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Abstract

The mechanism by which Aβ causes neuronal dysfunction/death in Alzheimer’s disease is unclear.

Previously, we showed that Aβ inhibits several microtubule-dependent kinesin motors essential for

mitosis and also present in mature neurons. Here we show that inhibition of kinesin 5 (Eg5) by Aβ

blocks neuronal function by reducing transport of neurotrophin and neurotransmitter receptors to

the cell surface. Specifically, cell-surface NGF/NTR(p75) and NMDA receptors decline in cells

treated with Aβ or the Kin5 inhibitor monastrol, or expressing APP. Aβ and monastrol also inhibit

NGF-dependent neurite outgrowth from PC12 cells and glutamate-dependent Ca++ entry into

primary neurons. Like Aβ, monastrol inhibits long-term potentiation, a cellular model of NMDA-

dependent learning and memory, and Kin5 activity is absent from APP/PS transgenic mice brain

or neurons treated with Aβ. These data imply that cognitive deficits in AD may derive in part from

inhibition of neuronal Eg5 by Aβ, resulting in impaired neuronal function/survival through

receptor mis-localization. Preventing inhibition of Eg5 or other motors by Aβ may represent a

novel approach to Alzheimer’s disease therapy.
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1. Introduction

Genetic and biochemical studies have identified the Aβ peptide as playing a key role in the

pathogenesis of Alzheimer’s disease, but the mechanism by which Aβ and other AD-related

proteins, such as tau and apoE, cause neuronal degeneration is still being elucidated (Lee,

1996; Mandelkow and Mandelkow, 1998; Lee and Trojanowski, 2006; Hardy, 2009; Potter

and Wisniewski, 2012). For example, neuronal function depends critically on the correct

localization and function of neurotransmitter and neurotrophin receptors, which are

disrupted in AD, but the mechanism of this disruption is unknown (Tong et al., 2004;

Almeida et al., 2005; Snyder et al., 2005; Abisambra et al., 2010; Liu et al., 2010). Previous

findings suggested that receptor dysfunction may be linked to microtubule defects. For

example, APP over-expression or Aβ treatment disrupts the function and structure of the

cellular MT network, requires Tau for its pathogenic effects (Geller and Potter, 1999; Pigino

et al., 2001; Rapoport et al., 2002; Tezapsidis et al., 2003; Hamano et al., 2005; Roberson et

al., 2007; Liu et al., 2008; Boeras et al., 2008; Liu et al., 2009; Shah et al., 2009; Abisambra

et al., 2010; Granic et al., 2010 Borysov et al., 2011), and causes mis-localization of Low

Density in Lipoprotein Receptor (LDLR) in cultured neurons (Abisambra et al., 2010).

Furthermore, Aβ directly binds to and inhibits certain microtubule-dependent kinesin

motors, including Eg5/kinesin5/kif11 (Borysov et al., 2011), which are necessary for mitotic

spindle structure and function (Hsu et al., 1985; Mailes et al., 2004; Mazumdar et al., 2004;

Heard and Walsczak 1999; Walczak and Heard, 2008). For example, studies of Michaelis-

Menten kinetics revealed that Aβ competitively inhibits Eg5/kinesin 5, but has no effect on

the classic KH1 kinesin motor or on CENP-E (Borysov et al., 2011). Furthermore, Aβ

inhibits the binding of Eg5 to microtubules (Borysov et al., 2011). The fact that the several

Aβ-inhibited motors Eg5/kinesin5, Kif11 and MCAK are also present and functional in

mature neurons (Tekemura et al. 1996; Baas, 1998) and that Aβ expressed in transgenic

mice carrying human AD-causing mutant APP reduces the activity of kinesin 5/Eg5 in

mouse brain to undetectable levels (Borysov et al., 2011) suggested to us that MT motor

inhibition by Aβ might cause much of the neuronal dysfunction of AD by disrupting

microtubule-dependent movement of key cellular constituents. To test this hypothesis, we

asked whether Aβ inhibition of kinesin 5/Eg5 disrupts the localization of neurotrophin and

neurotransmitter receptors to the cell surface, leading to impaired neuronal function.

Specifically, cell surface levels of NGF/NTR(p75) and NMDA receptors were found to be

greatly reduced in cells treated with Aβ or expressing APP, or treated with monastol, a Eg5/

kinesin 5 inhibitor (Kapoor et al., 2000). Both Aβ and monastrol consequently inhibit NGF-

dependent neurite outgrowth from PC12 cells and reduce glutamate-dependent Ca++ entry

into primary neurons. Furthermore, Eg5/kinesin 5 activity is absent from primary neurons

treated with Aβ, as it is in APP/PS transgenic mice brain, as mentioned above (Borysov et

al., 2011). Finally, like Aβ, monastrol inhibits long-term potentiation, a cellular model of

NMDA-dependent learning and memory. These data imply that cognitive deficits in

Alzheimer’s disease may derive in part from inhibition of neuronal Eg5/kinesin 5 by Aβ,

resulting in impairment of neuronal function through neurotransmitter and neurotrophin

receptor mis-localization.
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2. Methods

2.1. Antibodies

The following primary antibodies were used: anti-NMDA NR1 (extracellular) antibody

(Alomone labs, 3μg/ml); anti-NMDAR2B (Millipore, 2μg/ml); anti-extracellular p75 (gift

from Dr. Moses Chao; Huber and Chao, 1995); anti-alpha tubulin, wheat germ agglutinin

conjugates (WGA, Invitrogen). Goat anti-rabbit AlexaFluor 488, 594, and goat anti-mouse

AlexaFluor 488 (Invitrogen, Molecular Probes) antibodies were diluted according to the

manufacturer for immunohistochemistry. WGA was conjugated with AlexaFluor 633. Anti-

human Eg5 was from Abcam (ab37009). CellMask plasma membrane stain (Invitrogen) was

also used.

2.2. Animals

Non-transgenic (NTG) mice were used for preparing primary neuron cultures. Day 18

pregnant mice were anesthesized with 0.1 mg/g Nembutal, and the whole brains of E18

embryos were immediately removed for processing. Primary neurons were obtained from

the cortex and hippocampus. Brain slices for electrophysiology were obtained from 18-day

NTG mice as described above. All animal studies were approved by the University of South

Florida’s Institutional Animal Care and Use Committee and abided by that Committee’s

Policies on Animal Care and Use in accordance with the Guide for the Care and Use of

Laboratory Animals, the Animal Welfare Regulations Title 9 Code of Federal Regulations

Subchapter A, “Animal Welfare”, Parts 1–3, and the Public Health Service Policy on

Humane Care and Use of Laboratory Animals.

2.3. Cell culture

H4 cells (ATCC) were cultured in Optimem, 10% FBS, 1% Penicillin/Streptomycin, H4APP

cells (from Todd Golde) were supplemented with additional 0.1% Hygromycin. PC12 cells

were plated at low density on collagen coated plastic in RPMI plus 1% horse serum and

NGF (50ng/ml). Neurites were noticeable at 1–3 days. Medium was changed 3x/wk.

Neurons were prepared as described in Padmanabhan et al (2006) with modifications.,

Timed pregnant C57/black mice were obtained from Harlan, the animals were anaesthetized

with pentobarbital, the embryos were dissected out, and their cortices and hippocampi

triturated in. The dissociated cortex was centrifuged and the cells resuspended in neurobasal

primary media (Invitrogen) with B27 supplement, Penicillin/streptomycin, and Lglutamine

(all Life technologies) and plated onto poly-L-lysine-coated (Sigma) culture plates.

Unattached cells were removed after 4 hours. The cells were replenished with ½ fresh media

every fourth day.

2.4. Aβ internalization

FITC-Aβ 1–42 (Anaspec; HiLyte Flour 488-labeled; 1 μM) was added to 1-week old

neuronal cultures and the cells incubated overnight. Medium containing FITC-Aβ was

removed, the cells washed with PBS, and fresh medium added before image acquisition.

Cells were primarily neurons by morphology.
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2.5. Immunolabelling of cell surface receptors

The immmunolabelling experiments were performed on 3-week-old cultures in poly-L-

lysine coated 6-well-plates and 8-chamber slides. After treatment with either monastrol (50–

100μM; Sigma), Aβsc or Aβ42 (1μM) for 24hrs (or 48hrs for PC12 cells) the cells were

washed twice with PBS. Cells were fixed in 4% paraformaldehyde for 5 min at room

temperature. After two rinses in PBS the non-specific binding was blocked with 10% normal

goat serum, 0.2% Triton X-100, 0.02% NaN3 in Tris-buffered saline (or in blocking buffer

without detergent for non-permeabilized cell experiments) for 45 min at room temperature,

then incubated for 2 hrs at room temperature with primary antibody diluted in blocking

buffer. After three, 5min washes in PBS, slides were incubated with secondary antibody

diluted (1:1000) in blocking buffer for 45 min at room temperature in the dark and washed

two times in PBS. Slides were stained with Hoechst (1mg/ml in PBS) for 3 min to reveal

cellular nuclei, washed for 3 minutes three times in PBS, and mounted using GelMount

(Fisher Scientific).

2.6. Eg-5 immunoprecipitation

Endogenous mouse Eg5/kinesin5 protein was immunoprecipitated with anti-human Eg5

(Abcam, ab37009, 1:5 dilution), and subjected to enzymatic kinetics assay based on Kinesin

ELIPA Biochem kit (Cytoskeleton Inc.) as described (Borysov et al., 2011).

2.7 Live/dead assay

Primary neurons were grown for three weeks before treated with either monastrol (100μM;

Sigma), Aβsc or Aβ42 (1μM) for 48hrs. Live dead assay (Molecular Probes) was used

according to the manufacturer’s instructions and the reaction was measured by a Bio-Tek

Synergy 2 plate reader. Data reported were obtained from six independent experiments. P-

values were obtained from paired t-test analyses.

2.8. Signal quantification and statistical analyses

Immunofluorescence of samples was examined with Olympus FV1000 MPE laser scanning

confocal microscope. The intensity and colocalization of fluorochrome signals was analyzed

by measuring the fluorescence intensities of pixels using Olympus FV10-ASW 2.1 program.

All data reported were obtained from at least three measurements on three independent

experiments. Data were analyzed by One Way ANOVA with Tukey’s Multiple Comparison

Test post hoc and results were considered significant when p<0.05. The figures were

modified in Adobe Photoshop by adjusting the brightness and contrast to images equally and

simultaneously. Three dimensional reconstructions of confocal microscope images were

done by Slidebook software.

2.9. Ca++ Imaging

Primary neurons were treated for 24 hours with 1μM Aβ 42, 100 μM monastol or nothing

(control). Fura-2 (Biotium) was added at 4μM for 40 min. Glutamate (1mM) was added at 5

min. DL-APV (1mM) (Tocris Bioscience) was added at 10 min to selectively block NMDA

channels. 20 cell images and backgrounds were identified in each treatment groups on NIS

Elements software. Calcium was measured repetitively for 2 seconds duration at 30 second
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intervals for 15 minutes on a Nikon TE 2000E microscope and were analyzed in Microsoft

Excel.

2.10. Long Term Potentiation

An LTP protocol that has been shown previously to be sensitive to Aβ application

(Townsend et al., 2006; Smith et al., 2009) was used to determine whether chemical

inhibition of Eg5 by monastrol inhibits LTP. Hippocampal slices (400 um thickness) were

cut with a vibratome from coronal sections of 18 days old mouse pups and given 2 hours of

recovery in an recording chamber with interface-perfusion of artificial cerebrospinal fluid

(ACSF) and maintained at 32° C. Field recordings of excitatory post-synaptic potentials

(fEPSPs) were evoked through stimulation of the Schaffer collaterals (bipolar, 0.1 msec

duration and at a strength that evoked 50% maximum response) and recording in area CA1

of the hippocampus. Baseline data were recorded before and then after 30 minutes of

perfusion with or without 100μM monastrol. Potentiation was induced using a standard 2

train, 1 sec. 100 Hz electrical stimulation, known to be generated in an NMDA receptor-

dependent mechanism. Data were recorded repetitively at 20-second intervals for 60 minutes

after the induction of LTP and analyzed in pClamp 10 and Microsoft Excel.

3. Results

3.1. Aβ or monastrol inhibition of Eg5/kinesin 5 causes reduced cell surface localization of
the p75 neurotrophin receptor

To test whether inhibition of Eg5 induces mis-localization of neurotrophin receptors, we

used quantititative confocal microsopy to investigate the localization of the p75 receptor in

H4 and PC12 cells treated with Aβ, expressing APP, or treated with the specific kinesin 5

inhibitor, monastrol.

In non-permeabilized H4 cells treated with monastrol and in H4APP cells overexpressing

Aβ, fewer p75 receptors (green) were observed on the cell surface (Fig.1A,B), whereas, the

total number of receptors assessed in permeabilized cells using the same assay for best

comparison, did not change compared to control (Fig.1C), as we had previously found for

the LDL receptor in these cells (Abisambra et al., 2010). The relative fluorescence intensity

of cell surface wheat germ agglutinin (WGA) also did not change significantly between the

treatment groups (not shown). The relative fluorescence intensity of surface p75 receptors

was also lower in Aβ40, Aβ42 or monastrol treated PC12 cells (Fig.1D), which have been

shown previously to bind and take up Aβ peptide (Puduslo et al., 2010). The involvement of

kinesin 5 in the reduced cell surface p75 localization caused by Aβ or monastrol is indicated

by the finding that the cell surface localization could be partly restored in PC12 cells by

transfection of a kinesin 5-expressing plasmid (Fig. 1E).

3.2. Aβ or monastrol treatment causes reduced sensitivity to Nerve Growth Factor

The reduced cell surface expression of the p75 receptor induced in PC 12 cells by Aβ or

monastrol suggests that p75 receptor function is also likely to be inhibited. Indeed, PC12

cells treated with Aβ40, Aβ42 or monastrol grew none or a few, very short processes in

response to NGF, compared to control cells or cells treated with a scrambled Aβ peptide,
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which responded normally to NGF (Fig.1F). A graphical representation of the data shows

the relative levels of differentiated cells after 24 hours (Fig.1G) and 48 hours (Fig.1H). More

undifferentiated, round PC12 cells were found in Aβ and monastrol treated groups, while

differentiated cells with star shaped, flattened cell bodies and multiple processes were more

common in Aβsc-treated or control groups after NGF treatment.

3.3. Aβ or monastrol treatment causes reduced cell surface localization of NMDA receptors
in H4 cells and disrupts the microtubule network in neurons

To function effectively in the brain, neurons must be able to respond to neurotransmitters as

well as to neurotrophins. The NMDA receptor has been shown to be particularly important

for learning and memory, and its expression and/or function is reduced in Alzheimer’s

disease and transgenic mouse models thereof (Snyder et al., 2005; Wang et al., 2009;

Gladding and Raymond, 2011). H4APP- or monastrol-treated H4 cells, expressed a reduced

number of NMDA/NR1 (green) receptor subunits on the cell surface (Fig.2A, B). The

surface expression level of WGA did not differ between the treatment groups (not shown).

In permeabilized cells, there was no significant difference in the relative fluorescence

intensity of NMDA/NR1 between the treatment groups, indicating that the reduced cell

surface NMDA/NR1 protein was due to poor transport and not reduced expression (Fig.2C).

Total NMDAR2B receptor subunits detected with an antibody to a cytosol-facing epitope

were also reduced in H4APP and in H4 cells treated with monastrol (Fig.2D,E).

To investigate the above finding in primary neurons, we first confirmed that kinesin5/Eg5 is

expressed in neurons, as previously reported (Takemura et al., 1996; Baas 1998).

Immunocytochemistry revealed Eg5/kinesin 5 localized in cell bodies, processes and growth

cones of primary mouse E18 cortical neurons (Fig. 3A). We also confirmed that primary

neurons take up FITC-labeled Aβ42 (Fig 3B) as has been previously demonstrated

(Saavedra et al., 2007; Hu et al., 2009). Furthermore, kinesin 5 activity can be recovered by

immunoprecipitation from the primary neuronal cultures, the first demonstration of kinesin 5

biochemical activity in mature neurons (Fig. 3C). More importantly, when the neurons were

incubated with Aβ, neuronal kinesin 5 was inhibited in a dose-dependent manner (Fig. 3C),

yet the treatment is not significantly toxic to neurons in such a short time. This result

indicates that Aβ is taken up into primary neurons, where it must be at least partly enter the

cytoplasm where it can bind to and inhibit the Eg5/kinesin 5 enzyme. Previously we

demonstrated that Eg5/kinesin5 activity is also inhibited to undetectable levels in the brains

of APP mice expressing high levels of the Aβ peptide (Borysov et al., 2010).

Because Eg5/Kinesin 5 is engaged in the ATP-dependent sliding of microtubules with

respect to each other, it is reasonable to expect that the structure and function of the

microtubule network would be disrupted by inhibition of kinesin 5. We first established

whether Aβ or monastrol treatment significantly reduces cell viability, and found that 1μM

Aβ does not reduce cell viability over 48 hours, while 100μM monastol reduced viability by

only 5% (Fig 3C). However, treatment of primary cortical neurons with Aβ or monastrol

leads to a profound disruption of the microtubule transport network (green; Fig. 3D).
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3.4 Kinesin 5 inhibition in primary neurons reduces cell surface localization of NMDA
receptors

Immunocytochemical staining and confocal microscopy showed that, like H4 cells, primary

neurons exhibit a significantly decreased level of surface NMDA/NR1 receptor subunits

after inhibition of Eg5 by Aβ or monastrol (Fig. 4A). Interestingly, permeabilized neurons

also showed a significant reduction in total NMDA/NR1 after Aβ or monastrol treatment

(Fig 4B). Cross section confocal microscopy images show that in Aβ42 and monastrol

treated neurons, the NMDA/NR1 receptors (green) are mainly inside the cells and are

missing from the cell surface 4C–E, while the receptors are located both inside the cell and

on the surface of the control cells (Fig.4F–H). Videos of three-dimensional reconstructed

models of the confocal images showing the normal localization of the NMDA/NR1 receptor

subunits in primary neurons treated with scrambled Aβ peptide and their mis-localization in

Aβ42-treated neurons are shown in Movies 1 and 2.

Top views of NMDA/NR1 receptor subunits with confocal fluorescence microscopy also

revealed receptor mis-localization in primary neurons treated with Aβ42 (Fig.5A–D). The

images reveal dispersed NMDA/NR1 receptor (red) in the cell body and in the processes

after treatment with scrambled Aβ peptide (Fig.5A,B) for 24hr, while only aggregated,

mainly peri-nuclear receptors were found after treatment with Aβ42 (Fig.5C,D).

Reduced levels of NMDAR2B receptor subunits were also observed by top view confocal

imaging in permeabilized mouse primary neurons after treatment with Aβ42 or monastrol,

compared to Aβsc (Fig. 5E). However, the level of WGA remained the same in each

treatment groups (not shown). Videos illustrating the normal localization of NMDAR2B

receptors in neurons treated with scrambled Aβ peptide and the changed receptor

localization to a peri-nuclear remnant in cells treated with Aβ or monastrol are shown in

Movies 3–5. Quantitation of NMDAR2B by confocal microscopy (Fig 5F) and flow

cytometry (Fig. 5G) of permeabilized neurons confirmed a reduction in receptors induced by

Aβ or monastrol. Similarly, p75 receptors were significantly reduced in non-permeabilized

(Fig. 5H), while total p75 is not significantly reduced in permeabilized primary neurons

(Fig. 5I) after 48h treatment with Aβ42 or monastrol.

3.5. Inhibition of Eg5 by monastrol causes functional defects in neuroplasticity

Glutamate activation of NMDA receptors leads to entry of Ca++ ions and the activation of

pathways leading to long-term changes in synaptic sensitivity (Gladding and Raymond

2011). Both Aβ and monastrol treatment significantly reduced the stimulatory effect of

glutamate on NMDA-dependent Ca++ entry into primary neurons (Fig. 6A).

Glutamate activation of NMDA receptors is also necessary for Long Term Potentiation

(LTP), perhaps the closest cellular correlate to neuroplasticity related to learning and

memory, and it is considered significant for the understanding of Alzheimer’s disease that

Aβ inhibits LTP (Cullen et al., 1997; Walsh et al., 2002; Wang et al., 2002; Townsend et al.,

2006; Smith et al., 2009). Hippocampal slices from non-transgenic mice were incubated in

the presence of 100μM monastrol or buffer alone for 30 minutes. Subsequently, the slices

were subjected to a high frequency (2 trains, 100 pulses, 100 Hz; HFS) stimulation, and their
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LTP responses were measured. As shown in Fig. 6B, Eg5/kinesin 5 inhibition by monastrol

significantly blocks LTP.

3.6. PS/APP mouse brain lacks Eg5/kinesin 5 activity

To test the ability of Aβ to inhibit Eg5/kinesin 5 in vivo, we assessed the activity of

endogenous kinesin 5 in the brains of the PS1/APP transgenic mouse model of AD

compared to control non-transgenic mice. Brain extracts were prepared, and Eg5/kinesin 5

was immunoprecipitated and subjected to the in vitro MT-dependent ATPase assay

(Borysov et al., 2011). Consistent with the observed Aβ-mediated inhibition of Eg5/kinesin

5 in cultured neurons (Fig. 3A), kinesin 5 activity immunoprecipitated from brain extracts

was almost completely absent from PS/APP compared to non-transgenic mice brains (Fig.

6C).

4. Discussion

The data indicate that Aβ reduces cell surface availability and function of neurotrophin and

neurotransmitter receptors through inhibition of MT motors, specifically Eg5/kinesin 5.

Consequently, cells are rendered less able to respond to their environment, which provides a

potential mechanism for poor neuronal function and viability in AD and possibly Down

syndrome. These data are completely consistent with the recent discovery, published during

review of this paper, that Eg5 is required for the transport of certain proteins from the trans

Golgi network to the cell surface (Wakana et al., 2013) and with our previous finding that

Aβ inhibits the transport of the LDL receptor to the cell surface (Abisambra et al., 2010). Aβ

inhibition of Eg5/kinesin 5 may also explain several previous observations that localization

and function of various neurotransmitter receptors and other membrane proteins, including

the NMDA receptor and the APP and PS proteins themselves, are disrupted in AD (Li et al.,

1997; Honda et al., 2000; Almeida et al. 2005; Snyder et al., 2005; Shah et al., 2009; Liu et

al., 2010). The fact that some polymorphisms linked to KIF11/Eg5 are associated with

increased AD risk and/or Aβ production (Feuk et al., 2005; Reitz et al., 2012) further

strengthens this hypothesis.

Our finding that Aβ applied externally to cells can enter cells and inhibit intracellular

kinesin5/Eg5 adds to a growing body of evidence that intracellular Aβ is toxic and that cells

take up Aβ into multiple cellular compartments where the peptide can affect various aspects

of physiology. For example, intracellular Aβ can be detected inside neurons of 5xFAD mice

by a new anti-Aβ antibody that does not detect APP (Youmans et al., 2012; compare with

Winton et al., 2011). Furthermore, intra-neuronal Aβ correlates with toxicity in 5xFAD mice

(Eimar and Vassar, 2013) and in PC12 cells and primary neurons, which take up Aβ through

binding of the HH domain (Poduslo et al., 2010). Such Aβ uptake does not require the apoE

cofactor needed for other aspects of Aβ function, such as polymerization (Saavedra et al.,

2007; Potter and Wisniewski, 2012). Furthermore, similar to our finding of microtubule

dysfunction by Aβ, Tang et al., (2012) found that Aβ oligomers added to cells impair the

transport kinetics of synaptic cargoes, consistent with interference with the microtubule

system. Finally, Yoon and colleagues (2009) found that intracellular Aβ interacts with

superoxide dismutase (SOD) and inhibits its activity, also indicating that intracellular Aβ

Ari et al. Page 8

Neurobiol Aging. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



must reside, at least partly, in the cytpoplasmic domain where it can access soluble enzymes

such as SOD and kinesin5/Eg5.

In addition to affecting neuroplasticity, the reduction in cell surface receptors induced by

exposure to Aβ (and mimicked by monastrol) may also contribute directly to the neuronal

cell loss in AD. For example, a prominent aspect of neurodegeneration in AD patients

affects the cholinergic neurons of the basal forebrain (CBF), which have been shown to be

critical for learning and memory and are the intended beneficiary of anti-cholinesterase

therapies (Mufson et al., 2008). CBF neurons express both the Trk and p75NTR receptors

throughout life, and are selectively lost in the absence of NGF whose optimal neurotrophic

activity requires both Trk and p75 NTR (Hefti et al., 1984; Ruberti et al. 2000; Bui et al.,

2002). Indeed, cholinergic neurons can be rescued from glutamate excitotoxicity or

oxidative stress by exposure to NGF, NGF infusion increases cognition in both AD mice and

human AD patients, and non-peptide ligands of p75NTR inhibit the neurotoxic and

synaptotoxic effects of Aβ (Hefti et al., 1984; Ruberti et al., 2000; Bui et al., 2002;

Tuszynski et al., 2005; Yang, 2008). Conversely, knocking out the NGF gene or blocking

NGF activity by endogenous expression of anti-NGF antibody in normal mice replicates

much of the cognitive decline and some of the pathology of AD transgenic mice (Ruberti et

al., 2000; Capsoni et al., 2000). Interestingly, p75NTR is a major target of the γ-secretase

enzyme, and its C-terminal fragment promotes expression, of, for example cyclin E (Jung et

al., 2003; Parkhurst et al., 2010), while NGF deprivation also induces APP cleavage and the

production of Aβ, indicating the activation of a positive feedback loop (Matrone et al., 2008;

Parkhurst et al., 2010). In contrast, Aβ induces a long-term increase in expression of

p75NTR, which we interpret as a compensatory response to poor localization, as we

previously found for the LDL receptor in cells treated with Aβ (Chakravarthy et al., 2010;

Abisambra et al., 2010). Finally, inflammation, which is an essential contributor to AD

pathogenesis (Potter and Wisniewski, 2012), also increases p75NTR expression in many

cells, although whether this reflects increased or decreased NGF sensitivity is less clear

(Parkhurst et al., 2010). In sum, the reduction of cell surface p75NTR in CBF neurons by Aβ

may lead directly to increased vulnerability of these cells in AD.

In addition to inhibiting receptor localization and function, Aβ-induced microtubule

dysfunction leads to defective chromosome segregation during neurogenesis/mitosis and to

20–30% aneuploid/hyperploid neurons and other cells in familial and sporadic AD and in

mouse and cell culture models thereof (Potter, 1991; Potter et al., 1995; Geller and Potter,

1999; Migliore et al., 1999; Boeras et al., 2008; Iourov et al. 2009; Granic et al., 2010;

Arendt et al., 2010; Granic and Potter, 2011). The importance of chromosome mis-

segregation in AD is indicated by the finding that the specific loss of aneuploid neurons

during the transition from mild cognitive impairment to severe AD accounts for 90% of the

neuronal cell death observed at autopsy (Arendt et al., 2010). The mechanism of AD-related

chromosome mis-segregation became clear when Aβ was found to inhibit three specific

microtubule motor kinesins that are essential for mitotic spindle structure and function

(Borysov et al., 2011). That some of these motors also function in mature neurons (Baas

1998) and that Aβ disrupts the microtubule network in neurons and prevents the localization

of the LDL receptor to the cell surface (Abisambra et al., 2010) prompted the current study
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of the effect of Aβ on the localization and function of neurotransmitter and neurotrophin

receptors.

Together with previous results, these novel data suggest that protecting MT motors such as

Eg5/kinesin 5 from inhibition by both extracellular and intracellular Aβ may constitute a

promising approach to AD therapy with multiple benefits: 1) preventing Aβ from disrupting

neurotrophin receptor localization and function required for neuron cell survival and neurite

outgrowth, 2) preventing Aβ from disrupting neurotransmitter receptor localization and

function required for neuroplasticity, and 3) preventing Aβ from disrupting chromosome

segregation during neurogenesis and causing neuronal loss.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Aβ or monastrol reduces cell surface localization and function of neurotrophin p75

receptors. Confocal immune-microscopy revealed fewer p75 receptors (green) on the cell

surface of non-permeabilized H4 cells treated with the Eg5/kinesin 5 inhibitor monastrol for

24 hrs and of non-permebilized H4APP cells overexpressing Aβ (A,B), whereas the total

receptors staining did not change compared to control when the cells were permeabilized

(C). WGA is shown by red. Treatment of PC12 cells with either Aβ1–40, Aβ 1–42, or

monastrol also resulted in reduced cell surface expression of p75 receptors (D), which could

be partly restored by over-expression of Eg5 from a transfected plasmid (E). PC12 cells

treated with Aβ40, Aβ42 or monastrol grew none or a few, very short processes in response

to NGF, as opposed to cells exposed to Aβ-scrambled peptide or to untreated control cells,

which grew evident processes (F). Quantitation of process formation under different

conditions is shown at 24 hr (G) and 48 hr (H). Blue: round cells with zero processes; Red:
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round cell with one or two processes shorter than cell body; Green: round or elongated cell

with one or more processes longer than the cell body; Purple: star shaped, flattened cell with

more processes.
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Figure 2.
Inhibition of Eg 5/kinesin5 by Aβ or monastrol treatment causes reduced cell surface

localization of NMDA receptors in H4 cells and disrupts the microtubule network in

neurons. Confocal immuno-microscopy showed reduced numbers of cell surface

NMDA/NR1 (green) in H4APP cells or monastrol treated H4 cells (A, B). WGA is

represented by red. When the cells were permeabilized, there was no significant difference

in the relative fluorescence intensity between the treatment groups (C). Similarly, an

antibody to a cytosol-facing epitope of the NMDAR2B subunit showed a significantly-

reduced level of receptors in permeabilized H4APP and in H4 cells treated with monastrol

(D,E).
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Figure 3.
Active Eg5/kinesin5 is present in primary mouse brain neurons. Immunocytochemistry

confirms the presence of Eg5/kinesin 5 in cell bodies and processes of E18 neurons (A).

FITC-labeled Aβ peptide is taken up into both the cell bodies and processes of primary

neurons (B). Active Eg5 can be recovered from extracts of primary neuron cultures by

immunoprecipitation but not from cells pre-treated with Aβ, indicating that Aβ taken up by

neurons enters the cytoplasm where it can inhibit Eg5/kinesin 5 activity (C). To determine

whether Aβ or monastrol reduced cell viability, a live/dead assay was performed after 48

hours of incubation (D). Neither 1 μM Aβsc (P=0.693) nor Aβ42 (p=0.419) significantly

reduced viability, while 100 μM monastrol reduced viability by only 5% (p=0.007). In

contrast, treatment of primary neurons with Aβ or monastrol severely disrupted the

microtubule network shown by immunocytochemistry of α-tubulin (E).
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Figure 4.
Treatment of primary neurons with Aβ or monastrol reduces cell surface localization of

NMDA and p75 receptors. Confocal immuno-microscopy showed fewer cell surface

NMDA/NR1 receptor subunits on non-permeabilized primary mouse E18 neurons after

exposure to Aβ 1–40, Aβ 1–42, or monastrol (A; also see S1), with some reduction also seen

in permeabilized cells (B). Cross section confocal microscopy images show that the

NMDA/NR1 receptors (green) are located both inside the cell and on the surface of the

control cells (C–E), while the receptors are mainly inside the cells and are missing from the

cell surface in Aβ42 and monastrol treated neurons (F–H).
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Figure 5.
Top views of NMDA/NR1 receptor subunits with confocal immunoflourscence microscopy

also revealed receptor mis-localization in primary neurons treated with Aβ42 (A–D).

NMDA/NR1 receptor (red) is localized both in the cell body and in the processes after

treatment with scrambled Aβ peptide (A,B) for 24hr, while only aggregated, mainly peri-

nuclear receptors were found after treatment with Aβ42 (C,D). Similarly, total NMDAR2B

receptor subunits (red) observed in permeabilized cell bodies and processes of primary

neurons treated with scrambled Aβ42 peptide were reduced and became perinuclear after
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treatment of the neurons with Aβ or monastrol (E). Quantitation of NMDAR2B by confocal

microscopy (F) and flow cytometry (G) confirmed a reduction in receptors induced by Aβ or

monastrol. Finally, p75 receptors were significantly reduced in non-permeabilized (H) but

not in permeabilized primary neurons (I) after 48h treatment with Aβ42 or monastrol.
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Figure 6.
Glutamate-induced Ca++ entry and LTP/neuroplasticity are reduced by Aβ or monastrol;

Eg5 activity is absent in APP/PS AD mice. Glutamate induced Ca++ entry into primary

neurons was reduced by treatment with Aβ or monastrol by quantitative flourescence

microscopic detection of Fura-2 (A). Hippocampal slices from non-transgenic mice were

incubated in the presence of monastrol or buffer alone for 30 minutes. Subsequently, the

slices were subjected to a high frequency (2 trains, 100pulses, 100Hz; HFS) stimulation, and

their LTP responses were measured and found to be completely inhibited by monastol (B).

Immunoprecipitation of Eg5 from extracts of brain showed recoverable activity in normal

mice but no activity in APP/PS mice (C).
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