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Abstract In the present study, the normal endoge-
nous activity level of acetylcholinesterase (AChE)
was investigated in cerebral hemispheres and cere-
bellum of female mice as a function of age. The
effects of 24-h fasting and refeeding, and dietary
restriction (DR) on AChE activity and its protein
expression patterns were also investigated in young
(1-month) and old (18-month) mice. Our results show
that the activity (U/mg protein) and level of AChE
protein in the cerebral hemispheres of young mice is
decreased significantly on 24-h fasting which
reverses back on refeeding. On the other hand, DR
produces an accumulative effect; thereby it decreases
the activity of this enzyme in the cerebral hemi-
spheres of both the young and old mice and the
degree of reduction is of different magnitude, dictated
in an age- and brain region-specific manner. Our
findings suggest that DR regulates the activity of this
enzyme which may be useful in related neurodegen-
erative disease conditions.
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Introduction

Neuronal survival, spine density, and the establish-
ment of neuronal circuitry are influenced by expe-
rience and environment during nervous system
development (Comery et al. 1996). Aging cells in
the brain experience increased amounts of oxidative
stress (Serrano and Klann 2004; Dkhar and Sharma
2010), perturbed energy homeostasis (Ames 2004),
accumulation of damaged proteins (Gray et al.
2003), and lesions in their DNA (Lu et al. 2004).
At the cellular level, aging reduces the synaptic
contacts, synaptic strength, and plasticity (Burke and
Barnes 2006) resulting in diminished brain neuro-
genesis (Heine et al. 2004). A serious loss of
cholinergic function in the central nervous system
contributes to cognitive symptoms during aging
(Bartus et al. 1982; Petrella et al. 2005). Similarly,
changes in multiple aspects of neurotransmitter
signalling, for example, declines in the levels of
neurotransmitters such as acetylcholine are well
documented in the aging brain (Terry and Buccafusco
2003).

Acetylcholinesterase (AChE; 3.1.1.7) hydrolyzes
the neurotransmitter acetylcholine (ACh) at the
synaptic cleft of cholinergic synapses and neuro-
muscular junctions (Soreq and Seidman 2001). By
degrading ACh in cholinergic synapse, AChE plays
a critical role in controlling the effects of ACh, so
that the nerve impulse has required duration before
the start of the next impulse. In mammals, AChE is
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expressed in a variety of tissues including muscle,
nerve, white and grey matter of brain, in amniotic
fluid, placenta and hematopoietic cells. In addition
to its role in cholinergic transmission, AChE is
associated with brain development, learning, mem-
ory and neuronal damage (Ballard et al. 2005;
Zimmerman and Soreq 2006). It has been used as a
marker for cholinergic function in neural tissue
because of its implications in synaptogenesis and its
involvement in neurodegeneration in adult tissues.
Serum AChE evaluation and the checking of
different isoforms present in different tissues is
being used as an effective marker in detecting
several diseases (Voigtldnder et al. 1981; Navaratnam
et al. 1991).

Dietary restriction (DR), i.e., a reduction in calorie
intake without malnutrition, has been known to
influence wide variety of physiological processes
including neuroendocrinological signalling system
(Weindruch 1996; Pahlavani 2000). It changes pro-
tein turnover (Scrofano et al. 1998), modifies the
expression of many genes (Lee et al. 1999), and
decreases glycation of cellular and extracellular
macromolecules (Sell et al. 1996). Dietary restriction
has been shown to improve synaptic functions such as
long-term potentiation (Eckles-Smith et al. 2000) and
learning ability (Algeri et al. 1991) as well as to
elongate life span (Masaro 2000). Rats maintained on
DR perform better on learning and memory tasks than
do ad libitum-fed, age-matched rats (Stewart et al.
1989; Pitsikas and Algeri 1992). Importantly, DR
induces the expression of neurotrophic factors as well
as the expression of specific genes that encode
proteins that promote neuronal survival and synaptic
plasticity (Yu and Mattson 1999).

As the role of AChE is very crucial in aging and in
normal cholinergic systems, in the present study we
determined the normal endogenous level of AChE
activity in the cerebral hemispheres and cerebellum
of mice as a function of age. We assessed the
influence of dietary interventions on AChE through
the possible modulation by 24 h of fasting and
refeeding and also by an alternate day of feeding
and non-feeding for 3-months to provide an insight in
understanding the involvement of DR as natural
intervention in brain aging, with a scope in the
improvement and treatment of various related neuro-
degenerative conditions without using exogenous
drugs.
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Materials and methods
Animals and diet

Female Swiss albino (Balb/C strain) mice were
subjects of this study. They were maintained under
normal laboratory conditions (25 £ 2°C; 12 h light/
dark cycle). The animals were caged in polycarbonate
cage and fed with a standard pellet diet and water as
per experimental schedule. For determination of the
normal endogenous activity of AChE as a function of
age, three different age groups (1-, 6-, and 18- month)
were chosen. For study of the possible effects of 24 h
fasting, refeeding and DR on AChE, mice of two
different age- groups i.e., 1- and 18- month were
used. All animals were treated humanely and Insti-
tutional Ethics Committee (IEC) guidelines on use of
animals were followed during experimentation.

Fasting regimen

Young (1-) and old (18-month) mice under study
were divided into three different groups separately.
Group I includes the ad libitum fed control group that
have access to continuous supply of food. Group II
animals were subjected to a defined period of fasting
(24 h-Fasted), while group III animals were subjected
to 24 h of fasting followed by 24 h of refeeding
(24 h-Refed). However, water was supplied regularly
to all the above three groups.

Dietary restriction regimen

Young (1-) and old (18-month) mice under study
were divided into three different groups separately.
Group I includes the ad libitum fed control group that
have access to continuous supply of food. Mice
subjected to DR regimen were fed on alternate days
for a period of 3 months (Merry 1999; Goyary and
Sharma 2005). Mice maintained on such regimen are
known to consume 30% less food over a period of
time and live up to 30% longer, compared to
ad libitum animals (Lee et al. 2000). Based on the
day of sacrificing the animals, group II consists of
animals that were sacrificed at the end of a non-
feeding day (DR-Fasted), while the animals that were
sacrificed at the end of the feeding day (DR-Fed)
constitute the group III. Water was supplied regularly
to all the above three groups.
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Chemicals

A rabbit anti-AChE polyclonal antibody was pur-
chased from Santa Cruz Biotechnology, Inc., USA.
Goat-antirabbit-IgG-HRP conjugate was obtained
from Bangalore Genei, India. Acetylthiocholineio-
dide and 3, 5’ -Dithiobis (2-nitro-benzoic acid) were
purchased from Sigma Chemical Co., USA. All other
chemicals used were of analytical grade. Millipore
distilled water was used in the preparation of buffers.

Buffers

Following buffers were used: (A) 0.32 M sucrose;
(B) 100 mM phosphate buffer, pH 8.0; (C) Tris
buffer saline (TBS; 20 mM Tris—HCI, pH 7.5/50 mM
NaCl); (D) Tween Tris buffer saline (TTBS; 20 mM
Tris—HCl, pH 7.5/50 mM NaCl/0.5% Tween 20);
(E) Towbin buffer (25 mM Tris, 192 mM glycine,
20% w/v methanol, pH 8.3); (F) Phosphate buffer
saline (PBS; 0.14 M NaCl/3 mM KCI/10 mM
Na,HPO,/2 mM KH,PO,, pH 7.3).

Tissue preparation

Mice were sacrificed by cervical dislocation at a fixed
time of the day (13:00 h) and their cerebral hemi-
spheres and cerebellum were excised out immedi-
ately, washed in chilled physiological saline and
blotted dry. A 10% (w/v) homogenate of these tissues
was prepared in ice-cold 0.32 M sucrose solution.
The homogenate was centrifuged at 20,000xg for
30 min at 4°C. The supernatant thus obtained were
used for the assay of AChE activity and protein
estimation.

AChE activity assay

AChE activity was determined by method of Ellman
et al. (1961) with some modifications of our own.
Hydrolysis rate was measured at acetylthiocholine
(S) concentrations of 0.8 mM with 100 mM phos-
phate buffer, pH 8 and 1.0 mM 5,5 -Dithiobis
(2-nitro-benzoic acid) (DTNB). Fifty microliters of
enzyme preparation was added to the reaction
mixture making a 3 ml assay mixture. The hydrolysis
was monitored by formation of the thiolate dianion of
DTNB at 412 nm for 3 min (intervals of 30 s) at
25°C.

Western blot analysis

An aliquot of sample proteins (30 pl) containing
60 pg protein was loaded in each lane. The sample
proteins were separated by electrophoresis performed
on 10% sodium dodecyl sulphate—polyacrylamide
gels (SDS-PAGE) at room temperature. Following
electrophoresis, the proteins in the gel were trans-
ferred to a nitrocellulose membrane using Bio-Rad
Mini trans-blot® electrophoretic unit at 100 V (con-
stant) for 60 min. The electroblotted membrane was
transferred in blocking solution containing 5% non-
fat dry milk in Tris buffer saline (TBS) for 1 h at
room temperature. After washing in Tween Tris
buffer saline (TTBS), the membrane was incubated
overnight with anti-AChE antibody solution (1:500).
The membrane was washed twice in TTBS to remove
unbound antibodies and transferred to a solution
containing Goat-antirabbit-IgG conjugated to horse-
radish peroxidase (1:1000) for 3 h, and the color
developer substrate (TMB/H,0,) was added till the
development of color. The reaction was stopped by
washing the membrane in ddH,O and photographed
using an hp scanjet 7400C scanner.

India ink stain

To ascertain that an equal amount of protein was
loaded in each lane, a parallel set was run and stained
overnight with 0.2% India ink in Phosphate buffer
saline (PBS) solution containing 0.3% Tween-20.
Destaining was performed with PBS solution, and the
blot was photographed using an hp scanjet 7400C
scanner.

Protein determination

Protein content of the enzyme preparation was
measured according to the dye-binding method of
Bradford (1976) using bovine serum albumin (BSA)
as standard.

Statistical analysis

All values reported are mean £ SD for five mice in
each group. Data obtained from different sets were
analyzed using Student’s ¢ test for paired data. The
level of significance (P < 0.05) was considered to be
statistically significant.
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Results

Normal endogenous level of AChE activity
as a function of age

Among the regions of the brain studied, the normal
endogenous level of AChE activity (U/mg protein)
was found to be the highest in the cerebral hemi-
spheres of 1-month old mice and declined signifi-
cantly in 18-month old mice. The percentage of
decrease was 45% (P < 0.001) as compared to the
activity in the 1-month old mice (Fig. 1a)). In the
cerebellum, AChE activity remained fairly constant
and no significant changes was observed in all the
three different ages studied. Immunoblots analyses of
cerebral hemispheres proteins of the selected ages

a
150 -
[7] 1-month
125 4 i 6-month
B 18-month
100 4
75 -
50 -
25 -
0
Cerebralhemispheres Cerebellum
b s s Ffssf
LS
w G XN g R

(a)-—r —

OCE A I

Cerebralhemispheres Cerebellum

Fig. 1 a Normal endogenous level of acetylcholinesterase
activity in the cerebral hemispheres and cerebellum of young
(1-month), adult (6-month) and old (18-month) mice. Values
are expressed as mean £ SD of five mice at each group.
Asterisks (**) indicate statistically significant (P < 0.001)
values as compared to young mice. b Western blot analysis
of AChE protein from the cerebral hemispheres and cerebellum
of young (1-month), adult (6-month) and old (18-month) mice
(a). The India ink stained Western blots of proteins from
cerebral hemispheres and cerebellum of the same ages (b)

@ Springer

confirmed that the decline was at the level of AChE
protein (Fig. 1b (a)). India ink stain indicated that an
equal amount of protein was loaded in each lane
(Fig. 1b (b)) during experimentation.

Effect of 24 h fasting and refeeding on AChE
activity

After 24 h of fasting, the level of AChE activity was
significantly decreased in the cerebral hemispheres of
1-month-old mice in comparison with the control
group. The percentage of decrease was 30%
(P <0.001). However, no significant changes
observed in the cerebral hemispheres of 18-month-
old mice. Refeeding the mice for 24 h after fasting
reversed the above decrease and no significant change
was observed in comparison with the age-matched
control mice (Fig. 2a). Western blot analysis corrob-
orated the decrease in AChE activity at the protein
expression level (Fig. 2b (a)). India ink stain indi-
cated that an equal amount of protein was loaded in
each lane (Fig. 2b (b)) during experimentation. In the
cerebellum of both 1- and 18-month old mice, no
significant changes are observed in comparison with
their age-matched control mice (Fig. 3a). Immuno-
blot analyses of cerebellum AChE confirmed that
there are indeed no changes at the level of AChE
protein (Fig. 3b (a)) India ink stain indicated that an
equal amount of protein was loaded in each lane
(Fig. 3b (b)) during experimentation.

Effect of DR on body weight

In our experimental schedule, it has been observed
that the total body weight (g) of mice during alternate
days of feeding and non-feeding for 3 months
exhibited a significantly decrease in both the 1- and
18 month old mice. The percentage of decrease is
30% (P < 0.05) in the case of 1-month and 16% in
the case of 18-month old mice, as compared to the
weight of the age-matched ad libitum fed control
mice (Fig. 4).

Effect of DR on AChE activity

Our results indicate that the level of AChE activity
was significantly decreased in cerebral hemi-
spheres of both 1- and 18-month-old mice. In
1-month-old mice, the percentage of decrease was
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Fig. 2 a Effects of 24 h fasting (24 h-Fasted) and refeeding
(24 h-Refed) on the activity of AChE in the cerebral hemi-
spheres of young (1-) and old (18-month) mice. Asterisks (*)
indicates statistically significant (P < 0.05) value as compared
to their respective age-matched control mice. b Western blot
analysis of AChE protein from the cerebral hemispheres of
young (1-) and old (18-month) mice during 24 h fasting (24 h-
Fasted) and refeeding (24 h-Refed) with their respective age
matched control mice (a). The India ink stained Western blots of
proteins from cerebral hemispheres of young (1-) and old
(18-month) mice after 24 h fasting (24 h-Fasted) and refeeding
(24 h-Refed) with their respective age-matched control (b)

50% (P < 0.001) on the non-feeding day and 40%
(P <0.001) on the feeding day, respectively. In
18-month-old mice, the level of AChE exhibited a
significant decrease of 15% (P < 0.05) and 12%
(P <0.05) on the non-feeding and feeding day,
respectively (Fig. 5a). Western blot analysis sup-
ported the above observation that the decrease in
AChE activity by DR was at the protein level
(Fig. 5b (a)). India ink staining suggested that an
equal amount of protein was loaded in each lane
(Fig. 5b (b)). However, no significant changes were
observed in the activity of AChE in the cerebellum
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Fig. 3 a Effects of 24 h fasting (24 h-Fasted) and refeeding
(24 h-Refed) on the activity of AChE in the cerebellum of
young (1-) and old (18-month) mice. No significant changes
were observed as compared with their respective age-matched
control. b Western blot analysis of AChE protein from the
cerebellum of young (1-) and old (18-month) mice during 24 h
fasting (24 h-Fasted) and refeeding (24 h-Refed) with their
respective age matched controls (a). The India ink stained
Western blots of proteins from cerebellum of young (1-) and
old (18-month) mice after 24 h fasting (24 h-Fasted) and
refeeding (24 h-Refed) with their respective age-matched
control mice (b)

of both 1- and 18-month-old mice in comparison to
their age-matched control mice (Fig. 6a). Western
blot analysis supported the above observation that
there are no changes at the protein level (Fig. 6b
(a)). India ink staining suggested that an equal
amount of protein was loaded in each lane (Fig. 6b

(b)).

Discussion
Our study shows that endogenous activity of AChE is

highest in the cerebral hemispheres of young mice
with a significant decline in old mice. However, in
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Fig. 4 Changes in the body weight (g) of young (1-month)
(a) and old (18-month) (b) mice during the period of alternate
day of feeding for 3-months. Asterisks (*) indicates statistically
significant (P < 0.05) value as compared to their respective
ad libitum fed control mice

the cerebellum there are no significant changes
observed in the activity of AChE in all the ages
studied. These findings agree with the earlier findings
where the activity of AChE in female rats is found to
be the highest in the immature (9 weeks), and
decreases by 50% after 29 weeks which further
decreases in old age (Moudgil and Kanungo 1973).
The higher activity of AChE in young mice might
reflect the involvement of AChE in neuronal differ-
entiation or cellular maturation processes of the basal
forebrain cholinergic neurons and to higher metabo-
lism of acetylcholine associated with learning and/or
exploratory behaviour (Deutsch 1971; Oliverio et al.
1973). A lower level of AChE in the old age as
observed, may be attributed to the gradual loss of
neurons (Johnson and Erner 1972) and/or decrease in
the rate of AChE protein synthesis (Murthy 1966)
after the growth period is completed.

In our experimental schedule, it has been observed
that long-term DR significantly reduces the body weight
of both the young and old mice. However, the magnitude
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Fig. 5 a Effects of dietary restriction (DR) on the activity of
AChE in the cerebral hemispheres of young (1-) and old (18-month)
mice on the non-feeding (DR-Fasted) and feeding (DR-Fed) day.
Asterisks (*) and (**) indicate statistically significant at (P < 0.05)
and (P < 0.001), respectively as compared to their respective age-
matched control mice. b Western blot analysis of AChE protein
from the cerebral hemispheres of dietary restricted (DR) young (1-)
and old (18-month) mice with respective to their age-matched
control (a). The India ink stained Western blots of proteins from
cerebral hemispheres of the same ages (b)

of this reduction is more pronounced in young mice as
compared to the older ones. Our observation of body
weight reduction confirms that the animals have a
reduced food intake which is also consistent with earlier
reports (Lee et al. 2000; Dutta and Sharma 2004). A
decrease in the activity of AChE in the cerebral
hemispheres of 1-month-old mice on 24 h fasting and
its restoration after 24 h refeeding suggest that dietary
interventions play a role in regulating the activity of this
enzyme during maturation process. Similarly, in com-
parison to the cerebral hemispheres of old mice and the
cerebellum of young and old mice where no significant
changes were observed indicates the level of high
synaptic plasticity of neurons present in cerebral
hemispheres of young mice.
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Fig. 6 a Effects of dietary restriction (DR) on the activity of
ACHhE in the cerebellum of young (1-) and old (18-month) mice
on the non-feeding (DR-Fasted) and feeding (DR-Fed) day. No
statistically significant changes were observed as compared to
their respective age-matched control mice. b Western blot
analysis of AChE protein from the cerebellum of dietary
restricted (DR) young (1-) and old (18-month) mice with
respect to their age-matched control mice (a). The India ink
stained Western blots of proteins from cerebellum of the same
ages (b)

According to the hormesis mechanism, repeated
mild stress has beneficial effect from the cellular
responses and its aging-retardant action results from
stimulating the maintenance and repair processes
during repeated exposure to stress (Rattan 2004).
Dietary restriction is a sustained mild stressor that
enhances the ability of rats and mice to cope with
acute and intense stressors (Masoro 1998). In com-
parison with 24 h fasting and refeeding, our studies
showed that DR produces a more pronounced and
cumulative effects irrespective of the day of sacrific-
ing the mice i.e., on the day of fasting and/or on the
non-feeding day. This may be possible because DR
produces a hormetic response that increases cellular

stress resistance, metabolic adjustments and adapt-
ability (Mattson 2008). Previous studies indicate that
there are alterations in AChE activity and ACh
metabolism, where there is a higher activity of AChE
in the medulla oblongata and striatum as well as
lower level of ACh in all regions of the brain of
Zucker fatty rat as compared to the lean rat (Seitaro
et al. 1990). The decreased activity of AChE in the
cerebral hemispheres of young mice during DR
suggests the possibility based on the fact of ACh
crucial involvement in synaptic plasticity and synap-
tic scaling with responsive sensitivity of young mice
synapse to send a sensory input through its enhanced
pre-synaptic and post-synaptic connections during
DR period. This enhanced synaptic activity during
DR regulates the efficiency of presynaptic ACh
release and/or the numbers of postsynaptic receptors
to down regulate AChE biosynthesis via a feedback
loop mechanism in compensating for the decreased
ACh synthesis during this time of limited substrate
availability. Thus, an increase in the level of ACh
would ensure increase in receptor occupancy and
potentiate its action on neuronal excitability and
inhibitory interneuron. This is manifested in
increased amplitude of synaptic scaling and long
term potentiation in many regions of the brain.

In the cerebral hemispheres of older mice where
there is lesser reduction in AChE activity during DR,
we suggest that DR might act as a natural cholines-
terase inhibitor by maintaining the level of the
already declining ACh, thus enhancing cholinergic
neurotransmission in the cerebral hemispheres of the
aged brain. Alternatively, DR may produce free
radical scavengers which prevent the binding of free
radicals on the sites of the AChE molecule, analogous
to reports on inhibitors of AChE that improve brain
function (Giacobini and Caudra 1994; Canal and
Imbimbo 1996). Our findings thus clearly indicate
regulation of AChE expression in a brain region
specific manner as a function of age in mice. The
dietary restriction attenuation of AChE level may be
useful in deducing a beneficial effect of DR in
neurodegenerative diseases as better alternatives in
future.
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