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Abstract Within each nephro-vascular unit, the tubule
returns to the vicinity of its own glomerulus. At this site,
there are specialised tubular cells, the macula densa cells,
which sense changes in tubular fluid composition and
transmit information to the glomerular arterioles resulting in
alterations in glomerular filtration rate and blood flow.
Work over the last few years has characterised the
mechanisms that lead to the detection of changes in luminal
sodium chloride and osmolality by the macula densa cells.
These cells are true “sensor cells” since intracellular ion
concentrations and membrane potential reflect the level of
luminal sodium chloride concentration. An unresolved
question has been the nature of the signalling molecule(s)
released by the macula densa cells. Currently, there is
evidence that macula densa cells produce nitric oxide via
neuronal nitric oxide synthase (nNOS) and prostaglandin
E2 (PGE2) through cyclooxygenase 2 (COX 2)-microsomal
prostaglandin E synthase (mPGES). However, both of these
signalling molecules play a role in modulating or regulating
the macula-tubuloglomerular feedback system. Direct mac-
ula densa signalling appears to involve the release of ATP

across the basolateral membrane through a maxi-anion
channel in response to an increase in luminal sodium
chloride concentration. ATP that is released by macula
densa cells may directly activate P2 receptors on adjacent
mesangial cells and afferent arteriolar smooth muscle cells,
or the ATP may be converted to adenosine. However, the
critical step in signalling would appear to be the regulated
release of ATP across the basolateral membrane of macula
densa cells.
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Introduction

The kidney comprises repeating complex nephro-vascular
units that are responsible for the filtration of blood and the
processing of filtrate into final urine [1]. Once the afferent
arteriole enters Bowman’s capsule it branches to form
glomerular capillaries before coalescing and emerging from
the glomerulus as the efferent arteriole. Filtrate processing
occurs through distinct sequential tubular segments with
differing cellular morphology and functions [2]. The initial
tubular segment is the proximal tubule, the “work horse” of
the nephron. The loop of Henle is the next tubular segment
and it is a complex structure that is responsible for the
concentration-dilution of tubular fluid. One important
characteristic of the loop of Henle is that the thin and thick
ascending limbs are impermeable to water [3]. Since active
salt reabsorption continues in this segment, there is dilution
of tubular fluid such that luminal sodium chloride concen-
tration [NaCl] and osmolality approach values that are
approximately one third of the values found in plasma [4].

Shown in Fig. 1 is the fact that near the end of the loop
of Henle, the tubule comes into contact with its own
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glomerulus. This appears to be an invariant feature of
mammalian nephrons and this complex of tubule and parent
glomerulus is termed the “juxtaglomerular apparatus”
(JGA) [5, 6]. Early morphologists who identified this
unique anatomical relationship also found that the cells
that lie on the side of the tubule that faces the glomerulus
are specialised and they called these cells macula densa
cells, meaning “dense plaque of cells” [1]. The apical
membrane of macula densa cells is exposed to luminal fluid
while the basolateral membranes rest on mesangial cells.
Electron micrographs have revealed that there are extensive
interdigitations between basolateral membranes of macula
densa cells and mesangial cells [7]. In spite of this
specialised area of contact, however, there is no evidence
for the presence of junctional complexes between these two
types of cells [5]. This lack of specialised junctions was one
reason to suspect chemical communication between these
two cell types. Mesangial cells are modified smooth muscle
cells that, in part, play a structural role supporting the
glomerular capillary bed and are also in contact with the
afferent and efferent arterioles [8–10]. These cells do
exhibit gap junctions and connexins and there does appear
to be communication between mesangial cells and also
between mesangial cells and arteriolar segments and other
elements within the JGA. Studies have demonstrated that
electrical and calcium waves can be propagated throughout
the mesangial cell field, arterioles, and even to the
glomerular podocytes [8, 9, 11].

It has long been thought that the macula densa cells
serve as sensor cells detecting changes in the tubular

environment and transmitting signals to the mesangial cells/
glomerular arterioles. One reason for this was simply based
on the anatomical position of these cells located in the latter
part of the nephron and in direct contact with the structure
that is responsible for the filtration of fluid. It was also
realised that glomerular filtration and nephron function
appeared to be somewhat unrelated processes. Thus it made
some sense that there would be a way of maintaining
quality control, or, to put in another way, to synchronise
filtration with the processes of reabsorption, secretion and
excretion [12]. Another reason for suspecting that these
cells were sensor cells was the fact that they are located
very close to the end of the thick ascending limb (TAL).
Before the “modern era” of macula densa research in the
1960s, work by Gottschalk and colleagues had found that
the [NaCl] of the early distal tubule, that segment just
beyond the macula densa, was very low, suggesting that
there was salt transport without concomitant water abstrac-
tion in the TAL [13]. More importantly, the degree of
dilution of tubular fluid was dependent upon the flow rate
through this segment [14]. At low flow rates, luminal fluid
[NaCl] and osmolality were very low, but as flow rate was
elevated there were increases in [NaCl] and osmolality that
approached plasma values. This relationship between flow,
[NaCl] and osmolality at the macula densa provided an
obvious signal that could be detected by macula densa cells.

Tubuloglomerular feedback (TGF)

Using micropuncture, it was possible to determine exper-
imentally the existence of a macula densa feedback
mechanism [14–22]. Termed tubuloglomerular feedback
(TGF), it was demonstrated that artificial elevations in
tubular fluid [NaCl] resulted in decreases in glomerular
filtration rate and glomerular capillary pressure. TGF
responses, therefore, involved transmission of a vasocon-
strictive signal in response to an increase in luminal fluid
[NaCl]. Careful analysis has indicated that the initiation of
TGF responses occurs when luminal fluid [NaCl] is around
10–15 mM and that maximum responses are normally
achieved when luminal fluid [NaCl] reaches 60 mM
[14, 23]. Once the initial characterization of TGF signalling
was accomplished, this led almost immediately to spec-
ulations concerning the nature of the signals that were
transmitted from macula densa cells to the mesangial cell-
glomerular arteriolar complex. This area remained mostly
speculation until the last several years, during which
substantial progress has been made in understanding the
signalling transmission process of TGF.

TGF signalling can be broken down into several
arbitrary steps [14]. First is the mechanism that occurs at
the apical membrane for the detection of tubular fluid and
its constituents. Second is how the macula densa cell

Fig. 1 a Schematic representation of a nephro-vascular unit. The
major nephron segments are identified; PT proximal tubule, LH loop
of Henle, TAL thick ascending limb, and CD collecting duct. b
Relationship between flow rate through the nephron and the sodium
chloride concentration and osmolality of the tubular fluid at the
macula densa
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processes this initial signal. Third is signal or signals that
are produced and elaborated by the macula densa. Fourth is
the target or targets of macula densa signalling. Fifth is the
change in glomerular filtration rate (GFR), which involves
changes in glomerular arteriolar tone, mesangial cell
contraction, and changes in the ultrafiltration coefficient
of the glomerular capillaries. TGF signalling can also lead
to the release of humoral factors such a renin [24–26]
(Fig. 2).

The first step in the signal transmission process is the
detection of some change in the tubular fluid environment.
This process occurs at the apical membrane. Macula densa
cells possess an apically located Na:2Cl:K cotransporter
that is responsible for the majority (∼80%) of the entry of
salt into macula densa cells [15, 27–30]. The apical
membrane also possesses a Na:H exchanger, ROMK
channel, and a Na,K(H)-ATPase [16, 31–37]. These cells
are also permeable to water, at least to some degree, and
possess a very long single cilium [30, 38]. As indicated, in
response to an elevation in filtration rate or an increase in
flow rate through the TAL, there are elevations in luminal
[NaCl] and osmolality. With the rise in luminal salt
concentration there is increased entry of Na, Cl and K into
the macula densa cells. Potassium is recycled across the
apical membrane via ROMK, as in the TAL [33].
Interestingly, macula densa intracellular [Na] and presum-
ably [Cl] track or reflect luminal [NaCl] over a luminal
concentration range from near zero to 60 mM [39]. This
phenomenon does not occur in TAL cells; the fact that the
intracellular salt concentration is a reflection of what is
occurring in the lumen is certainly what would be expected
of a sensor cell that is monitoring the luminal environment.

The entry of chloride into macula densa cells has a
secondary consequence, which is basolateral membrane
depolarization via plasma membrane chloride channels [31].
As will be discussed subsequently, there are several types of
basolateral chloride-permeable pathways, one of which
conducts ATP [40]. However, control of membrane potential
occurs through other chloride channels such as the ClCs
[41, 42]. When luminal [NaCl] is low, macula densa cells are
hyperpolarized; when luminal salt concentration is increased,
there is concentration-dependent membrane depolarization.
Membrane depolarization exactly “tracks” luminal [NaCl]
from very low values up to 60 mM [31]. Macula densa
basolateral membrane potential changes have been suggested
to play an important role in transmission of TGF signalling.
As shown by Garvin and colleagues [43], macula densa
membrane depolarization with high potassium and valino-
mycin can lead to TGF responses. Other work by our
laboratory has shown that in response to normal concomitant
elevations in luminal [NaCl] and osmolality there is cell
shrinkage that occurs because, unlike the cortical TAL cells,
macula densa cells have a finite apical water permeability
[30, 44]. There is also a modest elevation in cytosolic
calcium concentration that occurs with elevated luminal salt
concentration [45], and it has been suggested that changes in
cystosolic calcium concentration may play an important role
in TGF signalling [46, 47].

Thus, these cells exhibit the characteristics of an ideal
sensor cell whose primary function is to monitor the
luminal environment and to then transfer this information
to the effector cells that control the rate of glomerular
filtration. As stated, this process occurs over the range of
very low luminal [NaCl] to around 60 mM; a range that
most likely encompasses variations in luminal [NaCl] under
normal conditions. The long unanswered question has been:
how do macula densa cells transmit information to the
underlying cells? This has been difficult to address
experimentally because of the complex anatomical arrange-
ment of the JGA and the issue of mediator(s) versus
modulators. Over the years, a number of studies have been
conducted to assess the possible role of vasoactive systems
in TGF signalling. These have included thromboxanes,
prostaglandins, angiotensin II, kinins, nitric oxide, etc. [14].
In a number of studies there was an effect, i.e., inhibition or
stimulation of TGF, but there has always been uncertainty
as to the meaning of the results on a least two levels. One is
that these vasoactive systems may simply alter feedback
signal sensitivity; the other is that they may directly affect
smooth muscle cell contractility. In the 1960s it was
proposed that macula densa signalling could be mediated
by angiotensin II [48]. However, this was ruled out when it
was established that increases in luminal fluid [NaCl]
resulted in decreases in renin production and angiotensin
II formation [49, 50]. This is exactly the opposite of what

Fig. 2 A multiphoton confocal image of an isolated perfused JGA
preparation in which both afferent arteriole and thick ascending limb
are perfused. Note the close anatomical association between the
macula densa plaque and the afferent arteriole. Also, the green
fluorescence is quinacrine, which stains acidic vesicles and most likely
represents renin-containing granules
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would be expected of a mediator of TGF, i.e., a decrease
in the formation of a vasoconstrictive hormone, when the
macula densa cells generate a vasoconstrictor signal;
however, angiotensin is a modulator of TGF. A number
of studies have shown that this hormone enhances TGF
signalling and that this may occur by stimulating NaCl
transport at the apical membrane of the macula densa
cells and also sensitising afferent arteriole smooth muscle
cells [51–58]. Thus, although this vasoactive hormone
does not mediate feedback signal transduction, it is
nevertheless involved in the overall process of TGF
signalling.

Modulators of TGF produced by macula densa cells

There is a considerable amount of literature regarding the
role of nitric oxide in the regulation of renal haemody-
namics [59–72]. The involvement of macula densa cells in
nitric oxide-mediated events came with the appreciation
that these cells possess a high level of the neuronal form of
nitric oxide synthase (nNOS) [59]. The presence of nNOS
would presumably result in the macula-densa-mediated
generation of NO, which then might lead to alterations in
TGF signalling. There also appears to be short- and
long-term regulation of the nitric oxide synthase-nitric
oxide pathway, with acute TGF responses being an example
of the former, and changes in dietary salt intake an example
of the latter. We, and others, have taken advantage of
fluorescent probes that have been developed to measure NO
levels. In our studies we monitored extracellular levels of
NO using the fluorescent probe DAF-FM and found that
increases in luminal [NaCl] resulted in the generation of
NO by macula densa cells [63, 73]. Further, we found that
NO inhibited apical Na:2Cl:K cotransporter activity in
macula densa cells. In addition, there was evidence that NO
diffused into the mesangial cell field and that it could
modify mesangial and arteriolar cell function. One interest-
ing aspect of this study was the finding that macula densa
stimulation of NO occurred also at higher luminal [NaCl]
concentrations: between 60 and 150 mM, which suggests
that NaCl transport through the cotransporter is not
involved in the regulation of NO synthesis. It has been
suggested that cell pH may play a role, and clearly macula
densa Na:H exchanger-dependent alkalinization occurs
from very low values of luminal [Na] up to 150 mM [37,
65]. However, the mechanism for nNOS stimulation and
NO generation by macula densa cells is, at the present time,
not entirely clear. We have proposed that NO serves as a
brake or deterrent against excessive TGF-mediated vaso-
constriction. It has been clearly shown that blockade of
nNOS results in augmented feedback responses and that
conditions in which NO is generated reduce TGF-mediated
vasoconstriction [58, 70–72, 74].

Recent studies have also found that macula densa cells
produce prostaglandin E2 in response to changes in the
luminal environment [75, 76]. There is an extensive
literature on the presence of cyclooxygenase 2 (COX-2) in
macula densa cells [62, 77–79]. COX-2, along with
microsomal-associated PGE synthase (mPGES), is
expressed in macula densa cells, although the level of
expression varies with salt intake [80]. Under conditions of
normal to high salt diet, these two enzymes are minimally
expressed, whereas on a low salt diet there is intense
staining, measured by immunofluorescence, of both COX-2
and mPGES in macula densa cells. We used a biosensor
assay (which will be described in more detail in the
following section on ATP release) to determine if macula
densa cells did in fact release PGE2. We were able to
demonstrate that macula densa cells do in fact produce and
release this prostanoid in a manner that is consistent with
enzyme expression. In other words, little PGE2 was
detected from macula densa cells obtained from animals
on a normal or on a high salt diet, whereas in animals that
had been maintained on a low salt diet there was marked
PGE2 release at the basolateral membrane of macula densa
cells. PGE2 release was stimulated by a reduction of
luminal [NaCl] from ∼60 mM to zero. Macula densa
PGE2 release was dependent on a functioning cotransporter
since it was sensitive to furosemide: addition of furosemide
to the lumen mimicked the effect of reducing luminal
[NaCl] to zero. These studies and work by other laborato-
ries suggest that macula densa PGE2 release, like NO, may
play a role in protecting renal haemodynamics under
conditions of a low salt diet or during volume depletion.

ATP as a mediator of TGF

The article by Dr. Inscho in this Special Issue [81]
eloquently discusses the history of and evidence for a role
of ATP in the regulation of renal haemodynamics. The
work of this group, as well as studies from the Navar
Laboratory at Tulane, set the stage for our contributions in
this area [49, 82–88]. It should also be mentioned that
around 1977, Osswald et al. proposed that adenosine played
a role as a mediator of TGF. Thus, even early on, there was
the suggestion that purines were involved in TGF signal-
ling. Osswald’s proposal was based on the fact that salt
reabsorption through the cotransporter, which does not
directly use ATP, requires work and therefore energy
metabolism [89]. It was proposed that elevations in luminal
[NaCl] would result in increased salt reabsorption, which
would then require ATP utilisation and thus formation of
adenosine. The fact that adenosine receptors were known to
exist made this a plausible hypothesis. As will be discussed,
adenosine may be involved in TGF signalling, but with
some modification in the initial hypothesis.
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The suggestion that ATP may serve in TGF came from
studies of autoregulation of GFR and renal blood flow. As
discussed in more detail by Inscho, the kidney is a highly
efficient autoregulatory organ and it is generally accepted
that the TGF mechanism is responsible, at least in part, for
this behaviour [90–93]. Thus, in response to an increase in
blood pressure, there would be a transient elevation in
GFR, leading to increased tubular flow into the proximal
tubule. At the TAL, this increased flow rate would lead to
less salt reabsorption per unit flow rate and a rise in luminal
[NaCl] and in osmolality at the macula densa. This change
in the luminal environment would be sensed by the macula
densa and signals sent to the afferent arteriole, resulting in
vasoconstriction and decreases in GFR and renal blood
flow back to normal. There is certainly a component of
autoregulation that is also due to myogenic behaviour of the
smooth muscle cells; the current discussions in this area of
research deal with the relative contributions of TGF and
myogenic activity to autoregulation [94]. The contribution
of both systems to autoregulation may not be fixed, but
could vary due to changes in physiological conditions or
disease processes.

There has been a convincing body of work that would
suggest that ATP and purinergic receptors are involved in
the process of GFR and blood flow autoregulation. Navar
and colleagues [95–97] used microdialysis of the renal
cortical interstitium to determine the concentration of
nucleotides during autoregulation in response to changes
in renal artery pressure. They found that interstitial ATP
concentration correlated with changes in blood pressure,
while interstitial adenosine concentration did not. Thus,
when blood pressure was elevated renal cortical ATP levels
also increased. A more direct means of assessing the role of
ATP in autoregulatory responses is the in vitro blood-
perfused juxtamedullary nephron preparation. Inscho and
coworkers [49, 82, 87, 88, 91] found that pressure-induced
afferent arteriolar vasoconstriction was attenuated during
pharmacological blockade of P2 receptors with suramin,
PPADS or the more selective blocker NF-279. Desensitisa-
tion of P2 receptors also inhibited pressure-induced
autoregulatory adjustments in afferent arteriolar diameter.
In addition, autoregulatory responses were diminished in a
P2X1 receptor knockout mouse. Thus, there is convincing
evidence for a role of ATP and purinergic receptors in the
process of renal autoregulation (see article by Inscho [81] in
this Special Issue).

These experimental approaches also suggested that TGF-
mediated autoregulatory responses involve ATP. Nishiyama
et al. [98] reported that renal cortical interstitial ATP
concentration increased when distal volume delivery was
elevated with the carbonic anhydrase inhibitor, acetazol-
amide, thereby inducing tubuloglomerular feedback
responses, whereas interstitial ATP concentration was found

to decrease when TGF responses were blocked with
furosemide. In addition, the impaired autoregulatory re-
sponse found in the P2X1 receptor knockout mice was not
affected by manoeuvres that block TGF [88]. These results
suggest that ATP may play a role in the TGF signalling
process.

The ATP-signalling paradigm grew out of the work by
Burnstock [99] through the identification of cell surface
receptors that specifically bound ATP and the finding that
cells release this nucleotide in a regulated or purposeful
manner. In epithelial cells, which are polarised cells,
purinergic receptors have been identified at both apical and
basolateral surfaces [100–102]. In addition, ATP release by
epithelial cells occurs across both membranes, although, in
most confluent monolayers of epithelial cells, ATP release is
greater across the apical membrane. Recent studies have
demonstrated a role for cilia in the regulation of ATP release
from the apical surface [103]. The mechanism for regulated
release of ATP from epithelial cells has remained an
unresolved issue. Certainly there is evidence for exocytosis
of ATP; however, in terms of paracrine signalling there has
been a search for an anion channel that would serve as an
ATP conductive pathway. This has some appeal, since it
would presumably favour a faster on/off transient and could
provide a greater degree of precision regarding the amount of
ATP that was released from the cell per unit time. Several
ATP conductive candidate channels have been proposed,
including CFTR, a nucleic acid channel, connexin hemi-
channels, and the maxi-anion channel [104–106]. It is also
possible that more than one anion conductive pathway could
be permeable to ATP.

Macula densa cells have unique characteristics. The
morphology of these cells is different from other epithelial
cells and there is little resemblance to the surrounding TAL
cells. They appear to have a small cytoplasm to nuclei ratio
and to have an abundance of mitochondria [1, 7]. They have
an interesting pattern of protein expression; one example,
nNOS, has already been mentioned [59]. These cells are
located near the end of the TAL at a site in which luminal
[NaCl] is at a minimum. Thus, under normal physiological
conditions, there may be minimal transport demands on
these cells [29, 32, 33]. The finding that macula densa cells
have a low abundance of Na+,K+-ATPase [107] is consistent
with this notion. In fact we found that these cells use a
Na+,K+(H+)-ATPase at the apical membrane to transport Na
out of the cells [39]. What this suggests—though does not
prove—is that these cells may have a readily available pool
of ATP that could be used for cell-to-cell signalling. As
stated previously, there are luminal [NaCl]-dependent
changes in basolateral membrane potential such that
increases in luminal salt concentration lead to cell depolar-
ization. This is interesting since many channels are mem-
brane voltage-dependent and this provides an attractive
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means of coupling an apical entry event to something that
might regulate a basolateral channel. Also, as shown in
Fig. 3, cytosolic calcium regulation in macula densa cells is
unusual [45, 108]. Basal levels of calcium concentration are
remarkably low compared with those of the surrounding
TAL cells. One idea to explain this low calcium concentra-
tion in macula densa cells is based on the low cytoplasm to
nuclei ratio and the large number of mitochondria. We have
speculated that there is avid uptake of calcium into macula
densa mitochondria and that this is one reason for the low
cytoplasmic calcium concentration. Interestingly, mitochon-
drial ATP synthesis is enhanced by the uptake of calcium
into mitochondria [109]. This further suggests that one of the
primary functions of macula densa cells is to generate a pool
of ATP that can be used for cell signalling. As will be
discussed below, macula densa cells release ATP across the
basolateral membrane. Interestingly, the basolateral mem-
brane of macula densa cells expresses the P2Y2 receptor
[110]. No purinergic receptor activity was detected at the
apical membrane. One speculation for the existence of this
receptor at the basolateral membrane is that upon release of
ATP by macula densa cells, some of the ATP would bind to
the P2Y2 receptors and trigger elevations in macula densa
cells’ cystosolic calcium and thereby stimulate mitochondrial
synthesis of ATP. In this manner these cells could couple
ATP release with ATP synthesis.

The use of patch-clamp techniques in macula densa cells
is difficult. It requires dissection of the surrounding TAL, in
order to expose the macula densa plaque, and an under-
standing the three dimensional orientation of macula densa-
glomerulus to the patch pipette—which is complicated.
Work on the maxi-anion channel in macula densa cells has
involved our group, JY Lapointe (University of Montreal)

and RZ Sabirov and Y Okada (National Institute of
Physiological Sciences, Okakazi, Japan). It involved expo-
sure of the basolateral surface and the successful patching
of this membrane [111].

In a previous work from our laboratory, using micro-
electrodes to record basolateral membrane potentials, we
determined that Cl− channels are the major charge carriers
across the basolateral membrane [31]. Therefore, in our
initial patch-clamp studies we wanted to address the nature
of this Cl− channel conductance. We found evidence for a
relatively small Cl− channel that may be responsible for the
basolateral membrane depolarization seen when intracellu-
lar [Cl−] is elevated as a result of the enhanced entry of
NaCl across the apical membrane. What was interesting to
us was the presence of a large-conductance channel of ∼380
pS in cell-attached patches in the presence of 135 mM NaCl
in the bathing solution. After excision and forming inside-
out patches, channel activity was maintained, and the
single-channel conductance was unchanged. There was a
linear I–V relationship with a reversal potential close to
zero. Interestingly, this channel exhibited voltage-
dependent inactivation at large potentials (>50 mV) under
symmetrical ionic conditions. We found that this was a Cl−-
permeable pathway since the I–V relationship was unaltered
when N-methyl-D-glucamine was substituted for Na+ and
inward currents were reduced and the reversal potential was
shifted to the left when bath [Cl−] was lowered by
substituting with gluconate. The maxi-anion channel was
permeable to large monovalent anions, and previous studies
had found that this channel was permeable to ATP [112]. To
assess whether the macula densa basolateral membrane
channel was ATP-permeable, the intracellular (bath) solu-
tion was changed to 100 mM ATP solution (Fig. 4). At
negative potentials, single-channel activity with inward
current jumps was clearly detected at −50 mV. Since the
only anion present at the intracellular surface of the patch

Fig. 3 Wide-field image of an isolated perfused thick ascending limb.
The glomerulus is not shown because fura-2, the calcium-sensitive
fluorophore, was loaded through the lumen. High levels of cytosolic
calcium are red and yellow, while lower values are green and the
lowest calcium concentrations are in blue. The macula densa cells
have a much lower cytosolic calcium concentration compared to the
surrounding epithelial cells

Fig. 4 Representative trace recorded from an inside-out patch at the
basolateral membrane of a macula densa cell. C and arrow indicate
the closed current level. Current is mediated by a maxi-anion channel
and the downward deflections reflect movement of ATP through the
channel
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(bathing solution) was ATP, then movement of ATP must
be responsible for the inward currents. The permeability
ratio was estimated to be PATP/PCl=0.14. Macula densa
maxi-anion channels were inhibited by 50μM Gd3+,
which is known to block ATP release from other cells
and maxi-anion channels in C127 cells [113, 114]. In the
presence of the Cl− channel blocker, 4-acetamido-4′-
isothiocyanostilbene-2,2′-disulphonic acid (SITS), channel
current was not suppressed, but became noisy, suggesting
a flickery block. Channel activity was not sensitive to
diphenylamine-2-carboxylate (DPC) or 5-nitro-2-(3-
phenylpropylamino) benzoic acid (NPPB), nor was it
sensitive to cytosolic calcium.

Although the physical presence of a channel that
conducts ATP has been firmly established using biophysical
techniques, the molecular nature of this maxi-anion channel
has remained elusive. Based on the biophysical properties
of this channel, it has been suggested that it is a plasma
membrane form of a mitochondrial porin (voltage-
dependent anion channel, VDAC) [112]. This is especially
appealing, since it is well known that this channel trans-
ports ATP across mitochondrial membranes. Also, the size
and certain characteristics of the two channels, such as
voltage inactivation at both positive and negative potentials,
are similar. Unfortunately, as reported by Sabirov et al
[115], deletion of the known VDAC genes in fibroblasts
does not greatly diminish ATP release or the presence of a
large conductive channel. However, it is possible that some
VDAC-like protein, which has yet to be identified, could be
involved in macula densa release of ATP. It is also possible
that proteins such as connexin hemichannels or the nucleic
acid channel [104, 116, 117] could be involved in ATP
release. Thus, the unanswered question at this time is the
molecular identity of this channel and what controls the
opening and closure of this ATP pathway. Current evidence
indicates that it is not a rise in intracellular calcium; rather

this ion may function to promote mitochondrial ATP
synthesis [111]. A likely candidate is membrane depolar-
ization induced by a rise in intracellular chloride and this
would make sense in terms of the overall TGF mechanism.
Further work is needed to clarify the identity and regulation
of this pathway in macula densa cells.

The presence of an ATP-permeable pathway does not,
per se, establish that there is in fact ATP release and,
importantly, that if there is release it occurs in a manner
consistent with TGF signalling. To accomplish this goal, we
used a “biosensor” approach to assess ATP release from
macula densa cells [111]. This involved loading either a

Fig. 5 a Photomicrograph showing the isolated perfused thick
ascending limb-glomerular preparation. The glomerulus has been
partially removed to allow access to the basolateral membrane. A
biosensor (in this case a PC12 cell) is then placed at the basolateral
membrane of these cells. ATP-P2X activity in the biosensor cell is

measured with fura-2 or using whole-cell patch-clamp. Biosensor cell
is pseudo-coloured green for identification. (b) Whole-cell patch-
clamp of the biosensor cell showing the effects of increasing luminal
sodium chloride concentration; these results are consistent with the
activation of a P2X channel

Fig. 6 Schematic representation of the macula densa cell signalling
pathway in which ATP release by the macula densa cells plays a
critical and essential role. Macula densa cells, extra/intraglomerular
mesangial cells and vascular smooth muscle cells of the afferent
arteriole are shown in red, yellow and green, respectively
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PC12 cell or a cultured mesangial cell with fura-2 and then
placing these cells in a chamber mounted on a microscope,
wherein the macula densa-glomerular preparation was
being perfused. The dissection procedure was modified
somewhat to expose the basolateral membrane of these
cells, as shown in Fig. 5. A pipette was then used to place
the biosensor cell next to the basolateral membrane of the
macula densa cells and to measure changes in cytosolic
calcium concentration of the biosensor cell. Remarkably, an
increase in luminal [NaCl] elicited a rapid increase in
cytosolic calcium concentration in either PC12 cells or
mesangial cells. This increase in biosensor calcium concen-
tration could be completely inhibited by the addition of the P2
receptor blocker suramin to the bath. In addition, the release
of ATP by macula densa cells was blocked by the addition of
furosemide, a blocker of Na:2Cl:K cotransport. Finally, we
were able to show stepwise increases in ATP release as
luminal [NaCl] increased incrementally to 60 mM [118]. This
is direct evidence that macula densa cells release ATP in a
manner that is consistent with TGF signalling.

Finally, is it ATP or some metabolite of this nucleotide
that transmits information to the afferent arteriole? This has
been controversial and the reader is referred to the review
of Inscho in this issue [81] for a comprehensive discussion.
There is evidence for a role of ATP conversion to
adenosine, which then leads to arteriolar contraction via
adenosine A1 receptors. There is also evidence that ATP
directly leads to vasoconstriction. We and others have
shown that cultured mesangial cells have P2Y2 receptors
[40, 118, 119]. ATP can induce calcium responses at
concentrations as low as 0.3μM with a half-maximal
concentration of 0.8μM. Based on the biosensor assay, we
calculated that macula densa cells release ATP across the
basolateral membrane, giving rise to a local ATP concen-
tration of as much as 10μM. In addition, mesangial cells do
not respond to adenosine. Thus, the mesangial cells are
located directly adjacent to the macula densa cells, possess
purinergic receptors, have gap junctions and are connected
to other elements within the JGA, including the afferent
arterioles. As shown by Peti-Peterdi [9], there is propaga-
tion of a TGF-mediated calcium wave that occurs through-
out the JGA during TGF that is dependent upon ATP, and
not on adenosine.

When released by macula densa cells, it is clear that ATP
is rapidly degraded by several different forms of nucleoti-
dases to adenosine and other metabolites. In fact, this is a
very important point regarding this paracrine signalling
process, i.e., it has a rapid onset and termination. However,
to the extent that adenosine is involved in TGF, it is
unlikely to be the step that is critical for the control of TGF
signalling. There is little evidence that nucleotidases are
rate-limiting in ATP metabolism [120]. The control point

for macula densa cell signalling most likely resides at the
point of ATP release across the basolateral membrane. For
instance, it is known that TGF responsiveness varies with
dietary salt. As shown by Komlosi et al [9, 118], the
magnitude of ATP release by macula densa cells in
response to luminal [NaCl] varied depending upon whether
the animal had been on a normal or low salt diet. Thus,
under conditions of a low salt diet where TGF responses are
enhanced, macula densa cells release a greater quantity of
ATP for any given level of luminal [NaCl]. This strongly
suggests that the critical step or control point in macula
densa TGF signalling is the release of ATP across the
basolateral membrane of macula densa cells. Figure 6
shows a schematic summary of the TGF pathway.
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