Effect of Cadmium Toxicity on Memory, Pain Sensitivity and Immunity in Female Albino Rats
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Background: Cadmium (Cd) is a highly toxic metal present in cigarette smoke, industrial waste and agricultural chemicals. Unlike essential minerals such as zinc, cadmium is not readily eliminated from the body and may accumulate in vital organs, causing chronic physiological damage. 
Aims: This study assessed the effects of cadmium on spatial memory, pain sensitivity and immunity in female albino rats.
Methodology: Fifteen female albino rats were randomly divided into three groups of five animals: one control group and two treatment groups that received single intraperitoneal doses of cadmium at 2 and 3 mg/kg, respectively. Spatial working memory was assessed using the Y-maze test, and pain sensitivity was evaluated using the early and late phases of the formalin test. Immune response was assessed through total white blood cell and differential leukocyte counts, while body-weight change was recorded daily for seven days.
Results: Cadmium administration produced a dose-dependent reduction in Y-maze percentage alternation and a significant reduction in the number of arm entries. Pain-related behaviour decreased significantly (p < 0.05) during the late phase of the formalin test. The 3 mg/kg group showed a significant reduction in total WBC count. Differential leukocyte percentages remained generally stable, although eosinophil and basophil percentages showed non-significant reductions in the cadmium-treated group compared with the control group. The treated groups also showed lower body-weight gain than the control group.
Conclusion: Under the conditions of this study, cadmium administration was associated with impaired spatial working-memory performance, altered pain-related behaviour, reduced total WBC count and lower body-weight gain in female albino rats.
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Introduction
Cadmium (Cd), an extremely toxic heavy metal, is widely distributed in the environment as a result of cigarette smoke, mining activities, indiscriminate waste disposal, agrochemical inputs and rapid urban growth. It poses a substantial contamination risk, particularly in areas strongly affected by human activities. Environmental cadmium contamination has become a serious public-health concern. Unlike essential minerals such as zinc and iron, cadmium has no known biological function in humans or animals and is regarded as a highly toxic environmental contaminant. Because cadmium cannot be degraded biologically and can remain in the body for prolonged periods, it gradually accumulates in vital organs, including the kidneys, brain, liver, lungs and reproductive organs, thereby altering normal physiological functions throughout the body (Charkiewicz et al., 2023). Major routes of cadmium exposure include the consumption of contaminated food and water and the inhalation of cigarette smoke, particularly in urban and industrial settings. Recent reviews similarly describe cadmium as a persistent environmental toxicant with broad effects on organ systems through oxidative and cellular injury (Purushottam & Adhinarayana Reddy, 2024).
In the body, the nervous system is particularly vulnerable to cadmium-induced damage. Despite the presence of the blood-brain barrier (BBB), which allows essential nutrients to enter the brain while restricting harmful substances, research has shown that cadmium can penetrate this protective barrier, accumulate in neural tissues and impair normal cellular metabolism. When cadmium accumulates in the brain, it promotes oxidative damage by increasing the production of reactive oxygen species (ROS) while weakening endogenous antioxidant defences. These biochemical disturbances contribute to neuroinflammation and interfere with normal synaptic signalling. The hippocampus, a brain region involved in memory formation and spatial learning, may undergo structural deterioration. Recent investigations have shown that cadmium exposure can disrupt calcium homeostasis and reduce the formation of new neurons in the adult hippocampus, thereby contributing to cognitive decline (Wang et al., 2019). Cadmium has also been reported to adversely affect dendritic spine pruning, a mechanism involved in maintaining effective neural connectivity and cognitive function (Pulido et al., 2019). Recent experimental evidence further indicates that cadmium-related oxidative stress and neuroinflammation in the hippocampus may accompany spatial-memory deficits in rats (Hamdollahi et al., 2026).
In addition to its effects on the nervous system, cadmium exerts toxic effects on multiple organs and physiological systems. The kidneys are particularly vulnerable because the cadmium-metallothionein complex is filtered and reabsorbed in the proximal tubules, which may progressively impair renal function and contribute to chronic kidney disease (Ferraro et al., 2010). The liver is also susceptible, as cadmium accumulation induces oxidative stress, inflammatory responses and hepatocellular damage, which may disrupt detoxification and metabolic functions.
Cadmium exposure can also interfere with hormone synthesis, reduce sperm quality in males and adversely affect ovarian function in females, thereby impairing reproductive function. In addition, cadmium may compromise the immune system by activating inflammatory pathways and altering immune-cell function, which may impair host defences and contribute to chronic inflammatory responses. Experimental studies have documented cadmium-associated alterations in haematological indices and renal tissue architecture in rats (Mobisson et al., 2023). Cadmium-induced immunotoxicity has also been associated with altered haematological parameters, reduced CD4⁺ T-cell counts and changes in peripheral blood-cell populations in rodent models (Dong et al., 2025; Ebokaiwe et al., 2024).
The effects of cadmium toxicity may be more pronounced in female models because cadmium can mimic oestrogenic activity and act as a metalloestrogen. As oestrogen contributes to neuroprotection in the hypothalamus, disruption of its signalling by cadmium may aggravate memory-related deficits and alter sensory processing. This interaction is also relevant to pain perception, or nociception. Pain transmission occurs through complex neural pathways involving peripheral sensory neurons and neural circuits within the spinal cord. Cadmium-induced neuroinflammation increases the release of pro-inflammatory mediators such as tumour necrosis factor-alpha (TNF-α) and interleukin-1 beta (IL-1β). These cytokines can sensitise pain pathways and potentially alter the pain threshold (Arruebarrena et al., 2023; Zhang & An, 2007).
Changes in body weight have consistently been associated with cadmium exposure, particularly in experimental animal models. Several studies have reported reduced body-weight gain and growth following cadmium administration, suggesting adverse effects on normal metabolic processes. Cadmium-induced toxicity may impair nutrient absorption, energy metabolism and systemic homeostasis. Experimental findings have shown that cadmium exposure significantly reduces body weight in rats, indicating toxic effects on vital organs and metabolic pathways (Chater et al., 2009; Liu et al., 2019). The mechanisms underlying these changes are multifactorial. Cadmium can induce oxidative stress, impair mitochondrial function and disrupt lipid metabolism, thereby reducing energy availability and contributing to weight loss (Branca et al., 2020; Cheng et al., 2021). Cadmium-induced liver and kidney damage may also disturb metabolic regulation and contribute to a gradual decline in body mass. Evidence further indicates that cadmium exposure can suppress appetite and reduce food intake in experimental animals, contributing to reduced weight gain or progressive body-weight loss (Kim et al., 2009).
Female albino rats were used in this study because of their relevance to the assessment of the reproductive and endocrine effects of toxic substances such as cadmium. As oestrogen plays an important role in regulating reproductive function, ovarian activity and other physiological processes, female models permit evaluation of how cadmium may influence these systems. Cadmium exposure has also been associated with impaired ovarian function, altered hormone levels and reduced fertility, indicating its potential to adversely affect reproductive health (Ammari et al., 2025; Massányi et al., 2020).
Laboratory rats are commonly used in biomedical research because several of their physiological systems share similarities with those of humans. Female albino rats were selected for this study as a well-characterised experimental model for investigating the effects of cadmium on memory, pain sensitivity and immune responses.
Relatively few studies have simultaneously examined the effects of cadmium on memory, pain sensitivity and immune function in female albino rats. Therefore, this study aimed to investigate the effects of cadmium exposure on memory, pain sensitivity and immune parameters in female albino rats, thereby providing insight into the systemic effects of cadmium exposure.
Materials and Methods
Experimental Animals
Female albino rats weighing 60–140 g were used in this study. Before the experimental procedures commenced, the animals were acclimatised for two weeks in the animal-house facility at the College of Health Sciences, Prince Abubakar Audu University (PAAU), to minimise stress. The animals were housed in plastic cages and provided with food and water ad libitum. The housing environment was maintained at 27 °C and 45–50% relative humidity under hygienic conditions to minimise the risk of infection and contamination. All experimental procedures were conducted in accordance with the Guide for the Care and Use of Laboratory Animals (NIH Publication No. 85-23; Institute of Laboratory Animal Resources (U.S.), Committee on Care and Use of Laboratory Animals, 1985) and the ethical guidelines for investigations of experimental pain in conscious animals established by Zimmermann (1983).
Experimental Design
Fifteen female albino rats were randomly divided into three groups of five animals each:
· Group A (control): Distilled water was administered at 10 mL/kg.
· Group B: A single intraperitoneal injection of cadmium was administered at 2 mg/kg body weight.
· Group C: A single intraperitoneal injection of cadmium was administered at 3 mg/kg body weight.
Following treatment, the animals underwent behavioural tests to assess memory. On the seventh day, a behavioural test was conducted to assess pain sensitivity. Thereafter, the animals were euthanised, and brain tissues and formalin-injected paws were collected for histological assessment. Blood samples were also collected for haematological analysis of the immune response.
The tissues were preserved in 10% formalin to maintain cellular integrity. 
Experimental Procedures 
The experimental procedures included behavioural and haematological assessments to examine the effects of cadmium toxicity on memory, pain sensitivity and immunity in female albino rats. The Y-maze and Morris water-maze tests were used to assess memory performance. Spatial working memory, based on rodents’ innate tendency to explore novel environments, was assessed using the Y-maze test. Each rat was placed at the centre of a maze comprising three identical arms arranged at 120° angles and was allowed to explore freely for 5 minutes. The sequence and number of arm entries were recorded. Spontaneous alternation behaviour, defined as sequential entry into three different arms, was used as a measure of memory performance, with a higher alternation percentage indicating better working-memory performance (Kraeuter et al., 2019). The Morris water maze was subsequently used to evaluate spatial learning and reference memory. It consisted of a circular tank filled with opaque water and a submerged escape platform positioned just below the water surface. The rats were introduced into the pool from different starting points and allowed to locate the hidden platform, and the time required to reach the platform was recorded. Learning ability was assessed across training trials, with a shorter latency to locate the platform indicating improved spatial learning and memory retention (Morris, 1984; Vorhees & Williams, 2006). Pain sensitivity was assessed using the formalin-induced paw-licking test, a well-established model for evaluating nociceptive and inflammatory pain responses in rodents. A 2% formalin solution (0.2 mL) was injected subcutaneously into the plantar surface of one hind paw of each rat. The animals were then individually placed in an observation chamber and monitored for pain-related behaviours, particularly paw licking and biting. The duration of these behaviours was recorded during two phases: an early phase of 0–5 minutes, representing direct nociceptor activation, and a late phase of 15–30 minutes, corresponding to inflammatory pain (Hunskaar & Hole, 1987; Tjølsen et al., 1992). After the behavioural assessments, blood samples were collected into EDTA-anticoagulant tubes for haematological analysis of immune function. Total white blood cell (WBC) and differential leukocyte counts, including neutrophils, lymphocytes, monocytes, eosinophils and basophils, were determined from stained blood smears examined microscopically. These parameters were used as indicators of immune-system activity (Campbell, 2015; Thrall et al., 2022).
Statistical Analysis
All data were presented as the mean ± standard error of the mean (SEM) and analysed using GraphPad Prism version 10. Differences among multiple groups were assessed using one-way analysis of variance (ANOVA), followed by Dunnett’s post hoc test. Unpaired Student’s t-tests and two-way ANOVA were also used. A p-value < 0.05 was considered statistically significant.









RESULTS
Cadmium reduced the number of arm entries in the Y-Maze test.
Figure 1 shows the effects of cadmium on maze exploration. Activity decreased as the cadmium dose increased. Rats administered 3 mg/kg cadmium showed a significant (p < 0.05) reduction in arm entries compared with the control group. The 2 mg/kg cadmium group also showed fewer entries than the control group, with the greatest reduction observed at the higher dose.
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Cadmium reduced the percentage alternation in the Y-Maze test
Figure 2 shows the effect of cadmium on spatial working memory, as measured by the percentage of spontaneous alternations. The control group showed the highest percentage of alternations (approximately 55–60%). Rats treated with 2 and 3 mg/kg cadmium showed a progressive decline in alternation behaviour. These findings suggest that cadmium exposure may impair short-term spatial working-memory performance.


Figure 2: Effects of Cadmium on percentage alternations in Y maze test in female albino rats 


Cadmium reduced the licking/biting time in the early phase of the Formalin test
Figure 3 shows the effects of cadmium administration during the early phase of the formalin test. Both the 2 and 3 mg/kg cadmium-treated groups showed shorter licking and biting durations than the control group. However, these reductions were not statistically significant, indicating that no significant effect on the immediate nociceptive response was detected.
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Figure 3: Effects of Cadmium on licking/biting time in the early phase of the Formalin test in female albino rats 





Cadmium significantly reduced licking/biting time during the late phase of the formalin test
Figure 4 shows the effect of cadmium during the late, inflammatory phase of the formalin test. Licking and biting duration decreased significantly (p < 0.05) in both the 2 and 3 mg/kg cadmium groups compared with the control group. The control group exhibited a greater nociceptive response than the cadmium-treated groups. These findings indicate that cadmium exposure altered the behavioural response to inflammatory pain in female albino rats.
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Figure 4: Effects of Cadmium on licking/biting time in the late phase of the Formalin test in female albino rats 





Cadmium administration reduced body-weight gain over seven days
Figure 5 shows the daily body-weight change in female albino rats across the three experimental groups. Although all groups gained weight during the week, the rate of weight gain was lower in the cadmium-treated groups than in the control group.
From Days 3 to 7, the control group consistently showed greater weight gain than the groups treated with 2 and 3 mg/kg cadmium. The difference was most apparent on Day 5, when the control group reached a peak weight change of approximately 18 g, whereas the cadmium-treated groups remained at approximately 12 g.

These findings suggest that cadmium administration may interfere with normal metabolic processes or reduce feed intake, resulting in slower weight gain during the observation period.Figure 5: Effects of Cadmium administration on daily body weight change in female albino rats over a seven-day period 




Cadmium administration significantly reduced total white blood cell count
Figure 6 shows the effect of cadmium toxicity on total white blood cell (WBC) count in female albino rats. The group treated with 3 mg/kg cadmium showed a significant (p < 0.05) reduction in total WBC count compared with the control group.
The mean total WBC count was approximately 16 × 10⁹/µL in the control group and approximately 12.5 × 10⁹/µL in the cadmium-treated group. This significant reduction indicates that cadmium exposure was associated with a lower circulating WBC count under the conditions of the study.
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Figure 6: Effect of Cadmium on Total White Blood Cell Count. Data are expressed as mean ± SEM (n = 5). Statistical analysis was performed using unpaired Student’s t-test. *p < 0.05 was considered statistically significant.





Effect of cadmium on differential white blood cell counts
Unlike the total WBC count, most differential leukocyte percentages remained similar between the control and treated groups. No statistically significant changes were observed in neutrophil, lymphocyte or monocyte percentages. Eosinophil percentage was lower in the cadmium-treated group than in the control group, and basophil percentage showed a similar downward trend; however, these differences were not statistically significant.

Figure 7 : The impact of 3 mg Cadmium on the various subsets of white blood cells.


DISCUSSION
In the present study, the effects of cadmium administration on spatial memory, nociceptive processing, body-weight change and immune parameters were investigated in female albino rats. Cadmium is a heavy-metal pollutant that can cross the blood-brain barrier and contribute to oxidative stress and neuronal dysfunction.
The Y-maze test was used to evaluate the effects of cadmium on spatial working memory and exploratory behaviour. This behavioural assessment relies on rodents’ innate tendency to explore novel environments. Cadmium administration produced a dose-dependent decrease in both arm entries and spontaneous alternation percentage. The significant reduction in arm entries in the 3 mg/kg group indicates reduced locomotor or exploratory activity. The decline in percentage alternation also indicates poorer spatial working-memory performance in the treated groups.
The formalin test was used to differentiate between neurogenic and inflammatory pain responses. Cadmium administration altered the behavioural response to noxious stimulation. During the early phase (0–5 minutes), which represents direct nociceptor activation, licking/biting time decreased, but the difference was not statistically significant. During the late phase (15–30 minutes), which represents inflammatory pain, both cadmium doses produced significant (p < 0.05) reductions in pain-related behaviour compared with the control.
Reduced pain-related behaviour is commonly interpreted as antinociception; however, in the context of cadmium exposure, the finding may also reflect toxicity-related changes in sensory or motor processing. The reduced late-phase response suggests that cadmium may have affected inflammatory signalling or neural pathways involved in persistent pain, although the underlying mechanism was not directly assessed in this study.
The lower body-weight gain observed in the cadmium-treated groups provides evidence of systemic effects during the seven-day observation period. Failure to gain weight at the same rate as the control group indicates that cadmium exposure affected overall physiological performance rather than a single measured outcome.
Cadmium may affect nutrient utilisation, energy metabolism or food intake, any of which could contribute to reduced weight gain. However, food consumption, gastrointestinal function and metabolic biomarkers were not measured; therefore, the mechanism underlying the lower weight gain cannot be established from the present data.
The separation in weight gain between the control and treated groups became more apparent from Day 3 onwards, suggesting a time-dependent response during the observation period. However, tissue cadmium accumulation was not measured, and the observed pattern should not be interpreted as direct evidence of cumulative tissue burden.
The assessment of cadmium toxicity on immune parameters showed leukopenia, characterised by a significant (p < 0.05) reduction in total WBC count. White blood cells are central components of immune defence against pathogens and foreign materials. The lower total count in the 3 mg/kg cadmium group indicates that cadmium administration was associated with suppression of circulating leukocyte numbers.
To further characterise this reduction, differential white blood cell percentages were assessed. Although total WBC count decreased, the relative percentages of neutrophils, lymphocytes and monocytes remained broadly comparable with those of the control group. Thus, the overall leukocyte number decreased without a marked shift in the proportions of these major cell types. The downward trends in eosinophil and basophil percentages were not statistically significant but may warrant further investigation.
Together, the concurrent changes in spatial working-memory performance, body-weight gain and total WBC count indicate effects across several measured physiological systems. However, the study design does not establish causal relationships among these outcomes. The findings therefore support a cautious interpretation that cadmium administration produced multisystem changes under the experimental conditions.
CONCLUSION
This study indicates that a single intraperitoneal administration of cadmium at 2 or 3 mg/kg produced measurable behavioural, haematological and body-weight changes in female albino rats during a seven-day observation period. Cadmium-treated animals showed fewer Y-maze arm entries and lower spontaneous alternation percentages, indicating reduced exploratory activity and poorer spatial working-memory performance. In the formalin test, licking and biting durations declined in both treatment groups, with statistically significant reductions during the late inflammatory phase. This pattern suggests that cadmium exposure altered pain-related behavioural processing, although the study did not establish the underlying mechanism. The 3 mg/kg group also showed a significant reduction in total white blood cell count, while the relative proportions of most differential leukocyte populations remained broadly similar to those of the control group. Cadmium-treated rats gained less body weight than controls. Taken together, these findings suggest that cadmium administration affected several measured physiological systems. Larger studies with additional dose levels, longer observation periods and mechanistic assessments are required to confirm these observations and define their biological basis.
Limitation of this study
The small sample size of five animals per group limited the statistical power of the comparisons. The use of only two cadmium doses and a seven-day observation period also restricted robust dose-response and longer-term interpretation. Future studies should include larger cohorts, additional dose levels and longer observation periods to improve the reliability and generalisability of the findings.
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