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Abstract 
 

There are several neurodegenerative diseases resulting from the progressive degeneration of specific 

neuronal populations in the brain. The selective vulnerability of such neuronal populations is often complex 

but remains crucial to our understanding of these diseases. In Parkinson’s disease (PD), the second most 

common neurodegenerative disease, loss of dopamine (DA) neurons in the substantia nigra pars compacta 

(SNc) is known to cause characteristic motor impairments. Despite this, there are also non-motor symptoms 

of PD that go untreated. It has been suggested that DA degeneration in the ventral tegmental area (VTA) 

is involved in non-motor symptoms, such as depression and cognitive impairment.  

 

The VTA projects to numerous areas of the brain and is crucial for reward, motivation and cognition. 

Additionally, it has recently been discovered that the VTA contains diverse subpopulations of DA neurons 

that can be characterised by their gene expression. By comparing the gene expression of vulnerable neurons 

in the SNc to those in the VTA, researchers have begun identifying genes that have increased expression 

in the VTA and could potentially be associated with neuroprotection.  

 

The aim of this study was to investigate how models of PD could alter gene expression in the VTA.  For 

this purpose, in situ hybridization was used to detect gene expression in brain tissue from both Thy1-αSyn 

mice and 6-OHDA-lesioned mice using markers for subpopulations of DA neurons in the VTA and SNc. 

The results showed that VTA heterogeneity was unaffected in Thy1-αSyn mice whereas Grp and Aldh1a1 

were associated with surviving neurons in 6-OHDA-lesioned mice. 

 
Key Words: Parkinson’s disease, ventral tegmental area, dopaminergic systems, fluorescent in situ 

hybridization 
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Introduction 

 
The midbrain dopamine system 

Numerous groups of dopamine (DA) neurons are found in the brain and two of the major ones are located 

in the ventral midbrain: the substantia nigra pars compacta (SNc; A9 group) and the ventral tegmental area 

(VTA; A10 group). Originating from these midbrain DA neurons, three pathways arise and project to 

various brain regions, controlling diverse behaviours (Figure 1A). From the A9 group, DA neurons in the 

SNc project to the dorsal striatum, forming the nigrostriatal pathway, which is essential for motor function 

and dysfunction of this pathway is primarily affected in PD (Björklund and Dunnett, 2007). On the other 

hand, there are two pathways that arise from neurons in the VTA: the mesolimbic and mesocortical 

pathways. In the mesolimbic pathway, DA neurons project from the VTA to the ventral striatum – 

specifically, to the nucleus accumbens (NAc) and olfactory tubercle – and are generally known to play a 

role in reward-related behaviours. The mesocortical pathway, which plays a role in executive functions, 

involves the transmission of DA from the VTA to the cortex (Björklund and Dunnett, 2007).  

 

 
 
Figure 1: Schematic illustration of the midbrain dopamine system. (A) Sagittal view of the main dopamine pathways in the 

midbrain. The nigrostriatal pathway (green) projects from the substantia nigra pars compacta (SNc) to the striatum. Both the 

mesocortical (red) and mesolimbic (blue) pathways originate in the ventral tegmental area (VTA) and project to the cortex and 

nucleus accumbens (NAc), respectively. (B) Schematic representation of the VTA and SNc from a coronal view. 

 

DA neurons can be identified based on the presence of tyrosine hydroxylase (TH), which is the rate-

limiting enzyme in DA synthesis. In addition to this, other characteristics of DA neurons include the 

presence of the two transporters that are crucial for DA neurotransmission: DA transporter (DAT) and 

A 

B 
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vesicular monoamine transporter 2 (VMAT2). DAT is involved in the recycling of DA back into pre-

synaptic terminals after release, whilst VMAT2 enables the packaging of DA into vesicles for release. 

 

While considered homogeneous for decades, there has been an increased understanding that DA neurons 

of the SNc and VTA display significant heterogeneity. For example, it is now established that the VTA is 

functionally diverse, containing not only DA, but glutamatergic, GABAergic, and co-releasing neurons 

with specialized roles in reward-related behaviour (Pupe and Wallén-Mackenzie 2015; Morales & 

Margolis, 2017). Moreover, it has been discovered that DA neurons can be divided into subpopulations 

based on their gene expression patterns (Viereckel et al., 2016). 
 

Parkinson’s disease 

Dysfunction of the midbrain DA system is implicated in Parkinson’s disease (PD), which is the second 

most common neurodegenerative disease worldwide (Pringsheim et al. 2014). In PD, there is a progressive 

degeneration of DA neurons in the SNc and the selective vulnerability of these neurons is crucial to our 

understanding of the disease. The loss of DA neurons in the SNc causes the characteristic motor symptoms 

that PD patients experience, such as bradykinesia, a resting tremor, postural instability, and rigidity. 

Alongside this, the other pathological hallmark of PD is Lewy pathology, resulting from the misfolding 

and aggregation of α-synuclein (α-syn), which leads the formation of insoluble accumulations within the 

cell bodies (Lewy bodies) and processes (Lewy neurites) of surviving neurons during the late stage of 

disease (Spillantini et al., 1997; Schulz-Schaeffer, 2015). Various treatments are used to alleviate the motor 

symptoms of PD – the most common of which is the administration of the DA precursor L-DOPA 

(Sveinbjornsdottir, 2016). Despite this, the treatments available for PD only provide symptomatic relief 

and do not halt the progression of the disease. Furthermore, PD patients also experience non-motor 

symptoms such as mood disorders, sleep disturbances, attentional deficits and dementia that have been 

associated with degeneration in other areas of the brain (Williams-Gray et al., 2006; Sveinbjornsdottir, 

2016). One area that has been implicated in the non-motor symptoms of PD is the VTA. 

 

The role of the VTA in PD 

As mentioned previously, the VTA plays a key role in the regulation of reward, emotional behaviour, and 

addiction. Moreover, patients with VTA lesions have impairments in cognition and executive functions 

(Adair et al., 1996; Nishio et al., 2007). Although the majority of neuronal loss in PD occurs in the SNc, 

as the disease progresses there is also degeneration of VTA neurons (McRitchie, Cartwright and Halliday, 

1997; Alberico, Cassell and Narayanan, 2015). With this in mind, it has been suggested that the neuronal 

degeneration in the VTA plays a role in the non-motor symptoms that arise alongside PD progression.  

 

One of the most common comorbidities linked to PD is depression, with around 40-50% of PD patients 

being affected by it (Winter et al., 2007). What causes this PD-associated depression is not completely 

established and probably involves degeneration of multiple neurotransmitter systems but there is evidence 

implicating DA neurons of the VTA (Patterson et al., 2019). Positron emission tomography (PET) studies 

have found that when compared to non-depressed PD patients, depressed PD patients show a reduction in 

DA and noradrenergic innervation in the limbic system and also display abnormal connectivity between 

the VTA and the anterior cingulate cortex (ACC), which is involved in modulating emotional responses 

(Bush, Luu and Posner, 2000). Both these studies suggest that dysfunction of the meso-cortico-limbic 

system plays a role in PD-associated depression (Remy et al., 2005; Wei et al., 2018). From preclinical 

studies, there are also reports that the VTA may be important in PD-associated depression. 

Neurodegeneration of VTA DA neurons was associated with anhedonia, a core symptom of depression, in 

an experimental rat model of PD (Ekimova et al., 2018). Additionally, lesions of VTA DA neurons induce 

depressive-like symptoms in rats, which is triggered by a reduction of DA in the NAc (Furlanetti, Coenen 

and Döbrössy, 2016).  
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Cognitive and executive dysfunction are other common non-motor symptoms of PD. Functions including 

working memory, planning, and attention are some of those often impaired in PD patients. These functions 

are also influenced by mesocortical DA innervation from the VTA to prefrontal areas, which is 

dysfunctional in PD (Narayanan, Rodnitzky and Uc, 2013). Interestingly, further evidence of the role of 

the VTA in PD comes from the fact that many patients develop impulse control disorders which can 

manifest as hypersexuality and excessive gambling, for example. Such impulse control disorders are also 

more commonly found in patients receiving treatment with DA agonists (Voon et al., 2006). These side 

effects of the treatment indicate that patients have a dysfunctional reward system. 

 

Different gene expression profiles of DA neurons in the VTA and SNc 

Although there is a loss of VTA DA neurons in PD, these neurons are relatively spared compared with 

those in the SNc. At the end-stage of PD, around 90% of SNc DA neurons are lost, whereas only around 

40% of those in the VTA degenerate (McRitchie, Cartwright and Halliday, 1997; Chung et al., 2005). 

Within the SNc, the degeneration begins in the ventral regions before progressing to more dorsal areas as 

the disease progresses. Understanding this selective vulnerability of the SNc is an essential part of PD 

research and studies investigating gene expression differences between the SNc and VTA, as well as 

neuronal subpopulations within these structures have provided insights into what underlies the selective 

vulnerability (Viereckel et al., 2016; Kramer et al., 2018).  

In order to investigate how the heterogeneity of the VTA is affected in PD, genetic markers that 

characterise specific subpopulations of DA neurons have been previously identified. Screening studies 

comparing the gene expression of the SNc and VTA found several genes elevated in both regions. Such 

genes that show increased expression in the SNc include Girk2 and Aldh1a1. Girk2 encodes the G-protein-

gated inwardly rectifying K+ channel 2, which regulates membrane excitability of DA neurons. 

Interestingly, mice with spontaneous Girk2 mutations (known as “weaver mice”) display degeneration of 

DA neurons in the SNc (Roffler-Tarlov et al., 1996; Chung et al., 2005). Despite this, Girk2 is not exclusive 

to the SNc, with some VTA DA neurons also expressing it, suggesting that expression of Girk2 does not 

entirely correlate with susceptibility to degeneration (Brichta and Greengard, 2014). Aldh1a1-expressing 

neurons are mainly found in the ventral SNc and the expression of Aldh1a1 has also been associated with 

neuroprotection in PD as these neurons were preserved in the brains of PD patients (Liu et al., 2014). 

Aldh1a1 encodes an aldehyde dehydrogenase enzyme and the neuroprotective mechanism is suggested to 

be due to its capacity to detoxify a reactive metabolite of DA, 3,4-dihydroxy-phenylacetaldehyde 

(DOPAL) (Marchitti et al., 2007; Liu et al., 2014). Aldh1a1 is expressed in both the VTA and SNc but 

paradoxically, its expression is highest in the ventral SNc, which is known to degenerate first in PD. 

Aldh1a1-associated neuroprotection appears to be related to α-synuclein toxicity as these effects have not 

been observed in models that do not involve α-synuclein pathology (Britcha and Greengard, 2014). 

Moreover, Aldh1a1-null mice displayed neurodegeneration of DA neurons and motor deficits (Wey et al., 

2012). 

In the VTA, on the other hand, Calb1 and Grp were expressed at elevated levels (Anderegg, Poulin and 

Awatramani, 2015; Viereckel et al., 2016). A rise in intracellular calcium concentrations represents one of 

the final events leading to nerve cell death. With this in mind, the calcium-binding protein calbindin-D28K 

(Calb1) has been studied to determine if it is involved in neuroprotection. Calb1 has been identified as 

VTA-specific marker that could play a role in neuroprotection. It is widely expressed and has been 

suggested to control DA release in rats (Liu and Graybiel, 1992; Pan and Ryan, 2012). However, even 

though Calb1 expression in VTA DA neurons is higher than in those in the SNc, it has a very complex 

pattern of expression across both these regions. As such, it has been difficult to determine the role of Calb1 
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expression in DA neuron susceptibility to degeneration (Brichta and Greengard, 2014). Grp encodes the 

neuroendocrine gastrin-releasing peptide and it has been suggested that Grp has a potential neuroprotective 

role in PD. Evidence for this comes from the fact that, in neurons overexpressing α-syn, Grp exposure 

caused a reduction in toxicity and this also occurred in neurons treated with the MPP+ toxin (Chung et al., 

2005). In addition to this, recent research has discovered that Grp is highly expressed in the VTA and in 

the brains of PD patients, Grp-expressing neurons are preserved (Viereckel et al., 2016). From this, Grp 

can be used as a novel and selective markers for DA neurons that are protected in PD. 

In this study, we will investigate the expression of the markers mentioned above and use known mRNA 

markers related to DA neurotransmission, such as Th, Dat, and Vmat2, as controls. 

 

PD Models 

Since the aetiology of PD is complex, there are understandably numerous different PD models. Common 

approaches in generating PD models arise from the administration of neurotoxins or via genetic 

modifications. The presented study utilised one model based on each of these approaches. 

 

The first model used was developed based on the role of α-syn in PD pathology (Polymeropoulos, 1997). 

It involves the generation of transgenic mice that overexpress human wild-type α-syn under the expression 

of the murine Thy-1 promotor (Thy1-αSyn mice) and was termed ”Line 61” (L61). One of the main 

advantages of this model is the fact that the motor abnormalities present are not caused by degeneration of 

motor neurons but rather due to a 40% loss of striatal dopamine, making the model relevant to PD 

pathophysiology (Lam et al., 2011). Furthermore, these motor deficits can be reversed with L-DOPA 

treatment, similar to what is initially observed in PD patients (Lam et al., 2011). When investigating the 

expression pattern of α-syn in PD patients, there is a progressive spread of α-syn pathology throughout the 

brain (Braak et al., 2003). Thy-1 is widely expressed throughout the brain and its use as a promoter, rather 

than Th (which exclusively targets catecholaminergic neurons) leads to the development of widespread α-

syn pathology that better reflects the spread of disease. The L61 model also produces progressive PD-like 

motor symptoms and α-syn pathology in DA SNc neurons that are an essential component of PD (Chesselet 

et al., 2012). Not only does this model reproduce motor symptoms, but it also causes some of the non-

motor symptoms of PD. For instance, L61 mice display olfactory dysfunction, impaired circadian rhythm, 

cognitive dysfunction, as well as increased anxiety (Fleming et al., 2008; Chesselet et al., 2012; Magen et 

al., 2012; Magen et al., 2015).  

 

The second model used is one of the most common models to investigate PD and is produced by 

stereotactic unilateral injection of the neurotoxin 6-hydroxydopamine (6-OHDA) into the brain. 6-OHDA 

is a DA analogue that can be taken up by both DAT and noradrenergic transporters, leading to selective 

degeneration of catecholaminergic neurons (Ungerstedt, 1968). Depending on the region of the brain 

targeted with the injection, DA neurons of the SN, VTA, and retrorubral area have the potential to be 

affected. Researchers have developed variations of the 6-OHDA model by inducing SN, medial forebrain 

bundle (MFB) or intrastriatal lesions, and the preferred version depends on the area of interest. The MFB 

is where the nigrostriatal pathway is most compact and lesions at this site produce a more complete 

degeneration of DA neurons in the SN and VTA, which also subsequently affects both the ventral and 

dorsal striatum because of a loss of DA innervation (Torres et al., 2011). Lesions targeted to the MFB 

cause rapid degeneration of the nigrostriatal pathway that begins within 24 hours of injection and ends 

after 2-3 days when striatal DA depletion reaches a maximum (Sauer and Oertel, 1994; Jeon, Jackson-

Lewis and Burke, 1995). Compared to the MFB lesion, which also affects DA levels in the NAc, due to 

the loss of innervation from VTA DA neurons, intrastriatal lesions do not impact upon the NAc (Dowd 

and Dunnett, 2004). Having said that, a disadvantage of the MFB lesion model is that the mortality rate is 

relatively high and the intrastriatal lesion provides a better representation of the progressive neuronal loss 
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observed in PD. A characteristic feature of the 6-OHDA model is the motor deficit caused in the animals 

that can be quantified. In the model, animals display rotational asymmetry when induced with DA agonists, 

such as amphetamine or apomorphine and the extent of the rotational asymmetry correlates well with the 

severity of DA degeneration (Ungerstedt and Arbuthnott, 1970). Although the 6-OHDA model mimics the 

neurodegeneration of PD, there is a notable absence of intracellular Lewy pathology, which is a key 

hallmark of PD. 

 

Aims 
 

The overall aims of the study are: 

 

• To use fluorescent in situ hybridization to investigate the heterogeneity of the midbrain DA system, 

in particular, the VTA, and how this is affected in PD.  

• To investigate the expression of Grp and whether this is altered in the models of PD is of particular 

interest. 
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Methods & Materials 

 
Animals 

All animal procedures were approved by Uppsala’s Animal Ethical Committee in accordance with the 

Swedish regulations and European Union legislation. 

 

Thy1-αSyn mice 

For the first part of the study, heterozygous transgenic C57BL/6J male mice (n=5) overexpressing full-

length wild-type human α-synuclein under the murine Thy-1 promoter (“L61 mice”) were studied along 

with age and sex-matched wild-type littermate controls (n=5). All mice were sacrificed at 5 months old. 

 

6-OHDA-lesioned mice 

For the 6-OHDA model, 1 μl of 6-OHDA (1.85 mg/ml) was injected unilaterally into the medial forebrain 

bundle on the right hemisphere of C57BL/6J mice (n=4) between 8-10 weeks. Control animals (n=3) were 

also injected in the right medial forebrain bundle with saline solution containing ascorbic acid. Post-

operative care was given to animals in the form of daily saline injections to avoid dehydration and animals 

were fed with sucrose solution containing pellets. Mice were sacrificed after 2 weeks and brains were snap-

frozen for cryosectioning. 

 

Tissue Sectioning 

Murine brains were dissected from animals sacrificed by cervical dislocation, snap-frozen in cold (-30 to -

35°C) 2-methyl butane (≥99%, Honeywell) and kept at -80°C. Brains were cryosectioned and 16 μm thick 

coronal sections were obtained on glass slides. 

 

Fluorescent in situ hybridization (FISH) 

FISH was performed on coronal sections from mouse brains. The protocol described in Viereckel et al. 

(2016) was used. The sections were air-dried and then fixed in 4% paraformaldehyde (PFA), followed by 

acetylation in 0.25% acetic anhydride plus triethanolamine (TEA; pH = 8). Sections were hybridized for 

18 hours at 65 °C in 100 μl of hybridization/formamide-buffer containing fluorescein-labelled riboprobes 

for fluorescent detection and digoxigenin (DIG) labelled riboprobes for colourimetric detection of target 

mRNA. 

 

Sections were sequentially washed at 65 °C, first with 5X and then 0.2X saline-sodium citrate (SSC) 

buffers. Further washes were performed at room temperature with 0.2X SSC buffer, followed by 1X maleic 

acid-based buffer containing 0.1% Tween 20 (MABT).  Next, sections were blocked with blocking reagent.  

 

For fluorescent detection, sections were incubated with 0.85 μl of horseradish peroxidase (HRP)-

conjugated anti-fluorescein antibody (anti-Fluorescein-POD) in 850 μl of blocking reagent (1:1000). For 

colourimetric detection, 0.85 μl of HRP-coupled anti-DIG antibodies (anti-DIG-POD) were also diluted in 

850 μl of blocking reagent (1:1000). Fluorescent signals were amplified using biotin-tyramide signal 

amplification (TSA) in TSA diluent (Perkin Elmer) at a 1:75 dilution, followed by incubation with 

Neutravidin-Oregon Green conjugate at 1:500. HRP activity was inhibited by incubating sections in 0.1 M 

Glycine and 3% H2O2. DIG epitopes were detected using anti-DIG-POD, as mentioned previously, and 

then amplified using Cy3-TSA in TSA diluent (Perkin Elmer) at 1:1000. Following this, sections were 

stained with DAPI and then mounted using Fluoromount™ aqueous mounting medium. 
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Riboprobe Synthesis 

PCR products were synthesised for each mRNA of interest and used as a template for the in vitro 

transcriptional reaction performed for riboprobe synthesis. For the transcription reaction, transcription 

reagents were produced using a 5X transcription buffer, 100 mM DTT, 20 U/μl Rnasin, 20 U/μl T7 RNA 

polymerase (Promega), and either 10X DIG- or Fluorescein-RNA labelling mix (Sigma) – depending on 

the desired riboprobe label. The transcription reaction took place at 37°C for 2 hours. Following the 

reaction, riboprobes were purified by suspension using Illustra Probequant G-50 microcolumns (Sigma). 

The riboprobe dosage was determined using a Nanodrop. This was done before adding the hybridization 

buffer to the probe since it contains nucleic acids. Purified riboprobes were stored in 100 μl of hybridization 

buffer containing formamide at -80°C.  
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Results 

 
α-syn overexpression in L61 mice 

In order to validate the L61 model, in which α-syn is overexpressed under the Thy-1 promoter, the presence 

of rat SNCA (the gene encoding α-syn) was detected in control and L61 mice (Fig. 2). Rat SNCA (rSNCA) 

riboprobes detect endogenous SNCA mRNA and in control mice, rSNCA colocalized with Th in both the 

SNc and VTA (Fig. 2E). In L61 mice, there was widespread overexpression of rSNCA throughout brain 

compared with controls. In particular, expression was strong in the midbrain, cortex, and hippocampus – 

areas where the promoter is strong (Chesselet et al., 2012; see Fig. 2B). Taking a closer look at the ventral 

midbrain, L61 mice displayed similar levels of rSNCA mRNA as controls in the SNc and VTA, whilst 

there was also colocalization of rSNCA and Th in these areas (Fig. 2F). 

 

 
Figure 2: SNCA is overexpressed in the L61 mice compared to wildtype (wt) controls. Representative images of double 

fluorescent in situ hybridization results at bregma -3.00 mm. (A, B) Whole section images providing an overview of SNCA 

overexpression in the L61 model compared to the control. (C, D) SNCA expression patterns in the ventral midbrain. (E, F) 

SNCA (red) and Th (green) colocalization in the VTA and SNc. Arrows identify neurons overexpressing SNCA outwith the 

ventral midbrain. SNc; substantia nigra pars compacta. VTA; ventral tegmental area. 
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No change in Th expression pattern in L61 mice 

It has previously been reported that L61 mice display a reduction in striatal DA levels (Lam et al., 2011), 

however, it is unclear whether this coincides with degeneration of DA neurons within the SNc or VTA. To 

investigate this, Th mRNA was studied and when comparing control and L61 mice, there was no difference 

in the pattern of Th mRNA within the SNc and VTA (Fig. 3). 

 

 
Figure 3: No difference in Th mRNA between control and L61 mice in the ventral midbrain. Representative images of 

fluorescent in situ hybridization results for Th mRNA detection at three different levels: bregma -3.00 mm (A, B), bregma -3.16 

mm (C, D), and bregma -3.30 mm (E, F). SNc; substantia nigra pars compacta. VTA; ventral tegmental area. 

 

Dat and Vmat2 mRNA were similar in both L61 and control mice 

To determine whether there were any abnormalities with DA neurotransmission in the L61 model, Dat and 

Vmat2 mRNA were detected. Compared with controls, L61 mice showed no decrease in the levels of either 

Dat or Vmat2 mRNA (Fig. 4). 
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Figure 4: Dat and Vmat2 mRNA levels were not decreased in L61 mice compared with controls. (A, B) Dat mRNA in bregma 

-3.00 mm. (C, D) Vmat2 mRNA in bregma -3.12 mm. SNc; substantia nigra pars compacta. VTA; ventral tegmental area. 

 

SNc markers appeared unaffected by α-syn overexpression 

As seen in Fig. 5A and 5B, Aldh1a1 mRNA is present mainly within the SNc, but there are some Aldh1a1-

expressing neurons also found in the VTA, which is in accordance with Poulin et al. (2018). There was no 

clear difference in Aldh1a1 mRNA between L61 and control mice. Previous studies have reported that 

Girk2 expression is elevated in the SNc, however, in control and L61 mice, this study shows that Girk2 is 

expressed in the SNc and VTA at similar levels. Again, there was no decrease in Girk2 expression in L61 

mice. Overall, Girk2 expression was relatively weaker in both control and L61 mice than Aldh1a1. 
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Figure 5: Aldh1a1, Girk2, Calb1, and Calb2 mRNA was unaffected by overexpression of α-synuclein. (A, B) Aldh1a1 mRNA 

(A, B) and Girk2 mRNA(C, D) in bregma -3.00 mm. (E, F) Calb1 mRNA in bregma -3.34 mm and Calb2 mRNA in bregma -3.08 

mm. SNc; substantia nigra pars compacta. VTA; ventral tegmental area. 

 

No difference in Calb1 and Calb2 mRNA between controls and L61 mice 

Calb1 has been established as a genetic marker with increased VTA expression and this was mirrored in 

Fig. 5E and 5F. Whilst localized in the VTA, there was no observed difference in the mRNA between L61 
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and control mice. Another calcium-binding protein is calretinin (Calb2), which is expressed in both the 

SNc and VTA. In this study, Calb2 was included as a comparison with Calb1. Calb2 was weakly expressed 

in both the SNc and VTA and this expression pattern did not differ between L61 and control mice (Fig. 5G 

and 5H). 

 

Grp mRNA is present in the ventral VTA in both control and L61 mice 

A more recent marker of the VTA, Grp mRNA was present in the VTA, particularly in the ventral regions. 

By investigating the colocalization of Grp with Th it was found that the majority of Grp-expressing neurons 

colocalized with Th mRNA. However, in the ventromedial areas of the VTA, there were some Grp-

expressing neurons that lacked Th mRNA. 

 

 
Figure 6: Grp mRNA within the VTA in control (A, C, E) and L61 mice (B, D, F). Grp mRNA at bregma -3.40 mm (A, B). 

Grp and Th colocalization (C, D). Close up image of the medial VTA showing Grp and Th colocalization. SNc; substantia nigra 

pars compacta. VTA; ventral tegmental area. 
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6-OHDA injection induced neurodegeneration within the SNc and VTA 

In order to investigate how our genetic markers are involved in sensitivity to degeneration, mice were 

injected unilaterally with 6-OHDA and sacrificed 2 weeks later to produce near complete degeneration of 

the SNc, whilst leaving some VTA neurons spared. The relative abundance of each marker was compared 

between the 6-OHDA and control hemisphere, as well as between 6-OHDA injected and saline-injected 

mice. Here, general markers of DA neurotransmission (Th, Dat, and Vmat2) were detected in order to 

visualise the neurodegeneration. After 2 weeks, there was an almost complete loss of DA neurons within 

the SNc in the ipsilateral side to the injection. Whilst in the VTA there were some surviving DA neurons 

(Fig. 7). 

 

 
Figure 7: 6-OHDA injection caused decreased levels of Dat, Vmat2 and Th mRNA in ipsilateral SNc and VTA. (A, B) Dat 

mRNA in bregma -3.08 mm. (C. D) Vmat2 mRNA in bregma -3.30 mm. (E, F) Th mRNA in bregma -3.16 mm. SNc; substantia 

nigra pars compacta. VTA; ventral tegmental area. 
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Aldh1a1-expressing neurons are spared in the VTA 

It can be seen that Aldh1a1 mRNA was predominantly localized in the SNc and also within the VTA (Fig. 

8) but after 6-OHDA injection, there was survival of some Aldh1a1-expressing neurons in the VTA. When 

comparing Aldh1a1 and Th mRNA, it appeared that surviving neurons in the ventral VTA contained 

Aldh1a1 but not Th mRNA, whilst those in the dorsal VTA contained Th but not Aldh1a1 mRNA. 

 
Figure 8: Aldh1a1 mRNA in control (A, C) and 6-OHDA injected mice at bregma -3.08 mm (B, D). (A, B) Aldh1a1 is found 

within the SNc and VTA and in 6-OHDA mice, Aldh1a1-expressing neurons are preserved in the VTA. (C, D) Th colocalized 

with Aldh1a1 in the SNc and partially in the VTA. SNc; substantia nigra pars compacta. VTA; ventral tegmental area. 

 

Girk2 and Calb1 mRNA was decreased in 6-OHDA mice 

Girk2 mRNA appeared to be lost in almost all areas of the ventral midbrain with the exception of some 

neurons within the ventromedial VTA, where Girk2 mRNA was present (Fig. 9B). In the 6-OHDA model 

of PD, there was a severe loss of Calb1-expressing neurons in both the SNc and VTA after 2 weeks (Fig. 

9H). 
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Figure 9: Girk2 (A-D) and Calb1 (E-H) expression in control and 6-OHDA mice. Girk2 mRNA (A, B) and Girk2 colocalization 

with Th (C, D) at bregma -3.16 mm. Calb1 mRNA (E, F) and its colocalization with Th (G, H) at bregma -3.16 mm. SNc; 

substantia nigra pars compacta. VTA; ventral tegmental area. 
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Grp mRNA associated with surviving neurons in the ventromedial VTA 

Grp mRNA was found in the ventromedial VTA and after 6-OHDA injection, neurons with Grp mRNA 

appeared to be maintained (Fig. 10). Upon closer inspection, the colocalization of Grp and Th was 

decreased in surviving neurons on the ipsilateral side of injection when compared to controls (Fig. 10F). 

 

 
Figure 10: Grp mRNA in control (A, C, E) and 6-OHDA (B, D, F) mice. Representative images of Grp and Th mRNA at 

bregma -3.30 mm. Grp mRNA (A, B) and its colocalization with Th (C-D). Close up images of the VTA showing Grp and Th 

mRNA (E, F). SNc; substantia nigra pars compacta. VTA; ventral tegmental area. 
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Discussion 
 

The current study investigated the heterogeneity of DA neurons in the ventral midbrain by detection of 

various genetic markers in two models of PD using fluorescent in situ hybridization.  

 

Firstly, in the L61 model, we found that there was no apparent effect of α-syn overexpression on the 

heterogeneity of DA neurons in the VTA or SNc. One possible explanation for this is that in this model 

there was no loss of DA neurons, which is an important feature of PD. This is a common downside for 

numerous PD models based on α-syn mutations or overexpression and limits their use when investigating 

the vulnerability of DA neurons. Another reason may be that the mice were sacrificed at too early an age 

to observe any potential pathological changes affecting DA neurons. It has been reported that L61 mice 

have a 40% reduction in striatal DA levels at 14 months and this is actually preceded by an increase in 

extracellular striatal DA at around 6 months (Chesselet et al., 2012).  

 

Secondly, the main findings from the 6-OHDA-lesioned mice were that Aldh1a1 and Grp were expressed 

in populations of VTA neurons that displayed resistance to the 6-OHDA-mediated degeneration. In terms 

of Aldh1a1, this finding is in line with previous studies which found that Aldh1a1-expressing neurons in 

the VTA were more resistant to degeneration compared with VTA neurons lacking Aldh1a1 (Brichta and 

Greengard, 2014). For Grp, however, the picture is not so clear. Our finding that Grp-expressing neurons 

were associated with increased resistance is in contrast to what was found by Kramer et al. (2018) who 

also studied Grp-expression in 6-OHDA injected mice. In their study, Kramer et al. reported that Grp-

expressing neurons that also express Neurod6 have a similar susceptibility to all VTA DA neurons. 

Furthermore, they found that Grp-expressing neurons that lack Neurod6 expression are actually more 

vulnerable relative to all VTA DA neurons. NeuroD6 is another marker expressed by VTA DA neurons 

that has been suggested to play a role in resistance to neurodegeneration (Vieckerel et al. 2016). The reason 

for this discrepancy is unclear but, in our study, the surviving Grp-expressing neurons could belong to the 

subpopulation of neurons that co-express Grp and Neurod6. Interestingly, some of the Grp-expressing 

neurons that were spared did not co-express Th. Whether these neurons are DA neurons that have lost the 

ability to express Th or whether they are glutamatergic or GABAergic VTA neurons remains to be seen. 

 

The main limitation of this study is the lack of quantitative analysis to conclusively determine whether 

there were any differences in the number of cells expressing each genetic marker. Due to limited time, the 

cell counting was unable to be carried out but moving forward, this is something that would definitely be 

considered and improved upon. 

 

Our findings provide new information regarding expression of Grp and how it may be associated with 

increased resistance to degeneration. Grp mRNA was previously detected in non-melanized DA neurons, 

which are neuroprotected in PD patients and thus it may be used as a marker for these surviving non-

melanized neurons (Viereckel et al., 2016). In the future, this means Grp expression could be of clinical 

importance when exploring new therapies and furthermore, it could be useful for the stem cell field and 

its relevance to possible cell replacement therapies for PD. 
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Popular Science 

 
Grp found in surviving cells in Parkinson’s disease. 

You may have heard of Parkinson’s disease (PD) in the news because of Michael J. Fox or Muhammad 

Ali, but what actually causes the disease that affects around 10 million people? 

 

In Parkinson’s disease (PD), there is death of specific types of cells that produce dopamine, a chemical 

produced in our brains. This dopamine cell death occurs in a particular area of the brain, called the 

substantia nigra pars compacta (SNc). Dopamine cells are important for allowing us to move normally and 

when there is a loss of these cells in the SNc, PD patients experience problems with movement (such as 

shakiness, stiffness, and slowness). Dopamine cells are not solely important for movement and as the 

disease progresses, dopamine cells in other areas of the brain also die, causing patients experience problems 

with things more than just movement. These non-movement symptoms include sleep problems, depression, 

memory loss and troubles concentrating. One of the other areas in the brain involved in the non-movement 

symptoms is the ventral tegmental area (VTA), which sits right next door to the SNc. The treatments of 

PD are generally good at controlling the movement problems and they do that by increasing dopamine 

levels in the brain. However, problems like depression and memory loss persist. As a result, there is a need 

for better treatments and we believe that by studying the cells in the VTA we may learn more about how 

treatments can be improved. 

 

Although cells die in both the SNc and VTA, the cells in the SNc are particularly vulnerability. This has 

interested researchers who aim to find out why there is this difference in vulnerability. Over the past 

decade, it has been discovered that specific genes are found in dopamine cells that are associated with 

increased cell survival in PD. One of these genes that is increased in the VTA and also found in surviving 

dopamine cells in the brains of PD patients is called Grp. In our study, we used a technique called 

fluorescent in situ hybridization (FISH) to find out whether Grp is found within surviving cells in two 

different animal models of PD. FISH allows us to detect the cells that contain genes of interest by detecting 

the molecule, called mRNA that converts the DNA (which makes up the gene) into the functioning protein. 

By detecting the mRNA in cells, we can see whether the cells that survive also contain Grp. In one of the 

models, we found no difference in Grp mRNA between the normal mice and mice with PD. However, in 

the second PD model, we found that Grp mRNA was increased in cells that had survived in the VTA. 

These results provide evidence that Grp is found in cells that are protected in PD and this could potentially 

be important when discovering new and more specific treatments. 

 


