.  
 Unfortunately, STN DBS has not only positive effects on the motor symptoms, but 
also affects mood and cognition in a substantial number of patients. The challenge is to 
obtain good therapeutic effects and to prevent the occurrence of undesired psychiatric 
side effects. The undesired psychiatric side effects are thought to be caused by stimula-
tion of the non-motor parts of the STN and the influence on the serotonergic system. 
Another challenge is to treat the axial motor symptoms. In this thesis we test the feasi-
bility of reducing psychiatric side effects of STN DBS. Therefore, we conducted a set of 
experimental and clinical studies to investigate the mechanisms of how STN DBS can be 
improved. 
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Only few studies reported a long term follow-up with data up to ten years after surgery. 
Their results indicated a persistent effect of stimulation on the core motor symptoms 
but an increase in disability and cognitive impairment due to disease progression. We 
started our STN DBS program for PD patients in 1999. In chapter 1, we report on the 
motor and cognitive outcome up to 10 years after surgery. Both motor and non-motor 
performances were extensively evaluated pre-operatively and at 3 months, 1 year, 5 
years and 10 years after surgery. We operated on twenty-seven patients more than 10 
years ago. Twelve patients completed the 10 year follow-up. At baseline, patients who 
completed the total follow-up were younger (54 years of age) than those who did not 
(60 years). In the early post-operative phase a strong improvement of the motor scores 
on the UPDRS III and IV and levodopa equivalent dose (LED) reduction was found. How-
ever, after five years a gradual worsening of the motor performance was observed. At 
ten years follow-up the UPDRS III scores were slightly worse than the pre-operative 
medication ON condition, but still better than the pre-operative medication OFF condi-
tion. The worsening in motor performance was almost exclusively due to a deterioration 
of bradykinesia and axial symptoms. Depression scores did not change over time. How-
ever, one third of the patients showed impulsive behavior after surgery. Especially 
younger patients seemed to be at risk for impulsive behavior. A decrease in perfor-
mance on executive tests, on the other hand, seems to be associated with higher age 
and an advanced stage of the disease. We concluded from this study that optimization 
of the targeting of the motor part of the STN and preventing stimulation of the limbic 
and associative parts of the STN might help to reduce stimulation induced behavioral 
side effects. There is also a need for new therapies to specifically treat the axial symp-
toms which determine the quality of life in these patients 10 years after surgery. Axial 
symptoms do not respond well to DA replacement therapies. Therefore, these symp-
toms are more likely related to the non-dopaminergic, monoaminergic systems.  
 As stated above, despite improving motor disability, in some patients STN DBS 
induces mood disorders such as depression and increased impulsivity. In addition, evi-
dence suggests that the risk of suicide increases significantly. Depression, impulsivity 
and suicide are associated with a dysfunctional serotonin (5-HT) system. The neural 
circuitry underpinning the effect of high frequency stimulation (HFS) of the STN on 5-HT 
neurons remains unknown. In chapter 2 we investigated in the dopamine-denervated 
rat the effect of bilateral HFS of the STN on markers of neuronal activity in the DRN as 
well as DRN input regions. HFS of the STN elicited an increase in immobility time com-
pared to non-stimulated controls, indicating increased behavioral despair. In the social 
interaction task, HFS of the STN evoked significantly more sniffing behavior. Both behav-
ioral effects are consistent with decreased 5-HT transmission. HFS of the STN at the 
same stimulation parameters, increased c-Fos immunoreactivity in the DRN, and de-
creased cytochrome C oxidase activity in this region. The increase in c-Fos immunoreac-
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tivity occurred in DRN neurons immunopositive for the GABA marker parvalbumin. HFS 
of the STN also increased the number of c-Fos immunoreactive cells in the lateral 
habenula nucleus (LHb), medial prefrontal cortex (mPFC). These data are consistent 
with the view that HFS of the STN activates DRN GABA neurons to inhibit 5-HT neuronal 
activity and trigger mood changes, and that DRN afferents from the LHb and mPFC may 
be involved. 
 Besides the influence of the 5-HT systems, the neuropsychiatric side-effects in-
duced by STN DBS are thought to be caused by direct stimulation of the associative and 
limbic pathways that run through the STN. In the primate, three functionally segregated 
parts are clearly described within the STN: a dorsolateral motor part, a medial limbic 
part and a ventrolateral associative part. In the rodent however, these subdivisions are 
not well defined. In this review in chapter 3 we describe all anterograde cortico-
subthalamic tracer studies to map the rodent STN. As a result, a crude functional subdi-
vision in the rodent STN could be made. Nevertheless, it seems unlikely that the subdi-
visions of the rat STN are entirely segregated from each other. Dendrites can extend 
across almost the entire STN. Despite noteworthy differences between the rat STN and 
the (human) primate STN the internal organization and its place in the basal ganglia is 
highly comparable. We concluded that a partial anatomical subdivision system is pre-
sent in the rodent STN, although it is not as clear cut as in the primate. Neurons in the 
medial STN mainly get their afferent input from the limbic and associative cortical areas 
and those in the lateral two thirds receive their input from the motor areas. 
 The STN’s involvement in limbic functions can be explained by its connections to 
cortical and subcortical limbic regions via the cortico-basal ganglia-thalamocortical cir-
cuits. In chapter 4 we addressed the research question whether the medial part of the 
STN is involved in the mood-related effects of stimulation of the NAc, vmPFC, and Cg. 
We found that HFS of the NAc and vmPFC, but not Cg showed an antidepressant-like 
response. In addition, HFS of the vmPFC, but not NAc and Cg, enhanced c-Fos-ir specifi-
cally in the medial part of the STN. Although the medial STN is generally regarded as an 
integrator and processes limbic and associative information, our results suggest that the 
medial STN has specific functional roles for depressive-like behaviours that depend 
largely on which limbic projection pathway was stimulated.  
 In this chapter we used an extracellular electrophysiological approach, to analyze 
the organization of the STN motor and non-motor subdivisions in the normal and DA 
depleted rodent brain. Our results showed that most STN neurons were responsive to 
cortical stimulation. From the responsive neurons, the majority responded to stimula-
tion of two or more cortical areas. Interestingly, responses to different cortical areas 
were mainly seen with a long latency. These long latency responses are related to the 
‘indirect’ cortico-striato-pallido-subthalamic pathway. Frequently a combination of 
short and long latency responses were observed, which have been earlier characterized 
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as a triphasic response. A large number of STN neurons selectively responded to either 
motor or non-motor cortical regions with a crude somatotopy. Indeed, the responsive 
neurons to motor cortex stimulation were mainly located in the lateral portion of the 
STN, whereas neurons responding to stimulation of limbic/associative cortical areas 
were mainly seen in the medial parts of the STN. On the contrary, it should be noticed 
that responsive neurons to the stimulation of motor and non-motor cortices were not 
limited to these areas and functional territories largely overlapped. In the 6-OHDA 
treated rats no differences were seen in the functional anatomical localization of STN 
neurons compared to the sham group. Our findings are in agreement with a basal gan-
glia theory which presumes parallel cortico-basal ganglia pathways with interaction 
between them. For STN DBS in PD patients this could suggest that avoidance of behav-
ioral side effects by selective stimulation of the motor part solely is hard to achieve, 
since a pure motor part may not exist. 
 The aim of the study presented in chapter 6 and 7 was to identify the STN motor 
area in PD patients by using motor cortex stimulation (MCS) in order to reduce STN DBS 
induced behavioral side effects. We tested the feasibility of identifying the STN motor 
part by MCS and evaluated the safety of this novel approach. A strip of four electrodes 
was placed in the subdural space through a burr hole posterolateral to the hand area 
during the stereotactic procedure in 5 patients. After baseline recordings, cortical 
evoked neuronal activity was measured. We observed significant excitations and inhibi-
tions as a response to MCS. Responses varied between different depths and between 
different locations in the anterior-posterior and medio-lateral plane within the STN. 
Studies in rats and primates showed typical triphasic responses, consisting of an initial 
excitation, a subsequent inhibition and a second excitation. It is likely that the differ-
ence in methodology is responsible for the lack of clear tri-phasic responses in human 
studies. We also showed that evoked LFPs follow a specific pattern in the dorsal STN. 
The spatial resolution of the responses measured in the LFP to MCS is not high enough 
to identify the STN motor region. We believed that the burden of the affective and 
cognitive side effects outweighed the risks of the MCS procedure. An important limita-
tion of subdural MCS in our study is the occurrence of partial seizures. The risk of a 
seizure is related to the applied current and current density. To prevent seizures the 
current density should be lowered, so that motor cortex stimulation evoked responses 
can be safely used during deep brain stimulation surgery. 
 Falls, freezing, festination, and postural instability become more pronounced in 
late-stage PD. This is also reflected by the motor deficits seen in the long-term follow-
up study after STN DBS surgery as seen in chapter 1. Here, we investigated the constan-
cy and reproducibility of gait parameters in the CatWalk in an animal model of PD. We 
demonstrated in chapter 8 that the gait pattern of rats is highly reproducible in the 
CatWalk. 6-OHDA lesioned rats display impairments in gait, and levodopa can counter-
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act these to a certain amount. In view of the fact that gait disturbances are a major 
cause of morbidity and even mortality in PD, further preclinical investigations to find 
underlying mechanisms for gait problems in PD is needed.  
 Although altered STN activity is observed in PD patients in the advanced stages of 
the disease as well as in animal models with severe DA lesions, it is still elusive at which 
stage of the disease changes in STN neuronal activity occur. In the current study, we 
addressed this by evaluating electrophysiological characteristics of STN neurons and the 
motor behaviour in an animal model mimicked early stages of PD. Aside from a slower 
motor response in the reaction time task, animals with a mild lesion displayed no gross 
locomotor abnormalities. However, the firing pattern of their STN neurons shifted from 
a more regular firing type to a burst mode. Animals with a substantial DA lesion, show-
ing the same slowing in the motor response, had a similar shift in the firing pattern. 
Thus, the electrophysiological properties of the STN already shifted to a bursty pheno-
type due to a mild DA depletion before severe motor symptoms were present. A pro-
vocative hypothesis is that hyperactivity of the STN is compensatory mechanism to 
drive the remaining SNc neurons to enhance the dopamine release through the nigro-
striatal pathway. 
 In conclusion, our findings underline the fact that the STN possesses a key position 
in the cortico−basal-ganglia−thalamo−cor cal network. The STN is strongly involved in 
motor, cognitive and limbic processes. A strict tripartite of STN subdivision can however 
not be made. At the single neuron level, cognitive, limbic and motor processes are be-
ing integrated. From a clinical point of view, STN DBS is an effective therapy to treat PD 
symptoms, though further reduction in psychiatric side-effects remains a challenge. 
Improvement of targeting by using enhanced imaging techniques, improved electro-
physiological recordings, and better stimulation electrodes might allow us to reduce 
undesired neuropsychiatric side-effects and enhance the therapeutic benefit. To im-
prove axial symptoms in PD patients the focus for DBS treatment should be on the 
brainstem and cerebellar nuclei, and the influence of the non-dopaminergic mono-
amines on gait needs further assessment. 
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De ziekte van Parkinson is een progressieve neurodegeneratieve ziekte. Patienten met 
deze ziekte hebben met name last van beven, stijfheid, traagheid van bewegen en ver-
minderde balans. Daarnaast hebben deze patienten ook last van achteruitgang van 
geheugen en stemmingsproblemen. Deze symptomen ontstaan door een tekort van 
een stof in de hersenen, genaamd dopamine. In het begin van de ziekte kunnen de 
bewegingsproblemen goed behandeld worden door het tekort van dopamine aan te 
vullen met medicatie (levodopa). Helaas wordt het effect van de medicamenteuze be-
handeling langzaam minder en krijgen patienten last van zogenaamde “on-off” fluctua-
ties en overbeweeglijkheid. 
 Binnen de ziekte van Parkinson speelt de nucleus subthalamicus (STN) een belang-
rijke rol. De bewegingssymptomen kunnen behandeld worden door een kleine laesie in 
deze kern te maken, of door deze te inactiveren door hoog frequentie electrische pul-
sen toe te dienen. Deze techniek heet diepe hersenstimulatie (DBS) en wordt sinds 
1993 wereldwijd toegepast. Bij patienten met een verder gevorderd stadium van de 
ziekte treden problemen op met lopen en de balans, waardoor patienten vaak vallen. 
DBS van de STN heeft geen effect op deze symptomen.  
 De STN is een interessante kern binnen de hersencircuits (basale kernen) die be-
trokken zijn bij de ziekte van Parkinson. Deze kern speelt een rol in het controleren van 
de motoriek, geheugenprocessen en emotionele processen. Deze structuur wordt in de 
literatuur onderverdeeld in drie verschillende functionele gebieden: een motorisch, een 
gebied voor geheugenprocessen en tot slot een gebied voor emotionele processen. Er 
bestaan binnen de huidige onderzoekers twee tegenstrijdige hypothesen, waarbij de 
eerst stelt dat informatie vanuit de opervlakkige hersenen via parallele banen via de 
basale kernen verloopt en de tweede stelt dat deze informatie samen gebracht wordt. 
Daarnaast zijn er ook nog onderzoekers die parallele circuits veronderstellen met inter-
actie hiertussen. De vraag blijft tot op heden echter onbeantwoord in welke mate in-
formatie vanuit de oppervlakkige hersenen van motorische, geheugen en emotionele 
processen in de STN samenkomt. 
 Wetende dat de STN ook een rol speelt bij verschillende niet-motorische proces-
sen, is het niet verrassend dat STN DBS niet enkel positieve effecten heeft op het bewe-
gen, maar ook soms veranderingen geeft in het gedrag en de stemming van patiënten. 
Het is dan ook de uitdaging voor artsen en onderzoekers om een zo goed mogelijk ef-
fect van de stimulatie op het bewegen te verkrijgen, zonder dat er ongewenste neven-
effecten optreden. Deze neuropsychiatrische neveneffecten komen waarschijnlijk door 
stimulatie van de niet-motorische gebieden van de STN, waarbij beinvloeding plaats-
vindt van gebieden (dorsale raphe nucleus, DRN) waarvan bekend is dat zij een stof 
(serotonine) produceren die een belangrijke rol speelt bij depressie. Een ander pro-
bleem welk verder onderzoek verdient zijn de, voor behandeling resistente, balanspro-
blemen. In deze thesis hebben wij onderzocht of het mogelijk is om de psychiatrische 
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bijwerkingen te voorkomen die soms optreden ten gevolge van STN DBS. Onze hypo-
these was dat dit mogelijk was door specifiek het motorische gebied van de STN te 
identificeren en te stimuleren. Hiertoe zijn een aantal studies verricht.  
 Allereerst hebben we in onze eigen patiëntenpopulatie onderzocht wat de effecten 
zijn van STN DBS. In onze patiëntengroep vonden we dat het bewegen na behandeling 
met DBS duidelijk verbeterde. Echter na 5 jaar werd dit effect langzaam minder. 10 jaar 
na de operatie was met name de balans verstoord en de traagheid van bewegen toege-
nomen. Gemiddeld genomen was er geen toename van depressieve symptomen, wel 
werd bij een derde van de patiënten een toename van impulsiviteit gezien. Problemen 
met de geheugenfuncties was met name aanwezig bij de oudere patiënten. Vanuit deze 
studie hebben we geconcludeerd dat er verbetering wenselijk was voor de plaatsing van 
electroden in de STN om bijwerkingen te voorkomen. Ook is er een grote behoefte aan 
nieuwe behandelmogelijkheden om de balansproblemen te beteugelen. 
 Om uit te zoeken waardoor er ten gevolge van STN DBS stemmingsproblemen 
ontstaan hebben wij bij proefdieren naar de functionele verbindingen tussen de STN en 
de DRN gekeken. Een ratmodel voor de ziekte van Parkinson is gebruikt en deze ratten 
zijn geimplanteerd met een electrode in de STN, die vervolgens gestimuleerd is. Hierbij 
vonden we veranderingen in het gedrag van de ratten die gerelateerd zijn aan het sero-
tonine systeem. Dit veranderde gedrag kon verklaard worden door een activatie van 
neuronen in de DRN die een remmende werking hebben op de serotonine produceren-
de neuronen. De beinvloeding van deze neuronen verloopt indirect.  
 Naast de beinvloeding van het serotonine systeem zijn de gedragsverandering ook 
deels een direct effect door beinvloeding van de niet-motorische gebieden in de STN 
door de stimulatie. In de primaat zijn deze gebieden duidelijk gedefinieerd. Hoe dit in 
ratten zit is echter niet geheel duidelijk. Na het bestuderen van de literatuur konden we 
concluderen dan er een minder strikte onderverdeling van functionele subgebieden 
gemaakt kan worden in de STN bij ratten. De functionele subgebieden zijn waarschijnlijk 
deels overlappend. Vervolgens hebben we een experimentele studie verricht in ratten 
waarbij we keken naar de beïnvloeding van depressief gedrag door DBS van verschillen-
de hersenstructuren in het brein. Deze studie liet zien dat als stimulatie van een speci-
fieke hersenstructuur het depressieve gedrag beïnvloedde, er ook een activatie te zien 
was in het mediale deel van de STN. Deze studie onderstreept de betrokkenheid van de 
STN bij depressief gedrag. Vervolgens hebben we verschillende electrische pulsen toe-
gediend in verschillende gebieden van de oppervlakkige hersenen in ratten. De electri-
sche signalen van de neuronen in de STN veranderen hierdoor. Middels deze techniek 
konden we aantonen dat er, zoals we ook al in de literatuur gezien hadden, een grove 
onderverdeling is van de functionele subgebieden in de STN van de rat, maar dat ook 
een deel van de cellen informatie ontvangt vanuit de oppervlakkige hersenen die zowel 
betrokken zijn bij het bewegen, maar ook bij het gedrag. Deze bevinding is nieuw en 
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impliceert dat een puur, selectieve stimulatie van enkel de motorische banen in de STN 
mogelijk niet haalbaar is. 
 Om de optredende bijwerkingen van gedragsveranderingen te voorkomen hebben 
we een haalbaarheidsstudie uitgevoerd. Hiertoe hebben we tijdens de operatie van de 
Parkinson patiënten een extra handeling uitgevoerd. Terwijl we naar de electrische 
signalen van de neuronen in de STN keken, gaven we ook electrische pulsen op de op-
pervlakkige hersenen die bewegingen aansturen. Deze resulteerden in signalen die 
meetbaar waren in de STN, echter waren deze onvoldoende specifiek om op basis hier-
van een verbetering van de electrode-plaatsing te bereiken. Helaas traden er ook epi-
leptische aanvallen op ten gevolge van de stimulatie. Deze bijwerkingen waren onver-
wacht en ongewenst. Om deze te voorkomen moet bij toekomstig onderzoek de hoe-
veelheid stroom verlaagd worden. 
 Naast de gedragsbijwerkingen stuitten we op nog een ander probleem bij patiën-
ten die een gevorderd stadium van de ziekte bereikt hebben, namelijk de balans- en 
loopproblemen. Om hiervoor een behandeling te vinden, hebben wij in een ratmodel 
van de ziekte van Parkinson getest of we de gang betrouwbaar kunnen meten in dit 
diermodel. De CatWalk bleek een betrouwbaar meetinstrument om multiple aspecten 
van het gangpatroon te analyseren. Een deel van de gangproblemen reageerden ook op 
levodopa behandeling, maar niet alle parameters verbeterden. Tot slot hebben we ook 
gekeken in een ratmodel van de ziekte van Parkinson wanneer de veranderingen van 
het vuurpatroon van de STN neuronen optreden. We vonden dat bij ratten met minima-
le bewegingsproblemen al de ‘burst’ activiteit toegenomen was. Mogelijkerwijs is dit 
een compensatiemechanisme om de neuronen die dopamine produceren aan te spo-
ren. 
 Als we de bevindingen samenvatten van de onderzoeken die we gedaan hebben, 
komen we tot de volgende conclusie: de STN heeft een centrale positie in de basale 
kernen. De STN is betrokken bij beweging, maar ook bij geheugen en emotionele pro-
cessen, zoals bijvoorbeeld depressie. Zoals eerder verondersteld zijn de functionele 
gebieden van de STN niet geheel gescheiden. Als we inzoomen, dan zien we dat indivi-
duele neuronen in de STN zowel informatie van motoriek als van het gedrag verwerken. 
Terugkomend op onze hypothese betekenen deze bevindingen voor de klinische prak-
tijk dat het een grote uitdaging blijft om de gedragsbijwerkingen van STN DBS te ver-
minderen. Daarnaast is er grote behoefte voor de behandeling van de gang en balans-
problematiek waarvoor tot op heden een effectieve behandeling ontbreekt.  
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Parkinson disease is a progressive neurodegenerative disorder. In Europe 108 out of 
100.000 people suffer from Parkinson disease. The key motor symptoms are tremor, 
rigidity, bradykinesia and postural instability, also non-motor symptoms such as cogni-
tive impairments and mood changes appear. Parkinson disease is neuropathologically 
recognized by loss of dopamine cells in a specific part of the brain and the presence of 
Lewy bodies (a misfolded proteïn). In the early stages of the disease motor symptoms 
can be adequately improved by oral dopamine drug replacement therapy. Unfortunate-
ly, the beneficial effects wear off progressively and ‘on-off’ fluctuations and L-dopa 
induced dyskinesias appear. In this stage of disease deep brain stimulation is the first 
choice therapy. Since the introduction of deep brain stimulation of the subthalamic 
nucleus in 1993, this therapy has proven to be effective on the short and long term. 
However, in a substantial number of patients neuropsychiatric side effects are seen. In 
this thesis we investigated the pathophysiological mechanisms of these side-effects and 
tried to overcome these by pre-clinical experiments in an animal model of Parkinson 
disease and by an electrophysiological approach in Parkinson patients during deep brain 
stimulation surgery.  
 
In the first chapter of this thesis we show the short and long term outcome of subtha-
lamic nucleus deep brain stimulation in our cohort of patients. We learned that some 
neuropsychiatric symptoms are present in some patients. We have seen an increased 
impulsivity in younger patients, whereas general cognitive problems were seen in older 
patients. As reported in literature we also have seen deterioration in gait after 10 years. 
This chapter shows that the issues raised in the international literature are also present 
in the Dutch population and therefore in need for further studies to overcome these 
problems. 
 
In chapter 2 we investigated the behavioral side-effects in a rodent. We used a widely 
used model for Parkinson disease, namely the 6-OHDA model. We found behavioral 
deficits which are related to the serotonin system, which is involved in depression. Next 
we tested the connection between the subthalamic nucleus and the dorsal raphe nu-
cleus, a brainstem region in which serotonin is produced. We found changes using im-
muno-histochemical markers, which underline the fact that deep brain stimulation of 
the subthalamic nucleus affects the serotonin system. This finding led to further scien-
tific investigations in animal models as well as in Parkinson patients and might be a first 
step in overcoming depressive symptoms induced by subthalamic nucleus stimulation.  
 
In chapter 3 a review of the literature was performed to investigate the cortical connec-
tions with the subthalamic nucleus. The findings of this literature review were necessary 
for the experiments in chapter 4 and 5. 



VALORISATION 

185 

In chapter 4 we tested deep brain stimulation in certain brain areas in animals to treat 
depression. The mechanism behind the efficacy of stimulation of these areas is still not 
fully understood. Since the STN is also connected to these areas we investigated which 
part and to what extend the STN is involved. The findings of this experiment help the 
scientific community to understand the mechanisms behind the efficacy of deep brain 
stimulation in depression and might in the end lead to novel therapeutic options for 
depressive patients.  
 
In chapter 5 we tested if the subthalamic nucleus has three independent subdomains 
with different functionality. We tested this using an electrophysiological approach in an 
animal model. We learned that there is a partition seen, but overlap is present. This 
finding has clinical implications for deep brain stimulation of the subthalamic nucleus in 
Parkinson patients. Pure selective stimulation to reduce motor symptoms without in-
ducing undesired behavioral side effects might thus not be possible. This has direct 
consequences for these patients. 
 
In chapter 6 and 7 we aimed to overcome undesired side-effects of deep brain stimula-
tion of the subthalamic nucleus in Parkinson patients by applying stimulation of the 
superficial brain region which corresponds with motor function. This technique was 
promising and if the responses acquired would have been clearer, it would have been 
possible to further improve the motor symptoms without inducing the undesired be-
havioral side-effects. This would have reduced medical costs significantly. 
 
In chapter 8 we assessed a novel tool to assess gait in an animal model of Parkinson 
disease. Gait as shown in chapter 1 is a major problem in patients with advanced stages 
of Parkinson disease. Thus far no therapies are available to treat this symptom. Falls 
lead to hospital admissions and hip-fractures. This study was necessary to be able to 
further investigate gait problems in animal models to be able to develop novel therapies 
for the gait disturbances. If a treatment can be developed this leads to lesser burden for 
the patients and caregivers, as well as a reduction in medical costs. 
 
In chapter 9 we performed a basic scientific experiment which helps us to understand 
the pathophysiology in Parkinson disease. The results of this experiment contributed to 
the basic knowledge of the scientific community. 
 
In summary, the experiments performed in this thesis consisted of clinical experiments 
with patients, experiments with animal models and a review of the literature. The scien-
tific approaches used were well reasoned. The approaches chosen depended on the 
research question which needed to be answered. Although we are aware that the trans-
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lation of animal data to humans is often difficult, animal research is indispensable to 
establish advances in neuroscience. In my opinion, not only clinical studies, but also pre-
clinical experiments using animal models are thus necessary to sustain the high quality 
of our medical care and basic scientific knowledge. I therefore encourage the European 
and Dutch Government, as well as private funding programs to keep funding basic sci-
entific research in which animal research is involved.  
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DANKWOORD 

Uiteraard zijn er velen die mij geholpen hebben bij het tot stand komen van mijn proef-
schrift. Dit boekje had ik nooit zonder de hulp en steun vele mensen om mij heen voor 
elkaar gekregen. Enkele personen wil ik in het bijzonder noemen, te beginnen met mijn 
promotoren. 

Prof. Dr. V. Visser-Vandewalle 
Beste Veerle, jij was diegene die mij vroeg of ik aan dit promotie project wilde begin-
nen. Wat ben ik dankbaar met het vertrouwen dat jij in me had. Onze gesprekken heb ik 
altijd als zeer fijn ervaren. Bedankt hiervoor! Wat ben ik trots dat jij nu afdelingshoofd 
bent van de afdeling functionele neurochirurgie in Keulen.  

Prof. Dr. Y. Temel 
Beste Yasin, het is ongelofelijk wat jij hebt betekent voor mij de afgelopen jaren. Door je 
klinische werkzaamheden kon je niet altijd aanwezig zijn in het lab, maar dit compen-
seerde je volledig met je passie voor het onderzoek. Je weet mij steeds weer opnieuw 
te enthousiasmeren voor het onderzoek. Dank voor al je goede adviezen de afgelopen 
jaren. Ook wil ik graag Halime en je dochters bedanken voor de vele avonduren dat ik bij 
jullie te gast mocht zijn. Ik hoop dat ik nog vaak mag langskomen.    

Prof. A. Benazzouz 
Cher Hamid, je vous remercie de m’avoir fait venir à Bordeaux pour apprendre la tech-
nique électrophysiologique chez les rats parkinsoniens. Je n’oublierai jamais la chaleur 
avec laquelle j’ai toujours été accueilli. Votre connaissance des ganglions de la base et 
de la maladie de Parkinson est extraordinaire. J’ai beaucoup apprécié votre patience 
avec l'écriture de l'article. C’est bien aimable de votre part. 
 
Naast mijn promotoren zijn er vele anderen die hebben bijgedragen aan de tot stand 
koming van dit proefschrift. Allereerst wil ik Daphne bedanken voor de mooie samen-
werking tussen Twente en Maastricht. De fysieke afstand heeft ons gemeenschappelijke 
doel nooit in de weg gestaan. Vanaf het begin van ons promotie traject hebben we 
elkaars werk gecomplementeerd. Ik vind het prachtig dat je hebt laten zien dat promo-
veren en moeder worden samen gaat. Beste Cisca, bedankt voor je begeleiding en altijd 
constructieve commentaar op onze data en papers. Ik kijk uit naar de toekomst om 
onze samenwerking een mooi vervolg te geven. Beste Annelien, voor de DBS patiënten 
ben jij een onmisbare schakel in het gehele operatie traject. De vele mailwisselingen 
over de data en papers hebben zich uitbetaald. Bedankt voor je altijd constructieve 
input. Beste Vivianne, wat had je het toch altijd druk, toch mocht ik altijd binnenlopen 
en wist je altijd tijd te maken voor mijn onderzoek. Bedankt voor je hulp bij de stimulat-
ie en recordings. Dear Jenny, I wish that writing a paper with someone would always go 
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so smoothly as with you. Thank you for the nice collaboration we had. Beste Govert, het 
was altijd fijn om even bij jou stoom te af te blazen. Voor mij zijn jouw kennis en kunde 
van onmiskenbare waarde voor onze onderzoeksgroep. Beste Nicole, bedankt voor al je 
hulp bij het verzamelen van de patiënten data. Zonder jouw hulp hadden we nooit alle 
klinische data bij elkaar gekregen. Alle dames van de adminstratie van de afdelingen 
neurochirurgie en MHeNS verdienen een pluim voor hun werk achter de schermen. 
Marie-José en Lisa Pizzuto, jullie stonden altijd klaar als er iets geregeld moest worden. 
Geert-Jan, Inge, Jessie, Mark, Ruud en Yara bedankt voor de vormgeving, vertaling en 
correcties van het proefschrift.  
 De patiënten die deel hebben genomen aan mijn studie wil ik in het bijzonder be-
danken voor deelname aan een onderzoek welk niet zonder risico’s was. Ook wil ik even 
stil staan bij de proefdieren die gebruikt zijn voor de preklinische onderzoeken. 

Mijn collega’s in het lab  
Wat hadden we een toch een mooi onderzoeks team. Een groepje gekke, jonge, gedre-
ven onderzoekers die het beste in elkaar naar boven haalt. Iedereen hielp elkaar en 
stuurde aan waar nodig. Naast de tijd samen op het lab hebben we ook van vele, onver-
getelijke feestjes en congres reisjes mogen genieten.  
 Beste Sonny, ik ben er bijzonder trots op dat ik eerst als student en later als collega 
samen met je heb mogen werken. Jij hebt het vlammetje voor de wetenschap bij me 
aangewakkerd. Wat was het fijn dat we zowel op de werkvloer goed samen konden 
werken, maar ook altijd gezellig samen een biertje konden drinken. Beste Rinske, je was 
altijd al de “mommy” van de groep en nu ben je echt moeder geworden. Wat werkte je 
altijd netjes, bedankt voor alle zo mooi uitgeschreven protocollen en je helpende hand 
bij mijn experimenten. Dear Anthony, your working spirit and motivation has always 
been an example to me. We all miss your charisma in the lab. Dear Tibo, you were 
wrapping up your thesis when I started. Thanks for teaching me all necessary lab skills. 
Dear Ali, I really miss the coffee brakes we always had together. I admire you for your 
dedication and technical skills. If I need help, I can always depend on you. You are great 
colleague and friend.  
 Uiteraard wil ik ook alle studenten die mij geholpen hebben enorm bedanken voor 
jullie hulp. Soms werd ik helemaal gek van jullie, omdat ik niet steeds maar niet verder 
kon met mijn eigen werk, maar uiteindelijk was dit alles nooit gelukt zonder jullie inzet. 
Ook dank aan alle andere collega’s en vrienden in het lab voor de collegiale, maar vooral 
ook voor de gezellige tijd die we samen hebben gehad. De labdagjes uit en het Society 
for Neuroscience congres in San Diego zal ik niet gauw vergeten.  
 Daarnaast wil ik ook de technicians en de medewerkers van de centrale proefdier-
voorziening bedanken voor hun hulp  en ondersteuning bij het uitvoeren van de dierex-
perimenten.  
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Daarnaast ook mijn dank aan alle huidige collega’s in het lab voor de hulp nadat ik het 
lab reeds verlaten had. Zonder jullie waren de experimenten van Filipa en Emily nooit 
tot een goed eind gekomen.  

Mes colleagues en Bordeaux 
Je veux dire un gros merci à tous mes collègues et mes amis à Bordeaux. Merci à tous et 
à toutes pour expliquer tout à nouveau en anglais. Grâce à vous, j’ai facilement pu 
m’adapter à Bordeaux. Claire merci pour votre aide avec mes expérimentations, sans 
votre aide je n’aurais jamais réussi à expérimenter sur les animaux. Je pouvais toujours 
compter sur vous et sur votre voiture fantastique. Melanie, merci pour expliquer 
l'équipement électrophysiologique en partageant l'appareil. Phillipe, ton café était 
toujours fort et délicieux. Personne ne peut expliquer le hplc mieux que vous. 

Mijn collega’s bij de neurologie 
Na mijn periode als onderzoeker kreeg ik het vertrouwen van mijn opleiders van de 
vakgroep neurologie om te starten als AIOS neurologie. Ik ben de stafleden hier erg 
dankbaar voor. Het was even wennen om geen rattendokter meer te zijn. Mijn collega 
arts-assistenten wil ik bedanken dat ze mij, met name in het eerste jaar van mijn oplei-
ding, zoveel geholpen en gesteund hebben om weer een ‘echte’ dokter te zijn. Ik voelde 
me meteen thuis in de assistentengroep. Dit komt  met name door mijn lieve jaargeno-
ten. Martijn, samen met jou als kamergenoot zijn alle cursussen een feest. Jouw droge 
humor blijft fantastisch, al moeten we wel nog wat werken aan je muziek keuzes. Ge-
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