
Manganese Accumulates in Iron-Deficient Rat Brain Regions in a Heterogeneous Fashion and Is 

Associated with Neurochemical Alterations 

 

By: Keith M. Erikson, Zakariyak K. Shihabi, Judy L. Aschner, and Michael Aschner 

 

Erikson, K.M, Shihabi, Z.K., Aschner, J.L., Aschner, M. (2002) Manganese accumulates in iron deficient rat 

brain regions in a heterogeneous fashion and is associated with neurochemical alterations. Biological Trace 

Element Research 87(1-3): 143-156. 

 

Made available courtesy of Springer-Verlag 

 

*** Note: Figures may be missing from this format of the document 

*** Note: The original publication is available at http://www.springerlink.com 

 

Abstract: 

Previous studies have shown that iron deficiency (ID) increases brain manganese (Mn), but specific regional 

changes have not been addressed. Weanling rats were fed one of three semipurified diets: control (CN), iron 

deficient (ID), or iron deficient/manganese fortified (IDMn+). Seven brain regions were analyzed for Mn 

concentration and amino acid (glutamate, glutamine, taurine, γ-aminobutyric acid) concentrations. Both ID and 

IDMn+ diets caused significant (p<0.05) increases in Mn concentration across brain regions compared to CN. 

The hippocampus was the only brain region in which the IDMn+ group accumulated significantly more Mn 

than both the CN and ID groups. ID significantly decreased GABA concentration in hippocampus, caudate 

putamen, and globus pallidus compared to CN rats. Taurine was significantly increased in the substantia nigra 

of the IDMn+ group compared to both ID and CN. ID also altered glutamate and glutamine concentrations in 

cortex, caudate putamen, and thalamus compared to CN. In the substantia nigra, Mn concentration positively 

correlated with increased taurine concentration, whereas in caudate putamen, Mn concentration negatively 

correlated with decreased GABA. These data show that ID is a significant risk factor for central nervous sys-

tem Mn accumulation and that some of the neurochemical alterations associated with ID are specifically 

attributable to Mn accumulation. 
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Article: 

INTRODUCTION 

Iron deficiency (ID) is one of the most prevalent nutritional problems in the world, affecting approximately 2 

billion people (1). ID is also a known risk factor for metal toxicity (e.g., cadmium, aluminum, lead) (2–4), with 

an inverse relationship existing between dietary iron (Fe) content and the gastrointestinal absorption of a host of 

other metals. Fe also shares similar absorption mechanisms with essential divalent metals, particularly 

manganese (Mn) (5), and a deficiency of one of these minerals in the diet can lead to excess absorption of the 

other mineral. For example, high Fe intakes decrease gastrointestinal Mn absorption, whereas ID leads to 

increased Mn absorption, (6,7). In addition, rats exposed to high doses of Mn exhibit altered brain Fe 

metabolism (8). Furthermore, ID is associated with increased Mn accumulation in the brain (9,10); however, 

brain regional changes are unknown. 

 

Both Mn and Fe transport to extrahepatic tissues, including the brain, is dependent on transferrin-mediated 

endocytosis (11,12). Because ID causes increased brain regional transferrin (Tf) and transferrin receptor (TfR) 

concentrations in a heterogeneous fashion (13–15), it is likely that ID-associated brain Mn accumulation occurs 

in a heterogeneous manner. High levels of manganese in globus pallidus, caudate putamen, and sub-thalamic 

nuclei have contributed to the vulnerability of the striatum to manganese toxicity (16,17). Accordingly, a goal 

of this study was to investigate if ID is associated with increased accumulation of Mn, especially in brain 

regions that inherently contain high Mn levels (e.g., striatum). 
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The neurobiological sequelae of ID include alterations in behavior, cognition, and neurotransmitter metabolism 

(18). Over three decades ago, ID was linked to decreased dopamine D2 receptors in striatum (19,20), and, 

presently, it is well established that ID leads to increased extracellular dopamine (21–23) and decreased 

dopamine transporter and dopamine receptor functioning (24,25). There is growing evidence that ID is 

associated with perturbation in additional neurotransmitter levels [e.g., γ-aminobutyric acid (GABA), glutamate, 

and serotonin] (26). However, a direct effect of ID on these neurotransmitters has yet to be determined. 

Accordingly, a secondary goal of this study was to examine the effect of ID and/or Mn accumulation on brain 

regional concentrations of GABA, glutamate, and aspartate. 

 

Glutamate is the most prevalent excitatory neurotransmitter in the brain (27), whereas GABA is the most 

abundant inhibitory neurotransmitter in the brain (28). Cortical glutamate afferents project into the striatum 

where, in concert with GABA and dopamine, motor behaviors are controlled (29). Glutamate is converted to 

GABA by decarboxylation via glutamate decarboxylase (GAD) and is degraded via GABA-transaminase. 

Altered GABA metabolism as a result of ID has been shown (26), but absolute changes in GABA concentration 

were not detected. Further-more, Li’s study demonstrated increased glutamate concentration as a 

result of ID, caused by decreased GAD activity. Reports of GABA concentrations in the rat brain upon 

manganese exposure are inconsistent. For example, exposure to 6 mg Mn/kg/d led to a significant increase in 

brain manganese concentrations and significant decrease in GABA concentrations (30). Another report showed 

that rats exposed to 20 mg Mn/kg/d had significantly increased brain manganese and GABA concentrations 

(31). Accordingly, it appears that a relationship exists between the severity of Mn exposure and GABA 

concentrations, with lower Mn exposure leading to decreased GABA, and high Mn exposure leading to 

increased GABA concentrations. 

 

Taurine is present in high concentrations in the mammalian central nervous system (CNS), particularly in the 

striatum. It has been implicated as a neuroprotectant (32) and a possible neurotransmitter. Past studies have 

focused on its relationship with GABA in striatum and substantia nigra (33). Briefly, taurine injected into rat 

substantia nigra induces inhibition of dopamine neurons (34) and GABA-like behaviors (35). Furthermore, 

taurine has been shown to interact with GABAA receptors (36), which are abundant in the substantia nigra. Mn 

exposure has been shown to increase taurine transporter expression in astrocytes (37) and increase taurine 

concentration in the cerebellum (31), potentially representing adaptive responses to Mn-induced oxidative 

damage (38,39). 

 

The first goal of this study was to examine the effect of ID on Mn accumulation in seven brain regions: cortex, 

cerebellum, hippocampus, caudate putamen, globus pallidus, substantia nigra, and thalamus. These brain 

regions include those known to be vulnerable to Mn toxicity (e.g., globus pallidus, caudate putamen, thalamus), 

as well as regions less sensitive to Mn (e.g., cortex). We also included an ID diet fortified with 100 mg Mn/kg 

diet (10 mg Mn/kg diet is the recommended level) to examine the interaction between dietary Mn and brain Mn 

concentration in response to ID. The working hypothesis was that ID will lead to Mn accumulation in the brain 

and that an ID diet that is fortified with Mn will not increase brain Mn accumulation beyond levels that are 

associated with ID per se. Furthermore, we hypothesized that ID will increase Mn accumulation in Mn-sensitive 

―target‖ regions (i.e., thalamus, caudate putamen, and globus pallidus) to a greater extent than Mn-insensitive 

―nontarget‖ (i.e., cortex) brain regions. The final goal of this study was to measure neurochemical changes in 

these seven brain regions as a result of ID and to determine if Mn accumulation correlates with these changes. 

 

MATERIALS AND METHODS  

Animals 

Male 21-d-old Sprague-Dawley rats (Harlan Sprague-Dawley, Indianapolis, IN) were randomly divided into 

three dietary treatment groups: control (CN; 35 mg Fe/kg, 10 mg Mn/kg diet), iron deficient (ID; 4 mg Fe/kg, 

10 mg Mn/kg diet), and iron deficient/manganese supplemented (IDMn+; 4 mg Fe/kg, 100 mg Mn/kg diet). 

Diets were obtained from Bio-Serv (Frenchtown, NJ) and certified for mineral content. Rats had free access to 

food and water 24 h/d, and the lights were turned off between 1800 and 0600 h. Room temperature was 

maintained at 25 ± 1°C. After 6 wk of dietary treatment, the rats were killed and their brains were removed for 



mineral and neurochemical analyses. The Wake Forest University School of Medicine Animal Care and Use 

Committee approved all of the animal procedures. 

 

Hematological Measurements 

Hematocrit was measured weekly via blood samples acquired by tail prick. It was determined by centrifugation 

of blood collected into heparinized microcapillary tubes. Blood samples were collected at the end of the 

experiment into heparinized tubes; aliquots were used for hematocrit and hemoglobin (procedure no. 525; 

Sigma Chemical, St. Louis, MO) measurements. The remaining blood was cooled to 4°C and centrifuged in a 

clinical centrifuge for 15 min to separate cells from plasma. Plasma was frozen at –80°C until analyzed for Fe 

and transferrin (Tf). Plasma Fe was measured with the ADVIA 1650
TM

 (Bayer Corp., Tarrytown, NY) and Tf 

by a turbidimetric immunoassay (40). 

 

Brain Mn 

Brains were dissected into seven regions: caudate putamen, globus pallidus, thalamus, hippocampus, substantia 

nigra, cerebellum, and cortex. Neutron activation analysis (NAA) was used to measure Mn and Fe in the brain 

regions. Unfortunately, NAA was not sufficiently sensitive enough to detect Fe in all brain regions. Therefore, 

only Mn concentrations are reported. Samples were irradiated for 60 s each in PULSTAR pneumatic terminus at 

900 kWth. Samples were decayed for approximately 60 min and counted for 10 min each on a gamma 

spectroscopy system analyzing for Mn. 

 

Amino Acid Analysis 

Amino acid standards were purchased from Sigma Chemicals (Sigma Aldrich, Natick, MA). Brain amino acid 

concentrations were measured according to a published method (41). Briefly, tissues were homogenized in 4°C 

absolute methanol (#A 454-4; Fisher Scientific, Fairlawn, NJ). Homoserine was added as an internal standard 

and several concentrations of the amino acids were added to brain extracts and processed in parallel for 

quantifying unknowns. Homogenates were centrifuged at 1000 g for 10 min and the supernatants were dried at 

37°C under a stream of dry nitro-gen. The dried samples were stored at –20°C until analyzed. Samples were 

reconstituted with methanol (A 454-4) and reacted with OPT reagent (100 mg O-pthaldialdehyde in 0.5 mL 

methanol, 100 µL of 2-mercaptoethanol in 1.9 mL of 0.4 M borate, pH 9.5) for 2 min and injected into a 

gradient high-performance liquid chromatography (HPLC) system (Gilson Model 201) using an autoinjector 

(Gilson 401 and 231). A C18 reversed-phase column (0.46 × 15 cm, 5 µm) was used with fluorometric detection 

(Gilson 121) (excitation 305–395 nm, 430–470 nm). The mobile phase was 0.1 M sodium acetate, pH 6.2, 

containing 0.1 µM EDTA and increasing concentrations of methanol (15–50%) with a 1.3-mL/p min flow rate. 

Retention times in minutes were as follows: aspartate (Asp), 2.35; glutamate (glu), 3.47; glutamine (gln), 7.9; 

homoserine (Hser), 9.9; glycine (Gly), 11.16; taurine (Taur), 17.0; γ-amino butyric acid (GABA), 20.2. 

 

Statistical Analysis 

The data were analyzed with the SAS system for Windows v6.12 statistical analysis package (SAS, Cary, NC). 

Data were examined for normality of distribution and presence of outliers. Data two standard deviations above 

or below the mean were considered outliers. One-way analysis of variance was used to test for the effects of 

dietary treatment on clinical parameters. Simple repeated-measures analysis of variance with repeated-measures 

factors (brain regions) and between-groups factors (dietary treatment) was used to test for interactions between 

dietary treatments and brain regions for amino acid and mineral data. Tukey’s HSD post hoc test was used to 

evaluate mean differences. The α level for the analyses was p<0.05 

 

RESULTS 

Body Weights, Tissue Weights, and Hematology 

Both ID diets (ID and IDMn+) caused significant decreases in body weight (Table 1). Hematocrit and 

hemoglobin were significantly lower in the ID and IDMn+ groups, indicating severe anemia (Table 1). Further-

more, plasma transferrin (higher than controls) and iron (lower than controls) concentrations were characteristic 

of anemia in the ID and IDMn+ groups (Table 1) and consistent with earlier reports of ID (13–15,42). 

 



 
 

Brain Regional Mn Concentrations 

Both iron-deficient diets (ID and IDMn+) caused a significant increase (p<0.05) in Mn concentration in all 

brain regions compared to controls (CN), except substantia nigra, where the trend was similar but the p-value 

was not statistically significant (p=0.091) (Table 2). The IDMn+ diet did not significantly increase Mn 

concentration in any brain region compared to the ID diet, except in the hippocampus (CN<ID<IDMn+). 
 

 
 

 

Brain Regional Amino Acid Concentrations 

Amino acid concentrations in the seven brain regions are summarized in Table 3. The cortex, glutamate, and 

glutamine were significantly decreased (p<0.05) in both ID and IDMn+ groups compared to CN. However, 

glutamate concentration was significantly higher (p<0.05) in the caudate putamen of IDMn+ rats compared to 

ID and CN. Glutamine and GABA concentrations were significantly reduced (p<0.05) in the caudate putamen 

of ID and IDMn+ rats compared to CN. GABA concentration was also decreased in the hippocampus (ID and 

IDMn+) and the globus pallidus (IDMn+) compared to CN rats (p<0.05). Taurine concentration in the 

substantia nigra of IDMn+ rats was significantly higher (p<0.05) than in CN and ID rats. 

 

Correlational Analysis 

Only two significant relationships emerged when Mn concentration was correlated with each of the amino acids 

in all of the brain regions. Mn concentration significantly correlated with increased taurine concentration in the 

substantia nigra (r = 0.65; p < 0.05) (Fig. 1), and in the caudate putamen, increased Mn negatively correlated 

with GABA concentration (r = –0.54; p < 0.05) (Fig. 2). 



 



 

 

DISCUSSION 

Several novel findings emerged from this study. First, although ID caused a significant increase in brain Mn 

concentration, increased dietary Mn (IDMn+ diet) did not increase brain Mn concentration beyond the level 

associated with ID, except in the hippocampus. Second, ID led to brain-region-specific alterations in amino acid 

concentrations (e.g., GABA concentration was significantly decreased in hippocampus, caudate putamen, and 

globus pallidus, but not other regions). Finally, increased taurine in the substantia nigra was highly correlated 

with Mn concentration. 

 

Although it was previously shown that ID increases Mn concentration in rat brain (9,10), this is the first study to 

assess ID-associated region-specific changes in brain Mn levels. ID led to a significant increase (p<0.05) in the 

Mn concentration of all brain regions, except substantia nigra (p=0.091) (Table 2). 

 



Brain regional Mn concentrations were measured with NAA, which offers highly sensitive detection for Mn. 

Unfortunately, NAA has a very low sensitivity for Fe detection. Nevertheless, Fe measurements were 

detected in cerebellum, hippocampus, cortex, and thalamus and were similar to levels reported in the literature 

(14,15,24). ID caused a 20–40% decrease in Fe concentration in these brain regions, with hippocampus showing 

the greatest reduction in iron concentration. 

 

Iron deficiency leads to a significant increase in transferrin (Tf), transferrin receptor (TfR), and a decrease in Fe 

concentrations in various rat brain regions (13–15). Therefore, because ID causes increased Tf and TfR 

heterogeneously in the brain, it was logical to expect increased Mn in the brain in a heterogeneous manner, 

given earlier findings that link Mn trans-port to TfR endocytosis (43). Although we did not measure brain Tf 

levels in these rats, it is interesting to note that ID increased hippocampal and cortical Tf more robustly than 

other regions (14) and that the IDMn+ diet caused a significant increase in Mn compared to the ID diet 

exclusively in these two regions (Table 2). Hence, ID-induced Mn accumulation occurred in a heterogeneous 

fashion in the brain, with regions that have been shown to respond profoundly to ID with increased Tf and TfR, 

accumulating more Mn. 

 

An additional novel finding of these studies suggests that even at nor-mal dietary Mn concentration, ID is 

sufficient to induce brain regional Mn accumulation (i.e., increased dietary manganese [IDMn+ diet] was not 

needed to raise regional Mn concentrations). The data also corroborate other studies that have shown that even 

under extreme conditions of Mn exposure, brain Mn concentration were not increased beyond twofold to 

threefold (44). The public health ramification of this observation is pro-found, for segments of the population in 

which ID is most prevalent (pregnant women, adolescents, toddlers) are at risk for increased brain Mn 

accumulation, even in the absence of environmental Mn exposure. 

 

Numerous reports show that ID is associated with disturbances in neurotransmitter metabolism. For example, 

ID is linked to decreased dopamine D2 and D1 receptor densities (19,20,25), increased extracellular dopamine 

(21–23), and decreased dopamine uptake and dopamine transporter density (24). Similarly, manganese 

neurotoxicity is associated with altered neurotransmitter metabolism. Manganese is linked to alterations of 

dopamine, glutamate, and GABA metabolism in rats (16,31,45,46). 

 

In addition to the known disturbances in dopamine metabolism, ID affects GABA metabolism in rat brain 

tissues (26). Whereas the absolute GABA concentration was not different from control levels, GAD activity 

was significantly lower in ID rats (26). In contrast, we found that both ID diets (ID and IDMn+) caused a 

significant decrease in GABA concentration in the hippocampus and caudate putamen, whereas only the 

IDMn+ diet decreased GABA concentration in the globus pallidus (Table 3). The level of ID was more severe 

in our rats than in Li’s (e.g., Hb 46 g/L vs 84 g/L; Hct 16% vs 31%, respectively). Therefore, because our study 

employed a more severe ID condition, we observed a significant ID-dependent decrease in GABA 

concentration and Li (26) did not, even though the overall amino acid concentrations in each brain region tested 

were similar in both studies. Consistent with the caudate putamen’s known sensitivity to Mn-induced alterations 

in neurochemistry (16,45), GABA concentration in this brain region negatively correlated with Mn 

concentration (Fig. 2). This finding is in accordance with a previous study in which Mn accumulation in rat 

brains led to decreased GABA concentrations (30). It is also important to note that the increased dopamine 

levels in caudate putamen observed in ID rats (21–23) may be associated with decreased GABA concentration. 

It is well established that striatonigral GABAergic neurons are inhibitory neurons, which project onto the 

substantia nigra. Thus, it is probable that decreased striatal GABA concentration is indicative of attenuated 

inhibitory signals to the nigrostriatal dopaminergic pathway (i.e., substantia nigra), thereby contributing to the 

observed elevation of dopamine levels in caudate putamen. 

 

Glutamate (Glu) is increased in striatum of ID rats (26). This ID-associated increase in striatal Glu was the 

result of decreased GAD (rate-limiting enzyme in GABA formation) activity, according to Li (26). Our study 

showed that in caudate putamen, the IDMn+ diet caused a significant increase in Glu, but both ID diets caused a 

decrease in cortical Glu levels. Because glutamatergic afferents projecting into striatum control motor behavior, 



decreased cortical Glu could exacerbate and/or precipitate motor behavioral changes associated with ID 

(20,25,47,48). A plausible explanation for this significant decrease in cortical Glu concentration is that ID-

induced Mn accumulation caused attenuation of Glu recycling. It has been suggested that Glu uptake by 

astrocytes, its conversion to glutamine (Gln) via glutamine synthetase, and deamination to Glu is the primary 

Glu recycling pathway (49–51). Indeed, Mn exposure is associated with decreased Glu uptake in astrocytes 

(37,52). Furthermore, the decreased Gln observed in caudate putamen, cortex, and thalamus associated with ID 

might be caused by Mn-induced attenuation of astrocytic Glu uptake. The implications of the potential 

neurotoxic effects of this increased Glu (53) secondary to ID are profound and extend our knowledge of 

neurobiological sequelae of ID from primarily neurochemical to neurotoxic. 

 

Taurine concentration was significantly increased in substantia nigra resulting from the IDMn+ diet compared 

with CN or ID diets. There is no known link between ID and taurine levels in the brain. However, Mn is linked 

with increased taurine transporter gene expression in astrocytes (37). Taurine is one of the most abundant amino 

acids in the brain, particularly in the striatum. It is thought to be a neuroprotectant, as well as a putative 

neurotransmitter (33). Its role as a neurotransmitter is putatively mediated via interactions with GABAA 

receptors (36). A potential explanation for the significant correlation between Mn and taurine concentration in 

substantia nigra is that Mn accumulation leads to an adaptive response (i.e., increased taurine) (39), especially 

in the substantia nigra, an area that is vulnerable to oxidative processes (e.g., Parkinson’s disease). 

 

In conclusion, the present study establishes that ID leads to brain Mn accumulation in a heterogeneous fashion. 

Further, the IDMn+ diet does not enhance brain Mn accumulation beyond the ID diet per se, except in the 

hippocampus, a region shown to respond vigorously to ID with an increase in Tf and TfR (14,15). Our data 

unequivocally support a role for Fe in the metabolism of certain amino acid neurotransmitters, namely 

glutamate and GABA. Both amino acids are critical for proper functioning of the striatum, which is known to be 

perturbed in ID. Thus, this study broadens the understanding of neurochemical alterations in ID from being 

solely associated with dopamine to identifying changes in glutamate and GABA metabolism as a consequence 

of ID. Additionally, the significant correlation between caudate putamen concentration of GABA and Mn 

warrant further investigation, particularly because this relationship is brain region-specific (i.e., ID-associated 

Mn accumulation may account for some of the neurochemical alterations formerly attributed to brain Fe loss). 

Finally, taurine concentration was significantly correlated with Mn concentration in the substantia nigra, 

potentially representing a neurochemical change that is specific to combined ID and Mn fortification (i.e., not 

observed with ID alone). The ID diets utilized in this study were sufficient to ascertain changes in brain Mn and 

amino acid transmitters associated with the lack of Fe. A less severe ID diet (10–15 mg Fe/kg diet) will be 

tested in future studies to examine these issues under less physiologically extreme conditions. 

 

REFERENCES 

1. ACC/SCN, Second Report on the World Nutrition Situation, Vol. 1. Global and Regional Results, 

ACC/SCN, Geneva (1992). 

2. E. DeVoto and R. A. Yokel, The biological speciation and toxicokinetics of aluminum, Environ. Health 

Perspect. 102,940–951 (1994). 

3. P. R. Flanagan, J. S. McLellan, J. Haist, M. D. Cherian, M. J. Chamberlain, and L. S. Val-berg, Increased 

dietary cadmium absorption in mice and human subjects with iron deficiency, Gastroenterology 74, 841–846 

(1978). 

4. K. M. Six and R. A. Goyer, The influence of iron deficiency on tissue content and toxicity of ingested lead 

in the rat, J. Lab. Clin. Med. 79, 128–136 (1972). 

5. L. S. Hurley and C. L. Keen, Manganese, in Trace Elements in Human Health and Animal Nutrition, E. 

Underwood and W. Mertz, eds., Academic, New York, pp. 185–223 (1987). 

6. C. Davis, T. Wolf, and J. Greger, Varying levels of manganese and iron affect absorption and gut 

endogenous losses of manganese by rats, J. Nutr. 122, 1300–1308 (1992). 

7. J. W. Finley, Manganese absorption and retention by young women is associated with serum ferritin 

concentration, Am. J. Clin. Nutr. 70, 37–43 (1999). 



8. W. Zheng, Q. Zhao, V. Slavkovich, M. Aschner, and J. H. Graziano, Alteration of iron homeostasis 

following chronic exposure to manganese in rats, Brain Res. 833, 125–132 (1999). 

9. A. C. G. Chua and E. H. Morgan, Effects of iron deficiency and iron overload on manganese uptake and 

deposition in the brain and other organs of the rat, Biol. Trace Metal Res. 55, 39–54 (1996). 

10. C. L. Kwik-Uribe, M. S. Golub, and C. L. Keen, Chronic marginal iron intakes during early development in 

mice alter brain iron concentrations and behavior despite post-natal iron supplementation, J. Nutr. 130, 2040–

2048 (2000). 

11. A. Crowe and E. H. Morgan, Iron and transferrin uptake in brain and cerebrospinal fluid in the rat, Brain 

Res. 592, 8–16 (1992). 

12. E. A. Malecki, A. G. Devenyi, J. L. Beard, and J. R. Connor, Existing and emerging mechanisms for 

transport of iron and manganese to the brain, J. Neurosci. Res. 56, 113–122 (1999). 

13. Q. Chen, J. R. Connor, and J. L. Beard, Brain iron, transferrin and ferritin concentrations are altered in 

developing iron-deficient rats, J. Nutr. 125, 1529–1535 (1995). 

14. K. M. Erikson, D. J. Pinero, J. R. Connor, and J. L. Beard, Regional brain iron, ferritin, and transferrin 

concentrations during iron deficiency and iron repletion in developing rats, J. Nutr. 127, 2030–2038 (1997). 

15. D. J. Pinero, N. Q. Li, J. R. Connor, and J. L. Beard, Variations in dietary iron alter brain iron metabolism in 

developing rats, J. Nutr. 130, 254–263 (2000). 

16. S. Montes, M. Alcaraz-Zubeldia, P. Muriel, and C. Rios, Striatal manganese accumulation induces changes 

in dopamine metabolism in the cirrhotic rat, Brain Res. 891, 123–129 (2000). 

17. M. A. Verity, Manganese neurotoxicity: a mechanistic hypothesis, Neurotoxicology 20, 489–498 (1999). 

18. J. L. Beard, Iron biology in immune function, muscle metabolism, and neuronal functioning, J. Nutr. 131, 

568s–579s (2001). 

19. R. Ashkenazi, D. Ben-Shachar, and M. B. H. Youdim, Nutritional iron and dopamine binding sites in the rat 

brain, Pharmacol. Biochem. Behav. 17(s), 43–47 (1982). 

20. M. B. H. Youdim, D. Ben-Shachar, and S. Yehuda, Putative biological mechanisms of the effect of iron 

deficiency on brain biochemistry and behavior, Am. J. Clin. Nutr. 50, 607–617 (1989). 

21. J. L. Beard, Q. Chen, J. R. Connor, and B. C. Jones, Altered monoamine metabolism in caudate putamen of 

iron-deficient rats, Pharmacol. Biochem. Behav. 48, 621–624 (1994). 

22. Q. Chen, J. L. Beard, and B. C. Jones, Abnormal brain monoamine metabolism in iron deficiency anemia, J. 

Nutr. Biochem. 6, 486–493 (1995). 

23. C. Nelson, K. Erikson, D. J. Pinero, and J. L. Beard, In vivo dopamine metabolism is altered in iron 

deficient anemic rats, J. Nutr. 127, 2282–2288 (1997). 

24. K. M. Erikson, B. C. Jones, and J. L. Beard, Iron deficiency alters dopamine transporter functioning in rat 

striatum, J. Nutr. 130, 2831–2837 (2000). 

25. K. M. Erikson, B. C. Jones, E. J. Hess, Q. Zhang, and J. L. Beard, Iron deficiency decreases dopamine D1 

and D2 receptors in rat brain, Pharmacol. Biochem. Behav. 69, 409–418 (2001). 

26. D. Li, Effects of iron deficiency on iron distribution and γ-aminobutyric acid (GABA) metabolism in young 

rat brain tissues, Hokkaido J. Med. Sci. 73, 215–225 (1998). 

27. C. W. Cotman, A. C. Foster, and T. Lanhorn, An overview of glutamate as a neurotransmitter, Adv. 

Biochem. Psychopharmacol. 27, 1–27 (1981). 

28. R. W. Olsen and T. M. DeLorey, GABA and Glycine, in Basic Neurochemistry, G. J. Siegel, B. W. 

Agranoff, R. W. Albers, S. K. Fisher, and M. D. Uhler, eds., Lipincott Williams and Wilkins, Philadelphia, pp. 

335–346 (1999). 

29. M. Carlsson and A. Carlsson, Interactions between glutamatergic and monoaminergic systems within the 

basal ganglia-implications for schizophrenia and Parkinson’s disease, Trends Neurosci. 13, 272–276 (1990). 

30. S. V. Chandra, K. M. Malhotra, and G. S. Shukla, GABAergic neurochemistry in manganese exposed rats, 

Acta Pharmacol. Toxicol. 51, 456–458 (1982). 

31. G. W. Lipe, H. Duhart, G. D. Newhart, W. Slikker, Jr., and S. F. Ali, Effect of manganese on the 

concentration of amino acids in different regions of the rat brain, J. Environ. Sci. Health B 34, 119–132 (1999). 

32. D. Vitarella, D. J. DiRisio, H. K. Kimelberg, and M. Aschner, Potassium and taurine release are highly 

correlated with regulatory volume decrease in neonatal primary rat astrocyte cultures, J. Neurochem. 63, 1143–

1149 (1994). 



33. S. S. Oja and P. Kontro, Neurotransmitter actions of taurine in the central nervous sys-tem, in Taurine in 

Neurological Disorders, A. Barbeau and R. J. Huxtables, eds., Raven, New York, pp. 181–200 (1978). 

34. S. Kaakkola and I. Kaariainnen, Contralateral circling behavior induced by intranigral injection of taurine in 

rats, Acta Pharmacol. Toxicol. 46, 293–298 (1980). 

35. K. Kamata, T. Kameyana, S. Okuyama, S. Hashimoto, and H. Aihara, Contralateral cir-cling behavior 

induced by intranigral microinjections of taurine and GABA in rats, Brain Res. 343,275–282 (1985). 

36. M. H. Bureau and R. W. Olsen, Taurine acts on a subclass of GABAA receptors in mammalian brain in 

vitro, Eur. J. Pharmacol. 207,9–16 (1991). 

37. K. M. Erikson and M. Aschner, Manganese causes differential regulation of glutamate transporter 

(GLAST), taurine transporter, and metallothionein in cultured rat astrocytes, Neurotoxicology 105, 1–8 (2001). 

38. M. Eriksson and B. Heilbronn, Changes in the redox state of neuroblastoma cells after manganese exposure, 

Arch. Toxicol. 54, 53–59 (1983). 

39. A. A. Boldyrev, P. Johnson, Y. Wei, Y. Tan, and D. O. Carpenter, Carnosine and taurine protect rat 

cerebellar granular cells from free radical damage, Neurosci. Lett. 263, 169–172 (1999). 

40. C. P. McCormick, Z. K. Shihabi, and J. C. Konen, Microtransferrinuria and microalbuminuria: enhanced 

immunoassay. Ann. Clin. Lab. Sci. 19, 444–449 (1989). 

41. B. N. Jones and J. P. Gilligan, O-Phthaldialdehyde precolumn derivatization and reversed-phase high-

performance liquid chromatography of polypeptide hydrolysates and physiological fluids. J. Chromatogr. 266, 

471–482 (1983). 

42. M. J. Borel, S. H. Smith, D. E. Brigham, and J. L. Beard, The impact of varying degrees of iron nutriture on 

several functional consequences of iron deficiency in rats, J. Nutr. 121,729–736 (1991). 

43. O. Rabin, L. Hegedus, J. M. Bourre, and Q. R. Smith, Rapid brain uptake of manganese (II) across the 

blood-brain barrier, J. Neurochem. 61, 509–517 (1993). 

44. D. C. Dorman, M. F. Struve, R. A. James, M. W. Marshall, C. U. Parkinson, and B. A. Wong, Influence of 

particle solubility on the delivery of inhaled manganese to the rat brain: manganese sulfate and manganese 

tetroxide pharmacokinetics following repeated (14-day) exposure, Toxicol. Appl. Pharmacol. 170, 79–87 

(2001). 

45. M. Miele, P. A. Serra, G. Esposito, M. R. Delogu, R. Migheli, G. Rocchitta, et al. Glutamate and catabolites 

of high energy phosphates in the striatum and brainstem of young and aged rats subchronically exposed to 

manganese, Aging 12, 393–397 (2001). 

46. J. C. K. Lai, T. K. Leung, and L. Lim, Differences in neurotoxic effects of manganese during development 

and aging: some observations on brain regional neurotransmitter and non-neurotransmitter metabolism in a 

developmental rat model of chronic manganese encephalopathy, Neurotoxicology 5, 37–45 (1984). 

47. J. R. Hunt, C. A. Zito, J. Erjavec, and L. Johnson, Severe or marginal iron deficiency affects spontaneous 

physical activity in rats, Am. J. Clin. Nutr. 59, 413–418 (1994). 

48. D. Pinero, B. Jones, and J. Beard, Variations in dietary iron alter behavior in developing rats, J. Nutr. 131, 

311–318 (2001). 

49. O. P. Otterson, N. Zhang, and F. Walberg, Metabolic compartmentation of glutamate and glutamine: 

morphological evidence obtained by quantitative immunocytochemistry in rat cerebellum, Neuroscience 46, 

519–34 (1992). 

50. C. J. Van den Berg and D. Garfinkel, A simulation study of brain compartments— metabolism of glutamate 

and related substances in mouse brain. Biochem. J. 123, 211–218 (1972). 

51. N. Westergaard, U. Sonnewald, and A. Schousboe, Metabolic trafficking between neurons and astrocytes: 

the glutamate glutamine cycle revisited, Dev. Neurosci. 17,203–211 (1995). 

52. A. S. Hazell and M. D. Norenberg, Manganese decreases glutamate uptake in cultured astrocytes, 

Neurochem. Res. 22, 1443–1447 (1997). 

53. D. W. Choi, Glutamate neurotoxicity and diseases of the central nervous system, Neuron 1, 623–633 (1988). 


