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Abstract  

Alzheimer’s Disease (AD) is characterized by neurofibrillary tangles, amyloid plaques and 

neurodegeneration.  However, this pathology is preceded by increased soluble amyloid beta (Aβ) GGGG 

oligomers that interfere with glutamatergic synaptic plasticity required for learning and memory, 

including N-methyl-D-aspartate receptor (NMDAR)-dependent long-term potentiation (LTP).  In 

particular, soluble Aβ(1-42) acutely inhibits LTP and chronically causes synapse loss.  While many 

mechanisms are proposed for Aβ-induced synaptic dysfunction, we recently found that Aβ(1-42) inhibits 

the microtubule motor protein Eg5/Kinesin-5. Here we compared the impacts of Aβ(1-42) and 

monastrol, a small molecule Eg5 inhibitor, on LTP in hippocampal slices and synapse loss in neuronal 

cultures. Acute (20 min) treatment with monastrol, like Aβ, completely inhibited LTP at doses >100 nM. 

In addition, 1 nM Aβ(1-42) or 50 nM monastrol inhibited LTP ~ 50%, and when applied together, caused 

complete LTP inhibition.  At concentrations that impaired LTP, neither Aβ(1-42) nor monastrol inhibited 

NMDAR synaptic responses until ~60 min, when only ~25% inhibition was seen for monastrol, indicating 

that NMDAR inhibition was not responsible for LTP inhibition by either agent when applied for only 20 

min.  Finally, 48 hour treatment with either 0.5-1.0 μM Aβ(1-42) or 1-5 μM monastrol reduced dendritic 

spine/synapse density in hippocampal cultures up to a maximum of ~40%, and when applied together at 

maximal concentrations, no additional spine loss resulted.  Thus, monastrol can mimic, and in some 

cases occlude, the impacts of Aβ on LTP and synapse loss, suggesting that Aβ induces acute and chronic 

synaptic dysfunction in part through inhibiting Eg5.   
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Introduction  

Alzheimer’s Disease (AD) is a neurodegenerative disease that affects cognition primarily in the 

elderly.  With advances in modern medicine successfully treating other diseases and leading to overall 

increased lifespan, it is estimated that the number of people with AD will likely exceed 15 million in the 

US and 50 million worldwide by 2050. However, there are currently no effective treatments for AD, thus 

it is expected that the already substantial burdens that caring for AD patients places on the US and 

world economies and health care systems will increase dramatically in the future (Wimo et al., 2011).  

The hallmarks of AD include amyloid plaques and neurofibrillary tangles in postmortem brain.  

Plaques contain insoluble filaments of amyloid beta (Aβ) peptides, which arise from proteolytic 

processing of the amyloid precursor protein (APP), a transmembrane cell-adhesion protein.  Similarly, 

tangles are oligomers of hyper-phosphorylated tau, a microtubule-associated protein.  However, 

plaques, and to a lesser extent tangles, are poor indicators of cognitive impairment in AD, especially in 

early disease stages prior to extensive tangle formation and plaque deposition (Dickson et al., 1995; 

Terry et al., 1991).  Instead, soluble forms of Aβ are thought to be largely responsible for driving brain 

dysfunction in early AD (McLean et al., 1999; Naslund et al., 2000) by interfering with excitatory synaptic 

function through a variety of mechanisms, including by promoting tau phosphorylation (reviewed in 

Mucke and Selkoe, 2012).   

Accordingly, acute application of synthetic Aβ(1-42) peptides (Lambert et al., 1998) or 

Aβ extracted from AD brains (Shankar et al., 2007; Shankar et al., 2008) can disrupt synaptic plasticity in 

brain regions that are important for learning and memory, such as inhibiting LTP at hippocampal CA1 

synapses.  While Aβ(1-42) monomers do not alter LTP, Aβ forms low molecular weight, soluble 

oligomers, including dimers and trimers, that potently inhibit LTP (McLean et al., 1999; Naslund et al., 

2000; Selkoe, 2008; Shankar et al., 2007; Shankar et al.,2008;  Walsh et al., 2002).  Several hypotheses 
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have been posited to explain how Aβ inhibits LTP and alters brain function through perturbing various 

signaling pathways.  In this regard Aβ can interact with a number of different membrane receptors, 

including NMDA (Ari et al., 2014; Kurup et al., 2010; Shankar et al., 2007) and metabotropic glutamate 

receptors (Hsieh et al., 2006; Um et al., 2013), α7 nicotinic acetylcholine receptors (Lui et al., 2012; 

Snyder et al., 2005; Wang et al., 2000a, 2000b), paired immunoglobulin-like receptor B (Kim et al., 2013), 

cellular prion protein (Lauren et al, 2009; Um et al., 2013), and amylin receptors (Kimura et al., 2012).   

However, Aβ is not only extracellular but also accumulates intracellularly where it may interact 

with additional targets relevant for LTP inhibition, synapse loss, and cognitive impairment. Furthermore, 

exogenously-added Aβ can enter cells from the medium. Indeed, we recently found that Aβ(1-42) 

inhibits the activity of the microtubule-dependent motor protein Eg5/Kinesin-5 (also known as KIF11), 

which regulates a number of different important microtubule-dependent functions in neuronal and non-

neuronal cells, including chromosome segregation, growth cone turning, and microtubule organization 

in axons and dendrites that may also indirectly impact membrane trafficking (Ari et al., 2014; Baas et al., 

1998; Borysov et al., 2011; Ferhat et al, 1998; Kahn et al., 2015; Nadar et al., 2008).  LTP is induced by 

Ca
2+

 influx through NMDARs and is expressed by increased function of α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) glutamate receptors (AMPARs) that are recruited to the synapse via 

membrane trafficking.  Alterations in membrane trafficking of NMDARs and AMPARs as well as 

phosphorylation of microtubule regulatory proteins such as tau are thought to be particularly relevant 

for Aβ-mediated synaptic dysfunction (reviewed in Mucke and Selkoe, 2012). Thus, here we further 

investigated possible roles for Eg5 inhibition in Aβ(1-42)-mediated synaptic dysfunction, by exploring the 

similarity of actions of monastrol, a specific small molecule inhibitor of Eg5 (Cochran et al., 2005; Maliga 

et al., 2002), with those of Aβ(1-42) on acute inhibition of LTP in hippocampal slices and on chronic 

promotion of dendritic spine/synapse loss in neuronal cultures.  Importantly, our findings are consistent 

with Aβ promoting synaptic dysfunction at least in part through inhibition of Eg5/Kinesin-5.   
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Materials and Methods 

Animals 

Experiments were performed on C57/BL6 male mice, 14-21 days old.  All animal procedures 

were conducted in accordance with NIH-PHS guidelines and with the approval of the University of 

Colorado, Denver Institutional Animal Care and Use Committee. 

Pharmacologic Reagents 

All chemical were obtained form Sigma, except where noted otherwise. CNQX and APV were 

obtained from Tocris.  Monastrol was obtained from Sigma. Synthetic Aβ(1-42) peptide was obtained 

from Anaspec and stock solutions were prepared as follows: Method 1) For electrophysiology 

experiments, 1 mg Aβ(1-42) was dissolved in 80 μl NH4OH (1 M) + 120 μl DMSO (final concentration 1.1 

mM), aliquoted,  flash frozen, and stored at -80°C until use. Aliquots were then thawed on the day of 

use and diluted to the appropriate working concentration(s) in aCSF; Method 2) For dendritic spine loss 

experiments, 1 mg Aβ(1-42) was dissolved in 440 μl 1,1,1,3,3,3-hexafluoro-2-propanol, aliquoted per 

100 μg , the 1,1,1,3,3,3-hexafluoro-2-propanol evaporated under nitrogen, and then the dried Aβ(1-42) 

peptide stored at -80°C until use.  On the day before use, a single Aβ(1-42) peptide aliquot was dissolved 

in 2.2 μl DMSO for 1 hr at room temperature, diluted with PBS to a concentration of 100 μM, stored for 

24 hrs at 4°C, centrifuged at 14,000xg for 10 min, and the supernatant removed. This supernatant was 

then diluted into the neuronal culture media to achieve the desired final working concentration(s). 

Using either of these methods, the resulting solutions contained predominantly Aβ(1-42) monomers and 

low-molecular weight soluble oligomers (dimers and trimers), with no detectable presence of higher 

molecular weight species as shown in Figure 1 by electrophoresis under non-denaturing conditions on 

10-20% Tris-Tricine gels (BioRad), transfer to 0.2 μm reinforced nitrocellulose (Whatman), and 

immunoblotting with anti-Aβ antibodies (Covance; 1:10,000).    
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Electrophysiology 

Mouse Hippocampal Slice Preparation.  After sacrifice, the brains were rapidly removed and 

immersed in ice-cold, sucrose containing cutting buffer (in mM: 2 KCl, 12 MgCl2, 0.2 CaCl2, 1.25 NaH2PO4, 

10 D-glucose, 220 sucrose, and 26 NaHCO3) for 40-60 s to cool the interior of the brain. Transverse slices 

(400 μm thickness) were made using a McIlwain tissue chopper/slicer, and then slices were transferred 

to individual compartments in a storage system for at least 60 min. After recovery, a single slice was 

transferred to a recording chamber and superfused with artificial cerebrospinal fluid (aCSF) at a bulk 

flow rate of 2-3 ml/min at 31°C. The aCSF contained the following (in mM): 124 NaCl, 3.5 KCl, 1.3 MgCl2, 

2.5 CaCl2, 1.2 NaH2PO4, 11 D-glucose, 25.9 NaHCO3 and 0.0025 picrotoxin (Tocris).  

Baseline Recordings. Before each slice recording experiment, an input-ouput curve was 

generated by increasing the stimulus voltage and recording the synaptic response until either a 

maximum was reached, or evidence of a population spike was observed on the field excitatory 

postsynaptic potential (fEPSP) response.   

LTP Measurements.    Synaptic fEPSP responses were evoked with bipolar tungsten electrodes 

placed in Schaffer collateral axon pathway to the CA1 dendritic field layer. Test stimuli were delivered 

once every 20 seconds with the stimulus intensity set to 40-50% of the maximum synaptic response. HFS 

consisted of two trains of 100 Hz stimuli lasting 1 second each, with an inter-train interval of 20 seconds, 

at the control stimulus intensity. fEPSP recordings were made with a glass micropipette filled with aCSF 

and placed in the stratum radiatum approximately 200-300 μm from the cell body layer. This stimulation 

produced LTP that persisted for more than 60 min in WT animals. The initial slopes of fEPSPs were 

calculated as the slope measured between 10-30% from the origin of the initial negative deflection.  

Each time point shown is an average of six 20 sec interval measurements. An average over 10 min of LTP 

recordings 55-65 minutes after HFS were used in the summary analyses. 
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Neuronal cultures 

Hippocampal neuron cultures were prepared from postnatal day 0-2 C57/BL6 male and female 

mice, plated at medium density (300-450 cells/mm
2
) on glass coverslips and maintained in Neurobasal 

plus B27 (Invitrogen) and GlutaMAX (Invitrogen) until transfection with a plasmid encoding green 

fluorescent protein (GFP)(pEGFPN1; Clontech) using Lipofectamine 2000 (Invitrogen) on day-in-vitro 

(DIV) 11-12 as previously described (Robertson et al, 2009; Keith et al., 2012). After 1 day of GFP 

expression on DIV 12-13, the cultures were then left untreated (controls) or treated for two additional 

days with Aβ(1-42) and/or monastrol added to the culture media. On DIV 14-15 after treatment, 

neurons were fixed in 3.7% formaldehyde and then the coverslips mounted on slides with Pro-Long Gold 

(Invitrogen). Images of GFP transfected dendrites were then acquired on an Axiovert 200M microscope 

(Zeiss) with a 63x objective (1.4NA, plan-Apo) and a CoolSNAP2 (Photometrics) CCD camera.  Focal plane 

z-stacks (0.5 μm spacing) were acquired, deconvolved to correct for out of focus light, and 2D maximum 

intensity projections generated (Slidebook 5.0-6.0, Intelligent Imaging Innovations). Spine numbers were 

quantified from projection images using the ruler tool in Slidebook 5.0-6.0 software with manual 

counting as in Robertson et al, 2009 and expressed as the number of spines / 10 μm of dendrite using 

measurements obtained for multiple lengths of dendrite (N = number of lengths of dendrite) taken from 

multiple images across three independent neuronal cultures for each experimental treatment condition.  

Statistical Methods 

Group comparisons to control were performed in Prism (GraphPad) using one-way ANOVA 

followed by Dunnet’s post hoc analysis, in which case only p > 0.05 (not significant), *p < 0.05, **p < 

0.01 and ***p < 0.001 are provided by the software. Pair-wise comparisons were performed in Prism or 

Excel (Microsoft) using Student’s t-test. In all cases significance is reported as p < 0.05 and data are 

expressed as mean ± SEM error bars.   
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Results 

Many previous studies have shown that acute application of Aβ(1-42) can inhibit LTP at 

hippocampal CA1 synapses. Accordingly, we confirmed that 20 min pre-incubation of hippocampal slices 

with 100 nM Aβ(1-42) strongly inhibited LTP of the AMPAR synaptic response measured as the slope of 

the field excitatory postsynaptic potential (fEPSP) by extracellular recording at CA1 synapses  (Figure 2A, 

B).  We further investigated whether disabling one of the intracellular, cytosolic targets of Aβ(1-42), the 

microtubule-dependent motor protein Eg5/Kinesin-5, might also block LTP.  Importantly, 20 min pre-

incubation with 100 nM monastrol, a specific Eg5 inhibitor, also strongly inhibited LTP (Figure 2A,B).  

Additional dose-response analyses demonstrated that a wide range of concentrations of Aβ(1-42) from 

20 nM to 1 μM and monastrol from 100 nM to 100 μM caused essentially complete inhibition of LTP.  

However, slightly lower concentrations of 1 nM Aβ(1-42) and 50 nM monastrol only partially inhibited 

LTP, with each causing a non-significant trend toward approximately 50% suppression (Figure 2C).   

Next we attempted to learn whether Aβ(1-42) may act through the same mechanism(s) as 

monastrol, that is, by inhibiting Eg5.  Thus, we applied each compound together at the concentrations 

that produced non-significant, partial LTP inhibition when tested alone, to determine whether there 

would be any additional inhibition when co-applied.  Importantly, when 1 nM Aβ(1-42) and 50 nM 

monastrol were applied together LTP was completely inhibited (Figure 3A,B).  This enhanced inhibition 

suggests that Aβ(1-42) and monastrol may each partially inhibit the same mechanism(s) required for 

LTP, such that when added together more complete inhibition of LTP results. However, from these 

pharmacologic results alone, we cannot rule out that these two agents may also inhibit LTP in part 

through separate mechanisms. 

Aβ(1-42) and/or monastrol could inhibit LTP through altering NMDAR activity that is necessary 

for LTP induction or by eventually suppressing AMPAR activity that is required for maintenance of LTP 
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expression.  We investigated the first possibility by studying NMDAR component of the fEPSP 

pharmacologically isolated by using 10 µM CNQX to block AMPARs and increasing the stimulus intensity.  

A test concentration of 100 nM Aβ(1-42), which is higher than required to completely inhibit LTP (Figure 

2C), when applied for 60 min did not alter either the slope or amplitude of these isolated NMDAR 

synaptic responses (Figure 4A).  In contrast, application of 200 nM monastrol, which is also higher than 

that required to completely inhibit LTP (Figure 2C), did cause a gradual and slight, but persistent, 

reduction (~ 20-25%) in NMDAR responses, but this reduction only became significant after 60 min of 

treatment (***p < 0.001; at end of drug application and persisting after washout)(Figure 4B). 

Importantly, no significant inhibition of NMDAR activity was observed after only 20 min of treatment 

with monastrol (i.e., at the time when HFS was delivered to induce LTP in Figures 2 and 3). Thus, NMDAR 

inhibition was not responsible for acute LTP inhibition by either Aβ(1-42) or monastrol in our 

experiments above.   Likewise, neither 100 nM Aβ(1-42) (Figure 4C) nor 200 nM monastrol (Figure 4D) 

resulted in any inhibition of the slope or amplitude of AMPAR fEPSP responses over 60 min of 

application and following washout for 30 min. Thus, direct inhibition of AMPAR transmission cannot 

account for the inhibitory actions of Aβ(1-42) or monastrol on LTP. 

While we did not observe any decreases in synaptic AMPAR or NMDAR responses with only 1 

hour exposure to Aβ(1-42), previous studies have found that more prolonged exposure to higher 

amounts of Aβ(1-42) can substantially reduce synaptic NMDAR and AMPAR currents and also trigger 

synapse loss over a period of several days (Hsieh et al., 2006; Shankar et al., 2007). In addition, 

prolonged exposure to Aβ(1-42) or monastrol can also lead to reduced surface expression of AMPAR and 

NMDAR subunits (Ari et al, 2014; Snyder et al., 2006),  perhaps due to both enhanced endocytosis and 

impaired delivery to the plasma membrane. Given that we observed a small reduction in synaptic 

NMDAR activity after 1 hour of Eg5 inhibition with a monastrol, we next examined the impacts of longer 

Aβ(1-42) and monastrol treatments on the number of dendritic spines in cultured mouse hippocampal 
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neurons as an indicator of synapse loss (Figure 5).  In agreement with many previous studies showing 

Aβ(1-42)-induced synapse loss, application of 0.25-1 µM Aβ(1-42) for 48 hours caused a concentration-

dependent reduction in the number of spines (up to ~ 35% maximum loss; Figure 5A,B).  Similarly, 

monastrol (0.5-5 µM) treatment also resulted in comparable spine loss (~ 40% maximum loss).  We then 

examined the effect of adding both Aβ(1-42) and monastrol together on spine loss.  Treatment with 0.5 

µM Aβ(1-42) in addition to 5 µM monastrol also resulted in ~40% loss of spines (Figure 4), which was 

approximately the same degree of spine loss observed for each compound alone. Thus, the spine loss 

promoted by monastrol occluded any additional spine loss by Aβ(1-42), a result that is consistent with 

shared/overlapping mechanisms for reduction in spine density by Aβ(1-42) and monastrol in 

hippocampal neurons. 
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Discussion  

AD is a neurodegenerative disorder that disrupts memory and cognitive abilities.  The underlying 

molecular mechanisms of AD are diverse, but one of the primary lines of current research is that soluble 

oligomeric forms of Aβ(1-42) and Aβ(1-40) accumulate in and around excitatory synapses to alter 

normal processes of learning long before the appearance of amyloid plaques and neuronal cell loss.  In 

particular, many studies have shown that Aβ(1-42) blocks LTP (Chen et al., 2000; Selkoe, 2008;  Walsh et 

al., 2002), a cellular mechanism thought to underlie memory acquisition.  Data presented here confirms 

that a range of Aβ(1-42) concentrations applied to hippocampal slices in vitro inhibit LTP at Schaffer 

collateral to CA1 synapses.   

A number of mechanisms have been proposed to explain how Aβ(1-42) might block LTP, 

including endocytosis of synaptic NMDARs (Goto et al., 2006; Kurup et al., 2010; Snyder et al., 2006) and 

glutamate spillover resulting in overactivation of extrasynaptic NMDARs (O’Shea et al., 2008; Li et al., 

2009), and  in particular GluN2B-containing NMDARs (de Felice et al., 2007;  Ferreira et al., 2010; Li et 

al., 2011; Mota et al., 2014; Shankar et al, 2007).  Previous data from our lab indicate that both Aβ(1-42) 

and monastrol result in reduced surface levels of NMDAR GluN1 and GluN2B subunits in cultured cells 

over several days, as measured by flow cytometry and confocal imaging (Ari et al., 2014).  However, our 

data here are not consistent with any acute effect of Aβ(1-42) or monastrol on synaptic NMDARs being 

responsible for LTP inhibition, as 20 min pre-incubation with Aβ(1-42) or monastrol was sufficient to 

inhibit LTP but had no significant impact on pharmacologically isolated NMDA fEPSPs.  Indeed, Aβ(1-42) 

showed no inhibition and monastrol only caused partial (~20-25%) inhibition of NMDAR responses even 

after 60 min. However, previous work by Raymond et al. (2003) did observe ~ 25% inhibition of NMDAR 

fEPSPs with only 20 min application of 200 nM Aβ(1-40).  Yet, even in that study partial inhibition of 

NMDARs could not account for the complete inhibition of LTP by Aβ, because direct antagonism of 

NMDARs producing comparable inhibition of NMDAR fEPSPs did not alter LTP (Raymond et al., 2003). In 
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addition, both our findings here and those of Raymond et al. are consistent with another previous study 

that observed acute Aβ(1-42) inhibition of LTP without any significant inhibition of synaptic NMDAR 

currents in whole-cell recordings of CA1 neurons (Nomura et al., 2005). Thus, longer applications of 

Aβ(1-42) than 60 min are likely necessary to observe substantial reductions in synaptic NMDAR 

responses as documented in other previous studies (Hsieh et al., 2006; Shankar et al, 2007).   

Another process important for both synapse maintenance and LTP expression is the trafficking 

of AMPARs and other synaptic proteins to and from the synapse (Huganir and Nicoll, 2013).  Our 

previous work indicated that Aβ(1-42) increased chromosome mis-segregation and aneuploidy (Granic 

et al., 2010) in cells due to Aβ(1-42) interfering with correct mitotic spindle formation through inhibiting 

the Eg5 microtubule motor (Borysov et al., 2011).   Importantly, Eg5 is also involved in regulating the 

organization and stability of microtubules in axons and dendrites, and thus may also indirectly impact 

microtubule-dependent receptor trafficking (Ari et al., 2014; Kahn et al., 2015; Nadar et al., 2008).  We 

previously found that a high concentration of monastrol (100 μM) inhibited LTP (Ari et al., 2014).  We 

confirmed that result here and further found that much lower concentrations of monastrol from 100 

nM-1 μM also inhibit LTP to levels that are comparable to those observed with as little as 20-100 nM 

Aβ(1-42). Importantly, 50 nM Aβ(1-42) was previously shown to directly inhibit the activity of Eg5 and 

two other related motor proteins, KIF4A and MCAK (Borysov et al., 2011). However, interestingly we 

observed LTP inhibition with as little as 100 nM monastrol, which is below the low μM IC50 values 

previously measured for direct inhibition of Eg5 motor domain activity in vitro  (Cochran et al., 2005). 

However, LTP is a very complex, non-linear phenomenon and we do not yet know how Eg5 function is 

integrated into its underlying mechanisms; thus it is difficult to predict the sensitivity of LTP to inhibition 

by monastrol, or even Aβ, based solely on extrapolation from in vitro biochemical studies with isolated 

protein domains. For instance, it is possible that monastrol inhibition of LTP could involve not only direct 

inhibition of Eg5 motor activity but also downstream changes in the functions of other microtubule 
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regulatory proteins, such as tau, which is know to mediate some, but not all, of the impacts of Aβ on 

neuronal functions (reviewed in Mucke and Selkoe, 2012), including membrane trafficking (Umeda et al., 

2015; Vossel et al., 2015).  Accordingly, a recent study found that tau can also inhibit Eg5 activity, thus 

Aβ may inhibit Eg5 not only directly but also indirectly via regulation of tau (Bouge and Parmentier, 

2016). Overall, it is likely that there is very complex interplay between Aβ, tau, and Eg5 in regulation of 

neuronal function that definitely warrants future investigation.    

Regulation of AMPAR trafficking, in particular, has received considerable attention in the 

mechanisms of Aβ-induced neuronal dysfunction, because Aβ(1-42) can promote AMPAR endocytosis to 

favor synaptic depression (Hsieh et al, 2006).  Indeed, application of Aβ(1-42) has been observed to 

result in reductions of surface AMPARs and AMPAR synaptic currents, and reduced levels of surface 

AMPARs have also been observed in AD transgenic mice (Almeida et al., 2005; Hsieh et al, 2006; Roselli 

et al., 2005; Snyder et al., 2006; Zhao et al., 2010).  Yet, in our LTP experiments we found no decrease in 

AMPAR basal transmission during ~20 min Aβ or monastrol pre-incubation before LTP induction.  In 

addition, even when applied for 60 min neither Aβ nor monastrol caused a decrease in AMPAR fEPSPs.   

Thus, direct promotion of AMPAR synaptic depression did not contribute to the LTP inhibition we 

observed for Aβ or monastrol. However, the substantial dendritic spine loss we observed with chronic 

Aβ or monastrol treatment is likely to be associated with glutamate receptor endocytosis and 

suppression of both AMPAR and NMDAR-mediated synaptic transmission, as seen in previous studies 

examining spine loss and synaptic dysfunction in neuronal cultures chronically exposed to Aβ(1-42) 

(Hsieh at al., 2006; Shankar et al., 2007). 

Because we found that low-moderate concentrations of either Aβ(1-42) or monastrol were 

sufficient to completely inhibit LTP on their own, we were unable to clearly test whether LTP inhibition 

by co-treatment with Aβ oligomers and monastrol shows reciprocal occlusion (i.e., acting exclusively 
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through the same mechanism(s)). However, lower doses of Aβ(1-42) (1 nM) and monastrol (50 nM), 

which at best partially inhibited LTP on their own, resulted in much more pronounced LTP inhibition 

when administered together. In other words, monastrol-mediated inhibition of Eg5 appeared to 

sensitize CA1 synapses to the inhibitory effect of Aβ(1-42) on LTP.  Importantly, while monastrol and Aβ 

both inhibit Eg5 ATPase-dependent motor activity through mechanisms that are competitive with 

respect to regulation by microtubules, monastrol slows release of ADP and Aβ competes with ATP 

binding (Borysov et al., 2011; Cochran et al., 2005).  Thus, additive inhibition could be expected for low 

concentrations of monastrol and Aβ even if both are converging on Eg5. In addition, Aβ (but not 

monastrol) inhibits the related motor proteins KIF4A and MCAK, which are both also expressed in 

neurons and could share functions with Eg5 that are required for LTP (Borysov et al., 2011). 

Regardless of these remaining uncertainties for acute LTP inhibition, our comparison of the 

impacts of chronic co-treatment with Aβ(1-42) and monastrol on dendritic spine loss in cultured 

hippocampal neurons provided even clearer evidence that AβGand monastrol share common 

downstream molecular mechanisms.  In particular, we observed no additional spine loss following co-

treatment with higher doses of monastrol (5 μM) and Aβ(1-42) (0.5 μM) that each alone triggered a 

maximum of 35-40% spine loss. Thus, overall, we found that monastrol can mimic, and in some cases 

occlude, the impacts of Aβ(1-42) on excitatory synapses, suggesting that Aβ(1-42) may induce both 

acute and chronic synaptic dysfunction in part through inhibiting Eg5.   

 Dendritic spine loss is observed in both cortical and hippocampal regions in humans with AD. In 

addition, spine loss and hippocampal LTP impairments are seen even at the very earliest stages of AD in 

mouse models when learning and memory alterations are also first evident, but before amyloid plaque 

and neurofibrillary tangles are observed (reviewed in Mucke and Selkoe, 2012). Our findings that the 

microtubule-dependent motor Eg5 is inhibited by Aβ oligomers and that direct Eg5 inhibition by 
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monastrol can closely phenocopy both acute Aβ LTP inhibition and chronic Aβ-induced spine loss 

suggest that Aβ may disrupt microtubule-dependent neuronal functions, not only through its known 

regulation of tau, but also through its inhibition of Eg5. In particular, inhibiting Eg5 may have a variety of 

impacts on the dendritic cytoskeleton that directly or indirectly alter spine structure, synaptic function, 

and LTP during even the earliest stages of AD. These results also suggest that blocking Aβ inhibition of 

Eg5/Kinesin-5 could provide a novel approach for developing AD therapies. 
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Figure Legends   

Figure 1. Preparation of soluble, low molecular weight Aβ(1-42) oligomers. Non-denaturing 10-20% Tris-

Tricine gel electrophoresis and immunoblotting with anti-Aβ antibodies demonstrates successful 

preparation of solutions containing predominantly Aβ(1-42) monomers and low-molecular weight, 

soluble oligomers (dimers and trimers), with no detectable presence of higher molecular weight species. 

Both preparation method 1, used for slice electrophysiology experiments, and method 2, used for 

neuronal culture spine loss experiments, produce similar results. Note: Under non-denaturing conditions 

it is difficult to make accurate MW determinations based on relative migration compared to MW 

standards.  

 

Figure 2.  Inhibition of early phase (up to one hour) of long-term potentiation (LTP) by Aβ(1-42) and 

monastrol.  (A) Typical field excitatory post-synaptic potentials (fEPSPs) before (black lines) and 60 min 

following (gray lines) high-frequency stimulation (HFS).  (B) Time course of slope of fEPSPs before and 

after 2 HFS trains (black arrow: 1 x 100 Hz, 20 sec apart).  Open bar indicates time of drug application.  

Aβ(1-42) (100 nM) or monastrol (100 nM) were applied to the bath 20 min prior to, and including HFS, 

and the slopes and amplitudes of fEPSPs were recorded for 60 min following HFS.  Numbers  (1, 2) on 

time course indicate times when example signals in panel A were obtained.  Data represent mean ± SEM 

for 5 slices from 4 animals for Aβ(1-42) and for monastrol.  (C) % LTP as a percent of baseline slope 

(average of 50-60 min.) for control (open bar) and various concentrations of Aβ(1-42) (blue bars) and 

monastrol (red bars).  Data represent mean ± SEM for 4-5 slices from 3-5 mice for each concentration. 

Significance from control LTP was determined by one-way ANOVA with Dunnett’s post-hoc analysis.   

*p < 0.05, **p < 0.01, ***p < 0.001. 
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Figure 3. Inhibition of LTP by lower concentrations of Aβ(1-42), monastrol, and Aβ(1-42) plus monastrol.  

(A) Time course for control (open black circles, n = 9; from same experiments as in Figure 2B), 1 nM 

Aβ(1-42) (solid blue squares, n = 5; from same experiments as in Figure 2C), 50 nM monastrol (solid red 

triangles, n = 8; from same experiments as in Figure 2C) and 1 nM Aβ(1-42) plus 50 nM monastrol (solid 

purple diamonds, n = 9).  Drugs were applied 20 min prior to and during HFS (100 Hz, 1 sec, 2 trains 20 

sec apart).  Data are mean slopes ± SEM.  (B) Bar graphs depicting mean % potentiation ± SEM over 

control during last 10 min of recording period.  At these concentrations, neither Aβ(1-42) nor monastrol 

alone resulted in significant reduction of LTP, but when added together there was a significant, 

complete inhibition of LTP (one-way ANOVA with Dunnett’s post-hoc; *** p < 0.001). 

 

Figure 4.  Time course of Aβ(1-42) and monastrol impacts on baseline NMDAR and AMPAR field 

potentials.  (A) Upper panel depicts a representative fEPSP response before (light grey) and after (dotted 

black) pharmacological isolation of the NMDAR component by blocking the AMPAR component of the 

response with 10 µM CNQX.  Traces are normalized to the peak of the response to better show the 

distinct, slower kinetics of the isolated NMDAR component of the fEPSP. The isolated NMDAR fEPSP 

response is completely inhibited with 100 µM of the antagonist DL-APV (grey). Lower panel: time course 

of amplitudes and slopes of isolated NMDAR fEPSPs during application of 100 nM Aβ(1-42) (n = 8).  (B) 

Upper panel: representative isolated NMDAR fEPSPs before (1, black) and ~60 min after (2, light grey) 

application of monastrol.  Lower panel: time course of amplitudes and slopes of isolated NMDAR fEPSPs 

before, during and after application of 100 nM monastrol (n = 6).  One-way ANOVA followed by 

Dunnett’s post-hoc analysis depicts no significant change after 20 min application of monastrol, but 

significant decreases (***p < 0.001) in amplitude and slope at 60 and 90 min (the latter after 30 min. 

wash).  Calibration bars in upper panels: 1 mV, 20 ms. (C) Time course of amplitudes and slopes of 
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AMPAR fEPSPs during application of 100 nM Aβ(1-42) (n = 5). (D) Time course of amplitudes and slopes 

of AMPAR fEPSPs during application of 200 nM monastrol (n = 6). 

 

Figure 5.  Dendritic spine loss following incubation of cultured mouse hippocampal neurons with Aβ(1-

42), monastrol, or both. (A) Neurons were transfected at 11-12 div to express GFP for visualization of 

dendritic spines. Neurons were left untreated (Control) or treated with the indicated concentrations of 

Aβ(1-42) or monastrol or both for 48 hrs prior to fixation at 14-15 div.  GFP fluorescence in dendrites 

was imaged by acquiring 3D image z-stacks (500 nm spacing) that were deconvolved to the nearest-

neighbor and then collapsed into 2D maximum intensity projection images.  (B) Dendritic spine density 

was then quantified from projection images as the number of dendritic spines/10 μm length of dendrite. 

(C) Maximal spine loss was obtained at 0.5 µM Aβ(1-42) and 5 µM monastrol; when applied together, no 

additional spine loss was observed. In Figure 5C, data graphed for Control, 0.5 µM Aβ(1-42), and 5 µM 

monastrol alone are same as in Figure 5B. N=17-34 lengths of dendrite analyzed per condition. Data are 

mean ± SEM.*p < 0.05, **p < 0.01 to Control by ANOVA with Dunnett's post-hoc. 
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