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Resumo 

Ex Uno Plures: Sobre o uso de camundongos transgênicos e optogenética para 

caracterizar populações de neurônios identificadas geneticamente 

 Os neurocientistas tem uma diversidade de perspectivas com as quais podem 

classificar diferentes partes do cérebro. Com o surgimento de técnicas baseadas na genética, 

como a optogenética, se torna cada vez mais importante identificar se um grupo de células, 

definidas através de morfologia, função ou posição anatômica possui um padrão característico 

de expressão de um ou mais promotores genéticos. Isso permite melhores formas de estudar 

essas populações de neurônios definidas geneticamente. Neste trabalho, eu apresento uma 

discussão teórica e três estudos experimentais nos quais essa foi a principal questão sendo 

abordada. O Estudo I discute as questões envolvidas em selecionar um promotor para estudar 

estruturas e subpopulações na área tegmental ventral. O Estudo II caracteriza uma 

subpopulação de células na área tegmental ventral que compartilha a expressão do promotor 

TRPV1, que é anatomicamente muito restrita e que induz aversão quando estimulada. O 

Estudo II utiliza uma estratégia similar para investigar a subpopulação no núcleo subtalâmico 

que expressa PITX2 e VGLUT2 que, quando inativada, causa hiperlocomoção. O Estudo IV 

explora o fato de que um grupo de células previamente identificadas no Hipocampo Ventral 

expressa CHRNA2, e indica que essa subpopulação pode ser necessária e suficiente para o 

estabelecimento do ritmo teta (2-8 Hz) no Hipocampo Ventral de camundongos anestesiados. 

Todos esses estudos foram guiados pela mesma estratégia de identificar um promotor 

genético capaz de permitir o controle de uma população de neurônios identificada 

geneticamente, e eles demonstram as diferentes formas pelas quais essa abordagem pode 

generar novas descobertas. 

Palavras-chave: Optogenética. Área tegmental ventral. Núcleo Subtalâmico. Hipocampo. 

Subpopulacões de neurônios identificadas geneticamente. 
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Abstract 

 Neuroscientists have a variety of perspectives with which to classify different 

parts of the brain. With the rise of genetic-based techniques such as optogenetics, it is 

increasingly important to identify whether a group of cells, defined by morphology, function 

or anatomical location possesses a distinct pattern of expression of one or more genetic 

promoters. This allows for better ways to study these genetically defined subpopulations of 

neurons. In this work, I present a theoretical discussion and three experimental studies in 

which this was the main question being addressed. Paper I discusses the issues involved in 

selecting a promoter to study structures and subpopulations in the ventral tegmental area. 

Paper II characterizes a subpopulation of cells in the ventral tegmental area that shares the 

expression of the TRPV1 promoter and is anatomically very restricted, and induces aversion 

when stimulated. Paper III utilizes a similar strategy to investigate a subpopulation in the 

subthalamic nucleus that expresses PITX2 and VGLUT2 which, when inactivated, causes 

hyperlocomotion. Paper IV exploits the fact that a previously identified group of cells in the 

ventral hippocampus expresses CHRNA2, and indicates that this population may be necessary 

and sufficient for the establishment of the theta rhythm (2-8 Hz) in the local field potential of 

anesthetized mice. All of these studies were guided by the same strategy of characterizing and 

studying the role of a genetically defined subpopulation of cells, and they demonstrate 

different ways in which this approach can generate new discoveries. 

 

Keywords: Optogenetics. Ventral tegmental area. Subthalamic nucleus. Hippocampus. 

Genetically defined neuronal subpopulations.. 
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Introduction 

As with many other scientific fields, the history of Neuroscience can be 

understood from the perspective of its techniques. The early pioneers had little more than a 

microscope and a few staining methods at their disposal, and yet they identified a myriad of 

brain regions and cell types, distinguishable by their appearance. Their ingenuity, however, 

was limited by what was achievable with those tools. The challenge of our time, as it was in 

theirs, is to push the techniques currently available to their limit, and to work to invent 

innovative perspectives that can stretch the frontiers of our field even further. 

 Our work is made easier because we stand on discoveries that were firmly 

established by our predecessors. We now understand that the cell types illustrated by Ramon y 

Cajal and Golgi carry incredible complexity within them. A neuron can be characterized 

today not only by its location and morphology, but by its receptors, neurotransmitters, 

neuropeptides, electrophysiological profile, projections, presynaptic connections and also by 

what role it plays into a larger outcome, such as behavior.   

 Underlying all this diversity is DNA, the fundamental building block of biology. 

Every single one of the characteristics described above must ultimately be regulated by genes. 

The remarkable similarity among brains of the same species is a testament to the powerful 

influence of the genetic code in shaping the anatomical structures that our predecessors have 

recognized. Our brains are a result of the interaction that exists between the immutable letters 

of our genes, and the changing vocabulary of the environment.  

Every organism must interact with variables outside its own control during its 

development. The trajectory of a cell from its embryonary stage to a mature, well-defined 

neuron is shaped by innumerous interactions between growth, transcription and migration 

factors, and also by nutrition and other inputs defined by the external environment. This 

interaction continues throughout life, as the brain adapts and changes itself to accommodate 

new information. However, importantly, even these environmentally-related changes must 

also be implemented through genes. For a neuron to become more excitable, it will need 

changes in its receptors. If it must decrease the strength of a particular synapse, it needs to 

reshape its membrane. All of its actions are carried through amino acids and proteins, and 

these are produced from DNA.  
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 Since any cellular action must inevitably be mediated by DNA directly or 

indirectly, and given that any classification of neurons will rely upon one of its characteristics, 

it follows that genetics may also be used as a tool for distinguishing among different groups 

of neurons. While every cell in the brain contains the same genetic information, only part of it 

is expressed in each one of them, and genetic expression itself is the action that will define a 

neuron's characteristics.  

 A genetically defined neuronal subpopulation, in the meaning that will be 

utilized in this work, can be defined as a group of neurons that expresses the same gene or set 

of genes. This seems straightforward at first. For example, in order to produce a 

neurotransmitter such as dopamine, a cell will need to express genes that allow it to do so. 

Therefore, we could categorize all cells that produce the “dopamine gene” as a genetically 

defined subpopulation. The first complication to arise is that there is no “dopamine gene”; the 

dopamine molecule is built in several steps. L-Phenylalanine is processed into L-Tyrosine, 

which then becomes L-Dopa, which can be converted into dopamine with the addition of 

another amino acid. During this process, the expression of many genes was required, and 

could be potential targets. However, if we choose one of those at random, we risk being 

unspecific, and picking a gene that is also expressed in cells that don't produce dopamine. 

 As is often the case, a compromise is the best solution. All dopaminergic cells 

contain the enzyme Tyrosine Hydroxylase (TH), which converts L-Tyrosine to L-Dopa. 

While not entirely unique, because TH and dopamine itself are also found in adrenergic cells, 

it is very specifically confined to a well-defined group of neurons within the ventral midbrain. 

So, the expression of TH, or more specifically the activation of the promoter sequence 

upstream of the gene that encodes for the production of tyrosine hydroxylase – or, in short, 

the TH promoter, as these instances will be addressed from here on forward -, can be used as 

a marker for the dopaminergic population.  

  In other situations, the gene that defines a certain characteristic, if it exists, may 

be harder to find. We do not yet know all the genes that need to be activated in order for an 

embryonary cell to become an A9 rather than an A10 dopaminergic neuron, with all the 

differences that it entails – anatomical location, projections, electrophysiological activity, etc. 

But it might still be possible to identify the expression of a gene in a population even if its 

function is unknown. One example of this situation happens in the hippocampus, where the 
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parvalbumin promoter is used to identify a subpopulation of fast-spiking interneurons, 

composed of a few different cell types (Somogyi & Klausberger, 2005). The role of 

parvalbumin in these cells is not known, but its restricted pattern of expression is still useful 

as a way to group them. 

 At this point, we might feel inclined to ask: why, then, categorize with genetics? 

Is it not enough to categorize neurons by their characteristics, such as the neurotransmitters 

being released? The first aspect to consider is that genetics allows for more refined categories. 

There is a considerable diversity within the population of dopaminergic neurons, for instance. 

It has been established that different groups of cells project to the medial prefrontal cortex and 

the nucleus accumbens (Lammel et al., 2008). Some display a hyperpolarization-activated 

current which, for some time, has been considered a hallmark of all dopaminergic neurons, 

but we now know that this is not the case (Margolis et al., 2006). Most of the neurons that 

release dopamine in the ventral tegmental area (VTA) are more active when a rewarding 

stimulus – or, after learning, a stimulus that predicts a reward - is presented (Schultz, 2007), 

but a few of them do the opposite, showing inactivity during rewards and more activity during 

aversive stimuli (Brischoux et al., 2009; Cohen et al., 2012). In this case, it would seem that 

classifying a neuron as dopaminergic might be imprecise, given their variability. As 

mentioned before, genetics must play a role in establishing these differences, so there might 

be a way to target each type of dopaminergic neuron by choosing different genes, resulting in 

a more refined classification. 

 A second answer to the question of why we should use categorization based on 

genetics is that we now have tools that can give us very precise and refined ways to 

manipulate groups of neurons. These techniques, which will be introduced in detail below, 

can distinguish subpopulations by their genetic expression, being enabled only in subsets of 

cells that activate a targeted promoter. Identifying useful ways to categorize neurons 

according to patterns of genetic expression, then, becomes not only an exercise in neuronal 

taxonomy and genetics, but also a practical way to study them. As these techniques rely 

heavily on the use of transgenic animals, the first step is to understand how they are created 

and used.   

Transgenic animals 
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 The world’s first genetic mammal was generated in 1974, by Rudolf Jaenisch 

and Beatrice Mintz (Jaenisch & Mintz, 1974). As a proof-of-concept, they exposed mouse 

blastocysts to viruses, and found that they could read parts of the viral DNA sequence from 

the adult animals’ genome sequences. This basic strategy of introducing a mutation into an 

embryo is still a fundamental part of how transgenic animals are generated, but now other 

methods are used to perform that. 

 Transgenic animals used in research can be divided into four groups: knockouts, 

knockins, reporter and recombinant lines. The first two are aimed at eliminating or increasing 

the expression of a gene, respectively. Reporter lines append the sequence of a protein, 

sometimes fluorescent, at the end of a promoter sequence, so that every cell that expresses 

that promoter can be more easily identified. Finally, recombinant lines are those in which 

conditional manipulations can be performed, and these are slightly more complex. 

 The idea behind recombinant lines is to use two or more lines that can interact 

with each other, accomplishing different results in each scenario. To achieve that, "key" and 

"lock" combinations of lines are used, the most popular being the Cre-lox recombinase system 

(Nagy, 2000). The Cre enzyme interacts with lox sequences according to their location and 

orientation, being able to cut or flip parts of the genome that are situated in between (floxed 

by) lox sequences. Recombinant lines that use this system include a Cre sequence appended to 

a promoter, while the lox sites are introduced in the sides of a sequence that will be flipped or 

excised in the presence of Cre.  

Separate mouse lines are used for Cre and lox. Attaching a a Cre sequence to the 

TH promoter, for instance, will theoretically cause Cre to be produced only in cells that also 

express TH. This TH-Cre line then can interact with multiple lox lines, to achieve different 

results. If lox sequences are introduced beside a gene that is crucial for a cell's survival, 

crossing this lox line with the TH-Cre line will cause the death of all cells that express TH. 

This logic is the basis of how Lox lines can be used to mediate the expression of reporters and 

to produce conditional knockins and knockouts.  

One of the first direct ways in which transgenic lines took center stage was with 

the use of knockout animals. These animals, usually rats or mice, can be used to investigate 

the role of a single gene. An influential example was the generation of the DAT-KO mouse. 

In 1996, the laboratory of Marc Caron created a transgenic line in which the expression of the 
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dopamine transporter (DAT) gene was disrupted (Giros, Jaber, Jones, & Mark, 1996). As we 

now know, the protein produced by this gene recaptures dopamine from the synaptic cleft, 

and it is a target of drugs of abuse such as cocaine and amphetamine. The DAT-KO offered 

additional evidence for that, given that the knockout mice did not respond to these drugs, and 

were naturally hyperactive. 

 Several different knockout lines have been produced, and continue to be used in 

our field today. Their major limitation is that not all genes can be knocked out without 

causing major developmental problems, or death. When the vesicular glutamatergic 

transporter type 2 (VGLUT2) gene is knocked out, for instance, mice cannot produce normal 

respiratory patterns, and die shortly after birth (Wallén-Mackenzie et al., 2006). To get around 

that limitation, researchers have introduced the use of knockouts that are inducible at a later 

stage in development, or that are confined to only one type of neuron. 

 This latter case is of particular interest to the discussion of genetically defined 

neuronal subpopulations, because the way in which these conditional knockouts are produced 

requires the choice of a promoter. While a widespread knockout of VGLUT2 in all cells is 

lethal, the deletion of this gene in some subpopulations may be studied with a conditional 

knockout. By inserting lox sequences that flank one of the exons of the VGLUT2 sequence, 

its expression will only be affected in cells that contain Cre. This, in turn, is defined by which 

transgenic line is chosen to cross with these VGLUT2-lox animals. One application of this has 

been to study the phenomenon of co-release in the VTA, where some cells that release 

dopamine also release glutamate. The conditional knockout of VGLUT2 within the DAT-Cre-

expressing population of the ventral midbrain caused significant reductions in the release 

levels of both glutamate and dopamine and induced altered psychostimulant-induced 

behavioural activation as well as increased self-administration of cocaine and sugar (Birgner 

et al., 2010; Stuber, Hnasko, Britt, Edwards, & Bonci, 2010a; Hnasko et al., 2010; Alsiö et al., 

2011; Fortin et al., 2012)  

 In the last decade, a small revolution has occurred within this overlapping field 

of neuroscience and genetics, and made use of the large number of recombinant lines that 

were available by then. The ability to control or read-out the activity of cells with light had 

been imagined before (Crick, 1979), and early implementations of this strategy were tried in 

flies (Zemelman, Lee, Ng, & Miesenböck, 2002). The alternative that eventually persisted 
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was devised when scientists working on algae uncovered a family of opsins that acted as 

membrane channels in these simple organisms. Characterizing some of these opsins, they 

found that, when exposed to light of certain wavelengths, they would change conformation 

and allow ions to flow through them (Nagel et al., 2002). Realizing the enormous potential in 

being able to control the flow of ions in neurons, they also transfected these opsins into 

cultured cells (Nagel et al., 2003). Subsequently, another group applied this technique in 

mammals with the use of a virus (Boyden, Zhang, Bamberg, Nagel, & Deisseroth, 2005), and 

since then a myriad of other experiments have beautifully illustrated its potential, which is 

still being expanded. This set of techniques is now known as optogenetics.  

Optogenetics 

A detailed description of the fundamental mechanism of optogenetics can be 

found elsewhere (Fenno, Yizhar, & Deisseroth, 2011). However, a brief introduction of its 

main concepts is necessary to contextualize readers unfamiliar with the technique, and to 

make its advantages understandable. In essence, optogenetics is based on the artificial 

expression of light-sensitive selective ionic channels in neuronal tissue. This, in turn, allows 

researchers to change the ionic concentration inside the cells – and thus its electrical potential, 

and probability to fire an action potential – by flashing light onto it.  

In the most famous example, a protein called Channelrhodopsin-2 (ChR2), 

found in the algae Chlamydomonas reinhardtii, is introduced in mammalian neurons by 

infecting them with a virus. After a few days, this protein can be found in the cell membrane. 

When light of around 420-510 nm is detected in one of the compartments of the protein, it 

changes its conformation, allowing free transit of Na+ and other positive ions. Neurons in a 

resting state have a much lower internal concentration of Na+ ions than the extracellular 

medium, so when ChR2 is activated, these positive ions quickly enter the cells and depolarize 

them.  

To perform inhibition, the most commonly used proteins are Halorhodopsin 

(Halo) and Archaerhodopsin (Arch), which are sensitive to a slightly different wavelength of 

light (~500-620 nm). These are, respectively, Cl- and H+ pumps, and when active (ie, when 

light shines on them), they act by keeping the cell in a more negative state, pumping Cl- into 

it, or H+ out of it. This hyperpolarization makes the cell much less likely to fire, and thus 

these two proteins are considered to be inhibitory.  
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Neuronal excitation and inhibition were possible before, and routinely used in 

Neuroscience. Pharmacological interventions, such as the introduction of agonists and 

antagonists of neurotransmitters allowed a moderate degree of specificity, particularly when 

these drugs were introduced directly into the brain, via cannulas. Likewise, electrical 

stimulation was and still is widely used to stimulate a spatially restricted number of cells, with 

great temporal resolution. Knockout animals were produced to understand the importance of 

certain genes by inactivating them. The testament to the power of these techniques is that the 

first few papers using optogenetics that involved behavior were essentially replications of 

mechanisms uncovered by these earlier techniques, achieving similar results (Tsai, Zhang, 

Adamantidis, Stuber, Bonci, de Lecea, et al., 2009; Adamantidis et al., 2011) 

However, these techniques also have drawbacks. Even the best, most specific 

drugs may inevitably bind to receptors they were not initially intended to bind with. Most 

importantly, the temporal resolution is very poor, with effects lasting for minutes to hours. 

Therefore, any mechanism or behavior that requires precise timing can only be evaluated 

through pharmacology with caution. Electrical stimulation offers a way to have sub-

millisecond control of action potentials, but lacks the molecular, cell-type specificity afforded 

by drugs. When a block of tissue is given an electrical shock, all kinds of cells and projections 

that receive a powerful enough pulse will fire, with specificity limited mainly by distance 

(Tehovnik, 1996). In heterogeneous structures such as the VTA, which contains neurons that 

release γ-aminobutyric acid (GABA), glutamate or dopamine located closely together, 

electrical stimulation will activate them all. Besides, while knockout animals are very good at 

isolating the contribution of individual genes, their effect is usually chronic, non-reversible 

and widespread, meaning that when the animal has its gene for producing a certain protein 

inactivated, it will have that effect throughout its whole brain and body, permanently. 

The key advantage of optogenetics is that it avoids many of these trade-offs by 

allowing researchers to have the best of both worlds: it allows for fast, reversible activation or 

inhibition of a limited group of cells. There are some factors limiting this specificity, 

however. If a researcher is interested in stimulating only excitatory cells, she can resort to a 

virus with a promoter that is transcribed by cells that release glutamate. In this virus, the code 

for the opsin of choice - say, ChR2 - is attached to this promoter, usually also associated with 

a reporter protein to make the cells that effectively transcribe the virus more easily 

identifiable by histology. At the end of this process, all cells that were in contact with the 
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virus will be infected, but only those that naturally produce this promoter will have also 

produced ChR2.  

Since adeno-associated viruses, a safe and commonly used class of viruses, have 

a limited size of base pairs that they can carry, this promoter-based strategy is commonly used 

in combination with the Cre-Lox recombination system. This works in a very similar way to 

the one described above, except that the promoter of choice is conjugated with the Cre 

sequence instead of the opsin itself. As introduced above, an animal that is part of the TH-Cre 

line will produce the Cre protein in every cell that naturally produces the Tyrosine 

Hydroxylase enzyme, which is found in most dopaminergic neurons. This contiguity is then 

exploited by infecting cells with a virus that has the sequence of choice, like ChR2, flipped 

and flanked by two Lox sequences. The virus will again infect every cell that comes in contact 

with it, but will only express ChR2 in cells that also expressed Cre, because this enzyme will 

interact with the Lox sites and flip the ChR2 sequence to the normal orientation.  Still using 

the TH-Cre mouse as an example, if this animal then has a virus injected in a dopaminergic 

region such as the substantia nigra pars compacta, only the neurons that naturally produce TH 

and were infected with the virus will respond to light stimulation.  

The specificity of optogenetics can be further enhanced by the way in which the 

light is delivered. With the use of two-photon microscopes, a very precise, layer-specific 

pattern of stimulation is possible both in vitro and in vivo (Prakash et al., 2012). However, the 

use of implanted fiber cannulas is far more prevalent. These consist of ~200 µm diameter 

fibers that have a connector on top of them, so that the light coming from the light source can 

be coupled and delivered down to whatever brain coordinate is required. The cannulas can 

have different numerical apertures, which will influence the angle and depth in which the light 

will spread. Importantly, even when high-intensity light sources are used in vivo, the spread 

of the light will be somewhat limited due to the absorption of light in the brain. For blue light, 

effective stimulation or inhibition produced by a cone of light coming from the tip of the 

implanted cannula is estimated to spread up to about 1 mm of depth, depending of course on 

the light power coming out of the fiber. This means that even when the expression of the 

opsins is very widespread throughout the tissue, the limiting factor will be the position of the 

cannula and how much light it can deliver. 
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This method of light delivery also allows for one more exclusive advantage of 

optogenetics: its possible use as a tool to investigate axonal or dendritic projections. If a virus 

is injected in the hippocampus, it will infect cell bodies in this area and also its axonal 

projections, such as in the septal nuclei for instance. If a cannula is then implanted into this 

target area, it can be used to stimulate this projection exclusively. Combined with genetic 

specificity, this is a very useful characteristic that has been used in a variety of studies (Britt 

et al., 2012; Tritsch, Ding, & Sabatini, 2012; Stamatakis et al., 2013). Another technique 

consists in the use of retrograde viruses such as pseudorabies, which have the ability to jump 

across synapses once its separate components are expressed by the same cell (Watabe-Uchida 

et al., 2012).    

The use of optogenetics has now become widespread, and new ways to exploit it 

are constantly being introduced. Its greatest strength, its ability to selectively target a group of 

neurons, directly relies on the choice of sequences that serve as promoters for the expression 

of opsins. Therefore, optogenetics is a technique that stands at the intersection of genetics and 

neuroscience; it relies on what we know about which genes are active in which kinds of 

neurons, and at which point. Just as the pioneers of our field were bound to what their stains 

and microscopes could distinguish, we now search ways to classify cells according to their 

genetic expression, for in this lies our chance of achieving more and more specificity.  

Objective 

The objective of this thesis is to contribute to the deepening integration between 

genetics and neuroscience by exploring the use of new promoters to facilitate the 

classification of subpopulations of neurons. These genetically defined subpopulations are 

quickly becoming key components in our ability to understand the brain and further refine its 

component parts. The recent prominence of techniques such as optogenetics, which allow for 

precise and reversible control of these genetically defined subpopulations, underscore the 

importance of identifying them. 

Paper I will present many of the current challenges associated with the use of 

promoter-based approaches in the midbrain. Paper II will describe an experimental result of 

an attempt to address that challenge, with the use of a promoter that is anatomically restricted 

to the ventral tegmental area. Paper III and Paper IV will give further examples of the utility 

of identifying genetically defined neuronal subpopulations in the subthalamic nucleus and the 
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hippocampus, respectively. At the end, a discussion that identifies the main conclusions that 

can be extracted from these four papers will be presented, along with a reflection on what the 

methodologies and techniques that have been emerging in our field might be capable of in the 

future. 
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A subpopulation of cells in the VTA sends excitatory afferents to the Nucleus 

Accumbens Medial Shell and induces aversion 
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1. Unit of Developmental Genetics, Department of Neuroscience, Uppsala University, 

Sweden. 

2. Brain Institute, Federal University of Rio Grande do Norte, Natal-RN, Brazil. 

*Equal contribution, #Corresponding author 

 

 We have identified a promoter, associated with the TRPV1 gene, that is exclusively 

expressed in the VTA within the midbrain. Optogenetic stimulation of the cell bodies of 

this subpopulation produces aversion in a place preference task, an effect that is even 

stronger when stimulation is directed towards fibers located in the Nucleus Accumbens 

Medial Shell (mAcbSh). By using electrophysiology and immunohistochemistry, we were 

able to verify that the activation of these fibers has an overall excitatory effect. Unlike 

previously believed, VTA-mAcbSh projections can mediate not only reward but also 

aversion.  

 

For decades now, the Ventral Tegmental Area (VTA) has been recognized as a key 

component in the brain's ability to process rewards. The classical work on self-administration 

of electrical current to this area1 and the discovery of the role of dopaminergic cells in reward 
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prediction2 has been confirmed and extended with recent findings afforded by optogenetics and 

Cre-lox transgenics. Selective activation of dopaminergic cells induces self-stimulation and 

place preference3, and some of the areas that project to the VTA, such as the laterodorsal 

tegmentum4 and dorsal raphe5, can mediate this effect by interacting with the dopaminergic 

neurons, producing similar behavioral results.  

Interestingly, the VTA can also be directly responsible for the opposite effect, which has 

been broadly denominated as aversion. The gabaergic population of the VTA causes a decrease 

in the firing of neighboring dopaminergic neurons, induces place aversion6 and disrupts reward 

consumption7 when selectively stimulated with optogenetics. It has also been shown that 

glutamatergic neurons of the VTA that project to the lateral habenula can induce aversion as 

well8.  

This intricate circuitry becomes even more complex when one considers the subpopulations 

of neurons that have already been identified within the VTA, which are not characterized 

simply by one neurotransmitter. Dopaminergic neurons, previously believed to be 

homogeneously defined by the presence of an inward-rectifying current (Ih), have 

heterogeneous electrophysiological responses9. Furthermore, the VTA contains at least three 

subpopulations of neurons that co-transmit Dopamine-Glutamate 10, Dopamine-GABA 11, or 

GABA-Glutamate 12 , on top of neurons that only release one of these neurotransmitters. This 

complexity, combined with the limitation that many of the aforementioned optogenetic studies 

rely on the use of broadly expressed promoters such as TH, GAD or VGLUT2, which are 

present in structures contiguous to the VTA, suggests that more precision is still desirable when 

defining what group of neurons is being observed or manipulated.  

There is, therefore, a clear need for a molecular marker capable of distinguishing between 

the VTA and its neighboring areas, and that further allows for the functional/physiological 
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characterization of subpopulations of neurons within this area. We addressed this by 

performing a microarray analysis at postnatal day (PND) 3. The VTA and SNc areas of DAT-

Cre/Tom mice were independently dissected (Fig 1A). One of the genes identified as a possible 

candidate for an exclusive marker for the VTA was the Transient Receptor Potential Cation 

Channel member 1 (TRPV1) (Fig 1B). This exclusivity was confirmed via an in situ 

hybridization, where TRPV1 was found to be selectively expressed in a subgroup of neurons 

within the medial area of the VTA, but excluded from the lateral VTA and the SNc (Fig 1C). 

TRPV1 was also present in the midbrain during development (E 14)(Fig S1). The expression of 

Cre in a previously available TRPV1-Cre mouse line13 preserves this pattern of specificity (Fig 

1D). We quantified the extent of co-localization between Cre expression in this TRPV1-Cre 

line expression with that of TH, VGLUT2 and GAD at two different rostro-caudal levels of the 

VTA in an adult animal. The results show that cells that expressed Cre mRNA (identified by 

crossing TRPV1-Cre with a TOMATO reporter line) express markers for all three 

neurotransmitters of the VTA - TH, GAD and VGLUT2 -, with a predominance for VGLUT2 

(Fig 2). Therefore. most neurons that express Cre are glutamatergic.  

To further explore this subpopulation of VTA neurons, we utilized a AAV2-EF1a-DIO-

ChR2-EYFP virus that induced expression of Channelrhodopsin-2 (ChR2) only in cells that 

expressed Cre. The virus was injected into the VTA of TRPV1-Cre animals, with a strong and 

very limited pattern of expression (Fig 3A, S2) and we determined that the cells could be 

reliably driven by optical stimulation of up to 20 Hz (Fig 3B). We also observed that the 

population infected with the virus sent projections to several classical targets of the VTA, with 

a particularly strong and well-defined pattern of expression in the Nucleus Accumbens Medial 

Shell (mAcbSh) (Figs 4A, S3). In comparison to the DAT-Cre animals, TRPV1-Cre mice had a 

markedly restricted expression of ChR2 in both the VTA and mAcbSh (Figs S2, S3), 
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suggesting this population represented a much smaller percentage of cells of the VTA than the 

one associated with the DAT promoter. 

To determine the possible behavioral role of this subpopulation and this particular 

projection, we implanted fiber cannulas unilaterally above the VTA and mAcbSh at the same 

coordinates in TRPV1-Cre and DAT-Cre mice. While DAT-Cre animals learned to perform a 

self-stimulation task in which each nose-poke induced a brief (1s, 20 Hz, 5 ms) optical 

stimulation in the VTA, the TRPV1-Cre did not do so, and behaved in the same way as the 

controls injected with an inert virus (Fig 3C). We then decided to test the opposite, and see if 

they would learn to nose-poke for turning off the optical stimulation instead; they did so (Fig 

3D), suggesting that the stimulation of the TRPV1 population in the VTA was aversive. This 

conclusion was strengthened by a real-time place-preference task, in which the mice received 

stimulation when they stepped into certain quadrants of the rectangular apparatus (Fig 3E). 

TRPV1-Cre animals, however, did the opposite, preferring to stay in the nonstimulated side for 

the majority of time (Fig 3F). This avoidance behavior was observed through a period of 4 

consecutive days, in the middle of which the stimulated quadrants were switched around, 

suggesting that the results are not simply due to an invariant preference for a particular spatial 

location.  

We tested the stimulation of the mAcbSh projections with ChR2 (Fig 4A). The behavioral 

results we observed when directly stimulating the VTA of the TRPV1-Cre were even stronger 

when stimulation was directed at the mAcbSh. The TRPV1-Cre developed a strong and 

consistent aversion to the stimulation of the mAcbSh, unlike the controls, which showed no 

place preference (Figs 4B).  

Since the TRPV1+ population is composed of a heterogeneous group of neurons, and VTA 

projections of all three neurotransmitters to the Nucleus Accumbens have been identified, we 
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performed experiments to determine which neurotransmitter was involved in this behavioral 

effect. Immunohistochemical detection of the immediate early gene c-fos in animals that had 

received optical stimulation in the mAcbSh 90 minutes before sacrifice showed an increase in 

the number of activated cells in the stimulated side, but not in the opposite one (Fig 4C). Next, 

through whole-cell patch clamp electrophysiology in mAcbSh slices of TRPV1-Cre/ChR2 

animals, we identified that for almost half of medium spiny neurons, an EPSP could be evoked 

by optical stimulation (Fig 4D). This EPSP was unaltered when an NMDA receptor antagonist 

(AP-5, 50 µM) was added to the bath, but completely disrupted when an AMPA antagonist 

(NBQX, 10 µM) was further included (data not shown). These results establish that glutamate 

is being released by optogenetic stimulation in the mAcbSh, which could be involved in the 

aversive behavior. 

We have also attempted to determine what would happen if these cells were inhibited, 

instead of stimulated. A group of TRPV1-Cre mice was injected with an AAV2-EF1a-DIO-

eArch3.0-EYFP virus, and received cannulas above the VTA and the mAcbSh. The inhibition 

produced by green light in either of these areas did not induce any place preference or aversion 

(Figs S4, S5). We designed another experiment to test whether the stimulation of TRPV1+ cells 

was producing aversion through hunger, given the contiguity of feeding-related areas to the 

VTA, and previous reports linking the mAcbSh to food consumption17. After an acute period of 

food restriction, light stimulation did not affect the amount of food consumed by the animals 

(Fig S6). 

This is the first report of a direct aversive pathway linking the VTA to the Nucleus 

Accumbens. In the past, several studies have asserted an opposite role for this pathway, 

particularly for the dopaminergic projections connecting both areas14. Our results add new 
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knowledge to this literature by pointing out the role of glutamatergic projections from VTA to 

mAcbSh, which had been previously identified 15 but not functionally characterized. 

 We believe that the subpopulation characterized here can serve as a tool for further studies, 

given its unique ability to be utilized with conditional knockouts or other genetic manipulations 

that would otherwise affect a much larger and indiscriminate population when combined with 

the promoters mentioned above. Moreover, the contribution of the TRPV1 receptor to the 

effects we observed remains to be determined.  
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Figure 1: Expression of TRPV1 is anatomically restricted to the VTA. (A) The VTA and 

SNc of DAT-Cre animals crossed with a fluorescent reporter were separately dissected. (B) 

The differential expression of genes within each area was evaluated with a microarray, in 

which TRPV1 emerged as a gene that is strongly expressed in the VTA in comparison to the 

SNc (inset). (C) An in situ hybridization performed at P3 confirmed that TRPV1 was 

selectively expressed in the VTA. (D) This selectivity was maintained in a TRPV1-Cre line 

that was previously available, as verified by crossing it with a fluorescent reporter line.  
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Figure 2: The subpopulation of cells expressing Cre in a TRPV1-Cre mouse line is 

predominantly glutamatergic in the VTA. The TRPV1-Cre line was crossed with a 

TOMATO fluorescent reporter line. In situ hybridization of these TRPV1-TOMATO shows 

correlated mRNA expression of TOMATO and TH (A, B), TOMATO and GAD (C, D) and 

TOMATO and VGLUT2 (E, F) in an adult animal. (G) The majority of the population 
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expresses VGLUT2, a marker of glutamatergic neurons in the VTA. Red circles: tdTomato 

cell only. White circles: co-expression of tdTomato and other marker in the same cell. 

 

 

 

 

 

 

 

 

 

 

 

 

 



39 

 

 

 

Figure 3: Activation of the TRPV1+ population in the VTA is aversive. (A) 

Channelrhodopsin-2 was injected into the VTA of TRPV1-Cre animals. (B) Cells were 

exposed to 5-ms, 5 mW pulses of blue light at 10, 20 or 40 Hz frequencies. While the cells 

fired reliably at 10 and 20 Hz, a depolarization block was induced by the use of 40 Hz (n= 7 

cells, 5 animals). (C) Animals were implanted with a fiber optic cannula in the VTA after 

injection with ChR2-EYFP, and tested on a variety of operant tasks. While DAT-Cre mice 

(DAT) learned to press a lever for self-stimulation, none of the TRPV1-Cre animals injected 

with either ChR2-EYFP (TRPV1) or just EYFP (CTRL) performed the task (n=4 CTRL, 13 

TRPV1 and 7 DAT). (D) In contrast, when the opposite action was required, and a separate 

group of animals had to nose-poke to turn off a light stimulation that was otherwise 
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constantly turned on, only the TRPV1 group repeatedly turned off the stimulation (n=7 

CTRL, 10 TRPV1). (E) This indication of aversion to light stimulation was also displayed in 

the Real-Time Place Preference test. Here, stimulation was turned on only when the animal 

stepped into some quadrants of a rectangular arena. The TRPV1 group displayed a tendency 

to avoid these quadrants, even when their location was switched after a couple of days 

(middle boxes, performance of a TRPV1 mouse in days 1 and 3). CTRL animals did not 

discriminate between quadrants that were stimulated or not (bottom boxes, a CTRL mouse in 

days 1 and 3). (F) Graph displaying the average of the preference towards the stimulated side 

across 4 days; a negative number represents avoidance of the side with light stimulation (n=7 

CTRL, 8 TRPV1).  
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Figure 4: TRPV1+ cells send excitatory projections to the mAcbSh, and activation of these 

fibers induces strong aversion in a place preference task. (A) TRPV1-Cre cells from the VTA 

send projections to the mAcbSh, as can be seen here in an animal that was injected with a 

floxed fluorescent reporter in the VTA. (B) The activation of these fibers with a cannula 

located above the mAcbSh induces strong aversion in the place preference test (n=7 CTRL, 8 

TRPV1). (C) Early gene (c-fos) immunohistochemistry showed an increase in activated cells 

only in the side that was stimulated with light, after the animals had continuously received 

stimulation before being sacrificed. (D) Patch-clamp electrophysiology of mAcbSh neurons 

showed that only a portion of these neurons responded to light, and that the majority of these 

responses were excitatory (n=28 cells, 20 mice).  
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Supplementary Information - A subpopulation of cells in the VTA sends excitatory 

afferents to the Nucleus Accumbens Medial Shell and induces aversion 

 

Materials and Methods 

Three different mouse lines were used in this study: TRPV1-Cre, from Dr. Malin Lagerström 

(Lagerström et al., 2010), DAT-Cre (Bäckman et al., 2006) and TOMATO-lox (Madisen et 

al., 2010) (B6;129S6-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J, stock number 007905 from Jax 

Mice). For the identification of the SNc and VTA, heterozygous DAT-Cre mice were crossed 

with homozygous TOMATO animals, generating DAT-TOMATO-Cre offspring. For 

performing recordings of juvenile TRPV1-Cre mice, this line was crossed with a TOMATO 

line as well. Heterozygous TRPV1-Cre and DAT-Cre animals were used for all other 

experiments. All mice used in the study were housed in accordance with the Swedish 

regulation guidelines and European Union legislation. Ethical approval was obtained from the 

Uppsala Animal Ethical Committee for all studies. 

Tissue preparation 

Newborn TRPV1-Cre mice (Postnatal Day 3) were cryoanesthetized and their brains 

subsequently obtained and placed directly into ice-cold artificial CSF (ACSF) (125mM NaCl, 

25mM NaHCO3, 2.5mM KCl, 1.25mM NaH2PO4, 2mM CaCl2, 2mM MgCl2, and 23mM 

glucose) saturated in 95% O2 / 5% CO2. Horizontal brain slices (200M thick) were sectioned 

in ice-cold oxygenated ACSF using a vibrating blade microtome (Leica) and left to recover in 

oxygenated ACSF for 45 mins at room temperature. The substantia nigra and ventral 

tegmental area were dissected from the tissue slices under a dissection microscope (Leica) 



43 

 

equipped with an Alexa-594 filter. Dissected tissue sections were transferred to 1.5mL 

eppendorf tubes and snap frozen on dry ice.  

RNA extraction 

Individual tissue samples were lysed and homogenized in RLT buffer supplemented with 

beta-mercaptoethanol by vigorously pipetting up and down. Total RNA was then extracted 

using the Qiagen RNeasy Mini Kit according to the manufacturer’s instructions (Qiagen, 

Sweden). For Q-PCR analysis an additional on column DNase treatment step was included, 

followed by the RNA quality being confirmed by agarose gel electrophoresis and the 

concentration determined using a Nanodrop ND-1000 Spectrophotometer (NanoDrop 

Technologies, Wilmington, DE). 

Microarray expression analysis 

Microarray expression analyses were performed on four SN samples and four VTA samples 

from corresponding animals by Uppsala Array Platform, Uppsala University. RNA 

concentration was measured with an ND-1000 spectrophotometer (NanoDrop Technologies, 

Wilmington, DE) and RNA quality was evaluated using the Agilent 2100 Bioanalyzer system 

(Agilent Technologies Inc, Palo Alto, CA). 250 nanograms of total RNA from each sample 

were used to generate amplified and biotinylated sense-strand cDNA from the entire 

expressed genome according to the Ambion WT Expression Kit (P/N 4425209 Rev B 

05/2009) and Affymetrix GeneChip® WT Terminal Labeling and Hybridization User Manual 

(P/N 702808 Rev. 1, Affymetrix Inc., Santa Clara, CA). GeneChip® Mouse Gene 1.0 ST 

Arrays were hybridized for 16 hours in a 45°C incubator, rotated at 60 rpm. According to the 

GeneChip® Expression Wash, Stain and Scan Manual (PN 702731 Rev 2, Affymetrix Inc., 
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Santa Clara, CA) the arrays were then washed and stained using the Fluidics Station 450 and 

finally scanned using the GeneChip® Scanner 3000 7G. 

Microarray statistical analysis 

The raw data was normalized in the free software Expression Console provided by Affymetrix 

using the robust multi-array average (RMA) method first suggested by Li and Wong (Li & 

Wong, 2001; Irizarry et al., 2003). Subsequent analysis of the gene expression data was 

carried out in the freely available statistical computing language R (http://www.r-project.org) 

using packages available from the Bioconductor project (www.bioconductor.org). In order to 

search for the differentially expressed genes between the SN and the VTA groups, an 

empirical Bayes moderated paired t-test was then applied (Smyth, 2004), using the ‘limma’ 

package (Smyth, 2005). To address the problem with multiple testing, the p-values were 

adjusted using the method of Benjamini and Hochberg (Benjamini & Hochberg, 1995).  

In order to search for the differentially expressed genes, the log fold change between the SN 

and VTA samples was calculated for each probe set. Statistically significant genes (ie genes 

with and adjusted p-value ≤0.05) and/or with a log fold change greater than ±1 were selected 

for further investigation. Principal component analysis (PCA) analysis revealed one of the SN 

samples clustered further away than all other samples. This individual sample was therefore 

removed and the statistical analysis reperformed. The data was also reanalyzed excluding the 

possible outlying SN sample as well as the matching VTA sample from this single mouse. All 

three analyses were then compared and genes that were consistently significant and/or with a 

log fold change greater than ±1, were analyzed further. The most significant and highly 

regulated of these genes were selected for additional analyses. 
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Immunohistochemistry  

Standard immunohistochemical procedures were used: primary antibodies were dilluted in 

PBS and the tissues were incubated for 24h, after which they were washed and incubated with 

a secondary antibody for 1h. The concentration of primary antibodies was the following: 

VGLUT2 (anti-guinea pig, Millipore art nr AB2251) at 1:5000, TH (anti-mouse, Millipore art 

nr MAB318) at 1:1000, GFP (anti-rabbit, Abcam, art nr ab6556) at 1:1000 and c-fos (anti-

goat, Santa Cruz, art nr sc52G)  at 1:400. Mouse coronal cryosections (20 μm-thick) were 

used. 

In situ hybridization  

This technique was performed as previously described (Wallén-Mackenzie et al., 2006) using 

antisense oligonucleotide probes for detection of Vglut2 (two independent probes, one 

composed of a mix of 3 oligonucleotides (NM_080853.3: bases 13-47 (exon1); bases 872-908 

(exon 1,2); bases 3220-3254 (exon 12)) and a second probe specific for exon 5 (bases: 1432-

1464)) mRNA, respectively, TH (mix of 3 oligonucleotides NM_009377.1: bases 272-305; 

774-807; 1621-1655),  GAD  (NM_008077.4: 629-663; 1936-1970; 2308-2342) and TRPV1 

(NM_OO1001445.1, bases 1-2518). Overlaid images (Fujifilm BioImaging Analyzer BAS-

5000) corresponding to adjacent sections hybridized with the probes were displayed.   

Surgeries 

For virus injections, TRPV1-Cre-and DAT-Cre mice were anesthetized with isofluorane (0.5-

2%) and restrained in a stereotaxic apparatus. Injections of AAV2-EF1alpha- DIO-ChR2-

EYFP or AAV2-EF1alpha-DIO-eArch3.0-EYFP viruses (from Dr. Karl Deisseroth's lab, 

produced at UNC Vector Core) were done at a concentration of ~3x10^13 at two DV levels at 

the following coordinates: -3.30 AP, -0.40 ML, -4.0 and –4.5 DV (0.5µl at each site). The 

animals were allowed to rest for three weeks before testing. For animals that went through 

behavioral testing in the VTA, an optical fiber (200µm, 0.39 NA, Thorlabs) was placed with 
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the tip ending at the first coordinate listed above. In case the animals also received stimulation 

in the mAcbSh, another fiber was placed at +1.34 AP, -0.6 ML and -3.8 DV. Fibers were held 

in place with dental cement. 

Slice electrophysiology 

TRPV1-Cre mice (postnatal days 10–21 for TRPV1-TOMATO recordings, postnatal days 75-

100 for TRPV1-Cre injected with ChR2) were decapitated and the brains placed in ice-cold 

artificial corticospinal fluid (ACSF) and 250μm-thick coronal slices containing the ventral 

midbrain or the nucleus accumbens. Slices were kept in a submerged holding chamber 

containing ACSF (92 mM NMDG, 2.5 mM KCl, 1.25 mM NaH2PO4, 30 mM NaHCO3, 20 

mM HEPES, 25 mM glucose, 2 mM thiourea, 5 mM Na-ascorbate, 3 mM Na-pyruvate, 0.5 

mM CaCl2·4H2O and 10 mM MgSO4·7H2O, at a pH of 7.3-7.4) (Ting, Daigle, Chen, & Feng, 

2014) , constantly bubbled with 95% O2 and 5% CO2, incubated at 35°C for 1h, and then 

allowed to cool to room temperature. Recording pipettes (3 to 5MΩ) were filled with a K-

gluconate-based internal solution (130 mmol/l K-gluconate, 7 mmol/l NaCl, 0.1 mmol/l 

EGTA, 10 mmol/l HEPES, 0.3 mmol/l Mg2Cl, 2 mmol/l MgATP, 0.5 mmol/l Na2GTP, pH 

7.2-7.4) . EPSCs were blocked by the application of NMDA and AMPA blockers 

(respectively d-AP5 at 50µM and CNQX at 10 µM, Tocris), distributed to the entire slice at a 

rate of 2 ml/min. Data was acquired using a Multiclamp 700B amplifier (Molecular Devices) 

and digitized by a National Instruments DAQ card using the winWCP software (Dr. John 

Dempster, University of Strathclyde). EPSC recordings were performed from cells in the 

mAcbSh that had intense expression of EYFP+ in the surrounding fibers. In experiments that 

required the use of a laser, the light was guided through an optic fiber (200µm diameter, 0.39 

NA, Thorlabs) that was aimed at either the VTA or the mAcbSh, at a power of ~5 mW exiting 

from the fiber. EPSCs were evoked with a single 20 ms pulse delivered at 1 Hz (40 pulses 
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averaged for baseline, and after each drug). For recordings in the VTA, 20 ms pulses at 10, 20 

or 40 Hz, lasting for 3 seconds, were utilized. 

Behavioral testing 

Self-stimulation (turning on the light): after a week of handling and two days of being 

exposed to the apparatus, mice were introduced to the self-stimulation task. Two levers were 

available throughout the 30 minutes of testing. By pressing one of them, the animals received 

1 second of 473-nm laser (CNI laser) stimulation of 30 mW, measured with a light power 

meter (PM100D, Thorlabs). The stimulation consisted of 5ms pulses, delivered at 20Hz. Each 

active lever press also turned on a small light above the active lever, which remained on 

during the period of stimulation. No consequence followed the pressing of the other lever. 

The results presented are from the last (8th) day of consecutive testing. 

Self-stimulation (turning off the light): a separate group of animals went through similar 

handling and habituation procedures, in the same apparatus. Here, instead, light was 

continuously delivered (pulses of 5ms, 20Hz, 15mW) throughout the whole 30 minutes 

session. When the mouse pressed the active lever, the stimulation was turned off for 20 

seconds, and a light and sound stimulus were turned on for the first three seconds after nose-

poking. Results are from last (7th) day of consecutive testing.  

Real-time place preference task: continuous stimulation (5ms pulses, 20Hz, 15mW for ChR2, 

a flat pulse of 10s interspersed by 1s intervals without pulses, 30mW for eArch) was given 

when the animal stepped into one of the quadrants that were previously determined in a 

rectangular arena (see Fig 2E), and turned off when they stepped outside. All mice were 

initially inserted into a quadrant for which there was no stimulation assigned on that day. An 

automated software (Ethovision XT, v 9) tracked the movement of the mouse in the arena, 

recording its position and turning on the laser initiation apparatus (an Arduino Uno board) 
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when it detected its presence in one of the designated quadrants for stimulation. In the third 

day of testing, these quadrants were switched (Fig 2E), to test if the animal would change its 

behavior according to light stimulation, or if it simply preferred one of the sides. Results are 

presented as a preference ratio, derived from the following formula: (time spent in quadrants 

with light stimulation - time spent in quadrant without light stim)/total time. 

Food consumption: After a week of habituation in the behavior apparatus, animals injected 

with ChR2 or an inert virus were weighed and food restricted for 24 hours. At the end of this 

period, they were individually put into the apparatus with free access to food and water. 

There, they received 45 minutes of continuous stimulation in either the VTA or mAcbSh. The 

weight of the remaining food was measured and compared between groups. 
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Supplementary Figure 1: TRPV1 has a limited expression in the ventral midbrain during 

embryonary development. In situ hybridization of a E14.5 embryo shows the expression of 

TH (A, A'), TRPV1 (B, B'), GAD (C, C') and VGLUT2 (D, D') mRNA. The area indicated by 

the red arrow in the right panel represents the ventral midbrain, delimited by the expression of 

TH. Note that TRPV1 expression appears to be circumscribed to a minority of cells in that 

area already at that developmental stage. 
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Supplementary Figure 2: Injection of ChR2-EYFP in the VTA of DAT-Cre and TRPV1-Cre 

shows a much smaller population of cells being targeted in the latter mouse line.  A DAB 

staining for EYFP (brown=EYFP) of two animals injected at the same coordinates and with 

the same quantity of virus was performed. The top panel displays EYFP expression in a DAT-

Cre mouse, and the bottom one in a TRPV1-Cre mouse. The number of cells and fibers 

associated with the TRPV1 promoter is much smaller in comparison with the DAT 

population. 
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Supplementary Figure 3: Injection of ChR2-EYFP in the VTA of DAT-Cre and TRPV1-Cre 

hit different targets in the forebrain. The same procedures as described in Fig S2 were 

performed, and these two panels show the expression of EYFP+ fibers in the forebrain of a 

DAT-Cre (top) and a TRPV1-Cre (bottom) mouse, after injection in the VTA. In the DAT-

Cre, a much higher quantity of fibers can be detected. In the TRPV1-Cre, there are no fibers 

leading to the dorsal striatum, and expression is concentrated on the lateral septum and 

nucleus accumbens medial shell.  
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Supplementary Figure 4: Inhibition of cells in the VTA does not induce place preference or 

aversion. TRPV1-Cre mice were injected with a AAV2-EF1a-DIO-eArch3.0-EYFP virus and 

received constant green light (30 mW) stimulation in the VTA when staying under certain 

quadrants, that switched on days 3 and 4 (Fig 3E). The light produced no effect (n=8 CTRL, 

10 TRPV1). 
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Supplementary Figure 5: Inhibition of fibers in the mAcbSh does not induce place 

preference or aversion. The same group of TRPV1-Cre that underwent the procedures detailed 

in Fig S4 received green light stimulation (30 mW) in the mAcbSh, in a separate test which 

happened more than ten days after the end of testing in the VTA. Again, no effect was 

observed (n=8 CTRL, 10 TRPV1). 
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Supplementary Figure 6: Stimulation of cells in the VTA did not affect food consumption 

for DAT-Cre and TRPV1-Cre mice after acute food restriction. Mice that had previously 

received injections of ChR2 in the VTA were food restricted for 24 hours, after which they 

received light stimulation (5ms, 20Hz, 15mW pulses) for 45 minutes. The food consumed by 

the DAT and TRPV1 groups did not statistically differ from CTRLs (n=5 CTRL, 5 DAT, 6 

TRPV1). 
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Stimulation of OLM cells induces theta oscillations and theta-gamma coupling in the 

ventral hippocampus 

Sanja Mikulovic1, Stefano Pupe1,2 , Helton Peixoto Maia2, Rafael Franzon Bens2, Katarina E 

Leão1,2, Klas Kullander1, Adriano B L Tort2 & Richardson N Leão1,2,* 

3. Unit of Developmental Genetics, Department of Neuroscience, Uppsala University, 

Sweden. 

4. Brain Institute, Federal University of Rio Grande do Norte, Natal-RN, Brazil. 

 

Theta oscillations (4-12 Hz) are one of the most prominent rhythms in the brain, which have 

been associated with a myriad of behaviors. In the ventral hippocampus, theta oscillations 

have been implicated in anxiety and fear, and shown to play a role in the communication 

between the hippocampus and medial prefrontal cortex. However, the network mechanisms 

underlying theta generation in the ventral hippocampus remain elusive. Recent evidence 

suggests that specific GABAergic interneuron subtypes play differential roles in driving 

hippocampal oscillations. Although different populations of hippocampal interneurons fire 

preferentially to specific phases of theta, phase-locking firing itself does not prove a causal 

role in theta generation. Here we used optogenetics to study the role of oriens lacunosum-

moleculare (OLM) cells in generating field oscillations in the ventral hippocampus. We found 

that activation of OLM cells is sufficient for the emergence of theta oscillations and theta-

gamma coupling in ketamine-anesthetized mice. In addition, using optogenetic inhibition, we 

found that OLM cells are necessary for nicotine-induced theta in vivo. Consistent with this, 

calcium imaging in slices of the ventral hippocampus indicated that OLM cells tend to fire at 

theta frequencies during cholinergic activation. Taken together, our results provide the first 

evidence of a single morphologically defined cell population which activity causally drives 

hippocampal theta oscillations. 
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Introduction 

 Theta oscillations are one of the largest and most regular rhythms of the brain. These 

4-12 Hz oscillations are predominant in the hippocampus and have been classically associated 

with movement and exploratory behavior (Hartley, Lever, Burgess, & O’Keefe, 2014). 

Nevertheless, recent studies have also demonstrated a critical role of theta in the 

communication between limbic structures and in the control of emotional states (Adhikari, 

Topiwala, & Gordon, 2010). In fact, theta at different hippocampal segments may serve 

distinct functions. For example, theta in the dorsal hippocampus (dHipp) peaks during 

locomotion and may spread to the ventral hippocampus (vHipp) (Hinman, Penley, Long, 

Escabí, & Chrobak, 2011; Royer, Sirota, Patel, & Buzsáki, 2010). However, theta can also be 

generated in the vHipp itself in anxiety, stress and fear-related behaviors (Adhikari et al., 

2010). Additionally, vHipp theta synchronizes the hippocampus with medial prefrontal cortex 

and amygdala (Likhtik, Stujenske, Topiwala, Harris, & Gordon, 2014). 

 Inhibitory interneurons are believed to generate local field potential (LFP) oscillations 

(Whittington & Traub, 2003). This idea is supported by the differential phase-locking of 

specific interneuron subtypes to different hippocampal rhythms (Forro, Valenti, Lasztoczi, & 

Klausberger, 2013; Klausberger et al., 2003a). Yet, there is no demonstration of a single cell 

population in the hippocampus that is capable of generating field oscillations. A causal 

relationship has been suggested for parvalbumin-positive (PV+) interneurons, which were 

shown to generate gamma oscillations in the neocortex (Cardin et al., 2009). However, classic 

markers like PV or somatostatin show little specificity in defining interneuron subclasses both 

in neocortex (Xu, de la Cruz, & Anderson, 2003) and hippocampus (Bezaire & Soltesz, 2013), 

and rather mark multiple, morphologically distinct neuronal populations. Hence, it has been 

difficult to investigate how specific interneuron subtypes participate in hippocampal rhythms 

through molecular methods. 
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 Here, we exploited the recent discovery of the selective expression of nicotinic 

acetylcholine receptor α2 subunit (Chrna2) in CA1 oriens lacunosum-moleculare (OLM) cells 

of the vHipp (Leão, Mikulovic, et al., 2012a), which contains most of hippocampal Chrna2+ 

cell bodies (Fig. 1A; Fig. S1A,B and S2B), to investigate the role of this interneuron subtype 

in generating LFP oscillations. We show that optogenetic activation of OLM cells is sufficient 

to induce theta rhythmic activity in ketamine-anesthetized mice. Moreover, optogenetic 

inhibition of OLM cells decreases theta oscillations induced by nicotine, suggesting that this 

cell population might not only be sufficient, but also necessary for network activity in the 

theta range. Finally, we show that activation of OLM cells increases theta-gamma cross-

frequency coupling (CFC), a phenomenon in which the amplitude of gamma is modulated by 

the phase of theta (Jensen & Colgin, 2007). 

 

Results 

 OLM cells fire particularly locked to theta oscillations when compared to other 

interneuron subtypes (Klausberger et al., 2003a). We have assessed the role of OLM cells in 

vHipp oscillations by transducing OLM cells with a Cre dependent adeno-associated viral 

vector carrying channelrhodopsin (Chrna2/ChR2) (Cardin et al., 2010). Chrna2+ cells were 

mostly found in vHipp (Fig. S1). 16-channel silicon probes were used to record LFPs in strata 

pyramidale (SP) and radiatum (SR) in ketamine-anesthetized animals. An optical fiber 

targeting CA1 stratum oriens (SO) was placed oblique to the probe to stimulate Chrna2+ cells 

expressing ChR2 1 mm above the electrode tip (Fig. 1B). To maximize the proportion of 

activated OLM cells, we have applied strong light pulses (~100 mW/mm2) to compensate for 

the poor penetration of blue light (our model indicated that the light intensity 1 mm away 

from the fiber is less than 5% of the intensity at the fiber tip; Fig. S2A). Light stimulation at 
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100 mW/mm2 led to no major heat damage in post hoc histological analysis of the 

hippocampus (Fig. S2B).   

 Following a previous study that used light stimulation at gamma frequency to study 

the role of PV interneurons in neocortical gamma oscillations (Cardin et al., 2009), we first 

light-stimulated OLM cells at 4 Hz, that is, a frequency within the theta range. Similarly to 

this previous study, we found a prominent peak at the exact stimulation frequency in the 

power spectrum of vHipp LFPs from Chrna2/ChR2 mice; however, the same result was found 

in control mice not transduced with the opsin (Fig. S3). Hence, light stimulation itself 

produced large photovoltaic artifacts, precluding the isolation of genuine theta oscillations 

when light-stimulating at the theta frequency. Of note, several approaches to avoid the 

photovoltaic artifacts have been unsuccessfully tried, including angling the optical fiber (10-

45 degrees) in relation to the electrode as suggested in (Cardin et al., 2010), as well as using 

light power as low as 20 mW/mm2. Although small core fibers (≤ 50 µm) resulting in light 

power in µW range would preclude artifacts as recently suggested in (Roux, Stark, Sjulson, & 

Buzsáki, 2014a), this approach was not suitable for our research question in which a large 

illumination area was needed. Additionally, electrodes with lower impedance were 

comparatively less prone to optoelectric artifacts than high impedance electrodes (Fig. S4A), 

in agreement with results reported in (Khurram & Seymour, 2013). For that reason, we have 

opted for silicon-substrate electrodes with larger recording area (413 µm2) that still allow the 

detection of units. Importantly, modulating light intensity with square pulses led to the 

detection of spurious spikes at the time points corresponding to the edges of the square (Fig. 

S4). On the other hand, sinusoidal modulation of light intensity avoided the detection of 

spurious spikes (Fig. S4), while producing robust firing in cells expressing ChR2 (Fig. S5).  

 Based on the results above, we next modulated the blue laser with frequencies above 

theta to prevent power contamination by light-induced artifacts in the theta band. We found 
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that 16-Hz light stimulation of CA1 OLM cells transfected with ChR2 increased theta power 

(n=11 mice; p =0.0076, repeated measures ANOVA; Fig. 1B,C). When using a multishank 

probe with 16 recording sites horizontally positioned to detect electrical activity across 

hippocampal strata (Fig. 1D), we obtained the typical profile of hippocampal theta activity in 

current source density analysis, with maximum sink/source pairs at stratum lacunosum-

moleculare (SLM) and SP (Brankack, Stewart, & Fox, 1993). Importantly, in control animals 

16-Hz light stimulation led to a spurious power peak at 16 Hz but to no change in power in 

the theta range (n = 9, p = 0.99, repeated measures ANOVA; Fig. S6). We then performed the 

same experiments in PV-Cre animals injected with ChR2 (PV/ChR2). In contrast to OLM 

cells stimulation, 16-Hz light stimulation of hippocampal PV/ChR2 neurons decreased theta 

power (n=7 mice, p =0.003, repeated measures ANOVA; Fig S7). Of note, higher frequency 

(32 and 40 Hz) light stimulation of Chrna2/ChR2 cells also increased theta band power (Fig. 

S8A), while stimulating PV/ChR2 cells at these frequencies suppressed theta (Fig. S8B).  

 Next, we analyzed the locking of regular spiking cells (RS) and fast spiking 

interneurons (IN) to theta phase. The proportion of RS significantly coupled to theta phase 

(p<0.05, Rayleigh test) increased from 6.9% to 44.8% during light stimulation of 

Chrna2/ChR2 mice (n=29 units/5 mice, p=0.002, χ2 test; Fig. 2), while the proportion of IN 

showing firing coupled to theta was not significantly different (n=11 units/5 mice, p=0.79, χ2 

test; Fig. 2). Coupling strength of theta-modulated cells during light stimulation was larger for 

RS than IN (mean |R| = 0.23±0.03 vs. 11.9±0.02; n=20 units/5 mice, p=0.005, t test; Fig. 2). 

Interestingly, in Chrna2/ChR2 mice, spiking frequency of RS and IN was not different before 

and during light stimulation (Fig. S9). In contrast, light stimulation in PV/ChR2 mice did not 

change IN spiking frequency but inhibited RS firing (n=19 units/4 mice, *p<0.0001, paired t 

test; Fig. S10A,B) and theta oscillations (Fig. S7), hindering the analysis of theta phase 
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coupling. Thus, our data suggest that OLM cells orchestrate the activity of RS into theta 

oscillations without a significant impact on firing rate. 

 There is not a great deal of literature on the chemical generation of theta in the vHipp. 

Here we found that nicotine (1 mg/kg IP) induces a slow form of theta (~4.5 Hz) in the vHipp 

of ketamine-anesthetized mice (Fig. 3). We then investigated whether OLM cells are 

necessary for the maintenance of nicotine-induced theta. We applied nicotine IP to evoke 

theta activity in ketamine-anesthetized Chrna2-Cre mice expressing the inhibitory proton 

pump ArchT3.0 (Fig. 3A). The efficacy of ArchT3.0 in inhibiting spiking of Chrna2+ cells 

was confirmed by current-clamp in vitro (Fig. 3B). Nicotine significantly increased LFP theta 

power (n=5 mice, p=0.0063, repeated measures ANOVA), which was suppressed by 

inhibition of Chrna2/ArchT3.0 cells by constant yellow light (n=5 mice, p=0.0078, repeated 

measures ANOVA; Fig. 3C,D). Together, these results indicate that, besides organizing 

vHipp circuits to produce theta oscillations, OLM cell activity is necessary for maintenance of 

nicotine-induced theta.  

 A modeling study has suggested that OLM cells play a role in the modulation of 

gamma amplitude by theta phase (Tort, Rotstein, Dugladze, Gloveli, & Kopell, 2007). We 

found that theta-gamma coupling in SR LFPs significantly increased during light stimulation 

of OLM cells (n=11 mice, p=0.0011, repeated measures ANOVA; Fig. 4). Computation 

models have shown that theta-gamma coupling could arise from the activity of coupled 

oscillators (Bendels & Leibold, 2007). If this is the case, circuits capable of simultaneously 

generating theta and gamma might be present in the hippocampus (Goutagny, Jackson, & 

Williams, 2009; Jackson, Goutagny, & Williams, 2011). Indeed, calcium imaging in 

hippocampal slices demonstrated that OLM cells fire at theta frequencies during in vitro 

gamma oscillations elicited by carbachol (Fig. 5A). We calculated power spectra of spike 

trains (obtained from calcium imaging) by transforming spike times into unitary vectors 
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(Hilscher, Leão, & Leão, 2013). Mean theta power for Chrna2- and Chrna2+ cells was equal 

to 0.0013±0.00004 a.u. and 0.0017±0.00007 a.u., respectively (n=23, p=0.0009, t test; Fig. 

5A). Additionally, while blue light did not induce rhythmicity in OLM cells under control 

conditions, light stimulation during carbachol led to rhythmical firing at theta (Fig. 5B,C). 

Finally, bulk voltage imaging using Di-8-ANEPPQ in slices treated with carbachol showed 

theta activity in SLM but not in SR. Mean theta power in SR and SLM was equal to 

1.17±0.40×10-5 (F/F0)
2/Hz and 3.25±1.05×10-5 (F/F0)

2/Hz, respectively (n=14 slices/4 

mice, p=0.01, t test; Fig. 5D), indicating that distal principal cell (PC) dendrites receive theta 

oscillatory inputs from OLM cells. These results suggest that OLM cells can work 

independently from gamma-generating circuits within a reduced hippocampal preparation.  

Discussion 

 The aim of this study was to investigate whether the activation of a single interneuron 

population can produce hippocampal oscillations. Previous modeling (Rotstein et al., 2005; 

Tort et al., 2007) and in vitro studies (Dugladze et al., 2007; Gillies et al., 2002; Gloveli, 

Dugladze, Rotstein, et al., 2005; Gloveli, Dugladze, Saha, et al., 2005) have suggested that 

OLM cells are involved in theta rhythmogenesis. Consistent with these results, we found that 

in vivo stimulation of OLM cells induces LFP oscillations at the theta band, causes RS cells to 

phase-lock to theta, and leads to theta-gamma coupling. In addition, we also found that OLM 

cells are required for theta oscillations induced by nicotine in vivo. This latter result is 

consistent with our recent finding that OLM cells receive direct cholinerigic inputs, most 

likely from the medial septum (Leão, Mikulovic, et al., 2012a). Finally, in vitro experiments 

showed that OLM cells tend to spike at theta frequencies when stimulated, in corroboration 

with previous findings (Dugladze et al., 2007; Gillies et al., 2002; Gloveli, Dugladze, Saha, et 

al., 2005). 
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 To isolate a single interneuron population, we have used a mouse line that expresses 

the Cre enzyme predominantly in OLM cells of the ventral part of the hippocampus (Chrna2-

Cre mouse (Leão, Mikulovic, et al., 2012a)). Our Chrna2-Cre line targets OLM cells with 

greater specificity than the commonly used somatostatin-Cre line, which has been shown to 

mark a vast majority of bistratified interneurons besides OLM cells (Leão, Mikulovic, et al., 

2012a; Taniguchi et al., 2011). Importantly, a recent study demonstrated that these two cell 

populations have differential involvement in oscillatory activity occurring in sleep and awake 

behaviors (Katona et al., 2014), which, along with their different pattern of PC innervation, 

suggests caution when interpreting results from optogenetic manipulation of somatostatin+ 

neurons. It should be noted, however, that Cre is not expressed in every Chrna2+ neuron in 

our Chrna2-Cre line. In situ hybridization indicates that chrna2 is weakly expressed in dHipp 

and in vHipp CA3, but moderately expressed in the dentate gyrus (DG) and CA1 of vHipp 

(http://mouse.brain-map.org/). However, in our mouse line there is virtually no Cre expression 

in DG and CA3 of vHipp, and little expression in dHipp (Fig. S1); most chrna2 expression 

occurs in vHipp CA1 and subiculum, where ~90% of Cre+ neurons are morphologically and 

electrophysiologically characterized as OLM cells (Leão, Mikulovic, et al., 2012a). This 

allowed us to isolate for the first time the role of a single, morphologically defined 

interneuron population in hippocampal oscillations. 

 Despite the growing number of studies supporting a functional role for theta 

oscillations in dHipp (Buzsáki & Moser, 2013) and vHipp (Adhikari, Topiwala, & Gordon, 

2011; Likhtik et al., 2014), the circuitry behind theta rhythmogenesis remains unclear. It has 

been suggested that GABAergic interneurons have a critical role in the generation of several 

rhythms, in special theta and gamma oscillations (Cardin et al., 2009; L. Zhang et al., 2012). 

This hypothesis stem from computational (Tort et al., 2007; X. J. Wang & Buzsáki, 1996), in 

vitro (Hájos et al., 2004), and both anesthetized (Cardin et al., 2009; Forro et al., 2013) and 
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non-anesthetized in vivo studies (Katona et al., 2014; Lapray et al., 2012), which consistently 

show preferential firing of specific interneuron populations in different phases of ongoing 

oscillatory activity. However, it should be noted that phase-locking of firing activity to theta 

does not constitute a proof of causation; for instance, some cells could be modulated by theta 

without contributing to theta field activity. To date, there has been no direct demonstration 

that the stimulation of a specific cell population is capable of generating LFP oscillations. 

Although PV+ interneurons have been reported to generate gamma oscillations in neocortex 

when stimulated with optogenetic tools (Cardin et al., 2009), it should be noted that PV shows 

little specificity in defining interneuron subclasses both in neocortex (Xu et al., 2003) and 

hippocampus (Klausberger et al., 2005); for instance, in the hippocampus, PV is found in 

basket, bistratified, axo-axonic, and OLM cells (Klausberger et al., 2005). It should also be 

noted that physiological gamma oscillations have a broad peak in the power spectrum (Bragin 

et al., 1995; Scheffzük et al., 2011), while optogenetic stimulation of PV+ neurons at 40 Hz 

led to a very sharp power peak centered at 40 Hz (9). In our hands, we found that the sharp 

power peaks centered at the stimulation frequency were due to photovoltaic artefacts (Fig. S3 

and S6). 

 We found that OLM cell stimulation causes RS cells - which in its majority are PCs 

(Martina, Schultz, Ehmke, Monyer, & Jonas, 1998) -  to phase-lock to theta without changing 

firing frequency. It is important to note that OLM cell mediated inhibition decreases the 

excitatory drive to PCs, but disinhibits proximal PC dendrites (Leão, Mikulovic, et al., 

2012a), which could explain the lack of change in PC spiking frequency during OLM 

stimulation. In addition, hyperpolarization-activated inward currents (Ih) in distal dendrites 

(Magee, 1999) could promote rebound depolarizations after IPSPs (Leao, Leao, & Walmsley, 

2011). 

 The ‘organizational’ role of OLM cells in hippocampal microcircuits has been 
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suggested by modeling studies (Neymotin et al., 2011; Tort et al., 2007). The large 

electrotonic distance between the apical PC dendrites in SLM and the AP initiation site 

indicates that low frequency inputs in these regions are more likely to contribute to AP 

generation (Vaidya & Johnston, 2013). OLM cells would weakly entrain PC firing by 

rhythmically modulating distal dendrites of a large number of PCs with low frequency IPSCs. 

This effect contrasts with the strong and deterministic inhibitory drive provided by 

interneurons that target perisomatic PC compartments or axon initial segments (Cardin et al., 

2009; Hilscher et al., 2013). Hence, it is plausible that local gamma generating circuits 

involve PCs and perisomatic inhibiting interneurons while larger circuits driving distal PC 

dendrites synchronize these local circuits in theta (Tort et al., 2007). This hypothesis is 

supported by previous (Dugladze et al., 2007; Gloveli, Dugladze, Rotstein, et al., 2005) and 

our own in vitro experiments that indicate the existence of independent theta and gamma 

generating circuits in the hippocampus.  

 The apparent absence of membrane properties that would render OLM cells as theta 

pacemakers (Kispersky, Fernandez, Economo, & White, 2012) favors the idea that theta 

oscillations arise from the interplay between OLM cells and PCs. The horizontal stretching of 

OLM cell dendrites indicates that these neurons may sample activity from a large number of 

PCs. In fact, it has been demonstrated that OLM cells have high likelihood of connection from 

local PCs (Leão, Mikulovic, et al., 2012a). Also, our experiments show that when synaptic 

transmission is preserved, OLM cells fire around theta frequencies upon application of 

carbachol in slices. Hence, ensembles of PCs could drive OLM cells into producing theta 

even if individual PCs show sparse firing. OLM cells, in turn, would organize the firing of 

multiple PCs through their vast axonal branches in SLM. Of note, due to the poor spread of 

blue light (Fig. S2A), we believe that light stimulation in vivo only increases excitability 

rather than induces firing in the majority of ChR2-expressing OLM cells. The greater 
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excitability would facilitate the effect of PC connections to OLM cells. 

 In summary, we have shown that OLM cells are key elements in the generation of 

theta oscillations in vHipp. Future studies should aim at investigating how OLM cells are 

involved in the functional roles of theta oscillations. Since vHipp theta is related to emotional 

behavior (Adhikari et al., 2010), manipulating OLM cells in this region may help 

understanding mood and anxiety disorders. 

 

Material and methods 

All experiments were performed in adult (2-4 month old) Chrna2-Cre, B6;129P2-

Pvalbtm1(Cre)Arbr/J (Jax stock 008069; PV-Cre), Gt(ROSA)26Sortm14(CAG−tdTomato)Hze/J (R26tom, 

Jax Stock 007909) and C57/BL6 mice of either sex. All animal procedures were approved by 

the local Swedish ethical committee (C248/11, C157/11, Uppsala Animal Ethics Committee, 

Jordbruksverket). Channel- or archeorhodopsin expression was obtained by stereotaxic 

injection of adeno-associated viral vectors. In vivo recordings in vHipp were performed using 

a single shank silicon-substrate multisite (16 channels) probe. A 200-m (0.39 NA) glass 

optical fiber was used for light stimulation of opsin-expressing neurons. For in vitro 

experiments, 400-m horizontal hippocampus slices were produced as previously described 

(Hilscher et al., 2013). For in vitro calcium imaging experiments, the cell impermeant calcium 

dye Oregon green BAPTA-1 was electroporated in SO neurons. We also bulk loaded the 

voltage dye Di-8-ANEPPQ to optically record electrical activity of different hippocampal 

strata. Changes in mean scores for non independent groups during three time points were 

compared using repeated measures ANOVA followed by Tukey’s post-hoc test. We used 

paired t test for differences in pairs of matched samples and unpaired t test for independent 

samples. Uniformity in circular histograms was tested using the Rayleigh test. Differences in 

proportions were tested using the χ2 test. Statistical significance was set for p < 0.05 and data 
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are presented as mean ± SEM, unless otherwise stated. For a detailed outline of the 

experimental setup and data analysis, see SI Materials and Methods.  
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Figure 1.  OLM cell stimulation generates theta oscillations. (A) ChR2-YFP expression in 

CA1 of a Chrna2-Cre mouse. (B) (Top) Representative LFP recordings before and during 

OLM cell photoactivation by blue light. (Bottom) Spectrogram (mean over all 16 channels). 

(C) (Left) Averaged power spectra across all Chrna2/ChR2 animals (shades represent ± 

SEM). (Right) Boxplots of mean theta power (*p<0.01, repeated measures ANOVA). (D) An 

example of current-source density (CSD) during OLM cells photoactivation. The CSD was 

computed from LFPs simultaneously recorded using a multishank probe (one contact per 

shank, horizontally aligned).  
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Figure 2. OLM cell stimulation couples regular spiking cell (RS) firing to theta 

oscillations. (Top) Spike distribution over theta (3-8 Hz) phases for a RS cell before and 

during blue light stimulation. (Bottom) Identified waveforms for RS and IN (left), proportion 

of RS and IN modulated by theta before and during light (middle, *p<0.05, χ2 test), and mean 

spike-field coupling strength (|R|) during light stimulation for significantly modulated cells 

(right, *p<0.01, t test).  
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Figure 3. OLM cells inhibition decreases nicotine-induced theta oscillations. (A) (Left) 

Image of a horizontal hippocampal slice showing ArchT3.0 expression in Chrna2+ cells. 

(Right) High magnification showing virus expression in the cell bodies. (B) Voltage traces 

showing that yellow light inhibits action potentials triggered by 50 pA current injection in 

Chrna2/ArchT3.0 cells. (C) Example LFP traces under control conditions (left), during 

nicotine (middle) and nicotine plus yellow light (right). (D) Boxplots of mean theta power 

(*p<0.01, repeated measures ANOVA). Notice that nicotine increases theta power, which is 

decreased to baseline levels by inhibition of OLM cells.  
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Figure 4. Activation of OLM cells increases hippocampal cross-frequency coupling. (A) 

Phase-amplitude comodulation map for an SR electrode of a Chrna2/ChR2 mouse before and 

during 16-Hz blue light stimulation. (B) Boxplots of mean theta-gamma coupling strength for 

30-s periods before, during and after blue light (*p<0.01, repeated measures ANOVA). 
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Figure 5. OLM cells fire at theta frequencies during in vitro gamma oscillations. (A) 

(Top) Micrograph showing SO Chrna2- (green arrows) and Chrna2+ (red arrows) cells loaded 

by electroporation of Oregon green BAPTA-1 calcium dye in a horizontal hippocampal slice. 

(Bottom) Example traces of LFP (black trace) recorded simultaneously with calcium 

transients from Chrna2- (green traces, n=4 cells overlaid) and Chrna2+ (red traces, n=4 cells 

overlaid) during gamma oscillations induced by carbachol (CCh). (Right) Averaged power 

spectra showing Chrna2+ cells firing at theta frequencies (n=23 cells, 1 mouse). Inset shows 

the testpower spectral density of the LFP signal recorded simultaneously with calcium 

imaging. (B) Cell attached recordings of an OLM cell in a slice showing the effects of light 

stimulation (16-Hz sinusoid, 10 mW/mm2) in control and in the presence of CCh (10 µM) and 

blockers of glutamatergic and GABAergic synaptic receptors (50 µM dAP5, 10 µM CNQX 

and 10 µM picrotoxin). Note that, at this laser intensity and without CCh, light stimulation did 

not cause the generation of spikes. (C) Density plot of OLM cells firing frequency as a 

function of time in hippocampal slices treated with CCh and synaptic blockers. Light 

stimulation (16-Hz sinusoid) time is indicated by the blue trace. The colors indicate the 

density of OLM cells in a specific time-frequency range. The median spike frequency during 

light stimulation was 8.06 Hz (interquartile range: 7.30 to 9.88 Hz; n=881 spikes, 6 slices). 

(D) (Left) Photomicrograph of a slice loaded with the voltage dye Di-8-ANEPPQ showing the 

region of interest (ROI) circumventing the SR (black box) and SLM (red box). (Right) Mean 

power spectra of fluorescence changes from VSD imaging in slices treated with CCh for the 

two ROIs; shades represent ± SEM (n=14 slices). Inset shows example voltage imaging traces 

from SO and SLM.  
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Supplementary Information - Stimulation of OLM cells induces theta oscillations and 

theta-gamma coupling in the ventral hippocampus 

 

Subjects 

Adult (2-4 month old) Chrna2-cre(Leão, Mikulovic, et al., 2012b), B6;129P2-

Pvalbtm1(cre)Arbr/J(Hippenmeyer et al., 2005) (Jax stock 008069; PV-cre), 

Gt(ROSA)26Sortm14(CAG−tdTomato)Hze/J (R26tom, Jax Stock 007909) and C57/BL6 mice of either 

sex were used. Animals were kept in a 12-h light on/light off cycle (7 AM - 7 PM), and 

maintained at 21°C±2°C. All animal procedures were approved by the local Swedish ethical 

committee (C248/11, C157/11, Uppsala Animal Ethics Committee, Jordbruksverket). 

Virus injection 

Chrna2-cre and PV-cre mice were anesthetised with 2% isoflurane. Animals were placed in a 

stereotaxic frame (Stoelting) and injected with the adeno-associated virus vector 

AAV2/9.EF1a.DIO.hChR2(H134R)-EYFP.WPRE.hGH or ArchT 3.0, serotype 2 (University 

of Pennsylvania Vector Core Facility)  at a titer of  1×1012 particles/ml. Vectors (0.5 μl) were 

injected unilaterally at three consecutive depths in the ventral hippocampus (AP: −3.2 mm, 

ML: −3.8 mm and DV: 2.5/3.0/3.6 mm) for a total volume of 1.5 μl. The flow rate was 200 

nl.min−1; after each infusion, the needle was left in place for 1 min. The scalp incision was 

sutured and animals were housed in a P2 facility after the injections. Expression was 

confirmed by post hoc histological analysis of hippocampal sections. 

In vivo electrophysiology and signal processing 

Extracellular recordings in anesthetized animals were collected under ketamine (70 

mg/kg)/midazolam (20 mg/kg) anesthesia or in freely behaving animals.  An acute silicon-
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substrate multi-channel A1 16-electrode probes (16 recording sites spaced 100 μm apart and 

distributed along a single shank, Neuronexus) were inserted in CA1 of the right ventral 

hippocampus using a stereotaxic frame (AP: −3.0 mm, ML: −3.5 mm and DV: 3.6 mm). 

Through a second orifice, an optical fibre (Thorlabs, 200-µm diameter, 0.39 numerical 

aperture) was inserted (AP: -3.2 mm, ML: -3.8 mm and DV: 2.8 mm) in a 10-20 degrees 

angle in relation to the recording probe. 

Unless otherwise noted, a sinusoid function (varying from 0 to maximum  amplitude, see 

Supplementary Fig. 4b) at various frequencies drove a 473-nm laser using power between 10 

and 15 mW at the tip of the fibre corresponding to 80-100 mW/mm2 (Shangai Dream Lasers 

analog modulated). The driving function was generated by a digital to analog converter 

(National Instruments) using a custom Matlab (Mathworks) program with the data acquisition 

toolbox or a custom C# software. The data acquisition system (Intan) and the software for 

function generation were integrated by a modification to the Intan program to allow 

communication of data and TTL pulses (indicating stimulation times) and simultaneous LFP 

recording. Of note, we opted to use sinusoidal modulation of light since we found that 5-10 

ms square light pulses led to prominent photovoltaic artefacts at several harmonics of the 

stimulation frequency and also produced spurious spike detection (Fig. S4A,C). Recordings 

were conducted in 3 min sessions during which cells were stimulated for 30 seconds with 16 

Hz light stimulation.  

Data analysis 

Power spectral densities (PSD) from the 16 recording sites were averaged, producing a mean 

PSD for each animal, which counted as a single sample for the statistical analysis (sample size 

is equal to the number of animals). To allow merging of data from different animals, PSD 

values were normalized (PSDs were divided by the total power between 0-14 Hz before light 
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stimulation). PSDs for each condition (pre, during and after light) were calculated for 

contiguous 30-s LFP segments. LFP coherence was calculated for channels 8 and 1 (middle 

and deepest recording sites, see Supplementary Fig. 9a) using the Matlab function mscohere 

from the Signal Processing Toolbox.  Velocity was calculated from position records using X 

windows. Hilbert transformation was performed to obtain theta band amplitude envelope. 

Finally, we estimated Pearson correlation coefficient between theta band amplitude envelope 

and velocity using 30 seconds windows before, during and after the light stimulation.  

Phase-amplitude cross-frequency coupling was computed by means of the modulation index 

described in detail in ref. 4(Tort, Komorowski, Eichenbaum, & Kopell, 2010). All signal 

filtering was done using the Matlab function eegfilt from the EEGLAB toolbox 

(http://sccn.ucsd.edu/eeglab/). For the comodulation map in Fig. 2a, we bandpass filtered 

signals using 10-Hz windows and 5-Hz steps for the amplitude frequencies, and 2-Hz 

windows at 0.5-Hz steps for the phase frequencies. For computing the mean theta-gamma 

modulation index (Fig. 4B), we obtained a single modulation index for each animal by 

filtering the LFP recorded from a contact in stratum radiatum between 3-8 Hz for theta, and 

30-80 Hz for gamma. 

For single unit separation, signals were bandpass filtered (500-5000Hz) and action potentials 

(AP) automatically detected and clustered using the wave-clus software(Quiroga, Nadasdy, & 

Ben-Shaul, 2004) with standard settings (www.vis.caltech.edu/~rodri/Wave_clus/). Isolated 

units were separated into regular spiking cells (RC) and interneurons (IN) based on mean 

firing frequency (RC < 10 spikes/s and IN > 10 spikes/s). This segregation of RCs and INs 

was further shown by differences in AP waveforms: RCs displayed mean AP half width of 

0.36±0.02 ms and IN 0.23±0.008 ms (p<0.0001, n=47, see Fig. 1d and ref. (Cardin et al., 

2009)). In addition, the ratio between the amplitude of the initial peak and the adjacent 
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trough(Cardin et al., 2009) was equal to 12.3±1.9 for RC and 1.4±0.1 for INs. Theta firing 

phase preference for isolated units was calculated by bandpass filtering (3-8 Hz) the LFP from 

the middle channel of the probe. The instantaneous phase (ϕ(t)) of the theta-filtered signal was 

calculated using the analytical representation of the signal based on the Hilbert’s transform 

(hilbert function in Matlab, Signal Processing Toolbox). Each spike time was associated to a 

phase value obtained from ϕ(t). The strength of theta-phase coupling (length of the mean 

resultant vector, |R|) was obtained with the function circ_r from the Circular Statistics 

Toolbox for Matlab(Berens, 2009). 

In vitro electrophysiology, calcium and voltage dye imaging 

Horizontal hippocampal slices from Chrna2-cre/R26tom and C57/BL6 mice were obtained as 

previously described(Hilscher et al., 2013). In summary, brains from 3-6 week-old mice were 

removed after decapitation and placed in ice-cold artificial cerebrospinal fluid 

(ACSF)/sucrose solution (in mM: KCl, 2.49; NaH2PO4, 1.43; NaHCO3, 26; glucose, 10; 

sucrose, 252; CaCl2, 1; MgCl2, 4). Horizontal slices (400 μm) were collected on a vibratome 

and transferred to a chamber filled with recording ACSF (in mM: NaCl, 124; KCl, 3.5; 

NaH2PO4, 1.25; MgCl2, 1.5; CaCl2, 1.5; NaHCO3, 30; glucose, 10), continuously bubbled 

with 95% O2 and 5% CO2. For whole cell and cell attached patch clamp recordings, slices 

were transferred to an upright microscope and the perfusate was maintained ~30oC by an in-

line heater. Recording pipettes were filled either with a K-gluconate(Hilscher et al., 2013) 

solution or ACSF. Light stimulation was performed with a laser/fibre optics system identical 

to the system used for the in vivo recordings. Oregon green BAPTA-1 (Invitrogen) fluorescent 

calcium dye was electroporated in single neurons under visual guidance as described 

earlier(Leão, Colom, Borgius, Kiehn, & Fisahn, 2012). For voltage imaging experiments, Di-

8-ANEPPQ was dissolved in DMSO and applied in the slice surface in an interface chamber 
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and was rapidly washed with ACSF to minimise tissue damage(Leão, Mikulovic, et al., 

2012b). To produce in vitro gamma oscillations and spontaneous OLM cell firing, 10 μM 

carbachol (Sigma) was added to the bath. Both Ca2+ and voltage imaging experiments were 

performed in an upright microscope equipped with a custom epifluorescence system and 

controlled by custom imaging/electrophysiology software (‘KiaFluo’)(Leão et al., 2010). 

 

Statistical Analysis 

Normality in the data was verified by Jarque and Bera test(Jarque & Bera, 1980). Changes in 

mean scores for non independent groups during three time points (e.g. before, during and after 

light stimulation) were compared using repeated measures ANOVA and paired t test for 

differences in pairs of matched samples and unpaired t test for independent samples. 

Anesthetized in vivo experiments with Chrna2 mice were performed blindly (mice expressing 

AAV-ChR2 or AAV-YFP). Uniformity in circular histograms was tested using the Rayleigh 

test(Berens, 2009). Differences in proportions were tested using the chi-square test. Statistical 

significance was set for p < 0.05 and data are presented as mean ± s.e.m, unless otherwise 

stated. 
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Supplementary Figures 
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Supplementary Figure 1. Distribution of Chrna2+ cells in the hippocampus. (A) Serial 

coronal sections showing the distribution of Chrna2+ cell bodies in the hippocampal 

formation of Chrna2-cre/R26tom mice. The horizontal dashed line represents the separation 

between dorsal and ventral hippocampus used in this study. The curved dashed line denotes 

the border of the hippocampus. Note that the micrographs also show extrahippocampal tomato 

expression such as strong expression in geniculate nucleus fibres (arrow). (B) Left, 3D 

representation (adapted from the mouse brain atlas, Allen Institute) of the hippocampal 

formation illustrating the division between dorsal/ventral and rostral/caudal hippocampus. 

Note that the dorsal/ventral division roughly represents the separation between dorsal and 

intermediate-ventral hippocampus in ref. (Fanselow & Dong, 2010). Right, Venn diagram 

showing the distribution of Chrna2+ cell bodies at different hippocampal regions. (C) 

Expression of ChR2-YFP in Chrna2-cre/R26tom animals transduced with AAV-ChR2-YFP 

vectors. Note that our stereotaxic coordinates produced ChR2 expression restricted to 

Chrna2+ cells in the hippocampus, which have been previously shown to correspond to OLM 

cells1. 
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Supplementary Figure 2. Location of the A1-16 recording probe revealed by the 

application of the carbocyanine dye DiD. (A, B) Examples of micrographs showing probe 

location in Chrna2/ChR2 (A) and PV/ChR2 (B) mice. (C) Diagram (adapted with permission 

from ref. (Aravanis et al., 2007)) showing light intensity across the hippocampus, which was 

obtained by assuming a 473-nm light source emanating from a 0.2-mm diameter optical fibre 

(0.39 NA). Values were calculated using the Kubelka–Munk model and the parameters 

described in ref.(Aravanis et al., 2007). 

 

 

 

 

 

 



113 

 

 

Supplementary Figure 3. Light stimulation generates large LFP-like photovoltaic 

artefacts. (A) Example of a single channel LFP recording in the CA1/ventral hippocampus 

before and during 4-Hz light stimulation in a Chrna2/ChR2 animal. (B) Top, Spectrogram 

from a single recording site before, during and after light stimulation (dashed ellipse indicates 

the stimulation artefact). Bottom, Power spectra of LFP from a single channel before and 

during light stimulation. (C, D) Same as before but for a control animal transduced with 

AAV-YFP vectors not expressing ChR2. Of note, tungsten electrodes were similarly affected 

by the photovoltaic effect (not shown).  
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Supplementary Figure 4. Square pulses result in artefact harmonics and spurious spikes 

detection. (A) Top, Raw extracellular recordings (CA1/ventral hippocampus) from a normal 

and a high impedance electrode site illustrating the effect of square and sinusoid light 

stimulation. Note the presence of square light artefacts especially in the high impedance 

electrode. Bottom, power spectra from a 0.8-MΩ electrode during square and sinusoid light 

stimulation. Sinusoidal light stimulation constrained the artefactual power peak to the 

stimulation frequency, while square light pulses led to power peaks also at harmonic 

frequencies. (B) Laser modulation waveform produced by a digital to analog converter and 

the laser output recorded with a photodiode. (C) Black traces show band pass filtered (500-

5000 Hz) extracellular recording from a same probe site during square and sinusoid 

stimulation. Note that square (16 Hz, 16-ms duration), but not sinusoidal, light stimulation 

produced artefactual spike detection at deflection points. Inset shows spurious spike 
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waveforms automatically detected by the clustering program used in this work(Quiroga et al., 

2004). 

 

Supplementary Figure 5. Light stimulation produces firing in Chrna2/ChR2 and 

PV/ChR2 animals. Whole cell recordings in horizontal hippocampus slices of Chrna2/ChR2 

and PV/ChR2 mice stimulated with light modulated by a 16-Hz sinusoidal function (Laser 

power = 30 mW/mm2). 
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Supplementary Figure 6. 16-Hz light stimulation does not affect theta power in control 

animals. 16-Hz light pulses in control animals transduced with AAV-YFP produces an 

artefactual power peak at 16 Hz without altering other frequency components ( left panel). 

Right, same as Fig. 1c with the x-axis extending to 20 Hz to show the light-induced 

artefactual power peak at 16 Hz. 
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Supplementary Figure 7. Driving PV+ neurons with 16-Hz light stimulation decreases 

theta power. (A) Top, ChR2-YFP expression in the ventral CA1 of a PV-cre mouse. Note the 

broad distribution of cell bodies in all hippocampal strata (arrows). Middle, Representative 

LFP recordings before and during photoactivation of PV/ChR2 cells. Bottom, Spectrogram 

(mean over all 16 channels). (B) Averaged power spectra across all PV/ChR2 animals. (c) 

Boxplots showing mean theta power. 

 

 

 

 

 



118 

 

 

Supplementary Figure 8. Higher frequency light stimulation also generates theta 

oscillations in Chrna2/ChR2 animals and theta power decrease in PV/ChR2 animals. (A) 

Averaged power spectra across all Chrna2/ChR2 animals for 32-Hz (top left) and 40-Hz light 

stimulation (bottom left). Right panels show boxplots of mean theta power. Notice significant 

increase in theta power during OLM/ChR2 light stimulation for both 32 Hz (n=9, *p=0.0011, 

top right) and 40 Hz (n=9, repeated measures ANOVA , *p=0.0098, bottom right). (B) Same 

as in A but for PV/ChR2 animals. Notice reduction of theta power for both 32 Hz (n=7, 

repeated measures ANOVA , *p=0.0099, top right) and 40 Hz (n=7, repeated measures 

ANOVA , *p=0.0031, bottom right). 
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Supplementary Figure 9. 16-Hz light stimulation increases theta phase coherence in 

Chrna2/ChR2 but not in PV/ChR2 animals. (A) Schematic depiction of optic fibre and 

probe location. Phase coherence was computed between the middle and deepest probe 

contact. (B,C) Boxplots of mean theta phase coherence. Notice that 16-Hz light stimulation of 

OLM cells (B) leads to an increase in theta phase coherence , while driving PV+ (C) with 16-

Hz light decreases coherence (). 

 

 



120 

 

 

Supplementary Figure 10. Light stimulation of Chrna2/ChR2 mice does not affect firing 

frequency of regular spiking cells or interneurons. Boxplots showing no difference in  

average spike frequency of RC (left; n=26 units, paired t test, p = 0.76) and IN (right n=11 

units, paired t test,  p = 0.81) before and during 16-Hz light stimulation of Chrna2/ChR2 mice. 
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Supplementary Figure 11. Light stimulation in PV/ChR2 mice inhibits the firing of RC 

while IN spikes couples to the cycle of the 16-Hz light stimulation.  (A) Identified 

waveforms of regular spiking cells (RC) and fast spiking interneurons (IN) in PV/ChR2 mice. 

(B) Right, Boxplots showing average instantaneous frequency of RCs and INs before and 

during 16-Hz light stimulation of PV/ChR2 mice. Notice suppression of RC () firing while no 

significant change in INs firing frequency was observed (n=4 cells, p=0.9). The left panel 

shows a representative 500-5000 Hz bandpass filtered trace; green and blue arrows show RC 

and IN units firing, respectively (waveforms for these units are shown in a). Note absence of 

RC firing during light stimulation. (C) INs strongly phase lock to the phase of 16Hz laser 

modulation signal.  
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Discussion 

Paper I 

 The interest in the ventral midbrain dates back to its first characterization in the 

18th century, based on the distinct pigmentation of the substantia nigra. Researchers in the 

beginning of the 20th century were able to show that electrical stimulation of the midbrain 

was able to reinforce behavior, and in fact James Olds demonstrated that rats would persist on 

self-stimulating these nuclei until exhaustion (Olds, 1958). This demonstration was one of the 

reasons to propose that the mechanism of action of drugs of abuse was dependent on the 

ventral midbrain, which for some time was recognized as a "reward center" in the brain. 

Several new findings have demonstrated how dopaminergic neurons of this region, in 

particular of the ventral tegmental area (VTA), are essential for mechanisms of reward, 

motivation and addiction (Creed & Lüscher, 2013), and so this area remains an intense focus 

of research. 

 The discovery of dopamine as a neurotransmitter has also revealed that the 

ventral midbrain plays a central role in the regulation of movement. Arvid Carlsson and 

colleagues found that the VTA and the substantia nigra pars compacta (SNc) possessed 

neurons that released dopamine, and that when this neurotransmitter was depleted, movement 

was completely abolished (Carlsson, 2002). This quickly led to the association between a 

movement disorder called Parkinson's Disease (PD) and dopamine. As was later discovered, 

PD is caused by a progressive deterioration of dopaminergic neurons in the midbrain. 

Carlsson's discoveries led to the first effective treatment for this condition, which is a 

pharmaceutical therapy intended to increase the levels of dopamine in the brain. Further work  

has uncovered how dopaminergic innervation in the striatum, distinguished by two 

populations of cells that are characterized by the expression of D1 and D2 dopamine 

receptors, is part of the basal ganglia and its control of movement. 

 In this short perspective, we have pointed out that modern genetic-based studies 

on the VTA were essentially limited by the specificity of the promoters and transgenic 

animals chosen by each group of researchers. The ventral midbrain contains structures that are 

heterogeneous in regards to their neurotransmitters. The VTA contains gabaergic, 

glutamatergic and dopaminergic neurons (reviewed in Trudeau et al., 2014). GABA is 

ubiquitous throughout the whole midbrain, while glutamate is strongly located in the 
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hypothalamus but also in the SNc and in structures surrounding the VTA (Nair-Roberts et al., 

2008). To complicate matters further, three subpopulations of cells that release more than one 

type of neurotransmitter have been identified in the VTA. Therefore, it is difficult to 

distinguish between anatomical borders or subpopulations by simply using the expression of a 

neurotransmitter as a guide.  

  This contiguity among neurotransmitters creates a challenge for genetic-based 

techniques to achieve specificity in the midbrain. If a promoter such as tyrosine hydroxylase 

(TH) is used, dopaminergic cells will be affected – including those that also release glutamate 

-, but both the VTA and SNc will be targeted. The same is true of promoters that are 

expressed throughout many structures in the ventral midbrain, such as VGAT and VGLUT2. 

Another issue is that a clear understanding of the pattern of expression of each promoter is 

necessary. For example, given the limited spread of dopamine transporter (DAT) expression 

to the lateral parts of the VTA and to the SNc (Li, Qi, Yamaguchi, Wang, & Morales, 2013), 

it seems reasonable to assume that DAT-expressing cells are a subset of TH-expressing ones, 

and there’s evidence indicating that they might have unique properties (Lammel et al., 2008).  

 A final point is that transgenic animals do not necessarily express Cre or a 

reporter protein only in cells that activate the promoter that they were intended to be 

associated with, and that the manipulations necessary to produce them may also disrupt the 

endogenous production of the gene that follows the promoter sequence. The reasons for this 

are related to the way in which this exogenous gene is introduced. In some cases, an extra 

copy of the promoter sequence is inserted, sometimes containing an extraneous promoter 

inside it entirely, and in other cases the natural promoter sequence is interrupted by the 

introduction of Cre. 

 The objective of this study was to bring awareness to these issues, and point out 

that new promoters - some of which we have identified from recent papers in the literature - 

might be useful as we transcend neurotransmitter-based approaches. If the goal is to target one 

structure in particular, then genes that have a more restricted expression should be identified. 

On the other hand, it might also be useful to leave some of these anatomical distinctions 

behind, and start focusing on functional or morphological characteristics instead, as we search 

for new genetic-based subpopulations in the ventral midbrain. 

 



136 

 

Paper II 

 The experimental study described on Paper II is a characterization of a 

subpopulation of cells in the VTA that is defined by the expression of the Transient Receptor 

Potential Vanilloid I (TRPV1). We have found that the expression of this gene is very specific 

to the VTA, and that it is absent from the neighboring SNc. This subpopulation contains 

neurons that release dopamine, glutamate and GABA, at a proportion that is roughly the same 

as the VTA as a whole. Our objective was to exploit the anatomically-defined expression of 

TRPV1 as a tool to investigate cells that were located only in the VTA, something that is 

difficult to achieve with other promoters such as DAT, as described above. 

 After injection of viruses containing the floxed sequence for ChR2 and having a 

fiber cannula attached to the skull and aimed at the VTA, TRPV1-Cre animals went through 

self-reinforcement learning. They were presented with a choice of two levers, one of which 

would release a brief flash of blue light into their own brain. We have found that, unlike the 

DAT-Cre animals that we used as controls – which pressed the active lever more than 500 

times in 30 minutes -, TRPV1-Cre animals did not learn to press the lever at all. The same 

happened with TRPV1-Cre mice that were injected with an inert virus, instead of one that 

contained ChR2.  

 This finding suggested that the activation of the TRPV1 subpopulation was not 

rewarding. We then used a different behavioral task, called Real-Time Conditioned Place 

Preference (RPP). In the RPP, the laser stimulation is given when the animal moves to 

specific locations in a square arena. In our experiments, the stimulated areas occupied half of 

the arena. The DAT-Cre animals quickly identified the areas that would deliver stimulation, 

and would spend the majority of time in these regions. They also learned to identify them 

again, when a switch was made after two days of testing, to ensure that this result could not be 

due to random chance. We found that the TRPV1-Cre mice preferred to avoid the stimulation, 

and instead remained mostly in the nonstimulated side throughout all days of the task, and 

also learned to switch after two days. 

 This result was rather surprising, given the fact that electrical stimulation of the 

VTA was generally found to be rewarding (Olds & Fobes, 1981), and that the TRPV1 

subpopulation contained a substantial amount of dopaminergic cells. We then decided to 

investigate whether this effect was due to the local stimulation of the VTA, or if it was 
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mediated by a projection to a target area. We chose the projection to the medial Nucleus 

Accumbens Shell (mAcbSh), due to the strength and distinctiveness of the fibers located in 

this region after injection of the virus in the VTA. 

 After repeating the RPP test, we found that the TRPV1-Cre animals still avoided 

the stimulation, and that stimulation in the mAcbSh was considered even more aversive than 

in the VTA. We see that both TH and VGLUT2 are expressed in the fibers that reach this 

area. Patch-clamp of mAcbSh cells of TRPV1-Cre animals injected with ChR2 in the VTA 

showed that a small but consistent Excitatory Postsynaptic Potential (EPSP) was evoked in 

roughly half of the neurons by a brief flash of blue light on top of the slices. This EPSP 

persisted when a NMDA antagonist was used, but disappeared when an AMPA antagonist 

was introduced in the bath. Therefore, it is possible thatglutamate  is the neurotransmitter 

mediating this behavioral response, but more experiments are needed to make that conclusion 

more certain.  

 This study produced a novel finding by establishing, for the first time, that a 

VTA projection to the Nucleus Accumbens can induce aversion. Previous studies on this 

pathway have conclusively established that it can also mediate reward – particularly through 

dopaminergic projections -, but no direct evidence existed for an aversive pathway. This 

finding was even more surprising due to the fact that stimulation of other glutamatergic 

projections to the Accumbens are rewarding, even those incoming from the amygdala, a 

structure characteristically associated with processing of fear responses (Maren & Quirk, 

2004).  

 However, it was previously identified that the Accumbens can be subdivided in 

different parts, and that the release of glutamatergic antagonists in slightly different 

coordinates could create contrasting behavioral results. Food consumption was greatly 

increased when AMPA antagonists were released in the rostral parts of the Accumbens, but in 

the caudal parts or in the core, no effect on feeding was observed, while the animals started 

displaying defensive treading, a behavior representative of fear (Reynolds & Berridge, 2008).  

This duality suggests that the Accumbens possesses different cells for the processing of 

glutamatergic input, and that it is likely that the TRPV1-positive projections we have 

identified connect with only the neurons that mediate aversion rather than reward.  
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 The novel strategy introduced by this study is the use of an anatomically-

restricted promoter. All previous studies that used optogenetics in the VTA utilized promoters 

that were aimed at representing only one neurotransmitter (ie, TH for dopamine, VGLUT2 for 

Glutamate, and VGAT for GABA). We have identified and characterized a promoter that 

contains cells exclusively located in the VTA, but that do not homogeneously release only one 

neurotransmitter. This anatomical approach can be complementary to the targeting of 

neurotransmitters, and may give insight into the differences between the VTA and its 

neighboring structures in a unique way. The use of conditional knockouts to address that 

would be impossible with the use of a general promoter such as TH, and it is an ongoing 

strategy within this project to determine if glutamate is indeed the main neurotransmitter 

mediating the behavioral response. Another question still being investigated is whether the 

neurons in the mAcbSh that do or do not respond to laser stimulation might be classified into 

D1- or D2-receptor expressing cells, a classical way to categorize striatal neurons. 

 An important observation about the strategy we have chosen for this paper is 

that the TRPV1 subpopulation may be anatomically restricted to the VTA, but it does not 

contain all, or even the majority of neurons contained in this structure. Therefore, what we 

have identified is a subset of cells in the VTA, which therefore cannot be considered to 

faithfully represent all cells in this area. Moreover, a case could be made that the rostral nuclei 

of the ventral midbrain that we identified as part of the VTA are actually parts of what is 

traditionally accepted as the hypothalamus. Future attempts to have a “VTA-specific” 

promoter should strive for including a bigger portion of the VTA itself, and to have even more 

refined borders than the TRPV1 promoter. 

 The fact that most of our experiments were based on optogenetics also makes 

this study susceptible to criticism that is generally always valid when using this technique: the 

rhythmic stimulation of a small subpopulation of neurons is entirely artificial. We have 

identified that when these neurons are activated with light, aversion occurs, but it is not 

possible to conclude from this that they are necessary for any sort of aversive behavior to 

occur, and also to which natural phenomena they respond to. Both questions are valid and 

should be addressed in future studies. One way to do it could be to have a genetically-encoded 

calcium content reporter, such as GCaMP (Akerboom et al., 2013), produced only on cells 

that express TRPV1. Then, when the animal goes through pain or some other sort of aversive 

stimulus, it could be observed whether the TRPV1 population increases its firing. Another 
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approach could be to identify single neurons by “opto-tagging” them. This technique consists 

of introducing into the brain a fine wire coupled with a fiber connector. Single neurons are 

identified, and light is then given in short pulses. If the cells are expressing ChR2 – ie, if they 

contain the promoter defined by the transgenic line, in this case TRPV1 -, they will respond to 

almost every pulse, and their waveform can then be identified as a TRPV1+ cell. Later, 

without turning on the light, the firing of these cells can be recorded while the animal 

performs any sort of behavioral test. 

 Another avenue of research that was left open by our study is the role of the 

TRPV1 receptor itself. We have chosen to use the expression of TRPV1 as a tool, and to 

exploit its contiguity to a subpopulation in the VTA. It’s unclear whether the remarkable 

specificity with which this promoter is expressed in the ventral midbrain has to do with a 

functional role the vanilloid receptor itself might play. We have shown that TRPV1 

expression is found in the VTA from the embryonary stage, and that it peaks at postnatal day 

3 and is very weakly expressed, if at all, in the adult. This would suggest that whatever role it 

might play, it is likely more important during developmental stages, but its study is still 

worthwhile pursuing. 

 There is some evidence to suggest that the injection of capsaicin, a substance 

that is not normally found in the central nervous system, can modulate the activity of juvenile 

midbrain cells in vitro (Marinelli, Pascucci, Bernardi, Puglisi-Allegra, & Mercuri, 2004), 

suggesting that the TRPV1 receptors, which are sensitive to capsaicin, are still active during 

development. It has also been shown that TRPV1 is sensitive to endocannabinoids such as 

anandamide (Ross, 2003). Furthermore, a range of vanilloid receptors are found in the VTA 

(Lein et al., 2007b). The presence of TRPV1 receptors in this region, and in particular in cells 

that mediate a specific behavioral response, may be no accident. This hypothesis could be 

investigated further with the use of conditional TRPV1 knockouts, where TRPV1 is only 

deleted in glutamatergic cells, for instance.  

Paper III 

 This paper is another demonstration of how anatomically-specific promoters can 

be useful. It had been previously shown that a gene named Pitx2 is found in the spinal cord 

and in parts of the brain, including the subthalamic nucleus (STN) (Martin et al., 2004). In 

this area in particular, it has a very limited expression to a subgroup of cells within this 
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nucleus, and is not found in any other structure adjacent to it. This makes it a prime candidate 

for the use of optogenetics and conditional transgenic strategies. 

 The first step was to characterize which kind of cells in the STN expressed 

Pitx2. There were studies demonstrating that the STN contains only excitatory neurons that 

expressed VGLUT2 (Hisano, 2003; Barroso-Chinea et al., 2007). We have found that the 

STN has cells that express VGLUT1, VGLUT2 or both. The Pitx2-positive neurons were 

composed of a mix of those. 

 Knowing that a large proportion of Pitx2-positive cells also expressed VGLUT2, 

we decided to perform a conditional knockout by crossing a Pitx2-Cre line with a Vglut2-lox 

line. The resulting Pitx2-Vg2-lx animals showed a reduction of about 40% of VGLUT2 

expression in their STN. While this knockout did not completely eliminate glutamatergic 

communication within the STN, it was enough to cause an impact in the way this nucleus 

established connections to target areas, such as the substantia nigra pars reticulata and the 

globus pallidus internal. The evidence from patch-clamp recordings showed a reduction in the 

frequency and amplitude of excitatory events in both of these structures when the STN was 

electrically stimulated. This was also seen when the Pitx2 population was stimulated with 

light, after expressing ChR2. 

 These knockout animals were also tested in a range of behavioral tests. The 

most pronounced result was that they were much more active than their wild-type 

counterparts, both in horizontal and in vertical locomotion (rearing). For the most part, the 

social and cognitive tests showed no impairment, with the exception of their performance in 

the radial maze. We have also measured the levels of expression of dopamine receptors in the 

dorsal striatum, and their ability to recapture dopamine. The expression of DAT in the 

striatum was reduced in the controls, as well as their ability to recapture endogenous and 

exogenous dopamine. 

 These results suggest that a reduction in the levels of glutamate release in the 

subthalamic nucleus lead to increased locomotion. This finding can be contextualized by 

comparing it with the results described by many papers that have studied the STN in the past. 

Electrical stimulation of the STN has been used as a therapy for Parkinson’s Disease in 

monkeys (Limousin et al., 1995) and humans (Limousin et al., 1998), but its mechanism of 

action is still under debate. Given the high frequency of stimulation used (usually around 130 
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Hz) and the physiology of these neurons, there is a debate over whether the stimulation is 

causing the nucleus to become more excited, or whether it is actually being silenced down, 

possibly through a phenomenon known as depolarization block, in which the cell cannot 

recover fast enough from constant stimulation and stops firing. 

 There is evidence to support either side of this debate. Some researchers suggest 

that the STN is not the main target being stimulated, but rather the neighboring (and 

inhibitory) structure called zona incerta (Plaha, Ben-Shlomo, Patel, & Gill, 2006), due to the 

uncertainties involved in stereotaxic surgery, and the fine adjustments performed in real-time 

while the patient undergoes surgery. Our work provides evidence in support of the 

inactivation theory. More importantly, given the specificity of the Pitx2 promoter, it makes it 

clear that hyperlocomotion can indeed be caused by affecting the STN itself. With studies that 

used lesions or electrical stimulation, this fact cannot usually be established with certainty. 

The reduction of glutamatergic activity, also specifically targeted to the STN, is a novel 

approach to the question of disabling this nucleus, something that has been attempted with the 

techniques mentioned above and also with the overexpression of GAD (Luo et al., 2002), 

through a genetic therapy that was recently attempted in humans (Kaplitt et al., 2007).  

 One of the questions raised by our study is whether the behavioral effect that 

was caused by our intervention is mediated only by the PITX2/VGLUT2-positive population, 

or whether it could be achieved by knocking out VGLUT1 instead, or affecting glutamate 

production in the STN as a whole. It is interesting that a relatively modest reduction in the 

expression of VGLUT2 could cause such pronounced hyperlocomotion, which could point 

out to a particularly central role of VGLUT2 for the overall functioning of this nucleus. Our 

study was the first to identify VGLUT1 expression in the STN, and given that these two 

transporters can work independently of each other, it would be useful to explore what a 

selective VGLUT1 deletion would cause.  

Paper IV 

 Unlike the previous two studies, Paper IV does not introduce a completely new 

categorization based on a newly discovered genetic-based subpopulation, but rather explores 

the close correlation of expression of the CHRNA2 promoter in a previously identified 

subpopulation of interneurons called Oriens-Lacunosum Moleculare (OLM). These 

interneurons were already categorized based on their morphology, and on the distinct pattern 
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of projections that gives them their name. However, previous researchers were limited to 

correlational observations when studying this subpopulation. Through the use of juxtacellular 

recordings, which make it possible for a cell that was recorded in vivo to be later identified by 

morphology and immunohistochemistry, it was observed that OLM cells fired in coordination 

with theta-range (3-12 Hz) local field potential activity (Klausberger et al., 2003b) .  

 In this study, we were able to show for the first time that there is a causal 

relationship between OLM cell activation and theta rhythms. When activated with blue light 

through ChR2, this subpopulation causes an increase in theta-range activity in the ventral 

hippocampus. Conversely, when a baseline theta activity is present, it can be disrupted by 

silencing OLM cells with Archaerhodopsin. Therefore, it seems that the activity of this 

subpopulation is both necessary and sufficient to elicit theta-related activity in the ventral 

hippocampus, a fact that was previously unknown.   

 The novelty of this work lies not only on the demonstration of the role of this 

subpopulation, but especially on the specificity afforded by the CHRNA2 promoter. Other 

promoters have previously been used in conjuction with optogenetics in the hippocampus, in 

particular somatostatin and parvalbumin (Roux, Stark, Sjulson, & Buzsáki, 2014b) . However, 

these are not truly specific to a single subpopulation of cells. It is known that parvalbumin, 

one of the more specific promoters in this structure, is present in at least three different cell 

types (Somogyi & Klausberger, 2005).  

 There are clear limitations to our study as well. The CHRNA2 promoter does 

not seem to be expressed in the dorsal hippocampus, being much more prevalent in OLM 

cells of the ventral part of this structure. Therefore, this study had to be confined only to the 

ventral hippocampus, and it is unknown whether the dorsally-located OLM cells have the 

same function. Since the study was performed only in anesthetized animals, it is also 

unknown if the OLM cells would have the same contribution to theta in freely moving mice. 

It is possible that, given the correlation between theta-range activities and behavior, OLM 

cells may be important for higher-order activities such as memory and anxiety. These are 

open questions that are being addressed by further studies. 
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Conclusion 

 In the four studies discussed above, the unifying narrative is not the focus on a 

particular behavior, structure or cell type, but rather in identifying new ways in which to 

investigate them. Through the prism of genetic expression, we are able to target certain 

populations with unprecedented precision. It is, however, necessary to understand what are 

the advantages and disadvantages associated with choosing to utilize genetic promoters as a 

tool for classification of neuronal subpopulations. 

 This argument is expanded in Paper I, where the challenges associated with 

studying the ventral midbrain with currently available genetic promoters are discussed. All 

studies in this area have used promoters that are intended to separate between different cells 

that release different neurotransmitters. Paper II is directly related to that debate, presenting 

TRPV1 as a promoter that offers anatomical specificity in the ventral midbrain as its main 

distinction. TRPV1 is uniquely expressed in the VTA but not in the SNc, unlike other 

promoters such as TH, DAT or VGLUT2. That allowed us to characterize a VTA-specific 

subpopulation, and in the future, to use conditional knockouts to then address the role of a 

particular neurotransmitter. Paper II provides an example of an alternative to the use of 

neurotransmitter-specific promoters. 

 Despite some of these advantages, the choice of characterizing a population by 

its location rather than the neurotransmitter it releases also carries a tradeoff. In the early days 

of optogenetics, the ability to quickly and reversibly target an entire group of neurons that 

were defined by which neurotransmitter they released was original and exciting. Unlike 

optogenetics, techniques such as lesions and electrical stimulation were somewhat limited to 

targeting large anatomical locations, with little or no distinction between what type of 

neurotransmitters they carried. Choosing a promoter that is location-specific could make it 

difficult to separate the role of each type of cell for the variable being investigated, which 

could throw us back to the original limitations of these techniques. However, as we have 

shown, the TRPV1 gene is present only in a minority of the cells in the VTA, and an even 

smaller proportion of the fibers that are present in the NAcc. This fact is likely what allowed 

us to identify the evidence for an aversion-specific pathway that others have not described 

before.  
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 Paper III is another example of how a promoter that is used for distinguishing 

among anatomical structures can be useful. Since the size of the STN is so small, it is rather 

difficult to target this region with lesions or electrodes without affecting the surrounding 

GABAergic areas. Just as with TRPV1, only part of the STN cells expressed Pitx2, 

suggesting that, once again, we were targeting a subpopulation confined within the larger 

anatomical structure. Since the STN is homogeneously composed of glutamatergic neurons, 

another way to distinguish among these neurons is to separate them by their expression of 

Vglut1 or Vglut2. We made that option by targeting the Pitx2- and Vglut2-positive 

subpopulation with a conditional knockout strategy. Here, again, one of the strengths of this 

type of genetic promoter is exemplified by identifying a subpopulation within a bigger 

anatomically-defined structure. The issue raised above regarding isolating the contribution of 

each neurotransmitter is rendered moot by the homogeneity of the STN in this regard.  

 Finally, Paper IV presents a different type of promoter specificity. The 

expression of Chrna2 in the ventral hippocampus is limited not only by anatomy and 

neurotransmitter (GABA), but also by morphology. The OLM interneurons that were 

identified decades previously could now be manipulated with modern genetic-based tools. 

This offers an obvious advantage in structures that possess this type of morphologically 

defined cell types, of which the hippocampus is a prime example. Interestingly, this single 

subpopulation apparently plays a role in regulating theta oscillations in the region. It is 

unclear whether this is a unique attribute of OLM interneurons, or if others of the more than 

20 cell types that have been identified in the hippocampus also share this distinction. The 

answer will likely only come when promoters can be identified for more of them. 

 None of the studies presented here address the actual role of the gene whose 

promoter sequence is being used for the purposes of categorization. It is reasonable to 

speculate whether the limited expression of a particular gene may help to distinguish a group 

of neurons from its surroundings, but it is also possible that this correlation is merely 

fortuitous. While natural selection generally leads to parsimony in the use of an organism's 

resources, the simple fact that a gene is expressed in one cell and not in other cannot be used 

to attribute a functional role to it. Of the studies that were discussed here, it is quite logical to 

imagine that the Chrna2 receptor may be a gate between acetylcholine and theta rhythms, or 

that Trpv1 expression occurs mostly in this aversive pathway and therefore may be 

modulating it somehow.  
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 We have chosen not to address these questions in these papers. When Cre 

expression is dependent on a promoter, and this is used to later manipulate cells with 

optogenetics or any similar technique, the whole subpopulation then becomes the unit of 

analysis.  The promoter in this perspective acts as a tool, a guide that allows us to reach the 

target of controlling a certain subpopulation and unveiling its functional properties. The 

question of where the expression of a gene plays any role in the function under investigation 

is certainly interesting, and can be addressed in the future.   

 There is no reason to suppose that each of the multiple ways in which a neuron 

can be distinguished from another necessarily represents a fundamental difference in the way 

that it operates. Some ways in which to categorize neurons are more likely to uncover 

functional differences than others. From our current understanding, these include any genes 

that encode for developmental factors and for major characteristics such as the expression of 

receptors. It may be, however, that the distinction among two populations will be made by a 

fortuitous expression of a gene in only one of them. 

 In some regards, however, this realization is actually a positive one. The 

categories that we impinge on the brain serve an explanatory role, but they must not be 

mistaken for true, separable and immiscible entities. As with other biological phenomena, 

neurons exist in a spectrum, and whatever way we choose to slice that range into formal 

categories will work for one situation, and not for others. Adopting the perspective of genetics 

rather than morphology or anatomy is not necessarily an advantage, but it can liberate us from 

preconceptions that derive from these traditional ways of categorizing the brain. 

Perspectives 

 Considering the rapid rise of optogenetics and other genetic-based techniques, it 

would not be surprising to see the interest in genetically defined neuronal subpopulations 

continue to grow. Initiatives such as the Allen Brain Atlas (Lein et al., 2007b), which maps 

the expression of every gene in the mouse’s genome in general anatomical regions, will be 

supplemented by work that offers more granularity in terms of anatomical separation or cell 

type, as is already beginning to happen (Panman et al., 2014; Poulin et al., 2014). To 

distinguish among cells that are located next to each other, and to gather additional 

information from each cell, techniques such as single-cell PCR combined with patch-clamp 

can also be used.  
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 Among the recent technical developments that will give a boost to this field, 

perhaps the one with the most disruptive potential is the advent of combinatorial transgenics. 

This idea has been implemented in the past, with animals that have fluorescent proteins (Livet 

et al., 2007). However, last year, a demonstration of how this can be combined with 

optogenetics was published, with the name of INTRSECT (Intronic Recombinase Sites 

Enabling Combinatorial Targeting) (Fenno et al., 2014). This technique consists of 

developing different sets of viruses that contain both lox and frt sites. The flp-frt recombinase 

system is analogous to the Cre-Lox system, and in essence can be explored in the same way 

by introducing frt sequences that will make the sequence of interest be activated or inactivated 

under the presence of flp. The combination of lox and frt sites allows for targeting of cells that 

express both promoter A and B, only promoter A but not B, and also only promoter B but not 

A.  

This simple concept enables incredible possibilities. Given that the mouse 

genome contains around 20 000 genes, many of which are either expressed in all or in none of 

the neurons in the brain, the search for promoters that are specific for anatomical structures, 

morphologically- or electrophysiologically-defined cell types could soon hit a difficult 

constraint. The ability to use combinatorial transgenics will allow for more complex 

interactions to be targeted. It might be possible, for instance, to have one promoter that 

ensures anatomical specificity, while another one that targets only one neurotransmitter within 

that region. 

Another technique that will very likely have a strong impact in neuroscience in 

the coming years is the use of Clustered Regularly Interspaced Short Palindromic Repeats, or 

CRISPRs (Hsu, Lander, & Zhang, 2014). This technique, which is founded upon the immune 

response of some bacteria to invading phages, allows for an easier way to manipulate genes in 

cell cultures, embryos or adult animals. Possible target sequences for CRISPR have been 

identified for all genes in the mouse genome (Sanjana, Shalem, & Zhang, 2014). These 

sequences can be encoded in a type of RNA, called sgRNA, which interacts with a family of 

proteins called CAS. When these two elements are combined, the sequence that the sgRNA 

contains is targeted, and the effector complex formed by CAS creates a strand break on it.  

The CRISPR technique is so effective that it has been demonstrated that after 

injecting sgRNAs that targeted different genes together with CAS9 into mouse embryos, it 
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was possible to breed a large number of mice with five simultaneous knockouts (H. Wang et 

al., 2013b). While in the past, the creation of a single knockout animal was a time- and 

resource-intensive procedure, it can now be achieved in weeks, and at a much more effective 

rate. Another advantage of simplifying the process of causing strand breaks is that by 

providing a piece of DNA with sufficiently large homology arms on each side, it is also 

possible to introduce a knock-in sequence right after the targeted sequence (Yang et al., 

2013). Therefore, not only knockouts, but also any other kind of transgenic mice will be more 

easily available with this technique. 

It is also possible to target mature cells with CRISPR. It has been shown that 

introducing sgRNA and CAS into the bloodstream could cause a small amount of cells in the 

mouse liver to have genes knocked out (Xue et al., 2014). A more effective alternative is the 

use of viruses to integrate sequences that can then produce these two pieces from the cell’s 

own machinery. A recent demonstration of that was achieved when four genes were targeted 

in adult mice that received injections with viruses (Swiech et al., 2015). While this only 

knocked out around 60% of the endogenous expression of these genes, it was sufficient to 

cause behavioral effects that were analogous to those previously observed with brain lesions 

in that area.  

Inducing the knockout of genes in adult brains without the need for transgenic 

lines may have a considerable impact in future research, and for clinicians. The technique has 

been tested in several species so far – mice, rats (Li et al., 2013), pigs (Hai, Teng, Guo, Li, & 

Zhou, 2014), sheep (Hongbing et al., 2014), monkeys (Niu et al., 2014) -, and it has been very 

effective. The ability to target mature cells and the translatability of this technique have 

generated considerable enthusiasm over the potential of CRISPR, including for therapeutic 

purposes (Pennisi, 2013). While some of its features still need to be better understood, it is 

expected that CRISPR will introduce new and exciting possibilities for researchers and 

clinicians. 

 From a broader perspective, in the long run the intermixing of all these 

capabilities will also likely impact neuroscience at a conceptual level as well. While 

researchers interested in systems neuroscience can utilize gene expression as a tool to control 

and understand neuronal circuits, events at a molecular level and from a developmental 

perspective are directly influenced by it too. This could facilitate a dialogue between subfields 
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that were previously isolated from each other. In an optimistic overview, the long sought-after 

objective of unification of the various levels of explanation within neuroscience may be 

pushed one step forward by utilizing the common currency of genetics.  
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