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Iron is essential for brain function, with loss of iron homeo-
stasis in the brain linked to neurological diseases ranging from
rare syndromes to more common disorders, such as Parkinson’s
and Alzheimer’s diseases. Iron entry into the brain is regulated
by the blood-brain barrier (BBB). Molecular mechanisms regu-
lating this transport are poorly understood. Using an in vitro
model of the BBB, we identify NHE9, an endosomal cation/pro-
ton exchanger, as a novel regulator of this system. Human brain
microvascular endothelial cells (hBMVECs) that constitute the
BBB receive brain iron status information via paracrine signals
from ensheathing astrocytes. In hBMVECs, we show that NHE9
expression is up-regulated very early in a physiological response
invoked by paracrine signals from iron-starved astrocytes.
Ectopic expression of NHE9 in hBMVECs without external cues
induced up-regulation of the transferrin receptor (TfR) and
down-regulation of ferritin, leading to an increase in iron
uptake. Mechanistically, we demonstrate that NHE9 localizes to
recycling endosomes in hBMVECs where it raises the endo-
somal pH. The ensuing alkalization of the endosomal lumen
increased translocation of TfRs to the hBMVEC membrane.
TfRs on the membrane were previously shown to facilitate both
recycling-dependent and -independent iron uptake. We pro-
pose that NHE9 regulates TfR-dependent, recycling-indepen-
dent iron uptake in hBMVECs by fine-tuning the endosomal pH
in response to paracrine signals and is therefore an important
regulator in iron mobilization pathway at the BBB.

There is high demand for iron in the brain, one of the most
metabolically active organs in the body (1, 2). Iron is a co-factor
of several proteins involved in specialized brain cell functions
such as synthesis of neurotransmitters and myelination (3–5).
Iron is also necessary for housekeeping functions such as mito-
chondrial respiration and DNA synthesis, crucial for brain
function (5). Insufficient or surplus iron in the brain has been
associated with various neurological diseases (6 –10). Although
iron deficiency is associated with cognitive and brain structural
deficits, excess brain iron is implicated in Alzheimer’s, Parkin-
son’s, and other neurodegenerative diseases (10, 11). Therefore,

it is not surprising that iron levels are tightly regulated in the
brain (10).

Iron entry into the brain is regulated by the blood-brain bar-
rier (BBB)3 (10). This physiological barrier is characterized by
tight junctions between brain microvascular endothelial cells
(BMVECs) that block passive diffusion of iron into the brain
(12). BMVECs are polarized cells with one surface (apical) fac-
ing the blood and the other (basal or abluminal) facing intersti-
tial fluid of the brain. BMVECs and ensheathing astrocytes
form the regulatory axis of the BBB, modulating iron transport
from blood into the brain interstitium (2, 13). It is now known
that BMVECs are the focal point for regulation of cerebral iron
homeostasis and not mere conduits for iron transport (14).
Paracrine factors released by neighboring astrocytes communi-
cate iron status of the brain to BMVECs (14, 15). In vitro studies
have so far identified hepcidin, ceruloplasmin, interleukin-6,
soluble amyloid precursor protein, and holo-transferrin as
some of the candidates in astrocyte secretome that communi-
cate iron status to BMVECs (14 –16). Secretions from astroglial
cells cultured in iron-deficient and -loaded media have been
shown to differentially regulate the expression and distribution
of the known iron transport protein transferrin receptor in
BMVECs (14). The dynamics of brain iron uptake are far from
understood. In view of the significant health implications, it is
essential to examine the expression of iron transport proteins in
BMVECs and evaluate their roles in iron uptake. In this report,
we provide experimental evidence that identifies NHE9 as
member of the iron regulatory network at the BBB.

NHE9 belongs to a subfamily of endosomal Na�(K�)/H�

Exchangers that shuttle K� or Na� from the cytoplasm into
endosomes in exchange for H� (17–19). Mutations and gene
expression changes in SLC9A9, gene coding for NHE9, underlie
neurological diseases with distinct clinical phenotypes (20 –26).
Loss and gain of NHE9 function have been associated with
human disease (26 –28). Overexpression of NHE9 causes
excess leak of protons from the recycling endosomes resulting
in more alkaline endosomes (28). In glioblastoma multiforme,
increased alkalization of endosomes has been shown to exert
post-translational control of EGF receptor turnover and conse-
quently increased persistence of oncogenic signaling pathways
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(28). On the other hand, loss of NHE9 exchanger function as a
result of mutations in SLC9A9 leads to hyperacidification of
sorting endosomes (27). Functional evaluation of these autism-
associated mutations in astrocytes showed that these cells lose
their ability to clear glutamate to a significant extent as a con-
sequence of dysregulated trafficking of glutamate transporter
(GLAST) (27). Moreover, global knock-out SLC9A9 mice
(Slc9a9 KO) show traits of autism spectrum and attention def-
icit hyperactivity disorder (29). Thus, by modulating endo-
somal pH, NHE9 could regulate delivery and recycling of vari-
ous endocytic cargos, including proteins involved in iron
homeostasis. Consistent with this, genome-wide association
studies have recently been identified NHE9 as risk factor in
Alzheimer’s disease (30). Single nucleotide polymorphisms in
SLC9A9 have been associated with late onset Alzheimer’s dis-
ease (31, 32). More recently, significant association between
NHE9 variants and Alzheimer’s disease was identified in meta-
analysis of a large genome-wide association study data set that
included 5000 individuals (33).

To investigate the role of NHE9 in iron mobilization, we used
an in vitro model BBB system. We examined the regulation of
NHE9 and transferrin receptor expression in human brain
microvasculature cell line (hBMVECs) by paracrine factors
from C6 glial cells conditioned in iron-deficient and -loaded
media. Next, we selectively manipulated the expression of
NHE9 in hBMVECs to mimic the response to iron requirement

signals and investigated the mechanistic basis for role of NHE9
in iron uptake.

Results

NHE9 Expression Correlates with Iron Distribution in Adult
Human Brain—Iron concentrations in the human brain vary
both temporally and spatially (34). Perls staining and MRI stud-
ies on distribution of iron in the brain suggest that large
amounts of iron are sequestered in globus pallidus, substantia
nigra, and red nucleus in the midbrain relative to other regions
such as the putamen, caudate nucleus, and the dorsal thalmus
(35–37). Proteins that comprise the iron regulatory network
could contribute to the changes in brain iron concentrations
(36). In this context, we evaluated the expression of NHE9 in
iron-rich and -poor regions of the brain (Fig. 1A). Microarray
analysis of adult human brain tissue (n � 6 postmortem brains)
obtained from the Allen Brain Atlas (38) indicates that the
expression levels of NHE9 are higher in globus pallidus (zero
score normalization � 1.61) and substantia nigra (zero score
normalization � 0.67) compared with caudate (zero score nor-
malization � �0.29) and the dorsal thalmus (zero score nor-
malization � 0.12) (Fig. 1, B–D). High densities of iron trans-
port and storage proteins are found in iron-rich areas of the
brain or in regions that connect to them (36). For example,
although ferritin is expressed in iron-rich regions, high trans-
ferrin receptor (TfR) expression is observed in brain regions

FIGURE 1. NHE9 is highly expressed in regions of the brain with high iron content. A, schematic representation of the brain highlighting regions of varying
iron concentrations. Color representation is according to a blue-red heat map shown at the bottom of the figure (relatively low iron regions, blue; relatively high
iron regions, red). B, normalized expression (z scores) levels of NHE9 in regions of the adult human brain with relatively high (globus pallidus (GP) and substantia
nigra (SN)) and low (caudate nucleus (CN) and dorsal thalamus (DT)) iron content, determined from microarray data obtained from Allen Brain Atlas. C,
schematic of subcortical structures of the brain represented from a frontal view highlighting regions of the adult human brain with highest (red) and lowest
(blue) iron content. D, anatomical abstract view of NHE9 expression pattern of each donor brain used for microarray analysis, obtained from Allen Brain Atlas.
Subcortical structures represented from a frontal view with blue-red heat map to visualize microarray data. The colors of the heat map represent normalized
expression values. Blue color in the heat map represents relatively low NHE9 expression, and red represents relatively high NHE9 expression. The color heat map
scale is shown at the bottom for reference.
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that connect with globus pallidus and substantia nigra (10, 37).
This could possibly indicate the need for iron uptake from one
area and delivery via axonal transport for functional or storage
purpose in iron-rich regions of the brain (36). Similar to these
iron homeostasis proteins, NHE9 expression in globus pallidus
and substantia nigra is 3.32-fold (p � 1.09 � 10�29) and 2.50-
fold (p � 9 � 10�16) higher than in the caudate nucleus, respec-
tively. These data support the idea of a role for NHE9 in brain
iron homeostasis.

Glial Cell Conditioned Medium Stimulates NHE9 Expression
in hBMVECs—Glia ensheath endothelial cells on their basal
surface (2, 13). Paracrine factors released by glia are known to
regulate the expression of iron homeostasis proteins in endo-
thelial cells (14, 15). We used a Transwell system to mimic the
BBB in vitro to test the effect of iron-conditioned glial cell
medium on NHE9 expression in hBMVECs (14, 15, 39). This
cell line is commonly used in BBB models (15, 40, 41). hBM-
VECs are polarized, with their apical surface facing the blood
and their basal surface facing the brain parenchyma. The upper
chambers of the Transwells are filled with medium containing
serum to mirror the capillary milieu, whereas the lower cham-
ber contained medium without serum to mirror the brain inter-
stitium (Fig. 2A). Intercellular tight junctions are a characteris-
tic feature of endothelial cells found in the blood-brain barrier
(10, 12). We used three different approaches to measure tight
junction integrity of hBMVECs growing on the upper surface of
the Transwell membrane (Fig. 2, B–D). hBMVECs formed tight
junctions after 5– 6 days as demonstrated quantitatively via
transendothelial electrical resistance (TEER) and phenol red

diffusion assays (Fig. 2, B and C). We also used immunofluores-
cence microscopy to detect the tight junction marker zona
occludens 1 (ZO1). Consistent with our BBB model, the cells
imaged on day 6 showed increased presence of ZO1 on mem-
brane junctions of hBMVECs compared with day 2 (Fig. 2D).
Next, we cultured C6 glioma cells, a commonly used astrocytic
model in co-cultures with BMVECs (15, 42– 44), in iron-condi-
tioned medium (Fig. 3A). In hBMVECs, within 2 h of exposure
to medium from iron-deficient astrocytes, NHE9 mRNA
increased by �5-fold relative to control (Fig. 3B). In 24 h, we
observed a �19-fold increase in NHE9 transcript levels (Fig.
3B). Consistent with previous observations (14), TfR expression
was enhanced by 19-fold (Fig. 3B). However, unlike NHE9,
there was no significant change in TfR expression within the
first 2 h of exposure (Fig. 3B). Medium from iron-loaded astro-
cytes altered NHE9 expression; however, under our test condi-
tions, the variation failed to achieve statistical significance (Fig.
3C). TfR expression, however, decreased significantly (Fig. 3C).
These data indicate that NHE9 is regulated early in the physio-
logical response invoked by iron-deficient astrocytes to mobi-
lize iron. Based on these data, it is also possible that NHE9 could
be co-regulated with TfR in the iron transport pathway at the
BBB.

NHE9 Expression in hBMVECs Activates Iron Starvation
Response to Promote Iron Uptake—Next, we evaluated the
hBMVECs response to an increase in NHE9 expression. How-
ever, instead of using paracrine signals from iron-deficient
astrocytes as the stimulants, we engineered lentiviral-mediated
expression of NHE9-GFP in hBMVECs. An increase in NHE9

FIGURE 2. Validating an in vitro model BBB system. A, BBB was mimicked in vitro using a Transwell culture system. hBMVECs were seeded on Transwell filters,
with serum in the upper chamber (serum medium (SM)) to represent the apical side facing the blood and without serum in the lower chamber (serum-free
medium (SFM)) to represent the basal side facing brain interstitial fluid. The inset shows hBMVECs with characteristic tight junctions between endothelial cells
(indirect immunofluorescence image, red; tight junction marker ZO1, blue: DAPI staining). B, transendothelial electrical resistance values for hBMVECs grown
in Transwell model system for 2 weeks. C, diffusive permeability of the in vitro BBB model to phenol red. D, indirect immunofluorescence images of hBMVECs
ZO1. Scale bars, 10 �m. The error bars represent S.D. determined from at least three biological replicates; ***, p � 0.001. Statistical analysis was done using
Student’s t test.
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expression would elicit a response despite the absence of astro-
cyte-directed starvation signals, if NHE9 is co-regulated or is
acting upstream in the iron deprivation response pathway. To
test this hypothesis, we overexpressed NHE9-GFP in hBM-
VECs grown on the upper surface of our Transwell system. The
lower chamber contained medium from C6 cells cultured in
iron-sufficient (control) medium. Transcript analysis by quan-
titative PCR revealed a 10-fold increase in NHE9 expression in
hBMVECs (Fig. 4A). We also confirmed NHE9-GFP expression
by immunofluorescence (Fig. 4B). In response to iron starva-
tion, mammalian cells are known to decrease the levels of iron
storage protein, ferritin, and increase TfR expression, ulti-
mately resulting in iron uptake (14, 45). Hence, we evaluated
ferritin and TfR expression by Western blotting analysis. We
observed a 2.5-fold decrease in ferritin heavy chain (FHC) pro-
tein, whereas TfR expression increased by 2-fold, in hBMVECs
overexpressing NHE9 relative to control cells (Fig. 4, C–E).
These data support our hypothesis that NHE9 is co-regulated
or is acting upstream in the iron starvation response pathway.
Following this, we used atomic absorption spectroscopy to mea-
sure total cellular iron levels in hBMVECs 72 h after lentiviral
transduction of NHE9-GFP. Consistent with activation of the
pathway, we observed a �1.5-fold increase in total cellular iron
in NHE9 overexpressing hBMVECs relative to control cells
(Fig. 4F).

NHE9 Localizes to Early and Recycling Endosomes and Regu-
lates Endosomal pH in hBMVECs—To determine the mecha-
nistic basis of increase in iron uptake with NHE9 expression, we
first studied the subcellular localization of NHE9-GFP in hBM-
VECs. NHE9-GFP co-localized partially with markers for the
early endosome Rab 5 (Manders’ coefficient, 0.39 � 0.04 S.D.,

n � 30) and more extensively with the recycling endosome
marker Rab11 (0.61 � 0.07 S.D., n � 40) by immunofluores-
cence microscopy (Fig. 5A, top and middle panels). NHE9-GFP
co-localized with lysobisphosphatidic acid (LBPA) (0.09 � 0.02
S.D., n � 40; Fig. 5A, bottom panels) in the late endosome
although to a much lesser extent than early and recycling endo-
somes. These results are consistent with NHE9 localization
observed in other cell models (27, 46). The endosomal lumen is
acidified by the V-ATPase (17). NHE9 transports these protons
out in exchange for sodium or potassium ions (19, 20, 47).
Therefore, an increase in NHE9 expression caused by iron dep-
rivation signals would result in more alkaline endosomal lumen
relative to control. Luminal pH of the endosome (pHe) was
measured using pH-sensitive fluorescence of FITC-tagged
transferrin. pHe was calibrated using buffers of known pH (Fig.
6A). In hBMVECs, we observed pHe change from 5.62 � 0.14 to
6.51 � 0.37 (Fig. 6B) with lentivirus-mediated expression of
NHE9.

NHE9 Controls Trafficking of Transferrin Receptors—Endo-
somal pH is critical for turnover of plasma membrane proteins
(27, 28). Transferrin-bound iron is a major contributor to hBM-
VECs total cellular iron (2, 14, 48). Therefore, we investigated
whether the increase in iron uptake observed in hBMVECs
expressing higher levels of NHE9 is a result of altering the turn-
over of the TfRs. We used two complementary approaches to
address this. First, we used biotinylation of cell surface proteins
followed by Western blotting analysis to quantitatively com-
pare TfR densities on the plasma membrane. However, based
on our previous experiments, we knew that there is an increase
in TfR expression in hBMVECs with an increase in NHE9
expression. We normalized surface TfR levels to total TfR
expression in the cells to account for differences in cellular pro-
tein expression. NHE9 expression in hBMVECs increased sur-
face levels TfR by �3-fold (Fig. 7, A and B). Next, we compared
the effect of NHE9 overexpression on the rate of transferrin
efflux as a method to evaluate TfR turnover at the plasma mem-
brane. After loading the cells in serum-free medium with fluo-
rescently tagged transferrin (Tfn-568) for 30 min, we moni-
tored the efflux of Tfn-568 by incubating the cells in medium
with serum for 10 min. hBMVECs expressing NHE9-GFP
exported �49.1 � 2.58% of Tfn-568 in the first 10 min com-
pared with � 28.26 � 1.6% in control (Fig. 7, C and D). These
data along with the surface biotinylation data confirmed our
hypothesis that NHE9 expression in hBMVECs regulates the
turnover of TfR to affect iron uptake.

Discussion

Astrocytes are situated optimally to function as iron sensors
for the brain and to communicate brain iron needs to the BBB
via paracrine signaling (7, 13, 14). Here, we show that the phys-
iological response invoked by iron-deficient astrocytes includes
elevation of total iron levels in human brain microvascular
endothelial cells. Recently, other groups have addressed para-
crine signal-dependent release of iron from endothelial cells via
ferroportin (14, 15). However, iron acquisition by hBMVECs as
a part of this response has not been investigated. Our data in
context of the existing paradigm suggest that iron mobilization
across the BBB appears to be at least a two-step process,

FIGURE 3. Paracrine signals from iron-depleted glia up-regulate NHE9
expression in hBMVECs. A, schematic representation of the iron-condition-
ing experiment as described under “Materials and Methods.” B, qPCR analysis
of NHE9 and TfR transcripts from hBMVECs cultured on Transwell filters, after
2 and 24 h of exposure to serum-free medium from iron-deficient or iron-
sufficient (control) C6 glia. C, qPCR analysis of NHE9 and TfR transcripts from
hBMVECs cultured on Transwell filters, after 2 and 24 h of exposure to serum-
free medium from iron-loaded or iron-sufficient (control) C6 glia. The error
bars represent S.D. determined from at least three biological replicates. *, p �
0.05. Statistical analysis was done using Student’s t test.

NHE9 Regulates Iron Mobilization at the BBB

4296 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 292 • NUMBER 10 • MARCH 10, 2017



invoked by iron requirement signals released by astrocytes.
Whether the release of iron from the endothelial cells happens
first followed by iron uptake to replace the released iron or vice
versa is yet to be determined. In the former case, iron release
from the endothelial cells could trigger the iron regulatory pro-
tein (IRP) function to stabilize mRNA of iron uptake proteins.
Although NHE9 transcript has revealed no IRP binding
sequence, IRP function is known to stabilize transferrin recep-
tor when intracellular iron status is low. Consistent with this,
Connor et al. (49) showed IRP1 mRNA expression in brain
microvasculature. Investigations into how NHE9 is regulated

are currently underway and could provide new insight into
paracrine signal-based regulation for iron mobilization across
the BBB.

Cytosolic labile iron pool (LIP) is a principal metabolic
source of metal to hBMVECs, and transferrin-mediated iron
uptake is a major contributor to LIP (50). hBMVECs receive
Fe3� from circulation bound to transferrin (holo-transferrin).
Receptor-mediated endocytosis of holo-transferrin is the
canonical physiological mode of iron delivery to cells (2). Elec-
trochemical potential (E0) of transferrin iron complex is too
negative, and acidification of endosomal lumen has been sug-

FIGURE 4. NHE9 expression activates iron starvation response in hBMVECs. A, qPCR analysis showing the efficacy of expression of NHE9-GFP in hBMVECs.
The data are plotted as average fold changes of mRNA levels relative to control. The error bars represent S.D. determined from at least three biological
replicates. *, p � 0.05. Statistical analysis was done using Student’s t test. B, NHE9-GFP expression in hBMVECs determined by immunofluorescence microscopy
after fixing with 3.7% paraformaldehyde. C, expression levels of TfR and FHC proteins in hBMVECs expressing NHE9-GFP and control cells. Immunoblots of
hBMVECs lysate used anti-TfR, anti-FHC, and anti-tubulin antibodies. D and E, graphs represent average band intensity from densitometric scans of immuno-
blots from three biological replicates. TfR and FHC levels were normalized to tubulin and shown relative to control. The error bars represent S.D. *, p � 0.05.
Statistical analysis was done using Student’s t test. F, intracellular iron concentrations measured by atomic absorption spectroscopy and normalized to total
cellular protein. The graph represents an average of six biological replicates and is shown relative to control. The error bars represent S.D. ***, p � 0.001.
Statistical analysis was done using Student’s t test.

FIGURE 5. NHE9 localizes to recycling endosomes in hBMVECs. A, subcellular localization of NHE9-GFP in hBMVECs determined by immunofluorescence
microscopy. Top panel, NHE9-GFP (green) and early endosome marker, Rab5 (red). Middle panel, NHE9-GFP (green) and recycling endosome marker Rab11 (red).
Bottom panel, NHE9-GFP (green) and late endosome marker LBPA (red). Co-localization is indicated by yellow in the merge. Blue represents DAPI staining in all
images. The scale bar is 10 �m. B, quantification of NHE9-GFP localization with the indicated organellar markers in hBMVECs using Manders’ coefficient. At least
30 cells were used for quantification for each marker. The error bars represent S.E. *, p � 0.05. Statistical analysis was done using Student’s t test.
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gested to make the E0 more positive (29). Thus, a drop in the pH
caused by proton influx via V-ATPase in the sorting endosomes
could lead to release of iron from holo-transferrin-TfR com-
plex. Divalent metal ion transporter 1 (DMT1) is the only diva-
lent cation transporter to have been identified in brain micro-
vascular endothelial cells and is thought to play a role in export
of released iron from the endosomes to the cytosol (14, 48, 51).
The function of DMT1 is again pH-dependent (52). We showed
that an increase in expression of NHE9 leads to alkalinizing the

endosomal lumen. Limiting acidification could negatively
affect release of iron and export via DMT1 to the cytosol.
Therefore, increasing the expression of NHE9 may not pro-
mote endosome-dependent, TfR-mediated iron uptake.

Reduction of Fe3� and release from transferrin has now been
shown to occur also at the cell surface and is associated with
exo-cytoplasmic ferrireductases (48). However, efficient ferri-
reduction at the cell surface is dependent on binding of holo-
transferrin to TfR. Inhibition of cell surface reductase activity
or binding of holo-transferrin to TfR significantly decrease
ferri-reduction (48). Ferrous iron transporter on the plasma
membrane has not been identified, but Zip1 has been proposed
as a potential candidate (48). McCarthy and Kosman (48)
showed that iron reduced from holo-transferrin bound to TfR
at the cell surface accounts for at least 50% of the iron uptake
observed in hBMVECs. This could explain up-regulation of
NHE9 by hBMVECs, i.e. to increase membrane persistence of
TfRs, thereby promoting reduction of iron and consequently
iron uptake at the cell surface. Canonical uptake from iron
released in the endosome may not make a quantitatively signif-
icant contribution to LIP in hBMVECs. However, we show that
fine-tuning of endosomal pH by NHE9 is important for iron
acquisition by hBMVECs. Our data clearly suggest that NHE9
responds to brain requirements for iron. In neurological dis-
eases resulting from iron overload, it is possible that NHE9
activity could be selectively manipulated to therapeutically
titrate brain iron levels. Multiple classes of drugs targeting var-
ious solute carrier transporters have already been developed,
including inhibitors of another isoform from the NHE family,
NHE1. Thus, insights gained from this and follow-up studies
should potentially provide a new target for developing thera-
peutics against excessive brain iron accumulation.

Materials and Methods

Cell Culture and Plasmids—hBMVECs were obtained from
Dr. Alfredo Quiñones-Hinojosa (Johns Hopkins University)
(53). The generation and characteristics of this cell line have
been described in detail (54). C6 glioma cells were obtained
from Dr. Gregory Kapatos (Wayne State University) (55). hBM-
VECs and C6 glioma cells were maintained in M199 medium
(Invitrogen) supplemented with 10% fetal bovine serum
(Sigma) and 5% antibiotic-antimycotic (10,000 units/ml peni-
cillin, 10,000 mg/ml streptomycin; Gibco). The cells were
maintained in a 5% CO2 incubator at 37 °C. The growth
medium was completely exchanged with fresh medium twice a
week. Full-length mNHE9-EGFP and mNHE9-mcherry were
cloned into FuGW lentiviral vector as previously described
(27). Empty vector (FuGW) was used for control transductions.
The viral Core Facility of the University of Michigan executed
lentiviral packaging of the virus.

In Vitro Model of the Blood-Brain Barrier—hBMVECs were
cultured by seeding 300 �l of M199 growth medium containing
5 � 104 cells in the upper chamber and 1000 �l of growth
medium in the lower chamber of a 24-well plate insert (Thin-
cert, 0.4-micron transparent insert; USA Scientific) were grown
to confluence for at least 5 days. TEER was monitored using
EVOM volt-ohmmeter (World Precision Instruments, Sara-
sota, FL). The average TEER of the monolayers on days 5– 6 was

FIGURE 6. NHE9 expression makes the endosomes more alkaline. A, cali-
bration of endosomal pH in hBMVECs. B, pH in endosomal compartments is
alkalinized in hBMVECs overexpressing NHE9 relative to control. Graph rep-
resents means from three biological replicates, and at least 50 cells were used
for pH quantification in each experiment. The error bars represent S.D. *, p �
0.05. Statistical analysis was done using Student’s t test.

FIGURE 7. Trafficking of transferrin receptors to hBMVECs plasma mem-
brane is regulated by NHE9. A, immunoblot of TfR from plasma membranes
obtained by surface biotinylation of hBMVECs control and NHE9-GFP express-
ing cells. B, graph represents average band intensity from densitometric
scans of immunoblots after surface biotinylation from three biological repli-
cates, normalized to total TfR protein levels. The error bars represent S.D. *,
p � 0.05. Statistical analysis was done using Student’s t test. C, efflux of Alexa
Fluor 568-tagged transferrin (Tfn-568) was monitored by loss of fluorescence,
after loading hBMVECs for 30 min in serum-free medium followed by incuba-
tion in medium with serum for 10 min. Representative images show Tfn-568
remaining in control and NHE9-GFP expressing hBMVECs after 0 and 10 min.
D, plot represents mean fluorescence intensity of Tfn-568 remaining in hBM-
VECs, from three biological replicates. At least 30 cells were used for fluores-
cence quantification in each experiment. The error bars represent S.D. **, p �
0.01. Statistical analysis was done using Student’s t test.
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�560 Ohm-cm�2 and did not change significantly thereafter.
For some experiments, the permeability of hBMVECs mono-
layers was also evaluated by phenol red diffusion assay. M199
growth medium in the lower chamber was replaced by a similar
medium without phenol red (1000 �l) and incubated for 2 h.
The diffusion of phenol red across the monolayer was deter-
mined by measuring absorbance at 546 nm (56). Indirect im-
munofluorescence imaging of the tight junction marker ZO1
(Life Technologies) was also used to measure tight junction
integrity as described below.

Iron-conditioned Media—C6 glioma cells were plated at 2 �
105 cells/ml and grown to confluence in a 24-well plate. The
cells were treated with serum-free medium (control), serum-
free medium with 100 �M deferoxamine (iron-deficient), or
serum-free medium with 10 �M iron chloride (iron-loaded) for
24 h. Next, medium was removed, and C6 cells were rinsed and
incubated in serum-free medium for 24 h. Media from the three
conditions, control, iron-deficient, and iron-loaded, were col-
lected and added to the lower chambers of the respective Tran-
swells that have hBMVECs growing for 5– 6 days as described.

Indirect Immunofluorescence—hBMVECs on coverslips were
washed twice with PBS. The cells were then fixed for 10 min at
room temperature with solution containing 3.7% paraformal-
dehyde and 4% sucrose in PBS, following previously published
protocol (15). Fixing solution was removed by washing with
PBS. Next, the cells were incubated for a half hour in block
solution (1% BSA, 0.3 M glycine, and 0.1% Tween 20). For co-
localization experiments with NHE9-GFP, primary antibodies
Rab 5 (Cell Signaling Technology), Rab 11 (Cell Signaling Tech-
nology), and LBPA (Echelon) were diluted 1:100 in block solu-
tion without Tween 20 and incubated overnight at 4 °C. Follow-
ing PBS washes, Alexa Fluor-conjugated secondary antibodies
(Invitrogen) were used at 1:1000 dilutions for 30 min. the cells
were mounted onto slides using Prolong gold antifade reagent
(Invitrogen) and were imaged using Lumascope-620 micro-
scope (Etaluma). For staining ZO1 proteins in hBMVECs cul-
tured on Transwell filters, the cells were fixed in methanol
(insert with cells were incubated in wells of ice-cold 100% meth-
anol in 24-well tissue culture plate) at �20 °C overnight, after
which they were treated with 100% acetone (�20 °C) for 1 min
and were allowed to dry at 4 °C. The Transwell filter was excised
and hydrated in IMF buffer (0.1% Triton X-100, 0.15 M NaCl, 5
mM EDTA, 20 mM HEPES, pH 7.5, 0.02% NaN3 as preservative).
The cells were then incubated with ZO1 antibody (Thermo
Fisher Scientific) at 1:100 dilution overnight at 4 °C. The filters
were then rinsed with IMF buffer and incubated with Alexa
Fluor conjugated secondary antibodies (Invitrogen) at 1:1000
dilutions for 30 min and mounted as described above with Pro-
long gold antifade reagent (Invitrogen).

qPCR Analysis—mRNA was isolated from hBMVECs using
the RNeasy mini kit (Qiagen) following the manufacturer’s
instructions with an additional step to remove DNA using
DNase I (Ambion; Thermo Fisher Scientific). cDNA was syn-
thesized using the high capacity RNA to cDNA kit (Applied
Biosystems) following the manufacturer’s instructions. Quan-
titative real time PCR analysis experiments were set up using
TaqMan fast universal PCR Master Mix (Applied Biosystems)
according to the manufacturer’s instructions on CFX connect

real time system (Bio-Rad). TaqMan gene expression assay
probes used were: Hs02758991_g1 and Mm99999915_g1
(GAPDH), Hs00543518_m1 and Mm00626012_m (NHE9),
1Hs00951083_m1 (TfR), and Hs03003631_g1 (18S rRNA).
Cycle threshold (Ct) values were first normalized to endoge-
nous controls. Fold change was calculated as 2�		Ct, where
		Ct is the normalized cycle threshold value relative to control.
Three technical replicates of three biological replicates were
run to account for variance in assays.

Surface Biotinylation and Western Blotting—Cell surface
proteins were labeled with biotin as previously described (27).
The cells were lysed with mammalian protein extraction re-
agent (Thermo Fisher Scientific) that included protease inhib-
itor mixture (halt protease inhibitor mixture; Thermo Fisher
Scientific). Lysates were centrifuged at 14,000 r.p.m. for 15 min
(4 ºC). Cell protein lysates (50 –100 �g) were dissolved in load-
ing buffer (62.5 mM Tris-HCl, pH 6.8, 10% glycerol, 2% SDS,
0.01% bromphenol blue, 100 mM DTT), and separated by SDS-
polyacrylamide gel electrophoresis. TfR antibodies used for
Western blotting were Abcam ab84036 and Thermo Fisher Sci-
entific 13-6800 at 1:100 dilution. The loading controls used
were tubulin (Sigma T 9026, 1:1000). Ferritin heavy chain anti-
body was a kind gift from Dr. Andrew Dancis (University of
Pennsylvania).

Transferrin Efflux—For transferrin efflux experiments, hBM-
VECs on coverslips were rinsed and incubated in serum-free
medium for 30 min. Following that, the cells were exposed to
100 �g ml�1 transferrin conjugated to Alexa Fluor 568 (Tfn-
568) for 30 min. Dishes with coverslips were then placed on ice.
After removing the medium with Tfn-568 the coverslips were
rinsed twice with ice-cold PBS. The 0-min time point coverslip
was fixed immediately. Other coverslips were incubated in
complete medium (medium with FBS) for 10 min, rinsed, and
fixed. Fluorescence images were acquired with Lumascope 620
(Etaluma), and the Tfn-568 fluorescence remaining in the cells
was quantified using ImageJ (57) software.

Endosomal pH Measurement—hBMVECs plated in fluorod-
ishes (World Precision Instruments) were placed on ice for 10
min and then rinsed with cold imaging buffer (live cell imaging
solution (Thermo Fisher Scientific) with 20 mM glucose and 1%
BSA) to remove residual transferrin. The cells were then incu-
bated with 50 �g/ml fluorescein-conjugated transferrin (Tfn-
FITC; Thermo Fisher Scientific) in imaging buffer for 30 min.
The cells were then rinsed with live cell imaging solution, and
the fluorescence images were acquired (excitation, 494 nm; and
emission,518nm)withLumascope620(Etaluma). Internal fluo-
rescence was quantified using ImageJ (57) software, and the
average fluorescence intensity was recorded. NHE9-mcherry
was transfected using Lipofectamine 2000 for expression in
hBMVECs. Tfn-FITC fluorescence was quantified only in
mcherry-positive cells. To normalize for total transferrin
uptake, pH-insensitive 50 �g/ml Alexa Fluor 568-conjugated
transferrin (Tfn-568) was loaded as described above in both
control and NHE9-GFP-transduced hBMVECs. Endosomal pH
was determined from a standard curve that was generated using
pH calibration buffer kit (Thermo Fisher Scientific). Briefly, the
cells were incubated with 50 �g/ml fluorescein-conjugated
transferrin for 30 min as described above and rinsed with imag-
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ing buffer. The cells were then loaded with 10 �M cell loading
solution (Thermo Fisher Scientific) that included valinomycin
and nigericin (10 �M each) and incubated with calibration buf-
fers of varying pH for 5 min at 37 °C, before fluorescence
imaging.

Atomic Absorption Spectroscopy—hBMVECs growing on
Transwells were lysed as described above using with mamma-
lian protein extraction reagent (Thermo Fisher Scientific). Part
of the lysate was diluted in 30% nitric acid, and iron levels were
measured by atomic absorption spectrophotometer (Perkin-
Elmer Life Sciences). Remaining lysate was used to measure
total cellular protein concentrations (Thermo Fisher Scientific
Pierce BCA protein assay kit). Intracellular iron levels were nor-
malized with cellular protein concentrations. Six biological rep-
licates were done for every condition.
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