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Abstract. During pregnancy, major adaptations in renal morphology, hemodynamics, and transport occur to
achieve the volume and electrolyte retention required in pregnancy. These complex changes can appear
counterintuitive when considered in isolation. Additionally, in pregnancies complicated by a disorder, such as
gestational hypertension, kidney function may be altered from normal pregnancy. To analyze how renal function
is altered during pregnancy, we developed epithelial cell-based computational models of solute and water transport
in a nephron of the kidney for a rat in mid- and late-pregnancy. The model represents known pregnancy-induced
changes in renal transporters, including reduction in proximal tubule and medullary loop transporters. The pregnant
rat nephron models predicted urine output and excretion consistent with measured values. Additionally, we
simulated the inhibition and knockout of the ENaC and H*-K*-ATPase transporters. Our simulations predicted
that ENaC and H'-K"-ATPase transporters are essential for sufficient Na* and K* reabsorption during pregnancy.

1 INTRODUCTION

During pregnancy, the plasma volume of the mother must expand drastically to support the
rapidly developing fetus and placenta [1]. Normally, a virgin or non-pregnant state, the
kidneys excrete almost all Na* intake through urine, but in pregnancy this is not the case:
there is net Na* retention in a pregnant rat depending on sufficient dietary intake.
Additionally, in late pregnancy, maternal net K* retention occurs [2]. These changes are
supported by major adaptations in kidney function, including markedly elevated glomerular
filtration to the kidneys, increased kidney size and length of the proximal tubule, and both
increased and decreased membrane transporter activities along the various nephron segments
[3-7].

In this study, we developed computational models of a nephron in a pregnant rat kidney to
investigate the impact of key pregnancy-induced renal adaptations on Na" and K" handling in
silico. We built two computational models: one that represents kidney function at mid-
pregnancy and another that represents kidney function at late pregnancy. The female-specific
rat kidney model developed by Hu et al. [8] is used as a virgin control in this study. Two
pregnancy models were necessary because of the drastically changing demands of a growing
fetus and placenta through a pregnancy. Using these models we investigate the impact of key
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pregnancy-induced renal adaptations on Na* and K* handling in the kidney. Additionally, we
consider the impact of epithelial Na* channel and H*-K*-ATPase knockout and inhibition on
kidney Na* and K™ transport during pregnancy based on published experimental studies (see

Refs. [9, 10]).

2 MATERIAL AND METHODS
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FIGURE 1. Schematic diagram of superficial nephron cells with pregnancy adaptations. The diagram displays
main Na', K*, and CI transporters as well as aquaporin water channels. Midpregnant adaptations from
nonpregnancy are indicated by pink arrows. Late-pregnant adaptations from nonpregnancy are indicated by green
arrows. Upward orientation indicates an increase; downward orientation indicates a decrease. No arrow indicates
that the transporter is not changed in the respective model. CCD, cortical collecting duct; cTAL, cortical thick
ascending limb; CNT, connecting tubule; DCT, distal convoluted tubule; IMCD, inner medullary collecting duct;
mTAL, medullary thick ascending limb; OMCD, outer medullary collecting duct; PCT, proximal convoluted
tubule; PT, proximal tubule; SDL, short descending limb; SNGFR, single-nephron glomerular filtration rate; S3,
proximal straight tubule. Reprinted from Ref. [11] with permission.

Our group have published a series of epithelial cell-based models of kidney function in the
male rat [12-19], female rat [8, 20, 21], and human [21-23]. The female rat kidney model [20]
was used as a control in this study and referred to as the NP (non-pregnant) model. In this
study, we extended the NP model to simulate solute and volume transport along a superficial
nephron of (1) a mid-pregnant (MP) kidney and (2) a late-pregnant (LP) rat kidney. Note that
normal rat gestation is approximately 21-22 days [24]. The MP rat model represents nephron
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transport at ~12—15 days of gestation (i.e., about halfway through gestation). The LP rat
model represents nephron transport at ~19-20 days of gestation (i.e., near the end of rat
gestation). As previously noted, we built separate models for MP and LP because there are
distinct adaptations during the different stages of pregnancy due to the growing demands of
the developing fetus and placenta. Because the original model equations in the study by Hu et
al. [20] were based on mass conservation that is similarly valid in pregnancy, those same
equations were used here, but appropriate parameter values were changed to account for renal
adaptations during MP and LP. These parameter changes can be found in Table 1 of Ref. [11].
The cell-based epithelial transport model represents functionally distinct segments as
follows: the PCT, proximal straight tubule (also known as the S3 segment), short descending
limb, thick ascending limb divided into the medullary and cortical segments, distal convoluted
tubule, connecting tubule, and collecting duct divided into the cortical, outer- and inner-
medullary segments. Each nephron segment other than the proximal tubule (which is
compliant, as discussed in the following section) is represented as a rigid tubule lined by a
layer of epithelial cells, with apical and basolateral transporters that vary according to cell
type. Each nephron segment has distinct transporters, permeabilities, and morphological
properties. The model accounts for the following 15 solutes: Na*, K*, CI-, HCOs3™, H.COs3,
CO,, NH3, NH4*, HPO4>~, H2PO4 -, H", HCO, ", H,CO», urea, and glucose. The model is a
large system of coupled ordinary differential and algebraic equations, solved for steady state,
and predicts luminal fluid flow, hydrostatic pressure, luminal fluid solute concentrations,
cytosolic solute concentrations, membrane potential, and transcellular and paracellular fluxes.
A schematic diagram of the model, with MP and LP changes highlighted, is shown in Fig. 1.

2.1 Pregnancy-specific models

We created pregnancy-specific models (i.e., MP and LP) by increasing or decreasing
relevant NP model parameter values based on experimental findings in the literature [11]. The
first major change in the MP and LP models is the increase in single-nephron glomerular
filtration rate (SNGFR). MP and LP SNGFR were increased by 30% and 20%, respectively,
from the NP SNGFR value. These increases were based on findings in the study by Baylis
[25], where euvolemic pregnant rats were studied. Specifically, MP and LP SNGFR values
were 31 and 29 nL/min, respectively, versus 24 nL/min in NP. The elevated SNGFR
significantly increases the filtered load at the beginning of the nephron in both MP and LP
models. In addition, during pregnancy, plasma osmolality is decreased, where plasma
Na" concentration and CI- concentration slightly decreased, but with slightly elevated plasma
K™ concentration in LP [5, 26]. These changes are small compared with the SNGFR increases;
thus, filtered loads are still substantially elevated.

During pregnancy, kidney volume increases [27, 28]. In particular, it has been shown that
the proximal tubule lengthens [28]. Accordingly, we increased the proximal tubule length by
14% and 17% in MP and LP models, respectively. Based on the increased kidney volume and
the observed dilation in the collecting system during pregnancy [29], we assumed that the
diameter increased by 7% in the proximal tubule and 5% in downstream segments in both
pregnant rat models. Although tubular diameter has not been measured experimentally,
without assuming this small tubular dilation, the much-elevated volume flow in pregnancy
would cause an excessive drop in tubular fluid pressure.
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3 RESULTS

3.1 Baseline results

Model simulations were conducted for the NP, MP, and LP models to determine how
pregnancy-induced changes in renal hemodynamics, morphology, and transporter activity
together modify tubular transport in the superficial nephrons of the rat kidney. Predicted
tubular flows key solutes and water along the model nephron are shown in Fig. 2. Segmental
solute and water transport is displayed in Fig. 3.
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FIGURE 2. Delivery of key solutes (4—E) and volume (F) to the beginning of the individual nephron segments
in the nonpregnant, mid pregnant (MP), and late pregnant (LP) models. Rightmost bars are urinary

excretions. Insets: reproduction of distal segment values. CCD, cortical collecting duct; CNT, connecting tubule;
DCT, distal convoluted tubule; mTAL, medullary thick ascending limb; PT, proximal tubule; SDL, short
descending limb.
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FIGURE 3. Net segmental transport of key solutes (4—F) and volume (F) along the individual nephron segments
in the non-pregnant, mid-pregnant, and late-pregnant models. Transport is positive out of the nephron segment,
i.e., positive transport shows net reabsorption and negative net secretion along that segment. Notations are
analogous to Fig. 2.

In the NP model, 58% of the filtered Na* is reabsorbed along the proximal tubule,
primarily via the coordinated transport of apical Na*-H" exchanger 3 (NHE3) and basolateral
Na'-K*-ATPase. In MP and LP, the pregnancy-induced hyperfiltration, tubular hypertrophy,
and elevated NHE3 activity increase net Na* reabsorption along the proximal tubule by 27%
and 18%, respectively (Fig. 3). Most of the remaining Na* is reabsorbed downstream along
the thick ascending limb. Due to the enhanced Na*-K*-CI- cotransporter 2 (NKCC2) and NHE
activity, Na* transport along the thick ascending limbs is predicted to be ~18% and 8% higher
in the MP and LP models, respectively. Na* reabsorption is similar in each of the NP, MP,
and LP models. Urine Na* excretion is 32, 34, and 35 pmol/min for the NP, MP, and LP
models, respectively. Urinary Na® excretion is the highest in LP, at 10% above the NP model
(Fig. 2).

The model predicts that 54% of filtered K* is reabsorbed along the proximal tubule of the
NP model. Net K* reabsorption along the proximal tubule increases by 36% in MP and 52%
in LP (Fig. 3). Like Na*, most of the remaining K* is also reabsorbed along the thick
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ascending limb. Downstream of the loop of Henle, the distal convoluted tubule and
connecting tubule vigorously secrete K* (Fig. 3). In MP, K* secretion along these distal
segments is decreased by 10% despite increased epithelial Na* channel (ENaC) activity that
would, in isolation, increase K* secretion. In addition, reabsorption in the collecting duct is
increased by 54% compared with the NP model. Similar changes occur in LP. These changes
lead to 29% and 42% more accumulated K* reabsorption along the full nephron during MP
and LP, respectively (Fig. 3).

The majority (65%) of the filtered volume is reabsorbed along the proximal tubule in the
NP model (Fig. 2). Water reabsorption along the proximal tubule, which follows Na*
transport, increases by 34% and 25% in MP and LP, respectively (Fig. 3). This yields a
similar fractional reabsorption of ~68% in both MP and LP models along the proximal tubule.
More water is reabsorbed downstream, albeit at a slower rate. The models predict a urine
output of 0.25 nL/min/nephron (superficial) in the NP model and ~0.30 nL/min/nephron
(superficial) in both MP and LP models. The increase in volume excretion during pregnancy
is within reported ranges [5, 28].

3.2 Effect of ENaC inhibition on Na* and K* transport
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FIGURE 4. Impact of epithelial Na+ channel (ENaC) inhibition (panels Al & A2, 70%; B1 & B2, 100%) on
distal segment net segmental transport of Na+ (Al & B1) and K+ (A2 & B2) along individual nephron segments
in the virgin, mid-pregnant (MP), and late pregnant (LP) models. Notations are analogous to Error! Reference
source not found.. Only the distal segments are shown because ENaC inhibition only affects distal segments.

West et al. [9] conducted experiments to test the effect of inhibition of the ENaC on
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pregnancy and found that a chronic ENaC blockade ablated the normal pregnancy Na*
retention. We conducted simulations to test the impact of a 70% ENaC inhibition and a full
ENaC knockout (i.e., 100% inhibition) on our model predictions. Results are shown in Fig. 4.

When the ENaC is inhibited by 70%, there is a 19% reduction in Na* reabsorption along
the DCT and CNT. Collecting duct Na* reabsorption does increase, but this loss results in a
48% increase in urinary Na* excretion. Similar effects are found in the MP and LP models
with ENaC inhibition. In the LP model, there is a 21% decrease in Na* reabsorption along the
DCT and CNT resulting in a 38% increase in urinary Na* excretion from baseline LP model
results (Fig. 4A1). ENaC inhibition has an opposite effect on K*. Specifically, K" secretion is
decreased by ENaC inhibition so much so that the models predict a net K* reabsorption along
the CNT for each of the virgin, MP, and LP models. This significant change results in a net
reduction in K™ secretion along the distal segments of 82% in the MP model. In the end
urinary excretion of K is reduced by about 26% when compared to the baseline MP and LP
models (Fig. 4B1).

A full ENaC knockout leads to even more drastic effects on Na* and K* handling in each
of the virgin, MP, and LP model predictions when compared to 70% inhibition. Specifically,
the CNT has net secretion of Na* with net reabsorption of K*. This happens likely because the
ENaC is the primary Na" transporter along this segment. As a result, urinary Na* excretion is
predicted to more than double while urinary K™ excretion is about 25% of baseline for the
virgin, MP, and LP models (Figs. 4A2 and 4B2).

3.3 Effect of H'-K*-ATPase knockout on Na* and K* transport

Walter et al. [10] conducted experiments to test the effect of H-K*-ATPase knockout
(HKA-KO) on Na" and K* regulation in pregnant mice and found that pregnant HKA-KO
mice had only a modestly expanded plasma volume and altered K* balance when compared to
pregnant wild-type mice.

We conducted two types of HKA-KO experiments. In the first simulation we did a full
100% inhibition of the H*-K*-ATPase transporter only. We will refer to this simulation as
HKA-KO. In the second simulation we also added a change in the Na™-ClI" cotransporter,
ENaC, and Pendrin transporters as observed in Walter et al. [10]. We will refer to this
simulation as HKA-KO-preg. Results are shown in Fig. 5.

Net K* secretion along the DCT and CNT is predicted to increase by 85% and 77% in the
MP HKA-KO and LP HKA-KO simulations, respectively, when compared to the baseline MP
and LP models. This results in about a 60% increase in urinary K* excretion for both pregnant
HKA-KO models. The virgin HKA-KO model does have an increase in K* secretion along
these segments, but by a smaller fraction of 34%, yielding a 41% increase in urinary K*
excretion when compared to the baseline virgin model. Na* handling is slightly altered, but
results in only a 5% increase in urinary Na* excretion for each of the virgin, MP, and LP
model simulations.

Walter et al. (44) found that in pregnant H*-K*-ATPase type 2 knockout mice, the Na*-
CI' cotransporter, ENaC, and Pendrin transporter were altered as well from normal pregnancy
adaptations. We added these changes to the HKA-KO study to get the HKA-KO-preg
simulations to see how results may be altered by these other adaptations. These adaptations
alter how Na" and K" is handled along the distal segments when compared to only the HKA-
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KO in isolation. Specifically, in the HKA-KO-preg MP simulations, K* secretion along the
DCT and CNT is 32% higher than baseline MP simulations. Similarly, the HKA-KO-preg LP
simulation has a 19% increase in K" secretion along these segments when compared to
baseline. This is likely due to the decreased ENaC activity that normally increases K*
secretion in these segments. In the end urinary K* excretion for the HKA-KO-preg MP and
LP simulations is 42% higher than the respective baseline MP and LP model predictions.
Additionally, since there is Na* transporter changes, Na* handling is altered such that urinary
Na" excretion is increased by about 24% in both the HKA-KO-preg MP and LP models when
compared to the respective baseline model predictions.
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FIGURE 5. Impact of H'-K*-ATPase knockout (KO) study on distal segment net segmental transport of Na* (A1
& Bl) and K" (A2 & B2) along individual nephron segments in the virgin, mid-pregnant (MP), and late pregnant
(LP) models. Left panels show results for clean KO. For the right panels, pregnancy models also include changes
to the pregnancy-specific renal adaptations of the Na*-Cl- cotransporter, epithelial Na* channel, and CI-HCOs-
exchanger. Notations are analogous to Error! Reference source not found.. Only the distal segments are shown
because H'-K*-ATPase inhibition only affects distal segments.

4 DISCUSSION

Pregnancy induces major changes in the structure and function of the kidney, resulting in
kidney growth as well as elevated blood flow, in a process that changes continually
throughout pregnancy [1]. A particular drastic change is the ~30% increase in GFR in
pregnant rats [3]. Although osmolality of the plasma is slightly decreased, this increase in
GFR results in an increased filtered load to the nephrons during pregnancy. How do the
nephrons of a pregnant rat handle the increased filtered load? Pregnancy-induced renal
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adaptations, as recently reviewed by de Souza and West [2], are complex and extensive. How
might those coordinated changes not only meet that increased demand but retain electrolytes?
These are the questions that the present study sought to answer.

The increase in plasma volume required to supply the developing fetus and placenta is
largely driven by Na* retention. About half of that Na* transport takes place along the
proximal tubules and is mediated by the NHE3, which is upregulated in pregnancy. Our
previous analysis [11] has indicated that in the absence of this adaptation, the water and
electrolyte retention required in pregnancy would not have been possible. Downstream of the
proximal tubules, the distal tubular segments are responsible for fine tuning the remaining
filtrate so that urinary excretion approximates equal intake. West et al. [9] found that chronic
ENaC blockade in pregnant rats resulted in significantly reduced Na" retention and plasma
volume expansion and pups with a lower birth weight. Model analysis also demonstrated the
importance of massively increased ENaC activity during pregnancy.

One key limitation is that the present models represent only a superficial nephron, whereas
one-third of the nephrons are juxtamedullary nephrons that reach into the inner medulla. Also,
the models assume that the interstitial fluid composition is known a priori. There are changes
in these models that may affect interstitial fluid composition, but since there is no evidence
that has measured these changes, we did not include those changes in our model assumptions.
Interactions among nephron segments and the renal vasculature can be modelled using the
approaches in Refs. [30-43].

This study focused on renal adaptations in a normal pregnancy, which is characterized by
avid plasma volume expansion as well as Na“ and K* retention. In a NP state, hypertension is
generally associated with water and Na* retention. Interestingly, that association appears to be
broken during pregnancy. Remarkably, pregnancy tends to have an antihypertensive effect on
spontaneously hypertensive rats [27]. Hypertension during pregnancy is highly complicated
and not fully understood. In addition, hypertensive disorders of pregnancy (meaning the onset
of high blood pressure after start of gestation), such as gestational hypertension or
preeclampsia, are associated with a lower plasma volume than normal pregnancy [1]. Further
complicating the picture is the observation that hypertension alters renal transport differently
in virgin and pregnant rats. Abreu et al. [44] showed that in a virgin hypertensive rat, NHE3
and NCC are upregulated significantly and NKCC?2 is slightly downregulated leading to
increased Na* reabsorption compared with normotensive virgin control. However, in a MP
hypertensive rat, Na* transporter NHE3 mRNA expression was significantly downregulated
compared with normotensive MP rat control [44]. How do these hypertension-induced renal
transport changes affect kidney function differently in NP and pregnancy? A combination of
experimental, clinical, and theoretical efforts may be required to fully understand the
pathogenesis of hypertension in pregnancy, including preeclampsia. Theoretical efforts may
leverage the sex-specific computational models that have been developed for blood pressure
regulation [45-51].
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