Histochemical Insights into Brain Protein and Lipid Alterations in Aquatic and Terrestrial Molluscs under Heavy Metal Stress
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ABSTRACT 
	
Background: Heavy-metal contamination can disturb neural biomolecules and compromise nervous-system integrity in molluscs.
Aim: This study compared time-dependent histochemical alterations in brain proteins and lipids between the freshwater snail Bellamya bengalensis and the terrestrial slug Semperula maculata following mercuric chloride exposure.
Study Design: A laboratory-based comparative histochemical study of two molluscan species.
Place and Duration of Study: The study was conducted in the Department of Zoology under controlled laboratory conditions during the experimental period. Healthy specimens of both molluscan species were collected, acclimatised, and exposed to the heavy metal for the planned duration.
Methodology: Healthy specimens of Bellamya bengalensis and Semperula maculata were exposed to a sublethal concentration of mercuric chloride (1.5 ppm) under controlled laboratory conditions. Following exposure, brain tissues were dissected, fixed, processed, and subjected to histochemical analysis. Mercury bromophenol blue staining was used to demonstrate total proteins, whereas Sudan Black B staining was used to detect lipids. Histochemical alterations were examined microscopically and compared between the aquatic and terrestrial species to assess heavy-metal-induced neurotoxicity.
Results: Heavy-metal exposure produced marked neurochemical changes in the brain tissues of both species. Bellamya bengalensis showed a marked reduction in protein-staining intensity within the cerebral ganglia, accompanied by moderate lipid depletion. In contrast, Semperula maculata exhibited more extensive lipid loss, localised vacuolisation, and greater structural disruption of brain tissue, indicating greater susceptibility to heavy-metal toxicity. The differences in histochemical responses suggest that habitat and physiological characteristics influence the extent of neurotoxic damage caused by heavy-metal exposure.
Conclusion: Heavy-metal toxicity alters brain protein and lipid composition in both aquatic and terrestrial molluscs. The greater neurochemical damage observed in Semperula maculata indicates species-specific sensitivity to heavy-metal stress. These findings support the potential use of molluscs as bioindicators for monitoring environmental heavy-metal contamination and contribute to an understanding of heavy-metal-induced neurotoxicity in invertebrates.
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1. INTRODUCTION 
Environmental contamination by heavy metals such as lead (Pb), cadmium (Cd), and mercury (Hg) has become a major ecological concern because of their persistence, bioaccumulation, and toxic effects on biota. These pollutants adversely affect various physiological systems, with the nervous system being particularly sensitive because of its high metabolic rate and lipid-rich composition (Tchounwou et al., 2012). Aquatic and terrestrial molluscs are widespread and ecologically diverse and serve as useful bioindicators for monitoring heavy-metal pollution in freshwater and terrestrial ecosystems (Regoli & Giuliani, 2014; Ali et al., 2019).
Recent investigations have shown that freshwater gastropods and bivalves can accumulate metals in their shells or tissues, supporting their use in monitoring metal contamination in aquatic environments (Chukaeva & Petrov, 2023; Rahim et al., 2025).
Complementary assessment of heavy metals in river water and sediments further indicates the importance of continued ecological monitoring in contaminated aquatic systems (Okechukwu & Onwukeme, 2025).
Molluscs possess a comparatively simple yet functionally important nervous system that can reflect early signs of environmental neurotoxicity. Histochemical analysis provides a valuable tool for detecting biochemical changes, particularly in protein and lipid content, which are critical for maintaining neural structure and function. Lipids form the basis of myelin sheaths and neuronal membranes, whereas proteins are essential for neurotransmission, enzymatic regulation, and cellular repair (Macías-Mayorga et al., 2015). Disruption of these biomolecules by heavy-metal exposure can lead to impaired neural signalling and degeneration of brain tissues.
Experimental studies in molluscs have also demonstrated that mercury exposure can alter neural metabolism and neurotransmission-related responses, whereas exposure to non-essential elements can produce oxidative damage to proteins and lipids (Campoy-Diaz et al., 2023; Ma et al., 2024).
Previous studies have largely focused on physiological and enzymatic biomarkers in molluscs exposed to heavy metals; however, limited attention has been given to comparative neurohistochemical responses between aquatic and terrestrial species. The present study addresses this gap by investigating brain-tissue alterations in Bellamya bengalensis (a freshwater gastropod) and Semperula maculata (a terrestrial gastropod) exposed to sublethal concentrations of heavy metals under laboratory conditions.
Nevertheless, comparative evidence on time-dependent histochemical changes in neural proteins and lipids between freshwater and terrestrial gastropods exposed under equivalent laboratory conditions remains limited.
This study aims to evaluate histochemical changes in brain protein and lipid content in aquatic and terrestrial molluscs exposed to heavy metals and to assess their potential as bioindicators of environmental neurotoxicity.

2. MATERIALS AND METHODS

2.1 Animals for Investigation
In the present study, two gastropod species were selected for histochemical analysis. Specimens were collected from two distinct ecological habitats, terrestrial and freshwater, within Maharashtra, India. The collection sites and species are described below.
2.1.1 Semperula maculata (terrestrial slug) was collected from the Panmala region of Bedug village, located in Miraj Taluka, Sangli District, Maharashtra.
2.1.2 Bellamya bengalensis (freshwater snail) specimens were collected from Rajaram Tank, situated near Shivaji University in Kolhapur District, Maharashtra. All specimens were collected manually using the hand-picking method and were immediately transported to the laboratory under optimal conditions for further analysis.
2.1.3 Laboratory Maintenance
Following collection, all specimens were transported to the laboratory in well-ventilated plastic containers. Upon arrival, the animals were transferred to open-air troughs (50 individuals per trough), each covered with fine wire mesh to ensure adequate ventilation and prevent escape.
The molluscs were provided with fresh leaves of Morus indica (mulberry) as their primary food source. All specimens were allowed to acclimatise under controlled laboratory conditions, with continuous monitoring of ambient temperature, water quality (for the aquatic species), and air circulation to simulate their natural environments.
Routine maintenance included the daily removal of faecal matter and uneaten food to maintain hygiene. The cleanliness of the troughs was strictly maintained throughout the experimental period.
2.1.4 Heavy Metal under Investigation
For the present toxicological study, mercuric chloride (HgCl₂) was selected because of its environmental relevance and known toxic potential. The predetermined LC₅₀ value (lethal concentration for 50% of the population; 1.5 ppm) for HgCl₂ was used to determine the sublethal exposure level for B. bengalensis, as described by Londhe and Kamble (2013a). Similarly, the terrestrial slug S. maculata was exposed to the predetermined LC₅₀ concentration (1.5 ppm) of HgCl₂, following the method described by Londhe and Kamble (2013b). These concentrations were selected to evaluate the histochemical and neurochemical effects of acute heavy-metal stress on the selected molluscan species.
2.1.5 Tissue Preparation for Histochemical Investigation
Both control and metal-exposed experimental snails and slugs, intoxicated with predetermined concentrations of mercuric chloride (HgCl₂; 1.5 ppm) (Londhe & Kamble, 2013a, 2013b), were sampled at exposure intervals ranging from 24 to 96 h. At each time point, live specimens were carefully selected and humanely sacrificed for tissue extraction.
Target organs, including the cerebral ganglia, were promptly dissected under sterile conditions for subsequent histochemical processing. The collected tissues were immediately fixed in an appropriate fixative, namely Bouin's fixative, to preserve cellular integrity for analysis.
3. Histochemical Study
3.1 Chapman’s Mercury Bromophenol Blue Technique for Protein Localisation
For protein localisation, tissue sections were processed using G. Chapman’s mercury bromophenol blue staining method. Paraffin-embedded tissue sections were first deparaffinised and then gradually rehydrated through descending grades of alcohol: absolute, 90%, 70%, 50%, and 30%, followed by rinsing in distilled water for 5 min. The sections were then stained for 10 min in a solution containing 1% mercuric chloride, 0.05% sodium bromophenol blue, and 2% aqueous acetic acid. After staining, the slides were transferred to 0.5% acetic acid for a further 10 min to remove excess stain. The sections were then passed through tertiary butyl alcohol (two changes) for a total of 30 min, or until noticeable blue colouration began to develop. They were subsequently immersed in 0.5 mL of n-butylamine dissolved in 100 mL of xylene until the sections exhibited distinct blue staining. Finally, the sections were cleared in xylene and mounted using DPX mounting medium. Protein-rich regions stained intensely blue, indicating the presence and distribution of proteins within the tissue.
3.2 Sudan Black B Technique for Lipid Localisation (Chiffelle & Putt, 1951)
For the histochemical detection of lipids, tissue sections were processed using the Sudan Black B staining method described by Chiffelle and Putt (1951). Following standard deparaffinisation, the sections were rehydrated through graded alcohols and brought to distilled water. To enhance lipid fixation and resistance to solvents, the sections were treated with 1% potassium dichromate solution for 1 h, which oxidises phospholipids and stabilises lipid components. After chromate treatment, the slides were thoroughly washed with distilled water to remove excess reagent. The sections were then stained with Sudan Black B solution for 30 min. After staining, excess dye was removed by gentle differentiation in 70% alcohol until the background was sufficiently clear. Finally, the sections were cleared in xylene and mounted using DPX mounting medium. Lipid-containing regions appeared deep blue to brownish-black, indicating the presence and distribution of both neutral lipids and phospholipids.
3. RESULTS AND DISCUSSION

i. Control group
Protein and lipid contents were abundant in the cerebral ganglia of control animals of both species, as shown in Fig. 1A and B and Plate I (A–F) for the terrestrial slug S. maculata and the freshwater snail B. bengalensis, respectively. Histochemically, proteins and lipids in the extracellular matrix (ECM) and neuronal cells were well distributed throughout the central nervous system (CNS). The cerebral ganglia of S. maculata and B. bengalensis contained three distinct mucin zones: the periganglionic connective-tissue sheath, interperikaryonal space, and neuropil. Serfőző and Elekes (2010) reported similar findings in the cerebral ganglia of H. pomatia. The same authors documented different mucin zones in the aquatic snail Lymnaea stagnalis and the terrestrial snail Helix pomatia. Serfőző and Elekes (2007) reported that, according to habitat (terrestrial or aquatic), the ECM of the CNS has a marked role in maintaining the homeostasis of neuronal secretion and activity in response to sudden changes in humidity and temperature. Histochemical staining with mercury bromophenol blue (MBB) and Sudan Black B (SBB) showed proteins and lipids in different regions of the cerebral tissue of control animals (Plates I and II, A and B, respectively). Volpi and Maccari (2003) purified and characterised carboxyl groups from the molluscan species Mytilus galloprovincialis. Serfőző and Elekes (2010) noted the accumulation of less acidic oligosaccharide side chains (N-acetylglucosamines) and strongly acidic groups (N-acetylglucosamines) in the CNS of H. pomatia using lectin histochemistry. Syková (2004) noted that protein macromolecules contribute to the mechanical integrity of the ganglia, whereas proteoglycans, particularly negatively charged sulphated proteoglycans, store water and ionic salts and provide significant polarity to the ECM. The detailed colour intensities of MBB and SBB staining are presented in Table 1.
Following HgCl₂ exposure, protein and lipid contents in the cerebral ganglia decreased progressively as the exposure duration increased. Włostowski et al. (2016) demonstrated that cadmium accumulation in the midgut gland of the terrestrial snail Helix pomatia resulted in increased lipid peroxidation, vacuolisation, and pathological alterations, indicating disruption of lipid metabolism and oxidative damage caused by heavy-metal toxicity. Similar observations were reported by Dutta (2016), who observed a decrease in the total protein content of the freshwater snail Pila globosa following cadmium exposure, suggesting enhanced protein degradation and metabolic stress under heavy-metal toxicity. Lake et al. (1979) found that cadmium toxicity induced various alterations in histochemical composition at acute and subacute levels, including enzyme destruction and increases in acidic mucins, such as hyaluronic acid and sulphated mucosubstances. Kapoor and Lomte (1987) reported histochemical alterations in the freshwater mussel Indonaia caeruleus. Valarmathi (2000) reported decreased concentrations of neutral mucosubstances in different organs of Sesarma quadratum following aquatic contamination. Andhale and Zambare (2011) studied nickel-induced alterations in the freshwater bivalve Lamellidens marginalis and reported decreased protein content in exposed animals compared with controls.
The present findings showed that HgCl₂ altered the histochemical content of neuronal cells in the terrestrial slug and freshwater snail, as reflected by staining intensity (Table 1). Carbohydrates, proteins, and lipids are primary energy sources; during intoxication, these components were extensively utilised by the experimental animals in response to heavy-metal stress. From a toxicological perspective, HgCl₂ altered the biochemical content of the cerebral ganglia.

Table 1.Changes in Histochemical Staining Intensity of Brain Lipids and Proteins in Semperula maculata and Bellamya bengalensis Exposed to HgCl₂ at Different Time Intervals. Sudan Black B Technique for Lipid Localization( SBB), Chapman’s Mercury Bromophenol Blue Technique for Protein Localization (MBB), BV- Blue Violet, BB- Blue balck,  +- moderate reaction, ++- strong reaction, +++- very strong reaction.
	
	
	Procedure
	Staining intensity

	Animal
	       Heavy metal 
	
	Control
	24 hr
	48 hr
	72 hr
	96 hr

	 
Semperula maculata
	HgCl2
induction


	SBB

MBB
	+++ BV

+++BB
	+++BV

+++BB
	+ BV

++BB
	+ BV

++BB
	+BV

+BB

	      Belemeya bengalensis
	HgCl2
induction

	SBB

MBB
	+++ BV

+++BB
	++BV

++BB
	+ BV

++BB
	+ BV

+BB
	+BV

+BB




4. CONCLUSION

The present histochemical study demonstrates that exposure to HgCl₂ causes a progressive reduction in protein and lipid content in the cerebral ganglia of both the terrestrial slug Semperula maculata and the freshwater snail Bellamya bengalensis. The reduction became more pronounced with increasing exposure duration (24–96 h), indicating a time-dependent neurotoxic effect. Control animals exhibited strong protein and lipid localisation, reflecting normal neuronal metabolism and extracellular-matrix integrity. HgCl₂-induced depletion of these biomolecules suggests disruption of neuronal homeostasis and increased utilisation of energy reserves under toxic stress. These findings indicate that mercury adversely affects the central nervous system by altering the histochemical composition of neuronal tissues and suggest that protein and lipid depletion may serve as histochemical biomarkers of heavy-metal toxicity in molluscs.

Limitation
The study was limited to two molluscan species, a single heavy metal, one stated exposure concentration, and a 24–96 h laboratory exposure period. Histochemical staining intensity was evaluated qualitatively, without quantitative biochemical assays, morphometric measurements, statistical testing, or molecular confirmation. The manuscript also does not report replication details for each exposure interval. Consequently, the observed species differences and the proposed bioindicator value should be interpreted cautiously and validated under broader experimental and field conditions.
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 PLATE – I. Protein and lipid content in cerebral ganglia of S. maculata after HgCl2 intoxication.

Figure B - E Showed mercury bromophenol blue stained proteins in cerebral ganglia
Figure G - J Showed Sudan black B stained lipids in cerebral ganglia 
Figure A, F - Control group 400 X, Figure B, G - 24 hr 400 X, Figure C, H - 48 hr 400 X, Figure D, I - 72 hr 400 X,
Figure E, J - 96 hr 400 X 

Bold arrow – indicate presence of protein and lipid, Hollow arrow – indicate decreased protein and lipid.
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PLATE – II Protein and lipid content in cerebral ganglia of B. bengalensis after HgCl2 intoxication.
Figure B - E Mercury bromophenol blue stained reduced proteins in cerebral ganglia
Figure G - J Sudan black B stained depleted lipids content in cerebral ganglia 
Figure A, F - Control group 400 X, Figure B, G - 24 hr 400 X, Figure C, H - 48 hr 400 X , Figure D, I - 72 hr 400 X
Figure E, J - 96 hr 400 X, 
Bold arrow – indicate presence of protein and lipid, Hollow arrow – indicate decreased protein and lipid
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