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Abstract 

Efforts to understand the role of the dentate gyrus have been hampered by the limitation of 

extracellular recordings to identify cell types. By combining extracellular recording with optogenetics, 

it has become possible to identify and characterize the activity of specific cell types. Here, we 

assessed the feasibility of this technique to identify granule cells of the dentate gyrus in freely 

behaving mice. We were able to detect units that responded to light stimulation with short latency 

and high reliability. Although the short latency suggested that units were directly activated by light 

stimulation, we could not exclude the possibility that they were indirectly activated postsynaptic 

neurons. We also detected voltage fluctuations after the light stimulus, which were presumably 

caused by photovoltaic artefacts and synchronous activation of multiple cells. We believe that 

optogenetic identification of granule cells could be a valuable technique provided that the 

uncertainty about the response latency is resolved. 

 

 



 

 1 

1. Introduction 

1.1. Hippocampal neuroanatomy 

The hippocampus is a part of the allocortex, a phylogenetically old region of the brain which together 
with the neocortex forms the cerebral cortex (Andersen et al., 2007). The main difference between the 
allocortex and neocortex is the number of cell layers. While the neocortex is characterized by six layers, 
the parts of the allocortex, like the hippocampus, contain only three to five layers. Another noteworthy 
feature of the hippocampus is that all principal cells are located in a single layer (Andersen et al., 2007).  

The terminology used to describe which regions of the brain belong to the hippocampus varies among 
authors (Andersen et al., 2007). The cornu ammonis areas (CA1, CA2 and CA3) are sometimes called 
‘hippocampus proper’, while the term ‘hippocampal formation’ refers to the CA areas together with the 
dentate gyrus, entorhinal cortex, subiculum, presubiculum and parasubiculum. In this thesis, the term 
“hippocampus” will refer to the CA regions CA1, CA2 and CA3 together with the dentate gyrus (DG).  

The hippocampus is a bilateral structure; there is one hippocampus in each hemisphere. The three-
dimensional structure of the rodent hippocampus resembles two bananas, connected at the dorsal side 
via the hippocampal commissure and spreading apart laterally and ventrally into the temporal cortex 
(Figure 1.1A; (Amaral et al., 2007)). The anatomy of the hippocampus is largely conserved across 
mammals (Andersen et al., 2007). Non-mammalian species like birds and reptiles have structures that 
are functionally homologous to the hippocampus, however it is still debated whether these structures 
have a common evolutionary origin (Andersen et al., 2007). In humans the hippocampus is located in 
the medial temporal lobe. Early anatomists saw a seahorse in the shape of the human hippocampus, 
and named it after the Latin word for seahorse.  

Histological sections through the rodent hippocampus are shown in Figures 1.1B and 1.1C. Nissl-stained 
coronal sections clearly show the characteristic structure of the hippocampus with two densely stained, 
interlocking cell layers. The V-shaped cell layer is the granule cell layer of the DG. It contains the cell 
bodies of granule cells, the principal cells of the DG. The other cell layer contains the cell bodies of 
pyramidal cells of CA1, CA2 and CA3 and is called pyramidal cell layer. According to early anatomists, the 
C-shaped structure of the hippocampus resembles the horns of a ram. They named it cornu ammonis 
(ammon’s horn) after the Egyptian god Ammon, a god with a ram’s head.  

 

1.1.1. Basic hippocampal circuitry: the trisynaptic pathway 

One of the remarkable features of the hippocampal circuit is that many of its connections are 

unidirectional (Amaral et al., 2007). The entorhinal cortex (EC) projects to the DG, but there is no direct 

return projection from the DG to the EC. Likewise, CA3 does not directly project to the granule cells of 

the DG and CA1 has no projections to CA3.  

The main input to the hippocampus is provided by the EC. Granule cells in the DG receive excitatory 
input from cells in layer II of the EC, via the so-called perforant pathway. Granule cells send their axons 
(called "mossy fibers") to CA3. The principal cells of CA3 are pyramidal cells, which project axons 
(Schaffer collaterals) to CA1. This simple, unidirectional series of connections (ECDGCA3CA1) was 
first described by Ramon y Cajal in 1911 and was called “trisynaptic pathway” by Andersen (Andersen et 
al., 1971). Because of this unidirectional connections, the hippocampus was seen as a simple model of 
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neural network organization. Computational models of the function of the DG (presented in section 
1.2.3) were based on the strong, unidirectional connections between the DG and CA3.  

It is now clear that the hippocampus contains more cell types and connections, which will be described 
in more detail in the following sections. Although many connections are left out in this “trisynaptic” view 
on the hippocampal circuitry, the unidirectional connections of the hippocampus are an interesting 
feature that makes the hippocampus different from most other brain regions (Figure 1.2).  

 

1.1.2. The dentate gyrus 

The DG contains three layers. From superficial to deep these are: the molecular layer, the granule cell 
layer and the polymorphic cell layer or hilus (Figure 1.1 C). The three layers of the DG are folded with the 
hilus on the inside. The fold is called crest and divides the DG in two blades: the upper (suprapyramidal) 
and lower (infrapyramidal) blade. Granule cells are the principal cells of the DG; they are the only cells 
whose axons leave the DG and project to the next area in the hippocampal circuit, the CA3.  

 

 

Figure 1.1. Hippocampal neuroanatomy. (A) Location and three-dimensional organization of the hippocampal 
formation in the rat brain. Figure adapted with permission from (Amaral and Witter, 1989) (B) Nissl-stained 
coronal section of mouse brain (Lein et al., 2007). (C) Nissl-stained coronal section of mouse brain with indication 
of layers of CA1 and DG. The hippocampal fissure separates the CA1 and DG.  
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Figure 1.2. Schematic overview of major cell types and projections in the mouse hippocampal circuit. Arrows 
represent excitatory projections. Cells in the EC project to granule cells of the DG. Projections from dentate 
granule cells target hilar mossy cells and interneurons as well as CA3 pyramidal neurons. CA3 pyramidal cells 
project axons to pyramidal cells of CA1 and collaterals to CA3 pyramidal cells. CA1 pyramidal cells project to 
subiculum (not shown) and EC. pp, perforant path; mf, mossy fibre; rc, recurrent collateral; sc, Schaffer collateral; 
sub, subiculum 

 

1.1.3. Hippocampal cell types 

The hippocampus contains a wide variety of cell types. Neurons can be divided into different categories 

based on a number of criteria. Traditionally, neurons have been divided into projection neurons and 

local interneurons. Projection neurons are typically excitatory and project out of the brain region where 

the cell body is located, while interneurons are inhibitory and form local feedback circuits to regulate 

activity in the region. More precise ways of classifying neurons are based on anatomical, physiological 

and neurochemical characteristics. Anatomical classification criteria include the location and 

morphology of the neuron’s cell body, axon and dendrites, and its synaptic connectivity. Physiological 

criteria to categorize neurons include firing characteristics (action potential waveform, firing rate, 

bursting) and function (place cell, grid cell, head direction cell). Cell types can also be defined based on 

molecular markers. As revealed by immunohistochemistry, neurons can express a variety of different 

receptors (e.g., NMDA and AMPA receptors), ion channels (e.g., voltage- and ligand-gated channels), 

neurotransmitters (e.g., GABA and Glutamate), neuropeptides (e.g., cholecystokinin and somatostatin) 

and calcium binding proteins (e.g., parvalbumin, calbindin, and calretinin).  

The cell types of the DG will be presented in the following sections together with their anatomical, 

physiological and molecular characteristics. Granule cells, the most abundant cell type in the dentate 

gyrus and the focus of this thesis, will be described in detail. Other cell types, such as mossy cells and 

certain types of interneurons, will be presented mainly to illustrate the diversity of hippocampal cell 

types and the complexity of hippocampal connectivity. Most of the neuroanatomical data presented 

here are derived from studies in the rat. It is assumed that the neuroanatomy of mice and rat are very 

similar (Amaral et al., 2007). Unfortunately, much less neuroanatomical studies have been carried out in 

mice. If data from mice are available or if rat and mouse neuroanatomy differ, it will be mentioned.  
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1.1.3.1. Granule cells  

The granule cell layer (stratum granulosum) contains the cell bodies of the granule cells. Granule cells 

have an elliptical cell body with a width of approximately 10 μm and a height of 18 μm (Claiborne et al., 

1990). The granule cell layer is a densely packed layer that is only 4-6 neurons or ~60 µm thick in rats. 

The total number of granule cells in one hemisphere of the rat DG is about 1.2 million (Amaral et al., 

1990). Granule cells contain an extensive apical dendritic tree, which is located in the molecular layer. 

The dendrites form a cone-shaped tree in which the dendrites extend toward the hippocampal fissure. 

The molecular layer has an average thickness of 250 um in rats and most dendrites terminate near the 

hippocampal fissure (Claiborne et al., 1990). Besides the dendrites of granule cells, the molecular layer 

also contains different types of interneurons and axons coming from the EC and other sources. The 

molecular layer is divided in three parts, according to the differential origin of the incoming axons (Van 

Groen et al., 2002). In the proximal third, closest to the granule cell body, granule cell dendrites receive 

axonal inputs from mossy cells. The middle and distal third of the molecular layer receive inputs from 

the medial and lateral EC, respectively.  

 

1.1.3.1.1 Granule cell inputs 

The EC is a part of the hippocampal formation that is located in the medial temporal lobe (Andersen et 

al., 2007). It forms the main input and output structure of the hippocampus and is therefore often 

referred to as the gateway between hippocampus and neocortex. The entorhinal cortex receives 

processed sensory information from several neocortical sources. Cells in the superficial layers of the EC  

(layers II and III) provide the main input to the hippocampus, while the deep layers (IV-VI) make a minor 

contribution (van Groen et al., 2003; Witter, 1993). The projection from the entorhinal cortex to the 

hippocampus is referred to as the perforant pathway. This pathway was first described by Cajal in 1911. 

It was called perforant pathway because its fibers run through the subiculum and hippocampal fissure, 

“perforating” it.  

The EC is divided into a medial and a lateral region, which have distinct connectivity and convey 

different input information (Igarashi, 2016). The medial EC provides spatial information and projects to 

the middle third of the granule cell dendritic tree. The lateral EC provides non-spatial information (like 

odor and object information) and innervates the outer third of the granule cell dendrites (Deshmukh 

and Knierim, 2011; Hargreaves et al., 2005; Young et al., 1997).  

The DG receives its major input from neurons in layer II of the EC. The fibers of layer II cells form mainly 

asymmetric, excitatory synapses on the dendritic spines of dentate granule cells. A small proportion of 

the fibers terminate on interneurons. In mice, at least in one of the strains (C57BL/6J), layer II cells 

project only to the DG and not to other hippocampal areas (van Groen et al., 2003; Witter, 2007). 

Neurons in layer II of rats and monkeys on the other hand, also project to CA3 and subiculum (Witter 

and Amaral, 1991). Cells in layer III of the EC also project to CA3, and this projection is more prominent 
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in mice than in rats (Van Groen et al., 2002). In conclusion, neurons in layer II of the EC provide the 

major, if not exclusive, input to the DG.  

The perforant pathway is a divergent structure (Amaral and Witter, 1989). There are about five times 

more granule cells in the DG than projection neurons in layer II of the EC (200,000 EC layer II cells and 1 

million granule cells in rat)(Amaral et al., 1990). It was estimated that one perforant path fiber makes 

15,000 to 19,000 synaptic connections with granule cells. One granule cell, on the other hand, receives 

more than 3,000 synaptic inputs from the EC (Patton and McNaughton, 1995).  

Granule cells in the dentate gyrus also receive neuromodulatory inputs from dispersed brain regions like 

the locus coeruleus (norepinephrine), ventral tegmental area (dopamine) and septal nuclei 

(acetylcholine) (Andersen et al., 2007). Finally, there are several types of interneurons which provide 

inhibitory feedback to the granule cells in the DG (see section 1.1.3.4).  

 

1.1.3.1.2 Granule cell outputs 

The axons of granule cells are called mossy fibers. Each granule cell gives rise to one mossy fiber (Amaral 

et al., 2007). On their way to the CA3, mossy fibers run through the hilus, where they issue collaterals 

that synapse onto mossy cells and interneurons (Claiborne et al., 1986). A mossy fiber is about 0.2–0.5 

μm in diameter and gives rise to about seven smaller collaterals (Amaral et al., 2007). Mossy fibers are 

unmyelinated axons (Amaral et al., 2007). On their way to the CA3, mossy fibers run in a tight bundle 

just above the CA3 pyramidal layer (Blackstad et al., 1970). This zone is visible without staining as a 

translucent area in brain sections and was therefore called “stratum lucidum” (Claiborne et al., 1986).  

Granule cell axons have an interesting characteristic that is not seen elsewhere in the mammalian 

nervous system: they form anatomically specialized synapses depending on the targets they innervate 

(CA3 pyramidal cells, mossy cells or interneurons)(Andersen et al., 2007). Mossy fibers contain very large, 

complex boutons as well as small synaptic varicosities (Amaral et al., 2007). The small synaptic 

varicosities (0.5-2 μm in diameter) terminate on inhibitory interneurons in the hilus. The large mossy 

fiber boutons (4-10 μm) are complex terminals, containing multiple release sites densely packed with 

synaptic vesicles. They terminate on mossy cells in the hilus and pyramidal cells in the CA3. While the 

number of small terminals innervating interneurons is around 200, there are only 20 to 30 large mossy 

fiber terminals along a single granule cell axon (Acsády et al., 1998). This suggests that granule cells 

preferentially innervate inhibitory interneurons. However, because granule cell synapses onto mossy 

cells and pyramidal cells are much more intricate, they are more potent to activate their postsynaptic 

targets. Ramon y Cajal was the first who described the terminals of granule cell axons and called them 

mossy fibers due to the “mossy” appearance of the large boutons and synaptic varicosities.  

Large mossy fiber boutons innervate equally remarkable structures on the postsynaptic target cells. The 

spines on CA3 pyramidal cells and mossy cells are unusually large and are engulfed by the giant mossy 

fiber boutons. These spines were called “thorny excrescences” because of their resemblance to the 

thorny protrusions on plants.  
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1.1.3.2 Adult-born granule cells 

The DG is one of only a few regions in the mammalian brain where new neurons are continuously 

generated throughout life (Altman, 1962; Drew et al., 2013). Adult neurogenesis is a multi-step process 

that starts with proliferation and fate specification of adult neural stem cells (Duan et al., 2008). During 

maturation, newborn neurons undergo morphogenesis, migration, axonal and dendritic development. A 

large proportion of the newborn neurons die during the maturation process, but the surviving neurons 

become functionally integrated in the existing circuit (van Praag et al., 2002). They acquire 

electrophysiological characteristics of mature dentate granule cells and eventually become 

indistinguishable from developmentally born granule cells. It was estimated that a substantial 

population (up to 10% in mice) of granule cells are adult-born neurons (Imayoshi et al., 2008). 

 

1.1.3.2.1 Unique physiological properties of immature granule cells 

Immature, adult-born granule cells differ from mature granule cells in a number of ways. The main 

difference is the increased excitability and plasticity of immature neurons. It was shown that adult-born 

neurons exhibit excitatory responses to GABA, the major inhibitory neurotransmitter in the adult brain, 

up to approximately 24 days after mitosis (Ge et al., 2005). This excitatory response is a result of high 

chloride concentrations in immature neurons. Both in vitro and in vivo studies have shown that 

immature neurons are more excitable than mature granule cells (Danielson et al., 2016; Marín-Burgin 

and Schinder, 2012). Even though young neurons receive fewer and weaker inputs, they are equally or 

even more likely to be active as mature neurons (Danielson et al., 2016; Mongiat et al., 2009). Adult-

generated granule cells also exhibit a period of heightened plasticity 4–6 weeks after mitosis. In this 

period, plasticity can be induced more easily in young neurons than in mature neurons (Ge et al., 2007). 

The unique properties adult born neurons display during their development is likely to be tightly linked 

with their role in the network.  

 

1.1.3.3 Mossy cells 

Mossy cells are large, excitatory cells of the hilus. They receive inputs from granule cells and project to 

the proximal dendrites of ipsilateral as well as contralateral granule cells. This axonal projection is called 

the commissural/associational pathway. There are approximately 10,000 mossy cells in the DG of rats 

(Amaral et al., 1990). Their large cell bodies (25–35 μm in diameter) are scattered in the hilus and are 

triangular or multipolar in shape. The dendrites of mossy cells form an extensive dendritic arbor that 

stays largely confined to the hilus. Occasionally, a dendrite crosses the granule cell layer and enters the 

molecular layer. This distribution indicates that mossy cells receive inputs from a wide range of granule 

cells and possibly also directly from the EC.  
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The somata and proximal dendrites of mossy cells are covered by numerous thorny excrescences. These 

large, complex spines are the termination sites of granule cell mossy fibers. The mossy fiber-thorny 

excrescence synapse is considered one of the most powerful excitatory synapses (Scharfman et al., 

1990). Mossy cells also receive excitatory input from CA3 pyramidal cells that send axon collaterals to 

the hilus (Scharfman, 1994).  

Mossy cell axons project to the inner molecular layer of the ipsilateral and contralateral dentate gyrus. 

The contralateral projection targets granule cells at a similar septotemporal location as the cell bodies of 

origin. The ipsilateral projection, on the other hand, can spread very far in septotemporal direction. 

Mossy cells in the temporal part of the hippocampus in particular, have highly divergent axons that 

project to distant septal locations (Buckmaster et al., 1996). Mossy cells also project to local inhibitory 

interneurons in the hilus and inner molecular layer. Because of their local connections with inhibitory 

interneurons and more distal connections with granule cells, it is thought that mossy cells are 

responsible for inhibition of local granule cells and excitation of distal granule cells.  

 

1.1.3.4 Interneurons 

Interneurons of the DG are a diverse population of cells, of which the majority play an inhibitory role in 

the circuit (Houser, 2007). Different types of interneurons can be distinguished based on morphological, 

neurochemical and electrophysiological characteristics. All DG interneurons use 𝛾-aminobutyric acid 

(GABA) as their primary neurotransmitter (Houser, 2007). Interneurons are distributed in all layers of 

the DG and appear most concentrated in the hilus and at the interface of hilus and granule cell layer 

(Houser, 2007). Morphologically, interneurons of the DG can be divided into 2 broad classes based on 

the distribution of the axonal plexus. One group of interneurons terminates primarily at the perisomatic 

region and another group at the dendritic region of granule cells. The perisomatic-targeting 

interneurons can be further subdivided into cells tartgeting the soma and proximal dendrites (basket 

cells) and cells targeting axon initial segment (axoaxonic cells).  

The most studied interneuron in the DG is the pyramidal basket cell (Amaral et al., 2007). Pyramidal 

basket cells can be recognized by their large pyramidal-shaped cell bodies (25–35 μm in diameter), 

located predominantly at the border of the granule cell layer and hilus (Ribak and Seress, 1983). Basket 

cells receive inputs from granule cells, mossy cells and cells in the entorhinal cortex, and send axons to 

granule cells and interneurons of the DG. The ‘basket’ portion of the name refers to the dense 

pericellular plexuses their axons form around the cell bodies of granule cells. The axons of basket cells 

can cover large distances inside the granule cell layer, which allows a single basket cell to influence up to 

10,000 (1%) of the granule cells.  

Another major type of perisomatic-targeting interneurons has axons that make contacts with the initial 

segments of axons from granule cells (Somogyi, 1977). These are called axoaxonic or chandelier cells. 

The axon terminals of both basket cells and axoaxonic cells terminate close to the cell body of granule 

cells, which means that they have a strong influence over the output of granule cells (Houser, 2007). 
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Although they make up only about 10% of the neurons in the hippocampus, via strong connections with 

multiple granule cells, they exert a powerful control over the hippocampal circuit.  

Apart from perisomatic-targeting interneurons, there is a variety of neurons targeting granule cell 

dendrites. These interneurons can be subdivided in several classes based on the location of their cell 

bodies and the distribution of their axons in the molecular layer. Interneurons with cell bodies in the 

hilus receive substantial input from dentate granule cells and can provide feedback inhibition. 

Interneurons with cell bodies in the molecular layer, on the other hand, receive input from the perforant 

path and provide feedforward inhibition. 

In summary, interneurons in the dentate gyrus form a complex group of neurons that exert a powerful 

influence of granule cell activity by providing feedforward and feedback inhibition.  
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1.2. The function of the dentate gyrus 

1.2.1. The role of the hippocampus in memory 

Remembering specific events that happened in a particular context and at a particular time and place is 

a crucial cognitive ability that has been linked to the hippocampus. Appreciation for the role of the 

hippocampus in memory arose in the 1950s when the now famous patient H.M. had his hippocampus 

removed in an attempt to cure epilepsy (SCOVILLE and MILNER, 1957). This resulted in a severe 

anterograde amnesia (inability to form new memories). In the subsequent decades a range of lesion, 

electrophysiological, and optogenetic studies have associated the hippocampus with spatial, contextual 

and episodic memory processing (Goshen, 2014; Knierim, 2015).  

The discovery of place cells in the hippocampus by O’Keefe and Dostrovsky in 1971 has led to the idea 

that the primary role of the hippocampus is to store spatial information (O’Keefe and Dostrovsky, 1971; 

O’Keefe and Nadel, 1978). Electrophysiological studies of place cell activity will be explained in the 

following sections. Here we briefly describe the most important studies that have implicated the 

hippocampus in spatial and non-spatial components of learning and memory.  

Lesion studies in rodents have provided concrete evidence that the hippocampus is involved in spatial 

memory (Morris et al., 1982). The most commonly used test for spatial memory deficits is the Morris 

water maze (Xavier and Costa, 2009). In this task, rodents are placed in a pool of opaque water and they 

learn the location of a hidden escape platform. Rats with hippocampal lesions were severely impaired in 

learning this task (Morris et al., 1982). Other tasks that are used to test for hippocampal spatial deficits 

are the radial maze and contextual fear conditioning. Lesion studies targeting the dentate gyrus 

specifically have revealed that dentate gyrus granule cells are critically involved in spatial learning and 

memory (Xavier and Costa, 2009).  

More recently, the incorporation of optogenetics into memory research has markedly increased our 

understanding of the hippocampal networks underlying learning and memory. In an elegant study by Liu 

et al., optogenetics was used to investigate if a particular memory is encoded by a specific set of 

neurons in the hippocampus, so-called “engram cells” (Liu et al., 2012). They labelled a set of granule 

cells in the DG that were activated during the encoding phase of a contextual fear conditioning task and 

showed that optogenetic reactivation of this set of cells was sufficient to induce freezing behavior, in an 

unrelated context. These findings provided the first proof that specific memories can be encoded by 

sparse populations of granule cells in the dentate gyrus.  
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1.2.2. The role of the hippocampus in spatial memory 

Animals and human beings have a natural ability to remember places where they have been, orientate 

themselves and navigate effectively from one place to another. Squirrels for example are able to 

remember the place where they had hidden food in autumn and find the exact place months later, even 

when the forest is covered in a thick layer of snow (Jacobs+ and Limant, 1991). Certain birds can 

remember hundreds of locations where they had hidden seeds and nuts (Sherry, 1984). Where does this 

ability come from? Where is this information stored in the brain and how is it processed and updated 

with new information? 

Several decades of research have revealed that the hippocampal formation has a specialized circuit for 

storing spatial information. Lesions of the hippocampus were shown to significantly impair spatial 

memory and learning (Morris et al., 1982; Sutherland et al., 1983). Certain cells in the hippocampus are 

thought to provide an animal with detailed information about its current location, direction and speed. 

These cells are thought to provide the basis for the so-called “cognitive map” of the brain, an internal 

representation of the environment (O’Keefe and Nadel, 1978). Just like a GPS tracks your location and 

calculates the best way to your destination, the cognitive map tells you where you are and how to reach 

your destination. 

There are a few different types of spatially modulated cells in the hippocampal formation. In the 

following sections, I will present the five major types together with their characteristic spatial firing 

patterns. 

 

1.2.2.1. Place cells 

Place cells are cells that fire when an animal is at a specific place (Figure 1.3A). Place cells were 

discovered in 1971, when O’Keefe and Dostrovsky recorded unit activity in the hippocampus of freely 

moving rats (O’Keefe and Dostrovsky, 1971). They reported that the activity of certain cells in the 

hippocampus was closely related to the rat’s location. The cells fired at a high rate when the rat was at a 

particular part of the testing environment and were virtually silent when it was elsewhere. The location 

where a place cell was most active, was called the cell’s place field.  

Subsequent experiments were carried out to determine which factors in the environment influence 

where a place cell fires (O’Keefe and Conway, 1978). Environmental manipulations like rotating or 

removing visual cues led to rotation or disintegration of place fields. This shows that visual cues exert a 

powerful influence on place cell firing. Other sensory information like olfactory and auditory cues also 

influence place cell activity (Shapiro et al., 1997). In addition to these external sensory cues, place cells 

are also influenced by internal self-motion information from vestibular and proprioceptive systems (Hill 

and Best, 1981). It is a combination of this external and internal information that determines place cell 

firing.  
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Early extracellular unit recordings have demonstrated that place fields can remain stable for several 

months if the environment does not change (Thompson and Best, 1990). More recently, calcium imaging 

studies, which allow monitoring of ensemble activity of thousands of neurons over weeks, have shown 

that the ensemble activity of CA1 pyramidal cells is dynamic, yet a small subset of the population (15-

25%) retained stable place fields, which allowed unambiguous representation of the environment (Ziv et 

al., 2013).  

If there is a change in the sensory input, place cells can change their firing fields (R U Muller and Kubie, 

1987; Wilson and McNaughton, 1993). Place fields of a certain neuron may change in size or position, 

appear or disappear. These effects were called ‘remapping’. There are 2 main types of remapping: rate 

remapping and global remapping (S. Leutgeb et al., 2005). In rate remapping, the locations of the place 

fields remain the same, but the firing rate changes (S. Leutgeb et al., 2005). Rate remapping usually 

happens when there is a small change in the environment. If the change in the environment is big, or if 

the animal is moved to a different environment, place cells undergo global remapping (Robert U Muller 

and Kubie, 1987). In global remapping, both the location of the place fields and firing rate changes (S. 

Leutgeb et al., 2005).  

 

Figure 1.3. Five types of spatial cells. (A) Place cell. (B) Head direction cell. (C) Grid cell. (D) Border cell. For A, C and 

D a firing rate map is shown on the left and for B a directional firing polar plot, with peak firing rate indicated in 

hertz. On the right the path taken over whole trial is depicted (black line), with the locations where spikes were 

recorded in green. (E) Traces showing z-scores for firing rate (green) and speed (grey) for an entorhinal speed cell 

during 2 min of free foraging. Maximum values of firing rate and speed are indicated (left and right, respectively). 

Figures adapted from (Hartley et al., 2013) and (Kropff et al., 2015), with permission. 



 

 12 

 

1.2.2.2. Other spatial cells in the hippocampal formation 

While place cells fire when an animal is at a specific location, independent of its orientation, head 

direction cells preferentially fire when the animal is facing a certain direction ((Taube et al., 1990); 

Figure 1.3B). Head direction cells are found in the EC, pre- and postsubiculum and also outside the 

hippocampal formation (Sargolini et al., 2006; Taube, 2007; Taube et al., 1990). Head direction cells are 

highly active when the animal’s head is oriented in the cell’s preferred direction and fire at low rates 

when the animal is facing any other direction. All head direction cells together act like a compass, 

representing the full range of orientations. The firing of head direction cells relies on distal cues in the 

environment (Taube et al., 1990). If distal cues are rotated then the preferred firing direction of all head 

direction cells rotates, and this rotation is coherent with the rotation of the positions of place fields in 

the environment (Knierim et al., 1995). Furthermore, it was shown that lesions of the head direction cell 

network do not abolish hippocampal place field formation, but result in instability of place fields (Calton 

JL1 et al., 2003).  

Another type of spatial cells was found to fire at multiple locations that form a regular triangular pattern 

(Figure 1.3C; (Hafting et al., 2005). These cells were called grid cells. They were discovered in the medial 

entorhinal cortex (MEC) in 2005 and have since also been found in pre- and parasubiculum (Boccara et 

al., 2010). Grid cells are thought to play a role in path integration, the use of self-motion cues to 

estimate a location (McNaughton et al., 2006). Because the MEC forms a major input to the 

hippocampus, it is believed that grid cells provide a basis for place cell firing (McNaughton et al., 2006). 

Theoretical and computational studies have suggested that place cells could be formed by linear 

summation of grid cell firing (Barry et al., 2006; Solstad et al., 2006) and recent experiments have 

confirmed that place cells in the hippocampus receive functional inputs from grid cells, as well as from 

head direction cells and border cells (Zhang et al., 2014). However, there is accumulating evidence that 

the simple place to grid cell hypothesis might not be accurate (Bush et al., 2014). Studies investigating 

spatial cells in rat pups have shown that place cells are present before grid cells in early postnatal 

development (Langston et al., 2010; Wills et al., 2010). Lesions of the medial entorhinal cortex in adult 

rats showed that place cells still exist after elimination of grid cells, albeit with decreased precision and 

stability (Hales et al., 2014). Based on these observations, it was suggested that grid cells and place cells 

are not successive stages in spatial processing, but they are complementary and interact to form a 

reliable representation of space (Bush et al., 2014).  

Border cells are a fourth class of spatial cells. They fire at a specific distance and direction from a border 

in the environment (Figure 1.3D; (Lever et al., 2009; Savelli et al., 2008; Solstad et al., 2008)). Border 

cells were identified in subiculum, parasubiculum, and medial entorhinal cortex. The most recently 

discovered type of spatial cell is the speed cell (Figure 1.3E; (Kropff et al., 2015)). Speed cells were found 

in the MEC and hippocampus. Their firing rate shows a linear relationship to the speed the animal is 

moving.  
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Together, place cells, grid cells, head direction cells, border cells and speed cells are thought to generate 

a code that animals use to know their location in space. Spatial cells are mainly located in the 

hippocampal formation, where they form a network of functionally connected neurons. The firing of one 

type of spatial cells is often dependent on the correct functioning of other cells. How exactly spatial 

information flows through the hippocampal subfields and which forms of computation each subfield 

performs remain to be elucidated.  

 

1.2.2.3. Place cells in the dentate gyrus 

The first detailed description of place cells in the DG was provided by by Jung and McNaughton in 1993. 

Based on Ranck’s classification criteria from pyramidal cells in CA1 and CA3, cells recorded in the DG 

were classified into high-rate units and low-rate units. They found that the majority of cells recorded in 

the granule cell layer of the DG (88%) had mean rates below 0.5 Hz. The remaining cells fired at high 

rates (>2 Hz) and exhibited characteristics typical for interneurons. Because units with high firing rates 

are easier to detect than units with low firing rates, earlier reports had identified high firing rate units as 

granule cells (Rose et al., 1983). Based on recordings in anesthetized rats, Mizumori proposed in 1989 

that granule cells fired at very low rates and high firing rate cells were interneurons (Mizumori et al., 

1989). In addition, it was shown that cells in the DG could be classified based on a firing suppression 

ratio during paired-pulse stimulation of the perforant path. Putative granule cells showed strong paired-

pulse suppression and putative interneurons showed little or no firing suppression. Jung and 

McNaughton recorded single unit activity in the dentate gyrus of freely moving rats and used Mizumori’s 

criteria to classify units into granule cells and interneurons (Jung and McNaughton, 1993). The mean 

firing rate of the granule cells identified in this way was well below 1 Hz (mean, 0.15±0.13 Hz; range, 

0.01-0.48 Hz). They found that the granule cells showed spatially selective firing when the rat performed 

a spatial memory task. The place fields of granule cells were smaller than those of pyramidal cells and 

granule cells tended to have more subfields. The spike width of granule cells was broader than 

interneurons, but smaller than CA3 pyramidal cells. Granule cells fired single spikes as well as brief 

bursts. Bursts were composed of similarly sized spikes or spikes of decreasing size and were most often 

observed when the rat was resting.  

More recently, Neunuebel and Knierim have demonstrated that the DG contains at least 2 different 

classes of spatial cells, with distinct physiological characteristics (Neunuebel and Knierim, 2012). They 

recorded unit activity in the DG while rats were sleeping or exploring an open arena. Putative excitatory 

neurons were divided in 2 groups: units with single place fields and units that had multiple place fields in 

the recording arena. They found that units with single fields tended to be recorded together with 

several other units that were mostly active during sleep and silent during behaviour. This suggests that 

the single-field cells were localized in a densely packed cell layer with only a small fraction cells active 

during behaviour. Since previous studies had shown that only a small fraction of cells in the granule cell 

layer is active in a given environment, it was likely that single-field cells represented granule cells 

(Chawla et al., 2005). Because cells with multiple place fields were mostly recorded on tetrodes in or 

near the hilus, they suggested that multiple-field cells could be mossy cells or immature granule cells. 
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They further examined the firing characteristics of single- and multiple-field cells. Cells with single fields 

had significantly larger place fields than multiple-field cells, but the total area was comparable. The 

mean firing rate recorded during sleep was higher for multiple-field cells than for single-field cells (0.36 

Hz vs. 0.05 Hz). During behaviour, there was no difference in mean firing rate. Cells with multiple fields 

were also more bursty. Furthermore, they detected differences in the spike waveform. The spike slope 

of the single-field cells was significantly steeper than the slope of multiple-field cells. In addition, single-

field cells showed larger differences in spike amplitude between the 4 channels of the tetrode. The spike 

amplitude was often much larger on one of the channels, whereas the spike amplitude of multiple-field 

cells was similar for the 4 tetrode channels. This means that for single-field cells, one of the tetrode 

wires was very close to the cell. The small differences in spike amplitude of multiple-field cells indicate 

that the cells were located further away from the tetrode. Since it has been shown that mossy cells can 

be recorded over large distances (>100 µm), this observation adds support for the idea that multiple-

field cells are mossy cells (Henze and Buzsáki, 2007).  

Taken together, this study demonstrated that single- and multiple-field cells constitute distinct cell types. 

Based on the evidence explained above, it was proposed that mature granule cells fire in single locations, 

whereas cells with multiple fields may correspond to mossy cells or newborn granule cells. 
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1.2.3.  The role of the dentate gyrus in pattern separation 

1.2.3.1. Pattern separation is a computational concept 

The process whereby distinct, but similar neuronal patterns of input information are transformed into 

more distinct neuronal representations is called pattern separation (Santoro et al., 2013). The DG is 

believed to perform pattern separation by making small differences in input information from the EC 

more different and delivering well-separated patterns of output information to the CA3 cells (Marr, 

1971).  

The idea that the DG is involved in pattern separation was developed based on theoretical and 

computational models of the function of the hippocampus. There are several reasons why the DG seems 

to be well-suited to support a pattern separation function. Firstly, the number of granule cells is about 

five times larger than the number of EC neurons projecting to the DG (1,000,000 granule cells versus 

200,000 EC cells in rats; Amaral 1990). In theory, a high number of granule cells could allow recruitment 

of distinct granule cell populations in response to different experiences. Secondly, the DG has a sparse 

coding scheme. While the number of granule cells is high, only a very small subset (< 5%) is active at any 

one time ( Chawla et al., 2005; Alme et al., 2010 ). Immediate early gene (IEG) studies and in vivo 

recordings have shown that only a small fraction of DG granule cells is active at any given moment 

during behaviour (Alme et al., 2010; Chawla et al., 2005; Deng et al., 2013; Jung and McNaughton, 1993; 

Neunuebel and Knierim, 2012). Sparse coding is beneficial for pattern separation, because the number 

of patterns that can be stored is inversely proportional to the number of active cells. The high number of 

granule cells combined with sparse coding could theoretically allow distinct sets of DG granule cells to 

be activated, even when input patterns are very similar. Then the chance that CA3 would receive input 

from the same set of granule cells would be very low. Besides, in vitro experiments have shown that 

single granule have the potential to activate CA3 pyramidal cells (Henze et al., 2002). Although single 

spikes, evoked in granule cells by intracellular current injection, were generally not sufficient to activate 

postsynaptic CA3 target neurons, spike trains in granule cells reliably discharged CA3 pyramidal cells and 

interneurons (Henze et al., 2002). The potential to activate postsynaptic cells, together with the high 

number of granule cells with sparse activity, suggest that granule cells could play a powerful role in 

separating similar patterns of input information to provide CA3 with a well-separated pattern of firing.  

 

1.2.3.2. Experimental evidence for the pattern separation function of the DG 

Experimental evidence for the proposed roles of DG and CA3 was provided by IEG experiments. IEGs are 

rapidly and transiently transcribed when a neuron is activated, and can be used as a method to assess 

population activity of neuronal cells. Several IEG studies have shown that only a very small fraction of 

granule cells (1-5%) is activated when an animal explores a given environment (Alme et al., 2010; 

Chawla et al., 2005; Deng et al., 2013). Some IEG studies have also provided support for the pattern 

separation hypothesis by demonstrating that distinct populations of granule cells were recruited in 

response to small changes in environmental inputs (Chawla et al., 2005; Deng et al., 2013) or task 

demands (Satvat et al., 2011). When rats explored 2 different environments (a square platform with 
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walls and a rectangular, raised platform without walls in a different room with different lighting), a 

higher proportion of granule cells expressed the IEG Arc compared to when they explore only one 

environment or stay in their home cage (Chawla et al., 2005). When rats performed 2 different tasks 

that required different behavioural strategies, more granule cells expressed the IEG zif268 than when 

they repeated the same task twice (Satvat et al., 2011). These studies suggest that the DG encodes 

different behavioral experiences by recruiting different populations of granule cells. 

While IEG studies provided support for the pattern separation hypothesis, electrophysiological 

recordings have sparked controversy in the field. Single unit recordings have shown that units recorded 

in the DG are activated in many environments (Alme et al., 2010; Leutgeb et al., 2007). This is contrary 

to the idea that different granule cells are recruited to encode different experiences. Leutgeb and 

colleagues showed that the same population of granule cells (~1% of the total granule cell population) 

was activated repeatedly in different environments. Their data indicated that granule cells fire at 

different rates to distinguish different environments. As rats explored different environments, some 

neurons increased firing rate, while others decreased activity. The experimental design was slightly 

different from the IEG studies. While only 2 different boxes were used in the IEG experiments, Leutgeb 

also used a gradually morphing box to assess the effect of minimal changes in the environment. Units 

were classified as granule cells based on the location of the recording tetrode, spike waveform and firing 

rate. Recordings were made from the dorsal part of the DG granule cell layer. Unit activity was recorded 

from 67 putative granule cells. The experiment showed that changes in environmental information were 

represented by changes in patterns of activity within the same population of granule cells, not by 

recruiting different populations of cells. This is one possible way the DG could de-correlate incoming 

information, but it is not consistent with the pattern separation prediction made by computational 

models. Thus, the original computational models should be revised to take the option of rate coding into 

account.  

The differences between the findings of electrophysiological and IEG studies can be explained by the 

strengths and limitations of the techniques. IEG studies have the advantage that many cells can be 

visualized and identified at the same time, which allows assessment of population coding. Using single-

unit electrophysiological methods it is not possible to identify the recorded cell type, and only a small 

number of units can be recorded at the same time. Hence, unit recording has limited power to test 

population coding. However, the high temporal resolution (recording of individual spikes) allows 

assessment of rate coding, which is not possible using IEG methods.  

The observation that the same, small population of granule cells is repeatedly activated in different 

environments has led to the idea that the population of neurons in the DG is not homogenous 

(Neunuebel and Knierim, 2012). Indeed, it seems likely that the DG contains different neuronal 

populations with distinct activation threshold. Neurons with low threshold are activated more easily and 

will fire regardless of the environment that is experienced. Neurons with high threshold on the other 

hand, may never be active in any environment. This theory was proposed by Alme and colleagues (Alme 

et al., 2010). They further advocated that the active population is composed of newborn granule cells, 

while the inactive cells are “retired”, mature granule cells. Although the increased excitability and 
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plasticity of adult-born neurons likely gives them a special role in the circuit, more direct experiments 

are necessary to demonstrate the role of mature and newborn cells in the DG.  

To summarize, computational models and some IEG experiments have suggested that the DG recruits 

distinct populations of granule cells to encode distinct events. In vivo electrophysiological recordings, on 

the other hand, have indicated that the DG recruits overlapping populations of granule cells to encode 

different events, and distinguishes between events using changes in firing rate. This difference may be 

explained by differences in the techniques used to study the phenomenon or by the fact that different 

populations of cells use different mechanism to perform pattern separation.  

 

1.2.3.3. Pattern separation and pattern completion in other hippocampal areas  

The CA3 is thought to play a role in pattern completion (Marr, 1971). Pattern completion is a process 

whereby incomplete neuronal representations are completed based on previously stored 

representations (Treves and Rolls, 1994). CA3 pyramidal cells have recurrent collaterals, axons that 

synapse onto dendrites of pyramidal cells within the same region. In fact, the main input of CA3 

pyramidal cells comes from other pyramidal cells in the CA3 (Amaral et al., 1990). Less than one-third of 

their inputs come from other cell populations (Amaral et al., 1990). Recurrent collaterals make it 

possible to perform auto-association (McNaughton and Morris, 1987). This is the strengthening of 

connections among a set of pyramidal cells, which allows reactivation of this set of cells from an 

incomplete input pattern. This way, the CA3 can restore partial or noisy input patterns to obtain a 

complete, original pattern of activation.  

The roles of the DG, CA3 and CA1 in pattern separation and pattern completion were tested in a series 

of local–global cue mismatch (double-rotation) experiments (Knierim and Neunuebel, 2016). In these 

experiments, rats explored a circular track while place cell activity was recorded in different 

hippocampal subregions. The local cues on the track and global cues on a curtain around the track were 

rotated in opposite directions and the changes in place cell activity were measured. It was shown that 

the changes in the DG were larger than the changes in the medial EC, supporting the theory of pattern 

separation in the DG (Knierim and Neunuebel, 2016). The changes in the CA3 on the other hand, were 

smaller than in the DG, providing support for a pattern completion role for the CA3 (Neunuebel and 

Knierim, 2014). It was also shown that the representations of the mismatch environments were more 

different in CA1 than in CA3 (Lee et al., 2004). Some authors have proposed that CA1 performs a linear 

summation of CA3 and EC inputs (Knierim and Neunuebel, 2016). It was also proposed that its function 

is to compare the inputs from CA3 and EC (Hasselmo, 2005). How exactly the CA1 would perform these 

computations is not clear.  
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1.2.3.4. Potential behavioural correlate of pattern separation 

Although pattern separation originally referred to a computational process, some researchers have 

started using it to describe behavioural phenomena (Santoro et al., 2013). For example, certain 

behavioural tasks require an animal to distinguish similar stimuli like similar environments or nearby 

locations. Influenced by the pattern separation theory, behavioural scientists generated the idea that 

the DG could play a role in the discrimination of similar stimuli (Bakker et al., 2008; Clelland et al., 2009; 

McHugh et al., 2007; Nakashiba et al., 2012). The ability to discriminate similar stimuli is sometimes 

referred to as “behavioural pattern separation”. However, it should be kept in mind that pattern 

separation as computational and behavioural concept are fundamentally different. In this thesis, we use 

the term pattern separation to refer to the computational process whereby the output firing patterns of 

a network are less similar than the input firing patterns. The behavioural process of distinguishing 

similar information will be referred to as “behavioural discrimination”.  

In the following paragraphs, I will present a number of behavioural experiments that have tested the 

idea that the DG is involved in behavioural discrimination. Although pattern separation may lay at the 

basis of behavioural discrimination, these studies do not prove that there is a link between the 2 

processes.  

Inspired by the pattern separation hypothesis, behavioural scientists have developed experiments to 

test the idea that the DG is involved in discriminating similar contexts. McHugh and colleagues 

demonstrated a role for dentate granule cells in discriminating similar contextual information (McHugh 

et al., 2007). They generated a mouse line in which NMDA receptors were abolished specifically in DG 

granule cells. Using a contextual fear conditioning task, they showed that the NMDA receptor knock out 

mice were able to distinguish 2 environments that had substantially different sensory cues (a metal grid 

floor and white ambient lighting versus a smooth plastic floor and red lighting). However, knock out 

mice were impaired when the 2 environments were less distinct (identical metal grid floor, but unique 

odours, roofs, and lighting). This shows that dentate granule cells are involved in distinguishing similar 

environmental information.  

Several studies have proposed a specific role for neurogenesis in context discrimination. Mice with 

reduced neurogenesis were impaired in a touch screen-based location discrimination task if stimuli were 

close together, but not if they were far apart (Clelland et al., 2009). Similarly, in a radial arm maze task, 

they showed deficits only when they had to distinguish between adjacent arms, not when the arms 

were separated (Clelland et al., 2009). Depleting adult-born neurons also caused deficits in 

discriminating similar contexts in a fear conditioning task (Tronel et al., 2012). Increasing neurogenesis, 

on the other hand, improved the performance in touch screen location discrimination and contextual 

fear conditioning (Creer et al., 2010; Sahay et al., 2011).  

Taken together, these data provide strong evidence that the DG plays an important role in behavioural 

discrimination.  
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1.2.4. The role of adult-born granule cells in the DG 

As explained in section 1.1.3, immature granule cells undergo a period of increased excitability and 

plasticity. These unique properties suggest that adult-born neurons play a special role in information 

processing in the hippocampus. Behavioural studies have demonstrated a role for adult-born granule 

cells in a particular set of hippocampal-dependent tasks (Cameron and Glover, 2014). However, the 

exact contribution of adult born neurons is still unclear.  

Several studies have investigated the influence of newborn neurons on spatial learning, yet the exact 

role of neurogenesis is still disputed (Arruda-Carvalho et al., n.d.; Snyder et al., 2005; Wojtowicz et al., 

2008). Neurogenesis does seem to play an important role when animals are challenged to discriminate 

very similar locations or contexts (Shors et al., 2002). As explained in section 1.2.1.1, behavioural studies 

have consistently shown an effect of neurogenesis on behavioural discrimination (Becker, 2016; Clelland 

et al., 2009; Creer et al., 2010; Nakashiba et al., 2012; Sahay et al., 2011; Tronel et al., 2012).  

Some theories were developed to explain the mechanism by which young granule cells influence circuit 

function (Piatti et al., 2013). According to one theory, young granule cells modulate the activity of 

mature granule cells, mainly through interactions with local interneurons. This is in line with recent 

findings by Drew and colleagues, who showed that adult-born granule cells robustly recruit local 

interneurons, which synaptically inhibit mature granule cells (Drew et al., 2015). Another theory 

suggests that young granule cells themselves provide the DG’s main output (Piatti et al., 2013). One 

theory even suggested that mature granule cells become completely inactive or ‘retire’ after a short 

period of activity (Alme et al., 2010). However this theory seems rather unlikely since recent studies 

have shown activity in both mature and newborn granule cells (Danielson et al., 2016; Pilz et al., n.d.). A 

more plausible hypothesis suggests that mature granule cells use sparse coding to represent very 

specific experiences, while immature neurons may respond to a broader set of events to provide a 

relatively low-information representation of many experiences (Aimone et al., 2011). The combination 

of mature and immature granule cells would then provide a complete representation of many events 

with high information content.  
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1.3. Thesis objectives 

1.3.1. Limitation of extracellular unit recording 

Extracellular unit recording is a powerful technique to characterize the activity of individual cells in a 

behaving animal. The high temporal resolution of electrophysiological recordings allows for monitoring 

of individual spikes. Small diameter recording wires (<50 µm for tetrodes) can be implanted in the brain 

with minimal brain damage and minimal discomfort for the animal. This permits recording of neuronal 

activity while the animal is awake and engaged in tasks or normal behaviour. Long term recordings are 

possible without degeneration of the signal, which permits monitoring of individual units over many 

weeks or even months (Kentros et al., 2004).  

The first extracellular unit recordings were performed in 1939 and the technique is still widely used 

today (Renshaw et al., 1940). There is no doubt that this technique has made a considerable 

contribution to our understanding of how the brain works. However, extracellular unit recording has 

one major shortcoming. It is not possible to determine the anatomical identity of the recorded cells.  

The standard electrophysiological recording procedure involves slowly moving the tetrodes deeper into 

the brain until the target area is reached. While tetrodes are lowered, their depth is tracked and the 

location in the brain is estimated based on characteristic changes in LFP and spike activity. When 

recordings are finished, histological analysis of brain sections is performed to validate that recordings 

were made from the desired brain region. Although histological analysis may reveal the final location of 

recording electrodes, it does not provide information about the recorded cell type. A tetrode located in 

the brain is surrounded by many cells and often multiple cell types. In some brain areas, cell types can 

be distinguished based on spike waveform or firing rate. However, in areas like the DG, where several 

cell types are located closely together, it is currently impossible to verify the cell type based on 

electrophysiological data alone.  

Previous studies have assumed that recordings were made from granule cells because recording sites 

were histologically located in the granule cell layer and granule cells are the most abundant cell type in 

the DG (Jung and McNaughton, 1993; Leutgeb et al., 2007). However, if the majority of granule cells are 

silent, this argument becomes feeble. The DG does not only contain granule cells, but also mossy cells 

and several types of interneurons. In addition, neurogenesis continuously produces new neurons, so the 

granule cell population is composed of mature and newborn granule cells at different stages of 

maturation.  

Histological analysis of recording sites is sometimes hard to interpret. In many cases it is not clear in 

which layer of the DG a tetrode was located. Published studies have shown recording sites near the 

interface between the granule cell layer and hilus. A tetrode at this location could possibly record 

activity from newborn and mature granule cells, as well as interneurons and mossy cells at the same 

time. Furthermore, it was shown that mossy cells can be recorded on tetrodes located 300um from each 

other (Henze and Buzsáki, 2007). Thus even when a tetrode is located in the granule cell layer, it would 

be uncertain if a recorded unit is a granule cell or mossy cell. Moreover, in some experiments the animal 

was terminated many days after the recordings were made. It is known that tetrodes can drift inside the 
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brain tissue over time, even if they were lowered very slowly to the target area (Neunuebel and Knierim, 

2012). Therefore the tetrode location on the day of recording may be different from the histologically 

identified location. Taken together, histological analysis is inadequate to positively identify cell types in 

the DG.  

Because histological analysis of recording sites is insufficient to identify cell types, attempts have been 

made to classify cells in the DG based on other criteria. Using primarily physiological criteria, Neunuebel 

and Knierim have demonstrated that the DG contains at least 2 different classes of cells with distinct 

physiological characteristics (Neunuebel and Knierim, 2012). Based on several lines of evidence, they 

proposed that cells that fire in single fields in a given environment are mature granule cells and cells 

with multiple place fields are mossy cells or immature granule cells. Despite the weight of the evidence 

they provided, the authors acknowledge that conclusive evidence of the firing characteristics of 

individual cell types requires different techniques, like juxtacellular recording or genetic labelling 

techniques. Nevertheless, this study greatly advanced our awareness of the variety of firing patterns in 

the DG. The demonstration that different firing patterns correspond to different cell types has important 

implications for functional theories of the DG (e.g., sparse coding and pattern separation). It also 

increases our understanding of how spatial information is processed in the DG. Although the combined 

evidence of this and previous studies is strong, it is important that the observed firing patterns are 

validated using techniques that conclusively identify the recorded cell type.  

 

1.3.2. Optogenetic identification of granule cells 

Extracellular unit recording has proven to be an invaluable technique to study the role of individual 

neurons in behaving animals. Notwithstanding the fact that a great amount of knowledge has been 

acquired using this technique, it does not offer precise anatomical information. Hence identification of 

the cell or cell type that generated the recorded activity has remained problematic.  

The DG contains multiple excitatory cell types with distinct roles in the hippocampal circuit. Due to the 

limitation of extracellular recording to identify cell types, the role granule cells play in hippocampal 

information processing has remained controversial. Therefore, it is important to identify granule cells 

and define their role in the circuit.  

Recent technical advances have opened up the possibility to identify and characterize the activity of 

individual cell types in awake, behaving animals. By combining extracellular recording with optogenetics, 

it has now become possible to identify neuronal cell types during in vivo electrophysiological recording 

(Lima et al., 2009). The method is based on expressing light-activated channels like channelrhodopsin-2 

(ChR2) in specific neuronal cell types. Illumination of ChR2-expressing neurons with brief flashes of blue 

light triggers short latency reliable action potentials. These action potentials can be detected by 

extracellular single-unit recording. With this method, ChR2-tagged neurons can thus be identified 

electrophysiologically and their physiological activity can be recorded during behavior.  
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It should be noted that manipulating the activity of neurons by optogenetics may result in a behavioural 

response. Indeed, Schoenenberger and colleagues showed that optogenetic silencing of place cells 

inside their place field can cause changes in spatial firing properties (remapping and lasting changes in 

firing rate)(Schoenenberger et al., 2016). Diamantaki and colleagues have shown that optogenetic 

activation can induce place cell activity in previously silent granule cells (Diamantaki et al., 2016). This 

‘recruitment’ of silent granule cells into the coding population was most efficient if the granule cells 

were activated by theta-rhythmic trains of action potentials and under novelty. Together, these 

experiments show that optogenetic manipulation may result in changes in place cell activity.  

Optogenetics is a relatively new technique that makes use of light to control the activity of neurons or 

other cell types (Boyden et al., 2005; Nagel et al., 2003). Neurons expressing light-sensitive proteins like 

ChR2 can be activated by light with millisecond precision. ChR2 is a light-gated nonspecific cation-

permeable channel derived from algae. Blue light (~480 nm) induces a conformational change in the 

channel, opening of the pore and influx of positive ions, which depolarize the neuron and lead to 

generation of action potentials. Variants of ChR2 have been developed with altered kinetics, 

photocurrents, wavelength-, or ion selectivity. The H134R mutant of ChR2 for example, generates larger 

photocurrents than wild-type ChR2, but shows slower channel kinetics (Nagel et al., 2005). In a similar 

way, light-driven pumps are used to silence neurons. Proteins like halorhodopsin and archearhodopsin 

pump chloride ions into the cell or protons out of the cell, thereby hyperpolarizing and thus inactivating 

the cell.  

To target the expression of ChR2 to genetically-defined neuronal populations, a variety of methods can 

be used (Cardin et al., 2010). The use of viral vectors and transgenic mice are the most common 

strategies. In utero electroporation is also effective, but more invasive and less practical (Huber et al., 

2008). Viral-mediated gene delivery is a powerful strategy to achieve high levels of ChR2 expression in 

neurons. To target the expression of ChR2 to the desired cell type, cell type-specific promoters may be 

used. Targeted expression can also be achieved using the Cre-loxP system. In this approach, a Cre-

dependent viral vector is injected in a Cre-expressing mouse driver line. Cell type specificity is obtained 

by the unique Cre expression pattern of the transgenic mouse line. Viral vectors with a strong general 

promoter and Cre-dependent expression of ChR2 are injected in the mouse brain. Cre-dependent 

expression of ChR2 can be achieved by inserting a loxP-flanked (‘floxed’) STOP sequence upstream of the 

ChR2 coding sequence or by using a double-floxed inversed open reading frame of ChR2 (Atasoy et al., 

2008; Cardin et al., 2010; Kuhlman and Huang, 2008). In cells expressing Cre recombinase, the ChR2 

sequence will be inverted or the STOP sequence will be excised, resulting in expression of ChR2.  

One disadvantage of the use of viral vectors is variability in the number of transduced cells between 

animals. This limitation can be overcome by the use of transgenic animals. Recently generated 

transgenic mouse lines with Cre-dependent opsin-expression have greatly facilitated the expression of 

opsins in a wide range of cell types (Madisen et al., 2012). These Cre-dependent reporter lines can be 

crossed with any of the available Cre-driver lines, which show cell type-specific expression of Cre 

recombinase. Combining a cell type-specific Cre-driver line with a Cre-dependent opsin line results in 

expression of the opsin in the desired cell type. This powerful approach has made it possible to control 

the activity of a wide range of neuronal cell types.  
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When targeted expression of ChR2 in the desired population of neurons is achieved, labelled neurons 

can be activated by light and detected by extracellular recoding methods. It has been shown that 

illumination of ChR2-expressing neurons with brief flashes of blue light induces short latency reliable 

action potentials (Lima et al., 2009). This study further claimed that the spikes induced by light 

stimulation were indistinguishable from spontaneous spikes, suggesting that triggering spikes with ChR2 

was not perturbing waveform shape (Lima et al., 2009). This is important because spike sorting 

strategies are based on similarity in waveform. In conclusion, by combining extracellular unit recording 

with optogenetics, ChR2-labeled neurons can be reliably identified in vivo and their activity can be 

characterized.  

 

1.3.3. Thesis objectives 

The objective of this PhD thesis is to demonstrate the feasibility of optogenetic identification of granule 

cells in the DG. To establish the technique, transgenic mice expressing ChR2 in dentate granule cells will 

be used. Illumination of the DG induces activity in ChR2-expressing cells, which can be monitored using 

tetrode-based extracellular unit recording. Our goal is to evaluate the feasibility of this technique, 

expose its limitations and difficulties, and to solve potential problems. Developing this technique is 

essential to positively identify granule cells in extracellular recordings and characterize their 

electrophysiological activity in vivo. Optogenetic identification of granule cells in vivo would allow us to 

determine the firing properties of granule cells during behaviour. Understanding the behavioural 

correlates of granule cell activity, in particular the spatial firing patterns of granule cells, would provide 

important insight into how spatial information is represented in the DG, which will contribute to our 

understanding of spatial information processing in the hippocampus. Furthermore, information about 

the physiological activity of granule cells is fundamental for developing computational models and 

functional theories about the role of the hippocampus. 
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2. Materials and Methods 

2.1. Materials list 

 

  

Plating Solution 5% platinum solution (5% chloroplatinic acid, HCl, Lead-II-Acetat)

Dental cement Meliodent Rapid Repair, Heraeus Kulzer, NY, USA

5-Bromo-2'-Deoxyuridine (BrdU) Cat#B5002, Sigma, USA

Formaldehyde 36% VWR International, Radnor, PA, USA

Paraformaldehyde Cat # 16005-1KG-R, Sigma

Tissue cryoprotectant solution 25% Glycerin, 30% Ethylene Glycol in 0.1M phosphate buffer (PB)

Cresyl Violet Acetate C5042-10g, Sigma

Versa Drive 8 Optical Kit Neuralynx, Inc., Bozeman, MT, USA

Tetrode wire
17 µm polymide-coated Pt-Ir (90/10%) wires. California Fine Wire 

Company, Grove Beach, CA, USA

Mono-Fiber Optic Cannula
MFC_200/245-0.37_15.0mm_ZF1.25_FLT. Doric Lenses Inc, Quebec, 

Canada

Polyimide Tubin 0.20 mm (Inside diameter). MicroLumen, Oldsmar, FL USA

Anchor Screws Stainless Steel, 00-90 x 0.0625” Binding Head

Digital Lynx 4SX 64ch Package Neuralynx, Inc., Bozeman, MT, USA

HS-18 MM Double recording cable Neuralynx, Inc., Bozeman, MT, USA

473 nm Blue DPSS Laser System Laserglow Technologies, Ontario, Canada

3mm Laser Shutter LS3T2 Vincent Associates, Rochester, NY, USA

Optic Fiber Patch Cord Mono-fiber Optic Glass cord, NA=0.22, ZF 1.25 connector

Arduino board Arduino UNO

Rat-αBrdU Cat# OBT0030G, Bio-Rad

Rabbit-αGFP Cat# A11122, Life Technologies

Mouse-αNeuN Cat# MAB377, Millipore

anti-rat Cy3 Cat# 712-165-153, Jackson ImmunoResearch

anti-rabbit Alexa 488 Cat# 711-545-152, Jackson ImmunoResearch

anti-mouse Alexa 647 Cat# 715-605-151, Jackson ImmunoResearch

Antibodies

Materials for construction of Versadrive8 Optical

Chemicals

Equipment
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2.2. Methods 

2.2.1. Animals 

All experimental and surgical procedures were approved by the Biological Resource Centre (BRC) 

Institutional Animal Care and Use Committee (IACUC) of Biopolis (Singapore).  

To tag genetically defined DG neurons with ChR2, we crossed a Cre driver line with a ChR2 reporter line 

(Tg(POMC-cre)1Lowl × Ai32). Both mouse lines were obtained from The Jackson Laboratory. In the 

POMC-Cre driver line, the mouse pro-opiomelanocortin-alpha (POMC) promoter drives expression of 

Cre primarily in the granule cells of the dentate gyrus. Ai32 (RCL-ChR2(H134R)/EYFP) mice express an 

improved Channelrhodopsin-2 (ChR2(H134R)) that is fused to enhanced yellow fluorescent protein 

(EYFP) after exposure to Cre recombinase. Without Cre recombinase, the expression of the fusion 

protein is blocked by an upstream STOP cassette that is flanked by two LoxP sites. Expression of Cre 

removes the STOP cassette, allowing expression of ChR2-EYFP.  

Breeding was done with one heterozygous (POMC-Cre+/-) and one homozygous Ai32 mouse. Mice were 

genotyped and the Cre-positive offspring (abbreviated here as POMC-ChR2Y) were used for all 

experiments, unless stated otherwise. Cre-negative mice were used as control mice to test the effect of 

light stimulation in tissue without ChR2 expression.  

The total number of mice used for the in vivo experiments was 22. Each of these mice was implanted 

with a micro-drive containing 8 tetrodes and 1 optic fibre (except for one micro-drive which contained 

only 7 tetrodes and 1 optic fibre). Histological analysis of tetrode tracks showed that 8 Pomc-ChR2Y mice 

had at least one tetrode that ended in or had passed through the DG. In the remaining 14 mice, either 

none of the tetrodes reached the DG or the quality of the brain sections was not good enough to 

identify tetrode tracks. The total number of tetrodes that ended in the granule cell layer of the DG was 

20 and the number of tetrodes that had passed through the granule cell layer was 8.  

Mice were housed in transparent cages in a temperature and humidity controlled environment (20-22 ̊C; 

50-60%) on a 12 h light/dark cycle. Mice were habituated to being picked up, handled and weighed 

before the start of experimental procedures. The amount of food was restricted to provide motivation 

for the behavioural task. Food restriction was adjusted so that mice showed good performance in the 

task while keeping at least 85% of ad libitum body weight. Water was available at any time in the home 

cage.  

 

2.2.2. Construction of VersaDrive 

The VersaDrive 8 Optical was used for optogenetic stimulation and electrophysiological recording in 

freely moving mice. The drive housed 8 independently movable tetrodes within a circular region 1.2 mm 

in diameter (0.5 mm spacing between adjacent electrodes) and an optical fibre in the centre. Tetrodes 

were made by twisting four strands of 17 μm polyimide-insulated platinum/iridium wires. The twisted 

wires were heated for 2 min at 200 °C to fuse the insulation without short-circuiting the electrodes. The 
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electrode tips were cut with sharp serrated scissors and gold plated to reduce the impedance to 200–

300 kΩ measured at 1 kHz. Tetrodes and optic fibre could be moved independently by turning small 

screws. One full rotation of the screw moved the tetrode or optic fibre by 250 μm. The weight of the 

fully-assembled drive was approximately 3.2 g and did not restrict the free movement of the mouse. 

During recording, when the recording cables were connected to the drive, the weight was partly lifted 

by a pulley and counterweight, which allowed the mouse to explore freely.  

 

2.2.3. Spatial exploration 

Spatial exploration consisted of 3 sessions of approximately 10 min during which the mouse was 

foraging for small crumbs of chocolate cereal inside an open box (60 cm x 60 cm; 50 cm high) with black 

floor and black walls (Figure 2.1). A white A4 paper was placed on one of the walls inside the enclosure 

to serve as a visual cue.  

 

 

Figure 2.1. Spatial exploration setup.  
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2.2.4. Surgery and tetrode lowering 

Mice were anaesthetized with isoflurane (induction 4% isoflurane in 2 l/min O2, maintenance 2% 

isoflurane in 1 l/min O2). Before surgery, the analgesic buprenorphine (0.6 mg/kg body weight) and the 

local anaesthetic lignocaine (max 1.33 mg/kg) were injected subcutaneously. The fur on top of the head 

was shaven and the head was mounted in a stereotaxic frame. The skin at the surgical site was cleaned 

with iodine and 70% ethanol. The skull was exposed by a midline incision of approximately 2 cm and the 

underlying connective tissue was cleared from the surface of the skull. Six small holes were drilled into 

the skull to accommodate surgical anchor screws, 2 of which serve as ground (Figure 2.2). A craniotomy 

(2 mm in diameter) was made 1.9 mm posterior to the bregma and 1.4 mm from midline (Figure 2.2). 

The drive was moved down using the stereotactic apparatus until the tip of the tetrodes came into 

contact with the cortex. At this point (depth=0), the tetrodes were lowered 400-1000 μm into the cortex. 

The space between the skull and the tetrodes was covered with surgical sponge to avoid contact 

between dental cement and tetrodes. Dental cement was applied to secure the drive to the skull. The 

analgesic Meloxicam (5 mg/ml) and antibiotic Enrofloxacin (50 mg/mL) were added to the drinking 

water for 5 days post-surgery.  

After surgery, tetrodes were gradually lowered to the DG. The position of the tetrodes in the brain was 

estimated by monitoring characteristic changes in local field potential (LFP) and unit activity.  

 

 

Figure 2.2. Top view of mouse skull showing approximate position of structural screws, ground screws and the 

opening in the skull where the electrodes are inserted. Adapted with permission from www.discoverlife.org   
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2.2.5. Data acquisition 

Electrophysiological recordings were made using the data acquisition system DigitalLynx SX (Neuralynx). 

Unit activity was amplified by a factor 3000-5000 and band-pass filtered at 600-6000 Hz. Spikes with 

amplitude above a certain threshold (defined by the experimenter, for each tetrode individually) were 

time-stamped and digitized at 32 kHz. These data were stored together with video tracking data on a 

computer running Cheetah 5.7.0 software (Neuralynx). Local field potential (electric potential in the 

extracellular space around neurons; LFP) data were recorded from each individual electrode of all 

tetrodes.  

 

2.2.6. Video tracking  

Two light emitting diodes (1 red and 1 green LED) attached to the headstage (HS-18 mm, Neuralynx), 

allowed tracking of the position of the mouse via a video camera on the ceiling. The LED signal was 

sampled at 60 Hz with a resolution of 0.2 cm per pixel (640 × 480 pixels).  

 

2.2.7. Experimental procedures 

Mice were food-deprived and habituated to exploration before surgery. When performance was good, 

mice were given free access to food for at least one day and the recording drive was implanted. 

Tetrodes were lowered at least once every two days from the day of surgery until they reached the 

dentate gyrus. When the mouse had recovered from surgery, food restriction and spatial exploration 

were restarted. When LFP showed that tetrodes were approaching the DG (increasing gamma 

oscillations), light stimulation sessions were started and tetrodes were moved in small steps until light-

responsive units were found. When at least one light responsive unit was found, recording sessions 

composed of three spatial exploration sessions and three laser stimulation sessions were started (see 

below). In another group of mice, light stimulation was not started before at least one place cell was 

recorded in the dentate gyrus. A general overview of the experimental procedures is shown in Figure 2.3.  

 

2.2.8. Recording procedure 

Before recording, the mouse was resting on a towel inside a pot, the recording cables and optic fibre 

were connected, and the LFP and spike signals were monitored. The standard recording procedure was 

composed of three exploration sessions in the box and three optogenetic stimulation sessions, of which 

one was a control session with the laser light turned off and the shutter on. This control session was 

done to check if a neuronal response was caused by the laser light stimulus or by confounding factors 

like the sound of the shutter.  
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Figure 2.3. Experimental procedures. Mice were pre-trained for ~1 week before the Versadrive was surgically 

implanted. (A) In a first set of experiments, we tried to identify granule cells by optogenetic stimulation. Then we 

characterized place cell activity of the identified granule cells. (B) In a second set of experiments, we tried to 

identify place cells in the DG first and subsequently checked if the place cells were light-responsive granule cells.  

 

2.2.9. Light stimulation  

During light stimulation sessions, the mouse was resting on a towel inside a pot on a pedestal. Before 

every recording session, laser light intensity was measured at the tip of the optic fibre patch cord and 

adjusted to 15 mW. The laser was left on constantly and the beam was modulated with an external 

mechanical shutter. An Arduino board was used to control the shutter and the Arduino output signal 

was also recorded by the Neuralynx system. Light stimulation consisted of 3-ms pulses with a 2.5 s 

interval between each pulse (0.4 Hz; ~250 pulses/10 min stimulation session).  

In order to measure the time it takes for the shutter to open and close, a light-to-voltage sensor was 

used to capture the laser light after it passed the shutter and convert it to a voltage signal. This signal 

and the signal from the Arduino were sent to an oscilloscope and the time difference between the two 

signals was measured. The difference between the signal from Arduino and the opening of the shutter 

was 2.778±0.007 ms. The duration of the light stimulus was also measured with the light-to-voltage 

sensor (3.745±0.021 ms). The Arduino board delivered 3-ms pulses to the shutter, but because the delay 

to close the shutter was longer than the delay to open the shutter, the actual duration of the laser light 

pulse was 3.7 ms.  
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2.2.10. Data analysis 

2.2.10.1. Spike sorting 

Spikes were sorted off-line using the cluster-cutting software MClust 3.5 (A.D. Redish), written in Matlab. 

Clustering was performed manually in two-dimensional projections of the spike parameters peak 

amplitude, energy, peak-valley difference and peak 6 to 11. Each spike was stored as 32 data points, 

sampled over 1 ms. ‘Peak 6 to 11’ is the peak amplitude from the 6th to the 11th data point. A group of 

spikes was considered to be generated from a single unit if the spikes formed a discrete, isolated cluster 

in the scatterplots, if the waveforms were similar and if there were no spikes with interspike intervals of 

less than 1 ms. 

2.2.10.2. Firing rate map construction and analysis 

For well isolated units, trajectories with spike locations and firing rate maps were constructed using  

MATLAB. Briefly, the total number of spikes recorded in a given location bin (5 cm × 5 cm) was summed 

and smoothed with a Gaussian centred on each bin (smoothing factor for Gaussian kernel was 5 cm) and 

then divided by the amount of time that the animal spent in that bin. The peak firing rate was defined as 

the firing rate in the bin with the highest firing rate. A place fields was defined as a group of at least 8 

contiguous bins with an average firing rate exceeding 20% of the peak firing rate, and peak rate above 2 

Hz. 

2.2.10.3. Light response analysis 

To visualize the light response of single units, spike raster plots and peristimulus time histograms were 

constructed by aligning all trials of a session at the light onset. Spike raster plots show individual trials in 

horizontal rows and spikes as black dots. Peristimulus time histograms show the sum of the spikes 

occurring per bin. Laser light was on from 0 to 3.7 ms.  

In order to determine if the light stimulus caused a significant increase in firing, the number of spikes 

emitted after the light stimulus was compared to the number of spikes expected to occur by chance. The 

expected number of spikes was determined by shuffling the timestamps of the spikes within a 200-ms 

interval around the light stimulus (-100 ms to +100 ms). Spike timestamps were shuffled 10,000 times 

and then spikes were counted for bins of 1 ms in a 100-ms time window after the stimulus. The 3-ms 

block with the maximum number of spikes was identified for the real data as well as for the shuffled 

data. The cell was defined as light responsive if the number of spikes in the most active 3-ms block in the 

real data exceeded the 99.9th-percentile value for the proportion of spikes in the most-active 3-ms 

block in the shuffled distribution.  

2.2.10.4. Changing spike detection threshold of previously recorded data 

In order to change the spike detection threshold of previously recorded data, continuously sampled 

channel (CSC) files were filtered between 600 Hz and 6000 Hz using the program NlxCSCFiltering.exe 

(Neuralynx). The program CscSpikeExtractor.exe was used to determine a new threshold and extracted 

spikes from the filtered CSC files.  
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2.2.11. Tetrode tracking 

Mice were perfused transcardially using 0.9% saline followed by 4% formaldehyde in phosphate 

buffered saline (PBS) while the tetrodes remained in the brain. The head of the mouse was decapitated 

and kept for two to three days in 4% formaldehyde (or 4% PFA) solution at room temperature. The 

tetrodes and optic fibre were turned up and the brain was carefully removed from the skull and stored 

in 4% formaldehyde solution (or 4% PFA) in PBS for three to five days before sectioning.  

For tetrode tracking, frozen sagittal sections (35 μm) were cut using a cryostat and mounted on gel-

coated slides. The slides were allowed to dry for minimum 24 h, before staining with cresyl violet to 

reconstruct the tetrode tracks.  
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3. Results 

3.1. ChR2Y is expressed in 10% of granule cells 

ChR2 expression in granule cells of the DG was obtained by crossing a Cre driver line with a ChR2 

reporter line (POMC-Cre × Ai32)(Balthasar et al., 2004; Madisen et al., 2012). The Cre-positive offspring 

(abbreviated here as POMC-ChR2Y) show specific and high expression of ChR2 in 10% of granule cells in 

the DG and were used for optogenetic identification experiments.   

Ai32 mice (Rosa-CAG-LSL-ChR2(H134R)-EYFP-WPRE) express an improved Channelrhodopsin-2 

ChR2(H134R) fused to enhanced yellow fluorescent protein (EYFP) following exposure to Cre 

recombinase (Madisen et al., 2012). In absence of Cre, expression of the fusion protein (abbreviated 

here as ChR2Y) is inhibited by an upstream STOP cassette which is flanked by two LoxP sites. In Cre-

positive cells, the STOP sequence between the LoxP sites will be excised by Cre-recombinase, allowing 

expression of ChR2Y (Madisen et al., 2012).  

In the POMC-Cre driver line, Cre is expressed under control of the mouse pro-opiomelanocortin-alpha 

(POMC) promoter. POMC is normally not expressed in the hippocampus, but the POMC promoter region 

carries sequences that consistently direct gene expression to the DG (Overstreet et al., 2004). The 

factors responsible for POMC promoter dependent expression in dentate granule cells are not 

completely understood. In POMC-EGFP transgenic mice, EGFP was expressed selectively and transiently 

in newly born granule cells of the DG (Overstreet et al., 2004). BrdU-labeling experiments in adult 

POMC-EGFP mice showed that EGFP expression was peaking in granule cells 2 weeks after mitosis and 

turning off by 1 month. Most, if not all, postnatally generated granule cells transiently expressed EGFP.  

In POMC-ChR2Y mice, ChR2Y was expressed throughout the granule cell layer, and not only in the inner 

third, where the majority of postnatally generated granule cells are located (Figure 3.1B; (Jessberger and 

Kempermann, 2003)). Therefore, we believe that not only postnatally, but also developmentally 

generated granule cells underwent Cre-mediated recombination.  

We presume that the reason why only 10% of granule cells express ChR2Y in this mouse line is because 

not all granule cells underwent Cre-mediated recombination. Even though all granule cells might 

transiently express Cre, some cells may undergo recombination, while others don’t.  

It has been shown by our lab that ChR2Y is specifically expressed in granule cells of the DG in POMC-

ChR2Y mice (Figure 3.1A; (Blankvoort, 2015)). Immunostaining for YFP and the granule cell marker Prox1 

showed that approximately 10% of granule cells showed ChR2-YFP expression (Blankvoort, 2015). ChR2Y 

is targeted to the cell membrane and is expressed in the cell body as well as in the axon and dendrites 

(Figure 3.1 A,B).  

Further, it was shown that light stimulation induced the expression of the immediate early gene c-FOS in 

granule cells in the DG (Blankvoort, 2015). 473-nm, 10-ms light pulses were delivered for 3 min at 10 Hz 

through an implanted optic fibre. Light stimulation increased the expression of c-FOS in DG granule cells 

of POMC-ChR2Y mice compared with non-stimulated mice. This means that the expression level of 
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ChR2Y was sufficiently high and optogenetic stimulation effectively induced activity in granule cells of 

the DG. c-FOS expression was not only increased in ChR2-positive granule cells, but also in ChR2-

negative cells. This could be explained by excitatory connections between granule cells and mossy cells: 

mossy cells in the hilus receive powerful input from a small number of granule cells and provide 

excitatory output to a large number of granule cells (Scharfman, 2016).  

 

 

Figure 3.1. ChR2Y expression pattern in POMC-ChR2Y mice. (A) ChR2Y expression in the brain of a POMC-ChR2Y 

mouse. Green, anti-GFP immunostaining. Scale bar: 1mm. Image courtesy of Dr. Stefan Blankvoort. (B) ChR2Y is 

expressed in ~10% of DG granule cells. Green, anti-GFP immunostaining. Magenta, anti-NeuN immunostaining. 

Scale bar: 250 µm 
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3.2. Tetrode lowering based on hippocampal network patterns  

After implantation of the drive, tetrodes were gradually lowered to the granule cell layer of the DG. 

Tetrodes were lowered at least once every 2 days in order to prevent them from getting stuck in the 

brain. The depth of the tetrodes was measured by the number of turns of the tetrode lowering screws. 

One full rotation of the screws moved the tetrodes by 250 μm. The location of the tetrodes was 

estimated based on their depth and characteristic changes in local field potential (LFP) in the 

hippocampus. The characteristic changes in LFP will be presented in this section.  

During surgery, tetrodes were implanted at 500 µm to 1000 µm below the brain surface. The depth of 

the CA1 pyramidal cell layer is about 1400-1700 µm. The LFP of CA1 is characterized by theta oscillations 

during exploration and sharp wave-ripple complexes during rest (Figures 3.2 and 3.3; (Buzsáki et al., 

2003)). Theta oscillations or theta waves are slow oscillations (6-9 Hz) that are characteristic for the 

hippocampus. They occur during locomotor activities like exploring and during REM sleep (Jouvet, 1969; 

Vanderwolf, 1969). The amplitude of theta oscillations increased gradually from the neocortex to the 

CA1 pyramidal cell layer, reversed below the CA1 pyramidal cell layer and was largest at the 

hippocampal fissure (Figure 3.2). When the tetrode moved from the CA1 to the DG, gamma oscillations 

gradually increased (Buzsáki et al., 2003). Gamma oscillations are 40-100 Hz oscillations that are most 

prominent in the DG of mice.  

During immobility, sharp waves were observed in the CA1 (Figure 3.3). When the tetrode was at the 

dorsal side of the CA1 pyramidal cell layer, sharp waves were upward deviations from baseline (Figure 

3.3A). When the tetrode was on the ventral side of the pyramidal cell layer, sharp waves were 

downward deviations (Figure 3.3B). Together with sharp waves, ultra-fast oscillations occur in CA1. 

These 140-200 Hz oscillations are called “ripples”. Many CA1 neurons fired during these “sharp wave-

ripples” (SWR), resulting in many clusters in the spike window (Figure 3.3C).  

When the tetrode reached the granule cell layer of the DG, gamma amplitude was very prominent and 

units started firing sparsely (Figure 3.2D). Previous studies reporting unit activity in the DG of rats 

monitored long periods of sleep in order to determine if the tetrode was in a layer of sparsely firing 

granule cells (Neunuebel and Knierim, 2012). However, mice hardly sit quietly and therefore we may 

have moved several tetrodes through the granule cell layer without noticing any activity.  
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Figure 3.2. Theta oscillations at estimated hippocampal areas. In each plot, 1 second of LFP recordings at different 

depths in the hippocampus is shown for the 4 channels of a tetrode. (A) Low amplitude theta oscillation at the 

stratum radiatum, just below the pyramidal cell layer of CA1. (B) Large amplitude theta when the tetrode 

approached the HF. The 7-8 Hz theta oscillation is indicated on channel 4. (C,D,E) Gamma oscillations recorded 

when the tetrode moved from the molecular layer to the hilus of the DG. The gamma oscillation (60-70 Hz) is 

indicated for ~160 µs of recording from channel 4 of the tetrode in the granule cell layer (D).  
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Figure 3.3. LFP characteristics and unit activity of the CA1 pyramidal cell layer. (A,B) One second of LFP recordings 

in the CA1 pyramidal cell layer. The upper 4 traces are high-pass filtered (600-6000 Hz) to show unit activity. The 

5th trace is filtered between 150 Hz and 250 Hz to show ripples. The lower trace shows all frequencies from 0.1 Hz 

to 9000 Hz (A) Upward SWR (red arrow) are seen when the tetrode is on the dorsal side of the CA1 pyramidal cell 

layer. (B) Downward SWR (red arrow) occur on the ventral side of the CA1 pyramidal cell layer. (C) Spike window 

showing several units recorded in CA1. The input range is indicated in white in µV and the spike detection 

threshold in green.  
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Figure 3.4. LFP characteristics and unit activity of the DG granule cell layer. (A) LFP traces (as in Figure 3.2A) and (B) 

unit activity, presumably recorded in the granule cell layer of the DG.  

 

3.3. Histological verification of tetrode tracks 

When electrophysiological recordings were finished, mice were perfused transcardially with saline and 4% 

formaldehyde to prepare brain sections for verification of tetrode tracks. Brain sections were stained 

with cresyl violet and tetrode tracks were reconstructed based on epifluorescence images.  

Histological analysis of tetrode tracks confirmed that 28 out of 175 tetrodes in 22 mice ended in or had 

passed through the DG granule cell layer (Figure 3.5). On 2 of these, we identified putative granule cells. 

The first one was located in the granule cell layer of the lower blade of the DG (mouse 133 tetrode 1; 

Figure 3.5, red arrow) and the second one in the molecular layer of the lower blade (mouse 218 tetrode 

4; Figure 3.5, red arrow). In both cases, we continued recording after granule cells were identified in an 

attempt to identify more light-responsive granule cells. Therefore, the mice were perfused several days 

after the identification of granule cells. In the days between identification of granule cells and perfusion, 

the tetrodes were not manually lowered, but may have drifted in the brain tissue.  

Of the tetrodes that did not reach the DG, many got stuck in the brain tissue and could not be lowered 

anymore after a certain depth. Others were bent in or above the brain and missed the DG. Some 

tetrodes passed through the DG granule cell layer without we noticed it, possibly because the granule 

cells were very silent.  
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Figure 3.5. Histological verification of tetrode tracks. (A) Cresyl violet stained brain sections of all tetrodes that 

ended in the DG. The position of the tetrode is indicated with an arrow. (B) Cresyl violet stained brain sections of 

all tetrodes that had passed through the DG. Both the brain sections where the tetrode is in the DG granule cell 

layer and where the tetrode is at its deepest position are shown. The tetrode tracks of the tetrodes on which 

putatively light responsive granule cells were detected are indicated with red arrows.   
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3.4. Optogenetic identification of granule cells 

3.4.1. Light responsive unit example 1 

An example of a light-responsive unit is presented in the following sections. The unit was recorded on a 

tetrode in the granule cell layer of the DG of a ChR2Y-positive mouse. In order to conclude that the unit 

is a granule cell, the light response was investigated extensively. The electrophysiological characteristics 

when the mouse was in rest and location specific firing during spatial exploration will also be described.  

The light-responsive unit was identified in POMC-ChR2Y mouse #133, on tetrode 1 on 11th November, 

2014. The tetrode was lowered to its final depth of approximately 2000 µm on 7th November. At this 

depth, the LFP showed high amplitude gamma oscillations, characteristic for the DG. Place cells were 

also identified on 10th November, but these did not show any light-evoked activity. The light-responsive 

unit described below was recorded on 11th November. Tetrodes were not lowered after this day, and 

the mouse was terminated on 17th November.  

3.4.1.1. Recording sessions  

Seven sessions were recorded: 1 rest session in which the mouse was resting on a towel inside a pot on 

a pedestal, 3 spatial exploration sessions in which the mouse was foraging for food in an open arena, 2 

light stimulation sessions with 3.7 ms laser pulses at 0.4 Hz, and 1 control session with the laser light off 

(Figure 3.6). The laser light intensity at the tip of the optic fibre patch chord was 16.2 mW. The duration 

of each session was 10 minutes. Light stimulation was given while the mouse was resting on the 

pedestal. The pedestal setup was used to limit the movement of the mouse. The mouse was thoroughly 

habituated to the pedestal and no signs of stress were observed.  

When a single neuron fires an action potential, it produces a characteristic pattern of voltage changes 

that can be detected by extracellular electrodes. The amplitude and waveform of the detected spikes is 

dependent on the relative position of the neuron and electrode. In comparison with single electrodes, 

tetrodes have the advantage that the voltage changes caused by firing of a given neuron are measured 

on 4 different channels. For this reason, tetrodes provide more information per spike and thus allow 

isolation of more neurons with higher reliability (Gray et al., 1995). 

Figure 3.6 shows spike scatter plots and spike waveforms of a single unit recorded during the 7 

recording sessions. Spike scatter plots show features of the spikes (for example, peak amplitude or 

energy). Each dot represents one spike. The scatter plots in Figure 3.6 show the peak amplitude of all 

spikes, as recorded on two channels of the tetrode (peak amplitude recorded on channel 1 vs. peak 

amplitude recorded on channel 3). Because spikes originating from the same cell have similar 

waveforms, they form clusters in the scatter plots. This is one of the fundamental principles of spike 

sorting. Spikes were manually sorted based on projections of spike peak amplitude, energy and peak-

valley difference. The red spikes in the scatter plots in Figure 3.6 were clustered together in all 

projections, and were therefore assumed to originate from a single cell. Spikes in black were excluded, 

because their waveform was different. For each recording session, the waveforms of the spikes of the 

red cluster are shown on the right in Figure 3.6.  
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Figure 3.6. Cluster stability. Cluster stability was assessed by visually comparing spike scatter plots and waveforms. 

(Left) spike scatter plots showing the peak amplitude recorded on channel 1 vs. channel 3. Red dots belong to the 

cluster, black dots were excluded. Peak amplitude is shown in AD values. AD value 20,000 corresponds to 427 µV. 

(Top right) waveforms of spikes of the red cluster, as recorded on tetrode channel 3. Different colours were used in 

this plot to visualize individual spikes, but all spikes belong to the red cluster. The duration of the spike record is 1 

ms. Amplitude is shown in AD values. (Bottom right) Average waveform of the spikes of the red cluster, as 

recorded on the 4 channels of the tetrode.  
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3.4.1.2. Light response 

The light response of the isolated red cluster in Figure 3.6 is shown in Figure 3.7. Both light stimulation 

sessions consisted of 240 light stimuli. Light stimulation was controlled by a mechanical shutter. The 

duration of the light pulses was 3.7 ms and the interval between two pulses was 2.5 s. Two 10-min light 

stimulation sessions were recorded and one control session with the shutter working, but the laser light 

turned off. The intensity of the 473-nm laser light was 16.2 mW measured at the tip of the optic fibre 

patch cord.  

To visualize the response of a single unit after light stimulation, peri-stimulus time histograms and spike 

raster plots were constructed with all trials in a session aligned at the onset of the light pulse (Figures 

3.7A-D). The spike raster plot at the bottom of the figure displays each spike as a black dot. The 240 

trials of the session are shown in horizontal rows. The period of light illumination is indicated by a grey 

bar in the raster plot. In the non-grayed area the laser light is off. Shown on top is a histogram of the 

sum of the spikes. Figures 3.7A and3.7B show spikes in the interval from 100 ms before to 100 ms after 

the onset of the light pulse. The baseline firing rate, as seen in the 100 ms before the light pulse, is very 

low (~1 Hz; see below). Within 10 ms after the light pulse, there is a great increase in firing.  

 

3.4.1.2.1. Light stimulation caused a significant increase in firing  

Although it was obvious in this example that light stimulation caused an increase in firing, we used a 

statistical test to confirm that the firing rate was significantly changed (based on (Zhang et al., 2013)). 

This test compared the number of spikes emitted after the light stimulus with the number of spikes 

expected to occur by chance. The expected number of spikes was determined by shuffling the 

timestamps of the spikes within a 200-ms interval around the light stimulus (-100 ms to +100 ms). Spike 

timestamps were shuffled 10,000 times and then spikes were counted for bins of 1 ms in a 100-ms time 

window after the stimulus. The 3-ms block with the maximum number of spikes was identified for the 

real data as well as for the shuffled data. The results of the shuffling procedure are shown in Figure 3.8. 

A unit was identified as light responsive if the number of spikes in the most active 3-ms block in the real 

data exceeded the 99.9th-percentile value for the proportion of spikes in the most-active 3-ms block in 

the shuffled distribution. Based on this criterion, the isolated unit showed indeed a significant increase 

in firing upon illumination, for both light stimulation sessions. In laser stimulation session 1 the 

maximum number of spikes in 3 consecutive bins was 343, while the 99.9th-percentile value of the 

shuffled distribution was 21 spikes. For laser stimulation session 2, these numbers were 383 and 23. The 

3 bins with the highest number of spikes were the bins from 5 ms to 8 ms for both sessions. In the 

control session, when the shutter was working, but the laser light was turned off, there was no 

significant increase in firing (Figure 3.11A).  
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3.4.1.2.2. Baseline firing rate  

Apart from the spikes evoked by the light stimulus, the unit also fired spontaneous spikes. A baseline 

firing rate was calculated based on the firing activity of the unit independently of the light stimuli. Visual 

inspection of the peri-stimulus time histograms showed that the light stimulus induced firing within 10 

ms after light onset, after which there was a period of silence for at least 50 ms. Assuming that the light 

pulse did not have any influence after more than 1 second, we calculated a baseline firing rate based on 

the interval from 1 second to 2.5 seconds after the light stimulus (the interval between 2 stimuli was 2.5 

seconds). The average firing rate in the baseline interval was 1.02 Hz. During the control session when 

the laser light was turned off, but the shutter was working, the average firing rate was 1.15 Hz. We also 

recorded a 10-min session when the mouse was resting on the pedestal before the start of laser 

stimulation and exploration sessions. The average firing rate in this session was 0.65 Hz. Differences in 

firing could be caused by differences in arousal state of the mouse, which could be influenced by the 

noise of the shutter or the prospect of food.  

 

3.4.1.2.3. Light response characteristics  

A closer look at the response in individual trials shows that the unit responded to light stimulation by 

firing one, two or sometimes three spikes (Figures 3.7C,D). This resulted in 2 large and 1 small peak in 

the PSTH’s in Figures 3.7C,D. Out of the 240 light pulses per session, 24 in the first session and 17 in the 

second session did not evoke any response. The average response reliability (percentage of stimuli that 

evoked a response) was 91.5%. 

It is known that brief pulses of light can induce more than one spike in ChR2-expressing cells (Boyden et 

al., 2005). The extra spikes are assumed to be caused by the slow inactivation kinetics of ChR2 and 

ChR2(H134R) (Gunaydin et al., 2010). In order to characterize the light response in more detail, we 

separately investigated the spikes from the 3 peaks. In both light stimulation sessions, the second peak 

had more spikes than the first one (Table 3.1). All spikes in the first peak fell within a time interval from 

4.7 ms to 6.2 ms after the onset of the light pulse. Spikes in the second peak occurred between 6.3 ms 

and 8 ms after light onset and spikes in the third peak between 8.1 ms and 9.6 ms. The average latency 

of the spikes in the first peak was 5.5 ms and the first presumably light-evoked spike occurred 4.7 ms 

after the onset of the laser stimulus. The average latency of the spikes in the second peak was 7.1 ms 

and for the third peak, the average latency was 8.9 ms (Table 3.1).  
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Figure 3.7. Increase in neuronal activity after light stimulation. Peri-stimulus time histograms (PSTHs; top) and 

spike raster plots (bottom) showing spikes from the red cluster in Figure 3.6 during laser stimulation session 1 (A 

and C) and session 2 (B and D). (A,B) PSTH and raster plot showing the time interval from 100 ms before to 150 ms 

after the stimulus. Bin size in the histograms is 0.1 ms. In the raster plots, the light stimulus is represented by a 

cyan bar and spikes are shown as black dots. Light was on from 0 to 3.7 ms. Each row in the raster plot is derived 

from one trial (trial duration, 2.5 ms). Note the low baseline firing before the light stimulus and absence of firing 

between 10 ms and ~75 ms after the light pulse. (C,D) The time interval from light onset to 15 ms after onset is 

shown. Bin size is 0.1 ms.  

Table 3.1. Light response characteristics. Both light stimulation sessions consisted of 240 light pulses. Peak 1, 2 and 

3 refer to the 3 peaks in the histograms in Figure 3.7C,D.  
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Figure 3.8. Results of shuffling procedure. Histograms of the number of spikes in the 3-ms block with the highest 

number of spikes for the 10,000 times shuffled data, with the 99.9 percentile indicated by a red line. For the real 

data, the number of spikes in the 3-ms block with the highest number of spikes was 343 in laser stimulation 

session 1 and 383 in session 2.  

 

3.4.1.2.4. Spike waveform  

In order to confirm that light-evoked and spontaneous spikes were generated by the same neuron, we 

compared the waveform of light-evoked spikes with the waveform of the spontaneous spikes (Figure 

3.9). Figure 3.9A shows the waveforms of all spikes that occurred more than 50 ms after the light 

stimulus, with the average waveform in a different colour. We assume that these are spontaneous 

spikes and their waveform was not influenced by laser stimulation. Figure 3.9B shows all waveforms of 

the spikes from the first peak in figure 3.7C. Light-induced spikes showed more variability in waveform, 

which was most obvious in the part of the spike record after the trough of the spike. However, the 

average waveforms of spontaneous spikes and light-induced spikes from the first peak were very similar. 

There were no detectable changes in peak and trough amplitudes between both groups of spikes.  

Next, we studied the waveforms of the light-induced spikes for each peak of figure 3.7D separately. 

Figure 3.9B, C and D show the spikes of peak 1, 2 and 3, respectively. It is clear that the peak amplitude 

of the spikes in the second and especially the third peak was smaller than in the first peak. Although 

some spike amplitudes were similar in the first and second peak, there was a clear decrease in average 

spike amplitude.  
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3.4.1.2.5. Variability in spike waveforms  

Visual inspection of the spike waveforms of the red cluster in Figure 3.6 suggested that spike waveforms 

of light-induced spikes showed more variability than spontaneous spikes. We investigated how this 

variability was represented the spike scatter plots. More variability in spike waveform results in more 

variability in spike features like amplitude and energy. Therefore, it is expected that light-evoked spikes 

are less densely clustered together than spontaneous spikes. To visualize this, we plotted all spikes from 

the single, isolated unit from Figure 3.5 in scatter plots showing the peak amplitude of the spikes on 

each pair of channels (Figure 3.10). Spontaneous spikes (defined here as spikes more than 10 ms after 

the light stimulus) were plotted in black and light induced spikes (spikes within 3 to 10 ms after the 

onset of the stimulus) in cyan. As expected, most of the spontaneous spikes (black) formed a dense 

cluster, with few spikes scattered around the cluster. The light-evoked (cyan) spikes mostly overlapped 

with the spontaneous spikes, but some cyan spikes were also scattered around the black cluster.  

 

 

Figure 3.9. Waveform comparison of spontaneous and light evoked spikes (data from laser stimulation session 2). 

The 4 plots in each column show the spike waveforms as recorded on the 4 channels of a tetrode. Waveforms of (A) 

spontaneous spikes, defined as spikes recorded more than 50 ms after light onset, (B) spikes in the first peak of the 

histogram in Figure 3.7D. (C) spikes in the second peak, (D) spikes in the third peak. The average of the waveforms 

is shown in a different colour. Amplitude is shown in AD values. AD value 20,000 corresponds to 427 µV. The 

duration of the spike record is 1ms. Note the difference in scale in the plots.  
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Figure 3.10. Scatter plots showing light-evoked and spontaneous spikes of a single light-responsive unit (the red 

cluster in Figure 3.6). Spikes in black are spontaneous spikes (>10 ms after light onset) and spikes in cyan are light-

evoked (3-10 ms after light onset). Plotted here is the peak amplitude of the spikes as recorded on each pair of 

channels (peak1 is the peak amplitude of the spikes as recorded on channel 1, and so on). (A) Laser stimulation 

session 1. (B) Laser stimulation session 2.  

 

3.4.1.2.6. Variability in spike waveform of light-induced spikes 

Since spike sorting is based on similarity of waveforms, one may argue that the spikes scattered around 

the dense black cluster could have originated from a different neuron. In the following sections I will 

explain why this is very unlikely.  

First of all, the interspike interval (ISI) histograms in Figure 3.11C,D show that very few (less than 5) 

spikes had an ISI under 1 ms. If the spikes had originated from more than one light-responsive unit, the 

units would fire at similar latencies after each light pulse, and many spike pairs with an ISI of < 1 ms 

would be expected.  

Secondly, when the cluster was cut in a way that all spikes scattered around the dense cluster core were 

eliminated, thus only spikes with very similar waveforms were included in the cluster, the unit still 

showed a highly significant light-response (Figure 3.12). In both light stimulation sessions, more than 50 

light-evoked spikes were observed in the 3-10 ms interval after light stimulation (Figure 3.12E,F). Since 

all the spikes in this cluster were very similar, they most likely originated from one single unit.  
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Figure 3.11. Unit activity and ISI histograms for control and laser stimulation sessions (data from red cluster in 

Figure 3.6). (A) PSTH and raster plot for control session (laser was of, but shutter was working). The time period 

where the light stimulus would have happened if the laser was on is represented by a grey bar in the raster plot. 

(B,C,D)) ISI histogram for control session 2 and laser stimulation session 1 and 2, respectively. In laser stimulation 

session 1, the first bin (0-1 ms) has no spikes and in session 2 the first bin has 3 spikes.  
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Figure 3.12. Unit with only very similar spikes also contains light-evoked spikes. (A,B) For both laser stimulation 

sessions, a scatter plot of spikes showing the peak amplitude recorded on channel 1 vs. channel 3. The blue cluster 

was cut so that it does not include spikes scattered around the dense cluster core. Axes are the same as in Figure 

3.6. (C,D) Waveform of all spikes of the blue cluster, as recorded on channel 2 of the tetrode. Note that all spikes of 

the blue cluster have very similar waveforms. (E,F) PSTHs and spike raster plots showing spikes from the blue 

cluster in the time interval from 10 ms before to 60 ms after the laser stimulus. Bin size in the histograms is 1 ms. 

(G,H) Scatter plots showing light-evoked (3-10 ms after light onset; cyan) and spontaneous (>10 ms after light 

onset; black) spikes of the blue cluster.  
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Thirdly, the amplitude of the spikes in this cluster was very large (300-600 µV), which suggested that the 

tetrode was very close to the neuron. If spikes are large, they are usually clearly separated from noise 

and other clusters. Because the spike detection threshold was high (~100 µV), no other isolated clusters 

and hardly any noise was recorded (see scatter plots in Figure 3.6). If there would be spikes from two 

units in this cluster, one light responsive and one not light responsive, then there would be a systematic 

difference between light-induced and spontaneous spikes. In Figure 3.9, no such systematic difference 

could be detected; some light evoked spikes have larger peaks, some have smaller peaks. Therefore, we 

conclude that the variation in the spike waveform of light-induced spikes is random and the spikes 

scattered around the dense cluster core are most likely generated by the same cell.  

 

3.4.1.2.7. Scattered spikes  

As can be seen in Figure 3.6, many spikes were scattered around the red cluster in the light stimulation 

sessions. Some spikes were excluded from the red cluster because the waveform was considered too 

different. Since we showed above that the waveform of light-induced spikes may show some variation, 

we wondered if the excluded spikes should have been included in the red cluster. To learn more about 

the spikes scattered around the cluster, we re-analyzed the data with most or all of the scattered spikes 

included (green cluster in Figure 3.13A,B). The waveform of these spikes showed much more variability 

(Figure 3.13C,D). In addition, the peak of the waveform was not aligned for several spikes. However, the 

fact that the ISI histograms had very few spikes in the 0-1 ms interval, suggests that all spikes of the 

green cluster were derived from a single cell. The light response of the green cluster was larger than the 

response of the red cluster (Figure 3.13G,H). Only 3 trials in the first session and 6 trials in the second 

session did not show any light-evoked response. The average response reliability was 98%. The 

arguments explained here support the idea that all spikes in the green cluster were generated by the 

same neuron. However, because the peak of the spikes was not aligned for all spikes, the timestamps of 

the non-aligned spikes may be not recorded accurately and the data were not used for further analysis.  
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Figure 3.13. Unit including scattered spikes. (A,B) Scatter plots of spikes showing the peak amplitude recorded on 

channel 1 vs. channel 3. The green cluster was cut so that it contains many spikes scattered around the dense 

cluster core. Axes as in figure 1. (C,D) Waveform of all spikes of the green cluster, as recorded on channel 2 of the 

tetrode. (E,F) ISI histograms and (G,H) PSTHs and spike raster plots for spikes of the green cluster.   
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3.4.1.3. Location specific firing 

The previous sections demonstrated the light response of the red cluster from Figure 3.6. In the 

following section, location specific firing of the unit will be presented. Visual inspection of spike 

waveforms and spike scatter plots indicated that the same unit was isolated in light stimulation and 

exploration sessions (Figure 3.6).  

To show location specific firing, the mouse was trained to explore an open arena (60 cm x 60 cm) for 3 

sessions of 10 min each. The laser light was off during all spatial exploration sessions. Unit activity was 

recorded while the location of the mouse was tracked with a camera above the centre of the arena. 

Trajectories with spike locations and firing rate maps were constructed using MATLAB (J. K. Leutgeb et 

al., 2005). Briefly, the total number of spikes recorded in a given location bin (5 cm × 5 cm) was summed 

and smoothed with a Gaussian centered on each bin and then divided by the amount of time that the 

animal spent in that bin. A place field was defined as a group of at least 8 contiguous bins with an 

average firing rate exceeding 20% of the peak firing rate, with the peak rate above 2 Hz. Peak firing rate 

was defined as the highest firing rate in any of the bins (number of spikes divided by time spent in the 

bin). The spike maps and firing rate maps in Figure 3.14 reveal that the unit shows location specific firing. 

Quantitative analysis shows that there were 3 place fields in the first and third exploration session, but 

only one place field in the second session. The location of the place fields remained roughly the same, 

but the firing rate changed, perhaps because the mouse did not cover all areas in the three sessions 

(Table 3.2).  

The ISI histogram in Figure 3.14H shows an increase in firing at the ~120-ms interval. This shows that 

firing is theta modulated. Another interesting observation is that the ISI peaks seen at 1-2 ms and 3-4 ms 

intervals during light stimulation (Figures 3.11C,D) are completely absent in during spatial exploration 

(Figure 3.14G). This means that bursting with ISI < 2 ms, as seen in figure 3.11C,D, only happens after 

light stimulation and not in physiological conditions. If we define burst firing as consecutive spikes fired 

within an ISI of less than 10 ms, 16% of spikes were fired in bursts during spatial exploration. In the rest 

session, 15% of spikes were fired in bursts.  
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Figure 3.14. Location specific firing (data from red cluster in Figure 3.6). (A-C) Trajectories with spike locations and 

(D-F) corresponding colour-coded firing rate maps. Each rate maps is scaled to the session’s peak firing rate, which 

is indicated above the map. Red is peak firing, blue is no firing. White indicates bins which the mouse did not 

explore. The laser light was off during all exploration sessions. (G,H) ISI histograms of spatial exploration session 1.  

 

Table 3.2. Firing characteristics during exploration and rest 

Firing characteristics 
Exploration Exploration Exploration 

Average 
Rest Laser Off 

Session 1 Session 3 Session 5 Session0 Session 2 

Average firing rate (Hz) 0.84 0.81 1.54 1.06 0.65 1.15 

Peak rate (Hz) 4.29 5.90 9.62 6.60     

Bursting 0.16 0.14 0.19 0.16 0.15 0.23 

Sparseness  0.37 0.29 0.27 0.31     

Information 0.97 0.69 1.25 0.97     

Selectivity 5.98 8.45 7.03 7.15     
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3.4.2. Light responsive unit example 2 

In the previous section, light-evoked firing of a single, well-isolated unit was described. The day after this 

unit was detected, we did the same light stimulation and spatial exploration experiment. Again we 

detected a light-responsive place cell, on the same tetrode as the previous day. The waveform and light 

response characteristics were similar on both days, but the location of the place field was different. The 

tetrode was not lowered between the 2 recording days, but may have drifted in the brain tissue. 

Therefore, we cannot ascertain that the unit is the same one as recorded on the day before or a 

different light-responsive place cell. The light response and place cell properties of the unit will be 

presented below.  

 

3.4.2.1. Recording sessions  

As on the previous day, we recorded 3 spatial exploration sessions, 2 light stimulation sessions (3.7 ms 

stimuli at 0.4 Hz) and 1 control session with the laser light turned off. The light intensity was 16.2 mW, 

measured at the tip of the optic fibre patch chord. Additionally, one 10-min light stimulation session was 

recorded with light intensity at 4.4 mW. For each recording session, a spike scatter plot and waveform 

plot are shown in Figure 3.15.  

 

3.4.2.2. Light response 

Light-induced activity of the isolated single unit is shown in Figure 3.16. Light stimulation at 16.2 mW 

caused a remarkably similar light-response as recorded on the previous day (Pearson correlation for 

number of spikes per 1-ms bin in the first 15 ms after light stimulation, r > 0.95, p < 0.001). PSTH’s 

showed a highly significant increase in firing in the time interval from 4 ms to 11 ms after light 

stimulation onset. There was no increase in firing in the control session, when the shutter was working, 

but the laser light was turned off (Figure 3.16C). The first presumably light-evoked spike occurred in 

both light stimulation sessions within 5 ms after the light onset. Both sessions consisted of 

approximately 250 trials (Table 3.3). The average response reliability was 93.5%.  

As in the previous example, we divided the response into 3 peaks based on visual inspection of the 

histograms and separately investigated the spikes in the 3 peaks (Table 3.3). The average response 

latency of the spikes in the 3 peaks was slightly longer (~0.40 ms) than on the day before (compare 

Table 3.1 and 3.3). The variability in response latency was slightly higher on the second day (higher 

s.e.m.). The number of spikes in the first and second peak was higher on the second day and the number 

of spikes in the third peak was lower. The average response reliability was similar on the 2 days. . As on 

the first day, the number of spikes in the second peak was higher than the number of spikes in the first 

peak.  
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Figure 3.15. Clusters were stable over the 7 recording sessions. For each recording session, a scatter plot of spikes 

showing the peak amplitude recorded on channel 3 vs. channel 4 (left) and the waveform of the spikes of the red 

cluster, as recorded on channel 2 (right). Amplitude is shown in AD values. AD value 20,000 corresponds to 427 µV. 

The duration of the spike record (right) is 1ms.  
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Table 3.3. Light response characteristics. Peak 1, 2 and 3 refer to the 3 peaks in Figure 3.16A,B. 

 

 

 

Figure 3.16. Light-evoked firing. PSTHs (top) and spike raster plots (bottom) showing spikes from the isolated unit 

(red cluster in Figure 3.15) during laser stimulation session 1 (A), session 2 (B), control session with laser light off (C) 

and laser stimulation session with light intensity at 4.4 mW (D). In the laser stimulation sessions (A,B,D), the time 

interval from light onset to 15 ms after onset is shown and bin size is 0.1 ms. In the control session (C), the time 

interval from 10 ms before to 60 ms after light onset is shown and bin size is 1 ms. 
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3.4.2.2.1. Spike waveform 

The similarity of the scatter plots and spike waveforms shown in Figure 3.15 provide strong evidence 

that the cluster was stable in all sessions and the spikes were generated by the same neuron. In addition, 

to assure that light-evoked and spontaneous spikes were generated by the same cell, we compared the 

waveform of light-evoked and spontaneous spikes recorded in the same session. Figure 3.17 shows the 

waveform of all spikes recorded in laser stimulation session 1. Spontaneous spikes (defined here as all 

spikes that happened more than 50 ms after light stimulation) were very similar as spikes of the first 

peak of the light response (Figure 3.17A,B). Although light-evoked spikes showed more variability in 

waveform, the average waveform was similar as the average waveform of he spontaneous spikes. The 

spikes of the second peak were slightly smaller in amplitude and the spikes of the third peak were even 

smaller. In order to confirm that there was no systematic difference between light-evoked and 

spontaneous spikes, we examined scatter plots in which spontaneous spikes were plotted in black and 

light-evoked spikes in cyan (Figure 3.18).  

 

 

Figure 3.17. Waveform comparison of spontaneous and light evoked spikes (data from laser stimulation session 1). 

Waveform of (A) spontaneous spikes, happening more than 50 ms after light onset, (B) spikes in the first peak of 

the histogram in Figure 3.16A, (C) spikes in the second peak, (D) spikes in the third peak. The average of the 

waveforms is shown in a different color. Amplitude is shown in AD values. AD value 20,000 corresponds to 427 µV. 

The duration of the spike record is 1ms (shown here as 32 data points). Note the difference in scale in the plots.  
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Figure 3.18. Scatter plots showing light-evoked and spontaneous spikes of a single light-responsive unit (red cluster 

in figure 3.15). Spikes in black are spontaneous spikes (>10 ms after light onset) and spikes in cyan are light-evoked. 

The peak amplitude of the spikes as recorded on each pair of channels is plotted. (A).All light-evoked spikes in the 

4-10 ms interval after light onset are shown in cyan. (B,C,D) Spikes of the first peak (B), second peak (C) and third 

peak (D) in cyan.  

 

3.4.2.2.2. Response to low light intensity stimulation 

In order to assess the influence of light intensity on the light response, we did one light stimulation 

session with a lower light intensity (4.4 mW, measured at the tip of the optic fibre patch chord; Figure 

3.16D). Light stimulation at 4.4 mW caused a highly significant light-response, but the reliability was 

lower and the response latency was longer than for 16.2 mW light stimulation. While the response 

reliability for light stimulation at 16.2 mW was more than 90%, reliability for 4.4 mW stimuli was only 

65%. In contrast to the 3-peak response induced by 16.2 mW light, 4.4 mW light pulses resulted in only 

one broad peak (Figure 3.16). The first presumably light-evoked spike occurred 6.42 ms after light onset, 

~1.5 ms later than for 16.2 mW stimuli. While the average latency of spikes in the first peak of the 16.2 

mW response was 5.83±0.34 ms, the average latency for 4.4 mW pulses was 8.43±0.87 ms. In 9 out of a 

total of 246 4.4-mW light stimulation trials, 2 spikes were detected after the light pulse. To conclude, 

decreasing the light intensity resulted in a lower response reliability and longer response latency.  
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Figure 3.19. Spontaneous and light-evoked spikes comparison for 4.4 mW light stimulation. Waveform of all light-

evoked spikes (A) and spontaneous spikes (B), as recorded on the 4 channels of the tetrode. (C) Scatter plots of 

peak amplitude of all spontaneous (black) and light-evoked (cyan) spikes.  

 

3.4.2.3. Location specific firing 

To show location specific firing, the mouse performed 3 10-min spatial exploration sessions in the same 

square arena as on the previous day. The isolated unit showed location specific firing that was different 

from the day before (compare Figure 3.14 and 3.20). The location of the place fields was different and 

firing was less specific on the second day of recording. Visual inspection of the firing rate maps recorded 

on the second day made clear that the location of the place fields varied between the 3 sessions (Figure 

3.20). Based on the same criteria for quantitative place field analysis as used on the first day, session 1 

and 3 had 2 place fields and session 2 had only 1 place field. Sparseness was higher on the second day 

and information and selectivity were lower (Table 3.4). The average firing rate, peak firing rate and 

burstiness were also higher on this day. ISI histograms show that the unit was theta modulated, like the 

unit recorded on the previous day.  
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Figure 3.20. Location specific firing. (A-C) Trajectories with spike locations. (D-F) Corresponding colour-coded firing 

rate maps. Each rate maps is scaled to the session’s peak firing rate, which is indicated above the map. Red is peak 

firing, blue is no firing. White indicates bins which the mouse did not explore. (G,H) ISI histograms of spatial 

exploration session 1.  

 

Table 3.4. Firing characteristics during exploration 
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3.4.3. Light-responsive place cell example 3: place cell activity recorded before light stimulation 

The previous sections demonstrated light-evoked firing of 2 units recorded on 2 consecutive days on the 

same tetrode. Another light responsive unit was detected in another POMC-ChR2Y mouse. The light 

response and location specific firing of this unit will be described in the sections below. Histological 

analysis of tetrode recording sites showed that the tetrode on which the light responsive unit was 

recorded had crossed the granule cell layers of the upper and lower blade of the DG, and was located in 

the molecular layer of the lower blade of the DG at the end of the experiment. The light responsive 

place cell was recorded on the 3rd of January 2015 on tetrode 4 in mouse #218. The mouse was perfused 

16 days later. The depth of the tetrode was 1937.5 µm, measured by monitoring rotations of the tetrode 

lowering screw. The tetrode was not lowered after recording the light responsive unit, but spike scatter 

plots changed during subsequent recording days, suggesting that the tetrode was drifting inside the 

brain tissue. Therefore, the light responsive unit described here may have been recorded in the 

molecular layer, granule cell layer or hilus of the DG.  

3.4.3.1. Recording sessions: In the previous examples, light stimulation sessions were recorded for 

several days before a light responsive unit was detected. It is conceivable that extensive light stimulation 

and thus activation of ChR2-expressing cells in the DG might induce or alter place cells activity in those 

cells (Diamantaki et al., 2016). In order to test this we did the experiment in a different way. In the 

experiment described below, our aim was to detect a place cell in the DG first, before light stimulation 

sessions were started. Once a place cell was recorded on a tetrode that was believed to be in the DG, 

light stimulation was started. After light stimulation spatial exploration was recorded again to check if 

the place fields had changed. Spike scatter plots and waveforms of the light-responsive unit are shown 

in Figure 3.23. Three sessions of spatial exploration were recorded to assess place field stability. One 

light stimulation session is shown and one control session with the laser light off. In addition, a rest 

session was recorded to characterize the activity of the unit when the mouse was in rest.  

3.4.3.2. Light response  

The isolated unit in Figure 3.21 showed a significant increase in firing in response to light stimulation. 

Light stimulation consisted of 245 brief light stimuli (pulse duration, 3.7 ms; frequency, 0.4 Hz). The 

intensity of the laser light was 15 mW at the tip of the optic fibre patch cord. Before implantation, light 

transmission though the optic fibre inside the drive reduced light intensity by 29%. Therefore, the light 

intensity at the tip of the optic fibre inside the brain would have been 10.65 mW. PSTHs and raster plots 

were constructed as described previously. Figure 3.22A shows a great increase in firing after the light 

stimulus. Figure 3.22A,B show that the baseline firing rate is very low. However, after light stimulation 

(cyan bar) there is a great increase in firing. Figure 3.22C shows the light response in more detail. There 

is one big peak at 5-7 ms after the onset of the light pulse, and more spikes up to 10 ms after light onset. 

The total number of spikes between 4 and 10 ms after light onset was 231. Out of the 245 trials, 51 did 

not induce any response. The response reliability was 79%. The average latency of all light-induced 

spikes (defined as spikes in the interval 4-10 ms after light onset) was 6.284 ms. The earliest putatively 

light-induced spike had a latency of 4.7 ms after light onset.  
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Figure 3.21. Recording stability. For each recording session, a spike scatter plot with spikes assigned to the isolated 

unit in red (left) and waveform of all spikes in the unit (right).  The scatter plots show the peak amplitude of the 

spikes recorded on tetrode channel 1 vs. channel 4. The waveform (right) was recorded on channel 3. Amplitude is 

shown in AD values in both plots. AD value 20,000 corresponds to 427 µV. The duration of the spike record (right) 

is 1ms.    
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Figure 3.22. Increase in firing after light stimulation. PSTH’s and spike raster plots showing spikes from the red 

cluster in figure 1 recorded during the laser stimulation session. (A,B) Time interval from 100 ms before to 150 ms 

after light stimulation. Bin size, 1 ms. (C) Time interval from light onset to 15 ms after light onset. Bin size is 0.1 ms.  

 

In order to confirm that all spikes were generated by the same cell, we inspected spike waveforms and 

scatter plots for all combinations of the spike features peak amplitude, energy and “peak-valley 

difference”, for the 4 tetrode channels. All waveforms and plots appeared very similar across recording 

sessions. Only the session with light stimulation showed slightly more variation in spike waveforms and 

spikes were less densely clustered in the scatter plots. To confirm that the spikes in this session were 

indeed from the same cell, the spikes were inspected in more detail. First, we plotted the spikes induced 

by light stimulation, and compared these with spontaneous spikes recorded in the same session (Figure 

3.23). The spikes induced by light stimulation were more variable than the spontaneous spikes, but the 

average spike waveform was similar. The peak amplitude of the average light-induced waveform was 

smaller than the peak amplitude of the average spontaneous waveform. This was most obvious on 

channel 3, the channel with the highest amplitude spikes. The difference in amplitude can be explained 

by the fact that the light-induced waveforms contain spikes that came second in the light-induced spike 
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burst. As shown before, the second spike was usually smaller that the first one. Burst firing also 

happened spontaneously, but then the time between 2 consecutive spikes was longer and the decrease 

in amplitude was smaller. In addition, some light-induced spikes were not well aligned, which also lead 

to a decreased peak amplitude. If the spikes were generated by 2 different cells, one light-responsive 

and one not light responsive cell, we would expect a systematic difference between these 2 groups of 

spikes. Figure 3.23 shows that the variability in light-induced spikes was random. No systematic 

difference in spike waveform could be detected, apart from the difference in peak amplitude. According 

to spike sorting principles this indicates that spikes were generated by a single cell. We also plotted 

light-induced and spontaneous spikes in scatter plots showing the peak amplitude of the spikes for each 

recording channel (Figure 3.23C). Also in these plots, there was no systematic difference in the 2 groups 

of spikes. Furthermore, ISI histograms showed that no spikes were recorded with an ISI of less than 1 ms 

(Figure 3.24A). If the spikes in this cluster were generated by 2 different light-responsive cells, we would 

expect many spikes responding to the light stimulus with a similar latency. In this case the chance of 2 

spikes occurring within 1 ms from each other would be quite high (if both cells had a high response 

reliability). The fact that there were no spikes at all in the 0-1 ms interval, together with the fact that 

there was no systematic difference in spike waveform, strongly suggests that all spikes were generated 

by a single cell. 

 

Figure 3.23. No systematic difference between spontaneous and light-induced spikes. (A) Waveforms of all light-

induced spikes (defined as spikes recorded between 4 ms and 10 ms after light pulse onset), plotted for each of the 

4 recording channels. (B) Waveform of all spontaneous spikes recorded in the same light stimulation session 

(spikes recorded more than 12 ms after light pulse onset). (C) Scatter plots displaying peak amplitude recorded on 

each combination of channels for spontaneous spikes (black) and light-induced spikes (cyan).  



 

 67 

 

In the ISI histogram of the light stimulation session, shown in Figure 3.24A, a high number of spikes are 

present in 2-3 ms ISI. Most of these spike pairs were detected after light stimulation. In 37 out of 245 

light stimulation trials, 2 spikes were detected after the light pulse. The delay between 2 light-induced 

spikes varied from 1.9 ms to 2.9 ms (average, 2.346 ms; SEM, 0.233 ms).  

 

 

Figure 3.24. ISI histograms for spikes recorded during a light stimulation session (A) and a spatial exploration 

session (B). Note the absence of spikes in the interval 0-1 ms and the peak at 2-3 ms in the light stimulation session.  
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3.4.3.3. Location specific firing 

As mentioned above, the aim of this experiment was to investigate if light stimulation caused a change 

in place cell activity. Three spatial exploration sessions were recorded, of which the first one before any 

light stimulation was given in the brain of this mouse. This spatial exploration session was followed by a 

control session, in which the laser light was off, and a light stimulation session with light intensity at 15 

mW (Figure 3.21). Next, another spatial exploration session was recorded in the same arena, followed 

by again a light stimulation session and a spatial exploration session. At the end, a rest session was 

recorded, in which the mouse was resting on a towel inside a pot on a pedestal.  

The location of the place fields was very similar in the 3 spatial exploration sessions (Figure 3.25). The 

firing rate was harder to compare, because there were some bins which the mouse did not explore. 

Other place cell characteristics like sparseness, information and selectivity were comparable between 

sessions, suggesting that light stimulation had little or no effect on the location specific firing of this unit 

(Table 3.5). ISI histograms were also similar before and after light stimulation. Representative examples 

of ISI histograms are shown in Figure 3.25G,H. All together, these results indicate that light stimulation 

had little or no effect on the activity of the light-responsive unit.  

 

Table 3.5. Firing characteristics during exploration and rest  
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Figure 3.25. Location specific firing was similar before and after light stimulation. (A-C) Trajectories with spike 

locations. (D-F) Corresponding colour-coded firing rate maps. Each rate maps is scaled to the session’s peak firing 

rate, which is indicated above the map. Red is peak firing, blue is no firing. White indicates bins which the mouse 

did not explore. (G,H) ISI histograms of spatial exploration session 2.  
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3.5. Light-induced response latency 

An increase in spikes after light stimulation can be caused in 2 ways. The spikes could be a direct 

response from a ChR2-expressing granule cell. Alternatively, spikes could be an indirect, synaptic 

response from a cell postsynaptic to a ChR2-expressing granule cell. If a granule cell fires a light-evoked 

action potential and thereby activates a postsynaptic cell, we could record “light-induced” spikes 

generated by the postsynaptic cell. Granule cells send axons to CA3 pyramidal cells and interneurons 

and issue collaterals that synapse onto mossy cells and interneurons of the hilus. Therefore, a tetrode in 

or near the DG could record “light-induced” spikes from granule cells, pyramidal cells, mossy cells or 

interneurons.  

Because ChR2-expressing granule cells are directly activated by the light stimulus, while postsynaptic 

cells are activated only after granule cells fired, there should be a difference in response latency 

between granule cells and postsynaptic cells. In order to distinguish direct and indirect activation, we 

measured the response latency of ChR2-expressing granule cells in vitro. In vitro experiments have the 

advantage that Chr2Y-positive granule cells can be identified based on YFP expression. Therefore the 

response delay is undeniably a direct response. All in vitro patch clamp experiments were done by Dr. 

Congshu Liao. In addition, we sought to identify the minimal response latency for indirectly activated 

cells. If the response latency of a presumably light-activated granule cell measured in vivo is shorter than 

the minimal latency for an indirect response, we have strong evidence that the response recorded in 

vivo is a direct response from a granule cell.  

 

3.5.1. In vitro response latency of ChR2-positive granule cells  

First we measured the response latency of ChR2-positive cells by patch clamp experiments in brain slices. 

The same POMC-ChR2Y mouse line was used for in vivo and in vitro experiments. The light stimulation 

protocol in vitro consisted of 10-ms, 473-nm light stimuli at 0.4 Hz. ChR2-positive granule cells could be 

identified by EYFP expression. The response latency was determined by measuring the time between 

the onset of the light stimulus and the action potential threshold (Figure 3.26).  

 

Figure 3.26. Measuring action potential latency. The action potential latency was measured from the start of the 

light stimulus (red trace on top) to the action potential threshold. The black trace at the bottom is the voltage trace 

measured in current clamp.  
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3.5.1.1. Increasing laser light intensity resulted in a decrease in response latency  

In vitro patch clamp experiments were carried out to determine the response latency of light responsive 

granule cells. Response latency is not only dependent on the cell type, but also on the level of ChR2 

expression, laser light intensity and optic properties of the tissue (Lima et al., 2009). The exact light 

intensity in vivo is not known, because it is dependent on the distance between tetrode and optic fibre. 

In order to identify a range of possible response latencies, we varied the conditions of light stimulation 

in vitro. Two different neutral density (ND) filters were used and laser light intensity was increased in 20 

steps while light-induced action potentials were recorded. The response delay was measured for 3 

ChR2Y-expressing granule cells. Summary statistics are shown in Table 3.6.  

 

Table 3.6. In vitro granule cell response delay statistics for 2 different ND filters and 20 light intensities. Action 

potentials of 3 granule cells were recorded. For granule cell 1, the response delay was measured 5 times at each 

light intensity with ND filter 1 and 6 times at each light intensity with ND filter 2. For granule cell 2, each light 

intensity was used once for both ND filters. For granule cell 3, each light intensity was used once for ND filter 2.  

 

  



 

 72 

We found that increasing the light intensity resulted in a decrease in granule cell response latency 

(Figure 3.27). There was a significant relationship between the light intensity and response delay 

(Pearson correlation, r = -0.760 for ND1 and r = -0.761 for ND2, p<0.001 for both ND1 and ND2). For high 

light intensities, the latency reached a plateau value. The minimal response latency varied between cells 

from 3.3 ms to 7.0 ms. At low light intensities, cells sometimes fired more than 10 ms after the light 

stimulus. Thus, these in vitro experiments show that the response latency of granule cells can vary from 

3.3 ms to more than 10 ms.  

 

Figure 3.27. The response latency of ChR2-expressing granule cells decreased with increasing light intensity. 

Response latencies for 3 different cells are shown in 3 different colours. Each trace represents a measurement of 

20 light stimuli with increasing intensity. Each dot represents one measurement.  

 

3.5.2. Response latency of postsynaptic cells 

Since granule cells show a wide range of response latencies, dependent on light intensity and other 

conditions, we need another criterion to distinguish direct from indirect responses. If the response 

latency of postsynaptic cells would be very different, we could use this as criterion to distinguish directly 

and indirectly activated cells.  

First, we tried to measure the response from a postsynaptic cell in vitro. We could not detect any action 

potential response in postsynaptic cells in the DG. Perhaps granule cells activated by light stimulation 

were not able to induce action potentials in postsynaptic cells. We did however record an excitatory 

postsynaptic potential (EPSP) in one cell in the hilus. The response latency measured from the onset of 

the light stimulus to the onset of the EPSP was 5.89 ±2.07 ms. If this cell was activated by a ChR2-

expressing granule cell, all cells responding faster than 5.89 ms could be considered directly activated. 

However, we cannot say for sure that this cell was directly activated by a granule cell. Although we 

believe that it is unlikely, the cell could have been 2 synapses away from a ChR2-expressing granule cell. 
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Since we were able to record only one cell, of which we don’t know the identity, we also tried to identify 

the response latency of indirectly light-activated units in vivo.  

3.5.2.1. In vivo indirect response latency 

While trying to detect light-activated granule cells in vivo, we sometimes recorded an increase in firing 

after the light stimulus in putative interneurons. Putative interneurons were defined here as cells firing 

at > 2 Hz; Figure 3.28. Because interneurons do not express ChR2, this increase in firing was not a direct 

response to light stimulation, but an indirect, synaptic effect.  

We found a significant increase in firing after the light stimulus in 35 interneurons. Interneurons were 

classified based on high firing rate (> 2 Hz) and the shuffling method was used to identify a significant 

increase in firing. The response of interneurons was rather variable between cells. Some interneurons 

fired spikes after a well-defined delay, others fired in a broad latency range, and some even fired at 2 

distinct latencies (Figure 3.28).  

We defined the response latency as the average latency of all spikes in the 3 consecutive 1-ms bins with 

the highest number of spikes. The average response latency was considerably longer for interneurons 

than for putative granule cells (2-tailed t-test, p < 0.001; Table 3.6). In comparison to the consistent 

response latency of the 3 putative granule cells, the response latency of interneurons showed a great 

variability. Although the average response latency of interneurons was longer, some interneurons 

showed a response that was faster than the response of the putative granule cells.  

 

3.7. Comparison of the response latency of interneurons and putative granule cells.  

 

 

To summarize, we showed that the response latency of the putative granule cells recorded in vivo falls 

within the range of response latencies recorded in vitro. In addition, the average response latency of 

interneurons recorded in vivo was longer than the average response latency of the putative granule cells. 

These data provide indications that the putative granule cells were directly activated by the light 

stimulus.  
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Figure 3.28. Interneuron response latency. Scatterplots (left) and PSTH’s and rasterplots (right) for 5 examples of 

interneurons with a significant increase in firing after light stimulation. The timing of the light stimulus is indicated 

by a gray bar in the raster plots.  
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3.6. Scattered spikes and units with low light response reliability 

The light responsive units presented in previous sections showed a highly significant response to light 

stimulation and high response reliability. 79% to 98% of light stimulation trials evoked a response. In 

addition, spike amplitudes were relatively large, units were well isolated and most of the “scattered 

spikes” in the light stimulation session were most likely generated by the same cell. In addition to these 

highly reliable light responsive units, we recorded 4 units that seemed to respond to light stimulation 

with a much lower reliability. The average response reliability of these units was 11.4% (range 2.5% - 

30.4%). Although reliability was low, a small number of spikes after the light stimulus could be sufficient 

to qualify as a significant response, because the baseline firing rate of the units was often very low. As in 

the previous examples, these units were surrounded by scattered spikes, but here it was not clear if 

these were also generated by the same cells.  

3.6.1. Light responsive units with low response reliability 

An example of a light responsive unit with low light response reliability  is shown in red in Figure 3.29. 

The unit is composed of the spikes shown in red in Figure 3.29A-C. Other spikes recorded in the same 

session are shown in black. The isolated red cluster was surrounded by many scattered spikes in the 

light stimulation session; (Figure 3.29A-C, middle row). The cluster was not well isolated in this session. 

Scattered spikes were present only in the light stimulation sessions, not in spatial exploration or control 

sessions. Because scattered spikes were dispersed around the red cluster in all projections, it was hard 

to sort spikes. If there was doubt if spikes should be included or excluded from the cluster, we chose to 

exclude them in order to provide more robust evidence if the unit were light responsive. The light 

response of the unit is shown in Figure 3.30A. The laser stimulation session consisted of 240 light 

stimulation pulses (3.7 ms pulses at 0.4 Hz, 15 mW). Only 6 spikes occurred within 10 ms after light 

onset (response reliability, 2.5%). Although the number of light-evoked spikes was very low, it was a 

statistically significant increase (Figure 3.30D). The average response latency was 7.50 ± 0.50 ms and the 

first spike occurred 6.62 ms after light onset. Both the average response latency and first spike occurred 

more than 1 ms later than in previous examples of units with high response reliability.  

Since the light response of this unit was very different from previous examples, we investigated the 

light-induced spikes in more detail. First, we plotted all spikes of the red cluster in scatter plots 

displaying the peak amplitude of the spikes on each pair of tetrode channels (Figure 3.31C). Light-

induced spikes were plotted in cyan and spontaneous spikes (spikes from the same session, occurring 

more than 10 ms after light pulse onset) in black. In all scatter plots, the light-induced spikes were 

overlapping with the cluster of spontaneous spikes. That is, they were not scattered outside the cluster 

formed by the spontaneous spikes. This means that the peak amplitude and the ratio of peak amplitudes 

on each pair of channels were comparable for spontaneous and light-induced spikes. Spike sorting is 

based on the idea that spikes originating from the same cell have similar waveforms. The observed 

consistency in peak amplitudes therefore indicates that the light-evoked and spontaneous spikes were 

generated by the same cell. In addition, we compared spike waveforms of the 6 light-evoked spikes with 

100 randomly chosen spontaneous spikes (figure 3.31D). We did not find any obvious or systematic 

difference between spontaneous and light-induced spike waveforms.  
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Figure 3.29. Cluster isolation quality. (A-C) Scatterplots show all spikes recorded during one spatial exploration 

session (left), one laser stimulation session (middle) and one control session with the laser light off (right). Scatter 

plots display (A) spike peak amplitude on tetrode channel 2 vs. channel 4, (B) peak amplitude on channel 1 vs. 

energy on channel 2 and (C) the difference in voltage between the peak and valley of the spike, “peak-valley 

difference” on channel 2 vs. channel 3. Scattered spikes are encircled in green. (D) Spike waveforms for all spikes in 

the red cluster. Voltage is displayed in AD values. AD value 20.000 corresponds to 305 µV.  
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Figure 3.30. Light-evoked spikes. (A) PSTH and raster plot showing spikes from 10 ms before to 60 ms after light 

stimulation onset. (B) Scatterplots showing peak amplitude of all spikes in the red cluster of Figure 3.29. Light-

induced spikes (3-10 ms after light onset) in cyan and spontaneous spikes (>10 ms after light onset) in black. (C) 

Waveform of light-induced spikes (cyan, left) and 100 spontaneous spikes (black, right). (D) Histogram of the 

number of spikes in the 3-ms block with the highest number of spikes for the 10,000 times shuffled data, with the 

99.9 percentile indicated by a red line. 
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Another example of a unit with a significant light response, but low response reliability is shown in 

Figure 3.31. As in the previous example, scattered spikes were present around the cluster in the light 

stimulation session, which made it hard to isolate the cluster. With 16 spikes occurring within 10 ms 

after light stimulus onset, the unit showed a significant response to light stimulation (Figure 3.31B). 

Response reliability was 5.5%. The average response latency was 7.31 ± 0.68 ms and the earliest spike 

occurred 5.72 ms after light onset. Waveform and scatter plots showed no systematic difference in peak 

amplitude between light-evoked and spontaneous spikes (Figure 3.31C,D). Individual waveforms of light-

induced spikes show more variability than waveforms of spontaneous spikes, yet there was no 

prominent difference in average waveforms. This similarity in waveform indicates that spontaneous and 

light-evoked spikes were generated by the same, light-responsive cell.  

 

 

Figure 3.31. Light responsive unit with low response reliability. (A) Scatter plot displaying energy of the spikes 

recorded on tetrode channel 1 vs. channel 2. (B) PSTH and raster plot. (C) Scatterplot displaying peak amplitude on 

each pair of channels light-induced spikes in cyan and spontaneous spikes in black. (D) Spike waveforms. Light-

induced spikes in cyan and spontaneous spikes in black.  
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3.6.2. A spike sorting problem caused by scattered spikes 

In many laser stimulation sessions, clusters were surrounded by scattered spikes. Scattered spikes can 

create difficulties during spike sorting if they overlap with clusters. Often it was not straightforward to 

isolate single units in light stimulation sessions, even when units were clearly isolated in sessions 

without laser stimulation.  

An example of a laser stimulation session where spike sorting was problematic is shown in Figure 3.32. 

The red cluster was well-isolated in the spatial exploration and control sessions, when the laser light was 

off. Nonetheless, it was surrounded by many scattered spikes in the laser stimulation session. A first 

attempt to sort spikes resulted in the red cluster shown in Figure 3.32A. The unit showed a significant 

increase in firing after light stimulation (Figure 3.32B,C). The waveforms of light-induced spikes were 

more variable than those of spontaneous spikes (Figure 3.32E). When we plotted light-induced and 

spontaneous spikes together in scatter plots, it was apparent that many of the light induced spikes were 

located outside the cluster formed by the spontaneous spikes (Figure 3.32D). For many of the light 

induced spikes, the peak amplitude was larger on tetrode channels 1 and 2, and smaller on tetrode 

channel 3. This systematic difference in peak amplitudes could signify that light-induced and 

spontaneous spikes were generated by different cells.  

 

3.6.3. A false positive result caused by scattered spikes 

Spike analysis suggested that the cluster isolated above may contain spikes that did not belong to the 

cluster. The cluster was overlapped by many scattered spikes, which may have been generated by 

different cells. In order to isolate a cluster so that it contained only spikes generated by one single cell, 

we sorted spikes again, so that the new cluster only contained very similar spikes. The spikes of this 

newly isolated unit, shown in blue in Figure 3.33A, were tightly clustered in all spike sorting projections. 

Spikes that were included in the first spike sorting attempt are shown in red. The PSTH and scatterplot 

for this unit show that 4 spikes were fired within 10 ms after light stimulation (Figure 3.33B). This was 

not a statistically significant response (percentile 99.7; Figure 3.32C). The scatterplot in Figure 3.33D 

shows that the 4 spikes were located on the outer edge of the cluster of spontaneous spikes. Although 

we tried to include only spikes with very similar waveforms, the 4 spikes still showed some waveform 

variability (Figure 3.33E).  

To summarize, we believe that the isolated red cluster in the first spike sorting attempt was not light-

responsive, but contained some of the scattered spikes. Scattered spikes seemed to be randomly 

distributed over the spike sorting projections, which made spike sorting tricky and may have caused a 

false positive result. Because we were not sure if the light-induced “scattered” spikes were generated by 

the same unit or not, we sorted the spikes again, trying to exclude scattered spikes. This new cluster, 

which included only spikes with very similar waveforms, did not show a significant light response.  
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Figure 3.32. Cluster including some scattered spikes shows a significant response to light stimulation. (A) Scatter 

plots showing all spikes recorded during a spatial exploration session (left), a control session without light 

stimulation (middle) and a light stimulation session (right). Spikes in red are sorted into a cluster. Scattered spikes 

are encircled in green. (B) PSTH and raster plot for spikes of the red cluster. (C) Histogram of the number of spikes 

in the 3-ms block with the highest number of spikes for the 10,000 times shuffled data, with the 99.9 percentile 

indicated by a red line. (D) Scatter plots for spikes of the blue cluster with spontaneous spikes in black and light-

evoked spikes in cyan. (E) Waveforms of light-evoked spikes (left, cyan) and 100 spontaneous spikes (right, black). 
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Figure 3.33. Cluster excluding scattered spikes shows no significant light response. (A) Scatterplot showing all 

spikes recorded during a light stimulation session. Spikes in blue are included in the cluster. Spikes in red were 

included in figure 3.32, but are excluded from the blue cluster. (B) PSTH and raster plot for spikes of the blue 

cluster. (C) Histogram of the number of spikes in the 3-ms block with the highest number of spikes for the 10,000 

times shuffled data, with the 99.9 percentile indicated by a red line. (D) Scatter plots for spikes of the blue cluster 

with spontaneous spikes in black and light-evoked spikes in cyan. (E) Waveforms of light-evoked spikes (left) and 

100 spontaneous spikes (right).  

 

Spike sorting when clusters are surrounded by scattered spikes is problematic for 2 reasons. First of all, 

the spikes scattered around the clusters in the light stimulation session lead to poor isolation quality. 

Usually, poorly isolated clusters are not included in analysis, because it is not clear if all spikes were 

generated by the same cell. Secondly, spikes scattered around the cluster may or may not be generated 

by the same cell. Spike sorting is based on similarity in waveform. Spikes with similar waveforms are 

supposed to be generated by the same cell. However, spikes generated after light stimulation might be 

slightly different. Small differences in waveform can be caused by opening of ChR2 channels. Another 

possible explanation for variation in waveform is that after light stimulation, several ChR2-positive cells 

fire together, which may cause changes in baseline voltage (see further).  
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3.6.4. Scattered spikes are evoked by light stimulation 

In previous sections, we demonstrated a spike sorting problem caused by scattered spikes. Scattered 

spikes were only present in light stimulation sessions, not in exploration or control sessions, when laser 

light was turned off. In the following sections, we will explore what caused scattered spikes in light 

stimulation sessions, and how they can be prevented. 

Since scattered spikes were only present in light stimulation sessions, we expected that they were 

caused by the light stimuli. To check this, we plotted all spikes recorded during a light stimulation 

session, with spikes that were fired within 10 ms from light stimulation onset in cyan (Figure 3.34). We 

demonstrate this for the laser stimulation session presented in Figure 3.29 (Figure 3.29A, laser ON). This 

figure makes it clear that the scattered spikes were evoked by light stimulation. The red cluster in Figure 

3.29 is circled in red in Figure 3.34. In all plots, some light-evoked spikes were overlapping with the red 

cluster. Yet again, it cannot be deduced from this figure if they were a part of the red cluster or of the 

cloud of scattered cyan spikes.  

 

 

Figure 3.34. Scatter plots of all spikes recorded during a light stimulation session. Light-induced spikes (spikes 

within 10 ms from light onset) in cyan and other spikes in black. The red cluster from Figure 3.29 is circled in red.   
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3.7. Photovoltaic artefact 

3.7.1. A cluster that was only present in light stimulation sessions  

Most of the scattered spikes were dispersed over the plots in all projections and did not seem to form 

clusters. However, in some light stimulation sessions, we noticed that a certain group of light-induced 

spikes were clustered. Figure 3.35 shows a laser stimulation session with light-evoked spikes (spikes 

within 10 ms from light onset) in cyan. Also in this example, light-evoked spikes were scattered over the 

plots. However, light-evoked spikes seemed to form 1 clear cluster. This cluster was not present in the 

spatial exploration or control sessions. One possibility is that this cluster was formed by light-evoked 

spikes of a granule cells that was quiet during spatial exploration and rest sessions. Another possibility is 

that this cluster was composed of artifacts caused by light stimulation, which look like spikes. This 

second possibility will be explored in the following section.  

 

 

Figure 3.35. Scatter plots of all spikes recorded during a light stimulation session and spatial exploration. Light-

induced spikes (spikes within 10 ms from light onset) in cyan and other spikes in black. Light-evoked spikes that 

formed a cluster in the light stimulation session are circled in red. The red circle in the spatial exploration plots 

indicates the absence of the cluster.  
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3.7.2. Short latency response with abnormal waveform 

In some light stimulation sessions, a cluster appeared that was not present in exploration or control 

sessions. In the example shown in Figure 3.36 (same data as in section 6.3.2), 3 clusters were isolated in 

the spatial exploration session. All 3 showed location specific firing, but no light-induced activity (Figure 

3.36B). In the laser stimulation sessions, a cluster appeared that was not present in the other sessions. 

(purple cluster in Figure 3.36A). The unit was overlapping with some scattered spikes, but could be easily 

isolated because the spikes were relatively tightly clustered. Waveform analysis showed that the 

amplitude of the spikes was roughly the same on all 4 tetrode channels (Figure 3.36C). This is not often 

seen in unit recording, but it could happen if a cell is located at a similar distance from all 4 tetrode wires. 

The waveform was also wider than the waveform of regular spikes (compare red and purple spikes in 

Figure 3.36C). The spikes seemed to have a slower depolarization and repolarization phase. The atypical 

waveform hinted that these were not normal spikes. Analysis of the light response showed that the unit 

fired 1 spike after nearly every light pulse (Figure 3.36D). The response was very time-specific; all spikes 

happened between 2.5 and 3 ms after light stimulation onset. No spikes were detected outside of this 

time interval. The average response latency was 2.82 ± 0.08 ms. This was faster than any granule cell 

response recorded in vitro. Given the abnormal waveform and conspicuously fast response, it seemed 

implausible that these “spikes” were generated by granule cells.  

 

Figure 3.36. Short latency response with abnormal waveform. Scatterplots of spikes recorded during (left) spatial 

exploration, (middle) laser stimulation and (right) a control session with laser light off. Peak amplitude on channel 

1 vs. channel 4 is displayed in AD values. AD value 10.000 corresponds to 122 µV. (B) Location specific firing of the 

red, blue and green units recorded during spatial exploration. (C) Waveform of all spikes in the red and purple 

cluster, as recorded on the 4 channels of the tetrode. (D) PSTH and raster plot for spikes of the purple cluster.  
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Another example of a short-latency response with abnormal waveform is shown in Figure 3.37. In this 

case, 2 new clusters appeared in the light stimulation session, which were not present in spatial 

exploration and control sessions (Figure 3.37A). The spikes had a very high amplitude, so that the peak 

was sometimes outside of the detection range. Still, the spike amplitude seemed similar on all 4 tetrode 

channels, as in the previous example, and the spike width was wider than usual (Figure3.37B). All spikes 

happened between 2.00 ms and 2.33 ms for the blue cluster and between 3.29 ms and 3.74 ms for the 

green cluster. There were no spontaneous spikes outside of this interval. The average latency was 2.20 ± 

0.05 ms for the blue cluster and 3.50 ± 0.08 ms for the green cluster. For every single stimulus, there 

was a response in both clusters.  

This short latency response with abnormal waveform was observed 32 times in 76 recording sessions 

and on 12 different tetrodes. The response latency was 2.77 ± 0.450 ms (range, 1.96 – 3.53 ms).  

 

 

Figure 3.37. Short latency responses with abnormal waveform. (A) Scatterplot displaying spikes recorded during a 

light stimulation session. (B) Waveform of all spikes of the blue and green cluster. (C, D) PSTH and raster plot for 

the blue and green cluster, respectively. 
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3.7.3. Photovoltaic artefact 

The abnormal waveform and extremely short response latency make it hard to believe that the response 

presented here was generated by granule cells. Since the response is only present after light stimulation, 

it is likely to result from a photovoltaic artefact. Photovoltaic artefacts can be caused by interaction 

between the light and the electrodes. It is known that illumination of electrodes placed in an electrolyte 

causes electrons to be emitted from the electrode. This effect, called the Becquerel effect or 

photovoltaic effect, has been shown to cause artifacts in optogenetic experiments (Mikulovic et al., 

2016; Roux et al., 2014). Since the photovoltaic effect is independent of ChR2 expression, it should also 

be present in ChR2-negative mice. To test this, we did the same light stimulation experiment in a Cre-

negative mouse, which should not have any ChR2 expression.  

On one of the tetrodes placed in the brain of a ChR2-negatice mouse, a small response was recorded 

that could represent the photovoltaic effect. The tetrode was located in the stratum radiatum of area 

CA1 and the optic fibre was in the stratum oriens of CA1. The estimated distance between the optic fibre 

and tetrode was 500 um, comparable to the distance between optic fibre and tetrodes in ChR2-positive 

mice. The photovoltaic effect was hard to identify in the recorded local field potential (LFP) trace by 

observing individual trials. Therefore, we aligned the LFP at the trial onset and displayed the averaged 

LFP (Figure 3.38A). The average LFP showed a small increase in voltage at approximately 2 ms after light 

onset. This response was observed at all 4 channels of the tetrode.  

However, the effect was well within standard deviation and would not be a significant deviation from 

the baseline value (amplitude ~10 µV). It was only visible on 1 of the tetrodes (the other tetrodes were 

possibly located not deep enough inside the brain to observe the effect). We did the same analysis for 

the LFP of the 2 examples shown in previous sections (Figure 3.36 and 3.37). In these examples, the 

presumed photovoltaic effect is clearly visible (arrows in Figures 3.38B, C). The amplitude is also 10 

times larger (100 µV - 300 µV).  

The photovoltaic effect is dependent on the relative position and orientation of the optic fibre and 

tetrode, so the difference between the ChR2-positive and ChR2-negative mice could be explained by a 

different position or orientation of the optic fibre and tetrodes. Since we only have results from 1 ChR2-

negative mouse, we cannot confirm that the response was caused by the photovoltaic effect. More 

experiments are required to determine the origin of the short-latency response with abnormal 

waveform.  
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Figure 3.38. Average filtered LFP aligned at the light stimulus onset. The LFP was filtered between 600 Hz and 

6.000 Hz, aligned at light stimulus onset and averaged over all trials. The light stimulus on and off times are 

indicated by blue lines. The grey area indicates the standard error. (A) LFP is shown for the 4 channels of a tetrode 

in the brain of a ChR2-negative mouse. One of the channels is shown larger on the left and the other 3 in small on 

the right. The presumed photovoltaic effect is indicated by a red arrow. (B) Average LFP of one channel of the 

example shown in Figure 3.36. (C) Average LFP of one channel of the example shown in Figure 3.37. The average 

LFP was very similar on all channels of the tetrode.  
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3.8. Summary of all units 

Table 3.8 provides an overview of all well isolated units (n = 191). Units were defined as well isolated if 

the L-ratio was smaller than 0.05 (Schmitzer-Torbert et al., 2005). The units were recorded on 19 

tetrodes in 6 mice during 71 recording sessions. A ‘recording session’ consisted of 3 spatial exploration 

sessions (~10 min each), 2 light stimulation sessions (3.7 ms laser pulses, 0.4 Hz, ~10 min, ~250 stimuli), 

and 1 control session with the laser light off (~10 min).  

A unit was classified as a place cell if it had at least one place field. A place fields was defined as a group 

of at least 8 contiguous bins with an average firing rate exceeding 20% of the peak firing rate, and peak 

firing rate above 2 Hz. Units were classified as putative interneurons if the average firing rate was above 

2 Hz. Units were light responsive if they showed a significant increase in firing rate within 25 ms after 

the light stimulus and the waveforms of light-evoked and spontaneous spikes were visually similar. 

Response latency was calculated as the average latency of all spikes in the 3 consecutive 1-ms bins with 

the highest number of spikes. The response reliability was calculated as the percentage of light stimuli 

that evoked at least one spike. Multiple spikes per stimulus were only observed in the units with high 

response reliability. Units were considered photovoltaic artefacts if the spike amplitude was similar on 

all 4 tetrode channels and the response delay was less than 3.6 ms.  

 

Table 3.8. Overview of light response characteristics and firing rate of all well-isolated units.  

 

 

  

n
response latency 

(ms)

response reliability 

(%)

place cell

no light response

putative granule cell

light response with high response reliability

putative granule cell

light response with low response reliability

putative interneuron

no increase in firing after light stimulus

putative interneuron

increase in firing after light stimulus

photovoltaic artefact 31 2.767 ± 0.450 -

other units 25 - -

Total 191

14.41 ± 12.95--19

10.80  ± 8.68-13.136 ± 8.37335

3

1.16 ± 0.9911.4 ± 12.86.595 ± 0.9544

Spatial exploration 

(laser OFF)
Laser stimulation

74 0.80 ± 0.62--

1.63 ± 0.9090.2 ± 9.96.324 ± 0.167

firing rate during 

exploration (Hz)

-

-
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4. Discussion 

One of the most fundamental goals in neuroscience is to understand the function of individual neurons 

in neural networks and their role in behaviour. Extracellular unit recording is the most commonly used 

method to monitor the activity of single neurons in behaving animals. The major drawback of the 

technique is the inability to determine the anatomical identity of the cells that generated the activity. 

This is problematic especially in brain areas containing multiple excitatory cell types, like the DG. 

Attempts have been made to classify the cells of the DG based on physiological criteria, but these were 

insufficient to conclusively determine the anatomical identity (Neunuebel and Knierim, 2012). In order 

to fully understand the function of the DG, the development of techniques with the potential to identify 

and record activity of specific cell types is crucial.  

Recently, the introduction of optogenetics has made it possible to identify neuronal populations during 

in vivo extracellular recording (Lima et al., 2009). By combining extracellular unit recording with 

optogenetics, specific neuronal cell types can be stimulated and their response can be recorded at the 

same time. The technique involves expression of light-sensitive proteins like ChR2 in specific neuronal 

populations. Illumination of ChR2-expressing neurons with brief flashes of blue light evokes short 

latency action potentials, which can be monitored using tetrode-based unit recordings. The technique 

has been applied to identify inhibitory and excitatory neurons in a few different brain regions (Arenkiel 

et al., 2007; Cardin et al., 2010; Chaves-Coira et al., 2016; Cohen et al., 2012, 2015; Han, Qian, Bernstein, 

H. Zhou, et al., 2009; Kvitsiani et al., 2013; Lima et al., 2009; Royer et al., 2010; Wu et al., 2013; Xu et al., 

2015; Zhang et al., 2013). While these studies have demonstrated that optogenetic identification of 

neuronal cell types is feasible, they also made clear that combining optical stimulation and 

electrophysiological recordings poses several challenges.  

The objective of this PhD project was to establish and evaluate the combined optogenetic-

electrophysiological technique for identification of granule cells in the DG of freely moving mice. We 

stimulated ChR2 expressing granule cells in the DG and were able to detect units that responded to light 

stimulation with short latency and high reliability. However, we could not provide conclusive evidence 

that the units were granule cells. Careful analysis of the light response revealed that the optogenetic 

identification technique has limitations that have to be overcome to identify granule cells. Here, we will 

evaluate the use of the optogenetic identification technique, discuss its strengths and weaknesses and 

propose ways to solve the limitations we identified.  

 

4.1. Granule cell specific expression of ChR2  

Cell type specific expression was obtained by crossing a granule cell specific Cre driver line with a Cre-

dependent ChR2 reporter line (POMC-Cre × Ai32). The Ai32 ChR2 reporter line was specifically designed 

to facilitate the expression of ChR2 in specific, genetically defined cell types (Madisen et al., 2012). By 

crossing this line with any one of the hundreds of available Cre driver lines, reliable and accurate 

expression of ChR2 can be obtained in a wide range of cell types. Crossing the Ai32 mice with POMC-Cre 
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mice resulted in specific expression of ChR2 in 10% of granule cells (Figure 3.1). While many other 

studies have used viral vectors to obtain high levels of ChR2 expression in the desired cell type, we 

opted for a fully transgenic approach. This way, we bypassed the need to produce viral vectors and 

obtained highly reliable and reproducible expression of ChR2.  

Since each ChR2 channel produces only a small current, high levels of ChR2 are required to effectively 

evoke action potentials. In order to test if the expression level of ChR2 was sufficient to evoke action 

potentials in ChR2Y-positive granule cells in POMC-ChR2Y mice, Dr. Stefan Blankvoort, a previous PhD 

student of the lab, used immunostaining to demonstrate that light stimulation increased the expression 

of the IEG c-FOS in ChR2-positive granule cells compared to non-stimulated mice (Blankvoort, 2015). 

This experiment proved that light can effectively induce activity in ChR2-expressing granule cells in 

POMC-ChR2Y mice. However, it should be noted that the light stimulation protocol in the c-FOS 

experiment was different from the light stimulation protocol used in the optogenetic identification 

experiments (10-ms pulses at 10 Hz for 3 min vs. 3.7-ms pulses at 0.4 Hz for 10 min). this is an important 

difference, because longer pulses and higher frequency increase the chance that a neuron is activated. 

However, our in vitro experiments showed that some granule cells fired 3.3 ms after the onset of the 

light stimulus. In addition, multi-unit analysis of the in vivo data showed a great response after the light 

stimulus, which suggests that 3.7 ms pulses were sufficient to evoke a light response.  

We chose to use a mouse line in which Cre expression was restricted to 10% of granule cells despite the 

fact that mouse lines with Cre expression in nearly all granule cells are available (for example Dock10 

Cre mice;(Kohara et al., 2013)). We reasoned that if all granule cells would express ChR2, light 

stimulation would cause firing of many or all granule cells at the same time. Besides the fact that this is a 

very non-physiological state, it may also cause problems for spike detection and spike sorting. The 

granule cell layer is a very dense cell layer (900.000 granule cells /mm3 in the mouse dorsal DG; (Jinno 

and Kosaka, 2009)). A tetrode in this layer would be surrounded by a high number of granule cells. 

Based on large-scale recordings in the CA1 region, it was estimated that a tetrode can record spikes fired 

by neurons within a cylinder with a radius of 50 μm (Buzsáki, 2004). If the same holds true for the DG, a 

cylinder of this size would contain approximately 350 granule cells. If all these cells would fire within 10 

ms after light stimulation, it would be impossible to isolate the spikes from individual cells. Hence, a low 

percentage of granule cells expressing ChR2 would be beneficial for spike detection and spike sorting.  

With 10% of granule cells expressing ChR2, the number of ChR2-expressing granule cells that 

theoretically can be detected by a single tetrode in the granule cell layer would be 35. Yet, in practice, 

only a small fraction of the neurons can reliably be detected with currently available tetrodes and spike 

sorting methods. The remaining neurons may be damaged by the blunt end of the tetrodes, or may be 

too small in amplitude. Thus there is a large gap between the numbers of theoretically recordable and 

routinely recorded neurons (Buzsáki, 2004).  

If a tetrode in the granule cell layer can record up to 35 ChR2-expressing granule cells, why did we 

identify only 3 reliably light-responsive cells?  
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First of all, many of the tetrodes did not reach the granule cell layer. Histological analysis of tetrode 

tracks showed that only 28 out of 175 tetrodes (16%) had reached the granule cell layer. Tetrodes are 

very thin wires that can easily get stuck inside the brain or bend and move in the wrong direction. For 

the tetrodes that did reach the DG, we may have lowered them through the thin layer of sparsely firing 

granule cells without noticing. In theory, we could have used light stimulation to search for the granule 

cell layer. If we monitored unit activity while stimulating with light and slowly lowered the tetrodes to 

the granule cell layer, it should be easy to detect the light-responsive units of the granule cell layer. 

However, light-evoked activity was not only detected in the granule cell layer, but also in the 

surrounding regions. For example, mossy cells in the hilus or CA3 pyramidal cells could be indirectly 

activated by input from ChR2-expressing granule cells. The difference in response latency between 

directly and indirectly activated cells was impossible to detect during recording. In addition, the 

photovoltaic effect could be detected in any brain region where the light illuminated the tetrode tip. 

This effect was hard to distinguish from spikes, especially during recording. For these reasons, we could 

not depend on light-evoked activity during recording to determine if the tetrode was in the granule cell 

layer.  

 

4.2. Response latency 

One of the main challenges in optogenetic identification experiments is distinguishing directly light-

activated cells from indirectly, synaptically activated units.  

Granule cells of the DG innervate CA3 pyramidal cells, hilar mossy cells and interneurons of the hilus and 

CA3. They form specialized, powerful excitatory connections with their target neurons. It was shown 

that a single granule cell is able to reliably activate target neurons in the hilus and CA3 (Henze et al., 

2002; Scharfman et al., 1990). While a train of spikes is needed to activate target neurons in CA3, even a 

single action potential of a granule cell is sufficient to evoke a burst in mossy cells. Thus, optogenetic 

activation of granule cells most likely activates postsynaptic mossy cells and perhaps also CA3 pyramidal 

cells and interneurons.  

Besides mossy cells and CA3 pyramidal cells, granule cells also make numerous excitatory synapses on 

inhibitory interneurons in the hilus and CA3 region (Acsády et al., 1998). In fact, interneurons are the 

main postsynaptic target of dentate granule cells. Therefore, activation of granule cells could evoke 

feed-forward inhibition of CA3 pyramidal neurons and the net effect of optogenetic activation of granule 

cells could be inhibition of CA3 pyramidal cells.  

A few different approaches have been used to distinguish direct from indirect activation in optogenetic 

identification experiments. The most convincing way to demonstrate that a cell is directly activated is by 

blocking synaptic transmission (Lima et al., 2009; Zhang et al., 2013). This can be achieved by applying 

synaptic blockers like the AMPA receptor antagonists 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) or 

2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione (NBQX). For deep brain regions like the 

DG, the synaptic blocker has to be infused into the brain. This carries a risk of losing the recorded unit 

due the injection of a small volume of fluid in the target area. In addition, blocking synaptic activity may 
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change the excitability of neurons, and thereby change the response latency of ChR2-expressing 

neurons. Apart from the risks of losing the recorded unit or changing the excitability, it would also be 

cumbersome to do this experiment for every putatively light-responsive unit.  

Another way to distinguish direct and indirect activation is based on high frequency stimulation (Lima et 

al., 2009). It was shown for cortical neurons that directly activated ChR2 expressing neurons reliably 

follow 5 Hz stimulation, whereas synaptically activated cells failed to follow 5 Hz stimulation. It is not 

known if this is also true for dentate granule cells. However, if it is true, high frequency stimulation could 

be a reliable, easy and fast approach to distinguish direct and indirect activation.   

A more straightforward method to separate directly and indirectly activated cells is based on response 

latency. If light-activated neurons fire within a few ms after light onset with little variation in latency, 

and the latency for a postsynaptic cell to fire is relatively long, the difference in response latency could 

be used as a criterion to distinguish directly and indirectly activated neurons. The latency for a ChR2-

expressing cell to fire after light stimulation is dependent on the cell type, light intensity and ChR2-

expression level. Different cell types show different response latencies, as shown by a variety of 

published optogenetic identification studies (Cohen et al., 2012; Kvitsiani et al., 2013; Lima et al., 2009; 

Zhang et al., 2013). Inhibitory interneurons generally fire at shorter latencies than excitatory neurons. 

All directly activated neurons identified so far fired between 2 ms and 10 ms after the onset of light 

stimulation. Zhang et al. provided evidence that indirectly activated cells could be distinguished based 

on a difference in response latency (Zhang et al., 2013). However, other studies have put forward that 

response latency cannot be used as criterion to separate direct and indirect firing (Henze et al., 2002; 

Kvitsiani et al., 2013; Lima et al., 2009; Stark et al., 2015). They argued that synaptic transmission from 

principal cells to interneurons may be rapid and strong. Indeed, the latency between a CA1 pyramidal 

cell action potential and interneurons spike was shown to be only 1.5 ms (Marshall et al., 2002). 

Moreover, the response latency of a certain cell type can vary between cells because it is dependent on 

ChR2 expression levels and the amount of light that reaches the cell. In this regard, separation of directly 

and indirectly activated neurons by latency criteria can be highly unreliable.  

In order to assess if response latency could be used to distinguish direct and indirect responses in our 

experiments, we determined the response latency of granule cells and postsynaptic cells. The response 

latency of optogenetically activated granule cells was measured in vitro in patch clamp experiments. The 

latency was found to be highly variable between cells and was also dependent on light intensity. 

Because of this high variability, we could not rely on this measure to identify directly activated cells. 

Instead, we tried to identify the minimal response latency for synaptically activated cells. If the response 

latency of a certain unit was shorter than the minimal response latency of indirectly activated cells, then 

this unit must be directly activated. Detecting indirectly activated mossy cells or interneurons by patch 

clamp experiments in vitro was more difficult than expected. Only one putatively indirectly activated cell 

could be detected. In our in vivo experiments, on the other hand, we detected several interneurons with 

a significant increase in firing after light stimulation. The response latency of the very first putatively 

postsynaptic spike of all interneurons was 5.9 ms. The three examples of light-responsive units (putative 

granule cells) all fired spikes with a latency shorter than 5.9 ms, suggesting that they were directly 

activated. In addition to the minimal response latency, the average response latency was also longer for 
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interneurons than for putative granule cells. Although these data suggest that the putative granule cells 

were directly activated, they do not provide conclusive evidence. Because the latency criterion is based 

on data from a limited number of interneurons, we cannot ascertain that this is the absolute minimum 

for all postsynaptic cells. It remains possible that other interneurons or mossy cells could fire at shorter 

latencies. In order to prove that the putative granule cells were indeed directly activated, other 

experiments like blocking of synaptic transmission are necessary.  

Based on the available data, we cannot confirm that the 3 examples of putative granule cells were 

directly light-activated. They could also be mossy cells of the hilus, transsynaptically activated by light-

responsive granule cells. The third example of light responsive unit could also be a CA3 pyramidal cell, 

because the tetrode had crossed the CA3 pyramidal cell layer. Interestingly, a study in anesthetized rats 

has shown that the delay between granule cell action potentials and CA3 pyramidal cell spikes is on 

average 2.7 ms (Marshall et al., 2002). If we assume that this delay is similar in awake mice, and the 

minimal delay between the light stimulus and granule cell action potential is 3.3 ms (as shown in our in 

vitro experiments), then the minimal delay between the light stimulus and CA3 pyramidal cell spike 

would be 6 ms. Since the light-responsive unit fired several spikes with a delay under 6 ms, it is rather 

unlikely that the unit was a pyramidal cell. Moreover, the unit had multiple place fields in the 

exploration arena, whereas CA3 pyramidal cells usually show only one place field in a standard size 

arena (Leutgeb et al., 2007). The data presented here indicate that the 3 light-responsive units are 

probably not CA3 pyramidal cells.  

As mentioned above, granule cells make strong synaptic connections with hilar mossy cells. Using paired 

intracellular recordings in rat hippocampal slices, it was demonstrated that a single action potential in a 

granule cell can evoke a burst of action potentials in mossy cells (Scharfman et al., 1990). Thus it is very 

likely that optogenetic activation of granule cells causes synaptically evoked activity in mossy cells.  

There are about 100 granule cells for each mossy cell in the DG (Amaral et al., 1990). Granule cells form 

sparse, but powerful connections with mossy cells. It was estimated that each granule cell innervates 

only one or two mossy cells and a typical mossy cell receives input from up to 100 granule cells 

(Scharfman, 2007). Given the strength of the connections, it can be predicted that mossy cell firing is 

closely related to the firing of the input cells. If the granule cells which provide input to a mossy cell 

show place cell activity, then the mossy cell probably shows related location specific firing. It has been 

demonstrated for CA1 that monosynaptic connections between pyramidal cells and neighbouring 

interneurons can induce place-related firing in the interneuron (Marshall et al., 2002)(Marshall 2002). 

Based on these ideas, it is conceivable that mossy cells show place-related firing that is dependent on 

the place cell activity of granule cells.  

Other indications suggesting that the light-responsive units could be granule cells include the relatively 

high firing rate and the high spike amplitude, both characteristics of mossy cells (Henze and Buzsáki, 

2007; Scharfman, 1994).  

Briefly summarized, in this section we assessed if the light response latency could be used to distinguish 

directly and indirectly activated units. Despite the difference in minimal and average response latency 
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between the putative granule cells and interneurons, a latency criterion was not sufficient to provide 

conclusive evidence for direct light activation. Therefore, the putative granule cells could also be 

synaptically activated mossy cells of the hilus. Besides this uncertainty, we also noticed that the light-

responsive units showed a relatively high firing rate, large amplitude spikes and multiple place fields, 

which could be characteristics of mossy cells.  

 

4.3. Light-induced artefact 

Several studies in which optical stimulation and extracellular recording were combined have mentioned 

artefacts caused by the interaction between light and electrodes (Ayling et al., 2009; Cardin et al., 2010; 

Han, Qian, Bernstein, H.-H. Zhou, et al., 2009; Kozai and Vazquez, 2015; Mikulovic et al., 2016; Roux et 

al., 2014; Zorzos et al., 2009). The light artefacts are often referred to as "photoelectric effect", but this 

is not correct because the photoelectric effect requires very high energy photons like X-rays to eject 

electrons from a metal. The artefacts seen in optogenetic experiments are most likely caused by the 

photovoltaic effect. In this effect, light is absorbed by an electron, which causes the electron to move to 

a higher energy orbital. The electron is not ejected from the material, but an electric potential is 

produced by the separation of charges. This potential can cause artefacts in extracellular recordings.  

Although light artefacts can confound LFP as well as spike recordings, only a few studies have given a 

clear description of the artefact (Cardin et al., 2010; Han, Qian, Bernstein, H.-H. Zhou, et al., 2009; 

Mikulovic et al., 2016). Han et al. immersed electrodes in saline to characterize the effect of light on 

electrode recordings (Han et al., 1993). They showed that the effect is proportional to the light intensity 

and dependent on the wavelength and orientation of the electrode and light beam. For a given position 

of electrode and light beam, artefacts remain the same in amplitude and duration throughout the 

delivery of repeated light pulses. The artefact is also very tightly time-locked to the light pulse, in 

contrast to spikes evoked by light stimulation of ChR2-expressing cells (Dugué et al., 2012). In 

continuous voltage recordings (LFP), the effect appears as an exponential charging and discharging, with 

a duration of approximately twice the length of the light stimulus (Dugué et al., 2012). In spike 

recordings, the photoelectric artefact can distort spike waveforms, especially when the light stimulus is 

short. If the voltage transient caused by the light stimulation is above the spike detection threshold, it 

will be detected as a spike. Additionally, our own data showed that the time between the onset of the 

light stimulus and the presumed light artefact was different for different tetrodes, suggesting that it is 

dependent on the positioning of the tetrode and light beam. Furthermore, the latency of the effect was 

clearly shorter than the latency of light-evoked spikes in our experiments. Because of this very short and 

highly consistent latency, the effect was easy to distinguish from real spikes.  

One way to reduce the photovoltaic effect is by reducing the light intensity. The currently available 

opsins require rather high light intensities to be effective, but with the development of more sensitive 

light-activated ion channels, low light intensities will be sufficient to activated neurons. In addition, 

“light-proof” recording electrodes are being developed with materials or coatings that attenuate light 

artefacts (Zorzos et al., 2009).  
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As the photovoltaic effect is independent of the expression of optogenetic proteins, it should be present 

in ChR2-negative mice. However, in our experiment we did not find a clear effect of light stimulation in a 

ChR2-negative mouse. Possibly, the positioning of optic fibre and tetrodes was not optimal to induce the 

effect. Many of the tetrodes in ChR2-positive mice also did not detect any photovoltaic artefact. Further 

experiments are needed to determine the exact positioning and orientation that causes the effect. A 

better understanding of the photovoltaic effect will help us to recognize, minimize or prevent it.  

 

4.4 Scattered spikes and units with low response reliability  

Besides a few units with very high response reliability, we also recorded numerous units with a response 

reliability of less than 10%. Most of these were significantly light-activated, because even a few spikes 

can be significant if the baseline firing rate is low. However, the observation that these units were 

surrounded by many light-evoked, scattered spikes made us doubt if the units were really ChR2-

expressing granule cells or if it was a false positive result.  

In extracellular unit recording, spikes are sorted into units based on similarity in waveform. Spikes 

generated by the same neuron form clusters in spike feature scatter plots. The majority of the low 

response reliability spikes formed well-isolated clusters in the spatial exploration and control sessions, 

but they were surrounded by scattered spikes in the light stimulation sessions. These scattered spikes 

were dispersed over the plot and could not be isolated in clusters. They caused difficulties in spike 

sorting, as there was no clear boundary between spikes of the cluster and scattered spikes. Furthermore, 

we showed that the scattered spikes were all evoked by light stimulation. Since this ‘cloud’ of scattered 

spikes was overlapping with the isolated units, the units might contain some scattered spikes that were 

not generated by the same cell.  

In order to find out if the light-evoked and spontaneous spikes of a cluster were generated by the same 

cell, we first inspected the spike waveforms. An in-depth comparison of individual waveforms showed 

that for some units there were small differences between the spike waveforms of spontaneous and 

light-evoked spikes. For other units, we did not detect apparent differences. If the latter were ChR2-

expressing granule cells, then why was the response reliability so different from the response reliability 

of the other light-responsive units?  

There could be several reasons why a unit shows a low response reliability. Whether or not a cell fires an 

action potential in response to light stimulation is dependent on the amount of light that reaches the 

cell, the level of ChR2-expression and the excitability of the cell. Therefore, it is expected that different 

cells show different levels of response reliability. In published work, the response reliability of a certain 

cell type also varied from less than 10% up to 100% (Kvitsiani et al., 2013).  

Based on these data, we conclude that it is possible that units with low response reliability are ChR2-

expressing granule cells, but this could also be a false positive result caused by scattered spikes.  
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Because scattered spikes formed a major issue in spike sorting, we tried to find out what they were and 

where they came from. By plotting all spikes that occurred within 10 ms from light stimulation in a 

different colour than the spontaneous spikes, we demonstrated that scattered spikes were evoked by 

light stimulation. We also verified that the waveforms of scattered spikes were similar to the waveform 

of regular spikes. Since there was no obvious difference, we assume that the scattered spikes were not 

light artefacts, but real spikes. Based on these data, we presume scattered spikes are light-evoked spikes 

generated by ChR2-positive granule cells or their postsynaptic targets. Interestingly, scattered spikes 

were distributed over the entire spike plot and did not form any clusters. A possible explanation would 

be that they were generated by many different ChR2-positive neurons, and the variability in spikes 

evoked by a single neuron was large. Normally, spikes generated by a single neuron are very similar. 

However, after light stimulation, we observed large voltage fluctuations, presumably caused by activity 

of light-responsive neurons. These voltage fluctuations could cause distortions and variability in spike 

waveform.  

In a previous section, we estimated that a tetrode in the granule cell layer could detect spikes from 

approximately 35 ChR2-positive granule cells. If some or all these cells fire shortly after every light pulse, 

large fluctuations in voltage can be expected. Spikes located near the tetrode tip will cause large voltage 

fluctuations, while spikes located further away will evoke small deflections in voltage. The number of 

responding cells and their response latency will be different for every light stimulus. Therefore, the 

voltage fluctuations will also be different in each trial.  

Based on these ideas, it is plausible that there is large variability in spikes recorded shortly after light 

stimulation, even if they were generated by the same cell. This could explain why scattered spikes do 

not form clusters.  

It should be noted that there was another big difference between the 3 units with high response 

reliability and the units with low response reliability. The ‘high response’ units had spike amplitudes 

between 300 µV and 700 µV, while the spikes of ‘low response’ units had amplitudes below 200 µV. If 

the amplitude of a spike is low, fluctuations in baseline voltage are expected to have a relatively large 

impact on the spike waveform. Perhaps the units with small spikes were ChR2-positive, but the spikes 

evoked by light stimulation were distorted by voltage fluctuations. Distorted spikes would fall outside 

the cluster of normal, spontaneous spikes and be excluded from the cluster during spike sorting. If many 

or all the light-evoked spikes were excluded from the cluster, then the light response would obviously be 

very low.  

The waveform of units with large amplitude spikes, on the other hand, would be less influenced by 

fluctuations in voltage. Therefore the waveform of light-evoked spikes is expected to look similar to the 

waveform of spontaneous spikes. The light-evoked spikes would be included in the cluster and 

contribute to the light response. The slight variation in spike waveform caused by light stimulation can 

be seen in Figure 3.9: the waveforms of the spikes recorded in the light stimulation session show slightly 

more variability than the waveforms recorded in sessions without light stimulation.  
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Whether or not units with low light response reliability were light-responsive granule cells, the poor 

isolation quality caused by scattered spikes remains the main issue in these experiments. Usually, if the 

isolation quality of a unit is poor, the data are not included in analysis. Here we analysed the response of 

these poorly isolated units in detail because we were trying to establish the technique. If our goal was to 

characterize identified granule cells, then we would not include the data in the results.  

It is possible to avoid the problems caused by scattered spikes by detecting high amplitude spikes. In 

the 3 examples of units with high amplitude spikes, there were hardly any scattered spikes surrounding 

the cluster. If a unit is close to the tetrode, spike amplitudes can be very large. In this case the spike 

detection threshold can be set at a relatively high value. Scattered spikes are presumably generated by 

units further away from the tetrode. If the spike detection threshold is higher than the amplitude of the 

scattered spikes, no scattered spikes will be recorded. This is easy in theory, but how can we practically 

increase the detection of light-responsive cells near the tetrode? One way is to increase the number of 

tetrodes, but this is limited by the weight of the drive. Another option is to increase the number of 

ChR2-positive cells. However, as explained before, if 2 or more cells fire synchronously, the spike 

waveforms will be overlapping, which will prevent the reliable isolation of single units. A solution to this 

“synchrony-induced spike superimposition” was proposed by Royer et al. (Royer et al., 2010). They 

showed that low frequency sine wave stimulation activates different neurons at different times, so that 

spikes will be detected separately and units can be reliably isolated. So, if we use mice which express 

ChR2 in a higher proportion of granule cells, and we use sine wave light stimulation, we might be able to 

detect more reliably light-activated granule cells.   
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5. Conclusion and future directions 

Based on the data we acquired, we have to conclude that combining extracellular recording with 

optogenetics is currently not an efficient technique to identify granule cells of the DG. Even though we 

were able to record the activity of a few light-responsive cells, uncertainty about the recorded cell type 

remains. None of the units could be conclusively identified as granule cell. Units that responded to light 

stimulation with high reliability could be either granule cells or postsynaptic cells, while units with low 

light response reliability were surrounded by scattered spikes and should be excluded based on poor 

isolation quality.  

We identified 3 units that showed place cell activity and responded to light stimulation with short 

latency and high reliability, of which 2 were recorded on the same tetrode on consecutive days. The 

response latency of these units was shorter than any postsynaptic response of interneurons. Although 

this suggests that the units were directly activated by light, we could not exclude the possibility that 

they were indirectly activated postsynaptic cells. In vitro experiments showed that the response latency 

of granule cells was dependent on light intensity and also varied between cells. The difference in latency 

between directly and indirectly activated cells was expected to be small. Therefore, response latency 

was not a reliable criterion to distinguish directly and indirectly activated cells.  

Light stimulation evoked up to 3 spikes in the cells with high response reliability. We and others have 

shown that stimulation with high light intensity can evoke multiple spikes in a single cell (Figure 3.7; 

(Han, Qian, Bernstein, H.-H. Zhou, et al., 2009). An alternative explanation is that one or more light-

activated granule cells evoked a burst of spikes in a postsynaptic mossy cell. We also noticed that the 

spike amplitude of the putatively identified granule cells was very large. Large spikes could have been 

the result of close proximity between granule cells and tetrode or the spikes could have been generated 

by mossy cells, which are known to produce large spike waveforms (Scharfman, 2007).  

In conclusion, the units that responded to light stimulation with short latency and high reliability could 

be granule cells, but the possibility that they were postsynaptic cells cannot be excluded.  

New developments in the field (e.g., more sensitive opsins, light-proof recording electrodes and better 

spike detection and spike sorting methods) could eventually make optogenetic identification of granule 

cells an efficient technique to study the function of granule cells in the DG. The method will remain an 

indirect approach because spikes evoked during behaviour have to be compared to spikes evoked by 

light stimulation. The need to compare spikes within a cluster and compare clusters between sessions is 

a weak point of the technique. However, improvements in recording and spike sorting techniques are 

expected to make extracellular unit recording more efficient and more reliable in the future.  

Meanwhile, new techniques that allow direct identification of cell types are being developed. In vivo 

intracellular recording, for example, can be combined with fluorescence imaging to target specific cell 

types. This allows identification of the recorded cell type, but it is a technically very challenging and 

rather slow technique because only one unit can be recorded at the same time. Juxtacellular recording is 

another technique for extracellular single-unit recording which makes it possible to label the recorded 
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neuron for post hoc morphological reconstruction (Pinault, 1996). A method that may offer a higher 

yield is calcium imaging. This method makes use of genetically encoded calcium indicators to monitor 

neuronal activity. The technique has been used in the DG to record the activity of mature and newborn 

granule cells (‘Danielson 2016 Neuron Suppl Distinct Contribution of Adult-Born Hippocampal Granule 

Cells to Context Encoding’, n.d.). Although this technique is more invasive and the temporal resolution is 

lower than electrophysiological recordings, it is a very efficient method to monitor the activity of 

multiple genetically identified neurons simultaneously. 
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