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Abstract It has been shown that microtubule (MT) activity
and dynamics can have huge impacts on synaptic plasticity
and memory formation. This is mainly due to various func-
tions of MTs in neurons; MTs are involved in dendritic spine
formation, axonal transportation, neuronal polarity, and recep-
tor trafficking. Recent studies from our group and other labs
have suggested the possible role of brain MT dynamicity and
activity in memory; however, there is a need for more detailed
studies regarding this aspect. In this study, we have tried to
evaluate the importance of microtubule dynamicity rather than
stability in memory formation in vivo. In order to investigate
the role of MT stability in memory formation, we treated mice
with paclitaxel—a classic microtubule-stabilizing agent. We
then studied the behavior of treated animals using Morris wa-
ter maze (MWM) test. To measure the effect of injected pac-
litaxel on MT polymerization kinetics, we conducted poly-
merization assays on brain extracts of the same paclitaxel-
treated animals. Our results show that paclitaxel treatment
affects animals’ memory in a negative way and treated ani-
mals behave poorly in MWM compared to control group. In
addition, our kinetics studies show that MT stability is signif-
icantly increased in brain extracts from paclitaxel-treated
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mice, but MT dynamics is reduced. Thus, we suggest that
dynamicity is a very important feature of MT protein struc-
tures, and regarding memory formation, dynamicity is more
important than stability and high activity.
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Introduction

Learning is defined as the acquisition of information and
skills, whereby subsequent retention of this information is
called memory. Neuroplasticity, which is defined as the capac-
ity of neural cells in forming new connections or modifying
the ones they have, plays a crucial role in memory formation
(Milner et al. 1998). Numerous studies have shown that mi-
crotubules (MTs) are essential for many of the neural cells’
main functions, such as axonal transportations and receptor
trafficking (Paulson and McClure 1974; Kim and Lisman
2001; Malinow and Malenka 2002; Lau and Zukin 2007).
MTs are also important for neural cell polarity and dendritic
spine development (Arimura and Kaibuchi 2007; Gu et al.
2008). Instability of MT structure and decrease in their total
mass are observed in various neurodegenerative diseases
mainly referred to as tauopathies. MT instability is strongly
related to the pathological features observed in molecular level
in these neurodegenerative disorders (Hasegawa et al. 1998;
Falnikar and Baas 2009). Moreover, It has been described that
nonfatal doses of colchicine, as a microtubule depolymerizing
agent, can cause amnesia in rats, and such animals can be used
as a potential animal model for studying the early stages of
Alzheimer’s disease (AD) (Nakayama and Sawada 2002).
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Microtubule is a polymer of alpha and beta tubulin. The
assembly of tubulin protein resulting in microtubule formation
is a dynamic process in which heterodimers of tubulin go
through continuous assembly and disassembly. This
dynamicity is an important characteristic of microtubules
and is critical for their proper function (Desai and
Mitchison 1997). Although, in neurons, MTs seemed
to be less dynamic than other cells—mainly due to the
impact of microtubule-associated proteins (MAPs) such
as Tau protein (Brandt et al. 2005; Fanara et al.
2007)—there is growing evidence suggesting the impor-
tance of MT dynamicity in memory formation and
learning. Dynamic MTs are shown to be involved in
both dendritic spine changes and synaptic plasticity
(Jaworski et al. 2009) as well as dendritic spine mor-
phology and function (Hu et al. 2008). It has also been
reported that changes in turnover of neuronal MTs,
which demonstrate the instability of MTs, are necessary
for synaptic plasticity and memory formation (Fanara
et al. 2010). Moreover, a growing body of evidence
suggests that the distribution of MTs in neurons is al-
tered during long-term potentiation (LTP), which is the
most well-accepted model of memory formation
(Mitsuyama et al. 2007).

Paclitaxel (PT), also known as taxol, is a well-known
chemotropic drug that mainly targets MT proteins and thus
is used as an anticancer drug in a wide range of cancers
(Rowinsky 1997; Blagosklonny and Fojo 1999). PT inhibits
mitosis in proliferating cells by stabilizing microtubules (Long
and Fairchild 1994), and it binds to polymerized tubules, rath-
er than free tubulin dimers. This interaction will result in sup-
pression of MT depolymerization and increase of M T stability,
but as a consequence, it also negatively affects MT dynamics
(Arnal and Wade 1995; Yvon et al. 1999). PT also stabilizes
microtubule filaments against in vitro depolymerizing factors
such as temperature drop and high concentrations of Ca**
(Collins and Vallee 1987; Xiao et al. 2006).

Since PT stabilizes MT structures, some believe that it
could be a good candidate to substitute Tau protein and recov-
er MT stability that is lost upon hyperphosphorylation and
aggregation of tau in tauopathies. However, the main effects
of'this drug in normal neurons as well as its impact on memory
formation are not well studied yet (Zhang et al. 2005).

Considering previous reports and studies on the direct role
of MT dynamicity in synaptic plasticity and memory forma-
tion, we decided to further investigate this matter. Our goal in
this study was to examine the role of M T stability and dynam-
ics in memory formation in mice. To reach this goal, we treat-
ed mice with PT (microtubule stabilizing agent) and then stud-
ied these animals’ behavior using Morris water maze spatial
memory test (MWM). Afterwards, we did some molecular
studies on the brain extracts of the same animals, measuring
MT polymerization kinetics, activity, and dynamicity.
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Materials and Methods
Chemicals

Chemicals and buffers were obtained from Merck Chemical
Co. GTP and ATP were supplied from Sigma-Aldrich Chem-
ical Co. PT was provided from Stragen.

Animals

Male BALB/C mice were obtained from the Animal Center of
Institute of Biochemistry and Biophysics (IBB), University of
Tehran. Animals were housed in standard cages (seven in each
cage) with free access to food (standard laboratory rodent’s
chow) and water ad libitum. The animal house temperature
was maintained at 23+3 °C with a relative humidity and 12-h
light/dark cycle (light on from 06:00 to 18:00). The proce-
dures were performed in accordance with international guide-
lines for animal care and use (NIH publication #85-23, revised
in 1985). The ethical guidelines for the investigation of exper-
imental animals were followed in all tests. All efforts were
made to minimize animal suffering and to reduce the number
of animals. Animals were transferred to the laboratory at least
1 h before the start of the experiment, and all experiments
were carried out from 08:00 am to 11:00 am.

PT Treatments

Twenty-eight male mice (weighting between 28 and 32 g)
were divided into four testing groups: one control group and
three drug-treated groups (n=7). Paclitaxel dilutions (6 mg/ml)
were prepared using double-distilled water. Drug-treated mice
received 1, 3, and 6 mg/kg PT. The control group was only
treated with the solvent (99 % DDW and 1 % ethanol). Ani-
mals were introduced to the environment 7 days before the
beginning of the tests. All injections were done intraperitone-
ally (IP) and repetitively 90 min before the beginning of each
trial test.

Morris Water Maze

The Morris water maze (MWM) was conducted as it is de-
scribed previously with a minor modification (Nakayama and
Sawada 2002). The apparatus used was a circular black pool
(130 cm in diameter and 30 cm in height) positioned at the
middle of a large isolated room with several three-dimensional
cues (e.g. shelf, desk, closet, tree) in appropriate positions that
were easily visible from inside the pool. These cues and their
positions were unchanged during the experiments. The trans-
parent platform (10 cm in diameter and 15 cm in height) was
located at the middle of a quadrant with equal distance from
the middle and edge of the pool. It was hidden 1.5 cm beneath
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the water surface (water temperature 21 °C) so that mice could
casily get and stay on it.

The experiments were performed in six continuous days;
4 days of training trials, 1 day for additive trial test, and 1 day
for probe test. Throughout the training trials, mice were intro-
duced into the pool from the same point—the quadrant in the
opposite side of the platform quadrant. Each mouse com-
menced trial at the edge of the pool, facing the wall. This
starting point remained unchanged during the trial tests. For
each animal, three factors were recorded: the amount of time
spent to find the platform (latency), the distance animal swam
before finding it (distance), and the swimming speed (veloci-
ty). Each mouse was given at most 180 s to find the platform.
Once the animal found the platform, it was allowed to stay on
it for 30 s before being returned to its cage. If the animal was
incapable of finding the platform in 180 s, it was taken and
placed on the platform and allowed to remain there for the
same time (30 s).

On the fifth day of the experiment, additive training trial
was performed. In this additional training test, the same pa-
rameters (latency, distance, and velocity) were recorded. How-
ever, the starting point was changed to the adjacent left quad-
rant of the platform quadrant.

On the following day, the spatial probe test was conducted
and the starting point was returned to the same position as the
four training trial days. For spatial probe test, the platform was
removed and the mice were let to swim for 60 s. The time each
animal spent in each quadrant of the pool was recorded and
reported as a percentage over 60 s.

Microtubule Polymerization Assay in Semi-purified Extract

Microtubule polymerization assay in semi-purified brain ex-
tract was done as previously described (Qian et al. 1993).
Briefly, right after completion of the probe test, mice were
anesthetized with chloroform and their brains were quickly
removed. Medulla and cerebellum were discarded, and the
remaining parts of the brains were then homogenized in cold
PEM buffer (containing 0.1 M Pipes, ] mM EGTA and 1 mM
MgSO04, 0.1 M MgATP) pH 6.90, 4 °C. After homogenizing
the brains on ice for 30 min, the samples were centrifuged at
100,000xg for 30 min at 4 °C. The supernatant which
contained tubulin protein, GTP, MAPs, as well as several oth-
er small molecules was then taken (this will be referred to as
brain extract containing tubulin (BET)). To analyze the assem-
bly of microtubules, the increase in turbidity of BETs was
measured at 350 nm at 37 °C using a carry 100 spectropho-
tometer. The slope of the logarithmic phase of each recorded
graph—which is an indicator of how fast the MT assembly
occurs—was calculated and defined as the rate of polymeri-
zation (minimum accepted R square was 0.94). The maximum
absorbance in 350 nm was recorded as an indicator of the final
total mass of microtubules. In order to investigate the

microtubule stability and dynamicity, 20 min after first poly-
merization, the temperature was reduced to 4 °C and MT
depolymerization was recorded. The temperature-dependent
microtubule disassembly went on for at least 15 min. In order
to obtain numerical parameters for resistance of microtu-
bules to temperature reduction, the minimum 350-nm
absorbance was recorded and the slope of graphs was
then calculated.
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Fig.1 Trials performed in four continuous days. a The mean value of the
swimming distance (distance), b the mean value of escape latency (time),
and ¢ the mean value of swimming velocity (speed) in control and
paclitaxel-treated animals: paclitaxel 1 mg/kg (PT1), paclitaxel 3 mg/kg
(PT3), and paclitaxel 6 mg/kg (PT6). Asterisks indicate significant differ-
ences (*P<0.05, **P<0.01 compared with the control; Dunnett’s test
using ranked data or Dunnett’s test following two-way ANOVA) (n=7
in each group)

@ Springer



316

J Mol Neurosci (2015) 56:313-319

Statistical Analysis

For MWM, three effects (dose, trial, and dose x trial) were
examined by two-way ANOVA, and interactions between ex-
perimental groups were considered as significant only when
either the dose or dose x trial effect demonstrated statistically
significant differences. In case of significant difference be-
tween groups, Dunnett’s test or Dunnett’s test using ranked
data at each trial day was carried out. In this case, following
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Fig. 2 Additive trial day. a The mean value of the swimming distance
(distance), b the mean value of escape latency (time), ¢ and the mean
value of swimming velocity (speed) in control and paclitaxel-treated an-
imals: paclitaxel 1 mg/kg (PT1), paclitaxel 3 mg/kg (PT3), and paclitaxel
6 mg/kg (PT6). Asterisks indicate significant differences (*P<0.05,
**P<(.01; Dunnett’s test using ranked data or Dunnett’s test following
ANOVA) (n=7 in each group)
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two-way ANOVA, we used Dunnett’s test to analyze the three
recorded factors (swimming velocity, escape latency, and
swimming distance) obtained from 4 days of training and
1 day of additive training trials in control and paclitaxel-
treated groups. For probe test data, Dunnett’s test was applied
to compare each animal’s presence percentage in each of the
four quadrants. The significance level for statistical compari-
sons was set to P value <0.05.

Results
MWM Spatial Memory Test
Results for Trial Test

During the trial tests, we observed significant differences in
dose x trial effects on escape latencies (F (9, 96)=13.76,
P<0.01) and swimming distance (F (9, 96)=6.96, P<0.01)
but not on swimming velocity (¥ (9, 96)=.621, P=0.776). PT
treatment significantly affected escape latencies (F' (3, 96)=
61.66, P<0.01) and swimming distance (¥ (3, 96)=26.30,
P<0.01), but had no significant effect on swimming velocity
(F (3,96)=1.09, P=0.355).

On second trial day, 3 and 6 mg/kg PT-treated animals
showed a significant difference in escape latency compared
to the control group (P<0.05 and P<0.01, respectively,
Fig. 1b).

On trial test days 3 and 4, a significant difference was
observed in the swimming distance as well as escape latency
between 6 mg/kg PT-treated animals and control (P<0.01,
Fig. la, b). No significant difference was observed for swim-
ming velocity (Fig. 1c).
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Fig. 3 The mean value of total time spent in each quadrant by mice
(percentage) in control and paclitaxel-treated animals: 1 mg/kg (PT1),
3 mg/kg (PT3), and 6 mg/kg (PT6). Quadrant 1 is the starting point;
quadrants 2 and 3 are, respectively, right and left of the quadrant platform;
and quadrant 4 is where platform was formerly situated. Asterisks indicate
significant differences (*P<0.05, **P<0.01; Dunnett’s test) (=7 in each

group)
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Results for Additive Test

Regarding additive trial day, escape latencies (¥ (3, 24)=
78.16, P<0.01) and swimming distance (F (3, 24)=70.04,
P<0.01) were significantly different in PT-treated groups
compared to control group. The swimming velocity did not
show any significant difference (F (3, 24)=1.18, P=0.337,
Fig. 2¢).

Results for Probe Test

Our results on probe day test showed that PT-treated mice (3
and 6 mg/kg) spent significantly less time in quadrants 1 and 4
(P<0.01), and they also spent significantly more time in quad-
rants 2 and 3 (P<0.01) compared to the control groups
(Fig. 3). No significant difference was observed between the
control and 1 mg/kg PT-treated animals.

BET Microtubule Assembly Kinetics

In order to examine the effect of injected PT on microtubule
activity, we analyzed the BET prepared from the brains of the
same animals used for behavioral studies. MT polymerization
and depolymerization kinetics was investigated at 37 °C and

4 °C, respectively (Fig. 4). Our results showed a significant
change in the kinetics of MT assembly for 3 and 6 mg/kg PT-
treated mice. First of all, the nucleation phase became very
short (almost undetectable) in 3 and 6 mg/kg treated mice
compared to the control group. Also, the polymerization rate
and maximum absorbance were significantly altered in these
animals (P<0.01). However, not much difference was ob-
served in 1 mg/kg PT-treated mice; the nucleation phase did
not differ much with control group, and there was no major
difference in polymerization rate and maximum absorbance
between 1 mg/kg PT-treated animals and the control group
(P>0.05, Table. 1).

The rate of depolymerization and minimum absorbance
were also significantly different in 3 and 6 mg/kg PT-treated
groups in comparison to control (P<0.01). However, these
two parameters were quite the same as control for 1 mg/kg
PT-treated groups (P>0.05, Table. 2).

Discussion

It is quite well accepted that synaptic plasticity has a decisive
role in cognitive functions such as memory formation and
learning (Martin et al. 2000). Long-term potentiation (LTP),

Table 1  The rate of polymerization and maximum absorbance (mean values + SDs) of MTs derived from polymerization assay kinetics at 37 °C
Control 1 mg/kg PT 3 mg/kg PT 6 mg/kg PT
Rate of polymerization 0.0085+0.0002 0.0089+0.0003 0.0178+0.0002** 0.0209+0.0006**

Maximum absorbance 0.1158+0.0026

0.1210+0.0043

0.1516+0.0015%* 0.1672+0.001**

The total protein concentration was adjusted to 8 mg/ml in all experiments. Data were obtained from three repeats. Asterisks indicate significant
differences (*P<0.05, **P<0.01 compared with control; Student’s T test)
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Table 2 The rate of depolymerization and minimum absorbance (mean values + SDs) of MTs derived from depolymerization kinetics assay at 4 °C

Control 1 mg/kg PT 3 mg/kg PT 6 mg/kg PT
Rate of depolymerization 0.0052+0.0002 0.0056+0.0002 0.0043+0.0003** 0.0030+0.0001**
Minimum absorbance 0.0386+0.0008 0.0403+0.0012 0.0853+0.0009** 0.1223+0.0026%*

The total protein concentration was adjusted to 8 mg/ml in all experiments. Data were obtained from three repeats. Asterisks indicate significant
differences (*P<0.05, **P<0.01 compared with control; Student’s 7 test)

which is a well-characterized form of synaptic plasticity, is
mainly influenced by two cellular events: up-regulation of
AMPA and NMDA receptors in the synaptic membrane of
post-synaptic neurons and formation of new synapses be-
tween neurons (Lynch 2004; Cooke and Bliss 2006). MT
activity and dynamics is directly involved in both of these
cellular events (Collingridge et al. 2004; Jaworski et al.
2009). Previously, it has been suggested that MT-stabilizing
agents such as PT could improve the function of neurons un-
der specific circumstances where MT network is disturbed
(for example in tauopathies such as AD) (Michaelis et al.
1998; Zhang et al. 2005). Under these conditions, MTs are
pretty unstable mainly due to hyperphosphorylation and ag-
gregation of tau protein, which is a natural MAP responsible
for stabilizing MT network (Nakayama and Sawada 2002;
Ballatore et al. 2007). As a result, it has been suggested that
MT-stabilizing agents could be good substitutions for
malfunctioning Tau protein, to prevent MT instability and
disassembly (Matsuoka et al. 2008).

On the other hand, MTs are dynamic structures, and vari-
ous reports suggest that this dynamicity is a critical character-
istic for their proper function (Desai and Mitchison 1997). A
previous study in our lab has also shown that chronic social
stress conditions, that can significantly suppress learning and
memory, has had a huge negative effect on MT’s dynamicity
in the brain cortex of rats (Eskandari-Sedighi et al. 2014).
Accordingly, we presumed that the dynamicity of MT net-
work is a more critical feature than its stability, especially
regarding memory formation.

Our behavioral study results demonstrate that 1 mg/kg of
PT does not seem to have any special effect on memory. MT
polymerization kinetics and calculated parameters of MT po-
lymerization and depolymerization have remained unchanged
in 1 mg/kg PT-treated mice compared to control groups. This
could be due to the low ability of PT to cross the blood—brain
barrier (Fellner et al. 2002). However, higher doses of PT (3—
6 mg/kg) have had significant negative effects on animals’
behavior in MWM experiment in comparison to the control
group. Our MT polymerization kinetics studies also showed
that the rate of MT polymerization, as well as the total mass of
MTs in BET, has remarkably increased in 3 and 6 mg/kg PT-
treated mice. MTs were firmly stable, and they were resistant
to in vitro depolymerizing conditions (temperature dropping
from 37 to 4 °C). The activity of MTs was also noticeably
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similar to previous in vitro studies (Schiff et al. 1979; Collins
and Vallee 1987). All these results strongly suggest that PT
treatment can result in an increase in stability of MTs and their
total mass, but MT dynamics will be considerably reduced.

Our studies also revealed that PT-treated mice behaved
poorly in MWM compared to the control groups, suggesting
that despite an increase in stability of MTs and total mass,
animal’s memory was not enhanced. This observation strong-
ly supports the idea that MT dynamicity is a more critical
characteristic than its stability regarding memory formation.
MTs are directly involved in receptor trafficking and dendritic
spine formation in neurons (Collingridge et al. 2004; Jaworski
et al. 2009), and this needs new, continuous arrangement of
MT network within neurons. A decrease in dynamicity brings
more rigidity to MTs, and extreme rigidity can then have a
negative effect on the whole system.

Our results also revealed that despite the fact that the
blood-brain barrier is not so permeable to PT, even low
amounts of PT that can pass through it will still have a big
influence on memory. This is probably because of the high
affinity of PT for MT proteins.

In conclusion, our work demonstrates that systemic injec-
tion of PT can have a negative effect on mice memory forma-
tion. According to our results, MT dynamicity seems to be a
more important feature than MT total mass, high activity, and
stability. We, as a result, suggest that the dynamicity of MTs
correlates with rearrangement of these proteins’ network dur-
ing LTP. MT dynamicity, therefore, can influence synaptic
plasticity, and this seems to be a more critical point than the
network stability regarding memory formation.
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