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Abstract
Recent evidence points to the relationship between lead toxicity and the function of the hypothalamic-pituitary-adrenal axis, 
which suggests that lead exposure could influence how an individual cope with stress. Here we test this hypothesis by inves-
tigating the behavioral effects of lead exposure in mice during the forced swimming test (FST), a parading in which animals 
are exposed to a stressful situation and environment. Swiss mice received either 180 ppm or 540 ppm of lead acetate (Pb) in 
their ad-lib water supply for 60–90 days, starting at postnatal day 30. Control (Ctrl) mice drank tap water. At the end of the 
exposure period, mice were submitted to a 5-min session of FST or to an open-field session of the same duration. Data from 
naïve animals showed that corticosterone levels were higher for animals tested in the FST compared to animals tested in the 
open-field. Blood-lead levels (BLL) in Pb-exposed mice ranged from 14.3 to 106.9 µg/dL. No differences were observed in 
spontaneous locomotion between Ctrl and Pb-exposed groups in the open-field. However, in the FST, Pb-treated mice dis-
played higher swimming activity than Ctrl ones and this effect was observed even for animals with BLL higher than 20 µg/
dL. Furthermore, significant differences in brain glutathione levels, used as an indicator of led toxicity, were only observed 
for BLL higher than 40 µg/dL. Overall, these findings suggest that swimming activity in the FST is a good indicator of lead 
toxicity and confirm our prediction that lead toxicity influences behavioral responses associated to stress.
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Introduction

In spite of efforts to reduce environmental lead levels over 
the past decades, lead exposure still a major public health 
problem [1–4]. Lead is a potent neurotoxin [5–8] and, while 
its neurobehavioral effects are more pronounced when expo-
sure occurs during prenatal development and childhood [7, 
9], there is growing evidence suggesting that cumulative 
lead exposure later in life also has adverse effects on brain 
function [10–12]. The latter raises further concern when 
we turn our attention to occupational exposure, since both 
young and old adults are exposed to lead levels higher than 
those usually found in the environment [13–15]. Nonethe-
less, lead-neurotoxicity is difficult to determine since, lead 
has a short half-life in the bloodstream [16] and the neural 
substrates that underlie lead-related adverse impact on cog-
nitive function are still poorly understood [17]. Interestingly, 
relative recent epidemiologic data indicates that stress can be 
a pivotal factor that exacerbate lead neurotoxicity [18–20], 
and thus an important covariate to be considered when 
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assessing lead toxicity. However, a caveat of any epidemio-
logical analysis concerns the number and type of covariates 
that have been employed and, for this reason, one cannot 
discard the possibility that factors other than lead toxicity 
and stress (such as genetic background, and socioeconomic 
status of the populations sampled) had influenced the out-
comes of the aforementioned studies.

Relevant information about the effects of toxic com-
pounds on brain function stem from behavioral studies 
using animal models. Behavioral toxicological screening is 
an important asset in determining the mechanisms of action 
of different chemical compounds [21]. Of particular inter-
est are findings that suggest a strong link between stress and 
the neurobehavioral effects of lead exposure. Lead toxic-
ity can increase corticosterone levels, which could modify 
brain catecholamines, and thus intensify the harmful impact 
of stressful situations on the function of the hypothalamic-
pituitary-adrenal axis [22–25]. Given these relationships, it 
is reasonable to suppose that lead exposure could profoundly 
affect how one copes with a stressful situation. In this regard, 
the forced swimming test (FST) is an attractive behavioral 
paradigm to investigate this possibility. Originally developed 
to predict the efficacy of antidepressant drugs [26, 27], this 
test has also been proposed as a general form of response 
to inescapable stress [28–30]. When rodents are forced to 
swim in a cylinder filled with water from which they can-
not escape, they will, after an initial brief period of vigor-
ous activity, alternate between two very distinct behaviors: 
swimming and immobility [26, 27, 31–33]. Behavioral strat-
egies that decrease energy expenditure, such as passive float-
ing or slow swimming, are thought to reflect a better coping 
response to stress in the FST [34]. Thus, we hypothesize that 
lead-exposed animals would present increased swimming 
activity and reduced immobility in the FST. To examine this 
possibility, Swiss mice were subchronically exposed to lead 
acetate from adolescence to adulthood and then tested in 
the FST. For purposes of comparison, we also examined 
the effects of such exposure in the open-field test, a less 
stressful behavioral assay and also one of the most used for 
the detection of the neurotoxic effects of lead exposure in 
rodents [35–39]. Moreover, we also evaluated the effects of 
lead exposure on glutathione, a main antioxidant system in 
the brain [40–42] and used as a measure of lead-oxidative 
stress [43].

Material and methods

Animal treatment

All procedures were carried out in compliance with the 
Animal Care and Use Committee of the State University of 
Rio de Janeiro, in compliance with the Guide for the Care 

and Use of Laboratory Animals as adopted and promulgated 
by the National Institutes of Health. Swiss mice (n = 201, 
106 males and 95 females, from 29 litters) were bred and 
maintained in a temperature-controlled room on a 12:12 h 
light/dark cycle (lights on: 2:00, lights off: 14:00). At wean-
ing (postnatal day 30, PN30), animals from the same litter 
were separated by sex, housed in groups of 3–5 mice per 
cage, and assigned to the following experimental groups: 
Pb-treated (Pb180 and Pb540) and control (Ctrl). Lead 
acetate trihydrate (Sigma-Aldrich, Reag. Ph. Eur.) was 
added to the drinking water at two doses, 180 ppm (0.018%, 
474 μM, Pb180 group) and 540 ppm (0.054%, 1,422 μM, 
Pb540 group), for at least 60  days (average exposure 
period = 73.6 ± 6.3 days, longest exposure period = 88 days). 
Control animals received lead-free drinking water for the 
same period. The concentrations of 180 and 540 ppm of lead 
were chosen in order to allow for a range of BBLs that: (1) 
was wide enough to adequately investigate a dose–response 
relationship and, dose–response relationship and, (2) was 
compatible to levels observed in studies of lead neurotox-
icity in rodents [44, 45] as well as in studies dealing with 
occupational exposure in humans [46]. A third dosage of 
lead acetate of 90 ppm (0.009%, 237 μM, Pb90 group) was 
administered to an independent sample of animals for a 
similar time period (65.8 ± 4.7 days) as part of a follow-up 
experiment. Solutions were provided ad libitum and pre-
pared freshly every week. Behavioral tests were conducted 
at the end of the period of exposure during the lights off 
phase (between 16:00 h and 17:30 h) In order to avoid the 
possibility that a previous experience in one behavioral test 
would influence the animal’s performance in a subsequent 
one, mice were randomly assigned to be either tested in the 
open field or in the FST. At the completion of behavioral 
testing, animals were euthanized, and blood was collected 
for later determination of lead concentrations.

Forced swimming test (FST)

Swimming activity and immobility time were measured 
in the FST as previously described [32, 47, 48]. Briefly, 
46 Pb180 (22 males and 24 females), 34 Pb540 (21 males 
and 13 females), and 57 Ctrl animals (31 males and 26 
females) were placed in the center of a plastic container 
(diameter = 21  cm, height = 23  cm) filled with water 
(depth = 16 cm) at about 25 ºC. The animal’s behavior was 
continuously recorded for 5 min by an overhead video cam-
era and the container was cleaned and the water exchanged 
before testing another animal.

Swimming activity, expressed by the number of left 
(counterclockwise) and right (clockwise) 30º turns was 
measured by an observer blind to the animal’s treatment 
condition [32, 47, 48]. A transparent overlay with 30º axes 
was matched with the image of the circular container on the 



117Toxicol Res. (2021) 37:115–124	

1 3

screen of the video monitor to aid with 30º turns quantifi-
cation [48]. For each animal, the total swimming activity 
was considered as the sum of all consecutive 30º turns (to 
the left and right) during a testing session (5 min), whereas 
the time the animal remained floating with all limbs and 
tail motionless was deemed immobility time. All animals 
were submitted to a second and third forced swimming test-
ing sessions in the following 2 days to evaluate session-to-
session reproducibility.

Open field

Spontaneous locomotor activity was measured in an open-
field arena as previously reported [47]. Briefly, 24 Pb180 (13 
males and 11 females), 20 Pb540 (11 males and 9 females), 
and 20 Ctrl animals (8 males and 12 females) were tested in 
the open field. The setup consisted of a polypropylene box 
(37.6 × 30.4) surrounded by walls (17 cm), of which the floor 
was divided into 16 equal size rectangles (7.6 × 9.4 cm), 12 
peripheral and 4 central. After placing a mouse inside the 
arena at one corner, its spontaneous locomotor activity was 
continuously recorded during 5 min with an overhead video 
camera. At the end of the testing session, the mouse was 
returned to its home cage, and the open-field arena was thor-
oughly cleaned before testing another animal.

Locomotor activity was quantified by the number of rec-
tangles crossed: an animal had to place all its four legs on 
a given rectangle for a crossing to be counted. The total 
distance traveled (i.e. number of rectangles crossed) was 
used to quantify locomotor activity in the periphery (cor-
responding to the 12 rectangles adjacent to the walls) and 
in the central portion (corresponding to the 4 rectangles in 
the center of the arena) of the open-field. The behavior of 
animals was measured by an observer blind to treatment 
conditions.

Determination of blood lead levels (BLL)

After the completion of behavioral tests, animals were eutha-
nized by cervical dislocation and blood samples were taken 
by heart puncture. Samples were kept chilled (− 20 °C) until 
measurements of BLL were performed (within 30 days of 
blood collection). Measurements were performed using an 
atomic absorption spectrometry graphite furnace (Perkin 
Elmer 5100), wavelength 283.3 nm, atomization at 1900 °C 
with a detection limit of 0.6 µg/dL.

Measurement of corticosterone

Serum corticosterone levels were evaluated in an independ-
ent group of age-matched adult male mice (n = 21). Thirty 
minutes after the end of a single FST or open-field testing 
session, animals were killed by decapitation (FST: n = 7; 

open-field: n = 7 from 6 litters) and approximately 0.5 ml of 
trunk blood was collected from each animal. Blood samples 
were also collected from non-manipulated (naïve) animals 
(n = 7 from 6 litters). Next, serum corticosterone levels were 
determined by radioimmunoassay as described previously 
[49]. Briefly, we used a specific commercial RIA kit (ICN 
Biomedicals Inc., Aurora, OH, USA) with an assay sensitiv-
ity of 50 ng/mL and intra assay variation coefficient of 7.1%. 
All samples were analyzed in duplicate.

Glutathione levels

Glutathione levels were evaluated in a separate sample of 
animals divided in three groups exposed to 90, 270 (0.027%, 
711 μM) and 540 ppm of lead acetate trihydrate in the drink-
ing water. Control animals received lead-free drinking water. 
After 60 days of lead exposure, animals were killed, brains 
were quickly removed from the skulls and kept on ice. Brain 
tissues were kept at − 20 ºC up to 2 days after had been 
processed and were preserved at − 80 ºC for up to 5 days 
before being processed.

Glutathione levels were measured using an enzymatic 
recycling procedure in which glutathione is sequentially 
oxidized by 5,5′-dithiobis- (2-nitrobenzoic acid, DTNB) and 
reduced by NADPH in the presence of the glutathione reduc-
tase. Then the extent of 2-nitro-5-thiobenzoic acid (TNB) 
formation is monitored at 412 nm and glutathione levels are 
evaluated by comparison to values from a standard curve. 
Briefly, three working solutions (0.3 mM NADPH, 6 mM 
DTNB, and ~ 50 units of glutathione reductase/ml) were 
prepared in stock buffer (125 mM Na-phosphate, 6.3 mM 
Na-EDTA) and the pH adjusted to 7.5. Brain tissues were 
deproteinized by vigorous (5 vol of 5% 5-sulfosalicylic acid 
to 1 vol brain tissue), followed by centrifugation at 10.000×g 
for 5 min. GSH and GSSG levels were determined by the 
glutathione reductase-DTNB recycling procedure by adding 
10 µL of tissue sample to 2 µL of 2-vinylpyridine and 100µL 
of working solutions. The 2-vinylpyridine was used to mask 
the sulfhydryl group of GSH. Analyses were then carried out 
by comparisons to standard curves of GSH: 0.5, 1.0, 2.0 and 
4.0 μM, respectively [50].

Statistical analysis

Comparisons involving BLL were carried out using uni-
variate ANOVAs. Correlations between BLL, duration of 
exposure and behavioral variables were evaluated using the 
Pearson correlation coefficient (p < 0.05, two-tailed).

For all behavioral variables, univariate ANOVAs were 
carried out. Subjects were grouped by Treatment (Pb-treated 
X Ctrl) and Sex. The Fisher’s Least Significant Difference 
Test (FLSD) was used for the post-hoc analyses. Differences 
between experimental groups were also determined using 
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Wilcoxon Mann–Whitney U and Fisher exact tests. All data 
is shown as mean and ± SEM (unless otherwise mentioned). 
Significance was assumed at the level of p < 0.05, two-tailed.

Results

First, to confirm that the FST is recorded in a stressful 
environment, we compared corticosterone plasma concen-
trations of naïve mice and animals tested in the FST and 
in the open field. As expected, corticosterone levels were 
significantly increased by the forced swimming experience 
compared to both naïve and animals tested in the open field 
(Fig. 1; ANOVA: F = 14.1, df = 2/14, p < 0.001). Of note, no 
difference in corticosterone concentrations were observed 
between animals tested in the open field and those that have 
not been manipulated (Fig. 1).

Blood lead levels

In the control group, 68% of mice (n = 27) presented 
detectable BLL that ranged from 0.6 to 4.2  µg/dL 
(mean = 1.1 ± 0.2). In Pb-treated animals, while BLL 

displayed a wide range of concentrations. For mice treated 
with the 180 ppm solution, the BLL ranged from 14.3 to 
62.7 µg/dL (mean = 35.1 ± 1.7) and for mice treated with 
the 540 ppm solution levels ranged from 52.0 to 106.9 µg/
dL (mean = 75.4 ± 2.0). BLL of animals given the 540 ppm 
solution were significantly higher than those observed for 
mice given the 180 ppm one (F = 240.5, df = 1, p < 0.001). 
It is important to mention that we did not find a relation-
ship between blood lead levels and time of exposure 
(180 ppm: Pearson’s r = 0.14, P = 0.35; 540 ppm: Pearson’s 
r = 0.25, p = 0.16).

Open‑field

Confirming previous studies [51–54], Pb exposure dur-
ing adulthood failed to show significant differences in 
spontaneous locomotor activity between controls and 
exposed animals in the open-field (Fig.  2a; ANOVA: 
F = 0.1, df = 2/63, p = 0,88). Moreover, no differences were 
observed regarding locomotor activity in the periphery and 
central portions of the arena (Table 1). Of note, the absence 
of significant treatment group differences was irrespective 
of BLL (total activity: Pearson’s r = 0.07, p = 0.66; activity 
in the periphery: Pearson’s r = 0.13, p = 0.40; activity in 
the central: Pearson’s r = 0.12, p = 0.43).

Fig. 1   Effects of open-field (OF) and forced swimming test (FST) on 
plasma levels of corticosterone. Corticosterone was measured 4 min 
after the end of behavioral tests. Control animals were not subjected 
to any behavioral manipulations (naïve animals, NV). NV, n = 7 
animals; OF, n = 7; FST, n = 7. Bars are means ± SEM. **p < 0.01, 
***p < 0.001

Fig. 2   Effects of lead exposure on spontaneous locomotion (a) and 
swimming activity (b) of adult mice. a, b, Graphs depicting the 
spontaneous locomotor activity in the open-field (a) and the num-
ber of total 30° turns (turns to the left and right) in the FST (b) for 
controls (Ctrl) and animals that received either 180 ppm (Pb180) or 
540  ppm (Pb540) of lead acetate in their ad-lib water supply. Lead 
exposure period was of at least 60 days (74 ± 6, max = 88 days). Ctrl 
group drank tap water. Note that while no significant differences were 
observed for locomotor activity (a), animals exposed to both doses 
of lead displayed significantly more 30° turns than controls (b). Ctrl, 
n = 57 animals from 15 litters; Pb180, n = 46 animals from 9 litters; 
Pb540, n = 34 from 6 litters. Bars are means ± SEM. *p < 0.05 and 
**p < 0.01 compared to Ctrl
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Forced swimming test

Contrary to what was observed in the open field, significant 
differences between Pb-exposed and control animals were 
found in the FST, where both 180 and 540 ppm exposed 
animals displayed on average more 30° turns than controls 
(Fig. 2b; ANOVA: F = 5.8, df = 2/134, p < 0.01). Interest-
ingly, however, swimming activity did not differ between 
180 and 540 ppm exposed groups (Fig. 2b). Moreover, these 
results were stable with subsequent testing sessions on dif-
ferent days in spite of the natural decline in overall natatory 
activity due to habituation to the test environment (Table 2; 
ANOVA: Second session, F = 3.8, df = 2/134, p < 0.05; 
Third session, F = 3.9, df = 2/134, p < 0.05). Of note, no 
differences in immobility times were observed between 
Pb-exposed and control animals (180 ppm, 31.5 ± 6.1 s; 
540  ppm, 32.1 ± 8.4  s; Control, 40.4 ± 9.0  s; ANOVA: 
F = 0.3, df = 2/106, p = 0.74).

The lack of significant differences between the swimming 
activity of 180 and 540 ppm groups suggests that swimming 
activity is independent of the levels of Pb in the blood. In 
fact, swimming activity did not correlate with either BLL 
or with the exposure time (swimming activity vs BLL, 
Pearson’s r = 0.07, p = 0.54; swimming activity vs time of 
exposure, Pearson’s r = 0.01, p = 0.96). Furthermore, when 
we compared the swimming activity of animals with BLL 
lower than 32 µg/dL (i.e. values to the left of the peak of the 
180 ppm distribution in Fig. 3a) to the swimming activity of 
animals with BLL between 32 and 77 µg/dL, and with BLL 
greater than 77 µg/dL (i.e. values between the peaks of the 
180 and 540 ppm distributions, and values to the right of 
the peak of the 540 ppm distribution, respectively, Fig. 3a) 
we still did not find any significant differences (Fig. 3b). All 
exposed groups, even animals with BLL lower than 32 µg/
dL, had swimming activity values significantly higher than 

controls (Fig. 3b; ANOVA: F = 4.9, df = 3/134, p < 0.01). 
Moreover, similar results were observed when we look at 
the cumulative frequency distribution of the data (Fig. 3c). 
Thus, based on these findings, it was not possible to deter-
mine at which BLL range animals do not show increased 
swimming activity. To explore this issue, we used an inde-
pendent sample of adult mice that were exposed to 90 ppm 
of Pb for at least two months and then submitted to the 
FST. The BLL of these animals ranged from 4.4 to 16.6 µg/
dL (mean = 9.6 ± 0.8). Figure 4 shows that although BLL 
were significantly higher than controls (Fig. 4a; ANOVA: 
F = 184.2, df = 1/35, p < 0.001), animals exposed to 90 ppm 
of Pb did not show increased swimming activity in the FST 
(Fig. 4b; ANOVA: F = 0.71, df = 1/36, p = 0.41). Therefore, 
our overall data indicate that adult animals with BLL higher 
than 20 µg/dL show increased swimming activity, which 
could be an indicative of lead neurotoxicity.

Brain glutathione levels

Oxidative stress is a likely cause of lead-induced brain tox-
icity since the brain is particularly vulnerable to oxidative 
stress due to: (1) its high oxygen utilization, (2) weaker anti-
oxidant capacity and (3) high content of oxidable polyun-
saturated fatty acids [55, 56]. Thus, we next evaluated the 
effects of lead exposure on glutathione levels in an independ-
ent sample of adult Pb-exposed animals. Glutathione is one 
of the most important antioxidant systems, assisting in the 
detoxification and excretion of heavy metals. Interestingly, 
we only found significant differences in glutathione levels 
in animals that presented BLL higher than 40 µg/dL (Fig. 5; 
ANOVA: F = 9.4, df = 3/50, p < 0.001). In this regard, our 
behavioral data suggest that swimming activity is a very 
sensitive indicator of lead neurotoxicity.

Discussion

The current study was designed to evaluate the effects of 
lead exposure on the swimming activity and immobile 
behavior of adult mice in the FST. While no differences were 
found between Pb-treated and control groups in the open-
field, marked differences were observed in the FST regarding 
swimming activity. The absence of differences between Pb-
treated and Control groups is in agreement with a number 
of previous findings, where lead exposure was done either 
during adolescence or adulthood [51–54]. However, there 
is a vast literature showing that lead toxicity increases loco-
motor activity in the open-field of animals exposed during 
prenatal and lactation periods [36, 37, 39, 57]. The most 
likely explanation for such discrepancy is that lead neurotox-
icity early during development is far more prominent since 
lead interferes with a series of neurodevelopmental events 

Table 1   Number of squares 
crossed in the open-field

Values are means ± SEM

Group Periphery Center

Ctrl 90.1 ± 8.1 14.9 ± 2.9
Pb180 92.5 ± 6.0 15.0 ± 2.2
Pb540 83.9 ± 9.0 19.7 ± 3.0

Table 2   Number of total 30° turns in the FST

Values are means ± SEM
*p < 0.05 and **p < 0.01 compared to Ctrl

Group First session Second session Third session

Ctrl 404.1 ± 19.1 308.3 ± 19.7 248.1 ± 17.1
Pb180 467.7 ± 21.2* 375.4 ± 21.6* 316.1 ± 18.7**
Pb540 509.8 ± 25.6** 383.1 ± 26.1* 305.0 ± 22.7*
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such as cell differentiation, synaptogenesis, myelination, 
programmed cell death, among others [7, 9].

Furthermore, regarding the observed lack of significant 
group differences with respect to spontaneous activity in the 
open-field, it is important to emphasize that we observed 
similar corticosterone levels between animals tested in the 
open-field and those that have not been manipulated. Moreo-
ver, significant differences, both behaviorally and related to 
corticosterone levels were only observed for mice tested in 
the FST. These findings support a link between lead toxicity 

and coping with stress. While in the open field, animals 
spend a great time in the corner of the testing arena [58] and 
frequently stop walking to perform behaviors such as groom-
ing, rearing and sniffing, during a free-swimming session, 
mice spend most of the time swimming close to the wall of 
the testing arena attempting to escape from a frightening test 
situation [48]. In fact, when first placed in the aquatic arena, 
the animal’s behavior is typically characterized by vigorous 
swimming accompanied by frantic clawing at the walls of 
the plastic cylinder [32, 48]. As the test progress, animals 

Fig. 3   Sample stratification based on blood lead levels (BLL). a His-
togram plotting BLL of animals that received 180  ppm (Pb180) or 
540 ppm (Pb540) of lead acetate in their ad-lib water supply (same 
sample depicted in Fig. 2b). Note that BLL frequencies for both lead 
doses were consistent with a normal distribution. Cut points for low 
(< 32 µg/dL), middle (between 32 and 77 µg/dL) and high (> 77 µg/
dL) BLL were based on the mean of each distribution (Pb180, 
mean = 35.1; Pb540, mean = 75.4). Vertical lines and horizontal 
arrows delineate data cut points and ranges, respectively. b Graph 
showing the averaged swimming activity in the FST as a function 
of sample stratification depicted in (a). Note that, regardless of BLL 
(low, middle or high), all lead exposed groups had an averaged swim-

ming activity significantly higher than that observed for controls 
(Ctrl). Bars are means ± SEM. *p < 0.05 compared to Ctrl. c Cumula-
tive frequency of animals plotted as a function of their total swim-
ming activity for control (filled circles, Ctrl) and lead exposed ani-
mals (open circles). For lead exposed animals, symbol’s size reflects 
BLL (low, middle or high). Note that the BLL distribution is skewed 
to the right relative to the Ctrl one and that BLL symbol sizes are 
scattered in no orderly manner (i.e. low to high levels or high to low), 
emphasizing an increase in swimming activity irrespective of BLL 
magnitude. Ctrl, n = 57 animals from 15 litters; Pb180, n = 46 animals 
from 9 litters; Pb540, n = 34 from 6 litters
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display a progressive increase in the frequency and duration 
of episodes of immobile floating and a decrease of escape-
directed behaviors [32, 34, 48, 59]. It has been proposed 
that the switch from active to passive coping strategies is 
an adaptive learned response which depends on the activa-
tion of the dopaminergic mesocorticolimbic system [34, 60]. 
Particularly, high levels of tonic dopamine activation support 
the execution of costly and risky defensive responses which 
characterize active coping strategies, whereas reduced levels 
of tonic dopamine block such responses [34, 60, 61]. Inter-
estingly, Tye and collaborators (2013) have demonstrated 
that optogenetic phasic-tonic activation of ventral tegmental 
area dopaminergic neurons increase escape directed behav-
ior (kicking activity) during the FST but not ambulation in 
open-field [61]. Therefore, one plausible explanation for 
the increased swimming activity observed in mice exposed 
to 180 and 540 ppm of lead is that it reflects a maladap-
tive coping strategy against an unescapable test situation 
caused by an overactive dopaminergic mesocorticolimbic 
system. This idea is in accordance with behavioral studies 
postulating that chronic lead exposure at low doses facili-
tates dopamine neurotransmission in the nucleus accumbens 
[62, 63]. Moreover, it is important to note that the respon-
siveness of mesolimbic-cortical dopaminergic circuitry 
during aversive situations depends on inputs from ventral 

hippocampus and amygdala [34]. These areas are targets 
for corticosteroid hormones released under stress [34, 64, 
65]. Thus, natatory hyperactivity of lead-exposed animals 
in the FST may be also associated to toxic effects of lead on 
the function of the hypothalamic-pituitary-adrenal (HPA) 
axis [24, 66, 67]. Future studies are needed to examine the 
role of the mesolimbic system on lead toxicity stress-related 
coping strategies. Yet how lead toxicity could be affecting 
the HPA axis function? Lead exposure may modify stress 
responses by increasing HPA axis responsiveness [24, 68]. 
For instance, stress induced by cold temperatures leads to 
a prominent increase in corticosterone levels in rats chroni-
cally exposed to lead but not in control ones [24]. In humans, 
it was observed that the level of lead exposure during pre-
natal or early postnatal life is associated with significantly 
heightened salivary cortisol responses to acute stress [69].

Coping with stress in the FST has also been discussed in 
terms of immobile behavior [34, 70]. Based on our findings, 

Fig. 4   Blood lead levels (a) and swimming activity (b) of adult mice 
exposed to a lower dosage of lead. a Plot showing the blood lead lev-
els (BLL) of controls (Ctrl) and mice that received 90 ppm (Pb90) of 
lead acetate in their ad-lib water supply. Lead exposure period was of 
at least 60  days (66 ± 5, max = 72). Controls drank tap water. Open 
circles represent BLL of a single animal. Black horizontal bars are 
the averaged BLL across animals. ***p < 0.001 compared to Ctrl. b 
Graph depicting the number of total 30° turns (turns to the left and 
right) in the FST for controls (Ctrl) and Pb90 animals. Note that the 
averaged swimming activity of the Pb90 animals was similar to that 
of the control group. Ctrl, n = 21 animals from 4 litters; Pb90, n = 17 
animals from 3 litters. Bars are means ± SEM
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Fig. 5   Effect of lead exposure on oxidative stress. Mean percentage 
of oxidized glutathione (% GSSG) in the brain of mice with different 
blood lead levels (BLL, in µg/mL). Animals were exposed to either 
180 ppm (Pb180) or 540 ppm (Pb540) of lead acetate in their ad-lib 
water supply. Lead exposure period was of at least 60 days (68 ± 2, 
max = 73). Controls (Ctrl) drank tap water. Note that significant dif-
ferences in % GSSG were only observed for BLL of 60  µg/dL or 
higher whereas an increase in swimming activity was evident for 
BLL lower than 32 µg/dL (Fig. 3). Ctrl, n = 18 animals from 4 litters; 
BLL < 20, n = 15 animals from 3 litters; BLL 20–40, n = 6 animals 
from 2 litters; BLL 41–60, n = 5 animals from 3 litters; BLL > 60, 
n = 7 animals from 2 litters. Bars are means ± SEM. ***p < 0.001 
compared to Ctrl
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one could expect that since lead-exposed animals displayed 
increased swimming activity, we should have also observed 
a decrease in immobility times for these animals. However, 
although immobility times were smaller in the mice exposed 
to 180 and 540 ppm of lead compared to the control group, this 
difference was slim and did not reach statistical significance. 
These results may be explained since average immobility times 
were only around 10% of the total time of the testing session. 
Moreover, previous findings from our group have demon-
strated that there is not a direct relationship between 30° turn 
swimming activity and immobility times in the FST [31, 32].

Lastly, our analysis of glutathione (GSH) levels revealed 
that lead exposure during adulthood induces significant altera-
tions in GSH metabolism. GSH is a coenzyme that can effec-
tively neutralize oxidants, thus protecting cells against oxida-
tive stress caused, for instance, by heavy metal exposure [55, 
71]. Moreover, GSH has heightened functional importance 
in the central nervous system because, compared to other 
enzymes such as superoxide, catalase and glutathione peroxi-
dase, its antioxidant activity is significantly greater in the brain 
than in other organs [72]. In response to high oxidative stress 
levels, GSH is oxidized to the dimeric glutathione peroxidase 
(GSSG), which, in turn, neutralizes hydrogen peroxide and 
other peroxides. The ratio of GSH/GSSG has been considered 
an effective indicator of lead toxicity [45]. At normal levels of 
oxidative stress, the ratio between GSSG and GSH is usually 
less than 1%, with no net loss of glutathione through oxidation. 
However, under excessive oxidative stress (i.e. lead poison-
ing) the activity of GSSG reductase is suppressed, leading to 
an accumulation of GSSG [50, 71]. In addition, lead binds 
to sulfhydryl groups of proteins, depleting the reserves of 
reduced GSH [73]. Interestingly, our results indicate a signifi-
cant increase of %GSSG in lead exposed animals. However, 
such %GSSG raise was only observed at BLL above 40 μg/dL 
whereas our findings in the FST indicate that the BLL thresh-
old to detect significant differences in swimming activity was 
between 20 and 35 µg/dL. This discrepancy suggests that 
oxidative stress is not the sole mechanism responsible for the 
increase in swimming activity promoted by lead. Accordingly, 
the neurotoxicity of lead has been associated with mechanisms 
such as the capability of lead to substitute for calcium and 
alter calcium homeostasis [7] and the inhibition of N-methyl-
d-aspartate receptors [74]. Future studies are needed to system-
atically explore these possibilities in an effort to elucidate the 
underlying neurobehavioral mechanisms of lead poisoning in 
animal models of adult lead exposure.

Overall our results confirm the hypothesis that lead-
exposed mice present increased swimming activity in the 
FST and suggests that cumulative lead exposure (from 
weaning to adulthood) may affect adaptative coping strate-
gies to stressful situations. Moreover, the fact that signifi-
cant differences in swimming activity between controls and 
lead-exposed animals were observed at relatively low BLL 

raises the concern that the effects of lead exposure on the 
dopaminergic and HPA systems may be taking place even at 
lower levels of exposure. With that in mind, the FST can be 
a valuable asset in studies investigating how lead exposure 
is associated to neurochemical changes due to stress, as well 
as functioning as a simple tool to verify lead poisoning in 
adult animal models using low doses of lead.
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