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Abstract 

The DAT-Cre::ChR2-EYFP mouse model has recently emerged as a useful tool to investigate the 

function of the dopaminergic (DA) system, which is known to be involved in motor behaviour, 

motivation and reward, memory, and cognition. This is accomplished through selective expression 

of channelrhodopsin-2 (ChR2), a blue light-activated cation channel, in DA neurons. DA neurons 

that express calbindin (Calb), a calcium-binding protein, make up a discrete subpopulation with 

unique functional characteristics. Functional and physiological heterogeneity between the 

substantia nigra pars compacta (SNc) and ventral tegmental area (VTA) has been well 

documented, and past research conducted by the Nashmi lab has observed physiological 

heterogeneity between DA neurons along the mediolateral axis of the SNc itself. Therefore, there 

may be potential for Calb to act as a marker for distinct physiological cell phenotypes. Here, we 

evaluate the DAT-Cre::ChR2-EYFP model’s efficiency in expressing ChR2 within DA neurons 

and characterize the colocalization of Calb in DA neurons within the VTA and along the 

mediolateral axis of the SNc. We used confocal fluorescence microscopy of DAT-Cre::ChR2-

EYFP brains and quantified tyrosine hydroxylase (TH), ChR2, and Calb expression within regions 

of interest. No significant difference in Calb colocalization in DA neurons was found between the 

medial and lateral SNc, although a large difference was observed between the SNc and VTA. We 

also report a that the DAT-Cre::ChR2-EYFP mouse model is extremely efficient in expressing 

ChR2 in DA neurons of the midbrain. 
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1.0 Introduction 

1.1 Dopamine and the DA system 

3,4-dihydroxyphenethylamine, the molecule that would later become known as dopamine, was 

first synthesized in 1910 by researchers George Barger and James Hill and soon after characterized 

by Henry Dale as a monoamine similar to norepinephrine (Hornykiewicz, 2002). It was widely 

thought that dopamine functioned solely as a precursor to norepinephrine until landmark research 

performed by Carlsson et al., (1957), which established that dopamine also functioned as an 

independent neurotransmitter. The role of dopamine in the central nervous system has now been 

extensively researched. Dopamine is known to play integral roles in reward-motivated learning, 

locomotion, cognitive function, reinforcement, memory, attention, and emotion (Adcock et al., 

2006; Badgaiyan et al., 2010; Dang et al., 2012; Howe and Dombeck, 2016; Kravitz et al., 2012; 

Nagano-Saito et al., 2008; Schultz et al., 1993, Schultz et al., 1997). It is also known to be involved 

in mental health disorders such as addiction, attention deficit hyperactivity disorder, and 

schizophrenia, in addition to neurodegenerative disorders Parkinson’s disease and Huntington’s 

disease (Bäckman et al., 1997; Ehringer and Hornykiewicz, 1998; Rung et al., 2005; Volkow et 

al., 1993; Volkow et al., 2009). In the periphery, dopamine is secreted from neurons, the adrenal 

medulla, and neuroendocrine cells and plays a role in sympathetic activity, glucose homeostasis, 

and immune functioning (Rubí and Maechler, 2010). 

The first step of the synthesis of dopamine occurs in the liver, where the amino acid 

tyrosine is catabolized to L-tyrosine by the enzyme phenylalanine hydroxylase. L-tyrosine then 

travels to the brain through the bloodstream for use in the central nervous system (Best et al., 2009; 

Katolikova and Gainetdinov, 2022). Dopamine is mainly produced in the VTA and SNc, the major 

DA nuclei of the brain (Poulin et al., 2018). Tyrosine hydroxylase catalyzes the conversion of L-

tyrosine to L-DOPA, the rate-limiting step of dopamine synthesis. Finally, aromatic L-amino acid 

decarboxylase converts L-DOPA into dopamine, which is released in vesicles from the presynaptic 

terminal of DA neurons upon firing (Best et al., 2009; Katolikova and Gainetdinov, 2022).  

 Subpopulations of DA neurons project from the SNC and VTA to make up three major 

DA pathways of the central nervous system, the nigrostriatal, mesolimbic, and mesocortical 

pathways. DA neurons from the SNc project to the dorsal striatum, forming the nigrostriatal 

pathway which is involved in locomotion and motor control (Haber, 2014; Wüllner et al., 1994). 



2 
 

Projections from the VTA that innervate the nucleus accumbens in the ventral striatum constitute 

the mesolimbic pathway, which is involved in reward and motivation (Everitt et al., 1991; François 

et al., 1999). The mesocortical pathway plays a role in cognition and is comprised of VTA neurons 

that project to the cerebral cortex (Papenberg et al., 2019; Willing and Wagner, 2016). A fourth 

DA pathway, the tuberoinfundibular pathway, does not originate in the midbrain; instead, it 

projects from the hypothalamus to the median eminence to inhibit prolactin secretion from the 

anterior pituitary gland (Katolikova and Gainetdinov, 2022; Stagkourakis et al., 2019).  

To modulate these processes, dopamine binds to DA receptors in the central nervous 

system and periphery. Dopamine receptors are G-protein coupled receptors, and therefore exert 

their effects on a cell through G-protein activation (Zhou et al., 1990). There are 5 subtypes of 

dopamine receptors, and these subtypes are grouped into two classes: D1-like (D1 and D5) and 

D2-like (D2, D3, and D4) (Garau et al., 1978). D1-like receptors activate an adenylyl cyclase 

signalling cascade, increasing levels of cAMP synthesis and activating PKA, while D2-like 

receptors inhibit adenylyl cyclase and therefore decrease levels of cAMP and PKA (McDonald et 

al., 1984; Zhou et al., 1990). Dopamine receptor activity is eventually stopped through 

phosphorylation of the receptor by GPCR kinases and subsequent inhibition and internalization 

facilitated by the binding of arrestin proteins (Gurevich and Benovic, 1993; Palczewski et al., 

1991).  

 

1.2 Parkinson’s disease  

Parkinson’s disease is the most common neurodegenerative disease after Alzheimer’s disease, and 

studies have shown that its prevalence continues to grow at a steady rate (Ou et al., 2021; Willis 

et al., 2022). This disease is characterized by death of DA neurons in the SNc, resulting in 

decreased dopamine levels in the brain that cause motor deficits such as tremors and loss of 

voluntary muscle movement (bradykinesia) (Bernheimer et al., 1973). These motor deficits 

observed in Parkinson’s disease are due to cell death of nigrostriatal DA neurons (Wüllner et al., 

1994). Although degeneration in the VTA has also been observed, cell death in the SNc is much 

more severe (Alberico et al. 2015).  Parkinson’s disease involves the aggregation of mutated α-

synuclein, a presynaptic neuronal protein that is thought to normally function in neurotransmitter 

release through modulating assembly of the SNARE complex, into masses called Lewy bodies 
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(Stefanis, 2012). There has been evidence to suggest that α-synuclein also plays a role in calcium 

homeostasis, such that when α-synuclein is mutated and forms Lewy bodies this homeostasis is 

disrupted and increases the vulnerability of DA neurons to cell death (Calì et al., 2012).  

The bradykinesia experienced by those living with Parkinson’s disease is due to 

dysregulation of two major pathways originating from the basal ganglia. These direct and indirect 

pathways are involved in motor control and modulated by dopamine levels produced by the SNc. 

Medium spiny neurons (MSNs) in the direct pathway express D1 receptors and are therefore 

excited by DA exposure, while MSNs in the indirect pathway that express D2 receptors are 

inhibited by DA (Gerfen et al., 1990). The direct pathway acts to facilitate voluntary movements 

through disinhibition of the thalamus. On the other hand, the indirect pathway works to counteract 

the disinhibitory action of the direct pathway, enabling one to inhibit unwanted movement and 

have fine-tuned control over motor behaviours (Kravitz et al., 2010; Onla-or and Winstein, 2001). 

The loss of DA seen in Parkinson’s disease results in less activation of the direct pathway and 

therefore less initiation of movement. At the same time, DA loss leads to less inhibition of the 

indirect pathway and thus even more inhibition of movement (Onla-or and Winstein, 2001).  

 

1.3 Channelrhodopsin-2 

Channelrhodopsin-2 (ChR2) is a nonselective cation channel that is activated by stimulation with 

blue light (450-490 nm) (Nagel et al., 2003). It was derived from the green algae Chlamydomonas 

reinhardtii, which had been observed to change its swimming direction in reaction to light. This 

was found to be due to an inward current in the flagella regions of cells, caused by rhodopsin-

mediated channel opening; ChR2 was one such rhodopsin (Harz and Hegemann, 1991).  ChR2 is 

activated by blue light through photon absorption by an all-trans retinal chromophore. Upon this 

activation, ChR2 undergoes large conformational changes in its protein backbone brought about 

by a trans-cis isomerization of the retinal, leading to the opening of the channel. Cations are then 

allowed to flow down their electrochemical gradients. Eventually the receptor becomes 

desensitized, the retinal reverts to an all-trans retinal configuration, and the protein backbone 

relaxes which leads to channel closing and conclusion of signal transduction. ChR2 has a relatively 

long open period, with the time the channel remains open in the range of seconds. This contributes 

to the high efficiency and large conductance of ChR2s but could also result in poorer temporal 
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resolution as ChR2 may be less able to encode rapid changes in signals than other channels (Hight 

et al., 2015; Nagel et al., 2003; Radu et al., 2009). In neurons, the resting membrane potential is   

-70 mV and the ChR2-mediated influx of cations into the cell results in depolarization. If the 

depolarization threshold is met, an action potential will be generated, and the cell will fire (Boyden 

et al., 2005).  

Although ChR2 is of microbial origin, when artificially expressed in animals it can be used 

in a technique called optogenetics, wherein the effect of light stimulation can be used to examine 

the activity of particular neurons or brain regions (Boyden et al., 2005). Conditional expression of 

ChR2 in specific tissues or cell types can be achieved using cre recombinase-dependent transgenics 

or through introduction of adeno-associated viruses. Through these methods, researchers can 

decipher the physiological roles of certain brain areas and neural circuits (Gompf et al., 2015; 

Madisen et al., 2012). Optogenetics involves the implantation of a light source into a region of 

interest that expresses an opsin such as ChR2. When stimulated by light, opsin-expressing neurons 

will become activated and fire an action potential to their downstream targets (Boyden et al., 2005) 

(Fig 1). DAT-Cre::ChR2 mice can be used to facilitate the expression of ChR2 selectively in DA 

neurons, allowing one to examine the effects of DA stimulation on various processes (Fig 2) 

(Bäckman et al., 2006; Madisen et al., 2012). However, this model has not, to the best of our 

knowledge, been evaluated in its efficacy in expressing ChR2 in DA neurons. As sufficient ChR2 

expression is needed to successfully impact neuronal function and maximize the potential use of 

this model for optogenetic research, quantifying the level of colocalization of ChR2 in DA neurons 

in the major DA nuclei (SNc and VTA) of DAT-Cre::ChR2-EYFP mice would help to shed more 

light on this model’s efficacy and reliability (Britt et al., 2013).  

 In addition to helping decipher the functions of specific neuronal types and pathways, 

optogenetic techniques that harness ChR2 have also recently been viewed as an avenue for 

potential treatment of neurological disorders. Introduction of light-activated ChR2 into retinal 

neurons has been shown to restore vision in mice with photoreceptor degeneration, such as that 

seen in retinitis pigmentosa (Bi et al., 2006). In the context of spinal cord injuries, blue light 

stimulation of ChR2 has enabled paralyzed motor nerves in the diaphragm to act in an unparalyzed 

manner (Alilain et al., 2008). A common treatment for Parkinson’s disease is L-DOPA; however, 

while this treatment slows the degradation of SNc DA neurons seen in the disease, it is also 
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accompanied by the appearance of motor fluctuations and dyskinesia (Rascol et al., 2000). One 

recent study stimulating implanted ChR2-expressing stem cells reported alleviation of these 

locomotor impairments (Zenchak et al., 2018). Another found that ChR2-mediated activation of 

the medium-spiny neurons of the direct pathway of the basal ganglia in a mouse model of 

Parkinson’s disease lessened locomotor deficits and bradykinesia (Kravitz et al., 2010). Therefore, 

evaluation of transgenic models that harness ChR2 as means to activate certain cell populations 

contributes valuable information for the development of various therapeutic strategies for 

neurodegenerative diseases. Knowing the efficacy of the DAT-Cre::ChR2-EYFP model in 

particular would be important for future optogenetic therapies that selectively target DA neurons. 

 

1.4 Calbindin 

Calbindin (Calb) is a calcium-binding protein that plays various roles in animal physiology, mainly 

in the absorptive epithelium and central nervous system where it acts as a buffer, sensor, and 

transporter for calcium (Schmidt, 2012). Within the intestine, it is well-established that Calb plays 

a role in vitamin D-mediated calcium absorption (Lambers et al., 2006). Calb’s presence in the 

nervous system is vital in maintaining calcium homeostasis and is also thought to play a role in 

Figure 1. ChR2 activation. ChR2 resides on the membrane of a cell. When inactive, it is closed and 
does not facilitate any ion flux. Upon stimulation with blue light (nm = 450-490), ChR2 undergoes a 
conformational change and opens, allowing for cation flux down the electrochemical gradient. When 
expressed in neurons, this facilitates an influx of cations, leading to depolarization and action potential 
firing.  
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preventing cell death (Chard et al., 1993; Christakos et al., 1990). The calbindin protein contains 

four binding sites at which calcium can bind with high affinity (Veenstra et al., 1997).  Calb resides 

in the cytoplasm of a cell and maintains calcium homeostasis by acting as a buffer to bind excess 

intracellular calcium (Chard et al., 1993). In both apo and Ca2+-bound forms, Calb interacts with 

various proteins within the cell; however, upon Ca2+ binding Calb undergoes a large 

conformational change that modifies the proteins with which it can interact and the affinity with 

which it binds its targets (Kojetin et al., 2006). Therefore, Calb can have varying intracellular 

functions depending on physiological conditions such as intracellular Ca2+ concentration, and in 

this way also acts as a calcium sensor. Calb has also been observed to act as a transporter by 

mediating buffered calcium diffusion across the spine neck that connects dendrite shafts with the 

head region of dendritic spines to mediate spinodendritic cross talk (Schmidt et al., 2005). 

Calb has largely been emphasized as a factor contributing to resistance to cell death seen 

in various diseases. Studies have observed that the presence of Calb in a cell is helpful in binding 

excess intracellular calcium that would otherwise trigger various apoptotic cell death cascades 

(Rintoul et al., 2001). It is also thought that Calb prevents death by directly inhibiting a common 

downstream effector molecule in many apoptotic pathways, caspase-3 (Christakos and Liu, 2004). 

In particular, Calb has been singled out as a marker for neurons with higher resistance to cell death 

experienced in the nervous system during Parkinson’s disease. As previously described, in 

Parkinson’s disease the SNc degenerates to a much larger degree than the VTA; this has been 

correlated with higher expression of Calb in the VTA as compared to the SNc (Reyes et al., 2012).  

Within the SNc, Yamada et al. (1990) found surviving neurons corresponded with positive Calb 

expression in humans when comparing Parkinsonian brains to control brains. In another study, 

researchers observed increased α -synuclein accumulation as well an increase in apoptosis in 

neurons of Calb knock-out mice (Jung et al., 2020). While this research indicates that the absence 

of Calb leaves a neuron more vulnerable to cell death, further research has demonstrated that 

induced expression of Calb in cells where it is normally absent provides a neuroprotective effect. 

Vitamin-D mediated induction of Calb expression has been shown to decrease α-synuclein 

formation in human neuroblastoma cells experiencing raised levels of intracellular Ca2+ (Rcom-

H’cheo-Gauthier et al., 2017). In monkeys, induced Calb expression has also shown to protect 

against Parkinsonian-like neuronal death in the substantia nigra caused by the administration of 

MPTP, a toxin selective to nigrostriatal DA neurons (Inoue et al., 2018). Thus, Calb may not only 
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protect neurons that already express it from apoptotic cell death, but ectopic expression of Calb 

may allow those neurons previously vulnerable to such death to be spared.  

 

1.5 Heterogeneity in midbrain DA neurons  

The DAT-Cre mouse strain is commonly used to examine the activation or inhibition of many DA 

areas or subpopulations; however, interpreting the results of this activity becomes more 

complicated when considering the heterogeneity within DA populations. That said, a more 

complete understanding of this heterogeneity could enable the development of subpopulation-

specific mouse models which could be used to examine selective activation/inhibition of these 

subpopulations (Anderegg et al., 2016). 

Calb+ DA neurons have been characterized as a functionally distinct group of DA neurons. 

They have been shown to differ from Calb- DA neurons in their resistance to cell death as 

previously mentioned, but also in their firing properties, susceptibility to excitatory/inhibitory DA 

input, calcium-channel composition, and levels of dopamine release and uptake (Brimblecombe et 

al., 2019; Evans et al., 2017). Expression of Calb in DA neurons also influences where they project  

in the striatum (Gerfen et al., 1987). The expression of Calb in DA neurons is known to be 

significantly higher in the VTA compared to the SNc as a whole. Many studies characterize the 

dorsal SNc as Calb+, while the ventral SNc is Calb- (Anderegg et al. 2016; Fu et al., 2012). 

Interestingly, this is correlated with an increased resistance of the dorsal SNc to Parkinsonian cell 

death as compared to the ventral SNc (Gibb and Lees, 1991). The consensus on DA neuron Calb 

expression along mediolateral axis of the SNc, however, has not been reached and existing research 

offers variable results. Fu et al. (2012) found that the lateral SNc of mice had much higher 

Calb/tyrosine hydroxylase (TH) co-expression than the medial SNc. However, the opposite has 

been observed in humans (Yamada et al., 1990) and rats (Nemoto et al., 1999). It is noteworthy 

that DA neurons in the medial SNc demonstrate heightened resistance to cell death compared to 

the lateral (Damier et al., 1999; Fearnley and Lees, 1991). Since Calb is theorized to be implicated 

in cell death resistance one might expect the medial SNc to contain higher proportions of Calb+ 

DA neurons.  
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Researchers have also observed that the medial and lateral SNc have distinct physiological 

properties. DA neurons in the medial SNc have been found to receive mainly inhibitory input, 

while the lateral DA SNc receives excitatory input (Estakhr et al., 2017). There have also been 

observed differences in locomotor control; activation of the medial SNc inhibits locomotion, while 

activation of the lateral SNc increases it (Estakhr et al., 2017). Furthermore, lesions in the medial 

or lateral SNc produce circling behaviours in opposite directions (Franklin and Wolfe, 1987). Calb 

may be implicated in physiological heterogeneity in the midbrain through its effect on energy-

activated potassium channels (K-ATP channels). Activation of K-ATP channels promotes burst 

firing in medial DA neurons in the SNc (Schiemann et al., 2012). In mice, this firing pattern has 

been associated with novelty-induced exploration behaviour (Schiemann et al., 2012). It has been 

theorized that the presence of Calb promotes this burst firing through its calcium buffering 

capabilities (Knowlton et al., 2018). Therefore, characterizing the expression of Calb along the 

mediolateral axis of the mouse midbrain may help establish Calb as a marker for physiologically- 

and functionally-distinct DA populations.  

 

1.6 Study objectives and hypotheses 

This study has two major objectives. First, we aim to evaluate the efficiency of the DAT-

Cre::ChR2-EYFP transgenic mouse model in expressing ChR2 in DA neurons in the SNc and 

VTA. Second, we aim to characterize the expression of Calb in DA neurons in the VTA and along 

the mediolateral axis of the SNc. We hypothesize that every DA neuron analyzed will express 

ChR2, as theoretically the Cre-lox system used will conditionally drive ChR2 expression solely in 

DA neurons. We also hypothesize that the medial SNc will show greater levels of Calb 

colocalization in DA neurons as compared to the lateral SNc.  

 

2.0 Materials and Methods 

2.1 Animal care and breeding 

Experiments conducted in this study were in accordance with the University of Victoria Animal 

Care Committee’s animal care and use protocols, following guidelines set by the Canadian Council 

on Animal Care (CCAC). Mice were raised at the Animal Care Unit of the University of Victoria. 
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They were socially housed under a 12-hour light/dark cycle and were provided with food and water 

ad libitum.  

The DAT-Cre::ChR2-EYFP mouse strain used in this study was bred by crossing two 

strains of knock-in mice, DAT-Cre (Bäckman et al., 2006) (JAX stock# 006660) and ChR2-EYFP 

(Madisen et al., 2012) (JAX stock# 024109), until heterozygosity for DAT-Cre and homozygosity 

for Ai32(RCL-ChR2(H134R/EYFP) was achieved. DAT-Cre knock-in mice express cre 

recombinase through activation of the dopamine transporter (DAT) promoter. ChR2-EYFP knock-

in mice possess a loxP-flanked STOP cassette prior to a ChR2-EYFP construct, inserted into the 

ROSA26 locus. In the DAT-Cre::ChR2-EYFP mice used here, the loxP-flanked STOP cassette was 

deleted only in cre-expressing DA neurons, allowing for ChR2-EYFP expression selective to DA 

(DAT-expressing) neurons (Fig 2). Two male and two female mice were used during the study, 

and the ages of mice used ranged from 8 to 24 weeks.  

 

2.2 Immunohistochemistry  

Figure 3 shows the methodology used to prepare brains for data collection. Solutions for perfusion, 

sectioning and immunohistochemical staining were prepared within a week of use. Mice were 

anesthetized with isofluorane (Fresenius Kabi, product# CP0406V2) and once sedated underwent 

a transcardial perfusion. The perfusion was carried out with 20 mL phosphate buffer saline (PBS), 

followed by 25 mL 4% paraformaldehyde (PFA) (in PBS, pH 7.4) delivered through a peristaltic 

pump at a rate of 4 mL/min (Masterflex Easy Load, Cole-Parmer, cat#EW-07518-00). The brain 

Figure 2. The Cre-lox system in DAT-Cre::ChR2-EYFP mice. In non-DA neurons, cre recombinase 
is not expressed and the stop codon preceding the ChR2-EYFP transgene remain in the gene, stopping 
transcription before this transgene is reached. In DA cells, cre recombinase will cut at loxP sites 
flanking the stop codon, excising it and allowing transcriptional machinery to reach the transgene. This 
results in ChR2-EYFP expression selectively in DA cells.  



10 
 

was dissected out after the perfusion and transferred into a 4% PFA solution (in PBS, pH 7.4) 

overnight before being transferred into PBS. The brain was stored at 4°C from perfusion until 

sectioning. Sectioning was performed within a week of perfusion of the brain. Once removed from 

the PBS solution, the cerebellum and olfactory bulbs of the brain were removed using a razor blade 

and the brain was place rostral-side-up in a weigh boat. It was then submerged in 1.5% agar 

(Thermo Fisher Scientific, cat#BP1423500) (in PBS, pH 7.4) and allowed 10 minutes to solidify 

prior to sectioning. 100 μm coronal sections ranging from -3.28 to -3.62 bregma (as per Paxinos 

et al., 2001) were collected using a vibratome (Pelco 101, 1000 Series) and stored in well plates 

in PBS until immunohistochemical staining.  

 Staining took place within a week of brains being sectioned. Slices were placed in well 

plates and washed three times with PBS (pH 7.4) for 10 minutes. They were then permeabilized 

with 0.25% Triton X100 (in PBS; Bio Basic, cat# TB0198) for 10 minutes, after which they 

underwent three more 10-minute washes with PBS. Slices were blocked in 10% donkey serum (in 

PBS; Jackson ImmunoResearch, cat#017-000-121) for 30 minutes. The sections were then 

incubated at room temperature overnight in primary antibody (tyrosine hydroxylase, Pel Freez 

Biologicals, cat#P40101-150, host: rabbit; calbindin, Abcam Inc., cat#ab82812, host: mouse) in 

3% donkey serum (in PBS) at a 1:250 concentration. Sections were rinsed 3 times with PBS (pH 

7.4) and incubated overnight at room temperature in secondary antibodies (Alexa Fluor 405 anti-

rabbit, Invitrogen, cat#ab175651, host: donkey; Cy5 anti-mouse, Jackson ImmunoResearch, 

cat#715-175-150) at a 1:500 concentration to 3% donkey serum. Slices were mounted with 80 µL 

Immunomount (Immu-MountTM, Thermo Fisher Scientific, cat# 9990402) (pH 8.0) on slides 

Figure 3. Methodology used to obtain confocal images for data collection. Coronal slices of DAT-
Cre::ChR2-EYFP mouse brains were stained for TH and Calb through immunohistochemistry. Sections 
were then mounted and visualized using fluorescent confocal microscopy.  
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(Superfront Plus Gold Microscope Slides, Thermo Fisher Scientific, cat# 15-188-48). The 

mounted slides were stored overnight at 4°C before sealing the coverslip edges with nail polish. 

Slides were stored at 4°C and were allowed to dry for at least 24 hours after sealing prior to 

imaging.  

 

2.3 Spectral confocal microscopy 

Only sections of interest in which the oculomotor nerve intersecting the SNc was clearly visible 

were used for imaging. A Nikon C1si scanning confocal inverted microscope was used to obtain 

z-stack images of regions of interest. Imaging was done at room temperature. Images for analysis 

were acquired using a 20X Plan Fluor DIC objective (0.50 NA, 2.1 mm working distance), and 

additional images were acquired using a 10X Plan Fluor DIC objective (0.30 NA, 16 mm working 

distance). Images were 16-bit with 1024 x 1024 pixel resolution. Cy5 was excited using a 640 nm 

diode laser line at 5% maximum intensity of an Obis diode laser, EYFP was excited using a 488 

laser line at 5% maximum intensity of an Argon laser, and Alexa 405 was excited using a 405 nm 

laser line at 5-8% of an Obis diode laser. Images were averaged over 3 scans to reduce noise and 

taken using a medium pinhole (40 μm diameter), 5.5 μs pixel dwell time, and spectral detector 

gains ranging from 175-210 (Cy5, EYFP) or 190-220 (Alexa Fluor 405) inclusive. The dimensions 

of the Z-stacks obtained were 636.5 x 636.5 μm with a 1 μm step size over ~20-40 μm, and stacks 

were collected over spectral ranges of 655-705 nm (Cy5), 515-565 nm (EYFP), and 420-470 nm 

(Alexa Fluor 405).  

 

2.4 Analysis of confocal microscopy images 

Superimposition of z-stack images and quantification of colocalization of TH+, Calb+, and ChR2+ 

cells were done in Fiji (ImageJ, version 2.35/1.54t). TH+, Calb+, TH+Calb+, and TH+ChR2+ cell 

bodies for each region of interest were counted by hand using the cell counter feature of the Bio-

Formats plugin. The medial and lateral SNc were distinguished through division by the oculomotor 

nerve. All cells medial to the most lateral fiber in the z-stack were included as medial during 

counting. The medial lemniscus served as a division between the SNc and VTA. Cells within these 

boundaries were included in the count for the region of interest.  

Signal to background differences were measured for each fluorophore (Alexa 405, Cy5, 

and EYFP). Throughout each of the 27 z-stacks analyzed, 10 measures of mean pixel intensity for 
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each positive fluorescent signal (signal) and negative fluorescent signal (background) were 

collected. If there were not 10 positive cells present, all positive cells in ROI were included; in 

total, 270 measures were taken for each fluorophore except measures of positive Calb-Cy5 signal 

(267 measures taken in total). For TH-405, Calb-Cy5, and EYFP expression (respectively), the 

mean signal pixel intensities were 1252.19 ± 36.93, 1284.47 ± 36.93, and 780.20 ± 19.39, while 

the mean background intensities were 308.54 ± 11.62, 255. 35 ± 8.18, and 240.10 ± 6.50 (Fig 4).  

It should be noted that size, shape, and relative position throughout the z-stack was also taken into 

consideration when identifying cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Mean pixel intensity of positive and negative signal for fluorophores visualized in 
confocal images.  The mean pixel intensities of signal and background expression for the TH-405, 
Calb-Cy5, and ChR2-EYFP fluorophores used in the study. Measures of pixel intensity were obtained 
from 27 images of MSNc, LSNc, and VTA of 4 mice. The number of either signal or background 
measures taken per fluorophore ranged from 267-270. TH-405 expression had a mean signal pixel 
intensity of 1252.19 ± 36.93 and a mean background pixel intensity of 308.54 ± 11.62. Calb-Cy5 
expression had a mean signal pixel intensity of 1284.47 ± 36.93 and a mean background pixel intensity 
of 255. 35.  ChR2-EYFP expression had a mean signal pixel intensity of 780.20 ± 19.39 and a mean 
background pixel intensity of 240.10 ± 6.50.  
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2.5 Statistical analyses 

Statistical analyses were carried out using R (version 4.2.2, 2022) and values were reported as 

mean ± standard error of the mean. The sample size used during analyses was n = 8, as data was 

collected from the SNc and VTA of both hemispheres of all four mice used. Assumptions of 

normality were tested using a Shapiro-Wilk normality test and assumptions of equal variance were 

tested using a Fligner-Killeen test of homogeneity of variances. When appropriate, single-factor 

ANOVA was used to evaluate differences between groups and was followed by a post-hoc Tukey-

Kramer test for multiple comparisons of means. When parametric assumptions were not met, the 

Kruskal-Wallis Rank Sum test was used to detect potential differences between any groups, and if 

detected Dunn’s test for pairwise multiple comparisons was used post-hoc to assess between which 

groups these differences occurred. When of interest, calculation of Cohen’s d and power analyses 

were conducted. The alpha level of statistical significance used for all analyses was 0.05.  

 

3.0 Results 

3.1 Calb colocalization in DA neurons  

To characterize the proportion of DA (TH+) neurons that co-expressed Calb within brain regions 

measured (Fig 6), we divided the number of neurons that were both Calb+ and TH+ by the total 

number of TH+ neurons present to gain a representative fraction. This was used to calculate the 

percentage of colocalization observed; percentages were used in statistical analyses. There was 

found to be a difference in the extent of TH+Calb+/TH+ colocalization between brain regions 

analyzed (Kruskal-Wallis rank sum test: p < 0.001) (Table 1). While we observed a trend in 

TH+Calb+/TH+ colocalization within the SNc, wherein the LSNc (6.62 ± 2.48 %) had a lower 

degree of colocalization than the MSNc (18.56 ± 5.49 %), this difference was not significant 

(Dunn’s test: p = 0.19) (Table 1; Fig 5). Calculation of Cohen’s d showed that there was a large 

effect size, indicating that the two true means of these regions have little overlap with each other 

(d = 0.99). A power analysis was also conducted to determine the sample size needed to have a 

statistical power of 0.80 given the current results of MSNc-LSNc colocalization. Results showed 

that a sample size of 24 would be needed to reach 95% confidence that the means were different 

(δ = 11.94, α = 0.05, sd = 16.41); this would require the use of eight more mice than in the current 

study. There was a strong significant difference in TH+Calb+/TH+ colocalization between the 
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both the MSNc and LSNc compared to the VTA (59.97 ± 3.60 %) (Dunn’s test: p = 0.01 and p = 

1.94 × 10-4, respectively).  

 

 

 

 

 

Figure 5. Percentage of  Calb+ cells colocalized in DA neurons within the VTA, MSNc, and LSNc 
of DAT-Cre::ChR2-EFYP mice. Colocalization data was collected from a total of 27 images of the 
MSNc, LSNc, and VTA of both hemispheres of four mice (n = 8). There was a significantly higher 
degree of colocalization within the VTA (59.97 ± 3.60 %) compared to the SNc. While the mean 
percentage of TH+Calb+ colocalization in the MSNc (18.56 ± 5.49) was higher than that of the LSNc 
(6.62 ± 2.48), the difference between them was not significant. 
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Figure 6. Colocalization of Calb and TH in the dopaminergic midbrain of DAT-Cre:ChR2-EYFP 
mice. 10X confocal images of the dopaminergic (TH+) and Calb+ mouse midbrain are shown in A and 
B (respectively).  These images are superimposed in C to show regions of interest. The MSNc and 
LSNc were divided by the oculomotor nerve (3n), while the MSNc and VTA were separated by the 
medial lemniscus (ml). Cell counting was performed using 20X confocal images (D-L). The TH+, 
Calb+, and superimposed images are shown for the MSNc (D-F), LSNc (G-I), and VTA (J-L). 
Colocalizing TH+Calb+ neurons in each region of interest are shown by the arrows in each panel. Data 
for each brain region consisted of counts from a total of 27 images of the MSNc, LSNc, and VTA in 
both hemispheres of from four mice (n = 8). 
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3.2 Proportion of Calb+ cells that are DA 

The percentage of Calb+ neurons that were DA (TH+) was deduced using the same method as 

section 3.2, except now dividing the number of TH+Calb+ neurons by the total number of Calb+ 

neurons present in the region of interest (Fig 6). The mean percentages of TH+Calb+/Calb+ 

colocalization were 26.47 ± 6.80% (LSNc), 34.47 ± 4.59% (MSNc), and 42.31 ± 5.41% (VTA) 

(Table 1). Single-factor ANOVA found no significant differences between either of these brain 

regions (p = 0.17) (Fig 7A). These results indicate that while the proportion of total DA neurons 

expressing Calb may differ between brain regions, the proportion of Calb devoted to the DA cell 

population remains the same between all brain regions.   

The presence of non-DA Calb+ positive cells is also informative when characterizing the 

pattern of Calb+ throughout the midbrain. The percent of TH+Calb+/Calb+ colocalization not only 

conveys the relative amount of Calb+ cells that are DA but can also be used to infer the proportion 

of Calb+ cells present in these regions that belong to other neurotransmitter systems or have a 

supportive function (Fig 7B). Using 1 - TH+Calb+/Calb+, the percentage of non-DA Calb+ cells 

in the LSNc, MSNc, and VTA are calculated to be 73.53± 6.80%, 65.53± 4.59%, and 57.69± 

5.41% respectively.  

 

 

 

 

 

 

 

 

 

 

Figure 7. Percentage of TH+ colocalized in Calb+ neurons within the VTA, MSNc, and LSNc of 
DAT-Cre::ChR2-EFYP mice. Colocalization data was collected from a total of 27 images of the 
MSNc, LSNc, and VTA of both hemispheres of four mice (n = 8). As shown by A, there was no 
difference in colocalization between the VTA (42.31 ± 5.41 %), MSNc (34.47±4.59 %), or LSNc 
(26.47±6.80%) (Single-factor ANOVA: p = 0.17). The stacked bar chart shown in B depicts how much 
of the Calb+ population in each brain region is devoted to DA neurons and how much are non-DA 
cells.  

A B 
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3.3 ChR2 expression within DA neurons 

Percentages of ChR2 expression in DA neurons within regions of interest were calculated 

in the same manner as section 3.2, but now with the number of TH+ChR2 colocalized neurons 

(Fig 9). Levels of TH+ChR2+/TH+ colocalization was observed to be very high within all regions 

analyzed; in DA neurons, the LSNc, MSNc, and VTA had ChR2+ colocalization levels of 98.33 

± 0.64%, 96.89 ± 0.63%, and 95.73 ± 0.77% respectively (Table 1; Fig 8). Due to the observed 

closeness of means and low variability within the samples, we did not perform statistical analyses 

to compare colocalization levels between brain regions. These results suggest that the DAT-

Cre::ChR2-EYFP mouse model is very effective at expressing ChR2 in the DA neurons within 

these regions. It should be noted that these results do not convey any information about ChR2 

expression outside of DA neurons.  

 

 

 

 

Figure 8. Percentage of TH+ChR2+ colocalization in DA neurons within the VTA, MSNc, and 
LSNc of DAT-Cre::ChR2-EFYP mice. Colocalization data was collected from a total of 27 images 
of the MSNc, LSNc, and VTA of both hemispheres of four mice (n = 8). Expression of ChR2 was 
extremely high in midbrain DA neurons, with the VTA, LSNc, and MSNc having mean percentages of
ChR2+TH+ colocalization of 95 ± 0.77 %, 98.33 ± 0.64 %, and 96.89 ± 0.63 % (respectively).  
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Figure 9. Colocalization of ChR2 and TH in the dopaminergic midbrain of DAT-Cre:ChR2-
EYFP mice. 10X confocal images of the dopaminergic (TH+) (A) and ChR2+ (B) mouse midbrain 
were obtained for cell counting.  C depicts a superimposition of both ChR2+ and TH+ images and 
denotes the regions of interest used when quantifying colocalization. The oculomotor nerve (3n) was 
used to divide the medial and lateral SNc, and the medial lemniscus (ml) was used to separate the MSNc 
with the VTA. Cell counting was performed using 20X confocal images (D-L). The TH+, ChR2+, and 
superimposed images are shown for the MSNc (D-F), LSNc (G-I), and VTA (J-L). Arrows highlight 
colocalized TH+ChR2+ neurons in each region of interest. Data for each brain region consisted of 
counts from a total of 27 images of the MSNc, LSNc, and VTA of both hemispheres of from four mice 
(n = 8). 
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3.4 Calb-reactive neurites and neuropil in the SN 

During our analysis, we observed robust Calb+ staining of the neuropil in the SNc and the 

dorsolateral region of the SNR of all brains (Fig 10A, Fig 10B). There were also neurite-like 

structures that appeared throughout the entire mediolateral axis of the SNR (Fig 10C, Fig 10D) 

and SNc. As our TH stain appeared to be solely localized to the somas of DA neurons, we are 

unable to determine if DA processes colocalize with these structures. These results show that 

structures other than cells bodies are Calb+ in the SN.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Calb+ reactivity of neuropil and non-somatic structures in the SNR of the DAT-
Cre::ChR2-EYFP mouse midbrain. Neuropil in the dorsolateral SNR showed intense reactivity to 
immunostaining for Calb; this can be seen in 10X images (A) but is even more apparent in 20X images 
(B). C and D show the presence of neurite-like structures present within both the medial and lateral 
SNR.  
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4.0 Discussion 

4.1 Calb expression in DA neurons does not differ between the LSNc and MSNc  

The relative distribution of Calb in DA neurons has been debated in the scientific literature. While 

the current study observed a trend similar to that of Nemoto et al. (1999) and others, in which the 

MSNc had a larger mean percentage of Calb+ colocalization in DA neurons than the LSNc, this 

difference was not statistically significant. Past studies conducting similar colocalization studies 

in rats have found significant effects with sample sizes ranging from 3-6 (Liang et al., 1996; 

Nemoto et al., 1999; Rogers and Résibois, 1992). That said, it is likely that the non-significance 

between the MSNc and LSNc in their degree of TH+Calb+/TH+ colocalization is not due to our 

sample size being too small. Therefore, these results show that while the VTA shows a much 

higher percentage of DA neurons with TH+/Calb+ colocalization the percentage of this 

colocalization is likely the same between the medial and lateral SNc. However, the limitations of 

the study must be acknowledged when considering this result.  

One potential drawback may have been that data was only collected from one section per 

mouse. McRitchie and Halliday (1995) observed the presence of Calb+ DA cells in the medial 

SNc of humans but noted that the population was very small and caudally localized. Liang et al. 

(1996) investigated the expression of Calb+ throughout the SNc along the entire rostrocaudal axis 

and found that only 20% of the SNc DA neurons contain Calb. Taking into consideration the small 

amount of Calb+ cells within the SNc and this observed heterogeneity along the rostrocaudal axis, 

analyzing one section per animal may have not allowed for a fully comprehensive view of these 

cells within the SNc even if more animals were used. Furthermore, although comparisons were 

made between colocalization percentages, only analyzing one section may have also reduced the 

“cellular sample size”; for example, sometimes the LSNc contained a large enough number of DA 

neurons that two image stacks needed to be analyzed during data collection for the region, while 

other times data collection only required one stack. The MSNc, on the other hand, sometimes 

contained very few DA neurons, with the presence of even one TH+Calb+ cell influencing the 

percentage of colocalization substantially and contributing to the variability seen in our data. While 

other investigative studies had a similar subject sample size to the present study, most tend to 

analyze multiple sections per subject (Dopeso-Reyes, 2014; Nair-Roberts et al., 2008). That said, 
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the analysis of additional sections from each mouse may have allowed our data to more accurately 

reflect any Calb-related trends that occur within the SNc.   

While there was no difference in the percentage of TH+Calb+ colocalization within the 

SNc itself, there were large significant differences found between both the MSNc and LSNc and 

the VTA. This is in accordance with past research showing higher levels of Calb in the VTA as 

compared to the SNc, which suggests that the Dat-Cre::ChR2-EYFP mouse model examined 

displays typical patterns of Calb expression (Damier et al., 1999; Dopeso-Reyes, 2014; Liang et 

al., 1996).  

 

4.2 Other potential markers for physiological differences between midbrain regions 

While we suspect that variability within the SNc may be the reason for the non-significance 

of the medial/lateral difference in DA Calb expression in the SNc, other potential markers for the 

physiological differences that have been observed between the medial and lateral DA SNc should 

be considered. Chung et al. (2005) aimed to uncover physiological markers that differed between 

the DA neurons in the SNc and VTA. Among markers they identified were GIRK channels and 

cholecystokinin (CCK).  

One potential marker that could be considered is expression of G-protein-regulated inward-

rectifier potassium 2 (GIRK2) channels. Gain-of-function of GIRK2 has been shown to potentially 

alter the electrophysiological phenotype of DA neurons through activation of K-ATP channels 

(Liss et al., 1999). Therefore, perhaps the physiological heterogeneity in the DA midbrain is not 

due to Calb’s influence on K-ATP channels but through the influence of GIRK2. Interestingly, 

Calb+ and GIRK2 colocalization in DA neurons has been found to be higher in the lateral SNc 

than the medial, while overall Calb expression is higher in the MSNc than the LSNc (Reyes et al., 

2012). Additionally, GIRK2+ DA neurons have been associated with increased vulnerability to 

Parkinsonian-like cell death, in contrast to Calb+ DA neurons as previously described (Chung et 

al., 2005). Therefore, perhaps it is both Calb expression and GIRK2 expression that contribute to 

relative differences in vulnerability to cell death within the DA midbrain. 

There are also increased levels of the neuropeptide cholecystokinin (CCK) in the VTA relative 

to the SNc (Chung et al., 2005). In the DA neurons of the VTA, CCK acts to regulate the 



22 
 

excitability of these DA neurons by facilitating long-term potentiation of GABAergic synapses 

upon release (Martinez Damonte et al., 2023). It has also been shown to have neuroprotective 

effects on DA neurons in the substantia nigra through decreasing neuroinflammation and 

mitochondrial damage (Zhang et al., 2022). One study characterized CCK as colocalizing with 

DA neurons in the medial SNc, which would correlate with the resilience of this region to cell 

death (Hommer et al., 1985). Therefore, more current research should be done to establish CCK’s 

pattern of expression within the SNc itself, in addition to characterizing if its presence effects the 

excitability of DA neurons in a similar manner as in the VTA.   

 Other genes that were elevated in the SNc include those related to metabolism, 

mitochondrial proteins, and lipid, protein, and vesicle-mediated transport (Chung et al., 2008). 

Therefore, while Calb is a strong potential marker for distinct physiological characteristics in DA 

neurons, research on expression patterns of other markers and their ability to modulate DA 

neurotransmission could be valuable in establishing a complete understanding of the observed 

physiological heterogeneity within the DA midbrain.  

 

4.3 Not all Calb present in the midbrain is devoted to DA neurons 

The percentage of the total Calb+ cells present that were colocalized with TH remained constant 

between the MSNc, LSNc, and VTA. While there were no differences between brain regions, the 

mean percentage of this colocalization for all brain regions was less than half of the total Calb+ 

population present. That said, there remains a substantial amount of Calb+ cells in these regions 

that are not involved in the DA system, which poses the question of what cell types make up this 

additional Calb+ population.  

One possibility is that these cells are GABAergic neurons. One stereological study by Nair-

Roberts et al. observed that 29% of cells in the SNc and 35% of VTA cells were both GABAergic 

and non-DA. Within the SNc, these cells tend to be located laterally (Nair-Roberts et al., 2008). 

However, it has been found that only a very small amount of non-DA GABAergic neurons in the 

VTA colocalize with Calb (Olson and Nestler, 2007). To the best of our knowledge, the extent of 

GABA+Calb+ colocalization within the SNc has yet to be quantified. It has been observed that in 

GABAergic neurons, Calb may play a role in slowing the extent of Ca2+ increase in response to 
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oxidative and glucogenic deprivation induced by domoic acid exposure (Zinchenko et al., 2021). 

Therefore, Calb may play a neuroprotective role in GABAergic neurons in addition to DA neurons. 

Investigating the potential presence of Calb+ GABAergic neurons within the SNc and VTA would 

be worthwhile, especially as a loss in GABAergic transmission has recently been theorized to 

contribute to abnormal calcium levels leading to neurodegeneration in various diseases 

(Blaszczyk, 2016).  

Glutamatergic neurons could also make up part of the Calb+ population we observed in the 

midbrain. The VTA contains a small glutamatergic neuronal population that is distinct from both 

GABAergic and DA populations (Nair-Roberts et al., 2008; Yamaguchi, Sheen, and Morales, 

2011). The presence of glutamatergic neurons within the SNc has been much more debated, but 

more recent research shows that the lateral SNc does contain discretely glutamatergic neurons 

expressing VGLUT-2 (An et al., 2021; Root et al., 2016; Yamaguchi et al., 2013). While studies 

on Calb expression within these glutamatergic SNc neurons are lacking, Mongia et al. (2020) 

demonstrated that roughly one-third of glutamatergic neurons in the VTA expressed Calb. In the 

VTA, glutamatergic neurons are known to modulate behaviour, reinforcement learning and 

wakefulness (Barbano et al., 2020; Root et al., 2016; Yu et al., 2019; Zell et al., 2020). 

Glutamatergic SNc neurons are hypothesized to have a similar function (Root et al., 2016), but 

studies that directly examine the function of these specific neurons have yet to be conducted. 

Furthermore, to the best of our knowledge there are no studies investigating if Calb+ glutamatergic 

neurons present in the midbrain have distinct functional or physiological characteristics. Therefore, 

it is possible that these Calb+ neurons could represent a unique subset of the glutamatergic 

population.   

Our study showed that a significantly large proportion of Calb present in the midbrain is 

localized to neurons other than the DA neurons investigated here. Thus, studies to decipher what 

systems these Calb+ cells belong to could help provide a more holistic understanding of the 

different cell populations (and subpopulations) within the VTA and SNc.  
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4.4 The DAT-Cre::ChR2-EYFP model is effective in expressing ChR2 in DA neurons 

ChR2 has emerged as a useful optogenetic tool that can be used in conjunction with the Cre-lox 

system to selectively activate certain cell types and regions (Bäckman et al., 2004; Madisen et al., 

2012). The effects of this activity can then be observed to help elucidate the functionality of 

different neuronal cell types or regions within the nervous system. The DAT-Cre mouse model 

allows the DA system to be targeted through conditional expression of ChR2 in DA neurons.  In 

all three midbrain regions of interest we observed, there was very high levels of ChR2 expression 

within DA neurons. This validates the DAT-Cre::ChR2-EYFP mouse model in its ability to 

harness the Cre/lox system to drive expression of ChR2 in DA neurons. However, this is only one 

facet of this model’s evaluation. Another important aspect that should be considered is the potential 

for “leaky” cre recombinase. This occurs when there is ectopic cre recombinase expression, which 

in this case would involve cre expression outside of DAT-expressing neurons. If this occurs, then 

ChR2 would be expressed in non-DA neurons, and therefore may contribute to any effect observed 

from light stimulation. Furthermore, transgenics homozygous for the ChR2 transgene such as those 

investigated in this study have been reported to have a low level of “off-target” transgene 

expression in which ChR2-EYFP is expressed independent of cre expression (Prabhakar et al., 

2019). That said, the natural next step in evaluating the efficacy of the DAT-cre::ChR2-EYFP 

model would be to quantify the degree of non-DA ChR2 expression that occurs, either due to 

ectopic cre expression or Cre-independent transgene expression. While our results show that this 

model expresses ChR2 in DA neurons very efficiently, this finding would carry far less weight 

should it be revealed that ChR2 is expressed in many other non-DA neurons. Verifying a high 

degree of DA-localized ChR2 expression would solidify the DAT-Cre:ChR2-EYFP mouse model 

as a highly effectual tool for investigating the activity of the  DA system.  

 

4.5 Hypothesized identification of Calb-reactive neuropil and structures in the SNR  

Damier et al. (1999) observed similar patterns of Calb immunoreactivity in the neuropil of the 

substantia nigra, similar to the intense Calb+ staining in the dorsolateral SNR observed in the 

current study. Authors theorized that this neuropil makes up fibers from MSNs of the direct basal 

ganglia pathway, which project from the striatum and synapse onto GABAergic neurons in the 

SNR (Damier et al., 1999; Gerfen, 1984). MSNs that reside in the striatal matrix are known to be 
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Calb+, while those that reside in striatal striosomes are Calb- (Liu and Graybiel, 1992). While 

MSNs that project to the SNR can originate in both the matrix and striosome compartments, the 

bulk of these neurons reside in the Calb+ matrix (Fujiyama et al., 2011; Smith et al., 2016; Watabe-

Uchida et al., 2012). Therefore, the neuropil and neurite-like structures in the current study could 

be MSN projections from the striatal matrix onto GABAergic neurons in the SNR. The subsequent 

projections of these SNR GABAergic neurons onto DA neurons in the SNc may also contribute to 

this observed Calb reactivity (Damier et al., 1999; Tepper et al., 1995) 

Alternatively, these structures may be microglia. Microglia function to support and protect 

neurons and are known to be particularly abundant within the substantia nigra, especially in the 

SNR (Lawson, Perry, and Gordon, 1990). Microglia within the SNc become activated by alpha-

synuclein during Parkinson’s disease and induce neuroinflammation which contributes to the DA 

cell death characteristic of the disease (Tanaka et al., 2013). While there is a lack of knowledge in 

the field surrounding Calb expression in microglia, the calcium-binding protein Iba1 is known to 

be specifically expressed in microglia and influences the functioning of activated microglia (Ito et 

al., 1998).  Calb may function in a similar manner. The exact role Calb plays in microglial 

functioning is a potential subject for future research.   

 

4.6 Future research 

As the role of Calb as a physiological marker remains ambiguous, further studies to characterize 

Calb colocalization within DA neurons along the mediolateral SNc should be conducted. These 

studies should be sure to acknowledge heterogeneity in Calb expression along other axes, as well 

as take into consideration the small number and caudal localization of Calb+ DA neurons within 

the SNc (Liang et al., 1996; McRitchie and Halliday, 1995). Future studies should investigate if 

the non-DA Calb+ midbrain neurons we have described here make up functionally distinct 

subpopulations. It would also be useful to know the relative expression of these subpopulations 

along different axes of the midbrain should they be applicable to any observed physiological 

differences between axes. The validity of the DAT-Cre::ChR2-EYFP mouse model could be 

further strengthened if it was shown that there were low levels of ectopic cre or ChR2 expression 

outside of DA neurons. The extent of leaky cre expression of the DAT-Cre::ChR2-EYFP mouse 

line could be quantified through performing a Hoechst stain combined with labelling for TH so 
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that ChR2 expressed in non-DA neurons could be identified. Finally, research confirming the 

hypothesized presence of Calb in microglia within the substantia nigra, and the role it may play in 

microglial functioning might also be of future interest.  

 

5.0 Conclusion 

This study provided more insight into Calb colocalization in DA midbrain neurons and found that 

while TH+Calb+ colocalization was higher in the VTA than SNc, there was no significant 

difference in TH+Calb+ colocalization between the MSNc and LSNc. The possible presence of 

Calb+ subpopulations of other neuronal cell types present in the midbrain was also discussed. We 

also, to the best of our knowledge, conducted a novel attempt in evaluating the efficacy of the 

DAT-Cre::ChR2-EYFP mouse model and reported an extremely high ability of this mouse line to 

express ChR2 in DA cells. This research may have important implications in understanding 

molecular and physiological heterogeneity within the midbrain, as well as providing useful 

information for future studies that will utilize the DAT-Cre::ChR2-EYFP mouse model.  
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7.0 Appendix 

Table 1. Calculation of colocalization percentages. Data for each brain region consisted of counts from a total of 
27 images of the MSNc, LSNc, and VTA of both hemispheres of from four mice (n = 8). 
 

 
Brain 

Region 
Number 
of ROIs 

% Colocalized 
(mean ± SE) 

Statistical tests and values 

% TH+CALB+/TH+ 

LSNc 11 6.62 ± 2.48 
Kruskal-Wallis Rank Sum Test 
df = 2, chi-squared = 16.595, 

p = 2.491×10-4 
 

Dunn’s Test 
LSNc – MSNc, p = 0.191 

LSNc – VTA, p = 1.940×10-4 
MSNc – VTA, p = 0.014 

MSNc 8 18.56 ± 5.49 

VTA 8 59.87 ± 3.60 

% TH+CALB+/CALB+ 

LSNc 11 26.47 ± 6.80 Single-factor ANOVA 
df = 2, F = 1.95,  p = 0.17 

 
Tukey-Kramer Test 

LSNc – MSNc, p = 0.59 
LSNc – VTA, p = 0.14 
MSNc – VTA, p = 0.60 

MSNc 8 34.47 ± 4.59 

VTA 8 42.31 ± 5.41 

% TH+CHR2/TH+ 

LSNc 11 98.33 ± 0.64 

No comparison tests performed. 

MSNc 8 96.89 ± 0.63 

VTA 8 95.73 ± 0.77 

 

 

 


