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ABSTRACT


Backgrounds: Heavy metals like lead (Pb) and cadmium (Cd) are toxic environmental pollutants that cause serious health effects, particularly neurotoxicity, organ damage, and carcinogenic risks. Their combined exposure can enhance toxicity through synergistic interactions, increasing overall health hazards.
Aims: To assess technology-assisted neurobehavioral and histomorphometry of chronic lead and cadmium exposure in an animal study
Study design: A qualitative study design was used.
Place and Duration of Study: Departments of Anatomy and Physiology, Faculty of  Basic Medical Sciences, State University of Medical and Applied Health Sciences, Igbo-Eno, Nigeria, between July and September, 2025.
 Methodology: This study used twenty Wistar rats. The control group (I) received only feed and water. Group II received 40 mg/kg) of Cd, while groups III and IV received 50 mg/kg of Pb and 40 mg/kg of Cd plus 50 mg/kg of Pb, respectively, for 4 weeks. After the rats were euthanized under anesthesia, the hippocampal tissue was removed for histological analysis. Neurobehavioral assessments were performed employing standardized, technology-enhanced beam walk, rotarod, and Barnes maze paradigms; latency and error metrics were recorded via computer-assisted timing and video-tracking systems. 
Results: The results demonstrated that, compared to the control group, simultaneous exposure to lead (Pb) and cadmium (Cd) resulted in deficits in neurobehavioral function, memory, and spatial learning, as assessed through technology-based neurobehavioral assays, thus amplifying neurotoxicity within the experimental groups. Moreover, the rats' locomotor activity was diminished by exposure to either Pb or Cd, with the combined exposure exacerbating this effect. Histopathological examinations, employing digitally assisted histomorphometric evaluation, disclosed significant brain damage, marked by inflammation, shrinkage, and degeneration of molecular, pyramidal, and multiform cell layers. 
Conclusion: This study offers a crucial theoretical foundation for the toxicity linked to mixed heavy metal exposure and underscores the value of technology-supported behavioral and histological platforms in experimental neurotoxicology.
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INTRODUCTION

Heavy metals, including lead (Pb) and cadmium (Cd), are pervasive environmental pollutants released from industrial activities, mining, battery production, paints, pesticides, and contaminated water sources. These contaminants pose significant global public health risks, particularly in developing regions like sub-Saharan Africa, where unregulated mining and urbanization exacerbate exposure. 1, 2 In Nigeria, for instance, soil and water contamination from artisanal gold mining has elevated Pb and Cd levels, leading to chronic human exposure via food chains and drinking water. 3
Lead (Pb) is a well-established neurotoxin absorbed primarily through the gastrointestinal tract (3-10% of oral doses in adults), distributing to the cerebral, haematological, renal, and reproductive organs. 4 This can lead to neurological, blood, nephrotoxic, and reprotoxic effects, 5, 28, 45, 46 which is a serious public health risk. 6 
Lead (Pb) exposure (acute or chronic) upsets brain transmitters such as dopamine, acetylcholine, mutates gene expression in the CNS, induces apoptosis, and disrupts the hypothalamic-pituitary-adrenal axis. Experimental models in rats and fish, demonstrated Pb-induced behavioral abnormalities, learning deficits, and cognitive impairment at concentrations as low as 10-100 µM. All of these effects accentuate Pb’s susceptibility in the nervous system compared to other organs. 7-11

Cadmium (Cd) originates from smelting of zinc, copper, and lead ores, contaminating soil, water, and air, and it is classified as a human carcinogen by the National Toxicology Program, 11, 12 Cadmium (Cd) generate free radicals that damage tissue, including hydroxyl radicals, superoxide radicals, and nitric oxide. 2, 27 The accumulation of free radicals in animals affects many organs, including the brain. 13, 28 Numerous epidemiological studies also demonstrated that Cd causes stomach ulcers and has a vulnerable effect on the kidneys, prostate, liver, hematopoietic system, bladder, pancreas, and testis. 13
Through changes to the brain's neurotransmitter levels, cadmium influences the behaviour of both adult and neonatal animals. 14 In vitro, cadmium exposure to the brain reduced spontaneous neural firing into the brain stem or cerebral cortex and blocked synaptic transmission at peripheral cholinergic synapses. 15 In addition to the brains of young rats, the neurotoxic effects of Cd have also been documented in the brains of newborn mice. 17
Because heavy metals frequently co-occur in the environment, 18 examining exposure to a single metal may not be sufficient to predict health risks. Numerous studies have detailed antagonistic or synergistic interactions between different metals in biological samples. 35 After 10-13 weeks of concurrent exposure to lead, cadmium, and arsenic, Fowler et al., showed that toxic metal interactions changed toxicity in rats. 17 There has been a surge in research on the mechanisms underlying interactions between heavy metals in recent years. Agrawal et al., 19 found that by altering the expression of histone deacetylases, joint exposure to lead and cadmium increased neurotoxicity in rats.
It has been demonstrated that rats poisoned with a combination of lead, arsenic, and mercury had changed brain biogenic amines and acetylcholinesterase in their tissues.
To date, it has been determined that mice exposed to a combination of Pb and Cd exhibit anxiety-like behaviour as well as impaired learning and spatial memory. 20 There is still much space for investigating additional toxicities, even though pertinent research on the compound toxic effects of Pb and Cd on animal studies was completed. 21, 22 Instead, single heavy metals exhibit strong neurotoxicity because the nervous system is more vulnerable to heavy metal pollutants than other organs. 23
However, gaps persist: while single-metal neurotoxicity is well-documented, the precise neurobehavioral and histopathological impacts of chronic Pb-Cd co-exposure and underlying mechanisms remain underexplored, especially in adult models.
This underscores the need for advanced assessments using technology-assisted tools (e.g., behavioral tracking software and digital histomorphometry) to quantify subtle neurological damage.
This study investigates the neurotoxic effects of chronic Pb and Cd exposure, alone and combined, in adult Wistar rats.
Research objectives:
1. Evaluate neurobehavioral changes using technology-assisted tracking (e.g., open-field test, Morris water maze).
2. Assess histomorphometric brain alterations (e.g., neuronal density, gliosis in hippocampus and cortex) via automated image analysis.
Research hypotheses:
1. H1: Chronic Pb or Cd exposure induces dose-dependent neurobehavioral deficits (e.g., reduced locomotion, impaired memory) and histopathological damage compared to controls.
2. H2: Combined Pb-Cd exposure synergistically worsens neurobehavioral and histomorphometric outcomes versus single-metal exposure.
3. H3: These effects correlate with oxidative stress markers and neurotransmitter disruptions in brain tissue.

 MATERIALS & METHODS
EXPERIMENTAL ANIMALS
The experiment was conducted using animals weighing 100-120g that were obtained from SUMAS's Faculty of Basic Medical Sciences' animal house. Following their weaning, the animals were given regular laboratory rat food and unlimited water. Rats were housed in cages that were approved and maintained on a regular 12-hour light/dark cycle. The Nigerian law on laboratory animal experimentation, which is based on the US National Institutes of Health guidelines, was followed in the care of all the animals.
EXPERIMENTAL ANIMAL GROUPINGS
A total of 20 Wistar rats weighing between 100g-120g were randomly divided into 4 groups as follows:
Group I: Control (normal animal feed and water)
Group II: Treated with 40 mg/kg Cadmium chloride
Group III: Treated with 50 mg/kg Lead
Group IV: Treated with 50 mg/kg Lead + 40 mg/kg Cadmium
Following two weeks of acclimatisation, test substance administration began and continued for four weeks, with weekly neurobehavioral testing.
NEUROBEHAVIOURAL TEST
Studies using neurobehavioral techniques were carried out using the procedures of 24, 25, 26, 49, 50 and recorded with a digital tracking system for time and performance metrics. To determine the effects of prolonged exposure to heavy metal contamination, the following neuro-behavioral tests were employed: Beam walk test, Rotarod test, and Barnes maze.
BARNES MAZE TEST
The basic purpose of the Barnes maze is to measure a mouse's capacity to learn and remember the location of a target zone using a configuration of distal visual cues placed around the testing area. The maze is used in psychological laboratory experiments to measure spatial learning and memory. The test subjects are typically rodents, such as mice or lab rats, who either serve as a control or may have some genetic variable or deficiency present that will cause them to react to the maze differently. Identifying cognitive deficits in transgenic strains of rodents that model diseases like Alzheimer's disease and assessing novel chemical entities for their effects on cognition are two applications for this noninvasive task. Neuroscientists also use it to assess whether learning deficits (acquisition trials) and spatial memory retention (probe) at acute and chronic time points following mild traumatic brain injury are caused by the injury. Hippocampal-dependent spatial reference memory and the subjects' innate desire to flee an unpleasant situation are both necessary for this task. Latency and errors were captured using a computer-assisted timing and video-tracking setup.
ROTAROD TEST
A rotating rod with forced motor activity applied, typically by a rodent, serves as the basis for the rotarod performance test. The test calculates metrics like endurance and riding time (seconds). Assessing the subjects' balance, grip strength, and motor coordination is one of the test's purposes; it's particularly useful for determining how experimental drugs work. A horizontally oriented, rotating cylinder (rod) suspended above a cage floor-low enough to prevent injury but high enough to encourage fall avoidance - is used to test a rodent. In order to prevent falling to the ground, rodents instinctively attempt to remain on the revolving cylinder, or rotarod. The amount of time an animal spends on this revolving rod is a gauge of its motor planning, balance, coordination, and physical health. The rotarod's mechanically driven speed can be increased or maintained at a constant level. Performance duration was recorded with digital precision using automated timing systems.
BEAM WALKING TEST
The beam walking test evaluates balance and motor coordination. By timing how long it takes the Wistar rats to move across the beam and how many paw slips they make, performance on this is measured. When it comes to identifying subtle deficiencies in motor skills and balance that other motor tests might miss, this task is great. Digital sensors captured traversal time and slip frequency for objective quantification.
COLLECTION OF SAMPLE
The rats spent a considerable amount of time under anaesthesia in a chamber that was saturated with chloroform. The hippocampal tissue was then removed and preserved in 10% formal saline after the rats were dissected on the dissecting board using the dissecting kit. 47, 48, 51, 52, 53, 54
PREPARATION OF FIXATIVE
The fixative (10% formal saline) was used to fix the collected tissue and was prepared thus:
90ml of distilled water was mixed with 10ml of formalin.
HISTOLOGICAL ANALYSIS
Both the experimental and control groups' hippocampi were removed, and the tissues were processed for histological evaluation. This tissue processing was done to help with microscopic inspection and to give tissue a firm support medium when sections were being cut. Tissues were examined using a light microscope equipped with a digital camera and image-analysis software to assess cellular morphology and quantitatively evaluate hippocampal architecture and neuropathological changes.
STATISTICAL ANALYSIS 
Data among the groups with different concentrations of the treatment agents were analysed using one-way analysis of variance (ANOVA) in statistical software (GraphPad Prism, version 9.0). Thereafter, the post-hoc test of multiple comparisons (Newman Keuls test) was used to test the individual groups against each other. Confidence level was set at 95% and P-value <0.05 was considered significant.
RESULTS AND DISCUSSION 
The integration of technology-based behavioral paradigms and digital histological imaging provided a sensitive platform to detect subtle alterations in locomotion, balance, memory, and hippocampal microarchitecture following Pb, Cd, and combined exposure. This tech-driven approach enabled precise quantification of neurobehavioral endpoints and morphological changes that might otherwise be overlooked using conventional assessment methods.
The experimental rats in this study were exposed to Pb and Cd, or Pb + Cd, separately for four weeks. After four weeks of exposure, the beam walk test result revealed a markedly longer transverse traversal time through the beam. In group 4, which received a combination of lead and cadmium, this increase was greater. The animals' considerable imbalance and difficulty traversing the beam were observed during the task performance period, particularly in the third and fourth weeks following exposure.
The Rotarod test was used to evaluate balance and motor coordination in order to determine the locomotor skills of the test groups following exposure to heavy metals. A noticeable decline in task performance was the outcome. It was clear that during weeks three and four of the test, the animals' balance significantly deteriorated and they lost all coordination.
The results of the Barnes maze test, which evaluates memory and spatial learning, revealed that test groups took significantly longer to find the escape opening to the dark box than the control group did. This suggests that memory and spatial learning have changed, which is consistent with earlier research. 32
According to our findings, the rats may experience neurotoxic effects from both Pb and Cd. However, co-exposure to Pb and Cd may worsen the toxic effects on the study animals' nervous systems compared to a single exposure, most likely by changing certain neurotransmitters in the rats' brains. According to our research, rats' combined exposure to heavy metals should draw attention. It has been shown that one of the most significant indicators for identifying environmental chemical neurotoxicity is the neurobehavior of the study animals. 33 Numerous environmental pollutants can affect locomotor behaviour. 34 The locomotive speed of the test group rats was investigated in this study, and the findings indicated that exposure to Pb or Cd may affect locomotion. Subsequent research revealed that combined exposure might make aberrant neurobehavior worse. Prior research demonstrated that mice exposed to Pb and Cd together exhibited increased anxiety, learning, memory, and other neurobehavioral abnormalities in comparison to groups treated separately, which had a direct impact on brain function. 35

Furthermore, rats exposed to Pb over an extended period of time showed increased anxiety behaviours, which may have been brought on by a disruption in the neurotransmitter system. 36 The noteworthy decrease in the rats' locomotive speed in our study's combined exposure group might suggest that Cd and Pb work in concert to produce neurotoxicity. Brain damage has long been linked to abnormal behavior in Wistar rats. 37
After four weeks of exposure, histopathological brain damage was discovered in our study. Furthermore, more extensive harm may result from combined exposure.
Ovie et al., discovered that rats' escape behaviour may change if their brain tissue is damaged. 25 Ifedi et al., discovered that rats' brains showed signs of neuronal damage following exposure to heavy metals or other substances, which ultimately explained the behavioural variation. 24
In line with these conclusions, the experiment's findings of aberrant neurobehavior are supported by the observation of structural alterations in the rats' brains. Our findings suggest that exposure to Cd and Pb may exacerbate brain damage and cause neurotoxicity, which in turn may increase aberrant neurobehavior. Changes in neurotransmitter levels are a major cause of heavy metal-induced neurotoxicity in lab animals. 38 According to the findings of, 1 the Pb + As exposure group's DA and 5-HT concentrations were lower than those of the single exposure group. Previous research indicates that neurological health impairments like movement, memory, and attention in organisms are strongly associated with malfunctions in the DA and 5-HT systems. 38 In addition to promoting the growth of hippocampus neurones, altered neurobehavior can result from altered dopaminergic signalling.
Our findings are in line with a report that heavy metal exposure causes abnormal neurotransmitter and metabolite levels in organisms, which ultimately results in hypoactivity. 39 Therefore, the reduced neurotransmitter levels in earlier research played a significant role in changing the neurobehavior of the animals. One explanation for this could be that the entry of metal ions disrupts the proper release of neurotransmitter nerves and their capacity to attach to neurotransmitter receptors, a problem that is exacerbated by exposure to two metal ions at the same time. 40
According to our research, Pb + Cd may further change the rats' neurobehavior by disrupting the DA and 5-HT signaling pathways.
The malfunction of the HPI axis is another important factor that could influence the development of neurotoxicity following heavy metal exposure. An essential component of the toxic effects is the comprehensive response that results from the activation of the HPI axis and the subsequent rise in the secretion of related hormones, which includes neurological, endocrine, and immune responses. 41 In fact, it was suggested that increased catecholamine levels are linked to the stress response to heavy metal-induced neurotoxicity. 42 Pb or Cd may have increased HPI axis activity in this study, which would raise the transcript levels of the crh gene and, in turn, result in noticeably higher Cor and lower EPI levels. The effects of exposure to a single metal on the HPI axis were enhanced by Pb + Cd. This is consistent with a number of previous studies that found exposure to heavy metals can increase Cor, leading to increased anxiety and neurotoxicity. 43 Thus, it is clear that Pb + Cd might have further triggered the HPI axis, which would have resulted in abnormal brain activity. In addition to alterations in neurotransmitter levels and HPI axis function, aberrant expression of genes linked to the central nervous system (CNS) could also be a generational consequence of Pb and Cd-induced neurotoxicity. As the nervous system's handling heart, the central nervous system (CNS) serves as the primary regulator of movement. 44
These findings support the hypothesis that exposure to Pb + Cd damages the rat brain by influencing synaptogenesis, cytoskeletal regulation, neurotransmitter release, neuronal maturation, and, eventually, neurotoxicity.









Table 1: Result of Barnes Test following exposure of test groups to heavy metals contaminated diet.
	BARNES TEST 

	GROUPS
	Week 1
	Week 2
	Week 3
	Week 4

	Group 1
	23.00±13.76
	21.00±8.05
	21.60±4.00  
	19.8±6.01

	Group 2
	83.00±12.33 a
	98±14.81  a
	103.00±16.15  a  
	108.00±12.00  a

	Group 3
	98.75±68.06  a
	166±67.45  a
	178.25±20.58  a
	188.21±21.15  a

	Group 4
	115.50±83.42  a
	155.75±45.41  a
	173.75±72.97  a
	198.00±32.23  a



Values are presented in mean ± sem, n= 5. a means values are statistically significant when compared to the control












Figure 1: Bar graph Showing the Result of the beam walk test

















Figure 2: Bar graph Showing the Result of The Rotarod Test
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Histological examination of hematoxylin and eosin sections as shown in the photomicrograph of plate 1 (the control group) with magnification of (X400) showed essentially normal histoarchitecture of hippocampus. It’s observed a well delineated dentate gyrus with Cornu Ammonis and cells in the molecular and pyramidal layers. It’s observed presence of densely filled stratum radiate which showed an evidence of normal cellular activities. The cortical thickness and cortical layers were seen to be normal. From the photomicrograph of plate 2 Group (Treated with 40mg/kg Cadmium chloride) it’s observed that there was a marked reduction and clustered aggregation of cells at the stratum pyramidal. This is an indication of progressive cellular assault in the pyramidal layer. It’s observed that cellular population in the stratum radiata was very sparse. This was accompanied by ill define cellular outline and poorly distinct architecture of cellular nuclei. The group 3 (Treated with  50mg/kg ) Lead showed marked depletion of pyramidal layer with significance level of apoptosis. The corona radiata showed deranged cellular activities. From the photomicrograph of plate 4 (Treated 50mg/kg Lead+Cadmium ) its observed marked depletion of pyramidal cell layers. It’s also observed that there is bursting and shrinking of cells of molecular, pyramidal and multiform cell layers. There is also observed loss of cell contents in the above named cell layers. This could be as a result of loss of cell membrane integrity. The cells of the above cell layers are disorganized, vacuolated and apoptotic.










CONCLUSION
Consumption of the heavy metals lead and cadmium damaged the integrity of the hippocampus cells' cell membranes, according to histological analysis of the hematoxylin and eosin section of the brain. Fluid flooded into the cytoplasm of the cells as a result, causing them to enlarge, burst, shrink, and lose their contents. As a result, rats' motor coordination, balance, spatial learning, and memory response were all compromised.



LIMITATIONS OF THE STUDY

1. This study focused on hippocampus toxicity limiting systemic interaction insights.
2. Group sizes, though powered for key endpoints, may limit detection of subtle sex- or age-related differences. Inter-animal variability in gut absorption or metabolism could influence outcomes.
[bookmark: _GoBack]
RECOMMENDATIONS
These gaps inform future directions, such as multi-dose longitudinal studies with biomarkers.
ETHICAL APPROVAL
The Ethics Committee of the Faculty of Basic Medical Science at SUMAS's College of Medicine, Igbo-Eno, granted ethical permission for this study (Reference Number: SUMAS/FBMS/2025/003). The Wistar rats were handled and treated in accordance with the National Institutes of Health's guidelines for the management and care of laboratory animals.  55
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Group2 (Cadmium only)	Trial1	Trial2	Trial3	Trial1	Trial2	Trial3	Trial1	Trial2	Trial3	Trial1	Trial2	Trial3	Week1	Week2	Week3	Week4	92	107.2	77.599999999999994	99.4	82.4	103.4	112	125.4	191	216.6	128	191.2	Group3 (Lead only)	Trial1	Trial2	Trial3	Trial1	Trial2	Trial3	Trial1	Trial2	Trial3	Trial1	Trial2	Trial3	Week1	Week2	Week3	Week4	161	154.6	145.19999999999999	157	168.8	147	300	300	240	234.4	300	298	Group4 (Lead+Cadmium)	Trial1	Trial2	Trial3	Trial1	Trial2	Trial3	Trial1	Trial2	Trial3	Trial1	Trial2	Trial3	Week1	Week2	Week3	Week4	212.6	228.8	228	242.8	270.60000000000002	117	263.8	300	253.4	300	300	274.2	Group5 (CPZ) 	Trial1	Trial2	Trial3	Trial1	Trial2	Trial3	Trial1	Trial2	Trial3	Trial1	Trial2	Trial3	Week1	Week2	Week3	Week4	192	188.2	150.32	232.8	233.4	212.6	250.8	300	264	234.4	300	300	



Group1  (Control)	Trial1	Trial2	Trial3	Trial1	Trial2	Trial3	Trial1	Trial2	Trial3	Trial1	Trial2	Trial3	Week1	Week2	Week3	Week4	17.8	18.2	19.600000000000001	29.8	25.2	32.200000000000003	24	26	36.4	26.8	38.200000000000003	26.8	Group2 (Cadmium only)	Trial1	Trial2	Trial3	Trial1	Trial2	Trial3	Trial1	Trial2	Trial3	Trial1	Trial2	Trial3	Week1	Week2	Week3	Week4	19.399999999999999	26.6	17.8	18.2	18	10	11.8	12.8	8.4	10	9.1999999999999993	10	Group3 (Lead only)	Trial1	Trial2	Trial3	Trial1	Trial2	Trial3	Trial1	Trial2	Trial3	Trial1	Trial2	Trial3	Week1	Week2	Week3	Week4	12	18.2	14.4	13.6	8.4	12.4	13.8	13.8	11.6	9.6	10.199999999999999	8.4	Group4 (Lead+Cadmium)	Trial1	Trial2	Trial3	Trial1	Trial2	Trial3	Trial1	Trial2	Trial3	Trial1	Trial2	Trial3	Week1	Week2	Week3	Week4	18.399999999999999	18.2	20.399999999999999	20.6	26.4	16.8	13.2	12.8	13	12.8	9.4	7	
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PLATE 2 (H&E x 400) Photomicrograph of the Hippocampus Group 2 (Treated with 40mafkg Cadimium chiorde)




image3.jpeg
[PLATE 2: (H&E x 400) Photomicrograph of the Hippocampus Group 2 (Treated with 40mg/kg Cadmium chloride)
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PLATE 3(HAE x 400) Photomicrograph of the Hippocampus Group 3 (Treated with SOma/ig Lead)
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Plate 4:(H& E x 500) photom lorograph of the hippocampus group 4
(Treated 50mg/kg Lead+Cadmium)
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BLATE 1 (48 € x 500) photomicrograph of hippocam pus aroup 1(control aroup)





