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ABSTRACT OF THE DISSERTATION 
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Local neural circuitry and global neural networks in the brain are often investigated using 

mesoscopic, hemodynamic imaging such as optical intrinsic signal (OIS) imaging or 

functional magnetic resonance imaging (fMRI), relying on oximetric signals as proxies of 

neural activity.  However, the tight neurovascular coupling that ties regional changes in 

blood flow to changes in neural activity in normal states can be severely disrupted in 

disease states.  I show that neurovascular coupling is significantly interrupted in mouse 

models of Cantu syndrome, a rare disease caused by gain-of-function mutations in ATP-

sensitive potassium (KATP) channels.  Such marked disruptions in neurovascular coupling 

in disease states like Cantu motivate the direct measurement of neural activity to examine 

changes in local circuits and global networks in neurovascular disease, such as stroke.  I 

then demonstrate that minute increases in stroke size in mice can elicit very different 

profiles of repair and recovery, and that early changes in spatiotemporal dynamics of both 

local circuits and global networks predict long-term functional outcome after stroke.  

Together, these results add to our understanding of neurovascular coupling, raise 



 
x 

concerns about the validity of hemodynamic signals as surrogate measures of neural 

activity in disease states, and help to elucidate early mechanisms of repair in injured 

neural circuits and networks. 
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Chapter 1: 

Optical Imaging in 

Neurovascular Disease 

 

1.1 Introduction to Optical Imaging 

Since its discovery almost 50 years ago [1], optical imaging has burgeoned into an 

incredibly useful neuroimaging technique, especially in animal models.  One of the first 

uses of optical imaging in neuroscience showed that changes in diffuse light reflectance 

gathered from exposed cortical tissue of cats could be observed during visual evoked 

activity [1].  It was later discovered that these changes in diffuse reflectance, termed the 

optical intrinsic signal (OIS), were owed to changes in concentrations of intrinsic 

chromophores, such as hemoglobin [2-4], cytochromes [5, 6], and other chromophores 

within the vasculature of a tissue.  Though hemoglobin is the most common intrinsic 

chromophore studied in optical imaging, recent breakthroughs in FAD and NADH optical 

imaging have shed light on spatial metabolism patterns in normal states [7, 8], as well as 

various disease states, such as cancer [9, 10]. 

 

Often compared to other hemodynamic imaging modalities like functional magnetic 

resonance imaging (fMRI), optical imaging benefits from a higher temporal resolution than 
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its rivals.  While early investigations of OIS were performed at a sampling frequency 

around 5 Hz [1, 2], more recent developments have pushed the boundaries of its temporal 

resolution up to over 25 Hz, making optical imaging a far quicker readout of 

hemodynamics than other oximetric measures.  When used in conjunction with genetic 

and pharmacological manipulations, this level of temporal resolution can help to tease 

apart the contributions of different tissue and cell types to hemodynamic responses.  

Access to higher frequency ranges also allows for the examination of faster hemodynamic 

and neural activity. 

 

1.2 Optical Imaging of Neural Activity 

Given its temporal and spatial precision, scientists recognized the potential of 

optical imaging for the direct measurement of neural activity in vivo, motivating a new 

wave of advancements in optical imaging to realize this potential.  Voltage-sensitive dyes 

(VSDs), the first iteration of this technology, were first used in 1974 [11] as an optical 

alternative for the measurement of electric potentials in voltage clamp experiments.  While 

proving very useful, in vivo VSD imaging requires invasive craniotomies, rendering them 

better suited for acute preparations and poorly suited for longitudinal experiments.  VSDs 

have recently been replaced by genetically encoded calcium indicators (GECIs), which 

have ballooned in popularity over the last 15 years [12], allowing for genetic encoding of 

fluorescent calcium indicators in animal models.  GCaMP, a fusion protein of calmodulin 

and green fluorescent protein (GFP) [13, 14], has been the most commonly used GECI 

in the past 15 years due to its availability, flexibility, and fast dynamics. 
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One of the salient advantages of GECIs lies in their genetic encoding, allowing 

them to be expressed under various promoters, which can target them to specific cell 

types.  As 80-90% of cells in the cortex are excitatory [15], most GECI use has focused 

on expression in excitatory cells.  Thy1, one of the most popular promoters for the 

expression of GECIs, was first used to target GCaMP expression to a subset of excitatory 

neurons in the mouse cortex, and shows robust fluorophore expression in layers 2/3 and 

5 [16].  Recently, GECIs have begun to be expressed under inhibitory cell-specific 

promoters, such as the PV promoter [17, 18].  Though current leading GECI kinetics are 

not yet fast enough to examine activity at the frequency ranges at which most 

interneurons operate, targeted expression of GECIs in inhibitory cells may help to 

distinguish the roles inhibitory interneurons play in local circuits and global brain networks. 

 

However, with every advancement comes challenges.  In its beginnings, skeptics 

questioned the validity of GCaMP recordings as a reliable readout of population-level 

neural activity.  This criticism was answered in the finding that GCaMP activity is 

significantly correlated to multi-unit activity of electrophysiological recordings [19].  It was 

also noted that the emission spectrum of GCaMP overlaps with the emission spectrum of 

hemoglobin, causing artifactual bleed-through of hemodynamic signals into GCaMP 

fluorescence signals.  This characteristic of GCaMP’s spectroscopy created challenges 

for the optical imaging community, but multiple methods have been developed to remove 

hemodynamic confound from GCaMP fluorescence activity.  Initial correction methods 

used diffuse reflectance levels to measure the proportion of light absorbed by 
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hemoglobin, and then inferred information about hemoglobin concentrations based on a 

modified Beer-Lambert law relating light absorption by hemoglobin to mean scattering 

path through tissues [20, 21].  More recent work has further developed this correction 

method by applying a linear model of the modified Beer-Lambert law to each pixel to avoid 

the inaccuracies of estimating physical parameters, like scattering path length, in different 

spatial locations of the cortex [22].  Both methods have effectively removed artifactual 

hemoglobin signals from GCaMP fluorescence activity and greatly improved the fidelity 

of the direct measurement of neural activity during optical imaging.  Moreover, the advent 

of red-shifted calcium indicators, such as RGECO, along with improvements in GECI 

signal-to-noise ratio, have further enhanced optical calcium imaging techniques, ridding 

calcium indicators of much of the hemodynamic confound that plagued green-shifted 

fluorophores, while simultaneously improving their signaling efficiency and decreasing 

signal attenuation in deeper cortical layers [12, 23]. 

 

In addition to its temporal precision, the other supreme advantage of optical 

imaging is the large viewing window with which it can be performed.  In rodents, whose 

entire dorsal neocortex is visible during wide-field optical imaging, this is useful for the 

investigation of correlations between fluorescence signals across the cortex, known as 

functional connectivity (FC), which provide a proxy measure of network connectivity 

between anatomically distant regions.  Many pathologies, like schizophrenia [24] and 

stroke [25-28], show abnormalities in network connectivity, suggesting that network 

integrity is essential for proper brain function.  With the arrival of GECIs, optical imaging 
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could be used to study network topologies and function without the confound of 

neurovascular coupling, which is altered in many disease states and will be described in 

more detail in the next section.  The spatial resolution of optical imaging has rendered 

sharper topologies of functional networks, while its temporal resolution, aided by the fast 

kinetics of GECIs, has allowed access to higher frequency bands of neural networks. 

 

1.3 Neurovascular Coupling and Optical Imaging 

Blood flow and hemodynamic signals have long been associated with underlying 

neural activity, with the first hypotheses of this phenomenon, known as neurovascular 

coupling, originating over 100 years ago [29, 30].  Canonical fMRI studies in the late 

1990s linked neural activity with increased local oxygen metabolism in humans [31, 32].  

Since then, it has been well established that neural activity drives a hemodynamic 

response to replenish oxygen and metabolic fuel. 

 

Although myriad observations have been made about the characteristics and 

dynamics of neurovascular coupling in both healthy and disease states, the mechanisms 

behind this phenomenon are still poorly understood.  The simplest understanding of 

neurovascular coupling relies on metabolic molecular signaling cascades, including 

mediating factors such as NAD+/NADH (nicotinamide adenine dinucleotide/+hydrogen) 

balance, ATP/ADP (adenosine tri/biphosphate) balance, and lactate [33-35].  In this 

hypothesis, neural activity creates a metabolic deficit in these proposed molecular factors, 

which then elicits vasodilation, leading to increases in blood flow.  The principal competitor 
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to this idea holds natural byproducts of neural activity, such as neurotransmitter release 

and changes in ionic gradients, to be the primary drivers of changes in blood flow, skipping 

any sort of metabolic sensing or signaling [33, 36, 37]. 

 

With the addition of GECIs to the optical neuroimaging field, simultaneous 

monitoring of neural and hemodynamic activity has opened new doors for the analysis of 

neurovascular coupling.  Computational advancements in signal processing have allowed 

for the creation of hemodynamic response functions (HRF) to quantify features of the 

hemodynamic response to neural activity.  While this approach had existed in fMRI 

analysis for years, its use was predictive, trying to make inferences about unmeasured 

underlying neural activity based on measured hemodynamic responses, and then in turn 

making conclusions about the dynamics of neurovascular coupling [38].  It was not until 

the introduction of GECIs to optical imaging that the simultaneous measurement of neural 

and hemodynamic activity could be performed on the same system.  Since then, the study 

of neurovascular coupling has been streamlined, especially in experiments aimed at 

elucidating the effects of drugs and disease on hemodynamic responses to neural activity. 

 

Recently, developments in two-photon microscopy have allowed for the 

measurement of changes in microvascular diameters, and it has been demonstrated that 

drivers of blood flow changes, including changes in synaptic activity, metabolite 

concentrations, and metabolic-sensing ion channel activity, preferentially act on first order 

capillaries and capillary sphincters rather than on arterioles and higher order capillaries 
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[39].  Furthermore, local increases in potassium ion concentrations ([K+]) caused by 

neural activity have been shown to activate subtype 2 inward rectifying potassium 

channels (Kir2) in vascular endothelial cells, causing rapid hyperpolarization of vascular 

endothelial cells surrounding arterioles [40] and vasodilation.  Together, these results 

suggest a role for metabolic-sensing ion channels in vascular cells in the control of 

neurovascular coupling, a subject that will be addressed in depth in Chapter 2.  Still, 

advances in microscopic technologies and techniques to image cellular level activity will 

be imperative for elucidating causative mechanisms of neurovascular coupling. 

 

1.4 Neurovascular Coupling in Disease 

Recruitment of so many physiological resources to maintain tight neurovascular 

coupling is a steep cost, and disruptions in this highly regulated system coincide with 

adverse results.  Indeed, disrupted neurovascular coupling can be observed in many 

disease states, such as Alzheimer’s disease [41-45], frontotemporal dementia [42], 

Amyotrophic Lateral Sclerosis (ALS) [42, 46], Parkinson’s Disease [42, 47], hypertension 

[42, 48], and stroke [41, 42, 49-51].  Changes in the parameters and dynamics of 

functional hyperemia, the state in which cerebral blood flow locally increases following 

amplified neural activity, can thus create inconsistencies in neurovascular coupling 

between healthy and disease states.  Hemodynamic-based imaging, such as optical 

intrinsic signal imaging techniques and fMRI [52], therefore present a conundrum when 

attempting to indirectly measure neural activity from oximetric signals in disease states. 
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1.5 Cantu Syndrome 

 In Section 1.3, I briefly discussed the role of metabolic-sensing potassium 

channels expressed in vascular cells in neurovascular coupling.  Although their exact role 

is still unclear, pathologies of these channels offer insight into their responsibility in 

neurovascular coupling, and animal models of such pathologies are therefore of great 

value to the scientific community.  One such pathology is Cantu syndrome, a very rare 

disease caused by gain-of-function mutations in genes KCNJ8 and ABCC9, which encode 

the pore-forming (Kir6.1) and regulatory (SUR2) subunits of the ATP-sensitive type 6 

inward rectifying potassium channel (KATP), respectively [53-56].  This subclass of 

potassium channel is most commonly expressed in endothelial and mural cells and is 

activated by Mg-ADP and inhibited by ATP, linking it to metabolism.  The function of Kir6 

channels is to hyperpolarize cells in which they are expressed, leading to relaxation of 

endothelial and mural cells, which dilates blood vessels and allows increased regional 

blood flow.  As Cantu syndrome represents gain of function in these channels, symptoms 

generally relate to the decreased vascular tone observed in the disease, and include 

cardiac hypertrophy, hypotension, dilated and tortuous blood vessels, and pericardial 

effusion [53, 57, 58]. 

 

Murine models of Cantu syndrome express point mutations in either Kir6.1 or 

SUR2, with Kir6.1 mutations leading to more extreme cardiovascular phenotypes and 

being lethal when mutations are homozygous [57].  Aortic smooth muscle cells from these 

animal models have shown higher potassium conductance in both Kir6.1 and SUR2 
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mutant cells during whole cell voltage clamp recordings, with Kir6.1 mutants showing 

more extreme conductance increases than those observed in SUR2 mutants [57].  These 

conductance changes are also noted in the presence of the KATP activator pinacidil and 

inhibitor glibenclamide [57].  However, the effects of these genetic mutations and 

pharmacological manipulations on hemodynamics in vivo remain unknown. 

 

1.6 Summary of Findings 

To investigate the role of KATP channels in neurovascular coupling of mice in vivo, 

we used wide-field optical imaging to examine differences in hemodynamic responses to 

mechanical whisker stimulation between Cantu mutant and wild-type mice administered 

pinacidil and glibenclamide.  Both increased (pinacidil) and decreased (glibenclamide) 

KATP activity via pharmacological intervention significantly disrupted neurovascular 

coupling in the cerebral cortex of wild-type mice, with pinacidil completely abolishing 

coupling and glibenclamide slowing and attenuating the hemodynamic response.  Kir6.1 

and SUR2 mutant animals demonstrated a similar slowed and reduced hemodynamic 

response at baseline to that observed in wild-type mice after administration of 

glibenclamide.  Cantu mouse models exhibited inherent differences in neurovascular 

coupling compared to wild-type mice, in addition to showing an enhanced sensitivity to 

pinacidil during a dose response experiment.  These results demonstrate the importance 

of homeostatic KATP activity in neurovascular coupling and provide motivation for further 

investigation into cell-type-specific contributions of KATP activity to neurovascular coupling 

in Cantu syndrome and other neurovascular diseases. 
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Chapter 2: 

Control of Neurovascular Coupling 

by ATP-Sensitive Potassium Channels 

 

2.1 Abstract 

Regional blood flow within the brain is tightly coupled to regional neural activity, a 

process known as neurovascular coupling (NVC). In this study, we demonstrate the 

striking controlling role of SUR2- and Kir6.1-dependent ATP-sensitive potassium (KATP) 

channels in NVC, in the sensory cortex of conscious mice, in response to mechanical 

stimuli in-vivo. We demonstrate that either increased (pinacidil-activated) or decreased 

(glibenclamide-inhibited) KATP activity markedly disrupts NVC; pinacidil-activation is 

capable of completely abolishing stimulus-evoked cortical hemodynamic responses, 

while glibenclamide slows and reduces the response. The response is similarly slowed 

and reduced in SUR2 KO animals, as in Kir6.1 KO animals, demonstrating the clear role 

of both subunits. Gain-of-function (GOF) mutations in Kir6.1 and SUR2 underlie the rare 

channelopathy, Cantú syndrome. Compared to wild type mice, mouse models of Cantú 

syndrome exhibit baseline alterations in NVC as well as increased sensitivity to pinacidil. 

The study reveals the dramatic effects of either increasing or decreasing SUR2/Kir6.1-

dependent KATP activity has on NVC, whether pharmacologically and genetically induced, 
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with important relevance for monogenic KATP channel diseases and for more common 

brain pathologies. 

 

2.2 Significance Statement 

Tight coupling of neural activity and blood flow is necessary to maintain normal 

brain function. In this study we provide in vivo demonstration of the dramatic effects of 

altering KATP activity on NVC, whether pharmacologically or genetically. Thus, KATP 

channels are revealed as important targets for modulation of NVC and a source of 

dysfunction in disease that results from or leads to changes in KATP channel activity such 

as occurs with Cantú syndrome and AIMS. 

 

2.3 Introduction 

It has long been recognized that neural activity is closely related to cerebral blood 

flow (CBF), and the close spatial and temporal relationship between neural activity and 

CBF, termed neurovascular coupling (NVC), is the basis for functional magnetic 

resonance imaging (fMRI) [59]. Appropriate NVC is generally assumed to be necessary 

for temporal matching of blood supply to neural demand, and disruption of NVC in various 

brain pathologies may represent a causal basis for neural dysfunction [59]. Multiple cell 

types, including capillary endothelial cells, astrocytes, and pericytes, have been 

implicated in the coupling of neural activity to increased blood flow, but underlying bases 

remain poorly understood. Various studies have elucidated mechanisms by which 
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metabolic by-products of neural activity may trigger electrical responses in nearby 

vascular smooth muscle (VSM) and pericytes that reduce their contractile state, leading 

to arteriolar and capillary dilation, and to increased blood flow [60, 61]. One potential 

metabolic by-product signal is elevated external [K+], a rapid and potent vasodilator [62]. 

Local release of K+ can activate Kir2 channels in vascular endothelium leading to 

hyperpolarization of upstream VSM, via gap junctional coupling, and consequent 

vasorelaxation leading to locally increased blood flow [63]. 

 

 Recent studies have also implicated ATP-sensitive potassium (KATP) channels as 

additional transducers of NVC within the neurovascular unit [64, 65]. KATP channels are 

inhibited by intracellular ATP and activated by MgADP, thereby linking membrane 

potential to metabolic activity in KATP-channel-expressing cells [66]. These channels are 

formed as heteroctameric complexes, with 4 pore-forming Kir6.x subunits, responsible for 

ATP inhibition, and 4 regulatory SURx subunits responsible for Mg-ADP activation and 

sensitivity to agonists (e.g. Diazoxide/Pinacidil) and antagonists (e.g. Glibenclamide) [67]. 

Distinct KATP channel isoforms, encoded by two pairs of genes, are expressed in different 

cell types [68, 69]: ABCC8- and KCNJ11-encoded SUR1 and Kir6.2 are prominent in the 

pancreas and neurons, while ABCC9- and KCNJ8-encoded SUR2 and Kir6.1 are most 

widely expressed in vascular smooth muscle [70-72] and in cerebral pericytes [64, 73, 

74]. 
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In the present study we demonstrate a clear, controlling role for Kir6.1/SUR2B-type 

KATP in NVC in vivo, in conscious mice. Intriguingly, we demonstrate that either increase 

or decrease of KATP activity reduces NVC, with pharmacological KATP activation by 

pinacidil being capable of completely abolishing the response. Pharmacological inhibition 

of KATP with Glibenclamide or genetic knockout of the SUR2 subunit both result in slowed 

and diminished NVC. Severe loss–of-function (LOF) mutations in ABCC9 underlie the 

very rare channelopathy ABCC9-dependent Intellectual disability Myopathy Syndrome 

(AIMS) [75], and the present results suggest a potential role for altered NVC in AIMS 

disease etiology. Conversely, gain-of-function (GOF) mutations in KCNJ8 and ABCC9 

underlie the rare channelopathy, Cantú syndrome [69, 76, 77]. Characterized by 

cardiomegaly, hypertrichosis and distinct facial features, Cantú patients also exhibit 

dilated and tortuous cerebral vasculature and neurological abnormalities [78], as well as 

high incidence of migraines with aura [76]. Using a mouse model of KCNJ8-dependent 

Cantú syndrome, we further demonstrate a reduction in baseline NVC and increased 

sensitivity to Pinacidil, providing support for disrupted NVC, as a result of KATP GOF, being 

a causal mechanism of migraines in Cantú syndrome, or in subjects exposed to 

potassium channel opener drugs [79]. 

 

2.4 Methods 

2.4.1 Mouse lines 

All studies were performed in compliance with the standards for the care and use 

of animal subjects defined in the NIH Guide for the Care and Use of Laboratory Animals 
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and were reviewed and approved by the Washington University Institutional Animal Care 

and Use Committee. For optical imaging experiments including GCaMP, Thy1-GCaMP6f 

mice (JAX 024276) were crossed with the mouse genotype of interest. Littermate mice 

carrying only the GCaMP6 transgene were used for comparisons and mice were between 

16 and 20 weeks old during experiments. Generation of Cantú mice using CRISPR/Cas9 

genome editing was previously reported [69]. Briefly, KCNJ8 [c.193G>A/195A>G] 

mutations were introduced to generate Kir6.1[V65M] (Kir6.1wt/VM) mice which mimic the 

autosomal-dominant mimic Kir6.1[V65M] observed in human CS [80]. Male and female 

mice were used for all experimental groups. 

  

2.4.2 Cranial windows for optical imaging 

Mice were anesthetized with isoflurane (3.5 liters per minute for 4 minutes, 3-5% 

induction, 1.5% maintenance), and head-fixed in a stereotaxic frame. Temperature was 

maintained using a thermostatic heating pad. After fixation on a bite bar and lubrication 

of the eyes, the hair on the scalp was shaved and the scalp was cleaned with betadine 

and ethanol. A local injection of lidocaine was administered to the site of incision. The 

scalp was then incised and retracted along the midline. Metabond dental cement (C&B 

Metabond, Parkell Inc.) was used to secure a custom-designed Plexiglas window to the 

skull, completely covering the surgical opening. Mice were then placed in a temperature-

controlled incubator and allowed to recover for at least 5 days. No effect of window 

implantation on behavior was noted. 
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2.4.3 Wide-field optical imaging 

Wide-field optical imaging was performed to measure cortical calcium and 

hemodynamic activity, as previously [81-84]. The dorsal neocortex was illuminated 

sequentially by three light emitting diodes (LEDs) of wavelengths 470 nm (Mightex 

Systems, LCS-0470-50-22), 525 nm (Mightex Systems, LCS-0525-60-22), and 625 nm 

(Mightex Systems, LCS-0625-07-22). The 470 nm LED was used for GCaMP excitation 

and a 500-nm long pass filter (Semrock, FF01-500/LP-25) in front of the camera blocked 

residual excitation light from reaching the camera sensor. An additional 460/60 nm 

bandpass filter (FF01-460/60-25) was placed in front of the excitation source to spectrally 

separate fluorescence excitation light from fluorescence emission. The remaining LEDs 

provided diffuse reflectance illumination used for multispectral hemodynamic imaging. A 

custom light engine was built such that all LED beams were collimated using plano-

convex lenses (Thorlabs, LA1433) and combined with dichroic beam combiners (Mightex 

Systems, LCS-BC25-0480, LCS-BC25-0605). Image detection was performed with a 

cooled, sCMOS camera (Zyla 5.5-USB3, Andor) with an 85-mm f/1.4 camera lens and 75 

Hz acquisition framerate (25 Hz acquisition rate for each channel). The field of view was 

approximately 1 cm x 1 cm, covering the dorsal neocortex, and contained a 512 x 512-

pixel array. To ensure a high SNR and acquisition rate, images were binned 4 x 4 on 

camera, resulting in images containing 128 x 128 pixels, with each pixel being 

approximately 78 µm x 78 µm. A series of linear polarizers were used in front of both the 

LED sources and the camera lens to reduce specular reflection from the mouse skull.  
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2.4.4 Image acquisition 

LED illumination sequences and camera triggering was controlled by a data 

acquisition board (PCI-6733, National Instruments) using MATLAB (MathWorks). Solis 

(Oxford Instruments) was used for image acquisition.  

 

 Prior to data collection, mice were acclimated to head fixation while wrapped in a 

felt blanket for 20 minutes to ensure normal behavior before any imaging recordings were 

performed. Whisker stimulation was performed in awake mice for 5 minutes on the left 

and right whisker pads using computer controlled, 40 PSI air puffs in a block design (5 s 

rest; 5 s of 1 Hz, 0.1 s pulses; 10 s rest; 15 blocks/5 minutes recording per mouse). 

 

2.4.5 Image processing 

Brain masks were created for each imaging timepoint for each mouse, and all 

analyses that followed were performed only on pixels labeled as brain. Brain masks and 

image sequences of brain pixels were affine transformed to Paxinos atlas space using 

the cranial landmarks of the intersection of the frontonasal and interfrontal suture and the 

sagittal and lambdoid suture (lambda). Five seconds of dark frames were subtracted from 

all raw data prior to analysis. Images were temporally detrended as previously described 

[85]. Changes in 590nm and 625 nm reflectance were used for hemodynamic 

spectroscopy, using the modified Beer-Lambert Law [86]. The raw GCaMP fluorescence 

signal was corrected for artifacts due to hemoglobin absorption using 525-nm reflectance 

as previously described [83, 87]. For each mouse, maps of cortical responses to 
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peripheral whisker stimulation were created by averaging responses to each of the 5 air 

puffs per block. Regions of interest (ROIs) were defined using the GCaMP signal within 

right and left somatosensory whisker barrel cortex by thresholding individual and group-

averaged evoked response maps, averaged across blocks and peaks at 50% of the 

maximum pixel intensity at each time point. The ROIs defined using GCaMP were used 

for analysis of hemoglobin signaling. 

 

2.4.6 Patch-clamp analysis 

Whole cell patch clamp recordings were performed on pericytes isolated from adult 

mice (Figure 5.1). NG2-dsred or PDGFRβ-GFP mice were used, to allow visual 

identification of cells expressing these two pericyte markers [88]. To isolate pericytes, 

adult mice were anesthetized with 2.5% avertin (10 ml;/kg, i.p.: Sigma-Aldrich) and 

cervical dislocation was performed. Dissociation of pericytes was carried out using the 

Neural Tissue Dissociation Kit (P) (Miltenyibiotec). In brief, the brain was removed and a 

small section of the parietal lobe placed in Hanks Balanced Salt Solution (HBSS) to clean 

the tissue. The tissue was then removed from solution and placed in digestion solution 

with enzyme P and cut into small pieces. This was digested for 17 min at 37o C, followed 

by trituration 10x with a pastuer pipette and the subsequent addition of enzyme A. The 

digestion was then incubated for a further 12 min at 37o C and then passed through a 21 

gauge needle 10 times. The mix was then incubated for a further 10 min at 37o C, and 

was then passed through a 70uM filter, spun down and resuspended in cell culture media. 
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The resulting cells were plated on shards of cover glass, on ice, which were used for 

patch clamp recordings after they were allowed to attach. 

 

 Whole-cell KATP currents were recorded using an Axopatch 200B amplifier and 

Digidata 1200 (Molecular Devices), following a previously published protocol for 

characterization of Kir6.1/SUR2 in SM cells [69]. Recordings were filtered at 1 kHz, and 

digitally sampled at 3 kHz. Currents were initially measured at a holding potential of –70 

mV in a high-Na+ bath solution containing (in mM) 120 NaCl, 6 KCl, 2.5 CaCl2, 1.2 MgCl2, 

10 HEPES, and 12 glucose, with pH adjusted to 7.4 with NaOH before switching to a 

high-K+ bath solution (130 KCl, 2.5 CaCl2, 1.2 MgCl2, 10 HEPES, and 12 glucose, with 

pH adjusted to 7.4 with KOH) in the absence and presence of pinacidil and glibenclamide 

as indicated. The pipette solution contained (in mM) 110 potassium aspartate, 30 KCl, 10 

NaCl, 1 MgCl2, 10 HEPES, 0.5 CaCl2, 4 K2HPO4, and 5 EGTA, with pH adjusted to 7.2 

with KOH. 

 

2.4.7 Inter-contrast analysis 

Cross-covariance between calcium and oxygenated hemoglobin (OxyHb) signals 

was used to estimate coupling between the mean calcium and oxygenated hemoglobin 

signals within the individual ROIs described above. This was done for each recording and 

then averaged within and across mice. From the cross-covariance functions, the peak 

amplitude, the time-to-peak amplitude (Peak lag), the full width at half maximum and the 

energy of cross-covariance (area under the squared covariance curves) were calculated. 



 
19 

2.4.8 Statistics 

Data are presented as mean ± SEM, unless otherwise noted. Differences 

between two groups were tested using 2-tailed t-tests and among several groups were 

tested using analysis of variance (ANOVA) and post-hoc Turkey’s test, assuming that 

the data are normally distributed for each variable. Significant differences among groups 

are indicated with p-values, and non-significant (p > 0.05) differences are not shown. 

 

2.5 Results 

2.5.1 Pharmacological modulation of KATP markedly alters neurovascular coupling 

We first assessed the impact of pharmacological KATP channel activation and 

inhibition on NVC in awake conscious animals by IP injection of the KATP channel activator 

Pinacidil (40 mg/mL), or of the inhibitor Glibenclamide (2.5 mg/mL). The neural (GCaMP) 

and vascular (oxygenated hemoglobin, OxyHb) evoked response signals (stimulus: 1 Hz, 

0.1-second, 40 PSI air puffs) within the whisker barrel cortex were measured before and 

after (20 minutes) drug injection, to determine baseline and drug-modulated responses 

(Figure 2.1A,B). In wild type (WT) mice, discrete whisker barrel GCaMP responses to 

each stimulus were reproducibly associated with a rapid local increase of OxyHb that was 

maintained during the stimulation period and then declined over 5-10 seconds following 

the end of stimulation. Glibenclamide treatment resulted in a delayed rise of the OxyHb 

signal and ~50% reduction in the maximum change in oxygenated hemoglobin (Oxy max, 

Figure 2.1B,C). Pinacidil had a more dramatic effect, essentially abolishing the OxyHb 

response (Figure 2.1B,C). Interestingly, both treatments slightly reduced the GCaMP 
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signal by ~25 % (Figure 2.1B,C). As an estimate of NVC, the relationship between 

GCaMP and OxyHb was quantified using cross-covariance. A significant reduction in 

coupling is demonstrated by reduced overall energy and reduced peak amplitude for both 

pinacidil and glibenclamide treatment (Figure 2.1D,E), and a significant shift in peak lag 

was observed in animals treated with Glibenclamide (Figure 2.1D,E). 
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Figure 2.1: Effect of pharmacological KATP modulation on neurovascular coupling 
and neural activity (A) (left) Experimental setup. The conscious mouse is head-fixed on 

the stage using non-reflective screws. LEDs illuminate the cortex sequentially and 

reflected light levels are captured by the camera during optical imaging recordings. 

Whisker stimulation is provided by an air puffer fixed to blow air on either side of the 

whiskers. Changes in light levels are then processed and analyzed using MATLAB. (right) 

Representative image showing average GCaMP and oxygenated hemoglobin (Oxy) 

signals during right whisker stimulation in control mouse. (B) Change in oxygenated 

hemoglobin (OxyHb, above) and GCaMP (below) signals during whisker stimulation 

(arrowheads) in control and in the presence of (0.025 mg/g) glibenclamide (left) or (0.4 

mg/g) pinacidil treatment (n=14 hemispheres/7mice in each case, mean + s.e.m. for each 

time point). (C) Mean area under the curve (+ s.e.m.) of oxygenated hemoglobin (OxyHb, 

above) and GCaMP (below) signals, measured from ROIs as in C. (D) Average cross-

covariance of GCaMP and Oxy signals from mice before and after treatment with 

glibenclamide (above) and pinacidil (below). (E) Average energy (+ s.e.m.) of cross 

covariance in the positive direction as well as average peak amplitude (+ s.e.m.) are 

shown for glibenclamide (above) and pinacidil (below). 

 

2.5.2 KATP knockout or Cantu syndrome KATP GOF also reduce neurovascular 

coupling  

Vascular KATP channels are generated by the Kir6.1 and SUR2B subunits, encoded 

by KCNJ8 and ABCC9, respectively [72, 89]. Loss of ABCC9-dependent (and hence 

potentially KCNJ8-dependent) KATP channels results in a distinct complex disorder which 

we have termed ABCC9-dependent intellectual disability myopathy syndrome (AIMS) 

[75]. It has previously been demonstrated that loss of KCNJ8-encoded Kir6.1 disrupts 

NVC, with a delayed and reduced blood flow response to whisker stimulation in 

anesthetized animals [74]. Loss of SUR2 has previously been shown to attenuate 
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vasodilation induced by oxygen and glucose deprivation [89], although NVC has not 

previously been tested. We observe a delayed rise and ~30% reduction in the maximum 

amplitude of OxyHb in ABCC9 (SUR2) KO mice (n=10, purple in Figure 2.2A,B). In 

marked contrast to WT mice, Pinacidil (400 mg/Kg) had almost no effect on NVC in these 

KO mice (Figure 2.2A,B), confirming that the striking abolition of NVC in WT mice (Figure 

2.1C) is indeed through activation of SUR2-containing KATP channels. This further 

suggests that maximum KATP channel activation by Pinacidil in WT reduces resting vessel 

tone to the extent that no further dilation is possible in response to neural activity. Cross-

covariance between OxyHb and GCaMP (Figure 2.2C,D) shows that, as with 

Glibenclamide treatment in WT, stimulus-evoked NVC is significantly delayed in SUR2 

KO animals relative to control animals (Figure 2.2C, Time delays of ~1 s in WT animals 

and ~2.5 s in SUR2 KO animals), although cross-covariance plots were similar in SUR2 

KO and WT (Figure 2.2D). Collectively, these results indicate that genetic deletion of 

SUR2 reduces NVC and leads to slower vascular responses following stimulus-evoked 

neural activity. 
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Figure 2.2: Effect of SUR2 KO on neurovascular coupling (A) Mean change (+ s.e.m.) 

of oxygenated hemoglobin (OxyHb, left) and GCaMP (right) signals, measured from ROIs 

as in Figure 2.1B, in WT and SUR2 KO mice (with or without 0.4 mg/g pinacidil). (B) 
Average (+ s.e.m.) AUC of oxygenated hemoglobin signals from experiments in A. (C) 
Cross-covariance calculated from the experiments in A. (D) Average (+ s.e.m.) delay in 

OxyHb response following GCaMP signal (peak lag) and full width at half max of peak 

amplitude. 

 

 Similar to treatment with KATP channel openers such as Pinacidil, Cantú syndrome, 

resulting from GOF mutations in ABCC9 or KCNJ8 [90, 91], is also associated with 
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various neurological features, including prominently increased risk of migraines [76, 92, 

93]. Such effects may be linked to inappropriate blood flow control. In Kir6.1[V65M] mice, 

which recapitulate multiple key Cantú syndrome features [69, 94], the maximum OxyHb 

signal was significantly reduced compared to littermate controls (Figure 2.3A,B). As with 

WT mice, Glibenclamide treatment reduced the maximum OxyHb response for V65M 

mice, and cross covariance analysis revealed a significant reduction in coupling, with a 

peak amplitude of 1.5x10-6 in WT and 9.7x10-7 in V65M (Figure 2.3C,D). We measured 

the dose response of Pinacidil on maximal oxygenated hemoglobin in Control and V65M 

mice. There was a significant (~10-fold) increase in Pinacidil sensitivity in the latter (Figure 

2.3E). 
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Figure 2.3: Effect of KATP GOF mutation on neurovascular coupling Mean change (+ 

s.e.m.) of oxygenated hemoglobin (OxyHb, left) and GCaMP, right) signals in WT and 

Kir6.1[V65M] mice (right) (n=25 hemispheres/13 mice in each case). Control data are 

from Figure 2.1. (B) Average (+ s.e.m.) AUC of oxygenated hemoglobin (left) as well as 

the maximum change in oxygenated hemoglobin (right) signals from experiments in A. 

(C) Cross-covariance calculated from V65M experiments in A. (D) Comparison of average 

(+ s.e.m.) peak amplitude of the cross-covariance between WT and V65M (left) as well 

as a paired comparison between V65M mice before and after Glibenclamide treatment 
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(left). (E) Average (+ s.e.m.) maximum change in oxygenated hemoglobin (Oxy max) 

signals as a function of injected [pinacidil], in WT and Kir6.1[V65M] mice. Mean data at 

each concentration fit with sigmoidal function, K1/2 = 130 mg/kg and 42.72 mg/kg, for WT 

and V65M, respectively, H fixed at 1 in each case. 

 

2.6 Discussion 

2.6.1 Ion channel players in neurovascular coupling 

It has long been recognized that neurovascular coupling involves transduction of 

chemical signals released from active neurons to electrical signals in cells associated with 

the capillaries to upstream smooth muscle or other contractile cells. These processes 

lead to relaxation and dilation of the vasculature and subsequent increases in blood flow, 

volume, and oxygenation. While the underlying mechanisms remain unclear, there 

appears to be both early contributions from cell-specific vasoactive messaging, and then 

later responses to signals from by-products of neural activity [42, 84, 95-97]. A well-

championed mechanism implicates increased external [K+], resulting from increased 

neural activity, causing increased inward rectifier Kir2 channel activity in capillary 

endothelial cells, which spreads retrograde via gap junctions to hyperpolarize arteriolar 

smooth muscle [62]. Recent work from several groups has also begun to implicate KATP 

channels [64, 73, 74], with demonstration of delayed and reduced neurovascular coupling 

(NVC) response to whisker stimulation in anesthetized Kir6.1 KO mice [74]. In this study 

we first utilized multiple pharmacological and genetic manipulations to fully establish that 

KATP channels are indeed robust regulators of NVC in awake, conscious animals. Both 

pharmacological activation and inhibition of KATP channels reduce NVC, despite the 
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opposing cellular consequences. This indicates a reliance of NVC on normal KATP function 

and suggests that dynamic changes in KATP activity may be actively involved in controlling 

the vascular response. Technically, we cannot measure absolute levels of excitability or 

oxygenation, such that baseline levels may be significantly different in the distinct genetic 

models, but the complete loss of NVC in Pinacidil-treated mice demonstrates the power 

of KATP to maximally dilate the vasculature and obviate any vascular response. By 

showing that the Pinacidil effect is essentially lost in the genetic absence of KATP, (i.e. in 

SUR2-STOP mice), we can confirm that the effect is specifically on KATP. 

 

2.6.2 Dual mechanisms of KATP in neurovascular coupling 

Both genetic and pharmacologic interventions convincingly demonstrate that either 

global loss of KATP activity (glibenclamide or SUR2 KO) or global gain of KATP activity 

(pinacidil or Kir6.1[V65M]) both significantly impair neurovascular coupling; with 

glibenclamide reducing the local rise in oxygenated hemodynamic response to whisker 

stimulation, and pinacidil completely abolishing it. It is important to note that we are 

indirectly inferring changes in blood flow from changes in oxygenated hemoglobin and so 

any absolute change in baseline blood flow is not considered here. Since multiple K 

channels are present in arteriolar smooth muscle, muscle polarization, and hence 

contractility, is dependent on overall K conductance [68, 98]. Because of polyamine-

dependent rectification [99], Kir2 channels, located in capillary endothelial and smooth 

muscle cells, exhibit a unique, instantaneous, extracellular [K]-dependence of 

conductance, such that the membrane potential can hyperpolarize as [K] increases in the 
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range of 3-8 mM [62]. Recent studies have convincingly demonstrated that conduction of 

this hyperpolarizing signal to upstream arteriolar smooth muscle via gap junctions, is a 

primary driver of arteriolar relaxation leading to increased blood flow in neurovascular 

coupling [62]. 

  

2.6.3 Feedback vasculo-neural coupling? 

We consistently observed a reduction in GCaMP signals, in both pinacidil- and 

glibenclamide-treated animals. The underlying cause is unclear, but could relate to an 

inhibitory consequence of impaired NVC, or potentially to the presence of pinacidil-

sensitive KATP in neurons. However, there is little evidence for ABCC9 expression in 

cortical neurons [100], and although further study is clearly warranted, we suggest that 

impaired vascular response may somehow play a role. Although it is recognized that 

baseline oxygenation in the normal brain is probably sufficient to meet local metabolic 

demand, it is conceivable that impaired vascular response may cause failure to restore 

full metabolic support, leading to loss of excitatory currents, or perhaps even activation of 

neurally expressed Kir6.2/SUR1 KATP channels [101]. 

 

2.6.4 Pathological implications 

Cantu Syndrome (CS), characterized by hypertrichosis, cardiomegaly, and multiple 

other organ issues, is caused by GOF mutations in the genes encoding SUR2 and Kir6.1. 

Cardiovascular issues include dilated, tortuous blood vessels, physiologically low blood 

pressure and low systemic vascular resistance, and greatly enlarged hearts with high 
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cardiac output [90]. CS patients also have tortuous vessels in the cerebral vasculature 

and a relatively high incidence of migraines as well as several other neurological 

abnormalities, along with persistent fetal brain blood vessels and enhanced diffuse white 

matter lesions [69, 76, 77]. The dramatic loss of NVC with the KCO pinacidil, as well as 

the reduced basal NVC and increased sensitivity to this pinacidil effect in Kir6.1[V65M] 

mice, suggests that the NVC response may be reduced in patients with CS. There is now 

mounting evidence that pinacidil and other K channel openers induce or exacerbate 

migraines in humans [76, 92, 93], supporting the hypothesis that disrupted NVC could 

underlie the enhanced migraine incidence in CS. 

 

   We observed a pronounced slowing and reduction of the NVC response after 

global knockout of ABCC9 (SUR2) in mice.  In contrast to CS, AIMS patients, presumably 

lacking any SUR2 expression, exhibit significant intellectual disability [75]. Potential LOF 

ABCC9 variants are also associated with hippocampal sclerosis of ageing (HSA) [102, 

103]. HSA indicates pathologic neural cell loss and gliosis in the hippocampus [104] and 

is a common Alzheimer’s dementia-related disorder, associated with vascular cognitive 

impairment and dementia [105]. Given the scant evidence for SUR2 expression in 

anywhere other than vascular cells in the brain [105], we therefore suggest that 

intellectual disability in AIMS, and dementia in HSA may also be linked to severe loss of 

NVC. 
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2.7 Conclusions 

Our study comprehensively demonstrates the significant role of Kir6.1/SUR2-

dependent KATP in regulating functional hyperemia in response to neural activity, and 

shows that either increased or decreased KATP activity can markedly impair the coupling 

response. Disrupted NVC, as a result of either increased or decreased KATP activity, 

respectively in Cantú syndrome or AIMS, may lead to altered neural activity underlying 

migraine development or intellectual disability in these conditions. 
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Chapter 3: 

Optical Imaging in 

Neurovascular Injury and Repair 

 

3.1 Optical Imaging after Stroke 

In Section 1.4 through Chapter 2, I discussed disruptions in neurovascular coupling 

that exist in several disease states, causing inaccuracy in the estimation of neural activity 

using hemodynamic signals.  In the case of Cantu syndrome, marked disruptions in 

neurovascular coupling are shown to be caused by the dysfunction of only one ion 

channel, suggesting severe sensitivity of this neurovascular system to perturbation.  One 

of the most prominent pathologies in which coupling is distinctly altered exists in 

cerebrovascular disease [106], including stroke.  Stroke is the leading cause of chronic 

disability in the United States [107], and recovery is often unpredictable and incomplete, 

likely due to the brain’s limited capacity for repair [108-115].  Repair after stroke 

constitutes multiple levels of plasticity, from the remodeling of individual synapses to the 

restoration of global brain networks, all of which are imperative for functional recovery.  

Repair at the molecular level constitutes the upregulation and translation of a variety of 

growth factors to mediate neurogenesis [116-118], axonal spouting [119-122], and 

angiogenesis [118, 123], like BDNF [124], GDF10 [120], and GAP43 [125, 126].  At the 
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cellular scale, dendritic spine turnover and mitochondrial trafficking is increased [127-

129].  Synaptic scaling via long term potentiation and inhibition is heightened both in 

regions surrounding the infarct created by stroke, known as peri-infarct regions [130-132], 

as well as in regions in the contralesional hemisphere [133-135].  These molecular and 

cellular events set the stage for larger scale remodeling of local circuits and larger brain 

networks. 

 

Remapping is the apparent migration of function from irreparably damaged regions 

of the brain to healthy regions caused by synaptic scaling and remodeling after injury 

[136, 137].  The upregulation of genes that facilitate dendritic arborization [138-142], 

axonal sprouting [119, 122], and synaptogenesis [121, 126], such as glial derived 

synaptogenic thrombospondin 1 and 2 [143], CAP23 [125], GAP43 [126], and Arc [144-

146], has been demonstrated in stroke-affected circuits undergoing repair, leading to 

preferential remodeling of these circuits over unaffected circuits.  In smaller cortical 

strokes, remapping is typically observed in peri-infarct cortex [147, 148] and is associated 

with improved recovery [149], while in larger strokes, the recruitment of distant regions, 

like those in the contralesional hemisphere (the cortical hemisphere without the infarct), 

is necessary to aid in remapping [150, 151], which is linked to worsened functional 

outcomes [152, 153].  Generally, during recovery, it has been shown that lateralization 

and localization of responses predicts improved recovery, while bilateral activation during 

task-based activity prognosticates poor outcome [121, 151]. 
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In addition to remapping of local circuits, it’s also likely that integration of remapped 

circuits into functional brain networks is equally important for recovery.  Functional 

connectivity (FC) networks, which are proxy measures of structural global brain networks 

and were introduced in the previous section, are disrupted after ischemic stroke [154, 

155], and their repair is associated with improved functional outcome [156].  In humans, 

the severity of behavioral deficit after a stroke is strongly correlated to the degree of 

interhemispheric FC disruption [157, 158].  Rodent stroke experiments have shown 

striking similarities in the repair patterns of global brain networks across multiple imaging 

modalities to humans, thus representing an excellent model to study network repair [26, 

157, 159]. 

 

Given alterations in neurovascular coupling observed in disease states including 

stroke [41, 50], directly monitoring neural activity is imperative for examining neural repair 

of both local circuits and global networks after stroke.  Wide-field optical imaging in Thy1-

GCaMP mice offers a unique method of data capture, which, when employed alongside 

cranial windowing that permits visualization of the entire dorsal neocortex in mice, allows 

for the non-invasive, longitudinal measurement of changes in both functional circuits and 

networks.  Spatial and temporal relationships between circuit and network repair are still 

poorly characterized, as are those between hemodynamic and neural repair after stroke.  

Longitudinal, simultaneous optical imaging of neural and hemodynamic activity provides 

an avenue to elucidate some of these relationships between repair at different scales, as 

well as between neural and vascular remodeling. 
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3.2 Summary of Findings 

 In the next chapter, I present a novel stroke experiment aimed at determining early 

mechanisms and signatures of circuit- and network-level repair that are predictive of long-

term behavioral recovery.  The study also examines the effects of photothrombotic stroke 

size, performed in the primary forepaw somatosensory cortex (S1FP), on patterns of 

spatial remapping, network repair, and somatomotor behavioral recovery in Thy1-GCaMP 

mice.  I demonstrate that increasing stroke size, while still only ablating a relatively small 

cortical volume, causes markedly different patterns of circuit repair, including diffuse 

spatial remapping and significant changes in temporal dynamics of both affected and 

unaffected circuits, in addition to changes in stimulus-driven and resting-state connectivity 

of global brain networks in the early stages of recovery.  The repair patterns of mice that 

received smaller strokes were noticeably different than the patterns observed in mice with 

larger strokes, and these differences are potentially explained by the degree of injury 

sustained by the affected somatotopic domain (forepaw domain).  Early dynamic changes 

in spatiotemporal features of circuit and network function predicted long-term behavioral 

outcome in mice, independent of infarct size.  These findings may help to further 

understand adaptive patterns of repair, as well as to identify targets for therapeutic 

intervention in cases of maladaptive repair. 
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Chapter 4: 

Early Changes in Spatiotemporal 

Dynamics of Remapped Circuits and 

Global Networks Predict Functional 

Recovery after Focal Ischemia in Mice 

 

4.1 Abstract 

Recovery from stroke is often incomplete and unpredictable.  Both remapping of 

damaged local circuits and repair of disrupted global brain networks after stroke have 

been shown to herald improved outcomes, but the spatiotemporal characteristics of these 

two levels of repair that explain and predict recovery are poorly understood.  We used 

wide-field optical calcium imaging in Thy1-GCaMP mice to map changes in local circuits 

and global networks, and to investigate patterns of population- and network-level 

neuronal dynamics that predict functional recovery after focal photothrombotic stroke of 

varying size centered in the primary forepaw somatosensory cortex (S1FP).  We show that 

larger strokes with complete ablation of S1FP cause diffuse and widespread forepaw 

stimulus-evoked cortical activation, including contralesional regions. Larger strokes also 
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decreased neuronal fidelity and bilateral coherence during stimulation of both affected 

and unaffected forepaws, individually.  Finally, larger strokes induced hyperconnectivity 

within the contralesional hemisphere.  We also demonstrate that the degree of each of 

these metrics predicts longer term behavioral recovery better than infarct volume alone.  

These findings may shed light on early changes in cortical neuronal dynamics that predict 

longer term recovery and outcomes after stroke. 

 

4.2 Introduction 

Stroke is one of the leading causes of chronic disability in the United States, 

affecting more than 795,000 people annually and costing $56.5 billion in direct and 

indirect costs [107].  Recovery from stroke is spontaneous, but often incomplete, aided 

by rehabilitative therapies to regain affected functional ability [108-115].  Identifying early 

predictive neuroimaging biomarkers may not only be helpful for prognostic purposes, but 

may also reveal early brain repair mechanisms that are important for behavioral recovery.  

While adaptive patterns of functional brain activity that predict stroke recovery are 

important, equally important are maladaptive patterns of activity in populations of 

neurons, which can point to targets for therapeutic intervention.  Remapping of affected 

function has been explored after stroke recovery, and its correlation with functional 

outcome is seemingly spatially dependent, with perilesional remapping being strongly 

associated with improved behavioral recovery [153, 160, 161], and distant/diffuse 

remapping being associated with poorer outcomes [162-164].  Distant remapping into 

functionally related cortical regions (as seen in  bilateral activation) is generally observed 
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in animal models of large stroke, such as middle cerebral artery occlusion (MCAO) [151].  

Similar findings have been noted in human stroke, where fMRI has shown bilateral, diffuse 

task-based activation after stroke [108, 153].  However, little is known about the threshold 

of stroke size that results in distant/diffuse remapping.  Furthermore, while deficits in 

function of limbs ipsilateral to stroke have been documented [165-167], changes that 

occur in unaffected circuits into which affected functions remap when distant remapping 

occurs are also poorly understood.  Meso- and macroscopic characteristics of remapping 

that may be predictive of stroke recovery, and whether these characteristics are 

independent of the initial degree of injury, are yet to be explored. 

 

In addition to remapping, it is likely that the integration of remapped functional 

circuits into global brain networks is also necessary for favorable recovery.  Synchrony of 

spontaneous neuronal activity across the cortex can be parsed into distinct functional 

networks that are consistent across and within subjects [168, 169].  Normalization of 

these global neuronal networks, which are disrupted after focal ischemic stroke [25, 26, 

155], has also been associated with functional improvement after stroke [26, 27, 156].  

Still, how the extent of injury to a somatotopic domain affects global functional network 

changes and how these functional network changes may prognosticate recovery after 

stroke remain unknown.  Moreover, integration of affected remapped circuits into these 

global functional networks, and how changes in affected circuits influence functionally-

related but uninjured circuits, is still poorly understood. 
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Here, we used a variable-sized photothrombotic stroke model that targets the right 

primary forepaw somatosensory cortex (S1FP) to produce partial or complete ablation in 

conjunction with wide-field calcium imaging in transgenic Thy1-GCaMP mice to examine 

the effects of infarct size and degree of injury sustained in S1FP (partial vs. complete 

ablation) on remapping, functional network repair, network dynamics, and behavioral 

recovery.  Forepaw somatosensory cortex was used due to its well-characterized nature 

and extensive battery of reliable functional assays available.   Longitudinal wide-field 

calcium imaging permitted the monitoring of changes in both local circuits and global brain 

networks, allowing for the contextualization of multiple scales of repair.  Our results 

indicate that larger infarct sizes (completely ablating S1FP) cause diffuse, bilateral 

remapping of affected, and in some cases unaffected, thalamocortical circuits. 

Subsequent to diffuse remapping, we observed the development of hyperconnectivity 

within functional networks of abnormal topography, and significant decreases in neuronal 

fidelity and bilateral coherence during stimulation of both affected and unaffected 

forepaws after larger photothrombotic stroke.  All these measures were independently 

predictive of worsened functional outcome after stroke, suggesting that the patterns of 

remapping and network changes were maladaptive. In contrast, a slightly smaller infarct 

(partially ablating S1FP) resulted in remapping of affected paw function within the original 

S1FP, no remapping of unaffected paw function, normal functional connectivity topologies, 

and less severe decreases in neuronal fidelity during affected paw stimulation, predicting 

better behavioral recovery. 
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4.3 Methods 

4.3.1 Study design 

 The two primary goals of this study were: 1. To examine the impact of stroke size 

on remapping, network repair, network dynamics, and behavioral recovery, and 2. To 

investigate multiscale patterns of circuit/network repair that predict behavioral recovery.  

To accomplish the first goal, mice were administered photothrombotic stroke with a laser 

spot diameter of either 1 or 2 mm centered in right forepaw somatosensory cortex to 

achieve partial or complete ablation of S1FP, respectively.  To examine changes in 

neuronal dynamics to predict behavioral recovery, mice were only imaged before stroke, 

and 1 and 4 weeks after stroke, while behavioral assays were performed before stroke, 

and 1 and 8 weeks after stroke.  Mice were imaged infrequently to avoid negative effects 

of repeated anesthetic exposure.  Behavioral assays were performed infrequently to 

prevent learning effects due to repeated testing.  Importantly, behavioral recovery was 

measured as the change in forepaw asymmetry from Week 1 to Week 8, providing a 

measure of maximum deficit to final deficit at 8 weeks (recovery).  An illustration of the 

study design is provided in Figure 4.1. 
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Figure 4.1: Experimental design to predict long-term stroke recovery using early 
patterns of repair. (A), A timeline of our experiment is provided showing imaging, 
behavioral testing, photothrombosis, and histological analysis timepoints.  The timeline is 
given in weeks, where mice were 12 weeks old at time t = 0.  (B), A diagram of the optical 
imaging rig used to perform widefield optical imaging on mice (left).  Imaging for forepaw 
somatotopic domain mapping was performed while mice received anesthetized electrical 
forepaw stimulation, while imaging for functional connectivity analyses was performed on 
awake, resting-state mice.  Example maps of each imaging and analysis paradigm are 
shown for an individual mouse during each imaging timepoint in the 3 panels on the right. 
(C), Somatomotor function was quantified using the cylinder rearing assay.  (D), Infarct 
volume quantification was performed using Cresyl violet staining; an example image is 

Functional Connectivity Analysis

Forepaw Somatotopic Domain Mapping

A

B

C D

Week 0 Week 1 Week 4

ΔF/F (%
)

Fisher Z Score

Smaller Strokes Larger Strokes
0

5

10

15

In
fa

rc
t V

ol
um

e 
(m

m
3 )

✱✱✱

4
Time 

(weeks) 810



 
42 

shown on the left.  Histological infarct volumes were significantly larger (p = 0.0002) in 
the larger stroke group (n = 7 mice) compared to the smaller stroke group (n = 10 mice). 
 

4.3.2 Mice and procedures 

Mouse model: All methods below were performed in accordance with Washington 

University Animal Studies Committee policy in agreement with the American Association 

for Accreditation of Laboratory Animal Care guidelines.  Mice raised in enriched housing 

(as previously described, [170]) to increase dynamic range of recovery following stroke 

were given ad libitum food and water with a 12 hour - 12 hour light-dark cycle.  The studies 

described used 12-week-old hemizygous Thy1-GCaMP6f mice on a C57-BL6J 

background [14].  Mouse genotype was confirmed using PCR: forward primer 5′-

CATCAGTGCAGCAGAGCTTC-3′ and reverse primer 5′-CAGCGTATCCACATAGCGTA-

3′. 

 

Cranial windows for optical imaging: Cranial windows were prepared on the dorsal 

cranium of each mouse as previously described [171].  Mice were anesthetized with 

isoflurane (induction 3-5%, maintenance 1-2%), and head-fixed in a stereotaxic frame.  

Body temperature was maintained using a feedback-controlled heating pad.  The scalp 

was shaven and sterilized, and then incised and retracted along midline.  Metabond 

dental cement (C&B Metabond, Parkell Inc.) was used to adhere a custom Plexiglas 

window to the mouse’s cranium, completely covering the surgical site.  5 days of recovery 

were allotted before any behavioral or imaging tests were performed. 

 



 
43 

Photothrombosis: Photothrombosis was performed as previously described [172].  Mice 

were administered Rose Bengal via IP injection.  A 523-nm diode pumped solid state laser 

illuminated right forepaw somatosensory cortex (-2.2 bregma, 0.5 lambda) for 10 minutes.  

Mice receiving small strokes had laser diameters of 1 mm, while mice receiving large 

strokes had 2 mm laser diameters.  Imaging and behavioral tests were not performed for 

a week following stroke. 

 

Behavioral assays: After stroke to S1FP, mice are known to exhibit asymmetric forepaw 

use favoring the unaffected limb during the cylinder rearing assay, which then typically 

become more symmetric as the mouse recovers [172, 173].  Mice were recorded while 

performing exploratory rearing behavior for 10 minutes.  The number of frames that each 

forepaw contacted the wall of the cylinder in the video was recorded and used to calculate 

forepaw asymmetry using the equation Asymmetry = (Left - Right)/(Left + Right + Both), 

as previously described (Figure 4.1C) [172].  Recovery was defined as any improvement 

in asymmetry of the affected paw (greater use of the affected paw) from Week 1 to Week 

8, while deficit was defined as decline in asymmetry of the affected paw (greater use of 

the unaffected paw). 

 

Infarct volume quantification: Infarct volumes were quantified as previously described 

[174].  Mice were deeply anesthetized with pentobarbital and perfused with heparinized 

phosphate-buffered saline solution.  Brains were harvested, frozen on a sliding 

microtome, and sliced in 40-micron coronal sections.  Each successive slice containing 
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infarcted tissue was mounted and stained with cresyl violet.  Brightfield images of stained 

slices were taken using a Keyence BZ-X800 microscope.  Cross sectional area of 

infarcted tissue on each slice was determined by blind experimenters using ImageJ.  

Areas were summed and multiplied by the slice thickness to obtain infarct volumes for 

each mouse (Figure 4.1D). 

 

4.3.3 Wide-field optical imaging recordings 

Wide-field optical imaging: Cortical calcium and hemoglobin activity were measured using 

wide-field optical imaging, as previously described [171].  Sequential illumination of the 

dorsal neocortex was performed using four LEDs of wavelengths 470 nm, 525 nm, 605 

nm, and 625 nm.  GCaMP was excited with the 470 nm LED, while multispectral 

hemodynamic imaging was performed using the remainder of the LEDs.  Multiwavelength 

dichroic beam combiners for LED collimator sources at 480, 560, 585, and 605 nm (LCS-

BC25-0480, LCS-BC25-0560, LCS-BC25-0585, LCS-BC25-0605, Mightex Systems) 

were used to collimate and combined all LED beams.  A cooled, sCMOS camera (Zyla 

5.5-USB3, Andor) with a 75-mm f/1.8 camera lens and 80 Hz acquisition framerate (20 

Hz acquisition rate for each channel) was used for image detection. 

 

Optical imaging recordings:  Optical imaging recordings were performed as described 

previously [174].  Resting state image recordings (Figure 4.1B, bottom) for functional 

connectivity processing were performed while mice were awake; forepaw evoked 

response imaging recordings (Figure 4.1B, top) were performed while mice were 
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anesthetized with a ketamine-xylazine cocktail (100 mg/kg ketamine, 10 mg/kg xylazine).  

Body temperature was maintained as described above.  Forepaw stimulation was 

performed on each paw for 5 minutes using computer controlled, 1 mA electric pulses 

delivered via microvascular clips (Roboz) attached to either side of the forepaw [174].  

Stimulation was administered in a block design (5 s rest; 5 s of 3 Hz, 1 mA, 0.3 ms pulses; 

10 s rest; 15 blocks/5 minutes recording).  Imaging was performed before stroke, and 1 

and 4 weeks after stroke. 

 

4.3.4 Optical imaging processing and analyses 

Optical imaging signal processing: Binary brain masks were created for each mouse, and 

all analyses that followed were performed only on brain pixels.  Brain masks and image 

sequences of brain pixels were affine transformed to Paxinos atlas space using cranial 

landmarks.  A matrix of the mean of 5 seconds of baseline light levels with no LED 

illumination was subtracted from all raw data.  Stimulation runs underwent baseline 

subtraction [174], and then spatial and temporal detrending was then performed on all 

brain pixel time traces as previously described [2].  Oximetric changes were quantified 

[21], and hemoglobin confound was removed from the GCaMP signal, as previously 

described [175].  Global signal regression was performed on all brain pixels to expose the 

topography of functional networks.  Imaging runs containing motion artifact, which were 

detected by thresholding light levels [171], were excluded from analyses. 
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Evoked response analysis: Regions of interest (ROIs) were defined for forepaw 

somatosensory cortex by thresholding individual and group-averaged forepaw evoked 

responses, averaged across blocks and peaks for GCaMP ROIs at 50% of the maximum 

pixel intensity of the peak-averaged response map at each timepoint for each paw.  

Evoked response maps displayed show group-, block-, and peak-averaged fluorescence 

signals following each of 15 3-Hz electrical pulses.  Individual areas of activation were 

obtained by counting the number of pixels in individual GCaMP ROIs and converting units 

to mm2 (the length of one side of a pixel was equal to 78 microns).  Amplitude-area 

products were calculated by multiplying an individual mouse’s area of activation by the 

summed fluorescence contained in that area.  Mice whose maximum GCaMP response 

amplitude was less than 10% of their baseline maximum value were excluded from 

analyses. 

 

Power and fidelity analyses: Fast Fourier transforms (FFTs, native fft() function in 

MATLAB) were performed as previously described [171] on block-averaged stimulation 

runs during both affected and unaffected paw stimulation.  3 Hz power maps were created 

by finding group-averaged evoked response power at 3 Hz.  Individual ipsilesional and 

contralesional fidelity values were calculated as previously described [171]. 

 

Magnitude-squared coherence analysis: Magnitude-squared coherence maps were 

generated by calculating magnitude squared coherence (native mscohere() function in 

MATLAB) between activity in an individual mouse’s unaffected paw evoked response ROI 
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(see above, Evoked Response Analysis) and the activity of every other pixel in the brain 

space.  Individual magnitude-squared coherence values were determined by calculating 

magnitude-squared coherence between an individual mouse’s average activity in the 

unaffected paw evoked response ROI and affected paw evoked response ROI. 

 

Functional connectivity analysis: Functional connectivity analyses were performed as 

previously described [171].  Pre-processed resting state data was filtered for a desired 

frequency range (infraslow: 0.1 – 1 Hz, delta: 1 – 4 Hz, and theta: 4 – 7 Hz).  The GCaMP 

fluorescence time signal within an ROI (also referred to as a seed) was averaged and 

correlated to the fluorescence time signal of every pixel in the brain space for a given 

mouse and Pearson z-correlations were plotted on maps at each week to show 

longitudinal functional network changes.  Individual evoked response ROIs from 

unaffected paw stimulation at specific time points were used for the calculation of seed-

based functional connectivity measures including node degree.  Node degree was 

calculated by counting the number of pixels in the brain space that had a Pearson z-

correlation of at least 0.4. 

 

Optical imaging infarct size quantification: Quantification of infarct size in optical imaging 

recordings was optimized by comparing several functional connectivity measures.  

Homotopy maps were calculated by filtering resting state recordings into one of the 

desired frequency bands listed in the Functional Connectivity section above, and finding 

Pearson z-correlations of pixels reflected across the midline from one another (mirror 
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image pixels).  Pearson z-correlations of homotopy maps calculated 1 week after stroke 

(Week 1) were divided by the analogous Pearson z-correlations of homotopy maps at 

baseline (Week 0) to obtain ratio homotopy maps.  Ratio homotopy maps were then 

binarized by a threshold of 0.2 and the largest contiguous region in the binarized map 

was taken as the infarct ROI.  Ratio integrated power ROIs were obtained by calculating 

the ratio of integrated power (0.1-8 Hz) in each pixel at Week 1 compared to Week 0, and 

thresholding the resulting map for values less than 0.2.  Seed-based functional 

connectivity maps were created as described in the Functional Connectivity section 

above, and ratio seed-based FC maps were calculated in the same ratiometric way 

homotopy maps were.  Different thresholds were used to determine infarct sizes using 

the ratio seed-based FC maps, and are displayed in their respective plots. 

 

4.3.5 Statistical analyses 

Statistical analysis: All statistical analyses, excluding mediation analyses delineated 

below, were performed using GraphPad Prism 10.1.  Statistical differences in longitudinal 

optical imaging measures were calculated using two-way repeated measures ANOVA 

tests.  Post-hoc Dunnett’s tests for multiple comparisons were performed to compare 

each group’s mean values at Weeks 1 and 4 with its mean pre-stroke value.  Linear 

regressions to predict functional recovery using optical imaging measures were 

performed using the linear regression analysis function in GraphPad Prism.  The 

threshold for statistical significance was set at p = 0.05 for all analyses. 
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Statistical mediation analysis: Statistical mediation analyses were conducted in R v4.3.0 

[176].  Data were visually inspected for univariate and multivariate outliers prior to 

statistical modeling, none were found, and residuals from the linear models were 

inspected for normality, homoscedasticity and influential data points [177].  Mediation was 

tested through a series of linear models [178, 179]: 

Model 1: 𝑌! 	~	𝑐(𝑋!) + 𝜖! (where Y is the outcome of interest) 

Model 2: 𝑀! 	~	𝑎(𝑋!) + 𝜖! (where M is the mediator of interest) 

Model 3: 𝑌! 	~	𝑏(𝑀!) + 𝑐′(𝑋!) + 𝜖!  

These models are diagramed in tripartite figures shown in Figure 4.S3.  Across 

models, the outcome of interest (Y) was always behavioral recovery, defined as the 

change in forepaw asymmetry during exploratory rearing in the cylinder rearing assay 

from Week 1 to Week 8.  X and M were different histological or neuroimaging variables 

(detailed below), but these variables were always collected earlier (from Week 1 to Week 

4), so all variables temporally precede recovery.  Coefficient c reflects the unadjusted 

relationship between Y~X. Coefficient a reflects the unadjusted relationship between 

M~X.  Coefficient b is the effect of M on Y, controlling for X, and coefficient c’ is the effect 

X on Y controlling for M. 

 

Model 1 is useful for seeing the unadjusted relationship between recovery and a 

candidate predictor.  This path, c, is referred to as the total effect, but is not a formal part 

of the mediation.  Instead, the mediation focuses on Models 2 and 3 to understand the 

potential path through the mediator, i.e., X → M → Y, which is referred to as the indirect 
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effect.  And any remaining direct effect of X on Y after controlling for M, i.e., X → Y.  

Statistical significance for the mediation effects was based on nonparametric bootstrap 

estimate of the standard error (n=1000 iterations) [179]. 

 

4.4 Results 

4.4.1 Variance in photothrombotic infarct size 

Mice were subjected to photothrombotic strokes of two sizes by varying laser 

diameter (1 vs. 2 mm). Infarct size was significantly different between the two groups 

(smaller strokes: 1.899 ± 1.610 mm3; larger strokes: 7.462 ± 2.954 mm3; p = 0.0002) 

(Figure 4.1D).  However, 7 of 28 mice died during the course of this study.  1 mouse died 

before stroke administration, while the other 6 mice died during week 1 or week 4 imaging, 

likely due to repeated anesthesia.  Lesion volumes were therefore missing for these mice.   

To obtain a reliable imaging proxy for final infarct volume, we tested a 1-week imaging 

measure: delta-range homotopy maps (functional connectivity maps of mirror-image 

pixels across the midline), termed delta homotopy infarct maps, as described in methods 

(Figure 4.2A).  Incidence maps for delta homotopy infarcts for each group are shown in 

Figure 4.2B.  Delta homotopy size was significantly correlated to histological infarct 

volume (R2 = 0.5921, p = 0.0003; Figure 4.2C) in those mice that had both measurements.  

We also tested imaging metrics of theta homotopy infarct maps, integrated power ratio, 

and contralesional S1FP-seed-based functional connectivity ratio maps in the delta and 

theta bands (Figure 4.S1D-G), but none were as strongly correlated to histological lesion 
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volume as delta homotopy infarct maps. In subsequent results, we use delta homotopy 

infarcts as a proxy for final infarct volume for regression analyses. 

 

Figure 4.2: Quantification of infarct size using optical imaging is a reliable proxy of 
histological infarct volume. (A), Fisher Z scores of Week 1 homotopic delta (1-4 Hz) 
FC maps (left) were divided by Z scores of analogous pixels at baseline (middle) to obtain 
homotopic functional connectivity ratio maps (right).  Values 0.2 or lower were classified 
as delta homotopy infarct areas for each mouse.  (B), Incidence maps showing 
proportions of mice with infarcted tissue across the cortex.  (C), Delta homotopy infarct 
areas at Week 1 were plotted against Week 8 histological infarct volumes (n = 17 mice). 
R2 and p values are displayed on the plot. 
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Figure 4.S1: Multiple Week 1 imaging measures predict histological infarct size at 
Week 8.  (A), Individual delta homotopy infarct area maps (top) are shown for select mice 
in the larger stroke group, and binarized to obtain infarct ROIs (bottom).  (B), Both delta 
homotopy infarct size (p < 0.0001) and histological infarct volume (p = 0.0002) of mice 
with larger strokes were significantly greater than the analogous measures for mice with 
smaller strokes.  (C), Individual delta homotopy infarct areas are plotted against individual 
histological infarct volumes.  (D), Individual theta (4-7 Hz) homotopy infarct areas are 
plotted against individual histological infarct volumes.  (E), Individual areas of infarcts, 
obtained by applying a threshold to the pixel-wise ratio of integrated cortical GCaMP 
fluorescence power (0.01 – 7 Hz) from Week 0 to Week 1 at 0.2, are plotted against 
individual histological infarct volumes.  (F), Individual infarct areas, obtained by applying 
a threshold to pixel-wise ratio of seed-based delta FC from Week 0 to Week 1 at 0.01, 
are plotted against individual histological infarct volumes.  (G), Individual infarct areas, 
obtained by applying a threshold to the pixel-wise ratio of seed-based theta FC from Week 
0 to Week 1 at 0.6, are plotted against individual histological infarct volumes.  R2 and p-
values are displayed on each plot. 
 
 
4.4.2 Altering S1FP stroke size elicits markedly different remapping patterns  

To examine how infarct size influences remapping and behavioral recovery, we 

administered photothrombotic stroke of varying sizes centered in S1FP and performed 

wide-field calcium imaging during peripheral forepaw stimulation 1 and 4 weeks after 

stroke (Figure 4.1A,B).  GCaMP fluorescence is strongly associated with population-level 

neuronal activity [180], providing a mesoscopic view of cortical neuronal activity.  Mice 

show attenuation of stimulus-evoked GCaMP fluorescence after stroke (Figure 4.S1), 

leading to diffuse responses.  Thresholding at consistent values across timepoints 

therefore poses a problem when using area of activation during stimulation as a metric of 

remapping (i.e. areas of activation will be greater due to lower GCaMP fluorescence 

maxima after stroke and may not reflect remapped circuits).  Therefore, we used the 

product of area of activation and the summed fluorescence contained within that area as 
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a metric of remapping that includes information concerning both amplitude and area of a 

stimulus-evoked response, which we have termed amplitude-area.  Representative 

group-averaged fluorescence maps during stimulation at each time point for each group 

are shown in Figure 4.3A.  One week after stroke, mice that received smaller strokes 

demonstrated remapping within or near the original S1FP, but did not demonstrate any 

significant changes in the amplitude-areas of their responses (Figure 4.3A,C,D).  

However, mice with larger strokes were observed to have bilateral and diffuse remapping, 

with significantly lower amplitude-areas of activation in the ipsilesional hemisphere 

(Figure 4.3C), and significantly greater amplitude-areas of activation in the contralesional 

hemisphere (Figure 4.3D) at Week 4 compared to Week 0.  Surprisingly, there was only 

a small difference in infarct size that resulted in contralesional activation.  Mice whose 

infarct sizes were greater than or equal to 1 mm2 demonstrated contralesional activation, 

while mice with infarct volumes less than or equal to 0.8 mm2) did not demonstrate 

contralesional activation.  Indeed, it appeared that a threshold infarct size anywhere from 

0.8-1.0 mm2 triggered contralesional activation. 
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Figure 4.S2: Stimulus-evoked GCaMP fluorescence is markedly attenuated after 
stroke in mice.  Group-averaged, block-averaged, and peak-averaged GCaMP 
fluorescence maps (left) during affected forepaw stimulation are shown at each timepoint 
for mice that received larger strokes.  To the right of each map is a group-averaged, block-
averaged, ROI-averaged (outlined in white in the maps) trace of GCaMP activity during 
affected paw stimulation during that timepoint.  Time traces of GCaMP fluorescence 
activity show stimulation from time t = 0 to t = 5 seconds. 

 

Week 0

Week 1

Week 4

ΔF/F
ΔF/F

ΔF/F



 
56 

 

-20 -10 0 10 20 30
-1.5

-1.0

-0.5

0.0

0.5

1.0

Change in Total Activation
Area-Amplitude (mm2*ΔF/F)

Difference (Wk4-Wk1) in Area Activated
during Affected Paw Stimulation

B
eh

av
io

ra
l R

ec
ov

er
y

(F
or

ep
aw

 A
sy

m
m

et
ry

 C
ha

ng
e,

W
ee

k 
1 

to
 W

ee
k 

8)

R2 = 0.2755
p = 0.0146

-10 0 10 20
-1.5

-1.0

-0.5

0.0

0.5

1.0

Change in Contralesional Activation
Area-Amplitude (mm2*ΔF/F)

Difference (Wk4-Wk1) in Area Activated in
Contralesional Hemisphere during Affected Paw Stimulation

B
eh

av
io

ra
l R

ec
ov

er
y

(F
or

ep
aw

 A
sy

m
m

et
ry

 C
ha

ng
e,

W
ee

k 
1 

to
 W

ee
k 

8)

R2 = 0.1853
p = 0.0514

Smaller
Strokes

Larger
Strokes

Activation Incidence (%
)

A

C D

E F

ΔF/F (%
)

Smaller
Strokes

Larger
Strokes

Week 0 Week 1 Week 4

B

Small
 Stro

ke
s

Larg
er 

Stro
ke

s
0

5

10

15

In
fa

rc
t V

ol
um

e 
(m

m
3 )

Smaller Strokes
Larger Strokes

0.0060

Small
 Stro

ke
s

Larg
er 

Stro
ke

s
0

5

10

15

In
fa

rc
t V

ol
um

e 
(m

m
3 )

Smaller Strokes
Larger Strokes

0.0060

Week0 Week1 Week4 Week0 Week1 Week4
0

5

10

15

20

Ip
si

le
si

on
al

 A
ct

iv
at

io
n

A
re

a-
A

m
pl

itu
de

 d
ur

in
g

A
ffe

ct
ed

 P
aw

 S
tim

ul
at

io
n 

(m
m

2 *Δ
F/

F)

✱

Week0 Week1 Week4 Week0 Week1 Week4
0

5

10

15

20

C
on

tra
le

si
on

al
 A

ct
iv

at
io

n
A

re
a-

A
m

pl
itu

de
 d

ur
in

g
A

ffe
ct

ed
 P

aw
 S

tim
ul

at
io

n 
(m

m
2 *Δ

F/
F) ✱

Smaller Strokes Larger Strokes Smaller Strokes Larger Strokes



 
57 

Figure 4.3: Altering S1FP stroke size elicits differential changes in early spatial 
remapping patterns of affected paw circuits. (A), Group-averaged, block-averaged, 
and peak-averaged GCaMP fluorescence maps during affected forepaw stimulation are 
shown at each timepoint for each group.  (B), Incidence maps of individual areas of 
activation during affected paw stimulation are shown at each timepoint for each group.  
(C-D), Areas of activation in the ipsilesional (C) and contralesional (D) hemispheres from 
(B) were multiplied by the summed fluorescence contained in those areas to obtain 
amplitude-area measures of activation for each mouse. Individual area-amplitudes in 
each hemisphere are plotted in spaghetti plots for each group (smaller strokes: n =10 
mice; larger strokes: n = 11 mice).  Two-way ANOVA tests with Dunnett’s tests for multiple 
comparisons were performed on each group and hemisphere to test for significant 
changes in the area-amplitude measure.  * denotes p < 0.05.  (C), Larger strokes: p = 
0.0209, n = 11 mice.  (D), Larger strokes: p = 0.0146, n = 11 mice.  (E-F), Changes in 
individual area-amplitudes of activation from Week 1 to Week 4 in the contralesional 
hemisphere (E) and across the entire cortex (F) are plotted against each mouse’s change 
in forepaw asymmetry from Week 1 to Week 8 (n = 21 mice).  Mice that received smaller 
strokes are shown as yellow circles outlined in dark blue; mice that received larger strokes 
are shown as solid dark blue circles.  R2 and p values are displayed on each plot. 
 
 

To determine if early changes in remapping patterns of affected paw function 

predicted 8-week behavioral recovery, we correlated early changes in amplitude-areas of 

remapping to changes in forepaw asymmetry between week 1 and 8 using the cylinder 

rearing test.  Early changes in contralesional (Figure 4.3E) and total (Figure 4.3F) 

stimulus-evoked activation amplitude-area (from week 1 to 4) predicted forepaw recovery 

at week 8.  Larger amplitude-areas of stimulus-evoked activation forecasted worsened 

behavioral outcome.  Mediation analyses of these data showed that both contralesional 

and total activation amplitude-areas predicted functional recovery, independent of infarct 

size (contralesional activation: p = 0.021 and total activation: p = 0.008; Figure 4.S3A,B). 
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Surprisingly, mice with larger strokes exhibited remapping of unaffected paw 

function as well (Figure 4.4).  Larger strokes caused significant increases in unaffected 

paw evoked-response activation amplitude-areas at Week 4 in the contralesional 

hemisphere (Figure 4.4D), while no significant changes in evoked response 

contralesional activation amplitude-areas were observed in mice with smaller strokes 

during unaffected paw stimulation.  There were instances of mice with larger stroke 

demonstrating ipsilesional evoked response activation during unaffected paw stimulation 

as well, though changes in ipsilesional activation amplitude-areas were not significant in 

either group (Figure 4.4C). 
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Figure 4.4: Larger stroke in S1FP causes diffuse remapping of unaffected forepaw 
circuits.  (A), Group-averaged, block-averaged, and peak-averaged GCaMP 
fluorescence maps during unaffected forepaw stimulation are shown at each timepoint for 
each group.  (B), Incidence maps of individual areas of activation during unaffected paw 
stimulation are shown at each timepoint for each group.  (C-D), Areas of activation in the 
ipsilesional (C) and contralesional (D) hemispheres from (B) were multiplied by the 
summed fluorescence contained in those areas to obtain amplitude-area measures of 
activation for each mouse.  Individual area-amplitudes in each hemisphere are plotted in 
spaghetti plots for each group (smaller strokes: n =10 mice; larger strokes: n = 11 mice).  
Two-way ANOVA tests with Dunnett’s tests for multiple comparisons were performed for 
each group and hemisphere to test for significant changes in the area-amplitude measure.  
* denotes p < 0.05.  (D), Larger strokes: p = 0.0498, n = 11 mice.  (E-F), Changes in 
individual area-amplitudes of activation from Week 1 to Week 4 in the contralesional 
hemisphere (E) and across the entire cortex (F) are plotted against each mouse’s change 
in forepaw asymmetry from Week 1 to Week 8 (n = 21 mice).  Mice that received smaller 
strokes are shown as yellow circles outlined in dark blue; mice that received larger strokes 
are shown as solid dark blue circles.  R2 and p values are displayed on each plot. 
 

4.4.3 Neuronal fidelity is differentially disrupted after S1FP stroke in an infarct size-

dependent manner 

In addition to spatial patterns of remapping, it is known that temporal dynamics of 

remapped areas can also influence behavioral recovery [181].  We investigated changes 

in temporal dynamics of both ipsilesional and contralesional remapped regions during 

unilateral stimulation of each forepaw.  In particular, we examined neuronal fidelity, (the 

likelihood of a population of neurons to fire in response to a stimulus) over the first four 

weeks after stroke.  To quantify fidelity, we measured changes in 3 Hz (the frequency of 

electrical forepaw stimulation) GCaMP power in both ipsilesional and contralesional 

regions of evoked activation during stimulation of each forepaw in individual mice. 
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As expected during affected paw stimulation, both groups of mice experienced 

significant attenuations of neuronal fidelity in ipsilesional areas of activation at Week 1 

and Week 4 compared to Week 0, regardless of infarct size (Figure 4.5C).  Both groups 

of mice also experienced significant reductions in neuronal fidelity in the contralesional 

forepaw somatotopic domain during affected paw stimulation at Week 1 compared to 

Week 0 (Figure 4.5D).  Mice that received larger strokes also demonstrated significant 

decreases in neuronal fidelity in the contralesional forepaw somatotopic domain at Week 

4 relative to Week 0 (Figure 4.5D). 
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Figure 4.5: Neuronal fidelity of affected and unaffected circuits is differentially 
impacted in an infarct size-dependent fashion after S1FP stroke.  (A-B), Group-
averaged, block-averaged 3 Hz power maps denoting neuronal fidelity to stimulation are 
shown for each group and timepoint during affected (A) and unaffected (B) forepaw 
stimulation. (C-F) Fidelity is quantified in the ipsilesional S1FP using areas of activation 
obtained during affected paw stimulation (Figure 4.3) and in the contralesional S1FP using 
areas of activation obtained during unaffected paw stimulation (Figure 4.4).  Fidelity is 
quantified in individual areas of activation in each hemisphere during unilateral stimulation 
of each forepaw.  Individual data points are shown as circles, and means with standard 
error are shown as horizontal lines with error bars.  Two-way ANOVA tests with Dunnett’s 
tests for multiple comparisons were performed for each group and hemisphere to test for 
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significant changes in fidelity.  * denotes p < 0.05, ** denotes p < 0.01, *** denotes p 
<0.001.  (C), Smaller strokes Week 1: p = 0.0156, n = 10; Smaller strokes Week 4: p = 
0.0342, n = 10.  Larger strokes Week 1: p = 0.0114, n = 11; Larger strokes Week 4: p = 
0.0006, n = 11.  (D), Smaller strokes Week 1: p = 0.0083, n = 10.  Larger strokes Week 
1: p = 0.0198, n = 11; Larger strokes Week 4: p = 0.0041, n = 11.  (E), Smaller strokes 
Week 1: p = 0.0367, n = 10.  Larger strokes Week 1: p = 0.0321, n = 11; Larger strokes 
Week 4: p = 0.0024, n = 11.  (F), Larger strokes Week 1: p = 0.0045, n = 11; Larger 
strokes Week 4: p = 0.0012, n = 11.  (G-H), Changes in individual neuronal fidelity from 
Week 1 to Week 4 in the contralesional hemisphere during affected (G) and unaffected 
(H) forepaw stimulation are plotted against each mouse’s change in forepaw asymmetry 
from Week 1 to Week 8 (n = 21 mice).  Mice that received smaller strokes are shown as 
light brown circles outlined in dark brown; mice that received larger strokes are shown as 
solid dark brown circles.  R2 and p values are displayed on each plot. 
 

Unexpectedly, however, stimulation of the unaffected forepaw differentially induced 

changes in neuronal fidelity in the contralesional (intact) S1FP that was dependent on 

infarct size.  Smaller infarcts had no effect on contralesional neuronal fidelity, whereas 

larger infarcts caused reductions in fidelity at Week 1 that worsened at Week 4 (Figure 

4.5F).  All mice showed attenuations in fidelity in ipsilesional regions of activation during 

unaffected paw stimulation at Week 1 compared to Week 0 (Figure 4.5E).  Mice with 

larger strokes demonstrated a sustained reduction in fidelity in ipsilesional remapped 

regions at Week 4, as well (Figure 4.5E). 

 

Changes in fidelity in the contralesional hemisphere during unaffected paw 

stimulation from Week 1 to 4 predicted 8-week recovery (R2 = 0.2561, p = 0.0192)), with 

larger decreases in unaffected paw fidelity predicting worsening behavioral recovery 

(Figure 4.5H).  Changes in fidelity in ipsilesional and contralesional areas of activation 

during affected paw stimulation (R2 = 0.0268, p = 0.4781; Figure 4.5G), as well as 



 
64 

changes in fidelity in ipsilesional areas of activation during unaffected paw stimulation, 

did not predict functional recovery. 

 

4.4.4 Disruptions in evoked coherence of bilateral forepaw somatosensory cortices 

predict functional outcome after stroke 

Remapping and changes in neuronal fidelity to forepaw stimulation suggest that 

stroke caused both spatial and temporal changes in patterns of neural activation.  We 

hypothesized that these dynamic changes in thalamocortical circuits would alter global 

brain networks that included these affected circuits.  To examine temporal changes in 

global somatosensory networks, we measured 3 Hz mean-squared coherence between 

contralesional and ipsilesional areas of activation (bilateral stimulation-driven coherence) 

during individual stimulation of each forepaw. 

 

Mice with larger strokes had significant decreases in bilateral coherence during 

unilateral affected paw stimulation 1 and 4 weeks after stroke (Figure 4.6A,C), and during 

unaffected paw stimulation 4 weeks after stroke (Figure 4.6B,D), while no other significant 

group-level coherence changes were noted for mice that underwent smaller strokes 

during stimulation of either paw (Figure 4.6A-D).  Changes in bilateral stimulation-driven 

coherence during unaffected forepaw stimulation from baseline to week 1 predicted 

functional outcome (Figure 4.6F), but changes in coherence during affected paw 

stimulation did not correlate with or predict behavioral recovery (Figure 4.6E).  Bilateral 

coherence changes during unaffected paw stimulation from baseline to week 1 predicted 
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functional outcome independent of infarct size measured by delta homotopy changes, as 

shown by mediation analysis (Figure 4.S3C). 

 

 

Figure 4.6: S1FP stroke size disparately influences bilateral coherence changes 
during unilateral stimulation of each forepaw.  (A-B), Group-averaged, block-
averaged 3 Hz mean-squared coherence maps are shown for each group and timepoint 
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during affected (A) and unaffected (B) forepaw stimulation.  ROIs of group-averaged 
activation during unaffected paw stimulation are outlined in light blue to show approximate 
locations of average activity used to calculate maps.  (C-D), Quantification of bilateral 
coherence between individual contralesional S1FP and ipsilesional S1FP are displayed 
during affected (C) and unaffected (D) forepaw stimulation.  Individual data points are 
shown as circles, and means with standard error are shown as horizontal lines with error 
bars. Two-way ANOVA tests with Dunnett’s test for multiple comparisons were performed 
for each group and hemisphere to test for significant changes in coherence.  * denotes p 
< 0.05, ** denotes p < 0.01.  (C), Larger strokes Week 1: p = 0.0135, n = 11; Larger 
strokes Week 4: p = 0.0030, n = 11.  (D), Larger strokes Week 1: p = 0.0429, n = 11; 
Larger strokes Week 4: p = 0.0322, n = 11.  (E-F), Changes in individual bilateral 
coherence from Week 1 to Week 4 during affected (E) and unaffected (F) forepaw 
stimulation are plotted against each mouse’s change in forepaw asymmetry from Week 1 
to Week 8 (n = 21 mice).  Mice that received smaller strokes are shown as light yellow 
circles outlined in purple; mice that received larger strokes are shown as solid purple 
circles.  R2 and p values are displayed for each plot. 
 

4.4.5 Larger S1FP strokes trigger hyperconnectivity across the contralesional 

hemisphere and with ipsilesional remapped circuits 

To characterize global brain network changes after stroke, we performed awake, 

resting-state imaging on mice at all timepoints for functional connectivity (FC) analysis.  

Representative FC maps are shown in Figure 4.7A.  We observed that larger strokes of 

S1FP caused hyperconnectivity between contralesional S1FP and large portions of the 

contralesional hemisphere, as well as with ipsilesional remapped S1FP regions 4 weeks 

after stroke.  Mice that received smaller strokes did not experience any hyperconnectivity. 

Changes in spatial patterns of functional connectivity were quantified using node degree, 

a measure of a region’s degree of connectivity with the rest of the cortex, of contralesional 

S1FP with the rest of the contralesional hemisphere (Figure 4.7B), which showed 

significant differences between mice that received smaller vs larger strokes.  
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Contralesional node degree 4 weeks after stroke was predictive of behavioral recovery 

as measured by the cylinder rearing assay, with a higher degree of contralesional 

hyperconnectivity forecasting worsening functional outcome (Figure 4.7C).  Mediation 

analysis showed that Week 4 contralesional node degree predicted behavioral recovery 

independent of delta homotopy infarct size (Figure 4.S3D). 

 

 

Figure 4.7: Larger stroke in S1FP causes substantial and maladaptive 
hyperconnectivity within the contralesional hemisphere.  (A), Group-averaged, delta 
range (1-4 Hz) seed-based functional connectivity (FC) maps are displayed for each 
group at each timepoint.  Maps were obtained by correlating average activity in the ROI 
outlined in black and white with activity in every other pixel in the cortex.  (B), Node degree 
of the contralesional hemisphere was quantified by determining the number of pixels in 
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the contralesional hemisphere of an individual mouse’s seed-based FC map with Fisher 
Z scores of at least 0.5.  A two-way ANOVA test with Dunnett’s tests for multiple 
comparisons was performed for each group to test for significant changes in node degree.  
Mice with larger strokes had significantly higher contralesional node degrees at Week 4 
than at Week 0 (p = 0.0003, n = 11).  (C), Individual Week 4 contralesional node degree 
values are plotted against each mouse’s change in forepaw asymmetry from Week 1 to 
Week 8 (n = 21 mice).  Mice that received smaller strokes are shown in orange; mice that 
received larger strokes are shown in green.  R2 and p values are displayed on the plot. 
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Figure 4.S3: Early changes in dynamics of local circuits and global networks 
predict functional recovery independently of infarct size.  (A-E), Tripartite diagrams 
of mediation analyses are shown illustrating the statistical effect of infarct size (as 
measured by delta homotopy infarct area) on functional recovery (as measured by 
changes in forepaw asymmetry in the cylinder rearing assay) mediated through the 
variables total pixel activation-area (A), contralesional pixel activation-area (B), 
unaffected paw fidelity changes (C), unaffected paw bilateral coherence changes (D), and 

A B

C D

E
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Week 4 contralesional node degree (E).  In each diagram, “a” represents the effect of 
infarct volume on the variable at the top of the diagram (termed the mediator), “b” 
represents the effect of the mediator on recovery (controlling for infarct size; the statistical 
effect of greatest interest), “c” represents the total effect of infarct size on recovery without 
controlling for the mediator, and “c’ ” represents the direct effect of infarct size on recovery, 
controlling for the mediator. 
 

4.5 Discussion 

Infarct volume is known to be a salient predictor of recovery after stroke in animal 

models [182], as well as in human stroke [183, 184].  In this study, we used smaller and 

larger infarcts centered on S1FP mice to examine early changes in functional imaging 

parameters (reflective of circuit and network plasticity) that predict longer-term behavioral 

recovery. We found that larger strokes completely ablating S1FP caused diffuse, bilateral 

remapping of affected paw function with larger activation areas, while smaller, partial 

infarctions of S1FP elicited focal remapping within the original S1FP.  Neuronal fidelity was 

differentially impacted by stroke size: all strokes unsurprisingly elicited significant 

attenuations in fidelity during affected paw stimulation, but complete ablations caused 

markedly greater disruptions in fidelity during unaffected paw stimulation.  Complete 

ablations of S1FP also induced significant decreases in bilateral coherence during 

stimulation of either paw, as well as hyperconnectivity in the contralesional, intact 

hemisphere, findings that were absent in mice that received partial ablations of S1FP.  

These results suggest that spatiotemporal characteristics of early circuit and network 

repair influence behavioral recovery in mice, and that these properties of plasticity can 

facilitate prediction of functional outcome better than infarct size alone.  
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4.5.1 Disparate spatial patterns of neuronal remapping after S1FP stroke 

Remapping as imaged from the cortical surface likely represents repair of 

damaged excitatory [185] and inhibitory [186] cortical circuits, as well as thalamocortical 

[187] projections after smaller stroke.  In our study, smaller S1FP strokes (partial ablation) 

induced remapping within and nearby S1FP, likely representing repair of thalamocortical 

connections. Consistent with this hypothesis, reorganization of thalamocortical 

projections to sensory cortex likely causes mesoscale remapping after small 

photothrombotic stroke in rats [188].  Furthermore, optogenetic stimulation of 

thalamocortical projections enhances motor outcome after small photothrombotic stroke 

in S1FP of mice [187], suggesting that remodeling of thalamocortical projections heralds 

recovery of function.  Our data support this finding, demonstrating that mice that 

underwent peri-infarct remapping within S1FP, likely due to thalamocortical circuit repair, 

experienced improved behavioral recovery. 

 

Mice subjected to slightly larger S1FP strokes exhibited a drastically different 

remapping pattern.  These animals demonstrated diffuse, bilateral activations during 

affected paw stimulation, exhibiting remapping into ipsilesional regions outside the 

original S1FP and into large portions of the spared, contralesional hemisphere.  Prior work 

has demonstrated that diffuse, bilateral patterns of remapping are typically observed in 

stroke patients with large infarcts—such as those with large vessel occlusion (LVO) [189], 

and herald poor outcome [108, 153].  In rodents, middle cerebral artery occlusion (MCAO, 
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the mouse equivalent of an LVO stroke in humans) produces a similar diffuse pattern of 

remapping [148, 151], and causes more severe behavioral deficits than those produced 

by smaller photothrombotic lesions [190].  Our results show similar findings; however, the 

surprising observation is that a small increase in infarct size can have a major impact on 

patterns of remapping and recovery.  We found that a threshold surface area of 0.8-1.0 

mm2 resulted in a dramatic transition to diffuse, bilateral remapping patterns.  

Interestingly, these mice are also those that appear to have major ablation of the S1FP 

based on activation patterns at week 1, suggesting an importance of residual healthy 

tissue in the injured somatotopic domain for robust repair and recovery.  Moreover, it has 

been shown that receptive fields for a given cell often only reflect a small portion of the 

functional inputs they receive [191, 192].  This is broadly seen across the somatosensory 

cortex [193], and is demonstrated by the activation of hindlimb cortices during peripheral 

forelimb stimulation after photothrombotic stroke in mice [194].  Furthermore, sensitivities 

of receptive fields of cells in contralesional limb cortices, which normally are highly tuned 

to unaffected limb function, are altered to favor affected limb function after stroke [195].  

In our experiment, mice with larger strokes exhibited similar remapping and activation in 

ipsilesional hindlimb and contralesional sensory cortices, which is likely due to a 

maladaptive compensatory remodeling of cortico-cortical networks by altering synaptic 

efficacies, not by remodeling thalamocortical circuits. 

 

Spatial remodeling of intact circuits not only occurred in affected paw circuits, but 

also in unaffected paw circuits.  Our results show significantly larger activation areas 
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during unaffected paw stimulation than at baseline in mice with larger strokes, a trend that 

was not observed in mice with smaller strokes.  The functional significance of this finding 

is unclear because our behavioral tests assess relative function (right vs. left function) but 

not the absolute ability of individual limbs. However, it is interesting that previous papers 

have reported deficits in unaffected limb function after stroke in humans [166, 167].  

Remapping of unaffected paw function could be due to varying degrees of disinhibition of 

the contralesional hemisphere caused by varying degrees of ischemic injury [196-198].  

Greater areas of unilateral cortical injury may cause disinhibition to larger areas of the 

contralesional hemisphere.  This disinhibition likely mediates temporal changes in 

connected regions in the contralesional hemisphere as well, which we discuss in more 

depth later.  Still, the reason as to why complete ablation of the somatotopic domain 

seems to be the threshold that induces remapping of unaffected circuits remains elusive 

and should be explored further. 

 

The enhanced activation of the contralesional hemisphere during affected paw 

stimulation was also progressive: the contralesional areas activated in Week 4 were 

generally larger than those observed in Week 1.  This growth of contralesional activation 

area was strongly predictive of poor behavioral recovery as well, suggesting that this 

progression was a maladaptive change to brain circuitry.  This finding is validated in other 

studies which consistently show that the normalization and return of lateralization of 

evoked responses after stroke is associated with improved behavioral recovery, both in 

animal models [148, 199] and humans [121].  Additionally, contralesional activation during 
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peripheral stimulation temporally precedes the contralesional hyperconnectivity that we 

observed in mice with larger strokes at Week 4, something that has not been shown 

previously.  Though hyperconnectivity has been demonstrated after both TBI [200] and 

stroke [28], the functional relevance of this hyperconnectivity is unknown.  We consider 

the functional implications of our connectivity findings later in this discussion. 

 

4.5.2 Temporal dynamics of remapped circuits 

Our results show an infarct size-dependent loss of synchronization, which we 

measure as neuronal fidelity, in areas of activation during stimulus-evoked responses.  

Larger strokes induce population-level neuronal fidelity decreases that progressively 

worsen from Week 1 to Week 4, both in ipsilesional and contralesional cortices, whereas 

smaller strokes only show fidelity decreases ipsilesionally.  It is likely that some of the 

changes in temporal dynamics and synchronization we observed are related to circuit 

remodeling, mentioned above, and damage to inhibitory networks.  The activity of 

inhibitory interneurons and groups thereof are known to control network synchrony across 

the cortex, and damage to these gate-keeping networks, such as that caused by stroke, 

can lead to asynchrony in network dynamics across multiple timescales in humans [201-

203].  Moreover, increasing the order of polysynaptic connection of a circuit, which likely 

occurs during circuit remodeling that we have suggested is involved in the case of larger 

strokes, adds increasing levels of noise [201, 204], degrading signal strength and 

synchronization.  Degradation of signal strength and synchronization likely compounds 

as the signal spreads across nodes of a network.  Greater degrees of damage to these 
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inhibitory networks probably produce greater disruptions in network synchronization, 

leading to more severe behavioral deficits [203]. 

 

The decline in neuronal fidelity and synchronization in areas of activation during 

unaffected paw stimulation after larger strokes ablating the entire forepaw somatotopic 

domain, which is absent in mice with smaller strokes, is even more perplexing.  Areas of 

cortex that are activated during both unilateral affected and unaffected paw stimulation at 

Week 4 after larger stroke suggests that sensitivities or tuning of neuronal populations in 

these regions have begun to shift toward the affected paw.  As neuronal tuning has been 

shown to impact firing rate [205, 206], it is therefore plausible that firing rates of these 

cells are being affected by these tuning shifts.  Furthermore, ischemia-inflicted damage 

to nodes, and specifically inhibitory interneuron networks, projecting to these 

contralesional regions may also cause disinhibition within functionally related circuits, 

similar to that demonstrated in motor cortex strokes [196-198].   

 

4.5.3 Connectivity changes after stroke 

In our analysis of resting-state functional connectivity changes after stroke, we 

observed substantial increases in the degree of connectivity of the unaffected S1FP with 

much of the contralesional hemisphere after larger strokes, which is likely a spatial 

quantification of contralesional hyperexcitability [207, 208].  Nonetheless, the resting-

state nature of these analyses does not provide any tuning or sensitivity information about 

these circuits.  Activation topographies during affected and unaffected paw stimulation 
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both mirror those of resting state functional connectivity maps, further clouding the 

functionality of this network. 

 

Most of the research concerning connectivity changes of stroke-affected circuits 

has focused on resting-state functional connectivity (RSFC) networks [25, 155].  Though 

changes in RSFC networks have been associated with functional recovery after stroke, 

the signal to noise ratio of resting-state activity is low and confounded by functionally 

irrelevant signals [209].  Here, we also employ a different connectivity approach for 

prognosis: stimulus-driven bilateral coherence of functional circuits.  We believe this 

measure is more sensitive than RSFC because of the higher amplitude neuronal activity 

(relative to resting state activity) that is driven in functionally relevant circuits by peripheral 

stimulation.  Our results show greater 3 Hz bilateral coherence deficits in mice with larger 

strokes during affected paw stimulation, as well as significant deficits in 3 Hz bilateral 

coherence during unaffected paw stimulation, an observation absent in mice with smaller 

strokes.  These results further suggest a dose-dependent disruption of population-level 

neuronal synchronization caused by graded damage to inhibitory circuits [202, 203], in 

addition to commenting on the importance of inhibitory networks within a functional 

domain in controlling spatially and temporally efficient global brain network function.  

Inhibitory neurons also play an important role in the propagation of slow waves across 

the cortex [210].  In our experiments, bilateral coherence maps also show significant 

coherence of cortical areas involved in propagating slow waves of neuronal activity during 

affected paw stimulation at baseline that is significantly disrupted after stroke in mice, a 



 
77 

finding that agrees with previous work [174].  Our results build upon this, demonstrating 

an infarct size-based graded disruption (though not statistically significant) of bilateral 

coherence during affected forepaw stimulation and a significant degradation of coherence 

during unaffected forepaw stimulation in mice with larger strokes.  These data suggest 

that the efficiency of slow wave propagation is dictated by the degree of spared functional 

cortical territory, and in turn inhibitory circuitry, that initiates the wave. 

 

In summary, we have shown significantly different courses of repair and recovery 

after focal ischemic stroke of varying size in mice.  We also establish the importance of 

spatiotemporal dynamics of both affected and unaffected functional circuits, as well as 

the brain networks including these circuits, in the prediction of functional recovery after 

stroke.  These results inform and motivate new experiments investigating mechanisms 

that govern repair of local circuits and global networks after stroke and how these 

mechanisms of repair contribute to functional recovery. 
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Chapter 5: 

Conclusions and Future Directions 

 

5.1 Neurovascular Coupling in Cantu Syndrome 

 In Chapter 2, I discussed a case study on the sensitivity of neurovascular coupling 

in a mouse model of Cantu syndrome, a disease caused by gain-of-function mutations in 

pore-forming and regulatory subunits of ATP-sensitive potassium channels (KATP).  Our 

data show significant disruptions of neurovascular coupling during both pharmacological 

activation and inactivation of KATP channels, in addition to enhanced sensitivity of gain-of-

function mutant animals to pharmacological activation.  The results demonstrate the 

delicateness of the neurovascular unit and suggest complex roles played by multiple 

different cell and tissue types to maintain this important connection.  As discussed earlier, 

the responsibilities of different mural and vascular endothelial cells in the neurovascular 

coupling response are still poorly understood. 

 

 Previous experiments have demonstrated marked effects of KATP channel activity 

on systemic blood pressure [57, 211-213].  These results suggest that KATP activity is 

extant in cells surrounding arteries and arterioles in normal conditions, and that KATP 

activity in arterial and arteriolar smooth muscle cells is essential to setting vascular tone 

at a point in which hemodynamic responses to functional activity, such as neural activity 
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in the brain, is optimized.  In such a model, shown in Figure 5.2B, vascular smooth muscle 

cells are maximally contracted when KATP conductance is below a certain point, and 

maximally dilated when KATP conductance is above a certain point.  Between these 

extreme levels of KATP activity though, KATP activity via Kir2.1 channels (discussed in 

Chapter 3) allows for dynamic regulation of arterial and arteriolar tone to modulate blood 

flow.  The dynamics of the model also show decreasing changes in hemodynamic 

responses when KATP cells are operating close to their activity extrema, which we believe 

may represent their activity levels in dysfunction and disease. 

  

In the mechanism presented above, KATP activity in vascular smooth muscle cells 

is the main driver of vascular tone and hemodynamic response alterations.  However, 

single-cell transcriptomics have predicted high expression of KATP channels in pericytes 

[214, 215], and other experiments have implicated pericytes in the neurovascular 

response, as well [39, 40, 216].  Pinacidil application to arteriolar-capillary junctions 

caused strong vasodilation, but decreased vasodilatory responses during whisker 

stimulation [39], suggesting a dynamic responsibility for pericytes in neurovascular 

coupling. 

 

Examining the role of pericytes in neurovascular coupling requires transgenic mice 

to express mutant channels in a selective, pericyte-specific manner.  We crossed Tg[CX1-

eGFP-Kir6.1-AAA] mice (Kir6.1 [AAA]) with NG2-Cre mice to obtain offspring (NG2-Cre x 

Kir6.1 [AAA], or NG2-DN) that express a tamoxifen-inducible dominant negative isoform 
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of a mutant Kir6.1 subunit, in which the channel’s selectivity filter sequence Gly-Tyr-Gly 

is replaced with a nonfunctional Ala-Ala-Ala sequence, under the pericyte-specific 

promoter NG2.  The NG2 promoter was selected over other pericyte-specific promoters, 

such as PDGFRB, due to the salient changes in potassium current observed upon 

application of the KATP activator, pinacidil, and the KATP inhibitor, glibenclamide, during 

whole cell patch-clamp recordings (Figure 5.1A,B).  Pericytes isolated from NG2-Cre x 

Kir6.1 [AAA] animals showed an absence of potassium current during patch clamp 

recordings even during pinacidil and glibenclamide application, confirming integration of 

the nonfunctional dominant negative Kir6.1 [AAA] channel isoforms into endogenous KATP 

channels (Figure 5.1C,D). 

 

To determine the role of pericyte-specific KATP activity in the neurovascular 

response, we used the same whisker-evoked response optical imaging recording and 

analysis techniques described in Chapter 2 and compared hemodynamic responses of 

NG2-Cre x Kir6.1 [AAA] animals before and after induction of the dominant negative 

channel isoform transgene, as well as against littermate controls.  Relative to pre-

induction measurements, NG2-Cre x Kir6.1 [AAA] mice demonstrated a significant 

attenuation of the maxima of their hemodynamic responses (p = 0.0170, n = 10 

hemispheres), in addition to shortening of their hemodynamic responses (p = 0.0024, n = 

10 hemispheres), after transgenic induction (Figure 5.1E-H).  However, the time to 

maxima was not significantly different for either group, before or after tamoxifen 

administration.  Given the significant reduction in hemodynamic responses during both 
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KATP activation and inhibition reported in Chapter 2, these data suggest that pericyte-

specific KATP channel activity is responsible for only some of the effects observed in the 

hemodynamic response, and likely those pertaining to the later portions of the response. 
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Figure 5.1: Role of pericyte KATP in neurovascular coupling response (A) 
Representative whole cell voltage-clamp traces from PDGFRB-positive WT, and NG2-
positive WT or Kir6.1[V65M] pericytes. Patches were exposed to high [Na] or high [K], 
and 10 µM glibenclamide, or 100 µM pinacidil, as indicated. (B) Steady-state current, 
during final 50 seconds in each condition (+ s.e.m.) from experiments as in A. (C) 
Representative whole cell voltage-clamp traces from NG2-positive WT and tamoxifen-
induced dominant-negative NG2-Cre recombinase/Kir6.1[AAA] double transgenic (NG2-
DN) pericytes. Patches were exposed to high Na or high K and 10 µM glibenclamide, or 
100 µM pinacidil, as indicated. (D) Fold change in current relative to that in high [K], during 
final 50 seconds in pinacidil or glibenclamide (+ s.e.m.) from experiments as in C. (E,F) 
Mean change (+ s.e.m.) of oxygenated hemoglobin (Oxy) signals, before and after 
tamoxifen-induction of single transgenic Cre-recombinase (control, E), and NG2-Cre 
recombinase/Kir6.1[AAA] double transgenic animals (F). (G) Maximum change in 
oxygenated hemoglobin (Oxy max) signals in WT and NG2-DN, before and after 
induction. Individual paired values are given and significant p-values, in addition to mean 
values. (H) Duration of Oxy signal in WT and NG2-DN, before and after induction. 
Individual paired values are given and significant p-values, in addition to mean values. 

 

 In the context of recent literature, the discrepancies between hemodynamic 

responses during global inactivation (SUR2 KO) and pericyte-specific knockdown of KATP 

activity have led us to propose a dual mechanism for the control of neurovascular coupling 

by cell-dependent KATP activity, visually described in Figure 5.2.  We postulate that the 

total hemodynamic response observed is in fact a sum of the contributions of KATP channel 

activity from vascular smooth muscle cells and pericytes.  Shortened hemodynamic 

responses in NG2-DN animals suggest that pericytes play a delayed, metabolically 

mediated role in neurovascular coupling, in contrast to the immediate, [K+]-mediated role 

played by vascular smooth muscle cells.  In NG2-DN animals, initial hemodynamic 

responses are strong, much like those of wildtype animals, but after repeated stimuli, the 

hemodynamic response tapers off and quickly vanishes after cessation of stimulation, 

suggesting that a delayed component of coupling is lost in these animals (Figure 5.2C).  
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Consistent with this dual-controlled model, neurovascular coupling is delayed in global 

KATP SUR2 KO animals, further implicating vascular smooth muscle cells in the immediate 

responses to local neural activity.  Several experiments have substantiated the finding 

that arteriolar vascular responses are quicker than capillary-based vascular responses 

[217-219]. 
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Figure 5.2: Proposed dual role of Kir6.1/SUR2-dependent KATP channels in 
neurovascular coupling (A) Cartoon illustration of the proposed mechanistic 
involvement of KATP in two distinct locations - smooth muscle KATP (smKATP) in pre-
capillary arterioles and pericyte KATP (pKATP). Local neural activity leads to increased 
extracellular [K], activating Kir2.1 channels in capillary endothelium, generating a 
hyperpolarizing conductance that is propagated back to VSM via gap junctions (pink). 
KATP activity in arteriolar smooth muscle (VSM) determines the set-point for the 
hyperpolarization and relaxation that then results. Neural activity also reduces metabolic 
substrate, activating pKATP, generaqting additional hyperpolarizing conductance that is 
also propagated back to VSM via gap junctions (orange). (B) KATP activity in arteriolar 
smooth muscle (VSM) determines the set-point for the hyperpolarizing and relaxing 
effects conducted to the arteriole by gap junctional coupling of K-driven Kir2 channel 
activation in capillary endothelial cells[ref]. Under normal conditions (WT), the added K-
dependent Kir2 conductance will shift rightwards along the response curve causing 
optimal hyperpolarization and relaxation. Below a certain overall K conductance, VSM 
cells will be maximally depolarized and contracted; above a certain level, cells will be 
maximally hyperpolarized and relaxed. The model thus implies that the same level of [K]-
induced Kir2 conductance will have a lesser hyperpolarizing effect when KATP is very low 
(KO, glibenclamide) or increased (Cantu, pinacidil). (C) We propose that VSM and 
pericyte KATP play two distinct roles in NVC. In response to a given stimulus, the K-driven 
VSM response (pink) will be nearly instantaneously activated, and decay rapidly following 
the end of the stimulus. Conversely, being very closely associated with neurons, pericyte 
KATP will show delayed activation due to metabolical effects once neural activity is 
initiated, adding an additional hyperpolarizing/relaxing signal that further increases blood 
flow during stimulation (orange), summing with the K-driven response to generate the full 
response (black). The inset shows the the mean oxygenated hemoglobin signals from 
WT and NG2-DN mice (from Figure 2.3E). Assuming that these reflect the normal 
summed response (WT) and the K-driven VSM component only (NG2-DN), the difference 
between them (orange) will reflect the pericyte-specific component. 
 

The validity of this model relies upon the accurate isolation of each cell-type-

specific contribution of the neurovascular response.  Isolation of each cell-type-specific 

component of the neurovascular response hinges upon the specificities of the promoters 

used to knockdown KATP activity in target tissue types.  NG2, the pericyte-specific 

promoter used in this study, is expressed in mural cells beyond pericytes, like vascular 
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smooth muscle cells [220], and more specific promoters exist to more precisely target 

dominant negative channel expression to pericytes, such as the Atp13a5 promoter [221].  

It is likely that the experiment will need to be repeated with dominant negative channel 

knockdown under either the Atp13a5 promoter, or a similarly precise pericyte-specific 

promoter, to confirm the pericyte-specific contribution to neurovascular coupling.  

Furthermore, it is also probable that KATP activity in endothelial cells contributes to 

neurovascular response dynamics.  We are currently examining hemodynamic responses 

in mice who have Kir6.1 [AAA] dominant negative knockdown of KATP activity under the 

SM22 and TIE2 promoters.  SM22 is vascular and visceral smooth muscle cell-specific 

promoter [222, 223], while TIE2 is a promoter specific to vascular endothelial cells, with 

robust expression in arteriolar endothelial cells [224, 225], though some TIE2 expression 

can also be observed in endothelial cells surrounding capillaries [226].  In accordance 

with our proposed model, we expect to see significant delays in the time-to-peak of 

hemodynamic responses to stimulation in SM22-DN animals, but are uncertain of how 

the hemodynamic responses of TIE22-DN animals will be affected.  In both strains of 

animals, barring nonspecific knockdown of KATP activity, we expect to see oximetric decay 

kinetics similar to those observed in wildtype mice, as we believe this latter portion of the 

hemodynamic response is governed by KATP activity in pericytes.  We will confirm 

specificity of dominant negative transgene expression in both animal lines using whole 

cell-patch clamp recordings of pericytes, arteriolar smooth muscle cells, and vascular 

endothelial cells. 
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The future of this line of inquiry has enormous potential to shed light upon cell- and 

channel-specific contributions to the neurovascular response, as well as offer targets for 

therapeutic interventions.  A condition similar to Cantu Syndrome, called ABCC9-

dependent Intellectual disability Myopathy Syndrome (AIMS), is caused by loss-of-

function mutations to ABCC9, the gene encoding the SUR2 subunit of KATP channels.  

AIMS patients are thought to lack any SUR2 expression, and demonstrate clear 

intellectual disability [227].  ABCC9 loss-of-function mutations are also related to 

hippocampal sclerosis of aging (HSA) [228, 229], a frequently-observed Alzheimer’s-

related condition of pathological neuron death and gliosis in the hippocampus [230] that 

is correlated with dementia and vascular cognitive impairment [231].  As little evidence 

exists pointing to SUR2 expression anywhere besides vascular tissue in the brain [231], 

we believe that intellectual disability exhibited in AIMS and HSA-related dementias could 

be due to critical KATP-mediated disruption of neurovascular coupling. 

 

5.2 Early Repair and Long-Term Recovery after Stroke 

In Chapter 4, I showed that early patterns of neural circuit and network repair can 

be used to predict long-term functional outcome after stroke.  This experiment was 

methodologically innovative, using photothrombosis to create infarcts of different sizes.  

But the true novelty in the study lies in the elucidation of early mechanisms of repair that 

prognosticate long-term recovery independently of infarct size.  In these investigations, I 

demonstrated that spatial remapping patterns of both affected and unaffected circuits 

were differentially impacted by focal ischemic stroke of varying size.  Furthermore, 
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temporal dynamics of affected and unaffected remapped circuits were also affected 

disparately by infarct size.  There were also significant differences in connectivity and 

coherence patterns between ipsilesional and contralesional regions of activation in larger 

strokes compared to smaller strokes.  Ultimately, we demonstrated that only slight 

increases in infarct volume can cause distinctly different modes of repair, but continuous 

variables measuring spatiotemporal characteristics of repair, regardless of repair 

trajectory, were predictive of functional outcome independently of infarct size. 

 

Our examination of early repair patterns that predicted long-term recovery 

trajectories used a GECI, specifically GCaMP6f, to directly measure neural activity.  

However, with a half-decay time of approximately 200-300 ms [23], it is only capable of 

measuring activity up to around 8 Hz.  This limitation of temporal resolution thus 

significantly constrains our ability to measure neural activity in higher frequency bands, 

such as beta (15-30 Hz) [232-234] and gamma bands (30-80 Hz) [235, 236], which 

contain important information regarding neural dynamics and how they relate to function, 

especially after stroke.  Indeed, optical imaging of high-frequency neural activity is 

currently limited by fluorophore decay kinetics, with the fastest half-lives of population-

level neural activity being on the order of 100-200 ms [23, 237].  The most advanced 

family of fluorophores currently available, the jGCaMP8 series, has decay half-lives 

anywhere from 90-140 ms, which allows for the visualization of up to 40 Hz activity in 

small groups of neurons (less than 5) in vitro using two-photon microscopy [237].  

However, wavelength-dependent absorption and scattering of emitted light by cortical 
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tissue and the cranium attenuates fluorescence of blue-shifted fluorophores, like those in 

the jGCaMP family, more than red-shifted fluorophores [238], like those in the jRGECO 

family.  Furthermore, optogenetic tools using channel rhodopsins have significant 

absorption in the blue range of visible light, making the use of GCaMPs difficult in 

experimental paradigms involving optogenetic stimulation [23].  The use of red-shifted 

fluorophores like jRGECO in vivo thus holds promise to improve signal-to-noise ratios of 

fluorescence representing neural activity, a characteristic that could substantially improve 

studies in which signal-to-noise ratio of neural activity is reduced, as it as after stroke. 

 

Our study also examined patterns of neural activity at meso- and macroscopic 

levels.  Microscopic imaging techniques such as two-photon microscopy offer higher 

spatial resolution than our employed method of wide-field optical imaging and are capable 

of examining dynamic subcellular structures and processes, like dendritic spine turnover 

[239-241] and axonal sprouting [242-244].  Leveraging these types of imaging modalities 

in conjunction with wide-field optical imaging could provide important information 

concerning morphological changes related to circuit repair.  Used in parallel with 

behavioral assays, microscopic imaging could be used to determine morphological 

changes in remapped circuits that were functionally adaptive, as well as those that were 

maladaptive.  This information would both help to better characterize neural repair 

processes and provide targets for therapeutic and pharmacological intervention. 
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Furthermore, this experiment did not examine any molecular correlates of neural 

repair.  I discussed several growth factors, like GAP43, BDNF, Arc, and GDF10, that are 

upregulated in stroke-affected circuits to promote dendritic spine turnover, axonal 

branching, and synaptogenesis in Section 3.1.  Though upregulation of such factors in 

stroke affected circuits, including those undergoing functional remapping, offers 

therapeutic promise, we currently do not have any biomarkers of stroke available for use 

in clinical settings [245].  New methods of transcriptomics and multi-omics could provide 

great insight into alterations of transcriptome and proteome profiles in stroke-affected 

circuits in both animal models of stroke [123, 246, 247] and humans [123, 245, 248], and 

have potential to identify cellular and molecular targets to enhance plasticity after stroke.  

Used alongside a multimodal imaging approach consisting of wide-field optical imaging 

and two-photon microscopy, changes in expression of stroke-affected molecular targets 

identified in multi-omic approaches could be correlated with morphological changes 

observed in two-photon microscopy and mesoscopic spatial changes in neural circuits 

and networks after stroke, and manipulations of these targets may be able to improve 

neural repair and in turn functional outcomes. 

 

Functional assessment in these stroke experiments is another factor limiting their 

strength.  I used the cylinder rearing assay as a quantification of somatomotor function in 

mice after stroke, which tests the asymmetry of paw usage during exploratory rearing 

behavior in mice and rats.  This test is simple to record and score, and requires no prior 

training for animals, but it quantifies function as a relative proportion, making it difficult to 
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isolate changes in somatomotor function of one paw and to separate somatosensory 

function from motor function.  This can be troublesome in experiments such as those 

discussed in Chapter 4, as larger strokes can cause remapping of sensory function into 

contralesional somatosensory cortex and ipsilesional primary motor cortex.  As such, it 

would be useful to employ additional assays to specifically quantify sensory function, like 

a pain threshold test, and motor function, like a pasta reaching test, unilaterally.  In the 

case of larger strokes, assays to quantify higher order sensory integration functions may 

be more helpful behavioral correlates to network-level neural activity changes [249-251]. 

 

Although it has not yet been analyzed, hemodynamic data was also collected 

during the experiments of Chapter 4.  This presents a whole new array of potential 

analyses to explore vascular repair and its relationship with neural repair after stroke.  For 

instance, the temporal relationship between vascular repair and neural remapping is 

currently poorly understood, and data from these experiments could shed light on the time 

courses of these two types of repair.  Additionally, longitudinal spatial changes in 

neurovascular coupling will be examined to determine whether changes in spatiotemporal 

parameters of coupling are predictive of functional recovery; spatial discrepancies 

between areas of hemodynamic activation and neural activation could inform maladaptive 

modes of repair.  Likewise, disruptions in the dynamics of the hemodynamic response to 

neural activity may elucidate new patterns of neurovascular coupling that are associated 

with poor recovery. 
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Optical imaging has become a powerful tool to explore brain dynamics at multiple 

spatial and temporal levels, as well as their relationships with vascular activity.  Multi-

contrast optical imaging is a potent tool to study neurovascular coupling [252-254], and 

has been used to demonstrate associations between the changes in the strength of 

neurovascular coupling correlations and behavioral deficit after stroke [255].  Changes in 

neural activity in every frequency band measured by optical imaging have been correlated 

to recovery profiles, as well.  To this end, it is crucial that we continue to develop these 

technologies, as they may serve as useful methods of clinical assessment.  Yet, despite 

these technological advancements in the study of multiscale dynamics and neurovascular 

coupling, there is still far more that is unknown about these subjects than is known.  

Multimodal approaches to the study of neurovascular coupling and neural dynamics will 

likely prove the most effective at distinguishing the contributions of different molecular 

cascades, as well as the contributions of different cell-type-specific activity, to myriad 

neural and neurovascular processes.  By improving our understanding of the mechanisms 

that direct these processes, we can transform our treatment of neurological and 

neurovascular disease. 
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