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IRON UPTAKE BY GLIAL CELLS 
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Dynamic studies of iron metabolism in brain are generally unavailable despite the 
fact that a number of neurologic conditions are associated with excessive accu- 
mulation of iron in central nervous tissue. Cortical non-neuronal (glial) cultures 
were prepared from fetal mouse brain. After 13 days the cultures were exposed 
to radiolabeled iron. Brisk and linear total iron uptake and ferritin iron uptake 
occurred over 4 hours. When methylamine or ammonium chloride was added, 
(both known inhibitors of transferrin iron release because of their lysosomotropic 
properties), total iron uptake was diminished. Further studies indicated that meth- 
ylamine inhibits glial ceil ferritin iron incorporation. Giiat cell iron transport is 
similar to previously reported neuronal cell iron transport (1) but glial cell iron 
uptake proceeds at a faster rate and is more susceptible to the inhibition of certain 
lysosomotropic agents. The data reinforces the likelihood that iron uptake by 
nervous tissues is transferrin-mediated. 

INTRODUCTION 

Brain iron metabolism is altered greatly in Hallervorden-Spatz syndrome 
(2-8). Abnormally increased iron accumulation also occurs in Parkinson 
disease (9-12), Alzheimer disease (13), Pick disease (14-15), general pa- 
resis (16), and cerebrohepatorenal disease (17). Deposits of iron in neu- 
rologic conditions accompanied by excess iron storage are usually largest 
in areas which normally manifest high iron concentration. 

There has been virtually no information available concerning the rates 
of iron uptake by brain cells and the effect on brain cells of various known 
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blockers of iron transfer. Recent studies in our laboratory which dem- 
onstrated significant iron uptake by neuronal cultures (I) were followed 
by the experiments reported here. Mammalian non-neuronal (glial) cor- 
tical cultures were employed to delineate some details of iron transport 
into glial cells. 

EXPERIMENTAL PROCEDURE 

Glial Cell Cultures. The method of Olson and HoItzman (18) was modified and combined 
with that of Swaiman et al. (19). Newborn mice, 1-3 days old (22-24 days post-conception) 
were killed by asphyxiation and cervical dislocation. The cortices were dissected, minced, 
and dissociated by trypsinization and trituration. 

Single cells were suspended in Eagle's minimal essential medium (MEM, GIBCO) mod- 
ified to include 10% fetal calf serum (HyClone), 6 g glucose and 3.7 g NaHCO3/L as well 
as penicillin (100 U/ml) and streptomycin (100 txg/ml). The suspension was diluted to 8 • 
105 cells/ml. Subsequently, 0.3 ml of this inoculum was pipetted into 16 mm wells in a 24 
well cluster tray. Material from 3 cortices was usually sufficient to plate 16 trays. 

The cultures were incubated at 37~ in a water-saturated 10% carbon dioxide atmosphere. 
The medium was changed at 24 hours, 48 hours, and every 3-4 days thereafter. Beginning 
at 24 hours, 10% horse serum (HyClone); inactivated at 56~ for 30 min was substituted for 
the fetal bovine serum. Tile volume of medium added to each well was increased at 24 hours 
to 0.5 ml to discourage neuronal growth. 

These cultures have been demonstrated to be virtually free of neuronal and fibroblast 
elements by the use of appropriate and specific glial staining (18) and by the absence of 
clonazepam-displaceable [3H]diazepam binding after day 9 in culture (20). No morpholog- 
ically identifiable neurons were present after day 9. 

Morphologic development of the cultures was followed by photographing either living or 
glutaraldehyde-fixed cultures. 

Radioisotope Preparation. 55Fe solution (20 Ixg/ml; 20 fxCi/Ixg) was obtained by dilution 
of 55FEC13 (27.03 mCi/mg; New England Nuclear) with a 10 ixg/ml iron solution prepared 
from acid dissolved wire. Iron concentration was determined by the procedure of Nelson 
(21). An appropriate volume of horse serum (HyClone, lot #300381) was mixed with the 
radiolabeled iron stock solution, heated for 30 min at 37~ and diluted with MEM to form 
a 10% horse serum/MEM preparation. Use of the same serum lot for all experiments assured 
comparable transferrin concentration and characteristics. Horse serum transferrin content 
was 331 mg/dl and the total iron binding capacity 462 fxg/dl, Iron saturation was 48.9%. 

Total Iron Uptake and Iron Blocker Studies. Methods adapted from the myocardial cell 
culture technique of Cox et al. (22) and reticulocyte study technique of Morgan (23) were 
used. Glial cell cultures were exposed 13 days after plating (34 days post-conception) to 
methylamine (CH3NHz) or NH4CI at concentrations of 5-15 raM. 

Medium was routinely replaced in all wells 18-24 hours prior to the uptake study. CH3NHz 
and NH4CI stock solutions (4.0 M) were prepared and adjusted to pH 7.3. At the initiation 
of the uptake study the medium in the culture wells was replaced with 250 pxl 10% horse 
serum/MEM in control wells or 250 Ixl 10% horse serum/MEM supplemented with CH3NH2 
or NH4CI in the desired concentrations in the experimental wells. The trays were placed in 
the incubator for 15 rain at 37~ 55Fe in 10% horse serum/MEM (50 M), prepared as de- 
scribed above, was added to the control wells, establishing a final iron concentration of 0.23 
Ixg/ml (0.131xg/ml contributed by iron originally bound to the horse serum transferrin and 



IRON UPTAKE BY GLIAL CELLS 1637 

0.10 ~xg/ml subsequently added). A similar radiolabeled iron solution was supplemented with 
appropriate amounts of CH3NH2 or NH4CI and added to the experimental wells. The trays 
were replaced in the incubator for 1, 2, 3, and 4 hours. The cultures were washed 3 times 
with Ca +z- and Mg+2-free Hank's balanced salt solution (HBSS, GIBCO) adjusted to 330 
mOsm with NaCI as necessary. The cells were removed with a total of 1.5 ml 0.2 N NaOH, 
protein determined by the method of Lowry et al. (24), and scintillation counting was per- 
formed after addition of 100 jxl 3 N HCI and 10 ml Aquasol-2 (New England Nuclear). 

The control condition and each concentration of CH3NHz or NHaCI were represented by 
at least 4 wells at each time point. The data were expressed as the mean iron uptake (pmol 
Fe/mg protein) _+ SEM; two separate dissections and experiments were performed which 
yielded essentially the same results. Significance tests were performed using the Student's 
t test. 

Ferritin Iron Incorporation Studies. When cell culture material was used for ferritin iron 
incorporation studies the final HBSS wash was gently suctioned and the cells were frozen 
at -40~ Radiolabeled iron incorporation into ferritin was assayed by a modification (1) 
of the method of Drysdale and Munro (25). After thawing, the cells were scraped from the 
wells, sonicated and 0.1 ml of water containing 0.1 mg of carrier horse ferritin was added. 
A 0.1 ml aliquot was taken for determination of total radiolabeled iron uptake; the remaining 
material was heated to 80~ for 20 rain and then chilled and centrifuged at 3000 g at 4~ for 
20 rain. The supernatant was mixed with an equal volume of cold saturated ammonium 
sulfate and chilled overnight at 5~ The ferritin precipitate was collected by centrifugation 
at 4200 g for 20 min at 4~ The precipitate was dissolved in water (0.5 ml) and the uptake 
of radiolabeled iron into ferritin was determined by liquid scintillation counting. 

The control condition and each concentration of CH3NH2 was represented by at least 4 
wells at each time point. The data were expressed as the mean iron uptake (pmol Fe/mg 
protein) +_ SEM; two separate dissections and experiments were performed which yielded 
similar results. Significance tests were performed using the Student's t test. 

RESULTS 

The inoculum consisted of both phase-bright and phase-dark cells about 
6 txm in diameter. Within a day, the majority of cells had attached; some 
cells had flattened. The number of phase-bright cells was greatly reduced 
and cells which were stellate, boomerang-shaped, or spindle-shaped were 
dominant. By day 5 the general morphology of the cultures was char- 
acteristically glial; by day 9 no phase-bright cells or neuritic processes 
were seen. The other cells had grown in volume and were superimposed 
on a layer of confluent, flat, background cells. Although fine tapering 
processes extended as direct continuations of the apices of some spindle 
cells, these process were unbranched and appeared to taper and terminate 
within half a cell length. Between 9 and 18 days (Figure 1), general cellular 
patterns did not change, although further increases in cell size were seen. 

Radiolabeled iron uptake was rapid and linear over the entire 4 hours 
(Figures 2 and 3); approximately 6 pmol/mg protein/hour. The plot was 
drawn by use of linear regression (r = 0.99). At 4 hours the SEM of total 
iron uptake was in the range of 4-8%. 
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FIG. 1. Photomicrograph of 13 day non-neuronal (glial) cell culture depicting stellate and 
spindle-shaped glial cells. Short tapered processes extend from the apices of the stellate- 
shaped cells. ( x 200). 

Inhibition by both CH3NH2 and NH4CI (5-15 raM) of total iron uptake 
over the 4 hour incubation period was evident. The differences between 
the experimental and control values at each time point were statistically 
significant (P < 0.01) for all concentrations of CH3NH2 and NH4CI. The 
degree of inhibition was clearly concentration-related by 2 hours (P < 
0.05). Both substances were associated with similar degrees of inhibition. 
The degree of inhibition of total iron uptake was linear over the 4 hour 
incubation period (Figures 2 and 3). 

Ferritin incorporation of iron over the same time period was also linear 
(r = 0.98; Figure 4). At 4 hours the SEM of iron uptake into ferritin was 
in the range of 5-12%. The ferritin-bound iron fraction ranged from 20- 
40% of the total iron. In the presence of CH3NH2, the differences between 
the controls and experimental values for each concentration at each time 
point were statistically significant (P < 0.01). By 3 hours, the degree of 
inhibition was clearly concentration-related (P < 0.05; Figure 4). 

It is noteworthy that in the presence of CH3NH2, ferritin-bound iron 
accumulation over the 4 hour period was decreased commensurately with 
decrease in total iron uptake. 
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FIG. 2. Iron uptake into the free iron fraction was rapid and linear over 4 hours. Inhibition 
of iron uptake was linear at each concentration of CH3NH:. SEM ranged from 4%-8%. 

DISCUSSION 

The most salient biologic characteristic of iron is its capacity to support 
electron exchange and facilitate oxidation-reduction reactions. The oxi- 
dative capability of iron is also responsible for the toxic sequelae asso- 
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Fro. 3. Iron uptake into the free iron fraction was rapid and linear over  4 hours .  Inhibition 
of  iron uptake was linear at each concentrat ion of NH4CI. SEM ranged from 4%-8%.  

ciated with iron accumulation so that the ferric form may be responsible 
for most or all of the pathologic sequelae. Iron transport protein (e.g., 
transferrin) and iron storage protein (e.g., ferritin) are specially adapted 
to maintain metabolically available ferric iron concentration at negligible 
levels; however, this protective system is imperfect, iron accumulation 
facilitates peroxidation of membranous debris with resultant lipofuscin 
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Fro. 4. Iron uptake into the ferritin-iron fraction was also rapid over the 4 hour period. 
CH3NH2 inhibition was evident and apparently linked to inhibition of iron uptake into the 
free iron fraction. SEM ranged from 7%-12%. 

formation; subsequently the formation of neuromelanin as well as sphe- 
roid bodies occurs (26-28). 

Brain areas which normally contain iron include (in order of highest to 
lowest concentration): globus pallidus, red nucleus, substantia nigra, pu- 
tamen, dentate nucleus, caudate nucleus, motor cortex, thalamus, occip- 
ital cortex, and frontal white matter (10). In pathologic conditions iron 
deposits are often found in small cerebral blood vessels (e.g., Hallervor- 
den-Spatz syndrome, syphilis, and Parkinson disease). A quantitative as- 
sessment of intracellular iron (e.g., neuronal or glial) in normal human 
brain or in conditions associated with increased iron storage is not avail- 
able. Histochemical reports suggest that increased iron storage is rarely 
restricted to neurons. In some conditions iron storage occurs primarily 
in glial cells (e.g., neurosyphilis (16)); Pick disease (14); in other conditions 
increased iron stores are found in both glial and neuronal cells (e.g., Hal- 
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lervorden-Spatz syndrome (29) Parkinson disease (12), and Alzheimer 
disease (13)). 

Transferrin (and associated iron) combines with its specific receptor on 
the plasma membrane surface (30), The resultant endosome transports 
the transferrin-receptor complex to the lysosome where the acidic milieu 
of the lysosome interior causes the transferrin-associated iron to be re- 
leased. Alternate possibilities exist; for example, the transferrin-associ- 
ated iron may be dissociated in the endosome before being incorporated 
in the lysosome (31). The iron-free transferrin (apotransferrin) is returned 
to the plasma membrane and eventually released from the cell. Intra- 
cellular iron is held in two relatively large, active metabolic compart- 
ments, ferritin-bound and free; generally the former is twice as large as 
the latter. 

CH3NH2 and NH4CI are lysosomotropic and increase the pH of the 
lysosome cytosol thus discouraging deposition of materials including iron 
in lysosomes. CH3NH2 may also affect transferrin endocytosis by a sim- 
ilar mechanism (32). 

It has been demonstrated previously that transferrin-iron uptake by 
fibroblasts is linear over 24 hours; it is inhibited by a number of substances 
including CH3NH2 (32). The studies reported here indicate that glial iron 
uptake is rapid and linear over 4 hours, and takes place both in the free 
and ferritin-bound fractions. Iron blocker studies demonstrate that NH4C1 
and CH3NH2 also inhibit iron uptake in glial cells much the same as they 
did in free reticulocytes and fibroblasts in other experimental systems (23, 
32). Although uptake was generally similar to that of murine cortical neu- 
rons (1), important differences are apparent. Comparison of the data in 
the two experiments reveals that the total iron uptake by glial cells is 
greater than uptake by neuronal cells at 4 hours (P < 0.005). The degree 
of inhibition of total iron uptake by CH3NH2 (5 raM, 10 raM, and 15 raM) 
at 4 hours is also greater in glial cells (P < 0.005, P < 0.001, and P < 
0.001 respectively). Although inhibition is present, the relative NH4C1 
inhibition of total iron uptake by glial or neuronal cells after 4 hours 
reveals no statistical differences. 

Iron uptake into ferritin after 4 hours is also statistically greater in glial 
cells (P < 0.005). Similar comparison of the inhibitory effect of CH3NH2 
(5 raM, 10 raM, and 15 raM) on iron uptake into ferritin in glial or neuronal 
cell cultures after 4 hours reveals no statistical difference at 5 raM, but 
statistically greater inhibition in glial cell cultures at 10 mM and 15 raM. 

The data from these experiments demonstrate the likelihood that iron 
transport to glial cells is transferrin-mediated and the pattern generally 
parallels characteristics of uptake in other tissues which have been more 
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extensively studied. More refined studies are necessary to characterize 
nervous tissue iron transport and storage. 

ACKNOWLEDGMENTS 

We wish to thank Dr. Ruth Loewenson who provided statistical advice and analysis. The 
authors also wish to express their appreciation for the financial support of the American 
Parkinson Disease Association, The Children's Neuromovement Disorder Fund, and the 
Minnesota Medical Foundation. 

REFERENCES 

1. SWAIMAN, K. F., and MACHEN, V. L. 1984. Iron uptake by mammalian cortical neurons. 
Ann. Neurol. 16:66-70. 

2. ELEJALDE, B. R., ELEJALDE, M. M. J., and LopEz, F. 1979. Hallervorden-Spatz disease. 
Clin. Genet. 16:1-16. 

3. GOLDBERO, W., and ALLEN, N. 1979. Nonspecific accumulation of metals in the globus 
pallidus in Hallervorden-Spatz disease. Trans. Am. Neurol. Assoc. 104:106-108. 

4. SWAIMAN, K. F., SMITH, S. A., TROCK, G. L., and SIDDIQUI, A. R. 1980. Sea-blue 
histiocytes, lymphocytic cytosomes and 59Fe studies in Hallervorden-Spatz disease. 
(Abstract). Neurology 30:379. 

5. SWAIMAN, K. F., SMITH, S. A., TROCK, G. L., and SIDDIQUI, A. R. 1983. Sea-blue 
histiocytes, lymphocytic cytosomes, and 59Fe-studies in Hallervorden-Spatz syndrome. 
Neurology 33:301-305. 

6. SZANTO, J., and GALLYAS, F. 1966. A study of iron metabolism in neuropsychiatric 
patients; Hallervorden-Spatz disease. Arch. Neurol. 14:438-442. 

7. VAKILI, S., DREW, A. L., VON SCHUCHLING, S., BECKER, D., and ZEMAN, W. 1977. 
Hallervorden-Spatz syndrome. Arch. Neurol. 34:729-738. 

8. ZIMMERMAN, A. W.~ KARIMEDDINI~ M. K., RAMSBY~ G. R., and ZIMMER, A. E. 1981. 
Hallervorden-Spatz syndrome: Increased cerebral uptake of 59Fe and demonstration of 
striatal iron deposits on CT scan. (Abstract). Neurology 31 (pt 2): 129. 

9. EARLE, K. M. 1968. Studies on Parkinson's disease including x-ray fluorescent spec- 
troscopy of formalin fixed brain tissue. J. Neuropath. Exp. Neurol. 27:1-14. 

10. HALLGREN, B., and SOURANDER~ P. 1958. The effect of age on the non-haemin iron in 
the human brain. J. Neurochem. 3:47-51. 

11. LHERMITTE, J., KRAUS, W. M., and McALP1NE, D. 1924. Etude des produits de desin- 
tegration et des depots du globus pallidus dans un cas de syndrome parkinsonien. Rev. 
Neurol. 1:356-361. 

12. RoJAS, G., ASENJO, A., CHIORINO, R., ARANDA, L., ROCAMORA, R., and DoNoso, P. 
1965. Cellular and subcellular structure of the ventrotateral nucleus of the thalamus in 
Parkinson disease. Deposits of iron. Confin. neuron. 26:362-376. 

13. GOODMAN, L. 1953. A clinico-pathologic analysis of twenty-three cases with a tboery 
on pathogenesis. J. Nerv. & Merit. Dis. 118:97-130. 

14. AKELAITIS, A. J. 1944. Atrophy of basal ganglia in Pick's disease. Arch. Neurol. Psy- 
chiat. 51:27-34. 

15. EHMANN, W. D., ALAUDDIN, M., and HOSSA1N, T. I. M., MARKESBERY, W. R. 1984. 
Brain trace elements in Pick's disease. Ann. Neur. 15:102-104. 



1644 SWAIMAN AND MACHEN 

16. MERRITT, H. H., ADAMS, R. D., and SOLOMON, H. C. 1946. Neurosyphilis. Oxford, 
England. Oxford University Press. 

17. VITALE, L., OPITZ, J. M., and SHAHID~, N. T. 1969. Congenital and familial iron overload. 
280:642-645. 

18. OLSON, J. E., and HOLZMAN, D, 1980. Respiration in rat cerebral astrocytes from primary 
culture. J. Neurosci. Res. 5:497-506. 

19. SWAIMAN, K. F., NEALE, E. A., FITZGERALD, S., and NELSON, P. G. 1982. A method 
for large scale production of fetal mouse cerebral cortical cultures. Dev. Brain Res. 
3:361-369. 

20. SHER, P. K., and MACIqEN V. L. 1984. Properties of 3H-diazepam binding sites on 
cultured routine glial and neurones. Dev. Brain Res. 14:1-6. 

21. NELSON, C. V. 1964. Determination of serum iron using sulfonated diphenylphenan- 
throline. Am. J. Med. Technol. 30:71-80. 

22. Cox, P. G., HARVEY, N. E., SCIORTINO, C., and BYERS, B. R. 1981. Electron-micro- 
scopic and radioiron studies of iron uptake in newborn rat myocardial cells in vitro. 
Am. Assoc. Path. 102:151-159. 

23. MORGAN, E. H. 1981. Inhibition of reticulocyte iron uptake by NH4CI and CH3NH2. 
Biochim. et Biophys. Acta. 642:119-134. 

24. LOWRY, O. H., ROSEI3ROUGH, N. F., FARR, A. L., and RANDALL, R. J. 1951. Protein 
measurement with the Folin phenol reagent. J. Biol. Chem. 193:265-275. 

25. DRYSDALE, J. W., and MUNRO, H. N. 1965. Small-scale isolation of ferritin for the assay 
of the incorporation of ~4C-labeled amino acids. Biochem. J. 95:851-858. 

26. BARDEN, H. 1969. The histochemical relationship of neuromelanin and lipofuscin. J. 
Neuropathol. Exp. Neurol. 28:419-441. 

27. DFENDrNI, R., MARKESBERY, W. R,, MASTRI, A. R., and DUVFY, P. E. 1973. Hailer- 
vorden-Spatz disease and infantile neuroaxonal dystrophy. J. Neurol. Sci. 20:7-23. 

28. PARK, B. E., NETSKY, M. G., and BETSILL, W. L. 1975. Pathogenesis of pigment and 
spheroid formation in Hallervorden-Spatz syndrome and related disorders. Neurology 
25:1172-1178. 

29. WIG~OLDUS, J. M., and BRUYN, G. W. 1968. Hallervorden-Spatz disease, in: Vinken, 
P. J., and Bruyn, G. W. (eds.). Handbook of clinical neurology: diseases of the basal 
ganglia. Vol. 6. Amsterdam: North-Holland Publishing Co., 604-631. 

30. NEWMAN, R., SCHNEIDER, C., SUTHERLAND, R., VODINELICH, L., and GREAVES, M. 
1982. The transferrin receptor. Trends. Biochem. Sci. 7:397-400. 

31. OCTAVE, J-N., SCHNEIDER, Y-J,, TROUET, A., and CR~CHTON, R. R. 1983. Iron uptake 
and utilization by mammalian cells. I: Cellular uptake of transferrin and iron. Trends 
Biochem. Sci. 8:217-220. 

32. OCTAVE, J-N. SCr~NEIDER, Y-J., CR1CIqTON, R. R., and TROUEX, A. 1981. Transferrin 
uptake by cultured rat embryo fibroblasts. Eur. J. Biochem. 115:611-618. 


