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Abstract 

Several potentidy noxious agents have been shown to Vary in their a i s  as a 

hction of the biological time of exposure. The neurotoxic effects of hydrogen sulnde ( H z 9  

are weU documented, however there is no information regarding a circadian rhythm of thîs 

toxicant. The objective of this thesis was to detemine whether the neurotoxic effects of H2S 

were infiuenced by ciradian rhythms. 

Rats were exposed to 125 ppm H2S for 3 hours per day for 5 consecutive days. 

Hippocampal electroencephalographic aaivity (theta) was measured durùig movement. 

Repeated exposure to H2S resulted in a decrease in the peak power and total power of theta 

activity during the light penod, and an increase in peak power and total power in the dark 

period. A decrease in the peak fiequency of theta was found in both the light and dark 

periods. It is suggested that the effects of HzS are circadian-dependent. 
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Introduction 

As a result of biologicd rhythms, the response of an individual to chernical 

challenges varies dramaticafly over a 24 hour penod. For several toxic substances these 

biological tirne-related differences in the intensity of the observed effect is comlated with 

Werences in the capability of the Iiver and kidney to d e t o m  or clear hannfùI substances 

fiom the blood as weii as ciifFerences in the susceptibility of the target system Weinberg, 

1992). The study of the-related changes in toxicity of chernicals is hown  as 

chronotoxicology. Chronotoxic effects are relevant to individuds required to work on a 

rotating shift scheduie, who are at risk for exposure to har& substances throughout the 

24 hour day. Variations in toxic eEects due to the time of exposure have been 

demonstrated for several chernicais commonly found in the workpiace, using laboratory 

animal experiments. These include organophosphorous pesticides (Fatranska et al-, 1 W8), 

trichloroethylene (Motohashi and Miyazaki, 1990), benzene (Starek et al., 1989). toluene 

(Harabuchi ef al., 1993) mercuric chioride (Tsai et al., 198 l), and chloroform Cavigne et 

al., 1983). 

Many industries use or produce hydrogen suifide (H2S), a neurotoxic and 

potentially fatal gas. H2S is a common hazard in the oil and gas industry, and poses a 

signincant problem in the province of Alberta due to the high concentration of oil and gas 

fields. Some occupations associated with this industry require continuous 24-hour 

operations, requiring that individuals work night shifts, in addition to the regular day shift 

schedule. As a result, they can be at risk for exposure to H2S throughout the 24 hour day. 

Therefore, shift-workers cm expenence exposure to H2S at a t h e  when they may be 
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more susceptible to toxic Wt. For this reason, it is important to d e t e d e  whether the 

effects ofH2S are more or les toxic depending on the h e  of exposure. 

Circadian Rhythms 

AU living organisms exhibit non-random penodic variation in physiological and 

behavioral processes. These variations correlate to the d d y  time period of 24 hours, and 

are kmown as ciradian (fkom the Latin "circu", meaning around, and %emn, meaning 

day) rhythms. C i d i a n  rhythms are normally entraineci by the natural lightldark cycle, 

with regular and predictable peaks and troughs ocnirring at specific tirnes during the 24- 

hour day. A common example of a circadian rhythm is that which occurs in the altemation 

of rest and activity. Diurnal marnrnals, such as humans, are most active during the iight 

period and are at rest during the dark. The reverse is true for noctumai mammds, such as 

the laboratory rat. This animai is most active during the dark period, and sleeps in the 

light. In addition to the altemation of rest and advityY circadian rhythms are prevalent in 

most biological systems. In humans, body temperature and heart rate are higher during 

the day than duMg the night (Hakola et al., 1996), and the reverse is tme of rats (Gordon, 

1990). Rhythmicity dso characterizes events ocauring at the subcelldar level. The 

synthesis and release of neurotransrnitters in the brain exhibit circadian rhythms in mouse 

and rat (Wi-Justice, 1987) and receptor binduig studies have shown that the number of 

receptors available for occupancy by neurotransmitters and neuropeptides varies in a 

circadian fàshion (wi-Justice et QI., 1983). The activities of liver enzymes and f'unctions 

underlying rend clearance also vary over 24 hours (Reinberg, 1992). 
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Circadian rhythms are normdy entrained to the light/dark cycle, however, it has been 

observed that in the absence of environmental time mes, circadian rhythmicity persists in 

physiologicai and behavioral processes (Meier and Reitveld, 1989). The suprachiasmatic 

nucleus ( S m ,  located in the anterior hypothalamus, is believed to be the intemal 

pacemaker controhg circadian rhythms (Moore, 1983). The SCN receives photic 

information directly fiom the retina via a projection known as the retinohypothalamic tract 

(Moore-Ede, S u h a n  and Fuller, 1982). This provides a way for information on 

the extemal light/dark cycle to infiuence the hctions and rhythmic output of the SCN. 

The importance of the RHT in entrainment of c i r d a n  rhythms is evidenced by the fact 

that transection of thelWT results in a complete loss of the ability of the environmental 

light\dark cycle to entrain circadian rhythms (Rosenwasser and Adler, 1985). However, 

the SCN itself appears to be the major intemal pacemaker for circadian rhythms. Lesions 

of the S C N  result in the eLllnination of the circadian rhythms in many overt physiologicai 

and behaviord processes. Studies have show dismptions in such variables as wheel- 

nuullng activity, feeding, drinking, sema1 activity, body temperature, sleeplwake cycle, 

and also the synthesis andior secretion of several homones including adrenal 

cortiwsterone, adrenocorticotropic hormone, pineal melatonin, pituitary prolactin, and 

gonadotrophin (Rouenwasser and Adler, 1986). In addition, Kafka et al., ((1985) showed 

that S C N  lesions abolished Ncadian rhythrns in benzodiazepine and alpha-adrenergic 

neurotransmitter receptor binding in the rat. These ciramatic effects of S C N  lesions 

indicate that this structure is criticai for the generation of circadian rhythrnicity. 



- Chronopharmaco1ogy 

Chronophamiacology is the study of how the e E i s  of dmgs vary with the 

biological timing of administration. Tt has only been recognized as an important aspect of 

traditional phannacology since the early 1970's (Reinberg, 1992). Since then, the 

effectiveness and toxkity of many drugs have been shown to Vary over the 24-hour 

period. This is exemplined by the fact that many drugs deiivered at a constant rate do not 

provide constant plasma levels over 24 hours. For ketoprofen, a non-steroid anti- 

infiammatory dmg (NSAID), constant venous infusion resulted in predictable changes in 

plasma concentration, with a peak at approxhately 2300h and a trou@ at approkately 

0900h (Reinberg, 1990). 

Chronokinetics refers to the influences of rhythmic changes in absorption, 

distribution, metabolism and excretion on the biological effectiveness of a dnig 

(Nagayama, 1993, Reinberg, 1992; Reinberg 1988;). Circadian rhythm occur in the rate 

of intake fiom the stomach, lungs and skin, plasma protein binding, and Iiver and kidney 

fhctions. These factors play a role in deteminhg how quickly the actions of the dnig 

will take effect, how much of the dmg wiil actuaiiy becorne bound in plasma, and how 

long the dnig wiii remain active. For example, the effectiveness of theophyiiine varies 

over a 24 hour penod, which is determined by a circadian rhythm in absorption fkom the 

gut (Reinberg, 1990). On the other hand, a circadian rhythm in rate of rend clearance is 

the primary detenninant in the physiologie action of Lithium (Nagayama, 1993). 

The changes in absorption, distribution, metabolism and excretion cannot account 

for the entire circadian rhythm of h g  action. Chronesthesy refers to the rhythmic 



changes in the susceptibility or sensitivity of a target system to a dmg, which cannot be 

explained by chronokhetic changes (Reinberg, 1992). Circadian rhythms can occur in a 

target orgaq such as the skin, the branchial tree, or any of the intemal organs that are 

directly aflFected by drug administration (i.e. stomach, heart, and pancreas). Circadian 

rhythms are also present in target sites, located at the moiecuiar levei. This can account 

for the rhythmic nature of the effectiveness of dmgs that act by binding to specinc 

receptors in the CNS, or those that alter membrane structure and enzyme activity. 

Variations in individual susceptibiiity to a dmg over a 24-hour period are a result of 

rhythms pr-ent within the tissue that is the site of h g  action. These endogenous 

rhythrns &e responsible for circadian changes in the effectiveness of a dmg (Nagayama, 

1993). 

The rhythmic differences in desired effectiveness or toxicity of a dmg on the 

organism as a whole is termed chronergy (Reinberg, 1992). The temporal variations in 

effectiveness and toxicity of a drug are dependent on its chronokinetics and chronesthesy. 

This is an important concept in that it attempts to characterke predictable fluctuations in 

drug eEects, which has therapeutic implications. By including reference to dosing time 

when dmgs are ach@stered, it is possible to maxïmize the desired effect of the dmg, 

wMe minimizing h a d  or toxic side effects (Reinberg and Levi, 1990). 

Chronotoxicology 

The sarne principles employed in chronopharmacology can be applied to the study 

of exposure to harmfiil substances or poiiutants. Just as the effectiveness of dmgs cm 



vary depending on the time of administration, chemicals that people may corne into 

contact with through their daily activities can be more or less toxic depending on the time 

of exposure. This is known as chronotoxiwlogy. There are many ways in which to come 

into contact with hannful chemicais. People who Iive in urban settings are exposed to 

many sources of air poiiution, arising fiom such things as vehicle ernissions and industrial 

activities. In a study by Stupfel et al. (1977). carbon monoxide (CO, 300 ppm), a major 

constituent of air pollution, was administered through inhalation to Sprague-Dawley rats 

between 1030h and 1330h, or between 2230h and 0130h. COz emission was measured as 

an indicator of gaseous metabohm and activi~.  It was shown that CO wàs more toxic 

during the dark penod, the middle of the activity span, as the emission of CO2 was 

decreased. This suggests that diumdy active rnarnmals, such as humans, are kely  to be 

more sensitive to the toxic effects of CO at the same tirne as activities contributhg to the 

production of CO in the air are at a peak. 

Another source of pollutants and toxicants is the workplace. Many people are 

employed in occupations wfüch require them to work in rotating shifts, i.e., both at night 

and during the day, and as such are at risk for exposure to harmfùi chemicds at aii times 

of their circadian cycle. Severai industries commonly use chemicals in their operations, 

many of which have been examined for chronotoxic effects in laboratory animds (Table 

1). The toxicity of trichloroethylene (TRI), widely used as a degreasing agent in industry, 

has been shown to Vary in a circadian marner (Motohashi and Miyazaki, 1990; Motohashi 

et al., 1990). A single intrapentoneal (Lp) injection of TRI exerted maximal effects 

duhg the eady dark penod (2100h), as assesseci by decreased muscle tone on an inclinai 
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plane test in male Wistar rats (Motohashi and M&azaki, 1990). It was also show that i.p. 

injections of TRI given for three consecutive days induced a disruption in the circadian 

rhythm of spontaneous locomotor activity, and injections given at 0900h produced a 

greater disruption than those given at 2100b Motohashi et al. (1990) examineci the 

circadian rhythm of TRI toxicity on senun giutamk-pyruvate t r a n e a s e  activÏty (GPT), 

btood urea nitrogen concentration @UN), serum total cholesterol and tryglyceride 

concentrations. Ail were maximally increased foiiowing TRI administration at 0900h. 

Assays of TRI metabolites trichloroethanol and trichioroacetic acid in the blood aiso 

revded maximal inmeases foilowing TRT administration at 0900h. 

Toluene, another cornmonly used organic solvent, was also studied for 

chronotoxic effects on male rats (Harabuchi et al., 1993). Animals were exposed 

to either 2000 or 4000 parts per million (ppm) by inhalation over a period of 4 hours 

either in the nid-light or mid-dark period. Performance decrements on a shock-avoidance 

task were greater in the Light period, and it was demonstrateci that the greatest 

concentrations of toluene in both blood and brain also occurred following exposure during 

the light period. 

Hydrogen Sufide 

Hydrogen suifide @S) is an extremely toxic gas to humans and animals 

(Roth, 1993). Exposures to H2S can occur in a wide variety of environmental and 

occupational settings. A number of physicai and neurological symptoms have been 

descnbed foliowing H2S poisoning. Chronic exposures to low concentrations have b e n  



associated with many problems, such as headaches, anxiety and nervousness, insornnia and 

somnolence, and learning and memory ddcits (ReBenstein et al., 1992). In many 

occupations associated with the use or production of H2S, people work in sMs, most of 

which include nighttime rotations. It is therefore important to characterize the circadian 

rhythm of H2S toxkity. 

The first reported incident involving H2S was described by Ramazzïni (1 7 13). He 

noted painflll irritation and dammation of the eyes of sewer cleaners, and amiuted this 

to the exposure of some volatile acid released fkom the cleaning process. In 1775, a 

chemist, Car1 Wfieirn Scheele, was credited with discoverhg H2S (see Roth, 1993). 

Beglluiing in the nineteenth century, and continuhg to present day, animal studies have 

been carried out on many dairent species to gain more information on the mechanisms of 

this gas (Glass, 1990, Alberta Health, 1988). In addition, the documented cases of human 

exposure to H2S have grown. These consist mainly of exposures that have occurred in the 

workplace, due to accidental release of the gas at high concentrations. 

Physical and Chernicd Properties 

Hydrogen sulnde is a flammable, colorless gas, heavier than air (d=1.19) at 

standard temperature and pressure (STP) (Beauchamp et al., 1984). It has a characteristic 

odor of rotten eggs. Hydrogen sulnde is soluble in water, and in solvents such as alcohol, 

ether and glycerol. Because of its hi& Lipid solubility, it can easily penetrate biological 

membranes. In aqueous solutions, H2S dissociates in two steps. The first step yields a 

hydrosulfide anion (HS] and the second a suifide anion (S3. The pKa in 0.01-0.1 
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movlitre solutions at l SOC is 7.04 for H S  and 1 1.96 for S'. At physiologic pH of 7.4, 

about one third ofH2S is present as undissociated HzS and the remainder is largely HS- 

(Beauchamp et al., 1984). 

Sources of Hydrogen SuIfide 

Hydrogen &de is found in both environmentai and industrial setthgs. It is one 

of the principal compounds involved in the naturai sul fur  cycle. It is produced by 

anaerobic decomposition of organic-rich materiai (WHO, 1981). H2S is also a 

contaminant of naîural gas, volcanic gases, and dfÙr springs. 1t is estimated that 90 to 

100 million tons of H2S is produced annudy fiom natural sources (Beauchamp et a[., 

1984). An additional three million tondyear of H2S is emitted nom industriaï pollution 

@eauchamp et a[., 1984) . There are various sources of environmental H2S resuiting 

fiom human activity. Over 70 occupations have been listed that use H2S or produce it as a 

by-product O S H ,  1977). For example, H2S is used as a ragent in the production of 

sulndes, sodium hydrosulfide, and various organic suffir compounds (WHO, 198 1). H2S 

is also used as a moderator in some nuclear power reactors in the production of heavy 

water (WHO, 198 1). It is released during extraction and d r ihg  of natural gas and cmde 

oil deposits and is a by-product of the oil refining process. M e r  examples of occupations 

with potential for exposure to H2S include tannery workers, weii diggers, papermakers, 

fmers, coke oven workers, textile printers, and septic tank cleaners (Roth, 1993). 

Concentrations of HzS in nahual or tuban settings have been estimated. In 1970, 

Robinson & Robbins estimated the average ambient air level to be 0.0003 mg/m3 (0.0002 
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ppm) (WHO, 1981). Much higher concentrations have been measured near sources of 

HiS. In California, peak concentrations as high as 0.20 mg/m3 (0.13 ppm) have been 

measured in a c o r n m m  near a pulp and paper mili (WHO, 1981). In New Zealand, 

discharge of industrial and domestic waste into an inlet produced levels of H2S sufncient 

to cause paint blackening and cornplaints of offensive odors. Air monitoring in the area 

for 21 rnonths indicated that 40 minute average H2S concentrations ranged f3om 0.8 to 1.4 

mg/m3 (0.5 to 0.96 ppm) (WHO, 1981). 

The US National Institute of Occupationai Safety and Health (NIOSH, 1977) have 

set occupational exposure limits of 15 mg/m3 (10 ppm) based on an 8 hour the-weighted 

average (TWA). Under normal conditions, it is believed that levels of &S in the air are 

less than the occupational exposure limits, however it is wefi documented that accidental 

release of high concentrations occur (Guidotti, 1994; Roth, 1993; Tvedt et al.. 199 la; 

Tvedt et al., 199 1 b; Glass, 1990). 

Health Effects of Hydrogen Sulfide on Humans 

Most organ systems are vulnerable to the effects of HzS, and for this reason H2S 

has been referreâ to as a broad-spectnim toxicant. The systems most susceptible to HzS 

are those with exposed mucous membranes and those with high oxygen demands 

(Reiffenstein et al, 1992). 

The occupationai exposure limit set by MOSH in 1977 was based on the abiiity of 

H2S to produce symptoms of eye irritation, cornmody referred to as "gas eye", at levels 

above 15 m g h 3  (10 ppm) (Beauchamp et al., 1984). Symptoms of exposure to levels of 



70 mg/m3 (50 ppm) 

cornea, and include 
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or p a t e r  results Iiom local inflammation of the conjunctiva and 

lacrimation, buming sensation and photophobia In more senous 

exposures the cornea can become cloudy and cause blurred vision (Tvedt et aL. 1991b). 

At low concentrations, around 0.0008 to 0.20 mg/m3 (0.0005 to 0.13 ppm) H2S 

has a detectable odor. At 4.2 to 42 mg/m3 (3 to 30 ppm) the smeli intensifies 

(Beauchamp, 1984). Above 42 mg/m3 (30 ppm) the odor becomes sickeningly sweet (see 

Roth, 1993). Concentrations above 140 mg/m3 (100 ppm) can produce offictory fatigue, 

6 t h  the result that H2S is no longer detectable by scent. OKactoxy fatigue can occur 

gmdudy during exposure to low levels of H2S or rapidly when high levels are present 

(Beauchamp et al., 1984). For this reason, the odor of H2S is not a good waming signai 

to detect H2S in the atmosphere. 

Since the primary route of entry into the body is the lungs, much work has been 

done to evaluate the effect of H2S on the respiratory system. Exposure to concentrations 

as low as 70 mg/m3 (50 ppm) can cause laryngitis bronchitis and pneurnonia. 

Concentrations above 350 mg/m3 (250 ppm) can produce pulmonary edema (Beauchamp 

et al, 1984). Acute high concentrations of H2S cause respiratory failure leading to death. 

Above 700 mg/m3 (500 pprn), death can occur in a matter of hours or minutes. It is 

believed that this efféct is due to paralysis of the respiratory centre of the brain (WHO, 

198 1). 

The nervous system is the primary target of H2S toxicity (Roth, 1993). Acute 

exposure leads to sudden fatigue, vertigo, intense anxiety, convulsions, unwnsciousness 

and respiratory fidure (ReifEenstein et al., 1992). Chronic exposure results in a variety of 



symptoms, including headache, light-headedness, memoiy impairmen&, fitigue, 

listlessness, weakness of e~ffemities, agitation, emotional disturbances, delirium, and sleep 

disturbances, either excessive sleepiness (somnolence) or insomnia (Roth, 1993, 

Beauchamp et al.. 1984). A study by Tvedt et al. (1 Wlb) examined the neur01ogical 

symptoms of six adult males after 105s of consciousness caused by H2S exposure. 

Examinations included electroencephalographic (EEG) recording, neuropsychological 

testing for learning and retention, and visual reaction tirne. In ail cases but one, leaniing 

and memory deficits were evident between five and ten years later. Of the five patients 

with learning and memory deficits, three were found to have abnormal EEG activity, 

descnbed as either an increase in theta activity or theta dysrhythmia as measured ftom 

surface electrodes. 

Toxicokinetics of Hydrogen Suifide 

Absorption, Distribution, Metabolism and Eiimination 

In humans the lung is the primary route of absorption. Voigt & Muller (1955) 

demonstrated that inhalation exposure in rats and guinea pigs resuited in distribution of 

H2S to the brain, iiver, kidneys, pancreas and smd intestine. Warenycia et al. (1989a) has 

shown seleaive uptake of sulnde by the brainstem, as wmpared to the cerebelium, 

hippocampus, striahim and cortex in nits. The animais were injected i.p. with sodium 

hydrosulfide (NaHS), which when administered to anllnals, generates H2S in vivo. 

Analysis of endogenous sulfide levels in the brauistem revealed that this area has 

significantly lower amounts of sulfide than other brain areas studied. In addition, 



subceiiular hctionation demonstrated that sulfide was 2-3 times higher than control 

animais in frsictions e ~ c h e d  in myelin, mitochondria and synaptosomes afkr injections of 

50 mgkg NaHS. 

It has been shown that, foliowiag i.v. administration of [3s~]-sodium d d e  in 

dogs, less than 0.5% of H2S was exhaled fiom the lung, and excretion in this manner was 

complete within one minute d e r  injection (Guinea, 1957). Similar results have been 

obtained with rats and rabbits after an i.v. injection of nonradioactive H2S (Evans, 1967). 

There are three pathways responsible for the metabolism of HtS (Figure 1). 

Oxidation of suifide to sulfate and excretion of d a t e  by the kidney is the main metaboiic 

and excretory route. Dziewiatkowski (1945) showed that 50% of an oral administration 

of [35~]-barium suifide was excreted in the urine as sulfate within 24 hours. Early in vitro 

studies suggested that the liver and kidney preparations catalyzed the oxidation of sulfide 

tu intexmediates such as fiee suffir, polythonates and thiosuifate pnor to formation of 

suwate (Beauchamp et al., 1984). It has been proposeci that the oxidation of suifide to 

thiosulfate is enzyiiaticaliy catalyzed by sulfide oxidase, preferentidy associated with the 

liver mitochondnal fiaction (Baxter et al.. 1958). Further in vitro experimentation has 

found that glutathione stimulates mitochondrial oxidation of [35~]-thiosufite to r3's]- 

sulfate (Koj et al., 1967, Bartholemew et al., 1980). Glutathione is involved in the 

reductive cleavage of thiosulphate to give suifite, which is then orridized to suifâte and 

some form of suifide by sulnte oxidase, which is recycied to give more thiosulfâte 

(Bartholemew et al, 1980). 
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A second metabolic pathway is the methyiation of H2S to methanethi01 (CH3SH) 

and di ie thyldde (CH3SCH3), both of which are less toxic than H2S. This pathway has 

been identifid as important for the metabolisrn of sulfhydryl-containuig protein by 

anaerobic bacteria in the intestinal tract, whkh constitutes an endogenous source of &S. 

However, the sisnificance of this route for metabolism and excretion of exogenous H2S 

has not been determined (Beauchamp et al., 1984). 

The third metaboiic pathway is the reaction of H2S with metdo- aod 

disulfide-containhg proteins (Beauchamp et al., 1984). This is considered to be the 

primary mechanism by which H2S exerts its toxic e f f i s .  It has been known for some 

tirne that H2S reacts with cytochrome oxidase, inhi'biting mitochondrial respiration. Khan 

et al. (1 990) fond that H2S produced signincant decreases in the activities of cytochrome 

c oxidase in lung mitochondrial respiratory chah both in vivo and in vitro. This effect is 

similar to that observed with cyanide, however inhibition by H2S is more potent (Smith et 

al., 1977). Recently, Roth et al. (1997) have demonstrateci inhibition of cytochrome 

oxidase and carbonic anhydrase in rat brain. Sodium suEde was show to inhibit both 

enzyme systems in a concentration-dependent manner, however, was less effective than 

specific inhibitors of both enzymes. The dose required to produce an inhibition of 50% of 

control values (ICsO) was calculated to be 0.13 jM for cytochrome oxidase, and 2.17 j M  

for carbonic anhydrase. The inhibition of enzyme systems responsible for cellular 

respiration has long been regardeci as being responsible for the lethal effects of H2S. 

Hydrogen sulfide also has the potential to reduce disulfide bridges in proteins 

(Beauchamp et al., 1984). Smith and Abbanat (1966) showed that administration of 
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oxidized glutathione (GSSG, a disulfide) protected mice agamst lethality- Scavenging of 

hydrosulfide by the disuifide linkage of oxidued glutathione and preventing reaction of 

&de with other more critical enzymatic sites was the proposeci mechanism of protection. 

Neurotoxicology of Hydrogen Suifide 

There is considerable evidence fiom animal studies that H2S is a neurotoxic gas. 

Numerous studies have examined the effkcts of H2S on the brain in vivo, on both adult and 

developing organisms, and on in Miro neuronal preparations. Hydrogen suIfide has been 

shown to &ect development of the bmin in rat pups exposed to HzS in utero. Repeated 

exposures of rat pups to 75 pprn H2S for 7 hours a day fiom day 5 postcoitus to day 21 

postnatal resulted in alterations of amino acid concentrations in the cerebellum and 

cerebral cortex (Hannah et al., 1989). Aspartate, GAB A and glutamate were decreased in 

the cerebeiium on day 21 postnatai, whereas there was an initial increase in taurine which 

retumed to control levels by day 2 1. In the cerebral cortex, levels of ail of the arnino acids 

were altered by the treatment. Aspartate and GABA were reduced on days 7, 14 and 21 

postnatal, glutamate was initially reduced on day 7 but retumed to control levels by day 

2 1, and taurine was initidy increased, but returned to control levels by day 2 1. Skrajny et 

al. (1992) has demonstrated that exposure to 25 and 75 ppm H2S aiters serotonin (5-HT) 

and norepinephrine (NE) levels in the developing rat cerebelium and fiontal cortex. To 

determine if the effects of H2S on the developing organism are long-lasting or are 

reversible, Roth et al. (1995) measured levels of monoamines in various brai. regions on 

days 21, 30,45 and 60 postnatal, following exposure to Iow concentrations of HIS fiom 



day 5 poacoitus to day 21 postnatal. It was found that, in general, tissue levels of 

monoamines were altered on day 2 1, then returned towards control values nom day 21 to 

day 60. Chronic exposure has aiso been shown to alter the growth and morphology of 

developing cerebeliar Purkinje celis (Ham& and Roth.. 1991). Cells exhibited increased 

branch length and vertex path length, and variations in the number of branches in certain 

areas of the dendritic field. Afso, the treated celis displayed nonsymmetrical growth 

pattern at a time when random terminal branching is n o d y  occurring. 

Endogenous H2S can be formed fkom cystine by cystathionine P-synthase 

(Swaroop et al., 1992). Endogenous levels of HzS have been demonstrated in the brain 

(Warenycia et al., 1989a), with regional merences occurring in the amount of sulfide 

detected. The brainstem was found to contain the lowest level of endogenous &de, 

while foilowing administration of 50 mg/Kg NaHS, the brainstem aiso showed the 

greatest increase in sulfide levels (Warenycia et al., 1989a). nie selective accumulation 

of sulnde in the brainstern could be explained by the p a t e r  solubility of HiS in lipophiiic 

solvents as compared to water, as the brainstem is composed largely of white matter, 

which contains more Lipids than grey matter. Since the brainstem contains the centers that 

control central respiratory drive, this selective accumulation of suifide could account for 

the rapid respiratory paralysis seen following acute exposure to high concentrations of 

H2S in humans. 

Biochemical studies examking the acute effects of H2S administration have 

demonstrated that amino acid and neurotransrnitter levels are altered. Kombian et al. 

(1988) found that levels of aspartate, glutamate, glutamine, GABA, glycine, taurine and 
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alanine increased in the brainstem, and aspariate and glycine decreased in the cerebellum 

of rats treated with doses of 10 or 30 mgkg NaHS. Several of the amino acids that were 

found to be changed in the brainstem foliowing NaHS are thought to play a role in the 

control of central respiratory neurons. Warenycia et uZ. (1989b) dernonstrateci an 

increase in 5-HT and dopamine levels in the brainstem, and the hippocampus, striatum and 

brainstem all showed inmeases in noradrenaline and adrenaline. In addition, monoamine 

oxidase (MAO) activity was inhibitecl in both in vn>o and in vitro preparations, aithough 

the dose required for this inhibition to occur in vivo was signifïcantly higher uian in vitro. 

Biochemical eEects of H2S have also been demonstrated in guinea pigs. Exposure 

to H2S at 10 ppm, 1 hour daily for 11 days, has been shown to cause a decrease in total 

lipids, p hosp holipids and cholesterol in the cerebral cortex, cerebehm and brainstem, and 

an increase in lipid peroxidation (Haider et al., 1980). Also, Haider and Hasan (1984) 

have shown neurotoxic e E i s  in guinea pigs foilowing exposure to sulfllr dioxide (10 

ppm) and HzS (20 ppm) one hour daily for 30 days. This combineci exposure resulted in a 

decrease in the levels of totd lipids and cholesterol in the cerebral cortex, basal ganglia, 

brainstem, and spinal cord. Phospholipids were decreased in the cerebral cortex and spinal 

cord, however they were increased in the cerebellum. Lipid peroxidation was increased in 

aIl brain areas and in the spinal wrd. 

There is some evidence that the &&s of repeated exposures to low 

concentrations of H2S can be cumulative. Savolainen et al. (1980) demonstrated that 

exposure of mice to 100 ppm H2S for 2 hours a day at 4 day intervals for 4 days resulted 

in cumulative inhibition of cerebral cytochrome oxidase activity- Also, on the fourth day of 



exposure, cerebrd RNA was decreased, which was accompanied by a reduction of orotic 

acid uptake in the RNA hction. Initial exposures caused an increase in glutathione 

concentration, which returned to badine values foiiowing the third and fourth exposures. 

In vitro neuronal preparations have been used to study the mechanisms of action 

of &S neurotoxicity. In 1930, Shmia and Beck examined the eff- of H2S on nerve 

irritabüity using nenemuscle preparations fiom green fiogs. It was found that HzS 

caused a slow, gradua1 increase in the threshold of responsiveness of the nerve to 

stimulation, followed by a very rapid rise in the nerve threshold after a period of about 2 

hours, with the end result being a complete loss of nerve imtabiiity. 

H2S has also been studied on sciatic nerve bundles fiom Ranapipiem (Beck et al., 

1983). Very hi& concentrations (5300 ppm - 987,000 ppm) were found to cause an 

initial decrease in compound action potentials in nerves, and resuited in complete 

unresponsiveness of nerves over a 65 minute testing period. The highest concentrations 

tested aiso resuited in a reduction of conduction velocity. Nerves treated with H2S 

showed recovery of both the conduction velocity and action potentials after a period of 

about 1 hou. The action potentiais recordeci were generdy greater than before the 

exposure, and continueci to be greater throughout the stimulation period. 

Patch-clamp studies of cultured murine neuroblastoma ceiis have shown that 5-10 

mM NaHS, in combination with either taurine or cysteic acid, reversibly abolished inward 

sodium currents (Warenycia et al., 1989). The application of NaHS, taurine, or cysteic 

acid alone had no effect on sodium currents. The suifhydryl reagents fbmercaptoethanol 

and dithiothreitol were also shown to reversibly abolish sodium currents suggesting that 



the synergistic action of NaHS with taurine or cysteic acid may result fiom reduction of 

the disufide bonds between subunits cumprising the sodium channel. Taurine has been 

proposed to be an inhibitory transminer of central brahstem respiratory neurons 

(Champagnat et al., 1982). These r e d i s  suggest that reductions in sodium channel 

fùnction may be at least partiaiiy responsible for loss of central respiratory drive during 

HtS poisonhg. 

The brainstem contains several discrete nuclei that are involved in the generation 

and maintenance of the respiratory rhythm. The serotoaergic neurons of the donal raphe 

pontine nucleus have been studied as a mode1 to examine the actions of H2S in vitro 

(Kombian et al., 1 993). Application of toKicologicaUy relevant concentrations (3 0-400 

@i NaHS) resuited in activation of a cd2'-sensitive inward current and activation of an 

apamin-sensitive outward current accompanied by an increase in conductance. Sulfide 

also blocked a TEA-sensitive outwardly rectifilig current in some cens, and its removal 

activated a strophanthidin-sensitive BTa'/K+ ATPase-generated outward current in all 

responding ceiis. In addition, both fast and slow synaptic responses were reversibly 

inhibited by suffide in d ceils. 

Altered neuronal activity has also been demonstrated in the brain stem and medulia 

of rats in W o  following H2S administration. Greer et al. (1995) found that NaHS, acting 

at the level of the brain stem, caused a dose-dependent decrease in the frequency of 

rhythmic respiratory bursts within 2 minutes in a brain stem-spinal cord preparation In 

the meduilary slice preparation, NaHS caused an initial increase in the fiequency of 

rhythmic respiratory bursting, and an increase in the tonic firing on hypoglossal motor 



cranial nerves. This was foiiowed by a marked decrease in the fiequency and amplitude of 

respiratory motor neuron discharge, lower than control levels. The same shidy examined 

the effects of sufide on neonatal rats. In vivo, i.p. injections of NaHS caused a dose- 

dependent decrease in the frequency and amphde of breathing. 

Experiments using synaptosomes prepared nom the whole brain of mice were 

carrîed out to examine the actions of H2S at the cellular level (Nicholson et al., 1998). 

Treatment of synaptosomes with 20 - 100 ph4 NaHS reduced the wnsumption of oxygen 

by synaptosomal suspensions in a concentration-dependent rnanner. Treatment of isolated 

nerve terminais with NaHS also resulted Ui a concentration-dependent depolarization of 

the intraterminal mitochondrial membrane. NaHS caused a reduction in synaptosomal 

ATP level, but was not completefy suppressed even at the highest dose of NaHS (100 

m. In addition, NaHS was found to & î  L-glutamate uptake and release (Nicholson 

et al., 1998). The uptake of Lglutamic acid by synaptosomes was reduced foLlowing 100 

pM Nam, and the arnount of this neurotransmitter released was increased in a dose- 

dependent marner. Furthemore, it was found that the increased release of L-glutamate 

was ca2+ -independent. 

It is well-documented that &S causes several toxic effects in the brain, both in 

vivo and in vitro. The evidence that H2S is produced endogenously in the brain has 

sparked some interest in the pouibility that it may play a physiological role in normal brain 

function. At least one group of mearchers has examined this possibility. Abe and Kimura 

(1996) have demonstrateci that the H2S-producing enzyme cystathionine P-synthase (CBS) 
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is highly expressed in the hippocampus and specinc activators and inhibitors of CDS 

increase and decrease the concentration of endogenous H2S in the brai% respectively. 

They also have found that physiological concentrations of H2S selectively enhance NMDA 

receptor-mediated responses, and facilitate the induction of hippocampal long-tem 

potentiation. These results suggest that endogenous H2S may fùnction as a 

neuromodulator in the brain. 

Circadian Rhythms Influencing Metabolhm of H2S 

One of the main finctions of the liver is to heversibly transform dmgs and toxic 

agents hto metabolites that are generally more readily excreted into the bile or urine. In 

the case of H2S, glutathione plays a role in metaboiism, dong with other enzyme systems 

such as suifide oxidase and sulfite oxidase peauchamp, 1984). Glutathione is present in a 

reduced (GSH) and in an oxidired (GSSG) form in the endoplasm, but the equilibrium 

between the two states favors a higher concentration of the reduced fonn, which 

represents the major non-protein suifhydryt compound in the cell (Belanger, 1988). 

Several studies have documented circadian variation in the hepatic concentration of 

glutathione (Belanger, 1988; Jaeger, 1979). In a review of 19 studies on the circadian 

rhythm of glutathione concentration in the liver of nocturnal rodents, it was noted that 

there was much consistency in the times of peak and trough concentrations of GSH 

(Belanger, 1988). MaWnal concentrations were found to occur between 0400 and 120015 

and minimal concentrations were obtained 12 hours later, between 1600 and 0000h. 

Jaeger (1979) examined the &cadian variation in non-protein suifhydryI ( W S )  
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concentrations in rat liver, lungs, kidney and blood. Since GSH is the major NPS 

compound in the ceil, such measwements are indicative of GSH concentration. It was 

found that all tissues contained a circadian variation of NPS concentration. In the Liver, 

peak concentrations of NPS were obtained between 0400 and 1300h, whereas in the 

blood, lungs and kidney peak concentrations were found between 1600 and 0100h. 

Exposures to aqlonitrile, bromobenrene, and 2-chlorobutadiene were also perfonned 

(Jaeger, 1979). These compounds were believed to be detoxified by a NPS-dependent 

pathway, and suffir-containing metabolites have been identifid for acrylonytrile and 

bromobenzene. It was shown that in each case the chernicals were significantly more toxic 

to rats (% mortaüty) when exposures were carried out during the dark period between 

1800 to 2200h than 12 hours later, between 0600 to 1000h. This indicates that the 

toxicity is increased at a t h e  when concentrations of NPS in the lïver are lowest, and may 

be related to a NPS-dependent hepatic detoxification pathway. 

In addition to glutathione, circadian rhythm have been documented for many 

pathways of hepatic dmg metabolism. The enzyme mictions of oxidation, reduction, 

hydrolysis and conjugation have all been demonstrated to Vary in their abilities to detoxify 

substances over a 24-hour period (Belanger, 1988). However, the enzyme systems suEde 

oxidase and sulfite oxidase have yet to be characterized for circadian variation. 

Hippoeampd Theta Activity as a Mode1 System of Hydrogeo SuIfide Tosicity 

The hippocampus is of particular interest to the study of H2S, as this structure may 

relate to the symptoms described by s u ~ v o r s  of H2S poisoning. In particular, the 



hippocampus has been irnplicated in the behavioral States of arousai and d e t y ,  and 

seerns to be necessary for the fiuictioning of learning and memory, as evidenced by lesions 

(Olton & Markowska, 1 994; Davis & Volpe, 1 990) and pharxnacological manipulation 

(Givens & Olton, 1990) of the hippocampus and af5erent inputs. The hippocampus is an 

excellent structure for the study of neurotoxic substances (Stoltenburg-Didinger, 1994). It 

has been shown to be preferentially susceptible to a wide variety of toxic hsults, including 

environmental toxicants (Alfmo & Petit, 1981) and h g s  of abuse (Waker et al-, 1980), 

as weli as to cerebrovascular insufEciency resulting in hypoxia (Benveniste et al., 1984). 

Neuroanatomy of the Hippocampai Formation 

The hippocampal formation is a prominent component of the rat nervous system. 

The three-dimensional position of the hippocampal formation in the brain is rather 

cornplex (Figure 2). It appears as an elongated structure with its long axis extendhg in a 

C-shaped fishion from the septal nuclei of the basal forebrain rostrodorsally, over and 

behind the diencephalon, to the temporal lobe caudoventrally (Amaral and Witter, 1995). 

The term hippocampal formation comprises six distinct regions (Figure 3). These include 

the dentate gyms; hippoutmpus (or hippocampus proper) which is subdivided into three 

fields (CAl, CA2 and C M ) ;  subiculum, presubiculum, and parasubiculum (the subicular 

cornplex); and the entorhal cortex. (Amaral and Witter, 1995). These divisions are 

basecl largely on Mering cytoarchitecture. The dentate gynis, hippocampus proper, and 

subiculum contain three cortical layers, whereas the presubiculum, parasubiculum and 

entorhal cortex are more laminated structures (Amarai and Wltter, 1995). 



Egure 2. Three-diroensional view of the hippocampus in the rat brain (hm Amad and 

W~tter, 1995) 



Figure 3.  Representdve d o n  through the rat hippocampus, showing the various fields 

of the hippocampd f o d o n  Abbreviations: sq stmiwn oriens; pci, pyramidal cen 

hyeq sf, straaim tuàdmq sr, stratum radiatum; s 1-m, stranim lacunosum-moleculare-, 

PoDG, polymorphic kiyer, GL, grande layw, ML, molectxiar layer, PrS, p r d i d u m ;  S. 

subicul~~13; Pas, parasubicuiusq aby an& bundle; DG, dentate gyrus; EC, e n t o w  

cortex (hm Amara1 and Witter, 1995). 



The three layen that make up the dentate gynis are the molecular layer, grande 

ceil layer and pofymorphic cell layer &opes Da Silva et al., 1990). The m o l d a r  layer 

lies closest to the hippocampal fissure, and is relatively c e U - f k .  It is ocaipied mainly by 

the dendrites of granule celis, basket cells, and various polymorphic cells (Amaral and 

Witter, 1995). Two neuronal types are found in the molecular layer, one being a type of 

basket cell ( Ribak and Seress, 1983), and the second is a type of axo-axonic or 

"chandalier" ceil, fïrst descriied in the neocortex (Halasy and Somogyi, 1993). The axo- 

axonic cells are so named because they send their axons into the granule ceii layer, and 

teminate on the axon initial segments of granule celis (Amaral and Witîer, 1995). These 

ceUs are immunoreactive for GAB4 and it is Likely that they provide a means of inhibitory 

. control of granule celi output (Halasy and Somogyi, 1993). 

The principal cell type of the dentate gyms is the granule ceil. The granule ce1 has 

a characteristic cone-shaped spiny dendritic tree, with all of the branches directeci towards 

the superficiai portion of the molecular layer (Clairborne et al, 1990). In addition to the 

granule celis, basket celis and other celi types are found dong the deep sufice of the 

granular cell layer (Amaral and W~tter, 1995). The axons of these celis form a basket 

plexus around the soma of granule cells, and send their dendrites into both the molecular 

and polymorphic cell layers. The majonty of these neurons are GABAergic, and are 

acting as inhiibitory intemeurons (Ribak and Seress, 1983). The polymorphic layer is also 

known as the Mar region of the dentate gyms, and contains a variety of neuronal cell 

types (Amaral, 1978). The most common c d  type is the mossy ceU, whose dendrites 

remain in the confines of the polymorphic layer (Amad, 1978). In addition to the mossy 



ceils, there are also a number of fbsiform-type ceils and smd, multipolar cells (Amad, 

1978). 

The grande ceus of the dentate gyrus give rise to distinctive unmyehated axons, 

called mossy fibers (Amaral and Witter, 1995). The axons run within the polymorphic 

layer. where they establish contact with the dendrites of mossy cells, pyramidal basket 

cells, and other unidentifieci ceUs (Amaral and Witter, 1995). The mossy fibers project to 

the area CA3 of the hippocampus proper, where they terminate on the proicimal dendrites 

of CA3 pyramidal ceiis (Clairborne et al., 1986). Each grande ceii influences only 14-28 

pyramidal cells, however, each pyramidal c d  has been estimated to receive contacts nom 

about 50 granule ceiis (Amarai and W~tter, 1995). The mossy fibers are thought to use 

glutamate as a primary transmitter substance (Storm-Mathieson and Fonnum, 1972), 

however some mossy fibers also contain opiate peptides such as dynorphin (McGuity et 

al., 1983). 

Based on the terminology of Lorente de No (1933), the hippocampus proper has 

been divided into three fields: CA3, CA2 and CAL The CA3 and CA2 fields contain large 

pyramidal cellq while the pyramidal cells of CA1 are much smailer. In addition to the 

differences in size of the pyramidal cds. there is clear comectional difrences between 

the fields. The CA3 pyramidal ceUs receive input fkom the dentate mossy fibers, whereas 

CA2 and CA1 do not (Amaral and Witter, 1995). 

The larninar organization of the hippocampus proper is generdy the same for alI 

subfields (Amaral and Witter, 1995). The principal c e U  layer is the pyramidal cell Iayer. 

Below the pyramidal cell layer is a narrow, relatively cefl-fiee layer called the stratum . 



onens and below this is the alveus. The alveus contains rnallily myelinated efferent and 

afferent fibers. In part, these are fibers originating from the pyramidal cells of the 

hippocampus en route to subcorticai termination sites or to the contralateral hippocampus. 

In the CA3 field, a narrow acellualr zone located just above the pyramidal c d  layer 

contains the mossy fiber axons, and is d e d  the stratum lucidum. Above the stratum 

lucidum in CA3, and above the pyramidal layer in CA2 and CAl, is the stratum radiatum. 

This layer contains CA3 to CA1 ShafFer collateral connections, as weil as associational 

connections fkom CA3 to the contralateral CA3. The most superficial portion of the 

hippocarnpus proper is called the stratum laauiosum-moleculare. It is in this region that 

aerents f?om other brain structures terminate (Amarai and Witter, 1995). The pyramidal 

cells of area CA1 project to the adjacent subiculurn via the stratum oriens (Amaral et al.. 

199 1). 

The subicular cornplex wnsists of the subiculum, presubiculum and parasubiculum. 

Together they comprise a conglomerate of cytoarchitectonically dierent, relatively small 

cortical fields located between area CA1 and the entorbal cortex (Amard and Witter, 

1995). The subiculum resembles the dentate gyrus and hippocampus in that it consists of 

only three cortical layers, whereas the presubiculum and parasubiculum resembles more 

the entorhinal cortex in that they have a multilamhate cortical structure (Arnaral and 

W~îter, 1995). The subiculum is one of the major output regions of the hippocampal 

formation, and projections are generated to a number of cortical and subcortical regions 

(Wiiner at al., 1990), including the entorhinal cortex. The septum also receives a 

reciprocai innervation by fibers fkom the entorfunal cortex. (Amaral and Wltter, 1995). 



31 

nie  entorhinal cortex consists of six layers, first descri'bed by Ramon y Cajal 

(191 1). There are four cellular layers (layers II, III, V and VI), and two aceilular or 

plenfonn layers (layers I and IV). Layer N is also hown as the lamina dissecans 

( A m d  and Witter, 1995). The entorhinal cortex can be subdivided into two general 

areas, the lateral entorhinal area (LEA) and the medial entorhind area (MEA). (Lopes Da 

Silva et aL, 1990). 

The major input to the dentate gyrus and a prominent input to the hippocampus 

and subiculum arises fiom the entorhinai cortex, through a pathway known as the 

perforant path (Kohler, 1985). The projection to the dentate gyms arises mainiy nom' 

layer II of the entorhinai cortex (Ruth et al, 1982), and terminates on dendrites of dentate 

granule ceils in the outer two-thirds of the molecular layer (Arnaral and Witter, 1995). 

Projections of the entorhinal cortex to areas CA3KA2 also originate in layer II, and 

terminate in the stratum lacunosum-moleculare. In wntrast, the perforant path projection 

to area CA1 originates in layer III, however aiso terminates in stratum lacunosum- 

moleculare (Stemard and Scode,  1976). Area CA1 has a reciprocal projection to the 

entorhina corte- and is in this way also different f?om the dentate gyrus and areas 

CA3KA2 (Arnaral and Winer, 1995). The projection from the entorhinal cortex to the 

subiculum originates in layers II and III, and terminates either in the prolàmal part of the 

subiculum, close to area CA1, or in the distaf region, closer to the presubiculum wtter, 

1993). The major transmitter of the perforant path is most likely glutamate (Fonnam, 

1970). however, t e h a l s  of the perforant path 6 t h  the dentate molecular layer are 

also immunoreactive for enkephalin and cholecystokinin (CCK) (Fredens et al., 1984). 



Seved cortical and subcortical structures innervate the entorhinal cortex, 

including the olfkctory bulb, the adjacent perirhinal corte><, the medial septum, the 

amygdaioid cornplex, the thalamus, and various structures in the hypothalamus and brain 

stem (Arnarai and Winer, 1995). Many of these same stmcutures also innervate the 

dentate gyms, hippocarnpus and subiculurn d i r d y .  In particular, a major input to the 

dentate gyms and hippocarnpus arises from ceus of the medial septal nucleus and the 

nucleus of the diagonal band of Broca (Amarai and Kurtz, 1985). In the dentate gynis, 

fibers heavily innervate the polymorphic layer, and terminate more iightly in the m o l d a r  

layer (Arnarai and Kun, 1985). The projection from the medial septurddiagonal band of 

Broca has been show to be largely choiinergic in nature (Lewis and Shute, 1967). It has 

been demonstrated that 3040% of the ceiis in the medial septai nucleus and 500'75% of 

the cells in the nucleus of the diagonal band that project to the hippocampd formation are 

choiinergic (Amaral and Kun, 1985). The majority of the ceUs in the septohippo~mpal 

projection that are non-cholinergie have been found to contai. GABq and also teminate 

in the dentate g p s  and hippocampus ( K o k  et al, 1984), imervating hippocarnpal 

inhibitory intemewons (Freund and Antal, 198 8). 

Ciradian rhythms in the hippocampd formation 

It is weil documented that circadian rhythms exkt in most, if not a l l  braui regions, 

and the hippocampai formation is no exception. For example, it has been demonstrated 

by several authors that electrophysiologïcai characteristics of principle ceils Vary in their 

responsiveness to excitatory input over a 24 hour period (Harris and Teyler, 1983; Bames 
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et al., 1977; West and Deadwyler, 1980; Cauller et (11. 1985; Brunel and DeMontigney, 

1987). One of the first demonstrations ofthis came fiom Barnes and collesgues in 1977, 

who showed that synaptic responses in hippocampal dentate grande cells to stimulation of 

their afferent fibers fkom the entorhinal cortex fluctuateci over a 24 hour period. The 

population excitatory post-synaptic potential (EPSP) and population action potential (or 

population spike, representing the firing of rnany granule ceils) were measued in male rats 

and male squirrel monkeys once every half hour for a period of 24 hours. It was found 

that in male rats, the EPSP and population spike amplitudes were approlcimately 30% 

larger in the dark period than the light penod. For squirrel monkeys, a circadian rhythm 

was dso observed but was opposite to that seen in rats; the amplitude was highest during 

the light periods and lowest during darkness. These results suggested that the activity of 

dentate granule cells is highest during an animal's active phase, which couid infiuence the 

performance of a number of behaviors, and possibly be important for normal memory 

fiinction. 

Since the initial fhdings of Barnes et aL (1977), several authors have eied to 

replicate and expand the information regarding a possible circadian rhythm of synaptic 

transmission in the dentate gynis, and to include other subfields of the hippocarnpus. 

West and Deadwyler (1980) examineci the circadian variation in the amplitude of field 

potentials in dentate granule celIs elicited by stimulation of the perforant path during 

Merent levels of behavioral arousal, and foliowing bilaterai adrenaiectomy. They found 

an increase in spike amplitude during the light period, and a decrease during the dark 

penod, which was not dependent on behavioral state or levels of circulating 



cortiwsterone. However, Dana and Martinez (1984) found that adrenalectomy reversed 

the circadian rhythm of long-term potentiation (LTP) in hippocampal granule celis. LTP is 

an enduring fonn of synaptic plasticity fond in several pathways of the hippocampus. 

Following stimulation of the perforant path, intact control rats showed more LTP during 

the dark period, while adrenaiectornized rats demonstrated more LTP during the light 

period. These data suggest that adrenal hormones play a role in regulating the circadian 

rhythm of LTP. Cauiier et al. (1981) have found that the dentate field EPSP was largest 

during the animai's dark penod, whüe the population spike was largest during the animal's 

light penod. This would indicate that dentate granule cells were more excitable during the 

light penod. Harris and Teyler (1 983) extended these fhdings to determine whether any 

Lighddark variations existed in either the incidence or magnitude of long-term potentiation 

(LW) in area CA1 or in the dentate gyms of the rat hippocampal slice preparation. They 

found that the dentate region was more LikeIy to show LTP when the slice was prepared 

during the animai's dark period, while the CA1 area showed LTP more hquently during 

the iight penod. The same pattern of IigWdark differences were seen for the magnitude of 

the LTP generated: the dentate had a Iarger LTP response during the dark penod, whiIe 

area CA1 had a larger response during the light. 

These results indicate that there is a circadian rhythm in synaptic transmission and 

cell excitability in the hippocampus which is preseved in vibo, and may be under the 

infiuence of circulating adrenal hormones. Hippocampal neurons contain high 

concentrations of specific receptors for adrenal corticostenods (Kloet et al., 1993). 

Selective occupation of thae receptors can lead to either an increase or decrease in celi 
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excitabïïty, dependmg on the type of receptor occupied (Kioet et al., 1993). 

Funhermore, it has been shown that there is a circadian rhythm in cortiwsteriod receptor 

binding in the hippocampus (Holmes et al., 1995; Kloet et al., 1993). 

Levels of certain neurotransmitters and neurotransmitter receptors also show a 

signincant circadian rhythm in the hippocampus. The serotonin (5-HT) receptors 5-ETr1, 

5-HTIA and 5-H'ï2 all show a &cadian rhythm, with maximal binding sites ocaimng in 

the Light penod (Weiner et aL, 1992). 5-HT2c receptor mRNA expression was also found 

to be greatest in the light period (Holmes et aL, 1995). The release of 5-HT in the 

hippocampus has also been studied for circadian variation. Extraneuronai 5- 

hydroxyindoleacetic acid (5-HIAA) was measured as an index of 5-Hi' release, using in 

vivo voltammetry (Weiner et al., 1992). It was found that 5-Hi' release in the 

hippocampus was greatest in the dark period. 

Measures of aceîylcholine (ACh) release in the hippocampus also show a 

significant dinerem over a 24 hour period. Using the microdialysis method, Mizuno et 

al. (199 1; 1994) showed that ACh release in the hippocampus of rats is about 70% greater 

in the dark penod than the light period. Furthemore, it was show that the arnount of 

ACh release was positively correlated with motor activity. An increase in motor activity 

was acwmpanied by an increase in ACh release. Acetylchohesterase activity in the rat 

brain is reduced in the dark period (Moudgil et al, 1973), which may contribute to the 

increased levels of ACh in the dark. Receptor binding studies have shown that muscarhic 

receptor binding is highest in the light penod, and lowest in the dark (Jenni-Eierrnann et 

al, 1986), which suggests a reciprocal relationship between number of binding sites and 
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ACh release. 

Extraceiiular aswrbate concentrations in the hippocampus have also been 

measured for circadian variation GLutamate and aspartate cause the release of ascorbate 

from synaptosomes (Grunewaid and Fillem, 1984), and it has been shown thst electrical 

stimulation of the perforant path, which is glutamatergic, causes a release of ascorbate in 

the dentate gyms (ONeiI et al., 1984). For these reasons, measufes of ascorbate in the 

brain can be used as an index of excitatory amino acid release. It has been found that 

ascorbate release in the rat hippocampus was maximal in the dark period (O'Neil and 

F i e ~  1985), and the increase in ascorbate was correlated with an increase in motor 

acîiviîy. 

Further neurotransmitter rhythms in the hippocampus include an increase in 

norepinephrine (NE) concentrations in the dark period (Moore and Traynor, 1976). 

It has also been demonstrated that rat hippocampal CA3 pyramidal cells Vary in 

their response to microiontophoretic applications of 5-HT, NE, GABA and ACh over a 

24-hour penod (Brunel and DeMontigney, 1987). Circadian rhythms were found for 

CA3 pyramidal cells responsiveness to 5-Hi' and ACh, which were maximal in the dark 

period, and for NE, which was maximal in the light period. No rhythm was found in the 

responsiveness of pyramidal celis to GABA In addition, rhythm in the spontaneous 

king rate of pyramidal neurons were found, which were highest in the light period and 

lowest in the dark, 



Hippocampal Theta Activity 

Characteristics 

The electricai activity of hippocampal granule celis in the dentate gyrus is a 4-12 

Eh sinusoida1 waveform, commonly referred to as theta or rhythmic slow activity @SA). 

In animals, theta is associated with certain types of movement, that which dows the 

animal to discover information about its surroundings. Theta also occurs, or uui be 

elicited, during immobility. The fiequency of this rhythm can range fiom 3 to 12 Hz 

dependhg on the species studied and the behavioral state of the animal (Robinson, 1980). 

Theta activity in the hippocampus has been found to be relatively stable across species, 

occurrhg in rats, rabbits, guinea pigs, gerbils, cats and dogs (Sainsbury et al., 1986; 

Montoya & Saiosbury, 1984;Viogradova et al., 1992; Ambrosini et al, 1993; Bland, 

1986; Black et al., 1970). Hippocampal theta has also been found in human (Amolds et 

al., 1980) and non-human primates (Stewart & Foq 199 1). 

A number of studies have found evidence for two types of theta in the awake 

animal, based on behavioral and pharmacological characteristics. These have been labeled 

type 1 and type 2 theta. Type 1 theta is associated with voluntary movements, such as 

waIking, running, swimming, rearing, jumping, manipulation of objects, and shifts in 

posture (Bland, 1986). Type 1 theta has a fiequency range of about 7 to 12 Hz, and is not 

attenuated with choiinergic antagonists such as atropine sulfate. It is sensitive to 

anesthetics such as ether, urethane and pentobarbitol (Bland, 1986; VandernoIf et aL, 

1978), which is indicative of the relationship between type 1 theta and movement. 

Type 2 theta is associated with immobiiity. It has a lower fiequency than type 1 
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theta, with a range of about 4 to 9 Hz @land, 1986). In the presence of mestheticsy 

animals will still produce type 2 theta, however it is completdy abolished by atropine, and 

can be elicited by administration of chohergic agonists (VanderwoK 1978). In the rat, 

rabbit, guinea pig and caf type 2 theta can be elicited by presentation of an arousing 

stimulus (Sainsbury et aL, 1986; Bland 1986; Montoya & Sainsbury, 1985; Sainsbury, 

1985). Type 2 theta can become habituated to repeated presentations of a stimulus, 

suggesting that it is associated with a certain level of arousal in the hippocarnpus 

(Sainsbury, 1985). 

Behavion other than type 1 voluntary movements are associated with large 

amplitude irregular activity (LU) and srnall amplitude irregular activity (SIA) in the 

hippocampus. Movement associated with LIA includes licking, chewing, teeth chaitering, 

shivering, face-washing, scnitching, and vocalizations, and are sometimes referred to as 

"automatic" behaviors (Bland, 1 986). ln the rat, LIA occurs during automatic behavior 

and during immobility (Robinson, 1980). 

Theta activity is also prevalent during rapid eye-movement (REM) sleep. During 

REM sleep, two types of theta activity occur, called phasic and tonic theta. Tonic theta 

has a frequency of about 4 7  Hi, while phasic theta has a ftequency of about 7-9 Hz 

(Robinson et al, 1977). These two types of theta have been compared to type 1 and type 

2 theta occurring during wskefùhess. Theta activity associated with movement during 

REM sleep (muscle twitches, rapid eyemovements) has a higher fiequency than the tonic 

component, which is associated with the period between phasic movements and atonia, or 

complete loss of muscle tone (Robinson, 1977). 



It has been suggested that theta ocnimng during exploratory activity, immobility and 

REM sleep represent the processing of information in the hippocarnpus and subsequent 

consolidation into memory. Evidence supporting this notion cornes nom the findings that 

the e b a t i o n  of theta rhythm in the rat produces retrograde or anterograde spatial 

memory deficits (Wimon, 1978). Additional evidence for the role of theta in memory 

cornes nom the consideration of long term potentiation (LTP). LTP is considered a 

mode1 for synaptic plasticity uaderiying memory processing in the hippocarnpus. 

Stimulation pulses appiied at theta rhythm nequency are more effective in inducing LTP in 

the dentate gyrus and CA1 regions of the hippocampus than pulses of any other fiequency 

(Larson et ai., 1986), suggesting that theta rhythm is the n o d  means by which LTP 

occurs. 

Phamacology 

The two types of theta appear to be phannacologically distinct. Vandernoif 

(1978) examined the pharmacologic characteristics of type 1 and type 2 theta using a 

number of different drugs. It was found that type 2 theta was blocked by atropine and 

stimulateci by eserine, and resistant to anesthetics such as urethane. Hemicholinum-3, 

which blocks the uptake of choline, has been shown to attenuate type 2 theta (Robinson & 

Green, 1980), and systernic injection of choline restored the activity. Tonic theta 

occurring during REM sleep is also sensitive to cholinergic manipulation (Robinson et al., 

1977). 

The cholinergic nature of type 2 theta is weil established, however the 



pharrnacology of type 1 theta is not well understood. It is hown that anesthetics such as 

urethane and ether can attenuate type 1 theta There is evidence to suggest that serotonin 

may exert a modulatory e E Î  on type 1 theta. A shidy by Robertson et a' (1991) 

demonstrated that increases in central serotonergic activity with IP injections of 

tranylcypromine plus tryptophn, or with p-chloroamphetamine, elicited thet. activity in 

the hippocampus. Furthemore, the theta advity was shown to be scopolamine resistant, 

suggesting that type 1 theta was selectively affected. However, Vertes et al. (1994) 

demonstrated that procaine and 5-HTiA agonists, hjected into the median raphe nucleus, 

inhibit its activity and elicit theta in the hippocampus. This indicates that serotonin- 

containing neurons in the median raphe nomaUy suppress hippocampd theta activity. The 

noradrenergic alphaz agonist detomidine has been shown to attenuate type 1 theta when 

infused into the hippocampus (Sainsbury & Partio, 1993). This effect was attributed to 

the inhibitory action of detomidine on the serotonergic neurons in the hippocampus. 

In addition, the role of GABA in mediating type 1 theta has been examined. Both 

GAI3 Aergic and cholinergie projections to the hip pocampus fiom the medial septum have 

been demonstrated, and GABAergic synapses of septal origin have been found on 

inhibitory intemeurons in the hippocampus, as weli as on pyramidal and granular neurons 

(Viiogradova, 1995). Rhythmic activity in the medial septum is retained and is able to 

generate hippocampal theta at high fiequencies associated with type 1 theta after complete 

blockade of choiinergic influences (Stewart and Fox, 1989). It has been suggested that 

ACh and GABA coexist in the same neuronal synapses (Bonanno and Raiteri, 1986). 

Septal choiinergic terminais were shown to have a GABA uptake system, and application 



of GABA to synaptosomes induced prolonged enhancement of ACh release. Viogradova 

- (1995) suggests that the transmitter released and th& physiological &kt may vary at 

different levels of excitation of the mediai septal neurons, and at different fiequencies of 

theta. 

Theta activity associated with phasic phenomena in REM sleep is also poorly 

understood. Like type 1 theta, phasic theta during REM sleep is selectively abolished by 

anesthetics such a s  methane (Robinson et uL, 1977). It has aiso shown to be sensitive to 

diazepam (Monmaur, 198 1) and tetrahydrocannabinols (Moreton and Davis, 1973), 

implicating the GABAergic, serotonergic and cholinergie systems in its regulation. 

Mechanisms of Theta Generation 

Two intemal generators of hippocarnpal theta activity have been descriied. One is 

located in the stratwn oriens of the CA1 region and one in the stratum moleailare of the 

dentate g p s  (Bland & Whishaw, 1976). The two generators were shown to be 180' out 

of phase with one another. There was agreement between the two areas in relation to the 

fiequency of theta activity during behavior. In addition, two major classes of ceus in the 

hippocampus have been identifieil that change their rate of £king in synchrony with theta 

activity. They have been temed theta-on and theta-off celIs (Colom and Bland, 1987). 

The medial septum and diagond band of Broca seem to be of critical importance 

to the generation of theta in the hippocampus. Lesions of the mediai septum-diagonal 

band (MS-DB) complex wmpletely abolish both type 1 and type 2 theta activity in rabbits 

(Andersen et al-, 1979), as does transection of the septo-hippocampal pathway 



(Vmogradova, 1995). In addion, there is a high correlation between rhythmic neuronal 

discharge in the MS-DB and hippocampal theta waves (Stewart & Fo9 1989). Isolateci 

ceus in MS-DB slices retain rhythnnc bursting activity (Viinogradova, 1995). As we1, 

disruption of the connections between the hippocampus and the MS-DB in the intact 

animal do not eliminate rhythmic bursting in the MS-DB (Vinopdova, 1995). 

Pharmawlogical examination of the septo-hippocarnpal pathway Uidicates th& it is Iargely 

cholinergie in nature @land, 1996). Stimulation of the MS-DB results in a release of 

acetylcholine (ACh) fiom the hippocampus, while lesions of the MS-DB result in a 

reduction of acetylcholinesterase (AChE) and choline acetyltransferase (ChAT) in the 

hippocampus @land, 1986). 

The brainstem reticular formation is also important for the generation of 

hippocampal theta. The reticular neurons have an increased tonic level of spontaneous 

activity during hippocampal theta states, such as arousal, exploratory activity, or REM 

sleep (Viogradova, 1995). Stimulation of the reticular formation can trigger theta in the 

hippocampus and rhythmic bursting in the medial septum over the whole range of theta 

frequencies (Viiogradova, 1995). Vertes (1981) described three ascending pathways 

responsible for theta synchronization fiorn the reticular formation: (1) the medial 

longihidind fàsiculus, (2) the medial forebrain bundle and (3) the central tegrnental tract. 

Although in the absence of input from the reticular formation, rhythmic bursting neurons 

in the MS-DB are still present (Vïnogradova, 1995), theta activity in the hippocampus is 

altered (Gottesman, 1992). 

There is evidence that the raphe nuclei may exert an inhibitory effect on 



hïppocampal theta activity (Vertes et aZ.,1994). The median raphe projects to the septum 

and the hippocarnpus, and stimulation of this nucleus suppresses hippocampal theta 

(Vertes, 1981), and decreases the regularity and fiequency in MS-DB neurons 

(Vin~gradova, 1995). Additional evidence for the suppressing influence of raphe nuclei 

on theta activity cornes fkom the fact that the activity of raphe neurons is mhimal during 

REM sleep and exploratory behavior, two behavioral states which are characterized by 

continuous occurrence of hippocampal theta (Fomal et al., 1985). However, neurons in 

the raphe nuclei are highiy activateci during automatic behavion such as chewing and 

groorning, which are characterited by LIA in the hippocarnpus (Jacobs & Fornai, 1991). 

Cortical input to the hippocampus aiso modulates theta activity. Bilateral lesions of 

the entorfünal cortex in guinea pigs resulted in changes of amplitude, onset and fiequency 

of both type 1 and type 2 theta (Montoya and Sainsbury, 1985). Lesions of the entorhinai 

cortex reduced the correlation between type 1 and type 2 theta and behavior. Furthemore, 

it was shown that atropine sulfate abolished theta activity during both movement and 

Unmobility. suggesting that the type of theta occuring subsequent to entorhinal lesions is 

choiinergically mediated. 

Cellular Basis of Hippocampal Theta 

The neuronal mechanisrns underlying hippocampal theta generation are not weli 

understood, despite extensive investigation. It has been shown that continuous 

application of the cholinergie agonist, carbacho4 can induce rhythrnic neuronal activity in 

hippocampai siices, which resemble the hippocampal theta rhythm recorded fkorn the intact 
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animal (Konopacki et a%, 1987; Bland et aL, 1988). MacVicar and Tse (1 989) examined 

the carbachol-driven rhythmic activity in hippocampd CA3 pyramidal cds in vim. It 

was found that the carbachol-induced activity was reversibly blocked by a broad spectrum 

excitatory amino acid antagonist, but not by specinc NMDq GABA* or GAB& 

antagonists. Their results suggested that thir, activity occurs synchronously among a large 

population of pyramidal neurons, which is driven by a polysynaptic recurrent excitatory 

circuit, involving non=& but not GABAergic synapses. However, Heynen and 

Bilkey (199 1) demonstrated that, in addt hippocarnpal slices, the application of carbachol 

done was not d c i e n t  to produce theta activity, but required the simultaneous blockade 

of GABAergic IPSPs by picrotoxin. Furthemore, the CO-application of glutamate and 

picrotofi aiso resulted in the production of theta activity. One charactenstic of these 

experiments is that in the hippocampai slice preparation, the input nom the septum, which 

is considered to be a "pacemaker" for the in vivo generation of theta (see Bland, 1986), is 

absent. A recent study by Toth et al (1997) examined the infiuence of septal stimulation 

on hippocampal inhibitory circuits using sIices nom the rat forebrain which included both 

the septum and hippocampus. It is known that the septohippocarnpai pathway contains 

both choiinergic and GABAergic fibers, and the GABAergic temùnals innervate the 

inhibitory intemeurons, but not the pyramidal celis, of the hippocampus (Freund and 

Antai, 1988). nie r ed t s  of Toth et al. (1997) dernonstrated that stimdation of 

septohippocarnpal Serents resulted in a deaease in the fiequency of spontaneous IPSPs 

recorded fiom CA3 pyramidal neurons, and initiateci IPWs in hippocampal inhibitory 

intemeurons. Also, in the presence of antagonists of excitatory amino acid and muscarinic 



45 

receptors stimulation of septai aBerents at theta fiequency (5 Hz) initiated rhythmic 

oscillations in pyramidal cefls. It appears that disinhibition, arising fiom GABAergic input 

to inhibitov intemeurom, causes excitation in pyramidal celis, sufncient to produce 

' rhythmic oscillations in the absence of excitatory input. 

Although it is possible to produce rhythmic activity in the hippocampus under 

blockade of excitatory input, generation of theta activity in the whole animal under normal 

conditions has been shown to depend on several types of neurochemical inputs, both 

excitatory and inhibitory in nature. Two types of theta (type 1, atropine resistant, and 

type 2, atropinesensitive) are believed to be wntrolled by distinct mechanisms, however 

some overlap is also believed to occur. In 1983, Busaki et al. proposed a mechanism for 

the generation of hippocampal theta in vivo. The mode1 is based on a feed-forward 

(cholinergic) excitation fkom the medial septum to GABAergic interneurons in the 

hippocampus proper and dentate g p s ,  which inhibits the pyramidal and granule ceils at 

the? somata The dendrites of the pyramidal and granule ceUs receive a synchronous 

excitatory (glutamatergic) input fiom the entorhind cortex. The relative strength of the 

somatic inhibition and dendritic excitation determines the probabiIity of ceLi discharge. 

Smythe et al. (1992) suggested that the inputs fiom the medial sephun (chohergic and 

GABAergic) were the critical determinant of the theta rhythm Theta may be generated in 

the hippocampus by an increase in cholinergic activity, which stimulates the principle or 

"theta-on" ceils, accompanied by a reduction of hippocampal inhibitory intmeuron 

activity via the GABAergic projection, achieving disinhibition of principle cells. 

When the rnedial septum input is abolished by intraseptal application of the 
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anesthetic procaine, theta activity can be generated in vivo foIlowing microllinlsions of 

carbachol and glutamate, provided some degree of disinhibition is also induced, by the co- 

application of picrotowi (Heynen and Bilkey, 1991). The cholinergie nature of type 2 

theta is weii established, however the generation of type 1 theta is less well understood 

@land, 1986). The findhgs of Heynen and Bilkey (1991) suggest that coactivation of the 

disinhibitory curnponent of the septohippocampd pathway and the glutaminergic perforant 

path input to the hippocampus may result in type 1, atropine resistanî theta. 

The data regarding the serotonergic control of type 1 theta is unclear. Some 

studies suggest that serotonin facilitates the occurrence of theta (VandenvoK 1988; 

Robertson et ai., 1991; Peck and Vandenvolf, 199 l), while others suggest that serotonin 

inhibits the production of theta in the hippocampus ( Richter-LeWi and Segal, 1990; 

Piguet and Galvan, 1994; Staubli and Xu, 1995). In the dentate gyrus, serotonin was 

found to hyperpolarize granule ceils via postsynaptic 5-HTia receptors, and increase 

spontaneous GABA release nom inhibitory interneurones via the activation of 5-HT3 

a d o r  5-HT2 receptors (Piguet and Galvan, 1994). It has a h  been shown to suppress 

theta-burst induced NMDA currents and d u c e  the LTP generated in CA1 neurons 

(Staubli and Otaky, 1994). Presynaptic 5-IITIA receptors decrease the release of 

serotonin, and agonists of this receptor type induce hippocampal theta activity in f?eely 

moving cats (Marrosu et al., 1996). Studies suggesting that serotonin -tates 

hippocarnpal type 1 theta (e.g. Robertson et al., 1991) have been confounded by 

secondary effects, namely the induction of aereotyped movements and general arousal in 

the fieely moving animal. 



Effects of H2S on Hippoeimpal Activity 

The in viiro hippocarnpal slice preparation bas been used successfuuy to study the 

mechanism of action of H2S (Baldeili et al., 1989; BaldeLü et al., 1990). IntraceiiuIar 

recordings of hippocampal CA1 neurons were studied in response to 27-200 uM NaHS 

(Baldelli et aL, 1990). It was shown that NaHS caused a concentration-dependent 

membrane hyperpolarization and reduction in membrane resistance of CA1 neurons, a 

maximal effect reached at 160 u M  NaHS. It was suggested that the reduction in 

membrane resistance was probably due to activation of ~ a ' / .  ATPase, whereas the 

hyperpolarization was the result of the opening of K+ channels. Extraceliuiarly recorded 

population spikes, EPSP field potentials, and intracellular EPSPs revealed a depression of 

synaptic transmission produced by NaHS @alde& et al., 1989). 

In the case of H2S, the primary route of entry into the body is through the lungs via 

inhalation exposure. The study of H2S toxicity in vivo provides a mode1 that preserves the 

naturally occumhg processes of uptake, distribution, metabolism and excretion, ail of 

which have been shown to influence the biologicai actions of dnigs and toxicants in a 

circadian rnanner Weinberg, 1992). It also dows  for the investigation of the effects of 

chronic exposure, a situation common in many industries, There is evidence that chronic 

exposure to Iow concentrations of H2S result in alterations of the hippocampal EEG 

activity. Skrajny et al. (1996) demonstrated that inhalation exposure to 25, 50, 75 and 

100 ppm to fieely moving rats resulted in an increase in the total power of hippocampal 

theta activity in a dose-dependent manner. This effect was shown to be cumulative, as 



successive exposures over a period of 5 days produced a gradual increase in the total 

power, the maximum effect being noted on the 5' day. In addition, this eEect was shown 

to be reversible, as the increase in total power had retumed to baseline levels d e r  two 

weeks. 

It has been suggested that EEG activity may be used as an indicator of cognitive 

processing relating to specific behaviors (Fox et al., 1982). Theta is the most characteristic 

EEG activity of the hippocampus @land, 1986), and disruptioni in theta activity have 

been wrrelated with mernory impairments (Markowska et al., 1995; Winson, 1978). 

Disruptions in theta activity followhg exposure to H2S may account for some neurological 

deficits attributed to H2S poisoning. Therefore, the investigation of hippocampd theta 

activity in the fkeely moving animal may be a useful tool to examine a possible circadian 

rhythm in H2S neurotoxicity. 

Eypothesis 

Using a laboratory rat model, it is hypothesized that the effects of HîS on 

hippocampal theta activity wüi be dflerent when administered during the dark period than 

during the iight period, varying in a circadian fashion. 



Objectives 

The objectives of this proposai are: 

1. to record hippocampal theta activity during exposure to 125 ppm H2S in the early light 

(rest) period and in the eariy dark (active) period of rats 

2. to determine if repeated exposures to HS over 5 consecutive days aiters the power 

specm<m of hippocampal theta 

3.  to determine if repeated exposures to H2S redis  in a cumulative effect on 

hippocampal theta aaivity 

4. to estabfish whether the effects of H2S on hippocampal theta activity are d l  evident 

d e r  a penod of two weeks following the last day of exposure 

5. to detennine if H2S shows a circadian rhythm in its effkct on hippocampal theta 

activity. 



Materials and Methods 

Subjects 

Male Sprague-Dawley albino rats (Charies River, St. Constant, Quebec) weighùig 

between 250-300 g at the beglluiing of the arperiment were used. They were housed 

individudy in plastic cages, with fke access to food and water, except during the 

exposure to H2S or control gas. The animais in each group were on a 12 hour iight-dark 

cycle, with iights on at 0700h and off at 1900h for the light condition, and lights on at 

1900h and off at 0700h for the dark condition. Room temperature was maintaineci around 

21" C, and room lighting intensity was approximately 490 lux during the lights-on 

penod. 

It is generally accepted that anirnals should be adapted to a new light scheduie for 

a period of two weeks pnor to initiation of any experimentai treatment (De Prhs et al., 

1986). It has been demonstrated previously that shifting light-dark cycles by a period of 8 

houn results in remtrainment of the circadian rhythrns of wheel ninning activity in about 6 

days (range 4.1-6.8 days; Takamure et al., 199 1). Furthemore, there is evidence that 

albino rats reentrain more rapidly than pigrnented rats. Kennaway (1994) has show that 

afler an 8 hour shift in light/dark cycle, the rhythms in melatonin metabolite excretion were 

restored in about 4 days (range 2-10 days) in aibino rats, whereas pigmented rats took 

. greater than 10 days to reentrain. Activity rhythms were also restored more rapidly in 

albino rats. The bals used in the dark condition in this study were placed on a reversed 

light cycle for a minimum of two weeks pnor to beginnllrg the experiment. 



Surgieai Procedure 

AU surgeries were d e d  out while the anirnals were on a standard 12 hour UD 

schedule. Animais were anaesthetid with an intramusailar injection of a ketamine and 

xylazhe solution (85 mg/mL: 15 mg/mL; dose 0.1 m L / l O O  g body weighî, U of C Anunal 

Health Unit guidelines for rat anaesthesia) and placed in a aistom stereotaxic fiame. 

Ketamine/xyIazine was supplied by the University of Calgary Biosciences Vivarium. 

During the surgery, maintenance doses of ketamindxyiazine (0.1 rnL) were adrninistered 

as required to ensure the animal remained in an anesthetid state. The animal was placed 

in the stereotaxic Erame and secured with earbars. Once the head was Ievel, a smaU 

incision was made, and membranes were removed to expose the skull. Measurements of 

lambda and bregma were taken, and bregma seIved as the reference point for placement 

coordinates of the electrodes. Holes were driiled Uito the skuii with a dental drill (mode1 

NCL-35SWH, Healthco Inc.) to expose the d a c e  of the brain. One electrode was 

placed in the right fkontal cortex, and one in both the contralateral and ipsilateral dentate 

gyms of the hippocampus. Coordiiates for electrode placement were determuied using 

The Rat Brain in Stereotôuic Coordinates (Paxinos and Watson, 1986). Ail depth 

measurements were taken fiom the surface of the brain. The coordinates for fiontal 

cortex were: 1.2 mm anterior to bregrna, 2.4 mm lateral to midline and 1.5 mm ventrai to 

d u d  surface, and for bilateral dentate gyms were: 3 -4 mm posterior to bregma, 1.8 mm 

lateral to midhe, and 2.7 mm ventral to dural surfice. Tungsten wire insulated with 

Kynar (Wiylidene fiouride resin; The Plastic Dept., Pemwalt Corporation, Phiiadelphia) 

and the tip electroIytidy etched in a saturateci potassium nitrate solution served as the 
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recording electrodes. An uncoated tungsten wire placed in the right parietai cortex was 

used as an indifferent elestrode, and a gold-plated amphenol rnicr~~miniature wnnector 

(Richey Electronics, Calgary, Alberta) screwed into the sM1 over the lefl fiontal cortex 

served as a ground. The electrodes and ground were held in place with dental acrylic 

a86xed to stainless steel screws (M 1.6 x 0.35 x 3 mm; Spae-Nam Inc., Kitchener, 

Ontario). Prior to suturing, topical antibiotic (Gentacui") was applied to the area around 

the headset. The animals in the iight condition were allowed to recover for at least 7 days 

pior to initiation of experimental treatment, whereas the animals in the dark condition 

were placed on the reversed light cycle immediately following surgery, and two weeks 

elapsed before initiation of experimental treatment. 

Exposure 

Rats were exposed to H2S concentrations of 125 ppm, 3 hourdday for 5 

consecutive days. The exposures took place in a sealed plexiglass chamber, designed to 

permit observation of the animal during exposure. Fütered room air was drawn through 

the charnber with a vacuum pump and wmbined with certifieci H2S (1990 ppm of H2S in 

nitrogen; Linde, Union Carbide Canada Limited). The mixture was passed through an 

orince plate to measure fiow rate, then through a diiser in the top of the charnber. An 

air flow of 11 litredminute allowed a complete chamber replacement every three minutes. 

The volume of the H2Shitrogen mixture did not exceed 5% of the total volume of the air 

drawn Uito the charnber. The concentration of H2S inside the chamber was contlliuously 

monitored through an HIS transmitier (H2S CiTice1 4-20 transmitter, City Technology 



Centre, Portsmouth, England). The transmitter relayed the gas concentration via a 4- 

20mA input signal to an H2S monitor (Gastech Mode1 SAFE T NET -2000; Gastech 

Canada, Alberta), which displayed the concentration of H2S on a LED read-out. Low 

and high alamis were activateci on the monitor, set at 1 15 and 13 5, respectively. Control 

exposures to nitrogenlaû were carried out, since the H2S used in this study was bafanced 

with nitrogen. The flow rate of nitmgen was s d a r  to that of the H2S/NZ mixture during 

the exposure to hydrogen sulfide (125 ppm). 

Experirnental Design 

Two groups (light vs. dark) of 5 animds each were exposed to 125 ppm H2S, 

whiie another two comparable groups were exposed to the nitrogedair control mixture. 

For a minimum of 7 days foiiowing surgery, the animds in the dark condition were 

adapted to the revend Light cycle. Ail exposures were conducted between 9:00 am and 

12:00 pm. Since the two groups were on opposite iight/dark schedules, the thne the 

exposures took place cm be expressed in terms of the 24 hour dock, with the time of 

lights on dehed as 0100h. Therefore, in the light condition, exposures took place during 

0300h-0600h. In the dark condition, exposures were conducted nom 1500h-1800h. The 

schedule of testing was as foff ows: Two animals were run sirnultaneously, one in the light 

condition and one in the dark wndition. For example, on one week the animal in the dark 

wndition would receive H2S and the animai in the Iight condition wouid receive 

nitrogen/air. The foiiowing week the animai in the dark condition wouid receive 

nitrogenlair and the iight wndition would receive H2S. 
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To elicit theta activity in the hippocarnpus, a motorized rotating circular platform 

(5-6 rpm) was us& to initiate movement of the animal (Figure 4). The platfonn was 

constructed with plexighs with smd holes drilleci into it so as not to obstnict the flow of 

gas in the exposure chamber. A plexiglass bar was placed across the center, 

approxhately one inch above the platform to prevent the animai fkom remaining 

motionless while the platform was activated. On each day of testing, the animais were 

placed in the chamber, and prior to exposure a ten-minute badine recording of theta 

activity was taken. The animals were then treated with either HîS or &ogen/air for three 

hours. Ten-minute recordings of EEG activity were taken between 50 -60, 1 10- 120, and 

170-180 minutes during the three-hour exposure period. The behavior of the animal was 

continuously observed and comments made by the investigator were recorded on 

videotape using an audio channel. Bshavior was classified into four categories: walking, 

associated with type 1 (high hquency) theta; immobility, associated with large amplitude 

irregular activity ; head movements in the absence of walking behavior, associated with 

theta; and groorning, associated with a mixture of LIA and theta (Table 2). 

Two weeks following the fifth day of exposure, theta activity was reassessed in the 

H2S exposed anUnah for a three hour period for one day to detennine if theta activity 

recovered t O pre-exposure values. AU recordings fo flowed the procedures out lined above. 

Power SpectrPI Anaiysis of Hippocampd Theta 

Light Condition 

Recording equipment used durhg the experiments were different between the 



Table 2. C ~ c a t i o a  of rat behavior during testing based on aaivity and EEG 
att%or~r Behavio r Activity in Hippoerimpal - 

EEG 

Waiking 

Head 

Immobile, eyes opqhead Large ampliaide imguk 
up off the floor slow waves (LIA), 

occasional (rare) low 
fkquency theta 

Coordinated gross body High (5.5-8.5 Hz) fiequency 
movements of the limbs and theta, no LIA 
tnink considered walking, 
large postural shifb, 
turning, resisting to wak by 
stniggiuig against the 
horizontal bar 

Minor movements of the High fieqyency theta similar 
head and neck in the to that during walking, 
absence of large limb and mked with LIA 
trunk movements 

LIA with intermittent 
Cleanh3 fur, paws and fice occurrence of theta 
by licking, scratching or 
chewing 
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light and dark experimental conditions This was due to availability of equipment. 

Recordings of hippocampal EEG activity in the iïght condition were made using a Grass 

model 7D Polygraph, with fiiter settings at 0.3 Hz for the half amplihide low flter and 35 

Hz for the half amplitude high fiiter. The signals nom the polygraph were amplifid with a 

Wide Band AC. EEG pre-amplifier model 7PSB (Grass Medical Instruments Corporation, 

Quincy, Massachusetts), and displayed on a digital oscilloscope (model R5 1 O3N; 

Tektronix Canada Inc., Weston, Ontario). The data was stored on videocassette using a 

Neurodata intefice (Mode1 DR 484;  NeuroData Instxuments hc., New York N.Y.) and 

VCR (RCA) for subsequent cornputer analysis. During the recording sessions, the 

behavior of the animal was wntinuously observed, and cornments were stored on 

videocassette ushg an audio chamel( Figure 4). 

Dark Condition 

Recordings of hippocampal EEG activity were made using a Grass mode1 79C 

Polygraph, with filter settings at 0.3 fIz for the half ampliaide low filter and 35 Hi for the 

half amplitude high filter. The signals nom the polygraph were amplified with a Wide 

Band AC. EEG pre-arnpliner model 7PSB (Grass Medid Instruments Corporation, 

Quincy, Massachusetts). The signal was stored on videotape using a Vetter PCM Data 

Recorder (model 200; AR Vetter Co., Rebersburg, PA). The EEG data were recorded 

digitally ai a sampling rate of 44.1 K k  per channel. A voice channel was recorded on the 

normal audio track of the VCR Real-the visuabtion of EEG data was displayed on an 

oscilloscope (mode1 TDS-340; Tektronix Canada Inc., Weston, Ontario) (Figure 5). 



Figure 4. Diagram of exposure cbamber and EEG recordhg equipment for animals in the 

light condtion 





Figure 5. Diagram of acposure chamber and EEG recordhg equiprnent for animais in the 

dark condition. 
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Data was acquireci nom videocassette to a cornputer software program designed 

for this laboratory, based on LabMew 4.0. (Advanced Measurements hc., Calgary, 

Alberta), at a sampling rate of 200 H z  hiring acquisition the data fiom each 10 minute 

sample was categorized acwrding to behavioral state of the animal to aiiow for discrete 

analysis of EEG advity occurring withia a specific behavioral state. The data nom each 

10 minute recording period (pre-treatrnent, 1: 2"d and 3" hour) were analyzed in 2.5 

second epochs. Meames of peak fiequency (Hz), power at peak fiequency ( ~ r m s ~ / ~ z  or 

power density) and total power ( V 2 f i )  of hippocampal theta activity during walking, and 

LIA during immobility, were assessed. 

Statistical Analysis 

EEG data was ïnitiaiiy imported nom the spectral analysis program onto a 

Microsofi Excel S preadsheet (version 7.0 for windows 95; Microsofi Inc.) and statistical 

analyses performed using Sigma Stat (version 2.0; Jandel ScientSc, San Rafael, CA). 

The values obtained for each 2.5 second epoch during the 10 minute recording 

period were averaged to obtain the mean * standard error of the mean (S.E.M.). This 

gives the mean f S-EM.. for each hour, for each dependent variable. For each day, the 

mean values of the 1*, 2* and 3" hour were averaged, which resulted in a single mean 

number representing the day of treatment. Since these numbers Vary greatly between 

individual subjects the data were represented as a percentage of the baseline recording 

obtained prior to exposure on day 1. This number was obtained by dividing the mean 

number f?om each day (1 through 5) by the badine value on day 1, then multiplying by 



100. Standard errors were obtained by wmbîning the percentages fkom all subjects withùi 

a group. DBerences between control and exposeci groups, and clifferences behueen light 

and dark groups were calculated by two-way ANOVh whiie one-way ANOVA was used 

to detemiine if there were any ciifferences due to the day (1-5) of treatment. Tukey 

multiple cornparison tests were used to foîiow up any signifïcant main effects and 

interactions (Sigma Stat, version 2.0, Jandel ScientSc, San Rafaei, CA). 



Histology 

Upon completion of the expriment, animals were deeply anaesthetized with sodium 

pentobarbitol and perfiised with physiological saline to flush the blood k m  the brain, foflowed 

with IO0! formalui. Brains were carefiilly rernoved and stored in 3û% giucose/fonnalin 

solution. The fked tissue was embedded in O.C.T. (embedding medium for fiozen tissue 

specimens, Canlab) and 40 p sections were ait on a cryostat. Sections were mounted on 

glass, gelatin-coated dides and stained with cresyI violet. PIacement of the electrode was 

determineci by locating electrode tracks. A representative example is shown in figure 6. In 

each case, the electrode was located within the dentate gynis of the hippocampus. 

Wahin Groups 

Control Light Condition 

Control exposures to a nitrogenkiir mixture were carried out in order to exclude the 

possiiility that effects observai during acposures to H2S were caused by anoxic conditions 

which may have occurred in the -sure chamber due to the presence of nitrogen. The 

control exposure to nitrogenhr did not result in any sipnincarrt daferences in the hippocampal 

EEG actMty of the animais ~cposed in the light condition Hippocampal theta actMty 

occurred during the performance of volw&uy movements, nich as waiking whereas 

irnrnobility and autornatic behavior, such as groorning were accompanied by large amplitude 

irrepuiar actMty GIA). Example recordings of hïppocampal theta actMty taken during 



Figure 6. Schematic representation of a coronal section through the rat hippocampus 

showing the placement of electrodes in the dentate gyrus. Abbreviations: 

Hippocampus proper areas CA1, CA2, CA3; DGML, dentate gynis molecular layeq 

DGPL, dentate gynis plex5orm layer, V, ventricle. 
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waiking and LIA during immob'iiity are pfe~enfed in Figure 7. RepresentatÏve power spectni 

are aIso presented for hippocampal theta 8) and LIA (Figure 9), on day 1 and &y 5 of 

qosure. There wae no signifiant changes in the variables of power at the peak kquency 

and total power o f  hippocampal theta over the 5 &ys of arposure @gure 10a and lob). The 

peak fiequency of theta did not show am/ düfkrences over the 5 days of exposure Figure 10c). 

In addition, there were no dSérences in LIA over the 5 &y of exposure. 

Control Dark Condition 

The control acposure to nitrogenlair in the dark condition had a ciiffirent &kt on 

animais than the controi exposure in the iight condition. Example recordings of  hippocampal 

theta a&@ and LIA are presented in Figure 11, and the accompanying power spectra are 

presented in Figures 12 and 13. There was a signîficant difference over the 5 days of -sure 

in the power at the peak fiequency of theta (F (5,24)=5.842; P<o.ûûl) (Figure 14a), and in the 

total power of theta(F (5,24)=5.050; p<0.003) (Figure 14b). Both the power at the peak 

fiequency and total power decreased over the 5 days of exposure. There was no SiBnificant 

différence in the peak Eequency of theta on any day of exposure (Figure Mc), nor were there 

any différences found in LIA over the 5 days of exposure. 



Walking lmmobility 

Day 5 

Figure 7. Example recordings of hippocampal EEG activity recorded 

from dentate gynis of a rat in the light control condition during walking 

and imrnobility prior to and after exposure to nitrogenlair for 5 days. 



Frequency (Hz) 

Day 5 

Frequency (Hz) 

Figure 8. Example power spectra of hippocampal theta activity recorded 

from dentate g y ~ s  of a rat in the light wntrol condition while walking prior 

to and following exposure to nitrogedair on day 5. 



& 8.0e-10 Control 

Frequency (Hz) 

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0 

Frequency (Hz) 

Figure 9. Example power spectra of LIA rewrded from the dentate gyms 

of a rat in the light wntrol condition dunng imrnobility prior to and following 

exposure to nitrogenlair on day 5. 



Figure 10. Graphs demonstrabng a change in a) power at the peak fhpency, b) total power, 

and c) peak fiequency recordai h m  the dentate gym durjng d g  over the 5 days of 

exposure to nitroged air for animais in the LIGHT CONTROL condition Each point 

represents the mean i SEM of 5 animals. 



Day of exposure 



Walking lmmobility 

Day 5 

'I( 11'1 

Figure 11. Example recordings of hippocampal EEG activity rewrded 

from dentate gyws of a rat in the dark cuntrol condition during walking 

and immobility prior to and after exposure to nitrogeniair on day 5. 



Qi Control a qd 
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Frequency (Hz) 

Figure 12. Example power spectra of hippocampal theta activity recorded 

frorn dentate gyws of a rat in the dark control condition h i l e  walking prior 

to and following exposure to nitrogenlair on day 5. 



Control 

Frequency (Hz) 

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0 

Frequency (Hz) 

Figure 13. Example power spectra of LIA recorded from the dentate 

gynis of a rat in the dark wntrol condition during immobility prior to 

and following 5 days of exposure to nitrogenlair. 



Figure 14. Graph demonstrating the change in a) power at the peak mency ,  b) total power, 

and c) peak fiequency of hippocampal theta actkity recorded from the dentate gynis during 

wallcing over the 5 days of exposure to mtrogdair for animais in the DARK CONTROL 

condition. Each poh represents the mean f SEM of five animals. Asterisks denote 

signifiant difference fiom day 1 pr~exposure control values. 



Day of exposure 



Repeated Exposrre to 125 ppm &S 

Light Condition 

Animais arposed to 125 ppm H2S showed signifiauit cliffierences in hippocampal theta 

activty over the 5 days of exposure in al vafiables tested. Figure 15 shows example 

recordirigs of hippocampal theta and LIA on day 1 and day 5 of exposure, and the 

repfesentative power spectra are shown in Figures 16 and 17. There were  si^^ 

clifkences in power at the peak fiequency (F (5,24)=5.727, p<O.ûû 1) (Figure Ba). and in total 

power of hippocampal theta acbMty (F (5,24)= 3.101, H.027) (Figure 18b). In eadi case, 

the values decreased over the 5 days of exposure. Cornparison of the values obtained prior to 

exposure on day 1 (control exposure) and foiIowing each day of exposure reveaied that the 

power at the peak fkquency of theta was significantly reduced on days 2,3,4 and 5 (p<0.05), 

which was maicimally reduced on day 4 at 74.40 1.86%, and the total power was si@cantty 

reduced on day 5 @<0.05), at 77.60 2.36% of control. The power at peak fiequaicy and 

total power of theta recorded just prior to the srposures to H2S on each &y aiso decreased in 

a cumulative khion, similar to what was seen during exposure to H2S. The peak fkpenq of 

theta was decreased compared to pretreatment d u e s  over the 5 days (F (5,24)=3.155, 

p<0.025) however this &ect was sigdicant only on day 2 of exposure, at 89.60 * 2.42% 

(Figure 18c). There was no decrease in peak fiequency observeci during the recordhg taken 

just prior to exposure to H2S on any of the 5 days. There were no significant differences in LIA 

recorded over the 5 days of exposure. 



Walking lmmobility 

Figure 15. Example recordings of hippocampal EEG adivity from 

dentate gyms of a rat in the light H,S condition during walking and 

immobility prior to and after exposure to 125 ppm H,S for 5 days. 
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Figure 16. Example power spectra of hippocampal theta adivity 

rewrded from dentate gyrus of a rat in the light H,S condition while 

walking prior to and following exposure to 125 ppm H,S for 5 days. 
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Figure 17. Example power spectra of LIA recorded from the dentate 

gyrus of a rat in the light H,S exposed condition during irnmobility prior 

to and following 5 days of exposure to 125 ppm H,S. 



Figure 18. Graphs demonstrating the change in a) power a.  the peak fkequency, b) total 

power, and c) peak fiequency of hippocampal theta activity recordeci h m  the dentate gynis 

during wallring over the 5 dsys of arposure to 125 ppm H2S for animais in the LI- 

EXPOSURE condition Each point represents the mean + SEM of fïve a d s .  Asterisks 

denote signifiant difference fiom the day 1 pre-exposure control. 



Day of exposure 



Dark Condition 

Exposure to 125 ppm Hs to anllnals in the dark condition also d e d  in signifiant 

changes in hippocampal theta activity over the 5 &y exposure period. Example recordings of 

theta aaMs, and LIA are presented in Figure 19. The represemative power spectra are show 

in Figures 20 and 21. Exposure to &S r d t e d  in an increase in the power at the peak 

Wuency (F (S,Z4)=6.l 1, p<0.001), &ch was @dkantiy merent b r n  control on days 2,3 

and 4. The maximai increase ocavred on &y 2, at 142.20 +/- 13.95%, then gradually 

decreased (Figure 22a). There was a si@- increase in the total power of theta (F 

(5.24)=3 -21, p~0.023)~ which was significantly different fiom control on &y 2, at 130.00+/- 

11.66% (Figure 22b). The power at peak Eequency and total power of theta recurded just 

prior to exposure on each day also Uimeased in a rnanner simifar to that during the exposure to 

H2S. There was aiso a sigriincant decrease in the peak fiequency of theta activity durhg 

b '  exposure (F (5,24)=4475, F0.005). The deaease 

aii days of exposure, and was maximai on day 5 at 

was signifidy difiFerent Eom control on 

87.80 +/- 2.84% @gure 22c). The peak 

f?equency of theta a h  decreased over the 5 days of exposure during the recording taken prior 

to exposure- There were no significant ciiffierences in LIA following repeated exposure to H2S. 



Walking lmmobility 

Figure 19. Example recordings of hippocampal EEG activity recorded 

from dentate gyrus of a rat in the dark exposure condition during walking 

and immobility prior to and after exposure to 125 ppm H,S on day 5. 
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Figure 20. Example power spectra of hippocarnpal theta activity recorded 

from dentate gyrus of a rat in the dark H,S exposed condition m i l e  walking 

prior to and following exposure to 125 ppm H,S on day 5. 
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Figure 21. Example power spectra of LIA recorded from the dentate gyrus of 

a rat in the dark H,S exposed condition during immobility pnor to and following 

exposure to f25 ppm H,S for 5 days. 



Figure 22. Graphs demonstrating the change in a) power at the peak fkquency, b) total 

power, and c) peak fiequency of hippocampd theta activity recordecl fiom the dentate gyrus 

during waIkmg over the 5 days of exposure to 125 ppm H2S for animais in the DARR 

EXPOSURE condition. Each point represents the mean f SEM. of f i e  animais. Asterisks 

denote Sgdicant Werence fiom the day 1 pre-srposure control valueses 
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Day of exposure 



Between Groups 

Control (Light) vs ControI Park) 

Theta activity in the control groups in the lia and dark condition differed in their 

response to the 5 day exposure- Animais in the iight condition showed a slight increase in the 

variables of power at the peak m e n c y  and total power of theta adsity, whiie ammals in the 

dark condition showed a tendency towards decreasing values The difference between the light 

and dark control groups was sipificant for total power @<0.001) (Table 3). There were no 

signifiant differences between the two groups in the peak fretpency of theta. 

H2S Exposed (Light) vs. HIS Exposed Park) 

The efects of HzS on theta actMty were different when expowes were conducted in 

the light condition than in the dark condition Animais in the light condition showed a 

decrease in the power at the peak and total power of theta, however ariimals in the dark 

condition showed an increase in these variables. The Werences between the light and dark 

groups were significant for both rneasuces (p<0.001) (Table 3). Animals exposed to H2S in 

both groups showed a decrease in the peak fiequency of theta activty. There was a statistidy 

signifiant difference between the two groups, however, in that the decrease observed in peak 

fiequency of theta was more profound in the dark condition than the light condition (p<0.001) 

(Table 3). 
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Light Condition 

There was a signi£icant dBkence in the control and H2S exposed animais in the light 

condition, Control animas showed a slight increase in power at the peak hquency, and total 

power. Ani& expose. to H2S showed a signifiant decrease in ail variables over the 5 &ys 

of exposure. niere was a signifiant differ~ce between the control and H2S groups in both 

power at peak freqyency and total power @<0.001) (Table 3). In addition, there was a 

Sgnificant ciifErence between the control and H2S groups in the peak fiequency of theta 

m.03). The control group showed no change in peak hcpency, dereas exposufe to HzS 

causeci a decrease in peak Erequency (Table 3). 

Dark Condition 

The control and H2S groups in the dark condition were significady Werent fkom one 

another. Animais in the control group showed a decrease 'in power at the peak fiequency and 

total power. Exposure to H2S had the opposite efféa, resulting in an increase in both 

measures. The dif5erences between the control and H2S exposed animais were signifiant for 

power at the peak frquency and total power (jK0.001) (Table 3). There was also a signifiaint 

difference in the peak fiequency of theta between the control and H2S groups @<0.001). The 

m o l  group showed no change in peak fkqpency, whereas the H2S scposed group showed 

a decrease in peak fiequency uable 3). 



Two week post-exposure recovery 

Two weeks following the 5 day exposure period, the animals were tested again to 

determine if the effects of HIS on hippocampai theta activity were reversible. In some 

cases, for both the light and dark exposure groups, the recovery was not wmplete after a 

two week period (Figure 23). The dark group showed recovery of power at the peak 

eequency (F (1,7) = 6.623, p < 0.037), and total power (F (1,7) = 19.549, p < 0.003). 

The light group showed significant recovery of power at the peak frequency ody (F (1,7) 

= 8.724, p < 0.025). 



Figure 23. Graphs demonstrating the change in a) power at the peak nequency, b) 

total power, and c) peak frequency fiom values during exposure to 125 ppm H2S and 

those obtained two weeks foiiowing the exposure penod for anirnals in the dark and iïght 

exposure groups. The dark bars represent values obtained during exposuie, and the light 

bars represent the two week recovery values. Each bar represents the mean f SEM of 

five animals. Asterisks denote sigrdicant merence from values during the exposure 

period. 
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Discussion 

s-ary 

This study has shown that the effkcts of HzS on theta activity in the hippocampus 

are different depending on the t h e  of day the exposures take place. When rats were 

exposed to 125 ppm H2S during the light period, the amplitude, power at the peak theta 

fiequency, and total power of theta activity decreased over a 5 day exposure period in a 

cumulative fashion. However, when animals were exposed during the dark period, the 

opposite occu~ced. There was an increase in al1 three variables, also in a cumulative 

rnanner over the 5 days. The peak frequency of theta did not show a similar difEerence. In 

both the dark and the light period, the peak frequency of theta decreased, however the 

magnitude of this decrease was greater in the dark period. 

An unexpected finding of this shidy is that the animals in the control groups 

dinered from one another in theta activity recorded over the 5 days of exposure to the 

nitrogenlair m e .  Rats exposed in the light penod showed an increase in the 

amplitude, power at the peak, and peak fiequency of theta, while in the dark period 

animais showed a decrease in ali three variables. These changes seen in the control 

animals over the 5 days of treatment were les  dramatic than those seen in the HIS groups, 

and in fact were opposite in direction f?om the H2S treated groups for both the light and 

dark penods. Also, in contrast to the H2S exposed groups, the peak i6iequency of theta 

did not change over the 5 days of exposure. These differences suggest that the nitrogen 

used to balance H2S in the treated groups did not significantly affect the outcome of Hfi 

treatment, and the effects seen were a direct result of H2S actions on the central nervous 
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system. The changes in theta activity seen in the control and exposed groups will be dealt 

with separately in the discussion to follow. 

Circadian Changes in Contro1 Animals 

Studies conceniing a circadian rhythm of hippocampal cellular activity are limited. 

None have examined a possible rhythm in the mechanisms of theta generation, however 

there is evidence of a Ncadian rhythm in synaptic transmission and ceil excitabiiity. There 

is a circadian cyclicity in the sensitivity of the granule celis of the dentate gyrus to 

perforant path input (Barnes et al., 1977; West and Deadwyler, 1980; Hamis and Teyler, 

1983; Cauiier et al., 1985). These changes may be mediated by the behavioral state of the 

animai, as Cauller et al (1985) have shown that circadian variations in EPSPs were found 

within the active awake, still alert, slow-wave sleep and paradoxîcal sleep states with a 

maximum in the dark period, while a rhythm in population spike amplitude was found 

duMg the still alert and paradoxical sleep aates, with a maximum in the light period. 

However, West and Deadwyler (1980) demonstrated that population spike amphdes 

elicited in dentate granule cells recorded during alert and still alert during the dark period 

were signincantly r e d u d  as compared to spikes recorded during the identical behavioral 

states prior to the onset of darkness. It was suggested that circadian modulation of 

granule cell sensitivity to perforant path synaptic input may be due to a rhythmic variation 

in granule ceIl' resting membrane potentiai produced by increased inhibitory input during 

the dark penod. In agreement with .these findings, Wmson and h g  (1978) 

demonstrated an inverse relationship between behavioral arousal and granule cell 



population spike amplitude in the rat. Population spikes were larger during slow wave 

sleep and smaiier when the animal was alert. A deaease in the population spike amplitude 

would then be expected during the dark penod, shce rats are more alert at this the .  

Interestingly, the serotonin-releasing dmg d-fenfiuramine enhanced the population spike 

elicited in the dentate gyms foiiowing perforant path stimulation, while decreasing the 

spontaneous extracellular single unit activity and reducing the magnitude of hippocampal 

EEG (Richter-Levin and Segal, 1990). Unfiortunately, the behavioral state of the animai 

or the t h e  of day were not examined. 

Circadian Changes in Theta Activity in Control Animais Possibly Mediated by Stress 

In the present study, it was found that the theta activity of the control animais in 

the light and dark groups differed &om one another. The amplitude and power of theta 

increased in the Iight penod, while t decreased in the dark period. A possible explanation 

for this effect wuld be the relative levels of corticosterone induced by creating a stressful 

situation. The method used to induce type 1 theta, forced walking on a rotating platfonn, 

is likely to have acted as a chronic stressor. Furthemore, the animal's ability to adapt to 

the stressor may have contriiuted to the Merences seen between the light and dark 

periods. Rats are noctumal animals, which means they are more active during the dark 

period, and are at rest during the light penod. Animals subjected to the repeated 

stimulation of forceci wallsng during the light penod may have experienced increased 

stress, whereas during the dark penod animals may have been better able to adapt to the 

forced waking. in the hippocampus, there are two types of corticusteriod receptors (de 
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Kloet et al., 1993). Mineralcodcoid receptors @ARS), which serve to maintain 

excitability, and giuw co rticoid recept o n  (GRs). which suppress excitability MRs bind 

corticosterone with a 10-fold higher af5nity than GRs, however during the circadian peak 

or after stress, GR binding increases. An animal's sensitivity to stress is highest at the 

trough of basai corticosterone activity. The circadian peak of corticosterone in the rat is 

in the dark penod, while lowest Ievels are found in the begùyiing of the iight period (de 

Hoet et al., 1993). A circadian rhythm in MR receptor number is also found, with a peak 

in the dark period (Red et al., 1987). An important consideration for the relative effects 

of MR and GR is that the two receptor systems interact. In the hippocampus, chronic GR 

activation down-regulates GR number and increases MR (Red et al., 1987). MR 

activation dom-regulates both receptor types (Sutanto and de Kloet, 1991). The effects 

of corticosterone have been studied on hippocarnpal pyramidal celis (Reiheld et ul., 1984). 

It was found that elevations of corticosterone produced inmeases in population spike 

amplitudes foliowing stimulation of the Shaeffer collaterais. It has also been shown that 

following acute stress (tail-shock), two houn or 24 hours Iater the amphde of a theta 

burst was increased (Shors and Dryver et aL, 1994). Levels of glutamate in the 

hippocampus are increased following stress (Lowy et aL, 1993), and foiiowing 

corticosterone treatment (Stein-Behrens et al., 1994). If the animals in the light group 

were indeed more stressed, it is possible that this could account for an increase in theta 

activity. On the other han& since ali measures of theta were based on the pre-exposure 

baseiine, it is possible that an initiai increase in the stress response was seen in the dark 

phase during the first exposure, but decreased due to the animal's ability to adapt more 



quickly to the stressor. 

Chronokinetic Factors Muencing the Bioavailability of H2S 

Any discussion of the chronotoxicity of a substance, regardless of the substance in 

question or its route of administration, mua include a consideration of the possible 

inauences of ciradian rhythms in the processes regulating absorption, distribution, 

metabolism and excretion. Circadian rhythm hfluencing these fàctors will detennine the 

amount of a substance available to exert a biological effect. The effeaiveness and toxicity 

of a nurnber dmgs and chernicals have been shown to Vary over a 24 hour penod 

(Labreque and Belanger, 199 l), and for many of thwe substances a direct correlation can 

be observed with a circadian rhythm in kinetic processes. 

The evidence conceming a temporal variation in absorption fiom the lungs, as is 

the case with H2S exposure, is limited. It is possible that a circadian rhythm in H2S 

absorption nom the lungs does exist, as such a rhythm has been demonstrated for other 

inhaleci substances. One study by Munson et al (1970) dernonstrated a circadian rhythm in 

the minimum alveolar concentration of halothane needed to keep rats anesthetized. The 

lowest concentration was needed at 12:OO pm, and the highest at 8:00 pm. This could 

refiect a circadian rhythm in absorption, suggesting that absorption from the lungs is 

greatest in the animal's light period. However, it coÿld also be the result of the naairal 

activity level of the rat, as they are more active in the dark penod. More experirnental 

evidence is needed before any conclusions are made as to the influence of absorption on 

the circadian rhythm of H2S. 
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It has been demoll~trated that, in vitro, [3s~]-sodium suifide is rapidly and 

extensively bound to blood proteins (Curtis et al., 1972). Addition of glutathione or 

cysteine to the serum liierated 3 5 ~  f?om the proteins, suggesting that "s-sulfide binds to 

proteins by a reduction of disuifide bridges. Circadian variations in the amount of protein 

binding have been shown for several h g s ,  by determining the amount of fiee plasma 

levels (Brugerolie and Lemmer, 1993). Temporal changes in protein binding ire often 

reported to be dependent on the amount of plasma proteins. Changes in the amount of 

plasma proteins available to bind H2S in vivo would result in varying concentrations of 

H2S reaching the CNS. No information is currently avdable on a circadian rhythm in H2S 

bindiig to plasma proteins, therefore conclusions regarding the peak t h e  of H2S binding 

cannot be made. There is, however, evidence that the regional blood flow to the 

hippocampus reaches a peak during the dark period in rats (Endo et al., 1990). This could 

result in an increased concentration of H2S reaching the hippocampus via the blood strearn 

during the dark period. 

The metabolism of HtS is dependent on a number of hepatic enzymes (Beauchamp 

et al., 1986), and at Ieast one of these, glutathione, has been shown to Vary in its 

concentration over a 24 hour period (Brugeroile and Lemmer, 1993; Belanger, 1988). 

Glutathione is an important enzyme in the detorcification process of several toxic 

chemicals, as it forms an adduct with electrophilic compounds fiee radical species and 

with reactive intemediates formed by the p450 mono-oxegenase system (Belanger, 1997). 

The oxidation of H2S is catalyzed by suKde oxidase, which results in the production of 

thiosulfate as an intermediate. Glutathione stimulates the rnitochondrial oxidation of 



thiosulfate to d a t e  (Bartholornew et aL, 1980). A circadian 

glutathione concentration has ben detected in several shidies, 

100 

rhythm in hepatic 

with a minimum 

concentration at the beginning of the animal's dark period, and a maximum at the 

beginning of the animai's light period (see Belanger, 1988). A h ,  the toxkity of severai 

cumpounds have been shown to be inaeased during the tirne correspondmg to the minimal 

concentrations of hepatic glutathione (Jaeger et al., 1973; Hanson and Anders, 1978; 

Lavigne et al., 1983; Desgagne and Belanger, 1986). It is possible that HiS would have 

increased toxicity during the dark period, due to a reduction in the hepaîk glutathione 

concentration. 

It has been shown that administration of [35~]-sodium sulnde. is rapidly and 

extensively excreted as sulfate & urine in rats (Gunina, 1957a; Curtis et al., 1972), and 

dogs (Gunina, 1957b). Information on circadian rhythm in the rate of rend clearance 

Erom the kidneys is sparse, however what is known suggests that the processes of 

glomemlar filtration and tubular secretion are highest durkg the active phase in both 

humans and rats (Labreque et ai., 1997). If the main idbence on the bioavailability of 

H2S is the rate of excretion f?om the kidneys, it is possible that H2S is excreted more 

rapidly during the dark period in rats, suggesting an increased toxicity during the day. 

It is obvious that in order to fiilly understand the chronokinetics of H2S fiirther 

studies must be done. Currently there is no information available on the rhythmic nature 

of the absorption, distriiution, metaboiism and excretion of H2S, or on the relative 

importance of any of these factors on the amount of H2S available to tissues to exert a 

biological effect. 
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Possible Nwochemica Mechanisnu For a Cucadian Rhythm of H2S-Induced Changes h 

Hippocampal Theta Activity 

Severai neurotransminers and neuromodulators have been shown to alter the 

characteristics of the hippocampal theta rhythm and cellular excitability In the 

hippocampd slice preparation, the blockade of GABA* mediated fiut inhibition caused an 

increase in the amplitude and decrease in the fkequency of synchronized activity 

(Shneidenan, 1986). It has dso been shown that baclofen, a GAB& receptor agonist, 

reduces the fiequency of theta elicitèd by stimulation of the reticular formation (Coop et 

al., 1991). The amplitude or power characteristics were not examined in their study, 

however it is possible that a decrease in the amplitude could occur, due to increased 

inhibition of the principle cells. In any case, the properties of hippocampal theta activity 

are sensitive to changes in GABA receptor mediated responses. Furthemore, GABA* 

receptors are maximal in rat forebrain during the dark penod (K&a et aL, 1982), 

reflecting an increase in the number of receptors, and not an increase in receptor f ie .  
Since an increase in amplitude was seen following exposure to HzS in the dark period, and 

a reduaion in fiequency was seen in both the light and the dark groups it is possible that 

H2S exerts an effect on GABAA or GAB& hction. 

There is evidence that serotonin may modulate the occurrence and characteristics 

of theta activity. It has been shown that HÎS reduces serotonin levels in the hippocampus 

(Skrajny, 1994). Based on previous studies, it rnay be postulated that H2S may increase 

the amplitude and power of hippocampal theta activity by reducing serotonergic 

neurotransmission in the hippocampus. Marossou et al. (1996) demonstrated that 



decreasing serotoh release by activating 5-HïIA autoreceptors resulted in an increase in 

the relative theta power, while producing no change in mean theta fiequency The 5-HT3 

receptor antagonist odansetron, however, was found to siflcantly increase the mean 

theta frequency (Staubli and Xu, 1995). Phannacological blockade of 5-HTs receptors 

reduces the excitability of a class of intemeurons that control the GAB& mediateci 

inhibition of principle cells (Freund et aL, 1990). Levels of serotonin in rat brain show a 

daily variation, with the highest levels found in the light period (Bhaskaran and Radha, 

1984). Although a reduction in the levels of endogenous serotonin in the dark penod, 

and a further reduction by HZS could possibly result in an increase in the amplitude and 

power of type 1 theta, it is not likely that this is the mechanism whereby H2S exerts its 

effects. First, a reduction in serotonergic activity in the hippocampus could also result in 

reduced activation of GAB& -mediatecl inhibition of p ~ c i p l e  ceUs, resulting in an 

increase in the fiequency of theta, whiie in the present study a decrease in the fiequency 

was found. Second, a reduction in hippocampal serotonin levels cannot account for the 

decrease in the amplitude and power of theta activity which occurred during the light 

period. 

It has been demonstrated that glutamate levels are increased in the hippocarnpus 

followuig H2S exposure (Skrajny, 1994; Nicholson et al., 1998). Glutamate transmission 

in the hippocampus is believed to be at least partly responsible for the generation of type 1 

theta @estrade and Ott, 1980). In the hippocampal slice preparation, blockade of non- 

NMDA mediated excitatory synaptic transmission reduced the amplitude of rhythmic 

activity (MacVicar and Tse, 1989). The eEects of glutamate on type 1 theta have also 
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been demonstrated in Mvo. Fontani et UL (1984) found that the glutamate antagonist 

GDEE inhibited the production of theta and reduced the fiequency during movement. The 

NMDA receptor antagonia APV has been shown to attenuate the theta rhythm during 

movement (Leung and Desborough, 1988). Low doses of giutamic acid induced theta 

activity in freely moving rabbits (Srnialowskï, 1983). It is also signincant that LTP 

generated in the hippocampus shows a circadian rhythm in rats, with greater LTP 

produced during the dark phase, as LTP is thought to depend largely on glutamatergic 

transmission mediated by NMDA receptors @anis and Teyler, 1983). Increased levels of 

glutamate in the hippocampus may account for the increase in amphde  and power 

observed following H2S exposure in the dark period, however if the actions of E S  were 

solely dependent on an increase in glutamate,. based on previous studies it would be 

expected that an increase in fiequency rnay also occur, and this was not the case. An 

increase in glutamatergic transmission can also not account for the decrease in amplitude 

and power oftheta activity seen in anllnals in the iight period. 

Taurine is also proposed to be a neuromoduiator/neurotransmitter in the 

hippocampus (Taber et al., 1986). H2S has been shown to increase the leve1 of taurine in 

the brainstem of rats following high doses of NaHS (Kombian et al., 1988), and in the 

cerebral cortex and cerebelium of developing rats foliowing inhalation exposure to low 

concentrations (EIannah et ai., 1989). It has been demonstrated that taurine is released in 

the hippocampus by increasing the extraceliular concentration of K' ions (Solis et al., 

1986). This rnay be of significance to H2S poisoning, as Baldeilï et d (1990) found that 

H2S resulted in the opening of a K* channel and activation of N~'/K' ATPase in 



hippocampal neurons, producing inhibition. The release of taurine is also stimulateci by 

elevated levels of glutamate (Lehmann et al., 1984). In the hippocampus, taurine has been 

shown to have a number of neuromodulatory fiinctions. It is believed that taurine wuld 

act as an inhibitory transmîtter, as application of taurine to hippocampal neurons in a slice 

preparation caused hyperpolarization, decrease in membrane conductance and inhibition of 

spontaneously occuming action potentiais (Taber et aL, 1986). It is likely that this 

inhibitory action of taurine is mediateci by activation of GABA* or glycine receptors, as it 

is blocked by specific antagonists for both receptors (Horikoshi et al, 1988). It also 

regulates  CA^' fluxes in brain nerve terrninals, and has been shown to reduce the synthesis 

and release of acetylcholine in the hippocampus (Kleinrok et a', 1980). More recently, a 

new neuromodulatoly role for taurine has been proposed. It has been found that taurine 

perfiision in hippocampd slice induced a long-lasting potentiation. in synaptic transmission 

in the hippocampus (Galarreta et al., 1996). This effect was not due to activation of 

GABA or glycine, and lasted at least 3 hours after taurine washout. It is interesthg to 

note that this effect occurred with high levels of taurine. It has been shown that taurine 

content in rat brain undergoes circadian changes, with the highest levels occuning d u ~ g  

the dark period (Iwata et af-, 1978). Exposure to H2S could elevate taurine levels 

. sufficiently Ui the dark period to result in this type of effect in the hippocampus. During 

the light period, the levels of taurine may not be sufnciently elevated to produce such a 

potentiation, and therefore act rnainly to inhibit hippocampal neurons. 

The neuronal mechanisms underiying the generation of theta fiequency are not 

weU understood. Several neurochernicai manipulations have been shown to alter the 



fiequency of theta (see above), however the precise mechanisrns whereby thqr exert such 

effects have not been elucidated. It has b e n  suggested that changes in theta fiequency 

could reflect a change in the motor activity of the animal, as type 1 theta (movement- 

related) has a higher fiequency than type 2 theta (iimmobility-related) @land, 1986). It 

has been demonstrated that theta fiequency increases with increased walking speed on a 

motorized treadmill @vas et al., 1996). A cornmon cornplaint of human exposure to H2S 

is fàtigue. Interestingly, it has been shown that intracerebroventricuiar application of 

taurine depresses motor behavior, lowers body temperature, and causes muscular 

weakness (Neinrok et al., 1980). In the present experiment, waiking and type 1 theta 

were induced in rats by activating a rotating platform, which was maintained at a constant 

speed. However, a depressant effect on the motor activity of rats by H2S could explain 

the reduction in fiequency of theta, even though the animais were observed to walk 

whenever the platfoxm was activated. 

Possible Role of Enzymes In H2S Toxicity 

It is well known that acetylcholine regdates type 2 (immobility-related) theta, 

however there is evidence to suggest that it also plays a role in type 1 theta (Fontani et al., 

1984; Vanderwo& 1988). H2S has been shown to inhibit acetyicholinesterase, an enzyme 

responsible for the degradation of acetylcholine (see Roth et al., 1992), therefore, the 

possibility exists that H2S exerts its effêcts on type 1 theta via an action on acetylcholine. 

Administration of the muscarinic agonist oxotremorine resulted in an increase in the peak 

theta power and a decrease of peak theta fkquency in freely moving rats (Markowska et 



- al., 1995). Oxotremorine has also been shown to decrease the population spike in CA1 

evoked from stimulation of the ShaEer wllaterds, however it enhanceci the amplitude of 

the population spike following tetanic stimulation, facilitahg the generation of LTP (Iga 

et al., 1996). Acetylcholine release in the hippocampus is increased in the dark period, 

and is positively wrrelated with hcreases in motor activity (Mhmo et al., 1991; MWno 

et al, 1994). One study found that forced ninning on a treadmill resulted in the 

instantaneous appearance of theta waves in the hippocampus in the rat, and that this 

response was blocked by the muscarinic antagonist scopolamine (Teitelbaurn et ai., 1975). 

It has also been shown that acetylcholine release is positively wrrelated with the amplitude 

of theta activity in the hippocampus (Monimaur et al., 1997). Muscarinic recepton in the 

hippocampus exhibit a circadian variation, with maximal binding occurring in the Light 

phase (Jenni-Eiennann et al., 1986). There are two types of rnuscarinic receptors in the 

hippocampus, the Ml receptor decreases I(' conductance postsynapticaily and induces 

depolarization, and the M2 receptor inhibits synaptic transmission presynaptically (Iga et 

al., 1996). The increase in theta amplitude following H2S exposure in the dark period 

could be due to the increased concentrations of endogenous acetylcholine at this tirne, 

which may be further increased by H2S. It is also possible that the increase in muscarinic 

receptor binding during the light phase may be responsible for a decrease in theta 

amplitude mediated by M2 inhibitory autorecepton. 

Inhibition of monoamine oxidase (MAO) and increased levels of catecholamines in 

the hippocampus have been demonstrateci in rats foliowing treatment with NaHS 

(Warencycia et PL, 1989). Elevated levels of catecholamines and/or serotonin resulting 
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Born the inhibition of MAO may be involved in the aiteration of hippocampd theb activity 

foIiowing H2S exposure. Norepinephrine infùsed into the hippocampus resulted in a 

decrease in the peak theta power and a reduction of peak theta fiequency during 

movement (Sainsbury and Partlo, 1993). Dopamine has been shown to produce a 

de pression of the excitatory synap tic transmission in the hip pocampus, possibly mediateci 

by presynaptic 4 receptors which decrease glutamate reiease fiom presynaptic terminals 

@-bu et ai., 1996). MAO activity in the rat brain exhibits a circadian variation, with peak 

Ievels occurring at around 6:00 am (Bhaskaran and Radha, 1984). An increase in 

catecholamines and serotonin during the Light penod may result in the decrease of 

amplitude and power observed foiiowing H2S exposure. 

An action of H2S on MAO may also explain the tirne required for the effects of 

H2S to be reversed. The half-life for the recovery of rat brah MAO after irreversible 

inhibition was reported to be up to 30 days (Amette et al., 1987). Thus the fact that H2S 

in the present study produced effects that were not completely reversed after a period of 2 

weeks provides further support for the possibility that H2S is producing an effect at least 

in part through the inhibition of MAO. 

H2S has been proposed tu be a non-cumulative toxicant because of its rapid 

metaboiism and excretion (Curtis et aL , 1972; Beauchamp ef aL, 1986). However, in the 

present study, the effects of H2S were cumulative, as demonstrated by a progressive 

increase and decrease in the power and amplitude of theta activity in the dark and light 

period, respectively. Previous studies have also demonstrated that the effects of HÎS can 

be cumulative following repeated exposure (Skrajny et aL, 1996; Savolainen et al., 1980). 



It has been suggested that a Cumdative inhibition of cytochrome oxidase may account for 

these results. The slow dissociation of the haem-suifide cornplex and the rate of synthesis 

of new haem may be the Iimiting factor for the recovery of H2S toxicity (Savolainen et al, 

1980). The half-life of rat brain cytochrome haem has been estimateci to be longer than 24 

hours (Schanley et al., 1977). This could account for a cumulative effect of HtS following 

repeated exposures over successive days. It cannot, however, explain the prolonged 

recovery t h e  after exposure to H2S was termuiated. 

Generai Conclusions 

H2S has been postulated to affect memory, and reports of rnemory deficits 

foilowing H2S exposure are common (KiIbuni and Warshaw, 1995). The hippocampal 

formation is believed to be important for the normal hctioning of memory processes 

(Zola-Morgan and Squire, 1993). The hippocampai theta rhythm has also been considered 

to play a significant role in memory.' Alterations in theta rhythm produced through 

pharmacological treatment can produce either an impairment (Markowska et al., 1995) or 

an improvement (Staubli and Xu, 1995; Iga et ai, 1996) in memory performance. Recently 

it has been suggested that theta represents the inhi'bition of irrelevant sensory stimuli, 

dowing an animal to focus on aies which are important to the execution of an 

appropriate behavioral response (Sallisbury, 1998). At least one study has show that an 

increase in the power of theta was associatecl with an improvement in choice accuracy on 

a spatial working memory ta& while a decrease in power was accompanied by a decrease 

in choice acairacy (Markowska et al., 1995). 
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The present shidy has shown that H2S, at a concentration about 1/4 that of the 

LDso reporteci for rats (Prïor et al., 1988), produced a signincant effect on hippocampal 

theta activity. The main toxic effect of &S is generaiiy regarded as its abiüty to inhibit 

cytochrome oxidase, thereby inhibithg cellular respiration and oxidative metabolism 

(Beauchamp et al., 1986). It is interesthg to point out that cytochrome oxidase activity is 

decreased in the dentate gyrus and hippocarnpal subfields in the brains of Alzheimer's 

patients (Sirnonian et al., 1993), a disease characterized by sipnincant mernory 

impairment S. 

The results presented here, however, are likely due to multiple mechanisms and 

sites of action of H2S, which is consistent with the categorization of thîs gas as a broad 

spectrurn toncant (Roth, 1993). The effects of H2S were different depending on the t h e  

of day the exposures took place. H2S is a hazard in many industries, and shift-workea are 

likely to corne into contact with HzS not only during the day, but at Nght as wefl. The 

effects of H2S on hippocarnpal theta actinty may explain sorne of the neurologicai deficits 

seen foiiowing human H2S intoxication, and also suggests that a circadian rhythm in either 

the kinetics or the dynamics of HÎS will result in a circadian rhythm of individual 

susceptibility to this toxïcant. a 
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