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Neuroimaging has revolutionized the way in which we understand the hierarchical organiza-

tion of the amazingly complex, interconnected human brain. Neuroimaging techniques, like

functional magnetic resonance imaging (fMRI), have provided high quality structural and

functional data, providing multiple in-depth analyses and biomarkers of disease processes.

In animal models, mechanistic studies can uncover root pathologies that aren’t explorable

in humans. In mice, brain functional connectivity (FC) can be measured via Optical Intrin-

sic Signal (OIS) imaging – a modality that measures vascular reactivity as a surrogate for

neural activity via quantification of fluctuations in oxygenated-hemoglobin (similar to the

blood oxygen level dependent (BOLD) signal used in fMRI).

Another advantage of optical neuroimaging in mice is the expression of genetically en-

coded calcium indicators (GECIs), which provide cell-specific and network-level functional

imaging of brain activity at speeds up to at least 4Hz. Imaging in higher frequency bands

(compared to <0.2Hz in fMRI or other hemoglobin-based imaging modalities) allows for res-

olution of neural specific phenomena on the order of milliseconds, such as the global ∼1Hz

slow oscillation that is characteristic of anesthesia and non-rapid eye movement (NREM)

sleep. We imaged mice expressing the GECI GCaMP6 in excitatory neurons while awake,

in NREM (verified by EEG), or under ketamine/xylazine (K/X) or Dexmedetomidine (Dex)

anesthesia and reconcile discrepancies between activity dynamics observed with hemoglobin
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vs. calcium (GCaMP6) imaging. Alterations in correlation structure were most obvious in

delta band calcium NREM and anesthesia data, resulting in maps with large regions of po-

larized positive and negative correlations covering the field-of-view (FOV). We use principal

component analysis (PCA) to provide evidence that the slow oscillation superimposes on FC

rather than replaces FC patterns typical of the alert state.

While consciousness state can oscillate on the order of seconds, many studies of disease

processes are most informative across a longer period of time. Surgical preparations coupled

with optical imaging allow for longitudinal experiments on varying timescales. For example,

sequalae of subarachnoid hemorrhage (SAH) include vasospasm, microvessel thrombi, and

other delayed cerebral ischemic (DCI) events around 3 days post SAH. These DCI events have

been shown to coincide with up-regulation of the neuroprotective peptide Sirtuin1 (SIRT1),

using an endovascular perforation mouse model. Here, we display global FC disruption

caused by SAH and DCI events in parallel with behavioral deterioration. Normal brain con-

nectivity and behavior was maintained during SAH and DCI via two different treatments

targeting SIRT1 activation. SIRT1-specific (resveratrol) and non-specific (hypoxic condition-

ing) treatments both protected against the FC deficits induced by SAH and DCI, with the

latter providing the largest protective effect. This indicates that conditioning-based strate-

gies targeting SIRT1-directed mechanisms provide multifaceted neurovascular protection in

experimental SAH – data that further supports the overarching hypothesis that conditioning-

based therapy is a powerful approach with great potential for improving patient outcome

after aneurysmal SAH.

Studies involving focal injury (e.g., stroke, SAH) usually exhibit functional deficits sur-

rounding the injured tissue, however, it is less clear how diffuse processes, such as novel

models of acute septic encephalopathy (i.e., Delirium), and encephalitis caused by Zika virus

infection, alter brain dynamics. Septic encephalopathy leads to major and costly burdens for

a large percentage of admitted hospital patients. Elderly patients are at an increased risk,
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especially those with dementia. Current treatments are aimed at sedation to combat mental

status changes and are not aimed at the underlying cause of encephalopathy. Indeed, the

underlying pathology linking together peripheral infection and altered neural function has

not been established, largely because good, acutely accessible readouts of encephalopathy

in animal models do not exist. In-depth behavioral testing in animals lasts multiple days,

outlasting the time frame of acute encephalopathy. Here, we propose optical fluorescent

imaging of neural FC as a readout of encephalopathy in a mouse model of acute sepsis.

Imaging and basic behavioral assessment was performed at baseline, Hr8, Hr24, and Hr72

following injection of either lipopolysaccharide (LPS) or phosphate buffered saline (PBS).

Neural FC strength decreased at Hr8 and returned to baseline by Hr72 in somatosensory and

parietal cortical regions. Additionally, neural fluctuations transiently declined at Hr8 and

returned to baseline by Hr72. Both FC strength and neural fluctuation tone correlated with

behavioral neuroscore indicating this imaging methodology is a sensitive and acute readout

of encephalopathy.

Zika virus (ZIKV) emerged as a prominent global health concern due to the severe neu-

rologic injury in infants born to adults who had ZIKV infection during pregnancy. However,

neurologic manifestations in healthy adults were subsequently reported during Zika pan-

demics in South America and Southeast Asia. In this population, infection can result in se-

vere cases of encephalitis and have lasting impacts on cognition, and learning and memory,

even after recovery from acute infection. Recent studies have uncovered extensive ZIKV-

related neural apoptosis within the trisynaptic circuit involving the entorhinal cortex, the

cornu ammonis, and the dentate gyrus of the hippocampus in adult mice. However, there

are many contributing regions and circuits involved in cognition and learning and memory

outside of this trisynaptic circuit. Communication within the cortex and between the cortex

and hippocampus is necessary for a variety of neurological processes, such as performing

cognitive tasks or for memory consolidation during sleep. Here, we investigate cortical net-
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works and connectivity utilizing wide-field optical fluorescence imaging. We demonstrate

that functional deficits congregate in regions of cortex that are highly communicative with

hippocampus, such as somatosensory and retrosplenial cortices. Further, we prove that these

functional imaging deficits are correlated with other metrics of disease severity, such as en-

cephalitis score and increased delta power, providing a potentially useful clinical biomarker

of disease. Finally, these imaging deficits resolve after recovery from acute infection.

While optical methods have obvious advantages when used to study animal models, the

technique is relatively novel (compared to fMRI) therefore, there are many avenues for data

processing algorithms to improve. Similar to fMRI, historically, optical methods use a re-

markably simple bivariate Pearson-based approach to mapping FC, leading to quick and

easy-to-interpret models of brain networks but also susceptibility to global sources of vari-

ance (e.g., motion, Mayer waves). Previously, we demonstrated the binarizing effect of the

slow oscillation on FC during NREM and K/X anesthesia. While PCA effectively removed

the slow oscillation, it is reasonable to assume that a biological process cannot be completely

explained in algebraically orthogonal components. Therefore, we pioneer a multivariate ap-

proach to imputing individual neural networks from spontaneous neuroimaging data in mice

in an effort to map connectivity with less susceptibility to confounding variance. Calcium

dynamics in all brain pixels are holistically weighted via support vector regression to pre-

dict activity in a region of interest (ROI). This approach yielded remarkably high prediction

accuracy, suggesting the optimized pixel weights represent multivariate functional connectiv-

ity (MFC) strength with the ROI. Additionally, MFC maps were largely impervious to the

slow oscillation. Moreover, MFC maps more closely aligned with anatomical connectivity

as modeled through axonal projection images, than FC maps. Lastly, MFC analysis pro-

vided a more powerful connectivity deficit detection following stroke compared to standard

FC. These results show that MFC has several performance and conceptual advantages over

standard FC and should be considered more broadly within the FC analysis community.
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Further, with study of diffuse processes (e.g., LPS and ZIKV infection), statistical devel-

opments are crucial to solve the multiple comparisons problem when examining all cortical

regions within the FOV. Therefore, part of this thesis focuses on the development of a stream-

lined, open source, user friendly data processing toolbox that contains multiple statistical

approaches to make the aforementioned studies possible. Together, the following presents

the multiple ways wide-field optical imaging can be used to learn more about the brain’s

functional architecture in health and disease.
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Chapter 1

The Biology of the Neurological

Disorders and Sleep Explored with

Optical Imaging

The work herein covers the functional neuroimaging of multiple neurological disorders as

well as the healthy brain at rest. As optical imaging in mice is relatively novel (compared to

functional magnetic resonance imaging; fMRI), part of this work also focuses on the devel-

opment of data processing and handling of common statistical conundrums. The following

chapter proposes organizational schemes for the work to follow as well as introduces each

biological topic.

1.1 Functional Neuroimaging in Humans

Functional neuroimaging allows systems level investigation of brain processes in both humans

and animal models [81, 259]. Human neuroimaging, mostly through functional magnetic res-

onance imaging (fMRI), is an attractive method to use clinically for diagnostic purposes and

2



in the laboratory to probe various research questions due to the non-invasive nature of data

acquisition. Further, decades of work have gone into the development of streamlined, user

friendly, and open source software for fMRI data processing [76] to provide motion scrubbed

[198], high signal-to-noise ratio (SNR) recordings. The signal in fMRI data is based on fluc-

tuations in blood oxygenation yielding a metabolically delayed surrogate measure of neural

activity. Still, many aspects of human brain activity and disease have been studied using

fMRI, providing multiple breakthroughs that are readily applicable to clinical diagnostics

and treatment. However, there are multiple areas of human disease that preclude appli-

cation of this non-invasive technique. Additionally, there is great utility in being able to

control the genetic and environmental manipulations of an animal model. Therefore, there

has been an increase in the use of various animal models of disease for fMRI study.

1.2 Functional Neuroimaging in Mice

Mouse brain dynamics and networks have significant similarity to the function and organi-

zation of human brain dynamics and networks. However, fMRI in mice has many logistical

and technical challenges due to the relatively small size of the mouse brain. This necessi-

tates an extremely powerful magnet, and other specially engineered components, increasing

the cost and exclusivity of small animal fMRI significantly. Optical imaging can provide

cellular resolution with widely-available off-the-shelf components [41]. Recently, wide-field

optical imaging (WOI) has been used to perform “mesoscopic” recording of brain dynamics

across the entire dorsal cortical surface of the mouse, meaning the potential cellular reso-

lution is blurred to comparable fMRI resolution to create around 100µm pixels in order to

image quickly to increase the temporal resolution of the imaging system [34, 265, 151]. A

similar hemoglobin-based dynamic is captured with WOI due to the differential wavelength

absorption patterns of oxygenated and de-oxygenated hemoglobin [149]. Additionally, with
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the advent of optically excitable genetically encoded calcium indicators (GECIs), many WOI

systems are equipped to perform concurrent hemoglobin and calcium-based recording [234],

the latter expanding the temporal dynamic range of functional neuroimaging studies up to

8Hz. This has allowed for mouse functional neuroimaging studies to focus in on blood-based

and cell-specific (e.g., neural) brain network dynamics and be readily accessible to a wide

variety of laboratories. Therefore, a depth of literature has been created, however this work

has lagged behind the developments in human fMRI. The work in this thesis aims to both

1) draw from and develop data processing algorithms within the fMRI software develop-

ment literature and apply them to WOI data and 2) use these techniques to pioneer novel

functional neuroimaging studies of various biological phenomenon inaccessible to fMRI.

1.3 Functional Neuroimaging of Sleep

One of the unique challenges in imaging animal models (compared to humans) is the propen-

sity of researchers to utilize anesthesia or animals fall asleep during an experimental paradigm.

Specifically, mice enter and exit the various stages of sleep (e.g., non-rapid eye movement

NREM, rapid eye movement REM) on the order of seconds, which significantly alters brain

dynamics compared to the awake, alert state [265, 169]. Most noticeably, during NREM and

some forms of anesthesia, a ∼1Hz quasi-periodic global “slow oscillation” propagates from

anterior to posterior brain regions throughout the duration of these sleep stages [235, 158].

Additional changes can include the presence of sleep spindles (bursts of 10-12Hz frequency

activity) [188] and alterations in infraslow (traditionally, <0.2Hz) brain connectivity [136].

Indeed, sleep is a necessary and important phenomenon for maintaining whole-body home-

ostasis, resting, repairing, and cleaning up after various brain processes during the day [264].

Importantly, altered or dysfunctional sleep often results in toxin accumulation and subse-

quent increases in risk for various pathologies (e.g., cancer, Alzheimer’s Disease, stroke) [123].

4



Despite this, little is known about the specific mechanisms through which sleep manages and

maintains normal brain function. Historically, sleep is studied using electroencephalogram

(EEG), which excels at temporal sampling, but is spatially limited due to sparse sampling

and the difficulties associated with solving the inverse localization problem [98]. Specifi-

cally, it is not well understood how brain dynamics alter network connections throughout

all spectral bands that get altered in sleep/anesthesia. From another point of view, it is

not understood to what extent sleep/anesthesia alters brain dynamics and thus confounds

processes specific to healthy functioning or disease phenotypes in neuroimaging experiments

utilizing animal models.

1.4 Functional Neuroimaging of Focal Stroke

The mouse models of disease studied throughout this work focus on two large umbrella types:

1) focal and 2) diffuse. Stroke is a focal debilitating disease in which the blood supply to

the brain is compromised, thus resulting in oxygen-deprived necrotic tissue. A photothrom-

botic model of stroke is used throughout to produce a focal deficit of neural activity in an

experimenter specified manner in order to illustrate the usefulness and advantages of vari-

ous analytical algorithms to localize and visualize the core of the stroke pathology [133]. A

sub-type of stroke, subarachnoid hemorrhage (SAH), results in neurological deficits due to

the rupturing of a blood vessel and subsequent starvation of the surrounding parenchyma of

oxygen. Occurrence of SAH is in about 30,000 Americans per year, with a 30% mortality

rate and 50% having long term deficits outlasting the time frame of SAH [131, 37, 102]. A

novel endovascular perforation model of SAH involves a nylon suture perforating the inter-

nal carotid artery bifurcation and most closely models the pathology behind human SAH.

Clinically, delayed cerebral ischemia (DCI) events initiated by SAH are the biggest treatable

risk factor for poor outcome and is adequately modeled through the endovascular perforation
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mouse model [32]. Large artery vasospasm was long thought to be the major contributor to

DCI in the acute time frame following SAH [152], however, recent work has indicated major

roles played by autoregulatory breakdown [196], microvessel thrombi [247], and blood brain

barrier breakdown [255]. Here, we investigate the effects of this endovascular perforation

model of SAH and subsequent DCI on brain functional connectivity (FC).
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Figure 1.1: Categorizing neuroimaging projects in health and disease
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1.5 Functional Neuroimaging of Diffuse Encephalopa-

thy and Encephalitis

Encephalopathy or encephalitis is a diffuse brain disease that may or may not have origins

within the central nervous system (CNS). A significant clinical conundrum lies in the cases

of delirium or encephalopathy that are initiated by peripheral infection (e.g., acute septic

encephalopathy ASE). Acute mental status changes occur in up to 80% of intensive care unit

(ICU) or 20% of general hospital stays, imposing a significant resource and cost burden on

hospitals and patients themselves [216, 125]. Further, many accidents occur due to mental

status changes and confusion and treatments are aimed at sedation and treatment of the

peripheral infection rather than any underlying neurological phenomenon. Because of this,

neurological deficits can outlast the time frame of active infection. Little is known about the

underlying cause of ASE largely because good, acutely-available readouts of encephalopathy

in relevant animal models do not exist. Indeed, behavioral testing, which is the “gold stan-

dard” in judging mental status deficits, takes multiple days and outlasts the time-frame of

ASE. Here, we propose FC of mice injected with a peripheral immune stimulus as a sensitive

and timely biomarker of ASE. Similarly, Zika virus (ZIKV) rose to prominent global health

concern due to congenital defects associated with ZIKV infection [206], but also due to neu-

rological deficits induced in an infected adult [43, 44]. ZIKV exhibits a semi-specific tropism

for hippocampal regions and results in learning and memory defects [89]. There is not a

clear picture of the complete pathogenesis and phenotype of ZIKV infection. Specifically, it

is not well understood what other brain regions are altered during active infection and how

those regions may influence the resultant phenotypic presentation.
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1.6 Functional Neuroimaging on Varying Timescales

Interestingly, the fruit salad of projects presented here result in multiple stories all spanning

incremental time frames. As mentioned previously, mice go in and out of sleep stages on the

order of seconds. Our investigation of sleep includes WOI and concurrent EEG monitoring

for sleep stage. The EEG is used to categorize the WOI data as awake, NREM, REM,

or movement artifact in 10 second epochs [34]. Next, our mouse model of encephalopathy

involves peripheral injection of an immune stimulus and imaging is performed over the next

72 hours to model the time course of ASE. This includes monitoring at baseline, peak disease,

and recovery. The SAH model used here results in DCI events at 3 days post endovascular

perforation, in line with the time frame described in the current DCI literature. Finally,

ZIKV infection results in peak encephalitis at 1 week post infection and we image the ZIKV

infected mice at peak infection (1 week post) and after recovery (6 weeks post).
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Figure 1.2: Categorizing neuroimaging projects in time
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1.7 Functional Neuroimaging during Recovery and Treat-

ment

The last way to categorize these projects is by looking at them as efforts to understand

how brain networks function in health, disease, recovery, and under treatment. The inves-

tigation of the effects of sleep and anesthesia on brain network connectivity is performed

in otherwise wild-type mice. Both the studies of ASE and ZIKV cover peak encephalopa-

thy/encephalitis and follow each model to recovery (recovery as defined in ASE through

this novel biomarker and subsequent behavior score, and recovery as defined in the existent

ZIKV literature). Lastly, SAH is studied in the context of peak disease and multiple imposed

treatment paradigms. Of particular interest were conditioning based treatments that would

harness the brain’s intrinsic resistance to disease. Specifically, we investigate the effects of

hypoxic postconditioning on mitigating the effects of DCI after SAH. Additionally, we isolate

the specific upregulation of Sirtuin1 activity and probe the efficacy of Sirtuin1 agonists as a

method to treat DCI.

1.8 Method Development for WOI

This thesis starts and ends with a chapter on various method development projects to sup-

plement the biological narratives. As optical neuroimaging is relatively novel compared to

fMRI, there are multiple avenues for borrowing and developing algorithms from fMRI to fit

the WOI data. We pull some ideas from this literature and pioneer a few novel algorithms

for statistical handling of the multiple comparisons problem. We also propose a multivariate

approach to modeling functional connectivity and compare to the standard Pearson-based

approach.
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Chapter 2

General Methods: An Open Source

Statistical and Data Processing

Toolbox for Wide-Field Optical

Imaging in Mice

This chapter will introduce the various technical and/or data processing algorithms that

have been either streamlined or developed. All code mentioned below is available in a user-

friendly open-source GitHub repository (link in Methods). Unless otherwise specified, the

data in the remaining chapters have undergone the data processing and statistical testing

described here.

2.1 Introduction

Functional neuroimaging has enhanced our study of systems neuroscience and understand-

ing of neural networks [81, 80]. Mainly, this has been accomplished with blood oxygen level
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dependent (BOLD) fluctuations in functional magnetic resonance (fMRI) data in human

subjects [113]. In order to better understand human conditions, there has been an increase

in functional neuroimaging in animal models, also performed using fMRI [239, 180, 50].

However, the relatively small size of the mouse brain offers multiple technical and logisti-

cal challenges with fMRI. Therefore, there has been a transition to using wide-field optical

imaging (WOI) techniques in the mouse, yielding similar blood-based surrogates of neural

activity at a similar spatial scale [259]. The advent of genetically encoded calcium indica-

tors (GECIs) enables cell-specific labelling and increased temporal resolution compared to

traditionally measured hemodynamics [265, 34, 151]. Combined hemoglobin and fluorophore

imaging is readily available with optical imaging systems and harnesses the advantages of

GECIs as well as maintains a translatable blood-based recording directly comparable to hu-

man fMRI. WOI analysis faces many of the same procedural steps and therefore difficulties

as those experienced with fMRI analysis, such as data processing, visualization, and statis-

tical testing. However, the relative novelty of WOI compared to fMRI means that there is

a need for many of the solutions within the fMRI community to be translated to the WOI

data analysis communities.

One of the biggest statistical challenges within the functional neuroimaging community

is the problem of correcting for multiple statistical tests. Many solutions have been pro-

posed within the fMRI community [147, 104], however, none have been translated into an

easy-to-use WOI toolbox. Historically, functional connectivity (FC) is examined using both

a seed-based and a matrix-based approach [246]. For seed-based maps, common practice

includes performing a pixel or voxel-wise statistical test (e.g., student’s t) resulting in thou-

sands of tests being performed within the field-of-view (FOV). The most stringent correction

(i.e., Bonferroni), assumes each statistical test is independent [1]. This is certainly not the

case when examining neighboring pixels within a brain region for multiple reasons. For

most mesoscopic WOI instruments, the full-width half-maximum (FWHM) spans multiple
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pixels thus rendering each pixel not independent from an instrumentation point of view.

Additionally, from a biological point of view, it is reasonable to assume an amount of depen-

dence between neighboring pixels within the same brain region. A more plausible approach

borrowed from fMRI to handle the multiple comparisons problem weights a larger area of

continuous neighboring significant pixels as more likely to be a statistically significant finding,

compared to isolated pixels surviving an individual statistical test [85, 106]. However, this

approach has not been translated from voxel to pixel space and applied to two-dimensional

WOI data.

Although FC matrices inherently go through a certain amount of data reduction, a well-

sampled FOV can still lead to hundreds of multiple comparisons. A simple data reduction

technique to display the average FC value within an entire cortical area (as determined by

the Paxinos atlas [259]) can be just as informative, giving a sense of inter and intra-cortical

connectivity. Then, a Bonferroni correction would be more appropriate as comparisons

become between inter-cortical and regions are less (though still could be) likely to be de-

pendent (compared to intra-cortical region dependence). Here, we provide a mouse optical

data processing toolbox to streamline and make pre-processing steps transparent and user

friendly. Within it, we apply the fMRI cluster size-based approach to determining statisti-

cal significance to wide-field optical FC mapping in the context of photothrombotic stroke.

Additionally, we provide our methods in data reduction and matrix enrichment testing to

be used throughout the WOI community.

2.2 Methods

2.2.1 Animals

For bilateral FC analysis, four 3-4 month old mice (2 male, 2 female) were imaged at baseline

(Day 0) and on Day 3 post photothrombotic stroke to left somatosensory forepaw cortex.
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For FC matrix analysis, a total of 16 female (ranging from 3-7 months old) mice were

used. All mice (N=20) were Thy1-GCaMP6f (Jackson Laboratories Strain: C57BL/6J-

Tg(Thy1-GCaMP6f)GP5.5Dkim; stock: 024276). These mice express the protein GCaMP6f

in excitatory neurons, primarily in cortical layers ii, iii, v, and vi [265]. All studies were

approved by the Washington University School of Medicine Animals Studies Committee and

follow the guidelines of the National Institutes of Health’s Guide for the Care and Use of

Laboratory Animals.

2.2.2 Surgical Preparations

Prior to imaging, typical surgical preparations were implemented [34, 218]. Briefly, an op-

tically transparent plexiglass window was implanted with translucent dental cement (C&B-

Metabond, Parkell Inc., Edgewood, New York) following a midline incision and clearing of

skin and periosteal membranes. The window covered the majority of the dorsal cortical sur-

face and provided an anchor for head fixation and allowed for chronic, repeatable imaging.

The N=16 mice used for FC matrix computation had stainless steel EEG self-tapping screws

(BASI Inc., West Lafayette, IN, USA) fixed at approximately -1mm posterior to bregma,

and +/- 5mm lateral to bregma (near barrel/auditory cortex), although EEG recording was

omitted for the present report. The dataset used in the following analyses consists of two

ten-minute imaging runs from each mouse in the N=16 group. One ten-minute run from one

mouse was discarded due to increased variance in the raw light levels.

2.2.3 Photothrombosis

In N=4 (2 male, 2 female, all are mice that did not receive EEG screws), mice were secured

in a stereotaxic frame under isoflurane anesthesia. 200 µl of Rose Bengal (Sigma Aldrich)

dissolved in saline (10 g/liter) was injected intraperitoneally. After 4 minutes, a 532-nm
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diode-pumped solid-state laser (Shanghai Laser & Optics Century) was focused to 2.2mm

left and 0.5mm anterior to bregma with a 0.5mm spot size and at 23mW for 10 minutes

[133]. Mice were imaged at baseline (i.e., prior to photothrombosis (Day 0), and 72 hours

post (Day 3). The dataset used in the following analyses consists of two five-minute imaging

runs from each mouse.

2.2.4 Fluorescence and Optical Intrinsic Signal (OIS) Imaging

Mice were head-fixed in a stereotaxic frame and body secured in a black felt pouch for

imaging. Sequentially firing LEDs (Mightex Systems, Pleasanton California) passed through

a series of dichroic lenses (Semrock, Rochester New York) into a liquid light guide (Mightex

Systems, Pleasanton California) that terminated in a 75mm f/1.8 lens (Navitar, Rochester

New York) to focus the light onto the dorsal cortical surface. LEDs consisted of 470nm

(GCaMP6f excitation), 530nm, 590nm, and 625nm light. An sCMOS camera (Zyla 5.5,

Andor Technologies, Belfast, Northern Ireland, United Kingdom) coupled to an 85mm f/1.4

camera lens (Rokinon, New York New York) was used to capture fluorescence/reflectance

produced at 16.8 Hz per wavelength of LED. A 515nm longpass filter (Semrock, Rochester

New York) was used to discard GCaMP6f excitation light. Cross polarization (Adorama,

New York New York) between the illumination lens and collection lens discarded artifacts

due to specular reflection. The field-of-view (FOV) recorded covered the majority of the

convexity of the cerebral cortex ( 1.1cm2), extending from the olfactory bulb to the superior

colliculus. All imaging data were binned in 156x156 pixel2 images at approximately 100 µm2

per pixel.
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2.2.5 Imaging Data Processing

Image processing followed methods previously described [265, 149] and summarized here.

Images were spatially downsampled to 78x78 pixel2 and a frame of ambient baseline light

levels was subtracted from the time series data. Data were temporally downsampled by a

factor of 2 and then spatially and temporally detrended. The logarithmic mean of frames

corresponding to reflection data produced by the 530nm, 590nm, and 625nm light were used

to solve the modified Beer Lambert law to yield fluctuations in oxygenated and deoxygenated

hemoglobin. Frames corresponding to fluorescence data were mean normalized and corrected

by approximating hemoglobin absorption of the excitation and emission light, following which

the logarithmic mean was taken. All data were spatially smoothed with a 5x5 Gaussian filter.

The global signal was regressed from the time series data, data were Affine transformed to

common Paxinos atlas space and data were filtered with a 0.4-4.0Hz Butterworth bandpass

filter.

2.2.6 Functional Connectivity

Functional connectivity (FC) analysis refers to the calculation of a Pearson correlation co-

efficient between two time traces:

ρx,y =
cov(x, y)

σxσy
(2.1)

where ρ is the Pearson correlation coefficient between time trace x and y, cov(x, y) is the

covariance between time trace x and y, and σ are the standard deviations within time traces

x and y. For bilateral FC maps, the Pearson correlation coefficient is computed between

pixels on the left-hand side of the brain and the respective mirror imaged pixel on the right-

hand side. For FC matrices, the Pearson correlation between the average time trace within

two seed regions is computed.
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2.2.7 Cluster Size-Based Statistical Thresholding

A challenge with analyzing the statistical significance in functional imaging is managing the

multiple comparisons problem. Here, we used a cluster size-based method that leverages

the spatial connection between pixels, and credits large clusters as having more statistical

significance than small clusters with the same peak t-value. More specifically, we used a

cluster-size based thresholding method to analyze FC maps, and to ensure the family-wise

error (FWE) rate did not exceed 5%. A random field theory (RFT) approach was adapted

from the fMRI and DOT literature [106, 85]. Using RFT, we are able to approximate the

expected number of clusters (m) in an image at a given z-score threshold (Zt):

E[m] = R ∗ 4 ln(2) ∗ 2π−
3
2 ∗ Zte−

1
2
∗Z2

t (2.2)

Which holds true for increasing values of Zt. Here, we use Zt = 3.09 which corresponds to a

false positive rate of 0.001 at the pixel level. R represents the number of resolution elements

provided by the optical system:

R =
x2

FWHM2
(2.3)

Where x is the number of pixels in the image in one dimension and FWHM is the full width

half maximum of the point spread function estimated from the spatial autocorrelation of a

fully processed image in one dimension. Here, we use pixels = 78 pixels and calculate a

FWHM of about 14 pixels. We are able to then approximate the expected number of pixels

(N) above Zt by:

E[N ] = E[m] ∗ E[n] (2.4)

Where n is the pixel count within a cluster and:
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E[n] =
2πFWHM2

Z2
t Γ(2)4 ln(2)

(2.5)

where Γ is the gamma function. The probability that n will exceed any threshold, x, can be

modeled by the exponential function:

P (n ≥ x) = e−βx (2.6)

Where β can be expressed as:

β =
Γ(2)E[m]

E[N ]
(2.7)

Substituting equation 2.5 into equation 2.4 and then the newly formed equation into equation

2.7 rearranges the above to:

β =
Γ(2)2Z2

t 4 ln(2)

2πFWHM2
(2.8)

Providing an equation (with all previously solved for values) that varies with the inverse of

the squared FWHM . We only want clusters to survive thresholding with a family wise error

rate of 0.05 (α), therefore, we want to find the pixel count threshold, kα, that would result

in at least one cluster surviving threshold when there is no true significant difference, 5% of

the time. Essentially, we are asking for a kα where the following is true:

P (n ≥ kα) = α (2.9)

Assuming no clusters are a true positive. Which, mathematically speaking, is the same as

solving for 1 minus the probability that no clusters have a pixel count above threshold kα:
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P (n ≥ kα) =
∞∑
i=1

P (m = i)[1− P (n < kα)i] = 1− e−E[m]∗P (n≥kα) (2.10)

Which yields:

kα =
1

β
ln

(
−E[m]

ln(1− α)

)
(2.11)

After substituting equation 2.6 into equation 2.10 and solving for kα.

Pixel-wise t-tests were performed on connectivity maps to compare Day 0 and Day 3

results. These t-test maps were then thresholded, leaving pixels with a t-value corresponding

to p < 0.05. Any clusters of surviving pixels with a pixel count greater than kα survived

significance testing according to this cluster size-based technique throughout the manuscript.

2.2.8 Matrix Enrichment

The challenge of managing the multiple comparisons problem is still present with FC matrix

analysis. Additionally, the non-intuitive presentation of such analysis precludes interpre-

tation by non-imaging groups. Therefore, we have established a simple solution to both

problems. The average intra-cortical region Pearson correlation coefficient is stored in the

same surface area as presented in the individual seed method. This data reduction method

increases the maximum Bonferroni p-value threshold by an order of magnitude as well as

increases the readability of the plots.

2.2.9 Data and Code Availability

In order to promote validation and comparative analyses by external groups, data and specific

code will be made available on request. The toolbox presented here, (for WOI pre-processing

and analysis) is available online (Mouse WOI GitHub) and was used for all present analysis.

Example data is available on Figshare (Sample Data).
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2.3 Results

2.3.1 Toolbox Overview

We seek to distribute a comprehensive, easy-to-use, open-source toolbox for mouse WOI

data processing and analysis. Within this toolbox, we have translated multiple techniques

from the human fMRI literature to the WOI mouse world. The toolbox is largely split up

into three pipelines (Figure 2.1). User input is needed to organize mouse and instrument

specific details to be read in, along with a single frame (Figure 2.1A). That single frame is

used for the creation of mask and seed files. Binary masks are created using the roipoly.m

function in MATLAB and the user traces the outline of the brain regions present in the FOV.

Seed regions (for FC analysis and affine transform) are created by the user identifying the

anterior suture and lambda. Based on user input in Figure 2.1A, pre-processing of the data

is performed following the steps outlined in Figure 2.1B. Instrumentation details from Figure

2.1A will allow the program to split up the imaging frames to solve for either hemoglobin,

fluorophore, or both concentration changes over time. All these steps are organized into

independent sub-routines, allowing the user to add or subtract steps within the master

script as needed. There are optional quality control (QC) outputs before and after the

data is optionally temporally filtered that can be used for data scrubbing procedures. After

pre-processing of the data, the analysis pipelines are largely similar (Figure 2.1C). First,

the analysis is performed on each individual run for each individual mouse, followed by an

averaging across mice. A statistical comparison is then performed on the data (user specified)

and the cluster size-based thresholding is used to determine regions of statistical significance.

Only with the seed-based FC analysis are matrices produced and matrix enrichment occurs.
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Figure 2.1: A) User input needed for these steps. Excel sheet with mouse information as
well as image system information is read into the pipeline. A single frame is loaded and a
user defined binary mask (using the roipoly.m function) and seed locations are created. B)
These steps will run without user input. Step-wise illustration of the data pre-processing
pipeline color-coded for hemoglobin (red), fluorophore (green), or both (black, grey) specific
steps. C) After the pre-processing steps in A),B), the toolbox supports various types of data
analysis and all follow the illustrated analysis pipeline. The initial analysis is performed
per run, per mouse, followed by averaging across mice. A pixel-wise statistical comparison
is performed (e.g., t-test) and the cluster-based thresholding technique is implemented for
significance. *Only for seed-wise FC are matrices created and fed through the enrichment
pipeline.
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2.3.2 Cluster Size-Based Thresholding Applied to Stroke Data

A cluster size-based statistical thresholding method [85, 106] was adapted from the fMRI

and DOT literature and used to select clusters of size kα (expressed in number of pixels)

with p<0.05 by the pixel-wise paired t-test method that satisfies the pixel-wise false positive

rate (set by Zt) and overall family-wise error rate (Figure 2.2A,B). Using this cluster size

cutoff, we were able to compare bilateral FC maps at baseline (N=4, Day 0) and 72 hours

post (N=4, Day 3) photothrombotic stroke (Figure 2.2C). Photothrombosis was induced in

left somatosensory cortex which resulted in loss of homotopic FC at Day 3. A pixel-wise

t-test was performed and thresholded to only display regions with p<0.05 (note, this map is

not corrected for multiple comparisons). Using the cluster-size based threshold (FWE=0.05)

we were able to localize a somatosensory anchored deficit. Using the Bonferroni correction

for multiple comparisons, no regions survived this stringent cutoff, resulting in no significant

differences between Day 0 and Day 3 with this method.
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Figure 2.2: A) The relationship between the pixel-wise false positive rate (determined by
Zt, dashed red line is Zt=3.09 which corresponds to p=0.001) and the expected number
of clusters to survive thresholding due to chance (E[m]). B) The relationship between the
pixel-wise false positive rate (determined by Zt, dashed red line is Zt=3.09 which corresponds
to p=0.001), the family-wise error rate (here, 0.05) and cluster size needed for significance.
C) (top row) Average (N=4) bilateral FC maps pre (left) and three days post (right) pho-
tothrombotic stroke to left somatosensory forepaw cortex. (middle row) Pixel-wise paired
t-test (left) and thresholded image for pixels with p¡0.05 (right). (bottom row) Thresholded
image with FWE=0.05 using the cluster size-based method (left) and image with Bonferroni
correction for multiple comparisons (right).
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2.3.3 Matrix Enrichment Presents Easily Digestible Resting State

FC

Mice that had not undergone any experimental manipulations were imaged and FC matrices

utilizing all standard seeds in the FOV were computed (N=16, Figure 2.3A). A one-sided t-

test was performed on each matrix index to isolate significant positive or negative correlations

(Figure 2.3B). A Bonferroni correction for multiple comparisons resulted in a number of

significant positive and negative correlations present at rest in non-experimental mice (Figure

2.3C). To decrease the number of comparisons and improve readability of plots, a data

reduction technique was implemented to “enrich” the FC matrices (N=16, Figure 2.3D).

Similarly, a comparison-wise one-sided t-test was performed (Figure 2.3E) and the matrix

was thersholded using a Bonferroni correction for multiple comparisons (Figure 2.3F).
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2.4 Discussion

Wide-field optical imaging (WOI), especially of mice expressing genetically encoded cal-

cium indicators (GECIs), provides cell-specific, improved temporal resolution recordings of

calcium transients across the entire mouse cortex [265, 34, 151]. Functional neuroimag-

ing analysis pipelines have been thoroughly developed in the functional magnetic resonance

imaging (fMRI) literature [76, 14], however, despite having many similarities, these analyt-

ical techniques have not been translated into a comprehensive, user friendly mouse WOI

toolbox. Here, we provide a toolbox that pre-processes data according to previous reports

[265, 149]. We also implement some statistical approaches from the fMRI literature to handle

the massive multiple comparisons problem present in all functional neuroimaging data.

The spatial resolution afforded by techniques such as fMRI or WOI allow neuroscience

inquiries with network-level spatial specificity [81, 34]. However, treating each voxel or

pixel as an independent measure will result in an almost always insurmountable correction

for multiple comparisons (e.g., using the Bonferroni correction). Therefore, there has been

significant work done in the fMRI literature to develop more appropriate algorithms to

address this [85]. The cluster extent-based thresholding statistical approach operates on

the hypothesis that neighboring pixels are likely not independent samples (i.e., a Bonferroni

correction for multiple comparisons would be too stringent) and therefore large-grouped

differences via independent pixel-wise statistical tests are more likely to represent a significant

change somewhere within that cluster. Here, this method is set up to have a family wise

error (FWE) rate of 5%, meaning in the collection of thresholded pixel-wise t-tests, there

is a 5% chance of having at least one false positive result. An advantage of this technique

is it allows for spatial specificity of an activation or change in connectivity by considering

all the pixels of voxels in the FOV. However, this method only works as well as the initial

analysis does in specifically isolating an activation or change, since the rightful conclusion of
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a cluster surviving thresholding is that a change or activation occurred within that cluster.

Here, we translate this method used in 3-dimensional fMRI to 2-dimensional WOI data

and demonstrate the ability to localize a somatosensory-based deficit three days after a

photothrombotic event to left somatosensory cortex (Figure 2.2C).

Another approach to solving the multiple comparisons problem is through data reduc-

tion. However, there is a tradeoff between losing spatial specificity and minimizing numbers

of comparisons. One commonly used summary of FC using multiple seeds is by presenting

FC matrices. This way, instead of having multiple seed-based FC maps consisting of as

many pixels or voxels in the FOV, each brain region is reduced to one or more seed regions.

However, a well sampled FOV can still reasonably result in hundreds of comparisons, mak-

ing a Bonferroni correction for multiple comparisons a stringent threshold to pass. Here,

we propose reducing the data within a common seed x seed FC matrix to have one sin-

gular value per cortical region. Neighboring cortical regions with small surface areas (e.g.,

Frontal, Parietal, Auditory) were grouped into the neighboring larger functionally similar

cortical region to enhance data reduction. Also note that with at least Auditory and Frontal

cortex, these cortical regions can often be outside of the FOV [34]. Not only does this still

capture inter and intra-cortical dynamics, but the multiple comparisons problem becomes

more feasibly solved by a Bonferroni correction for multiple comparisons (both because the

threshold increases by an order of magnitude but also because it is more-but not completely-

reasonable to treat values from differing brain regions as independent recordings). Shown

here, we are able to isolate the strongly positive and negative correlations across the dorsal

cortical surface of the mouse by performing a one-sided t-test at each matrix index (Figure

2.3).
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2.5 Conclusions

This toolbox fills a much-needed gap between the fMRI and WOI data processing com-

munities. Shown throughout are examples of statistical measures that were developed for

fMRI being applied to FC calculated with the WOI data. However, the toolbox is also set

up to compute seed-wise FC, spectral content, multivariate FC, node degree [103], and a

neurovascular coupling approximation [265] (all analyses that fit into the outline in Figure

2.1C), which can all be plotted topographically and corrected via cluster-based thresholding.

The wide distribution and use of this toolbox will greatly aid groups that are hoping to start

imaging mouse models of health and disease to better understand how brain dynamics might

change in humans.
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Chapter 3

Separability of Calcium Slow Waves

and Functional Connectivity during

Wake, Sleep, and Anesthesia

Intrinsic neural activity organizes into distinct, functional networks, even at rest. However,

many functional neuroimaging studies of mice are performed under anesthesia or without

monitoring for small epochs of sleep. Here, we combine optical functional neuroimaging with

electroencephalography monitoring for wake/sleep and image mice under multiple anesthet-

ics. We uncover the spectral dependent functional effects of anesthesia and sleep using

hemoglobin and calcium based imaging contrasts. This work has been previously published

[34].

3.1 Introduction

Correlation analysis of spontaneous brain activity has been increasingly used in systems

neuroscience [27, 203, 221, 15]. This methodology provides a powerful approach for map-
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ping various cognitive processes as well as understanding specific clinical populations [13].

Specifically, functional connectivity (FC) analysis maps coordinate brain activity at rest in a

remarkably reproducible manner [9]. Canonically, FC analysis is performed on data filtered

in the infraslow band, that is, 0.009-0.08Hz [118]. In addition, brain activity used in this type

of analysis is typically derived from hemodynamic fluctuations calculated by using imaging

modalities such as functional magnetic resonance imaging (fMRI) [26] or diffuse optical to-

mography (DOT) [73] in humans. Alternatively, wide-field optical imaging modalities such

as optical intrinsic signal imaging (OIS), allow for the same FC analysis to be performed in

mice [259]. More recently, FC patterns extracted from wide-field optical imaging have been

identified within neural calcium dynamics in mice that express calcium sensitive fluorescent

reporters that are genetically encoded (i.e., GECI’s) [150, 242, 265]. These fluorophores

have extended the temporal frequency range in which FC can be studied and provide de-

tailed maps of FC across the whole cortex [234]. Another advantage of fluorophore imaging

is that fluorescence is dependent on cell-specific calcium flux, providing a more direct read-

out of neural activity that is independent of neurovascular coupling. However, recording

fluorescence fluctuations in higher frequency bands, such as the delta band (historically 0.4-

4.0Hz), introduces new potential confounds. In particular, the delta band “slow oscillation”

that is a hallmark of NREM sleep appears to be a distinct physiological phenomenon from

resting state functional connectivity and it will be important to understand the potential

confounding effects of these slow oscillations on FC analysis.

The “slow oscillation” (alternatively, UP and DOWN states) refers to a particular electro-

physiological phenomenon in the delta band first described in anesthetized cats by Steriade

and colleagues [224]. The defining feature is quasi-periodic (nominally, 0.5 - 1.5 Hz) high

amplitude fluctuations of neural excitability synchronously affecting the entire cerebral cor-

tex. The slow oscillation is a defining feature of natural slow wave sleep and plays a crucial

role in memory consolidation [176]. The slow oscillation is also present under some forms
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of anesthesia [47]. As the mouse functional brain imaging literature expands into higher

frequencies (e.g. the delta band), it will be imperative to understand the effect different

brain states (wake vs anesthesia vs natural sleep) have upon correlation structures, since the

traditional correlation analysis used in FC mapping may be confounded by the presence of

large amplitude delta-band activity.

Resting state fMRI studies in humans have demonstrated reliable FC changes during

sleep and anesthesia compared to wake in the infraslow frequency band which does not en-

compass slow oscillation dynamics [136, 195, 209, 230, 167]. Utilizing the higher temporal

resolution of GECIs, we have previously shown much larger changes in delta band correla-

tion structures due to ketamine/xylazine anesthesia compared to wake [265]. Other groups

have suggested that the slow oscillation has a significant impact on delta band correlation

structures, particularly driven by the globally synchronous high amplitude slow oscillation

propagations [46, 75, 170]. Specifically, delta band FC during ketamine/xylazine anesthesia

produces a nearly binary pattern with large regions of correlations and anti-correlations. In

contrast, delta band FC during wake shows more focal homotopic connectivity patterns [265].

No comparison currently exists for delta band FC during any of the stages of natural sleep in

the GECI literature. Therefore, the comparative effects of the slow oscillation on correlation

structures, induced either spontaneously during natural sleep or mechanistically by anesthe-

sia, have not been evaluated. It is not clear how correlation structures compare across brain

states, frequency bands, or calcium/hemoglobin dynamics analyzed in the mouse. Finally,

it is not clear to what extent the slow oscillation is a distinct phenomenon, i.e., whether it

replaces or superimposes on top of underlying wake-like spontaneous activity.

Herein, we exploit genetically engineered mice with the calcium indicator GCaMP6 driven

by the Thy1 promoter in excitatory neurons [265] to directly compare wide-field correlation

structures of hemoglobin and calcium signals in both the infraslow and delta bands during

wakefulness, two types of anesthesia, and non-rapid eye movement (NREM) sleep. Ad-
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ditionally, we evaluate the separability of the slow oscillation from spontaneous wake-like

FC patterns. In order to rigorously address these questions, we have concurrently acquired

GECI/OIS imaging of calcium and hemoglobin dynamics together with electroencephalog-

raphy/electromyography (EEG/EMG) to enable accurate assessment of arousal state. We

use a linear decomposition analysis, specifically, Principal Component Analysis (PCA), to

separate the slow oscillation from ongoing intrinsic activity in order to determine whether the

slow oscillation replaces wake-like intrinsic delta activity during sleep/anesthesia or rather

superimposes on it.

3.2 Methods

3.2.1 Animals

A total of six, three-month-old transgenic GCaMP6 Thy1/C57BL6 male mice (JAX Strain:

C57BL/6J-Tg(Thy1-GCaMP6f)GP5.5Dkim; stock: 024276) were used in the present study.

3.2.2 Surgery

Prior to data collection, the mice underwent surgical implantation of two stainless steel

lateral EEG bone screws located at -1mm posterior to bregma, and +/- 5mm lateral to

bregma, a cerebellum bone screw to act as reference, and an EMG wire placed in the neck

(Figure 3.1A). Using previously described methods [218], a Plexiglass head cap was then

fixed with a translucent adhesive cement (C&B-Metabond, Parkell Inc., Edgewood, NY,

USA) to allow for chronic, repeated imaging. Animals were allowed one week to recover and

housed in group cages on 12h/12h light/dark cycles with lights on at 6:00 A.M. All studies

were approved by the Washington University School of Medicine Animal Studies Committee

and followed the guidelines of the National Institutes of Health’s Guide for the Care and Use
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of Laboratory Animals.

3.2.3 Anesthesia

Animals were serially imaged under 2 different anesthetic agents: ketamine/xylazine (86.9

mg/kg ketamine and 13.4 mg/kg xylazine), and dexmedetomidine (“dex”, 0.5ug/g). These

anesthetics are, respectively, an NMDA receptor antagonist (ketamine) [220] and an alpha-2

adrenergic agonist (xylazine, dex) [91]. These specific anesthetics were selected to obtain

findings across commonly used anesthetics in mice (ketamine/xylazine) [39] and humans

(dex) [56, 175]. Although slow oscillations have been reported after ketamine alone [47,

4] xylazine is commonly adjunctively used in rodent experiments to maximally synergize

analgesia, immobility, muscle relaxation, and sedation [226, 257]. The anesthetic experiments

consisted of 30 minutes of recording spontaneous wake followed by intraperitoneal injection

of the anesthetic agent and recording for a subsequent 60 minutes (Figure 3.1B). In the

case of dex, after 60 minutes of recording, the reversal agent, atipamezole, at a dosing of

0.5ug/g at 50ug/ml, was given. Between all recording sessions there was a minimum of two

to four days to allow for sufficient washout of anesthetic agents and the order of the agents

administered was randomized.

3.2.4 Sleep Deprivation

After a washout period of two to four days post anesthetic use, the second part of the

experiment consisted of 6 hours of sleep deprivation starting at lights-on using novel objects,

followed by an hour of continuous recording. Sleep deprivation was necessary to increase

the amount of NREM data that could be collected during an hour imaging session with a

head-fixed animal and was performed by placing the mice in a novel, enriched environment

as previously reported [236]. If the animal was noted to be behaviorally sleeping (immobile,

34



eyes closed), new objects and bedding material were placed in their cage. Alternatively,

objects were moved to different locations within the cage, or puffs of air were directed at the

immobile animals while direct handling was kept to a minimum. Animals were not disturbed

while actively awake (feeding, moving, grooming).

3.2.5 Awake Imaging

After one to four days post-sleep deprivation, the mice were imaged for 60 minutes of spon-

taneous wake data for baseline comparison.

3.2.6 Imaging

As previously described [265], animals were placed in a black, felt pouch with their heads

secured in place under the LEDs (Figure 3.1A). An overhead camera was used for imaging.

Mice were acclimatized to the apparatus the week prior to data collection. Sequential il-

lumination was provided by four LEDs: 454nm (GCaMP excitation), 523nm, 595nm, and

640nm (Mightex Systems, Pleasanton, CA, USA). Images were acquired with a cooled, frame-

transfer EMCCD camera (iXon 897, Andor Technologies, Belfast, Northern Ireland, United

Kingdom) in combination with an 85mm f/1.4 camera lens (Rokinon, New York, NY, USA)

at a frame rate of 16.8 Hz per LED channel. Allowing for a modest buffer beyond the Nyquist

frequency of 8.4Hz, this set-up allowed for calcium data analysis at frequencies up to 6Hz.

The field-of-view covered most of the convexity of the cerebral cortex with anterior-posterior

coverage from the olfactory bulb to the superior colliculus. The resulting pixel resolution

was approximately 78µm2. For each mouse, the recording duration was between 60 to 90

minutes per brain state. All imaging data were acquired in 5-minute imaging “runs”.
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3.2.7 EEG Data Analysis

On the day of recording, the EEG screws and EMG wire were connected to an amplifier

and data was collected at 10,000 Hz (Power Lab EEG Amplifier, AD Instruments, Dunedin,

New Zealand). This data was then down-sampled to 256 Hz offline. The authors (L.M.B.

and E.C.L.) scored the EEG and EMG data in 10 second epochs according to standard

criteria [184] as either wake, sleep, anesthesia, or movement artifact. The EEG data was

low-pass filtered at 40 Hz to remove artifacts primarily associated with motor activity, then

a 10-second Hann window was applied to each epoch. Finally, the fast Fourier transform

(FFT) was computed and squared to obtain the EEG power.

3.2.8 Image Processing

GCaMP6/hemoglobin images underwent image processing as described elsewhere [265, 150]

and summarized here. A binary brain mask was created and applied by tracing along the

field-of-view framed by the scalp retraction procedure using the roipoly.m procedure in MAT-

LAB. After first subtracting the ambient light levels, temporal detrending was performed

by fitting the data with a fourth order polynomial that was subsequently regressed out of

the time series for each pixel. Spatial detrending was performed by pixel-wise averaging

time traces to generate a regressor for the time series data. The fluorescence and 523nm

reflectance data were mean normalized and the ratio of the fluorescence emission data di-

vided by the 523 nm reflectance data was used to correct the fluorescence data for absorption

dynamics due to oxygenated-hemoglobin (HbO2) and deoxygenated-hemoglobin (HbR) dy-

namics. The modified Beer-Lambert law was solved using the 523nm, 595nm, and 640nm

wavelength reflected intensities to yield oxygenated- and deoxygenated-hemoglobin fluctu-

ations. Images were smoothed with a 5x5 Gaussian filter. The time traces for all pixels

within the brain mask were averaged to compute a global signal, which then was removed

36



by regression from every pixel’s individual time trace in order to eliminate globally shared

variance. Power spectral analysis of the GCaMP6 and HbO2 signals was computed with

a Hann window and FFT. For zero-lag correlation computations a Butterworth band-pass

filter of 0.009 to 0.08 Hz or 0.7 to 3.0 Hz was applied to the data and seed-based zero-lag

Pearson correlation coefficients were calculated per pixel using pre-specified seed locations.

The 0.009-0.08 Hz band was chosen to replicate infraslow analysis typically done in fMRI

[80]. The 0.7-3.0 Hz band encompasses the three instantiations of the slow oscillation pro-

duced by NREM sleep and the two anesthetics used in this study (Figure 3.2A). In the

following, we refer to this frequency range as ”delta,” which differs somewhat from the con-

ventional definition of ”delta” used in human EEG (0.4-4.0 Hz) [62]. Seeds corresponded

to the left cingulate, motor, somatosensory, retrosplenial, auditory, visual, and parietal cor-

tices and were selected to represent the major cortical regions (defined by function) within

the field-of-view of the imaging system. The specific cortical location within each region

was based off of previously published canonical seed locations in the Paxinos atlas space

and were slightly modified (frontal and olfactory seeds were excluded because of the slightly

more condensed field-of-view presented here) [259, 265]. A Fisher z-transform was applied

to the correlation coefficients before averaging and performing statistics (see below). The

z-transformed averaged data was then reverse transformed to correlation coefficients.

We used lag analysis to capture the propagation properties of delta activity considered

as an average. Specifically, the data were re-processed without global brain signal regression.

Lagged cross-correlations were computed for single pixel traces versus the global brain signal.

The correlation max was found as in Wright et al., 2017 [265] and the corresponding shift by

cubic spline interpolation (in msec) defined as voxelwise lag. In addition, cross-correlation

analysis between the delta EEG and GCaMP6 PCA data was performed. The max pixel-

wise correlation was plotted as an image, as well as the lag shift necessary to produce the

max correlation.
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3.2.9 Artifact Rejection

During the EEG/EMG scoring, any fluctuations in EMG signal were scored as “artifact” and

the corresponding EEG/GCaMP/Hemoglobin data were discarded. A binary spatial mask,

as described above, was applied to all analyses to account for imaging artifact generated by

non-brain regions.

3.2.10 Statistics

A total of six, three-month-old transgenic GCaMP6 Thy1/C57BL6 male mice (JAX Strain:

C57BL/6J-Tg(Thy1-GCaMP6f)GP5.5Dkim; stock: 024276) were used in the present study.

The intent was to study five mice in each brain state. However, owing to one mortality (likely

due to multiple anesthetic administrations), one of the original five-mouse cohort died and

was replaced by a sixth mouse. Figure 3.4 lists which mouse was studied in each of the

experimental states. With the mix of paired and independent data-points collected here,

there is no established method to exchange condition labels within the dataset to justify

using a permutated linear mixed model approach and no other mixed model approach has

been proposed or validated for this purpose. Therefore, to quantify our contention regarding

brain state dependent correlation patterns and that post-principal component removal (see

below) ketamine/xylazine, dex, and NREM functional patterns resemble wake FC, a random

effects statistic [86] at each pixel (mean/std) was calculated. Briefly, random effects analysis

attempts to predict an outcome based on a linear combination of multiple variables that

explain the heterogeneity within a sample. Here, we use this type of analysis to locate pixels

that cross a pre-determined threshold considering all the mice used for each brain state. Pix-

els at which the correlation strength exceeded the predetermined threshold were considered

statistically significant. Binary maps indicating functional connections significantly greater

than 0 (using a threshold for pixels with a random effects statistic greater than 2.58) were
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created. The regions specific to each modulated brain state (anesthesia/sleep) and wake

were quantified separately by summing uniquely significant pixels in each case in order to

evaluate whether FC patterns were consistent across brain state.

3.2.11 Principal Component Analysis

Singular value decomposition (SVD) analysis was computed on all of the 0.7-3.0 Hz filtered

GCaMP6 data using MATLAB to remove the first three principal components and analyze

them independently. Representations of PCs were computed by normalizing the δF/F signal

to a 0 to 1 scale and then averaging across mice. The amount of variance each PC represented

was computed.

3.3 Results

3.3.1 Optical System with Simultaneous EEG to Accurately Clas-

sify Brain State

As described elsewhere [265, 267], we evaluated correlation patterns during wake and anesthe-

sia using wide-field, whole dorsal cortex (olfactory bulb to superior colliculus) optical imag-

ing. To examine the influence of brain state on correlation structures, EEG/EMG recordings

were simultaneously collected for scoring specific time epochs as wake, NREM sleep, anes-

thesia, or movement artifact (Figure 3.1A). The experimental protocol involved recording

calcium and hemoglobin dynamics across the cortex during wake (W), natural NREM sleep

(N), and two different anesthetized states: ketamine/xylazine (K/X) and dexmedetomidine

(“dex”, D) (Figure 3.1B). Ketamine/xylazine and dex are known to induce slow oscillations

similar to those observed during NREM sleep [3, 7]. Dex has the added advantage of being

reversible with atipamezole [210, 175].
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To classify brain state, EEG and EMG was scored in 10 second epochs by standard criteria

[184] as either wake, NREM sleep, anesthesia, or artifact and visualized using hypnograms

(Figure 3.1C, see Figure 3.3 for quantification of time spent in each brain state). Delta power

analysis of the EEG and GCaMP6 signals revealed increases in delta power aligned with

transition of brain state score, indicating NREM sleep/anesthesia, and relative decreases in

delta power aligned with wake (Figure 3.1C). As previously demonstrated [265], during sleep

and anesthesia, there was an increase in the whole-brain GCaMP6 fluorescence power, mostly

within the 0.7-3 Hz frequency band relative to wake or after dex reversal (Figure 3.2A). This

narrower frequency band, relative to the more traditionally defined 0.4-4Hz delta band, was

used for analysis in the present study going forward in order to focus on frequency content

sensitive to the states in this study. The delta increase was specific to the GCaMP6 data

under anesthesia and natural sleep. No detectable brain state specific changes were present

in the hemoglobin data - presumably due to limited hemoglobin dynamics at frequencies

above ∼0.2 Hz [8, 107].
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Figure 3.2: A) The average (n=5) GCaMP6 (solid lines) and HbO2 (translucent lines) power
for each brain state plotted with the delta band (0.7-3.0Hz) highlighted. B) Log10 average
(n=5) GCaMP6 delta (0.7-3.0Hz) power topographs for each brain state. C) Average (n=5)
GCaMP6 delta lag topographies for each brain state.
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Figure 3.3: A) Bar graph showing percent of total data spent in each brain state (n=5).
Data is categorized as either anesthesia, movement artifact, natural sleep, wake, or natural
sleep (post sleep deprivation).
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Given the increase in the spatially averaged delta power, we investigated topographic

differences in the power of the fluorescence signal in the 0.7-3 Hz range of the GCaMP6

data (Figure 3.2B). There was a significant increase in the delta power under anesthesia and

during NREM sleep, and this increase was significantly modulated across distinct cortical

regions, especially in motor, somatosensory, and visual areas relative to wake and dex reversal

(power topography maps for each individual mouse are shown in Figure 3.4). Further, as

shown first using scalp EEG recordings [159] and later calcium dynamics [179], the dominant

spatial property of the slow oscillation is the anterior to posterior propagation of the slow

wave. This feature was captured in our GCaMP6 sleep/anesthesia data and displayed in

real time (Figure 3.6, Figure 3.5A). Using single pixel cross-correlation analysis with the

global brain signal, “lag” analysis captured a front-to-back topography across the anesthesia

and natural sleep states which was absent in wake (Figure 3.2C). Collectively, these results

support the accurate classification of the different brain states and set the stage for further

brain state-specific correlation analysis with the calcium (GCaMP6) and hemoglobin data.
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Figure 3.4: A) Log10 average delta (0.7-3.0Hz) power for each brain state for each individual
mouse included in the present study.
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Figure 3.5: A) Five example sequential delta GCaMP6 frames taken from each brain state
to illustrate the propagating slow oscillation in the anesthesia and NREM data, compared to
wake. Frames were smoothed with a 2 x 2 Gaussian filter. B) Average (n=5) lag topography
maps computed using the HbO2 data in the delta band.
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Figure 3.6: Still of a 20 second movie in real time of example GCaMP6 data (δF/F) from
one mouse in each brain state: ketamine/xylazine (K/X), dex (D), NREM (N), dex+reversal
(DR), and wake (W). Movies were smoothed with a 2 x 2 Gaussian filter. See [34] for movie.
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3.3.2 Hemoglobin and GCaMP6 Infraslow Correlation Structures

Modestly Change across Brain State, while GCaMP6 Delta

Correlation Structures Appear More State Dependent

Given that our wide-field calcium spectral data shows differences between wake and sleep/anesthesia

in the delta band, and that has largely been attributed to the presence of the slow oscil-

lation, we then tested the hypothesis that hemoglobin and GCaMP6 correlation structures

within the infraslow (0.009-0.08Hz) frequency range would not vary with brain state due to

the slow oscillation being filtered out of the data. Seed-based, zero-lag correlational analysis

with both the calcium and hemoglobin signal in the infraslow range showed the previously

demonstrated [259] contralateral homotopic correlations and anti-correlations between func-

tionally distinct regions (Figures 3.7A and 3.7B, top) i.e., “functional connectivity”. To

quantify spatial similarity across brain state and calcium/hemoglobin dynamics, we calcu-

lated significant topographic patterns using a random effects analysis across the five mice

in each brain state. This analysis created binary maps representing areas of functional con-

nectivity (FC) with correlation strength significantly greater than 0 (Figures 3.7A and 3.7B,

middle). The binary map for each brain state (besides wake) was then compared to the wake

binary map and the overlap between the two brain states is shown in green. Also mapped

are brain regions with significant correlation structures unique to either wake (white) or the

anesthesia/sleep/dex reversal brain states (blue). The area unique to each modulated brain

state (blue) or wake (white) (Figures 3A and 3B, bottom) made up, on average, less than

15% of the entire field-of-view in both the hemoglobin and GCaMP6 data.
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Figure 3.7: Top: Seed based zero-lag correlation maps (n=5) across brain state calculated
on A) GCaMP6 or B) oxygenated hemoglobin (HbO2) data within the infraslow band. Mid-
dle: Random effects overlap maps created by comparing each brain state to wake using A)
GCaMP6 or B) oxygenated hemoglobin data. Bottom: Fraction of significant pixels within
the field-of-view unique to either the modulated brain state (blue) or wake state (white).
Error bars are standard deviations across seeds.
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Next, we performed the same seed-based correlation analysis in the delta range (0.7-3.0

Hz) on the GCaMP6 data, anticipating an exaggerated difference in FC across brain states

due to the presence of the slow oscillation. Hemoglobin dynamics were not analyzed in this

band as they did not demonstrate a peak in this spectral region. A highly symmetric to-

pography marked by anti-phase relations across anterior vs. posterior areas was observed

only in anesthesia and sleep (Figure 3.8A). In contrast, this pattern was absent in the wake

state (Figure 3.8A, lowest row), which instead produced FC structures with contralateral

homotopic correlations and anti-correlations between functionally distinct regions. These

differences were confirmed with random effects analysis by creating binary maps and per-

forming the same overlap calculations as described previously (Figure 3.9A, top, and Figure

3.9B). The fraction of coverage unique to each modulated brain state was greater in the delta

range relative to the infraslow range and was different between each modulated brain state.
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Figure 3.8: A) Zero-lag correlation maps for ketamine/xylazine (K/X), dex (D), NREM (N),
dex + reversal (DR), and wake (W) states averaged across all mice (n=5). B) Representations
of the first 3 PCs for each brain state averaged across all mice (n=5). C) The average (n=5)
max cross-correlation between the lag-shifted summed first three PCs and delta EEG trace.
D) The average (n=5) percent variability in the data accounted for by the first three PCs in
each brain state. Error bars are standard deviations of the mean. E) Functional connectivity
analysis (n=5) performed on the data in each brain state after the first three PCs had been
removed.
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Figure 3.9: A) Binary maps representing statistically significant functional correlations
(random effects analysis, n=5) pre and post PC removal overlaid between wake and ke-
tamine/xylazine (K/X), dex (D), NREM (N), or dex+reversal (DR). B) Quantification
of the percent brain coverage by unique functional correlations due to ketamine/xylazine,
dex/dex+reversal, or NREM (blue), or wake (white) pre and post PC removal. Error bars
are standard deviations across seeds.
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3.3.3 The Slow Oscillation is Superimposed on Wake FC Patterns

Given the differences in correlation structure within the delta range of the GCaMP6 data,

we next investigated whether principal component analysis (PCA) could be used to sepa-

rate or remove the delta spatio-temporal feature (the slow oscillation) present during sleep

and anesthesia from other spontaneous brain activity. We hypothesized that removal of the

slow oscillation would reveal FC maps similar to the delta GCaMP6 wake maps, specifically,

homotopic correlations and anti-correlations between functionally distinct regions. PCA

on the delta GCaMP6 data revealed striking differences in the first three principal com-

ponents (PCs) contrasting wake vs. NREM and anesthesia (Figure 3.8B). Specifically, the

summation of PC1, PC2, and PC3 captured the major front-to-back feature of the slow

oscillation during NREM and anesthesia (Figure 3.11). Compared to previously reported

correlation coefficients between GCaMP6 and EEG [114], the cross correlation between these

summed PCs and the filtered delta EEG trace resulted in high correlation coefficients in the

sleep/anesthesia data when corrected for lag between the two signals (Figure 3.8C and Figure

3.10). This suggests that these first 3 PCs have captured characteristic features of NREM

sleep and anesthesia. The first 3 PCs accounted for approximately 45%, 60%, and 70% of the

variance in the sleep, dex and ketamine/xylazine states, respectively, but only 35% and 34%,

respectively, in the wake and dex reversal states (Figure 3.8D). These observations combined

suggested that removal of the first 3 PCs should greatly reduce the variance attributable to

the slow oscillation in the NREM/anesthesia data. The results of this maneuver are shown

in Figure 3.8E, which illustrates a striking similarity of correlation structure across all brain

states. Further, after removal of the first 3 PC’s, all brain states are qualitatively similar

to unmodified delta in the wake state (Figure 3.8A, lowest row; see also Figure 3.12 for

similar spontaneous data across all brain states). To quantify this observation, we evaluated

the topographic similarity of FC maps computed in the PC 1-3 removed data compared

to unmodified delta wake (Figure 3.9A, middle). FC features unique to ketamine/xylazine,

53



dex, and NREM (blue) were greatly attenuated post PC removal, with only minor loss of

homotopic FC typical of wake (Figure 3.9B, white). Prior to PC 1-3 removal, modulated

state specific FC topography differed by as much as 50% across states. Post PC 1-3 removal,

modulated state specific FC topography decreased over four-fold, became more uniform and

similar to unmodified wake. These results suggest that the slow oscillation is superimposed

onto canonical wake delta FC.
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Figure 3.10: A) Average shift (n=5) necessary to maximally cross-correlate the summed
first 3 delta GCaMP6 PCs with the delta EEG trace. Lags were smoothed with a 2 x 2
Gaussian filter. B) Average (n=5) zero-lag cross correlations between the summed first 3
delta GCaMP6 PCs and delta EEG.
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Figure 3.11: Still of a 20 second movie in real time of GCaMP6 data (δF/F) from one mouse
using only the summed first 3 PCs in each brain state: ketamine/xylazine (K/X), dex (D),
NREM (N), dex+reversal (DR), and wake (W). Movies were smoothed with a 2 x 2 Gaussian
filter. See [34] for movie.
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Figure 3.12: Still of a 20 second movie in real time of GCaMP6 data (δF/F) from one
mouse after PCs 1-3 were removed from each brain state: ketamine/xylazine (K/X), dex
(D), NREM (N), dex+reversal (DR), and wake (W). Movies were smoothed with a 2 x 2
Gaussian filter. See [34] for movie.
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3.4 Discussion

We studied wake, NREM sleep, and anesthesia in transgenic mice expressing a genetically en-

coded calcium indicator using seed-based zero-lag correlation analysis (Figures 3.7, 3.8) and

found brain state-, calcium/hemoglobin-, and frequency-dependent changes in FC structure.

Specifically, within the infraslow frequency range, spontaneous hemoglobin activity patterns

were roughly maintained across all brain states while neural activity patterns were slightly

more varied. Neural activity within the delta range during sleep and anesthesia was dom-

inated by the slow oscillation propagating in an anterior-to-posterior direction (Figure 3.6,

Figure 3.5A). Thus, we observed greater differences in correlation structure across brain

states here. Finally, correlation structures that are qualitatively similar to wake delta FC

patterns were recovered after linear decomposition removed the slow oscillation from delta

neural activity data.

Previous FC studies of sleep and anesthesia have been conducted mostly in humans using

fMRI, which effectively is restricted to temporal frequencies in the infraslow range (0.009-

0.08 Hz) [8, 107]. Above 0.2 Hz, hemodynamic signal power becomes essentially flat, which

corresponds to a noise floor [111]. Specifically, power in the oxygenated hemoglobin (HbO2)

signal follows a 1/f spectral characteristic at infraslow frequencies, with minor changes in

power across brain states. However, above infraslow frequencies, power across all brain states

begins to be impacted by the aforementioned noise floor. This view is further supported by

the present lag analysis performed on the delta-band hemoglobin data, which generated a

topography dominated by vascular features (Figure 3.5B). Nevertheless, our HbO2 infraslow

correlation data showed modest brain state-dependent changes consistent with prior reports

[136, 209, 230, 117]. Changes in correlation structure were slightly greater in the GCaMP6

infraslow data across brain state (e.g. the larger amplitude of ketamine/xylazine specific FC,

Figure 3.7A, bottom). These results could reflect the faster dynamics provided by GCaMP6
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fluorescence compared to HbO2 imaging.

In addition to infraslow dynamics, calcium imaging provides useful information at delta

range frequencies [234], including the ability to study the sleep- and anesthesia-associated

∼1Hz slow oscillation. It is this phenomenon that seems to drive the different correla-

tion maps across brain state in the delta band. The strong nearly binary correlation/anti-

correlation pattern seen in the sleep/anesthesia data visually captures a travelling wave, a

defining feature of the slow oscillation [159]. Notably, the difference between anesthesia and

wake (Figure 3.9B) is greater than the difference between NREM and wake, potentially sug-

gesting that NREM architecture is “intermediate” to the anesthesia and wake architecture.

The present work is more comprehensive than previous similar studies in that we included

sleep without anesthesia, more specifically NREM, and included two commonly used anes-

thetics– dexmedetomidine and ketamine/xylazine- in addition to baseline wake data. These

comprehensive experimental conditions provide a foundation to evaluate the interaction be-

tween the slow oscillation and FC. Spontaneous neural activity often exhibits a ”1/f” (scale-

free) spectral characteristic [111, 83]. However, as shown by others [46, 168, 265], and again

here, there may actually exist two regimes in the power spectral densities of spontaneous

EEG as well as calcium signals under anesthesia or during NREM (see Figure 3.2). The no-

tion of superimposed spontaneous neural activity has been used before to describe ”1/f-like”

vs. oscillatory processes [83]. It is plausible then that the removal of the sharp discontinuity

of the 1/f spectral characteristic in ketamine/xylazine, and the broader 1/f discontinuity in

the dex and NREM data is representative of a superimposed oscillatory event. Applying

principal component analysis (PCA) to the NREM/anesthesia data, we observed that the

slow oscillation was largely confined to the first three PCs. This was further reinforced by

the high correlation between the delta EEG trace and the pixel wise isolated PCs, as well

as the striking similarity between the delta GCaMP6 lag analysis topography (Figure 3.2C)

and the lag structures generated from the delta EEG and GCaMP6 PCA cross-correlation

59



analysis (Figure 3.10). The increased GCaMP6 PCA/EEG correlation in the anesthesia and

sleep brain states (Figure 3.8C) relative to wake could be explained by global events driving

the synchrony between the two manifestations of the slow oscillation. It should be further

noted that discrepancies between the GCaMP6 and EEG data are to be expected, as EEG

reports widely synchronous field potentials, whereas calcium imaging is more directly related

to neural firing. Building on the observation that the first three PCs encompassed the slow

oscillation, we demonstrated that wake-like delta spontaneous activity (as quantified through

seed-correlation maps) could be recovered, and sharp spectral increases could be removed

(Figure 3.13A) from slow oscillation-dominated data by removal of the first three PCs. Fur-

ther, following delta band-pass filtering, GCaMP6 time series following PC 1-3 removal are

very similar to that recorded during wake (Figures 3.13B,C, shaded panels). These results

indicate that “wake-like” cortical activity persists during brain states dominated by the slow

oscillation (e.g., NREM sleep and anesthesia) regardless of mechanism of slow oscillation

induction. Thus, during these brain states, the slow oscillation superimposes on, rather than

replaces, persistent wake-like ongoing activity, the correlation structure of which is largely

determined by anatomical connectivity [183, 115, 122].
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Figure 3.13: A) Average (n=5) GCaMP6 power spectra of the 0.7-3.0 Hz filtered, PC 1-3
removed data. B) Graphic delineating motor and parietal areas used to create time traces
in C). C) Spatially averaged time traces from the pixels in B) shown across 20 seconds for
broadband (top), delta (middle), and PC 1-3 removed (bottom) GCaMP6 data. Shading
is included to illustrate the comparison of the PC removed data to unmodified delta wake
data.
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Ketamine/xylazine and dexmedetomidine both induce stereotypical, invariant instanti-

ations of the slow oscillation [175, 5]. Ketamine is an NMDA receptor antagonist, while

xylazine and dex both activate alpha-2 adrenergic receptors. Discrepant findings across the

different forms of anesthesia could be in part due to the the 40x increase in sedative efficacy

of dex compared to xylazine [257], but much more likely the antagonism of NMDA receptors

and the downstream fine tuning of excitation and inhibition leading to prolonged DOWN

states [47]. This could explain the similar spatiotemporal properties of the slow oscilla-

tions induced by ketamine/xylazine and dex (Figure 3.2) and the higher frequency at which

dex-induced slow oscillations propagate (Figure 3.2A). By comparison, the calcium activity

during NREM sleep was much more varied (Figure 3.6) than during anesthesia states. This

variability may be attributable to variability in slow oscillation wave origin, amplitude, or

direction of propagation [215]. Alternatively, the complexity of the calcium dynamics during

NREM relative to anesthesia may result from a mixing of lower amplitude slow oscillations

with relatively higher amplitude spontaneous wake-like activity. Even during wake, the first

two PCs included features suggestive of the slow oscillation (Figure 3.8B, Figure 3.11), albeit

in greatly attenuated magnitude and contributing to less variance. This result potentially

reflects micro-sleep [105, 112] or brief periods of reduced alertness within the 10-second EEG

epochs used to score the optical data [252].

3.5 Caveats, Future Directions, and Conclusions

Sleep deprivation over six hours prior to calcium (GCaMP6) imaging was used to increase the

quantity of NREM sleep. This is a potential caveat as sleep deprivation has been reported

to change the shape, incidence, and amplitude of slow oscillations [251]. It remains to be

determined whether wide-field image acquisition of freely behaving natural sleep is possible

for extended durations and if differences between non-sleep-deprived and sleep-deprived sleep
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exist. However, this issue presumably does not impact the present anesthesia results.

On the other hand, it has been reported that slow wave activity reflects sleep pressure,

i.e., that the prevalence of slow waves at the start of NREM is proportional to prior wake

time [29]. Although the present study was not designed to examine this effect, it is possible

that reduced power in the dex reversal data [175], as compared to normal wake (Figures

2A,B, Figure 3.4), reflects reduced sleep pressure following 30 minutes of anesthesia-induced

slow oscillations. Future experiments controlling for time spent asleep versus wake in sleep-

deprived and non-sleep-deprived brain states could rigorously address this question.

Finally, while algorithms more sophisticated than PCA may provide improved removal

of the slow oscillation, PCA works sufficiently to establish this concept. As expected with

PCA, the first 3 PCs may include some variance not specifically tied to the slow oscillation.

Further, the match between Figure 3.8E and wake topography (lowest row of Figure 3.8A) is

not perfect. However, the match is sufficient to demonstrate our principal claim, that after

removing the slow oscillation, the remaining signals reflect patterns (Figure 3.8E) expected

of FC in the wake state (Figure 3.8A, bottom row) and, importantly, that these features do

not suggest artifact. Recovery of focal FC patterns post linear decomposition supports the

idea that the slow oscillation superimposes on wake-like intrinsic activity.

Prior studies have made inferences about changes in connectivity across experimental

brain states or under the global synchronization of anesthesia [224, 28, 258]. In the future,

it will thus be important to closely monitor the brain state of the animal when conducting

FC analysis. The present study presents promising avenues of future study to focus on

the transition between sleep and wake or the specific cortical activity underlying sleep.

More broadly, this work opens up new avenues of research that may elucidate underlying

mechanisms of sleep and sleep disturbances consequent to disease. For example, our findings

may have implications for understanding how sleep and Alzheimer’s disease interact [146,

124], or how anesthesia influences post-operative delirium [141].
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Chapter 4

Transient Disruption of Functional

Connectivity and Depression of

Neural Fluctuations in a Mouse

Model of Acute Septic

Encephalopathy

Alterations in functional connectivity often serve as clinically relevant biomarkers as well as

readouts of underlying pathology in animal models. Here, we propose a novel mouse model of

acute septic encephalopathy using basic behavioral assessment and functional neuroimaging.

Cases of altered mental status (e.g., Delirium) can resolve on the order of hours. We track

mice from baseline, to peak disease, through recovery and report the functional alterations

that occur in parallel with behavioral changes.
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4.1 Introduction

Septic encephalopathy and delirium are a major problem in hospitalized patients, affecting

approximately 30% of general hospital and up to 80% of intensive care unit (ICU) patients

[216, 127]. Elderly populations are particularly susceptible to encephalopathy [119, 78],

especially those with dementia or pre-dementia [79], usually triggered by minor systemic in-

fections (i.e., not involving the central nervous system, CNS) [268, 269]. Characteristically,

the encephalopathy resolves after treatment of the instigating peripheral infection. Instances

of mental status change can be very costly (estimated up to 4 billion USD), both by incurring

additional costs during hospital stays and by increasing risk of accidental injury secondary

to confusion [119]. In severe cases, there is evidence that permanent brain injury may result,

and symptoms may outlast the time frame of peripheral infection [100, 64, 200]. Current neu-

rological treatments are inadequate and aimed at sedation rather than the underlying cause

for the encephalopathy. Studies have demonstrated acute activation of neuroinflammatory

mediators after an infectious insult, leading to speculation that these cellular and molecular

underpinnings somehow affect neural function [269, 116, 60]. However, little is known about

the underlying mechanisms causing acute septic encephalopathy (ASE) because there has

not been a direct link between the activation of these inflammatory mediators, behavioral

modifications, and the breakdown of neural function on the immediate timescale of ASE. In-

deed, studying ASE has been difficult because quantitatively assessing altered mental status

in animal models has been challenging.

Clinically, electroencephalography (EEG) is acquired to diagnose encephalopathy and

rule out seizures. However, the spatially sparse nature of EEG recording confines this di-

agnostic output to non-specific generalized increases in slow wave activity [94]. Other neu-

roimaging techniques offer a unique approach to this patient demographic as these techniques

are spatially sensitive to underlying pathologies [25] and predictive of behavioral phenotypes
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[23]. However, ASE also poses some unique difficulties to the neuroimaging community.

Patients undergoing mental status changes are less likely to comply with instruction and

sit still [78] in a neuroimaging device for lengthy scans, which are often necessary for func-

tional analysis. Thus, functional neuroimaging studies in this patient population are rare

[182, 52] and focused on other forms of delirium (e.g. postoperative), but nevertheless

set a precedent for altered brain connectivity during peak illness that resolves at recovery.

While there is frequent use of magnetic resonance imaging (MRI) in this patient population

[273, 97, 229, 120], these instances are more for quick diagnostic purposes and not functional

study. Indeed, positron emission tomography (PET) and MRI are commonly used to study

functional networks in the context of neuroinflammation, but these studies are usually fo-

cused on understanding a longer lasting neurological disease (e.g. Alzheimer’s disease [190],

multiple sclerosis [2], stroke [211]) and not acute encephalopathy.

One recent study examined functional connectivity using resting state fMRI in a case of

N-methyl-D-aspartate (NMDA)-receptor encephalitis in a patient during active disease and

after recovery [36]. This unique study revealed an overall depression in global correlation

strength as well as notable decreases in blood oxygen level dependent (BOLD) fluctuations

that resolved after recovery. Several recent studies have applied functional neuroimaging

to rodent models of septic encephalopathy. One study demonstrated diminished brain neu-

rovascular response to whisker stimulation with laser speckle and optical intrinsic signal

(OIS) imaging in the rat barrel cortex 4-6 hours after lipopolysaccharide (LPS) injection

[33]. Another fMRI study demonstrated altered functional networks 24 hours after injection

with LPS in anesthetized rats [272]. While these studies have begun to investigate altered

brain dynamics during the acute time period following septic insult, both of these studies

were limited to hemoglobin based dynamic contrasts, the former only investigated changes

in barrel cortex, the latter had confounding effects of anesthesia, and neither studied the

entire time course of ASE from baseline to maximal encephalopathy to recovery.
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Wide-field optical imaging in mice expressing the genetically engineered fluorescent GCaMP6

reporter (under a Thy1 promoter) permits the direct visualization of neural calcium dynam-

ics across the cerebral cortex [61, 265, 150]. In addition to being a more direct reporter of

neural dynamics compared to traditionally hemodynamic contrasts, the increased temporal

resolution of calcium imaging allows for increased signal-to-noise ratio (SNR), allowing us

to map the coordinate activity of neural populations to quantify neural Pearson functional

connectivity (FC) across the cortex in awake mice [34]. In addition to mapping connectivity,

there are multiple calcium analytical tools that can give unique insights into a disease model

such as ASE. For instance, we can adapt metrics such as the global variance of the temporal

derivatives (GVTD) used to capture fluctuations in diffuse optical tomography (DOT) data

[214], neural dynamic temporal standard deviation, and power spectral analysis to estimate

the amount of neural activity present throughout the disease course [265, 34]. Using this

broad set of wide-field calcium analytical tools, we can develop a putative biomarker in a

mouse model of ASE in order to better understand the network level alterations during peak

encephalopathy and how they may recover.

Intraperitoneal injection of LPS, a cell wall component of gram-negative bacteria, induces

an acute septic response in mice [135, 148, 54]. LPS acutely induces systemic inflammation

including upregulation of many of the neuroimmunological components hypothesized to be

responsible for altering neural function in the context of ASE (e.g., IL-1β, TNFα, comple-

ment proteins) [200, 148, 45]. Further, behavioral changes have been documented after LPS

administration [48, 59, 172, 193, 231], and while these experiments have taken place outside

of the time frame of ASE, they nevertheless suggest encephalopathy. Here, we image mice

over a time course consistent with ASE and recovery; at baseline and then 8Hrs, 24Hrs,

and 72Hrs after injection with LPS or phosphate buffered saline (PBS). Based on previous

literature [36], we hypothesize there to be a global depression in neural activity accompanied

by a decrease in global FC strength. We monitored disease load by taking weights and as-
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sessed neurological status by quantifying a neuroscore at each timepoint. We describe neural

connectivity over the experimental time course using standard Pearson FC analysis. Finally,

we investigate the global variation in calcium time traces at each timepoint.

4.2 Methods

4.2.1 Animals

A total of 16 female (PBS, N=8, LPS, N=8) ranging from 3-7 months old Thy1-GCaMP6f

mice were used in the present study (Jackson Laboratories Strain: C57BL/6J-Tg(Thy1-

GCaMP6f)GP5.5Dkim; stock: 024276). These mice express the protein GCaMP6f in excita-

tory neurons, primarily in cortical layers ii, iii, v, and vi [265]. All studies were approved by

the Washington University School of Medicine Animals Studies Committee and follow the

guidelines of the National Institutes of Health’s Guide for the Care and Use of Laboratory

Animals.

4.2.2 Surgical Preparations

Prior to imaging, typical surgical preparations were implemented [34, 218]. Briefly, an op-

tically transparent plexiglass window was implanted with translucent dental cement (C&B-

Metabond, Parkell Inc., Edgewood, New York) following a midline incision and clearing of

skin and periosteal membranes. The window covered the majority of the dorsal cortical

surface and provided an anchor for head fixation and allowed for chronic, repeatable imag-

ing. Stainless steel EEG self-tapping screws (BASI Inc., West Lafayette, IN, USA) were

fixed at approximately -1mm posterior to bregma, and +/- 5mm lateral to bregma (near

barrel/auditory cortex), although EEG recording was omitted for the present experiments.
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4.2.3 Lipopolysaccharide Injections

Lipopolysaccharide (LPS, Eschirichia coli O55:B5, Sigma Aldrich) suspended in phosphate

buffered saline (PBS) was injected intraperitoneally in experimental mice at 5mg/kg with

an injection volume of 5mL/kg (LPS, N=8). An equal volume of PBS only was injected into

control mice (PBS, N=8).

4.2.4 Weight Change and Neuroscore

Mice were weighed and examined at each imaging timepoint by author LMB, who was blinded

to experimental group. As previously published [164], a sepsis score was recorded based on

a composite record of general ambulation and response to stimuli at each timepoint. Scores

ranged from 0 (normal spontaneous movements and response to stimuli) to 5 (no spontaneous

movements or response to stimuli, presence of tremors) with a score of 4 being the threshold

for a humane endpoint. No mouse in this study reached a score of 4 during the experiment

thus each mouse was evaluated and imaged at each timepoint. As the acute time frame

of this study precludes behavioral testing to definitively prove altered mental status (e.g.,

Barnes maze navigation), this “neuroscore” was an attempt to record abnormal phenotypes

associated with ASE.

4.2.5 Fluorescence and Optical Intrinsic Signal (OIS) Imaging

Mice were head-fixed in a stereotaxic frame and body secured in a black felt pouch for

imaging. Sequentially firing LEDs (Mightex Systems, Pleasanton California) passed through

a series of dichroic lenses (Semrock, Rochester New York) into a liquid light guide (Mightex

Systems, Pleasanton California) that terminated in a 75mm f/1.8 lens (Navitar, Rochester

New York) to focus the light onto the dorsal cortical surface. LEDs consisted of 470nm

(GCaMP6f excitation), 530nm, 590nm, and 625nm light. An sCMOS camera (Zyla 5.5,
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Andor Technologies, Belfast, Northern Ireland, United Kingdom) coupled to an 85mm f/1.4

camera lens (Rokinon, New York New York) was used to capture fluorescence/reflectance

produced at 16.8 Hz per wavelength of LED. A 515nm longpass filter (Semrock, Rochester

New York) was used to discard GCaMP6f excitation light. Cross polarization (Adorama,

New York New York) between the illumination lens and collection lens discarded artifacts

due to specular reflection. The field-of-view (FOV) recorded covered the majority of the

convexity of the cerebral cortex ( 1.1cm2), extending from the olfactory bulb to the superior

colliculus. All imaging data were acquired as 5-min runs and binned in 156x156 pixel2 images

at approximately 100 µm2 per pixel. Mice were imaged before receiving either LPS or PBS,

8Hrs, 24Hrs, and 72Hrs after injection.

4.2.6 Imaging Data Processing

Image processing followed methods previously described [265, 150] and briefly summarized

here. Images were spatially downsampled to 78x78 pixel2 and a frame of ambient baseline

light levels was subtracted from the time series data. Data were temporally downsampled

by a factor of 2 and then spatially and temporally detrended. Data were affine-transformed

to common Paxinos atlas space and pixel-wise time traces were mean normalized. Frames

corresponding to reflection data produced by the 530nm, 590nm, and 625nm light were used

to solve the modified Beer Lambert law to yield fluctuations in oxygenated and deoxygenated

hemoglobin. Frames corresponding to fluorescence data were corrected by approximating

hemoglobin absorption of the excitation and emission light. All data were spatially smoothed

with a 5x5 Gaussian filter. The global signal was regressed from the time series data, and

data were filtered with a 0.4-4.0Hz Butterworth bandpass filter.
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4.2.7 Functional Connectivity

Functional connectivity (FC) analysis refers to the calculation of a Pearson correlation co-

efficient between two time traces:

ρx,y =
cov(x, y)

σxσy
(4.1)

where ρ is the Pearson correlation coefficient between time trace x and y, cov(x, y) is the

covariance between time trace x and y, and σ are the standard deviations within time traces

x and y.

4.2.8 Node Analysis

A matrix was assembled where each row or column contained the Pearson correlation between

a specific pixel time trace and the remaining pixel time traces in the FOV (this was done

for every pixel in the FOV, generating a pixels x pixels matrix). As previously done [103],

this matrix was thresholded at z(0.3) and binarized to isolate positive connections. The

summation of each row or column provides a vector with the node strength for each pixel in

the FOV which can then be reshaped and mapped onto our two-dimensional FOV.

4.2.9 Global Variance of the Temporal Derivatives

Global variance of the temporal derivatives (GVTD) [214] was calculated on pixel-wise fil-

tered time traces. The pixel-wise difference between successive time-frames was taken. Fol-

lowing, the rms value across the FOV was calculated for each frame.
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4.2.10 Spectral Analysis

Power spectral analysis of the GCaMP6f data was performed on 10 second segments by

applying a Hann window and an FFT (squared to obtain power).

4.2.11 Statistics

Pixel-wise t-tests were performed on connectivity and power maps to compare LPS and

PBS populations. These t-test maps were then thresholded, leaving pixels with a t-value

corresponding to p < 0.05. We then used a cluster-size based thresholding method to ensure

the pixel-wise error and family-wise error (FWE) rate did not exceed 0.1% and any clusters of

surviving pixels had a pixel count greater than kα (see derivation of kα in General Methods,

Chapter 2).

4.3 Results

A baseline measurement of weight, neuroscore [164], and imaging was taken before either

group of mice received injection of LPS or PBS (Pre-LPS, N=8, Pre-PBS, N=8). Mice were

injected with either LPS (N=8) or PBS (N=8) and weight, neuroscore, and imaging data

were recorded at 8Hrs, 24Hrs, and 72Hrs after injection. As expected, mice lost weight

(Figure 4.2) across the experimental timeline and neuroscore transiently increased (Figure

4.1A) in the time frame of peak encephalopathy (Hrs8-24) and returned to baseline by 72Hrs.
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Figure 4.1: A) Neuroscore measured at baseline (Hr0), Hr8, Hr24, and Hr72 after intraperi-
toneal injection of LPS or PBS. Error bars are standard deviations. § denotes significance on
2-way rm-ANOVA (HF corrected p=0.0024) and 1-way rm-ANOVA (LPS only, p=0.0002).
* denotes significance via two-sample t-test at the indicated timepoint between PBS and
LPS populations (Hr8 p=0.0015, Hr24 p=0.0022). + denotes significance via paired t-test
between the timepoint and Hr0 (LPS only, Hr8 p=0.0025, Hr24 p=0.0072). B) Average
(N=8) LPS seed-based FC maps using Parietal (Par.), Frontal (Fr.), Cingulate (Cing.),
Motor (Mot.), Somatosensory (Ss.), Retrosplenial (Rs.), and Visual (Vis.) seeds at each
timepoint. C) Histograms displaying the overall distribution of FC correlation values from
each row in B). D) (top) Average FWHM of the histograms displayed in C). Error bars are
standard deviations of the mean. § denotes significance on 1-way rm-ANOVA (LPS only,
p=0.0087). * denotes significance via two-sample t-test at the indicated timepoint between
PBS and LPS populations (Hr8 p=2.3e-4). + denotes significance via paired t-test between
the timepoint and Hr0 (LPS only, Hr8 p=0.016). (bottom) Spearman’s rho signifies the
correlation between FWHM values and neuroscore values for LPS and PBS mice. * signifies
p=1.7e-4.
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Figure 4.2: Weight (N=8) measured at baseline (Hr0), Hr8, Hr24, and Hr72 after intraperi-
toneal injection of LPS or PBS. Error bars are standard deviations. § denotes significance
(HF corrected p=0.0001) on a 2-way rm-ANOVA and 1-way rm-ANOVA (LPS, p=0, PBS,
p=0.0034). * denotes significance via two-sample t-test at the indicated timepoint between
PBS and LPS populations (Hr24 p=0.0032, Hr72 p=0.0033). + denotes significance via
paired t-test between the timepoint and Hr0 (LPS, Hr8 p=2.2e-4, Hr24 p=1.2e-4, Hr72
p=0.0041, PBS, Hr8 p=0.025).
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Baseline imaging separated into “Pre-LPS” (N=8) refers to the mice that would imme-

diately receive an LPS injection following the first imaging timepoint. Average connectivity

maps were displayed for 7 seed-regions sampling the FOV presented here at baseline, Hr8,

Hr24, and Hr72 post LPS injection (Figure 4.1B). The overall distribution of FC correlations

from the maps in Figure 4.1B were plotted for each timepoint (Figure 4.1C), displaying a

narrowing of a normal distribution at Hr8 that returns to baseline by Hr72. This was quan-

tified by calculating the full width half maximum (FWHM) of the distributions shown in

Figure 4.1C (Figure 4.1D), noting a significant decrease at Hr8. The same analysis was

performed on the mice that received PBS injections and yielded no significant changes in

FC or FWHM over the course of the experiment (Figure 4.3). Further, Spearman’s rho was

calculated to compare the rank ordered FWHM values across LPS and PBS populations

to the respective neuroscores at each timepoint. A significant inverse relationship between

neuroscore and FWHM was demonstrated at Hr8.
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Figure 4.3: A) Average (N=8) PBS seed-based FC maps using Parietal (Par.), Frontal (Fr.),
Cingulate (Cing.), Motor (Mot.), Somatosensory (Ss.), Retrosplenial (Rs.), and Visual (Vis.)
seeds for each timepoint. B) Histograms displaying the overall distribution of FC correlation
values from each row in A).
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Pixel-wise correlation (i.e., node) strength was determined by summing the number of

positive connections in a FC map using each pixel within the FOV as a seed region of interest

(ROI, Figure 4.4A,B). At each timepoint after Hr0, a pixel-wise t-test was performed between

the specified timepoint and Hr0. A cluster size-based statistical thresholding method [106, 85]

was used to select clusters satisfying the pixel-wise false positive rate and overall family-wise

error rate. The majority of the FOV contained nodes with high numbers of connections at

baseline for both PBS and LPS mice. However, at Hr8 posterior brain pixels, isolated as

those within somatosensory and parietal cortex (Figure 4.4C), lost a large number of positive

correlations in LPS mice that were regained by Hr72. Spearman’s rho was calculated to

compare the rank ordered spatially averaged node values within the deficit presented in LPS

mice between Hr0 and Hr8 across LPS and PBS populations to the respective neuroscores

at each timepoint. A significant inverse relationship between neuroscore and node strength

was demonstrated at Hr8 and Hr24.
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Figure 4.4: A) (top row) Average (N=8) node strength for LPS and B) PBS mice at each
timepoint. (middle row) pixel-wise paired t-test between the timepoint and Hr0 for A) LPS
and B) PBS mice. (bottom row) p-value maps resultant from the paired t-tests above (middle
row). Maps are thresholded to display clusters with a family wise error rate of 0.001. C)
(top) Overlay of the deficit between Hr0 and Hr8 in LPS mice from part A) on an adapted
map of parcellated cortical regions (adapted from White et al. [259]). (bottom) Spearman’s
rho signifies the correlation between average node value within the deficit area in A) and
neuroscore values for LPS and PBS mice. * signifies Hr8 p=0.0061, Hr24 p=0.019.
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To directly sample the affected region discovered in Figure 4.4, PBS and LPS imaging

results were directly compared using a somatosensory (Ss) seed to generate FC maps across

all four timepoints (Figure 4.5, top 2 rows). A pixel-wise 2-sample t-test was performed

for each time-wise LPS and PBS comparison (Figure 4.5, 3rd row). The cluster size-based

thresholding method was used to isolate significantly different regions between the two groups

(Figure 4.5, 4th row). There was a transient decrease in correlation strength in the proximal

areas surrounding the seed region as well as on the contralateral side in the LPS mice that

was not present in the PBS mice. This result peaked at Hr8, began to return to normal at

Hr24, and matched baseline by Hr72. Homotopic connectivity strength was determined by

averaging the FC correlation value within the seed-region on the contralateral side for the

map displayed (Figure 4.5, bottom row) illustrating the same decrease in correlation strength

during the experimental time course. Again, Spearman’s rho was calculated to compare the

rank ordered Ss homotopic FC strength across LPS and PBS populations to the respective

neuroscores at each timepoint. A significant inverse relationship between neuroscore and

homotopy was demonstrated at Hr8 and Hr24.

79



Figure 4.5: Average (LPS, N=8, PBS, N=8) seed-wise connectivity maps utilizing a Ss seed
in mice that received LPS (top row) or PBS (second row). Pixel-wise two-sample t-test
(third row) between LPS and PBS mice. Thresholded maps (fourth row) for significant
differences between LPS and PBS mice using a cluster size-based thresholding technique
with a FWE rate of 0.001. Average homotopic connectivity strength (fifth row) for each
timepoint. The homotopic region here is defined by the circular seed region reflected across
midline. Error bars are standard deviations. § denotes significance on 1-way rm-ANOVA
(LPS only, p=0.0031). * denotes significance via two-sample t-test at the indicated timepoint
between PBS and LPS populations (Hr8 p=0.0001, Hr24 p=0.01). + denotes significance via
paired t-test between the timepoint and Hr0 (LPS only, Hr8 p=0.04). (bottom) Spearman’s
rho signifies the correlation between homotopic FC strength (fifth row) and neuroscore values
for LPS and PBS mice. * signifies Hr8 p=0.0023, Hr24 p=0.0016.

80



Previous reports [36] have shown that during encephalopathy contrast fluctuations can be

significantly dampened. We investigated this possibility in our data using multiple analytical

techniques. The spatially mapped delta GCaMP6 power remained relatively unchanged

across the experiment (Figure 4.6A) and the average GCaMP6 delta power over the FOV did

not correlate well with neuroscore (Figure 4.6B). The power spectra for LPS and PBS mice

both demonstrated a nice 1/f fall-off (Figure 4.7) with small separations at the extremes

of the delta range (0.4-4.0Hz) in the LPS mice at Hr8 and Hr24. We therefore used two

approaches to quantify delta GCaMP6 fluctuations that specifically sample the lower and

upper extremes of the temporal bandwidth. The first invokes a method curated from the

spatial root mean square of the data after temporal differentiation (DVARS) [197] literature

and is used for scrubbing motion artifacts from diffuse optical tomography (DOT) data.

The global variance of the temporal derivatives (GVTD) method hinges on the assumption

that large, high frequency (∼1-2Hz) spikes in the GVTD time trace of infraslow filtered

data (0.009-0.08Hz) should represent large, transient motion artifacts, rather than actual

BOLD signal (which hits a noise floor >0.2Hz). However, here, GVTD is being calculated

on mouse calcium fluorescence and hemoglobin reflectance data filtered to delta band (0.4-

4.0Hz) dynamics. Due to the increased temporal resolution of calcium dynamics, spikes in

this band could correspond to real neural activity tone as well as extraneous motion noise.

In contrast to calcium, hemoglobin is more likely to reflect high frequency artifacts such as

heart rate, respiratory rate, or movement artifacts. Interestingly, following an example ten-

minute GVTD trace in an LPS infected animal at each timepoint shows a drastic dampening

of fluctuations at 8Hrs in the calcium trace (Figure 4.8A) that is much more subtle or non-

existent in the hemoglobin trace (Figure 4.8B). The traces seem relatively unaffected in the

PBS injected mouse (Figures 4.8C,D). To quantify this finding across all mice, we took the

average standard deviation of the calcium GVTD traces for each timepoint in LPS and PBS

mice (Figure 4.10A) and found that the decrease in GVTD corresponded with increased
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neuroscores at Hr8. Additionally, we took the FFT of the calcium and hemoglobin GVTD

traces and display the power spectra for each timepoint (Figures 4.9A,B).
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Figure 4.6: A) Average (N=8) delta GCaMP6 power maps for each timepoint. There were no
significant regions surviving cluster size-based thresholding when comparing LPS and PBS
mice at each timepoint. B) (top) Average (LPS, N=8, PBS, N=8) delta GCaMP6 power
over the FOV at each timepoint. § denotes significance on 1-way rm-ANOVA (LPS only,
p=0.0005). + denotes significance via paired t-test between the timepoint and Hr0 (LPS,
Hr8 p=0.012, Hr24 p=0.019, PBS, Hr8 p=0.018, Hr24 p=0.022). (bottom) Spearman’s rho
signifies the correlation between average delta power values and neuroscore values for LPS
and PBS mice.
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Figure 4.7: A) Average (N=8) power spectra up to 4.2Hz for LPS and B) PBS mice. The
delta band (0.4-4.0Hz) is highlighted in grey.
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Figure 4.8: A) Example 10-minute delta GCaMP6 GVTD traces across the experimental
timepoints in an LPS mouse. B) Example 10-minute delta HbO2 GVTD traces across the
experimental timepoints in an LPS mouse. C) Example 10-minute delta GCaMP6 GVTD
traces across the experimental timepoints in a PBS mouse. D) Example 10-minute delta
HbO2 GVTD traces across the experimental timepoints in a PBS mouse.
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Figure 4.10: A) (top) Average (LPS, N=8, PBS, N=8) standard deviation of GVTD traces
using delta GCaMP6 dynamics at each timepoint. § denotes significance on 1-way rm-
ANOVA (LPS only, p=0.0005). * denotes significance via two-sample t-test at the indicated
timepoint between PBS and LPS populations (Hr8 p=0.02, Hr24 p=0.016). + denotes sig-
nificance via paired t-test between the timepoint and Hr0 (LPS, Hr8 p=0.03, Hr24 p=0.015,
PBS, Hr8 p=0.019, Hr24 p=0.0043). (bottom) Spearman’s rho signifies the correlation be-
tween GVTD values and neuroscore values for LPS and PBS mice. * signifies p=0.043. B)
(top) Average (LPS, N=8, PBS, N=8) temporal standard deviation of dF/F traces using
delta GCaMP6 dynamics at each timepoint. § denotes significance on 1-way rm-ANOVA
(LPS only, p=0.0043). * denotes significance via two-sample t-test at the indicated time-
point between PBS and LPS populations (Hr8 p=0.0017). + denotes significance via paired
t-test between the timepoint and Hr0 (LPS, Hr8 p=0.047, PBS, Hr24 p=0.0069). (bot-
tom) Spearman’s rho signifies the correlation between temporal standard deviation values
and neuroscore values for LPS and PBS mice. * signifies p=0.01. C) (left) Linear regres-
sion between GVTD fluctuations at Hr8 and FWHM values at Hr8 determined in Figure
4.1D. (right) Linear regression between temporal standard deviation fluctuations at Hr8 and
FWHM values at Hr8 determined in Figure 4.1D.
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Our second approach to quantify overall calcium fluctuations across the experimental

time course was to take the standard deviation of the spatially averaged dF/F calcium

GCaMP6 trace (Figure 4.10B). Similar to the GVTD approach, we saw a transient decline

in fluctuation at 8Hrs that returned by 72Hrs (initially returned to baseline by 24Hrs) which

inversely and significantly correlated with neuroscore at Hr8. Finally, there was a linear

relationship between GVTD fluctuations and the FWHM result (Figure 4.10C, left) and the

temporal standard deviation and FWHM result (Figure 4.10C, right). Interestingly there

was no linear relationship between GVTD fluctuation and weight change when using both

the LPS and PBS data (Figure 4.11A), and there was a trending inverse linear relationship

when using LPS data only (Figure 4.11B).
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Figure 4.11: A) Linear regression between GVTD fluctuations at Hr8 and weight change
over the course of the experiment using data from LPS and PBS mice. B) Linear regression
between GVTD fluctuations at Hr8 and weight change over the course of the experiment
using data from LPS mice only.
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4.4 Discussion

We imaged mice injected with LPS or PBS across a time course consistent with ASE. Be-

havioral metrics (Figure 4.1A, Figure 4.2) acquired suggested septic encephalopathy and

recovery on our time scale, with the neuroscore displaying peak alterations at 8Hrs, and

recovery by 72Hrs. More advanced behavioral assays necessary to dissect other symptoms

of encephalopathy (e.g., Barnes maze testing for learning and memory) take multiple days

to complete and outlast this time frame for ASE. Therefore, we proposed creating an imag-

ing biomarker over the course of the disease utilizing connectivity modeling and temporal

fluctuation quantification analyses. Further, we were able to dissect a breakdown in neural

connectivity consistent with peak encephalopathy and track the recovery of these deficits

paralleling a transient decline and return of global neural activity tone.

We sought to establish any potential connectivity deficits introduced by acute LPS in-

jection. Connectivity metrics have proven to be sensitive and spatially specific to various

types of disease pathologies, however not typically studied on such an acute time scale. Here,

mice were imaged at baseline, 8Hr, 24Hr, and 72Hrs after an injection with either LPS or

PBS and connectivity was modeled at each timepoint. The main imaging finding from the

qualitative FC maps (Figures 4.1B, 4.4A,B) was an overwhelming disappearance of high

correlation values at Hr8 that returned by Hr72 in LPS mice (PBS-injected mice remained

unchanged, Figure 4.3). This observation was quantified by plotting the distribution of FC

correlations (Figure 4.1C) across maps of all seeds across timepoints (Figure 4.1B). The

FWHM of these distributions became significantly narrowed (Figure 4.1D), representing a

decrease in higher magnitude connectivity values and a convergence to a connectivity value

of 0 (i.e., a global reduction in connectivity). This deficit peaked at 8Hrs and resolved by

the Hr72 timepoint. A random field theory approach was used to spatially locate the deficit

(Figures 4.4A,C) and further analysis using a somatosensory (Ss) seed illustrated the loss
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of proximal ipsilateral and contralateral connectivity to the seed region (Figure 4.5). This

statistical approach operates on the hypothesis that neighboring pixels are likely not indepen-

dent samples (i.e., a Bonferroni correction for multiple comparisons would be too stringent)

and therefore large-grouped differences via independent pixel-wise t-tests are more likely to

represent a significant change somewhere within that cluster. This method is set up to have

a FWE rate of 0.1%, meaning in the collection of thresholded pixel-wise t-tests, there is a

0.1% chance of having at least one false positive result. Using this approach, we were able

to prove the loss of connectivity strength surrounding the seed region and on the homotopic

contralateral side (Figure 4.5). Overlaying the FC deficit present in Figures 4.4 and 4.5 onto

an adapted cortical parcellation [259] (Figure 4.4C) illustrates the focus of the deficit in Ss

and parietal cortex. Interestingly, Ss cortex is particularly implicated in sensory processing

and relaying this information to hippocampus [194, 21, 65, 38]. Additionally, parietal cortex

is involved in spatial navigation and memory retrieval [134, 19]. It is interesting that these

regions were most affected since they are part of the cortical-hippocampal circuit necessary

for the performance of cognitive tasks that are usually disrupted in ASE [260, 142, 168].

While previous optical imaging studies of LPS injected mice have shown disruption in

response to stimuli 4-6Hrs post [33], or connectivity deficits 24Hrs post [272], none have il-

lustrated the entire course of the disease, from onset to recovery. The closest study with this

experimental design tracks one patient with NMDA-receptor encephalitis using fMRI [36].

During peak encephalopathy, there was a decrease in BOLD fluctuations that returned to

normal by recovery. Similarly, we took the standard deviation of the spatially average dF/F

calcium signal at each timepoint and noticed a significant transient depression in fluctuation

in LPS mice at 8Hrs (Figure 4.10B). Additionally, we implemented GVTD as a surrogate

representation of neural activity tone over the course of the experiment (Figure 4.10A). This

independent measure converged onto the same conclusion as the temporal standard devia-

tion of dF/F result. We thought that the altered connectivity result could be explained by
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this decrease in calcium fluctuations, especially since there was a linear relationship between

the imaging FWHM result and GVTD fluctuations and FWHM and temporal standard de-

viation results (Figure 4.10C). However, this would only partly explain the result at best,

since neither linear regression result exceeded R2 = 0.5 and since the Pearson correlation

calculation is also looking at the temporal synchrony between two ROIs. Further, mapping

the pixel-wise delta power resulted in no significant differences between LPS and PBS mice

at each timepoint utilizing the same cluster size-based threshold as before (Figure 4.6A). Ad-

ditionally, the connectivity results have a spatial specificity for ipsilateral proximal regions to

somatosensory seed regions and homotopic contralateral regions while calcium power seems

rather unaffected globally. Altogether, these imaging findings provide evidence that there is

both a depression in neural fluctuations and functional temporal desynchrony introduced by

ASE that resolves by Hr72. There are only a few instances reporting a pathological decrease

in imaging contrast fluctuations, one being the aforementioned NMDA-receptor encephalitis

fMRI study. Elsewhere in fMRI, there are notable depressions in BOLD fluctuations in deep

anesthesia with sevoflurane [187]. In both anesthetized and encephalopathic neurological

states, the subject cannot normally process and is less responsive to surrounding stimuli. In

this model of ASE with LPS, a pro-inflammatory stimulus, there is a large acute activation

of glial cells, which can often lead to decreased synaptic integrity or increased cell death [63],

here, quantified as decreased fluctuations and altered connectivity.

GVTD has originally been used to scrub motion artifacts in infraslow DOT data [214].

The technique relies on the assumption that any large transient globally shared variance

due to motion artifacts would appear as a spike that is orders of magnitude higher than the

baseline fluctuations. Therefore, in order to maximize the sensitivity of GVTD to noise due

to motion, it is recommended to calculate it after filtering the data to suppress the baseline

fluctuations due to respiratory and heart rates. However, in this paper, we take advantage

of the baseline fluctuation values of GVTD in the delta filtered calcium data. While there
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could still be large global fluctuations representative of quick motion artifacts in this data, it

is much more likely that baseline noise in this spectral band is due to physiological noise such

as heart rate or respiratory rate. Further, in the 0.4-4.0Hz spectral frequencies, hemoglobin

dynamics hit a noise floor [34], so GVTD of this contrast should overwhelmingly represent

sources of noise, such as heart rate and respiratory rate, rather than our signal of interest.

When comparing delta calcium and hemoglobin GVTD side-by-side (Figure 4.8), there is a

large decrease in GVTD fluctuations in the former and only subtle, perhaps non-existent,

changes in the latter. Looking at the spectral content of calcium and hemoglobin GVTD

(Figures 4.9A,B), there is at least an order of magnitude more power in the calcium GVTD

content, suggesting that the changes in hemoglobin GVTD cannot completely account for

all the change in calcium GVTD. Further, due to the larger variance-to-effect size ratio in

hemoglobin GVTD, there isn’t a significant change in spectral GVTD content from baseline

until 24Hrs, while this result is present in the calcium data as early as 8Hrs. This temporal

mismatch in effect further advocates for the idea that the hemoglobin GVTD change cannot

completely account for the calcium effect. Lastly, weight change on this acute experimental

timescale is a reasonable index of overall illness (which often results in altered heart rate,

respiratory rate), and this did not correlate well with GCaMP GVTD (Figure 4.11A). In

fact, if anything, there was a trending negative relationship between weight loss (indicative

of very sick) and GVTD (Figure 4.11B), indicating GVTD is outputting more than just

physiologically confounding variables.

4.5 Conclusions

Here, we use optical imaging of mice under an experimental time course consistent with

acute septic encephalopathy. Functional connectivity was compared between mice injected

with LPS or PBS at Hr0, Hr8, Hr24, and Hr72, showing a transient decrease in correlation
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strength at Hr8 that recovered by Hr72. Specifically, functional connectivity was disrupted in

somatosensory and parietal cortical regions. This transient decrease in functional connectiv-

ity correlated with changes in neuroscore. Further, there was a significant transient decrease

in GCaMP fluctuations at Hr8 that returned to baseline by Hr72. Imaging offers a unique,

acutely-available snapshot and biomarker for this experimental animal model. Future work

will focus on the cellular and molecular mechanisms that drive connectivity changes in this

LPS-induced septic encephalopathy animal model.

94



Chapter 5

SIRT1 Mediates Hypoxic

Postconditioning- and

Resveratrol-Induced Protection

against Functional Connectivity

Deficits in Subarachnoid Hemorrhage

Similar to the study of acute septic encephalopathy (ASE), we investigate the functional

neuroimaging changes in an endovascular perforation model of subarachnoid hemorrhage

(SAH). In contrast with the ASE study, this mouse model is more established, yet the

neuroimaging results have yet to be reported. Various molecular mechanisms for treatment

of SAH have been elucidated and the effects of certain treatments are explored through

behavioral assessment and functional connectivty assays.
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5.1 Introduction

Aneurysmal subarachnoid hemorrhage (SAH) is a devastating condition that affects roughly

30,000 people in the US per year [131, 96, 162]. While advances in the phenomenological

understanding and management of the pathophysiology of SAH have occurred, morbidity

and mortality remain high – 30% of patients die [37], and 50% of survivors have long term

deficits that preclude returning-to-work [163, 102]. The largest treatable cause of poor SAH

outcome is delayed cerebral ischemia (DCI), which leads to death or disability in roughly

30% of all SAH patients [32]. For years, DCI was solely attributed to large artery vasospasm

(constriction of large arteries 4-12 days after SAH) [241, 77, 152, 202]. Recently, several ad-

ditional pathologies affecting the cerebral microvasculature have been linked to DCI, such as

autoregulatory dysfunction [196, 166], microvessel thrombosis [247, 248, 84], and blood-brain

barrier breakdown [255, 87], challenging this canonical view of DCI pathophysiology. Past

trial failures have resulted from targeting only single elements of DCI, which we now know

to be a multifactorial process. As a result, future therapies likely need to target both large

artery vasospasm and microcirculatory deficits to be effective. This is the primary reason

why conditioning-based therapy, which capitalizes on powerful and pleiotropic endogenous

protective cascades, is so attractive for SAH patients.

Conditioning harnesses the brain’s inherent resistance to injury by exposure to a sub-

lethal injurious stimulus. While hypoxia and ischemia are the most commonly studied con-

ditioning stimuli, many drugs, including some that are already FDA-approved for other

conditions, can be used to induce epigenetic-based protective mechanisms [140, 68, 165, 20,

144, 70, 186, 161, 93, 69, 233]. For years, neurons were felt to be the principal target of

this protective response (neuronal conditioning) [228] but multiple lines of evidence now

show that glia (glial conditioning) [237] and vessels (vascular conditioning) [253] are also in-

volved. The latter is of special interest for SAH, given the central role vascular deficits (large
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artery vasospasm, autoregulatory dysfunction, microvessel thrombosis, and blood-brain bar-

rier breakdown) play in DCI and the subsequent poor patient outcome. In past studies,

we have shown that hypoxic conditioning provides profound protection against large artery

vasospasm, microvascular thrombi, and neurological deficits in an endovascular perforation

mouse model of SAH. We have also linked this neurovascular protection to eNOS and most

recently Sirtuin 1 (SIRT1). Sirtuin 1 (SIRT1) has been the most extensively studied of

all sirtuins and is an established regulator of various molecular pathways that have been

implicated in the phenomenology and pathophysiology of DCI [245]. For example, SIRT1

expression results in increased eNOS and decreased MMP-9 expression, which are essential

for hypoxic conditioning-induced protection and prevention of large artery vasospasm and

microvascular thrombi, respectively [51, 243, 160, 205, 244]. The protective role of SIRT1

against cerebrovascular injury has also been demonstrated pharmacologically, as treatment

with the SIRT1 activator Resveratrol can induce protection against ischemic stroke, recurrent

stroke, and neonatal hypoxia-ischemia [66, 207, 219, 88, 121, 173]. SAH-induced neurovascu-

lar dysfunction is multifactorial with complex pathophysiology. SIRT1 is a promising target

for treatment that can positively affect various molecular pathways implicated in DCI and

address these multi-faceted downstream effects of SAH.

This study examines SAH in mice using a functional neuroimaging readout. While many

functional neuroimaging techniques, such as functional magnetic resonance imaging (fMRI),

have significantly improved the field of human cognitive neuroscience [204], the small brain

size makes it difficult to use these technologies to yield the same level of detail in a mouse

model. Fortunately, there are optical methods for analyzing and mapping the mouse cerebral

cortex that provide comparable resolution to fMRI [259, 128, 30, 71]. Functionally related

brain networks exhibit patterns of spontaneous activity that are temporally coherent and can

be quantified via functional connectivity (FC) analysis. This phenomenon has been observed

in the mouse cerebral cortex with optical intrinsic signal (OIS) imaging, where changes in re-
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flected light intensity off the surface of the brain are converted to changes in local hemoglobin

concentrations [99, 238, 263, 72, 157]. Due to the close coupling of neurovascular activity, this

hemoglobin-based imaging strategy gives a population-based surrogate readout of neural, as

well as vascular reactivity [259, 22, 26]. Mouse OIS has proven to be a sensitive and effective

assay for many neurological diseases, including Alzheimer’s disease [25, 145], ischemic stroke

[17], and glioma growth [185]. Here, we use the endovascular perforation model of SAH

induction, which is widely considered to be the closest representation of human SAH, repli-

cating the trauma experienced by the cerebrovascular system following aneurysm rupture

[212, 138, 132]. Given that DCI is the largest modifiable risk factor for patient outcome,

mapping the differences in FC post-SAH during DCI allows for further understanding of

the neurovascular deficits caused by SAH and its sequela. By applying a translational ther-

apeutic framework, we can investigate any potential alterations in functional architecture

post-SAH as well as determine if previously proven efficacious treatment strategies attenu-

ate these alterations in the mouse. This will allow for further exploration of the protective

effects afforded by hypoxia and other SIRT1 based treatments against SAH.

5.2 Materials and Methods

5.2.1 Ethics Statement

All animal studies were approved by the Washington University School of Medicine Animal

Studies Committee under guidelines and regulations consistent with the Guide for the Care

and Use of Laboratory Animals, Public Health Service Policy on Humane Care and Use of

Laboratory Animals, and the Animal Welfare Act and Animal Welfare Regulations. Animal

reporting is according to ARRIVE guidelines.
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5.2.2 Animals

Three to four-month-old male wild-type (WT) mice (C57BL/6J) mice from Jackson Labora-

tories (Bar Harbor, Maine, stock 000664) were used. Experimental animals were housed in

an AAALAC-accredited facility in temperature- and humidity-controlled rooms with a 12h

light-dark cycle. Mice were housed five to a cage and had ad libitum access to laboratory

chow and tap water.

5.2.3 Cranial Window Technique

Cranial window placement occurred as described previously [218], and briefly summarized

here (Figure 5.1A). Each mouse head was shaved, and a midline sagittal incision was made

across the dorsal cortical surface. The scalp was retracted, and periosteal membranes were

removed. A Plexiglass plate was adhered to an intact skull using dental cement (C&B

MetaBond), which allowed for consecutive, repeatable imaging experiments. The mice were

placed in an incubator post-surgery until they sufficiently recovered to return to a clean cage

with laboratory chow and tap-water.
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Figure 5.1: A) Timeline outlining the surgical, treatment, behavior recording, and imaging
schedule for the present study. B) Final number of mice used in the analysis for each
condition.
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5.2.4 Experimental SAH

Endovascular perforation SAH was performed as described (Figures 5.1A,B) [189]. Briefly,

mice were anesthetized with isoflurane (4% induction, 1.5% maintenance) in room air, with

their core body temperature maintained at 37°C by a thermoregulated heating pad. A

midline incision was made in the neck to expose the external carotid artery (ECA). Next,

a 5-0 nylon suture was introduced into the ECA and advanced through the internal carotid

artery (ICA) until the ICA bifurcation. The suture was then advanced to induce SAH,

then removed and the ECA ligated. Mice in the sham surgery groups underwent the above

procedures except for suture-perforation [189].

5.2.5 Hypoxic Postconditioning

Mice were placed in a hypoxia chamber for hypoxic postconditioning (PostC) and exposed to

air containing 8% O2/92% N2 for 2 h with access to food and water ad libitum as indicated

(Figures 5.1A,B). Mice were then returned to their vivarium containing room air.

5.2.6 Drug Administration

The Sirt1 inhibitor EX527 (10mg/kg i.p., QD, Tocris Bioscience, Bristol, UK, 2780) was

first dissolved in dimethyl sulfoxide (DMSO) and then diluted to the final concentration

with 1.2% β-cyclodextrin in PBS. WT mice underwent sham or SAH surgery and were then

administed EX527 beginning 2h after surgery and 1h prior to hypoxic PostC and continued

once daily thereafter (Figures 5.1A,B). Resveratrol (RSV, 6mg/kg i.p., BID Sigma, R5010)

was prepared in DMSO, mice were administered RSV starting 3h after SAH or sham surgery

(Figures 5.1A,B). In pilot studies, EX527 or resveratrol administration to Sham-operated

mice did not induce any changes in body weight.
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5.2.7 Neurobehavioral Testing

Neurobehavioral outcome was examined daily using Neuroscore tests, as described [189].

Briefly, neurological function was graded based on a motor score (0–12) that evaluated

spontaneous activity, symmetry of limb movements, climbing, balance and coordination,

and a sensory score (4–12) that evaluated body proprioception and vibrissae, visual, and

tactile responses (Figure 5.1A).

5.2.8 Imaging

Mice were head-fixed in a stereotaxic frame under a high-powered, cooled, frame-transfer

EMCCD camera (iXon 897, Andor Technologies, Belfast, Northern Ireland, United King-

dom). Sequential illumination was provided by a ring (7cm diameter) of LEDs: 478nm,

588nm, 610nm, and 625nm (Roithner Lasertechnik). External triggering of the camera and

LEDs was provided by custom MATLAB software (MathWorks) at a frame rate of 30Hz per

LED. The field-of-view (∼1cm2) covered the anterior-posterior axis from the olfactory bulbs

to the superior colliculus, and the majority of the cerebral cortex convexity. Time series

were binned in 128x128 pixel images with a resolution of about 80 µm per pixel. Mice were

imaged on day 3 under each condition, corresponding with the timeframe of DCI in mice.

Up to 45 minutes of resting state data was collected for each mouse in 5-minute data sets.

5.2.9 Image Processing

Imaging data was processed as described [259] and briefly summarized here. Reflected light

intensities were filtered to 0.009-0.08Hz and translated to concentrations of oxy- and deoxy-

hemoglobin by solving the modified Beer Lambert law. For each mouse, the outline of brain

region was traced manually to create a binary mask (using the roipoly.m MATLAB function)

indicating brain regions for processing within the field-of-view. The global signal within this
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brain region was averaged and regressed from the time series data. Zero-lag functional

connectivity (FC) analysis was performed using pre-specified seed regions corresponding

to various cortical regions. Hemoglobin time traces within these seed regions were averaged

and the resultant Pearson correlation with remaining brain pixels was calculated and plotted.

Bilateral FC analysis was plotted by computing the Pearson correlation coefficient between

each left hemisphere pixel and its corresponding symmetrical right hemisphere pixel.

5.2.10 Data Exclusion

Each imaging run was inspected manually. Runs with light level variance > 1% across the 5

minutes recorded were discarded. Additionally, the average bilateral FC Pearson correlation

coefficient was calculated over the entire field-of-view for each mouse and calculated outliers

within each experimental group were discarded (N discarded=5, 3 from SAH, 1 from Sham,

and 1 from SAH:PostC+EX527).

5.2.11 Statistical Analysis

A 2-way repeated measures ANOVA (rm-ANOVA) containing one between-subjects variable

(treatment) and one within-subjects variable (day) was used to evaluate differences in Neu-

roscore. A two-sample student’s t-test was used to compare FC scores at the 3 day timepoint.

A linear regression model was used to fit FC and Neuroscore under various conditions and

a subsequent t-test was performed on the coefficient of determination.
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5.3 Results

5.3.1 SAH Causes FC Deficit at 3 Days Post Injury

To determine whether aneurysmal SAH induces FC deficits, wild-type mice underwent the

cranial window placement procedure at a minimum of 3 days before baseline neurological

testing and either sham (n=19) or SAH (n=29) surgery. Neuroscore behavioral testing

was performed at 24h increments until the day of imaging in order to confirm neurological

deficits in SAH mice compared to Sham (Figure 5.2A, 2-way ANOVA for repeated measures

(rm-ANOVA), F(1,46)=68.715, p=1e-10). Surgery was followed by OIS imaging at 3 days

post-SAH, corresponding to peak occurrence of DCI. Bilateral homotopic connectivity maps

displaying correlation between left and right pixels across whole-brain showed marked deficits

in correlation patterns between Sham and SAH conditions (Figure 5.2B). To further eluci-

date the differences between groups, histograms were used to compare the number of pixels

displaying a given bilateral Pearson’s correlation coefficient, “r”, in the homotopic maps of

the SAH and Sham conditions (Figure 5.2C). The histogram comparing the entire cerebral

cortical surface (Figure 5.2C, left) shows that Sham mice have a globally stronger bilateral

correlation than SAH mice, as seen by the right shift on the histogram. A region of inter-

est (ROI) was manually traced along the area of greatest deficit in the SAH bilateral map

(black, Figure 5.2C, upper right corner). The histogram comparing this lower somatosensory

and parietal cortical region (Figure 5.2C, right) illustrates a region specific effect induced by

SAH. To further illustrate this region specific effect, FC maps with seeded regions of interest

were compared between SAH and Sham (Figure 5.4A, top 2 rows). Seeds were specifically

chosen within frontal (Fr), cingulate (Cing), motor (Mot), somatosensory (Ss), retrosplenial

(Rs), visual (Vis), and auditory (Aud) cortices in order to sample the major cortical regions

within our field-of-view. These seeded maps displayed high similarity between SAH and

Sham groups for seeds placed in anterior brain regions (e.g. Fr, Cing, Mot). Loss of homo-
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topic connections are visible in posterior seeds (e.g. Ss, Vis, Aud). Calculating the average

bilateral Pearson correlation coefficient across the entire field-of-view resulted in significant

differences between Sham and SAH global connectivity (Figure 5.2D). These large changes in

global connectivity were correlated with behavioral deficits as quantified through Neuroscore

(Figure 5.2E).
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Figure 5.2: A) Average Neuroscore for Sham and SAH mice at baseline and Days 1-3. Error
bars are SEM. B) Group average bilateral homotopic connectivity maps for Sham and SAH.
C) Left, every Pearson correlation coefficient value per pixel plotted between Sham and
SAH groups. Right, only Pearson correlation coefficients within the black outline plotted
between Sham and SAH groups. D) Global average Pearson correlation coefficient from
each mouse within each condition. Grey horizontal bar is the median, each box edge marks
the 25th/75th percentile, whiskers extend to most extreme values not considered outliers
(*p<0.05, two sample student’s t-test). E) Linear fit of Neuroscore vs the global FC average
plotted in D). Dotted grey line corresponds to confidence bounds.
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5.3.2 Hypoxic Post-Conditioning Affords SIRT1-Mediated Pro-

tection against SAH-Induced FC Deficits

In addition to establishing a model for SAH injury and visualizing both global and regional-

specific deficits in FC, the effects of hypoxic postconditioning (PostC) on FC were examined

in wild-type mice with (n=12) and without (n=14) the SIRT1 inhibitor EX527. Cranial win-

dow and SAH surgery followed the same timeline as above (Figure 5.1A). Neuroscore was

performed at 24h increments until the day of imaging in order to confirm that hypoxic PostC

effectively protected against SAH-induced neurological deficits, and that EX527 removed this

protection (Figure 5.3A, 2-way rm-ANOVA, Sham vs SAH:PostC, F(1,31)=10.893, p=0.002,

Sham vs SAH:PostC+EX527 F(1,29)=102.1, p=5e-11, SAH:PostC vs SAH:PostC+EX527,

F(1,24)=49.589, p=2e-7, SAH vs SAH:PostC, F(1,41)=30.125, p=2e-6, SAH vs SAH:PostC+EX527,

F(1,39)=0.029, p=0.86). Bilateral homotopic connectivity maps show an improvement in

global FC in the hypoxic PostC group, providing evidence that hypoxic PostC is protec-

tive against FC deficits in SAH mice (Figure 5.3B). The maps also show that EX527 re-

moves the protective effect provided by hypoxic PostC, suggesting that the protection is

SIRT1-mediated (Figure 5.3B). Visualized using the same histogram ROI-based analysis as

described above, we can see that there is a specific protective effect in the highly effected

somatosensory/parietal regions provided by hypoxic PostC, as exhibited by the right shifted

mean correlation coefficient that is similar to the sham group (Figure 5.3C). The group

that underwent hypoxic PostC with administration of EX527 displayed similar FC charac-

teristics to the SAH group, with strong deficits in somatosensory/parietal specific regions

(Figure 5.3C). FC maps with the same six seed regions (detailed above) exhibit clear differ-

ences between SAH mice treated with hypoxic PostC, and SAH mice treated with hypoxic

PostC and co-treated with EX527, across the posterior seed regions (e.g. Ss, Vis, Aud).

Seed maps also display similarities between SAH and SAH:PostC+EX527 groups, as well as
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between Sham and SAH:PostC groups, across all regions (Figure 5.4A, rows 1-4). Compar-

ing the global correlation coefficients, hypoxic PostC treatment greatly improved FC score

but remained significantly different from the Sham and SAH groups. Adding the EX527

co-treatment, global FC became very similar to the SAH group and was significantly worse

than the SAH:PostC and Sham groups. These changes in global connectivity were correlated

with behavioral deficits as quantified through Neuroscore (Figure 5.3E). This data strongly

indicates that hypoxic PostC is protective against FC deficits induced by aneurysmal SAH

injury, and that this protection is primarily mediated via SIRT1.
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Figure 5.3: A) Average Neuroscore for Sham and SAH mice compared to SAH mice that have
been treated with hypoxic PostC with or without the SIRT1 inhibitor EX527 at baseline and
Days 1-3. Error bars are SEM. B) Group average bilateral homotopic connectivity maps for
Sham, SAH, SAH:PostC, and SAH:PostC+EX527. C) Pearson correlation coefficient values
per pixel plotted between Sham, SAH, SAH:PostC, and SAH:PostC+EX527 groups using the
same ROI delineated in Figure 5.2C. D) Global average Pearson correlation coefficient from
each mouse within each condition. Grey horizontal bar is the median, each box edge marks
the 25th/75th percentile, whiskers extend to most extreme values not considered outliers
(*p<0.05, two sample student’s t-test). E) Linear fit of Neuroscore vs the global FC average
plotted in D). Dotted grey line corresponds to confidence bounds.
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5.3.3 SIRT1 Agonist Resveratrol Provides Protection against SAH-

Induced FC Deficits

After providing strong evidence that SIRT1 provides a protective effect against FC deficits

following SAH, the next step was to examine whether this protection could be mediated phar-

macologically with the SIRT1 activator Resveratrol (RSV). Mice underwent cranial window-

ing, SAH surgery, and RSV treatment following the experimental timeline (Figure 5.1A,B,

n=16). Neuroscore assessment was performed at 24h increments until the day of imag-

ing to confirm the protective effect of RSV against SAH (Figure 5.5A, 2-way rm-ANOVA,

Sham vs RSV, F(1,33)=14.833, p=5e-4, SAH vs RSV, F(1,43)=12.098, p=0.0011). Bilateral

homotopic connectivity maps show an improvement in global FC in the RSV group when

compared to the SAH group (Figure 5.5B). Somatosensory/parietal site-specific histogram

comparisons display that RSV has a protective effect when compared to the SAH group in

this highly effected area, as evident by the right shift (Figure 5.5C). While this effect is not

as strong as hypoxic PostC, it is still indicative of the protection afforded by SIRT1 against

FC deficits post-SAH. This protective phenomenon can be observed in the posterior seed

maps comparing SAH, Sham, and RSV, as there are strong differences between sham and

SAH groups, while the RSV group improves in comparison to SAH, but is still different when

compared to Sham (by comparison, the seed maps for hypoxic PostC showed fewer differ-

ences from Sham, Figure 5.4A). Also noted is the trending increase in global connectivity in

RSV compared to SAH (Figure 5.5D). These changes in connectivity were correlated with

behavioral Neuroscore (Figure 5.5E). This data is evidence that RSV exhibits a protective

effect against FC deficits after SAH. These results also suggest that SIRT1, while heavily

involved, may not be the only mediator of the protection afforded by hypoxic PostC.
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Figure 5.5: A) Average Neuroscore for Sham and SAH mice compared to SAH mice that have
been treated with RSV at baseline and Days 1-3. Error bars are SEM. B) Group average
bilateral homotopic connectivity map for RSV. C) Pearson correlation coefficient values
per pixel plotted between Sham, SAH, and RSV groups using the same ROI delineated
in Figure 5.2C. D) Global average Pearson correlation coefficient from each mouse within
each condition. Grey horizontal bar is the median, each box edge marks the 25th/75th
percentile, whiskers extend to most extreme values not considered outliers (*p<0.05, two
sample student’s t-test). E) Linear fit of Neuroscore vs the global FC average plotted in D).
Dotted grey line corresponds to confidence bounds.
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5.4 Discussion

The key novel findings from the present study are as follows: 1) The endovascular perforation

model of SAH induction causes profound global deficits in FC; 2) Hypoxic PostC initiated

at a clinically relevant time point after SAH induction provides robust protection against

neurological deficits and FC deficits; 3) Hypoxic PostC-induced protection against FC deficits

is critically dependent on SIRT1; 4) A therapeutic strategy designed to activate SIRT1

mimics the protective effects of hypoxic PostC against FC deficits. These data strongly

suggest that conditioning, or molecular therapies based on conditioning, carry great promise

as a novel strategy against SAH-induced brain injury and neurological deficits. They also

suggest SAH-induced deficits in FC may represent a measurable imaging biomarker that

could be leveraged when assessing efficacy of new therapeutics in SAH including conditioning-

based agents.

DCI is the most common treatable cause of secondary neurovascular injury following

aneurysmal SAH [249]. Our first objective was to determine whether or not experimental

SAH causes deficits in functional connectivity (FC) that correspond to the timeline of DCI

onset. Mice underwent SAH or sham surgery and were imaged 3 days later using OIS, cor-

responding to peak DCI in mice. Significant neurological deficits in mice that underwent

SAH induction were noted. Functional neuroimaging displayed deficits that mirrored this be-

havioral readout, providing strong evidence that experimental SAH causes both global and

region-specific deficits in mouse FC. Using a translational therapeutic approach, we then

sought to use this FC readout to monitor whether hypoxic PostC would provide functional

neuroprotection following experimental SAH. Hypoxic PostC has been proven to mitigate

major deleterious effects of DCI and protect against both large artery vasospasm and mi-

crovascular thrombosis in a SIRT1-mediated fashion. Here, we demonstrated that moderate

repetitive hypoxia, when initiated at the clinically relevant time point of 3 hours post-SAH,
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provided robust protection against the FC deficits caused by SAH while also improving the

neurological outcome. We also showed that co-treatment with the SIRT1 inhibitor, EX527,

blocked the protective effect on both FC and neurological deficits, validating the hypothesis

that the protection afforded by hypoxic PostC is mediated primarily by SIRT1.

Next, we sought to determine whether the SIRT1 activator, resveratrol, mimics the pro-

tection afforded by hypoxic PostC against FC deficits. Following the same experimental

timeline, but replacing hypoxic PostC with resveratrol administration, we discovered that

resveratrol also provided significant protection against both global and regional-specific FC

deficits caused by SAH, but that the magnitude of this protective effect was less than that

seen with hypoxic PostC. The potential reasons for this differential level of protection are

varied. While resveratrol is a SIRT1 activator, it has relatively low bioavailability due to

its short half-life, poor water solubility, and chemically instability [254, 10, 82]. This low

bioavailability may have hampered drug accumulation in concentrations strong enough to

match the effect of hypoxic PostC [24]. Alternatively, the protective effects of hypoxic PostC

on SAH-induced FC deficits may be multifaceted, with SIRT1 serving as a key inducer, but

other molecules also playing important secondary roles in the overall protective effect.

While FC hadn’t been explored previously in the context of experimental SAH, other

studies have examined FC deficits in ischemic stroke, a cerebrovascular injury that is one of

the leading causes of death and disability in adults [171]. Bauer et al. first examined ischemic

stroke using OIS in 2014, imaging before and 72h after transient middle cerebral artery

occlusion (tMCAO) [17]. This study demonstrated that FC patterns within the regions

supplied by the middle cerebral artery (MCA) were most negatively affected by ischemic

stroke, and that tMCAO causes homotopic FC metrics to incrementally decline towards

zero with increasing infarct severity [17]. The largest infarcts resulted in no significant

homotopic correlations over the entire field-of-view, suggesting that temporal synchrony

between homotopic brain regions is globally affected by ischemia; similar to the severe decline
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in homotopic FC we present 72h post-SAH. Mice that experienced ischemic stroke with

moderate and large infarctions also seemed to have more motor and visual cortex deficits 72h

post-injury, while SAH mice seem to have more severe somatosensory deficits. Other studies

examining stroke using OIS looked at prothrombotic (PT) stroke 14 days post-injury; while

14 days isn’t as relevant in DCI, which has a more acute time course, brain hemispheres

14 days post-PT still showed a strong decrease in homotopic FC in two separate studies

[103, 201]. Additionally, one study by Hakon et al. displayed that mice given access to an

enriched environment that provided multisensory stimulation (through cages equipped with

toys, tubes, chains, ladders, and platforms) after ischemic stroke had improved FC in the

motor cortex after 14 days, but not in the somatosensory cortex [103]. We have shown that

SIRT1-mediated therapies can improve FC in the somatosensory cortex post-SAH in 3 days,

and it may be worth exploring this same SIRT1 therapy method in the context of ischemic

stroke.

Functional connectivity is just one of the many endpoints that have been explored in

the context of hypoxic PostC after SAH, along with vasospasm and microvascular throm-

bosis. One thing that separates FC from other endpoints is that it is a viable option to

examine the effects of SIRT1-mediated therapies in humans through fMRI. It has already

been demonstrated using fMRI that cognitive impairments due to aneurysmal SAH can be

characterized by alterations in FC, with seed-based FC maps showing significant differences

in impaired SAH patients in the frontoparietal network, left thalamus, left parahippocampal

gyrus, and left inferior temporal gyrus [154, 227]. Memory impairment after aneurysmal SAH

has also been examined using fMRI, with one study suggesting that SAH-induced memory

deficits may be related to disruption of critical functional connections involving the medial

temporal lobe [227, 74]. Recently, it was also demonstrated that FC examined using mag-

netoencephalography (MEG) also displays differences in FC patterns between controls and

aneurysmal SAH patients [213]. We therefore propose that the FC analysis presented here
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provides a promising future for the utilization of novel therapies, such as SIRT1 activation,

for SAH in human populations.

5.5 Future Experimental Studies

This study has established that aneurysmal SAH causes FC deficits in wild-type C57/B6

mice, and that hypoxic PostC and resveratrol effectively protect against these deficits in a

SIRT1-mediated fashion. As increasing evidence suggests that protection through SIRT1

is effective in SAH, an alternative method of confirming this protection would be through

experiments using genetically modified mice. Tamoxifen-inducible whole-body Sirt1-null

mice (Cre-ert2+/−; Sirt1δex4/δex4) could be used to further examine the SIRT1-mediated pro-

tective effects of hypoxic PostC against FC deficits after SAH. Constitutive whole-body

Sirt1-overexpressing transgenic mice (Sirt1-Tg) on a pure C57BL/6J background could also

be used to examine the effect of increased SIRT1 expression on FC deficits after SAH. Fur-

ther, crossing these models with a mouse expressing a genetically encoded calcium indicator

(GECI) driven by a Thy1 promotor (GCaMP6, JAX stock 024276) would allow for meso-

scopic, neural specific imaging across the same field-of-view as presented here [34, 265]. Using

concurrent fluorescent (provided by GCaMP6) and OIS imaging, we could obtain a direct

neural calcium-based and hemoglobin-based readout. This approach would allow for further

applications such as examining neurovascular coupling or determining if functional deficits

are vascular or neural based, throughout SAH.

5.6 Conclusions

This study demonstrates that experimental SAH causes significant deficits in functional

connectivity, and that hypoxic PostC, as well as the pharmacological approach resveratrol,
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exhibits a strong protective effect against these deficits along with robust improvement in

neurological outcome after SAH. These protective effects are critically dependent on SIRT1.

These results raise the possibility that SIRT1-directed therapies may provide protection

against functional connectivity deficits in other cerebrovascular conditions, such as ischemic

stroke. They also provide further evidence that the delay between SAH and DCI is a window

of opportunity for a SIRT1-based postconditioning strategy. Future studies should not only

continue to examine the effect that conditioning-based therapies have on FC in rodents, but

also explore the possibility of testing these therapies in humans using FC monitoring.
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Chapter 6

ZIKV Acutely Reduces Global

Hemodynamic and Focal

Somatosensory-Parietal Neural

Calcium Functional Connectivity that

Completely Resolves with Recovery

from Infection

Previous chapters have focused on neurological disorders that have either resolved or un-

dergone treatment after a few days. In this chapter we will use longitudinal imaging to

investigate the functional connectivity fingerprints of Zika virus encephalitis over the course

of multiple weeks. Based on previous work, we track functional connections from peak in-

fection through recovery and find a robust correlation with basic behavioral measures as

well as increased delta calcium power, suggesting the utility of functional connectivity as a
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sensitive biomarker of disease processes. Further, neural connectivity deficits were specific

to somatosensory and parietal cortical regions, similar to the finding in the ASE report, sug-

gesting these regions as being most effected during periods of encephalopathy/encephalitis.

6.1 Introduction

Zika virus (ZIKV) is a mosquito-transmitted flavivirus of prominent global health concern

that leads to a mild, flu-like illness in most adolescents and adults, but may be associated

with a range of neuroimmunological disorders, including Guillain-Barré syndrome, menin-

goencephalitis, acute disseminated encephalomyelitis, and myelitis [43, 44]. Many patients

with ZIKV neuroinvasive disease present with learning and memory deficits, even long after

recovery from acute ZIKV infection [178]. The pathogenesis is likely complex and multi-

faceted as learning and memory processes reside within hippocampal regions, and require an

intact trisynaptic circuit between the entorhinal cortex (EC), the dentate gyrus (DG), and

the cornu ammonis (CA), and the generation of new neurons within the subgranular zone

(SGZ) of the DG [129, 101, 177]. Murine models, developed to address mechanisms of neu-

rocognitive disorders, have shown that ZIKV targets neural stem cell progenitors, leading to

decreased proliferation within neurogenic niches of the adult brain [232]. Additional studies

using a ZIKV infection model in mice indicate a specific tropism of the virus for the frontal

cortex and hippocampal regions, targeting not only diffuse mature neuronal populations, but

also immature populations in the DG. In this model, peak encephalitis occurs at approx-

imately 7 days post infection (dpi) with associated infiltration of antiviral CD8+ T-cells,

which activate microglia via interferon gamma receptor (IFNγR) signaling. Mice also ex-

hibit microglial-mediated elimination of post-synaptic termini and neuronophagia within the

CA regions in parallel with this acute inflammatory response, and display spatial learning

deficits post-recovery [89]. While convincing hypotheses have been put forth linking these
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cellular processes to symptoms experienced by those infected with ZIKV, a complete under-

standing of ZIKV neuropathology is lacking. Specifically, the cortical phenotype is unclear,

especially with regard to the high level of communication between cortex and hippocampus

during many neurological processes including cognition and memory consolidation during

sleep [217, 260, 142, 168]. To date, we do not have a complete illustration of all other brain

regions that may be affected by ZIKV or how the virus may affect interactions between brain

regions that extend outside of this trisynaptic circuit.

One method to characterize ZIKV-induced cortical changes is by examining regional

correlations of intrinsic activity that are necessary for cerebral homeostasis and cognition

[153, 250, 36]. The functional magnetic resonance imaging (fMRI) community has made

great strides in mapping the connections necessary for multiple brain processes using a

relatively simple and straightforward seed-based analysis to calculate the temporal synchrony

between any two brain regions at rest (i.e., “functional connectivity”, FC) [81, 80]. fMRI of

encephalitic patients offers unique challenges to the neuroimaging community because altered

mental status, which is common in encephalitis patients, results in non-compliance with

lengthy scans necessary for functional analysis [78]. Thus, while structural MRI is used as a

diagnostic tool for patients infected with ZIKV [266], no functional neuroimaging studies have

been done likely due to limitations previously noted. In contrast to fMRI, optical imaging

can be performed with fewer restrictions, reduced cost and greater availability than fMRI.

In animal models, an optical approach (optical intrinsic signal imaging, OIS) has elucidated

cortical FC networks in the mouse [259, 265]. This method also has added advantages of

imaging study subjects while awake and with head fixation, increasing data fidelity and

eliminating effects of sedation on functional networks. Previous OIS studies have shown

sensitivity to disease and have elucidated local perturbations associated with glioma growth

[185], molecular dependent mechanisms for functional remapping post stroke [133], and FC

deficits corresponding with cortical areas most effected by Aβ deposition in a mouse model of

120



Alzheimer’s Disease (AD) [25]. While OIS only has the imaging depth to capture layers ∼i-iv

of the cortex, alterations in connectivity in cortical regions that interface with hippocampus

were found in the mouse model of AD (e.g., retrosplenial cortex) [25]. While FC in ZIKV

infected mice has not been previously examined, we hypothesized that cortical networks,

specifically those that communicate with the hippocampus, will display altered connectivity

in parallel with encephalitis and subsequent cognitive decline. Previously, intracranial (i.c.)

infection with ZIKV demonstrated tropism for hippocampal formations, particularly the CA

[89]. Here, 8-week-old mice were infected i.c. with a mouse adapted Dakar strain (ZIKV-

MA Dakar) which exhibits increased cortical infection in addition to hippocampal infection.

Functional imaging between ZIKV- and mock-infected mice was compared at 7 and 42dpi.

Severity of ZIKV infection (encephalitis as scored through a behavioral encephalitis score)

was predicted by FC deficits and spectral densities, rendering functional neuroimaging as a

potentially useful biomarker to track disease severity during the acute phase. All imaging

effects resolved with recovery from infection at 42dpi.

6.2 Methods

6.2.1 Animals

A total of 45 two month old mice (mock, N=22, ZIKV, N=23) consisting of 24 female and

21 male mice total (N=12 female, N=10 male mock and N=12 female, N=11 male ZIKV

mice) Thy1-GCaMP6f mice were used in the present study (Jackson Laboratories Strain:

C57BL/6J-Tg(Thy1-GCaMP6f)GP5.5Dkim; stock: 024276). These mice express the protein

GCaMP6f in excitatory neurons, primarily in cortical layers ii, iii, v, and vi [265]. All studies

were approved by the Washington University School of Medicine Animals Studies Committee

and follow the guidelines of the National Institutes of Health’s Guide for the Care and Use

of Laboratory Animals.

121



To evaluate for effects of intracranial needle insertion, mock mice are compared to mice

injected peripherally with PBS 72 hours prior (N=8, all female, 3-7 months old). These mice

underwent typical surgical preparations as described below, with additional bilateral EEG

implantation (not used in the present study).

6.2.2 ZIKV Infection

The ZIKV mouse adapted (MA) Dakar strain utilized for intracranial infections was obtained

from M. Diamond at Washington University in St Louis. The MA Dakar strain of ZIKV

was obtained by passage of the original Dakar strain of ZIKV through Rag -/- mice [95],

resulting in a strain of ZIKV that was found to replicate more efficiently in the mouse brain

than the parent strain. Mice were deeply anesthetized and intracranially administered 1x104

plaque-forming units (p.f.u.) of ZIKV MA Dakar. Viruses were diluted in 10 µl of 0.5%

fetal bovine serum in Hank’s balanced salt solution (HBSS) and injected into the midline

of the brain with a guided 29-guage needle. Mock-infected mice were intracranially injected

with 10 µl of 0.5% fetal bovine serum in HBSS into the midline of the brain with a guided

29-guage needle. BHK21 cells were used for viral plaque assays to determine stock titers of

both viruses (as described in Garber et al. [89]).

6.2.3 Surgical Windowing

Prior to imaging, a plexiglass optically transparent window was implanted with translucent

dental cement (C&B-Metabond, Parkell Inc., Edgewood, New York) following a midline

incision and clearing of skin and periosteal membranes. The window covered the majority of

the dorsal cortical surface and provided an anchor for head fixation and allowed for chronic,

repeatable imaging [218].
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6.2.4 Encephalitis Scores

Mice were observed daily and given a numerical score for behavioral signs of encephalitis (0,

no detectable sign of disease; 1, ruffled fur; 2, slightly hunched back and ruffled fur; 3, very

hunched back and lethargy; and 4, death) [42].

6.2.5 Fluorescence and Optical Intrinsic Signal (OIS) Imaging

Mice were head-fixed in a stereotaxic frame and body secured in a black felt pouch for

imaging. Sequentially firing LEDs (Mightex Systems, Pleasanton California) passed through

a series of dichroic lenses (Semrock, Rochester New York) into a liquid light guide (Mightex

Systems, Pleasanton California) that terminated in a 75mm f/1.8 lens (Navitar, Rochester

New York) to focus the light onto the dorsal cortical surface. LEDs consisted of 470nm

(GCaMP6f excitation), 530nm, 590nm, and 625nm light. An sCMOS camera (Zyla 5.5,

Andor Technologies, Belfast, Northern Ireland, United Kingdom) coupled to an 85mm f/1.4

camera lens (Rokinon, New York New York) was used to capture fluorescence/reflectance

produced at 16.8 Hz per wavelength of LED. A 515nm longpass filter (Semrock, Rochester

New York) was used to discard GCaMP6f excitation light. Cross polarization (Adorama,

New York New York) between the illumination lens and collection lens discarded artifacts

due to specular reflection. The field-of-view (FOV) recorded covered the majority of the

convexity of the cerebral cortex ( 1.1cm2), extending from the olfactory bulb to the superior

colliculus. All imaging data were acquired as 5-min runs and binned in 156x156 pixel2 images

at approximately 100 µm per pixel. All 45 mice were imaged at 7dpi while a smaller cohort

(mock, N=11, ZIKV, N=8) were imaged post recovery at 42dpi.
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6.2.6 Imaging Data Processing

Image processing followed methods previously described [265, 149] and briefly summarized

here. Images were spatially downsampled to 78x78 pixel2 and a frame of ambient baseline

light levels was subtracted from the time series data. Data were temporally downsampled

by a factor of 2 and then spatially and temporally detrended. Data were affine-transformed

to common Paxinos atlas space and pixel-wise time traces were mean normalized. Frames

corresponding to reflection data produced by the 530nm, 590nm, and 625nm light were used

to solve the modified Beer Lambert law to yield fluctuations in oxygenated and deoxygenated

hemoglobin. Frames corresponding to fluorescence data were corrected by approximating

hemoglobin absorption of the excitation and emission light. All data were spatially smoothed

with a 5x5 Gaussian filter. The global signal was regressed from the time series data, and

data were filtered with a 0.4-4.0Hz Butterworth bandpass filter.

6.2.7 Image Data Analysis

For functional connectivity (FC) analysis we calculated the Pearson correlation coefficient

between the time traces from two different regions:

ρx,y =
cov(x, y)

σxσy
(6.1)

where ρ is the Pearson correlation coefficient between time trace x and y, cov(x, y) is the

covariance between time trace x and y, and σ are the standard deviations within time traces

x and y.

Bilateral FC maps represent Pearson correlation coefficients calculated between pixel-wise

time traces on the left hemisphere and their corresponding symmetrical right hemisphere

pixel-wise time trace. Seed-based FC refers to the traditional seed-based approach utilizing

an average time trace within a cluster of pixels distributed in various cortical regions (e.g.,
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parietal, frontal, motor, somatosensory, retrosplenial, and visual cortex) and the remaining

pixels within the FOV. FC matrices display the Pearson correlation coefficient of the average

time trace between two seed regions.

Power spectral analysis of the GCaMP6f data was performed on 10 second segments by

applying a Hann window and an FFT (squared to obtain power).

6.2.8 Statistics

Pixel-wise t-tests were performed on connectivity and power maps to compare ZIKV and

mock populations. These t-test maps were then thresholded, leaving pixels with a t-value

corresponding to p < 0.05. We then used a cluster-size based thresholding method to

ensure the pixel-wise error and family-wise error (FWE) rate did not exceed 0.1% and 1%,

respectively, and any clusters of surviving pixels had a pixel count greater than kα (see

derivation of kα in General Methods, Chapter 2).

A Bonferroni correction was used to threshold FC matrices. The correction consisted of

dividing the overall false positive rate (0.05) by the number of unique comparisons.

6.3 Results

6.3.1 ZIKV-Infected Mice Displayed Decreased Functional Con-

nectivity at Peak Encephalitis

We intracranially injected a mouse adapted strain of ZIKV into 8-week-old mice [95]. In-

fection with this strain produces heightened encephalitis. We hypothesized that use of this

model will accentuate the molecular pathological findings described earlier, resulting in al-

tered hippocampal functionality and cortical FC. To evaluate the effects of acute ZIKV on

FC we analyzed the difference between ZIKV (N=23) and mock (N=22) infected mice that
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were imaged at 7 days post infection (dpi) in accordance with peak encephalitis [89, 109].

Bilateral FC analysis (Figures 6.1A,B left) revealed high levels of homotopic connectivity

in mock-infected mice using both delta (0.4-4.0Hz) calcium and infraslow (0.009-0.08Hz)

hemoglobin contrasts. Calcium dynamics produced by GECI’s provide improved tempo-

ral resolution and a more direct neural recording than downstream hemodynamics, while

the latter provides an approximation for what the blood oxygen level dependent (BOLD)

fMRI signal might produce in human subjects. Cluster size-based statistical thresholding

revealed an FC deficit using delta calcium dynamics that was constrained to parietal and

somatosensory regions (Figure 6.1C) while there was a more global decrease in FC strength

using infraslow hemodynamics (Figure 6.1D). Overlay of the deficit in Figure 6.1C onto an

adapted Paxinos atlas-based cortical parcellation [259] confirmed ZIKV-induced deficits in

delta calcium bilateral FC clustered in parietal and somatosensory areas (Figure 6.2A). The

average bilateral FC value over the entire FOV for both contrasts was significantly low-

ered in ZIKV-infected mice (Figures 6.1E,F) and rank-ordered bilateral FC values inversely

correlated with corresponding encephalitis score (Figure 6.1G, Table 6.1). A histogram of

all the delta calcium individual pixel-wise Pearson correlation coefficients both across the

entire FOV (Figure 6.3A, top), and in the cluster-defined region of significant bilateral FC

change shown in Figure 6.1C (Figure 6.3A, bottom) for both mock and ZIKV-infected groups

illustrate a separation between the distributions of both groups. This same histogram anal-

ysis is done for infraslow hemoglobin dynamics (Figure 6.3B). We investigated the potential

of sex as an independent variable and compared the average bilateral FC values for males

and females using delta calcium and infraslow hemoglobin at 7dpi and found no significant

difference between these populations in either contrast (Figure 6.3C,D).
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Figure 6.1: Average (mock, N=22, ZIKV, N=23) pixel-wise bilateral FC maps across mice
for A) delta calcium and B) infraslow hemoglobin. Pixel-wise two-sample t-test (left) and
thresholded image (right) for p<0.01 by a cluster-based thresholding method for C) delta
calcium and D) infraslow hemoglobin. Spatially averaged Pearson correlation value over the
whole FOV for E) delta calcium and F) infraslow hemoglobin. Red horizontal bars represent
the median value, while the box edges represent the interquartile range. Extending lines
represent the maximum and minimum values. Significance determined by a two-sample t-
test. G) Average encephalitis score for mock (N=22) and ZIKV (N=23) mice. Error bars
are standard deviations and significance is determined by a two-sample t-test.
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Figure 6.2: Cortical Paxinos atlas parcellation adapted by White et al. [259] with cortical
regions defined and deficit from A) Figure 6.1C (bilateral FC) and B) Figure 6.8C (delta
GCaMP6 power) outlined in white.
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Calcium FC Hemoglobin FC Calcium Delta Power
Rho -0.34 -0.66 0.36

p-value 0.023 7.03x10−7 0.016

Table 6.1: Spearman’s Rho and associated p-value between encephalitis scores and average
bilateral FC or calcium delta power.
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Figure 6.3: Histogram of Pearson correlation values in the average bilateral FC maps from
Figure 6.1 showing the whole FOV (top) and only the regions in the cluster-defined ROI
(bottom) for A) delta calcium and B) infraslow hemoglobin. Average (mock N=22, ZIKV
N=23) bilateral FC over the FOV separated by sex at 7dpi for C) delta calcium and D)
infraslow hemoglobin. Average (mock N=11, ZIKV N=8) bilateral FC over the FOV sepa-
rated by sex at 42dpi for C) delta calcium and D) infraslow hemoglobin. Significance testing
by a two-sample t-test.
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There was concern that the cortical needle prick necessary for cranial infections would

result in FC differences that would be of a truly technical nature and non-specific to ZIKV.

There was no significant FC difference when comparing mock-infected delta calcium bilat-

eral FC (N=22) to bilateral FC calculated on mice that had only received a peripheral

phosphate buffered saline (PBS) injection 72 hours prior (N=8, Figure 6.4). Seed-based

functional connectivity (FC) analysis was performed on the delta calcium mock and ZIKV-

infected groups (Figure 6.5A) yielding normal homotopic FC patterns in mock infected mice,

with significantly altered FC correlation strength in ZIKV-infected mice. Specifically, there

was a decrease in homotopic connectivity strength when seeds were placed in parietal and

somatosensory cortex. Additionally, seeds placed in the remaining cortical regions resulted

in global connectivity alterations as determined by cluster size-based thresholding. Addi-

tional seeds were placed throughout somatosensory regions (Figure 6.5B) to highlight the

connectivity changes present when sampling this region that was isolated in the bilateral

connectivity analysis. These alterations were strongest in homotopic somatosensory regions

and extended forward to pre-frontal and motor regions. FC matrices were calculated on the

delta calcium data and organized into brain networks as delineated by previous parcellation

methods [259], and emphasized the decrease in cortical connectivity between left and right

hemispheres (Figure 6.6). Specifically, ZIKV-infection induced altered connectivity when

somatosensory, visual, retrosplenial, and motor regions were involved in the FC calcula-

tion (two-sample t-test, Bonferroni correction for multiple comparisons). Similarly, multiple

network connectivity deficits were discovered using this matrix approach on the infraslow

hemoglobin data (Figure 6.7).
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Figure 6.4: Average pixel-wise (PBS N=8, mock N=22) bilateral correlation maps (top row)
and standard deviations (middle row) across mice. Pixel-wise two-sample t-test (bottom row,
left) and thresholded image (bottom row, right) for p¡0.01 by a cluster-based thresholding
method.
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6.3.2 Delta Power Increases in ZIKV- Versus Mock-Infected

Previous studies using i.c. infection demonstrated that, at 7dpi (the imaging timepoint

used here), ZIKV-infected mice exhibit peak levels of viral replication and inflammatory

infiltrates [89], which is often accompanied by an increase in delta power via electroen-

cephalogram (EEG) [120]. Here, using the fast dynamics of calcium [34, 169] relative to

traditional hemoglobin imaging (where dynamics are limited to <0.2Hz [107, 8]), we were

able to examine GCaMP6 power up to 4.2Hz (Figure 6.8A). We took the average delta power

(0.4-4.0Hz) of the GCaMP6 signal over the FOV (Figure 6.8B) and elucidated an increase

in delta power in ZIKV-infected mice (top row). Both groups of mice had seemingly equal

levels of variance when looking at pixel-wise standard deviations across mice (bottom row)

and discrepancies in delta power congregated in visual cortical regions as indicated by the

cluster-extent thresholding method (Figure 6.8C, top row, Figure 6.2B). Additionally, three

symmetric cortical regions stood out as having significant changes in delta power and bilat-

eral FC (Figure 6.8C, bottom left, anterior, medial, and posterior red regions) and plotting

the pixel-wise t-values of both measures yielded a significant linear relationship (Figure 6.8C,

bottom row). A histogram displaying pixel-wise delta power illustrates the shift in the distri-

bution of delta power in ZIKV- relative to mock-infected mice (Figure 6.8D). Rank-ordered

average delta power over the FOV correlated positively with rank-ordered encephalitis score

(Table 6.1).
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Figure 6.8: A) Power spectra for mock and ZIKV mice averaged over the whole FOV (top)
or only within the region defined in part C). Error bars are standard deviations. The shaded
region represents the delta band (0.4-4.0Hz). B) Average (mock N=22, ZIKV N=23) pixel-
wise delta power (top row) and standard deviation (bottom row) across mice. C) Pixel-wise
two-sample t-test (top left) and thresholded image (top right, ROI used in part A)) for
p<0.01 by a cluster-based thresholding method. Delta power pixel-wise t-map multiplied by
the bilateral FC pixel-wise t-map in Figure 6.1C (bottom left). Linear regression of pixel
values (images down sampled by a factor of 4) comparing delta power and bilateral FC t-
values (bottom right). D) Histogram displaying pixel-wise GCaMP6 delta power across the
whole FOV.
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6.3.3 FC Deficits Observed during Acute ZIKV Infection Resolved

in Recovered Animals

Given prior studies demonstrating persistently activated microglia with synapse elimination

and spatial learning defects during recovery from ZIKV i.c. infection [89], we wondered

whether the imaging deficits reported during the acute time-point persisted in recovered

animals. Average (mock, N=11, ZIKV, N=8) paired bilateral FC maps are presented at 7dpi

(Figures 6.9,6.10) and 42dpi (Figures 6.11A,B) using delta calcium and infraslow hemoglobin

dynamics. Note the same parietal/somatosensory deficit from the N=23 ZIKV dataset is

present with the limited N=8 ZIKV dataset for delta calcium and a similar global FC deficit

is present in the infraslow hemoglobin data at 7dpi via cluster extent-based thresholding

(Figures 6.9,6.10) while no deficit in either contrast remained at 42dpi (Figures 6.11C,D).

The bilateral maps for each mouse at 42dpi were spatially averaged across the whole FOV,

as done at 7dpi, and displayed as boxplots for mock and ZIKV groups (Figures 6.11E,F)

with no significant difference between groups for either contrast. Additionally, there were

no sex-dependent significant differences in average bilateral FC at 42dpi (Figures 6.3E,F).

Given that mice have recovered from acute ZIKV infection by 42dpi [89], we did not expect

to see the same increase in delta power, as previously observed at 7dpi (Figure 6.8). The

pixel-wise delta power did not vary significantly between the mock and ZIKV-infected mice

imaged at 42dpi (Figure 6.11G, n.s. via cluster extent-based thresholding). All mice received

an encephalitis score of 0 at 42dpi.
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Figure 6.9: Top row) Average (mock, N=11, ZIKV, N=8) pixel-wise bilateral FC maps
across mice. Bottom row) Pixel-wise two-sample t-test (left) and thresholded image (right)
for p<0.01 by a cluster-based thresholding method.
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Figure 6.10: Top row) Average (mock, N=11, ZIKV, N=8) pixel-wise bilateral FC maps
across mice. Bottom row) Pixel-wise two-sample t-test (left) and thresholded image (right)
for p<0.01 by a cluster-based thresholding method.
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Figure 6.11: Average (mock, N=11, ZIKV, N=8) bilateral FC maps at 42dpi for A) delta
calcium and B) infraslow hemoglobin. Pixel-wise two-sample t-test (left) between 42dpi
mock and ZIKV infected bilateral FC maps and Cluster extent-based thresholding yielded
no clusters surviving thresholding with p<0.01 (right) for both C) delta calcium and D)
infraslow hemoglobin. Spatially averaged (over the whole FOV) bilateral FC for mock and
ZIKV-infected mice at 42dpi for E) delta calcium and F) infraslow hemoglobin. The one
data point extending beyond the maximum value is a statistical outlier in the mock group.
No significance via a paired t-test (outlier removed). G) Average delta power maps at 42dpi
for mock and ZIKV-infected mice. No significance via cluster extent-based thresholding.
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6.4 Discussion

Behavioral and molecular work has demonstrated a decrease in learning and memory and an

increase in pathological hippocampal alterations, respectively, resulting from ZIKV infection

[178, 232, 89]. While hippocampal regions are largely the focus of experiments examin-

ing learning and memory, there is a significant cortico-hippocampal and cortico-cortico axis

which has been documented in the setting of various neurological phenomenon (e.g. memory

consolidation during sleep, general cognition) [217, 260, 142, 168]. In fact, retrosplenial corti-

cal neurons exhibit “hippocampal place cell-like” activity during learning and memory tasks

[156]. Additionally, various sensory regions display high levels of functional connectivity with

hippocampus as proven by fMRI [21]. Therefore, we hypothesized that although previous

studies of ZIKV demonstrate a certain tropism for hippocampal regions [89], using a mouse

adapted strain of ZIKV could increase cortical infiltrates or hippocampal alteration could

ripple to affect non-hippocampal regions, specifically the cerebral cortex. In this study, we

imaged adult mock and ZIKV-infected mouse cortical dynamics using wide-field fluorescence

imaging at 7dpi, in accordance with the onset of peak encephalitis [149, 107]. Calcium FC

revealed a focused parietal/somatosensory-based deficit while hemoglobin FC deficits were

more global. Both calcium and hemoglobin FC deficits resolved by 42dpi. Additionally, delta

calcium power transiently rose at 7dpi and returned to equivalent mock levels by 42dpi.

In addition to the cortico-hippocampal axis, cortico-cortico (i.e., within cortex) func-

tional connectivity has been highly implicated in successfully maintaining cognitively nor-

mal behavior [153, 250, 36] and could thus be a target of ZIKV independent of hippocampal

alterations. By utilizing optical fluorescence imaging, we were able to investigate cortical

connectivity patterns previously described as being involved within these cortico-cortico and

cortico-hippocampal networks. One particularly large deficit was a decrease in homotopic

FC within somatosensory and through parietal regions (Figure 6.1C, Figure 6.2A). Previous
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studies using fMRI have placed seed regions within hippocampus and isolated somatosen-

sory regions as having high functional correlations with the seed region [21]. Elsewhere,

somatosensory regions have proven to be more metabolically demanding than other cortical

regions. Interestingly, 7dpi hemoglobin-based FC maps displayed global disruption (Figure

6.1D) suggesting that deficits in the calcium-based imaging could represent a more global mis-

match between metabolic demand and supply manifesting in desynchronized neural activity.

Cluster-extent thresholding (a random field theory approach) allows us to isolate clusters in

our cortical imaging data beyond a solvable threshold size that would appear with a family-

wise error rate of 0.01 [85]. There were additional clusters in the cingulate/retrosplenial

cortical regions near midline of the calcium bilateral pixel-wise t-map (Figure 6.1C, left)

that were approaching this significance threshold cutoff. We wondered if any of these areas

nearing or crossing significance could be strictly due to the cranial injection and surgical

preparation procedure [191]. In order to address this, we compared mock infected (N=22)

bilateral FC maps to bilateral FC maps of mice who had been peripherally injected with

PBS 72 hours prior (N=8), i.e., did not have a cranial needle injection (Figure 6.4). Utilizing

the same cluster-size threshold as in Figure 6.1, we did not isolate the same somatosensory

and parietal-based deficit as when ZIKV and mock mice were compared. Therefore, the ab-

sence of the somatosensory and parietal-based deficit in this comparison (Figure 6.4) further

supports that this is truly a difference induced by ZIKV. Interestingly, in the ZIKV-infected

population, there was a large spread of bilateral FC values when averaging over the whole

FOV (Figures 6.1E,F). This could, in part, be reflective of the variance associated with ZIKV

infection in the human population (e.g. only 20% develop encephalitis [31]). While the dy-

namic range for encephalitis score is narrow (scores are either 0, 1, or 2), Spearman’s Rho

elicited a significant relationship between bilateral FC values and encephalitis scores (Table

6.1), indicating that FC is a useful biomarker for disease severity. This somatosensory and

parietal-focused deficit proved to be transient and disappeared after recovery from acute
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ZIKV infection (Figure 6.11C, the same was true for infraslow hemoglobin data; the entire

global FC deficit resolved by 42dpi, Figure 6.11D).

To understand the extent to which neural dynamics were altered, we specifically sampled

each cortical network within our FOV via seed-based Pearson FC analysis on the delta cal-

cium data (Figure 6.5). While the loss of homotopic connectivity when using parietal and

somatosensory seeds was expected based on the result from Figure 6.1, and was recapitu-

lated using this seed-based approach, there were multiple instances of altered cortico-cortico

connectivity, particularly there were alterations involving retrosplenial cortex when seeds

were placed in parietal, motor, visual, and auditory cortices. Using another approach and

plotting the Pearson correlation between time traces within two seed regions (Figure 6.6)

yielded more evidence that connections involving somatosensory cortex are most substan-

tially affected within our FOV (in this case using an even more stringent statistical method-a

Bonferroni correction for multiple comparisons). Based on previous literature, while retros-

plenial cortical neural populations are in many ways the most like hippocampal populations

[156, 55], cortical regions such as pre-frontal and other sensory regions (e.g. visual, auditory),

have been implicated to highly interface with each other along the cortico-hippocampal axis

[21, 174]. Therefore, deficits in connectivity within these regions could help explain the

phenotype of encephalitis and learning and memory deficits secondary to ZIKV-infection in

adults. In a few instances, there were increases in ipsilateral (relative to the seed), proximal

correlation values, such as the increased correlation values surrounding frontal, motor, and

visual seeds. In only one instance did this also result in increased homotopic connectivity

(Mot1 seed, Figure 6.5). Instances of increased connectivity (proximal, ipsilateral regions) in

ZIKV-infected mice are surprising. Upon infectious insult, neuro-immunological pathways

are activated, such as CD8+ T-cells responding by releasing IFNγ to activate a microglial

response by our time point of interest (7dpi). Astrocytes are also activated at this time point

[89], and it is possible that when these multi-functional glial cells get activated, there is an
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abundance of metabolites delivered to neurons to allow for a surge in synchronized activation

in a concerted effort to clear the infection [240]. This could potentially explain why neigh-

boring neural populations, which share contact with these neighboring supporting cell types,

become more temporally synchronized than distal homotopic regions. This overstimulation

of neurons could also precede and lead to the high levels of neural cell death reported during

this type of infection [192]. While functional neuroimaging studies of ZIKV do not currently

exist, and functional neuroimaging of encephalitidis in general is in the early stages, one

unique case report has illustrated the transient global breakdown of resting state networks

throughout the course of NMDA-receptor encephalitis in one human patient [36], similar to

the result we see here with ZIKV using hemoglobin-based mapping (Figures 6.1B,D).

We noticed a slight increase in GCaMP6 delta power (0.4-4.0Hz, as defined in the EEG

literature [62]) in accordance with encephalitic presentation on EEG (Figure 6.8) [120], with

little variance between ZIKV- and mock-infected groups. Along with the FC result, this

increase in delta power correlated with encephalitis score (Table 6.1) and resolved by 42dpi

(Figure 6.11G). Together, this suggests that this FC and power imaging biomarker is re-

flective of acute ZIKV encephalitis and underlying associated pathology, but not reflective

of any long-term deficits. Similar to molecular work [89], where (some) neuroinflammatory

mediators get elevated during peak encephalitis and then return to baseline during recov-

ery, it is possible that alterations needed to longitudinally impact cognition or learning and

memory capabilities occurred during peak infection and that effect is outlasting any patho-

logical imaging finding. The cortico-cortico and cortical-hippocampal axis is only one asset

of learning and memory consolidation, and it is certain we are not capturing all that is being

altered over the time course of ZIKV infection and recovery.
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6.5 Conclusions and Future Directions

Here, we imaged ZIKV- and mock-infected mice at 7dpi and demonstrated multiple corti-

cal connectivity deficits with a large somatosensory/parietal focus that resolved by 42dpi.

We observed many expected results such as increased encephalitis score and increased delta

power in infected mice compared to controls. Lastly, there was a significant relationship

between the transient imaging result (utilizing both calcium and hemoglobin contrasts) and

encephalitis score across both groups of animals, suggesting a potential usefulness and trans-

latability of this imaging biomarker in the context of ZIKV infection. Our experimental

ZIKV-infected cohort displayed substantial variance in symptom presentation (as quantified

through encephalitis score) and FC results, mirroring what has been reported in human

populations ( 20% exhibit encephalitic symptoms [31]).
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Chapter 7

A Multivariate Functional

Connectivity Approach to Mapping

Brain Networks and Imputing Neural

Activity in Mice

Previous chapters have explored functonal neuroimaging in mice in the context of various

neurological diseases. These studies have utilized a quick and efficient method to compute the

temporal synchrony between brain regions (e.g., Pearson’s correlation). Here, we investigate

a multivariate approach to imputing neural time traces using support vector regression. We

propose that the regression weights serve as a metric of connectivity with multiple advantages

over the widely used Pearson-based technique.
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7.1 Introduction

Over the last decade, functional connectivity (FC) analysis of neuroimaging data has pro-

vided unique insights into the functional architecture and organization of the human brain

[81]. Traditionally, FC analysis is built upon calculation of correlation coefficients between

two brain regions in isolation. Predominantly used in functional magnetic resonance imag-

ing (fMRI) [81, 80], but also in functional near infrared spectroscopy (fNIRS) [270], this

type of analysis has been used to determine the regional temporal synchrony of blood-based

surrogates of neural activity [208]. Due to synchronous spontaneous brain activity at rest,

FC analysis has uncovered hierarchical brain connectivity patterns (i.e., networks) that are

detectable without the need for a stimulus [80] (e.g. the Default Mode Network [6]). Mo-

tion scrubbing algorithms such as the spatial standard deviation of successive differentiation

images (DVARs) [197], or the optical equivalent, global variance of the temporal derivatives

(GVTD) [214], have been implemented to increase the signal-to-noise ratio (SNR) of spon-

taneous neuroimaging data and resultant FC maps. FC patterns have proven to be sensitive

and specific biomarkers of disease and are useful for clinical applications such as predicting

Alzheimer’s Disease onset [35] or stroke outcome [58]. As wide-field optical imaging (WOI)

has become more popular in small rodents, this same FC analysis has been used to study the

hierarchical organization of the mouse cerebral cortex at rest [259]. Now, with the addition of

genetically encoded calcium indicators (GECI’s) [49], specific cell populations can be labeled

and calcium transients can be encoded into FC patterns affording higher temporal resolu-

tion and signal-to-noise than traditionally measured hemodynamics [265, 34]. However, this

method has largely incorporated simple bivariate Pearson correlation analysis.

In contrast to isolated, bivariate FC analysis, there are a number of exciting multivariate

alternatives being used for human fMRI analyses [57, 90, 12, 16]. In particular, multivariate

regression methods can synthesize time trace information from multiple (e.g., 1,000) brain
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regions within a given field-of-view (FOV) in order to impute or predict a time trace within a

single brain region of interest (ROI) [53, 57]. This type of analysis is asking the question; “for

a given brain region X, how predictive of region X are, either all of or a subset of, the remain-

ing brain regions?”. Whereas bivariate FC is simply asking the question “how correlated is

the activity in region X and region Y?”. The difference between the two questions involves

two conceptual shifts. First, there is a shift from a passive descriptive measure of correlation

to an active analysis of predictive accuracy. Second, there is a shift from bivariate analysis to

self-consistent multivariate analysis. Recently, support vector regression (SVR) has emerged

as a simple, yet powerful supervised machine learning technique for multivariate analysis that

can successfully predict region-specific brain activity from fMRI data [67, 57, 126]. With

human fMRI, SVR was used to compute a weight vector optimized such that a weighted sum

of the time courses for each voxel produced an expected time course for an ROI that was

matched to its experimental time course [57]. This SVR approach to generating a weight

vector was tested for prediction accuracy and reproducibility. However, this fMRI study

relied on hemoglobin-based assays of neuronal signal (i.e., the blood oxygen level dependent

BOLD signal), whereas with WOI of GCaMP6f mice, we are able to directly assay neural

dynamics with calcium neuroimaging. If this multivariate approach yields high prediction

accuracy in mouse WOI data, the resultant prediction weights could be useful in generating

an improved hierarchical connectivity model of the brain by incorporating all brain regions

into each calculation, instead of analyzing each brain region in isolation. Further, this multi-

variate functional connectivity (MFC) analysis might provide improved reproducibility and

improved spatial detail of connectivity relative to standard FC. If these performance gains

were to be realized, this multivariate method could find broad applicability in WOI of mice,

particularly in studies working to dissect the mechanisms of connectivity (e.g., the role of

inter-neurons in forming connectivity patterns). While the focus here is preclinical imaging,

advancements in connectivity methods using mouse models of disease could pave the way for
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translation back to human clinical imaging. In particular, this MFC methodology could have

major clinical applications by identifying brain regions most heavily weighted and necessary

for correctly predicting brain activity in other regions. Identification of such regions, or

“hubs” [223], could be informative when mapping and predicting the outcome after a stroke,

or when drafting plans for re-mapping the tasks formerly mapped to ischemic areas [262].

A common problem arising when acquiring spontaneous calcium neuroimaging data in

small rodents at rest, is the presence of small epochs of NREM sleep [252]. Due to the

∼1Hz quasiperiodic slow oscillation that propagates largely anterior to posterior throughout

periods of NREM sleep [224, 158], large amplitude global variations are introduced into

the neuroimaging data when the data is filtered into delta band frequencies (0.4-4.0Hz,

as defined in the EEG literature [62]). Resultant FC patterns can become fairly bimodal

(large regions of high correlations and anti-correlations) when this analysis is performed on

mice in NREM or under certain types of anesthesia known to induce the slow oscillation

(e.g., Ketamine/Xylazine, K/X) [265, 34]. These large scale waves disrupt traditional FC

correlations and can obscure the underlying functional architecture throughout NREM sleep

or K/X anesthesia [34]. We hypothesize that this more nuanced MFC approach might be less

affected by these large global fluctuations in the neuroimaging data and therefore provide a

more robust approach to characterizing the functional organization of the brain.

Here, we use calcium neuroimaging data collected via wide-field fluorescent imaging of

Thy1-GCaMP6 mice while either awake, during NREM, under K/X anesthesia, or before

and after photothrombosis. Linear SVR offers a multivariate approach that allows us to

accurately and reproducibly impute brain activity on a parcel-by-parcel basis. By mapping

regions highly contributing to the prediction accuracy of a chosen ROI (MFC maps), we

are able to identify brain region subsets that are more influential and predictive than other

brain regions. Throughout the figures we provide comparisons between MFC and standard

FC. To provide anatomical context we evaluated MFC against axonal projection maps from
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the Allen institute. Further, we evaluate the performance of MFC in the presence of largely

variable global phenomenon (e.g., the slow oscillation introduced by altered consciousness).

Finally, while developing a model of connectivity with the aim of being more impervious

to noise has obvious signal-to-noise-ratio (SNR) benefits, it is important to also judge the

ability to detect true connectivity deficits in the context of disease models. WOI studies of

focal photothrombosis have well documented the loss of homotopic connectivity surrounding

the infarct [17, 133]. We compare the proposed MFC mapping to traditional FC approaches

in mice subjected to photothrombotic stroke to determine which approach is more sensitive

to disruption of connectivity.

7.2 Methods

7.2.1 Animals and Shared Surgical Preparations

A total of nine transgenic mice (12-16 weeks of age) expressing GCaMP6f in excitatory

neurons (driven by a Thy1 promotor) were acquired from Jackson Laboratories (JAX Strain:

C57BL/6J-Tg(Thy1-GCaMP6f)GP5.5Dkim; stock: 024276) and used in the experiments in

this study. All studies were approved by the Washington University School of Medicine

Animals Studies Committee and follow the guidelines of the National Institutes of Health’s

Guide for the Care and Use of Laboratory Animals. Prior to data collection, the head of

each mouse was shaven, and a midline incision was made to expose the skull. Following

scalp retraction, a Plexiglass head cap was fixed with a translucent adhesive cement (C&B-

Metabond, Parkell Inc., Edgewood, New York) to allow for chronic, repeated imaging [218].

The main objective of the present study to provide an in-depth analysis and comparison

of MFC and FC mapping techniques should not depend on sex as a biological variable and

therefore was not analyzed as such.
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7.2.2 EEG Placement

In N=5 mice (all male), stainless steel EEG self-tapping screws (BASI Inc., West Lafayette,

IN, USA) were fixed at approximately -1mm posterior to bregma, and +/- 5mm lateral to

bregma (near barrel/auditory cortex). This dataset was previously monitored for awake,

NREM sleep, and K/X anesthesia data as described [34] and repeated here.

7.2.3 Awake, NREM, and K/X Anesthesia Imaging

The mice used for Awake, NREM, and K/X imaging were the N=5 mice surgically implanted

with EEG screws. For K/X imaging, the mice were anesthetized by an intraperitoneal injec-

tion of a ketamine/xylazine cocktail (86.9mg/kg ketamine, 13.4mg/kg xylazine). Anesthetic

effect was confirmed when the animal was un-responsive to hind-paw pinch. For imaging of

NREM sleep, a 6-hour sleep deprivation protocol was implemented [236] starting at lights-

on (6am) in order to increase the probability of NREM activity occurring during recording.

This sleep deprivation protocol was followed by an hour of continuous recording for NREM

data. For awake imaging, the mice were imaged for one hour. Two to three days passed

between each experiment (awake, NREM, or K/X anesthesia) to allow for recovery from

anesthesia or sleep deprivation. The order of the experiments was randomized across mice.

The dataset used in the following analyses consists of two five-minute imaging runs from

each mouse per the three different brain states.

7.2.4 Electroencephalography (EEG) Sleep Scoring

The mice used for sleep scoring were the N=5 mice surgically implanted with EEG screws.

Cortical EEG signals were recorded from the two bilateral screws and referenced to a cere-

bellar screw. On the day of imaging, the electrodes were connected to an amplifier and

data were collected at 1 kHz (Power Lab EEG Amplifier, AD Instruments, Dunedin, New
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Zealand). The data was down sampled to 256 Hz offline and scored within 10s epochs ac-

cording to standard criteria [184] as either awake, NREM, anesthesia activity, or movement

artifact.

7.2.5 Photothrombosis

In N=4 mice (2 male, 2 female, all are mice that did not receive EEG screws), mice were

secured in a stereotaxic frame under isoflurane anesthesia. 200 µl of Rose Bengal (Sigma

Aldrich) dissolved in saline (10 g/liter) was injected intraperitoneally. After 4 minutes, a

532-nm diode-pumped solid-state laser (Shanghai Laser & Optics Century) was focused to

2.2mm left and 0.5mm anterior to bregma with a 0.5mm spot size and at 23mW for 10

minutes [133]. Mice were imaged at baseline (i.e., prior to photothrombosis (Day 0), and

72 hours post (Day 3). MFC and FC analyses were anchored to a Somatosensory (Ss) and

Motor (Mot) circular seed since the Ss seed was within the infarct, while the Mot seed was

outside of the injured area. Circular seeds were used here (in contrast to the parcel-based

approach used elsewhere) to better sample and reflect the shape of the necrosed area. The

dataset used in the following analyses consists of two five-minute imaging runs from each

mouse.

7.2.6 Imaging Calcium Transients

Mice were placed in a black felt pouch with their head secured. For the N=5 mice with

concurrent EEG recording, sequential illumination was provided by four LEDs: 454 nm

(GCaMP6 excitation), 523 nm, 595 nm, and 640 nm (Mightex Systems, Pleasanton, Cali-

fornia). A cooled, frame-transfer EMCCD camera overhead (iXon 897, Andor Technologies,

Belfast, Northern Ireland, United Kingdom) in combination with an 85mm f/1.4 camera lens

(Rokinon, New York, NY, USA) at a framerate of 16.8Hz per channel was used for image
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acquisition. The FOV was adjusted to cover the majority of the convexity of the cerebral

cortex with anterior-posterior coverage from the olfactory bulb to the superior colliculus re-

sulting in an area of approximately 1cm2 with pixel resolution of 78 µm2 each. All imaging

data were acquired and stored in separate 5-min imaging runs.

For the N=4 mice that underwent photothrombosis, sequential illumination was provided

by four LEDs: 470 nm (GCaMP6 excitation), 530 nm, 590 nm, and 625 nm (Mightex

Systems, Pleasanton, California). A cooled, frame-transfer sCMOS camera overhead (Zyla

5.5, Andor Technologies, Belfast, Northern Ireland, United Kingdom) in combination with

an 85mm f/1.4 camera lens (Rokinon, New York, NY, USA) at a framerate of 16.8Hz per

channel was used for image acquisition. The FOV was adjusted to cover the majority of the

convexity of the cerebral cortex with anterior-posterior coverage from the olfactory bulb to

the superior colliculus resulting in an area of approximately 1.1cm2 with pixel resolution of

100 µm2 each. All imaging data were acquired and stored in separate 5-min imaging runs.

7.2.7 Data Pre-Processing

The pre-processing of GCaMP6 images was as described previously [150, 265], and briefly

summarized here. A representative frame of baseline light levels in a dark environment was

subtracted from the raw data. A binary mask denoting brain regions was applied and the

time courses of all pixels were detrended spatially and temporally to remove globally shared

variance. The GCaMP6 fluorescent signal was corrected by using a ratiometric correction

between the green-fluorescent (blue-excitation) and green-reflection channels accounting for

dynamic absorption of the light in the fluorescence channel by oxyhemoglobin and deoxy-

hemoglobin [265]. The global signal averaged across all brain pixels was regressed out and

images were smoothed with a 5x5 Gaussian filter. Image sequences for each mouse were

affine-transformed to a common Paxinos mouse atlas space. All GCaMP6 data were fil-

tered to the delta frequency band (0.4-4.0Hz). A total of 36 brain parcels defined by the
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Paxinos atlas were visible in our FOV and therefore used in our study [259] (Figure 7.1A).

Some parcels (olfactory, prelimbic, colliculi, and cerebellum) were excluded because they

were outside the FOV presented here.

7.2.8 Pearson Correlation FC Analysis

Traditional seed-based Pearson FC analysis [85] was computed using each parcel as a seed

region (Figures 2,4,5):

ρx,y =
cov(x, y)

σxσy
(7.1)

where ρ is the Pearson correlation coefficient between parcel x and pixel y, cov(x, y) is the

covariance between parcel x and pixel y, and σ are the standard deviations within parcel x

and pixel y.

FC matrices (e.g., Figure 7.8) were computed by taking the Pearson correlation of average

time traces between two parcels.

Similarly, more traditional circular seeds were used when calculating MFC and FC on

the stroke data (Figure 7.12). In this case, ρ is the Pearson correlation coefficient between

seed x and pixel y, cov(x, y) is the covariance between seed x and pixel y, and σ are the

standard deviations within seed x and pixel y.

7.2.9 Support Vector Regression

For the SVR analysis we generally followed the exemplary work done by Craddock et al.

[57]. We start with the full data set X ∈ Rnxm, with a FOV of n-pixels in the brain and

m-time points. The data is then divided up into r ROIs, denoted as parcels, wherein the

time course of the rth ROI is yr ∈ R1xm calculated as an average of the time courses for all

pixels within the ROI. For SVR we need to remove the rth parcel data from X and use the
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remaining subset of pixels, X¬,r, to predict a time trace for each parcel (yr) (Figure 7.1B)

[222]. Each time course, yr, can be modeled as a weighted linear combination of time courses

in X¬,r:

yr = wTr X¬,r + b (7.2)

where wr is a vector containing the pixel weights within the FOV for the specific rth region

being analyzed and b is the bias solved for during optimization. For a given training dataset

where yr and X¬,r are known, SVR is used to solve for wr by:

minimize 1
2
‖ wr ‖2 +CΣn

1 (ξn + ξ∗n)

subject to


yr − wTr X¬,r − b < ε+ ξ

wTr X¬,r + b− yr < ε+ ξ∗

ξ, ξ∗ ≥ 0

(7.3)

The free parameters in the SVR model are the regularization parameter, C, and the half

width of the insensitive zone, ε. C > 0 determines the trade-off between the flatness of yr

and the degree to which deviations larger than ε, defined by slack variables ξ and ξ∗, are

tolerated. In this study, we used a linear kernel, C = 1, and ε = 0.1. We investigate the

effect of modifying the half width of the insensitive zone by additionally displaying results

for ε = 0, 0.001, 0.01, and 1.

Notably, all timeseries data were z-score normalized prior to training. The regression

weights, wr, are unwrapped onto a 2D image and plotted topographically with the parcel

ROI left out.

Similarly, in the case of performing SVR on the stroke data, we used more traditional

circular seed ROIs. In this instance, the weight maps are plotted topographically with the

seed ROI left out (e.g., Figure 7.12).
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To compute SVR weight matrices (e.g., Figure 7.8), we took the weight vector for each

ROI and plotted the singular average weight within each parcel remaining in the FOV.

7.2.10 Evaluation of Prediction Accuracy and Reproducibility

The dataset used in the following analyses consists of two five-minute imaging runs from

each mouse per the three different brain states. Prediction accuracy and reproducibility

were evaluated for each mouse following a previous fMRI study [225]: in the first phase,

Run 1 is treated as training data and Run 2 is treated as test data. Then, using the

SVR weight vector for an ROI (wr) trained on Run 1, a time trace for that ROI in Run

2 is imputed/predicted using the Run 2 neuroimaging data outside the given ROI. The

prediction accuracy is defined as the Pearson correlation coefficient between the predicted

time course and the observed average time course in the same ROI from Run 2. In phase

two, in order to evaluate reproducibility, Run 2 is used as training data. The reproducibility

is defined as the Pearson correlation between the SVR weight vector from phase one and

the weight vector from phase two. A second evaluation of the prediction accuracy is done,

using the weight vector from Run 2, and using Run 1 as test data. The prediction accuracy

evaluation process is the same as in phase 1. This process was repeated for all ROIs in the

FOV (denoted by index r). The same prediction and reproducibility calculations were done

using FC correlation vectors as “weight” vectors (wr, from the SVR analysis).

7.2.11 Wavestrapping

To prove the SVR approach was resulting in higher prediction accuracy and reproducibility

values than would be expected due to chance, null time traces were created for each parcel

via a 1-D wavestrapping procedure [40]. An SVR model was then re-trained using these null

time traces and then used to predict a time trace for each ROI. The prediction accuracy was
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determined by comparing these predicted traces with the true observed calcium neuroimaging

data. Reproducibility represents the correlation between weight vectors produced during the

two phases of training the SVR model.

7.2.12 Dice Coefficient

In order to spatially compare MFC and FC maps, weight maps generated by MFC analy-

sis were rescaled to [-1, 1]. The adapted Dice coefficient (s) was used to quantify spatial

similarity between MFC and FC maps as follows:

s =
2Σd

i=1AiBi

Σd
i=1A

2
i + Σd

i=1B
2
i

(7.4)

Where i indexes through the number of pixels, d, in either the MFC maps (A) or FC maps

(B).

7.2.13 Axonal Projection Connectivity Maps

As described elsewhere [18] and briefly summarized here, axonal projection connectivity

(APC) maps were downloaded from the Allen Mouse Brain Connectivity (AMBC) atlas.

These maps reflect enhanced green fluorescent protein-labeled monosynaptic connections

with an injection site (C57BL/6J mice were injected with a pan-neural adeno-associated

virus under the promoter Syn1) [139, 183], Allen Mouse Brain Connectivity (AMBC) atlas.

APC maps were chosen based on the proximity of the injection site to parcels analyzed using

MFC and FC techniques. APC maps were turned into projection images using the AMBC

cortical map signal viewer and we applied a binary mask and affine-transformed APC images

to be within the same atlas space as our WOI data. Each APC map was normalized to its

maximum fluorescence prior to analysis. APC maps were thresholded at 50% intensity while

MFC and FC maps were thresholded at a z(r) or a z(prediction weight) of 0.3. All maps
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were then binarized and the Dice similarity coefficient was calculated between APC and

MFC maps, and APC and FC maps.

7.2.14 Stroke Homotopic Connectivity Maps

Average MFC and FC maps were thresholded at z(prediction weight) or z(r) of 0.3, as

described previously [18]. The overlap of surviving contralateral regions (relative to the

seed) between Day 0 and Day 3 was visualized. Overlap maps are visualized using a seed in

an affected region (somatosensory, Ss) and an unaffected region (motor, Mot). The average

prediction weight (MFC) or correlation (FC) contralateral to the seed region was calculated

for each mouse and compared between Day 0 and Day 3 in an affected region (Ss). Only

the homotopic pixels were visualized/averaged for these calculations based on a previous

study describing that necrotic tissue would not form these homotopic connections [17]. In

order to estimate the statistical power for each method, we also displayed the t- and p-values

resultant of a paired t-test between Day 0 and Day 3 homotopic Ss connectivity strength.

7.2.15 Data and Code Availability

In order to promote validation and comparative analyses by external groups, data and specific

code will be made available through requests. WOI pre-processing code and FC, SVR/MFC

analysis code is available online (Mouse WOI GitHub). Awake, NREM, and K/X data is

available on Figshare (Sample Awake NREM data) and (Sample NREM and K/X data).
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7.3 Results

7.3.1 Prediction Accuracy and Reproducibility of SVR Brain Ac-

tivity Imputation

Our first goal was to evaluate whether the time course for a given brain region (parcel)

could be predicted from time courses in the remaining other pixels, using SVR regression

weights. Fluorescently labelled mice (N=5) expressing GCaMP6 under the Thy1 promoter

were imaged while simultaneous EEG was recorded, as presented elsewhere [34]. A binary

MATLAB parcellation file was used to delineate specific cortical regions within our FOV

[259] (Figure 7.1A). A five-minute run from each mouse was used to train SVR (Figure

7.1B). Briefly, an average time trace was extracted from a parcel (ROI) and a weight vector

was generated with linear SVR to estimate the connection between the remaining pixels and

the ROI. This weight vector was then used on a subsequent five-minute run (solving equation

7.2) to predict the activity in the same parcel using the subset of pixels in the FOV that

excluded the parcel being evaluated. This same procedure was repeated for all parcels within

the FOV. The prediction accuracy, evaluated by calculating the Pearson correlation between

the predicted time trace and the observed time trace, was between 0.8 and 1.0 (Figure 7.1C).

Further, to prove that SVR was performing better than chance, we used a wavestrapping

procedure to synthesize a null time trace for each ROI [40]. SVR was then trained using

these null time traces and new time traces for each ROI were predicted. The resultant

weight vectors trained on the null data produced prediction accuracy and reproducibility

with a ∼ 5X reduction compared to when SVR was trained on the measured neuroimaging

data (Figure 7.1D).
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Figure 7.1: A) Graphic of cortical parcellation adapted from White et al. B) Schematic
showing how the optical neuroimaging data is used to train SVR. SVR determines the
amount of weight each pixel in the FOV excluding the ROI (Pixels¬,r, grey) has in predicting
an average time trace within a whole ROI (purple). These weights are assembled into a
prediction vector that can be used to impute the brain activity in an ROI in a subsequent
run. Here, run N corresponds to either Run 1 or Run 2, the opposite of whichever run will
be predicted. Once SVR is trained, the weight vector is used to create a weighted sum of
time traces from all pixels in the FOV excluding the ROI (X¬,r) from the subsequent run to
arrive at an imputed time trace for the ROI. Note the weight vector (wr) can be unwrapped
into a 2D image to represent multivariate functional connectivity (MFC). C) An example
observed time trace (black) overlaid with imputed time traces using whole-brain (blue),
ipsilateral (red), or contralateral (green) pixels to train SVR. D) Prediction accuracy and
reproducibility of SVR trained on actual neuroimaging data compared to SVR trained on a
null distribution. Each data point represents the result for a single ROI for each mouse (36
total parcels in the field-of-view x 5 mice = 180 data points). Reproducibility and prediction
accuracy were significantly improved when SVR was trained on the actual neuroimaging
data compared to the null time traces (pR for reproducibility, pPA for prediction accuracy,
paired t-tests).
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7.3.2 Multivariate Functional Connectivity Patterns of the SVR

Regression Weights Overlay with Axonal Projection Images

The weight vectors generated via SVR can be plotted as multivariate functional connectivity

(MFC) maps (Figure 7.2A, top row) and show a connectivity pattern analogous to tradi-

tionally calculated Pearson correlation FC (Figure 7.2A, bottom row). The parcel to be

predicted (SVR) or used as a seed region (FC) is outlined in white. All pixels within that

parcel were excluded from each type of analysis. The patterns generally show symmetry

about midline and the prediction accuracy and reproducibility using SVR vectors was high

(Figure 7.2B, top row, around r = 1) across the whole FOV. For comparisons to FC, we

utilized the correlation vectors generated via standard FC analysis for prediction purposes

and substituted wr from equation 7.2 with the correlation vector generated via FC analysis.

While the FC vectors have fairly high reproducibility, the prediction accuracy of FC vectors

fell significantly compared to the SVR technique (Figure 7.2B, bottom row, p<0.05, paired

t-test). Although similar, there are marked differences between the maps produced with

either MFC or FC methods (see Figure 7.3 for Dice similarity coefficient between MFC and

FC maps). When compared with fluorescent images representing axonal projection connec-

tions (APC) of a viral injection site (Figures 7.2C), MFC maps proved to overlay as well as

those acquired with FC analysis (Figure 7.2D).
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Figure 7.2: A) Average (N=5) MFC weight maps with corresponding FC maps using the
outlined parcels as either the ROI (MFC) or the seed region in the standard Pearson based
FC analysis. B) Average (N=5) prediction accuracy and reproducibility for each method
across the field-of-view (significance is determined using the average value across the FOV
for SVR or FC, followed by a paired t-test). C) APC maps with injection sites in proximity
to the ROIs used in MFC and FC analysis. D) Dice similarity coefficient between APC and
MFC maps, and APC and FC maps for each ROI in C). Significance is determined for the
average Dice coefficient for each individual ROI with a paired t-test. Error bars are standard
deviations.
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Figure 7.3: Average (N=5) Dice similarity coefficient between MFC and FC maps using the
different 36 parcels within the field-of-view as either the ROI (MFC) or seed region (FC).
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7.3.3 Ipsilateral Proximal Regions are Most Predictive for Accu-

rate SVR Imputation

We were also interested in whether the SVR technique remained highly predictive if only a

subset of pixels was used for training. For instance, can a parcel’s dynamics be predicted

using only pixels on the contralateral hemisphere? To evaluate this, we constrained the SVR

algorithm to work with either just the ipsilateral or just the contralateral cortex (relative to

the ROI). Even when restricted to a single hemisphere (either ipsilateral or contralateral)

the SVR analysis was able to impute time traces with high prediction accuracy (example

traces in Figure 7.1C). When using only ipsilateral or contralateral pixels for both training

and imputation, SVR yielded topologically similar MFC prediction weight maps compared

to when all brain pixels (excluding the ROI) were used to train SVR (Figure 7.4A). While

reproducibility remained high across the ipsilateral and contralateral methods, prediction

accuracy fell when only contralateral regions were used to train SVR (Figure 7.4B). We also

evaluated the differences in prediction accuracy and reproducibility between the whole-brain,

ipsilateral, and contralateral SVR training methods for each parcel (Figure 7.4C). A parcel-

wise paired t-test was performed on the prediction accuracy and reproducibility calculated

across all five mice using either the whole-brain, ipsilateral, or contralateral regions to train

SVR (Figure 7.5). These statistical test results suggest full brain SVR has the highest

accuracy and reproducibility, followed closely by ipsilateral SVR, and with the contralateral

SVR method providing the least accurate prediction.
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Figure 7.4: A) Average (N=5) MFC weight maps calculated using either whole-brain (top
row), ipsilateral (middle row), or contralateral (bottom row) pixels only to train SVR. B) Av-
erage (N=5) prediction accuracy and reproducibility for all 36 ROIs using either whole-brain
(top), ipsilateral (middle), or contralateral (bottom) pixels for training SVR. C) Difference
maps comparing prediction accuracy (PA) and reproducibility (R) for the three different
methods of training SVR: using either whole-brain, ipsilateral or contralateral cortical pix-
els.
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Figure 7.5: t- and p-maps showing the results of a paired t-test at each parcel for each
comparison group. p-maps were thresholded to only show values of p<0.1. Results as
shown were not corrected for multiple comparisons. Asterisks indicating significance were
acquired by comparing the average reproducibility or prediction accuracy across the entire
FOV (paired t-test) and are therefore corrected for multiple comparisons (comparisons=1).
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7.3.4 MFC Maps are Impervious to Global Superficial Sources of

Variance

MFC prediction weight maps were found to be relatively constant and remain more focal

under various states of consciousness, compared to FC Pearson correlation maps. In addition

to the awake state, calcium neuroimaging data was collected while mice were sleeping (in

non-rapid eye movement, NREM sleep), and under ketamine/xylazine (K/X) anesthesia.

Concurrently acquired EEG was scored offline to divide the calcium neuroimaging data into

the respective states. MFC maps (Figure 7.6A, top row) and FC maps (bottom row) were

calculated for each state. SVR provided high prediction accuracy and reproducibility for

each state (Figure 7.7). To quantify the similarity between the maps for the three states,

we calculated Dice similarity coefficients for each pairing of states (Awake vs K/X, Awake

vs NREM, and NREM vs K/X). These were calculated for six example maps across each

state and are plotted for MFC (white shading) and FC (grey shading) (Figure 7.6B). These

six chosen parcels reasonably sampled the different cortical regions across the FOV. Here,

MFC maps were relatively more similar across state compared to FC. Further, a measure

termed “focality” was derived for MFC and FC maps, wherein a pixel-wise one-sample t-

test was performed and the number of pixels above a t-value threshold was counted. The

remaining pixels post-threshold were quantified and plotted for both MFC and FC for each

brain state (Figure 7.6C), with MFC patterns emerging as more focal (fewer pixels left after

thresholding) than FC.
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Figure 7.7: Average (N=5) prediction accuracy and reproducibility for SVR on awake,
NREM sleep, and K/X anesthesia data.
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Similarly, when matrices were calculated showing either the prediction weight (MFC)

or the correlation coefficient (FC) between two parcels (Figures 7.8A,C, respectively) the

MFC matrices lacked the broadly dispersed positive and negative connection values that

are seen with FC (depicted in histograms displaying the matrix values in Figures 7.8A,C

in Figures 7.8B,D, respectively). Instead, the largely positive values for MFC resided along

the main diagonal and the homotopic contralateral off diagonal (Figure 7.8A). In agreement

with MFC maps (Figure 7.6A), the MFC matrices remained relatively constant across brain

state compared to the increasingly binary FC matrices under NREM and K/X anesthesia.

Lastly, the focal nature of the positive prediction weights along the main diagonal within

the MFC matrices, compared to the broad spread of positive/negative correlations in the FC

matrices, was largely independent of the half width of the insensitive zone (ε) used in SVR

optimization (Figure 7.9).
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Figure 7.10: Individual APC maps (first row) and corresponding overlap maps between
thresholded APC, MFC (rows 2-4), and FC (rows 5-7) maps. Overlap maps show the thresh-
olded images (thresholded at 50% intensity for APC images, z(prediction weight) or z(r) of
0.3 for MFC/FC images, respectively). Blue represents pixels present in APC thresholded
images only, yellow represents pixels present in MFC (rows 2-4) or FC (rows 5-7) thresholded
images only, and green represents the overlap between APC and MFC/FC images. These
overlap maps were used in the Dice similarity comparison calculations displayed in Figure
7.2E and Figure 7.11.
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Figure 7.11: Dice similarity coefficient between APC and MFC maps, and APC and FC
maps for each ROI shown in Figure 7.10. Significance is determined for the average Dice
coefficient for each ROI with a paired t-test. Comparisons are shown for A) NREM and B)
K/X data. Error bars are standard deviations.
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7.3.5 MFC Mapping Locates Focal Connectivity Deficits in Stroke

Our final test was to investigate whether this new MFC methodology would detect connec-

tivity deficits in an established disease model. We imaged N=4 mice before (Day 0) and

after (Day 3) a photothrombotic event in left somatosensory forepaw cortex. MFC and FC

maps are displayed using a more traditional, circular seed-based approach (Figure 7.12A)

focusing on somatosensory (affected) and motor (unaffected) cortex. Additionally, average

images across mice were thresholded and the binary overlap (or lack thereof) between Day

0 and Day 3 is displayed (Figure 7.12B) for the contralateral cortex relative to the seed

displayed in the column in Figure 7.12A. The average homotopic prediction weight (MFC,

Figure 7.12C) or correlation (FC, Figure 7.12D) for each mouse within the Ss seed was cal-

culated and the averages and standard deviations across mice are plotted with significance

testing between Day 0 and Day 3 results within the same hemisphere. Collectively, both

methods show a loss of homotopic connectivity with the somatosensory seed, while normal

homotopic connectivity patterns remain in the motor maps. However, the t- and p-values

associated with the MFC statistical testing were more extreme compared to those with the

FC method.
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Figure 7.12: A) Average (N=4) MFC weight maps and FC correlation maps using a circular,
seed-based approach (seeds in white). Somatosensory (Ss) and Motor (Mot) cortical seed
maps are displayed at baseline (Day 0) and 72 hours post stroke (Day 3). B) Overlap maps
display z(prediction weight) or z(r) greater than 0.3 in the contralateral hemisphere from
A) between Day 0 only (blue), Day 3 only (yellow), or both (green). C) Average prediction
weight (MFC) or D) correlation (FC) in the contralateral hemisphere across mice. Error bars
are standard deviations. Significance was determined by a paired t-test between Ss seeds on
Day 0 and Day 3 in the same hemisphere.
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7.4 Discussion

We used mesoscopic calcium imaging data in mice to train SVR models to impute brain

activity on a parcel-by-parcel basis (Figures 7.1A,B). This technique allowed us to impute

brain activity with high prediction accuracy compared to chance (Figure 7.1D) and com-

pared to imputations calculated with correlation vectors generated by standard FC analysis

(Figure 7.2B). The multivariate functional connectivity (MFC) derived from this approach

has several obvious similarities to traditional functional connectivity (FC) analysis. Each

approach uses spontaneous brain activity as an input and outputs a vector linking different

brain regions together. However, the MFC analysis of brain function has several potential

advantages over FC analysis. First, the MFC approach, at a conceptual level, asks a funda-

mentally different and potentially more powerful question. Instead of asking how correlated

two regions are, it asks how well different brain regions can predict another, and further asks

for holistic optimization of the weights amongst the rest of the brain for a given region. Sec-

ondly, it has several potentially useful performance advantages including improved spatial

specificity (Figure 7.6C, Figure 7.12A), less sensitivity of the mapping to states of conscious-

ness (Figures 7.6A,B), a modest concordance with axonal tracer maps (Figure 7.2D), and

improved connectivity deficit detection (Figure 7.12C,D) in the context of stroke.

While strategies beyond Pearson correlation analysis have been explored within human

imaging, the translation of these techniques to the WOI mouse literature has not occurred.

Here, we begin exploring the utility of multivariate connectivity techniques applied to mouse

WOI by translating methods from an fMRI study in humans that used SVR to solve the

multivariate analysis [57]. Compared to previous human SVR/fMRI study, SVR imputa-

tion of calcium dynamics in the mouse provided much higher values with less parcel-wise

variance for prediction accuracy and reproducibility (with prediction accuracy ∼0.8-1.0 and

reproducibility ∼0.8-1.0 for SVR of calcium dynamics vs prediction accuracy ∼0.5-1 and
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reproducibility ∼0.1-0.5 for fMRI data as reported in Craddock et al. [57]). This could in

part be due to the faster dynamics and therefore improved SNR provided by delta filtered

calcium data [234] compared to the infraslow blood oxygen level dependent (BOLD) signal

in fMRI. The calcium delta bandwidth is about 45x faster than the infraslow band (0.009-

0.08Hz). Typically, at least twenty-five minutes of infraslow fMRI BOLD data are needed

to generate FC maps with similar values of reproducibility (0.8 -1.0) to that which we are

seeing with SVR using calcium dynamics in mice [137]. However, delta calcium dynamics

provided highly accurate imputations (0.62-0.95) and reproducible (0.65-0.96) weight vec-

tors with as little as thirty-sixty seconds of data (Figure 7.13). Also in contrast with the

general themes in the fMRI literature, we found that SVR trained with ipsilateral regions

outperformed SVR trained with contralateral regions only, in terms of prediction accuracy

(Figures 7.4B,C).
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Figure 7.13: A) Prediction accuracy and B) Reproducibility as a function of increasing
training data used for SVR. C) Prediction accuracy and D) Reproducibility as a function of
increasing training data used for FC imputation. Red bars represent the median value, while
the box edges represent the interquartile range. Extending lines represent the maximum and
minimum values.
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A hallmark of standard bivariate FC, with either fMRI or optical approaches, is the pres-

ence of networks displaying high levels of homotopic contralateral connectivity [242, 232,

256, 155]. While MFC does provide homotopic contralateral connectivity (with increased

detail), our results suggest that ipsilateral regions are more heavily weighted when optimiz-

ing for predicting parcel time traces. To further test this theory, we looked at the prediction

accuracy of SVR when trained with minimal spatial data (Table 7.1). Mainly, we focused

on two ROIs, one from motor cortex and one from cingulate cortex. We used pixels within

somatosensory (Ss) cortex to train SVR, given reports in the FC literature that Ss cortex is

positively correlated with motor cortex and neutrally correlated with cingulate cortex [34].

In each case, prediction accuracies were much higher for network associated regions (Ss to

motor) than non-associated regions (Ss to cingulate). Further SVR imputations trained with

ipsilateral pixels had higher prediction accuracy than SVR trained with contralateral pixels.

These results may be related to findings with fMRI that there exist brain hubs that are more

highly connected to multiple networks. Interestingly, an injury in one of these hub regions

proves more costly from a clinical perspective than when compared to injuries in non-hub re-

gions [223]. This specific ipsilateral finding provides further support for clinical applications

such as therapy to enhance brain re-mapping to connected ipsilateral regions after brain

injury. During the critical period following stroke, when treatment is deemed most effective

and opportunistic, tasks impaired by the ischemic area are often “re-mapped” to neighbor-

ing brain regions. This therapeutic approach targets re-mapping to the proximal, ipsilateral

brain regions as nearby neurons can be more efficiently primed to re-create lost synapses

than distal, contralateral populations [261, 262, 133]. The MFC model’s enhanced ipsilat-

eral/contralateral ratio, relative to FC, is consistent with these clinical treatment paradigms.
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Training Data Used Motor Cingulate
All parcels in ipsilateral somatosensory cortex 0.7338 0.4979

All parcels in contralateral somatosensory cortex 0.5067 0.4579
All parcels in the brain except the one to be predicted 0.9426 0.9718

All parcels in ipsilateral cortex 0.9300 0.9365
All parcels in contralateral cortex 0.7984 0.9350

Table 7.1: Prediction accuracy for motor and cingulate parcels using limited spatial data
from somatosensory cortex
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Previous work has shown that FC analysis can be influenced by the presence of large,

global variations in data which can be present due to multiple confounding factors. Physi-

ology such as movement, heart rate, EtCO2 or deep breaths can create artifacts that can be

tricky to remove, particularly if their phase varies across the brain [198, 199]. Traditional FC

might be susceptible because it is a bivariate analysis technique that analyzes two specific

brain regions in isolation, instead of solving collectively for all of the observations within

the FOV. In contrast, SVR is trained by time traces from every spatially independent re-

gion (e.g., point spread function, pixel or voxel) across the FOV to provide a multivariate

approach that could be less likely to succumb to large scale global variations. In addition to

the more mundane sources like motion or breathing, network dynamics can also be distorted

by large scale neural oscillations that occur during sleep (e.g., NREM) and under anesthe-

sia (e.g., K/X) wherein these slow oscillations propagate from anterior to posterior brain

regions at ∼1Hz [224, 158]. We trained SVR and performed FC on data that was acquired

on mice that were awake, in NREM, or under K/X anesthesia. For delta filtered calcium

data (0.4-4.0Hz), the slow wave oscillation distorted the traditional FC structure seen during

the awake state (Figure 7.6A). However, SVR provided highly similar MFC maps across all

three states (Figure 7.6A) especially when compared to the high inter-state variance pro-

vided by FC analysis (Figure 7.6B). In fact, the MFC map patterns present during wake are

fairly analogous to traditional FC map patterns present during wake (Figure 7.2A, Figure

7.3). However, only with MFC did these patterns remain robustly present throughout all

three consciousness states, despite the presence of the slow oscillation. This result suggests

that MFC can provide a readout of the functional architecture that separates out superficial

global phenomena. Many neuroimaging studies collect data on mouse models of disease un-

der anesthesia or not monitored for NREM by semi-invasive methods (e.g., EEG), therefore

a more robust method for calculating connectivity in the presence of the confounding slow

oscillation will allow for better dissection of alterations in disease.
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While MFC methods have not been developed and tuned within the mouse WOI liter-

ature, there are several multivariate methods used in the human fMRI world where there

is a well-established precedent to shift from simple bivariate correlation methods to mul-

tivariate methods [11]. The most widely reported use of multivariate techniques is not in

the calculation of the functional connections but rather in the post-processing of FC maps,

after standard FC has already been calculated. For instance, multivariate pattern analysis

(MVPA) can be used to relate FC patterns and disease severity graded through a clini-

cal score [271, 143]. More relevant to the current paper is literature focused on applying

multivariate techniques to spatio-temporal data directly. For example, several studies have

worked on decoding task-evoked data using time-series imaging. In this case, the task be-

haves as the object or output to be classified, and MVPA is used to build a classifier out

of the spatio-temporal data [110, 181]. In this paper we have not used tasks, but rather

spontaneous (or resting state) imaging data. Human fMRI studies have applied multivariate

techniques to spontaneous data. For instance, techniques such as linear multivariate pattern

dependence (MVPD) have been used to investigate the statistical dependency (connectivity)

of the fusiform face area (FFA) and the posterior superior temporal sulcus (pSTS) with the

remaining voxels in the FOV available with human fMRI [12]. This revealed novel inter-

actions not previously characterized by simple correlation metrics, and further, the authors

were able to break up the original ROI’s used to define the FFA and pSTS, into smaller

regions and determine a finer level of detail. Other multivariate techniques have also found

success at improving the accuracy of network mapping relative to standard bivariate FC

measures [90]. The SVR approach to MFC reported herein, maintains the inherent mul-

tivariate advantage of collectively optimizing the weights for all pixels within the FOV in

order to provide estimates of connectivity that are more robust and detailed than bivariate

FC. While in this paper we used SVR to solve the multivariate optimization for WOI, it will

be of great interest to explore the wider variety of methods that are being explored in the
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human fMRI literature [90, 16].

One crucial feature in this SVR model of connectivity is the half-width of the insensi-

tive zone (ε). One risk associated with backwards modeling is the appearance of significant

weights that are statistically independent from the ROI [108]. The tunable feature, ε, pro-

vides user-defined control of the spatial sparsity and amount of error to be included in the

model. In order to investigate whether sparseness of the MFC matrices was simply due to

setting the half width of the insensitive zone, ε = 0.1, we generated MFC matrices using

SVR with a range of ε values during optimization (Figure 7.9). Largely, MFC connectivity

patterns, prediction accuracy, and reproducibility remained relatively unchanged across ε

values (Figures 7.9A,B), although a modest decrease in prediction accuracy was observed for

ε > 0.1. Interestingly, this decrease in prediction accuracy was accompanied by a decrease

in the magnitude of the prediction weights along the main diagonal for ε > 0.1, indicating

that increasing the width of the insensitive zone decreased the model’s ability to correctly

emphasize the prediction value of highly connected regions. Additionally, the spatial simi-

larity between MFC maps and APC images decreased with ε > 0.1 (Figures 7.9C,D), further

proving that when ε < 0.1, the ability to capture monosynaptic connections is improved

(e.g., somato-motor and homotopic patterns usually represented in FC maps are represented

with MFC using the S1H ROI with ε < 0.1, Figure 7.9C). Although prediction accuracy and

APC map overlap did not vary as much for ε < 0.1, decreasing the value of ε increases train-

ing time and makes the model more prone to overfitting, which further supports a setting

of ε = 0.1. Mathematically speaking, while both FC and MFC techniques seek to describe

the relationship between brain regions, there is stark contrast between the equations being

solved when performing each. With MFC, the SVR prediction (equation 7.2) might more

closely resemble commonly used techniques such as simple linear regression, although the

optimization of SVR minimizes the L-2 norm of the prediction weight vector while linear

regression minimizes the sum of squared errors. However, it is precisely the addition of the
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tunable SVR features (e.g., ε, C in eqns. 7.2.9,7.3) that present a clear advantage, making

the SVR model more malleable to modeling connectivity. It is also important to note that

during wake, while the maps generated with MFC and FC do have marked differences, both

MFC and FC techniques shared at least, on average, 50% similarity with monosynaptic con-

nections (Figure 7.2D, see also Figure 7.10 for individual thresholded maps used to compare

to the APC images). Comparable similarity to APC images was also present between MFC

and FC methods performed on NREM and K/X data (Figures 7.10,7.11). This context of

anatomical connectivity provides a basis along which functional connectivity patterns gen-

erally but do not completely overlay [115]. In fact, with the methodological and ideological

shift to multivariate analysis occurring in the fMRI literature, a preference for calling these

functional outputs patterns of “statistical dependence” instead of “functional connectivity”

has emerged because the latter negates the importance of structural connectivity in the

overall functional correlation structure [115, 11]. Comparable similarity between APC and

either MFC or FC suggests that both approaches capture brain network connectivity as

defined through anatomical connections, however, only with the MFC technique were more

subtle structural and functional connections (e.g., somatomotor or contralateral homotopic

somatosensory) present.

Lastly, we wanted to investigate whether MFC would perform as well as FC at detecting

connectivity disruptions, here, in the context of stroke. Based on previous imaging work,

necrotic tissue (post ischemic event) does not form homotopic connections as healthy tissue

does [17]. Therefore, we calculated the significant homotopic connectivity overlap between

Day 0 and Day 3 using a seed within affected (Ss) and unaffected (Mot) cortices (Figure

7.12). Interestingly, increased focality in the thresholded images with the MFC technique

(Figure 7.12B) was observed again while both MFC and FC techniques showed absent ho-

motopic connectivity within Ss cortex by Day 3 (when calculating overlap of thresholded

average MFC/FC maps across mice, note motor cortex did have these homotopic connec-
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tions). However, while the average homotopic connectivity strength in Ss cortex significantly

decreased after the stroke with both methods (Figures 7.12C,D), the t-values for the differ-

ence between post-stroke and baseline were higher (and p-values lower) with MFC. Our

results here suggest that MFC will potentially detect connectivity deficits with smaller effect

sizes that would not be captured with FC.

7.5 Conclusions

Multivariate functional connectivity based on imputing brain dynamics with SVR can an-

alyze and predict calcium brain activity in mice with high prediction accuracy and repro-

ducibility. These results complement previous fMRI results in humans [57]. By uncovering

brain regions that are heavily weighted in predicting a neighboring brain region, we present

a new method for modeling calcium brain connectivity in mice that has attractive features

both conceptually and performance wise. In particular, relative to traditional FC, the MFC

approach provides improved predictive accuracy, improved spatial detail, less sensitivity to

state of consciousness, and increased ability to detect connectivity deficits in the context of

stroke.

While SVR is a rather straight forward machine learning technique (e.g., compared to

convolutional neural networks or other deep learning methods), it was highly successful in

this application of brain activity imputation. While this study demonstrates basic feasi-

bility, there are a wide range of potential extensions and applications of this technique.

Future directions include being able to train this model (or a more complex machine learn-

ing algorithm, if necessary) to detect and categorize the presence of confounding variables

in imaging data (such as altered consciousness, movement, or physiological artifacts), and

complex behavior (e.g., learning maze navigation, decisions).
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Chapter 8

General Conclusions

This final chapter will attempt to synthesize overall conclusions from the previous chapters,

not by restating the Discussion sections, but rather by highlighting the major takeaways.

8.1 Summary of Each Chapter

The following creates a list of major points from each stand-alone chapter:

8.1.1 WOI Data Processing Toolbox (Chapter 2)

• Herein, we describe a newly built wide-field optical imaging (WOI) data processing

toolbox that is both user friendly and open source (Mouse WOI GitHub)

• Multiple statistical packages allow for simple, enriched functional connectivity (FC)

matrix reduction allowing for a better handle on the multiple comparisons problem as

well as improved data visualization techniques.

• A cluster size-based statistical thresholding method is translated from the functional

magnetic resonance (fMRI) world (3-dimensional) into WOI (2-dimensional) to handle

the multiple comparisons problem in pixel-wise statistical comparison maps.
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• Multiple analyses toolboxes are currently available (e.g., FC, bilateral FC, spectral

topography, neurovascular coupling, node degree), with more under development (e.g.,

data scrubbing).

8.1.2 WOI of Sleep (Chapter 3)

• WOI of genetically encoded calcium indicators (GECIs) enables whole cortex monitor-

ing at the “mesoscale” with temporal resolution up to 8Hz. This improves on typical

hemodynamic surrogates of neural activity by both providing a readout at a more di-

rect metabolic step during the action potential (influx of calcium) and improves on the

typically infraslow (<0.2Hz) dynamics analyzed with blood-based imaging contrasts.

• The increase in temporal resolution, afforded by GECIs, allows for mesoscale real-time

imaging of the slow oscillation present during NREM and some forms of anesthesia.

• While this opens up multiple avenues of sleep research, the slow oscillation acts as a

confounding variable that overwhelms typical measures of functional connectivity (FC),

completely obscuring functional architecture in delta band frequencies (0.4-4.0Hz).

• Using principal component analysis (PCA), we proved the separability of the slow

oscillation as a superficial event on top of ever-present “wake-like” FC.

8.1.3 WOI of Acute Septic Encephalopathy (Chapter 4)

• Little is known about the mechanisms by which peripheral infections can result in

encephalopathies, largely because acutely available, good readouts of encephalopathy

in mice do not exist.

• Mice injected peripherally with lipopolysaccharide (LPS) exhibit significant decreases

in FC strength at 8Hrs post injection, and this effect recovers by 72Hrs, modeling the
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transient nature of acute septic encephalopathy (ASE).

• Additionally, overall fluctuations in calcium dynamics become dampened at 8Hrs and

reach normal amplitudes by 72Hrs.

• Both calcium fluctuation tone and FC strength correlated inversely with abnormal

behavioral metrics, suggesting encephalopathy.

• Functional neuroimaging thus creates an acutely accessible and sensitive biomarker

and can be used for further cross-sectional studies of ASE in this mouse model.

• Lastly, FC deficits clustered in somatosensory and parietal regions of the cortex, tar-

geting these particular regions as particularly involved in the phenotypical presentation

of ASE.

8.1.4 WOI of Subarachnoid Hemorrhage (Chapter 5)

• A novel endovascular mouse model of subarachnoid hemorrhage (SAH) effectively mod-

els the initial hemorrhage as well as delayed cerebral ischemic (DCI) events.

• This endovascular mouse model of SAH displayed significant reductions in FC at 3

days post SAH.

• Hypoxic conditioning is both an attractive therapeutic approach through the harness-

ing of the brain’s intrinsic resistance to injury, but also was widely protective against

FC deficits at 3 days post SAH.

• By injecting a specific Sirtuin1 channel blockade (EX527), we were able to prove that

hypoxic conditioning works through a Sirtuin1 dependent mechanism to protect against

the FC deficits at 3 days post SAH.
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• Finally, a Sirtuin1 agonist Resveratrol, resulted in a protective effect as calculated by

FC at 3 days post SAH, however, this treatment exhibited less of a protective effect

than hypoxic conditioning. This indicates hypoxic conditioning additionally activates

Sirtuin1 independent pathways.

8.1.5 WOI of Encephalitis Caused by Zika Infection (Chapter 6)

• Zika virus (ZIKV) rose to prominent global health concern due to severe neurological

injury resulting in infants of infected pregnant adults. ZIKV also causes encephalitis

in the non-pregnant adult and can often result in long lasting learning and memory

deficits.

• Here, we imaged adult mice at 7 days post infection (dpi) with ZIKV and localized

calcium-based FC deficits again (similar to the ASE study), to somatosensory and

parietal cortex.

• Interestingly, hemoglobin-based dynamics resulted in FC deficits covering the entire

field-of-view, suggesting an additional component of mismatched neurovascular cou-

pling (e.g., mismatched metabolite supply and demand).

• All FC deficits resolved by 42 dpi (in parallel with recovery from ZIKV infection) using

both hemoglobin and calcium-based contrasts.

• Similar to clinical presentation on EEG, encephalitic ZIKV-infected mice presented

with an increase in delta calcium spectral density, reflecting the stereotypical finding

of increased slow waves (∼1Hz activity). This increase in delta power also resolved by

42 dpi.
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8.1.6 Multivariate Statistical Dependencies in WOI Data (Chap-

ter 7)

• Remarkably, the field of functional neuroimaging (across modality, e.g., fMRI, diffuse

optical tomography, DOT, WOI, and across species, e.g., humans, rats, mice) uses

simple bivariate Pearson correlation to calculate FC.

• While standard FC has led to multiple breakthroughs and established multiple net-

works, the accurate mapping of neurological processes is almost certainly multivariate.

• There is an emerging literature in human fMRI of a switch to more involved multivari-

ate models of FC (i.e., MFC).

• Here, we transition one section of the human fMRI literature into the mouse WOI

realm and expand on it in multiple ways.

• Support vector regression (SVR) can be used to solve the multivariate problem and

explain the activity in one region of interest (ROI) by weighting the variance in the

remaining pixels in the FOV, thus creating a holistically optimized map of MFC.

• We expand on the SVR MFC concept in several ways including; >40x faster contrast

dynamics through mouse WOI, comparisons between MFC and histological axonal

tracing maps, comparisons of MFC maps across awake/sleep/anesthesia, investigate

MFC sensitivity to induced stroke and, finally, present comparisons between MFC

and standard bivariate FC throughout all of these manipulations. Generally, MFC

mapping produced better concordance with structural and functional connectivity, was

more impervious to global superficial sources of variance, and produced a statistically

stronger analysis of a well-established mouse model of stroke.
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8.2 WOI for Neurological Disease and Sleep

Collectively, this work presents multiple advantages of using mouse WOI to study various

aspects of health and disease. In addition to establishing WOI as a unique tool to study

various sleep-related phenomenon and phenotypes, we were able to provide evidence that the

hallmark of sleep (i.e., the slow oscillation) gets superimposed onto ever present wake-like

functional architecture.

WOI in disease, offers multiple unique viewpoints. From creating a new, readily-available

and sensitive readout of ASE, we open up many possibilities for cross-sectional studies to

better investigate the underlying pathology resulting in mental status changes. In ZIKV

encephalitis, we uncover additional areas of pathology outside the previously studied hip-

pocampal tri-synaptic circuit. Finally, we prove the efficacy of various clinical therapeutics

in the context of SAH.

8.3 Future Directions

While many new discoveries in biological phenomenon and algorithm development were

made here, we only really applied a few of the advantages available when using WOI (as

opposed to other modalities, e.g., fMRI or DOT). Wide-field high resolution optical imaging

is becoming more and more widespread with the addition of wide-field one [130] and two-

photon imaging instruments [41] as well as surgical procedures to produce chronic optically

transparent craniotomy preparations to remove the light scattering effects of the skull in

mice [130, 92]. Mesoscopic functional neuroimaging results in network-level investigation

while the addition or substitution for wide-field high resolution optical imaging will allow

for network-level investigation along with cell-specific tracking. This will open up multiple

new avenues for investigation. For example, instead of using mesoscopic imaging to create

a novel biomarker for future study of ASE, wide-field high resolution optical imaging would
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allow for monitoring of this biomarker as well as insight into the cellular mechanisms driving

mental status changes.
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[130] Tony Hyun Kim, Yanping Zhang, Jérôme Lecoq, Juergen C Jung, Jane Li, Hongkui

Zeng, Cristopher M Niell, and Mark J Schnitzer. Long-Term Optical Access to an

Estimated One Million Neurons in the Live Mouse Cortex. Cell Rep., 17(12):3385–

3394, 2016. ISSN 2211-1247. doi: https://doi.org/10.1016/j.celrep.2016.12.004. URL

https://www.sciencedirect.com/science/article/pii/S221112471631676X.

[131] J T Jr King. Epidemiology of aneurysmal subarachnoid hemorrhage. Neuroimaging

Clin. N. Am., 7(4):659–668, nov 1997. ISSN 1052-5149 (Print).

[132] Elke Kooijman, Cora H Nijboer, Cindy T J van Velthoven, Annemieke Kavelaars,

Jozef Kesecioglu, and Cobi J Heijnen. The rodent endovascular puncture model of

subarachnoid hemorrhage: mechanisms of brain damage and therapeutic strategies.

J. Neuroinflammation, 11(1):2, 2014. ISSN 1742-2094. doi: 10.1186/1742-2094-11-2.

URL https://doi.org/10.1186/1742-2094-11-2.

[133] Andrew W Kraft, Adam Q Bauer, Joseph P Culver, and Jin-Moo Lee. Sen-

sory deprivation after focal ischemia in mice accelerates brain remapping and im-

219

http://www.sciencedirect.com/science/article/pii/S0959438800000672
https://www.sciencedirect.com/science/article/pii/S221112471631676X
https://doi.org/10.1186/1742-2094-11-2


proves functional recovery through Arc-dependent synaptic plasticity. Sci. Transl.

Med., 10(426):eaag1328, jan 2018. doi: 10.1126/scitranslmed.aag1328. URL http:

//stm.sciencemag.org/content/10/426/eaag1328.abstract.

[134] Michael Krumin, Julie J Lee, Kenneth D Harris, and Matteo Carandini. Decision

and navigation in mouse parietal cortex. Elife, 7:e42583, 2018. ISSN 2050-084X. doi:

10.7554/eLife.42583. URL https://doi.org/10.7554/eLife.42583.

[135] Elke Kuypers, Reint K Jellema, Daan R M G Ophelders, Jeroen Dudink, Maria

Nikiforou, Tim G A M Wolfs, Ilias Nitsos, J Jane Pillow, Graeme R Pol-

glase, Matthew W Kemp, Masatoshi Saito, John P Newnham, Alan H Jobe,

Suhas G Kallapur, and Boris W Kramer. Effects of intra-amniotic lipopolysac-

charide and maternal betamethasone on brain inflammation in fetal sheep. PLoS

One, 8(12):e81644–e81644, dec 2013. ISSN 1932-6203. doi: 10.1371/journal.pone.

0081644. URL https://pubmed.ncbi.nlm.nih.gov/24358119https://www.ncbi.

nlm.nih.gov/pmc/articles/PMC3866104/.

[136] Linda J. Larson-Prior, John M. Zempel, Tracy S. Nolan, Fred W. Prior, Abra-

ham Z. Snyder, and Marcus E. Raichle. Cortical network functional connectivity

in the descent to sleep. Proc. Natl. Acad. Sci., 106(11):4489, 2009. ISSN 0027-

8424. doi: 10.1073/pnas.0900924106. URL http://www.pnas.org/cgi/doi/10.1073/

pnas.0900924106http://www.pnas.org/content/106/11/4489.abstract.

[137] Timothy O Laumann, Evan M Gordon, Babatunde Adeyemo, Abraham Z Snyder,

Sung Jun Joo, Mei-Yen Chen, Adrian W Gilmore, Kathleen B McDermott, Steven M

Nelson, Nico U F Dosenbach, Bradley L Schlaggar, Jeanette A Mumford, Russell A

Poldrack, and Steven E Petersen. Functional System and Areal Organization of a

Highly Sampled Individual Human Brain. Neuron, 87(3):657–670, aug 2015. ISSN

220

http://stm.sciencemag.org/content/10/426/eaag1328.abstract
http://stm.sciencemag.org/content/10/426/eaag1328.abstract
https://doi.org/10.7554/eLife.42583
https://pubmed.ncbi.nlm.nih.gov/24358119 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3866104/
https://pubmed.ncbi.nlm.nih.gov/24358119 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3866104/
http://www.pnas.org/cgi/doi/10.1073/pnas.0900924106 http://www.pnas.org/content/106/11/4489.abstract
http://www.pnas.org/cgi/doi/10.1073/pnas.0900924106 http://www.pnas.org/content/106/11/4489.abstract


1097-4199. doi: 10.1016/j.neuron.2015.06.037. URL https://pubmed.ncbi.nlm.nih.

gov/26212711https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4642864/.

[138] Jin-Yul Lee, Oren Sagher, Richard Keep, Ya Hua, and Guohua Xi. Comparison of

experimental rat models of early brain injury after subarachnoid hemorrhage. Neu-

rosurgery, 65(2):331–43; discussion 343, aug 2009. ISSN 1524-4040 (Electronic). doi:

10.1227/01.NEU.0000345649.78556.26.

[139] Ed S Lein, Michael J Hawrylycz, Nancy Ao, Mikael Ayres, Amy Bensinger, Amy

Bernard, Andrew F Boe, Mark S Boguski, Kevin S Brockway, Emi J Byrnes, Lin

Chen, Li Chen, Tsuey-Ming Chen, Mei Chi Chin, Jimmy Chong, Brian E Crook,

Aneta Czaplinska, Chinh N Dang, Suvro Datta, Nick R Dee, Aimee L Desaki, Tsega

Desta, Ellen Diep, Tim A Dolbeare, Matthew J Donelan, Hong-Wei Dong, Jennifer G

Dougherty, Ben J Duncan, Amanda J Ebbert, Gregor Eichele, Lili K Estin, Casey

Faber, Benjamin A Facer, Rick Fields, Shanna R Fischer, Tim P Fliss, Cliff Frensley,

Sabrina N Gates, Katie J Glattfelder, Kevin R Halverson, Matthew R Hart, John G

Hohmann, Maureen P Howell, Darren P Jeung, Rebecca A Johnson, Patrick T Karr,

Reena Kawal, Jolene M Kidney, Rachel H Knapik, Chihchau L Kuan, James H Lake,

Annabel R Laramee, Kirk D Larsen, Christopher Lau, Tracy A Lemon, Agnes J Liang,

Ying Liu, Lon T Luong, Jesse Michaels, Judith J Morgan, Rebecca J Morgan, Marty T

Mortrud, Nerick F Mosqueda, Lydia L Ng, Randy Ng, Geralyn J Orta, Caroline C

Overly, Tu H Pak, Sheana E Parry, Sayan D Pathak, Owen C Pearson, Ralph B

Puchalski, Zackery L Riley, Hannah R Rockett, Stephen A Rowland, Joshua J Roy-

all, Marcos J Ruiz, Nadia R Sarno, Katherine Schaffnit, Nadiya V Shapovalova, Taz

Sivisay, Clifford R Slaughterbeck, Simon C Smith, Kimberly A Smith, Bryan I Smith,

Andy J Sodt, Nick N Stewart, Kenda-Ruth Stumpf, Susan M Sunkin, Madhavi Sutram,

Angelene Tam, Carey D Teemer, Christina Thaller, Carol L Thompson, Lee R Varnam,

221

https://pubmed.ncbi.nlm.nih.gov/26212711 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4642864/
https://pubmed.ncbi.nlm.nih.gov/26212711 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4642864/


Axel Visel, Ray M Whitlock, Paul E Wohnoutka, Crissa K Wolkey, Victoria Y Wong,

Matthew Wood, Murat B Yaylaoglu, Rob C Young, Brian L Youngstrom, Xu Feng

Yuan, Bin Zhang, Theresa A Zwingman, and Allan R Jones. Genome-wide atlas of

gene expression in the adult mouse brain. Nature, 445(7124):168–176, 2007. ISSN 1476-

4687. doi: 10.1038/nature05453. URL https://doi.org/10.1038/nature05453.
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Jiménez, Suzanne E Judd, Brett M Kissela, Judith H Lichtman, Lynda D Lisabeth,

Simin Liu, Rachel H Mackey, David J Magid, Darren K McGuire, Emile R 3rd Mohler,

Claudia S Moy, Paul Muntner, Michael E Mussolino, Khurram Nasir, Robert W Neu-

mar, Graham Nichol, Latha Palaniappan, Dilip K Pandey, Mathew J Reeves, Carlos J

Rodriguez, Wayne Rosamond, Paul D Sorlie, Joel Stein, Amytis Towfighi, Tanya N

Turan, Salim S Virani, Daniel Woo, Robert W Yeh, and Melanie B Turner. Heart

Disease and Stroke Statistics-2016 Update: A Report From the American Heart As-

sociation. Circulation, 133(4):e38–360, jan 2016. ISSN 1524-4539 (Electronic). doi:

10.1161/CIR.0000000000000350.

[172] Carol Murray, David J Sanderson, Chris Barkus, Robert M J Deacon, J Nicholas P

Rawlins, David M Bannerman, and Colm Cunningham. Systemic inflammation induces

acute working memory deficits in the primed brain: relevance for delirium. Neurobiol.

Aging, 33(3):603–616.e3, mar 2012. ISSN 1558-1497 (Electronic). doi: 10.1016/j.

neurobiolaging.2010.04.002.

[173] Srinivasan V Narayanan, Kunjan R Dave, Isa Saul, and Miguel A Perez-Pinzon.

Resveratrol Preconditioning Protects Against Cerebral Ischemic Injury via Nuclear

Erythroid 2-Related Factor 2. Stroke, 46(6):1626–1632, jun 2015. ISSN 1524-4628

(Electronic). doi: 10.1161/STROKEAHA.115.008921.

[174] Ignacio Negrón-Oyarzo, Nelson Espinosa, Marcelo Aguilar-Rivera, Marco Fuenzalida,

Francisco Aboitiz, and Pablo Fuentealba. Coordinated prefrontal–hippocampal ac-

228



tivity and navigation strategy-related prefrontal firing during spatial memory forma-

tion. Proc. Natl. Acad. Sci., 115(27):7123 LP – 7128, jul 2018. doi: 10.1073/pnas.

1720117115. URL http://www.pnas.org/content/115/27/7123.abstract.

[175] Laura E Nelson, Jun Lu, Tianzhi Guo, Clifford B Saper, Nicholas P Franks, and

Mervyn Maze. The α2-Adrenoceptor Agonist Dexmedetomidine Converges on an

Endogenous Sleep-promoting Pathway to Exert Its Sedative Effects. Anesthesiol-

ogy, 98(2):428–436, 2003. doi: 0000542-200302000-00024. URL http://dx.doi.org/

0000542-200302000-00024.

[176] Garrett T Neske. The Slow Oscillation in Cortical and Thalamic Networks: Mech-

anisms and Functions. Front. Neural Circuits, 9(88):88, 2015. doi: 10.3389/fncir.

2015.00088. URL https://www.ncbi.nlm.nih.gov/pubmed/26834569https://www.

frontiersin.org/article/10.3389/fncir.2015.00088.

[177] Joshua P Neunuebel and James J Knierim. CA3 retrieves coherent representations

from degraded input: direct evidence for CA3 pattern completion and dentate gyrus

pattern separation. Neuron, 81(2):416–427, jan 2014. ISSN 1097-4199. doi: 10.1016/

j.neuron.2013.11.017. URL https://pubmed.ncbi.nlm.nih.gov/24462102https://

www.ncbi.nlm.nih.gov/pmc/articles/PMC3904133/.

[178] Emanuele Nicastri, Concetta Castilletti, Pietro Balestra, Simonetta Galgani, and

Giuseppe Ippolito. Zika Virus Infection in the Central Nervous System and Female

Genital Tract. Emerg. Infect. Dis., 22(12):2228–2230, dec 2016. ISSN 1080-6059. doi:

10.3201/eid2212.161280. URL https://pubmed.ncbi.nlm.nih.gov/27617352https:

//www.ncbi.nlm.nih.gov/pmc/articles/PMC5189169/.

[179] Niels Niethard, Hong-Viet V Ngo, Ingrid Ehrlich, and Jan Born. Cortical circuit

229

http://www.pnas.org/content/115/27/7123.abstract
http://dx.doi.org/0000542-200302000-00024
http://dx.doi.org/0000542-200302000-00024
https://www.ncbi.nlm.nih.gov/pubmed/26834569 https://www.frontiersin.org/article/10.3389/fncir.2015.00088
https://www.ncbi.nlm.nih.gov/pubmed/26834569 https://www.frontiersin.org/article/10.3389/fncir.2015.00088
https://pubmed.ncbi.nlm.nih.gov/24462102 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3904133/
https://pubmed.ncbi.nlm.nih.gov/24462102 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3904133/
https://pubmed.ncbi.nlm.nih.gov/27617352 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5189169/
https://pubmed.ncbi.nlm.nih.gov/27617352 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5189169/


activity underlying sleep slow oscillations and spindles. Proc. Natl. Acad. Sci., 2018.

URL http://www.pnas.org/content/early/2018/09/11/1805517115.abstract.

[180] Arun Niranjan, Isabel N Christie, Samuel G Solomon, Jack A Wells, and Mark F

Lythgoe. fMRI mapping of the visual system in the mouse brain with interleaved

snapshot GE-EPI. Neuroimage, 139:337–345, oct 2016. ISSN 1095-9572. doi: 10.1016/j.

neuroimage.2016.06.015. URL https://pubmed.ncbi.nlm.nih.gov/27296012https:

//www.ncbi.nlm.nih.gov/pmc/articles/PMC4988789/.

[181] Kenneth A Norman, Sean M Polyn, Greg J Detre, and James V Haxby. Beyond mind-

reading: multi-voxel pattern analysis of fMRI data. Trends Cogn. Sci., 10(9):424–430,

sep 2006. ISSN 1364-6613 (Print). doi: 10.1016/j.tics.2006.07.005.

[182] Jooyoung Oh, Jung Eun Shin, Kyu Hyun Yang, Sunghyon Kyeong, Woo Suk Lee,

Tae-Sub Chung, and Jae-Jin Kim. Cortical and subcortical changes in resting-state

functional connectivity before and during an episode of postoperative delirium. Aust.

N. Z. J. Psychiatry, 53(8):794–806, aug 2019. ISSN 1440-1614 (Electronic). doi:

10.1177/0004867419848826.

[183] Seung Wook Oh, Julie A Harris, Lydia Ng, Brent Winslow, Nicholas Cain, Stefan Mi-

halas, Quanxin Wang, Chris Lau, Leonard Kuan, Alex M Henry, Marty T Mortrud,

Benjamin Ouellette, Thuc Nghi Nguyen, Staci A Sorensen, Clifford R Slaughter-

beck, Wayne Wakeman, Yang Li, David Feng, Anh Ho, Eric Nicholas, Karla E Hi-

rokawa, Phillip Bohn, Kevin M Joines, Hanchuan Peng, Michael J Hawrylycz, John W

Phillips, John G Hohmann, Paul Wohnoutka, Charles R Gerfen, Christof Koch, Amy

Bernard, Chinh Dang, Allan R Jones, and Hongkui Zeng. A mesoscale connectome

of the mouse brain. Nature, 508(7495):207–214, apr 2014. ISSN 1476-4687. doi:

10.1038/nature13186. URL https://pubmed.ncbi.nlm.nih.gov/24695228https:

//www.ncbi.nlm.nih.gov/pmc/articles/PMC5102064/.

230

http://www.pnas.org/content/early/2018/09/11/1805517115.abstract
https://pubmed.ncbi.nlm.nih.gov/27296012 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4988789/
https://pubmed.ncbi.nlm.nih.gov/27296012 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4988789/
https://pubmed.ncbi.nlm.nih.gov/24695228 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5102064/
https://pubmed.ncbi.nlm.nih.gov/24695228 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5102064/


[184] Yo Oishi, Yohko Takata, Yujiro Taguchi, Sayaka Kohtoh, Yoshihiro Urade, and

Michael Lazarus. Polygraphic Recording Procedure for Measuring Sleep in Mice.

J. Vis. Exp., e53678(107):e53678–e53678, jan 2016. ISSN 1940-087X. doi:

10.3791/53678. URL https://pubmed.ncbi.nlm.nih.gov/26863349https://www.

ncbi.nlm.nih.gov/pmc/articles/PMC4781694/.

[185] Inema E Orukari, Joshua S Siegel, Nicole M Warrington, Grant A Baxter, Adam Q

Bauer, Joshua S Shimony, Joshua B Rubin, and Joseph P Culver. Altered hemodynam-

ics contribute to local but not remote functional connectivity disruption due to glioma

growth. J. Cereb. blood flow Metab. Off. J. Int. Soc. Cereb. Blood Flow Metab., 40(1):

100–115, jan 2020. ISSN 1559-7016 (Electronic). doi: 10.1177/0271678X18803948.

[186] Joseph C O’Sullivan, Xiang-Lan Yao, Hasan Alam, and Joseph T McCabe. Diazoxide,

as a postconditioning and delayed preconditioning trigger, increases HSP25 and HSP70

in the central nervous system following combined cerebral stroke and hemorrhagic

shock. J. Neurotrauma, 24(3):532–546, mar 2007. ISSN 0897-7151 (Print). doi: 10.

1089/neu.2006.0128.

[187] Ben Julian A Palanca, Anish Mitra, Linda Larson-Prior, Abraham Z Snyder,

Michael S Avidan, and Marcus E Raichle. Resting-state Functional Magnetic

Resonance Imaging Correlates of Sevoflurane-induced Unconsciousness. Anes-

thesiology, 123(2):346–356, aug 2015. ISSN 1528-1175. doi: 10.1097/ALN.

0000000000000731. URL https://pubmed.ncbi.nlm.nih.gov/26057259https://

www.ncbi.nlm.nih.gov/pmc/articles/PMC4509973/.

[188] Maria Panagiotou, Vladyslav V Vyazovskiy, Johanna H Meijer, and Tom Deboer.

Differences in electroencephalographic non-rapid-eye movement sleep slow-wave char-

acteristics between young and old mice. Sci. Rep., 7(1):43656, 2017. ISSN 2045-2322.

doi: 10.1038/srep43656. URL https://doi.org/10.1038/srep43656.

231

https://pubmed.ncbi.nlm.nih.gov/26863349 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4781694/
https://pubmed.ncbi.nlm.nih.gov/26863349 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4781694/
https://pubmed.ncbi.nlm.nih.gov/26057259 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4509973/
https://pubmed.ncbi.nlm.nih.gov/26057259 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4509973/
https://doi.org/10.1038/srep43656


[189] Augusto Parra, Matthew J McGirt, Huaxin Sheng, Daniel T Laskowitz, Robert D

Pearlstein, and David S Warner. Mouse model of subarachnoid hemorrhage associated

cerebral vasospasm: methodological analysis. Neurol. Res., 24(5):510–516, jul 2002.

ISSN 0161-6412 (Print). doi: 10.1179/016164102101200276.

[190] L Passamonti, K A Tsvetanov, P S Jones, W R Bevan-Jones, R Arnold, R J Borchert,

E Mak, L Su, J T O&#039;Brien, and J B Rowe. Neuroinflammation and Functional

Connectivity in Alzheimer&#039;s Disease: Interactive Influences on Cognitive Per-

formance. J. Neurosci., 39(36):7218 LP – 7226, sep 2019. doi: 10.1523/JNEUROSCI.

2574-18.2019. URL http://www.jneurosci.org/content/39/36/7218.abstract.

[191] Mikhail Paveliev, Mikhail Kislin, Dmitry Molotkov, Mikhail Yuryev, Heikki Rau-

vala, and Leonard Khiroug. Acute brain trauma in mice followed by longitudinal

two-photon imaging. J. Vis. Exp., (86):51559, apr 2014. ISSN 1940-087X. doi:

10.3791/51559. URL https://pubmed.ncbi.nlm.nih.gov/24748024https://www.

ncbi.nlm.nih.gov/pmc/articles/PMC4162478/.

[192] Marcela Pekna and Milos Pekny. The neurobiology of brain injury. Cerebrum,

2012:9, jul 2012. ISSN 1524-6205. URL https://pubmed.ncbi.nlm.nih.gov/

23447795https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3574788/.

[193] Mian Peng, Ce Zhang, Yuanlin Dong, Yiying Zhang, Harumasa Nakazawa, Masao

Kaneki, Hui Zheng, Yuan Shen, Edward R Marcantonio, and Zhongcong Xie. Battery

of behavioral tests in mice to study postoperative delirium. Sci. Rep., 6:29874, jul

2016. ISSN 2045-2322. doi: 10.1038/srep29874. URL https://pubmed.ncbi.nlm.

nih.gov/27435513https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4951688/.

[194] Antonio Pereira, Sidarta Ribeiro, Michael Wiest, Leonardo C Moore, Janaina Pantoja,

Shih-Chieh Lin, and Miguel A L Nicolelis. Processing of tactile information by the hip-

232

http://www.jneurosci.org/content/39/36/7218.abstract
https://pubmed.ncbi.nlm.nih.gov/24748024 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4162478/
https://pubmed.ncbi.nlm.nih.gov/24748024 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4162478/
https://pubmed.ncbi.nlm.nih.gov/23447795 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3574788/
https://pubmed.ncbi.nlm.nih.gov/23447795 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3574788/
https://pubmed.ncbi.nlm.nih.gov/27435513 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4951688/
https://pubmed.ncbi.nlm.nih.gov/27435513 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4951688/


pocampus. Proc. Natl. Acad. Sci., 104(46):18286 LP – 18291, nov 2007. doi: 10.1073/

pnas.0708611104. URL http://www.pnas.org/content/104/46/18286.abstract.

[195] Dante Picchioni, Jeff H Duyn, and Silvina G Horovitz. Sleep and the functional

connectome. Neuroimage, 80:387–396, oct 2013. ISSN 1095-9572 (Electronic). doi:

10.1016/j.neuroimage.2013.05.067.

[196] J D Pickard, M Matheson, J Patterson, and D Wyper. Prediction of late ischemic

complications after cerebral aneurysm surgery by the intraoperative measurement of

cerebral blood flow. J. Neurosurg., 53(3):305–308, sep 1980. ISSN 0022-3085 (Print).

doi: 10.3171/jns.1980.53.3.0305.

[197] Jonathan D Power, Kelly A Barnes, Abraham Z Snyder, Bradley L Schlaggar, and

Steven E Petersen. Spurious but systematic correlations in functional connectivity

MRI networks arise from subject motion. Neuroimage, 59(3):2142–2154, feb 2012. ISSN

1095-9572. doi: 10.1016/j.neuroimage.2011.10.018. URL https://pubmed.ncbi.nlm.

nih.gov/22019881https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3254728/.

[198] Jonathan D Power, Mark Plitt, Stephen J Gotts, Prantik Kundu, Valerie Voon, Pe-

ter A Bandettini, and Alex Martin. Ridding fMRI data of motion-related influences:

Removal of signals with distinct spatial and physical bases in multiecho data. Proc.

Natl. Acad. Sci., 115(9):E2105 LP – E2114, feb 2018. doi: 10.1073/pnas.1720985115.

URL http://www.pnas.org/content/115/9/E2105.abstract.

[199] Jonathan D Power, Charles J Lynch, Benjamin M Silver, Marc J Dubin, Alex Martin,

and Rebecca M Jones. Distinctions among real and apparent respiratory motions in

human fMRI data. Neuroimage, 201:116041, 2019. ISSN 1053-8119. doi: https://

doi.org/10.1016/j.neuroimage.2019.116041. URL http://www.sciencedirect.com/

science/article/pii/S1053811919306226.

233

http://www.pnas.org/content/104/46/18286.abstract
https://pubmed.ncbi.nlm.nih.gov/22019881 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3254728/
https://pubmed.ncbi.nlm.nih.gov/22019881 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3254728/
http://www.pnas.org/content/115/9/E2105.abstract
http://www.sciencedirect.com/science/article/pii/S1053811919306226
http://www.sciencedirect.com/science/article/pii/S1053811919306226


[200] Liya Qin, Xuefei Wu, Michelle L Block, Yuxin Liu, George R Breese, Jau-Shyong Hong,

Darin J Knapp, and Fulton T Crews. Systemic LPS causes chronic neuroinflammation

and progressive neurodegeneration. Glia, 55(5):453–462, apr 2007. ISSN 0894-1491

(Print). doi: 10.1002/glia.20467.

[201] Miriana Jlenia Quattromani, Jakob Hakon, Uwe Rauch, Adam Q Bauer, and Tadeusz

Wieloch. Changes in resting-state functional connectivity after stroke in a mouse brain

lacking extracellular matrix components. Neurobiol. Dis., 112:91–105, apr 2018. ISSN

1095-953X (Electronic). doi: 10.1016/j.nbd.2018.01.011.

[202] Alejandro A Rabinstein, Jonathan A Friedman, Stephen D Weigand, Robyn L Mc-

Clelland, Jimmy R Fulgham, Edward M Manno, John L D Atkinson, and Eelco

F M Wijdicks. Predictors of cerebral infarction in aneurysmal subarachnoid hem-

orrhage. Stroke, 35(8):1862–1866, aug 2004. ISSN 1524-4628 (Electronic). doi:

10.1161/01.STR.0000133132.76983.8e.

[203] Marcus E Raichle. The restless brain: how intrinsic activity organizes brain function.

Philos. Trans. R. Soc. London. Ser. B, Biol. Sci., 370(1668), may 2015. ISSN 1471-

2970 (Electronic). doi: 10.1098/rstb.2014.0172.

[204] Marcus E Raichle and Mark A Mintun. Brain work and brain imaging. Annu. Rev.

Neurosci., 29:449–476, 2006. ISSN 0147-006X (Print). doi: 10.1146/annurev.neuro.29.

051605.112819.

[205] Senthilkumar B Rajamohan, Vinodkumar B Pillai, Madhu Gupta, Nagalingam R Sun-

daresan, Konstantin G Birukov, Sadhana Samant, Michael O Hottiger, and Mahesh P

Gupta. SIRT1 promotes cell survival under stress by deacetylation-dependent deac-

tivation of poly(ADP-ribose) polymerase 1. Mol. Cell. Biol., 29(15):4116–4129, aug

2009. ISSN 1098-5549 (Electronic). doi: 10.1128/MCB.00121-09.

234



[206] Sonja A Rasmussen, Denise J Jamieson, Margaret A Honein, and Lyle R Petersen.

Zika Virus and Birth Defects — Reviewing the Evidence for Causality. N. Engl. J.

Med., 374(20):1981–1987, apr 2016. ISSN 0028-4793. doi: 10.1056/NEJMsr1604338.

URL https://doi.org/10.1056/NEJMsr1604338.

[207] Ami P Raval, Kunjan R Dave, and Miguel A Pérez-Pinzón. Resveratrol mimics is-
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ulation of Slow Wave Motifs towards Awakening. Front. Cell. Neurosci., 11:108,

2017. doi: 10.3389/fncel.2017.00108. URL https://www.ncbi.nlm.nih.gov/pubmed/

28484371https://www.ncbi.nlm.nih.gov/pmc/PMC5401891/.

[216] Najma Siddiqi, Allan O House, and John D Holmes. Occurrence and outcome of

delirium in medical in-patients: a systematic literature review. Age Ageing, 35(4):

350–364, jul 2006. ISSN 0002-0729 (Print). doi: 10.1093/ageing/afl005.

[217] Torfi Sigurdsson and Sevil Duvarci. Hippocampal-Prefrontal Interactions in Cogni-

236

https://doi.org/10.1161/01.STR.0000250048.42916.ad
https://doi.org/10.1161/01.STR.0000250048.42916.ad
https://www.ncbi.nlm.nih.gov/pubmed/28484371 https://www.ncbi.nlm.nih.gov/pmc/PMC5401891/
https://www.ncbi.nlm.nih.gov/pubmed/28484371 https://www.ncbi.nlm.nih.gov/pmc/PMC5401891/


tion, Behavior and Psychiatric Disease , 2016. URL https://www.frontiersin.org/

article/10.3389/fnsys.2015.00190.

[218] Gergely Silasi, Dongsheng Xiao, Matthieu P Vanni, Andrew C N Chen, and Timothy H

Murphy. Intact skull chronic windows for mesoscopic wide-field imaging in awake mice.

J Neurosci Methods, 267:141–149, 2016. doi: 10.1016/j.jneumeth.2016.04.012. URL

https://www.ncbi.nlm.nih.gov/pubmed/27102043.

[219] Nilendra Singh, Megha Agrawal, and Sylvain Doré. Neuroprotective properties
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