Am J Physiol Renal Physiol 308: F1317–F1323, 2015.
First published April 15, 2015; doi:10.1152/ajprenal.00030.2015.

Review

Tubular cross talk in acute kidney injury: a story of sense and sensibility
Tarek M. El-Achkar1,2 and Pierre C. Dagher1
1

Indiana University School of Medicine, Indianapolis, Indiana; and 2Roudebush Veterans Affairs Medical Center,
Indianapolis, Indiana
Submitted 28 January 2015; accepted in final form 10 April 2015

acute kidney injury; sepsis; Tamm-Horsfall protein; tubular cross talk; uromodulin

THE KIDNEY IS A HIGHLY COMPLEX organ formed by heterogeneous
populations of cells (5, 30). It is composed of functional
filtering units called nephrons. Each nephron is composed of
various types of tubular epithelial cells, often divided into
segments, based on morphology and localization within the
kidney (proximal tubules, thin descending and ascending loops
of Henle, thick ascending limb of Henle, distal tubule, and
collecting ducts) (5, 30). Major advances in understanding the
physiological role of each tubular segment within the nephron
have occurred in the last few decades (5). However, our
understanding of the complex cell-to-cell interactions in the
heterogeneous kidney milieu in vivo remains at a very early
stage. Furthermore, under injurious conditions, as occurs in
ischemic or septic acute kidney injury (AKI), various tubular
segments react differentially and exhibit a wide spectrum of
responses and pathology (4, 61). As we will discuss, the
response and fate of a specific cell type during AKI can depend
significantly on signaling from other tubular segments (16, 18,
22, 25, 31, 57). Therefore, the collective response of the kidney
to specific stimuli in health and disease may depend on the role
of each type of cells in the context of a complex network of
interactions. Fortunately, newer advances in technology, such
as two-photon live imaging and laser microdissection are
enabling researchers to observe and dissect events at the
cellular level in vivo (12, 14, 32, 45). In this review, we will
“zoom-in” on the kidney to understand events at the cellular
level and uncover how signaling between neighboring tubules
can shape the response of the whole kidney and possibly
impact distant organs (Fig. 1A). While the models discussed
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below are based on published data by the authors and other
groups, some generalizations do represent the opinion of the
authors.
Definition and Types of Cross Talk in the Kidney
Cross talk can be defined as a regulatory interaction between
specific cell types that typically involves mediators such as
cytokines, chemokines, growth factors, or hormone-like substances (22, 46, 57). Various types of cross talk potentially
exist in the kidney. For the tubular epithelium, cross talk can
occur between various tubular segments (16, 31, 37) or could
engage other types of cells such as endothelial (6, 74) or even
immune resident cells (33, 35, 64, 73). We will focus in this
review on epithelium-to-epithelium tubular cross talk, but urge
the reader to interpret the data in the context of the complex
functioning renal milieu and the wide spectrum of pathological
pathways that are activated in kidney injury (4, 43).
Spatial Relationships Between Tubules That Allow Cross
Talk
The nephron is composed of the glomerulus followed by the
proximal convoluted tubule. This latter segment, also known as
pars convoluta, resides primarily in the cortex. The pars convoluta is frequently divided into an early region called S1 and
a more distal part called S2. The proximal convoluted tubule is
followed by a straight descending segment, the pars recta,
which enters the outer stripe of the outer medulla. It is composed sequentially of late S2 and the S3 segment. This is
followed by the loop of Henle, formed by the thin descending
and ascending limbs, and the thick ascending limb (TAL) (5,
30). The TAL segment spans all the way from the outer border
of the inner medulla up to the cortex near the macula densa
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kidney is an organ composed of numerous functional units or nephrons. Beyond the
filtering glomerulus of each nephron, various tubular segments with distinct
populations of epithelial cells sequentially span the kidney from cortex to medulla.
The highly organized folding of the tubules results in a spatial distribution that
allows intimate contact between various tubular subsegments. This unique arrangement can promote a newly recognized type of horizontal epithelial-to-epithelial
cross talk. In this review, we discuss the importance of this tubular cross talk in
shaping the response of the kidney to acute injury in a sense and sensibility model.
We propose that injury-resistant tubules such as S1 proximal segments and thick
ascending limbs (TAL) can act as “sensors” and thus modulate the responsiveness
or “sensibility” of the S2-S3 proximal segments to injury. We also discuss new
findings that highlight the importance of tubular cross talk in regulating homeostasis and inflammation not only in the kidney, but also systemically.
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area (28). In that area, the epithelium transforms into the distal
convoluted tubule, connecting segment, and cortical collecting
duct. Collecting ducts from various nephrons coalesce into
descending collecting ducts that span again the kidney from
cortex to the papillae.
It is important to notice that the regional distribution of these
various elements marks specific zones within the kidney, as
summarized in Fig. 1B (17). For example, the cortex harbors

Tubular Cross Talk in Sepsis
Kidney injury is frequently seen in sepsis, especially with
Gram-negative bacteria (13, 53, 59, 72). The histology of the
kidney in septic patients reveals a wide spectrum of abnormalities, ranging from minimal changes to widespread cortical foci
of apoptosis, necrosis, and inflammation (65). These cortical
lesions are also observed in various animal models of sepsis
and are a function of the duration and severity of a particular
model (7, 9, 13, 70). The underlying pathophysiological mechanisms are likely multifactorial, but widespread endothelial

Fig. 1. Spatial relationships between tubules that allow cross talk. The cartoon
in A underscores the importance of investigating events at the cellular level to
advance our understanding of the global response of the kidney to various
stimuli. The cartoon in B depicts the various segments of a nephron and
highlights the specific regional distribution of each segment within distinct
renal areas. PT, proximal tubule; TDC, thin descending limb; Thin AL, thin
ascending limb; mTAL and cTAL, medullary and cortical thick ascending
limbs, respectively; DCT, distal convoluted tubule; CCD, cortical collecting
duct; mCD, medullary collecting duct; ImCD, inner medullary collecting duct.
The image in C is an electron micrograph of the kidney outer medulla
(⫻3,000) showing TAL segments contiguous to S2-S3 proximal segments
(arrows), the latter recognized by their typical brush border (BB). Inset:
⫻50,000 magnification showing an area where the basement membranes of
TAL and S3 segments are in direct contact.
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S1-S2 segments, TAL, distal tubules, and collecting ducts. The
outer stripe of the outer medulla, an area exquisitely sensitive
to hypoxic injury, contains S2-S3 segments, TAL, and collecting ducts (17). This precise regional distribution of tubules
allows for specific cross talk between various neighboring
segments under both health and disease conditions. Importantly, this cross talk can in itself determine the location of
pathology following a specific type of injury.
We next discuss the orientation or path of the cross talk
between tubules (47). When we envision a form of communication between tubules, we intuitively think of the luminal
filtrate flowing within the tubules as the most likely vehicle for
vectorial transport of information. This is exemplified by the
juxtaglomerular apparatus, which senses changes in the tonicity of the filtrate distally and reacts accordingly (58). This route
of “vertical” information exchange is probably very important,
especially in maintaining fluid and electrolyte balance. However, there is also mounting evidence to support a “horizontal”
direction of cross talk that occurs between the basolateral
domains of contiguous tubules (16, 18, 31, 37, 47). Indeed, the
proximity of the basolateral domains of some tubules does
allow for such cross talk (5). For example, electron microscopy
of the outer medulla reveals close juxtaposition of the basement membranes of contiguous TAL and S2-S3 segments with
separating distances of ⬍500 nm (Fig. 1C). This intimate
proximity between tubules can allow bidirectional horizontal
flow of information to promote a regulatory cross talk.
In the following sections, we will focus on two forms of
acute kidney injury, sepsis and ischemia-reperfusion, where
tubular cross talk appears to be a key factor in the pathophysiology and response of the kidney to injury. We will explore
common aspects of cross talk in these different models of
injury and propose a unifying model of the overall role of
tubular cross talk in maintaining homeostasis within the kidney
in health and disease.
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Fig. 2. Tubular cross talk in sepsis-induced acute kidney injury (AKI). In A,
intravital 2-photon microscopy reveals that systemically administered fluorescent endotoxin (red) accumulates in S1 tubules via Toll-like receptor 4
(TLR4)-mediated endocytosis. Neighboring S2 segments (but not S1) exhibit
severe oxidative stress (H2DCFDA, green). In B, fluorescence microscopy of
fixed kidneys shows abundant peroxisomes (PMP70, yellow) in S2 segments
(but not S1) under sham conditions. G denotes glomeruli, and green is
FITC-phalloidin staining of actin. In C, S2 segments show reduced peroxisomal staining 4 h after endotoxin injury. The cartoon in D depicts S1 as a
sensor of danger molecules such as endotoxin in the filtrate. S1 then signals S2
through cytokines such as TNF-␣ which act on cognate receptors such as
TNF-␣ receptor 1 (TNFR1) present only on S2. In cases of severe stress, this
signaling causes early peroxisomal damage and oxidative stress.

Tubular Cross Talk in Ischemia-Reperfusion
Ischemia-reperfusion injury (IRI) is a common cause of AKI
(61). In many experimental models, IRI affects predominantly
the outer medulla, as shown in Fig. 3A (4, 61). This is
traditionally ascribed to the relative hypoxia in this area. The
major tubules of interest in this region are S3 segments and
TAL (Fig. 3B) (36). It is frequently observed that S3 segments
are very sensitive to injury, whereas TAL cells are more
resistant, probably through upregulation of cytoprotective
mechanisms (11, 22, 36). Some investigators have previously
proposed that signaling from TAL may be important for repair
of neighboring S3 after injury (Fig. 3B) (22). Several mediators
have been proposed for this reparative signaling but without
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and epithelial oxidative stress seems to play a key role in renal
injury (13, 23, 39).
The driving factors behind renal oxidative stress are traditionally ascribed to systemic proinflammatory cytokines released by innate immune cells upon interaction with bacteria or
endotoxin (20, 59). However, therapies targeting systemic
inflammatory cytokines have failed to improve the outcome of
sepsis or reduce the incidence of AKI (20). Importantly, we
have recently shown that endotoxin-induced renal oxidative
stress occurs even in chimeric mice lacking hematopoietic
Toll-like receptor 4 (TLR4) (31). This suggested that renal
injury in sepsis can occur through direct interactions between
endotoxin and a specific populations of renal cells (14, 24 –26).
Using intravital microscopy, we determined that S1 tubules
are the primary sensors of endotoxin in the kidney (Fig. 2A).
Indeed, we found that systemically administered endotoxin is
freely filtered and taken up nearly exclusively by S1 tubules
through TLR4-dependent endocytosis (14, 26, 31). Unexpectedly, S1 tubules showed no oxidative stress despite a heavy
uptake of endotoxin. Instead, severe oxidative stress was localized exclusively to neighboring S2 and S3 proximal tubular
segments, which exhibited no TLR4-dependent endotoxin uptake (26, 31).
These studies suggested a model in which S1 acts as sensor
for “danger” entities in the filtrate. Indeed, occupying the most
upstream position in the nephron, S1 is ideally suited to
monitor the entering filtrate and communicate information to
downstream and neighboring segments (23–25). To perform
this crucial sentinel function, S1 autoprotects itself from oxidant injury similar to a professional macrophage (31). As such,
it acts as an epithelial macrophage, or “epiphage.” This is
accomplished in part by robust upregulation of antioxidant
molecules such as heme oxygenase 1 and sirtuin 1 (31).
Remarkably, S1 segments also lack peroxisomes. This has
been shown in mice, rats, and humans (30, 31, 68). These
important organelles play a major role in fatty acid oxidation
and can be a significant source of reactive species under
physiological and pathological conditions (31, 69).
In contrast to S1, S2 and S3 segments are rich in peroxisomes and these organelles are damaged early during sepsis
(Fig. 2, B and C). In fact, we have shown that peroxisomes are
damaged hours before any mitochondrial dysfunction occurs
and are therefore a likely source of the observed oxidative
stress (31). Furthermore, S2 and S3 segments (but not S1)
express TNF-␣ receptor-1 (TNFR1) (31). This makes S2 and
S3 segments very susceptible to TNF-␣-mediated peroxisomal
injury and oxidative stress. Because this model is operational
in chimeric mice that lack hematopoietic TLR4 (26, 31),
TNF-␣ (and other signaling molecules) likely originate from
S1 following endotoxin uptake (Fig. 2D).
The model above, while described in the setting of septic
injury, is likely also functional under normal physiological
conditions. That is, S1 communication with other tubular
segments can serve to alert neighboring segments about filtrate
content and composition, allowing them to adjust metabolic
and transport functions as required (23). In turn, basal production of reactive species in S2 and S3 segments could partake of
important signaling functions (21). As such, this epithelial-toepithelial regulatory cross talk could play a major homeostatic
function similar to the well-described tubuloglomerular feedback and glomerulotubular balance.
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definitive experimental support (22). Recent data from our
laboratory strongly support an important role for Tamm-Horsfall protein (THP) as a mediator of tubular cross talk in AKI
(15, 16, 18, 19).
THP, also known as uromodulin (44, 49), is expressed only
in the kidney, and exclusively by cells of TAL segments (18,
52). The primary structure of THP comprises three EGF-like
domains, a central domain rich in cysteine residues, a zona
pellucida domain, and a glycosylphosphatidylinositol (GPI)anchoring site (52, 60). THP expression spans from the inner
stripe of the outer medulla across to the macula densa area and
early distal tubule in the cortex (28, 60). It is frequently used
as a marker for TAL (14). Within the TAL cells, THP is
predominantly sorted toward the apical domain through its GPI
anchor signal, and subsequently cleaved into the urine as one
of the most abundant proteins (52, 60). However, THP can also
be sorted to the basolateral domain, through a yet undetermined mechanism (15, 18, 66). In the rat, Bachman and
colleagues (3) previously showed that the ratio of apical to
basolateral distribution is about 2:1. We observed similar
findings in the mouse, where THP can also be localized to the

interstitial space and around the basolateral domain of proximal S3 segments (15). In fact, beyond the interstitium between
TAL and S3, THP can also be detected in the serum (8, 51, 54,
66). Seminal data from Thornley et al. (66), recently validated
by others (54), showed that both urinary and serum THP are
proportionally correlated with level of kidney function.
THP and early AKI. THP mRNA and protein are significantly reduced at the peak of injury in experimental models of
IRI (Fig. 4A). This has been verified independently by our
laboratory in mice (15, 27) and by others in rats (55–56, 71).
This decrease in THP in IRI is regulated and does not represent
injury-induced synthetic failure. In fact, we and others have
shown a simultaneous increase in other proteins, such as
monocyte chemotactic protein-1 (MCP-1) and TNF-␣, in TAL
segments (27, 56). The limited data available in human AKI
also suggest downregulation of THP during early injury (2, 10,
40). During recovery, THP is significantly upregulated and
overexpressed in the mouse kidney compared with baseline
expression (Fig. 4A) (15). To understand the relevance and
impact of THP “deficiency” on AKI, we performed IRI on
kidneys from THP⫺/⫺ and THP⫹/⫹ mice (16, 19). Remark-

Fig. 4. Role of Tamm-Horsfall protein (THP) in tubular
cross talk during AKI. A: graph summarizing the expression of THP after ischemic injury based on published studies. AKI is a state of THP deficiency observed especially at the peak of injury. Recovery from
AKI is associated with increased expression of THP,
which is needed to suppress inflammatory signaling in
the kidney. B: tubular cross talk model, supporting that
THP is essential in suppressing proinflammatory signaling in neighboring S3 proximal tubules. THP regulates
the expression of CXCL-2 and IL-23, both of which can
stimulate neutrophil influx into the kidney. In addition,
both cytokines are downstream of NF-B, which suggests that THP regulates the activation of NF-B.
AJP-Renal Physiol • doi:10.1152/ajprenal.00030.2015 • www.ajprenal.org
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Fig. 3. Tubular cross talk in acute kidney injury due to
ischemia-reperfusion. A: low-power magnification (⫻4 objective) images of kidney sections stained with periodic
acid-Schiff (PAS) from mice that underwent sham (left) or
renal ischemia-reperfusion injury (IRI; right). Necrotic
proximal tubules can be clearly seen after injury, especially
in the outer stripe of the outer medulla. B: 2 tubular types
(TAL and S3) that are involved in tubular cross talk in the
outer medulla. Cross talk between TAL and S3 is probably
essential in maintaining kidney homeostasis (health). TAL
segments are more resistant to injury compared with S3
segments and can be the source of regenerative factors
important for the reparative process in neighboring injured
S3 segments.
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cisplatin induced apoptosis of TAL, an effect that was blocked
by a FAS ligand inhibitor (37).
THP-Dependent Cross Talk in Neutrophil Homeostasis
Beyond the Kidney
Tubular cross talk in the outer medulla may also have
systemic implications. In fact, it was previously observed that
mice deficient in THP exhibit a systemic inflammatory phenotype, marked by increased levels of several cytokines and
chemokines in the blood (38). We observed recently that
THP⫺/⫺ mice have systemic neutrophilia caused by increased
granulopoiesis in the bone marrow (41). This was caused by
activation of the IL-23/IL-17 axis in the THP⫺/⫺ kidneys. The
IL-23/IL-17 axis is a proinflammatory signaling cascade (1,
29) that starts with the production of IL-23, typically in
immune cells (67), which acts on specialized type of T cells (1,
62, 67) or neutrophils (34) to produce IL-17. IL-17 is a potent
stimulator of other inflammatory cytokines and can induce systemic
granulopoiesis through the production of granulocyte colonystimulating growth factor (1, 29, 62– 63). To determine the
source of IL-23 in THP⫺/⫺ kidneys, we used real-time PCR
on RNA extracted from various cell types in the kidney
(epithelial and immune cells) using laser microdissection and
FACS (41). Surprisingly, we found that S3 tubular segments,
and not renal immune cells, were the source of IL-23. This
suggested that THP regulated the synthesis of IL-23 in proximal tubules, thereby affecting the IL-23/IL-17 axis and systemic granulopoiesis. These findings underscore the importance of tubular cross talk in the outer medulla as a modulator
of systemic granulopoiesis and neutrophil homeostasis.

Fig. 5. Sense and sensibility model of tubular cross talk. S1 and TAL segments
sense kidney stress and are resistant to injury. S1 is a sensor of systemic stress
through monitoring of the filtrate. TAL segments are sensors of endogenous kidney
stress. Both sensors signal to the S2-S3 segments. The S2-S3 segments release
various cytokines that can shape the response of the kidney to injury, but can
also affect distant organs through an effect on granulopoiesis by activating the
IL-23/IL-17 axis. Under physiological stress, this system maintains homeostasis. However, with severe injury, the S2-S3 segments are particularly susceptible to damage, probably due to failure of quenching the increased load of
oxidative stress.
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ably, THP deficiency aggravated AKI and resulted in excessive
neutrophil infiltration after injury. Interestingly, the site of
tubular damage, predominantly cell necrosis, was the S3 segments and not THP-deficient TAL cells, suggesting that THP
deficiency in TAL is sensitizing neighboring S3 segments to
AKI (16). To understand the underlying mechanism of the
increased neutrophil infiltration in THP⫺/⫺ kidneys after
AKI, we studied the expression CXCL2, a potent neutrophil
chemoattractant chemokine also known as macrophage inflammatory protein-2 (MIP-2) (42). In THP deficiency, S3 segments specifically overexpressed MIP-2. Neutralization of this
chemokine in vivo using a specific antibody reduced neutrophil
infiltration and injury in S3 segments and improved kidney
function (16). Taken together, these studies suggest that THP is
an important regulator of MIP-2 expression in S3 segments.
THP and the recovery phase of AKI. As discussed above,
THP is overexpressed in the recovery phase in AKI (15).
Importantly, we observed a significant shift of THP from the
apical domain toward the basolateral domain and in the interstitium around S3 segments. This was verified with confocal
microscopy and immunogold electron microscopy, and confirmed by measuring the increase in THP in the sera of mice
recovering from AKI (15). Functionally, the presence of THP
appears to be essential for halting the progression of the
inflammatory response ensuing after AKI (15). Proinflammatory cytokines/chemokines such as MIP-2, TNF-␣, and MCP-1
remained elevated in THP⫺/⫺ kidneys, thereby delaying recovery (15). The source of these cytokines, as specifically
shown for MCP-1, was still the S3 proximal segments. These
data support an important role for THP in halting S3 inflammatory signaling and ushering in recovery (15, 18).
THP-dependent model of tubular cross talk in AKI. Based on
the data presented above, we proposed a model of tubular cross
talk whereby THP produced in TAL acts as an important
modulator of inflammatory signaling in neighboring S3 segments (Fig. 4B) (16, 18, 25, 41). The relative THP deficiency,
seen in wild-type kidneys, may indeed be part of the pathophysiology of ischemic AKI (27). Whether THP acts directly
on S3 remains to be investigated. However, a direct mode of
action is suggested by the localization of THP on the basolateral domain of S3 segments (15), a site where a putative THP
receptor (scavenger receptor-SRB-1) (50) is expressed and
upregulated after AKI (16). Direct action is also supported by
cell culture models whereby treatment with THP attenuates
inflammatory signaling from proximal tubular cells induced by
endotoxin or hypoxia (El-Achkar TM, unpublished observations). In particular, we found that THP inhibits hypoxia- or
endotoxin-induced transcriptional activation of TNF-␣ and
MCP-1 in human proximal tubular cells (HK-2 cells). Nevertheless, we cannot rule out completely the presence of a
THP-dependent secondary mediator that in turn acts on S3
segments.
We did not include in our discussion other nephrotoxic
models of injury, such as cisplatin nephrotoxicity, which is
known to affect proximal tubules in the outer stripe of the OM
(48). However, it is worth mentioning that Linkermann et al.
(37, 57) used this model to show that S3 tubules can “strike
back” at TAL. Indeed, they showed that injury to S3 segments
can cause apoptosis to neighboring TAL, through a Fas liganddependent mechanism. They validated these observations using a co-culture model, where proximal tubules treated with
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Unifying Model of Tubular Cross Talk: Sense and Sensibility
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Conclusions
We discussed the importance of tubular cross talk between
various tubular epithelial segments in the kidney during AKI.
The available data from models of sepsis and ischemia suggest
that tubular cross talk shapes not only the response of the
kidney but also of the whole organism to acute kidney injury in
a sense and sensibility model; injury-resistant tubules such as
S1 proximal segments and TAL can act as “sensors,” and thus
modulate the responsiveness or “sensibility” of the S2-S3
proximal segments to injury. We propose that this form of
horizontal cross talk between tubules is important in the adaptation of the kidney not only in states of injury but also is likely
operational under normal physiological conditions. A detailed
understanding of the molecular mechanisms involved in this
cross talk has great potential to increase our ability to modulate
kidney function in health and disease.
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