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Abstract

Hydrogen peroxide-inducible-clone 5 (Hic-5) and paxillin are members of the group III LIM 

domain protein family that localize to both cell nuclei and focal adhesions and link integrin-

mediated signaling to the actin cytoskeleton. Prior in vitro studies have implicated paxillin in β-

amyloid-induced cell death but little is known about the expression and function of Hic-5 and 

paxillin in the brain. We performed a blinded retrospective cross-sectional study of Hic-5 and 

paxillin expression in the hippocampus of Alzheimer disease (AD) and control subjects using 

immunohistochemistry and laser scanning confocal microscopy. The analysis included assessment 

of the expression of phosphorylated isoforms of paxillin that reflect activation of distinct signaling 

pathways. We found changes in the subcellular distribution of Hic-5, paxillin and specific 

phosphorylated isoforms of paxillin in the AD brains. Hic-5 and phosphorylated isoforms of 

paxillin colocalized with neurofibrillary tangles. Paxillin was predominantly found in reactive 

astrocytes in the AD hippocampi and activated paxillin was also detected in granulovacuolar 

bodies in AD. These data indicate that these important scaffolding proteins that link various 

intracellular signaling pathways to the extracellular matrix are modified and have altered 

subcellular distribution in AD.
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INTRODUCTION

The participation of focal adhesion proteins in the pathogenesis of Alzheimer disease (AD) 

has been postulated based upon integrin-mediated interactions with β-amyloid in vitro (1–5). 

β-amyloid-induced activation of integrins in AD might trigger downstream signaling events 

that are linked to focal adhesion complexes thereby differentially affecting cell functions 

and survival. Therefore, an analysis of focal adhesion proteins that link integrin activation to 

downstream signaling cascades may provide insight into cellular responses in AD.

Focal adhesions are macromolecular protein complexes that link integrin-mediated signaling 

to the actin cytoskeleton (6–9). Upon cell adhesion, integrins utilize both structural and 

signaling cell adhesion molecules to impact cellular motility and viability (7–10). During the 

initial stage of cell adhesion to the extracellular matrix (ECM), numerous proteins are 

required for focal adhesion assembly; the activity of each of these may be regulated by 

specific post-translational modifications such as phosphorylation (7–9, 11–14). For example, 

integrin activation leads to the phosphorylation and sequestration of LIM domain containing 

proteins, such as paxillin that may create an intracellular scaffold for many interacting 

cytoskeleton signaling proteins (6, 15, 16). Paxillin and the closely related protein Hic-5 are 

members of the group III LIM domain family that contain 7 zinc fingers, at least 4 N-

terminus leucine-rich motifs termed LD motifs, and numerous sites modified by 

phosphorylation (6, 15–20). Hic-5 and paxillin share many interacting partners. Because of 

the close relatedness of their LIM domains, they are believed to act competitively or 

antagonistically in many signal transduction pathways (15, 17, 21–24). Paxillin is 

phosphorylated on tyrosine amino acid residues 31 and 118 (pY31 and pY118) upon the 

initial activation of ECM-integrin signaling and the formation of intracellular focal adhesion 

sites (5, 15, 25–28). Specific phosphorylation of paxillin is required for activation of distinct 

downstream signaling pathways (26, 27, 29–31). The integration of a variety of signaling 

cascades is further influenced by the ability of some focal adhesion proteins to regulate gene 

expression (10, 16). Indeed, both Hic-5 and paxillin localize within both cytoplasmic focal 

adhesions and the nucleus (10). The ability to act both in the nucleus and focal adhesions 

suggests that intracellular trafficking impacts their biological effects. Hic-5 contains 2 

nuclear export signal sequences but oxidative injury induces Hic-5 nuclear import in 

cultured fibroblasts (18). Hic-5 has also been shown to be both a positive and negative co-

regulator of gene expression (32–38).

Hic-5 and paxillin are expressed in numerous regions of the rat brain including cerebellum, 

striatum, prefrontal cortex, hippocampus, hypothalamus, thalamus, and spinal cord (39). 

Although little is known about the specific roles of paxillin and Hic-5 in regulating focal 

adhesion signaling and gene expression within brain, non-genomic roles for both paxillin 

and Hic-5 in brain have been described. For example, paxillin is rapidly phosphorylated in 

the presence of fibrillar β-amyloid and colocalizes with hyperphosphorylated tau (pTau) in 

cultured neurons (1). This altered subcellular distribution increases focal adhesion turnover 

and altered cell mobility and plasticity associated with a loss of synaptic integrity (1, 40). 

Hic-5 decreases cell surface levels of dopamine transporter (DAT) in rat midbrain neuronal 

cultures and negatively affects dopamine uptake (39). A direct interaction between Hic-5 

and DAT may be responsible for this effect. These reports suggest biologic functions of 

Caltagarone et al. Page 2

J Neuropathol Exp Neurol. Author manuscript; available in PMC 2011 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Hic-5 and paxillin in the brain but a detailed analysis of paxillin and Hic-5 expression and 

distribution in control and AD brains has not been performed.

In view of the in vitro association between paxillin and β-amyloid-induced toxicity and 

Hic-5 response to oxidative stress and since the generation of amyloid plaques and 

neurofibrillary tangles (NFTs), the main hallmarks of AD, is influenced by reactive oxygen 

species and altered cell signaling pathways (41–43), we hypothesized that these associations 

may be involved in AD pathogenesis. Therefore, we performed a blinded retrospective 

analysis of the expression and subcellular distribution of Hic-5 and paxillin in hippocampi of 

10 AD and 5 age-matched non-neurologic disease control subjects using 

immunohistochemistry (IHC). Laser scanning confocal microscopy was used to colocalize 

Hic-5, paxillin and phosphorylated isoforms of paxillin with the pathological hallmarks of 

AD. Our results provide novel insights regarding the expression and distribution of Hic-5 

and paxillin in control and AD brain and of the phosphorylated isoforms of paxillin that are 

altered in AD.

MATERIALS AND METHODS

Human Brain Tissue

The Committee for Oversight of Research Involving the Dead at the University of Pittsburgh 

School of Medicine approved the use of human tissue from the University of Pittsburgh 

Tissue Bank. A blinded retrospective cross-sectional study involving age-matched 

postmortem brains was performed using 5 cases with no clinical history of a 

neurodegenerative disease or AD pathology, 5 cases with pathologically defined “early-

stage” AD, and 5 cases pathologically defined “late-stage” AD (Table 1). All cases were 

categorized according to Braak staging and grouped for analysis into 3 categories: control 

(Braak stage 0–I); Braak stage II-III; and Braak stage V-VI. The study consisted of 10 

patients who were clinically diagnosed as having “probable AD” using the National Institute 

of Neurological and Communication Disorder and Stroke/Alzheimer’s Disease and Related 

Disorders Association criteria with subsequent postmortem neuropathologic confirmation of 

AD using the Consortium to Establish a Registry for AD, Braak criteria, and the National 

Institute of Aging-Reagan Institute criteria (41, 44–47). Bielschowsky impregnations were 

performed on all cases.

Western Blot

Tissue extracts were prepared essentially as previously described (48). Briefly, fresh-frozen 

human hippocampi from control and AD subjects were homogenized in 20% w/v of ice-cold 

Tris-Triton X-100 (TX-100) buffer with protease (Sigma, St. Louis, MO) and phosphatase 

(Calbiochem, La Jolla, CA) inhibitors. The homogenate was centrifuged at 500 × g to 

remove debris and then centrifuged at 100,000 × g at 4°C. The supernatant was saved 

containing the TX-100-soluble fraction. The pellet containing the TX-100-insoluble fraction 

was resuspended in TX-100 buffer. The protein concentration for TX-100-soluble and -

insoluble fractions was quantitated using the BCA Protein Assay Kit (Pierce). Fifty µg 

protein/lane for each subject was separated on a 10% SDS-PAGE and transferred to 

nitrocellulose membrane. Nonspecific antigens were blocked with 5% dry milk for 1 hour at 
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room temperature and incubated overnight at 4°C with primary antibodies. Immunoblots 

were then incubated with horseradish peroxidase-conjugated secondary antibodies 

(Chemicon International, Temecula, CA) and developed using ECL (PerkinElmer Life 

Sciences, Boston, MA). Protein levels were quantified after scanning the appropriate 

molecular weight on the film using NIH Image 1.63. Each lane was normalized to actin and 

the most intense band was arbitrarily set to 100%. Antibodies used for Western blot and IHC 

are listed in Table 2.

Immunohistochemistry and Laser Scanning Confocal Microscopy

Tissue was immersion-fixed in 10% buffered formalin and embedded in paraffin. 

Hippocampal tissue sections, 8 µm thick, were heated to 60°C for 1 hour prior to 

deparaffinization via 100% xylene and re-hydration. Endogenous peroxidase activity in the 

tissue was blocked with 0.3% H2O2 for 30 minutes. To expose antigenic epitopes, sections 

were steamed for 20 minutes in target retrieval solution (DAKO, Carpinteria, CA). To 

reduce nonspecific primary antibody labeling for endogenous biotin, biotin receptors, and 

avidin binding sites in tissue, the avidin/biotin blocking kit was used according to company 

specifications (Vector Laboratories, Burlingame, CA). To block general nonspecific tissue 

antibody binding sites in tissue, SuperBlock (ScyTek Laboratories, Logan, UT) was added 

to tissue for 10 minutes. A no-primary antibody control slide was used to determine 

nonspecific immunoreactivity associated with the secondary antibodies. Tissue slides across 

all cases for each antibody were performed simultaneously to avoid day-to-day variability 

and were also not counterstained to permit accurate interpretation of the staining patterns. 

Commercial blocking peptides for phosphorylated Y118 (pY118) and pS126 paxillin were 

used to demonstrate specificity of the immunostaining. For the blocking peptides, brain 

tissue was incubated with antibody and 100-fold molar excess of either specific blocking 

peptides or nonspecific blocking peptides. Immunoreactivity on the tissue slides were 

visualized with Nova-Red chromogen (Vector Laboratories), dehydrated and mounted with 

Permount (Fisher, Pittsburgh, PA).

Confocal microscopy was performed as previously described except secondary antibodies 

were conjugated to Alexa Fluor-488 and –568. Triple labeling was performed by incubation 

with the far-red fluorescent nucleic stain TO-PRO-3 (Invitrogen, Carlsbad, CA). Pyramidal 

neurons in human brain are known to contain elevated levels of lipofuscin granules typically 

localized within the soma, which exhibit significant autofluorescence at longer wavelengths. 

Therefore, to minimize the contribution of autofluorescence to laser scanning confocal 

microscopy signals, secondary antibodies conjugated to Alexa Fluor –488 were used for 

Hic-5 or paxillin while Alexa Fluor –568 were used for colocalization with well-

characterized markers for AD pathology.

Immunoprecipitation

Fresh frozen hippocampi from control and AD subjects were homogenized in 5 volumes of 

cold lysis buffer (50 mM Tris HCL pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium 

deoxycholate-stage, 0.1% SDS, protease (Sigma) and phosphatase (Calbiochem) inhibitors 

in a glass-Teflon homogenizer (500 rpm, 10 strokes). 100 µl of total homogenate from 

control and AD subjects were pre-incubated with 4 µl primary antibodies for 2 hours. The 
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tissue lysate was then mixed with Protein G Magnetic Microbeads for 30 minutes. To 

activate the µMACS columns (Miltenyi Biotec, Auburn, CA), 200 µl of lysis buffer was 

added before the immunoprecipitates were captured using the magnetic field. After the 

tissue lysate flowed through the columns, they were washed 4× 200 µl lysate buffer, 1× 200 

µl high salt buffer (500 mM NaCl, 1% NP-40, 50 mM Tris HCL pH 8.0, and 1× 200 µl low 

salt buffer (20 mM Tris HCL pH 7.5). To elute the bound complexes, 20 µl of pre-heated 

(95°C) 1× sample buffer (200 mM Tris HCL 6.8, 0.2% SDS, 10% glycerol, 0.01% 

bromphenol blue) was added to the column for 5 minutes. 80 µl of 1× sample buffer was 

then added and the flow-through was saved. To control for nonspecific binding of protein to 

µMACS columns, control or AD tissue lysates were combined with Microbeads without 

prior incubation with primary antibodies and monitored proteins that eluted from the 

column.

Rank Order and Statistical Analysis

The rank “intensity” order test was used as a non-parametric statistical method (49). The 

intensity of protein expression was ranked from lowest to highest based on blinded 

qualitative observations and assigning values of 1 to 15. The rank “intensity” order was then 

divided into groups based on the unblinded clinical information. The Mann-Whitney (U) test 

was used when comparing intensity differences in control vs. AD subjects; the Kruskal-

Wallis (ANOVA) test was used when comparing control (Braak stage 0-I), Braak stage II-III 

and Braak stage V-VI subjects (GraphPad Prism 4.0a).

RESULTS

Immunoblot Analysis for Hic-5 and Paxillin

Immunoblot analysis of cell extracts from cultured prostate stromal cells (WPMY-1) and 

mouse embryonic fibroblast cells (MEF) known to express either Hic-5 (WPMY-1) or 

paxillin (MEF) were used to demonstrate specificity of each antibody. Small interfering 

RNA to Hic-5 or genetic ablation of the paxillin gene in cultured cells demonstrated specific 

immunoreactive bands of the appropriate molecular mass for each antibody (Supplemental 

Fig. 1). Also included in each gel are the TX-100-soluble (100,000-g) and -insoluble tissue 

extracts prepared from control and AD hippocampus. A non-specific lower molecular 

weight band was detected by many of the anti-paxillin antibodies but specific bands of the 

appropriate mass were observed in control and AD brain extracts.

Both TX-100-soluble and -insoluble fractions of control and AD hippocampi revealed a 

specific Hic-5+ band of the appropriate MW (Fig. 1). Hic-5 levels in the TX-100-soluble 

fraction trended to decrease (p < 0.087) in Braak stage II-II and Braak stage V-VI compared 

to control subjects (Fig. 1A, C). Hic-5 protein levels in the TX-100-insoluble fraction were 

significantly decreased (p < 0.012) in Braak stage II-II compared to control and Braak stage 

V-VI AD subjects (Fig. 1B, D). Paxillin was present in the TX-100-soluble fractions in all 

cases but we did not detect any overall changes in AD compared to controls (data not 

shown).
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Hic-5 and Paxillin Distribution in the Hippocampus

Classical plaques are composed of a heterogeneous population of extracellular Aβ deposits, 

dystrophic neurites, NFTs, activated astrocytes and microglia (42, 43). Therefore, double-

label confocal microscopy with markers specific to plaques (β-amyloid), NFTs (AT8), 

activated astrocytes (glial fibrillary acidic protein [GFAP]) and microglia (CD68) were used 

to determine the localization of Hic-5 and paxillin in AD brains. In control and AD 

hippocampi, Hic-5 immunoreactivity was observed predominately in cell bodies of 

pyramidal neurons throughout the stratum pyramidale layer (Fig. 2A), in dentate gyrus 

neurons and round cells of the stratum oriens layer (data not shown). Hic-5 was occasionally 

detected within pyramidal neuron nuclei in both AD and control hippocampi. Hic-5 

immunoreactivity in astrocytes was not observed in controls. By rank order analysis, Hic-5 

immunoreactivity was determined to be significantly greater in CA1 pyramidal neurons in 

AD vs. control subjects (Fig. 2B, C). This observation contradicts in vitro studies in which 

Hic-5 was found to be predominantly in the nucleus. We also detected Hic-5 in endothelial 

and smooth muscle cell nuclei of surrounding arteries and large capillaries (data not shown).

By double-label confocal microscopy with markers specific to β-amyloid plaques, NFTs, 

activated astrocytes and microglia Hic-5 immunofluorescence was observed within 

pyramidal neuron neurites, cell bodies and nuclei throughout AD hippocampi (Fig. 3). 

Hic-5+ pyramidal neurons were also adjacent to β-amyloid-containing plaques (Fig. 3a–c); it 

was also detected in beaded neuritic processes throughout the hippocampi and in a subset of 

plaques (Fig. 3a, j). A majority of AT8+ NFTs including those adjacent to plaques were 

Hic-5+ (Fig. 3d–i). Colocalization of Hic-5 in AT8+ NFTs was evident in perinuclear 

regions or limited to large processes proximal to the cell body (Fig. 3d–i). AT8+ neuropil 

threads were negative for Hic-5 and it was not observed in extracellular ghost tangles (Fig. 

3d–i). Hic-5 was often seen within plaque cores (Fig. 3a–c); it was not localized to GFAP+ 

astrocytes (not shown) but there was some colocalization with CD68 in microglia (Fig. 3j–l).

By light microscopy, paxillin was predominately located to the outer white matter closest to 

the lateral ventricle and the stratum lacunosum in control hippocampi (Fig. 4Aa, b). Paxillin 

was detected in the nucleus and cytoplasm of reactive astrocytes and neuropil within the 

hilus/CA4 region of all cases and was also present in astrocytes within hippocampal 

subfields in AD cases (Fig. 4Ac, d). At higher-power magnification, paxillin was observed 

in focal nuclear granules of CA1 pyramidal neurons in controls; these were present to a 

lesser degree in AD (Fig. 4Ae, f). By rank order analysis there was a statistically significant 

increase in paxillin immunoreactivity in AD (Fig. 4B), but this difference did not reach 

statistical significance when the AD subjects were separately categorized to Braak stages 

(data not shown). We also detected paxillin in nuclei of choroid plexus cells in control 

subjects, with loss of nuclear immunostaining in AD (Supplemental Fig. 2). Therefore, 

paxillin immunoreactivity is elevated in reactive astrocytes and decreased in the nuclei of 

CA1 pyramidal neurons and choroid plexus cells in AD.

To define cell types expressing paxillin and any association with AD pathology, we 

performed double-label confocal microscopy. Paxillin was elevated in cells containing 

numerous processes surrounding and penetrating β-amyloid-containing plaques in AD (Fig. 

5a–c). These cells colocalized with GFAP (Fig. 5d–f), consistent with observations by light 
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microscopy (Fig. 4A). Colocalization of paxillin and GFAP was not evenly distributed and 

appeared in discrete locations within the glial processes (Fig. 5f). Paxillin was not detected 

in AT8+ NFTs (Fig. 5g–i).

Distribution of Activated Paxillin in AD

To identify cell types that exhibit activated paxillin (i.e. pY31 and pY118), we performed 

light and confocal microscopy. In control subjects, pY31 paxillin immunoreactivity was 

distributed throughout the soma, processes and in nuclei of hippocampal pyramidal neurons 

(Fig. 6Aa). In AD, pY31 paxillin was observed in the cytoplasm and as punctate structures 

within the soma, with comparatively lower levels in neuronal nuclei (Fig. 6Ab). pY31 

paxillin immunoreactivity was observed in both Hirano bodies and plaques (Fig. 6Ac, d). By 

confocal microscopy, pY31 paxillin was observed in pyramidal neurons and colocalized 

with AT8 in soma and neuritic processes (Fig. 6Ba–f). Within plaques, pY31 paxillin was 

present in both AT8+ and -negative neuritic processes (Fig. 6Bd–f).

Paxillin pY118 immunoreactivity was predominately located in the nuclei of hippocampal 

pyramidal neurons in control subjects (Fig. 7Aa). In AD, pY118 paxillin immunoreactivity 

was decreased within nuclei and present in granulovacuolar degeneration (GVD) bodies 

(Fig. 7Ab). The specificity of the pY118 paxillin immunoreactivity was confirmed using 

phosphorylated and non-phosphorylated blocking peptides (Fig. 7Ac, d). By confocal 

microscopy, pY118 paxillin was observed in AT8+ NFTs and plaques but not in neuritic 

threads (Fig. 7B). Abundant pY118 paxillin was observed within nuclei of neuronal and 

non-neuronal cells (Fig. 7B).

We next examined phosphorylation of serine residues in paxillin within control and AD 

brain. Phosphorylation of serine residues is regulated by the JNK pathway and modulates 

cell migration. Immunoreactivity for paxillin phosphorylated on serine residue 126 (pS126) 

was detected in the somata and nuclei of neurons throughout the hippocampi of control 

subjects (Fig. 8A). Within AD hippocampi, pS126 paxillin was detected in structures 

resembling GVD bodies in the cytoplasm of CA1 pyramidal neurons (Fig. 8Ab). The 

specificity of the pS126 paxillin antibody was confirmed using phosphorylated and non-

phosphorylated blocking peptides (Fig. 8Ac, d). By confocal microscopy, pS126 paxillin 

was observed in pyramidal neurons and it was colocalized with AT8+ soma (Fig. 8Ba–c); it 

was largely absent from AT8+ neuritic processes within plaques (Fig. 8Bd–f). 

Phosphorylated serine 178 (pS178) paxillin immunoreactivity was similarly detected in 

neuronal somata and nuclei throughout the hippocampi of control subjects; it was absent 

from the nuclei and was located in GVD bodies in AD (Fig. 9A). pS178 paxillin was 

observed in neuronal processes, GVD bodies and NFTs but not AT8+ neuritic threads (Fig. 

9B).

Finally, we examined whether Hic-5 and paxillin are associated with phosphorylated tau 

(pTau) using a co-immunoprecipitation assay. pTau was contained within 

immunoprecipitates of Hic-5, paxillin or activated isoforms of paxillin (i.e. pY31, pY118) in 

AD but not control subjects (Fig. 10). Thus, Hic-5, paxillin and at least 2 phosphorylated 

isoforms of paxillin are stably associated with pTau in AD brain.

Caltagarone et al. Page 7

J Neuropathol Exp Neurol. Author manuscript; available in PMC 2011 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DISCUSSION

We postulated that the focal adhesion proteins paxillin and Hic-5 (which regulate integrin 

signaling in AD) may exhibit altered activation and subcellular distribution and that this 

might modulate neuronal function and contribute to its pathogenesis. Immunoblot analysis 

demonstrated Hic-5 and paxillin expression in human hippocampus, but failed to show 

significant alterations in detergent extracts from whole tissue; however, there were reduced 

Hic-5 levels in membrane fractions in Braak II-III AD subjects. By IHC, Hic-5 was 

predominately expressed in neurons within hippocampi and localized to NFTs in AD. 

Paxillin was detected in reactive astrocytes and CA1 pyramidal neurons, whereas 

phosphorylated isoforms of paxillin were observed in pyramidal neurons and NFTs 

throughout the AD hippocampi. Activated paxillin was also detected in NFTs and GVD 

bodies in AD hippocampi. These data suggest that the scaffolding proteins which link 

various intracellular signaling pathways to the ECM are altered in AD, possibly early in the 

disease.

Our data provide the first characterization of Hic-5 and paxillin expression and distribution 

in the human brain. Hic-5 is expressed predominantly in pyramidal neurons of human 

hippocampus. To date, the only known function of Hic-5 in neurons is its regulation of 

surface levels of DAT in rat midbrain neuronal cultures and inhibition of dopamine uptake 

(39). Within the midbrain a direct interaction between Hic-5 and DAT might be responsible 

for this effect. Our observation that Hic-5 protein levels are significantly elevated within the 

cytoplasm of CA1 pyramidal neurons in AD suggests that it may function similarly in 

sequestering cell surface receptors or transporters away from the plasma membrane to alter 

function and intracellular signaling. A recent study analyzed the expression and localization 

of dopamine receptor (DR1–5) subtypes in control vs. AD brain indicating that the 

dopaminergic system is altered in AD (52). Whether Hic-5 plays any role in regulating these 

dopamine receptor subtypes or other neuronal cell surface receptors during AD is not known 

at present.

Hic-5 was predominantly located within the cell body of pyramidal neurons and excluded 

from the nucleus in most cells in both control and AD hippocampi. Hic-5 was observed in 

the nuclei of a subset of CA1 pyramidal neurons and non-neuronal cells in AD subjects and 

it colocalized with pTau in NFTs. Hic-5 was also observed in the core of many amyloid 

plaques. Both oxidative stress and TGFβ are known regulators of Hic-5 expression and 

subcellular distribution but further studies are required to determine the potential role of 

oxidative stress in modulating Hic-5 distribution in the brain.

Paxillin was observed to be expressed predominantly in activated astrocytes throughout the 

hippocampi and elevated in AD subjects. Previous studies have not detected paxillin in 

astrocytes but rodent models of brain trauma exhibit increased paxillin only in reactive glia 

of the white matter, suggesting that initial glial reactions to trauma generate new “focal 

contacts” requiring GFAP and paxillin (53). Thus, it is possible that colocalization of 

paxillin in GFAP+ astrocytes reflects the generation of new focal adhesions required for 

astrocytic motility and activation in AD. Interestingly, paxillin was detected in focal 

granules in the nucleus of both CA1 pyramidal neurons and cells of the choroid plexus in 
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controls whereas paxillin immunoreactivity in the nucleus was decreased in AD subjects. 

While alterations in CA1 pyramidal neurons have been extensively observed in various 

neurodegenerative disorders and trauma, only more recent studies have observed alterations 

in the structure and function of the choroid plexus in AD (54–58). The choroid plexus is 

known to undergo morphological alterations in late stage AD (55, 56) and it has also been 

postulated that it may be responsible for removing Aβ from the cerebrospinal fluid (59). 

Changes in the localization of paxillin out of focal nuclear granules and the nucleus in both 

CA1 neurons and choroid plexus cells might reflect activation of key regulatory signaling 

pathways in AD.

Paxillin is phosphorylated on tyrosine residues Y31 and Y118 sites upon the initial 

activation of ECM-integrin signaling and the formation of intracellular focal adhesion sites. 

In cultured neurons, paxillin is also rapidly phosphorylated on tyrosine residues in the 

presence of fibrillar β-amyloid (1). Phosphorylation of paxillin on serine residues S126 and 

S178 is regulated by JNK signaling pathways (29–31, 60). We observed all phosphorylated 

isoforms of paxillin in the nucleus, soma and processes of pyramidal neurons in control 

subjects whereas the nuclear localization of all phosphorylated paxillin examined was 

reduced in AD. pY31 was rarely detected in NFTs, but pY118 was detected not only in NTS 

but also in GVD bodies with the soma of pyramidal neurons. The differences in staining of 

these 2 phosphorylated paxillin isoforms may reflect activation of distinct signaling 

pathways in AD. Both pS126 and pS178 were present in GVDs and NFTs in AD 

hippocampus, with highest levels in CA1. These results suggest that paxillin 

phosphorylation occurs during AD and that paxillin protein is re-distributed to intracellular 

protein aggregates and NFTs upon phosphorylation. We also noted the presence of 

phosphorylated paxillin in nuclei of non-neuronal cells.

We demonstrated an association between Hic-5, paxillin, pY31 and pY118 paxillin with 

phosphorylated tau in AD brains by co-immunoprecipitation assays using tissue lysates. 

These results suggest that paxillin and Hic-5 may modulate tau phosphorylation or associate 

with hyperphosphorylated tau in vivo. Further studies are required to determine whether the 

interactions between Hic-5, paxillin and tau occur prior to the formation of cytoplasmic 

aggregates or result only after the accumulation of proteins within aggregates and tangles. 

Our data suggest that altered Hic-5 and paxillin distribution in AD hippocampi occurred 

concurrent with tau and amyloid pathology but not prior to the accumulation of typical AD 

neuropathology. Biochemical data supporting direct interactions of pS126 and pS178 

paxillin with tau awaits future studies.

The localization of phosphorylated paxillin within nuclei is a novel finding that warrants 

further investigation. Interestingly, there was decreased paxillin in CA1 pyramidal neuron 

nuclei and in choroid plexus cells in AD. The role of paxillin in the nucleus is poorly 

understood although it can function as a co-activator of gene expression and can bind 

poly(A) binding proteins to facilitate mRNA transport from the nucleus (35, 37). It is 

possible that phosphorylated paxillin may also regulate gene expression or mRNA 

trafficking in the hippocampus.
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We note that antibodies to non-phosphorylated paxillin predominantly detected glial cells 

while antibodies to activated isoforms of paxillin predominantly labeled neurons and nuclei 

of non-neuronal cells. The basis for this difference may reflect the differential state of 

paxillin phosphorylation in neurons and glia. Prior in vitro models demonstrated that 

activation of astrocytes generated a loss of paxillin phosphorylation on tyrosine residues 

(61). This may result in the loss of immunoreactivity to activated astrocytes with antibodies 

to phosphorylated forms of paxillin.

In summary, our results provide novel insights into the distribution and activation state of 

focal adhesion proteins in AD, suggesting that altered signals from the ECM may modulate 

neuronal function, motility and survival in neurodegenerative diseases. Future studies will 

examine the functional role of these focal adhesion proteins in β-amyloid induced cell death 

as well as potential therapeutic targets for AD, and determine the function of Hic-5 and 

paxillin within neuronal nuclei.
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Figure 1. 
Immunoblot analysis for Hic-5 protein in TX-100-soluble and -insoluble fractions Fresh 

frozen hippocampi from 5 non-neurologic disease controls and 10 Alzheimer disease (AD) 

subjects were homogenized to generate TX-100-soluble (A) and -insoluble (B) fractions. 

Equal amounts of protein were loaded in gel lanes and Braak stages are indicated above the 

lanes. Antibody to actin was used as a loading control. Lanes 1 to 5 are from early-stage 

AD, lanes 6 to 10 are from control subjects and lanes 11 to 15 are from late-stage AD 

subjects. Quantitative measurements for each lane were normalized to actin and the highest 
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value was arbitrarily set to 1. Hippocampal Hic-5 protein levels across the 3 Braak stage 

groups in TX-100-soluble fraction (C) and -insoluble (D) fractions are shown. C, p < 0.087; 

D, p < 0.012 for Braak stage II-III.
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Figure 2. 
Hic-5 localization and relative expression in the CA3 and CA1 subfields (A) Hic-5 

immunoreactivity in CA3 pyramidal neurons in control and AD subjects (a–c). Hic-5 

immunoreactivity in CA1 pyramidal neurons in control and AD subjects (d–f). Scale bar = 

50 µm for all panels. (B) Mann-Whitney test comparing Hic-5 immunoreactivity in control 

vs. AD subjects. (C) Kruskal-Wallis test comparing Hic-5 immunoreactivity across all 3 

Braak stage groups.

Caltagarone et al. Page 16

J Neuropathol Exp Neurol. Author manuscript; available in PMC 2011 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Hic-5 distribution in Alzheimer disease (AD) hippocampi. Confocal microscopy with Hic-5 

(green), nuclei (blue) and β-amyloid, pTau (AT8), or microglia (CD68) (red). Hic-5 was 

localized to pyramidal neurons, their processes and cores within β-amyloid+ plaques (a–c). 

Arrow in (a) indicates a beaded process that projects through the plaque in (c). Hic-5 was 

not contained in neuritic plaque components labeled by AT8 (d–f) but a subset of AT8+ 

neurofibrillary tangles (NFTs) within pyramidal neurons contain Hic-5 (d–i). Arrow in (g) 
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indicates Hic-5 in a pyramidal neuron that lacks NFTs (g–i). Hic-5 was also located in 

nuclei of CD68+ microglia within plaques (j–l). Scale bars = 50 µm for all panels.
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Figure 4. 
Paxillin expression in control and Alzheimer disease (AD) hippocampi. (A) Low-power 

magnification reveals paxillin immunoreactivity in the alveus/white matter (WM) tracts and 

the stratum lacunosum (SL) layer in both control (a) and AD (b) subjects. In the hilus/CA4 

of control subjects, paxillin is localized to reactive astrocytes and neuropil (c). AD 

hippocampus exhibits elevated paxillin immunoreactivity in reactive astrocytes throughout 

the hippocampus and within plaques (d). Higher power magnification of CA1 pyramidal 

neurons reveals punctate nuclear paxillin distribution in control (e) but not AD (f). Scale 
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bars: a, b = 500 µm; c = 100 µm; d = 50 µm; e, f = 25 µm. (B) Mann Whitney statistical test 

comparing paxillin levels in control vs. AD subjects.
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Figure 5. 
Paxillin localization in Alzheimer disease (AD). Confocal microscopy of an AD 

hippocampus with paxillin (green), nuclei (blue) and β-amyloid, reactive astrocytes (glial 

fibrillary acidic protein [GFAP]), and pTau (AT8) (red). Paxillin is detected in reactive 

astrocytes and numerous processes that surround and penetrate β-amyloid+ plaques 

throughout the AD hippocampus (a–c). Paxillin immunofluorescence is observed in the 

majority of GFAP+ astrocytes surrounding plaques (d–f). Paxillin was not detected in AT8+ 

neurofibrillary tangles or nuclei (g–i). Scale bars = 50 µm for all panels.
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Figure 6. 
Phosphorylated Y31 (pY31) paxillin in control and Alzheimer disease (AD) hippocampi. 

(A) pY31 paxillin is located in pyramidal neurons in control and AD hippocampi but with 

no nuclear staining in AD (a, b). pY31 paxillin is localized in Hirano bodies (HB) (c) and 

plaques (d). (B) Confocal microscopy for pY31 paxillin (green), nuclei (blue) and AT8- 

labeled phosphorylated Tau (pTau) (red). pY31 paxillin is colocalized in AT8+ pyramidal 

neurons in both neurofibrillary tangles and neuritic processes in AD (a–f). Scale bars: A, B 
= 50 µm.
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Figure 7. 
Phosphorylated Y118 (pY118) paxillin in control and Alzheimer disease (AD) hippocampi. 

(A) CA1 pyramidal neurons exhibit nuclear pY118 in control and pY118 in granulovacuolar 

(GVD) bodies in AD. Insets are high power magnifications of CA1 pyramidal neurons. (b) 

Arrows in inset indicate GVD bodies. pY118 paxillin phospho-specific and nonspecific 

peptide blocking controls demonstrate antibody specificity (c, d). (B) Confocal microscopy 

for pY118 paxillin (green), nuclei (blue) and AT8 labeled phosphorylated Tau (pTau) (red). 

pY118 paxillin is colocalized in the majority of AT8+ pyramidal neurons in both 
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neurofibrillary tangles (NFTs) and processes within plaques (a–f). Note the extensive 

colocalization of pY118 paxillin in nuclei of neuronal and non-neuronal cells. Scale bars: A 
= 50 µm for a and b; 500 µm for c and d; B = 50 µm for all panels.
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Figure 8. 
Phosphorylated S126 (pS126) paxillin in control and Alzheimer disease (AD) hippocampi. 

(A) CA1 pyramidal neurons in AD hippocampus contain pS126 paxillin in granulovacuolar 

degeneration (GVD) bodies and reduced nuclear pS126 paxillin compared to controls. Insets 

are high power magnifications of pS126 paxillin in CA1 pyramidal neurons (a, b). pS126 

paxillin phospho-specific and nonspecific peptide blocking controls demonstrate antibody 

specificity (c, d). (B) Confocal microscopy for pS126 paxillin (green), nuclei (blue) and 

AT8 labeled phosphorylated Tau (red). pS126 paxillin colocalized to AT8+ neurofibrillary 
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tangles (a–f). Scale bars: A = 50 µm for a and b; 500 µm for c and d; B = 50 µm for all 

panels.
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Figure 9. 
Phosphorylated S178 (pS178) paxillin in the control and Alzheimer disease (AD) 

hippocampi. (A) pS178 paxillin in control and AD hippocampus. CA1 pyramidal neurons in 

AD hippocampus exhibit reduced pS178 paxillin in the nucleus and immunoreactivity in 

GVD bodies. Insets are high power magnification of pS178 paxillin immunoreactivity in 

CA1 pyramidal neurons. (B) Triple label confocal microscopy with pS178 paxillin (green), 

nucleus (blue) and AT8 labeled pTau (red). pS178 paxillin immunofluorescence colocalized 

in a majority of AT8 positive NFTs in pyramidal neurons. Scale bar: 50 µm for all panels.
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Figure 10. 
Co-immunoprecipitation assays. Fresh frozen hippocampi from Alzheimer disease (AD) 

(lanes 1–5) and non-neurologic disease control (lanes 6–10) cases were used for 

immunoprecipitation studies. Equal amounts of protein from each total homogenate were 

immunoprecipitated (IP) with antibodies listed above each gel lane. Lanes 1 and 6 (–AB): no 

primary antibody control. Lanes 2 and 7 (Hic): Hic-5 antibody. Lanes 3 and 8 (Pax): 

paxillin. Lanes 4 and 9 (Y31): pY31 paxillin. Lanes 5 and 10 (Y118): pY118 paxillin. 

Eluted proteins were loaded in gel lanes and the resulting blot immunolabeled for 

phosphorylated tau (pTau) using AT8 antibody.
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Table 2

Antibodies

Antibody/
Antigen

Host Species,
Dilution

Source Specificity*

Hic-5/ARA55 Rabbit 1:300 GenWay
SanDiego, CA

Hic-5 cell adhesion
redox sensitive

Paxillin Rabbit 1:300 Epitomics
Burlingame, CA

Paxillin, cell adhesion

pY31 Paxillin Rabbit 1:300 Epitomics Modification during
FA formation

pY116 Paxillin Rabbit 1:100 Biosource
Camarillo, CA

Modification during FA
formation by Crk/Src and
FAK after integrin activation

pS126 Paxillin Rabbit 1:100 Biosource Modified after Raf
stimulation in GSK3 pathway

pS178 Paxillin Rabbit 1:100 Biosource Modified by cdc2 kinase
during mitosis, JNK during
cell migration

β-Amyloid Mouse 1:300 Dako
Carpinteria, CA

Plaques

AT8 Mouse 1:300 Pierce
Rockford, IL

Hyperphosphorylated tau

GFAP Mouse 1:1000 Dako Activated astrocytes

CD68 Mouse 1:100 Dako Mature and immature
Microglia

TO-PRO-3    1:300 Invitrogen
Carlsbad, CA

Nuclei

*
As reported on the company data information sheet. FA = focal adhesion.
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