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1 Introduction 

Parkinson’s disease (PD) is a common neurodegenerative disorder within the 

elderly population with nearly 2 out of 100 persons older than 65 years affected 

(Alves et al., 2008). The neurodegeneration affects among other regions dopamine 

(DA) producing cells of the substantia nigra pars compacta (SNpc), which leads to 

depletion of DA in the putamen, the input structure of the basal ganglia (BG) and 

typical alterations of neuronal activity and disturbed information processing in the 

BG motor loop (Alves et al., 2008; Galvan and Wichmann, 2008; Rodriguez-Oroz 

et al., 2009). In the subthalamic nucleus (STN), which is a key node within this 

loop, enhanced neuronal firing and burst discharges together with elevated 

oscillatory α- and β-band activity have been demonstrated (Brown et al., 2004; 

Williams et al., 2005; Rivlin-Etzion et al., 2006). Initially, the PD motor symptoms 

are alleviated by DA replacement therapy with levodopa, which, however, leads to 

fluctuations and dyskinesias in advanced PD (Prescott et al., 2009). At this stage 

high frequency deep brain stimulation (DBS) of the STN or the globus pallidus 

internus (GPi) has become an established treatment alternative to alleviate PD 

motor symptoms (Loher et al., 2002; Blahak et al., 2007; Follett et al., 2010; Shah 

et al., 2010).  

Apart from the cardinal motor symptoms, PD is characterized by the occurrence of 

non-motor, cognitive and neuropsychiatric disturbances, which often have an even 

higher impact on the patients’ quality of life (Alves et al., 2008; Park and Stacy, 

2009; Rodriguez-Oroz et al., 2009). Such symptoms may be related primarily to the 

affection of other brain regions than the BG (note the presence of Lewy bodies in 

different brain regions); to DA depletion within the BG motor loop, which may also 

compromise the BG associative and limbic loops; to DA replacement therapy; to 

stimulation of the STN, which is not only a key region in the BG motor loop, but 

also has subregions related to the BG associative and limbic loops; and finally to 

an interaction between these factors (Aarsland et al., 2009; Martinez-Martin et al., 

2011; Park and Stacy, 2011). 

Bilateral injection of 6-hydroxydopamine (6-OHDA) in the rat dorsolateral striatum, 

the equivalent to the human putamen, leads to retrograde degeneration of DA 
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neurons in the SNpc. Since this model selectively influences the BG motor loop, it 

is thought to mimic PD more closely than the most commonly used unilateral lesion 

model, where 6-OHDA is injected directly into the SNpc or into the fiber tract to the 

striatum, which leads to severe depletion of DA in all striatal regions (Kirik et al., 

1998; Deumens et al., 2002; Voorn et al., 2004).  

We were interested, whether rats with selective bilateral 6-OHDA lesions of the 

dorsolateral striatum would show behavioral disturbances attributed to DA 

depletion, and whether these disturbances would be affected by pharmacologic 

treatment and/or DBS of the STN. As a behavioral paradigm we used the prepulse 

inhibition (PPI) of the acoustic startle (ASR), which is an endophenotype for certain 

neuropsychiatric disturbances attributed to altered information processing (Braff 

and Geyer, 1990; Swerdlow and Geyer, 1998; Braff et al., 2001). Further, we were 

interested whether the neuronal activity of the motor, associative, and limbic part of 

the STN would be different, and whether bilateral 6-OHDA lesions of the 

dorsolateral striatum would selectively affect the neuronal activity of the STN motor 

part. 
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2 Background 

2.1 Parkinson’s disease: pathophysiology and treatment 

With a prevalence of 1-2 % in the population over 65 years, PD is the most 

common movement disorder and the second most common neurodegenerative 

disease after Alzheimer’s disease within the elderly population (Alves et al., 2008).  

James Parkinson first described this disorder in more detail in his work “An Essay 

on the Shaking Palsy” from 1817, where he already mentioned the typical resting 

tremor together with postural instability and gait difficulties (Parkinson, 1817). 

Besides resting tremor and postural instability, rigidity and bradykinesia are the 

cardinal symptoms of PD (Alves et al., 2008; Hacke and Poeck, 2010; Halliday and 

McCann, 2010). Usually the first motor symptoms occur asymmetrical and later 

spread to the extremities of both sides (Hacke and Poeck, 2010). 

The main pathophysiology of PD is characterized by the degeneration of DA 

producing cells in the SNpc, which leads to subsequent DA depletion in the 

putamen, particularly in its post-commissural portion (Alves et al., 2008; Galvan 

and Wichmann, 2008; Hacke and Poeck, 2010; Fig. 1). The DA depletion in the 

SNpc gives rise to disturbed neuronal activity within the BG motor loop, resulting in 

the aforementioned alterations in motor function (Galvan and Wichmann, 2008; 

Rodriguez-Oroz et al., 2009). The mainstay in treatment of PD motor symptoms is 

DA replacement therapy, but medication-related side effects at later stages 

complicate its course and makes therapy with deep brain stimulation (DBS) a 

valuable option, which leads to a remarkable improvement of motor symptoms as 

well as of complications of therapy such as fluctuations and dyskinesias (Prescott 

et al., 2009). 

Patients with familial, symptomatic and atypical PD make up only a small 

percentage. The majority develops sporadic PD, the etiology of which is still 

unknown. Besides age as the major risk factor for the onset of PD, infections, 

genetic predisposition, and environmental factors are discussed as putative 

triggering factors (Lotharius and Brundin, 2002). Accordingly, mitochondrial 

dysfunction, oxidative stress, altered protein handling, and inflammatory change 
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are considered to lead to cell dysfunction and death by apoptosis or autophagy 

(Schapira and Jenner, 2011). 

 

 

 

 
Fig. 1 Neuropathology of Parkinson’s 
disease 
 

Schematic illustration of the nigrostriatal 
pathway in a healthy human (A) and in a 
patient with Parkinson’s disease (B).In 
the healthy state the regular 
pigmentation of the SNpc, produced by 
neuromelanin within the DA neurons, is 
clearly visible (A). In Parkinson’s disease 
the degeneration of the DA neurons 
leads to loss of pigmentation in the SNpc 
and loss of neuronal projections to the 
striatum, particularly the putamen (B, 
Dauer and Przedborski, 2003). 

 

The formation of Lewy bodies, which are α-synuclein-immunoreactive inclusions, in 

remaining neurons of affected brain regions represents another hallmark of PD 

(Schapira and Jenner, 2011). Braak and colleagues found that the 

neurodegeneration and the formation of Lewy bodies in the autonomic nerve 

system, brain stem, and olfactory structures precedes the pathological involvement 

of the SNpc up to 20 years and leads to early dysfunction before the development 

of the cardinal motor symptoms (Braak et al., 2006; Hawkes et al., 2010). For 

example, olfactory symptoms, constipation and depression were found in the 

premotor stages of PD. Additionally, in late stages of the disease the motor 

symptoms are often accompanied by cognitive decline (Hawkes et al., 2010). The 

pathophysiology of PD involves also disturbances in the catecholaminergic, 

cholinergic and serotonergic neurotransmitter systems, which might be additionally 

responsible for the development of non-motor symptoms (Alves et al., 2008; 

Galvan and Wichmann, 2008). Non-motor symptoms have an even higher impact 

on the quality of life than motor symptoms (Alves et al., 2008; Rodriguez-Oroz et 
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al., 2009). Therefore, non-motor symptoms of PD have attracted more attention 

only recently (Braak et al., 2006).  

2.2 Functional organization and physiology of the basal ganglia 

The BG are a group of subcortical nuclei, which extend from the basis of the 

telencephalon, via the central part of the diencephalon, into the tegmentum of the 

mesencephalon (Nieuwenhuys, 2008). They integrate sensory information with 

preprogrammed, automatically executed behavioral routines and are therefore 

involved in action selection and reinforcement learning. 

The BG are connected in five parallel and topographically arranged circuits with the 

striatum (caudate, putamen, nucleus accumbens) as input structures, which 

receive information from most cortical areas. The internal segment of the GPi, the 

substantia nigra pars reticulata (SNpr) and the ventral pallidum are the BG output 

nuclei that project to the thalamus, which in turn transfers the information back to 

the cortex (Squire, 2008). Depending on the specific cortical origin, 

backpropagation, as well as on the involved BG and thalamic structures, the 

circuits can be divided in a sensorimotor, two associative (dorsolateral and lateral 

orbitofrontal), a limbic, and an oculomotor circuit (Krauss et al., 2004; Temel, 

Blokland, et al., 2005). 

Most thoroughly investigated is the sensorimotor loop, in which the information 

from the primary motor cortex, the premotor cortex, and the supplementary motor 

area is first transferred to the putamen and thereafter via a direct and an indirect 

pathway to the GPi and SNpr. In the indirect pathway the external segment of the 

globus pallidus (GPe) and the STN are interposed and modulate the transfer of 

cortical information to the output nuclei. Subsequently, the GPi and SNpr both 

exert an inhibitory drive on thalamic nuclei, which finally diminishes the excitation 

of cortical regions by the thalamus (Squire, 2008). In PD the loss of dopamine 

transmission to the striatum induces hypoactivity of the direct and hyperactivity of 

the indirect pathway, which results in insufficient transmission of information from 

the BG back to the cortex to elicit adequate motor responses (Fig. 2).    
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A third pathway, referred to as the hyperdirect pathway, delivers direct cortical 

input to the STN and was added to this model of BG circuitry some years ago 

(Nambu, 2005). 

 

 

Measures of excitation in pallidal neurons after cortical stimulation showed the 

fastest conduction velocities in the hyperdirect pathway, followed by the direct and 

finally the indirect pathway, which led to the development of a dynamic ‘center-

surround model’ of BG function (Nambu et al., 2002). STN-pallidal fibers arborize 

more widely and terminate on more proximal neuronal elements of the pallidum 

than striato-pallidal fibers (Hazrati and Parent, 1992). When a voluntary movement 

is about to be initiated by cortical mechanisms, three signals are transmitted in 

rapid succession. The first signal is transmitted from the motor cortex through the 

 

Fig. 2: Connectivity of the basal ganglia 
 

Standard model of connectivity in the BG motor loop. Excitatory connections are red and inhibitory connections 
are blue with the width of the connections representing their strengths. Normal state of circuitry (A). State of 
circuitry during Parkinson’s disease (B). Abbreviations: SNc - substantia nigra pars compacta, GPi - globus 
pallidus interna, GPe - globus pallidus externa, STN - subthalamic nucleus (adapted from Bradberry et al., 
2011) 
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hyperdirect pathway to the STN, which activates GPi neurons and thereby 

suppresses large areas of the thalamus and cerebral cortex that are related to both 

the selected motor program and other competing programs. Another corollary 

signal through the direct pathway is conveyed to the GPi and inhibits a specific 

population of pallidal neurons in the center area, resulting in the disinhibition of 

their targets and release of the selected motor program. The last signal is 

transmitted through the indirect pathway to the STN, which activates GPi neurons 

and suppresses their targets extensively (Nambu, 2005; Fig. 3). 

 

 

 
Fig. 3: Basal ganglia activity during voluntary movements 
 

Signals through the direct pathway inhibit GPi/SNpr neurons in the center area, activate thalamic neurons by 
disinhibition, and finally release the selected motor program. On the other hand, signals through the 
hyperdirect and indirect pathways have broad excitatory effects on GPi/SNpr neurons in temporal and spatial 
domains, making clear initiation and termination of the selected motor program and inhibiting other irrelevant 
motor programs. Open and filled neurons represent excitatory glutamatergic and inhibitory GABAergic neurons, 
respectively (Nambu, 2008). 
 
 

The DA transmission from the SNpc to medium spiny neurons of the striatum 

(nigrostriatal pathway) is thought to modulate the cortical transmission to the 

striatum, which depends on the DA receptors involved. Inhibitory GABA, dynorphin 

and substance P-containing medium spiny neurons, which directly project to the 

inhibitory BG output nuclei, preferentially express receptors of the D1-family (D1, 

D5). Therefore, DA transmission to the striatum potentiates the cortical input to the 
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direct pathway via D1-DA-receptors, disinhibits the thalamus, enhances the cortical 

activity, and therefore facilitates the execution of movements (Squire, 2008). 

In contrast, inhibitory GABA and enkephalin-containing medium spiny neurons, 

which project via the GPe and STN to the BG output nuclei, mainly express 

receptors of the D2-family (D2, D3, D4). In this indirect pathway the DA 

transmission to the striatum diminishes the cortical input to the striatum via 

activation of D2-DA-receptors and finally reduces the excitability of the BG output 

nuclei leading again to a disinhibition of the thalamus and enhanced cortical activity 

(Squire, 2008). 

Consequently, DA activity in the nigrostriatal pathway originating in the SNpc 

facilitates the execution of movements by enhancing the cortical activity via the 

direct and indirect pathway within the BG motor circuit. This facilitation becomes 

particularly important in the context of the reaction to external stimuli. For example, 

the initiation of movements towards a certain rewarding stimulus is essential for the 

execution of motivational behavior and depends on the activation of the DA system 

(Dagher and Robbins, 2009; Foerde and Shohamy, 2011). 

In contrast to the sensorimotor loop, the other BG loops are less well studied, but 

similarities in their organization can be assumed. The associative loop originates in 

the orbitofrontal and the prefrontal cortex. They project mainly to the caudate with 

fewer connections to the putamen. From here, this circuit is directed to the 

dorsomedial part of the GPi and to the rostral region of the SNpr with further 

projections to the ventral anterior and centromedian nuclei of the thalamus, which 

projects back to the cortex (Alexander et al., 1990; Parent and Hazrati, 1995; 

Temel, Blokland, et al., 2005; Squire, 2008). In the limbic loop the cortical 

projection areas comprise the anterior cingulate cortex, the orbitofrontal cortex as 

well as the basolateral amygdala and hippocampal formation. Their input is 

primarily concentrated in the ventral striatum, which includes the nucleus 

accumbens, the ventromedial part of the caudate-putamen and the olfactory 

tubercle. The ventral striatum projects over the ventral pallidum to the mediodorsal 

nucleus of the thalamus. Finally, the circuit is directed back to the cortical areas 
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(Alexander et al., 1990; Parent and Hazrati, 1995; Temel, Blokland, et al., 2005; 

Squire, 2008). 

 

 

Fig. 4 Parallel segregated basal ganglia circuits 
 

Schematic illustration of the primate basal ganglia-thalamocortical associative, limbic and motor circuits. The 
STN has a central position in each of these circuits (adapted from Temel, Blokland, et al., 2005). 
 

2.2.1 The subthalamic nucleus 

The STN is a densely populated biconvex-shaped nucleus located at the junction 

of the diencephalon and midbrain, ventral to the thalamus and rostral to the red 

nucleus. It is situated in a central position within each of the previously described 

BG circuits (Fig. 4). There is now a broad agreement on the assumption that the 

STN with its function as a relay station allows more time to integrate information 

from the different BG circuits, which is particularly important for action selection 

(Temel, Blokland, et al., 2005; Frank et al., 2007; Obeso et al., 2008; Ballanger et 

al., 2009). The STN receives motor input from primary motor cortex, premotor 

cortex, supplementary motor area, and the pre-supplementary motor area, which 

strongly supports its important motor contribution. However, the STN also receives 

several projections from the anterior cingulate cortex and inferior parietal cortex as 

well as the medial prefrontal cortex and dorsolateral prefrontal cortex, accounting 
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for the cognitive aspects of motor control (Ballanger et al., 2009). For example, the 

STN seems to be involved in suppression of ongoing but no-longer-valid behavior 

to facilitate execution of new behaviors. This might also explain the appearance of 

impulse control disorders in some PD patients that undergo STN DBS (Broen et 

al., 2011). 

In addition, there is now evidence from virus tracing in nonhuman primates that 

there are topographically organized connections from all functional STN 

subregions via the pontine nuclei to cerebellar cortices. Altered STN activity could 

therefore also contribute to the abnormal activity in cerebello-thalamo-cortical 

circuits, which in turn could be a cause for several motor and non-motor 

disturbances in PD (Bostan et al., 2010).  

The STN was originally thought to be mainly involved with the motor aspect of the 

BG but with the application of STN DBS and the occurrence of cognitive and 

emotional side effects the additional involvement of the STN in associative and 

limbic circuits became more obvious. Several studies showed a relationship 

between electrode position in the STN and the induction of side effects and led 

together with anatomical investigations to a division of the human and nonhuman 

primate STN in three functional subregions (Drapier et al., 2006; Nambu, 2011). In 

primates, the dorsal two-thirds comprise the motor area, whereas most of the 

ventral portion is related to the associative circuit and the medial tip represents the 

limbic part of the nucleus (Fig. 5). 
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Fig. 5: Anatomy of the primate 
STN 
 

(A) Schematic representation of 
the primate STN organization, 
according to the tripartite 
functional subdivisions of the 
BG (Parent and Hazrati, 1995; 
Joel and Weiner, 1997; Hamani 
et al., 2004).  
(B) Schematic summary of the 
known connections between 
STN and areas of the cerebral 
cortex (Nambu et al., 1997; 
Inase et al., 1999; Kelly and 
Strick, 2004). 
(C) STN projection to the 
cerebellar hemisphere: Charts 
of labeled neurons in STN after 
rabies virus injections into 
cerebellar regions Crus IIp (red 
dots) and HVIIB (blue dots) are 
overlapped to illustrate the 
topographic differences in 
distribution of STN second-order 
neurons in the two cases 
(Bostan et al., 2010). 
C: caudal; D: dorsal; M: medial 
(modified from Bostan et al., 
2010). 
 

 

The rat STN is much smaller (0.8 mm3) compared to the STN of primates or 

humans (240 mm3; Hardman et al., 2002). Additionally, extension of dendrites 

across almost the whole nucleus and more frequent formation of axon collaterals in 

the rodent STN compared to the primate STN make a clear definition of subregions 

difficult. Therefore, the STN of rodents can only be roughly divided in a medial 

limbic-associative and a lateral sensorimotor anatomical domain (Hamani et al., 

2004; Temel, Blokland, et al., 2005). However, so far this division has mainly been 

anatomically investigated and there is still a lack of support by functional studies.   
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2.3 Pathophysiology of basal ganglia signaling in Parkinson’s disease 

Over the last years, basically two hypotheses were proposed to explain the 

pathophysiological alterations in the BG and the concomitant symptoms of PD 

patients (Wichmann et al., 2011).   

2.3.1 Neuronal level 

Rate model 

Albin, Penney, and Young and DeLong summarized the rate model in two 

landmark review articles, which described the global changes of BG neuronal 

activity in movement disorders (Albin et al., 1989; DeLong, 1990). DeLong 

proposed that an imbalance of neuronal activity between the direct and indirect 

pathways changes the mean firing rate of the output nuclei of the BG and induces 

hypokinetic or hyperkinetic disorders (DeLong, 1990). With regard to PD, DA 

depletion in the striatum would reduce tonic excitation of striatal neurons in the 

direct pathway via D1-DA-receptors and tonic inhibition to striatal neurons in the 

indirect pathway via D2-DA-receptors. These changes in the direct and indirect 

pathways would induce increased activity in GPi/SNpr neurons and decreased 

activity in thalamic and cortical neurons, which would result in akinesia (Nambu, 

2008; Wichmann et al., 2011). However, although the predicted enhanced firing 

rate in the STN could be verified in PD and in several animal models for this 

disorder, electrophysiological studies using 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP)-induced parkinsonian monkeys have failed to detect the 

expected increase in GPi activity (Wichmann et al., 1999; Raz et al., 2000). In 

addition, lesions or DBS of the motor thalamus do not result in akinesia and lesions 

or DBS of the GPi do not result in dyskinesias showing inconsistencies of the rate 

model with its theory (Brown and Eusebio, 2008; Wichmann et al., 2011). 

 

Pattern model 

Besides the changes in neuronal discharge rates, a greater tendency of neurons to 

discharge in bursts has been found in several regions of the BG (i.e. GPe, GPi, 

STN, SNpr) and BG-receiving areas of the thalamus in PD patients and animal 
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models of PD (Nambu, 2008; Wichmann et al., 2011). Burst discharges are 

characterized by the transient production of excessive spiking activity following a 

period of strong inhibition. This pathologic neuronal activity has been shown to be 

reduced by therapies, which improve motor function of patients with PD, e.g., DA 

medication or DBS, but the physiological mechanisms underlying this phenomenon 

are still not clear (Wichmann et al., 2011). 

2.3.2 Network level 

Synchronization model 

Another prominent finding in PD patients and animal models of PD is an increased 

synchronous oscillatory activity in the β-frequency band (12-30 Hz) of neuronal 

populations in the cortex, thalamus, and the BG (Bergman et al., 1994; Brown et 

al., 2004; Sharott et al., 2005; Williams et al., 2005; Rivlin-Etzion et al., 2006; Alam 

et al., 2011). Synchronicity and oscillations are important mechanism for short- and 

long-range communication between neuronal structures, which is regarded 

important for coordinated sequences of movements (Schnitzler and Gross, 2005). 

The synchronized state can be reduced by DA treatment but it is still not 

established that oscillatory activity is necessary and sufficient to produce 

parkinsonism. Studies in MPTP-treated monkeys have suggested that such 

activities may occur relatively late in the process of PD development or may not 

develop at all, despite the presence of parkinsonian signs (Leblois et al., 2007). 

Additionally, acute DA depletion in rats has been shown to result in disturbances of 

motor function without accompanying abnormal oscillatory activities (Mallet et al., 

2008; Wichmann et al., 2011).    

2.4 Therapy of Parkinson’s disease 

The main aim of PD therapy is to supplement the lack of DA stimulation. This is 

thought to restore the physiological discharge characteristics within the BG nuclei. 

Dopaminergic drugs include levodopa, DA agonists, and monoamine oxidase-B 

inhibitors. However, with long term treatment and increasing dosage DA drugs 

result in on/off fluctuations and dyskinesias, which may be related to short-duration 

pulsatile DA stimulation of the denervated striatum. As a consequence more 
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continuous DA application systems have been developed. These include the use of 

drugs with long half-lives such as the DA agonists ropinirole and pramipexole, 

which delays the introduction of short half-life drugs such as levodopa in younger, 

less severe affected patients (Schapira, 2009). 

In addition, surgical procedures like DBS or duodenal levodopa administration 

provide effective methods for treatment of the motor symptoms after development 

of medication-induced motor side effects. DBS of the STN often allows even a 

substantial reduction of the DA medication and has been shown to be more 

effective than medical treatment based on the quality of life (Weaver et al., 2009; 

Cenci et al., 2011). 

2.4.1 Levodopa 

The DA precursor levodopa is still the most effective pharmacological treatment for 

motor symptoms of PD patients (Prescott et al., 2009). Dopamine itself does not 

cross the blood-brain barrier and therefore must be given as its orally active 

precursor levodopa (Schapira, 2009). Levodopa is converted by the aromatic L-

amino acid decarboxylase to DA and thereafter taken up and stored into vesicles in 

residual DA neurons or in glial cells, thus substituting the loss of DA. However, with 

prolonged levodopa treatment, many patients (90% after 10 years treatment) 

develop motor complications such as fluctuations in clinical response with “on” and 

“off” periods and abnormal involuntary movements referred to as levodopa-induced 

dyskinesias (Nagatsua and Sawadab, 2009; Cenci et al., 2011; Fig. 6). However, 

so far the mechanism for the induction of levodopa-induced dyskinesias is not yet 

fully clear and seems to be influenced by many different transmitter systems 

(Jenner, 2008; Carta et al., 2010; Rylander et al., 2010; Ahmed et al., 2011; Huang 

et al., 2011; Iravani and Jenner, 2011; Lindenbach et al., 2011; Mela et al., 2012). 

2.4.2 Dopamine agonists 

Another approach for DA replacement is the treatment with DA agonists (e.g., 

pramipexol, cabergoline, pergolide, ropinirole, apomorphine). These drugs are 

indicated either as monotherapy for early PD or as adjunctive therapy to levodopa 

to reduce motor fluctuations and delay levodopa-induced dyskinesias (Fig. 7). 
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Nevertheless, this advantage is opposed by weaker symptomatic effects and 

higher incidence of non-motor side-effects, e.g., impulse control disorders 

(Bonuccelli et al., 2009; Broen et al., 2011). 

 

 
 

 

Fig. 6: Increase of levodopa-induced dyskinesias 
 

With disease progression, motor conditions become increasingly dependent on peripheral levodopa 
bioavailability, the appearance of dyskinesias increases, and “off” periods dominate the short duration 
response (Antonini and Odin, 2009). 

 

The subcutaneous infusion of the DA agonist apomorphine is an effective 

alternative to duodenal levodopa administration or DBS in patients with advanced 

PD stages, a good levodopa response but frequent “off” periods and dyskinesias. It 

is especially indicated in patients that show cognitive, affective, and behavioral 

deficits. Apomorphine shows beside levodopa the strongest effects on PD motor 

symptoms but the even shorter half-life and the restriction to subcutaneous 

application prohibit its equivalent use as a levodopa alternative (Dressler, 2005; 

Antonini, 2009; Antonini and Odin, 2009; Cenci et al., 2011).   
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2.4.3 Deep brain stimulation 

In many motor disorders high frequency DBS of specific subcortical brain nuclei, 

has become an increasingly popular alternative to pharmacological treatment alone 

(Shah et al., 2010). Today, DBS is an established treatment for patients, who have 

developed severe motor side effects in late stage PD and it has already been used 

also in earlier PD stages (Schüpbach et al., 2007; Okun and Foote, 2010). In 

addition, DBS has been shown to be superior with regard to motor function and 

quality of life in PD patients with severe motor side effects in comparison to best 

medical therapy (Weaver et al., 2009; Komotar et al., 2010; Cenci et al., 2011).   

The mechanisms behind the effects of DBS are still not completely understood. 

Based on similar symptom improvements during high frequency DBS of a target 

region compared to a lesion of this brain structure, DBS was formerly considered to 

reduce the neuronal activity in the stimulated region (Voges and Krauss, 2010). 

Electrophysiological investigations could support this inhibitory effect for structures 

in proximity to the electrode. However, further studies have shown that during 

stimulation areas up- and downstream of the stimulated region are activated. This 

is primarily attributed to the antidromic activation of afferent and orthodromic 

 

 

Fig. 7: Decision pathway for the initiation of drug treatment in PD (Schapira, 2009) 
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activation of efferent axons as well as passing fibers of the target structure 

(Kringelbach et al., 2010; Shah et al., 2010). 

  

 

 
Fig. 8: DBS of brain tissue and networks 
 

(A) The pulse duration and threshold current necessary to stimulate a neural element have a non-linear 
relationship. The chronaxie (measured in ls) is defined as the pulse duration at twice the rheobase (I, 
measured in microamperes) intensity. (B) The figure on the left shows a 3D reconstruction of a field-neuron 
model of STN DBS, where extracellular potentials generated by the electrode create transmembrane 
polarization along the STN projection neuron. The neural compartments are colored according to their 
transmembrane potential at the onset of a subthreshold stimulus pulse (neural processes have been thickened 
for figure rendering). The arrows indicate the depolarized nodes of Ranvier. The right figures show the neural 
activation during clinically effective DBS in STN axons (top) and GPi fibers (bottom) shown in red, where the 
axons that did not respond to over 80% of the stimulus pulses are shown in grey. This shows how the output of 
STN stimulation can result in the spread of activation to STN axons and GPi fibers (Miocinovic et al., 2006, 
2007). (C) DBS with low voltage activates only some of the target neural elements (dark blue), while most 
target (light blue) and all non-target neural elements (light red) are not activated. Increasing the voltage will 
activate both target and non-target elements (dark red), while increasing the pulse duration will activate target 
but not non-target elements. (D) Human studies have demonstrated that therapeutic high-frequency STN 
stimulation for Parkinson’s disease works through suppression of the malignant changes in beta band 
oscillations in the BG. The results show that LFP power frequencies below 40 Hz are suppressed by 
therapeutic high-frequency DBS (> 75 Hz), while this is not true for non-therapeutic stimulation (25 Hz; Brown 
et al., 2004; illustration after Kringelbach et al., 2010).  
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Mathematical models also corroborate the higher excitability of axons in 

comparison to cell somata. The minimal current necessary to induce an action 

potential at a neural element is called ‘rheobase’. The ‘chronaxie’, which is the 

minimum interval of time required to excite a neural element using twice the 

‘rheobase’, is substantially larger for cell bodies and dendrites (1-10 ms) than for 

myelinated axons (30-200 µs; Fig. 8). Considering the pulsewidth in clinical 

application of high frequency DBS being 60-210 µs, it is most likely that the 

postsynaptic responses are the result of activation of afferent and efferent axons 

(Kringelbach et al., 2010; Voges and Krauss, 2010). Chronic stimulation of the GPi 

or the STN with monopolar cathodic electrodes at a frequency of 120-180 Hz, 60-

120 µs pulse duration, and a stimulus amplitude of 1-4 V has been shown to be 

effective in PD patients (Loher et al., 2002; Volkmann et al., 2002; Krauss et al., 

2004; Follett et al., 2010). 

Furthermore, the effectiveness of DBS is certainly related to discharge pattern 

modifying effects. As described in the section about the pathophysiology of PD, the 

chronic DA depletion influences not only the discharge rates but also the discharge 

patterns, leading to disturbances in the information distribution and processing 

within the BG. Typical alterations in neuronal discharge patterns that develop 

during the progression of PD are irregular burst discharges and elevated 

oscillations in the α- and β-frequency ranges (8-12 Hz and 13-30 Hz). In particular 

synchronicity and oscillations are important mechanisms for short- and long-range 

communication between neuronal structures, which is tremendously important for 

coordinated sequences of movements (Schnitzler and Gross, 2005). 

 

So far the STN is the most common target for DBS. STN DBS may permit a 

substantial reduction of DA medication but is discussed to provoke cognitive side 

effects or mood changes in some PD patients. In contrast, GPi DBS has a slightly 

lower benefit on motor scores as STN DBS, does not allow reduction of DA 

medication but leads to a higher quality of life in PD patients according to fewer 

side effects (The Deep-Brain Stimulation for Parkinson’s Disease Study Group, 

2001; Zahodne et al., 2009). However, for GPi DBS the long-term effectiveness is 
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not proven yet. Therefore, the choice of the GPi or the STN as stimulation target 

should take into account the motor and non-motor symptoms that define the quality 

of life for the patient and the goals of treatment (e.g., medication reduction). 

Furthermore, the target preference may be assigned based on experience, 

technical considerations associated with pre-operative target localization, and 

postoperative programming and management (Komotar et al., 2010). Studies 

about the interaction of STN DBS with DA treatment, especially in the context of 

quality of life influencing non-motor symptoms, may further improve the choice of 

the appropriate DBS target. 

2.5 Cognitive and neuropsychiatric disturbances in Parkinson’s disease 

Apart from the cardinal motor symptoms, Parkinson's disease is accompanied by 

the occurrence of non-motor symptoms during its development and progression, 

which often have an even higher impact on the patients’ quality of life (Martinez-

Martin et al., 2011). Some of these symptoms appear even before motor 

impairments. However, it is often difficult to distinguish the disease-related from the 

treatment-induced disturbances (Aarsland et al., 2009; Park and Stacy, 2009; 

Rodriguez-Oroz et al., 2009). Similar to the motor symptoms most of the non-motor 

symptoms may be related to the degeneration of the DA-producing neurons and 

the accordingly reduced availability of this neurotransmitter, particularly in the 

striatum (Park and Stacy, 2011; Voon and Dalley, 2011). In addition, the 

cholinergic, serotonergic and norepinephrinergic transmitter systems also seem to 

be involved in the development of non-motor symptoms (Navailles et al., 2010; 

Delaville, Chetrit, et al., 2011; Delaville, Deurwaerdère, et al., 2011; Tan et al., 

2011). 

Among the most prevalent symptoms are sleep disorders (60-98%) followed by 

impaired autonomic system regulation (60%), neuropsychiatric complications 

(40%), and cognitive decline (30%; Park and Stacy, 2009, 2011). 

In untreated patients with early PD the most common neuropsychiatric symptoms 

are depression (37%), apathy (27%), and anxiety (17%). Most of these symptoms 

increase in prevalence during the course of the disease. Depression, apathy, and 

anxiety have been linked to mesolimbic DA denervation of the ventral striatum. The 
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involvement of norepinephrinergic and serotonergic metabolism has also been 

suspected. In more advanced disease stages these symptoms seem to be 

particularly associated with “off”-periods and therefore responsive to medication 

adjustments (Aarsland et al., 2009; Rodriguez-Oroz et al., 2009). In contrast to 

depression, apathy, and anxiety, which seem to be related to reduced DA 

concentrations, impulse control disorders are associated with DA replacement 

therapy, especially DA agonists. With that regard these symptom complexes could 

be opposite sides of the same coin (Fig. 9). The neuronal substrates within the 

limbic system that control impulsive behavior and the triggering of impulse control 

disorders by DA medication are still under investigation (Voon and Dalley, 2011). 

Typical manifestations of impulse control disorders are pathological gambling (7%), 

compulsive buying (6%), binge eating (4%), hypersexuality (4%), and punding (2-

14%; (Park and Stacy, 2011). 

Another common neuropsychiatric aspect in PD is psychosis. In this symptom 

complex visual hallucinations are the most prevalent (up to 38%) but hallucinations 

can affect all sensory modalities. “Minor” psychotic symptoms (sense of presence, 

visual illusions) are even more frequently reported (up to 72%) while delusions 

seem to be less frequent (5%; Fénelon and Alves, 2010). The occurrence of 

psychosis in fewer than 10% of untreated PD patients shows a clear connection of 

psychosis to DA therapy, even though there is no clear correlation with DA 

treatment dosage and duration. One proposed mechanism is that chronic DA 

replacement therapy may lead to excessive stimulation or hypersensitivity of 

mesocorticolimbic D2/D3-receptors. Cholinergic deficits and a serotonergic/DA 

imbalance have also been implicated (Weintraub and Burn, 2011). 

The main cognitive impairment in PD is dementia (80% in later disease stages), 

but also executive, visuospatial, attentional, and language disfunctions have been 

described. Appearance of subcortical Lewy body pathology is probably the major 

contributor to the cognitive decline. Nevertheless, the acetylcholine, norepinephrine 

and DA system, together with disturbances in the corticostriatal circuitry and diffuse 

degeneration of grey and white matter tissue in the medial temporal lobe, parietal 
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lobe, and prefrontal cortex, are additionally involved in the manifestation of 

cognitive deficits (Weintraub and Burn, 2011). 

Most of the non-motor symptoms are either the result of neurotransmitter 

imbalances leading to PD or a consequence of the medical therapy. A 

readjustment of the neurotransmitter concentrations by changes in type and 

dosage of medication might help to reduce some of these side effects. 

With application of DBS and its interaction with the DA therapy the effects on 

cognitive and neuropsychiatric symptoms become much more complex. Especially 

STN DBS can influence the non-motor symptoms according to the electrode 

placement and the stimulation parameters, as the STN is involved in all of the BG 

circuits. Therefore, the stimulation can initiate a widespread effect on several 

cortical, BG and brain stem regions. However, it is still unclear how the DA 

medication interacts with DBS on neuronal activity and neurotransmitter systems.  

One main effect of STN DBS is thought to be the elimination of the STN-induced 

‘no-go’ signal within the BG motor loop in order to facilitate movements (see 1.2.1). 

According to the converging circuits on the STN level this may reduce at the same 

time the ‘no-go’ signal in the associative and limbic loops, which is crucial for 

sufficient information processing during high-conflict decisions. The results can be 

premature decisions, the development of impulse control disorders and even 

suicide (Nambu et al., 2002; Frank, 2005, 2006; Demetriades et al., 2011). 

Another important aspect for non-motor symptoms in PD is the possibly substantial 

reduction of DA medication after STN DBS surgery to reduce motor complications, 

which can on the other hand unsheath apathy or depression. However, 

postoperative depression is often transient and may also be related to changes in 

the social environment after successful treatment of the motor disabilities, 

especially in the interaction with the caregivers (Bejjani et al., 1999; Tommasi et 

al., 2008). 

All this complex interactions have to be considered individually during the 

postoperative period to offer the best possible treatment and more intensive 

research in the reciprocal influences of the focal stimulation and the global 

medication effects has to be committed (Volkmann et al., 2010; Fig. 9). 
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Fig. 9: Behavioral effects of DA medication or high frequency DBS 
 

The motor, associative and limbic segments of the STN each have their own dose–response curves, which 
have opposing pathological symptoms at high and low doses. Dopaminergic denervation in Parkinson disease 
is uneven across the various functional BG circuits; thus, the dose–response curves corresponding to different 
segments of the STN might not necessarily be aligned. An electrode that is not correctly located in the motor 
territory of the nucleus might cause currents to spread to other circuits and, hence, lead to additional functional 
imbalances in these circuits. In the postoperative period, stimulation and/or medication are primarily titrated to 
achieve optimal motor symptom control, leaving the other circuits at risk of overdosing or underdosing 
(Volkmann et al., 2010). 
 

2.6 Sensorimotor gating 

Sensorimotor gating is the ability to filter or inhibit responding to external stimuli 

and internally generated signals or impulses in sensory, motor or cognitive 

domains (Swerdlow and Geyer, 1998). Deficient sensorimotor gating is found in 

several neuropsychiatric disorders, such as schizophrenia, obsessive compulsive 

disorder, and Tourette’s syndrome. It can be operationalized as PPI of the ASR, 

i.e., the reduction of the ASR when the startle pulse is shortly preceded by a non-

startling prepulse (Braff and Geyer, 1990; Swerdlow and Geyer, 1998; Braff et al., 

2001; Schwabe et al., 2007; Lütjens et al., 2011, 2012). 

In rodents, deficient PPI can be elicited by injection of DA receptor agonists, which 

is regarded as a marker of information processing abnormalities for clinically 

relevant neuropsychiatric phenomena, which are thought to represent a 

dysregulation of the gating and filtering of external perception and internal image 
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production, e.g., hallucinations or delusions (Jentsch and Roth, 1999; Diederich et 

al., 2005). 

In PD patients or animal models only few studies investigated PPI, so far (Kimura, 

1973; Nakashima et al., 1993; Morton et al., 1995; Schicatano et al., 2000; Valls-

Solé, 2005; Costa et al., 2006). A recent study found reduced PPI in a small group 

of PD patients after application of a single auditory stimulus compared to age 

matched controls. Interestingly, a short (0.2 ms) single pulse applied through the 

STN DBS electrode extensively inhibited the startle reaction (Costa et al., 2006). 

This suggests that the STN is somehow involved in the gating and filtering of 

external and internal stimuli (see 1.5). Nevertheless, so far the interaction of PD 

pathophysiology, DA therapy, and STN DBS with regard to psychotic symptoms 

has not been systematically investigated (Burn and Tröster, 2004; Temel, Kessels, 

et al., 2006). 

2.7 The 6-hydroxydopamine animal model of Parkinson’s disease 

The 6-OHDA rat model of PD is probably the most often used rodent model for PD. 

By injection of 6-OHDA into the medial forebrain bundle or directly into the SNpc a 

complete unilateral destruction of the nigrostriatal pathway with nearly complete 

loss of DA neurons in the SNpc, which, however, also affects the ventral tegmental 

area can be achieved. The success of the lesion procedure can be easily verified 

by rotation behavior testing after DA application and the intact hemisphere of the 

animal can be used as inherent control (Lane, 2011). In our studies we used the 

partial bilateral 6-OHDA-lesioned rat model of PD, in which 6-OHDA is injected in 

the dorsolateral part of the rat striatum, which is the equivalent to the putamen in 

humans. Since in PD patients the organization of the nigrostriatal projections leads 

to stronger bilateral degeneration of DA-cell terminals in the putamen than in the 

nucleus caudatus and nucleus accumbens, lesioning the rat dorsolateral striatum 

in both hemispheres mimics the pathology in PD patients more closely (Deumens 

et al., 2002; Voorn et al., 2004). 

In rodents only few studies with levodopa treatment are available, except for 

studies about levodopa-induced dyskinesias. The standard DA agent used in 

rodents to investigate the effects of DA receptor activation and motor and cognitive 
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behavioral side effects, like enhanced locomotion, rotation in parkinsonian animals, 

repetitive stereotypy, as well as disruption of PPI, is apomorphine (Carlsson, 1972; 

Robin et al., 1985; Swerdlow et al., 1986; Inglis et al., 1994; Kretschmer and Koch, 

1998; Dalley et al., 2002; Hoffmann et al., 2009; Lütjens et al., 2011). 

Deficits in motor control, which could be relieved by STN DBS, have already been 

described in the bilateral intrastriatal 6-OHDA lesion model, i.e., Brown and 

colleagues reported on improved motor behavior and decreased movement 

thresholds after stimulation (Brown et al., 2011). Underinvestigated in this model 

are effects of continuous STN DBS on cognitive and affective behavioral effects yet 

(Dunnett and Lelos, 2010; Spieles-Engemann et al., 2010). In addition, so far there 

are no studies about the interaction of stimulation and DA medication. 

2.8 Objectives 

Behavioral disturbances are increasingly recognized as disabling factors in PD. For 

the investigation of these disturbances and their manipulation by STN DBS this 

thesis combines three consecutive studies in the 6-OHDA model of PD with partial 

bilateral lesions of the dorsolateral striatum: 

(1) In the first study rats with 6-OHDA-induced lesions were tested for disturbed 

learning and memory, for motivation, and for their sensitivity for deficient 

sensorimotor gating induced by the DA-receptor agonist apomorphine and the N-

methyl-d-aspartate-receptor antagonist dizocilpine (MK801). This study was a 

collaboration between the medical doctor candidate Andrea Bowe, who did most of 

the behavioral testing, and the thesis author, who conducted the pharmacological 

investigations in the PPI paradigm. 

(2) The motor symptoms of advanced PD are effectively treated by STN DBS but 

recently more attention has been paid to behavioral disturbances caused by PD 

itself, DA medication, and by STN DBS. In a second study we therefore used the 6-

OHDA model to investigate the effect of STN DBS on deficient PPI induced by the 

DA-receptor agonist apomorphine, which is an operative measure for disturbed 

sensorimotor gating seen in certain neuropsychiatric disturbances. 

(3) Lesions of the rat nigrostriatal DA system by injection of 6-OHDA lead to 

abnormal neuronal activity in the BG motor loop similar to those found in PD. In the 
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BG motor loop the STN represents an important structure, which, however, also 

comprises areas of the BG associative and limbic loops. Because of the ongoing 

debate about the comparability of the STN functionality between rodents and 

primates and the comparability of STN DBS studies we investigated in our third 

approach whether neuronal activity would differ between the STN associative-

limbic and motor part, and whether selective 6-OHDA-induced lesions of the 

dorsolateral striatum, the entrance region of the BG motor loop, would have a 

different effect on these subregions. 
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3 Enhanced sensitivity for NMDA receptor antagonist-induced deficient 

sensorimotor gating and disturbed spatial learning in the rat 

6-hydroxydopamine Parkinson model  
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3.1 Abstract 

Background: Behavioral disturbances are increasingly recognized as disabling 

factors in Parkinson’s disease (PD), in addition to compromised motor function. We 

here tested rats with 6-hydroxydopamine (6-OHDA)-induced bilateral nigrostriatal 

lesions for disturbed learning and memory, for motivation, and for their sensitivity 

for deficient sensorimotor gating induced by the dopamine (DA)-receptor agonist 

apomorphine and the N-methyl-d-aspartate-receptor antagonist dizocilpine 

(MK801).  

Methods: Male Sprague Dawley rats received bilateral striatal injections of 6-OHDA 

(7.2 µg in 2 µl), sham-lesioned rats (controls) received vehicle. After three weeks 

rats were tested for learning and memory (spatial alternation; T-maze) and for 

motivation (progressive ratio test; Skinner box), and finally for enhanced sensitivity 

for drug-induced deficient prepulse inhibition (PPI) of the acoustic startle response, 

an operant measure of sensorimotor gating, by using apomorphine (0.0, 0.5, and 

1.0 mg/kg) and MK801 (0.0, 0.15, and 0.3 mg/kg). 

Results: Rats with 6-OHDA lesions showed learning deficits in the continuous 

alternation task and marginal motivation deficits in the progressive ratio test. They 

also showed enhanced sensitivity for a MK801-induced PPI deficit, while the PPI 

deficit induced by apomorphine was not affected by the lesion.  

Conclusions: We conclude that the PD rat model with bilateral 6-OHDA lesions 

may be used to investigate certain aspects of cognitive and psychiatric 

disturbances in PD.  

 

Keywords: motivation, learning and memory, prepulse inhibition, startle response, 

MK801, apomorphine 
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3.2 Background 

Parkinson’s disease (PD) is a movement disorder caused by progressive loss of 

dopaminergic (DA) neurons in the substantia nigra pars compacta, which leads to 

impaired information processing in the basal ganglia (Rodriguez-Oroz et al., 2009). 

After both pharmacological or neurosurgical treatment non-motor symptoms are 

often considered the most disabling features of PD for patients and caregivers 

(Park and Stacy, 2009). Cognitive impairment and fronto-executive dysfunction that 

manifest as deficits in flexibility, planning, working memory and reinforcement 

learning are often reported (Kehagia et al., 2010). Additionally, depression occurs 

in over 40% of patients with PD. Particular anhedonia, i.e., the loss of the ability to 

enjoy and feel pleasure, may pose a special problem (Lemke, 2008). Further, 

psychosis with hallucinations and delusions, or both in patients with a clear 

sensorium, occurs in up to 40% of patients with PD (Fénelon et al., 2010). Such 

phenomena have been related to DA medication, but recent theories assume also 

an interaction between extrinsic, drug-related and intrinsic, disease-related 

components (Park and Stacy, 2009).  

The 6-hydroxydopamine (6-OHDA) rat model of PD uses injection of 6-OHDA into 

the nigrostriatal system that leads to degeneration of DA neurons in the substantia 

nigra and concomitant abnormal neuronal activity in the motor loop of the BG, 

which closely parallels the findings in PD patients (Deumens et al., 2002). Most 

studies use unilateral injection of 6-OHDA into the medial forebrain bundle, which 

causes severe depletion of DA neurons in the substantia nigra, together with 

unilateral impairment of motor function. However, partial bilateral lesions of the rat 

dorsolateral striatum, a brain region, which mainly receives DA from the substantia 

nigra and which is thus regarded the equivalent to the putamen in man, is 

considered more appropriate to study behavioral function of early and late stages 

of PD in rats (Kirik et al., 1998; Deumens et al., 2002; Voorn et al., 2004).  

The continuous alternation T-maze task can be used to test learning and memory 

function in rats. The rat first learns the rule to alternate between arms of a T-maze 

for pellet reward. Later, a delay can be introduced between runs to challenge 

working memory, i.e., the ability to hold information “on-line” within the test session 
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(Dudchenko, 2004). Further, anhedonia can be addressed in animal research by 

using the progressive ratio test, where the rats’ motivation to work for a reward 

pellet in an instrumental task is measured by progressively increasing the number 

of presses required to obtain a pellet until the rat ceases responding (i.e., the 

breaking point)(Barr and Phillips, 1999; Mobini et al., 2000). Finally, an 

endophenotype widely recognized as being relevant for disturbances in several 

neurological conditions is deficient sensorimotor gating. It can be operationalized 

as prepulse inhibition (PPI) of the acoustic startle response (ASR), i.e., the 

reduction of the ASR when a non-startling prepulse shortly precedes the startle 

pulse. PPI is reduced in patients, whose symptoms may be due to deficient central 

inhibition of sensory, motor, or cognitive information, including individuals with 

schizophrenia (Kodsi and Swerdlow, 1997; Swerdlow et al., 2008). In rodents, 

deficient prepulse inhibition can be elicited by injection of DA receptor agonists and 

N-methyl-d-aspartate (NMDA) receptor antagonists. 

The development of effective therapies for neuropsychiatric symptoms in PD has 

been hindered by a lack of fundamental understanding of the pathophysiology of 

these symptoms and a suitable animal model for these conditions. We here tested 

rats with bilateral degeneration of the nigrostriatal system after injection of 6-OHDA 

into the lateral striatum for learning and memory (continuous alternation; T-maze 

task) and motivation or anhedonia (progressive ratio test, 5 min inactivity; Skinner 

box). Additionally, these rats were tested for deficient PPI induced by the DA 

receptor agonist apomorphine and the NMDA receptor antagonist dizocilpine 

(MK801). 



Manuscript One 

30 
 

Material and methods  

3.2.1 Animals 

Subjects included 27 male Sprague-Dawley rats (Charles River Laboratories) 

weighing 200-220 g at arrival. They were housed in groups of three or four animals 

in Macrolon Type IV S cages (Techniplast, Hohenpeissenberg, Germany). All 

animals were kept under controlled environmental conditions (ambient temperature 

22°C, 14 hours light cycle, lights on at 7:00 a.m.). Rats were controlled fed with 12 

g rat chow per animal per day and water was given ad libitum. During behavioral 

testing the animals were rewarded with casein pellets (dustless precision pellets, 

BioServ, Frenchtown, USA). All behavioral tests were performed in the rats light 

cycle between 9 a.m. and 2 p.m. The experimental protocols used in this study 

were in accordance with national and international ethical guidelines, conducted in 

compliance with the German Animal Welfare Act and the EC Directive 86/609/EEC 

for animal experiments and approved by the local authorities, including approval by 

an animal ethics committee.  

 

3.2.2 Surgery 

After at least one week of acclimatization after arrival, rats were intraperitoneally 

anaesthetized with chloral hydrate (360 mg/kg) and placed into a stereotactic 

frame with the tooth bar set at -3.3 mm. Additionally, the area for surgery was 

infiltrated with local anesthesia (Xylocain 2%). After skin incision and defining of 

bregma a burr hole was drilled above the target of both hemispheres and an 

injection cannula (5 µl syringe, SGE Analytical Science Pty. Ltd., Victoria, 

Australia) was lowered into the target at two coordinates in mm relative to bregma 

according to the atlas of Paxinos and Watson (1998): 1st - anterior-posterior: +0.2, 

lateral: ±4.0, ventral: 6.8; 2nd anterior-posterior: +0.2, lateral: ±3.5, ventral: 4.8. For 

microinjection, 3.6 mg 6-OHDA (Sigma Chemical Co.) was dissolved in 1ml 0.9% 

NaCl solution with 0.02% ascorbic acid added. Lesioned rats (n=15) received 2 µl 

per injection site (7.2 µg 6-OHDA). Sham controls (n=12) received vehicle-

injection. The infusions were made at a rate of 1µl/minute. After injection, the 
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cannula was left for another three minutes in the target to allow the solution to 

diffuse and thereafter retracted. Finally, the skin incision was sutured. After surgery 

the rats were allowed a three-week period for retrograde degeneration of the 

nigrostriatal DA system before behavioral testing. 

 

3.2.3 Behavioral testing 

All rats were first tested for learning and memory in the continuous and delayed 

alternation T-maze task, second for motivation with the progressive ratio test 

(breakpoint of 5 min inactivity) in the Skinner box, and third for PPI of ASR in the 

startle response system after pharmacological challenge with the DA receptor 

agonist apomorphine and the NMDA receptor antagonist MK801. 

 

Spatial alternation  

Rats were trained for spatial continuous alternation (Freudenberg et al., 2007; 

Lütjens et al., 2011) in a T-maze that was constructed of black plastic (main alley: 

70x10x30 cm, and two side alleys: 50x10x30 cm). At the end of each side alley a 

1cm deep cavity (diameter 4.5 cm) was placed that concealed the casein pellets 

reward from view. A movable door was mounted in the main alley to separate a 

start box (20 cm). Rats were habituated for two days to the maze by placing them 

into the maze with the door open and pellets distributed in the entire maze. 

Additionally, they were accustomed to the movement of the door of the start box. 

After this adaption period, training for continuous spatial alternation started, during 

which the animals learned to alternate between the arms to get a pellet reward. At 

the first run of each day, reward pellets were presented in both goal arms. During 

the next 20 runs, the arm opposite to the one the animal had entered on the 

previous trial was baited whenever the rats had chosen the correct (baited) arm. 

When the animal did not choose the correct arm, the baited arm was not changed 

for the next run until the rat found the reward pellet. Rats were trained seven days 

a week until they reached a criterion of 85% correct responses across three 

consecutive days or 85% correct responses on four days within five days.  
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Working memory is defined as the process of holding relevant data in mind when 

behavioral events are separated by temporal delays (Fuster, 2001). Therefore, the 

day after reaching criterion, rats were additionally tested in the continuous spatial 

delayed alternation for 30 trials with different intertrial intervals (0,15 and 30 s) in 

random order 10 times each to test for working memory function. During intertrial 

intervals rats were kept in the start box.  

An error was counted when the rat re-entered the arm, which was the correct one 

in the previous trial (i.e., entry into an unbaited arm or incorrect choice). 

Additionally, the mean time for the 20 training runs per day was determined by 

calculating the mean time needed during training days. All data were analyzed by 

two-way analysis of variance (ANOVA) with group as independent factor and day 

(training for continuous alternation) or delay (delayed alternation test) as 

dependent factors, followed by post-hoc Tukey`s test. All tests were performed two 

sided and p<0.05 was considered to represent a statistically significant effect. 

 

Progressive ratio test  

The operant behavioral tasks were conducted in automated operant chambers 

(29.5x28.5x23.5 cm; operant-lever-box, modular test cage system, Coulbourn 

Instruments, Pennsylvania, USA). The chambers were equipped with two levers 

(2x3.5 cm, 13 cm distance) with a food magazine (4x3 cm) in between the levers. 

The walls and the ceiling of the Skinner boxes were made of metal, the front door 

of Plexiglas and the floor of black plastic. Equipment programming and data 

recording were computer controlled. 

Before starting the progressive ratio test the rats were first accustomed to the 

operant chambers and the noise of the pellet dispenser. After this accommodation 

phase the rats were trained for lever pressing in sessions of 60 min on a 

continuous schedule of reinforcement (Fixed Ratio, FR1) on the left lever until they 

received 200 pellets within 60min on three consecutive days. The right lever was 

inactive at all time. After completing FR training, rats were placed on a progressive 

ratio-schedule of reinforcement whereby successive reinforcement could be 

earned according to the following number of lever-presses: from 1 to 10 one 
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additional lever-press per ratio (i.e., 1, 2, 3,…, 10), from 10 to 20 (i.e., 10, 12, 

14,…, 20), two additional lever-presses per ratio, and so forth (described in 

Freudenberg et al., 2007; Hoffmann et al., 2009). The session started with a fixed 

ratio [FR] of 1 for 20 lever-presses, thereafter the progressive ratio test started, 

which ended when the rats ceased lever-pressing for 5 min. The final ratio 

achieved presents the “breakpoint” value.  

For statistical analysis (1) the training days to reach criterion of FR1, (2) the time 

needed for the first 20 pellets in FR1-mode, (3) the breakpoint value, and (4) the 

time to reach breakpoint was compared between lesioned and sham-lesioned rats 

by student t-test. P<0.05 was considered statistically significant. 

 

Prepulse inhibition of the acoustic startle response 

A startle response system (SR-LAB, San Diego Instruments, San Diego, USA) was 

used for testing PPI of ASR. Each box was equipped with a motion sensitive 

platform with a piezoelectric accelerometer underneath and a loudspeaker 

mounted above of the platform. For testing the rat was placed in a small tube made 

of Plexiglas that was connected to the platform. Rats were first allowed to 

acclimate for 5 min followed by 5 startle stimuli (20 ms broad band noise of 105 db 

sound pressure level (SPL)). Thereafter, 5 trials were presented with a continuous 

white noise background set at 60 db SPL: (1) startle stimulus only, i.e., pulse alone 

trial, (2) prepulse stimulus only (20 ms white noise of 76 db SPL), (3) startle 

stimulus preceded by a prepulse of 72 db SPL or 76 db SPL, i.e., prepulse-pulse 

trials (4), with 100 ms between onset of startle and prepulse, and (5) control trial of 

white noise background (described in Lütjens et al., 2011). All trials were presented 

10 times each in a randomized order separated by an intertrial interval ranging 

randomly between 20 and 30 s. Tests were performed 10 min after subcutaneous 

injection with either apomorphine (0.5 and 1.0 mg/kg) or vehicle (0.01% ascorbic 

acid) in a randomized order with at least two days in between. After at least one 

week of recovery, in a second approach instead of apomorphine the NMDA-

receptor antagonist MK801 was injected subcutaneously (0.15 and 0.3 mg/kg) or 
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for control vehicle (saline) and rats tested 10 min after injection in a randomized 

order with at least two days in between. 

For statistical analysis of ASR the peak response magnitudes of the ten pulse-

alone trials were averaged. PPI was the percent decrease of the ASR in pulse-

alone trials compared to the average response magnitude of the ten prepulse-

pulse trials, i.e., when the pulse was preceded by a prepulse (calculated with the 

formula: 100x (pulse-alone trial – prepulse-pulse trial)/pulse-alone trial). Measures 

of PPI after different prepulse intensities were analyzed by three-way ANOVA with 

lesion status as independent factor, and drug and prepulse intensity as dependent 

factors, followed by Tukey´s test. Measures of ASR were analyzed by two-way 

ANOVA with lesion status as independent factor and drug as dependent factors, 

followed by Tukey´s test. Besides measures for PPI and ASR, the accelerometer 

readings recorded during the ten no-stimulus trials were averaged, and used as a 

measure for spontaneous motor activity (see Swerdlow et al., 2000). All tests were 

performed two-sided and p<0.05 was considered statistically significant. 

 

3.2.4 Histology 

All 6-OHDA-induced lesions were histologically verified after termination of the 

experiments. The rats were deeply anaesthetized with an overdose of chloral 

hydrate (720 mg/kg) and transcardially perfused with 0.01 M PBS, pH 7.4, followed 

by 4% phosphate buffered paraformaldehyde/PBS. For cryoprotection the brains 

were then placed in 30% sucrose/PBS solution for at least 12 hours. Thereafter, 

the brains were cut on a freezing microtome in the coronal plane with a section 

width of 40 µm. Every second section that contained striatum or substantia nigra 

was processed free floating for immunohistochemical staining for tyrosine 

hydroxylase (TH). First the slices were incubated for 10 min in solution with 3% 

H2O2 and 10% Methanol in 0.1 M PBS, followed by a 3 step washing procedure 

with PBS with each step lasting 5 min. Subsequently, the slices were incubated in 

the primary antibody solution (1:5000, monoclonal mouse anti TH, Sigma-Aldrich 

Chemie GmbH, Steinheim, Germany) in diluent buffer (1% bovine serum albumin 

in a PBS/Triton X-100 solution) over night, followed by a 3 step washing procedure 
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with PBS. Next, the slices were incubated in the secondary antibody solution 

(1:200; biotinylated rabbit anti mouse, DakoCytomation, Glostrup, Denmark) 

diluent buffer for 60 min, followed by the washing procedure. Thereafter, the slices 

were incubated for 60 min by using the ABC-Standard-Kit (1:1000; ABC-Kit, Vector 

Laboratories, Inc., Burlingame, USA), which was again followed by the washing 

procedure. The staining was developed using Vector Laboratory ABC kit according 

to the manufacturer’s instructions. Finally, a solution of 3.3´-diaminobenzidin (0.5 

mg DAB, DakoCytomation, Glostrup, Denmark) was used as the chromogen in a 

PBS-ammoniumnickelsulfate solution with H2O2. To stop the staining reaction, the 

slices were extensively washed with PBS, mounted on a glass slide. After 

dehydrating with ethanol the slides were coverslipped with Vitro Clud 

(Langenbrinck, Emmendingen, Germany). The sections were then examined under 

a light microscope to determine the loss of nigral DA neurons. 

 

3.3 Results 

3.3.1 Histology 

Only rats with a bilateral loss of TH immunoreactivity in the dorsolateral striatum 

were used for statistical analysis, which included 11 of 15 lesioned rats. The TH 

immunoreactivity in the striatum of a sham-lesioned (control) rat is shown in Figure 

1A, together with a typical lesion with loss of TH immunoreactivity in the 

dorsolateral striatum (distance anterior to bregma ~ +0.5; Figure 1B). The loss of 

TH immunoreactivity mainly affected the lateral striatum, which, however, 

marginally encroached the lateroventral striatum dorsal part of the nucleus 

accumbens shell. Except for gliosis restricted to the injection site sham-lesioned 

rats showed no damage of the striatum. Additionally, the substantia nigra of a 

sham-lesioned rat (Figure 1C) and a rat with 6-OHDA-induced lesion (Figure 1C) is 

shown. Notably, the ventral tegmental area was intact in all lesioned rats.  

Four rats were excluded from statistical analysis because the lesion of the 

dorsolateral striatum was incomplete on one or both sides of the brain. Therefore, 
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11 lesioned and 12 sham-lesioned rats were used for statistical analysis of 

behavioral testing. 

 

 

 

Fig. 1: Tyrosine hydroxylase staining 
 

Histological pictures of coronal brain slices after immunohistological processing for tyrosine hydroxylase 
staining of the lateral striatum after vehicle injection (A) and 6-OHDA injection (B) and of the SNpc after vehicle 
injection (C) and 6-OHDA injection (D). Calibration bar: A/B 1000 µm, C/D 500 µm. 

 

3.3.2 Behavioral testing 

Spatial alternation 

All rats learned to collect reward pellets from both arms of the T-maze. The 6-

OHDA-lesioned rats made more working memory errors in the training runs 

compared to sham-lesioned animals and thus needed significantly more training 

days with 20 training runs per day to reach the test criteria (7.8±1.0 compared to 
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5.5±0.31; p=0.026). Statistical analysis showed a significance for the factor day 

(F6,126=5.912, p<0.001) and a trend for a significant effect for the factor lesion 

(F1,126=4.125; p=0.055), but no interaction between the two factors (F6,126=0.870, 

p=0.519). Post hoc testing revealed that on day five lesioned rats made 

significantly more errors than sham-lesioned rats (p<0.05, Figure 2A). The time 

rats needed in seconds for the 20 training runs per day did not differ between 

lesioned and sham-lesioned rats (320±24 compared to 292±24; p=0.26, data not 

shown). 

Subsequent testing with different delays revealed an increase of errors with 

increasing delay (F6,42=6.271, p=0.004), but no differences between lesioned and 

sham-lesioned rats (factor lesion: F1,42=0.774, p=0.389; interaction between 

factors: F6,42=1.141; p=0.329; Figure 2B). Post-hoc testing revealed that sham-

lesioned rats made more errors when tested with a delay of 30 sec compared to 

testing without delay (p=0.003), while a delay had no effect on performance of 

lesioned rats (p=0.322). 

 

   
Fig. 2: Spatial alternation 
 

The graphs show the number of errors the rats made per day during training in the continuous alternation T-
Maze task (A) and the number of training days needed to reach the spatial alternation test criteria (insert in A) 
and (B) the spatial alternation test with different delays. Data are means +/- S.E.M. of sham-lesioned (open 
circles/bars) and 6-hydroxydopamine lesioned rats (filled circles/bars). Differences between groups are 
indicated as asterisks (*; student`s t-test or two-way ANOVA, post-hoc Tukey’s test, p<0.05). 
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Progressive ratio test 

All rats learned to lever-press for pellet reward with no differences between the 

lesioned and sham-lesioned group (p=0.189). Lesioned rats needed more time to 

collect the first 20 pellets in the FR1-modus compared to the sham-lesioned rats 

(p=0.026, Figure 3A). In the actual breakpoint task the breakpoint of lesioned rats 

was lower compared to sham-lesioned rats, but did not reach significance 

(p=0.169, Figure 3B). However, the duration to reach this breakpoint was longer for 

the sham-lesioned group compared to the lesioned group (p=0.035; Figure 3C). 

 

 

Fig. 3: Progressive ratio test 
 

The graph show the time needed to collect the first 20 pellets in continuous schedule of reinforcement -mode 
(A), the breakpoint ratio achieved during testing for breakpoint of 5 min inactivity (B) and the breakpoint 
duration (C). Data are means +/- S.E.M. of sham-lesioned (open bars) and 6-hydroxydopamine-lesioned rats 
(filled bars). Differences between groups are indicated as asterisk (*, Student’s t-test, p<0.05). 

 

Prepulse inhibition of the acoustic startle response 

For statistical analysis we excluded two lesioned and three sham-lesioned animals, 

which did not respond to the startle stimulus. We therefore used nine sham-

lesioned and nine lesioned rats for statistical analysis.   

Statistical analysis of PPI during drug-testing showed no effect for the interaction 

between prepulse and lesion (apomorphine: p=0.942, MK801: p=0.626), or 

between prepulse, drug, and lesion (apomorphine: p=0.172, MK801: p=0.169). We 

therefore combined measures for the different prepulse intensities and evaluated 

*
*

duration for breakpoint

ti
m

e
 (

m
in

)

0

20

40

60

80

100

120

140

160

180
sham 

lesion 

breakpoint

b
re

a
k
p
o
in

t 
ra

ti
o
 

0

20

40

60

80

100

120

140

160

first 20 pellets

ti
m

e
 (

s
e
c
)

0

20

40

60

80

100

120

140

A B C

**



Manuscript One 

39 
 

PPI by two-way ANOVA with lesion status as independent factor and drug as 

dependent factors, followed by Tukey´s test. 

 

Apomorphine: The PPI of rats with 6-OHDA lesions did not differ from the PPI of 

sham controls. Additionally, apomorphine-injection induced a PPI deficit without 

group differences. Statistical analysis of PPI after apomorphine-injection revealed a 

significance for the factor drug (F2,50=4.513; p=0.019), but not for the factor lesion 

(F1,50=0.0267; p=0.872) or interaction between factors (F2,50=0.661; p=0.524). Post-

hoc testing revealed a significant reduction of PPI after injection of 0.5 mg/kg 

(p<0.05), while the effect of 1.0 mg/kg did not reach the level of significance 

(p=0.055, Figure 4A). While baseline ASR did not differ between lesioned and 

sham-lesioned rats, the ASR-increasing effect of apomorphine was blunted in 

lesioned rats. Statistical analysis of ASR after apomorphine-injection revealed a 

significant effect for the factor drug (F2,50=11.809; p<0.001), for the factor lesion 

(F1,50=18.338; p<0.001) and for the interaction between factors (F2,50=6.376; 

p=0.005). Post-hoc testing revealed a significant increase of ASR of sham-lesioned 

rats after 0.5 and 1.0 mg/kg apomorphine compared to both control value and to 

the measures in lesioned rats (all p<0.05), while the ASR of lesioned rats did not 

increase after apomorphine-injection compared to vehicle-injection (p>0.05, Figure 

4C). Measures of no-stimulus trials did not differ between groups after vehicle-

injection, but apomorphine-injection increased measures in lesioned rats to a larger 

extent than compared to sham-lesioned rats. Statistical analysis of no-stimulus 

trials after apomorphine-injection revealed a significant effect for the factor drug 

(F2,50=4.932; p=0.014) and for the factor lesion (F1,50=6.395; p=0.023), but no 

interaction between factors (F2,50=2.143; p=0.135). While measures of sham 

controls were not affected by apomorphine-injection, in lesioned rats post-hoc 

testing revealed a significant increase of measures after 0.5 and 1.0 mg/kg 

apomorphine compared to control value. In comparison to sham-lesioned rats 

measures were more increased after 1.0 mg/kg (p<0.05). This effect did not reach 

the level of significance after 0.05 mg/kg; Table 1). 
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Tab. 1: No-stimulus trials 

 

 sham lesion 

apomorphine   

0.0 mg/kg 26.6±4.5 22.3±2.6 

0.5 mg/kg 32.0±3.2 57.9±13* 

1.0 mg/kg 37.3±5.8 70.4±19*° 

   

MK801   

0.00 mg/kg 19.6±3.8 18.7±2.3 

0.15 mg/kg 53.2±21* 42.9±7.6* 

0.30 mg/kg 30.7±3.6* 28.3±3.3* 

 
 
No-stimulus trials during measuring prepulse inhibition of the acoustic startle response after apomorphine- and 
MK801 injection. Data are means +/- S.E.M. of sham-lesioned (sham) and 6-hydroxydopamine-lesioned rats 
(lesion). Differences between groups are indicated as asterisks (*), differences within groups by circles (°; two-
way ANOVA, post-hoc Tukey’s test, p<0.05). 

 

 

MK801: The PPI deficit after MK801 injection was more severe in lesioned rats 

compared to sham controls. Statistical analysis of PPI revealed a significant effect 

for the factor drug (F2,50=38.958; p<0.001), but not for the factor lesion 

(F1,50=2,330; p=0.148) or interaction between factors (F2,50=1.420; p=0.258). Post-

hoc testing revealed a significant reduction of PPI after injection of 0.15 and 0.3 

mg/kg compared to vehicle-injection (p<0.05). After injection of 0.15 mg/kg the PPI 

deficit was stronger in lesioned compared to sham controls (p<0.05; Figure 4B). 

We additionally analyzed the correlation between enhanced sensitivity to MK801-

induced deficient PPI and measures of spatial learning or motivation to lever press 

during progressive ratio. This analysis showed no correlation of measures (total 

errors during spatial alternation: correlation coefficient: 0.0664, p-value: 0.0841; 

duration for breakpoint correlation coefficient: 0.353, p-value: 0.392). Both, 0.15 

mg/kg and 0.3 mg/kg increased ASR (F2,50=11.680; p=0.756), without difference 

between groups (factor lesion F1,50=0.0998; p=0.756; interaction between factors 
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F2,50=0.913, p=0.412; Figure 4D). MK801 injection increased measures of no-

stimulus trials (F2,50=4.027; p=0.028), without difference between groups (both F-

values <0.327, both p-values >0.576; Table 1). 

 

 

Fig. 4: Prepulse inhibition of the acoustic startle response 
 

The graph shows the prepulse inhibition of the acoustic startle response in percent after application of 
apomorphine (A), and MK801 (B) and the acoustic startle response after injection of apomorphine (C) and 
MK801 (D). Data are means +/- S.E.M. of sham-lesioned (open bars) and 6-hydroxydopamine-lesioned rats 
(filled bars). Differences between groups are indicated as asterisks (*, two-way ANOVA, post-hoc Tukey’s test, 
p<0.05). 

 

3.4 Discussion 

Main findings of this study were that bilateral 6-OHDA-induced nigrostriatal lesions 

enhance the PPI-disruptive effect of MK801, while not altering the effect of 

apomorphine. Learning a spatial task and motivation to lever press were marginally 
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deteriorated, which did not correlate with the enhanced effect of MK801-induced 

deficient sensorimotor gating. 

Neuropsychiatric disturbances in PD have often been considered a DA-drug-

induced phenomenon, caused by hypersensitivity of DA receptors after nigrostriatal 

degeneration of DA neurons (Rodriguez-Oroz et al., 2009). As shown in the 

present work, this does not lead to concomitant hypersensitivity for apomorphine-

induced deficient sensorimotor gating. This corroborates findings of a study in PD 

patients, where no clear relationship between DA medication and the appearance 

of hallucinations could be detected (Goetz et al., 1998). Therefore, the psychiatric 

symptoms may be related to factors intrinsic to the disease pathology itself.  

It should be noted that DA receptor hypersensitivity to apomorphine-induced 

hyperlocomotion correlates with the degree of DA depletion (Ungerstedt and 

Arbuthnott, 1970; Kirik et al., 1998). One could therefore argue that the partial 

lesions used in this study may not have been severe enough to induce 

hypersensitivity of DA receptors. However, after apomorphine injection measures 

of no-stimulus trials during testing for PPI, which have been suggested to represent 

motor activity, were only enhanced in rats with 6-OHDA-induced lesions, but not in 

sham controls.  

In the present study 6-OHDA was injected in the dorsolateral striatum, which 

receives DA innervation exclusively from the substantia nigra and is thus regarded 

equivalent to the putamen in humans (Kirik et al., 1998). The dorsolateral striatum 

has not been implicated in the modulation of PPI, while striatal regions that receive 

at least in part DA innervation from the ventral tegmental area, i.e., the nucleus 

accumbens and the anteromedial striatum, have been shown to modulate PPI, 

especially in the context of the DA transmitter system (Hart et al., 1998; Swerdlow 

et al., 2001). These regions are part of the associative and limbic circuitries of the 

BG and involved in cognitive and emotional behavior (Rigdon, 1990; Swerdlow et 

al., 1990, 1992, 1994; Wan and Swerdlow, 1993; Wan et al., 1994).  

While lesions did not affect PPI after apomorphine-injection, injection of the NMDA 

receptor antagonist MK801 further deteriorated the PPI deficit in lesioned rats. This 

corroborates clinical findings that the NMDA receptor antagonist amantadine is 
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used for the treatment of dyskinesias in PD patients, but its benefit is limited by the 

appearance of psychotic side effects. Notably, the NMDA receptor antagonist 

memantine is used for the treatment of cognitive deficits in Alzheimer’s disease 

and several studies show promising results in the treatment of PD dementia as well 

(Fox et al., 2008; Aarsland, Ballard, et al., 2009; Kassubek et al., 2010). With 

respect to the negative interaction between the 6-OHDA-induced pathophysiology 

and MK801-induced deterioration of sensorimotor gating, one should be aware that 

in PD patients psychiatric side effects might be induced by memantine. However, 

although there was at least one week in between testing of apomorphine and 

MK801, we cannot be certain, whether previous apomorphine injections or 

behavioral testing influenced the effect of MK801.  

So far, the lateral striatum has not been implicated in the modulation of PPI, but 

NMDA receptors in this region have been suggested to contribute to the 

pathophysiological mechanisms of PD. Lesions of the nigrostriatal system lead to 

increased activity in striatal outputs to the lateral segment of the globus pallidus, 

which may involve increased activation of striatal NMDA receptors, as intrastriatal 

injection of NMDA can induce PD symptoms in rodents (Miller and DeLong, 1988; 

Crossman, 1989; Klockgether and Turski, 1993). Additionally, some NMDA 

receptor antagonists have antiparkinsonian actions when injected into the striatum 

in rodent and primate models of PD (Brotchie et al., 1991; Carroll et al., 1995; 

Nash et al., 1999; Nash and Brotchie, 2002).  

Baseline ASR was not affected by 6-OHDA-induced lesions, but in lesioned rats 

the startle-enhancing effect of apomorphine was reduced, while the effect of 

MK801 was not different between groups. The ASR is enhanced in states of fear 

and anxiety (Fendt and Fanselow, 1999; Davis, 2001). Interestingly, a recent study 

showed that, in terms of startle eyeblink reactivity, PD patients responded 

abnormally to aversive pictures depicting threat and unpleasant contents. While the 

control group showed the typical linear profile of emotion-modulated startle (i.e., 

negative > neutral > positive), the startle eyeblink responses during negative 

pictures were significantly muted in PD patients (Bowers et al., 2006). Notably, 
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although baseline startle reaction was not altered in our PD rat model, we showed 

a reduced startle reaction after challenge with apomorphine.  

Our finding of disturbed learning the T-maze task corroborates experimental and 

clinical findings. In rats cognitive deficits have been observed after bilateral lesions 

of the ventrolateral caudate putamen (Lindner et al., 1999; Deumens et al., 2002) 

and patients with PD are likewise impaired in spatial working memory and other 

central executive functions (Owen et al., 1997; Rodriguez-Oroz et al., 2009). 

However, after learning the continuous alternation paradigm, challenge of the 

working memory component of the task with different intertrial intervals revealed a 

deficit in lesioned but not in sham-lesioned rats. This may be related to the 

observation, that during the intertrial interval, 6-OHDA-lesioned rats stayed 

relatively calm in the start box, while sham-lesioned rats were busy trying to climb 

out of it, i.e., appeared to be more distracted. 

In the progressive ratio test lesioned rats gave up lever-pressing significantly 

earlier than sham-lesioned rats, although the actual breakpoint value was only 

marginally reduced. A reduced breakpoint is considered to be an endophenotype 

for anhedonia, i.e., a decreased pleasure from normally rewarding activities, which 

is an important symptom of major depressive disorder (Pathiraja et al., 1995). So 

far, the mesolimbic pathway rather than the nigrostriatal pathway has been 

implicated in motivational processes (Le Moal and Simon, 1991; Salamone et al., 

1994, 2007). Depression in PD patients has therefore been related to the 

degeneration of DA neurons in structures of the limbic system (Braak and Braak, 

2000). Nevertheless, a recent study showed that DA signaling during operant 

behavior was restored using viral-mediated gene transfer of the Th gene delivered 

into the neostriatum of DA-depleted mice (Robinson et al., 2007; Avila et al., 2009).  

One should be aware that in the present study rats with lesions were significantly 

slower than sham-lesioned rats to lever-press for the first 20 pellets, which is most 

likely explained by an impairment of motor function in lesioned rats caused by the 

loss of DA in the nigrostriatal system. A recent study suggested that motor deficits 

can be the primary cause of the rate changes during operant behavior (Avila et al., 
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2009). It should be noted, however, that during training for the t-maze task lesioned 

rats were not slower compared to sham-lesioned rats.  

The pathophysiological basis of the non-drug-induced psychiatric manifestations in 

PD is poorly understood and has primarily been linked to DA denervation of the 

ventral striatum and mesolimbic structures, but also to abnormalities in 

noradrenergic, serotonergic, and cholinergic neurotransmitter systems (Remy et 

al., 2005; Deblieck and Wu, 2008; Park and Stacy, 2009), as well as Lewy body 

formation (Deumens et al., 2002; Halliday and McCann, 2010). We here showed 

that after injection of 6-OHDA into the dorsolateral striatum, which mainly receives 

DA innervation from the substantia nigra, lesioned rats had cognitive and 

behavioral disturbances. Disturbed integrity of the lateral striatum may therefore 

also mediate cognitive and behavioral disturbances in rats. However, while it was 

originally envisioned that the different BG loops remain topographically and 

functionally segregated, it is also clear from behavioral and physiological analyses 

and from clinical data that one of the functions of the BG is to integrate diverse 

information in the production of context dependent behavior (Kopell and 

Greenberg, 2008). Lesion of the nigrostriatal system thus might lead to a cascade 

of changes, not only in the motor loop but also in the associative and limbic BG 

loop, which are thought to mediate cognitive and behavioral abnormalities in PD 

(Rodriguez-Oroz et al., 2009).  

 

3.5 Conclusions 

Numerous methodological issues confront clinical research on non-motor aspects 

in PD patients, e.g., small sample sizes, marked differences in age, and 

concomitant pathologies. We here showed that rats with selective partial 6-OHDA-

induced loss of DA of the lateral striatum have behavioral deficits that may serve 

as endophenotypes for certain cognitive and psychiatric disturbances found in PD 

patients and may therefore be used to gain more insight into these symptoms.  
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Abstract  

Deep brain stimulation (DBS) of the subthalamic nucleus (STN) is effectively 

used to treat motor symptoms in Parkinson’s disease (PD). Recently more 

attention has been paid to behavioral disturbances caused by PD itself and by 

STN DBS. In the 6-hydroxydopamine (6-OHDA) PD rat model we investigated 

the effect of STN DBS on deficient prepulse inhibition (PPI) induced by the 

dopamine (DA) receptor agonist apomorphine, which is an operative measure 

for disturbed sensorimotor gating seen in certain neuropsychiatric disturbances. 

Male Sprague Dawley rats with bilateral lesions of the nigrostriatal DA system 

(striatal injection of 6-OHDA or vehicle for sham-lesion) were bilaterally 

implanted with electrodes for DBS into the STN. After determination of 

individual thresholds rats were stimulated (130 Hz, 80 µs pulse width) or sham-

stimulated for epochs of six days. On the sixth day of each epoch rats were 

tested for PPI of startle after apomorphine or vehicle injection in a within 

randomized cross-over design.  
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Stimulation of the STN improved PPI in vehicle-treated (control) rats, but 

deteriorated PPI after apomorphine treatment. This effect was more 

pronounced in sham-lesioned rats. Furthermore, in lesioned rats the startle 

reaction was marginally enhanced without effect of stimulation or apomorphine 

treatment. 

These data suggest that STN DBS interacts with dopaminergic action. With 

respect to functional neurosurgery, STN DBS alone may improve certain 

aspects of psychiatric disturbances, but may have a different impact when 

combined with dopaminergic medication. 

 

 

 

The text of the original publication can be found here: 

Behavioural Brain Research 230(1), 243-50. 
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5.1 Abstract 

Lesions of the rat nigrostriatal dopamine system by injection of 6-hydroxydopamine 

(6-OHDA) lead to abnormal neuronal activity in the basal ganglia (BG) motor loop 

similar to that found in Parkinson’s disease (PD). In the BG motor loop the 

subthalamic nucleus (STN) represents an important structure, which, however, 

also comprises areas of the BG associative and limbic loops. We were interested 

whether neuronal activity would differ between the STN medial associative-limbic 

and lateral motor part, and whether selective 6-OHDA-induced lesions of the 

dorsolateral striatum, the entrance region of the BG motor loop, would differently 

affect these subregions.  

In male Sprague Dawley rats 6-OHDA (n=12) or vehicle (n=10) was bilaterally 

injected in the dorsolateral striatum. Four weeks later extracellular single-unit 

activity and local field potentials were recorded in medial and lateral STN neurons 

of urethane anaesthetized rats.  

In sham-lesioned rats discharge rate and burst activity were higher in the lateral 

compared to the medial STN. Similar differences were found for other neuronal 

activity measures (coefficient of variation of inter spike interval, skewness, kurtosis, 

approximate entropy). After 6-OHDA injection neuronal burst activity and low 

frequency oscillatory activity (0.3-2.5 Hz) was enhanced, while the discharge rate 

was not affected. In addition, in 6-OHDA-lesioned rats β-band oscillatory activity 

was enhanced, with no difference between STN subregions. 

We found important differences of neuronal activity between STN subregions, 

indicating functional segregation. However, selective 6-OHDA lesions of the 

dorsolateral striatum had a pronounced effect on the medial STN subregion, 

indicating integration of the BG loops. 

 

5.2 Introduction 

Changes of neuronal activity within the sensorimotor, associative and limbic basal 

ganglia (BG) loops are considered important for physiological information 

processing within motor, cognitive, and emotional domains, as well as for disturbed 
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information processing in certain movement disorders (e.g., Parkinson’s disease 

[PD] and dystonia), and neuropsychiatric conditions (e.g., obsessive compulsive 

disorder; Modell et al., 1989; Rauch et al., 2006; Wichmann & Delong, 2006). 

Within the different BG loops, the subthalamic nucleus (STN) is considered an 

integrative center, since it has subregions attributed to either BG loop (Temel et al., 

2005).  

In PD the degeneration of dopaminergic (DA) neurons in the substantia nigra pars 

compacta (SNpc) leads to a DA loss in the putamen, the entrance region of the BG 

motor loop (Kish et al., 1988; Kirik et al., 1998; Galvan & Wichmann, 2008), which 

causes increased neuronal discharge rates, burst activity and oscillatory activity 

within this loop (Wichmann et al., 2011). In advanced stages of PD deep brain 

stimulation (DBS) of the STN motor part alleviates PD motor symptoms and has 

been shown to reinstall physiological neuronal activity (Gubellini et al., 2009; 

Weaver et al., 2009). Recently more attention has been paid to the behavioral 

disturbances caused by PD itself and by STN DBS, leading to speculations about 

the impact of nigrostriatal DA lesions and DBS on associative and limbic parts of 

the STN (Schüpbach, 2006; Benabid et al., 2009; Gubellini et al., 2009; Volkmann 

et al., 2010).  

Injection of 6-hydroxydopamine (6-OHDA)  into the rat nigrostriatal system leads to 

degeneration of DA neurons in the SNpc and loss of DA in the striatum together 

with concomitant abnormal neuronal activity in the basal ganglia, which closely 

parallels the findings in PD patients (Deumens et al., 2002). Most studies use 

unilateral injection of 6-OHDA into the medial forebrain bundle, which leads to 

severe depletion of DA neurons not only in the SNpc, but at least to a certain 

extend also in the ventral tegmental area (Kirik et al., 1998). Consequently, not 

only the dorsolateral striatum, which mainly receives DA from the SNpc and which 

is considered the equivalent to the human putamen, is affected, but also the medial 

striatum and nucleus accumbens, which are the entrance regions of the BG 

associative and limbic loops. Selective bilateral lesions of the rat dorsolateral 

striatum are therefore considered more appropriate for studying the 

pathophysiological mechanisms of the behavioral symptoms of PD (Kirik et al., 
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1998; Deumens et al., 2002; Voorn et al., 2004; Oueslati et al., 2005; Scholtissen 

et al., 2006; Baunez et al., 2007; Lane et al., 2008; Li et al., 2010). 

Unlike the human STN, where motor, associative and limbic subregions can be 

anatomically differentiated, the rodent STN is much smaller with more collaterals 

and dendrites extending over the whole nucleus. Nevertheless, in rats a medial 

associative-limbic and a lateral sensorimotor subregion have been defined 

(Hamani et al., 2004). We here investigated whether selective nigrostriatal lesions 

of the dorsolateral striatum would differentially affect neuronal activity and 

discharge patterns in these STN subregions. 

 

5.3 Material and methods 

5.3.1 Animals 

Subjects included 21 male Sprague-Dawley rats (Charles River Laboratories) 

weighing 200-220 g at arrival. They were housed in groups of three or four animals 

in Macrolon Type IV S cages (Techniplast, Hohenpeissenberg, Germany). All 

animals were kept under controlled environmental conditions (ambient temperature 

22°C, 14 hours light cycle, lights on at 7:00 a.m.). The rats were fed lab chow and 

water ad libitum. All recordings were performed in the afternoon. The experimental 

protocols used in this study were in accordance with the European Council 

Directive of November 24, 1986 (86/609/EEC) and approved by the local animal 

ethic committee. Every effort was made to minimize the number of animals. 

 

5.3.2 6-OHDA lesions 

After one week of acclimatization after arrival, rats were intraperitoneally 

anesthetized with chloral hydrate (360 mg/kg) and placed into a stereotaxic frame. 

Additionally, the area for surgery was infiltrated with local anesthesia (Xylocain 

2%). After skin incision and definition of bregma a burr hole was drilled above the 

target and an injection cannula (5 µL syringe, SGE Analytical Science Pty. Ltd., 

Victoria, Australia) was lowered into the dorsolateral striatum at two target sites on 
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each hemisphere with the following coordinates (in mm) relative to bregma 

according to the atlas of Paxinos and Watson (1998) (Paxinos & Watson, 1998): 1st 

- anterior-posterior: +0.2, mediolateral: ±4.0, ventral: 6.8; 2nd anterior-posterior: 

+0.2, mediolateral: ±3.5, ventral: 4.8. The tooth bar was set at -3.3 mm. For 

microinjection, 3.6 mg 6-OHDA-HBr (equal to 2.4 mg of the free base; Tocris 

Bioscience) was dissolved in 1 mL 0.9% NaCl solution with 0.02% ascorbic acid 

added. Lesioned rats received 2 µL per injection site (4.9 µg 6-OHDA). Sham-

lesioned controls received vehicle injection. The injections were made at a rate of 1 

µL/minute. After injection, the cannula was left for another three minutes in the 

target to allow the solution to diffuse, and thereafter retracted. Finally, the skin 

incision was sutured. After surgery a four-week period allowed retrograde 

degeneration of the nigrostriatal DA system before electrophysiological recordings 

were made. 

The rats were then divided in two different groups: 11 animals received bilateral 6-

OHDA injection, and 10 animals were given a bilateral sham injection. 

 

5.3.3 Electrophysiological recordings 

Electrophysiological recordings were made in the STN of sham-lesioned and 6-

OHDA lesioned animals. The rats were anaesthetized with urethane (max. 1.6 

g/kg, i.p.; ethyl carbamate, Sigma). The incision site was infiltrated with the local 

anesthetic, Xylocain (2% Astra Zeneca). Rats were placed in a stereotaxic frame 

and body temperature was maintained at 37 ± 0.5°C by a heating device (FHC, 

Bowdoinham, ME, USA). A craniotomy was made over the target site for the 

medial and lateral STN. A single microelectrode for extracellular recordings (quartz 

coated pulled with a ground platinum-tungsten alloy core (95/5%, diameter 80 μm, 

impedance 1–2 MΩ) was connected to the Mini Matrix 2 channel version drives 

headstage (Thomas Recording, Germany). After positioning of the headstage the 

electrode was guided stereotaxically through the guide cannula towards the targets 

in the medial and lateral STN under continuous recording of extracellular neuronal 

signals along the trajectory through the ventral posteromedial thalamic nucleus and 

the zona incerta (Figure 1 A) by using a microdrive (Thomas Recording GmbH, 
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Giessen, Germany). Since with respect to the rostrocaudal stereotaxic coordinates 

the posterior pole of the STN is quite near to the rostral pole of the substantia nigra 

pars reticulata (i.e., −4.3 mm and −4.5 mm, respectively), the stereotaxic 

coordinates used for recordings in our study were −3.6 mm caudal from bregma, 

leaving a distance of 0.7 mm to the substantia nigra pars reticulata. For the medial 

STN we used 1-2 trajectories between the following coordinates (anterior-posterior 

(AP), -3.6 - -4.2; mediolateral (ML), ±2.1 – 2.4; ventral (V), -7.8 – 8.4). For the 

lateral STN we used 1-2 trajectories between the following coordinates (AP, -3.6 - -

4.2; ML, ±2.6 – 2.7; V, -7.4 – 8.2). At the end of all recordings the electrode tip was 

used to coagulate the tissue along each of the trajectories in 200 µm steps with a 

bipolar current of 10 µA for 10 s to verify the trajectories after sacrifice of the 

animals (Figure 1 B). 

The electrode signal was amplified (× 10 000), passed through a headstage with 

unit gain and then split to separately extract the single unit activity and the local 

field potential (LFP) components. For the LFPs, the signal was filtered to pass 

frequencies between 0.5 and 140 Hz, before being amplified and digitized at 1 kHz. 

For single unit activity (SUA), the signal was bandpass filtered between 500 and 

5000 Hz. Signals were amplified and displayed on an oscilloscope. Data were 

acquired using the CED 1401 A/D interface and stored with spike2 analysis 

software (Cambridge Electronic Design, Cambridge, UK). The discharge of each 

neuron was recorded for at least 5 min after signal stabilization. Single unit activity 

spikes were sorted on the base of 3:1 signal to noise ratio. 

Additionally, an electrocorticogram (ECoG) was recorded via a 1 mm diameter 

jeweler's screw, which was positioned on the dura mater above the frontal cortex 

ipsilateral to the sham lesioned or 6-OHDA-lesioned hemisphere (AP, +4.5 mm; 

ML, ±2.0 mm). The ECoG reference and ground was placed over the cerebellum. 

Depth of anesthesia was monitored by examination of the ECoG and by testing the 

reflex answer to a toe pinch. 
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Fig. 1: Recording trajectories 
 

Schematic drawings of the recording trajectories in the medial and lateral STN for 3.6-4.2 mm caudal to 
bregma (A). Histological picture of 200 µm distant stimulation-induced coagulations (10 µA bipolar current for 
10 s) made along the trajectories of recorded neurons in the medial and lateral STN part (B). White arrows 
mark the beginnings of the trajectories; only cells between coagulations in the STN region were taken for 
analysis (black arrows). Abbreviations: CP - cerebral peduncle, STN - subthalamic nucleus, ZID - zona incerta 
dorsalis, ZIV - zona incerta ventralis 

 

5.3.4 Data analysis methods 

Action potentials arising from a single neuron were discriminated by the template-

matching function of the spike-sorting software (Spike2; Cambridge Electronic 

Design, Cambridge, UK). Single units were included in analyses if they were well 

isolated, which was determined by the homogeneity of spike waveforms, the 

separation of the projections of spike waveforms onto principal components during 

spike sorting, and clear refractory periods in interspike interval (ISI) histograms. 

The discharge rate was calculated by using the discharge rate histograms 

produced in NeuroExplorer version 4 (NEX Technologies, NC). Further non-linear 

analysis of discharge patterns was performed by using the maximum approximate 

Entropy (maxApEn) algorithm. 

 

A B

-3.6mm

-3.8mm

-4.2mm



Manuscript Three 
  

61 
 

5.3.5 Burst detection 

Burst-like discharge patterns consist of intermittent grouped discharges separated 

by periods of pauses or low-frequency tonic activity. A MATLAB script kindly 

provided by Yoshiki Kaneoke (Kaneoke & Vitek, 1996) along with visual 

discrimination of the spike density histogram distribution was used for the 

categorization of the neuronal discharge patterns (regular, irregular and bursty; 

Figure 2). This script divides the spike train in a series of intervals according to the 

reciprocal of the mean discharge rate. Afterwards the number of occurring spikes 

per interval is counted and displayed in a spike density histogram. Neurons were 

defined as bursty when they fulfilled the following criteria: (1) significantly different 

and positively skewed spike density histograms compared to a Poisson distribution 

with a mean of one, (2) more than 4 bursts per 1000 spikes, and (3) more than 4 

spikes per burst. A neuron was regarded as irregular, when the spike density 

histogram followed a Poisson distribution with a mean of one. Neurons were 

regarded regular when (1) spike trains were significantly different to the Poisson 

distribution with a mean of one and (2) when the histogram was normal distributed 

(Figure 2). Furthermore, the script was used to detect the incidence of bursts per 

1000 spikes and the amount of spikes per burst, which is a measure of burst 

intensity. 

 

5.3.6 Coefficient of Variance 

This parameter describes the degree of regularity of neuronal discharge. The 

analysis of the coefficient of variance (CV) provides a parameter-free method of 

describing the ISI plots, which is a measure of dispersion. Spike train regularity 

was determined by using the ISI CV, i.e., by dividing the standard deviation (SD) of 

the ISIs in each 300 s epoch by its mean ISI. Exponential distributions have a CV 

of 1, i.e., describe more irregular discharge patterns, whereas distributions derived 

from more regular ISIs have CV values below 1. 
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Fig. 2: Neuronal discharge patterns 

 
Examples of superimposed spike waveforms (100 spikes), spike density histograms after Kaneoke and Vitek 
(1996), and spike trains in the medial and lateral STN. Three different discharge patterns (regular, irregular, 
bursty) could be distinguished on the basis of the spike density histogram distributions when compared to a 
Poisson distribution with a mean of 1 (black graph in the bar chart). Abbreviations: SIS - superimposed spikes, 
SDH - spike density histogram, ST - spike train 

 

 

5.3.7 Skewness and Kurtosis 

The skewness provides a symmetry measure of the ISI distribution around the 

mean whereas kurtosis reflects its degree of peakedness of the ISI histogram 

(Hassani et al., 1996; Gernert et al., 2002). Both parameters therefore allow the 
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quantitative description of differences in the ISI distribution compared to a 

Gaussian distribution.  

 

5.3.8 Maximum approximate entropy 

The approximate entropy (ApEn) is an algorithm used to determine the complexity 

of non-linear data with only few up to a high amount of data points (Pincus, 1991; 

Pincus and Singer, 1996; Chon et al., 2009). ApEn evaluates the complexity of 

data by measuring the logarithmic likelihood that data segments will repeat within a 

time series. Thus, a less predictable process would have less repetitive data 

segments and therefore a higher ApEn (Pincus and Goldberger, 1994). Meanwhile, 

ApEn has been applied to diverse physiological data (Molina-Picó et al., 2011) 

including neuronal discharge patterns (Lim et al., 2010). A critical point in the 

usage of ApEn is its dependence on the choice of two parameters r (tolerance 

threshold for accepting similar patterns between two segments) and m (length of 

the compared segments, embedding dimension) and the number of data points 

examined (Chon et al., 2009). Since the number of data points between compared 

data sequences needs to be equal, the number of data points was restricted by the 

minimum number of spikes (~800) within 300 s epochs (Pincus and Goldberger, 

1994). For a precise enough process distinction the dimension m = 2 is normally 

considered being statistically useful (Pincus and Goldberger, 1994; Pincus and 

Singer, 1996) and the recommended value for r is 0.1 to 0.2 times the standard 

deviation of the data. However, Chon and colleagues recently showed that the 

distribution of ApEn for a range of r values could be quite different depending on 

the data (Chon et al., 2009). Therefore, they recommend using the r value where 

ApEn gets maximal. With that regard, we chose the maxApEn to compare the 

complexity of our data sequences. All calculations were performed using MATLAB 

(Mathworks, Natick, MA). 
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5.3.9 Low frequency oscillatory activity in spike trains 

Lomb periodograms were constructed from autocorrelograms (50 ms bins, 10 s 

lag) of spike trains to detect oscillatory activity in the 0 – 5 Hz frequency band 

(Kaneoke & Vitek, 1996). The Lomb algorithm is similar to a fast fourier transform 

for evenly sampled data (Shrager, 2001). Peaks over the significance level (p = 

0.05) were considered to represent oscillatory activity. The percentages of neurons 

showing a peak over the significance level at defined frequencies (0-0.3 Hz; 0.3-

2.5 Hz; 2.5-5 Hz) were determined and compared between STN subregions as well 

as sham-lesioned and 6-OHDA-lesioned rats. 

 

5.3.10 Oscillatory activity in local field potentials 

Using Spike 2 analysis software data were interpolated to a common sampling rate 

of 1 kHz. For power analysis the DC offset was removed, i.e. the mean signal 

amplitude set to zero, and the signal notch (50 Hz) and low pass filtered (100 Hz). 

Autospectra of LFPs were derived by discrete Fourier transformation with 1024 

blocks. The relative power of 3 consecutive epochs of 100 s, from the same 

recording section like the spike trains, were analyzed (θ = 4.88-7.81 Hz, α = 7.81-

12.7 Hz, β = 12.7-30.27 Hz, γ = 30.27-99.61 Hz), averaged, and compared 

between sham-lesioned and 6-OHDA-lesioned rats. 

 

5.3.11 Statistical testing  

Most of our data showed heteroscedasticity, as is expected for neuronal data. 

Therefore, we used a robust, non-parametric, two-way ANOVA to evaluate 

differences between the factors and their interaction. The procedure is described in 

more detail in (Wobbrock et al., 2011) (Mansouri et al., 2004; Bortz, 2008). 

Differences in the incidence of discharge patterns and oscillatory activity in spike 

trains were evaluated by Chi2-Test, differences in the maxApEn of discharge 

patterns by ANOVA type statistic (ATS), a non-parametric ANOVA for one factorial 

designs (Brunner and Puri, 2001; Erceg-Hurn and Mirosevich, 2008). To evaluate 

effects within factors we used the Brunner and Munzel version of the Wilcoxon 
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Rank Sum Test for multiple comparisons (Munzel, 1999; Fagerland and Sandvik, 

2009) together with the Benjamini and Hochberg p-value adjustment (Benjamini 

and Hochberg, 1995).  

Significance for all statistical tests was set at p ≤ 0.05 for ANOVA, Chi2-Test, and 

Kruskal-Wallis Test or apv (adjusted p-value) ≤ 0.05 for multiple comparisons. 

 

5.3.12 Histology 

All striatal 6-OHDA and vehicle injections were histologically verified after 

termination of the experiments. The rats were deeply anaesthetized with an 

overdose of chloral hydrate (7.2 mg/kg) and transcardially perfused with 0.01 M 

PBS, pH 7.4, followed by 4% paraformaldehyde/PBS. The brains were then placed 

in 15 mL 30% sucrose/PBS solution + 5 mL paraformaldehyde/PBS over night and 

afterwards in pure 30% sucrose/PBS solution until the brains were no longer 

floating. Thereafter, the brains were cut on a freezing microtome in the coronal 

plane with a section width of 40 µm. Every fourth section that contained the 

striatum or the SNpc was processed free floating for immunohistochemical staining 

for tyrosine hydroxylase (TH). First the sections were incubated for 10 min in 

solution with 1 mL methanol, 1 mL 30% H2O2 and 8 mL 0,1 M PBS, followed by a 3 

step washing procedure with PBS with each step lasting 5 min. Subsequently, the 

sections were incubated in the primary antibody solution (1:5000) with IgG mouse 

anti tyrosine hydroxylase (Fa. SIGMA) in 1% bovine serum albumin in a PBS/Triton 

X-100 solution over night, followed by a 3 step washing procedure with PBS. Next, 

the sections were incubated in the secondary antibody solution (1:200) with 

biotinylated IgG rabbit anti mouse (DakoCytomation, Glostrup, Denmark) in 1% 

bovine serum albumin/PBS/Triton for 60 min, followed by the washing procedure. 

Thereafter, the sections were incubated for 60 min by using the ABC-Standard-Kit 

(1:1000; 1 μL A (Avidin-H) + 1 μL B (Biotinyl-Peroxidase) in 1 mL PBS (ABC-Kit, 

Vector Laboratories, Inc., Burlingame, USA), which was again followed by the 

washing procedure. Finally, a solution of 3.3´-diaminobenzidin (DakoCytomation, 

Glostrup, Denmark) was used as the chromogen in a PBS-ammoniumnickelsulfate 

solution. H2O2 (20 μL 30% H2O2 solved in 580 μL PBS) was used to start the 
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staining reaction. To stop the staining reaction, the sections were extensively 

washed with PBS, mounted on glass slides and coverslipped with Vitro Clud 

(Langenbrinck, Emmendingen, Germany). Optical fiber density in the striatum: The 

sections containing the striatum were examined under a light microscope to 

determine the optical fiber density in sham-lesioned and 6-OHDA-lesioned rats. 

Three sections were taken at AP coordinates, i.e., +1.2, +0.7 and +0.2 in mm 

relative to bregma. In these sections the dorsolateral, dorsomedial, and ventral 

striatum were outlined as indicated on Figure 3 A1 using the software MetaMorph 

(Molecular Devices, Inc.). Optical density values were corrected for nonspecific 

background density measured at the corpus callosum as described by Rödter et al. 

(Rödter et al., 2000), averaged and compared between sham-lesioned and 6-

OHDA-lesioned rats and between striatal regions by two-way repeated measures 

ANOVA.  

Dopamine neurons in the substantia nigra: In each animal the TH+ neuronal cell 

bodies were bilaterally counted in three representative sections, one from the 

rostral part, one from the middle and one from the caudal part of the SNpc, as 

described in (Metz et al., 2004). Additionally, TH+ neuronal cell bodies were 

counted in the ventral tegmental area, respectively. The number of counted cells 

was averaged and compared between sham-lesioned and 6-OHDA-lesioned rats 

by Student’s t-test. The STN containing brain region was cut with a section width of 

10 µm and was stained with Haemalaun/Eosin to visualize the coagulations along 

the microelectrode recording tracks (Figure 1 B). 
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Fig. 3: Tyrosine hydroxylase staining 
 

Photomicrographs of coronal brain slices of the striatum of a sham-lesioned rat (A1) and a 6-OHDA lesioned 
rat (A2) and of the substantia nigra and ventral tegmental area of a sham-lesioned rat (B1) and a 6-OHDA-
lesioned rat (B2) after immunohistological processing for tyrosine hydroxylase. Optical fiber density in the 
striatum corrected for nonspecific background density measured at the corpus callosum (A3). Data are shown 
as mean + S.E.M. Differences between sham-lesioned and 6-OHDA-lesioned rats are indicated as circles ( ), 
differences of dorsolateral striatum to dorsomedial and ventral striatum as asterisks ( , Two-way repeated 
measures ANOVA, p<0.05). Number of TH

+
 neuronal cell bodies in the SNpc and in the ventral tegmental area 

(B3). Differences between sham-lesioned and 6-OHDA-lesioned rats are indicated as circles ( , Student’s t-
test, p<0.001). Abbreviations: dl - dorsolateral striatum, dm - dorsomedial striatum, v - ventral striatum, cc - 

corpus callosum. 

 

5.4 Results 

We found significant loss of optical density in the dorsolateral striatum of lesioned 

rats compared to sham-lesioned rats, while for other striatal regions analysis 

showed no significant differences. Statistical analysis showed a significant effect 

for the factor region and for the interaction between factor lesion and region (both 

F-values >7.55, both p-values ≤ 0.002), while the factor lesion was not significant 

(F1,53 = 1.9, p = 0.187). Post-hoc testing revealed that only the density measure in 
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the dorsolateral striatum was significantly less in lesioned compared to sham-

lesioned rats (p < 0.05), while this measure did not differ for the medial or ventral 

striatum (p-values > 0.39). While in sham-lesioned controls post-hoc analysis 

revealed no differences between regions, in lesioned rats, the density of the 

dorsolateral striatum was less compared to both ventral and medial striatum (p < 

0.05; Figure 3 A3). 

All lesioned rats showed a substantial loss of TH+ neurons in the SNpc (50%) with 

the strongest loss in the two most lateral parts (≥ 64%). The reduction of TH+ 

neurons was significant in the three most lateral SNpc regions but not in the most 

medial one. (p < 0.001, p < 0.001, p < 0.001, p = 0.537, from lateral to medial). 

Notably, the ventral tegmental area was intact in all lesioned rats (p = 0.251; Figure 

3 B3). One rat of the 6-OHDA-lesioned group (n = 11) died shortly after 

introduction of anesthesia. In two sham-lesioned rats (n = 10) none of the recorded 

cells was situated in the STN. Therefore 8 sham-lesioned and 10 6-OHDA-lesioned 

rats were used for further analysis. 

The total number of neurons analyzed was 45 in the lateral and 52 in the medial 

STN of sham-lesioned rats as well as 68 in the lateral and 65 in the medial STN of 

6-OHDA-lesioned rats. The average number of neurons recorded per individual rat 

was 12.13 ± 2.50 (sham-lesioned) and 13.20 ± 1.73 (6-OHDA lesioned). 

 

5.4.1 Neuronal activity 

We found significantly higher discharge rates in the lateral STN (p < 0.001). 

Multiple comparisons supported the increased discharge rates in the lateral STN in 

both sham-lesioned (apv = 0.032) and 6-OHDA-lesioned rats (apv < 0.001). 

However, 6-OHDA lesions had no effect on the neuronal discharge rates (p = 

0.252; Figure 4 A). 

Similar to the neuronal discharge rates the CV of ISI was significantly higher in the 

lateral STN (p < 0.001) and no effect of the lesion could be found (p = 0.058). The 

increase of the CV of ISI in the lateral compared to the medial STN reached 

significance after multiple comparisons only in the lesioned rats (apv = 0.050; 

Figure 4 B). 
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Likewise, skewness and kurtosis of the ISI density histogram showed elevations in 

the lateral STN, which were pronounced in the 6-OHDA-lesioned rats (Table 1). 

 

Tab. 1: Neuronal measures 

 

      
STN subregions  Medial Lateral 
      
Animal group  Sham Lesioned Sham Lesioned 
      
Sample size: 
neurons 

 52 65 45 68 

      
Discharge rate Mean ± SEM 18.9 ± 1.5 16.1 ± 1.1 23.8 ± 1.4 22.9 ± 1.2 
 Median 18.9 13.9 21.6 23.3 
 Range 2.8 – 43.3 3.1 – 39.7 10.6 – 53.8 5.6 – 64.3 
      
Skewness Mean ± SEM 1.9 ± 0.1 1.9 ± 0.1 2.4 ± 0.2 2.7 ± 0.2 
 Median 1.8 1.9 2.0 2.5 
 Range 0.9 – 4.6 0.2 – 4.7 0.2 – 5.3 -1.1 – 7.5 
      
Kurtosis Mean ± SEM 7.7 ±1.2 6.4 ± 0.6 11.0 ± 1.5 14.7 ± 1.9 
 Median 4.9 5.5 7.7 8.3 
 Range 1.0 – 46.6 -0.006 – 26.2 -0.6 – 44.7 0.2 – 64.6 
      
Incidence of bursts/ Mean ± SEM 0.15 ± 0.15 1.52 ± 0.50 7.86 ± 2.94 13.47 ± 2.95 
1000 spikes  Median 0 0 0 0 
         Range 0 – 7.78 0 – 20.96 0 – 79.69  0 – 75.60 
      
Spikes in bursts [n] Mean ± SEM 0.09 ± 0.09 0.80 ± 0.22 1.54 ± 0.40 2.34 ± 0.44 
 Median 0 0 0 0 
 Range 0 – 4.63 0 – 5.02 0 – 9.40 0 – 12.66 
      
Theta oscillation Mean ± SEM 45.4 ± 1.9 42.2 ± 1.4 48.9 ± 1.6 44.6 ± 1.3 
 Median 47.7 43.7 50.0 46.3 
 Range 15.0 – 65.7 19.7 – 62.5 21.5 – 65.6 15.7 – 65.7 
      
Alpha oscillation Mean ± SEM 20.5 ± 0.7 23.7 ± 0.5 22.6 ± 0.6 23.1 ± 0.6 
 Median 20.2 24.3 23.1 24.3 
 Range 10.9 – 32.8 14.7 – 32.6 13.5 – 32.5 10.3 – 35.2 
      
Gamma oscillation Mean ± SEM 24.0 ± 1.8 24.5 ± 1.0 20.6 ± 1.4 22.1 ± 0.8 
 Median 19.4 24.8 18.1 21.3 
 Range 9.8 – 63.3 12.7 – 48.9 10.3 – 50.4 9.3 – 39.9 
      

 

The data are mean ± SEM, Median, and Range for the measures listed in the table. Differences between the 
medial and lateral part of the STN are indicated as asterisks ( ), differences between sham-lesioned and 6-
OHDA-lesioned rats as circles ( ), and factor interaction as hourglass ( ). Filled symbols in the first column 
indicate that the comparison for the combined groups are significant, e.g.,  indicates a difference between 
medial and lateral STN irrespective of lesion or sham lesion (p ≤ 0.05; Aligned rank transform ANOVA followed 

by post hoc Brunner and Munzel test with Benjamini and Hochberg adjustment for p-values). 
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5.4.2 Burst behavior  

Evaluation of burst activity showed that the discharge pattern for bursting, irregular 

and regular cells was significantly different between the medial and lateral STN (χ2 

= 15.174, df =2, p < 0.001) with more bursty cells in the lateral STN (χ2 = 13.927, df 

=1, p < 0.001). 6-OHDA lesions induced differences in the discharge patterns 

compared to sham lesions (χ2 = 11.556, df = 2, p = 0.003; Figure 5). Especially, the 

amount of bursting cells was higher in lesioned rats (χ2 = 4.382, df = 1, p = 0.036). 

Multiple comparisons showed that only in sham-lesioned rats the number of 

bursting cells in the lateral STN was higher compared to that of the medial STN 

(apv = 0.004). In 6-OHDA-lesioned rats burst-cell numbers were not higher in the 

lateral compared to the medial STN (apv = 0.056). However, 6-OHDA lesions 

significantly increased the number of bursty cells in the medial (apv = 0.038) but 

not the lateral STN (Figure 5). 

Furthermore, we found a significantly higher incidence of bursts per 1000 spikes in 

the lateral STN (p = 0.002). This burst activity was also significantly increased in 

the lesioned animals (p = 0.002). The higher burst incidence in the lateral STN was 

 

Fig. 4: Neuronal activity 
 

Box plots with scattered data points of the neuronal discharge rate (A) and the coefficient of variation (ISI; B). 
The central line of the boxes represents the median, the boxes the 25%-75% (interquartile), and the edges of 
the whiskers the 5%-95% range. Differences between the medial and lateral part of the STN are indicated as 
asterisks ( ). Filled symbols indicate that the comparison for the combined groups are significant, e.g.,  
indicates a difference between medial and lateral STN irrespective of lesion or sham lesion (p ≤ 0.05; aligned 
rank transform ANOVA followed by post hoc Brunner and Munzel test with Benjamini and Hochberg adjustment 
for p-values). 
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supported by multiple comparisons in both sham-lesioned (apv = 0.003) and 6-

OHDA-lesioned (apv = 0.009) rats, whereas the elevated burst activity in the 

lesioned rats could be substantiated only in the medial STN (apv = 0.008; Table 1). 

Like for the amount of bursting cells and the incidence of bursts, significantly more 

spikes per burst occurred in the lateral STN (p = 0.002). Additionally, the amount of 

spikes per burst was significantly higher in lesioned rats compared with controls (p 

< 0.001). The occurrence of more spikes per burst in the lateral STN was 

substantiated by multiple comparisons for both animal groups (sham-lesion, apv = 

0.028; 6-OHDA-lesion, apv = 0.009). 6-OHDA lesions mainly increased the amount 

of spikes per burst in the medial STN (apv = 0.007), while for the lateral STN this 

analysis did not reach the level of significance (Table 1). 

 

 

Fig. 5: Burst behavior 
 

Stacked bar diagram of neuronal discharge patterns (regular, irregular, and bursting) Differences between the 
medial and lateral part of the STN are indicated as asterisks ( ), differences between sham-lesioned and 6-
OHDA-lesioned rats as circles ( ). Filled symbols indicate that the comparison for the combined groups are 
significant, e.g.,  indicates a difference between medial and lateral STN irrespective of lesion or sham lesion 
(p ≤ 0.05; χ

2
-test followed by post hoc Brunner and Munzel test with Benjamini and Hochberg adjustment for p-

values). 

 

5.4.3 Approximate entropy 

The maxApEn was significantly lower in the lateral compared to the medial STN (p 

< 0.001) and 6-OHDA lesions significantly reduced the entropy (p = 0.010). The 

diminished entropy in the lateral STN was corroborated by multiple comparisons 
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only in the lesioned (apv = 0.015) but not in the sham-lesioned rats (apv = 0.153; 

Figure 6 A). 

Furthermore, we compared the maxApEn between regular, irregular, and bursty 

cells and found a significantly lower maxApEn in the bursty compared to the 

regular (p < 0.001) and the irregular cells (p < 0.001). Even in the irregular cells a 

significant reduced entropy could be found compared to regular firing cells (p = 

0.027; Figure 6 B).  

 

 

Fig. 6: Approximate entropy 
 

Box plots with scattered data points of the maximum approximate entropy. Differences between the medial and 
lateral part of the STN are indicated as asterisks ( ), differences between sham-lesioned and 6-OHDA-
lesioned rats as circles ( ), and differences between the discharge patterns with crosses ( ). Filled symbols 
indicate that the comparison for the combined groups are significant, e.g.,  indicates a difference between 
medial and lateral STN irrespective of lesion or sham lesion (p ≤ 0.05; aligned rank transform ANOVA (STN 
regions), ANOVA type statistic (discharge patterns), both followed by post hoc Brunner and Munzel test with 
Benjamini and Hochberg adjustment for p-values). 

 

5.4.4 Low frequency oscillatory activity in spike trains 

In the 0 to 0.3 Hz frequency range oscillatory activities were similar between STN 

subregions (χ2 = 1.066, df =1, p = 0.3) as well as between sham-lesioned and 6-

OHDA-lesioned rats (χ2 = 2.701, df =1, p = 0.1). For the frequencies from 0.3 to 2.5 

Hz the incidence of oscillation was enhanced in the lesioned rats (χ2 = 5.651, df =1, 

p = 0.017) but not different between STN subregions (χ2 = 2.549, df =1, p = 0.11). 

In the range from 2.5 to 5 Hz no oscillatory activity was found at all (Table 2). 

 

 

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

6-OHDA-lesionsham-lesion

                          lateral

6-OHDA-lesionsham-lesion

                         medial

m
a

x
. 
a

p
p

ro
x
im

a
te

 e
n

tr
o

p
y

A

regular irregular bursting
0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

m
a
x
 a

p
p
ro

x
im

a
te

 e
n
tr

o
p
y

B



Manuscript Three 
  

73 
 

Tab. 2: Low frequency oscillatory activity in spike trains 

 

     
STN subregions Medial Lateral 
     
Animal group Sham Lesioned Sham Lesioned 
     
Sample size: neurons 52 65 45 68 
     
0 – 0.3 Hz 71.15 % 50.77 % 68.89 % 66.18 % 
     
0.3 – 2.5 Hz  15.38 % 35.38 %  31.11 % 41.18 % 
     
2.5 – 5 Hz 0 % 0 % 0 % 0 % 
     

 
The data are percentages of neurons showing peaks over the significance level in the Lomb periodogram (p ≤ 
0.05). Differences between sham-lesioned and 6-OHDA-lesioned rats are indicated as circles ( ; p ≤ 0.05; χ

2
-

test followed by Benjamini and Hochberg adjustment for p-values). 

 

5.4.5 Oscillatory activity in local field potentials 

The LFPs were significantly influenced by the 6-OHDA-lesions, showing a higher 

relative power in α (~ 8-13 Hz; p < 0.001; Table 1) and β frequency bands (~ 13-30 

Hz; p = 0.024) and a lower relative power in the θ frequency band (~ 5-8 Hz; p = 

0.009; Table 1) in the lesioned compared to the sham-lesioned rats. In the γ 

frequency band (30-100 Hz) we found no significant differences between these 

groups (p = 0.233). There were no differences in the relative power of the local field 

potentials between the medial and lateral STN (θ – p = 0.142; α – p = 0.136; β – p 

= 0.109; γ – p = 0.356; Figure 7 A, Table 1). 
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Fig. 7: β-oscillations 
 

Box plot with scattered data points of the relative oscillatory power in the β-frequency band (13-30 Hz). 
Differences between sham-lesioned and 6-OHDA-lesioned rats are indicated as circles ( ). Filled symbols 
indicate that the comparison for the combined groups are significant, e.g.,  indicates a difference between 
sham-lesioned and 6-OHDA-lesioned rats irrespective of medial or lateral STN (p ≤ 0.05; aligned rank 
transform ANOVA followed by post hoc Brunner and Munzel test with Benjamini and Hochberg adjustment for 
p-values). 

 

5.5 Discussion 

It has been proposed that in the motor, associative and limbic BG loops cortical 

information is to a large extent parallel and topographically organized (DeLong et 

al., 1985; Alexander & Crutcher, 1990; Alexander et al., 1990; Parent & Hazrati, 

1995). Accordingly, a tripartition of the primate STN into motor, associative, and 

limbic subregions has been described (Nambu et al., 1996, 1997, 2002; Joel & 

Weiner, 1997; Hamani et al., 2004). The “segregated circuits” hypothesis for the 

information processing in the BG loops has been later transformed into an open 

interconnected scheme of BG connectivity, which proposes an overlap of striatal 

input from associative regions with motor and limbic subregions of basal ganglia 

nuclei (Joel & Weiner, 1994, 1997, 2000).  

 

5.5.1 Anatomy and function of the human and rat subthalamic nucleus  

The concomitant integration of information from different BG loops seems to be 

especially pronounced in the rat STN (Hamani et al., 2004; Temel et al., 2005). 

Because of its small size (0.8 mm3) compared to the STN of primates or humans 
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(240 mm3) and because of the extension of dendrites across almost the whole 

nucleus and more frequent formation of collaterals it is likely that in the rat a single 

STN neuron might be involved in more functions, whereas in the primate it might 

serve more or less a single function (associative, limbic, or motor; (Temel et al., 

2005). The rat STN is therefore only roughly divided in a medial limbic-associative 

and a lateral sensorimotor anatomical domain (Hamani et al., 2004; Temel et al., 

2005). However, after stimulation of motor and limbic cortical areas only slight 

overlap of reactive cells has been shown in the rat STN (Kolomiets et al., 2001). 

Our finding that in the lateral motor part of the rat STN the discharge rate and 

different measures of neuronal activity (discharge rate, skewness, kurtosis, CV of 

ISI, maxApEn) differ from the medial associative-limbic part, gives further evidence 

for a functional segregation of the rat STN. 

For electrophysiological studies in the STN, most often the unilateral full lesion 6-

OHDA rat model has been used, which leads to DA depletion in all striatal regions 

and where all BG loops and subsequently all STN subregions are likely affected (Ni 

et al., 2001; Tai et al., 2003; Parr-Brownlie et al., 2007). With that regard, partial 

bilateral 6-OHDA-induced lesions of the rat dorsolateral striatum are considered 

more appropriate for studying the pathophysiological mechanisms of PD (Bowe et 

al., in revision; Kirik et al., 1998; Deumens et al., 2002). Nevertheless, even after 

partial striatal lesions experimental studies did not differentiate between STN 

subregions during electrophysiological recordings (Ni et al., 2001; Tai et al., 2003; 

Breit et al., 2007; Parr-Brownlie et al., 2007). In clinical studies, recently, (Piallat et 

al., 2011) found differences in the distribution of burst firing cells between the 

motor and non-motor part of the STN in PD and obsessive compulsive disorder 

patients (Piallat et al., 2011). 

 

5.5.2 Effect of 6-OHDA lesions on neuronal activity in STN subregions  

In the present study, we confirmed that lesions of the nigrostriatal DA system 

predominantly reduced DA neurons in the lateral part of the SNpc, leading to 

selective reduction of DA in the dorsolateral striatum, the entrance region of the BG 

motor loop. Nevertheless, 6-OHDA lesions altered neuronal activity measures 
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mainly in the medial and not as expected in the lateral STN. While multiple 

comparisons showed that for measures of neuronal activity (skewness, kurtosis, 

CV of ISI, maxApEn) the differences were pronounced in the lateral motor part of 

the STN after 6-OHDA induced lesions, which could be explained by a selective 

influence of dorsolateral striatal lesions, the enhanced measures of burst activity 

were most pronounced in the medial associative-limbic part of the STN.  

While it was originally envisioned that the different BG loops remain 

topographically and functionally segregated, it is also clear from behavioural and 

physiological analyses and from clinical data that one of the functions of the BG is 

to integrate diverse information (Kopell & Greenberg, 2008). Lesions of the 

nigrostriatal system thus might lead to a cascade of changes, not only in the motor 

loop but also in the associative and limbic BG loop, which causes alterations in 

neuronal activity not only in the motor part but also in the associative-limbic part of 

the STN (Rodriguez-Oroz et al., 2009). 

We did not find an enhanced discharge rate in the STN after partial 6-OHDA 

lesions, and one may therefore argue that our retrograde striatal lesions were not 

severe enough to induce the pathophysiological alterations seen in PD patients. 

However, with that regard inconsistent data has been reported in the literature. (Ni 

et al., 2001) found reduced discharge rates in the STN two weeks after lesioning of 

the SNpc, which returned to discharge rates of control animals four weeks after the 

lesion (Ni et al., 2001). Other groups found higher discharge rates in the STN of 

unilateral 6-OHDA rat models (Hassani et al., 1996; Parr-Brownlie et al., 2007). 

Interestingly, (Breit et al., 2007) reported higher discharge rates after unilateral 

SNpc lesions in contrast to unchanged discharge rates after unilateral lesions of 

the dorsolateral striatum, which is similar to our study (Breit et al., 2007). 

There are different concepts regarding which aspects of neuronal activity 

contribute the most to the pathophysiological state and the motor disturbances 

seen in PD patients (Wichmann et al., 2011). Increased burst activity in the STN is 

one of the prominent findings in PD patients (Hutchison et al., 1998; Piallat et al., 

2011) and in animal models of PD (Bergman et al., 1994; Tai et al., 2003; Breit et 

al., 2007; Parr-Brownlie et al., 2007). Although in most studies that show increased 
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burst activity in the STN of rats, the unilateral 6-OHDA model with severe lesion of 

the nigrostriatal DA system has been used, which affects all striatal regions and 

therefore all BG loops (Hassani et al., 1996; Tai et al., 2003; Parr-Brownlie et al., 

2007), it has also been shown that selective lesions of the dorsolateral striatum 

also induce stronger bursting in the rodent STN (Breit et al., 2007). 

We found significantly reduced entropy in our lesioned rats. Recent studies 

showed that a bursting state is combined with a decrease in entropy (Cruz et al., 

2009; Alam et al., 2012), which is in line with our present finding that a lower 

maxApEn values is primarily found in cells with a bursty spike pattern compared 

with regular and irregular firing cells. Accordingly, lesioned rats showed lower 

entropy and higher burst activity compared to controls. The more intensive burst 

sequences a time series comprises, the greater seems to be the periodicity in its 

pattern. Obviously, the decrease in maxApEn of intensive bursting cells occurs due 

to the regularity in this periodic discharge pattern. In this case, randomness within 

the burst duration seems to have no impact on the maxApEn. In consequence, the 

measures of the maxApEn suppose a more periodic burst activity in the lateral 

STN and therefore support a different influence of 6-OHDA lesions on STN 

subregions. 

Dopamine cell degeneration in the SNpc has been shown to influence low 

frequency oscillatory activity in STN neurons of anesthetized rats (Magill et al., 

2001; Levy et al., 2002). We found similar amounts of low frequency oscillatory 

activity (0.2-2.5 Hz) in STN spike trains of sham-lesioned rats as reported by (Parr-

Brownlie et al., 2007). Similarly, we found a significant increase in the incidence of 

oscillations after 6-OHDA lesions, although it was not as pronounced as reported in 

the study mentioned above. One reason may be that Parr-Brownlie and colleagues 

used the unilateral full lesion 6-OHDA rat model, while we used bilateral partial 6-

OHDA lesions. 

We did not find differences in oscillatory LFPs of either frequency band between 

medial and lateral STN regions. Most likely, the regional differences in the 

oscillatory activities could not be resolved by our electrode in this small rat nucleus. 

In our study 6-OHDA-lesions increased the relative power of STN α- and β-
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oscillatory activity, without differences between the medial and lateral STN. 

Patients with PD as well as animal models for this disorder show prominent β-

oscillatory activity (13-30 Hz) in the STN (Brown et al., 2001; Kühn et al., 2005; 

Weinberger et al., 2006), which is discussed to be involved in the 

pathomechanisms underlying rigidity and bradykinesia (Weinberger et al., 2009). 

Often α-band activity (8-13 Hz) has been combined with the β-band activity for 

evaluation of data (Brown & Williams, 2005; Kühn et al., 2006; Moran et al., 2008). 

 

5.5.3 Conclusion  

Overall, selective 6-OHDA-lesions of the dorsolateral striatum had no selective 

effects on neuronal activity in the STN motor subregion, supporting a strong 

integration of neuronal information between the different BG loops in rats. It 

remains open whether manipulation of STN subregions in this rat model, either by 

lesions or by DBS would have a different impact on behavior attributed to the BG 

motor or associative-limbic loop. 
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6 Discussion 

In our first study we demonstrated that rats with selective partial 6-OHDA-induced 

loss of DA of the dorsolateral striatum show behavioral deficits that may serve as 

endophenotypes for neuropsychiatric disturbances related to deficient 

sensorimotor gating. To gain more insight into these symptoms, in a second 

approach we investigated the effect of STN DBS on apomorphine-induced deficient 

PPI, an operant measure for disturbed sensorimotor gating. Stimulation of the STN 

improved PPI, which might give further support for the usefulness of STN DBS in 

neuropsychiatric disorders, such as obsessive compulsive disorder and Tourette’s 

syndrome (Martinez-Torres et al., 2009; De Koning et al., 2011; Holtzheimer and 

Mayberg, 2011). Stimulation in combination with DA challenge, however, at least 

partially deteriorated PPI. Since in PD patients who undergo STN DBS DA 

medication with reduced doses is regarded necessary to control residual motor 

functions and to prevent side effects like anhedonia, one should be aware that STN 

DBS may have an impact on neuropsychiatric symptoms related to sensorimotor 

gating.  

Nevertheless, in our studies we found only weak effects of the 6-OHDA lesions on 

behavioral measures. Mainly extensive unilateral 6-OHDA lesions leading to 

unilateral loss of DA neurons in the SNpc of about 80% were used to investigate 

PD in rodents (Ungerstedt and Arbuthnott, 1970; Robin et al., 1985; Deumens et 

al., 2002; Dowd and Dunnett, 2005; Yuan et al., 2005; Belujon et al., 2007; 

Lindenbach et al., 2011). With regard to this unilateral approach, however, one 

should be aware that in PD the neurodegeneration occurs in both hemispheres and 

therefore bilateral 6-OHDA lesions of the nigrostriatal DA system would mimic the 

pathophysiology of patients with PD more closely. Extensive bilateral lesions of the 

striatum result in severely disturbed feeding and drinking behavior with loss of body 

weight and even death without intensive care and tube feeding (Ungerstedt, 1971; 

Zigmond and Stricker, 1972; Dunnett and Lelos, 2010). Therefore, partial bilateral 

6-OHDA lesions of defined striatal regions that result in slow retrograde 

degeneration, which can be compensated by the rat, are thought to provide a 

better approach. However, with this kind of lesions the loss of DA in the SNpc is 



Discussion 
  

  

 

88 
 

usually not as severe as after unilateral lesions of the SNpc (about 50-60%). 

Compensatory and plastic effects attributed to the remaining DA neurons in the 

model with bilateral partial 6-OHDA lesions of the striatum likely confound the 

development of typical symptoms described in patients with advanced PD and thus 

limits the use of such a model (Deumens et al., 2002; Dunnett and Lelos, 2010). 

Furthermore, in the model with bilateral striatal 6-OHDA lesions the 

neurodegeneration is restricted to DA neurons of the nigrostriatal tract, while PD is 

a multisystemic disorder, in which catecholaminergic, cholinergic and serotonergic 

neurotransmitter systems in the central and autonomic nerve system are affected 

and contribute to the behavioral symptoms especially in advanced stages. 

Another important aspect, which might have confounded the behavioral outcome of 

our studies, is the diffusion of the 6-OHDA within the striatum. We chose our 

targets for injection of 6-OHDA in the striatum according to an article by Voorn and 

colleagues, in which the in- and outputs of striatal regions with respect to the BG 

loops were thoroughly described (Voorn et al., 2004). However, although we 

showed a significant loss of DA fibers in the dorsolateral striatum, the lesions were 

not always confined to the designated region since they are not surrounded by 

anatomical restraints, such as fiber bundles. Additionally, different approaches and 

injection sites are used when executing partial bilateral 6-OHDA lesions of the 

striatum, which complicates the interpretation of the lesion effects with regard to 

different BG loops and the comparison between studies (Dunnett and Lelos, 2010; 

Spieles-Engemann et al., 2010). With that regard, several workgroups even 

neglect the nowadays widely accepted differentiation of the dorsolateral and 

dorsomedial striatum as entrance regions for the different BG loops and 

concomitant behavioral functions, which confounds the clear assignment of 

behavioral alterations to motor, associative, and limbic BG domains (Hauber and 

Schmidt, 1994; Devan and White, 1999; Branchi et al., 2008; Tadaiesky et al., 

2008). Consequently, so far, only few studies investigated the effects of selective 

dorsolateral striatal lesions and corresponding disturbances in the BG motor loop 

on behavior. The introduction of a common nomenclature would help to prevent 
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ambiguous interpretations of study outcomes and would allow a better comparison 

of studies.  

Further confounds for the interpretation of behavioral findings observed in PD rat 

models are anatomical differences of the brain structures compared to primates. 

Because of its small size and because of the extension of dendrites across almost 

the whole nucleus and more frequent formation of collaterals, the rat STN is only 

roughly divided in a medial limbic-associative and a lateral sensorimotor 

anatomical domain, whereas in the primate STN subregions for motor, associative 

and limbic function are differentiated (Hamani et al., 2004; Temel, Blokland, et al., 

2005). Stimulation of different STN subregions in the rat is therefore less likely 

confined to one of the BG loops.  

It was however shown that even in the rat STN there is no complete overlapping of 

neuronal activity after stimulation of cortical regions belonging to different 

behavioral domains (Kolomiets et al., 2001). Even if the stimulation electrodes 

used in rodents are bigger in relation to the STN compared to the electrodes used 

in primates, our bipolar electrode design clearly allows stimulating a restricted area 

between the electrode tips. Smaller electrodes could provide the possibility to 

stimulate different STN subregions even in the rat. In future studies we plan to 

differentiate between the behavioral effects of stimulation of the lateral or medial 

STN. With that regard, the possibility of direct manipulation of the nervous system 

by photostimulation with high temporal and spatial precision via glass fibers may 

enhance our possibilities to confine stimulation to small targets in the rat brain 

(Szobota and Isacoff, 2010; Yang et al., 2011).  

Another aspect often neglected in animal research is the fact that in humans DBS 

is a chronic treatment and most likely plastic changes over time contribute to some 

of the benefits but also to some of the side effects (Spieles-Engemann et al., 

2010). Most experimental studies so far investigated the effects of acute STN DBS 

on behavior (Temel, Visser-Vandewalle, et al., 2005; Baunez et al., 2007; Li et al., 

2010; Brown et al., 2011). The development and usage of methods for chronic 

stimulation in freely moving rats, as used in our studies, would likely enhance the 

comparability between the application of STN DBS in rat PD models and patients 
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with PD (Maesawa et al., 2004; Temel, Visser-Vandewalle, et al., 2006; Harnack et 

al., 2008). The direct comparison between acute and chronic stimulation with 

regard to both positive and negative behavioral effects and their impact on 

neuronal plasticity would be important to further elucidate the mechanisms of DBS. 

The effects of STN DBS on neuropsychiatric disturbances related to sensorimotor 

gating, e.g., hallucinations and delusions, are relevant with regard to the possible 

influence of STN DBS on impulse control disturbances in patients with PD, e.g., 

pathological gambling and compulsive buying (Broen et al., 2011). Since DA 

overactivity is associated with a higher risk for impulse control disorders, the 

beneficial effects reported after STN DBS might be attributed to the reduction of 

DA treatment. On the other hand, negative effects after STN DBS have been 

reported, which may be related to modulation of inhibitory processes by STN DBS 

during high conflict situations (Broen et al., 2011; Demetriades et al., 2011). 

However, with regard to the possibility to model impulse control disorders, Temel, 

Visser-Vandewalle and colleagues (2005) showed increased premature responses 

in a reaction time task in the bilateral 6-OHDA rat model. Bilateral STN DBS at 3 

µA normalized the premature responding. This study indicates that the 6-OHDA rat 

model may be used to investigate behavioral disturbances in PD patients and its 

manipulation by STN DBS (Dunnett and Lelos, 2010; Spieles-Engemann et al., 

2010).   

The effect of continuous DBS on risk behavior has not been investigated in the 6-

OHDA PD rat model, yet. For the investigation of behavioral aspects, which are 

related to risk behavior recently a rat gambling task has been described, which is 

similar to the assessment of these behavioral disturbances in patients (Zeeb et al., 

2009). In this paradigm on each trial animals chose from four options, which were 

associated with different amounts of rewards combined with different probabilities 

of punishing timeouts, during which reward could not be earned. High amount of 

reward was combined with high probability of time out and vice versa. The rats had 

a limited amount of time to maximize the number of pellets obtained. The schedule 

was designed so that one choice was optimal in terms of reward earned per unit 

time. After a certain training time the animals tend to the optimal choice (Zeeb et 
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al., 2009). The investigation of DBS effects on risk behavior in the rat gambling 

task will be one of our next steps.  

Because of the ongoing discussion of information integration from different BG 

loops in the rat STN we investigated in our third study whether selective 

nigrostriatal lesions of the dorsolateral striatum would differentially affect neuronal 

activity and discharge patterns in the lateral motor and medial associative-limbic 

parts of the rat STN. Overall, our recordings of neuronal activity in the rat STN 

showed differences in discharge activity and patterns between medial and lateral 

regions, but selective 6-OHDA lesions of the dorsolateral striatum had similar 

effects on either subregion of the STN, supporting a strong integration of neuronal 

information between the different BG loops in rats. However, it remains open 

whether manipulation of STN subregions in this rat model, either by lesions or by 

DBS would have a different impact on behavior attributed to the BG motor or 

associative-limbic loop. We also plan to stimulate striatal subregions, e.g., 

dorsolateral (motoric), dorsomedial (associative), and ventral striatum (limbic), 

while recording the neuronal activity in the medial and lateral STN to further 

investigate the possible interaction between BG loops.  

Numerous methodological issues confront clinical research on non-motor aspects 

in PD patients, e.g., small sample sizes, marked differences in age, and 

concomitant pathologies. Even if the use of 6-OHDA as a rat model of PD has 

some restrictions, a wide range of pathophysiological aspects can be addressed, 

which are equivalent to those in humans (Baunez et al., 2007; Branchi et al., 2008; 

Tadaiesky et al., 2008; Gubellini et al., 2009; Dunnett and Lelos, 2010; Spieles-

Engemann et al., 2010). Therefore, these models are a valuable tool for basic 

behavioral research and can help to identify possible goals for clinical studies. 
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7 Summary 

 

Christoph Lindemann 

 

Deep brain stimulation in a rat model of Parkinson’s disease: 

behavioral and electrophysiological measures 

 

Parkinson’s disease (PD) is a common neurodegenerative disorder within the 

elderly population with cardinal motor symptoms including bradykinesia, rigidity, 

tremor, and postural instability. The degeneration of dopamine (DA) neurons in the 

substantia nigra pars compacta (SNpc) leads to depletion of DA in the putamen, 

the input structure of the basal ganglia (BG) motor loop, and imbalances in 

neuronal network activity, which can be measured as increased neuronal 

frequency discharge rate and burst activity, together with enhanced beta band 

oscillations in the subthalamic nucleus (STN) and other BG components. In 

advanced stages of the disease DA replacement therapy leads to fluctuations and 

dyskinesias, which are nowadays effectively treated by high frequency deep brain 

stimulation (DBS) of the STN or the globus pallidus internus. Recently, more 

attention has been paid to non-motor behavioral and psychiatric disturbances 

caused by PD itself, by DA medication or by DBS.  

Bilateral 6-hydroxydopamine (6-OHDA) injection into the dorsolateral rat striatum, 

i.e., the rat equivalent of the putamen in humans, leads to retrograde degeneration 

of DA neurons in the SNpc. In a first approach we behaviorally tested rats with 6-

OHDA-induced lesions for learning and memory, and for motivation. Additionally, 

we tested these rats for deficient sensorimotor gating, measured as prepulse 

inhibition (PPI) of the acoustic startle response, induced by the DA receptor agonist 

apomorphine and the N-methyl-D-aspartate-receptor antagonist dizocilpine. This 

model is often used as an endophenotype for certain neuropsychiatric symptoms. 

Rats with 6-OHDA lesions showed learning deficits and marginal motivation 

deficits. They also showed enhanced sensitivity for a dizocilpine-induced PPI 
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deficit, while the PPI deficit induced by apomorphine was not affected by the 

lesion.  

We concluded that the PD rat model with bilateral 6-OHDA lesions may be used to 

investigate certain aspects of psychiatric disturbances in PD. In a second approach 

we therefore investigated the effect of STN DBS on deficient PPI induced by the 

DA receptor agonist apomorphine. We found a lesion-independent beneficial effect 

of continuous bilateral STN DBS on PPI. However, in combination with low dose 

DA medication, as it is usually applied in PD after DBS, it rather worsened 

sensorimotor gating, which suggests that STN DBS interacts with DA action. With 

respect to functional neurosurgery, STN DBS may improve certain aspects of 

psychiatric disturbances, but may have a different impact when combined with DA 

treatment.  

The STN is not only regarded a key structure in the BG motor loop, but also 

comprises areas of the BG associative and limbic loops, which could account at 

least partially for the behavioral effects seen in the previous studies. In a third 

approach we therefore investigated, whether neuronal activity would differ between 

the medial STN associative-limbic part and the lateral motor part, and whether 

selective 6-OHDA lesions of the dorsolateral striatum, the entrance region of the 

BG motor loop, would have a different effect on these subregions. In sham-

lesioned controls the neuronal discharge rate and burst activity was higher in the 

lateral compared to the medial STN. After 6-OHDA lesions the burst activity was 

enhanced with no difference in the medial and lateral STN. Similar effects were 

found for other neuronal activity measures. In addition, in 6-OHDA-lesioned rats 

the oscillatory alpha and beta band activity was enhanced, with no difference 

between the medial and lateral STN. In summary, we found important differences 

of neuronal activity between the associative-limbic and the motor part of the STN, 

indicating a functional segregation of this region. However, selective 6-OHDA-

induced lesions of dorsolateral striatum similarly affected STN subregions, 

indicating that manipulation within the BG motor loop is integrated with the other 

loops, either within the STN itself or upstream of this region. 
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8 Zusammenfassung 

 

Christoph Lindemann 

 

Tiefe Hirnstimulation im Rattenmodell der Parkinson Erkrankung: 

Verhaltens- und elektrophysiologische Messungen 

 

Die Parkinson Erkrankung ist eine in der älteren Bevölkerungsschicht häufig 

auftretende neurodegenerative Erkrankung, die hauptsächlich durch motorische 

Symptome wie Bradykinese, Rigor, Tremor und posturale Instabilität 

gekennzeichnet ist. Die Degeneration von dopaminergen Neuronen in der 

Substantia nigra pars compacta (SNpc) führt bei dieser Erkrankung zu einem 

Mangel an Dopamin (DA) im Putamen, der Eingangsstruktur der motorischen 

Basalganglienschleife und zu einer abnormen neuronalen Netzwerkaktivität, die 

sich in einer erhöhten neuronalen Entladungsfrequenz und Burst-Aktivität sowie 

verstärkten Oszillationen im Betafrequenzband des Nucleus subthalamicus (STN) 

und anderen Komponenten der Basalganglien widerspiegelt. In fortgeschrittenen 

Stadien der Erkrankung führt die zunächst verwendete DA-Ersatztherapie zu 

Fluktuationen der motorischen Symptome und zu Dyskinesien, die heute effektiv 

durch die hochfrequente tiefe Hirnstimulation (THS) des STN und des Globus 

pallidus internus behandelt werden. In der letzten Zeit haben allerdings nicht-

motorische Störungen des Verhaltens und der Psyche, die entweder durch die 

Krankheit selbst, durch DA-substituierende Medikamente oder durch THS 

verursacht werden können, mehr Aufmerksamkeit erhalten. 

Die bilaterale Injektion von 6-Hydroxydopamin (6-OHDA) in das dorsolaterale 

Striatum der Ratte, welches dem Putamen des Menschen entspricht, führt zu einer 

retrograden Degeneration der dopaminergen Neurone in der SNpc. In einem 

ersten Ansatz haben wir bei 6-OHDA-lädierten Ratten das Lernverhalten und 

Gedächtnis sowie die Motivation getestet. Weiterhin haben wir bei diesen Ratten 

eine pharmakologisch induzierte, gestörte Informationsverarbeitung nach Injektion 

des DA-Rezeptor-Agonisten Apomorphin oder des N-Methyl-D-Aspartat-Rezeptor-
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Antagonisten Dizocilpin gemessen, welche durch eine verminderte 

Präpulsinhibition (PPI) der akustischen Schreckreaktion operationalisiert werden 

kann. Solch eine gestörte Informationsverarbeitung gilt als Endophänotyp für 

verschiedene neuropsychiatrische Symptome bei Personen mit Schizophrenie 

oder Zwangsstörungen. Ratten mit 6-OHDA-Läsionen zeigten Lerndefizite und 

geringfügige Motivationsdefizite. Zudem zeigten sie eine erhöhte Empfindlichkeit 

für ein Dizocilpin-induziertes PPI-Defizit, während 6-OHDA-induzierte Läsionen 

keine Auswirkungen auf das Apomorphin-induzierte PPI-Defizit hatten. Wir 

folgerten daraus, dass das Rattenmodell der Parkinson Erkrankung mit bilateralen 

6-OHDA-Läsionen verwendet werden kann, um bestimmte Aspekte psychischer 

Störungen, die bei der Parkinson Erkrankung auftreten, zu untersuchen. 

In einem zweiten Ansatz untersuchten wir daher die Wirkung von STN THS auf 

eine, durch den DA-Rezeptor-Agonisten Apomorphin induzierte, verminderte PPI. 

Wir fanden einen von der Läsion unabhängigen, positiven Effekt der bilateralen 

STN THS auf die PPI. Allerdings verschlechterte sich die Informationsverarbeitung 

bei Kombination von STN THS mit niedrig dosierter DA-Medikation, wie sie in der 

Regel bei der Parkinson Erkrankung während der THS verabreicht wird. Die STN 

THS interagiert demnach mit den Effekten der DA-Medikation. In Bezug auf die 

funktionelle Neurochirurgie kann STN THS zu einer Verbesserung verschiedener 

Aspekte psychiatrischer Störungen führen, kann aber scheinbar auch eine 

gegenteilige Wirkung haben, wenn sie mit dopaminerger Therapie kombiniert wird. 

Der STN wird nicht nur als eine der wichtigsten Strukturen der motorischen 

Basalganglienschleife angesehen, sondern umfasst auch Bereiche der 

assoziativen und limbischen Basalganglienschleifen, was zumindest teilweise die 

Auswirkungen auf das Verhalten in den zuvor beschriebenen Studien erklären 

kann. In einem dritten Ansatz haben wir daher untersucht, ob sich die neuronale 

Aktivität zwischen dem medialen, assoziativ-limbischen Anteil und dem lateralen, 

motorischen Anteil des STN unterscheidet und ob selektive 6-OHDA-Läsionen des 

dorsolateralen Striatums, dem Eingangsbereich der motorischen 

Basalganglienschleife, unterschiedliche Auswirkungen auf diese Anteile haben. In 

den scheinlädierten Kontrollen waren im lateralen STN die neuronale 
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Entladungsrate und Burst-Aktivität im Vergleich zum medialen STN höher. Nach 6-

OHDA-Läsionen war die Burst-Aktivität erhöht, allerdings ohne Unterschied 

zwischen dem medialen und dem lateralen STN. Ähnliche Effekte wurden auch für 

andere Parameter der neuronalen Aktivität gefunden. Darüber hinaus zeigten 6-

OHDA-lädierte Ratten erhöhte Oszillationen im Alpha- und Betafrequenzband, 

wobei kein Unterschied zwischen dem medialen und dem lateralen STN bestand. 

Zusammenfassend fanden wir wichtige Unterschiede in der neuronalen Aktivität 

zwischen dem assoziativ-limbischen und dem motorischen Anteil des STN, was 

auf eine funktionale Trennung dieser Regionen hinweist. Allerdings hatten 

selektive 6-OHDA-induzierte Läsionen des dorsolateralen Striatums ähnliche 

Auswirkungen auf die STN Teilregionen, was darauf hinweist, dass eine 

Manipulation innerhalb der motorischen Basalganglienschleife auch in den 

anderen Schleifen integriert wird, entweder innerhalb des STN selbst oder in 

Hirnregionen, die dem STN vorgeschaltet sind. 
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10 Appendix 

A. Thionine staining 

  1 | 100% ethanol 3 min 

  2 | 90% ethanol 3 min 

  3 | 80% ethanol 3 min 

  4 | 70% ethanol 3 min 

  5 | 50% ethanol 3 min 

  6 | H2O bidest  2-3 min 

  7 | Thionine solution 75-90 sec 

  8 | H2O bidest 2-3x dipping 

  9 | 70% ethanol 3 min 

10 | 80% ethanol 3 min 

11 | 90% ethanol 3 min 

12 | 100% ethanol 3 min 

13 | Roti-Histol®/100% ethanol (1:2) 5 min 

14 | Roti-Histol® 5 min 

15 | Roti-Histol® 5 min 

16 | cover with Vitro-clud® 

 

Thionine solution: 100 mL 1 M acetic acid 

  (5.7 mL 100% acetic acid ad 100 mL H2O bidest) 

  36 mL 1 M NaOH 

  (4 g NaOH platelets ad 100 mL H2O bidest) 

  ad 1 L H2O bidest 

  heat to 60-70 °C 

  1.25 g thionine (Sigma-Aldrich) 

  mix 1 h, filtrate hot 

  store at 60 °C, cool down and filtrate before usage 
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B. Hemalum/Eosin staining according to Mayer (20 µm cryosections) 

  1 | 100% ethanol 5 min 

  2 | 100% ethanol 5 min 

  3 | 95% ethanol 2 min 

  4 | 70% ethanol 2 min 

  5 | H2O bidest  3 min 

  6 | Hemalum solution 8 min 

  7 | warm running tap water 10 min 

  8 | H2O bidest  2-3x dipping 

  9 | 96% ethanol 10x dipping 

10 | Eosin Y solution 1 min 

11 | 96% ethanol 5 min 

12 | 100% ethanol 5 min 

13 | 100% ethanol 5 min 

14 | Roti-Histol®/100% ethanol 5 min 

15 | Roti-Histol® 5 min 

16 | Roti-Histol® 5 min 

17 | cover with Vitro-clud® 

 

Hemalum solution: dilute “Mayers Hämalaun” (Merck) 1:2 with PBS 

 

Eosin Y stock solution (1%): 10 g Eosin Y 

 200 mL H2O bidest 

 800 mL 95% ethanol 

 

Eosin Y solution (0.25%): 350 mL stock solution 

 750 mL 80% ethanol 

  5 mL glacial acetic acid 

  store at room temperature 
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PBS / H2O2 / methanol 10 min 

  8 mL PBS 

  1 mL H2O2 (30%) 

  1 mL methanol 

 

BSA / PBS / Triton 10 min 

      1 g    BSA 

  100 mL PBS 

  300 µL  Triton 

 

DAB / NAS / H2O2   

    20 mL   PBS 

      1 tab DAB 

      2 mL   NAS 

      7 µL    H2O2 (30%) ≈ 0,01 % 

   

 

C. Tyrosine hydroxylase staining 

  1 | wash in PBS (if brain slices were stored in antifreeze solution) 3 x 5 min 

  2 | destroy endogenous peroxidases 

 PBS / H2O2 / methanol 10 min 

  3 | wash in PBS 3 x 5 min 

  4 | incubate primary antibody over night 

 „Anti-TH, monocl. mouse“ 

 0.2 µL / 1mL ≈ 1:5000  diluted in BSA / PBS / Triton 

  5 | wash in PBS 3 x 5 min 

  6 | incubate secondary antibody 1 h 

 „polycl. rabbit-anti-mouse biotinyl.“ 

 5 µL / 1mL ≈ 1:200  diluted in BSA / PBS / Triton 

  7 | prepare ABC-standard-kit  

 1 µL / 1mL ≈ 1:1000  diluted in PBS 

  8 | wash in PBS 3 x 5 min 

  9 | formation of the avidin-biotin complex 

 transfer brain slices in prepared ABC-standard-kit 1 h 

10 | wash in PBS 3 x 5 min 

11 | oxidation of DAB by HRP (horseradish peroxidase) 

 transfer brain slices in DAB / NAS/ H2O2 ca. 2 min 

 !CAVE! reaction starts with addition of H2O2 

12 | wash in PBS 3 x 5 min 

 

solutions (depending on the amount of brain slices, 2-5 mL per well) 

BSA: bovine serum albumin; NAS: nickel (II) ammonium sulfate; 

PBS: phosphate buffer saline; DAB: 3,3'-diaminobenzidine 
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D. Solutions for histological preparations 

Phosphate buffer saline 0.01 M (PBS):  9.55 g PBS powder (w/o Ca/Mg; Dulbecco) 

  ad 1 L H2O bidest 

  adjust pH to 7.6 

 

Gelatin for slide coating: 3.5 g gelatin powder 

 ad 500 mL H2O bidest 

 1.4 mL chrome alum 

 few crumbs thymol (inhibition of bacteria) 

 mix at 50 – 60 °C 

 cool down and filter before usage 

 

Antifreeze solution for brain slice storage (2 L): 600 mL glycerol 

 600 mL ethylene glycol 

 800 mL PBS 

 

Paraformaldehyde for brain perfusion (4%): 10 g Paraformaldehyde 

 ad 250 mL PBS 

 mix at 60-70 °C 

 wait for clarity of the solution 

 cool down and filter before usage 

 check pH-value (7.4) 
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