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Heat shock proteins (Hsps) expression is increased in

response to heat shock or other stresses including protein

misfolding and aggregation. Activation of the heat shock

factor-1 (HSF-1) has a major role in this process; small Hsps

of low molecular masses (<43 kDa) are a family of chaper-

ones that have a conserved a-crystallin domain in the c-ter-

minal domain; aB-crystallin (HspB5), is a small Hsp

(Klemenz et al. 1991) that was primarily found in the eye

lens and is constitutively expressed in many tissues. Anti-

apoptotic properties of aB-crystallin have been described;

thus, it binds to pro-apoptotic Bax, Bcl-xs and p53 and

prevents their translocation to mitochondria (Mao et al.

2004; Liu et al. 2007); moreover, aB-crystallin inihibits the

activation of pro-caspase-3 (Kamradt et al. 2005); phosphor-

ylation at three serine residues (Ser19, Ser45 and Ser59) in

aB-crystallin regulates its chaperone activity (Ecroyd et al.

2007). aB-crystallin can form oligomers with other Hsps,

namely with HSP27 and presents ATP-independent

chaperone activity. Oligomer size and chaperone activity is

modified by phosphorylation (Jakob et al. 1993); ‘in vitro’,

aB-crystallin inhibits fibril formation of amyloid b-peptide

and b2-microglobulin (Raman et al. 2005). Increased expres-

sion of aB-crystallin has been found in Alzheimer disease

(AD) (Björkdahl et al. 2008); however, there is no co-locali-

zation of aB-crystallin and amyloid b- peptide in senile

plaques of AD brains (Wilhelmus et al. 2006). The presence

of aB-crystallin in alpha-synuclein inclusions was described

as well, but in this case, aB-crystallin co-localized with

alpha-synuclein in Lewy bodies (Outeiro et al. 2006). In

mouse models of Parkinson disease the levels of aB-crystallin

were found to be higher than controls; in Huntington’s

disease, it was found that mice lacking aB-crystallin had

accelerated onset and severity in aggregation (Ecroyd &

Carver 2009). All these data shows association of aB-crystallin

with neurodegenerative disorders and reveal a probable

protection function for aB-crystallin.
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Summary

The small heat shock protein aB-crystallin (HspB5) is known to be overexpressed in

several neurodegenerative disorders. In familial amyloidotic polyneuropathy (FAP), a

neurodegenerative disorder characterized by extracellular deposition of mutated

transthyretin (TTR), activation of heat shock factor 1 -HSF1- by extracellular TTR

deposition has been shown as well as induction of the expression of heat shock pro-

teins, HSP27 and HSP70. Here we investigate the expression of aB-crystallin in FAP.

We first detected aB-crystallin in aggregates extracted from tissues of both FAP

patients and transgenic mice for the human V30M mutant TTR; however, subse-

quent studies by confocal fluorescence microscopy did not confirm the association of

aB-crystallin with TTR aggregates; thus the presence of aB-crystallin in aggregate

extracts might derive from the extraction procedure. Increased levels of aB-crystallin

were observed by immunohistochemistry in human FAP skin, as compared to normal

skin. Furthermore, skin, stomach and dorsal root ganglia from V30M transgenic

mice showed increased expression of aB-crystallin as compared to controls without

deposition. A human neuroblastoma cell line incubated with TTR aggregates

displayed increased expression of aB-crystallin. Overall, these results show that

extracellular TTR deposits induce an intracellular response of aB-crystallin. This

small heat shock protein (HSP), which is important for anti-apoptotic and chaperone

properties, may have a protective role in FAP.
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Familial amyloid polyneuropathy (FAP) is an autosomal

dominant neurodegenerative disorder characterized by the

systemic extracellular deposition of mutated transthyretin

(TTR) that affects particularly the peripheral nervous system

(PNS) (Andrade 1952; Costa et al. 1978). The most common

mutation associated with FAP is TTRV30M, (Saraiva et al.

1984). TTR is a tetrameric serum protein of four identical

subunits of 14 kDa. Amyloidogenic mutations on TTR favour

destabilization and dissociation of the tetrameric structure,

leading to misfolded intermediates with high tendency for

extracellular aggregation (Cardoso et al. 2002). In asymptom-

atic carriers (FAP 0) deposition of TTR in an aggregated

non-fibrillar form occurs. In later stages of the disease, non-

fibrillar and fibrillar deposits co-exist (Sousa et al. 2001a).

Recently, the heat shock response was investigated in FAP

through expression analyses of heat shock factor 1 (HSF1),

HSP27 and HSP70. It was demonstrated that in FAP, extra-

cellular TTR deposition induces intracellular activation of

HSF1 and increases expression of HSP27 and HS70 (Santos

et al. 2008). Here, we investigate the presence of aB-crystal-

lin in TTR tissue aggregate extracts from human FAP and

transgenic mice for human V30M TTR. We also analyzed

the expression of aB-crystallin in FAP biopsies, in tissues

from transgenic mice and in a human neuroblastoma cell

line incubated with TTR aggregates.

Materials and methods

Human tissue samples

Autopsy kidney tissues from V30M FAP patients and nor-

mal controls were available at the Hospital Geral de Santo

António, Porto, Portugal. Skin from FAP patients and

normal controls was obtained as part of the clinical diag-

nosis and evaluation of FAP, prior to the current use of less

invasive molecular diagnostic methods. The use of these

materials was approved by the ethical committee of Hospital

Geral de Santo António, Porto, Portugal. Human tissue

processing and characterization was performed as described

previously (Santos et al. 2008) and included both asymptom-

atic carriers (FAP 0) and patients (FAP). Control biopsies

were from FAP relatives who were later characterized as

non-V30M carriers.

Mouse tissue samples

Different strains of transgenic mice for TTR V30M, all in

the Sv129 background were used in this study: (i)

TTRV30M without endogeneous TTR, labelled hTTR

(Kohno et al. 1997); (ii) this strain crossed to homozygous

or heterozygous heat shock transcription factor 1 (HSF1)

null mice, labelled either hTTR HSF1 or hTTR HSF1-het

respectively (Santos et al. 2010).

Animals age ranged from 6 to 18 months. The animals

were housed in pathogen-free conditions in a controlled-tem-

perature room, maintained under a 12 h light ⁄ dark period.

Water and food were freely available. Animal experiments

were carried out in accordance with the European Communi-

ties Council Directive. Tissues were processed for immuno-

histochemistry, as previously described (Santos et al. 2008)

or frozen for further analysis. Mice tissues were analyzed

for TTR deposition by immunohistochemistry as previously

described (Sousa et al. 2002) and classified by the presence

and types of deposits: TTR– ⁄ – no TTR deposits; TTR+ ⁄ )
only non-fibrillar TTR deposits (congo red negative); TTR+ ⁄ +
non-fibrillar and fibrillar TTR deposition (congo red positive)

Aggregate extraction

For aggregate extraction, we used the Kaplan method (Kap-

lan et al. 1994); 100 mg of autopsy samples of human FAP

and control kidney and stomach from transgenic mice

(n = 3) were homogenized in ice cold phosphate buffered

solution (PBS; 1 ml), centrifuged at 19,000 g for 10 min and

1 ml of PBS added to the pellet. This procedure was repeated

twice; the pellet was then rinsed with distilled water and

resuspended in 20% acetonitrile ⁄ 0.1% trifluoracetic acid

(TFA), incubated for 1 h at room temperature with mixing

and centrifuged at 19,000 g for 10 min; the supernatant was

saved and the extraction repeated twice. The supernatants

were pooled and lyophilized. The samples were resuspended

in Laemeli SDS sample buffer, applied in a 15% SDS-PAGE

gel and analyzed by western blotting for aB-crystallin

(1:1000; abcam, Cambridge, UK); parallel silver stained

bands were subjected to mass spectrometry analysis.

Mass spectrometry

Human kidney aggregate extracts were run in SDS-PAGE

and silver stained. After silver stain, a band with molecular

weight above the normal migration of the TTR monomer

and with molecular weight corresponding to aB-crystallin,

was excised from the gel and digested with endoproteinase

Lys-C. MALDI mass spectroscopic analysis was performed

on a PerSeptive Voyager mass spectrometer in the linear

mode (Henzel et al. 1993).

Western blot

Transgenic mice stomach samples (n = 4) were homogene-

ized in lysis buffer: 20 mM MOPS, 2 mM EGTA, 5 mM

EDTA, 30 mM sodium fluoride, 40 mM b-glycerophos-

phate, 20 mM sodium pyrophosphate, 1 mM sodium

orthovanadate, 1 mM phenylmethylsulphonyl fluoride,

0.5% Triton X-100 and 1x protease inhibitors mixture

(Amersham Bioscience, Little Chalfont, UK). Total protein

concentration was determined using the Bio-Rad assay kit

(Bio-Rad, Hercules, CA, USA). 40 lg of total protein was

applied to 12% SDS-PAGE and transferred onto a nitro-

cellulose Hybond-C membrane (Amersham Bioscience)

using a semidry system. The primary antibodies used were

rabbit anti-aB-crystallin (1:1000; abcam) and rabbit anti-

b-actin (1:250; Sigma-Aldrich, St. Louis, MO, USA) for

normalization. To develop the blots, enhanced chemilumi-
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nescence (ECL, Amersham Bioscience) was performed.

Quantitative analysis of the western blots was performed

with ImageQuant software.

Immunohistochemistry

Tissue paraffin slides of human and transgenic mice skin

were deparaffinated and hydrated. Epitope exposure with

citrate buffer was performed; endogenous peroxidase activity

was blocked with 3% hydrogen peroxide in methanol for

30 min. The slides were incubated in blocking buffer (4%

foetal bovine serum and 1% bovine serum albumin in PBS)

for 1 h at 37 ºC in a humidified chamber. Incubation with

primary rabbit alphaB-crystallin antibody (1:1000; Calbio-

chem, San Diego, CA, USA) in blocking buffer was per-

formed overnight at 4 ºC. Antibody binding was detected by

a biotin-extravidin-peroxidase kit (Sigma-Aldrich) using as

substrate 3-amino-9-ethyl carbaxole, AEC, (Sigma). Semi-

quantitative analysis of the immunostaining was performed

in four different areas of the tissue with Image Pro-Plus soft-

ware; obtained results represent the percentage of occupied

area by the substrate reaction colour normalized with the

total area occupied by the tissue. The observer was blind to

treatment/control samples statistical significance was deter-

mined using Student’s t-test, a minimal P value of <0.05 was

required for significance. Experiments were carried out in

four tissue samples from transgenic mice and in five samples

from human skin tissues.

For double-immunofluorescence, paraffin slides of human

skin were treated as previously described for immuno-

histochemistry. Primary antibodies were: mouse anti-human

TTR (mab15 1 lg ⁄ ml) kindly provided by Dr Erik Lundgren

from Umea University (Pokrzywa et al. 2007) and rabbit

ab-crystallin (1:200; abcam), incubated overnight at 4 ºC in

blocking buffer. The secondary antibodies used were Alexa

Fluor 568 anti-mouse and Alexa Fluor 488 anti-rabbit

(1:1000; Molecular Probes, Eugene, OR, USA) which were

incubated for 1 h at room temperature protected from light.

Slides were mounted with Vectashield (Vector, Burlingame,

CA, USA) and visualized by confocal microscopy (Leica TCS

SP2 AOBS).

Protein

Recombinant wild-type TTR was produced in an Escherichia

coli BL21 expression system and purified as previously

described (Furuya et al. 1991). TTR was dialyzed against

water, diluted to 0.250 mg ml)1 and then stirred at room

temperature for 7 days. Oligomeric preparations were tested

by thioflavin T spectrofluorometric assay and were stable in

serum free media as previously described (Teixeira et al.

2006).

Cell culture assays

Cells were maintained at 37 ºC in a 5% CO2 humidified

atmosphere. A SH-SY5Y human neuroblastoma cell line

(European Collection of Cell Cultures) was cultured in

MEM:F12 (Gibco; Invitrogen, Grand Island, NY, USA) sup-

plemented with 15% foetal bovine serum (Gibco, Invitrogen),

2 mmol)1 of glutamine (Gibco, Invitrogen), 100 Uml)1 penin-

cillin ⁄ streptavidin (Gibco, Invitrogen) and 1 mmol)1 of

non-essential amino acids (Sigma-Aldrich). One hour before

incubation, cell medium was changed to serum free medium.

Cells were incubated for 8 h with oligomeric and soluble TTR

(0.110 mg ml)1) and collected in Trizol (Invitrogen) for RNA

extraction which was performed according to the manufac-

turer’s instructions. Synthesis of cDNA was performed using

the SuperScript double-stranded cDNA Kit (Invitrogen).

Reverse-transcriptase polymerase chain reaction was per-

formed for human aB-crystallin with primers: forward 5¢-AG-

CTGGTTTGACACTGGACT-3¢ (annealing from nucleotide

200–219, exon 1) and reverse 5¢-GCAATTCAAGAAAGGG-

CATC-3¢ (annealing from nucleotide 572–553, exon 3); for

human b-actin primers were: forward 5¢-ATGGATGATG-

ATATCGCCGCG-3¢ (annealing from nucleotide 85–105,

exon 2) and reverse 5¢-TCTCCATGTCGTCCCAGTTG-3¢
(annealing from nucleotide 334–315, exon 3). The amplifi-

cation products were quantified with the ImageQuant soft-

ware. Three independent experiments with duplicates were

performed.

Results

Human aB-crystallin in aggregate preparations

We analyzed TTR aggregates extracted from human kidney

samples and from stomach of transgenic mice. Human kid-

ney aggregate extracts from FAP and control human kidney

were separated by SDS-PAGE followed by silver staining; a

band at approximately 20 kDa migrating above the TTR

monomer (Figure 1a) was subjected to mass spectrometry

and was identified as human aB-crystallin. To confirm the

(a) (b)

Figure 1 (a) SDS-PAGE silver stain of FAP human kidney
aggregate extracts and TTR standard; the aB-crystallin band is
pointed out by a rectangle. (b) aB-crystallin western blot of
i) human normal and FAP kidney; ii) transgenic mice stomach
aggregate extracts (n = 3 each) with and without TTR deposi-
tion (TTR+ and TTR) respectively)

aB-crystallin in FAP 517

� 2010 The Authors. International Journal of Experimental Pathology � 2010 International Journal of Experimental Pathology, 91, 515–521



presence of aB-crystallin in the preparation, the same

extract was then analyzed by western blot for aB-crystallin;

as seen in Figure 1b i), aB-crystallin was detected in the

FAP preparation and was absent in normal kidney extracts.

TTR preparations from the stomach of transgenic mice

with or without TTR deposition (TTR+ and TTR) respec-

tively) were also analysed by western blot for the presence

of aB-crystallin; this protein was detected in the prepara-

tions containing TTR aggregates, as opposed to the prepa-

ration derived from tissues without TTR deposits

(Figure 1b ii), indicating that aB-crystallin might be a com-

ponent of TTR deposits.

Figure 2 Immunofluorescence in human FAP skin for TTR (red)
and aB-crystallin (green) showing no co-localization of the two
proteins, with aB-crystallin staining intracellularly and TTR
extracellularly (bar = 50lm).

(a)

(b)

(c)

(d)

(e)

Figure 3 TTR deposition induces aB-crystallin expression. (a) immunohistochemistry of human skin, showing increased expression in
FAP 0 (n = 5) and FAP patients (n = 3) when compared to controls (n = 5) (bar = 200 lm); (b) immunohistochemistry of transgenic
mice skin: increased expression of aB-crystallin in TTR+ ⁄ ) (n = 4) and TTR+ ⁄ + (n = 4) transgenic mice when compared to mice
without TTR deposits, TTR) ⁄ ) (n = 5) (bar = 50 lm); (c) western blot of transgenic mice skin for aB-crystallin: increased expression
of aB-crystallin in animals with TTR deposits (TTR+ ⁄ ), n = 4) when compared with animals without TTR deposits (TTR) ⁄ ),
n = 4); (d) immunohistochemistry of hTTR HSF1-het transgenic mice DRG, showing increased expression of aB-crystallin in mice
with TTR deposits (TTR+ ⁄ ), n = 4) when compared to mice without TTR deposition (TTR) ⁄ ), n = 4) (bar = 100lm); (e) Western
blot analysis of aB-crystallin expression in DRG of hTTR HSF1-het showing increased expression of aB-crystallin in mice with TTR
deposits (TTR+ ⁄ ), n = 7) when compared to mice without TTR deposition (TTR) ⁄ ), n = 7). Quantification of images and blots are
shown on the charts on the right (*P < 0.01, **P < 0.005).
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aB-crystallin localization in human FAP skin

Because aB-crystallin was detected in human TTR aggregate

preparations we examined by double immunofluorescence

staining the localization of aB-crystallin and TTR deposits

in human skin from FAP patients; no co-localization was

found; thus, aB-crystallin stained intracellularly whilst TTR

deposits were found extracellularly (Figure 2).

Increased aB-crystallin expression in human FAP tissues
and in transgenic mouse tissues with TTR deposition

We investigated the expression of aB-crystallin in human skin

biopsies of FAP patients with proven TTR deposits, of asymp-

tomatic carriers of TTR V30M (FAP0) and of control biopsies

by semi-quantitative immunohistochemistry. Both FAP 0 and

FAP samples showed a significant increase of aB-crystallin

expression when compared to normal individuals (Figure 3a).

Next, we investigated the expression of aB-crystallin in

transgenic mice. Mice transgenic for TTR V30M in a wild

type background (hTTR) present systemic TTR deposition

in several tissues, including skin, gastrointestinal track but

not in the peripheral nervous system, as humans do. Skin

and stomach tissues with and without TTR deposition were

used to investigate aB-crystallin expression by semi-quantita-

tive immunohistochemistry. Increased expression of aB-crys-

tallin was detected in both skin (Figure 3b) and stomach

(data not shown) of mice with deposited TTR, indepen-

dently of the type of deposit, i.e., it occurs in tissues with

fibrillar or non-fibrillar deposits. To confirm this result we

performed western blot analysis of skin homogenates from

TTR V30M transgenic mice with and without TTR deposi-

tion; the level of aB-crystallin was significantly increased in

transgenic animals with TTR deposition (Figure 3c).

Next, we investigated aB-crystallin expression in dorsal

root ganglia (DRG) of transgenic mice for TTR V30M in a

heterozygotic HSF1 background (hTTR HSF1-het); this

strain of mice present TTR deposition in the peripheral

nervous system. Therefore, immunohistochemistry and wes-

tern blot was performed in mice DRG with and without

deposition of TTR. The results show increased expression of

aB-crystallin in DRG with TTR deposition (Figures 3d

and e). Transgenic mice for TTR V30M without HSF1

(hTTR HSF1) do not show any aB-crystallin response to

TTR deposition, as expected, since aB-crystallin is under the

control of HSF1 (data not shown).

Increased aB-crystallin expression is induced by small
TTR oligomers

The human neuroblastoma SH-SY5Y cell line was used to

analyze the effect of small TTR oligomers on aB-crystallin

expression. We found that oligomeric TTR (oTTR) increases

aB-crystallin mRNA (Figure 4a) and protein expression

(Figure 4b), as compared to non-treated cells (NT), or cells

incubated with soluble TTR (sTTR).

Discussion

Different reports point out neuroprotection properties of

HSPs in neurodegenerative disorders (Sittler et al. 2001;

Magrané et al. 2004; Shen et al. 2005). In AD, HSPs are

known to be associated with senile plaques (Wilhelmus et al.

2006), which might impact in delaying AD pathology. Con-

cerning the small Hsp aB-crystallin a study showed

increased expression in AD patients brains, mainly in astro-

cytes, microglia, and oligodendrocytes restricted to areas

with senile plaques and neurofibrillary tangles (Renkawek

et al.1994); other study, showed that three aB-crystallin-

related small Hsps co-localized with intracellular b amyloid

peptide indicating that chaperone activity might modulate

intracellular b amyloid peptide metabolism and toxicity

(Fonte et al. 2002). These reports, point out to an important

role of aB-crystallin in neurodegenerative disorders.

Here, we first detected the presence of aB-crystallin in

human and transgenic mice TTR aggregate extracts suggestive

of a direct interaction between extracellular deposited TTR

and this chaperone; an in vitro study showed that specific

interactive sequences of human aB-crystallin modulate the

fibrillation of TTR (Ghosh et al. 2008), hypothesizing a possi-

ble important role for this protein in FAP; however, in view

of our analyses in human FAP skin by confocal fluorescence

microscopy that did not reveal any co-localization between

TTR deposits and aB-crystallin, a direct in vivo TTR (or TTR

aggregates)–aB-crystallin interaction is highly unlikely to

(a)

(b)

Figure 4 aB-crystallin expression in human neuroblastoma cells
(SH-SY5Y) (a) aB-crystallin reverse transcriptase polymerase
chain reaction of SH-SY5Y cells incubated with TTR oligomers
for 8 h. Up-regulation of aB-crystallin mRNA is observed in
cells incubated with TTR oligomers (oTTR) when compared to
controls. (b) Western Blot analysis of aB-crystallin in SH-SY5Y
cells incubated with TTR oligomers for 8 h. i) Western blot of
recombinant aB-crystallin (22 kDa). ii) Increase expression of
aB-crystallin in cells incubated with TTR oligomers when com-
pared to controls. This result was confirmed by three indepen-
dent experiments. (LMW represents low molecular weight
standard); an unspecific band below 20 kDa is observed in all
samples.
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occur. This discrepancy in the results of aggregate analysis

and confocal microscopy might be due to the extraction

procedure; thus, during this procedure, cells burst and release

intracellular proteins, such as chaperones that then contact

with extracellular aggregates.

We also analyzed the expression of aB-crystallin in tissues

that do not synthesize TTR. Increased levels of aB-crystallin

were detected both in human tissues as well as in transgenic

mice when extracellular TTR aggregates were evident; this

increased expression was already detected in initial stages of

deposition, when non-fibrillar TTR material (mice classified

TTR+ ⁄ ) and asymptomatic FAP carriers) is present and

mature fibrillar material is still absent. Thus, the aB-crystallin

response is an early event in FAP. Intracellular aB-crystallin

increase in the presence of TTR aggregates was also evident in

our cellular studies in a neuroblastoma cellular model.

Recently, it was observed that extracellular TTR deposition

is capable of exerting an intracellular stress response by

increasing the expression of hsp 27 and hsp70 (Santos et al.

2008, 2010). Like hsp27 and hsp70, aB-crystallin is probably

being over-expressed as one of the molecular chaperones

involved in this general stress response to extracellular TTR

deposition. A recent study showed that UPS (ubiquitin-pro-

teasome system) is impaired in FAP and that unfolded ⁄ aggre-

gated proteins accumulate inside cells (Santos et al. 2007); it

is possible that aB-crystallin, as a molecular chaperone, is

being over-expressed in order to deal with the increase of

intracellular aggregates. Like other HSPs, aB-crystallin is

known to be anti-apoptotic; it can interact with proteins in

the apoptotic caspase dependent pathway modulating cell

death (Mao et al. 2004; Kamradt et al. 2005). This fact is

relevant in FAP since cellular death occurs, at least in part,

through caspase-3 activation (Sousa et al. 2001b). In FAP

there is also evidence of oxidative stress and inflammation

(Sousa et al. 2001a; b; Macedo et al. 2007); published data

show that aB-crystallin modulates inflammatory (TNFa) and

oxidative stress pathways (Mehlen et al. 1996). It is plausible

that aB-crystallin, as a defense mechanism, enhances survival

or delay cell death by all these different pathways.
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