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Abstract:

The purpose of this study was to find out whether the effect of acute exposure to lead on memory processes in mice could be exacer-

bated by cerebral oligemia. Adult mice were subjected to 30 min of bilateral clamping of carotid arteries (BCCA) and then treated

intraperitoneally with lead acetate at a single dose of: 29.3 mg/kg, 58.6 mg/kg or 87.9 mg/kg. Long-term memory was assessed in the

passive avoidance task while spontaneous alternation was evaluated using the Y-maze task. Performance of the tasks was tested on

the 2nd, 7th and 14th post-surgical day. On the 14th post-surgical day, significant retention deficits in passive avoidance performance

were only observed in BCCA mice injected with the 87.9 mg/kg lead. Co-exposure to cerebral oligemia and lead did not change

spontaneous alternation in the Y-maze task. These results show that cerebral oligemic hypoxia combined with acute lead exposure

may cause selective and long-lasting impairment in memory function.
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Introduction

Transient occlusion of both common carotid arteries

(BCCA) is an experimental model of cerebral oli-

gemia in animals, which is thought to reflect the most

typical features of ischemic attacks in humans [18]. It

is known that a transiently reduced oxygen supply,

like that produced by BCCA, causes changes in the

cholinergic [17], GABAergic [6, 35], glutamatergic

[18] and dopaminergic [24] systems in the brain. The

light-microscopy studies have revealed that transient

cerebral oligemic hypoxia does not produce neuronal

cell necrosis in the most vulnerable structures of the

rodent brain [17, 27]. However, cerebral oligemic hy-

poxia can alter neurobehavioral function. Rats sub-

jected to BCCA show an increase in latency to find

a hidden platform in a water maze [37]. These spatial

learning deficits observed in BCCA animals have

been associated with hippocampal cholinergic dys-

function [17]. In another study on BCCA and choli-

nergic function, treatment with scopolamine, the cho-

linergic antagonist, led to a pronounced impairment of

alternation behavior in mice exposed to BCCA [22].

There are also data suggesting that the glutamatergic

NMDA receptor may play a role in BCCA-induced

behavioral disturbances. For example, cerebral oli-

gemia has been shown to potentiate spontaneous al-
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ternation deficits induced by competitive NMDA re-

ceptor antagonist [20].

Lead is well known as a neurotoxicant, exposure to

which potentially results in neuronal damage [19].

Lead intoxication can impair learning and memory

processes in humans [9]. It has been reported that

cognitive functions, particularly including learning

and memory, can progressively decline due to past oc-

cupational exposures to lead [33]. In the current study,

we used an experimental model to imitate the acute

action of lead in occupationally exposed workers or in

occasional incidents of poisoning. Animal studies of

lead exposure support the contention that lead is a po-

tent neurotoxicant. Exposure to lead in rodents has

been shown to cause a number of behavioral changes

including impairment of passive avoidance perform-

ance [1, 29] and spontaneous alternation [23]. In the

present study, the effects of the combined BCCA and

lead treatment on memory processes in mice were

studied for up to 14 days based on findings showing

that progressive and ongoing decline in learning and

memory is associated with both lead exposure [33]

and cerebral oligemic hypoxia [37].

Although the neurobiological mechanisms of lead-

induced cognitive impairments have yet to be discov-

ered, there is evidence that glutamatergic systems

may play a preferential role in learning deficits. Lead

has been demonstrated to be a potent inhibitor of the

NMDA receptor complex [16] and long-term poten-

tiation that is thought to be a cellular substrate of

learning and memory processes [2]. It is also sug-

gested that deficient cholinergic function may con-

tribute to cognitive deficits induced by lead [9]. Be-

cause BCCA and lead exposure have been shown to

alter cholinergic and glutamatergic function, neuro-

transmitter systems important for learning and mem-

ory [11, 14], the possibility exists that BCCA potenti-

ates the memory deficits induced by lead treatment.

Moreover, there is a high level of interest in whether

exposure to neurotoxicants or other insults during

adulthood can have long-term consequences in the

central nervous system [33]. This study was designed

to determine whether co-exposure to lead and BCCA

could produce more pronounced and long-lasting

memory deficits in adult mice. As lead intoxication

[32] and BCCA [18] can impair cognitive functions in

individuals, it was hypothesized that the effects of

acute exposure to lead on memory processes in mice

could be exacerbated by cerebral oligemic hypoxia.

Materials and Methods

Animals and lead exposure

Adult female albino Swiss mice (body weight 20–26 g)

were used in the current study. The mice had free ac-

cess to food and water. They were exposed to a 12 h

light/dark cycle and were kept in cages placed in a room

with temperature of 22 ± 2°C and relative humidity of

55 ± 10%. All experimental procedures were approved

by the University Ethics Committee for Animal Ex-

periments.

Lead acetate (Pb(CH3COO)2 · 3 H2O, PPH POCh,

Gliwice, Poland) was used in the current study and

was injected intraperitoneally (ip). The concentration

of the lead acetate solution was adjusted with distilled

water to yield a dosing volume of 10 ml/kg of body

weight. Mice that were not exposed to lead received

an equivalent volume of distilled water. Lead acetate

was injected at a single dose of: 29.3 mg/kg, 58.6 mg/kg

or 87.9 mg/kg. The doses of lead acetate were 5%

(29.3 mg/kg), 10% (58.6 mg/kg) and 15% (87.9 mg/kg)

of two-week mean lethal dose (LD50).

Surgical procedure

Mice were subjected to 30-min bilateral clamping of

the common carotid arteries (BCCA) by using thread.

The BCCA procedure was carried out under ketamine

(Ketanest, Parke-Davis, Berlin, 50 mg/ml, ip) + xy-

lazinum (Rometar, Spofa, Praha, 20 mg/ml, ip) anes-

thesia. The cessation of carotid blood flow was con-

trolled visually. After the occlusion period the threads

were removed and the surrounding skin was sutured.

Sham-operated animals had their carotid artery ex-

posed for the same period of time without clamping.

During anesthesia and surgery, the mice were breath-

ing spontaneously and the rectal temperature was kept

at 37°C by a heating pad. The number of operated

mice (BCCA and sham) in total was 196. Different

groups of operated mice were tested in the Y-maze

and passive avoidance task.

Passive avoidance performance

The step-through passive avoidance task was used in

the current study. The passive avoidance test is gener-

ally regarded as a measure of long-term memory [39].

Mice were trained in the passive avoidance task 24 h
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after BCCA or sham surgery and lead was injected

once at a dose of 58.6 mg/kg or 87.9 mg/kg, 30 min

before training. Avoidance training consisted of a sin-

gle trial in which the mice were individually placed in

an illuminated box (15 × 12 × 15 cm) connected to

a darkened box (15 × 12 × 15 cm) that was equipped

with an electric grid floor. A 4 × 5 cm doorway was

located at floor level in the center of the common

wall. Immediately, after the mouse entered the dark-

ened box, it was punished by an electric foot shock

(0.6 mA for 2 s). Twenty four hours after the training

trial (on the 2nd post-surgical day) and on the 7th and

14th post-surgical day, a retention test was conducted

in which the same animals were put into the illumi-

nated box and the latency to enter the darkened box

was recorded. The trial ended when the mouse en-

tered the darkened box or until 180 s had elapsed,

whichever occurred first. Mice that did not enter in

the time allotted received a latency score of 180 s.

Each task was performed on the following groups:

sham, BCCA, sham + lead (58.6 or 87.9 mg/kg) and

BCCA + lead (58.6 or 87.9 mg/kg). The number of

mice operated for passive avoidance testing was 88.

Two mice died after the surgery.

Y-maze performance

In the present study, spontaneous alternation was as-

sessed in the Y-maze [21, 25]. Alternation behavior

was examined after BCCA or sham surgery on the 2nd,

7th and 14th post-surgical day in the same mice. Lead

was given once at a dose of: 29.3 mg/kg, 58.6 mg/kg

or 87.9 mg/kg, 30 min before the first test session on

the 2nd post-surgical day. The Y-maze was made of

three compartments measuring 10 × 10 × 10 cm, which

did not have a floor. The maze rested on a clean sheet

of paper on a table-top. It was cleaned between the

different trials of the mice and a clean sheet of paper

was used after each animal to prevent odor cues. In

the Y-maze, mice tend to explore the maze by system-

atically entering each arm in turn. The ability to alter-

nate requires that the mice know which arms have al-

ready been visited. Therefore, alternation behavior

can be regarded as a measure involving spatial work-

ing memory [30]. During the test session, each mouse

was placed at the end of one arm and allowed to move

freely through the maze during an 8-min session. The

total number of arm entries (locomotor activity) and

alternation (defined as consecutive entries into all

three arms without repetitions, in overlapping triplet

sets) were scored [30]. Locomotor activity (total num-

ber of arm entries) was reported cumulatively over

8 min. Each test was performed on the following

groups: sham, BCCA, sham + lead (29.3, 58.6 or 87.9

mg/kg) and BCCA + lead (29.3, 58.6 or 87.9 mg/kg).

The number of mice operated for Y-maze testing was

108. Three mice died after the surgery.

Statistical analysis

A Kruskal-Wallis non-parametric ANOVA followed

by Dunn’s multiple comparisons test was used to cal-

culate results from the passive avoidance task and the

Y-maze. The results are presented as median values

(with 25th and 75th percentiles). Group differences

were considered statistically significant at p < 0.05.

Results

In the passive avoidance task, the data from four

groups were analyzed with Kruskal-Wallis test on

3 post-surgical days (2nd, 7th and 14th day). Among

groups treated with 87.9 mg/kg lead acetate, an

overall effect was non-significant on the 2nd day

[H= 6.804, p > 0.05], and significant on the 7th day

[H = 10.811, p < 0.05] and the 14th post-surgical day

[H = 10.273, p < 0.05]. Further analysis with Dunn’s

test showed that on the 7th post-surgical day the laten-

cies were decreased in both groups injected with the

87.9 mg/kg dose of lead: sham + Pb (p < 0.05) and

BCCA + Pb (p < 0.05) when compared to sham group.

On the 14th day, the latency was only decreased in the

BCCA + Pb (87.9 mg/kg) group (p < 0.01; Dunn’s

test) (Tab. 1). The treatment with 58.6 mg/kg of lead

did not impair the latencies. The passive avoidance

performance was not affected in mice subjected only

to BCCA (Tab. 1).

In the Y-maze task, the results from four groups

were analyzed with Kruskal-Wallis test and Dunn’s

test on 3 post-surgical days (2nd, 7th and 14th day).

In the present study, alternation behavior was not im-

paired by lead acetate administration at a single dose

of: 29.3 mg/kg, 58.6 mg/kg or 87.9 mg/kg (Tab. 2).

Kruskal-Wallis analysis of locomotor activity data of

mice treated with the 87.9 mg/kg or 58.6 mg/kg lead

revealed a significant overall effect only on the 2nd

post-surgical day [H = 14.805, p < 0.01 and H = 17.878,
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p < 0.001, respectively]. Further analysis with Dunn’s

test showed a depression of locomotor activity in both

groups treated with the 87.9 mg/kg lead: sham + Pb

(p < 0.05) and BCCA + Pb (p < 0.01) when compared

to sham group (Tab. 3). Similarly, the analysis with

Dunn’s test showed a decreased locomotion of two

groups injected with the 58.6 mg/kg lead: sham + Pb

(p < 0.05) and BCCA + Pb (p < 0.01) when compared

to sham group. Locomotor activity was not affected

in any of the groups following treatment with the
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Tab. 1. /�� �		��� �	 ���� ��������� �� ��������� �� ��� ����� ��������� ���

Post-surgical days Latency (s)

Sham
n = 10

BCCA
n = 9

Sham + Pb (87.9 mg/kg)
n = 10

BCCA + Pb (87.9 mg/kg)
n = 10

2 180 (180, 180) 180 (172, 180) 180 (115, 180) 161.5 (53, 180)

7 180 (180, 180) 180 (70, 180) 46.5 (37, 150)* 159 (27, 180)*

14 180 (159, 180) 68 (36, 180) 118 (37, 151) 30.5 (17, 62)**

Sham
n = 12

BCCA
n = 11

Sham + Pb (58.6 mg/kg)
n = 12

BCCA + Pb (58.6 mg/kg)
n = 12

2 180 (180, 180) 180 (178, 180) 180 (180, 180) 180 (180, 180)

7 180 (180, 180) 180 (166, 180) 180 (101, 180) 180 (104, 180)

14 157 (61, 180) 58 (17, 131) 97 (20, 180) 24 (10, 144)

���� ��� �������� � ��� ������ ����� ���� ��� �%�� ��� 0%�� ����������. � 1 ������ �	 ����.2 � 3  . %4 22 � 3  . ) ��� ��� �����.
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Tab. 2. /�� �		��� �	 ���� ��������� �� ��������� ����������� �� ��� 7!����

Post-surgical days Alternation (%)

Sham
n = 10

BCCA
n = 10

Sham + Pb (87.9 mg/kg)
n = 11

BCCA + Pb (87.9 mg/kg)
n = 10

2 66.6 (63, 71) 71.2 (64, 77) 57.1 (51, 70) 61.4 (51, 76)

7 67.8 (57, 72) 62.7 (57, 66) 66.6 (60, 69) 54.9 (52, 59)

14 60.0 (58, 70) 61.1 (55, 68) 62.5 (56, 66) 58.7 (50, 72)

Sham
n = 8

BCCA
n = 8

Sham + Pb (58.6 mg/kg)
n = 7

BCCA + Pb (58.6 mg/kg)
n = 8

2 66.6 (61, 75) 69.3 (67, 72) 60.7 (43, 61) 50 (40, 58)

7 59.4 (53, 62) 67.0 (54, 69) 57.1 (50, 67) 58.6 (56, 64)

14 63.0 (60, 66) 54.9 (52, 68) 63.1 (59, 70) 65.6 (61, 71)

Sham
n = 8

BCCA
n = 9

Sham + Pb (29.3 mg/kg)
n = 8

BCCA + Pb (29.3 mg/kg)
n = 8

2 61.3 (58, 66) 58.8 (55, 67) 65.8 (57, 71) 59.5 (55, 66)

7 62.6 (57, 67) 62.5 (52, 68) 68.1 (65, 72) 60.0 (59, 64)

14 50.5 (46, 58) 64.2 (51, 71) 62.0 (56, 69) 62.6 (52, 65)

���� ��� �8����� � ��� ������ ����� ���� ��� �%�� ��� 0%�� ����������. � 1 ������ �	 ����. 9�� ����	����� ��� ��� �����. *�����!
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29.3 mg/kg of lead (Tab. 3). The Y-maze performance

was not impaired in mice exposed only to BCCA

(Tab. 2 and 3).

Discussion

Cerebral oligemia, like that induced by bilateral

clamping of the carotid arteries (BCCA), has been

shown to impair cognitive functions in animal models

[37]. The present study was performed to assess the

combined effects of transient reduction of cerebral

blood flow (BCCA) and acute lead exposure on meas-

ures of spontaneous alternation and long-term mem-

ory in mice. The combined exposure to BCCA and

87.9 mg/kg of lead caused long-lasting retention im-

pairment in the passive avoidance task while retention

deficits in sham mice injected with lead were reversi-

ble. Co-exposure to BCCA and lead did not affect

spontaneous alternation performance in the Y-maze.

Effect of lead on memory and locomotor

activity

In the passive avoidance task (on the 7th day after sur-

gery), retention deficits occurred both in sham + Pb

(87.9 mg/kg) and BCCA + Pb (87.9 mg/kg) mice,

however, it was not observed later in the sham + Pb

group. In the Y-maze, acute exposure to lead (87.9

mg/kg and 58.6 mg/kg) caused significant impair-

ments of locomotor activity on the day of exposure,

which was absent later up to 14 days. These findings

show that the effects of acute lead intoxication on

neurobehavioral function can be transient, which is

consistent with another study in adult mice [8]. It has

been reported that adult mice showed a reduction in

spontaneous locomotion only for a period of 24 h af-

ter a single ip injection of 100 mg/kg lead acetate and

was absent later up to 11 days [8].

In the present study, treatment with lead failed to

affect retention in the passive avoidance task when

measured 24 h after the metal administration (on the

2nd post-surgical day). The lack of retention deficits

on this day could be due to reduced locomotion during

the retention trial since it was reported that acute lead
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Post-surgical days Total number of arm entries (N)

Sham
n = 10

BCCA
n = 10

Sham + Pb (87.9 mg/kg)
n = 11

BCCA + Pb (87.9 mg/kg)
n = 10

2 34.5 (31, 40) 30.0 (24, 36) 21.0 (18, 29)* 15.5 (11, 23)**

7 36.0 (29, 40) 30.0 (25, 38) 29.0 (27, 37) 27.5 (25, 38)

14 30.5 (27, 33) 32.5 (24, 39) 33.0 (29, 38) 27.5 (21, 31)

Sham
n = 8

BCCA
n = 8

Sham + Pb (58.6 mg/kg)
n = 7

BCCA + Pb (58.6 mg/kg)
n = 8

2 36.5 (35, 38) 28.0 (23, 35) 20.0 (15, 26)* 14.5 (7, 21)**

7 34.5 (31, 37) 34.0 (24, 44) 33.0 (27, 39) 29.5 (26, 31)

14 34.0 (27, 38) 32.0 (25, 37) 24.0 (21, 38) 34.0 (26, 36)

Sham
n = 8

BCCA
n = 9

Sham + Pb (29.3 mg/kg)
n = 8

BCCA + Pb (29.3 mg/kg)
n = 8

2 39.0 (28, 40) 29.0 (22, 36) 34.0 (29, 38) 29.0 (24, 34)

7 31.0 (25, 39) 26.0 (23, 30) 30.5 (26, 37) 30.5 (27, 33)

14 29.0 (21, 31) 29.0 (18, 33) 29.0 (26, 34) 37.5 (32, 39)

���� ��� �8����� � ��� ������ ����� ���� ��� �%�� ��� 0%�� ����������. � 1 ������ �	 ����. 2 � 3  . %4 22 � 3  . ) ��. ��� �����.
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treatment decreased spontaneous locomotion for 24 h

[8]. However, it is less possible that passive avoidance

performance was disturbed by changes in locomotion

on the 7th and 14th day after surgery as we did not ob-

serve impairments in locomotor activity in the Y-maze

on these days.

Effect of BCCA and lead on memory: possible

mechanisms

At present, we can only speculate about a potential

neurochemical and/or neuroanatomical basis of the

long-lasting retention deficits induced by co-exposure

to BCCA and lead. The observed finding can be, at

least in part, associated with the hippocampus and

cholinergic system, the structure and neurotransmitter

system important for learning and memory [11, 26].

The hippocampus is the most affected brain structure

by BCCA, as demonstrated by a reduced local partial

oxygen tension, increased production of inositol phos-

phates and an elevated effect of noradrenaline upon

the stimulation of inositol phosphate production [5].

On the other hand, several studies indicated the hip-

pocampus was a target for lead toxicity and selective

accumulation [4, 31]. There are results showing that

both the hippocampal formation and cholinergic sys-

tem are involved in passive avoidance response (PAR)

in rodents. It was demonstrated, by means of tempo-

rally and topographically selective tetrodotoxin re-

versible inactivation, that dorsal hippocampus and

ventral hippocampus were involved in PAR acquisi-

tion, consolidation and retrieval [3]. The cholinergic

antagonist, scopolamine, has been shown to produce

amnesic effects in a passive avoidance task [40]. Fur-

ther, it has been reported that cerebral ischemia can

result in a sustained decrease in acetylcholine content

and choline acetyltransferase activity in the hippo-

campus, suggesting that the hippocampal cholinergic

system and/or structure may be severely impaired and

involved in passive avoidance response (PAR) deficits

in ischemic animals [38]. In the BCCA model, hippo-

campal cholinergic dysfunction may also cause PAR

impairment, as a transient occlusion of carotid arteries

has led to a significant decrease in acetylcholine con-

tent in the rat hippocampus [17]. It may be supposed

that similar functional changes could happen in mice

after application of the same surgical procedure [22].

On the other hand, it has been shown that acetylcho-

line release and turnover in the central nervous system

is impaired by exposure to lead [1, 34]. Therefore, de-

ficient cholinergic function may contribute to reten-

tion deficits observed following combined exposure

to BCCA and lead.

The reasons for this finding remain elusive but

might be also related to alterations in GABAergic and

glutamatergic systems in the brain. It is accepted that

the balance between GABAergic and glutamatergic

transmission is maintained in the brain [15] and dis-

ruption of this balance is likely to have behaviorally

relevant consequences [13]. It is also known that ex-

cessive GABAergic transmission impairs cognitive

functions [7, 12]. Cerebral oligemic hypoxia, like that

induced by BCCA, seems to create a new balance in

the central nervous system depending on increased

synthesis of the inhibitory neurotransmitter GABA

and its enhanced action at postsynaptic GABAA-rece-

ptors [36]. The BCCA leads to a long-lasting signifi-

cant increase in GABA content in the hippocampus,

substantia nigra and frontal cortex [28, 37], that are

the most sensitive to ischemic conditions [27] and im-

portant for cognitive functions [11, 26]. On the other

hand, lead has been demonstrated to be a potent in-

hibitor of NMDA receptors and long-term potentia-

tion [2, 10]. Therefore, lead-induced inhibition of

NMDA receptors could produce a profound alteration

of the balance between GABAergic and glutamatergic

transmission in the brain of mice exposed to both

BCCA and lead. This disturbed balance of glutamat-

ergic-GABAergic transmission might have been in-

volved in the observed retention impairment in mice

after the combined treatment.

In conclusion, the current study indicates that cere-

bral oligemia may change lead neurotoxicity. Acute

exposure to lead caused long-lasting retention deficits

in the passive avoidance task only when combined

with cerebral oligemia. It would be of interest to use

other test methods to examine the effects of cerebral

oligemia on working and long-term memory in lead-

treated animals, and also to analyze neurochemical al-

terations in the most affected brain regions.
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