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Abstract

Background: Aluminum (Al) is considered to be a neurotoxic metal, and excessive

exposure to Al has been reported to be a potential risk factor for neurodegenerative

diseases. Al ammonium sulfate is one of the Al compounds that is widely used as a

food additive. However, the effects of the oral administration of Al ammonium sul-

fate on physical development and behavior remain to be examined.

Methods: In this study, we investigated the effects of the administration of Al

ammonium sulfate 12-water dissolved in drinking water (0.075 mg/mL) beginning in

adolescence on various types of behavior in adult female C57BL/6J mice through a

battery of behavioral tests (low-dose experiment; Experiment 1). We further exam-

ined the behavioral effects of the oral administration of a higher dose of the Al

compound in drinking water (1 mg/mL) beginning in the prenatal period on behavior

in adult male and female mice (high-dose experiment; Experiment 2).

Results: In the low-dose experiment, in which females’ oral intake of Al was estimated

to be 0.97 mg Al/kg/d as adults, Al-treated females exhibited an increase in total arm

entries in the elevated plus maze test, an initial decrease and subsequent increase in

immobility in the forced swim test, and reduced freezing in the fear conditioning test

approximately 1 month after the conditioning session compared with vehicle-treated

females (uncorrected P < .05). However, the behavioral differences did not reach a

statistically significant level after correction for multiple testing. In the high-dose

experiment, in which animals’ oral intakes were estimated to be about ten times higher

than those in the low-dose experiment, behavioral differences found in the low-dose

experiment were not observed in high-dose Al-treated mice, suggesting that the

results of the low-dose experiment might be false positives. Additionally, although

high-dose Al-treated females exhibited increased social contacts with unfamiliar con-

specifics and impaired reference memory performance, and high-dose Al-treated mice

exhibited decreases in prepulse inhibition and in correct responses in the working

memory task (uncorrected P < .05), the differences in any of the behavioral measures

did not reach the significance level after correction for multiple testing.

Conclusion: Our results show that long-term oral exposure to Al ammonium sulfate

at the doses used in this study may have the potential to induce some behavioral
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changes in C57BL/6J mice. However, the behavioral effects of Al were small and

statistically weak, as indicated by the fact that the results failed to reach the study-

wide significance level. Thus, further study will be needed to replicate the results

and reevaluate the behavioral outcomes of oral intake of Al ammonium sulfate.
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1 | INTRODUCTION

Aluminum (Al) is one of the most abundant metallic elements in the

earth’s crust and is widely present in soil, air, water, and plants. Al

compounds are extensively used for various purposes in food, bever-

ages, cosmetics, and medicines. Exposure to Al from all sources,

including natural sources, water consumption, and food materials, is

estimated to be in the range of 10-140 mg/wk (0.2-2.3 mg/kg/wk,

assuming a body weight of 60 kg) in adult populations.1 Currently, the

provisional tolerable weekly intake (PTWI) is set at 2 mg/kg/wk based

on a no-observed-adverse-effect level of 30 mg/kg/d from findings in

animal studies.1 Numerous epidemiologic studies have reported that

excessive exposure to Al is both neurotoxic and a potential risk factor

for neurodegenerative conditions such as Alzheimer’s disease,2–4 amy-

otrophic lateral sclerosis,5,6 and Parkinson’s disease,7,8 although the

causal relationships between Al exposure and these conditions, espe-

cially Alzheimer’s disease, remain controversial.9–11

Animal studies have been performed to determine whether expo-

sure to Al compounds such as aluminum chloride, aluminum nitrate,

and aluminum lactate at different developmental stages affects the

brain and behavior. Perinatal and/or adult exposure to Al compounds

has been reported to induce behavioral changes such as reduced

locomotor activity, impaired active and passive avoidance behaviors,

and spatial memory deficits in rodents.12–19 In contrast, multiple

studies report that Al exposure has no such behavioral effects.20–25

The differences in the severity of the effects shown in these studies

might be attributable to methodological differences, for example, dif-

ferences in the form of the Al, the dose, the administration route,

the exposure duration, and the behavioral testing procedure.

Aluminum ammonium sulfate is one of the Al compounds that is

widely used in food additives and beverages as a buffering and neu-

tralizing agent to maintain acidity during food processing, water

purification, and color fixation.26–28 However, the effects of oral

exposure to Al ammonium sulfate on physical development and

behavior have not been examined. In this study, to address the lack

of information regarding the behavioral effects of Al ammonium sul-

fate, we investigated the effects of the oral administration of Al

ammonium sulfate dissolved in drinking water at a relatively low

dose (0.075 mg/mL) beginning in adolescence on the behavior of

adult female C57BL/6J mice using a battery of behavioral tests,

including a general health and neurological screen, light/dark transi-

tion, open field, elevated plus maze, hot plate, social interaction,

rotarod, three-chamber social approach, startle response/prepulse

inhibition, Porsolt forced swim, T-maze spontaneous alternation,

Y-maze, Barnes maze, tail suspension, fear conditioning, and home-

cage social interaction tests (Experiment 1). Next, we further

explored the behavioral effects of the oral administration of Al

ammonium sulfate in drinking water at a relatively high dose (1 mg/

mL) beginning in the prenatal period in adult male and female

C57BL/6J mice (Experiment 2). This study provides novel informa-

tion about effects of oral exposure to aluminum ammonium sulfate

at the doses used on a variety of behaviors in the behavioral tests

that had not been previously studied in mice.

2 | MATERIALS AND METHODS

2.1 | Animals

Male and female C57BL/6J mice were used. The general procedure of

the experiments is illustrated in Figure 1. In Experiment 1, 40 na€ıve

females were transported from the Charles River Laboratories Japan

to our animal facility at the age of 25 days. After their arrival,

females were group-housed (4 per cage) in a plastic cage

(22.7 9 32.3 9 12.7 cm) in a room with a 12-hour light/dark cycle

(lights on at 7:00 AM). The room temperature was maintained at

23 � 2°C. The females in each cage were randomly assigned to either

the vehicle-treated group (n = 20) or the low-dose Al-treated group

(dose of 0.075 mg/mL, n = 20). The mice in the Al-treated group were

allowed to freely drink a solution containing Al ammonium sulfate

from 4 weeks of age 3 days after arrival, as described below. Their

body weights were measured every 2 weeks, and their behaviors were

assessed with a battery of behavioral tests after 9 weeks of age

(Table 1). In Experiment 2, twenty pregnant females, which were

transported from the Charles River Laboratories Japan 6 days after

finding a vaginal plug (Day 0 = day of pregnancy), were singly housed

in a plastic cage after arrival in our animal facility. The pregnant

females were randomly assigned to either the vehicle-treated group

(n = 10) or the high-dose Al-treated group (dose of 1 mg/mL, n = 10).

From Day 11 of pregnancy, females in the high-dose Al-treated group

were given Al ammonium sulfate in drinking water at the dose of

1 mg/mL. The cages were checked every morning for the presence of

pups. On the evening of the day of parturition (postpartum Day 0) and

postpartum days 7, 14, and 21, both litter size and pup body weights

were recorded. On postpartum Day 21, the offspring were weaned

and housed in same-sex groups of 4 animals per cage. In each treat-

ment group, 20 male and 20 female offspring were used in the
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behavioral experiments. After weaning, the offspring from high-dose

Al-treated dams were given Al in their drinking water at the dose of

1 mg/mL in the same manner throughout the experiments. From the

age of 9 weeks, the male and female offspring were subjected to a bat-

tery of behavioral tests (Table 1). All of the animals were provided

with food (CRF-1, Oriental Yeast Co., Ltd., which would contain

0.21 mg Al/g) ad libitum throughout the experiments. All of the exper-

imental procedures were approved by the Institutional Animal Care

and Use Committee of Kobe University (# P110604-R1) and of Fujita

Health University (#I0741).

2.2 | Treatment with aluminum in drinking water

Animals in the Al-treated group were given Al ammonium sulfate 12-

water, 99.9% (AlNH4(SO4)2�12H2O, FW: 453.33, Wako Pure Chemical

Industries, Ltd.) dissolved in drinking water from a bottle. The vehicle-

treated group was provided with ammonium sulfate ((NH4)2SO4, FW:

132.14, Wako Pure Chemical Industries, Ltd.) in their drinking water. In

our pilot experiments, a few pregnant C57BL/6J mice died after daily

oral administration of the Al compound dissolved in drinking water at a

dose of 0.1 or 1 mg/mL. In addition, female pups exposed to the Al

compound at the lower dose of 0.075 mg/mL during the prenatal and

postnatal period through dams had a lower body weight than vehicle-

treated female pups (see Data S1). The preliminary results suggest the

possibility that the oral administration of Al ammonium sulfate with a

dose of at least 0.075 mg/mL during the perinatal period may have

effects on the development of C57BL/6J female mice. Taking into

account the results of the pilot experiments, we first explored the

effects of the Al compound at the dose of 0.075 mg/mL in females in

Experiment 1. The compounds were dissolved in filtered tap water at a

concentration of 0.075 mg/mL in Experiment 1 (defined as the low-

dose treatment) and at a concentration of 1 mg/mL in Experiment 2

(defined as the high-dose treatment). The solution in the bottle was

changed every 4-7 days. In Experiment 1, solution intake by females

was monitored every 4 days from 4 to 9 weeks of age. In Experiment 2,

solution intake by males and females was measured at 20 weeks of age.

2.3 | Behavioral test

In Experiment 1, female mice were subjected to a battery of

behavioral tests in the following sequence: general health and

neurological screen, light/dark transition, open field, elevated plus

maze, hot plate, social interaction, rotarod, startle response/pre-

pulse inhibition, Porsolt forced swim, three-chamber social

approach, T-maze spontaneous alternation, Y-maze, Barnes maze,

tail suspension, contextual and cued fear conditioning, and home-

cage social interaction tests (see Table 1 and Appendix S1). All

the mice of the vehicle-treated and aluminum-treated groups

received the same test on the same day so that they underwent

all of the behavioral tests in the same order. In Experiment 2,

male and female mice underwent this battery of behavioral tests,

except for the Y-maze test, in the same manner. After each test,

the floors and walls of the testing apparatuses were cleaned with

70% ethanol solution and hypochlorous acid water to prevent a

bias caused by olfactory cues. The behavioral tests were per-

formed between 9:00 AM and 6:00 PM. The information about each

mouse and behavioral data used in this study are available in a

public database “Mouse Phenotype Database” (Available from

http://www.mouse-phenotype.org/).

2.4 | Light/dark transition test

The light/dark transition test, developed by Crawley and col-

leagues,29 was performed as previously described.30 The apparatus

consisted of a cage (21 9 42 9 25 cm) divided into 2 sections of

equal size by a partition with a door (O’Hara & Co., Tokyo, Japan).

One chamber was brightly illuminated (390 lux), whereas the other

was dark (2 lux). Mice were placed into the dark chamber and were

allowed to move freely between the 2 chambers for 10 minutes with

the door open. The distance travelled (cm), total number of transi-

tions, latency to first enter the light chamber (s), and time spent in

the light chamber (s) were recorded automatically using the ImageLD

program (see “Image analysis”).

Weaning

Males/
Females

Oral administration of Al (1 mg/mL)

Experiment 1

Experiment 2

Behavioral testsArrival
.....

4
Postnatal weeks

931 2 5 6 7 8 ...........0—1—2

Birth

(A)

(B)

Females
Oral administration of Al (0.075 mg/mL)

Behavioral testsArrival
.....

4 931 2 5 6 7 8 ...........0—1—2
Postnatal weeks

F IGURE 1 Schematic diagram of
experimental procedures. Flow diagram of
the experimental design for (A) Experiment
1 and (B) Experiment 2
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2.5 | Elevated plus maze test

The elevated plus maze test, which has been widely used to assess

anxiety,31 was performed as previously described.32 The apparatus

consisted of 2 open arms (25 9 5 cm) and 2 enclosed arms of the

same size with 15-cm-high transparent walls and a central square

(5 9 5 cm) connecting the arms (O’Hara & Co.). The arms and cen-

tral square were made of white plastic plates and were elevated to a

height of 55 cm above the floor. To prevent mice from falling off

the open arms, those arms were surrounded by a raised ledge (3 mm

thick and 3 mm high). Arms of the same type were located opposite

one another. Each mouse was placed in the central square of the

maze facing one of the closed arms. The number of arm entries, dis-

tance travelled (cm), percentage of entries into open arms, and per-

centage of time spent in open arms were measured during a

10-minute test period. Data acquisition and analysis were performed

automatically using the ImageEP program.

2.6 | Social interaction test

The social interaction test was conducted to measure social behavior

in a novel environment, as previously described.33 Weight-matched

(within 2 g) mice of the same-sex and same treatment group that had

been housed in different cages were placed into an acrylic box

together (40 9 40 9 30 cm) and allowed to explore freely for

10 minutes. The total number of contacts, total duration of contacts

(s), total duration of active contacts (s), mean duration per contact (s),

and total distance travelled (cm) were recorded and analyzed auto-

matically using the ImageSI program. The active contact was mea-

sured when the 2 mice contacted each other and one or both mice

moved with a velocity of at least 10 cm/s.

2.7 | Three-chamber social approach test

The three-chamber social approach test is a well-designed method

to investigate sociability and preference for social novelty in mice.34

The apparatus consisted of a rectangular, three-chambered box and

a lid with a video camera (O’Hara & Co.). Each chamber was

20 9 40 9 47 cm, and the dividing walls were made from clear

Plexiglas with a small square opening (5 9 3 cm) allowing access

into each chamber. In Experiment 1, the tests were performed as

previously described,34 with a slight modification as follows: subject

mice were placed in the three-chambered box and allowed to

explore for 10 minutes the day before the sociability test was con-

ducted (habituation session), and during the session, empty wire

cages (9 cm in diameter, 11 cm in height, with vertical bars 0.5 cm

apart) were located in the corner of each chamber. On the following

day, an unfamiliar C57BL/6J female mouse (stranger 1) that had had

no prior contact with the subject mice was put into the wire cage

that was placed in one of the side chambers. The location of the

stranger mouse in the left vs right chamber was systematically alter-

nated between trials. The subject mouse was placed in the box and

TABLE 1 A behavioral test battery of aluminum-treated mice

Order Test

Experiment 1 Experiment 2

Age Period Table/figure Age Period Table/figure

1 General health and

neurological screen

10 wk (2 mo) 6 wk Table S2 9-10 wk (2 mo) 11 wk Table S2

2 Light/dark transition test 10 wk (2 mo) 6 wk Figure 2A-D 10-11 wk (2 mo) 11-12 wk Figure 5A-D

3 Open field test 10 wk (2 mo) 6 wk Figure S2A-D 13-14 wk (3 mo) 14-15 wk Figure S2E-H

4 Elevated plus maze test 11 wk (2 mo) 7 wk Figure 2E-H 15-16 wk (3 mo) 17 wk Figure 5E-H

5 Hot plate test 11 wk (2 mo) 7 wk Table S2 16-17 wk (3 mo) 18 wk Table S2

6 Social interaction test 11 wk (2 mo) 7 wk Figure 3A-E 17 wk (3-4 mo) 18 wk Figure 6A-E

7 Rotarod test 12 wk (2 mo) 8 wk Table S2 18-19 wk (4 mo) 20 wk Table S2

8 Three-chamber social

approach test

14 wk (3 mo) 10 wk Figure 3F-I 22-23 wk (5 mo) 24-25 wk Figure 6F-I

9 Startle response/prepulse

inhibition tests

15 wk (3 mo) 11 wk Table S2 26 wk (6 mo) 27 wk Table S2

10 Porsolt forced swim test 15 wk (3 mo) 11 wk Figure 2I 32-33 wk (7 mo) 33-34 wk Figure 5I

11 T-maze spontaneous

alternation test

16 wk (3 mo) 12 wk Figure 4A 63-65 wk (14 mo) 65-66 wk Figure 7A

12 Y-maze test 19 wk (4 mo) 15 wk Figure 4B NT

13 Barnes maze test 26-32 wk (6-7 mo) 22-28 wk Figures 4C, S3A-E 87-96 wk (20-22 mo) 88-97 wk Figures 7B, S3F-J

14 Tail suspension test 33 wk (7 mo) 29 wk Figure 2J 93-97 wk (21-22 mo) 94-98 wk Figure 5J

15 Fear conditioning test 33-37 wk (7-8 mo) 29-33 wk Figures 4D-H, S4A 95-102 wk (21-23 mo) 96-103 wk Figures 7C-G, S4B

16 Home-cage social

interaction test

37-38 wk (8 mo) 33-34 wk Figure 3J, K 106-108 wk (24 mo) 107-109 wk Figure 6J, K

wk, week; mo, month; NT, not tested; Period, administration period.

The administration period in Experiment 2 includes a period exposed to aluminum via pregnant females during the prenatal period.
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allowed to explore the entire box for a 10-minute session to assess

sociability (sociability test). Next, a second stranger female mouse

was placed into the wire cage that had been empty during the first

10-minute session to evaluate social preference for a new stranger

(social novelty preference test). Thus, the subject mouse had a

choice between the first, already-investigated, now-familiar mouse

(stranger 1) and the novel unfamiliar mouse (stranger 2). In Experi-

ment 2, the testing procedures were the same as those used in

Experiment 1, except that the habituation session, sociability test,

and social novelty preference tests were conducted on the same

day, and male mice were used as the stranger. The amounts of time

spent in each chamber and time spent around each cage were auto-

matically calculated from video images using the ImageCSI program.

2.8 | Porsolt forced swim test

The Porsolt forced swim test, developed by Porsolt et al,35 was per-

formed to assess depression-related behavior. Mice were placed into

a Plexiglas cylinder (20 cm height 9 10 cm diameter, O’Hara & Co.)

filled with water (approximately 23°C) up to a height of 7.5 cm for

10 minutes per day for 2 consecutive days. The percentage of immo-

bility time was recorded automatically using the ImagePS program.

2.9 | T-maze spontaneous alternation test

The spontaneous alternation task was conducted using a modified

T-maze apparatus and an automated video-analyzing system,36 avail-

able through O’Hara & Co.). Mice were subjected to a spontaneous

alternation session of 10 trials per day for 3 days. Each trial consists of

a forced-choice run followed by a free-choice run. Mice were forced

to enter either one of the arms for 10 seconds, and then, the door was

opened so that the mouse could go back to the start compartment.

They were held in the start compartment for 3 seconds and then sub-

jected to a free-choice run in which they were allowed to choose one

of the arms. The intertrial intervals were 60 seconds. The percentage

of trials in which mice entered the arm opposite to their forced-choice

run during the free-choice run was calculated. Data acquisition and

data analysis were performed using the ImageTM program.

2.10 | Y-maze test

Spatial working memory was evaluated based on spontaneous alter-

nation behavior. The Y-maze consists of 3 arms (labeled A, B, and C)

diverging at 120 degrees from the central point (O’Hara & Co.). Each

mouse was placed at the center of the maze and allowed to move

freely for 10 minutes. An alternation was defined as entries into all

3 arms on consecutive occasions. For example, sequential entering

into the arms in an ABCBCBCA pattern is counted as 2 alternations

with the first consecutive ABC and the last consecutive BCA of 6

consecutive occasions (maximum alternation). The percentage of

alternation was calculated as (alternation/maximum alternation)

9 100. Data acquisition and analysis were performed automatically

using the ImageYM program.

2.11 | Barnes maze test

The Barnes circular maze task was conducted to test spatial reference

memory37 on “dry land,” a white circular surface, 1.0 m in diameter,

with 12 holes equally spaced around the perimeter (O’Hara & Co.).

The circular open field was elevated 75 cm from the floor. A black

Plexiglas escape box (17 9 13 9 7 cm) was located under one of the

holes (target hole). The location of the target was consistent for a

given mouse but randomized across mice. The maze was rotated daily,

with the spatial location of the target unchanged with respect to the

distal visual cues, to prevent a bias based on an olfactory cue or proxi-

mal cues. Two trials per day were conducted for 9 successive days. In

each trial, the latency to first reach the target hole (s), number of errors

to reach the target hole, and distance travelled to first reach the target

hole (cm) were recorded by the ImageBM program. Approximately 1

day and one month after the last training, probe trials were performed

without the escape box to assess spatial reference memory. In the

probe tests, the time spent around each hole (s) was measured using

the ImageBM program.

2.12 | Tail suspension test

The tail suspension test was used to evaluate depression-related

behavior.38 Mice were suspended 30 cm above the floor in a visually

isolated area by adhesive tape placed approximately 1 cm from the tip

of the tail. Immobility was recorded for a 10-minute test period. Immo-

bility time was measured automatically using the ImageTS program.

2.13 | Contextual and cued fear conditioning test

The fear conditioning test was conducted using an automated video-

analyzing system as previously described.39 Mice were placed in a

conditioning chamber (26 9 34 9 29 cm) in a sound-attenuated

room and allowed to explore freely for 2 minutes. The animals were

presented with an auditory cue (55 dB white noise) that served as a

conditioned stimulus (CS) for 30 seconds. During the last 2 seconds

of the CS, mice were given a mild footshock (0.3 mA, 2 seconds) as

an unconditioned stimulus (US). Two more CS-US pairings were pre-

sented at 120-second intervals. Approximately 24 hours and

1 month after the conditioning session, a context test was per-

formed in the conditioning chamber. A cued test in an altered con-

text was performed after the context test using a triangular box

(35 9 35 9 40 cm) made of white opaque plastic, which was

located in a different sound-attenuated room. In the cued test, after

the initial 3-minute period of no CS presentation, the CS was pre-

sented during the last 3-minute period of the test. Freezing during

each minute of the test was measured automatically using the Ima-

geFZ program in a same manner as previously described.39

2.14 | Home-cage social interaction test

The social interaction monitoring system comprised a home-cage

and a cage top with an infrared video camera (25 9 15 9 23.5 cm,
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interior dimensions). Two mice of the same group that had been

housed separately were placed together in the home-cage. Video

images from each cage were captured at a rate of 1 frame per sec-

ond. Social interaction was measured by counting the number of ani-

mals detected in each frame. We also measured the activity level of

the mice by quantifying the number of pixels that changed between

each pair of successive frames. Mean number of animals and total

activity level in each 1-minute bin were automatically calculated for

1 week using the ImageHA program, and the mean values averaged

for each hour of the last 3 days were used for statistical analysis.

2.15 | Statistical analysis

Statistical analyses were performed using SAS University Edition (SAS

Institute, Cary, NC, USA). The data were analyzed to determine the

effect of treatment with Al on behaviors using either an unpaired

t test, a two-way analysis of variance (ANOVA), a two-way repeated-

measures ANOVA, or a three-way repeated-measures ANOVA. We

defined “study-wide significance” as statistical significance that survived

the Benjamini-Hochberg false discovery rate (FDR) correction40,41 for

controlling for multiple testing based on the number of behavioral mea-

sures of the test battery (51 measures in Experiment 1 and 50 measures

in Experiment 2). “Nominal significance” was defined as having achieved

statistical significance without the FDR correction (uncorrected

P < .05). Post hoc multiple comparisons were further performed using

Fisher’s LSD as appropriate. In Experiment 2, the delivery rate of preg-

nant females and the survival rate from birth to weaning of pups were

analyzed using Fisher’s exact test. The sex ratio of litters at birth was

compared by chi-squared test. Cortical thickness and number of cells in

the brain (for details, see Appendix S1) were analyzed with an unpaired

t test and a two-way ANOVA. Values in graphs are expressed as the

mean � SEM.

3 | RESULTS

3.1 | Experiment 1

3.1.1 | Physical development, neuromuscular
strength, and sensory and motor functions in low-
dose aluminum-treated female mice

The intake of solution containing Al ammonium sulfate in Al-treated

females was approximately 3.92 mL per day from 4 weeks of age, which

did not statistically differ from the volume of vehicle solution consumed

by the vehicle-treated females (Figure S1A; Treatment effect, F1,8 =

0.02, P = .8816; Treatment 9 Age interaction, F10,80 = 0.45, P = .9181).

The body weights were measured every 2 weeks from 4 to 36 weeks of

age. There was a significant Treatment 9 Age interaction on the body

weights (Figure S1B; Treatment effect, F1,35 = 0.88, P = .3551; Treat-

ment 9 Age interaction, F16,560 = 3.89, P < .0001), and the post hoc

analysis indicated that there were no significant differences in the body

weights at each age between Al- and vehicle-treated females (for all

ages, P > .05). The mean intake of Al ammonium sulfate in Al-treated

females was estimated to be approximately 16.62 mg/kg/d (0.97 mg

Al/kg/d) in young adulthood (the mean body weights from 4 to

10 weeks of age were 17.77 g).

Beginning at 9 weeks of age, 20 Al-treated females and 20 vehi-

cle-treated females were subjected to a battery of behavioral tests

(Table 1). One Al-treated female and one vehicle-treated female died

for unknown reasons by the onset of the test battery. The results of

the statistical analyses for each test are summarized in Table S1, in

which values for nominally significant effects of Treatments are high-

lighted in yellow. None of the statistical results of the behavioral

measures reached study-wide significance. The neurological screen

indicated that Al-treated females and vehicle-treated females exhib-

ited no statistically significant differences in body weight, body tem-

perature, grip strength, or wire hang latency (Tables S1 and S2). In

addition, there were no significant Treatment effects on either hot

plate latency, rotarod performance, auditory startle responses to

loud noise, and prepulse inhibition of the startle responses (Tables

S1 and S2). These results indicate that the low-dose oral administra-

tion of Al beginning in adolescence has no effects on physical devel-

opment, pain sensitivity, or sensory and motor functions as adults in

female mice.

3.1.2 | Locomotor activity, anxiety-like behavior,
and depression-related behavior in low-dose
aluminum-treated female mice

Female mice were subjected to the open field, light/dark transition,

and elevated plus maze tests, which have been extensively used to

assess locomotor activity and anxiety-like behavior. In the light/dark

transition test, the data from one Al-treated female were excluded

from statistical analysis because its tail was pinched by the door of

the apparatus at the beginning of the test. In the elevated plus maze

test, there was a nominally significant effect of Treatment on the

total arm entries (Figure 2F; Treatment effect, t36 = 2.39,

P = .0223). Al-treated females showed more total arm entries than

vehicle-treated females. There were no significant effects of Treat-

ment on total distance travelled, percentage of open arm entries, or

percentage of time spent on open arms in the elevated plus maze

(Figure 2E,G,H, and Table S1). In the open field test (Figure S2A-D)

and light/dark transition test (Figure 2A-D), there were no significant

effects of Treatment on any behavioral measures (Table S1).

The Porsolt forced swim test and tail suspension test were per-

formed to assess depression-related behavior in Al-treated mice. In

the Porsolt forced swim test, there was no significant effect of

Treatment on the percentage of immobility time on Day 1 (Figure 2I;

Treatment effect, F1,36 = 0.09, P = .7599; Treatment 9 Time inter-

action, F9,324 = 1.29, P = .2436). On Day 2, there were no significant

Treatment effects on immobility (F1,36 = 0.26, P = .6108), and a sig-

nificant Treatment 9 Time interaction on immobility was found (Fig-

ure 2I; F9,324 = 2.02, P = .0371). The immobility time of Al-treated

females on Day 2 was significantly shorter in the first minute of the

test session and significantly longer in the third minute of the ses-

sion than that of vehicle-treated females (first minute, P = .0096;
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third minute, P = .0492). In the tail suspension test (Figure 2J), there

was no significant Treatment effect on immobility time (Table S1).

3.1.3 | Social behavior in low-dose aluminum-
treated female mice

In the social interaction test, there were no significant Treatment

effects on any behavioral measures (Figure 3A-E and Table S1). In the

three-chamber social approach test, there were no significant Treat-

ment effects on the time spent in the chamber with a stranger female

or time spent around the cage containing a stranger female (Fig-

ure 3F-I and Table S1). Additionally, in the home-cage social interac-

tion test, no significant Treatment effects were found on either the

activity level or the mean number of particles (Figure 3J,K, and

Table S1). These results indicate normal social behavior in the low-

dose Al-treated females.

3.1.4 | Working memory, reference memory, and
fear memory in low-dose aluminum-treated female
mice

The working and reference memory of Al-treated mice were evalu-

ated in the T-maze spontaneous alternation test, Y-maze test, and

Barnes maze test. In these tests, there were no significant effects of

Treatment on any of the behavioral measures (Figures 4, S3A-E, and

Table S1). Contextual and cued fear memory of Al-treated mice was

assessed with the fear conditioning test. In the conditioning session

(Figure 4D), there was a nominally significant effect of Treatment
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(F1,35 = 10.32, P = .0028) and a significant Treatment 9 Time interac-

tion on freezing (F7,245 = 2.24, P = .0317). The post hoc analysis

revealed that the freezing of Al-treated females was significantly lower

than that of vehicle-treated females during the 4th to 6th minutes of

the session (Figure 4D; P = .0328, P = .0129, and P = .0112, respec-

tively), whereas the freezing of the 2 treatment groups did not signifi-

cantly differ during the last 2 minutes of the session (Figure 4D). This

result shows that Al-treated females can acquire a conditioned fear

response similar to that of vehicle-treated females after repeated pre-

sentation of the footshock. There were no significant Treatment

effects on the distance travelled during and immediately after 3 foot-

shocks (Figure S4A), suggesting that Al exposure has no effect on pain

sensitivity to footshock. There were no significant Treatment effects

on freezing in the context or cued tests that were performed 1 day

after conditioning (Figure 4E,F). In the context test 28 days after con-

ditioning, significant Treatment effect was observed on freezing

(F1,35 = 6.43, P = .0158); Al-treated females exhibited lower freezing

than vehicle-treated females (Figure 4G), while in the cued test

28 days after conditioning, there was no significant Treatment effect

on freezing (Figure 4H and Table S1). These results suggest that Al-

treated females have normal working and reference memory but

impaired remote contextual memory.

3.1.5 | Histological features of the brain in low-
dose aluminum-treated female mice

After the behavioral test battery, the brains from each group of mice

were collected and histologically analyzed with Nissl staining.
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F IGURE 3 Social behavior in low-dose aluminum-treated C57BL/6J females. A-E, Social interaction test: (A) distance travelled (cm), (B)
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Al-treated females exhibited no differences in morphological appear-

ance of the brain (Figure S5), cortical thickness (Figure S5B,C;

t7 = 1.52, P = .1718), and number of cells of in the prefrontal cortex

(t7 = 1.87, P = .1034), somatosensory cortex (t7 = 0.65, P = .5383),

granule cell layer of the hippocampal dentate gyrus (t7 = 0.13,

P = .8965), and CA1 and CA3 pyramidal cell layers of the hippocam-

pus (CA1, t7 = 1.33, P = .2240; CA3, t7 = 0.04, P = .9702), com-

pared with those in vehicle-treated females (Figure S5B,D).

3.2 | Experiment 2

3.2.1 | Delivery rate, litter size, sex ratio of litter,
pup survival rate, and pup body weight in high-dose
aluminum-treated mice

The delivery rate in Al- and vehicle-treated pregnant females, litter

size, sex ratio of the litter, pup survival rate, and pup body weights

are summarized in Table 2. There were no significant differences

between the treatment groups in delivery rate (P = .2105, Fisher’s

exact test), litter size (t15 = 0.04, P = .9689), sex ratio of litters at

birth (v2 = .1862, P = .6661), survival rate from birth to weaning

(P = .0636, Fisher’s exact test), or mean pup body weights from birth

to weaning (Treatment effect, F1,27 = 2.02, P = .1669; Sex effect,

F1,27 = 2.43, P = .1308; Treatment 9 Sex interaction, F1,27 = 0.05,

P = .8184; Day effect, F3,81 = 2010.90, P < .0001; Treatment 9 Day

interaction, F3,81 = 1.27, P = .2899; Sex 9 Day interaction,

F3,81 = 1.04, P = .3780; Treatment 9 Sex 9 Day interaction,

F3,81 = 0.03, P = .9943). Consequently, we could not obtain results

for the effects of Al exposure on the survival of pregnant mice and

the development of their pups similar to those observed in our pilot

study. Although the reason for the inconsistent results is not clear,

our results suggest that Al exposure at the dose used in this study

has little possibility of affecting either the reproductive performance

of female mice or the postnatal physical development of the pups.

The solution intakes of male and female offspring were approxi-

mately 3.58 mL/d when measured at 20 weeks of age (Figure S1C,

mean solution intake: 3.79 mL/d in vehicle-treated male; 3.60 mL/d

in vehicle-treated female; 3.37 mL/d in Al-treated male; 3.56 mL/d

in Al-treated female; n = 5 cages, each treatment group). There was

no significant Treatment effect (F1,16 = 1.80, P = .1989) and no
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(%) in the T-maze test. B, Spontaneous alternation (%) in the Y-maze test. C, Time spent around the target hole in the probe trial 1 and 35 d
after the last training in the Barnes maze test. D-H, Fear conditioning test: (D) freezing (%) in the conditioning, (E, G) context test 1 and 28 d
after the conditioning, and (F, H) cued test 1 and 28 d after the conditioning. Values are means � SEM. The asterisk indicates a nominally
significance for comparisons between treatment groups (P < .05)
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significant Treatment 9 Sex interaction (F1,16 = 1.19, P = .2908) on

the solution intake. Mean body weights measured at 19 weeks of

age were 28.66 g in vehicle-treated males (n = 20), 21.93 g in vehi-

cle-treated females (n = 20), 29.10 g in Al-treated males (n = 20),

and 21.64 g in Al-treated females (n = 20). The mean oral intake of

Al ammonium sulfate by Al-treated mice was estimated to be

approximately 115.80 mg/kg/d (6.88 mg Al/kg/d) for males and

164.51 mg/kg/d (9.78 mg Al/kg/d) for females in young adulthood

and was approximately 10 times higher than the Al intake by

females in Experiment 1.

3.2.2 | Physical development, pain sensitivity, and
sensory and motor functions in high-dose aluminum-
treated mice

Twenty male and 20 female offspring from Al-treated dams were

given Al in drinking water from weaning until the end of the

experiment. Similarly, 20 male and 20 female offspring from vehi-

cle-treated dams were given vehicle solution. After 9 weeks of

age, mice were subjected to a battery of behavioral tests

(Table 1). For the wire hang test, the data from one Al-treated

female were excluded from statistical analysis because the head of

the mouse was caught in the wire. For the elevated plus maze

test, 1 vehicle-treated male and 2 Al-treated males were excluded

from the analysis because they fell off the apparatus during the

test. The results of the statistical analyses in each test are sum-

marized in Table S3, in which values supporting a nominally signif-

icant effect of the Treatment are highlighted in yellow. None of

the statistical results of the behavioral measures reached study-

wide significance.

Al-treated male and female mice appeared normal, and their right-

ing, whisker twitch, and ear twitch reflexes were intact. There were no

significant main effects of Treatment on the body weights, body tem-

perature, grip strength, wire hang latency, hot plate latency, or rotarod

latency in either sex (Tables S2 and S3). These data indicate that long-

term treatment with Al has no effects on physical development from

weaning to adulthood and on neuromuscular strength, pain sensitivity,

or motor function in adulthood in male and female mice.

There were statistically significant main effects of Sex on body

weight (F1,76 = 463.01, P < .0001), grip strength (F1,76 = 21.32,

P < .0001), wire hang latency (F1,75 = 18.89, P < .0001), hot plate

latency (F1,76 = 4.91, P = .0298), and rotarod latency (F1,76 = 15.47,

P = .0002), but not on body temperature (Tables S2 and S3). The

results showed that male mice had heavier bodies, greater grip

strength, shorter wire hang latency, longer hot plate latency, and

shorter rotarod latency than female mice.

There was no significant main effect of Treatment on the startle

responses to 110- or 120-dB stimulus (Tables S2 and S3). A signifi-

cant Treatment 9 Trial interaction on the startle responses was

found (F1,75 = 5.56, P = .0210), but the post hoc analysis revealed

that the results did not reach statistical significance at each startle

stimulus. A nominally significant effect of Treatment was found on

the prepulse inhibition (F1,75 = 4.12, P = .0460), and Al-treated mice

exhibited lower prepulse inhibition than vehicle-treated mice. In

those tests, there were neither significant effects of Sex nor a signif-

icant Treatment 9 Sex interaction (Table S3). These data suggest

TABLE 2 Delivery rate, litter size, sex ratio of litter, pup survival rate, and pup body weight in high-dose aluminum-treated mice

Day Vehicle-treated group Aluminum-treated group

Number of pregnant females 10 10

Delivery rate 10/10 (100%) 7/10 (70%)

Mean litter size at birth 7.60 � 0.45 7.57 � 0.57

Total number of pups (male) PD0 40 25

PD21 38 22

Total number of pups (female) PD0 36 28

PD21 36 25

Total number of pups (both sexes) PD0 76 53

PD21 74 47

Sex ratio at birth (male pups/total pups) 40/76 (0.52) 25/53 (0.47)

Survival rate of pups 74/76 (97.3%) 47/53 (88.6%)

Mean pup body weights (male) PD0 1.3 � 0.02 1.35 � 0.05

PD7 4.04 � 0.11 4.19 � 0.03

PD14 7.17 � 0.21 7.19 � 0.12

PD21 8.28 � 0.19 8.65 � 0.21

Mean pup body weights (female) PD0 1.23 � 0.02 1.28 � 0.05

PD7 3.85 � 0.09 4.1 � 0.10

PD14 6.96 � 0.20 7.07 � 0.12

PD21 7.86 � 0.25 8.27 � 0.23

Values in table were expressed as mean � SEM.
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that the high-dose, long-term administration of Al induces a

decreased sensorimotor gating function in male and female mice.

3.2.3 | Locomotor activity, anxiety-like behavior,
and depression-related behavior in high-dose
aluminum-treated mice

No significant main effects of Treatment were observed on any of

the behavioral measures in the open field, light/dark transition, ele-

vated plus maze, Porsolt forced swim, and tail suspension tests (Fig-

ures 5, S2E-H, and Table S3). These results indicate that long-term

exposure to a relatively high dose of Al has no effects on locomotor

activity, anxiety-like behavior, or depression-related behavior under

the different testing conditions in male and female mice.

In the open field test, there were significant main effects of Sex

on distance travelled (Figure S2E; F1,76 = 6.30, P = .0142) and verti-

cal activity (Figure S2F; F1,76 = 7.63, P = .0072). Male mice travelled

a shorter distance but showed more vertical activity than female

mice in the open field. In the light/dark transition test, there were

also significant main effects of Sex on distance travelled in the light

and dark chambers (Figure 5A; light chamber, F1,76 = 6.72,

P = .0114; dark chamber, F1,76 = 10.01, P = .0022), latency to enter

the light chamber (Figure 5B; F1,76 = 9.97, P = .0023), time spent in

the light chamber (Figure 5C; F1,76 = 3.99, P = .0492), and number

of transitions (Figure 5D; F1,76 = 20.15, P < .0001). Male mice exhib-

ited shorter distance travelled, longer latency to enter the light

chamber, shorter time spent in the light chamber, and a lower num-

ber of transitions than female mice in the light/dark transition test.

There were no significant effects of Sex on the behavioral measures

in the elevated plus maze test. Overall, these results indicate the

possibility that, compared with female mice, male mice show

decreased locomotor activity and increased anxiety-like behavior in

novel environments, whereas the treatment with high-dose Al had

no effects on those behaviors in male and female mice.
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F IGURE 5 Anxiety-like and depression-like behaviors in high-dose aluminum-treated C57BL/6J mice. A-D, Light/dark transition test: (A)
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In the Porsolt forced swim test, there were significant Sex 9 Time

interactions in immobility on Day 2 (Figure 5I; F9,675 = 4.15,

P < .0001). Females’ immobility time was longer than that of the males

in the second half of the period on Day 2 (5 minutes, P = .0304;

6 minutes, P = .0011; 7 minutes, P = .0119; 8 minutes, P = .0143;

9 minutes, P = .0012). Similarly, in the tail suspension test, there was

a significant main effect of Sex and a significant Sex 9 Time

interaction on immobility (Figure 5J; F1,62 = 5.13, P = .0270;

F9,558 = 2.09, P = .0286, respectively). Post hoc analysis revealed that

females showed a lower immobility time than males at the first minute

of the test (P = .0163), and then, females exhibited a higher immobility

time than males at the 5th and 8th minutes of the test (5 minutes,

P = .0108; 8 minutes, P = .0148). Collectively, these data indicate that

female mice are more immobile during the second half of the period

than are male mice regardless of the administration of Al.

3.2.4 | Social behavior in high-dose aluminum-
treated mice

No significant main effects of Treatment were found on any of

behavioral measures in the social interaction test, the three-chamber

social approach test, or the home-cage social interaction test (Fig-

ure 6 and Table S3). In the social interaction test, there were signifi-

cant main effects of Sex on distance travelled (Figure 6A;
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F1,36 = 7.41, P = .0099), total duration of contacts (Figure 6C;

F1,36 = 6.74, P = .0135), and mean duration per contact (Figure 6E;

F1,36 = 7.30, P = .0104). Male mice travelled a shorter distance and

exhibited a longer duration of contacts than female mice. In the

three-chamber social approach test, there were no significant main

effects of Sex on the behavioral measures (Figure 6F-I and

Table S3). In the home-cage social interaction test, significant main

effects of Sex were found on activity level (Figure 6J; F1,23 = 9.24,

P = .0058) and mean number of particles (Figure 6K; F1,23 = 8.44,

P = .0080). Male mice exhibited a lower activity level and a smaller

mean number of particles than female mice in their home cage. In

the social interaction test, there were significant Treatment 9 Sex

interactions in the total duration of active contacts (Figure 6D;

F1,36 = 4.73, P = .0364) and the mean duration per contact (Fig-

ure 6E; F1,36 = 5.49, P = .0248). The post hoc analysis showed that

Al-treated females exhibited more active contacts than vehicle-trea-

ted females (P = .0236), but there were no statistically significant

differences in the mean duration per contact between the treatment

groups in each sex. Overall, these results suggest that male mice

show lower locomotor activity and higher social interaction than

female mice in both novel environments and the home cage,

whereas in females, the oral administration of Al induces an increase

in active social contact in novel environments.

3.2.5 | Working memory, reference memory, and
fear memory in high-dose aluminum-treated mice

Working memory was assessed with the T-maze spontaneous alterna-

tion task. There was a nominally significant effect of Treatment on the

percentage of correct responses (Figure 7A; F1,73 = 5.48, P = .0220).

There was no significant main effect of Sex, no significant Treat-

ment 9 Sex interaction, no significant Treatment 9 Session interac-

tion, and no significant Treatment 9 Sex 9 Session interaction on the

percentage of spontaneous alternation (Table S3). The data indicated

that Al-treated mice exhibited a lower percentage of spontaneous

alternation than vehicle-treated mice, suggesting that the high-dose,

long-term administration of Al induces working memory deficits

regardless of sex.

Spatial reference memory was evaluated using the Barnes maze

test (Figures 7B and S3F-J). In the training session, there was a nomi-

nally significant Treatment effect and a significant Treatment

9 Sex 9 Block interaction on the number of errors to reach the target

hole (Figure S3G; F1,59 = 4.84, P = .0317; F9,531 = 2.57, P = .0067).

The post hoc analysis revealed that Al-treated female mice exhibited a

greater number of errors than vehicle-treated female mice in the first

block of the session (P = .0378). There was also a significant effect of

Treatment and a significant Treatment 9 Sex 9 Block interaction on

the distance travelled to reach the target hole (Figure S3H; F1,59

= 4.53, P = .0375; F9,531 = 2.10, P = .0283). The post hoc analysis

showed that in the sixth block of the session, Al-treated male mice

travelled further than vehicle-treated male mice (P = .0069). In the last

block of training session, no significant differences between the treat-

ment groups were found in the number of errors and distance

travelled, indicating that Al-treated mice exhibited a reference memory

performance similar to that of vehicle-treated mice after training. In

the probe trials, there was no significant main effect of Treatment, no

significant Treatment 9 Trial interaction, and no significant Treat-

ment 9 Sex 9 Trial interaction on the time spent around the target

hole (Figures 7B, S3I,J, and Table S3). There was a significant Treat-

ment 9 Sex interaction on the time spent around the target hole (Fig-

ure 7B; F1,59 = 4.79, P = .0326). The post hoc analysis revealed that

Al-treated females spent a shorter time around the target hole than

vehicle-treated females in the probe trials (P = .0213), indicating that

long-term treatment with Al induces spatial memory deficits in female

mice.

In the conditioning session of the fear conditioning test, there

were no significant effects of Treatment, no significant Treat-

ment 9 Sex interaction, no significant Treatment 9 Time interaction,

and no significant Treatment 9 Sex 9 Time interaction on freezing

during the conditioning (Figure 7C and Table S3), or distances trav-

elled during and after footshock (Figure S4B and Table S3), except

for a significant Treatment 9 Sex 9 Time interaction on distance

travelled during and after the second footshock (F14,812 = 1.74,

P = .0439). Overall, these results indicate no apparent treatment

effects on behavioral responses during the conditioning session.

In the context and cued tests 1 day after the conditioning, there

was no significant main effect of Treatment, no significant Treat-

ment 9 Sex interaction, no significant Treatment 9 Time interaction,

and no significant Treatment 9 Sex 9 Time interaction on freezing

(Figure 7D,E, and Table S3). Similarly, in the context test 30 days after

conditioning, there were no significant main effect of Treatment and

no significant interactions on freezing (Figure 7F and Table S3). In the

cued test 30 days after the conditioning, there were nominally signifi-

cant effects of Treatment on freezing (Figure 7G; F1,58 = 4.63,

P = .0356) during the pre-CS period. The data showed that Al-treated

mice exhibited slightly less freezing than vehicle-treated mice during

the pre-CS period, suggesting a reduced generalized fear response

30 days after the aversive experience in Al-treated mice.

There were significant main effects of Sex on freezing for the

conditioning (Figure 7C; F1,58 = 47.55, P < .0001), the context test

1 day after the conditioning (Figure 7D; F1,58 = 27.29, P < .0001),

the pre-CS period (Figure 7E; F1,58 = 10.92, P = .0016), and the CS

period (Figure 7E; F1,58 = 28.76, P < .0001) of the cued test 1 day

after the conditioning, the context test 30 days after the condition-

ing (Figure 7F; F1,58 = 7.72, P = .0074), and the CS period of the

cued test 30 days after the conditioning (Figure 7G; F1,58 = 8.23,

P = .0057). Overall, males displayed significantly more freezing than

female mice in each test session.

3.2.6 | Histological features of the brain in high-
dose aluminum-treated female mice

The brains from each group of mice were histologically analyzed with

Nissl staining. There were no differences in morphological appearance of

the prefrontal cortex and hippocampus, cortical thickness (F1,12 = 1.94,

P = .1890), and number of cells in the prefrontal cortex (F1,12 = 1.60,

30 | SHOJI ET AL.



P = .2305), sensorimotor cortex (F1,12 = 0.22, P = .6505), hippocampal

dentate gyrus (F1,12 = 0.15, P = .7059), and CA1 (F1,12 = 0.26,

P = .6175) and CA3 (F1,12 = 0.10, P = .7582) of the hippocampus, com-

pared with those in vehicle-treated females (Figure S5A,E,F).

4 | DISCUSSION

Al ammonium sulfate is an Al compound that is widely used as a

food additive. However, the behavioral effects resulting from the

oral intake of Al ammonium sulfate remain to be examined. In this

study, we investigated the effects of the long-term oral administra-

tion of Al ammonium sulfate in drinking water on various types of

behavior in adult C57BL/6J mice using a battery of behavioral tests.

The results of Experiment 1, although not reaching study-wide sig-

nificance, showed that the administration of Al ammonium sulfate in

drinking water from 4 weeks of age at a relatively low dose (esti-

mated to be 0.97 mg Al/kg/d) might induce an increased number of

arm entries in the elevated plus maze test, an initial decrease and

subsequent increase in immobility in the Porsolt forced swim test,

and decreased freezing in the same context as conditioning 1 month

after the conditioning session in female C57BL/6J mice as adults.
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However, those behavioral differences between Al- and vehicle-trea-

ted females of the low-dose experiment were not found in the high-

dose condition of Experiment 2 (the doses were estimated to be

6.88 mg Al/kg/d in adult males and 9.78 mg Al/kg/d in adult

females). One of the possible explanations for the inconsistent

results is differences in age of animals subjected to the behavioral

tests between Experiments 1 and 2. In Experiment 2, the mice were

tested at 7 months old in the Porsolt forced swim test and at 21 to

23 months old in the fear conditioning test, while in Experiment 1,

the ages of mice were 3 months in the Porsolt forced swim test and

7 months in the fear conditioning test. Consistent with our previous

report showing age-related changes in behaviors,42 in this study,

immobility and freezing were lower in older mice in Experiment 2

than in younger mice in Experiment 1. Thus, no differences in the

behaviors between aluminum- and vehicle-treated mice in Experi-

ment 2 might be potentially due to a floor effect. In the elevated

plus maze test, in which mice were tested at 2-3 months of age in

both Experiments 1 and 2, the total number of arm entries was

higher in aluminum-treated females than vehicle-treated females in

Experiment 2 as seen in Experiment 1, although the results did not

reach the significance level. The similar but slight changes in the

total arm entries found in Experiments 1 and 2 suggest another pos-

sibility that the 2 doses used in this study might not be within the

range of doses that are sufficient to induce marked behavioral

changes. Therefore, oral exposure to low-dose aluminum might yield

statistically false-positive results for some behavioral differences

found in Experiment 1. The results of the high-dose experiment

showed that Al exposure from the prenatal period at a high dose

can cause an increased duration of active social contacts and

reduced reference memory performance only in females and

decreased PPI, decreased spontaneous alternation, and slight

increase in freezing to altered context in C57BL/6J mice, although

the differences in any of the behavioral measures assessed between

Al- and vehicle-treated mice did not reach a study-wide significance

level. These findings suggest that, while long-term oral exposure of

Al ammonium sulfate may have a potential effect on inducing behav-

ioral changes in C57BL/6J mice in a sex-dependent manner, the

behavioral effects of Al exposure at the doses used in this study, if

any, seem small.

Numerous rodent studies have shown that Al exposure during

the perinatal period and/or adulthood has deleterious effects on

physiological and behavioral development, including loss of body

weight, decreased locomotor activity, impaired active avoidance, and

decreased spatial memory performance.12,15,16,18–21,24,43–45 The

doses of Al orally administered to animals in most previous studies

seem to be relatively high and are estimated to be a few to more

than 10 times higher than the doses given to the mice (0.97-

9.78 mg Al/kg/d) in this study. Considering the potential effects of

Al exposure found in this study, it is suggested that long-term expo-

sure to Al at relatively low doses can lead to slight behavioral

changes, especially memory performance. However, in this study, Al

exposure did not significantly affect physical development, motor

performance, anxiety-like behavior, and social behavior. The lack of

Al effects on those behaviors might be explained by the relatively

short period of Al exposure. In humans, dietary intake was estimated

to be 0.2-2.3 mg Al/kg/wk at an assumed body weight of 60 kg,

which is generally within the provisional tolerable weekly intake

(PTWI) of 2 mg Al/kg/wk.1 The PTWI of 2 mg/kg/wk (0.28 mg/kg/

d) was established based on a rat study showing no observable

adverse effect level (NOAEL) of 30 mg Al/kg/d, dividing the NOAEL

by an uncertainty factor of 100, in addition to taking into considera-

tion the lowest observed adverse effect level (LOAEL) range of 50-

75 mg/kg/d in animal studies.1 The potential behavioral effects of Al

exposure at lower doses in this study suggest that further study will

be needed to replicate our behavioral results and reevaluate the

effects of Al on brain functions in detail. Additionally, because

in vivo pharmacokinetics of aluminum compounds including

aluminum ammonium sulfate remain to be largely unknown, it is

important to determine the pharmacokinetics of each aluminum

compound in order to understand the mechanisms underlying the

behavioral changes caused by exposure to Al compounds at different

doses. Although the present study measured oral Al intake of mice

to estimate the dose of Al, absorption and excretion of Al would

need to be monitored by measurement of Al concentrations in

organs, blood, and urine.

Al injected subcutaneously into pregnant rats can be transferred

to the fetuses at 0.2% Al and is detected in the brain and peripheral

organs of the fetuses.46,47 Similarly, Al has been reported to be

found in the brains of suckling pups after daily subcutaneous injec-

tions of Al to lactating rats.46,47 The oral intake of dietary Al is

absorbed into systemic circulation at only <0.3% of intake,48 and Al

can be broadly distributed throughout the brain and accumulate in

all brain regions, including the cortex, hippocampus, striatum, and

cerebellum in rodents,49–51 potentially having various effects on

brain functions. In rats, exposure to Al chloride (100 mg/kg body

weight) for 8 weeks induced an increase in lipid peroxidation and

decreases in superoxide dismutase and catalase activity in the brain,

suggesting that Al has pro-oxidant and neurotoxic effects on the

brain.52 Furthermore, Al exposure with different doses and different

routes of administration increased the expression of glial fibrillary

acidic protein, a marker of astrocyte, and reactive microglia in the

rodent brain,13,53–55 suggesting an Al-induced increase in brain

inflammation. Indeed, the oral intake of either Al lactate in drinking

water (0.01-1 mmol/L) for 10 weeks or Al ammonium sulfate in

drinking water (5-125 ppm) for 4 weeks resulted in increases in

inflammatory cytokines such as nuclear factor-jB (NF-jb), tumor

necrosis factor-a (TNF-a), and interleukin-1b (IL-1b) in the mouse

brain.53,56 Several lines of evidence indicate that brain inflammation

is associated with alterations in brain functions, including neurotrans-

mitter metabolism, neuroendocrine function, synaptic plasticity, and

neurocircuits, leading to neuropsychiatric and neurological dis-

eases.57–60 It has been suggested that intake of 0.3% Al chloride in

drinking water from birth induces the impairment of synaptic con-

nectivity in the mouse hippocampus.61 Daily oral intake of Al chlo-

ride (300-600 mg/kg body weight) has also been reported to result

in decreases in dopamine and 5-HT levels in rat and mouse
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brains,12,62 and intraperitoneal injection with Al (4.2 mg/kg body

weight, as Al chloride hexahydrate) for 4 weeks increased the level

of glutamate and decreased the level of GABA in the brain.63,64 In

this study, the histological features of the prefrontal cortex,

somatosensory cortex, and hippocampus appeared to be normal in

Al-treated mice, possibly supporting the findings that the long-term

oral administration of Al ammonium sulfate at the low doses has no

marked effect on behaviors. However, the exposure to the Al com-

pound might cause chronic brain inflammation and alternations in

neurotransmission systems that may contribute to the slight behav-

ioral changes observed in this study.

Sex differences were observed for almost all of the behaviors

assessed without considering the effect of Al treatment. Although

male mice had greater grip strength than female mice, the latency to

fall off the wire in the wire hang test and the latency to fall off the

rotating rod in the rotarod test were lower in males than in females.

Previous studies have reported a negative correlation between body

weight and rotarod performance.42,65,66 Therefore, males’ lower

rotarod performance might be attributable to their heavier body

weights. The results of the hot plate test suggest lower pain sensitivity

in males, in agreement with Mogil et al’s67 finding that male mice were

less sensitive than female mice in some nociceptive tests. Sex differ-

ences in locomotor activity and anxiety-like behavior have been

reported to be dependent on strain, apparatus, and measure used.68–

70 In our study, male mice showed lower locomotor activity than

female mice in several tests, including the open field test, the light/

dark transition test, the social interaction test, and the fear condition-

ing test. These results suggest that females may be less anxious than

males under our testing conditions in the C57BL/6J strain of mice.

The higher general activity in females might affect the results for

sex differences in the other behavioral measures. For example, the

hyperactive phenotype might have resulted in the shorter latency to

enter the light chamber, increased number of transitions, and

increased time spent in the light chamber in the light/dark transition

test, along with the decreases in the total duration of contacts and

mean duration per contact in the social interaction test and

decreased immobility in the fear conditioning test. In the Porsolt

forced swim test, although females showed an increased distance

travelled compared with that of males during the early test period,

females eventually exhibited more immobility and shorter distance

travelled during the late period than males. A similar result for the

sex difference was observed in the tail suspension test. Although the

sex difference in depression-related behavior remains controversial

(for review, see71), these results suggest that female mice show

depression-related behavior in response to a stressful environment.

This outcome appears to resemble human depression, which women

are approximately twice as likely to suffer than men.72,73 This study

also found a sex difference in that males exhibited better perfor-

mance in the spatial memory task than females, which is consistent

with previous findings.74–77 To our knowledge, there is little litera-

ture reporting sex differences in the behavioral effects of Al expo-

sure. We found sex-dependent effects of Al exposure on some

behavioral measures. Al exposure induced increased active social

contacts in the social interaction test and decreased time spent

around the target hole in the Barnes maze test in females, but not in

males. The sex differences in behavior might be attributable to a dif-

ference in Al intake between the sexes. Indeed, the daily Al intake

per body weight was higher in females than in males, potentially

explaining the sensitivity of the behavioral effects of Al exposure in

females. Even then, because of the lack of information regarding the

sex-dependent effects of the oral intake of Al ammonium sulfate,

further study will be needed to obtain a better understanding of the

mechanisms of the behavioral effects of Al in both sexes.

Some populations, particularly children, are estimated to regularly

consume Al-containing foods such as cakes, cookies, and snacks;

therefore, the provisional tolerable weekly intake of Al is likely to be

exceeded to a large extent.1 Dietary excessive intake of Al early in

life may be a potential risk factor for brain dysfunction. In daily life,

exposure to Al compounds can occur via sources other than foods,

for example, through medical treatment. Al compounds are widely

used in medicines and vaccines, such as antacids, analgesics, the

influenza vaccine, and the human papillomavirus vaccine. Al chloride

and Al hydroxide are used as adjuvants in vaccines for the preven-

tion and treatment of people infected with viruses. In mice, it has

been reported that 6 times subcutaneous injections of Al hydroxide

used in vaccines during 2-3 weeks, even at a low dose (total 0.1 or

0.55 mg Al/kg, corresponding to the clinical doses), induced

decreased locomotor activity, increased anxiety-like behavior, and

induced a spatial memory deficit.78,79 However, there seems to be

little possibility that such a short-term and low-dose Al exposure

produces substantial behavioral changes, as suggested by the find-

ings of this study, although there were differences in the form of

the Al, the administration route, the exposure duration, and the

behavioral testing between the studies. These findings indicate the

necessity of further investigations on the effects of long-term Al

exposure from early life at relatively low doses in future animal and

human studies.

5 | CONCLUSIONS

This study failed to detect any changes exceeding a study-wide sig-

nificance level in behaviors of C57BL/6J mice by long-term oral

exposure of Al ammonium sulfate, while the possibility that it may

lead to slight behavioral changes, such as altered immobility in

forced swim test, decreased prepulse inhibition, and impaired mem-

ory performances, cannot be excluded. Additional research is

required to further evaluate whether reliable, reproducible results for

the behavioral effects of the oral exposure of Al ammonium sulfate

can be obtained and to determine the precise brain mechanism(s)

underlying the effects of Al, if any.
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