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ABSTRACT 

The Lateral Habenula (LHb) have been implicated in both reward-seeking 

behavior and in depressive disorders due to its modulatory effects on 
dopamine rich areas. Excitatory projections from LHb target GABAergic 

interneurons of both ventral tegmental area (VTA) and rostromedial 
tegmental nucleus (RMTg) and consequently provide strong inhibition on 

VTA‟s dopaminergic neurons. These reward related signals are provided to 
LHb from distinct neuronal populations in internal Globus Pallidus (GPi). 

Here by using a dual viral combination of an adeno-associated helper virus 
(AAV) and a genetically modified rabies virus that displays specific 

transsynaptic retrograde spread we are providing anatomical evidence for 
a strong innervations of the LHb by VGLUT2+ glutaminergic and SOM+ 

GABAergic GPi neurons. Our results provide the first direct evidence for 
both an excitatory and an inhibitory projection from GPi to the LHb. Given 

the importance of the LHb as a modulatory nucleus of the dopaminergic 
system, the definition of its connectivity and function will give valuable 

insights in the understanding of both reward-seeking behavior and 

depressive disorders. 
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SAMMANFATTNING 

Lateral habenula (LHb) är känd för att vara en viktig hjärnregion för både 

belönande och depressiva beteenden på grund av dess starka influens på 

dopamin-rika områden i hjärnan. Exitatoriska signaler från LHb innerverar 

GABA-neuron i både ventral tegmental area (VTA) och rostromedial 

tegmental nucleus (RMTg) och detta ger en stark inhibitorisk effekt på 

dessa områden. Dessa belöningsrelaterade signaler skickas till LHb från en 

distinkt population av neuron i internal Globus Pallidus (GPi). Med hjälp av 

två genetiskt modifierade virus, adeno-associated virus (AAV) och rabies, 

har vi kunnat kartlägga synaptisk konnektivitet mellan LHb och GPi. Vad vi 

har funnit visar på både exitatoriska, VGLUT2+ neuron, och inhibitoriska, 

SOM+ neuron, signaler skickas från GPi till LHb. Med tanke på LHbs 

viktiga roll som en modulerande signal för dopaminutsöndring i hjärnan, 

är dess konnektivitet till andra hjärnregioner avgörande för fortsatt 

forskning kring både belöningssystem och depressiva sjukdomstillstånd.   
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1    Introduction 

Nerve cells (neurons) are the building blocks of brain circuits; among 
them the dopaminergic and the serotonergic ones are essential for the 

production of the two basic neurotransmitters in the brain, dopamine and 

serotonin. They are linked with reward motivated behaviors but also with 
movement and mood disorders. Such disorders are Parkinson disease, 

attention deficit syndrome, drug addiction, depression etc. Those are 
induced by deficiency or abundance of the respective neurotransmitter.  

There are several regions in the brain that have been implicated with 

these conditions. In this particular study, the lateral habenula nucleus 
(LHb) will be the main aspect of interest. Habenular nuclei together with 

the pineal body form the epithalamic structure. The lateral habenula have 
been characterized as the ‟‟crossroad between the basal ganglia and the 

limbic system‟‟ (Hikosaka et al., 2008), playing a pivotal role in decision 
making, reward and mood related behaviors. The lateral habenula is 

considered as a modulatory region that has received a lot of scientific 
attention. The connectivity patterns between specific neurons in the LHb 

and in the basal ganglia are going to reveal a circuit map and will help us 
understand the neural networks in critical brain regions. 

The experimental model used in this study was the laboratory mouse. 

Mouse genes have a great homology with the human genes. Mice are 

possible to be manipulated conveniently, offer great potential for 

behavioral studies and are considered as the ideal model in research 

aiming to reveal the “connectome” in neural circuits. Subsequently they 

can be used as the tools to interpret the human brain networks. 

In the particular study two methods were followed, histological analysis 

and behavioral experiments. More precisely, for the histological analysis 

immunocytochemical visualization techniques along with tracing of neural 

pathways were executed. For the behavioral experiments, optogenetics 

techniques that will be further explained at the respective chapter were 

utilized. The experimental sequence used was as follows. First the mice 

were stereotaxically injected with genetically modified neurotropic viruses 

in specific brain regions to trace the respective neuronal pathways. The 

injected mice were subjected to place preference (PP) experiments. In 

order to manipulate mouse behavior we used optogenetic techniques.  

Subsequently, mice were perfused and their brains were dissected and 

sectioned. In order to identify specific neuronal populations, we performed 

immunohistochemical techniques with specific antibodies. The histological 

analysis was performed by utilizing fluorescence microscopy. Specific 

neuron subtypes were identified, quantified and characterized. In this way 

we were able to dissect the neuronal circuit of interest and an assessment 

of the connectivity was rendered possible. A detailed description of the 
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methods followed, as well as the results obtained will be presented in the 

respective chapters. 

1.1   Brain circuits 

In the brain, neurons always work together by forming neural circuits 
responsible for certain functions. Neuroscience is the scientific study that 

focuses on the nerve system, central (CNS) and peripheral (PNS) and the 
last frontier of neuroscience research of the former, is to manage to 

interpret brain networks by focusing on specific neuronal populations. 
Those billions of interconnected neurons compute information, induce 

motor behavior, promote senses, cognition and when malfunctioning they 
cause psychiatric disorders (Kandel, 2000).   

Circuits represent the connections between neurons that, when they 

receive electrochemical information induced by some kind of a stimulus, 
they communicate with other neuron clusters and trigger interconnection 

sequences for information processing (e.g. of a brain network see figure 
1). To conclude, brain circuits comprise different nuclei and integrate 

signals generating certain outputs (Tau and Peterson, 2010). In the 
following chapter the neural circuit of the lateral habenula (LHb) nucleus 

and its projections (neuronal axons targeting specific brain nucleus) will 
be presented thoroughly. 

 

Figure 1. Schematic diagram illustrating a brain circuit modified by Ash et al. 

(Ash et al., 2011). Dopaminergic projections (red) depicting the pharmacological 

targets for treatments of addiction. ADH, antidiuretic hormone; AMG, amygdala; Arc, 

arcuate hypothalamic nucleus; Cb, cerebellum; CPu, caudate putamen (striatum); DA, 

dopamine; GABA, gamma-aminobutyric acid; Glu, glutamate; HIP, hippocampus; NAc, 

nucleus accumbens; NA, noradrenaline; PFC, pre-frontal cortex; VTA, ventral tegmental 

area. 

1.2    The brain reward system 

Brain reward system is of exceptional importance, it is built by several 

neural structures in the brain and utilizes for its function the 
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neurotransmitters dopamine and serotonin. Most behavioral patterns, 
including motivation, psychiatric diseases and drug addiction are 

associated with the abundance or deficiency of those particular 
neurotransmitters in the human brain (Wise and Rompre, 1989).    

Animals are considerably simpler models in order to investigate those 
systems and understand the mechanisms behind them. This is achieved 

with experiments associated with reinforcement learning conditions. The 

latter means that the subject on trial (agent) learns from the 
consequences of its actions and not by just being taught what is right or 

wrong. Those are the ways to trigger the reward system mechanisms that 
we will focus on for the rest of this particular chapter. 

“Reward‟‟ as a scientific term utilized in preclinical experiments, depicts 

the positive sense the agent confers to an item, accompanied with 
modifications in physical state or some kind of characteristic behavioral 

act.  In reinforcement learning, a type of reward-associated experiment, a 
certain stimuli will induce behavioral acts depending on the acquisition or 

not of an appetitive rewarding item (Schultz et al., 1997). 

1.2.1    Dopamine and reward 

Dopamine (DA) release arises with bursts of firing known as phasic 

activation after the acquisition of a usually appetitive reward (Schultz, 
2007). DA is a neurotransmitter on which reward seeking activities, 

motivation and motor behaviors are based. For this reason understanding 

the neural circuits responsible for its release is of great importance 
(Schultz, 2002). Among the eight dopaminergic pathways that have been 

identified in the brain, the ventral tegmental area (VTA) is the most well 
studied (Cachope and Cheer, 2014). Dopaminergic neurons in the VTA 

transmit DA to the cerebral cortex and other brain regions and are 
considered the modulators of DA release in the CNS.   

The basic principle of the experiments being performed is to interpret the 

dopamine release in correlation to reward acquisition. The animal 
associates a stimulus with a reward and predicts whether or not it is going 

to receive it. More precisely, when stimuli appear, dopaminergic neurons 
fire with their frequency depending on the predicted value of the expected 

reward. The firing is observed in the VTA that is a dopaminergic midbrain 
area composed of 70% of dopaminergic neurons, 28% inhibitory γ-

Aminobutyric acid (GABA) and a minor percentage of around 2% 
glutaminergic (Yamaguchi et al., 2007). Those neuronal populations 

project to the nucleus accumbens (NAc), the medial prefrontal cortex 
(mPFC) and the amygdala (Walsh and Han, 2014). The input nucleus that 

regulates the VTA activity is the GABAergic rostromedial tegmental 
nucleus (RMTg). The RMTg provides strong inhibition on DA neurons of the 

VTA when it is included on the information pathway (Bourdy and Barrot, 

2012). 

 



4 

 

1.2.2    Serotonin and reward 

The serotonin is a monoamine neurotransmitter that analogously to 
dopamine, has a critical modulatory ability and regulates a number of 

biological processes in the CNS. Also it has been implicated with 
psychiatric disorders that affect millions of people worldwide (Berger et 

al., 2009). The basic brain nucleus that is responsible for serotonin release 
in CNS is the raphe nucleus and this is divided in the dorsal and the 

median raphe (DR & MnR). In contrast to dopamine and reward relation, 
serotonin and reward is not a well-established system so far. 

During the last decades research has focused mostly on the dopamine 

neurons in the VTA whereas the serotonergic system mechanisms were 
neglected. Recent experiments have shown activation of serotonergic 

neurons due to a negative reward or aversive stimulus; more precisely 
they act as opponents to dopaminergic neurons that get activated for 

positive reward conditions (Daw et al., 2002, Cools et al., 2008). 
Nevertheless the most recent experiments (Liu et al., 2014) utilizing 

optogenetics, indicate a positive relation of serotonergic neurons firing 

and reward. 

The brain nucleus that projects and modulates information to the VTA, DR 

and MnR and its regulatory mechanisms remained elusive for many years. 
Nevertheless recent work by Paul D. Shepard has shown that this nucleus 

is the lateral habenula (LHb) and this brain area is the focus of the current 

research project (Shepard et al., 2006). Hence anatomy and function of 

LHb will be presented thoroughly. 

1.3    Lateral Habenula (LHb) 

1.3.1    Anatomy 

The name „„habenula‟‟ (Hb) derives from the Latin word habena that 

means rein because of its shape and location. It is presented as an 
extension of the pineal gland and it can be portrayed as small 

reins. Habenula nucleus comprises the lateral and the medial habenula, 
brain nuclei that are part of the epithalamus dorsal to the diencephalon. 

Regarding evolution, it is considered one of the most conserved brain 
regions and is found in all vertebrates (Hikosaka, 2010). 

It is positioned on both sides posterior of the third ventricle at the 

dorsomedial end of the thalamus and is symmetrically evolved in 
mammals in contrast to some vertebrates such as fish where asymmetry 

is observed. The latter is depicted in zebrafish experimental findings that 
correlate Hb asymmetry with neuronal organization and certain behavior 

patterns such as predator profiles and motor control (Dadda et al., 2010). 
The LHb has been neglected until recently, now it has become a hot 

research topic and has been associated with reward related functions by 
controlling both dopaminergic and serotonergic systems (Figure 2). 
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Input to LHb 

The primary input to the LHb is from the globus pallidus internus (GPi) 
which is one of the main output terminals of the basal ganglia. GPi is 

considered as the basal ganglia‟s instrument to control motor function. It 
targets the motor section of the thalamus with two pathways that are 

resulting in different movement types: innate and learned movement 
(Parent et al., 1999). And it is shown that modifications of GPi, induce all 

kinds of movement abnormalities (DeLong, 1971, Horak and Anderson, 
1984, Molinuevo et al., 2003). However, recent studies of neurons in GPi 

propose its connection not only with motor, but also with reward-seeking 
and emotional behaviors that entail motivation through LHb (Hikosaka et 

al., 2006, Lecourtier and Kelly, 2007) (Figure 4). 

 

Figure 2. Lateral Habenula (LHb) and Globus Pallidus (GPi) outlined in mouse 

brain. Section acquired by vibratome sectioning (image captured with bright 

field microscope in 10x objective). 

Lecourtier (2007) stated that axons projecting from GPi were observed in 

LHb. More data by Hikosaka laboratory propose GPi neurons projecting to 
the LHb, fire due to negative reward signals, establishing a link between 

the basal ganglia and the limbic system (Matsumoto and Hikosaka, 2007).   

In 2008 Hikosaka performed an experiment utilizing two monkeys 
(Macaca Mulatta). He used the antidromic stimulation method, in order to 

reveal the neuronal axons projecting from GPi to LHb. More precisely, two 
electrodes, one stimulating and one recording, were implanted unilaterally 

in GPi from the putamen and in LHb, respectively. Hence, neurons 
projecting from GPi were detected. Consequently monkeys were subjected 

to the behavioral task, a reward prediction task and the results indicated 

that the neurons were located on the borders of GPi (Hong and Hikosaka, 
2008). 
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Concerning the molecular characterization of GPi we know that, the basal 
ganglia output is mainly inhibitory (Rajakumar et al., 1994, Hikosaka, 

2007). Also, immunohistochemistry experiments have shown specifically 
that the GPi mainly consists of inhibitory neuron populations expressing 

GABAergic markers (Vincent et al., 1982, Oertel et al., 1984). In 2012, 
Shabel et al. performed experiments to test the existence of a 

glutaminergic neuron population in GPi (Shabel et al., 2012) projecting to 

the LHb, as suggested by previous behavioral experiments (Hong and 
Hikosaka, 2008). Utilizing electrophysiology and a viral tracing method 

similar to ours (our method will be analyzed later in the report); Shabel 
identified a glutaminergic neuron population indicating excitatory 

projections from GPi to LHb. Hence, both inhibitory and excitatory neuron 
populations are found in GPi, projecting to LHb (Shabel et al., 2012). 

Output 

The LHb projections and their influence on dopaminergic neurons regulate 
dopamine release. LHb efferent projections pass through fasciculus 

retroflexus (Herkenham and Nauta, 1979) to innervate neurons in the 
RMTg, VTA and DR. LHb neuronal populations are excited due to aversive 

motivational values or cues that predict failure to receive reward 
(Matsumoto and Hikosaka, 2009); the LHb sends glutaminergic 

projections to the RMTg GABAergic neuronal populations that convey 
information to the VTA (Goncalves et al., 2012) (Figure 5). 

In addition, the LHb has been proven to have projections to the raphe 

nuclei, responsible for the release of serotonin in the CNS (Wang and 
Aghajanian, 1977). Experiments performed by W.C. Stern, established 

that electrical activation of the LHb inhibits serotonin release in several 
regions (Stern et al., 1979). Furthermore, LHb activity is driven by 

aversive, discomfort stimuli, and induces inhibition to serotonergic nuclei, 
a fact that is caused by the synaptic connections of the LHb excitatory 

neurons to GABAergic interneurons in DR, that leads to serotonin release 
suppression (Nishikawa and Scatton, 1985). In a 2012 publication Bernard 

et al. described immunohistochemistry experiments on rats regarding LHb 
projections. By injecting a retrograde tracer the Fluoro-Gold (FG), he 

showed that the LHb projects to the VTA, DR and MnR. In the study, 

labeled neurons from the retrograde injections on DR and MnR were 
observed with different distributions to LHb sub-nuclei. Thus he 

established the connectivity between LHb and serotonergic system 
(Bernard and Veh, 2012). 

1.3.2    Reward-related behavior modulated by LHb 

Midbrain dopaminergic neurons in the VTA are considered the hallmark for 
the reward system and lead to reward-related activities. The experiments 

presented below, will introduce the link between LHb, VTA‟s DA neurons 
and activities associated with positive or negative reward predictions.  
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Figure 3. (a) experimental saccade conditions (b) Habenula and DA neurons 

activity graph, modified by Kimura et al. (Kimura et al., 2007). 

Hikosaka in 2007 performed experiments utilizing two adult monkeys 
(Macaca Mulatta). Experiments included oriented saccade (eye movement 

towards specific target) tasks, where correct saccade accompanied with a 
sound cue, meant the monkey will acquire reward. Monkeys were trained 

intensely before and for the actual behavioral task and electrodes were 
implanted in their brain, to electrophysiologically record the activity in 

habenula and DA neurons. Habenula neurons were excited after stimuli 
(sound cue) predicting that there will not be any reward. In contrast they 

were inhibited when a reward was predicted. In contradiction, dopamine 

neurons in VTA were observed to have completely opposite behavior to 
habenula neurons.  Critical recording data consisted of the temporal 

difference between the activity of DA and habenula neurons. Habenula 
neurons were observed to begin firing some milliseconds earlier than the 

DA neurons did, something that indicates information flow from LHb to DA 
neurons via VTA and highlights the importance of habenula neurons 

becoming activated, for the DA neurons to follow (Matsumoto and 
Hikosaka, 2007) (Figure 3). 

 

Figure 4. Neural Circuit diagram showing GPi Connection to LHb modified by 

Hong and Hikosaka (Hong and Hikosaka, 2008). Link between basal ganglia and 

limbic system. Excitatory connections are shown with arrows, modulatory with filled 
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circles and triangles (STR is the abbreviation of Striatum, the main GPi input (Flaherty 

and Graybiel, 1994)) . 

1.3.3    Aversion and LHb 

In order to interpret the LHb activation pattern, studies have focused on 
specific neuronal populations and described their activity while the subject 

undergoes behavioral experiments correlated with reward and punishment 
expectations. Experiments showed that aversive stimuli drive LHb 

activation that consequently targets aminergic nuclei (Lammel et al., 
2012, Stamatakis and Stuber, 2012). In 2009 at Hikosaka‟s laboratory, 

experiments associated with Pavlovian procedure exploiting monkeys were 
performed. The monkey went through trials with conditioned stimuli 

associated either with acquisition or not of either reward or punishment 
accordingly. There were two blocks, the reward and the punishment, and 

the conditioned sequence was an association of a stimulus with a certain 
outcome with equally distributed probabilities. The results indicated 

excitation of the previously identified LHb neurons, when the most 

aversive outcome was conditioned to appear, namely the absence of 
reward or the presence of punishment. Thus, it can be concluded that the 

LHb can be activated by aversive motivational values and reward 
prediction errors or punishment predictions (Matsumoto and Hikosaka, 

2009).   

From the experiments afore-described and the number of publications 
reviewed, it can be stated that the lateral habenula has a pivotal role in 

regulating dopamine and serotonin release from the VTA and the raphe 
nuclei respectively (Hikosaka, 2010, Bernard and Veh, 2012). 

1.3.4    Habenula and mental disorders 

There are a number of psychiatric disorders that LHb‟s activity has been 
implicated with, such as depression and drug abuse psychosis etc. 

Continuing exposure of the individual to pain and stress can and will cause 
depression. In affected individuals, hyperactivity of the LHb has been 

observed; a fact depicted in control rat experiments (Caldecott-Hazard et 

al., 1988). Also lesions on the LHb produce reduction of the behavioral 
traits and motor state of depression (Yang et al., 2008). Studies have 

shown that suppressed motivational behavior is the hallmark for 
depression. That is interpreted as a reduction of the metabolic rate in 

basal ganglia, a fact that means suppression of VTA‟s dopaminergic 
neurons (Soares and Mann, 1997). As stated above LHb regulates activity 

of the dopaminergic nucleus VTA. Specifically when the LHb is active, 
inhibition is driven to the VTA via its tail RMTg; hence the relation 

between depression and LHb activity is clarified.    

Nevertheless, depression is also linked with disturbances in circadian 
rhythm and sleeping disorders. The normality of those states is regulated 

by serotonin levels that are modulated by LHb activity. Thus it is clear that 
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disturbances in LHb activity will play a crucial role in sleep regulation, 
which is essential in depressive patients (Imeri and Opp, 2009). 

Moreover, additional disorders such as drug abuse psychosis etc are 

related to LHb activity. That is induced, from the neurotoxic effects that 
cocaine and similar drugs have to the habenular complex. These effects 

induce modifications on the inhibitory activity that habenula has on 
dopaminergic and serotonergic nuclei and precisely, on GABAergic neuron 

populations found at the RMTg, and on the raphe serotonergic nuclei 
(Ellison, 1994). 

 

 

 

 

 

 

 

 

 

 

Figure 5. Diagram of the LHb projections established nowadays. Globus Pallidus 

internus (GPi) provides input to Lateral Habenula (LHb) and LHb projects to Ventral 

Tegmental Area (VTA), Rostromedial Tegmental Nucleus (RMTg), Median Raphe nucleus 

(MnR) and Dorsal Raphe nucleus (DR). 

1.4    Experimental tools  

1.4.1    Genetically modified mice 

In this particular project transgenic mice that express Cre recombinase in 
particular neuronal populations were utilized. The introduction of Cre-

recombinase enzyme to the genome is a successful approach to 
recombine targeted DNA sequence in a tissue-specific manner (Sauer and 

Henderson, 1988). Cre recombinase recognizes specific sequences, the 
LoxP sites. Depending on their placement in the gene of interest, 

insertion/deletion or recombination takes place. The Cre-Lox system was 
utilized to express channelrhodopsins (ChRs) for optogenetic experiments 

during behavior and the receptor for the genetically modified rabies virus 

(the TVA receptor) for transsynaptic tracing experiments. 

In GPi two neuronal-subtype populations have been observed (Shabel et 

al., 2012). The first is the glutaminergic excitatory population that 
projects from GPi to LHb and expresses vesicular glutamate transporter 2 

(VGLUT2). The second is the GABAergic inhibitory population, which we 
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identify as the somatostatin (SOM) expressing cell subtype population. 
The Cre mice that were used for this study were the VGLUT2-Cre and the 

SOM-Cre. The Cre expression in these mice is driven by the promoters of 
the respective genes. 

1.4.2    Neurotropic viruses and tracing system 

Rabies virus 

Rabies is one of the most known and studied neurotropic viruses that 
infect the host‟s CNS. Although there are vaccines developed to prevent 

infection, unvaccinated individuals that get the virus, are prone to severe 
infection and even death. Nearly 50.000 to 60.000 deaths caused by 

rabies outbursts in developing countries are reported annually (WHO Fact 
Sheet No.99) (Schnell et al., 2010). 

The rabies is used as a tracer in research focusing on the neural systems. 

It has a short genome that provides simpler manipulation and in addition 
to its superior spreading ability is a valuable experimental tool. The rabies 

is a negative stranded RNA virus that has the characteristics of a 
neurotropic virus. More precisely, when injected in a brain region, the 

rabies infects neurons and has the ability to transverse transsynaptically 
from cell to cell and traces the information pathways between nuclei in 

neural circuits (Wickersham et al., 2007). The rabies envelope protein that 
is required for the transsynaptic spread in neurons but not for 

transcription of its genome is the rabies glycoprotein (RG). Removing the 
RG gene restricts the virus only to the initial cell that is infected, thus 

inhibiting the ability to spread (Osakada and Callaway, 2013). In the 

mutant rabies virus used in this study, the RG encoding gene has been 
substituted with the green fluorescent protein (EGFP) that will provide 

labeling of the desired neuronal populations.  

Adeno-associated virus  

For complementation of the mutant rabies virus with the required RG 
protein we used an adeno-associated (AAV) Cre-dependent virus that 

includes the RG gene. AAV infects all neurons in the injected region, but it 

has a special affinity for the Cre-positive neuronal populations, a fact that 
confers neuron-type specificity and targets the expression of rabies 

glycoprotein RG in the respective Cre+ neurons infected. The AAV virus 
used also contains the TVA receptor that the rabies virus requires to enter 

the cell (Sun et al., 2014).  

Tracing system 

In order to characterize the neuron populations anatomically we applied a 

dual viral combination of an AAV helper virus and a genetically modified 
rabies virus that displays specific transsynaptic retrograde spread. Firstly 

the AAV helper virus is injected in a specific brain region of the Cre mice 

and after three weeks when the expression of the two proteins RG and 
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TVA has been completed in Cre+ neurons, the rabies virus is  injected. 
The EnvA (envelope A) protein, which the pseudotyped rabies virus is 

coated with, binds to the TVA receptor expressed by the AAV on the 
membrane of the targeted cells. Thus the rabies virus can infect and label 

them green with the green fluorescence protein (EGFP). Once the rabies is 
in the neurons, due to the RG protein introduced, it can spread 

synaptically and label the pre-synaptic neurons (Figure 6).  

 

Figure 6. Experiment flow scheme of the tracing virus injections and mouse 

perfusion (brain fixation).  

In detail, the experimental paradigm is based on the Cre-dependent 

expression of a) the receptor (TVA) required for internalization of the 
rabies virus as well as b) the glycoprotein RG required for transsynaptic 

spread of the rabies virus. The receptor TVA and the glycoprotein RG are 
restricted to Cre-expressing neurons from the Cre-dependent AAV helper 

virus (AAV-DIO-TVA-RG-V5) (Figure 7). The AAV helper virus is also 

expressing the V5-tag that can be marked with the specific antibody, Anti-
V5 in order to identify the primary cell populations. The AAV-DIO-TVA-RG-

V5 virus is ensuring a strictly monosynaptic retrograde transport of the 
rabies virus to the upstream population. The communication develops 

retrogradly, thus it is possible to follow the neuron‟s axon, label the 
projecting neuron soma and the relevant population (Wall et al., 2010). 

 
Figure 7. Schematic diagram illustrating monosynaptic retrograde tracing of 

input to Cre expressing neurons, courtesy of Marie Carlén. Our experimental 

paradigm is based on Cre-dependent expression of I) the avian receptor (TVA) required 

for internalization of the rabies virus as well as II) the glycoprotein (RG) required for 

transsynaptic retrograde spread of the virus. a) The TVA and the RG are expressed from 

the adeno-associated virus AAV-DIO-TVA-RG in Cre-expressing neurons. b) The modified 

rabies virus is taken up by the TVA expressing (Cre+) neurons and new rabies particles 

are produced and retrogradly transported to the presynaptic input neurons. 
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1.4.3    Optogenetics 

Technique’s main idea 

All behavior patterns such as addictive, impulsive, reward seeking and 

other result from functional mechanisms in complex neural circuits. 
Techniques that allow controlling neuronal populations, such as electrodes 

in the brain, without cell-type specificity already existed. But the essential 
concept is to focus and control an exact population of neurons in the 

neuronal circuit while leaving the others intact. According to Nobel 
laureate Francis Crick „a method by which all neurons of just one type 

could be inactivated, while leaving all the others unaltered‟ (Crick, 1979)  
is required to deal with the extremely complicated brain neuron networks. 

This has been achieved with pharmacological and gene engineering 
approaches. The last couple of decades, a technique to manipulate with 

accuracy these circuits have been developed. A milestone was reached 

with the optogenetics discovery. Optogenetics rendered possible the 
manipulation of specific neurons subpopulations and met Crick‟s proposal, 

a technique that exploits microbe-based elements as tools to accomplish 
the requested outcome. 

Opsins and optogenetics tools 

Some decades ago, opsin proteins were discovered and it was not until 
2005 when they were first utilized in brain research (Boyden et al., 2005). 

Opsins are found in photoreceptor cells and two types of opsin families are 
characterized depending on the type of organism. Type I Rhodopsins 

come from algae, fungi and prokaryotes and type II are the mammalian 
opsins mainly involved in vision. Type I opsins are the ones used for 

optogenetics, because they comprise both light sensing and ion 
conduction abilities. In this study we used channelrhodopsins (ChR), in 

particular channelrhodopsin2 (ChR2). The ChRs have ion conduction-

regulating competence as being light-gated cation channels. The 
activation light peak wavelength of ChR utilized is in the range of 470-510 

nm, which corresponds to blue and green colors. The activation is induced 
by large inflow of positive ions due to delivery of light pulses which 

generates actions potentials. Furthermore, activation of these neurons is 
highly dependent on the light stimulation frequency utilized during 

experiments (Stuber et al., 2012, Liske et al., 2013). 

1.4.4    Electromagnetic radiation delivery 

After the required opsins have been inserted to the neurons, neural 

activation is possible. Activation is induced with the use of optical fibers 

lowered in the brain regions of interest. Depending on the respective 
optogenetics experimental application, light sources wavelength and 

frequency distribution can vary. It is known that in optogenetics 
experiments sharp wavelength edges on the light source spectrum is 

crucial to activate light-gated channels. Moreover, the temporal 
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distribution of the light pulses plays a pivotal role (frequency, Hz) (Yizhar 
et al., 2011).  

Laser light source is the ideal illumination tool for optogenetics 

applications. Laser source has minor divergence, limited spectral width, 
can perfectly match the activation wavelength peak and finally can be 

easily directed and turned not to interfere with the numerous minor 
components of the optogenetics system, such as beam splitters, power 

meters etc. The laser beam is applied on a device that consists of fiber 
optic cable and a couple of electrodes that are stereotaxically inserted to 

the brain of the animal on the brain region of interest rendering possible 
the manipulation of different neuronal populations (Fenno et al., 2011). 

1.5    Objectives 

The main objective of this study was to define the molecular heterogeneity 

of the inhibitory and excitatory projections from GPi to LHb. I aimed to 
generate a detailed anatomical map of the distribution of the two main 

neuronal subtypes in GPi that have projections to LHb. To achieve the 
comprehensive characterization of this circuit, I applied a dual tracing viral 

system based on the combination of transgenic mice and genetically 

modified rabies virus. I further applied immunohistochemical techniques 
including statistical analysis of the cell subtype population in order to 

determine the desired neuronal subtypes that form this pathway. 
Identifying of the connectivity pattern will provide insights into the 

understanding of particular reward seeking behaviors and mood disorders.  
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2.    Materials and Methods 

2.1    Animals and tissue preparation 

For this study we used 6 adult VGLUT2-Cre and SOM-Cre mice with 
weights of 25-30 grams. All procedures were completed in conformity with 

the Guidelines of the Stockholm Municipal Committee for animal 

experiments with the following sequence. Briefly, genotyping was 
performed in order for the appropriate Cre-positive mice to be selected for 

the experiments. Consequently for the anatomical characterization helper 
adeno-associated virus (AAV-DIO-TVA-V5-2A-GP) was injected in GPi and 

modified rabies virus (Rabies-SADΔG-EGFP) was injected in LHb in either 
the VGLUT2-Cre or the SOM-Cre transgenic mice as a retrograde tracer to 

reveal the synaptic connectivity. Dr.Lazaridis performed viral injections, at 
the coordination provided by Paxinos mouse brain atlas for the brain 

nuclei of interest (Paxinos et al., 2004). For the behavioral experiments 
AAV-DIO-hChR2-mCherry virus was injected in GPi in order to express to 

the specific cell population the desired opsin, in the particular situation the 
Channelrhodopsin2 (ChR2). Moreover, optical fibers were placed in LHb for 

light stimulation. Afterwards the mice were subjected to the place 
preference (PP) paradigm. Each mouse was placed in a cage that was 

divided in two equally sized compartments, and optogenetic stimulation of 

the GPi collaterals in the LHb was triggered in one of the compartments. 
Light stimulation was with blue light (447 nm) at 60 Hz (1 ms pulse). 

Aversion or preference associated with optogenetic stimulation was 
assessed by analyzing time periods spent in each compartment. 

Consequently, mice were perfused, and the brains were dissected. From 
that point I was responsible for the handling of the tissue as will be 

described at the respective methods part in detail. Firstly, I sectioned the 
brains in a vibratome and I acquired images with a fluorescence 

microscope to observe the virus injection site. Next, I proceeded to 
staining with specific antibodies, to mark the desired neuronal populations 

and map the neural networks in question. For the mapping I utilized 
confocal microscopy. I acquired images and the reconstruction and 

quantification of neuron populations was performed with the Fiji image 
analysis software (Kevin Eliceiri et al., ImageJ/Fiji, 2011).  

2.2    Methods description in detail 

Genotyping 

DNA was isolated from animals‟ tissue samples, either ears or tails that 
were obtained separately in eppendorf tubes. 

The following buffers were prepared and utilized for DNA isolation: 

Alkaline-lysis reagent, with concentration of 0.1 % NaOH and 0.000744 % 
Na2-EDTA 2H2O in distilled water to a final volume of 500 ml. 

Neutralization reagent, with concentration of 0.63 % in distilled water to a 
final volume of 500 ml. 

http://loci.wisc.edu/people/kevin-eliceiri
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Polymerase chain reactions (PCR) were performed on a thermal cycler 
device (BIO-RAD S1000), with an appropriate DNA amplification program. 

The reaction was carried out in a total volume of 20 μL; contain 1 μL of 
genomic DNA and the rest of the master mix that comprises Taq 

Polymerase, ddH20 and the desired Cre primers. All solutions were 
purchased from Northern Scientific. The amplified DNA was loaded in an 

agarose gel and run in electrical potential difference. Images of the gel 

were captured in an ultraviolet chamber. Thus it was possible to 
determine the genotype of the Cre animals and whether mice were 

positive or negative for the Cre gene.  

Tissue processing 

Post-fixed brains were washed 3 times with phosphate buffered saline 

(PBS) to remove the PFA and were kept in PBS until further processing. 
Each brain was cut in three blocks, anterior, middle and posterior, each 

containing the olfactory bulb-striatum, GPi - LHb and cerebellum - brain 
stem respectively. The middle block that encompassed the brain regions 

of interest was mounted on a Vibratome plate. The specifications set to 

the Vibratome machine (Leica VT1200C) were: amplitude value of 1.2 
mm, brain slice thickness of 60 μm and blade velocity of 0.5 to 1.00 

mm/sec. 

Sections were collected in two 24 wells-plates filled with PBS. One plate 

was used for slices that were planned to be immunostained and one for 

slices that were going to be mounted on microscope slides (MENZEL-
GLÄSER/SUPERFROST PLUS) directly for imaging without staining, to 

inspect the virus injection site. 

Immunohistochemical staining 

Buffers: Tris-buffered saline (TBS), containing 0.66 % Tris Base, 0.9 % 

Tris HCl and 0.1 % NaOH. TBS with 0.3 % Triton X-100 (VWR, PROLABO) 
(TBS-T) and 10x PBS purchased already prepared Sigma-Aldrich. Blocking 

solution containing 5 % normal donkey serum (filtered) in TBS-T. 

Protocol: 60 μm slices containing the GPi and the LHb were picked from 
the respective wells and used for staining. Slices were washed in vials 

filled with TBS-T for 2 hours on a shaker at a speed of 100 rpm and were 
then transferred in blocking solution for 1 hour. After blocking slices were 

transferred in vials containing, the 1 μL primary antibody (chicken Anti-V5 
and rat Anti-SOM) in 1 ml TBS-T and were left in room temperature (RT) 

for 4 hours, afterwards transferred to 4oC for incubation overnight. The 

next day, slices were washed 3 times in fresh TBS-T for 20 minutes each 
on a shaker. Slices were then incubated with the secondary antibodies 

conjugated with fluorescence markers Cy5 and Cy3. Those are fluorescent 
cyanine dyes in far-red and red color region respectively. The secondary 

antibodies utilized are Anti-Chicken Cy5 and Anti-Rat Cy3 with the same 
concentrations, and the sections were incubated overnight at 4oC. Slices 
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were again washed twice in TBS-T for 20 minutes, once in TBS for 20 min 
and finally in PBS where they were kept until mounting. Stained sections 

were mounted on microscope slides (MENZEL-GLÄSER/SUPERFROST 
PLUS) covered with 50 μL antifade reagent (life technologies; slow fade 

gold antifade) and finally covered with coverslips of 0,16 mm thickness 
(MENZEL-GLÄSER). 

 

Image 1. Mouse brain vibratome sectioning in Karolinska Institutet, Solna 

Image acquisition 

For injection site imaging we used a LEICA DM6000 B microscope. The 

microscope utilizes the HAMAMATSU DIGITAL CAMERA C11440 at 16 bit 
depth resolution with a theoretical pixel size of 0.64 μm. Images were 

acquired with the LAS AF software (LEICA application suite advanced 
fluorescence software). This allows the user to define manually the tile 

scan and adjust certain parameters such as brightness and contrast in 
order to obtain the desired image. Each slice was manually mapped to the 

corresponding coronal slice from Paxinos atlas and was imaged with a 10x 
zoom lens.  

 
Antibody stained sections were imaged with a confocal laser scanning microscopy 

(Zeiss LSM510 Meta) and image reconstruction and quantification was performed 
on Fiji software (Kevin Eliceiriet al., ImageJ/Fiji, 2011). The specific settings 

regarding the confocal image acquisitions were adjusted depending on the 
staining. 
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3.   Results 

3.1    Anterograde viral tracing of GPi-LHb pathway in 

VGLUT2-Cre and SOM-Cre mice 

In the VGLUT2-Cre and SOM-Cre transgenic mice that were stereotaxically 
injected with Cre dependent AAV-DIO-hChR2-mCherry, six serial sections 

of GPi were analyzed. The viral vector includes mCherry fluorophore 
(fluorescence protein), that confers red color to the neurons infected by 

the AAV. We identified afferent fibers from both VGLUT2-Cre and SOM-Cre 
GPi populations were found to travel through stria medullaris reaching 

habenular commissure from where they enter and innervate LHb. Within 
LHb both GPi populations were found to innervate the most lateral part of 

LHb throughout each antero-posterior extends (figure 8).  

Figure 8. Anatomical demonstration of LHb afferents from GPi. Representative 

confocal images showing injection sites of AAV-DIO-hChR2-mCherry virus in GPi (A and 

C) and LHb innervations from GPi (B and D) labeled cells in VGLUT2-Cre and SOM-Cre 

mice.  

3.2    Retrograde viral tracing of GPi-LHb pathway in VGLUT2-

Cre and SOM-Cre mice 

Helper virus and modified rabies were injected in GPi and LHb respectively 

(Figure 9 & 10 A, B). After the injections I identified and characterized the 
retrogradly labeled cells in the GPi. Furthermore, expression of the V5-tag 

is enabling us to identify and separate the primary infected population 
from the transsynaptically labeled input neurons.  
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Representative confocal images showing the injection site and virus 
expression in GPi as well as axonal terminals in LHb are shown in Figures 

9 and 10 C, D. After capturing images of serial sections in the confocal 
microscope, with the use of the appropriate software cell numbers were 

counted readily (Table 1, 2). For both the VGLUT2-Cre and the SOM-Cre 
mice labeled neurons were counted in two animals from serial sections 

containing GPi. In VGLUT2-Cre mice, 133 and 142 EGFP labeled cells were 

identified, from five slices per animal (animal 1 and 2, respectively), 
containing the whole GPi. The percentages of rabies infected cells that 

were also expressing V5 are 88 % ± 7.2 % and 70 % ± 11.3 %; mean ± 
SD cells for animal 1 and 2 respectively. In SOM-Cre mice 177 and 96 

EGFP labeled cells were identified, in five slices from animal 1 and three 
from animal 2, containing GPi. The percentages of rabies infected cells 

that were also expressing V5 were 73 % ± 4.7 % and 64 % ± 12.7 %; 
mean ± SD cells for animal 1 and 2 respectively. The statistical analysis is 

depicted in Graphs 1 and 2. These V5 co-localized neurons represent the 
LHb projecting GPi neurons directly labeled by uptake of the rabies virus 

from their terminals in LHb. The rest 12 % ± 8.3 %, 29 % ± 11.1 % for 
VGLUT2 animal 1 and 2  and 26% ± 4.7%, 35% ± 12.7%; mean ± SD 

cells for SOM animal 1 and 2 of the GFP labeled neurons is representing 
the input neurons that were labeled by transsynaptic transport of the 

rabies virus, indicating synaptic contact with the directly infected LHb-

projecting to GPi neurons. Moreover, in order to depict the specificity of 
the viruses utilized, I performed immunohistochemical staining for the 

SOM neuronal population, with Anti-SOM rat as primary antibody and 
Anti-rat Cy3 as secondary, apart from the V5 staining procedure that is 

described in the materials and methods part (Figure 10 I, J). 
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Figure 9. Specific retrograde labeling of GPi VGLUT2-Cre neurons following rabies injection in LHb with a two-vector 

system. (A) The two-vector system (AAV + rabies) for monosynaptic retrograde tracing of direct inputs to genetically defined populations 

of neurons. (B) Schematic showing the injection sites of AAV-DIO-TVA-V5-2A-RG in GPi and Rabies-SADΔG-EGFP in LHb in VGLUT2-Cre 

mice. (C) EGFP labeled axonal terminals in LHb. (D) Retrogradly labeled neurons in GPi (insert: higher magnification). (E-G) Identification 

of the primary infected VGLUT2+ population with V5 staining. 
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Figure 10. Specific retrograde labeling of GPi SOM-Cre neurons following rabies injection in LHb with a two-vector system. 

(A) The two-vector system (AAV + rabies) for monosynaptic retrograde tracing of direct inputs to genetically defined populations of 

neurons. (B) Schematic showing the injection sites of AAV-DIO-TVA-V5-2A-RG in GPi and Rabies-SADΔG-EGFP in LHb in VGLUT2-Cre 

mice. (C) EGFP labeled axonal terminals in LHb. (D) Retrogradly labeled neurons in GPi. E-F, Identification of the primary infected SOM+ 

population with V5 staining. (G-J) Demonstration of the virus specificity with V5 and SOM staining. 
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Graph 1. Bars depicting double labeled cell percentage in VGLUT2-Cre animals 

 
 

 
Table 1. VGLUT2-Cre animal 1 cell counts 

 

 

 

Table 2. VGLUT2-Cre animal 2 cell counts 

 

VGLUT2-Cre  
(slice nº) 

Rabies EGFP 
neurons 

EGFP+,V5+ 
neurons 

Percentage of 
double labeled 
neurons (%) 

nº1 35 28 80 

nº2 29 28 97 

nº3 41 32 78 

nº4 10 9 90 

nº5 18 17 94 

Average   88 

Standard 
deviation 

  8.36 

 

VGLUT2-Cre  
(slice nº) 

Rabies EGFP 
neurons 

EGFP+,V5+ 
neurons 

Percentage of 
double labeled 
neurons (%) 

nº1 32 28 88 

nº2 36 23 64 

nº3 32 19 59 

nº4 8 6 75 

nº5 33 22 67 

Average   70 

Standard 
deviation 

  11.08 
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Graph 2. Bars depicting double labeled cell percentage in SOM-Cre animals 

 

 

 
Table 3. SOM-Cre animal 1 cell counts 

 

 

 
Table 4. SOM-Cre animal 2 cell counts 

 
 

 

 

 

 

SOM-Cre 
(slice nº) 

Rabies 
EGFPneurons 

EGFP+, V5+ 
neurons 

Percentage of 
double labeled 

neurons (%) 

nº1 43 31 72 

nº2 56 38 68 

nº3 40 32 80 

nº5 21 16 76 

nº6 17 12 71 

Average   73 

Standard 
deviation 

  4.7 

SOM-Cre 
(slicenº) 

Rabies EGFP 
neurons 

EGFP+,V5+ 
neurons 

Percentage of 
double labeled 
neurons (%) 

nº4 69 51 74 

nº7 23 16 70 

nº8 4 2 50 

Average   65 

Standard 
deviation 

  12.7 

 



23 

 

 

3.3    Injection site inspection for behavioral experiments 

For the behavioral characterization of the GPi-LHb pathway the place 
preference paradigm (Figure 11 A), was performed in animals injected in 

GPi with AAV-DIO-hChR2-mCherry virus and implanted with optical fibers 
in LHb for both VGLUT2-Cre and SOM-Cre mice (Figure 11 B). Following 

the behavioral task mice were perfused and after the brains were 
processed images were acquired on the fluorescence microscope, to 

assess the injection and fiber implantation sites. In both VGLUT2-Cre and 
SOM-Cre mice, neuronal populations in GPi nucleus were clearly infected 

and there was an accurate implantation of the optical fibers (Figure 11 C, 
D, and E).  

     

     

Figure 11. (A) Schematic illustration showing the place preference behavioral box. (B) 

Schematic showing the injection and implantation sites of AAV-DIO-hChR2-mCherry and 

optical fibers in GPi and LHb, respectively. (C-E) Confocal images showing bilateral 

injection sites of AAV-DIO-hChR2-mCherry virus in the GPi, (C) insert shows higher 

magnification of GPi labeled cells, (D and E) GPi afferents in LHb and the traces of the 

200 μm core optical fibers in LHb 
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4.    Discussion 

With the tracing approach developed in this study we have shown the 
competence of the virus system to infect certain neuronal populations. 

This neuronal type specificity has not been achieved in other studies. 

Conventional methods trying to map neural pathways have only been able 
to focus on neuronal populations without specificity. In contrast, with our 

system we can retrogradly label and study total cell subpopulations of 
brain nuclei (Kobbert et al., 2000).  An example of the subtype specificity 

is reflected in the SOM staining; I performed, for the respective inhibitory 
cell population found in GPi nucleus (Figure 10 I, J). 

The goal of this project was to present a qualified and quantified analysis 

of the primary cell population that project from the GPi to the LHb in mice 
that have been injected with the specific virus system. Previous studies 

have already demonstrated the connection between GPi and LHb, in 
behavioral and electrophysiological experiments utilizing brain electrode 

stimulation and recordings in the respective nuclei (Matsumoto and 
Hikosaka, 2007, Hong and Hikosaka, 2008, Hikosaka, 2010). More 

precisely, in studies where they recorded simultaneously from GPi and 
LHb, although LHb cells were negatively related to reward two different 

populations were identified in the GPi. One of these populations is 
positively related to reward and the other is negatively related to reward 

(Hong and Hikosaka, 2008). From these results it has been proposed that 
the positive reward related is GABAergic and the negative reward related 

population is glutaminergic (Hong and Hikosaka, 2008, Wickens, 2008).   

 

Figure 12. Globus Pallidus cell subtypes projections. Schematic representation of 

the two populations in the GPi reward positive and reward negative modified by Wickens 

(Wickens, 2008). The inhibitory cell population has been identified as the SOM cell 

population and is illustrated at the figure, being the input of LHb. 
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In our study we managed to characterize for the first time the molecular 
identity of these two cell subpopulations in the GPi and the circuit 

organization that controls their activity. We were able to identify a cell-
type specific pathway between LHb and GPi, namely the SOM inhibitory 

and the VGLUT2 excitatory pathway (Figures 9, 10 and 12). More 
precisely, we were able to identify two subpopulations in the GPi that form 

the LHb-GPi pathway. This was achieved by retrogradly following the AAV 

infected GPi cell axons innervating the LHb where the rabies virus was 
injected. From the VGLUT2-Cre mice injections, a subpopulation of around 

70 % rabies-EGFP cells was identified that was also positive for V5, a 
marker for the primary AAV infected cells in GPi (Tables 1, 2). On the 

other hand, the injections performed in the SOM-Cre mice showed a 
percentage of 60 % co-localization between the V5 labeled and the rabies 

infected SOM cells population (Tables 3, 4). It should be also mentioned, 
that there is a percentage of nearly 30 % of rabies-EGFP infected cells 

that does not co-localize with the V5 marker. These rabies-infected cells 
probably reflect the synaptic connection with the primary subpopulation of 

V5 positive LHb projecting cells. Thus, an internal subpopulation is 
identified in GPi for both mice groups. This raises the need for further 

analysis, in order to understand the local network in GPi. 

For the optogenetic part of the project, mice were subjected to the place 
preference paradigm. Light stimulation with the optical fibers was induced 

in the LHb in one of the place preference cage compartments. Stimulation 
of the excitatory cells in the VGLUT2-Cre injected mice led to aversion, a 

result that was in agreement with what was predicted by Shabel (Shabel 
et al., 2012). Inspection of the insertion site of the fiber optic cannulae 

showed that they were correctly implanted in the LHb, where the axonal 

terminals of the AAV infected VGLUT2 cells expressing ChR from GPi are 
present. Until now, stimulation of the SOM cell population has not been 

performed and the behavioral patterns this population generates remain 
undefined and deserve further investigation.  
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5.    Conclusions and future goals 

In conclusion, this uniquely developed virus system, has allowed us to 
map the pathway between LHb and GPi in a way that has not been done 

before. Consequently, we are able to provide information about the 

properties and functions of distinct cell subpopulations and their impact in 
behavior. Specifically, we have characterized the starting cell populations 

of GPi projecting to LHb, the activity of which is implicated in reward 
seeking behaviors and aversion, entailing dopaminergic and serotonergic 

systems function. 

The experiments and analysis that were accomplished in this study are 
integrated as a crucial part of a major tracing project, researchers in 

Meletis laboratory are aiming to complete. Further transsynaptic tracings 
are under way to determine the input LHb receives from interconnected 

basal ganglia regions (Figure 13). Now we are one step away from 
expanding the reward circuit‟s map, by exploiting the two primary GPi cell 

populations that project to LHb and regulate dopamine and serotonin. 
Monosynaptic connections to the rabies infected cells that spreads 

retrogradly will provide important information in order to elucidate reward 
and mood regulating circuits. Furthermore, mapping of the two cell 

subtype populations‟ pathways and the region where they project within 
the LHb nucleus is also something that needs to be addressed in the 

future. More precisely we will try to topographically pinpoint the cell 
projections in the LHb area since there is a correlation between LHb 

subdivisions and projecting properties in mood systems regulation. 

 

Figure 13. Further transynaptic tracing of the LHb circuit. Future goal is to expand 

the reward system map, by focusing in basal ganglia interconnected regions utilizing the 

uniquely developed tracing system. 
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