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Abstract

Renal autoregulation, comprised of the myogenic response (MR) and the kidney-specific
tubuloglomerular feedback (TGF), maintains steady perfusion to the kidneys despite blood
pressure fluctuations. The emphasis of this work is on TGF, the dynamics of which generate
autonomous oscillations that synchronize extensively across the kidney. Synchronization occurs
through endothelial gap junctions formed by connexin40 (Cx40) proteins which allow a
nephrovascular unit (NVU), consisting of the nephron, glomerulus, afferent arteriole and efferent
arteriole, to communicate electrically over long distances upstream to other NVUs via the
vascular tree. Clusters of NVUs form dynamic small-world networks across the kidney, meaning
that NV Us are tightly connected to each other in one cluster, but clusters are loosely
interconnected to each other. Synchronization, or coupling, between NV Us spatiotemporally
optimizes blood flow distribution to ensure that NVUs receive appropriate perfusion to match the
energy-intensive and oxygen-dependent reabsorption of sodium.

Many patients with diabetes mellitus or hypertension have chronic kidney disease (CKD)
secondary to their conditions. In Canada, recent estimates suggest that 4 million people suffer
from CKD; this is associated with a health burden upwards of $40 billion per year !. Loss of
synchronization impairs autoregulation and is implicated in the progression of kidney disease,
but synchronization has not been studied in pathophysiological models. We hypothesized that
improving synchronization may preserve renal function by improving network behavior.

To advance our understanding of the nephrovascular network’s role in physiology with
clinical relevance, we explored the impact of manipulating TGF signaling on synchronization in
our first aim. In healthy male Lewis rats (n = 6), we inhibited the sensor component of the TGF

to study synchronization and network behavior using acute administration of the loop diuretic
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furosemide. The sodium glucose cotransporter-2 (SGLT2) inhibitor dapagliflozin was acutely
administered in healthy rats (n = 6) to enhance TGF signaling by increasing sodium chloride
delivery to the macula densa cells in the distal tubule.

In the second aim, we tested the impact of renal disease on TGF synchronization and
network behavior using the remnant kidney model of experimental CKD to gain greater insight
into the nephrovascular network’s role in pathophysiology. Male Lewis rats were subjected to
5/6™ nephrectomy or sham-operations and were assessed after 1 week (n = 4) or 6 weeks (n = 6)
(n=17, 1 week shams; n =7, 6 week shams).

Our third aim was to determine whether the SGLT2 inhibitor dapagliflozin would
enhance synchronization in the pathophysiological context of experimental CKD. We used male
Lewis rats that were subjected to 5/6"™ nephrectomy to create a remnant kidney for 6 weeks (n =
6) or sham operations (n = 6). After 6 weeks had elapsed, animals were acutely administered
dapagliflozin.

In all three aims, laser speckle contrast imaging (LSCI) was used to assess renal cortical
perfusion and determine the strength and variability in the synchronization of TGF and MR, the
decay in TGF synchronization over distance, and the spatiotemporal heterogeneity of cortical
perfusion.

Our results demonstrate furosemide induced a rapid decay in TGF synchronization over
long distances, whereas dapagliflozin improved entrainment of regions across the renal surface
in intact rats. Disruption of the nephrovascular network in the remnant kidney at 1 week
enhanced MR synchronization, and at 6 weeks TGF synchronization and the maximum distance
over which synchronization occurs was diminished. Breaking the network impaired the

communication pathway necessary for TGF signals to travel because the remnant kidney at both
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1 and 6 weeks induced a rapid decay in the spread of the TGF signal, reduced synchronization
amongst kidney regions and induced heterogeneity in cortical perfusion. Intervention with
dapagliflozin improved the strength of TGF synchronization and reduced the magnitude of its
decay with distance, suggesting these changes may underlie SGLT2 inhibition’s renoprotective
effects. These findings suggest that TGF is best regarded as a distributed network process that
regulates the microcirculation by synchronized adjustments in vascular resistance amongst
communicating NVUs so that all elements in the network effectively respond to blood pressure
perturbations. The implications of these findings includes a greater understanding of
nephrovascular network regulation that can be enhanced by intervention to restore coordinated
vascular responses among NVUs with better oxygenation/perfusion matching and prevention of

renal injury as a consequence.
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CHAPTER 1: INTRODUCTION



1.1 Background

Like other organs in the body, the kidneys stabilize perfusion to protect from fluctuations
in function and glomerular injury. This is achieved through autoregulation of blood flow through
the myogenic response (MR) and tubuloglomerular feedback (TGF). TGF is a negative feedback
mechanism by which afferent arteriolar resistance is adjusted in response to the concentration of
distal tubular sodium chloride sensed at the macula densa by the Na-K-2Cl cotransporter
(NKCC2).

Unlike other organs in the body, the kidney presents some unique features. Renal blood
flow (RBF) and glomerular filtration rate (GFR) dictate the kidneys oxygen metabolism by
determining the filtered load of Na*; its reabsorption uses the Na*-K*-ATPase pump in the
proximal convoluted tubule (PCT) which is energy intensive and oxygen-dependent. In addition,
the organization of the renal arterial tree is highly irregular; tubular flow is separate from
postglomerular (efferent blood flow) and oxygen delivery for 90% of NVUs in the kidney, with
the exception of those in the superficial cortex, comes from 3-5 other glomeruli on average %3, In
other words, one PCT travels through several postglomerular capillary beds. The renal
microcirculation is arranged so that perfusion in one nephrovascular unit (NVU: a nephron, its
glomerulus, afferent arteriole and efferent arteriole), which dictates its metabolic demand, adjusts
to optimize oxygen delivery by blood flow to other NVUs to prevent ischemia. This is achieved
by synchronized autoregulation which allows communication over long distances upstream in
the renal vasculature so that every branch downstream can adjust and coordinate resistance to
receive appropriate perfusion 4.

Renal autoregulation is a distributed process; communication between otherwise isolated

NVUs are synchronized across the kidney to optimize perfusion across space and time. This is in



contrast to the classical view that each NVU individually autoregulates in response to altered
blood pressure so that the whole kidney response would be the average of a massively parallel
array of units. Synchronization is achieved by the autonomous oscillations of TGF activity that
transmit upstream to neighbouring NVUs and arteries as an electrical signal, or vascular
conducted response (VCR), using endothelial gap junctions comprised of connexin40 (Cx40).
Because all afferent arterioles have their own autonomous oscillations, groups of them are likely
to interact. When two or more oscillating systems interact or “couple”, they can entrain at a

common frequency leading to clusters of synchronized, communicating NVUs °.

Synchronized clusters of NVUs seem to be arranged within dynamic, small-world
networks . This means that NVUs are tightly connected with each other in a module and have
strong communication and synchronization with each other, but modules of NVUs are loosely
connected with other modules across the kidney. Small-world networks have functional
consequences, discussed in chapter 2, but there are scant studies looking at the modularity in the
kidney ’. Innovations in technology to probe renal cortical perfusion, namely the use of laser
speckle contrast imaging (LSCI), allow greater insight into the modularity of the nephrovascular

network and distributed regulation.

Previous studies using LSCI observed that blocking the transmission of VCRs between
NVUs by gap junction inhibition resulted in loss of TGF synchronization and impaired
autoregulation 8. However, nephrovascular network behavior and TGF synchronization have not
been studied in pathophysiological models such as chronic kidney disease (CKD). Improving
network function and synchronization may lead to preservation of kidney function, thus

preventing progression to CKD secondary to hypertension and diabetes mellitus.



1.2 Objectives of Thesis

In the first aim, this thesis examined the impact of inhibiting and enhancing the TGF
mechanism on synchronization. Furosemide, a loop diuretic, acts on the NKCC2 cotransporter
which is selectively expressed in the apical membrane of cells in the thick ascending limb of the
loop of Henle. Inhibition of NKCC2 results in diuresis when sodium chloride uptake is inhibited.
In addition, NKCC2 stimulation by chloride uptake is the first step in sensing whether TGF
needs to be activated. We also manipulated TGF to enhance it by means of the sodium glucose
cotransporter-2 (SGLT2) inhibitor dapagliflozin. Dapagliflozin inhibits the SGLT2 protein found
in the proximal tubule. This prevents sodium-coupled glucose uptake in the early part of the
tubule and increases the amount of salt arriving to the NKCC2 proteins, where TGF is activated.
By increasing salt delivery to the macula densa, TGF signaling is strengthened. We hypothesized
that inhibiting TGF by acutely administering furosemide would impair synchronization and
network behavior, whereas dapagliflozin would improve synchronization.

Poor TGF synchronization and impaired oxygenation/perfusion matching are key features
of progressive renal disease, but this has not been studied in pathophysiological models. In the
second aim, this thesis explored the impairment of synchronization using the remnant kidney
model of experimental CKD and analyzing the differences in the early remnant kidney at 1 week,
and more progressed remnant kidney at 6 weeks. We hypothesized that TGF synchronization
will be diminished after both 1 and 6 weeks after inducing CKD, but the structural changes that
occur after 6 weeks, such as development of lesions, will further impair TGF synchronization
between NVUs.

In the third aim, we investigated the impact of an acute intervention that is known to be

cardioprotective and renoprotective, namely SGLT2 blockade, in rats with a remnant kidney for



6 weeks. This also allowed us to probe another mechanism by which SGLT?2 inhibition imparts
renoprotection. Dapagliflozin in this pathophysiological setting was hypothesized to improve
network behavior by strengthening TGF.

In all three aims, LSCI was used to assess renal cortical perfusion to assess the strength
and variability in synchronization of TGF and MR, to assess how synchronization of TGF decays

over distance in the kidney, and to assess the heterogeneity in cortical perfusion.



CHAPTER 2: LITERATURE REVIEW



Tubuloglomerular Feedback Synchronization in Nephrovascular Networks!

Tayyaba Zehra!, William A. Cupples?, Branko Braam!-?

Running title: Synchronization in nephron networks

Key words: tubuloglomerular feedback, nephrovascular network, microvasculature, distributed

autoregulation, synchronization, oxygenation-perfusion, modular networks.

! This literature review has been submitted for publication in the Journal of the American Society of Nephrology as
“Zehra et al. Tubuloglomerular Feedback Synchronization in Nephrovascular Networks”.
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Abstract

To perform their functions, the kidneys maintain stable blood perfusion in the face of
fluctuations in systemic blood pressure. This is done through autoregulation of blood flow by the
generic myogenic response (MR) and the kidney-specific tubuloglomerular feedback (TGF)
mechanism. The central theme of this paper is that, to achieve autoregulation, nephrons do not
work as single units to manage their individual blood flows, but rather communicate electrically
over long distances to other nephrons via the vascular tree. Accordingly, we define the
nephrovascular unit (NVU) to be a structure consisting of the nephron, glomerulus, afferent
arteriole and efferent arteriole. We discuss features that require and enable distributed
autoregulation mediated by TGF across the kidney. These features include the highly variable
topology of the renal vasculature that creates variability in circulation and the potential for
mismatch between tubular oxygen demand and delivery, the self-sustained oscillations in each
NVU arising from the autoregulatory mechanisms, and the presence of extensive gap junctions
formed by connexins and their electrical properties that enable long distance conduction of TGF
signals. Further, we examine methods of assessing synchronization as well as pathological
situations that disrupt the nephrovascular network. The existence of TGF synchronization across
the renal microvascular network enables an understanding of how NVUs optimize oxygenation-
perfusion matching while preventing transmission of high systemic pressure to the glomeruli

which could lead to progressive glomerular and vascular injury.



Definitions

Coupling: The process of two oscillating systems interacting and adjusting their frequencies.

Entrainment: When two oscillating systems with similar oscillatory periods are somehow
connected to each other (for instance, two or more NV Us branching from a common artery), the
oscillating motions of each system, even if extremely subtle, will transmit to the other system(s)
through the shared structure. This weak interaction allows the systems to “feel” each other’s
motions and couple, so that they adjust their frequencies and begin oscillating with the same

period.

Myogenic response (MR): Autoregulatory mechanism where contraction of the vascular smooth
muscle layer constricts the blood vessel in response to elevated intravascular pressure, and

conversely dilates the vessel when intravascular pressure is lowered.

Nephrovascular unit (NVU): Structure consisting of the nephron, glomerulus, afferent arteriole

and efferent arteriole

Nephrovascular network: A dynamic, functional group of interacting NVUs that exist in space

and have interactions that regulate vascular resistance

Oscillations: Pertaining to MR and TGF, oscillations refer to the rhythmic movement of each of
these mechanisms that is generated by their dynamic activity. MR and TGF oscillations are self-
sustained, or autonomous, which means that their periodic motion is maintained by a source of
power that does not have any corresponding periodicity and when perturbed, returns to its

original trajectory.



Synchronization: Oscillating systems that are coupled with each other can become

synchronized, also known as becoming phase-locked, and are resistant to perturbations.

Tubuloglomerular feedback (TGF): Autoregulatory negative feedback mechanism that links
changes in glomerular filtration rate to the concentration of salt in the tubule fluid at the macula

densa.
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Introduction

The intrinsic mechanisms matching blood flow to metabolic demand have been
recognized in many organs. In the kidney, autoregulation stabilizes renal blood flow (RBF) and
glomerular filtration rate (GFR) despite naturally occurring variations in blood pressure. To
satisty the functional and metabolic needs of the tissue, the kidneys self-regulate their blood flow
by altering preglomerular vascular resistance through two components, the ubiquitous myogenic
response (MR) and the kidney-specific tubuloglomerular feedback (TGF) response. TGF is a
mechanism in which luminal sodium chloride concentration is sensed at the macula densa and a
signal is relayed to the afferent arteriole to alter preglomerular resistance to restore distal tubular

sodium chloride concentration. The current review focusses on the TGF mechanism.

Historically and even today, it is considered that the nephron, which supplies TGF, and
its afferent and efferent arterioles, is responsible for the autoregulation of its own blood flow so
that whole kidney autoregulation is the sum of all nephrons, i.e. the average of a massively
parallel array of units. However, it is difficult to reconcile this idea with the variability in
preglomerular resistance presented by the renal vascular organization. It is equally difficult to
reconcile this idea with known post-glomerular-vascular-tubular relationships. Hence, we define
the nephron and its afferent and efferent arterioles as the minimum structure, or “nephrovascular

unit” (NVU), capable of autoregulation.

We argue that groups of NVUs, synchronized with each other in a network, represent an
accurate depiction of the distributed nature of autoregulation within the kidney. The following
arguments are consistent with our proposition. The anatomical irregularity of the renal arterial
tree requires that microcirculation must be arranged so that perfusion in one NVU, which

dictates its metabolic demand, adjusts to optimize oxygen delivery to other NVUs. Other aspects
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include the self-sustained oscillations of TGF within each NVU, generation by TGF of an
electrical signal and its transmission to upstream vascular segments using endothelial gap
junctions formed by connexin (Cx) proteins. Interaction of these signals at vascular branch points
allows NVUs to self-organize into synchronized ensembles. Synchronization of TGF effectively
optimizes resistance and provides smoothing of blood flow in time and space. Functional and
structural disruptions to the network may lead to structural offenses to the network which
exacerbates the functional disruption; this pathophysiological process may be responsible for

renal injury.

These arguments align to produce our line of thinking that NVUs are synchronized in
functional networks by interactions among their oscillatory TGF responses. This review aims to
examine the evidence that NVUs are coupled. Furthermore, we explore methods of assessing

perfusion in NVUs and to detect nephrovascular networks in the kidney.

Renal arterial organization supports distributed renal autoregulation

The kidneys are distinct from other organs because RBF determines GFR and thus
metabolic demand generated by the oxygen-intensive proximal tubular reabsorption of sodium.
The challenges for the kidneys are 1) to ensure tightly regulated glomerular capillary pressure
(PGc) and GFR in the face of fluctuating blood pressure, and ii) to ensure that metabolic demand
in one NVU does not become mismatched from oxygen delivery which is supplied by other
NVUs *?. For 90% of NV Us, oxygenation-perfusion matching is an active process enabled by
synchronization of TGF; the renal microvasculature forms a macroscopic network that supports

communication to coordinate the behaviour of NVUs and optimize perfusion.
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There are distinct features of the renal vasculature that enable synchronization between
NVUs to achieve distributed autoregulation (Fig. 1). Renal arteries of larger diameters (> 40 pum)
contain one or a few layers of vascular smooth muscle cells (VSMCs) which makes them
thinner-walled than skeletal muscle arteries of equivalent diameters '°. Thinner walls in the mid-
sized cortical radial arteries (CRA) and arcuate arteries means a lower capacitative load. Along
with endothelial gap junctions, this enables longer transmission of electrical signals along the
vessels. Smaller renal vessels (< 40 um) have relatively thicker walls as well as a high wall to
lumen ratio !, consistent with the known distal pressure drop in preglomerular circulation where
there is a greater involvement in modulating resistance. These features facilitate ascending

communication along the arterial tree.

The organization of the renal arterial tree, based on nCT of a renal cast, demonstrates
irregular vascular topology resulting in pre-glomerular resistance that varies markedly among
glomeruli 213, In addition to being present at terminal branches, a quarter of afferent arterioles
originate from non-terminal arteries that continue to branch into additional arteries; a quarter
arise from unpaired, lower-order single vessels that terminate in pairs of afferent arterioles, and
the remaining half are present in pairs, triplets and quadruplets at the tops of vascular trees and at
branching points of vessels, shown in rats and in humans '#!°, This structural variability creates
the risk of hypertensive injury or inadequate perfusion to glomeruli. Autoregulation has to
operate on a scale larger than a single NVU to modulate vascular resistance regionally so that
Pgc is tightly distributed. Coordinated behaviour of NV Us through synchronization allows
integration of communication over long distances upstream in the renal vasculature so that every

branch downstream can adjust its resistance to maintain appropriate perfusion.
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There exists an anatomical separation of post-glomerular (efferent arteriolar) blood flow
from tubular flow. Beeuwkes et al described the separation between efferent arterioles and
tubules in a series of papers that studied multiple species 2. Only in the superficial cortex does an
efferent arteriole perfuse its own PCT; this is about 10% of all PCTs in the kidney. Most efferent
arterioles perfuse other PCTs, and on average these PCTs travels through three capillary beds.
This has been shown in dogs and humans 2. Since the bulk of renal oxygen consumption occurs
in the PCT it is crucial to match oxygen delivery to metabolic demand. A mechanism operating
at the level of a single NVU to maintain adequate Pgc and perfusion for its own tubule would be
inconsistent with vascular anatomy. Instead, separation between the post-glomerular vasculature
and the tubules strongly suggests a mechanism where each NVU anatomically contributes to the
distribution of flow among groups of NVUs (Fig. 2) 2. This ensures homogenous perfusion of
multiple glomeruli so that post-glomerular blood flow is matched with tubular reabsorption of

sodium.

The complexity of the renal microvasculature suggests the requirement for a distributed
mechanism that regulates perfusion on a large scale. TGF-induced synchronization is the most
likely solution to the challenges posed by the irregular anatomical arrangement of the renal

microvasculature, particularly the fact that a single PCT is perfused by several efferent arterioles.

TGF generates self-sustained oscillations within NVUs
TGF (and MR) activity generates autonomous oscillations of proximal tubular pressure,
proximal tubular flow, and single nephron blood flow within individual NVUs !6:!7, Oscillations

in intratubular pressure were observed as early as 1983 by Leyssac and Baumbach in halothane-
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anaesthetized Sprague-Dawley rats 3. These oscillations subsequently entrain and synchronize

between clusters of NVUs, permitting their interaction, demonstrated first by Holstein-Rathlou

17

Autonomous oscillations originate from the high gain and the delay in the negative
feedback loop of the TGF mechanism. Transmission of fluctuations in glomerular capillary
pressure, which change GFR, and tubular fluid from the Bowman’s space to the macula densa
creates a 20 s delay '°. Further delays occur due to the time it takes for the TGF mediator to be
released from the macula densa and to elicit vasoconstriction of the afferent arteriole. Pressure
and flow oscillations at efferent arterioles are noted to be in phase with proximal tubular pressure
and flow oscillations, thus arising from changes in preglomerular vasculature resistance that

transmit down to the postglomerular vasculature '7-18,

The self-sustained oscillations of TGF and MR each reflect operation of nonlinear systems
520, MR and TGF interact since they act on the same target, afferent arteriolar VSMCs. In rat
kidneys, TGF oscillates at a frequency of 0.015 — 0.06 Hz and MR at 0.09-0.3 Hz. When two
oscillating systems interact or “couple”, they adjust their rhythms and start to oscillate with a
common frequency to become synchronized. A hallmark of entrainment or synchronization is
that when interrupted, the oscillators spontaneously recouple 2!. MR certainly generates
oscillations, but extensive, sustained synchronization of MR is not common and when
interrupted, the oscillations tend to diminish ®. MR, with its higher frequency, stabilizes local
fluctuations in flow resulting from blood pressure fluctuations under the influence of TGF 22,
TGF, with its lower frequency, modulates the amplitude and frequency of MR to stabilize larger

fluctuations of blood pressure and thereby stabilizes sodium chloride delivery to the macula
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densa 2. Several studies have confirmed this concept of TGF and MR interacting within

individual NVUs in the rat kidney 2327,

In sum, measurable self-sustained oscillations occur in both MR and TGF due to the

delays, high gain and non-linear properties of the systems, and MR and TGF oscillations interact.

Vascular conducted responses enable communication in the arterial tree

TGF is a property of individual NVUs; increased sodium chloride concentration reaching
the macula densa activates TGF to initiate afferent arteriolar constriction. The mediator is
thought to be adenosine and possibly ATP but may also be an electrical signal traversing the
extraglomerular mesangium which initiates depolarization in VSMCs of the afferent arteriole
2829 This depolarization is a non-regenerative electrical signal that travels upstream towards
neighbouring afferent arterioles and into the CRA via axial endothelial gap junctions. Although
every NVU adjusts its own perfusion, upstream electrical communication optimizes regional
perfusion by information exchange at branch points. There are two important components to this

system: connexins and vascular conducted responses (VCRs).

Connexins: Gap junctions formed by multiple transmembrane Cx proteins create axial
and radial communication pathways enabling TGF signal transmission by passage of current and
various small molecules. Cx40 is the predominant isoform in gap junctions between endothelial
cells (EC) and forms the axial communication pathway (Fig. 1). Studies with Cx40 knockout
(KO) mice demonstrate impaired RBF autoregulation, an inability to regulate afferent arteriolar
resistance, and a significant decrease in propagated vasomotion in intact skeletal muscle

microcirculation 3°32, Cx37 is also detected in the renal endothelium but its function is unclear
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293335 Cx expression between VSMCs is not fully understood but a few studies demonstrate
Cx45 and possibly Cx43 29303637 Further, using Cx45 to replace Cx40 in a Cx40 KO model

rescues the renin-dependent hypertension observed in the mice, but not the poor autoregulation

30

In addition to homocellular gap junctions, heterocellular myoendothelial gap junctions
(MEG]J) constitute the radial communication pathway that connect ECs to VSMCs (Fig. 1) 3%, At
MEG]I sites, the EC physically contacts the VSMC by club-shaped cellular protrusions through
the internal elastic lamina 3%, The Cx isoforms in MEGJs are not fully elucidated; Cx37, Cx40
and Cx43 have been found in myoendothelial connections across various vascular beds. Cx37 in
MEG]Js seems central in controlling the spreading gap junctional calcium signal *142, Cx37,
Cx40, and Cx43 are also found in the extraglomerular mesangium which suggests they may play
a role in signal transmission between the macula densa and the afferent arteriole 2. Both Cx37
and Cx40 have been observed between ECs and renin secreting cells which are transformed

VSMCs located at the distal portion of the afferent arterioles *>43.

Although not immediately relevant for autoregulation, proper Cx40 function plays a role
in renin regulation. Renin release by renin secreting cells is of critical importance for blood
pressure regulation and extracellular fluid volume homeostasis **. Whereas mice without Cx43
and Cx45 are not viable, Cx37 KO mice are normotensive and Cx40 KO mice are hypertensive
4 However, endothelial-specific deletion of Cx40 does not result in hypertension *°. Cx40 is
strongly expressed in renin secreting cells and seems to be necessary for their proper localization
by perhaps exerting a scaffolding function required for this process. It is also required for a
coordinated response among renin secreting cells. Cx40 KO mice have loss of gap junctional

coupling between renin secreting cells and aberrant localization of renin secreting cells from the
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smooth muscle layer to the extraglomerular mesangium, glomerular tuft and periglomerular
interstitium “647, This ectopic localization of renin secreting cells in Cx40 KO mice results in
renin release that is no longer reduced by increased blood pressure or angiotensin II, leading to

hypertension 3144,

Vascular conducted responses: TGF-mediated depolarization initiates a VCR, a non-
regenerative electrical signal, which can travel over 1500 um to neighbouring afferent arterioles
and upstream into the CRA 3% VCRs can be induced by hyperpolarizing (vasodilating) and
depolarizing (vasoconstricting) currents. The main physiological distinction between the kidney
and other tissue beds is that the functional input to the kidney, RBF, also delivers the metabolic
load that must be matched with perfusion. Matching metabolic load with perfusion is likely
achieved by regulating RBF and GFR n-parallel through afferent vasoconstriction and therefore,

we focus our discussion on propagating preglomerular vasoconstriction.

In mesenteric and cerebral tissue beds, VCRs typically transmit hyperpolarizing ionic
currents which are reasonably understood !. There are only two in vivo studies of VCR in the
kidney. Both show transmission of depolarizing currents using KCI microapplication and direct
electrical stimulation of renal vessels which achieved approximately 50% local constriction,
however ionic currents underlying this are not well understood #*°°. VCR membrane potentials
have been measured using electrodes in ECs and VSMCs and propagate at a velocity of at least 1
mm/s >°, The propagation of calcium waves is too slow (0.1 mm/s) compared to the transmission
speed of membrane potentials in VCR, ruling out a role for calcium in the propagation 32,
Presumably, VCRs result from the passive electrotonic spread of depolarization which is

initiated by the macula densa upon TGF activation and spreads upstream from the
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extraglomerular mesangium through ECs *°->3, The transformation of transient electrical events

into conducting voltage responses is thus enabled by gap junctions.

The longitudinal conduction of VCRs along the endothelium is aided by structural
features and electrical properties of ECs. ECs are oriented axially and their extensive axial
coupling by Cx40 results in a low input resistance and a low impedance pathway (1.5 to 3 mQ)
and also prevents charge accumulation in the endothelium *!. On the other hand, VSMCs are
oriented circumferentially and have much higher input resistance than ECs (90 mQ) which

makes the VSMC layer an unlikely VCR conduction pathway.

Computational modelling studies of VCRs show EC-initiated conduction and parallel
changes in membrane voltage occurring in VSMCs >+, The biophysics of this have been
discussed elsewhere in detail >!°¢, Radial communication between ECs and VSMCs through
MEGTJs allows current from ECs to reach VSMCs >>7 MEGJs are localized distally in the
smallest arterioles, with less expression in the CRA, and little to none in the arcuate and larger

arteries 38,39,58,59

. In the absence of MEGIs, current leakage out of the endothelium is greatly
reduced, thus enabling long-distance EC-EC transmission. VCR transmission is optimal when
approximately one-third of VSMCs have active MEGJs because that amount of current injection
into ECs is enough to elicit quasi parallel changes in the VSMC layer while minimizing current

loss from the endothelium *°. The presence of glycocalyx on the surface of endothelial cells may

also serve as an insulator at the luminal side of the endothelium ¢°.

The limiting factor for VCR conduction along the endothelium is current loss into
VSMCs. Multiple layers of smooth muscle in the renal arteries would absorb enough current to

stop a VCR in a very short distance >°. Current transmission is optimized by limited VSMC-
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VSMC coupling. An absence of VSMC-VSMC coupling would lead to erratic VCRs because a
MEGIJ would only depolarize one VSMC. On the other hand, a very high coupling between
VSMCs which would create a conduction pathway, albeit short-lived, of electrical signalling
along the smooth muscle layer. Limited coupling between VSMCs minimizes current drain from
ECs into VSMCs while smoothing out local variations in membrane voltage of VSMCs so that

they all achieve similar levels of activation ®!.

Taken together, gap junctions allow depolarizing TGF signals to transmit into upstream
arteries. The axially oriented endothelial cells provide the ‘electrical cable’ for VCR
transmission, while the radially oriented MEGJs permit quasi parallel current changes in the
smooth muscle layer to enable optimal transmission. Cx40 is not only required for appropriate

renin release, but it is indispensable for VCR transmission.

TGF-oscillations are responsible for synchronization of groups of NVUs
Entrainment of self-sustained oscillations in TGF of each NVU leads to clusters within

the larger network. Clusters vary in the number of NV Us that comprise them and are dynamic 2.

There is ample evidence of synchronization amongst NVUs. Holstein-Rathlou et al and
Yip et al identified pairs of nephrons with synchronized tubular pressure oscillations using

micropuncture '&17

. Kallskog and Marsh used micropuncture and observed that increasing
perfusion in one nephron reduced stop-flow pressure in that nephron and in the adjacent coupled

nephron, indicating an interaction 2!. Chen et al detected interactions between two nephrons at

distances as far as 1.5 mm along the vasculature in rat kidneys 8.
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TGF-initiated VCRs from multiple afferent arterioles interact at branching points of the
vascular tree. Holstein-Rathlou demonstrated interactions between nephrons sharing the same
CRA: 29 of 33 nephron pairs whose afferent arterioles originated from the same CRA had
identical frequency and phase of oscillations 7. Yip et al measured tubular pressure oscillations
simultaneously in two or three nephrons and found synchronization in pairs of nephrons that
branched from a common CRA, as determined by vascular casts. When one of the tubules was
perfused with furosemide, the amplitude of tubular pressure oscillations diminished similarly in
the coupled nephron whereas no changes occurred in the oscillations of a non-coupled nephron
16 This is consistent with the idea that the afferent arteriole and CRA are involved in oscillating
changes of vascular resistance and that NVUs are coupled through the vasculature %63,
Modelling studies of nephrovascular networks also support the necessity of upstream vascular
communication between NVUs in the arterial tree because it contributes to spatial and temporal

smoothing of blood flow *.

The first study assessing TGF-oscillations on a large scale assessed coupling of TGF
dynamics in over 50 efferent arterioles simultaneously 27. Laser speckle contrast imaging (LSCI,
discussed in a later section) was used to image the surface of the kidney. The study used
hierarchical clustering which gives insight into the modularity, or clusters, of the network. This
revealed the time-varying nature in the synchronization of oscillations in clusters of 2-3 nephrons
across the renal surface that were not always nearest neighbours. The data were interpreted to

show synchronization that was consistent with the dimensions of cortical lobules.

Evidence supporting that synchronization occurs in regions larger than the dimension of
cortical lobules comes from experiments using nitric oxide synthase inhibition. Mitrou et al

segmented an imaged region with dimensions corresponding to 50-60 lobules into synchronized
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clusters 7. The imaged region was treated as a flow field and phase coherence was assessed
between every possible pair of pixels in the image. Phase coherence is a value bounded between
0 and 1 and uses constant phase differences of time-varying TGF dynamics of pixel pairs to give
a robust measurement of synchronization . Strong synchronization exists between the elements
within a cluster, with looser synchronization between clusters; this differential pattern of
synchronization is referred to as a “small-world” network. TGF showed significant clustering
under control conditions with strong synchronization between pixel pairs as far as 5 mm from

each other.

To summarize, all afferent arterioles have autonomous oscillations arising from
autoregulatory dynamics. When VCRs from afferent arterioles reach each other, groups of these
signals interact to become synchronized. Recent studies using laser speckle imaging show

synchronization that occurs in large regions across the kidney.

Modularity of the nephrovascular network

The nephrovascular network has major physiological contributions to optimizing
resistance to maintain adequate blood flow to glomeruli and Pgc and for oxygenation-perfusion
matching on a large scale. Spatiotemporal variations occur across the network in the sizes and
connections of synchronized clusters of NVUs. These dynamics arise because of the modular
organization of the network and have implications for network function. Few data address the

functional and regulatory consequences of this dynamic network.

Modularity is a common feature of biological systems, especially neuronal networks, and

is a small-world network ®° In a system that is organized randomly, or in other words,
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considered to be “global” because of a lack of modularity, any perturbation experienced by a
node in the system will spread throughout the network in an uncontained fashion . Every
element in the network will feel the effect of the perturbation. On the other hand, a network
could be perfectly modular, where nodes are tightly connected to each other within a module,
and loose connections exist between modules. If a perturbation is experienced by a node in one
module, it will be contained within that group of nodes because of their strong interconnections.
The effect of the perturbation will not dissipate towards other modules where it could be

detrimental to their function.

A real-life system, such as the nephrovascular network, most likely falls somewhere on
the spectrum between a global and modular network. Indeed, using N(w)-nitro-L-arginine methyl
ester (L-NAME) as a tool to manipulate blood flow dynamics reveals increased modularity, an
indicator of the group characteristics of a network. L-NAME results in small, highly
synchronized clusters that are loosely interconnected with each other 7. The clusters increasingly

show small-world dynamics with less pronounced coupling between clusters.

Small-world networks have functional implications. For one, they are fault-tolerant °. If
one cluster is impaired or lost, that change will have little effect on the remaining clusters
because of the looser connections between them. Second, modularity facilitates the integration
and spreading of electrical signals because of the higher density of connections in a cluster

resulting in easier activation within that region %67

. Third, this type of network allows the
maintenance of balance between network activity dissipating too quickly but also from becoming
pathologically large. It limits global spreading of perturbations or activity while sustaining local

changes. Fourth, it facilitates the flexibility of the network as it can be combined or divided

while stability is maintained . Last, it optimizes perfusion across space and time by allowing
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adjustments in the resistance of upstream vasculature that feeds a cluster of glomeruli in response

to fluctuations while minimally affecting other clusters.

In summary, the behavior of the network shows small-world dynamics which has
consequences for kidney function because it is fault-tolerant, aids in the integration of electrical
signals without letting network activity dissipate or spread globally, has flexibility and optimizes

perfusion spatiotemporally.

Is the function of the nephrovascular network disturbed in disease states?

Disrupted network dynamics impair distributed autoregulation and increase susceptibility
to ischemia of the renal parenchyma which is also a critical feature in the pathophysiology of
diabetic nephropathy, acute kidney injury (AKI) and progression to chronic kidney disease
(CKD). Network function can be disrupted firstly by microvascular dysfunction such as
endothelial or gap junctional changes which grossly impair transmission of electrical signals.
Second, it can be impaired by proximal tubular dysregulation that reduces sodium chloride
delivery to the macula densa within the loop; and third, by damage to NVUs. Such functional
disruptions to the communication network may cause structural damage to elements of the
network that worsens the functional disturbances, aggravating this cycle (Fig. 4). It is important
to preface this discussion with the fact that network contributions have only been sporadically

investigated in pathophysiological models.

Microvascular dysfunction is present in most forms of AKI. For instance, sepsis is
characterized by reduced density of functional capillaries, increased heterogeneity in blood flow

and hypoxia %. Luminal narrowing, increased wall-to-lumen ratio and microvascular rarefaction
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are induced by hypertension and may diminish signal transmission along the endothelium (Fig.
3) . Hypertension-associated thickening of the VSMC layer may change conduction efficiency
because of increased current drain from ECs. These processes could increase the susceptibility of
the glomeruli to hypo- and hypertensive damage and to ischemic damage. In our studies, we
infused the gap junction inhibitor Carbenoxolone (CBX) to study its impact on disrupting
communication in the nephrovascular network 8. CBX increased spatial and temporal
heterogeneity in cortical perfusion, reduced the strength and extent of synchronization of TGF,

and impaired whole kidney autoregulation.

Inappropriate TGF activity is observed in early diabetic kidney disease. High proximal
sodium reabsorption coupled to glucose reabsorption reduces the concentration of sodium
chloride arriving at the macula densa, leading to TGF-mediated hyperfiltration. Our own studies
investigated the effects of early diabetes mellitus on nephrovascular network behaviour,

demonstrating increased spatial heterogeneity in perfusion and impaired autoregulation 7°.

Structural damage to the network, like tubular loss, failing NVUs (focal segmental
glomerulosclerosis) or complete loss of NVUs (global glomerulosclerosis), can occur in CKD
(Fig. 3). Since TGF signal transmission is non-regenerative, NVU loss would result in a reduced
amount of signal generated and a greater average distance between signal generators (NVUs) in
the network is exacerbated by hypertrophy in CKD that further separates nodes. Increased
separation means reduced TGF signals travelling from one node to the next and reduced
communication effectiveness. Hyperfiltration in diabetes increases the likelihood of
intraglomerular hypertension leading to glomerular injury, resulting in loss of NVUs from the
network and a further increase in single nephron GFR in the remaining NV Us. This has two

consequences: the remaining NVUs have a higher oxygen demand while a disrupted network has
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lower capacity to match oxygen supply to demand in the remaining NVUs (Fig. 4). Because of
the loss of nodes where signals from multiple afferent arterioles are able to interact, the
resistance upstream of multiple NVUs will be less optimized to match oxygen delivery to

demand in all tubules.

In conclusion, loss of nodes from the network and increased distance between nodes,
microvascular injury which leads to impaired gap junction communication, and reduced TGF
signals will impair synchronization and overall autoregulation. A comprehensive understanding
of how pathophysiological conditions such as endothelial dysfunction, hypertension, diabetes,
and kidney disease impacts the behaviour of the nephrovascular network and synchronization

warrants further study.

Methods to assess nephrovascular synchronization

Several techniques to study renal network function are now available to assess the
effectiveness of autoregulatory mechanisms (Table 1).

The ability to visualize the anatomical structure of the microvasculature provides a tool to
phenotype renal diseases and determine changes to glomerular number and vessels. Micron-scale
computed tomography (uCT) can produce high resolution (voxel size < 20 um?) images of the
vascular network of the whole kidney and is relatively low cost with a high scanning efficiency;
details of uCT are reviewed by Clark et al . A constraint of uCT for the purposes of studying
renal microvascular anatomy is that the available algorithms for segmentation of the renal

vasculature, which refers to the extraction of three-dimensional features from two-dimensional
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images, are limited for use in the renal cortex 2. Segmenting images is therefore done manually
and requires a vast amount of patience, time and skill with correspondingly small sample sizes.

Micropuncture enables study of TGF oscillations and coupling between pairs of
superficial NVUs 162149 TGF can be studied by varying late proximal flow and measuring single
nephron GFR, Pgc or stop-flow pressure, for instance. See Lorenz for details 7. Micropuncture
was crucial for early studies that demonstrated nephron-nephron interactions and
synchronization. A significant limitation to micropuncture is that it is an inherently high-
resolution technique, is very difficult to perform, and can only assess 2-3 nephrons
simultaneously, precluding the ability to make dynamic measurements about TGF-induced
synchronization for multiple NV Us.

LSCI is a non-invasive, full-field technique used to assess the vasculature that offers high
spatial and temporal resolution and has been instrumental in experimental and clinical
neurological "*7°, dermatological ’® and retinal imaging applications 7’. Detailed information
regarding LSCI is discussed by Postnov et al, Vaz et al and Allen et al 788°. LSCI generates a
speckle, an interference pattern produced when laser light reflects or scatters from the field of
view. The motion of red blood cells at the surface is the significant contributor to the interference
pattern and reduces speckle contrast, which is interpreted by the imager as a change in local
surface motion. Efferent arterioles approach the renal surface where they branch into “star”
vessels (branches of efferent arterioles visible on the surface of the kidney) — these are the main
source of speckle signals . LSCI requires a similar preparation as micropuncture.

LSCI gives information about microvascular hemodynamics and captures real-time
images to assess tissue perfusion. It can provide insight into clustering of nephrons and

synchronization in those clusters mediated by TGF. The first study that successfully measured
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TGF-induced synchronization dynamics in over 50 nephrons simultaneously used LSCI to image
the surface of the rat kidney 2. Scully et al presented a method of segmenting LSCI-obtained
images into synchronized clusters by phase coherence, also known as phase-locked value .
Phase coherence reflects the stability of the phase difference between two oscillators, or pairs of
pixels of the image in this case. Mitrou et al reported consistent results using LSCI regarding
clustering after L-NAME, but also quantified the strength of MR and TGF synchronization in the
clusters using graph analysis of phase coherence 78!

Drawbacks to LSCI include that it can only examine blood flow in the surface of the
cortex because the illumination is dispersed across the surface rather than concentrated into the
surface 3283, Advantages of LSCI include that it has a high spatial and temporal resolution,
capturing information in real-time. It is also capable of discerning frequencies arising from
cardiovascular, respiratory, baroreflex and renal autoregulatory systems %2

The techniques discussed above share a common limitation that they cannot be used in
humans. Non-invasive measurement of intrarenal oxygenation and perfusion in humans (and
rodents) can be made with Blood Oxygen Dependent (BOLD) MRI and Arterial Spin Labeling
(ASL) MRI. Although BOLD-MRI is a low spatial resolution technique, it has high temporal
resolution (sampling rate 1-3 s per image) and can image the full kidney without the need for
contrast agents with a high scanning efficiency 34. ASL-MRI provides assessment of tissue
perfusion . ASL-MRI has a low spatial and temporal resolution (sampling rate 3-8 s per image)
compared to BOLD MRI #:86, The temporal resolution of these two techniques has to be able to
resolve the frequency bands corresponding to MR and TGF oscillations. BOLD-MRI and ASL-
MRI can be used simultaneously to virtually “map” tissue oxygenation and perfusion and

determine if hemodynamic heterogeneity exists 87-8,
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Various techniques with the ability to make measurements from the level of a single
NVU to large-scale cortical perfusion exist. The use of LSCI is hugely innovative for the latter
purpose and can provide crucial insight into network dynamics. For now, methods to assess renal

perfusion in humans are limited to BOLD and ASL MRI.

Conclusion

This review has discussed the newly emerging concept of distributed autoregulation from
anatomical and physiological standpoints. Autonomous oscillations of TGF facilitate the
entrainment and synchronization of multiple oscillating NVUs, and gap junction mediated
communication provide the highway on which the TGF-induced VCRs can travel. Electrical
communication (i.e. VCRs) results in information processing at every arterial branch point
within the radius of TGF depolarization. This optimizes partly shared resistance upstream for a
cluster of glomeruli, resulting in smoothing of the resistance differences in all of the NVUs
within that cluster so that the differences in glomerular blood flow and Pgc are minimized.
Oxygenation-perfusion matching is an inevitable consequence of glomerular blood flow

optimization (Fig. 2).

We have discussed that instead of autoregulation being the averaged response of single
nephrons, it may actually be the coordinated behaviour of many nephrons working together to
optimize perfusion. This view of synchronized network behaviour represents a paradigm shift
that has a high impact on the understanding of disease; interventions that could enhance
synchronization and thereby oxygenation-perfusion matching might be able to prevent

progression of diseases like AKI, CKD and diabetic nephropathy.
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Perspectives

The emerging paradigm shift regarding renal autoregulation and synchronization of
NVUs has enormous potential to change the view renal disease management and treatment is
considered. First, it may offer a new way to appreciate the mechanisms behind disease onset and
progression. Second, it leads to the question of how network function can be restored in the
setting of renal disease using interventions that restore coordinated responses among NVUs. The
health burden of AKI, CKD and diabetic nephropathy mandates the need to better understand
their dysregulation and prevent progression to the point of renal replacement therapies.
Strengthening the nephrovascular network, by means of strengthening TGF’s electrical signals to
enhance the robustness of interactions among NV Us or by increasing the responsiveness of the
TGF system, could mitigate further renal injury in these situations. The effect of these strategies
is to improve coordinated behavior of NV Us, thereby augmenting network regulation, the
inevitable consequence of which is oxygenation-perfusion matching in the renal parenchyma.
This concept has the potential to inform strategies used to treat renal disease. For instance,
sodium glucose contransporter-2 (SGLT2) inhibitors block the SGLT2 protein in the PCT
leading to increased luminal sodium at the macula densa which is sensed by TGF. SGLT2
inhibitors are renowned for their beneficial effects in diabetes. Based on an understanding of
TGF, the beneficial effects of SGLT2 inhibitors may actually come from the reduced
consumption of oxygen at the PCT that occurs after SGLT2 inhibition and preserved integrity of
the nephrovascular network. Using this new lens to view disease progression and improving
synchronization to improve oxygenation-perfusion matching have a vast potential to inform the

management of kidney disease.
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Table 2.1. Comparison of microvascular and perfusion imaging techniques.

Technique Information Resolution Advantages Disadvantages
Obtained
puCT 3D models of  Voxel size <20 um? High spatial resolution ~ Requires contrast agents,
tissue radiation exposure,
invasive
Micropuncture Single One or two Single/dual nephron Cannot measure
nephron GFR,  superficial nephrons resolution provides dynamics of more than
Pac quality information about two nephrons
NVU physiology simultaneously, invasive
LSCI Perfusion Best at 300 um High spatial and Only images surface
temporal resolution, real-  perfusion, cannot use for
time data capture, full- human kidneys
field, non-invasive
BOLD-MRI Oxygenation  Spatial: 3.4 x 3.4 x4 Full-field, non-invasive, Low spatial resolution
mm?® voxel size used in humans, no
Temporal: sampling contrast agent needed
rate 1-3 s/image
ASL-MRI Perfusion Spatial: 3.4 x 3.4 x4  Full-field, non-invasive, = Low spatial and temporal

mm? voxel size

Temporal: sampling

rate 3-8 s/image

used in humans, no

contrast agent needed

resolution, reduced

sensitivity

pCT, microcomputed tomography; LSCI, laser speckle contrast imaging; BOLD-MRI, blood oxygen level-dependent

magnetic resonance imaging; ASL-MRI, arterial spin labelling magnetic resonance imaging.
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Figure 2.1. The renal arterial tree and its components. A) shows the high variability in the
arterial organization, superimposed upon a composite low-power micrograph of two cortical
radial arteries (CRA) and their afferent arterioles. B) shows the axially oriented cells of the
endothelium and radially oriented smooth muscle cell layer. C) shows myoendothelial junctions
(MEJs) protruding from endothelial cells (EC) towards the vascular smooth muscle cells
(VSMCO). It also illustrates the presence of myoendothelial gap junctions (MEGJs) comprised of
connexins (Cx) present at MEJs. Gap junctions enables depolarizing tubuloglomerular feedback
(TGF) signals to transmit upstream the afferent arteriole to neighbouring afferent arterioles and
into the larger artery, where similar signals from other afferent arterioles can interact to regulate
vascular resistance. Fig.1A reproduced from Casellas et al. Anatomic pairing of afferent

arterioles and renin cell distribution in rat kidneys. Am J Physiol. 1994;267:F931-36.
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Figure 2.2. Consequences of local vs distributed blood flow. In this simplified diagram, three
glomeruli receive blood from their respective afferent arteriole. Efferent blood flow and tubular
flows from the glomeruli are separated so that each tubule receives its blood supply from another
glomerulus; in vivo it may be up to 5 other glomeruli. If flow and filtered Na" increase in NVU
1, reabsorption will generate a greater oxygen demand. If autoregulation is local, a mismatch
between oxygen supply and demand would occur. NVU 1 needs to communicate with NVU 3,
whose efferent vessel perfuses its tubule. This communication occurs through TGF-induced
synchronization and leads to distributed autoregulation; the resistance upstream every
glomerulus is regulated partly by itself and partly by signals coming from all the other NVUs in

the arterial tree.
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Figure 2.3. TGF signal ascending into the artery and pathological situations that impair
transmission. A) shows upstream transmission of the TGF signal from each glomerulus, where it
can interact with other TGF signals and affect autoregulation in other NV Us as they continue
upstream. B) In situations of glomerular or vascular lesions, the NVU completely “drops out” of
the nephrovascular network. The TGF signal from G2 and G3 will have a shorter interaction
radius without the addition of the signal from G1. C) changes to the vessel such as hypertrophy
of the smooth muscle layer in hypertension also shorten the interaction radius and result in
reduced length constant, meaning the signal does not transmit as far. Thickness of the arrows
represents the magnitude of the TGF signal. Not shown here for the sake of simplicity is that
TGF signals also travel upstream to neighbouring afferent arterioles where the signals can

interact as well.
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Figure 2.3. Pathophysiological changes in the nephrovascular network. Functional disturbances
to the nephrovascular network contribute to failing or loss of nodes from the network. These
derailments include microvascular alteration or damage, decreased Cx40, changes in MEGls,
and reduced or absent TGF signals, increase susceptibility of glomerular injury from unregulated
Psc and ischemic injury from oxygenation-perfusion mismatches. As the network starts to fall
apart and lose elements, the likelihood of glomerular and ischemic injury increases and

functional network disruptions worsens, exacerbating structural disruption.
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Methods

All experiments received prior approval by the Animal Care Committee of the University
of Alberta and were conducted in accordance with the guidelines of the Canadian Council on
Animal Care. Male Lewis rats (350-450 g) (Charles River, St. Constant, QC, Canada) were
housed in a temperature- and humidity-controlled environment with a 12:12 h light-dark cycle.

All rats received regular rat chow and water ad libitum (Canadian Laboratory Diets, Leduc, AB,

Canada).

Aim 1: TGF manipulation with furosemide and dapagliflozin

Intact rats (n = 6) to be given furosemide were prepared for acute terminal procedures, as
described below. Another group of intact rats to be given dapagliflozin (n = 6) were prepared
similarly; this group of rats is the same one used in Aim 3.

Four out of ten animals in the furosemide group were excluded from analysis because of
low blood pressure by the end of the experiment, leaving six animals for full analysis. Three out
of nine animals were excluded from the dapagliflozin group because of low blood pressure,

leaving six for the full analysis.

Aim 2: TGF synchronization in the remnant kidney

Male Lewis rats were randomly assigned to the following groups: remnant kidney (RK)
I-week (n = 4), RK 6-weeks (n = 6), and their sham-operated 1-week (n = 7) and 6-weeks (n = 7)
counterparts serving as controls. 5/6" nephrectomies were performed to create the remnant

kidney model of CKD. After 1 or 6 weeks, all rats were subjected to acute procedures.
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Four out of nine animals were excluded from RK 1wk because of low blood pressure.
Seventeen animals were part of the RK 6wk group but all except six were excluded because of
low blood pressure or technical difficulties in experimental preparation such as the inability to
obtain urine samples. Ten animals were in the sham 1wk group with three being excluded for
low blood pressure, and similarly eleven animals were in the sham 6wk group with four excluded

from analysis for having low blood pressure.

Aim 3: TGF synchronization in the remnant kidney after dapagliflozin intervention

Male Lewis rats were randomly assigned to the following groups: RK (n = 6) and their
sham-operated (n = 6) counterparts. 5/6™ nephrectomies were performed to create the remnant
kidney model of CKD. The sham controls in this group are the same animals in the dapagliflozin
group used in Aim 1. After 6 weeks, all rats were subjected to acute procedures during which
they were acutely administered dapagliflozin.

Three out of nine animals were excluded from both the sham group and RK because of
low blood pressure, leaving six for the full analysis. One animal in the RK group had a large
decrease in blood pressure in the first 25 min and stable blood pressure thereafter, so the first 25

mins were excluded from analysis.

5/6" nephrectomy procedure

Each rat received buprenorphine (0.02 mg/kg) and meloxicam (2 mg/kg) subcutaneously
before anesthesia. Anesthesia was induced with 4% isoflurane in inspired air (45% O.). After
induction, the rat was transferred to a surgical table heated with gel pads. Ophthalmic ointment

(OptixCare, CLC MEDICA, Ontario, Canada) was applied to the rat’s eyes. Hair from the right
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flank was removed by shaving, and the surgical field was cleansed with alternating applications
of 10% povidone iodine (Prepodyne, West Penetone Inc., Canada) and 70% ethanol. Under
aseptic conditions, the right kidney was exposed following a flank incision and two 4-0 silk
sutures (Braintree Scientific, Braintree, MA, USA) were tied around the renal vessels, with
enough gap between each to make a cut to perform a total nephrectomy. After suturing the
incision close (3-0 Chromic Gut, Ethicon, NJ, USA), antiseptic ointment was applied over the
suture site. A second dose of meloxicam (2 mg/kg) was given 24 h after the procedure.

One week after the total right nephrectomy, the same procedure was repeated to perform
the partial left nephrectomy. After exposing the left kidney, the upper and lower poles were cut
and Surgifoam (Ethicon US, LLC) and pressure were applied on the cut ends to facilitate blood
clotting. The remaining kidney was placed back into the abdomen and the incision was closed.
Sham-operated animals were subjected to exploratory surgery only.

One week after the partial left nephrectomy, all rats were switched to a high salt diet
formulated with 6% NaCl (Canadian Laboratory Diets, Leduc, AB, Canada) ad libitum and given

free access to water until their acute procedure.

Acute procedure

All rats were subjected to the acute procedure as follows. Rats were given buprenorphine
(0.02 mg/kg) subcutaneously 20 min before anesthesia. Anesthesia was induced in an induction
chamber precharged with room air, and isoflurane was introduced up to 4% in inspired air (45%
O2). Once the animal reached surgical plane, it was transferred to a heated surgical table
equipped with a thermo-feedback system to maintain rectal temperature at 37°C (Vestavia

Scientific, Birmingham, AL, USA). Anesthesia was maintained through a nose cone and the
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isoflurane dosage was gradually reduced in 0.5% increments to 2% for the duration of the
surgery. Hair from the neck, abdomen and left groin was removed by shaving, and the surgical
field was cleansed with alternating applications of 10% povidone iodine and 70% ethanol. After
verifying surgical plane with the toe-pinch reflex, a midline incision was made on the neck to
expose the trachea. The rat was intubated via tracheotomy (PE 240, VWR, Alberta, Canada) and
the tracheal tube was fitted to the nose cone and secured with Parafilm to prevent escape of
isoflurane.

The left femoral vein was cannulated (Silastic tubing, 0.51 mm ID, 0.94 mm OD; Dow
Corning, Midland, MI) for intravenous infusion of 5% bovine serum albumin (BSA) (A7906;
Sigma, Oakville, ON) with 250 pg/min FITC inulin (Sigma) and 50 mM LiCl (Sigma) in 0.9%
NaCl at 1.5 mL/h. The left femoral artery was cannulated (PE-50; BD Intramedic) for direct
recording of mean arterial pressure and heart rate. The left kidney was exposed by a midline
laparotomy, freed from surrounding fat and placed in a plastic kidney cup mounted to the
surgical table. The kidney was embedded in silicone stopcock grease (Dow Corning, Midland,
MI) to minimize motion. The left renal artery was stripped and a transit time ultrasound flow
probe (Transonic, Ithaca, NY) was placed around it for direct measurement of RBF. The flow
probe was secured in place with acoustic coupling gel (SurgiLube, Transonic Systems, Ithaca,
NY, USA). The left ureter and bladder were catheterized for urine collection (PE-10; BD
Intramedic). Except during data acquisition, the surface of the kidney was covered with Parafilm
to prevent drying and was periodically moistened with normal saline. Anesthesia was reduced to
the lowest dose (1.5%) that prevented responses to toe pinching, the intravenous infusion
solution was switched to a mixture of 1% BSA with 250 pg/min FITC inulin and 50 mM LiCl in

0.9% NaCl at 1.5 mL/h during equilibration, and the animal was allowed to stabilize for 40 min.
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Following equilibration, the kidney surface was cleaned with normal saline. The Moor
FLPI LSCI (Moor Instruments, Axminster, UK) was positioned ~18 cm above the surface of the
kidney. The instrument was modified by the manufacturer to have twice the optical zoom of the
standard mode, permitting a small field of view (3.5 x 5 mm). In rats with the RK, there was
enough kidney tissue remaining to position the LSCI on top. The imager was used for spatial and
temporal calculation of laser speckle for each experiment; the spatial mode analyzes a small
group of pixels (5x5) within a single frame, acquiring 113 x 152-pixel images at 25 Hz whereas
the temporal mode analyzes single pixels over 25 frames, acquiring 760 x 568-pixel images at 1
Hz. The advantage of the temporal speckle is that the information is captured at high resolution,
but it cannot be used to detect MR in rats because the process of averaging each pixel aliases
heart rate into the MR frequency. Before beginning recordings, a 4 mm hair was placed on the
kidney surface to determine pixel size and assist with focusing the LSCI camera. Approximately
one-third of the dorsal surface was imaged. Previous work has shown that record lengths of 30 —
50 cycles of oscillation (1500 s) are needed to investigate TGF synchronization . Based on this
we used a record length of 25 min for each spatial and temporal record and made two sets of
each recording per experiment.

Furosemide administration. After the baseline spatial and temporal records were made
with the LSCI, a bolus of furosemide (5 mg/kg) was administered via the left femoral vein.
Following the bolus, the animal was switched to 1% BSA with 5 mg/kg/hr furosemide, 250
pg/min FITC inulin and 50 mM LiCl in 0.9% NaCl. The infusion rate was determined over a 25
min period of equilibration following administration of the bolus by determining the volume of
urine produced and was set to 5 mL/h. Recording with LSCI commenced again with two 25 min

records in spatial and temporal averaging modes obtained.
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Dapagliflozin administration. After the baseline spatial and temporal records were made
with the LSCI, a bolus of dapagliflozin (1 mg/kg) was administered to the rat through the
femoral vein followed by a switch to an intravenous infusion of 1% BSA with 1 mg/kg/hr
dapagliflozin, 250 pg/min FITC inulin and 50 mM LiCl in 0.9% NaCl. The infusion rate was
determined over a 25 min period of equilibration by determining the volume of urine produced
and was set at 2 mL/h. After equilibration, spatial and temporal records were made again.

A baseline arterial blood sample (400 uL) was taken and urine collection commenced.
Following each LSCI record, timed urine samples were collected every 30 min for a total of 4
samples. Arterial blood samples were collected every 60 min for a total of 3 samples. At the end
of each experiment, the left kidney was excised and immediately prepared for

immunofluorescence and also snap-frozen and stored in -80°C to use for western blots.

Data analysis

Blood pressure and renal blood flow data was collected and stored on a PC using
PowerLab Data Acquisition System (8/30; ADInstruments, Dunedin, NZ) and LabChart 6
Software. These data were reconfigured to be compatible with Matlab to allow cross-correlation
with LSCI data.

This experiment reports MR values calculated from spatial records, and TGF values from
both spatial speckle and temporal speckle for comparison, denoted by (S) and (T) in subscripts
next to the variable names, respectively. Briefly, changes in synchronization among regions on
the renal surface were determined by three measurements: 1) the strength and variability of
synchronization of MR and TGF, 2) the decay of TGF synchronization with distance, and 3)

heterogeneity in cortical perfusion.
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Each spatial record was filtered with a Gaussian filter and then down-sampled by a
factor of 4, yielding a 21 x 31-pixel image for each frame. Temporal records were similarly
filtered with a Gaussian filter and then down-sampled by a factor of 20, yielding a 21 x 31-pixel
image. Each pixel’s timeseries was then normalized so that they had a standard deviation of 1.
The MR (0.09 — 0.3 Hz) and TGF (0.015 — 0.07 Hz) frequency of each pixel timeseries was
isolated by a bandpass forward-backward elliptic filter to avoid phase-shift, and the records were

temporally downsampled.

1) Strength and variability of synchronization of MR and TGF

The strength of the phase synchronization of MR and TGF were determined by
calculating phase coherence (PC). The Hilbert transform of each pixel timeseries was used to
calculate the instantaneous phase. Synchronization was assessed by a pairwise comparison

between all possible pairs of imaged pixels to calculate PC,

1o~V
PC. = _z (¢~ d1)

where PCjx is the phase coherence between two pixels j and k&, where N is the number of points in

the original data, and ¢; and ¢, are the instantaneous phases of pixels j and k, respectively. It is
the mean of the exponential difference between the instantaneous phases of two pixels over time.
PC is a value between 0 and 1, where PC = 0 means no relationship exists between two pixels,
and PC = 1 indicates complete 1:1 phase locking .

To determine what values of PC could be considered significant, a surrogate data
approach was used and PC was computer over an entire 1500 s record. Surrogates with random
phases but unchanged power spectra were generated by using Fourier Fast Transform (FFT) of

the timeseries which gives the power spectrum, then phases of the FFT were randomly shuffled
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without altering the amplitude spectrum, and the FFT of the phase-randomized spectrum was
inversed. For each pixel pair, surrogates were generated by applying FFT to each trial 50 times
and computing PC between the original timeseries of one pixel and the randomized values of the
second pixel’s time series, giving a total of 100 randomized PC values to estimate significance.
The significance threshold was set as the mean + two standard deviations of the surrogate PC
data for that pixel pair. Pixel pairs with PC less than the threshold were considered to be
nonsignificant and excluded from further analyses. Increased mean PC reflects stronger
synchronization, whereas decreased PC indicates weaker synchronization. In addition to average
PC (PCwmr and PCrar), coefficients of variation of PC (CVpcmr and CVpc t6r) were calculated
which indicate variability in synchronization.

To visualize the group characteristics of TGF synchronization, the renal surface was
reconstructed using graph analysis ®%. In this graph, each downsampled pixel was treated as a
node and was connected to other nodes when significant PC existed between that pair of pixels;
this connection is known as an edge. An increase in the number of significant edges as well as
longer edge lengths indicate increased and long-distance synchronization between kidney
regions. We limited our analysis to edges with PC > 0.6 based on previous studies that found
edges with PC < 0.5 in the absence of autoregulation ®7°, and excluded lengths of 1 and V2
because pixels immediately adjacent are expected to have high PC that would inflate the overall

analysis.

2) Decay of TGF synchronization with distance
We tried several non-linear regression models to fit the relationship between PC and edge

length, using exponential decay, double exponential, piece-wise linear, and sum of exponentials
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fits. We found that piece-wise linear and sum of exponentials best represented our data (lowest
MSE, most even distribution of residuals). We chose sum of exponentials over piece-wise linear
because the exponential decay terms were more readily interpretable in the physiological context

of synchronization,

length length
PC=Ae k1 +e “k2 —A

where 4 is the magnitude of the decay of PC over edge length, e is the base of natural
logarithms, and k; and k> are length constants. We constrained the fit to PC =1 at edge length =
0 based on the assumption that two nodes that are very close together (shorter edge length) will
have greater synchronization and a PC value close to 1. We calculated the maximum distance
that TGF synchronization occurs over in the kidney (lengthmax) by calculating the x-intercept of

the equation to determine what length PC = 0 when synchronization has become absent.

3) Heterogeneity in cortical perfusion

Dominant operating frequencies of MR and TGF (fur and frcr) were calculated for each
pixel as the frequency at which power was highest in the MR (0.09— 0.3 Hz) and TGF (0.015—
0.06 Hz) frequency ranges. Spatial heterogeneity of each operating frequency was determined as
the coefficient of variation of frequency in the entire image (CV¢ygr and CV¢rgr), which
indicates the degree of frequency coupling on the kidney surface. Increased heterogeneity
suggests that fewer regions of the kidney are entrained with each other.

The spatiotemporal heterogeneity of cortical perfusion was determined by calculating the
coefficient of variation of the LSCI speckle of all pixels in every frame (CVgpaia) and then

determining the temporal coefficient of variation (CVemporar)
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_ stdev(CVspatia,)

CVtemporal - X 100%

mean(CVspaa-al)
Increased CV i indicates that the heterogeneity of blood flow on the renal surface is increased.
Increased CVemporal indicates increased epochs of CVspatial, or in other words that spatial CVpatial

fluctuates over time.

Assessment of Cx40 expression

Immunofluorescence. Immediately after the acute procedure, the left kidneys were
excised and prepared for immunofluorescence (IF). A frontal cut of the kidney tissue was placed
in 30% sucrose for 24 hr, mounted in OCT and stored in a freezer at -80°C. The block was
sectioned into slices about 10 um in thickness. The slice was fixed with ice-cold acetone and
blocked in 10% normal donkey serum in PBS-T-1% BSA solution for 1-2 hrs. The primary
antibodies that were used, Cx40 polyclonal antibody (Thermo Fisher Scientific REF: 36-4900 )
and CD31 monoclonal antibody (Thermo Fisher REF: MA1-81051), were diluted 1:200 in
blocking solution and used to incubate the kidney tissue overnight. The secondary antibodies
used, donkey - Alexa Fluor® 568 dye (Thermo Fisher Scientific REF: A10042) and anti-mouse -
Alexa Fluor® 647 dye (Thermo Fisher Scientific REF: A31571) were diluted 1:600 and 1:1000
respectively, blot with the kidney tissue for one hour, and followed by the 0.1 pg/mL DAPI
staining for 5 min. The slice was then mounted with Prolong Gold antifade reagent (Thermo
Fisher Scientific: REF: P36934).

The stained slide was detected with Quorum Wave FX spinning disc confocal system
(Quorum technology). The positive staining of CD31 and Cx40 were acquired in Cy5 (690/50)

and Cy3 (595/50) using Perkin Elmer’s Volocity. The pre-glomerular arterioles were determined
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by CD31 positive signals and by the smooth muscle layer around the endothelium. The Cx40

intensity on these arterioles was calculated using Volocity 6.3.1 software.

Statistical analysis

Hemodynamic variables for all experiments were analyzed using Two Way repeated-
measures (RM) ANOVA to account for the effect of group and time. Student-Newman-Keuls
was used as the post hoc test. The differences between variables calculated from LSCI analysis
for Aim 1 were analyzed with Two Way RM ANOVA, with the two factors being period
(baseline vs. intervention) and group (furosemide vs. dapagliflozin). Similarly, LSCI data from
Aim 3 was analyzed with Two Way RM ANOVA, with period (baseline vs. intervention) and
group (sham controls vs. remnant kidney) factors. LSCI data for Aim 2 was analyzed with One
Way RM ANOVA with the factor being group. Western blot data was analyzed with One Way
ANOVA. These statistical tests were performed on groups of 4-7 individuals, therefore it is
difficult to assume that these data approach a normal distribution even if a statistical test cannot
reject the null hypothesis that it is non-normal. Data analysis was performed in Matlab (r2019a,
The Mathworks, Natick, MA) and statistical tests were performed in SigmaPlot (v14). Data are

shown as mean + SEM , and p < 0.05 was considered statistically significant.
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Results
Urine excretion.

Figure 4.1 shows GFR and urine flow data, which is summarized in Table 4.1, during
baseline and after furosemide or dapagliflozin administration in intact rats. GFR increased after
furosemide and decreased after dapagliflozin administration, and urine flow was increased after

interventions in both groups.
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Figure 4.1. Changes in glomerular filtration rate (GFR) and urine flow after furosemide and
dapagliflozin interventions. Furosemide increased GFR and urine flow (*p < 0.001 in both
cases), whereas dapagliflozin decreased GFR (p = 0.008) and increased urine flow (*p < 0.001).
GFR was higher after furosemide than dapagliflozin at intervention ({p < 0.001) (Two Way RM

ANOVA). Data are shown as mean + SEM; n = 6 furosemide; n = 6 dapagliflozin.
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Table 4.1. Glomerular filtration rate (GFR) and urine flow data after furosemide and

dapagliflozin administration.

Furosemide Dapagliflozin
Baseline Intervention Baseline Intervention
GFR, mL/min 1.06 £ 0.06 1.78 £ 0.03% 1.06 + 0.09 0.62+0.11%
Urine flow, pL./min 9+2 61 + 87 8§+2 44 + 37

Values are presented as mean + SEM; n = 6 furosemide; n = 6 dapagliflozin. Shown are urinary excretion data obtained
from healthy rats given furosemide or dapagliflozin. MAP, mean blood pressure; RBF, renal blood flow; RVC, renal
vascular conductance; HR, heart rate; GFR, glomerular filtration rate. *p = 0.049, tp < 0.001 (Two Way RM

ANOVA).

Figure 4.2 shows GFR and urine flow data for RK 1wk, RK 6wk and their sham controls,

which is summarized in Table 4.2. RK 6wk had significantly lower GFR compared to all groups.
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Figure 4.2. Changes in glomerular filtration rate (GFR) and urine flow in RK 1wk, RK 6wk and
sham controls. RK 6wk had lower GFR compared to RK 1wk and sham counterparts (*p <
0.001) (Two Way RM ANOVA). Data are shown as mean = SEM; n =7 sham Iwk; n=4 RK

1wk; n =7 sham 6wk; n = 6 RK 6wk.
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Table 4.2. Glomerular filtration rate (GFR) and urine flow data from RK 1wk, RK 6wk and

sham controls.

Sham 1wk RK 1wk Sham 6wk RK 6wk
GFR, mL/min 1.16 £ 0.03 1.16 £0.13 1.22 +0.06 0.84 + 0.03*
Urine flow, pL/min 14+4 14+£2 9+3 9+2

Values are presented as mean + SEM; n = 7 sham 1wk; n = 4 RK 1wk; n = 7 sham 6wk; n = 6 RK 6wk. Shown are
hemodynamic and urinary excretion data obtained from rats with remnant kidneys for 1 week or 6 weeks and their
respective sham controls. RK, remnant kidney; SRK, sham remnant kidney; MAP, mean blood pressure; RBF, renal
blood flow; RVC, renal vascular conductance; HR, heart rate; GFR, glomerular filtration rate. *p < 0.001 (Two Way

RM ANOVA).

Analysis of GFR and urine flow data in Figure 4.3, which is summarized in Table 4.3,
show that both RK and sham controls had comparable GFR during baseline. After dapagliflozin,
GFR decreased significantly in both groups. Urine flow similarly show comparable values at
baseline with a significant increase after dapagliflozin in both groups. RK and sham groups did

not have significantly different GFR and urine flow at baseline and after dapagliflozin.
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Figure 4.3. Changes in glomerular filtration rate (GFR) and urine flow in RK and sham controls
administered dapagliflozin. Dapagliflozin comparably 4: decreased GFR in sham controls (*p =
0.008) and RK (fp < 0.001), and B: increased urine flow in shams controls (fp < 0.001) and RK
(*p=0.003) (Two Way RM ANOVA). Data are shown as mean £ SEM; n = 6 sham controls; n

=6 RK.

Table 4.3. Glomerular filtration rate (GFR) and urine flow data from RK and sham controls

administered dapagliflozin.

Sham Controls RK
Baseline Dapagliflozin Baseline Dapagliflozin
GFR, mL/min 1.06 £ 0.09 0.62+0.11* 1.10 £ 0.06 0.62 £ 0.057
Urine flow, pL/min 8§+2 44 + 3% 12+3 45 + 6*

Values are presented as mean + SEM; n = 6 sham; n = 6 RK. Shown are hemodynamic and urinary excretion data
from rats with RK for 6 weeks and their sham controls given dapagliflozin. RK, remnant kidney; MAP, mean blood
pressure; RBF, renal blood flow; RVC, renal vascular conductance; HR, heart rate; GFR, glomerular filtration rate.

*p=0.05, Tp = 0.001 (Two Way RM ANOVA).
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Strength and variability of synchronization.

Table 4.4 summarizes variables that assess the strength and heterogeneity of
synchronization of MR and TGF after furosemide and dapagliflozin. The strength of
synchronization was quantified with phase coherence (PC) and by the number and length of
significant edges (PC > 0.6) (Figure 4.4). Neither mechanism was significantly affected by either
furosemide or dapagliflozin. The variability in synchronization was assessed by the variation in
PC associated with MR and TGF. CVpc associated with both MR and TGF were unchanged after

furosemide and dapagliflozin.
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Table 4.4. Assessment of the strength and heterogeneity in synchronization after acute

furosemide and dapagliflozin administration.

Furosemide Dapagliflozin
Baseline Intervention Baseline Intervention

MR

PCyr 0.37+0.03 0.29 £0.02 0.39+0.05 0.37+0.03

CVremr, % 20.0£2.1 23.0+£25 21.2+4.6 20.3+4.3

#Edges for high PC (>0.6) 3764 + 742 939 + 281 9344 + 6094 5558 £2932

Length, high PC, mm 0.09 +0.01 0.08 £0.00 0.11+£0.03 0.10£0.02
TGF (Spatial speckle)

PCracrs) 0.72+0.03 0.67+£0.03 0.66 = 0.02 0.68 £0.01

CVrc r6rs), %0 122+£2.0 12723 123+£1.3 122+1.2

#Edges for high PC (>0.6) 179132 £ 16897 155739 £ 21068 160138 + 18245 163579 + 16499

Length, high PC, mm 0.48 +£0.01 0.45+0.03 0.45+0.03 0.47+0.01
TGF (Temporal speckle)

PCrcr(m 0.70 £ 0.04 0.70 £0.05 0.74 +£0.02 0.72+0.03

CVrcr6rm), % 152+22 123+£22 10.0+ 1.5 12.6 1.9

#Edges for high PC (>0.6) 154647 + 23160 167838 £29001 194836 £ 11563 176273 £ 12707

Length, high PC, mm 0.51 +£0.03 0.52+0.05 0.57+0.02 0.54+0.03

Values are presented as mean + SEM; n = 6 furosemide; n = 6 dapagliflozin. Shown is a summary of cluster and graph
analysis to assess the strength and variability of synchronization after furosemide and dapagliflozin interventions. MR,
myogenic response; TGF, tubuloglomerular feedback; PC, phase coherence; PCmr and PCrcr, mean PC of edges in
MR and TGF frequency bands; CVecmr and CVrc rcr, coefficients of variation of PC in MR and TGF frequency
bands; length, mean length of edges detected in the field of view; S, spatial speckle; T, temporal speckle. There were

no changes after the interventions were administered (Two Way RM ANOVA).
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Figure 4.4. Graph representation of the phase coherence of tubuloglomerular feedback (PCrgr)

o

Intervention
z

synchronization at the kidney surface after acute furosemide and dapagliflozin interventions.
These results are from spatial speckle from individual rats. LSCI pixels are depicted as nodes
(orange dots); each node is connected to every other node with an edge that has significant PC.
The color of the edge corresponds to the strength of PC between the pair of connected nodes. In
this rat, furosemide intervention did not alter PCtgrs) (0.69 to 0.71), CVec.1crs) (8.9% to 10%), or
the number of TGF edges (195304 to 2019125). Dapagliflozin did not alter PCrgr(s) (0.67 to

0.71), CVec16rs) (11% to 9%), or the number of TGF edges (172655 to 199091).
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Table 4.5 summarizes the strength and heterogeneity of synchronization in the remnant
kidney. The strength of MR synchronization was increased in the early remnant kidney, as
shown by high values of PCwmr, and CVMr was decreased which reflects increased homogeneity
in MR synchronization. The number of MR edges were also significantly higher, suggesting
increased extent of MR synchronization. In the remnant kidney at 6 weeks, TGF synchronization
was significantly diminished which is denoted by decreased PCrgr, while MR synchronization
was unaffected (Figure 4.5). The number of TGF edges decreased in RK 6wk and TGF edge
lengths from temporal speckle decreased, indicating reduced strength and extent of distribution

of TGF synchronization.
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Table 4.5. Assessment of the strength and heterogeneity in synchronization in RK 1wk, RK 6wk

and sham controls.

Sham 1wk RK 1wk Sham 6wk RK 6wk

MR

PCyr 0.32+0.02 0.54 £0.03* 0.32+0.03 0.28 £0.02

CVremr, % 22.1+£23 8.6+ 1.1F 234+25 256+ 1.8

#Edges for high PC (>0.6) 2698 + 730 56254 + 31698+ 2375 + 662 1225 + 456

Length, high PC, mm 0.09 +0.01 0.22 £0.067 0.09 +0.00 0.09 +£0.00
TGF (Spatial speckle)

PCrars) 0.66 +0.03 0.64 +£0.06 0.70 £ 0.02 0.56 +0.03%

CVrc r6res), %0 14.0+1.8 13.1+£24 12.8+1.2 175+ 1.5

#Edges for high PC (>0.6) 127148 + 19315 124198 £ 32197 165547 £ 10937 84831+ 19155%

Length, high PC, mm 0.44+0.03 0.37+0.05 0.48 +£0.01 0.36 +£0.04%
TGF (Temporal speckle)

PCrar(r 0.68 +£0.03 0.62+0.06 0.64 +0.02 0.26 £0.02§

CVrcr6rm), % 13.9+1.5 142+23 11.1+1.5 156+ 1.5

#Edges for high PC (>0.6) 141052 + 16488 116266 + 32559 183601 + 8283 129230 + 165741

Length, high PC, mm 0.31+0.05 0.39+0.07 0.56 +0.01 0.50+0.03

Values are presented as mean = SEM; n = 7 sham 1wk; n = 4 RK 1wk; n = 7 sham 6wk; n = 6 RK 6wk. Shown is a

summary of cluster and graph analysis to assess the strength and variability of synchronization. RK, remnant kidney;

MR, myogenic response; TGF, tubuloglomerular feedback; PC, phase coherence; PCvr and PCrcr, average PC of

edges in MR and TGF frequency bands; CVecmr and CVec,tcr, coefficients of variation of PC in MR and TGF

frequency bands; length, mean length of edges detected in the field of view; S, spatial speckle; T, temporal speckle.

RK 1wk increased PCwmr (¥*p <0.001), decreased CVec,mr (p = 0.002), increased the number of MR edges (p = 0.013),

and increased MR edge length (p = 0.001), (fp < 0.05). RK 6wk decreased PCrcr(s) compared to sham controls (Ip <

0.05) and PCrar(r) compared to RK 1wk and sham controls (§p < 0.001). The number of TGF edges from spatial and

temporal speckle were significantly lower in RK 6wk compared to sham controls ({p < 0.05). TGF edge length from

spatial speckle was lower in RK 6wk than sham controls ({p < 0.05). PC, #edges and length associated with TGF for

RK 6wk were significantly different between spatial and temporal speckle (p <0.01) (One Way RM ANOVA).

57



A Sham 1wk pc B RK 1wk PC

0.9

10
0.8

15 AW
0.7

2 0.6

5 10 15 20 25 30
c Sham 6wk sc D RK 6wk pC

5 10 15 20 25 30 5 10 15 20 25 30

Figure 4.5. Graph representation of the phase coherence of tubuloglomerular feedback
synchronization at the kidney surface in RK 1wk, RK 6wk and their sham controls. These results
are from spatial speckle from individual rats. LSCI pixels are depicted as nodes (orange dots),
each of which is connected to every other node with an edge that has significant PC. The color of
the edge corresponds to the strength of PC between the pair of connected nodes. 4. The sham
1wk rat which had a PCrcE(s) of 0.64, CVec.16E(s) of 19% and 85475 TGF edges, in contrast to B:
the RK 1wk rat which had lower PCrgrs)of 0.55 and equivalent CVec rcrs) (17%), and a low
number of TGF edges (61941). C: The sham 6wk rat had PCrgr(s) of 0.75, CVpc,16rs) of 11%,
and 197707 edges, while D: the RK 6wk rat had a lower PCrgrs) of 0.54, a higher CVpc 1Gr(s) of
22% and lower TGF edges (71961). The left side of the graph also depicts areas of scant edges

between nodes, indicating reduced strength and extent of synchronization in RK 6wk.
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Table 4.6 summarizes changes in synchronization after dapagliflozin intervention.

Dapagliflozin did not affect MR synchronization in either group. TGF synchronization was

unaltered after intervention in the sham controls, but dapagliflozin increased the strength of TGF

synchronization, reflected by increased PCrgrs), in the RK group (Figure 4.6).

Table 4.6. Assessment of the strength and heterogeneity in synchronization in RK and sham

controls administered dapagliflozin.

Sham Controls

Baseline Dapagliflozin Baseline Dapagliflozin

MR

PCyr 0.39+£0.05 0.37+0.03 0.31+0.05 0.34+0.03

CVremr, % 21.2+£4.6 20.3+43 214439 20.2+24

#Edges for high PC (>0.6) 9344 + 6094 5558 £2932 1805+ 1019 2116 =706

Length, high PC, mm 0.11+0.03 0.10£0.02 0.08 £0.01 0.08 £0.00
TGF (Spatial speckle)

PCracrs) 0.66 +0.02 0.68 £0.01 0.60 £ 0.05 0.68 £ 0.03*

CVrc r6rs), %0 123+1.3 122+1.2 14.1+£22 11.6+14

#Edges for high PC (>0.6) 160138 + 18245 163579 + 16499 120138 £31842 163579 + 16499

Length, high PC, mm 0.45+0.03 0.47 £0.01 0.40 £0.07 0.46+0.03
TGF (Temporal speckle)

PCrgr(r) 0.74 +£0.02 0.72+0.03 0.70 £ 0.04 0.64 +0.07

CVrcr6rm, % 10.0+ 1.5 12.6£1.9 10.5£2.0 14.8+3.5

#Edges for high PC (>0.6) 194836 £ 11563 176273 £ 12707 175376 + 12707 121426 + 35905

Length, high PC, mm 0.57+0.02 0.54+0.03 0.54+0.05 0.44+0.08

Values are presented as mean = SEM; n = 6 sham controls; n = 6 RK. Shown is a summary of cluster and graph

analysis to assess the strength and variability of synchronization. RK, remnant kidney; MR, myogenic response;

TGF, tubuloglomerular feedback; PC, phase coherence; PCwmr and PCrar, average PC of edges in MR and TGF

frequency bands; CVrcmr and CVec 1aF, coefficients of variation of PC in MR and TGF frequency bands; length,

mean length of edges detected in the field of view; S, spatial speckle; T, temporal speckle. Dapagliflozin

administration in the RK group increased PCrar(s) (*p = 0.014). (Two Way RM ANOVA).
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Figure 4.6. Graph representation of the phase coherence of tubuloglomerular feedback (PCrgr)
synchronization at the kidney surface in RK and sham controls administered dapagliflozin. These
results are from spatial speckle from individual rats. LSCI pixels are depicted as nodes (orange
dots), each of which is connected to every other node with an edge that has significant PC. The
color of the edge corresponds to the strength of PC between the pair of connected nodes. PCrar(s)
was increased in the RK rat after dapagliflozin administration. Dapagliflozin in the sham control
did not alter PCrgr(s) (0.67 to 0.71), CVecrors) (11% to 9%), or the number of TGF edges (172655
to 199091). In this RK rat, dapagliflozin increased PCrgr(s) (0.59 to 0.73), reduced CVecrr(s)

(15% to 8%), and increased the number of TGF edges (99172 to 207319).
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Decay of TGF synchronization with distance.

Figure 4.7 shows a heatmap of the decay of PC associated with TGF (PCrgr) over edge
length in one rat at baseline and after furosemide and in a second rat at baseline and after
dapagliflozin, which is summarized in Table 4.7. The sum of exponentials equation that was
used to describe this decay had two exponential decay equations. The first equation, associated
with the first length constant, describes the initial decline of PCrgr over short edge lengths; these
occur in the same region of the kidney that the TGF signal originates from. The second decay is
associated with the second length constant and describes the decline of PCrgr at longer edge
lengths, which occur in different regions of the kidney some distance away from where the signal
source was. Spatial speckle showed that furosemide did not affect the decay of PCrgr over short
edge lengths, but decreased the distance synchronization travels over long edge lengths.
Temporal speckle showed a significant decrease in k; compared to the dapagliflozin group after
intervention, indicating a more rapid decay of PCrgr at short edge lengths. Dapagliflozin

administration did not affect the magnitude of decay of the fast process nor the length constants.
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Figure 4.7. Heatmap of the decay of tubuloglomerular feedback phase coherence (PCrgr) with
edge length after acute furosemide and dapagliflozin interventions. These results are from spatial
speckle. The best-fit curve is overlaid in yellow. Areas of yellow represent a greater number of
nodes whereas blue represents a decreased number of nodes. 4 and C: In the rat given
furosemide, the magnitude of decay A4 (0.23 to 0.24) was unchanged, &; (-0.41 to -0.55)
decreased and > (-7.28E-03 to -1.10E-02) increased. B and D: The rat given dapagliflozin
showed no significant changes in the magnitude of decay, 4 (0.22 to 0.24), k; (-0.43 to -0.42) or

k2 (-5.3E-03 to -4.13E-03).
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Table 4.7: Non-linear regression analysis of the decay in tubuloglomerular feedback phase

coherence (PCrgr) with edge length after acute furosemide and dapagliflozin administration.

Furosemide Dapagliflozin
Baseline Intervention Baseline Intervention

Spatial speckle

A 0.22+0.06 0.26 +0.03 0.25+0.02 0.21+0.01

ki -0.34+0.04 -0.51+0.05 -0.43+£0.05 -0.46 +0.03

k2 -6.59E-03 £2.07E-03  -6.68E-03 + 9.55E-04*  -7.57E-03 + 9.58E-04 -8.91E-03 + 1.30E-03

MSE 4.07E-03 + 1.31E-03 4.18E-03 + 1.35E-03 2.87E-03 £ 4.93E-04 3.00E-03 + 5.30E-04

Lengthmax,mm 16.60 +5.84 8.58+1.41 7.42+0.82 7.49+1.13
Temporal speckle

A 0.38+0.14 0.20 £ 0.05 0.17+£0.02 0.20 +0.03

ki -0.26 £0.07 -0.57 £ 0.07+ -0.36£0.03 -0.35+0.08

k2 -3.94E-03 £ 3.17E-03 -8.17E-03 £ 9.04E-04 -7.02E-03 £+ 1.59E-03 -7.99E-03 + 8.70E-04

MSE 5.64E-03 + 1.25E-03 3.52E-03 + 8.29E-04 2.37E-03 + 3.85E-04 3.71E-03 + 1.10E-03

Lengthmax,mm

11.72 £2.50

9.60 + 1.64

12.94 £2.04

10.03 £2.26

Values are presented as mean + SEM; n = 6 furosemide; n = 6 dapagliflozin. Shown is a summary of non-linear
regression analysis. RK, remnant kidney; PC, phase coherence; TGF, tubuloglomerular feedback; 4, magnitude of
decay of PCrar, ki1, length constant associated with initial decay; k2, length constant associated with second decay;
MSE, mean squared error; lengthmax, the maximum distance that TGF synchronization occurs over. Rank-deficient
trials were excluded from calculating lengthmax. One temporal speckle trial in the furosemide group was rank-deficient.
This means that multiple set of parameters could fit the data equally well and the trial is not as reliable as others. From
spatial speckle, furosemide increased k2 (*p = 0.002). From temporal speckle, furosemide had a higher k; after

intervention compared to the dapagliflozin group (fp = 0.016) (Two Way RM ANOVA).

Figure 4.8 illustrates the decay of PCrgr with edge length in the remnant kidney groups,
which is summarized in Table 4.8. Temporal speckle shows that both RK 1wk and 6wk increased
the speed of decay of synchronization at short edge lengths so that the signal travels a shorter

distance before declining.
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Figure 4.8. Heatmap of the decay of tubuloglomerular feedback phase coherence (PCrgr) with
edge length in RK 1wk, RK 6wk and their sham controls. These results are from spatial speckle
from individual rats. The best-fit curve is overlaid in yellow. Areas of yellow represent a greater
number of nodes (LSCI pixels) whereas blue represents a decreased number of nodes. In these
rats, RK 1wk (0.34) and 6wk (0.36) have a greater magnitude of decay, 4, than sham 1wk (0.31)
and 6wk (0.24). The speed of decay, k;, was higher in RK 6wk (-0.52) than RK 1wk (-0.42),
sham 1wk (-0.32) or sham 6wk (-0.34).
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Table 4.8. Summary of non-linear regression analysis of the decay in tubuloglomerular feedback

phase coherence (PCrcr) with edge length in RK 1wk, RK 6wk and sham controls.

Sham 1wk RK 1wk Sham 6wk RK 6wk

Spatial speckle

A 0.31+0.07 0.30 +0.09 0.21 +0.04 0.34 £ 0.05

ki -0.38+0.06 -0.49 +0.07 -0.48 +£0.09 -0.57+0.04

k2 -4.92E-03 + 1.01E-03 -5.65E-03 £+ 1.36E-03 -7.85E-03 + 1.89E-03 -8.49E-03 + 6.00E+03

MSE 4.03E-03 + 8.88E-04 2.88E-03 + 8.30E-04 3.64E-03 + 7.58E-04 5.13E-03 + 1.00E-03

Lengthmax,mm 13.42 £2.58 10.47 £ 1.81 9.77 £ 1.57 6.82+1.19
Temporal speckle

A 0.27 £0.06 0.31+0.09 0.16 +£0.02 0.26 +0.03

ki -0.35+0.14 -0.52+0.11* -0.42 +0.07 -0.54 + 0.04+

k2 -5.65E-03 £+ 1.24E-03 -6.65E-03 £+ 2.06E-03 -8.61E-03 +2.08E-03 -9.29E-03 + 1.35E-03

MSE 4.20E-03 + 8.11E-04 3.24E-03 + 4.00E+00 2.66E-03 + 6.76E-04 5.46E-03 + 1.68E-03

Lengthmax,mm

13.08 +£2.66

9.87+2.03

16.56 +£3.75

7.96 + 1.28%

Values are presented as mean = SEM; n = 7 sham 1wk; n = 4 RK 1wk; n = 7 sham 6wk; n = 6 RK 6wk. Shown is a

summary of non-linear regression analysis of the decay in PCrcr with edge length. RK, remnant kidney; PC, phase

coherence; TGF, tubuloglomerular feedback; A, magnitude of decay of PCrar, k1, length constant associated with

initial decay; k2, length constant associated with second decay; MSE, mean squared error; lengthmax, the maximum

distance that TGF synchronization occurs over. Rank-deficient trials were excluded from calculating lengthmax. &z

from temporal speckle was higher in RK 1wk and RK 6wk than sham 1wk (*p = 0.026 and p = 0.016, respectively).

RK 6wk had a significantly lower lengthmax than its sham counterpart from temporal speckle (fp = 0.031) (Two Way

RM ANOVA).
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Figure 4.9 demonstrates the decay of PCrgr with edge length after dapagliflozin
intervention in the remnant kidney, which is summarized in Table 4.9. The sham controls
showed no change after dapagliflozin. In contrast, spatial speckle shows that dapagliflozin
induced a decline in the magnitude of decay of PCrgr at shorter edge lengths in the RK group.
Temporal speckle showed that the remnant kidney induced a rapid decline in synchronization at

short edge lengths overall compared to sham controls.
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Figure 4.9. Heatmap of the decay of tubuloglomerular feedback phase coherence (PCrgr) with
edge length in RK and sham controls administered dapagliflozin. These results are from spatial
speckle from individual rats. The best-fit curve is overlaid in yellow. Areas of yellow represent a
greater number of nodes whereas blue represents a decreased number of nodes. The sham control

rat showed no significant changes in the magnitude of decay, 4 (0.22 to 0.24), k; (-0.43 to -0.42)
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or k> (-5.3E-03 to -4.13E-03) between 4. baseline and C: after dapagliflozin. D: The magnitude
of the decay of PCrgr was decreased significantly after dapagliflozin administration in the RK
rat (0.32 to 0.21), but changes in &; (-0.57 to -0.60) or k> (-7.33E-03 to -4.63E-03) were not

significant.

Table 4.9. Summary of non-linear regression analysis of the decay in tubuloglomerular feedback

phase coherence (PCrgr) with edge length in RK and sham controls administered dapagliflozin.

Sham Controls RK
Baseline Dapagliflozin Baseline Dapagliflozin

Spatial speckle

A 0.25 +£0.02 0.21+0.01 0.33 £0.06 0.22 +0.03*

kl -0.43+0.05 -0.46 £0.03 -0.58 £0.06 -0.59+0.06

k2 -7.57E-03 £ 9.58E-04 -8.91E-03 + 1.30E-03 -5.82E-03 + 1.18E-03 -8.55E-03 + 1.77E-03

MSE 2.87E-03 + 4.93E-04 3.00E-03 + 5.30E-04 3.83E-03 + 5.37E-04 2.72E-03 + 3.28E-04

Lengthmax, mm 7.42+0.82 749 +1.13 8.08 £ 0.88 8.30+1.47
Temporal speckle

A 0.17 £0.02 0.20+0.03 0.21 £0.04 0.24 +0.06

ki -0.36+0.03 -0.35+£0.08 -0.58 +0.04+ -0.57 £0.057

k2 -7.02E-03 + 1.59E-03 -7.99E-03 + 8.70E-04 -7.09E-03 + 1.10E-03 -9.98E-03 + 2.90E-03

MSE 2.37E-03 + 3.85E-04 3.71E-03 + 1.10E-03 2.38E-03 + 5.65E-04 3.24E-03 + 7.45E-04

Lengthmax, mm 12.94 +£2.04 10.03 £2.26 11.18+1.96 12.40 £ 6.04

Values are presented as mean = SEM; n = 6 sham controls; n = 6 RK. Shown is a summary of non-linear regression
analysis of the decay in PCrcr with edge length. RK, remnant kidney; PC, phase coherence; TGF, tubuloglomerular
feedback; 4, magnitude of decay of PCrar, ki, length constant associated with initial decay; k2, length constant
associated with second decay; MSE, mean squared error; lengthmax, the maximum distance that TGF synchronization
occurs over. Rank-deficient trials were excluded from calculating lengthmax. Intervention with dapagliflozin decreased
A from spatial speckle in RK (*p = 0.023). k; from temporal speckle was higher in RK overall than sham controls (p

=0.009) (Two Way RM ANOVA).
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Heterogeneity in cortical perfusion.

Table 4.10 summarizes variables that assess the heterogeneity in cortical perfusion after
TGF manipulation. The dominant operating frequencies of each autoregulatory mechanism
indicates the frequency range that MR or TGF operate at maximally. fur and frgr were
unchanged within each group after furosemide and dapagliflozin administration. The coefficient
of variation in the dominant operating frequency of MR and TGF indicate variability in the
frequency coupling at the renal surface, which suggests altered entrainment across kidney
regions. CVmr was increased after furosemide. Variation in TGF’s operating frequency from
temporal speckle decreased significantly after dapagliflozin, indicating dapagliflozin increased
entrainment of regions across the kidney. Figure 4.10 shows changes in spatiotemporal
heterogeneity of surface perfusion before and after furosemide and dapagliflozin, determined by
spatial and temporal coefficients of variation (CVspatial and CViemporal) of LSCI speckle. Figure
4.10A and 4.10B show no significant changes in CVgpatiat after furosemide or dapagliflozin
intervention, indicating neither drug altered perfusion across the kidney surface. CViemporal(s)
reflects the fluctuations in how steady surface blood flow is and was reduced after dapagliflozin

(Figure 4.10C), while CVtemporai(T) Was unchanged.
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Table 4.10. Assessment of the heterogeneity in cortical perfusion after acute furosemide and

dapagliflozin administration.

Furosemide Dapagliflozin
Baseline Intervention Baseline Intervention

MR

fmr, Hz 0.104 +0.003 0.106 = 0.002 0.108 = 0.002 0.110 £ 0.005

CVimr, % 10.1£2.1 16.7 £ 1.4*% 13.0£2.3 14.5+1.1
TGF (Spatial speckle)

frors), Hz 0.021 +£0.001 0.021 +£0.001 0.019 = 0.002 0.019 £ 0.001

CVtrcres), % 10.1+3.1 15.5+3.8 10.9+£2.9 10.0£2.5
TGF (Temporal speckle)

froremy, Hz 0.022 £ 0.002 0.022 +0.003 0.021 +£0.001 0.020 £ 0.001

CVtrcrm, % 6.5+ 1.7 12.7+4.1 21.0 £ 3.7 10.4 +2.6%

Values are presented as mean = SEM; n = 6 furosemide; n = 6 dapagliflozin. Shown is a summary of the analysis of
heterogeneity in cortical perfusion after furosemide and dapagliflozin interventions. MR, myogenic response; TGF,
tubuloglomerular feedback; fmr and frer, dominant MR and TGF operating frequencies; CVemr and CVirteF,
coefficient of spatial variation of dominant MR and TGF frequencies; S, spatial speckle; T, temporal speckle. CVemr

increased after FUR (*p = 0.019). CVirgrry was significantly higher at baseline in the dapagliflozin group than
4 .TGF(T) g

furosemide group (p = 0.004) and decreased after intervention (fp = 0.030) (Two Way RM ANOVA).
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Figure 4.10. Assessment of spatiotemporal heterogeneity in cortical perfusion after acute
furosemide (A\) and dapagliflozin (V') interventions, quantified by spatial and temporal
coefficients of variation (CVspatiat and CViemporal). 4 and C shows data calculated from spatial
speckle and B and D show data from temporal speckle (denoted by S and T in parentheses in the
Y-axes). Neither intervention altered 4. CVpatiais) (p = 0.186) or B: CVspatiai) (p = 0.826).
Dapagliflozin decreased C: CViemporal(s) (¥p = 0.021), and D. CViemporai(T) (p = 0.053) was
unaltered after both. There were no significant differences between spatial and temporal speckle
(Two Way RM ANOVA). CVspatiat and CViemporal are shown as mean = SEM; n = 6 furosemide; n

= 6 dapagliflozin.
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The dominant operating frequencies of MR (fur) and TGF (frgr(s)) were higher in RK
Iwk only (Table 4.11). The variation in the operating frequency of TGF measured by spatial
speckle was increased significantly in both RK 1wk and RK 6wk groups, demonstrating
decreased entrainment of regions across the kidney. Figure 4.11 shows that both RK 1 and 6wk
groups comparably increased CVpasiais) and CVpatiai(t) compared to their sham counterparts
(Figure 4.11A and 4.11B), indicating that the remnant kidney induces dispersion in perfusion, or
in other words the blood flow is heterogenous across the kidney surface. There was no change in

CViemporal, suggesting that minimal fluctuations in how variable surface blood flow is over time.

Table 4.11. Assessment of the heterogeneity in cortical perfusion in RK 1wk, RK 6wk and sham

controls.
Sham 1wk RK 1wk Sham 6wk RK 6wk

MR

fmr, Hz 0.105 £ 0.002 0.159 £0.019* 0.108 = 0.003 0.110 £ 0.003

CVimr, % 12.2+0.9 17.6 £4.2 13.7£1.6 152+1.6
TGF (Spatial speckle)

frors), Hz 0.020 +0.001 0.027 £ 0.004+ 0.019 £+ 0.000 0.020 = 0.001

CVtrcres), % 104+£23 20.7£5.1 12.6£1.9 25.6 +3.8%
TGF (Temporal speckle)

froremy, Hz 0.020 +0.001 0.024 +0.003 0.019 +0.001 0.021 £=0.001

CVtr6rm, % 7.8+ 1.0 21.5+5.8§ 12.6 2.4 16.6 £4.8

Values are presented as mean = SEM; n = 7 sham 1wk; n = 4 RK 1wk; n = 7 sham 6wk; n = 6 RK 6wk. Shown is a
summary of the analysis of heterogeneity in cortical perfusion. RK, remnant kidney; MR, myogenic response; TGF,
tubuloglomerular feedback; fmr and frer, dominant MR and TGF operating frequencies; CVemr and CVireF,
coefficient of spatial variation of dominant MR and TGF frequencies; S, spatial speckle; T, temporal speckle. RK 1wk
increased fyr (*p < 0.001) and frgrs) (Tp = 0.019) compared to RK 6wk and sham controls, and had no change in
CV¢rares) compared to sham controls (p = 0.073). RK 6wk had increased CVrgrs) compared to sham controls (3p =

0.010). CV¢rgrery was increased in RK 1wk compared to sham 1wk (§p = 0.007) (One Way RM ANOVA).

72



Spatial Speckle Temporal Speckle

10 -
10 1
* ok * k%

8 - g
9 9
& °] £ 61
£ 5
© =1
g 4 & 4
= >
O &)

2 2 4

0 T T 0

Sham 1wk RK 1wk Sham 6wk RK 6wk Sham 1wk RK 1wk Sham 6wk RK 6wk
Group Group

10 10

8 | 8
g 1 3
@ 6 £ 6 ——
S s
o o
Q. o
3 3

2 2

0 0

Sham 1wk RK 1wk Sham 6wk RK 6wk Sham 1wk RK 1wk Sham 6wk RK 6wk

Group Group

Figure 4.11. Assessment of spatiotemporal heterogeneity in cortical perfusion in RK 1wk, RK
6wk and their sham controls, quantified by spatial and temporal coefficients of variation
(CVspatial and CViemporal). A and C show data calculated from spatial speckle and B and D show
data from temporal speckle (denoted by S and T in parentheses). 4: RK 1 and 6wk increased
CVspatiais) (*p = 0.004 and **p < 0.001, respectively) and B: CVgpatiait) (*p = 0.007 and **p =
0.001, respectively) compared to sham controls. There were no significant differences between
values from spatial and temporal speckle (One Way RM ANOVA). Data are shown as mean +

SEM; n =7 sham 1wk; n =4 RK 1wk; n =7 sham 6wk; n = 6 RK 6wk.
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Table 4.12 summarizes the analysis of perfusion heterogeneity after intervention in the
remnant kidney. A decrease in the variation of TGF’s dominant frequency from spatial speckle
in the remnant kidney after intervention shows increased frequency coupling of TGF across
kidney regions.

Figure 4.12 shows that CVpaial was unaffected by dapagliflozin (Figure 4.12A and
4.12B). Baseline CViemporal from spatial speckle decreased in sham controls after dapagliflozin
(Figure 4.12C), indicating improved homogeneity in the spatial variability of surface blood flow.

CViemporal from temporal speckle showed no change in either group.

Table 4.12. Assessment of the heterogeneity in cortical perfusion in RK and sham controls

administered dapagliflozin.

Sham Controls RK
Baseline Dapagliflozin Baseline Dapagliflozin

MR

fmr, Hz 0.109 +0.002 0.110 = 0.005 0.112 +0.002 0.107 £ 0.005

CVimr, % 13.0+2.3 145+1.1 134+£3.0 134+3.0
TGF (Spatial speckle)

frors), Hz 0.019 £ 0.002 0.019 +0.001 0.023 = 0.002 0.023 +£0.004

CVtrcres), % 10.9+2.9 10.0+2.5 28.5+3.1* 13.7+£3.17
TGF (Temporal speckle)

froremy, Hz 0.021 £0.001 0.020 + 0.001 0.027 +0.004 0.024 £+ 0.003

CVirarm), % 21.0+3.7 10.4 +2.61 354 +4.8% 32.0 +8.2§

Values are presented as mean + SEM; n = 6 sham controls; n = 6 RK. Shown is a summary of the analysis of
heterogeneity in cortical perfusion. RK, remnant kidney; MR, myogenic response; TGF, tubuloglomerular feedback;
fur and frer, dominant MR and TGF operating frequencies; CVemr and CVerar, coefficient of spatial variation of
dominant MR and TGF frequencies; S, spatial speckle; T, temporal speckle. CVirar(s) was higher at baseline in RK
than sham controls (*p = 0.002) and decreased in RK significantly after intervention (ip < 0.05). Dapagliflozin
intervention decreased CV¢rgr(r) in sham controls (fp < 0.05). CVergrer) wWas higher at baseline ($p = 0.028) and after

intervention (§p = 0.019) in RK compared to sham controls. (Two Way RM ANOVA).
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Figure 4.12. Assessment of spatiotemporal heterogeneity in cortical perfusion in RK (e) and
sham (o) controls administered dapagliflozin, quantified by spatial and temporal coefficients of
variation (CVpatiat and CViemporal). A and C show data calculated from spatial speckle, and B and
D show data from temporal speckle (denoted by S and T in parentheses). 4 and B: There were no
changes in CVpatial. C: CViemporai(s) Was higher at baseline in sham controls than RK (*p =
0.015), and reduced after dapagliflozin (Tp = 0.021). D: CVemporai(T) did not change after

intervention for either group. There were no significant differences between spatial and temporal
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speckle (Two Way RM ANOVA). Data are shown as mean + SEM; n = 6 sham controls; n =6

RK.

For all LSCI variables that were measured, spatial speckle and temporal speckle results
yielded similar values, none of which differed significantly. The only exception to this was RK
6wk results from Table 4.6, where PC, #edges and length associated with TGF were significantly

different between spatial and temporal speckle.

Cx40 expression.

Immunofluorescence results show Cx40 localization obtained from one sham rat that was
administered dapagliflozin. Figure 4.13A shows a glomerulus and its associated afferent
arteriole. CD31 highlights the endothelium in red and Cx40 expression in green is evident in the
endothelium of the afferent arteriole as well as in the glomerulus. Figure 4.13B also shows a
glomerulus and its associated afferent arteriole, with CD31 expression highlighting the
endothelium along the vessel and the Cx40 signal appearing where CD31’s signal does. Figure
4.13C shows a cross sectional view of the lumen of a smaller vessel; the lumen of the vessel,
where the endothelium is, is lined with Cx40 signals. Figure 4.13D shows a cross sectional view
of a larger vessel, namely the cortical radial artery, with Cx40 signals illuminated in the

endothelium.
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DAPI Merge DAPI Merge

Figure 4.13. Endothelial Cx40 expression detected with immunofluorescence. 4 - D show
endothelial Cx40 expression from a sham control rat given dapagliflozin. 4 and B: Cx40 signal
(green) and CD31 signal (red) are positive in the endothelium of the glomerulus and its
associated afferent arteriole. C: A cross-sectional view of a smaller vessel, presumably an artery
because of the appearance of a thicker wall, shows the inside of the lumen lined with CD31

signal which indicates the endothelium. Cx40 signal colocalizes with the CD31 signal. D: Cx40

77



and CD31 signal colocalize in the endothelium of a cortical radial vessel. DAPI signal (blue)
stains the nucleus. Presence of Cx40 in the afferent arteriole and the cortical radial vessel reflects

their participation in propagating TGF-induced VCRs to coordinate resistance changes.
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CHAPTER 5: DISCUSSION, CONCLUSION & PERSPECTIVES
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5.1 General Discussion

The purpose of this study was to first gain an understanding of synchronization in the
nephrovascular network in physiology, hypothesizing that inhibiting and enhancing TGF
signalling would decrease and increase synchronization, respectively. The second hypothesis was
that functional and structural changes that occur in the remnant kidney model of CKD would
impair TGF synchronization by disrupting the nephrovascular network. In the third hypothesis
we tested whether intervention in CKD with an SGLT?2 inhibitor, known for their
cardioprotective and renoprotective effects, would enhance synchronization. The main findings
of the first aim are that furosemide had a weak and rather variable effect on TGF and it only
induced a rapid decay in TGF synchronization across longer distances in the kidney.
Dapagliflozin exerted minimal effect on TGF synchronization in intact rats, whose baseline TGF
activity was appropriate. In the second aim, we found that the early remnant kidney had
increased strength and extent of MR synchronization only, while after 6 weeks the strength of
TGF synchronization was diminished. Both induced a rapid decay in the transmission of TGF
signals, decreased coupling of kidney regions and increased the heterogeneity of perfusion. The
second aim also allowed us to explore modularity, a common feature of biological networks, of
the nephrovascular network in pathophysiology . We found in the third aim that dapagliflozin
enhanced TGF synchronization in the remnant kidney, reduced the magnitude of its decay over
distance, and enhanced entrainment amongst regions at the kidney surface.

The results of this investigation provide novel insights into distributed network behavior
in pathophysiology as well as the extent to which TGF-induced VCRs are able to travel in the
kidney. The use of LSCI is a recent advancement for assessing renal cortical perfusion and

provides information into the distributed nature of blood flow in the cortex 7:8:27:64.70.83.90 Thijg s
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the first description of large-scale synchronization assessment after furosemide and dapagliflozin

administration and in a 5/6™ nephrectomy model.

Urine excretion.

Aim 1: The hemodynamic actions of furosemide induced by 1) vasodilation caused by
NKCCI1 inhibition and 2) removal of TGF’s vasoconstriction at the afferent arteriole by NKCC2
inhibition would suggest that its effect should be to increase renal vascular conductance (RVC,
the inverse of renal vascular resistance), RBF and GFR °'. However, most studies performed in
mice and rats consistently indicate decreased RVC and parallel reductions in RBF and GFR

92-97

despite inhibition of afferent arteriolar constriction , indicating the complexity and

91.9598 Tn our study, we found that RVC was

inconsistency of furosemide’s hemodynamic effects
unchanged, a finding also reported by Blantz et al *. The decrease in RBF in our study was also
very slight, appearing consistent with the unaltered RVC because a decrease in the latter would
presumably decrease RBF significantly. We also observed increased GFR, which has been
reported by others (Figure 4.1) 19191 Tncreased GFR may explained by a rise in glomerular
capillary pressure (Pgc) induced by furosemide that was not neutralized by other determinants of
glomerular ultrafiltration, such as increased tubular hydrostatic pressure and peritubular capillary
compression, nor by renin and vasoconstrictor prostaglandin activity. This is likely a result of
variable inhibition of the NKCC2 by furosemide.

Dapagliflozin inhibits sodium-coupled glucose reabsorption by inhibiting SGLT2 at the

proximal tubule, leading to glucosuria and natriuresis. Our results support dapagliflozin-induced

afferent arteriole constriction and the subsequent reduction in intraglomerular pressure because
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we observed a decrease in GFR in intact rats as well as in the remnant kidney group, in
accordance with numerous studies (Figure 4.1 and 4.3) 192103,

Aim 2 & 3: The remnant kidney at 6 weeks had elevated blood pressure compared to the
early remnant kidney. Hypertension is a characteristic finding of the remnant kidney model of

106,107 Tpcreased

CKD 104195 and is suggested to be a result of increased angiotensin II levels
intrarenal ANG II activity in particular has been shown to be increased after renal ablation 10810,
The pathogenesis of glomerular injury in renal disease has been attributed to systemic
hypertension that transmits to glomeruli and causes intraglomerular hypertension 14107-110 Intact
autoregulatory responses would be expected to contribute to proportionate afferent arteriolar
vasoconstriction and it would be assumed that hypertensive injury to preglomerular capillaries
and glomeruli would precede impairment of autoregulatory mechanisms. However, Bidani et al
reported that impairment of autoregulation in the remnant kidney actually precedes hypertensive
injury to the microvasculature ', This early impairment contributes to the progressive nature of
renal disease.

When renal mass is initially reduced, the remaining NVUs undergo functional changes
resulting in an increase in single-nephron GFR (SNGFR). This adaptive hyperfiltration
compensates for the function of lost NVUs and mitigates the reduction in GFR that would

otherwise ensue '!!

. Despite the fact that hyperfiltration is “costly” because it places a heightened
metabolic stress on the tubules to reabsorb filtered sodium, the remnant kidney may prioritize

maintaining salt homeostasis over the advantages conveyed by TGF !'!2, Thus, while TGF has the
capacity to minimize extensive increases in SNGFR, TGF-mediated suppression of SNGFR fails

after a 5/6' ablation of renal mass and TGF is reset rightward so that Pgc is maintained at

elevated levels, requiring a higher tubular flow rate to elicit the same level of activity 3115, In
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addition to a suppressed TGF signal, Thomson et al have shown that in response to a high salt
diet, the remnant kidney will convert its TGF from a negative feedback signal to a positive
feedback 12116, This can occur because in response to salt-sensing at the macula densa,
vasoconstrictor adenosine (which has constrictor and dilator receptors) and vasodilatory nitric
oxide is released. The remnant kidney has highly anomalous TGF whereby nitric oxide release or
increased abundance of dilatory adenosine receptors may tip the balance to promote a positive
feedback response so that increased distal delivery would result in increased SNGFR 12116117,
Our results cannot confirm whether positive feedback resetting occurred of TGF. Nonetheless,
while we did not measure SNGFR, we observed no changes in GFR in the early remnant kidney
which may be explained by increased SNGFR in the remaining NVUs offsetting the decrease in
total GFR (Figure 4.2). More progressed disease after 6 weeks caused a decline in GFR,
consistent with clinical observations that show a link between worsening kidney function and

lower eGFR 118,

Strength and variability of synchronization.

Aim I: That furosemide and dapagliflozin did not affect the strength or variability of
TGF synchronization in intact rats was an unexpected finding (Table 4.4). We expected
furosemide to decrease TGF synchronization because it abolishes TGF signalling. Additionally,
when TGF is inhibited, MR becomes the predominant autoregulatory mechanism for providing
protection against hypertensive injury '!°. Therefore, we expected an increase in the strength of
MR synchronization. However, these changes were not observed likely owing to weak NKCC2
inhibition by furosemide. In contrast, dapagliflozin enhances TGF activity so increased strength

of TGF synchronization was anticipated but also not seen. An explanation for this finding may
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be that in healthy normoglycemic animals with intact TGF signalling, SGLT2 inhibition would
not enhance TGF activity beyond an appropriate level.

Aim 2: The remnant kidney at 1 week did not affect TGF synchronization but enhanced
the strength and extent of MR synchronization (Table 4.5). After 6 weeks, the remnant kidney
had reduced strength of TGF synchronization, reduced number of TGF edges, and a lower
average edge length between two points on the renal surface. Graph analysis of PC in both RK
Iwk and 6wk groups shows that shorter edge lengths (two nodes closer to each other) are
coupled with edges with higher PCrgr, forming clusters with stronger synchronization, versus
two points farther from each other coupled with lower PCrgr edges, pointing to a modular
structure of synchronization (Figure 4.5). These results illustrate the scale and modularity of
TGF synchronization that is significantly disrupted with advancing kidney disease.

Aim 3: Dapagliflozin increased the strength of TGF synchronization in the remnant
kidney. Sham control rats showed a negligible effect (Table 4.6). In the remnant kidney,
hyperfiltration is associated with a decreased activity of TGF that would not be present in sham
controls 1216 Tn a healthy, euglycemic animal without hyperfiltration, SGLT2 inhibition may
not exert large effects on TGF because baseline TGF activity is appropriate 2; it was shown in

humans that dapagliflozin did not significantly increase urine glucose excretion in normo-

filtering healthy subjects, but it did in diabetic patients with hyperfiltering NVUs 21,

Decay of TGF synchronization with distance.
Examination of the relationship between PCrgr and edge length provides a unique
insight into its decay over short and long edge lengths within the context of renal anatomy. The

TGF-induced VCR is a non-regenerative electrotonic signal that is expected to decay with
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distance. Previous studies have modeled the transmission of TGF signals along afferent arterioles

4830 QOur finding of two mechanical length

as exponential decays with single length constants
constants arises from the observation apparent in Figures 4.7-4.9 that the decay in PCrgr was
modelled by as a sum of exponentials. However, it is important to emphasize that there are other
parameters and equations that could fit the data equally well. The first decay could represent the
initial rapid decline in PCrgr that occurs over shorter edge lengths within a lobule (CRA and
associated afferent arterioles) where the TGF signal originates, and the second equation could
represent the slower decay occurring over longer edge lengths. To our knowledge, the only other
study that reported a biphasic TGF process was Oppermann et al who reported an initial rapid
fall in stop flow pressure that continues at a slower speed 22, Increasing the expression of A1AR,
the adenosine receptor responsible for TGF signal transduction, was found to prolong the
response. They concluded, similar to our findings, that TGF is comprised of two mechanisms
with different temporal characteristics 22,

Furosemide caused a steeper decay in TGF synchronization at longer edge lengths which
reflects reduced involvement of other lobules in synchronization (Table 4.7). This suggests
furosemide caused TGF inhibition to some degree that curtailed the spread of conducting VCRs.
Dapagliflozin in intact rats induced no changes in the decay of PCrgr. The remnant kidney at
both 1 and 6 weeks showed a rapid initial decay in TGF synchronization, prominently at short
edge lengths (Table 4.8). This is likely a result of structural changes to the conduction pathway
along which TGF signals travel as well reduced network components in the remnant kidney
which reduces the number of TGF-signal generators, because intervention with dapagliflozin did
not restore either length constant. However, intervention with dapagliflozin in the remnant

kidney did decrease the magnitude of decay of TGF synchronization, consistent with SGLT2

85



inhibition enhancing the strength of PCtgr (Table 4.9). The finding that temporal speckle
showed greater decay in the remnant kidney but not in sham controls, whereas spatial speckle did
not, might indicate that temporal trends are stronger than spatial differences.

The sum of exponentials equation allowed us to estimate the maximum distance that
TGF synchronization occurs over, with striking results that reveal lengths as long as 16.6 mm
between two nodes (Table 4.7). This is a greater distance of synchronization than previous
reports that predict TGF constriction conducts distances around 0.3 mm to 1.5 mm *¥-°, For
perspective, an intact rat kidney has dimensions of approximately 20 x 10 x 7 mm ’2. The
maximum distance a VCR conducts would likely be from a surface NVU in one lobule into the
CRA, along the arcuate artery and back up to the surface of another lobule. Although there is no
experimental evidence that shows VCRs taking this route, it is consistent with 1) the dimensions
of the renal vasculature and 2) previous studies suggesting that synchronization occurs across
many lobules %7°. While the depiction of a renal lobule is well known, its dimensions are not. We
use an approximation provided by Prof. Wilhelm Kriz (personal communication) that the
diameter of a lobule is about 0.7 mm. Our results show average edge lengths less than 0.7 mm
and maximum edge lengths as long as 16.6 mm. This is because we constrained our analysis to
PC > 0.6 and edge lengths with high PC are likely to be shorter, more numerous and linking
NVUs closest to each other (i.e. within lobules), whereas those that are farther away are less
common, with weaker PC (< 0.6) but have not been accounted for by our analysis.

A caveat when considering lengthmax is that synchronization analysis is based on
frequency detection. Detection of coupling at long edge lengths where PCrgr approaches zero
may actually be an epiphenomenon, where the frequency that is being detected is actually the

TGF frequency times an integer, influenced by other frequencies it encountered in the signal
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pathway. We have no evidence to suggest this is typically the case in the kidney and there may
be limits to cluster sizes based on the organization of the arterial tree or other phenomena
associated with oscillating systems such as oscillation quenching '2*. Knowledge about what
limits the size of clusters warrants further study.

The mechanism behind the rapid transmission of VCRs at short edge length involves
myoendothelial gap junctions (MEGJs) that enable radial communication between endothelial
cells and vascular smooth muscle cells. As discussed in chapter 2, optimal conduction of
vasoconstriction occurs through endothelial gap junction (particularly Cx40) mediated
communication (Figure 4.13) which requires an optimal distribution of MEGJs. The slower
decay of VCRs over long edge lengths may be explained by the reduced abundance of MEGJs in
larger vessels like mid-sized CRA and arcuate arteries, which prevents current leakage from the
endothelium and can enable long-distance VCR transmission. The RK 6wk group had reduced
lengthmax, probably a result of the additional structural changes that accrue as kidney disease

progresses (Table 4.8).

Heterogeneity in cortical perfusion.

Aim 1: Furosemide increased the variability in the degree of MR frequency coupling
(Table 4.10) at the renal surface, contrary to expectation because in the face of TGF inhibition,
MR strength increases and variability in fur is expected to decrease. MR handles the smaller,
frequent fluctuations arising from MAP while TGF predominates in the face of larger
fluctuations and modulates MR. Inhibition of TGF with furosemide increases the magnitude of
the MR response '®, and when TGF is abolished using a hydronephrotic rat kidney preparation,

124

the oscillation frequency of MR is free to respond to blood pressure fluctuations '=*. Our results

87



may reflect a differential distribution of fmr values at the renal surface so that there are localized
regions of higher frequency coupling reflecting enhanced MR activity, and other regions with
weak fumr 4. The variability in the dominant operating frequency of TGF gives insight into the
degree of TGF-frequency coupling among kidney regions at the surface. That CVyrgr did not
increase after furosemide administration is unexpected since TGF-inhibition should theoretically
reduce the degree of TGF-frequency coupling, yet is consistent with our findings because we
observed no significant decrease in the strength of TGF synchronization in Table 4.4.
Dapagliflozin, on the other hand, increased entrainment amongst kidney regions indicated by
lower variability in the degree of TGF-frequency coupling.

Further investigation of the variability in cortical perfusion showed that neither
furosemide nor dapagliflozin administration altered the pattern of blood flow across the kidney
surface (Figure 4.10). CViemporat did not indicate differences after furosemide, which means that
fluctuations in CVjpasial are constant. Dapagliflozin did not enhance the strength of TGF
synchronization, but it decreased CViemporal in the dapagliflozin group which reflects enhanced
entrainment of kidney regions and decreased fluctuations in the variability of surface blood flow
over time. This finding may be explained by increased coordination of TGF signals induced by
dapagliflozin so that more TGF signals are in phase with each other and therefore more likely to
synchronize.

Aim 2: Increased dominant operating frequency of MR in the early remnant kidney
(Table 4.11) reflects alterations in the kinetics of the myosin light chain kinase, myosin light
chain phosphatase, and actin-myosin interactions, which underlie the MR 2>, Because the
strength of MR synchronization was increased in RK 1wk, increased fur might be compensation

for diminished TGF activity or perhaps caused by increased flow past the afferent arteriole in the
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remnant NVUs that the vascular smooth muscle layers are responding to. Increased dominant
frequency of TGF in the early remnant kidney was unexpected; hypertrophy occurs relatively
early in the remnant kidney and would be expected to reduce frgr because it lengthens the
tubules. The increase in frgr at 1 week suggests hypertrophy may not yet have occurred, and
could be related to faster transmission of the fluid wave from the Bowman’s capsule to the
macula densa and increased SNGFR and tubular reabsorption that affect transit time of the fluid
wave 2126, These changes are influenced by blood flow alterations in the remnant kidney related
to the increase in SNGFR. Another explanation for increased frgr may be the erratic TGF
activity which has been reported in the remnant kidney 7.

The remnant kidney at 1 and 6 weeks induced greater variability in TGF’s operating
frequency (Table 4.11), reflecting reduced entrainment between NVUs across the kidney.
Heightened variability in TGF in the remnant kidney have been reported by others, albeit using

108,112,113,116.117 Reduced entrainment is likely a result of the variability in TGF

micropuncture
signalling that makes it difficult for multiple signals to synchronize, as well as a result of
structural changes such as loss of NVUs and the onset of progressive structural deterioration in
the remnant kidney that prevent TGF signals from conducting. Loss of NVUs have an impact on
the modularity of the nephrovascular network %%°. Mitrou et al demonstrated this characteristic
by altering the small-world dynamics of the nephrovascular network through administration of
L-NAME 7°, While small-world networks are considered fault-tolerant, this quality is dependent
upon intact elements being present within a cluster to contain any perturbations experienced by
that cluster. First, the physical loss of elements (NVUs) in the network, whether by a direct effect

of renal ablation or because of progressive damage like lesions, may increase the difficulty for

the remaining NVUs, which may be prioritizing sodium balance over TGF, to synchronize 2.
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Loss of NVUs also reduces the amount of TGF-signal generation required for coupling and
increases the average distance between NVUs, which hinders VCRs from spreading effectively.
These changes compromise coupling and therefore synchronization across the cortical surface,
and reduce the modularity of the overall network.

The remnant kidney induced the development of spatial heterogeneity in cortical
perfusion after both 1 and 6 weeks that appears to be perpetually heterogenous, as indicated by
unchanged CViemporal (Figure 4.11). The physical loss of NVUs and spatially heterogeneous
vascular injury sustained by tubules and glomeruli is expected to impair synchronization by

altering topology and/or geometry of the microcirculation '!!-127

. Breaking of the nephrovascular
network in this way is predicted to increase variation of capillary flow and pressure which
disperses tissue Po, thus enhancing perfusion heterogeneity #. The heightened variability in
perfusion may reflect dysregulated vasomotor activity because of abrogated gap junction
mediated endothelial communication. This is consistent with the effect of blocking gap junctions
using CBX, which results in increased dispersion of renal cortical perfusion because of
dysregulated vasomotor activity . In other tissue beds like the hindlimb, mice who have

defective upstream perfusion concurrently have impaired vasomotor activity 28

. These findings
reflect the importance of intact synchronization to ensure homogenous perfusion.

Aim 3: Decreased TGF-entrainment amongst kidney regions before dapagliflozin
intervention is consistent with the pathological changes sustained by the remnant kidney as
previously discussed (Table 4.12). Dapagliflozin increased the entrainment of regions across the

kidney, consistent with enhanced PCrgr after intervention in the remnant kidney shown in Table

4.6.

90



Dapagliflozin did not affect the variability of cortical perfusion (Figure 4.12). The
nature of disease in the remnant kidney did not appear very progressed because increased spatial
heterogeneity of surface blood flow was expected at baseline as seen in the RK 1wk and 6wk
groups in Aim 2. In sham controls, dapagliflozin decreased the variability in surface blood flow
over time, but this effect was not seen in the remnant kidney (Figure 4.12C). Studies with
SGLT2 inhibition have shown improved Po2 in the cortex in conditions like diabetes mellitus
which have reduced cortical Poz '%°. The lack of change in CVpaial might be because perfusion
was appropriate at baseline since the remnant kidney group did not appear to have progressed
disease.

A multitude of clinical data has demonstrated that SGLT2 inhibitors improve renal
outcomes in diabetic nephropathy '3%-132, The mechanism has been attributed to increased TGF
activation causing afferent arteriole vasoconstriction. We observed that TGF’s strength was
enhanced after dapagliflozin, suggesting an alternate mechanism by which this therapy imparts
renoprotective effects. As mentioned previously, majority of renal oxygen consumption feeds the
active proximal sodium transport. Hyperglycemia in diabetes arising from proximal tubular and
kidney growth, and hyperfiltration as a compensatory mechanism for NVU loss in the remnant
kidney, lead to increased SNGFR and subsequently, increased proximal tubular reabsorption
which generates a greater oxygen demand 33, Hyperfiltration and intraglomerular hypertension,
a significant determinant of glomerular injury, go hand in hand. As the disease progresses and
NVUs start to become non-functional, the remaining NV Us hyperfilter more to compensate. Not
only does this result in a disrupted network which jeopardizes synchronization and consequently
oxygenation-perfusion matching, but the remaining NVUs progressively increase GFR,

increasing their oxygen demand. SGLT2 blockade decreases proximal hyper-reabsorption and
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restores the TGF signal by increasing afferent arteriolar tone. This mitigates hyperfiltration and
reduces metabolic demand and lowers the risk of hypertensive injury which would otherwise
lead to lesions, thus preserving the network. Zhang et al reported an absence of renoprotection in
rats with a remnant kidney who were given dapagliflozin, contrary to our findings '**. However,
no reduction in MAP or GFR were observed by us which may be related to the smaller dosage
used (0.5 mg/kg twice/day for 12 weeks). It also appears that the chronic SGLT blockade used
by Zhang et al may not have fully saturated the TGF response, leading to a more muted effect
compared to acute administration of SGLT?2 inhibitors '2°.

A few limitations of this study exist. When considering the results of furosemide, the
negligible effect on RVC and on TGF synchronization suggests highly variable inhibition of
NKCC2 which may be related to the pharmacokinetics of furosemide. It is difficult for an
inhibitor to reliably block a transporter, and more so if the inhibitor travels bound to the plasma
protein albumin and must be secreted into the tubule to exert its effect 13>13¢, Furosemide has a
high affinity for binding albumin and at physiological concentrations of this protein, the rate of
secretion of furosemide into the tubule depends on the concentration of the drug that is not bound
to albumin. Additionally, response to the same dosage of furosemide results in variable degrees
of inhibition for the reason that it is modulated by the fluid and electrolyte balance as well as the
initial renal vascular resistance of each subject 136, Scully et al also reported significant
differences in autoregulation dynamics between animals after infusion of the nitric-oxide
synthase inhibitor L-NAME 4, In general, larger sample sizes are need for all experiments to
generate more conclusive results. Second, the remnant kidney group given dapagliflozin
intervention in Aim 3 did not appear to have disease as progressed as the RK 6wk group in Aim

2, so interpretation of those data must be done carefully. Third, we fit the decay of TGF
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synchronization with a sum of exponentials equation with a few trials being rank-deficient,
which suggests that other equations and parameters exist that could represent our data equally
well. Finally, any conclusions made in this work regarding the scale of TGF synchronization are
strictly dependent upon frequency detection at the renal surface and are therefore prone to
overinterpretation. This is because LSCI analysis could detect what appears to be PCrgr at very
long distances that may actually be the TGF frequency multiplied by an integer because of other
oscillatory influences on the original signal. There is no direct experimental evidence to support
the extent of TGF synchronization our analysis suggests so we cannot confirm whether the signal
truly travels such long distances or whether it is phenomenon associated with frequency

detection.
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5.2 Conclusion
This investigation showed in the first aim that
o furosemide caused a rapid decay in TGF synchronization at longer edge lengths, and
o dapagliflozin administration in intact rats increased entrainment of regions across the
kidney.
We demonstrated for the first time the consequences of breaking the nephrovascular network in
the remnant kidney in Aim 2. These consequences included
o enhanced MR synchronization at 1 week and diminished TGF synchronization at 6
weeks,
o arapid decay in TGF synchronization at short edges, reduced entrainment across the
kidney, and heightened cortical perfusion heterogeneity after both 1 and 6 weeks, and
o reduction in the maximum distance over which synchronization occurs after 6 weeks.
An intact, dynamic small-world network that provides a communication pathway is important in
many biological systems, and in the kidney, it serves to enable homogenously distributed
perfusion. Intervention with dapagliflozin in the remnant kidney in Aim 3 showed
o increased strength of TGF synchronization, and
o reduced magnitude of decay in synchronization.
Finally, we showed that VCRs are capable of conducting long distances in the kidney to enable
information exchange. Such extensive, long-distance synchronization argues that despite
individual NVUs being the source of TGF signals, renal autoregulation is best considered a
distributed network process that optimizes perfusion over space and time to minimize dispersion

in blood flow and pressure.
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5.3 Perspectives

This study argues that large-scale synchronization occurs across the kidney and is
enabled by the presence of functioning elements (NVUs) in the nephrovascular network. We
demonstrated that synchronization can be manipulated by prevalent therapies such as loop
diuretics and SGLT2 inhibitors, and that loss of renal mass leads to failure of synchronization
which is improved after SGLT2 inhibition. This concept advances the understanding of network
behavior in the etiology and progression of renal disease and provides value in using
interventions that can restore the coordinated regulation of vascular responses among NVUs and
improve disease outcomes as a consequence of preventing renal injury and oxygenation-

perfusion mismatch.
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