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ABSTRACT 

 

The brain exhibits many complex and emergent features that are attributed to its 

rhythmic activity. Oscillations of the brain are prevalent across global and local scales 

along a wide temporal spectrum, necessitating that investigations include both macro- 

and microscopic examination. Arguably, investigations into oscillatory mechanisms 

within local populations hold the most promise to inform cyclic regulation between 

network wide oscillations and synchronous firing of individual neurons. Given its unique 

recurrent connectivity and cellular organization, studies involving the hippocampus have 

uncovered much regarding the propagation and generation of brain rhythms. Particularly, 

they demonstrate the importance of regional selectivity in inducing cell-specific 

activation for precise information transfer and processing. The specific cells participating 

in oscillations is of paramount importance to selecting appropriate  information types and 

processing procedures, which combine to produce the emergent functions of brain 

rhythms. Fortunately, recent advancements in optogenetics allow for such specificity. 

However, more detailed studies examining the role of each cell type are lacking. While a 

few studies employ optogenetics to induce oscillatory activity in vivo, even fewer have 

successfully employed such methods in vitro, a necessity for a comprehensive 

understanding. This work combines optogenetic methods with in vitro assessment of 

excitability within local populations. Through careful characterization of the Thy1 Line 

18 mouse, ChR2 expression was found to exhibit subregional specificity with localized 

expression in the deep sublayer of CA1. A light intensity response curve (LIRC) was then 

generated with this transgenic line for the assessment of excitation within local 
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populations. Interestingly, specific intensities of the LIRC produced oscillatory activity. 

This activity and the LIRC were both sensitive to pharmacological manipulation, which 

determined the activity generated are reflective of the resonance properties of the 

stimulated population. These findings are the first of their kind and represent a means by 

which specific cell populations may selectively enhance incoming oscillations for the 

preferential processing of distinct informational streams. The methods developed through 

this work hold the potential to be applied to inform the mechanisms of brain rhythms, 

examine disorders which cooccur with altered oscillations, as well as, the ability to assess 

therapeutic targets. 
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CHAPTER 1 

 

Introduction 

 

Author: Dorothy L. Dobbins 1 

 

1. Department of Neurobiology and Anatomy, Wake Forest School of 

Medicine, Winston-Salem, NC 
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I. Oscillations: Synchronous discharges and their cooperative interactions 

 

I.A. The function of oscillations 

 

Neuronal oscillations are a phenomenon that traverse multiple scales within the 

brain, representing intrinsic properties of local populations to large scale communication 

between brain regions and giving rise to emergent electrophysiological properties and 

behaviors. Originally identified by Hans Berger in 1929, the identification and study of 

different oscillations within the brain has evolved into a robust field of research. On the 

largest scale oscillations have distinct boundaries defined by their frequency. Berger 

(1929) originally identified two different brain rhythms he termed alpha (10hz) and beta 

(13 to 25 Hz). These were observed by Berger to occur during close-eyed resting states, 

and during awake cognitive activity, respectively. Since these initial recordings, distinct 

frequency bands have been identified in studies of the mechanisms, function and 

interactions of brain rhythms. Arguably the major intrigue of studying oscillations is their 

seemingly direct connection to specific behavioral features (Buzsáki & György, 2006; 

Canolty & Knight, 2010; Colgin, 2012, 2016; Colgin & Moser, 2010). Each oscillation 

has been generally associated with specific behaviors or behavioral states, with delta, 

theta, gamma and ripples being the most commonly studied. Generally, delta oscillations 

range from 0.5 to 4 Hz and are implicated in sleep functions, specifically slow wave sleep 

(Crenshaw & Edinger, 1999; Harmony, 2013; Staresina et al., 2015), but their activity 

also plays a role in cognitive processing, as reviewed by Harmony (2018). Theta 

oscillations (4-10 Hz) represent an ‘online’ state of the brain, and have been observed 
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during motor behaviors and exploration, as well as, motionless alert activity, eating, 

grooming and stages of sleep involving rapid eye movement (REM) (Buzsáki, 2002; 

Colgin, 2012, 2016). Gamma oscillations represent the largest range, spanning 30-120 

Hz, and are largely implicated in cognition (Buzsáki & György, 2006; Buzsáki & Wang, 

2012; Colgin, 2016; Colgin et al., 2009; Colgin & Moser, 2010). Finally ripple activity 

(120 – 200 Hz) is also associated with cognitive function, at times referred to as a 

biomarker of cognition (Buzsáki, 2015), but most specifically memory recall, encoding 

and processing (Colgin, 2016; Cox, Rüber, Staresina, & Fell, 2020; Girardeau, 

Benchenane, Wiener, Buzsáki, & Zugaro, 2009; Girardeau, Inema, & Buzsáki, 2017; 

Johnson & Redish, 2007; Tort, Komorowski, Manns, Kopell, & Eichenbaum, 2009) 

 

Given the connection between oscillations and brain function, it is only natural 

that their perturbation may be correlated with specific pathological states (Buzsáki & 

Watson, 2012). Most prominently, changes in the excitatory state of the brain are known 

to induce epileptic discharges. Pathological high frequency oscillations (pHFO, <300 Hz) 

are often observed during epilepsy (Avoli et al., 2002; Buzsáki, Ponomareff, Bayardo, 

Ruiz, & Gage, 1989; Hughes, 2008). Changes in oscillations have also been associated 

with other disorders. For example, perturbations of theta oscillations are associated with 

deficits in social interactions and attention deficit hyperactive disorder (Barry, Clarke, & 

Johnstone, 2003; C. A. Mann, Lubar, Zimmerman, Miller, & Muenchen, 1992), and 

altered gamma oscillations have been observed with schizophrenia (Uhlhaas & Singer, 

2010), major depressive disorder (Fitzgerald & Watson, 2018), and Alzheimer’s disease 

(Deursen, Vuurman, Verhey, Kranen-Mastenbroek, & Riedel, 2008; Goutagny & 
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Krantic, 2013) and sleep disturbances (Crenshaw & Edinger, 1999). It is important to 

note that various disorders are not exclusively associated with a specific frequency band. 

Further work to uncover the mechanisms of excitability that facilitate oscillatory activity 

can have wide implications, not only for advancing the understanding of their respective 

brain functions but may possibly yield a generalized mechanism regulating a variety of 

disease states. 

 

I.B. The study of synchronous discharges  

 

Traditionally, oscillations were studied through isolation of the various frequency 

bands. The range of these recorded oscillations spans from 1.5 to 600 Hz. The distinct 

frequency boundaries between oscillations have been identified, classified and are best 

described in a study by Penttonen and Buzsáki (2003) . Frequency bands were analyzed 

using logarithmic scale. In doing so, a linear continuum of frequencies was identified 

ranging from slow to ultrafast and exhibited a constant interval between bands with very 

little overlap. This linear relationship is shown in Figure 1.1. From these findings it has 

been inferred that each oscillation is generated by specific mechanisms. However, many 

oscillations within the brain are commonly thought to arise from the resonant properties 

of neurons and their interaction between interneurons and pyramidal cells, discussed in 

detail in subsequent subsections (Butler, Hay, & Paulsen, 2018; Headley & Paré, 2017; 

Tiesinga & Sejnowski, 2009; Wang & Buzsáki, 1996; Whittington, Traub, & Jefferys, 

1995).  
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Investigations into the mechanisms of oscillations were performed by isolating 

specific frequency bands through a variety of methods that span the various scales of the 

brain (Bartos, Vida, & Jonas, 2007; Buzsáki, Anastassiou, & Koch, 2012; Canolty & 

Knight, 2010). Globally, oscillatory activity can be observed through scalp recordings of 

the electrical activity (via electroencephalography, or EEG) and recordings of 

corresponding magnetic fields (via magnetoencephalography, or MEG), while regional 

oscillations can be identified through intracranial EEG (Buzsáki et al., 2012; Canolty & 

Knight, 2010). Though, arguably, the most detailed examination of the mechanisms 

Figure 1.1. Spectrum of brain oscillation frequencies. Linear transformation of 
known oscillation frequencies reveals distinct frequency bands, labeled with their 
general terms. From Buzsáki, G. & Draguhn, A. Neuronal Oscillations in Cortical 
Networks. Science 304, 1926-1929, doi:10.1126/science.1099745 PMID - 15218136 
(2004). Reprinted with permission from AAAS.   
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facilitating oscillations comes from in vivo and in vitro analysis of local field potentials 

(Bartos et al., 2007; Buzsáki et al., 2012). With slower oscillations encompassing a large 

neuron volume and high frequency oscillations being locally generated (Buzsáki et al., 

2012; Canolty & Knight, 2010; Contreras & Llinás, 2001), such division of techniques 

may be necessary to fully appreciate the variety of oscillatory mechanisms that exist. 

However, to understand the of propagation of oscillations and the interactions between 

different rhythms, the simultaneous combination of macroscopic and microscopic 

examination is essential (Bartos et al., 2007; Buzsáki et al., 2012). These techniques 

collectively measure variation in excitability. In turn, these fluctuations in excitability 

facilitate temporal windows in which a population is synchronously primed to produce 

coherent activity necessary to generate oscillations, a mechanism that is thought to 

underly information transfer and processing within the brain (Atallah & Scanziani, 2009; 

Buzsáki & Draguhn, 2004; Canolty & Knight, 2010; Colgin, 2015, 2016). 

 

One of the methods by which this occurs is through cross frequency coupling or 

the hierarchical nesting of various oscillations. Typically, this allows for lower 

frequencies to modulate higher frequencies and facilitate the spread of oscillations across 

networks within the brain (Zhang, Watrous, Patel, & Jacobs, 2018). It is speculated that 

coupling maintains the frequency boundaries between oscillations and prevents 

interference between adjacent frequency bands. Indeed, adjacent bands typically do not 

coincide with one another within a particular brain network, while more interspaced 

frequencies are often coupled (Buzsáki & Draguhn, 2004; Penttonen & Buzsáki, 2003). 

The mechanisms of cross-frequency coupling involve the precise occurrence of high 
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frequency oscillations at specific phases of lower frequency activity, termed phase-

amplitude coupling. Both phase-phase and amplitude-amplitude coupling have also been 

studied (Canolty & Knight, 2010). Additionally the communication or cooperative nature 

of oscillations between brain regions has been termed “neuronal communication through 

neuronal coherence” (Fries, 2005). Indeed, high excitability co-occurs between 

synchronized neuronal populations, supporting the idea that fluctuations in rhythmic 

excitability facilitate opportune timing for communication between regions (Atallah & 

Scanziani, 2009; Canolty & Knight, 2010; Colgin & Moser, 2010). These mechanisms 

are transient and dynamic in nature (Buzsáki & György, 2006; Canolty & Knight, 2010) 

to accommodate the similarly dynamic activity of the brain and allow for the preferential 

attendance to the processing of specific information. Some of the most common instances 

of coupling occurs with the nesting of theta-gamma frequencies and ripple activity, 

generally observed within the hippocampus (Belluscio, Mizuseki, Schmidt, Kempter, & 

Buzsáki, 2012; Buzsáki & Draguhn, 2004; Colgin, 2015, 2016; Penttonen, Kamondi, 

Acsády, & Buzsáki, 1998; Tort et al., 2009). 

 

II. The Hippocampus: Its functions and organization 

 

II.A. The organization of the hippocampus 

 

The hippocampus is uniquely primed to generated and support synchronous 

activity, largely because of its elaborate interconnected organization. The hippocampus 

itself is comprised of the hippocampus proper, the entorhinal cortex (EC), dentate gyrus 
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(DG) and subiculum. The canonical flow of information through the hippocampus has 

been observed as the trisynaptic circuit. The initial input into the hippocampus being EC 

which projects fibers through the perforant path to the DG. From here information is 

routed from the DG to the hippocampus proper though the mossy fibers. The 

hippocampus proper in turn contains CA1-4, with CA3 receiving input from the DG and 

projecting outwards to CA1. The major output of CA1 travels through the subiculum and 

EC where this circuit completes. However, EC can additionally bypass this circuit and 

directly project to CA1. While this traditional understanding of hippocampal circuitry 

demonstrates its recursive connectivity, it does not encompass the intricate complexity of 

this brain area (Deshmukh & Knierim, 2012; Knierim, 2015; Valero & Prida, 2018).  

 

Our knowledge of hippocampal circuitry has been greatly advanced by recent 

understanding sublayer specificity (specifically within EC and CA1 subregions), 

combined with the contribution of the often neglected CA2 (Kohara et al., 2014; 

Mizuseki, Diba, Pastalkova, & Buzsaki, 2011; Valero et al., 2015; Valero & Prida, 2018). 

EC is now known to additionally project to CA1 with regional specificity along the 

proximal-distal axis and does so in a cell-specific manner, with ECIII projecting 

monosynaptically to superficial sublayer of CA1 and ECII showing novel trisynaptic 

circuit  projections that extend from dentate to CA2 to the deep sublayer of CA1 (Keigo 

Kohara et al., 2014). The cell specificity of regional inputs is also enhanced by divisions 

within EC, as lateral EC projects to the superficial sublayer of cells within CA1 and 

medial EC projects to deep CA1 sublayer cells. Further, sublayer specificity of CA1 

preferential projections are organized in a mutually exclusive manner both in terms of 
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anatomical connectivity (Kohara et al., 2014; Slomianka, Amrein, Knuesel, Sørensen, & 

Wolfer, 2011; Valero et al., 2015; Valero & Prida, 2018) and oscillatory activity (Navas-

Olive et al., 2020; Valero & Prida, 2018). These differences seem to expand on, and 

further detail, the well-established generalized division of spatial versus episodic 

memory, as well as cognition versus emotion along the hippocampus dorsal-ventral axis 

(further outlined in Subsection II.B.), with the additional contribution of encoding novel 

versus familiar information and modifying established memory traces (Valero & Prida, 

2018). These findings highlight the link between anatomical connectivity and the 

emergence of complex behaviors and are further supported by the recent studies 

examining functional and gene expression gradients through the hippocampus 

(Bienkowski et al., 2018; Fanselow & Neuron, 2010; Strange, Witter, Lein, & Moser, 

2014; Vogel et al., 2020). In summary, there is a vast complexity across multiple axes of 

organization within the hippocampus that exist within and beyond dorsal and ventral 

streams, to include proximal to distal gradients and sublayer specificity within 

hippocampal subregions. These subregional distinctions collectively combine to 

culminate in precise organization that allows preferential enhancement of certain patterns 

of activity, specific oscillation frequencies, for selective information transfer and 

processing that generates the complex functions produced by this brain region. The 

current knowledge described here has been reviewed in a recent paper by Valero, et al. 

(2018) and is summarized in Figure 1.2. 
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Regardless of the complexity across axes, subregions or sublayers , oscillations 

are most assuredly related to the precise activity regulated by interneuron and pyramidal 

cell interactions. Within CA1 of the hippocampus, interneurons are generally recruited by 

activation of superficial pyramidal cells, which in turn preferentially inhibit deep 

pyramidal cells. These interactions, discussed in more detail within subsection IV.A, are 

outlined to highlight the importance of the precise organization of these varying cell 

types, which exists throughout the complex subregional connectivity of the hippocampus. 

There is a tight laminar organization to the hippocampus that is observed throughout the 

structure. Primarily, there is the principal cell layer comprised of pyramidal cells. These 

excitatory cells have dendritic arborizations that span the length of the remaining 

Figure 1.2. The current knowledge of hippocampal circuitry. Inclusive diagram of the presently 
known connectivity through the entorhinal-hippocampal system. Note the distinction of both 
laminae and sublayers and the distribution of cell types amongst each. Common pathways and 
fibers are also specified with additional depiction of firing characteristics and differences in 
place cells fields of distinct pyramidal cell types. Reproduced with permission, Valero, et al. 
(2018). 
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laminae, but are most prominent in the suprapyramidal region, stratum radiatum (SR, 

apical dendrites), and stratum oriens (SO, basal dendrites). The distal projections off the 

apical dendrites further project to the stratum lacunosum-moleculare (SLM). In turn, each 

of these laminae contain their own set of interneurons and preferential projections to 

various portions of the hippocampus as observed in detail in Figure 3 (Klausberger & 

Somogyi, 2008; Somogyi & Klausberger, 2005). Finally, the most characteristic feature 

that arises from this organization in the hippocampus is the tight spatial alignment of the 

excitatory pyramidal cells, which generates unobstructed dipoles that synchronously sum 

to yield high amplitude local field potentials that facilitate the emergence of oscillations 

and the increased resolution for their study (Bartos et al., 2007; Buzsáki et al., 2012; T. 

Klausberger & Somogyi, 2008; Richardson, Turner, & Miller, 1987; Somogyi & 

Klausberger, 2005). 
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II.B.  Hippocampal Functions  

 

The hippocampus is a major area of study for brain rhythms and general 

oscillations (Butler et al., 2018; Butler & Paulsen, 2015; Colgin, 2016). Indeed several 

brain rhythms can be observed within the hippocampus where they are locally generated, 

coupled between subregions, and have been linked to functional output (Adhikari, 

Topiwala, & Gordon, 2010; Buzsáki et al., 2012; Carlén et al., 2011; Colgin, 2016; 

Girardeau et al., 2009; Girardeau et al., 2017; Johnson & Redish, 2007; Lee & Wilson, 

Figure 1.3. The cellular organization of CA1. A summary of the 3 distinct pyramidal cell types 
and the collectively identified interneurons within the CA1 subregion of the Hippocampus.  From 
Klausberger, T. & Somogyi, P. Neuronal diversity and temporal dynamics: the unity of hippocampal 
circuit operations. Science 321, 53-57, doi:10.1126/science.1149381 (2008).Reproduced with 
permission from AAAS.    
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2002; Nakashiba, Young, McHugh, Buhl, & Tonegawa, 2008). Hippocampal function 

was initially tied to memory formation and retrieval with the identification of memory 

impairments after hippocampal resection of patient H.M. (Scoville & Milner, 1957; 

Squire, 2009). The bilateral medial temporal lobectomy resulted in profound deficits in 

both episodic and semantic memory. The continued examination of memory within the 

hippocampus led to the expansion of memory modalities, specifically to include spatial 

memories with the identification of place cells. Place cells are neurons that hold a 

Cartesian coordinate representation of the environment and contain receptive fields that 

reflect physical location (O'Keefe & Dostrovsky, 1971). This led to the idea of the 

hippocampus maintaining a cognitive map.  Since then, lesioning studies and 

electrophysiological recordings have demonstrated that the hippocampus is involved in a 

variety of memory functions, including spatial, episodic and contextual fear memory, as 

well as, emotion and stress responses (Buzsáki, 2015; Colgin, 2012, 2016; Fanselow & 

Neuron, 2010). Interestingly, an argument can be made for an underlying mechanism by 

which these functions occur, by positing the hippocampus as a sequence generator that 

encodes information regardless of space or time (Buzsáki & Tingley, 2018; Johnson & 

Redish, 2007). 

 

These functions largely vary through the division of the hippocampus along the 

dorsal ventral axis, which are known to exhibit distinct anatomical connectivity, with 

dorsal (posterior) structures involved primarily in cognitive information processing, and 

ventral (anterior) structures being implicated in emotion and stress responses, as well as 

regulating social interactions (Adhikari et al., 2010; Fanselow & Neuron, 2010; 
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Mikulovic et al., 2018; O'Keefe & Dostrovsky, 1971; Strange et al., 2014). Two excellent 

general reviews highlight this division, their projections and respective functions 

(Fanselow & Dong, 2010; Strange et al., 2014). Briefly, the dorsal hippocampus has been 

mostly associated with memory processing and exhibits connectivity to the mamillary 

nuclei, anterior portions of the thalamus and projections to the nucleus acumbens which 

in turn projects to ventral tegmental areas and the substantia nigra for control of motion 

and spatial navigation. In contrast, the ventral hippocampus displays wider variety of 

connectivity. Connections to the olfactory bulb, amygdala and insular cortex implicate its 

role in the regulation of general affective states and emotional regulation. Projections to 

the paraventricular and medial zones of the hypothalamus as well as the suprachiasmatic 

nucleus connect this region with neuroendocrine functions indicating its regulation of 

stress responses and its importance in circadian rhythm. Finally, the ventral hippocampus, 

similar to the dorsal hippocampus, also sends projections to the nucleus acumbens, which 

has associated the hippocampus in reward/goal directed behaviors and motivation. 

Similar common connections are found between both areas projecting to the prefrontal 

cortex (PFC) for both planning, emotional processing and long-term memory storage (Jin 

& Maren, 2015). The variety of these complex functions that arise from the hippocampus 

are aided not only by its functional connectivity to other brain regions but arise from the 

oscillatory patterns facilitated by the intrinsic recursive circuitry of this structure 

(Buzsáki et al., 2012; Valero & Prida, 2018).   
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III. Hippocampal Oscillations 

 

Indeed, the unique structure, highly recurrent connectivity and multiple feedback 

loops of the hippocampus are what underly its ability to generate and support 

synchronous activity. There are three main oscillations observed within the hippocampus, 

theta, gamma and sharp wave-ripple (SWR) (Butler & Paulsen, 2015; Colgin, 2016). The 

tight laminar structure of this region with densely aligned excitatory cells provides 

particularly robust synchronized activity (Bartos et al., 2007; Buzsáki et al., 2012). The 

complex organization reviewed here, in combination with synchronous population 

discharges within hippocampal subregions, drive its rhythmic activity, which in turn, 

controls the alignment and amplification of various oscillations (Atallah & Scanziani, 

2009; Canolty & Knight, 2010; Colgin & Moser, 2010). Described below are the general 

mechanisms and functions of each hippocampal oscillation. In addition, the interactions 

between these various oscillations are discussed where applicable to further highlight the 

cooperative interaction of nested oscillations for precise information transfer and 

processing. 

 

III.A. THETA 

 

Theta waves have been associated with exploratory, and resting behaviors, as well 

as REM sleep (Buzsáki, 2002; Colgin, 2016; Crenshaw & Edinger, 1999; Staresina et al., 

2015). Generally, these oscillations are thought to involve the intake of sensory 

information (Buzsáki, 2002; Colgin, 2012; Colgin & Moser, 2010). Theta oscillations 
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within the hippocampus are generated and paced by the medial-septum (Buzsáki, 2002; 

Colgin, 2012; Colgin & Moser, 2010; Vandecasteele et al., 2014). Within the 

hippocampus, theta rhythms rely on the interactions between pyramidal cell activation 

and a variety of rhythmic intraneuronal activities (Ylinen et al., 1995). Most prominently, 

theta rhythms within the hippocampus are further regulated by oriens lacunosum 

moleculare (OLM) interneurons that are thought to gate information from Hippocampal 

CA3 to CA1 through the inhibition of apical dendrites in CA1 (Mikulovic et al., 2018), 

and theta oscillations cannot be induced when OLM cells are optogenetically silenced 

(Vandecasteele et al., 2014). They have been most frequency observed with the largest 

amplitude in the stratum lacunosum-molecular, a specific lamina of the hippocampal 

structure where these interneurons reside. Although, it is important to note again, that 

there are a variety of interneurons that show preferential firing at various phases of theta 

and these oscillations also require the interplay between many interneuron types and 

specific pyramidal cells (Buzsáki, 2002; Colgin, 2012). Further the lesioning of 

hippocampal subregions have shown the sensitive dependence of theta on the intact 

structure for generating the appropriate sink/source patterns of theta activity within CA1 

of the hippocampus (Buzsáki et al., 2012).  

 

There are two specific types of theta activity within the hippocampus. Type 1 

(non-cholinergic) theta (7-12 Hz) is prominent in the dorsal hippocampus and is involved 

in movement (Buzsáki, 2002; Mikulovic et al., 2018). While Type 2 theta oscillations (4-

9 Hz) were most observed in ventral hippocampus and associated with social behaviors 

and anxiety and found to be absent during immobility (Adhikari et al., 2010; Buzsáki, 
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2002; Mikulovic et al., 2018; Sainsbury, Heynen, & Montoya, 1987). Higher frequency 

theta is observed in ventral hippocampus (Adhikari et al., 2010) and is implicated in 

producing anxiolysis (Adhikari et al., 2010; Mikulovic et al., 2018). It has been correlated 

with increased time in open field and in the presence of predator odors, as well as, 

prediction of avoidance (Adhikari et al., 2010; Mikulovic et al., 2018; Sainsbury et al., 

1987). Precise coupling between theta and gamma within CA1 has been repeatedly 

observed (Belluscio et al., 2012; Butler, Mendonça, Robinson, & Paulsen, 2016; Colgin, 

2015; Schomburg et al., 2014; Tort et al., 2009). Further, CA1 sublayers have shown 

superficial and deep pyramidal cells fire at specific phases of theta, at the peak versus 

trough respectively. Finally, theta oscillations within the hippocampus have been shown 

to be phase locked with those of the amygdala, and PFC (Colgin & Moser, 2010; Jones & 

Wilson, 2005), areas that have been implicated in regulating similar behavioral functions.  

 

III.B. Gamma 

 

Gamma oscillations are ubiquitous throughout the brain and have been associated 

with attention (Cardin et al., 2009; Carlén et al., 2011), working memory (Buzsáki & 

Wang, 2012; Carlén et al., 2011; Montgomery & Buzsaki, 2007), and emerge during 

cognitive tasks (Carlén et al., 2011). Two studies have utilized T-maze to demonstrate the 

connection between these behaviors and gamma oscillations (Carlén et al., 2011; 

Montgomery & Buzsaki, 2007). Montgomery and Buzsáki (2007) have shown increase in 

gamma across the laminae of the hippocampus as well as synchrony of gamma between 

select hippocampal subregions relate to specific portions of the task. Similarly, a study by 
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Carlén, et al. (2012) found impaired performance with short interval trials with T-maze, 

as well as deficits in contextual fear learning and decreased habituation in animals 

exhibiting altered gamma oscillations induced by a selective deletion of NR1 NMDA 

subunit in interneurons. Further, a review by Tiesinga (2009) outlines in detail the 

mechanism of gamma oscillations and their role in attention. More generally, gamma 

oscillations underlie neuronal coordination that is needed for selection of inputs and 

activation of related regions for downstream processing (Colgin et al., 2009; Colgin & 

Moser, 2010; Valero & Prida, 2018). Gamma oscillations within the hippocampus are 

generated locally and preferentially extend to subregions of the hippocampus. They have 

been observed to occur in isolated hippocampal CA1 and have been shown to regulate 

and generate the synchronous firing of pyramidal cells within this area (Csicsvari, 

Jamieson, Wise, & Buzsáki, 2003). Similar to other oscillations, they are reliant on the 

interplay between excitatory and inhibitory cell types and are largely driven by the 

constraints of GABA receptor function (Buzsáki & György, 2006; Colgin & Moser, 

2010; Penttonen et al., 1998; R. D. Traub, Whittington, Colling, Buzsáki, & Jefferys, 

1996; Wang & Buzsáki, 1996). It has been suggested that the transition of gamma across 

its range of frequencies may be reliant on the activation of specific interneurons (Buzsáki 

& Wang, 2012; Colgin & Moser, 2010), and that the excitable state of the system 

mediates the fast alterations between excitation and inhibition (Atallah & Scanziani, 

2009). 

 

Continuing, there are two main divisions of gamma oscillations, fast and slow 

gamma, which are preferentially mediated by CA3 or EC connections. Their respective 
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inputs to CA1 are important for the function of gamma oscillations as a means of 

selective informational processing (Colgin & Moser, 2010). It has been suggested that 

fast gamma would mediate encoding while slow gamma would support memory retrieval. 

There have been several studies that have observed coherence between slow gamma in 

CA3 and CA1 during working memory and retrieval. Specifically increased CA3 

enhanced gamma activity was observed at the time when choices were made or during 

recall during a spatial navigation task (Johnson & Redish, 2007) and inhibition of CA3 

has been shown to inhibit memory recall but not learning (Nakashiba et al., 2008). 

Finally, gamma – theta modulation within CA3 was increased during learning and over 

training during a spatial context task, where it was shown to have higher modulation from 

theta influence (Tort et al., 2009). 

 

Gamma oscillations are further regulated by theta either arising from EC and CA3 

as the two main sources of input of these oscillations within the hippocampus (Buzsáki & 

Wang, 2012; Colgin et al., 2009; Colgin & Moser, 2010). Each of these shows maximal 

excitation with different phases of theta (Colgin, 2015; Colgin et al., 2009). However, a 

much more detailed understanding gamma synchrony within the hippocampus arises 

through the examination of subregion specific interactions. CA1 was shown to 

preferentially synchronize with CA3 input during slow gamma activity while syncing 

with medial EC during fast gamma. These effects can be cooperative or competitive, with 

enhanced input to CA1 during recall (Montgomery & Buzsaki, 2007) but a shift in theta 

phase that coincides with decrease in gamma during REM sleep and exploration of novel 

environments (Colgin, 2015, 2016; Maingret, Girardeau, Todorova, Goutierre, & Zugaro, 
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2016; Erik W. Schomburg et al., 2014). Similarly gamma synchronization between 

regions of the hippocampus is shown to be decreased at higher frequencies (Schomburg 

et al., 2014), perhaps allowing for selective tuning to SWR activity (Valero & Prida, 

2018).  EC activity is suppressed when gamma input from CA3 exhibits maximal power, 

which is a reciprocal property between these two regions (Colgin et al., 2009). Such 

activity is thought to be a mechanism for communication between regions of the 

hippocampus (Johnson & Redish, 2007; Schomburg et al., 2014) and again provides 

support for the idea that while oscillations exist on a continuum of frequencies, they 

maintain distinct boundaries and functions (Penttonen & Buzsáki, 2003). 

 

III.C. Sharp wave-ripples  

 

A particular feature unique to the hippocampus are sharp-wave ripples (SWR), a 

pattern of irregular large amplitude activity that is generally restricted to the hippocampus 

(Buzsáki, 2015; Colgin, 2016). A review by Buzsáki (2015) outlines the function and 

mechanisms of these oscillations, summarizing SWR as a cognitive biomarker. Indeed, 

SWR abundance declines with age, injury and disease states, and changes to SWRs can 

be observed as a precursor of neurodegeneration (Buzsáki & Watson, 2012; Witton et al., 

2016). They generally occur during slow wave sleep or immobility and are thought to 

contribute to processing and encoding of memories (Buzsáki, 2015; Buzsáki, Penttonen, 

Nádasdy, & Bragin, 1996; Colgin, 2016; Laventure & Benchenane, 2019; Tort et al., 

2009).  SWR are comprised of two types of activity, the low frequency sharp wave 

component originating in CA3, which sends large depolarizing input to CA1 where 
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ripples are locally generated by the rhythmic spiking of basket cells (Buzsáki, 2015; 

Buzsáki et al., 1996; Colgin, 2016). Excitatory inputs to  pyramidal cells within the 

hippocampus receive strong shunting inhibition during ripple activity which regulates 

pyramidal cell firing. This mechanism is thought to allow for preferential selection of 

synapses that were potentiated during learning, allowing their integration into long-term 

storage (Buzsáki, 2015; Colgin, 2016; Girardeau et al., 2009; Lee & Wilson, 2002; 

Valero & Prida, 2018). The erasure of such potentiated synapses is also implicated as an 

additional feature, as they were found to decay over time and decrease over the course of 

slow wave sleep (Colgin, 2016; Kudrimoti, Barnes, & McNaughton, 1999). 

 

There has been much information to implicate that SWR underly the unique 

memory processing and retrieval functions of the hippocampus. The majority of such 

work has involved experimental observations of place cells. Though, is important to note 

that gamma activity is also observed with sequential activation of place cells, although 

preferentially during recall (Colgin & Moser, 2010; Johnson & Redish, 2007; Tort et al., 

2009). Given the focus on place cells, many of the studies examining SWR involve 

navigational tasks where SWR can be seen to occur between navigational periods 

(Girardeau et al., 2009; Girardeau et al., 2017; Karlsson & Frank, 2009; Lee & Wilson, 

2002). The sequential activation of place cells observed during performance of task will 

replay during ripple activity and will do so in a condensed manner in a forward and 

reverse direction (Buzsáki, 2015; Colgin, 2016; Girardeau et al., 2017; Lee & Wilson, 

2002). Further, the disruption of ripple activity during such replay, specifically during 

sleep, causes an impairment in learning (Girardeau et al., 2009). However, spatial and 
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episodic memory are not the exclusive memory modality within the hippocampus. The 

exact role of SWR in emotional memory remains clouded. A review of such studies has 

identified emotional valence when navigational tasks are combined with spatial learning 

(Laventure & Benchenane, 2019). However, such studies obscure the contribution of 

SWR to emotion by their co-occurrence with spatial navigation. A similarly intertwined 

observation that may lend more support to encoding emotional memory was observed 

between a correlation of activity between SWR and the basolateral amygdala during slow 

wave sleep after learning the location of noxious stimuli along a track (Girardeau et al., 

2017). Interestingly, a very recent study in humans similarly found an interaction of 

ripple activity between hippocampal and amygdala circuits during sleep in pre-surgical 

epilepsy patients (Cox et al., 2020), providing potential evidence for SWR implication in 

emotional memory formation without direct connection of such events with processing of 

spatial memory. 

 

There are further links between SWR of the hippocampus and high frequency 

activity of other brain regions. SWR activity is shown to correlate with high frequency 

activity in the neocortex (Colgin, 2016). Evidence would suggest SWRs serve for 

information transfer during consolidation of memories. More locally, the coordinated 

activity between CA3 and CA1 that facilitates SWR is thought to be mediated by slow 

gamma (20-50 Hz) (Buzsáki & Wang, 2012; Colgin et al., 2009). Sharp wave ripples 

have been also regularly correlated with theta activity and are thought to give rise to 

cooperative memory functions, where theta will allow for learning new information and 

SWR allowing for its processing and consolidation (Colgin, 2016; O’Neill, Pleydell-
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Bouverie, Dupret, & Csicsvari, 2010), in line with the two-state memory model (Buzsáki 

& György, 2006; Buzsáki et al., 1989; Laventure & Benchenane, 2019). This coupling 

with theta oscillations within CA1 varies between deep and superficial sublayers, which 

have a preferential participation in SWR. Input from CA2 and CA3 activates their 

specifically connected sublayers, deep and superficial respectively (Kohara et al., 2014; 

Mizuseki et al., 2011; Valero et al., 2015). This feature is important in that CA2 activity 

exhibits increased inhibition during CA3 initiation of SWR in CA1, and CA2 initiated 

ripple activity occurs in isolation secondary to those generated by CA3 input (Oliva, 

Fernández-Ruiz, Buzsáki, & Berényi, 2016; Valero & Prida, 2018). This distinction is 

thought to underly the differences between encoding of novel stimuli and updating 

preexisting memories and associations (Valero et al., 2018). Such findings additionally 

lend support to the idea that activation of specific areas of the hippocampus provide 

synchronous input to exact subregions to drive precise activity. This in turn controls the 

alignment and amplification of various oscillations for selective preferential information 

processing and transfer through brain regions. 

 

IV. General mechanisms common to oscillations 

 

IV.A. Interneurons 

 

The majority of rhythmic activity in the hippocampus is thought to arise from the 

precise interplay of excitatory and inhibitory connections. While pyramidal cells are the 

dominant cell type within the hippocampus, their connectivity is largely regulated by 
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inhibitory interneurons. There are 21 distinct interneuron cell types that can be identified 

based on various properties which include, most commonly, laminar location and 

immunoreactivity (Freund & Buzsáki, 1996; Klausberger & Somogyi, 2008; Somogyi & 

Klausberger, 2005). It has been reported that single interneurons make approximately 6 

connections to each of their target pyramidal cells (approximately 1500 pyramidal cells) 

(Sik, Penttonen, Ylinen, & Buzsaki, 1995) and that the connectivity between these two 

cells is necessary for oscillatory activity (Buzsáki et al., 1996; Hájos et al., 2004; 

Klausberger & Somogyi, 2008; E. O. Mann & Paulsen, 2005; Royer et al., 2012; Miles 

A. Whittington & Traub, 2003). This combined with interneuron-interneuron 

interactions, and gap junction connections are collectively thought to underly the ability 

for synchronous population discharges to sustain local oscillations (Bartos et al., 2007).  

 

Studies have demonstrated that the various interneuron types within CA1 

contribute to rhythmic burst firing of pyramidal cells and facilitate local amplification 

oscillations by coordinating their firing at specific phases within the various oscillations 

(Klausberger & Somogyi, 2008; Royer et al., 2012; E. W. Schomburg, Anastassiou, 

Buzsáki, & Koch, 2012) (Figure 1.4). Parvalbumin (PV) basket and bistratified cells have 

coordinated activity with pyramidal cells during SWR and gamma oscillations (Craig & 

McBain, 2015; Klausberger et al., 2003; Klausberger & Somogyi, 2008). Somatostatin 

(SOM, bistratified) and PV (basket cells) positive interneurons have also been implicated 

in the oscillatory activity of this region (Royer et al., 2012; Schomburg et al., 2012), with 

SOM targeting distal dendrites and PV comprising fast spiking interneurons 

preferentially targeting somatic areas 95,9. PV interneurons will preferentially shift the 
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phase of firing aligning pyramidal cells to fire on the trough of theta, while SOM will 

regulate the bursting ability. Bursting regulation occurs through preferential inhibition of 

dendritic activity by SOM cells (Royer et al., 2012). 

 

 

 

 

 

 

Figure 1.4. The variety of cell types within hippocampal CA1. This figure illustrates the 
numerous interneurons within CA1 and their precise subcellular synapse to pyramidal cells. The 
spatial interaction of pyramidal and interneuron subtypes (left panel), supplemented with a 
representation of the distinct temporal firing characteristics of each cell type through various 
frequency oscillations (right panel). Note the phase locked nature of all cell types within theta, 
while preferential selection of cell types is exhibited during  SWR. From Klausberger, T. & 
Somogyi, P. Neuronal diversity and temporal dynamics: the unity of hippocampal circuit 
operations. Science 321, 53-57, doi:10.1126/science.1149381 (2008). Reproduced with 
Permission, from AAAS.  
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IV.B. Mechanisms of interaction 

 

While it is generally accepted that the intricate interaction of the variety of cells 

within the hippocampus facilitate oscillatory activity, there is some controversy as to the 

importance of pyramidal cell function (Tiesinga & Sejnowski, 2009). However, it is 

generally thought that mechanisms of pyramidal interneuron gamma network (PING) 

seem to be the most representative mechanism of naturally occurring activity (Csicsvari, 

Hirase, Czurkó, Mamiya, & Buzsáki, 1999; Hájos et al., 2004; Tiesinga & Sejnowski, 

2009; R. D. Traub et al., 2003). Through this mechanism large pyramidal cell activation 

depolarizes reciprocally connected interneurons, similar to synchronous input from EC, 

CA3 and CA2 to CA1 (Colgin, 2015; Deshmukh & Knierim, 2012; Knierim, 2015; 

Valero & Prida, 2018). This collective interneuron activation silences the excitatory 

pyramidal cells for period of time, after which pyramidal cells fire in sync. This activity 

continues rhythmically with the inhibitory population controlling the pace and continued 

synchronous firing of both pyramidal and interneuron cell assemblies (Csicsvari et al., 

2003; Mann & Paulsen, 2005; Tiesinga & Sejnowski, 2009). Studies have indicated that 

pyramidal cells fire first and trigger the activation of interneurons (Butler et al., 2016; 

Csicsvari et al., 2003; Dine et al., 2016; Hájos et al., 2004; Mann & Paulsen, 2005; 

Tiesinga & Sejnowski, 2009). Further, there is evidence indicating excitatory 

glutamatergic activity is needed for the induction and continued oscillatory activity (Dine 

et al., 2016; Fisahn, Pike, Buhl, & Paulsen, 1998; Pálhalmi, Paulsen, Freund, & Hájos, 

2004). 
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Two separate studies induced gamma oscillations with both the activation of 

cholinergic activity (Carbachol) and the metabotropic glutamate agonist DHPG ((S)-3,5-

Dihydroxyphenylglycine),  (also, Whittington, et al. (1995))  to examine both excitatory 

and inhibitory effects of rhythmic activity (Fisahn et al., 1998; Pálhalmi et al., 2004). The 

studies found that while Carbachol-induced gamma oscillations were not affected by 

either blockade of metabotropic glutamate or NMDA (n-methyl-d-aspartic acid) 

receptors, they were sensitive to AMPA (α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid) receptor block. In contrast, oscillatory activity induced by 

DHPG, was prevented by blocking metabotropic and ionotropic glutamate receptors but 

not NMDAr (Fisahn et al., 1998; Pálhalmi et al., 2004). Similar optogenetic techniques 

were used to induce oscillations both in vivo and in vitro with glutamatergic activation 

through stimulation of pyramidal cells and found a sensitive dependence on the function 

of ionotropic glutamate receptors with the AMPA antagonist, NBXQ (Dine et al., 2016). 

Thus, indicating that stimulation of pyramidal cells are needed for the generation of 

oscillations and excitatory glutamatergic synapses are necessary for their sustained 

activity. While the role of NMDA channels does seem to contribute to the oscillatory 

activity, oscillations do seem to persist despite manipulation of NMDA receptors. A 

study by Cardin, et al. (2009) induced gamma oscillations in vivo through optogenetic 

stimulation of PV interneurons and found blocking AMPA or NMDA each significantly 

reduced oscillations, indicating their importance for sustained rhythmic activity. Further, 

evidence in support of NMDA receptor function in rhythmic activity has been 

demonstrated through the induction of gamma oscillations with the NMDAr antagonist 
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MK-801, alterations to gamma frequencies with blockade of NMDA receptors and 

selective deletion of the receptor in PV interneurons (Carlén et al., 2011). These 

collective studies indicate the variety of excitatory synapses between pyramidal cells and 

interneurons, including ionotropic and metabotropic glutamatergic synapses, as well as 

NMDA receptor function, are necessary for maintenance of sustained oscillatory activity 

(Bartos et al., 2007). 

 

There have additionally been several studies that similarly highlight necessity of 

inhibitory GABAergic activity for rhythmic oscillations. In vivo and in vitro optogenetic 

activation of fast spiking PV interneurons over a variety of frequencies resulted in 

gamma oscillations (Cardin et al., 2009; Sohal, Zhang, Yizhar, & Deisseroth, 2009). 

Additionally, such oscillations are blocked with the administration of GABA receptor 

antagonists (Bartos et al., 2007; Butler et al., 2018; Butler et al., 2016; Butler & Paulsen, 

2015; Dine et al., 2016; Fisahn et al., 1998; Pálhalmi et al., 2004). Further, the ability of 

interneurons to synchronously discharge may be facilitated by gap junctions, which are 

primarily active in inhibitory connections and thought to refine the synchronicity of 

interneuron firing (Mann & Paulsen, 2005; Traub et al., 2001; Whittington & Traub, 

2003; Whittington, Traub, Kopell, Ermentrout, & Buhl, 2000) . Support for their 

involvement with sustained oscillations is demonstrated though persistent oscillatory 

activity despite GABAergic blockade that was dramatically reduced when gap junctions 

were blocked (Bartos et al., 2007; Buhl, Harris, Hormuzdi, Monyer, & Buzsaki, 2003; 

Hu, Gan, & Jonas, 2014). 
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IV.C Oscillations arise from the cooperative activity of an intact system.  

 

There little doubt of the importance of GABAergic activity and the activation of 

inhibitory interneurons for oscillations. Interneurons function to induce, sustain and pace 

oscillations within the hippocampus and other brain regions, but their interactions with 

pyramidal cells is key (Tiesinga & Sejnowski, 2009; Ylinen et al., 1995).  There is an 

additional layer of complexity when examining the contribution of interactions between 

these cell types to the mechanisms of brain rhythms. The current source density profile of 

gamma oscillations also has shown alternating sink/source pairs between the principal 

cell layer and their respective dendrites regardless of hippocampal regions (Butler et al., 

2018). The preferential specific spatial activation along the somato-dendritic axis of 

pyramidal cells is tightly regulated by interneuron types (Buzsáki et al., 1996; 

Klausberger & Somogyi, 2008; Richardson et al., 1987) and plays a role in regulating the 

repetitive firing of pyramidal cells that have been shown to be reflective of overtly 

observed oscillations at a population level (Bartos et al., 2007; Hájos et al., 2004; Royer 

et al., 2012). Importantly the specific regional activity transferred from one brain or 

hippocampal subregion does so in a frequency and input specific manner (Colgin et al., 

2009;  Klausberger & Somogyi, 2008; Valero & Prida, 2018), as shown in Figure 1.4. 

Further, the differential distribution of inhibitory interneurons and their specific resonant 

frequency, in addition to those of pyramidal cells, (Cardin et al., 2009; Thomas 

Klausberger et al., 2003; Klausberger & Somogyi, 2008; Valero & Prida, 2018) combine 

to generate a complex preferential enhancement of specific oscillations for the selective 
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processing of information (Buzsáki & György, 2006; Colgin et al., 2009; Kohara et al., 

2014; Mann, Radcliffe, & Paulsen, 2004; Mizuseki et al., 2011; Valero & Prida, 2018).  

  

The differences and contrasting evidence observed through examination of 

oscillatory mechanisms may be clouded by the varied approaches of inducing such 

activity. Pharmacological silencing of contributing components, (Fisahn et al., 1998; 

Pálhalmi et al., 2004; Whittington et al., 1995) or knockdown of various receptors, 

(Carlén et al., 2011) are all used to generate oscillations so their mechanisms may be 

studied. While all of these studies have progressed the field and provided innumerable 

advancements in the perception of brain rhythms, a robust and wholistic understanding of 

the mechanisms that underly such rhythms and their corresponding functions can only be 

achieved through careful examination of an intact system (Mann & Paulsen, 2005). 

However, the frequency and location of input used generate oscillations will allow for 

differential activation of various cell types and pathways which can also present 

conflicting results (Cardin et al., 2009; Colgin et al., 2009; Dine et al., 2016). The novel 

use of optogenetics offers promise that a clearer interpretation of the integration of all cell 

types and synapses may be examined through careful isolation, to better develop a 

complete mechanism that underlies brain rhythms. This combined with in vitro 

techniques may provide unprecedented understandings of oscillations and the underlying 

interplay between excitatory and inhibitory activity that drive such rhythmic brain 

activity. 
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V. Optogenetics 

 

The use of optogenetic techniques mentioned throughout this chapter include a 

wide array of methods that rely on the expression of light-activated ion channels, termed 

opsins, to regulate the activity of neurons. The use of opsin channels to drive the activity 

of neurons has allowed for innumerable advancements in the understanding of functional 

circuitry (Keigo Kohara et al., 2014; Navas-Olive et al., 2020; Zhang et al., 2010; Zhao et 

al., 2011), regional and cell specific activity (Butler et al., 2016; Dine et al., 2016; Valero 

& Prida, 2018), as well as, the control and modulation of behavior (Feng et al., 2000; 

Jasnow et al., 2013). The key advantage of optogenetic methods is the ability to bridge 

such investigations to isolate various parameters of neuronal function to assess their 

contribution to interconnected networks and emergent behavioral outputs. 

 

To achieve such lofty goals, several advancements have been made in the field of 

optogenetics that now allow for complete customization and control of experiments 

including ion specificity, sensitivity to different wavelengths of light and the regulation 

of temporal resolution. The first opsin molecule to be identified was channelrhodopsin-2 

ChR2, originally isolated from Chlamydomonas reinhardtii, and is distinct from 

mammalian opsins (Fenno, Yizhar, & Deisseroth, 2011; Nagel et al., 2003). It is a light-

gated ion channel that is activated by a single photon to induce a conformational change 

that allows for the direct passage of ions into the cell, rather than the activation of second 

messenger systems as observed with mammalian opsins (Fenno et al., 2011). Thus, the 

activation of opsin molecules by light allows for the selective membrane potential 
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manipulation through the influx of ions. Since its discovery ChR2 has been artificially 

expressed in mammalian cells (Bi et al., 2006; Boyden, Zhang, Bamberg, Nagel, & 

Deisseroth, 2005) and has been specifically applied to control the activity of neurons 

(Deisseroth, 2011, 2015; Deisseroth et al., 2006). ChR2 is now ubiquitously used 

throughout optogenetic studies. It is specific for cations, most permeable to calcium, and 

exhibits an inverse relationship of activation with the atomic radius of each cation. 

Simply, larger cations will block the conductance of ChR2 by blocking the channel pore. 

The kinetics for the opening of ChR2 are rapid at an average of 0.2 ms, while it takes 20 

ms to close and exhibits a 60 ms recovery time (Nagel et al., 2003). ChR2 also has a 

prolonged desensitization of its initial peak conductance, although its steady state is 

unaffected (Boyden et al., 2005; Fenno et al., 2011). Its wavelength of activation is 460 

nm, blue light, and the resultant activity that arises from its stimulation, similar to all 

opsins, is dependent on the latency to opening, the light intensity and amount of 

expression within the model system.  

 

There are several ways to induced opsin expression within a system. Constructs 

are generated creating the channel of interest and a reporter, coupled to highly specific 

promoters, which are selected to target precise expression. These methods at times can be 

coupled with the use of cre-recombinase can allow for conditional expression and 

increased specificity with expression (Zeng & Madisen, 2012). The most common 

methods to induce expression within a model system include viral injection, usually with 

either adenovirus, AAV, or Lentivirus as vectors, or the generation of transgenic lines 

through gene transfer (Fenno et al., 2011; Zeng & Madisen, 2012; Zhang et al., 2010). 
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Viral expression can be an efficient means of regional specificity with expression (Allen, 

Singer, & Boyden, 2015) and is often used to examine circuity and associated behaviors. 

However, virus can leak into unintended target regions and also necessitates surgical 

implementation, which inevitably results in variation in expression between subjects 

(Zhao et al., 2011). Arguably the more precise method of inducing opsin expression is 

through transgenic methods. Transgenic insertion can result in multiple lines of 

expression for a specific promoter dependent on positional variegation. That is to say, 

expression patterns are dependent on a number of factors, the portion of the genome 

where they were incorporated, the genetic neighbors of that positioning , combined with 

both the condensed state of chromatin and copy number of the gene (Feng et al., 2000; 

Zhao et al., 2011). These all can vary the expression within brain and across brain 

regions, as well as the number of opsin molecules that are expressed within a given area. 

It does seem that such a multitude of varying factors would make precise expression 

difficult. However, the variation exists only between transgenic lines and is hereditably 

stable within specific lines of expression (Arenkiel et al., 2007; Feng et al., 2000). Thus, 

transgenic expression is ideal for meticulous specificity of cell type receiving stimulation 

through optogenetic activation. As techniques for achieving specificity with opsin 

expression expression have grown, research into the various channels has increased, 

leading to the identification and development of novel types of opsin actuators. 

 

While the use of ChR2  is widespread through the optogenetic field it is not the 

only variant of ChR2, used with optogenetic techniques. The most common variants of 

ChR2 include the H134 mutant (Nagel et al., 2005), E123T/H134R, or ChETA, 
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(Gradinaru et al., 2010) as well as the ChR1/ChR2 hybrid, ChEIF, (Lin, Lin, Steinbach, 

& Tsien, 2009). These variants exhibit increased speed, photoconductance or reduced 

desensitization, of course with tradeoffs for various other properties of wild type ChR2. 

Additionally, inhibitory opsins have also been identified. Hallorhodpsin was isolated 

from Natronomas pharaonic and acts as an inward chloride pump while ArchT is an 

outward proton pump isolated from Halorubrum sodomense.  These opsin channels are 

activated by red-shifted wavelengths of light, that allow for co-expression and 

independent activation and inactivation of neurons (Gradinaru et al., 2010; Zeng & 

Madisen, 2012). 

 

The activation of neuronal populations through in vivo optogenetics has 

demonstrated that spiking in specific cell types results in an overt LFP that is reflective of 

both the input to the cells and frequency at which they fire (Bartos et al., 2007; Butler et 

al., 2016; Buzsáki et al., 2015; Cardin et al., 2009; Colgin, Jia, Sabatier, & Lynch, 2005). 

Optogenetics holds promise to bridge in vivo, in vitro and single cell recordings (Butler et 

al., 2016; Dine et al., 2016) for a refined understanding of how brain activity is regulated 

across these scales. Further, several studies have indicated that the ability for inter-

regional communication and transfer of information relies on the precise excitatory state 

of the regions that are to be coupled (Atallah & Scanziani, 2009; Canolty & Knight, 

2010; Colgin & Moser, 2010). Coincident excitability between areas, both globally and 

locally, allow for a transient temporal window of opportunity where oscillations between 

regions can sync and amplify (Atallah & Scanziani, 2009). A recent study from our lab 

developed a novel optogenetic method for assessing excitability across a network, that 
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includes the subregions of the hippocampus and functional and anatomically connected 

anterior median nucleus of thalamus and PFC (Klorig, Alberto, Smith, & Godwin, 2019). 

Through incrementally increasing stimulation, of hippocampal CA1, over a range of 

intensities a network wide population discharge can be observed. The occurrence of this 

discharge can be extrapolated as a threshold indictor of the excitable state of the system. 

The assessment of excitability and observations of local field potentials can be married 

with optogenetics to provide unprecedented understandings of brain rhythms which 

would allow the intersection of such techniques to hold promise in uncovering common 

properties that span global, regional and local scales generating oscillatory activity. 

 

VI. Conclusion: Using optogenetics to probe detailed mechanisms of synchronous  

       activity 

 

To date there have been only a select number of studies that have been successful 

in the generation of in vitro optogenetic field potentials. (Butler et al., 2016; Cardin et al., 

2009; Dine et al., 2016). While the interpretation of LFPs at times carry some ambiguity 

(Herreras, 2016), the careful construction of experimental design can permit a robust 

examination of intrinsic properties of a population. Further, LFP studies within the 

hippocampus exhibit tight laminar structure aligning their respective dipoles for a robust 

response reflective of the synchronous activity of individual neurons (Bartos et al., 2007; 

Buzsáki et al., 2012). Studies have examined the current source density along the laminae 

of hippocampal regions and resultantly the somato-dendritic axis of pyramidal cells 

(Bartos et al., 2007; Buzsáki et al., 2012; Klausberger & Somogyi, 2008; Somogyi & 
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Klausberger, 2005). This examination has led to a correlation between high-frequency 

LFP and the repetitive firing of action potentials, indicating LFP may provide a 

connection between the specific cellular contribution to generating the overt population 

oscillation (Andersen, Bliss, & Skrede, 1971; Bartos et al., 2007; Buzsáki et al., 2012; 

Colgin & Moser, 2010; Mann et al., 2004; Schomburg et al., 2012).  

 

The series of studies that follow demonstrate the precise cellular specificity that 

can be achieve with optogenetics within hippocampal circuitry. In Chapter 2, I report 

original work showing the subcellular distribution of CHR2 in the Thy1 transgenic 

mouse. In Chapter 3, I report utilizing this transgenic line in experiments showing how 

optogenetic methods can be applied with the Thy1 line 18 model to generate in vitro 

LFPs for the examination of the excitatory state of a population and how it contributes to 

oscillatory activity within a specific region. Incorporating optogenetics in this manner, 

for the study of population level activity, allows for a detailed observation of the 

contribution of specific cell types to the collective interactions that make synchronous 

activity in the brain possible. 
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Abstract 

 

Optogenetic proteins are powerful tools for advancing our understanding of neural 

circuitry. However, the precision of optogenetics is dependent in part on the extent to 

which expression is limited to cells of interest. The Thy1-ChR2 transgenic mouse is 

commonly used in optogenetic experiments. Although expression patterns in these 

animals have been characterized generally, a detailed evaluation of cell-type specificity is 

lacking. This information is critical for interpretation of experimental results using these 

animals. We characterized ChR2 expression under the Thy1promoter in line 18 in 

comparison to known expression profiles of hippocampal cell types using 

immunohistochemistry in CA1. ChR2 expression did not colocalize with parvalbumin or 

calbindin expressing interneurons. However, we found ChR2 expression to be localized 

in the deep sublayer and calbindin-negative pyramidal cells. These findings demonstrate 

the utility of the Thy1-ChR2-YFP mouse to study the activity and functional role of 

excitatory neurons located in the deep CA1 pyramidal cell layer.  
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I. Introduction 

 

Optogenetics has enabled significant advances in neuroscience, particularly in 

understanding complex circuit interactions (Kohara et al., 2014; Zhang et al., 2010; Zhao 

et al., 2011),  and behavioral functions (Allen, Singer, & Boyden, 2015; Jasnow et al., 

2013; Ting & Feng, 2013).  The generation of transgenic animals for optogenetics has 

provided stable optogenetic lines with reliable expression patterns between animals 

(Fenno, Yizhar, & Deisseroth, 2011; Ting & Feng, 2013; Zhang et al., 2010). Further, 

increased control over the expression of opsin actuators can limit expression to precise 

neuronal populations, or cell types, through the use of highly specific promoters (Asrican 

et al., 2013; Fenno et al., 2011; Ting & Feng, 2013; Zeng & Madisen, 2012; Zhang et al., 

2010).  

 

Thy1 was the first of such promoters used to drive expression in transgenic 

optogenetic animals (Arenkiel et al., 2007), and is still broadly used today (Asrican et al., 

2013; Chen et al., 2012; Fenno et al., 2011; Porrero, Rubio-Garrido, Avendano, & 

Clasca, 2010; Ting & Feng, 2013; Zhao et al., 2008). There are a variety of Thy1 

transgene founder lines with lines 9 and 18 being the most commonly used (Ting & Feng, 

2013).  These lines exhibit ChR2 expression in a variety of brain regions, including 

amygdala, hippocampus, and cortex (Asrican et al., 2013; Fenno et al., 2011; Ting & 

Feng, 2013). While expression patterns of transgenes are specific and consistent within 

lines, expression patterns between lines differ. The distribution of Thy 1 transgenes 

between founder lines has been described in detail by Feng et al. (2000), and others 
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(Arenkiel et al., 2007; Asrican et al., 2013; Ting & Feng, 2013). Transcription of the 

Thy1 gene dramatically decreases postnatally, contributing to slight variation in 

expression. This increased variance in expression patterns of Thy1 transgenes among 

brain regions is thought to be attributed to differential induction of silencing mechanisms, 

dependent on copy number of transgenes and state of chromatin condensation proximal to 

their insertion point (Feng et al., 2000).  

 

Thy1-ChR2 line 18, with high expression levels in area CA1, is a particularly 

useful model for studying hippocampal physiology. Gross histological examination 

suggests that ChR2 is primarily expressed in CA1 pyramidal neurons (Arenkiel et al., 

2007; Asrican et al., 2013). However, there are relatively few studies which examine cell-

type specific expression, and reports in some Thy-1 founder lines indicate expression of 

ChR2 may be present in interneurons of CA1(Asrican et al., 2013; Ladas, Chiang, 

Gonzalez-Reyes, Nowak, & Durand, 2015). There are more than 21 subtypes of 

interneurons in CA1, each playing different functional roles in hippocampal microcircuits 

(Bezaire & Soltesz, 2013; Freund & Buzsaki, 1996; Klausberger & Somogyi, 2008). In 

addition, the pyramidal cell population is not a single homogenous cell layer, but rather 

composed of at least two sublayers that are differentiable based upon physiological 

features and expression of the calcium buffering protein calbindin (CBN) (Kohara et al., 

2014; Mizuseki, Diba, Pastalkova, & Buzsaki, 2011; Valero et al., 2015). These sublayers 

receive distinct inputs and are thought to represent different functional pathways within 

CA1. To identify the specific expression of ChR2 in the hippocampus of the Thy1, line 

18 mouse we used cell-type specific markers to perform a histological examination of 
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select interneurons and pyramidal cell sublayers. Our results demonstrate that expression 

in CA1 is specific to CBN negative, deep pyramidal cells. These findings highlight the 

utility of Thy1-ChR2-YFP, line 18, mice to generate a better understanding of the role of 

this specific subset of neurons in hippocampal circuitry.  

 

II. Methods 

 

II.A Animals 

 

All animals were maintained at Wake Forest University School of Medicine on a 

12 hour light/dark cycle. All experiments were approved by the Wake Forest University 

Animal Care and Use Committee and complied with National Institute of Health 

guidelines for minimizing pain and discomfort. Thy1-ChR2-YFP, line 18, mice were 

obtained from Jackson Laboratory (B6.Cg-Tg(Thy1-COP4/EYFP)18Gfng/J, stock 

number 007612). Five adult mice, ranging from 8 to 12 months, were sacrificed using 

Euthasol (Virbac, Fort Worth, TX) and intracardially perfused with 4% 

paraformaldehyde. Brains were extracted and stored in phosphate buffered saline (PBS) 

at 4oC, prior to being sectioned at 50µm with a vibratome.    

 

II.B Immunohistochemistry  

 

Free floating sagittal sections containing dorsal CA1 were chosen randomly 

across the medial-lateral plane of CA1 for each subject. Sections were incubated in 
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10mM citric acid at 80 oC for 30 minutes to promote antigen retrieval. Non-specific 

labeling was blocked by incubating sections with solution of 10% normal donkey serum 

and 0.4% triton X-100 for four hours. Slices were washed using a 0.4% triton x-100 in 

PBS mixture. A separate 0.4% triton x-100 in PBS mixture was used to dilute primary 

antibodies into solution.  Sections were then incubated in primary antibody solution at 

4oC, overnight. Primary antibodies used included mouse antibody to parvalbumin 

(1:5000, Swant), calbindin (1:5000, Swant), and rabbit antibody to Wolfram Syndrome 1 

(1:250, Protein Tech) (Dong, Swanson, Chen, Fanselow, & Toga, 2009; Kohara et al., 

2014). Slices were washed again using 0.4% triton x-100 PBS mixture and then 

incubated for four hours at 4oC with fluorescence-conjugated secondary antibodies of the 

same primary vehicle; anti-mouse Alexa 647 (1:500), anti-rabbit Alexa 405(1:500). 

Sections were rinsed in PBS and mounted to slides. No primary antibody was included in 

incubations for control sections, and no immunoreactivity was observed in these tissue.   

 

II.C Image Analysis  

 

Hippocampal sections were imaged using Zeiss 710 confocal microscope with a 

63X oil immersion lens (NA 1.4). Images were acquired at 1024 X 1024 pixels, with 2X 

averaging. Single image planes were analyzed for expression of cell markers and ChR2 

within the neurons in hippocampal CA1. Two quantification methods were utilized to 

assess the colocalization of ChR2 with selected cell markers.  

First, ImageJ (Schindelin, Rueden, Hiner, & Eliceiri, 2015) was used to calculate 

Mander’s overlap coefficient which are reported +/- standard error of the mean, n = 
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number of total slices examined. Given general negative correlation expected between 

cell markers and ChR2, Mander’s coefficient was selected over Pearson’s correlation 

coefficient. Values for Mander’s coefficient were averaged across image fields (n =11-15 

per subject) to generate an average overlap value for each cell marker as compared to 

ChR2 (Dunn, Kamocka, & McDonald, 2011).  

 

Second, Spatial correlation was used to calculate absolute number of pixels 

displaying overlap with ChR2 for each cell marker. These results therefore yield a 

specific percentage of total shared pixels between the CH2 marker and each tested 

marker. Using Adobe Photoshop (Adobe Systems, San Jose, CA), thresholding for each 

channel was performed and remaining binary pixels were assigned by channel to either a 

red or green respectively. Pixel overlap was determined as regions showing yellow color 

of green and red overlay and pixel counts recorded assess the total area of colocalization 

between cell markers. Figures 1F, 2F, and 3F demonstrate absolute expression of markers 

in red and green, and overlapping pixels shown in yellow. Spatial correlation is reported 

as an average of the percentage of colocalized pixels in relation to ChR2 pixels, across 

the total number of slices examined (n),  +/- standard error of the mean. Absolute 

colocalization was further combined with original merged channel images (Figures 1E, 

2E and 3E for better visual display of colocalized regions. 

 

Finally, to maximize visual presentation of CH2 overlap with the various makers 

and to further supplement quantitative analyses performed above, intensity histograms 

were generated. These plot profiles were generated using FIJI for observation of overlap 
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between cell markers as pixel intensity co-varies across a drawn line (Figures 1G, 2G, 3G 

and 3H). White lines represented in these figures demonstrate the region in which 

intensity of each cell marker was measured across the distance indicated in the image. 

Intensity values along this range were plotted against each other for a visual 

representation and direct comparison of expression for each cell marker.  

 

III. Results  

 

Expression patterns of Thy1-ChR2 and other Thy1 transgenes have been observed 

to differ between founder lines. Thy1 transgenes have been found to express in both 

excitatory and inhibitory cell types, or in certain lines, both cell types (Allen et al., 2015; 

Feng et al., 2000; Ladas et al., 2015). Thy1-ChR2-YFP line 18 has prominent expression 

in hippocampus, cortex, and amygdala (Arenkiel et al., 2007; Asrican et al., 2013; Ladas 

et al., 2015). For a more detailed examination of ChR2 expression within hippocampal 

CA1 in line 18, sagittal slices were stained with antibodies labeling specific cell types. To 

verify this, sections were incubated with antibody for wolfram syndrome 1, a protein 

shown to be specific to excitatory cells of CA1 (Dong et al., 2009; Kohara et al., 2014; 

Luuk et al., 2008; Takeda et al., 2001).  Within the pyramidal cell layer ChR2 expression 

was abundant (Figure 1) and exhibited near complete colocalization with WFS1, 

(R=0.913 +/- 0.010, n=12). Average intensity values indicate no difference in intensity 

levels between the two proteins, verifying ChR2 expression in excitatory pyramidal cells. 

While there is not absolute colocalization (x̄ = 55.000, +/- 9.678, n=12) between WFS1 
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and ChR2 expression, this observation may be explained by the gradient of ChR2 

expression within the pyramidal cell layer, discussed further below.   

 

There have been conflicting reports of ChR2 expression in interneuron 

populations in other Thy1 lines (Allen et al., 2015; Asrican et al., 2013; Feng et al., 2000; 

Ladas et al., 2015). The calcium binding proteins parvalbumin (PV), and to some extent 

CBN, are established markers of interneurons (Baimbridge, Peet, McLennan, & Church, 

1991; Donato, Rompani, & Caroni, 2013; Freund & Buzsaki, 1996; Klausberger et al., 

2005; Kullmann, 2011; Maccaferri & Lacaille, 2003; Moreno et al., 2012; Sohal, Zhang, 

Yizhar, & Deisseroth, 2009; Wester & McBain, 2014). While these markers are not 

representative of all interneurons in the hippocampus, PV expression is observed in the 

majority of interneurons within hippocampal CA1 (Freund & Buzsaki, 1996; Klausberger 

& Somogyi, 2008). Given their prevalence and functional role in CA1, expression 

patterns of each of these calcium binding proteins was examined. In contrast to excitatory 

cell markers, basket and bistratified interneurons expressing PV did not express ChR2 

(Figure 2), (R=0.200 +/- 0.041, n=14). Examination of average intensity values, support 

this finding (x̄ = 25.259, +/- 11.887, n=14). In figure 2E-H, ChR2 expression was 

observed to be decreased in areas with increased PV expression.  

 

While CBN has been shown to be expressed in a subset of interneurons, recent 

work has highlighted CBN as a marker with the potential to distinguish between distinct 

sublayers within the hippocampus (superficial and deep) (Baimbridge et al., 1991; 

Mizuseki et al., 2011; Sloviter, 1989; Valero et al., 2015). Hippocampal slices stained for 
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CBN expression show similar patterns of labeling (Figure 3). CBN positive cells were 

used as a guide for segregating superficial and deep cell layers when examining sublayer 

specific ChR2 expression within CA1 pyramidal cells. The areas examined are along the 

white line in Figure 3F and 3G. ChR2 expression could be seen to exhibit a gradient in 

Figure 3B and 3D with strong expression in deep pyramidal layer and limited expression 

in superficial cells. ChR2 expression was not colocalized with CB (R=0.539 +/- 0.030, 

n=15) (x̄ = 30.099, +/- 13.159, n=15) and both CBN and ChR2 exhibit differential 

expression patterns between sublayers. Fluorescent labeling with CBN revealed that 

ChR2 expression was localized to CBN negative cells of the deep pyramidal layer of 

CA1.  

 

IV. Discussion 

 

Owing to the precise temporal and spatial regulation made possible by selective 

expression of opsins, optogenetics affords the ability to study a variety of functions with 

precise stimulation of neurons. However, different methods for inducing opsin channel 

expression can generate expression patterns with varying specificity. Our study illustrates 

the high degree of specificity in expression of ChR2 in the line 18 transgenic Thy1-

ChR2-YFP mouse, at least within CA1 of the hippocampus.  

 

Within this region, the complex interaction between excitatory cells and PV 

basket and bistratified cells, as well as other interneurons, has been well documented 

(Bezaire & Soltesz, 2013; Freund & Buzsaki, 1996; Klausberger et al., 2005; Maccaferri 
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& Lacaille, 2003; Sohal et al., 2009; Wester & McBain, 2014). Interneurons play a role in 

the regulation of rhythmic activity, essential to learning, memory and other functions of 

this brain region (Buzsaki, 2015; Colgin, 2016; Donato et al., 2013; Klausberger et al., 

2005; Sohal et al., 2009).  Our results indicate ChR2 expression shows distinct expression 

in excitatory cells with virtually no overlap of opsin channel expression in PV expressing 

interneurons, similar to the results from Arenkiel et al. (2007) and Asrican et al. (2013). 

Further, although CA1 of the hippocampus has many interneuron types, and PV 

expression is not inclusive of all of these, it comprises a large percentage of interneurons 

in the pyramidal cell layer (Buzsaki, 2015; Freund & Buzsaki, 1996; Klausberger et al., 

2005; Kullmann, 2011). This precise expression of ChR2 makes it possible to examine 

the role of primarily activating excitatory pyramidal cells of CA1 and their participation 

in generating highly synchronous events, and rhythmic patterns of activity intrinsic to this 

area (Buzsaki, 2015; Klorig & Godwin, 2014; Sohal et al., 2009; Wester & McBain, 

2014).  

 

Despite the generalization of pyramidal cells of CA1 as  homologous, the 

existence of distinct sublayers within CA1 were originally described in detail by Lorente 

de Nó (1934). Though these sublayers have been known for some time (Baimbridge et 

al., 1991; Sloviter, 1989) their functional role is only just being explored (Graves et al., 

2012; Kohara et al., 2014; Mizuseki et al., 2011; Slomianka, Amrein, Knuesel, Sorensen, 

& Wolfer, 2011; Valero et al., 2015). Deep and superficial sublayers of CA1 can be 

identified based on distinct gene expression and physiological characteristics (Dong et 

al., 2009; Graves et al., 2012; Lorente de Nó, 1934; Mizuseki et al., 2011; Slomianka et 
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al., 2011; Valero et al., 2015). The calcium binding protein CBN has been used as a 

marker of CA1 sublayers, specifically superficial rather than deep (Baimbridge et al., 

1991; Buzsaki, 2015; Graves et al., 2012; Kohara et al., 2014; Mizuseki et al., 2011; 

Moreno et al., 2012; Sloviter, 1989; Valero et al., 2015). Our study confirms the sublayer 

specificity of CBN to superficial CA1. Further, ChR2 in the Thy1-ChR2-YFP mouse 

(line 18) exhibits a gradient expression within CA1 cells. Although, not directly 

discussed similar ChR2 expression was observed in Thy-VChR1, line 8, in the 

characterization study by Asrican et al. (2013). Our findings indicate greater expression 

of ChR2 within deep CA1 pyramidal cells, and ChR2 expression was not colocalized 

with CBN positive superficial cells.  

 

CBN expression also highlights physiological differences between the two 

sublayers. Calcium binding proteins allow for cells to have precise regulation over 

intracellular calcium and further provides protection in the form of buffering from surges 

in intracellular calcium, which can mediate forms of excitotoxic cell death (Baimbridge 

et al., 1991; Moreno et al., 2012; Slomianka et al., 2011; Sloviter, 1989). These 

regulatory and protective roles suggest the lack of these calcium binding proteins may be 

involved in selective susceptibility to seizure activity (Sloviter, 1989). Here, fluorescent 

staining with antibodies against these calcium binding proteins indicate ChR2 is not 

expressed in cells that normally express the calcium binding protein CBN. Should these 

findings be confirmed through electrophysiology, the specific expression of Thy1-CHR2-

YFP, line 18, in CBN negative excitatory cells would further highlights the utility of this 

optogenetic line. Particularly, the ability of these transgenic animals to serve as a model 
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of increased susceptibility to hyperexcitatbility and seizure activity. Further, differences 

in physiology of these two sublayers have been highlighted in the study by Mizuseki et 

al. (2011). Deep cells exhibit higher burst activity and firing rates as compared to 

superficial counterparts, allowing them to participate preferentially in oscillatory activity 

of this region. A subsequent study performed by Graves et al. (2012) confirmed these 

physiological characteristics and reported differential responses to neuromodulation of 

glutamate and acetylcholine between the two cell types.  

 

These differences in functional activity of hippocampal sublayers are proposed to 

arise from distinct pathways within the hippocampus. For example, the downstream 

projections of CA1 sublayers have additionally been examined (Kohara et al., 2014; 

Mizuseki et al., 2011; Slomianka et al., 2011). Deep cells predominantly project 

ipsilateral, as compared to superficial bilateral projections, and preferentially project to 

the ventral striatum and nucleus accumbens (Slomianka et al., 2011).  These collective 

physiological responses, combined with a detailed examination of connectivity (Graves et 

al., 2012; Kohara et al., 2014; Slomianka et al., 2011; Valero et al., 2015) have led to the 

proposal that deep and superficial CA1 sublayers comprise two streams of information 

that are functionally cooperative but ultimately, fundamentally segregated (Graves et al., 

2012; Kohara et al., 2014; Mizuseki et al., 2011; Slomianka et al., 2011; Valero et al., 

2015). The specific localization of ChR2 in the Thy1 line 18 mouse to deep CA1 

pyramidal cells provides the unique ability to more precisely examine the functional role 

of this sublayer within the hippocampus and explore its downstream targets. To our 
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knowledge, this is the first example of specific ChR2 expression in deep CBN negative 

pyramidal cells in CA1.  

 

Our examination of expression patterns of various cell markers in Thy1-ChR2-

YFP, line 18, demonstrate this optogenetic line expresses channelrhodopsin in a specific 

subset of deep excitatory pyramidal cells in CA1.  The specific expression of ChR2 in 

Thy1, line 18 deep pyramidal cells highlights the utility of this line to examine the 

function of the deep sublayer of CA1 and the specific role of excitatory cells, including a 

better understanding of distinct synaptic pathways within the hippocampus; their 

interactions, downstream projections and overall contribution to brain function. Further, 

given the lack of ChR2 expression in CBN and PV expressing neurons, this line can be 

used to explore the effects of reduced calcium buffers in neuronal activity and possibly 

allow for this line to serve as a model of increased hyperexcitability. The unique pattern 

of expression in this optogenetic line permits more precise interpretation of experimental 

observations and an overall deeper appreciation of complexity of hippocampal circuitry. 
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Figure 2.1. ChR2 expression in excitatory cells.  A. Merged expression of ChR2 and 
WFS1 through hippocampus at 10× magnification. B. Tile scan of ChR2 expression across 
CA1 shown in top panel, merged ChR2 and WFS1 expression shown in bottom panel both at 
63x. C. ChR2-EYFP expression, D. anti-WFS1 staining, E. Merged image of both WFS1 and 
ChR2, Mander’s Overlap Coefficient, R=0.913 +/− 0.010, n=12 slices, 5 animals. F. 
Representation of spatial colocalization thresholding, x̄ = 55.000, +/− 9.678, n=12 slices, 5 
animals. G. Regions of intensity measurements, depicted by white line. H. Histogram 
comparing intensity values for WFS1(purple) and ChR2 (green). X axes represents position 
left to right across the measured area in image.  
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Figure 2.2. Comparison of ChR2 expression in PV interneurons. A. Merged 
expression of ChR2 and PV through hippocampus at 10x magnification. B. Tile scan of 
ChR2 expression across CA1 shown in top panel, merged ChR2 and PV expression 
shown in bottom panel both at 63x. C. ChR2-EYFP expression, D. anti-PV staining, E. 
Merged image of both PV and ChR2, Mander’s Overlap Coefficient, R=0.200 +/- 0.041, 
n=14. F. Representation of thresholding for spatial colocalization, x̄ = 25.259, +/- 11.887, 
n=14. G. Intensity measurements were taken at region shown in white. H. Histogram 
comparing intensity values for PV (Purple) and ChR2 (Green). X axes represents position 
left to right across the measured area in image. 
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Figure 2.3. Examination of sublayers of pyramidal cells in hippocampal CA1. 
A. Merged expression of ChR2 and CBN through hippocampus at 10x 
magnification. B. Tile scan of ChR2 expression across CA1 shown in top panel, 
merged ChR2 and CBN expression shown in bottom panel both at 63x. C. ChR2-
EYFP expression, D. anti-calbindin staining, E. Merged image of both CBN and 
ChR2, Mander’s Overlap Coefficient, R=0.054 +/- 0.030, n=15. F. Spatial 
colocalization thresholding, x̄ = 30.099, +/- 13.159, n=15. G and H Merged images 
of CBN and ChR2 expression, outlining deep (G) and superficial (H) regions of 
CA1. I and J. Intensity histograms for deep (I) and superficial (J) expression of 
CHR2 and CBN, values for CBN (Purple) and ChR2 (Green). X axes represents 
space left to right across measured area in image.  
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Abstract  

 

Here we report a novel method for assessing the intrinsic excitability of a local 

population through in vitro optogenetic stimulation of hippocampal CA1, specifically 

deep excitatory cells within this region. The intrinsic excitability of specific cell-types 

and their cooperative interaction with neighboring neurons can determine the ability of 

brain networks to respond to, and propagate, neuronal activity. The mechanisms 

mediating excitability span global and local scales, and a robust assessment and 

characterization of excitability within a system can provide a more complete 

understanding of the underlying processes facilitating brain function. Previous work in 

our lab has developed a probabilistic method for assessing excitability through 

optogenetic stimulation that propagates throughout multiple brain regions, including 

hippocampal subregions, thalamic nuclei and the prefrontal cortex. The present study 

expands on these findings and provides a more detailed understanding of how such 

activity is generated. Measuring increased response amplitude in response to increasing 

light intensity provides a light-intensity response curve (LIRC) that can be extrapolated to 

determine the excitable state of the population. Oscillatory-like activity emerged at the 

higher intensity levels of our response curve. Both this oscillatory-like activity and LIRC 

are sensitive to changes in excitability with pharmacological interventions. Blocking Na+ 

channels with TTX (0.1 µM) dramatically reduced the response and eliminated the 

oscillatory effect at higher intensity levels. The absence of secondary peaks also occurred 

with application of 4AP (0.1 mM) to block K+ channels. Perturbation in the balance 

between excitatory and inhibitory transmission increased the response and impacted 
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frequency. Blocking GABA receptors with picrotoxin (100 µM), excitatory NMDA 

receptors with APV (50 µM) and AMPA receptors with DNQX (50 µM) all had similar 

effects, likely through differential pre-and postsynaptic effects on interneurons. The 

characteristics of this response establish it as a possible intermediate response between 

single cell activity and oscillations of the local field potential. It further provides a 

method for assessing the contribution of specific cell types to population activity in the 

hippocampal circuit. Finally, it is possible this technique may be applied to yield insight 

into how oscillatory activity is generated and organized and how excitability is locally 

regulated. 
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I. Introduction  

 

Network oscillations are generated and sustained through a precise ratio of 

excitatory and inhibitory activity within the brain, interposed upon complex, 

interconnected networks. Oscillations are important for the processing and computation 

of neural activity that regulates a variety of normal functions (Buzsáki & Draguhn, 2004; 

Buzsáki & György, 2006; Colgin, 2016; Valero & Prida, 2018; Wilson, Higgs, Simmons, 

& Morales, 2018) and different disease states, most prominently epilepsy (Buzsáki & 

Watson, 2012; Colgin, 2016; Hutcheon, Yarom, Hutcheon, & Yarom, 2000; Klorig, 

Alberto, Smith, & Godwin, 2019), but also including schizophrenia, major depressive 

disorder (Buzsáki & Watson, 2012; Colgin, 2016) and Alzheimer’s Disease (Goutagny & 

Krantic, 2013). Such oscillations rely on the coordinated interaction of specific cell types 

and their respective intrinsic properties. Here, we report an in vitro approach for 

optogenetic induction of local field potentials, for the assessment of these properties in 

specific cells, and for studies of how they may regulate local excitability to contribute to 

oscillatory activity.  

 

Measurements of excitability can provide a means of better understanding the 

underlying properties that regulate the relationships between the excitable state of a 

population and the generation and propagation of oscillations. Previous work from our 

lab has generated a network wide probabilistic assessment of excitability through 

multiple interconnected brain regions termed the optogenetically-induced population 

discharge threshold (oPDT) (Klorig et al., 2019). Through this work, optogenetic 
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stimulation over a range of intensity levels generates a population discharge that elicits a 

population response in hippocampal CA1 that can be observed to spread to other 

hippocampal subregions, the thalamus and prefrontal cortex. Examination of the ratio of 

light intensity to network wide discharges allows for assessing the excitable state of the 

network in an unambiguous manner and can sensitively identify changes in excitability, 

as observed in various experimental conditions, including pharmacological treatments 

and kindling.  

 

A characterization of the transgenic line used in these studies has revealed that 

ChR2 expression within CA1 is localized to deep pyramidal cells (Dobbins et al., 2018). 

The hippocampus is known to intrinsically generate a variety of different oscillations 

(theta, gamma and sharp-wave ripples). Thus, investigations into oscillations in the 

hippocampus can yield much information on the underlying mechanisms of oscillatory 

activity. It has been made clear from the cumulative studies examining such activity that 

the hippocampus is a complex interconnected network, comprised of many reciprocally 

connected circuits (Deshmukh & Knierim, 2012; Knierim, 2015; Valero & Prida, 2018). 

The exact activity and interaction of specific cell-types is necessary for the appropriate 

amplification, emergence and propagation of oscillations needed for normal functioning. 

The CA1 subregion is an excellent example of such regulation. Separate circuits that 

connect CA2 or CA3 to CA1 project to deep and superficial sublayers respectively 

(Kohara et al., 2014; Mizuseki, Diba, Pastalkova, & Buzsaki, 2011; Slomianka, Amrein, 

Knuesel, Sørensen, & Wolfer, 2011; Valero et al., 2015) and regulate oscillations in a 

segregated manner (Mizuseki et al., 2011; Oliva, Fernández-Ruiz, Buzsáki, & Berényi, 
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2016; Valero et al., 2015; Valero & Prida, 2018). It is thought such segregation represents 

separate streams of information (Mizuseki et al., 2011; Slomianka et al., 2011) that 

coincide with unique emergent properties of the hippocampus, specifically the 

interpretation novel versus familiar stimuli (Valero & Prida, 2018) and retrieval versus 

encoding  (Colgin, 2015). These distinct connections and segregated functions likely 

arise from the unique cellular properties of the two different sublayers within CA1. Deep 

cells have been shown to exhibit decreased firing thresholds and increased spiking 

activity (Mizuseki et al., 2011) and are devoid of calcium buffering proteins (Mizuseki et 

al., 2011; Valero et al., 2015). Presumably, these properties necessitate the tight 

inhibitory control over these cells (Mizuseki et al., 2011; Valero et al., 2015). The 

synchronous stimulation of these cells in isolation, through in vivo stimulation (Klorig et 

al., 2019) or through the application of in vitro optogenetic techniques, as achieved here, 

allows for an in-depth examination of these properties, how they are affected by specific 

currents and how their connections with neighboring neurons facilitate oscillatory 

activity. 

 

The excitability of a local population within any brain region are what govern 

rhythmic activity through the integration of various intrinsic and synaptic factors. The 

components facilitating network activity act both globally and locally and together 

comprise the state of the network. These components may additionally produce 

synchronous activity that drives global oscillations and their respective behavioral 

functions (Buzsáki & Draguhn, 2004; Buzsáki & György, 2006; Colgin, 2016; Hutcheon 

et al., 2000; Mann, Radcliffe, & Paulsen, 2004; Traub, Whittington, Stanford, & Jefferys, 
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1996). Measuring subtle changes in excitability provides a means of assessing the 

generation of synchronous activity and its ability to propagate between brain regions 

(Buzsáki & Draguhn, 2004; Buzsáki & György, 2006; Traub et al., 1996; Wilson et al., 

2018). The ability to examine excitation that spans single cell to oscillatory activity can 

be accomplished through careful analysis of local field potentials (LFP). While LFPs 

resemble the cumulative interaction of all activated cells within the population 

(Andersen, Bliss, & Skrede, 1971; Buzsáki, Anastassiou, & Koch, 2012; Wilson et al., 

2018), isolation of responses from contributing components can increase the 

interpretability of the LFP and its connection to macro and microscopic scales of 

neuronal activity (Buzsáki, 2015; Traub et al., 1996; Wilson et al., 2018).  The findings 

described below are a demonstration of such a connection.  

 

We report  the generation an optogenetically-induced field potential (opto-LFP) 

that is reflective of the intrinsic properties of the local population, through in vitro 

optogenetic stimulation of the deep CA1 sublayer. We analyzed a variety of parameters 

of the field response, and a LIRC was generated by comparing changes in amplitude with 

increasing stimulation. The LIRC was sensitive to pharmacological manipulation and 

provides an unambiguous representation of the excitable state of a system through 

examination of area under the curve (AUC) of the LIRC, not unlike studies employing 

electrical stimulation (Whittington & Traub, 2003). This tuned response was further 

sensitive to the manipulation of intrinsic ion-channel function and pharmacological 

alterations to excitability of the population. These observations indicate that precise 

synchronized stimulation of the excitatory cells within the deep sublayer of CA1 is 
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sufficient to generate oscillatory-like activity within hippocampal CA1 and that cell-

specific optogenetic stimulation in vitro allows for the assessment of subtle changes in 

the intrinsic network excitability that underlies local oscillations.  

 

II. Methods  

 

II.A Animals  

 

The experiments described were approved through the Wake Forest University 

Animal Care and Use Committee and are in compliance with the National Institute of 

Health guidelines, including measures to eliminate suffering and minimize the use of 

animals. All mice were obtained from Jackson Laboratory (B6.Cg-Tg(Thy1-

COP4/EYFP)18Gfng/J, stock number 007612) and ranged from 3-10 months in age at the 

time of recording. All animals were maintained with free access to food and water.  

Transgenic Thy1-ChR2-YFP, line 18, mice were used for this study to remain consistent 

with and expand on the previous studies of our lab (Dobbins, Klorig, Smith, & Godwin, 

2018; Klorig et al., 2019), and to allow for high reproducibility and reduced variability of 

optogenetic expression between animals. Subjects were euthanized by cervical 

dislocation prior to recording. A total of 14 male animals were used. 
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II.B Slice Preparation and Stimulation Paradigm  

 

All work was performed under red light to protect slices from unintended 

activation. Slices were cut at 400 µm, using the slice preparation described by Stoop and 

Pralong (2000), we have made efforts to preserve, as much as possible, an intact 

hippocampal circuit for our recordings. Briefly, the cerebellum was removed, and the 

cerebrum was cut along the dorsal aspect at a 45o angle prior to transverse cuts with a 

vibratome (VT12000; Leica, Nussloch, Germany). The hippocampus was further isolated 

from the slices via microdissection. All cutting took place in oxygenated cutting solution 

comprised of (in mM): 75 Sucrose, 25 Glucose, 87 NaCL, 25 NaHCo3, 2.5 KCl, 1.25 

NaH2PO4, 7 MgCl2, 0.5 Ascorbate and 0.5 CaCl2. Hippocampal tissue was then incubated 

with oxygenated artificial cerebrospinal fluid (aCSF) consisting of (in mM):124 NaCl, 5 

KCl, 2.0 MgCl2, 10 Glucose, 23 NaHCO3, 1.5 NaH2PO4, 2 CaCl2, with pH adjusted to 

7.4. Incubation lasted approximately one and a half hours prior to experimental 

stimulation at room temperature. All slices were continuously perfused with aCSF at a 

flow rate of 1.5 to 2 ml/min held at a constant temperature of 34o C during recordings.  

 

Local field potentials were generated through optical stimulation targeting apical 

dendrites within intermediate CA1 (Figure 3.1 A). The recording electrode was placed in 

the pyramidal cell layer adjacent to the stimulation site. Stimulation was administered 

with an optical fiber coupled to and LED controlled with an LED driver (Mightex; 

Pleasanton, CA). To reduce the spread of light and allow for precise optical stimulation, 

the optical fiber had a 200 μm diameter and 0.38 numerical aperture and was recessed in 
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a ceramic ferrule. The optrode was consistently placed 1 mm above the surface of the 

tissue to reduce variability between slice recordings. Light dose response curves were 

generated using optogenetic stimulation with a single 5 ms square pulse over a range of 

10 intensity levels (0.05 – 0.11 mW; Figure 3.1.B and C), and an interstimulus interval of 

600 ms. This stimulation paradigm was repeated 5 times per slice to serve as an internal 

control. Population activity was acquired with an AxoClamp 2B amplifier (Axon 

Instruments), digitized with Digidata 1322 (Axon Instruments), and recorded with 

pCLAMP 9.0 software (Axon Instruments). 

 

II.C Pharmacology: 

 

Stimulation of baseline and condition LIRC was separated by approximately 20-

30 minutes to allow for full penetration of pharmacological agents into the tissue 

(Alexander and Godwin, 2005). All substances were diffused through ACSF by an 

infusion pump to control the concentration of drug in the bath. The substances used 

included: tetrodotoxin (TTX, 1 µM; Alomone Laboratories, Jerusalem, Israel ), 6,7-

dinitroquinoxaline-2,3-dione (DNQX, 50 µM), (2R)-amino-5-phosphonopentanoate 

(AP5, 50 µM), Picrotoxin (100 µM), and 4-Aminopyridine (4AP, 100 µM; Thermo 

Fisher Scientific.). DNQX, AP5 and Picrotoxin were obtained from Tocris Biosciences, 

Ellisville, MO. Normal aCSF was used to flush the chamber and lines between recordings 

of different drugs. Both Picrotoxin and DNQX were dissolved in DMSO (Thermo Fisher 

Scientific), while 4AP and AP5 were dissolved in dH2O.  
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II.D Analysis 

 

Analysis of various waveform components was performed using MATLAB 2018a 

(MathWorks). The metrics assessed include, latency to respond to stimulation, the 

duration of the response, AUC of the waveform, slope and amplitude. Start time of the 

response was identified as the first value that exceeded 0.02 mV after the start of 

stimulation. The derivative at each sampling point was determined to allow for the further 

identification of response start and peak times. Response end was determined when slope 

variation ceased, determined as the first point where < 0.001 mV difference was observed 

between the slope, at that sample, and the average slope of the 5 preceding samples. This 

was applied for all recordings with the exception of 4AP, which never returned to 

maintain constant baseline. MATLAB was additionally used to generate graphical 

representations of waveforms and stimulation traces from recordings. Light intensity 

response curves were generated for amplitude, latency and slope. Statistical analysis of 

waveform components (duration, area, slope, amplitude and latency) was performed on 

data generated from the final level of stimulation (0.11 mW) for each recording. All 

values were imported and statistically analyzed with Prism 8 (GraphPad). Asymmetric 

sigmoidal non-linear regression within the software, was utilized for curve fitting and 

used to assess LIRC I50 (intensity level producing a half maximal response, as compared 

to EC50 of dose response curves) values and AUC for statistical comparison between 

conditions. Amplitude was the only parameter that produced a LIRC across intensity 

levels. AUC of the LIRC was found to vary significantly between all conditions, 

including DMSO, demonstrating its robust ability to detect very subtle changes in 
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excitability in an unambiguous manner. Given the smaller sample sizes, Shapiro-Wilks 

test for normality was performed prior to comparative analyses (Shapiro and Wilk, 1965; 

Yap and Sim, 2011). A two-tailed students t-test was used to determine significance of 

differences of the parameters tested between the baseline and pharmacological alteration 

with each recording (p = 0.05). Collective data for all metrics are reported, as mean 

values +/-  standard error of the mean (SEM), with their accompanying statistics in Table 

3.1 (for initial response and LIRC development) and Table 3.2 ( for comparison of 

oscillatory activity at final intensity level, 0.11 mW). Significant changes are reported in 

detail below.    

 

III. Results  

 

 Optogenetic stimulation with a low intensity brief light pulse in vitro, resulted in 

evoked waveforms that gradually became more robust with increasing stimulation 

intensity. Secondary peaks emerged as light intensity increased, with the emergence of 

oscillatory-like activity at higher intensity levels. Each additional peak from the initial 

response exhibits a decreased amplitude from its predecessor, suggesting oscillatory-like 

activity may be representative of resonance of the local field to the stimulation. Below we 

characterize the contribution of specific currents local field potential through the use of 

various pharmacological blockers. 
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We first determined the proportion of the response due to ChR2-mediated 

currents by blocking voltage-gated NA+ channels. TTX was applied to aCSF to assess the 

contribution of ChR2 currents to the recorded response (Figure 3.2). Generally, the use of 

TTX decreased the opto-LRP response and the secondary peaks observed with the 

baseline waveform were also absent from the TTX response, Figure 3.2 A.  The opto-

LFP amplitude, Figure 3.2 B and 3.2 C, (baseline: 1.899 ± 0.069 mV, TTX: 0.092 ± 

0.144 mV) and slope, Figure 3.2 D, (0.093 ± 0.052 vs 0.019 ± 0.003 mV/ms)  were 

significantly reduced in the presence of TTX (amplitude: p = 0.001, slope: p=0.026; n=3). 

To pair with changes in Na 2+, we also administered the K+ channel blocker 4AP. 

Blockade of K+ channels resulted in only a reduction in the total number of peaks 

(baseline: 3 peaks versus 4AP: 1.5 peaks, p < 0.001) and demonstrated a prolonged shift 

in the baseline (Figure 3.3 A). The dramatic reduction observed with TTX and alteration 

of waveform components with both TTX and 4AP indicate that the opto-LFP is strongly 

modulated by the intrinsic properties of the local population.  

 

Next, we aimed to determine the synaptic contribution to the in vitro opto-LFP. In 

order to assess the contribution of AMPA receptors, we infused of DNQX in the aCSF. 

The response persisted in the presence of DNQX (Figure 3.4 A) and resulted in a 

significant increase in total area (Figure 3.4 E) (Baseline: 66.93 ± 3.062, DNQX: 135.7 ± 

23.29; p < 0.001, n =3) and duration (Figure 3.4F) (Baseline: 12.67 ± 0.636 ms, DNQX: 

20.33 ± 3.075 ms; p = 0.002, n =3). While it is possible that the administration of DNQX 

attenuates activation of local interneurons that are reciprocally connected to pyramidal 

cells, the subsequent peaks in the wave form continued to be present, new peaks 
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emerged, and each peak exhibited a significant increase in amplitude from baseline 

response (summarized in Table 3.2). To assess contribution of NMDAR, we used the 

NMDA receptor antagonist AP5. Secondary waveforms remained present with the 

simultaneous administration of both drugs (Figure 3.5 A). An increase in total area 

(Figure 3.5 E) (baseline: 66.93 ± 3.062 , DNQX/AP5: 181.1± 25.97 ; p < 0.001 ,n = 3) 

was observed, with the increase in area and amplitude (Figure 5B and 5C) extending to 

each individual peak (Table 3.2). In addition to these changes, simultaneous exposure to 

both substances had an additive effect on total area increase (DNQX: 135.7 ± 23.29 , 

DNQX/AP5: 181.1± 25.97; p <0.001, n = 3 ) and the area and amplitude of each peak 

(Table 3.1 and 3.2). Finally, the slope also significantly differed with each peak from the 

baseline slope and from the slope in the presence of DNQX alone (Table 3.2). There also 

was a greater average for the total number of peaks with both DNQX and DNQX/AP5 

(each 3.333 compared to baseline 3 peaks). However, this was not found to be 

statistically significant (p=0.0820). Should excitatory synapses have mediated the opto-

LFP and the appearance of oscillatory-like activity, blocking excitatory synaptic 

transmission should have reduced the response, specifically eliminating the secondary 

peaks observed. Thus, given the persistence and enhancement of oscillatory-like activity 

with the administration of DNQX alone, and in the presence of AP5, the opto-LFP is 

likely non-synaptic in nature.  

 

Activity within CA1 is largely governed by excitatory and inhibitory balance that 

regulates oscillatory activity through complex interactions between pyramidal cells and 

interneurons (Buzsáki & Wang, 2012; Mann & Paulsen, 2005; Mann et al., 2004; 
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Tiesinga & Sejnowski, 2009; Traub et al., 1996). To explore the possibility of 

interneuron influence on the local field response, we next decided to use picrotoxin to 

block GABAa receptor-mediated transmission occurring at the interneurons to pyramidal 

cell synapses during stimulation. Similar to DNQX and the DNQX/AP5 combination, 

Picrotoxin increased the number of peaks (Figure 6A) (Baseline: 3 peaks, Picrotoxin: 3.5 

peaks: p = 0.0045), amplitude (Figure 6B) of each peak (Table 1) and total area (Figure 

6E) (baseline: 91.5 ± 2.391, Picrotoxin: 149.6 ± 12.89; p = 0.001, n = 3). Assessment of 

DMSO alone added to aCSF demonstrated no significant change in the overall waveform 

(Figure 7A) or any of the observed parameters with the exception of AUC (Figure 7B) 

(baseline: 0.0836 ± 0.0037, DMSO 0.1 ± 0.0036; p=0.253, n=3).  

 

IV. Discussion 

 

IV.A Optogenetic Benefits 

 

Here we have developed a method that utilizes optogenetics to evoke local field 

potentials in vitro in an effort to characterize the underlying mechanisms of 

optogenetically-induced population discharges observed in vivo, resulting from 

stimulation of deep hippocampal neurons of CA1 (Klorig et al., 2019).  To date there 

have been few studies to have successfully evoked a local field response from 

optogenetic stimulation, most of which rely on areas with tight laminar organization 

(Butler, Mendonça, Robinson, & Paulsen, 2016; Cardin et al., 2009; Dine et al., 2016). 

While these studies were similarly able to generate in vitro optogenetic field responses 
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within hippocampal CA1, oscillatory activity was driven and sustained by continuous 

light activation that persisted through the duration of the response. Here we provide a 

single short pulse stimulation that results in induced oscillatory-like activity reflective of 

synchronized activity within the local population. From our prior study characterizing 

this transgenic line (Thy 1, line 18), it is clear the cells being stimulated through this 

paradigm are localized to the excitatory pyramidal cells within the deep sublayer of CA1 

(Dobbins et al., 2018). It is possible the localized cell-specific expression of ChR2 may 

contribute to our success. The precise stimulation of a single cell type within a population 

may be what facilitates the generation of the optogenetic LFP. It is likely that the 

simultaneous activation of multiple cell types, which can occur with less precise optical 

expression, could generate competing activity that would cancel out such a subtle 

response. This would be particularly true for CA1 of the hippocampus, where deep and 

superficial layers have been shown to have contrasting physiological profiles (Kohara et 

al., 2014; Mizuseki et al., 2011; Valero et al., 2015), and additionally contain a large 

population of inhibitory interneurons (Freund & Buzsáki, 1996; Klausberger & Somogyi, 

2008). We demonstrated that precise, short, low-intensity stimulation of ChR2 can be 

applied to generate a LIRC that reflects local excitability and further specific intensity 

stimulation recruits transient oscillations reflective of intrinsic properties of the local 

population. We additionally demonstrated the sensitivity of this activity to 

pharmacological manipulation and used these properties to assess local excitability and 

determine possible mechanisms mediating this oscillatory-like response. 
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Traditionally, excitability can be assessed through frequency variation with 

changes in intensity (FI curves), which can model the effects of single cells. However, it 

can be difficult to extrapolate such information about the effect of specific cell types, to 

the population (Hales & Pockett, 2014; Herreras, 2016). Indeed local field potentials are 

comprised of currents produced by highly aligned transmembrane properties and those of 

the local extracellular space (Hales & Pockett, 2014). Herreras (2016) has argued the 

interpretation of LFPs are clouded by the multitude of inputs to the recording region and 

the dipole nature of individual neurons. However, while LFPs are an aggregate activity of 

active cells and individual contributors can interact to shape the parameters of the field 

and the size, the temporal nature of the population spike is highly correlated to the firing 

of individual synchronous neurons (Andersen et al., 1971; Buzsáki et al., 2012; Wilson et 

al., 2018). A review of extracellular currents by Buzsáki, et al. (2012)  indicates a strong 

correlation between high-frequency power of LFPs and synchronous action potential 

spiking suggesting LFPs may provide a link between macroscopic EEG and microscopic 

spiking activity of neuronal populations (Andersen et al., 1971; Buzsáki et al., 2012). Our 

experiments show a method to employ optogenetics to simultaneously stimulate several 

neurons of a specific cell type to generate LIRC, similar to FI curves. This permits in-

depth examination of the contribution of specific cell types to excitability within a 

population and an assessment of how such contributions can be attributed to underlying 

intrinsic properties with various physiological and pharmacological challenges.  
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This study was designed to assess excitable changes within a population by 

generating a LIRC through optogenetically-evoked LFP in vitro. Specifically, we sought 

to better understand the mechanisms that contribute to opto-LFP, including in vivo forms 

such as our recently developed oPDT (Klorig et al., 2019). The oPDT is a useful tool for 

measuring network excitability. We employed similar stimulation paradigm with gradual 

regularly interspaced pulses of increasing light intensity, although not randomized, to 

hippocampal slices in vitro. The opto-LFP reported here is reflective of the intrinsic 

properties of the stimulated population, lacks electrical artifact and provides a non-

contaminated reflection of the aggregate parameters of the stimulated population. Further, 

using a slice preparation allows for pharmacological dissection of the components of the 

evoked response. It is our hope that the characterization presented here will be useful for 

interpreting future studies performed with this preparation. 

 

IV.B Pharmacological Dissection of the opto-LFP 

 

In this study we utilized 4AP to probe the contribution of K+ channels to the 

recorded waveforms. The use of 4AP is nonselective and targets a variety of voltage 

dependent potassium channels (Kv), including A-type, D-type and delayed rectifying 

potassium channels (Coetzee et al., 1999; Kirsch & Drewe, 1993; Martina, Schultz, 

Ehmke, Monyer, & Jonas, 1998; Storm, 1987). The majority of K channels act to regulate 

membrane potential and excitability through prolonged hyperpolarization and calcium 

spiking. This activity generally allows the blockade of these channels by 4AP to induce 

epileptic like activity (Avoli et al., 2002; Gonzalez-Sulser et al., 2012). However 
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differential sensitivity of K+ channels to 4AP blockade has been observed, and various 

concentrations of the drug have been utilized to isolate specific K+ channel varieties 

(Coetzee et al., 1999; Martina et al., 1998; Storm, 1987).  Further, K+ channels have 

varied expression that contributes to different activity dependent on the membrane 

location throughout the neuron (Golding, Jung, Mickus, & Spruston, 1999; Ozaita, 

Martone, Ellisman, & Rudy, 2002; Rudy et al., 1999). Kv1.1 channels within the 

dendrites of CA1 have shown differential response to calcium spiking based on proximity 

to the soma (Golding et al., 1999). This effect is also generally observed with changes in 

firing rates, where the effect of inhibition will shift spatially along neurons, preferentially 

from soma to dendrites with higher firing rates (Rudy et al., 1999). While the present 

study did not expand to a detailed isolation the various K channels, it is important to note 

the recording electrode was placed in the pyramidal cell layer. Thus, indicating the 

waveforms observed are likely principally reflective of somatic activity where Kv3 

family function is most prominent (Rudy et al., 1999; Rudy & McBain, 2001). 

Continuing, high-frequency firing rates are mediated by select delayed rectifying 

channels, which have been implicated regulating repetitive firing of action potentials 

within the hippocampus (Gu et al., 2018; Harvey, Lau, Civillico, Rudy, & Contreras, 

2012; Martina et al., 1998; Storm, 1987). Most notably for the activity seen in this study, 

Kv3.1 & Kv3.2 act to facilitate fast repolarization that generated sustained high 

frequency firing rates (Rudy & McBain, 2001) and oscillations (Harvey et al., 2012; 

Kirsch & Drewe, 1993; Rudy et al., 1999), and have been shown to preferentially express 

in the soma (Rudy et al., 1999) and axon initial segment (Gu et al., 2018; Rudy & 

McBain, 2001). The application of 0.1 mM 4AP (as utilized here) has been shown to 
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block such activity (Coetzee et al., 1999; Gu et al., 2018; Kirsch & Drewe, 1993; Martina 

et al., 1998; Rudy & McBain, 2001). Continuing a more recent study by Gu, et al. (2018) 

identified that a balance in the expression NaV and Kv3 family ion channels were 

important for fast spiking in neurons, the ratio of these ion channels strongly predicts the 

firing frequency of neurons, and the co-localization of NaV 1.2 or 1.6 with Kv3.1 can 

convert slow spiking neurons into a fast spiking phenotype.  

 

While the intrinsic properties regulating synchronous repetitive firing of 

pyramidal cells could account for the observed oscillatory activity, it could also be 

resultant of synaptic interactions. We sought to determine the synaptic nature of our 

response by blocking glutamatergic activity with DNQX and APV. Rather than observing 

a blockade of oscillatory activity, we in fact saw an amplification of the amplitude, 

increase in duration and area, and alteration of oscillatory frequency. This indicates that 

the response is likely not mediate through excitatory synaptic receptors. However it 

would suggest such receptors regulate the influence of inhibitory input from neighboring 

interneurons. The enhancement of the opto-LFP could occur in the presence of these 

antagonists as the blockade of both AMPA and NMDA receptors would occlude such 

connections with inhibitory interneurons. It is possible the secondary peaks may be 

further mediated by gap junctions (Buzsáki & Wang, 2012; Traub et al., 2001). While 

gap junctions are not necessary or sufficient for the induction of oscillations, they can 

sustain such activity once it has been generated (Bartos, Vida, & Jonas, 2007). 

Additionally oscillations are inhibited with the suppression of connexin-36 (Bartos et al., 

2007; Buhl, Harris, Hormuzdi, Monyer, & Buzsaki, 2003; Traub et al., 2001) and 
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Pannexin 1 (Mann & Paulsen, 2005), proteins contributing to the formation of gap 

junctions. It is possible that the paradoxical effect of the persistence of secondary peaks 

despite blocking glutamatergic synaptic transmission may in part be explained through 

the activity of electrical synapses within this area. Although, it is unlikely the secondary 

peaks observed in this response are synaptic in nature, given results from continued 

pharmacological investigation, where blocking of GABAergic connections similarly 

enhanced the opto-LFP oscillatory activity. 

 

IV.C Oscillatory Nature of the opto-LFP  

 

At specific stimulation intensities we observed the opto-LFP to exhibit transient 

fast oscillatory-like activity, not unlike other similar optogenetic studies (Butler et al., 

2016; Cardin et al., 2009; Dine et al., 2016; Schomburg, Anastassiou, Buzsáki, & Koch, 

2012). The activity observed through these studies are described to rely on a mechanisms 

of a pyramidal-interneuron gamma network (PING). This requires a sufficient 

recruitment of excitatory input to activate glutamatergic receptors to synchronously 

depolarize inhibitory interneurons. This interneuron population then inhibits excitatory 

pyramidal cells for a gamma cycle, after which pyramidal cells fire in sync, facilitating 

oscillatory activity (Bartos et al., 2007; Dine et al., 2016; Mann et al., 2004; Tiesinga & 

Sejnowski, 2009; R. D. Traub, Whittington, Colling, Buzsáki, & Jefferys, 1996). This 

delay between firing of pyramidal cells and interneurons has been reported to range from 

5 ms to 25 ms (Cardin et al., 2009; Dine et al., 2016; Traub et al., 1996). Wilson, et al. 

(2018) reviews the relationship between oscillations and action potential spiking. While 
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single units can be recorded with their corresponding LFP, they cannot be separated 

completely. The frequency of each becomes contaminated and as action potential spiking 

often contains frequencies greater than that of the local field (500 Hz vs 200 Hz) (Wilson 

et al., 2018). Our response frequency lies intermediately between those of repetitive 

action potentials and high frequency oscillations of populations. Given the fast nature of 

our response it is unlikely the synaptic interplay of PING would mediate the oscillatory-

like activity, as most high frequency oscillations (fast gamma, and ripples) range from 

80-200 Hz (Bartos et al., 2007; Butler, Hay, & Paulsen, 2018; Butler & Paulsen, 2015; 

Buzsáki, 2002, 2015; Staba, 2010; Valero & Prida, 2018). Indeed, several studies on 

PING and fast gamma oscillations exhibit contrasting results from those of our study. 

Fast gamma oscillations were dependent on NMDA (Cardin et al., 2009; Carlén et al., 

2011; Dine et al., 2016), AMAP (Bartos et al., 2007; Cardin et al., 2009; Dine et al., 

2016; Mann & Paulsen, 2005), and GABA receptor function (Bartos et al., 2007; Butler 

& Paulsen, 2015; Cardin et al., 2009; Dine et al., 2016) and blockade of glutamatergic 

excitation found no effect on firing frequency of CA1 pyramidal cells (Butler et al., 2016; 

Butler & Paulsen, 2015; Dine et al., 2016). As described in our results, pharmacological 

block of AMPA, NMDA and GABAa receptors resulted in an enhancement in the opto-

LFP, indicating a suppression of inhibitory influence from interneurons on pyramidal 

cells that enhances pyramidal cell activity upon stimulation. Such results support a strong 

inhibitory influence of the activity within this region (Buzsáki & György, 2006; Mizuseki 

et al., 2011; Valero et al., 2015; Valero & Prida, 2018). However they are in direct 

contradiction to studies that have directly examined PING, each of which demonstrates 

blocking AMPA or NMDA receptor function prevents oscillatory activity (Bartos et al., 
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2007; Butler et al., 2018; Butler et al., 2016; Butler & Paulsen, 2015; Cardin et al., 2009; 

Carlén et al., 2011; Dine et al., 2016; Fisahn, Pike, Buhl, & Paulsen, 1998; Pálhalmi, 

Paulsen, Freund, & Hájos, 2004; Whittington, Traub, & Jefferys, 1995). Further, PING 

networks are thought to underly the generation of sustained oscillations (Butler et al., 

2016; Dine et al., 2016; Mann et al., 2004; Tiesinga & Sejnowski, 2009; Traub et al., 

1996). The outlined studies and those of other opto-fields display oscillatory activity that 

persists for seconds (Butler et al., 2016; Dine et al., 2016) while the oscillatory-like 

activity generated in this study averaged a total duration of 15 – 20 ms and did not exceed 

30 ms even with pharmacological manipulation.   

 

A plausible possibility for the lack of sustained oscillatory activity with the 

evoked response of the opto-LFP may be, that the short pulse duration and low intensity 

may not provide sufficient depolarization to activate reciprocally connected interneurons. 

The two other optogenetic studies, which successfully generate in vitro LFPs and 

sustained oscillatory activity, utilized high intensity prolonged activation of ChR2 to 

drive gamma oscillations within the hippocampus that persisted for the total the duration 

of the stimulation (Butler et al., 2016; Dine et al., 2016). These studies further utilized 

halogen light to simultaneously activate an area that ranged across many laminae of CA1 

(SP, SR, SLM (Butler et al., 2016) and SP, SR, SO (Dine et al., 2016) and included both 

sublayers of pyramidal cells. This may also account for the ability to generate oscillations 

with multiple cut angles, which was not achievable with our stimulation paradigm. 

Support for this possibility comes from modeling studies demonstrating significantly 

increased pyramidal input is needed to activate interneurons versus the input of 
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interneurons needed to activate pyramidal cells (Mann et al., 2004). Our study employed 

a precise short targeted stimulation to a small population of apical dendrites within the 

stratum radiatum of deep CA1 sublayer to activate ChR2. This stimulation then initiated 

an intrinsic brief oscillatory response of the local population, only at specific light 

intensities. It is most likely that the activity observed here is reflective of resonance 

properties of the locally stimulated CA1 population. Buzsáki (2006) describes such 

resonant activity as transient oscillations with decreasing amplitudes (similar to our 

observations) and cites the cause of their fleeting nature as the lack of feedback in the 

presence of opposing forces. Such resonant features have been described of single 

neurons, that have been shown to respond optimally to precise frequency inputs 

(Hashimoto, 2019; Hutcheon et al., 2000; G. J. Stuart & Hausser, 2001). Additionally, 

Wilson, et al. (2018) attributes resonance to ion channel activation, and we indeed 

observed that blockade of ion channels attenuated the oscillatory nature of our response. 

A few studies highlight the importance of such properties within the network outlining 

that the resonance of neurons can be amplified with sufficient incoming signal to 

destabilize membrane potentials and generate self-sustained oscillations (Hashimoto, 

2019; Hutcheon et al., 2000; Silva, Amitai, & Connors, 1991; Greg J. Stuart & Häusser, 

2001; Wilson et al., 2018). Previous results from our lab indicate increased intensity and 

duration of stimulation of this transgenic line in vivo, can produce such sustained 

oscillatory activity (Klorig et al., 2019). 

 

Given the collective understanding of these studies and the pharmacological 

results obtained here, the opto-LFP is likely reflective of the aggregate sum of pyramidal 
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cell activity and the influence of both pyramidal cells and interneurons upon one another. 

Further supporting this notion, studies have observed that blockade of inhibition will 

reduce or eliminate oscillations in vitro but have no effect on pyramidal cell spiking 

(Butler et al., 2016; Dine et al., 2016). Here, paradoxically we measured increased 

activity and additional peaks within a field response with such inhibition. The opto-LFP 

was also further increased with a blockade of glutamatergic synaptic activity as opposed 

to other studies (Bartos et al., 2007; Butler et al., 2016; Dine et al., 2016; Mann & 

Paulsen, 2005). These similarities generated by blocking the connectivity of interneurons 

through contrasting means, indicate that synaptic connections between pyramidal cells 

and interneurons are likely modulated. Interplay between the cell types is unlikely to 

mediate the local population burst, but the influence of their connectivity nevertheless 

effects the dynamics of population activity. Thus, the resonance properties of the 

population are governed by ion channels, are sensitive to a precise balance of excitation 

and inhibition and possibly reflective of an intermediate oscillatory step between spiking 

of individual neurons and locally generated high frequency oscillations.  

 

V. Conclusion 

 

The direct, brief optogenetic stimulation of specific cell types can produce a local 

field response that is reflective of the aggregate population and its influence of the 

stimulated cells. This technique can inform the properties of cooperative cell activity 

from a homogenous population, specifically the deep pyramidal cells of CA1 with the use 

of this transgenic line. Through precise increasing stimulation we have shown these 
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techniques can be applied to generate a LIRC that can be utilized for assessing the 

excitability of the local population. We further observed oscillatory-like activity at higher 

intensity stimulations that proved to be non-synaptic in nature but sensitive to synaptic 

influences, and reliant on ion channel activity. These results suggest the observed opto-

LFP would be reflective of synchronous resonance activity of specific cell-type 

populations. This is the first observation of such population resonance. Overall this 

study has generated a novel method for assessing the intrinsic excitability of a local 

population and a means for selectively isolating the contribution of its constituents.  

These results demonstrate the activation of a single cell type, and more notably the deep 

sublayer of CA1, is sufficient to generate oscillatory-like activity. Implications for this 

work could generate an overall deeper understanding of hippocampal circuitry and how 

local oscillations emerge from local excitability within various brain regions. These 

techniques to be usefully applied to studying the role of such oscillations in normal 

function and pathological situations. 
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Figure 3.1. Optogenetically-induced 
local field potentials. Recordings 

taken from CA1 subregion of 

hippocampal slices, cut transversely at 

a 45o angle, produce graded responses 

to increasing blue light intensity 

stimulation, delivered via LED. (A) 

Representative slice used in 

recordings. ChR2 expression is shown 

in green, stimulating optrode depicted 

by blue cone and recording optrode is 

shown in gray. (B) Resulting opto-LFP 

(top) resulting from stimulation range 

(0.052 – 0.115 mW with 0.007 interval 

between intensity levels), each 

stimulus intensity level overlaid in 

bottom panel. (C) Overlay of trial 

response at each intensity level.  
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Total Response 

 AUC I50 Duration Area Peaks Frequency 
  

Baseline 0.071 ± 0.002 0.042 ± 0.03 14.17 ± 2.24 89.06 ± 9.01 3 ± 0 222.5 ± 34.39  
TTX 0.029 ± 0.002 0.062 ± 0.02 26.5 ± 2.78 119.5 ± 20.12 1 ± 0 119.9 ± 12.71 

P value <0.001 * 0.623 0.001 * <0.001 * <0.001 * 0.014 * 

  

Baseline 0.086 ± 0.006 0.056 ± 0.04 13.8  ±  0.98 123.7 ± 1.23 3 ± 0 219.5 ± 14.99 
4AP 0.119 ± 0.001 0.041 ± 0.02 - - 1.5  ± 0.29 - 

P value 0.04 * 0.77 - - <0.001* - 
  

Baseline 0.063 ± 0003 0.054 ± 0.03 12.67 ± 0.636 66.93 ± 3.06 3 ± 0 238.1 ± 12.57 

DNQX 0.097 ± 0.005 0.053 ± 0.01 20.33 ± 3.06 135.7 ± 23.29 3.333 ± 0.33 170.4 ± 24.66 
P value <0.001 * 0.098 0.001 * <0.001 * 0.082 0.094 

  
Baseline 0.063 ± 0003 0.054 ± 0.03 12.67 ± 0.636 67.98 ± 2.94 3 ± 0 238.1 ± 12.57 

DNQX/APV 0.17 ± 0.005 0.037 ± 0.10 16.23 ± 2.77 181.1 ± 25.97 3.333 ± 0.33 223.7 ± 58.38 
P value <0.001 * 0.978 0.129 <0.001 * 0.082 0.713 

  

DNQX 0.097 ± 0.005 0.053 ± 0.01 20.33 ± 3.06 135.7 ± 23.29 3.333 ± 0 170.4 ± 24.66 
DNQX/APV 0.17 ± 0.005 0.037 ± 0.10 16.23 ± 2.77 181.1 ± 25.97 3.333 ± 0.33 223.7 ± 58.38 

P value <0.001 * 0.3211 0.081 <0.001 * 0.999 0.182 
  

Baseline 0.063 ± 0.001 0.055 ± 0.01 14.25 ± 0.66 91.5 ± 2.39 3 ± 0 211.9 ± 9.79 

Picrotoxin 0.097 ± 0.003 0.049 ± 0.07 16.5 ± 2.17 149.6 ± 12.89 3.5 ± 0.29 210.3 ± 15.79 
P value <0.001 * 0.823 0.267 <0.001 * 0.005 * 0.964 

  
Baseline 0.084 ± 0.004 0.040 ± 0.09 16.7 ± 3.84 103.1 ± 16.37 3 ± 0 253.5 ± 24.22 

DMSO 0.1 ± 0.004 0.040 ± 0.086 15.6 ± 3.109 133.1 ± 20.42 3 ± 0 206 ±34.5  
P value 0.025 * 0.997 0.637 0.027 * 0.999 0.232 

Table 3.1: Within condition comparison for total opto-LFP response. 

* Significant difference, p ≤ 0.05 
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 Peak 1 Peak 2 Peak 3 

 Amplitude Duration Area Slope Latency Amplitude Duration Area Slope Latency Amplitude Duration Area Slope Latency 

Baseline 1.90 
± 0.07 

3.2 
± 1.12 

23.32 
± 715 

0.093 
± 0.05 

1.4 
± 1.2 

1.244 
± 0.02 

1.97 
± 0.62 

31.46 
± 5.93 

0.047 
± 0.02 

2.27 
± 0.27 

0.713 
± 0.13 

1.7 
± 0.57 

15.9 
± 5.80 

0.014 
± 0.01 

9.73 
± 0.76 

TTX 0.92 
± 0.14 

10.97 
± 5.62 

119.5 
± 20.12 

0.019 
± 0.003 - - -  - - - - - 

 - - 

P value 0.001 * 0.001 * <0.001 * 0.021 * - - -  - - - - - - - 

                

Baseline 2.28 
± 0.35 

2.33 
± 0.33 

40.8 
± 3.63 

0.09 
± 0.01 

2.26 
± 0.27 

1.40 
± 0.17 

1.2 
± 0.13 

35.13 
± 1.68 

0.05 
± 0.02 

6.3 
±  0 

0.960 
± 0.08 

1.26 
± 0.23 

39.81 
± 1.83 0.01 9.53 

± 0.09 

4AP 0.269 
± 0.44 

3.367 
± 0.81 

58.85 
± 5.53 

0.071 
± 0.03 

0.93 
± 0.73 

1.26 
± 0.63 

3.37 
± 0.81 

61.56 
± 12.52 

0.024 
± 0.02 

6.45 
± 0.35 - - - - - 

P value 0.15 0.658 0.2317 0.411 0.233 0.848 0.467 0.07 * 0.376 0.48 - - - - - 

                

Baseline 1.67 
± 0.18 

1.93 
± 0.99 

23.82 
± 1.86 

0.127 
± 0.05 

2.63 
± 1.07 

1.03 
± 0.09 

1.13 
± 0.03 

23.38 
± 0.82 

0.06 
± 0.01 

6.23 
± 0.19 

0.64 
± 0.11 

0.123 
± 0.45 

18.03 
± 3.10 

0.015 
± 0.004 

9.77 
± 0.38 

DNQX 2.65 ± 0.25 2.53 
± 0.89 

39.34 
± 4.76 

0.122 
± 0.035 

2.00 
± 1.07 

1.55 ± 
0.21 

1.17 
± 0.15 

39.71 
± 1.17 

0.089 
± 0.012 

6.27 
± 0.29 

0.75 
± 0.17 

2.27 
± 0.82 

34.08 
± 5.63 

0.019 
± 0.006 

9.87 
± 0.42 

P value 0.001 * 0.797 0.247 0.878 0.569 0.069 0.989 0.224 0.368 0.976 0.682 0.658 0.232 0.913 0.928 

                

Baseline 1.67 
± 0.18 

1.93 
± 0.99 

25.25 
± 1.06 

0.127 
± 0.05 

2.47 
± 0.99 

1.03 
± 0.09 

1.13 
± 0.03 

21.33 
± 1.26 

0.06 
± 0.01 

6.1 
± 0.23 

0.64 
± 0.11 

0.123 
± 0.45 

13.74 
± 4.58 

0.015 
± 0.004 

10.7 
± 1.71 

DNQX/APV 2.65 
± 0.25 

1.87 
± 0.88 

53.56 
± 4.93 

0.204 
± 0.032 

1.27 
± 0.75 

1.55 
± 0.21 

1.34 
± 0.03 

53.97 
± 1.38 

0.098 
± 0.024 

5.73 
± 0.09 

0.75 
± 0.17 

3.03 
± 1.43 

48.12 
± 11.93 

0.023 
± 0.004 

9.12 
± 0.23 

P value <0.001 * 0.977 0.037 * 0.018 * 0.928 <0.001 * 0.923 0.017 * 0.235 0.653 0.014 * 0.442 0.012 * 0.799 0.589 

                

DNQX 2.65 
± 0.25 

2.53 
± 0.89 

39.34 
± 4.76 

0.122 
± 0.035 

2.00 
± 1.07 

1.55 
± 0.21 

1.17 
± 0.15 

39.71 
± 1.17 

0.089 
± 0.012 

6.27 
± 0.29 

0.75 
± 0.17 

2.27 
± 0.82 

34.08 
± 5.63 

0.019 
± 0.006 

9.87 
± 0.42 

DNQX/APV 2.65 
± 0.25 

1.87 
± 0.88 

53.56 
± 4.93 

0.204 
± 0.032 

1.27 
± 0.75 

1.55 
± 0.21 

1.34 
± 0.03 

53.97 
± 1.38 

0.098 
± 0.024 

5.73 
± 0.09 

0.75 
± 0.17 

3.03 
± 1.43 

48.12 
± 11.93 

0.023 
± 0.004 

9.12 
± 0.23 

P value <0.001 * 0.775 0.289 0.012 * 0.631 0.006 * 0.932 0.287 0.78 0.631 0.037 * 0.742 0.295 0.884 0.529 

                

Baseline 1.69 
± 0.06 

2.7 
± 0.76 

28.66 
± 0.57 

0.023 
± 0.02 

1.95 
± 0.85 

1.14 
± 0.08 

1.25 
± 0.09 

32.61 
± 1.57 

0.083 
± 0.003 

6.33 
± 0.36 

0.65 
± 0.07 

1.2 
± 0.26 

27.46 
± 3.89 

0.007 
± 0.003 

11.1 
± 1.2 

Picrotoxin 2.57 
± 0.13 

2.65 
± 1.50 

38.92 
± 4.26 

0.066 
± 0.017 

2.3 
± 0.74 

1.79 
± 0.15 

2.2 
± 0.90 

45.48 
± 3.75 

0.040 
± 0.014 

5.85 
± 0.47 

1.29 
± 0.09 

3.65 
± 1.23 

46.69 
± 7.91 

0.018 
± 0.001 

9.4 
± 0.83 

P value 0.001 * 0.98 0.443 0.0781 0.716 0.01 * 0.638 0.336 0.494 0.622 0.011 * 0.658 0.153 0.638 0.081 

                

Baseline 2.23 
± 0.23 

3.43 
± 0.47 

35.93 
± 4.36 

0.068 
± 0.014 

1.07 
± 0.55 

1.32 
± 0.11 

1.07 
± 0.17 

31.46 
± 4.25 

0.062 
± 0.011 

6.1 
± 0.23 

0.67 
± 0.09 

0.97 
± 0.27 

27.87 
± 5.09 

0.006 
± 0.001 

10.7 
± 1.71 

DMSO 2.65 
± 0.25 

3.3 
± 0.66 

43.31 
± 5.70 

0.091 
± 0.030 

1.27 
± 0.74 

1.55 
± 0.21 

1.00 
± 0.12 

45.2 
± 6.60 

0.068 
± 0.004 

6.13 
± 0.32 

0.75 
± 0.17 

3.27 
± 0.84 

29.45 
± 8.90 

0.013 
± 0.003 

10.23 
± 0.46 

P value 0.139 0.954 0.58 0.453 0.857 0.411 0.977 0.305 0.873 0.976 0.766 0.325 0.905 0.83 0.675 

Table 3.2 : Within condition comparison of waveform parameters at each peak in opto-LFP. 

* Significant difference, p ≤ 0.05 
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Figure 3.2. Opto-LFP are Na+ dependent.  Administration of TTX (0.1uM) results in diminished 
response from optogenetic stimulation. (A) Representative trace of response from optogenetic 
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0.052, 0.081 and 0.115 mW, top to bottom respectively and arrows indicate individual peaks 
measured. (B) Light-intensity response curve shown demonstrates decreased excitability through 
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Figure 3.4. Opto-LFP is not dependent on glutamatergic synaptic activity.  Administration of 
DNQX (50 uM) results in changes to increased excitability. (A) Traces from 0.052, 0.081 and 0.115 
mW stimulation, top to bottom respectively, demonstrate increased response with each separate 
peak identified with open arrowheads. (B) Light-intensity response curve exhibits increased 
excitability (AUC - Baseline (BL DNQX): 0.0628 ± 0.004, DNQX: 0.0967 ± 0.004, p <0.001). (C-
F) Data from final intensity level (0.115 mW). Comparisons are made between baseline and DNQX 
for total response and individual peaks, as separated by vertical lines. Amplitude (C) at each peak 
and both total area (E) and duration (F) all significantly increased in the presence of DNQX.  
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Figure 3.5. Opto-LFP is partially regulated by NMDA receptors.  Simultaneous administration 
of DNQX/APV (both 50 uM) produced additive increase in response. (A) Opto-LFP from 0.052, 
0.081 and 0.115 mW stimulation, top to bottom panels respectively, demonstrate increased response 
and altered frequency, as observed with an additional peak (peaks – baseline: 3, DNQX: 3.33, p = 
0.0820, n=3), with each peak identified by arrow heads. (B) Light-intensity response curve reveals 
dramatic increase in excitability (AUC - Baseline (BL DNQX): 0.0628 ± 0.004, DNQX: 0.0967 ± 
0.004, DNQX/APV: 0.17 ±	0.005, p <0.001 (for both BL vs DNQX/AP5 and DNQX vs 
DNQX/AP5). (C-F) Data from final intensity level (0.115 mW). Total response and individual 
peaks are separated by vertical lines. There was a significant increase in amplitude (C), and slope of 
the initial response (D) and total area (E), with an additive effect of combined DNQX/APV.  
Increased area and amplitude extended to each individual peak.    
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Figure 3.6. Opto-LFP is under GABAergic influence.  Application of picrotoxin (100 uM) 
resulted in increased response. (A) Opto-LFP from 0.052, 0.081 and 0.115 mW stimulation, 
shown from top to bottom panels respectively, exhibit increases at each intensity level and reveal 
an additional peak (peaks – baseline: 3, picrotoxin: 3.5, p = 0.045, n=4), each peak is identified 
by open arrow heads. (B) Light-intensity response curve exhibits dramatic increase in 
excitability (AUC - Baseline (BL Picro): 0.0634 ± 0.001, Picrotoxin: 0.0967 ± 0.003, p <0.001. 
(C-F) Data extracted from final intensity level (0.115 mW). The total response are separated 
from individual peaks by vertical lines. There was a significant increase in amplitude at each 
peak (C), and the total area of the response (E). 
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I. Summary of findings 

 

The delicate balance between excitation and inhibition is the foundation of the 

oscillatory activity that underlies the cognitive features of the brain. The series of 

studies completed here were done in effort to generate an unbiased assessment of 

excitability and bridge the divide between the scales that generate oscillatory activity. 

To achieve this goal, we first characterized the expression of ChR2 from the transgenic 

line used in our in vivo studies and uncovered the localization of ChR2 expression to 

the deep sublayer of CA1 (Dobbins, Klorig, Smith, & Godwin, 2018). We then adapted 

our in vivo optogenetic stimulation paradigm in a reduced in vitro method. Through the 

application of these techniques, in combination with the transgenic line previously 

utilized, we were able to successfully generate an optogenetically-induced light 

intensity response curve (LIRC) that can be used to assess excitability within a local 

network. LIRC proved to be sensitive to pharmacological manipulation, which would 

make it applicable not only to the study of mechanisms regulating excitability within 

CA1, but also possibly for therapeutic investigations of disorders in which such activity 

is perturbed.  

 

Interestingly, oscillatory-like activity occurred at specific stimulation intensities 

with the LIRC. While we initially suspected this activity may be regulated by 

mechanisms similar to pyramidal-interneuron gamma networks (PING), our 

pharmacological investigations revealed this to be unlikely. The oscillatory frequency 
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surpassed that of normal high frequency oscillations, SWR, and the response was 

enhanced rather than attenuated with a block to GABA, AMPA and NMDA receptors. 

This led to the implication that the oscillations observed within the population are a 

transient feature of the synchronous firing of pyramidal cells stimulated. As such, this 

activity may be reflective of resonant features of a population, generated through the 

intrinsic membrane properties of the local neurons, that may work to enhance select 

incoming oscillations and guide the specific processing of the information being 

transferred (Buzsáki & György, 2006; Hashimoto, 2019; Hutcheon, Yarom, Hutcheon, 

& Yarom, 2000; Stuart & Hausser, 2001; Wilson, Higgs, Simmons, & Morales, 2018). 

 

II. Rationale 

 

The variety of complex functions produced by the brain have been repeatedly 

associated with rhythmic brain activity. Oscillations within the brain span a wide range 

of frequencies, which segregate into distinct bands that coincide with specific functions 

of the brain. There are several methods by which these oscillations may be studied that 

span the global (EEG, MEG) and local (LFP) scales that exist within the brain. The 

macroscopic examination of oscillations has determined that low frequency oscillations 

propagate between brain regions, suggesting they may underly transfer of information 

between brain regions, while cellular analysis of LFPs has uncovered the commonality 

between brain rhythms, specifically that they require a tightly controlled balance of 

excitation and inhibition (Headley & Paré, 2017). 
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Previous results from our lab have utilized optogenetic stimulation to generate a 

threshold for determining excitability of a network of interconnected brain regions, the 

OPDT (Klorig, Alberto, Smith, & Godwin, 2019). The resulting findings demonstrated 

the propagation of locally-generated excitable activity through the brain. Through the 

current series of studies, we hoped to establish a method to similarly marry optogenetic 

stimulation with a frequency-intensity response assessment, so that excitability may be 

measured within a local population in vitro. Through a more in-depth analysis of 

characterizing excitability and how it is regulated may provide insight into the 

mechanisms underlying our in vivo studies and subsequently, possibly inform how such 

information is relayed across the brain. Below is a review of the details underlying the 

rationale for these studies, a brief discussion on their extrapolated implications and a 

summary of the findings of this study with some possibilities of future directions. 

 

III. The importance of detailed cell-specific examination. 

 

Optogenetic stimulation allows physiological dissection of the delicate 

interactions of multiple cell types that facilitate oscillations within the brain. Studies 

investigating the mechanism of brain rhythms have found conflicting results, which 

may be attributable to differing methods of investigation. In order to observe oscillatory 

activity, its controlled induction is required. Prior to the emergence of optogenetics, 

rhythmic activity was often generated through the use of pharmacological means that 

perturbed portions of the circuit necessary to facilitate normally-occurring oscillations. 

While these approaches in themselves inform such processes, their findings are also 
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clouded by the perturbation of normal function. Advances in optogenetics have utilized 

this method to induce oscillations, which have exhibited high fidelity to naturally 

occurring counterparts (Cardin et al., 2009; Dine et al., 2016; Klorig et al., 2019; Stark 

et al., 2014). However, such studies generate oscillations with high intensity stimulation 

that spans across laminae and somato-dendritic axes, essentially driving such 

oscillations in a relatively forced manner. Naturally occurring rhythmic activity arise 

through precise stimulation of specific cell types. This point is of particular importance 

within the hippocampus, which can intrinsically generate many of these oscillations. 

Preferential inputs from specific subregions and laminae project in a precise manner to 

certain cell types. As an example, it is determined that superficial cells within CA1 are 

a ‘default’ for ripple activity (Stuart & Häusser, 2001), that is only exchanged for their 

deep cell counterparts with input originating from CA2 (Oliva, Fernández‐Ruiz, 

Buzsáki, & Berényi, 2016; Valero & Prida, 2018). Further, the activity of cells within 

these sublayers have been shown to preferentially fire during specific phases of theta 

activity (Navas-Olive et al., 2020). These studies and others highlight such specificity. 

Fundamentally, it is only through cell-specific activation and observation, that a 

comprehensive understanding of the unifying mechanisms of oscillations (Colgin, 

2015; Headley & Paré, 2017) may be ascertained. 

 

Studies that have achieved in vitro assessments of such oscillations have 

combined them with both in vivo recordings and in vitro examination of single neuron 

activity (Butler, Mendonça, Robinson, & Paulsen, 2016; Cardin et al., 2009; Dine et al., 

2016). It has been demonstrated that LFPs are reflective of the spiking of individual 
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neurons. Thus, LFPs may serve as a connection between single units and more global 

brain activity, and indeed these optogenetic studies have support such findings.  

 

As mentioned previously, a study by Navas-Olive, et al. (2020), uncovered a bi-

modal distribution of pyramidal cells firing at specific phases of theta oscillations, 

which was found to correlate to sublayer specificity. In a contrasting examination, 

optogenetic stimulation of fast-spiking parvalbumin interneurons was able to induce 

gamma oscillations (Cardin et al., 2009). Eliciting gamma oscillations through 

optogenetic stimulation of pyramidal cells within CA1, revealed nearly identical 

oscillatory activity both in vivo and in vitro. Specifically, the in vitro oscillations could 

be utilized to examine the temporal coordination of interneurons and pyramidal cell 

activity across theta cycles (Butler et al., 2016). Finally, similar in vitro and in vivo 

combined studies found train stimuli of CA1 pyramidal cells can induce in vitro 

oscillations that were tightly correlated with the fast spiking of pyramidal cells, while 

similar stimulation in vivo showed high correlation with similar frequency oscillation in 

PFC (Dine et al., 2016). Together these, and many other optogenetic studies, have 

demonstrated the connected nature of oscillations across brain regions, and shown such 

activity is generated and regulated by cell-specific rhythmic firing of neurons within 

locally concentrated populations. 

 

 

 

IV. Networks to neurons: Resonance as an intermediary  
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The relationship between spiking of local populations and rhythmic oscillations is 

of further interest. While the generation of oscillations has been linked to the spiking of 

specific cell types, it does so in a manner independent of intensity (Cardin et al., 2009; 

Colgin, 2015; Dine et al., 2016; Schomburg, Anastassiou, Buzsáki, & Koch, 2012; Silva, 

Amitai, & Connors, 1991), indicating a resonance phenomenon of the neurons within a 

local population. The spiking activity that is correlated with oscillations and its relation 

to LFP is best represented locally (Bartos, Vida, & Jonas, 2007; Buzsáki, Anastassiou, 

& Koch, 2012), where information processing rather than transfer is thought to occur. It 

is likely there must be an intermediary by which information transfer, occurring 

through global oscillations, is continually refined for preferential selection and 

enhancement so that they may be processed, presumably this would occur at such a 

local scale. 

 

       The oscillatory-like activity observed with our opto-LFP supports this intermediate 

connection between LFPs and spiking of local neurons. This response generated by 

optogenetic stimulation only produces its oscillatory-like effect at specific stimulation 

intensities and is non-synaptic. Both of these properties serve as evidence that 

oscillatory-like activity of the LFP is a resonance feature of the collective neurons 

being stimulated. This study is among a select few to successfully employ optogenetic 

stimulation for the induction of LFPs (Cardin et al., 2009; Dine et al., 2016; Klorig et 

al., 2019; Stark et al., 2014) and the first time such population resonance has been 

identified. The ability to observe, and perturb, the synchronous activity of a population 
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of a select cell type provides unprecedented access to study the contribution of 

individual cell types to larger scale activity, namely oscillations comprised of 

coordinated activity of multiple neurons. Thus, the opto-LFP provides a novel bridge 

between intrinsic membrane properties of individual neurons and the activity of the 

local population. Specifically, it may inform how individual neurons serve to enhance 

and drive the activity of the local population through selective resonance with particular 

oscillations. 

 

Selective tuning of different oscillations may allow for precise processing of 

specific information and may underly the variety of functions within the hippocampus 

by providing a means by which different inputs are preferentially processed (Atallah & 

Scanziani, 2009; Buzsaki, 1989; Canolty & Knight, 2010; Colgin, 2015; Colgin et al., 

2009; Logothetis et al., 2012; Valero & Prida, 2018). This idea expands on the 

suggestion that CA1 pyramidal neurons participating in ripple activity are those that 

already have enhanced synaptic connectivity from being primed by the acquisition of 

sensory information (Buzsaki, 1989; Colgin, 2016). Resonance of local populations 

could similarly serve as a window of opportunity (Buzsáki, 2002; Canolty & Knight, 

2010; Colgin et al., 2009) where incoming oscillations may enhance activity of 

particular cells to selectively drive the exact neuronal composition of the local network 

participating in the oscillation. Thus, allowing the incoming oscillation to select the 

exact information type (novel, familiar) (Valero & Prida, 2018) and procedure (Colgin, 

2015) to be combined for processing and continued communication throughout the 

brain. 
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V. Expanding the findings: where do we go from here? 

 

To further expand on the current findings it would be important to drive 

sustained oscillatory activity in experiments performed in slices and in vivo. We have 

found in vivo that ramp stimulation of hippocampal CA1 is able to induce ripple like 

oscillations (Figure 4.1). However, the simultaneous stimulation of both sublayers will 

not generate such activity.  Presumably this is due to the contrasting physiology of the 

sublayers (Valero et al., 2015), which would cause their simultaneous activation to 

interact and negate one another. While studies have been able to induce oscillatory 

activity through optogenetic activation of both pyramidal cells within CA1, such 

oscillations were lower frequency, residing well within the theta and gamma range of 

activity (Butler et al., 2016; Dine et al., 2016). It is possible that the sublayer specificity 

within CA1 is uniquely important for regulation of ripple oscillations. Indeed studies 

that have successfully produced such oscillations with optogenetics have done so with 

low intensity highly localized stimulation (Stark et al., 2014). By determining the 

patterns of inputs that are able to generate sustained high frequency oscillations, with 

cell-specific optogenetic stimulation, we can expand our understanding of how this 

sublayer produces such activity. Additionally, the ability to generate sustained 

oscillations in vitro allows pharmacological access that may not be available with in 

vivo studies. Continuing, by combining optogenetic LFP with recordings from single 

cells we can resultantly determine the variation and differential activity of the variety of 

participating cells during oscillations induced by specific cell types. 
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The studies already completed here, and their possible expansion described 

above should of course be undertaken by selective stimulation of the complimentary 

superficial cell layer in CA1. Recent findings from Navas-Olive, et al. (2020), have 

been successful in utilizing a specific viral construct to isolate CHR2 expression in the 

superficial cell layer of CA1. Replicating such methods with the complementary layer 

should thus yield interesting results. It would be important to assess the contribution of 

stimulating each sublayer independently to determine if the sublayers act in a similar 

Figure 4.1. Comparison of expression and activity between transgenic Thy1-Line18-ChR2 and 

that of virally injected animals. A. Expression patterns of ChR2 (Green) and Calbindin 

(Magenta) with viral expression. White lines represent location of measurements comparing of 

expression between sublayers. B. Comparison of expression in ChR2 between deep and 

superficial sublayers demonstrates near complete overlap in expression between the two 

sublayers, indicating ChR2 is expressed in both sublayers. C. Comparison of activity generated 

with LED driven ramp stimulation of CA1 in viral injected versus transgenic animals. Robust 

ripple activity observed with Thy1 (right panel) is absent with simultaneous stimulation of both 

sublayers in viral injected animals (left panel). Reproduced with permission: Dobbins and 

Klorig (Unpublished Data) 
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manner, and if so, observe the stimulation intensity that generates their resonant 

oscillations and how the variety of cells involved vary in their participation during 

sustained oscillations.   

 

VI. Conclusion 

 

Rhythmic oscillations within the brain are thought to underly the cognitive and 

behavioral features that are emergent from coordinated activity within brain networks. 

Oscillations span all temporal and spatial scales of the brain and these oscillations are 

equally varied in their range of frequencies from ultraslow to ultrafast (Buzsáki & 

Draguhn, 2004; Buzsáki & György, 2006; Penttonen & Buzsáki, 2003). While each 

distinct frequency range is thought to correlate with specific brain functions and 

processes, there exists a hierarchical nesting of specific frequency bands that is 

presumed to facilitate information transfer. The interconnected nature of oscillations 

and separate studies of their mechanisms suggest the existence of a common process 

that generate and sustain such rhythmic activity (Atallah & Scanziani, 2009; Buzsáki et 

al., 2012; Buzsáki & Draguhn, 2004; Buzsáki & György, 2006; Colgin, 2016; Joo & 

Frank, 2018). Namely, the tight regulation of excitation and inhibition within the brain 

are thought to underly rhythmic oscillations and more specifically the modulation of 

excitation within a local population. Examination of excitation within local networks 

can provide information about how oscillations are generated locally and thus inform 

the mechanisms of a variety of processes. Further, the resonance generated by local 

networks may represent a precise window of excitability by which specific information 
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is selectively transferred and enhanced for processing (Atallah & Scanziani, 2009; 

Buzsáki & Draguhn, 2004; Canolty & Knight, 2010; Colgin, 2015, 2016; Colgin & 

Moser, 2010). The studies undertaken here have demonstrated the cellular specificity 

that can be achieved with optogenetics through the identification localized expression 

of  ChR2 in the deep sublayer of CA1. This characterization uncovered the first known 

transgenic line to exhibit such specificity and revealed the Thy 1 Line 18 strain to be 

uniquely suited to progress the understanding of hippocampal circuitry. Using this 

transgenic line to combine optogenetic techniques with in vitro analysis of local 

excitation and similarly uncovered a novel intermediary resonance feature of local 

populations. This novel approach not only allows for investigations into mechanisms 

regulating excitability within a system but also allows for investigations into how this 

specific activity may inform the mechanisms by which specific cell assemblies can 

participate in communication through coherence (Fries, 2005; Fries, 2015), specifically 

at the local scale. Finally, there exists a relationship between perturbations of 

oscillatory activity, and the regulation of excitation, with many disease states (Avoli et 

al., 2002; Barry, Clarke, & Johnstone, 2003; Buzsaki, 1989; Buzsáki et al., 2012; 

Deursen, Vuurman, Verhey, Kranen-Mastenbroek, & Riedel, 2008; Fitzgerald & 

Watson, 2018; Goutagny & Krantic, 2013; Hughes, 2008; Mann, Lubar, Zimmerman, 

Miller, & Muenchen, 1992; Uhlhaas & Singer, 2010). Given this relationship the 

methods developed here may provide insights to further inform the mechanisms of 

disease and investigate potential therapeutics.  Oscillations are a fascinating and 

pervasive activity that span the scales and axes of brain networks. As such, uncovering 

common mechanisms of oscillations has the potential to inform much about brain 
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function and may prove to finally unify coordinated neuronal activity with complex 

emergent behaviors. 
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ABSTRACT 
 

Cross-sectional and longitudinal studies in active duty and veteran cohorts have 

both demonstrated that deployment-acquired traumatic brain injury (TBI) is an 

independent risk factor for developing posttraumatic stress disorder (PTSD), beyond 

confounds such as combat exposure, physical injury, pre-deployment TBI, and pre-

deployment psychiatric symptoms. The current study investigated how resting-state brain 

networks differ between individuals who developed PTSD and those who did not 

following deployment-acquired TBI. Participants included post-deployment veterans with 

deployment-acquired TBI history both with and without current PTSD diagnosis. Graph 

metrics, including small worldness, clustering coefficient, and modularity were calculated 

from individually constructed whole-brain networks based on 5-minute eyes-open 

resting-state magnetoencephalography (MEG) recordings. Analyses adjusted for age and 

premorbid IQ. Results demonstrate participants with current PTSD displayed higher 

levels of small-worldness, F(1,12)=5.364, p<.039, partial eta squared=0.309 , Cohen’s 

d=0.972, and clustering coefficient, F(1, 12)=12.204, p<.004, partial eta squared=0.504 , 

Cohen’s d=0.905, than participants without current PTSD. There were no between group 

differences in modularity or the number of modules present. These findings are consistent 

with a hyper-connectivity hypothesis of the effect of TBI history on functional networks 

rather than a disconnection hypothesis, demonstrating increased levels of clustering 

coefficient rather than a decrease as might be expected; however, these results do not 

account for potential changes in brain structure. These results demonstrate the potential 

pathological sequelae of changes in functional brain networks following deployment-
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acquired TBI and represent potential neurobiological changes associated with 

deployment acquired TBI that may increase the risk of subsequently developing of 

PTSD.   
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A.1 Introduction 

 

Over the course of the wars in Iraq and Afghanistan over 346,000 Service-

Members have been diagnosed with a traumatic brain injury (TBI), most mild in severity. 

Much like in the civilian population, the majority of mild TBIs are unlikely to require 

medical attention and therefore unlikely to be captured by medical records (Davenport, 

2016). This raises the possibility that the number of TBIs, particularly mild TBIs, are 

much higher than those receiving a formal diagnosis. A growing literature suggests that 

TBI acquired during deployment represents an independent risk factor for developing 

posttraumatic stress disorder (PTSD). Both cross-sectional (Brenner et al., 2010; Hoge et 

al., 2008; Kontos et al., 2013; Lindquist et al., 2017; Morissette et al., 2011; 

Schneiderman et al., 2008) and longitudinal (Mac Donald et al., 2017; Stein et al., 2015; 

Yurgil et al., 2014) studies in active duty and veteran populations demonstrate that 

experiencing a TBI during deployment increases the risk for developing PTSD, even after 

adjusting for other important risk factors (e.g., combat exposure, bodily injury, pre-

deployment psychiatric symptoms, etc.). However, no work to date has addressed the 

specific neurobiological conditions or mechanisms through which deployment TBI 

increases the risk for subsequently developing PTSD. 

 

Synthesis across several types of neuroimaging methods has suggested that 

chronic phase TBI may be a disorder of disconnection, representing a potential 

mechanism through which TBI may increase the risk of developing PTSD (Hayes et al., 
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2016). As reviewed by Hayes et al. (2016), disconnection is related to injury effects on 

axons and may result from a variety of mechanisms including axonal shearing or effects 

secondary to inflammation and can occur subsequent to any injury mechanism. Network 

analyses allow quantification of network topology and communication throughout the 

brain, providing an ideal approach to understand the effect of TBI and potential 

disconnections on brain function (Bullmore and Sporns, 2009).  

 

Two studies to date have utilized magnetoencephalography (MEG) to conduct 

whole-brain network analyses of individuals with TBI history. Alhourani et al. (2016) 

found reduced local efficiency in brain regions associated with the default mode network 

in civilian participants with mild TBI a median of eight-months post-injury. Reductions 

in local efficiency occurred across several frequency ranges, most notably in the alpha 

and delta ranges. Rowland et al. (2017) found increases in small-worldness of whole 

brain networks associated with TBI history an average of 6.2 years post-injury and 

decreased levels of small-worldness associated with a diagnosis of PTSD in post-

deployment Iraq and Afghanistan war veterans. Small-worldness is a network 

configuration characterized by short path lengths from any point in the network while 

simultaneously maintaining high levels of clustering among nodes. Post-hoc analyses 

indicated the networks of participants with PTSD displayed decreases in clustering 

coefficient but no differences in path length, while the networks of individuals with mild 

TBI history displayed increased levels of clustering coefficient without differences in 

path length. The findings of these two studies are not consistent; however, there was a 
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significant difference in the time since injury and sample population that may explain 

these discrepancies.  

 

Three studies have utilized functional magnetic resonance imaging (fMRI) to 

conduct whole-brain network analyses of TBI with mixed results. Higher modularity and 

a significant reduction in between module connectivity was associated with TBI history 

in a sample of active duty military personnel examined within 90 days of blast exposure 

(Han et al., 2014). Conversely, a reduction in modularity was observed in a civilian 

sample with TBI history and current post-concussive symptoms at 6-months post-injury 

(Messe et al., 2013). Finally, Spielberg, McGlinchey, Milberg, and Salat (2015) 

examined post-deployment Veterans from the conflicts in Iraq and Afghanistan, finding 

no effect of PTSD or TBI on whole-network metrics, instead TBI moderated the 

relationship between graph-metrics of specific brain regions and re-experiencing 

symptoms.  

 

Overall, findings of studies utilizing network analyses to study TBI have 

produced mixed results that vary by the sample examined (e.g. civilian, Veteran, mixed 

severities), the time since injury, and the technology employed (Alhourani et al., 2016; 

Han et al., 2014; Messe et al., 2013; Rowland et al., 2017; Spielberg et al., 2015). 

However, differences in connectivity and network structure have been consistently 

reported, observed as soon as 24 hours and as late as a decade following the injury. 

Alterations in brain networks offer insights into potential mechanisms through which TBI 

may increase the likelihood of developing PTSD. However, the changes in brain 
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networks related to mild TBI are not yet fully characterized, and the circumstances under 

which these changes occur are not yet fully understood.  

 

The current study will determine differences in whole-brain resting-state 

functional networks associated with the development of PTSD following deployment-

acquired mild TBI. Based on previous findings it is hypothesized that higher levels of 

small-worldness, clustering coefficient, and modularity will be associated with the 

development of PTSD following deployment-acquired mild TBI.  

 

A.2 Materials and Methods 

 

This project was reviewed and approved by the Institutional Review Board at the 

W.G. "Bill" Hefner VA Medical Center in Salisbury, North Carolina. The welfare and 

privacy of human subjects were protected.  Each participant voluntarily provided verbal 

and written informed consent prior to any study activities.   

 

A.2.1 Participants 

 

 Participants were identified from a larger ongoing study (Blast Study) funded by the 

Chronic Effects of Neurotrauma Consortium (CENC). Inclusion criteria for the larger 

study were combat exposure during an Iraq or Afghanistan war deployment. Exclusion 

criteria for the larger study were: TBI history outside of deployment involving loss of 

consciousness, neurological disorder, severe mental illness (schizophrenia or bipolar 
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disorder), current substance use disorder, current psychotic symptoms, or presence of any 

contraindication for neuroimaging. Sixteen participants were identified from the larger 

study with a history of deployment-acquired mild TBI and included in the current 

analysis. Seven participants met criteria for current PTSD. No participant met diagnostic 

criteria for PTSD prior to experience of deployment-acquired mild TBI. There was no 

requirement that the participants be experiencing current post-concussive symptoms.  

 

A.2.2 Characterization 

 

The Structured Clinical Interview for DSM-IV Diagnosis (SCID; First et al., 

1996) was used to determine the presence or absence of any Axis I psychiatric diagnosis 

with the exception of PTSD.  The SCID is a structured clinician-administered interview 

considered the gold standard for psychiatric diagnosis.  The Clinician Administered 

PTSD Scale – 5 (CAPS-5; Weathers et al., 2017) was used to determine the presence or 

absence of current and lifetime PTSD using the past month and worst month versions. 

The CAPS-5 represents the gold standard assessment of PTSD. Participants were 

considered to have a current diagnosis of PTSD if they met at least one Criterion B 

symptom, one Criterion C symptom, two Criterion D symptoms, two Criterion E 

symptoms, as well as Criterion F and G. A structured clinician-administered interview 

was used to determine the presence or absence of mild TBI history across the lifespan 

according to the American Congress of Rehabilitation Medicine criteria (Menon et al., 

2010). Specifically, participants were considered positive for TBI if they experienced a 

force acting on the central nervous system (CNS) that resulted in loss of consciousness 
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(LOC), alteration of consciousness (AOC), or post-traumatic amnesia (PTA) of any 

duration. Severity was based on VA/DoD consensus criteria, with mild TBI displaying 

LOC less than 30 minutes, AOC less than 24 hours, and/or PTA less than 24 hours 

(Management of Concussion/mTBI Working Group, 2009).  

 

Demographically adjusted premorbid IQ was estimated using the Test of 

Premorbid Function (TOPF; Wechsler, 2009). Self-report questionnaires were used for 

further characterization of participants. Postconcussive symptoms were measured using 

the neurobehavioral symptoms inventory (NSI; Cicerone and Kalmer, 1995), a 22-item 

self-report inventory asking about the severity of common postconcussive symptoms over 

the past two weeks. PTSD symptoms were measured using the PTSD Checklist – 5 

(PCL-5; Blevins et al., 2015), a 20-item self-report inventory asking about the severity of 

PTSD symptoms over the past month. Severity of combat exposure was measured using 

the Deployment Risk and Resilience Inventory – 2 (DRRI-2) Combat Experiences 

questionnaire (Vogt et al., 2012), a 17-item self-report inventory asking about the 

frequency of combat experiences during deployment. 

  

A.2.3 Magnetoencephalography recordings 

 Data were acquired using a whole head CTF Systems Inc. MEG 2005 

neuromagnetometer system equipped with 275 first-order axial gradiometer coils. Head 

localization was achieved using a conventional three-point fiducial system (nasion and 

preauricular points).  Resting-state recording was conducted with the participant seated 

upright, sitting quietly, with eyes open for 5 minutes.  Data were sampled at 1200 Hz 
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over a DC-150 Hz bandwidth.  MEG data were preprocessed using synthetic 3rd order 

gradient balancing, whole trial DC offset, and band pass filtered from 0.5-80 Hz with a 

60 Hz notch filter. Data were visually inspected for obvious muscle artifact, and such 

epochs were discarded from further analyses.  Following MEG recording, a T1 weighted 

MRI scan was obtained for each participant for the purpose of co-registration and 

localization of MEG signals.   

 

A.2.4 Network analysis 

 

 The network analysis applied as part of this study is identical to that used by 

Rowland et al. (2017). Rowland et al. (2017) analyzed networks within the alpha 

bandwidth as well as a wide-band network (1-70Hz). Based on results from that study the 

current analysis examined wide-band connectivity only. Network analysis proceeds in a 

stereotypical manner, first identifying nodes of the network (section 2.4.1), then 

quantifying communication among those nodes (section 2.4.2). The resulting matrices are 

conducive to the application of graph theory for calculating metrics describing the 

topology of the network (section 2.4.4).  

 

A.2.4.1 Node identification 

 

 A well-validated beamformer (synthetic aperture magnetometry; SAM) (Hillebrand 

et al., 2005; Robinson and Vrba, 1998) was applied (voxel size of 5mm3, lead fields for 

equivalent current dipoles, maximizing noise-normalized power) using a three-spherical 
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shell, multiple local spheres head model based on the participant’s MRI (Huang et al., 

1999) to construct noise-normalized statistical parametric maps identifying areas of 

significant brain activity for each participant individually. SAM was applied in the 

following frequency ranges: delta (0.5-4 Hz), theta (4-8 Hz), alpha (8-13 Hz), beta (13-30 

Hz), gamma (30-80 Hz), as well as 0.5-80 Hz.  Source series representing the unique 

weighted sum of the output across all MEG sensors for a specific location in the brain 

were calculated for each identified peak across all frequency ranges (Hillebrand et al., 

2005; Robinson and Vrba, 1998).   

 

A.2.4.2 Estimating functional connectivity between nodes 

 

 The weighted phase lag index (wPLI; Vinck et al., 2011) was calculated between all 

pairs of source series to measure functional connectivity between nodes. Each source 

series was divided into 6 second epochs for this calculation. Connectivity was 

operationalized at the frequency with the highest wPLI value.   

 

A.2.4.3 Thresholding 

 

 Data were first thresholded using 10,000 unique pairs of phase randomized 

surrogate time series calculated for each individual participant individually (Prichard and 

Theiler, 1994). Connectivity between node pairs was retained if at least two standard 

deviations higher than the surrogate data at the identical frequency bin (i.e. 10.25 Hz or 

8.75 Hz). The resulting networks were then thresholded by satisfying the equation S = 
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log(N)/log(K) where N represents the number of nodes in the network and K the average 

degree (Hayasaka and Laurienti, 2010).  We selected S = 2.5 as prior research has 

demonstrated equivalence of S values between 2 and 4 (Hayasaka and Laurienti, 2010).   

 

A.2.4.4 Calculation of network metrics 

 

 Network metrics calculated are listed in Table 2. Clustering Coefficient was 

calculated as defined in Stam and Reijneveld (2007). The Clustering Coefficient is a 

measure of grouping within the network, indicating how likely the neighbors of a node 

are to also be connected with one another. Small World was calculated as defined in 

Watts and Strogatz (1998). The average of the clustering coefficient and path length of 

500 independently generated random networks with the same number of nodes and 

degree distribution as the original network were used for the calculation of Small World. 

Small worldness is a network configuration with the benefits of both lattice-like and 

random networks in that it simultaneously possesses high clustering coefficient and short 

path length. It is calculated by comparing the clustering coefficient and path length within 

a network, both normalized by the same coefficients in a random network. Modularity 

was calculated using the Louvain method of community detection as defined in Blondel 

et al. (2008). Following the recommendations of the Brain Connectivity Toolbox 

(Rubinov and Sporns, 2010), the analysis was run 500 times, using the average Q and 

average number of modules (Number Modules) as outcome variables. Modularity 

indicates how many sub-networks can be identified within the larger network by 

iteratively breaking the network into cohesive sub-networks.          
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 The number of nodes within each participant’s network varied, ranging from 69 to 

128, but were not significantly different between groups (p > .45). To control for possible 

effects of network size, each network metric was normalized by the number of nodes in 

the network from which it was calculated.   

 

A.2.5 Materials 

 

 Beamforming and source series construction were completed using software 

provided by CTF MEG International Services LP (Coquitlam, BC, Canada).  Further 

analyses of source series data and network creation were conducted using Matlab 2016a.  

Network metrics were calculated using the Brain Connectivity Toolbox (Rubinov and 

Sporns, 2010), as well as functions created by members of the study team. Statistical 

analyses were conducted using IBM SPSS Statistics Version 21.   

 

A.2.6 Analyses 

 

 Between group differences in continuous demographic and self-report variables 

were examined using t-tests.  Differences in categorical variables were examined with 

Chi-Square analyses.  Between group differences in normalized network metrics were 

examined using Univariate ANCOVAs controlling for age and estimated premorbid IQ. 

Results are presented using an uncorrected alpha level of 0.05 along with effect sizes 

(partial eta squared and Cohen’s d) to aid interpretation.  
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A.3. Results 

 

A.3.1 Characterization 

 

 See Table 1 for means and standard deviations of demographic variables.  Seven 

participants met diagnostic criteria for current PTSD according to the CAPS-5 and 9 did 

not. Participants diagnosed with PTSD were significantly younger, F(1,14)=6.63, 

p=.022, and scored significantly higher on the PCL-5, F(1, 14)=15.83, p<.001. There 

were no other significant between group differences. All participants were in the chronic 

stage of TBI (e.g. at least one year post-injury) at the time of participation. All 

participants met criteria for history of mild TBI (e.g. <30 minutes LOC, <24 hours AOC, 

<24 hours PTA), none had history of TBI greater than mild. All TBIs occurred during 

deployment. Six of seven participants with PTSD developed the condition as a result of 

deployment related traumatic events. For one, the traumatic event occurred after 

deployment. No participant diagnosed with PTSD had onset of the disorder prior to 

deployment.  

 

A.3.2 Network outcomes 

 

 Means and standard deviation of network metrics can be seen in Table 2. 

Participants with deployment-acquired TBI who developed PTSD displayed higher levels 

of small-worldness, F(1,12)=5.364, p<.039, partial eta squared=0.309 , Cohen’s d=0.972, 

and clustering coefficient, F(1, 12)=12.204, p<.004, partial eta squared=0.504 , Cohen’s 
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d=0.905, than participants who did not develop PTSD. This is visually displayed in 

Figure 1. Modularity (Q) and the number of modules present was not different between 

groups. All participants except one had Small World greater than 1. In other words, 

PTSD diagnosis was associated with increases in the small world nature of the networks, 

and relatedly clustering within the networks. The group separation is not perfect, but 

clearly present in Figure 1. The increased clustering did not alter the modularity of the 

networks or the number of modules present. 

 

A.4. Discussion 

 

The current study adds to the small but growing literature combining resting state 

MEG and network analyses to better understand TBI and PTSD. Previous work has 

clearly demonstrated that deployment-acquired TBI is a risk factor for the development 

of PTSD, beyond confounds such as combat exposure, physical injury, pre-deployment 

TBI, and pre-deployment psychiatric symptoms. The current study demonstrates 

significant differences in whole-brain resting-state network topology between individuals 

who did and did not develop PTSD following deployment-acquired TBI. These 

differences represent one possible neurobiological mechanism through which 

deployment-acquired TBI may increase the risk of subsequently developing of PTSD.  

  

Two previous studies have identified potential mechanisms through which TBI 

may increase the risk of developing PTSD. Morissette et al. (2011) reported a potentially 

mediating role of postconcussive symptoms in the development of PTSD following 
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deployment-acquired TBI. However, postconcussive symptoms are non-specific and can 

results from many conditions and experiences, including PTSD itself. Postconcussive 

symptoms were not significantly different between individuals with and without PTSD in 

the current study. Glenn et al. (2017) examined fear learning and extinction processes as 

potential mediators between deployment-acquired TBI and the development of PTSD. 

The study demonstrated that fear processes were altered as a result of deployment-

acquired TBI. However, altered fear processes mediated the relationship between 

deployment-acquired TBI and PTSD only in the cases where the participant had sustained 

a non-deployment TBI within the two years prior to deployment. Neither of these prior 

studies included neurobiological outcomes. Comparisons between changes in resting-

state network topology, postconcussive symptoms, and fear processes may help better 

characterize the circumstances under which TBI increases the risk of developing PTSD 

and identify potential relationships across these modalities of inquiry. Future studies are 

encouraged to gather data across various modalities, including imaging, behavioral, and 

symptom report. 

 

Two studies have utilized MEG to conduct whole-brain network analyses of 

individuals with TBI history. Alhourani et al. (2016) found reduced local efficiency in 

brain regions associated with the default mode network in civilian participants with mild 

TBI a median of eight-months post-injury. Reductions in local efficiency occurred across 

several frequency ranges, most notably in the alpha and delta ranges. Rowland et al. 

(2017) found increases in small-worldness of whole brain networks associated with TBI 

an average of 6.2 years after the injury and decreased levels of small-worldness 
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associated with a diagnosis of PTSD in post-deployment Iraq and Afghanistan war 

veterans.  

 

The current findings extend those of Rowland et al. (2017) demonstrating the 

potential pathological implications of differences in network topology. While the entire 

current sample was diagnosed with deployment-acquired mild TBI, the subsample who 

developed PTSD displayed higher levels of small-worldness and clustering coefficient 

than individuals who did not develop PTSD. Changes in clustering coefficient did not 

result in alterations in modularity suggesting that the increase in clustering is not 

occurring specifically within modules but is balanced by increases in intra-module 

clustering as well.   

 

The current findings do not clearly support the view of TBI as a disorder of 

disconnection (Hayes et al., 2016). The observed changes demonstrate that an increasing 

number of nodes are connecting to neighbors of nodes with which they are already 

connected, suggesting an increased level of order in the network, similar to the findings 

of James et al (2013). The nature of the current analysis maintains a particular ratio 

between the number of nodes and the number of connections (Hayasaka and Laurienti, 

2010) If network changes were seen as a result of disconnection, the additional 

connections being maintained would be expected to occur randomly, decreasing 

clustering coefficient and small-worldness of the networks. While not directly evaluated 

as part of this analysis, the current findings are consistent with the hyperconnectivity 

hypothesis (Hillary et al., 2014) suggesting the brain responds to TBI with increased 
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connectivity in particular pathways as a potential coping or repair mechanism. It is 

possible these alterations also create a neurological milieu conducive to the development 

of PTSD, potentially within specific subnetworks. Future studies could investigate the 

anatomic consistency of network changes across individuals and how those changes 

affect particular sub-networks.  

 

Limitations of the current study include a small sample size. The current findings 

should be considered preliminary until replicated in a larger sample. However, 

calculations suggest the observed differences represent a moderate effect size. The 

findings are also consistent with those of Rowland et al. (2017), a study applying 

identical methods to an independent sample, suggesting the findings are robust and 

replicable. Another limitation is the cross-sectional nature of the study. It is possible the 

observed differences in resting-state networks were present prior to the TBI event rather 

than a consequence of it. Alternatively, the TBI event may have created transient 

neurobiological alterations that resolved prior to study participation. An additional 

limitation relates to the continuous nature of psychopathology. The current study divided 

participants by the criteria for PTSD; however, many participants that did not meet full 

criteria for PTSD diagnosis nevertheless displayed subthreshold levels of symptoms. 

Future studies using larger sample sizes should consider alternative analytic approaches 

that could incorporate and potentially explain this variance across symptom presentations 

and its relationship to alterations in network metrics. Finally, the observed group 

differences may be the result of a cascade of changes initiated by the TBI event, but not 

yet present when PTSD initially developed. Future studies applying longitudinal designs 
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or non-human models may help clarify temporal relationship between TBI, PTSD, and 

functional network differences. Finally, the methods applied to create networks generate 

a partial network solution, identifying areas of the brain active at rest and quantifying 

communication among them. This approach by definition does not identify when 

expected regions are not part of the network, potentially as a sequelae of TBI. Future 

studies may consider combining the present approach with a standardized region of 

interest (ROI) or voxel based approach to allow an understanding of differences in the 

brain regions present in the networks or their role in the network.  

 

A.5. Conclusion: 

 

Deployment-acquired TBI has been demonstrated to be an independent risk factor 

for the subsequent development of PTSD, beyond other known risk-factors. The current 

study demonstrates differences in small worldness and clustering coefficient of resting-

state brain networks between individuals who did and did not develop PTSD following a 

deployment-acquired TBI. These findings suggest the possibility that neurobiological 

mechanisms contribute to the increased risk for developing PTSD and highlight the need 

for further study in this area.  
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Total sample size = 16.  
*Significant group difference, p < 0.05.  
TBI, traumatic brain injury; TOPF, test of premorbid 
function; DRRI, deployment risk and resiliency inventory; 
PTSD, post-traumatic stress disorder; NSI, neurobehavioral 
symptom inventory; PCL-5, PTSD checklist–5. 
 

Table 1. Participant Characterization 
Presented as Mean (SD), Unless Otherwise Indicated 



 

152 
 

 
  

All variables have been normalized by the number of nodes 
in a network and are presented · 102 for ease of reading. 
Total sample size = 16.  
*Significant group difference, p < 0.05. 
  

Table 2. Mean (SD) of Network Metrics 
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Figure 1. Scatter plot comparing normalized clustering coefficient and small-
worldness by PTSD. PTSD, post-traumatic stress disorder. 
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