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Clathrin-dependent endocytosis is mediated by a tightly reg-
ulated network ofmolecular interactions that provides essential
protein-protein and protein-lipid binding activities. Here we
report the hydrolysis of the�- and�2-subunits of the tetrameric
adaptor protein complex 2 by calpain. Calcium-dependent �-
and �2-adaptin hydrolysis was observed in several rat tissues,
includingbrain andprimaryneuronal cultures.Neuronal�- and
�2-adaptin cleavage was inducible by glutamate stimulation
and was accompanied by the decreased endocytosis of trans-
ferrin. Heterologous expression of truncated forms of the
�2-adaptin subunit significantly decreased the membrane
recruitment of clathrin and inhibited clathrin-mediated recep-
tor endocytosis. Moreover, the presence of truncated �2-adap-
tin sensitized neurons to glutamate receptor-mediated excito-
toxicity. Proteolysis of �- and �2-adaptins, as well as the
accessory clathrin adaptors epsin 1, adaptor protein 180, and
the clathrin assembly lymphoid myeloid leukemia protein,
was detected in brain tissues after experimentally induced
ischemia and in cases of human Alzheimer disease. The pres-
ent study further clarifies the central role of calpain in regu-
lating clathrin-dependent endocytosis and provides evidence
for a novel mechanism through which calpain activation may
promote neurodegeneration: the sensitization of cells to glu-
tamate-mediated excitotoxicity via the decreased internal-
ization of surface receptors.

Cells must internalize necessary macromolecules from their
surfaces and the extracellular space; this trafficking into inner
compartments achieves transmembrane signaling functions as
well as maintaining cellular homeostasis. Clathrin-dependent
endocytosis is an important cargo internalization mechanism
involved in a variety of cellular signaling and transport path-
ways, such as those involving epidermal growth factor or trans-
ferrin, respectively. Clathrin adaptor proteins play a central role
in this process by recognizing specific cargo and facilitating the
formation of clathrin-coated vesicles. The adaptor protein

complex 2 (AP-2)3 is considered to be the central hub in this
interaction network that links clathrin, accessory clathrin adap-
tors, other endocytic accessory factors, membrane lipids, and
membrane-associated cargo proteins (1, 2).
The tetrameric AP-2 complex is composed of �-, �2-, �2-,

and �-subunits (3, 4). Its structure is characterized by a trunk
domain and two appendages that are connected to the trunk by
flexible hinges. The trunk domain interacts with phosphatidyl-
inositol phosphates and cargo (5), whereas the appendage
domains recruit alternate adaptors and accessory proteins (6,
7). AP-2 has two clathrin binding sites, one each on the hinge
and appendage domains of the �2-subunit; both binding sites
contribute to clathrin recruitment (8).
The AP-2 core adaptor complex is important for the overall

capacity of clathrin-dependent endocytosis and is crucial for
the internalization of particular cargoes such as the transferrin
receptor (9). In neurons, AP-2-dependent trafficking of
N-methyl-D-aspartic acid- and �-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid-type ionotropic glutamate receptor
proteins has been reported to be an important determinant of
synaptic strength and plasticity (10–13).
Calpains comprise a widely expressed family of calcium-de-

pendent cysteine proteases. Strict determinants of calpain sub-
strate utilization have been elusive, due to the fact that they are
governed by structural constraints rather than primary
sequence motifs (14). Known substrates for calpains include
proteins of widely diverse functions, including membrane
receptors, ion channels and transporters, enzymes, cytoskeletal
proteins, and transcription factors. Thus, calpains are impli-
cated in a diverse variety of normal and pathologic cellular pro-
cesses, including signal transduction, cell motility, gene expres-
sion, and apoptotic andnecrotic cell death (reviewed inRef. 15).
In the nervous system, calpain activation has been observed in
both acute and chronic neurodegenerative conditions (16–20).
Abnormal calpain activation can occur under these circum-
stances through increases in cytosolic calcium due to various
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causes, including changes in calciumhomeostasis, the accumu-
lation of disease-causing proteins, or the increased activation of
NMDA receptors (16, 21). In many of these conditions, inhibi-
tion of calpain is neuroprotective (16, 20, 22).
Herewe report that the�- and�2-subunits of theAP-2 clath-

rin adaptor complex are subject to calpain proteolysis. This
cleavage separates the appendage domains from the adaptor
trunk and results in decreased clathrin-dependent endocytosis.
A significant fraction of this decrease can be attributed specif-
ically to truncation of the �2-subunit, and incorporation of
truncated �2-adaptin into AP-2 complexes can both decrease
endocytosis and sensitize neurons to excitotoxicity. We also
demonstrate calpain-mediated cleavage of the accessory clath-
rin adaptors clathrin assembly lymphoidmyeloid leukemia pro-
tein (CALM), epsin 1, and adaptor protein 180 (AP180).
Although the present studies are focused primarily on calpain
proteolysis of clathrin adaptors in the nervous system, these
findings are likely to be representative of a more widespread
phenomenon that also occurs in other cell types.

EXPERIMENTAL PROCEDURES

Clathrin Adaptor Expression Vectors—cDNAs encoding full-
length rat �2-adaptin (with C-terminal FLAG-, 6�-histidine-, or
hemagglutinin (HA) tags), N-terminal or C-terminal rat�2-adap-
tin fragments (amino acids 1–691, with no tag or C-terminal HA
tag; amino acids 692–951, with C-terminal 6�-histidine or HA
tags), and human AP180 (with an N-terminal HA tag) were cre-
ated using PCRs with specific primers (�2-adaptin: GenBankTM
NM_001030006, nucleotides 190–3045; AP180: GenBankTM

NM_014841, nucleotides 244–2967) towhich the protein tag-en-
coding sequences were added. The resultant cDNAs were then
cloned into self-inactivating lentiviral transfer vector plasmids
under the control of the mouse phosphoglycerate kinase 1 (PGK)
promoter (SIN-W-PGK) (23) or the tetracycline response element
(TRE) promoter (SIN-W-TRE) using the pENTR/D-TOPOClon-
ing Kit (Invitrogen) and the LR recombination reaction (Gate-
wayTM system, Invitrogen), and lentiviral vectors were produced
as described previously (24).
To generate �692–694 and �688–697 deletion mutants of

�2-adaptin with 6�-histidine tags, we used site-directed
mutagenesis with complementary internal primers and two-step
PCR.The first step consisted of producing apartial 5� cDNAusing
a forward wild-type primer and amutagenic reverse primer and a
partial 3�cDNAusingamutagenic forwardprimerandawild-type
reverse primer in two separate PCR reactions. The second step
consisted of combining the obtained 5� and 3� cDNA fragments
(whichoverlapped in sequencewhere themutagenicprimerswere
introduced) andamplifying themutated full-length cDNAbyPCR
with wild-type primers.
Primary Cortical and Striatal Neuron Cultures—Primary

neuronal cultures were prepared and maintained as described
previously (postnatal day 2 cortical cultures according to (25)
and embryonic day 16 striatal cultures per (26)). For lentiviral-
mediated protein expression, cultures were infected on DIV 1
(50 ng of p24/ml of culture medium for each vector), half the
medium was replaced on DIV 4, and half of the medium was
replaced weekly thereafter. SIN-W-TRE expression vectors

FIGURE 1. Cleavage of the �2- and �-subunits of the AP-2 complex in rat tissues. A, immunoblot analysis of rat brain homogenates with an antiserum that
recognizes an N-terminal epitope of �2-adaptin. A novel molecular species consistent with a molecular mass of 75 kDa appears in rat brain extracts in the
presence of CaCl2, the appearance of this band is blocked by the broad spectrum calpain inhibitor ALLN. B, immunoblot analysis of various rat tissue
homogenates shows a calcium-dependent change in migration of the �2-adaptin immunoreactive species in brain, spleen, lung, and stomach. C, immunoblot
analysis of rat brain homogenates with antiserum recognizing a C-terminal epitope of �-adaptin. A molecular species consistent with a molecular mass of 30
kDa appears in the rat brain protein extract when CaCl2 is present in the lysis buffer. This change in migration is blocked by the broad spectrum calpain inhibitor
ALLN. D, immunoblot analysis of rat tissue homogenates using anti-C-terminal-�-adaptin antiserum shows a calcium-dependent change in migration of the
immunoreactive species in samples of brain, spleen, lung, and stomach.
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were applied at a concentration of 25 ng of p24/ml of culture
medium together with the tetracycline transactivator in the
SIN-W-PGK vector (50 ng of p24/ml of culture medium). Neu-
ronal expression of the adaptin transproteins was �1� and 3�
that of endogenous levels under the control of the PGK and
TRE promoters, respectively.
Glutamate Stimulation of Cultured Neurons—At DIV 11–13,

striatal and cortical neurons were exposed for 15 min to 100 �M
glutamate in medium supplemented with 50 �M glycine and 2.7
mM CaCl2. Following glutamate treatment, cells were washed
twice and incubated in Neurobasal medium for the indicated
times.Where specified, cellswereexposed to theNMDA-receptor
antagonist MK801, calpain inhibitors ALLN, calpain inhibitor IV
(benzyloxycarbonyl-LLY-fluoromethyl ketone (Z-LLY-FMK)), or
PD 151746 (all purchased from Calbiochem/Merck) starting 1 h
prior to glutamate stimulation, and these inhibitorswere included
in all subsequent manipulations.
Protein Extraction and Immunoblotting—Except where oth-

erwise noted, protein samples for proteolytic analyseswere har-
vested in lysis buffer (comprised of 20 mM HEPES, pH 7.4, 1%
Triton X-100, 100 mM KCl, 0.1 mM dithiothreitol, and protease
inhibitor mixture (Sigma-Aldrich catalog no. P8340), and sup-
plemented with either 2 mM EDTA plus 2 mM EGTA or 2 mM
CaCl2, to prevent or allow calpain digestion, respectively.
Lysates were incubated on ice for 30min and vortexed every 10
min. Protein extracts were cleared of cell debris by centrifuga-
tion at 20,000� g for 15min at 4 °C, separated by SDS-PAGEon
a 12% polyacrylamide gel, and analyzed by immunoblotting.
Recombinant calpain treatments of rat brain or HEK 293T

cell extracts consisted of exposure to recombinant rat calpain 2
(11�g/ml, Calbiochem/Merck) and 2mMCaCl2 for 1 h at room
temperature. Calpain was inactivated by addition of 4 mM
EDTA plus 4 mM EGTA.
The following primary antibodies were used for protein

immunodetection: anti-�2-adaptin (sc-6425), anti-�-adaptin
(immunoreactive to �A-adaptin; sc-6421), anti-CALM
(sc-5395), and anti-epsin 1 (sc-8673) goat polyclonal antibodies
from Santa Cruz Biotechnology; mouse monoclonal anti-�-
adaptin (immunoreactive to �A- and �C-adaptin; NB300–721)
fromNovus Biologicals; anti-clathrin heavy chain (610499) and
anti-dynamin 2 (610263) mouse monoclonal antibodies from
BDTransduction Laboratories; anti-AP180 (A4825), anti-�-tu-
bulin (T5168), and anti-FLAG M2 (F1804) mouse monoclonal
antibodies from Sigma-Aldrich; anti-hemagglutinin mouse
monoclonal antibody fromCovance; rabbit polyclonal anti-his-
tidine antibody (PA1–23022) fromAffinity BioReagents; rabbit
polyclonal anti-�-tubulin antibody (ab4074) from Abcam; and
anti-Na�/K� ATPase mouse monoclonal antibody from the
Developmental Studies Hybridoma Bank. Secondary antibod-
ies consisted of Alexa Fluor 680-conjugated polyclonal goat
anti-mouse or goat anti-rabbit IgG or rabbit anti-goat (Invitro-
gen) or IRDye 800CW-conjugated donkey anti-mouse IgG (LI-
COR). Protein bands were visualized using the Odyssey Infra-
red Imaging System (LI-COR).
Identification of the Calpain Cleavage Site in �2-Adaptin by

Edman Degradation—HEK 293T cells were transfected with
SIN-W-PGK plasmid vector encoding FLAG-tagged �2-adap-
tin using CaPO4 transfection. Cells were harvested 24 h post-

transfection in chelator-free lysis buffer, and lysates were
treated with rat recombinant calpain 2 plus 2 mM CaCl2 for 1 h
at room temperature. The FLAG-taggedC-terminal proteolytic
fragment of �2-adaptin was then immunoprecipitated using
anti-FLAG M2 Affinity Gel (Sigma-Aldrich) according to the
manufacturer’s instructions. Precipitated proteins were then
separated by SDS-PAGE and transferred to an Invitrolon poly-
vinylidene difluoride membrane and stained with Ponceau S.
The C-terminal �2-adaptin fragment band (25 kDa) was cut
from the membrane and subjected to sequencing by Edman
degradation at the Functional Genomics Center Zurich (Zur-
ich, Switzerland) on a commercial basis.
Transferrin and Dextran Internalization Assays—Neuronal

cultures grown on poly-L-lysine-coated glass coverslips were
used for transferrin internalization assay onDIV 11–13.Where
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FIGURE 2. Cleavage of �2- and �-subunits of AP-2 in cultured striatal neu-
rons. A and B, C-terminally 6�-histidine-tagged �2-adaptin-expressing primary
neurons were stimulated with 100 �M glutamate for 15 min in the presence of 2.7
mM CaCl2 (or 3 mM EGTA) in combination with calpain 1 inhibitor PD 151746 (25
�M), calpain 2 inhibitor Z-LLY-FMK (10 �M), or NMDA-receptor antagonist MK801
(10 �M). Protein extracts were collected 1 h after the end of the glutamate appli-
cation and subjected to immunoblotting with antibodies against the 6�-histi-
dine tag (A) or �-adaptin (B). C, C-terminally 6�-histidine-tagged �2-adaptin
expressed in HEK 293T cells is degraded in the same manner when exposed to
purified calpain 1 and calpain 2, but not caspase 3. D,�-adaptin is degraded in the
same manner when exposed to purified calpain 2.
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indicated, cells were pretreatedwith
25 �M ALLN for 1 h, and the same
concentration of inhibitor was
added to all subsequent reagents.
Cells were stimulated with gluta-
mate (as described above) and incu-
bated in B27-supplement-free Neu-
robasal medium for 1 h. Cells were
then exposed to Alexa Fluor 488-
conjugated transferrin (Invitrogen)
at a concentration of 5 �g/ml. To
allow transferrin internalization,
cells were incubated at 37C for 1 h.
Samples were then placed on ice,
and uninternalized transferrin was
stripped from the cell surface by
incubation in 0.2 M acetic acid (pH
2.8) plus 0.5 M NaCl for 5 min. Cells
were then fixed with 4% paraform-
aldehyde in PBS (pH 7.4) on ice for
15 min. After washing, coverslips
were mounted with Immunomount
(Thermo Shandon) and analyzed on
a TCS-SP2 AOBS confocal laser-
scanning microscope (Leica Micro-
systems). In some experiments,
uptake of Rhodamine B isothiocya-
nate-dextran (average molecular
mass 10 kDa, Sigma-Aldrich, 5
�g/ml) was assayed in parallel using
the same procedure. Signals were
analyzed in 52–210 neurons per
condition from five independent
cultures.
Immunoprecipitation of �-Adap-

tin—Mouse monoclonal antibodies
to �-adaptin (Novus Biologicals)
were conjugated to Protein
G-Sepharose 4 Fast Flow beads
(Amersham Biosciences) and used
as described previously (27) to
immunoprecipitate �-adaptin-con-
taining protein complexes from
HEK 293T cells transfected with
SIN-W-TRE plasmid vectors
encoding either full-length or
N-terminal and C-terminal frag-
ments of rat �2-adaptin, all with
C-terminal HA tags. Immunopre-
cipitated protein complexes were
analyzed by immunoblotting.
Cellular Fractionation Studies—

Monolayer cultures of HEK 293T
cells overexpressing full-length rat
�2-adaptin or a combination of
N-terminal and C-terminal rat
�2-adaptin fragments were washed
twice with PBS (pH 7.4) and har-
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vested in 50 mM HEPES (pH 7.4). Cells were lysed by 15 pas-
sages through a 25-gauge needle, and precleared by a 15-min
centrifugation at 3,000� g. After removal of an aliquot for total
protein analysis, lysateswere subjected to ultracentrifugation at
100,000 � g for 1 h at 4 °C. The pellet of the 100,000 � g cen-
trifugation (comprising the membrane fraction) was resus-
pended in 50 mM HEPES (pH 7.4) and analyzed by immuno-
blotting together with its corresponding total protein extract.
Immunostaining of Primary Cortical Neurons—Primary cor-

tical neurons cultured on glass coverslips were fixed on DIV 12
with ice-cold 4% paraformaldehyde in PBS (pH 7.4) for 10 min
and blockedwith 0.1%bovine serumalbumin in PBS for 20min.
A rabbit polyclonal antiserumagainst clathrin heavy chain (Cat.
2419, Cell Signaling) was diluted in PBS with 0.5 mg/ml sap-
onin and applied to the cells for 1 h at room temperature.
Alexa Fluor 488-conjugated polyclonal donkey anti-rabbit
IgG (Invitrogen) was used as a secondary antibody. Cover-
slips were mounted with FluoroSafe (Calbiochem) and ana-
lyzed on a TCS-SP2 AOBS confocal laser-scanning micro-
scope (Leica Microsystems).
Lactate Dehydrogenase Assay—Measurements of lactate

dehydrogenase release into the culture medium were per-
formed using the CytoTox 96 Non-Radioactive Cytotoxicity
Assay (Promega) as described in a previous study (25).
Neuronal Survival Assessed by NeuN-positive Cell Counting—

DIV 11 striatal neurons were exposed for 15 min to 50 �M
glutamate in culturemedium supplementedwith 50�M glycine
and 2.7 mM CaCl2. Following glutamate treatment, cells were
washed twice and incubated in fresh Neurobasal medium for
48 h. Cell cultures were then fixed and immunostained with
anti-NeuN antibody (1/400, Chemicon) as described previ-
ously (26) followed by analysis with a (BD Pathway 855 Bio-
imager, BD Biosciences).
Rat Tissues and Rat Ischemia Model—All animal experi-

ments were carried out in accordance with the European Com-
munity directive for the care and use of laboratory animals (86/-
609/-EEC) and the Swiss Academy ofMedical Science andwere
authorized by the veterinary office of the Canton of Vaud. For
multitissue analyses of AP-2 subunit proteolysis, adult female
Wistar rats (180–200 g, Iffa Credo/Charles River) were sacri-
ficed by sodium pentobarbital overdose and transcardially per-
fused with phosphate buffer. Organ tissues were removed and
homogenized in lysis buffer plus 2mMCaCl2 or 2mM EGTA by
mechanical disruption.
Focal ischemia was induced in 12-day-old male Sprague-

Dawley rats according to (28). Animals were decapitated 24 h

after the end of ischemia, and the infarcted and contralateral
control tissues were dissected in PBS with 1 mM MgCl2 on ice.
Tissues were then homogenized rapidly in ice-cold lysis buffer
(20 mM HEPES, pH 7.4, 10 mM NaCl, 3 mM MgCl2, 2.5 mM
EGTA, 0.1 mM dithiothreitol, 50 mM NaF, 1 mM Na3VO4, 1%
Triton X-100, and a protease inhibitor mixture (Roche Applied
Science)) using a manual potter apparatus. Homogenates were
subsequently sonicated and then centrifuged at 750 � g for 5
min at 4 °C. Supernatants were collected, and protein concen-
trations were determined by the Bradford method (Bio-Rad
Protein Assay). Samples were stored at �80 °C until use.
Human Brain Samples—Neurodegenerative changes were

staged using biochemical means. Tau staging on a scale from 0
to 10 was determined by immunoblot quantification of Tau
pathology as described in a previous study (29); controls were
limited to Tau stages 3 and 4 (tauopathy restricted to the hip-
pocampal area), whereas AD samples were stage 10 (reflecting
global tauopathy of all neocortical areas). Amyloidopathy stag-
ing was assessed in the neocortex on a scale from 0 to 10 as
described before (30); amyloid stage was 0 in controls (no trace
of amyloid deposition), whereas AD samples exhibited stages
7–9 (reflecting a substantial quantity of A� aggregates). Frozen
samples from two control brains and five AD brains were
homogenized in SDS-PAGE loading buffer.
Statistical Analysis—Numerical data represent themean val-

ues � S.E. The one-way analysis of variance was used to com-
paremultiple conditions, and the two-tailed Student’s t test was
used for two-group comparisons. p� 0.05was set as the thresh-
old for statistical significance.

RESULTS

Calcium-dependent Proteolysis of �- and �2-Adaptins in
Brain and Other Rat Tissues—In the context of assessing
potential calcium-dependent protein interactions that modu-
late synaptic plasticity (12), we noted a calcium-dependent
change in the electrophoretic mobility of the major anti-N-
terminal �2-adaptin-immunoreactive protein species in rat
brain extracts. In the presence of EDTA or EGTA, the major
�2-adaptin protein species was visualized at the position
expected for this 100-kDa protein, whereas a more rapidly
migrating band (corresponding to an approximate molecular
mass of 75 kDa) was observed in the presence of exogenous
calcium (2 mM) (Fig. 1A). A similar phenomenon was observed
in immunoblots for anti-C-terminal �-adaptin immunoreac-
tive species, whose apparentmigration changed froma position
corresponding to a 100-kDa protein to that of a 25-kDa protein

FIGURE 3. Sites of calpain cleavage in AP-2. A, protein extracts from HEK 293T cells expressing �2-adaptin with C-terminal FLAG tag were treated with
recombinant rat calpain 2 in presence of 2 mM CaCl2 and subjected to immunoblotting with an anti-FLAG tag antibody. B, text shows the alignment of amino
acid sequences of wild-type �2-adaptin, protein sequencing results for the N terminus of its C-terminal calpain proteolytic fragment, and �692– 694 and
experimental �688 – 697 deletion mutants. The scheme represents the linearized domain structures of �2-adaptin (orange) and �-adaptin (blue). C, schematic
representation of the heterotetrameric AP-2 complex, depicting binding sites for clathrin (bright green), clathrin accessory factors (black), and phosphatidyl-
inositol phosphates (brown), as determined in previous studies (5– 8). Red arrows indicate the approximate positions of calpain cleavage sites. D, cleavage of
�2-adaptin at Ala-692 is abrogated by deletion mutations. Cultured striatal neurons were infected with lentiviral vectors encoding wild-type �2-adaptin,
�692– 694 or �688 – 697 deletion mutants, all with C-terminal 6�-histidine tags. Neurons were stimulated with 100 �M glutamate plus 2.7 mM CaCl2 for 15 min.
Protein was extracted 1 h after the end of the glutamate stimulation, and the extracts were subjected to immunoblotting with an anti-6�-histidine antibody.
The expected 25-kDa cleavage product of wild-type �2-adaptin is not observed with the deletion mutants (although both deletion mutants are partially
cleaved by a calpain-like activity at alternate sites, as indicated by arrows at right); cleavage of both wild-type and mutant adaptors is blocked by the addition
of the calpain inhibitor ALLN. These data are consistent with the presence of at least three potential calpain cleavage sites: the physiological one (described in
Fig. 2) and two alternate sites that are utilized only after mutation of the endogenous proteolytic site. These findings are not unexpected given that calpain
hydrolysis is governed largely by structural rather than primary sequence determinants (14).
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(also corresponding to the expected and a faster-migrating spe-
cies, respectively (Fig. 1C)). To explore whether this phenome-
non also occurred in non-brain tissues, we subjected samples of
peripheral organs to a similar analysis. This examination

revealed the same calcium-dependent effects in spleen, stom-
ach, and lung (Fig. 1, B and D). Upon noting these results, we
reasoned that the strong calcium dependence and the large
apparent change in electrophoretic migration of these proteins
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might be explained by calpain-mediated proteolysis. We there-
fore examined whether a broad spectrum calpain inhibitor
(ALLN) would prevent this apparentmodification of AP-2 pro-
teins. The change in the electrophoreticmigration of AP-2 pro-
teins was indeed prevented by ALLN, indicating calpain cleav-
age of both �- and �2-adaptins (Fig. 1, A and C).
Proteolysis of Adaptins by Calpain 2—To establish the rele-

vance of this proteolytic event in living cells, we tested whether
activation of calpains by neuronal stimulation would also result
in adaptin hydrolysis. 15-min exposures of primary striatal neu-
rons to glutamate (Fig. 2, A and B) or the selective ionotropic
glutamate receptor agonist NMDA (data not shown) also
resulted in calcium-dependent and ALLN-sensitive �- and
�2-adaptin hydrolysis. Glutamate-stimulated hydrolysis was
sensitive to the NMDA receptor antagonistMK801 and EGTA,
showing a major dependence on NMDA receptors and extra-
cellular calcium (Fig. 2, A and B).
To examinewhether the hydrolysis of adaptins wasmediated

directly by calpains, we exposed adaptins to recombinant
enzymes. Whereas caspase-3 was unable to proteolyze calpain,
proteolytic fragments of �2-adaptin were produced after expo-
sure to either calpain-1 or calpain-2 (Fig. 2C). To assess the
relevant calpain(s) activated by stimulation in neuronal cells,
we determined whether specific calpain inhibitors would pre-
vent the calcium-dependent adaptor cleavage in vivo. Whereas
the calpain 1 inhibitor PD 151746 had no effect on glutamate-
stimulated neuronal adaptin proteolysis (Fig. 2, A and B), the
calpain 2 inhibitor Z-LLY-FMK prevented this hydrolysis.
Moreover, the protein species produced by neuronal stimula-
tion show identical SDS-PAGE migration characteristics to
those observed when �- and �2-adaptins were subjected to
recombinant calpain 2 treatment in vitro (Fig. 2, C and D).
Although these results do not rule out the possibility of adaptin
hydrolysis by other calpain isoforms, the data indicate that cal-
pain 2 activationmediates the direct in vivo hydrolysis of�- and
�2-adaptins in neuronal cells.
Identification of the Calpain Cleavage Sites in the Hinge

Regions of the Adaptor Subunits—To facilitate the determina-
tion of its endogenous calpain cleavage site in �2-adaptin, a
C-terminally FLAG-tagged expression construct was pro-
duced. Both glutamate-stimulated neuronal proteolysis and in
vitro calpain 2 proteolysis of the tagged protein resulted in the
formation of the expected 25-kDa product (complementary to
the 75-kDaN-terminal fragment previously observed in immu-
noblot experiments) (Fig. 3A). This C-terminal �2-adaptin

fragment was subsequently purified and subjected to Edman
degradation. Results of this N-terminal sequencing identified
the calpain 2 cleavage site as the peptide bond between pheny-
lalanine 691 and alanine 692 (Fig. 3B). In confirmation of this
result, deletion mutations of �2-adaptin lacking amino acids
692–694 or 688–697 abrogated the formation of the 25-kDa
cleavage product of calpain proteolysis of wild-type �2-adaptin
(Fig. 3D). However, ALLN-sensitive cleavage of�2-adaptin was
nonetheless observed at alternate sites. Both the endogenous
and alternate cleavage-susceptible sites are positioned in the
hinge region of the AP-2 �2-subunit, with the endogenous
cleavage position occurring between two previously defined
clathrin binding sites (8) (Fig. 3C). Although parallel experi-
ments were unable to determine the precise cleavage site in the
AP-2�-subunit because of a cellular contaminant in the recom-
binant fragment purification, the location predicted by the N-
andC-terminal proteolysis fragments (Figs. 1C, 1D, 2B, and 2D)
together with deletion mutagenesis studies (data not shown)
also map the calpain cleavage site in �-adaptin to its hinge
region (Fig. 3). Thus, cleavage of the �2- and �-subunits of the
AP-2 complex by calpain occurs such that a clathrin binding
site and two accessory adaptor-binding domains become sepa-
rated from the AP-2 core.

�2-Adaptin Cleavage Decreases Clathrin Recruitment to
Membranes—Because we were unable to create a cleavage-re-
sistant form of �2-adaptin through conservative mutations in
the endogenous cleavage site (Fig. 3D), we assessed the conse-
quences of calpain proteolysis by examining the effects of cleav-
age-mimicking �2-adaptin mutants. Heterologously expressed
N-terminal fragment and wild-type �2-adaptin proteins were
incorporated normally into AP-2 complexes (Fig. 4A).
To determine the specific contribution of �2-subunit prote-

olysis to the plasma membrane recruitment of clathrin and
other endocytic proteins, we examined the effects of cleavage-
mimicking mutants on their association with cellular mem-
branes by biochemical fractionation. Expression of N- and
C-terminal truncation products resulted in a significant
decrease in membrane recruitment of clathrin heavy chain and
epsin 1 (Fig. 4B). In addition, a non-significant trend toward
decreased membrane recruitment was also observed for
dynamin 2 (Fig. 4B). In contrast, the plasmamembrane recruit-
ment of�-adaptinwas unchanged, consistentwith the predom-
inance of the direct lipid binding activity of AP-2.
We also used immunofluorescence to analyze the ability of

the calpain-derived fragments of AP-2 to decrease the associa-

FIGURE 4. Effects of �2-adaptin cleavage products on the membrane distribution of endocytosis-related proteins. A, an antibody against �-adaptin was
used to immunoprecipitate AP-2-containing protein complexes from HEK 293T cells overexpressing wild-type �2-adaptin or �2-adaptin mutants comprising
the N- or C-terminal products of calpain cleavage. Immunoblotting of the precipitates with an antibody against the N-terminal portion of �2-adaptin shows
that the heterologously expressed N-terminal truncation mutant is present in the precipitated AP-2 complexes. B, membrane fractions and total lysates of HEK
293T cells transfected with plasmid vectors encoding wild-type �2-adaptin or N- and C-terminal truncation mutants were subjected to immunoblotting with
antibodies against the clathrin heavy chain, dynamin 2, �-adaptin, and epsin 1. Fluorescence intensities of protein immunodetection in the cellular membrane
fractions were quantified and normalized to the intensity of the corresponding bands in parallel samples of total cellular protein. Four samples per condition
were analyzed. The amounts of pelletable clathrin heavy chain and epsin 1 were significantly lower in the cells overexpressing N- and C-terminal truncation
mutants of rat �2-adaptin than in the cells overexpressing wild-type rat �2-adaptin. Dynamin 2 also showed a non-significant trend toward a decrease in the
membrane fractions of the truncation mutant-expressing cells. The amount of membrane-associated �-adaptin was not changed by coexpression of N- and
C-terminal �2-adaptin truncation mutants. C, primary cultured cortical neurons were transduced with a lentiviral encoding wild-type �2-adaptin or a combi-
nation of vectors encoding N- and C-terminal truncation mutants and immunostained with an antibody against clathrin heavy chain. For each cell, the
immunofluorescence intensity was quantified in a 2-�m2 area at the visible limit of the cell border. �2-Adaptin truncation mutant-expressing cells demon-
strated a significant decrease in clathrin immunostaining as compared with controls expressing wild-type �2-adaptin. Average pixel intensities were quanti-
fied from seven wild-type- and six truncation mutant-expressing cells. Bar 	 10 �m.
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tion of clathrin with the plasma membrane (Fig. 4C). As
expected, plasma membrane compartmentalization of clathrin
was decreased in neurons expressing N- and C-terminal trun-
cation mutants compared with neurons expressing full-length
�2-adaptin. These data indicate that �2-adaptin cleavage
decreases the ability of AP-2 to recruit clathrin and other endo-
cytic proteins to cellular membranes.
Cleavage of Adaptins Is Paralleled by a Decrease in Receptor-

mediated Endocytosis—To determine the functional conse-
quences of adaptin cleavage by calpain, we assessed the effects
of adaptor hydrolysis in primary neuronal cultures. Calpain-
proteolyzed adaptin fragments were visible within 30 min after
glutamate stimulation and persisted for at least 48 h (Fig. 5A).
Adaptin cleavage in glutamate-stimulated striatal or cortical
primary neuron cultures was paralleled by a significant calpain-
dependent decrease in transferrin endocytosis (Fig. 5, B–E). In
contrast, dextran uptake, an indicator of total fluid-phase
endocytosis, was not decreased under these conditions (Fig. 5,
C and E). Moreover, lactate dehydrogenase release was also
unchanged, solidly ruling out neuronal cell death as an alterna-
tive explanation for decreased transferrin uptake (Fig. 5F).
These results show that AP-2-dependent endocytosis is dimin-
ished in conjunction with adaptin hydrolysis by calpain 2 in
living neurons.

Calpain Cleavage-mimicking Trun-
cation Mutants of �2-Adaptin
Decrease AP-2-dependent Endocy-
tosis and Sensitize Neurons to Glu-
tamate-mediated Excitotoxicity—
To confirm the specific role of
adaptin cleavage in regulating endo-
cytosis, we examined the neuronal
effects of the hydrolysis-mimicking
truncation mutants of �2-adaptin.
Lentiviral-mediated expression of
N- and C-terminal fragments of
�2-adaptin resulted in significant
decreases in transferrin uptake in
primary neurons as compared with
parallel expression of wild-type
�2-adaptin (Fig. 5G). Comparative
analyses of the individual fragments

showed that the effect of the C-terminal appendage domain
predominated (Fig. 5G). These results indicate that adaptin
cleavage contributes substantially to the effect of calpain on
clathrin-dependent endocytosis.
Because calpainactivation isknowntooccur inneurodegenera-

tive diseases, we considered the possible functional consequences
of a calpain-mediateddecrease inAP-2 activity in this context.We
hypothesized that one such effect might be to decrease the inter-
nalization of glutamate receptors, thereby sensitizing cells to glu-
tamatergic excitotoxicity. We therefore tested this hypothesis by
examining how cells expressing �2-adaptin truncation mutants
responded to an excitotoxic stimulus. As shown in Fig. 6, these
experiments demonstrated a significant effect on cell viability,
with only half as many neurons overexpressing truncated
�2-adaptinsubunits survivingascomparedwithcellsoverexpress-
ing full-length �2-adaptin. These data provide evidence that cal-
pain-mediatedhydrolysisof theAP-2complexmaycontribute sig-
nificantly to neuronal degeneration.
Cleavage of Core and Accessory Clathrin Adaptors in Brain

via Endogenous Activation of Calpains—Todeterminewhether
calpain cleavage of clathrin adaptors could also be detected in
brain in situationswhere endogenous calpain activation is pres-
ent, we examined adaptor hydrolysis in two such conditions.

FIGURE 5. Transferrin uptake in neurons after AP-2 subunit truncation or proteolysis. A, time course of �2- and �-adaptin cleavage after glutamate
stimulation of striatal neurons. Striatal neurons were monitored for cleavage of C-terminal 6�-histidine-tagged �2-adaptin and wild-type �-adaptin cleavage
after stimulation with 100 �M glutamate for 15 min in the presence of 2.7 mM CaCl2. Protein was extracted at the indicated time points after the end of the
glutamate stimulation and the extracts were subjected to immunoblotting with anti-histidine tag or anti-�-adaptin antibodies, respectively. Cleavage of
adaptins was observed within 30 min after neuronal stimulation. Cleavage, both �2- and �-adaptin, was also observed within 30 min in primary cultured
cortical neurons (data not shown). B and D, uptake of Alexa Fluor 488-conjugated transferrin (transferrin-AF488) by striatal neurons was assessed 1 h after a
15-min stimulation with 100 �M glutamate as measured by confocal microscopy (representative images shown in the top panels). Transferrin-AF488 uptake
was quantified from the confocal plane with the highest overall AF488 intensity by calculating the average pixel intensity for an area of �4 �m2 within the limits
of the neuronal plasma membrane but excluding the neuronal nucleus. The following numbers of cells were analyzed for each condition: 210 control, 142
glutamate, 181 ALLN, 176 glutamate plus ALLN. Transferrin-AF488 uptake was significantly reduced in glutamate-treated samples, whereas the calpain
inhibitor ALLN restored transferrin uptake to the basal level. Bar 	 10 �m. C and E, decreased transferrin uptake was also observed in cortical neurons after
glutamate-stimulated calpain activation and AP-2 proteolysis. Transferrin-AF488 and dextran-Rhodamine B isothiocyanate (dextran-RITC) uptake was quan-
tified as for striatal cells with analysis of the following numbers of cells per group: 54 control, 54 glutamate, 52 ALLN, 61 glutamate plus ALLN. Uptake of the
fluid-phase endocytosis indicator dextran-RITC (10 kDa) into the same compartment was not significantly altered by glutamate stimulation or ALLN treatment.
Bar 	 10 �m. F, no cell death was detected in striatal or cortical neurons within 1 h of glutamate stimulation, as analyzed by lactate dehydrogenase release into
the culture medium. G, expression of N-terminal, C-terminal, or both truncation mutants of �2-adaptin via lentiviral vectors recapitulates the calpain-mediated
effect on transferrin endocytosis. Transferrin uptake by neurons expressing mutants comprising the N- and C-terminal products of calpain cleavage were
compared with the parallel lentiviral-induced expression of full-length wild-type �2-adaptin. The following numbers of cells were analyzed for each condition:
196 wild-type, 260 N-terminal alone, 79 C-terminal alone, and 105 N- and C-terminal combined. *, p � 0.01; **, p � 0.005.
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Because ischemia-reperfusion injury is known to cause
increases in free intracellular calcium and to activate calpains
(31), we examined�- and�2-adaptin hydrolysis in the ischemic
rat brain, implementing a model developed by Renolleau et al.
(28). Immunoblot analysis of ischemic and control brain sam-
ples indeed revealed specific ischemia-induced cleavage of �2-
and �-adaptins (Fig. 7A). Moreover, protein extracts of ische-
mic brain and/or in vitro exposure to recombinant calpain 2
showed hydrolysis of additional clathrin adaptors: CALM,
AP180, and epsin 1 (Fig. 7, B and C).
Chronic neurodegeneration has also been reported to acti-

vate calpains (16, 32) and to diminish clathrin adaptor abun-
dance (33). Therefore, we examined the proteolysis of AP-2 and
other adaptor proteins in extracts from postmortem human
Alzheimer disease (AD) brain. Whereas �- and �2-adaptin
fragments were minimal in control brain samples, abundant

cleavage products consistentwith the sizes of calpain hydrolysis
fragments were observed in three of five AD brains (Fig. 7D).
Taken together, the above data indicate that the endogenous
activation of calpains can result in substantial hydrolysis of
AP-2 and other clathrin adaptors in vivo. These data suggest
important roles for calpain in regulating clathrin-dependent
endocytosis of a multitude of cargoes.

DISCUSSION

Herewe report that calpain activation leads to the proteolysis
of the �- and �2-subunits of the core AP-2 clathrin adaptor
complex and that this cleavage contributes significantly to the
calpain-mediated inhibition of clathrin-dependent receptor
endocytosis. Proteolysis of the AP-2 subunits by calpain may
decrease receptor-dependent endocytosis of membrane car-
goes by several non-exclusive molecular effects. Based on pre-
vious work (8) as well as data from the present study, the effect
predicted to be of greatest functional significance is the separa-
tion of two clathrin-binding domains in the �2-subunit hinge,
resulting in decreased recruitment of AP-2 core-bound pro-
teins to clathrin-coated vesicles. This mechanism may largely
account for the observed decrease in the internalization of the
transferrin receptor, whose YXXØ sorting signal binds directly
to the core of the AP-2 complex. This mechanism is also perti-
nent for the trafficking of ionotropic glutamate receptor sub-
units that utilize the same core AP-2 binding sites. A second
independent consequence of AP-2 proteolysis may be the
decreased promotion of clathrin assembly by cleaved adaptors.
A potential third effect is that the AP-2 subunit cleavage may
prevent the necessary recruitment of accessory clathrin adap-
tors or other accessory proteins whose binding sites are local-
ized on their appendage domains. Accessory adaptors are
thought to play significant roles in both the promotion of clath-
rin assembly and the targeting of specific cargoes to endocytotic
vesicles. Although previous data show that an appendage-defi-
cient �-adaptin mutant does not inhibit transferrin receptor
uptake (as might be expected given that its sorting signal binds
to the AP-2 core, as described above) (34), other potential car-
go-specific effects of this domain still remain to be explored.
Earlier sources describe calpain association with clathrin-

coated vesicles from bovine brain (35) and report the in vitro
hydrolysis of CALM by calpain (36). Our study elucidates the
specific calpain cleavage of �- and �2-adaptins, confirms the
cleavage of CALM, and shows for the first time that the acces-
sory adaptors AP180 and epsin 1 are susceptible to calpain pro-
teolysis. Interestingly, calpain-mediated proteolysis has also
been suggested to regulate trans-Golgi AP-1-dependent traf-
ficking of growth hormone-containing secretory vesicles (37),
and proteolysis of�1-adaptin (attributed to caspase-3) has been
implicated in the maturation of mouse bone marrow-derived
dendritic cells (38).
In addition to its potential roles in regulating AP complexes,

calpain’s impact on clathrin-dependent vesicle trafficking has
also been reported to involve the cleavage of dynamin 1 (39) and
amphiphysin 1 (40). Our discovery of AP-2 cleavage in living
cells shows that calpain-mediated regulation of endocytosis can
be achieved upstreamof dynamin 1 and amphiphysin 1, provid-
ing further evidence that calpain is a strong, multipartite regu-
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lator of clathrin-dependent endocytosis under conditions that
allow its activity to become manifest. Although calpain has the
potential to cleave and regulate the activities ofmultiplemolec-
ular components of this pathway, calpain-mediated hydrolysis
of these proteins is highly cell type-specific, as evidenced by the
selective cleavage of adaptors in rat tissues (Fig. 1) and the
inability to induce calpain-mediated hydrolysis of adaptins,
even after heterologous calpain expression or purified calpain
addition to extracts of numerous transformed cell lines.4
Where calpain cleavage of clathrin adaptors and other acces-
sory proteins reaches a threshold level, as appears to be the case
in some cell and tissue subtypes, many significant physiological
consequences can be envisaged. Although a challenging
endeavor, a detailed exploration of thesemany effects will be an
important contribution to learning how adaptor cleavage may
regulate cell and organ system functioning.
Calpain activity in neurons has been previously proposed to

mediate normal synaptic plasticity, and synaptic proteins such
as glutamate receptor subunits (40–42) and synaptic scaffold-
ing proteins (43) have also been shown to be calpain substrates.
Although, at first consideration, it might seem that the hydrol-
ysis ofmultiple endocytotic proteins does not have the requisite
specificity to underlie such a delicate process, additional oppor-
tunities to selectively regulate protein internalization occur at
the level of accessory clathrin adaptors. Therefore, it will be
interesting to learn to what degree cargo specificity can be
achieved by differential adaptor utilization and hydrolysis, and
whether these might be major determinants of the regulation
of synaptic strength. Because N-methyl-D-aspartic acid- and
�-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid-
type-receptor subunits can bind to AP-2 (10, 11, 13), calpain-
mediatedAP-2 hydrolysis has obvious ramifications for plastic-
ity-related changes in synaptic glutamate receptor populations
via changes in surface receptor levels. The ways in which AP-2
hydrolysis relates to other previously identified calpain-medi-
ated mechanisms for regulating receptor number, localization,
and activity are crucial parameters that remain to be defined.
Whereas previous studies have largely focused on possible

secretory and other presynaptic-related roles of calpain’s regu-
lation of clathrin adaptor complexes, we provide evidence for a
substantial contribution to receptive cell (e.g. postsynaptic)
effects. These effects seem to be highly plausible contributors to
neurodegeneration, where glutamate receptor-expressing cells
susceptible to calpain activation may be further sensitized to
excitotoxicity resulting from decreased receptor internaliza-
tion (Fig. 8). The data presented here indicate that the proteol-
ysis of AP-2 alone is sufficient to enhance neuronal glutamate
responses.
Calpain activation is known to occur during acute neural

insult and chronic neurodegenerative disease (16–20). Consist-
ent with known calpain activation under these circumstances,
we observed �- and �2-adaptin fragments in both a rodent
ischemia model and postmortem AD brain. One mechanism
underlying calpain activation during chronic neurodegenera-
tion appears to be the accumulation of aggregate-prone pro-

teins (39). In addition to the sensitization of neurons to excito-
toxicity, anticipated decreases in endocytosis-dependent
growth and trophic factor signaling could also have detrimental
consequences in the degenerating brain. Taken together with
previous results showing neurodegeneration-associated
increases in calpain activation, our results suggest that endocy-
totic function might be a major cellular target of calpain inhib-
itors, which have already been proposed as candidate therapies
for acute and chronic degenerative conditions (16, 18, 20).
Our detection of �- and �2-adaptin cleavage in extraneural

tissues and previous data showing that calpain activation con-
tributes to other normal and pathological processes (44–47)
indicate additional roles for calpain-mediated inhibition of
endocytosis outside of the nervous system. We therefore pos-
tulate that calpain’s regulation of endocytosis in other physio-
logical contexts will be an important area of further discovery.
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