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Abstract 

 

The brain has a limited capacity to process the myriad of sensory signals in the 

environment. To overcome this, the brain focuses to situationally relevant stimuli while filtering 

out irrelevant stimuli, a process known as attention. Volitional, or “top-down” attention (as 

opposed to reflexive or “bottom-up” attention) involves the coordination of frontal, more 

executive cortices with posterior, more primary cortices. Here, we hypothesize that the claustrum 

mediates top down signaling through its numerous cortical projections. Using optogenetic 

techniques in mice, projections between an executive region, anterior cingulate cortex (ACC), 

and the claustrum were manipulated in order to ascertain the role of the claustrum during 

performance on an attentional task. Silencing ACC afferents to claustrum or activating claustral 

afferents to ACC disrupted task performance. We conclude that the claustrum is involved with 

top-down preparatory attention and may also be involved in bottom-up attention.  
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 Introduction 
At any given moment, the brain receives a massive amount of sensory input 

incoming from a range of sources through a variety of modalities. Efficient processing of 

these sensory inputs is essential for effective interaction with the world around us. In 

order to make the most economic use of available resources, the brain modulates a level 

of gain control over stimuli, effectively turning up the “volume” on certain inputs while 

tuning out others. This focus on certain stimuli over others allows the brain to process 

relevant stimuli and filter out irrelevant stimuli, and thereby forming the basis of what we 

refer to as attention. Deficits in attention are implicated in a plethora of mental illnesses 

such as ADHD, schizophrenia and drug addiction. 

Attentional control can be exerted in one of two ways: volitionally or as a matter 

of reaction. Volitional attention, also known as top-down control, refers to the voluntary 

allocation of attention to a stimulus or expected stimulus. Processing begins in “top” 

executive regions found in frontal regions of the brain and works its way “down” to 

primary regions. An example of this is holding a conversation with someone in a loud 

room. By forcing your attention onto a single speaker, irrelevant stimuli such as 

movement of people through the room, music and other conversations can be tuned out. 

In opposition to this is bottom-up control, where a given stimulus presents with enough 

saliency that it can force you to shift attention to its source. Processing in this case begin 

at the “bottom” primary cortices found more posteriorly in the brain, and works its way 

“up” to executive regions. For example, when having a conversation with someone in a 

loud room, though you may not be actively attending to other conversations, you can 

almost always make out if your name is spoken (also known as the “cocktail party 
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effect”). Whether initiated in a top-down or bottom-up fashion, attentional control 

requires interplay between executive and primary cortices.  

One model, detailed in a review by Earl Miller and Timothy Buschman, posits that not 

only do executive regions have projections directly to primary cortices, but other regions 

which might be implicated in the control of attention (Miller and Buschman 2013). This 

model revolves around the concept of synchrony amongst populations of neurons 

providing a means of network interaction. In terms of attention, synchronized spiking of 

neurons would make for an ideal means of turning up the “volume” on certain stimuli. 

For this model to gain traction, a mechanism must be present in the brain that can 

facilitate communication between cortices such that top-down and bottom-up signals can 

exert their effect on each other. One structure which fits this description of high 

connectivity between cortical areas is the claustrum.  

In a recently published paper from our lab, a pattern to claustral connectivity was 

established with regards to processing hierarchy (White et al. 2016). Retrograde tracer 

injections into various cortical areas of a rat showed projections from claustrum to 

primary cortices (motor, visual, auditory, somatosensory) originate in discrete zones 

within the claustrum, while projections to executive cortices (middle cingulate posterior 

cingulate, retrosplenial) were more numerous and less restricted in origin within the 

claustrum. Specifically, as noted in this study, anterior cingulate cortex (ACC) retains the 

most numerous and widespread projections found within the claustrum. This overlap 

within the claustrum between ACC and primary cortical projections could underlay the 

mechanism through which attentional control is exerted.  
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The ACC, being an executive cortical zone implicated with preparatory attention 

(Passetti et al., 2002), makes an ideal target for study of top-down signaling. This is 

bolstered by a study in 2014 which indicated that optogenetic stimulation of visual cortex 

increased a mouse’s ability to discriminate visual signals while performance on a visual 

discrimination task remained constant (Zhang et al. 2014). On the other hand, stimulation 

of ACC was associated with an increase of performance in a visual attention task. These 

findings implied that ACC was not simply connected to visual cortex, but other areas that 

were facilitating increased performance. The implication of these findings is that the 

ACC is a source of top-down executive signaling. The data summated within this thesis 

lends credence to the view that the claustrum functions as a mediator of top down 

signaling, fitting in with data acquired about its function and established models of 

attention. 
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Background 
 

Chapter 1: The Claustrum 

For decades, the claustrum has remained one of the most enigmatic structures in 

the brain. Though it has been the subject of numerous studies utilizing a myriad of 

techniques, it has resisted any conclusive functional characterization, and is often subject 

to seemingly inconsistent results between such studies. This resistance is bolstered by the 

claustrum’s irregular, sheet-like structure which makes targeting it for imaging and lesion 

studies extremely challenging. What has made the claustrum a region of interest, 

especially in recent years, stems from its connectivity. The claustrum boasts one of the 

highest densities of fiber connections in the brain (Torgerson et al., 2015), leading to 

many theories surrounding its function. In Francis Crick’s last paper, he, along with his 

co-author Christof Koch (Crick and Koch, 2005), posits the claustrum integrates sensory 

information across modalities allowing for a coherent experience of consciousness. Other 

theories have conjectured the claustrum functions as a regulatory satellite of the cortex 

(Olsen and Graybiel, 1980; Sherk and LeVay,1983; LeVay,1986) or as an amplifier of 

cortical oscillations promoting synchronous firing (Smythies, 2014). More recently, the 

claustrum has been suggested to be involved with attention as a saliency filter (Mathur, 

2008; Remedios et al., 2010, 2014) or regulator of attentional allocation (Mathur, 2008, 

2014). Given its high level of connectivity, studies into claustrual circuitry show promise 

as a method of elucidating its function. A stepping stone in this process rests with the in 

vivo manipulation of these circuits, which could lead to insight into the functional 

relevance of the claustrum in select behaviors. The advent of optogenetics opens avenues 

into behavioral studies involving in vivo circuit manipulation. These new techniques may 
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one day lead to an understanding of the function of this enigmatic and long-studied 

structure. 

The earliest illustrations in which the form of the claustrum began to take shape 

date back to the late 17th century in the drawings of Thomas Willis (Bayer and Altman, 

1991) who played a pivotal role in the development of the fields of anatomy, neurology 

and psychiatry. Almost a century later, the first drawings to clearly depict the structure of 

the claustrum would be depicted by the French anatomist Félix Vicq-d’Azyr, personal 

physician to Marie-Antoinette and the first to discover the substantia nigra, as shown in 

Traité d’anatomie et de physiologie (Parent, 2012). Research into the claustrum saw little 

movement for some time, though interest was revived relatively recently in no small part 

due to a review co-authored by Francis Crick (Crick and Koch, 2005) which proposed the 

claustrum was the key to cohesive consciousness. Testing this and other functional 

hypotheses has been limited by the fact that the thin, irregular structure of the claustrum 

leaves it resistant to conventional lesioning techniques 

The claustrum (Latin: cloister, closed space), is a bilateral sheet-like structure 

within the ventrolateral telencephalon of mammals residing between insular cortex and 

the striatum (Kowianski  et al., 2002; Ashwell et al., 2004; Talairach and Tournoux atlas, 

1998). Species possessing a claustrum can be divided into two groups based on 

morphology:  those having an extreme capsule, such as humans and primates, and those 

lacking an extreme capsule, such as mice and rats. Historically, the borders of the 

claustrum have been defined tenuously at best with most definitions arbitrarily defining 

borders as contiguous with nearby structures. This is overtly evident when viewing 

atlases of the rat brain where borders are ill-defined and vary between most sources 
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(Druga et al., 1993; Swanson, 2004; Paxinos and Watson, 2007). In humans and primates 

the claustrum has customarily been defined as the area of grey matter between the 

external capsule and the extreme capsule. These vaguely defined boundaries were 

generally accepted due to a lack of claustrum-specific marker proteins. This was later 

addressed when it was discovered that G protein gamma 2 subunit (Gng2) was enriched 

in the claustrum and parvalbumin (PV) immunoreactivity, defines the borders of the 

claustrum (Mathur et al., 2009). Today, with the use of high resolution MRI imaging, the 

claustrum can be visualized as a region of interest in the human brain (Fig. 1). 

 

 

 

   

Figure 1. A set of 7-tesla (7T) MRI images taken from a publically accessible set of scans. Image 

slices show views of coronal (left) and transverse (right) with the claustrum highlighted (in orange). 



7 
 

 The population of neurons in the claustrum can be categorized into 2 

morphological classes: those with dendritic spines (also known as type I or “spiny 

neurons”) and those without spines (also known as type II or “aspiny neurons”). The 

claustrum is predominantly populated by spiny neurons, making up approximately 85% 

of all claustral neurons (Braak and Braak, 1982; Sherk 1986); though these neurons can 

be further subdivided into groups based on membrane capacitance and voltage gated 

calcium currents as noted in yet unpublished work from our lab. Spiny neurons within the 

claustrum have been shown to be glutamatergic (Hur and Zaborszky, 2005), responsible 

for projections to and from other cortices. The remaining 15% of neurons in the 

claustrum are comprised of aspiny or type II neurons, which can be further subdivided by 

expression of PV and other calcium binding proteins as well as characteristic rates of 

spiking. These neurons project locally as inhibitory interneurons (Braak and Braak, 

1982). This composite structure of inhibitory interneurons and excitatory projection 

neurons is similar to cortex, though the claustrum lacks the generally layered structure 

that is exhibited in cortical regions. Furthermore, claustrum exhibits some signature 

proteins and cell types that are typically associated with subcortical areas (Hur and 

Zaborzsky, 2005; Mathur et al., 2009). Despite this, the connectivity between claustrum 

and cortex is extensive. 

What makes the claustrum so singular in its structure is the extensive reciprocal 

connections it has with cortex (Sherk,1986; Torgerson et al., 2015). Though its volume 

takes up about 0.25% of the entirety of cortex, it boasts the highest connectivity per 

regional volume in the brain, most of which are between the claustrum and cortex 

(Togerson et al., 2014). Much of the current interpretation of claustro-cortical circuitry 
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stems from studies that target only a few cortices and span over multiple species 

(Sadowski et al., 1997; Olson and Graybiel, 1980; Macchi et al., 1981; Druga et 

al.,1990). Furthermore these studies were undertaken using ill-defined claustral borders, 

thus a comprehensive study of claustral projections across the cortical hierarchy (by 

including cortices ranging from primary sensory to executive) within one species was 

undertaken by our lab (White et al., 2016).  Results indicated that claustral projections to 

primary cortical areas originate from discrete “zones” within the claustrum (Fig. 2). In 

contrast with this, projections to association cortices such as lateral parietal association 

cortex and prelimbic cortex originate from much more distributed zones within the 

claustrum. Most notably, projections to ACC show the greatest number of connections 

and are highly distributed throughout the entirety of the claustrum. This is significant as 

the ACC is implicated in executive control of attention (Totah et al., 2009). When 

coupled with the extensive connectivity of the claustrum, this finding supports the theory 

of the claustrum’s role in connecting executive cortices and more primary cortices 

underlying attention.  
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The brain maintains a relatively low threshold for simultaneously attended stimuli 

(Broadbent 1958). For this reason, focused attention is necessary, defined as the 

enhanced processing of task-relevant information while filtering out task-irrelevant 

information.  Attention can be governed in a “top-down” or “bottom-up” manner 

depending on the circumstance of the stimulus being attended. Bottom-up attention 

involves response to salient stimuli that grabs attention such as a loud noise, bright light 

or pungent smell. These stimuli are first processed by lower cortical areas and 

subsequently processed by more executive cortices. An example of this would be a bright 

red sports car driving by and grabbing your attention; though you weren’t looking for the 

car, it catches your eye. The image of the car is processed in lower cortices (visual 

cortices) and subsequently works its way through more associative cortices (such as 

lateral intraparietal cortex) and finally executive cortices (lateral prefrontal cortex and 

frontal eye field) (Buschman and Miller, 2007). Top down attention involves volitional 

control of focus onto a current or expected stimulus. Continuing form the previous 
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example, top-down attention would be looking for an old grey sedan that is coming to 

pick you up; though not as salient as a red sports car, you direct your attention to look for 

grey sedans. Processing flow moves from the executive areas of the brain such as frontal 

eye field (FEF) and lateral pre-frontal cortex (LPFC), looking at the door, to more 

primary areas such as visual, priming you for response to grey sedans (Buschman and 

Miller, 2007; Saalimann et al., 2007). This model of attention (Miller and Buschman, 

2012) posits that there is/are sites that mediate attention-related signals from executive 

areas to primary areas. The connectivity of the claustrum makes it an ideal candidate for 

mediating these signals. In this study, we posit that the claustrum is intimately involved 

with top-down control of attention. Assessment of the extent of the role the claustrum 

plays in attention requires real-time manipulation of circuitry in vivo. An ideal method to 

accomplish this can be found in optogenetics. 
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Chapter 2: Optogenetics 

Optogenetics is a versatile and powerful field of biotechnology which allows for 

the manipulation of targeted cells and systems through light stimulation; most commonly 

associated with the activation and silencing of targeted neurons. At the core of 

optogenetics is the opsin, a light sensitive protein able to respond to optical signals of a 

given range of wavelengths. Through membrane expression of opsins fused with 

channels, G-protein coupled receptors (GPCRs) and pumps, repeated manipulation of 

cells can be achieved without the inconvenience of multiple invasive injections. Opsin 

activation latency from initial light exposure ranges in the low milliseconds, allowing for 

high temporal precision; offering an alternative to slow acting chemo-genetics or 

nonspecific electrical stimulation. Light sources such as light emitting diodes (LEDs) and 

lasers can be used both in slice and in vivo with the ability to control the intensity of 

light. Additionally, LED and laser drivers can be attached to mini-circuit boards to allow 

for light stimulation control on a millisecond scale. Such attenuation can be used to vary 

action potentials to mimic natural neuron firing rates or induce non-physiological 

conditions for functional studies. This combination of genetic targeting, optical driving 

and bioengineering with the intent of stimulating/inhibiting cellular activity summates 

what is known as optogenetics (Nagel et al., 2002; Boyden et al., 2005).  

In his paper entitled “Thinking about the brain”, Francis Crick notes that 

techniques allowing specifically targeted subpopulations of neurons to be activated while 

leaving others undisturbed would need to be developed in order to effectively study the 

brain (Crick, 1979). Such techniques should allow for modulation of either individual 

components of the brain, or subpopulations of neurons; allowing for free manipulation of 
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firing while minimizing off-target effects. Techniques used in the field prior the 

implementation of optogenetic tools have only been effective to a point. Genetic 

manipulation allows for high specificity for a given cell type, however it offers little in 

ways of the temporal resolution of its effects (especially in the case of real-time 

manipulation for in vivo studies). Pharmacological manipulation shortens the timeframe 

of effect though not enough to offer precise inhibition within a certain time or associated 

with a given behavior/action. Furthermore, pharmacological studies must take into 

account any off-target effects elicited by administered drugs. Electrical stimulation 

allows for high temporal precision; however lacks specificity in terms of targeting cells. 

Any neurons within range, whether excitatory or inhibitory (along with any nearby 

projections), would be simultaneously activated. This would be especially problematic 

when attempting to focus on a single circuit or small nucleus. For these reasons, 

optogenetic manipulation stands out as a favorable method for neural manipulation; 

bringing the best of anatomical specificity and temporal precision. 

The employment of light as a method of biological manipulation did not make its 

debut with the advent of optogenetics. In some of the earliest work done with lasers, 

Fork, 1971 and later Hirase et al., 2002 demonstrated that it was possible to force neurons 

to fire using laser stimulation; though the mechanism of this firing was most likely 

dependent on generation of reactive oxygen species and/or holes created within the 

plasma membrane. Another method involved engineering channels that would change 

conformation based on exposure to different wavelengths of light (Banghart et al., 2004). 

Elsewhere, ligand-gated channels with caged agonists capable of release through 

ultraviolet (UV) photolysis were developed for use in Drosophila (Zemelman et al., 2003; 
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Lima and Miesenbock, 2005). Unfortunately, these and other methods were either too 

target nonspecific, too temporally nonspecific, or simply impractical due to the 

complexity of their construction (as reviewed in Miesenbock and Kevrekidis, 2005, 

Gorostiza and Isacoff,  2008). For this reason, the discovery or design of opsins which 

used single-component mechanisms was necessary for the practical application of optical 

control.  

Light functions as a key regulator in a myriad of biophysical and biochemical 

pathways in almost all forms of life on the planet. Plants use light as a both a source of 

energy for production of adenosine-tri-phosphate (ATP) and as a method of regulation 

and development (such as Selenicereus grandifloras which only blooms at night). 

Microbes have been shown to use light-activated proteins for maintaining ocean depth 

(Beja et al., 2000) and maintaining homeostasis in extreme ionic environmental 

conditions (Stoeckus, 1985). Many animals maintain their circadian rhythm through use 

of sunlight as a zeitgaber, or regulatory cue. Beyond vision, light can even exert subtler 

effects on more executive states such as mood (Rosenthal et al., 1984). With this in mind, 

it is logical that evolution would allow for the development of a range of light sensitive 

proteins to function in various species and capacities. One common gene which codes for 

such a light-sensitive protein is the opsin gene. 

Opsin genes are categorized into two phylogenically distinct families:  type I 

(animal) and type II (microbial). Both of these classes code a protein consisting of seven 

transmembrane alpha-helicies, however homology is higher within each type than 

between types (Man et al., 2003). Though type I opsins and type II opsins differ in the 

conformational changes that occur secondary to light exposure, the method of light 
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transduction for initiating those changes occurs in roughly the same manner. Opsins 

detect photons using a chromophore known as retinal, a vitamin-A based retanaldehyde. 

Retinal covalently binds to a lysine residue on helix 7 of the opsin protein, forming a 

Schiff base (when the chromophore, in this case retinal, is attached to the opsin 

apoprotein, the bound protein is termed a “rhodopsin”). Differences between the two 

types of opsin arise with the complexities of their respective functions. Type II opsin 

genes encode G-PCRs and are involved with more complex pathways such as inducing 

phototransduction cascades for vision and regulation of circadian rhythm. Type I opsin 

genes encode for a single protein that functions as both channel (or pump) and light 

sensor. The unitary nature of microbial opsins is what made them ideal for usage in 

optogenetics. 

Some of the earliest published works investigating microbial rhodopsin mediated 

responses were in algae (Harz and Hegemann, 1991). The authors noted that the induced 

photocurrents were so fast that they must be closely connected. Later, channelrhodopsin-

1 (ChR1) taken from Chlamydomonas reinhardtii, a unicellular alga, was confirmed to be 

a single-unit light-gated proton channel when it was successfully expressed in 

mammalian cells. This happened again shortly thereafter with channelrhodopsin-2 

(ChR2), being confirmed as a single-unit light-gated cation channel (Nagel et al.,  2002, 

2003). These channels were first demonstrated to be useful as scientific tools in the 

Deissiroth lab where ChR2 was expressed in hippocampal cell membranes, and could 

subsequently induce reliable spiking in response to photostimulation (Boyden et al., 

2005). By constructing lentiviruses with DNA coding for ChR2, stable membrane-

localized ChR2 expression in rat CA3/CA1 neurons was achieved. Serendipitously, 
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endogenous levels of retinal were found to be sufficient to supply the needed cofactor for 

ChR2 function (Deisseroth et al., 2006; Zhang et al., 2006). With this, ChR2 was 

established as a viable method for initiation of depolarization in neurons (Fig. 3).  

 

 

 

 

Further adding to the optogenetic toolbox, the discovery and implementation of 

halorhodopsin (HR) has allowed for inactivation of neurons by the same optic method as 

activation by ChR2. In place of a channel which opens in response to light, 

halorhodopsins use light stimulation to activate an electrogenic chloride pump. By 

pumping chloride ions into a neuron, the membrane can be held in a state of 

hyperpolarization, thereby preventing it from achieving an action potential. A few years 

after its discovery (Matsuno-Yagi and Mukohata, 1977), an ER trafficking version of HR 

was developed; derived from the halobacterium Natronomonas pharonis (Zhang et al ., 

2007). This HR, dubbed NpHR(Fig. 3), was demonstrated to be able to inhibit neurons in 

Figure 3. Optogenetic tools. Upon light activation, ChR2  (far-left) allows for flow of cations to 
activate neurons. ChR1 (middle-left) allows for movement of protons across the membrane. NpHR 
(center) works as a pump to push chloride ions into the cell, hyperpolarizing and inhibiting neurons. 
Arch (middle-left) also hyperpolarizes neurons by pumping protons out of the cell. Opto-XRs (far-right) 
work by transducing light signals to activate secondary messengers. 
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worms, cultured neurons and mammalian brain slices (Zhang et al., 2007; Han & 

Boyden, 2007) though it would be some time before a successful application to mammals 

was achieved secondary to issues with membrane trafficking. When expressed under the 

control of a ubiquitous promoter in vivo, NpHR would build up to toxic levels within the 

endoplasmic reticulum (Zhang et al., 2007; Zhao et al., 2008). To overcome this 

trafficking issue, addition of a vertebrate export motif and other c-terminus adjustments 

were made, resulting in eNpHR2.0 and eNpHR3.0 respectively (Gradinaru et al., 2008, 

2010).  

Another method of optogenetic inhibitory control involves use of the proton 

pumps Arch and ArchT, derived from archaebacteria (Chow et al., 2010). Functioning in 

a reverse manner to NpHR, the Arch and ArchT pump method relies on driving out a 

positive charge rather than pumping in a negative one. The cell then becomes 

hyperpolarized and is unable to fire. The main issue to this method lies with the unknown 

effects it may have on neighboring cells through the lowered pH of the extracellular 

matrix.  

Additionally, optogenetic tools can also be used for control of biochemical 

processes stemming from intracellular signaling cascades. By fusing a rhodopsin with 

different GPCRs, controlled signaling via secondary messengers. Engineered proteins 

that take advantage of this type of transduction are referred to as optoXRs; such proteins 

have been proven to be able to modify behavior in mice (Airan et al., 2009); though 

experimentation through this method has not been widely used.  

Transgenic mouse lines that express opsin genes have been generated (Hagglund 

et al., 2010, Katzel et al., 2010; Thyagarajan et al., 2010) however the cost of production 
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and maintenance of such lines would preclude practical application for most studies. 

Expression of these opsin tools can be easily accomplished through viral gene transfer. 

Protein introduction through a viral expression system such as an adeno-associated virus 

(AAV) or lentivirus allows for both rapid implementation and robust expression. Latency 

of expression from initial infection ranges from 4-6 weeks with subsequent sustained 

expression following injection with no reported adverse effects (Adamantidis et al., 2007; 

Sohal et al., 2009; Han et al., 2009; Carter et al., 2010). Though not perfect, activity can 

be constrained to areas through spatial targeting of the injection and/or (especially in the 

case of large areas or projection neurons) restriction of light to targeted cells. 

Alternatively, by using cre-dependent viruses, opsin expression can be restricted to 

neurons in which the protein cre-recombinase is endogenously expressed (Atasoy et al., 

2008; Sohal et al., 2009). Regardless of the method of opsin expression, use of precise 

light delivery systems is integral to effectively driving said proteins. 

In vitro, light can be shone directly from a source to the slices, leaving a wide 

range of available sources such as filtered mercury lamps (Boyden et al., 2005), LEDs 

(Wang et al., 2009) and lasers (Cardin et al., 2010; Kravitz et al., 2010). In vivo, fiber 

optic implants which are capable of delivering input light to a given area of tissue are 

embedded into the skull. Lasers or LEDs are then attached to these implants by fiber 

optic cabling, allowing for controlled stimulation of animals while allowing the animals 

to move freely within the range of the fiber optic cords. (Adamantidis et al., 2007; 

Aravanis et al., 2007, Zhang et al., 2010).  

Optogenetics has rapidly developed into a cutting-edge field of technology, able 

to facilitate the discovery of the functional properties of neural systems and circuits. The 
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application of optogenetics both in vivo and in slice has been instrumental in the 

elucidation of previously inaccessible areas of neural physiology. In the future, use of 

optogenetics may prove useful in the discovery of targets for therapies or even the 

treating those disease states directly. Whether efficient, reliable and safe application for 

such therapies can be delivered remains to be seen. Regardless, the tool that Crick called 

for in his works has proven its worth in the field of neuroscience. Another advantage to 

optogenetics is its adaptability to other methods. In conjunction with a controlled 

attentional task, such as the 5-choice serial reaction time task, functional relevance of the 

claustrum can be elucidated by anchoring stimulation times with actions or cues. 
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Chapter 3: 5CSRTT 

The 5-choice serial reaction time task (5CSRTT), developed by Trevor Robbins at 

the University of Cambridge, is designed to measure the effects of neural manipulation 

(i.e. neurochemical, genetic or neuroanatomical) on attentional performance in rodents. 

The 5CSRTT is modeled after the Continuous Performance Task (CPT) originally 

developed by Haldor Rosvold (Rosvold et al., 1956); which was used to measure effects 

of brain damage on maintaining focused attention in humans. Subjects undertaking the 

CPT are presented with a repetitive task, typically being asked to respond to a “go” cue 

and refrain from responding to a “no go” cue (e.g. press a button when you see a square, 

but do not press when you see a circle). Parameters such as the inter-trial interval (ITI), 

presentation ratio of go vs no go cues or the duration of cue presentation can all be 

manipulated in order to measure effects on different aspects of attention. The 5CSRTT 

follows the same principles of the CPT and applies them to rodents; allowing for testing 

attentional performance in models of neural pathologies. 

In a 5CSRTT, subjects are placed in a specialized operant chamber that in turn is 

placed inside of a sound attenuated and ventilated box. The operant chamber (Fig. 4A) 

consists of two Plexiglass side walls, a Plexiglass ceiling, concave aluminum front wall 

(5-choice wall), rear wall with a pellet dispenser and steel grate floor. Additionally, 

sections of the rear wall can be removed to insert a house light for chamber illumination 

and a speaker used for white noise. The 5-choice wall contains five horizontally arrayed 

apertures, each equipped with an LED “cue light” and an infrared (IR) sensor to detect 

nose-pokes. Similarly, the pellet dispenser is equipped with an incandescent light for 

indication/illumination of a dispensed reward and an IR sensor to detect reward retrieval. 
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Operant chamber input and output signals are all controlled/recorded by an attached 

computer using the program Med-PC. In addition to operant chamber controls, the Med-

PC program can send signals to peripherally attached hardware, such as an LED driver 

for optogenetic stimulation (Fig. 6). Microcontrollers or printed circuit boards can be 

used for mediating Med-PC start signals and LED driver control. These controllers allow 

for manipulation of stimulation frequency. Using Med-PC, optogenetic stimulation can 

be added to behavioral 5-choice tasks. The 5-choice task, and any subsequent 

modification of the 5-choice task, is coded into the Med-PC program as what will 

hereafter be referred to as a “scheme”. Once a base scheme has been coded, it can be 

modified within Med-PC to change parameters to suit a variety of testing purposes; such 

as decreasing the ITI in order to assess the effects of increasing attentional load on 

performance or adding a randomly timed white noise to assess susceptibility to 

distraction.  

Trials begin with an ITI during which the house light turns on, indicating the start 

of a new trial (Fig. 4B). Once the ITI has ended, a random aperture is illuminated (the cue 

light) and assigned as the “active hole” for a set duration. If a nose-poke is detected in the 

active hole within the set duration, the response is counted as correct response. A correct 

response extinguishes the active hole LED, illuminates the pellet dispenser and results in 

a dispensed sucrose pellet. The trial is held until retrieval of the sucrose pellet which 

initiates the start of the subsequent trial. In the event a nose-poke is detected in any 

aperture other than the active hole within the set duration, the response is recorded as an 

incorrect response. An incorrect response immediately ends the trial and results in a 

“timeout” period during which all lights are extinguished. Failure to respond within the 
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set duration is recorded as an omission which also results in a timeout. In the event that a 

correct response is given and a subsequent poke is detected before the reward pellet is 

retrieved, a “perseverative” response is recorded. No penalty results from a perseverative 

response. Any nose pokes during the ITI are recorded as “premature responses” and 

result with a timeout period followed by a reset of the current trial.  One session of trials 

is completed after 100 trials or 30 mins.  

Figure 4.The 5CSRTT (A) the 5-choice wall in the operant chamber has 5 apertures large enough 

for a mouse to poke its nose inside. Each aperture can be illuminated by an internal LED (the cue 

light), indicating that it is the active hole. Reward pellets are dispensed through the receptacle on the 

opposing wall which also has a house light to indicate a trial is active, and a speaker built into the 

wall for white noise. (B) Trials begin with an ITI period after which the cue is presented. Mice have a 

limited time to respond to the cue light. Correct answers are rewarded with a short duration when the 

mouse can eat the reward. In correct responses and omissions initiate time out sequences where all 

lights are turned off. 
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Measures of the 5CSRTT are as follows: 

Correct responses- direct measure of the contribution of trials with correct responses to 

total number of trials. 

Incorrect responses- direct measure of the contribution of trials with incorrect responses 

to total number of trials. 

Choice accuracy- The number of trials with correct responses over the total number of 

trials; used as a primary measure of attention within the 5CSRTT. This value excludes 

omissions in order to discount factors such as decrease in motivation or motor deficits. 

Omissions- The number of trials with no recorded response divided by the total number 

of trials. Omissions are representative of motivation, motor ability and vigilance; though 

interpretation is based more in conjunction with other measures 

Premature- the number of nose pokes detected during an ITI, used as a primary measure 

of impulsivity. 

Perseverative- the number of nose-pokes detected subsequent to a correct response but 

prior to reward pellet retrieval, a measure of impulsivity.  

Pellet dispenser entries- The number of head entries into the reward pellet dispenser, a 

measure of motivation. 

Latency to Correct- The time in seconds between the onset of the cue and a correct 

response, a measure of cognitive/processing speed and/or motor function. 

Latency to Incorrect- The time in seconds between the onset of the cue and an incorrect 

response, a measure of cognitive/processing speed and/or motor function. 

Latency to reward- The time in seconds between a correct response and retrieval of a 

pellet reward, a measure of motivation and/or motor function. 

 

One of the main advantages to using the 5CSRTT is its program flexibility. After 

a baseline level of mouse performance has been established, modifying the task scheme 

examination of how such manipulations can affect performance, or test a biological 

manipulation under varying conditions (such as optogenetics). To increase the attentional 

load placed on a subject, duration of the ITI or cue presentation can be shortened; 
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conversely attentional load can be lightened by increasing duration of the ITI or cue 

presentation (taking in to account that increasing the ITI may increase demand for 

impulse control). Through such modifications, stimuli such as white noise bursts and 

optogenetic stimulation can also be coded to a variety of durations and initiation points. 

For example, by varying the parameters of optogenetic stimulation, an experiment can be 

designed to isolate a window of effect. This ease of modification allows for easy coupling 

of the 5CSRTT and optogenetic stimulation used in this investigation. Through this 

coupling, assessment of the activation and silencing of ACC/claustral connections can be 

made in relation to behaviors; such as assessing what silencing ACC afferents does 

before the cue when mice are attending the wall versus what it does during cue 

presentation when mice had already begun to respond. 
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 Hypothesis and Aims 
 

Hypothesis: The claustrum mediates top-down attention by facilitating communication 

between executive and primary cortices.  

 

Rationale: In the model first postulated by Robert Desimone (Desimone & Duncan, 1995) 

executive cortices are described as having connections both directly to primary cortices 

and indirect connections through a yet unidentified structure(s). In a paper describing 

long range and local circuits involved in top-down processing (Zhang et al., 2014), it is 

shown that direct optogenetic stimulation of ACC afferents in the visual cortex increases 

the ability of the mouse to discriminate between signals, but has no effect on performance 

during a visual discrimination task. ACC, an executive cortical area involved with 

preparatory attention and error detection (Passetti et al., 2002) was found to have multiple 

connections with visual cortex. Stimulation of ACC itself during the task increased 

performance of mice on the task, implying there might be another area of brain 

downstream of ACC assisting performance. With findings in our lab that ACC is highly 

connected with claustrum (White et al. 2016), the claustrum/ACC connection makes an 

ideal target for studies into whether or not the claustrum fits the profile for the 

unidentified structure mentioned by Desimone.  
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Aims 

 Aim 1: Inhibit Claustrum/ACC during 5CSRTT  

 Stimulation before cue presentation in order to disrupt top-down signals involved 

with preparatory attention  

 Aim 2: Activate Claustrum/ACC circuitry during 5CSRTT 

 Stimulation before cue presentation in order to assess possible performance boost 

due to induced/enhanced preparatory signal 

 Aim 3: Assess the effects of variable vs. fixed ITI on performance 

 Stimulation with variable ITI to impede the ability of mice to predict cue 

presentation and assess the function of ACC/Claustrum signaling under these 

conditions 
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Materials and Methods 
Subjects 

Adult male and female black C57 BL/6J (Jackson Laboratories) mice were single-

housed and placed on a 12 hour light/dark cycle with lights on at 7AM. Mice were 

allowed free access to food and weighed once a day for 3 days, providing a baseline 

weight. Mice were subsequently food restricted and given enough food daily to remain at 

90% of this baseline (weights were taken daily to assess the appropriate amount of food 

to maintain 90% baseline). Water was allowed ad libitum over the entirety of the 

experiment. All studies were performed under the oversight of the University of 

Maryland Animal Care and use Committee Mice were divided into two groups, each 

focusing on the manipulation of projections either to claustrum from ACC or to ACC 

from claustrum.  

Surgery 

Mice were anesthetized with 5% isoflurane vapor and subsequently placed in a 

stereotaxic surgery frame. Isoflurane was reduced to 1-2% immediately after mice were 

securely placed in the frame and modulated as needed. Unconscious state was assessed 

by toe pinch and monitoring breathing rate, isoflurane levels were adjusted accordingly. 

Initial incisions were made overlapping the sagittal suture, extending from between the 

eyes to just posterior of the lambda junction. Holes were drilled into the skull over pre-

defined coordinates for injections and implants derived from the mouse atlas from 

Franklin and Paxinos (Franklin and Paxinos, 2008). Bilateral injections of 

AAV5.hSyn.ChR2.EYFP (UPenn) (150uL/injection site) were injected into ACC or 

claustrum (Table 1, Fig. 5) at a rate of 15uL/min with a subsequent 5 min diffusion 

period prior to removal of needle. Controls received injections of AAV5.hSyn.EYFP 
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under the same conditions. Fibers were inserted bilaterally into the claustrum or ACC 

(Table 1, Fig. 5) and held in place with superglue. Fiber optic implants were created by 

affixing 200nm diameter fibers within 250nm diameter plastic ferrules using a heat 

activated epoxy (Precision Fiber Products). Implants were cut to 3.0mm or 1.5mm for 

implantation to claustrum or ACC respectively. Following this, implants were polished 

till transmittance of input light was greater than 60%. Three guide-holes were created in 

the skull around the implants using a scalpel blade tip; screws were driven into these 

holes until secure. An adhesive, Titan Bond, was used in addition to skull screws to 

maximize bonding between skull and dental cement. Cement mixture (Denstply) was 

administered to the skull and around the implants via 5mL syringe with 16 gauge needle 

to form a solid cap. This cap worked to both cover the skull and secure the implants, 

precluding the need for closure of incisions. Mice were monitored for 3 days post-

operatively for complications.  

Circuit/Group Injection Coordinates Fiber Coordinates 

ACC 

Claustrum 

Anterior/ 

Posterior 

Medial/ 

Lateral 

Dorsal/ 

Ventral 

Anterior/ 

Posterior 

Medial/ 

Lateral 

Dorsal/ 

Ventral 

+1.34mm   +/-0.3mm     -1.00mm 

+0.75mm   +/-0.3mm     -1.00mm 

+1.18mm   +2.5mm       -2.1mm 

+1.18mm    -2.5mm       -2.1mm 

Claustrum  

ACC 

Anterior/ 

Posterior 

Medial/ 

Lateral 

Dorsal/ 

Ventral 

Anterior/ 

Posterior 

Medial/ 

Lateral 

Dorsal/ 

Ventral 

+1.34mm  +/-2.3mm     -2.35mm +1.34mm    +0.8mm   +1.00mm 

+1.00mm     -0.7mm     -0.90mm 

 

 

 

 

Table 1. Injection and implant coordinates. Adeno virus containing ChR2 was injected bilaterally in 4 

sites within ACC and 2 sites within the claustrum. Fibers were placed at the corresponding projection 

sites. All measurements relative to bregma. 
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Behavior 

Attention was assessed by performance on the 5CSRTT (Fig 3B). For the basic 

task used in this experiment, trials began with a fixed 5 second ITI. Following this, a 

randomly assigned aperture would be selected as the active hole. An active hole is 

indicated by its LED lighting up for a one second light cue. Nose-poking into the active 

hole within 5 seconds of the initial cue presentation constituted a correct response. 

Correct responses resulted in the reward light illuminating a pellet reward dispensed into 

the pellet receptacle. Mice were given a 5 second time period to consume the reward 

pellet subsequent to retrieval, after which the next trial would begin. Nose-poking into 

Figure 5. ACC projects contralaterally to claustrum while claustrum projects ipsilaterally to ACC. 

Taking advantage of this, bilateral injections adenovirus can travel in an anterograde direction from 

claustrum to ACC and vice versa(indicated by green traces). Fiber optic implants are inserted and fixed 

above the targeted afferent terminals. 
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any of the other four (inactive) holes was recorded as an incorrect response. Failure to 

respond within the allotted 5 second window was recorded as an omission. Both incorrect 

responses and omissions resulted in a “timeout” period during which the house light is 

turned off, indicating a failure. One session was concluded at the end of 100 trials or 30 

minutes.  

Prior to training, sucrose pellets were put into the home cages of each mouse to 

allow familiarity with the task reward. Mice were later allowed to habituate to the operant 

chamber for two 15 minute sessions over the course of 4 hours; ten sucrose pellets were 

dispensed at the start of each habituation session.  

Mice were acclimated to the full 5-choice task in 5 phases. In phase one, all 

apertures were designated active holes, indicated by all cue lights being active. Nose-

poking into any hole would result in a pellet reward; no time limit was placed on 

response. Upon a response, all holes would inactivate until the pellet reward was 

retrieved thereby initiating the next trial. Phase two randomly designated one aperture as 

the active hole which would remain active until a correct nose-poke was recorded. 

Incorrect nose pokes would not be registered for this phase and resulted in no penalty. A 

portion of mice were unable to make the transition from phase one to phase two without 

assistance. In order to facilitate the transition to phase two, reward pellets were placed in 

the aperture of the active hole. While reaching for the pellet, mice would inadvertently 

trip the IR beam of the active hole, incidentally responding correctly for that trial. This 

method quickly allowed lagging mice to associate the cue light in the active hole with a 

reward. Phase three involved adding an 11 second window for a response to an active 

hole, the cue light would remain active over the full 11 seconds. Phase four further 
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reduced this window to 6 seconds; while phase five (the final phase/full task) reduced the 

cue light duration to 1 second while leaving the response window at 6 seconds. Mice 

were over-trained on the full task until choice accuracy reached a stable baseline for 

comparison with stimulation trials. A total of 3 mice proved unable to learn the full task 

and were discarded from the experiment. 

Light Stimulation Control 

Light stimulation is made possible by a LED system (Plexon LD-1) capable of 

outputting 470nm (blue) light at ~20mW. The system is comprised of two LED modules 

mounted on a platform capable of rotating freely to allow the mice unhindered 

movement. To transmit light from the LEDs to optic implants in mice, high N.A. (0.66) 

fiber optic cables were used, causing a decrease in output of ~40%. The LEDs themselves 

were controlled by a “driver” that both controls the output of LEDs and powers them. 

The driver itself was controlled by an Arduino Leonardo microcontroller to which the 

codes regulating stimulation frequencies were uploaded. The Arduino was, in turn, slaved 

to Med-PC hardware by means of a transistor-transistor logic (TTL) pulse box, allowing 

the Med-PC program to control the LEDs (Fig 6). By linking LED control to Med-PC, 

stimulation could be anchored to time points within the task.  
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To test the effect of circuit manipulation, mice were stimulated at different 

frequencies, durations and times within the task. Within sessions, 33% of trials were 

randomly selected as experimental trials with the remaining 67% being control trials. 

These levels were chosen to maintain a minimum number of experimental trials required 

for significant results without allowing acclimation to stimulation. Silencing of 

projections was achieved through 40Hz stimulation; presumably causing a constant 

depolarized state of the presynaptic axon terminal, blocking any continued firing (Fig. 7), 

demonstrated in slice. Activation of projections was elicited through 10Hz stimulation to 

Figure 6. Med-PC acts as central control for operant box and LED stimulation. The Med-PC 

program can control both the operant chamber and the LED driver. It achieves this by 

sending a TTL signal to the Arduino, effectively a “go” signal. Arduino then executes the 

uploaded program which turns on the LED at a certain frequency and duration.  
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guarantee consistently faithful firing (slices prepared as follows). Mice were deeply 

anesthetized and decapitated. 250 μm coronal slices were taken from each brain using a 

vibrating microtome in an ice-cold, carbogen-bubbled (5% CO2), artificial cerebral spinal 

fluid (aCSF) (194mM sucrose, 30mM NaCl, 4.5mM KCl, 1mM MgCl2, 26mM NaH2PO4 

and 10mM D-glucose. Slices were then incubated for 30mins at 33°C in carbogen-

bubbled aCSF (315-320mOsm) which contained 124mM NaCl, 4.5mM KCl, 2mM 

CaCl2, 1mM MgCl2, 26mM NaHCO3, 1.2mM NaH2PO4, and 10mM D-glucose. Slices 

were incubated at room temperature. Whole-cell recordings were performed at 29°C -

31°C using glass recording pipettes of 3-6 MΩ resistance. Recording pipettes were filled 

with a potassium-based solution (300-310 mOsm; pH 7.3) composed of 126mM 

potassium gluconate, 4mM KCl, 10mM HEPES, 4mM ATP-Mg, 0.3mM GTP-Na and 

10mM phosphocreatine. Optogenetic excitation of terminal afferents was induced using 

an external LED shining light of 470nm. Light was delivered in 4-6ms bursts at 10 or 

40Hz trains for 0.5-1s. 
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In order to assess the possible effects of disruption of ACC-to-claustrum afferents on top-

down processing, inactivation of ACC afferent was carried out prior to cue presentation. 

Furthermore, in order to gauge any performance boosting effects of activation, 

stimulation at 10Hz was performed. As stated previously, ACC activity is unnecessary 

for trials with variable ITI (Passetti et al., 2002). 

 To ascertain whether this causes a switch from top-down to bottom-up attentional 

strategies, mice were run with a 40Hz stimulation combined with a randomized ITI. Mice 

were run under each scheme for 5 sessions. Schemes were as follows: 

1. Inactivation: 0.5 seconds of simulation at 40Hz   

a. 0.5 seconds before cue presentation 

b. 0.75 seconds before cue presentation 

c. 1 second before cue presentation 

Figure 7. 40Hz stimulation prevents firing in afferent terminals. In slice, recordings were taken from claustral 
neurons while optogenetically stimulating ACC afferents to claustrum. Stimulation at 10 Hz produced faithful 
spiking in greater than 95% of pulses. Stimulation at 40Hz elicited one spike followed by silencing of afferents. 
Similarly, claustrum afferents in cortex are able to follow 10Hz stimulation, but not 40Hz. 

 

10 Hz 40 Hz 
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2. Activation: 0.5 seconds of stimulation at 10Hz 

a. 0.5 seconds before cue presentation 

3. Inactivation + Randomized ITI 

a. 0.5s before cue presentation 

Data including correct responses, omissions, premature responses, perseverative 

responses and latencies from 5 sessions of each scheme were collected. Output of raw 

data was input to Microsoft Excel using the program MED-PC To Excel. Data was 

averaged over the 5 sessions and resultant data was analyzed via Prism GraphPad. Data 

were compared within subjects between stimulation and non-stimulation trials. Paired t-

tests were performed and significance was set at p<0.05. 
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Results 

Mice were run on a sequence of stimulation and distraction 5CSRTT schemes 

with the aim of controlled disruption of performance. Within sessions, trials were 

separated into stimulation/distractor and non-stimulation/non-distractor (control) sets for 

analysis. Choice accuracy (percent correct of responses) and level of omission (percent 

omission of total trials) were used as the primary measures used to assess effects of 

stimulation or distraction to allow comparison between control and stimulation trials. 

Latency to correct response was used as a control measure to account for any induced 

motor deficits during stimulation trials. Data sets were confirmed as parametric using the 

Shapiro-Wilk test, allowing for use of paired t-tests. 
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Chapter 4: ACC to Claustrum 

With the role of anterior cingulate cortex is implicated in preparatory attention 

(Passetti et al., 2002), our investigation to test the claustrum’s role in top-down signaling 

began with silencing ACC afferents to claustrum just prior to cue presentation (Fig. 8A) 

 

 

Pre-cue inhibitory stimulation in the experimental group showed a marked 

decrease in choice accuracy during stimulation trials while exhibiting no effect in 

controls (Fig. 8C). Level of omission showed no change in experimental or control 

Figure 8. 40Hz stimulation of claustral afferents to ACC decreases performance. (A) 40Hz stimulation was applied 
just prior to cue to silence ACC afferents to claustrum. (B) Stimulation caused a decrease in choice accuracy, but not 
omissions or latency (C) controls remain unaffected 

 



37 
 

groups in response to stimulation. Results obtained from testing indicated that mice were 

still motivated and able to respond while being stimulated, but were unable to attend to 

which aperture was the active hole. Latency to correct responses showed no change in 

experimental or control groups; indicating there were no deficiencies in motor control 

associated with stimulation. 

The next phase in testing the properties of pre-cue stimulation involved 

determining its temporal window of effect. 5 sessions of 40Hz pre-cue trials were 

conducted at various time points relative to cue (0.5s, 0.75s, 1s and 3s prior to cue) (Fig. 

9A). 

 

 

Figure 9. Effect of 40Hz stimulation is relegated to 1 second of cue presentation. (A) 40Hz stimulation was 
applied at various times prior to cue to silence ACC afferents to claustrum. Graphed chronologically, times listed are 
relative to cue presentation (B) Stimulation caused a decrease in choice accuracy at 0.5s, 0.75s and 1s prior to cue 
but not at 3s (C) controls were not significantly affected at any time point. 
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Stimulation at the various time points resulted in significant decrease in choice 

accuracy at 0.5 seconds, 0.75 seconds and 1 second prior to cue (Fig. 9B). This indicates 

stimulation is relegated to within 1 second of cue presentation. This apparent trend of 

increasing effect as proximity to cue increases could indicate a direct interference with 

maintenance of attention. Controls showed no effect any time point (Fig 9C). 

Activation of the ACC afferent terminals to claustrum was done using a 10Hz stimulation 

using the same time parameters as the 40Hz pre-cue inhibition (a 0.5 second duration 

initiating 0.5 seconds prior to cue presentation) (Fig. 10A). A 10Hz frequency was 

selected for activation as it was low enough that it would guarantee faithful spiking. In 

accordance with our hypothesis that the claustrum is involved with ACC initiated top-

down attention, the ACC to claustrum circuit is expected to be active just prior to cue 

presentation (in order to enact a state of preparatory attention); therefore, activation of 

ACC afferent terminals just prior to cue presentation might reinforce normal pre-cue 

firing, thereby increasing performance. Stimulation with 10Hz light showed no effect on 

choice accuracy, omissions or latency in experimental or control groups.  
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In order to attempt to force the mice to adopt a bottom-up strategy, a variable ITI 

was added to the 0.5s pre-cue inhibition. Trials were pseudo-randomly assigned an ITI 

ranging from 3-7 seconds, with stimulation fixed at 0.5 seconds prior to cue presentation 

(Fig. 11A). In the instance of a variable ITI, the cue light becomes impossible to 

accurately predict. The inability to predict the appearance of the cue light would preclude 

any ability for preparatory attention. Our hypothesis predicts that a switch to a variable 

ITI would extinguish the effect seen in the static ITI, as the previous work has shown 

Figure 10. 10Hz stimulation of claustral afferents to ACC shows no effect. (A) 10Hz stimulation was applied 
just prior to cue presentation to activate ACC afferents to the claustrum. (B) Stimulation caused no decrease in 
choice accuracy, level of omissions or latency (c) controls were similarly unaffected by stimulation 
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lesioning the ACC still allows for performance on a variable ITI 5CSRTT (Passetti et al., 

2002). 

 

 

 

Silencing of ACC afferents to claustrum with a variable ITI showed significance 

in both choice accuracy and omissions in both experimental (Fig. 11B)  and control mice 

(Fig 11C). This suggested that stimulation was now acting as a distractor outside of an 

opsin mediated effect. 

Figure 11. 40Hz stimulation + Variable ITI decreases performance in all groups. (A) 40Hz stimulation was 
applied just prior to cue presentation to activate ACC afferents to the claustrum. ITI times were pseudo-
randomly assigned an integer time value between 3 and 7 seconds (B) Stimulation caused a decrease in choice 
accuracy and level of omissions with no effect on latency (c) Controls showed a similar decrease in both choice 
accuracy and level of omissions. Indicating light itself may have proved distracting. 
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Chapter 5: Claustrum to ACC 

In order to test the full extent of ACC/claustral circuitry, mice with injections of virus 

expressing ChR2 into claustrum and optical fibers implanted in ACC were generated. 

These mice would be necessary for the elucidation of the role of this circuit in attentional 

processing. 

Inhibition of claustral afferents to ACC prior to cue would be expected to have 

either a boosting effect to less bottom-up distractions, or no effect as the circuit may 

already be “turned down” in order to filter out irrelevant stimuli. 

 

 

Results indicated that 40Hz stimulation did not exert an effect on choice accuracy in 

claustrum ACC mice as it did in ACC claustrum mice (Fig 12 A). Similarly, 

stimulation showed no effect on level of omission or latency to correct response. Controls 

showed no significant effect (Fig 12 B) 

Figure 12.40Hz stimulation of ACC afferents to claustrum shows no effect, for schematic see Fig. 8A 

(A) 40Hz stimulation saw no differences between control trials and experimental (B) Controls showed 

no effect 
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Activation of the claustrum to ACC circuit just prior to cue presentation would be 

expected to show a decrease in performance as it would involve introducing a bottom-up 

signal that may work as a distractor. 

 

 

As expected, activation of claustral afferents to ACC caused a decrease in choice 

accuracy (Fig 13 A). Both omissions and latency showed no effect, indicating the effect 

due to stimulation is relegated to attention.  

 

 Given that a variable ITI should force a bottom-up strategy, inhibition of 

claustrum to ACC circuits should prove detrimental as bottom-up signaling would be the 

only effective way for the mice to respond.  

Figure 13. 10Hz stimulation of ACC afferents to claustrum decreases performance, for schematic see Fig. 10A 
(A) 10Hz stimulation causes a decrease in performance (B) Controls showed no effect 
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When stimulated at 40Hz just prior to cue presentation, ClaustrumACC mice 

displayed the same decrease in choice accuracy and increased level of omissions as was 

observed in ACC  claustrum mice, as well as controls (Fig 14 A, B). This further adds 

credence to the notion that the 40Hz stimulation was acting as a distractor in the variable 

ITI trials. 

 

 

 

 

Figure 14. 40Hz stimulation + variable ITI decreases performance in all groups, for schematic see Fig. 11A (A) 
40Hz stimulation with variable ITI causes a decrease in choice accuracy and level of omissions (B) Controls 
showed a similar effect to experimental mice, implying that light was acting as a distractor. 
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Discussion 
Disruption of claustrum/ACC circuitry just before an anticipated cue can cause deficits in 

performance on an attentional task. Silencing and activating claustrum/ACC circuitry 

individually provides information surrounding the details of their respective contributions 

to this phenomenon (Fig. 15). 

 

 

When ACC afferents to claustrum are silenced just before cue presentation, 

choice accuracy is decreased while omissions remain the same. This suggests the circuit 

is involved with top-down signaling required for accurate response selection. In view of 

Figure 15. Summary of stimulation frequency on circuit. 40Hz stimulation of ACC afferents to claustrum is 
detrimental to performance while 10Hz stimulation has no effect. 10Hz stimulation of claustral afferents to ACC 
is detrimental to performance while 40Hz has no effect, 
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the ACC’s role in preparatory attention, it stands to reason that the ACC sends signals 

through the claustrum to prime lower/primary cortices for cue recognition. Interrupting 

this signal is sufficient to cause a performance deficiency. One interpretation of this 

window of effect implies that the earlier silencing stimulation (40Hz) is applied, the less 

chance of the stimulation actually overlapping with a preparatory signal from ACC. This 

would imply the window is simply due to the increased probability of encountering a top-

down signal as expectation of the cue’s appearance increases. Alternatively, the window 

of effect could arise from an ability to restore a state of top-down signaling when given a 

certain “recovery time”. ACC signals to claustrum are evidenced here to be involved with 

preparatory attention, therefore earlier stimulation (outside of our 1 second window prior 

to cue) could allow for a greater chance of reinitializing this prepared state.  

Activation (10Hz) of ACC afferents to claustrum just prior to cue presentation 

shows no significant effect on choice accuracy or level of omissions when compared to 

controls. Considering the current assumption that ACC signals are involved with 

initiating a preparatory state, it stands to reason that activating this circuit would be 

redundant. This data could be interpreted to be the equivalent of trying to turn on a light 

that is already switched on. Stimulation shows no effect because firing may occur 

endogenously at 10Hz or higher. To further test this, a distractor could be used to 

decrease performance which 10Hz activation should be able to rescue. By regulating the 

top down signals in the presence of distraction, it may be possible to shield attention from 

disruptive bottom-up signals. 

In theory, randomizing the ITI of the 5CSRTT would introduce a level of 

uncertainty that would preclude true preparatory attention. This implies inhibition of 
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ACC afferents during a 5CSRTT with variable ITI should produce no significant effects 

due to stimulation as the circuit is already off. Results from our trials indicated that not 

only were the experimental groups affected (including the afferent circuits from 

claustrum to ACC), but controls as well. This could be explained by the increased 

susceptibility inherent to bottom-up attentional strategies, as stimulation of circuitry (or 

just light delivery to brain) could be acting as a distractor. To account for this, a future 

experiment involving a light distractor could be used as a control. If the distractor (used 

in the stead of stimulation) shows the same effect, weight could be added to the claim 

that the mice have been forced into a highly distractible state of bottom-up attention. 

Furthermore, if this were the case, then testing whether a light distractor disrupts 

performance on the fixed ITI version of the task would be necessary. This would show 

that mice can muster top-down attention to filter out the light distractor.  

Silencing of claustral afferents (40 Hz) to ACC before cue presentation elicits no 

significant effects in performance. In a top-down state, volitional control is prioritized in 

guiding attentional allocation. It stands to reason that at this point, bottom-up attention 

signals are not useful for (presumably even detrimental to) top-down control, and are 

“tuned down” to allow for allocation of more resources to volitionally attended stimuli. 

Continuing from the previous example, silencing of claustral afferents to ACC during an 

attention task would equivocate to trying to turn off a light that is already switched off. 

Conversely, activation of bottom-up signaling would be expected to disrupt top-down 

attendance of stimuli. This was reflected in the results obtained from the 10Hz activation 

of claustral afferents to ACC. By introducing a bottom-up signal which is normally 

quieted, we’ve introduced a disruptive initiation of bottom-up signaling. This data may be 
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reflective of a type of disruptive signaling that occurs naturally. If, while having 

conversation in a noisy room, someone’s phone rings, it may not catch the attention of 

the crowd. If a loud noise such as a gunshot is heard, the sound will likely disrupt any 

attention allocated to conversation. When volitional attention is enacted, filtering of 

irrelevant stimuli occurs; however this can be overcome by increasing salience of the 

stimulus. By activating claustral afferents to ACC, this normal top-down associated 

filtering is either overcome or bypassed altogether. 

To our knowledge, this study is the first causal study of the claustrum providing 

insight into its function. Results presented here indicate the claustrum fits the description 

of a networking mechanism for communication between cortical areas over the range of 

the processing hierarchy. This would place the claustrum in an ideal position to mediate 

attentional signals traveling in a top-down or bottom up fashion (Mathur, 2008, 2014; 

White et al. 2016). We conclude that data collected in this study implicate the claustrum 

in ACC initiated top-down attentional control and displays some possible involvement 

with bottom-up attentional control. Insights gained from studies of the claustrum may 

lead to a better understanding of its contribution to many disease states. Attentional 

deficits are associated with a host of neuropsychiatric pathologies including 

schizophrenia, OCD, addiction and ADHD. Further studies into the role of attention 

networks and their function in relation to other brain regions may lead to a finer grasp on 

understanding attention and insight into how to treat its associated pathologies. As it 

stands, the claustrum may be the key to unlocking this knowledge. 
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