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Abstract

This postmortem immunohistochemical study examined the localization and distribution of

ubiquilin-1 (UBL), a shuttle protein which interacts with ubiquitin and the proteasome, in the

hippocampus from Alzheimer’s disease (AD) dementia cases, and age-matched cases without

dementia. Cases were stratified neuropathologically based on Braak staging for neurofibrillary

tangles (NFT); cases without dementia were Braak stages 0-I-II (n=5), and AD cases were either

Braak stages III–IV (n=7) or V–VI (n=11). In Braak stage 0-I-II cases, UBL immunoreactivity

was detected in a dense fiber network in the neuropil, and in the cell cytoplasm and nucleoplasm

of pyramidal neurons in CA fields and dentate gyrus granular neurons. In Braak stages III–IV and

V–VI cases, UBL immunoreactivity was reduced in the neuropil and in the cytoplasm of the

majority of CA1 neurons. In contrast, some CA1 pyramidal neurons and the majority of CA2/3

pyramidal, CA4 multipolar, and dentate granular neurons in Braak III–IV and Braak V–VI cases

had markedly increased UBL immunoreactivity in the nucleoplasm. Dual immunofluorescence

analysis of UBL and antibody clone AT8 revealed co-localization most frequently in CA1

pyramidal neurons in the Braak stage III–IV and V–VI cases. Further processing using the pan-

amyloid marker X-34 revealed prominent UBL/X-34 dual labeling of extracellular NFT confined

to the CA1/subiculum in the Braak stage V–VI cases. Our results demonstrate that in AD

hippocampus, early NFT changes are associated with neuronal up-regulation of UBL in

nucleoplasm, or its translocation from the cytoplasm to the nucleus. The perseverance of UBL
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changes in CA2/3. CA4, and DG, generally considered as more resistant to NFT pathology, but

not in the CA1, may mark a compensatory, potentially protective response to increased tau

phosphorylation in hippocampal neurons; the failure of such a response may contribute to

neuronal degeneration in end-stage AD.
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Introduction

The ubiquitin (Ub)–proteasome system is the major non-lysosomal proteolytic pathway in

eukaryotes.1 Ubiquilin-1 (also referred to as “protein linking integrin-associated protein to

cytoskeleton 1”, or Plic-1) is a Ub-like (UBL) protein with functional domains on its N-

terminus (UB) and C-terminus (Ub-associated; UBA). Ubiquilin interacts with

polyubiquitylated proteins through its UBA domain and with two subunits of the 19S

proteasome through the UB domain.2 UBL protein is observed in neurofibrillary tangles

(NFT) in Alzheimer’s disease (AD) brains3, facilitates presenilin synthesis3, and modulates

amyloid precursor protein trafficking and amyloid-beta (Aβ) secretion.4 Previous studies

reported that early in AD, UBL-1 protein levels decrease in the frontal cortex5; the status of

UBL-1 protein levels in the hippocampus in patients with varying degrees of NFT pathology

is unknown. In this study, we used immunohistochemical techniques to examine localization

and alterations in UBL-1 protein in the hippocampus from cases at different stages of NFT

pathology as classified by Braak and Braak (1991)6. Multiple-label immunofluorescent

microscopy analyses examined the relationship of UBL with early and late NFT changes.

We hypothesized that changes in UBL-1 immunoreactivity intensity and/or cell type

distribution are associated with the development and progression of NFT in AD

hippocampus.

Methods

Hippocampal tissue was obtained postmortem from 23 cases: 18 with a clinical diagnosis of

probable AD and five age-matched cognitively intact cases without AD pathology or with

NFT confined to the entorhinal cortex. Clinical diagnosis of AD was based on a

standardized ADRC evaluation at a Consensus Conference, utilizing DSM-IV7 and

NINCDS/ADRDA8 criteria. Demographic and neuropathology data are presented in Table

1. Neuropathological diagnosis was determined by a certified neuropathologist using

CERAD9 and NIA-Reagan Consensus criteria10 (Table 1). All cases in the study were

classified into stages 0 to VI according to Braak and Braak6 (Table 1). One case (Braak

stage IV) had a family history of AD.

Brain tissue was processed according to previously described procedures.11,12 Blocks from

the middle of the hippocampal body were cut in a coronal plane and placed in 0.1 M sodium

phosphate buffer (PB, pH = 7.4) containing 4% paraformaldehyde for 48 h at 4°C and then

cryoprotected by immersion in 30% sucrose in PB for no longer than seven days. The tissue

was then frozen, sectioned at 40 μm, and processed for immunohistochemistry as previously
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described.11,12 Sections were immunolabeled using a rabbit polyclonal antibody against

ubiquilin 1 (U7258, Sigma, Lot# E0409, 1:1000), generated against an immunogen

corresponding to carboxy terminus amino acids 502–519 of human ubiquilin-1. This

antibody recognizes human ubiquilin-1 as a 62 kDa band on Western blot; this band is

eliminated when the antibody is pre-incubated with the immunizing peptide (Sigma,

manufacturer details). Furthermore, the immunoreactivity pattern observed using this

antibody closely mirrors the pattern observed in a previous investigation of UBL-1

expression in AD brain3, both in the pattern of subcellular localization (cytoplasm and

nucleoplasm; see below) and association with NFT (see below). Multiple labeling

immunofluorescence was performed as described previously13. Sections were incubated

overnight in a primary antibody cocktail consisting of rabbit anti-UBL (1:1,000; antibody

specifics described above) and mouse monoclonal antibody clone AT8 (1:2,000; epitope on

tau phosphorylated at Ser20214, Thermo Scientific, catalogue #MN1020, Lot #KK138691)

in 1% normal goat serum for 24 hours at 4°C. Indirect immunofluorescence was achieved

using a cocktail of goat anti-rabbit antisera conjugated to Alexa 488 (Molecular Probes,

catalogue #A-11034, Lot #93C1-1) and goat anti-mouse antisera conjugated to Alexa 594

(Molecular Probes, catalogue #A-11032, Lot #93C1-1), both diluted 1:250 in 1% normal

goat serum. Processed sections were mounted onto gelatin-coated slides and coverslipped

with Fluoromount (SouthernBiotech). Immunofluorescent signal was detected using an

Olympus BX53 upright microscope, the X-Cite 120Q excitation light source (Lumen

Dynamics), an Olympus DP72 digital camera, and CellSens Standard 1.6 image acquisition

software (Olympus). After initial analysis of UBL and AT8 immunofluorescence, slides

were decoverslipped by immersion in PB, counterstained with the pan-amyloid binding dye,

X-34, a highly fluorescent derivative of Congo red which detects NFT and Aβ plaques with

greater sensitivity than thioflavin-S,15,16 and coverslipped with Vectashield Hard Set

mounting medium with a DNA-specific fluorescent probe DAPI (Vector). Sections were

then reanalyzed; X-34 did not interfere with either immunofluorescent marker signal, and

was distinguished easily from the DAPI labeling of cell nuclei. Confirmation of fluorescence

co-labeling of the four fluorescent markers was achieved using an Olympus BX51 upright

microscope equipped with an Olympus DSU spinning disk confocal and motorized stage

controlled by both StereoInvestigator (Version 8.0, MBF Bioscience) and SlideBook 4.2

(Intelligent Imaging Innovations) software, using Lumen200Pro metal halide illumination

and a 60X 1.4 N.A. oil immersion objective. The four fluorescent markers were completely

dissociable by color (UBL, AT8, X-34/DAPI) and subcellular localization (X-34, DAPI).

Additional sections from each case were processed with cresyl violet to delineate the

cytoarchitectural boundaries of the hippocampus as defined by Duvernoy17. Two

independent evaluators determined intensity of the chromogen-based UBL

immunoreactivity qualitatively on a scale from 0 (no immunoreactivity) to ++++ (most

intense immunoreactivity, see Table 2). To reflect the variability in the immunoreactive

signal between neurons in CA1 region of the Braak stage III–IV group, two scores are

presented (Table 2). Quantification of chromogen-based UBL immunohistochemical optical

density was performed as described previously18 using Image J freeware. 19 Optical density

was measured in the cytoplasm and nucleoplasm of pyramidal neurons in the CA1 and

CA2/3 fields, and multipolar neurons in the CA4 field. Due to individual variation in overall

intensity of UBL-ir between cases in each Braak staged group, analyses are presented as the
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ratio of nucleoplasm-to-cytoplasm optical density values in the same sections/cases. Data

was compared using the Kruskal Wallis test with Dunn’s multiple comparison post hoc test,

and Spearman rank order correlation tests, as the data did not conform to the prerequisites

for parametric statistical testing. Significance values less than p = 0.01 (non-directional)

were considered statistically significant.

Results

There were no statistically significant differences in demographics between the three Braak

stage groups although the Braak stage 0-I-II (non-AD) group trended towards younger age

(p = 0.013 by Kruskal-Wallis, no differences were detected with Dunn’s multiple

comparison test). UBL immunoreactivity had distinct patterns in the three Braak stage

groups (described below), and localization was almost exclusively neuronal in all groups,

with only in 2/11 cases (one Braak stage VI, one Braak stage IV with family history of AD)

exhibiting UBL immunoreactivity in cells with the morphological appearance of microglia

and oligodendrocytes, and located throughout the gray and white matter, respectively (not

shown). In Braak stage 0-I-II cases (NFT absent or confined to the entorhinal cortex), UBL

immunoreactivity was observed in the neuropil in the stratum pyramidale of the Ammon’s

horn (CA) and molecular layer of the dentate gyrus (DG). UBL immunoreactivity was also

detected in neuronal soma, dendrites, and in the nucleoplasm in hippocampal neurons,

including pyramidal and multipolar neurons in the CA fields, and DG granular neurons. In

the majority of neurons, UBL immunoreactivity intensity was higher in the nucleoplasm

compared to the cytoplasm (Figure 1; Table 2). UBL immunoreactivity in the nucleoplasm

appeared punctuate/vesicular (Figure 1 inset a; Figure 4A) and was most prominent in the

CA2/3 field (Table 2).

In Braak stage III–IV cases (NFT involving the entorhinal cortex and hippocampus but not

neocortex), UBL immunoreactivity in the neuropil was reduced in the CA1 and CA2/3

regions, and was unchanged in the CA4 and DG, compared to Braak stage 0-I-II cases. The

majority of CA1 neurons exhibited reduced cytoplasmic and nucleoplasmic labeling,

however a subset of CA1 pyramidal neurons had prominent UBL immunoreactivity in the

nucleoplasm (Figure 1B). The intensity of UBL immunoreactivity in the nucleoplasm

increased markedly in the majority of CA2/3 pyramidal neurons, CA4 multipolar neurons,

and DG granular neurons (Figure 1E; 2 H,K; Table 2). We also observed UBL

immunoreactivity in fibers in the CA2/3 radiatum/moleculare and DG molecular layer in

three of the Braak stage III–IV cases (Braak III: 1; Braak IV: 2; not shown).

In Braak stage V–VI cases, UBL immunoreactivity was less intense in the CA1 field, both in

the neuropil and in pyramidal neurons, except those with the morphological appearance of

extracellular NFT (eNFT), where UBL immunoreactivity was prominent (Figure 1C. inset

c). In contrast, UBL immunoreactivity in neuropil and neuronal cytoplasm in CA2/3, CA4,

and dentate gyrus was similar to the pattern observed in Braak stage III–IV cases, albeit with

a less prominent increase in nucleoplasmic UBL immunoreactivity (Figure 1F,I,L; Table 2).

Analysis of UBL immunoreactivity optical density confirmed a significant increase (p <

0.0001) in the nucleoplasm/cytoplasm optical density ratio in the CA1 field from Braak
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stages 0-I-II compared to Braak stages III–IV (Figure 2; in Braak stages V–VI, small

numbers of UBL immunoreactive pyramidal cells remaining in the CA1 precluded optical

density analyses). The ratio was slightly, but non-significantly, elevated in the CA2/3 field

from Braak stage groups III–IV and V–VI when compared to Braak stage group 0-I-II, and a

similar trend was observed in the CA4 field (Figure 2). Optical density measurements in the

nucleoplasm and cytoplasm correlated directly across all Braak staged groups in CA2/3 as

well as in CA4, but did not correlate in the CA1 field (data not shown). We detected

statistically significant (Spearman r = 0.7, p = 0.01) correlation between more advanced age

and higher nucleoplasm/cytoplasm UBL immunoreactivity optical density ratio values in

CA1, but not CA2/3 or CA4.

The relationship between UBL protein and a marker of advanced stage NFT including

extracellular “ghost NFT” (X-34) or an antibody that also recognizes pre/early NFT (AT8)

was examined using multiple-label fluorescence confocal microscopy (Figures 3, 4). The

pattern of UBL immunofluorescence was consistent with our observations using the same

antibody and chromogen-based immunohistochemistry with light microscopy (Figure 3). In

multiple-labeled (UBL, AT8, DAPI, X-34) sections from Braak stage 0-I-II cases, we

observed pyramidal neurons with UBL-immunofluorescence in the cytoplasm and

nucleoplasm, the latter co-labeled with DAPI (Figure 3A–D). Braak 0-I-II cases had no AT8

or X-34 postitive NFT in the hippocampus, though sparse, scattered AT8

immunofluorescent neuritic elements were observed in the CA fields (Figure 3E–H). In

Braak staged III–IV and V–VI cases, we observed a complex pattern of UBL/AT8 or UBL/

X-34 co-localization in CA fields. Neurons with light cytoplasmic and prominent

nucleoplasmic UBL immunofluorescence co-localized AT8, but had little or no X-34,

(Figure 3I–L, M–P, M′–P′). The majority of UBL-immunofluorescent pyramidal neurons in

the CA2/3 region were AT8- and X34-negative, yet surrounded by numerous AT8-

immunofluorescent neurites (Figure 3I–L). Pyramidal neurons in CA1 and subiculum of

Braak staged V–VI cases had UBL immunofluorescence co-localized with X-34, and very

little or no AT8 immunofluorescence and no DAPI labeling, indicative of extracellular

‘ghost’ NFT (eNFT, Figure 3M–P, M″–P″). UBL immunoreactive neuritic elements were

also detected within X-34 labeled amyloid plaques in the CA1 and DG molecular layer (not

shown). A small number of AT8 positive neurons lacking UBL immunofluorescence were

observed in the CA1 region of Braak V–VI cases. The overall pattern of UBL/AT8/X-34

immunofluorescence in a representative Braak stage VI case is illustrated diagrammatically

in Figure 4.

Discussion and Conclusion

The present study investigated UBL immunoreactivity in the hippocampus from non-AD

and clinically-diagnosed AD cases stratified by Braak stages, in relation to markers of

primarily advanced stage NFT (the pan-amyloid marker X-34) and the antibody clone AT8

which also recognizes pre/early NFT. We report two novel findings: 1) with the emergence

of NFT in the hippocampus, UBL immunoreactivity in pyramidal neurons changes from

cytoplasmic/nuclear to predominantly nuclear localization and, in a subset of neurons, co-

localizes with phosphorylated tau and 2) prominent UBL immunoreactivity is present in a

subset of end-stage, extracellular NFT (eNFT) in the CA1/subiculum. Neurons in CA2-4
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fields and DG, generally spared from classic NFT pathology development in AD, exhibited

markedly increased UBL immunoreactivity in the nucleoplasm in Braak stages III–IV and

V–VI AD cases compared to the Braak 0-I-II group. The reason for this change is unknown,

but it may be influenced by age differences between Braak groups, since the Braak stage 0-

I-II (non-AD) group trended towards being younger than both the Braak stage III–IV and

Braak stage V–VI AD groups. Other factors, including nucleotide polymorphisms in the

ubiquilin gene, may contribute to the observed differences and warrant future clinical-

genetic-pathological studies. Genetic abnormalities in UBL-1 were reported to associate

with increased risk20 and age of onset and duration21 of AD, although this association was

not replicated in all studies.22 Because Braak staged groups represent a continuum, rather

than a stepwise progression, of NFT pathology, the large variability in UBL intensity ratios

in the Braak stage III–IV group, particularly in the CA1 region, is likely due to variability in

the extent of pathologic changes, and UBL expression, in individual pyramidal neurons.

The functional relevance of the changes in the subcellular localization of UBL, and their

association with different types of NFT, is unknown but it may reflect a response,

compensatory or dysregulatory, of the ubiquitin-proteosome system to increased cellular

stress due to accumulation of aggregated and heavily-phosphorylated proteins, especially

tau. Our observation of increased UBL immunoreactivity in X-34 positive eNFT is

particularly intriguing considering that ubiquitin, a major component of NFT’s paired helical

filaments in AD, 23,24 is largely absent from eNFT. 23, 25, 26 These changes may occur in

relation to ubiquitin-proteosome dysfunction or, alternatively, they may reflect altered

antigenic profiles of these proteins in eNFT.27 The observation of UBL immunoreactivity in

X-34 positive neuritic plaques in advanced Braak stages further suggests a relationship

between UBL and tau changes, and warrants further exploration. Furthermore, the source of

the fibers that comprise UBL immunoreactive dystrophic neurites, and the significance of

these changes in the pathogenesis of neuritic plaques, is unknown. Further investigation is

also warranted regarding the observation of UBL immunoreactive cells with the

morphological appearance of microglia and oligodendrocytes in the hippocampus of two AD

cases, especially when considering that one case had a family history of AD. Ubiquilin is

up-regulated in glial cells in some pathologic conditions including hypoxia,28 thus glial cells

could increase ubiquilin 1 expression due to cell stress induced by neurofibrillary pathology.

Alternatively, these observations may be indicative of differences in subjects’ agonal state.

In conclusion, these results demonstrate that in AD hippocampus, UBL immunoreactivity

increases in the neuronal nucleoplasm and is associated with region-specific neurofibrillary

changes. Up-regulation of UBL could contribute to pathology progression, or reflect a

compensatory response. Future studies examining the link between UBL and NFT as well as

other types of AD pathology are warranted.
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Fig. 1.
Photomicrographs showing ubiquilin (UBL) immunoreactivity in CA1 (A–C), CA2/3 (D–F), CA4 (G–I), and dentate gyrus (J–

L; molecular layer is on the right) hippocampal fields in cases representative of Braak stages 0-I-II (A,D,G,J), Braak stages III–

IV (B,E,H,K), and Braak stages V–VI (C,F,I,L) groups. In the CA1 field, representative UBL-ir pyramidal neurons (arrows) are

illustrated at a higher magnification in the insets (a–c). Scale bar = 50 μm (A–L); 20 μm (a–c).
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Fig. 2.
Box and whiskers graphs represent results from optical density measurements of ubiquilin-immunohistochemistry in the CA1,

CA2/3, and CA4 hippocampus fields in cases with Braak stages 0-I-II, III–IV, and V–VI. Due to high variability in the intensity

of UBL-immunoreactivity across cases, data were expressed as a ratio of the values obtained from the nucleoplasm and

cytoplasm. There were insufficient pyramidal neurons in CA1 hippocampus in Braak group staged V–VI to perform the

analysis. Box plots describe the following: whiskers, maximum and minimum values; line within box, median; upper and lower

limits of box, upper and lower quartiles.
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Fig. 3.
Multiple-label fluorescent microscopy analyses of associations between ubiquilin (UBL) and markers of NFT (antibody clone

AT8 and amyloid dye X-34). A–D: Confocal imaging of UBL immunofluorescence (A, green) in the nucleoplasm and

cytoplasm of a large pyramidal neuron in the CA1 region of the hippocampus from a Braak stage I case. The nucleoplasm is co-

labeled with the DNA binding compound 4′,6-diamidino-2-phenylindole (C, D, single arrowhead; DAPI). The nucleus of an

adjacent glial cell is also prominently DAPI-labeled but it lacks UBL immunoreactivity (C,D, double arrowhead). There are

only small amounts of AT8 immunofluorescence and X-34 histofluorescence in some neuritic processes, but not in neuronal cell

bodies (B,D). E–H: UBL immunofluorescence (E,G,H green) in the nucleoplasm and cytoplasm of neurons in the CA3 region of

the hippocampus from a Braak stage II case. AT8-immunofluorescence is scarce, restricted to neurites scattered in the neuropil

(F–H, red). UBL-immunofluorescent neurons exhibit prominent nuclear labeling with DAPI (H). No X-34 positive tangles are

present (H). I–L: UBL immunofluorescence (I,K,L, green) in the nucleoplasm and cytoplasm of neurons in the CA3 region of

the hippocampus from a Braak stage IV case. AT8-immunofluorescence is observed in neurites (J–L red) scattered in the

neuropil and in the cytoplasm of some pyramidal neurons (J, double arrowheads); these neurons are co-labeled with UBL in the

cytoplasm and nucleoplasm (K, double headed arrows). A UBL positive cell that lacks AT8 labeling is indicated by an arrow.

UBL and UBL/AT8 immunofluorescent neurons are co-labeled with DAPI but do not contain X-34 histofluorescence (L). M–P:

UBL immunofluorescence (M, O, P, green) in the CA1 region of the hippocampus from a Braak stage VI case, co-labeled with

AT8 (O), DAPI and X-34 (P, all four markers merged). UBL and AT8 co-localize in the cytoplasm of a subset of neurons which

contain UBL (and DAPI) positive nucleus but are devoid of X-34 signal (P; double arrows). UBL is detectable in a subset of

X-34 positive extracellular NFT (NFT lacking detectable nucleus) that exhibit little, if any, AT8 signal (M,O,P; arrows). AT8

positive intracellular NFT with no detectable UBL immunofluorescence are also detected (N–P; double asterisk). M′–P′:
Confocal microscopic image of UBL immunofluorescence in the cytoplasm and nucleoplasm (M′, green) of an AT8-positive

intracellular NFT with DAPI-confirmed nucleus (O′–P′) in the CA1. M″–P″: Confocal microscopic image of UBL

immunofluorescence (M″, green) in an extracellular NFT (devoid of DAPI signal) with prominent X-34 co-labeling (O″–P″)

and very little AT8 signal (N″) in the CA1. Scale bar = 7 μm (A–D), 40 μm (E–H), 30 μm (I–P), 14 μm (M′–P″).
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Fig. 4.
A. Sub-regional division of the hippocampus illustrated in a Nissl stained section. CA1, CA2, CA3, CA4 = Cornu Ammonis

fields 1–4; DG = dentate gyrus, SUB = subiculum. Scale bar = 200 μm. B. Schematic illustration of the pattern of ubiquilin,

AT8, and X-34 fluorescence in the hippocampus from a representative Braak stage VI case.

UBL + pyramidalUBL/AT8 + pre/early NFTAT8 + pre/early NFT

AT8/X-34 + NFTX-34 + extracellular NFTUBL/X-34 extracellular NFT

UBL + CA4 multipolar neuronUBL + granular neuronUBL + nucleus

AT8 + neuritesX-34 + NeuritesX-34 + amyloid plaque with X-34/UBL/AT8 + neurites
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Table 1

Case demographic data.

Demographic Braak stage
0-I-II

Braak stage
III–IV

Braak stage
V–VI

Number of cases

 (N) 3-1-1 3–4 4–7

1Age (years)

 Mean (SD) 61.4 (9) 78.5 (7.2) 75.2 (10.5)

 Range 48–71 68–90 63–91

CERAD diagnosis Not AD (5) Probable (7) Definite (11)

2NIA-Reagan diagnosis Low (5) Intermediate (7) High (11)

Brain weight (g)

 Mean (SD) 1120 (346.3) 1192 (161.7) 1110 (137.9)

 Range 690–1600 970–1350 930–1300

PMI (hours)

 Mean (SD) 5.8 (1.5) 6 (2.5) 6.5 (2.7)

 Range 4–8 2–9 2–17

Sex

 (Male) 1-0-1 2–3 1–2

Aβ deposits

 (Present) 0-0-1 3–4 4–7

3Co-neuropsychiatric

 (Present) 0-0-1 0-0 2–4

4Co-pathology

 (Present) 3-0-0 1–2 0–1

Race

 (White) 2-1-1 2–4 4–7

1
p = 0.013 (Kruskal-Wallis); p < 0.01 (Dunn’s multiple comparison test).

2
Likelyhood of Alzheimer’s disease

3
Braak stage 0-I-II: Frontotemporal dementia; Braak stage V–VI: abuse (V – indicates Braak stage), delusions (V, VI, VI), depression (V, VI) (all

separate).

4
Braak stage 0-I-II: Pick’s disease (0), Corticobasal degeneration (0), MND-inclusion dementia (0) (all separate); Braak stage III–IV: DLB mild

(III), DLB severe (IV, IV); Braak stage V–VI: DLB severe (VI).

Abbreviations: Aβ, amyloid-beta peptide; DLB, Lewy bodies; g, grams; MND, motor neuron disease; N, number of subjects; PMI, post mortem
interval; SD, standard deviation.
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