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Abstract

Synaptic pathology is associated with protein accumulation events, and is thought by many to be the best correlate of cognitive impairment in
normal aging and different types of dementia including Alzheimer’s disease. Numerous studies point to the disruption of microtubule-based
transport mechanisms as a contributor to synaptic degeneration. Reported reductions in a microtubule stability marker, acetylated a-tubulin,
suggest that disrupted transport occurs in Alzheimer’s disease neurons, and such a reduction is known to be associated with transport failure and
synaptic compromise in a hippocampal slice model of protein accumulation. The slice model exhibits accumulated proteins in response to
chloroquine-mediated lysosomal dysfunction, resulting in corresponding decreases in acetylated tubulin and pre- and postsynaptic markers
(synaptophysin and glutamate receptors). To test whether the protein deposition-induced loss of synaptic proteins is due to disruption of
microtubule integrity, a potent microtubule-stabilizing agent, the taxol derivative TX67 (10-succinyl paclitaxel), was applied to the hippocampal
slice cultures. In the absence of lysosomal stress, TX67 (100—300 nM) provided microtubule stabilization as indicated by markedly increased
levels of acetylated tubulin. When TX67 was applied to the slices during the chloroquine treatment period, pre- and postsynaptic markers were
maintained at control levels. In addition, a correlation was evident across slice samples between levels of acetylated tubulin and glutamate receptor
subunit GluR1. These data indicate that disruption of microtubule integrity accounts for protein deposition-induced synaptic decline. They also
suggest that microtubule-stabilizing drugs can be used to slow or halt the progressive synaptic deterioration linked to Alzheimer-type
pathogenesis.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction Alzheimer’s disease (see Davies et al., 1987; Terry et al., 1991;

Samuel et al., 1994; Heinonen et al., 1995; Sze et al., 1997;

Synapses are sites of neuronal communication that provide
the capacity of memory function and learning. Synaptic pathol-
ogy is thought to account for the cognitive decline associated
with aging and age-related dementias (Coleman et al., 2004).
The loss of synapses and/or vital synaptic components indeed
has been reported to strongly correspond with the dementia of
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Masliah et al., 2001). Synaptic deterioration also correlates with
frontotemporal dementias (Lipton et al., 2001) and dementia
with Lewy bodies (Masliah et al., 1993; Brown et al., 1998).
The normal aging brain is also notable for synaptic alterations
and reduced expression of proteins responsible for the function
of synapses (see Tamaru et al., 1991; Bahr et al., 1992, 1993).
Mechanisms underlying such synaptic changes may contribute
to mild cognitive impairment and a growing risk for the onset of
age-related neurodegenerative disorders.

Regarding Alzheimer-type pathogenesis, it is apparent that
proteins and oligomers with a propensity to accumulate intra-
cellularly can disrupt transport mechanisms responsible for
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replenishing supplies to synapses. The collapse of microtubule
integrity and concomitant disruption of somatofugal transport
has been implicated in the axonopathy and synaptic pathology
related to early stage Alzheimer’s disecase (Heinonen et al.,
1995; Hempen and Brion, 1996; Bendiske et al., 2002; Butler
et al., 2005; Stokin et al., 2005; Zhang et al., 2005). One
obvious candidate that may be involved in the damage is the
microtubule-associated protein tau, which exhibits distinct
changes in the aged brain and Alzheimer’s disease (Lee,
1995; Alonso et al., 1996; Bahr and Vicente, 1998). Aberrant
behavior of tau, including neurofibrillary deposits, has been
linked to reduced expression of synaptic markers in age-related
diseases and in models of protein accumulation (Bahr, 1995;
Sasaki and Iwata, 1996; Callahan et al., 1999; Hall et al., 2000;
Bendiske et al., 2002). Tau aggregation events likely disrupt the
normal equilibrium between normal tau and phosphorylated tau,
thus decreasing the availability of functional tau for stabilizing
microtubules and their transport mechanisms (Bahr, 2003;
Michaelis et al., 2005b). It has also been proposed that mis-
regulation of tau chemistry causes transport failure and resultant
starvation of synapses long before tau aggregates into
neurofibrillary tangles (Mandelkow et al., 2003). Together,
microtubules and microtubule-based transport mechanisms are
important for the maintenance of synapses.

If microtubule disruption accounts for the reduced expres-
sion of synaptic proteins during protein accumulation events,
then stabilizing microtubules and promoting the integrity of
transport systems should prevent the synaptic decline. To
address this issue, the present study utilized a derivative of
paclitaxel (taxol) in an in vitro model of protein accumulation.
Taxol is a common cancer chemotherapeutic agent that induces
tubulin polymerization and microtubule stabilization (Schiff
et al., 1979; Parness and Horwitz, 1981). Microtubule
stabilizers are suggested to protect against Alzheimer-type
neuropathogenesis (Michaelis et al., 2005a; Zhang et al., 2005;
Divinski et al., 2006). Taxol and the taxane analogue TX67 (10-
succinyl paclitaxel) have been reported to protect primary
neurons against AP peptide toxicity and to block Ap-induced
increases in abnormal tau phosphorylation (Michaelis et al.,
1998, 2005a; Li et al., 2003).

Here, TX67 was tested in a hippocampal slice model that
reproduces protein accumulation events in response to the
disruption of lysosomal degradative processes. The induced
protein deposition in hippocampal slice cultures is associated
with transport failure, axonopathy, and progressive synaptic
decline, thus indicating the value of the model system (Bahr
et al., 1994, 1998; Bendiske et al., 2002; Butler et al., 2005).
The resulting synaptic pathology is gradual and leads to a
marked reduction in the number of synapses per neuron (Bahr
and Bendiske, 2002), similar to the synapse reduction evident in
early stage Alzheimer’s disease (Davies et al., 1987). With the
use of TX67, microtubule stabilization was found to protect
against the synaptic pathology produced by lysosomal dis-
turbances and associated protein deposition. These findings
support the idea that microtubule integrity is compromised in
protein deposition diseases, and they indicate a plausible
therapeutic strategy.

2. Materials and methods

2.1. Tissue preparation and orvganotypic hippocampal slice
cultures

All protocols were approved by the University of Con-
necticut’s institutional animal care and ethics committee.
Sprague—Dawley rat litters (Charles River Laboratories;
Wilmington, Massachusetts) were housed following guidelines
from the National Institutes of Health. The animals were
allowed 4-5 days of acclimatization prior to sacrifice. Brains
were removed at 11-12 days of age and hippocampi were
rapidly dissected under ice-cold conditions. The tissue was
sectioned into transverse slices (400 pm), which were placed in
groups of 6-10 slices per Millicell-CM insert (Millipore
Corporation; Bedford, Massachusetts). Initial maintenance
included 15-20 days in culture, periodically supplied with
media composed of 50% basal medium Eagle, 25% Earle’s
balanced salts, 25% horse serum, and defined supplements
(Bahr et al., 1994, 1998). For adult mouse brains, tissue was
separated in ice-cold buffer consisting of 0.32 M sucrose, 5 mM
HEPES (pH 7.4), | mM EDTA, 1 mM EGTA, 0.6 uM okadaic
acid, 50 nM calyculin A, and a protease inhibitor cocktail
containing 4-(2-aminoethyl)benzenesulfonyl fluoride, pepstatin
A, E-64, bestatin, leupeptin, and aprotinin. The tissue samples
were homogenized in lysis buffer consisting of 15 mM HEPES
(pH 7.4), 0.5 mM EDTA, 0.5 mM EGTA and the protease
inhibitor cocktail.

2.2. Cultured slice treatment groups

One set of slice cultures was incubated with media
containing vehicle or 60 uM chloroquine (Sigma Chemical
Co.; St. Louis, Missouri) for 3—9 days (media changed every 1—
2 days). Chloroquine is a weak base that accumulates in acidic
compartments, leading to the disruption of lysosomal protein
degradation. The level of chloroquine used influences lyso-
somal processes without affecting protein synthesis, glycosyl-
ation, or secretion. A second set of slices was treated daily for
3—-6 days with 0—-300 nM TX67, prepared by parallel solution
phase synthesis, to determine dose-dependent effects. In a third
set of slice cultures, chloroquine treatment continued for 6 days
followed by subsequent daily incubations with media alone or
with 100-200 nM TX67 for 2 days. The last set was treated
with chloroquine and TX67 together for 3—6 days. After the
experimental treatments, slices were gently harvested with ice-
cold buffer followed by homogenization in lysis buffer (15 mM
HEPES, 0.5 mM EDA, 0.5 mM EGTA, and protease inhibitors).

2.3. Immunoblot analysis

Hippocampus slice samples were homogenized in groups of
6—8 by sonicating in ice-cold lysis buffer, and protein
concentration was assessed with a BSA standard. Equal aliquots
of the samples were denatured in sodium dodecyl sulfate (SDS)
at 100 °C, separated by SDS-polyacrylamide gel electrophore-
sis, and blotted to nitrocellulose. Immunodetection was
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achieved by incubating blots overnight at 4 °C with affinity-
purified antibodies against a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionate (AMPA) receptor subunit GluR1 (Bahr
et al., 1996), antibodies against N-methyl-D-aspartate (NMDA)
receptor subunit NR1 (Chemicon; Temecula, California),
monoclonal anti-synaptophysin (Boehringer Mannheim; India-
napolis, Indiana) and anti-acetylated tubulin (ICN Biomedicals;
Costa Mesa, California), anti-synapsin I (CalBiochem; San
Diego, California), and anti-actin (Sigma). Anti-IgG-alkaline
phosphatase conjugates were used for secondary antibody
incubation. Development of immunoreactive species used the
5-bromo-4-chloro-3-indolyl phosphate and nitroblue tetrazoli-
um substrate system and was terminated prior to maximum
intensity in order to avoid saturation. Integrated optical den-
sity of the bands was determined at high resolution with
BIOQUANT software (R & M Biometrics; Nashville, Tennessee).

3. Results

In order to study the synaptopathogenesis associated with
protein accumulation, slice cultures prepared from hippocam-
pus were allowed to stabilize for 2—3 weeks under normal
media conditions, then were incubated with the acidotropic
agent chloroquine. Chloroquine disrupts lysosomal protein
degradation and is well known to induce protein accumulation
events and related ultrastructural changes (Ivy et al., 1984; Bahr,
1995; Bahr and Bendiske, 2002; Butler et al., 2005), similar to
those that occur in Alzheimer’s disease and in the aged brain. As
shown in Fig. 1, hippocampal slice cultures treated with
chloroquine clearly exhibit time-dependent reductions in the
postsynaptic glutamate receptor subunit GIluR1 and the
presynaptic vesicle marker synaptophysin. This is consistent
with reports showing that chloroquine-induced protein accu-
mulation events are linked to synaptic decline (Bahr et al., 1994;
Bendiske et al., 2002) and that conditions that decrease protein
deposition lead to synaptic recovery (Bendiske and Bahr, 2003;
Butler et al., 2005, 2006). The decline in GluR1 and
synaptophysin occurred while actin concentrations were
unchanged (Figs. 1 and 2C-E), indicating an early phase of
synaptic pathology preceding further levels of neuronal atrophy.
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Fig. 1. Loss of synaptic markers through the disruption of lysosomal protein
processing. Cultured hippocampal slices were treated with the lysosomal
inhibitor chloroquine (CQN) for the days indicated, after which they were
harvested in groups of six to eight for immunoblot analyses. Chloroquine
treatments were staggered in order to assure all slices were harvested on the
same culture day. Actin was assessed as a load control on the same immunoblots
stained for the AMPA receptor subunit GluR1 and the synaptic vesicle protein
synaptophysin (Syn).
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Fig. 2. Gradual loss of acetylated tubulin (Ac-TN) and synaptic markers induced
by lysosomal dysfunction. Hippocampal slice cultures were treated with
chloroquine (CQN) for up to 9 days, then harvested into groups of 6 to 8 and
prepared for immunoblotting. Parallel slice samples were immunostained for
acetylated tubulin (A, B), GluR1 (C), synaptophysin (Syn, D), and actin as a
control (E). Immunoreactivity profiles were determined across the treatment
period, the plotted data representing mean integrated optical densities (£S.E.M.)
from 5-8 separate immunoblot samples. Analyses of variance in B-D:
P<0.0001 for each.

The early synaptic pathology was associated with evidence
of microtubule destabilization in the slice model. In Fig. 2A,
chloroquine was found to cause a steady decrease in acetylated
tubulin immunostaining. The immunoreactivity levels were
reduced by 65—-75% over the 9-day treatment period (Fig. 2B;
ANOVA: P<0.0001). The decrease was specific for the
acetylated form of tubulin since total tubulin was unchanged
by the chloroquine treatment (106+8% of control; NS). Tubulin
acetylation is a specific marker of stable microtubules, and
measures of this post-translational modification are significant-
ly reduced in Alzheimer’s disease neurons containing neurofi-
brillary tangles (Hempen and Brion, 1996). These results
support the idea that microtubule compromise is involved in
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Fig. 3. The microtubule stability marker acetylated tubulin (Ac-TN) correlates
with GIuR1 levels in vivo. Neocortical tissue homogenates were quickly
prepared from p25 transgenic mice and background control mice. Equal protein
aliquots were analyzed by immunoblot, and linear regression was conducted on
within-sample measures of acetylated tubulin and GluRl. The obtained
correlation coefficient (R) was 0.68.
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Fig. 4. Effects of taxane analogue TX67 on a microtubule integrity measure in
hippocampal slice cultures. Cultured slices were treated with or without TX67
for 6 days (A). The representative immunoblot was probed for the microtubule
stability marker acetylated tubulin (Ac-TN), showing a 3-fold increase in
staining. Mean integrated optical density values exhibit a dose-dependent
increase in acetylated tubulin immunoreactivity (B). Similar results were found
with a 3-day treatment period.

Alzheimer-type degeneration including the characteristic syn-
aptic pathology.

As acetylated tubulin levels gradually decreased in the slice
model, a corresponding loss of synaptic markers occurred as
actin remained at a constant level (see Fig. 2C—E). A similar
correspondence to acetylated tubulin decline was previously
linked to the disruption of microtubule-based transport mechan-
isms (Bendiske and Bahr, 2003), providing further evidence that
microtubule destabilization contributes to the induced synapto-
pathogenesis. Note also that, in vivo, in those tissue samples with
lower acetylated tubulin levels there was a corresponding
reduction in the postsynaptic marker GluR1 (Fig. 3; P=0.007,
one-sample #-test of slope). This was found across cortical
homogenates prepared from control and transgenic mice, the
latter over-expressing human p25 which has been shown to
cause increased cdk5 activity and hyperphosphorylation of tau
(Ahlijanian et al., 2000). Together these data indicate that the
concentration of acetylated tubulin, and hence the status of
microtubule stability, impacts on synaptic integrity.

In order to test whether the protein deposition-induced loss
of synaptic markers is due to microtubule destabilization, the
succinylated taxol derivative TX67 was utilized. TX67 is a

Table 1
Long-term effect of TX67 alone on a synaptic marker in hippocampal slice
cultures

GluR1 immunoreactivity

421+75
371+43

Treatment group

Control
TX67, 6 days

Hippocampal slice cultures were treated with 300 nM TX67 daily for 6 days, and
levels of GluR1 were determined by immunoblot. Mean integrated optical
density values (+S.E.M.) were measured by image analysis from 6-8 slice
groups. The mean GIuR1 level in TX67-treated slices was 88% of the level
found in untreated control slices (difference was not statistically significant).
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Fig. 5. Effects of TX67 in hippocampal slices with pre-existing microtubule
alteration due to chloroquine-induced lysosomal disturbance. Following a 6-day
chloroquine exposure, slices were supplied with media alone (CQN) or with the
addition of 200 nM TX67 for 2 days. Control slices not treated with chloroquine
or TX67 were maintained in culture in parallel (NT). The compromised
acetylated tubulin level was markedly increased by the TX67 treatment
(*unpaired #test: P<0.001). Plotted are mean integrated optical densities +S.E.M.
(n=4-8).

potent microtubule-stabilizing agent designed for improved
blood—brain barrier permeability (Rice et al., 2005). First, TX67
was assessed for promoting microtubule stabilization in
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Fig. 6. Microtubule stabilization via TX67 protects against chloroquine-induced
synaptic decline. Homogenate samples of 68 slices each were prepared from
cultures that received no treatment (NT), chloroquine for 6 days (CQN), or
chloroquine in the presence of TX67 for 6 days. A: On parallel immunoblots, the
slice samples were immunostained for acetylated tubulin (Ac-TN), NR1, GluR1,
synaptophysin, synapsin 1, and actin as a control. Preserved levels of acetylated
tubulin correspond with preserved levels of the synaptic markers. B: Linear
regression was conducted on the immunoreactivity measures of acetylated
tubulin and GluR1 across individual samples from the different treatment
groups. The obtained correlation coefficient was 0.78 (P<0.0001).
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hippocampal slice cultures in the absence of any lysosomal
stressor, using acetylated tubulin as an indicator of microtubule
integrity. After 6 daily treatments with 300 nM TX67, the slice
cultures exhibited 2- to 3-times more acetylated tubulin than
control slices (Fig. 4A). This marked increase indicates
enhancement of microtubule integrity, corresponding with the
taxol-induced effects on microtubules. The 6-day treatment with
TX67 alone had no effect on the sensitive synaptic marker
GluR1 (Table 1) or on neuronal morphology in Nissl-stained
slices (not shown). The lower concentration of 100 nM TX67
also produced microtubule-stabilizing effects, causing a 30—
40% increase in acetylated tubulin as part of a dose-dependent
response (Fig. 4B). In chloroquine-treated slices with compro-
mised microtubule integrity, subsequent application of TX67
increased acetylated tubulin levels 4- to 5-fold, restoring them
to near control levels after 2 days of exposure (Fig. 5).

Next, we tested whether TX67’s ability to restore microtu-
bule integrity is associated with protection of synaptic integrity
in the slice model. The consequences of chloroquine-induced
lysosomal dysfunction included marked reductions in synaptic
proteins (Fig. 6A). Immunoblots stained for the NMDA
receptor subunit NR1 and the AMPA receptor subunit GluR1
indicated reduced levels of the postsynaptic components by 70—
80%. Presynaptic components synaptophysin and synapsin 1
also exhibited pronounced declines. When TX67 was admin-
istered to the slice cultures during the 6-day chloroquine
treatment period, the microtubule-stabilizing agent preserved
the levels of acetylated tubulin as well as of all synaptic markers
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Fig. 7. TX67 prevents the gradual loss of acetylated tubulin and GluR1.
Hippocampal slice cultures were treated with chloroquine for 0—6 days in the
absence (A, B) or presence of TX67 (C, D). Slice samples were harvested into
groups of 6 to 8 and assessed for acetylated tubulin and GluR1 by immunoblot.
Immunoreactivity levels were determined by image analysis, and mean
integrated optical densities £S.E.M. are shown. Analyses of variance: A,
P<0.0001; B, P=0.001; C and D, not significant.

tested (see third lane in Fig. 6A). The TX67-mediated protection
provided maintenance of pre- and postsynaptic proteins to
levels at or near those found in control slices.

The dual effect TX67 has on microtubule integrity and
synaptic maintenance is also exemplified by the highly sig-
nificant correlation between increased acetylated tubulin levels
and preserved GluR1 measures (P<0.0001), assessed across
individual slice samples from the different treatment groups
(Fig. 6B). Across increasing days of chloroquine treatment, the
steady reduction in acetylated tubulin (Fig. 7A) corresponded
with a steady GluR1 decline in the same slice samples (Fig. 7B).
This was not the case, however, when chloroquine was applied
regularly to slice cultures in the presence of TX67. The micro-
tubule stabilizer allowed acetylated tubulin levels to remain
unchanged during the chloroquine treatment period (Fig. 7C),
and this was associated with the maintenance of normal GluR1
levels (Fig. 7D). Together, the experiments indicate that micro-
tubule destabilization is part of the gradual synaptic decline
expressed in the slice model of protein accumulation.

4. Discussion

This report shows that in addition to the accumulation of
amyloidogenic fragments and phosphorylated tau species (Bahr
et al., 1994; Bendiske et al., 2002; Butler et al., 2005), the
hippocampal slice model of lysosomal dysfunction exhibits loss
of microtubule integrity at a level that leads to synaptic
compromise. Corresponding with microtubule destabilization
was reduced expression of presynaptic vesicle proteins and
postsynaptic neurotransmitter receptor subunits. As expected,
the slice model has also been shown to express functional
compromise as indicated by decreases in the size of evoked
EPSPs (Bahr et al., 1994; Bendiske et al., 2002). Note that
declines in synaptic markers indicate deterioration of synapses
in Alzheimer’s disease (see Masliah et al., 1989; Honer et al.,
1992). The synaptic decline in the slice model was ameliorated
by a microtubule-stabilizing agent, attributing the loss of
synapse maintenance to the disruption of vital microtubule
functionality. A close correspondence was in fact evident
between recovery of microtubule integrity and synaptic re-
covery. Together, these findings indicate that loss of microtu-
bule integrity is responsible for synaptic decay early in
the pathogenic cascade triggered by abnormal protein
accumulation.

Lysosomal perturbation in the slice model produced a
gradual loss of tubulin acetylation, a marker of stable
microtubules found reduced in Alzheimer’s disease (Hempen
and Brion, 1996). In the Alzheimer’s disease study, loss of
acetylated tubulin was most consistent in neurons containing
intracellular neurofibrillary deposits. Interestingly, the degree of
microtubule compromise in the slice model has been previously
shown to correspond with the extent of intracellular tau
deposition (Bahr and Bendiske, 2002). Using acetylated tubulin
as a good indicator of microtubule integrity, we also found that
it closely relates to synaptic integrity in vitro and in vivo. The
correlation between decreased levels of acetylated tubulin and
synaptic markers, across chloroquine exposure times, is likely
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related to the disruption of important microtubule-based
transport processes since transport failure occurred with a
similar temporal profile in our slice model (Bendiske et al.,
2002). Related synaptic pathology is associated with early
clinical stages of Alzheimer’s disease, especially the loss of
synaptic markers in the hippocampus (Heinonen et al., 1995;
Callahan et al., 1999; Coleman et al., 2004).

Microtubule destabilization and transport failure are early
signs of neuronal dysfunction in neurodegenerative diseases
(see Hempen and Brion, 1996; Sasaki and Iwata, 1996;
Trushina et al., 2003), and the two events have been linked to
synaptic decline in the slice model. Promoting microtubule
integrity with taxane analogue TX67 resulted in the expected
restoration of acetylated tubulin levels, and also resulted in
restored levels of pre- and postsynaptic proteins. Treating slice
cultures with TX67 alone resulted in no change in synaptic or
neuronal integrity over a 6-day period. TX67 is part of a family
of taxol compounds known to promote microtubule chemistry
including tubulin polymerization. Another pharmacological
condition that re-established microtubule-based transport also
led to restored levels of tubulin acetylation and synaptic markers
(Bendiske and Bahr, 2003; Butler et al., 2005). Conversely,
when microtubules are pharmacologically disrupted, the result
is a loss of synaptic proteins and distinct synaptic vesicles
(Tandon et al., 1996; Van Zundert et al., 2004; Charrier et al.,
2006). Together, these studies indicate that breakdown of
microtubule integrity and related transport systems is a major
factor in synaptic pathology.

The use of the microtubule-stabilizing agent TX67 estab-
lished that stable microtubules are a key aspect of synaptic
maintenance. The succinate-modified taxol analogue has
improved permeability, perhaps allowing efficient penetration
in the three-dimensional organotypic slice model. This class of
microtubule stabilizers has also been shown to protect against
excitotoxic insults (Furukawa and Mattson, 1995), pathogenic
events induced by AR peptides (Michaelis et al., 1998, 2005a;
Li et al., 2003; Sponne et al., 2003), mutant huntingtin toxicity
(Trushina et al., 2003), and against the action of a tau mutation
associated with frontotemporal dementia (Furukawa et al.,
2003). Microtubule-stabilizing agents may represent a strategy
to support transport and cytoskeletal functions in order to offset
protein accumulation pathology and the associated synaptic
decline.

Microtubules require tau for stability and functionality.
Irregular tau turnover in the slice model, in response to the
lysosomal disturbance, alters the availability of normal tau
necessary for stable microtubules and their transport capability
as hyperphosphorylated tau species transform into paired helical
filaments. The hippocampal slice model has been shown to
exhibit gradual deposition of material immunopositive for
paired helical filaments, corresponding with gradual transport
failure (Bendiske et al., 2002). Hyperphosphorylated tau
isoforms destabilize microtubules, and intracellular aggregates
of paired helical filament-tau are linked to transport failure
and synaptic compromise (Lee, 1995; Alonso et al., 1996,
1997; Bendiske et al., 2002; Bendiske and Bahr, 2003). Cor-
responding with the slice model data, indicators of lysosomal

stress and decreased expression of synaptic mRNAs were
evident in Alzheimer’s disease hippocampal neurons containing
neurofibrillary tangles, but not in neighboring tangle-free
neurons (Callahan and Coleman, 1995; Callahan et al., 1999,
2002). Thus, similar cellular changes occur in the slice model
and the age-related neurodegenerative disorder.

The current study supports the hypothesis that microtubule
mechanisms are disrupted during episodes of lysosome stress or
dysfunction, leading to axonopathy, loss of presynaptic in-
tegrity, and down-regulation of neurotransmitter receptors. Such
a cascade of cellular compromise would have a dramatic effect
on neuronal communication and plasticity. Presynaptic vesicle
components may have increased vulnerability in the slice model
and in Alzheimer’s disease due to early axonopathy and
disruption of axonal transport (Bendiske et al., 2002; Butler
et al.,, 2005; Stokin et al., 2005). The types of pre- and
postsynaptic proteins reduced in the slice model are known to
play important roles in plasticity mechanisms underlying
learning and memory (see Schmitt et al., 2004; Kushner et al.,
2005). Of particular interest are the reduced levels of AMPA
receptor subunit GluR1 and their correlation to microtubule
destabilization in the slice model. Expression of GluR1 and
other AMPA receptor subunits is also reduced in aging and
Alzheimer’s disease (Bahr et al., 1992; Ikonomovic et al., 1997,
Wakabayashi et al., 1999). Such reductions could be detrimental
for cognitive function since GIluR1-3 concentrations in
hippocampal synaptic compartments evidently need to be up-
regulated for plasticity and learning (Bevilaqua et al., 2005;
Whitlock et al., 2006). Microtubule function and overall
cytoskeletal integrity are important for neurotransmitter recep-
tor trafficking, synaptic vesicle organization, and structural
domains essential for synaptic modification and modulated
signaling. Protein accumulation stress in the slice model
indicates that subsequent microtubule destabilization can have
a negative impact on synapses in several ways, thus adding to
the numerous studies showing that synapses rely heavily on
microtubule-based functions. The present study points to the
loss of microtubule integrity as facilitating the link between
protein deposition pathology and the disruption of vital synaptic
machinery for cognition.
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