
Central nervous system toxicity of manganese: Mechanism
of manganese concentration in the ventral mesencephalon

Item Type text; Dissertation-Reproduction (electronic)

Authors Ingersoll, Russell Taylor, 1966-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:20:43

Link to Item http://hdl.handle.net/10150/282218

http://hdl.handle.net/10150/282218


INFORMATION TO USERS 

This manuscript has been reproduced from the microfilm master. UMI 

films the text directly from the ori^nai or copy submitted. Thus, some 

thesis and dissertation copies are in typewriter &ce, while others may be 

fi'om any type of computer printer. 

The quality of this reproduction is dependent upon the quality of the 

copy submitted. Broken or indistinct print, colored or poor quality 

illustrations and photographs, print bleedthrough, substandard margins, 

and improper aligrmient can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a complete 

manuscript and there are missing pages, these will be noted. Also, if 

unauthorized copyright material had to be removed, a note will indicate 

the deletion. 

Oversize materials (e.g., m^s, drawings, charts) are reproduced by 

sectioning the original, begirming at the upper left-hand comer and 

continuing from left to right in equal sections with small overlaps. Each 

original is also photographed in one ^osure and is included in reduced 

form at the back of the book. 

Photographs included in the original manuscript have been reproduced 

xerographically in this copy. Higher quality 6" x 9" black and white 

photographic prints are available for any photographs or illustrations 

appearing in this copy for an additional charge. Contact UMI directly to 

order. 

UMI 
A Bell & Ifowell Infonnadon Compaiqr 

300 North Zed) Road, Ann Aibor MI 48106-1346 USA 
313/761-4700 800/521-0600 





CENTRAL NERVOUS SYSTEM TOXICITY OF MANGANESE: MECHANISM OF 

MANGANESE CONCENTRATION IN THE VENTRAL MESENCEPHALON 

Copyright © Russell Taylor Ingersoll 

A Dissertation Sxibmitted to the Faculty of the 

COMMITTEE ON PHARMACOLOGY AND TOXICOLOGY (GRADUATE) 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

19 9 6 



UMZ Number: 9720597 

Copyright 1997 by 
Ingersoll, Russell Taylor 

All rights reserved. 

UMI Microform 9720597 
Copyright 1997, by UMI Company. All rights reserved. 

This microform edition is protected against unauthorized 
copying under Title 17, United States Code. 

UMI 
300 North Zeeb Road 
Ann Arbor, MI 48103 



2 

THE DNIVERSITY OF ARIZONA ® 
GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have 

read the dissertation prepared by Rn.ciSP^n Taylnr Tnyprsnll 

entitled Pfanf-r-al N^T-^rnnc! gyg't-gm Tnvifit'y of Mangantagfa? 

Mfar;han-i stn of Manganfagpi rnno^nl-ral-i nn in hhp> 

MAgtanrpphal on 

and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of Doctor of Philosophy 

Date ^ B. Montaom^y, 

5andolfi, 

^ryWenk, Ph.D. Date 

Date 

Final approval and acceptance of this dissertation is contingent upon 
the candidate's submission of the final copy of the dissertation to the 
Graduate College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 
requirement. 

Dissertation Director 
H. Vas Aposhxan, Ph.D. 

lo( 
Date 



3 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial 

fulfillment of requirements for an advanced degree at The 

University of Arizona and is deposited in the University 

Library to be made available to borrowers under the rules of 

the Library. 

Brief quotations from this dissertation are allowable 

without special permission, provided that accurate 

acknowledgment of source is made. Requests for permission 

for extended quotation from or reproduction of this 

manuscript in whole / or i lay be granted by the par 

copyright holder. 

SIGNED: 



4 

ACKNOWLEDGMENTS 

I am indebted to my co-advisor and mentor. Dr. H. Vas 

Aposhian, for his patience, encouragement and intrepid 

counsel. I gratefully acknowledge the guidance and support 

of my co-advisor Dr. Erwin B. Montgomery, Jr. I would also 

like to thank the other members of my committee: Drs. Dean 

Carter, A. Jay Gandolfi, Hugh E. Laird II and Gary Wenk. I 

also recognize Dr. John Regan who filled a last-minute 

vacancy during my oral examination. 

I would like to extend a special thanks to those members 

of the Aposhian Lab specifically. Dr. Rich Maiorino, Dr. Greg 

Bogdan, David Bruce, Dr. Wei Zheng, Dr. Jon Akins, Dr. Katie 

Hurlbut and Eric Wildfang for their support, shared 

experiences and life-long friendship. In addition, I would 

like to thank Kevin Schooler and Dr. Kazuhiko Kawasaki of Dr. 

Shimizu's Laboratory for their friendship and advice. 

I earnestly and enthusiastically acknowledge the support 

and guidance of my parents. Rev. Russell W. Ingersoll and 

Mrs. Patricia A. Ingersoll. 

Finally, I wish to express my sincerest and deepest 

appreciation to my loving wife, Sara. This work would have 

been impossible without her unconditional support, caring, 

understanding, encouragement and love. 



5 

TABLE OF CONTENTS 

LIST OF FIGURES 9 

LIST OF TABLES 11 

ABSTRACT 12 

INTRODUCTION 14 
Industrial and Convmercial Uses of Manganese 14 
Bioavailability, Absorption, Distribution 

and Excretion of Manganese 15 
Manganese Containing Enzymes and Regulatory 

Pathways 20 
The Blood-Cerebrospinal Fluid Barrier 21 
Manganese Neurotoxicity 23 
Specific Aims 2 5 
Hypotheses 27 

PART I. 
ROLE OF THE RAT LATERAL CHOROID PLEXUS IN 
PROTECTING THE CEREBROSPINAL FLUID AND CENTRAL 
NERVOUS SYSTEM FROM MANGANESE 2 8 

CHAPTER 1. 
THE RAT LATERAL CHOROID PLEXUS SEQUESTERS MANGANESE 

FROM THE BLOOD 29 

Materials and Methods 31 
Manganese Uptake From the Blood 32 
Blood and Cerebrospinal Fluid Collection 3 2 
Tissue Collection 32 
54Mn Determination 33 

Results 3 3 
Dose Response of Manganese Concentration in 

the Rat Lateral Choroid Plexus 33 
Increased Manganese Concentration in the 

Cerebrospinal Fluid and Brain Cortex 3 6 

Discussion 3 6 

CHAPTER 2. 
THE RAT LATERAL CHOROID PLEXUS DOES NOT REMOVE 

MANGANESE FROM THE CEREBROSPINAL FLUID 38 

Materials and Methods 3 9 
Intrathecal Administration of Manganese 40 



6 

TABLE OF CONTENTS - Continued 

Qualitative Neurological Observations 40 
Tissue Digestion and Atomic Absorption 

Spectrophotometry Analysis 
of Manganese 41 

Results 42 
Lateral Choroid Plexus Does Not Remove 

Manganese from the Cerebrospinal Fluid 42 
Intrathecal Manganese Neurotoxicity 44 

Discussion 45 

SUMMARY 47 

PART II. 
MANGANESE NEUROTOXICITY AFTER INTRATHECAL 
ADMINISTRATION OF MANGANESE CHLORIDE 50 

CHAPTER 3 
SPONTANEOUS MOTOR ACTIVITY DECREASED AFTER 
INTRATHECAL MANGANESE CHLORIDE 51 

Materials and Methods 53 
Intrathecal Administration of Manganese 53 
Measurement of Spontaneous Motor Activity 53 
Brain Dissection 55 
Tissue Digestion and Atomic Absorption 

Spectrophotometry Analysis of Manganese 56 
High Pressure Liquid Chromatography 

Determination of Dopamine, DOPAC and HVA 
Concentrations in the Caudate Putamen 57 

Statistics 59 

Results 59 
Manganese Decreased the Spontaneous Motor 

Activity of Young Male Rats 59 
Manganese Concentrated in Ventral 

Mesencephalon 62 
Intrathecal Mn Decreased Dopamine 

Concentration in the Caudate Putamen 62 

Discussion 65 

CHAPTER 4 
TIME COURSE OF MANGANESE DISTRIBUTION IN THE RAT BRAIN 
AFTER INTRATHECAL MANGANESE CHLORIDE 69 



7 

TABLE OF CONTENTS - Continued 

Materials and Methods 70 
Intrathecal Administration of Manganese 71 
Tissue Collection and Brain Dissection 71 
Tissue Digestion and Atomic Absorption 

Spectrophotometry Analysis of Mn 71 
High Pressure Liquid Chromatography 

Quantification of Dopamine, DOPAC, HVA 
and Serotonin in the Caudate Putamen 71 

Statistics 72 

Results 72 
Manganese Rapidly Concentrated in the Rat 

Ventral Mesencephalon 72 
Dopamine Concentration Decreased in the 

Caudate Putamen Associated with Manganese 
Concentration in the Brain 73 

Discussion 79 

SUMMARY 82 

PART III. 
EITHER COCAINE OR RESERPINE DECREASED THE 
CONCENTRATION OF MANGANESE IN THE RAT 
CENTRAL NERVOUS SYSTEM 87 

CHAPTER 5 
IN VIVO INHIBITION OF NEUROTRANSMITTER REUPTAKE CARRIER 
FUNCTION AND DECREASED DOPAMINE AND SEROTONIN 
CONCENTRATION RESULTS IN DECREASED MANGANESE 
CONCENTRATION IN THE RAT CENTRAL NERVOUS SYSTEM 88 

Materials and Methods 90 
Intraperitoneal Cocaine And Reserpine 
Administration 91 
Intrathecal Manganese Administration 91 
Tissue Collection and Brain Dissection 93 
Tissue Digestion and Atomic Absorption 

Spectrophotometry Analysis of Manganese 93 
High Pressure Liquid Chromatography 

Quantification of Dopamine, DOPAC, HVA 
and Serotonin in the Caudate Putamen 93 

Statistics 93 

Results 93 
Cocaine Inhibits Dopamine Reuptake in the 

Caudate Putamen 93 



8 

TABLE OF CONTENTS - Continued 

Either MnCl2 or Cocaine Decreased the Dopamine 
Concentration in the Caudate Putamen 94 

Cocaine Decreased Manganese Concentration in 
the Rat Brain 95 

Reserpine Decreased the Dopamine Concentration 
in the Caudate Putamen 99 

Either MnCl2 or Reserpine Decreased the Dopamine 
Concentration in the Caudate Putamen 103 

Reserpine Decreased Manganese Concentration in 
the Rat Brain 103 

Discussion 104 

OVERVIEW Ill 

Part I Ill 
Part II 112 
Part III 114 

APPENDIX A 
Schematic of the Blood-Brain Barrier and Blood-
Cerebrospinal Fluid Barrier 118 

APPENDIX B 
Schematic Diagram of the Rat Dopaminergic 
Nigrostriatal Pathway 120 

APPENDIX C 
Representative HPLC-ECD Chromatograms 121 

APPENDIX D 
Representative HPLC-ECD Chromatograms 123 

APPENDIX E 
Copyright Permission 127 

REFERENCES 128 



9 

LIST OF FIGURES 

1.1 Concentration of Manganese in the Lateral Choroid 
Plexus after Intraperitoneal Administration 34 

1.2 Concentration of Manganese in the Cerebrospinal 
Fluid and Brain Cortex After Intraperitoneal 
Administration 35 

2.1 Concentration of Manganese in the Lateral Choroid 
Plexus after Intrathecal Administration 43 

2.2 Summary of Mn Movement Into and Out Of the Rat 
Central Nervous System 48 

3.1 Schematic of Activity Cages 54 

3.2 Schematic of Brain Regions Investigated 56 

3 .3 Spontaneous Motor Activity in Rats Given 1 or 
2 mg Mn^+Zkg Intrathecally 60 

3.4 Manganese Concentration in Various Brain Regions 
Five Days after Intrathecal MnCl2 63 

3 .5 Dopamine Concentration in the Caudate Putamen 
Five Days after Intrathecal MnCl2 54 

4.1 Time-Course Distribution of Manganese in the Rat 
Central Nervous System after Intrathecal MnCl2 74 

4.2 Time-Course of the Dopamine Concentration in the 
Caudate Putamen after Intrathecal MnCl2 75 

4.3 DOPAC and HVA Concentrations in the Caudate 
Putamen at Various Time Points after Intrathecal 
Administration of Manganese 77 

4.4 Serotonin Concentration in the Caudate Putamen 
at Various Time Points after Intrathecal 
Administration of Manganese 78 

4.5 Summary of Manganese Concentration in Various 
Regions of the Rat Central Nervous System 83 

5.1 Dopamine Concentration in Caudate Putamen 
30 Minutes After Intraperitoneal Cocaine 9 6 



10 

LIST OF FIGURES - Continued 

5.2 Dopamine, DOPAC, HVA and Serotonin Concentrations 
in the Caudate Putamen after Intraperitoneal 
Cocaine and Intrathecal Manganese 97 

5.3 Manganese Concentration in the Rat Central Nervous 
System after Intraperitoneal Cocaine 
and Intrathecal Manganese 98 

5.4 Dopamine Concentration in the Caudate Putamen 
24 Hours After Intraperitoneal Reserpine 100 

5.5 Dopainine, DOPAC, HVA and Serotonin Concentrations 
in the Caudate Putamen after Intraperitoneal 
Reserpine and Intrathecal Manganese 101 

5.6 Manganese Concentration in the Rat Central Nervous 
System after Intraperitoneal Reserpine 
and Intrathecal Manganese 102 



11 

LIST OF TABLES 

0.1 Concentration of Manganese in Mammalian Tissues 18 

2.1 Summary of Qualitative Neurological Disorders 
Found after Intrathecal Administration of 
Manganese 44 

5.1 Nomenclature and Dosing of Different 
Experimental Groups 92 



12 

ABSTRACT 

In the lateral choroid plexus, Mn was sequestered from 

the blood against a concentration gradient. Intrathecal 

administration of Mn2+ showed that the choroid plexus does not 

remove Mn from the cerebrospinal fluid and that intrathecal 

Mn2+ rapidly caused neurological abnormalities. 

Either 1 or 2 mg Mn2+/kg intrathecally resulted one day 

after dosage in a 91% and 95% decrease in the spontaneous 

motor activity of rats, respectively. Control activity was 

unchanged by intrathecal NaCl. Five days after 

administration, dopamine was decreased 70%; and Mn in the 

ventral mesencephalon was increased 14-fold as compared to 

controls. Mn in the central nervous system reached a maximum 

and dopamine reached a minimum 6 hours after 250 jig Mn2+/rat, 

intrathecally. The ventral mesencephalon contained more Mn 

than any other brain region (p<0.001). 

Neurotransmitter reuptake carriers were inhibited in an 

effort to reduce the Mn concentration in the CNS. To inhibit 

neurotransmitter reuptake, rats were give cocaine i.p. and 

later Mn intrathecally. Mn2+ caused the ventral mesencephalon 

Mn concentration to increase from 0.57 ng/g to 31.8 [ig/g. 

Cocaine prior to Mn decreased the concentration from 31.8 

|lg/g to 3.3 |J.g/g. To decrease neurotransmitter 

concentration, rats were given reserpine i.p. and later Mn 

intrathecally. Mn2+ caused the ventral mesencephalon Mn 
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concentration increased from 0.77 |ig/g to 29.9 M-g/g-

Reserpine prior to Mn decreased the concentration from 29.9 

jig/g to 3.7 |J.g/g. Cocaine or reserpine decreased the Mn 

concentration in the occipital pole, frontal lobe and caudate 

putamen but not in the cerebellum. Manganese, cocaine or 

reserpine decreased the dopamine concentration in the caudate 

putamen from 10.5 to 6.3, 4.1 or 0.8 M-g/g, respectively. 

The results suggest that intrathecal Mn2+ can rapidly 

cause dopaminergic specific neurotoxicity resulting in: 1) 

decreased spontaneous motor activity, 2) increased Mn 

concentration in the ventral mesencephalon and 3) decreased 

dopamine concentration in the caudate putamen. Mn 

concentration in the CNS is related to neurotransmitter 

uptake carriers since inhibiting reuptake or reducing 

concentrations of neurotransmitters resulted in decreased Mn 

concentrations in many brain regions. 
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INTRODUCTION 

Industrial and Conimercial Uses of Manganese 

In 1992, world production of manganese (Mn) ore 

approximated 25 million metric tons; manganese ore is used 

extensively in the manufacture of iron, steel and aluminum. 

Refined manganese dioxide is used as a polarizer in dry cell 

batteries (Tolonen, 1972; Calne et al., 1994) while manganese 

salts and oxides are added to fertilizers. The petroleiim 

industry developed an organic manganese compound, 

methylcyclopentadienyl manganese tricarbonyl (MMT), which is 

used as an anti-knock agent and octane booster in a variety 

of combustion fuels (Zayed et al., 1994). Canada approved 

the use of MMT as a gasoline additive for passenger vehicles 

in 1976. Within the United States, Ethyl Corporation has 

applied for a wavier from the Environmental Protection Agency 

(EPA) to permit the sale of MMT ("HiTEC 3000", Jones, 1992) 

as an additive in iinleaded gasoline. The most recent request 

(1992) was the fourth such application by Ethyl over the last 

eighteen years. As in the past, the EPA refused to allow the 

sale of MMT claiming that there was a "reasonable basis for 

concern about the effects on public health that could result 

if the EPA were to approve the use of MMT in unleaded 

gasoline." Ethyl responded by filing an appeal of the EPA's 
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denial with the District of Columbia Circuit Court. In April 

1995, the appeal was decided in favor of Ethyl Corporation 

(US Court of Appeals, District of Columbia, Case #94-1505). 

The EPA is currently re-reviewing Ethyl's MMT application. 

One liter of Canadian gasoline contains approximately 18 

milligrams of Mn of which manganese oxides, Mn304, Mn03 and 

Mn02, are the major tailpipe combustion constituents (Cooper, 

1984). The combustion of MMT in automobile engines has 

increased environmental human exposure to inorganic Mn. 

Joselow, et al. has shown that children living in urban areas 

have elevated blood Mn levels (Joselow et al., 1978). 

Bioavai1ahi1itv. Absorption. Distribution and Excretion of 

Manganese 

Manganese is extensively distributed in food stuffs with 

grains, cereals, nuts, teas and vegetables containing the 

largest amounts (Schroeder et al., 1966). A variety of 

interactions between manganese and minerals, vitamins, 

proteins, fat and carbohydrates have been characterized that 

alter the bioavailability of manganese (for review see Kies, 

1994) . Careful investigations into the average diets of 

adults and juveniles in both the United States and United 

Kingdom have estimated that the average intake of manganese 
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to be between 2.2 and 8.8 mg manganese per day (Schroeder et 

al. , 1966; Wedler and Denman, 1984). 

Manganese is absorbed primarily through the 

gastrointestinal tract, but manganese especially manganese 

oxides in aspired air can result in extensive respiratory 

absorption. Absorption by the gastrointestinal track is poor 

and ranges from 2-10% of the total ingested manganese 

(Greenberg efc al., 1943; Bertinchamps efc al., 1966; 

Papavasiliou et al., 1966). Absorption through the 

intestinal wall has been reported to occur by a low affinity 

(4.5 mM) carrier on mucosa cells primarily in the duodenum 

(Sandstead et al., 1970; Thomson et al., 1971; Thomson and 

Valberg, 1972). Transport is passively mediated and 

inhibited by an excess of either iron or cobalt (Thomson et 

al., 1971; Thomson and Valberg, 1972). Additional studies 

have shown that manganese turnover in the whole body is 

proportional to the quantity of manganese in the diet 

(Britton and Cotzias, 1966). 

Following intestinal uptake, manganese may 1) remain 

free, 2) bind alpha-2-macroglobulin, 3) bind albumin or 4) be 

oxidized by the mucosa to Mn3+ (Sandstead et al., 1970), a 

valence state which can bind beta-l-globulin transport 

protein (Cotzias, 1958; Cotzias et al. , 1966), transmanganin 

(Cotzias, 1958; Cotzias efc al., 1966) or transferrin (Keefer 

et al., 1970). Any of these plasma proteins can carry 
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manganese throughout the circulation. Since albiimin in the 

blood is approximately 660 jlM, manganese binding to albumin 

(Kd 16 |IM) is considered the most significant circulating 

fraction (Sandstead et al., 1970). The normal mean manganese 

content in human ser-um is 2.5 |J.g Mn/dl (Cotzias et al., 

1966) . However this may be slightly lower than the total 

manganese content in whole blood since manganese can 

incorporate into the porphyrin of red blood cells (Borg and 

Cotzias, 1958). 

Several manganese specific transport systems other than 

in the gut have been identified. Manganese transport into 

isolated rat hepatocytes occurs by a unidirectional, 

saturable process with the properties of passive mediated 

transport (Kj^ 1.2 (IM and Vn,ay 0.21 nmol/min/mg, Schramm and 

Brandt, 1986) . Transport is highly selective with no 

interference by Mg2+ or Co2+ and only slight interference by 

Fe2+. Recently, Mn2+ transport into rat cultured astrocytes 

was shown to be saturable with a Km of 0.03 jiM (Aschner et 

al., 1992). Astrocytes are a component of the restrictive 

blood-brain barrier and contain large amounts of glutamine 

synthetase. Others have estimated that the glutamine/Mn 

complex (8 Mn2+ per octamer) accounts for approximately 80% of 

the total brain manganese (Wedler and Denman, 1984). 
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TABLE 0 .1 

Concentration of Manganese in Maitmialian Tissues^ 

tissue 

parts per million manganese 

tissue Human^ Rabbit^* Rate 

adrenals 0.20 0.67 1.78 

brain 0.34 0.36 0.65 

heart 0.23 0.28 0.37 

kidney 0.93 1.20 1.06 

liver 1.68 2.10 2.66 

lung 0.34 0.29 

muscle 0.09 0.13 

ovary 0.19 0.60 

pancreas 1.21 1.60 1.09 

pituitary 2.40 

prostrate 0.24 

testes 0.19 0.36 0.37 

hair 0.99 

blood 0.011 

erythrocytes 0.027 

serum 0.01 

spleen 0.27 

thyroid 3 .22 

^Adapted from Brandt and Schramm, 1986. 
^arts per million based on tissue dry weight. 
Mparts per million based on protein dry weight. 
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The manganese content of mammals is distributed among 

all tissues with the highest concentrations in the liver, 

thyroid, pituitary, pancreas and kidney (Table 0.1). Long 

bones have been reported to contain 3 ppm manganese; thus a 

substantial amount of total body manganese content is 

skeletal (Brandt and Schramm, 1986). Concentrations are 

relatively constant through out life (Schroeder et al., 

1966) . Infants up to six weeks of age contain more manganese 

than do older children, but a level is soon reached which 

remains relatively constant for the next 90 years. 

Intestinal uptake of manganese exceeds the requirement 

under normal dietary patterns; thus manganese deficiency in 

man is rare (Bertinchamps et al., 1966). Manganese body 

content is regulated primarily by excretion where the 

elimination rate is rapid when tissue concentrations are high 

(Bertinchamps efc al., 1966). Manganese is removed from the 

body almost exclusively in the gastrointestinal tract (95-

98%) conjugated to the bile (Bertinchamps et al., 1966) . 

Excretions in pancreatic juices can account for approximately 

5% (Mena et al., 1969) while the kidney eliminates a mere 

0.1-3% of total manganese excreted (Thomas, 1970) 
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Manganese Containing Enzvmes and Regulatory Pathways 

Manganese is an essential trace element in man and 

mammals. It is a functional component of several enzyme 

systems such as mitochondrial manganese containing superoxide 

dismutase (SOD), liver arginase and astrocyte glutamine 

synthetase (Wedler and Denman, 1984) . A variety of enzyme 

systems have been reported in the past decade to interact 

with or depend upon manganese for either catalysis or 

regulatory properties such as: isocitrate dehydrogenase, 

peroxidase, catalase, hexokinase, DNA and RNA polymerases, 

pyruvate carboxylase, protein phosphatases and protein 

kinases to name only a few. 

Wilgus et al. first recognized that manganese cured 

perosis (Wilgus Jr. et al., 1936); since then the need for 

manganese for optimum skeleton development has been 

demonstrated in many species of animals including rats 

(Wachtel et al., 1943), rabbits (Ellis et al., 1947), guinea 

pigs (Tsai and Everson, 1967) and lambs (Hidiroglou et al., 

1979). In general, manganese deficiency results in shorter 

and thicker limbs with swollen and enlarged joints. Numerous 

investigations have determined that manganese deficiency 

results in impaired synthesis and metabolism of 

proteoglycans, a major component of the extracellular matrix 

of cartilage. During pregnancy, manganese deficiency results 

in congenital defects in the development of the otoliths. 
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calcified structures in the vestibular portion of the inner 

ear required for body balance reflexes. The result is 

dramatic, irreversible ataxia in the rat and other species 

(Boskey, 1990). Ataxia could be completely prevented by Mn 

supplementation on or before the 14th day of gestation. In 

addition to malformations of skeletal development; manganese 

deficiency has also been reported to affect reproduction and 

gestation (Boskey, 1990). 

The Blood-Cerebrostainal Fluid Barrier 

Zheng et al. has shown that one mechanism by which the 

central nervous system (CNS) is protected from toxic 

xenobiotic metals, such as lead, cadmium and mercury, is by 

the lateral choroid plexus sequestering them and inhibiting 

their uptake into the cerebrospinal fluid (CSF) (Zheng et 

al., 1991). Since the CSF is continuous with the 

extracellular fluid of the brain, the heavy metal 

sequestering activity of the lateral choroid plexus would 

appear to be an important mechanism for protecting the brain 

against the toxicity of such metals. 

The major restrictive barriers which xenobiotics must 

cross to enter the central nervous system are the blood-brain 

barrier and the blood-cerebrospinal fluid barrier (Appendix 

A, Fig. 1) . The choroid plexuses are located within the 
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cerebrospinal fluid filled chainbers of the brain 

(ventricles). They are heavily vascularized villous 

structures and are covered by a single layer of cuboidal 

epithelial cells. The choroid plexus major function appears 

to be the manufacture and homeostasis of the cerebrospinal 

fluid (Johanson, 1988) . Since there is no apparent barrier 

between the cerebrospinal fluid and the brain extracellular 

fluid, xenobiotics which can cross the choroid plexus and 

enter the cerebrospinal fluid would have access to the 

extracellular fluid of neurons. 

Tight junctions of the epithelial cells of the lateral 

choroid plexus prevent the passage of large and/or polar 

molecules from the blood to the CSF unless specific transport 

systems are available. Tight jiinctions provide the 

functional component of the blood-cerebrospinal fluid barrier 

(Appendix A, Fig. 2). 

A niimber of ionic pumps and transport systems have been 

identified in the choroid plexus such as Ca2+ pumps (Borke et 

al., 1989; Murphy and Johanson, 1989), Na+,K+-ATPase (Parmelee 

and Johanson, 1989) and Na+-H+ exchanger (Murphy and Johanson, 

1989). Compounds such as ascorbic acid (Spector and Lorenzo, 

1974a; Spector and Eells, 1984), folates (Spector and Eells, 

1984), glucose (Fishman, 1964) and neutral amino acids 

(Preston et al., 1989) are transported from the blood through 

the lateral choroid plexus and into the cerebrospinal fluid. 
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In the opposite direction, the lateral choroid plexus removes 

iodide, penicillin, aminosalicylic acid, weak organic acids 

and cimetidine from the CSF (Whittico et al., 1990; Spector 

and Lorenzo, 1974b). 

Such mechanisms have resulted in the lateral choroid 

plexus being considered a dump or sink for the CSF and the 

kidney of the central nervous system (Friedheim et al. , 

1983). The kidney and choroid plexus, however, pump in 

opposite directions. The kidney removes conpoiinds from the 

blood and deposits them in the urine; the choroid plexus 

removes compounds from the cerebrospinal fluid and deposits 

them in the blood. 

Manganese Neurotoxicitv 

Although manganese has physiological functions in trace 

amounts (Schroeder et al., 1956), it is neurotoxic in larger 

amounts (Tolonen, 1972). Since Couper's first description of 

manganese poisoning (Couper, 1837), nxunerous reports and 

reviews have reported on the mechanism of manganese poisoning 

after chronic exposure (Cotzias, 1958; Cook et al., 1974; 

Aschner and Aschner, 1992; Calne et al., 1994). The clinical 

picture consists of both psychiatric and extrapyramidal 

manifestations (Mena et al., 1967). A prominent and well 

studied out-break of manganese neurotoxicity occurred in the 
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Andacollo mine district in Northern Chile. Miners 

chronically exposed to manganese developed extrapyramidal 

disorders which were similar to Parkinson's disease (Mena et 

al., 1967). Individuals who developed manganese poisoning by 

inhaling manganese oxide dusts, suffered from parkinsonian-

like motor difficulties such as "cog-wheel" rigidity, 

retropulsion and tremor, as well as a non-parkinsonian 

psychosis including impotence, insomnia and spasmodic 

laughter (Cotzias et al., 1974; Wang et al., 1989). The 

similarities to Parkinson's disease suggested that Mn caused 

dysfunction's of the dopaminergic nigrostriatal pathway. 

This hypothesis was further substantiated when these symptoms 

in some individuals were reversed by levo-dopamine therapy 

(Mena et al., 1970; Huang et al., 1989; see Calne et al. , 

1994 for review) . Since disorders of the central nervous 

system are caused by manganese exposure, the mechanisms of Mn 

neurotoxicity are of increasing concern toxicologically. 

Niunerous investigations have studied manganese neurotoxicity; 

yet, the mechanism of manganese neurotoxicity is still poorly 

understood (for review see Aschner and Aschner, 1992) . 

Once Mn has gained access into the central nervous 

system, it is unclear which region if any of the brain is 

most susceptible. Some investigators have shown that neurons 

involved in motor control (Appendix B, Fig. 1) are depleted 

of their principle neurotransmitter, dopamine, by manganese 

administration (Bonilla and Diez-Ewald, 1974; Bird et al.. 
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1984; Chandra et al., 1979; Autissier et al., 1982; Subhash 

and Padmashree, 1991; Komura and Sakamoto, 1992); in 

addition, it has been demonstrated that Mn concentration in 

the caudate putamen results in a decrease in spontaneous 

motor activity (Newland and Weiss, 1992; Bonilla, 1984). 

These results have lead to the hypothesis that Mn 

neurotoxicity is dopaminergic specific. However, others have 

been unable to confirm these results (Eriksson et al., 1987; 

Bull, 1978; Chandra and Shukla, 1981; Cotzias et al., 1974; 

Nachtman et al. , 1986), and this hypothesis remains 

controversial. 

The controversy may be the result of different 

experimental conditions employed. Most studies have 

chronically exposed animals by adding Mn2+ to the drinking 

water. Since absorption of Mn from the gut is only 2-10% of 

the total ingested manganese (Greenberg et al., 1943; 

Bertinchamps et al. , 1966; Papavasiliou et al., 1966), this 

route of administration would seem incapable of significantly 

increasing the manganese concentration in the body. Results 

from these studies have inconsistently demonstrated Mn 

neurotoxicity (Bonilla and Diez-Ewald, 1974; Bonilla, 1984; 

Chandra et al., 1979; Cotzias et al., 1974; Bull, 1978; 

Subhash and Padmashree, 1991; Komura and Sakamoto, 1992). 

Others have used the intraperitoneal route for sub-chronic 

exposure, and these results have been only moderately more 
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successful in creating consistent neurotoxicity (Autissier et 

al., 1982; Shukla and Chandra, 1979). Inhalation exposure 

resulted in a significant rise in the manganese concentration 

in the brain which was associated with decreased dopamine 

concentration in the caudate putamen and decreased motor 

activity (Bird et al., 1984). Obviously the route of 

manganese administration has a significant effect on the 

development of neurotoxicity. The route of administration 

may be related to specific barriers like the lateral choroid 

plexus which inhibit the movement of Mn ions from the blood 

into the central nervous system. 

Specific Aims 

The specific aims are to 1) characterize the role of the 

lateral choroid plexus in manganese transport into and out of 

the cerebrospinal fluid; 2) develop a consistent in vivo 

model of manganese neurotoxicity; 3) investigate the effects 

intrathecal manganese has on the spontaneous motor activity 

of young, male rats while determining changes in central 

nervous system concentrations of dopamine and manganese and 

4) characterize in vivo the role neurotransmitter reuptake 

carrier systems have on manganese concentration in the rat 

central nervous system. 
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Hypotheses 

Section One: The lateral choroid plexus protects the 

cerebrospinal fluid from elevated blood Mn2+ by concentrating 

it and preventing its movement from the blood into the CSF, 

and the lateral choroid plexus removes Mn from the 

cerebrospinal fluid. 

Section Two: The intrathecal administration of MnCl2 

rapidly results in dopaminergic specific neurotoxicity. 

Section Three: Manganese concentrates in the ventral 

mesencephalon by the dopamine reuptake carrier. 
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PART I 

ROLE OF THE RAT LATERAL CHOROID PLEXUS IN PROTECTING 

THE CEREBROSPINAL FLUID AND CENTRAL NERVOUS SYSTEM 

FROM MANGANESE 
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CHAPTER 1 

THE RAT LATERAL CHOROID PLEXUS SEQUESTERS 

MANGANESE FROM THE BLOOD 

Historically manganese (Mn) exposure was limited to Mn 

miners and to individuals involved in specific industries 

such as the production of steel, aluminum, magnesium, cast 

iron and dry cell batteries (Calne et al., 1994, Tolonen, 

1972). With the addition of methylcyclopentadienyl manganese 

tricarbonyl to automobile gasoline millions of urban dwellers 

are now exposed. This has resulted in children who live in 

urban areas to have elevated blood Mn levels. (Joselow et 

al. , 1978). Adult miners chronically exposed to manganese 

oxides developed serious neurological abnormalities. Exposed 

individuals suffered from motor difficulties which resembled 

idiopathic Parkinson's disease. Removal from the exposure 

did not reverse these symptoms; however for some individuals, 

levo-dopamine therapy resulted in a complete reversal (Mena 

et al., 1970 see Calne et al. , 1994 for review). Numerous 

experimental efforts have been made to identify the specific 

mechanisms of manganese neurotoxicity with limited and 

controversial results (see Aschner and Aschner, 1992 for 

review). Little is known about the mechanisms of manganese 
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transport from the blood, across the blood-cerebrospinal 

fluid barrier and its concentration into the central nervous 

system. 

One major barrier and thus defense mechanism is the 

mammalian lateral choroid plexus (Appendix A) which acts to 

restrict the flow of compounds from the blood and into the 

cerebrospinal fluid (Friedheim et al., 1983). The 

accumulation and retention of metals by the choroid plexus 

was first recognized by Berlin and Ullberg (Berlin and 

Ullberg, 1963). Since that time, a niomber of reports based 

mainly on autoradiographic data suggested that the lateral 

choroid plexus may be a target site for both cadmium and 

manganese (Valois and Webster, 1987, Valois and Webster, 

1989) . However, no quantitative information is available 

with regards to manganese concentration in the lateral 

choroid plexus or its potential concentration in the 

cerebrospinal fluid. 

Specific Aims: 

No studies exist which have investigated the role of the 

lateral choroid plexus in protecting the cerebrospinal fluid 

from elevated blood manganese. The specific aim of this 

chapter's research was to test whether manganese transport 

into the cerebrospinal fluid and the central nervous system 

could be inhibited by the lateral choroid plexus. In 
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addition, careful qualitative observations were made to 

determine if the systemic administration of MnCl2 could 

result in neurological abnormalities. 

Hvoothesis: 

The lateral choroid plexus protects the cerebrospinal 

fluid from elevated blood manganese by concentrating it and 

inhibiting its movement from the blood into the cerebrospinal 

fluid. 

MATERIALS AND METHODS 

Chemicals. Manganese chloride and sodium chloride were 

purchased from Fisher Scientific (San Francisco, CA) . 54Mn 

was obtained from Du Pont de Nemours and Co. Inc. 

(Wilmington, DE) . The specific activity ranged from 4.9 

(iCi/mg for the 10 mg/kg dose of MnCla to 1.7 piCi/mg for the 

50 mg/kg dose. All other chemicals were obtained from Sigma 

Chemical Co. (St. Louis, MO) and were of analytical grade, 

HPLC grade or the best available pharmaceutical grade 

available at the time. 

Animals. Male Sprague-Dawley rats (Harlan Sprague 

Dawley Inc., Indianapolis, IN) were quarantined for 1 week 

after arrival. They were housed in a temperature stable, 12 

hr light/dark cycle facility and given food (Teklab, Madison 
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WI) and water ad libitum. Animals weighed between 240-260 

grams when used experimentally. 

Manganese Uptake From the Blood. Rats were given 

intraperitoneal (i.p.) 10, 20, 30 or 50 mg Mn/kg body weight 

as MnCl2 (n = 3 rats per dose) . The dose was given in a 

volume of 1 ml/kg. Radioactivity ranged from 2.86 x 108 

cpm/kg body weight (10 mg/kg dose) to 1.35 x 108 cpm/kg body 

weight (50 mg/kg dose). 

Blood emd Cerebrospinal Fluid Collection. Five 

hours after the i.p. administration of MnCl2/ rats were 

anesthetized with 1.5 gm/kg urethane. Cerebrospinal fluid 

(approximately 200-250 jil) was collected with the aid of a 

stereotaxic instrument (Model 900, David Kopf Instruments, 

Tujunga, CA) through the cisterna magna and placed in a 1.5 

ml eppendorf tube. The right side of the common carotid 

artery was cannulated with PE-50 polyethylene tubing (i.d. 

0.58 mm o.d. 0.965 mm. Clay Adams, Persippany, NJ) and the 

left common carotid artery was ligated. Blood was removed 

from the abdominal aorta and immediately transferred to a 

heparin containing tube (Sterile, Becton Dickinson, 

Rutheford, NJ) . The brain was perfused with 0.9% saline 

through the cannula at a rate of 1.0 ml/min for 15 minutes. 

Upon completion of the perfusion, the animal was decapitated. 

Tissue Collection. The brain was immediately removed 

from the skull and put on filter paper saturated with 0.9% 
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saline which rested on an ice chilled glass plate. The brain 

was divided into left and right hemispheres and the left and 

right lateral choroid plexus were removed, pooled and 

weighed. After the removal of the meningeal coverings, the 

left and right cortexes of the brain were pooled and weighed. 

54Mn Determination. Mn concentrations were determined 

by measuring 54Mn gamma radiation using a Pharmacia LKB 

(Gaithersburg, MD) Model 1282 CompuGamma gamma counter. 

Statistics. Significance was determined using the 

Student's t-test. 

RESULTS 

Dose Response of Manganese Concentration in the 

Rat Lateral Choroid Plexus. The lateral choroid plexus 

contained much higher concentrations of Mn2+ than the 

cerebrospinal fluid, brain cortex or blood five hours after 

the intraperitoneal (i.p.) administration of MnCl2 (Fig. 

1.1). A dose-response relationship was found between Mn2+ 

administered and the amount of Mn sequestered and 

concentrated in the lateral choroid plexus. At the 10 mg 

Mn2+/kg dose, the Mn concentration in the lateral choroid 

plexus was 24-times greater than in the blood. This suggests 

that the lateral choroid plexus concentrates and sequesters 

Mn from the blood against a concentration gradient. At the 
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Fig. 1.1. Concentration of Manganese in the Lateral Choroid 
Plexus after Intraperitoneal Administration. Each point 
represents the mean |lg Mn/g tissue or ml fluid ± SEM 
determined five hours after i.p. administration of MnCl2 (n = 
3 rats), I, lateral choroid plexus; A, blood; •, brain 
cortex; O, cerebrospinal fluid (CSF). Tissues and fluids 
were collected and Mn was determined as described under 
Materials and Methods. (*p<0.001 when compared to the 10 
mg/kg dose). 



35 

1.0 

n 0.8 
•H 

^  0 . 6  
o 

0 . 4  -

§1 0.2 

Brain Cortex 

Cerebrospinal Fluid 

0 . 0  
10 20 30 40 

Dose (mg Mn/kg body weight) 

50 

Fig. 1.2. Concentration of Manganese in the Cerebrospinal 
Fluid and Brain Cortex After Intraperitoneal Administration. 
Each point represents the mean |J.g Mn/g tissue or ml fluid ± 
SEM determined five hours after i.p. administration of MnCl2 
(n = 3 rats). brain cortex; O, cerebrospinal fluid. 
Tissues and fluids were collected and Mn was determined as 
described under Materials and Methods. 
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largest dose (50 mg Mn2+/kg) , the lateral choroid plexus 

contained 8 times more Mn than the blood. In animals given 

the largest dose, liver necrosis was observed during blood 

collection. This indicated that increasing the 50 mg Mn2+/kg 

dose would be experimentally useless. 

Increased Manganese Concentration in the 

Cerebrospinal Fluid and Brain Cortex. The acute, short-

term i.p. exposure of young, male Sprague-Dawley rats to Mn^^ 

increased the Mn concentration in the brain cortex or 

cerebrospinal fluid (Fig. 1.2) . However, the dose range 

chosen did not cause any noticeable behavioral or 

neurological changes. The concentration of Mn within the 

brain cortex did closely follow the concentration within the 

cerebrospinal fluid (CSF); suggesting that brain Mn levels 

may be effected by the Mn concentration in the CSF. 

DISCUSSION 

These results indicated that the lateral choroid plexus 

is an important site for the protection of the central 

nervous system from toxic levels of blood MnCl2. For all 

doses investigated, the Mn concentration in the blood was 

below that determined in the lateral choroid plexus. This 

indicated that the lateral choroid plexus concentrates and 

sequesters Mn from the blood against a concentration gradient 
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(Fig. 1.1). The i.p. dose was increased five-fold (from 10 

mg Mn/kg to 50 mg Mn/kg, Fig. 1.1) which corresponded to a 

three-, five- and eight-fold increase of Mn in the brain 

cortex, lateral choroid plexus and cerebrospinal fluid, 

respectively. The eight-fold increase of Mn in the CSF 

implies that at the higher i.p. dose, Mn is accumulating in 

the cerebrospinal fluid at a faster rate than in the lateral 

choroid plexus and brain cortex (Fig. 1.2). The results 

suggest that Mn is concentrated from the blood into the 

lateral choroid plexus and that Mn may leak from the lateral 

choroid plexus into the cerebrospinal fluid. The Mn 

concentration in the brain cortex was higher than that in the 

cerebrospinal fluid for all i.p. doses investigated. This 

suggests that Mn once it has gained access to the CSF rapidly 

concentrates in the brain cortex. 

The systemic administration of Mn did not result in any 

qualitatively observed neurological abnormalities. The lack 

of neurotoxicity may be the result of the lateral choroid 

plexus protection of the cerebrospinal fluid and central 

nervous system from increased Mn concentration. The Mn 

concentration increased 8 and 3-fold in the CSF and brain 

cortex from the 10 mg Mn/kg to 50 mg Mn/kg dose. However, 

either the time period or the increase of Mn in the brain was 

not sufficient enough to result in neurological 

abnormalities. 
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CHAPTER 2 

THE RAT LATERAL CHOROID PLEXUS DOES NOT REMOVE 

MANGANESE FROM THE CEREBROSPINAL FLUID 

Previous work has shown that the lateral choroid plexus 

protects the cerebrospinal fluid from toxic metals, such as 

lead, cadmium and mercury, by sequestering them and 

preventing their movement from the blood into the 

cerebrospinal fluid (Zheng et al., 1991). The results from 

Chapter 1 demonstrated that the lateral choroid plexus 

inhibits Mn2+ from entering the cerebrospinal fluid. Others 

have demonstrated that the lateral choroid plexus also works 

in the other direction and removes compounds such as 

cimetidine, penicillin and iodine from the cerebrospinal 

fluid (Whittico et al., 1990; Spector and Lorenzo, 1974a, 

Spector and Lorenzo, 1974b). Since the cerebrospinal fluid 

is continuous with the extracellular fluid of the brain, 

these actions by the lateral choroid plexus would appear to 

be an important mechanism for protecting the brain against 

xenobiotic toxicity. Such actions have resulted in the 

lateral choroid plexus being considered the kidney of the 

central nervous system (Friedheim et al., 1983). 
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Since the lateral choroid plexus sequestered large 

amounts of Mn presented to it from the blood (Fig. 1.1), the 

question was asked as to whether it could remove Mn presented 

to it from the cerebrospinal fluid. In addition, it was 

asked whether neurotoxicity could develop rapidly from acute 

MnCl2 exposure. One way of answering such questions might be 

administering MnCl2 intrathecally. 

Specific Aim: 

The specific aim of this chapter's research was to test 

whether the lateral choroid plexus could transport manganese 

out of the cerebrospinal fluid and the central nervous 

system. In addition, careful qualitative observations were 

made to determine if the systemic administration of MnCl2 

could result in neurological abnormalities. 

Hypothesis: 

The lateral choroid plexus removes manganese from the 

cerebrospinal fluid. 

MATERIALS AND METHODS 

Chemicals. Hydrogen peroxide was purchased from Fisher 

Scientific (San Francisco, CA) . H3PO4, HCl (trace-metal <1 

ppb Mn) and HNO3 (trace-metal <1 ppb Mn) were from JT Baker 
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Chemical Co. (Phillipsburg, NJ) . Other chemicals were 

described in the previous chapter. 

Animals. The source and care of animals was described 

in Chapter 1. 

Intrathecal Administration of Manganese. Rats 

were given intrathecally 10 mg Mn2+/kg body weight as MnCl2 (n 

= 3 rats). Control animals received equimolar CI* as NaCl 

intrathecally. Animals were lightly anesthetized with 35 

mg/kg body weight pentobarbital i.p. Cerebrospinal fluid 

(approximately 150-200 |ll) was collected with the aid of a 

stereotaxic instrument through the cisterna magna; without 

removing the needle, cerebrospinal fluid (CSF) was 

transferred into a sterile 1.5 ml eppendorf tube to which was 

added MnCl2 for a dose of 10 mg Mn2+/kg. The solution was 

gently mixed and then quantitatively transferred back into 

the syringe. The syringe was then reconnected with the 

needle which had remained within the CSF space. To confirm 

that the needle had not slipped from the CSF space, a small 

volume of CSF was drawn up into the syringe. The CSF fluid 

containing MnCl2 was then injected into the CSF space of the 

rat. Twenty-four hours after administration of Mn2+, tissues 

and fluids were collected. 

Qualitative Neurological Observations. 

Observations were made by RT Ingersoll at least 10 hours 

after the intrathecal injection; he was blinded to the 
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treatment procedures of the individual rats. Body tremors 

were determined if the rat spontaneously shook after being 

placed on a lab bench. Limb tremors were determined if the 

animal upon motion had quaking limbs. Lethargy was 

determined by placing the animal in a cage and lightly 

pushing it to move forward. Animals that did not respond 

after three attempts were judged to be lethargic. Mobility 

problems were determined by lightly pulling on the particular 

leg of the animal; rats which made and effort to remove their 

limb were judged to have no mobility problem in that limb. 

Walking disorders were determined when the animal was in 

motion. 

Tissue Collection. Collection of tissues was 

described in Chapter 1. 

Tissue Digestion and Atomic Absorption 

Spectrophotometry Analysis o£ Manganese. Tissues and 

fluids were digested in marble-capped, acid washed 

polypropylene tubes at 60°C for twenty-four hours using 

trace-metal (<1 ppb Mn) 15.7 M HNO3 50:1 (ml/g) for the 

lateral choroid plexus; 100:1 (ml/g) for brain cortex and 

blood. A volume of 30% H2O2 (equal to one tenth the volume of 

HNO3 used) was added drop wise and the solutions were heated 

for another three hours at 60°C. The clear and colorless 

solutions were brought to a known volume with double 

distilled deionized water. A Video 12 Thermal Jarrel Ash 
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(Franklin, MA) atomic absorption spectrophotometer (AAS) 

equipped with a TJA Model 188 Furnace Atomizer was used to 

determine Mn the concentration. Absorbance was corrected for 

nonspecific background using the Smith-Hieftje technique. 

Validation of the analytical method for determining Mn was 

performed as follows. Several cerebellum control tissues 

were divided in half, to one of the halves a sufficient 

amount of MnCl2 was added to achieve final concentrations of 

5.0 and 10.0 ng/ml (the standard curve linearity range was 

2.5 ng/ml to 20 ng/ml) . The samples were put through the 

digestion procedure and analyzed. After correcting for the 

Mn content before spiking, three determinations of each 

concentration yielded a 96.1% to 102.5% recovery. 

Statistics. Significance was determined using one-way 

analysis of variance (ANOVA) and the Tukey-Kramer multiple 

comparisons post-test (Seo et al., 1994). 

RESTTLTS 

Lateral Choroid Plescus Does Not Remove Manganese 

from the Cerebrospinal Fluid. Mn concentration of the 

lateral choroid plexus did not change after intrathecal 

administration of 10 mg Mn2+/kg as MnCl2 (Fig. 2.1). Control 

animals were given an equal molar amount of Cl- as NaCl 

intrathecally. Thus, although the lateral choroid plexus 
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Fig. 2.1. Concentration of Manganese in the Lateral Choroid 
Plexus after Intrathecal Administration. rats given 
equimolar CI" as NaCl, intrathecally; I, rats given 10 mg 
Mn/kg as MnCl2, intrathecally. Each bar represents the mean 
|j.g Mn/g tissue or ml fluid ± SEM twenty-four hours after 
intrathecal administration (n = 3 rats) . Mn was determined 
by AAS as described under Materials and Methods. (*p<0.001 
when compared to controls). 
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Table 2.1: Siammaacy of Neurological Disorders Found After 
Intrathecal Administration of MriCl2 

Tremors Mobility Problems 
Dose Body Limbs Lethargic FRL FLL BRL ELL Walking 

Mn Yes Yes Yes No No No No H/B 
Mn Yes Yes Yes Yes Yes No No H/B 
Mn Yes Yes Yes Yes Yes No No H/B 
Mn Yes Yes Yes Yes Yes Yes Yes No 
Mn Yes Yes Yes Yes Yes Yes Yes No 

Control No No No No No No No Normal 
Control No No No No No No No Noinnal 
Control No No No No No No No Normal 
Control No No No No No No No Normal 

Table 2.1. S\immary of Qualitative Neurological Disorders 
Found after Intrathecal Administration of Manganese. Mn 
treated received 10 mg Mn2+/kg as MnCl2, intrathecal ly; 

controls received equimolar Cl" as NaCl, intrathecally. 
Observations were made at least 10 hours after injection as 
described under Materials and Methods. FRL: front right leg; 
FLL, front left leg; BRL, back right leg, ELL, back left leg; 
H/B, hunched back and walking on the balls of the feet. 

sequestered Mn2+ from the blood (Fig 1.1), it did not remove 

Mn2+ presented to it from the cerebrospinal fluid (Fig. 2.1). 

The 10 mg Mn2+/kg dose was chosen in an effort to compare Mn 

concentrations in the lateral choroid plexus after 

intrathecal and intraperitoneal administrations. However, 

the intrathecal dose of 10 mg Mn2+/kg was lethal within 10 

minutes of administration in greater than 75% of the animals. 

Intrathecal Manganese Neurotoxicity. In animals 

that survived the intrathecal administration of 10 mg Mn2+/kg, 
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obvious neurological problems developed (Table 2.1). These 

signs appeared within the time it took the animals to recover 

from the anesthesia used to administer Mn intrathecally 

(thirty to sixty minutes) . Subsequent studies using a dose 

ten times lower (1 mg Mn2+/kg) resulted in increased 

survivability as well as neurological problems observed when 

using the 10 mg Mn2+/kg intrathecal dose (Table 2.2). The 

results demonstrated that intrathecally administered Mn2+ 

rapidly caused a qualitative neurotoxicity which was readily 

observed. 

DISCUSSION 

The intrathecal administration of 10 mg Mn2+/kg did not 

increase the concentration of Mn in the lateral choroid 

plexus (Fig. 2.1). Unlike other ions like iodine, Mn2+ does 

not appear to be removed from the cerebrospinal fluid by the 

lateral choroid plexus (Whittico et al., 1990). The dose 

significantly increased the concentration of Mn in the brain 

cortex and blood determined twenty-four hours after 

intrathecal administration. There was a five-fold increase 

of Mn in the brain cortex from 0.71 fig Mn/g tissue to 3.44 |a.g 

Mn/g tissue. 

In rats given 10 mg Mn2 + /kg intrathecally, qualitative 

neurological differences were observed when compared with 
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rats given an equal molar amount of CI™ (Table 2.1) . These 

changes were observed immediately upon the animals recovery 

from anesthesia and lasted until tissues were collected from 

the animals. Control rats never demonstrated any changes in 

neurological function. The most commonly observed change in 

rats given Mn2+ was a decrease in the spontaneous motor 

activity. In addition, other neurological cheinges such as 

body tremors, staggered gait and limb mobility problems were 

frequently observed. These results indicated that Mn 

neurotoxicity could rapidly develop in rats and that the 

protective efforts of the lateral choroid plexus could be 

circiimvented by using intrathecally administered Mn. 

Additionally, the administration of Mn directly into the 

cerebrospinal fluid could result in a dramatic increase of Mn 

concentration in the brain cortex. 
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SUMMARY 

(PART I) 

The lateral choroid plexus is an important barrier to 

the movement of metals from the blood and into the 

cerebrospinal fluid and central nervous system (Friedheim et 

al. , 1983). The i.p. administration of MnCl2 up to a dose of 

50 mg Mn/kg body weight demonstrated that the lateral choroid 

plexus sequestered and concentrated Mn from the blood against 

a concentration gradient (Fig. 1.1). However, the 

concentration of Mn in the lateral choroid plexus also 

resulted in the leakage of Mn from the lateral choroid plexus 

into the cerebrospinal fluid and subsequently into the 

central nervous system (Fig 1.2; Summarized in Fig 2.2). 

These results indicated that the lateral choroid plexus is an 

important barrier between the blood and central nervous 

system with regards to Mn but that at higher doses the 

lateral choroid plexus could leak Mn into the cerebrospinal 

fluid. 

The lateral choroid plexus also removes compounds from 

the cerebrospinal fluid and deposits them into the blood 
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Fig 2.2. Summary of Mn Movement Into and Out Of the Rat 
Central Nervous System. 1. After i.p. administration, Mn 
concentrates in the blood. 2. Mn2+ concentrates in a dose-
response manner into the lateral choroid plexus. 3. Mn2+ may 
leak from the lateral choroid plexus and enter the CSF. 4. 
Mn2+ concentrates from the CSF into the brain cortex. 5. 
After intrathecal administration, Mn is concentrated in the 
CSF. 6. Mn concentrates from the CSF into the brain cortex. 
7. Mn enters the blood from the CSF via arachnoid villi. 

(Spector and Lorenzo, 1974b). With regards to Mn2+, the 

lateral choroid plexus does not appear to remove Mn from the 

cerebrospinal fluid (Fig. 2.1). Thus although the lateral 
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choroid plexus removes Mn from the blood (Fig. 1.1); it does 

not remove Mn from the cerebrospinal fluid (Fig. 2.1). 

The intraperitoneal administration of 10 mg Mn2 + /kg 

resulted in only a moderate increase of Mn concentration in 

the brain cortex (0.74 |ig Mn/g) . The intrathecal 

administration of a dose five-times less than the 

intraperitoneal dose (10 mg Mn2+/kg) resulted in a dramatic 

increase of Mn concentration in the brain cortex (3.44 |J.g 

Mn/g). In addition, the intraperitoneal administration of Mn 

did not result in any neurological abnormalities while the 

intrathecal administration of 10 mg Mn2 + /kg did (Table 2.1) . 

Furthermore, preliminary studies indicated that an 

intrathecal dose ten-times less than the original 10 mg 

Mn2+/kg dose resulted in increased survivability as well as 

neurotoxicity. These results demonstrated that Mn injected 

directly into the cerebrospinal fluid could result in the 

rapid development of Mn neurotoxicity and could significantly 

increase the Mn concentration in the brain cortex. 
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PART II 

MANGANESE NEUROTOXICITY AFTER INTRATHECAL 

ADMINISTRATION OF MANGANESE CHLORIDE 
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CHAPTER 3 

SPONTANEOUS MOTOR ACTIVITY DECREASED AFTER INTRATHECAL 

MANGANESE CHLORIDE 

In humans, manganese neurotoxicity is generally accepted 

as involving alterations in motor control which arguably 

resemble Parkinson's disease (Seth and Chandra, 1988). 

However, the development of these same neurological 

abnormalities in experimental animals has been controversial 

(Bonilla, 1984; Nachtman et al., 1986). Some studies have 

demonstrated a decrease in dopamine production, a principle 

neurotransmitter in motor control, which is lost in 

Parkinson's disease (Bird et al., 1984; Chandra et al., 1979; 

Autissier et al., 1982, Komura and Sakamoto, 1992) . Others 

have been unable to confirm these results (Eriksson et al., 

1987; Bull, 1978; Chandra and Shukla, 1981; Cotzias et al., 

1974) . In addition, Mn concentration in the substantia nigra 

was associated with decreased dopamine in the caudate putamen 

(Bonilla and Diez-Ewald, 1974; Bird et al., 1984). The 

ventral mesencephalon contains substantia nigra neurons which 

produce dopamine, project axons to the caudate putamen and 

are destroyed in idiopathic Parkinson's disease (Appendix B, 

Fig. 1) . With regard to the measurement of motor activity. 
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investigations have been either unsuccessful or extremely 

cumbersome and time consuming. Furthermore, the results have 

been difficult to repeat (Wang et al., 1989; Cook et al., 

1974). While the initial intrathecal experiments were in 

progress, it became obvious that there was a decrease in the 

spontaneous motor activity of rats given Mn2+ with no obvious 

changes in rats given C1-. Rats given intrathecal MnCl2 

appeared rigid (flexed hind limbs) and lethargic 

(unresponsive to attempts to initiate movement) . In 

subsequent experiments, activity was rigorously and 

quantitatively determined. 

Specific Aims: 

The specific aims of this chapter are to investigate the 

effects intrathecal manganese has on the spontaneous motor 

activity of young, male rats while determining changes in 

central nervous system concentrations of dopamine and 

manganese. 

Hypothesis: 

The intrathecal administration of MnCl2 results in a 

dopaminergic specific neurotoxicity. 
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MATERIALS AND METHODS 

Chemicals. Octyl sodium sulfate (HPLC Grade) was from 

Eastman Kodak Company (Rochester, NY) ; methanol (HPLC Grade) 

was from Burdick and Jackson Labs (Muskegon, MI) . Other 

chemicals were described in previous chapters. 

Animals. The source and care of animals was described 

in Chapter 1. 

Intrathecal Administration of Manganese. Rats 

were given intrathecally 1 or 2 mg Mn2+/kg body weight as 

MnCl2 (n = 5 rats). Control animals received 2.6 mg Cl-/kg as 

NaCl intrathecally (an equimolar dose of CI- given in the 2 

mg Mn2 + /kg dose) . Intrathecal administration to rats was 

described (Chapter 2). 

Measurement of Spontaneous Motor Activity. 

Animals were individually housed in cages to monitor 

spontaneous motor activity. A Nalgene cage (Rochester, NY, 

19 "1 X 10 "w X 8"h) was modified to include a fulcrum 

suspended above its center (Fig. 3.1). Thus when the animal 

moved from one end of the cage to the other, its own weight 

caused one end of the cage to move up and the other to move 

down. This shifting motion (less than 1 cm) triggered a 

micro-switch connected to a digital counter that recorded the 

movements of the cage and therefore the amount of spontaneous 

activity over time. The movement of an animal from one end 
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Fig. 3.1. Schematic of Activity Cages. Animals were 
individually housed in each cage. Their own weight shifted 
the cage from side to side resulting in the quantification of 
activity as described under Materials and Methods. 

of the cage to the opposite end and back again represented a 

single count. Rats were given food and water ad libitum but 

the food and water were placed at opposite ends of the cage 

(Fig. 3.1). Animals were permitted to acclimate to the room 

for one week and to the activity cages for three days. The 

light/dark cycle v/as set at 10:00 AM-10:00 PM for darkness; 
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activity monitoring always occurred between 11:00 AM to 3:00 

PM for a total of 4 hours/day. Over the course of five days 

the normal (pre-injection) spontaneous activity of each 

animal was determined. After the fifth day of determining 

the pre-injection activity, animals were randomly divided 

into control and experimental groups. The mean pre-injection 

activity was calculated based upon each individual animal's 

activity. Thus each rat served as its own control. 

Experimental rats received either 1 or 2 mg Mn2+/kg as MnCl2 

intrathecally (n = 5 rats/group) . Control rats received 2.6 

mg Cl-/kg as NaCl intrathecally (n = 5 rats) . Dosing 

procedure was described in Chapter 2. The measurement 

of spontaneous activity continued for 5 days after the 

injection. Upon completion of the determination of 

spontaneous motor activity, rats were euthanized by CO2 

asphyxiation. The animals were decapitated, the brains 

rapidly removed and placed in cold storage (-80°C) . 

Brain Dissection. Each whole brain was removed from 

cold storage {-80°C). The brain was placed on filter paper, 

saturated with 0.9% saline, which rested on an ice chilled 

glass plate. The brain was split sagittally into two halves. 

From one half, the tip of the frontal lobe was resected and 

termed the frontal lobe (Fig. 3.2). The anterior dorsal 

aspect of the cerebellum was collected and the tip of the 

occipital lobe was removed. The brain was cut cross 
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Occipital Frontal 
Cerebelliim Pole Lobe 

Ventral 
Mesencephalon 

Fig. 3.2. Schematic of Brain Regions Investigated. Each 
brain region was removed as described xinder Materials and 
Methods. Brain image adapted from Pellegrino et al., 1979. 

sectionally through the level of the thalamus. The ventral 

portion of the mescencephalic-diencephalic junction (which 

contains the substantia nigra pars compacta) was dissected 

away and designated as the ventral mesencephalon. In 

addition a coronal section was made through the caudate 

putamen and adjacent sections were then dissected for Mn, 

dopamine, DOPAC and HVA determinations. 

Tissue Digestion and Atomic Absorption 

Spectrophotometry Analysis o£ Manganese. Tissues were 

digested in marble-capped, acid washed polypropylene tubes at 
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60°C for twenty-four hours using 1 ml of trace-metal (<1 ppb 

Mn) 15.7 M HNO3. The solutions were allowed to cool to room 

temperature, and a volume of 200 fils H2O2 was added drop wise. 

The solutions were then heated for another three hours at 

60°C. The remaining procedure was identical to that 

described in Chapter 2. 

High Pressure Liquid Chromatography Determination 

o£ Dopauaine, DOFAC and HVA Concentrations in the 

Caudate Putamen. The caudate putamen and cerebellum 

(control tissue, n = 5 rats/group) were weighed and 

homogenized in 1.0 ml of 0.1 M HCl in a glass-glass 

homogenizer and sonicated (Model B2200R-I, Bransonic 

Ultrasonics Corp., Danbury, CT) for 15 seconds. The solution 

was placed in an eppendorf tube and centrifuged at 15,600 x g 

for fifteen minutes at 4°C. The supernatant was removed, and 

HCIO4 added to a concentration of 0.1 M to precipitate 

additional material which interfered with the dopamine 

determination. The solution was mixed and again centrifuged 

at 15,600 X g for fifteen minutes at 4°C (Daniels and Abarca, 

1991) . The clear and colorless solution was decanted and 

directly applied to high-pressure liquid chromatography 

(HPLC) . The mobile phase consisted of 90% 100 mM NaH2P04 and 

10% MeOH and was 1.00 mM octyl sodium sulphate, 0.10 mM 

Na2EDTA and 0.25 mM triethylamine (Seegal et al. , 1986) . The 

solution was adjusted to pH 3.85 with 5.0 M H3PO4, filtered 
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and degassed. The mobile phase was delivered at a flow-rate 

of 1.00 ml/min and electrically equilibrated for twenty-four 

hours to remove background noise. A Model 7125 manual 

injector (Rheodyne, Cotati, CA) with a 20 p.1 injection loop 

(Rheodyne, Cotati, CA) was used to apply samples onto a Ci8 3-

^im reverse-phase column (150 x 4.6mm, Alltech, Los Altos, CA) 

with a 5-(im precolumn maintained at 3 5°C. The 

electrochemical detector (ECD) (Model 510OA Coulochem 

Detector, ESA, Inc., Bedford, MA) was set with detector #1 at 

+200 mV, detector #2 at +400 mV and the guard cell at +450 

mV. Data for HVA was recorded from detector #1 while data 

for DOPAC and dopamine was recorded from detector #2 by a 

Spectra-Physics ChromJet integrator (San Jose, CA) . Sample 

chromatograms are shown in Appendix C. 

Validation of the analytical method was performed as 

follows. Several cerebellum control tissues were spiked to 

concentrations of dopamine 0.2 and 0.4 (ig/ml; DOPAC 0.15 and 

0.3 Jig/ml; HVA 0.02 and 0.05 |i,g/ml. Standard curve linearity 

was for dopamine 0.075 to 0.60 |ig/ml; DOPAC 0.1 to 0.4 |lg/ml 

and HVA 0.0125 to 0.075 |lg/ml. The samples were put through 

the extraction procedure and analyzed. Three determinations 

of each concentration yielded a 94.2% to 102.2% recovery. 

Dopamine, DOPAC and HVA were not detected in non-spiked 

control cerebellum tissue. 
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Statistics. Statistics for spontaneous motor activity 

were determined using multi-factorial analysis of varicince 

(ANOVA) for repeated measures; the pre-injection spontaneous 

activity of each rat was compared with the daily post-

injection spontaneous activity. All other statistics were 

determined using one-way ANOVA and the Tukey-Kramer multiple 

comparisons post-test (Seo efc al., 1994). 

RESULTS 

Manganese Decreased the Spontaneous Motor Activity of 

Young Male Rats. The spontaneous motor activity of young, 

male rats was quantitated by measuring it before the 

administration of MnCl2 for four hours each day over a period 

of five days. This activity was termed pre-injection 

activity and allowed each animal to serve as its own control. 

Then Mn at 1 or 2 mg Mn2 + /kg as MnCl2 was administered 

intrathecally and the spontaneous motor activity was again 

measured for four hours per day over the next five days. 

This was termed post-injection activity. The results are 

reported as the daily post-injection value divided by the 

mean pre-injection value. Thus a rat whose activity on day 

one post-injection was identical to its mean pre-injection 

activity would receive a value of 1.00 or 100%. 
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Fig. 3.3. Spontaneous Motor Activity in Rats Given 1 or 2 mg 
Mn2+/kg Intrathecally. Each bar represents the mean post-
injection activity as a percentage of the pre-injection 
spontaneous motor activity ± SEM (n = 5 rats) . Controls were 
given 2.6 mg Cl-/kg intrathecally as NaCl (n = 5 rats). 
Activity was determined as described under Materials and 
Methods. (*p<0.01, **p<0.001 when compared to pre-injection 
activity using multi-factorial ANOVA for repeated measures.) 
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Within one day after Mn administration, spontaneous 

motor activity was markedly decreased (Fig 3.3). For the 

control animals, throughout the five days after intrathecal 

administration of Cl-/kg, the mean spontaneous motor activity 

remained at or above the pre-injection level. Control 

animals received 2.6 mg Cl-/kg as NaCl which was an equal 

molar amount of chloride given to rats receiving 2 mg Mn2 + /kg 

as MnCl2. The spontaneous motor activity from control 

animals indicated that neither the chloride nor the 

intrathecal injection used affected the spontaneous motor 

activity and that the decrease in the spontaneous motor 

activity observed in experimental animals was the direct 

result of the manganese administered. 

Using multi-factorial analysis of variance (ANOVA) for 

repeated measures, the pre-injection spontaneous motor 

activity of each rat was compared with the daily (Days 1-5, 

Fig. 3.1) post-injection activity. Significant differences 

in dose (p<0.05) and in day (p<0.001) were found. There was 

a strong interaction between dose and day. In both Mn 

treatments, the post-injection activity for Days 1 and 2 were 

significantly different from controls (p<0,001). For the 

treatment at 2 mg Mn2+/kg, post-injection activity was 

significantly different from controls on Days 3 (p<0.001) and 

4 (p<0.01). No other significant differences were observed. 

In addition, a careful inspection of the pre- and post-
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injection data for individual controls did not indicate a 

trend of increasing activity. 

Manganese Concentrated in the Ventral Mesencephalon. 

Upon completion of the determination of spontaneous motor 

activity, brains were removed and analyzed for both manganese 

and dopamine concentrations. Five days after the intrathecal 

administration of 2 mg Mn2+/kg, there was a significant 

increase of Mn concentration in all brain regions 

investigated (Fig. 3.4). The largest increase occurred in 

the ventral mesencephalon where a 14-fold increase over 

controls was observed. The next largest increased occurred 

in the caudate putamen (6-fold) . In addition to the increase 

of Mn concentration in the central nervous system, there was 

a significant decrease in the dopamine concentration in the 

caudate putamen. 

Intrathecal Mn Decreased Dopzualne Concentration in the 

Caudate Putamen. Dopamine and its major metabolites 3,4-

dihydroxyphenylacetic acid (DOPAC) and 4-hydroxy-3-

methoxyphenylacetic acid (HVA) were determined from the 

caudate putamen by HPLC-ECD (Appendix C) . Five days after 

the intrathecal administration of 2 mg Mn2+/kg the dopamine 

concentration in the caudate putamen was decreased from 8.0 

|j.g dopamine/g tissue to 1.3 (ig dopamine/g tissue (Fig. 3.5). 
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Fig. 3.4. Manganese Concentration in Various Brain Regions 
Five Days After Intrathecal MnCl2. Each bar represents the 
mean |J.g Mn/g wet tissue weight ± SEM (n = 4 rats) . Manganese 
was determined by AA.S as described under Materials and 
Methods. (*p<0.01 when compared to controls using ANOVA). 
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Dopamine DOPAC HVA 

Fig. 3.5. Dopamine Concentration in the Caudate Putamen Five 
Days After Intrathecal MnCl2. Each bar represents the mean 
)lg Mn/g wet tissue weight ± SEM (n = 5 rats) . •, rats given 
2.6 mg Cl-/kg as NaCl, intrathecally; H, rats given 2 mg 
Mn2+/kg as MnCl2, intrathecal ly. Dopamine and metabolites 
were determined as described under Materials and Methods. 
(*p<0.001 when compared to controls using ANOVA). 
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DISCUSSION 

After intrathecal administration of MnCl2, spontaneous 

motor activity of rats decreased significantly and rapidly 

(Fig. 3.3). This decrease occurred within 1 day and could be 

observed within hours after administration. This is in sharp 

contrast to studies by others in which Mn2+ was given by the 

oral (Bonilla and Diez-Ewald, 1974; Bonilla, 1984; Chandra et 

al., 1979; Cotzias et al., 1974; Bull, 1978), i.p. (Autissier 

et al., 1982; Shukla and Chandra, 1979; Subhash and 

Padmashree, 1991), intratracheal {Mustafa and Chandra, 1971) 

or inhalation (Bird efc al., 1984) routes. After Mn2+ 

administration by any of these routes, it took weeks or 

months for a decrease if any, in the spontaneous motor 

activity to occur (Subhash and Padmashree, 1991; Newland and 

Weiss, 1992) . The decrease in spontaneous motor activity was 

also dose-dependent with a longer and more severe decrease in 

spontaneous motor activity observed in rats given the 2 mg 

Mn2 + /kg dose when compared to rats given the 1 mg Mn2+/kg 

dose. 

In addition to the decrease in spontaneous motor 

activity brain regions involved in motor control, the ventral 

mesencephalon and caudate putamen (see Appendix B) , had the 

largest increase in manganese concentration (Fig. 3.4). 



66 

Manganese concentration in various brain regions and the 

dopamine concentration in the caudate putamen were determined 

five days after the intrathecal administration of 2 mg 

Mn2+/kg. The largest increase of Mn concentration occurred in 

the ventral mesencephalon where a 14-fold increase over 

controls was observed. The next largest increase of Mn 

concentration occurred in the caudate putamen (6-fold) when 

compared to controls. In conjimction with the increase of Mn 

concentration in all brain regions investigated there was 

also a significant decrease in dopamine concentration in the 

caudate putamen. Dopamine (3,4-dihydroxyphenethylamine) is a 

principle neurotransmitter of the nigrostriatal projections 

of the brain. It is metabolized to DOPAC by a reaction 

catalyzed by monoamine oxidase-B (MAO-B) . Dopamine can also 

be converted to HVA by the sequential actions of catechol-0-

methyltransferase plus MAO-B. Concentrations of Mn in the 

substantia nigra and caudate putamen have been associated 

with decreases in the caudate putamen dopamine concentration 

in both the rat and monkey (Bonilla and Diez-Ewald, 1974; 

Bird et al., 1984). Many mechanisms of manganese toxicity to 

dopaminergic neurons have been proposed: a) direct toxicity 

by Mn2+ or Mn3+ on dopaminergic cells (Donaldson and Barbeau, 

1985); b) increased production of superoxide (02~) , hydrogen 

peroxide or hydroxyl (OH*) free radicals by Mn2+ which may 

attack dopamine, dopaminergic cells or dopamine receptors 
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(Donaldson and Barbeau, 1985; Graham, 1984; Cohen and Colman, 

1974; Graham et al., 1978); c) the reduction of peroxidase 

and catalase content by manganese (Liccione and Maines, 

1988) ; d) Mn2+-catalyzed production of 6-hydroxydopamine 

decreasing the concentration of protective thiols (Donaldson 

and Barbeau, 1985; Donaldson et al. , 1982; Graham, 1984); e) 

oxidation and/or enhancement of autooxidation of dopamine 

which diminishes dopamine and produces cytotoxic quinones 

(Autissier et al., 1982; Bonilla and Diez-Ewald, 1974; 

Cutler, 1984) . Catecholamines, dopamine, norepinephrine and 

epinephrine, are particularly susceptible to oxidation by 

iron and manganese which can redox cycle resulting in 

increased oxidative stress and decreased protective thiols 

(Graham, 1984; Ben-Shachar et al., 1995). This has lead to 

the hypothesis that manganese neurotoxicity is dopaminergic 

specific. 

The results of this chapter extend previous 

investigations (Bonilla and Diez-Ewald, 1974; Bird et al., 

1984; Autissier et al., 1982; Chandra et al., 1979) in which 

Mn concentration in the ventral mesencephalon was associated 

with decreased dopamine levels in the caudate putamen (Fig. 

3.5). This suggests that Mn may inhibit dopamine production, 

dopamine storage, and/or reduce the number of neurons in the 

substantia nigra. The effect, the decrease in spontaneous 

motor activity, occurred in a matter of a day or less, while 
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previous investigations using other routes for Mn exposure 

reported weeks or months for this effect to be found. 

Levo-dopamine therapy can decrease the extrapyramidal 

motor abnormalities observed in both Parkinson's disease and 

manganese neurotoxicity (Huang et al., 1989; Mena et al., 

1970) . This further substantiates the hypothesis that Mn 

neurotoxicity is dopaminergic specific in that Mn decreases 

the proper dopamine concentration in the caudate putamen. 

However, experimentally studied Mn neurotoxicity has lead to 

disagreement as to whether dopamine levels in the caudate 

putamen increase after Mn exposure (Eriksson et al., 1987; 

Chandra and Shukla, 1981; Cotzias et al., 1974), do not 

change (Eriksson et al., 1987; Bull, 1978) or decrease 

(Bonilla and Diez-Ewald, 1974; Subhash and Padmashree, 1991; 

Komura and Sakamoto, 1992; Autissier et al., 1982). These 

disagreements may have resulted from the use of different 

experimental conditions such as route of administration, 

length of exposure, type of oxidation state (Mn2+ or Mn3+) 

and/or animal species employed. The results demonstrate that 

Mn2+ placed intrathecally into the cerebrospinal fluid causes 

dramatic alterations in the dopaminergic nigrostriatal 

pathway manifested as decreased spontaneous motor activity; 

decreased dopamine concentration in the caudate putamen; and 

increased Mn concentration in the ventral mesencephalon and 

caudate putamen. 
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CHAPTER 4 

TIME COURSE OF MANGANESE DISTRIBUTION IN THE RAT BRAIN 

AFTER INTRATHECAL MANGANESE CHLORIDE 

Since the manganese concentration increased dramatically 

throughout the central nervous system after the intrathecal 

administration of 2 mg Mn2 + /]cg (Fig. 3.4), the question was 

asked whether manganese preferentially and selectively 

concentrates in a particular brain region after intrathecal 

administration of MnCl2 • Humans exposed to manganese develop 

a neurotoxicity which has a motor component that is similar 

to Parkinson's disease. This indicated that Mn neurotoxicity 

may involved dopaminergic regions of the brain (Mena et al. , 

1970; see Calne et al., 1994 for review). Previous results 

showed that Mn concentrates in all dopamine producing brain 

regions investigated like the ventral mesencephalon and 

caudate putamen (Fig. 3.4); and that the ventral 

mesencephalon and caudate putamen contained more manganese 

than other brain regions. However, no significant 

differences could be determined five days after intrathecal 

administration. Therefore, it would be of considerable use 

to determine the time course distribution of manganese 



70 

concentration in the central nervous system after intrathecal 

administration of manganese and simultaneously determine the 

dopamine concentration in the caudate putamen. 

Specific Aims: 

The specific aims of this chapter are to investigate 

after the intrathecal administration of meinganese: the time 

course distribution of manganese in the rat central nervous 

system and the concentrations of dopamine, DOPAC, HVA and 

serotonin in the caudate putamen. 

Hypothesis: 

The ventral mesencephalon concentrates significantly 

more manganese after intrathecal administration which results 

in a decreased in the dopamine concentration in the caudate 

putamen. 

MATERIALS AND METHODS 

Chemicals. All chemicals used in this chapter were 

described in previous chapters. 

Animals. The source and care of animals was described 

in Chapter 1. 
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Intrathecal Administration of Manganese. Rats 

were given intrathecally 250 |lg Mn2+/rat as MnCl2 (n = 5 

rats). Control animals received equimolar Cl- (2.6 mg/rat) 

as NaCl intrathecally (n = 3) . Intrathecal administration to 

rats was described (Chapter 2) . 

Tissue Collection and Brain Dissection. Rats were 

euthanized at the appropriate time point by CO2 asphyxiation. 

The animal was decapitated, the brain rapidly removed and 

placed in cold storage (-80°C) . Individual brain sections 

were determined and removed as detailed in Chapter 3 . 

Tissue Digestion and Atomic Absorption 

Spectrophotometry Analysis of Manganese. Tissues were 

digested as described in Chapter 3. 

High Pressure Licjuid Chromatography 

Quantification of Dopamine, DOPAC, HVA and Serotonin 

in the Caudate Putamen. The previously reported method 

(Chapter 3) was modified to determine serotonin 

concentrations. The mobile phase consisted of 100 mM NaH2P04, 

15% MeOH, 1.00 mM octyl sodium sulphate, 0.10 mM Na2EDTA and 

0.25 mM triethylamine. The solution was adjusted to pH 3.50 

with 5 M H3PO4, filtered and degassed. The electrochemical 

detector (Model 5100A Coulochem Detector, ESA, Inc.) was set 

with detector #1 at +150 mV, detector #2 at +350 mV and the 

guard cell at +450 mV. Data for HVA cind serotonin (5-HT) was 

recorded from detector #1 while data for dopamine and DOPAC 
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was recorded from detector #2 by a Spectra-Physics ChromJet 

integrator. Sample chromatograms are shown in Appendix D. 

Validation of the analytical method was performed as 

described in Chapter 3. Standard curve linearity for 

serotonin was from 0.03 to 0.06 |ig/ml. After correcting for 

the serotonin concentration determined in non-spiked 

cerebellum the recovery ranged from 98.4% to 106.3%. 

Statistics. Significance was determined using one-way 

ANOVA. 

RESULTS 

Manganese Rapidly Concentrated in the Rat Ventral 

Mesencephalon. The intrathecal administration of Mn2+ (250 

p,g Mn2+/rat) increased the Mn concentration of all brain 

regions studied (Fig 4.1). Since brain weights are not 

directly related to animal body weights, the dose of 250 (ig 

Mn2+/rat was used to determine Mn distribution in the brain. 

As an animal matures its body weight increases but the 

brain's weight does not continue to increase since it has 

already developed. Thus a rat weighing 200 g will have 

roughly the same volume of distribution within the central 

nervous system as an animal that weighs 250 or 300 g. In 

this manner, a set dose was administered to each animal's 

brain. In addition, 250 [ig Mn/rat is exactly a 1 mg Mn/kg 
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dose for a 250 gram animal; since animals used weighted 

between 240-260 grams. The 250 |xg Mn/rat dose is comparable 

to a 1 mg/kg dose. 

The greatest increase in Mn occurred at six hours post-

injection in the ventral mesencephalon (94-fold) when 

compared to controls given 2.6 mg Cl-/rat intrathecally. The 

increase in Mn concentration at six hours relative to 

controls was smaller for the occipital lobe (22-fold), 

cerebellum (13-fold) , frontal lobe (10-fold) and caudate 

putamen (6-fold). At six hours post-Mn administration, the 

Mn concentration in the ventral mesencephalon was 

significantly greater than that of the other brain regions 

investigated (p<0.001). A significant difference was also 

observed at twelve hours post-Mn administration, when the 

ventral mesencephalon was compared to the caudate putamen 

(p<0.001), cerebellum (p<0.01) and occipital lobe (p<0.05). 

Finally, the Mn concentrations in control brain tissues (n = 

3 rats/time/tissue) were not significantly different from 

each other and ranged from 0.54 to 0.66 |J.g Mn/g tissue. The 

Mn concentrations in all brain tissues of rats given MnCl2 

for all time points beyond three hours were significantly 

increased (p<0.05) when compared to controls. 

Dopamine Concentration Decreased in the Caudate 

Putamen Associated with Manganese Concentration in the 

Brain. The dopamine concentration in the caudate putamen was 
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Fig. 4.1. Time-Course Distribution of Manganese in the Rat 
Central Nervous System after Intrathecal MnCl2. H, ventral 
mesencephalon; A, occipital lobe; •, cerebellum; O, frontal 
lobe; #, caudate putamen from rats given 250 |lg Mn2+/rat 
intrathecally as MnCl2. Each point represents the mean |lg 
Mn/g wet tissue ± SEM (n = 5 rats) . Mn concentration of 
various regions of the brain from control rats given 
equimolar amounts of CI- as NaCl ranged from 0.54 to 0.66 |lg 
Mn/g tissue (n = 3 rats/region/time point) . Mn was 
determined by AAS as described under Materials and Methods. 
(a, p<0.001 when compared to other parts of the brain for the 
same time point; b, p<0.001 when compared to the caudate 
putamen and frontal cortex; c, p<0.01 when compared to the 
cerebellum; d, p<0.05 when compared to the occipital lobe; e, 
p<0.05 when compared to controls.) 
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Fig, 4.2. Time-Course of the Dopamine Concentration in the 
Caudate Putamen after Intrathecal MnCl2. 250 {ig Mn2+/rat 
given intrathecally (n = 5) ; •, equimolar Cl-/rat given 
intrathecally as NaCl (n = 3) . Each point represents the 
mean |lg dopamine/g wet tissue ± SEM. Dopamine was determined 
by HPLC-ECD as described under Materials and Methods. 
(*p<0.05 when compared to controls of the same time point.) 
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determined for the various time points (Fig. 4.2). Three 

hours after intrathecal administration of Mn2+, the dopamine 

concentration in the caudate putamen was significantly-

decreased {p<0.05). The largest decrease in dopamine 

concentration occurred at six hours post-Mn administration 

(Fig. 4.2), which coincided with the largest increase of Mn 

concentration in the ventral mesencephalon (Fig. 4.1). At 

twelve hours after intrathecal Mn2+ administration, there 

appears to be an apparent recovery of the dopamine 

concentration in the caudate putamen; however by twenty-four 

hours the dopamine concentration is again decreased. In 

addition to dopamine, DOPAC and HVA concentrations were also 

determined in the caudate putamen (Fig. 4.3). Although the 

concentrations are much lower than that found for dopamine, 

six hours after intrathecal Mn2+ the DOPAC and HVA 

concentrations were lower than controls coinciding with the 

decrease in dopamine concentration. To insure that other 

neurotransmitters were not also altered by intrathecal Mn 

administration, the serotonin (5-HT) concentration in the 

caudate putamen was also determined (Fig. 4.4). Control 

serotonin concentrations in the caudate putamen were not 

significantly different from Mn treated rats for any time 

point investigated. 
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Fig. 4.3. DOPAC and HVA Concentrations in the Caudate 
Putamen at Various Time Points After Intrathecal 
Administration of Manganese. H, 250 Jig Mn2+/rat given 
intrathecally (n = 5); •, equimolar Cl-/rat given 
intrathecally as NaCl (n = 3) . Each point represents the 
mean |J.g/g tissue ± SEM. Dopamine metabolites were determined 
by HPLC-ECD as described under Materials and Methods. 
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Fig. 4.4. Serotonin Concentration in the Caudate Putamen at 
Various Time Points After Intrathecal Administration of 
Manganese. B, 250 |j,g Mn2+/rat given intrathecally (n = 5) ; 
• , equimolar Cl-/rat given intrathecally as NaCl (n = 3). 
Each point represents the mean )ig 5-HT/g tissue ± SEM. 
Serotonin was determined by HPLC-ECD as described under 
Materials and Methods. 
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DISCUSSION 

After the intrathecal administration of 250 |lg Mn2+/rat, 

a brain region involved in motor control, the ventral 

mesencephalon, which contains the substantia nigra, 

concentrated the largest amount of Mn (Fig. 4.1). In the 

ventral mesencephalon this increase occurred rapidly and 

peaked at six hours. It then gradually decreased by twenty-

four hours. The ventral mesencephalon contained 

significantly higher concentrations of Mn than any other 

brain region investigated at the six and twelve hour time 

points. This suggested that Mn enters the neuron at cell 

bodies located in the ventral mesencephalon. Cell bodies of 

the ventral mesencephalon produce dopamine, are involved in 

motor control and project synapses preferentially to the 

caudate putamen (Appendix B) . The caudate putamen 

concentrated Mn from 0.8 |lg Mn/g tissue at the three hour 

time point to a maximum amount of 4.5 \lg Mn/g tissue at the 

twenty-four hours time point. This is in contrast to other 

brain regions investigated in which the maximum concentration 

of Mn occurred at the six hour time point (Fig. 4.1) . 

The caudate putamen contains synapses whose bodies 

originate in the ventral mesencephalon. Anterograde axonal 

transport, from cell bodies in the ventral mesencephalon to 

synapses in the caudate putamen, is classified as either slow 
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or fast. Fast axonal transport moves vesicles containing 

dopamine; while slow axonal transport moves mitochondria and 

calmodulin (Lechardeur et al., 1993). The time period and 

estimated distance traveled suggests that Mn transport from 

the ventral mesencephalon to the caudate putamen involves 

slow anterograde transport. Since Mn2+ has been shown to 

accximulate in mitochondria through Ca2+ uniporter (Lehniger, 

1972; Chance, 1965) and efflux slowly (Gavin et al., 1992), 

the steady increase of Mn concentration in the caudate 

putamen suggests that Mn concentrates in mitochondria within 

the ventral mesencephalon and is transported anterograde to 

the caudate putamen. 

The dopamine concentration in the caudate putamen was 

decreased at 3, 6 and 24 hours post-intrathecal 

administration of Mn2+. At six hours the dopamine 

concentration in the caudate putamen was maximally decreased 

(Fig. 4.2) and the Mn concentration in the ventral 

mesencephalon was maximally increased (Fig. 4.1). This 

result suggests that as the Mn concentration in the ventral 

mesencephalon increases the dopamine concentration in the 

caudate putamen decreases (Fig. 4.2). The increase of 

dopamine concentration at the twelve hour time point may be 

the result of increased synthesis of dopamine to combat the 

Mn induced decrease. This altered synthesis, however, is 

unable to compete and by the twenty-four hour time point 
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dopamine concentration in the caudate putamen is again 

decreased. The concentration of DOPAC and HVA in the caudate 

putamen were considerably lower than that of dopamine (Fig. 

4.3) . At the six hour time point, the DOPAC and HVA 

concentrations decreased in conjunction with the dopamine 

concentration. Similar to that of the dopamine 

concentration, at the twelve hour time point both the DOPAC 

and HVA concentrations increased. Further siibstantiating 

that the neuron may attempt to alter synthesis to overcome 

the toxic effects of manganese. Finally, to ensure that 

other neurotransmitters in the caudate putamen were not also 

altered by intrathecal manganese administration; the 

concentration of serotonin (5-HT) was determined. As 

expected the serotonin concentration in the caudate putamen 

was unaffected by Mn administration (Fig. 4.4). 
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SUMMARY 

(PART II) 

The intrathecal administration of either 1 or 2 mg 

Mn2+/kg resulted in a rapid decrease in the spontaneous motor 

activity of young, male rats (Fig. 3.3). Unlike other 

studies investigating Mn neurotoxicity using the oral 

(Bonilla and Diez-Ewald, 1974; Bonilla, 1984; Chandra et al. , 

1979; Cotzias et al. , 1974; Bull, 1978), i.p. (Autissier et 

al., 1982; Shukla and Chandra, 1979; Subhash and Padmashree, 

1991), intratracheal (Mustafa and Chandra, 1971) or 

inhalation (Bird et al. , 1984) routes of exposure the 

intrathecal route decreased the spontaneous motor activity 

within one day after administration. In addition, there was 

a dose-response relationship between the amount of Mn given 

and the length of spontaneous motor activity inhibition 

(p<0.05). The intrathecal administration of 2 mg Mn2+/kg 

resulted in a significant decrease in measured spontaneous 

motor activity as compared to controls from day 1 through day 

4 while the 1 mg Mn2+/kg dose significantly decreased 

spontaneous motor activity for days 1 and 2 only. Unlike 
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Fig 4.5. Summary of Manganese Concentration in Various 
Regions of the Rat Central Nervous System. 1. Intrathecal 
administration of MnCl2. 2. Mn concentration in CSF 
increased. 3. Intrathecal Mn resulted in significant 
decrease in the spontaneous motor activity. 4. Mn 
concentration in frontal cortex six hours after 
administration was 5.8 |ig Mn/g tissue. 5. Mn concentration 
in occipital lobe six hours after administration was 12.1 p.g 
Mn/g tissue. 6. Mn concentration in cerebellum six hours 
after administration was 8.2 Hg Mn/g tissue. 7. Mn 
concentration in caudate putamen six hours after 
administration was 4.1 jig Mn/g tissue; dopamine concentration 
was decreased from 12.1 to 5.1 Hg/g tissue 8. Mn 
concentration in ventral mesencephalon six hours after 
administration was 59.7 |j.g Mn/g tissue. 
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other investigations, this work also focused on the 

distribution of Mn concentration in specific brain regions 

after the quantification of spontaneous motor activity. 

Five days after intrathecal administration of 2 mg 

Mn2+/kg, the ventral mesencephalon contained the largest 

amount of Mn (Fig. 3.4). In addition, the dopamine 

concentration in the caudate putamen was significantly 

decreased from 8.0 |J.g dopamine/g tissue to 1.3 |i.g/g (Fig. 

3.5) . Humans chronically exposed to Mn oxides have developed 

motor difficulties commonly associated with abnormal function 

of the dopaminergic nigrostriatal pathway (Mena et al., 1970; 

see Calne et al., 1994 for review). In experimental animals, 

the concentration of Mn in the substantia nigra and caudate 

putamen have been associated with decreased dopamine 

concentration in the caudate putamen (Bonilla and Diez-Ewald, 

1974; Bird et al., 1984). This work greatly extends that of 

others since a decrease in the spontaneous motor activity was 

shown to be associated with an increase of Mn concentration 

in the ventral mesencephalon and a decrease of dopamine 

concentration in the caudate putamen. The results 

demonstrated a significant rise in Mn concentration in all 

brain r<^gions when compared to controls. However, in rats 

given 2 mg Mn2+/kg intrathecally, no particular brain region 

contained significantly larger amounts of Mn than ciny other. 

Therefore, the time course distribution of Mn concentration 
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in the central nervous system was determined after the 

intrathecal administration of Mn2+. In addition, the 

concentrations of dopamine, DOPAC, HVA and serotonin in the 

caudate putamen were also determined. 

Manganese concentrated in the ventral mesencephalon 

after the intrathecal administration of 250 |ig Mn2 + /rat (Fig 

4.1). Six hours after administration, the Mn concentration 

in all brain regions except the caudate putamen reached a 

maximum. Although other brain regions also concentrated Mn, 

the amount found in the ventral mesencephalon six and twelve 

hours after administration were significantly greater than 

any other brain region investigated, and suggests that 

manganese preferentially accumulates in the ventral 

mesencephalon. The Mn concentration in the caudate putamen 

determined three hours after intrathecal injection was 0.8 |j.g 

Mn/g tissue; the Mn concentration determined five days (120 

hours) after intrathecal Mn had increased 7-fold to 5.5 |ig 

Mn/g wet tissue (Fig 3.4) . This suggests that Mn gains 

access to intracellular sites in the cell bodies of the 

ventral mesencephalon and gradually increases over time into 

the synapses of the caudate putamen by anterograde axonal 

transport. 

Others have shown that Mn may be transported as a 

transferrin complex from the blood across the blood-brain 

barrier to accumulate in neurons (Aschner and Gannon, 1994). 
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Interestingly, the ventral mesencephalon (sxibstantia nigra) 

have moderately low levels of transferrin receptors while the 

caudate putamen have moderate amounts (Hill et al., 1985). 

This observation has lead to the suggestion that the Mn-

transferrin complex enters nigrostriatal neurons in the 

caudate putamen and acciimulates in cell bodies of the ventral 

mesencephalon (Aschner and Gannon, 1994). The results 

presented in this dissertation suggest the opposite: that 

intrathecally administered Mn enters the neuron at the cell 

body located in the ventral mesencephalon (moderately low 

transferrin receptor levels) and accumulates slowly in the 

synapse located in the caudate putamen (moderate transferrin 

receptor levels) . Others have confirmed this by 

demonstrating that Mn transport along the nigrostriatal 

pathway is not retrograde (from the caudate putamen to the 

ventral mesencephalon) but is anterograde (Sloot and 

Gramsbergen, 1994) . 
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PART III 

EITHER COCAINE OR RESERPINE DECREASED THE 

CONCENTRATION OF MANGANESE IN THE RAT CENTRAL NERVOUS 

SYSTEM. 
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CHAPTER 5 

IN VIVO INHIBITION OF NEUROTRANSMITTER REUPTAKE 

CARRIER FUNCTION AND DECREASED DOPAMINE AND SEROTONIN 

CONCENTRATION RESULTED IN DECREASED MANGANESE 

CONCENTRATION IN THE RAT CENTRAL NERVOUS SYSTEM 

Chapter 3 demonstrated that the intrathecal 

administration of MnCl2 to rats rapidly led to severe 

neurotoxicity manifested as decreased spontaneous motor 

activity (Fig. 3.3) and decreased dopamine concentration in 

the caudate putamen (Fig. 3.5). In addition. Chapter 4 

showed that after intrathecal MnCl2 the Mn concentration 

increased 94-fold in the ventral mesencephalon when compared 

to controls (Fig. 4.1). The Mn concentration of the ventral 

mesencephalon was four-times greater than that in any other 

brain region investigated and was accompanied by a 63% 

decrease of dopamine concentration in the caudate putamen 

(Fig. 4.2). These experiments demonstrated that intrathecal 

administration of Mn resulted in a rapid decrease in 

spontaneous motor activity and a large, rapid increase of the 

Mn concentration in the ventral mesencephalon. This 

suggested a selective and specific mechanism for Mn 

concentration in the ventral mesencephalon. 
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Selective transport of toxins can be a major factor in 

their selective neurotoxicity. The l-methyl-4-

phenylpyridinixim ion (MPP+) , for example, is transported by 

the sodiiim- and chloride-dependent dopamine reuptake carrier 

(DAT) after which it destroys dopaminergic neurons in the 

substantia nigra of primates and mice (Ritz et al., 1987; 

Snyder and D'Amato, 1986). Recently, Pifl et al. reported 

that in cells trans fected with human dopamine reuptake 

carrier cDNA, the extent of DAT expression was correlated 

with the extent of MPP+ induced toxicity (Pifl et al., 1993) . 

Little is known aiout the mechanism of Mn transport in the 

central nervous system. Aschner has demonstrated the uptake 

and efflux of radiolabeled Mn in cultured rat astrocytes 

(Aschner et al., 1992); other than this work Mn uptake in the 

central nervous system is untested. 

Previous work demonstrated that the intrathecal 

administration of MnCl2 resulted in a rapid accumulation of 

Mn in the ventral mesencephalon (Fig. 4.1) which in the rat 

contains cell bodies of the dopaminergic nigrostriatal 

pathway. Since the neurotoxicity of a compound in the 

central nervous system can be associated with its transport, 

this chapter investigated the concentration of Mn in the 

ventral mesencephalon by focusing on the mechanism of Mn 

transport in the central nervous system. 
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In the present chapter, Mn transport in the central 

nervous system has been studied by inhibiting the reuptake 

systems for the neurotransmitters dopamine and serotonin with 

cocaine and by decreasing neurotransmitter concentrations 

with reserpine. 

Specific Aim; 

The specific aim of this chapter is to characterize in 

vivo the role neurotransmitter reuptake carrier systems have 

on manganese concentration in the rat central nervous system. 

Hypothesis: 

Manganese concentrates in the ventral mesencephalon by 

the dopamine reuptake carrier. 

MATERIALS AND METHODS 

Chemicals. Acepromazine maleate (PromAce) and 

ketamine-HCl (Ketaset) were from Fort Dodge Laboratories 

(Fort Dodge, 10) . Xylazine (Rompun) was from Miles Inc. 

(Shawness Mission, KS) . Cocaine-HCl and reserpine were 

obtained from Sigma Chemical Co. (St. Louis, MO). Other 

chemicals were described in previous chapters. 
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Animals. The source and care of animals was described 

in Chapter 1. 

Intraperitoneal Cocaine emd Reserplne 

Administration. Fifty percent of dopamine transport 

proteins are occupied in rats thirty minutes after i.p. 

administration of 8.6 mg cocaine/kg (Vaugeois et al. , 1993). 

This dose dissolved in saline was given to rats i.p., and 

they were termed Cocip. Control animals received 0.9% saline, 

(Salip) . Thirty minutes after the i.p. administration of 

cocaine or saline, rats were given the intrathecal injection 

as described below. 

Since the dopamine concentration in the caudate putamen 

of rats was reduced 83% twenty-four hours after the i.p. 

administration of 5 mg reserpine/kg (Thomas et al., 1992), 

this dose was given i.p. (Resip) . Reserpine was dissolved in 

glacial acetic acid; the pH adjusted to 4.0 by 5 M NaOH; and 

brought to the final concentration with double-distilled 

deionized water. Control animals (Vehip) received an acetic 

acid solution whose pH had been adjusted to 4.0 by adding 5 M 

NaOH i.p. Twenty-four hours after the i.p. administration of 

reserpine or vehicle, rats were given the intrathecal 

injection as described below. 

Intrathecal Manganese Administration. Animals were 

anesthetized i.m. with a 1.0 ml solution/kg body weight which 

contained: acepromazine (0.2 mg/ml) , ketamine (33 mg/ml) and 
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Table 5.1. Nomenclature emd dosage o£ different 
experimental groups. 

Intraperitoneal Intrathecal 
Nomenclature Dosage Dosage 

Cocaine study 

Salip + ith 0.9% Saline® 322 Cl-/ratb 

Cocip + 8.6 mg cocaine/kg^ 322 Cl-/rat 

Salip + Mn2+ith 0.9% Saline 250 Mn2+/rat 

CoCip + Mn2+ith 8.6 mg cocaine/kg 250 i^g Mn2+/rat 

Reserpine Study-
Vehip + Vehicle Control*^ 322 tig Cl-/rate 

Resip + 5.0 mg reserpine/kgf 322 tig Cl-/rat 

vehip + Mn2+ith Vehicle Control 250 tig Mn2+/rat 

Resip + Mn2+it,h 5.0 mg reserpine/kg 250 tig Mn2+/rat 

Table 5.1: Nomenclature and Dosing of Different Experimental 
Groups. 
a-. Rats were given a 1 ml/kg body weight injection of 0.9% 

saline. 
Intrathecal injection was given thirty minutes after i.p. 
injection. This dose is equimolar CI" for rats given 
MnCl2. 

c. Cocaine was prepared in 0.9% saline. 
d. Rats were given a 1 ml/kg body weight injection of acetic 

acid pH adjusted to 4.0. 
e, Intrathecal injection was given twenty-four hours after 

i.p. injection. 
f, Reserpine was prepared in acetic acid solution (pH=4.0). 

All rats were euthanized six hours after the intrathecal 
injection by CO2 asphyxiation. 

xylazine (11 mg/ml). Cerebrospinal fluid was collected and 

solutions administered as previously described (Chapter 2). 

Experimental animals were given 250 |i,g Mn2+/rat intrathecally 

as MnCl2 (Mnith) ; control animals were given 2.6 mg Cl-/rat as 
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NaCl (Clith) • Previous results indicated that the Mn 

concentration reached a peak in the ventral mesencephalon six 

hours after intrathecal administration of MnCl2 (Fig, 4.1); 

therefore, rats were euthanized by CO2 asphyxiation six hours 

after the intrathecal injection. Nomenclature and dosages of 

the various experimental groups are summarized in Table 5.1. 

Tissue Collection and Brain Dissect:ion. The 

animals were decapitated, the brain rapidly removed and 

placed in cold storage (-80°) . Individual brain sections 

were determined and removed as detailed in Chapter 3 . 

Tissue Digestion and Atomic Absorption 

Spectrophotometry Analysis o£ Manganese. Tissues were 

digested as described in Chapter 3. 

High Pressure Liquid Chromatography 

Quantification of Dopeunine, DOPAC, HVA and Serotonin 

in the Caudate Putamen. The extraction procedure was 

detailed in Chapter 3 and the HPLC-ECD characteristics were 

described in Chapter 4. 

Statistics. Significance was determined using single-

factor ANOVA. 

RESULTS 

Cocaine Inhibits Dopetmine Reuptake in the Caudate 

Putamen. Cocaine is an inhibitor of the reuptake of 
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dopamine, serotonin and norepinephrine and acts by reducing 

the transport of biogenic amines from the synaptic cleft back 

into the cytoplasm (Vaugeois efc al., 1993; Kitayama et al., 

1992) . The time and dose at which cocaine blocks 50% of the 

dopamine reuptake carriers (DAT) has been reported to occur 

thirty minutes after administration of 8.6 mg cocaine/kg i.p 

(Vaugeois et al., 1993). In order to be certain that DAT was 

being blocked iinder these experimental conditions, rats were 

given this dose of cocaine i.p. Thirty minutes later the 

dopamine concentration in the caudate putamen had 

significantly (p = 0.02) increased from 11.4 ± 1.1 to 15.7 ± 

0.5 |ig dopamine/g tissue ± SEM (n = 3; Fig. 5.1). A single 

dose of cocaine results in a short-term inhibition of DAT 

causing a brief rise in dopamine concentration which is 

followed later by a decrease in dopamine concentration 

(Vaugeois et al., 1993; Hurd and Ungerstedt, 1989). These 

results indicated that at the time of Mn administration; DAT 

was inhibited. 

Either MnCl2 or Cocaine Decreased the Dopamine 

Concentration in the Caudate Putamen. To determine 

whether cocaine inhibition of reuptake transport proteins 

could alter Mn concentration in the ventral mesencephalon, 

rats were first given i.p. either 8.6 mg cocaine/kg (Coc^p) or 

saline (Sal^p) . Thirty minutes later, either 250 [xg Mn^+Zrat 

as MnCl2 (Mn^f-j^) or an equimolar amount of Cl~ as NaCl (Clii-^) 
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was ac3iiiinistered intrathecally (i.th.) {Table 5.1). Animals 

were euthanized six hours after Mn administration because the 

maximxim accumulation of Mn concentration in the ventral 

mesencephalon occurs six hours after intrathecal 

administration (Fig. 4.1). 

Intrathecal manganese chloride administration 

significantly decreased dopamine concentration in the caudate 

putamen to 6.3 from 10.4 |J.g/g (Fig. 5.2; Groups 1 & 2) . 

Intraperitoneal cocaine administration decreased dopamine 

from 10.4 to 4.1 |lg/g (Fig. 5.2; Groups 2 & 3). The 

administration of cocaine thirty minutes prior to the 

intrathecal administration of Mn^^ resulted in a dopamine 

level (6.3 |lg/g) identical with rats given Mn alone (6.3 

Jig/g) (Fig- 5.2; Groups 1 & 4) . 

Cocaine Decreased Manganese Concentration in the Rat 

Brain. Mn concentrations in brain regions were determined 

from rats of the four experimental groups (Fig. 5.3). The 

intrathecal injection of MnCl2 resulted in a significant 

increase of Mn in all brain regions investigated (Fig. 5.3; 

Group 1) . The intrathecal administration of MnCl2 caused the 

Mn concentration in the ventral mesencephalon to increase 

from 0.57 |lg Mn/g tissue (mean concentration from controls, 

Groups 2 and 3) to 31.8 |lg Mn/g tissue (Fig. 5.3; Group 1) . 

Other significant increases in Mn concentration as compared 

to controls were 16, 7, 6 and 3-fold in the occipital pole. 



96 

20 

* 

DOPAC Dopamine HVA 5-HT 

Fig. 5.1. Dopamine Concentration in the Caudate Putamen 3 0 
Minutes After Intraperitoneal Cocaine. M, rats given 0.9% 
saline/kg, i.p.; D, rats given 8.6 mg cocaine/kg, i.p. Each 
bar represents the mean |J.g/g tissue concentration ± SEM (n = 
3) . Dopamine, DOPAC, HVA and serotonin (5-HT) were 
determined by HPLC-ECD as described under Materials and 
Methods. {*p<0.03 when compared to controls using ANOVA). 
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^^ith •*" ^^ith C®^ip "*• ^^ith Coc^p + 
(Group 1) (Group 2) (Group 3) (Group 4) 

Fig. 5.2. Dopamine, DOPAC, HVA and Serotonin Concentrations 
in the Caudate Putamen after Intraperitoneal Cocaine and 
Intrathecal Manganese. H, dopamine; B, DOPAC; M, HVA; •, 
serotonin (5-HT) Each bar represents the mean Hg Mn/g tissue 
concentration ± SEM (n = 5 for Group 1 and n = 7 for other 
groups). X-axis nomenclature is as described in Table 5.1. 
Rats were given the i.p. dose; thirty minutes later they were 
given the intrathecal dose and six hours later necropsied. 
Dopamine, DOPAC, HVA and serotonin (5-HT) were determined by 
HPLC-ECD as described under Materials and Methods. (a, 
p<0.01 when compared to Group 2 using single factor ANOVA). 
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Salip + Mriith Salip + Clith Cocip + Clith Cocip + Mriith 
(Group 1) (Group 2) (Group 3) (Group 4) 

Fig. 5.3. Manganese Concentration in the Rat Central Nervous 
System after Intraperitoneal Cocaine and Intrathecal 
Manganese. H, frontal lobe; occipital pole; •, 
cerebellum; B, caudate putamen; I, ventral mesencephalon. 
Each bar represents the mean |ig/g tissue concentration ± SEM 
(n = 5 for Group 1 and n = 7 for other groups) . X-axis 
nomenclature is as described in Table 5.1. Rats were given 
the i.p. dose; thirty minutes later they were given the 
intrathecal dose and six hours later necropsied. Manganese 
was determined by AAS as described under Materials and 
Methods. (a, p<0.05 and b, p<0.01 when compared to either 
Group 2 or Group 3; c, p<0.05 and d, p<0.01 when compared to 
Group 1 using single factor ANOVA). 
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frontal lobe, cerebellmn and caudate putamen, respectively. 

Cocaine before the intrathecal injection of MnCl2 

significantly reduced the Mn concentration of the ventral 

mesencephalon, occipital pole, frontal lobe and caudate 

putamen (Fig. 5.3; compare Groups 1 & 4). Intraperitoneal 

cocaine decreased the Mn concentration in the ventral 

mesencephalon from 31.8 |J.g Mn/g (Group 1) to 3.3 |J.g Mn/g 

tissue (Group 4) . Other decreases in Mn concentration were 

25%, 28% and 63% in the occipital pole, frontal lobe and 

caudate putamen, respectively, when compared to rats given 

Sal^p + Mn^t-h' (Fig. 5.3; Groups 1 & 4) . Mn concentration in 

the cerebellum, however, was unaffected by cocaine. The i.p. 

administration of cocaine did not significantly alter the 

regional distribution of the endogenous Mn concentration in 

the rat brain (Fig. 5.3; compare Groups 2 & 3). 

Reserpine Decreased the Dopeunine Concentration in the 

Caudate Putamen. It has been reported that reserpine 

decreased the concentration of catecholamines and serotonin 

by degrading the membrane of intracellular storage vesicles 

(Bertler, 1961; Glowinski et al. , 1966) . To confirm that 

reserpine administration decreased dopamine concentration in 

these experiments, rats were given 5 mg reserpine/kg i . p .  

Twenty-four hours later, dopamine concentration in the 

caudate putamen was significantly (p<0.0001) decreased from 
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Fig. 5.4. Dopamine Concentration in the Caudate Putamen 24 
Hours After Intraperitoneal Reserpine. B, rats given vehicle 
control, i.p.; •, rats given 5 mg reserpine/kg, i.p. Each 
bar represents the mean jig/g tissue concentration ± SEM (n = 
6) . Dopamine, DOPAC, HVA and serotonin (5-HT) were 
determined by HPLC-ECD as described under Materials and 
Methods. (*p<0.001 when compared to controls using ANOVA). 
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(Group 1) (Group 2) (Group 3) (Group 4) 

Fig. 5.5. Dopamine, DOPAC, HVA and Serotonin Concentrations 
in the Caudate Putamen after Intraperitoneal Reserpine and 
Intrathecal Manganese. H, dopamine; Q, DOPAC; 0, HVA; •, 
serotonin (5-HT) Each bar represents the mean |i,g Mn/g tissue 
concentration ± SEM (n = 6 for Group 1 and n = 7 for other 
groups). X-axis nomenclature is as described in Table 5.1. 
Rats were given the i.p. dose; twenty four hours they were 
given the intrathecal dose and six hours later necropsied. 
Dopamine, DOPAC, HVA and serotonin (5-HT) were determined by 
HPLC-ECD as described under Materials and Methods. (a, 
p<0.01; b, p<0.001 when compared to Group 2 using single 
factor ANOVA). 
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Fig. 5.6. Manganese Concentration in the Rat Central Nervous 
System after Intraperitoneal Reserpine and Intrathecal 
Manganese. H, frontal lobe; occipital pole; •, 
cerebellvim; EI, caudate putamen; H, ventral mesencephalon. 
Each bar represents the mean jlg/g tissue concentration ± SEM 
(n = 6 for Group 1 and n = 7 for other groups) . X-axis 
nomenclature is as described in Table 5.1. Rats were given 
the i.p. dose; twenty four hours latter they were given the 
intrathecal dose and six hours later necropsied. Manganese 
was determined by AAS as described under Materials and 
Methods. (a, p<0.05 and b, p<0.01 when compared to either 
Group 2 or Group 3; c, p<0.05 and d, p<0.01 when compared to 
Group 1 using single factor ANOVA). 
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11.7 ± 1.0 to 0.50 ± 0.07 |lg dopamine/g tissue (n = 6) ± SEM 

(Fig. 5.4) . 

Either MnCl2 or Reserpine Decreased the Dopamine 

Concentration in the Caudate Putamen. To determine 

whether decreased biogenic amine concentrations can attenuate 

Mn transport in the ventral mesencephalon, rats were given 

i.p. either 5 mg reserpine/kg (Res^p) or vehicle control 

(Vehip) . Twenty-four hours later, rats were given 

intrathecally 250 |J.g Mn2+/rat (Mnith^ equimolar amount 

of Cl~ (Clith) ' euthanized six hours later and the brains 

removed (Table 5.1). 

Manganese chloride administration significantly 

decreased the dopamine concentration in the caudate putamen 

to 6.9 from 10.6 fJ.g/g (Fig. 5.5; Groups 1 & 2), but reserpine 

administration decreased the dopamine concentration to a 

greater extent from 10.6 to 0.8 |J.g/g (Fig. 5.5; Groups 2 & 

3). Reserpine caused a significant decrease of dopamine 

concentration in the caudate putamen and occurred whether or 

not Mn was administered (Fig. 5.5; Groups 3 & 4). 

Reserpine Decreased Manganese Concentration in the Rat 

Brain. The intrathecal injection of MnCl2 resulted in a 

significant increase of Mn concentration in all brain regions 

studied (Fig. 5.6; Group 1). The intrathecal administration 

of MnCl2 caused the Mn concentration in the ventral 
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mesencephalon to increase from 0.77 |ig Mn/g tissue (mean 

concentration from controls, Groups 2 and 3) to 29.9 |J.g Mn/g 

tissue {Fig. 5.6; Group 1).. Other significant increases of 

Mn over controls were 17, 13, 7 and 6-fold in the cerebellum, 

occipital pole, caudate putamen and frontal lobe 

respectively. Decreasing biogenic amine concentration with 

reserpine before the intrathecal administration of MnCl2 

significantly reduced the Mn concentration of the ventral 

mesencephalon, occipital pole, frontal lobe and caudate 

putamen (Fig. 5.6; compare Groups 1 & 4). Intraperitoneal 

reserpine decreased the Mn concentration in the ventral 

mesencephalon from 29.9 |J.g Mn/g (Group 1) to 3.7 (j.g Mn/g 

tissue (Group 4) . Other decreases in Mn concentration were 

21%, 21% and 37% in the occipital pole, frontal lobe and 

caudate putamen, respectively, when compared to rats given 

Veh^p + Mn^t-h' (Fis^- 5.3; Groups 1 & 4) . Mn in the cerebellum 

was unaffected by reserpine treatment. The i.p. 

administration of reserpine did not significantly alter the 

regional distribution of the endogenous Mn concentration in 

the rat brain (Fig. 5.6; compare Groups 2 & 3). 

DISCUSSION 

Cocaine administration prior to intrathecally 

administered MnCl2 decreased Mn concentrations in all brain 

regions studied (Fig. 5.3; Groups 1 & 4) with the exception 
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of the cerebellum. The intrathecal administration of MnCl2 

caused a significant rise in the Mn concentration of the 

brain regions investigated (Fig. 5.3). This increase was 

larger in the ventral mesencephalon than in the other brain 

regions. 

The results support the hypothesis that Mn concentration 

in the central nervous system is related to the reuptake of 

dopamine and/or serotonin. When cocaine, an inhibitor of the 

reuptake of dopamine, serotonin and norepinephrine (Reith et 

al., 1986), was given intraperitoneally or MnCl2 was given 

intrathecally the dopamine concentration of the caudate 

putamen was decreased (Fig. 5.2). The greater decrease 

resulted from cocaine administration. But when cocaine was 

given followed by MnCl2, the cocaine effect appeared to be 

blocked by MnCl2 rather than additive. These results suggest 

that Mn antagonizes one of the pharmacological effects of 

cocaine; namely its inhibition of dopamine and serotonin 

reuptake. Uhl and his associates (Kitayama et al. , 1992) 

have shown that cocaine inhibits dopamine reuptake by 

blocking the binding of sodium to the dopamine reuptake 

carrier (DAT). Manganese may block the binding site for 

sodium on DAT and thus interfere with cocaine's inhibition of 

DAT. 

In the caudate putamen intrathecal Mn appears to 

antagonize cocaine's inhibition of neurotransmitter reuptake 
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as indicated by the dopamine and serotonin results (Fig. 

5.2). However, cocaine decreased the manganese concentration 

in various brain regions when MnCl2 was given intrathecally 

(Fig. 5.3). These two observations appear paradoxical. One 

explanation may relate to the functional and anatomical 

differences in cocaine binding. High-affinity cocaine 

binding sites are located in the caudate putamen and low-

affinity cocaine binding sites are located in other regions 

like the ventral mesencephalon (Hitri et al. , 1994; 

Schoemaker et al., 1985; Calligaro and Eldefrawi, 1987). 

These anatomical differences in cocaine binding may also lead 

to anatomical differences in the inhibition of Mn uptake by 

cocaine. When cocaine and Mn are present, changes in 

reuptake are complex and require further studies. 

Mn or reserpine decreased the dopamine concentration in 

the caudate putamen (Fig. 5.5). A large decrease of dopamine 

and serotonin concentrations by reserpine should result in a 

marked reduction of their release from synaptosomes and 

subsequent reuptake. Reserpine was used to deplete the 

central nervous system of these neurotransmitters as a second 

method of reducing their reuptake. Administration of MnCl2 

(intrathecal), reserpine (i.p.) or reserpine plus MnCl2 

significantly decreased the dopamine concentration in the 

caudate putamen (Fig. 5.5). As with cocaine (Fig. 5.2), a 

single intrathecal injection of MnCl2 caused dopamine 



107 

depletion in the caudate putamen but had no effect on the 

serotonin concentration. Reserpine caused a decrease in 

dopamine and serotonin concentrations (Fig. 5.5). Reserpine 

depletion of dopamine and serotonin in the caudate putamen 

was unaffected by the intrathecal administration of manganese 

chloride (Fig. 5.5; Groups 1, 3 & 4) where as the cocaine 

effect was blocked by intrathecal MnCl2 (Fig. 5.2). These 

results suggested that Mn interacts in some way with the 

reuptake mechanism but not the storage of dopamine. 

Reserpine administration decreased Mn concentrations in 

many brain regions. The intrathecal administration of MnCl2 

caused a significant rise in the Mn concentration of the 

brain regions investigated (Fig. 5.6). The increase was 

significantly larger in the ventral mesencephalon than in 

other brain regions. Reserpine administration prior to 

intrathecal MnCl2 decreased the Mn concentration in the brain 

regions studied with the exception of the cerebellum (Fig. 

5.6; Group 4) . 

Although Mn transport in the ventral mesencephalon 

appears to be associated with both the reuptake and 

concentrations of dopamine and serotonin, Mn transport in the 

cerebellum appears to occur by a different mechanism. 

Intrathecal Mn administration caused an increase in Mn 

concentration in all brain regions investigated (Figs. 5.3 & 

5.6). In the ventral mesencephalon, the increase in Mn 
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concentration was greater than in other brain regions. 

Cocaine or reserpine administration prior to intrathecal 

MnCl2, however, resulted in a marked decrease of Mn 

concentration in the ventral mesencephalon, occipital pole, 

frontal lobe and caudate putamen. The manganese 

concentration of the cerebellum, however, was unaffected by 

either cocaine or reserpine administration (Figs. 5.3 & 5.6). 

Manganese neurotoxicity is dopaminergic specific. It is 

pertinent to note that the ventral mesencephalon, a richly 

dopaminergic region, accumulated the largest Mn concentration 

and was most affected by cocaine or reserpine administration. 

In the ventral mesencephalon, DAT has been reported to be 

densely expressed on dopaminergic dendritic and axonal plasma 

membranes (Freed et al. , 1995; Nirenberg et al., 1996), and 

the synthesis and release of dopamine has been shown to be 

comparable to that in the caudate putamen (Nissbrandt et al., 

1989) . Interestingly, the cerebelliom receives widespread 

innervation from the locus coeruleus resulting in extensive 

norepinephrine release and reuptake (Aston-Jones et al., 

1995; Voogd, 1995) . In addition, the cerebellum is 

innervated by serotonin fibers also resulting in extensive 

serotonin release and reuptake (Voogd, 1995; Halliday et al., 

1995) . All other brain regions investigated contain some 

form of dual innervation of dopamine, serotonin and/or 

norepinephrine neurons. Therefore, the results in the 
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cerebellum suggests that the dopamine reuptake carrier (DAT) 

is principally responsible for the dramatic concentration in 

the central nervous system, particularly in the ventral 

mesencephalon. 

Although these results suggest that Mn is transported by 

DAT, it should be noted that reuptake carriers for dopamine, 

serotonin and norepinephrine share extensive sequence 

homology and varying degrees of cross transport (Gu et al. , 

1994) . Therefore, Mn may also be transported by other 

neurotransmitter carriers. In addition, Mn in the central 

nervous system appears to be transported by other unknown 

mechanisms. This is supported in the case of the cerebellum 

where Mn concentration increased 17-fold over controls and 

was unaffected by either cocaine or reserpine administration 

(Figs. 5.3 Sc. 5.5) . The large concentration of Mn found in 

the ventral mesencephalon after intrathecally administered 

MnCl2 and the marked decrease of Mn concentration resulting 

from cocaine or reserpine administration suggested that DAT 

is a transport mechanism for Mn ions. 

Since the i.p. administration of either cocaine or 

reserpine prior to the intrathecal administration of MnCl2 

significantly decreased Mn concentrations in different brain 

regions, these results support the hypothesis that Mn 

concentration in the central nervous system is related to the 
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reuptake of dopamine and serotonin as well as the 

concentrations of these neurotransmitters in the brain. 
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OVERVIEW 

Part I. 

Hypothesis: The lateral choroid plexus protects the 

cerebrospinal fluid from elevated blood manganese by 

concentrating it and preventing its movement from the blood 

into the CSF, and the lateral choroid plexus removes 

manganese from the cerebrospinal fluid. 

The lateral choroid plexus is an important site for the 

protection of the central nervous system from toxic levels of 

blood MnCl2; it concentrated and sequestered Mn from the 

blood against a concentration gradient (Fig. 1.1). The 

eight-fold increase of Mn in the CSF implies that at the 

higher i.p. dose, Mn is acciamulating in the cerebrospinal 

fluid at a faster rate than in the lateral choroid plexus and 

brain cortex (Fig. 1.2) . The result suggests that Mn is 

concentrated from the blood into the lateral choroid plexus 

and that Mn may leak from the lateral choroid plexus into the 

cerebrospinal fluid. 

The intrathecal administration of 10 mg Mn2+/kg did not 

increase the concentration of Mn in the lateral choroid 

plexus (Fig. 2.1). Unlike other ions like iodine, Mn2+ does 

not appear to be removed from the cerebrospinal fluid by the 
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lateral choroid plexus (Whittico et al., 1990). The dose 

significantly increased the concentration of Mn in the brain 

cortex and blood detenrmined twenty-four hours after 

intrathecal administration. 

In rats given 10 mg Mn2+/kg intrathecal ly, qualitative 

neurological differences were observed when compared with 

rats given an equal molar amount of CI- (Table 2.1). These 

changes were observed immediately upon the animals recovery 

from anesthesia and lasted until tissues were collected from 

the animals. Control rats never demonstrated any changes in 

neurological function. The results indicated that Mn 

neurotoxicity could rapidly develop in rats and that the 

protective efforts of the lateral choroid plexus could be 

circumvented by using intrathecally administered Mn. 

Part II. 

Hypothesis: The intrathecal administration of MnCl2 rapidly 

results in dopaminergic specific neurotoxicity. 

After intrathecal administration of MnCl2/ spontaneous 

motor activity of rats decreased significantly and rapidly 

(Fig. 3.3). This decrease occurred within 1 day and could be 

observed within hours after administration. The decrease in 
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spontaneous motor activity was also dose-dependent with a 

longer and more severe decrease in spontaneous motor activity 

observed in rats given the 2 mg Mn2+/kg dose when compared to 

rats given the 1 mg Mn2+/kg dose. 

In addition to the decrease in spontaneous motor 

activity brain regions involved in motor control, the ventral 

mesencephalon and caudate putamen (see Appendix B) , had the 

largest increase in manganese concentration (Fig. 3.4). The 

largest increase of Mn concentration occurred in the ventral 

mesencephalon where a 14-fold increase over controls was 

observed. The next largest increase of Mn concentration 

occurred in the caudate putamen (6-fold) when compared to 

controls. In conjunction with the increase of Mn 

concentration in all brain regions investigated there was 

also a significant decrease in dopamine concentration in the 

caudate putamen. 

After the intrathecal administration of 250 |j,g Mn2+/rat, 

a brain region involved in motor control, the ventral 

mesencephalon, which contains the substantia nigra, 

concentrated the largest amount of Mn (Fig. 4.1). The 

ventral mesencephalon contained significantly higher 

concentrations of Mn than any other brain region investigated 

at the six and twelve hour time points. This suggested that 

Mn enters the neuron at cell bodies located in the ventral 

mesencephalon. 
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The dopamine concentration in the caudate putamen was 

decreased at 3, 6 and 24 hours post-intrathecal 

administration of Mn2+. At six hours the dopamine 

concentration in the caudate putamen was maximally decreased 

(Fig. 4.2) and the Mn concentration in the ventral 

mesencephalon was maximally increased (Fig. 4.1). This 

result suggests that as the Mn concentration in the ventral 

mesencephalon increases the dopamine concentration in the 

caudate putamen decreases (Fig. 4.2). As expected the 

serotonin concentration in the caudate putamen was unaffected 

by Mn administration (Fig. 4.4). 

Part III. 

Hvtjothesis: Manganese concentrates in the ventral 

mesencephalon by the dopamine reuptake carrier. 

Either cocaine or reserpine administration prior to 

intrathecally administered MnCl2 decreased Mn concentrations 

in all brain regions studied (Fig. 5.3; Fig. 5.6) with the 

exception of the cerebellum. The intrathecal administration 

of MnCl2 caused a significant rise in the Mn concentration of 

the brain regions investigated. This increase was larger in 

the ventral mesencephalon than in the other brain regions. 
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When cocaine, an inhibitor of the reuptake of dopamine, 

serotonin and norepinephrine (Reith et al., 1986), was given 

intraperitoneally or MnCl2 was given intrathecally the 

dopamine concentration of the caudate putamen was decreased 

(Fig. 5.2). The greater decrease resulted from cocaine 

administration. Mn or reserpine decreased the dopamine 

concentration in the caudate putamen (Fig. 5.5). 

The results support the hypothesis that Mn concentration 

in the central nervous system is related to the reuptake of 

dopamine and/or serotonin and that manganese neurotoxicity is 

dopaminergic specific. It is pertinent to note that the 

ventral mesencephalon, a richly dopaminergic region, 

accumulated the largest Mn concentration and was most 

affected by cocaine or reserpine administration. In the 

ventral mesencephalon, DAT has been reported to be densely 

expressed on dopaminergic dendritic and axonal plasma 

membranes (Freed et al., 1995; Nirenberg efc al. , 1996), and 

the synthesis and release of dopamine has been shown to be 

comparable to that in the caudate putamen (Nissbrandt et al., 

1989) . Interestingly, the cerebellxim receives widespread 

innervation from the locus coeruleus resulting in extensive 

norepinephrine release and reuptake (Aston-Jones et al., 

1995; Voogd, 1995) . In addition, the cerebellum is 

innervated by serotonin fibers also resulting in extensive 

serotonin release and reuptake (Voogd, 1995; Halliday et al., 
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1995). All other brain regions investigated contain some 

form of dual innervation of dopamine, serotonin and/or 

norepinephrine neurons. Therefore, the results in the 

cerebellum suggests that the dopamine reuptake carrier (DAT) 

is principally responsible for the dramatic concentration in 

the central nervous system, particularly in the ventral 

mesencephalon. 

Although these results suggest that Mn is transported by 

DAT, it should be noted that reuptake carriers for dopamine, 

serotonin and norepinephrine share extensive sequence 

homology and varying degrees of cross transport (Gu et al., 

1994) . Therefore, Mn may also be transported by other 

neurotransmitter carriers. In addition, Mn in the central 

nervous system appears to be transported by other unknovm 

mechanisms. This is supported in the case of the cerebellum 

where Mn concentration increased 17-fold over controls and 

was unaffected by either cocaine or reserpine administration 

(Figs. 5.3 & 5.6) . The large concentration of Mn found in 

the ventral mesencephalon after intrathecally administered 

MnCl2 and the marked decrease of Mn concentration resulting 

from cocaine or reserpine administration suggested that DAT 

is a transport mechanism for Mn ions. 

Since the i.p. administration of either cocaine or 

reserpine prior to the intrathecal administration of MnCl2 

significantly decreased Mn concentrations in different brain 
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regions, these results support the hypothesis that Mn 

concentration in the central nervous system is related to the 

reuptake of dopamine and serotonin as well as the 

concentrations of these neurotransmitters in the brain. 
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APPENDIX A 

SCHEMATIC OF THE BLOOD BRAIN BARRIER AND BLOOD 

CEREBROSPINAL FLUID BARRIER. 

CEREBRAL AND SPINAL ARTERIAL BLOOD 

Blood-Brain Barrier 

(Vascular endotheliim: 
basement membrane and 
neuroglial membrane and 
glial perivascular) 

Fluid 

Neuroglia 

Post-capillary 
venules and veins 

Cerebral veins 

Blood-CSF Barrier 

(Vascular endothelium: 
basement membrane and 
choroidal endothelium of 
choroid plexus) 

Cerebrospinal 
Fluid 

Compartment 

Ventricles 

Subarachnoid cistema 

Spaces of the CNS 

Arachnoid 
villi 

VENUS BLOOD OF DURAL 
SINUSES AND SPINAL VEINS 

Fig. 1. Schematic diagram of the blood-brain barrier and 
blood-CSF barrier that separates the brain and CSF from the 
cerebral vascular compartment (Carpenter and Sutin, 1983). 
The blood-brain barrier is a series of interfaces between 
arterial blood, CSF and neural tissue that regulate the 
transport of chemical siibstance. Tight junctions between 
endothelial cells of the cerebral capillaries restrict the 
passage of solutes from the blood into the extracellular 
compartment (i.e., interstitial fluid). The blood-CSF 
barrier is formed by tight junctions surrounding apical 
regions of the cuboidal epithelium of the choroid plexus (see 
Fig. 2). 
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APPENDIX A - continued 

MICROSCOPIC STRUCTXTRE OF THE LATERAL CHOROID PLEXUS. 

Fig. 2. Microscopic structure of choroid plexus showing the 
three layers of tissue between blood and cerebrospinal fluid 
(Nolte, 1988). The choroid plexus is covered by a single 
layer of cuboidal epithelium with apical microvilli 
protruding into the ventricular CSF. The base of these cells 
rest upon a basement membrane. Tight junctions constitute 
the blood-CSF barrier. 
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APPENDIX B 

SCHEMATIC DIAGRAM OF THE RAT DOPAMINERGIC 

NI6R0STRIATAL PATHWAY. 

Intrathecal 

Ventral 
Mesencephalon 

Fig. 1. Principle dopamine containing projections from the 
ventral mesencephalon (Pellegrino et al., 1979). Dotted line 
with arrow indicates the dopaminergic nigrostriatal pathway. 
Dotted circle represents the location of the substantia 
nigra. The dopaminergic nigrostriatal pathway is composed of 
cell bodies located in the ventral mesencephalon which 
terminate as synapses in the caudate putamen. Motor 
abnormalities of Parkinson's disease are the result of a loss 
of substantia nigra neurons located in the ventral 
mesencephalon which causes a siibstantial decrease in dopamine 
being produced and released in the caudate putamen. 
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APPENDIX C 

REPRESENTATIVE HPLC-ECD CHR0HAT06RAMS. 

ciMiCL A Detector #1 (+200 mV) 

FT 1 

* 4.81 DOPAC 

^.95 Dopamine 

9.M HVA 

Detector #2 (+400 mV) 

—— DOPAC 
4.73 

'86 Dopamine 

EB • 

Fig. 1. Representative HPLC-ECD chromatogram of standard 
solution containing 0.1 |lg DOPAC/ml; 0.0125 |lg HVA/ml and 
0.075 Jig dopamine/ml. Detector #1 (Channel A) was set at 
+200 mV while Detector #2 (Channel B) was set at +400 mV. 
Quantification of HVA was based on areas determined from 
Detector #1. Quantification of dopamine aind DOPAC was based 
on areas determined from Detector #2. 
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APPENDIX C - continued 

REPRESENTATIVE HPLC-ECD CBR0HAT06RAHS. 
CWWKL A Detector #1 (+200 itiV) 

49 HVA 

Detector #2 (+400 mV) 

3 .62 3.55 
4.*? DOPAC 

Fig. 2. Representative HPLC-ECD chromatogram of extraction 
from a control rats caudate putamen. Detector #1 (Channel A) 
was set at +200 mV while Detector #2 (Channel B) was set at 
+400 mV. Quantification of HVA was based on areas determined 
from Detector #1. Quantification of dopamine and DOPAC was 
based on areas determined from Detector #2. 
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APPENDIX D 

REPRESENTATIVE HPLC-ECD CHR0MAT06RAHS. 

CHANNEL A Detector #1 (+150 mV) 

FT 1 

5.92 DOPAC 

9.12 Dopamine 

fa .66 HVA 

Serotonin 

22.78 

» 9 

Fig. 1. Representative HPLC-ECD chromatogram from Detector 
#1 (Channel A, +150 mV) of standard solution containing 0.4 
|ig DOPAC/ml; 0.075 |lg HVA/ml; 0.6 |lg dopamine/ml and 0.06 p.g 
serotonin/ml. Quantification of HVA and serotonin was based 
on areas determined from Detector #1. Quantification of 
dopamine and DOPAC was based on areas determined from 
Detector #2. 
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APPENDIX D - continued 

REPRESENTATIVE HPLC-ECD CHR0MAT06RAHS. 

CHANNEL B Detector #2 (+350 mV) 

DOPAC 5.86 

r ?T05 
Dopamine 

ER 0 

Fig. 2. Representative HPLC-ECD chromatogram from Detector 
#2 (Channel B, +350 mV) of standard solution containing 0.4 
jig DOPAC/ml; 0.075 |lg HVA/ml; 0.6 |lg dopamine/ml and 0.06 |xg 
serotonin/ml. Quantification of HVA and serotonin was based 
on areas determined from Detector #1. Quantification of 
dopamine and DOPAC was based on areas determined from 
Detector #2 . 
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AFPEMSIX D - continued 

REPRESENTATIVE HPLC-ECD CHR0HAT06RAMS. 

A Detector #1 (+150 mV) 

UNRESOLVED) 
y.sr -

13.66 
HVA 

tZ.TZ 
Serotonin 

Fig. 3. Representative HPLC-ECD chromatogram from Detector 
#1 (Channel A, +150 mV) of extraction from a control rats 
caudate putamen. Quantification of HVA and serotonin was 
based on areas determined from Detector #1. Quantification 
of dopamine and DOPAC was based on areas determined from 
Detector #2. 

FT 1 

DOPAC 
(UNRESOLVED) Dopamine 
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APPENDIX D - continued 

REPRESENTATIVE HPLC-ECD CBR0MAT06RAMS. 

CHFLHNEL B Detector #2 (+350 mV) 

DOPAC 
(RESOLVED) 5.88 

12.60 

ER E 

Fig. 4. Fig. 3. Representative HPLC-ECD chromatogram from 
Detector #1 (Channel B, +350 mV) of extraction from a control 
rats caudate putamen. Quantification of HVA and serotonin 
was based on areas determined from Detector #1. 
Quantification of dopamine and DOPAC was based on areas 
determined from Detector #2. 
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