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Iron and the brain: neurotransmitter receptors and
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Earlier studies show that in iron deficiency with anaemia and in latent iron deficiency
neurotransmitters are altered. The changes induced in the fetal brain are irreversible on
rehabilitation. The important alterations in glutamate metabolism in latent iron deficiency
stimulated studies on gamma aminobutyric acid and glutaminate receptors. It was observed that
binding of *H-muscimol at pH 7-5 and 1 mg protein/assay increased significantly in synaptic
vesicular membranes and under similar conditions *H-glutamate binding showed reduction.
Thus iron deficiency played a role in both excitatory and inhibitory neurotransmitter receptors.
To elucidate the role of body iron status on the brain, anaemic children with thalassemia and
iron deficiency were subjected to ‘magnetic resonance spectroscopy’ of globus pallidus, caudate
and dentate nuclei and there was no change in iron content. The concentrations of creatinine and
aspartate increased, with lowering of choline content. The findings were similar in thalassemia
as well as iron deficiency anaemia, suggesting that in anaemia changes operate through reduced
oxygen availability.

Iron: Deficiency: Neurotransmitters

DOI: 10.1049/BJN2000307

Studies from different parts of India in the last two decades
have shown that nutritional anaemia, usually due to iron
deficiency, affects 60—90 % of the population, particularly
pregnant women, young children and adolescents (WHO,
1992; ICMR, 1989; ICMR, 1992; Gomber et al. 1998). Our
earlier studies in pregnancy anaemia demonstrated that in
maternal hypoferremia, the transfer of iron to fetus is at a
gradient but proportionate to maternal iron level (Singla
et al. 1978; Singla et al. 1979), the fetal iron stores are low
(Singla et al. 1985), the concentration of iron in breast milk
is higher (Franson et al. 1985) and the treatment of anaemia
with iron folate improves birth weight (Agarwal et al
1991).

Felt & Lozoff (1996) reported that in iron deficiency
anaemic rat mothers despite rehabilitation by iron as early
as mid-gestation, the brain iron content remained low in the
offspring and behavioural changes persisted at 3 months of
age. Iron deficiency anaemia reduced brain iron, but brain
enzymes were resistant to change, although activities of
aminobutyric acid transaminase and glutamate decarbox-
ylase, decreased (Youdim & Green, 1977; Youdim et al.
1989). Iron deficiency anaemia changes the dopamine,
serotonin and gamma aminobutyric acid/(GABA) systems
(Beard et al. 1993). Further, binding receptors of dopamine
D2 (*H-spiperone) decrease and GABA (*H-muscimol)
increases in the brain (striatum and cortex) of iron deficient
anaemic rats. Nelson et al. (1997) demonstrated that in iron
deficiency anaemia the extracellular level of dopamine

increased in the caudate—putamen brain area, but normal-
ized on rehabilitation and that the elevation of dopamine or
other neurotransmitters was not due to anaemia per se. In
earlier studies alterations in 5-hydroxytryptophan, dopa-
mine and norepinephrine were observed (Ashkenazi et al.
1982; Ben-Shachar et al. 1986). The above studies were
mainly limited to the effects of iron deficiency anaemia on
alterations in various brain neurotransmitters.

Iron, as a micronutrient, is required for regulation of
brain neurotransmitters by altering the pathway enzymatic
system. To study iron as a micronutrient, a rat model was
developed to create iron-deficiency (low hepatic iron)
without change in haematocrit. Pregnant and lactating rats
were fed on 30 mg iron/kg diet (normal need 250—-300 mg)
and post-weaning rats received 18-25 mg/kg (normal need
60—80 mg). The body, brain and liver weights reduced at
around 14-21 days postnatally in rat pups (mothers
maintained on low iron diet in pregnancy and lactation),
without any change in brain and hepatic protein, DNA and
RNA contents. The hepatic iron showed marked reduction;
40 % in 20 days fetus and 85 % by postnatal day 21. The
fetal as well as weanling rat brain iron content decreased
significantly and this alteration was irreversible on
rehabilitation. In post weanling rats, iron content reduced
irreversibly; in the corpus striatum by 32 %, midbrain
21 %, hypothalamus 19 %, cerebellum 18 %, cerebral
cortex 17 % and in the hippocampus by 15 %, but there
was no change in the medulla oblongata (Taneja et al.
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1990). The corpus striatum in iron deficiency showed lower
zinc content, while calcium and copper content had
increased. There was a decrease in zinc and an increase
in copper in the cerebral cortex. Calcium content in the
hypothalamus increased as well (Shukla et al. 1989a). Such
heterogeneous brain region iron distribution in iron
deficiency anaemia was observed by Hill (1988).

The latent iron deficient rats (pregnancy and lactation)
show decrease in activities of GABA shunt enzymes, which
do not normalize on rehabilitation of dams with an iron rich
diet (Taneja et al. 1990). In contrast latent iron deficient
post weanling rats show decrease in GABA shunt enzyme
activities, which recover on rehabilitation (Taneja et al.
1986; Shukla et al. 1989b). These post weanling rats show
irreversible reduction in whole brain: dopamine, norepi-
nephrine and tyrosine (catecholamine metabolism) and in
tryptophan, 5-hydroxy tryptophan and 5-hydroxy indolea-
cetic acid (5-hydroxy tryptamine metabolism). In the
corpus striatum of these rats dopamine, homovanilic acid,
monoaminooxidase, tyrosine and to some extent norepi-
nephrine are reduced irreversibly (Shukla ez al. 1989c;
Shukla er al. 1989d). These are specific affects of iron
deficiency, as in intrauterine as well as postnatal
malnutrition; neurotransmitter changes partially recover
on rehabilitation (Prasad et al. 1979; Prasad & Agarwal,
1980).

We briefly report the changes in GABA and glutamate
receptors in latent iron deficient rats (Agarwal et al.
unpublished)

Materials and methods

Female mice of Sprague—Dawley strain were used. They
were kept in plastic cages with stainless steel mesh.
Synthetic diets contained all necessary components, as
described earlier (Shukla ef al. 1989a; Shukla et al. 1989d).
Radioligands were purchased from Amersham (UK). All
fine chemicals of analytical grade were obtained from
Sigma or Merck India.

Creation of iron-deficiency in rats. Female albino rats
were used in the experiments. Weanling (21-day-old) rats
weighing 40 = 5 g were divided into two groups, control
and experimental. The experimental group was maintained
entirely on an iron-deficient synthetic diet containing
18-20 mg Fe/kg. The control group received the same diet
supplemented with iron to 260 mg Fe/kg. Water was served
ad libitum in iron-free feeding bottles. At least six animals
were included in each group.

Both experimental and control groups were given diets
for 2 months. The rats were killed by cervical dislocation.

Blood was collected in plain as well as EDTA vials. Brain
and liver were dissected out, rinsed in saline, weighed and
frozen at —20°C until the time of processing.

Hematological analysis. Brain and liver non-haem iron
was determined in 10 % homogenate (Hallgren, 1953).
Haemoglobin (Crosby & Houchin, 1957) and micro-
haematocrit (Guest & Siler, 1934) were determined by
standard laboratory protocols.

Neurotransmitter receptors GABA and L-glutamic acid
receptors in brain were estimated by radioligand binding
assays in synaptic membranes prepared according to Hell
et al. (1990). For inhibitory neurotransmitter receptors,
*H-muscimol, a GABA A agonist, was used. Binding of
*H-muscimol (specific activity 25 Ci/mmol) for GABA
receptors was done by the method described by Seth ef al.
(1981). The assay was done in presence or absence of
1x10* mmol GABA. Incubation was done at 37°C for
30 min. At the end of incubation, 2 ml of chilled buffer was
added and the incubation mixture immediately filtered
through a glass fiber filter under vacuum. The filters were
rinsed twice in buffer, dried and counted in a liquid
scintillation counter. Specific binding of radioligand for
each concentration was carried out in triplicate.

For excitatory neurotransmitter receptors, ~H-glutamate
binding was performed according to Cross et al. (1986).
Binding was carried out in 200-pl volume in microtiter
plates. Optimum pH and protein concentration was
determined and found to be 7-4 and 1 mg respectively.
Binding was carried out at 37°C, for 30 minutes. After the
incubation, reaction mixture was filtered through Whatman
GFB glass fiber filter using a cell harvester (Hall & Thor,
1979). The filters were washed, dried and counted in a
liquid scintillation counter.

Results

Eight weeks of iron deficiency did not significantly change
the gross weight of rat brain and liver. There was no effect
on haemoglobin and haematocrit. The non-haem iron in the
liver and the brain decreased significantly (P < 0-001,
Table 1).

GABA-receptors “H-muscimol binding to synaptic
membrane was dependent both on pH and concentration
of protein. The assay was carried out at optimum pH (7-5)
and protein concentration (1 mg/assay). Binding of *H-
muscimol increased by 193 % in membranes from iron-
deficient rats as compared to controls (Table 2).

Glutamate receptors like muscimol, *H-glutamate bind-
ing was also dependent on pH and concentration of
membrane vesicles. There was significant reduction by

Table 1. Effect of iron deficiency on haemoglobin, haematocrit and non-haem iron in rats

Haemoglobin Haematocrit Non-haem iron in Non-haem iron in
Group gm/dL % liver wg/gm brain pg/gm
Control 15-6+0-6 47.2+1.0 131+8-0 8+0-2
Iron-deficient 15.5+0-4 46-8+1.9 45+1.9* 6-5+0-2%

All values are mean =+ sd.

Iron deficient diet: 18—20 mg Fe/kg diet; Control: 250 mg Fe/kg diet.

* P <0-001; + P < 0-005.
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Table 2. Effect of iron deficiency on ®H-muscimol and ®H-L-glutamate
binding to synaptic membranes

Group % Muscimol binding % L-Glutamate binding
Control 100 100
Fe-deficient 293.3 37.1

Iron-deficient Increase by 193-3 %* Decrease by 62-9 %*

* P <0-001.

63 % in specific binding of *H-L-glutamate in the iron
deficient group as compared to controls (Table 2). The
binding could be easily displaced by excess of cold
L-glutamate, but not by D-glutamate.

Discussion

The observations on reduction in hepatic and brain non-
haem iron in post-weanling rats kept on an iron-deficient
diet for two months are in agreement with various reports
on latent iron deficiency (Siimes et al. 1980; Taneja et al.
1986; Taneja et al. 1990; Shukla et al. 1989a).

The significant effects on neurotransmitter receptors
during early stages of iron deficiency clearly indicate the
deficits in both excitatory and inhibitory pathways of the
central nervous system. The neurotransmitter receptors
remain in dynamic equilibrium and their regulation
depends on the synthesis, metabolism and various other
components in the signal transudation cascade (Nakanishi
et al. 1998). Changes in the affinity of ligands with the
receptor can also alter the binding without affecting
numbers of receptors present in the system. Fluidity of
biological membranes can influence the interaction parti-
cularly under in vivo conditions (Scheuer et al. 1996).
Recently, group I metabotropic receptors have been
identified which can be modulated by other neurotransmit-
ter receptors including GABA and the ionotropic glutamate
receptors (Bordi & Ugolini, 1999). Both GABA and
glutamate pathways have been implicated in several
nervous system disorders. Dysfunction of the glutamatergic
pathway has been suggested in Huntington’s disease (Albin
et al. 1990; Calabresi et al. 1999); Alzheimers (Chalmers
et al. 1990) and epilepsy (Sherwin, 1999). GABA-linked
receptor system dysfunction plays an important role in
several neurological and psychiatric disorders (Kowell
et al. 1987). Therefore, it may be logical to suggest that
impairment of higher mental functions like cognition
and learning in humans may also be linked to changes
in neurotransmitter receptors and consequent signal
transduction processes in the nervous system.

In an ongoing study in children aged 8—12 years with
moderate anaemia or nutritional anaemia or thalassemia,
the iron content on globus pallidus, caudate and dentate
nuclei was similar in thalassemia as well as in iron
deficiency anaemia and in both the anaemic conditions,
there was an increase in creatinine and aspartate and
reduction in choline concentration (Agarwal, unpublished).
These are important alterations as choline is synthesized in
the brain in very small amounts; its uptake is Na®
dependent, which requires oxygen.

Conclusions

In latent iron deficiency (without anaemia), brain iron
content, neurotransmitters and the related receptors are
affected irreversibly during brain development. In contrast,
in anaemia the changes are due to anoxia, irrespective of
body iron status. Thus in latent iron deficiency iron behaves
as a micronutrient inducing specific alterations.

Acknowledgements

I remain indebted to my colleagues in the Institute of
Medical Sciences, Varanasi and Sanjay Gandhi Post
graduate Institute Medical Sciences, Lucknow, India.
These Institutions provided infrastructural facilities.

References

Agarwal KN, Agarwal DK & Mishra KP (1991) Impact of
anaemia prophylaxis in pregnancy on maternal hemoglobin
serum ferritin and birth weight. Indian Journal Medical
Research 94, 277-280.

Albin RL, Young AB, Pandey JB, Handelin B & Balfour R (1990)
Abnormalities of striatal projection neurons and N-methyl-D-
aspartate receptors in presynaptic Huntington’s disease. New
England Journal of Medicine 322, 1293—-1298.

Ashkenazi R, Ben-Shacher D & Youdim MBH (1982) Nutritional
iron and dopamine binding sites in the rat brain. Pharmacology
Biochemistry Behaviour 17 (Suppl. 1), 43-47.

Beard JL, Connor JR & Jones BC (1993) Iron in the brain.
Nutrition Review 51, 157-170.

Ben Shachar D, Ashkenazi R & Youdim MBH (1986) Long term
consequences of early iron deficiency on dopaminergic
neurotransmission. [International Journal Development Neu-
roscience 4, 81-88.

Bordi F & Ugolini A (1999) Group I metabotropic glutamate
receptors: implications for brain diseases. Progress Neurobiol-
ogy 56, 55-79.

Calabresi P, Centnce D, Pisani A & Bernardi G (1999)
Metabotropic glutamate receptors and cell -type -specific
vulnerability in the striatum: implication for ischemia and
Huntingtion’s disease. Experimental Neurobiology 158, 97—
108.

Chalmers DT, Dewar D, Graham DI, Brooks D.N & Mccoulloch J
(1990) Differential alterations of cortical glutamatergic binding
sites in senile dementia of the Alzhheimer type. Proceedings of
the National Academy of Science (USA) 87, 1352—1356.

Crosby WH & Houchin DN (1957) Preparing standard solution of
cyanmethaemoglobin. Blood 12, 1132-1136.

Cross A, Skan W & Slater P (1986) Binding sites for CH
glutamate and H) aspartate in human cerebellum. Journal of
Neurochemistry 47, 1463—1468.

Felt BT & Lozoff B (1996) Brain iron and behaviour of rats are
not normalized by treatment of iron deficiency anaemia during
early development. Journal of Neurochemistry 126, 693-701.

Franson GN, Agarwal KN, Mehdin GM & Hambraeus L (1985)
Increased breast milk iron in severe maternal anaemia:
physiological trapping or leakage. Acta Paediatrica Scandina-
vica 74, 290-291.

Gomber S, Kumar S, Russia U, Gupta P, Agarwal KN & Sharma S
(1998) Prevalence and etiology of nutritional anaemias in early
childhood in an urban slum. Indian Journal of Medical
Research 107, 269-273.

Guest GM & Siler VE (1934) A centrifuge method for the

ssaud Ausianiun abprquied Aq auljuo paysiignd £L0£000ZNIE/6+01°0L/B10"10p//:sdny


https://doi.org/10.1049/BJN2000307

S150 K. N. Agarwal

determination of cells in blood. Journal of Laboratory and
Clinical Medicine 19, 757-768.

Hall H & Thor L (1979) Evaluation of semiautomatic filtration
technique for receptor binding studies. Life Science 24, 2293—
2300.

Hallgren B (1953) Hemoglobin formation and storage iron in
protein deficiency. Acta Societis Medicine (Uppsala) 59, 79—
200.

Hell JW, Macys PR & John R (1990) Energy dependence and
functional reconstitution of the gamma aminonbutyric acid
carrier from synaptic vesicles. Journal of Biological Chemistry
265, 2111-2117.

Hill JM (1988) The distribution of iron in the brain. In Brain Iron:
Neurochemistry and Behavioral Aspects, pp. 1-24 [MBH
Youdim, editor]. London: Taylor and Francis.

Indian Council Medical Research (1989) Evaluation of the
national nutritional anaemia prophylaxis programme. An Indian
Council Medical Research (ICMR) Task Force Study, New
Delhi, India. pp. 1-107.

Indian Council Medical Research (1992) Field supplementation
trial in pregnant women with 60 mg, 120 mg, and 180 mg, of
iron with 500 wg of the folic acid. An Indian Council Medical
Research Task Force Study, New Delhi, India. pp 1-46.

Kowell NW, Ferrante RJ & Martion JB (1987) Pattern of cell loss
in Huntington’s disease. Trends in Neuroscience 10, 24-29.

Nakanishi S, Nakajima Y, Masu M, Ueda Y, Nakahara K,
Watanabe D, Yamaguchi S, Kawabata S & Okada M (1998)
Glutamate receptors: brain function and signal transduction.
Brain Research Review 23, 230-235.

Nelson C, Erikson K, Pinero DL & Beard JL (1997) In vivo
dopamine metabolism is altered in iron deficient anaemic rats.
Journal of Nutrition 127, 2282-2285.

Prasad C, Devi R & Agarwal KN (1979) Effects of dietary
proteins on fetal brain protein and glutamic acid metabolism in
rat. Journal of Neurochemistry 32, 1309—-1314.

Prasad C & Agarwal KN (1980) Intrauterine malnutrition and the
brain: effects on enzymes and free amino acids related to
glutamate metabolism. Journal of Neurochemistry 34, 1270—
1273.

Scheuer Maras A, Gattaz WF, Cairns N, Forstl H & Muller WE
(1996) Cortical NMDA receptor properties and membrane
fluidity are altered in Alzheimer’s disease. Dementia 7, 210—
214.

Seth PK, Agarwal KN & Bondy SC (1981) Biochemical changes
in the brain consequently to dietary exposure of developing and
mature rat to chlordecone. Toxicology Applied Pharmacology
59, 262-267.

Sherwin AL (1999) Neuroactive amino-acids in focally epileptic
human brain: a review. Neurochemistry Research 24, 1387-
1395.

Shukla A, Agarwal KN & Shukla GS (1989a) Effect of latent iron
deficiency of metal levels of rat brain regions. Biological Trace
Element Research 22, 141-152.

Shukla A, Agarwal KN & Shukla GS (1989b) Latent iron
deficiency alters gamma aminobutyric acid and glutamate
metabolism in rat brain. Experentia 45, 343-345.

Shukla A, Agarwal KN, Chansuria JPN & Taneja V (1989c¢)
Effect of latent iron deficiency on 5-hydroxytryptamine
metabolism in rat brain. Journal of Neurochemistry 52, 730—
735.

Shukla A, Agarwal KN & Shukla S (1989d) Studies on brain
catecholamine metabolism following latent iron deficiency and
subsequent rehabilitation in rat. Nutrition Research 9, 1177—
1186.

Siimes M, Refine C & Dallman PR (1980) Manifestations of iron
deficiency at various levels of dietary intake. American Journal
of Clinical Nutrition 3, 570-574.

Singla PN, Chand S, Khanna S & Agarwal KN (1978) Effect of
maternal anaemia on the placenta and the newborn infant. Acta
Paediatrica Scandinavica 67, 645—-648.

Singla PN, Chand S & Agarwal KN (1979) Cord serum and
placental tissue iron status in maternal hypoferremia. American
Journal of Clinical Nutrition 32, 1462—1465.

Singla PN, Gupta VK & Agarwal KN (1985) Storage iron in
human fetal organs. Acta Pediatrica Scandinavica 74, 701-
706.

Taneja V, Mishra KP & Agarwal KN (1986) Effect of early iron
deficiency in rat on the gamma-aminobutryic acid shunt in
brain. Journal of Neurochemistry 46, 1670—1674.

Taneja V, Mishra KP & Agarwal KN (1990) Effect of maternal
iron deficiency on GABA shunt pathway of developing rat
brain. Indian Journal of Experimental Biology 28, 466—469.

World Health Organization, (1992) The prevalence of anaemia in
women: a tabulation of available information. Second edition,
Geneva.

Youdim MBH, Ben-Shachar D & Yehuda S (1989) Putative
biological mechanisms of the effect of iron deficiency on brain
biochemistry and behaviour. American Journal of Clinical
Nutrition 50, 607-617.

Youdim MBH & Green AR (1977) Biogenic monoamine
metabolism and functional activity in iron-deficient rats,
behavioural correlates. Ciba Foundation Symposium 51, 201—
203.

ssaud Ausianiun abprquied Aq auljuo paysiignd £L0£000ZNIE/6+01°0L/B10"10p//:sdny


https://doi.org/10.1049/BJN2000307

