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Abstract
Renal proximal tubular response to acute administration of
a low Pi diet is characterized by a rapid adaptive increase in
apical brush border membrane (BBM) Na-Pi cotransport
activity and Na-Pi cotransporter protein abundance, independent of a change in Na-Pi cotransporter mRNA levels
(Levi, M., M. Lötscher, V. Sorribas, M. Custer, M. Arar, B.
Kaissling, H. Murer, and J. Biber. 1994. Am. J. Physiol. 267:
F900–F908). The purposes of the present study were to determine if the acute adaptive response occurs independent
of de novo protein synthesis, and if microtubules play a role
in the rapid upregulation of the Na-Pi cotransporters at the
apical BBM. We found that inhibition of transcription by
actinomycin D and translation by cycloheximide did not
prevent the rapid adaptive response. In addition, in spite of
a 3.3-fold increase in apical BBM Na-Pi cotransporter protein abundance, there was no change in cortical homogenate
Na-Pi cotransporter protein abundance. Pretreatment with
colchicine, which resulted in almost complete disruption of
the microtubular network, abolished the adaptive increases
in BBM Na-Pi cotransport activity and Na-Pi cotransporter
protein abundance. In contrast, colchicine had no effect on
the rapid downregulation of Na-Pi cotransport in response
to acute administration of a high Pi diet. We conclude that
the rapid adaptive increase in renal proximal tubular apical
BBM Na-Pi cotransport activity and Na-Pi cotransporter
abundance is independent of de novo protein synthesis, and
is mediated by microtubule-dependent translocation of presynthesized Na-Pi cotransporter protein to the apical BBM.
(J. Clin. Invest. 1997. 99:1302–1312.) Key words: Na-Pi
cotransport • transcription • translation • microtubules •
protein trafficking

Introduction
Changes in dietary phosphate (Pi) content have a major regulatory effect on Pi reabsorption in the kidney. Dietary Pi restriction is associated with an adaptive increase of the overall
proximal tubular capacity for Pi uptake through the apical
brush border membrane (BBM)1 (1–5). The adaptive phenomenon also occurs in renal tubular cells grown in culture upon
lowering of the culture media content of Pi (6–8). The increase
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in Pi uptake at the apical membrane in response to the in vivo
or cell culture Pi restriction is mediated by an increase of Vmax
of sodium gradient–dependent phosphate transport (Na-Pi
cotransport).
In a recent study in the rat, we found that in response to
chronic (8-d) dietary Pi restriction the adaptive increase in
BBM Na-Pi cotransport activity was associated with parallel
increases in BBM type II (NaPi-2) Na-Pi cotransport protein
and mRNA abundances (9). These results were in agreement
with previous studies which indicated that adaptation to
chronic Pi restriction can be abolished by inhibitors of transcription and protein synthesis (6, 7, 10). In contrast, we found
out that in response to acute (2 h) dietary Pi restriction the
rapid adaptive increase in BBM Na-Pi cotransport activity was
associated with a parallel increase in BBM Na-Pi cotransport
protein abundance, but no change in Na-Pi mRNA abundance
(9). The results of that study suggested that the acute upregulation of BBM Na-Pi cotransport activity could be mediated by
mechanisms independent of de novo protein synthesis.
The purpose of this study was first to provide further evidence whether the acute adaptive increase in renal proximal
tubular Na-Pi cotransport activity occurs independent of de
novo protein synthesis. Furthermore, in view of recent evidence suggesting an important role for microtubules in the regulation of the trafficking and the activity of a number of channels and transport proteins (11–17), the second purpose of our
study was to determine if microtubules play a role in the rapid
upregulation of Na-Pi cotransport activity in response to acute
administration of a low Pi diet.

Methods
Experimental animals. The experiments were performed with 6–8wk-old male Sprague-Dawley rats. After arrival at the Animal Care
Facility, the animals were first stabilized on a control diet for 5 d, and
they were then placed on high phosphate (1.2% Pi) or low phosphate
(0.1% Pi) diets, which were otherwise identical in their mineral, electrolyte, protein, carbohydrate, fat, and calorie content (Teklad, Madison, WI). The rats were trained to consume their diet between 10:00
a.m. and 12:00 noon each day. By the second day all rats consumed
the amount of diet (16–20 g) which they usually eat during a 24-h period when fed ad libitum. The rats were pair-fed the high or low Pi diets for seven consecutive days.
On the eighth day, the following four groups of rats were studied:
group 1, rats that were chronically fed 1.2% Pi diet and continued on
1.2% Pi diet (chronic high Pi diet); group 2, rats that were chronically
fed 1.2% Pi diet and on the day of the experiment were acutely fed
0.1% Pi diet for 2 h (acute low Pi diet); group 3, rats that were chronically fed 0.1% Pi diet and continued on 0.1% Pi diet (chronic low Pi

1. Abbreviations used in this paper: BBM, brush border membrane;
PCT, proximal convoluted tubule.

diet); and group 4, rats that were chronically fed 0.1% Pi diet and on
the day of the experiment were acutely fed 1.2% Pi diet for 2 h (acute
high Pi diet).
In experiments designed to study the role of transcription and/or
translation in the rapid upregulation of renal phosphate transport in
response to an acute administration of a low Pi diet, the rats were
trained and chronically adapted on a high Pi diet as above. On the
seventh day, 24 h before study the rats were treated with actinomycin
D (0.12 mg/kg body wt, given intraperitoneally), cycloheximide (0.5
mg/kg body wt, given intraperitoneally), or vehicle (saline). On the
eighth day, the rats were then fed either the high Pi (chronic high Pi)
or low Pi (acute low Pi) diets for 2 h and then the rats were killed.
The doses of actinomycin D and cycloheximide used in this study
were identical to doses which have been shown previously to inhibit
transcription and translation, respectively, and to prevent chronic
(3-d) adaptation of BBM Na-Pi cotransport activity in response to a
low Pi diet (10, 18).
In experiments designed to study the role of microtubules in the
regulation of the renal Pi transporter in response to acute alterations
in dietary Pi content, the rats were trained and chronically adapted to
high and low Pi diets as above. On the eighth day, on the day of the
study, 6 h before time of killing, the rats were treated with colchicine,
1.0 mg/kg body wt, dissolved in saline, and administered via intraperitoneal injection (19), or vehicle (saline), and then 2 h before time of
killing they were fed the high or low Pi diets as outlined above. In
preliminary experiments, we demonstrated that this dose of colchicine causes complete disruption of the microtubular network as determined by immunohistochemistry (see Results).
Eight individual rats were studied in each of the experimental
groups for BBM isolation and six individual rats were studied in each
of the experimental groups for immunohistochemistry.
Preparation of BBM vesicles. On the day of the experiment at the
end of the 2-h feeding period, the rats were anesthetized with intraperitoneal administration of pentobarbital, blood was drawn from the
aorta, and the kidneys were rapidly removed. Thin slices were cut at
48C from the superficial cortex and homogenized with a Polytron in a
buffer consisting of (mM): 300 dl-mannitol, 5 EGTA, 0.5 phenylmethylsulfonyl fluoride, and 16 Hepes (pH 7.5 with Tris). BBM were
precipitated from this homogenate by Mg21 precipitation and differential centrifugation as described (5, 20). The final pellet was resuspended in a buffer of 300 mM mannitol, and 16 mM Hepes-Tris, pH
7.5. Purity of BBM preparations was enzymatically assayed as published (5, 20).
Sodium gradient–dependent phosphate transport (Na-Pi cotransport) measurements. Transport measurements were performed in
freshly isolated BBM vesicles, by uptake of 0.1 mM PO4 (a mix of
K2HPO4 plus KH2PO4, pH 7.4), plus K2H32PO4 (DuPont-NEN Research Products, Boston, MA) as a radio tracer (4 Ci/ml uptake medium, 3,000 Ci/mmol), and an inwardly directed sodium gradient (120
mM NaCl) followed by rapid filtration. Uptake was measured at 10 s
which represents initial linear phase of transport.
SDS-PAGE and immunoblotting. Aliquots of cortical homogenate and BBM were denatured for 2 min at 958C in 2% SDS, 10%
glycerol, 0.5 mM EDTA, and 95 mM Tris-HCl, pH 6.8 (final concentrations), and 20 mg cortical homogenate or 5 mg BBM protein per
lane was separated on 10% polyacrylamide gels according to the
method of Laemmli (21) and electrotransferred on nitrocellulose paper (22). After blockage with 5% fat-free milk powder with 1% Triton
X-100 in Tris-buffered saline (20 mM, pH 7.3), Western blots were
performed with antiserum against NaPi-2 (23) at dilution of 1:4,000.
Primary antibody binding was visualized with chemiluminescence
technique (Pierce, Rockford, IL) and quantified by PhosphorImager
(Bio-Rad Laboratories, Richmond, CA). For peptide protection, antigenic peptides were included at a concentration of 100 mg/ml.
Prestained molecular weight marker proteins (Bio-Rad Laboratories) were run in parallel.
Immunohistochemistry. Rats were anesthetized with thiopental
(Pentothal, 100 mg/kg body wt), injected intraperitoneally, and per-

fused retrogradely at a pressure of 1.38 hp through the abdominal
aorta with a fixative of 3% paraformaldehyde and 0.05% picric acid
in a 6:4 mixture of 0.1 M cacodylate buffer (pH 7.4, adjusted to 300
mosmol with sucrose) and 10% hydroxyethyl starch (Pentaspan; DuPont, Wilmington, DE). After 5 min of fixation, the fixative was replaced by perfusion for 5 min with cacodylate buffer.
Slices of fixed kidneys were frozen in liquid propane cooled by
liquid nitrogen onto 0.5-mm-thin corks slices (glue: embedding medium). Sections 3-mm-thick were cut at 2228C in the cryomicrotome,
mounted on chromalum/gelatin-coated glass slides, thawed, and
stored in cold PBS until use.
For NaPi-2/a-tubulin and NaPi-2/actin immunofluorescence staining, sections were pretreated for 10 min with 3% milk powder in PBS
containing 0.3% Triton X-100. They were then covered overnight at
48C with a rabbit anti–rat polyclonal antibody against NaPi-2 protein
(23) at 1:500 dilution, or a mouse monoclonal antibody against a-tubulin (Sigma Chemical Co., St. Louis, MO) at 1:1,000 dilution in PBS/
milk powder. The sections were rinsed three times before incubation
for 1 h at 48C with the secondary antibodies swine anti–rabbit IgG
conjugated to FITC (Dakopatts, Glostrup, Denmark) and goat anti–
mouse IgG conjugated to Cy3™ (Jackson ImmunoResearch, West
Grove, PA) diluted 1:50 and 1:200, respectively, in PBS/milk powder.
Acin filaments were visualized with phalloidin conjugated to
rhodamine (Molecular Probes, Eugene, OR) incubated at a dilution
of 1:100 together with the secondary FITC-conjugated antibodies.
For NaPi-2/Golgi and NaPi-2/lysosome immunofluorescence staining, the sections were covered overnight at 48C with antibody against
NaPi-2 protein at 1:500 dilution (23), a mouse monoclonal antibody
against the Golgi membrane protein 58K (Sigma Chemical Co.) at
1:500 dilution (24–26), or a mouse anti–rat antibody against the lysosomal membrane glycoprotein lgp120 at 1:200 dilution (27–30), in
PBS/milk powder.
After being rinsed with water, the sections were coverslipped using
DAKO-Glycergel (Dakopatts) plus 2.5% 1,4-diazabicyclo{2.2.2}octane (DABCO; Sigma Chemical Co.) as a fading retardant. They
were studied with a laser scanning microscope (Zeiss, Oberkochen,
Germany) by confocal fluorescence imaging.
Statistical analysis. All the data were expressed as mean6SE. A
two-tailed unpaired Student’s t test and/or a one-way ANOVA with
Student-Newman-Keul’s multiple range test was used to compare results between control and experimental groups. Significance was accepted at P , 0.05.

Results
Absence of a role for transcription and translation in the rapid
upregulation of Na-Pi cotransport. The purpose of the first series of experiments was to determine whether the rapid upregulation of BBM Na-Pi cotransport activity in response to acute
(2 h) administration of a low Pi diet is dependent on transcriptional and/or translational mechanisms. In agreement with our
earlier study, we found that after the administration of low Pi
diet for 2 h there was a rapid upregulation of BBM Na-Pi
cotransport activity (Fig. 1, left) and BBM Na-Pi cotransport
protein abundance (Fig. 2, right). Inhibition of transcription
with actinomycin D (Fig. 1, right) or inhibition of translation
with cycloheximide (Fig. 1, middle) did not prevent the rapid
upregulation of BBM Na-Pi cotransport activity in response to
a low Pi diet.
In the next series of studies, we performed Western blots
with cortical homogenate samples and BBM isolated from rats
chronically fed a high Pi diet and acutely a low Pi diet. After
the administration of a low Pi diet there was no increase in
Na-Pi cotransporter abundance in the cortical homogenate (Fig.
2, left) which presumably represents the total amount of Na-Pi
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Figure 1. Effect of acute (2 h)
low phosphate (0.1% Pi) diet on
renal cortical BBM sodium gradient–dependent phosphate
transport (Na-Pi cotransport)
activity in (left) vehicle (saline)
treated rats, (middle) cycloheximide-treated rats (0.5 mg/kg
body wt, given intraperitoneally
24 h before acute low Pi diet),
and (right) actinomycin
D–treated rats (0.12 mg/kg
body wt, given intraperitoneally
24 h before acute low Pi diet).

cotransporters, whereas there was a marked 3.3-fold increase
in BBM Na-Pi cotransport protein abundance (Fig. 2, left).
Therefore, the results of these studies indicate that acute
upregulation of Na-Pi cotransport activity is independent of
transcription and translation and is probably mediated by
translocation of the presynthesized Na-Pi cotransport protein
to the apical BBM.
Role for microtubules in the rapid upregulation of Na-Pi
cotransport. The purpose of these experiments was to determine if microtubules play a role in the presumable rapid translocation of the Na-Pi cotransport protein in response to a low
Pi diet. Pretreatment of rats chronically fed a high Pi diet with
colchicine resulted in almost complete disruption of the microtubules. This was demonstrated by immunohistochemistry using an antibody specific for a-tubulin. In control rats staining
for a-tubulin revealed a dense network of microtubules spanning all of the proximal convoluted tubule (PCT) cell except
the brush border (Fig. 3, C and D). After 6 h of colchicine
treatment, microtubules had vastly disappeared, except for
some microtubular remnants in the apical cell portion (Fig. 3,
G and H). Microfilaments, on the other hand, seemed to be
unaffected by the colchicine treatment, as revealed by a
F-actin specific staining with phalloidin-rhodamine (Fig. 4).
In association with its deleterious effect on microtubular
integrity, colchicine treatment prevented the upregulation of

Figure 2. Effect of acute (2 h) low phosphate (0.1% Pi) diet on renal
cortical homogenate (CH) and BBM type II renal Na-Pi cotransporter (NaPi-2) protein abundance as determined by Western blotting and densitometry (see Methods for details).
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BBM Na-Pi cotransport activity (Fig. 5) and the BBM expression of NaPi-2 protein as determined by Western blotting (Fig.
5) in response to acute administration of a low Pi diet.
The prevention of NaPi-2 protein upregulation in the BBM
was also evidenced by immunohistochemistry. After chronic
adaptation of control rats to a high Pi diet, PCT in the superficial and midcortex showed only faint staining for NaPi-2 protein in the brush border, whereas some intracellular compartments in the vicinity of the nuclei were clearly positive (Fig. 3
A). Acute adaptation from a high to a low Pi diet led to strong
NaPi-2 protein specific staining in the brush border and in parallel, to a decreased intracellular staining (Fig. 3 B). The nature of the intracellular compartments containing NaPi-2 protein is addressed in a subsequent section. When rats chronically
adapted to high Pi were treated with colchicine, the intracellular staining for NaPi-2 protein had lost much of its perinuclear
localization and was spread throughout the cell in small vesicles (Fig. 3 E). Altering the diet of colchicine-treated rats
acutely from high to low Pi appeared to be without effect on
NaPi-2 protein expression (Fig. 3 F).
Absence of a role for microtubules in the rapid downregulation of Na-Pi cotransport. The purpose of these experiments
was to determine whether microtubules also played a role in
the rapid downregulation of Na-Pi cotransport activity in response to a high Pi diet. In rats chronically fed a low Pi diet,
the acute (2-h) administration of a high Pi diet results in rapid
downregulation of BBM Na-Pi cotransport activity (Fig. 6)
and BBM Na-Pi cotransport protein abundance (Figs. 6 and 7,
A and B). Pretreatment of rats chronically fed a low Pi diet
with colchicine resulted in almost complete disruption of the
microtubules in PCT, as revealed by immunohistochemistry
(Fig. 7, G and H) and described above for rats adapted chronically to a high Pi diet. In spite of its deleterious effect on the
microtubular cytoskeleton, colchicine treatment of rats chronically adapted to a low Pi diet neither lead to an essential decrease of BBM Na-Pi cotransport activity or BBM NaPi-2
protein abundance (Figs. 6 and 7 E), nor prevent the downregulation of Na-Pi cotransport activity or the expression of Na-Pi
cotransport protein at the level of the proximal tubular BBM
(Figs. 6 and 7 F).
Nature of the intracellular compartments containing NaPi-2
protein. To determine the role of the intracellular NaPi-2 protein in the rapid adaptation to dietary Pi, we performed further
immunohistochemical staining for NaPi-2, Golgi membrane,
and lysosomal membrane. The staining of intracellular NaPi-2

Figure 3. Immunohistochemistry, demonstrating the effect of colchicine on rapid upregulation of apical NaPi-2 protein and on microtubule integrity. Cryostat sections from rat kidneys adapted chronically to a high Pi diet (A, C, E, and G) or acutely from a high to a low Pi diet (B, D, F,
and H) were stained by indirect immunofluorescence for NaPi-2 protein (A, B, E, and F) and, on consecutive sections, for a-tubulin (C, D, G,
and H). In control rats (A–D), acute adaptation of the kidney to low Pi is associated with a rapid upregulation of NaPi-2 protein at the BBM. Microtubules span the entire cell with a dense network. In colchicine-treated rats (E–H), rapid upregulation of NaPi-2 protein at the BBM is abolished. From the microtubular network, only apical remnants are left. Bar 5 10 mm.

protein, which turned out to be more sensitive several weeks
after tissue fixation, was correlated with the localization of the
Golgi membrane protein 58K (24–26) and the lysosomal membrane glycoprotein lgp120 (27–30), respectively.
After chronic adaptation to a high Pi diet, NaPi-2 was detected in the subapical portion and in a perinuclear region,
where in part it spatially coincided with the Golgi-like compartment (Fig. 8). In contrast, there was hardly any colocalization of NaPi-2 with the lysosomal compartment (Fig. 9).
Acute adaptation from high Pi diet to low Pi diet led to a
depletion of intracellular NaPi-2, leaving a clear staining only
in the Golgi-like compartment (Fig. 8).
After chronic adaptation to a low Pi diet, intracellular
NaPi-2 was predominantly localized in the region of the Golgilike compartment (Fig. 10), but also at additional sites in the
subapical and central cell portions. Again, the overlap between
intracellular NaPi-2 and lgp120 staining was minimal (Fig. 11).
Acute adaptation from a low Pi to a high Pi diet led to increased abundance of intracellular NaPi-2, which was detected
in the subapical, central, and basal cell portions. Interestingly,

a considerable spatial overlap between intracellular NaPi-2
and the lysosomal marker lgp120 staining was observed (Fig. 11).

Discussion
In this study we demonstrate that in rats chronically fed a high
phosphate diet, after the acute administration of a low phosphate diet, the rapid adaptive increase in proximal tubular apical Na-Pi cotransport activity and BBM Na-Pi cotransporter
protein abundance occurs independent of de novo synthesis of
additional protein units. The rapid adaptation is probably mediated by translocation of presynthesized Na-Pi cotransporter
protein to the apical BBM by microtubule-dependent mechanisms.
Two lines of evidence indicate that the rapid adaptive increase in BBM Na-Pi cotransport activity and BBM Na-Pi
cotransporter protein abundance occurs independent of de
novo protein synthesis. Inhibition of transcription by actinomycin D and translation by cycloheximide do not prevent the
rapid upregulation of Na-Pi cotransport activity. In addition, in
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Figure 3 (Continued)

Figure 4. Histochemical detection of F-actin with rhodamine-conjugated phalloidin, revealing no effect of colchicine on the microfilamentous
cytoskeleton. The sections shown in A (control) and B (colchicine) correspond to the sections shown in Fig. 3, E and F, respectively. Bar 5 10 mm.
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Figure 5. Effect of acute (2 h) low phosphate (0.1% Pi) diet on renal cortical BBM sodium gradient–dependent phosphate transport (Na-Pi
cotransport) activity and type II renal Na-Pi cotransporter (NaPi-2) protein abundance in (top) vehicle (saline) treated rats and (bottom) colchicine-treated rats (1 mg/kg body wt, given intraperitoneally 4 h before acute low Pi diet).

Figure 6. Effect of acute (2 h) high phosphate (1–2% Pi) diet on renal cortical BBM sodium gradient–dependent phosphate transport (Na-Pi
cotransport) activity and type II renal Na-Pi cotransporter (NaPi-2) protein abundance in (top) vehicle (saline) treated rats and (bottom) colchicine-treated rats (1 mg/kg body wt, given intraperitoneally 4 h before acute low Pi diet).
Role of Microtubules in Rapid Regulation of Phosphate Transport
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Figure 7. Immunohistochemistry, revealing no effect of colchicine on rapid downregulation of apical NaPi-2 protein. In correspondence to Fig.
3, these micrographs represent kidneys from rats adapted chronically to low Pi diet (A, C, E, and G) or acutely from a low to a high Pi diet (B, D,
F, and H). In control rats (A–D), acute adaptation of the kidney to high Pi is associated with rapid downregulation of NaPi-2 protein at the
BBM. In colchicine treated rats (E–H), the microtubular network is vastly disrupted, but rapid downregulation of NaPi-2 protein at the BBM is
still accomplished. Bar 5 10 mm.

response to the acute administration of a low Pi diet the increase in BBM Na-Pi cotransporter protein abundance occurs
independent of a change in cortical homogenate Na-Pi cotransporter protein abundance. These results are in agreement with
previous in vivo and cell culture studies which showed that the
acute adaptive response to a low Pi diet occurs in the absence
of changes in Na-Pi mRNA abundance (9, 31). In contrast, the
chronic adaptive response to a low Pi diet is characterized by
an increase in Na-Pi mRNA abundance (9, 31), and furthermore inhibition of transcription and/or translation abolishes
the chronic adaptive increase in Na-Pi cotransport activity (6,
7, 10).
The rapid increase in NaPi-2 protein abundance at the level
of the apical BBM, which occurs independent of de novo protein synthesis, has to be dependent on the recruitment of preexisting NaPi-2 protein from an intracellular compartment(s).
Evidence for such a recruitment is provided by our immunohistochemical findings that the rapid increase in NaPi-2 protein abundance in the BBM is accompanied with a depletion of
intracellular NaPi-2. The nature of the acutely depleted com1308
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partments remains to be determined. It is also unclear why the
detected decrease in intracellular NaPi-2 is inferior to the observed increase at the BBM. We assume that NaPi-2 specific
immunostaining is more sensitive at the BBM than at intracellular membranes, probably due to a different environment, including chemical modification and changes in pH.
A fraction of the intracellular NaPi-2 in a perinuclear compartment seems to be spared from the acute intracellular NaPi-2
depletion which occurs in response to a low Pi diet. Whether
this perinuclear transporter protein is destined for insertion
into the BBM or for degradation is not known. However, it
seems to strongly colocalize with the Golgi membrane protein
58K, but not with the lysosomal membrane glycoprotein
lgp120. A considerable colocalization of intracellular NaPi-2
with lgp120 is only found when, in response to acute administration of a high Pi diet, NaPi-2 protein is rapidly downregulated at the BBM, most likely via internalization and subsequent degradation.
The rapid recruitment of Na-Pi cotransported protein from
an intracellular compartment(s) to the BBM involves most

Figure 7 (Continued)

likely a microtubule-dependent translocation. Prior disruption
of the microtubular network by colchicine completely prevents
the adaptive upregulation of Na-Pi cotransport activity and
Na-Pi cotransporter protein expression at the level of the proximal tubular apical BBM. Recent studies have demonstrated a
similar role for microtubules in the apical targeting of several
channel and transport proteins (11–17), including gp330, an
endogenous apical membrane glycoprotein (32), the water
channels Aquaporin-1 and Aquaporin-2 (33–35), a colonic
chloride channel (36), the vacuolar H1-ATPase (19), and an
ADH-inducible Na transporter (37).
Specifically the targeting of the Na-Pi cotransporter protein to the apical membrane (exocytosis), and not the internalization from the apical membrane (endocytosis), seems to be
dependent on the microtubular network, since pretreatment
with colchicine did not prevent the rapid downregulation of
BBM Na-Pi cotransport activity and Na-Pi cotransporter protein abundance in response to acute administration of a high
phosphate diet. This finding is in agreement with the concept
that the endocytic steps of internalization and transport from
the plasma membrane to early endosomes do not require microtubules (38). On the other hand, Elkjaer and colleagues reported not only a reduction in endocytic invaginations and en-

docytic vacuoles in rat proximal tubules but also an almost
completely impaired internalization of the endocytosis tracer
horseradish peroxidase upon treatment of rats with colchicine
(33). The conflicting results about the effect of colchicineinduced microtubule disruption on endocytosis in rat renal
proximal tubules may reflect the existence of different endocytic pathways for the uptake of bulk constituents from the
tubular fluid such as glomerularly filtered proteins and retrieval of membrane components such as apical transporters.
Moreover, we cannot exclude that the failure of colchicine
treatment to completely eliminate microtubules in the subapical region, a phenomenon that was also described by Abate et
al. (39), accounts for a remaining functionality of microtubular
remnants in favor of an internalization process. Anyhow, the
initial step of Na-Pi cotransporter internalization would have
to occur along the apical plasma membrane of the brush border microvilli. However, our immunohistochemical data illustrate that the microvilli are devoid of microtubules. Instead,
their cytoskeletal core is composed of bundles of microfilaments (40). Therefore, microfilaments may play a central role
in the rapid downregulation of Na-Pi cotransport. The dependency of apical endocytosis on intact microfilaments in polarized epithelial cells was already demonstrated by Gottlieb et
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Figure 8. Immunohistochemical localization of intracellular NaPi-2 protein (top)
and the Golgi membrane
protein 58K (middle) in kidney cryostat sections from
rats on a chronic high Pi diet
(left) and on an acute low Pi
diet (right). The sections
were double-immunostained
with green fluorescence for
NaPi-2 and red fluorescence
for 58K. Superimposition of
the separately recorded images to a color image (bottom) reveals the spatial colocalization of green and red
fluorescence, resulting in yellow color. There is apparent
colocalization of the NaPi-2
protein with the Golgi membrane protein 58K (bottom).

Figure 9. Immunohistochemical localization of intracellular NaPi-2 protein (top)
and the lysosomal membrane
glycoprotein lgp120 (middle)
in kidney cryostat sections
from rats on a chronic high Pi
diet (left) and on an acute low
Pi diet (right). The sections
were double-immunostained
with green fluorescence for
NaPi-2 and red fluorescence
for lgp120. There is very minimal to absent colocalization
of the NaPi-2 protein with the
lysosomal membrane protein
lgp120 (bottom).
1310
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Figure 10. Immunohistochemical localization of intracellular NaPi-2 protein (top)
and the Golgi membrane protein 58K (middle) in kidney
cryostat sections from rats on
a chronic low Pi diet (left) and
on an acute high Pi diet
(right). There is apparent
colocalization of the NaPi-2
protein with the Golgi membrane protein 58K (bottom).

Figure 11. Immunohistochemical localization of intracellular NaPi-2 protein (top)
and the lysosomal membrane
protein lgp120 (middle) in
kidney cryostat sections from
rats on a chronic low Pi diet
(left) and on an acute high Pi
diet (right). There is a strong
colocalization of the NaPi-2
protein with the lysosomal
membrane protein (bottom).
Role of Microtubules in Rapid Regulation of Phosphate Transport
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al. (41). In their experiments, they disrupted the microfilaments of MDCK cells with cytochalasin D. Yet, the effect of
cytochalasin D in vivo on the rat kidney cannot be studied secondary to severe systemic hypotension and mortality of the
rats (42). This approach to determine the role of microfilaments in the rapid downregulation of renal Na-Pi cotransport
thus has to await a suitable cell culture model.
In summary, the rapid adaptive increase in renal proximal
tubular apical BBM Na-Pi cotransport activity and Na-Pi
cotransporter protein abundance occurs by a cellular mechanism which is independent of de novo protein synthesis and is
mediated by microtubule-dependent translocation of presynthesized Na-Pi cotransporter protein to the apical BBM.
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