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Abstract We have described new silver-staining meth- 
ods for the demonstration of lesions in senile dementia 
of the Alzheimer type. The same procedure was used to 
visualize characteristic aluminium (A1)-containing in- 
clusions in choroid epithelium, glia and neurons of the 
central nervous system in dialysis-associated encephalo- 
pathy (DAE). Here we describe the patterns and degree 
of A1 deposition in extracerebral tissues of 12 DAE au- 
topsy cases. Light microscopy of silver-stained paraffin 
sections demonstrated autonomic ganglion cells filled 
with numerous intracytoplasmic black-stained fine 
granular inclusions, which were also seen in endocrine 
tissues (pituitary, parathyroid and adrenal) and in Ley- 
dig cells. Heart, liver cells and the testicular tubules were 
involved, but decalcified bones, haematopoetic ele- 
ments, hyperplastic epithelium and one case of malig- 
nant epithelium lacked inclusions. Laser microprobe 
mass analysis revealed prominent Al-related mass sig- 
nals within the en-bloc silver-stained inclusions which 
were seen at low intensity in adjacent non-stained struc- 
tures. Electron microscopy demonstrated accumula- 
tions of small electron-dense granules intermingling 
with lipopigments. 
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Introduction 

The possible dangerous role of aluminium (A1) com- 
pounds for human health in lung fibrosis or osteomala- 
cia was first suggested in 1957 by Campbell et al. The 
toxic properties of A1 became a serious problem with 
the introduction of haemodialysis (HD) for chronic re- 
nal failure. In 1964, one year after starting HD, Kerr and 
Ward first described "Newcastle bone disease", defined 
in 1968 as fracturing dialysis-osteopathy (Schorr). In 
1972, Alfrey et al. reported a new encephalopathic syn- 
drome, which was elucidated in 1976 (Alfrey et al.) as 
Al-induced dialysis encephalopathy. The most recently 
reported symptom was hypochromic microcytic 
anaemia (Short et al. 1980). In addition to long-term 
HD, undialysed patients with chronic renal failure de- 
veloped A1 encephalopathies (Bakir et al. 1986; Russo et 
al. 1992), and one antacid-induced osteomalacia 
(Kassem et al. 1991) has been reported. By atomic ab- 
sorption spectrometry the A1 content in various organs 
has been demonstrated to be 4-40 times higher in bones, 
muscle and grey matter of the brain when compared 
with control subjects (Alfrey et al. 1972; McDermott  et 
al. 1978; De Broe et al. 1984; Van de Vyver et al. 1987). 

Morphologically, apart from aluminon staining in 
undecalcified, methacrylate-embedded bones (Maloney 
et al. 1982) no method has been available to demon- 
strate and localize Al-containing deposits in paraffin 
sections. Recently we reported a new silver staining 
method for the demonstration of Alzheimer lesions in 
light microscopy (LM) (Reusche 1991; Rosenwald et al. 
1993) and at the electron microscope (EM) level 
(Reusche et al. 1992). The same procedures allowed us, 
for the first time, to visualize Al-containing deposits in 
choroid epithelium, glia and neurons of the central ner- 
vous system in patients with dialysis-associated en- 
cephalopathy (DAE; Reusche and Seydel 1993). 

Here we report the morphology and distribution pat- 
terns of silver-stained Al-containing inclusions in ex- 
tracerebral tissues as revealed by LM and EM. Laser 
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microprobe mass analysis (LAMMA) demonstrated the 
AI content of the lesions. 

Materials and methods 

We selected 12 patients with a history of long-term H D  showing 
distinct morphological changes of D A E  (Reusche and Seydel 
1993). Another 20 haemodialysed patients, with no changes in the 
CNS, were investigated. Five patients of different ages and sex and 
suffering from heart disease or carcinoma served as controls. 

All available stored material was silver-stained on paraffin 
sections (Reusche 1991): a colloidal developer was prepared by 
mixing 1 volume of 2% gelatin, which had been dissolved in 1% 
formic acid with 2 volumes of 50% silver nitrate solution. De- 
paraffinized sections, 10 gm thick, were incubated with the devel- 
oper-silver solution in a moist dark chamber, in a horizontal posi- 
tion and at room temperature, for 45°60 min. During incubation 
they were covered by a coverslip. Repeated rinsing with distilled 
water followed. After 2 min of incubation in a 3% sodium thiosul- 
phate solution the slides were rinsed in tap water for 30 rain. 
Finally the slides were dehydrated, cleared and mounted with a 
synthetic resin, 

After evaluation of the silver-stained paraffin sections, small 
pieces from paraffin blocks of corresponding regions with severe 
morphological changes were cut out and silver-stained en bloc, as 
described previously (Reusche et al. 1992). 

L A M M A  was performed with a L A M M A  500 instrument, a 
transmission-type microprobe (Leybold-Heraeus, Cologne, Ger- 
many), on en-bloc silver-stained semithin sections of 1 I-tm thick- 
ness, which were mounted on electron microscope grids. LAM-  
MA permits the mass spectrometric analysis of small sample vol- 
umes. A focussed N d Y A G  laser pulse ()~ = 265 nm, irradiance 108 
W/cm 2, spot size ~ 1 gin) evaporates microvolumes - typically 1 
p,m 3 to a few ~lm 3 - in selected areas of the sample, for example 
within a single cell. The analysed area is selected by an optical 
microscope. The elemental and molecular ions simultaneously 

generated in the analysed volume are accelerated in a time-of- 
flight mass spectrometer (mass resolution m/Am 650) and detected 
by an open electron multiplier, which is linked to a transient 
recorder (LeCroy TR 8818, Heidelberg, Germany) with a sam- 
pling rate of 10 ns. Further data processing (e.g. mass calibration) 
is done by means of a computer (HP A600 + ,  Hewlett-Packard, 
Bad Homburg, Germany). All generated elemental ions are de- 
tected with a sensitivity down to ppm range. In particular for AI 
the overall sensitivity was determined to 0.2 ppm (Guest 1984). 
Only qualitative measurements were performed. 

Results 

Routine haematoxylin and eosin-stained specimens did 
not reveal any specific changes. Silver-stained paraffin 
sections of the 12 patients showed varying degrees of A1 
deposition in various organ systems (Table 1). In partic- 
ular, ganglion cells of Auerbach's and Meissner's plexus- 
es, as well as neurons in autonomic ganglia (Fig. 1), 
revealed conspicuous A1 inclusions with numerous 
black-stained fine granules in the cytoplasm (Fig. 1A, 
B). The endocrine system was strikingly involved in A1 
storage. The parathyroid glands (Fig. 2A), adeno- and 
neurohypophysis, cortex of adrenal gland and Leydig 
cells (Fig. 3A) presented numerous cytoplasmic inclu- 
sions. Heart muscle fibres demonstrated deposits of 
black-stained granules (Fig. 4A), which can be easily 
distinguished from intermingled lipofuscin with its 
brown-coloured, larger and tightly packed granules. 
While striated muscle fibres contained occasional small 
subsarcolemmal deposits, no significant changes were 
evident in smooth muscle fibres. Cells of seminiferous 

Table 1 Distribution patterns and variable degrees of silver-stai- 
ned aluminium-containing depositions in paraffin sections of pa- 
tients with dialysis-associated encephalopathy (DAE). None of the 
patients died of DAE. (0 No deeply black, fine-granular silver-stai- 

ned inclusions; 1 few granules in single cells; 2 granules in several 
cells; 3 numerous granules in nearly all cells; - not available; a 
autolysis; h hyperplasia; L lipofuscin; f female; m male) 

Case number 1 2 3 4 5 6 7 8 9 10 1l 12 

Age 45 56 52 73 65 62 65 50 38 62 55 52 
Sex f m m f f in f m m m m m 
Year of autopsy 92 92 91 91 89 88 88 88 87 86 84 81 
Years of dialysis 6 12 13 6 9 - 8 3 3 6 4 12 

Choroid epithelium 3 3 3 3 3 3 3 2 2 2 - 3 
Neurons in central 1 2 3 3 2 1 1 1 1 1 - 1 
nervous system 

Autonomic ganglia 3 3 3 . . . .  3 - - 3 
Auerbach plexus 2 2 3 3 2 3 3 2 2 - 3 

Adenohypophysis 2 3 3 3 2 2 2 1 . . . .  
Neurohypophysis 2 3 3 3 2 3 2 2 - - 
Parathyroid gland 3 3/0h 3 3 - 3 - 2 1/0h - 2 - 
Adrenal gland 3 3 3 a 2 2 3 2 3 3 2/a 3/a 
Langerhans islets a a 2 3 1 2 a 1 2 3 2 3 
Leydig cells - 3 3 - - 3 - 2 2 - 2 3 

Heart muscle 2 2 3 3 2 1 3 1 1 2 1 3 
Striated muscle 1 1 - - 1 . . . .  l 

Seminiferous tubules - 2 3 - - 2 - 1 1 - 2 3 
Pancreas a a 1 3 1 1 a 1 2 3 1 3 
Thyroid gland 2 2 3 3 3 1 2 1 2 2 1 2 
Liver cells 2L 2L 2L 2L 2 2 1L 1L 2 3 2 3L 
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Fig. 1A-E Neurons of the coeliac plexus. A Ganglion cells with 
deposits of numerous (arrow) and sparse (arrowhead) black- 
stained neuronal inclusions and faintly stained lipofuscin (aster- 
isk); silver-stained, paraffin, x 360. B Higher magnification with 
deeply black-stained granular cytoplasmic aluminium (A1)-con- 
taining inclusions, surrounding an intact nucleus, silver-stained, 
paraffin, x 1040. C Laser microprobe mass analysis (LAMMA) 

spectrum with Al-related mass signal m/z 27 and m/z 107/109 for 
silver. D LAMMA grid with several ganglion cells and laser- 
beam-induced perforations, directed to silver-stained structures; 
en-bloc silver-staining, x 240. E Electron micrograph from neu- 
ronal cytoplasm with non membrane-bound amounts of small 
electron-dense granules, intermingled with loose lipopigment, 
x 38 400, bar = 0.5 gm 
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tubules (Fig. 3A) were distinctly involved. Liver cells 
presented amounts  of coarse (periodic acid-Schiff-posi- 
tive) lipopigment granules beside typical inclusions. 
Kupffer cells sometimes revealed silver-stained granules. 
Nonspecific precipitates were seen in thyroid gland ep- 
ithelium and the cortical structures of end-stage kidneys 
were covered with massive silver precipitations. Post- 
mortem autolysis of adrenal glands and pancreatic tis- 
sue in particular caused a loss of argyrophilic reactions. 

Cells of the lymphoid and haematopoetic series in 
the spleen, bone marrow and blood vessels and hyper- 
plastic epithelial cells (case 2, Fig. 2A) and one car- 
cinoma (case 6, Fig. 5A) displayed a lack of silver- 
stained A1 inclusions. Lung tissue did not contain ap- 
parent A1 inclusions. Decalcified paraffinized bones did 
not show silver-stained granular deposition. The inter- 
face between calcified bone and osteoid was demon- 

Fig. 2A-C Heart muscle. A Longitudinal section of muscle fibres 
with massive deeply black-stained aluminum (A1)-containing de- 
posits; silver-stained paraffin section, x 220. B LAMMA spec- 
trum with prominent Al-related mass signal at 27 and at m/z 
107/109 for silver. C Muscle fibre and different intensity of non 
membrane-bound fine granular electron dense deposits (arrow), 
intermingling lipofuscin which is partly free of inclusions (arrow- 
head); electron micrograph x 31 900, bar = 0.5 txm 

strated as a faintly stained structure, similar to the in- 
tensity of staining shown in the control cases. 

Five control cases and the 20 HD patients without 
DAE changes showed no typical silver-stained inclu- 
sions. 

L A M M A  revealed prominent mass signals at m/z 27 
in silver-stained structures within the cytoplasm of en- 
bloc stained specimens, confirming the A1 content of the 
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Fig. 3A-F Testis. A Section of seminiferous tubule with numer- 
ous black-stained inclusions in tubules and Leydig cells (arrow); 
silver-stained, paraffin, x 440. B LAMMA spectrum of silver- 
stained inclusions in tubules with prominent mass signal at 27 for 
A1 and at 107/109 for silver. C LAMMA-prepared grid with laser- 
beam-induced perforations in tubules (arrow) and Leydig cells 
(arrowhead), directed to en-bloc silver-stained Al-containing 
structures. D Sertoli cell with cytoplasmic electron-dense inclu- 

sions and Charcot-Boettcher's crystalloid, (arrow, electron mi- 
crograph, x 8150, bar = 1 gm); E Higher magnification of D 
(arrow) with non membrane-bound electron dense granules, close 
to a Charcot-Boettcher's crystalloid (electronmicrograph, 32 400, 
bar = 0.5 gm); F Leydig cell cytoplasm with amounts of electron 
dense small granules, mingled with loose lipopigment (electronmi- 
crograph, x 68 800, bar = 0.2 ~tm) 
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lesions (Figs. 1C, 2B, 3B, 4B). LAMMA signals of low 
intensity for A1 were obtained in nuclei and adjacent 
non-silver-stained structures. Carcinoma cells lacked 
Al-related signals (Fig. 5B). 

EM of heart muscle fibres showed accumulations of 
non-membrane-bound electron-dense fine granules, in- 
termingled with large amounts of lipopigment (Fig. 4C). 
Similar fine granular non-membrane-bound deposits, 
intermingled with loose lipopigment, were found in the 
cytoplasm of neurons (Fig. 1D), Leydig cells, seminifer- 
ous tubules (Fig. 3D-F), liver cells and parathyroid cells. 
Lysosomal structures (of the severely changed and re- 
embedded material) were not seen. EM investigation of 
one control case did not reveal comparable deposits. 

Discussion 

Although the A1 intoxication syndrome has been 
known for over 20 years, there has been no method to 
visualize A1 compounds in paraffin-embedded tissues. 
With our silver-staining method we have been able to 
demonstrate the intracytoplasmic deposition of Al-con- 
taining inclusions in various organs light microscopical- 
ly. Laser microprobing confirmed the considerable A1 
content of the silver-stained lesions. EM revealed accu- 
mulations of electron-dense granules, intermingled with 
amounts of lipopigment. The latter have been described 
both experimentally in rats (Galle et al. 1980) and in 
neurons of long-term HD patients (Sabouraud et al. 
1978; Reusche and Seydel 1993). 

In 1978 four cases were reported of young long-term 
HD patients who had died after sudden cardiac events, 
without a history of hypertension or ischaemic heart 
disease (Elliott et al.). Whether there is an effect of A1 
deposition in autonomic ganglion cells resulting in au- 
tonomic dysfunction (Zucchelli et al. 1985) is uncertain 

Fig. 4A, B Parathyroid gland. A Glandular tissue with numerous 
cytoplasmic A1 inclusions (upper haIJ) and hyperplasia with a 
striking lack of black-stained inclusions (lower halJ); silver- 
stained, paraffin, x 860. B LAMMA spectrum with prominent 
Al-related signal at m/z 27 

and what effect might be caused by severe A1 deposition 
in heart muscle is unknown. It is also uncertain what the 
effect of A1 deposits in central neurons, pituitary gland 
and testes might be on the arrest of spermatogenesis 
(Holdsworth et al. 1977), on libido and on potency. Dis- 
turbances of these functions are said to be caused by 
disturbance of the hypothalamo-pituitary-testicular 
axis in uraemia (Campese and Liu 1990). Al-containing 
deposits may suppress the parathyroid gland as an A1- 
induced relative hypoparathyroidism described in os- 
teodystrophia (Schorr 1968; Ellis et al. 1977). 

Proliferating cells in haematopoesis, hyperplastic 
states and in a carcinoma lacked evidence of A1 inclu- 
sions, thus supporting the assumption that time is need- 
ed to store visible quantities of A1 compounds. 

A well-known method of demonstrating A1 in dialy- 
sis-osteopathy is the histochemical aluminon reaction 
on undecalcified, methacrylate-embedded bone, which 
shows A1 at the osteoid/calcified bone interface (Mal- 
oney et al. 1982), demonstrated by previous LAMMA 
studies (De Broe et al. 1984) and in atomic absorption 
spectrometry (AAS) with 70% of the entire A1 in bones 
(Van de Vyver et al. 1987). Our material was from decal- 
cified paraffin blocks, so we could not demonstrate A1 
deposits in silver-stained paraffin sections, due to the 
dissolution of A1 compounds by the concentrated acids 
of the decalcifying agents. LAMMA investigations were 
only qualitative providing confirmation of the A1 con- 
tent in en-bloc silver-stained intracytoplasmic inclu- 
sions. Comparative AAS investigations could not be 
done on the stored paraffin-embedded material. 
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The effects of the duration of dialysis and/or ingestion of 
Al-containing phosphate binders (Russo et al. 1992) on 
A1 deposition requires statistical evaluation. Even in 
younger patients there is an accelerated deposition of 
lipopigments, possibly as the result of failing lysosomal 
digestion (Ghadially 1988). 

Widespread intracytoplasmic A1 deposition in vari- 
ous organ systems, visualized for the first time, may 
provide additional information in understanding the 
manifold clinical symptoms of long-term a HD. 
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Fig. gA, B Carcinoma. A Adenocarcinoma with a signet ring cell 
(arrowhead), and increased numbers of brownish-coloured, partly 
enlarged nucleolar organizer regions (arrows). Note the lack of 
black-stained fine granular A1 inclusions; silver-stained, paraffin, 
x 820. B LAMMA spectrum with lack of A1 peak at m/z 27 
(arrow); low peaks at m/z 107 and 109 result from silver contami- 
nation 

Originally, the silver-staining methods were devel- 
oped for the demonstration of nucleolar organizer re- 
gions (NORs; Howell and Black 1980; Ploton et al. 
1982). We applied the procedures for the demonstration 
of Alzheimer lesions, including neurofibrillary (tau 
protein) changes as well as all kinds of ~3/A4 amyloid 
protein (Reusche 1991; Reusche et al. 1992; Rosenwald 
et al. 1993). 

Certainly, the silver-staining reactions described are 
not specific for A1. However, there are obviously sensi- 
tive argyrophilic reactions to Al-containing (proteina- 
ceous ?) compounds, which stain the characteristic intra- 
cytoplasmic inclusions seen exclusively in DAE cases 
(Reusche and Seydel 1993). Loss of argyrophilia in au- 
tolytic tissues points to staining reaction with A1/ 
protein compounds. We could not visualize the A1 of 
air-borne origin in lungs (Skalsky and Carchman 1983). 

References 

Alfrey AC, Mishell JM, Burks J, Contiguglia S, Rudolph H, 
Lewin E (1972) Syndrome of dyspraxia and multifocal seizures 
associated with chronic hemodialysis. ASAIO Trans 18:257 
261 

Alfrey AC, LeGendre GR, Kaehny WD (1976) The dialysis en- 
cephalopathy - possible aluminium intoxication. N Engl J 
Med 294:184-188 

Bakir AA, Hryhorczuk DO, Berman E, Dunea G (1986) Acute 
fatal hyperaluminemic encephalopathy in undialyzed and re- 
cently dialyzed uremic patients. ASAIO Trans 12:171-176 

Campbell IR, Cass JS, Cholak J, Kehoe RA (1957) Aluminium in 
the environment of man. A review of its hygienic status. Arch 
Ind Health 15:359M48 

Campese VM, Liu CL (1990) Sexual dysfunction in uremia. Con- 
trib Nephrol 77:1-14 

De Broe ME, Van de Vyver SL, Bekaert AB, Paulus GJ, Visser 
WJ, Van Grieken R, Wolff FA de (1984) Correlation of serum 
aluminium values with tissue aluminium concentration. Con- 
trib Nephrol 38:37-46 

Elliott HL, McDougall AI, Fell GS (1978) Aluminium toxicity 
syndrome. Lancet I: 1202-1203 

Ellis HA, Pierides AM, Feest TG (1977) Histopathology of renal 
osteodystrophy with particular reference to the effects of 1-al- 
pha-hydroxyvitamin D 3 in patients treated by long term 
haemodialysis. Clin Endocrinol (Oxf) [Suppl] 7:31-38 

Galle P, Berry JP, Duckett S (1980) Electron microprobe ultra- 
structural localization of aluminium in the rat brain. Acta 
Neuropathol (Berl) 49:245-247 

Ghadially FN (1988) Ultrastructural pathology of the cell and 
matrix, 3rd edn, vol 2. Butterworths, London, pp 608-613 

Guest WH (1984) Recent development of laser microprobe mass 
analysers, LAMMA 500 and 1000. Int J Mass Spectrom Ion 
Proc 60:189-199 

Holdsworth S, Atkins RC, De Krester DM (1977) The pituitary- 
testicular axis in man with chronic renal failure. N Engl J Med 
296:1245-1249 

Howell WM, Black DA (1980) Controlled silver staining of nucle- 
olus organizer regions with a protective colloidal developer: a 
1-step method. Experientia 36:10t4-1015 

Kassem M, Eriksen EF, Melsen F, Mosekilde L (1991) Antacid-in- 
duced osteomalacia: case report with histomorphometric 
analysis. J Intern Med 229:275-279 

Kerr DNS, Ward MK (1986) The history of aluminium related 
disease. In: (eds) Aluminium and other trace elements in renal 
disease. Balliere Tindall, London, pp 

Maloney NA, Ott SM, Alfrey AC, Miller NL, Coburn JW, Sher- 
rard DJ (1982) Histological quantitation of aluminium in iliac 



112 

bone from patients with renal failure. J Lab Clin Med 99: 206- 
216 

McDermott JR, Smith AI, Ward MK, Parkinson IS, Kerr DNS 
(1978) Brain-aluminum concentration in dialysis-encephalo- 
pathy. Lancet I: 901 904 

Ploton D, Bobichon H, Adnet JJ (1982) Ultrastructural localiza- 
tion of NOR in nucleoli of human breast cancer tissues using 
a one-step Ag-NOR method. Biol Cell 43:229-232 

Reusche E (1991) Silver staining of senile plaques and neurofibril- 
lary tangles in paraffin sections. Rapid communication. Pathol 
Res Pract 187:1045-1049 

Reusche E, Seydel U (1993) Dialysis-associated encephalopathy: 
light and electron microscopic morphology and topography 
with evidence of aluminium by laser microprobe mass analy- 
sis. Acta Neuropathol (Bed) 86:249-258 

Reusche E, Ogomori K, Diebold J, Johannisson R (1992) Electron 
microscopic study of paired helical filaments and cerebral 
amyloid using a novel en bloc silver staining method. Vir- 
chows Arch [A] 420:519-525 

Rosenwald A, Reusche E, Ogomori K, Teichert HM (1993) Com- 
parison of silver staining and immunohistology for the detec- 
tion of neurofibrillary tangles and extracellular cerebral amy- 
loid in paraffin sections. Acta Neuropathol (Berl) 86:182-186 

Russo LS, Beale G, Sandroni S, Ballinger WE (1992) Aluminium 
intoxication in undialyzed adults with chronic renal failure. J 
Neurol Neurosurg Psychiatry 55:697-700 

Sabouraud O, Chatel M, Menault F, Dien Peron J, Carter F, Gray 
J, Pecker S (1978) Progressive myoclonic dialytic encephalopa- 
thy (P.M.D.E.) clinical, electroencephalographic, and neu- 
ropathological study. Discussion of pathogenesis. Rev Neurol 
(Paris) 134:576-600 

Schorr WJ (1968) Disturbances of calcium metabolism in trans- 
planted patients and patients on maintenance hemodialysis. 
Proc EDTA 5:408-411 

Short AIK, Winney RJ, Robson GS (1980) Reversible, microcytic 
hypochromic anaemia in dialysis patients due to aluminium 
intoxication. Proc EDTA 17:226-233 

Skalsky HL, Carchman RA (1983) Aluminium homeostasis in 
man. J Am Coll Toxicol 2:405-423 

Van de Vyver FL, Silva FJE, D'Haese PC, Verbuehen AH, De 
Broe ME (1987) Aluminum toxicity in dialysis patients. Con- 
trib Nephrol 55:198-220 

Zucchelli P, Sturani A, Zuccala A, Santoro A, Degli Esposti E, 
Chiarini C (1985) Dysfunction of the autonomic nervous sys- 
tem in patients with end-stage renal failure. Contrib Nephrol 
45: 69-81 


