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ABSTRACT 

Removal of the pineal gland from partially parathyroidectomized 

rats produces stereotyped violent seizures. Inasmuch as the neuro

transmitter norepinephrine (NE) has been implicated in this experi

mental paradigm, the purpose of this study was to investigate the 

effect of specific alterations in catecholamine function on convul

sions produced by pinealectomy (PinX). Additionally, the role of 

various pineal substances, sex differences and the caging paradigm in 

the convulsive response was studied. 

Male and female rats (grouped five per cage) were found to 

respond similarly to the convulsive stimulus of parathyroidectomy 

followed by PinX. Neither implants of melatonin nor ventricular in

jections of arginine vasotocin in isolated and grouped rats, respec

tively, produced consistent changes in convulsions from PinX. 

The method of caging the rats after PinX, however, dramatical

ly influenced seizures. Isolated rats (one per cage) convulsed sig

nificantly later after PinX and did so less often than grouped (five 

per cage) controls. 

NE neurotransmission appears to play a strong role in influ

encing PinX-induced seizures. Augmenting NE function with desipra

mine suppressed seizures. Convulsions were enhanced by the S-receptor 

antagonist timolol, while neonatal injections of the catecholamine 

neurotoxin 6-0HDA potentiated seizures so markedly that many rats died 

from just one convulsion. NE levels were significantly reduced in the 

xviii 
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telencephalons and increased in the brain stems of sham-pinealectomized 

rats which had also received neonatal 6-0HDA; telencephalic levels of 

DA were elevated by 6-0HDA. Both the proconvulsant effects of 6-0HDA 

and the alterations it produced in central catecholamine levels were 

prevented, for the most part, by pretreatment with DMI. 

Altering both NE and DA function with L-dihydroxyphenylala

nine, a-methyl-p-tyrosine, FLA-63 or reserpine did not significantly 

affect PinX-induced seizures in isolated rats. 

NE appears to play a strong role in modulating PinX-induced 

seizures; however, a deficit in NE function per se does not seem to 

be the fundamental cause of the seizures since sham-pinealectomized 

rats having lowered NE and/or DA function did not convulse. 



CHAPTER 1 

INTRODUCTION 

A major effort in understanding the epilepsies centers on 

the role of the neurotransmitters in epi1eptogenesis. Animal models 

of this malady abound; neurotransmitter abnormalities in these models 

may be involved in the initiation, spread and termination of seizures. 

The purpose of this literature survey is twofold: 1) to examine the 

biochemistry of several of the widely-used models of epilepsy and, 

in that light, 2) to review our current knowledge of pinea1ectomy 

(PinX)-induced seizures. 

Electrically-Induced Seizures 

Amygdaloid Kindling 

In a landmark paper in the late 'sixties Graham Goddard [1] 

described the phenomenon of kindling, whereby repeated unilateral 

administration of an initially subconvu1sive electrical stimulus to 

a brain region elicits gradually increasing e1ectrographic seizure 

activity and eventually frank seizures in the rat. This enhanced 

sensitivity to a repeated, constant stimulus is permanent and the 

animals occasionally convulse spontaneously. Goddard characterized 

several brain areas into a hierarchy of sensitivity to kindling (from 

most to least sensitive) as follows: amygdala, globus pal1idus, 

pyriform cortex, olfactory area, anterior neocortex, entorhina1 
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cortex, olfactory bulb, septal area, preoptic area, caudate/putamen 

and hippocampus. 

The initial response to stimulation is a local electrical 

afterdischarge, and possibly behavioral responses characteristic 

of the brain focus. However, with progressive stimulation and 

kindling three effects are noted: 1) a decrease in the. threshold 

for focal afterdischarge, 2) a lengthening of the afterdischarge 

duration and 3) a spread of the seizure activity to extrafoca1 

brain areas [2]. These effects are interpreted as indicative of 

changes in the brain toward increased epi1eptogenicity. 

A considerable number of investigations have focused on 

searching for neurochemical mechanisms associated with the kindling 

process. The results of these studies are often difficult to inter

pret, as experimental parameters, such as frequency of stimulation 

(daily vs. hourly), and elapsed time between the last stimulation 

and biochemical assay vary widely. 

Acetylcholine. It appears that communication at synapses 

invoving acetylcholine .(ACh) and cholinergic muscarinic receptors 

2 

may contribute to the development of kindling. ACh is a neurotrans

mitter with mainly excitatory effects in the mammalian CNS. It is 

released into synaptic clefts to act upon muscarinic and nicotinic 

receptors. The rate of kindling development can be retarded by the 

muscarinic receptor antagonist atropine [3], while physostigmine, an 

inhibitor of ACh breakdown, potentiates kindled seizures [4] (see 

Table 1 for list of drugs mentioned in this paper; their pharmacological 
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Table 1. The Pharmacological Action of Selected Drugs on Neurotransmitter Function 

Substance 

1. Acetylcholine (ACh) 

carbachol 

atropine 

d-tubocurarine 

physostigmine 

2. Monoamines eNE, DA and 5-HT) 

L-DOPA 

threonine dihydroxyphenylserine 

tryptophan 

5-hydroxytryptophan 

a-methy1-p-tyrosine 

p-ch10ropheny1a1anine 

FLA-63 

DEDTC 

disulfiram 

desipramine 

6-hydroxydopamine 

phentolamine 

Action 

muscarinic agonist 

muscarinic antagonist 

nicotinic antagonist 

acetyl cholinesterase inhibitor 

catecholamine precursor 

amino acid precursor of NE 

5-HT precursor 

5-HT precursor 

tyrosine hydroxylase inhibitor 

tryptophan hydroxylase inhibitor 

dopamine-8-hydroxy1ase inhibitor 

dopamine-8-hydroxy1ase inhibitor 

an in vivo precursor to DEDTC 

NE reuptake inhibitor 

catecholamine neurotoxin 

a-antagonist 

w 



Table 1, Continued 

phenoxybenzamine aI-antagonist 

prazosin aI-antagonist 

clonidine az-agonist 

oxymetolazine az-agonist 

piperoxan a 2-antagonist 

yohimbine a 2-antagonist 

pindolol S-antagonist 

propranolol S-antagonist 

timolol S-antagonist 

practolol Sl-antagonist 

apomorphine DA agonist 

haloperidol DA antagonist 

cyproheptadine 5-HT antagonist 

reserpine monoamine storage inhibitor 

Ro 4-1284 monoamine storage inhibitor 

iproniazid monoamine oxidase inhibitor 

pargyline monoamine oxidase inhibitor 

.\:'-



Table 1, Continued 

3. y-amino butyric acid (GABA) 

muscimo1 

bicucu11ine 

gamma-vinyl GABA 

4. Opiates 

naloxone 

GABA agonist 

GABA antagonist 

GABA-transaminase inhibitor 

opiate antagonist 

V1 



actions on neurotransmitter function are included). Furthermore, 

daily injections of carbachol, a muscarinic agonist, directly into 
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one amygdala causes increasingly severe seizures [5]. Injection of 

atropine together with carbachol results in a decreased mean seizure 

intensity, while large amounts of the nicotinic receptor blocker 

d-tubocurarine with carbachol failed to alter carbachol-induced 

seizures. It would thus appear that enhanced ACh neurotransmission 

plays a role in the development of kindling via a muscarinic receptor 

mechanism. Supporting this contention is the report that rats pre

viously kindled by carbachol injections into the amygdala kindled 

significantly faster and displayed stronger seizures when subsequently 

rekindled by electrical stimulation of the same amygdala [6]. Sur

prisingly, chronic cholinesterase inhibition during amygdala kindling 

(thereby inhibiting brain and serum cholinesterases by as much as 80%) 

has no significant effect upon the rate or expression of kindling [7]. 

Most evidence to date indicates that cholinergic function is 

unchanged or decreased in rats after kindling. The changes that do 

occur are often transitory (noted only at 1-7 days after cessation 

of electrical stimulation), variable according to the method of 

stimulation, restricted to the stimulated focus and evidently in 

response to the kindling, rather than setting the stage for heightened 

seizure susceptibility [2]. Muscarinic receptors in the amygdala [8] 

and hippocampus [8,9] are maximally reduced in number on only the 

first day after the end of hourly kindling, and they return to control 

levels one week later. Curiously, the decline in hippocampal 
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muscarinic receptors in response to kindling is unaffected by destruc

tion of the large hippocampal ACh input from the septum [9]. This is 

in contrast to the peripheral nervous system where denervation causes 

compensatory increases in muscarinic receptors on muscle. It is pro

posed that depolarization of neurons receptive to ACh by the remaining 

excitatory synaptic inputs could prevent the expected "up-regulation" 

of hippocampal muscarinic receptors by septal lesions [9]. Other 

parameters of cholinergic activity such as high-affinity choline up

take and the activity of choline acetyltransferase and acetylcholin

esterase are all unchanged in the amygdala and hippocampus one day 

after hourly kindling [8]. On the other hand, daily amygdaloid kind

ling does provoke lasting influences on cholinergic neurotransmission. 

For example, fifteen days after kindling by daily amygdaloid stimula

tion choline acetyltransferase activity is significantly decreased 

bilaterally in the frontal cortex, amygdala and hippocampus [10]. 

Although bilateral changes in muscarinic receptor binding are not 

apparent, binding is in fact decreased in the frontal cortex while 

increased in the amygdala in the stimulated hemisphere. In the non

stimulated hemisphere, muscarinic receptor binding increases in the 

pyriform cortex. While it appears that kindling may induce persis

tent effects on cholinergic function, it is difficult to correlate 

choline acetyl transferase activity with muscarinic receptor binding. 

In summary, several lines of evidence indicate that altera

tions in cholinergic function represent a consequence of kindling 

rather than a contribution to its development [11]. Firstly, many 
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changes are transitory. Secondly, not only does amygdaloid kindling 

occur in the face of an 80% reduction in the cholinergic input to the 

hippocampus, but it also reduces the number of muscarinic receptors 

located there. Finally, since some evidence implicates ACh in the 

development of convulsions [4,5], the reduction in cholinergic func

tion seen immediately after kindling may represent a prot~ctive 

response to compensate for repeated limbic seizures. 

Catecholamines. The catecholamines norepinephrine (NE) and 

dopamine (DA) are putative neurotransmitters produced by neurons 

whose cell bodies are located mainly in the locus coeruleus and 

lateral tegmentum (NE) and substantia nigra and ventral tegmental 

nucleus (DA) [12]. Axons from these cell bodies, which are distrib

uted diffusely and widely throughout the forebrain, release either 

NE or DA. While NE interacts with either a- or S-adrenergic recep~ 

tors, dopamine binds to either Dl or D2 (DA) receptors. 

The importance of NE in the genesis of kindling is evident 

in studies showing that marked and widespread depletion of NE in the 

hippocampus and cortex by 6-hydroxydopamine (6-0HDA) facilitates 

amygdaloid kindlin3 [13,14]. Injection of 6-0HDA directly into the 

amygdala prior to kindling depletes it of NE and results in a reduc

tion in the number of stimulations required to kindle convulsions [15]. 

Perhaps NE acts to inhibit the spread of electrical activity, whereas 

its removal permits greater spread of epileptiform activity induced 

by kindling. Similarly, acute gastric intubation of desipramine 

(DMI), a specific NE reuptake inhibitor, retards the rate of 



amygdaloid kindling and shortens the duration of the motor and 

electro graphic seizures [16]. 
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The changes in NE and DA function that result from kindling 

seem less transient than those of the cholinergic system. One month 

following daily amygdaloid kindling in rats, the stimulated amygdala 

has significantly less DA [7], while NE is unaffected. In the hippo

campus, the levels of both catecholamines are unchanged. As would be 

expected, the activity of tyrosine hydroxylase (the rate-limiting 

enzyme in catecholamine synthesis) is also decreased in the stimu

lated amygdala of kindled rats sacrificed four weeks after kindling 

[18]. The two major NE metabolites, 3-methoxy-4-hydroxyphenylethyl

eneglycol (MOPEG) and 3,4-dihydroxyphenylethyleneglycol (DOPEG) are 

significantly decreased two months after the completion of right 

amygdaloid kindling [19]. MOPEG levels are depressed in the right 

amygdala, right hippocampus, hypothalamus and left cortex, while only 

the right amygdala has decreased DOPEG levels. However, both spon

taneous- and K+-stimulated DA and NE release is not changed in brain 

slices taken from rats three weeks following daily amygdaloid kin-

dling [20]. 

Another means of studying the relationship between NE and 

kindling is by the measurement of S-adrenergic receptor binding. Kin

dling induced by hourly stimulation of the amygdala results in either 

no change [21,22] or a decrease [23] in S-receptor binding in the 

stimulated or contralateral amygdala. The above discrepancy depends 

on the amount of time elapsed between the end of stimulation and 
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sacrifice. However, by the seventh day after kindling receptor 

binding is back to control values. In contrast, twenty-three days 

following daily amygdaloid kindling, S-receptor binding is still 

reduced in the amygdala, hippocampus and anterior neocortex in the 

rat [24]. It appears that a long-lasting reduction in the S-adren

ergic mechanisms may underlie the heightened seizure susceptibility 

of rats kindled by daily, but not hourly, amygdaloid stimulation. 

Since activation of S-receptors stimulates membrane adenylate cyclase 

and the production of cyclic nucleotides [24], one might predict 

alterations in nucleotide production in response to kindling. 

Variable results have been obtained in several studies of 

kindling and cyclic nucleotides [2]. Twenty-four hours after the 

attainment of kindling via daily stimulation of the amygdala in the 

rat, there are no significant changes in either cyclic guanosine 

monophosphate (cGMP) or cyclic adenosine monophosphate (cAMP) levels 

in ipsilateral and contralateral amygdala and cerebral cortex [26]. 

However, in the amygdala-kindled rabbit, cAMP was increased fourteen 

days after the last stimulation in both amygdala and hippocampi [27]. 

In summary, the development of kindling certainly seems to be 

modulated by NE. Selective depletion or repletion of NE by 6-0HDA or 

DMI, respectively, can dramatically promote or retard the development 

of amygdaloid kindling. Evidence is also accumulating, at least in 

rats kindled by daily stimulation, that long term changes in brain 

excitability are correlated with long-lasting alterations in NE and 

possibly DA function. 
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Benzodiazepines. The benzodiazepines belong to a class of 

drugs having anticonvulsant activity as well as other effects. De-

velopment of kindling is retarded by diazepam, a representative benzo-

diazepine [28]. Daily amygdaloid kindling increases hippocampal 

benzodiazepine receptors at 24 hours after the last stimulation [29]. 

Supporting the idea that these receptor changes are in response to 

seizures rather than kindling is evidence that electroshock produces 

the same effect [29]. In a study on the long-term effects of daily 

amygdaloid kindling, both fifteen and sixty days after the end of 

stimulation, benzodiazepine receptor binding is reduced in the hypo-

thalamus and cortex ipsilateral to stimulation [30]. Benzodiazepine 

binding in the amygdala and hippocampus is unchanged at both time 

points. The long-term reductions seen in benzodiazepine receptor 

binding in the hippocampus and cortex may be a '!:lown regulation" 

phenomenon brought about by the increased release of an endogenous 

anticonvulsant ligand in response to the kindling. 

GABA. The inhibitory neurotransmitter gamma-aminobutyric acid 

(GABA) may play an important role in kindled seizures. The GABA 

receptor antagonist bicuculline can produce tonic/clonic generalized 

convulsions [31]. The motor component of kindled seizures is reduced 

by the GABA-transaminase inhibitor gamma-vinyl GABA, although the 

3 
el~ctrographic pattern is unaffected [32]. [H]GABA release from 

hippocampal slices is increased in rats kindled with entorhinal 

stimulation [33]. Interestingly, kindled seizures [34], as well as 

bicuculline-induced seizures [35], can be suppressed with bilateral 



injections of the GABA agonist muscimol into or adjacent to the 

substantia nigra. From these data it appears that the propagation 
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of kindled seizures involves midbrain structures and their projections 

which may be inhibited by nigral GABA receptor activators. 

Opiate Peptides. Other effects of kindling appear to involve 

the opiate peptides. There is a 40% increase in both leu- and met

enkephalin in both cerebral hemispheres of amygdaloid-kindled rats 

28 hours after the last of daily stimulations [36]. This .. is particu

larly interesting, since intraventricular application of either 

enkephalin or a-endorphin produces epileptiform electrographic 

alterations [37] which can be blocked by naloxone. 

Pineal Substances. Two substances associated with the pineal 

gland, taurine and melatonin, have some effects on kindling. Mela

tonin, an indolatnine produced by the pineal, can reduce the after

discharge length in kindled rats at a non-sedative dose [38]; how

ever, it has no effect on seizure rank scores at that does. The 

amino acid taurine, which is a neuromodulator, is found in very high 

concentrations in the pineal gland, and in addition has anticonvul

sant effects in several models of epilepsy. It retards the develop

ment of kindling [39], and its uptake into synaptosomes from the 

cerebellum of kindled rats is significantly elevated [40]. However, 

studies of entorhinal-kindled animals have failed to demonstrate 

changes in taurine levels or release [33]. 

Caution must be exercised in interpreting neurochemical changes 

related to kindling. The data which have been reviewed demonstrate 
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that few neurochemical systems have been completely studied within any 

one time period, nor have most neurochemical variables been studied 

across all time intervals to determine transient versus long-lasting 

effects [2]. 

Electroconvulsive Shock 

Another means of electrically generating convulsions in exper

imental animals is via electroconvulsive shock. In this model, a 

single shock delivered through an electroshock apparatus by means of 

corneal electrodes or earclips results in clonic/tonic convulsions. 

Numerous studies have addressed the question of monoamine involvement 

in the generation of the convulsive response. 

Catecholamines. Selective depletion of brain NE by the injec

tion of 6-0HDA into the ascending dorsal catecholamine bundle of the 

rat significantly potentiates seizures induced by electroconvulsive 

shock [41]. When brain DA, however, is severely depleted by injec

tions of 6-OHDA into the nigrostriatal bundle, there is no alteration 

in the electroconvulsive response. Similarly, electrolytic lesions of 

the locus coeruleus, the largest group of central NE neurons which 

also project through the ascending dorsal bundle, reduce the electro

shock seizure threshold for tonic extension of the forelegs in rats 

(41). Additionally, lesions of the locus coeruleus significantly 

decrease the NE content in various brain regions, as well as reduce 

the 5-hydroxytryptamine (serotonin, 5-HT) content of some brain 

regions. 
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The catecholamine synthesis inhibitors a-methyl-p-tyrosine 

(a-MPT) and FLA-63 both depress central catecholamine levels and 

elevate 5-HT concentrations, while at the same time reducing the 

threshold for electroshock convulsions in the rat [43]. Depletion of 

all three biogenic amines (NE, DA and 5-HT) by reserpine or the 

benzoquinolizine Ro 4-1284 enhances electroshock seizure intensity 

in the rat [44]. Treatments which prevent the depletion of NE and/or 

DA, but not 5-HT, also prevent the enhancement of electroshock 

seizures by reserpine [44]. 

Serotonin. Supporting a potential role for 5-HT in electro

shock convulsions is a study showing that the immediate precursor of 

5-HT, 5-hydroxytryptophan, elevates and a 5-HT synthesis blocker, 

p-chlorophenylalanine (pCPA) , lowers the threshold for electroshock 

convulsions in rats [43]. Interestingly, while the pCPA treatment 

drastically reduces brain 5-HT, it also significantly lowers brain NE 

levels as well. In the mouse, the case is stronger for 5-HT modulat

ing the electroshock seizure threshold [43]. For example, pCPA lowers 

the seizure threshold and selectively inhibits only 5-HT levels. 

Furthermore, the 5-HT antagonist cyproheptadine has a similar effect 

on the threshold. 

GABA. Although GABA maybe an important neurotransmitter in 

other models of epilepsy, the elevation of brain and synaptosomal GABA 

content fails to affect the threshold for electroshock-induced 

seizures in the rat I45]. 
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In summary, NE and DA appear to be directly involved in regu

lating electroshock seizures in the rat. Further study is required 

to determine whether 5-HT plays a significant role. 

Chemically-Induced Seizures 

Pentylenetetrazol 

One of the most commonly used chemical convulsants in the 

study of epilepsy is pentylenetetrazol (PTZ). Systemic administration 

of PTZ in the unanesthetized rat rapidly induces a series of myoclonic 

jerks; these are isolated at first and then increase in frequency, 

culminating in overt tonic/clonic convulsions [31]. Following the 

injection of PTZ, electrographic spikes corresponding with the first 

myoclonic jerk are recorded simultaneously in the frontal and 

occipital cortices, as well as in the amygdala and hippocampus [31]. 

Using the relatively new technique of injecting radio labeled deoxy

glucose to autoradiographically measure regional brain metabolism 

[31], one group of investigators has shown that one generalized 

convulsion from PTZ produces a relative increase in labeling in the 

neocortex, substantia nigra, red nucleus and particularly in the 

vestibulocerebellum and deep folia of the cerebellar cortex. Radio

acti~e deoxyglucose labeling is greatly reduced in various limbic 

structures, such as the temporal parts of the hippocampal formation, 

medial amygdala, septum and bed nucleus of the stria terminalis. In 

the same study, pathological accumulations of argyrophilic grains 
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surrounilirngthe cerebellar Purkinje cell bodies were interpreted as 

possibly indicating degenerative changes in basket cell innervation. 

Catecho1amines. As with kindling and electroconvulsive shock, 

the catecho1amines appear to regulate the severity of PTZ-induced 

seizures. The catecholamine neurotoxin 6-0HDA, when injected into the 

ascending dorsal bundle, potentiates seizures caused by PTZ in the 

rat [41]. Such lesions produce selective forebrain decrements only 

in NE levels. As with electroshock-induced seizures, nigrostriatal 

injections of 6-0HDA (depleting forebrain DA) did not affect PTZ

induced seizures [41]. Supporting a role for DA in PTZ-induced 

convulsions, in the mouse at least, is a report that a DA agonist, 

apomorphine, decreases the threshold for clonic convulsions [46]. In 

both the rat and mouse, the threshold for the clonic PTZ convulsion 

is lowered following the inhibition of tyrosine hydroxylase activity 

by a-MPT treatment; even more pronounced effects are produced by the 

two inhibitors of dopamine-S-hydroxylase, disulfiram and FLA-63 [43]. 

The 5-HT synthesis blocker, p-chloropheny1a1anine, lowers the tonic 

PTZ threshold in mice as well as only 5-HT levels. 

Since many catecholamine synthesis blockers often have multi

ple effects on several neurotransmitters, experimental results 

obtained through their use must be interpreted in light of data from 

specific receptor agonists and antagonists and amine precursors. For 

example, propranolol (a S-adrenergic antagonist), but not phentolamine 

(an a-adrenergic antagonist) or haloperidol (a DA antagonist and also 

partial a-antagonist), is effective in lowering the threshold for 
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PTZ-induced clonic convulsions in mice [43]. The threshold for tonic 

convulsions is also lowered by the 5-HT antagonist cyproheptadine. 

On the other hand, the catecholamine precursor L-dihydroxypheny1a1-

anine (L-DOPA) raises the PTZ clonic seizure threshold in the mouse, 

but not in the rat, while 5-HTP raises the threshold for clonic 

seizures in both the mouse and rat [43]. From this extensive study 

on monoamines and PTZ convulsions it appears that NE plays a role in 

the clonic PTZ convulsion in the mouse and rat, while 5-HT may play 

such a role in the rat. The threshold for the tonic extensor compo

nent of the PTZ convulsion in mice is affected by 5-HT and perhaps 

also, to a lesser extent, by NE. 

There are findings which argue against a presynaptic effect of 

PTZ on neurotransmitter function. K+-stimu1ated release of NE and 

5-HT was measured in preincubated cortical slices exposed to PTZ [47]. 

Release of NE and 5-HT from those slices was unaffected by PTZ. 

Several studies have focused on the influence of NE receptor 

agonists and antagonists on PTZ-induced convulsions. Two types of 

a-adrenergic receptors are thought to exist in the brain: the 

a1-receptor located postsynaptically and the a
2
-receptor located pre

and postsynaptically [48]. Activation of the presynaptic a2-receptor 

can reduce depolarization-induced release of NE from pre-incubated 

neocortical slices [49]; this is thought to represent a feedback 

inhibitory mechanism regulating the release of NE. The a 2-agonist 

c10nidine [50,51] and several c10nidine-1ike compounds [51] produce 

a dose-dependent reduction in the duration and intensity of PTZ-induced 
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seizures in the rat. Clonidine is effective at low doses when admin

istered both peripherally and centrally, and its activity is antagon

ized by the a
2
-antagonist yohimbine [50]. At higher doses of cloni

dine, the seizure duration returns to control levels. This effect 

is antagonized by prazosin (an aI-antagonist), suggesting that a high 

dose of clonidine is also acting at postsynaptic aI-receptors and 

somehow negating the anticonvulsant effect of the low dose. 

An anticonvulsant effect similar to that seen with the 

a
2
-agonists is noted when S-adrenergic receptors are blocked. Intra

cerebroventricular injections of the (-)-isomers of propranolol [52,53] 

and timolol [53], and (±)-pindolol [53], all S-receptor antagonists, 

dramatically reduce the duration of PTZ-induced convulsions in the rat. 

The (+)- and (-)-isomers of the Sl-receptor selective antagonist 

practolol are considerably less anti-convulsant than the general 

S-antagonists. This has led to the hypothesis that S-receptor 

antagonists exert their anticonvulsant effect through central 

S2-receptors [53]. On the basis of these results, it appears that NE 

may inhibit (through a
2
-receptors) and facilitate (through a l - and S2-

receptors) PTZ-induced seizures. Stimulating presynaptic a 2-receptors 

might, through negative feedback, inhibit the release of NE and de

crease its action at a
l

- and S2-receptors [51]. 

Cyclic Nucleotides. Cyclic nucleotides, the so-called "second 

messangers," are implicated in epileptogenesis [54], and more spe

cifically may playa role in the development, spread and termination 

of PTZ-induced convulsions in Swiss-Webster mice. Within 30 seconds 
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of a PTZ injection, but prior to the convulsions, cGMP levels are 

elevated in the striatum and perhaps in the cerebellum and cerebral 

cortex [55]. In contrast, cAMP levels in the cerebral cortex, thala

mus and hippocampus did not increase until the onset of seizures. 

Similarly, subconvulsive doses of PTZ evoke a rise in cGMP in cerebral 

cortex, hippocampus, striatum and cerebellum, whereas only doses of 

PTZ that produce convulsions or epileptiform EEG activity can increase 

brain cAMP levels [56]. It appears, therefore, that in the mouse 

cGMP may be important in seizure initiation, while the termination of 

seizures may involve cAMP. 

Since NE is an important regulator of cAMP in the brain [57, 

58,59], NE may exert its influence on PTZ-induced convulsions via 

cAMP. Depletion of brain levels of NE in the mouse with reserpine 

or neonatal injections of 6-0HDA, or the blockage of central 8- or 

a
2
-receptors with propranolol or yohimbine, respectively, all decrease 

the latency to onset of seizures and/or threshold in response to PTZ 

[60,61]. In the rat, 6-0HDA has a similar effect [41], whereas pro

pranolol has the opposite effect [53]. In addition to exacerbating 

convulsions, reserpine and 6-0HDA also diminish seizure-induced accumu

lations of cAMP in the cerebral cortex and hippocampus [60,61]. cGMP 

is not consistently affected by any of these drugs. Hence, the PTZ

induced rise in cAMP may be caused by NE, whereas the inhibition of 

NE release or NE action at receptors may hinder cAMP generation and/or 

increase its degradation to promote seizures. 
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In a response similar to that shown by mice, rats exposed to 

a subconvulsive dose of PTZ also experience elevations in cerebellar 

cGMP, but not in cAMP; cAMP does not rise until after the convulsion 

[62]. Interestingly, pretreatment of rats with prostaglandin E2 

(PGE
2

) not only prevents the seizure-induced accumulation of the 

cyclic nucleotides but also protects the rats from convulsions and 

death. 

The prostaglandins may also play a physiological role in 

suppressing convulsions in the mouse. There is a marked increase in 

five different prostaglandins (PGE
2 

included) in response to convul

sions induced by PTZ [63]. An inhibitor of prostaglandin synthesis, 

indomethacin, blocks the PTZ-induced formation of prostaglandins and 

increases the acute toxicity of PTZ. 

GABA. PTZ-induced convulsions are similar to kindling

induced convulsions in that GABA neurotransmission appears to inhibit 

seizures. Inhibition of GABA degradation by a number of compounds 

increases the threshold for convulsions in rats [64] and mice [45] 

injected with PTZ. Supporting GABA neurotransmission as a COlnmon 

denominator of seizure propagation are the reports that PTZ- [65], 

electroshock- [65] and kindling-induced convulsions [34] are all 

inhibited by the injection of muscimol into the substantia nigra. 

It is important to note that the substantia nigra is probably not 

responsible for generating seizures, but rather may facilitate the 

spread of convulsions resulting from a lesion elsewhere in the 

brain [65]. 
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Pineal Substances. The pineal substances arginine vasotocin 

(AVT) and melatonin have anticonvulsant effects on PTZ-induced con

vulsions. AVT administered s.c. dramatically increases the latency 

to convulsions from PTZ in the rat in a dose-dependent manner [66]. 

Furthermore, melatonin is effective in antagonizing PTZ-induced con

vulsions in the rat [67], but not in the mouse [68]. Since melatonin 

and its metabolite, N-acety1 5-methoxy kynurenamine, will specifically 

displace membrane-bound [3H]diazepam in vitro [69], melatonin's anti

convulsant action may be exerted through an endogenous valium receptoL 

However, this seems unlikely since the benzodiazapine receptor anta

gonist Ro 15-1788 does not block the anticonvulsant effect of 

melatonin [67]. 

In summary, neurochemical aspects of PTZ-induced seizures in 

rats and mice have some important similarities and differences. DA 

and 5-HT neurotransmission may playa role in convulsions in mice, but 

probably do not do so in rats. The NE system functions mainly in the 

suppression of PTZ-induced seizures in both genera. That propranolol 

enhances these convulsions in the mouse and inhibits them in the rat 

is the most interesting ?ifference in the seizure response of these 

two genera to PTZ. NE may be working through the cyclic nucleotides 

in affecting PTZ-induced convulsions. In both the rat and mouse cGMP 

may help initiate the convulsive response, while cAMP seems important 

in terminating it. Reductions in catecholamine function in the mouse 

decrease the cAMP response to PTZ, together with worsening the convul

sions. Increasing GABA neurotransmission has an inhibitory effect on 
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the convulsive response of both genera to PTZ. In the rat melatonin 

appears to suppress these convulsions, while it has no effect, or. the 

opposite one, in mice. 

Genetic Models of Epilepsy 

Audiogenic Seizures in the Rat 

Neurotransmitter abnormalities may underlie seizure suscepti

bility in several genetic models of epilepsy (see [70] for review). 

Certain strains of rats and mice are genetically predisposed to 

seizures (termed audiogenic) induced by an environmental stimulus, 

such as a loud sound. A number of neurotransmitters may be responsi

ble for the seizure susceptibility of the audiogenic epileptic rat. 

Catecholamines. Throughout the neural axis, except for the 

cerebellum, NE levels are reduced in audiogenic epilepsy-prone rats 

[71]. Likewise, concentrations of 5-HT, like NE, are also depressed 

in the telencephalon and brain stem; however, DA levels are unchanged. 

Neurotransmitter levels, however, require cautious interpretation, as 

normal amounts of neurotransmitter could be released into the synapse 

in spite of reduced levels. 

Another abnormality in the audiogenic epileptic rat involves 

tyrosine hydroxylase. The activity of this enzyme in the midbrain of 

these rats i.s 173% of control levels [72], while the activity of the 

degradatory enzyme monoamine oxidase is unaltered. The enhanced tyro

sine hydroxylase activity may represent a compensatory change to 

prevent or suppress seizures [72]. With respect to genetic 



predisposition, it is noteworthy that the nonsusceptible progeny of 

audiogenic seizure-susceptible rats will develop seizure suscepti

bility to a loud sound following administration of Ro 4-1284 [73]. 

This compound markedly reduces brain concentrations of NE and 5-HT 
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by disrupting intraneurona1 storage mechanisms for these monoamines. 

Surprisingly, nineteen days after Ro 4-1284 treatment, when the 

monoamine levels are restored to control values, the animals retain 

their seizure susceptibility. Apparently, long-term alterations occur 

following monoamine depletion and seizure induction so that, irre

spective of monoamine levels within the CNS, seizure susceptibility 

persists. 

Experimentally-induced increments or decrements in NE and 

5-HT can either suppress or enhance, respectively, the audiogenic 

convulsive response. Subcutaneous injections of 6-0HDA in progeny of 

seizure-susceptible rats on the first three days after birth facili

tate their audiogenic seizure response at sixty days of age [74]. 

These rats have reduced NE levels in the cerebral cortex and spinal 

cord, increased NE levels in the pons and medulla and unchanged DA 

concentrations throughout the brain. When 6-0HDA is injected into the 

cerebral ventricles of adult rats susceptible to audiogenic convul

sions, it severely depletes NE levels throughout the CNS and DA levels 

in most areas, while causing considerably more intense audiogenic 

convulsions [75]. Despite depletion of both NE and DA by 6-0HDA in 

adult rats, the enhanced audiogenic response is probably due only to 

decrements in NE neurotransmission. This is supported by the 
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observation that DMI administration prior to 6-0HDA, a procedure that 

selectively preserves NE but not DA stores, cancels the seizure-facili

tating effect of 6-0HDA [75]. Interfering with the storage or in

hibiting the synthesis of the catecholamines increases the severity 

of the audiogenic seizure response [76,77]. It appears that NE is 

probably the catecholamine responsible for altering seizure suscepti

bility, because selective increases in both NE and DA, but not in DA 

alone, diminish sound-induced seizure intensity [78]. 

Serotonin. As alluded to previously, 5-HT may also be impor

tant in modulating audiogenic seizures. Drug combinations which 

reduce brain 5-HT levels can facilitate the audiogenic seizure re

sponse, although these animals also have reduced NE and DA levels 

[79]. Supporting the role of 5-HT in these convulsions is the report 

that iproniazid and 5-hydroxytryptophan (5-HTP), a monoamine oxidase 

inhibitor and 5-HT precursor, respectively, will inhibit the audio

genic response [79]. However, since monoamine oxidase degrades all 

the monoamines, the relative importance of 5-HT in alleviating audio

genic seizures in this study must be viewed with caution, since the 

levels of the other monoamines were not measured in response to 

iproniazid. 

Taurine. The amino acid taurine may be involved in the 

etiology of several types of epilepsy, including the audiogenic sei

zure model. Taurine is considered to be a neuromodulator, since it 

does not completely fulfill the criteria for a classical neurotrans

mitter [80]. Repeated intraperitoneal injections of taurine in the 
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rat neither raise brain taurine levels nor have any effect on audio

genic seizures [81]. However, intraventricular injections of taurine 

cause a dose-dependent reduction in audiogenic seizure intensity. 

Furthermore, the injection of taurine into the inferior colliculi of 

the audiogenic epilepsy-prone rat elevates the intracerebral electro

shock threshold for eighteen days following the injection [82]. It 

is interesting to speculate that the mechanism of taurine's action on 

seizures may involve the anticonvulsant melatonin. The pineal pro

duction of [3H]melatonin from [3H]tryptophan in organ culture is 

stimulated 25-fold by taurine [83]. However, the failure of taurine, 

administered via the blood-vascular system, to suppress audiogenic 

seizures [81] suggests that its anticonvulsant activity (via intra

ventricular injection) is not mediated by melatonin; that is, since 

the pineal is outside the blood-brain barrier, taurine ostensibly 

stimulates the synthesis and release of melatonin without inhibiting 

seizures. Regardless of its precise mechanism of action, taurine is 

a potent and long-lasting anticonvulsant. 

Audiogenic Seizures in the Mouse 

In mice genetically susceptible to audiogenic seizures, NE and 

5-HT again appear to modulate the convulsive response to loud sounds. 

As in the rat, brain levels of NE and 5-HT are lower in seizure

susceptible DBA/2J mice [84]. In addition, pharmacologically-induced 

increases in brain NE, 5-HT or GABA levels protect the animals from 

seizures, while decreases in the levels of these substances have the 

opposite effect [85]. Clonidine or oxymetazoline, a2-receptor 



agonists, reduce the severity of audiogenic seizures in the mouse 

[86]. This effect can be reversed or diminished by the a 2-receptor 

antagonists yohimbine, piperoxan or phentolamine, but not by the 

aI-receptor antagonist phenoxybenzamine. 
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In another strain of audiogenic epilepsy-prone mouse (Fring), 

5-HT levels in several brain regions are not different from control 

levels in nonseizure susceptible CF-I mice [87]. NE levels are 

higher in the cerebral cortex, whereas DA levels are higher in the 

neostriatum of Fring mice. Compared with CF-I mice, the brains of 

Fring mice have lower tryptophan hydroxylase activity but normal 

uptake of tryptophan and accumulation of 5-HT (after pargyline) [87]. 

The elevated NE and DA levels in these mice may alter a critical 

NE/5-HT or DA/5-HT balance and result in altered neuronal firing 

and enhanced seizure susceptibility in this strain. The story is 

probably much more complicated, in that systems other than the mono

aminesand GABA may be involved, as suggested by naloxone's ability to 

potentiate audiogenic seizures in the DBA/2J mouse [88]. 

In summary, audiogenic seizures in these epilepsy-prone strains 

of rat and mouse are modulated by several neurotransmitters. NE and 

perhaps 5-HT, but not DA, can suppress audiogenic seizures in the rat. 

Audiogenic seizures in DBA/2J mice can be suppressed by enhancing 

brain NE, 5-HT or GABA, while 5-HT synthesis in the audiogenic sei

zure-susceptible Fring mouse is suppressed, together with elevated 

NE and DA levels. Probably no one neurotransmitter defect is respon

sible for seizure activity in all the audiogenic models of epilepsy; 

this may hold true for many variants of human epilepsy as well. 
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The Seizure-Susceptible Mongolian Gerbil 

The Mongolian gerbil is another species of animals displaying 

genetic susceptibility to convulsions. Convulsions, which can usually 

be induced by a novel environment or by swinging the animal by the 

tail, are characterized by myoclonic jerks and clonic/tonic seizures 

[89]. Severe clonic/tonic seizures precipitated by a novel environ

ment are correlated with paroxysmal electrographic spikes, appearing 

first in the parietal (somesthetic) cortex followed by spreading [90]. 

The catecholamines can modify the severity of these convulsions. For 

example, the DA antagonist haloperidol increases seizure severity 

[91], while apomorphine, a DA agonist, protects against seizures [91, 

92]. Similarly, the dopamine-~-hydroxylase inhibitor diethyldithio

carbamate (which suppresses NE synthesis and can elevate DA levels) 

has been reported to lessen seizure severity [92]. However, since 

catecholamine levels were not assessed in this study, the relative 

importance of NE and/or DA in the seizure response cannot as yet be 

determined. 

Pinealectomy-Induced Seizures 

The pineal gland, which has been 'referred to as a "tranquil

izing organ," is important in synchronizing, stabilizing and moderat

ing several organ systems throughout the body [93]. Some of its most 

dramatic effects may be exerted on the central nervous system. For 

instance, in the rat spontaneous running is nearly doubled by PinX, 

while a protein-free aqueous extract of the gland exerts the opposite 

effect on running [94]. Seizure-like discharges are noted in the 
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cortical electroencephalogram (EEG) following PinX in female rats 

[95]. Similarly, abnormal electrical activity after electrolytic 

destruction of the pineal is recorded in one hippocampus after repeti-

tive contralateral homotopical stimulation [96]. 

PinX also has biochemical effects on the brain which could 

alter neuronal conductivity and excitability. Young adult rats that 

have been subjected to neonatal PinX have reduced brain levels of 

myelin and altered myelin fatty acid composition [97]. Pinealectom-

ized rats fed a sodium-deficient diet are unable to maintain normal 

cerebral potassium levels [98]. This effect is interesting, consider-

ing that low intracellular potassium levels decrease the resting mem-

brane potential and bring about increased neuronal excitability. 

Pinealectomy-Induced Seizures in the Rat 

Perhaps the most dramatic effect of PinX is that of precipi-

tating convulsions in the prepubertal parathyroidectomized rat. A 

serendipitous finding by Reiter over a decade ago was that thyropara-

thyroidectomized rats experience stereotyped, apparently spontaneous 

and severe convulsive attacks within hours of PinX [99]. However, 

sham-thyroparathyroidectomized rats fail to exhibit such convulsions 

when pinealectomized. The convulsions have been described as follows: 

At irregular intervals (after PinX) individual rats became 
alert, restless and, almost immediately, began running 
frantically. The running seemed to be uncontrolled •••• 
The uncontrolled running terminated abruptly, the animals 
stretched out, the extremities extended, and exhibited re
peated spasmodic excursions (clonic activity) •••• The 
animals then "folded" into the subsequent position in which 
the front extremities were clasped against the thoracic wall 
and the hind legs were extended posteriorly (tonic activity) •.•. 



Death occurred only during seizures and was probably due 
to asphyxiation [100]. 

Occasionally a convulsing rat would trigger a seizure in a cage-

mate [99]. 
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Only male rats were used in these studies, and the response of 

female parathyroidectomized rats to PinX has not been characterized. 

The question that is usually raised about PinX-induced con-

vulsions in the thyroparathyroidectomized rat concerns serum electro-

lytes and especially calcium. Serum potassium, sodium or magnesium 

concentrations are unaffected by thyroparathyroidectomy; however, 

PinX slightly elevates serum potassium in these rats [99]. Even 

though thyroparathyroidectomy produces an expected 20% drop in serum 

calcium levels [99], the animals do not convulse either before or 

after sham-PinX [101]. 

To determine whether the loss of either the thyroid gland, 

the parathyroid glands or both are responsible for setting the stage 

for PinX-induced convulsions, the following series of experiments 

were performed. Rats were either surgically thyroparathyroidectomized, 

physiologically thyroidectomized with thiourea, partially parathyroid-

ectomized by surgically removing the upper two lobes of the thyroid 

gland (containing two of the four parathyroid glands) or hemithy-

roidectomized [101]. One week later after PinX, only surgically 

thyroparathyroidectomized and partially parathyroidectomized rats 

convulsed. Although thiourea inhibits thyroid hormone synthesis, it 

mayor may not affect calcitonin production by the thyroid. Calc i-

tonin and parathyroid hormone are the two major regulators of serum 
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calcium levels. That partial PthX causes convulsions in subsequently 

pinealectomized rats (which also have depressed serum calcium levels) 

argues for parathyroid, not thyroid, function being compromised and 

setting the stage for convulsions. The definitive experiment to 

demonstrate the importance of the parathyroid glands would be to 

provide partially parathyroidectomized rats with supplemental para

thyroid hormone (to maintain serum calcium levels) and to try to block 

the convulsions in response to PinX. 

The importance of calcium in PinX-induced seizures in para

thyroidectomized rats has not been fully assessed. Replacement of 

calcium in the parathyroidectomized rat with calcium lactate injec

tions (two the day before PinX and two after PinX) does not prevent 

convulsions in response to PinX [101]. Perhaps long-term calcium 

therapy beginning at the time of PthX would prevent the convulsions. 

Another experiment addressing the role of calcium would be to measure 

serum calcium levels in hemithyroidectomized, pinealectomized rats 

which do not convulse. If serum calcium levels were reduced, as in 

parathyroidectomized, pinealectomized rats which do convulse, then 

this would argue against the importance of calcium in regulating the 

excitatory state after PinX. 

An interesting series of experiments shows that disrupting the 

innervation of the pineal gland, i.e., the sympathetic postganglionic 

fibers from the superior cervical ganglion, does not provoke convul

sions in parathyroidectomized rats [101]. Removing the superior cervi

cal ganglion evokes no seizures in parathyroidectomized rats; however, 
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cutting the sympathetic innervation just before it reaches the gland 

(nervi conarii) does cause a few of the parathyroidectomized animals 

to convulse. These findings are very curious, as superior cervical 

ganglionectomy appears to be equivalent to PinX in its effects on the 

reproductive system [102]. Cutting the nervi conarii necessitates 

transecting each transverse sinus, which may also impede the venous 

drainage of the pineal. Thus the few parathyroidectomized rats which 

did convulse as a result of this procedure may have lacked a pineal 

"anticonvulsant substance(s)" because of impaired circulation. It 

appears that the pineal gland, without an intact sympathetic innerva

tion, prevents convulsions in parathyroidectomized rats. It is im

portant to recall, however, that about fifteen percent of the axons 

within the pineal originate in or traverse the medial habenula [103], 

and these fibers may mediate regulation of pineal function relative 

to convulsions. 

Surgical removal of the pineal gland appears to be the stimu

lus for the stereotyped convulsions that parathyroidectomized rats un

dergo. This is supported by the observation that the considerable 

damage and hemorrhage of olfactory bulbectomy does not cause para

thyroidectomized rats to convulse [103]. At the time of PinX, damage 

to the inferior colliculus or occipital cortex close to the pineal 

did not worsen the convulsive response when compared with rats that 

were only pinealectomized [104]. PinX, and not neural damage, appears 

to be the epileptogenic phenomenon. From these results and indica

tions that PinX disturbs electrographic patterns in the brain [95,96], 
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it appears that the pineal may produce a substance(s) which regulate(s) 

central neural excitability. Unfortunately, efforts to identify the 

substance(s) and administer it (them) to pinealectomized rats in 

hopes of preventing convulsions have not succeeded. The administra

tion of melatonin (i.p.), S-carboline (i.p.) or an aqueous bovine 

pineal extract (i.p., i.v.) all failed to alter convulsive behavior 

[104,105] • 

Some of the clinically-used drugs with anticonvulsant effects 

are capable of suppressing PinX-induced convulsions. The benzo

diazepines, diazepam (Valium) and chlordiazepoxide (Librium), are 

very effective in preventing convulsi.ons in the first eight hours 

after PinX [100,104]. Pentobarbital, a eNS depressant, reduces the 

number of rats convulsing from PthX and PinX [106], while diphenyl

hydantoin (dilantin, phenytoin), a widely-used anticonvulsant in 

humans, is without effect [100,104]. 

Pinealectomy-Induced Seizures in the Gerbil 

The Mongolian gerbil (Meriones unguiculatus) undergoes con

vulsions strikingly similar to the parathyroidectomized, pineal

ectomized rat [106]. PinX alone, without PthX as a prerequisite, 

is sufficient to bring about a wild run, clonic and then tonic con

vulsion. Drumming the rear legs and hopping, considered to be normal 

aspects of gerbil behavior, are greatly exaggerated during the con

vulsive response. 

Sixty-day-old gerbils prove more seizure-susceptible than 

either older or younger ones. Interestingly, the convulsive response 
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in these animals follows a circadian periodicity, with the greatest 

convulsive activity occurring at 0600 hr. Additionally, neither pro

longed nor reduced photoperiods affect seizure parameters. 

As with the parathyroidectomized rat, superior cervical 

ganglionectomy does not produce convulsions in the gerbil. 

Replacement of such pineal compounds as melatonin, taurine 

or acid neutralized bovine pineal extract (all by i.p. injection) again 

has no effect. That the peripheral administration of taurine has no 

effect on convulsions is not surprising, inasmuch as i.p. injections 

of taurine do not elevate brain taurine concentrations [81]. A later 

study, however, demonstrates that subcutaneous beeswax implants con

taining melatonin (1 mg) lower the average number of convulsions per 

convulsing gerbil when compared with beeswax-implanted controls [107]. 

However, non-implanted pinealectomized control gerbils did not differ 

from melatonin-implanted pinealectomized animals with respect to the 

average number of convulsions per convulsing animal. The average 

latency to the first convulsion, conversely, is increased (though 

not significantly) by implants of melatonin when compared with either 

non-implanted or beeswax-implanted pinealectomized controls. At best, 

melatonin implants have a weak anticonvulsant effect in pinealectom

ized gerbils. 

In summary, PinX-induced convulsions in the gerbil are very 

similar to those in the parathyroidectomized rat. One important dif

ference is that the gerbil convulses from PinX, without previous PthX. 

This is not entirely surprising, since either handling or exposure to 
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a novel environment [89] is also epileptogenic in some gerbils. Since 

the gerbil and parathyroidectomized rat respond almost identically 

to PinX, and calcium replacement does not prevent convulsions in the 

rat, it is unlikely that tetany provokes convulsions in the para

thyroidectomized, pinealectomized rat. 

Neurochemistry of PinX-Induced Convulsions 

Virtually all of the neurotransmitters have been implicated in 

the etiology of epilepsy. Research into mechanisms of seizure initia

tion, spread and termination have focused on neurotransmitter synthe

sis, release, reuptake, receptor function and degradation. Character

istics of ACh, NE, DA, 5-HT, glutamate, GABA, glycine and endogenous 

opioid function have been determined in several animal models (see 

[108] for review) and in some human epilepsies as well. Several 

types of seizure-susceptible animals have altered neurotransmitter 

levels, and specific pharmacological increases or decreases in neuro

transmitter levels accordingly will alter certain aspects of the 

convulsions. The neurochemistry of PinX-induced convulsions appears 

to have much in common with other models of epilepsy. 

Monoamine Levels. Whole brain levels of NE, but not DA or 

5-HT, are significantly reduced in convulsing parathyroidectomized, 

pinealectomized Sprague-Dawley rats five hours after PinX [101]. 

However, these results do not resolve the question of whether PinX

induced depressions in NE levels of convulsing rats are the cause or 

the result of the seizures. 



PinX alone in male and female Sprague-Dawley rats affects 

several aspects of monoamine function. For example, fourteen days 

after PinX of 28-32-day-old rats the following changes are noted: 
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1) serum tryptophan is elevated in males, 2) tryptophan levels are 

unchanged in any brain region, 3) 5-HT content of the striatum, 

midbrain and cortex is elevated in females, 4) 5-hydroxyindoleacetic 

acid (5-HIAA) content is depressed in the hypothalamus, midbrain and 

hippocampus of males and the cerebellum and hypothalamus of females, 

and 5) DA and NE levels are lowered in the cortex of males, while the 

NE concentration is lowered in the cortex of females [109]. In a 

study measuring telencephalic and brain stem concentrations of NE and 

DA in convulsing and non-convulsing parathyroidectomized, pineal

ectomized rats (Sprague-Dawley), NE levels are lower in the telen

cephalon and brain stem only in convulsing rats [110]. DA levels, 

measured only in the telencephalon, are unchanged. 

Not all strains of rats are susceptible to PthX, PinX-induced 

convulsions or decrements in central NE levels [Ill]. In ACI rats 

which do not convulse as a result of PthX and PinX, there are no 

change in monoamine levels. Among Sprague-Dawley, Wistar and Long

Evans rats which do convulse, chanees in monoamine levels differ 

considerab1v: Soraeue-Dawlev rats show no change in monoamine levels, 

5-HT levels are depressed in Wistar rats and NE concentrations are 

decreased in Long-Evans rats. NE levels are previously reported as 

down only in parathyroidectomized, pinea1ectornized Sprague-Dawley 

rats that convulse [110]. Since telencephalic NE concentrations in 



convulsing as well as non-convulsing Sprague-Dawley rats were 

averaged together [Ill], the actual effect of convulsions on the 

monoamines may have been obscurred. 
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Mongolian gerbils, which convulse after only PinX, have de

creased telencephalic NE levels, just as in the parathyroidectomized, 

pinealectomized rats [112]. NE levels are significantly decreased 

by thirty minutes after PinX, although only one of eight pineal

ectomized gerbils convulses by that time. DA levels do not change 

over a four hour period after PinX, whereas 5-HT levels are elevated, 

perhaps as a result of surgical stress, in both pinealectomized and 

sham-pinealectomized gerbils. Since NE levels appear to taper off 

before most of the gerbils convulse, NE may directly or indirectly 

be responsible for the seizures. The turnover of NE in these animals 

has not been calculated, and therefore conclusions based on neuro

transmitter levels are incomplete and remain speculative at best. 

Effects of Pharmacological Alterations of Monoamines. The 

pharmacological manipulation of a neurotransmitter's synthesis, 

storage, release, reuptake or degradation is an experimental means 

of determining its relative involvement in mediating a particular 

behavior. Two questions to consider when studying altered neuro

physiology and epilepsy in the pinealectomized animal are: 1) Will 

enhanced neurotransmission (for a seizure-inhibiting transmitter, 

for example) prevent convulsions? 2) Does suppressing that neuro

transmission exacerbate seizures? These questions are apropos to the 

ability of altered monoamine neurotransmission to affect PinX-induced 

seizures in the rat and gerbil. 
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In the parathyroidectomized rats, enhancing monoamine neuro

transmission with pargyline (60 mg/kg), an inhibitor of monoamine 

oxidase, affords nearly complete protection from PinX-induced con

vulsions [110]. Telencephalic and brain stem levels of NE, which 

are depressed in convulsing rats, are significantly elevated in rats 

protected from seizures by pargyline. Additionally, DA levels are 

enhanced in the protected rats; however, recall that the levels of 

this neurotransmitter are unaffected by PthX and PinX. Although not 

reported, concentrations of 5-HT in response to pargyline ostensibly 

would have been increased. 

The relative importance of NE verses DA cannot be determined 

from this study. Although DA levels are not lowered in convulsing 

rats, DA function may still be compromised by PthX and PinX. Further

more, pargyline alleviates convulsions by protecting stores of both 

catecholamines and perhaps also 5-HT. 

Preventing synthesis of NE from DA with FLA-63 (40 mg/kg) 

increases mortality and greatly reduces the time to onset of the 

first convulsion in parathyroidectomized, pinealectomized rats [105]. 

FLA-63 causes a decrease in NE synthesis, together with a buildup of 

NE precursor, namely DA. Unfortunately, amine levels were not included 

in this study, so the seizure-enhancing effect of FLA-63 cannot be 

singly ascribed to NE. In the same study, pCPA was ineffective in 

modifying PinX-induced convulsions. 

In summary, altering monoamine function affects PinX-induced 

convulsions in the rat. Suppressing monoamine degradation protects 
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parathyroidectomized rats from PinX-induced seizures, while blocking 

NE synthesis appears to potentiate those convulsions. NE (and pos

sibly DA) is important in the expression of convulsions in the rat, 

while 5-HT probably is not. 

Characteristics of PinX-induced convulsions in the gerbil are 

also affected by altering catecholamine function [113,114]. The cate

cholamine precursor L-DOPA (50 mg/kg) reduces the percent of con

vulsing gerbils per number at risk from 100% to 38%. However, the 

latency to onset of the first convulsion and the number of convulsions 

per convulsing animal do not differ from control values. Monoamine 

levels measured at three hours after PinX in the telencephalons of 

drug-treated convulsing, as well as nonconvulsing gerbils, show 

L-DOPA preventing the PinX-induced fall in NE concentrations. 5-HT 

and DA levels are unchanged after L-DOPA treatment in pinealectomized 

gerbils. 

The catecholamine synthesis inhibitor a-MPT has no effect on 

either the number of convulsing gerbils per number at risk or the 

latency to onset of the first convulsion; however, the number of con

vulsions per convulsing gerbil is tripled by a-MPT. These effects are 

observed in the face of significant reductions in DA and NE. 

Pargyline has the same anticonvulsant effect in pinealectom

ized gerbils as it does in parathyroidectomized, pinealectomized rats. 

Only seventeen percent of pargyline-treated gerbils convulse after 

PinX, whereas all the saline-injected controls convulse from PinX. 

The gerbils injected with pargyline have significantly higher levels 

of NE and 5-HT in their telencephalons. 
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Other alterations in monoamine neurotransmission caused by 

injections of either tryptophan, 5-hydroxytryptophan, threonine 

dihydroxyphenylserine (DOPS), p-chloramphetamine, reserpine or 6-0HDA 

do not appear to alter PinX-induced convulsions in the gerbil [114]. 

Conclusions 

For certain cases, the effects of pharamacological manipula

tions of the monoamines in the pinealectomized gerbil and parathyroid

ectomized, pinealectomized rat fit well with current neurotransmitter 

theories of seizure susceptibility. Consistent with audiogenic, 

pentylenetetrazol-induced and electroshock-induced convulsions, the 

pharmacological elevation or depression of NE levels will decrease or 

increase, respectively, susceptibility to convulsions from PinX. DA 

does not appear to regulate PinX-induced convulsions; however, this 

conclusion is mostly inferential. Somewhat more direct evidence 

argues against a regulatory role for 5-HT in PinX-induced convulsions. 

Predicting the effects of altered neurotransmission on PinX

induced seizures can be difficult. For example, pargyline elevates 

the levels of all the monoamines and protects rats and gerbils from 

PinX-induced convulsions. On the other hand, reserpine drastically 

lowers the levels of all the monoamines, yet it has no effect on con

vulsions in the gerbil. Furthermore, both L-DOPA and DOPS prevent the 

fall in NE levels brought on by PinX in gerbils, but L-DOPA, and not 

DOPS, suppresses seizures. 

There are probably at least four reasons for these sometimes 

inconsistent results: 1) the drugs used to modify seizures often 
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have multiple actions that are not necessarily restricted to a single 

neurotransmitter, 2) the use of neurotransmitter levels to assess the 

effectiveness of drug treatment is limited, 3) neurotransmitter sys

tems other than the monoamines may be involved and 4) in all of the 

experiments discussed above the animals were grouped four to eight per 

cage during the observation period after PinX. Since a convulsion by 

one pinealectomized rat may induce a cage-mate to convulse [99], not 

all of these seizures can therefore be regarded as spontaneous. 

Hence, two types of seizures may exist in pinealectomized animals: 

spontaneous and "sensory" evoked. As the convulsive response may vary 

widely and randomly in any cage of grouped seizure-prone animals, cer

tain drugs might modify behavioral interactions rather than the under

lying epileptogenic mechanism(s), per se. 

Statement of the Problem and Specific Aims 

It is apparent from the foregoing literature survey that 

central neurotransmitters play a modulating role in most animal models 

of epilepsy. Likewise, the catecholamines, and perhaps other neuro

transmitters, may modulate the expression of PinX-induced convulsions; 

the specifics of this modulation are still unclear. Furthermore, 

various pineal substances, sex differences and the caging paradigm may 

differentially affect the convulsive response to PinX. 

Inasmuch as previous studies of PinX-induced seizures were 

limited to grouped male animals and that the pharmacological manipu

lations used in seizure-prone animals often had widespread effects on 
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several neurotransmitters, this dissertation focuses on the following 

questions: 

1. Do male and female rats have similar convulsive responses 

to PthX and PinX? 

2. Do grouped rats respond differently than isolated rats 

when induced to convulse by PthX and PinX? 

3. What is the influence of two pineal substances, melatonin 

and arginine vasotocin, on PinX-induced seizures in the rat? 

4. Does selective enhancement of NE and/or DA function affect 

PinX-induced convulsions in the rat? 

5. Does selective suppression of NE and/or DA function affect 

PinX-induced convulsions in the rat? 

6. What is the nature of the relationship between catechol

amine function and PinX-induced seizures? 



CHAPTER II 

MATERIALS AND METHODS 

In this chapter the following subjects will be discussed: 

animal care, sources of reagents and drugs, assay procedures for 

catecholamines, methods of statistical analysis and the experiments 

performed. 

Animal Care 

Source and Housing 

Three strains of prepubertal rats were used in this project. 

Sprague-Dawley rats were obtained from the University of Arizona, 

Division of Animal Resources, ACI rats were purchased from Laboratory 

Supply Company, Indianapolis, Indiana and Long-Evans rats were ob

tained from Charles River Breeding Labs, Boston, Massachusetts. Upon 

arrival, four to six animals were placed in a clear plastic cage with 

sawdust bedding. A period of three to five days was allowed between 

arrival and surgical procedures. For experiments in which neonatal 

rats were needed, timed-pregnant rats of all three strains were used. 

The pregnant rats arrived at the College of Medicine about one week 

prior to giving birth. The neonatal rats in each litter remained 

with their mothers until they were parathyroidectomized at 21 days of 

age. Stock rat diet (Wayne Lablox) and tap water were available 

ad libitum. The rats were maintained on a light and dark cycle of 
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12:12, with fluorescent lights on at 0600 hr. The temperature of the 

animal room was 22 aC. 

Surgical Procedures 

Partial Parathyroidectomy. When the animals reached 21 days 

of age, partial parathyroidectomy (PthX) was performed according to 

the method of Ingle and Griffith [116]. (See Appendix for list of 

abbreviations.) Rats were anesthetized by an intramuscular injection 

(0.2 cc/kg) of Innovar and taped in the supine position to a surgical 

board. The head of the animal was kept extended by hooking the upper 

incisors to a paper clip taped to the board. The ventral surface of 

the neck was dampened with alcohol and water and a 2 cm midline inci

sion was made extending anteriorly from the manubrium of the sternum. 

The submaxillary salivary glands were freed by blunt dissection and 

pulled laterally. The sternohyoid muscle was divided in the midline 

and retracted to expose the larynx and thyroid gland. With the aid of 

a dissecting microscope, the two anterior poles of the thyroid gland 

were grasped with forceps, dissected free and excised, thereby remov

ing two of the four parathyroid glands. The retractor was removed, 

and stainless steel wound clips were used to close the skin incision. 

Bleeding was usually minimal, and none of the rats died from the 

operation. 

Pinea1ectomy. One week after PthX, rats were pinea1ectomized 

between 0800 hr and 1100 hr according to the technique of Hoffman and 

Reiter [117]. The animals were placed in a dessicator jar containing 

ether and cotton gauze. After being anesthetized, they were removed 
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and placed in a stereotaxic apparatus. Anesthesia during surgery 

was maintained by placing cotton gauze moistened with ether near the 

rat's nose and mouth. The scalp was wetted with alcohol and water and 

a midline sagittal incision 2 cm long was made between the ears. 

Fascia and periosteum were scraped from an area surrounding the lambda. 

Directly beneath this place of union of the occipital bone and two 

parietal bones is the confluens of sinuses; the rodent pineal gland 

is located on a long stalk immediately inferior to the confluens. A 

pinealectomy (PinX) trephine (Stoelting Co., Chicago, Illinois) with 

adjustable stop was powered by a dental drill and used to cut a disc 

of bone (5 mID in diameter) centered over the lambda. The disc of 

bone was removed with straight forceps, while a set of fine curved 

forceps was used to puncture the confluens, grasp the pineal gland 

and pull it out. Nearby neural structures were not damaged. The disc 

of bone was placed back over the hole and pressure applied to stop 

bleeding. Wound clips were used to close the scalp incision. 

Sham-Pinealectomy. The procedure for sham-pinealectomy 

(Sh-PinX) was identical to that for PinX except that after drilling 

the disc of bone it was not removed II15]. The superior sagittal 

sinus was punctured through the anterior margin of the trephined 

circle to ensure bleeding approximately equal to that seen following 

PinX. 

Ovariectomy. Ovariectomy (OVX) was performed immediately 

after PthX on rats anesthetized with Innovar. After PthX the animals 

were placed in the prone position. The lower back was moistened with 
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water and alcohol and a 1 cm incision made in the midline, halfway 

between the interior margin of the rib cage and iliac crests. Curved 

hemostats were used to bluntly dissect on each side approximately 2 cm 

lateral to the incision. A small nick (0.5 cm) was made with a 

scissors in the body wall posterior to the ovary and toothed forceps 

were used to pull the ovary through the lateral incision. The 

attached ovarian artery and vein were clamped with a hemostat and the 

ovary cut off. The artery and vein were placed back through the 

incision and wound clips used to close both the lateral and midline 

incisions. 

Sham-Ovariectomy. Sham-ovariectomy (Sh-OvX) followed all the 

early steps leading to OvX. When the lateral body wall was cut open, 

however, the ovaries were not removed through the incision. All 

incisions were closed with wound clips. 

Intracerebroventricu1ar Injections. Intracerebroventricu1ar 

(i.c.v.) injections were made according to Nobel et a1. [118] into the 

lateral ventricle on the right side, just prior to drilling the bone 

disc for PinX. A pin vise containing a small dri11bit was used to 

drill a hole 2.5 cm posterior to the coronal suture and 2.5 rom lateral 

to the sagittal suture. A 10 ~1 Hamilton syringe was fitted with a 

stop (large plastic pipette tip), leaving only the last 2.5 rom of the 

needle exposed. The syringe needle was placed through the drilled 

hole to penetrate the meninges and cortex and reach the body of the 

lateral ventricle. An injection volume of 5 ~1 was delivered over a 

period of 20 seconds; the needle was left in place for an additional 
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20 seconds to prevent reflux of the solution up the needle track. All 

solutions of i.c.v. injections were dissolved and diluted in physio

logical saline. Preliminary testing with injections of a cresyl 

violet solution verified placement of the needle by revealing dye 

present in the lateral and third ventricles. 

Observation of Seizures 

Following PinX or Sh-Pinx, rats were observed continuously for 

eight hours in clear plastic cages. Care was taken to keep the obser

vation room as quiet as possible. The time to onset and type of con

vulsion were recorded. Seizures generally were stereotyped, progres

sing from a wild run to clonus and finally tonus. A convulsion often 

stopped after a wild run or a wild run plus clonus. See "Results" for 

a description of seizures. 

In all the published reports of PinX-induced seizures in 

either the parathyroidectomized rat or the gerbil, the animals were 

grouped four to eight per cage during the observation period. This 

procedure was followed in early experiments; however, because of 

difficulty in repeating the experimental results and because a con

vulsion by one pinealectomized rat often triggered a seizure in a 

pinealectomized cage-mate, it was decided to isolate the pineal

ectomized rats (one per cage). In that way it was hoped that ensuing 

convulsions would arise from an endogenous mechanism(s). (See 

"Results.") 
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Measurement of Rectal Tempera,tures 

Rectal temperatures were measured in most of the experiments 

where drugs were used to alter catecholamine neurotransmission. A 

thermistor (Te1e-thermistor, Yellow Springs Instrument Company, 

Te1e-Thermometer) was used to record the temperatures. 

Necropsies 

Sacrificing of Rats. In experiments where brain catecho1a

mines were not measured, all the animals were terminated at eight 

hours after PinX by exposure to carbon dioxide. Those animals whose 

brains were to be assayed were decapitated with a small animal 

guillotine. 

Removal and Dissection of the Brains. A pair of scissors 

was used to cut the medulla at the foramen magnum and open the cranium 

from the foramen magnum forward toward each eye. The bone flap was 

removed to expose the brain, with forceps used to lift it out of the 

cranium, beginning with the olfactory bulbs and proceeding posterior1~ 

The brain was placed on a cold glass plate and quickly separated into 

two parts termed telencephalon and brain stem. The telencephalon 

portion could more precisely be termed forebrain, but for the sake 

of consistency with the scientific literature it will be called 

telencephalon. The telencephalon consisted of all brain tissue an

terior to a cut running between the cerebral peduncles and the 

anterior margin of the superior co11icu1i. The brain stem then 

consisted of everything posterior to that line; the cerebellum was 

removed and not included in the assay. The telencephalon and brain 
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stem were weighed on a torsion balance, frozen on pieces of aluminum 

foil on solid CO2 and then transferred to a freezer (-110°C) until 

assayed. 

Sources of Reagents and Drugs 

Arginine vasotocin was purchased from Bachem (Torrance, Cali-

fornia). 6-Hydroxydopamine HCl, L-dihydroxyphenylalanine, FLA-63 

[bis-(4-methy1-l-homopiperazinylthiocarbony1)disulfide], melatonin 

and a-methyl-p-tyrosine were obtained from Sigma Chemical Co. (St. 

R 
Louis, Missouri). Reserpine, purchased as Serpasil , came from 

ClBA, Taylor Pharmaceutical. The following drugs were generously 

donated by their manufacturers: (-)timolol maleate (Merck, Sharpe 

and Dohme, Rahway, New Jersey), clonidine HCl (Boehringer lngelheim, 

Ridgefield, Connecticut) and desipramine HCl (Merrell Dow, Cincinnati, 

Ohio). 

All reagents used were purchased through the University of 

Arizona Medical Stores from major chemical suppliers. 

Assay of the Monoamines and Metabolites 

Tissue Preparation 

Rat telencephalons or brain stems were homogenized in cold 

70% ethanol (600 ~l ethanol per 100 mg tissue) with a Tekmar Tissu-

mizer and then sonicated. An internal standard dihydroxybenzylamine 

(DHBA) was dissolved in 70% ethanol and added to the brain tissue and 

ethanol before homogenization (10 ng DHBA per 100 mg tissue). The 

homogenates were stored overnight at -20°C and then centrifuged at 
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10,000 g for 20 min. A 300 ~l aliquot of the supernatant was evapor

ated under N2 gas and stored at -20°C until the time of the assay. 

The dried sample was taken up in 100 ~l of 0.2 M formic acid and 

vortexed briefly. A 5 ~l aliquot of the formic acid solution was 

injected into the chromatograph. 

Liquid Chromatographic System 

Reversed-phase high-performance liquid chromatography (HPLC) 

with electrochemical detection was used for simultaneous quantifica

tion of the monoamines and some of their metabolites. The HPLC 

system consisted of a chromatography pump (Waters M-6000A) linked 

to a sample injector from Waters (Model UGK). A Waters precolumn, 

packed with Waters Bondapak, C-18/Corasil, was installed in front of 

the main column. The main column was a reversed-phase Ultrasphere 

ODS (5 ~m particle size) made by Beckman. A Model LC-4B electro

chemical detector (Bioanalytical Systems) was linked to the column. 

The detector was equipped with a glassy-carbon electrode whose poten

tial was maintained at +650 mV (0.2 nA offset and 1 nA range sensi

tivity) versus a silver-silver chloride reference electrode. The 

signal from the "detector was recorded and integrated with a Hewlett

Packard 3390A Integrator. A Houston Instrument recorder was used to 

monitor the residual current level (baseline). 

The column eluent consisted of 7% acetonitrile (CH
3

CN) in an 

octanesulfonate buffer. Components of the buffer included 10 mM 

octane sulfonic acid (sodium), 100 mM potassium phosphate (KH2P04), 

87 mM glacial acetic acid and 1 mM free acid EDTA. The pH of the 
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buffer was adjusted to 4.00 with 5 M KOH. The flow rate of the buffer 

through the column was 1.5 ml/min. 

Standards 

Standard solutions of NE, DA, 3,4-dihydroxyphenylacetic acid 

(DOPAC) and 5-hydroxyindoleacetic acid (5-HlAA) were injected to 

determine their retention times. See Figure 1 for a chromatogram of 

a standard solution of catechols and indoles; Figure 2 is a typical 

chromatogram from the telencephalon of a sham-pinealectomized rat. 

The peaks from an injection of brain homogenate were matched with 

their authentic standards. The recovery of the different compounds 

was calculated at approximately 60%. 

Standard curves for the above compounds were generated as 

follows: hypothalami from 16 rats were homogenized together with 

DHBA in 70% ethanol. Aliquots of that suspension (300 ~1) received 

varying standard amounts of the above compounds. The standard tubes 

were then centrifuged (10,000 g, 20 min); the supernatant was removed, 

evaporated under N2 gas, resuspended in 0.2 M formic acid and injected 

into the chromatograph. The standard curve for each compound con

sisted of 5 points (0.1 - 1.0 ng) done in triplicate. The response 

of the detector. was linear. 

Calculations 

The relative recoveries of the various compounds were compared 

with that of the internal standard, allowing for calculation of the 

actual amounts in ~g/g tissue from the standard curve. 
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Figure 1. Chromatogram of a standard solution of catechols and 
indoles. Lower left tracing made with a recorder; upper right 
tracing is the same signal after integration. Sample injected at 
Time O. DOPAC = 3,4-dihydroxyphenylacetic acid, NE = norepinephrine, 
5-HlAA = 5-hydroxyindoleacetic acid, DHBA = dihydroxybenzylamine 
(the internal standard), DA = dopamine and 5-HT = 5-hydroxytryptamine. 
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Figure 2. Typical chromatogram of catechols and indoles from the 
telencephalon of a sham-pinealectomized rat. Lower left tracing made 
with a recorder; upper right tracing is the same signal after inte
gration. Sample injected at Time O. DOPAC = 3,4-dihydroxyphenyl
acetic acid, NE = norepinephrine, 5-HlAA = S-hydroxyindoleacetic acid, 
DHBA = dihydroxybenzylamine (the internal standard), DA = dopamine 
and S-HT = S-hydroxytryptamine. 



Statistical Analysis 

The chi square test with 2 x 2 contingency tables were used 

to test for differences between two sample proportions. Means of 

two related groups were compared by means of Student's t-test; 

variations in several groups were analyzed with a one-way analysis 

of variance (ANOVA). The Wilcoxan matched-pairs signed-ranks test 

was used to compare the cumulative incidence of seizures in control 

versus experimental groups. 

Experiments 

1. The Effect of Pinealectomy on 
Parathyroidectomized Long-Evans Rats 

Twenty-eight male Long-Evans rats were parathyroidectomized 

at 21 days of age. One week later, 18 were pinealectomized and the 

remaining ten sham-pinealectomized. The rats were grouped five per 

cage and observed continuously for eight hours. 

2. The Influence of Sex on 
Pinealectomy-Induced Seizures 

The Influence of Sex on Pinealectomy-Induced Convulsions in 

the Grouped Parathyroidectomized Sprague-Dawley Rat. Nineteen male 
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and 28 female Sprague-Dawley rats were parathyroidectomized at 21 days 

of age. One week later, four males and 11 females were sham-pineal-

ectomized, while 15 males and 17 females were pinealectomized. The 

rats were grouped five per cage and observed continuously for eight 

hours. 
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The Influence of Sex and Ovariectomy on Pinealectomy-Induced 

Convulsions in Grouped Parathyroidectomized Sprague-Dawley Rats. Male 

and female Sprague-Dawley rats were parathyroidectomized at 21 days of 

age. At the time of PthX, OVX or Sh-OvX was performed on some of the 

parathyroidectomized rats. The animals were then separated into the 

following six groups: 1) parathyroidectomized, sham-pinealectomized 

males; 2) parathyroidectomized, sham-pinealectomized females; 3) 

parathyroidectomized, pinealectomized males; 4) parathyroidectomized, 

pinealectomized females; 5) parathyroidectomized, pinealectomized, 

sham-ovariectomized females and 6) parathyroidectomized, pineal-

ectomized, ovariectomized females. Following PinX or Sh-PinX, the 

rats were grouped five per cage and observed continuously for eight 

hours. 

3. The Influence of Pineal Substances 
on Pinealectomy-Induced Seizures 

The Effect of Arginine Vasotocin on PinealectomY-Induced Con-

vulsions in the Grouped Parathyroidectomized Long-Evans Rat. Twenty-

six male Long-Evans rats were parathyroidectomized at 21 days of age. 

One week later, 23 of the rats received an i.c.v. injection (5 ~l) 

of either saline, 0.1 pg of arginine vasotocin (AVT) or 15 ~g AVT, 

and then were immediately pinealectomized. Sham-pinealectomized con-

trol rats received 15 ~g AVT. AVT was dissolved in saline shortly 

before use. Following PinX or Sh-PinX, the rats were grouped five per 

cage and observed for eight hours. Rectal temperatures were measured 

in the sham-pinealectomized rats just before Sh-PinX and at thirty-

minute intervals thereafter for two hours. 



55 

The Effect of Different Doses of Arginine Vasotocin on Pinea1-

ectomy-Induced Convulsions in Grouped Parathyroidectomized Long-Evans 

Rats. Thirty-nine male Long-Evans rats were parathyroidectomized at 

21 days of age. One week later, 35 of the rats were pinea1ectomized. 

Immediately prior to PinX, the rats received an i.c.v. injection 

(5 ~1) of either saline, 0.1 ~g AVT, 1.0 ~g AVT or 10 ~g AVT. Four 

sham-pinea1ectomized rats were injected with 10 ~g AVT. After PinX 

or Sh-PinX, all the rats were grouped five per cage and observed for 

eight hours. 

The Effect of Melatonin Implants on Pinea1ectomY-Induced Con-

vu1sions in Isolated Parathyroidectomized Long-Evans Rats. Thirty-

six male Long-Evans rats were parathyroidectomized at 21 days of age. 

The animals were placed into the following four groups: 1) no 

implant, 2) 25 mg beeswax implant, 3) 24 mg beeswax plus 1 mg me1a-

tonin and 4) 23 mg beeswax plus 2 mg melatonin. The implants were 

placed subcutaneously at the time of PthX and again at five days after 

PthX. The rats were anesthetized with ether for their second implant. 

At 28 days of age they were pinea1ectomized. Following PinX, the rats 

were isolated one per cage and observed for eight hours. See Experi-

ment 4 for further details. 

4. The Influence of the Caging Paradigm 
on Pinea1ectomy-Induced Convulsions 

The Effect of Isolation versus Grouping on Pinea1ectomy-

Induced Convulsions in Parathyroidectomized Long-Evans Rats. Twenty-

four male Long-Evans rats were parathyroidectomized at 21 days of age. 
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One week later they were pinealectomized and either isolated (one per 

cage) or grouped (six per cage). Following PinX, the rats were 

observed for eight hours. 

5. The Effects of Neonatal Destruction 
of Catecholamine Neurons on 
Pinealectomy-Induced Convulsions 

The Effect of Neonatal 6-Hydroxydopamine on Pinealectomy-

Induced Convulsions in Isolated Parathyroidectomized Male and Female 

Sprague-Dawley Rats. Offspring from five pregnant Sprague-Dawley 

rats received afternoon s.c. injections (0.05 ml) of either 6-hydroxy-

dopamine (6-0HDA) (100 mg/kg) or vehicle (0.9% saline, 0.01% ascorbic 

acid) on each day of the first three days after birth. In all three 

of the following experiments the vehicle and 6-0HDA injections were 

administered according to the above protocol. The rat pups remained 

with their mothers until they reached 21 days of age, at which time 

they were weaned and parathyroidectomized. One week later the para-

thyroidectomized rats were divided into the following groups: 1) 

pinealectomized, vehicle-injected; 2) pinealectomized, 6-0HDA-injected 

and 3) sham-pinealectomized, 6-0HDA-injected. Following PinX or Sh-

PinX, the rats were isolated one per cage and observed for eight hours. 

The Effect of Neonatal 6-Hydroxydopamine on Pinealectomy-

Induced Convulsions in Isolated Parathyroidectomized Male and Female 

Long-Evans Rats. This experiment was identical to the previous one 

with the following exceptions: 1) Long-Evans rats were used and 

2) the sham-pinealectomized group was omitted. 
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The Effect of Neonatal 6-Hydroxydopamine on Pinealectomy-

Induced Convulsions in Isolated Parathyroidectomized Male and Female 

ACI Rats. This experiment was identical to the first 6-0HDA experi-

ment with the following exceptions: 1) ACI rats were used, 2) the 

sham-pinealectomized group was omitted and 3) rectal temperatures 

were measured in all anitJ.als prior to PinX. 

The Effect of Neonatal 6-Hydroxydopamine and Desipramine on 

Pinealectomy-Induced Convulsions in Isolated Parathyroidectomized 

Male and Female Long-Evans Rats. Offspring from 11 pregnant Long-

Evans rats received s.c. injections of either 6-0HDA, desipramine 

(25 mg/kg) plus 6-0HDA, desipramine or vehicle. In rats receiving 

desipramine and 6-0HDA, the desipramine injections preceded the 

6-0HDA by 45 minutes. At 21 days of age all the rats were weaned 

and parathyroidectomized. One week later each of the four groups 

of rats was divided into either pinealectomized or sham-pineal-

ectomized rats. Following PinX and Sh-PinX, the rats were isolated 

one per cage and observed for eight hours. Following the eight hour 

observation period the sham-pinealectomized rats were decapitated 

and their telencephalons and brain stems were removed, weighed and 

frozen for subsequent catecholamine assay. 

6. The Effect of Catecholamine Synthesis 
Inhibitors and a Catecholamine Precursor 
on Pinealectomy-Induced Convulsions 

The Effect of Different Doses ,of a-Methyl-p-tyrosine on 

Pinealectomy-Induced Convulsions in Grouped Parathyroidectomized Long-

Evans Rats. Forty-two male Long-Evans rats were parathyroidectomized 
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at 21 days of age. One week later 37 of the rats were divided into 

four treatment groups: 1) saline, 2) a-methyl-p-tyrosine (a-MPT) 

(150 mg/kg), 3) a-MPT (250 mg/kg) or 4) a-MPT (350 mg/kg). The rats 

in these groups were pinealectomized, while a fifth group was sham

pinealectomized and received injections of a-MPT (350 mg/kg). All 

injections were administered i.p. twenty-four and twelve hours before 

and just after PinX or Sh-PinX. In this and all further experiments 

the volume of control or experimental intraperitoneal injections was 

1.33 ml/kg. Following the surgical procedures, all rats were grouped 

five per cage and observed for eight hours. 

The Effect of a-Methyl-p-tyrosine on Pinealectomy-Induced 

Convulsions in Isolated Parathyroidectomized Long-Evans Rats. Thirty

five male Long-Evans rats were parathyroidectomized at 21 days of age. 

One week later they were either pinealectomized or sham-pinealectom

ized. Half of the animals in each group received an i.p. injection 

of either a-MPT (250 mg/kg) or saline at 24, 18 and 12 hours before 

and just after PinX. All rats were isolated one per cage after PinX 

or Sh-PinX and observed for eight hours. Sham-pinealectomized rats 

had their rectal temperatures measured at four hours after Sh-PinX, 

after which time they were decapitated. The brains were immediately 

removed and frozen for subsequent catecholamine assay. 

The Effect of FLA-63 and L-Dihydroxyphenylalanine on Pineal

ectomy-Induced Convulsions in Isolated Parathyroidectomized Long

Evans Rats. Sixty male Long-Evans rats were parathyroidectomized 

at 21 days of age. One week later they were either pinealectuffiized 
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or sham-pinealectomized and each of the two groups was divided into 

the following four groups: 1) saline/saline, 2) saline/FLA-63, 3) 

L-dihydroxyphenylalanine (L-DOPA)/saline and 4) L-DOPA/FLA-63. The 

sequence of injections was as follows: 1) the first of each set of 

injections of either saline or L-DOPA (150 mg/kg), was administered 

i.p. just after PinX or Sh-PinX. 2) The second of each set of i.p. 

injections of either saline of FLA-63 (40 mg/kg) was given 30 minutes 

after PinX or Sh-PinX. All animals were isolated one per cage during 

the observation period. Rectal temperatures were measured in the 

sham-pinealectomized rats 3.5 hours after Sh-PinX; these animals 

were then decapitated and brains removed for subsequent catecholamine 

assay. Pinea1ectomized rats were observed for the usual eight hours. 

7. The Effect of the Monoamine Storage 
Inhibitor Reserpine on Pinea1ectomy-Induced 
Convulsions in Isolated Parathyroidectomized 
Long-Evans Rats 

Twenty-eight male Long-Evans rats were parathyroidectomized at 

21 days of age. One week later 22 of the rats were pinealectomized 

and six sham-pinea1ectomized. Fourteen hours before that surgery 

one half of the pinealectomized rats were injected i.p. with saline 

while the other half received reserpine (2.5 mg/kg). The sham-

pinea1ectomized rats were also injected with reserpine. Following 

PinX or Sh-PinX the rats were isolated one per cage. The animals 

were observed for eight hours. Rectal temperatures were measured in 

sham-pinea1ectomized rats at five hours after Sh-PinX. 



8. The Effect of the Norepinephrine Reuptake 
Inhibitor Desipramine on Pinea1ectomy-Induced 
Convulsions in Isolated Parathyroidectomized 
Long-Evans Rats 
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Thirty-six male Long-Evans rats were parathyroidectomized at 

21 days of age. One week later the animals were either pinea1ectom-

ized or sham-pinea1ectomized and divided into the following four 

groups: 1) pinea1ectomized, saline-injected; 2) pinea1ectomized, 

deSipramine-injected; 3) sham-pinea1ectomized, saline-injected and 4) 

sham-pinea1ectomized, desipramine-injected. Saline or desipramine 

(25 mg/kg) was injected i.p. immediately after PinX or Sh-PinX. The 

rats were then isolated one per cage and the pinea1ectomized rats 

observed for eight hours. Rectal temperatures of sham-pinea1ectomized 

rats were measured at four hours after Sh-PinX; at 4.5 hours after 

Sh-PinX, these rats were decapitated and brains removed, weighed and 

frozen for subsequent catecholamine assay. 

9. The Effect of a Catecholamine Receptor 
Agonist and Antagonist on Pinea1ectomy
Induced Convulsions 

The Effect of Acute Administration of the a2-Receptor Agonist 

C10nidine on Pinea1ectomy-Induced Convulsions in Isolated Parathyroid-

ectomized Long-Evans Rats. Thirty-five male Long-Evans rats were 

parathyroidectomized at 21 days of age. One week later 30 of the 

rats were pinea1ectomized and divided into three groups receiving 

either 0.1 or 1.0 mg/kg BW of c10nidine or saline. The injections 

were administered i.p. immediately after PinX. Five sham-pinea1ectom-

ized rats were injected with the higher dose of c10nidine just after 
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Sh-PinX. Following PinX or Sh-PinX, the animals were isolated one per 

cage and observed for eight hours. 

The Effect of Chronic Administration of the a2-Receptor 

Agonist C10nidine on Pinea1ectomy-Induced Convulsions in Isolated 

Parathyroidectomized Long-Evans Rats. Twenty-nine male Long-Evans 

rats were parathyroidectomized at 21 days of age. They were divided 

into three groups and injected daily (i.p.) for fourteen days with 

either 0.5, 5.0 mg/kg BW of c10nidine or saline. At 35 days of age 

all the rats were pinea1ectomized. Following PinX, the animals were 

isolated one per cage and observed for eight hours. 

The Effect of the S-Receptor Antagonist Timo101 on Pinea1-

ectomy-Induced Convulsions in Isolated Parathyroidectomized Long-Evans 

Rats. Forty male Long-Evans rats were parathyroidectomized at 21 

days of age. One week later 36 of the rats were pinea1ectomized. 

Immediately prior to PinX the rats received an i.c.v. injection of 

either 25, 250, or 2,500 ng/kg (-)timo101 or saline. Four sham

pinea1ectomized rats were injected with the 2,500 ng/kg dose. After 

PinX or Sh-PinX all the rats were isolated one per cage and observed 

for eight hours. Rectal temperatures were measured in sham-pinea1-

ectomized rats before Sh-PinX and twice after the surgery at one-hour 

intervals. 



CHAPTER III 

RESULTS 

Description of the Convulsions 

One to two hours after PinX the rats were often found sleep

ing curled up in a corner of their cage. Between four to six hours 

after PinX many of the rats became alert for several minutes. They 

awakened from sleep, stared while standing and occasionally rocked 

their heads from side to side. This alert state was often followed 

by two to five seconds of wild violent running, which either stopped 

or progressed to a clonic seizure. 

Clonus (rhythmic flexion and extension of the extremities) was 

occasionally accompanied by vocalizing and grasping the top of the 

cage as if doing "pull ups." Without exception, if either of these 

behaviors accompanied clonus, the seizure would not progress to tonus. 

In those cases where tonus (rigidity) followed clonus, the 

animals appeared to snap or fold into a rigid position with the 

extremities extended and the chin tucked against the chest wall. 

Breathing stopped, ears laid back, body hair erected and digits ab

ducted. Most of the rats began to breathe five to ten seconds after 

tonus, but others died. Those rats surviving tonus remained inactive 

for approximately five minutes after the seizure. Seizures in most of 

the convulsing rats progressed to tonus. 
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Experiments 

1. The Effect of Pinealectomy on 
Parathyroidectomized Long-Evans Rats 
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PinX induced convulsions in 72% of parathyroidectomized Long-

Evans rats that were grouped (Table 2). Each convulsing rat exper-

ienced an average of 5.9 seizures. During the observation period. 

23% of the convulsing rats died following a tonic seizure; however, 

none of the control sham-pinealectomized rats convulsed or died. In 

this and subsequent experiments, all animals of all groups were para-

thyroidectomized. 

2. The Influence of Sex on 
Pinealectomy-Induced Seizures 

The Influence of Sex on Pinealectomy-Induced Convulsions in 

Grouped Parathyroidectomized Sprague-Dawley Rats. There were no sig-

nificant differences in any of the measured parameters between grouped 

male and female Sprague-Dawley rats induced to convulse by PinX 

(Table 3). Sham-PinX did not provoke convulsions. 

The Influence of Sex and Ovariectomy on Pinealectomy-Induced 

Convulsions in Grouped Parathyroidectomized Sprague-Dawley Rats. 

Neither the sex of the animal nor OvX caused any significant differ-

ence in PinX-induced seizures when compared with controls (Table 3). 

Again, Sh-PinX did not induce seizures. 



Table 2. 

Treatment 

PthX, Sh-PinX 

PthX, PinX 

The Effect of Pinealectomy on 
Parathyroidectomized Long-Evans Rats 

No. Convulsing Per 
Total at Risk (%) 

0/10 (0) 

13/18 (72) 

Latency to Onset of 
1st Convulsion (min)* 

189 ± 24 

* Mean ± Standard Error 

No. Convulsions Per 
Convulsing Rat* 

5.9 ± 1.0 

PthX = parathyroidectomy, PinX = pinealectomy, Sh-PinX 
Male rats grouped 5 per cage following PinX. 

sham-pinea1ectomy. 

Deaths 

o 

3 

0\ 
.j:'-



Table 3. 

Treatment 

PthX, PinX 

Male 

Female 

Sh-OvX 

OvX 

PthX, Sh-PinX 

Male 

Female 

The Influence of Sex and Ovariectomy on Pinealectomy-Induced 
Convulsions in Parathyroidectomized Sprague-Dawley Rats 

No. Convulsing per 
Total at Risk (%) 

5/15 (33) 

8/15 (53) 

7/10 (70) 

13/18 (72) 

0/9 (0) 

0/11 (0) 

Latency to Onset of 
1st Convulsion (min)* 

316 ± 30 

329 ± 34 

231 ± 39 

268 ± 31 

No. Convulsions Per 
Convulsing Rat* 

3.2 ± 0.7 

2.9 ± 0.6 

3.1 ± 0.4 

2.4 ± 0.4 

* Mean ± Standard Error 

Deaths 

o 
3 

5 

7 

o 
o 

PthX = parathyroidectomy, PinX = pinealectomy, OVX ovariectomy, Sh-OvX 
Rats grouped five per cage following PinX. 

sham-ovariectomy. 

0-
V1 



3. The Influence of Pineal Substances 
on Pinealectomy-Induced Seizures 

The Effect of Arginine Vasotocin on Pinealectomy-Induced 

66 

Convulsions in Grouped Parathyroidectomized Long-Evans Rats. AVT had 

no effect on the number of convulsing rats per total at risk when 

compared with saline controls (Table 4). However, the mean latency 

to onset of the first convulsion was significantly reduced 53% and 

72% (as compared with controls) by 0.1 pg and 15 ~g, respectively, 

of AVT (i.c.v.). The larger dose of AVT, when compared with saline 

controls, provoked a 2.5-fold increase in the number of convulsions 

per convulsing rat. All the convulsing rats injected with 15 ~g of 

AVT died from a tonic convulsion, whereas only one convulsing rat 

which received saline or 0.1 pg AVT died from a convulsion. Three 

sham-pinealectomized control rats were also injected with 15 ~g of 

AVT, but did not convulse. AVT reduced the mean rectal temperature 

of the sham-operated rats by 3°C at 60 min after Sh-PinX as compared 

with their pre-operative temperature. By 90 min after Sh-PinX, the 

temperatures were restored to preoperative levels. 

The Effect of Different Doses of Arginine Vasotocin on Pineal-

ectomy-Induced Convulsions in Grouped Parathyroidectomized Long-Evans 

Rats. In contrast to the previous experiment, various doses of AVT 

(0.1, 1.0 or 10 ~g) had no effect on the number of convulsions per 

convulsing rat (Table 5). The 0.1 ~g dose of AVT actually delayed 

the onset of the first convulsion as compared to controls, while the 

two larger doses had no effect. The only finding consistent with the 



Table 4. TIle Effect of Arginine Vasotocin on Pinealectomy-Induced 
Convulsions in Parathyroidectomized Long-Evans Rats 

Treatment 

PthXz PinX 

Saline 

AVT 0.1 pg 

AVT 15 llg 

PthX z Sh-PinX 

AVT 15 llg 

No. Convulsing per 
Total at Risk (%) 

6/9 (67) 

6/7 (86) 

6/7 (86) 

0/3 (0) 

Latency to Onset of 
1st Convulsion (min)* 

255 ± 58 

120 ± 16
a 

70 ± 5b 

abc 
p < 0.05 vs. Saline; p < 0.005 vs. Saline; p < 0.01 vs. Saline. 

* Mean ± Standard Error 

No. Convulsions per 
Convulsing Rat* 

2.4 ± 0.9 

3.8 ± 1.0 

6.0 ± 0.7 
c 

Saline or AVT administered ,intracerebroventricularly (5 lll) immediately before PinX. 

Deaths 

1 

1 

6 

0 

PthX = parathyroidectomy, PinX = pinealectomy, Sh-PinX = sham-pinealectomy, AVT = arginine vasotocin. 
Male rats grouped five per cage following PinX. 

0-

" 



Table 5. 

Treatment 

PthXz PinX 

Saline 

AVT 0.1 ].1g 

AVT 1.0 ].1g 

AVT 10 ].1g 

PthX, Sh-PinX 

AVT 10 ].1g 

The Effect of Different Doses of Arginine Vasotocin on 
Pinealectomy-Induced Convulsions in Parathyroidectomized Long-Evans Rats 

No. Convulsing per 
Total at Risk (%) 

8/10 (80) 

7/8 (86) 

6/8 (75) 

8/9 (89) 

0/4 (0) 

Latency to Onset of 
1st Convulsion (min)* 

176 ± 38 

301 ± 48
a 

142 ± 30 

178 ± 46 

No. Convulsions per 
Convulsing Rat* 

4.6 ± 0.8 

4.0 ± 1.0 

6.2 ± 1.0 

5.6 ± 1.3 

a p < 0.05 vs. Saline. 
* Mean ± Standard Error 

Saline or AVT administered intracerebroventricularly (5 ].11) immediately before PinX. 

Deaths 

1 

0 

2 

4 

o 

PthX = parathyroidectomy, PinX = pinealectomy, Sh-PinX = sham-pinealectomy, AVT = arginine vasotocin. 
Male rats grouped five per cage following PinX. 

c;t. 
00 
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previous experiment was a larger number of deaths from convulsions in 

the group receiving 10 ~g AVT. 

The Effect of Melatonin Implants on PinealectomY-Induced Con-

vulsions in Isolated Parathyroidectomized Long-Evans Rats. Curiously, 

there were no convulsions in the six pinealectomized rats which did 

not receive an implant. When compared with beeswax-implanted control 

animals, neither the 1 mg nor 2 mg implant of melatonin had a sig-

nificant effect on the number of convulsing rats per total at risk, 

mean latency to onset of the first convulsion or number of convulsions 

per convulsing animal in isolated Long-Evans rats (Table 6). 

However, the cumulative incidence of convulsing rats curve 

(Figure 3) was significantly shifted to the right by I mg implants of 

melatonin (p< 0.043). The 2 mg implants significantly moved the curve 

to the left (p < 0.028) when compared with controls. A shift of the 

curve to the right probably indicates protection from seizures, while 

a shift to the left may signal exacerbation of seizures. 

4. The Influence of the Caging Paradigm 
on Pinealectomy-Induced Convulsions 

The Effect of Isolation versus Grouping on Pinealectomy-

Induced Convulsions in Parathyroidectomized Long-Evans Rats. Isolat-

ing rats one per cage after PinX had a dramatic anticonvulsant effect 

when compared with rats grouped six per cage (Table 7). Although the 

number of rats convulsing per number at risk was unchanged, isolated 

rats had a 2.3-fold increase in the mean latency to onset of the 

first convulsions. At 318 minutes after PinX, the first isolated 



Table 6. The Effect of Melatonin Implants on Pinea1ectomy-Induced Convulsions 
in Parathyroidectomized Long-Evans Rats 

Treatment 

PthX. PinX 

No Implant 

Beeswax Implant 

Mel 1 mg 

Mel 2 mg 

No. Convulsing per 
Total at Risk (%) 

0/6 (0) 

5/10 (SO) 

4/10 (40) 

6/10 (60) 

* Mean ± Standard Error 

Latency to Onset of 
1st Convulsion (min)* 

348 ± 86 

344 ± SO 

229 ± 44 

No. Convulsions per 
Convulsing Rat* 

2.4 ± 0.9 

1.2 ± 0.2 

3.0 ± 1.1 

Implants consisted of 25 mg Beeswax, 24 mg Beeswax + 1 mg Mel or 23 mg Beeswax + 2 mg Mel. 
Rats received an implant seven and two days before PinX. 
PthX = parathyroidectomy, PinX = pinea1ectomy, Mel = melatonin. 
Male rats isolated one per cage following PinX. 

Deaths 

0 

0 

0 

0 

-..J 
o 
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Figure 3. The effect of melatonin {Mel) implants on the cumulative 
incidence of convulsing rats. Long-Evans rats were parathyroidectom
ized at 21 days of age and pinealectomized one week later. The rats 
received a subcutaneous implant of either 25 mg beeswax, 24 mg bees
wax plus 1 mg melatonin or 23 mg beeswax plus 2 mg melatonin seven and 
two days before pinealectomy (PinX). The animals were isolated after 
pinealectomy and observed for 8 hours. See Table 4 for number of rats 
per group. Melatonin {I mg and 2 mg) differs from beeswax controls 
(p < 0.05). 



Table 7. The Effect of Isolation vs. Grouping on Pinea1ectomy-Induced 
Convulsions in Parathyroidectomized Long-Evans Rats 

Treatment No. Convulsing per Latency to Onset of No. Convulsions per 
Total at Risk (%) 1st Convulsion (min)* Convulsing Rat* 

PthX. PinX 

Grouped 8/12 (67) 160 ± 28 5.2 =- 0.8 

Isolated 6/12 (50) 371 =- 26
a 

2.2 =- 0.4 
b 

a b p < 0.0005 vs. Grouped; p < 0.005 vs. Grouped. 
* Mean ± Standard Error 

Following PinX grouped rats caged six per cage; isolated rats caged one per cage. 
Male rats were used. 

PthX = parathyroidectomy, PinX = pinea1ectomy. 

Deaths 

4 

0 

--.J 
N 
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rat had a seizure, while it took only 67 minutes for the first 

grouped rat to convulse. Isolating pinealectomized rats during the 

observation period significantly shifted (p< 0.018) the curve repre

senting the cumulative incidence of convulsing rats when compared 

with grouped controls (Figure 4). 

Furthermore, isolation also resulted in a 58% reduction in the 

number of seizures per convulsing rat. Of the isolated pinealectom

ized rats having seizures, five of six rats had two or less convul

sions while five of the eight grouped rats had six or more convul

sions. On fifteen occasions a convulsion in one rat appeared to be 

provoked by a convulsion in one of its pinealectomized cage-mates. 

Four grouped rats died from a tonic seizure, while all of the iso

lated rats survived. 

The Effect of Isolation versus Grouping on Pinealectomy

Induced Convulsions in Parathyroidectomized Male and Female Sprague

Dawley Rats. Isolating Sprague-Dawley rats one per cage after PinX 

produced the same trend seen above with Long-Evans rats (Table 8). 

However, the only significant difference (p< 0.018) noted was iso

lation again moving the cumulative incidence curve to the right of 

grouped controls (Figure 5). On five occasions a convulsion in one 

rat appeared to be precipitated by a convulsion in one of its pineal

ectomized cage-mates. As with Long-Evans rats in the previous exper

iment, one-half of the convulsing grouped rats died from a tonic 

seizure, while only one of the convulsing isolated rats died. 
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Figure 4. The effect of grouping versus isolation on the cumulative 
incidence of convulsing rats. Long-Evans rats were parathyroidectom
ized at 21 days of age and pinealectomized one week later. After 
pinealectomy (PinX) the animals were either isolated (one per cage) 
or grouped (six per cage) and observed for eight hours. See Table 7 
for number of rats per group. Isolated differs from grouped 
(p< 0.018). 



Table 8. 

Treatment 

PthX 2 PinX 

Grouped 

Isolated 

The Effect of Isolation vs. Grouping on Pinea1ectomy-Induced Convulsions in 
Parathyroidectomized Male and Female Sprague-Dawley Rats 

No. Convulsing per Latency to Onset of No. Convulsions per 
Total at Risk (%) 1st Convulsion (min)* Convulsing Rat* 

10/23 (43) 280 % 39 3.1 % 0.5 

9/21 (43) 359 % 26 2.2 % 0.5 

* Mean ± Standard Error 
Following PinX grouped rats caged five to six per cage; isolated rats caged one per cage. 
PthX = parathyroidectomy, PinX = pinea1ectomy. 

Deaths 

5 

1 

-...J 
V1 
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Figure 5. The effect of grouping versus isolation on the cumulative 
incidence of convulsing rats. Sprague-Dawley rats were used. See 
Table 8 and Figure 4 for further details. Isolated differs from 
grouped lp< 0.018). 
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The following experiments represent pharmacological manipu-

lations of catecholamine neurons. See Figure 6 for a schematic 

drawing of a NE neuron and the possible sites of drug action. 

5. The Effects of Neonatal Destruction 
of Catecholamine Neurons on 
Pinea1ectomy-Induced Convulsions 

The Effect of Neonatal 6-Hydroxydopamine on Pinea1ectomy-

77 

Induced Convulsions in Isolated Parathyroidectomized Male and Female 

Sprague-Dawley Rats. Neonatal 6-0HDA injections did not have a sig-

nificant effect, when compared with vehicle-injected controls, on the 

number of rats convulsing per number at risk in isolated young-adult 

Sprague-Dawley rats (Table 9). However, seizures in the 6-0HDA-

treated group seemed to be more severe, as three of the four con-

vu1sing rats died after just one seizure. None of the sham-operated 

rats that were treated with 6-0HDA convulsed. 

Mean body weights (g) of the 6-0HDA- (76.4 ± 5.2) and vehic1e-

treated (74.1 ± 3.7) rats were not significantly different at the time 

of PinX. 

The Effect of Neonatal 6-Hydroxydopamine on Pinea1ectomy-

Induced Convulsions in Isolated Parathyroidectomized Male and Female 

Long-Evans Rats. In the Long-Evans rat, 6-0HDA administered to neo-

nates had several profound effects on PinX-induced seizures (Table 

10). 6-0HDA caused a 45% reduction in the mean latency to onset of 

the first convulsion. The curve representing cumulative incidence of 

convulsing rats for 6-0HDA-treated animals was significantly (p< 0.012) 

moved to the left of vehicle-treated controls (Figure 7). At the end 
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Figure 6. Schematic model of a central norepinephrine neuron indi
cating possible sites of drug action. DOPA = dihydroxyphenylalanine, 
DA = dopamine, NE = norepinephrine, a-MPT = a-methyl-p-tyrosine, 
DMI = desipramine. 



Table 9. 

Treatment 

PthX z PinX 

Vehicle 

6-0HDA 

PthX! Sh-PinX 

6-0HDA 

The Effect of Neonatal 6-Hydroxydopamine on Pinealectomy-Induced 
Convulsions in Parathyroidectomized Male and Female Sprague-Dawley Rats 

No. Convulsing per Latency to Onset of No. Convulsions per 
Total at Risk (%) 1st Convulsion (min)* Convulsing Rat* 

1/10 (10) 453 1 

4/9 (44) 273 ± 60 1.2 ± 0.2 

0/4 (O) 

* Mean ± Standard Error 

Deaths 

0 

4 

0 

Saline, ascorbic acid vehicle or 6-0HDA (100 mg/kg) administered s.c. the first three Gays after 
birth. 

PthX = parati~yroidectomy, PinX = pinealectomy, Sh-PinX = sham-pinealectomy, 
6-0HDA = 6-hydroxydopamine. 

Rats isolated one per cage following PinX. 

--.J 
\0 



Table 10. The Effect of Neonatal 6-Hydroxydopamine on Pinealectomy-Induced Convulsions in 
Parathyroidectomized Male and Female Long-Evans Rats 

Treatment No. Convulsing per Latency to Onset of No. Convulsions per 
Total at Risk (%) 1st Convulsion (min)* Convulsing Rat* 

PthX, PinX 

Vehicle 4/7 (57) 302 ± 13 3.8 ± 0.5 

6-0HDA 14/16 (88) 167 ± 23a 3.8 ± 0.9 

a 
p < 0.005 vs. Vehicle. 

* Mean ± Standard Error 
Saline, ascorbic acid vehicle or 6-0HDA (100 mg/kg) administered s.c. the first three days 

after birth. 
PthX = parathyroidectomy, PinX = pinealectomy, Sh-PinX = sham-pinealectomy, 

6-0HDA = 6-hydroxydopamine. 
Rats isolated one per cage following PinX. 

Deaths 

0 

8 

00 
o 
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Figure 7. Ibe effect of neonatal 6-hydroxydopamine (6-0HDA) on the 
cumulative incidence of convulsing rats. Long-Evans rats were 
injected (s.c.) with 6-0HDA tlOO mg/kg) or vehicle the first three 
days after birth. The rats were parathyroidectomized at 21 days of 
age and pinealectom5.zed one week later. The animals were isolated 
after pinealectomy (PinX) and observed for eight hours. See Table 10 
for number of rats per group. 6-0HDA differs from vehicle ~p< 0.012). 
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of the observation period, over half (57%) of the convulsing 6-0HDA

treated rats had died (four died from one seizure) while none of the 

convulsing saline-treated rats died. 

The Effect of Neonatal 6-Hydroxydopamine on Pinealectomy

Induced Convulsions in Isolated Parathyroidectomized Male and Female 

ACI Rats. Treatment of neonatal ACI rats with 6-0HDA caused 40% of 

them to convulse when pinealectomized at 28 days of age (Table 11). 

Only one vehicle-treated rat convulsed following PinX. The mean 

latency to onset of the first convulsion was not significantly 

different between 6-0HDA-treated ACI and Long-Evans rats in the 

previous experiment. The four 6-0HDA-treated ACI rats that convulsed 

experienced a total of 18 ,seizures, while the one vehicle-treated rat 

that convulsed had only two seizures. All of the convulsing rats in 

either experimental group survived the seizures. 

Mean rectal temperatures measured before PinX were signifi

cantly (p< 0.05) decreased in 6-0HDA-treated rats. 

The Effect of Neonatal 6~Hydroxydopamine and Desipramine on 

Pinealectomy-Induced Convulsions in Isolated Parathyroidectomized Male 

and Female Long-Evans Rats. None of the treatments in neonatal Long

Evans rats (vehicle, 6-0HDA, DMI plus 6-0HDA or DMI) had a significant 

effect on the number of isolated convulsing rats per total at risk 

(Table 12). However, when compared with vehicle-injected controls, 

6-0HDA caused a significant (p< 0.01) 42% reduction in the mean 

latency to onset of the first convulsion (Figure 8). This effect of 

6-0HDA was partially reversed when the rats were injected with DMI 



Table 11. The Effect of Neonatal 6-Hydroxydopamine on Pinealectomy-Induced Convulsions 
in Parathyroidectomized Male and Female ACI Rats 

Treatment No. Convulsing Latency to Onset No. Convulsions Rectal Deaths 
per Total of 1st per Temp (OC)* 

at Risk (%) Convulsion (min)* Convulsing Rat* 

PthX! PinX 

Vehicle 1/8 (12) 35 2 36.1 ± 0.1 

6-0HDA 4/10 (40) 116 ± 43 4.5 ± 0.6 35.6 ± 0.2 a 

a p < 0.05 vs. vehicle. 
*Mean ± Standard Error 
Saline, ascorbic acid vehicle or 6-0HDA (100 mg/kg) administered s.c. the first three days after 

birth. 
PthX = parathyroidectomy, PinX = pinealectomy, 6-0HDA = 6-hydroxydopamine. 
Rats isolated one per cage following PinX. 

0 

0 

00 
w 



Table 12. The Effect of Neonatal 6-Hydroxydopamine and Desipramine on Pinealectomy-Induced 
Convulsions in Parathyroidectomized Male and Female Long-Evans Rats 

Treatment 

PthX, PinX 

Vehicle 

6-0HDA 

DMI + 6-0HDA 

DMI 

PthX, Sh-PinX 

Vehicle 

6-0HDA 

a 

DMI + 6-0HDA 

DMI 

p < 0.01 vs. Vehicle. 
*Mean ± Standard Error 

No. Convulsing per 
Total at Risk (%) 

7/12 (58) 

22/35 (63) 

8/13 (62) 

6/7 (86) 

0/6 (0) 

0/12 (0) 

1/6 (17) 

0/4 (0) 

Latency to Onset of 
1st Convulsion (min)* 

379 ± 33 

218 ± 24a 

287 ± 57 

298 ± 55 

437 

No. Convulsions per 
Convulsing Rat* 

L 7 ± 0.6 

3.0 ± 0.6 

3.6 ± 0.7 

2.8 ± 0.5 

1 

Deaths 

0 

10 

0 

0 

o 
o 
o 
o 

Saline, ascorbic acid vehicle, 6-0HDA (100 mg/kg) or DMI (25 mg/kg) administered s.c. the first 
three days after birth. 

PthX : parathyroidectomy, PinX = pinealectomy, Sh-PinX sham-pinealectomy, 
6-0HDA = 6-hydroxydopamine, DMI = desipramine. 

Rats isolated one per cage following PinX. 
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Figure 8. The effect of neonatal 6-hydroxydopamine (6-0HDA) and 
desipramine (DMI) on the mean latency to onset of the first convul
sion. All groups were parathyroidectomized and pinealectomized. 
The number within each bar represents the number of animals in that 
group. Vertical lines from the top of each bar signify the SEM. 
a, p < 0.01 versus vehicle. 
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plus 6-0HDA. DMI alone had no effect on mean latency to the first 

convulsion. The curve representing cumulative incidence of convulsing 

rats treated with 6-0HDA (p < 0.012) and DMI (p < 0.012) was signifi

cantly shifted to the left of vehicle-treated controls (Figure 9). 

The cumulative incidence curve of rats treated with 6-0HDA and DMI 

was significantly different (p< 0.036) from 6-0HDA-treated rats but 

not from vehicle-treated controls. 

The greatest proconvu1sant effect of 6-0HDA was an.. increase 

in the number of deaths. For example, of the 22 convulsing rats 

treated with 6-0HDA, ten died from a tonic seizure. Six of these died 

following just one seizure. None of the rats in any of the other 

treatment groups died from a seizure. 

Of the four groups of sham-pinea1ectomized rats, one animal 

that was injected with DMI plus 6-0HDA experienced a wild run (Table 

12). None of the other rats convulsed, and there were no deaths 

during the observation period. 

The te1encepha10ns of sham-pinea1ectomized rats injected neo

natally with 6-0HDA had significantly lower (24%) levels of NE, while 

DA, DOPAC and 5-HIAA concentrations were all significantly increased 

(Table 13, Figure 10). The effect of 6-0HDA on telencephalic NE, DA, 

DOPAC and 5-HlAA was reversed by DMI. In the brain stem, 6-0HDA 

caused a 66% increase in NE levels (Table 14, Figure 11). Pretreat

ment with DMI again reversed this effect of 6-0HDA. 
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Figure 9. The effect of neonatal 6-hydroxydopamine (6-0HDA) and 
desipramine (DMI), either alone or in combination, on the cumulative 
incidence of convulsing rats. Long-Evans rats were injected (s.c.) 
with either 6-0HDA (100 mg/kg), 6-0HDA plus DMI (25 mg/kg), DMI or 
vehicle the first three days after birth. They were parathyroid-, 
ectomized at 21 days of age and pinealectomized one week later., 
The animals were isolated after pinealectomy (PinX) and observed for 
eight hours. See Table 12 for number of rats per group. 6-UHDA and 
DMI differ from vehicle tp < 0.012). 6-0HDA differs from 6-0HDA + 
Dm (p < 0.036). 



Table 13. The Effect of Neonatal 6-Hydroxydopamine and Desipramine on Telencephalon NE, 
DA, DOPAC and 5-HlAA (~g/g) in Parathyroidectomized, Sham-Pinealectomized Rats 

Treatment NE DA DOPAC 5-HlAA 

Vehicle 0.641 ± 0.046 2.282 ± 0.103 0.314 ± 0.013 0.820 ± 0.037 

6-0HDA 0.485 ± 0.033a 2.729 ± 0.12la 0.387 ± 0.029a 1.120 ± 0.086a 

DMI + 6-0HDA 0.686 ± 0.034 2.222 ± 0.092 0.283 ± 0.013 0.846 ± 0.016 

DMI 0.785 ± 0.078b 2.560 ± 0.180 0.294 ± 0.022 0.971 ± 0.055 

a b p < 0.01 versus Vehicle and DMI + 6-0HDA; p < 0.025 versus Vehicle. 
All values (~g/g) expressed as mean ± standard error. 
Saline, ascorbic acid vehicle, 6-0HDA (100 mg/kg) or DMI (25 mg/kg) administered s.c. the first 

three days after birth. 
NE = norepinephrine, DA = dopamine, DOPAC = 3,4-dihydroxyphenylacetic acid, 

5-HlAA = 5-hydroxyindoleacetic acid, 6-0HDA = 6-hydroxydopamine, DMI = desipramine. 
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Figure 10. The effect of neonatal 6-hydroxydopamine 
(6-0HDA) and desipramine (DMI) on norepinephrine 
(NE) (open bars) and dopamine (DA) (solid bars) 
levels in the telencephalons of parathyroidectomized, 
sham-pinea1ectomized rats. Vertical lines from the 
top of each bar signify the SEM. See Table 12 for 
number of rats per group. a, p < 0.0125 versus 
vehicle, p < 0.0025 versus 6-0HDA/DMI, b, p < 0.0125 
versus vehicle, p < 0.01 versus 6-0HDA/DMI, c, 
P < 0.025 versus' vehicle. 
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Table 14. The Effect of Neonatal 6-Hydroxydopamine and Desipramine on Brain Stem NE, DA, 
DOPAC and 5-HlAA (~g/g) in Parathyroidectomized, Sham-Pinealectomized Rats 

Treatment NE DA DOPAC 5-HlAA 

Vehicle 1.543 ± 0.077 0.355 ± 0.030" 0.102 ± 0.007 1. 703 ± 0.090 

6-0HDA 2.569 ± 0.184a 
0.385 ± 0.023 0.121 ± 0.006 1.971 ± 0.111 

DMI + 6-0HDA 1.643 ± 0.059 0.322 ± 0.022 0.121 ± 0.006 1. 760 ± 0.117 

DMI 1.567 ± 0.024 0.327 ± 0.025 0.090 ± 0.018 1.817 ± 0.118 

a p < 0.0005 versus Vehicle and DMI + 6-0HDA. 
All values (~g/g) expressed mean ± standard error. 
Saline, ascorbic acid vehicle, 6-0HDA (100 mg/kg) or DMI (25 mg/kg) administered s.c. the first 

three days after birth. 
NE = norepinephrine, DA = dopamine, DOPAC = 3,4-dihydroxyphenylacetic acid, 5-HlAA = 5-hydroxy

indoleacetic acid, 6-0HDA = 6-hydroxydopamine, DMI = desipramine. 
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Figure 11. The effect of neonatal 6-hydroxydopamine 
(6-0HDA) and desipramine (DMI) on norepinephrine (NE) 
(open bars) and dopamine (DA) (solid bars) levels in the 
brain stems of parathyroidectoirnzed, sham-pinea1ectomized 
rats. Vertical lines from the top of each bar signify 
SEM. See Table 12 for number of rats per group. a, 
p < 0.0005 versus vehicle and 6-0HDA/DMI. 
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6. The Effect of Catecholamine Synthesis 
Inhibitors and a Catecholamine Precursor 
on Pinealectomy-Induced Convulsions 

The Effect of Different Doses of a-Methyl-p-tyrosine on 

Pinealectomy-Induced Convulsions in Grouped Parathyroidectomized 

Long-Evans Rats. The intermediate dose of a-MPT (250 mg/kg) had a 

slightlY proconvulsant effect on PinX-induced seizures in grouped 

Long-Evans rats (Table 15). The mean latency to onset of the first 

tonic convulsion was halved by the middle dose of a-MPT; however, 

none of the other parameters measured were significantly different 

from saline-injected controls. Sham-operated rats treated with the 

largest dose of a-MPT did not convulse. 

The Effect of a-Methy1-p-tyrosine on Pinea1ectomy-Induced 

Convulsions in Isolated Parathyroidectomized Long-Evans Rats. In 

contrast to the previous experiment, a-MPT (250 mg/kg) had no sig-

nificant proconvu1sant effect on the mean latency to onset of the 

first tonic seizure in isolated rats (Table 16). The curves repre-

92 

senting cumulative incidence of convulsing rats for a-MPT and saline 

treated animals were not significantly different (Figure 12). Sur-

prising1y, a-MPT significantly reduced the mean number of convulsions 

per convulsing rats as compared with saline-treated controls. 

The content of NE, DA and DOPAC was dramatically (p< 0.0005) 

reduced in the te1encepha10ns and brain stems of sham-pinealectomized 

rats treated with a-MPT (Table 17). Sham-operated animals injected 

with either saline or a-MPT did not convulse; the rectal temperatures 

of these two groups were not significantly different at four hours 

after Sh-PinX. 



Table 15. The Effect of Different Doses of a-Methyl-p-tyrosine on Pinealectomy-Induced 
Convulsions in Parathyroidectomized Long-Evans Rats 

Treatment 

PthX, PinX 

Saline 

a-MPT 
150 mg/kg 

a-MPT 
250 mg/kg 

a-MPT 
350 mg/kg 

PthX, Sh-PinX 

a-MPT 
350 mg/kg 

No. 
Convulsions 
Per Total 

At Risk (%) 

9/10 (90) 

5/9 (55) 

8/9 (89) 

5/9 (55) 

0/5 (0) 

a p < 0.0025 VB. saline. 
*Mean ± Standard Error. 

Latency to Onset 
of 1st 

Convulsion (min)* 

147 ± 38 

217 ± 79 

80 ± 15 

191 ± 49 

Latency to Onset 
of 1st Tonic 

Convulsion (min)* 

235 ± 21 

177 ± 49 

118 ± 27
a 

254 ± 59 

No. 
Convulsions Per 
Convulsing Rat* 

3.5 ± 1.0 

2.0 ± 0.6 

5.1 ± 1.1 

2.0 ± 0.6 

Saline or ~MPT administered i.p. 24 and 12 hours before and just after PinX. 

Deaths 

1 

1 

2 

o 

o 

PthX = parathyroidectomy, PinX = pinealectomy, Sh-PinX = sham-pinealectomy, a-MPT a-methyl-p
tyrosine. 

Male rats grouped five per cage following PinX. 
\!) 
w 



Table 16. The Effect of a-Methy1-p-tyrosine on Pinea1ectomy-Induced 
Convulsions in Parathyroidectomized Long-Evans Rats 

Treatment No. Convulsing Latency to Latency to No. 
per Total Onset of 1st Onset of 1st Convulsions 

at Risk (%) Convulsion Tonic per 
(min) * Convulsion Convulsing 

(min) * Rat* 

PthX, PinX 

Saline 7/11 (64) 229 ± 28 293 ± 24 3.9 ± 0.5 

a-MPT 6/12 (50) 248 ± 64 279 ± 57 2.0 ± 0.5a 

PthX! Sh-PinX 

Saline 0/6 (0) 

a-MPT 0/6 (0) 

a p < 0.025 vs. Saline. 
* Mean ± Standard Error 

Rectal 
Temp (OC)* 

Deaths 

o 
o 

35.7 ± 0.3 0 

34.0 ± 1.0 0 

Saline or a-MPT (250 mg/kg) administered i.p. 24, 18 and 12 hours before PinX and just after PinX. 
PthX = parathyroidectomy, PinX = pinea1ectomy, Sh-PinX = sham-pinea1ectomy, a-MPT = a-methy1-p

tyrosine. 
Male rats isolated one per cage following PinX. 
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Figure 12. The effect of a-methyl-p-tyrosine {a-~WT) on the cumula
tive incidence of convulsing rats. Long-Evans rats were parathyroid
ectomized at 21 days of age and pinealectomized one week later. a-~T 

(250 mg/kg) or saline was administered (i.p.) 24, 18 and 12 hours 
before and just after pinealectomy (PinX). The animals were isolated 
and observed for eight hours. See Table 16 for number of rats per 
group. 



Table 17. 

Treatment 

The Effect of a-Methyl-p-Tyrosine on Telencephalon and Brain Stem NE, DA, 
DOPAC and 5-HlAA (~g/g) in Parathyroidectomized, Sham-Pinealectomized Rats 

NE DA DOPAC 

Telencephalon 

5-HlAA 

Saline 0.847 ± 0.040 2.782 ± 0.359 0.349 ± 0.024 1.101 ± 0.042 

a-MPT 0.203 ± 0.025a 0.615 ± 0.048a 0.038 ± 0.005a 1.162 ± 0.143 

Brain Stem 

Saline 1.820 ± 0.075 0.388 ± 0.023 0.154 ± 0.003 2.299 ± 0.105 

a-MPT 0.370 ± 0.075a 0.090 ± O.OlOa ND 2.523 ± 0.223 

a p < 0.0005 versus Saline. 
All values expressed as mean ± standard error. 
Saline or a-~WT (250 mg/kg) administered i.p. 24, 18 and 12 hours before and just after 

sham-pinealectomy. 
a-MPT = a-methyl-p-tyrosine, NE = norepinephrine, DA = dopamine, DOPAC = 3,4-dihyroxy

phenylacetic acid, 5-HlAA = 5-hydroxyindoleacetic acid. ND = not detectable. 
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The Effect of FLA-63 and L-Dihydroxyphenylalanine on Pineal

ectomy-Induced Convulsions in Isolated Parathyroidectomized Long-Evans 

Rats. FLA-63 (40 mg/kg) had no significant effect on the convulsive 

parameters reported in Table 18. Only one convulsing FLA-63-treated 

rat died from a seizure, while all of the saline controls survived. 

L-DOPA (150 mg/kg) had a modest, though nonsignificant~ anticonvulsant 

action on PinX-induced seizures. It provoked a slight decrease (54% 

to 30%) in the number of convulsing rats per total at risk when com

pared with saline-injected controls. The mean latency to onset of 

the first convulsion was slightly, though nonsignificantly, increased 

in L-DOPA-treated rats. The combination of L-DOPA and FLA-63 had a 

significant effect (p< 0.01) when compared with L-DOPA-treated con

trols, causing all of the pinealectomized rats to convulse. While 

the mean latency to onset of the first convulsion in this group was 

the lowest of all four treatment groups, it again was not signifi

cantly different from saline-treated controls. 

The cumulative incidence curve was significantly shifted to 

the left by FLA-63 (p < 0.012) and to the right by L-DOPA (p < 0.018) 

when compared with saline controls (Figure 13). The combination of 

L-DOPA plus FLA-63 significantly (p< 0.012) moved the curve to the 

left of L-DOPA-treated and FLA-63-treated controls. 

In the telencephalons of sham-pinea1ectomized rats, NE levels 

were significantly reduced (p < 0.0005) by FLA-63 when compared with 

saline controls. Furthermore, in L-DOPA pretreated animals FLA-63 

also lowered (p< 0.01) NE levels compared with L-DOPA-treated controls. 



Table 18. The Effect of L-Dihydroxypheny1a1anine and FLA-63 on Pinea1ectomy-Induced 
Convulsions in Parathyroidectomized Long-Evans Rats 

Treatment No. Convulsing Latency to Onset No. Convulsions Rectal 
per Total of 1st per Temp (OC)* 

at Risk (%) Convulsion (min)* Convulsing Rat* 

PthX, PinX 

Salir:.e, Saline 6/11 (54) 287 ± 54 3.0 ± 0.9 

Saline, FLA-63 8/11 (73) 244 ± 53 2.2 ± 0.4 

L-DOPA, Saline 3/10 (30) 348 ± 86 2.3 ± 0.9 

L-DOPA, FLA-63 10/10 (lOO)a 197 ± SO 2.8 ± 0.6 

PthX, Sh-PinX 

Saline, Saline 0/5 (0) 35.5 ± 0.2 

Saline, FLA-63 0/5 (0) 33.2 ± 0.6 b 

L-DOPA, Saline 0/4 (0) 35.8 ± 0.2 

L-DOPA, FLA-63 0/5 (0) 33.8 ± 0.7 

a b p < 0.01 vs. L-DOPA! Saline; p < 0.01 vs. Saline/ Saline. 
*Mean ± Standard Error 
Saline or L-DOPA (150 mg/kg) administered i.p. just after PinX; Saline or FLA-63 (40 mg/kg) 

administered i.p. 30 minutes after PinX. 
PthX = parathyroidectomy, PinX = pinea1ectomy, Sh-PinX = sham-pinea1ectomy, 

L-DOPA = L-dihydroxypheny1alanine. 
Male rats isolated one per cage following PinX. 
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Figure 13. The effect of L-dihydroxypheny1a1anine (L-DOPA) and FLA-63 
on the cumulative incidence of convulsing rats. Long-Evans rats were 
parathyroidectomized at 21 days of age and pinealectomized one week 
later. Saline or L-DOPA (150 mg/kg) was administered (i.p.) just 
after pinealectomy (PinX); saline or FLA-63 (40 mg/kg) was admin
istered (i.p.) 30 minutes after pinealectomy. The animals were iso
lated after pinea1ectomy and observed for eight hours. See Table 18 
for number of rats per group. FLA-63 and L-DOPA differ from Saline 
(p < 0.018). L-DOP:\!FLA-63 differs from FLA-63 and L-DOPA (p < 0.012). 
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Levels of telencephalic DOPAC were increased significantly (p< 0.05) 

when compared with saline controls (Table 19). 

Brain stem levels of NE and DA were significantly depressed 

(p< 0.0005) by FLA-63 in sham-pinealectomized rats. In addition, 

FLA-63 reduced (p< 0.005) brain stem levels of NE and DA in L-DOPA-

pretreated rats (Table 20). 

None of the four groups of sham-operated rats experienced 

convulsions. FLA-63 caused a significant drop in mean rectal tempera-

tures at 3.5 hours after Sh-PinX as compared with saline controls; 

this effect was prevented by pre-treatment with L-DOPA. 

7. The Effect of the Monoamine Storage 
Inhibitor Reserpine on Pinealectomy
Induced Convulsions in Isolated 
Parathyroidectomized Long-Evans Rats 

The only convulsive parameter that reserpine (2.5 mg/kg) sig-

nificantly affected was the cumulative incidence of convulsing rats 

(Table 21, Figure 14). Reserpine caused a significant (p< 0.018) 

shift to the left of the cumulative incidence curve. Sham-pineal-

ectomized rats treated with reserpine did not convulse. 

8. The Effect of the Norepinephrine Reuptake 
Inhibitor Desipramine on Pinealectomy
Induced Convulsions in Isolated 
Parathyroidectomized Long-Evans Rats 

Desipramine (25 mg/kg) significantly reduced the number of 

convulsing rats per total at risk (Table 22). The curve representing 

cumulative incidence of convulsing rats treated with DMI was signifi-

cantly (p< 0.012) shifted to the right when compared with saline 



Table 19. The Effect of L-Dihydroxyphenylalanine and FLA-63 on Telencephalon 
NE, DA, DOPAC and 5-HlAA (~g/g) in Parathyroidectomized, Sham-Pinealectomized Rats 

Treatment NE DA DOPAC 5~HlAA 

Saline, Saline 0.969 ± 0.020 3.497 ± 0.197 0.473 ± 0.041 1.128 ± 0.052 

L-DOPA, Saline 0.836 ± 0.057 3.241} ± 0.160 0.426 ± 0.013 1.092 ± 0.036 

Saline, FLA-63 0.315 ± 0.065a 3.812 ± 0.250 0.592 ± 0.033b 1.149 ± 0.083 

L-DOPA, FLA-63 0.411 ± 0.079c 
3.571 ± 0.113 0.537 ± 0.032 1.101 ± 0.059 

a p< 0.0005 versus Saline, Saline; b p< 0.05 versus Saline, Saline; c p< 0.01 versus L-DOPA, Saline. 
All values expressed as mean ± standard error. 
Saline or L-DOPA (150 mg/kg) administered i.p. just after sham-pinealectomy; saline or FLA-63 

(40 mg/kg) administered i.p. 30 minutes after sham-pinealectomy. 
L-DOPA = L-dihydroxyphenylalanine, NE = norepinephrine, DA = dopamine, DOPAC = 3,4-dihydroxy

phenylacetic acid, 5-HlAA = 5-hydroxyindoleacetic acid. 
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Table 20. The Effect of L-Dihydroxyphenylalanine and FLA-63 on Brain Stem NE, DA, DOPAC 
and 5-HlAA (~g/g) in Parathyroidectomized, Sham-Pinealectomized Rats 

Treatment NE DA DOPAC 5-HlAA 

Saline, Saline 1. 720 ± 0.081 0.372 ± 0.018 0.138 ± 0.005 2.072 ± 0.066 

L-DOPA, Saline 1.651 ± 0.105 0.385 ± 0.024 0.162 ± 0.012 2.098 ± 0.096 

Saline, FLA-63 0.682 ± 0.095a 0.905 ± 0.090a 0.499 ± 0.092 2.102 ± 0.117 

L-DOPA, FLA-63 0.873 ± 0.142b 0.862 ± 0.087b 0.456 ± 0.073 2.305 ± 0.238 

a b p < 0.0005 versus Saline, Saline; p < 0.005 versus L-DOPA, Saline. 
All values expressed as mean + standard errors. 
Saline or L-DOPA (150 mg/kg) ~dministered i.p. just after sham-pinealectomy; saline or FLA-63 

(40 mg/kg) administered i.p. 30 minutes after sham-pinealectomy. 
L-DOPA = L-dihydroxyphenylalanine, NE = norepinephrine, DA = dopamine, DOPAC = 3,4-dihydroxyphenyl

acetic acid, 5-HlAA = 5-hydroxyindoleacetic acid. 
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Table 21. The Effect of Reserpine on Pinealectomy-Induced Convulsions 
in Parathyroidectomized Long-Evans Rats 

Treatment 

PthX, PinX 

Saline 

Reserpine 

PthX, Sh-PinX 

Reserpine 

No. Convulsing 
per Total 

at Risk (%) 

5/11 (45) 

8/11 (73) 

0/6 (0) 

* Mean ± Standard Error 

Latency to Onset 
of 1st 

Convulsion (min)* 

221 ± 72 

186 ± 41 

No. Convulsions 
per 

Convulsing Rat* 

2.5 ± 0.6 

3.2 ± 0.8 

Saline or reserpine (2.5 mg/kg) administered i.p. 14 hours before PinX. 
PthX = parathyroidectomy, PinX = pinea1ectomy, Sh-PinX = sham-pinea1ectomy. 
Male rats isolated one per cage following PinX. 

Rectal 
Temp (OC)* 

35.0 ± 0.6 

Deaths 

1 

2 

o 

..... 
o 
w 
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Figure 14. The effect of reserpine on the cumulative incidence of 
convulsing rats. Long-Evans rats were parathyroidectomized at 21 
days of age and pinea1ectomized one week later. Reserpine (2.5 mg/kg) 
or saline was administered (i.p.) 14 hours before pinea1ectomy (PinX). 
After pinea1ectomy the rats were isolated and observed for eight 
hours. See Table 21 for number of rats per group. Reserpine differs 
from saline (p < 0.018) . 



Table 22. The Effect of Desipramine on Pinealectomy-Induced Convulsions 
in Parathyroidectomized Long-Evans Rats 

Treatment No. Convulsing 
per Total 

at Risk (%) 

Latency to Onset 
of 1st 

Convulsion (min)* 

No. Convulsions 
per 

Convulsing Rat* 

Rectal 
Temp (OC)* 

Deaths 

PthX, PinX 

Saline 

DMI 

PthX, Sh-PinX 

Saline 

DMI 

9/12 (75) 

2/12 (17)a 

0/0 (0) 

0/0 (0) 

a p < 0.01 vs. Saline; b p < 0.02 vs. Saline. 
* Mean ± Standard Error 

296 ± 48 

215 ± 39 

Saline or DMI (25 mg/kg) administered i.p. just after PinX. 

2.9 ± 0.7 

2.5 ± 0.5 

36.5 ± 0.2 
b 34.8 ± 0.5 

PthX = parathyroidectomy, PinX = pinealectomy, Sh-PinX = sham-pinealectomy, DMI desipramine. 
Male rats isolated one per cage following PinX. 

o 
o 

o 
o 

...... 
o 
U1 
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injected controls (Figure 15). However, neither the mean latency to 

onset of the first convulsion nor the mean number of convulsions per 

convulsing rat for DMI-treated animals were significantly different 

from saline-injected controls. 

DMI caused a significant (p< 0.02) decrease in brain stem 

levels of DOPAC in sham-pinealectomized rats (Table 23). 

None of the sham-pinealectomized rats treated with saline or 

DMI convulsed. DMI caused a significant decrease in the mean rectal 

temperature at four hours after Sh-PinX. 

9. The Effect of a Catecholamine Receptor 
Agonist and Antagonist on Pinealectomy
Induced Convulsions 

The Effect of Acute Administration of the U2-Receptor Agonist 

Clonidine on Pinealectomy-Induced Convulsions in Isolated Para-

thyroidectomized Long-Evans Rats. An injection of clonidine (0.1 or 

1.0 mg/kg) just after PinX had no significant effect on convulsions in 

the isolated Long-Evans rat (Table 24, Figure 16). 

The Effect of Chronic Administration of the u2-Receptor 

Agonist Clonidine on Pinealectomy-Induced Convulsions in Isolated 

Parathyroidectomized Long-Evans Rats. Daily administration of cloni-

dine (5.0 mg/kg) caused a significant (p< 0.05) decrease, when com-

pared with controls, in the mean latency to onset of the first con-

vulsion (Table 25). The higher dose of c10nidine also significantly 

(p< 0.012) shifted the curve representing cumulative incidence of 

convulsing rats to the left when compared with saline controls (Fig-

ure 17). The lower dose of clonidine (0.5 mg/kg) appeared to inhibit, 
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Figure 15. The effect of desipramine (DUl) on the cumulative inci
dence of convulsing rats. Long-Evans rats were parathyroidectomized 
at 21 days of age and pinealectomized one week later. DMl (25 mg/kg) 
was injected (i.p.) immediately after pinealectomy (PinX) and the 
animals were isolated and observed for eight hours. See Table 22 
for number of rats per group. DMl differs from saline (p< 0.012), 



Table 23. The Effect of Desipramine on Telencephalon and Brain Stem NE, DA, DOPAC and 5-HlAA (~g/g) 
in Parathyroidectomized, Sham-Pinealectomized Rats 

Treatment NE 

Saline 0.943 ±" 0.055 

DMI 0.(}24 ± 0.070 

Saline 1. 776 ± 0.048 

DMI 1.665 ± 0.079 

a . 
p < 0.02 versus Saline. 

DA DOPAC 

Telencephalon 

4.101 ± 0.093 0.518 ± 0.021 

4.136 ± 0.212 '0.463 ± 0.034 

Brain Stem 

0.410 ± 0.021 

0.357 ± 0.029 

0.127 ± 0.008 

0.094 ± 0.007
a 

All values expressed as mean ± standard error. 
Saline or DMI (25 mg/kg) administered i.p. just after sham-pinealectomy. 

5-HlAA 

1.288 ± 0.049 

1.155 ± 0.096 

1. 765 ± 0.092 

1.630 ± 0.044 

DMI = desipramine, NE = norepinephrine, DA = dopamine, DOPAC = 3,4-dihydroxyphenylacetic acid, 
5-HlAA = 5-hydroxyindoleacetic acid. 

~ 
o 
OJ 



Table 24. The Effect of Acute C10nidine on Pinea1ectomy-Induced Convulsions 
in Parathyroidectomized Long-Evans Rats 

Treatment 

PthX. PinX 

Saline 

C10nidine 0.1 mg/kg 

C10nidine 1.0 mg/kg 

PthX, Sh-PinX 

C10nidine 1.0 mg/kg 

No. Convulsing per 
Total at Risk (%) 

5/9 (56) 

7/10 (70) 

6/11 (54) 

0/5 (0) 

* Mean ± Standard Error 

Latency to Onset of 
1st Convulsion (min)* 

315 ± 25 

353 ± 21 

238 ± 47 

Saline or c10nidine administered i.p. just after PinX. 

No. Convulsions per 
Convulsing Rat* 

2.6 ± 0.6 

2.8 ± 0.6 

2.2 ± 0.4 

PthX = parathyroidectomy, PinX = pinea1ectomy, Sh-PinX sham-pinea1ectomy. 
Male rats isolated one per cage following PinX. 

Deaths 

o 
o 
o 

a 

..... 
o 
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Figure 16. The effect of the acute administration of clonidine on the 
cumulative incidence of convulsing rats. Long-Evans rats were para
thyroidectomized at 21 days of age and pinealectomized one week later. 
Clonidine (0.1 or 1.0 mg/kg) or saline was administered {i.p.) just 
after pinealectomy (PinX) and the rats were isolated and observed for 
eight hours. See Table 24 for number of rats per group. 



Table 25. The Effect of Chronic Clonidine on Pinealectomy-Induced Convulsions 
in Parathyroidectomized Long-Evans Rats 

Treatment 

PthX, PinX 

Saline 

a 

Clonidine 0.5 mg/kg 

Clonidine 5.0 mglkg 

p < 0.05 vs. Saline. 

No. Convulsing per 
Total at Risk (%) 

5110 (50) 

1110 (10) 

6/9 (67) 

* Mean + Standard Error 

Latency to Onset of 
1st Convulsion (min)* 

327 ± 63 

464 

138 ± 49
a 

No. Convulsions per 
Convulsing Rat* 

2.4 ± 0.9 

1 

2.5 + 0.7 

Salin~ or clonidine administered i.p. once daily for two weeks between PthX and PinX. 
PthX = parathyroidectomy, PinX = pinealectomy. 
Male rats isolated one per cage following PinX. 

Deaths 

o 
o 
o 

..... ..... ..... 
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Figure 17. The effect of chronic clonidine on the cumulative indi
dence of convulsing rats. Long-Evans rats were parathyroidectomized 
at 21 days of age. For two weeks they received a daily injection 
(i.p.) of either clonidine (5.0 mg/kg) or saline. They were then 
pinealectomized (PinX), isolated and observed for eight hours. See 
Table 25 for number of rats per group. Clonidine differs from 
saline (p< 0.012). 
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though nonsignificantly, the number of convulsing rats per total at 

risk from 50% (saline-injected controls) to 10%. None of the rats 

in any of the three groups died from a seizure. 

The Effect of the B-Receptor Antagonist Timolol on Pineal

ectomy-Induced Convulsions in Isolated Parathyroidectomized Long-Evans 

Rats. Increasing doses of timolol had no significant effect on the 

number of convulsing rats per total at risk (Table 26). However, the 

mean latency to onset of the first convulsion was decreased by timolol 

in a dose-dependent manner to 43% of the saline-control value (Figure 

18). Similarly, increasing doses of timolol gradually and signifi

cantly increased the number of convulsions per convulsing rat (Figure 

19). Despite the dramatic proconvulsant action of timolol, only two 

convulsing rats that had received the highest dose (2,500 ~g/kg) died 

from a tonic seizure. The cumulative incidence curve was progres

sively moved to the left by increasing doses of timolol (Figure 20). 

Sham-pinealectomized rats receiving the highest dose of 

timolol did not convulse. Mean rectal temperatures at one and two 

hours after Sh-PinX were reduced by approximately 1.5°C compared to 

preoperative control temperatures. 



Table 26. The Effect of Timolol on Pinealectomy-Induced Convulsions 
in Parathyroidectomized Long-Evans Rats 

Treatment 

PthX, PinX 

Saline 

Timolol 25 mg/kg 

Timolol 250 mg/kg 

Timolol 2500 mg/kg 

PthX, Sh-PinX 

Timolol 2500 mg/kg 

No. Convulsing per 
Total at Risk (%) 

6/10 (60) 

6/8 (75) 

7/9 (78) 

8/9 (89) 

0/4 (0) 

Latency to Onset of 
1st Convulsion (min)* 

351 ± 27 

290 ± 57 

248 ± 47a 

150 ± 36b 

a p < 0.05 vs. Saline; b p < 0.0025 vs. Saline; c p < 0.0005 vs. Saline. 
* Mean ± Standard Error 

No. Convulsions per 
Convulsing Rat* 

1.7 ± 0.3 

3.8 ± 1.2 

5.0 ± 1.6 
a 

7.0 ± 0.9
c 

Deaths 

0 

0 

1 

2 

o 

Saline or (-)Timolol administered intracerebroventricularly (5 Vl) immediately preceding PinX. 
PthX = parathyroidectomy, PinX = pinealectomy, Sh-PinX = sham-pinealectomy. 
Male rats isolated one per cage following PinX. 
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Figure 18. The effect of (-)timolol on the mean latency to onset 
of the first convulsion. All groups were parathyroidectomized and 
pinealectomized. The number within each bar represents the number 
of animals in that group. Vertical lines from the top of each bar 
signify the SEM. a, p< 0.05 versus saline; b, p< 0.0025 versus 
saline. 
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Figure 19. lbe effect of (-)timo101 on the mean number of convulsions 
per convulsing rat. All groups were parathyroidectomized and pinea1-
ectomized. The number within each bar represents the number of ani
mals in that group. Vertical lines from the top of each bar signify 
the SEM. a, p < 0.05 versus saline; b, P < 0.0005 versus saline. 
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Figure 20. The effect of (-)timolol on the cumulative incidence of 
convulsing rats. Long-Evans rats were parathyroidectomized at 21 
days of age and pinealectomized one week later. Timolol (25, 250 or 
2,500 ng/kg) or saline was administered introcerebroventricularly 
(i.c.v.) immediately prior to pinealectomy (PinX). The rats were 
isolated after pinealectomy and observed for eight hours. See Table 
26 for number of rats per group. All three doses of timolol differ 
from saline (p < 0.012). 



CHAPTER IV 

DISCUSSION 

The Influence of Gender on Pinealectomy-Induced Seizures 

The gender of a prepubertal Sprague-Dawley rat had no sig-

nificant influence on any of the measured parameters of convulsions 

in grouped pinealectomized animals. Furthermore, the seizures of 

grouped ovariectomized rats were virtually identical with those of 

gonadally-intact controls. Therefore, it appears that neither the 

gender of the animal nor the presence or absence of the gonads sig-

nificantly influence PinX-induced convulsions in prepubertal, grouped 

Sprague-Dawley rats. 

Additional studies with isolated male and female rats before 

and after puberty might reveal sex differences in the response to 

PinX-induced convulsions. (See Experiment 4 for the effects of 

isolation versus grouping on PinX-induced seizures.) 

The Influence of Pineal Substances on 
Pinealectomy-Induced Seizures 

Since removal of the pineal gland causes seizures in para-

thyroidectomized rats, it is tempting to speculate that the pineal 

gland normally releases an endogenous anticonvulsant substance. Sup-

porting this contention is a report in which an intraventricu1arly 

injected antibody to melatonin caused transitory abnormalities in 

cortical electroencephalograms in rats [118]. From this study it 

118 



appears that melatonin may exert an inhibitory action on cortical 

excitability. 
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Cerebral neurotransmission may be regulated by melatonin as 

evidenced by the ability of either intraarterial or intracisternal 

injections of the indole to increase whole brain NE and DA levels 

within one hour after injection in rats [119]. However, in another 

study, intraperitoneally injected melatonin had a substantial effect 

on sleep, yet did not alter concentrations of either 5-HT ,. DA or NE in 

several brain regions of rats [120]. 

Both melatonin [67] and the presumptive pineal peptide AVT 

[66] suppress convulsions induced by PTZ in rats. In view of the 

potent anticonvulsant activity of melatonin in particular, the removal 

of this hormone (and/or other pineal compounds) following PinX may be 

the stimulus for convulsions in parathyroidectomized rats. Pineal

ectomy-induced convulsions may occur as a result of alterations in 

neurotransmitter function and cortical excitability attributable to 

the loss of melatonin. 

However, in Experiment 3 melatonin implants did not appear to 

playa major role in altering convulsions in isolated pinealectomized 

rats. Although the cumulative incidence of convulsing rats was either 

increased or decreased by higher or lower doses of melatonin, respec

tively, none of the other convulsive parameters in melatonin-treated 

rats were significantly different from controls. The lack of mela

tonin after PinX may either not be involved in generating the seizures, 

or the mode of administering melatonin may not have replaced it in 

sufficient quantity. 
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With respect to grouped rats, the nonapeptide AVT either 

strongly promoted or had no effect on PinX-induced seizures. Since 

convulsive responses to saline or AVT could not be repeated, it 

appears another factor(s), perhaps the caging, may have caused the 

divergent responses to AVT. 

The protective effect of 1 mg of melatonin in Experiment 3 

is consistent with the finding that pinea1ectomized gerbils that are 

grouped are protected from seizures to only limited degree. by me1a-

tonin implants (1 mg) [107] but not by i.p. injections of melatonin 

[106]. Other experiments involving i.c.v. injections or brain 

implants of melatonin in isolated animals of both species may help 

define the role of melatonin in PinX-induced convulsions. 

The Influence of the Caging Paradigm on 
Pinealectomy-Induced Convulsions 

It is clear from this study that isolation versus grouping 

dramatically affected certain parameters of PinX-induced convulsions. 

For example, when compared with grouping rats, isolating rats more 

than doubled the latency to onset of the first convulsion following 

PinX, while the number of convulsions per convulsing rat during the 

eight-hour observation period was halved. This was probably due to 

isolated rats being separated from other convulsing rats. Since the 

behavioral characteristics of the seizures and the numbers of animals 

convulsing per number at risk of both isolated and grouped rats were 

not different, one can assume that housing did not alter the basic 

mechanism(s) involved in generating the actual seizures in para thy-

roidectomized, pinea1ectomized rats. 
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Grouping can affect motor activity and lethality in response 

to eNS stimulants. For example, amphetamine, caffeine and picrotoxin 

were more stimulatory to motor activity and lethal in grouped versus 

isolated mice [118]. Brain receptor densities in mice can also be 

altered by the housing conditions. For example, grouping mice for two 

weeks caused an increased number of S-, a
l

- and GABA-receptors in 

homogenates of whole brain [122]. Receptor density changes may pos

sibly explain increased amphetamine and picrotoxin toxicity in 

grouped mice. 

The heightened susceptibility of grouped rats to PinX-induced 

convulsions could be due to several factors. Environmental stimuli 

are capable of inducing convulsions in several genetic models of 

epilepsy [70]. Longterm stresses, including cold exposure [76], avoid

ance conditioning and immobilization [123], can heighten the response 

of animals to experimentally-induced seizures. Hence, it is con

ceivable that a convulsion by one pinealectomized rat might be an 

environmental stumulus or stress that triggers a convulsion in a 

pinealectomized cage-mate. 

Acute stress can decrease concentrations and increase turn-

over of brain NE [124]. While PinX can decrease brain NE levels [109], 

its effects, if any, on the turnover of NE have not been reported. 

One might hypothesize that acute stress induced by a convulsing cage

mate could increase NE turnover rates and synergize with already 

reduced brain levels of NE in the pinealectomized animal, which might 

enhance the seizure response. 
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The results of the isolation experiment indicate that close 

attention must be paid to the caging paradigm used in the PinX-induced 

seizure model. This may be particularly important in studies where 

the pharmacological manipulation of convulsions is involved. In such 

studies, the effects of grouping on convulsions may be difficult to 

differentiate from, or may even obscure, the effects of a particular 

drug suspected of modifying convulsive behavior. For example, the 

mean latency to onset of the first tonic seizures was lowered sig-

nificantly by a-MFT in grouped rats. In contrast, convulsions in iso-

lated rats were unaffected by a-MFT. Additionally, FLA-63 dramatical-

ly potentiates PinX-induced convulsions in grouped Sprague-Dawley 

rats [105]. However, when isolated Long-Evans rats were treated with 

FLA-63 a slight proconvulsant effect was observed. It could be 

argued that strain differences accounted for the differential response 

to FLA-63; however, it is more likely that the disparate results can 

be ascribed. to the caging paradigm. 

The Effects of Pharmacological Manipulation of the 
Catecholamines on Convulsions After Pinealectomy 

The results of Experiment 5 demonstrated that neonatal injec-

tions of the catecholamine neurotoxin 6-0HDA strongly potentiated 

PinX-induced seizures in Long-Evans rats. Seizures occurred signifi-

cantly sooner in 6-0HDA-treated rats, and nearly half of the convuls-

ing rats died following just one tonic seizure. Pretreating the rats 

with DMI appeared to reverse the proconvulsant effect of 6-0HDA. Re-

call that DMI is a NE reuptake inhibitor thought to prevent NE neurons 
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from taking up 6-0HDA, so that presumably only DA neurons are affected. 

The proconvu1sant findings with 6-0HDA are in basic agreement with 

other seizure models [14,41,74], except in the pinea1ectomized adult 

gerbil in which seizures are not affected by intracisternally injected 

6-0HDA [114]. 

Catecholamine levels were measured in the te1encepha10ns and 

brain stems of sham-pinea1ectomized rats that received the same neo

natal drug treatment as the convulsing pinea1ectomized rats. The 

rationale for measuring brain amines in drug-treated sham-pinea1-

ectomized rats was because only convulsing parathyroidectomized, 

pinea1ectomized rats (and not nonconvu1sing) had depressed levels of 

NE. Hence, any changes in brain amines might be a result, and not a 

cause, of the seizure. Stated differently, there would be no convul

sions in sham-pinea1ectomized rats to interfere with the drug effects 

on brain amines. An assumption made here is that the drugs have a 

similar effect in sham-pinea1ectomized and pinea1ectomized rats. 

Telencephalic levels of NE were lowered by 6-0HDA, while brain 

stem levels of NE were increased. These changes in NE levels are con

sistent with published reports [125,126,127]. Surprisingly, DA levels 

were elevated rather than depressed in the te1encepha10ns of 6-0HDA

treated rats. Since this effect has not been reported elsewhere [126], 

it may reflect a response peculiar to parathyroidectomized rats. The 

elevated DA levels may represent a compensatory response to neonatal 

6-0HDA and/or parathyroidectomy. Pretreatment with DMI reversed the 

effects of 6-0HDA on NE and DA levels in the telencephalon and brain 

stem. 
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Inasmuch as 6-0HDA potentiated PinX-induced seizures, together 

with lowering telencephalic and raising brain stem levels of NE in 

sham-pinea1ectomized controls, NE may play an important role in modu

lating the convulsions. Increased telencephalic monoamine levels 

usually offer the animals protection from seizures; hence, it is 

unlikely that the increase in DA concentration was responsible for the 

proconvu1sant effect of 6-0HDA. Furthermore, since sham-pinealec

tomized rats treated with 6-0HDA do not convulse, it is doubtful that 

a lowering of telencephalic levels of NE is the mechanism whereby PinX 

causes seizures in parathyroidectomized rats. 

The ACI strain of rats is generally resistant to PinX-induced 

convulsions [111]; however, in this study neonatal ACI rats treated 

with 6-0HDA convulsed and they experienced a total of 18 seizures. 

Hence, it appears that neonatal catecholamine depletion sets the stage 

for subsequent seizures after PinX in ACI rats. None of the ACI rats 

died from a tonic convulsion, in contrast to the 6-0HDA-treated Long

Evans rats. 

The proconvu1sant effect of 6-0HDA may be caused by changes in 

adrenergic receptors. The density of central adrenergic receptors is 

altered in response to longterm changes in NE levels produced by 

6-0HDA. In re~ponse to neonatal 6-0HDA injections, 81-receptor bind

ing is increased by 64% in the cerebral cortex of 6-week old rats 

[127]; binding at 82-receptors was unaffected. Additionally, 01- and 

02-receptor binding is increased in six-week old rats that were 

neonatally injected with 6-0HDA [128]. 
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ACh release from cortical slices is significantly increased in 

young adult rats pretreated with 6-0HDA [129]. Inasmuch as the 

cholinergic receptor agonist carbachol produces clonic/tonic seizures 

[120] and 6-0HDA treatment promotes the release of ACh, 6-0HDA may 

potentiate PinX-induced seizures by disinhibiting ACh release and 

increasing transmission at cholinergic receptors. 

Both the parathyroid [131] and pineal glands [132] are stimu

lated by NE via an interaction with S-receptors. Hence, neonatal 

rats injected with 6-0HDA probably have reduced NE input to these 

glands (and may possibly have increased the number of S-receptors) 

during the three weeks prior to PthX and PinX. The potentiating 

effect of 6-0HDA on PinX-induced seizures may result from altered 

parathyroid or pineal function during the three weeks after 6-0HDA 

treatment. 

Other ways of decreasing the availability of NE to its central 

target, in addition to destroying catecholamine nerve terminals with 

6-0HDA, include inhibiting NE synthesis or storage and blocking its 

receptors. 

The threshold for seizures from electroshock or PTZ is lowered 

by pretreating the rats with a-MPT or FLA-63 [43]. Additionally, the 

catecholamine synthesis inhibitors cause a significant reduction in 

central NE and DA levels and an elevation in 5-HT levels [43]. 

In the pinea1ectomized gerbil, a-MPT tripled the number of con

vulsions per convulsing animal, together with significantly reducing 

NE and DA levels in the telencephalon [113]. Likewise, PinX-induced 
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seizures were significantly enhanced in grouped rats by u-MPT (Exper

iment 6). Surprisingly, this proconvulsant effect of u-MPT was not 

noted in isolated rats, despite a drastic reduction in NE and DA 

levels in the telencephalon and brain stem. There is no evidence for 

u-MPT being converted to u-methylated catecholamines which could act as 

so-called "false neurotransmitters" [133]. 

One of the strongest pieces of evidence supporting a role of 

NE in PinX-induced convulsions is a study by Reiter et a1.. [105] in 

which FLA-63 potentiated PinX-induced convulsions in grouped Sprague

Dawley rats. The seizu~es were so severe that all of the animals 

died from a convulsion one to two hours after PinX. Inhibiting dopa

mine-S-hydroxylase with FLA-63 prevents the conversion of DA to NE 

thereby increasing DA and decreasing NE metabolite levels in whole 

rat brain [134]. The seizure-enhancing effect of FLA-64, therefore, 

may be due to decreased NE turnover and/or increased DA turnover. 

In this study, contrary to findings in grouped Sprague-Dawley 

rats, FLA-63 alone had a slight proconvulsant effect on convulsions 

from PinX in isolated Long-Evans rats. Only one of eight isolated 

convulsing rats treated with FLA-63 died from a tonic seizure. De

spite more than halving NE and doubling DA levels in the brain stem 

and lowering NE alone in the telencephalon, FLA-63 barely promoted 

seizures when compared with saline controls. 

The storage of the monoamine neurotransmitters following their 

synthesis is blocked by reserpine. The monoamines are then enzymati

cally degraded in the presynaptic nerve endings, making them 
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unavailable for release [135,136]. Depleting the monoamines with 

reserpine enhances electroshock [44] and sound-induced seizures [76). 

Large-scale depletion of the monoamines, however, appears to 

have little effect on PinX-induced seizures. Reserpine depletes all 

the monoamines in grouped gerbils, yet has no effect on convulsions 

after PinX [114]. Likewise, in the present work, isolated Long-Evans 

rats treated with reserpine are perhaps slightly more susceptible to 

PinX-induced seizures than saline-treated controls. 

A widespread depletion of the monoamines is perhaps not a 

specific enough stimulus to promote PinX-induced convulsions. Speci

fic pharmacological disturbances of the noradrenergic system may 

perturb a critical ratio of NE to DA or 5-HT and modify the seizures; 

conversely, a reserpine-induced depletion of all the monoamines might 

not affect this hypothetical critical ratio. 

A number of reports demonstrate that pharmacologically reduc

ing catecholamine levels potentiate seizures in several animal models 

of epilepsy. Conversely, the catecholamine precursor L-DOPA has anti

convulsant effects presumably by raising catecholamine levels. The 

convulsive threshold in rats for electroshock but not PTZ seizures 

is elevated by L-DOPA [43]. Unfortunately, catecholamine levels in 

response to L-DOPA were not included. L-DOPA partially counters the 

reserpine-induced depletion of catecholamines and the facilitation of 

electroshock seizures in rats [44]. Furthermore, the combination of 

L-DOPA and iproniazid reduces the audiogenic response in rats geneti

cally prone to convulse [78]. Although L-DOPA and iproniazid elevate 
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both DA and NE levels in several brain regions, evidence indicates 

the elevated NE is probably responsible for the anticonvulsant effect. 

In grouped gerbils, L-DOPA prevents the PinX-induced fall in 

telencephalic NE levels and reduces the number (%) of convulsing 

gerbils per number at risk from 100% to 38% [113]. Hence, in grouped 

gerbils the anticonvulsant effect of L-DOPA may be due to an effect 

on NE neurons. 

The results of Experiment 6 in isolated Long-Evans rats sug

gest that L-DOPA has a slight anticonvulsant effect on PinX-induced 

seizures when compared with saline controls. Neither NE nor DA 

levels in the telencephalon or brain stem were significantly affected 

by L-DOPA. 

Catecholamine levels following L-DOPA treatment must be 

cautiously interpreted, since whole brain levels of NE in rats are 

unaffected by L-DOPA; however, the concentrations of two NE metabo

lites are both elevated approximately 50% [134]. Furthermore, levels 

of DA and one of its metabolites, 3,4-dihydroxyphenylethanol, are 

elevated by L-DOPA [134]. 

In isolated rats pretreated with L-DOPA, FLA-63 did render 

them more susceptible to PinX-induced seizures, in that the number of 

rats convulsing per total at risk was significantly increased com

pared with saline treated controls. The use of L-DOPA together with 

FLA-63 not only reduces central NE metabolite levels, but produces a 

substantial increase (more than with just FLA-63) in levels of DA 

metabolites I134]. In Experiment 6 brain stem levels of NE were 
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reduced and DA increased in L-DOPA pretreated rats; FLA-63 only re

duced telencephalon NE in animals pretreated with L-DOPA. The pro

convulsant effect of FLA-63 in L-DOPA pretreated rats may have been 

the result of decreased NE turnover in the telencephalon and brainstem 

and increased DA turnover in the brainstem. Since increases in mono

amine turnover are generally anticonvulsant, the seizure-enhancing 

effect of FLA-63 can probably be attributed to decreased NE turnover. 

Following its release into the synaptic cleft, NE may have any 

one or combination of the following fates: 1) it can be taken back 

up (reuptake) by the presynaptic element for reuse or degradation, 

2) it may diffuse away from the cleft to be metabolized and excreted 

or 3) it may react with pre- or postsynaptic receptors. DMI, a 

tricyclic antidepressant, has been shown to decrease the reuptake 

of NE acutely [137], thereby increasing the synaptic levels (and the 

postsynaptic effect) of NE. However, the effects of DMI cannot be 

ascribed only to its interaction with noradrenergic neurons. In an 

in vivo study, DMI potently released the amino acid neurotransmitters 

GABA, glutamate and aspartate in the rat thalamus [138]. Furthermore, 

DMI has been reported to block central muscarinic receptor binding in 

vitro [139]. 

The acute administration of DMI to rats decreases whole brain 

levels of DOPEG, the major NE intraneurona1 metabolite [1491 and in

creases cAMP levels in numerous brain regions [141]; both of these 

events take place within a few (0.5-6) hours after injection of DMI. 

No effect of DMI on NE levels in several brain regions has been dem

onstrated [142]. 
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In isolated rats, seizures induced by PinX were strongly 

suppressed by an acute injection of DMI (Experiment 8). Since· mani

pulating NE function with 6-0HDA-DMI and timolol (Experiments 5,9) 

modifies PinX-induced seizures, inhibiting NE uptake may be the 

mechanism accounting for the changes in seizure incidence seen after 

acute administration of DMI. Surprisingly, DMI significantly de

creased brain stem levels of DOPAC in Experiment 8. Therefore, 

actions of DMI on other neurotransmitters cannot be eliminated on 

the basis of Experiment 8. 

Altering presynaptic adrenergic functions such as synthesis, 

storage, release and reuptake are known to affect seizure suscepti

bility in numerous animal models of e?ilepsy. In recent years, 

studies have focused on the role of the subtypes of adrenergic 

receptors in mediating convulsions. 

Activation of aI-receptors with the agonist phenylephrine 

reduces the severity of audiogenic seizures [143]. Additionally, 

clonidine and several clonidine-like compounds are potent suppressors 

of convulsions from PTZ [50,51]. 

An acute injection of clonidine (0.1 mg/kg) reduces the turn

over of NE in several brain regions; a ten-fold increase in the dose 

of clonidine (1.0 mg/kg) suppresses the turnover of both NE and DA in 

the forebrain of rats [144]. These two injection doses presumably 

could aid in differentiating between the importance of NE and/or DA 

turnover in seizure mechanisms. However, in the present study 

(Experiment 9), an acute injection of clonidine (0.1 or 1.0 mg/kg) 



had no effect on PinX-induced seizures. Interestingly, these same 

doses of c10nidine inhibit PTZ seizures [50]. 
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Chronic administration of clonidine (0.1 mg/kg) decreases the 

turnover of NE and DA in rat brain [144]. Furthermore, the same dose 

of clonidine increases the responsiveness of postsynaptic central 

a-receptors (up regulation?) in mice to clonidine [145]. In the 

present study, chronic administration of clonidine (0.5 mg/kg) appeared 

to suppress seizures, while multiple daily injections of a'higher dose 

of clonidine (5.0 mg/kg) reduced by more than one-half the latency 

to onset of the first convulsion. Perhaps this may occur as a con

sequence of a persi&tent net reduction in the activation of such 

receptors via an activation of inhibitory presynaptic a2-receptors. 

The seizure suppressing effect of chronicc1onidine in pineal

ectomized rats may be due to a similar mechanism whereby activation 

of presynaptic a
2
-receptors with clonidine (causing an inhibition of 

NE release) brings about an increased sensitivity and/or'up-regulation" 

of postsynaptic a-receptors. If PinX-induced seizures are caused by 

a reduction in the release of NE, then the increased sensitivity of 

postsynaptic a-receptors in response to chronic clonidine might offset 

the reduction in NE release and ultimately protect the rat from con

vulsions. 

The S-receptor antagonists propranolol, timolol and pindolo1 

all dramatically reduce the duration of PTZ-induced convulsions in the 

rat [52,53]. In contrast, timolol facilitated PiuX-induced seizures 

in this study. This proconvulsant action of timolol is reminiscent of 
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the seizure enhancing effect of propranolol on convulsions from PTZ in 

mice [60,61]. Timo101, like neonatal 6-0HDA, reduced the mean latency 

to onset of PinX-induced seizures. However, it did not facilitate 

deaths from convulsions as 6-0HDA so markedly did. 

Studies on the distribution of S-receptors reveal that they 

are distributed relatively homogeneously throughout various regions 

of the eNS. The distribution of S-receptors bears no apparant rela

tionship to the NE content of particular regions [146]. Radio1igand 

binding studies have demonstrated two types of centra1-S-receptors-

Sl and S2 [146]. 

A postsynaptic membrane adeny1ate cyclase appears to be, in 

part, regulated by the action of NE at a- and S-receptors. Electrical 

stimulation of the locus coeru1eus produces a 30% elevation of cAMP 

in the cerebral cortex of anesthetized rats [147]. When phenoxy

benzamine·and propranolol, a- and S-receptor antagonists, respective

ly, were administered together, a highly significant decrease in cAMP 

response to stimulation of the locus coeru1eus was noted. Further

more, the a-receptor ~sonist 6-f1uoronepinephrine [148] and S-receptor 

agonists 3-f1uoronorepinephrine [148] and isoproterenol [149] elicit 

an accumulation of cAMP in numerous brain regions in vitro [147] and 

in vivo [149]. In the cerebral cortex, the S-receptor-mediated 

response seems to primarily involve Sl-receptors, while the a-receptor

mediated response appears to depend on ~-receptors and requires 

adenosine [148]. 

NE appears to hyperpolarize neurons through an electrogenic 

sodium pump [150,151,152]. Activation of the sodium pump by NE and 



133 

cAMP is associated with an increase in the activity of the enzyme 

+ + . 
NA , K ATPase, the biochemical substrate of the pump [153,154]. 

Reduced stimulation of postsynaptic adrenergic receptors as 

a result of the S-receptor antagonist timolol or 6-0HDA could lower 

cAMP levels and prevent hyperpolarization of the neuron, thus increas·-

ing its firing rate. Such a mechanism might explain how inhibition 

of NE neurotransmission promotes PinX-induced seizures. Moreover, 

such a process may even be responsible for the actual occurrence of 

seizures. 

~neral Discussion 

For the most part, the catecholamines appear to playa role 

in modulating the convulsive response of parathyroidectomized rats 

to PinX. Destroying catecholamine terminals with neonatal 6-0HDA 

potentiates seizures, while inhibiting NE reuptake with DMI suppresses 

convulsions. DMI and 6-0HDA induce similar responses in other models 

of epilepsy. PinX-induced seizures in the isolated rat, however, 

appear quite different from electroschock, audiogenic and PTZ convul-

sions in that the inhibition of catecholamine synthesis (with a-MPT 

or FLA-63), or storage (with reserpine) or providing a catecholamine 

precursor (with L-DOPA) has no apparent effect. Either a distinct 

difference in seizure modulation exists between PinX-induced convul-

sions and other models of epilepsy, or the convulsive parameters 

measured in pinealectomized rats were not specific or sensitive enough 

to note changes in seizure severity as a result of modifying catechol-

amine function with a-MFT, FLA-63 , reserpine or L-DOPA. The drugs 
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having no overt effect on PinX-induced seizures might have altered 

the electroencephalographic response of parathyroidectomized rats to 

PinX. 

Inasmuch as pharmacological perturbations specifically affect

ing NE function (such as neonatal 6-0HDA plus DMI, timo10l or DMI) 

altered PinX-induced convulsions, NE may be the sole or most important 

monoamine modulating these seizures. 

One or more of several mechanisms may underlie the ability of 

drug-induced changes in catecholamine systems to alter the convulsive 

response to PinX in rats. For example, several drugs able to change 

the activity of the monoamine systems also alter body temperature. 

Mice are completely protected from sound-induced convulsions by body 

temperatures below 29°C [155]. It is unlikely, however, that drug

induced changes in the catecho1amines affect PinX-induced seizures 

through a nonspecific mechanism involving body temperature. Rectal 

temperatures were significantly lowered in rats treated with either 

6-0HDA or DMI, yet the two drugs produced opposite effects on PinX

induced seizures. 

The relative importance of NE versus DA in modulation of PinX

induced seizures can be assessed from this dissertation. Elevating 

synaptic concentrations of NE with DMI may have protected rats from 

seizures. Furthermore, seizures were exacerbated by reducing telen

cephalic levels of NE with neonatal 6-0HDA or blocking S-receptors 

with timo101. Although telencephalic DA levels were not elevated by 

6-0HDA in other seizure models, elevated levels of DA only are not 

correlated with enhanced seizures. 
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DA (in addition to NE) levels in the brain were drastically 

lowered in rats treated with a-MPT; however, convulsions in these 

animals were not potentiated. Central levels of DA were elevated by 

treating the rats with L-DOPA or FLA-63, alone or in combination, and 

again the seizures were not affected. With the exception of the 

6-0HDA/DMI experiment, it appears that neither the elevation nor the 

depression of central DA stores, regardless of accompanying NE levels, 

correlated with alterations in seizure susceptibility. Therefore, it 

appears that only the specific perturbation of the NE system affects 

PinX-induced seizures, while an alteration in both NE and DA fails, 

in most cases, to modify seizures. 

If NE is important in the expression of PinX-induced convul

sions, it is indeed curious that a-MPT, FLA-63 and neonatal 6-0HDA all 

lowered telencephalic NE levels, but only 6-0HDA potentiated overt 

seizure activity. Brain levels of both NE and DA are lowered by 

a-MPT, FLA-63 or reserpine and acoompany reduced seizure thresholds 

in audiogenic [76], electroshock [44,59] and PTZ [59] convulsions. 

These data suggest that a critical NElDA ratio must be modified before 

PinX-induced seizures are affected. 

Inasmuch as a-MPT and FLA-63 treated rats received injections 

of those drugs just before PinX, their central catecholamine function 

was not impaired during development as in rats receiving neonatal 

6-0HDA. Hence, 6-0HDA's proconvu1sant effect may be due to altered 

brain development during the month after birth and before PinX. 

Promotion of PinX-induced seizures by timo1o1 and 6-0HDA may 

not make use of the same molecular mechanism(s). Recall that while 



136 

both timolol and neonatal 6-0HDA facilitated convulsions from PinX, 

only 6-0HDA promoted deaths from convulsions. Timolol was adminis-

tered to one-month-old rats just prior to PinX. In contrast, the 

rats treated neonatally with 6-0HDA did not have intact catecholamine 

systems during their entire first month of life. 

Postsynaptic events involved in NE-induced alterations of con-

vulsions from PinX are unknown. As mentioned above, cyclic nucleo-

tides are formed in response to catecholamine stimuli and may regu-

late membrane ion permeability and resistance through an electrogenic 

sodium pump. Drug-induced reductions in synaptic levels of NE might 

decrease membrane resistance and create hyperexcitable neurons in 

response to PinX. 

While it is possible to partially understand mechanisms of 

drug-induced alterations in convulsions from PinX, a more difficult 

question centers on cellular mechanisms behind the seizures themselves. 

Inasmuch as convulsing pinealectomized rats are also partially para-

thyroidectomized, it is tempting to speculate that depressed plasma 

Cq++ Jevels are directly responsible for the seizures. This conten-

tion is unlikely since sham-pinealectomized, parathyroidectomized rats 

do not convulse. 
++ Furthermore, Ca replacement does not prevent the 

seizures in rats and PinX alone in the gerbil produces nearly identi-

cal convulsions. ++ Undoubtedly parathyroidectomy (through Ca or 

parathyroid hormone) affects central neural function in some way as 

to create the conditions necessary for PinX to induce seizures. Cen-

tral effects of parattyroid hormone include significant decreases in 
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haloperidol-induced catalepsy and increases in nigral glutamic acid 

decarboxylase (the GABA-synthesizing enzyme) activity in the rat [156]. 

Removal of the pineal gland in parathyroidectomized rats 

+ slightly elevates serum K levels in addition to provoking seizures 

[99]. The resting membrane potential might be affected sufficiently 

to result in hyperexcitability. Evidence suggests, however, that the 

+ blood-brain barrier is not permeable to an induced excess of K in the 

blood or to a raised level of K+ in brain extracellular fluid during 

neural excitation [157]. Therefore, the slight changes PinX produces 

in serum K+ levels are probably not responsible for seizures in para-

thyroidectomized rats. 

The pineal anticonvulsants melatonin and taurine are, of 

course, removed during PinX. These pineal compounds (and probably 

others) may serve as endogenous inhibitors of "excessive!! neuronal 

firing. This conclusion may, however, be as unwarranted as saying 

that "removal of a particular vacuum tube from a radio creates static 

and therefore the tube must have been the 'static inhibitor'" (Quote 

from Dr. W. D. Barber, Neuroscience lecture, 1979). Regardless, 

melatonin does affect central neural activity as antibodies to it 

induce epileptiform EEG activity [118]. Interestingly, melatonin 

inhibits ouabain-induced seizures [158]; ouabain is thought to block 

+ + 
the Na -K ATPase pump and thereby elicit seizure [159]. 

Following PinX a substance may not be available to appro-

priately modulate central neurotransmission of monoamines. As alluded 

to previously, pinealectomy alone alters monoamine levels in several 
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brain regions [109]. Perhaps PinX combines with PthX to inhibit NE 

function or alter monoamine ratios and provoke the seizures. This is 

unlikely, since only convulsing parathyroidectomized, pinea1ectomized 

rats possess depressed central levels of NE [110]. Furthermore, in 

this dissertation it has been demonstrated that compromising monoamine 

function with ~-MPT, FLA-63 , 6-0HDA or reserpine does not provoke 

seizures in parathyroidectomized, sham-pinea1ectotnized rats. 

At present the importance of other neurotransmitters such as 

ACh, opioid peptides and amino acids such as GABA, glutamate and 

aspartate to PinX-induced seizures has not been determined. Pinea1-

ectomy may alter the physiology of these substances as well, resulting 

in convulsions. 

Conclusions 

From this study it is clear that grouped male and female 

parathyroidectomized rats do not respond differently to the seizure 

provoking stimulus of PinX. Grouping the rats, however, may have 

masked a sexually dimorphic seizure response induced by pinea1ectomy. 

In light of oth~r findings in this dissertation, the sex of the 

animal cannot be ruled out as a modulating factor on PinX-induced con

vulsions until the experiment is performed in isolated male and female 

rats. 

The pineal substances melatonin and arginine vasotocin do not 

have any clear cut influence on PinX-induced seizures. Subcutaneous 

implants of melatonin did not significantly influence convulsions in 

isolated rats. However, melatonin cannot be ruled out as important in 
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PinX-induced seizures until extensive experiments involving central 

application are performed. 

In grouped rats AVT provoked highly disparate seizure re

sponses to PinX. In one experiment it was a powerful stimulant of 

seizures, yet similar doses in another study were mildly anticon

vulsant. Like melatonin, AVT may playa role in convulsions induced 

by PinX; however such a role may only be elucidated by testing the 

hormone on isolated rats. 

A critical experiment in this dissertation involved either 

isolating or grouping rats after PinX and comparing the seizure re

sponses. The results strongly suggest that in all further research 

on PinX-induced seizures in either gerbils or parathyroidectomized 

rats the animals must be housed one per cage during the observation 

period after PinX. The importance of this conclusion was demonstrated 

in experiments involving the convulsive response of a-MPT-treated rats 

that were either isolated or grouped. Seizures were promoted by a-MPT 

in grouped but not isolated rats. Furthermore, FLA-63 dramatically 

potentiates seizures from PinX in grouped Sprague-Dawley rats [105]. 

In isolated pinealectomized rats seizures were not strongly, if at 

all, affected by FLA-63. 

It is conceivable that in grouped animals a particular pharma

cological manipulation may be influencing behavioral interactions 

between rats rather than, or in addition to, the cellular mechanisms 

important in epileptogenesis. Hence, isolating rats during the con

vulsive period ostensibly will promote a "cleaner" system in which 



drug actions and the resultant convulsive response can be better 

correlated. 
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Norepinephrine appears to be an important modulator of PinX

induced seizures in the rat. Elevating synaptic levels of NE with a 

receptor inhibitor suppresses convulsions. Conversely, impairing 

central NE function with a catecholamine neurotoxin or as-receptor 

antagonist greatly promotes seizures induced by PinX. Since the pro

convulsant effects of neonatal 6-0HDA were reversed with DMI and DMI 

treatment alone (restricting NE and not DA reuptake) inhibited 

seizures, NE is strongly implicated in altering the convulsive re

sponse to PinX. Furthermore, timolol selectively blocks S-adrenergic 

receptors and potentiates seizures in a dose-dependent manner. 

Interestingly, using drugs such as a-MPT, FLA-63 , L-DOPA and 

reserpine did not appear to enhance seizures. These drugs are known 

to affect NE and DA turnover. Perhaps, since reducing only NE function 

potentiates seizures whereas suppressing NE and DA function has no 

effect on convulsions, a critical NElDA ratio may need to be modulated 

before seizure severity is altered. Alternatively, selective suppres

sion of only adrenergic mechanisms may underlie seizure potentiation 

by 6-0HDA and timolol. 

The data presented in this dissertation do not permit an 

identification of the precise mechanism{s} whereby changing NE func

tion alters the convulsive response to PinX. Since stimulating S

receptors with isoproterenol promotes cAMP production as alluded to 

earlier, and blocking those receptors with timo1ol facilitates 
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PinX-induced convulsions, suppressed cAMP levels may be responsible 

for the pro convulsant effect of timolol and 6-0HDA. A cAMP defi

ciency might alter post-synaptic mechanisms that are responsible for 

maintaining a normal resting potential and create hyperexcitable 

neurons. 

One final conclusion needs to be drawn from the data presented 

here concerning the epileptogenic mechanism in parathyroidectomized, 

pinealectomized rats. As already discussed, reduced NE function did 

not provoke convulsions in sham-pinealectomized rats. Therefore, 

PinX probably does not elicit seizures in parathyroidectomized rats 

merely by reducing the turnover of NE. The role of NE in PinX

induced seizures is probably a modulatory one; PinX undoubtedly 

produces convulsions by affecting other, as yet unknown, neuro

physiological processes. 



CHAPTER V 

SUMMARY 

The primary purpose of this study was to determine whether the 

catecholamines, and specifically NE, regulate the expression of PinX

induced convulsions in the rat. Additionally, I sought to study the 

role of various pineal substances, sex differences and the caging 

paradigm in the convulsive response to PinX. From the data presented 

here it is evident that NE and the caging paradigm exert a strong 

influence on several aspects of PinX-induced seizures. Specifically, 

the answers to my initial questions are: 

1. Q. Do male and female rats have similar convulsive responses to 

PthX and PinX? 

A. Yes, there were no significant differences in the seizure 

parameters measured between grouped male and female rats. 

2. Q. Do grouped rats respond differently than isolated rats when 

induced to convulse by PthX and PinX? 

A. Yes, grouped rats con~sed sooner after PinX and more often 

during the observation period than control isolated rats. 

3. Q. What is the influence of two pineal substances, melatonin and 

arginine vasotocin, on PinX-induced seizures in the rat? 

A. Melatonin did not significantly influence PinX-induced sei

zures in isolated rats (the paradigm selected). In grouped 

rats (isolated rats were not tried), arginine vasotocin 
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did not display a reproducible effect on PinX-induced 

convulsions. 

4. Q. Does selective enhancement of NE and/or DA function affect 

PinX-induced convulsions in the rat? 
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A. Augmenting NE function with DMI suppressed seizures. Supply

ing a precursor of NE and DA (L-DOPA) had a slight anti

convulsant effe,~t. 

5. Q. Does selective suppression of NA and/or DA function affect 

PinX-induced convulsions in the rat? 

A. Preferentially inhibiting NE function with timolol or 6-0HDA 

dramatically potentiated seizures. Convulsions were unaffected 

by suppressing both NE and DA function with a-MPT or reserpine. 

6. Q. What is the nature of the relationship between catecholamine 

function and PinX-induced convulsions? 

A. Altering NE funttion in the above ways (augmenting or suppres

sing) changed the convulsive response to PinX. Simultaneous 

changes in both NE and DA function did not appear to affect 

PinX-induced seizures. Changes in NE and/or DA function 

probably are not directly responsible for PinX-induced con

vulsions; however, NE appears to playa modulatory role in 

such seizures. 



APPENDIX 

ABBREVIATIONS 

a-MPT a-Methyl-p-tyrosine 

AVT Arginine Vasotocin 

°C Degrees Centigrade 

cm Centimeter 

DA Dopamine 

DMI Desipramine 

DOPAC 3,4-Dihydroxypheny1acetic acid 

g Gram 

5-HIAA 5-Hydroxyindo1eacetic acid 

5-HT 5-Hydroxytryptophan 

6-0HDA 6-Hydroxydopamine 

i.c.v. Intracerebroventricu1ar 

Lp. Intraperitoneal 

kg Kilogram 

L-DOPA L-Dihydroxypheny1a1anine 

M Molar 

Mel Melatonin 

mg Milligram 

m1 Milliliter 

mm Millimeter 
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min Minute 

11g Microgram 

111 Microliter 

NE Norepinephrine 

ng Nanogram 

OVX Ovariectomy 

pg Picogram 

PinX Pinea1ectomy 

PthX Parathyroidectomy 

s.c. Subcutaneous 

SEM Standard Error of the Mean 

Sh-OvX Sham-Ovariectomy 

Sh-PinX Sham-Pinea1ectomy 

x g Gravity 
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