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Cell adhesion molecules and neurotrophin receptors are cru-
cial for the development and the function of the nervous system.
Among downstream effectors of neurotrophin receptors and
recognition molecules are ion channels. Here, we provide evi-
dence that G protein-coupled inwardly rectifying K* channel
Kir3.3 directly binds to the neural cell adhesion molecule
(NCAM) and neurotrophin receptor TrkB. We identified the
binding sites for NCAM and TrkB at the C-terminal intracellu-
lar domain of Kir3.3. The interaction between NCAM, TrkB,
and Kir3.3 was supported by immunocytochemical co-localiza-
tion of Kir3.3, NCAM, and/or TrkB at the surface of hippocam-
pal neurons. Co-expression of TrkB and Kir3.1/3.3 in Xenopus
oocytes increased the K* currents evoked by Kir3.1/3.3 chan-
nels. This current enhancement was reduced by the concomi-
tant co-expression with NCAM. Both surface fluorescence
measurements of microinjected oocytes and cell surface biotin-
ylation of transfected CHO cells indicated that the cell mem-
brane localization of Kir3.3 is regulated by TrkB and NCAM.
Furthermore, the level of Kir3.3, but not of Kir3.2, at the plasma
membranes was reduced in TrkB-deficient mice, supporting the
notion that TrkB regulates the cell surface expression of Kir3.3.
The premature expression of developmentally late appearing
Kir3.1/3.3 in hippocampal neurons led to a reduction of NCAM-
induced neurite outgrowth. Our observations indicate a decisive
role for the neuronal K* channel in regulating NCAM-depen-
dent neurite outgrowth and attribute a physiologically mean-
ingful role to the functional interplay of Kir3.3, NCAM, and
TrkB in ontogeny.

The neural cell adhesion molecule (NCAM),®> which is
expressed as early as the developmental stage of neural tube
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closure (1), has been implicated in morphogenetic processes
during nervous system development such as cell proliferation,
migration, differentiation and survival, neuritogenesis, and
synaptogenesis (2—6). NCAM is involved in neural cell interac-
tions, including synaptic contact formation and modulation of
synaptic activity (2—6).

Neurotrophic factors and their receptors regulate neuronal sur-
vival and neuritogenesis not only during development but also in
the adult stage during synaptic plasticity (7). Similar to NCAM, the
neurotrophin receptor TrkB and its ligand, brain-derived neuro-
trophic factor (BDNF), regulate neuronal cell survival, neurite out-
growth, synaptogenesis, and synaptic activity (8 —14).

Interestingly, both NCAM and TrkB converge functionally
to regulate ionic homeostasis via inwardly rectifying K™ chan-
nels of the Kir3 subfamily. Recombinantly expressed NCAM180
specifically reduces inward currents of neuron-specific Kir3.1/
3.2 and Kir3.1/3.3 but not Kir3.1/3.4 channels in Xenopus
oocytes and CHO cells (15). Activated TrkB determines the
open state of Kir3.1/3.4 but not of Kir3.1/3.2 channels by phos-
phorylation; BDNF stimulation of TrkB results in tyrosine
phosphorylation of the Kir3.4 and Kir3.1 subunits, but not the
Kir3.2 subunit, and leads to an inhibition of the basal activity of
these channels (16, 17). Thus, both NCAM and TrkB may target
a common mechanism of membrane potential regulation that
determines the excitability of neurons.

Here we show that NCAM, TrkB, and Kir3.3 interact directly
with each other via their intracellular domains. Overexpression
of the developmentally late appearing Kir3.3 subunit leads to a
decrease in NCAM-mediated neurite outgrowth. Kir3.3 chan-
nel expression at the cell surface; thus activity is regulated by
NCAM and TrkB independently of BDNF ligand binding.
These observations indicate that the interplay of recognition
molecules, neurotrophin receptors, and ion channels regulate
neurite outgrowth.

EXPERIMENTAL PROCEDURES

Mice—Breeding and maintenance of mice are described in
the accompanying article (37). TrkB-deficient mice were de-
scribed elsewhere (18).

tein; ID, intracellular domain; pS, picosiemens; TrkB, receptor tyrosine
kinase B.
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Antibodies—NCAM antibodies P61 and 5B8 reacting with
the intracellular domain of NCAM, NCAM180-specific anti-
body D3, NCAM antibodies H28 and 1B2 against the extracel-
lular domain of NCAM, panTrk antibody, TrkB-specific anti-
body H181, anti-penta His antibody, and secondary antibodies
used in this study are described in the accompanying article
(37). Kir3.3, Kir3.2, calreticulin, and rabll antibodies were
from Santa Cruz Biotechnology (Santa Cruz, CA).

DNA Constructs—Rat Kir3.1, human Kir3.2, rat Kir3.3, and
human Kir3.4, the two NCAM isoforms, and full-length TrkB
were subcloned into the pCDNA3 or pSGEM vector, which
provides the 5 and 3’ untranslated regions of the Xenopus
B-globin gene for expression in Xenopus oocytes as described
previously (15). The assembly of concatameric Kir3.1/3.2,
Kir3.1/3.3, and Kir3.1/3.4 has also been described (19).

Production and Purification of Recombinant Intracellular
Domains—Cloning of NCAM140, NCAM180, and the close
homolog of L1 (CHL1) into the mammalian expression vector
pcDNA3 is described in the accompanying article (37).
Sequences encoding Kir3.3 intracellular domain (Kir3.3-ID, bp
469 -1182) and Kir3.2 intracellular domain (Kir3.2-ID, bp 571-
1278) were amplified from a mouse brain ¢cDNA library and
cloned into pQE30 plasmid. Protein expression and purifica-
tion are described in the accompanying article (37). Native
TrkB-ID prepared in a baculovirus expression system (20) was a
kind gift of Shinichi Koizumi and Motohiko Kometani (Novar-
tis Pharma K K., Tsukuba Research Institute, Ibaraki, Japan).

Immunoprecipitation, ELISA, and Western Blot Analysis—
These methods are described in the accompanying article (37).
Detergent extracts of hippocampus or brain from 2—3-month-
old C57BL/6 mice were centrifuged for 1 h at 100,000 X g and
4 °C before immunoprecipitation was performed.

Pulldown Assay—NCAM180-ID or CHL1-ID resuspended
in 0.5 ml of PBS was incubated with brain detergent extracts
from 2—-3-month-old C57BL/6] mice for 30 min at room tem-
perature. Nickel-nitrilotriacetic acid beads were added and
incubated for 1 h at 4 °C. After washing the beads with PBS,
bound protein was eluted from the beads by boiling them in
SDS sample buffer (60 mm Tris/HCl, pH 6.8, 2% SDS, 1%
B-mercaptoethanol, and 10% glycerol, 0.02% bromphenol
blue).

Cell Surface Biotinylation, Transfection, and Microinjection
of CHO Cells—CHO cells were grown in Glasgow modified
Eagle’s medium (GMEM) supplemented with 10% fetal calf
serum (Invitrogen) in 6-well plates (BD Biosciences). After 4 h,
the medium was replaced, and cultures were maintained at
37 °C in a humidified incubator gassed with 5% CO,. Cells
were transiently transfected at 90% confluence with expression
plasmids coding for concatameric Kir3.1/3.3, TrkB, and/or
NCAM140 using a Lipofectamine Plus kit (Invitrogen) accord-
ing to the manufacturer’s protocol. For microinjections, CHO
cells were grown on round 12-mm glass coverslips in GMEM.
After 1-2 days, Kir3.1/3 expression plasmid alone (50 ng/ul) or
in combination with either NCAM140 or TrkB expression plas-
mid (each at 50 ng/ul) were microinjected using a Transjector
5246 (Eppendorf, Hamburg, Germany). EGFP expression plas-
mid (20 ng/ul) was co-injected and served as a positive selection
marker.
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Neurite Outgrowth Measurements of Hippocampal Neurons
and Immunocytochemistry—Preparation and transfection of
hippocampal neurons and determination of neurite lengths
were performed as described in the accompanying article (37).

Preparation of Subcellular Fractions—Mouse brains were
homogenized in HOMO buffer (5 mm Tris-HCI, 0.32 M sucrose,
1 mm MgCl,, 1 mm CaCl,, 1 mm NaHCO, plus Complete™
EDTA-free protease inhibitor mixture (Roche Diagnostics), pH
7.5) and centrifuged at 1,000 X g for 10 min at 4 °C. The result-
ing supernatant was centrifuged at 17,000 X g for 20 min at4 °C.
For the isolation of plasma membranes, the 17,000 X g pellet
was subjected to a hypotonic shock by adding 9 volumes
ice-cold H,O plus Complete™ EDTA-free protease inhibi-
tor mixture and rapidly adjusted to 5 mm Tris-HCl by adding
1 m Tris-HCI (pH 7.5). After centrifugation at 25,000 X g for
20 min at 4 °C, the pellet fraction containing lysed membranes
was resuspended in HOMO butffer and loaded onto a discon-
tinuous sucrose gradient consisting of 0.8, 1.0, and 1.2 M
sucrose. After centrifugation at 150,000 X g for 2 h at 4 °C, the
interphase material between 1.0 and 1.2 M sucrose, which con-
tained plasma membranes, was collected by centrifugation.
Endosomes and endoplasmic reticulum were collected from
the 17,000 X g supernatant by centrifugation at 100,000 X g for
1hat4 °C. The pellet was resuspended in a 2 M sucrose gradient
solution, and a sucrose gradient containing 0.25, 0.8, 1.15, and
1.3 M sucrose was loaded on top of the samples. After centrifu-
gation at 100,000 X g for 2 h at 4 °C, the interphase fraction
between 0.8 and 1.15 M sucrose and between 1.3 and 2.0 M
sucrose, which contained endosomes and endoplasmic reticu-
lum, respectively, were collected, and proteins were precipi-
tated by addition of methanol-chloroform.

Oocyte Electrophysiology and Cell Surface Expression—For
recombinant protein expression in Xenopus oocytes, cDNAs
of full-length NCAM, TrkA, TrkB, and Kir3 isoforms were
subcloned into the polyadenylation vector pPSGEM. N-termi-
nal fusion of EGFP to rat Kir3.3 was generated by insertion of
an EGFP-coding PCR product without a stop codon into the
5" NotI site of Kir3.3 cDNA. The resulting fusion construct
(EGFP-Kir3.3) separates the two entire ORFs by three in-
frame alanine codons. Capped run-off poly(A)* cRNA tran-
scripts were synthesized from linearized cDNA and subse-
quently injected into defolliculated oocytes. Oocytes were
incubated at 20 °C in ND96 solution (96 mMm NaCl, 2 mm KCl,
1 mm MgCl,, 1 mm CaCl,, and 5 mm HEPES, pH 7.4) supple-
mented with 100 ug/ml gentamicin and 2.5 mm sodium
pyruvate, and 48 h after injection either two electrode volt-
age clamp recordings or fluorescence measurements were
performed. Currents were recorded with a Turbo Tec-10
amplifier (npi, Tamm, Germany) and sampled through an
EPC9 (Heka Electronics, Lambrecht, Germany) interface
using Pulse/Pulsefit software (Heka Electronics). For rapid
exchange of external solution, oocytes were placed in a small
perfusion chamber with a constant flow of ND96 or “96 K*”
solution (96 mm KCI, 2 mm NaCl, 1 mm MgCl,, 1 mm CaCl,,
and 5 mMm HEPES, pH 7.4). Cell surface fluorescence in
oocytes was measured with a Nikon C1 laser-scanning micro-
scope equipped with a 10X water immersion objective. For
quantification of fluorescence intensity, confocal images were
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FIGURE 1. Identification of the binding site on Kir3.3-ID for interaction with NCAM-ID. A, B, D, and E, in
ELISA experiments substrate-coated Kir3.3-ID, Kir3.2-ID (A and B), and Kir3.3 peptides A, B, and C (C, D, and E)
were incubated with NCAM140-ID (A and D) and NCAM180-ID (B and E). C, sequences of Kir3.3-ID and Kir3.2-ID
and the peptides A, B,and Cused in ELISA experiments are shown. Dark gray bars feature the same amino acids
and light gray bars similar amino acids. OH designates the C terminus of each protein, and numbers designate
amino acid positions. A, B, D, and E, binding of the NCAM-IDs was detected by using the antibody P61. All

were used to compare group mean
values as appropriate. Data con-
formed to the requirement for nor-
mal distribution (“normality” test,

experiments were performed at least three times. Error bars represent S.D.

taken under constant parameters from 10 different oocytes for
each experiment. Current amplitudes and fluorescence inten-
sity in arbitrary units are given as mean values * standard devi-
ations. Statistical analysis (Student’s ¢ test) was performed with
Statview software.

Single Channel Recording and Analysis—For single channel
recordings, CHO cells expressing Kir3.1/3 alone or in combi-
nation with either NCAM140 or TrkB were used 1-3 days after
microinjection. The cells were bathed in a “135 K*~ solution
containing 135 mm KCl, 2 mm CaCl,, 2 mm MgCl,, 5 mMm
HEPES and 20 mwm sucrose with pH adjusted to 7.4 with KOH.
Patch pipettes were pulled from thick-walled borosilicate glass
and filled also with 135 K™ solution. Pipette-to-bath resistances
were between 3.5 and 4 megohms. All single channel recordings
were done in the cell-attached configuration with voltages ap-
plied to the patch membrane between +60 and —120 mV.
Currents were recorded with an EPC9 patch clamp amplifier
controlled by Pulse software (Heka Electronics). Signals were
filtered at 3 kHz with 4-pole Bessel characteristics and acquired
at a sampling interval of 40 us. Only patches with no channel
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SigmaStat 2.0, SPSS, Chicago, IL).

The threshold significance value
for acceptance of differences between group mean values
was 5%.

RESULTS

Identification of an Interaction between the Intracellu-
lar Domains of NCAM and Kir3.3—Because NCAM modu-
lates the currents generated by the inwardly rectifying K*
channel subunits Kir3.3 and Kir3.2 (15), we investigated by
ELISA whether NCAM-ID directly interacts with Kir3.3 or
Kir3.2. NCAM140-ID (Fig. 1A) and NCAM180-ID (Fig. 1B)
showed binding to substrate-coated Kir3.3-1D, whereas nei-
ther NCAM140-ID nor NCAM180-ID bound to Kir3.2-ID
(Fig. 1, A and B). Because NCAM-ID binds to Kir3.3-ID but
not Kir3.2-ID, and because Kir3.3-ID and Kir3.2-ID show
significant sequence differences mainly over a stretch of ~50
amino acids at the C terminus, overlapping peptides span-
ning the C-terminal stretch of Kir3.3 that is different from
Kir3.2 were used in an ELISA to identify the binding site for
NCAM-ID on Kir3.3-ID (Fig. 1C). Peptide A, comprising
amino acids 344 —364 of Kir3.3, bound to NCAM140-1D (Fig.
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FIGURE 2. Identification of the binding site on NCAM-ID for interaction
with Kir3.3-ID. A, for competition ELISA, substrate-coated Kir3.3-ID was
preincubated with increasing amounts of NCAM140-ID sequence-derived
peptides 1, 2, and 3 (upper panel) and then incubated with a constant
amount of NCAM180-ID. Binding of the NCAM180-ID was detected by
using the antibody P61. The experiment was performed at least three
times. Error bars represent S.D. B, rabbit polyclonal NCAM antibody 1B2 or
anonspecific rabbit IgG (rlg) was used forimmunoprecipitation (/P) from a
detergent extract of hippocampal tissue. Western blot analysis (WB) of the
immunoprecipitates was performed using the goat polyclonal Kir3.3 anti-
body or the monoclonal NCAM antibody 5B6 recognizing NCAM180 and
NCAM140.The input lane and the lanes with the immunoprecipitates were
derived from different exposure times of the same blot; the lanes were not
adjacent to each other. The experiment was performed twice with identi-
cal results. C, NCAM180-ID (780-ID) or CHL1-ID (CHL-ID) was incubated
with brain homogenate, and the bound proteins were isolated and sub-
jected to Western blot analysis using a Kir3.3 antibody. The experiment
was performed twice with identical results.

1D) and NCAM180-ID (Fig. 1E) but not to the more C-ter-
minal peptides B and C (Fig. 1, D and E). To identify the site
on NCAM for the binding of Kir3.3 a competition ELISA was
performed using NCAM peptides matching the consecutive
sequences of NCAM140-ID and NCAM180-ID (Fig. 2A).
Peptide 1, comprising the membrane-proximal sequences of
NCAM140-ID and NCAM180-ID but not the two other pep-
tides deduced from the more distal intracellular sequences,
reduced binding of NCAMI180-ID to substrate-coated
Kir3.3-ID (Fig. 2A). These observations indicate that
NCAM140-ID and NCAM180-ID bind directly to the intra-
cellular domain of the Kir3.3 but not to the Kir3.2 subunit of
the inwardly rectifying K* channel. This interaction is medi-
ated by amino acids 730-764 of NCAM and amino acids
344 -364 of Kir3.3.
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FIGURE 3. Neurite outgrowth from hippocampal neurons transfected
with Kir3.1/3.3 concatamers in vitro. Dissociated hippocampal neurons
were transfected with either an empty vector or a vector encoding con-
catameric Kir3.1/3.2 or concatameric Kir3.1/3.3 and co-transfected with EGFP
to identify the transfected neurons. The cells were plated on poly-L-lysine
(PLL), NCAM-Fc (NCAM), or laminin as coated substrates and maintained for
24 h. The lengths of about 100 neurites of transfected neurons were mea-
sured. Bar graphs show a significant reduction of mean neurite length only
when Kir3.1/3.3-transfected neurons are maintained on substrate-coated
NCAM-Fc. The data represent the means from three independent experi-
ments, with asterisks indicating statistically significant differences (Student's t
test: **, p < 0.01). Error bars represent S.E.

To obtain indications for an in vivo interaction of NCAM and
Kir3.3, we performed co-immunoprecipitation and pulldown
experiments. Co-immunoprecipitation of Kir3.3 from a deter-
gent lysate of adult mouse hippocampus was seen with an anti-
body against NCAM but not with a non-immune IgG (Fig. 2B).
The NCAM antibody, but not the non-immune IgG control,
immunoprecipitated both NCAM140 and NCAM180 (Fig. 2B).
In a pulldown assay using intracellular domains of NCAM180
and the close homolog of L1 (CHL1-ID), Kir3.3 was precipi-
tated from brain detergent extracts with NCAM180-ID but not
with CHL1-ID (Fig. 2C). The results confirm the interaction
between NCAM and Kir3.3.

Effect of Kir3.3 Expression on Neurite Outgrowth of Cul-
tured Hippocampal Neurons—In previous studies it was
shown that substrate-coated NCAM enhances neurite out-
growth of dissociated early postnatal hippocampal neurons
in comparison with substrate-coated poly-L-lysine (21).
Therefore, we next investigated whether NCAM-dependent
neurite outgrowth is affected by the interaction between the
intracellular domains of NCAM and Kir3.3. Because Kir3.3 is
not expressed in early postnatal neurons (22), we transfected
hippocampal neurons with concatameric Kir3.1/3.3 or, as a
negative control, Kir3.1/3.2 and measured neurite out-
growth on NCAM versus poly-L-lysine as a negative control
or laminin as a positive control. When hippocampal neurons
were plated on poly-L-lysine, expression of Kir3.1/3.2 or
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Kir3.1/3.3 did not change the mean length of neurites when
compared with mock-transfected neurons (Fig. 3). Similarly,
no difference in neurite outgrowth was seen with mock-,
Kir3.1/3.2-, or Kir3.1/3.3-transfected neurons when plated
on laminin, which enhanced neurite length relative to poly-
L-lysine (Fig. 3). Interestingly, however, expression of Kir3.1/
3.3 in neurons maintained on substrate-coated NCAM led to
reduced neurite outgrowth when compared with mock- and
Kir3.1/3.2-transfected neurons (Fig. 3). These observations
indicate that the previously proven homophilic enhance-
ment of neurite outgrowth via NCAM is negatively modified
by Kir3.3. This is noteworthy in view of the fact that Kir3.3
only becomes expressed later in development of the mouse
brain, namely within the second postnatal week, when neu-
rite outgrowth ceases.

Identification of an Interaction between the Intracellular
Domains of TrkB and the Inwardly Rectifying K Channel
Subunit, Kir3.3—Because we showed that NCAM interacts
directly with Kir3.3 (this study) and TrkB (accompanying

Ap
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FIGURE 4. Co-immunoprecipitation of TrkB and Kir3.3. A and B, detergent
extracts of synaptosomal fractions from the brains of NCAM-deficient and
wild-type littermate mice (A) or of hippocampi from wild-type mice (B) were
incubated with the panTrk antibody (A), the TrkB-specific antibody H181 (B),
or the corresponding non-immune IgG (/g) (A and B) followed by incubation
with protein A/G-agarose. Western blot analysis (WB) of the immunoprecipi-
tates was performed using Kir3.3- or TrkB-specific antibodies. A, the arrow-
head points to the IgG heavy chain, and the arrow indicates Kir3.3. B, the input
lane and the lanes with the immunoprecipitates (/P) were from different parts
of the same blot. The experiments were performed twice with identical
results.

= 0.5 = 0.5
o Kir3.3-ID o
Yol 0 KIr3.a3-
g 0.4+ g 0.4
a o
O 0.34 O 0.34

0.2 ® Kir3.3-peptide C 0.2

mKir3.2-ID
0.19 OKir3.2-peptide C 0.1
10 20 30 40 50 20

article (37)), we considered the possibility that Kir3.3 inter-
acts with TrkB. Therefore, we performed co-immunoprecipi-
tation experiments. Kir3.3 was co-immunoprecipitated with
the panTrk antibody from synaptosomal fractions of wild-type
and NCAM-deficient mice, whereas no co-immunoprecipita-
tion of Kir3.3 was observed when a control non-immune IgG
was used for immunoprecipitation (Fig. 44). Western blot anal-
ysis with the TrkB-specific antibody showed that the panTrk
antibody, which recognizes the intracellular domain of TrkB,
immunoprecipitated only the full-length 155-kDa isoform. The
panTrkB antibody did not immunoprecipitate the truncated
95-kDa TrkB isoform, which is devoid of most of the intracel-
lular domain, whereas the control IgG did not precipitate TrkB
at all (Fig. 44). A similar experiment using a detergent extract
from adult hippocampus and the antibody against TrkB
revealed co-immunoprecipitation of Kir3.3, whereas no co-im-
munoprecipitation was observed when non-immune IgG was
used (Fig. 4B). The TrkB antibody immunoprecipitated the full-
length TrkB as well as the truncated isoform (Fig. 4B). These
results indicate that TrkB interacts with Kir3.3 in adult brain
tissue.

Next, to demonstrate direct binding of Kir3.3 to TrkB, the
recombinant intracellular domain of Kir3.3 (Kir3.3-ID) and
synthetic peptides of Kir3.3 spanning that C-terminal sequence
stretch of Kir3.3 that is most different from Kir3.2 (see Fig. 1C)
were used as substrate coat in an ELISA. Kir3.2 peptides and
Kir3.2-ID served as controls. TrkB-ID bound to Kir3.3-ID and
to Kir3.3 peptide C (Fig. 54) but not to Kir3.3 peptide A or B
(data not shown). TrkB did not bind to Kir3.2-ID or Kir3.2
peptide C (Fig. 5A4). Using the biotinylated Kir3.3 peptide C as
the soluble binding partner and TrkB-ID or the TrkB peptide
that binds to NCAM-ID (accompanying article (37)) as sub-
strate coat in a converse ELISA experiment, binding of peptide
C to substrate-coated TrkB-ID and TrkB peptide (Fig. 5B) was
observed. These results indicate a direct interaction between
the intracellular domains of TrkB and Kir3.3 that is mediated by
amino acids 377-393 of Kir3.3 and amino acids 669 —-680 of
TrkB.

Competition of Kir3.3-ID and NCAM-ID for the Binding
Site within TrkB-ID—Because both Kir3.3-ID and NCAM-
ID bind to the TrkB peptide we analyzed by competition
ELISA whether NCAM-ID and
Kir3.3-ID compete for the binding
to the TrkB peptide and thus bind to
the same site on TrkB. NCAM pep-
tide 1 and its derivatives peptide 1A
and 1B (comprising amino acids
730-764, 730-750, and 748 -764,
respectively) and peptide 3 as nega-
tive control (Fig. 6A) were used for
competition of the binding of bio-
tinylated Kir3.3 peptide C to sub-

TrkB peptide

TrkB-ID [pg/ml]

FIGURE 5. Direct interaction between the intracellular domains of TrkB and Kir3.3. A and B, in ELISA
experiments, substrate-coated Kir3.3-ID, Kir3.2-ID, Kir3.3 peptide C, and Kir3.2 peptide C (A) and TrkB-ID and
TrkB peptide (B) were incubated with increasing amounts of TrkB-ID (A) or biotinylated Kir3.3 peptide C (B).
Binding of TrkB-ID was detected by using the panTrk antibody (A), and binding of biotinylated Kir3.3 peptide C
was determined using HRP-coupled streptavidin (B). All experiments were performed at least three times. Error

bars represent S.D.
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Biotin-Kir3.3 peptide C [ug/m] strate-coated TrkB peptide. NCAM

peptides 1 and 1A, but neither 1B
nor control peptide 3, reduced the
binding of the Kir3.3 peptide to the
TrkB peptide (Fig. 6A4). A competi-
tion ELISA using Kir3.3-ID or, as
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FIGURE 6. Competition between the intracellular domains of NCAM and
Kir3.3 for binding to the TrkB peptide. In a competition ELISA, substrate-
coated TrkB peptide was preincubated with increasing amounts of NCAM-ID
sequence-derived peptides 1, 1A, 1B, and 3 (A) and Kir3.3-ID and Kir3.2 (B) and
then incubated with a constant amount of biotinylated Kir3.3 peptide C (A) or
NCAM140-ID or NCAM180-ID (B). Binding of the biotinylated Kir3.3 peptide C
was determined using HRP-coupled streptavidin (A), and binding of the
NCAM-IDs (B) was detected by using NCAM antibody P61. All experiments
were performed at least three times. Error bars represent S.D.

T
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negative control, Kir3.2-ID for competition of the binding of
NCAM140-ID and NCAM180-ID to the substrate-coated TrkB
peptide revealed that binding of NCAMI140-ID and
NCAM180-ID to TrkB peptide was inhibited by Kir3.3-ID
but not by Kir3.2-ID (Fig. 6B). These results show that the
intracellular domains of NCAM and Kir3.3, but not Kir3.2,
bind directly to the same binding site in the intracellular
domain of TrkB comprising amino acids 669 —680. These
interactions are mediated by amino acids 377-393 of Kir3.3
and amino acids 730-750 of NCAM.

TrkB and NCAM Modulate Kir3.3-mediated K+ Currents—
The binding experiments showed that Kir3.3-ID, but not
Kir3.2-ID, interacts directly with TrkB-ID and NCAM-ID.
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Functional Interaction of Kir3.3 with NCAM and TrkB

Because it was shown in a previous study that NCAM influ-
ences Kir3.2- and Kir3.3-mediated currents (15), the influence
of TrkB on Kir3.3-mediated macroscopic currents was investi-
gated in Xenopus oocytes. Co-expression of TrkB and the con-
catamer of Kir3.1/Kir3.3 resulted in an increase in the Kir3.1/
3.3-mediated currents in comparison with the currents
observed when only Kir3.1/3.3 was expressed (Fig. 7, A and B),
whereas Kir3.1/3.3-mediated currents were reduced by co-ex-
pression of NCAM180 (Fig. 54) and NCAM140 (data not
shown). Co-expression of Kir3.1/Kir3.3 with TrkA did not
enhance the current (Fig. 7A). The increase of Kir3.1/3.3-
evoked currents by TrkB was decreased by the concomitant
expression of NCAM140 or NCAM180 (Fig. 7, A and B). The
concatameric expression of Kir3.1/3.4 or Kir3.1/3.2 did not
show enhanced currents when co-expressed with TrkB (Fig.
7C), indicating that the enhancement of K™ currents by TrkB is
specific for Kir3.3. This specificity for Kir3.3 can be explained
by differences in protein sequence between Kir3.3, on the one
hand, and Kir3.2 and Kir3.4, on the other. To test whether the
increase in K* current was due to a higher cell surface expres-
sion, transcripts of EGFP-tagged Kir3.3 were co-injected with
cRNA of Kir3.1 into oocytes. Co-expression of Kir3.1/3.3 with
TrkB enhanced the cell surface expression of EGFP-tagged
Kir3.1/Kir3.3 (Fig. 7, D and E); this enhancement in cell surface
expression was abrogated when NCAM180 was co-expressed
with Kir3.1/Kir3.3 and TrkB (Fig. 7, D and E). The presence or
absence of BDNF had no effect on the K currents or the cell
surface localization of the Kir3 channels for all subunits studied
(data not shown). These observations indicate that surface
localization of Kir3.1/Kir3.3, and thus the basic electric features
of the plasma membrane, depends on levels of TrkB and NCAM
expression.

Trk- and NCAM-dependent Cell Surface Localization of
Kir3.3—To verify that the cell surface expression of Kir3.3
depends on the levels of TrkB and/or NCAM expression, cell
surface biotinylation experiments were performed after trans-
fection of CHO cells with Kir3.1/3.3 concatamer, TrkB, and/or
NCAM. The cell surface level of Kir3.1/3.3 was increased
~2-fold when CHO cells were co-transfected with Kir3.1/3.3
and TrkB compared with the level obtained after transfection
with Kir3.1/3.3 alone (Fig. 8, A and B). Co-transfection of
Kir3.1/3.3 with NCAM also resulted in a similar increase in the
cell surface level of Kir3.1/3.3 (Fig. 8, A and B). Co-expression of
Kir3.1/3.3 with both TrkB and NCAM led to cell surface levels
of Kir3.1/3.3 similar to those obtained after transfection with
Kir3.1/3.3 alone (Fig. 8, A and B), indicating that the interaction
between TrkB and NCAM reduces the interaction of TrkB and
NCAM to Kir3.3 and thus its surface expression. Because
expression of Kir3.3 affects NCAM-mediated neurite out-
growth, we tested whether Kir3.1/3.3 expression also influences
NCAM cell surface expression. Co-transfection of NCAM and
Kir3.1/3.3 increased the cell surface levels of NCAM relative to
the levels observed when NCAM alone was transfected,
whereas the enhanced cell surface levels of NCAM were re-
duced when cells were co-transfected with NCAM, Kir3.1/3.3,
and TrkB (Fig. 8, C and D). These data indicate that the inter-
action between TrkB and Kir3.3 reduces the interaction of
NCAM and Kir3.3 and thus NCAM surface expression.
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FIGURE 7. Current recordings from Xenopus oocytes expressing Kir3 channels, TrkB, and NCAM and cell
surface localization of Kir3.1/EGFP-Kir3.3 channels. A, oocytes were injected with concatameric Kir3.1/3.3 cRNA,
concatameric Kir3.1/3.3 cRNA + TrkB cRNA (ratio 1:0.25), and concatameric Kir3.1/3.3 cRNA + TrkB cRNA +
NCAM180 cRNA (ratio 1:0.25:1). Oocytes were clamped at —80 mV and perfused with high K* (96 mm external K*)
solution asindicated by arrows. The bar graph in the right panel shows current amplitude ratios of the measurements
shown in the left panel. In addition, the current amplitude ratio is given for co-expression of Kir3.1/3.3 with TrkA and
NCAM180, respectively. B, current recordings as shown in A, but triple injection is displayed for Kir3.1/3.3 + TrkB +
NCAM140instead of NCAM180 (cRNA ratio: 1:0.25:4). The bar graph in the right panel shows current amplitude ratios
of the measurements shown in the left panel. C, current recordings from oocytes injected with concatameric Kir3.1/
3.2 cRNA, concatameric Kir3.1/3.2 cRNA + TrkB cRNA (left panel, upper part), concatameric Kir3.1/3.4 cRNA, and
concatameric Kir3.1/3.4 cRNA + TrkB cRNA (left panel, lower part). The bar graph in the right panel shows current
amplitude ratios from measurements depicted in the left panel. The Kir3.1/3.3 data are from five independent
experiments, and the Kir3.1/3.2 and Kir3.1/3.4 data are from two independent experiments each. D, representative
confocal images are shown of Xenopus oocytes injected with cRNA of Kir3.1/3.3 (left), Kir3.1/3.3 with TrkB (middle),
and Kir3.1/3.3 with TrkB and NCAM180 (right). Surface fluorescence of oocytes results from EGFP-tagged Kir3.3
subunits targeted to the plasma membrane. E, bar graph shows average fluorescence intensities of 10 oocytes
injected with cRNAs as indicated in D. Data are shown as means with asterisks indicating statistically significant
differences (Student's t test (A-C) or analysis of variance and Tukey's post hoc test (D and E): **, p < 0.01; *, p < 0.05).
Error bars represent S.D.
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To further support the notion
that TrkB and NCAM regulate the
cell surface expression of Kir3.3,
the amounts of Kir3.3 in subcellu-
lar fractions isolated from the
brains of TrkB-deficient, NCAM-
deficient, and wild-type mice were
determined by Western blot anal-
ysis. The total expression of Kir3.3
and TrkB, as well as their levels at
the plasma membrane, which served
as a marker protein for plasma mem-
branes, was similar in NCAM-de-
ficient and wild-type brains (Fig.
9A). However, relative to wild-
type brains TrkB-deficient brains
showed a nearly 2-fold higher total
Kir3.3 expression and approxi-
mately two times more Kir3.3 in a
fraction that is enriched in the
endoplasmic reticulum marker cal-
reticulin (Fig. 9B). In contrast, the
levels of Kir3.3 in the plasma mem-
brane fraction were reduced by
more than 40% in TrkB-deficient
brains in comparison with wild-type
brains (Fig. 9B), whereas similar
amounts were found in fractions
enriched in the endosomal marker
protein rabll and deriving from
wild-type and TrkB-deficient brains
(Fig. 9B). In contrast to Kir3.3, the
levels of Kir3.2 and of NCAM,
which served as a marker for the
plasma membranes, were not
changed in brain extracts or in the
plasma membrane fraction from
brains of TrkB-deficient mice rela-
tive to those from wild-type mice
(Fig. 9, B and C). The occurrence of
double bands for Kir3.3 and 3.2 in
some blots (Fig. 9, B and C) may be
due to posttranslational modifica-
tion, such as phosphorylation or
proteolytic processing. These re-
sults confirm that the cell surface ex-
pression of Kir3.3, but not of Kir3.2, is
regulated specifically by TrkB.

The combined results suggest that
the interaction between Kir3.3 and
NCAM leads to the formation of a
binary complex and an enhanced
cell surface expression. Similarly, the
interaction between Kir.3.3 and
TrkB and between TrkB and NCAM
may lead to the formation of binary
complexes and enhanced cell sur-
face expression. To test this idea,
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FIGURE 8. Cell surface expression of Kir3.3 in CHO cells transfected with Kir3.3, TrkB, and NCAM. CHO cells
were transfected with concatameric Kir3.1/3.3 (Kir3.3) or co-transfected with TrkB (Kir3.3+TrkB), NCAM140

ation and gating properties under
basal conditions.

(Kir3.3+NCAM), or NCAM140 and TrkB (Kir3.3+TrkB+NCAM) (A) or mock-transfected, transfected with

NCAM140, or co-transfected with NCAM140 and Kir3.3 (NCAM+Kir3.3) or NCAM140, Kir3.3, and TrkB
(NCAM+Kir3.3+TrkB) (C) and subjected to cell surface biotinylation. Cell lysates (Input) and biotinylated surface
proteins isolated by streptavidin beads (surface) were subjected to Western blot analysis using the Kir3.3
antibody (A) or the NCAM antibody 5B8 (C). Band D, The bar graphs show the quantification of the surface levels
of Kir3.3 (B) and NCAM (D) by densitometry. Cell surface levels of Kir3.3 and NCAM were determined by quan-
tifying the amount of biotinylated Kir3.3 and NCAM; the total amount of Kir3.3 and NCAM was calculated from
the amountin the input. The cell surface levels of Kir3.3 or NCAM relative to the total amount of Kir3.3 or NCAM
after transfection of Kir3.3 alone or NCAM was set to 100%. Data are shown as means, with asterisks indicating
statistically significant differences (Student’s t test: *, p < 0.05). Error bars represent S.D.

co-immunostaining of primary hippocampal neurons was per-
formed after 14 days in culture when Kir3.3 was expressed.
Co-immunostaining of Kir3.3 and TrkB, Kir3.3, and NCAM as
well as NCAM and TrkB was frequently found in nearly every
neuron and in particular along neurites (Fig. 10). Co-immuno-
staining of Kir3.3, NCAM, and TrkB was also observed occa-
sionally in a few neurons and mainly in neurites (Fig. 10).
This result suggests that NCAM:-Kir3.3, TrkB-NCAM, and
NCAM-TrkB binary complexes and also a ternary complex
consisting of TrkB, NCAM, and Kir3.3 are expressed at the cell
surface of neurites.

Single Channel Properties of Kir3.1/3.3 Channels in the
Absence and Presence of NCAM or TrkB—Because NCAM and
TrkB interact with Kir3.3 and modulate Kir3.1/3.3-mediated
macroscopic currents, we investigated whether the interaction
of Kir3.1/3 with NCAM and/or TrkB might influence intrinsic
channel properties including single channel conductance,
mean open time, and open probability. To test whether NCAM
or TrkB had any influence on these parameters, we took single
channel recordings from CHO cells expressing the Kir3.1/3
concatamer alone (Fig. 114) or in combination with either

SEPTEMBER 10, 2010+VOLUME 285<NUMBER 37

DISCUSSION

Our present study has revealed
direct associations of three develop-
mentally and functionally impor-
tant molecules: the neural cell adhe-
sion molecule NCAM, the tyrosine
receptor kinase TrkB, and the
inwardly rectifying K* channel sub-
unit Kir3.3. We provide evidence that the intracellular domain
of Kir3.3, but not the structurally similar subunit Kir3.2, inter-
acts directly with the intracellular domains of NCAM and
TrkB, which also interact directly with each other (see accom-
panying article (37)). NCAM and TrkB bind to different sites in
the intracellular C-terminal domain of Kir3.3. Co-expression of
TrkB and Kir3.3 in CHO cells or oocytes leads to an increase in
cell surface expression of Kir3.1/3.3 and Kir3.1/3.3-mediated
K™ currents, indicating that the direct interaction of TrkB with
Kir3.3 regulates cell surface expression and channel activity of
Kir3.1/3.3. The analysis of Kir3.3 expression in TrkB-deficient
mice revealed that ablation of TrkB leads to a reduction in
Kir3.3 at the plasma membrane and to a concomitant accumu-
lation of Kir3.3 in the endoplasmic reticulum, indicating that
TrkB is involved in the regulation of Kir3.3 trafficking to the
plasma membrane in vivo. On the other hand, TrkB does not
trigger the cell surface expression of other Kir channels, namely
Kir3.1/3.2 and Kir3.1/3.4. Furthermore, TrkA, which is struc-
turally and functionally related to TrkB, does not affect the
surface expression of Kir3.3. Both the TrkB-dependent increase
in cell surface expression of Kir3.3 and the increase in Kir3.3-
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FIGURE 9. Expression of Kir3.3 subcellular brain fractions from NCAM-
and TrkB-deficient brains. A-C, detergent extracts of total brain and frac-
tions enriched in plasma membranes were isolated from three NCAM-defi-
cient (A), TrkB-deficient (B and C), or corresponding wild-type littermate mice
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mediated K™ currents were reduced by co-expression of
NCAM in CHO cells and oocytes. Because cell surface biotiny-
lation of transfected CHO cells showed that co-expression of
NCAM or TrkB increases the cell surface expression of Kir3.3
and because NCAM and TrkB interact with each other (accom-
panying article (37)), we concluded that the interaction of TrkB
with NCAM reduces the levels of TrkB- and NCAM-mediated
surface expression of Kir3.3. However, in contrast to TrkB,
ablation of NCAM in NCAM-deficient mice does not affect the
cell surface expression of Kir3.3. Moreover, because immuno-
precipitation of TrkB from NCAM-deficient mice did not
result in an enhanced co-immunoprecipitation of Kir3.3, we
also concluded that interaction between TrkB and Kir3.3 was
not enhanced in the absence of NCAM. These observations
suggest that NCAM plays no or only a minor role in Kir3.3
trafficking to the plasma membrane in vivo.

Here, the observed single channel parameters of Kir3.1/
3.3 concatamer transfected into CHO cells were similar to
those obtained by others (23) for heteromeric Kir3 channels
expressed in CHO cells. Our data convey the impression that
the apparent open probability (P,) may differ depending on
whether Kir3.1/3 channels associate with NCAM140 or with
TrkB. This tendency, which proved not to be significant (p =
0.0935), would be in accordance with our macroscopic cur-
rent measurements in Xenopus oocytes, leaving open the
possibility that, in addition to the shown trafficking effects,
small changes in intrinsic channel activity may also contrib-
ute to K* current regulation by NCAM and TrkB. As we
found no statistically significant influence of the co-expres-
sion of NCAM140 or TrkB on single channel properties,
intrinsic channel modulation by NCAM or TrkB, however,
would play a minor role in the regulation of macroscopic K*
currents.

Homophilic interaction of NCAM in a trans-position pro-
motes neurite outgrowth from hippocampal neurons (21). Arti-
ficially premature expression of Kir3.1/3.3 in neonatal hip-
pocampal neurons, which at this developmental stage do not
express Kir3.3 channels, inhibits NCAM-dependent neurite
outgrowth, suggesting that Kir3.3 disturbs the interaction
between TrkB and NCAM that is required for TrkB-dependent
NCAM-mediated neurite outgrowth (accompanying article
(37)). Inhibition of NCAM-mediated neurite outgrowth by
Kir3.1/3.3, which appears late during development (22), may be
a physiologically meaningful mechanism during nervous sys-
tem maturation.

Our observations reveal a novel role for the interplay be-
tween the functionally important molecules NCAM, TrkB,
and Kir3.3 during different stages of neuronal development.
First, the finding that TrkB binds directly to NCAM through

(A-Q). B, fractions enriched in endoplasmic reticulum (ER) or endosomes were
prepared from four pools consisting of two TrkB-deficient or two wild-type
littermate mice. A-C, samples were subjected to Western blot analysis using
Kir3.3 antibody (A and B), NCAM antibody 1B2 (B and (), TrkB antibody H181
(A), calreticulin antibody (CRT), rab11 antibody (B), or Kir3.2 antibody (C). The
bar graphs show the quantification of the relative levels of Kir3.3 (A and B),
NCAM (A-C), calreticulin and rab11 (B), or Kir3.2 (C) by densitometry. The
levels obtained for the wild-type brains were set to 100%. Data are shown as
the means, with asterisks indicating statistically significant differences (Stu-
dent’s t test: *, p < 0.05). Error bars represent S.D.
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FIGURE 10. Immunocytochemical localization of Kir3.3, TrkB, and NCAM in cultured hippocampal neurons.
Hippocampal neurons were maintained for 14 days and stained with goat Kir3.3 antibody, rat NCAM antibody H28, early stages of development. That
and rabbit TrkB antibody H-181 followed by staining with secondary anti-goat, anti-rat, and anti-rabbit antibodies  the interaction between TrkB and
coupled to fluorescent dyes Cy3, Cy2, and Cy5, respectively. Co-localization is seen in the higher magnification of a AM i d . .
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FIGURE 11. Influence of NCAM and TrkB on single channel properties of Kir.3.1/3.3 in transfected CHO cells. Plasmids coding for concatameric Kir3.1/3.3, TrkB,
or NCAM were microinjected into CHO cells. A, single channel recordings from microinjected CHO cells were performed in the cell-attached mode with 135 K™ solution
in both the bath and the patch pipette. A, Kir3.1/3.3 basal activity at different voltages applied to the patch membrane. No channel activity was observed at +60 mV.
B, single channel -V relationship pooled from four patches containing Kir3.1/3.3 alone. Linear fitting of the data yields the single channel conductance, . C, dwell time
histogram based on data pooled from four patches containing Kir3.1/3 alone. Fitting a single exponential function to the data yields the mean open time, T,oq.
D, consecutive cell-attached recordings at —60 mV from a cell expressing Kir3.1/3.3 together with NCAM140. E, consecutive recordings under the same conditions
from a cell expressing Kir3.1/3.3 together with TrkB. F-H, bar graphs summarizing the results obtained for single channel conductance, y (F), mean open time, 7,,.,, (G),
and apparent open probability, P, (H), forKir3.1/3 alone and in the presence of NCAM140 or TrkB. Note that yand 7., forKir3.1/3.3 alone (37.1 = 0.35pS,n = 8;1.36 =
0.18 ms, n = 4) were not significantly altered in the presence of NCAM140 (36.9 = 0.74 pS,n = 5,p = 0.8167; 1.42 = 0.20 ms,n = 5, p = 0.8309) or TrkB (38.4 = 0.87 pS,
n=7,p=0.2082;172 = 048 ms,n = 8, p = 0.5024). P, for Kir3.1/3.3 alone (0.0148 = 0.0047, n = 4) was not significantly reduced in the presence of NCAM140
(0.0095 = 0.0021, n = 5, p = 0.3614) and was not significantly increased in the presence of TrkB (0.0362 = 0.0136,n = 8; p = 0.1753).
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sation of nervous system development, is evident, as strongly
continued neurite outgrowth in the adult would lead to dis-
turbances in the maintenance of once formed and viable
neuronal networks. It is at this time of later neuronal devel-
opment that expression of the Kir3.3 subunit of the inwardly
rectifying K™ channel, which has important roles in the
maintenance of membrane potential and excitability of neu-
rons (23, 24), emerges. This channel disrupts the neurite
outgrowth promoting interplay between TrkB and NCAM in
that it binds via specific and distinct sites at the C-terminal
intracellular domain to TrkB and NCAM, thereby inhibiting
NCAM-mediated neurite outgrowth. Thus, the develop-
mentally co-active pair of TrkB and NCAM, ensuring neurite
outgrowth during development, becomes no longer func-
tional, because the developmentally late appearing Kir3.3
subunit disturbs their relationship. In the adult, Kir3.1/3.3
channels generate, on the one hand, a constitutive basal K*
conductance to stabilize the membrane potential. On the
other hand, they serve as a major target for G,/G,-coupled
neurotransmitter receptors, such as muscarinic M,, «, adre-
nergic, dopamine D,, serotonin, 5, adenosine, GABAj, and
opioid (u/k/8) receptors (25). Receptor activation induces a
large K* conductance that drives the membrane potential
closer to the K* equilibrium potential and thus reduces cel-
lular excitability. TrkB may contribute to both stabilization
of the membrane potential under basal conditions and
enhancement of Kir3.3-mediated K currents upon receptor
activation by increasing the number of Kir3.3 channels at the
plasma membrane.

The functional interplay between Kir3.3 and NCAM
and/or TrkB may play a crucial role in addictive and perhaps
emotional behavior, as indicated by the following findings.
Kir3.3-deficient mice are impaired in their ability to mediate
the acute inhibitory effect of opioids on locus coeruleus neu-
rons (26) and exhibit a less severe withdrawal from sedative
hypnotics such as pentobarbital and ethanol (27), suggesting
a role of Kir3.3 in addiction. NCAM-deficient mice show
abnormal responses in fear conditioning and addictive
responses (28 -30), and TrkB has been associated with anti-
social alcohol and nicotine dependence (31, 32) as well as
anxiety-related behavior (33). Furthermore, NCAM- and
TrkB-mediated signaling is dysregulated in the hippocam-
pus and/or prefrontal cortex of patients with major depres-
sive disorders (34, 35). However, whether there is a link
between the interplay of these molecules with synaptic plas-
ticity and behavior remains to be seen.

It would be interesting to investigate the ways by which
Kir3.3 cooperates in vivo with NCAM and TrkB in synaptic
plasticity, which not only regulates behavior but also learning
and memory, using neuron-specific conditionally and doubly
ablated TrkB- and NCAM-deficient mice. However, because
the Kir3.3 expression pattern largely overlaps with that of
Kir3.1 and Kir3.2 (19, 36) and because previous studies on K™
currents (15) indicated that Kir3.1/3.2 and Kir3.1/3.3 are co-
expressed in hippocampal neurons, it will be difficult or even
impossible to investigate the influence of NCAM or TrkB spe-
cifically on neuronal Kir3.1/3.3 currents.
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