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Lysosomes serve multiple degradative functions that are
potentiated by a profound luminal acid pH generated
by an electrogenic proton pump. This proton transport
requires charge compensation, and chloride has long
been assumed to be the primary counter ion. In this
Journal Club, we review the recent conflicting litera-
ture surrounding the identity of the putative lyso-
somal chloride counter ion pathway, with a focus on
both CIC-7 and CFTR conductances. We propose that
the discrepant conclusions within the literature can be
largely accounted for by differences in the methodolo-
gies used to assay organellar pH. As part of our analysis,
we include a comparison of techniques used to measure
organellar pH, highlighting their respective strengths
and limitations.

The endocytic pathway is important for multiple pro-
cesses including the regulation, recycling, and degrada-
tion of material from the plasma membrane and other
organelles (Doherty and McMahon, 2009; Sorkin and
von Zastrow, 2009). Lysosomes, the final compartment
in this pathway, contain hydrolases that facilitate the
decomposition of proteins, lipids, and polysaccharides.
These enzymes are active in acidic conditions, requiring
the organelle to maintain an optimal luminal pH be-
tween 4 and 5 (Pillay et al., 2002). Lysosomal acidifica-
tion is achieved by activity of the vacuolar-type ATPase
(V-ATPase), a multi-subunit protein complex that uses
the energy derived from ATP hydrolysis to transport
protons across the lysosomal membrane into the lumen
of the organelle (Forgac, 2007). Because the translo-
cation of protons is rheogenic, it tends to generate an
electrical potential across the membrane that, if left
uncompensated, limits the ability of the V-ATPase to
continue pumping and reach a sufficiently acidic pH.
To alleviate this restraint to proton accumulation, coun-
ter ion pathways involving either the influx of anions
or the efflux of cations, or a combination of both, must
be functioning in conjunction with the V-ATPase to dis-
sipate the development of a restrictive electrical gradi-
ent (Fig. 1).
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The identity of the counter ions involved in lysosomal
acidification remains unclear; however, chloride influx
has been proposed to play a major role in neutralizing
the lumen-positive charge generated by the V-ATPase
(Kornak et al., 2001; Di et al., 2006; Graves et al., 2008;
Deriy et al., 2009). Members of the CLC family of chlo-
ride transporters mediate conductive Cl~ transport in
the endocytic pathway and are therefore attractive pro-
spective counter ion pathways to neutralize the entry of
protons. CIC-3, CIC-4, CIC-5, and CIC-6 are found in
earlier compartments of the endocytic pathway (Jentsch,
2008), whereas CIC-7 localizes to lysosomes (Kornak et al.,
2001). The CFTR, a cAMP-regulated chloride channel,
has similarly been proposed to serve as a counter ion
permeation pathway. Indeed, persistent lung inflamma-
tion associated with cystic fibrosis (CF) has been proposed
to result, in part, from the failure of alveolar macro-
phages expressing mutant CFTR to correctly acidify
their degradative compartments, causing an inability to
resolve infection (Di et al., 2006; Deriy et al., 2009).

Although arole for these chloride transporters in lyso-
somal acidification is both reasonable and appealing,
there are conflicting reports in the literature regarding
the contribution of CIC-7 and CFTR. Here, we will dis-
cuss the results of recent studies addressing this conten-
tious area and propose potential explanations for the
discrepancies, with a focus on the methodology used in
the individual studies to measure organellar pH.

Key results: chloride conductances

and lysosome acidification

Deriy et al. (2009) recently reported that acidification
of lysosomes is impaired in CFTR knockout and mutant
mice, and they suggested that this defect may contrib-
ute to the lung inflammation associated with CF. Phago-
somes play a critical role in the innate immune response
and undergo a similar acidification to lysosomes. Because
of their large size, phagosomes are readily amenable to
microscopic analysis, and their maturation pathway serves
as a model of lysosomal acidification. Deriy et al. (2009)
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examined the role of CFTR in acidification by treating
wild-type mouse alveolar macrophages with the CFTR
inhibitor CFTR;,;-172, while measuring pH by confocal
microscopy using phagocytic targets (yeast particles) la-
beled with a pH-sensitive dye. In their experiments, the
inhibition of CFTR increased the phagosomal pH from
5.75-6.0 to 7.25-7.5. These results argue that CFTR is
important for the acidification of phagosomes. More-
over, the authors reported an acidification defect in lyso-
somes from ¢ftr/~ mice when compared with wild-type
mice (pH 6.91 + 0.05 vs. pH 5.16 + 0.06, respectively).
Remarkably, this difference was observed only in alveo-
lar macrophages, but not in peritoneal macrophages or
blood monocytes from the same mice. Modest acidifica-
tion defects were also observed in lysosomes of alveolar
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lumen

V-ATPase
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conductance
Figure 1. Determinants of lysosomal pH. Lysosomal acidification
is dependent on V-ATPase, a large multimeric enzyme complex
that transforms the energy of ATP hydrolysis into the movement
of protons across the lysosome membrane. Electrogenic proton
transport creates an electrical gradient that must be dissipated
to establish the substantial chemical proton gradient. Electroneu-
trality can be maintained through the parallel influx of anions
alongside protons. CIC-7, a chloride proton antiporter, and CFTR
have been proposed to constitute the counter ion pathways in
the lysosome membrane, as described in the text. The efflux of
cations (C’) through distinct channels or transporters can also
occur. Parallel proton leak pathways (dotted lines) are also known
to exist and require continued V-ATPase activity to maintain a
steady-state pH. Acidification kinetics are also contingent on the
luminal buffering power (not depicted).
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macrophages from mice with the most common CF-
causing mutations found in humans, AF508 (pH 6.11 +
0.06) and G551D (pH 5.91 +0.04). These findings are sup-
ported by previous work from Nelson’s group in alveolar
macrophages (Di et al., 2006) and the work of others in
respiratory epithelial cells (Teichgréber et al., 2008).

These findings, however, are not universally consistent.
A study by Haggie and Verkman (2007) contradicted
these observations and suggested instead that CFTR is
not a significant source of counter ions in lysosomal or
phagosomal acidification. The authors reported no
change in lysosomal or phagosomal acidification between
untreated and CFTR;,;-172—treated J774A.1 cells (amouse
macrophage-like cell line) and primary mouse or human
alveolar macrophages. They also observed no differences
between wild-type and CFTR-deficient (AF508-CFTR)
mouse alveolar macrophages. Other groups corrobo-
rated these observations (Steinberg et al., 2010), and
additional studies by Haggie and Verkman showed that
CFTR is similarly dispensable for lysosomal acidification
in respiratory epithelial cells (Haggie and Verkman,
2009). Jointly, these data argue against CFTR as the
principal contributing counter ion pathway in lysosomal
acidification and indicate that the lung inflammation
that accompanies CF is unlikely to be the result of im-
paired lysosomal acidification in macrophages express-
ing mutant CFTR. This conclusion is diametrically
opposite to that reached by Deriy et al. (2009).

A similar and concurrent conflict exists in the litera-
ture regarding the role of CIC-7 as a putative source of
counter ions in lysosomal acidification. Graves et al.
(2008) described CIC-7 as the primary source of anion
influx in lysosomes and suggested that this pathway is
important for lysosomal acidification. These authors
confirmed that CIC-7, like other endosomal CLC family
members, is an antiporter with 2 C1”/1 H' stoichiome-
try (Picollo and Pusch, 2005; Scheel et al., 2005; Graves
etal., 2008; Neagoe et al., 2010). To examine whether it
plays a role in acidification, they depleted CIC-7 in HeLa
cells using siRNA and then used LysoTracker, a fluoro-
phore that partitions into acidic intracellular compart-
ments where it becomes trapped by protonation, to
assess lysosomal pH. A significant decrease in dye accu-
mulation was observed in cells treated with CIC-7 siRNA
when compared with cells treated with control (scrambled
siRNA-treated or untreated) HeLa cells, arguing that
CIC-7 is necessary for lysosomal acidification.

These results were contested by Jentsch and his col-
leagues, who generated CIC-7—deficientmice (Clen7 /7).
These animals die within 7 wk of birth and display lyso-
somal storage disease, osteopetrosis, and growth retar-
dation (Kornak et al., 2001; Kasper et al., 2005). The
occurrence of lysosomal storage defects suggested ab-
normalities in pH homeostasis and prompted these
authors to measure the lysosomal pH in multiple cell
types. However, no lysosomal acidification defect was
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observed either in vitro or in vivo (Kasper et al., 2005;
Lange et al., 2006; Weinert et al., 2010). Based on the
collected evidence, Jentsch and colleagues concluded
that CIG-7 is therefore not involved in lysosomal acidifi-
cation, and that altered pH is not a factor in the pathol-
ogy of Clen7”/~ mice (Weinert et al., 2010).

Interpretation: methodological considerations

Although the recent output of data addressing lysosome
acidification has been abundant in amount and im-
pressive in quality, it has left the reader with starkly
conflicting results. What accounts for the reported dis-
crepancies? We propose that one possibility lies in the
methodology used to assay organellar pH—the princi-
pal phenotype measured in these studies. In what fol-
lows, we include a comparison of the methods used to

>

assay luminal pH in the different studies, highlighting
their strengths and weaknesses to clarify how technical
limitations of some of these methods may have affected
their key conclusions.

In their study of CIC-7, Graves et al. (2008) used an
acidotropic dye to estimate lysosomal pH. The dye can
traverse biological membranes and accumulate indis-
criminately in acidic intracellular organelles, thereby
providing an indirect and qualitative measurement of
pH. An integrated estimate of the cellular fluorescence
is often reported as a surrogate of lysosomal pH; how-
ever, the detailed relationship between the total fluores-
cence of acidotropic dyes and pH is usually not known
and, importantly, is affected by the size, number, and
nature of the contents of the acidic organelles. Un-
fortunately, Graves et al. (2008) did not provide these
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parameters, making the reported differences difficult
to interpret. It is noteworthy also that their data relied
on seemingly incomplete knockdown of CIC-7 using a
single siRNA, and that the control siRNA used by these
authors induced a significant lysosome alkalinization.

Because of their simplicity, acidotropic dyes represent
an attractive option for qualitative pilot studies. More
precise, quantitative measurements of organellar pH,
however, can be obtained using probes that emit fluo-
rescence in a manner that is dictated by their state of
protonation (Fig. 2 A). A variety of these probes are
available, including conjugates of fluorescein and of its
derivative, Oregon Green. These dyes, commonly used
for pH measurements of endocytic compartments, have
a considerable added advantage: they are amenable to
ratiometric determinations, which are insensitive to
changes in fluorescence introduced by parameters other
than pH, such as focal plane, thickness of the optical
slice, and photobleaching. As weak acids, these pH sen-
sors have an inherent pK, at which their pH sensitivity is
most dynamic. The choice of sensor should thus reflect
the anticipated pH of the compartment under investi-
gation. In the case of the lysosome, an appropriate dye
would optimally have a pK, between 4 and 5, the range
of pH values consistently measured in lysosomes across
the literature (for examples, see Christensen et al., 2002;
Trombetta et al., 2003; Lange et al., 2006; Poét et al.,
2006; Tabeta et al., 2006). Oregon Green and fluores-
cein have pK, values of 4.8 and 6.4, respectively (Fig. 2 B).
Thus, the former is a more appropriate choice for the
lysosome, although reproducible measurements should
be obtainable with fluorescein.

A recent study used epifluorescence ratiometric im-
aging of Oregon Green dextran to assess the contribu-
tion of CIC-7 to lysosomal acidification. Weinert et al.
(2010) used a standard pulse—chase protocol to load
the lysosomal compartment via the physiological endo-
some maturation pathway. By measuring fluorescence
emission at 535 nm after sequential excitation at 488
nm, a pH-sensitive wavelength, and 440 nm, a pH-insen-
sitive wavelength (Fig. 2 A), they calculated a ratio that
is a reliable index of the luminal pH. Such ratiometric
data were then converted to absolute pH levels by gen-
erating calibration curves, such as the one illustrated in
Fig. 2 B, obtained by clamping the pH in situ at desired
values using ionophore-containing solutions. Clearly,
this approach provides a more precise and robust mea-
sure of organellar pH than that obtained with the acido-
tropic fluorophores like LysoTracker. We therefore
regard the recent findings of Jentsch’s group (Weinert
etal., 2010) as being more reliable than those reported
by Graves et al. (2008).

An alternative to single-fluorophore ratiometric im-
aging is the engineered ratiometric pH sensor, where a
pH-sensitive dye is paired with another pH-insensitive
fluorophore such as tetramethylrhodamine (TMR).
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Many laboratories prefer this strategy, as it does not
require additional microscopy hardware to capture flu-
orescence in the pH-insensitive domain of the fluoro-
phore’s excitation or emission spectra. Moreover, the
signal of the reference dye, TMR in the example above,
is strong. Unfortunately, serial acquisitions often used
to obtain temporal profiles of organellar acidification
are susceptible to artifact caused by the differential
bleaching of the two fluorophores: changes in the fluo-
rescence intensity ratio often occur independently of
pH changes, as the signal of one dye is preferentially di-
minished by repeated illumination (Fig. 2 C). In the
case of ratiometric imaging using a single fluorophore,
this risk is obviated (Fig. 2 C). Notably, quantitative in-
tracellular pH measurements represent one case where
the use of epifluorescence imaging is advantageous over
confocal laser scanning, which can produce significant
photobleaching, and is more sensitive to motion artifact
as a result of its inherently thin optical sectioning.
Some of the preceding considerations are relevant to
the conflicting literature regarding the role of CFTR in
lysosomal acidification. Deriy et al. (2009) assayed lyso-
somal acidification using fluorescein as the pH sensor,
normalized against the TMR colabel. Their images were
acquired by laser scanning confocal microscopy. In con-
trast, Haggie and Verkman (2007) relied on wide-field
detection and used Oregon Green, a dye with a more
suitable pK,, as a pH sensor. Although the differences in
methodology used by the two groups are not drastic, we
think the approach of Haggie and Verkman to be more
appropriate and therefore their results to be more con-
vincing than those of Deriy et al. Indeed, other recent
studies have also failed to validate a role for CFTR as the
counter ion pathway in lysosome acidification (Lamothe
and Valvano, 2008; Barriere et al., 2009; Steinberg et al.,
2010), casting doubt on the conclusions of Deriy et al.

Concluding remarks

Itis clear that the interpretation of the conflicting liter-
ature addressing the counter ion pathway for organellar
acidification requires a critical appraisal of the method-
ology used to measure pH. When the most suitable and
stringent methodology is applied, the results suggest that
neither CIC-7 (Weinert et al., 2010) nor CFTR (Haggie
and Verkman, 2007) is essential for lysosomal acidifica-
tion. Moreover, Weinert et al. (2010) found that isolated
lysosomes—purified from wild-type and Clen7 /~ mice
alike—acidified normally in nominally Cl -free buffer.
This rather unexpected result points to the possibility
that a cation counterflux may provide a neutralizing
counter ion instead of, or in addition to, the parallel
transport of chloride (Fig. 1). The latter conclusion was
given credence by experiments where the effects of pH
were measured after the luminal cation concentration
was manipulated; replacement of luminal sodium and
potassium by a large (poorly permeant) organic cation
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reduced the rate at which lysosomes accumulate pro-
tons (Steinberg et al., 2010).

The nature of such cation conductance(s) awaits ex-
plicit identification; however, candidates include en-
dolysosomal calcium channels, such as the mucolipin
members of the transient receptor potential superfam-
ily, as well as the two-pore channels, the source of nico-
tinic acid adenine dinucleotide phosphate-mediated
calcium mobilization (discussed in Scott and Gruenberg,
2011, and references therein). In fact, a recent study
suggests that loss of calcium efflux by mucolipin-3
knockdown results in defective lysosome acidification
(Lelouvier and Puertollano, 2011). It is equally impor-
tant to consider that in order for cations to serve as
acidification counter ions, they must be present in suffi-
cient quantities within the lysosomal lumen (Steinberg
et al., 2010). To this end, lysosomes continuously re-
ceive inorganic cations internalized by fluid-phase endo-
cytosis and delivered through the endosome maturation
program. This cation source does not preclude the ex-
istence of as yet unidentified electroneutral cation
transport systems.

If chloride is not required for acidification, what is
the need for specialized counter ion transporters like
CIC-7? Notably, recent studies suggest that, rather than
supporting the uptake of H', chloride ions may use the
H' gradient to accumulate inside lysosomes at concen-
trations that may exceed that of the cytosol (Jentsch,
2008; Weinert et al., 2010; Scott and Gruenberg, 2011).
What additional physiological roles chloride serves
within the lysosome have yet to be precisely established,
but undoubtedly represent an exciting and active area
of research in intracellular physiology.
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