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Contactin-associated protein 1 (CASPR1 or CNTNAP1) was
recently reported to be expressed in brain microvascular endo-
thelial cells (BMECs), the major component of the blood– brain
barrier. To investigate CASPR1’s physiological role in BMECs,
here we used CASPR1 as a bait in a yeast two-hybrid screen to
identify CASPR1-interacting proteins and identified the �3
subunit of Na�/K�-ATPase (ATP1B3) as a CASPR1-binding
protein. Using recombinant and purified CASPR1, RNAi,
GST-pulldown, immunofluorescence, immunoprecipitation, and
Na�/K�-ATPase activity assays, we found that ATP1B3’s core pro-
teins, but not its glycosylated forms, interact with CASPR1, which
was primarily located in the endoplasmic reticulum of BMECs.
CASPR1 knockdown reduced ATP1B3 glycosylation and pre-
vented its plasma membrane localization, phenotypes that were
reversed by expression of full-length CASPR1. We also found that
the CASPR1 knockdown reduces the plasma membrane distribu-
tion of the �1 subunit of Na�/K�-ATPase, which is the major com-
ponent assembled with ATP1B3 in the complete Na�/K�-ATPase
complex. The binding of CASPR1 with ATP1B3, but not the �1
subunit, indicated that CASPR1 binds with ATP1B3 to facilitate
the assembly of Na�/K�-ATPase. Furthermore, the activity of
Na�/K�-ATPase was reduced in CASPR1-silenced BMECs. Inter-
estingly, shRNA-mediated CASPR1 silencing reduced glutamate
efflux through the BMECs. These results demonstrate that
CASPR1 binds with ATP1B3 and thereby contributes to the regu-
lation of Na�/K�-ATPase maturation and trafficking to the plasma
membrane in BMECs. We conclude that CASPR1-mediated regu-
lation of Na�/K�-ATPase activity is important for glutamate
transport across the blood–brain barrier.

The blood– brain barrier (BBB)4 is a physical barrier that is
essential in regulating the flux of ions and molecules into and
out of brain parenchyma and protecting central nervous system
homeostasis (1, 2). The BBB is composed of brain microvascu-
lar endothelial cells (BMECs), basal lamina, end-feet of astro-
cytes, and pericytes. The BMECs, distinct from endothelial cells
in other tissues, are unique as they have continuous intercellu-
lar tight junctions and undergo extremely low rates of transcy-
tosis, which greatly limits both the paracellular and transcellu-
lar transport of molecules through the BBB (3–6). The BMECs
contain multiple substrate-specific transport systems that con-
trol transport of ions, metabolites, and specific molecules. For
example, the sodium pump, localized on the abluminal mem-
brane of BMECs, regulates Na� influx into the brain interstitial
fluid in exchange for K� (7). The sodium-dependent transport-
ers for the amino acids exist at the abluminal membrane, trans-
fer amino acids from the brain to endothelial cells, and then
transfer amino acids from endothelial cells into the circulation
(4, 8). Large proteins, such as transferrin and low-density lipo-
proteins, utilize receptor-mediated transport systems to cross
the BBB (9, 10).

CASPR1 (contactin-associated protein 1, also known as
CNTNAP1) is a 190-kDa transmembrane protein highly con-
centrated at paranodes, which was originally identified as an
adhesion molecule that interacted with contactin in neurons
(11, 12). CASPR1 forms a complex with contactin and neuro-
fascin-155 and acts as a barrier between the nodes of Ranvier
and internodes to ensure the propagation of action potentials in
myelinated axons (13–15). Decreased expression of CASPR1
was associated with the axonal demyelination in multiple scle-
rosis (16, 17). Recently, we identified the expression of CASPR1
in the BMEC in vivo and in vitro (18). We found that CASPR1
acts as a host receptor for bacterial virulence factor to trigger
the penetration of pathogenic Escherichia coli through the BBB
in the condition of bacterial meningitis (18). However, the
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physiological function of CASPR1 in brain endothelial cells
remains unknown.

In this study, we found that CASPR1 directly interacted with
ATP1B3, the �3 subunit of Na�/K�-ATPase. The Na�/K�-
ATPase, also known as the sodium pump, transports three Na�

out of the cell and two K� into the cell and plays a crucial role in
maintaining the low concentrations of intracellular Na� ions
and high concentrations of intracellular K� ions (19). The Na�/
K�-ATPase belongs to the P-type ATPase family and consists
of two subunits, � and � (20). The � subunit of Na�/K�-
ATPase, containing ATP and ligand-binding sites, is consid-
ered as the catalytic subunit, whereas the � subunit is essential
for the membrane targeting and full function of the Na�/K�-
ATPase (20, 21). Here, we demonstrated that CASPR1 interacts
with ATP1B3, and this interaction is required for the effective
trafficking of ATP1B3 to the plasma membrane. Functionally,
we found that CASPR1 interacted with ATP1B3 to regulate the
activity of Na�/K�-ATPase, which is involved in the efflux of
glutamate, considered as the major excitatory neurotransmitter
in the brain, across the BBB formed by brain endothelial cells.

Results

CASPR1 interacts with ATP1B3 in brain endothelial cells

To investigate the biological function of CASPR1, we per-
formed yeast two-hybrid analysis to identify the binding part-
ner of CASPR1. Human CASPR1 protein contains a large extra-
cellular domain (aa 1–1283), a single transmembrane domain
(aa 1284 –1304), and a short intracellular domain (aa 1305–
1384). Here, to screen the intracellular binding protein of
CASPR1, the intracellular domain of CASPR1 was used as a bait
to screen the human fetal brain cDNA library. From the results
of yeast two-hybrid analysis, we obtained several positive clones
encoding the �3 subunit of Na�/K�-ATPase (ATP1B3). Yeast
cells co-transformed with the bait vector (pGBK) containing
the CASPR1 intracellular domain and the prey vector (pGAD)
containing ATP1B3 were able to grow and form blue colonies
on the selection plates, suggesting the interaction of the cyto-
plasmic domain of CASPR1 with ATP1B3 (Fig. 1A). Previous
reports showed that the � subunits of Na�/K�-ATPase include
three isoforms, ATP1B1, ATP1B2, and ATP1B3 (22–24). Our
real-time RT-PCR results revealed that ATP1B1 and ATP1B3
are expressed at relatively high levels in human brain microvas-
cular endothelial cells (HBMECs) (Fig. 1B). Then we performed
GST pulldown assays to assess the binding of Na�/K�-ATPase
� subunits with the cytoplasmic domain of CASPR1 (CASPR1-
C). The constructs containing the full-length cDNA of ATP1B1
and ATP1B3 with a His tag were translated with an in vitro
transcription/translation system, and the products were incu-
bated with GSH-Sepharose 4B beads prebound with the cyto-
plasmic domain of CASPR1 tagged with GST (GST-CASPR1-
C), with GST serving as control. The following Western
blotting results showed the robust binding of GST-CASPR1-C
with ATP1B3, whereas GST-CASPR1-C could not bind with
ATP1B1 (Fig. 1C), suggesting the specific binding of the cyto-
plasmic domain of CASPR1 with ATP1B3. Further results from
immunoprecipitation revealed the interaction of endogenous
CASPR1 protein with ATP1B3 in HBMECs (see Fig. 2C for

details). We also used immunofluorescence to analyze the co-
localization of ATP1B3 with CASPR1 in HBMECs. We found
that ATP1B3 was expressed at the plasma membrane, with pos-
itive intracellular staining at the perinuclear region (Fig. 1D).
Furthermore, we performed Z-stack scanning, and the results
showed that ATP1B3 was co-localized with CASPR1 mainly at
the perinuclear region (Fig. 1D). Immunofluorescence results
showed that CASPR1 was mostly present in the endoplasmic
reticulum (ER) of HBMECs, co-localized with ER marker (Fig.
1E). These data demonstrated that CASPR1 interacted with
ATP1B3 in brain endothelial cells.

CASPR1 binds with the core proteins of ATP1B3 in brain
endothelial cells

Previous studies showed that ATP1B3 is a glycosylated pro-
tein, and there are fully and intermediately glycosylated forms
of ATP1B3 in mammalian cells (25, 26). To evaluate the glyco-
sylation of ATP1B3 in HBMECs, the cell were pretreated with
tunicamycin, an inhibitor of glycosylation, and the cell lysates
were subjected to Western blotting. We found that the fully and
intermediately glycosylated forms of ATP1B3 were reduced
after tunicamycin treatment compared with the control,
whereas the core proteins of ATP1B3 were increased (Fig. 2A).
It was reported that ATP1B3 mutants (N124E and N240E),
containing the mutations at residues 124 and 240 with N-linked
glycosylation, could affect ATP1B3 maturation in polarized
hepatic cells (26). Here, we transfected the constructs contain-
ing His-tagged WT ATP1B3 or ATP1B3 mutants (N124E and
N240E) into HEK293T cells, respectively, and the cell lysates
were subjected to Western blot analysis with anti-His antibody.
The results showed that compared with WT ATP1B3, the levels
of core protein of mutated ATP1B3 (N124E and N240E) were
boosted (Fig. 2B). Furthermore, the migration rate of the bands
of the glycosylated forms of mutated ATP1B3 were increased
(right panel in Fig. 2B), suggesting alleviated glycosylation
caused by the N124E and N240E mutation in ATP1B3. These
results revealed the presence of different glycosylated forms of
ATP1B3 in HBMECs. To determine which forms of ATP1B3 in
brain endothelial cells could bind with CASPR1, a reciprocal
immunoprecipitation assay was performed with HBMECs
lysates. The results showed that CASPR1 interacted with the
core proteins, but not the glycosylated forms, of ATP1B3 in
HBMECs (Fig. 2C). These data illustrated that CASPR1 was
physically associated with the core proteins of ATP1B3, but not
its glycosylated forms, in brain endothelial cells.

CASPR1 is required for the plasma membrane localization of
ATP1B3 in brain endothelial cells

To investigate the relationship between CASPR1 and
ATP1B3, the stable CASPR1-silenced HBMECs cell line was
established. The construct containing shRNA targeting
CASPR1 was transfected into HBMECs followed by G418 selec-
tion until the formation of cell clones. The single clone– derived
cells were cultured, and the silencing effect was examined by
Western blotting (Fig. 3A). The results showed that the
CASPR1 was effectively suppressed in HBMECs compared
with the nonsilencing shRNA control (Fig. 3A, left and right).
Then we analyzed the expression of ATP1B3 in CASPR1-si-
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lenced HBMECs. The Western blotting results showed that the
glycosylated forms of ATP1B3 were decreased in CASPR1-si-
lenced HBMECs compared with the nonsilencing control (Fig.
3A, left and right). Because the mRNA level of ATP1B3 was not
altered in CASPR1 knockdown HBMECs (Fig. S1A), we consid-
ered that CASPR1 was critical for the post-translational glyco-
sylation of ATP1B3. Consistently, in HBMECs transiently
transfected with CASPR1 siRNA, we observed similar reduced
glycosylation of ATP1B3 (Fig. S1, B and C). Our immuno-
staining results revealed the localization of ATP1B3 at the
plasma membrane in HBMECs, which is consistent with its

function as a component of Na�/K�-ATPase at the plasma
membrane (Fig. 1D and Fig. 3B (top panels)). Interestingly, we
found ATP1B3 was remarkably aggregated in the cytoplasm of
HBMECs with CASPR1 knockdown (Fig. 3B (bottom)). In con-
trast, the glycosylation of ATP1B1, another � subunit of Na�/
K�-ATPase in HBMECs, was not affected by CASPR1 knock-
down (Fig. S1D). Further immunofluorescence results showed
that the plasma membrane localization of ATP1B1 remained
unchanged in CASPR1-silenced HBMECs (Fig. S1E). The fol-
lowing immunoprecipitation confirmed that the biotin-labeled
ATP1B3 on the plasma membrane was decreased in CASPR1-

Figure 1. ATP1B3 is identified as the binding protein of the CASPR1 C terminus. A, the bait plasmids containing cytoplasmic domain of CASPR1 (pGBK-
CASPR1-C) and prey plasmids containing ATP1B3 (pGAD-ATP1B3) were co-transformed into yeast AH109 cells, and then the cells were grown on SD/
�Leu�Trp (�LT) selection medium and SD/�Ade�His�Leu�Trp (�AHLT) medium containing X-�-Gal. Co-transformation of lamin C and large T served as
a negative control, whereas p53 and large T were a positive control. B, the total RNA of HBMECs was extracted and reverse-transcribed with reverse transcrip-
tase. Then real-time PCR was performed to detect the mRNA expression levels of ATP1B family members, including ATP1B1, ATP1B2, and ATP1B3, in HBMECs,
with GAPDH used as an internal control. Data are normalized to the expression level of ATP1B1, which was defined as 1 (n � 3). C, the full-length ATP1B1 and
ATP1B3 protein with a His tag were obtained by in vitro transcription and translation, respectively, and then incubated with GST-tagged CASPR1 intracellular
domain (GST-CASPR1-C), with GST as a negative control. Precipitates were analyzed with anti-His antibody. An asterisk represents the precipitated ATP1B3,
whereas the rhombi indicate the input proteins (top). Images are representative of three independent experiments. The blotting membrane was stained with
Ponceau S as a loading control (bottom). D, HBMECs were fixed, and immunofluorescence was performed with antibodies recognizing CASPR1 (ab34151, red)
and ATP1B3 (ab137055, green). DAPI (blue) was used for counterstaining. Continuous z-axis images were obtained using the confocal laser-scanning micros-
copy. The colocalization of CASPR1 and ATP1B3 was analyzed by the scatter plots and the colocalization coefficient. Scale bar, 4 �m. E, HBMECs were fixed, and
immunofluorescence was performed with CASPR1 antibody (green) and ER tracker (red) to stain the endoplasmic reticulum. DAPI (blue) was used for counter-
staining. Scale bar, 20 �m. Error bars, S.D.
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silenced HBMECs compared with the control (Fig. 3C). Further
results showed that the full-length CASPR1 can effectively res-
cue the decreased glycosylated ATP1B3 (Fig. 3D) and the
reduced plasma membrane localization of ATP1B3 (Fig. 3E).
These results indicated that CASPR1 was required for the gly-
cosylation and plasma membrane localization of ATP1B3, but
not ATP1B1, in brain endothelial cells.

Plasma membrane trafficking of ATP1A1 depends on CASPR1

Previous studies showed that the newly synthesized � sub-
unit of Na�/K�-ATPase is folded in the ER. The properly
folded Na�/K�-ATPase � subunits can assemble with the �
subunit forming �/� heterodimers, which will be trafficked to
the plasma membrane (27, 28). The results above showed that
CASPR1 knockdown reduced ATP1B3 glycosylation; thus, we
hypothesized that CASPR1 may participate in the folding of
ATP1B3 in ER, which will affect the trafficking of Na�/K�-
ATPase, formed by � and � subunits, to the plasma membrane.
To verify this, we analyzed the effect of CASPR1 knockdown
on the distribution of the �1 subunit of Na�/K�-ATPase
(ATP1A1), which was expressed at high levels in HBMECs (Fig.
S2A). Immunofluorescence results revealed that the localiza-
tion of ATP1A1 at the plasma membrane was reduced in
CASPR1-silenced HBMECs (Fig. 4A, bottom). In contrast,
ATP1A1 was primarily localized at the plasma membrane in
the control cells (Fig. 4A, top). Consistently, biochemical sub-
fractionation analysis revealed that the levels of ATP1A1 in the
fraction of plasma membrane were significantly reduced in
CASPR1-knockdown HBMECs compared with the control
(Fig. 4B). The expression level and plasma membrane localiza-

tion of ATP1A3, another member of the Na�/K�-ATPase �
subunit, was not affected in CASPR1-silenced HBMECs (Fig. 4,
C and D). Furthermore, we found that the full-length CASPR1
(GFP-CASPR1) effectively rescued the reduced ATP1A1
expression in the plasma membrane fraction (Fig. 4E) as well as
the redistribution of cellular ATP1A1 in CASPR1 knockdown
HBMECs (Fig. 4F), whereas the vector alone (GFP) had no
effect. These data supported the idea that CASPR1 is involved
in the folding of ATP1B3 in ER before its formation with the �
subunit of Na�/K�-ATPase, which is essential for their proper
trafficking to the plasma membrane. To exclude the possibility
that CASPR1 may directly associate with ATP1A1, contribut-
ing to its membrane trafficking, we performed an immunopre-
cipitation assay to test their interaction. The negative binding
of CASPR1 with ATP1A1 in HBMECs indicated by immuno-
precipitation (Fig. 4G) demonstrated that CASPR1 specifically
bound with the � subunit (ATP1B3) but not the � subunit
(ATP1A1) of Na�/K�-ATPase. Thus, the redistribution of cel-
lular ATP1A1 was caused by the attenuated interaction of
CASPR1 with ATP1B3 in CASPR1-silenced HBMECs.

CASPR1 regulates the activity of Na�/K�-ATPase in brain
endothelial cells

To identify whether CASPR1 could affect the activity of Na�/
K�-ATPase in brain endothelial cells, we first measured the
activity of Na�/K�-ATPase, determined as the amount of Pi

released from ATP hydrolysis by Na�/K�-ATPase, in HBMECs
with CASPR1 knockdown. As shown in Fig. 5A, the activity of
Na�/K�-ATPase was significantly reduced in CASPR1-si-

Figure 2. The core protein of ATP1B3 interacts with CASPR1 in HBMECs. A, HBMECs were pretreated with the indicated concentrations of tunicamycin for
24 h, and then the cell lysates were subjected to Western blotting with ATP1B3 antibody (ab67409). GAPDH was served as loading control. An asterisk
represents fully glycosylated forms of ATP1B3, and a rhombus indicates the intermediately glycosylated forms of ATP1B3. A circle indicates the core proteins of
ATP1B3. The labels in B and C are the same as in A. The changes of the different forms of ATP1B3 were obtained by calculating the band densitometry and
normalized to the band intensity of GAPDH (right). Values are mean � S.D. (error bars) from three independent experiments. *, p � 0.05. **, p � 0.01 (one-way
ANOVA). B, HEK293T cells were transiently transfected with WT ATP1B3 and ATP1B3 mutant (N124E/N240E) with His tag for 48 h, respectively. Then the cell
lysates were analyzed using anti-His antibody, with GAPDH as loading control. C, HBMECs lysates were immunoprecipitated (IP) with CASPR1 (ab34151) and
ATP1B3 (H00000483-D01) antibody, respectively, and then the precipitated proteins were analyzed by Western blotting (WB) using antibodies against ATP1B3
(ab67409) and CASPR1 (ab133634).
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lenced HBMECs (0.93 � 0.05 units/mg protein) compared with
that in nonsilencing control (1.76 � 0.13 units/mg protein).

By hydrolysis of ATP, the Na�/K�-ATPase can export three
Na� ions and import two K� ions through the plasma mem-
brane of the cells (29). Studies showed that K� absorption
under high concentration of extracellular K� was predomi-
nantly dependent on K� channels and Na�/K�-ATPase activ-
ity in astrocytes (30, 31). Thus, in the presence of K� channel
blocker (tetraethylammonium chloride, TEA), the alterations

of intracellular K� in response to the elevation of extracellular
K� could reflect the activity of the Na�/K�-ATPase. Then the
intracellular K� ions of HBMECs upon KCl (60 mM) perfusion
in the presence of TEA were detected by the K� indicator fluo-
rophore potassium-binding benzofuran isophthalate ace-
toxymethyl ester (PBFI) by live-cell imaging under a two-pho-
ton microscope. We found that the increased rate of
intracellular K� in CASPR1 knockdown HBMECs was signifi-
cantly reduced compared with nonsilencing control cells
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(Fig. 5, B and C). As a positive control, the application of inhib-
itor of Na�/K�-ATPase, ouabain, remarkably attenuated the
increase rate of intracellular K� (Fig. 5, B and C). Also, the
maximum intensity of PBFI, indicating the highest intracellular
concentration of K� in response to the elevated extracellular
K�, was lower in CASPR1-silenced HBMECs than that of con-
trols (Fig. 5D). These results demonstrated that CASPR1
knockdown significantly attenuated the activity of Na�/K�-
ATPase in brain endothelial cells.

Knockdown of CASPR1 reduces the glutamate efflux through
brain endothelial cell monolayers

Glutamate, the primary excitatory neurotransmitter in the
brain, could be transported into astrocytes and neurons by glu-
tamatetransporters.Glutamatetransportersaresodium-depen-
dent proteins that depend on the sodium and potassium
gradients generated principally by Na�/K�-ATPase (32, 33).
Recently, the role of brain endothelial cells of the blood– brain
barrier in the brain-to-blood glutamate efflux was reported.
Our findings that CASPR1 regulates the activity of Na�/K�-
ATPase prompt us to test whether CASPR1 is involved in the
glutamate transport in brain endothelial cells. To establish the
in vitro glutamate efflux model of BBB, the HBMECs were cul-
tured on the Transwell inset until the formation of confluent
monolayers. Then the glutamate was added to the lower cham-
ber of Transwell, and the glutamate concentrations in the upper
chamber were measured at the indicated times (Fig. 6A). The
results showed that the glutamate concentrations in the upper
chamber were in the range of 26.3– 67.1 �M (Fig. 6B), which is
remarkably lower than the glutamate concentration (200 �M) in
the lower chamber. This indicated that the HBMEC monolay-
ers formed at the Transwell insert were not permeable to the
glutamate molecules; thus, the glutamate concentrations in the
upper chamber represented the glutamate transportation from
the lower chamber through the HBMEC monolayers. Interest-
ingly, we found that the glutamate concentrations in the upper
chamber were reduced by CASPR1 knockdown, showing sta-
tistical significance at 30 min after the addition of glutamate
compared with that in nonsilencing controls (Fig. 6B), indicat-
ing that CASPR1 down-regulation reduced the glutamate
transport through the HBMEC monolayers. When the concen-
tration of glutamate in the lower chamber was reduced to 50
�M, we observed similar attenuated glutamate transportation
through the in vitro BBB model caused by CASPR1 knockdown

(Fig. S3). Consistently, the ratio of glutamate concentrations in
the upper chamber divided by glutamate concentrations in the
lower chamber were decreased by CASPR1 knockdown (Fig.
6C). These results demonstrated that CASPR1 is involved in the
efflux of glutamate in brain endothelial cells of the blood– brain
barrier.

Discussion

Our recent study identified the expression of CASPR1 in the
brain endothelial cells (18). CASPR1, acting as a host receptor,
is required for the penetration of pathogenic E. coli through the
BBB during the development of meningitis (18). The function
of CASPR1 in brain endothelial cells under physiological con-
ditions remains unknown. In this study, we found that CASPR1
interacts with the core protein of �3 subunit of Na�/K�-AT-
Pase, ATP1B3, to facilitate the glycosylation and maturation of
ATP1B3 in brain endothelial cells. CASPR1-mediated ATP1B3
maturation is necessary for the trafficking of Na�/K�-ATPase
to the plasma membrane. For the first time, we found CASPR1
is associated with the transportation of neurotransmitter glu-
tamate in brain endothelial cell by regulating the activity of
Na�/K�-ATPase.

Previous studies showed that the folding of the � subunits of
Na�/K�-ATPase is completed in the ER, predominantly depen-
dent on its interaction with the ER chaperones (27, 34). ER
chaperones contained several family members including heat
shock proteins (Hsp), calreticulin, calnexin, etc. The �1 subunit
of Na�/K�-ATPase is associated with the ER chaperone cal-
nexin for its glycosylation and maturation, whereas �2 subunit
binds with the chaperone Bip, a member of the Hsp70 family
(28, 35). So far, the ER chaperone for �3 subunit (ATP1B3)
maturation remains unclear. Here, we found that only the core
proteins of ATP1B3 could interact with CASPR1 primarily
present in ER in HBMECs. Depletion of CASPR1 significantly
reduced the glycosylation of ATP1B3. These findings suggested
that CASPR1 participates in the maturation process of ATP1B3
in ER. In other words, the glycosylation of ATP1B3 occurred in
the ER before its assembly with the � subunit of Na�/K�-AT-
Pase. Our further results showed that CASPR1 did not interact
with ATP1A1, the � subunit of Na�/K�-ATPase (Fig. 4G).
Thus, the assembly of ATP1B3 with the � subunit ATP1A1 may
take place after the dissociation of ATP1B3 from CASPR1.
However, the lack of chaperone-like structural domain in
CASPR1 excluded the role of CASPR1 as chaperone. We have

Figure 3. Knockdown of CASPR1 reduced the glycosylation and plasma membrane localization of ATP1B3 in HBMECs. A, CASPR1-specific shRNA was
stably transfected to HBMECs. Then the cell lysates were analyzed by Western blotting using CASPR1 and ATP1B3 (ab67409) antibody, with GAPDH as loading
control. An asterisk represents the fully glycosylated ATP1B3, a rhombus indicates the intermediately forms of ATP1B3, and a circle indicates the core proteins
of ATP1B3 (left). The knockdown effect was calculated as the band density of CASPR1 divided by that of GAPDH (right). The change of the fully glycosylated,
intermediately glycosylated, and core protein of ATP1B3 was calculated as the band density of three forms of ATP1B3 divided by that of GAPDH (right). Values
are mean � S.D. (error bars) from three independent experiments. **, p � 0.01 (Student’s t test). B, HBMECs with CASPR1 knockdown were immunostained with
antibodies recognizing ATP1B3 (ab137055, red) and CASPR1 (ab34151, green). DAPI (blue) was used for counterstaining. Arrows, plasma membrane localization
of ATP1B3. Images are representative of three independent experiments. Scale bar, 20 �m. C, HBMECs with CASPR1 knockdown were incubated with medium
containing Sulf-NHS-LC-biotin for 30 min to label the plasma membrane protein, and then the cell lysates were immunoprecipitated (IP) with ATP1B3 antibody
(H00000483-D01). The precipitated proteins were analyzed by Western blotting (WB) with ATP1B3 antibody (ab67409) as well as horseradish peroxidase–
conjugated streptavidin to recognize the biotin-labeled proteins. The total cell lysates (TCL) were analyzed by Western blotting with ATP1B3 antibody
(ab67409), with GAPDH as loading control (left). The percentage of plasma membrane ATP1B3 was calculated as the band density of biotin-labeled ATP1B3
divided by that of precipitated ATP1B3 (right). Values are mean � S.D. from three independent experiments. **, p � 0.01 (Student’s t test). D and E, for rescue
experiments, the HBMECs with CASPR1 knockdown were transfected with constructs encoding GFP-tagged CASPR1, with the empty vector (GFP alone) serving
as control. The transfected cells were lysed and analyzed by Western blotting with ATP1B3, with GAPDH as loading control (D). As indicated, the transfected
cells were analyzed by immunofluorescence with ATP1B3 antibody (ab137055, red) and GFP (green). DAPI (blue) was used for counterstaining (E). Images are
representative of three independent experiments. Scale bar, 20 �m.
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performed MS to identify the proteins precipitated with
CASPR1, and the results revealed the binding of CASPR1 with
HSPA8 (Hsp70 member 8) (Table S1). Interaction of Hsp70
with Na�/K�-ATPase was reported in renal epithelial cells
(36). Thus, we think that CASPR1 may act as a co-chaperone or
adaptor of HSPA8 to facilitate the folding of nascent �3 sub-
units of Na�/K�-ATPase in ER. It will be interesting to charac-
terize the formation of chaperone machinery complex consti-

tuted by CASPR1, HSPA8, and ATP1B3 in ER during the
maturation of Na�/K�-ATPase in future studies.

We noticed that the core proteins of ATP1B3 were reduced
when CASPR1 was knocked down in HBMECs (Fig. 3C). The
mRNA level of ATP1B3 was not altered in CASPR1 knockdown
HBMECs (Fig. S1A), suggesting that the reduced core proteins
of ATP1B3 was not caused by transcriptional regulation. Previ-
ous studies showed that the properly folded Na�/K�-ATPase �

Figure 4. CASPR1 is required for plasma membrane trafficking of ATP1A1 in HBMECs. A, HBMECs with CASPR1 knockdown were fixed and stained with
antibodies recognizing ATP1A1 (ab7671, red), and CASPR1 (green). DAPI (blue) was used for counterstaining. Images are representative of three independent
experiments. Scale bar, 20 �m. B, the cytosolic, plasma membrane (PM), and total proteins extracted from HBMECs with CASPR1 knockdown were analyzed by
Western blotting with ATP1A1 (ab7671) and CASPR1 antibody. GAPDH served as loading control (left). The percentage of plasma membrane ATP1A1 was
calculated as the band density of plasma membrane ATP1A1 divided by total ATP1A1 (right). Values are mean � S.D. (error bars) from three independent
experiments. **, p � 0.01 (Student’s t test). C, HBMECs with CASPR1 knockdown were were lysed, and the cell lysates were subjected to Western blotting using
ATP1A3 antibody, with nonsilencing siRNA as a control. D, HBMECs with CASPR1 knockdown were immunostained with antibodies recognizing ATP1A3
(green). DAPI (blue) was used for counterstaining. Scale bar, 20 �m. E and F, HBMECs with CASPR1 knockdown were transfected with constructs encoding
GFP-tagged CASPR1 for rescue experiments, with the empty GFP vector as control. The cell lysates of transfected cells were analyzed by Western blotting with
ATP1A1 antibody (ab7671), with GAPDH as loading control (E). The transfected cells were fixed, and immunofluorescence was performed with ATP1A1
antibody (red) and GFP (green) (F). DAPI (blue) was used for counterstaining. Images are representative of three independent experiments. Scale bar, 20 �m. G,
HBMECs lysates were immunoprecipitated (IP) with CASPR1 and ATP1A1 (ab2872) antibody, respectively, and then the precipitated proteins were analyzed by
Western blotting (WB) using antibodies against ATP1A1 (ab7671) and CASPR1 (ab133634).
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subunits could assemble with the � subunit, which allows the
export of �/� heterodimers from the ER to the plasma mem-
brane (27, 28). The � subunit of Na�/K�-ATPase that is not
correctly assembled with � subunit is retained in the ER and
degraded rapidly (37). Thus, the reduced core proteins of
ATP1B3 induced by CASPR1 knockdown were likely caused by
the degradation of incompletely folded ATP1B3 due to less
availability of CASPR1. Regarding the residual function of Na�/
K�-ATPase following CASPR1 silencing (Fig. 5B), we think it

could be due to the presence of remaining Na�/K�-ATPase
composed of other � and � subunits rather than ATP1B3 and
ATP1A1. As we described above, the glycosylation and mem-
brane localization of ATP1B1 remained unchanged by CASPR1
knockdown. Furthermore, we found that the expression level
and plasma membrane localization of ATP1A3, another mem-
ber of the Na�/K�-ATPase � subunit, was not affected in
CASPR1-silenced HBMECs (Fig. 4, C and D). Also, the expres-
sion of FXYD family members, which are thought to be key

Figure 5. CASPR1 regulates the activity of Na�/K�-ATPase in HBMECs. A, the activity of Na�/K�-ATPase in HBMECs with CASPR1 knockdown was analyzed
using an Na�/K�-ATPase assay kit as described under “Materials and methods.” Data are mean � S.D. (error bars) from three independent experiments. **, p �
0.01 (Student’s t test). B, HBMECs with CASPR1 knockdown were incubated with culture medium containing a 10 �M concentration of the K�-sensitive
fluorophore PBFI at 37 °C for 30 min. Then the cells were mounted in an imaging chamber in the presence of K� channel inhibitor TEA (20 mM), followed by
perfusion with KCl (60 mM) solution. Measurement of PBFI fluorescence in living cells was performed using a two-photon microscope. When indicated, the cells
were pretreated with the Na�/K�-ATPase inhibitor ouabain (positive control). Data are normalized to the fluorescence intensity of PBFI before the perfusion
with KCl, which was defined as 1 (n � 3). C, the increase rate of PBFI intensity, indicating the rate of K� uptake into cells, was calculated as the increment of PBFI
intensity divided by the times (18.64 s) after administration of 60 mM KCl. Data are mean � S.D. from three independent experiments. **, p � 0.01 (Student’s
t test). D, the peak fluorescence intensities of PBFI after perfusion with 60 mM KCl were quantified. Data are mean � S.D. from three independent experiments.
*, p � 0.05 (Student’s t test).

Figure 6. CASPR1 affects the glutamate efflux through brain endothelial cells. A, schematic representation of in vitro glutamate efflux assay with HBMECs.
The HBMECs were cultured on the Transwell insert placed on a 24-well plate for 5 days until formation of endothelial barrier with tight junctions. Then the
glutamate (200 �M) was added to the lower chamber of the Transwell, and the glutamate in the upper chamber of Transwell was measured at the indicated
time points. B and C, the HBMECs with CASPR1 knockdown were cultured on the Transwell insert, and the in vitro glutamate efflux assay was performed, with
nonsilencing shRNA as control. The glutamate concentrations in the upper chamber of the Transwell were measured at the indicated time points (B). The
glutamate concentrations in the lower chamber of Transwell were measured, and the ratio of glutamate concentrations in the upper chamber divided by
glutamate concentrations in the lower chamber was calculated (C). Data are mean � S.D. (error bars) from three independent experiments. *, p � 0.05. **, p �
0.01 (one-way ANOVA, Student’s t test).
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regulators of Na�/K�-ATPase (38), was also analyzed in
HBMECs with CASPR1 knockdown. The results demonstrated
that the FXYD5 mRNAs are expressed at relatively high levels
in HBMECs, and CASPR1 silencing did not affect the expres-
sion and plasma membrane localization of FXYD5 in HBMECs
(Fig. S2, B–D). Thus, the residual function of Na�/K�-ATPase
following CASPR1 silencing may reflect the remaining function
of Na�/K�-ATPase composed by ATP1B1 and ATP1A3.

Glutamate is the most important excitatory neurotransmit-
ter in the brain. However, abnormally elevated glutamate con-
centration in the brain may cause excitotoxicity in certain dis-
ease states, such as epilepsy, ischemic stroke, multiple sclerosis,
and Alzheimer’s disease (39, 40). Glutamate transporters pres-
ent in the neurons and astrocytes contribute to the mainte-
nance of the concentration of glutamate at relatively low levels
in the brain (41, 42). An alternative, equally important pathway
for glutamate transport is the efflux of glutamate from the brain
to the peripheral blood, during which brain endothelial cells
play a vital role (43, 44). By establishment of an in vitro model to
measure glutamate efflux of BBB, we found that down-regula-
tion of CASPR1 reduced the efflux of glutamate through the
BBB. In contrast, CASPR1 knockdown did not affect the gluta-
mate metabolism in brain endothelial cells (Fig. S4). These find-
ings revealed the novel function of CASPR1 in glutamate trans-
port through the blood– brain barrier. Given the well-known
expression of CASPR1 in neurons, whether CASPR1 is involved
in the glutamate transport at synaptic termini remains an inter-
esting issue to be explored.

In summary, our results demonstrated that CASPR1 inter-
acts with the core proteins of ATP1B3 to promote maturation
of ATP1B3 in brain endothelial cells. CASPR1-mediated
ATP1B3 maturation is essential for the assembly of full Na�/
K�-ATPase and its trafficking to the plasma membrane.
CASPR1 can regulate the activity of Na�/K�-ATPase in brain
endothelial cells to facilitate glutamate efflux in the blood–
brain barrier.

Materials and methods

Cell culture

HBMECs were a generous gift from Dr. K. S. Kim (Johns
Hopkins University, Baltimore, MD). The HBMECs were cul-
tured in complete RPMI 1640 medium supplemented with 10%
Nu-serum (BD Biosciences), 10% fetal bovine serum (Hyclone),
1 mM sodium pyruvate, 2 mM glutamine, 1� nonessential
amino acid, and 1� minimum Eagle’s medium vitamin. Human
embryonic kidney 293T (HEK293T) cells were cultured in high
glucose Dulbecco’s modified Eagle’s medium (Gibco) supple-
mented with 10% fetal bovine serum.

Antibodies and inhibitors

Anti-CASPR1 (ab34151 and ab133634), anti-ATP1A1
(ab2872 and ab7671), anti-FXYD5 (ab190957), and anti-
ATP1B3 (ab67409 and ab137055) were purchased from
Abcam. Anti-ATP1B3 (H00000483-D01) was from Abnova.
Anti-ATP1B1 (15192-1-AP), anti-His (60001-1-Ig), and anti-
GFP (50430-2-AP) were from Protein Tech Group, Inc. Anti-
GAPDH and anti-ATP1A3 (sc-365744) were from Santa Cruz
Biotechnology, Inc. DAPI was from Roche Applied Science.

Secondary antibodies used for immunofluorescence and West-
ern blotting were from Jackson ImmunoResearch Laboratories.
The glycosylation inhibitor tunicamycin (catalog no. 3516),
voltage-gated K� channels inhibitor tetraethylammonium
(catalog no. 3068), and Na�/K�-ATPase inhibitor Ouabain
(catalog no. 1076) were purchased from Tocris.

Yeast two-hybrid screening

The nucleotide sequence of CASPR1 mRNA (NM_003632)
corresponding to CASPR1 cytoplasmic domain (1305–1384 aa)
was cloned into the PGBKT7 as bait. The strain Y187 (Clon-
tech) tansformed with bait plasmid was mated with yeast
AH109 containing human fetal cDNA library cloned into
pGAD. The yeast diploid was selected on SD/�Ade�
His�Leu�Trp (�AHLT) medium containing 5-Bromo-4-
chloro-3-indoxyl-alpha-D-galactopyranoside (X-�-Gal). The
positive clones were obtained and identified by DNA sequenc-
ing. AH109 co-transformed with SV40 large T antigen and p53
was used as a positive control. AH109 co-transformed with
SV40 large T antigen and lamin C served as a negative control.

Plasmid construction and transfection

The full-length cDNAs of human ATP1B1 and ATP1B2
obtained by RT-PCR from HBMECs were cloned into
pcDNA3.1 myc/his B vector, respectively, for the TNT coupled
transcription/translation system. The mutant ATP1B3 cDNA
N124E and N240E was cloned into pcDNA3.1 myc/his B vector,
respectively, for transfection of HEK293T. The nucleotide
sequence corresponding to the cytoplasmic domain of CASPR1
(aa 1305–1384) amplified with PCR was inserted into
pGEX4T-3 for fusion protein purification. The primers used for
amplification and the cloning vectors are listed in Table S2. The
constructs confirmed by DNA sequencing were transfected
into cells using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s instructions.

RNA isolation and real-time quantitative RT-PCR analysis

The total RNA isolated with TRIzol reagent (Invitrogen) was
reverse-transcribed using Moloney murine leukemia virus
reverse transcriptase (Promega). Real-time PCR was performed
on an ABI 7500 real-time PCR system with a SYBR Selected
Master Mix (Applied BioSystems) according to the manufactu-
rer’s instructions. The primers for ATP1B family members are
listed in Table S3. The amplification conditions were as follows:
95 °C for 30 s and 40 cycles of 95 °C for 5 s and 60 °C for 34 s. The
comparative cycle threshold method was used to calculate the
relative gene expression level, with GAPDH as the internal con-
trol. Real-time PCR products were verified by DNA sequencing.

Recombinant protein purification

The cytoplasmic domain of CASPR1 (listed in Table S2) was
cloned into pGEX4T-3 and transformed into E. coli BL21
(DE3). The bacteria were grown to exponential phase (A260 �
0.5), and then isopropyl 1-thio-�-D-galactopyranoside was
added to 0.5 mM for an additional 3 h. The cells were pelleted by
centrifugation and resuspended in ice-cold PBS containing
lysozyme (1 mg/ml). Cells were disrupted by sonication, and
Triton X-100 was added to 1%, followed by incubation at 4 °C
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for 30 min. Insoluble materials were removed by centrifugation,
and the supernatant was purified by affinity chromatography
with GSH-Sepharose 4B.

GST pulldown

Equal amounts of GST and cytoplasmic domain of CASPR1
(aa 1305–1384) coupled with GST fusion proteins (GST-
CASPR1-C) fusion proteins were immobilized with GSH-Sep-
harose 4B. Then ATP1B1 or ATP1B3 protein obtained from the
TNT coupled transcription/translation system (Promega) was
co-incubated with GSH-Sepharose 4B prebound with GST-
IbeA overnight at 4 °C, with GST as control. The bound pro-
teins were washed with binding buffer (20 mM Tris, 50 mM

NaCl, 10% glycerol, 1% Nonidet P-40), and the samples were
analyzed by Western blotting. Each experiment was repeated at
least three times.

RNAi

Three siRNA sequences targeting human CASPR1 corre-
sponding to the coding region, siRNA1 (TGAGCATGATG-
GACGCTGCTA, nucleotides 1647–1667), siRNA2 (CAGT-
TCCTTTGTTCGTGACTA, nucleotides 3300 –3320), and
siRNA3 (ACGGCTATGTGCAGCGCTTTA, nucleotides
849 – 869), were obtained from Shanghai Genepharma Corp.
The nonsilencing siRNA sequence (TTCTCCGAACGTGT-
CACGT) was used as a control. The siRNA sequences were
transfected into HBMECs using Lipofectamine 2000, and the
expression of CASPR1 was examined by Western blot anal-
ysis. The siRNA effectively knocking down CASPR1 expres-
sion was synthesized and cloned into pRNA-U6.1/Neo
(GenScript). The recombinant constructs with shRNA were
transfected into HBMECs by Lipofectamine 2000. The stable
HBMEC cell line with CASPR1 knocked down was selected
with G418.

Western blotting

The experimental procedure was performed as described
previously (18). Briefly, The cells were lysed with radioimmune
precipitation assay buffer (Beyotime, Nantong, China) contain-
ing protease inhibitor mixture. The protein samples were sep-
arated by SDS-PAGE and then transferred to polyvinylidene
difluoride membrane. The polyvinylidene difluoride mem-
brane was blocked with 5% nonfat milk and incubated with the
primary antibody (1:1000 dilution). Then the blots were incu-
bated with a horseradish peroxidase– conjugated secondary
antibody. Immunoreactive bands were visualized by Super Sig-
nal West Pico chemiluminescent substrate using an LAS-3000
mini imaging system. For quantification, the protein band
intensities of the Western blotting images were quantified with
ImageJ software. Data are represented as mean intensity of
bands from three independent experiments.

Immunofluorescence

HBMECs cultured on coverslips were fixed with 4% parafor-
maldehyde and then permeabilized with 0.02% Triton X-100.
Then the cells were blocked with 5% donkey serum and stained
with the antibody CASPR1, ATP1B3, or ATP1A1 diluted at
1:100. Following incubation with secondary antibody conju-

gated with Alexa Fluor 488 and Alexa Fluor 594 (1:200 dilution;
Invitrogen) and DAPI staining, the coverslips were mounted
and analyzed under confocal laser-scanning microscopy (Zeiss
LSM880).

Immunoprecipitation

Cells were washed with ice-cold PBS and lysed with Nonidet
P-40 lysis buffer (Beyotime) containing protease inhibitors. The
cell lysates were centrifuged, and the supernatant was collected.
A total of 1 mg of protein was incubated with appropriate anti-
body (3 �g/ml) overnight at 4 °C and then incubated with pro-
tein A/G–agarose (Santa Cruz Biotechnology). The proteins
precipitated from immune complexes were eluted in SDS sam-
ple buffer for Western blotting. Each experiment was repeated
at least three times.

Plasma membrane protein assay

Cells were cultured until 	80 –90% confluence and then
starved with RPMI 1640 medium overnight. Then cells were
incubated with RPMI 1640 medium containing Sulfo-NHS-
LC-biotin (0.5 mg/ml) for 30 min to label the cell plasma mem-
brane proteins. The biotin-labeled cells were lysed with Non-
idet P-40 lysis buffer containing protease inhibitors, and then
the cell lysates were incubated with anti-ATP1B3 antibody.
Immunoblotting was performed to analyze the total precipi-
tated ATP1B3 with ATP1B3 antibody, and the plasma mem-
brane ATP1B3 was analyzed using horseradish peroxidase–
conjugated streptavidin.

Isolation of plasma membrane protein

107 cells were prepared to isolate plasma membrane proteins
and cytosolic proteins according to the Plasma Membrane Pro-
tein Isolation Kit user manual (Invent Biotechnologies, Eden
Prairie, MN). The total protein of cells was extracted follow-
ing the Total Protein Extraction Kit user manual (Invent
Biotechnologies).

Measurement of cytoplasmic K� concentration

The cultured HBMECs were washed with salt solution (4.5
mM KCl, 125 mM NaCl, 5 mM CaCl2, 1 mM MgCl2) and then
cultured with culture medium (10 mM glucose, 10 mM Hepes,
pH 7.3) containing a 10 �M concentration of the K�-sensitive
fluorophore PBFI and 0.05% Pluronic F-127 (Invitrogen) at
37 °C for 30 min. Then cells were washed and mounted in FCS3
chamber with 4.5 mM KCl salt solution in the presence of volt-
age-gated K� channel inhibitor TEA (20 mM), followed by 60
mM KCl solution perfusion. Measurements of cytoplasmic K�

concentration with PBFI from regions of interest were per-
formed using confocal laser-scanning microscopy (Zeiss
LSM880) throughout the course of an experiment. When indi-
cated, the cells were pretreated with the Na�/K�-ATPase
inhibitor ouabain (1 mM).

Na�/K�-ATPase activity assay

107 HBMECs were suspended with physiological saline and
lysed by the ultrasonic wave following the Na�/K�-ATPase
assay kit instructions. Briefly, the protein concentrations of cell
lysates were determined by the BCA method (Pierce). Then
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Na�/K�-ATP enzyme activity was analyzed using a Spectra-
Max M5 reader (Molecular Devices, Sunnyvale, CA).

Glutamate efflux assay

105 HBMECs were cultured on Transwell membrane for 5
days. The cells were replaced with HBSS and incubated at 37 °C
for 10 min. Then 600 �l of fresh HBSS containing 50 �M L-glu-
tamate were added to the lower chamber, and 100 �l of HBSS
were added to the upper chamber. The L-glutamate concentra-
tion in the upper chamber was analyzed at the indicated time
using a glutamate assay kit (ab138883) according to the user
manual.

Statistical analysis

All values were analyzed by GraphPad Prism software. The
quantitative variables are presented as mean � S.D. Statistical
significance between two groups was analyzed by Student’s t
test. One-way analysis of variance (ANOVA) was used to com-
pare multiple groups. A p value of �0.05 was considered
significant.
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