1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

> % NIH Public Access
@@‘ Author Manuscript

2 HEpst

NATIG,

O

Published in final edited form as:
J Math Biol. 2014 March ; 68(4): 1023-1049. doi:10.1007/s00285-013-0667-5.

Tubular fluid flow and distal NaCl delivery mediated by
tubuloglomerular feedback in the rat kidney

Hwayeon Ryu and
Department of Mathematics, Duke University, Box 90320, Durham, NC 27708-0320, Tel.:
+919-660-2829, Fax: +919-660-2824

Anita T. Layton
Department of Mathematics, Duke University, Box 90320, Durham, NC 27708-0320

Hwayeon Ryu: hwayeon@math.duke.edu

Abstract

The glomerular filtration rate in the kidney is controlled, in part, by the tubuloglomerular feedback
(TGF) system, which is a negative feedback loop that mediates oscillations in tubular fluid flow
and in fluid NaCl concentration of the loop of Henle. In this study, we developed a mathematical
model of the TGF system that represents NaCl transport along a short loop of Henle with
compliant walls. The proximal tubule and the outer-stripe segment of the descending limb are
assumed to be highly water permeable; the thick ascending limb (TAL) is assumed to be water
impermeable and have active NaCl transport. A bifurcation analysis of the TGF model equations
was performed by computing parameter boundaries, as functions of TGF gain and delay, that
separate differing model behaviors. The analysis revealed a complex parameter region that allows
a variety of qualitatively different model equations: a regime having one stable, time-independent
steady-state solution and regimes having stable oscillatory solutions of different frequencies. A
comparison with a previous model, which represents only the TAL explicitly and other segments
using phenomenological relations, indicates that explicit representation of the proximal tubule and
descending limb of the loop of Henle lowers the stability of the TGF system. Model simulations
also suggest that the onset of limit-cycle oscillations (LCO) results in increases in the time-
averaged distal NaCl delivery, whereas distal fluid delivery is not much affected.
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1 Introduction

The kidney plays a vital role by maintaining whole-organism chemical and physical
stability. In particular, the kidney maintains the electrolyte concentrations, osmolality, and
acid-base balance of blood plasma within the narrow limits that are compatible with
effective cellular function; and the kidney participates in blood pressure regulation and in
the maintenance of steady whole-organism water volume [5].

The functional unit of the kidney is the nephron; a schematic diagram of a short-looped
nephron is shown in Fig. 1. Each rat kidney is populated by about 38,000 nephrons [11];
each human kidney consists of about a million nephrons. Each nephron consists of an initial
filtering component called the renal corpuscle and a renal tubule specialized for reabsorption
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and secretion. The renal corpuscle is the site of formation of the glomerular filtrate, and is
composed of a glomerulus and Bowman’s capsule. A glomerulus, labeled ‘G’ in Fig. 1, is a
ball-shaped structure composed of capillary blood vessels actively involved in the filtration
of the blood and is surrounded by Bowman’s capsule. A glomerulus receives its blood
supply from an afferent arteriole (AA) and normally only about 20 percent of the water and
solutes in the blood are driven by pressure gradient into the space formed by Bowman’s
capsule. The remainder of the blood leaves each glomerulus through the efferent arteriole.

Normal renal functions require that fluid flow through the nephron be kept within a narrow
range. When tubular flow rate falls outside of that range, the ability of the nephron to
maintain salt and water balance may be compromised. Tubular flow rate depends, in large
part, on glomerular filtration rate (GFR), which is regulated by several mechanisms. One of
these mechanisms is the tubuloglomerular feedback (TGF), in which changes in GFR can be
detected and rapidly corrected for on a minute-to-minute basis as well as over sustained
periods. Thick ascending limb (TAL) cells vigorously pump out NaCl from luminal fluid
into the surrounding interstitium by means of active transepithelial transport. Because the
TAL walls are nearly water-impermeable, the active reabsorption of NaCl is not
accompanied by water loss, thereby diluting the tubular fluid. Thus, the TAL is an important
segment of the TGF system, and its transport properties allow it to act as a key operator of
the TGF system.

The TGF mechanism is a negative feedback loop in which the chloride ion concentration is
sensed downstream in the nephron by a specialized cluster of cells, the macula densa (MD),
that are in the tubular wall near the end of TAL and also near the glomerulus. Then, based
on the difference between the sensed concentration at the MD and a target concentration, the
muscle tension in the AA is modified. Specifically, if the chloride concentration is below a
target value, MD cells induce vasodilation, which reduces the AA resistance. Consequently,
this increases glomerular filtration pressure and tubular fluid flow. In particular, this leads to
higher fluid flow rate in the TAL, which allows less time for dilution of the tubular fluid so
that MD chloride concentration increases. Conversely, if the chloride concentration exceeds
the target value, the TGF system decreases glomerular flow by constricting the smooth
muscle cells in the AA, resulting in a reduced concentration at the MD. By these
mechanisms, TGF stabilizes the fluid and solute delivery into the distal portion of the loop
of Henle and maintains the rate of filtration near its ideal value.

In a previous TGF model [33], only the TAL was explicitly represented; the proximal tubule
and the descending limb were represented by means of phenomenological relations. In this
present study, we extend that model to include an explicit representation of the entire short
loop of Henle and we use the resulting model to better understand factors that impact the
stability of the TGF system. Specifically, we investigate how tubular fluid and chloride
delivery are affected or mediated by the TGF system. Results of this model indicate that
TGF-mediated oscillations arise from a Hopf bifurcation: if feedback-loop gain is
sufficiently large, then the stable state of the system is a regular oscillation and not a time-
independent steady state, i.e., a limit-cycle oscillation (LCO) [17,26,33]. One factor that
impacts the stability of the TGF system is the explicit representation of the proximal tubule
and descending limb of the loop of Henle, which renders the system more prone to oscillate.
Model results also suggest that LCO limits the regulatory ability of the TGF system and may
enhance time-averaged distal sodium delivery.

2 Mathematical Model

We describe a mathematical model of a TGF system that represents the proximal tubule, the
descending limb, and the TAL of a short loop of Henle. The model, which is formulated as a
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boundary value problem, predicts tubular fluid rate, fluid pressure, and tubular radius as
functions of time and space. At the entrance of the proximal tubule, pressure is given by the
TGF response. At the end of the TAL, pressure is assumed to be known a priori. However,
since tubular fluid pressure at the MD is not well-known, we model a longer tubule to avoid
this uncertainty: the model represents a short loop of Henle that extends in space from x =0
at the entrance to the proximal tubule to x = L at the end of collecting duct, where fluid
pressure in rat can be inferred to be 1-3 mmHg, based on measurements in the interstitium,
vessels, and the pelvic space [1,7,8]. The tubular walls are assumed to be compliant, with a
radius that depends on transmural pressure difference. We represent chloride ion (CI7), the
concentration of which alongside the MD is believed to be the principal tubular fluid
signaling agent for TGF activation. CI~ concentration is represented only along the loop,
from x = 0 at the entrance to the proximal tubule, to x = 2L at the MD (Lg = 5L). A
schematic diagram for the model TGF system is given in Fig. 2.

The model equations are

‘/Inax (1‘)0(.22, t)
K, ,+C(z,t)

R(P(z,t))=a(P(z,t)=F)+6(z), ()

P,(t)=P,+K tanh(K5(Cop—C (2L, t—17))), (5)

Equations 1 and 2 describe intratubular fluid pressure and fluid flow rate, where x is axial
position along the nephron (0 < x < Lg), tis time, P (X, t) is the tubular fluid pressure, Q(x, t)
is the tubular flow rate, R(P(x, t)) is the tubular radius, which is a function of the fluid
pressure (see below), and &(x, t) is the transmural water flux per unit length, taken to be
positive out of the tubule (see below). Equation 1 represents Poiseuille flow, which is driven
by the axial pressure gradient. Equation 2 represents fluid incompressibility and
conservation. Inflow pressure Pq(t) = P (0, t) is given by the TGF response, and outflow
pressure P; = P (L, t) at the end of the model nephron is considered fixed.

Equation 3 represents solute concentration in the tubular fluid by mass conservation, where
0 < x < 2L corresponds to the loop segment only up to the MD, C(x, t) is the tubular fluid
chloride concentration, Cg¢(X) is the time-independent extratubular (interstitial) chloride
concentration which is assumed to be fixed, and R(X) is the steady-state tubular radius. The
first component on the right-hand side represents axial advective chloride transport at the
intratubular volumetric flow rate Q(x, t). The two terms inside the large pair of parentheses
corresponds to outward-directed active solute transport characterized by Michaelis-Menten-
like kinetics (with maximum CI~ transport rate Vinax and Michaelis constant Ky, ) and
transepithelial CI~ diffusion (with backleak permeability x). We assume that chloride
channels are insensitive to the stretch of the tubular walls, and that such stretch does not
render accessible parts of the membrane that might be previously folded. Thus, solute
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transport is not affected by changes in tubular radius, which implied that the solute flux term
in Eq. (3) is proportional to Ry(X) instead of R(x, t) [25]. The boundary condition C(0, t) =
C, is considered to be fixed so that fluid entering the proximal tubule has a constant chloride
concentration.

Equation 4 represents a compliant tube, such that the tubular luminal radius is a function of
transmural pressure difference. Pg is the extratubular (interstitial) pressure, « specifies the
degree of tubular compliance, and Ax) is the unpressurized tubular radius (see below).

Equation 5 defines the feedback-mediated inflow pressure to the entrance of the proximal
tubule. K; denotes half of the range of pressure variation around its reference value Py; K»
quantifies TGF sensitivity (see below); the target concentration Cop, is the time-independent
steady-state chloride concentration alongside the MD, when P(0, t) = P, (i.e., when Cqp =
C(2L, t - 7)); and C(2L, t — 7) is the chloride concentration alongside the MD at the time t -
7, where zrepresents the TGF delay. The TGF response in Eq. (5) defines a sigmoidal
relationship between inflow pressure and time-delayed MD chloride concentration that is
consistent with experimental data [2,34].

Model parameters—Model parameter values are given in Table 1. The descending
portion of the short loop of Henle is structurally and functionally divided into four segments.
The first segment extends through the cortex and corresponds to the proximal convoluted
tubule. The second segment, which corresponds to the proximal straight tubule, terminates at
the boundary between the outer and inner stripe (approximately 0.6 mm from the cortico-
medullary boundary). For simplicity, we sometimes assume the proximal straight tubule as a
part of the short descending limb, although strictly speaking it is not. The third segment,
which corresponds to the water-permeable segment of the short descending limb, spans the
first 60% of the inner stripe. The fourth segment, which corresponds to the water-
impermeable segment of the short descending limb, spans the remainder of the inner stripe.

The lengths of the proximal convoluted tubule and the cortical TAL are each assumed to be
Lc = 3 mm. The total length of the short descending limb, including the proximal straight
tubule, is assumed to be Lp = 2 mm; the length of the medullary TAL is also assumed to be
Lp =2 mm. Note that the length of the TAL (both medullary and cortical) isL=Lc+ Lp =
5 mm [37], and the total length of the proximal tubule, descending limb, and TAL is 2L.
Note that the fluid dynamics equations (Eq. (1)—(2), (4)) are solved for 0 < x< L (= 5L),
corresponding to the entire model nephron, whereas the chloride conservation equation (Eq.
(3)) is solved for 0 < x < 2L, corresponding to the tubule up to the MD.

The unpressurized tubular radius parameter 4x) is given (in zm) by the piecewise function:

ﬁOa 0 S z S Ly
5071(.’E)7 Ty S x S L)

ﬂ(z): ﬁl,Z(x)a L S x S 15La (6)
B2, 15L <z < ag,

Bos(x), aq <z < Lo,

where £ j(X) denotes a cubic polynomial defined in xo < X < Xg such that 4 j(Xo) = /4 and

A j(x1) = B, and (%) = f(x1) = 0. The parameters f, A1, f», and 33 (8.8, 5.4, 9.9, and 6.6
pm, respectively) were chosen such that in the time-independent steady state (when Q is a
constant in time and space), the tubular radius was ~5.5 at the loop bend and ~10 m at the
MD [19], and so that the tubular fluid pressure was ~8 mmHg at the MD (i.e., x = 2L) and
~2 mmHg at the end of the model tubule (i.e., x = Lg). X,y denotes the position at which the
water-impermeable segment of the descending limb begins; x,, is taken to be L + 0.6Lp. ag
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denotes the position past the MD at which the tubular radius begins to decrease and is set to
2.5 x L.

Extratubular concentration is specified by

_ ) Ceo(Areap(As(z/L))+As), 0<z <L,

Cela)= { Coo(—a+2L), L<z<2r, O
where A; = (1 - Cg1/Cq0)/(1 — exp(Ag)), A =1 — A, and Az = 2, and where Cg, denotes a
cortical interstitial concentration of 150 mM and C 1 denotes an interstitial loop bend
concentration of 275 mM. At a given axial level, the descending limb and TAL interact with
extratubular fluids having the same CI~ concentration; thus, Cg(X) is assumed to be
symmetric around x = L. Because interstitial chloride concentration is not well-characterized
within the medulla, the parameters A; and Ag were chosen to yield a profile consistent with
previous studies [21,22].

We assume a single-nephron glomerular filtration rate (SNGFR) of 30 nl/min at steady state.
Micropunture experiments have shown that approximately two-thirds of the water and NaCl
are reabsorbed along the proximal convoluted tubules [42]; thus, the water flow rate into the
proximal straight tubule is ~10 nl/min. As previously noted, anatomical findings have
indicated that a terminal segment of the short descending limb is water impermeable [36].
The TAL is known to be water impermeable. Given these considerations, the trans-mural
water flux term @(x, t) is assumed to be a piecewise constant function, depending only on
the flow rate to the entrance of the proximal tubule, Q(0, t), at time t. Together with
appropriate inflow pressure and luminal radius, the model predicts a steady-state water flow
rate that is consistent with the above measurements and that is ~7.0 nl/min at the loop bend
(i.e., x=1L):

0,t
39 0<e <Ly,
*@0=Y Wi, LeSr<ze ©
Oa waxSL()a

Recall that L and x,, are the positions where the proximal straight tubule (or, descending
limb) and the water-impermeable segment of the descending limb begin, respectively (see
Fig. 2).

The proximal convoluted tubule is assumed to have a moderate CI~ permeability of 20
x107° cm-s~1 [38].The proximal straight tubule is assumed to be moderately NaCl
permeable; the descending limb and TAL are assumed to have a low CI~ permeability of 1.5
x 107 cm-s~1 [31].

The base-case tubular wall compliance is set to ap, = 0.45%107° cm-mmHg™1 for the
proximal tubule and the descending limb, and to ata, = 0.266 x 107> cm-mmHg~1 for the
TAL. These values are 1/5 of measured compliance in isolated tubule studies [42]. This
choice of the TAL compliance is based on the consideration that the effective compliance of
the TAL tubular walls may be lowered in vivo by the stiffness of the interstitial matrix, and
by the resistance exerted by neighboring TALs whose tubular fluid may be oscillating in
synchronization [28].

J Math Biol. Author manuscript; available in PMC 2015 March 01.
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3 Results

3.1 Steady-state model predictions

The model equations (Egs. 1-4) were solved, using parameters displayed in Table 1, by
means of the numerical method described in Ref. [24]. Steady-state spatial profiles of
pressure, radius, flow, and chloride concentration along the loop are shown in Fig. 3. At
steady-state, tubular fluid pressure decreases along the tube (panel A), to ~10 mmHg at the
loop bend and ~8 mmHg at the MD. The steady state water flux term &(x) determines the
volumetric flow rate (panel C). Along the proximal convoluted tubule (0 < X< Lc =3 mm),
tubular fluid rate decreases from 30 to 10 nl/min; then, along the proximal straight tubule
and the water-permeable descending limb segment (Lc < X < Xy, = 4.2 mm) from 10 to 7 nl/
min. The remainder of the loop (X > X,,), which includes a terminal segment of the short
descending limb and the TAL, is assumed to be water-impermeable; thus, tubular fluid flow
remains constant at ~ 7 nl/min. Steady-state tubular radius, exhibited in panel B, is a
function of transmural pressure (Eq. 4).

Steady-state tubular fluid CI~ concentration profile is shown in Fig. 3D. As water is
reabsorbed from the proximal convoluted tubule and the water-permeable segment of the
short descending limb, tubular fluid CI™ concentration rises. However, at X, = 4.2 mm where
the water-impermeable segment starts, CI~ concentration stops increasing and instead
remains almost constant. At the loop bend (x =5 mm), chloride permeability, r, and
maximum active CI™ transport rate, Vinax, change. Along the TAL, chloride concentration
decreases owing to that active reabsorption of NaCl.

3.2 Tubular wall compliance lowers the stability of the TGF system

By solving the nonlinear model equations (Egs. (1)-(4)) numerically, we computed
parameter boundaries, as functions of gain yand delay z, that separate differing model
behaviors. The TGF gain yis a measure of the closed feedback loop sensitivity at steady

state. This value depends on two derivatives (slopes), P ,(Cop) and C <(2L), given by

— s — K, K,C (2L
Lo |, T IERCRL, g

where Cyp = C(2L, t = 7), Cyp is the target chloride concentration at the MD, and Cg; is the
steady-state chloride concentration profile shown in Fig. 3D (solid curve). The dependence

of Py on Cyp is given in Eq. (5). The first derivative dCMD ‘c =Cop COMES from the TGF
response to a deviation of Cyp from Cqp. In other words, this quantlfles the sensitivity of
the TGF system to deviations from the target MD concentration [16]. This derivative can be
obtained by differentiating the right-hand side of Eq. (5) with respect to Cy,p and setting

Cmp to Cop, i€, (Cop) — K1 K>. The other derivative <= is the slope of the
chloride concentration at the MD when the system is at steady state. Note that yis positive

since C_(2L) is negative as shown in Fig. 3D.

In the regions marked “Steady state” in Fig. 4, the only stable solution is the time-
independent steady state. The change in behavior of solutions across the curves between
“Steady state” and the above regions arises from a Hopf bifurcation. Across the boundaries,
a stable time-independent steady-state solution bifurcates into a regular oscillatory solution.
In particular, “f,” (n =1, 2, 3) labels a region that supports stable LCO-solutions with the nfh
frequency, with f; being the natural frequency. The model predicts that for sufficiently small
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values of y, i.e. for points (y, 7) within the region “Steady state”, any initial solution, or any
transient perturbation of a steady-state solution, results in the convergence to the time-
independent steady-state solution; this is the only stable solution. But for points (y, 7) in the
regions marked “f,,” above the “Steady state” region, a perturbation of the steady-state
solution results in a LCO with its corresponding frequency f,,. Thus, within different regions
in the bifurcation diagram, a transient perturbation results in qualitatively different solutions,
either the steady-state or LCO, and if LCO, solutions with different frequencies. The
emergence of LCO at zero TGF delay (7= 0) with sufficiently high gain values (> 3.8) can
be attributed to the spatial inhomogeneity of the TAL radius shown in Fig. 3B, a result that
was previously discussed in [33].

Simulated oscillations in tubular fluid CI~ concentration at the MD were computed for four
points, labeled W, X, Y, and Z in Fig. 4A. These points correspond to the following pairs of
delays (in second) and gains: (wy, 1) = (3.14, 2), (7x, 1x) = (3.93, 4), (w, 1y) = (2.98, 7),
and (zz, ) = (1.57, 4). The time-profiles of the MD [CI] following a transient perturbation
are shown in Figure 5. Point W, which lies within the “Steady state” regime, corresponds to
a time-independent steady state. Points X, Y, and Z, which lie in the fy, f5, and f3 regions,
respectively, correspond to oscillatory solutions, with LCO frequencies f; = 37.68, f, =
88.66, and f3 = 152.2 mHz, respectively.

Next, to assess the impact of tubular wall compliance on TGF-mediated dynamics, we
computed model solutions using tubular wall compliance values that are 1/4 of base-case
compliance, i.e., we set ap, = 0.11x107° cm-mmHg~! and a1 = 0.066 x 107>
cm-mmHgL. The resulting bifurcation diagram is shown in Fig. 4B. By comparing Figs. 4A
and 4B, one notes that the lower tubular wall compliance increases the stability of the TGF
system. For instance, for TGF delay z=3.5s, LCO can be obtained using the base-case
compliance for a gain value of as low as y= 2.45, whereas with the reduced compliance,
LCOs are predicted above y= 3.8. In contrast, if wall compliance is increased to 5/2 of base-
case value (or 1/2 of the measured values, i.e., ap, = 1.125 x 107 cm-mmHg 1 and a7aL =
0.665 x 107> cm-mmHg™1), the steady-state regime becomes smaller, indicating that the
increased compliance further reduces the stability of the TGF system (results not shown).

3.3 Explicit representation of proximal tubule and descending limb lowers the stability of
the TGF system

To better understand the impact of the explicit representation of the proximal tubule and
descending limb on model dynamics, we compared base-case dynamics with a model that
explicitly represents the TAL only. That model is referred to as the “TAL model”. Loop-
bend inflow pressure was set to ~10 mmHg and the base-case TAL compliance was applied
in the TAL model. Bifurcation curves were computed and are shown in Fig. 6A. A
comparison with base-case curves (Fig. 6B) shows that bifurcation curves are noticeably
lower in the base case. For a TGF delay of 3.5 s, the base case predicts oscillations above a
critical gain value of y=2.45, whereas the TAL model predicts a substantially higher
critical gain value of y=3.27. These results suggest that explicit representation of the
proximal tubule and descending limb of the loop of Henle lowers the stability of the system.

3.4 LCO increases distal NaCl delivery but fluid delivery remains relatively stable

We studied the effects, in the context of distal fluid and NaCl delivery, of LCO that arises
from transient pressure perturbations. To that end, we computed and compared fluid and
chloride delivery rates at the MD in the steady state with corresponding time-averaged rates
during LCO. Results for gain values from 0 to 10 with TGF delay 7= 3.5 s, are summarized
in Fig. 7A, where the time-averaged variables are normalized by their corresponding steady-
state base-case values. Dimensional results for selected yvalues are given in Table 2. As
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shown in Fig. 4A, for a TGF delay of 3.5's, LCO emerges at the critical gain value y; ~
2.45. As yexceeds y, fluid delivery is lowered by LCO, to a maximum of —=1.41% at y~ 5.
In contrast, time-averaged MD chloride concentration progressively rises with increasing .
The result of these two competing factors is that, for sufficiently large y values, distal
chloride delivery increases with y, to +9.3% at y = 10.

Figure 7B shows a phase plot, where the values of chloride delivery are plotted as a function
of TAL fluid flow rate determined at the MD, for y=3, 5, 7, and 10. As yincreases, the
peak chloride delivery rate increases substantially, to a maximum of ~90% for y = 10. In
contrast, the decrease in the minimum is restricted to ~40%. The dots in center of the plot
show time-averaged values for fluid flow and chloride delivery rates for different gain
values.

To understand why distal chloride delivery is increased by LCO, whereas distal fluid
delivery remains relatively stable, we study the time-profiles in the fluid flow, chloride
concentration, and chloride delivery at the loop bend and at the MD, obtained for y=5and ¢
= 3.5 s. Figures 7C and D show these variables at the loop bend and at the MD, respectively,
normalized by the corresponding steady-state base-case values. As shown in Fig. 7C, the
oscillations of loop-bend variables are symmetric around respective steady-state values.
However, while MD oscillations in fluid flow are approximately symmetric around its
steady-state value, chloride concentration oscillations exhibit sharp crests, relative to their
troughs (Fig. 7D), and are shifted upwards relative to those of fluid delivery. The upward
shift and sharp crests relative to their troughs can be explained by the Michaelis-Menten-like
kinetics that characterize the active NaCl transport of the TAL, which limits the extent to
which MD [CI7] can be lowered as the NaCl reabsorption approaches static head, where the
luminal [CI7] is sufficiently low that active NaCl reabsorption is balanced by passive
backleak. Furthermore, because of the dependence of MD chloride concentration and other
related variables on TAL transit time, the chloride concentration waveform is phase-shifted
relative to the fluid flow waveform, a prediction that is consistent with experimental
recordings [16]. As a result, the chloride delivery rate, given by the instantaneous product of
fluid flow rate and chloride concentration, exhibits phase and upwards shifts as well. The
competing effects of the sharp crests and upward-shifted waveform result in the increase in
the time-averaged distal chloride delivery rate shown in Fig. 7A for y> y.. A comparison of
Fig. 7C and Fig. 7D indicates that the waveform distortion, specifically in the chloride
concentration, that increases distal chloride delivery happens mostly along the TAL: time-
averaged fluid flow rates are approximately equal, 98.5 and 98.6% of respective steady-state
values, at the loop bend and MD, respectively. But while at the loop bend chloride
concentration and flow rate remain almost at steady-state values (101 and 100% of steady
state), MD values exhibit significant increases over steady-state values (110 and 105% for
chloride concentration and delivery rate, respectively).

3.5 High-frequency oscillations reduces the effect of LCO on distal NaCl delivery

As results in Fig. 5 suggest, oscillations of different frequencies can be excited at different
TGF gain and delay values. To study how the oscillation frequency impacts distal NaCl
delivery to the MD, we computed time-averaged MD fluid flow rate, chloride concentration,
and chloride fluid delivery for gain values from 0 to 10, and for TGF delay 7= 3 s. Key
variables are normalized by their corresponding steady-state values and summarized in Fig.
8A. Model solution behaviors are similar to the previous simulation results in Fig. 7A for y
< 6.97. When yexceeds 6.97, model parameters cross a bifurcation curve and enter a f,-
LCO regime (see Fig. 4A). Owing to its shorter period and smaller amplitude, relative to f;-
LCO, f,-LCO exhibits a drop in time-averaged chloride concentration and delivery rate.
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Indeed, for y =7, the time-averaged chloride delivery rate is predicted to be only 0.8%
higher than steady-state value.

Model results, shown in Fig. 8B as a phase plot of chloride delivery versus fluid flow rate,
further illustrate the frequency-dependency of LCO-mediated distal chloride delivery. The
area enclosed by the phase curve corresponding to y= 7 is noticeably smaller compared to y
= 6, which indicates a reduction in the oscillation amplitude. The oscillation profiles in Figs.
8C and 8D show that the y= 7 profiles are also more nearly sinusoidal compared to the y=6
profiles and to Fig. 7D. The more sinusoidal waveforms result in smaller deviations from
steady-state delivery rates. Thus, the time-averaged chloride delivery rate is decreased for
higher-frequency oscillations as indicated in Fig. 8B, inset.

3.6 Mean TAL flow affects TGF waveform distortion and distal NaCl delivery

We then conducted simulations designed to characterize the influence of mean TAL flow on
the strength of the nonlinearities in the transduction process that produces a nonlinear
waveform in [CI7] at the MD, and on distal chloride delivery. In separate simulations, we
scaled water reabsorption rate along the proximal tubule and water-permeable descending
limb segment to attain steady-state TAL fluid flow of Q ~ 6.3 and Qy = 8.2 nl/min (base-
case Qg =~ 7.3 nl/min) while keeping tubular fluid pressure ~2 mmHg at the end of the
model tubule (i.e., x = Lg). TAL maximum active transport rate Vmnax Was simultaneously
adjusted so that steady-state MD [CI7] is ~32 mM in all cases.

With yand zset to 5 and 3.5 s, respectively, all three cases predicted LCO. The model
predicted that the TGF-mediated oscillations have larger amplitudes and are less sinusoidal
at lower baseline flow rates (compare Fig. 9, panels B and C, and compare the areas of the
three regions in Fig. 9A). These results can be attributed to the larger fractional change in
flow during oscillations at a lower mean flow. Also, owing to the inverse relationship
between flow and transit time (transit time becomes infinite as flow approaches zero), the
case where the mean flow is lower should exhibit larger, more asymmetric, swings in transit
time, leading to a stronger slope asymmetry. Taken together, the differences in waveform
and oscillation amplitude yield a larger increase in distal chloride delivery at a lower mean
TAL flow rate (+11.4% at Q; compared to +1.82% at Qp); see inset of Fig. 9A.

3.7 In the presence of sustained perturbations, LCO significantly increases distal NaCl

delivery

Next we simulated an experimental technique in which sustained perturbations are imposed
on proximal tubule fluid flow in a nephron where the TGF feedback loop is closed and
functional [13,15,16]. We computed the responses of MD variables for proximal tubule
pressure perturbations of up to £30% and for y=5. Model responses to the perturbations,
illustrated in Fig. 10, are given as percentage deviations from base-case LCO values at zero
perturbation. Analogous responses for the control case in which TGF was disabled were also
computed. The deviations of MD variables from base-case steady-state values in response to
sustained perturbations are summarized in Table 3.

When TGF was assumed absent, the open-loop case yielded large deviations from steady-
state values. Deviations in MD fluid flow rates were similar to the proximal tubule pressure
perturbations, whereas deviations in chloride concentrations and chloride flow rates were
much larger.

Compared to the open-loop case, the closed-loop case predicted substantially smaller
deviations from steady-state MD variables. When perturbations of +15% were applied, fluid
delivery varied by ~6%. Substantially larger variations were obtained for MD chloride
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concentration (up to 36%) and for chloride delivery (up to 41%). These results suggest that
while TGF regulates chloride delivery, LCO results in larger deviation in distal NaCl
delivery than in distal fluid delivery, which may lead to enhanced NaCl excretion. The
reduced regulatory ability of TGF by LCO was previously observed with transient
perturbations in Sec. 3.4. A comparison of the two types of perturbations indicates that
transient perturbations yield relatively small deviations in time-averaged MD fluid delivery,
chloride concentration, chloride delivery from steady-state values (1, 10, and 5%,
respectively), whereas the sustained perturbations of £15% result in much larger deviations
(up to 6, 36, and 41%, respectively). The drop in MD chloride concentration (and thus
chloride delivery rate) at +20% perturbation is due to the suppression of LCO. When yet
larger perturbations are applied, MD [CI7] and CI~ flow continue to rise, despite the absence
of LCO.

LCO waveforms for fluid flow, chloride concentration, and chloride flow at the MD are
shown in Fig. 11 for three cases: sustained proximal tubule pressure perturbations of —15%,
0%, and +15%. Compared to the profiles obtained for transient perturbations (Figs. 7D and
8C), the marked nonlinearity of the TGF system is more evident in the distortion of the
waveforms obtained in the cases with sustained perturbations. It is particularly noteworthy
that the vertical shifts of the profiles were exaggerated, augmenting the deviations of
delivery responses from steady state.

3.8 Effect of distal tubule and collecting duct representation on the model behaviors is
nearly negligible

Recall that to avoid specifying the poorly-characterized pressure at the end of the TAL, the
model represents a downstream resistance tube that is loosely associated with the distal
tubule and the contiguous collecting duct system. The downstream resistance tube is
assumed water impermeable and its un-pressurized luminal radius AxX) was chosen so that
the hydrostatic pressure at x = Lg is ~2 mmHg. In vivo, however, water is reabsorbed along
the distal tubules and, in anti-diuresis, along the collecting duct. Also, the collecting ducts
undergo a series of coalescences in the inner medulla.

To assess the sensitivity of model results to the differences in physical and transport
properties between the simple downstream resistance tube and the distal tubules and
collecting duct system, we conducted sensitivity studies in which we varied the parameter
ag, which is the location at which the unpressurized luminal radius A(X) begins to decrease
after the MD (see Eg. (6)). We obtained model results for aq = 2.25 xL, 2.5 xL (base case),
and 2.75 xL. For all three cases, f, p1, [, Were set to base-case values, so that the steady-
state (pressurized) tubular radius remained unchanged up to the MD (as shown in Fig. 3B).
B3 and Viax TAL Were chosen for the three cases to produce MD chloride concentration of
~32 mM as well as P(Lp) = 2 mmHg. These values are shown in Table 4.

The three A(x) profiles are illustrated in Fig. 12. In all three cases, the TGF-mediated
dynamic behaviors appear nearly insensitive to changes in downstream resistance tube
representation. For instance, with the base-case compliance, the boundaries between
different regions in the bifurcation diagram are qualitatively similar in all cases, with
relative differences of < 0.1%. The impact on other model predictions, and on results
obtained for the tubular compliance having 1/4 of the base-case, is similarly small, and all
cases yielded the prediction that compliance in tubular walls increases the tendency for the
TGF system to oscillate.
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4 Discussion

We have extended the TGF model developed in previous studies by us [20, 23, 33] and by
other groups [26,27,32] to study the dynamic behaviors and regulatory functions of the TGF
system. Our previous TGF models represent the TAL in detail because luminal chloride
concentration changes substantially along the TAL, and because MD chloride concentration
is believed to be the principal signal for the TGF response [34]. In contrast, those models
represent the actions of the proximal tubule and descending limb of the short-looped
nephron by means of simple, phenomenological representations, using a linear function that
represents glomerular-tubular balance in the proximal tubule and water reabsorption from
the descending limb [26]. The present model computes tubular fluid flow and chloride
concentration along the proximal tubule and descending limb, with water reabsorption
prescribed such that ~7/30 of the SNGFR reaches the loop bend. With the explicit
representation of these segments, the model predicts a TGF system with dynamic behaviors
that are qualitatively consistent with previous models.

Numerical simulations of model solutions revealed a complex parameter regime, consistent
with TGF gain and delays in rat kidney, where qualitatively different model solutions are
possible: a regime having one stable, time-independent steady-state solution, and regimes
having stable oscillatory solutions with fundamental frequency f; or with higher frequencies
fy’s. Interestingly, the parameter regime corresponding to near physiological gain and delay
values overlaps with the bifurcation boundaries that separate f;-, f,-, and f3-LCO. This
implies that small changes in system parameters may give rise to switching between
oscillatory modes. As a result, when a small group of nephrons with differing system
parameters are coupled, through electro-tonic conduction along the pre-glomerular
vasculature [12,18,41], the resulting LCO-mediated tubular flow oscillations may exhibit
rather complex power spectra, as found in spontaneously hypertensive rats [14,40].

Another new feature of this TGF model is a representation of compliant tubular walls of the
loop of Henle. In many of our previous TGF models [23,26,27,32], the TAL is represented
by a rigid tube with plug flow that carries only the chloride ion. In vivo, however, the TAL
likely expands and contracts as luminal fluid flow rate changes, although the wall
movements may be hindered by surrounding TALSs and connecting tissues. To assess the
extent to which tubular flow oscillations may be attenuated by the compliant wall
movement, we have recently developed a compliant TAL model that represents pressure-
driven flow and compliant walls [20,24]. Model results in those studies suggest that TAL
compliance amplifies the nonlinearity of chloride concentration oscillations at the MD [24]
and increases the tendency of the TGF system to oscillate [20]. Similar results were obtained
using the extended whole-loop model in the present study (see Fig. 4).

The tubular compliance of the loop was set to one-fifth of the measurements in isolated
tubules. The reduced compliance is intended to account for the possible tethering of the loop
to other tubules via the interstitial matrix; possible synchronization of the oscillations in
tubular fluid pressure and flows, and thus of the distension of the tubular walls, among
neighboring tubules; and the renal capsule, which contains the kidney and may limit the
distension of tubules and vessels. However, because the extent to which the above factors
lower in situ compliance of the loop has not been quantified, the reduction factor (one-fifth)
used in this present study is a reasonable but ad hoc choice.

Our previous TGF modeling study [33] represents only the TAL in details, but the other
tubular segments using phenomenological relations. By comparing the dynamics of that
model and the present more inclusive model, we conclude that explicit representation of the
proximal tubule and descending limb reduces the stability of the TGF system (see Fig. 6).
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The present study also supports an observation made in Ref. [33], in which we used a TAL
model with spatially inhomogeneous radius and NaCl transport rate, and we found that the
spatial dependence of TAL parameters is an important bifurcation parameter. Up until then,
it was generally believed that a TGF system may generate a LCO solution for sufficiently
long feedback delays and for sufficiently high gains. In contrast, results in Ref. [33] and in
the present study indicate that, provided that the TAL radius is smaller or the maximum
TAL NacCl re-absorption rate is higher near the loop bend, a nonzero (or, sufficiently long)
delay is not necessary for the emergence of LCO. In particular, the present model predicts
oscillatory solutions at zero TGF delay and TGF gains > 3.8 (see Fig. 4A).

We also used the model to better understand the effects of transient flow perturbations on
the TGF system. The model predicts that the onset of LCO that arises from transient
pressure perturbations results in increases in time-averaged distal NaCl delivery, whereas
distal fluid delivery is not much affected (see Fig. 7A). The degree to which distal NaCl
delivery is raised depends on whether nephron flow is steady or oscillatory, and if
oscillatory, whether the LCO is at the fundamental or higher frequency. Despite the modest
magnitude of the increment in distal NaCl delivery, this prediction indicates that the
nonlinearity in the TGF system may result in dissociation of the regulation of fluid and salt
delivery, and in the potential of LCO to differentially increase a time-averaged distal NaCl
delivery and enhance sodium excretion.

Another goal of this study is to investigate the effects of sustained flow perturbation on the
TGF system and on distal NaCl delivery. We found that TGF-mediated LCO in nephron
flow can lead to reduced TGF regulation of chloride delivery to the distal nephron, a result
that is consistent with previous modeling studies [32]. Indeed, the model results paint a
complex picture of TGF regulation of distal NaCl delivery, inasmuch as the regulatory
efficacy of TGF can vary immediately as the dynamic state of the nephron switches from
steady state to LCO. For instance, the response to an increase in tubular fluid load exhibits
an non-monotonic dependence on the amplitude of the perturbation. For finite perturbations
that are sufficiently large to suppress LCO, deviations from the steady-state increase but
likely remain smaller than deviations obtained in the presence of LCO (see Fig. 10A, dotted
line which is computed via extrapolation). Thus, model results suggest that the system yields
an enhanced TGF autoregulatory response in terms of glomerular filtration rate (see Fig.
10A): when large surges in blood flow and introvascular pressure are sensed, the AA
constricts, thereby reducing blood flow, regulating glomerular filtration, and protecting the
renal microcirculation.

The present TGF model can be used as an essential component in models of integrated renal
hemodynamic regulation. By coupling a number of TGF models, one can investigate how
internephron coupling may give rise to synchronization or irregular flow oscillations. And
using an approach similar to Ref. [30], which studied the interactions between TGF and the
myogenic response, the TGF model could then be combined with a model of glomerular
filtration (e.g., Ref. [4]) and a model of the afferent arteriole (e.g., Ref. [35]), to study the
interactions between the myogenic and TGF mechanisms in the context of renal
autoregulation.
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Fig. 1.

A schematic diagram of a short-looped nephron and its renal corpuscle, afferent arteriole
(AA), and efferent arteriole (EA). Each nephron consists of a spherical filtering component,
the glomerulus (G), and a tubule extending from the renal corpuscle into the proximal
convoluted tubule (PCT), proximal straight tubule (PST), and descending limb (DL).
Following the loop bend, the thick ascending limb (TAL) rises back into the cortex, then
turns into the distal convoluted tubule (DCT). The macula densa (MD) cells at the end of the
TAL walls are adjacent to the AA and specialize in sensing the chloride concentration in the
downstream fluid. DCT fluid enters the collecting duct system (not shown), where the
formation of urine occurs.
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Schematic representation of model TGF system. Hydrodynamic pressure Py(t) = P(0, t)
drives flow into loop entrance (x = 0) at time t. Oscillations in inflow pressure result in
oscillations in loop pressure P(x, t), flow rate Q(x, t), water flux &(x, t), radius R(x, t), and
tubular fluid chloride concentration C(x, t).

J Math Biol. Author manuscript; available in PMC 2015 March 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Ryu and Layton

Page 17
Ay : : B
107
’:cT) 12+
E g
g 23
g 2
Z 10 3
§ 4
[=9}
gl 6
0 2 4 6 8 10 0 2 4 6 8 10
Position along loop (mm) Position along loop (mm)
C3 D 309 :
—Luminal
- --External
25 =
2 z
g b1 200
ic) 20 S
S g
2 5
s 15 e
2 3 100
= I
10 ©
X
5 £ 2 0
0 2 4 6 8 10 0 2 4 6 8 10
Position along loop (mm) Position along loop (mm)
Fig. 3.

Steady state tubular fluid pressure (panel A), luminal radius (panel B), tubular flow rate
(panel C), CI~ concentration (panel D) as functions of position. x,, in panel C denotes the
position at which the water-impermeable segment of the descending limb starts.
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Behaviors of model solutions, based on numerical simulations using base-case compliance
(A) and 1/4 of base-case compliance (B). MD chloride concentration oscillations
corresponding to the points W, X, Y, and Z are given in Fig. 5.
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Sample solutions for points (W: 7=3.14s, y=2), (X: t=3.935s, y=4), (Y: =2.98s, y=
7),and (Z: v=1.57 s, y=4) from Fig. 4A. Oscillation frequencies for X, Y, and Z are

estimated to be 37.68, 88.66, and 152.2 mHz, respectively.
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Behaviors of model solutions for the TAL model (A) using base-case TAL compliance and
for the base-case whole-loop model (B) from Fig. 4A.
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Fig. 7.

Effect of TGF gain yon chloride delivery, with TGF delay 7= 3.5s. A: Time-average MD
fluid flow rate, chloride concentration, and chloride fluid delivery rate as functions of gain
magnitude y. These variables are expressed as percentages of their corresponding steady-
state base-case values. Gray bar indicates 100% of steady-state base-case values for
comparison. B: phase plots, showing MD chloride delivery as a function of TAL fluid flow
rate, for selected gain values y. Arrows indicate direction of time evolution. Maxima of fluid
flow and chloride delivery rates increase significantly as y increases while minima are
restricted. Inset: time-averaged fluid flow rate and chloride delivery. C and D: oscillations
profiles in fluid flow rate (dotted curve), chloride concentration (dashed curve), and chloride
delivery rate (solid curve) at the loop bend (panel C) and at the MD (panel D), for y=5.
Variables are expressed as percentages of corresponding steady-state base-case values.
Chloride delivery rate is the product of fluid flow rate and chloride concentration.
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Effect of TGF gain yon chloride delivery, with TGF delay 7= 3s. A: Time-average MD
fluid flow rate, chloride concentration, and chloride fluid delivery rate as functions of gain
magnitude y. B: phase plots, showing MD chloride delivery rate as a function of TAL fluid
flow rate determined at the MD, for selected gain values y. Arrows indicate direction of time
evolution. The phase curve corresponding to higher frequency oscillation (= 7) is much
smaller compared to the curve for y = 6. Inset: time-averaged fluid flow and chloride
delivery rates for selective gain values. C and D: oscillations in TAL fluid flow rate (dotted
curve), chloride concentration at the MD (dashed curve), and chloride delivery rate to the
MD (solid curve), for y=6 and y =7, respectively. Variables are expressed as percentages

of steady-state base-case values.
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Fig. 9.

Effect of TAL fluid flow rate on chloride delivery with TGF delay 7= 3.5 s and gain y=5.
A: phase plots, showing chloride delivery rate to MD as a function of TAL fluid flow rate,
for selected TAL fluid flow rates (in nl/min), Q_ = 6.3, Qg = 7.3 (base-case), and Qy = 8.2
nl/min. Inset: time-averaged fluid flow and chloride delivery rates. As fluid flow rate in the
TAL is increased, time-averaged chloride delivery rate is decreased while time-averaged
flow rate is increased. B and C: oscillations in TAL fluid flow rate (dotted curve), chloride
concentration at the MD (dashed curve), and chloride delivery rate to the MD (solid curve).
Variables are expressed as percentages of corresponding steady-state base-case values.
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Effect of sustained perturbations of inflow pressure on MD fluid flow rates, chloride
concentrations, and chloride delivery rates, for TGF gain y=5 and delay 7= 3.5 s. Results
were obtained for two cases: no TGF control (open-loop, open circle), TGF control with
LCO (closed-loop, closed circle). For perturbations of + 20%, 25%, and 30%, the LCO were
suppressed by the perturbations. A: time-averaged flow rate at MD, given as a percentage of
respective base-case values, in response to the sustained perturbations in inflow pressure.
Dotted line is obtained via extrapolation. B: time-averaged chloride concentration at MD, as
percentage of respective base-case values. C: time-averaged chloride delivery rate to MD, as
a percentage of respective base-case values.
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Fig. 11.

Waveforms in response to the sustained perturbations in inflow pressure of —15%, 0%, and
+15% for TGF gain y=5 and delay 7= 3.5 s. For each perturbation, the waveforms of TAL
fluid flow rate at the MD (panel A), chloride concentration at the MD (panel B), and
chloride delivery rate to the MD (panel C) are in the appropriate relative phase relationship.
Horizontal gray line in each panel corresponds to steady-state base-case value. Solid Curves
labeled 0% in each panel represents the LCO for y=5 and 7= 3.5 s, for no perturbation;
Dashed and dotted curves correspond to sustained perturbations of +15% and —15%,

respectively.
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Profiles of the unpressurized luminal radius A(x) for three different cases: aq=2.25 x L
(dashed line), 2.5 x L (base-case, solid line), 2.75 x L (dotted line). x =5 and x = 10 mm
correspond to the loop bend and the MD, respectively.

J Math Biol. Author manuscript; available in PMC 2015 March 01.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Ryu and Layton

Table 1

Model Parameters

Symbol

Py

KpcT
KpsT

KpL
KTAL
Vimax, PCT
Vmax, PST
Vmax, DL
Vimax, TAL

7

T
K1

Kz

Description

Proximal tubule and descending limb compliance

TAL compliance

Initial boundary value for / 1(X)

End boundary value for / 1(X)

End boundary value for 3 5(X)

End boundary value for /% 5(x)

Interstitial CI~ concentration at the upper cortex
Interstitial CI~ concentration at the loop bend

CI~ concentration at proximal tubule entrance
Steady-state CI~ concentration at MD

Michaelis constant

Total length of model nephron

Length of TAL or proximal tubule and descending limb
Length of the proximal convoluted tubule or the cortical TAL

Length of the short descending limb or the medullary TAL

Position where the water-impermeable segment of the descending limb starts

Position where the unpressurized radius begins to decrease after the MD

Extratubular (steady-state) pressure

Steady-state inflow pressure at the proximal tubule
Pressure at end of nephron

Proximal convoluted tubule CI~ permeability for 0 < X< L¢
Proximal straight tubule CI~ permeability for Lc < x<x,,
Descending limb CI~ permeability for x, < x< L

TAL CI~ permeability for L<x< 2L

Proximal convoluted tubule maximum active CI~ transport rate
Proximal straight tubule maximum active CI~ transport rate
Descending limb maximum active CI~ transport rate

TAL maximum active CI~ transport rate

Fluid dynamic viscosity

Base-case TGF delay

Half of the range of pressure variation around P,

’

TGF sensitivity, —v/(K1C«(2L))

Dimensional value

0.45 x 10~° cm-mmHg [28,33,42]
0.266 x 10~Scm-mmHg ! [28,33,42]
8.843 um

5.43 um

9.98 um

6.55 m

150 mM [26]

275 mM [10]

160 mM

32 mM [34]

70 mM [9]

25cm

0.5cm [37]

0.3cm

0.2cm

0.42 cm [36]

1.25cm

5.0 mmHg [17,29]

13.0 mmHg [42]

2.0 mmHg [1,7,8]

20.0 x 1075 cm-s~1 [38]
10.0 x 107> cm-s1 [39]
1.5x 105 cm-s71 [31]
1.5x 105 cm-s71[31]
28.0 nmole-cm2s1

2.5 nmole-cm2s71 [6]
0.0 nmole-cm™2s71

19.18 nmole-cm2s~1 [6]
7.2 %1073 g-cm s~ 1[42]
355[3]

6 mmHg
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Base-case time-averaged MD variables for selected gain values with TGF delay t=3.55s

Table 2

Gain Magnitude, y  Fluid Flow Rate, nl/min

[CI'], mM  CI™ Delivery Rate, pmol/min

Steady State
YS ke

LCO

3

5

7

10

7.273

7.210
7.170
7.179
7.192

31.96

32.91
35.12
36.13
36.84

232.5

233.9
2433
249.3
254.1
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Table 4

Individual parameter values for three cases in the sensitivity study

ay 225xL 25xL 275xL

B (1im) 6.70 6.55 6.38
Viaerac (NMol-cm2s7)  18.08 1918  18.05
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