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Abstract

From early unicellular organisms that formed in salty water environments to complex organisms
that live on land away from water, cells have had to protect a homeostatic internal environment
favorable to the biochemical reactions necessary for life. In this chapter, we will outline what steps
were necessary to conserve the water within our cells and how mechanisms have evolved to
maintain and regulate our cellular and organismal volume. We will first examine whole body water
homeostasis and the relationship between kidney function, regulation of blood pressure, and blood
filtration in the process of producing urine. We will then discuss how the composition of the lipid-
rich bilayer affects its permeability to water and salts, and how the cell uses this differential to
drive physiological and biochemical cellular functions. The capacity to maintain cell volume is
vital to epithelial transport, neurotransmission, cell cycle, apoptosis, and cell migration. Finally,
we will wrap up the chapter by discussing in some detail specific channels, cotransporters, and
exchangers that have evolved to facilitate the movement of cations and anions otherwise unable to
cross the lipid-rich bilayer and that are involved in maintaining or regulating cell volume.

1. Introduction

The conventional theory of how life began some 3.8 billion years ago involves a “primordial

soup” of inanimate matter, present in the oceans of early Earth, that upon addition of
external energy in the form of lightning or ultraviolet light caused simple molecules to
combine into more complex compounds (Haldane, 1929). Haldane further postulated that
these organic compounds accumulated to concentrations sufficient to produce
macromolecules and ultimately fully fledged cells. However, the ionizing UV radiation
required to stimulate these early chemical reactions would inherently destroy as much as it
creates, indicating that a “surface” primordial soup would not be the best environment for
the emergence of life.

Volcanic deep submarine hydrothermal vents discovered in the late 1970s provided another

potential source of primordial life-promoting energy (Corliss, et al., 1979). However, their
extreme temperatures, low pH, and short lifespans made them problematic as sites for the
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origin of life (Bada, 2004; Orgel, 2008). Russell and colleagues proposed in 1993 that
emergence of life in the depths of the oceans would require warm alkaline hydrothermal
fluids rich in dissolved hydrogen and light hydrocarbons such as methane and acetate
(Russell, Daniel & Hall, 1993; Russell, Daniel, Hall & Sherringham, 1994). The discovery
of a second type of hydrothermal vent in 2000 (Kelley, et al., 2001) produced by the
geochemical process of olivine hydroxylated to serpentine provided just such an alkaline
hydrothermal environment (Bach, et al., 2006; Sleep, Meibom, Fridriksson, Coleman &
Bird, 2004). These “first cells” were most likely autotrophs that derived their energy needs
and carbon from the chemical reduction of CO, with H, electrons (Lane & Martin, 2012;
Martin & Russell, 2007; Russell & Martin, 2004). Indeed, the hydrogenation of carbon
dioxide to form methane or acetate via the reductive acetyl CoA pathway is present in the
most ancient prokaryotes (Shock & Schulte, 1998).

Seawater contains in mequiv/L: 540 CI~, 460 Na*, 50 Mg2*, 30 SO42~, 10 Ca?*, and 10 K*.
Thus, the first biochemical reactions occurred in a salt-rich environment. Primordial cells
isolated themselves from this “salty” outside environment by creating a lamellar
phospholipid bilayer matrix to protect their biological processes. Depending on the
molecular structure, water content, pH, ionic strength, temperature, and pressure, this lipid-
rich barrier allowed these cells to keep an inside environment that is conducive to protein
synthesis and enzymatically driven biochemical reactions (Daniel, Oger & Winter, 2006).
This basic cellular architecture has remained intact all throughout evolution, from simple
unicellular to complex multicellular organisms. As unicellular cells combined and evolved
into specific organ systems within multicellular organisms, this lipid-rich membrane
acquired additional components and properties, such as a membrane potential that cells have
espoused to communicate between themselves, and/or an apical-basolateral polarity that
cells utilize for trans-membrane solute transport.

By mass, water is the most abundant molecule inside a cell and consequently, the volume of
water constitutes the major parameter in the volume of a cell. The water content of animal
tissues obtained by drying ranges from 70% to 80% (Cook, Cramer & Kenyon, 1952), which
corresponds to some 3 kg of water per kg of dry weight (3/(3+1) = 75%). The water content
of the human body is a bit lower (60%), due to the lower water content of bones (30%). As
animals have transitioned from aquatic ponds, rivers, lakes, and oceans to terrestrial
landmasses of earth, they had to find ways to conserve this water (Figure 1A). In the next
section, we will examine whole body water homeostasis, a critical function of all creatures,
especially terrestrial species subjected to continuous water loss. In section 3, we will discuss
cell volume homeostasis. Despite a relatively stable internal environment in the bodies of
terrestrial species, individual cells have retained throughout evolution mechanisms that allow
them to maintain and regulate their volume.

2. Whole body water homeostasis

In 1885, the Belgian physiologist Léon Fredericq noted that as you climb the evolutionary
ladder, the number of regulatory mechanisms became greater and more complex and tended
to free organisms from harmful influences and changes of their environment (Fredericq,
1885). He noted that for invertebrates, this independence to the external milieu was only
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relative. Experiments showing a lower salt content in the blood of fresh water versus
seawater crustaceans supported this observation, whereas “the blood from sea water fish was
not saltier to the taste than the blood of fresh water fish”. Our reason to mention salt in the
first paragraph of this section is that salt and water are tightly interconnected.

The vast majority (70-75%) of water in the human body is intracellular or located within
cells. The remaining 25-30% is extracellular water, with 1/5 found in plasma and 4/5 found
in the interstitial space. As a terrestrial creature, humans lose water through urine (1.5 liters),
feces (0.1 liters), respiration and perspiration (0.5 — 0.8 liters). To maintain water balance,
this loss is countered by water intake through eating and drinking (Figure 1B). How exactly
does the body sense the loss of water? Specialized “sensors” in the vasculature and other
organs detect a decrease in extracellular volume as well as an increase in the plasma
osmolarity.

2.1 Blood Pressure

Blood pressure refers to the pressure of blood in the large arteries of the circulatory system.
Cardiac output, arterial stiffness, and peripheral resistance all influence the body’s blood
pressure. One can simplify the circulatory system by considering it as a “closed” circuit
consisting of a pump (heart) and pipes (arteries and veins). The pressure that exists in the
system depends upon the cardiac output, vascular resistance, and the amount of liquid in the
system. The reason that “closed” is written with quotations is because unlike the non-
permeable plumbing in our house, blood vessels are able to exchange fluid, gases, and
solutes with the interstitial milieu. Moreover, the circulatory system is in contact with the
outside through lung, intestinal tract, and kidney endothelia and epithelia, and as such, has
the capacity for environmental exchange of fluids, gases, and solutes. Also, note that in
contrast to the non-permeable solid pipes in our house, the vessels in our body can also
contract or dilate and therefore changes in vascular wall tension will modify the volume of
the “closed” circuit.

2.2. The kidney and blood pressure

The human kidney is central to fluid and salt homeostasis. Each kidney is composed of
around one million nephrons, each independently operating as a filtration, reabsorption, and
secretion unit. Individual nephrons adjust blood composition and form urine beginning with
the glomerulus (filtration unit), followed by proximal convoluted tubule, loop of Henle,
distal convoluted tubule (reabsorption units), and the common collecting duct (secretion
unit). Numerous collecting ducts merge into the renal pelvis that ultimately becomes the
ureter connecting the kidneys to the bladder. Unfiltered blood enters the glomerulus via
afferent arterioles where small molecular weight substances pass through fenestrations in
glomerular capillaries and filtration slits formed by the foot processes of podocyte cells
wrapped around these capillaries. Larger molecular weight proteins remain in the plasma
and exit the glomerulus via efferent arterioles. The principal role of the renal tubule is to
reabsorb water and key solutes (e.g. sugars, amino acids, and ions) while eliminating waste
products and toxins in the urine. In the opening paragraph, we indicated that salt and water
were interconnected and they directly affected whole body water homeostasis. While the
bulk of Na* reabsorption occurs in early segments (e.g. proximal tubule and thick ascending
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limb), finely tuned reabsorption occurs more distally by the sodium-chloride cotransporter
(NCC) in the distal convoluted tubule and the epithelial Na* channel (ENaC) in the
connecting segment and the cortical collecting duct. Because NCC and ENaC are the last
mechanisms participating in Na* reabsorption, they each play critical roles in fine-tuning
plasma Na* levels and systemic blood pressure.

Multiple observations support the role of NCC and ENaC functions in regulating blood
pressure. First, thiazides and amiloride are compounds that inhibit with great specificity
NCC and ENaC, respectively (Garty & Benos, 1988; Stokes, Lee & D’Amico, 1984). These
drugs are widely used in clinical medicine, often in combination, to treat volume expansion
(e.g. congestive heart failure) and high blood pressure (Padilla, Armas-Hernandez,
Hernéndez, Israili & Valasco, 2007). Second, loss-of-function mutations in NCC results in
Gitelman’s syndrome, a renal salt wasting disorder with many patients suffering from
arterial hypotension (Simon, et al., 1996), whereas loss-of function-mutations in ENaC
results in pseudohypoaldosteronism type | (PHA-I), a disease that also involves the loss of
salts leading to hyponatremia (Chang, et al., 1996). The disease is called
pseudohypoaldosteronism, because it mimics the absence of aldosterone production (or
hypo-aldosteronism). Aldosterone is a key hormone produced by the adrenal gland that
enhances Na* reabsorption through NCC and ENaC in the distal tubule. Absence of
aldosterone causes urinary Na* wasting, leading to volume depletion and hypotension
(Merriam & Baer, 1980). In contrast, there are genetic conditions that lead to increased salt
reabsorption, volume retention, and high blood pressure. Liddle syndrome is due to a
mutation in ENaC that prevents its recycling from the plasma membrane and degradation
(Schild, et al., 1996; Tamura, et al., 1996). The consequence of this lack of recycling is
increased channel density at the plasma membrane and increased ENaC function. Type Il
pseudohypoaldosteronism (PHA-I1) is caused by mutations in two “with no lysine kinases”
(WNK1 or WNK4) leading to increased phosphorylation and activity of NCC (Wilson, et
al., 2001). Mutations in Kelch-3 or CUL3, genes products that are part of the ubiquitination
and degradation of NCC, also manifest as PHA-II (Boyden, et al., 2012).

In summary, decreased NCC or ENaC function results in volume depletion and hypotension,
whereas increased NCC or ENaC function lead to volume retention and hypertension. In the
preceding paragraph, we focused on inhibitors and genetic disorders that affect salt transport
and blood pressure. In a normal situation, however, how exactly does the body regulate
“physiological” changes in blood volume?

2.3. Hypovolemia and Tubuloglomerular feedback mechanism.

Afferent and efferent arterioles carry blood into and out of the glomerulus, respectively.
Hypovolemia, or low blood volume, leads to a decrease in glomerular filtration, which in
turn, leads to decreased flow of CI™ at the transition between the end portion of the loop of
Henle and the beginning of the distal convoluted tubule. Specialized epithelial cells (macula
densa) in this transition zone sense the reduced flow of CI~ and send signals to the adjacent
afferent arteriole to vasodilate and increase glomerular filtration. In addition, the decreased
flow of CI~ stimulates the release of renin (Schnermann & Briggs, 2013) from other
specialized cells that are located in the wall of the afferent arteriole (Figure 2). Renin, in
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turn, stimulates the conversion of plasma angiotensinogen to angiotensin Il, which is a
potent vasoconstrictor. Thus, angiotensin Il leads to increased vascular resistance and
increased blood pressure. In addition to its vasoconstrictive effect, angiotensin Il activates
the release of the mineralocorticoid hormone aldosterone from the adrenal gland.
Aldosterone as we discussed before stimulates salt and water reabsorption in the distal
portion of the nephron.

2.4. Urinary concentrating mechanism

The human body, like the bodies of all mammals and birds, concentrates its urine. This
important function stems from the fact that the body needs to eliminate the excess salts it
consumes, but not at the expense of losing too much water. The combined activity of the
apical Na-K-2Cl cotransporter, NKCC2, and basolateral Na*/K* ATPase in the thick
ascending limb of Henle (TALH) moves Na* from the tubular fluid to the renal interstitium
(Castrop & Schiel’l, 2014). Because the TALH is impermeable to water, this transport of Na
* contributes to a hyperosmotic interstitium. The juxtaposition of descending limb
(permeable to water but not ions) and ascending limb (pumping ions and impermeable to
water) creates a countercurrent multiplier mechanism that maintains high osmolarity in the
medulla, while keeping normal the osmolarity in the cortex (Gottschalk & Mylle, 1958;
Gottschalk & Mylle, 1959; Hargitay & Kuhn, 1951). Comparative physiologists have
observed that in species that typically survive with minimal water and produce a very
concentrated urine, the majority of their nephrons possess very long loops of Henle
(Jamison, 1987). Along with Na*, urea is another key osmolyte that contributes to a
hyperosmotic medullary interstitium (Sands, 2004). The urea cycle converts ammonia
(NHs), a very toxic compound, into urea, a water-soluble non-toxic compound easily
excreted. Some of the urea present in urine is re-absorbed in the inner medullary collecting
ducts thereby raising the osmolarity of the medullary interstitium. Anti-diuretic hormone,
also called vasopressin or arginine vasopressin (AVP), controls this re-absorptive mechanism
(Nielsen & Knepper, 1993 3586).

2.5. Circumventricular Organ, hypothalamus and vasopressin

The vascular organ of lamina terminalis (VOLT) and the subfornical organ are highly
vascularized circumventricular organs that sense changes as small as 1% (3 mOsmol/L) in
plasma osmolarity. They project to hypothalamic neurons that produce AVP when increased
osmolarity is detected (Prager-Khoutorsky, 2017). They also send signals to the cortex where
conscious water craving is processed. AVP produced in the somata of magnocellular
neurosecretory cells (located in the hypothalamic supraoptic (SON) and paraventricular
nuclei) then travels down the axons of these neurons towards the posterior pituitary and is
released into the circulation. AVP has multiple sites of action. The primary role of AVP is to
increase the number of water channels (aquaporin 2) on the apical membrane of collecting
duct principal cells, leading to increased water reabsorption and conservation. Second, AVP
also increases the number of urea transporters located in the inner medullary collecting duct,
increasing interstitial osmolarity and the capacity to concentrate urine, thereby also
contributing to water conservation. Third, AVP stimulates Na* reabsorption in the TALH,
adding to the countercurrent multiplication phenomenon further helping in water
conservation. Fourth, AVP constricts blood vessels, leading to increase in arterial blood
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pressure. Thus, in conditions of dehydration when plasma osmolarity increases, release of
AVP into the circulation results in several water conservation mechanisms to maintain whole
body water homeostasis.

2.6. Back to the relationship between Na* and water

Arthur Guyton proposed that under normal (i.e. steady-state) conditions, dietary Na*
increase is matched by urinary Na* excretion with no net consequences on volume and
blood pressure (Guyton, 1987). However, if the individual is unable to secrete the excess
dietary Na*, extracellular fluid volume will expand leading to an increase in blood pressure
(Guyton, 1987). Natriuresis lowers the sodium concentration in the blood by excreting
sodium in the urine. Osmotic forces draw water out of the body’s blood circulation
decreasing blood volume and restoring blood pressure to normal values. As stated by Alan
Pao “high blood pressure is adaptive from the standpoint of maintaining Na* homeostasis,
but this adaptation comes at the price of exposing end organs to the damaging effects of high
blood pressure (Pao, 2014). Recent studies indicates that Na* and water are not always
linked, as Na* can be stored in organs without increasing body fluid content (Kopp, et al.,
2013). Furthermore, evidence has shown that the body can vary its Na* content while
maintaining constant its water content (Rakova, et al., 2017). It is indeed clear than in
healthy individuals, the kidney concentrating mechanism accommodates the disposal of any
extra dietary Na*, without the loss of any additional water.

3. Cell Volume Homeostasis

The activities that exist within a cell are intimately linked to the spatial organization of
internal macromolecular structures. In this respect, any change to the volume of a cell
potentially risks major disorganization of these structures and consequently perturbation of
the many key activities of the cell.

The composition of the lipid bilayer greatly influences the movement of water and ions
across the plasma membrane. Proteins embedded in the membrane provide pathways for the
movement of water (e.g. aquaporins or water channels) and ions (e.g. ion channels and
transporters). Even in the absence of these integral membrane proteins, the plasma
membrane still possesses some intrinsic water permeability. Asymmetry between the nature
and composition of the lipids between the inner and outer leaflets of the bilayer has a
significant effect on this water permeability (Hill & Zeidel, 2000; Krylov, Pohl, Zeidel &
Hill, 2001). Indeed, membranes containing sphingolipids, glycosphingolipids,
phospholipids, and cholesterol have much lower water permeabilities (3.4 x 10~ cm/s) than
membranes containing only phospholipids and cholesterol (34.4 x 1074 cm/s).

Irrespective of its lipid composition, the permeability of a membrane to water will always be
greater than the membrane permeability to ions and other solutes. Under these conditions,
the cell is subjected to osmotic pressure differences that arise between the outside
environment and the interior of the cell. If we exclude bacteria and plants that have a rigid
membrane, all other cells have flexible membranes and thus undergo significant changes in
cell volume proportional to the intensity of the osmotic gradient. Before we consider the
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behavior of cells under anisosmotic conditions, we will examine the challenge of cells in
maintaining their volume under isosmotic conditions.

Isosmotic cell volume maintenance

Cells can grow and change their size while still maintaining their water content constant. In
this section, we will not be considering cell growth, but instead, the volume of a cell
occupied by water. Cells contain in their cytoplasm macromolecules that are negatively
charged. The presence of these macromolecules creates a colloido-osmotic disequilibrium
first described by British chemist Frederick G. Donnan in 1911 (Donnan, 1911). While some
ionic species can cross cellular membranes, larger anionic proteins are generally not
permeable. These larger anions attract smaller cations while simultaneously repelling
smaller anions creating an uneven electric potential called the Donnan potential.

Consider the following two simple scenarios: in the first scenario, consider a system
composed of two compartments separated by a membrane that is permeable to small cations
(Na*, and K*) but impermeable to large anions (A~) (Figure 3A). If we add NaA and KA
salts to these compartments, respectively, and the salt concentration is different between the
two compartments, the dissociative ions will re-distribute to create a new equilibrium
(Figure 3B-C). At equilibrium, the equations in Box 1 describe the work represented by the
movement of Na* and K*.

One can play with the numbers and dissolve 10 mM NaA in the first compartment and 100
mM KA in the second compartment and calculate x to be 9.1 mM. At equilibrium, most of
the Na* (91%) will have traveled to the second compartment, while only 9.1% of the K* will
have moved to the first compartment (Figure 3D). Thus, very different ion distributions
across the membrane can exist due to the presence of the large impermeable anions.
However, equal concentrations would be reached if either the system starts with equal
concentrations of the large anion, or the anion can freely cross the membrane.

In a second scenario, consider a similar system composed of two compartments separated by
a semi-permeable membrane where the large macromolecules are present only in the first
compartment (called “i” for internal) with K* at a concentration of c1 and NaCl is only
present in the second compartment (called “e” for external) at a concentration of c2 (Figure
4A). At equilibrium, the amount of CI~, K* and Na* that moved are x, z, and y, respectively
(Figure 4B). At equilibrium, the values will be as shown in Figure 4C. If we examine the
case of c1 = c2, one can calculate that [CI7]e = 2 [CI7];, [K*]i = 2 [K*]o, and [Na*]j = 2 [Na
*1o. Note that the majority of the Na*, which started on the outside is now on the inside,
while CI™ is mostly prevented to move to the inside compartment. The calculated
osmolalities will be 250 mOsM inside versus 200 mOsM outside, if the non-diffusible
anions are osmotically inactive (i.e. large negatively charged macromolecules). If the non-
diffusible charges are osmotically active then the calculated osmolalities will be 400 mOsM
versus 200 mOsM. Thus, this scenario creates an osmotic gradient or “Gibbs-Donnan
disequilibrium” that creates a driving force for the movement of water into the internal
compartment.
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Why is this physicochemical system relevant to a cell? As mentioned earlier, the membrane
of a cell is permeable to water and far less permeable to ions. The cells also contain in their
cytoplasm many macromolecules with anionic charges. Indeed, the majority of cytosolic
proteins have amino and carboxyl moieties that are negatively charged at physiological pH
(Gianazza & Righetti, 1980). Similarly, nucleic acids have an acidic isoelectric point making
them also carry negative charges at physiological pH (Sherbet, Lakshmi & Cajone, 1983).
Thus, cells observe all the requirements for Gibbs-Donnan disequilibrium and they are under
pressure to swell. The reason they maintain their volume is because they use cellular energy
to fuel the Na*/K*-pump to constantly fight the leak of ions and the influx of water (Kay,
2017; Tosteson & Hoffman, 1960). The pump basically renders the membrane
“impermeable” to Na* by actively extruding the Na* that enters the cell through leak
pathways. The presence of non-diffusible anionic charges in cells is likely a key factor in the
measured low intracellular CI~ concentration in most cells, including central neurons which
have the lowest intracellular CI~ concentrations (Delpire & Staley, 2014; Glykys, et al.,
2014).

3.1.2. Epithelial Transport—Epithelia are specialized barriers that keep compartments
separate within the body. The compartments can be both internal (e.g. choroid plexus
separating the blood from CNS) or external (e.g. airway, intestinal, bladder epithelia
separating the blood from the outside). In addition to forming a barrier, epithelial cells
actively participate to the movement of solutes from one side to the other. This requires
coordinated movement at both poles (apical and basolateral) of the membrane. Since
transport is a dynamic process, any disruption at one membrane will create a disruption that
will last until the second membrane responds proportionally. As water obligatorily follows
the movement of solutes, any disruption in one membrane only will tend to disrupt cell
volume.

As an example, we will consider the choroid plexus, a cuboidal epithelium that participates
to CSF fluid secretion and K* reabsorption (Johanson, et al., 2008). As shown in Figure 5A,
cells isolated with mild collagenase treatment dissociate and keep their polarity with an
apical pole of light density due to brush borders (white arrows), and a rough basolateral pole
(black arrows) (Wu, Delpire, Hebert & Strange, 1998). Staining with anti-NKCC1 antibody
reveals staining on the apical membrane only (Figure 5B) — consistent with staining in intact
tissue (Plotkin, et al., 1997). When isolated cells were exposed to bumetanide as a NKCC1-
specific inhibitor (see Figure 5E), they demonstrated cell volume reduction, consistent with
ion fluxes on the apical membrane not being balanced by ion movement on the basolateral
side. If, however, the entry of salts and water on the apical pole is not balanced by a
reduction of efflux on the basolateral pole, the net loss of ions and water will result in cell
shrinkage. As the effect of bumetanide is reversible, when the inhibitor was removed, the
cells started to regain their volume (Figure 5E). The addition of bumetanide to the choroid
plexus epithelial cells was a manipulation that disrupted the balance of transport between the
two membranes. Under normal conditions, if an epithelium uptakes solute on the basolateral
side, and extrudes them on the apical side, it just facilitates their trans-epithelial movement
while keeping in check (homeostasis) the internal milieu. This is the case for CI™ secreting
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epithelia (e.g. salivary gland, sweat gland, stomach), K* secreting epithelia (inner ear), and
Na* reabsorbing epithelia (intestine, distal convoluted tubule, collecting duct).

3.1.3. Neurotransmission—Charges move in and out of a neuron during synaptic
transmission. Glutamate-induced excitation involves the movement of Na* and Ca?* into a
neuron. An action potential involves the entrance of Na*, followed by the exit of K*. GABA
(y-aminobutyric acid)-mediated inhibition involves the inward movement of CI™ in central
neurons (Rivera, et al., 1999; Zhu, Lovinger & Delpire, 2005) or outward movement of CI~
in the terminals of peripheral sensory fibers (Sung, Kirby, McDonald, Lovinger & Delpire,
2000). Compared to the amount of charges (ions) existing in and out of cells, the amount of
ions moving during these processes is relatively small and thus, the ion concentrations are
not likely to be affected that much. If for instance during an action potential the membrane
of a cell moves from =70 mV to +40 mV due to the inward movement of Na*, this translates
to a 110 mV difference. The charge associated with that change can be calculated to be
6,875 ions per um2. If we hypothetically consider a round cell with a diameter of 10 um, the
calculated surface area is approximately 314 um? and the amount of ions would be 6,875 x
314 = 2.16 x 10% ions. If the intracellular Na* concentration of a neuron is 10 mM, the
cytoplasm of the cell contains 3.2 x 10° Na*. Adding 2.6 x 10% Na* ions is equivalent to
adding 0.08% to the total, which is negligible. This calculation is based on the overall
volume of a cell, and not micro-domains like dendritic spines which can be as small as 0.01
um3 or 2 x 10° smaller than a 10 um cell. In addition, a cell or a dendrite can experience
repeated stimulation which could conceivably alter the ion concentrations. Using
gramicidin-perforated patch, we demonstrated that long (6 seconds) application of GABA or
repeated applications of GABA to a neuron in culture could lead to measurable changes in
the CI~ concentration (Zhu, Lovinger & Delpire, 2005). These changes if not regulated, are
likely to lead to changes in cell volume.

3.1.4. Cell Cycle—Cell volume is a major determinant of the timing of cell division in
unicellular algae like Chlamydomonas (Craigie & Cavalier-Smith, 1982). The algae grow to
a critical volume of 140 pm3, which seems to be the factor that triggers cell division. In
mammalian cells, cell volume changes during the different phases of the cell cycle. When
Ehrlich Ascites tumor cells are synchronized, their average mean corpuscular cell volume
increases during the S phase and plateau in the G2 phase (DuPre & Hempling, 1978). When
mitosis is initiated the volume decreases significantly and this cell volume reduction
continues for several hours after the mitosis phase has been completed (DuPre & Hempling,
1978). Interestingly the volume change seems to be related to an increase in osmaotically
inactive cell volume (Figure 6) that we define as “b” or the intercept on the Y axis of the
relationship between volume ratios over osmotic pressure ratios (see below).

3.1.5. Apoptosis—Cells die through the distinct processes of necrosis or apoptosis. In
necrotic cell death, cells originally undergo ATP depletion, cell swelling, increased
membrane permeability and lysis (Nieminen, 2003). In contrast, apoptotic cell death is
associated with isosmotic cell shrinkage (Kerr, Wyllie & Currie, 1972). As K* is the major
osmolytes in the cell, loss of K* is a major component of apoptotic cell volume decrease
(Bortner & Cidlowski, 2007; Bortner, Hughes & Cidlowski, 1997). When mouse and human

Curr Top Membr. Author manuscript; available in PMC 2019 August 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Delpire and Gagnon

Page 10

lymphoma cells are exposed to dexamethasone, A23187, thaspigargin, or staurosporine, they
demonstrate a significant reduction in cell volume that is accompanied by a reduction in K*
content. While the Na* content of a cell is much lower than that of K*, there is also a
significant reduction in Na* content (Bortner, Hughes & Cidlowski, 1997). Note that
increase in Na* (in contrast to decrease) has also been observed in apoptotic cells
(Yurinskaya, Rubashkin & Vereninov, 2011). It is important to stress that loss of K* by itself
is not a factor in the decision of a cell to undergo apoptotic cell death. Indeed, cells exposed
to hypotonic solution, lose a sizable fraction of their K* content, but do not undergo
apoptotic cell death. That being said, the K* loss is an important component of apoptosis, as
cells induced to undergo apoptosis failed to follow through when they were exposed to high
external K* environments (Bortner, Hughes & Cidlowski, 1997).

Interestingly, apoptosis can also be triggered by exposing cells to hypertonic cell shrinkage.
Their ability to proceed through regulatory volume decrease (RVI) then determines their
resistance to apoptosis (Bortner & Cidlowski, 2007; Numata, Sato, Okada & Wehner, 2008).
In 1985, we published two papers showing that rat pheochromocytoma (PC12) cells exposed
to hypertonicity demonstrated condensation of chromatin (a hallmark of apoptotic cells
(Kerr, Wyllie & Currie, 1972)), ruffling of the nuclear envelope with loosening of condensed
chromatin from the lamina, and apparent loss of nucleolar fibrillar component which
disappears in a background of diffuse granular material (Delpire, Duchéne, Gilles &
Goessens, 1985; Delpire, Duchéne, Goessens & Gilles, 1985). These cells were unable to
undergo RVI (Delpire, 1989). We did not observe the formation of small cytoplasmic
fragments with or without pyknotic remnants of nuclei, indicating that if the cells were on
the path to apoptosis, they were captured in the very early stages (Delpire, Duchéne, Gilles
& Goessens, 1985; Delpire, Duchéne, Goessens & Gilles, 1985). Several studies have
attempted to model apoptotic cell volume decrease (Model, 2014; Yurinskaya, Rubashkin &
Vereninov, 2011). Whether the loss of soluble inorganic (K* and CI7) and organic (taurine,
etc.) osmolytes is enough to account for the extent of shrinkage during apoptosis is still a
matter of debate. The participation of non-soluble negative (Donnan) charges and
osmotically-inactive water molecules might also need to be considered (Model, 2014).

3.1.6. Cell migration—Cell migration is a key component in the formation and
maintenance of multicellular organisms. While this phenomenon occurs predominantly
during development, it does continue to occur throughout life, as it is associated with
processes such as inflammation and tissue repair. Unfortunately, cell migration is also
largely facilitated by malignant cancer cells invading neighboring tissues. Cell migration
involves the formation of membrane protrusions such as lamellipodia and membrane ruffles
at the leading edge of the cell. These protrusions or localized cell swelling require the rapid
movement of ions and water into the protrusion (Condeelis, 1993; Jakab & Ritter, 2006;
Lauffenburger & Horwitz, 1996). Alan Verkman (Verkman, 2005) hypothesized that “actin
cleavage and ion uptake at the tip of the lamellipodium could create local osmotic gradients
that drive the influx of water” across the membrane at the leading edge. Water channels have
also been shown to be essential for T cell function and macrophage migration (Rump &
Adamzik, 2018). In addition, aortic endothelial cells isolated from aquaporin-1 knockout
mice demonstrated a deficit in cell migration (Saadoun, Papadopoulos, Hara-Chikuma &
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Verkman, 2005). Interestingly, this deficit could be rescued by expressing non-endothelial
cell aquaporin 1 or unrelated aquaporin-4 into these aortic endothelial cells (Saadoun,
Papadopoulos, Hara-Chikuma & Verkman, 2005). Aquaporin inhibition is currently being
investigated in animal models to reduce metastatic cancer cell invasion (Simone, et al.,
2018) or in culture to prevent cell migration (Chen, et al., 2017). The ion transport
mechanisms at play in the swelling of the leading edge are multiple. They include the Na*/H
*and CI7/HCO3 exchangers (Schwab, 2001), and the Na-K-2ClI cotransporter (Schwab,
Wojnowski, Gabriel & Oberleithner, 1994). Interestingly, these same mechanisms are
involved in RVI (see below). Cell migration also involves cell retraction at the trailing edge
of the cell (Jakab & Ritter, 2006). Transport mechanisms involved in regulatory volume
decrease or RVD are thought to be at play for this process. This is the case of the K-ClI
cotransporter (KCC) (Gagnon, 2012; Shen, Chou & Ellory, 2000; Shen, et al., 2004), the
volume activated CI~ channel (Ransom, O’Neal & Sontheimer, 2001; Soroceanu, Manning
& Sontheimer, 1999), as well as K* channels (Soroceanu, Manning & Sontheimer, 1999).

3.2. Anisosmotic Cell Volume Regulation

In the previous section we considered the movement of water and changes to cell volume
under conditions of constant external osmotic pressure. In this section, we will consider the
behavior of cells following osmatic challenges.

3.2.1 The osmotic equilibration phase—When two solutions of different osmotic
pressures are separated by a semi-permeable membrane, water will diffuse from the least
concentrated solution to the more concentrated solution in order to equilibrate the pressures.
Such a physical system was first described in 1748 by Jean-Antoine Nollet, a catholic priest,
who used a pig bladder to close a vial containing spirit of wine that he placed in water. After
several hours, he observed a bulged membrane that he pierced with a pin to witness a
column of water shooting out (Nollet, 1748). The term osmosis (or endosmosis) was later
introduced by French physiologist Henri Dutrochet (Dutrochet, 1826). In his book,
Dutrochet relates experiments done with chicken intestines filled with different liquid
contents (milk, egg white, etc.) placed in buckets filled with rain water. In each case, the
weight of the intestinal bag increased over time (see box 2). He called this process
endosmosis as the water moved from the bucket into the intestinal bag. He was also clever
enough to repeat the experiment in reverse by placing the intestinal bag in buckets
containing higher solute concentrations and observe exosmosis. Similar experiments were
later performed by the German botanist, Wilhelm Pfeffer (Pfeffer, 1877). He created a
device (the Pfeffer Cell) that measured the osmotic pressure of a solution. Many studies in
the latter part of the 19t century and early part of the 20t century described swelling and
shrinking of cells, both vegetal and animal, when exposed to hypotonic or hypertonic
solutions, respectively (de Vries, 1884; de Vries, 1888; Gough, 1924; Koeppe, 1895; Négeli,
1855; Overton, 1907; Pringsheim, 1854).

The Dutch chemist Jacobus H. van’t Hoff, the recipient of the first (1901) Nobel Prize in
chemistry, postulated that solutes in dilute solutions obey the ideal gas laws, which led to the
osmotic pressure formula = = nRT/V where R is the gas constant and T the absolute
temperature.
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The definition of the osmotically inactive volume (called “b”) in Figure 7 depends upon the
method of cell volume measurement. If the cell volume measurement does not involve the
measurement of cell water, b is the combination of the volume occupied by “dry” (or non-
water) material added to the volume of water that does not participate in intracellular
osmolality. If, however, the amount of water represents cell volume, b then represents the
osmoatically inactive water content. The ratio of osmotically active water to total water is
sometimes referred to as Ponder’s R factor (Ponder, 1948). In the muscle fiber of the giant
barnacle, Balanus nubilis, solvent water was estimated to be 64—72% of total water (Hinke,
1970). Osmotically inactive water is believed to be associated or bound to macromolecules.
Note that if experiments with cells are performed with an infinite extracellular volume, in
vivo, the extracellular space is often limited and tends to buffer volume changes. Let us
consider a rigid system with two compartments designated 77 and out. At equilibrium, each
compartment has an osmotic pressure mg. If we modify the osmotic pressure of the “out”
compartment (g becomes 1), a new equilibrium will develop leading to new volumes /n’
and out’with a new osmotic pressure m’.

If the extracellular volume (out) is infinite, 1/a is equal to 0 and equation 11 becomes
equation 7 (straight line in Figure 7B). If, however the ratio of extracellular to intracellular
volume is small, the relationship is no longer linear and extracellular space plays the role of
a buffer. Figure 7B shows the relationship for intracellular to extracellular ratios of 0.5 and
4. Thus, /n vivo, a confined extracellular volume buffers the effect of osmotic pressure
changes. Note that in the mathematical model described in Box 4 above, we postulated that
the sum of the “in” and “out” compartments was constant, which is not entirely accurate as
tissues and organs are not fully rigid.

The behavior of isolated cells varies from cell type to cell type. While some cells at the peak
response closely follow the van’t Hoff linear relationship (Dellasega & Grantham, 1973;
Olson & Holtzman, 1982), others (e.g. chicken lymphocytes, Hela cells, and murine
hepatocytes) demonstrate resistance to swelling during large hypotonic shocks (similar to
channel rectification) (Doljanski, 1974; Howard & Wondergem, 1987; Tivey, Simmons &
Aiton, 1985). This likely indicates some participation of the cytoskeleton in creating
resistance to cell swelling.

3.2.2. Cell Response to Hypotonicity—When cells are exposed to hypotonic
conditions, their swelling induces the activation of separate K* and CI~ channels, leading to
a loss of K*, ClI~, and obligatory water, leading the restoration of cell volume (Figure 8)
(Hoffmann, Lambert & Simonsen, 1986; Hoffmann, Simonsen & Lambert, 1984). Because
the conductive CI~ permeability of cells is typically low, an increase in in conductive K*
permeability alone cannot account for an observed net loss of KCI during RVD, an increase
in conductive CI~ permeability must also occur. We will now discuss the participation of K*
channels and CI™ channels in regulatory volume decrease.

A. Volume-activated K* channels: Early work has shown that in Ehrlich ascites tumor
cells, the K* loss that is activated by cell swelling (Hendil & Hoffmann, 1974) is mediated
by a Ca?*-dependent K* channel sensitive to quinine (Hoffmann, Simonsen & Lambert,
1984). In these cells, the loss of K* exceeds the loss of CI~ loss by a factor of about 1.6

Curr Top Membr. Author manuscript; available in PMC 2019 August 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Delpire and Gagnon

Page 13

(Hendil & Hoffmann, 1974). Interestingly, while the permeability of the cells to CI™
increases some 60-fold, the permeability of a cell for K* increases only 2-fold upon cell
swelling (Hoffmann & Simonsen, 1989). This indicates that the CI~ permeability is likely to
be a greater limiting factor to RVD than the K* permeability (Hendil & Hoffmann, 1974).
The conductance of the Ca2*-activated K* channel in Ehrlich cells was measured under
normal external K* concentration at 7 pS (Christensen & Hoffmann, 1992). Arachidonic
acid metabolites such as leukotriene D4 (LTD,4) have been shown to enhance KCI loss and
RVD following hypotonic shock (Jorgensen, Lambert & Hoffmann, 1996). While there is a
concomitant increase in intracellular Ca2*, the LTD, effect seemed to be independent of the
transient rise in the divalent cation. The K* current activated by cell swelling was shown to
be insensitive to charybdotoxin as well as to apamin, inhibitors of calcium-activated voltage-
gated shaker K* channels and small conductance SK channels, respectively (Riquelme,
Sepulveda, Jargensen, Pedersen & Hoffmann, 1998). In contrast, clofilium, a class 111
antiarrhythmic drug blocked the volume-sensitive K* current in a voltage independent
manner and acted as a strong inhibitor of the regulatory volume decrease response of Ehrlich
cells (Niemeyer, et al., 2000). Because the volume-sensitive K* channel is pH-sensitive and
has a small ion conductance, TASK-1 and TASK-2 channels expressed in Ehrlich cells
(Niemeyer, et al., 2000) were proposed as candidates (Hougaard, Jargensen & Hoffmann,
2001). The TASK-2 channel was later shown to be a major component of the K*
conductance activated by cell swelling (Kirkegaard, Lambert, Gammeltoft & Hoffmann,
2010; Kirkegaard, Stram, Gammeltoft, Hansen & Hoffmann, 2016). KCNQ4, but not
KCNQ2/3, were also shown to be involved in regulatory volume decrease in HEK293 cells
overexpressing these channels (Hougaard, Klaerke, Hoffmann, Olesen & Jorgensen, 2004).

B. Volume-activated CI~ channels: Work from Else Hoffmann’s group in Ehrlich Ascites
tumor cells and of Sergio Grinstein and colleagues in human lymphocytes showed activation
of a CI™ conductance during RVD (Grinstein, Clarke, Dupre & Rothstein, 1982; Grinstein,
Clarke, Rothstein & Gelfand, 1983; Hoffmann, Simonsen & Sjgholm, 1979). Because
ionophores, which produce increases in K* permeability far greater than a hypotonic shock,
failed to produce any changes in cell volume, Grinstein argued that the anion conductance
was the rate-limiting factor in salt and water transport (Grinstein, Clarke, Dupre &
Rothstein, 1982). However, because the gramicidin ionophore greatly accelerated RVD in
Ehrlich cells, Hoffmann argued that the K* conductance was also limiting (Hoffmann,
Lambert & Simonsen, 1986). Thus, it can be concluded that both conductance are low under
isotonic conditions, and the movement of one ion through one conductance is limited unless
there is movement of the oppositely charged ion in the other conductance. In Ehrlich cells
the CI™ conductance was described as unselective carrying CI~, Br~, NO3~, and SCN™
(Hoffmann, Lambert & Simonsen, 1986), while in lymphocytes the channel had the
following anion series: SCN™ = 1~ > NO3~ > Br~ >= CI~ > acetate™ > SO42~ = gluconate™.

In 1983, Else Hoffman and lan Lambert demonstrated that Ehrlich Ascites tumor cells
exposed to a hypotonic solution lose significant amount of amino acids (Hoffmann &
Lambert, 1983). In these cells, taurine (53 mM) is definitely the most abundant amino acid,
followed by glycine (9 mM), and other amino acids at 1-2 mM each. During a decrease in
osmotic pressure from 300 mOsM to 225, the vast majority (90%) of taurine is lost, whereas
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only 30% of glycine is lost, making taurine the most significant organic osmolytes in cells.
The permeability (loss) of taurine is proportional to the amount of cell swelling (Hoffmann
& Lambert, 1983). Ten years later, the authors demonstrated that the swelling-induced
activation of the taurine leak involved arachidonic acid and leukotrienes, as did the activation
of K* and CI~ conductances (Lambert & Hoffmann, 1993). The authors indicated for the
first time the possibility that the taurine efflux was directly linked to the activation of the CI~
channels. While the CI~ channel blocker MK196 inhibited both CI™ efflux and taurine efflux
pathways, the fact that 4,4’-Diisothiocyano-2,2’-stilbenedisulfonic acid (DIDS) minimally
affected CI™ efflux in their cells, prompted them to later conclude that the swelling-activated
CI™ channel and the taurine channel in the Ehrlich cells represented two distinct types of
channels (Hoffmann & Lambert, 1994; Lambert & Hoffmann, 1994).

Demonstration that amino acid efflux and CI™ efflux were mediated by one single channel
was made by Kevin Strange (Jackson & Strange, 1993; Strange, Morrison, Shrode &
Putnam, 1992). They demonstrated that Payrine/ Pcl Was ~ 0.2 meaning that the channel was
preferentially permeable to CI~, but the permeability to taurine was not negligible. They
called the channel Volume Sensitive Organic Anion Channel or VSOAC. In C6 cells, the
channel has a unitary conductance of 35-40 pS (Jackson, Morrison & Strange, 1994). Many
attempts have been made to identify the molecular makup of this functional channel unit.
Proteins like P-glycoprotein (Gill, et al., 1992), I (Paulmichl, et al., 1992), CLC2
(Grinder, Thiemann, Pusch & Jentsch, 1992), and CIC3 (Duan, Winter, Cowley, Hume &
Horowitz, 1997) were all initially considered as candidates. Following these first attempts at
identifying the CI™ channels involved in RVD, came the demonstration that TMEM16, a
Ca?*-activated CI~ channel is active during apoptosis and cell swelling (Martins, et al.,
2011). Jurkat cells activated by Fas ligand express an outwardly rectifying CI~ current,
sensitive to NPPB (5-Nitro-2-(3-phenylpropylamino) benzoic acid) and to the anoctamin-
blocker CaCCjn-AO1 that was completely abrogated when TMEM16F was knocked down.
Outwardly rectifying CI~ currents, which were NPPB-, DIDS-, and CaCCj,,-AO1-sensitive,
were also eliminated by TMEM16F siRNA in airway epithelial cells (Martins, et al., 2011).
The authors demonstrated that regulatory volume decrease after hypotonic cell swelling was
augmented in HEK293 cells overexpressing TMEM16F. Another Ca%*-activated CI~
channel, drosophila Bestrophin-1 (or dBest1) was proposed to mediate volume-stimulated ClI
~ currents. Knockdown of dBest 1 in Drosophila S2 cells abolished volume-regulated CI™
currents and significantly reduced regulatory volume decrease (Chien & Hartzell, 2007).

It took another few years for the molecular identification of the volume-activated CI~
channel associated with amino acid efflux to be revealed in two landmark papers (Qiu, et al.,
2014; Voss, et al., 2014). In the two papers, the authors used an RNA interference screen and
swelling-induced iodine uptake and quenching of a yellow fluorescent protein, to identify
LRRC8A (Leucine Rich Repeat Containing 8 VRAC Subunit A). The first paper showed
that knockdown of LRRC8A protein strongly suppressed I¢j-swelr in follow-up patch
clamping experiments. When LRRCB8A was overexpressed in HEK293 cells, the I¢|gwell
current decreased, but when LRRC8A and LRRCB8C were co-transfected, a significant
increase in lc.swel current was observed. These data indicated that multiple subunits were
needed to form a functional channel that traffics properly to the plasma membrane (Voss, et
al., 2014). The authors also demonstrated that cas9-mediated inactivation of LRRC8A
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resulted in cells that could no longer efflux taurine upon hypotonic treatment. The specific
participation of TMEMSs, bestrophins, and LRRC8 channels to chloride loss during RvVD
will still need to be individually resolved from cell type to cell type. Whether these channels
also regulate cell volume under isosmotic conditions is currently unknown.

C. K-ClI cotransporters: A volume- and N-ethylmaleimide-stimulated Cl~-dependent K*
flux was first described in human and sheep red blood cells (Dunham & Ellory, 1981;
Dunham, Steward & Ellory, 1980; Lauf & Theg, 1980). This CI~-dependent K* transport
was attributed to a K-ClI transport mechanism (now K-CI cotransporter). Coincidentally, the
function of a Na-K-2Cl cotransport mechanism was also described the same year (see below
and (Geck, Pietrzyk, Burckhardt, Pfeiffer & Heinz, 1980)). The red blood cell K-CI
cotransporter is functionally silent under control conditions (Lauf & Theg, 1980) and
activated by suflhydryl reagents as well as cell swelling. In his 1980 paper, Peter Lauf
indicated that red blood cell precursors had 10 fold higher K* flux than mature red blood
cells (Lauf & Theg, 1980). Similarly, reticulocytes which are larger young red blood cells,
demonstrate greater Cl™-sensitive K* fluxes than mature erythrocytes (Lauf, 1983). The cells
are thus able to reduce their volume by losing K*, CI~, and water (Lauf & J., 1987). K-ClI
cotransport, through a still unknown signaling mechanism, is activated in red blood cell from
sickle cell patients, contributing to the dehydration and sickling process (Berkowitz &
Orringer, 1987; Brugnara, 1989; Quarmyne, Risinger, Linkugel, Frazier & Joiner, 2011).

When healthy red blood cells are exposed to a hypotonic solution, they rapidly swell and
then slowly recover their volume. This behavior was first demonstrated in erythrocytes
isolated from Pleuronectes flesus, although this study investigated the role of amino acids
loss and not the role of ions (Fugelli, 1967). It was later shown in duck red blood cells, that a
loss of K* was associated with the “volume regulatory phase” (Kregenow, 1971), and this
loss of K* was Cl™-dependent in marine teleost Opsanus tau erytrhrocytes (Lauf, 1982).
KCC activation has also been shown in rat (Haas & Harrison, 1989), rabbit (Brugnara, Van
Ha & Tosteson, 1989; Jennings & Schultz, 1990), dog (Fujise, et al., 1991; Parker,
Colclasure & McManus, 1991), sheep (Bergh, Kelly & Dunham, 1990), pig (Kim, Sergeant,
Forte, Sohn & Im, 1989) and human (Brugnara, Van Ha & Tosteson, 1989; Dunham &
Ellory, 1981; Kaji, 1986; Sachs & Martin, 1993) erythrocytes.

Molecular cloning in the late 1990s led to the identification of four genes (SLC12A4-7) in
mammals that encode four K-CI cotransporters: KCC1-4 (Gillen, Brill, Payne & Forbush,
1996; Hiki, et al., 1999; Mount, et al., 1999; Payne, Stevenson & Donaldson, 1996; Race, et
al., 1999). Interestingly, only KCC2 displays some basal transport activity under isotonic
conditions (Mercado, Broumand, Zandi-Nejad, Enck & Mount, 2006). Activation of all the
other K-CI cotransporters could only be demonstrated following cell swelling. After
observing a lag phase of activation following cell swelling, Michael Jennings proposed in
1990 a two-state kinetic model, where KCC is inactivated by the action of a protein kinase
and activated by the action of a phosphatase (Jennings & al-Rohil, 1990). The model and the
data indicated that cell swelling inhibited a kinase with no effect on the conjugate
phosphatase thereby resulting in an increase in the rate of dephosphorylation concurrent
with a decrease in the rate of phosphorylation (Figure 9). While we always assume that
swelling is the factor that leads to KCC activation (because we utilize this manipulation to
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activate the transporter), any physiological factor that decreases transporter phosphorylation
or increases transporter de-phosphorylation will lead to an active K-CI cotransporter.

A role for KCC3 in cell volume maintenance of peripheral nerve fibers was evidenced by
genetic disruptions of the human SLC12A6 gene. Loss of function mutations in the gene are
found in a few sporadic families throughout the world (Uyanik, et al., 2006) as well as in
many Canadian families living in two regions around Quebec City (Howard, et al., 2002).
Axonal swelling was found in KCC3-deficient patients (Auer, et al., 2016; Dupré, et al.,
2003), consistent with this cotransporter isoform playing a role in regulatory volume
decrease. Analysis of peripheral nerves in a knockout mouse model also found significant
swelling of peripheral nerve fibers (Byun & Delpire, 2007). Interestingly, a single individual
that carries a gain of function mutation in KCC3 was also identified (Kahle, et al., 2016).
The mutated residue (Thr991) is one of the two key threonine (Thr991 and Thr1048),
involved in shutting off KCC3 function (Figure 9). Mutation of Thr991 into an alanine
prevents phosphorylation of the residue, leading to a constitutively active transporter
(Rinehart, et al., 2009). Our laboratory also created a KCC3-T991A knock-in mouse (Kahle,
et al., 2016) and demonstrated the shrinkage of peripheral nerve fibers (Flores, Schornack &
Delpire, 2018). Thus, when KCC3 function is abolished the nerve fibers are swollen, and
when KCC3 function is enhanced, the nerve fibers are shrunken. These data clearly establish
a key role for KCC3 in cell volume maintenance.

There are two recently published cell volume experiments that provide puzzling data worth
discussing in this section. A 2015 paper reported the behavior of HEK293 cells
overexpressing a human KCC3a T991A-T1048A double mutant protein (Adragna, et al.,
2015). Cell volume was measured using a well-established microscopic method based on
fluorescent dye dilution (Blanco, Mérquez & Alvarez-Leefmans, 2013; Lenart, Kintner,
Shull & Sun, 2004). When wild-type HEK?293 cells were exposed to a large 150 mOsM/Kg
water osmotic shock, the cells increased their volume 3-4 times, then recovered their
volume with a slope of 12% cell water volume recovery per min. When HEK293 cells
overexpressing KCC3-T991A-T1048A were exposed to the same hypotonic shock, cell
swelling was significantly attenuated (up to 2-fold) and the rate of recovery was also
dampened (4% recovery/min). The authors did not attempt to decrease the extent of the
osmotic shock to match the swelling. Such an experiment would have determined if the rate
of regulatory volume decrease would have matched that of the mutant cells. The significant
reduction in peak swelling observed in the KCC3-T991A-T1048A expressing cells was
totally unexpected. Because the cells might have changed their phenotype (e.g. attachment to
substrate), furosemide was also added to inhibit the overactive cotransporter. When treated
acutely with furosemide, the cells expressing the constitutively active transporter showed
significantly increased swelling (3-fold) followed by minimal cell volume recovery. Note
that native HEK293 cells treated with furosemide also showed a small increase in peak
swelling. These data clearly indicated that the activity of the transporter was responsible in
preventing cell swelling.

Note that the data presented in that paper did not comply with the van’t Hoff relationship. If
the osmotically inactive volume of the cells is negligible (or equal to zero), the van’t Hoff
relationship passes through the graph origin (X =0 and Y = 0), and at best, a 300 mOsM to
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150 mOsM (2 fold) osmotic shock should lead to a 2 fold increase in cell volume. Why was
a 4-fold increase in cell volume, measured with wild-type HEK293 cells? This error could
be related to the methodology that overestimated the changes in cell volume. Irrespective of
this discrepancy with the van’ Hoff relationship, the fact remains that cells overexpressing
the mutant KCC3 did not swell as much as wild-type cells. This could only be explained by
cells dumping K*, CI~, and water during the swelling phase. In contrast to a wild-type
transporter which demonstrates a lag-phase of activation upon swelling (see above), the
mutant transporter is already fully active when the swelling occurs. The data therefore
suggest that with an active KCC3 transporter, the membrane can no longer be regarded as
semi-permeable, i.e. far more permeable to water than solutes.

This unusual behavior was also observed with human fibroblasts isolated from the patient
carrying the single T991A mutation in KCC3 (Kahle, et al., 2016). Fibroblasts from the
patient as well as control human fibroblasts were exposed to the same hypotonic shock and
cell volume was measured using the same methodology. In fact, the experiments were
performed in the same laboratory. Wild-type fibroblasts increased their volume by 2.5 fold,
whereas the patient fibroblasts swelled only marginally (Kahle, et al., 2016). No regulatory
volume decrease was observed in the wild-type cells.

Along with red blood cells and peripheral nerve fibers, KCC has been implicated in cell
volume regulation in mouse sperm (Klein, Cooper & Yeung, 2006), and glial cells (Ringel &
Plesnila, 2008). Interestingly, as with nerve fibers, specific inhibition of KCCs caused glial
cell swelling under isotonic conditions indicating that either the cotransporter is active in
vivo under isotonic conditions, or that the cotransporter responds to small increases in cell
volume. Cell volume increase could be due to Donnan forces (see above) or to cell transport
activities that leads to small water intake and swelling. In this regard, a study published in
1986 provides evidence that cells can maintain their volume constant under anisosmotic
conditions provided that the changes in osmolarities are slow and gradual. Indeed, Lohr and
Grantham exposed kidney tubules to a solution with an osmolarity that changed from 293
mOsM/Kg to 110 mOsM/Kg at a rate of 1.5 mOsM decrease per min. They observe no
changes in cell volume over a large range of osmolarities (293 — 170 mOsM) (Lohr &
Grantham, 1986). They named the portion of the study in which cell volume did not change
as the osmolality decreased as the isovolumetric regulation phase (Lohr & Grantham, 1986).
They determined that cells that did remain isovolumetric during a 100 mOsM change had
lost significant amount of osmolytes, as these cells shrank abruptly when re-exposed to
isosmotic conditions. A similar isovolumetric behavior was also observed in the direction of
increased osmolarities.

3.2.3. Cell Response to Hypertonicity

A. Short term — Regulatory Volume Increase: When cells are exposed to a hypertonic
solution, they first lose water to equilibrate internal and external osmotic pressures (Figure
10A). Following this initial cell volume reduction, some cells undergo a regulatory volume
increase process (called RVI) to restore their volume, while other cells do not volume
regulate and remain shrunken (Figure 10B, Box 5). Several transport mechanisms, that
include the Na*/H* exchanger and the Na-K-2Cl cotransporter, have been implicated in RVI.
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If the cells remain in the hypertonic environment, they will adapt by accumulating organic
osmolytes. This will be covered in more detail in the long-term accumulation of organic
osmolytes section.

The Na*/H* and CI"/HCO3~ exchangers: When Amphiuma red blood cells are transferred
from a 245 mOsM isosmotic saline to a 320 mOsM hypertonic saline, they first shrink, then
undergo regulatory volume increase in response to net cellular uptake of Na* and CI~ (Cala,
1980). The net influx of Na* associated with RV is completely prevented by the addition of
1 mM amiloride (Cala, 1980; Siebens & Kregenow, 1978). Because the accumulation of Na*
is pH-dependent and amiloride-sensitive, a Na*/H* exchanger is involved. Due to the
stimulation of Na* uptake by high HCO3™ medium, it was postulated that Na*/H* exchange
is functionally coupled to CI7/HCO3™ exchange. The net result is accumulation of NaCl and
obligatory water (Cala, 1980). Similar transport systems are activated by hypertonicity if
dog red blood cells (Parker, 1983), Necturus gallbladder (Ericson & Spring, 1982) and
human lymphocytes (Grinstein, Clarke & Rothstein, 1983). In Amphiuma red blood cells,
the accumulation of Na™ triggers the exchange of some of that Na* with K* through
activation of the Na*/K*-ATPase. This phenomenon is prevented by the application of
ouabain, while the overall amount of Na* p/us K* that enters during RV1 is ouabain-
independent (Siebens & Kregenow, 1985).

The Na-K-2ClI cotransporter: Na-K-2Cl cotransport was functionally defined by Peter Geck
in a landmark 1980 paper (Geck, Pietrzyk, Burckhardt, Pfeiffer & Heinz, 1980). The
molecular identification was done 14 years later with the cloning of a kidney-specific
isoform, NKCC2 (Gamba, et al., 1994; Igarashi, Vanden Heuvel, Payne & Forbush, 1995;
Payne & Forbush, 1994), and a more widely-distributed isoform, NKCC1 (Delpire,
Rauchman, Beier, Hebert & Gullans, 1994; Payne, et al., 1995; Xu, et al., 1994). The Na-
K-2ClI cotransporters are integral transmembrane proteins activated (in opposition to K-Cl
cotransporters) by phosphorylation and inactivated by dephosphorylation (Lytle & Forbush,
1992; Palfrey & Pewitt, 1993). Several key regulatory phospho-residues are located in the
cytosolic N-terminal of the cotransporter (Darman & Forbush, 2002; Flemmer, Gimenez,
Dowd, Darman & Forbush, 2002; Gimenez & Forbush, 2005). The two Ste20p-kinases,
SPAK and OSR1, which constitute the germinal center kinase 6 subfamily, were identified
as the kinases that bind and phosphorylate the cotransporter (Gagnon & Delpire, 2010;
Gagnon, England & Delpire, 2007; Piechotta, Lu & Delpire, 2002). These terminal kinases
are themselves under the control of upstream kinases, such as WNKs (Gagnon, England &
Delpire, 2006; Moriguchi, et al., 2005; Piechotta, Garbarini, England & Delpire, 2003;
Vitari, Deak, Morrice & Alessi, 2005).

Cells that fail to undergo RVI typically do express the Na-K-2Cl cotransporter, but the
mechanism is functionally silent. This is evidenced by the ability of these cells to
demonstrate RV after they have been first exposed to hypotonicity and allowed to volume
regulate, and then returned to the isosmatic solution (Grinstein, Clarke & Rothstein, 1983;
Grinstein, Rothstein, Sarkadi & Gelfand, 1984; Hoffmann, Sjoholm & Simonsen, 1983).
This secondary RV1 is now possible because of the loss of CI™ that occurred during the
RVD, allowing the activation of NKCCL1 by the shrinkage induced by the return to the
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isosmotic solution (Figure 10). Alternatively, the rate of RVI greatly increased in simian
eccrine clear cells exposed to a hypertonic solution when cells are co-treated with forskolin
(Toyomoto, Knutsen, Soos & Sato, 1997) (Figure 11). This observation can be simply
explained by forskolin inducing the opening of CI~ channels (such as CFTR), the loss of
intracellular CI7, and the activation of the WNK-SPAK signaling cascade, leading to
stimulation of the Na-K-2Cl cotransport, and ultimately cell volume recovery (Figure 11C).
The reverse situation is also true. When eccrine cells were returned to isosmoticity after a
hypotonic challenge, they readily underwent secondary RVI. This regulatory volume phase
was inhibited with co-treatment with phorbol ester 12-O-Tetradecanoylphorbol-13-acetate
(TPA) which activates protein kinase C and inhibits NKCC1 (Figure 11B)(Toyomoto,
Knutsen, Soos & Sato, 1997).

The Na-K-2Cl cotransporter is often cited as a mechanism for regulatory volume increase
(Hoffmann, Lambert & Pedersen, 2009; Hoffmann & Simonsen, 1989) and indeed, its
activity seems to be activated by hypertonicity. It is, however, important to note that the
transporter in some conditions mediates K*/K* exchange instead of Na-K-2Cl cotransport
(Canessa, Brugnara, Cusi & Tosteson, 1986; Gagnon & Delpire, 2010; Haas, Starke &
McManus, 1984; Lauf, et al., 1987; Orlov, Tremblay & Hamet, 1996). This is important
because the preferred method to assay “cotransporter” function is unidirectional rubidium
(Rb*) uptake, where cold (8°Rb) or radiolabeled (6Rb) rubidium is used as a tracer for K*
movement. Many studies have demonstrated activation of Rb* influx under hypertonicity.
This is the case for vascular endothelial cells (Klein & O’Neill, 1995; O’Donnell, Martinez
& Sun, 1995), guinea pig jenual villus cells (MacLeod & Hamilton, 1990), HeLa cells
(Ikehara, Yamaguschi, Hosokawa & Miyamoto, 1993), turkey erythrocytes (Ueberschér &
Bakker-Grunwald, 1985), duck red blood cells (Lytle, 1998), rat vascular smooth muscle
cells (Orlov, Tremblay & Hamet, 1996), and osteoblasts (Whisenant, Zhang, Khademazad,
Loessberg & Muallem, 1991). Whether increased 8Rb uptake signifies in all cases
activation of Na-K-2Cl cotransport is unclear. When NKCC1 mediates Na-K-2Cl
cotransport, unidirectional K* uptake is proportional to the uptake of one Na* and 2 CI~
ions. The entry of ions is followed by obligatory water movement. If, however, NKCC1
functions in K*/K* exchange mode, the unidirectional movement of K* is not accompanied
by the movement of Na*, CI~, and obligatory water. In Xenopus laevis oocytes over-
expressing mouse NKCC1 and subjected to hypertonicity, the protein functions
preferentially in K*/K* exchange mode with no net water movement (Delpire & Gagnon,
2011; Gagnon & Delpire, 2010).

While shrinkage itself tends to increase the concentration of ions inside the cells, when cells
undergo RVI, they also accumulate salt and water. Because salts are “toxic” to proteins
(Arakawa & Timasheff, 1982; Arakawa & Timasheff, 1982; Gekko & Timasheff, 1981;
Gekko & Timasheff, 1981), long-term adaptation to high osmolality conditions involves
accumulation of organic osmolytes and replacement of high intracellular salts by such
neutral compounds.

B. Long term — Accumulation of organic osmolytes: Early studies examining the inner
medulla of the kidney demonstrated that mammalian cells accumulate osmolytes when
exposed to hypertonic environments. These studies demonstrated that cells which live in a
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high urea environment accumulate organic osmolytes like trimethylamine (Balaban &
Knepper, 1983), glycerylphosphorylcholine and inositol (Bagnasco, Balaban, Fales, Yang &
Burg, 1986), sorbitol (Bagnasco, Uchida, Balaban, Kador & Burg, 1987), and amino acids
(Law & Turner, 1987). High urea and salts environments perturb the structure of proteins
(Arakawa & Timasheff, 1982) and accumulation of organic osmolytes not only allow for
respective decrease in intracellular ions, but also for the protection of proteins from
denaturation (Arakawa & Timasheff, 1982; Arakawa & Timasheff, 1985; Gekko &
Timasheff, 1981; Gekko & Timasheff, 1981). Amino acids also stabilize chromatin from salt
denaturation (Buche, et al., 1989). Accumulation of organic osmolytes is the result of uptake
through membrane transport mechanisms (e.g. myo-inositol, betaine transporters) as well as
synthesis (e.g. sorbitol). Transporters and enzymes are up-regulated at the transcriptional
level by hypertonicity, due to the presence of a tonicity-responsive element (TonE) in the
promoter of these genes (Ferraris & Burg, 2006; Takenaka, Preston, Kwon & Handler,
1994).

The demonstration that marine organisms accumulate organic osmolytes was first made at
the end of the 19t century by Leon Fredericq (1851-1935) at the University of Liége,
Belgium, and expanded by work from distinguished physiologists/biochemists such as
Marcel Florquin (1900-1979), Ernest Schoffeniels (1927-1992), and Raymond Gilles
(1940-2018). The latter 3 individuals spent summers working in marine biology stations
both in France (Roscoff and Concarneau in Brittany) and in the United States (Hopkins
Marine Biology station in Pacific Grove, CA, and Duke marine biology station in Beaufort,
NC). In several seminal papers, they demonstrated that in euryhaline species, or species that
are able to adapt to a wide range of salinities, organic osmolytes represent a very sizable
portion of the intracellular osmolarity (Gilles, 1979; Gilles, 1987; Gilles & Delpire, 1997).
For example, in the muscle of sea water acclimated Callinectes sapidus, amino acids account
to 70% of the intracellular osmolality (Gilles, 1979). | (first author) was extremely fortunate
to have been taught biochemistry and physiology by Ernest Schoffeniels and Raymond
Gilles, respectively. I also completed my graduate work under the mentorship of Raymond
Gilles. While I made my career in the United States, | do feel privileged to belong to this
lineage of renowned Liége physiologists.
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Box 1.

Donnan Equilibrium for scenario 1 of Figure 3

(6F), =0 or F=RT[énlog(Na" /Na",)+snlog(K"/K",)|=0 {1}

This translates to the Donnan equilibrium relationship of Na+1/ Na+2 :K+1/ K+2 {2}

If we apply this equation to the newly formed equilibrium, we obtain (c1 — x)/x {3}
= x/(c2 —X)

Or x=clec2/(cl+c2) {4}

Which leads at equilibrium to the concentrations written in Figure 3C.
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Box 2.

Experiment performed by Dutrochet and described on pages 123-124 of his
book.

Je pris in coecum de poulet qui, dans I’état de distenstion, avait 12 millimétres de largeur,
et qui, courbe en arc, avait 10 centimétres de longeur. Je le remplis a peu pres a moitié
avec de I’albumen. Dans cet état, il pesait 58 grains. Le coecum fut plongé dand de I’eau
de pluie... Huit heures et demi apres le commencement de I’expérience, le coecum pesait
130 grains. Il avait gagné 72 grains, et était devenu tres-turgide... Il me fut pleinement
demontré que I’introduction de I’eau dand la cavité organique dépendait entiérement de la
nature du fluide, plus dense que I’eau que contenait cette cavité. Tant que ce fluide
conservait son integrité de composition, I’endosmose avait lieu.

Translation: “I took a chicken caecum which when distended measured 12 mm in
diameter and 10 cm in length. | filled it half with egg white. In this state, it weighed 3.08
g (1 grain = 53.114 mg). The caecum was placed in rain water... Eight and a half hour
after the beginning of the experiment, the caecum weighed 6.9 g. It had gained 3.8 g and
became very turgid... It was fully demonstrated to me that the introduction of water in
the cavity depended on the nature of the fluid, more dense than water existing in this
cavity. As long as this fluid kept its integrity [these experiments had tendency to lead to
putrefaction], endosmosis occurred.”
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Box 3.

Van’Hoff’s cell volume versus osmotic pressure relationship

The Boyle/van’t Hoff law of conservation stipulates that =.v =m,.v, {5}
If we consider that the osmotically active component of a cell does not occupy the entire
volume of a cell, the equation becomes:
n.(v—b)=m,.(vg—b)  where b represents osmotically inactive volume {6}
If we then divide both terms by the initial volume (vg), one obtains the linear
relationship:
vivy=my/n .(VO - b)/VO +blvy {7}
The intercept on the Y axis does not cross 0 but results in a positive value that is

equivalent to b, the osmotically inactive volume. As the osmolarity of the solution
decreases, the volume of the cell increases proportionally (Figure 7A).
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Box 4.

Role of the extracellular space in the relationship between cell volume and

osmolality.
First, we can stipulate in+ out= in’ + out
n =in. mglm’

out=out. tyIt’

From these equations, we can extractmas = = (no .in + 7 .out)/ (in + out)
Dividing both terms of the ratio by out: x = (71:0 .in/out + 71:1)/ (in/out + 1)
Defining a = out/in n=(ny/a+m)/(1/a+1) {10}

Inserting equation 10 into equation 8, we obtain:

viIvy =my/a[(1/a+ 1)/(1/a+ ' /mp)| . (vy = b)/vy+ blv, {11}

where a = extracellular space / intracellular space

{8}

{9}
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Box 5.

Behavior of different cell types when exposed to a hypertonic solution.

Cell Type
Guinea pig jejunal villus cells

Duck red blood cells

Ehrlich Ascites cells

Ehrlich Ascites cells

Amphiuma red blood cells

Human lymphoid cells

Human PBM

RVI - Yes

(MacLeod &
Hamilton, 1990)

(Schmidt &
McManus, 1977)

(Geck & Pfeiffer,
1985)

(Hendil &
Hoffmann, 1974)

(Hoffmann &
Lambert, 1983)

(Cala, 1980)

NKCC-mediated

Yes

Yes

Yes

Yes

No
No

No

RVI - No

(Roti Roti &
Rothstein, 1973)

(Grinstein, Clarke &
Rothstein, 1983)
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A. B.

water intake, including in food

. exhalation
evaporation

in = out

water in feces

We are like bags of sea water walking the surface of the earth

Figure 1. Terrestrial species evolved from creatures that originated in the ocean.
A. As life invaded land, it carried with it some of the ocean water. The drawing was taken

from the Delpire laboratory website at Vanderbilt University Medical center: https://
www.vumec.org/delpire-lab/. B. In humans, and most terrestrial species, water is constantly
lost through perspiration/evaporation from the skin, exhalation from the lungs, urination
from the bladder, and feces from the colon. To maintain water homeostasis (in = out), an
equivalent amount of water needs to be consumed through drinking and food.
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B. Hypovolemia
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Volume
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Figure 2. The kidney nephron is a rheostat for plasma volume.
A, The ultrafiltration of blood into urine that begins in the glomerulus depends upon the wall

pressure of afferent and efferent blood vessels. The rate of filtration at the glomerulus is one
component that defines the amount of CI~ that flows at the macula densa. Macula densa cells
serve as “sensors” of the amount of CI™-containing filtrate that passes along the cortical
thick ascending limb (cTAL). These cells relay information to specialized renin cells located
in the wall of the afferent arteriole to release renin when necessary. B, Low blood volume
(hypovolemia) ultimately results in renin release that acts on the renin-angiotensin-
aldosterone system. Angiotensin Il and aldosterone restore blood volume (and blood
pressure) by affecting Na* and water reabsorption (increased AQP2 insertion) and
constriction of blood vessels.
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Figure 3. Physicochemical system of two compartments separated by a membrane permeable
only to small cations.

A, Starting conditions with c1 and c2 concentrations of NaA and KA salts in their respective
compartments. B, Conditions after salt dissociation and cationic redistribution (impermeant
anions remained in their respective compartments). C, Concentrations obtained after x has
been solved. D, Example of ionic redistribution when starting with a 10-fold gradient

difference between NaA and KA.
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Figure 4. Physicochemical system closer to the situation of a cell.
A, Impermeant anions (A~) were placed in one compartment with K*, NaCl salt was placed

in the other compartment. B, Conditions after salt dissociation and ionic redistribution. C,
Concentrations obtained after x, y, and z have been solved. D, Example of resulting

osmolality differential between the two compartments after ionic redistribution when 150
mM NaCl and KA salts were placed in their respective compartments.
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Figure 5. lon and water transport in choroid plexus.
A, Mouse choroid plexus epithelial cell observed by Differential interference contrast (DIC)

microscopy with white arrows identifying the apical and black arrows identifying the
basolateral membrane, respectively. B, Fluorescent microscopy image of NKCC1 staining of
the same cell using a secondary Cy3-conjugated antibody targeting a primary anti-NKCC1
antibody. C, Overlay of A & B showing presence of NKCC1 in apical membrane. D, Model
of choroid plexus epithelial cell with apical Na*/K*-ATPase (pump) and NKCC1 and
basolateral Na-bicarbonate cotransporter (NBCn) and K* efflux mechanisms (KCC and K*
channels). E, Effect of bumetanide on relative cell volume, as measured by microscopy.
Materials were taken with permission from (Wu, Delpire, Hebert & Strange, 1998).

Curr Top Membr. Author manuscript; available in PMC 2019 August 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Delpire and Gagnon

MCV (um?3)

“b” value (um3/cell)

Page 42

2600

2500

2400 -

2300

2200~

1600 - =]

1500 -

1400

1300 -

1200 - I 1 1 I I | | 1
0O 2 4 6 8 10 12 14
Hours following
synchronization

Figure 6. Cell volume changes with cell cycle phases.
Measurement of mean corpuscular volume (MCV) and osmotically-inactive volume “b” in

synchronized Ehrlich ascites tumor cells maintained in suspension culture during S, G2, and
M phases of the cell cycle. Figure re-drawn (DuPre & Hempling, 1978).
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Figure 7. Relationship between cell volume and osmolarity.
A, Linear relationship of volume ratio divided by osmotic ratio is based on modified ideal

gas law for dilute solutions. Note that the slope is always less than 1 and the intercept on the
Y axis has a positive value “b”. B, Same relationship but considering the ratio of
extracellular versus intracellular space (called “a”). Note that as “a” decreases (or 1/a
increases), the relationship deviates from a linear relationship and volume changes are
minimized or buffered. The insets visually represents cells in an infinite volume (in A)
compared to cells packed in a tissue (in B).

I, /11
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Figure 8. Behavior of mammalian cells exposed to a change in osmolalities from 300 mOsM to
240 mOsM.

A, separation between the osmotic (swelling) phase and the regulatory phase. As water
enters the cell to equilibrate osmotic pressure, the cell swells. The loss of osmolytes such as
K*, CI7, and taurine lead to water loss and cell volume recovery. Note that the inside of the
cell after RVD is at 240 mOsM. B, Example of a cell (PC12 cells) undergoing cell swelling
and regulatory volume decrease upon exposure to hypotonic conditions. Close symbols are
cells exposed to hypotonic conditions, open symbols are cells remaining under isosmotic
conditions. Redrawn from (Delpire, 1989; Delpire, Cornet & Gilles, 1991).
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Figure 9. Diagram showing the two-state model of K-CI cotransport activation/inactivation.

A, A protein phosphatase (PP1) mediates a de-phosphorylation (activation) reaction of

specific threonine residues (T991 & T1048) with a rate constant of ky,, whereas a kinase

(SPAK) mediates the opposite phosphorylation (inhibition) reaction of these same threonine

residues with a different rate constant (ko1). B, Measurement of 86Rb uptake versus time in

rabbit red blood cells illustrates a lag phase occurs in the stimulation of the flux from f/uxg

to fluxy. Water is added at arrow to decrease the medium’s osmolarity. Figure adapted/
redrawn from (Jennings & al-Rohil, 1990).
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Figure 10. Behavior of mammalian cells exposed to changes in osmolality.
A, After the hypotonic (240 mOsM) swelling (2 to 3) and regulatory volume decrease (3 to

4) phases, the cells are re-exposed to isotonic (300 mOsM) conditions. They then lose water
and shrink (5 to 6). This treatment triggers a secondary regulatory volume increase (6 to 7).
B, Example of a cell (PC12 cells) undergoing cell shrinkage with no volume recovery when
exposed to hypertonic conditions. Upon return to isotonic conditions after regulatory volume
decrease, the same cells now demonstrate post-RVD RVI. Redrawn from (Delpire, 1989).
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Figure 11. Intracellular CI” and NKCC1 account for RVI in cells.
A, Behavior of simian eccrine clear cells exposed to hypertonic solution. Minimal RV1 is

observed unless the cells were treated with forskolin (FK) and isoproterenol (isop). B, Post-
RVD RVI is strong in these cells but inhibited by phorbol ester (TPA). Data were redrawn
and modified from (Toyomoto, Knutsen, Soos & Sato, 1997). C, Both RVD and forskolin
through activation of CI~ channels cause a loss of intracellular CI~. Through the activation of
the protein kinases WNK and SPAK, this leads to an active NKCC1, which helps the cells
recover their volume. Under non-stimulated conditions, the high intracellular CI~ prevents
activation of Na-K-2Cl cotransport and the cells remain shrunken.
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