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Abstract

Intestinal electroneutral Na* absorptive processes account for most intestinal Na* absorption in the
period between meals and also for the great majority of the increase in ileal Na* absorption that
occurs post-prandially. In most diarrheal diseases, there is inhibition of neutral NaCl absorption.
Elevated levels of intracellular calcium ([Ca2*];) are known to inhibit NaCl absorption and involve
multiple components of the Ca2* signaling pathway. The BB Na*/H* exchanger NHE3 accounts
for most of the recognized digestive changes in neutral NaCl absorption, as well as most of the
changes in Na* absorption that occur in diarrheal diseases. Previous studies have examined several
aspects of Ca2* regulation of NHE3 activity. These include phosphorylation, protein trafficking
and multi-protein complex formation. In addition, recent studies have demonstrated the role of the
NHERF family of PDZ domain—containing proteins in Ca2* regulation of NHE3 activity, thereby
adding a new level of complexity to understanding Ca2*-dependent inhibition of Na* absorption.
In this article, we will review the current understanding of (1) CaZ* signaling events in intestinal
epithelial cells; (2) Ca?* regulation of intestinal electroneutral sodium absorption, which includes
NHES3; and (3) the role of the NHERF family of PDZ domain—containing proteins in Ca%*
regulation of NHE3 activity. We will also present new data on using advanced imaging showing
rapid BB NHES3 endocytosis in response to elevated [Ca2*];.
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Introduction

The sodium/hydrogen exchanger (NHE) gene family—specifically the NHE3 isoform—is a
part of neutral sodium absorption in the mammalian intestine.! Regulation of NHE3 occurs
during normal digestion and is inhibited in most diarrheal diseases.2 In some diarrheal
diseases, there is both inhibition of neutral NaCl absorption, and stimulation of electrogenic
CI~ secretion. This accounts for the major Gl loss of water and electrolytes in diarrhea.*>
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However, in some inflammatory diarrheal diseases, it appears that only inhibition of Na*
absorption and not stimulation of CI~ secretion occurs.

Intestinal electroneutral Na* absorption is regulated during the postprandial state as part of
the neurohumoral response in digestion.2:3 In vivo and in vitro studies have described the
regulation of Na* absorption in the Gl tract using agonists/antagonists that mimic digestion
as well as the second messengers through which they act.! Cyclic AMP, cGMP and elevated
intracellular calcium [Ca2*];, as well as neurohumoral substances and bacterial toxins that
cause elevation of these second messengers, inhibit neutral NaCl absorption in the ileum and
colon and inhibit NHE3 activity.! cAMP and cGMP also stimulate chloride secretion.
Similarly, elevated levels of free intracellular calcium ([Ca%*];) inhibit NHE3 activity and
stimulate CI~ secretion but do not have the same prolonged time course and magnitude as
cyclic nucleotide-dependent chloride secretion.6=9 Previous studies have demonstrated that
elevated [Ca2*]; inhibits intestinal Na* absorption. However, the cellular and molecular
mechanisms underlying this regulation are only partially defined. This review will discuss
the current understanding of the mechanisms responsible for [CaZ*]; regulation of intestinal
sodium absorption.

Calcium Signaling

One major pathway of calcium signaling involves phospholipase C (PLC)-mediated release
of Ca2* from intracellular stores. Various extracellular stimuli, including hormones, growth
factors, and neurotransmitters, activate receptor tyrosine kinases (RTK), which subsequently
activate PLCs—both PLCPs and PLCy.10-12 Upon activation, PLCs hydrolyze membrane-
bound phosphatidylinositol 4,5-bisphosphate (PIP,), producing two second messengers,
diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3). IP3 induces a transient increase
in [Ca2*]; by releasing Ca2* from intracellular stores, while DAG is an activator of protein
kinase C (PKC).13

In addition to the lipase-dependent functions of PLCy, recent studies have demonstrated that
PLCy exerts lipase-independent functions during Ca2* signaling.14-18 The PLCy lipase-
dependent increase in [Ca2*]; also activates the calmodulin/calmodulin kinase 1l (CaM/
CaMKII) complex, which phosphorylates a wide range of downstream substrates.19-23 An
example of a CaM/CaMKII downstream substrate is cytosolic phospholipase A, (CPLA)).
cPLA, is activated by direct Ca* binding through its C2 domain and phosphorylation at
S515 by CaM/CaMK.24 Upon activation, the C2 domain confers Ca*-dependent
translocation of cPLA, to the plasma membrane where it facilitates arachidonic acid (AA)
release.2>-27

The patterns of temporal and spatial elevation of [Ca2*]; vary, especially in epithelial cells.
For example, in pancreatic acinar cells, hepatocytes, lacrimal glands, and MDCK cells
treated with carbachol (acting via basolateral M3 receptors), there is an initial rise in [Ca2*];
at the apical membrane that precedes gradual increases throughout the remainder of the
cytosol.28-31 These results are consistent with [CaZ*]; studies in intestinal and pancreatic
epithelial cells, demonstrating the presence of high affinity, type 3 IP3 receptors localized
near the apical membrane.32-34 Because receptor-mediated elevation of [Ca2*]; involves
multiple steps, some studies have also focused on understanding signaling events
downstream of elevated [Ca?*]; by utilizing calcium ionophores. In these studies, it is
presumed that elevation of [Ca?*]; occurs more evenly throughout the cell and thus may not
trigger the same intracellular Ca2* signaling events. For example, studies in the intact rabbit
ileum treated with carbachol demonstrated an elevation of [Ca2*];, which inhibited NHE3
activity by 40%.3°:36 Carbachol treatment resulted in a transient increase in [Ca2*]; levels at
the apical membrane which preceded a rise of [Ca2*]; throughout the cytoplasm at later time
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points.2? Carbachol treatment also resulted in a rapid translocation of activated PLCy to the
apical membrane, which was not tyrosine phosphorylated.3’ In contrast, translocation did
not occur when tissue was treated with the calcium ionophore A23187. This suggested that
PLCy translocation is linked to signaling steps initiated via activation of the M3 cholinergic
receptor prior to the increase in [Ca2*];.3” These results illustrate the necessity to define both
apical and basolateral signaling events to understand Ca2* regulation in polarized epithelial
cells.

Intracellular Ca%* Regulation of Intestinal Sodium Absorption

Elevated levels of [Ca2*]; have been shown to inhibit electroneutral sodium absorption in
the intact intestine during normal digestion as well as in pathophysiological
conditions.3:36:38.39 |n animal models of diarrhea, some bacterial pathogens exert their
effects through Ca2* signaling events originating from intracellular stores. Salmonella
typhimurium infection in rats resulted in increased [Ca2*]; and inhibited Na* and CI~
absorption in a PKC-dependent manner.% Additionally, in the rat ileum infected with
Campylobacter jejuni, [Ca2*]; levels were significantly elevated and associated with reduced
Na* absorption, which was also PKC- but not calmodulin-dependent.#! Infection of the
intact rabbit ileum with Shigella dysenteriae type | toxin induced a five-fold increase in
[CaZ*];, which inhibited Na* and CI~ absorption.#2 While previous studies demonstrated that
bacterial pathogens induce Ca?*-mediated inhibition of electroneutral sodium absorption,
the precise mechanisms involved in this regulation were not determined. In human
inflammatory bowel diseases, there is inhibition of NHE3 protein amount.*3 In colonic
biopsies obtained from patients with ulcerative colitis, there was also a significant decrease
in NHE1 and ENaC mRNA and protein expression.** Whether elevated levels of [Ca2*];
contribute to decreased sodium absorption in patients with inflammatory bowel diseases is
not known.

Mechanisms of NHE3 Regulation by Elevated [Ca?*];

Intestinal electroneutral NaCl absorption and BB Na*/H* exchange (e.g., NHE3) are
inhibited by elevation of [Ca?*]; as induced by various physiological and pathological
agonists. In addition to the above examples, these include carbachol (CCH), serotonin (5-
HT), heat-stable E. coli toxin B, and the rotavirus enterotoxin, NSP5.3%:39.45 |n addition,
elevating [Ca2*]; directly with ionophore (e.g., A23187; ionomycin) also inhibits NHE3
activity.*6:47 Acute regulation of NHE3 activity is mediated predominantly by changes in
maximal velocity (V max) of the exchanger.? Such V ax effects can be achieved by rapid
changes either in the number of NHE3 molecules at the cell surface or in the number of
exchange cycles per molecule per second (turnover number), or both. Recent studies have
shown that NHES3 is often regulated by changes in its plasma membrane versus intracellular
location as a result of changes in the rates of endocytosis and/or exocytosis.*8-22 For
example, epidermal growth factor (EGF) or clonidine stimulate NHE3 activity by increasing
the rate of NHE3 exocytosis,>34 whereas activation of PKC by phorbol myristyl acetate
(PMA) inhibits NHE3 activity partly by stimulating NHE3 endocytosis.>%:°> NHES3 traffics
between the plasma membrane and recycling endosomes under basal and regulated
conditions in all cells in which this has been studied.#9:°0:56 Figure 1 demonstrates NHE3
endocytosis in the BB of Caco-2BBe cells treated with 10 uM carbachol as determined by
Total Internal Reflection Fluorescence (TIRF) microscopy. Delivery and removal of BB
NHE3 was observed under basal conditions. However, after addition of carbachol, BB
NHE3 expression was rapidly decreased (<1 min) as BB NHE3-containing vesicles were
endocytosed beyond the depth of the TIRF field (<200 nm) into the cell.
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The role of Ca2* in signal transduction and protein trafficking remains incompletely
understood. Ca?* regulates various steps in the endocytic removal of integral membrane
proteins as well as specific fusion events that take place during exocytic insertion of
intracellular cargo to the plasma membrane. For example, activation of the insulin receptor
results in increased surface expression of the GLUT4 transporter, which involves elevated
[Ca2*];.57:58 A role for Ca2* has been conclusively demonstrated in the late stages of
exocytosis, for instance involving the synaptotagmin family.59.60

Role of PLCy in Ca2* Regulation of NHE3 Activity

Decreased NHES3 activity in the intact rabbit ileum treated with carbachol was associated
with decreased surface expression of NHE3 and increased size of multi-protein NHE3-
containing complexes.®1 Carbachol treatment in the rabbit ileum resulted in increased brush
border levels of DAG and activation of brush border PLD, but not basolateral PLD,
increased BB PLCy amount and activity, as well as PKCa translocation to the BB.3® Since
carbachol both elevates [Ca2*]; levels (apical initially) and translocates activated PKCa. to
the apical membrane, these findings suggested the involvement of PLCy at the apical
membrane. This was especially true because A23187 did not elevate apical PLCy amount/
activity, indicating a link between carbachol activation of basolateral M3 receptors and
increased BB PLCy amount/activity. Until now, it has been presumed that the sole role of
PLCy in NHES3 inhibition was to generate IP3 and DAG through its lipase activity to release
calcium from intracellular stores and activate PKCa, respectively. However, PLCy has also
been shown to exert non-lipase—dependent functions in regulating agonist-induced calcium
entry.14.16-18 p|_Cy regulates trafficking and membrane retention of the Transient Receptor
Potential Channel (TRPC3) by directly binding TRPC3 through its PH-c domain.18 Caraveo
et al. demonstrated that the transcription factor TF1I-1 also binds to the SH2 and PH-c
domains of PLCy to prevent PLCy binding to TRPC3 and thus prevent extracellular calcium
entry.14 In addition to other studies, these results suggest that PLCy mediates the formation
of specific protein—protein interactions through its multiple protein binding domains, which
contribute to the regulation of processes in addition to the lipase activity of PLCy. In terms
of NHE3 regulation, we have recently reported that PLCy directly binds the NHE3 C-
terminus through its C-terminal split PH (PH-c) domain.52

Role of NHERF Family in Ca2* Regulation of NHE3 Activity

Acute regulation by ligands and second messengers of intestinal neutral NaCl absorption,
including NHE3, is now known to depend on the NHERF family of multi-PDZ domain—
containing proteins.1:63 A summary of recent studies involving the NHERF family in acute
regulation of NHE3 activity is detailed in Table 1. The involvement of the NHERF family
has added another level of complexity to the understanding of the post-prandial changes in
Na* absorption and the abnormalities of this process that occur in diarrheal diseases.

Several approaches have been taken to understand the contribution of individual NHERF
proteins to NHE3 regulation. Cell lines lacking endogenous NHERF family members have
been transfected with individual NHERF proteins, and knockout mouse models of individual
NHERFs have been created. Studies performed in the proximal tubule of NHERF1 KO mice
confirmed previous cell line studies suggesting a role for NHERF1 in cAMP-mediated
inhibition of NHE3 activity but indicating, however, no role for NHERF2 that could
compensate. In addition, these studies demonstrated that CAMP regulation via NHERF1 was
tissue-dependent (i.e., NHERF1 was necessary for CAMP inhibition of NHE3 activity in the
renal proximal tubule but not in the distal ileum).54.65 [leal studies with the NHERF2 KO
mouse gave a different picture, with reduced basal NHE3 activity and failure of CAMP,
cGMP and [Ca2*]; to inhibit NHES activity, while colonic studies demonstrated dependence
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on NHERF2 for [Ca2*]; inhibition of NHE3.56 Moreover, studies of the NHERF3/PDZK1
KO mouse demonstrated that while these mice appeared healthy, basal colonic NHE3
activity was significantly reduced and these mice failed to respond to both cAMP and
elevated [Ca2*]; with NHES3 inhibition.67:68 While these studies strongly suggest a role for
NHEREF proteins in NHE3 regulation, the cellular and molecular mechanisms responsible
for NHERF-dependent regulation remain unclear. However, some insights into the role of
NHERF3 and NHERF4 in NHE3 regulation have been recently reported. In Caco-2BBe
cells, shRNA knockdown (KD) of endogenous NHERF3 (by ~60%) significantly reduced
basal NHE3 activity by ~40% and abolished carbachol-mediated NHE3 inhibition (Zachos
et al., unpublished results). Additionally, confocal microscopy illustrated that BB NHE3
expression was significantly reduced in Caco-2BBe cells with NHERF3 KD, suggesting that
NHERF3 anchors NHES3 to the BB of polarized intestinal epithelial cells (Zachos et al.,
unpublished results). In PS120 cells stably expressing NHE3 and NHERF4, elevated [Ca?*];
increased NHE3 activity through stimulated exocytosis via NHERF4 release of NHE3 from
the recycling endosome.59 In addition, studies of NHERF17%:71 and NHERF2 KO'2 mice
have shown changes in expression of other NHERF protein family members, making it
important to identify which NHERF protein accounts for changes in function. Intestinal
studies of NHERF3/PDZK1 KO mice have not yet addressed whether changes in NHE3
regulation could also be due to compensatory changes of the other NHERF proteins.67:68

Previous studies examining acute NHE3 regulation by cAMP, cGMP and elevated [Ca2*];
identified a role for members of the NHERF family in forming NHE3-containing, multi-
protein complexes.83.73 Of these identified regulatory processes, the most complicated
appears to be Ca2* inhibition. In addition to studies described above, cell model studies have
indicated a role for NHERF proteins in NHES3 regulation, including Ca2* inhibition.
NHERF2 and NHERF3 can reconstitute CaZ* inhibition in fibroblasts that lack all
endogenous NHERFs other than a small amount of NHERF1 expression. Mechanistic
studies have suggested that the role of NHERF2 in Ca2* regulation of NHE3 involves the
formation of NHE3-containing complexes that include a-actinin-4 and PKCa46 and dynamic
fixation of NHE3 to the cytoskeleton.”® Recently, we have demonstrated that NHERF3 also
reconstitutes elevated [Ca2*]; inhibition in PS120 cells but in a manner different from
NHERF2, involving dynamic changes in plasma membrane fixation.*” That both NHERF2
and NHERF3 are involved in NHE3 inhibition with elevated [Ca2*]; indicates the
complexity of this regulatory process.

Furthermore, other studies in the rabbit ileum have demonstrated that elevation of [Ca2*];
through activation of the muscarinic receptor (M3R) inhibits electroneutral NaCl absorption
by a PKC-dependent mechanism, with NHE3 being the major transporter involved.3°
Although the role of elevated [Ca2*]; is to inhibit sodium absorption, studies of OK cells
(polarized renal epithelial cell model) treated with lysophosphatidic acid (LPA)
demonstrated increased NHE3 activity and increased plasma membrane NHE3 by a
NHERF2-dependent mechanism that was associated with elevated [Ca?*]; and was calcium-
dependent (prevented by BAP-TAM).”®> The NHERF2-requiring step identified was
activation of PLCP3 (bound to NHERF2) by LPA with a higher and more prolonged
elevated Ca2* response occurring in cells expressing NHERF2. Thus, the results of these
studies provide a precedent for involvement of an NHERF protein in calcium-mediated
stimulation of NHE3 activity under conditions in which proteins required for Ca2* inhibition
of NHE3 activity were absent.

In summary, previous studies have demonstrated that elevated levels of [Ca2*]; inhibit
electroneutral sodium absorption through inhibition of the BB NHE3. Ca2* regulation of
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NHE3 activity occurs through a variety of mechanisms, including protein trafficking,
mobility in the plasma membrane, and multi-protein complex formation as well as
phosphorylation (not of NHE3 but rather of the endocytic machinery). While eukaryotic
cells possess multiple pathways that carry out specific biological events in response to
elevated [Ca2*];, recent studies of NHE3 regulation by the NHERF family of PDZ domain—
containing proteins have added an additional level of complexity to understanding Ca?* of
NHES3 activity. Moreover, emerging evidence of previously undiscovered functions of Ca*
signaling proteins (e.g., PLCy) may provide new insights into the mechanisms responsible
for inhibition of sodium absorption by elevated [Ca2*]; in diarrheal diseases as well as
offering new strategies by which to develop potential therapeutic agents.
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CCH + 1min

CCH + 5min

Figure 1.

Total Internal Reflection Fluorescence (TIRF) of 3HA-NHE3 in Caco-2BBe cells treated
with 10 pM carbachol (CCH). Caco2-BBe cells were grown on Anapore filters until 8 days
post-confluency and infected with an adenovirus 3HA-NHE3 construct. After two days,
cells were cooled at 4°C for 30 minutes and incubated with anti-HA AlexaFluor 488 primary
antibody (1:100 dilution) in serum-free media for 3 hours. Cells were washed with ice-cold
PBS before filter transfer to a 3 cm glass-bottom (0.17 mm) Petri dish containing pre-
warmed (37°C) sodium-free buffer. NHE3 trafficking was observed on an Olympus
microscope using a 100x oil (1.45 NA) TIRF objective. Caco2-BBe cells were excited with
a 488 nm argon laser in 400 ms pulses and images were captured every second using a high-
resolution CCD camera (Hammamatsu). Time = 0 indicates image captured 1 minute prior
to addition of CCH. Remaining images demonstrate NHES3 trafficking at 1, 2 and 5 minutes
after CCH treatment. Inserts illustrate BB NHE3 from untreated cells at the same time
points, demonstrating lack of photobleaching.

Ann N'Y Acad Sci. Author manuscript; available in PMC 2011 June 15.



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

wduosnue Joyiny vd-HIN

Zachos et al.

TABLE 1
Role of the NHERF Proteins in Acute Regulation of NHE3 Activity by Second Messengers

2nd Messenger NHERF1 NHERF2 NHERF3 NHERF4
cAMP Yes Yes No No
cGMP No Yes No No
t[Ca?*]; No Yes (inhibit)  Yes (inhibit)  Yes (stimulate)
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Studies in cell culture models and mouse KO models have demonstrated differing roles for each NHERF protein in second-messenger regulation of
NHES3 activity. Although NHERF2-4 reconstitute elevated [Ca2+]i regulation of NHE3, NHERF4 is associated with stimulated NHE3 activity,

while NHERF2 and NHERF3 are associated with NHE3 inhibition. However, NHERF2 and NHERF3 inhibit NHE3 activity by different

mechanisms. NHERF2 is involved in NHE3 complex formation and endocytosis while NHERF3 appears to anchor NHE3 in the BB under basal

conditions and releases NHE3 after elevated [Ca2+]i.
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