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INTRODUCTION AND REVIEW OF LITERATURE 

In 1962, the book Silent Spring by Rachel Carson 

warned of the effects of man's manipulation of the environ

ment; ''the contamination of air, earth, rivers, and sea 

with dangerous and even lethal materials." This book was 

one of the forerunners of public awareness of the need to 

protect the environment and the population from careless 

practices in industry and agriculture that allow the 

release of toxic substances into the food chains. Carson's 

book warned mainly of the effects of synthetic pesticides 

such as the chlorinated hydrocarbons upon the environment, 

but it provided an indication and a warning that substancei 

normally present in the environment could also become a 

problem, either alone or in combination with other natural 

factors. Environmental heavy metal pollution can be con

sidered in this light. The dangerous toxicity of these 

metals in the environment results from the fact that they 

have been redistributed by man so that they are present 

in more accessible forms, unbound from their ores (Carson, 

1962; Ulmer, 1973). Many of these metals, mercury for 

example, act upon the nervous system, producing symptoms 

from slight tremor to paralysis and death. The methylated 
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forms seem to be exceedingly more neurotoxic than the 

inorganic forms. 

In combination with the effects of environmental 

mercury pollution is the additional hazard of ionizing 

radiations. Man has been aware for many decades that there 

are a large number of sources of environmental radiations. 

These fall into two main classes: internal radiations 

and external radiations. Internal sources of ionizing 

radiations originate from incorporation of naturally 

occurring radioisotopes such as Carbon-14, or man-made 

radioisotopes such as Strontium-90 from nuclear detonation, 

which are absorbed from water, air,and food. External 

sources of radiation include the natural background rad

iations of radium, thorium and their daughter products, and 

cosmic radiations impinging upon the earth's crust. Man

made sources of radiation, such as exposure to diagnostic 

X-rays, add to the natural background (Zeman and Samorajski, 

1971). 

Ionizing radiation in sufficient amounts is capable 

of causing damage to the central nervous system. One of 

the most critical effects of ionizing radiation is destruc

tion of granule cells of the cerebellum and distruption of 

the blood-brain barrier leading to radiogenic edema 

(Berdjis, 1971). Ionizing radiation also causes a 
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phenomenon called delayed radionecrosis in which lesions 

develop in the brain months or years after the initial 

exposure. 

Mercury, especially in its methylated forms, also 

disrupts the blood-brain barrier (Ware et al., 1974) lead

ing to destruction of the cerebellar granular layer, small 

granular neurons in the visual cortex of the cerebrum, and 

the production of tremoring, ataxic gait, and blindness. 

Most of these effects are permanent. 

The interaction between ionizing radiations and 

toxic elements in the environment and their separate and 

combined effects upon the biological organism are of 

particular interest. It is known that protoplasmic poisons 

and/or toxins and other chemicals will influence the effects 

of radiation on the organism. It is quite possible that 

radiation may affect the localization, distribution, and 

effects of substances such as mercury compounds within the 

body. The interaction of these two compounds could 

therefore minimize, stabilize,or increase the damaging 

effects to the blood-brain barrier and associated 

structures. 

The existence of a blood-brain or hematoencephalic 

barrier has been known since 1887, when Erlich observed 

that acid aniline dyes failed to penetrate and stain 
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living brain tissue,but freely stained other body tissues 

(Dempsy and Wislocki, 1955). Since that time,much work 

has been done using vital stains such as trypan blue 

(Wislocki and Leduc, 1952; Dempsey and Wislocki, 1955). 

Protein tracers, most notably peroxidase, have also been 

used (Reese and Karnovsky, 1967; Brightman et al., 1970; 

Rene et al., 1973; Ware et al., 1974). Silver nitrate 

and peroxidase are particularly useful in electron micro

scopic examinations since they can be visualized as 

electron-dense deposits within the tissues. 

Cerebral transport phenomena have been shown to 

have a considerable degree of selectivity and specificity, 

and seem highly significant in controlling processes 

involved in brain metabolism. The rate of uptake of dyes, 

anions, and cations from the circulating blood by the intact 

adult central nervous system is slow compared to the uptake 

of these substances by other organs. This applies to 

inorganic substances such as potassium and sodium as well 

as to organic substances such as glutamic acid. There is 

a relatively rapid gas exchange and uptake of lipid-soluble 

compounds and of glucose (Chusid, 1973). Membranes and 

transport systems sometimes appear to restrict entry of 

materials into the brain from the vascular system, thereby 

prompting the use of the term blood-brain barrier. 
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There has been some question as to whether the 

blood-brain barrier is an actual structure or if it is a 

ma~ifestation of brain metabolism. Dabbing (1961) reported 

that the findings of several investigators seem to indicate 

that the blood-brain barrier is a mechanism or system of 

blood-brain relationships rather than a structural barrier, 

and that the barrier function is explainable as a ''reflec

tion of cerebral metabolism''. However, other evidence 

suggests that the blood-brain barrier is an actual structure 

which can be localized within the brain tissues by light 

and electron microscopy (Breeman and Clemente, 1955; Reese 

and Karnovsky, 1967; Brightman and Reese, 1969; Brightman 

et al., 1970). 

Light microscopy locates the anatomical site of 

the barrier to the vessel wall and its surrounding glial 

sheath (Breeman and Clemente, 1955). Electron microscopy 

suggests that in the adult central nervous system, the 

capillaries are completely invested with glial or neural 

processes. Cellular processes are tightly packed, leaving 

very little extracellular space (Dempsey and Wislocki, 

1955; Brightman, 1968; Chusid, 1973). 

In an earlier work, Wislocki and Leduc (1952) also 

included as part of the barrier the neurohypophysis, 

pineal body, area postrema, intercolumnar tubercule, and 
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supraoptic crest. However, these areas stain vitally with 

both silver nitrate and trypan blue, and are now considered 

to be either outside the blood-brain barrier or sites where 

the barrier is very weak (Dempsey and Wislocki, 1955; Scott, 

1967; Brightman et al., 1970). 

Outside the central nervous system, tracers such 

as peroxidase are capable of crossing the capillary endo

thelium by micropinocytosis and by passage through open 

slits or channels between the endothelial cells. In the 

central nervous system, there are no channels between the 

endothelial cells, and there is a reduction or absence of 

the rate of micropinocytosis across the endothelium. 

Instead, the cerebral capillaries are joined by very closely 

apposed membranes or "tight junctions" which do not allow 

passages of proteins and other substances in out of the 

cerebral capillaries. When injected into the ventricles 

of the brain, the peroxidase tracer can be seen between 

the astrocytic processes of the perivascular glial sheath, 

across the basement membrane, and in the spaces between 

the endothelial cells up to the point where the tight 

junctions are located. The traceD appears unable to 

penetrate farther into the vascular system (Reese and 

Karnovsky, 1967; Brightman et al., 1970). 
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The blood-brain barrier may be damaged by head 

injuries or other adverse conditions such as radiation. 

According to Zeman and Samorajski (1971), the brain is 

relatively radio-resistant in that over 5000 rads are 

necessary to cause sufficient damage to be detected 

histologically. At a dose of whole body radiation above 

5000 rads a "threshold" is reached in most species where 

mean survival time becomes dose-dependent (Bond et al., 

1965). There is a selective reaction to ionizing radiation 

in the brain (Nair and Roth, 1964; Zeman and Samorajski, 

1971). Astrocytes seem to be among the more radio

sensitive cells of the brain and since they are considered 

supporting elements to the blood-brain barrier, damage to 

these cells may result in disturbed barrier function. 

Changes in permeability parameters have been observed and 

movement of potassium and sodium ions and choline are 

affected. X-radiation produces an increase in potassium 

permeability, possibly by acting on sulfhydryl groups in 

membranes. Vacuolation of blood vessels and surrounding 

cells,and alteration of lysosomes and mitochondria have 

been observed (Bond et al., 1965; Samorajski, 1971; 

Samorajski, 1975). 
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Radiation-induced lesions in the vascular system 

of the brain permit the accumulation of fluid in the brain 

tissue leading to an edematous condition. The presence of 

an abnormal amount of fluid in the brain can cause central 

nervous system malfunction and altered metal processes 

(Bakay, 1968; Gerber and Altman, 1970; Rene et al., 1973). 

Keyux (1974) irradiated dogs with 1000-3000 R to the head 

only. He observed a release of protein into the peri

capillary spaces of brain vessels which was clearly defined 

within 48 hours and remained permanent. 

Nair and Roth (1964) reported that 10,000 rads of 

head-only x-irradiation produced altered permeability of 

the blood-brain barrier and facilitated transmission of 

radioisotope tracer 
35

sulfur across the barrier. Radiation 

injury to the barrier was classified as affecting the 

capillary endothelial and/or perivascular glial membrane 

barrier, the brain extracellular space, or the cellular 

mechanisms regulating entry of substances into the cell. 

It is probable that radiation damage to the capillary 

endothelium results in fragility of the cell walls or 

altered pore size, resulting in a net transport of 

materials across the blood-brain barrier, or an increase 

in the rate of transfer of substances. Keyux (1974) 

concluded that observed modifications in permeability 
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are probably due more to radiation-induced disturbances 

in transport mechanisms than to the consequence of cellular 

destruction in the capillary walls. Doses of ionizing 

radiation in the supralethal range, such as 15,000 rads 

of mixed gamma-neutron radiation, produced increased 

incidence of micropinocytotic vesicles resulting in edema 

(Rene et al., 1973). 

In the lower dose ranges, there are conflicting 

results. Graham and Dobsen (1973) exposed rats to 700 rads 

60 of whole-body Cobalt gamma irradiation. They found that 

capillary permeability was increased by 47% of normal . 

48 hours following irradiation. Exposure of animals to 

1000 rads of whole-body irradiation caused a 98% increase 

in capillary permeability. Schettler and Shealy (1970) 

found, however, that there were no observable effects on 

blood-brain barrier permeability in cats irradiated with 

2000 to 3000 rads on the right brain hemisphere only. In 

combination with an ultrasound co-insult treatment, damage 

to the barrier was observed after 4 hours; ultrasound 

alone had no effect. Alterations observed in the astro

cytes were retraction from the walls of the vessels, 

fragmentation of cell processes, and finally the complete 

disintegration of the cell. Haymaker (1972) was concerned 

with the possibility that abscopal effects might have a 
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role in development of neuropathy after whole body irra

diation. Rhesus monkeys (Macaca mulatta) were irradiated 

with a total dose of 600 rads of x-radiation to the body 

only. In 3 out of 12 monkeys treated, a glial reaction 

took place which was interpreted as an abscopal effect. 

However, this work was not conclusive. 

These conflicting results may be explained, in part, 

by differing species tolerance to varying doses of radiation, 

and perhaps by pre-existing factors modifying the radiation 

effect. In general, whole-body irradiation seems more 

effective than focal exposures in producing blood-brain 

barrier permeability (Gerber and Altman, 1970) and high LET 

radiation may be more effective than low LET radiation. 

Also, the dose rate is important, a high dose rate being 

more effective in producing damage than a lower dose rate 

for the same total dose. The latency with which perme

ability changes in the blood-brain barrier occur is 

dose-dependent,and barrier function may be restored after 

a dose-dependent latency (Berdjis, 1971). 

Paralleling the work which has been done on the 

effects of radiation upon the organism is the extensive 

body of information which is being gathered on the effects 

of mercury toxicity upon the biological organism. 
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Mercury has been known for many centuries as an 

amalgam for gold and silver, and is said to have been 

used in drugs by Hippocrates (King, 1957). It was 

introduced as an antiseptic in 1881 (Lee, 1972), and used 

in the manufacture of seed dressings from 1914 to the 

present (Hunter et al., 1940). Mercury may be found in 

the environment as elemental mercury, mercurous and 

mercuric ions and salts, and as organic mercury in the 

form of phenyl, methoxy-ethyl, and alky mercury complexes 

(Montague and Montague, 1971). A few ores may contain 

free mercury, but most is found as cinnibar, a red mercury 

sulfide, which was used as a basis for pigment vermillion 

by the ancients (King, 1957). 

The toxicity of mercury and its compounds has 

been known almost as long as it has been employed in various 

preparations. It enters the body by inhalation, ingestion, 

and skin penetration, and in cases of long term exposure, 

the brain is the critical organ. One of the first docu

mented cases of mercury poisoning was recorded in 1865 by_ 

Edwards following the poisoning of two laboratory techni

cians working with dimethylmercury (Hunter et al., 1940; 

Kurland, 1973). In Danbury, Connecticut, acid nitrate 

mercury compounds were used in the production of fur felt 

hats, and there were several cases of mercury poisoning 
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(Bidstrup, 1964). Th~ disease came to be called the 

nnanbury shakes" or "Mad Hatter's disease" and was character

ized by muscle tremors, constriction of visual fields, and 

erethism (antisocial behavior·). The symptoms eventually 

lead to complete insanity as the poisoning becomes more 

severe (Friberg and Nordberg, 1973). Also well documented 

was the case of the Huckleby family, which was poisoned 

by pork from a hog which had been fed grain coated with an 

organic mercury fungicide (Curley et al., 1971; Montague 

and Montague, 1971; Kurland, 1973). More recently organic 

mercury compounds, especially methylmercury, have come to 

publich attention as a serious hazard in environmental 

heavy metal pollution in the wake of the poisonings by 

methylmercury at Minamata Bay, Japan (D'Itri, 1972; Chang 

and Hartmann, 1972a, 1972b; Ulmer, 1973), and in Iraq 

(Rustam and Hamdi, 1973), and because of the removal of 

swordfish from the market due to concentrations of mercury 

above the maximum permissible level (the safe limit for 

mercury content in fish has been placed by the FDA as 

0.5 µg/g [Tower, 1975]). 

Almost any form of mercury entering the environment 

can be biologically converted to methylmercury. At Minamata 

Bay, Japan, the chief agents in the disastrous poisoning 

episode from 1953 to 1960 were found to be mono- and 
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di-methyl mercury, which were produced inadvertantly during 

the manufacturing process of vinyl chloride plastics, but 

also by methanogenic bacteria which were capable of synthe

sizing, under anaerobic conditions, methylmercury from 

mercuric chloride using methyl cobalamin as a substrate 

(Friberg and Vostal, 1972). It is this process of biolo

gical methylation which provides the environmental hazard, 

since methylmercury is water soluble and is concentrated 

several times in the organs and muscles of fish, and is 

thereby capable of entering the food chains to reach 

man (Kazantzis~ 1973). 

Mercury, in all its forms, is toxic to some degree, 

depending upon the compound and the dosage received 

(Friberg and Nordberg, 1973). Specific toxic effects in 

the biological system depend upon reactions with ligands 

that are essential for the normal functioning of the body 

systems. For the most part, ligands are formed between 

mercury and the sulfhydryl groups of enzymes (Oehme, 1972; 

Passow et al., 1961; Hughes, 1957) or other proteins, 

amines, or simple amino acids by covalent bonding to the 

sulfur of the sulfhydryl groups of the amino acid. Walter 

and Luck (1977') found that mercury (II) ions bound to bases 

of nucleotides, polynucleotides, DNA and RNA causing a 

structural change to a more condensed state. Whether 
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this occurs with the methylated organic forms of mercury 

was not discussed. Methylrnercury is known to react both 

catalytically and directly with L-a-phosphatidyl ethanola

mines, a group of phospholipids impor•tant in membrane 

structure for cells in the CNS. Methylmercury reacts with 

these plasrnalogens to catalyze the hydration of vinyl ether 

linkages yielding fatty acids and monoglyceride. This 

reaction may occur in vivo (Segal and Wood, 1974; Tower, 

1975). 

Not much elemental mercury is absorbed except by 

inhalation of the mercury vapors which pass into the blood 

and have a half-life of approximately 7 hours in the body 

(Oehme, 1972). This form of mercury does not easily 

penetrate the blood-brain barrier due to its high affinity 

for the formation of thiol bonds with blood proteins. 

However, these mercaptides cause both extreme local irri

tations due to the clumping of proteins and structural 

changes of membranes associated with the blood-brain 

barrier (Hughes, 1957; Joo, 1969). 

The organomercurials have a very high lipid solu

bility and are, therefore, able to penetrate the restrictive 

membranes of the blood-brain barrier (Hughes, 1957; Passow 

et al., 1961; Tower, 1975). These compounds accumulate 

in the brain tissues due to their great stability. There 
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they destroy brain cells and produce the specific symptoms 

associated with aklylmercury poisoning. The toxic effects 

are attributed to the entire molecule, not to the dissoc

iated inorganic form (Kurland, 1973). Organic mercury, 

rather than inorganic mercury, is responsible for most 

neurological damage, chromosome aberrations, and teratogenic 

effects (Montague and Montague, 1971). The short chain 

alkylmercury compounds such as the various methyl- and 

ethylmercury compounds, which have a half-life of approx•

imately 70-105 days in the human body (Hammond, 1971; 

Kurland, 1973; Rustam and Hamdi, 1974), are considered to 

be the most toxic of the mercurials. The specific symptoms 

of methylmercury poisoning appear after a variable latency 

period, and are characterized by marked histological changes 

and degeneration of the nervous tissue due to blockage of 

neuronal metabolism. However, compensatory mechanisms of 

the nervous system can delay clinical symptoms and 

recognition of the disease, even though the patient may 

have partial brain damage (Kurland, 1973). 

Acute methylmercury poisoning is marked by vomiting, 

abdominal pain, diarrhea, severe kidney damage, and death. 

Chronic poisoning begins with fatigue, anxiety, headaches, 

and impairment of memory. The later symptoms include 

ataxia, tremor, concentric constriction of visual fields, 



16 

sensory dist~rbance, and loss of hearing (Friberg and 

Vostal, 1972; Yoshino et al., 1966; Tower, 1975). Mental 

impairment has been found at levels of greater than one 

part per million in the brain tissue of humans (Hughes, 

1957). 

It has been found that organomercurials, especially 

the methylmercury compounds, are slow to be takeri into the 

various brain areas (perhaps due to resistance to penetra

tion by the blood-brain barrier), and are also slower to 

~e excreted due to their stability and retention within 

the body, leaving the brain exposed to the damaging effects 

of mercury for a longer period of time (Swensson and 

Ulfvarson, 1963; Kurland, 1973). 

It has been found that different areas of the brain 

concentrate mercury in different amounts, but that, 

generally, the greatest concentrations of mercury are 

found in the cerebellar cortex and varying portions of 

the cerebrum. Histological changes have been observed in 

the cerebrum to be the most prominent around the calcarine 

fissure and the area striata, with marked degeneration 

and loss of nerve cells observed in all layers (Hunter 

et al., 1940; Yoshino et al., 1966; Glomski et al., 1971; 

Kurland, 1973). Steinwall and Olsson (1969) found neuro

logical disturbances and degenerative changes in neurons, 
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especially in the granular layer of the cerebellum. They 

also noted degeneration in th~ ·calcarine are~ of the 

cerebrum. 

Many studies have been done in order to observe 

the location of mercury within the brain tissues. Norseth 

(1968) analyzed a combined lysosome-peroxisome fragment of 

brain homogenate and found that mercury was retained at a 

constant level in lysosomes and that lysosomes sequester 

metals normally and have ·been found to accumulate mercury 

during experimental mercury poisoning. Of considerable 

interest is the localization of mercury compounds to the 

site of the blood-brain barrier, since it is thought that 

severe neurological impairment caused by mercury poisoning 

may be a direct result of damage to the blood-brain barrier. 

Chang and Hartmann (1972a) administered a low dosage of 

methylmercuric chloride (1.0 mg/kg body weight) daily via 

stomach tube to rats, and produced neurological distrubances 

similar to those seen in Minamata disease. They concluded 

that even a small amount of methylmercuric chloride, when 

taken chronically, is capable of impairing the blood-brain 

barrier, leading to an edematous condition. An electron 

histo-technique was used to visualize mercury in the brain 

after intoxication~ Deposition of mercury was noted on, 

and in, many biological membranes, including the endothelial 
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membranes of the capillaries and the glial membranes. 

Electron-dense granules of mercury sulfide were found in 

close association with lesions in the brain in those 

animals treated with methylmercury and ammonium sulfide. 

The granules were not detected elsewhere. Focal cytoplasmic 

damage was discovered as the most general effect of methyl

mercury poisoning of neurons. Also, vacuolation, retraction 

of neurons, and decrease in rough endoplasmic reticulum 

were noted. 

Since the blood-brain barrier is also a biochemical 

barrier, various other studies on the biochemistry of the 

effects of mercury on the blood-brain barrier have been 

done (Steinwall and Klatzo, 1966; Yoshino et al., 1966; 

Steinwall and Olsson, 1969; Joo, 1969). Results of these 

studies have shown a marked inhibition of membrane ATPase 

activity following the administration of mercury (Joo, 1969), 

increased permeability to fluorescent Evans blue-protein 

b ·1· 75 s 1 h" . complex and decreased permea 1 ity to e-se enomet 1on1ne 

(Steinwall and Olsson, 1969),. and various effects upon 

14 Carbon-glucose permeability. With slight mercury damage 

a decrease in the passage of 14c-glucose into the brain 

was observed. 

Since there is a latent period of a few days to 

weeks before obvious symptoms of methylmercury poisoning 
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develop, it is possible that biochemical alterations may 

precede neurological impairment and that the absence of 

symptoms should not be regarded as the absence of damage 

(Steinwall and Olsson, 1969). 

The specific purpose of this study was to observe 

possible interactions between two co-insults, methyl

mercuric chloride and ionizing radiation, on the brain 

parenchyma and blood-brain barrier of the adult albino 

rat and adult male and female squirrel monkey. 

The experiment was mainly a morphological electron 

microscopic examination of treated and control cerebellum 

in rats, and cerebellum and calcarine cortex in squirrel 

monkeys to detect possible sites of changes in barrier 

morphology due to treatment. Changes in morphology of 

neurons and supporting elements of the neurophil associated 

with possible effects of methylmercuric chloride and ioniz

ing radiation on the blood-brain barrier were analyzed and 

interpreted. 

Horseradish peroxidase tracer histochemistry was 

attempted in rats to detect leakage from the vessels. 

Ammonium sulfide treatment was used in selected blocks to 

try to visualize mercury deposition sites. 

Analyses by energy dispersive x-ray spectroscopy 

were performed on selected samples to investigate 
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composition of dense membrane bound deposits and dense 

reaction product localized on some membranes within the 

brain. 



MATERIALS AND METHODS 

Male and female squirrel monkeys (Saimiri sciureus) 

and female rats of the Sprague-Dawley derived strain were 

used in this study. Animals were housed in separate rooms 

for the duration of the experiment. The rats were main

tained in wire mesh cage~ with a constant supply of 

standard Purina Laboratory Chow and water available. The 

0 rooms were maintained at a temperature of 22 C and 13-11 

hour day-night cycle. 

Rats 

Methylmercuric Chloride Treatment 

Forty-two female rats weighing 200-300 g were 

divided into a test group and a control group. They were 

given a single intraperitoneal injection of methylmercuric 

chloride in sterile saline (3 mg/ml solution) or 1 ml of 

sterile saline for the controls according to the schedule 

in Table I. 

X-radiation Treatment 

Rats were also exposed to x-radiation. Head-only 

irradiation was provided by a General Electric Maximar 

X-ray unit operated at 250 kVp, 15 ma, 0.5 mm Cu, and 

21 
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Table I. Doses of Methylmercuric Chloride per Kilogram of 
Body Weight and Radiation in R Administered to Female Rats. 

Number of Animals Methylmercuric Chloride 
Radiation in mg/kg body weight 

6 8.0 9.0 kR 

6 4.0 4.5 kR 

6 0.0* 9.0 kR 

6 0.0* 4.5 kR 

6 8.0 sham 

6 4.0 sham 

6 0.0* sham 

*Each animal received an injection of 1 ml saline. 
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1.0 mm Al filtration at a dose rate of 219.4 R per minute. 

/ The total doses of x-radiation given were 9 kR high dose 

and 4.5 kR low dose to th~ head only (Table I). The dose 

rate was measured by Victoreen ionization chambers placed 

in the restraining and shielding apparatus at brain level. 

The total time, of treatment was calculated by dividing the 

total desired dose by the dose rate. Controls were 

restrained in the same manner and for the same length of 

time as the treatment groups. 

The rat restraining device was built and described 

by Earhart (1975). It consisted of a tubular cloth 

restraining jacket and a pallet upon which the unanesthe

tized rat was fastened with masking tape so as to prevent 

the animal from withdrawing its head from the radiation 

field. The rest of the body was protected by 5.4 cm thick 

lead shielding so that only the head region received radiation. 

Preparation of Tissues 

Three rats from each test group and control group 

were killed either 24 hours or 72 hours after treatment. 

At sacrifice the animals were anesthetized with sodium 

pentobarbital and injected with horseradish peroxidase 

enzyme tracer protein (HRP) or cerebellar tissue was 

removed and treated with ammonium sulfide as subsequently 

described. 
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The animal was anesth~tized and fastened to a 

small animal restraining board during perfusion fixation. 

Before perfusion the trachea was cannulated to prevent 

anoxia. Polyethylene tubing (Intramedic, i.d .. 062", 

o.d .. 082") was connected to a respirator (E & M Scientific) 

set at a 1:1 inspiration-expiration ratio and 25 respir

ations per minute, to simulate normal respiration while 

the thoracic cavity was opened. Polyethylene intravenous 

tubing (Intramedic, i.d .. 045", o.d .. 062") connected to 

the perfusate reservoir with a series of reducers, was 

tied into the decending aorta with sutures. The perfusate 

was cold 3% glutaraldehyde (Sabatini et al., 1973) buffered 

with 0.1 M Millonig's phosphate buffer, pH 7.4. A preperfu

sate of 2% heparin in sterile saline was placed into a 

length of the perfusion tubing to prevent clotting of 

blood. The ascending aorta was sutured past the junction 

of the carotid and brachiocephalic arteries and the right 

atrium severed for circulatory drainage. Sufficient 

pressure for perfusion was achieved by suspending the 

fixative reservoir 60 cm above operating level (Palay 

et al., 1962; Pease, 1964; Sjostrand, 1967). Perfusion 

was continued for 10 minutes after which the brain was 

removed from the cranial cavity and sections of the 
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cerebellum were taken for processing for electron microscopy 

by the method in Table II. 

Polymerized blocks of tissue were cut with a Dupont 

diamond knife on a Porte~-Blum MT-2B automatic ultramicro

tome. Thick sections of approximately 1 micron were 

examined in a light microscope after staining with Paragon 

Multiple Stain in order to check sampling area and 

condition of tissue. Thin sections about 800 Angstroms 

in thickness (silver colored) were cut and placed on cle~n 

copper mesh grids. The sections were poststained with an 

alcoholic uranyl acetate solution and with Reynold's lead 

citrate (Reynolds, 1963) to increase contrast. Sections 

were examined in a Siemens 101 electron microscope. 

Horseradish Peroxidase Treatment 

The rats were anesthetized with pentobarbital and 

a solution of 10-25 mg horseradish peroxidase (HRP), Sigma 

type II and VI, dissolved in 1 ml of sterile saline was 

slowly infused into the femoral vein. The HRP was allowed 

to circulate for 15-20 minutes to allow penetration into 

the brain. Perfusion with fixative was then started. 

Tissue from the cerebellum was minced into 1 mm
3 

blocks 

and rinsed in 0.5 M Tris buffer, pH 7.4 three times. A 

reaction mixture was made which consisted of 5 mg of 

3,3 diaminobenzidine tetrahydrochloride (substrate for 
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Table II. Proce~sing Schedule for Electron Microscopy 
(Modified from Mollenhauer, 1964). 

Fixation 

1. Fix tissue by immersion or in situ by perfusion 

2. Mince into 1 mm3 blocks with a sharp blade 

3. Fix for at least 1 hbur in cold conditions (4°C) 

4. Rinse three times in cold Millonig's buffer, pH 7.4 

5. Postfix in 1% osmium tetroxide in Millonig's buffer 
for 1 hour in cold conditions 

6. En bloc stain with 1% aqueous uranyl acetate, 1 hour 
In cold and dark 

50% ETOH 
70% ETOH 
95% ETOH 
100% ETOH 

Dehydration 

100% propylene oxide 

Embedding 

2x 5 min in cold 
2x 10 min in cold 
2x 10 min in cold 
3x 10 in cold 
2x 15 min at room 

temperature 

50:50 Epon-Araldite plastic catalized with DMP-30 immed
iatly before use and Propylene oxide-1 hour at room 
temperature or leave overnight with caps off 

pure catalized resin-1 hour at room temperature 

transfer specimens to Beem capsules with fresh resin for 
several hours 

place in 70° oven to polyme~ize overnight 
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the enzyme) dissolved in 10 ml of 0.5 M Tris buffer pH 7.4 

to which 1 ml of 1% H2o
2 

was added. The blocks were 

incubated in the reaction mixture for 30-60 minutes at room 

temperature. They were then washed in Tris buffer and 

postfixed with osmium tetroxide (Graham and Karnovsky, 

19 6 4). 

Mercury Visualization Treatment 

Selected blocks of tissue obtained from rats were 

divided into a control group which was processed for 

electron microscopy immediately and a test group which was 

rinsed with Millonig's buffer, pH 7.4, and treated with 

0.5% ammonium sulfide for 15 minutes at room temperature 

before processing for electron microscopy (Chang and 

Hartmann, 1972a, 1972b; Ware, Chang, and Burkholder, 1974). 

According to these workers, mercury present in the tissues 

after this treatment appeared as electron dense deposits 

within the membranes of the tissues. 

Squirrel Monkeys 

Animal Management 

The squirrel monkeys were separated by sex and 

housed 2 to a cage during th_e test period. They were kept 

in a room separated from the colony with a day-night cycle 
. 0 

of 12-12 hours and 22 C ambient temperature. Monkeys 
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were fed three times a day a diet consisting of Purina 

Monkey Chow soaked with reconstituted orange juice or milk, 

fresh fruit, raisins and pe~nuts. Water was changed twice 

daily. 

Behavioral Testing 

During behavioral testing immediately preceeding 

and for 30 days after treatment the monkeys were maintained 

on an 18 hour food deprivation schedule with standard 

Purina Monkey Chow available only in the period immediately 

af·ter testing. Water was given ad libi tum. Results of 

the behavioral studies have been published (Hupp, Day, 

Hardcastle, Hines, and Minnich, 1977; Hupp, Cresson, and 

Joiner, 1977; Joiner and Hupp, in press). 

Methylmercuric Chloride Treatment 

Eight young, adult, jungle born male squirrel 

monkeys weighing between 900-1200 grams were separated into 

four groups of two animals each and treated with methyl~ 

mercuric chloride in sterile saline (3 mg/ml) as follows: 

Group One-6 mg/kg body weight "high" dose, Group Two-4.5 mg/ 

kg body weight "intermediate" dose, Group Three-3 mg/kg body 

weight "low" dose, and Group Four-1 ml saline control sham 

injection. All injections were given intraperitoneally. 
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Eleven young, adult, jungle born female squirrel 

monkeys weighing 600-800 grams were separated into five 

groups of two animals each and one group containing one 

animal (low radiation group). They were treated with 

intraperitoneal injections of methylmercuric chloride 

or sterile saline singly or in combination with two levels 

of x-radiation according to the regimen in Table III. 

X-radiation Treatment 

The female squirrel monkeys were placed in a small 

carrying cage, unanesthetized, and treated with whole body 

x-irradiation applied with a General Electric Maximar X-ray 

unit operated at 250 kVp, 15 ma, 0.5 mm Cu and 1.0 mm Al 

filtration at a dose rate of 55 R per minute. The two doses 

of radiation were 300 Rand 150 R total dose (Table III). 

The dose rate was determined by Victoreen ionization 

chambers placed within the radiation field. The controls 

were sham-irradiated in a manner identical to the treatment 

group. 

Preparation of Tissues 

The monkeys were anesthetized with sodium pentobarb

ital 40-50 days after methylmercuric chloride and/or 

radiation treatment. The brain was fixed in situ by 

intracardiac perfusion with cold 3% glutaraldehyde (Fisher) 
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Table III. Doses of Methylmercuric Chloride per Kilogram 
of Body Weight and Radiation in R Administered to Female 
Squirrel Monkeys. 

Radiation Dose 

High (300) Low (150) Control (0) 

OJ High 
(I) 6 mg/kg G1,oup 1 --- Group 3 0 
~ 

» Low 
H 3 mg/kg --- Group 6 ---
;:j 
C) 

~ Control G1...,oup 4 Group 2 Group 5 OJ 
~ 
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buffered with 0.1 M Millonig's phosphate buffer pH 7.4. 

Heparin (2%) dissolved in saline was placed in a length of 

the tubing to prevent clotting and blockage of the fixative 

flow. Perfusion was allowed to continue for 15-20 minutes 

after which the flow of fixative was stopped and the brain 

removed from the cranial cavity. Sections from the cere

bellwn and the calcarine cortex were taken and further 

fixed in cold 3% buffered glutaraldehyde before processing 

for electron microscopy. The tissues were cut into 1 mm3 

blocks, rinsed with cold Millonig's phosphate buffer 

pH 7.4,and processed according to the schedule in Table II. 

Energy Dispersive X-ray Spectroscopy 

Energy dispersive x-ray spectroscopy was done on 

high mercury blocks (8 mg/kg wt. in rats, 6 mg/kg wt. in 

monkey) from the cerebellum of the rat and the choroid 

plexus of the squirrel monkey. The equipment was a 

JEOL lOOC transmission electron microscope equipped with 

scanning mode, a Kevex lithium drifted silicon energy 

dispersive x-ray detector, and NS 880 multichannel analyzer. 

Samples for this analysis were cut from blocks which were 

embedded in Epon-Araldite plastic and unosmicated (rat) 

and unstained (rat and monkey). Sections with gold to 

brown interference color were placed on nylon grids and 
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coated with a thin film of spe~trographically pure carbon 

in a vacuum evaporator (Dentori). The analysis was per

formed by Dr. Herb Hagle~, University of Texas Health 

Science Center, Pathology Dept., Dallas, Texas. 



RESULTS 

The experiment performed involved three groups of 

animals; a group of female rats, a group of male squirrel 

monkeys, and a group of female squirrel monkeys. The 

experiment involving female rats was done to evaluate the 

effects of single mercury doses and co-insult doses of 

mercury and x-radiation on this species. The monkey 

studies were done with male monkeys to determine the 

effects of high, intermediate and low doses of mercury 

and with female monkeys to determine the effects of 

co-insult treatment. 

Figure 1 is a control section micrograph with a 

capillary and a large representative area of the cerebellar 

neuropil of the rat. Note that the neuropil is very 

compact with moderately dense mitochondria and little 

extracellular space. The capillary has a dense basement 

membrane and a non-fenestrated epithelium. Two red blood 

cells may be seen in the lumen of the capillary and a 

pericyte is located by the capillary nucleus. A 

perivascular astrocyte can be seen at the lower right. 

Figure 2 is a higher magnification micrograph of a 

different vessel endothelium and basement membrane. Note 

the mitochondria within the endothelium. 

33 
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Figure 1. Control rat. Injected with HRP. Granular 

layer of the cerebellum. The neuropil is 

compact with moderately dense mitochondria. 

The capillary contains two red blood cells 

showing peroxidase activity and shows the 

typical non-fenestrated endothelium. An 

astrocyte is located in the corner of the 

micrograph. 5040x. 

Figure 2. Control rat. Injected with HRP. Granular 

layer of the cerebellum. Higher magnification 

of a venule showing non-fenestrated endothelium 

and small mitochondria. A pericyte is located 

near the vessel nucleus. 8400x. 
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Taking the expe~imental groups individually all the 

groups varied somewhat from control. There we~e few 

instances in the rats of a no-effect situation. Where a 

treatment was administered a tissue reaction generally 

occurred. The tissue reaction varied from slight to very 

reactive. 

At sacrifice neither the 24 or 72 hour posttreatment 

rats showed symptoms of mercury poisoning or radiation 

injury. Initially upon treatment there was a period of 

lethargy for both types of treatment with rapid recovery to 

normal behavior. 

The low (4 mg/kg body wt.) mercury treatment group 

was characterized by edema of the cerebellar neurophil. 

In many areas the granule cells which are normally closely 

apposed were pushed apart and vacuolation of the extra

cellular space was evident (Fig. 3). The nuclear envelope 

was somewhat swollen (Fig. 4) and the Golgi apparatus 

~ppeared enlarged with excess fluid. The subsurface 

cisternae of the Purkinje and Golgi cells were enlarged 

(Fig. s, 6). Some mitochondria showed loss of cristae. The 

nuclei of the granule cells, however, appeared normal and 

unaffected. The cells displayed the typical patchy 

distribution of chromatin and an occasional nucleolus. 

There was no apparant increase in perichromatin granules 
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Figure 3. Treated rat which received 4 mg/kg body weight 

ofmethylmercuric chloride and sham irradiation. 

HRP injected, 24 hour sacrifice. Rat cerebellar 

granule cells surrounded by dilation and 

vacuolation of neuropil. 8400x. 

Figure 4. Same as above, showing an enlarged view of the 

granule cell nuclear envelope and slightly 

expanded golgi apparatus. 21,000x. 
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Figure 5. Treated ra.t which received 4 mg/kg body weight 

nEthylmercuric chloride and sham irradiation. 

HRP injected, 72 hours sacrifice. Rat cerebellum. 

Capillary contains HRP reaction product. Den

drite shows slightly enlarged stacked subsurface 

cisternae of the a.granular reticulum. 16,BOOx. 

Figure 6. Same treatment as above. Enlarged view of 

subsurface cisternae showing dilation making 

stacked appearance more obvious. 56,000x. 
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or interchromatin granules which are thought to be nuclear 

ribosomes. The Purkinje cells appeared histologically 

normal except for the apparent subsurface cisternae. 

The low radiation group (4.5 kR x-irradiation) 

appeared histologically normal except for occasional 

areas of dilated endoplasmic reticulum cisternae and 

dilation of the Golgi apparatus. These areas were not 

greatly pronounced. The granule cell nuclei displayed the 

characteristic blocky dispersion of chromatin. Cell-cell 

boundaries were intact. Purkinje cells maintained morpho

logically unaltered appearance. 

The low co-insult group (4 mg/kg body weight methyl~ 

mercuric chloride and 4.5 kR x-irradiation) showed some 

breakdown and lysis of mitochondria both within the 

capillary walls and within the granule cell cytoplasm 

(Fig. 7b, 7c). Edema was not as extensive as in the low 

mercury insult alone and in most areas vacuolation and 

separation of the granule cells was not observed. The 

cell membranes continued to be closely bound together. 

In axons, mitochondria were observed to have retained the 

double membrane, but had lost cristae and matrix (Fig. 7a). 

In axons where cristae were present they were sometimes 

observed to be irregular and swollen. Figure 8 is an 

overview of a section of granular layer of the cerebellum 
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Figure 7a. Treated rat which received 4 mg/kg body weight 

methylmercuricchloride and 4.5 kR x-irradiation. 

HRP injected. 24 hour sacrifice. Rat cere

bellum. This group was not as edematous as the 

single insult groups. Most notable was mitochon~ 

drial damage in axons leaving the double outside 

membrane intact and showing loss of cristae and 

matrix. 68,000x. 

Figure 7b. Treatment same as above. Note destruction of 

mitochondrion within endothelium. Basement 

Membrane. 42, OOOx. 

Figure 7c. Treatment same as above. Note membranous 

whorl inside mitochondrion which seems to 

have remains of some cristae. HRP reaction 

product in lumen of capillary. 102,000x. 
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Figure 8. Treated rat which received 4 mg/kg body weight 

methylrnercuric chloride and 4. 5 kR x-irradiation. 

HRP injected, 72 hour sacrifice. Overview of 

granular layer of cerebellum including a glom

erulus and showing little edema. The capillary 

is intact and appears to have an intact tight 

junction. The granule cells appear normal. 

12,000x. 
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including part of a glomerulus cerebellosi. Glogi in 

some areas were enlarged but note that the edema is very 

slight. There appears to be some leaching of granule cell 

chromatin but it is slight. 

The high mercury (8 mg/kg body wt.) group exhibited 

extensive edema, fatty degeneration of granule cells and 

swelling of the endoplasmic reticulum of the Purkinje cells 

(Fig. 9, 10). In the dendrites of the Purkinje cells it 

was observed that the extensive hypolerrun.al and subsurface 

cisternae characteristic of these cells was enlarged and 

the spine apparatus of the dendritic spines also appeared 

enlarged (Figs. 11, 12). This was observed in the 4 mg/kg 

mercury treatment group also. The mitochondria in some 

areas showed swollen cristae. Synaptic vesicles and 

synaptic orientation as well as microtubule structure 

appeared histologically un~hanged. 

The high radiation (9 kR x-irradiation) group 

exhibited a karyolytic appearance in the granule cells. 

Chromatin was thinned out and areas of dense hetero

chromatin were less dense than the controls. Vacuolation 

of the areas surrounding the granule cells was commonly 

observed. Capillary walls remained continuous with no 

increase in caveoli. The tight junctions appeared intact. 
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Figure 9. Treated rat which received 8 mg/kg body weight 

methylmercuricchloride and sham irradiation. 

HRP injected, 72 hour sacrifice. Rat cerebellum. 

Note the large amount of swelling of the endo

plasmic reticulum. Organelles are difficult to 

locate. Lysosomes are present at the top of 

micrograph. 8400x. 

Figure 10. Treatment same as above. Granule cell under

going fatty degeneration. Note large lysosomal 

masses and lipid droplets. The chromatin in 

the nucleus appears to be undergoing condensat

ion. 21,000x. 



I~ 

10 



43 

Figure 11. Treated rat which received 8 mg/kg body weight 

methylmercuric chloride and sham irradiation. 

HRP injected, 72 hour sacrifice. Cerebellar 

dendrite showing lamellar cisternae. Micro

tubules are present and synaptic contacts 

appear normal. 25,200x. 

Figure 12. Treatment same as above. Two dendritic spines 

synapsing with axons of unknown type. Note 

that spine apparatus appears slightly enlarged. 

Microtubular profiles apparent. 66,000x. 
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In the tracer experiment with horseradish peroxidase (HRP) 

none was found within th� tissues. 

The high co-insult (8 mg/kg body wt. methylmercuric 

chloride and 9 kR x-irradiation) showed loss of orientation 

among the cells in the granular layer but not among the 

parallel fibers arising from the granular layer. There 

was edema surrounding the extracellular space of the 

capillaries, and some of the dendrites adjacent to the 

capillaries. Again, the endothelium itself did not appear 

to be breached or to have any increase in caveoli for 

micropinocytotic transport of fluids. Some mitochondria 

in the endothelium were damaged and had lost matrix. The 

glomeruli in the granular layer appeared somewhat swollen, 

but synaptic connections were, for the most part, maintained 

(Fig. 13). Tight junctions were closely examined and in a 

few cases were found to be completely disrupted. Mostly, 

it was observed that the spaces between the bound lateral 

leaflets of the membranes were slightly more swollen than 

usual. The microtubules were observed in many sections and 

were intact and displayed normal morphology. 

Rats receiving an injection of the enzyme horse

radish peroxidase (HRP) did not show any passage of the 

reaction product into the neuropil of the brain. Also, 

in animals which were not perfused with fixative, little 
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Figure 13. Treated rat which received 8 mg/kg body weight 

rnethylmercuric chloride and 9 kR x-irradiation. 

72 hour sacrifice. Rat cerebellum. Capillary 

containing one large RBC . Endothelium appears 

folded. Tight junction appears to have opened 

slightly. Parallel fibers from the granule 

cells are still properly oriented. Vacuolation 

of the area surrounding the capillary indicates 

leakage from the capillary. 23,200x. 



. ;~· -\.(~~ ~o 
>_ . '\l,i 

·-... . 

.. 
•. 

.,. -·· 

... .. , 

•.'! 

I . . .~-~ .... 

."r.. ; 

13 



46 

reaction product could be demonstrated within the lumina 

of the capillaries. 

Squirrel Monkeys-Morphological Study 

The squirrel monkiys, as previously stated, 

were divided into groups of males and females. The male 

monkeys received the high, intermediated, and low doses of 

methylmercuric chloride and the females received high and 

low doses of methylmercuric chloride and also a high and 

low co-insult with x-radiation. Histologically, the 

calcarine cortex and the cerebellum of both male and female 

monkeys exhibited similar responses to methylmercury treat

ment and are therefore reported ;together. Note that the 

co-insult data applies only to the female squirrel monkeys. 

Figure 14 is a control section from the calcarine 

cortex of the brain of the female monkey. The capillary 

basement membrane appears moderately dense with glial foot 

processes along the periphery. Caveoli are present in the 

endothelium as well as Golgi apparatus and ribosomes. A 

tight junction is not visible in this section. Mito

chondria are dense and have well developed cristae and a 

double membrane. 

In Figure 15,two neuron cell bodies from a control 

female monkey are depicted with the cytoplasm containing 

typical Nissl substance and many polyribosomes. The 
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Figure 14. Control female squirrel monkey. Calcarine 

cortex. Capillary shows non-fenestrated 

endothelium typical of central nervous tissue. 

Golgi caveoli and ribosomes are present. The 

basement membrane is uniformly dense and glial 

foot processes are apposed to the membrane. 

The neuropil is uniform. 24,000x. 
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chromatin in these nuclei is typically evenly dispersed 

around the nucleus and is fairly light. Figure 16 shows 

a high magnification view of an endothelial junction with 

a series of zona occludentes. Note that the tight junction 

is formed by the fusion of two opposing inner membranes of 

the endothelium. 

Figure 17 is a control Purkinje cell showing the 

Nissl bodies and rich complement of organelles present in 

the cytoplasm of this large neuron. The nucleus has 

dispersed chromatin and the nuclear envelope is thrown 

into folds, especially in the area where the axon leaves 

the cell body. Granule cells are normally closely apposed 

and appear as mostly nucleus with very little cytoplasm. 

The cytoplasm has few organelles but does have ribosomes 

and some mitochondria. Other cells in the cerebellum 

include Golgi cells, which are interspersed with granule 

cells and help make up part of the structure of the glomer

ulus. Protoplasmic astrocytes form much of the neuropil 

structure due to their long thin processes. Oligo

dendrocytes are small dark cells which aid in the formation 

of CNS myelin. Cells found near the Purkinje cells in 

the molecular layer include stellate cells and basket cells. 

These cells are not mentioned because this study was 

concentrated upon the Purkinje cells and the granular layer 
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Figure 15. Control female squirrel monkey. Calcarine 

cortex. Two neuron cell bodies showing small 

amount of cytoplasm in relation to the nucleus. 

Numerous ribosomes may be seen in the cytoplasm 

along with rough endoplasmic reticulum. Note 

that the chromatin in the nuclei is dispersed 

rather than clumped. 8400x. 

Figure 16. Sarne as above. High magnification view of 

an endothelial tight junction. A typical 

junction is a series of zona occludentes 

separated by small areas where membranes are 

not fused. Lumen of capillary. 136,000x. 
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Figure 17. Control female squirrel monkey. Purkinje cell 

of cerebellar cortex showing well-defined Nissl 

bodies and many organelles, notably mitochondria 

and ribosomes. Two lysosomes are present. The 

nucleus has pale, dispersed chromatin. Note 

the large cytoplasm-to-nuclear volume. 6300x. 
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of the cerebellum. The capillaries of the cerebellum do 

not vary in morphology from the capillaries in other parts 

of the brain except for those of the choroid plexus which 

have discontinuous (fenestrated) endothelial cells. 

The low dose (3 mg/kg body wt. methylmercuric 

chloride) administered to the squirrel monkeys caused 

blindness in one instance. The calcarine cortex, upon 

examination, supported the determination of blindness from 

the behavioral tests (Fig. 18). The tissue samples taken 

were mostly necrotic when studied under the electron 

microscope and neuronal cells were in the intermediate or 

final stages of pyknosis and loss. They were very densely 

stained and their cytoplasm was extensively disrupted. 

The endothelial tight junctions in these areas demonstrated 

a strained appearance with small areas of contact holding 

together areas of widening of the lateral leaflets (Fig. 19). 

In the cerebellum of low mercury dosed animals 

generally a different picture emerged. The granule cells 

retained contact with plasmalemma of adjoining cells (Fig. 

20). The nuclei of these cells appeared to have lost or 

dispersed some of their chromatin material,because the 

blocky configuration was diminished. Occasionally 

neurophil, especially glial foot processes surrounding 

the capillary endothelium, appeared swollen, vesiculated, 
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Figure 18. Treatment group received 3 mg/kg body weight 

methylmercuricchloride. Male squirrel monkey. 

Calcarine cortex. Sections from this low dose 

animal, who was blind, supported this determin

ation. A pyknotic neuron is seen in the upper 

left corner of the micrograph along with a 

degenerating astrocyte. Lysosomal bodies are 

grouped around the astrocyte nucleus and status 

spongiosis of the neuropil is present. 16,800x. 

Figure 19. Treatment group same as above. Section from 

the capillary endothelium of blind monkey shows 

tight junction with strained lateral leaflets. 

Areas like this may be "leaky" and allow 

fluids to pass through to the tissue. 120,000x. 
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Figure 20. Treatment group received 3 mg/kg body weight 

methylmercuric chloride. Blind male squirrel 

monkey. Cerebellar granule cells maintained 

contact with other cells. Some appeared to 

have a more dispersed chromatin pattern than is 

usually found and their outlines were not as 

regular as control. 13,200x. 
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and contained myelin figures. In these cases it was also 

observed that the basement membrane surrounding the 

capillary endothelium showed areas of thinning. This was 

not the general case, however. 

In comparison with the low mercury group, the low 

radiation (150 Rx-irradiation) group exhibited normal 

morphology throughout the calcarine cortex, differing only 

slightly or not at all from the control group. Figure 21 

demonstrates the normal appearance of small neurons in 

the calcarine cortex and shows an associated perineuronal 

satellite oligodendrocyte. 

Low radiation effects upon the cerebellum were also· 

minimal. Cell junctions were normal, synaptic contacts 

were not disrupted, and granule and Purkinje cells had 

their normal complement of organelles (Fig. 22). The only 

observable damage was noted near the capillaries wh2re the 

basement membrane was disrupted and some cells exhibited 

darkening of the cytoplasm and condensation of nuclear 

chromatin. Lipid droplets were also noted in these areas. 

Tight junctions in the capillaries were morphologically 

intact and endothelial organelles were unchanged (Fig. 23). 

The low co-insult (3 mg/kg body wt. methylmercuric 

chloride and 130 Rx-irradiation) group of monkeys showed 

normal or nearly normal morphology also. The neuronal and 
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Figure 21. Treatment group received 150 Rx-irradiation. 

Female squirrel monkey. Two neurons of the 

calcarine cortex are depicted in this micro

graph. They appear normal in all respects. 

Between them is a type of glial cell called 

a perineuronal satellite oligodendrocyte. 

The neuropil appears normal also. Ribosomes. 

Lysosornes. 21,000x. 
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Figure 22. Treatment group received 150 Rx-irradiation. 

Female squirrel monkey. Granule cells of 

cerebellar cortex show normal apposition to 

each other. Microtubules and mitochondria 

are normal as well as chromatin pattern. 

23,800x. 

Figure 23. Treatment group same as above. Female squirrel 

monkey. Cerebellar cortex. Basement membrane 

is disrupted in several areas. The capillary 

endothelium appears normal and non-fenestrated 

with normal complement of organelles. Tight 

junction is intact. Note the large lipid 

droplet in the granule cell below the capillary. 

25,200x. 
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glial elements of the calcarine cortex were well preserved. 

The cytoplasm contained some lipid droplets which were 

components of lipofucsin granules. Membranes were normal, 

and myelin sheaths were little disrupted. Capillaries 

showed no injury and glial processes surrounding these 

capillaries were normal. Tight junctions were unaffected 

(Fig. 24). 

Examination of the cerebellar cortex of low co-insult 

treated animals revealed a picture similar to that of the 

calcarine cortex. Granule cell junctions were well main

tained and the cells retained normal nuclear appearance. 

Occasionally the basement membrane surrounding a capillary 

was thinned as in the single insult treatments. Tight 

junctions were intact. Purkinje cells showed well defined 

Nissl bodies and normal complement of cellular organelles. 

Climbing fibers along the periphery of the Purkinje cell 

body were normal and synapses also were not affected. 

Some cells surrounding the Purkinje cells were more dense 

than others but these types of cells were also found in 

controls (Fig. 25). 

An intermediate dose (4.5 mg/kg body wt. methyl

mercuric chloride) of mercury appeared to have effects 

similar to the high dose of mercury on the cerebellum and 

calcarine cortex. The cerebellar cortex showed little 
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Figure 24. Treatment group received 3 mg/kg body weight 

methylmercuricchloride and 150 Rx-irradiation. 

Female squirrel monkey. Calcarine cortex. 

The neuronal and astrocytic components appear 

normal. The capillary is also normal and the 

neuropil is compact. 

5040x. 

Lipofucsin granules. 

Figure 25. Treatment group same as above. Female 

squirrel monkey. Purkinje cell of cerebellar 

cortex shows well-defined Nissl bodies and 

normal complement of organelles. Climbing 

fibers are in proper orientation. Granule 

cell. Astrocyte. Lipofucsin. Oligoden

drocyte. 6300x. 
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effect in the parallel fibers of the granule cells in most 

cases. In some areas the fibers appeared farther apart, 

probably due to edema of the cerebellar parenchyma. · The 

endothelium of the capillaries appeared to contain a 

larger number of vesicles and caveoli and junctions between 

cells were spread apart. Within the tight junctions areas 

of contact separated areas of spread and the junctional 

complex seemed strained (Fig. 26). Vesiculation of the 

glial end foot processes around capillaries was common 

(Fig. 27). The cells of the granular layer exhibited 

n~arly normal morphology with the typical blocky pattern of 

chromatin dispersion (Fig. 28). Occasionally, a cell with 

slightly denser cytoplasm was noted. This could be a 

change analogous to a pyknotic change in light microscopy. 

Vesiculation in the neuropil between the granule cells was 

confined to small vesicles and mild swelling and separation 

of membranes in most areas. However, some areas did 

exhibit large areas of separation and granule cell loss. 

The calcarine cortex of affected animals receiving 

the intermediate dose of mercury also appeared very much 

like that of the high dose animals. Large necrotic spaces 

were observed where cell structure was difficult to define 

and cells showed a pre-karyolytic state with breakdown and 

loss of cytoplasmic organelles to the surrounding neuropil 
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Figure 26. Treatment group received 4.5 mg/kg body weight 

methylmercuricchloride. Male squirrel monkey. 

Cerebellum. Tight junction of capillary show

ing areas of greater than normal widening and 

possible strain on the junctional complex. 

168,000x. 

Figure 27. Treatment group same as above. Male squirrel 

monkey. Cerebellum. Capillary with large 

nucleus surrounded by vesiculated glial foot 

processes. 8400x. 
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Figure 28. Treatment group received 4.5 mg/kg body 

weightmethylmercuric chloride. Male squirrel 

monkey. Cerebellar granule cells showing 

mostly normal distribution of chromatin. One 

cell seems to have chromatin more dispersed 

than usual. Spaces between cells are con

fined to small vesicles and separations. 

9000x. 
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(Fig. 29). Again, vesiculation was noted along the margins 

of the capillaries indicating glial cell involvement. 

Upon examination of endothelial tight junctions it was 

noted that most remained undisturbed morphologically. 

However, mitochondria within the endothelium generally 

demonstrated dilated cristae while maintaining a double 

outer membrane structure. Some neurons near the affected 

areas appeared to have minor nuclear changes, such as 

redistribution of karyoplasm, but maintained cytoplasmic 

integrity and morphology. 

In the high mercury (6 mg/kg body wt. methyl

mercuric chloride) group the cerebellar granule cells 

maintained their cell-cell contacts and were normal in 

appearance. Occasionally there were pyknotic granule cells 

with darkened cytoplasm and condensed, rnarginated chromatin, 

but these were few when compared to the majority of the 

cell population (Fig. 30). The Golgi cells and the proto

plasmic astrocytes were normal in appearance. Purkinje 

cell cytoplasm structures appeared only slightly swollen. 

However, the parallel stacks of membranes noted earlier in 

the dendrites were present (Fig. 31, 32). 

The tight junctions of the capillary endothelia 

were observed to be intact throughout. However, thinning 

of the basement membrane was noted as well as vesiculation 
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Figure 29. Treatment group received 4.5 mg/kg body 

weightmethylmercuric chloride. Male squirrel 

monkey. This section of calcarine cortex 

displays a state of necrosis. The nuclear 

membrane of a neuron shows a compensatory 

thickening. Neuropil is in a state of status 

spongiosus. However, this animal was sighted. 

21,000x. 
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Figure 30. Treatment group received 6 mg/kg body weight 

rrethylmercuric chloride. Female squirrel 

monkey. Three granule cells of the cerebellum 

are depicted, one of which is darker then the 

others. This may be an increase in density 

coincident with pyknotic change. Membranes 

and other structures appear normal except for 

some vacuolation. Note the large number of 

ribosomes. 12,600x. 
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Figure 31. Treatment group received 6 mg/kg body weight 

methylmercuricchloride. Female squirrel 

monkey. Cerebellar Purkinje cell shows very 

small effect on the Nissl body reticulum. 

Climbing fiber axons synapse normally. Mito

chondria appear normal. Nuclear pores. 

12,600x. 

Figure 32. Treatment group same as above. Note parallel 

stacks of agranular reticulum in the dendrite. 

35,700x. 





66 

of protoplasmic astrocyte processes immediately surrounding 

the capillary. A very obvious change was noted in the 

cytoplasm of a pericyte of female monkey 3A. Within the 

walls of several pericytes observed, in a juxtanuclear 

position, there were large areas of electron dense deposits 

containing lipid droplets and large lipofucsin granules 

along with several lysosome-like organelles of medium 

density. These deposits were only observed in the capil

lary pericytes of one animal (Fig. 33). 

The calcarine cortex of animals in the high mercury 

group showed large variations in mercury effect. In the 

animal that became blind the cortex showed advanced 

necrosis and the pyknosis of neurons (Fig. 34). The 

neuropil was extensively disrupted and some cells were 

unrecognizable. In the female monkeys of this group the 

neurophil showed some edema of the dendrites and structures 

surrounding the capillaries and the neurons were very pale 

at the periphery. Nissl bodies were few and poorly 

organized and many free ribosomes were scattered in the 

cytoplasm (Fig. 35). Large lysosomal bodies were also 

observed. 

The high radiation (300 Rx-irradiation) group of 

animals showed no measureable effect in the calcarine 

cortex. However, in the cerebellum severe trauma to the 
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Figure 33. Treatment group received 6 mg/kg body weight 

methylmercuricchloride. Female squirrel 

monkey. Cerebellum. Pericyte cell showing 

large amounts of dense, membrane-bound 

deposits lysosome-like in appearance. These 

granules occupy a juxtanuclear position. 

Endothelium. Astrocytic foot process. 

22,400x. 
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Figure 34. Treatment group received 6 mg/kg body weight 

:rrethylmercuricchloride and sham irradiation. 

Male squirrel monkey. Section through the 

calcarine cortex shows pyknotic neuron, two 

necrotic astrocytes, and a state of severe 

status spongiosus throughout the neuropil . 

. This animal was blind. 8400x. 

Figure 35. Treatment group same as above. Female 

squirrel monkey. Small neurons of the cal

carine cortex showing paling of the periphery 

of the cells and accumulation of lysosomes 

and lipofucsin pigment. Neuropil structures 

appear normal. 8400x. 
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glial processes surrounding some capillaries was noted 

(Fig. 36). Parallel fibe~s from the granule cells 

maintained their orientation, but astrocytic and pericytic 

processes surrounding th~ capillaries were swollen and 

filled with membranous forms. The mitochondria, however, 

were not swollen. Granule ·cells and Golgi cells surround

ing the capillaries were slightly pale but did not appear 

otherwise affected. Th~ cytoplasm of these cells was 

filled with free ribosomes and little rough endoplasmic 

reticulum (RER). This may have been due to radiation. 

A few granule cells appeared dark. In most instances 

capillaries were intact, basement membranes of medium 

density and not split, and the tight junctions intact. 

There appeared to be an increase in the number of clear 

vesicles within the endothelium which may have been in 

response to a buildup of fluids. However, the neuropil 

did not reflect a fluid accumulation except in the areas 

previously mentioned. 

Dendrites of Purkinje cells did show some dilution 

of cytoplasm and filling of the hypolemmal and subsurface 

cisternae with fluid making the stacked appearance more 

visible. Mitochondria within these dendrites had slightly 

swollen cisternae but the outer membranes appeared 

unaffected by the treatment (Fig. 37). 
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Figure 36. Treatment group received 300 Rx-irradiation 

and sham injection. Female squirrel monkey. 

Cerebellum. Capillary with surrounding glial 

processes showing edematous condition. Neuro

pil with parallel fibers appears otherwise 

normal. 12,600x. 

Figure 37. 

' 

Treatment group same as above. Female squirrel 

monkey. Cerebellar dendrite with stacked 

membranes of subsurface cisternae, mitochondria. 

Parallel fibers appear intact. 33,600x. 
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In general, th~ high co-insulted (6 mg/kg methyl

mercuric chloride and 300 Rx-irradiation) tissues of the 

calcarine cortex were better preserved than those receiving 

the high mercury alone treatment. The cerebellum also was 

only slightly affected. In the cerebellum the Purkinje 

cells in the high co-insult group were observed to have 

swollen endoplasmic reticulum (ER) throughout the cell, 

but the degree of swelling was mild. The climbing fibers 

synapsing with the Purkinje cell soma were not changed 

from normal morphology. Lysosomes appeared more numerous 

than in controls. This was significant (Fig. 38). ~ranule 

cells in the high co-insult treatment appeared normal except 

for a small proportion of cells in early pyknotic change, 

i.e., with margination of chromatin and darkening of 

cytoplasm. Cell junctions in some areas of the cerebellum 

were disturbed but most were intact. Nuclei of granule 

cells had some chromatin dispersion (Figs. 39, 40). Stacks 

of parallel membranes and multivesicular bodies were some

times observed within the cytoplasm of Purkinje cells. 

Increased lysosomes and large lipofucsin granules were 

observed together with some vesiculation in small areas 

of the neuropil. 

In the calcarine cortex of high co-insult animals 

the nervous parenchyma was more normal in appearance than 
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Figure 38. Treatment group received 6 mg/kg body weight 

methylmercuric chloride and 300 Rx-irradiation. 

Female squirrel monkey. Cerebellar cortex. 

Purkinje cell showing swollen rough endoplasmic 

reticulum. A slight increase in lysosomes can 

be noted in cytoplasm. Climbing fibers around 

the periphery appear normal. Neuropil is 

compact. Granule cell at lower right appears 

slightly dark. 5040x. 
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Figure 39. Treatment group received 6 mg/kg body weight 

nethylmercuricchloride and 300 Rx-irradiation. 

Female squirrel monkey. Cerebellum. Granule 

cells appear normal. Membranes closely apposed. 

Mitochondria are normal in appearance. More 

ribosomes and lysosomes in the cytoplasm than 

generally found. 12,600x. 

Figure 40. Same treatment as above. Purkinje cell and 

a portion of the surrounding granule cell 

layer. Note the large lipofucsin pigment 

deposits. These may be remnants of granule 

cells. Also, there is a dispersion of 

granule cell chromatin and vacuolation of 

cytoplasm along with increased lysosomal content. 

5040x. 
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in the high mercury group. Neurons did show some paling 

of the cytoplasm, probably due to mercury effects, but 

the intervening neuropil retained its integrity (Fig. 41). 

One noticable effect of high co-insult was the swelling of 

dendritic processes resulting in a diluted appearance and 

formation of membranous whorls (Fig. 42). Also, there 

were few rough endoplasmic reticulum outlines in the 

neuronal cytoplasm and many free ribosomes. Astrocytes 

and oligodendrocytes appeared unaffected histologically 

by the treatment. 

There was a marked lessening of density of the 

basement membrane surrounding the capillaries, and areas 

where the basement membrane had fragmented. However, 

tight junctions did not appear to be opened at all. They, 

and the endothelial cell cytoplasm, retained a normal 

appearance. In some sections structures immediately 

beneath the capillaries were affected. 

Energy Dispersive X-Ray Spectroscopic Analysis 

Spectroscopic analysis of tissue for methylmercury 

was performed on selected blocks of rat and monkey brain. 

The rat brain analysis was done to determine the actual 

composition of electron dense precipitate produced in the 

tissues by the ammonium sulfide mercury visualization 

method of Chang and Hartmann (1972). 
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Figure 41. Treatment group received 6 mg/kg body weight 

methylmercuric chloride and 300 R x-irradiation. 

Female squirrel monkey. Calcarine cortex. 

Some neurons appear pale especially around 

the periphery but appear otherwise normal 

except for the proliferation of lysosomes. 

The neuropil is compact and normal. 5040x. 

Figure 42. Same treatment as above. A fibrous astrocyte 

can be seen at the top of the micrograph. 

Note dendritic profiles which appear to be 

diluted and contain membranous whorls. An 

oligodendrocyte can be seen at the bottom 

of the micrograph. Both types of cells appear 

unaffected by the treatment. 10,500x. 
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In rat cerebellar tissue the precipitate was not 

visible in unosmicated, treated specimens. In osmicated 

samples treated with ammonium sulfide the precipitate 

which appeared between the neuropilar structures was 

intensely osmophilic. Upon spectroscopic analysis, the 

precipitate gave peaks characteristic of osmium only. No 

mercury peaks were noted. 

Figure 43a illustrates a typical area of electron 

dense deposit which was analyzed. Figures 43b and 43c are 

actual spectra from this analysis showing mercury lines 

and osmium lines respectively. The two large peaks are 

copper contamination from the microscope together with 

part of the largest osmium peak. 

In the squirrel monkey the tissue submitted for 

analysis was not treated with ammonium sulfide. However, 

the choroid plexus tissue was examined because this area 

appeared black in some animals which had received a high 

dose of mercury. This blackening was also observed in 

some rats receiving high doses of mercury. Upon ultra

structural examination an enormous proliferation of what 

appeared to be lysosomal bodies in the cytoplasm of the 

choroidal connective tissue cells was noted (Fig. 44). 

X-ray analysis of these bodies revealed that only osmium 
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Figure 43a. Tissue from group which received 8 mg/kg 

body weight methylmercuric chloride and treated 

with 0.5% ammonium sulfide. Rat cerebellar 

cortex. Tissue was vacuolated and had dense 

deposits between neuropilar processes. Note 

that mitochondria appear normal. 14,700x. 

Figure 43b. Treatment same as above. Spectroscopic 

analysis of black deposits show no mercury 

peaks. The two peaks represent a combination 

of the larger osmium peak and copper contamin

ation peak on the left and a pure copper peak 

on the right. 

Figure 43c. Treatment same as above. Spectroscopic 

analysis of deposits show characteristic 

peaks for osmium. Large peak on left is a 

combination copper and osmium peak. Peak 

on right is copper contamination peak: 
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Figure 44. Cell from treatment group which received 

6 mg/kg body weight methylmercuric chloride. 

Female squirrel monkey. The dark granules 

were analyzed for possible mercury content. 

Note fenestrated capillary and collagen. 

23,200x. 
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was present. No mercury was detected in any part of the 

chorodial tissue (Figs. 45a, 45b). 

In summary, observation of sections from rats and 

squirrel monkey brain areas showed some species variation 

and also individual variation in response to methylmercuric 

chloride intoxication on the cerebellum and the calcarine 

cortex. The rats had a greater number of cerebellar abnor

malities in response to mercury treatment than did the 

monkeys, especially in the high dose range. 

The rats exhibited changes in the granule cell 

layer of the cerebellum 24 hours after treatment with low 

mercury or low co-insult. These changes were separation 

and vesiculation between granule cells and loss of mito

chondrial matrix and cristae structure. At 72 hours 

posttreatment, the changes noted were slightly more 

prominent. Barrier functions in the rats was decreased 

at 24 hours. The tight junctions appeared less strained 

at 72 hours, but damage progressed due to edematous 

conditions. 

It was interesting to note that there was an 

increase in the size and number of hypolemmal and subsurface 

cisternae in Purkinje cell dendrites. These were very 

well defined structures and were seen most often in animals 
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Figure 45a. Tissue from treatment group which received 

6 mg/kg body weight methylmercuric chloride. 

Female squirrel monkey. Note dense granules 

within connective tissue along capillary. 

lOOOx. 

Figure 45b. Spectroscopic analysis of the above finds 

osmium but not mercury. 
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which had received the high dose ' of mercury or its equi

valent co-insult. 

Also~noted were the dispersion of Nissl substance 

into the cytoplasm of th~ Purkinje cells and the formation 

of large lysosomal bodies·. The occasional myelin figures 

found in the plasmalemmal membranes were probably an 

artifact of aldehyde fixation because they were also 

observed in the controls. 

Response of the rats to various treatments could 

be arranged from lowest to highest effect as follows: 

sham injected, sham irradiated control< 4.5 kR x-irra

diation < 4 mg/kg methylmercuric chloride< 4 mg/kg 

methylmercuric chloride and 4.5 kR x-irradiation < 8 mg/kg 

methylmercuric chloride and 9 kR x-irradiation < 9 kR 

x-irradiation < 8 mg/kg methylmercuric chloride. 

Response of the squirrel monkey cerebellum to the 

treatments from lowest to highest effect was as follows: 

sham irradiated, sham injected control< 3 mg/kg methyl

mercuric chloride and 150 Rx-irradiation< 3 mg/kg 

methylmercuric chloride< 300 Rx-irradiation and 6 mg/kg 

methylmercuric chloride< 300 Rx-irradiation< 4.5 mg/kg 

methylmercuric chloride< 6 mg/kg methylmercuric chloride. 

In the squirrel monkey calcarine cortex the 

distribution of effects was similar except that the low 
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co-insult and low radiatiori alone doses had equally small 

effects and were near control. 



DISCUSSION 

Radiation Effects on Rat Brain 

The literature contains reports of several studies 

on radiation effects on brain from low doses of 700 rads 

(Graham and Dobsen, 1973) to supralethal doses of radiation 

in the 15-20 kR range (Rene et al., 1973; Wyant et al., 

1974). For the most part these studies involved whole body 

irradiation in an attempt to study the genesis of brain 

edema at the cerebral capillary level and to determine the 

types of cells most affected by radiation. It has been 

observed that irradiation of the brain causes morphological 

alterations such as pyknosis of cerebellar granule cells 

and destruction of astrocytes in the neuropil (Vogel, 1962). 

The Purkinje cells of the cerebellum along with most Golgi, 

stellate, and basket cells appear little affected, 

together with the cells making up the cerebral cortex. 

After 10 kR x-irradiation to the head only of mice, changes 

in the cerebellum such as granule cell loss, pyknotic 

nuclei, and enlargement of blood vessels with prominence 

of nuclei were noted. Exposure of brain cells to less 

than 10 kR x-irradiation resulted in the death of some 

neurons and the survival of others due, perhaps, to 

differences in cellular repair mechanisms among different 

83 



84 

cells (Samorajski, 1975). In the present study, in which 

rats received a low dose of 4.5 kR or a high dose of 9 kR 

to the head only, it was found that the low radiation group 

had very little radiation effects on the vasculature, 

granule cells, Purkinje cells, and other cells of the 

cerebellum. The only real vascular effect noted was 

splitting of the basement membrane. This was also 

observed by Maisin (1974) and may be a reflection of 

disturbed endothelial cell metabolism. The observation 

on the granule cells is contrary to a study by Thrutchley 

(1975) in which the 4.5 kR group or rats showed granule 

cell pyknosis and loss. It is possible that the mode of 

irradiation was a factor in this difference. The rats in 

this study were irradiated head only with x-radiation while 

the rats in the Thrutchley study were whole body irradiated 

60 with Cobalt gamma radiation. There is some evidence 

from a study by Haymaker (1972) that abscopal effects from 

irradiation of the whole body may play a role in radiation

induced central nervous system lesions. Haymaker found 

that in 12 Rhesus monkeys which received a dose of 600 rads 

to the trunk, three developed a glial reaction which was 

thought to be in direct response to abscopal effects. 

Considering the results of this study, it is possible that 

greater damage resulted from whole body irradiation in the 
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Thrutchley study. Gerbe~ and Altman (1970) also reported 

that whole body irradiation was more effective in the 

production of central nervous system lesions than he~d 

only irradiation. 

Radiation effects have also been shown to be dose 

rate dependent (Bond, 1965). In this study the dose rate 

to the head was 219.4 R/minute,whereas in the Thrutchley" 

study the dose rate was 500 R/minute. Since the dose 

rate in the Thrutchley study was double the dose rate in 

the present study it is conceivable that this was also a 

factor. 

The high radiation group in both monkeys and rats 

showed more pronounced effect than the low radiation group. 

However, the effect on the granule cells was not usually 

pyknotic change, which has been widely reported, but a 

karyolytic change in which nuclear contents were leached 

out due to membrane breakage. This was not unexpected 

since one of the major effects of radiation is membrane 

lipid peroxidation leading to lysis of membranous compon

ents of cells (Samorajski, 1975). Purkinje cells appeared 

normal and had increased content of lysosomes. Changes 

in capillary permeability due to opening of junctional 

complexes were not generally observed. Junctional 

complexes were seen to be "strained". There is a 
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possibility that this appearance of the lateral leaflets 

may be a post-mortem preparation-induced alteration in 

some cases (Hirano, 1974). It is also possible that, 

after a period of time up to several hours postirradiation, 

the junctions reseal. In a study reported by Maisin (1974), 

rats sacrificed after injection with horseradish peroxidase 

tracer up to four days post-irradiation showed little or no 

tracer localization. In this study both the 4.5 kR and 

the 9 kR groups were injected with tracer before sacrifice. 

No tracer was found within the extracellular spaces 

between cells indicating that closure may have occurred. 

Radiation Effects on Squirrel Monkey Brain 

Two brain areas were examined in the squirrel 

monkeys, the calcarine or visual cortex and the cerebellum, 

specifically the vermis. Two dose levels of radiation 

were used. The 150 R low dose of radiation given whole 

body at 55 R/minute produced few changes in either the 

calcarine cortex or the cerebellum. The 300 R higher dose 

administered in the same manner did have a measurable 

effect on glial components surrounding the vasculature in 

the cerebellum. In these cases trauma to the glial foot 

processes was noted and was probably a result of radiogenic 
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edema. Pitcock (1962) documerited late change~ such as 

excrescences of the basement membrane and morphological 

changes in cytoplasm of endothelial cells and pericytes, 

including increase in multivesicular bodies and vacuoles 

and decrease in endoplasmic reticulum and ribosomes. The 

changes observed in this study were interpreted as late 

radiation effect due to the fact that the animals had 

been allowed to survive at least 40 days posttreatment. 

Berdjis (1971) has noted.th~t these type~ of permeability 

changes increased as a function of time, but cannot be 

associated with any structural lesions. In ·the present 

study, no lesions in the endothelia or tight junctions 

were detected. Cellular alterations were noted in granule 

cells of the cerebellum, but all other components appeared 

normal. It is likely that more pyknotic and/or karyor

rhexic cells would have been observed had the animals 

been sacrificed earlier before repair had been allowed to 

occur. 

It was interesting that the effects of 300 Ron 

monkeys produced more lesions than 4.5 kR on rats. This 

may be a reflection of species sensitivity. If this is 

indeed the case, squirrel monkeys and other primates 

would provide a more acceptable model for study of patho

logical processes in man than would the rat. 
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Another factor which could have produced th~ 

observed effects was the previously discussed difference 

between whole body irradiation and head only irradiation. 

The rats received head only irradiation and the monkeys 

were whole body irradiated. Abscopal effects could account 

for some of the lesions. 

Also, the rats were studied at 24 and 72 hours 

postirradiation. In the acute phase it is possible that 

the effect was mainly edema production. Monkeys which 

had been irradiated were not examined for 40-50 days 

postirradiation, allowing time for delayed radionecrosis 

and other late changes to occur. 

Behavioral testing of these animals did not give 

any indication either in the low or high dose group of 

any functional abnormality, except for some slight 

decreases in performance level which occurred immediately 

after treatment. Apparently, leakage of fluid into the 

brain, per se, if it is gradual influx, may not cause a 

noticable functional impairment of intellectual processes. 

Methylmercuric Chloride Effects on Rat Brain 

Many studies have been done on the effects of 

mercury intoxication, both acute and chronic, on the 

brain. The results of these studies have varied a great 
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In the present study methylmercuric chloride was 

administered to female rats in two dose levels, a low 

dose of 4.0 mg/kg body weight and a high dose of 8.0 mg/kg 

body weight. After an initial lethargic period, the rats 

showed no symptoms at sacrifice 24 or 72 hours later. 

Ultrastructural examination of the low dosed animals 

revealed a vacuolated extracellular space surrounding the 

granule cells. However, the granule cells themselves 

appeared normal. In the high dose group extensive edema, 

fatty degeneration and pyknosis of granule cells and 

swelling of the endoplasmic reticulum of some Purkinje 

cells was observed. 

The results of this study agreed with the observa

tions made by Herman et al. (1973) in the high dose rats, 

but were closer to the observations made by Chang and 

Hartmann (1972) in the low dose. An effect was usually 

seen as increased extracellular fluid accumulation but 

cellular damage in the lower range was negligable. 

Many of the differences in observations may arise 

from the use of compounds with different anion moieties 

and different methods of preparation and delivery. 

Hupp et al. (1977) found that mercury solutions must 

be made fresh every two or three days otherwise the 

solution is weakened due to reactions with glass and 
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Methylmercuric Chloride Effects in Squirrel Monkeys 

In primates including man, cortical damage is 

the primary lesion behind early neurological signs. In the 

rat, peripheral nerve and sensory organ damage may occur 

before clinical manifestations of toxicity. 

In a series of papers on the squirrel monkey and 

methylmercury toxicity, Berlin et al. (1975) noted that 

intoxication in squirrel monkeys usually, if not always, 

involves the calcarine cortex to some extent. Toxicity in 

this area is seen as slight to moderate status spongiosus, 

disruption of laminar patterns with heavy loss of neurons 

and an apparent glial reaction. They also considered a 

dose of 4.5-5 mg/kg body weight of methylmercury to be 

relevant to human toxicology,since brain levels of methyl

mercury in rats is 10% of that in the blood, but in man 

and squirrel monkeys it is 200-500% of that in the blood. 

In this study both male and female squirrel monkeys 

were treated with methylmercuric chloride. The males 

received a high (6 mg/kg body wt.), intermediate (4.5 mg/kg 

body wt.), or low (3 mg/kg body wt.) dose of methylmercury. 

The females received only the high or low doses. Our 

dosages were in the same range as the Berlin studies and 

produced effects similar to the ones reported by that 

group for the blind monkeys. 
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During behavioral testing it was noted that the 

high dose males had erratic increases and decreases in 

latency thr-oughout the test period. One animal's scores 

declined sharply on the 27th day of testing and finally 

he became unresponsive. Ultrastructural examination 

revealed advanced necrosis and pyknosis of neurons. The 

animals which did not become blind showed paling of cyto

plasm at the periphery of the neurons, but were otherwise 

fairly normal in appearance. This pattern was repeated 

for the inter'mediate and low mercury groups. Thw low dose 

of methylmercuric did cause blindness in one instance in a 

male monkey and examination of the calcarine cortex 

revealed extensive neuron chromatolysis and glial reaction. 

In one high dose female monkey the calcarine cortex gave 

the characteristic appearance of blindness and behavior 

testing showed early increases in latency and duration of 

response, but she completed the test series. It is 

possible that this animal may have been suffering from 

tunnel vision and/or the onset of blindness and would 

probably have become blind had she survived. 

The intermediate dose of mercury in males was close 

to the high dose so it seems r'easonable to expect a 

similar appearance at the ultrastructural level. The 

calcarine cortex did show neuron chromatolysis and status 
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spongiosus in some areas while other areas were only mildly 

affected. The blood-brain barrier glial elements showed 

some damage. Neither of these animals became blind. 

However, the possibility of sudden onset of blindness 

could not be discounted due to the appearance of the 

tissue. 

Low mercury dosed males and females showed some 

status spongiosus but neurons were for the most part only 

slightly affected. The gap between the intermediate and 

low dose was not that great, but there are indications that 

a threshold is present at the lower levels between little 

effect and no effect (Berlin et al., 1975). 

The granular layer of the cerebellum and the 

Purkinje cells in the squirrel monkeys of both sexes was 

remarkably little affected at all levels. There was 

evidence of some leakage at the blood-brain barrier, but 

status spongiosus was not severe. 

Co-insult Effects on Rat Brain 

Low co-insult (4 mg/kg body wt. methylmercuric 

chloride and 4.5 kR x-irradiation) animals showed little 

damaging effect of the treatment in the cerebellum other 

than disruption of mitochondria within axons and endothelia 

of capillaries. Ware et al. (1974) made a similar observ

ation on mitochondria in capillaries of rats dosed with 
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10 mg/kg body weight of methylmercuric chloride. They 

noted whorling and involution of cristae and loss of 

matrix material. It is probable that the proximity of 

mitochondria in the capillary endothelia to the ·erizyme 

' inhibitory effects of methylmercury as it traverses th~ 

blo6d-brain barrier could be responsible for this breakdown. 

Also, transport of methylme~cury and peroxidase tracer was 

also shown within axonal processes and glial cells. This 

could account for destruction of mitochondria within axonal 

elements. Samorajski (1975) reported that mitochondria are 

generally radioresistant and, therefore, it may be concluded 

that the observed mitochondrial effects were due to methyl

mercury toxicity rather than radiogenic effects although 

edema caused by radiation may add to the lability of the 

mitochondrial membranes. 

The effects of the high co-insult (8 mg/kg body 

wt. methylmercuric chloride and 9 kR x-irradiation) were 

limited to mitochondrial changes and disruption of the 

lateral leaflets of endothelial tight junctions. One 

effect not noted in the low co-insult was the extensive 

edema produced by apparent damage to the tight junctions 

of the capillary endothelial. Since no increase in 

caveoli was noted, it is probable that fluid leakage into 

the parenchyma was by way of leaky barrier. It was 
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difficult to determine which agent was mostly responsible 

for this effect. However, the high radiation group did 

not exhibit opening of lateral leaflets in the tight 

junctions so perhaps the effects observed were mainly 

mercury effects. In most cases the mercury single insult 

was responsible for more damage. Activation of excretion 

mechanisms for mercury might have aided in the scavenging 

of radicals and peroxides leading to a diminution of 

radiation effects in the co-insult. 

Co-insult Effects on Monkey Brain 

The low co-insult (3.0 mg/kg body wt. methylmercuric 

chloride and 150 Rx-irradiation) group displayed nearly 

normal morphology in both the calcarine cortex and the 

cerebellum. The only effect noted was a slight thinning 

of the basement membranes surrounding some of the capil

laries. Maisin (1974) observed basement membrane changes 

f h 60 ct· . a ter a supralet al dose of Cora 1at1on. It is possible 

that lower doses may cause some thinning such as was 

observed here. Also, a perturbation in the metabolism 

of the endothelial cells which lay down the basement 

membrane could also be responsible for this effect. 

In the high co-insult (6 mg/kg body wt. methyl

mercuric chloride and 300 Rx-irradiation) animals, the 

edematous outlines of dendrites were visible in the 
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calcarine cortex. The cells were essentially unaffected 

except for a small number of neurons showing paling at 

the periphery. It may be that the loss of cytoplasmic 

structures from the periphery of the cells reflects inward 

permeation by methylmercury from the extracellular space 

with resultant degranulation of rough endoplasmic reticulum 

and dispersion of ribosomes (Jacobs, 1977). In these 

animals the cerebellum showed some Purkinje cell effects 

such as swelling of the endoplasmic reticulum. This was 

a minimal change. Lysosomes appeared to have proliferated, 

also. This may have been in response to methylmercury 

treatment or radiation since both treatments were capable 

of producing lesions, in turn activating repair mechanisms. 

It is important to note that neither of the high co-insult 

animals became blind. This may have been a protective 

effect, but due to the small sample size and individual 

variation it is difficult to make a definite conclusion. 

In general, most of the effects observed seemed to 

be mercury-related with radiation playing a lesser role. 

Radiation effects seemed to remain limited to basement 

membrane effects, and radiogenic edema, especially at the 

high doses. 
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X-Ray Spectroscopic Analysis 

Localization of methylmercury to the site of the 

lesions induced by this compound has been of interest 

for a long time. It was thought that by localizing the 

metal to discrete areas in the tissue it might be possible 

to understand the mechanism of action of this agent. Timm 

(1954) developed a method of visualizing heavy metals in 

light microscopic preparations. Pihl (1969) modified 

Timrn's technique for electron microscopy. This technique 

was cumbersome and sometimes incorrect so Chang and 

Hartmann devised a simple technique using ammonium sulfide 

treatment and were able to localize sites which they 

thought were mercury deposits. 

In this study, deposits in sections from selected 

treated blocks of high (8 mg/kg body wt.) mercury-dosed 

rats were analyzed by energy dispersive x-ray spectroscopy 

to determine if mercury was present in these deposits. The 

only reading obtained from the analysis was that osmium 

was present in the dense precipitate. It was su r~ ested 

that osmium is capable of replacing many metals within the 

tissues (Dr. Hagler, private communication). However, 

in unosmicated sections from the same block no mercury 

was located after histochemical reaction. It is possible 

that the mercury could have been leeched from the tissues 
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during preparation but this is unlikely. What probably 

occurred was that the ammonium sulfide reacted with 

buffer present in the tissue blocks and not with the 

mercury anion, although attempts at replication using 

distilled water washes did not solve the problem. 

Therefore, it is still unclear whether or not Chang and 

Hartmann actually did localize mercury in the brain even 

though the reaction seems specific. 

Much hypothesizing has been done in regard to the 

mechanism by which cells remove methylmercury from their 

environment. Many investigators have postulated an 

excretion system which proliferates in response to 

increased levels of mercury in the blood and tissues and 

which can be overloaded causing appearance of symptoms of 

toxicity. 

Berlin et al. (1975) noted after monitoring the 

distribution and rate of excretion of weekly .8 mg/kg 

body weight doses of methylmercuric hydroxide 1.n squirrel 

monkeys that the theoretical mechanism of excretion of 

mercury may be saturated allowing for a rise in mercury 

concentration in the brain relative to the blood. Lushei 

et al. (1977) treated Rhesus monkeys with a daily dose 

of 0.1 mg/kg body weight methylmercury. They observed 

that blood concentration with this dose reached a peak 
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at about two months and then decreased to half the peak 

value. It was then concluded that prolonged exposure 

may stimulate a mechanism tha·t can increase excretion of 

mercury. This "facilitated" excretion system was also 

found to become overloaded with any increase from the 

0.1 mg/kg body weight dose leading to a dramatic rise 

in blood level of mercury. 

Earhart and Hupp (1977), following up on the 

observations of Srebro (1972), found that there was a 

Gomori positive periverttricular peroxisome-like organelle 

system that proliferated in response to ionizing radiation, 

and tested this system with the idea that the peroxide

scavenging action of these organelles might also allow 

protection against mercury intoxication during the co-insult. 

The results of their experiments pointed to the conclusion 

that this was indeed happening. However, several workers 

have concluded that it is the lysosome fraction of the 

cell which is responsible for the mercury stabilization 

and excretion mechanism. Brun and Brunk (1970) using a 

modification of Timm's technique noted an accumulation of 

mercury within granules which conformed in size and 

arrangement to lysosomes. 

( ) 203 • Norseth 1968 used HgC1 2 at a concentration 

of 0.5 mg/kg in 100 µl of saline (1.2-1.8 mCi/mg act.). 
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They noted that the combined lysosome-peroxisome fragment 

contained mercury at a constant level. With Triton

injected rats they found that this was due to the lysosome 

fraction. 

Fowler et al. (1974) studied lysosomes in the 

proximal tubules of rats. ingestingmethylmercurichydroxide 

and found by energy dispersive x-ray analysis that mercury 

was sequestered in discrete particles in lysosomes morpho

logically different from the usual phagosomes or autosomes. 

In this study an increase in lysosomes was noted 

in the Purkinje cells and to a much lesser extent in the 

granule cells of tissues treated with the higher levels of 

methylmercury in both monkeys and rats. It is possible, 

given the lysosome's propensity for accumulation of 

metals, that this superfluity of lysosomes may be one of 

the protective mechanisms for resistence of Purkinje 

cells to mercury intoxication. Granule cells, with their 

large nuclear-to-cytoplasm ratio may be at a disadvantage 

here. The relative size of the cytoplasmic area in 

relation to the nucleus may also be a protection against 

radiation-induced lesions in Purkinje cells,whereas, 

granule cells in the cerebellum and calcarine cortex 

have less ability to protect themselves from or repair 

damage. 
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Minkler (1972) noted that within the choroid plexus 

there is a collection of granules called microbodies which 

occur as membrane-bound ovals, appear to segregate foreign 

particles,and are regarded as lysosomes. In this study 

one such area of the choroid plexus of a 6 mg/kg body 

weight methylmercury-intoxicated animal was analyzed by 

energy dispersive x-ray spectroscopy. The granules were 

found to contain osmium and nothing more. There is a 

possibility that osmium replaced other metals that were 

sequestered in these granules and that an unosmicated 

sample might have been positive for mercury. However, 

there is also a possibility that the cells analyzed may 

have been mast cells, whose granules contain heparin and 

do not sequester mercury. Therefore, the results of this 

test were inconclusive. 



SUMMARY AND CONCLUSIONS 

The results of this study on the interaction of 

methylmercuric chloride and ionizing radiation provided 

some interesting observations. In rats the cerebellum 

appeared to be more affected by methylmercury than by 

radiation. There were more instances of pyknotic or 

karyorrhexic granule cell nuclei after high mercury 

treatment. The low radiation dose was ineffective in 

producing similar changes. The high dose of radiation 

produced some karyolytic changes in granule cells but, 

complete opening of tight junctional complexes was not 

observed. There was very little difference between the 

72 hour sacrifice and the 24 hour one. 

In squirrel monkeys the calcarine cortex proved 

to be the major target of methylmercury toxicity. Two 

males exhibited blindness, one with the high dose and 

one with the low dose. The females did not become blind 

but showed areas of necrosis which may have caused visual 

difficulties. The cerebellum in both sexes was compara

tively little affected by radiation or mercury. 

The effect of the low co-insult in monkeys was also 

less than the mercury insult alone. The two insults were 

partially additive in the low co-insult rats, although 
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the effect of the co-insult was only slightly greater than 

mercury alone. 

Based on these observations of co-insult treatment, 

it seems logical to assume that a mechanism for protection 

against damage from ionizing radiation and toxic chemicals 

such as heavy metals does exist. The actual nature of 

this system was not resolved from this study, but it seems 

likely that lysosomes and perhaps even peroxisomes to 

some extent may be one of the elements involved. More 

detailed studies involving fewer parameters and larger 

sample sizes, especially in squirrel monkey studies, would 

help to overcome some of the individual variability observed 

in this experiment and clarify some inconclusive areas. 
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