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D-Galactose High-Dose Administration Failed to Induce
Accelerated Aging Changes in Neurogenesis, Anxiety,

and Spatial Memory on Young Male Wistar Rats

Armando Cardoso,1,2 Sara Magano,1 Francisco Marrana,1 and José P. Andrade1,2

Abstract

The model of accelerated senescence with the prolonged administration of d-galactose is used in anti-aging
studies because it mimics several aging-associated alterations such as increase of oxidative stress and decline of
cognition. However, there is no standardized protocol for this aging model, and recently some reports have
questioned its effectiveness. To clarify this issue, we used a model of high-dose d-galactose on 1-month-old
male Wistar rats and studied the hippocampus, one of the most affected brain regions. In one group (n = 10),
d-galactose was daily administered intraperitoneally (300 mg/kg) during 8 weeks whereas age-matched controls
(n = 10) were injected intraperitoneally with saline. A third group (n = 10) was treated with the same dose of
d-galactose and with oral epigallocatechin-3-gallate (EGCG) (2 grams/L), a green tea catechin with anti-oxidant
and neuroprotective properties. After treatments, animals were submitted to open-field, elevated plus-maze and
Morris water maze tests, and neurogenesis in the dentate gyrus subgranular layer was quantified. There were no
significant alterations when the three groups were compared in the number of doublecortin- and Ki-67–
immunoreactive cells, and also on anxiety levels, spatial learning, and memory. Therefore, d-galactose was not
effective in the induction of accelerated aging, and EGCG administered to d-galactose–treated animals did not
improve behavior and had no effects on neurogenesis. We conclude that daily 300 mg/kg of d-galactose
administered intraperitoneally may not be a suitable model for inducing age-related neurobehavioral alterations
in young male Wistar rats. More studies are necessary to obtain a reliable and reproducible model of accelerated
senescence in rodents using d-galactose.

Introduction

Aging leads to a progressive deterioration of tis-
sues and organs, accompanied by an increased inci-

dence and severity of a wide variety of chronic pathological
conditions, including neurodegenerative diseases.1–3 The
possibility of reducing or alleviating the incidence of these
diseases and the improvement of the quality of life in the
elderly, the fastest growing part of the world population,4 has
renewed interest in the search for effective anti-aging thera-
pies and the emergence of the discipline of medical geron-
tology. Physicians and researchers are trying to interfere with
the risk factors and lifestyle issues that can be altered with
prevention strategies.5 Modification of diet and/or the use of
nutraceuticals are the most promising pathways, and several
experimental paradigms are used.4,6

Mainly for the purpose of testing nutraceuticals and other
pharmacological compounds, a model of accelerated senes-

cence in rodents induced by d-galactose was gradually es-
tablished.7 d-Galactose is a reducing monosaccharide present
in very small quantities in organisms. An excessive dose of
d-galactose is reported to induce oxidative damage to nu-
merous tissues and organs related to the increased production
of advanced glycation end products and reactive oxygen
species.8 Because the systemic exposure to d-galactose ap-
parently results in acceleration of biochemical and morpho-
logical senescence in several organs, including the central
nervous system, it has been established as an experimental
model for brain aging.9–11 Shortened life span and behavioral
impairments, such as deficits in learning and memory10,11 and
decline in other cognitive functions,12–14 have also been de-
scribed in association with d-galactose exposure. Therefore, it
is not surprising that, until April, 2015, and according to a
simple query in PubMed Database of the US National Library
of Medicine, more than 600 papers have been published using
the d-galactose accelerated aging model. This paradigm seems
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to be established as a rapid and economic aging model and is
widely used for anti-aging pharmacology investigations.15

Other advantages are the easy application, low incidence of
tumors, and the high survival rate of the animals throughout
the experimental period.16,17

It is important to note that, more recently, some dissonant
reports concerning the effectiveness of this accelerated aging
paradigm have been published.18–20 Indeed, Parameshwaran
and collaborators have concluded that the d-galactose treat-
ment (intraperitoneal [i.p] injection of 100 mg/kg per day) in
female C57BL/61 mice was not suitable for testing anti-
oxidant compounds in mice.18 Moreover, Tikhonova and
collaborators found that d-galactose treatment (i.p. injection
of 150 mg/kg per day) did not affect sexual incentive moti-
vation, working memory, and object recognition in Wistar
male rats.20 Likewise, Salkovic-Petresic and collaborators
found that 1-month oral galactose treatment (200 mg/kg per
day) failed to induce changes in the spatial memory of male
Fisher and female Wistar rats.19 Several factors could be at
the base of the apparent lack of congruence of d-galactose as
an accelerated aging model. For instance, as in normal
aging21,22 gender also appears to be an important factor in
accelerated senescence induction.15 Other factors, such as the
use of different strains of rats and mice, variable doses of
d-galactose (50 mg/kg to 1250 mg/kg), administration type
(oral, i.p., subcutaneous [s.c.]), and duration of the treatment,
may also explain some conflicting or incongruous re-
sults.15,17,23

To shed light on this issue, we have used a model of high-
dose d-galactose, administrated intraperitoneally, on young
post-weaning male Wistar rats. The majority of d-galactose
studies use a dose of 100 mg/kg.15 However, because we in-
tended to have effects on a period of treatment of 2 months on
young rats, we opted to use a higher dose, using the d-galactose
concentration of 300 mg/kg. Moreover, we used the i.p. ad-
ministration of d-galactose because substances administered
subcutaneously tend to be absorbed at a slower rate24 and be-
cause i.p. injection is better tolerated during long periods of
time (2 months) and using high doses (300 mg/kg).17,24

We focused the present study on the hippocampal forma-
tion (HF), a brain limbic region particularly affected by
aging25–29 and presenting the hallmarks of neuronal age-
related deterioration.14,16 Furthermore, because d-galactose
may interfere with neurogenesis,9,30 we decided to analyze
the effects of the high-dose d-galactose on the neurogenesis
of the hippocampal dentate granule cells using two neuro-
genic markers, doublecortin (DCX) and Ki-67, that are easily
quantified in young rodents.11,21 The focus on the neurogenic
process assumes importance because new neurons can re-
place those lost through pathological or physiological events
in the adult rodent brain,31 but this capacity decreases with
aging.14,32 However, this residual neurogenesis can be im-
portant in aging, because even small increases in the number
of dentate granule cells may have profound influences in
learning and memory.33–35

Moreover, knowing that newly born granule cells in the
adult HF are very important to spatial learning and memory
processes36 and that all these processes could affect func-
tionally the HF, we decided to evaluate also the behavioral
performance of the animals, including the spatial learning
and memory, anxiety levels, and locomotor activity.1,7,37

Finally, because chronic green tea consumption prevented

the cognitive deterioration associated with normal aging and
maintained the HF neurogenesis,1,21 we further investigated
if its main catechin, epigallocatechin-3-gallate (EGCG)
administered orally,38,39 could present these neuroprotective
effects in the d-galactose–treated rats.

Materials and Methods

Animals and diets

Male Wistar rats obtained from the colony of the Institute
of Molecular and Cell Biology (Porto, Portugal) were
maintained under standard laboratory conditions (20–22�C
and a 12-hr light/dark cycle) with free access to food and
water. At 4 weeks of age, 30 animals weighing 134 – 9.5
grams were randomly distributed in three groups. The ani-
mals of the d-galactose group were treated with an i.p. in-
jection of d-galactose (300 mg/kg), and the ad libitum
consumption of water and standard laboratory chow (Mu-
cedola, Italy) was maintained. d-Galactose was purchased
from Sigma-Aldrich Co., purity ‡ 99%, dissolved in 0.9%
saline, and injected intraperitoneally daily at 14:00 hr during
the experimental period of 2 months.

Considering that solubility of d-galactose is 100 mg/mL,
every day we prepared a solution of d-galactose (100 mg/
mL) and injected a volume of that solution intraperitoneally
according to the concentration 300 mg/kg body weight. The
animals of the d-galactose + EGCG group were also treated
with an i.p. injection of d-galactose (300 mg/kg) every day,
but were also treated simultaneously with EGCG in an oral
solution (2 grams/L) during 2 months; the ad libitum con-
sumption of the standard laboratory chow was maintained.

EGCG was purchased from Holliday & Company Inc.,
purity 95%, and dissolved in water (2 grams/L). The animals
of the control group received an i.p. injection of 0.9% saline
every day for 2 months, and the ad libitum consumption of
water and standard laboratory chow was maintained. Rats
were weighed weekly, and bedding was changed at the same
time to minimize stress due to handling. The handling and
care of the animals followed the Principles of Laboratory
Animal Care (National Institutes of Health [NIH] Publica-
tion No. 86-23, revised 1985) and the European Commu-
nities Council Guidelines in Animal Research (86/609/UE).
All efforts were made to minimize the number of animals
used and their suffering.

Behavioral procedures

Behavioral testing began when animals were aged 3
months and was conducted by experimenters blinded to the
treatments. Before testing, animals were handled for 5
consecutive days. Experiments were performed after at least
30-min habituation of animals to the testing room. Testing
was done at the same time of day, beginning at 14:00 hr.

Open-field and elevated plus-maze tests

The open-field apparatus consisted of a white acrylic arena
measuring 100 · 100 · 40 cm. The rats were placed in a
corner of the apparatus and tested during 5-min sessions.
Distances traveled in the outer zone of the open field, defined
as 20 cm from any wall, and in its inner zone, defined as the
60 · 60 cm square in the center of the arena, were measured
using a computerized video-tracking system (EthoVision XT
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8.5, Noldus, The Netherlands). At the end of each session, the
urine deposited was collected using filter paper. The differ-
ence between the weight of the paper in grams before and
after collecting the urine was considered as a measure of the
amount of urine deposited during the session. The number of
fecal boli deposited was also recorded, and the floor of the
apparatus was thoroughly cleaned and dried.

The elevated plus-maze apparatus was consisted of black
acrylic and was arranged as a cross with two opposite open
and two opposite closed arms (50 · 12 cm) joined by a
common central square (12 · 12 cm). The closed arms were
enclosed by 50-cm-high walls. The rats were placed on the
central square facing one of the closed arms and allowed to
explore the apparatus for 5 min. The behavior of rats was
recorded and analyzed using a computerized video-tracking
system (EthoVision XT 8.5, Noldus, The Netherlands). The
percentages of time spent and distances traveled by rats in
the open arms, closed arms, and in the central square were
measured. At the end of each session, the number of fecal
boli and the amount of urine deposited were recorded, and
the apparatus was thoroughly cleaned and dried.

Morris water maze test

The maze consisted of a black circular pool (180-cm di-
ameter, 50 cm deep) located in a corner of a room containing
extra-maze cues. The apparatus was filled with water at room
temperature (21 – 1�C). The maze was virtually divided into
four equal-sized quadrants. A black escape platform, 10 cm
in diameter, was placed in the center of one of the quadrants
2 cm below the water surface. The swim path was recorded
by a computerized video-tracking system (EthoVision XT
8.5, Noldus, The Netherlands). In the place learning task, the
animals were trained to find the submerged escape platform
and to climb on it. For acquisition, rats were given two trials
per day for 14 consecutive days. Each rat was placed in the
water facing the pool wall at one of the four starting points
that were used in a pseudo-random order so that each position
was used once in each block of four trials. If the rats did not
find the escape platform within 60 sec, the experimenter
guided them to the platform where they were allowed to
remain for 15 sec. After the first daily trial, the animals were
placed in a clean cage, and a 30-sec interval was imposed
before the beginning of the next trial. The platform location
was not changed during the acquisition period. The swim
path length in each trial was measured.

One day after completion of the acquisition, animals were
submitted to a single 60-sec probe trial in which the plat-
form was removed from the pool. The number of times the
rats swam through the zone where the platform had been
located (platform crossings) provided a measure of accuracy
in recalling the former position of the platform. The time
spent by the animals swimming on the target quadrant was
also recorded. One day after the completion of the probe
trial, all animals were tested on the visible platform task
during a 2-day period to evaluate their sensorimotor abili-
ties. In this task, the rats were given one block of four trials
per day separated by 30-sec inter-trial intervals. The plat-
form, painted in white, was exposed 3 cm above the water
surface. The position of the platform was different in each
trial. The distances swum to locate the platform were re-
corded and averaged across eight trials.

Tissue preparation

General procedures. Following completion of the be-
havioral studies, six animals in each group, selected at random,
were deeply anesthetized with sodium pentobarbital and per-
fused transcardially with 150 mL of 0.1 M phosphate buffer
followed by a fixative solution containing 4% paraformalde-
hyde in phosphate buffer at pH 7.6. The brains were removed
from the skulls, coded for blind processing and analysis, and
separated by a mid-sagittal cut into right and left halves. The
frontal and occipital poles were removed, and the remaining
blocks of tissue containing the HF were separated and pro-
cessed for immunohistochemistry. Because prior studies have
shown that the HF of rodents displays right/left asymmetries,40

the blocks were sampled alternately from the right and left
hemispheres, so that whatever the procedure performed the
HFs from both sides were included.41,42

Immunohistochemistry for doublecortin and Ki-67
and Nissl staining

After perfusion, the blocks destined to immunohisto-
chemistry containing the HF were stored for 1 hr in the fix-
ative solution used in the perfusion and maintained overnight
in the 10% sucrose solution at 4�C. Blocks were then
mounted on a vibratome, serially sectioned in the coronal
plane at 40 lm, and collected in phosphate-buffered saline
(PBS). From each brain, two sets of vibratome sections
containing the HF were selected using a systematic random
sampling procedure to be used for immunostaining of DCX
and Ki-67. Sections were washed twice in PBS and treated
with 3% hydrogen peroxide (H2O2) for 10 min to inactivate
endogenous peroxidase.

For Ki-67 detection, an antigen retrieval step in sodium cit-
rate buffer for 1 hr at 65�C was added following the H2O2 step.
Sections were washed twice in PBS and blocked in 5% normal
serum (species as appropriate) during 1 hr. Thereafter, the
sections were incubated at 4�C overnight with the primary
antibody against either DCX (Santa Cruz Biotechnology, 1:500
dilution in PBS) or 48 hr with antibody against Ki-67 (Vector
Laboratories; 1:500 dilution in PBS). Thereafter, the sections
were washed twice and incubated with the respective biotiny-
lated secondary antibody (Vector Laboratories; 1:400 dilution
in PBS). Sections were then treated with avidin–biotin peroxi-
dase complex (Vectastain Elite ABC kit, Vector Laboratories;
1:800 dilution in PBS). In the two last steps, the incubation was
carried out for at least 1 hr at room temperature.

Following treatment with the peroxidase complex, sec-
tions were incubated for 10 min in 0.05% diaminobenzidine
(Sigma-Aldrich Co.) to which 0.01% H2O2 was added.
Sections were rinsed with PBS for at least 15 min between
each step. To increase the tissue penetration, 0.5% Triton
X-100 was added to PBS that was used in all immunoreac-
tions and washes. Specificity of the immune reactions was
controlled by omitting the incubation step with primary an-
tisera. All immunochemical reactions and washings de-
scribed above were carried out in 12-well tissue culture
plates, four sections in each well, to assure that staining of the
sections from all groups analyzed was performed in parallel
and under identical conditions. Following termination of the
staining procedures, sections were mounted on gelatin-coated
slides and air-dried. They were then dehydrated in a series of
ethanol solutions (50%, 70%, 90%, and 100%) and coverslipped
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using Histomount (National Diagnostics). Another set of sec-
tions was mounted and processed to Nissl staining, as previously
described.43,44

Morphometric analyses: Estimation of the total number
of DCX- and Ki-67–immunoreactive cells in the
subgranular layer of the dentate gyrus

Neurons immunoreactive to DCX or to Ki-67 were iden-
tified as darkly stained perikarya and on the basis of their
location and morphology (Fig. 1). The total number of these
neurons was estimated using the optical fractionator meth-
od.45 The subgranular layer of the dentate gyrus was defined
consistently as an approximately 30-lm-thick ribbon of
tissue between the granular layer and the hilus46 at all levels
along the septotemporal axis of the HF on the basis of cy-
toarchitectonic criteria47 and using a rat brain atlas.48 Neuronal
counting was carried out using the Olympus C.A.S.T.-Grid
System (Denmark), and a mean of 11 systematically sampled
sections was used per animal. Beginning at a random starting
position, visual fields were sampled systematically along the x
and y axes, using a raster pattern procedure. The neuronal
nuclei were selected as the counting unit. They were counted in
every frame using the optical dissector at a final magnification,

at the level of the monitor, of 2000·. The coefficient of error
(CE) of the individual estimates was calculated according
to Gundersen and collaborators49 and ranged between 0.08
and 0.11.

Statistical analysis

Before conducting statistical comparisons, data were tested
for normality using the Kolmogorov–Smirnov one-sample test.
Data derived from acquisition trials of water maze were ana-
lyzed using repeated-measures analysis of variance (ANOVA).
The remaining data were analyzed using a one-way ANOVA
test. Post hoc analyses were performed whenever appropriate,
using the Newman–Keuls test. Differences were considered
significant at the p < 0.05 level. All behavioral data are presented
as mean – standard error of the mean (SEM), whereas morpho-
logical results are expressed as mean – standard deviation (SD).

Results

Animals and diets

Daily food intake and weights of animals are shown in
Fig. 2. Daily food intake, measured at 09:00 hr every day,
was on average 20.2 – 1.25 grams in 3-month control rats,

FIG. 1. Representative photomicrographs of level-matched coronal sections of the dentate gyrus from 3-month control (A,
D, G), 3-month d-galactose (B, E, H), and 3-month d-galactose + epigallocatechin-3-gallate (EGCG) (C, F, I) rats. Sections
shown in A, B, and C were Nissl-stained, whereas D, E, and F were immunostained for doublecortin (DCX) and those
shown in G, H, and I were immunostained for Ki-67. Note that there are no differences in the density of neurons in the
dentate gyrus subgranular layer in the Nissl-stained sections of the three groups. Arrows in D show some DCX-
immunopositive neurons and arrows in G show some Ki-67–immunopositive cells in the dentate gyrus subgranular layer.
Note also that there are no differences in the density of the DCX- and Ki-67–immunoreactive cells between the three
groups. ML, dentate gyrus molecular layer; GL, granule cell layer; H, dentate hilus; CA3, pyramidal cell layer of CA3
hippocampal field. Scale bar, 200 lm. Color images available online at www.liebertpub.com/rej
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19.4 – 3.10 grams in 3-month d-galactose animals, and
20.7 – 1.90 grams in the 3-month d-galactose + EGCG group.
On average, the animals of the d-galactose + EGCG group
drank 31.5 – 3.6 mL/day of the EGCG solution (2 grams/L)
per animal, which corresponds to the EGCG consumption of
approximately 200 mg/day per kg. By the end of the experi-
ment, the mean body weight of 3-month control rats
(434 – 25.20 grams) was similar to 3-month d-galactose
(388 – 28.26 grams) and to 3-month d-galactose + EGCG
rats (406 – 38.10 grams). No significant difference was de-
tected between the mean brain weights of 3-month con-
trols (1.39 – 0.03 grams), 3-month d-galactose (1.40 – 0.05
grams), and 3-month d-galactose + EGCG (1.40 – 0.04 grams)
animals.

Total number of DCX- and Ki-67–immunoreactive
neurons

The estimates of the total number of DCX- and Ki-67–
immunoreactive neurons in the subgranular layer of the HF
are shown in Fig. 3. Analyses of these data have revealed that

there was not a significant effect of the treatment on cell
numbers immunopositive to DCX (F2, 15 = 1.41, p = 0.27; Fig.
2A) and immunopositive to Ki-67 (F2, 15 = 0.14, p = 0.87; Fig.
2B) in the subgranular layer of the HF dentate gyrus.

Open-field test

The results of the open-field test are shown in Fig. 4A, D.
The animals treated with d-galactose did not differ signifi-
cantly from the control rats in the locomotion scores in the
outer zone of the open field. The locomotion activity in the
inner zone was higher in the d-galactose–treated rats when
compared with the control animals, although this difference
did not achieve the significant level. The animals treated
with d-galactose + EGCG traveled less distance in the outer
zone when compared with the control group and d-galactose
group, although these differences have only achieved the
significant level when compared with the control animals.
There were no significant differences in the distance trav-
eled in the inner zone of the d-galactose + EGCG-treated
animals when compared with the control and d-galactose–
treated rats. There were no significant differences in the
defecation and urination scores between the three groups
(Fig. 4D).

FIG. 2. Body weight (A) and food consumption (B) from
control (Control), d-galactose (D-Gal), and d-galactose +
epigallocatechin-3-gallate (D-Gal + EGCG) rats during the 8
weeks of treatment. Data are presented as mean – SD.

FIG. 3. Total number of doublecortin (DCX)-
immunoreactive cells (A) and Ki-67–immunoreactive cells (B)
in the subgranular layer of the dentate gyrus from 3-month
control (Control), 3-month d-galactose (D-Gal), and 3-month
d-galactose + epigallocatechin-3-gallate (D-Gal + EGCG) rats.
No significant differences in the total number of DCX- and Ki-
67–immunoreactive cells were observed among the three
groups. Data are presented as mean – SD.
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Elevated plus-maze test

The results of the elevated plus-maze test are shown in Fig.
4B–D. The animals of the three groups showed, as expected,
preference for protected zones of the plus-maze apparatus,
becaused they spent more time in the closed arms and central
square areas when compared with the open arms (Fig. 4B).
However, the animals treated with d-galactose and treated
with d-galactose + EGCG showed more preference to the
closed arms when compared with controls, although there
were no significant differences between the three groups.
Consequently, they spent less time in the central zone and in
the open arms, although these differences were not signifi-
cant. The three groups exhibited similar levels of locomotor
activity because there were no significant differences be-
tween the three groups in the distance traveled on the three
zones of the elevated plus-maze (Fig. 4C). There were also
no significant differences in the defecation and urination
scores between the three groups (Fig. 4D).

Morris water maze test

The mean distances traveled by control, d-galactose–
treated, and d-galactose + EGCG-treated rats to find the
hidden platform in the reference memory task are presented
in Fig. 5A. The statistical analysis repeated-measures
ANOVA revealed that the animals of the three groups

progressively improved their capacity to locate the hidden
platform during the 14 days of acquisition (F[6,162] = 51.90,
p < 0.000001). However, although there were slight differ-
ences in the distance traveled in the first two trial blocks
between the three groups, the differences were not signifi-
cant (no significant effect of the treatment and no significant
treatment · trial block interaction).

Behavioral analyses derived from the probe trial are
shown in Fig. 5B, C. Statistical analyses showed that ani-
mals of the three groups spend similar time on the target
quadrant (Fig. 5B), revealing that there were no significant
differences between the groups on the spatial strategy to
search the escape platform during the probe trial. Although
the d-galactose–treated rats and d-galactose + EGCG-treated
animals crossed the former position of the platform less
frequently compared with the control animals, the results
revealed that there were no significant differences between
the three groups (Fig. 5C).

Animals of the three groups quickly learned to find the
visible platform. The distances swum to locate the platform
position, averaged over eight trials, were 247 – 93 cm in the
control group, 235 – 81 cm in the d-galactose–treated group,
and 283 – 87 cm in the d-galactose + EGCG-treated group.
No significant differences among groups were found in this
test, showing that all animals had similar sensorimotor
abilities.

FIG. 4. Distance traveled (cm) on the open-field (A) and of the percentage of time spent (B) and the distance traveled (C) of
elevated plus-maze from 3-month control (Control), 3-month d-galactose (D-Gal), and 3-month d-galactose + epigallocatechin-
3-gallate (D-Gal + EGCG) rats. (A) There are no significant differences in the distance traveled on the inner zone between the
three groups. The animals treated with d-galactose + EGCG traveled less distance in the outer zone when compared to the
control group and d-galactose group, although these differences only have achieved the significant level when compared with
the control animals. (B) No significant differences in the percentage of time spent on the central square and open and closed arms
of elevated plus-maze between the three groups were found. (C) There are no significant differences in the distance traveled on
the central square and open and closed arms of elevated plus-maze between the three groups. (D) Number of fecal boli and
amount of urine deposited by rats during the open-field and elevated-plus maze tests. Note that there are no significant
differences between the groups. Data are presented as mean – SEM. (*) p < 0.05 versus control group.
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Discussion

The main goal of the present study was to evaluate the
actions of the d-galactose accelerated aging model in young
male Wistar rats. The results showed that there were no
significant changes in neurogenesis, exploratory behavior,
anxiety, and spatial learning and memory in the d-galactose–
treated animals. Consequently, the secondary objective of the
experiment, i.e., to verify if EGCG administration prevents
the morphological and functional deterioration, associated
with d-galactose administration, was not achieved because

there were no significant differences when all groups were
compared.

The d-galactose model of accelerated aging is widely used
in the fields of age-related brain damage and pharmacological
research.17 Nevertheless, the fine molecular mechanisms un-
derlying the accelerated senescence remain unclear. However,
most of the authors accept the main role of oxidative
stress,13,18,23,50 due to the increase of pro-oxidant reactive
species with disruption of the anti-oxidant defenses in a dose-
dependent manner.11,14,23,51,52 Because the accumulation of
free radicals progressively damages the brain structure and
function, d-galactose administration mimics many character-
istics of natural brain aging.23

Still, a review of published papers shows that there is no
consensus concerning the dosage, age, strain of mice and rats,
and time interval.15,17,19 For example, different strains of mice
and rats are used, the injection dose varies between 50 mg/kg
to 1250 mg/kg and the period of injection varies from 6 to 12
weeks or more.15,17 The administration can be i.p., s.c., or oral.
When administered subcutaneously, substances tend to be
absorbed at a slower rate, compared to i.p. administration,24

but it appears to be very effective as shown by the reduced
levels of anti-oxidant activity and high levels of oxidative
damage.15,23 The i.p. injection appears to be better tolerated17

during long periods of time (2 months) and using high doses
(300 mg/kg) as those used in the present experiment. Gender is
equally relevant because young male mice were more vul-
nerable to the effects of d-galactose.15 Moreover, the adult
female brain was more sensitive to the oxidant effects of
d-galactose than adolescent female brain.15 Taking altogether,
it seems clear that the procedure of the d-galactose model of
accelerated aging in rodents lacks standardization.

It was previously reported that d-galactose administration
leads to morphological and functional neuronal lesions ac-
companied by the increase of apoptosis and loss of neuronal
density of gamma-aminobutyric acid–producing (GABAer-
gic) neurons of the cortex.10,11,53–56 In the present study, we
did not find, from the qualitative point of view, signs of neu-
ronal degeneration such as gross decrease of perikarya and
nuclear volumes in the dentate gyrus when all groups were
compared (data not shown). More importantly, we did not find
alterations in the neurogenesis in the dentate gyrus both in
d-galactose–treated animals and in d-galactose + EGCG-
treated rats. In particular, we did not find alterations in the
number of DCX-immunopositive cells, widely accepted as a
neurogenesis marker.11,21,46,57,58 Also, no changes were found
in the number of Ki-67–immunopositive cells, a marker of cell
proliferation,46,58 in the subgranular zone of the dentate gyrus.
Interestingly, the present results are in disagreement with
previous studies, which found that even smaller doses of
subcutaneously administrated d-galactose (100 mg/kg per
day) in mice induced a reduction of cell proliferation and
neuroblast differentiation using DCX and Ki-67 markers.9

There are other studies describing a decrease of cell pro-
liferation or increase of apoptosis with several protocols of
accelerated aging using d-galactose.10,11,53–56 The reduction
in neurogenesis in 7-week-old mice treated with d-galactose
subcutaneous injection for 3 weeks was related to the
decrease in the levels of phosphorylated cyclic adenosine
monophosphate (cAMP)-response element binding pro-
tein (pCREB).55 Furthermore, subcutaneous administration
of d-galactose (120 mg/kg) for 42 days in 3-month-old

FIG. 5. Distance traveled (A), time spent (sec) on the
target quadrant (B), and platform crossings (C) of 3-month
control (Control), 3-month d-galactose (D-Gal), and 3-
month d-galactose + epigallocatechin-3-gallate (D-Gal +
EGCG) rats on the Morris water maze test. (A) It is shown
the total distance traveled (mean – SEM, cm) to achieve the
hidden platform for each block of four consecutive trials
during the acquisition task. Note that there are no significant
differences in performance of the test between the three
groups. (B) There are no significant differences in the time
spent on the target quadrant between the three groups. (C)
No significant differences in the number of passages on the
former position of the platform between the three groups
were found. Data are presented as mean – SEM.
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Sprague–Dawley rats also decreased neurogenesis.23 The
discrepancy between the present results and the data from
previous studies could reside in the usage of different doses
of d-galactose, different manner of administration, several
strains of rats and mice used in the experiments, and age or
other factors, as referred to above.

We have also found that EGCG administration during
d-galactose treatment did not improve the behavioral per-
formance and did not affect the neurogenic process because
there were no significant differences in the total number of
DCX- and Ki-67–immunopositive cells between the control,
d-galactose, and d-galactose + EGCG-treated animals.

One caveat is that we did not analyze the potential effects
of the EGCG treatment on young animals in the present
study. We did not include that group because the main goal
was to analyze the effectiveness of d-galactose as an ac-
celerated aging model and to analyze the potential preven-
tive effects of EGCG on this aging model. Furthermore, in
other studies, it was found that EGCG and b-alanine sup-
plementation in 19-month-old BALB/cJ mice during a short
period (28 days) reduced brain oxidative stress but failed to
increase neurogenesis or improve behavioral performance.30

The same research group also found recently that oral
administration of EGCG (approximately 250 mg/day) in
2-month-old male BALB/cJ mice did not improve the number
of new cells in the dentate gyrus and did not ameliorate be-
havioral performance.59 On the contrary, it was reported that 2
5 mg/kg per day EGCG gavage administration during 4 weeks
enhanced cell proliferation and increased the number of neu-
roblasts in 2-month-old C57BL/6J mice dentate gyrus.25 Also,
oral administration of 270 mg/kg per day EGCG in male
Wistar rats for 26 weeks enhanced neurogenesis and presented
anti-oxidative activity.60 The same neurogenic effect was
observed in 3-month-old male C57BL/6J mice injected in-
traperitoneally with EGCG (20 mg/kg) once daily for 60
days.61 The different methods for measuring neurogenesis,
different strains of rodents used, and the different doses and
administration modes of EGCG can justify these differing
results, but additional research is needed to identify the main
parameters explaining these discrepancies.59 Unfortunately,
we could not advance further information about the effects of
EGCG oral administration (approximately 200 mg/kg per day)
on neurogenesis on accelerated aged rats due to the lack of
aging effects of d-galactose in the current experiment.

Concerning the behavioral data, we have found that the d-
-galactose treatment did not interfere with exploratory activity
and anxiety levels, because significant alterations were not
observed either in the distance traveled in the outer and inner
zones of the open-field test or in the three zones of the elevated
plus-maze. Also, defecation and urination in the open field and
plus-maze was similar in all groups of rats, showing similar
emotionality during the experiment. These results corroborate
previous studies12,18,20 that did not find alterations in the ex-
ploratory locomotor activity and anxiety levels in the open-
field test associated with d-galactose treatment.

In contrast to these results, other studies showed alter-
ations in the open-field test with deficits in general ambula-
tory and exploratory activities in the d-galactose–treated
animals mimicking the results of naturally aged ani-
mals.8,54,56 Once again, these discrepancies among the data
could be explained by several factors, including the strain,
age or administration and dosage of d-galactose. Interest-

ingly, we observed that animals treated with d-galactose and
EGCG moved less in the outer zone when compared with
controls, suggesting alterations in the locomotor activity.
However, this result was not accompanied by alterations in
the distance traveled in the inner zone nor corroborated by
the results of the plus maze, as significant alterations of the
distance traveled in the three zones of the apparatus were not
observed.

The present results also showed that d-galactose chronic
treatment did not impair spatial learning and memory, be-
cause significant differences in the performance of the Morris
water maze test between control and d-galactose–treated rats
were not observed. Furthermore, it was observed that the rats
treated with d-galactose and EGCG did not perform better in
the Morris water maze test than control or d-galactose–treated
animals, meaning that the treatment with EGCG did not im-
prove the spatial learning and memory of the d-galactose–
treated animals.

These results confirm data from other studies where it was
also observed that the d-galactose treatment did not impair
spatial learning and memory.18,20 On the contrary, there are
several studies12,14,23,62 that reported impairments of the
spatial learning and memory induced by d-galactose treat-
ment. Indeed, in a study where C57BL/6 mice were used,
there were deficits in spatial learning and memory but curi-
ously, non-spatial cognitive ability such as novelty-seeking
behavior was not affected.14 Trying to shed some light on
these conflicting results, Parameshwaran and collaborators
concluded that d-galactose administration may not be indi-
cated to evaluate accelerated aging memory deficits, partic-
ularly in paradigms that do not involve reward/penalty
stimuli as verified in the forced swimming in Morris water
maze.18 It is important to stress that the present behavioral
results observed during the Morris water maze test are con-
sistent with the results of the neurogenesis in the HF. In fact,
increasing evidence suggests that newly born granule cells in
adult HF are very important to spatial learning and memory
processes.36 Thus, the absence of spatial learning and
memory impairment in the d-galactose and d-galactose and
EGCG-treated animals was indeed underlined by the absence
of alterations in the HF neurogenesis.

We conclude that the available data are not enough to
achieve a firm conclusion of the effectiveness of the d-
galactose model of accelerated senescence. Indeed, in the
present experiment, the d-galactose treatment failed to induce
the expected effects to neurogenesis, cognition, and anxiety in
post-weaning male Wistar rats. It is mandatory to standardize
dose, administration, time period, gender, and strain of mice or
rats to obtain a reliable and reproducible model and to avoid
inconsistent and/or conflicting results.15,17–19
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