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Cadmium disrupts calcium regulation in freshwater fish through its actions on high-affinity Ca2+ channels and Ca2+-ATPase transporters in the gill epithelium (Wong and Wong, 2000). These proteins are presumably localized in the mitochondria-rich (MR) chloride cells of the freshwater fish gill. It is generally thought that Cd is transported across MR chloride cells, or more specifically across a specific population of MR cells on the filamental epithelium. Unfortunately, standard experimental techniques are unable to definitively localize the site of Cd transport in the gill epithelium.

Recently, a number of novel cell separation methodologies have been reported to isolate different gill cell populations in an attempt to characterize the relative roles of each cell type in ion transport. Galvez et al. (2002) have used a combination of density centrifugation, lectin histochemistry and magnetic bead separation techniques to purify at least four specific cell types from the gill epithelium. In brief, discontinuous Percoll gradients are used to fractionate mucocytes, pavement cells and mitochondria-rich cells based on differences in density. Second, differential staining of MR cells with the protein peanut lectin agglutinin is used to identify two distinct subtypes of MR cells (Galvez et al., 2002; Goss et al., 2002). Finally, a magnetic bead separation technique is used to separate these cell populations into two highly enriched MR subtypes. One of the MR cell subtypes possesses features characteristic of chloride cells (PNA+ MR), while the other cell population exhibits ultrastructural features similar to those of pavement cells (PVC) (PNA- MR).  Moreover, these MR cell subtypes appear to have differing roles in ion and acid-base regulation (Galvez et al., 2001; Reid et al., 2003). PNA- MR cells are implicated in acid-inducible Na+ transport mediated by Na+ channels sensitive to phenamil and bafilomycin inhibition. Alternatively, PNA+ MR cells are thought to be the site of apical Cl-/HCO3- exchange and unidirectional Ca2+ transport. Based on this model, Cd uptake in the freshwater fish gill is hypothesized to occur largely through PNA+ MR cells. Current studies are investigating the cellular localization and mechanistic basis of Cd transport in isolated cells of the gill epithelium of rainbow trout.

In initial experiments, adult rainbow trout were exposed to 10 µg/L Cd (as Cd(NO3)2 for one hour, followed by a 30-minute depuration period to remove any superficially-bound metal. Exposures were performed in Hamilton dechlorinated tap water (in mM: Na+ ( 0.6; Cl- ( 0.7; Ca2+ ( 1.0 and pH 8.0). Afterwards, gills were excised from fish and fractionated into mucocytes, pavement cells, PNA- MR cells and PNA+ MR cells, using the protocol described above. Results show that Cd accumulation in PNA+ MR cells is approximately 4 to 10-fold higher than that measured in other gill cell types, including the PNA- MR cells (Fig. 1). In comparison, PV cells and PNA- MR cells accumulate almost equal amounts of Cd following a 1-h exposure to 10 µg/L Cd. 
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Figure 1. Cadmium-109 accumulation in isolated mucocytes, pavement cells (PVC), total mitochondria-rich (MR) cells, PNA- MR cells and PNA+ MR cells after 1-hour exposure to 10 µg/L Cd (as CdNO3).

Experiments were also performed to characterize the kinetics of Cd transport in isolated gill cells using an in vitro approach. In brief, enriched gill cell populations were first obtained from control fish. Cells were incubated with 109Cd at concentrations ranging from 1 to 16 µg/L for 60 s in either phosphate-buffered saline (PBS) (Fig. 2) or Cl- free PBS (Fig. 3). Cd concentrations and time of exposure were chosen based on preliminary range-finder experiments (data not shown). PNA+ MR cells showed the highest level of Cd accumulation of all isolated cell fractions when cells were fluxed in standard PBS. Similar to the in vivo Cd fluxes, PNA+ MR cells accumulated approximately 4-fold more Cd than did PNA- MR cells. Surprisingly, Cd uptake in PV cells reached unexpectedly high levels, tending to increase almost linearly with Cd concentration  (Fig. 2). 
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Figure 2. Cadmium-109 accumulation in isolated pavement cells (PVC), PNA- MR cells and PNA+ MR cells of the freshwater rainbow trout gill. Gill cells were fluxed with Cd in phosphate-buffered saline (PBS).

In vitro Cd exposures were also performed in Cl- free PBS to investigate whether Cd as Cd-chloride complexes was accumulating in cells by passive diffusion. Removal of Cl- from the flux medium reduced Cd accumulation in all gill cell types, however Cd uptake was most affected in PNA+ MR cells (a reduction of approximately 50 % from levels measured in PBS). Current studies are attempting to elucidate the mechanisms of Cl- dependence on Cd transport.

The gill cell isolation technique of Galvez et al. (2002) allows us, for the first time, to assess the cellular localization of Cd transport in the freshwater fish gill. In conclusion, we provide strong evidence that Cd is preferentially accumulated in one specific subtype of mitochondria-rich cell of the gill epithelium, termed the PNA+ MR cell. Furthermore, environmental stressors that increase the relative abundance of PNA+ MR cells in the gill epithelium are expected to influence the transport of Cd at the freshwater fish gill. 
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Chart1

		Mucous		2.7421967211

		PVC		9.7165415224

		MR		17.4256987716

		PNA-		25.8076407148

		PNA+		51.3379048282



CPM per 106 cells

14.05

51.3483691495

65.3625

77.420404631

265.0974025974



Summary

		Summary

		In Vivo 109Cd Uptake

				Mucous		PVC		MR		PNA-		PNA+

		Oct. 2		10		87.3		142

		Oct. 6		7.1		77.8		26

		Oct. 7		23.2		31.7		15.8

		Oct. 9		12.1		41.6		82.6

		Oct. 21a		18		57.2		100

		Oct. 21b		21.8		60.9		108.8

		Nov. 6 a		19.1		45.6		36.0

		Nov. 6b		1.10		14.10		11.70

		Feb. 12				4.9				50.0

						11.8				45.5		687.5

						12.0				333.3		333.3

						5.9				105.6		368.4

		Feb. 17				80.4				38.1		78.9

						31.5				34.7		289.5

						29.4				15.7		289.5

						45.9				17.2		184.2

		Feb. 20				187.5				151.5		175.4

						29.0				27.0		112.8

						60.9				51.2		115.8

						111.7				59.3		280.7

		Average		14.1		51.3		65.4		77.4		265.1

		SE		2.7		9.7		17.4		25.8		51.3





Summary

		0		2.7421967211

		0		9.7165415224

		0		17.4256987716

		0		25.8076407148

		0		51.3379048282



CPM per 106 cells



Previous data

		

				Mucous		PVC		MR cells

		Oct. 2		10		87.3		142

		Oct. 6		7.1		77.8		26

		Oct. 7		23.2		31.7		15.8

		Oct. 9		12.1		41.6		82.6

		Oct. 21a		18		57.2		100

		Oct. 21b		21.8		60.9		108.8

		Nov. 6 a		19.1		45.6		36.0

		Nov. 6b		1.10		14.10		11.70

		Average		14.1		52.0		65.4

		SE		2.7		8.5		17.4
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Feb. 12, 2004

		Mucous		2.7421967211

		PVC		8.4680017461

		MR cells		17.4256987716



14.05

52.025

65.3625



Feb. 17, 2002

		Feb. 12, 2004

		In Vivo 109Cd Uptake

		Fraction		Fish		CPM		Cell/0.1µL		Cells/mL		Cell/Filter		Cells/106 cells		Avg.		SE

		PVC		1		70		3200		3.20E+07		1.44E+07		4.9

		PVC		2		141		3000		3.00E+07		1.20E+07		11.8

		PVC		3		35		650		6.50E+06		2.93E+06		12.0

		PVC		4		29		1225		1.23E+07		4.90E+06		5.9		8.6

		MR		1		0		42		4.20E+05		3.15E+04		0.0

		MR		2		0		100		1.00E+06		7.00E+04		0.0

		MR		3		22		16		1.60E+05		1.20E+04		1833.3

		MR		4		15		15		1.50E+05		1.13E+04		1333.3		791.7

		PNA-		1		9		10		1.00E+05		1.80E+05		50.0

		PNA-		2		9		11		1.10E+05		1.98E+05		45.5

		PNA-		3		24		4		4.00E+04		7.20E+04		333.3

		PNA-		4		18		11		1.10E+05		1.71E+05		105.6		133.6

		PNA+		1		17		0		0.00E+00		0.00E+00

		PNA+		2		11		2		2.00E+04		1.60E+04		687.5

		PNA+		3		3		1		1.00E+04		9.00E+03		333.3

		PNA+		4		7		2		2.00E+04		1.90E+04		368.4		463.1





Feb. 20, 2002

		Feb. 17, 2004

		In Vivo 109Cd Uptake

		Fraction		Fish		CPM		Cell/0.1µL		Cells/mL		Cell/Filter		Cells/106 cells		Avg.		SE

		PVC		1		45		140		1.40E+06		5.60E+05		80.4

		PVC		2		17		135		1.35E+06		5.40E+05		31.5

		PVC		3		20		170		1.70E+06		6.80E+05		29.4

		PVC		4		34		185		1.85E+06		7.40E+05		45.9		46.8

		MR		1		8		125		1.25E+06		9.38E+04		85.3

		MR		2		4		250		2.50E+06		1.75E+05		22.9

		MR		3		6		400		4.00E+06		2.00E+05		30.0

		MR		4		10		355		3.55E+06		2.66E+05		37.6		43.9

		PNA-		1		12		18		1.80E+05		3.15E+05		38.1

		PNA-		2		25		40		4.00E+05		7.20E+05		34.7

		PNA-		3		17		70		7.00E+05		1.09E+06		15.7

		PNA-		4		19		67		6.70E+05		1.11E+06		17.2		26.4

		PNA+		1		3		4		4.00E+04		3.80E+04		78.9

		PNA+		2		11		4		4.00E+04		3.80E+04		289.5

		PNA+		3		11		4		4.00E+04		3.80E+04		289.5

		PNA+		4		14		8		8.00E+04		7.60E+04		184.2		210.5





		Feb. 20, 2004

		In Vivo 109Cd Uptake

		Fraction		Fish		CPM		Cell/0.1µL		Cells/mL		Cell/Filter		Cells/106 cells		Avg.		SE

		PVC		1		45		60		6.00E+05		2.40E+05		187.5

		PVC		2		174		1500		1.50E+07		6.00E+06		29.0

		PVC		3		201		825		8.25E+06		3.30E+06		60.9

		PVC		4		201		450		4.50E+06		1.80E+06		111.7		97.3

		MR		1		16		60		6.00E+05		4.50E+04		355.6

		MR		2		17		630		6.30E+06		4.73E+05		36.0

		MR		3		16		260		2.60E+06		1.95E+05		82.1

		MR		4		23		80		8.00E+05		6.00E+04		383.3		214.2

		PNA-		1		20		8		8.00E+04		1.32E+05		151.5

		PNA-		2		78		175		1.75E+06		2.89E+06		27.0

		PNA-		3		23		31		3.10E+05		4.50E+05		51.2

		PNA-		4		46		47		4.70E+05		7.76E+05		59.3		72.3

		PNA+		1		15		9		9.00E+04		8.55E+04		175.4

		PNA+		2		15		14		1.40E+05		1.33E+05		112.8

		PNA+		3		11		10		1.00E+05		9.50E+04		115.8

		PNA+		4		8		3		3.00E+04		2.85E+04		280.7		171.2
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		1		102.4585971026		1		162.4962413919		1		261.3		261.3

		2		167.4087339308		2		231.7427020008		2

		4		297.1307394318		4		493.6107002649		4

		8		472.801065475		8		548.9735609437		8

		16		742.114193656		16		1113.9924642414		16
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CPM per 106 cells

685.7848447848
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2240
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Summary

		Cd-109 accumulation in isolated PVC's and MRC's

		CPM per 10^6 cells

		109Cd accumulation after 60 s only

		[Cd] µg/L		PVC-1118		MR-1118		PVC-1125		MR-1125		PVC-1125b		MR-1125b		PVC-1209		PVC-1216		PVC-1229		MR-1229		PVC-1230		PVC-1230		MR-1230

								Fish 1				Fish 2												Fish 1,2		Fish 3,4		Fish 1-4

		1						1152		496		816		504		311		540		1025		302		579		217		281

		2		1849		942		1040		472		1704		816		735		370		1932		435		1196		619		467

		4		3105		1209		3184		1488		2320		1264		1105		1130		3806		700		2368		1108		811

		8		5191		2400		5040		3312		3816		1488		2212		2220		6611		1159		3779		1957		2095

		16		7573		2836		9224		4760		6584		2448		2745		4210		10638		1262		6264		4852		2779

				Mean (CPM/10^6)								SE

		[Cd] µg/L		PVC		MR		PNA-		PNA+		PVC		MR		PNA-		PNA+

		1		686		396		484		2240		102.5		54.0		162

		2		1215		626		785		4338		167.4		105.2		232

		4		2241		1094		1438		5618		297.1		147.1		494

		8		3762		2091		2082		7636		472.8		375.4		549

		16		6303		2817		3418		8501		742.1		562.6		1114		261

				Mean (CPM/10^6)								SE

		[Cd] µg/L		PVC		MR		PNA-		PNA+		PVC		MR		PNA-		PNA+

		0.147		685.8		395.8		483.8		2240.0		102.5		54.0		162.5

		0.294		1214.6		626.4		785.3		4337.8		167.4		105.2		231.7

		0.588		2241.2		1094.4		1437.9		5617.8		297.1		147.1		493.6

		1.176		3761.8		2090.8		2081.7		7635.6		472.8		375.4		549.0

		2.352		6303.4		2817.0		3418.4		8500.7		742.1		562.6		1114.0		261.3
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PVC's

		0		0		102.4585971026		53.9905855991		0		162.4962413919		0		261.3		261.3

		0		0		167.4087339308		105.2219558837		0		231.7427020008		0

		0		0		297.1307394318		147.0858932733		0		493.6107002649		0

		0		0		472.801065475		375.4045018377		0		548.9735609437		0

		0		0		742.114193656		562.6384274114		0		1113.9924642414		0
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total MR

		0		102.4585971026		0		162.4962413919		0		261.3		261.3

		0		167.4087339308		0		231.7427020008		0

		0		297.1307394318		0		493.6107002649		0

		0		472.801065475		0		548.9735609437		0

		0		742.114193656		0		1113.9924642414		0
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PNA-

		

		[Cd] µg/L		Mean		SE		PVC-1118		PVC-1125		PVC-1125b		PVC-1209		PVC-1216		PVC-1229		PVC-1230		PVC-1230		012204-1		012204-2

		1		686		102				1152		816		311		540		1025		579		217		782		750

		2		1215		167		1849		1040		1704		735		370		1932		1196		619		1360		1341

		4		2241		297		3105		3184		2320		1105		1130		3806		2368		1108		2073		2213

		8		3762		473		5191		5040		3816		2212		2220		6611		3779		1957		3302		3490

		16		6303		742		7573		9224		6584		2745		4210		10638		6264		4852		5375		5570





PNA+

		

		[Cd] µg/L		Mean		SE		MR-1118		MR-1125		MR-1125b		MR-1229		MR-1230

		1		396		60				496		504		302		281

		2		626		105		942		472		816		435		467

		4		1094		147		1209		1488		1264		700		811

		8		2091		375		2400		3312		1488		1159		2095

		16		2817		563		2836		4760		2448		1262		2779





		

		PNA- (PBS)

		[Cd] µg/L		Avg		SE		Dec.9		Dec 30 (1-4)		Jan. 2 (1-4)		Jan. 22

		1		484		162		714		170				567

		2		785		232		928		332				1096

		4		1438		494		2253		548				1513

		8		2082		549		2810		1006				2429

		16		3418		1114		5475		1648				3132





		

		PNA+ (PBS)

		[Cd] µg/L		Avg		SE		Dec. 5		Dec. 9		Dec 30 (1-4)		Jan. 2 (1-4)		Jan. 22

		1		2240												2240

		2		4338						5796						2880

		4		5618						7716						3520

		8		7636						9031						6240

		16		8501		261		9031				9671				6800






