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Cellular/Molecular

Ca’" Dependency of N-Cadherin Function Probed by Laser
Tweezer and Atomic Force Microscopy

Werner Baumgartner,* Nikola Golenhofen,* Niko Grundhofer, Johannes Wiegand, and Detlev Drenckhahn
Institute of Anatomy and Cell Biology, University of Wiirzburg, D-97070 Wiirzburg, Germany

This study was undertaken to provide a biophysical basis for the hypothesis that activity-dependent modulation of cadherin-mediated
adhesion by transient changes of extracellular calcium ([Ca],) is causally involved in coordination of synaptic plasticity. Character-
ization of homophilic N-cadherin binding by atomic force microscopy and laser tweezer trapping of N-cadherin-coated microbeads
attached to the cell surface of cultured neuronal cells showed that adhesive activity of N-cadherin is effectively regulated between 0.3 and
0.8 mm [Ca®"],. Furthermore, we show that an increase of [Ca*"];, which is known to be essential for induction of synaptic plasticity,
causes significant reduction of cadherin-mediated bead adhesion that could be completely suppressed by inhibition of actin depolymer-
ization. The results of this study show that N-cadherin has ideal biophysical properties to serve as a Ca>*-dependent sensor for synaptic

activity and, at the same time, is strategically located to control synaptic adhesion. A drop of [Ca®"], and a concomitant increase of

[Ca**]; may act in concert to modulate N-cadherin-based adhesive contacts at synaptic sites.
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Introduction

Synapses are dynamic structures that change their efficacy and
morphology in response to neural activities (Bi and Poo, 2001;
Yuste and Bonhoeffer, 2001). Continuous shape changes of
postsynaptic dendritic protrusions (dendritic spines) have been
well documented in vivo and in vitro (Matus, 2000; Marrs et al.,
2001). Activity-dependent remodeling of synaptic structure (syn-
aptic plasticity) is considered to underlie certain aspects of learn-
ing and memory. A well studied form of synaptic plasticity is
long-term potentiation (LTP) of the efficacy of synaptic trans-
mission that can be elicited experimentally by particular patterns
of high-frequency electrical stimulations (Malenka and Nicoll,
1999; Biand Poo, 2001). LTP development is accompanied by the
enlargement of both synaptic area and area of active synaptic
zones as indicated by expansion of spine heads, duplication of
postsynaptic densities (perforated synapses), and formation of
new spines (Toni et al., 2001; Yuste and Bonhoeffer, 2001). A key
event of LTP induction is the influx of Ca** through the presyn-
aptic and postsynaptic membranes, which is accompanied by
partial depletion of extracellular Ca** ([Ca®"],). [Ca®"], has
been measured and calculated to reach values of 0.3-0.8 mwm,
depending on the frequency and duration of electrical depolar-
ization (Nicholson et al., 1978; Krnjevic et al., 1980; Egelman and
Montague, 1999).
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There is increasing evidence that the Ca®"-dependent neural
cell adhesion molecule N-cadherin plays an important role in
certain steps of LTP generation (Murase and Schuman, 1999;
Benson et al., 2000; Bruses, 2000; Huntley and Ernst, 2000). This
view is primarily based on the observations that antibodies to
N-cadherin and an inhibitory peptide sequence containing the
histidine-alanine-valine (HAV) motif of the cadherin ectodo-
main have been shown to interfere with induction of LTP if
present during conditioning electrical stimulation (Tang et al.,
1998; Bozdagi et al., 2000). Interestingly, the HAV peptide was
completely ineffective if [Ca*"], was elevated to unphysiological
high levels (5 mm) during stimulation.

The most straightforward interpretation of these observations
suggests that a drop of [Ca®"], in the synaptic cleft during elec-
trical stimulation may be sufficient to cause separation of cad-
herin bonds to allow the HAV peptide to intercalate and prevent
rebinding after cessation of stimulation. In crystals of the outer-
most external domain (EC1) of N-cadherin, the HAV motif was
exposed to the adhesive surface (Shapiro et al., 1995), whereas
recent studies on crystals of the entire external domain of
C-cadherin indicate no involvement of HAV in transinteraction.
Nevertheless, HAV-containing peptides have been shown in sev-
eral independent studies to interfere with N-cadherin and
E-cadherin function (Blaschuk et al., 1990; Lutz et al., 1995; Noe
etal., 1999; Williams et al., 2000, 2001; Wanner and Wood, 2002).
If separation of cadherin bonds do really occur during enhanced
synaptic activity, one has to expect that both time constant (life-
time) and Ca*™ sensitivity of cadherin bonds are compatible with
the conditions of electrical stimulation (e.g., several 1 sec epi-
sodes at 50—100 Hz) and the expected drop of [Ca*"], t0 0.3-0.8
mM. Furthermore, cadherin-mediated adhesion might be influ-
enced by acute destabilization of the presynaptic and postsynap-
tic actin filament system caused by presynaptic and postsynaptic
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influx of Ca?" (Furukawa et al., 1997; Bernstein et al., 1998;
Halpain et al., 1998; Matus, 2000). Temporary weakening of
cadherin-mediated adhesion may be sufficient to facilitate early
events of synaptic remodeling.

In the present study, we combined atomic force microscopy
(AFM) with laser tweezer studies to test the possibility that
N-cadherin-mediated adhesion is effectively regulated at concen-
trations of extracellular Ca** known to occur during enhanced
synaptic activity (0.3—0.8 mm). Moreover, we addressed the
question whether an increase in [Ca*"]; may modify N-cadherin
adhesion by destabilization of the neuronal actin filament system.

Materials and Methods

Recombinant cadherin-Fc. N-cadherin-Fc (chicken N-cadherin extracel-
lular domain fused to Fc-portion of mouse IgG,) was a kind gift from
Marc Meége (Institut du Fer a Moulin, Paris, France). Human embryonic
kidney (HEK293) cells transfected with N-cadherin-Fc were cultured in
DMEM (Invitrogen, Karlsruhe, Germany) containing 10% Ultroser se-
rum supplement (Invitrogen) at 37°C in 5% CO,. N-cadherin-Fc was
purified from the HEK293 supernatant by protein G-agarose (Sigma,
Taufkirchen, Germany).

A vascular endothelial (VE)-cadherin-Fc fusion protein (mouse VE-
cadherin extracellular domain fused to Fc-portion of human IgG,) was
generated and purified as described previously (Moll and Vestweber,
1999; Baumgartner et al., 2000b). Chinese hamster ovary cells were stable
transfected, and the secreted VE-cadherin-Fc was purified from the cul-
ture supernatants by affinity chromatography using protein A agarose
(Oncogene, Cambridge, MA).

AFM measurements. Cadherin— cadherin transinteractions were char-
acterized by force—distance measurements of cadherins coupled via flex-
ible linkers to the tip and substrate of a Bioscope AFM driven by a Nano-
scope III controler (Digital Instruments, Santa Barbara, CA).
N-cadherin-Fc was linked covalently to the Si;N, tips of the cantilever
(Park Scientific, Sunnyvale, CA) and freshly cleaved mica plates (Wacker,
Burghausen, Germany) using polyethylene glycol (PEG) spacers
containing an amino-reactive cross-linker group [N-hydroxy-
succinimide (NHS) ester] at one end and a thiol-reactive group (2-
[pyridyldithio]propionate) at the other end, as described previously in
detail (Hinterdorfer et al., 1996). The NHS group served to link PEG to
free amino groups of both the Si;N,, tip and the SiOH plate introduced by
treatment of the tip and plate with 2-aminoethanol HCl (Sigma). The
average labeling density of N-cadherin-Fc assayed by ELISA (Hinterdor-
fer etal., 1996) was calculated to be in the range of ~400—800 molecules/
wm? surface. Force measurements were performed in buffer A (5 mm
HEPES, 150 mm NaCl, adjusted with NaOH to pH 7.4, various Ca**
concentrations by the addition of CaCl,). Unbinding forces between
molecules coupled to the tip and plate of the AFM were monitored by
force—distance cycles at amplitudes of 300 nm and at frequencies ranging
from 0.5-10 Hz. Force—distance cycles were performed either at constant
lateral positions or with lateral shifts of 1 nm/sec. Spring constant of the
cantilever in force measurements was 0.03 N/m (determined by thermal
noise analysis). Force—distance cycles were analyzed as described previ-
ously in detail (Baumgartner et al., 2000a; Baumgartner and Drenck-
hahn, 2002a).

Coating of polystyrene beads. N-cadherin-Fc was coupled to tosyl-
activated superparamagnetic polystyrene microbeads (Dynabeads;
diameter, 2.8 um; Dynal, Oslo, Norway). After extensive vortexing,
2 X 107 beads were washed in PBS. Washing was performed by sedi-
menting the beads via application of a magnetic field for ~1 min using a
magnetic tube holder (MPC-E-1; Dynal). Washed beads were resus-
pended in 100 ul of coupling buffer [0.1 M borate buffer, pH 9.5, 0.1%
bovine serum albunim (BSA)] and allowed to react with 10 ug of
N-cadherin-Fc under gentle overhead rotation for 24 hr at 37°C. Beads
were sedimented, washed with PBS, and incubated in blocking buffer
(0.2 M Tris, pH 8.5,0.1% BSA) for 4 hr at 37°C. After final washing in PBS,
beads were resuspended in 100 ul of HBSS (Invitrogen) containing 0.1%
BSA and 0.02% sodium azide.

VE-cadherin was coupled to protein A-coated superparamagnetic
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polystyrene microbeads (Dynabeads; diameter, 2.8 wm; Dynal) as de-
scribed recently (Baumgartner et al., 2003). Beads were stored for up to
7 d in HBSS containing 0.1% BSA and 0.02% sodium azide at 4°C at slow
overhead rotation to avoid sedimentation. Concentration of
N-cadherin-Fc and VE-cadherin-Fc bound to the bead surface (24.6
pwm?/bead) was determined by ELISA as described previously (Baum-
gartner et al., 2000b, 2003), yielding approximately equal surface densi-
ties for N-cadherin and VE-cadherin (500—800 molecules/um?).

Cell cultures. PC12 rat pheochromocytoma cells (Greene and Tischler,
1976), endogenously expressing N-cadherin, were cultured in DMEM
containing 5% FCS and 10% horse serum (Biochrom, Berlin, Germany)
at 37°C. Chicken sympathetic neurons were cultured as described previ-
ously (Wiese et al., 1999). In brief, sympathetic chain ganglia were iso-
lated from chicken embryos (embryonic day 12), incubated for 30 min in
PBS containing 0.1% trypsin (Sigma), and seeded onto an uncoated
culture dish to allow settling of non-neuronal cells. After 3 hr, the non-
adherent neuronal cells were removed and seeded onto laminin-coated
coverslips for experiments. Cells were grown in Ham’s F14 medium
(Invitrogen) containing 10% horse serum, NGF, and CNTF (10 ng/ml
for both; Sigma).

A microvascular endothelial cell line was generated from mouse myo-
cardium (MyEnd) and characterized as described previously (Golen-
hofen etal., 2002). MyEnd cells were cultured in DMEM containing 10%
FCS at 37°C in humidified atmosphere (5% CO,). For experiments, cells
were grown on coverslips, coated for PC12 cells with polyornithine
(0.01%), and for MyEnd cells with gelatin, cross-linked with glutaralde-
hyde (Schnittler et al., 1993).

Laser tweezer. The home-built laser tweezer setup consisted of an Nd:
YAG laser (1064 nm), the beam of which was expanded to fill the back
aperture of a high numerical aperture objective (100X, 1.3 oil; Zeiss,
Oberkochen, Germany), coupled through the epi-illumination port of
an Axiovert 135 microscope (Zeiss) and reflected to the objective by a
dicroic mirror (FT510; Zeiss). Beads were probed with laser intensities
ranging from 20—200 mW. Beads resisting displacement at 20 mW al-
ways resisted detachment at higher laser intensities (up to 200 mW
tested). For experimental convenience, we decided to perform all tweezer
experiments at 30 mW. Protein-coated polystyrene microbeads were al-
lowed to interact with the cell surface of monolayers for 15 min. Next,
100-300 beads were probed during the following 5-10 min by the laser
tweezer. All tweezer experiments were performed in medium containing
decomplemented FCS. Decomplementation was performed at 56°C for
60 min.

For determination of the Ca®" dependency of bead binding, [Ca®*],
was adjusted by an addition of various concentrations of EGTA to the
culture medium. Free [Ca**] was measured usinga Ca** -sensitive mac-
roelectrode (Ingold, Steinbach, Germany). To rule out unspecific EGTA
effects, some experiments were performed using Ca*"-free DMEM me-
dium (Invitrogen) supplemented with varying concentrations of CaCl,.
Cytochalasin D, A23187 (both from Sigma), and jasplakinolide (Calbio-
chem, Bad Soden, Germany) were used at 10 uMm in culture medium.
Jasplakinolide was applied for 60 min, cytochalasin D for 50 min, and
A23187 for 30 min under cell culture conditions as described above.
Depolarization of PC12 cells was performed by adjusting the culture
medium to a final concentration of 50 mm K ™.

Specificity of binding of N-cadherin-Fc-coated microbeads was inves-
tigated by the addition of 3 mm EGTA to the culture medium during the
experiment. In addition, beads and cells were preincubated with 0.2 mm
of the inhibitory peptide AHAVD (Pineda, Berlin, Germany) for 15 min
and subsequently probed for cadherin interaction in the presence of the
peptide by the laser tweezer. Specificity of VE-cadherin-Fc binding was
investigated by Ca>* depletion of the culture medium (addition of 3 mm
EGTA) or by the addition of a monoclonal antibody against the extracel-
lular domain of VE-cadherin [monoclonal antibody (mAb) 11D4.1; hy-
bridoma supernatant] (Gotsch et al., 1997). Furthermore, control beads
were coated with human Fc fragment only, and these beads were applied
to the MyEnd cells and probed by the laser tweezer.

Quantification of F-actin. For determination of the relative F-actin
contents, PC12 cells were fixed at room temperature with 3% formalde-
hyde in PBS for 15 min and then permeabilized with 0.1% (v/v) Triton
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X-100 in PBS for 5 min. Afterward, each cover- 90 .
slip was incubated with 500 wl (1 ug/ml) of A 1 Ry ) ?ra!raw — gol B N-cadherin
phalloidin covalently labeled with tetramethyl- g or X sartiover =
rhodamine isothiocyanate (TRITC) for 1 hr at - ‘& { approach > o B ﬁis_,_ ]
37°C (Faulstich et al., 1983). Series of experi- %E_ 3 | 1 ¢ E 60 % agis P
ments with changing concentrations of i 5 1 approach E 50k "S =19 ;/1,
TRITC-phalloidin (0.1-10 uMm) were con- zan:tf;'”" 2 40l A
ducted to show that the conditions chosen al- _ +10041 position % ¢/ '
lowed saturation of binding. After washing o3 o e s 30r ,,/'F/
three times for 5 min in PBS, TRITC—phalloidin 3 g . - 5 E W0—gp— : I
was extracted from the cells by two subsequent g N |unh.nding eventt 2 10} 03 08
1 hr incubation steps with 1 ml of methanol at - s - L
37°C. Methanol supernatants were pooled, cen- . -100 ) & G 107 10" 10° 10'
trifuged at 100,000 X g for 20 min, and ex- \ Vertical distance (nm) Calcium (mM)
tracted TRITC-phalloidin was quantified spec- \
trophotometrically at an excitation wavelength L,
of 540 nm and an emission wavelength of 563 '
nm.
approach 90 ¥ ¥
Results — 80} C VE-cadherin
Ca’* dependency of cadherin binding : - S £
Ca®" dependency of cadherin transinter- A ARG = o
action was determined by two approaches, }JL\t\ﬁ:‘nmnding event £ 60 Kp=1.15
single-molecule AFM and laser tweezer as- § 50 ny =5.04
say. Although AFM allows determination e l 100 pN £ a0
of binding activity of single purified mole- B a9 d
cules, laser tweezer studies are designed to i £ ol /i
study transinteraction of recombinant E 10 - f ;
cadherins with endogenous cadherins ex- . : ; 03 08
pressed on the surface of cultured cell 50 100 150 0 107 10" 10° 10'
lines. Vertical distance (nm) Calcium (mM)
AFM Figure1. (a’" dependency of N-cadherin and VE-cadherin binding probed with AFM. A—C, Binding activity between tip-and

The general principle of determination of
unbinding forces and lifetime of bonds of
transinteracting recombinant cadherin
dimers is illustrated in Figure 1A. Cad-
herins covalently attached to the tip of the
cantilever and surface of the plate are
brought into interaction and separation by
cyclic upward and downward movements
of the tip at a frequency of 1-2 Hz (force—
distance cycles). During downward move-
ment (approach), the tip of the cantilever
will eventually hit the plate and, during further downward move-
ment, will gradually be deflected upwards until the end of the
approach (defined as zero position of the cycle). During the fol-
lowing retrace movement, the cantilever bends back with the
same linear force slope until the tip separates from the plate to
reach the unbent neutral position. During further progression of
the retrace movement, the cantilever will remain in the neutral
position if no interaction occurs between tip- and plate-bound
cadherins. Interaction between cadherins can proceed through-
out the entire period during which plate and tip are in contact. If
transinteraction has taken place, the cantilever will be pulled down
below the neutral line until a critical force is reached (unbinding
force) at which the cadherin bond breaks (unbinding is followed by
an abrupt jump of the cantilever to the neutral position). The length
of the unbinding jump depends on the spring constant of the canti-
lever and is directly proportional to the unbinding force. Because the
cadherins are attached to the plate and tip by flexible PEG-linkers,
molecules can freely diffuse within the radius of the length of the
linkers (~8 nm), allowing them to undergo unimpaired encounter
reactions (Hinterdorfer et al., 1996).

substrate-attached N-cadherin-Fc (4, B) and VE-cadherin-Fc () at various Ca>* concentrations was measured with the AFM. 4,
General working principle of force measurements. Chimeric N-cadherin-Fcis covalently attached by PEG-linkers to a substrate and
the cantilever tip of the AFM. Molecules are brought into contact by downward movement of the tip. During upward movement,
a downward deflection of the cantilever will occur if tip- and substrate-bound molecules undergo binding. Retrace (arrow
indicates an unbinding event of ~100 pN) and approach were subtracted, and the area below the resulting curve (gray) was
integrated and taken as a measure for the average binding activity. 8, Ca® ™ dependency of homophilic N-cadherin-Fc binding. C,
Ca** dependency of homophilic VE-cadherin-Fc binding. All measurements were obtained by stepwise increasing the (a®™*
concentration by fluid exchange. Each point is the average of at least 400 force— distance cycles. Note a moderate cooperativity of
N-cadherin binding, with a Hill coeficient of 1.9 at an apparent K}, of 0.72 mu, and pronounced cooperativity of VE-cadherin
binding, with a Hill coefficient of 5.04 and an apparent K, of 1.15 mu. The range of the values of [Ca®*], determined during
high-frequency stimulation (0.3— 0.8 mw) is indicated.

Approach-retrace cycles at v, = 800 nm/sec and 0.1 sec en-
counter time were performed at different Ca*>* concentrations
(0—10 mM). The total area between the force curve and the neu-
tral line was taken as measure for binding activity (Fig. 1 A), as
outlined in detail in a previous study (Baumgartner et al., 2000b).
Each point of the plot shown in Figure 1, B (N-cadherin) and C
(VE-cadherin), represents the mean activity of at least 600 retrace
cycles using one AFM tip. Four different tips were used, and all
yielded equal results. Ca”>* dependency of binding activity
(transinteraction between tip- and substrate-bound cadherins)
of N-cadherin showed half-maximal adhesion (apparent K,) of
0.72 mm Ca*" with a moderate degree of cooperativity (Hill co-
efficient, n,, = 1.9). The Ca*>" dependency of VE-cadherin was
determined recently (Baumgartner et al., 2000b) and has been
repeated for comparison. Most interestingly, VE-cadherin-Fc re-
quired a considerably higher [Ca**], for half-maximal transin-
teraction (K, = 1.15 mm Ca*") and displayed very high cooper-
ativity (1, = 5.0). Thus, VE-cadherin displays nearly an “all-or-
nothing” transition close to the physiological Ca*" level (Fig.
1C), whereas N-cadherin is less sensitive to [Ca?"], and dis-
played a moderate degree of cooperativity, which would allow a



Baumgartner et al. « N-Cadherin Regulation

J. Neurosci., December 3, 2003 - 23(35):11008 -11014 » 11011

65 400 nm/sec and lifetime of interaction 7~

A 60 B N-cadherin 1.1 sec (corresponding to k= 7~ ' ~ 0.9
sec '). Both parameters were in the range

55¢ ® snan determined previously by our group for

50 n:" oy VE-cadherin (Baumgartner et al., 2000Db),

a5}
40}
35
30

beads resisting displacement (%)

namely an unbinding force of ~40 pN at
separation velocity of 400 nm/sec and life-
time of bonds at zero force of 7~ 600 msec
(corresponding to k. = 1.8 sec ™ !).

; Laser tweezer
- Cadherin-Fc-coated beads were allowed to

Figure 2.

stimulation (0.3— 0.8 mu) is indicated.

Table 1. Influence of [Ca?*]; and the actin filament system on N-cadherin binding

Percentage of beads resisting displacement

Conditions (DMEM, 1.8 mm Ca? ™) Absolute values Normalized values

(a®" dependency of N-cadherin and VE-cadherin binding probed by laser tweezer. A—(, Beads coated with
N-cadherin-Fc (A, B) and VE-cadherin-Fc ( C) settled on dorsal surface of PC12 ( A, B) and MyEnd ( () monolayers were probed with
laser tweezer at various extracellular Ca>* concentrations of [Ca®*1,. A, Time series of a typical control experiment. At 0 m
[Ca®™"],, the majority of beads can be removed by laser trapping from the dorsal cell surface. B, C, Each point represents the
percentage of beads (average of =200 beads per point) resisting displacement by laser tweezer of three to six experiments
(different batches of cell cultures). Ca2* dependency of binding of N-cadherin-Fc-coated beads displayed an apparent K, of 0.65
mu with amoderate Hill coefficient of n, = 2.1, whereas VE-cadherin-Fc-coated beads displayed an apparent K, of 1.02 mm Ca 2™+
and high cooperativity with a Hill coefficient of n, = 4.7. The range of the values of [Ca>*], determined during high-frequency

Control 725 £ 15% (n = 17) 100%
3mmEGTA 28.0 = 1.4% (n = 14) 0%
Peptide AHAVD 0.2 mm 36.8 = 2.2% (n = 4) 19.7%
Peptide HADAV 0.2 mm 69.9 = 1.3% (n = 3) 94.2%
A23187 277 £13% (n = 4) —0.7%
Jasplakinolide plus A23187 75.6 = 1.9% (n = 4) 107.0%
Cytochalasin D 317 =1.8% (n = 4) 8.3%
Jasplakinolide plus cytochalasin D 65.1 = 1.7% (n = 4) 83.4%
Depolarization with 50 mm K™ 350 £ 2.0%(n =4) 9.7%

Percentage of beads coated with N-cadherin-Fc tightly bound to the cell surface of PC12 cells. Binding was deter-
mined by laser tweezer at various conditions. Beads were allowed to settle on the cell surface 15 min before drug
treatment. Drugs were applied at a concentration of 10 wum, and the inhibitory AHAVD peptide and the nonsense
peptide HADAV were applied at 20 pum. Each experiment represents at least 100 individual beads probed by laser
tweezer.

graded response of adhesive activity over a broader range of
[Ca**]..

Besides determination of Ca®" dependency of transinterac-
tion, AFM studies allowed also to determine two additional im-
portant parameters of N-cadherin function, namely strength of
binding (unbinding force) of ~40 pN at separation velocity of

25
10° 10" ) 10° 10" settle for 15 min on the cell surface of PC12
Calelum gmi) cells (for N-cadherin-Fc) or MyEnd cells
(VE-cadherin-Fc). As recently shown by
immunostaining with antibodies to cad-
80 herin and B-catenin, as well as by staining
2 _|C VE-cadherin with TRITC-phalloidin, typical adherens-
= o like junctions formed between the major-
E 601 - ity of beads (60—80%) and the cell surface
8 n:’; 47 (Lambert et al., 2000; Baumgartner et al.,
g %0 2003).
@ 40! Typically, ~70% of the beads sus-
& pended in DMEM (containing 1.8 mMm
S 30 | | : Ca*") were tightly bound to the cell sur-
2 sk T : face and resisted displacement (detach-
s 03 08 ment) by laser tweezers (Fig. 2). Specificity
Wt . b - ,  ofbinding of VE-cadherin-coated beads to
10 10" 10 10 the cell surface was confirmed by the fol-
Calcium (mM)

lowing control experiments: beads coated
with the Fc fragment only, instead of VE-
cadherin-Fc, displayed strongly reduced
frequency of binding with only 5-12% of
beads resisting detachment by laser twee-
zer. The addition of mAb 11D4.1 (hybrid-
oma supernatant) directed against the ex-
tracellular domain of VE-cadherin
reduced bead-cell adhesion by ~60% for
VE-cadherin. Specificity of binding of
beads coated with N-cadherin-Fc was
tested by the addition of 3 mm EGTA to the culture medium, as
well as by the addition of 0.2 mMm of the inhibitory peptide
AHAVD corresponding to amino acid residues 79—83 (Blaschuk
etal., 1990; Tang et al., 1998), which resulted in ~80% reduction
of bead—cell adhesion to PC12 cells. The nonsense peptide HA-
DAV did not effect bead binding significantly (Table 1).

Ca*™ dependency of VE-cadherin and N-cadherin interaction
was determined by the percentage of tightly bound cadherin-Fc-
coated beads (resisting detachment after 15 min of settling) as a
function of [Ca®"].. The results of these experiments for
N-cadherin and VE-cadherin are plotted in Figure 2, in which
each data point represents the mean percentage of beads resisting
detachment at a given [Ca®"].. Each point represents at least
three experiments (different cell batches) counting at least 200
beads. Ca** dependency of the binding of beads coated with
N-cadherin-Fc displayed an apparent K, of 0.65 mm (Hill coef-
ficient, n,, = 2.1), whereas beads coated with VE-cadherin-Fc
displayed an apparent K, of 1.02 mm Ca*" and high cooperativ-
ity with a Hill coefficient of n,, = 4.7. Maximum binding of beads
was reached at [Ca®"], = 1.1 mwm for both cadherins. [Ca®*],,
higher than that depicted in Figure 2, led to cell damage and could
therefore not be investigated with accuracy. Because the laser
tweezer studies on N-cadherin adhesion relied on a heterologous
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Table 2. Relative amount of F-actin content of PC12 cells determined by
TRITC-phalloidin extraction

Relative content of F-actin

Control 100 =+ 3.4% (n = 6)

Cytochalasin D 61.9 = 6.2% (n = 6)*
A23187 70.2 = 3.9% (n = 6)*
50muK* 82.4 + 63% (n = 5)*

Average content of untreated cells was normalized to 100%. Note the significant reduction of F-actin content in
cultures treated with cytochalasin D, A23187, and depolarization with K+, respectively. *p < 0.01 compared with
control (t test).

system (chicken N-cadherin, rat PC12 cells), we performed some
confirmatory experiments with cultured chicken sympathetic
neurons (homologous systems). In these experiments, adhesion
was also inhibited by excess EGTA and the AHAVD peptide, and
the K, for [Ca®"] was in the range of the values obtained for
PC12 cells (0.6—0.7 mMm).

In addition to determination of cadherin binding in depen-
dency to changes of [Ca®"],, laser tweezer experiments also al-
lowed us to study the effects of bead binding in response to
changes of [Ca*"];. Synaptic activity has been shown to cause
presynaptic and postsynaptic increases of [Ca*"]; by opening of
voltage-gated Ca*™ channels (presynaptic and postsynaptic) and
ionotropic transmitter receptors such as the NMDA receptor
(postsynaptic) (Regehr and Tank, 1990; Perkel et al., 1993;
Malenka and Nicoll, 1999). The latter has been shown to be re-
quired for LTP induction of glutamatergic synapses. To address
the question whether transinteraction of N-cadherin might also
be influenced by [Ca**]; and the actin filament system, PC12
cells were treated with 10 um A23187 or 10 um of the actin-
fragmenting compound cytochalasin D in the absence and pres-
ence of 10 uM jasplakinolide, which stabilizes actin filaments
(Scott et al., 1988; Bubb et al., 1994; Kawamura et al., 2003). An
increase of [Ca”" ], induced by the application of A23187 caused
a significant reduction of cellular F-actin content by ~30% (Ta-
ble 2), a phenomenon observed in many other cell types and is
generally believed to be caused by activation of the Ca*"-
dependent protein gelsolin, which inhibits actin polymerization
(Yin and Stossel, 1979; Kuhne et al., 1993). Application of cy-
tochalasin D reduced the F-actin content of PC12 cells to a similar
degree (40%) (Table 2). Both A23187 and cytochalasin D caused
significant reduction of beads bound on PC12 cells to the baseline
level seen with zero [Ca**],, suggesting a significant role of the
actin filament system in regulation of N-cadherin-mediated ad-
hesion. When the F-actin-stabilizing compound jasplakinolide
was applied before the addition of A23187 or cytochalasin D,
bead adhesion was not attenuated in response to either A23187 or
cytochalasin D (Table 1). These experiments show that reduction
of bead adhesion, resulting from elevation of [Ca*"]; by A23187,
is causally related to depolymerization of F-actin. In an addi-
tional experiment, PC12 cells were depolarized by adjusting the
culture medium to 50 mM K . Under these conditions, [Ca*™"];
has been shown in PC12 cells to rise to ~0.5 uM (Shafer and Atchi-
son, 1991; Masuda et al., 2002). As to be expected from the A23187
experiments, K ™ depolarization caused a similar degree of reduction
of both F-actin content and bead adhesion, as seen in response to
A23187 and cytochalasin D, respectively (Tables 1, 2).

Discussion

The present study provides a biophysical basis for supporting the
challenging observation of Tang et al. (1998), implying that
activity-induced modulation of cadherin-dependent adhesion by
transient changes of [Ca**], is causally involved in coordination
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of synaptic plasticity. The data of our study suggest that
N-cadherin may serve as both sensor for synaptic activity and
effector of synaptic remodeling. These functions strongly depend
on activity-induced depletion of [Ca**], and a concomitant in-
crease in [Ca®™],.

Ca’** sensitivity of N-cadherin
Measurements of [Ca®"], in rat cerebellar and hippocampal cor-
tex by microelectrodes indicate a stimulation-evoked drop of
[Ca?"], to 0.5-0.8 mm and, under certain conditions, even to
lower values (Nicholson et al., 1978; Krnjevic et al., 1980). These
measurements are supported by theoretical studies dealing with
[Ca’*]. in response to opening of voltage-gated Ca>* channels
and Ca’"-permeable ionotropic transmitter receptors such as
NMDA receptor (Egelman and Montague, 1999; Rusakov, 2001).
Both our single-molecule AFM measurements and laser twee-
zer studies on cultured neuronal cells show that adhesive activity
of N-cadherin is regulated exactly between 0.3 and 0.8 mm
[Ca?*],, with a K}, of 0.65 mMm (tweezer) and 0.72 mMm (AFM)
Ca**. By this property, N-cadherin differs profoundly from VE-
cadherin (Baumgartner et al., 2000b; this study) and E-cadherin
(Pertz et al., 1999), both of which were shown to require almost
physiological levels of [Ca®"], for maximal adhesion (Kp, ~1
mm Ca’*) and display high cooperativity with almost all-or-
nothing behavior of adhesiveness if [Ca®"], drops below 1 mm
(Baumgartner et al., 2000b). It is interesting to mention that
N-cadherin and E-cadherin display mutually exclusive synaptic
distribution (Fannon and Colman, 1996). Whereas N-cadherin
has been reported to be associated with excitatory synaptic sites
(Benson et al., 2000), E-cadherin appears to be primarily con-
fined to inhibitory synapses, which may not undergo activity-
dependent reduction of [Ca*"], to levels occurring in glutama-
tergic excitatory synapses. Differences in Ca** sensitivity of
cadherins might also be the key for understanding why another
synaptic cadherin, cadherin 11 (which has not been biophysically
characterized so far), appears to suppress synaptic plasticity
rather than support it (Manabe et al., 2000).

Regulation of N-cadherin adhesion by actin
The cytoplasmic domain of cadherins is tethered via catenin-type
adaptor molecules to the actin filament cytoskeleton, which has
been shown to be important for regulation of adhesion (Adams
and Nelson, 1998; Gumbiner, 2000; Baumgartner and Drenck-
hahn, 2002b). Several studies including the present experiments
with PC12 cells have shown depolymerization of presynaptic and
postsynaptic actin filaments (F-actin) and collapse, as well as
displacement of F-actin assemblies in response to depolarization
of the membrane potential and stimulation of NMDA receptors,
respectively (Bernstein and Bamburg, 1985; Bernstein et al., 1998;
Colicos et al., 2001). Both conditions cause a rise of [Ca®"], at
levels sufficient to induce fragmentation and depolymerization of
F-actin by a calcineurin- and gelsolin-dependent mechanism
(Furukawa et al., 1997; Halpain et al., 1998). In line with this
notion, hippocampal neurons of mice lacking gelsolin exhibited
markedly decreased F-actin depolymerization despite enhanced
[Ca**]; during exposure to glutamate (Furukawa et al., 1997).
In the present study, we show that the state of actin polymer-
ization of PC12 cells is strikingly influenced by [Ca®"]; (treat-
ment with Ca**-ionophore A23187 and depolarization with 50
mm K ¥). Reduction of F-actin induced by either A23187 or K™
depolarization (~30% at 10 um A23187 within 30 min) (Table 2)
was accompanied by attenuation of adhesion of N-cadherin-
coated beads close to baseline values obtained in the absence of
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[Ca?*]. (EGTA control). Similar results were obtained by cy-
tochalasin D treatment of these cells (Tables 1, 2). Under these
conditions, no significant weakening of bead adhesion was ob-
served if F-actin was stabilized by pretreatment with jasplakino-
lide. These findings are in line with protection of glutamate-
induced loss of F-actin and collapse of spine—head morphology
by pretreatment of cultures with jasplakinolide (Halpain et al.,
1998).

Functional implications

The results of this study allow us to conclude that N-cadherin-
mediated adhesion is compromised by two mechanisms during
enhanced synaptic activity, namely by the drop of [Ca**], and
concomitant increase of [Ca?"];. Both mechanisms act in con-
cert and correlate positively with duration and strength of synap-
tic activity. Because the lifetime of N-cadherin transinteraction at
normal [Ca**], is only 1.1 sec (ko = 0.9 sec '), the bulk of
cadherins will dissociate at least once during any stimulus that
lasts longer than 1 sec. The capacity of dissociated cadherins to
rebind across the synaptic cleft will be strongly reduced as long as
[Ca**], is <0.8 mm. This view is in full agreement with the
observation of Tang et al. (1998), who found that the HAV pep-
tide interferes with establishment of LTP only if present during
conditional stimulation. Rebinding of N-cadherin at physiologi-
cal [Ca**], is probably too rapid to allow HAV peptide to com-
pete with the HAV-binding site of N-cadherin. This is supported
by the observation that HAV peptides had no effect on the devel-
opment of LTP when [Ca**], is kept high (5 mMm) during the
conditioning stimulation.

If the cytodomain of cadherins remains tethered to the actin
filament system, most of the externally detached cadherins will be
kept in place and, hence, be able to rebind after cessation of the
stimulus and recovery of [Ca*" ], to values >0.8 mm. [Ca*"]; can
be expected to remain for a longer period at elevated levels and
stimulate actin depolymerization by binding to gelsolin and cal-
cineurin (Furukawa et al., 1997; Halpain et al., 1998). Local de-
polymerization of F-actin can be expected to proceed until the
arrival of the next burst of stimulated transmitter release with
concomitant depletion of [Ca**], and rise of [Ca®"];. This has
been elegantly shown by reversible collapse and displacement of
presynaptic and postsynaptic green fluorescent protein-tagged
actin within 0.5-3 min after application of a single tetanus train
(50 Hz lasting 30 sec) and irreversible distributional changes after
repetitive spaced tetani (Colicos et al., 2001). During additional
episodes of enhanced synaptic activity, a fraction of externally
detached cadherins can be assumed no longer immobilized by the
actin cytoskeleton. These untethered cadherins will become
prone to lateral diffusion in the plane of the presynaptic and
postsynaptic plasma membranes. This view is supported by the
experiments by Tanaka et al. (2000), who observed rapid disper-
sion of presynaptic N-cadherin within 1 min after high K™ treat-
ment. Note that most of the dispersed N-cadherin did not colo-
calize with B-catenin, indicating no linkage to the actin
cytoskeleton. Those cadherins that diffuse centrifugally to the
periphery of the synaptic area will gradually be exposed to normal
[Ca**],, allowing them to transinteract with full capacity with
cadherins of the opposing synaptic cell surface. These transinter-
acting cadherins may be subsequently stabilized by the linkage of
their cytodomains to actin filaments, which can be expected to be
more stable at the synaptic periphery where [Ca**]; levels may be
lower and recover earlier than underneath the active synaptic
zone. Rapid recruitment of B-catenin into spine heads by
phosphorylation-dependent signaling has been demonstrated re-
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cently (Murase et al., 2002), and it appears reasonable to assume
that synaptically recruited active (dephosphorylated) 3-catenin
may serve to stabilize newly formed cadherin bonds at the mar-
gins of the synaptic contacts. These bonds will also be less likely
challenged by activity-dependent [Ca®"], depletion than cad-
herin bonds remaining close to the active synaptic zone. A frac-
tion of these cadherins may be stabilized as dimers by still un-
known mechanisms that make them resistant against proteases
and denaturation by urea (Tanaka et al., 2000).

Additional repetitions of synaptic stimulation may finally
drive all cadherins away from the active synaptic zone toward the
synaptic periphery. This might allow active zones to spread later-
ally and separate into perforated synapses (Tonietal., 2001; Yuste
and Bonhoeffer, 2001). The important role of actin dynamics in
generation of LTP has been demonstrated by inhibition of both
development and maintenance of early LTP by a variety of actin-
modulating compounds such as lantrunculin, cytochalasin D,
and phalloidin (Kim and Lisman, 1999; Krucker et al., 2000).
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