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We have previously shown that the Coxsackievirus and adenovirus receptor (CAR) can interact with post-
synaptic density 95 (PSD-95) and localize PSD-95 to cell-cell junctions. We have also shown that activity
of the acid sensing ion channel (ASIC3), a H'-gated cation channel that plays a role in mechanosensation
and pain signaling, is negatively modulated by PSD-95 through a PDZ-based interaction. We asked
whether CAR and ASIC3 simultaneously interact with PSD-95, and if so, whether co-expression of these
proteins alters their cellular distribution and localization. Results indicate that CAR and ASIC3 co-immu-
noprecipitate only when co-expressed with PSD-95. CAR also brings both PSD-95 and ASIC3 to the
junctions of heterologous cells. Moreover, CAR rescues PSD-95-mediated inhibition of ASIC3 currents.

These data suggest that, in addition to activity as a viral receptor and adhesion molecule, CAR can play
a role in trafficking proteins, including ion channels, in a PDZ-based scaffolding complex.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

The Coxsackievirus and adenovirus receptor (CAR) is both a cell
adhesion protein and a viral receptor [1,2]. CAR is a developmen-
tally essential member of the immunoglobulin superfamily and is
present in numerous cell types, including many regions of the
nervous system where it can play a role in endocytosis and cargo
trafficking in neurons [3-8]. CAR contains a class 1 PSD-95/Dro-
sophila discs-large protein/zonula occludens protein-1 (PDZ)-bind-
ing domain at its C-terminus and is known to interact with and
affect the trafficking of several PDZ domain-containing scaffolding
proteins, such as PSD-95, MAGI-1, PICK1, and MUPP-1 [2,9].

The PDZ domain-containing family is an important group of
proteins involved in the transport and stabilization of channel
complexes and adhesion molecules [10,11]. These are generally
large scaffolding proteins containing one or more PDZ domains,
along with several other protein domains. One key PDZ
domain-containing protein involved in the localization and stabil-
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ity of many ion channels is post-synaptic density 95 (PSD-95). PSD-
95 contains three PDZ domains, an SH3 domain, and a guanylate
kinase domain, and each of these domains potentially interacts
with several different partners. PSD-95 also interacts with itself
increasing the potential number of simultaneous interactions. For
example, PSD-95 is known to concentrate multiple different ion
channels and other synaptic proteins at glutamatergic synapses
[10]. However, it is unclear whether PSD-95 functions to traffic
channels to the synapse, or whether it serves as a scaffold able to
trap and retain channels there after arrival [12]. We have previ-
ously shown that CAR is able to direct PSD-95 localization to the
junctions of heterologous cells [2], suggesting that CAR might also
participate in the localization of other proteins, including cell sur-
face signaling proteins, within a larger protein complex.

Acid sensing ion channels (ASICs) are proton-gated cation chan-
nels with four alternatively spliced members (ASIC1a, 1b, 1b2, 2a,
2b, 3, and 4) [13,14]. ASIC channels function as homo- or hetero-
multimers, and they interact with multiple other modulatory
proteins, including PDZ domain-containing proteins. ASIC channels
are known to be involved in nociception and in fear response, and
may be important for other pathogenic or psychiatric diseases. In
particular, ASIC3 expression is primarily restricted to peripheral
sensory neurons where it plays a role in sensing pain associated
with modest drops in pH and may play a role in mechanosensation.
PSD-95 is also implicated in pain pathways [15]. ASIC3 directly
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interacts with PSD-95 via a PDZ-PDZ binding domain interaction
[16,17]. Interestingly, this interaction increases retention of ASIC3
within the reticular compartments of the cell where it strongly
co-localizes with PSD-95. This interaction reduces ASIC3 cell sur-
face levels and hence proton-gated current.

We asked whether CAR and ASIC3 could simultaneously inter-
act with PSD-95, and if so, what the formation of this complex does
to the localization and activity of the individual proteins. We show
that CAR is able to bring both PSD-95 and ASIC3 to the junctions of
heterologous cells resulting in restoration of ASIC3 current, as
measured by whole-cell patch-clamp. These results suggest a novel
function of CAR as a trafficking protein for cell surface signaling
molecules.

2. Materials and methods
2.1. Materials

FLAG M2 antibody (Ab) was purchased from Sigma (F3165, St.
Louis, MO). Guinea pig ASIC3 Ab was purchased from Millipore
(AB5927, Billerica, MA). Mouse anti-HA was purchased from Cell
Signaling Technology (2367S, Danvers, MA). HRP conjugated
donkey anti-guinea pig Ab was purchased from Jackson Immuno-
Research Laboratories, Inc. (West Grove, PA). Alexa-488, -568, or
-647 conjugated goat anti-mouse, -rabbit, or -guinea pig Abs,
mouse and rabbit anti-GFP were from Molecular Probes (Eugene,
OR). Mouse anti-CAR RmcB Ab (CRL-2379, ATCC, Manassas, VA)
was produced by the University of lowa Hybridoma Core. Rabbit
anti-CAR 1605p was produced in rabbits immunized with a GST fu-
sion to the intracellular CAR C-terminus (aa 261-365) as previ-
ously described [18]. COS-7 cells were from ATCC (Manassas,
VA), and maintained under standard culture conditions (D-MEM
with 10% FCS, penicillin and streptomycin).

2.2. Transfection

COS-7 cells were electroporated by standard methodologies [2].
Briefly, 10 million cells were mixed with 10 pg of each DNA for tri-
ple transfections, in 400 pul of cytomix (120 mM KCl, 0.15 mM
CaCl,, 10 mM K,HPO4, 10 mM KH,P04, 25 mM Hepes, 2 mM EGTA,
5mM MgCl,, 2 mM ATP, and glutathione) and incubated in an
electroporation cuvette (Bio-Rad Laboratories, Hercules, CA) for
30 min on ice. For double or single transfections, 10 pg of the target
plasmid DNA was balanced by either peGFP (Clontech) or parental
pcDNA3.1. After electroporation, cells were seeded onto 10 cm
dishes for immunoprecipitation (IP), collagen coated glass chamber
slides for immunofluorescence, or glass coverslips for patch-clamp
studies 2 days later.

2.3. Immunostaining

COS-7 cells grown on collagen coated chamber slides were
washed once with PBS, fixed with 4% paraformaldehyde, permeabi-
lized with 0.1% Triton X-100, and blocked with 2% BSA in Super-
Block (Pierce, Rockford, IL). Cells were incubated with primary
Ab, washed extensively and incubated with Alexa-labeled second-
ary Ab. After washing, slides were coverslipped with Vectashield
mounting media (Vector Laboratories, Burlingame, CA). Images
were acquired with an FV1000 Laser Scanning Confocal Microscope
(Olympus, CenterValley, PA) using a 60x oil immersion lens.

2.4. IP and Western blot
COS-7 cells from two 100 mm plates were placed on ice,

washed once with ice cold PBS, and lysed with lysis buffer
[50 mM Tris-HCIl, pH 7.5, 137 mM NacCl, 1% Triton X-100, 5 mM

EDTA, 1 mM EGTA, protease inhibitors (10 pg/ml) leupeptin, apro-
tinin, pepstatin, and 1 mM phenylmethylsulfonyl fluoride] by rock-
ing at 4 °C. Cells were scraped, sonicated five times and spun in a
microcentrifuge at full speed for 10 min. For co-IP, supernatant
was incubated with the indicated Ab with rotation at 4°C
overnight. Protein A or G conjugated Sepharose (Amersham Biosci-
ences, Uppsala Sweden) was added for 1-2 h followed by a wash
with lysis buffer, 10% lysis buffer in TBS [50 mM Tris-HCl, pH
7.5, 137 mM Nacl], and TBS. Beads were suspended in loading buf-
fer [4% sodium dodecyl sulfate, 100 mM dithiothreitol, 20% Glyc-
erol, 65 mM Tris, pH 6.8, 0.005% bromophenol blue] and proteins
were separated by SDS-polyacrylamide gel electrophoresis. Gels
were transferred to a polyvinylidene difluoride membrane (Milli-
pore, Bedford, MA), blocked with 5% BSA, washed, probed with
primary Ab as indicated, followed by washing and incubation with
HRP-conjugated donkey anti-mouse or -rabbit secondary Ab (Jack-
son ImmunoResearch Laboratories, West Grove, PA). Bands were
detected with ECL reagents (Pierce, Rockford, IL) and imaged on
the EpiChemi® Darkroom (UVP Inc., Upland, CA).

2.5. Electrophysiology

Whole-cell patch-clamp recordings (at —70 mV) from COS-7
cells were performed at room temperature with an Axopatch
200B amplifier (Axon Instruments, Foster City, CA) and were ac-
quired and analyzed with PULSE/PULSEFIT 8.70 (HEKA Electronics,
Lambrecht, Germany) and IGOR Pro 6.01 (WaveMetrics, Lake
Oswego, OR) software. Currents were filtered at 5 kHz and sampled
at 2 kHz. Series resistance was compensated by at least 50%. Capac-
itive currents were compensated for and recorded for normaliza-
tion of peak current amplitudes (reported as current densities).
Micropipettes (2-4 MQ) were filled with internal solution (mM):
100 KCl, 10 EGTA, 40 Hepes, and 5 MgCl,, pH 7.4, with KOH. Exter-
nal solutions contained (mM): 120 NaCl, 5 KCI, 1 MgCl,, 2 CaCl,, 10
Hepes, 10 MES; pH was adjusted with tetramethylammonium
hydroxide, and osmolarity adjusted with tetramethylammonium
chloride (TMA-CI). Extracellular solutions were changed within
20 ms by using a computer-driven solenoid valve system [19].
Kinetics of desensitization was fit to with single exponential
equations and time constants (7) reported. Data are means + SEM.
Statistical significance was assessed using unpaired Student’s t-
test.

3. Results
3.1. ASIC3, CAR, and PSD-95 interact in a trimolecular complex

We have previously demonstrated interactions between ASIC3
and PSD-95, as well as CAR and PSD-95 [2,16]. Moreover, both
interactions have been shown to be dependent on the functional
PDZ-binding domains of ASIC3 and CAR. To investigate whether
CAR interacts directly with ASIC3, COS-7 cells were co-transfected
with paired combinations of plasmids encoding HA-tagged ASIC3,
FLAG-tagged CAR, and GFP-tagged PSD-95 (Fig. 1A). As expected,
coexpression of ASIC3 with PSD-95 allowed for co-immunoprecip-
itation of the two proteins. However, CAR, when coexpressed with
ASIC3, did not co-immunoprecipitate with ASIC3 (Fig. 1A). In
contrast, when all three proteins were coexpressed, ASIC3 co-
immunoprecipitated both PSD-95 and CAR (Fig. 1B). Similarly,
PSD-95 co-immunoprecipitated ASIC3 and CAR, and CAR co-immu-
noprecipitated ASIC3 and PSD-95 upon coexpression of all three
proteins (Fig. 1C). We next investigated whether this trimolecular
interaction was dependent upon PDZ-binding domain interactions.
Deletion of the four terminal amino acids comprising the
PDZ-binding domain of ASIC3 (ASIC3A4) abolished the capacity
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Fig. 1. CAR, ASIC3, and PSD-95 form a trimolecular complex. (A) COS-7 cells were
double transfected with GFP-tagged PSD-95, HA-tagged ASIC3, or FLAG-tagged CAR
and subjected to IP with an antibody specific for ASIC3, followed by Western blot
with tag-specific antibodies. Western blot of lysates demonstrated appropriate
bands indicating successful transfection. Cells were triple transfected with GFP-
PSD-95, HA-ASIC3, FLAG-CAR, HA-ASICA4, or FLAG-CARA4, and subjected to IP (B)
with an antibody specific for ASIC3 or (C) antibodies against GFP or CAR (RmcB),
followed by Western blot with GFP-, ASIC3-, or CAR (1605p)-specific antibodies.
Western blot of (B) lysates or (C) mock transfected cells subjected to immunopre-
cipitation. Transfections are indicated at the bottom of each blot. Blots are
representative of three experimental replicates.

of ASIC3 to co-immunoprecipitate either PSD-95 or CAR (Fig. 1B).
Moreover, deletion of the PDZ-binding domain of CAR (CARA4)
abolished the capacity of ASIC3 to co-immunoprecipitate CAR;
however it did not alter the ability of ASIC3 to co-immunoprecip-
itate PSD-95 (Fig. 1B). In summary, these data show that ASIC3,
PSD-95, and CAR form a trimolecular complex that involves the
binding of ASIC3 and CAR, via their PDZ-binding domains, to
PSD-95.

3.2. CAR alters the localization of the PSD-95-ASIC3 complex

We next asked whether the cellular localization of these
proteins was altered upon interaction. Previously we have shown
that CAR and ASIC3 independently co-localize with PSD-95 and
changed their distribution of expression [2,16]. Consistent with
these previous findings, when each of the individual proteins was
expressed alone, immunocytochemistry for ASIC3 demonstrated
a strong reticular pattern (Fig. 2A), PSD-95 staining was largely dif-
fuse throughout the cell (Fig. 2B), and CAR localized to the junc-
tions between transfected cells (Fig. 2C). Coexpression of ASIC3
and PSD-95 together resulted in altered localization of both pro-
teins so that they co-localized in small clusters throughout the cell
(Fig. 2D). Coexpressing CAR and PSD-95 resulted in CAR-mediated
recruitment of PSD-95 to the junctions of cells (Fig. 2E). Interest-
ingly, coexpressed CAR and ASIC3 did not co-localize and the local-
ization of the two proteins was unchanged; ASIC3 remained
reticular, while CAR was primarily at the intercellular junctions
(Fig. 2F). Surprisingly, coexpression of all three proteins together
resulted in ASIC3, CAR, and PSD-95 co-localization at the junctions
between cells (Fig. 2G, blue arrow). These data suggest that CAR
plays a dominant role in the cellular localization of the complex,
causing both PSD-95 and ASIC3 to either traffic to junctions, and/
or be retained at junctions after arrival.

3.3. Cellular co-localization of the CAR-ASIC3-PSD-95 complex
requires PDZ-binding domains

We then tested if the junctional localization of the CAR-ASIC3-
PSD-95 complex was dependent on the PDZ-binding domains of
CAR and ASIC3. Coexpression of ASIC3, CARA4, and PSD-95
resulted in co-localization of ASIC3 and PSD-95 in small clusters
throughout the cell, and neither co-localized with CAR at junctions
(Fig. 2H). Moreover, coexpressing ASICA4, CAR, and PSD-95
showed that PDS-95 was now recruited to the junctions with
CAR, while ASIC3 remained reticular (Fig. 2I). These data strongly
suggest that these protein interactions and cellular localization
patterns are dependent on the PDZ-binding domains of CAR and
ASIC3 interacting with PSD-95.

3.4. CAR co-expression restores ASIC3 current in the presence of PSD-
95

Even though heterologous ASIC3 staining appears largely
reticular within COS-7 cells, some ASIC3 is at the cell surface since
exposing cells to acidic pH evokes inward transient currents
characteristic of ASIC3 currents, as measured by whole-cell
patch-clamp (Fig. 3A and B). Acid application to COS-7 cells not
transfected with ASIC3 generated no current (data not shown). It
has also been shown that co-expression of ASIC3 with PSD-95 re-
duces ASIC3 expression at the cell surface and decreases current
amplitude (Fig. 3A and B) [16]. Considering the dramatic change
in ASIC3 localization upon co-expression with CAR and PSD-95,
we asked what effect this would have upon ASIC3 current proper-
ties. Interestingly, pH 5.0-evoked current amplitudes were
completely restored to the levels of ASIC3 alone (Fig. 3A and B).
We studied pH 5-evoked currents because pH 5 maximally acti-
vates ASIC3. To confirm that these findings were dependent upon
PDZ-PDZ-binding domain interactions between the three proteins,
we investigated the effect of ASIC3A4 and CARAA4. As previously
shown, deleting the PDZ-binding domain of ASIC3 abolished PSD-
95-mediated inhibition of ASIC3 current (Fig. 3B, compare bars 2
and 6). Moreover, mutating the PDZ-binding domain of CAR largely
abolished its capacity to “reverse” the effect of PSD-95-mediated
inhibition of ASIC3 (Fig. 3B, compare bars 4 and 8). We previously
found that PDZ domain-containing proteins alter ASIC3 expression
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Fig. 2. CAR localizes ASIC3 to cell junctions via PSD-95. Single transfected COS-7 cells were investigated for the localization of (A) HA-ASIC3 (red), (B) GFP-PSD-95 (green), (C)
FLAG-CAR (white) by GFP fluorescence or with tag-specific antibodies for ASIC3 (HA) or CAR (FLAG). Double transfected cells were investigated for co-localization of (D) HA-
ASIC3 and GFP-PSD-95, (E) FLAG-CAR and GFP-PSD-95, or (F) HA-ASIC3 and FLAG-CAR. Triple transfected cells were investigated for co-localization of (G) HA-ASIC3, FLAG-
CAR, and GFP-PSD-95, (H) HA-ASIC3, FLAG-CARA4, and GFP-PSD-95, or (I) HA-ASIC3A4, FLAG-CAR, and GFP-PSD-95. Merge images are shown in the right hand panel with
nuclei counterstained with DAPI (blue). Representative X-Y images shown; 60x oil immersion confocal microscopy. White bar represents 20 pum.

changed whether ASIC3 was expressed alone (7 =501 +44 ms;
n =20), with PSD-95 (7 =515 + 44 ms; n = 8), or in a complex with
both PSD-95 and CAR (7 =495 + 20 ms; n = 21), suggesting that the
channel gating properties are not significantly affected by the

at the cell surface, without affecting gating properties [16].
Similarly, by fitting the falling phase (desensitization) of the
acid-evoked currents to a single exponential, we found that the
mean time constants of channel desensitization (7) remained un-
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Fig. 3. CAR rescues ASIC3 current from PSD-95-mediated inhibition. (A) Represen-
tative acid-evoked currents from COS-7 cells transfected with ASIC3 alone, ASIC3
and PSD-95, or ASIC3, PSD-95 and CAR. (B) Mean current densities from cells
transfected with the constructs indicated below the graph (n’s are indicated within
each bar; *p<0.01 vs. ASIC3 expressed alone; **p <0.01 vs. ASIC3 and PSD-95
coexpressed; ®p <0.01 vs. coexpressed ASIC3, PSD-95, and CAR). (C) Schematic
representation of interactions between ASIC3, PSD-95, and CAR.

complex formation. These data suggest that the functional interac-
tion between ASIC3 and PSD-95 can be modulated by co-interac-
tion with the cellular adhesion protein CAR.

4. Discussion

Our results demonstrate that ASIC3 and CAR interact indirectly
via the PDZ domain-containing protein PSD-95 to form a complex
that localizes to cellular junctions. This interaction requires the
PDZ-binding domains of ASIC3 and CAR, and suggests a simulta-
neous interaction with non-overlapping PDZ domains in PSD-95.
When ASIC3 interacts with PSD-95 alone, it is functionally inhib-
ited by being sequestered in the cell. However, when complexed
with CAR, ASIC3, and PSD-95 localization is altered, and ASIC3
current is restored. We report for the first time that CAR can affect
the cellular localization of an ion channel, and alter its function.

While our studies demonstrate functional interactions in heter-
ologous cells, CAR, PSD-95, and ASIC3 are expressed in various cell

types including astrocytes, dorsal root ganglia, and other sensory
neurons [5,6,8,10,14,17,20]. In addition, CAR and ASIC3 expression
overlap in other tissues that do not express PSD-95, such as epithe-
lial cells of the lung and gastrointestinal tract. It is possible that
indirect interactions in these other tissues may be mediated by
similar interactions with other PDZ domain-containing proteins
such as PICK1 [2,16]. Moreover, the related ASIC subunit, ASIC2,
targets ASIC channels to synapses in the brain via its interaction
with PSD-95 [21], and it is attractive to speculate that some of
the functions of ASICs and PSD-95 in the brain are mediated
through their interactions with CAR.

Increasing evidence suggests that CAR functions in the traffick-
ing or cellular localization of different proteins in several cell types.
For example, CAR is able to alter the localization of the cellular
scaffolding protein MAGI-1, a protein known to interact with a
diverse set of proteins, such as the renal tubule K* channel Slo1
and glutamate transporter subtype 1 (GLT-1) [22,23]. Although
CAR can interact with actin, microtubules, and the clathrin adapt-
ors AP-1A and AP-1B, it is largely unknown how CAR functions in
the transport of its interacting proteins [24-26]. Future work will
aim to define these other potential mechanisms.

Studies in motor neurons have shown that CAR is localized at
the synapse, where it facilitates endocytosis of adenovirus [6].
The complex of CAR and adenovirus can be followed through a ser-
ies of endosomal maturation events ultimately ending up in the
neuronal cell body. CAR is also critical for the structure and
function of the intercalated discs in the heart. Conditional car-
diac-specific knock-out of CAR in mice results in the loss of the
gap junction protein, Connexin 45, at the AV-node of cardiac myo-
cytes resulting in a block of atrioventricular conduction [27]. Conn-
exin 45 contains a PDZ binding-domain similar to CAR and both
proteins can co-IP together, thus, the authors speculated that these
proteins may interact via a PDZ domain-containing protein, such as
Z0-1. While a known function of PSD-95 is to cluster and alter the
cellular localization of other proteins, it is interesting that CAR had
a dominant role over PSD-95 in localization of the protein complex,
and on ASIC3 function.

Several studies have shown that peripheral ASIC3 channels are
sensors of acidic pain and integrators of molecular signals pro-
duced during inflammation [13]. PSD-95 has also been implicated
in pain pathways. For example, reduced PSD-95 in the spinal cord
attenuated nerve mechanical and thermal hyperalgesia during
both the development and maintenance of chronic neuropathic
pain [28]. In addition, pain signaling mechanisms may be orga-
nized within lipid rafts [29]. CAR, PSD-95, and ASIC3 have all been
shown to reside in lipid rafts, a cellular environment that may
enhance multimolecular complex formation or stability [17,30].
Taken together, it can be speculated that interaction with ASIC3
and PSD-95 may implicate CAR in pain sensitization.

In summary, apart from being a cell adhesion molecule and viral
receptor, our findings indicate a new role for CAR as a trafficking
molecule for cell surface signaling proteins. Our data suggest a
model (Fig. 3D) whereby ASIC3 is retained within the cell when
bound to PSD-95. However, when CAR is also bound to PSD-95,
the complex now assumes the localization pattern of CAR, and
the intracellular retention of the ASIC3-PSD-95 complex is relieved
resulting in increased ASIC3 channel activity. These data present a
novel function of CAR to modulate cell surface signaling, and have
implications for neuronal development, plasticity, and pain, as well
as understanding mechanisms behind changes in cellular signaling
during viral infection.
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