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PHARMAC. BIOCHEM. BEHAV. 17: Suppl. 1, 43-47, 1982.—Iron-deficiency (ID) anemia in man is associated with
neurological disorders and abnormal behavior. Rats made nutritionally iron-deficient have markedly diminished behavioral
responses to centrally-acting drugs (amphetamine and apomorphine) which affect monoaminergic systems. ID has no effect
on either the levels of monoamines or on the activities of monoamine-metabolizing enzymes in the brain. We have
investigated the possibility that ID may affect postsynaptic events at the level of receptor by measuring the specific binding
sites of several neurotransmitters in different brain areas. The results clearly show that ID causes a significant (40-60%)
reduction of the DA D, binding sites in the caudate. DA-sensitive adenylate cyclase, a- and B-adrenergic, muscarinic
cholinergic and the benzodiazepine binding sites were not affected by ID. The effects of ID on DA D, binding sites and the
behavioral responses to apomorphine can be reversed when iron-deficient rats are placed for 8 days on an iron-deficient
diet supplemented with iron. Chronic hemolytic anemia produced by repeated phenylhydrazine injections caused no
change in serum iron and had no effect on either apomorphine-induced hyperactivity or *H-spiroperidol binding in the
caudate. Since the highest concentration of iron is found in DA-rich brain areas, it is possible that iron may be crucial to
either the synthesis or coupling of the DA D, binding site. The possibility that the DA supersensitivity induced by

neuroleptics may be related to iron metabolism in the brain has been investigated.

Nutritional iron Dopamine binding sites

IRON is the most abundant trace metal in the body, and in
the brain its distribution parallels that of dopamine (DA).
The highest concentrations are found in the globus pallidus,
caudate nucleus, putamen and substantia nigra and the low-
est in the cortex and cerebellum {18,43]. The excess accumu-
lation of iron in the brain has been associated with a number
of neurological disorders. Thus, the increased brain iron in
the globus pallidus reported in Hallervorden-Spatz disease
[12, 27, 36] has been associated with disturbances in gait. A
histochemically demonstrable increase of iron in the cortex
of subjects with Alzheimer’s disease has been reported [16].
Increased brain iron has also been shown in cases of Hun-
tington Chorea [8,36], as well as Kaschin-Beck’s disease
[19]. Of interest is the increased amounts of iron found in the
globus pallidus and the caudate nucleus of psychotic and
schizophrenic patients [37,38]. This has been attributed to a
slower turnover of brain iron compared to controls. On the
other hand, iron-deficiency is a prevalent nutritional disorder
[14,22] and is also thought to affect behavior in children and
adults [28, 29, 30] and in the rat [15,43].

It has been shown [43] that the serotonin (5-HT) and the
DA mediated behavioral responses induced by centrally-
acting drugs were significantly diminished in iron-deficient
rats. The DA mediated hypothermia induced by
d-amphetamine in rats kept at 4°C was also decreased in
iron-deficient rats [45]. The altered behavioral response
could not be attributed to changes in monoamine metabo-
lism, since the activities of the enzymes tryptophan hy-
droxylase, tyrosine hydroxylase and monoamine oxidase

were the same in control and iron-deficient rats. Further-
more, no changes in the turnover and brain levels of 5-HT,
DA or noradrenaline (NA) were observed [44]. It was
suggested that the reduction in the functional activity of
monoaminergic pathways induced by nutritional iron-
deficiency might be due to postsynaptic changes at or be-
yond the DA receptor site [44]. Supporting evidence for this
has come from the similarity of the effects of iron-deficiency
on the DA-mediated behavioral and thermo-regulatory re-
sponses, and the effects of neuroleptics on these responses
[17, 41, 42]. We have investigated the effect of nutritional
iron-deficiency on the DA binding sites and on the
neuroleptic-induced supersensitivity of these binding sites in
the rat brain, and correlated them with behavioral changes.

METHOD

Sprague-Dawley rats (21 days old) were fed a semi-
synthetic diet low in iron [26] and distilled water. Control
rats were given the same diet supplemented with ammonium
ferrous sulphate (1.3 g/kg diet). The iron-deficient rats were
given an ad lib diet. However, the control group had their
food intake restricted to that of the iron-deficient group in
order to keep their body weights similar. In order to assess
the iron-deficiency state of the animals, each week tail blood
was taken for the determination of hemoglobin. Iron reple-
tion was achieved by placing the iron-deficient rats on the
control diet for 14 days. Hemolytic anemia was produced in
control rats by a daily intraperitoneal injection of 50 mg/kg
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TABLE 1

EFFECT OF IRON-DEFICIENT DIET ON HEMOGLOBIN, SERUM IRON AND
APOMORPHINE-INDUCED MOTOR ACTIVITY

Apomorphine-
induced motor
Hemoglobin Serum Iron activity
Diet (g/100 ml) (pug/ml) movement/40 min
Control 14.1 = 1.2 (12) 33 =03 (6 1614 = 72 (4)

Iron deficient 59 = 0.6* (12)
Iron repletedt

(control diet) 13.6 £ 2.1 (8)

0.76 = 0.07* (6) 798 = 159* (4)

33503 (9 1462 = 300 (4)

The results are expressed as means+S.E. M.

*Significantly different from control and iron-repleted groups (p<0.01).
tIron-deficient animals were placed on control (iron-supplemented) diet for 2 weeks.

TABLE 2
EFFECTS OF DIET ON DOPAMINE BINDING SITES

Adenylate cyclase activity

pmol/2 mg tissue/2.5 min*

3H-spiroperidol binding
Kd B(max)

Diet Basal DA-stimulated (nM) fmole/mg protein
Control 68.0 + 1.4 (6) 136 + 20.4 (6) 0.72 = 0.2 (4) 306 = 60 (4)
Iron-deficient 62.6 = 2.4 (6) 131 + 13.1 (6) 0.68 = 0.1 (4) 128 + 131 (4)
Iron-repleted — 0.81 + 0.2 4 243 + 40% (4)

(control diet)

The results are expressed as means+S.E.M.

*Values taken from the studies of Youdim er al. [43].
tSignificantly different from control and iron-repleted groups (p<0.01).

tNot significantly different from control.

phenylhydrazine for one week, followed by three weeks of a
daily injection of 30 mg/kg phenylhydrazine. DA supersen-
sitivity was produced in control and iron-deficient rats by the
daily administration of haloperidol (10 mg/kg sc). Haloperi-
dol injections started on the first day of the diet and contin-
ued for 4 weeks. In these animals behavioral and binding
studies were performed 48-72 hours after the last injection of
haloperidol.

Locomotor activity was monitored in groups of three
animals in cages placed on a Varimax activity meter (Colom-
bus Instruments). Hemoglobin was measured by modifica-
tion of a method described [13] using the commercial kit
from Sigma (U.S.A.). Serum iron was determined by assay
[5]. 5-HT was assayed fluorometrically [10] and DA and NA
were also determined [6]. DA-sensitive adenylate cyclase
was assayed [20] and cyclic AMP was measured [4].

Specific 3H-spiroperidol binding was measured in vitro in
membranes prepared from the caudate nucleus [9]. Specific
binding was defined as the difference between the total
counts in the absence of cold haloperidol and the counts
obtained in the presence of haloperidol (10 wM).

Protein was also determined [24].

TABLE 3
EFFECTS OF PHENYLHYDRAZINE TREATMENT
Control Phenylhydrazine

Hemoglobin (g/100

ml) 12.7 = 1.2 (5) 7.1 £ 0.5%(5)
Serum iron (ug/ml) 3.1 £0.9(5) 4.7 0.7 (5)
Specific 3H-spiro-

peridol binding

at 1 nM

(pmoles/g tissue) 20.7 £ 3.0 (5) 22.6 = 3.0 (5)
Apomorphine-induced

motor activity

(movements/40

min) 1065 (2) 1028 (2)

The results are expressed as +S.E.M. with number of observa-
tions in brackets.
*Significantly different from control (Student’s z-test), p<0.01.
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TABLE 4
EFFECT OF CHRONIC HALOPERIDOL TREATMENT IN CONTROL AND IRON-DEFICIENT RATS

3H-spiroperidol

binding
(fmole/mg Hemoglobin Serum iron
Treatment protein) (2/100 ml) (ug/ml)
Control 207 = 31 (8) 145 = 1.1 (8) 238 04 (8
Control + haloperidol 256 = 31* (7) 14.6 + 1.4 (8) 2.76 = 0.45 (8)
Iron-deficient 160 + 28 (8) 7.8 = 2.8* (8) 1.04 = 0.1* (8)
Iron-deficient + haloperidol 239 + 461 (7) 6.5 = 1.5%(7) 0.97 + 0.18* (7)

Results show mean+S.D. with number of observations in bracket.

*Different from control (Student ¢-test) p<0.01.

tDifferent from iron-deficient (Student ¢-test) p<0.005, but not different from the control.

RESULTS
Iron Deficiency and Dopamine Binding Sites

It has been shown [43] that in iron-deficient rats, whose
brain iron stores were significantly lowered, the activities of
iron-dependent monoamine enzymes, tryptophan hy-
droxylase, tyrosine hydroxylase and monoamine oxidase,
were unchanged. However, the behavioral response of these
rats to amphetamine and apomorphine was significantly di-
minished without a change in the basal level or turnover of
5-HT, NA and DA. In this study we have confirmed the
observation that the locomotor response to apomophine
administration is decreased in iron-deficient rats. After four
weeks on a diet low in iron, there was a significant decrease,
not only in the hemoglobin level and in the concentration of
serum iron, but also in the motor activity induced by
apomorphine (2 mg/kg IP) (Table 1). The possibility that the
diminished behavioral response to apomorphine could be
due to postsynaptic changes at the level of the DA receptor
was investigated by monitoring the activity of the DA-
sensitive adenylate cyclase and by examining the specific
binding of H-spiroperidol in the caudate nucleus (Table 2).
The basal activity, as well as the in vitro stimulation of the
DA-sensitive adenylate cyclase in the caudate nucleus, were
the same in control and iron-deficient rats. However, a sig-
nificant decrease in the specific *H-spiroperidol was ob-
served in iron-deficient rats. Scatchard analysis of the sat-
uration curves of *H-spiroperidol binding showed that iron-
deficiency reduced the maximum number of binding sites
(Bmax) by 60% but had no effect on the dissociation constant
(Kyp).

When the iron-deficient rats were given the iron-plus
(control) diet for two weeks, there was complete restoration,
not only of the hemoglobin concentration, the serum iron
level and the behavioral response to apomorphine (Table 1),
but also of the Bmax for *H-spiroperidol binding (Table 2).

Effects of Hemolytic Anemia on Behavior
and *H-Spiroperidol Binding

To evaluate the role of anemia per se on the specific bind-
ing of ®H-spiroperidol, hemolytic anemia was induced by
chronic phenylhydrazine administration. Although phen-
ylhydrazine-treated rats had significantly lower hemo-
globin levels compared with control rats, there was no
change either in their serum iron levels nor in 3H-

spiroperidol binding sites in the caudate nucleus (Table 3).
Furthermore, their behavioral response to apomorphine (2
mg/kg) was similar to control rats.

Effect of Chronic Haloperidol Treatment on 3H-Spiroperidol
Binding in Control and Iron-Deficient Rats

The effects of chronic haloperidol administration (10
mg/kg SC for 4 weeks) on *H-spiroperidol binding and behav-
ior were studied in rats fed either the control or the iron-
deficient diet. Haloperidol treatment had no effect on either
hemoglobin levels or serum iron concentrations in either
group (Table 4).

As expected, iron-deficiency decreased the behavioral re-
sponse to apomorphine and *H-spiroperidol binding in the
caudate nucleus, while chronic treatment of control rats with
haloperidol increased these parameters (Table 4). However,
in iron-deficient rats, chronic haloperidol administration
prevented the diminution of apomorphine-induced behavior,
as well as 3H-spiroperidol binding. The values for the latter
were not significantly different from control rats treated with
haloperidol.

DISCUSSION

The distribution of non-hem iron in the brain of rats [44}
and humans [18] parallels that of DA. In some brain regions,
such as the caudate nucleus, globus pallidum and hypothal-
amus, the non-hem iron concentration is as high as that of
the liver, the main site of iron storage and metabolism. The
major portion of non-hem iron is associated with the crude
mitochondrial-synaptosomal fraction and myelin [7, 32, 43].
However, the functional role of brain iron is not known. Rats
made iron-deficient have significantly lower brain non-hem
iron and behave differently to treatment with apomorphine
and amphetamine and other centrally-acting drugs when
compared to control rats [11, 25, 43]. Induction of iron-
deficiency results not only in the diminution of certain be-
haviors mediated by central dopaminergic and adrenergic
neurons, but also in the reversal of their daily rhythm. These
altered behavioral changes are not related to a modification
in the metabolism of DA or NA or 5-HT, since the turnover
and brain levels of these amines, as well as the brain activi-
ties of the iron-dependent enzymes tyrosine hydroxylase,
tryptophan hydroxylase and monoamine oxidase, are unaf-
fected by a nutritional deficiency of iron [31, 43, 44]. The
behavioral and biochemical studies of Youdim and Green
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indicated that alteration in 5-HT- and DA-mediated behavior
might be due to postsynaptic changes. The cerebral DA bind-
ing sites have been classified into two groups, one type being
linked to adenylate cyclase (D, receptor) and the other unre-
lated to the activation of cyclic nucleotides (D, receptor)
[21,35]. Apomorphine acts on both types of dopamine recep-
tors [21]. It has been reported [44] that neither the basal
activity of caudate nucleus DA-sensitive adenylate cyclase,
nor its response to increasing concentrations of
DA, were affected by iron-deficiency. However, in
this study we found that specific 3H-spiro-
peridol binding, which has been used in the estimation
of the D, binding site, was markedly reduced in iron-
deficient rats exhibiting reduced behavioral responses to
apomorphine. The decrease in the specific binding was due
to a decrease in the number of binding sites in the iron-
deficient rats. This effect of iron-deficiency seems to be
specific to the D, binding sites, as neither a- nor -adrenergic
binding sites, nor cholinergic muscarinic binding sites, were
affected by iron-deficiency (unpublished observation).

Further support that DA D, binding sites are decreased in
other brain regions (e.g., pituitary) has come from our
studies on the regulation of liver prolactin receptor [3].
Chronic treatment of rats with neuroleptics (chlorpromazine,
haloperidol or fluphenazine), which increase plasma
prolactin, causes a significant (200-300%) induction of
prolactin receptor in the liver [2]. Similar increases are also
noted in the livers of iron-deficient rats [2]. This regulation of
liver prolactin receptors by neuroleptics and iron-deficiency
is thought to be mediated by prolactin itself, since chronic
treatment of rats with low doses of prolactin (0.1 ug/kg for 7
days) brings about the same effect [1].

The diminution in the D, binding sites is not due to anemia
per se, since hemolytic anemia produced by phenylhy-
drazine caused a marked decrease in hemoglobin without a
change in either serum iron concentration or in the specific
binding of 3H-spiroperidol in the caudate nucleus or in the
behavioral response to apomorphine. The effect of iron-
deficiency on the D, site is reversible. When the iron-
deficient rats were given the control diet for 2 weeks, there
was a complete correction of the anemia, and both the be-
havioral response to apomorphine and the *H-spiroperidol
binding returned to control levels.

The mechanism by which iron-deficiency has a selective
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action on dopamine binding in the caudate nucleus is not
known. It may be the result of one or more of the following
possibilities: (a) iron could be part of the receptor and may
be required for the binding of dopamine or its antagonists; (b)
the attachment of the postsynaptic receptor to the neuronal
membrane is mediated by iron; and (c) synthesis of the D,
dopamine binding sites is dependent on an adequate supply
of iron. In the latter case it is known that iron-deficiency
results in a significant reduction of protein synthesis in the
brain [40], and this may be the reason for the slow rate of
reappearance of DA binding sites after iron-deficient rats
have been placed on an iron-plus diet.

It is well documented that D, receptors increase in den-
sity in the striatum after long-term administration of various
neuroleptics [34]. However, iron-deficiency failed to abolish
the increase in *H-spiroperidol-binding produced by chronic
treatment with haloperidol. One possibility is that haloperi-
dol and other neuroleptics may affect iron turnover in the
brain. It is important to note that chronic administration of
chlorpromazine, which causes dopamine supersensitivity,
increased iron concentrations in the caudate nucleus of the
guinea pig [39]. If haloperidol has the same effect as chlor-
promazine, then this excess of iron in the brain may prevent
the decrease in D, binding sites caused by iron deficiency.
Thus, neuroleptics may have the property of either mobiliz-
ing iron stores from the periphery to the CNS or preventing
its efflux from the brain due to their strong iron-chelating
property [33].

The present results indicate that the altered behavioral
responses of iron-deficient rats to centrally-acting drugs are
due to a change in the DA D, binding site in the brain and not
to a peripheral phenomenon, as was suggested [23]. This
CNS effect seems to occur independently of anemia. From
these observations and the reported increase in brain iron-
levels in the neurological disorders discussed in the intro-
duction, it is apparent that the modulation of iron in the brain
can bring about a change in dopaminergic activity. The
possibility exists that neuroleptic-induced dopamine super-
sensitivity and tardive dyskinesia may be associated with a
lower turnover rate of iron in the brain, resulting in an in-
creased level of this trace metal. This hypothesis is partially
supported by our finding that haloperidol treatment in iron-
deficient rats prevented the decrease in DA D, binding sites.

REFERENCES

1. Amit, T., R. R. Ben-Harari and M. B. H. Youdim. The presence
and auto-regulation of prolactin receptor in the lung: Its signifi-
cance. Br. J. Pharmac. 7T4: 955-956, 1981.

2. Ashkenazi, A., D. Ben-Shachar and M. B. H. Youdim. Dopa-
mine receptors and dopamine dependent behaviours in iron-
deficient rats. Br. J. Pharmac. 74: 762-763, 1982.

3. Barkey, R. J., J. Shani, M. Lahav, T. Amit and M. B. H.
Youdim. Effect of prolactin and prostaglandins on the stimula-
tion of prolactin binding sites in the male rat liver. Molec. Cell.
Endocr. 21: 129-138, 1981.

4. Brown, B. L., J. D. M. Albano, R. P. Ekins, A. M. Sgherzi and
W. Tampion. A simple and sensitive saturation assay method
for the measurment of adenosine 3’5’ cyclic monophosphate.
Biochem. J. 121: 561-562, 1971.

5. Caraway, W. T. Macro and micro method for the determination
of serum iron and iron binding capacity. Clin. Chem. 9: 188-196,
1963.

6. Chang, C. C. A sensitive method for spectrophotoflurometric
assay of catecholamines. Int. J. Neuropharmac. 3: 643-649,
1964.

7. Colburn, R. W. and J. W. Mass. Adenosine triphosphate-
metanorepinephrine ternary complexes and catecholamine bind-
ing. Nature 208: 3742, 1964.

8. Courville, C. B., R. E. Nusbaum and E. M. Butt. Changes in
trace metals in brain in Huntington's Chorea. Archs Neurol. 8:
481-489, 1963.

9. Creese, I. K., K. Stewart and S. H. Snyder. Species variation in
the dopamine receptor binding. Eur. J. Pharmac. 60: 55-66,
1979.

10. Curzon, G. and A. R. Green. Rapid method for the determina-
tion of 5-hydroxytryptamine and 5-hydroxyinoleacetic acid in
small regions of rat brain. Br. J. Pharmac. 39: 653-655, 1970.



IRON AND DOPAMINE BINDING SITES

11.

12.

13.

14.

15.

16.

17.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Dallman, P. R., M. A. Simes and E. C. Manies. Brain iron:
persistent deficiency following short term iron deprivation in the
young rat. Br. J. Haemat. 31: 209-215, 1975.

Dooling, E. C., G. M. Snijdewint and R. M. Buijis.
Hallervorden-Spatz syndrom. Archs Neurol. 30: 70-83, 1974.
Drabkin, D. L. and J. H. Austin. Spectrometric studies. II.
Preparations from washed blood cells; nitric oxide hemoglobin
and sulfhemoglobin. J. Biol. Chem. 112: 51-65, 1935.

Garby, L. Iron deficiency: definition and prevalence. In: Clinics
in Haematology, edited by S. T. Callender. London: W.B.
Saunders, 1973.

Glover, J. and A. C. Jacobs. Activity pattern of iron deficient
rats. Br. Med. J. 2: 627-628, 1972.

Goodman, L. Alzheimer’s disease. A clinico-pathologic of
twenty three cases with a theory on pathogenesis. J. nerv.
ment. Dis. 117: 97-103, 1953.

Grahame-Smith, D. G. Inhibitory effect of chlorpromazine on
the syndrome of hyperactivity produced by L-tryptophan or
5-methoxy-N-dimethyltryptamine in rats treated with
monoamine oxidase inhibitor. Br. J. Pharmac. 43: 856-864,
1971.

. Hallgren, B. and P. Sourander. The effect of age on the

nonhaem iron in the human brain. J. Neurochem. 3: 41-51,
1958.

. Hsiang, M. S. Brain pathology of Kaschin-Becks disease. J.

orient. Med. 33: 119-162, 1941.

Kebabian, J. W., G. L. Petzold and P. Greengard. Dopamine
sensitive adenylate cyclase in the caudate nucleus of the rat
brain and its similarity to the ‘‘dopamine receptor.”’ Proc. natn.
Acad. Sci. U.S.A. 69: 2143-2149, 1972.

Kebabian, J. W. and D. B. Calne. Multiple receptors for dopa-
mine. Nature 277: 93-96, 1979.

Kessner, J. and L. Kalk. Strategy for Evaluating Health Serv-
ices. Washington, D.C.: Institute of Medicine, National
Academy of Sciences, 1973.

Leibel, R., D. Greenfeld and E. Pollit. Biochemical and be-
havioural aspect of sideropenia. Br. J. Haemat. 41: 145-150,
1979.

Lowry, O. H., N. H. Rosenbrough, A. Farr and R. L. Randall.
Protein measurement with the Folin phenol reagent. J. Biol.
Chem. 193: 265-276, 1951.

Mackler, B., R. Person, L. R. Miller, A. R. Inamdar and C. A.
Finch. Iron deficiency in the rat: Biochemical studies of brain
metabolism. Pediat. Res. 12; 217-220, 1978.

McCall, M. G., G. E. Newman, J. R. P. O’Brien, L. S. Valberg
and L. J. Witts. Studies in iron metabolism. 1. The experimental
production of iron deficiency in the growing rat. Br. Nutr. 16:
297-304, 1962.

Meyer, A. Hallevorden-Spatz syndrome. In: Neuropathology,
edited by W. Blackwood, W. A. McMenemey, A. Meyer and R.
M. Normon. London: E. Arnold, 1958.

Oski, F. A. and A. Honig. The effects of therapy on the devel-
opmental scores of iron deficient infants. J. Pediat. 92: 21-25,
1978.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

47

Oski, F. A. The nonhematologic manifestation of iron defi-
ciency. Am. J. Dis. Child. 133: 315-322, 1979.

Pollitt, E. and R. L. Leibel. Iron deficiency and behavior. J.
Pediat. 88: 372-381, 1976.

Quik, A. and T. L. Sourkes. The effect of chronic iron defi-
ciency on adrenal tyrosine hydroxylase activity. Can. J.
Biochem. 55: 60-65, 1977.

Rajan, K. S., R. W. Colburn and J. M. Davis. Distribution of
metal ions in the subcellular fractions of several rat brain areas.
Life Sci. 18: 423-431, 1976.

Rajan, K. S., A. A. Manian, J. M. Davis and A. Skriplus.
Studies on the metal chelation of chlorpromazine and its hy-
droxylated metabolites. In: Phenothiazines and Structurally Re-
lated Drugs, edited by 1. S. Forrest, C. J. Carr and E. Usdin.
New York: Raven Press, 1974.

Seeman, P. Brain dopamine receptors. Pharmac. Rev. 32: 229-
313, 1980.

Spano, P. F., M. Memo, E. Stefanini, P. Fresia and M. Trabuc-
chi. Detection of multiple receptors for dopamine. In: Neuro-
transmitters and Peptide Hormones, edited by G. Pepeu, M. J.
Kuhar and S. J. Enna. New York: Raven Press, 1980.

Spatz, H. and A, Metz. Untersuchungen uber staff transport in
nervensiptems. Z. ges Neurol. Psychiat. 100: 428-449, 1926.
Strassman, G. Hemosiderin and tissue iron in the brain, its rela-
tionship, occurrence and importance. J. Neuropath. exp.
Neurol. 4: 393401, 1945.

Szanto, J. and F. Gallijas. A study of iron metabolism in
neuropsychiatric patients. Archs Neurol. 14: 438-442, 1966.
Weiner, W. J., P. A. Nausieda and H. L. Klawans. Effect of
chlorpromazine on central nervous system concentration of
manganese, iron and copper. Life Sci. 20: 1181-1186, 1977.
Weisenberg, E., A. Halbreich and J. Mager. Biochemical le-
sions in copper-deficient rats caused by secondary iron-
deficiency. Biochem. J. 188: 633-641, 1980.

Yehuda, S. and R. J. Wurtman. Dopaminergic neurons in the
nigrostriatal and mesolimbic pathways: mediation of specific
effects of d-amphetamine. Eur. J. Pharmac. 30: 154-158, 1975.
Yehuda, S. Indirect evidence for a feedback loop mechanism
between two central dopaminergic pathways: preliminary re-
sults. Communs Psychopharmac. 3: 115-120, 1979.

Youdim, M. B. H. and A. R. Green. Biogenic monoamine me-
tabolism and functional activity in iron-deficient rats: be-
havioural correlates. In: Iron Metabolism, edited by R. Porter
and D. W. Fitzsimons. Amsterdam: Elsevier, 1977.

. Youdim, M. B. H., A. R. Green, M. R. Bloomfield, B. D.

Mitchell, D. J. Heal and D. G. Grahame-Smith. The effect of
iron deficiency on brain biogenic monoamine biochemistry and
function in rats. Neuropharmacology 19: 259-267, 1979.
Youdim, M. B. H., S. Yehuda and Y. Ben-Uriah. Iron
deficiency-induced circadian rhythm reversal of dopa-
minergic-mediated behaviours and thermoregulation in rats.
Eur. J. Pharmac. 74: 295-301, 1981.



