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Abstract PICALM, a clathrin adaptor protein, plays

important roles in clathrin-mediated endocytosis in all cell

types. Recently, genome-wide association studies identified

single nucleotide polymorphisms in PICALM gene as genetic

risk factors for late-onset Alzheimer disease (LOAD). We

analysed by western blotting with several anti-PICALM

antibodies the pattern of expression of PICALM in human

brain extracts. We found that PICALM was abnormally

cleaved in AD samples and that the level of the uncleaved

65–75 kDa full-length PICALM species was significantly

decreased in AD brains. Cleavage of human PICALM after

activation of endogenous calpain or caspase was demon-

strated in vitro. Immunohistochemistry revealed that

PICALM was associated in situ with neurofibrillary tangles,

co-localising with conformationally abnormal and hyper-

phosphorylated tau in LOAD, familial AD and Down

syndrome cases. PHF-tau proteins co-immunoprecipitated

with PICALM. PICALM was highly expressed in microglia in

LOAD. These observations suggest that PICALM is associ-

ated with the development of AD tau pathology. PICALM

cleavage could contribute to endocytic dysfunction in AD.

Keywords Alzheimer’s disease � PICALM � Tau �
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Introduction

Alzheimer disease (AD) is characterised by two neuro-

pathological hallmarks: amyloid plaques composed of

extracellular aggregates of amyloid b (Ab) peptide and

neurofibrillary tangles (NFTs) made of intracellular aggre-

gates of Paired Helical Filament (PHF)-tau proteins. While

autosomal dominant, well characterised, mutations of the

amyloid precursor protein (APP) and presenilin (PS1, PS2)

genes have been identified in familial AD (FAD) cases,

genetic risk factors for late-onset AD (LOAD) remained

largely unknown until recently. Apolipoprotein E4 allele

was, for a long time, the only well-characterised risk factor

associated with LOAD. A dozen of new SNPs were recently

identified in GWAS studies as risk factors [6, 29, 30, 41, 51,

61]. These polymorphisms involved genes coding for pro-

teins that have roles in endocytosis, cholesterol metabolism

or transport, and inflammation. PICALM (phosphatidylino-

sitol-binding clathrin assembly protein), encoding a clathrin

adaptor protein, was one of the genes most significantly
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associated with LOAD risk in these studies. However, the

role of PICALM in AD aetiology has yet to be understood.

PICALM/CALM was first cloned as a gene fused with

AF10 in acute myeloid leukaemia model cell line U937

[23]. PICALM protein is involved in clathrin-mediated

endocytosis occurring at the plasma membrane [65].

PICALM knock out mice exhibit severe growth retardation

due to deficits in iron uptake [63]. Whereas PICALM is

ubiquitously expressed, its homolog AP180 (also known as

AP-3, NP185, pp155, Fl-20) is neuron specific [62, 76, 77].

Although AP180 and PICALM have similar functions such

as controlling clathrin assembly and the size of clathrin-

coated vesicles [1, 48, 50, 56, 79, 80], they do not co-

localise in neurons [56, 77]. PICALM is composed of two

major domains: AP180 N-terminal homolog (ANTH)

domain at the N-terminus and clathrin-binding domain at

the C-terminus. ANTH domain of PICALM contains both a

membrane-associating sequence [24] and R-SNARE-

binding region [24, 38, 49]. C-terminal unstructured

domain of PICALM binds to AP-2 adaptor complex,

clathrin heavy chain, epsin and synaptojanin [7].

PICALM ortholog, YAP1802, was identified as a

modifier of Ab toxicity in a genome-wide screen in yeast

[68]. In addition, PICALM partially suppressed the toxicity

of oligomeric Ab in C. elegans and rat cortical neurons

[68]. Although all these data point to a strong association

of PICALM with AD aetiology, little is known on the

levels of PICALM, its localisation and post-translational

modifications in post-mortem human AD brains. Data from

the literature are contradictory. Indeed, previous studies

have reported that the expression level of PICALM mRNAs

were either not significantly altered in AD prefrontal cortex

[9] and in AD superior frontal gyrus [19, 78] or signifi-

cantly increased in AD frontal cortex [4]. Using an anti-

PICALM C-terminal antibody, PICALM immunoreactivity

was either detected mainly in endothelial cells and only

weakly in neuronal/glial cells in human brain sections [4],

or very strongly detected in neurons but not in glial cells in

mouse brain sections [74]. We have studied the distribu-

tions and expression levels of PICALM using three

different PICALM antibodies in post-mortem brains from

control, LOAD, FAD and Down syndrome patients. We

have also used immunoprecipitation to analyse the rela-

tionship between tau and PICALM.

Materials and methods

Antibodies

The antibodies used in this study are listed in Table 1. Rabbit

anti-PICALM antibodies (HPA019053, HPA019061) were

purchased from SIGMA. Goat polyclonal anti-PICALM

antibody C18 (sc-6433) was purchased from Santa Cruz

biotechnology. The B19 antibody is a rabbit polyclonal

antibody raised against adult bovine tau proteins, reacting

with adult and foetal tau isoforms from bovine, rat, mouse

and human nervous tissues in a phosphorylation-indepen-

dent manner [13]. Mouse monoclonal anti-pSer202/Thr205

antibody AT8 was purchased from Pierce (MN1020). Mouse

Table 1 Primary antibodies

Antigen Name Antigen epitope Dilution (IF, WB) Host animal Source

PICALM HPA019053 Human PICALM 447–545 1/50, 1/2,000 Rabbit SIGMA

PICALM HPA019061 Human PICALM 263–343 1/10, 1/200 Rabbit SIGMA

PICALM sc-6433 Human PICALM 634–651 1/50, 1/50 Goat SCBT

Tau B19 Full length-bovine tau 1/50, 1/2,000 Rabbit Dr. Brion

pTau AT8 pSer202/pThr205 1/50, 1/2,000 Mouse Pierce

Tau Alz50 Tau in pathological conformation 1/50, – Mouse Dr. Davies

Tau MC1 Tau in pathological conformation 1/50, – Mouse Dr. Davies

pTau TG3 pThr231 ? conformation 1/50, – Mouse Dr. Davies

pTau PHF1 pSer396/404 1/50, – Mouse Dr. Davies

Tau-Asp421 36-017 Cleaved tau at Asp421 1/100, – Mouse Millipore

Ab 6E10 Human Ab 1–16 1/200, 1/2,000 Mouse Covance

a-Synuclein Hat3c 16 residues from C-terminus 1/100, – Mouse Dr. Clayton

CD68 M0814 Human macrophage 1/50, – Mouse Dako

GFAP Ab10062 Human GFAP 1/50, – Mouse Abcam

Actin 8H10D10 N-terminus –, 1/1,000 Mouse Cell signaling

Cleaved caspase-3 5A1E N-terminus adjacent to Asp175 –, 1/2,000 Rabbit Cell signaling

PICALM numbering is according to PICALM isoform 1. Tau numbering is according to the longest 4R2N isoform

IF Immunofluorescence, WB western blotting
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monoclonal anti-cleaved tau (Asp421) antibody, clone C3

(36-017) was purchased from Millipore. Mouse monoclonal

anti-tau antibodies recognising tau pathological conforma-

tions (Alz50, MC1), pThr231 tau in pathological

conformation form (TG3), and pSer396/404 tau (PHF1)

were kindly provided by Dr. Peter Davies (Albert Einstein

College of Medicine, NY). Mouse monoclonal anti-GFAP

antibody (ab10062) was purchased from Abcam. Mouse

monoclonal anti-CD68 antibody (M0814) was purchased

from Dako. Mouse monoclonal anti-Ab antibody 6E10 was

purchased from Covance. Mouse monoclonal anti-a synuc-

lein antibody Hat3c was a kind gift from Drs George and

Clayton (University of Illinois, USA) [26]. Mouse mono-

clonal anti-b actin antibody (8H10D10, #3700) and rabbit

monoclonal anti-cleaved caspase-3 antibody (5A1E, #9664)

were purchased from Cell Signaling.

Brain tissues

Control non-demented and AD individuals were enrolled in a

brain donation programme of the national network of Brain

Bank, GIE NeuroCEB, organised by a consortium of Patients

Associations. An explicit consent had been signed by the

patient or by the next of kin, in the name of the patient. The

project was approved by the scientific committee of the Brain

Bank. The whole procedure of the Brain Bank has been

reviewed and accepted by the Ethical Committee ‘‘Comité de

Protection des Personnes Paris Ile de France VI’’ and has

been declared to the Ministry of Research and Higher Edu-

cation as requested by the French law.

Samples from the hippocampus and temporal isocortex

were obtained from individuals with LOAD, FAD and Down

syndrome, P301L MAPT mutation and LBD as well as from

controls as listed in Table 2. Substantia nigra from the LBD

case was also studied. AD cases were diagnosed according to

the National Institute of Aging and Reagan Institute Criteria

[5]. AD cases and the Down syndrome case were all scored

Braak’s stages V or VI. FAD cases were associated with APP

or PS1 mutations (Table 2). Control cases were non-

demented individuals who died without known neurological

disorders. The mean age at death and post-mortem delays of

control cases and of AD patients (Table 1) were not signif-

icantly different. Average age at death was 67.92 ± 2.8 and

70.38 ± 3.7 years for control and AD cases (including FAD

cases), respectively (mean ± SEM). Average post-mortem

delays were 23.86 ± 3.6 and 23.95 ± 4.3 h for control and

AD cases (mean ± SEM).

Preparation of brain homogenates for biochemical

analysis

About 200 mg of frozen temporal isocortex was homoge-

nised as reported [3] in 10 volumes of ice-cold RIPA buffer

containing protease and phosphatase inhibitors (Tris

50 mM pH 7.4 containing 150 mM NaCl, 1 % NP40,

0.25 % sodium deoxycholate, 5 mM EDTA, 1 mM EGTA,

Roche complete protease inhibitors, 1 mM PMSF, 25 lg/

Table 2 Human cases analysed in this study

Case# Clinical

diagnosis

Braak

stage

Thal

stage

plaque

score

PMD

(h)

Age

(years)

Sex Analysis

1 Control II 0 10 73 M WB

2 Control 0 1 13.5 84 M WB

3 Control 0 0 7 66 M WB

4 Control II 0 NA 79 M WB

5 Control 0 0 20 61 M IHC

6 Control 0 0 32 67 M IHC

7 Control III 0 30 70 M IHC

8 Control II 0 26 66 M IHC

9 Control I–III 0 49 74 F IHC

10 Control 0 0 NA 58 F IHC

11 Control 0 0 17 46 F IHC

12 Control IV 1 29 77 F IHC

13 Control 0 0 29 62 F IHC

14 AD VI 5 22 70 M WB

15 AD VI 5 9.5 66 M WB

16 AD VI 5 10 74 M WB

17 AD VI 5 6 71 M WB

18 AD VI 5 45 73 M IHC

19 AD VI 4 34 83 M IHC

20 AD VI 4 24 80 F IHC

21 AD V 5 50 87 F IHC

22 AD VI 5 24 83 F IHC

23 AD VI 4 24 79 F IHC

24 FAD (APP

G2149A)

VI 3 NA 56 F WB

25 FAD (PS1

M233T)

VI 5 NA 43 F IHC

26 FAD (PS1

R35E,

E120D)

VI 5 15 50 F IHC

27 Down

syndrome

VI 5 NA 58 M IHC

28 P301L MAPT 0 0 30 66 M IHC

29 LBD II 0 48 63 M IHC

The neuropathological staging of AD patients is determined accord-

ing to Braak and Braak [11] and to Thal et al. [66] for amyloid plaque

scores

Frozen tissues of isocortex were analysed by western blotting (WB).

Paraffin-embedded tissues of hippocampus and isocortex were ana-

lysed by immunohistochemistry (IHC)

AD Alzheimer disease, FAD familial Alzheimer disease, PMD post-

mortem delay, NA not available, P301L MAPT P301L microtubule

associated protein tau mutation, LBD Lewy body disease, diffuse type
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ml Pepstatin, 50 mM b-Glycerophosphate, 10 mM sodium

pyrophosphate, 10 mM sodium fluoride, 10 mM sodium

orthovanadate) and incubated for 30 min at 4 �C on a

rotator. One part of the homogenate was supplemented

with Laemmli buffer, sonicated on ice and analysed as the

total fraction. The rest of the homogenate was centrifuged

(16,0009g for 20 min at 4 �C) and the supernatant was

used as a RIPA-soluble fraction. The RIPA-insoluble pellet

was re-suspended by sonication in fivefold volume of 8 M

urea containing protease and phosphatase inhibitors and

incubated for 30 min at room temperature on a rotator. The

mixture was centrifuged at 16,0009g at 4 �C for 30 min.

The supernatant was used as RIPA-insoluble fraction.

Sarkosyl fractionation was carried out as previously

described [3, 14, 28]. To 1 ml of RIPA-soluble fraction of

brain lysates at a protein concentration of 2 mg/ml, 10 mg of

N-lauroylsarcosine sodium salt (L-5125; Sigma-Aldrich)

was added to reach a final concentration of 1 % (w/v). The

lysates were then incubated at room temperature for 30 min

with a mild agitation followed by an ultracentrifugation at

180,0009g for 30 min at 4 �C. The sarkosyl-soluble super-

natant was removed, and sarkosyl-insoluble pellets were

rinsed briefly with 500 ll of 50 mM Tris–HCl (pH 7.4) and

re-suspended in 200 ll of 50 mM Tris–HCl by vigorous

pipetting. Sarkosyl-insoluble fractions were analysed by

western blotting and transmission electron microscopy.

ADDLs (amyloid-beta-derived diffusible ligands) were

prepared from biotinylated Ab1–42 peptide as previously

described [40]. 10 lg/lane of ADDLs was applied to SDS-

PAGE and analysed by western blotting.

Ultrastructural immunolabelling of PHF

Tissue blocks of the temporal isocortex of AD cases were

fixed in glutaraldehyde 0.5 % (v/v), paraformaldehyde

4 % (v/v) in 0.1 M phosphate buffer, pH 7.4, and

embedded in LR white resin. Ultrathin sections from LR

white blocks were analysed by immunogold staining as

previously described [15] using the anti-PICALM

HPA019053 or PHF1 antibody. Grids with ultrathin

sections were incubated overnight with the primary

antibody, washed and then incubated for 2 h with anti-

rabbit secondary antibodies conjugated to 15 nm colloi-

dal gold or anti-mouse secondary antibodies conjugated

to 10 nm colloidal gold particles (BBInternational, UK).

Isolated PHFs present in sarkosyl-insoluble fraction were

adsorbed on formvar-coated grids for transmission elec-

tron microscopy and also analysed by immunogold

staining followed by negative staining with 1 % (w/v)

sodium/potassium phosphotungstate, as previously

described [12–14]. Ultrathin sections and formvar-coated

grids were observed with a Zeiss EM 809 transmission

electron microscope at 80 kV.

Cell culture

The human neuroblastoma cell line SKNSH-SY5Y (SY5Y)

was cultured in Dulbecco’s modified Eagle medium sup-

plemented with 10 % foetal bovine serum and penicillin/

streptomycin (Invitrogen) in a 5 % CO2 humidified incu-

bator at 37 �C. Cell lysates were prepared as previously

described [22].

Calpain and caspase cleavage assays

In vitro cleavage of PICALM by calpain was analysed as

previously described [58] in lysates of SY5Y neuroblas-

toma cells. The cells were harvested in HEPES buffer

(20 mM HEPES, pH 7.4, 1 % Triton X-100, 100 mM KCl,

0.1 mM dithiothreitol, complete protease inhibitor tablet).

Calpain cleavage was tested in the three following condi-

tions: Condition 1—calpain was activated by adding 2 mM

CaCl2 to the lysate; Condition 2—the activation was

inhibited by calcium chelators (2 mM EDTA ? 2 mM

EGTA were added to the lysates); Condition 3—calpain

activation was blocked by pharmacological inhibitors

(2 mM CaCl2 were added with 400 mM calpain inhibitors

A6185 and A6060 from SIGMA). Aliquots of cell lysates

were kept on ice for 30 min and were vortexed every

10 min for solubilisation. The lysate was then centrifuged

at 20,0009g for 15 min. The supernatant was incubated at

22 �C for 1 h. The reaction was stopped by adding Lae-

mmli buffer followed by incubation at 100 �C for 10 min

and samples were analysed by western blotting.

Cleavage of PICALM by caspase-3 was studied in

SY5Y neuroblastoma cells. SY5Y cells were incubated

with 100 nM staurosporine (S4400, SIGMA) for 24 h to

induce apoptosis [57] and compared to control cells incu-

bated with only DMSO. Cells were collected in RIPA

buffer, kept on ice for 30 min and aliquots were vortexed

every 10 min, followed by centrifugation at 20,0009g for

15 min at 4 �C. The supernatant was mixed with Laemmli

buffer and analysed by western blotting.

Western blot

Protein concentrations were estimated by the Bradford

method (Bio-Rad). Tissue samples (20 lg/lane) were run in

10 or 12 % of Tris–glycine gels depending on the molecular

weight of the protein of interest and transferred onto PVDF

membranes (#162-0177, Bio-Rad). The PVDF membranes

were blocked in 10 % (w/v) semi-fat dry milk in TBS (Tris

0.01 M, NaCl 0.15 M, pH 7.4) for 1 h at room temperature

and were incubated with primary antibodies overnight fol-

lowed by incubation with anti-rabbit (G-21234, Invitrogen),

anti-mouse (G-21040, Invitrogen) or anti-goat (R-21459,

Invitrogen) immunoglobulin conjugated to horseradish
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peroxidase. Finally, membranes were incubated with Su-

perSignal West Pico Substrate (Pierce) and were exposed to

an X-ray film (Pierce). Levels of proteins were estimated by

densitometry analysis using the NIH Image J program.

Anti-actin immunoblot was used to normalise protein

loading.

Immunoprecipitation

The RIPA-soluble fraction of LOAD isocortex was pre-

cleared for 1 h at 4 �C with Protein G Sepharose (P3296,

SIGMA) and centrifuged at 14,000 rpm. The supernatants

were then incubated with Protein G Sepharose and with or

without 1.25 lg of the anti-PICALM HPA019053 antibody

at 4 �C on a rotator overnight. The protein G beads were

pelleted and washed three times with RIPA buffer. After

the third wash, SDS sample buffer containing 5 %

b-mercaptoethanol was added to the beads. Samples were

heated at 100 �C and PICALM immunoprecipitates were

analysed by western blotting for the presence of hyper-

phosphorylated tau and Ab.

Histological staining and immunohistochemistry

After formaldehyde fixation (10 % buffered formalin),

samples were paraffin embedded. Four micrometre-thick

tissue sections of temporal isocortex and hippocampus

were obtained. For immunolabelling with the PICALM

antibodies, deparaffinised and rehydrated tissue sections

were heated in citrate buffer for 20 min before incubation

with the blocking solution. They were incubated in H2O2 to

inhibit endogenous peroxidase, rinsed in water and then

incubated with a blocking solution containing 2 % bovine

serum albumin in TBS. Sections were then incubated

overnight with the primary antibody. The presence of the

primary antibody was visualised with the Dako REAL

detection system (which includes both anti-rabbit and anti-

mouse secondary antibodies) using diaminobenzidine

(DAB) as chromogen. Biotinylated rabbit anti-goat IgG

antibody (6164-08 Southern Biotech) was used for sc-6433

detection. Double immunofluorescent labelling was per-

formed as previously reported [3], using goat anti-mouse

antibody conjugated to Alexa 568 (A-11031, Invitrogen)

and goat anti-rabbit antibody conjugated with Alexa 488

(A-11034, Invitrogen). Thiazin red staining was performed

as previously described [47, 70]. Immunofluorescent

labelling was observed with an upright confocal micro-

scope (Olympus Fluoview Fv1000) or with an Axiovert

200M microscope (Zeiss) equipped with an ApoTome

system (Zeiss).

To check for the specificity of the labelling, diluted anti-

PICALM antibodies (Table 1) were pre-incubated with

15 lg/ml of GST-PICALM (157H00008301, tebu-bio) on

a rotator at 4 �C overnight prior to immunohistochemistry.

Evaluation of PICALM-positive neurons and microglial

cells

Sections immunostained for PICALM with DAB as chro-

mogen were examined blind to diagnosis with a light

microscope using a 109 objective, then examined in detail

at higher magnifications. The intensity of PICALM

immunoreactivity in PICALM-positive neurons and the

numerical density of PICALM-positive microglial cells in

hippocampus were scored subjectively by two observers on

a scale of 0–3. The scoring took into account the whole

section.

Statistical analysis

Statistical significance of comparisons between patients

and controls was determined by unpaired Student’s t test or

by one-way ANOVA (with Bonferroni correction) using

Prism 4 software (Graphpad).

Results

Specificity and titre of the anti-PICALM antibodies

used in this study

In this study, we used three anti-PICALM polyclonal

antibodies that recognise distinct epitopes (Table 1;

Fig. 1a). The specificity of these anti-PICALM antibodies

was first analysed by western blotting using lysates of

SY5Y neuroblastoma cells (Fig. 1b). As expected, several

bands around 65–75 kDa were detected with the three anti-

PICALM antibodies corresponding to different PICALM

isoforms generated by alternative splicing [4, 33, 67].

Several dilutions for each antibody were tested, and the

optimal concentrations for western blotting were 1.4 lg/ml

for HPA019061, 0.23 lg/ml for HPA019053 and 2 lg/ml

for sc-6433 (antibody dilutions are shown in Table 1). The

rabbit polyclonal anti-PICALM antibody HPA019053 was

found to have the highest antibody titre (as shown by

western blotting) and was preferentially used in this study.

PICALM was abnormally cleaved and its level

was decreased in AD brains

In order to compare the level of expression of PICALM in

control (n = 4) and AD brains (LOAD, n = 4; FAD with

APP mutation, n = 1) (Table 2), frozen brain tissue sam-

ples from isocortex were homogenised in a modified RIPA

buffer [3]. In the total fractions, the main PICALM
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immunoreactive bands identified with the anti-PICALM

HPA019053 antibody corresponded to several isoforms of

65–75 kDa (Fig. 1c). Levels of full-length PICALM

(65–75 kDa) showed more than 30 % decrease in AD

brains as compared to controls (Ctrl, 100 ± 10.0; LOAD,

59.3 ± 6.7, mean ± SEM, p \ 0.02) (Fig. 1c), most pro-

nounced for the 75 kDa PICALM species. Two lower

molecular weight species of 50 and 25 kDa (Fig. 1c),

likely corresponding to cleaved forms of PICALM, were

also identified. Levels of cleaved forms of PICALM were

significantly increased in LOAD brains compared to non-

demented controls (Ctrl, 100 ± 8.7; LOAD, 141 ± 13.8,

p \ 0.05 for 25 kDa; Ctrl, 100 ± 31.9; LOAD, 983 ±

327.0, p \ 0.05 for 50 kDa; values are mean ± SEM)

(Fig. 1e, f). In the FAD case with APP mutation, norma-

lised PICALM 65–75 kDa bands were 75 % and cleaved

fragments were 132 % for 25 kDa and 428 % for 50 kDa

compared to the means of controls. The FAD data were in

Fig. 1 Level of PICALM at 65–75 kDa was reduced and PICALM

was abnormally cleaved in AD brain. a Schematic representation of

PICALM full-length protein (isoform 1, 652 a.a.), localisation of the

epitopes for the three anti-PICALM antibodies used in this study and

putative cleaved fragments. b Western blot analysis of SH-SY5Y

neuroblastoma cell lysates for PICALM. Cell lysates were subjected

to SDS-PAGE followed by western blotting using different anti-

PICALM antibodies as indicated. c–h Extracts of human non-

demented control, LOAD and FAD brains were analysed by western

blotting using anti-PICALM HPA019053 antibody for total (c),

RIPA-soluble (g) and RIPA-insoluble (h) fractions. d–f Quantifica-

tions of the level of 65–75, 50 and 25 kDa PICALM species in total

fraction normalised to actin. Full-length 65–75 kDa PICALM

isoforms were reduced (d) and cleaved 50 kDa (e) and 25 kDa

(f) PICALM fragments were increased in both LOAD and FAD

brains. 4 control and 4 LOAD cases were analysed for statistical

evaluation. *p \ 0.05, by Student t test
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the 95 % range of LOAD data and the western blot profile

of PICALM in FAD case was not clearly distinguishable

from the LOAD cases (Fig. 1c). These observations were

confirmed in RIPA-soluble fractions, in which the level of

the longest 75 kDa PICALM species was decreased and the

levels of the cleaved 25 and 50 kDa forms increased in

LOAD and FAD brains (Fig. 1g). Cleaved PICALM frag-

ments were not detected in the RIPA-insoluble fraction, but

the 75 kDa PICALM species was also decreased in this

fraction (Fig. 1h). These data suggested that PICALM was

abnormally cleaved in the brains of both LOAD and FAD

and that the cleaved fragments were RIPA-soluble.

Decrease of the 75 kDa PICALM species in RIPA-soluble

fraction of AD brain was confirmed using the two other

anti-PICALM antibodies (Fig. S1ab). The 50 kDa cleaved

fragments could be detected with HPA019061 antibody

(Fig. S1a), but not with the anti-PICALM C-terminal sc-

6433 antibody (Fig. S1b). On the contrary, the 25 kDa

cleaved fragment was detected with sc-6433 but not with

HPA019061. This suggests that the 50 kDa fragment

contains all or part of the PICALM amino domain and that

the 25 kDa fragment contains the PICALM C-terminus and

part of its carboxyl domain (Fig. 1a). To exclude the pos-

sibility that these PICALM-positive bands in AD brain

could be due to cross-reactivity with Ab oligomers, we

studied by western blotting the reactivity of the anti-PI-

CALM antibodies with ADDLs. None of the anti-PICALM

antibodies used in this study showed unspecific cross-

reactivity to oligomeric Ab (Fig. S1c).

PICALM immunoreactivity was present in neurons,

glial cells, and endothelial cells in control brains

A weak immunoreactivity was observed in the cell body of

neurons with anti-PICALM HPA019053 antibody. A thin

perinuclear rim was immunoreactive in neurons (Figs. 2a,

3a). Endothelial cells and epithelial lining of the choroid

plexus were strongly labelled (Fig. S2a, d). Similar labellings

were obtained with the anti-PICALM C-18 sc-6433 (Fig.

S2c, f), but the immunostaining was of lower sensitivity, and

unspecific labelling of lipofuscin was prominent. (Fig. S2i).

PICALM was highly expressed in neurons

and microglia in LOAD brains

PICALM labelling of endothelial cells, ependymocytes and

epithelial lining of the choroid plexus was similar in AD

and control samples (Fig. S2). PICALM was more highly

expressed in a few neurons, sometimes devoid of NFTs,

in AD brains than in control cases (Fig. 2a–d). The

intensity of the immunostaining of PICALM was signifi-

cantly increased in the neurons of LOAD and FAD with

PS1 mutations (ANOVA; p \ 0.05). PICALM

immunoreactivity was blindly and semi-quantitatively

evaluated for neurons (Fig. 2d) and microglial cells

(Fig. 2h). We noticed a significant increased density of

PICALM-positive microglial cells in the hippocampus and

temporal cortex of LOAD cases (but not in the FAD cases

with PS1 mutations) compared to control cases (Fig. 2e–h)—

semi-quantitative assessment; ANOVA; p \ 0.05. Double

staining for PICALM and glial markers confirmed that

PICALM was highly expressed in CD68-positive activated

microglial cells (macrophages) (Fig. 2i–k), but only

weakly in GFAP-positive astrocytes (Fig. 2l–n) in LOAD.

Oligodendrocytes were not PICALM positive (data not

shown).

Association of PICALM immunoreactivity

with neurofibrillary pathology in LOAD, FAD

and Down syndrome

In samples from AD and Down syndrome patients, PI-

CALM immunoreactivity was detected in neuronal

inclusions with characteristic NFT shapes located in the

cell bodies of some neurons (Fig. 3b–g), in dystrophic

neurites associated with the amyloid plaques (Fig. 3g,

black arrowhead), in neuropil threads and in granules of

granulovacuolar degeneration (GVD) (Fig. 3d). PICALM-

positive NFTs were more numerous in Down syndrome,

lower in FAD and the lowest in LOAD cases, reflecting the

severity of the NFT load as shown at a lower magnification

(Fig. 3e–g). Since this ranking order corresponded to the

severity of the lesions, aberrant PICALM accumulation in

NFTs might indeed be related to the severity of the tau-

opathy. Strong PICALM immunoreactivity in NFTs and

GVD was also found with the HPA019061 antibody (Fig.

S2k, n). With the sc-6433 antibody, GVD were weakly

stained (Fig. S2l) while NFTs were not (Fig. S2o). The

specificity of the labelling with the PICALM antibodies

used in this study was controlled by pre-absorption of PI-

CALM antibodies with purified GST-PICALM (Fig. S2p–

r). Antibody absorption almost abolished PICALM label-

ling including NFTs, GVD, dystrophic neurites and

endothelial cells.

PICALM and tau co-localisation in AD brains

In order to confirm the co-localisation of PICALM with tau

in NFTs, dystrophic neurites and in GVD, double immu-

nofluorescent labelling was carried out using different anti-

tau antibodies recognising conformational, phosphorylated

and caspase-cleaved tau epitopes. Aberrant accumulation

of PICALM was observed in more than 85 % of NFTs

immunolabelled with all the anti-tau antibodies used in this

study (Alz-50, MC1, TG3, AT8, PHF1 and tau-Asp421)

(Fig. 4a–r). Whereas PICALM and tau co-localised in
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Fig. 2 PICALM immunoreactivity was increased in neurons of AD

and microglia of LOAD cases. a–c PICALM immunoreactivity in

neurons of control (a), LOAD (b) and FAD with PS1 mutation

(c) cases in the CA4 area of hippocampus. d Semi-quantitative

estimation of the intensity of PICALM immunoreactivity in

PICALM-positive neurons in the hippocampus of control, LOAD

and FAD with PS1 mutations. PICALM immunoreactivity was

stronger in neuronal cell bodies of AD (b and c) as compared to

control cases (a). e–g PICALM-positive microglial cells (e–g shown

in black arrows) were much less frequent in control (e) and FAD with

PS1 mutations (g) than in LOAD brains (f). h Semi-quantitative

estimation of PICALM-positive microglia in the hippocampus of

control, LOAD and FAD with PS1 mutations. The intensity of

labelling in neurons and the numerical density of microglial cells

immunolabelled with PICALM antibody were blindly graded 0–3.

(control, n = 9; LOAD, n = 6; FAD with PS1 mutations, n = 2).

*p \ 0.05, by ANOVA. i–k Hippocampus from a LOAD case was

analysed by double immunofluorescent labelling for PICALM (green)

and CD68 (red). PICALM was highly expressed in the activated

microglia. l–n Hippocampus from a LOAD case analysed by double

immunofluorescent labelling for PICALM (green) and GFAP (red), a

marker of astrocytes. PICALM was hardly expressed in the astrocytes

(white arrow). PICALM was expressed in an adjacent neuron (white
arrowhead). DAPI nuclear counterstaining is shown in blue (k, n).

Scale bar 20 lm

868 Acta Neuropathol (2013) 125:861–878

123



NFTs, PICALM immunoreactivity was often stronger in

the core than at the edge of NFTs. PICALM co-localised

with tau in dystrophic neurites around the amyloid plaques

(Fig. 4d–f) and in GVD (Fig. 4m–o). In AD cases, only

few tau-negative neurons were strongly PICALM positive

(\5 % of the neuronal population of CA4) (Fig. 4c, white

arrowhead). PICALM staining was more diffuse in the

cytoplasm of the non-NFT neurons than in NFT. The co-

localisation of tau and PICALM was confirmed with anti-

PICALM HPA019061 polyclonal antibody, but not with

anti-PICALM C-terminal sc-6433 antibody (data not

shown).

Co-localisation of PICALM and pTau

immunoreactivity was observed in fibrillar NFTs,

but neither in pre-tangles nor in extracellular ghost

tangles

Granular AT8-positive structures in AD brains are char-

acteristic of pre-tangle neurons [10, 46]. We found that

PICALM did not co-localise with pre-tangles bearing AT8-

positive punctate structures (Fig. 5a–c, white arrow). To

further analyse the association of PICALM with NFT,

immunolabelling for PICALM was combined with staining

for thiazin red (Fig. 5d–f). Thiazin red is a fluorochrome

with a high affinity to fibrillary structures [47, 70]. We

found that more than 70 % of thiazin red-stained NFTs

were PICALM positive. Extracellular ghost tangles, on the

contrary, were not, or only weakly, immunolabelled by the

anti-PICALM antibody (Fig. 5d–f, arrowhead).

Immunoelectron microscopy showed that PICALM

was associated with PHFs in situ

PICALM labelling of NFTs was confirmed by immuno-

electron microscopy (Fig. 5g). Ultrathin sections of post-

mortem AD tissues were analysed by immunogold label-

ling for PICALM (Fig. 5g). PHF structures in NFTs were

clearly labelled with the PICALM antibody, although the

density of gold particles over the PHFs was moderate. The

positive control with PHF1 antibody showed a strong

labelling of PHF (Fig. 5h). PHF were not labelled in the

negative control in which the primary antibody had been

omitted (Fig. 5i).

Fig. 3 NFTs in LOAD, FAD and Down syndrome were immunore-

active for PICALM Immunoreactivity of anti-PICALM (HPA019053)

antibody in the CA4 region of the hippocampus of a non-demented

control case (a), or of LOAD (b, e), FAD (c, f) and down syndrome

(d, g) patients. The black small arrow shows a perinuclear and

cytoplasmic PICALM immunoreactivity in a neuron from a control

case (a). In the LOAD, FAD, and Down syndrome patients, a strong

PICALM immunoreactivity was detected in NFT and in GVD. The

density of PICALM-positive NFTs correlated with the severity of

NFT pathology. Dystrophic neurites associated with amyloid plaques

were also PICALM positive (g arrowhead). Scale bar 20 lm
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Fig. 4 PICALM and tau

co-localisation in NFT in the

hippocampus of LOAD.

Immunocytochemical co-

localisation of PICALM and tau

in NFT, using anti-PICALM

(HPA019053) and several anti-

tau antibodies: Alz50 (a–c),

MC1 (d–f), TG3 (g–i), AT8

(j–l), PHF1 (m–o) and tau-

Asp421 (p–r). PICALM (green)

and tau (red) were partially or

fully co-localised in NFT (a–c,

g–l, p–r), in neuropil threads

(d–f) or in GVD (m–o). A few

neurons had strong PICALM

immunoreactivity devoid of tau

immunoreactivity (c, white
arrowhead). Scale bar 20 lm
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Hyperphosphorylated tau was co-immunoprecipitated

with PICALM from AD brain lysate

In order to investigate whether PICALM and hyperphos-

phorylated tau interacted, proteins were immunoprecipitated

from the RIPA-soluble lysate of AD isocortex using anti-

PICALM HPA019053 antibody (Fig. 6). PHF1-positive

hyperphosphorylated tau was found to be co-immunopre-

cipitated with PICALM. In the control condition without

primary antibody, only trace of non-specific interaction

between beads and tau was found (Fig. 6). There was no Ab
immunoreactivity detected in PICALM immunoprecipitates

(data not shown).

PHFs purified by sarkosyl fractionation were

not immunoreactive

To further analyse the association of PHFs and PICALM in

AD brains, a sarkosyl-insoluble fraction enriched in PHFs

was prepared [14, 28]. One percent N-lauroylsarcosine

sodium salt was added to RIPA-soluble brain lysates. The

sarkosyl-insoluble pellet, after ultracentrifugation, was

enriched in PHFs (composed of PHF-tau proteins). The

PHFs present in the sarkosyl-insoluble fraction were ana-

lysed by electron microscopy after PICALM immunogold

labelling. They were hardly labelled with the anti-PICALM

HPA019053 antibody (Fig. S3a, black arrows), and

strongly labelled with the PHF1 antibody (Fig. S3b). The

specificity of immunogold labelling was verified by a

negative control without primary antibody (Fig. S3c). We

next analysed PICALM in the sarkosyl-insoluble fraction

by western blotting. Hyperphosphorylated tau proteins

were enriched in the sarkosyl-insoluble fraction of the AD

cases (Fig. S3d), but PICALM immunoreactivity was

absent both in AD and control cases (Fig. S3d). These data

suggest that PICALM is not an integral component of

PHFs.

PICALM was not associated with Ab in the AD brain

Since PICALM has recently been reported to be involved

in APP processing [74], a double immunofluorescence for

PICALM and Ab was carried out in order to examine a

potential association between PICALM and amyloid pla-

ques (Fig. 7a–c). PICALM immunoreactivity was found in

the dystrophic neurites of the corona, but not in the core, of

the amyloid plaques.

PICALM was neither associated with tau in P301L

MAPT mutation nor with a-synuclein in Lewy body

PICALM immunoreactivity was not co-localised with NFT

tau in affected brain areas of a P301L MAPT mutation

(Fig. 7d–f). In a case of LBD, PICALM immunoreactivity

was not found in the a-synuclein-positive Lewy bodies

(Fig. 7g–i).

PICALM was cleaved by both calpain and caspase

It was previously reported that recombinant calpain and

caspase-3 cleave PICALM in vitro [37, 58]. The increased

levels of 50 and 25 kDa PICALM fragments in AD could

thus result from proteolytic cleavage by calpain and/or

caspase-3. To test the effect of calpain on PICALM, lysates

from a control human isocortex and from SY5Y neuro-

blastoma cells were incubated for 1 h at 22 �C in the

presence of CaCl2 to induce calpain digestion. As a result,

the longest isoforms of PICALM full-length protein around

65–75 kDa were decreased and the 50 kDa PICALM

fragment was increased in the lysates of both human brain

and SY5Y neuroblastoma cells (Fig. 8a, b). On the con-

trary, both calcium chelating agents (EDTA ? EGTA) and

calpain inhibitors efficiently reduced PICALM cleavage in

human brain and SY5Y neuroblastoma cells. The level of

the 25 kDa PICALM fragment was not modified in the

brain lysate (Fig. 8a), and was not even detected in SY5Y

neuroblastoma cells.

To explore the role of caspase in PICALM cleavage,

SY5Y neuroblastoma cells were treated with 100 nM

staurosporine overnight to activate the apoptotic cascade

(Fig. 8c). The level of full-length PICALM isoforms was

slightly reduced, with moderate increase in the level of a

50 kDa band. The 25 kDa fragment could not be detected

in SY5Y neuroblastoma cells. These data suggest that

cleavage of PICALM is both calpain and caspase depen-

dant, and that calpain might be more efficient than caspases

in generating the 50 kDa fragment.

Discussion

Two SNPs in the PICALM gene have been recently iden-

tified as risk factors for LOAD yet the contribution of

PICALM to AD pathogenesis is not well understood so far.

In the current study, we assessed for the first time in post-

mortem AD brains the levels of PICALM. We found that

levels of PICALM at 65–75 kDa were significantly

decreased, whereas the levels of its cleaved 25 and 50 kDa

fragments were significantly increased in AD brains. Both

calpain and caspase activation produces a 50 kDa PICALM

fragment in vitro. The fragment was, however, much less

abundant after caspase activation than after calpain diges-

tion. In addition, we observed PICALM immunoreactivity

in most NFTs on the brain slices from the hippocampus and

isocortex of LOAD, FAD and Down syndrome brains, but

not in NFT of P301L MAPT mutation nor in Lewy bodies
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of LBD. PICALM-positive microglial cells were also

observed to be abundant in AD samples.

PICALM at 65–75 kDa is decreased while 25

and 50 kDa fragments are increased in AD brains

The 75 kDa isoform was particularly lowered. These

changes might correspond to variations in translational

activity, to post-translational modifications or to an

increase in proteolytic cleavage of full-length PICALM. In

support of the latter mechanism, we found that levels of 25

and 50 kDa PICALM fragments were increased. The

50 kDa fragment was not labelled by the sc-6433 antibody

which recognises the C-terminus (634 a.a. to 651 a.a.) of

the full-length protein and was thus probably C-truncated.

Enhanced cleavage of PICALM is unlikely due to an

increased post-mortem proteolysis since AD and control

cases had similar mean post-mortem delays (Table 2). The

65–75 kDa PICALM levels were still decreased after

normalisation with the neuronal protein b-tubulin (data not

shown), suggesting that decreased PICALM level did not

simply result from neuronal loss in AD brain. These results

thus provide evidence that PICALM is robustly proteolysed

in AD brains.

Western blots of PICALM fragments are compatible

with cleavage by caspase or calpain

In vitro assays show that PICALM can be cleaved by both

calpain and caspase [37, 58]. Calpain is found to be acti-

vated in AD brains [59]. Ab activates, via calcium

dysregulation [44], calpain that cleaves a 17-kDa toxic

fragment from full-length tau [17, 53]. On the other hand,

several caspases are activated by Ab in AD brains [27, 52,

69] and might thus contribute to PICALM cleavage. Tau is

another substrate of caspases [25] and its cleavage by

caspase-3 might be an early event during NFT formation

[20]. We observed that caspase-3 cleaved tau at Asp421 co-

localised with PICALM in NFTs. The longest PICALM

isoforms such as isoform 1 (652 a.a.) or 3 (645 a.a.),

supposedly corresponding to the 75 kDa bands, contain

five consensus DxxD motifs for cleavage by caspase 2, 3

and 6: 260DRGD263, 263DIPD266, 392DLLD395, 427DAVD430

and 538DDLD541 (numbering according to isoform

1, 652 a.a.) [37], whereas the shortest isoforms lack the
427DAVD430 motif. The relative resistance of the 64 kD

(i.e. shortest) isoforms could be related to the preferential

cleavage at the 427DAVD430 motif only present in the

longer isoforms. Cleavage at 427DAVD430 of PICALM

isoform 1 (652 a.a.) and 3 (645 a.a.) is expected to gen-

erate a 50 kDa N-terminal and a 25 kDa C-terminal

fragments that were indeed found in the brain samples. The

complete identification of these fragments awaits analysis

by mass spectrometry.

In the current study, in vitro activation of both calpain

and caspase led to a decrease of full-length PICALM

protein around 65–75 kDa and to an increase of a 50 kDa

fragment in lysates from non-demented human brain and

SY5Y neuroblastoma cells. The western blot profile of

brain homogenates from AD brains is compatible both with

calpain and caspase cleavage, though in vitro calpain

activation had a more pronounced effect than caspase

activation in our experimental conditions, giving rise to a

profile that better corresponded to the observation made in

post-mortem cerebral cortex.

PICALM is expressed in neurons and endothelial cells

and is increased in microglia in AD brains

PICALM immunoreactivity was stronger in a subset of

neurons that did not contain NFT, possibly indicating that

some neurons accumulated PICALM or its fragments. This

aberrant PICALM accumulation might result from, or

induce, endocytic dysfunction.

Fig. 6 PICALM was associated with hyperphosphorylated tau.

Western blot analysis of PICALM immunoprecipitates from LOAD

brain lysate. PHF1-positive hyperphosphorylated tau was co-immu-

noprecipitated with anti-PICALM HPA019053 antibody. In the

control condition where anti-PICALM antibody was absent (negative

control), hyperphosphorylated tau was scarcely precipitated with

protein G beads

Fig. 5 PICALM was associated with PHF-tau, but not with pre-

tangles or extracellular NFTs. a–c Double immunofluorescent label-

ling for PICALM (green) and AT8 (red). Whereas two mature NFTs

are strongly PICALM positive, the pretangle (white arrow) showing

more diffuse AT8-positive granular deposits was not PICALM

positive. d–f Fluorescent labelling for PICALM (green) combined

with staining with thiazin red (red). The majority of NFTs stained

with thiazin red were PICALM immunoreactive, except for extracel-

lular ghost tangles (white arrowhead). Scale bar 20 lm.

g Immunoelectron microscopy of NFTs in a LOAD brain tissue.

Abnormal PHF-like filaments present in NFTs were labelled with

anti-PICALM HPA019053 antibody (15 nm gold particles). h PHF-

like filaments were strongly immunolabelled for PHF1 antibody

(10 nm gold particles). i negative control without primary antibody.

Scale bar 0.2 lm

b
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Using the anti-PICALM HPA019053 antibody we

observed a strong expression of PICALM in endothelial

cells, in ependymocytes and in epithelial cells of the cho-

roid plexus in addition to neurons. This pattern of

immunoreactivity was consistent with previous studies

using the goat polyclonal anti-PICALM C-terminal anti-

body (sc-6433) [4]. The aberrant proteolysis of PICALM

might affect the function of endothelial cells during the

progression of AD, and could be related to dysfunction in

the clearance of Ab peptide.

PICALM was found to be highly expressed in microglia

in LOAD brains. It might have been the consequence of

microglial activation. Microglial activation plays a role in

the clearance of amyloid plaques [60]. While increased Ab
production is the mechanism in probably all FAD cases,

decreased amyloid clearance could be involved in LOAD

[35]. We found a large difference in the levels of PICALM

staining in microglial cells in LOAD and FAD cases, and

we speculate that such abnormal accumulation of PICALM

in microglial cells might be related to changes in amyloid

clearance in LOAD cases. Dysregulated microglial endo-

somal activity related to increased PICALM cleavage is not

excluded but will need additional investigations. Alterna-

tively, activated microglia environment could induce

cleavage of PICALM.

PICALM is associated with NFTs in situ

in the AD brain

By immunohistochemistry with two independent poly-

clonal antibodies whose epitopes are located in the middle

region of PICALM, we observed immunoreactivity in most

NFTs of LOAD, FAD and Down syndrome cases. This

observation was confirmed by electron microscopy show-

ing that PHFs were PICALM immunoreactive in ultrathin

sections. Since PICALM and tau do not share significant

Fig. 7 PICALM was not co-localised with Ab in AD brains,

hyperphosphorylated tau in P301L MAPT mutation or a-synuclein

in LBD. a–c Double immunofluorescent labelling for PICALM

(green) and 6E10 (red) in a LOAD brain tissue. Dystrophic neurites

around amyloid plaques were PICALM positive, while amyloid

plaques were not. d–f Double immunofluorescent labelling for

PICALM (green) and AT8 (red) in the frontal cortex of P301L

MAPT mutation case. PICALM was not detected in NFT. g–i Double

immunofluorescent labelling for PICALM (green) and a-synuclein

(red) in the substantia nigra of a LBD case. PICALM was not detected

in the Lewy body. Scale bar 20 lm
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sequence homologies, it is unlikely that cross-reactivity

explains the immunopositivity. NFT labelling with

PICALM antibodies was abolished after pre-absorption

with PICALM. In addition, PICALM and PHF-tau proteins

were co-immunoprecipitated from human AD brain. These

observations strongly suggest that PICALM and PHF-tau

proteins are associated in NFT. Their interaction was,

however, lost during the sarkosyl fractionation. This is not

unexpected since several proteins such as the kinases

GSK3b or AMPK, interacting with tau during the pro-

gression of AD pathology are not enriched in sarkosyl-

insoluble fractions [45, 71]. It indicates that PICALM is

not an integral constituent of NFTs but interacts with them.

NFTs were not labelled by the anti-PICALM C-terminal

antibody sc-6433 as previously reported [4]. These data

suggest that PICALM immunoreactivity in NFTs is due to

species lacking the C-terminal domain of PICALM, pos-

sibly corresponding to the 50 kDa fragment identified by

western blotting. This PICALM C-truncated fragment may

be large enough to contain the membrane-associating

domain localised at the extremity of the N-terminal domain

of PICALM [24]. Since binding of tau to membrane

phospholipids induces tau aggregation [39], we speculate

that cleavage of PICALM might participate in re-locali-

sation of PICALM and tau to membrane structures and

promote tau fibrillisation.

Alz50 and MC1-positive neurons as well as NFT were

PICALM positive. AT8-positive pre-tangles and ghost

tangles were negative. The Alz50 epitope appears after the

AT8 epitope in pretangles [46]. Extracellular NFTs have

lost some phospho-tau epitopes (such as AT8) and part of

the tau sequence [10]. The profile of PICALM immuno-

reactivity is thus compatible with a time sequence in which

PICALM accumulates with phosphorylated and conform-

ationally modified tau in late pretangles, is associated with

fibrillar tau in classic fibrillar NFTs and is finally removed

from extracellular NFTs.

In addition to NFTs and dystrophic neurites, hyper-

phosphorylated tau is also detected in GVD [8, 21, 32] and

is co-localised with various tau kinases [31, 45, 75]. We

showed that PICALM was also co-localised with phospho-

tau in GVD. The specificity of GVD labelling was verified

with pre-absorption with GST-PICALM.

We wondered if PICALM association was linked to the

aggregation state of the protein. This is why we tested

another type of NFT, associated with the P301L mutation

of MAPT. The absence of co-localisation of PICALM with

P301L NFTs shows that aggregation alone is not respon-

sible. Similarly, Ab deposits and Lewy body a-synuclein

aggregates were PICALM negative. We are currently

testing systematically PICALM immunoreactivity in vari-

ous tauopathies (work in progress).

PICALM could be involved in endocytic dysfunctions

in AD

Given that the cleaved PICALM is unable to promote the

assembly of clathrin triskelia into clathrin cage [37], the

activity of PICALM must be reduced in AD. Previously, it

was reported that knock-down of PICALM causes an

enlargement of endosomal compartment and a disruption

of TGN/endosomal system in non-neuronal cells [48], or

defects in synaptic vesicle size and density as well as a

remarkable dendritic retraction in cultured neurons [16,

55]. In addition, acute knock-down of PICALM inhibits

endocytosis of VAMP/synaptobrevin [38, 49]. Strikingly,

Fig. 8 PICALM was cleaved by calpain and caspase. a, b Lysates

from a human control isocortex (a) and SY5Y neuroblastoma cells

(b) were incubated at 22 �C for 1 h in the presence of 2 mM CaCl2,

2 mM EDTA plus EGTA, or 2 mM CaCl2 plus calpain inhibitors,

followed by western blotting for PICALM and actin. c SY5Y

neuroblastoma cells were treated without or with 100 nM stauro-

sporine for 24 h. Cells were collected and protein extracts were

analysed by western blotting for PICALM, cleaved caspase-3 and

actin
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enlarged endosomes have been observed in the pyramidal

hippocampal neurons of LOAD patients [18], where

BACE1 co-localisation with phosphorylated APP is

increased [43]. Also, dendritic changes in AD are well

established [2]. The level of synaptobrevin itself is

decreased in AD brains, and its level negatively correlates

with cognitive function of AD patients [64]. Altogether,

proteolysis of PICALM and reduced level of full-length

PICALM that we describe in this study are likely to be

associated with synaptic defects and dysfunction of vesicle

sorting observed in AD brains [54].

Moreover, PICALM is a partner of AP-2, which initiates

clathrin-coated vesicle formation, and AP-2 can also be

cleaved by calpain and was observed to be proteolysed in

some AD cases [58]. Furthermore, increased calpain acti-

vation leads to truncations of dynamin I [36] and

amphiphysin I [73]. The degradation/cleavage of several

endocytic proteins could thus be an important mechanism

leading to endocytic dysfunction in AD [54].

PICALM does not interact with aggregated

or oligomeric Ab

The effects of PICALM on Ab production remain unclear.

In vitro studies have suggested that knocking-down PI-

CALM did not alter the production of toxic Ab in SY5Y

neuroblastoma cells [72] or, on the contrary, reduced both

APP internalisation and Ab production in N2a neuroblas-

toma cells [74]. PICALM knock-down in APP/PS1

transgenic mice decreased soluble and insoluble Ab levels

and amyloid plaque loads, while overexpression of PI-

CALM increased amyloid pathology [74]. PICALM

overexpression, however, appears to protect against Ab
toxicity in yeast, C. elegans and cultured rat cortical neu-

rons [68]. The effects of PICALM on production and

toxicity of Ab might thus differ between experimental

systems, and the in vivo pathological situation in AD. We

could not detect any PICALM immunoreactivity associated

to the amyloid deposit in the core of amyloid plaques or Ab
immunoreactivity in PICALM immunoprecipitates from a

human LOAD brain lysate. These data suggest that PI-

CALM does not directly interact with aggregated or

oligomeric Ab.

Several independent studies have found 2 SNPs at its 50

end of PICALM gene as being associated with a higher risk

for LOAD [29, 34, 41, 42]. It will now be interesting to

study how these SNPs affect mRNA/protein expression,

alternative splicing and cleavage of PICALM.

In summary, we show for the first time that PICALM is

abnormally cleaved and accumulated in tangle containing

neurons of AD and Down syndrome brains. Taken toge-

ther, these data indicate that PICALM, a GWAS-revealed

genetic risk factor for AD, is vulnerable to proteolysis and

is associated with tau pathology. Inhibition of PICALM

proteolysis could have a beneficial effect and appear as a

new therapeutic target.
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