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Abstract

For almost 20 years, chronic systemic d-galactose, a monosaccharide abundantly present in milk products, fruits, and vegetables, has been 
used as a tool to achieve models of accelerated aging. Its neurotoxicity, induced by abnormal accumulation of reactive oxygen species 
and advanced glycation end products, has been widely reported. However, behavioral outcomes are still controversial and little is known 
about sex-dependent vulnerability. We performed a comprehensive behavioral and multifunctional screening of the chronic effects of low 
(50 mg/kg) and high (100 mg/kg) doses of d-galactose in 6-month-old male and female gold-standard C57BL/6 mice. Twelve classical 
tests with convergent validity analyzed sensorimotor, emotional and cognitive domains, indicating the existence of thresholds of response. 
Distinct vulnerability patterns were found in a selective sex- and dose-dependent manner. In males, d-galactose induced sensorimotor 
impairment and immunoendocrine senescence, but the low dose resulted in improved learning and memory. Oppositely, d-galactose-treated 
females exhibited a dose-dependent worse motor and spatial learning, but improved memory. Behavioral outcome items point at distinct 
neuronal substrates underlying the functional capacity of d-galactose-treated animals to meet task-dependent performance demands. They 
support that males and females can be regarded as two exceptional natural scenarios to study the functional interplay in the cross talk of 
homeostatic networks in aging.
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Male and female sexes can be regarded as two exceptional nat-
ural scenarios to study the role of biological, psychological, and 
social factors; their functional interplay; and their impact on the 
cross talk of homeostatic networks in health and disease through 
life cycle. Worse “healthy life expectancy” recorded in mammalian 
females is in contrast to their longer life expectancy, a phenom-
enon that was defined as the morbidity and mortality paradox of 
gender (1). Mechanistic hypothesis of longer life expectancy of 
mammalian females as compared to males point out to hormones, 
asymmetric inheritance of sex chromosomes, and mitochondria. 
Also, we have postulated a better redox state and a higher ability 
to hamper the derangement of the regulatory systems, namely the 
nervous, endocrine, and immune systems, that occur during normal 
and pathological aging (2).

For almost 20 years, d-galactose (d-gal) has been used as a tool 
to achieve models of accelerated aging (ie, (3–5)). d-Gal is a mono-
saccharide abundantly present in milk products and other nondairy 
foodstuffs such as fruits and vegetables (6). However, this physio-
logical nutrient is a reducing sugar that has been shown to induce 
oxidative stress in vivo, mimicking natural aging and age-related 
cognitive decline in mice (3–5,7–9). At normal concentrations,  
d-gal is metabolized into glucose by d-galactokinase and galactose-
1-phosphate uridyltransferase in animals (10). However, overdose 
of d-gal beyond the capacity of those two enzymes allows aldose 
reductase to catalyze accumulated d-gal in galactitol, which cannot 
be metabolized but will accumulate in the cells, leading to osmotic 
stress and generation of reactive oxygen species (11). On the other 
hand, accumulated d-gal in animal tissues can react with free amino 
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groups of proteins and peptides to form advanced glycation end 
products, through nonenzymatic glycation (12). Interestingly, it is 
shown that accumulation of advanced glycation end products accel-
erates the multisystem functional decline that occurs with aging (13) 
and it has been linked to the pathogenesis of many age-associated 
diseases such as diabetes, arteriosclerosis, nephropathy, infection, 
and Alzheimer’s disease (14). Thus, abnormal accumulation of react-
ive oxygen species and advanced glycation end products by excess 
of d-gal could be responsible for neurotoxicity which may lead to 
behavioral and neurochemical alterations (15,16).

At the translational level, some laboratories have reported that 
animals treated with d-gal show cognitive deficits (17,18) and/or a 
decrease in motor skills (19). However, although d-gal-induced bio-
logical alterations mimicking those found on aging have been con-
sistently reported, these behavioral results are controversial because 
not all studies have been able to replicate them. This situation is cur-
rently discussed as mainly due to the differing variety of experimental 
designs and animal strains used which may hinder the convergence 
of outcomes. For instance, recently, in C57BL/6 mice treated with 
100 mg/kg d-gal, factors such as gender, age, and treatment duration 
have been shown to influence brain oxidative stress and the spa-
tial memory impairment in the Y-maze (20). Discrepancies are also 
found when studied in rats (21–23). Thus, the most recent scientific 
literature complains about the lack of consistency of chronic d-gal 
inducing accelerated-aging changes in behavioral outcomes (24).

In this context, the present study was aimed to characterize 
the behavioral dose-response of chronic d-gal (low dose, 50  mg/
kg; high dose, 100  mg/kg) by means of a comprehensive behav-
ioral and functional screening (25) bearing in mind that it may 
better unveil the existence of thresholds of responses for d-gal, 
modeled by sex and dose factor effects. Thus, we used a battery 
of 12 classical behavioral tests for rodents, which would provide 
a wide array of variables with convergent validity to assess a triad 
of physical–emotional–cognitive domains. Both sexes were studied 
as two plausible biological scenarios because little is known about 
sex-dependent vulnerability to d-gal. To explore the effects of d-gal 
dose-response on the cross talk of the neuro-immunoendocrine net-
work and the impact of sexual dimorphism in their functional inter-
play, the behavioral and functional screening was complemented 
with the measurement of indicators related to the aging of the 
immuno-endocrine functions (26). Thus, the involution of thymus, 
the increase in the size of spleen and adrenal glands, and changes 
in the plasma levels of glucocorticoids were also analyzed in all the 
behaviorally assessed animals.

Methods

Animals
Twenty-eight male and 30 female C57BL/6 mice from a breeding 
program established in our laboratory at Universitat Autònoma de 
Barcelona were used in this study. Animals were maintained under 
standard laboratory conditions of food (SAFE A004, Panlab, S.L., 
Barcelona, Spain) and water ad libitum, 22  ±  2°C, a 12-h dark/
light cycle, 50%–60% humidity. Behavioral assessments were 
performed blind to the experiment, in a counterbalanced man-
ner, under the approval of local policy 2481CEEAH/8700DMAH 
Generalitat de Catalunya, in accordance with Spanish legislation 
and the EU Directive (2010/63/UE) on “Protection of Animals Used 
for Experimental and Other Scientific Purposes.” The study complies 
with the ARRIVE guidelines developed by the NC3Rs and the aim 
to reduce the number of animals used.

Chronic d-Gal Administration and 
Experimental Design
At 4  months of age, male and female mice were injected s.c. for 
56  days with saline, 50 or 100  mg/kg of d-gal (d-gal, Sigma, St. 
Louis, MO) in a mL volume of 10% of their body weight. For each 
sex, the experimental groups were as follows: S, saline; L, low dose 
50 mg/kg; and H, high dose 100 mg/kg (n = 9–10/group).

Physical and Behavioral Assessments
At 6 months of age, the effects of the chronic d-gal treatment were 
behaviorally assessed in an extensive battery 12 of classical uncondi-
tioned tests measuring three main dimensions and functions: senso-
rimotor, emotional, and cognition.

Day 1. Corner Test and Open-Field Test
Animals were individually placed in the center of a clean standard 
home cage, filled with wood shave bedding. Neophobia was evalu-
ated for 30 seconds as the number of corners visited, latency to real-
ize the first rearing, and the number of rearings.

Immediately after, mice were placed in the center of an open-field 
(homemade woodwork, white box, 50 × 50 × 20 cm) and observed 
for 5 minutes. The sequence of behavioral events was recorded as 
follows: duration of freezing behavior, latency to leave the central 
square and that of entering the peripheral ring as well as latency and 
total duration of self-grooming behavior. Horizontal (crossings of 
10 × 10 squares) and vertical (rearings with a wall support) locomo-
tor activities were also measured. Bizarre behaviors observed in this 
test (stereotyped stretching, stereotyped rearing, backward move-
ments, and jumps) were also measured. During the tests, defecation 
boli and urination were also recorded.

Day 2. Dark–Light Box Test
The DLB (Panlab, S.L., Barcelona, Spain) consists of a two-com-
partment box (black and dark, 27 × 18 × 27 cm; white and illumi-
nated 20 W, 27 × 27 × 27 cm) connected by an opening (7 × 7 cm). 
The mice were placed into the dark compartment and observed for 
5 min. Latency to enter into the lit compartment, number of entries, 
total time spent and distance covered as well as number of rearings 
and groomings in this compartment were noted. Risk assessment 
was measured by means of the latency and number of stretch attend-
ances toward the lit area. Defecation boli and urination in each com-
partment were measured.

Days 3 and 4. T-maze Test
Two different paradigms were carried out in a T-shaped maze (two 
short arms of 25 × 8 cm and a long arm of 30 × 8 cm).

In the spontaneous alternation test, animals were placed inside 
the long arm of the maze with its head facing the end wall. The laten-
cies of first movement, start walking, arriving to the intersection of 
the arms, and completing the exploration of the maze were recorded. 
Finally, defecation boli and urination were also recorded.

The working memory paradigm was used 24 hour later and 
consisted of two consecutive trials: one forced choice followed, 
90 seconds later by one free choice (recall trial). The arm chosen 
by the mice and the time spent in each arm during the free choice 
were recorded. The choice of the already visited arm in the previous 
trial was considered as an error and the total number was calcu-
lated. Also, the time spent to explore the two arms of the maze was 
recorded to measure the exploratory efficiency. Finally, defecation 
boli and urination were recorded.
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Day 4. Physical Status, Reflexes, Sensorimotor 
Function, and Motor Learning
Body Weight
Animals were weighted all through the treatment and at the begin-
ning of each behavioral test. The contribution of WAT (intra-abdom-
inal white adipose tissue) to total body weight was calculated as the 
percentage of the weight of WAT versus the total body weight.

Reflexes and Sensorimotor Tasks
Visual reflex and posterior leg extension reflex were measured three 
times by holding the animals by the tail and slowly lowering them 
toward a black surface. Motor coordination and equilibrium were 
assessed twice (20-second trials) in two consecutive rod tasks of 
increasing difficulty. The distance covered and the latency to fall 
off a wooden (1.3 cm wide) and a metal wire (1 cm diameter) rods 
(both, 1 m long) were recorded. The hanger test was used to meas-
ure prehensility and motor coordination by the distance covered, the 
number of elements of support, and the latency to fall. The animals 
were allowed to cling with their forepaws from the middle of a hori-
zontal wire (2 mm diameter, 40 cm length, divided into eight 5-cm 
segments) for two trials of 5 seconds. A  third trial of 60 seconds 
allowed to measure muscle resistance. All the apparatus were sus-
pended 40 cm above a cage with beddings.

Rotarod Test
An automated 4-lane rotarod unit (Panlab, LE8200, Barcelona, 
Spain) was used to evaluate the motor coordination function. The 
rotarod unit consists of a rotating spindle (diameter 7.3  cm) and 
individual compartments (“lanes”) for each animal. The mice were 
placed on the rod and tested at two different rotation speeds (5 and 
10 rpm). The length of time that each animal was able to stay on the 
rod at a given rotation speed and the total rotations were recorded. 
In all cases, the number of trial needed by the animals to be able 
to stay on the rotarod was noted. Once they achieved it, each task 
was performed twice to measure the distance covered (number of 
rotations). The results were averaged to obtain a single value for 
each mouse at a given rotation speed. The first task at a low speed 
(5 rpm) was performed in all animals and the second one at a faster 
speed (10 rpm) conducted only in animals that managed to stay on 
the rotarod in the previous task.

Days 5–10. Morris Water Maze Test
Mice were trained, four trials per day, spaced 30 minutes apart, to 
locate a platform (7 cm diameter) in a circular pool for mice (Intex 
Recreation Corp. CA; 91 cm diameter, 40 cm height, 25°C opaque 
water), located in a completely black test room. Mice were gently 
released (facing the wall) from one randomly selected starting point 
(E or W) and allowed to swim until they escaped onto the platform. 
On the first day a cue task (CUE, DAY 1) assessed the visual percep-
tual learning and memory of a visible platform, elevated 1 cm above 
the water level in the N position and indicated by a visible striped 
flag (5.3 × 8.3 × 15 cm). Extra maze cues were absent in the black 
painted walls of the room. During the next four consecutive days 
(PT1–PT4, DAY2–DAY5), the mice searched for a hidden platform 
which was located in the middle of the S quadrant. White geometric 
figures hung on each wall of the room were used as external visual 
clues. In all trials, mice failing to find the platform were placed on 
it for 10 seconds, the same period as the successful animals. On the 
last day, 1 hour 30 minutes after the last trial of the place learning 
task, a probe trial without the platform, was administered during 60 

seconds to assess spatial memory for the previously trained platform 
location.

In all the learning tasks, the variables of time (escape latency), 
distance, and speed were also recorded by a computerized track-
ing system (Smart, Panlab S.L., Barcelona, Spain). The number of 
crossings over the removed platform position (annulus crossings), 
the time spent, the distance traveled in each quadrant, and the swim-
ming speed were also analyzed.

Immunoendocrine Status
Mice were sacrificed and samples of about 1  mL of whole trunk 
blood were collected into heparinized tubes and centrifugated imme-
diately at 10,000g for 2 minutes. The plasma obtained was stored 
at −20°C. Corticosterone content (ng/mL) was analyzed using a 
commercial kit (Corticosterone EIA Immunodiagnostic Systems Ltd, 
Boldon, UK) and ELISA EMS Reader MF V.29.-0. The size (weight 
in mg) and relative size (% vs. body weight) of spleen, thymus, and 
adrenal glands were recorded.

Statistics
Statistical analyses were performed using SPSS 17.0 software. All 
data are presented as mean ± SEM or percentage. To evaluate the 
effects of (S)ex and dose of d-gal (T)reatment, a 2 × 3 S × T factorial 
analysis design was applied. Differences were studied through mul-
tivariate general linear model analysis (mGLM), followed by post 
hoc Duncan’s test comparisons. Differences between (S)ex and (T)
reatment × (t)ime interval interactions in the different Morris Water 
Maze tasks were analyzed by repeated-measures ANOVA. In all 
cases, statistical significance was considered at p < .05.

Results

The Dose of 100 mg/kg d-Gal Worsened Motor 
Performances, Mostly in Males
Physical status (Figure  1) and sensorimotor functions (Figure  2) 
pointed out sex-dependent effects induced by 100  mg/kg d-gal, 
with reduced equilibrium, muscular strength, and prehensility only 
in males. Because the total body weight of animals was not modi-
fied (Figure 1A), an increase in the percentage of WAT (Figure 1B; 

Figure  1.  Effects of chronic d-galactose on the physical status of 6-month-
old male and female C57BL/6. Body weight was in agreement with sexual 
dimorphism and pointed out sex-dependent effects induced by 100 mg/kg 
d-gal because increased fat composition was only shown in male in spite 
of being normo-weighted. Values are the mean ± SEM or percentage (%). 
n = 9–10 per group. Open bars: male animals; stripped bars: female animals. 
S  =  saline, L  =  low dose, 50  mg/kg; H  =  high dose, 100  mg/kg. Statistics: 
ANOVA 2 × 3: S, gender effect; ***p < .001. Post hoc Duncan’s test: sp < .05, 
ssp < .01. sssp < .001 versus the corresponding male group; *p < .05, versus the 
corresponding saline group.
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Student’s t test, p < .05 vs. controls) may have resulted in reduced 
muscular body composition (not measured) that could explain these 
poor performances. That would also explain the observed trend of 
reduced muscular strength (Figure  2E) and resistance (Figure  2F) 
in this group. Visual and limb extension reflexes were normal 
(Figure 2A).

In the rod tests, d-gal-treated male showed a lower mean 
latency to fall than saline groups in the wood rod (Figure  2B, T, 
F(2,52) = 4.237; p < .05; T × S, F(2,52) = 5.014; p < .01). When the 
complexity of the task was increased using the metal wire, equilib-
rium worsens in all groups (Figure 2C). Among them, the male group 
treated with the high dose of d-gal showed the worse equilibrium, 
a difference that was statistically significant as compared with its 
saline control group (males H vs. males S; T, F(1,17) = 2.451; post 
hoc p < .05). Males did not cover any distance in the wire rod test, 
whereas female did it but suggesting dose-dependent lower abilities 
(Figure 2D). In the hanger test, the male group treated with 100 mg/
kg d-gal also showed differences in the distance covered (Figure 2G, 
males H vs. males S, T, F(1,17) = 2.109; p < .05) as a result of the use 
of different elements of support (hind limbs and tail) and their motor 
coordination ability (Figure 2H).

The Dose of 50 mg/kg d-Gal Improved Motor 
Learning in Males Whereas a Worse and Dose-
Dependent Response Was Shown in Treated Females
The effects of d-gal on balance, motor coordination, and learn-
ing were also tested on an accelerating rotarod (Figure 3). Sex (S, 
F(1,52) = 3.959; p < .05), treatment (T, F(2,52) = 7.261; p < .01), 
and sex × treatment interaction effects (T × S, F(2,52)=3.929; p < 
.05) were found in the number of training trials needed to learn to 
walk on the lane (Figure 3A). Similarly, sex × treatment interaction 
effects were shown as the distance traveled once the task was learned 
(Figure  3B, T × S, F(2,52)  =  3.536; p < .05). Males treated with 
the low dose showed increased motor abilities as compared to their 
saline group. Differences in balance and motor coordination were 
not influenced by body weight because the treatment did not modify 
it (Figure 1A; T and T × S; F(2,52) < 0.687; p > .508, ns).

d-Gal Regulated Anxiety-Related Behaviors in a 
Sex-Dependent Manner
In the corner test for neophobia (Figure  4), saline-treated females 
visited more number of corners than control males (Figure  4A; 

Figure  2.  Effects of chronic d-galactose on the sensorimotor functions 
in 6-month-old male and female C57BL/6. (A–H) Sensorimotor functions 
pointed out sex-dependent effects induced by 100 mg/kg d-gal, with reduced 
equilibrium, muscular strength, and prehensility in normo-weight males. 
Values are the mean ± SEM or percentage (%). n  = 9–10 per group. Open 
bars: male animals; stripped bars: female animals. HT5 and HT60: Hanger 
test 5-second and 60-second trials, respectively. S  =  saline, L  =  low dose, 
50 mg/kg; H = high dose, 100 mg/kg. Statistics: ANOVA 2 × 3: S, gender effect; 
T, treatment effect; T × S, treatment × gender interaction effects; *p < .05, **p 
< .01, ***p < .001. Post hoc Duncan’s test: sp < .05, ssp < .01, sssp < .001 versus 
the corresponding male group; *p < .05, **p < .01 versus the corresponding 
saline group.

Figure  3.  Effects of chronic d-galactose on motor learning in 6-month-
old male and female C57BL/6 in the rotarod (A, B). Sex, treatment, and 
interaction effects in motor learning and resistance were observed. Male-
treated 50  mg/kg d-galactose showed improved performances, reaching 
the level of performance shown by saline-treated female mice. In contrast, 
females treated with d-galactose required more trials and counts to meet the 
rotarod performance demands. Values are the mean ± SEM or percentage 
(%). n  =  9–10 per group. Open bars: male animals; stripped bars: female 
animals. S  =  saline, L  =  low dose, 50  mg/kg; H  =  high dose, 100  mg/kg. 
Statistics: ANOVA 2 × 3: S, gender effect; T, treatment effect; T × S, treatment × 
gender interaction effects; *p < .05, **p < .01. Post hoc Duncan’s test: sp < .05, 
ssp < .01 versus the corresponding male group; *p < .05, **p < .01 versus the 
corresponding saline group.
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t(1,17) = 2.318, p < .05). This sex difference disappeared in animals 
treated with d-gal. Thus, the treatment reduced the number of visited 
corners in females in a dose-dependent manner (both t(1,17) < 2.377, 
p < .05). The poor performances in vertical activity (Figure 4B) did 
not allow to detect these changes (T, F(2,52) = 0.142; p = .868; ns), or 
those as compared with males (S, F(1,52) = 1.250, p = .269; ns). The 
same results were obtained in the variable latency of the first rearing 
(not shown). In the case of males, all groups, independently of dose, 
showed the same level of neophobia as measured by horizontal and 
vertical activities in the corner test (Figure 4A and B).

In the open-field test (Figure 5), the presence of bizarre behaviors 
showed sex differences with males showing a higher incidence than 
females (Table 1, S, F(1,52) = 22.471; p < .001). Here, the neopho-
bia response exhibited in the first minutes was modified by d-gal 
in both sexes. In addition, the low dose of d-gal reduced the inci-
dence of most of these bizarre movements in females (Table1; T × 
S, F(2,52) = 6.753; p < .01). The ethogram or sequence of behav-
ioral events (Figure 5A) showed time, Sex and time × Sex interac-
tion effects, with the females treated with 50 mg/kg, showing shorter 
times of entrance into the periphery that may explain the reduction 
of stereotyped behavior and their increase in the number of cross-
ings during the first minute of the test (Figure 5B). Self-grooming 
behavior was advanced in females (Table  1; S, F(1,52)  =  11.202;  
p < .01), independently of the treatment. Finally, a T × S interaction 
effect found in males reflected an increase in both the total horizon-
tal (Figure 5F; T × S, F(2,52) = 3.216; p < .05) and vertical activities 
(Figure 5G; S × T, F(2,52) = 3.233; p < .05).

In the dark-light box (Figure  6), females were less active than 
males in the dark compartment (not shown; S, F(1,52) = 5.962; p < 
.05). The stretch attendance for risk assessment was similar among 
all groups (Figure 6D), as well as the latency (Figure 6A) and the 
number of entries in the lit compartment (not shown). However, 
females spent less time in the area and lit area (Figure  6B; S, 
F(1,52) = 6.054; p < .05). There were no significant differences in 
defecation and urination (Table 1).

In the T-maze (Figure 6C), all animals showed similar latencies 
in achieving the criterion of the spontaneous alternation task (all 
F’s (1,52) < 1.692; p > .05). In the working memory test, including 
the forced trial and the recall trial, all groups spent the same time to 
reached the criterion of exploration (all F’s(1,52) < 2.665; p > .05, 
not shown), although not all the animals completed the task. The 
high percentage of animals that did not complete the test precludes 
statistical analysis of this paradigm.

Worse Acquisition in Learning and Memory 
Tasks in Females Treated With d-Gal but Improved 
Performances in the Recall for Memory
In the cue learning task, the variable distance revealed a sex effect 
and a “sex × treatment” interaction effect (Figure  7C and D; S, 
F(1,52) = 4.419; p < .05 and S × T, F(2,52) = 3.397; p < .05) not 
found using the mean escape latency (Figure 7A and B). A detailed 
“trial by trial” analysis detected differences in this task (Figure 8). In 
the first trial, which implies the first experience for the animals in the 
maze, females spent more time and covered longer distance to find the 
platform (Figure 8C and D; T1, S, both F’s(1,52) > 13.910; p < .001). 
This sex effect was mostly due to a treatment effect in females, the dif-
ficulty that both groups of d-gal-treated females exhibited to find the 
platform (Figure 8C and D; T1, T, F(2,52) > 10.469; p < .001).

Figure 4.  Sex-dependent effects of chronic d-galactose treatment in 6-month-
old male and female C57BL/6 mice in the corner test. Values are the mean ± 
SEM. n = 9–10 per group. Open bars: male animals; stripped bars: female 
animals. S  =  saline, L  =  low dose, 50  mg/kg; H  =  high dose, 100  mg/kg. 
Statistics: Student’s t test: sp < .05 versus the corresponding male group; *p 
< .05 versus the corresponding saline group.

Figure 5.  Sex-dependent effects of chronic d-galactose treatment in 6-month-old 
male and female C57BL/6 mice in the open-field test. Values are the mean ± SEM. 
n  =  9–10 per group. Open bars: male animals; stripped bars: female animals. 
S = saline, L = low dose, 50 mg/kg; H = high dose, 100 mg/kg. Statistics: ANOVA 
2 × 3: S, gender effect; T, treatment effect; T × S, treatment × gender interaction 
effects; t, time effect, t × S, time × gender interaction effect; *p < .05, **p < .01, ***p 
< .001. Post hoc Duncan’s test: sp < .05, ssp < .01, sssp < .001 versus the corresponding 
male group; *p < .05, **p < .01 versus the corresponding saline group.
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In the reversal place learning task, the time effect indicated the 
presence of a day-by-day acquisition curve for the two variables stud-
ied, that is, the mean latency (Figure 7A and B; repeated-measures 

ANOVA, t, F(3,156) = 26.716, p < .001) and the distance covered 
(Figure 7C and D; repeated-measures ANOVA, t, F(3,135) = 9.703, 
p < .001). Only the “trial by trial” analysis (Figure 8) that explores 
short-term learning and memory, allowed to find sex differences on 
the first day of the place task. There, females showed longer distance 
covered (Figure 8D; PT1, S, F(3,42) > 5.548, p < .05). Moreover, 
a time effect, a “time × treatment” and a “time × sex × treatment” 
interaction effects were found during the progression of the place 

Figure 6.  Sex-dependent effects of chronic d-galactose treatment in 6-month-
old male and female C57BL/6 mice in the dark-light box test. Values are the 
mean ± SEM. n = 9–10 per group. Open bars: male animals; stripped bars: 
female animals. S = saline, L = low dose, 50 mg/kg; H = high dose, 100 mg/kg. 
Statistics: ANOVA 2 × 3: S, gender effect; *p < .05. Post hoc Duncan’s test: sp 
< .05 versus the corresponding male group.

Figure 7.  Effects of chronic d-galactose treatment in male and female mice 
at 6  months of age assessed “day by day” for perceptual visual learning 
and memory (CUE) and spatial reference learning and memory (PT1–PT4) 
in the Morris water maze. Data are expressed by mean ± SEM. Square: male 
animals; circle: female animals. White: saline, gray: 50  mg/kg d-galactose; 
black: 100 mg/kg d-galactose. ANOVA 2 × 3: t, time effect; S, gender effect; 
t × S, time × gender interaction; S × T, gender × treatment interaction; *p < 
.05, **p < .01, ***p < .001. Post hoc Duncan’s test: sp < .05, ssp < .01 versus 
the corresponding male group; *p < .05, **p < .01 versus the corresponding 
saline group.

Figure 8.  Effects of chronic d-galactose treatment in male and female mice 
at 6  months of age assessed “trial by trial” for perceptual visual learning 
and memory (CUE) and spatial reference learning and memory (PT1–PT4) 
in the Morris water maze. Data are expressed by mean ± SEM. Square: male 
animals; circle: female animals. White: saline, gray: 50  mg/kg d-galactose; 
black: 100 mg/kg d-galactose. ANOVA 2 × 3: t, time effect; S, gender effect; 
T, treatment effect; t × S, time × gender interaction; t × T, time × treatment 
interaction; S × T, gender × treatment interaction; t × S × T, time × gender × 
treatment interaction; *p < .05, **p < .01, ***p < .001. Post hoc Duncan’s test: 
sp < .05, ssp < .01 versus the corresponding male group; *p < .05, **p < .01 
versus the corresponding saline group.
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task, when using the latency variable (Figure  8A and C; PT3, t, 
F(2,78) > 3.628, p < .05 and t × T, F(4,78) > 3.425, p < .01; PT4; t ×  
S × T, F(4,78) > 3.681, p < .05). The level of acquisition reached at 
the end of the task was similar in all groups, independently of sex 
and treatment administered (Figure 8A and C; latency PT4, T3, all 
F’s(1,42) < 2.756; p > .05, ns; Figure 8B and D; distance covered, 
PT4, T3, all F’s(1,42) < 2.270; p > .05, ns). There were no differences 
in swimming speed, neither in the cue nor in the reversal place learn-
ing tasks (to simplify the figure, data are not shown).

In the last trial, where the platform was removed (Figure 9), both 
sorts of animals treated with the high dose of d-gal showed a greater 
preference for the quadrant that contained the platform during the 
place task (Figure 9A, time and Figure 9B, distance in P vs. other 

quadrants; ANOVA, F > 4.127; p < .01) and a higher accuracy of 
the platform location as shown by the number of annulus crossings 
(Figure 9C; P vs. all other quadrants; ANOVA, F > 2.893; p < .05) 
compared with their respective saline groups. These differences were 
not attributable to differences in swimming speed (Figure 9D).

d-Gal Induced Involution of Thymus in Males and 
Increased Corticosterone in Both Sexes
In control animals, sex differences were found in the size of adrenal 
glands (Figure 10C) and basal levels of corticosterone (Figure 10D). 
d-Gal substantially increased the corticosterone in males treated 
with the dose of 100 mg/kg. Both doses of d-gal induced a reduc-
tion of relative weight of thymus in males, although the statistical 
significance was shown as the appearance of sex differences that did 
not exist (Figure 10B). No differences were observed in the spleen 
(Figure 10A) although the modulation resembled that observed in 
the thymus.

Discussion

d-Gal-injected rodent models recapitulate many features of brain 
aging and have been extensively applied to study the mechanisms of 
brain aging (27,28). d-Gal aging model has been also widely used for 
antiaging pharmacology research (7,29,30). The administration of 
d-gal into animals can induce aspects of brain aging similar in many 
ways to human brain aging, as indicated by increased aging mark-
ers such as advanced glycation end product, receptors for advanced 
glycation end product, aldose reductase, sorbitol dehydrogenase, 
telomere length shortening, telomerase activity, beta-site amyloid 
precursor protein cleaving enzyme 1 (BACE-1), amyloid beta pro-
tein (Aβ1-42), senescence-associated genes (p16, p21, p53, p19Arf, 

Figure  9.  Effects of chronic d-galactose on spatial reference memory in 
6-month-old male and female C57BL/6 mice as assessed in the probe trial 
in the Morris water maze. Data are expressed by mean ± SEM by time in 
the Platform (P), Adjacent left (Al), Opposite (O), and Adjacent right (Ar) 
quadrants. S: saline, L: 50  mg/kg d-galactose; H: 100  mg/kg d-galactose. 
Statistics: between-group Student’s t test: sp < .05, versus the corresponding 
male group. Within groups, ANOVA, *p < .05, **p < .01, ***p < .001 P versus 
all the other quadrants.

Figure  10.  Effect of chronic d-galactose (L, 50  mg/kg; H, 100  mg/kg) on 
peripheral immune tissues, adrenal glands, and corticosterone content in 
6-month-old male and female C57BL/6 mice. Data are expressed by mean ± 
SEM. (A) No differences were found in the relative weight of spleen, whereas 
(B) involution of thymus in the males leads to appearance of sex differences. 
In the endocrine system, the level of corticosterone was increased by 
100 mg/kg in males, (D) whereas in females, the increased endocrine status 
was seen in the corticosterone versus weight of adrenal glands (D/C). Open 
bars: male animals; stripped bars: female animals. S = saline. ANOVA 2 × 3: 
sex effect; S*p < .05, S**p < .01. Post hoc Duncan’s test: sp < .05 versus the 
corresponding male group. Student’s t test, *p < .05 versus saline group.
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p21Cip1/Waf1), senescence-associated betagalactosidase (SA-β-gal) 
staining (31,32), memory deficit, reduced neurogenesis, neurode-
generation, mitochondrial dysfunction and cytochrome C release, 
caspase-dependent neuronal apoptosis, raised oxidative stress, acti-
vation of astrocytes and microglia, BDNF deficiency, decrease in 
antioxidant enzymes, decreased ATP production, increased mito-
chondrial DNA mutation, impaired mitochondrial structure, and 
abnormal control of gene expression in the brain (18,32). In add-
ition, it has been reported in previous studies that chronic adminis-
tration of d-gal causes neurobehavioral changes including cognition 
and motor impairment in rodents (27,33). For example, it has been 
shown that during aging the cognitive functions such as memory 
are adversely affected, which may be due to the loss of neurons in 
specific brain regions (30). However, a number of results from neu-
robehavioral studies are providing evidence of heterogeneous and 
controversial results. Besides, in spite of relevance of sex on behav-
ioral responses in health and disease, little is known about sex-spe-
cific vulnerability to d-gal.

This is the first comprehensive behavioral study that reveals 
distinct sex- and task-dependent vulnerability/protection threshold 
effects of a low (50 mg/kg) and high (100 mg/kg) dose of d-gal on the 
male and female C57BL/6 mice phenotype. It provides new experi-
mental evidence to further discuss the controversial results in the lit-
erature regarding the use of d-gal to induce aging-related behavioral 
phenotypes and neuroimmunoendocrine premature aging.

In the last decade, critical reports have extensively regarded poor 
behavioral consistency as due to the differing variety of experimental 
designs, which may hinder the convergence of outcomes. Therefore, 
the experimental design of the present work chose the most used 
protocols and experimental conditions for subjects, age, dose, route 
of administration, and duration of treatment. Thus, C57BL/6 mice 
were chosen as the gold-standard wild-type strain, which also serves 
as genetic background of many mutant mice. The age of 6 months 
was used for adulthood, to avoid the strong influence of onset of 
reproductive age in young adulthood. The chronic treatment of 
d-gal described in the literature as a model of accelerated aging 
is based on the dose of 100 mg/kg. Regarding the duration of the 
treatment and route of administration, 8 weeks of continuous sub-
cutaneous systemic injection was chosen as the most used protocol, 
reported to induce an aging model in mice (27). Finally, according to 
our research approach (25,26), the experimental design was based 
in a comprehensive screening of several physical, emotional, and 
cognitive functions successively assessed using a battery of 12 clas-
sical tests for these three main behavioral dimensions. Besides, the 
immunoendocrine status of animals was assessed as a measure of the 
process of aging (26).

Behavioral assessment was aimed to depict distinct levels of 
performance. Thus, we used tasks that enabled two levels of diffi-
culty and functional abilities, that is, wood versus metal rod tests, 
and short versus long hanger tests for sensorimotor functions, as 
well as visual versus hidden place learning tasks in the water maze. 
Similarly, the impact of d-gal on the locomotor/exploratory and 
emotional profile was studied by not only confronting the animals 
with environments differing in anxiogenic conditions but also pro-
viding convergent validity to confirm changes in the anxious-like 
profile: The black narrow corridor of T-maze resembling natural 
burrows, the mild neophobia induced by a novel homecage in the 
corner test, the direct exposure to an open and illuminated field, and 
the choice between two compartments in the dark–light box test.

Mitochondrial dysfunction induced by chronic d-gal causes an 
increase in free-radical production in the brain, especially in cerebral 

cortex, hippocampus, and striatum, areas with high sensitivity 
to oxidative stress (34). Consequently, d-gal has been reported to 
cause a progressive decline in memory and learning functions and 
motor skills (8,27). Therefore, in the present project, cognitive tests 
involving learning and memory plasticity processes were chosen 
taking under consideration not only their temporal frames (work-
ing, short-term and long-term memories) but also the type of learn-
ing and memory processes and brain structures involved. Thus, the 
prefrontal cortex in the working memory in the T-maze, cerebellar 
motor learning in the rotarod test, while visual perceptual learn-
ing and hippocampal-dependent spatial learning and memory were 
assessed in the Morris water maze. Overall, the wide array of varia-
bles recorded contributed to the assessment of dimensions involving 
specific functions such as muscle and lower motor neuron function, 
spinocerebellar function, sensory function, neuropsychiatric func-
tion, and autonomic function (35). The work confirms our hypoth-
esis that a comprehensive behavioral and functional screening would 
be able to point out thresholds of responses for d-gal, modeled by 
sex and dose factors effects. Also, that behavioral outcome items 
may reveal to which extent an impaired neuronal substrate allows 
the animal to meet task-dependent performance demands.

It is known that motor skills and, in particular, the coordin-
ation skills on the rotarod, decline with natural aging (36). The 
present results indicate that the dose of 100 mg/kg of d-gal mimics 
the effects of aging engines worsening balance and motor coordin-
ation of males assessed in the sensorimotor tests. Motor function 
in females evaluated in the rotarod was also significantly affected 
with the dose of 100  mg/kg. In addition, the dose of 50  mg/kg 
also showed a trend in the inability to stay on the rotarod in 
females. These results agree with previous studies, where it has 
been observed that chronic treatment of d-gal can accelerate these 
motor dysfunctions in young rats (8,19).

Current literature suggests a restricted window of aging-induced 
effects by chronic treatment with d-gal, mostly based on its impact on 
the motor system. Thus, laboratories using the model to assess neu-
roprotective effects of new antiaging drugs (ie, (37)) have reported 
that a standard 125 mg/kg/day dose of d-gal (8 weeks) that induced 
serious impairment in grip strength in mice, left intact the animal’s 
spatial memory and locomotor coordination. The authors proposed 
that chronic exposure to d-gal results in specific muscular impair-
ment in mice rather than causing general, premature aging. Other 
researchers did not identify impairment in motor coordination, 
open-field activity, or spatial memory in female mice treated during 
6 weeks with 100 mg/kg d-gal (23). So, although some laboratories 
have achieved that animals treated with d-gal show cognitive defi-
cits (16,17) and/or a decrease in motor skills (18), controversy exists 
because not all studies have been able to replicate them (23,29,37). 
This is also the case of the present work.

Surprisingly, in the cue learning task for perceptual visual learn-
ing, d-gal exerted positive effects in males, independently of the 
dose. Thus, they needed less time and covered less distance to reach 
the visible and cued platform with no differences in the navigation 
speed that could suggest involvement of an anxious-like perform-
ance. In contrast, treated females failed to approach the platform 
for the first time, but afterwards showed a good performance. These 
results may suggest sex-dependent differences in attention and/or 
motivation induced by d-gal.

In the place task, d-gal did not induce “day by day” treatment 
effects as shown by 24-hour acquisition curves for spatial refer-
ence learning and memory. However, the “trial by trial” analysis 
allowed to detect sex-dependent effects. Again, both groups of 
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treated females showed worse performance in specific trials of this 
place task and treated males did better. Thus, treated females had 
worse ability to find the hidden platform for the first time and the 
short-term learning and memory process was poor as compared to 
controls. However, once the task was learned, d-gal enhanced the 
memory discrimination accuracy in the probe trial as indicated by 
the increase in the number of annulus crossings.

In the literature, the paradoxical results on learning and memory 
shown in d-gal-treated mice, as an aging model, have been attributed to 
the strain. Most studies reporting cognitive deficits used the Kunming 
strain (ie, (37–41)), whereas in C57BL/6, some authors have found cog-
nitive deficits (ie, (27,42)), whereas others did not (23,29). Here, sex is 
also an important factor to take into account. A recent study examined 
the effects of chronic treatment of d-gal at different ages and in both 
sexes of C57BL/6 mice strain, showing cognitive deficits depending on 
the duration of treatment, together with sex and age factors (20). In par-
ticular, 2-month-old female mice injected with 100 mg/kg d-gal per day, 
for 6 weeks, did not show spatial memory impairment or high levels 
of hydroxyl radical, protein carbonyl, and malondialdehyde in brain 
homogenates, although brain-reactive oxygen species were increased 
when compared with saline control mice. In contrast, both age-matched 
male mice and 6-month-old female mice receiving 100 mg/kg d-gal for 
6 weeks, or 2-month-old female mice receiving 100 mg/kg d-gal for 
10 weeks showed spatial memory deficits and significant increases in 
the above oxidative markers, compared with their corresponding con-
trols. However, these arguments do not explain the better performance 
in males and worse in females. In these cases, it may be wondered which 
is the role that anxiety levels may play in these performances and if the 
d-gal treatment could enhance them. In fact, in C57BL/6 mice anxiety 
level is considered an element that interferes with the execution and 
the performance in the Morris Water Maze tasks, with mild and high 
anxiety having opposed effects (43). However, this may not be the case 
because in these same treated animals the d-gal induced a modulation 
of neophobia that only was shown in no-escape anxiogenic environ-
ments (the corner and the open-field tests) but not in those that offer 
choices such as the dark-light box test or the T-maze.

We also provide first evidence on the effects of d-gal on bizarre 
behaviors related to neophobia. The ethogram of events explains 
that a reduced latency of thigmotaxis may account for the reduction 
of their expression, at least in females. Thus, it may be important to 
note distinct effects of d-gal on flight/fight behaviors depending on 
the sex. In males, the main effect was the dose-dependent increase in 
horizontal and vertical exploratory activity in the open field, which is 
opposed to what should be expected in an induced aging (2). A trend 
of increased total locomotor activity and thigmotaxis (inner zone) of 
the open field has been recently reported in young male Wistar rats 
treated with 300 mg/kg d-gal (24). As before, the results obtained with 
d-gal in the open field may vary depending on the strain used (23) 
because anxiety levels exhibited in this test are strongly determined by 
this factor (44). This would also explain why certain studies differ in 
the capacity to show that d-gal induced changes (ie, (30,38,44–46)) or 
not (37,47) in exploratory behavior in the open field.

Finally, impaired neuroimmunoendocrine status induced by 
100 mg/kg d-gal in males monitored as the involution of thymus and 
the increase of peripheral levels of corticosterone in this sex would sup-
port an accelerated-aging effect at this level (26). Similar sex-dependent 
neuroimmunoendocrine aging status in males have been reported in 
our laboratory in an animal model of Alzheimer’s disease (48).

In summary, the dose of 100 mg/kg of d-gal worsened the bal-
ance in the rod tests in males and motor learning in the rotarod 
in both sexes, emulating the effects of aging on the motor system.  

In males, this worse motor performance, together with the increased 
endocrine response and involution of thymus, supports aging effects 
induced by 100 mg/kg d-gal in this sex. The increased exploration 
in the open field, improvement in cerebellar-depending motor tasks 
such as those assessed in the rotarod, and the improvement in hip-
pocampal-and striatal-dependent spatial learning in the water maze 
suggest distinct neuroanatomical effects of not only 100 mg/kg but 
also 50 mg/kg in males. However, females seemed to be more sensi-
tive to d-gal because worse motor learning in the rotarod and defi-
cits in some specific abilities in spatial learning in the water maze 
were already observable in the group treated with 50 mg/kg d-gal.

Overall, the comprehensive behavioral analysis points at distinct 
sex-dependent thresholds of sensitivity in the functional capacity of 
treated animals to meet task-dependent performance demands. The 
present work provides evidence of d-gal exerting aging effects at 
the sensorimotor level and in the immunoendocrine system in males, 
whereas females show the impaired performances in the motor and 
spatial learning and memory processes depending on hippocampus 
and cerebellum. A low dose of 50 mg/kg seems to trigger positive 
effects in males, whereas low dose of 50 mg/kg follows a behavio-
ral dose-response in females. Neuronal substrates underlying these 
observations and the neuroimmunoendocrine cross talk are inter-
ested to be further studied to elucidate the subjacent mechanisms 
and to understand the observed differential vulnerability/protection 
induced by d-gal in male and female adult C57BL/6 mice.
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