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The behavioural, electrocortical (ECoG) and neurodegenerative effects of intrahippocampal injection 
of paraquat, a well-known free radical producing agent, were studied in rats. Injection of paraquat 
(100 nmol) into one dorsal hippocampus produced limbic motor and ECoG seizures. These effects were 
accompanied at 24 h by severe damage to CAI, CA3 and CA4 hippocampal pyramidal neurones and 
dentate gyrus granule cells. In comparison to the cell number counted in control, untreated, side of the 
hippocampus, significant (P c 0.05) neuronal loss was observed in the CAI and CA3 pyramidal cell 
layers of the treated hippocampus. A lower dose of the herbicide (10 nmol) did not produce consistent 
motor and ECoG effects and in no instance was significant neuronal loss observed. A pretreatment with 
U74389F [2l-4-(2,6di-l-pyrrodinyl-4-pyridinyl)-1-piperazinyl-pregna-1,4,9(11)triene-3,20-dione mono- 
methansulfonate] (30 mg/kg i.p., 15 min before paraquat) completely protected rats from motor and 
ECoG epileptogenic effects induced by intrahippocampal paraquat (100 nmol). This dose of U74389F 
also reduced the hippocampal damage typically produced by paraquat and no significant neuronal loss 
was reported in the CAI and CA3 pyramidal cell layers. A lower dose of U74389F (10 rng/kg i.p.) did 
not afford any protection against the epileptogenic effects produced by paraquat (100 nmol); in these 
animals hippocampal damage was still evident though neuronal loss did not reach statistical significance. 
In conclusion, the present data show that systemic administration of U74389F possesses neuroprotective 
effects against seizures and neurodegeneration typically eiicited by intrahippocampal injection of 
paraquat. 
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INTRODUCTION 

Paraquat (l,l'-dimethyl-4,4'-bipyridylium dichloride) is a potent herbicide widely 
used in agriculture. This herbicide produces a toxic, and often lethal effect on the 
pulmonary system both in human and experimental animals.'-' Liver and kidney 
damage has also been reported, the latter effect probably being responsible for the 
persistence of the herbicide in the body.6-8 Cyclic reduction/reoxidation of the 
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herbicide with generation of oxygen free radicals and depletion of cellular NADPH 
seems to be involved in the toxicity of paraquat; '~~ free radicals would then react 
with membrane phospholipids to cause cell damage." A Na-independent uptake 
mechanism for paraquat has been described in the lung epithelial cells and this may 
explain the high vulnerability of the pulmonary system to the toxic action of this 
herbicide. '' 

Evidence exists indicating that paraquat can also cause brain damage in poisoned 
though studies on the direct neurotoxicity of this herbicide in 

humans are lacking. Indeed, intrahippocampal injections of nanomolar concentra- 
tions of paraquat have been reported to produce motor limbic seizures accompanied 
by severe damage to the hippocampal formation in Biochemical and 
neuropathological data indicate that 21 -aminosteroids are effective neuroprotective 
agents in several models of neuronal cell death.16-'* The beneficial effects of 
aminosteroids have been related to their free radical scavenging action and pre- 
vention of lipid peroxidation." The aim of the present study was to ascertain 
whether a component of this group of scavengers, namely U74389F [21-4-(2,6-di- 
1 -pyrrodinyl-4-pyridinyl)- 1-piperazinyl-pregna- 1,4,9( 1 l)triene-3,20-dione monome- 
thansulphonate], could protect rats from the epileptogenic and neurodegenerative 
effects induced by focal injection of paraquat into the hippocampus. In previous 
experiments it has been shown that epileptogenic effects induced by microinjection 
of paraquat into the substantia nigra were prevented by giving into the same site 
Cu-free superoxide dismutase.20 This result was rationalized in term of chelation of 
redox-active copper ions by the protein, thus suggesting the involvement of an 
abnormal synthesis and release of superoxide anions in the neurotoxic mechanism 
of paraquat. Neuroprotection by U74389F would support the idea that generation 
of free radicals is involved in the mechanisms of paraquat neurotoxicity. 

MATERIALS AND METHODS 

Adult male Wistar rats (280-300 g) were housed under controlled temperature 
(20 f 2 "C), humidity (65%) and a 12 h light/l2 h dark cycle (light on at 8.00 a.m.); 
food and water were available ad libitum. Prior to experiment, the rats were 
anaesthetized with chloral hydrate (400 mg/kg i.p.) and positioned in a stereotaxic 
frame (D. Kopf Instruments). A stainless steel guide cannulae (25 gauge) was then 
implanted unilaterally into one dorsal hippocampus under stereotaxic guidance;2' 
rats were allowed one week recovery before experiments were carried out. Electro- 
cortical (ECoCi) recordings were obtained as previously described. l4 Intracerebral 
injections were made with a 5 pl Hamilton syringe connected by a teflon tube to 
an injection cannula. Paraquat was dissolved in double distilled pyrogen-free H20 
(pH = 6 approximately) and the volume of infusate was 1 pl (rate 1 pl/min). Con- 
trol injection were obtained by injecting animals into one dorsal hippocampus with 
an identical volume of the vehicle used to dissolve paraquat; U74389F was dissolved 
in an aqueous solution containing bovine serum albumin and dimethylsulphoxide 
(DMSO) 100:l v/v. Postural and motor changes and convulsive behaviours were 
recorded under blind conditions during a 3 h period of observation. For histological 
purpose, 24 h after paraquat administration the animals were anaesthetized and 
40 ml of heparinized saline infused through the left ventricle of the heart followed 
by 200ml of 4% paraformaldehide in phosphate buffered (pH = 7.0) saline. The 
brain was removed from the skull and processed for conventional light microscopy. 
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FIGURE 1 Electrocortical records showing epileptic-like, high voltage spikes recorded from a rat brain 
cortex (A) 80 min after a single dose (100 nmol) of paraquat injected into one dorsal hippocampus. Note 
that epileptogenic discharges are evident also 180 min after injection, though these were not continuous 
during 3 h recording session. (B) shows the protection conferred to a different rat from (A) in which 
the herbicide was injected 15 min after systemic administration of U74389F (30 mg/kg i.p.). 
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Morphological characteristics of serial brain coronal sections (1 0 pm) were assessed 
by using a Leitz Orthoplan microscope. Quantitation of the neuronal loss was per- 
formed according to the method developed by Bagetta ef 

RESULTS 

Intrahippocampal injection of paraquat (100 nmol; 12 rats) produced a pattern of 
behavioural stimulation consisting of increased exploratory activity, circling contra- 
lateral to the site of injection, vibrissal movements, blinking, myoclonic movements 
of the forelimbs, rearing and eventually falling. This symptomatology started 
80 f 12 min after treatment and was accompanied by ECoG epileptogenic spikes 
(Figure 1A). Several episodes of motor seizures and ECoG epileptogenic discharges 
were observed for all of the observation time (3 h), though these were not con- 
tinuous. At 24 h, histological examination of brain sections (n = 6 sections per 
brain; n = 6 rats) revealed severe damage to the hippocampal formation accom- 
panied by neuronal cell loss in the CAI, CA3 and CA4 pyramidal cell layers and 
dentate gyrus granule cell layer. A typical example of the damage caused to the CA1 
pyramidal cell layer of the hippocampus is reported in Figure 2B. The cell loss 
ranged from 20-30% decrease in the cell number counted in the CA3 and CA4 areas 
and dentate gyrus, whereas it reached 70-80% decrease in the CAI area; the cell 
loss was statistically significant (P < 0.05) in the CAI and CA3 regions of the 
hippocampus (Table 1). Microinjection of lower doses of paraquat (10 and 50 nmol; 
n = 3 rats per dose) did not produce consistent behaviouraf and ECoG changes. By 
contrast, these doses evoked neuronal damage in all of the hippocampal areas 
examined, though the neuronal loss reached statistical significance only in the CA1 
area of rats injected with 50nmol of paraquat (Table 1). In rats pretreated with 
U74389F (30mg/kg i.p.; n = 6) the following (15 min after) intrahippocampal 
injection of paraquat (100 nmol) failed to produce motor convulsion and ECoG 
epileptogenic discharges (Figure 1B). In addition, no neurodegenerative effects 
typically observed after injection of this dose of the herbicide were observed (Figure 
2C; Table 1). By contrast, a dose of 10 mg/kg i.p. of U74389F (n = 3) did not pre- 
vent motor and ECoG epileptogenic phoenomena produced by paraquat (100 nmol) 
whilst it decreased the hippocampal neuronal loss (Table 1). In control experiments 
systemic administration of U74389F (30mg/kg i.p.) did not produce per se 
behavioural, ECoG and neuropathological changes (data not shown). 

DISCUSSION 

The present results are in agreement with previous data demonstrating that intrahip- 
pocampal injection of paraquat, a well known generator of free oxygen radicals, 
produces motor and ECoG seizures accompanied by severe damage to the hip- 
pocampal forrnat i~n. '~ ' '~  In the present study, the damage produced by the her- 
bicide has been quantified and this revealed neuronal loss in all subsectors of the 
dorsal hippocampus. The most important finding of the present research work is, 
however, that systemic administration of U74389F, a free radical scavenger, is able 
to prevent seizures and hippocampal damage. There is ample evidence showing that 
21 -aminosteroids prevent the neuropathological effects evoked by cerebral 
i~chaemia,?~ a syndrome in which free oxygen radicals are generated during the 
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FIGURE 2 Light microphotographs of rat brain coronal sections (10 pm) showing (B) neuronal cell 
death produced in the CAI pyramidal layer 24 h after a single injection of paraquat (100 nmol) into 
one dorsal hippocampus; (C) shows the neuroprotection afforded by systemic administration of U74389F 
(30mg/kg i.p., given 15 min before the herbicide). (A) brain section taken from a control rat. 
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NEUROPROTECTIVE EFFECT OF U74389F 91 

reperfusion period; these radical species are known to play a major role in the 
mechanisms of ischaemia-induced brain damage.24-26 During brain ischaemia, the 
synaptic levels of the excitatory amino acid glutamate increase” leading to N- 
methyl-D-aspartate (NMDA) receptor-gated Ca” entry into the neurones.28 The 
latter event would lead the cell to metabolic stress with consequent excessive produc- 
tion of free oxygen radicals, cytoplasmic membrane lipid peroxidation and neuronal 
death.” Recent reports demonstrate that the NMDA receptor complex comprises 
a redox sensitive site that, in the presence of free radicals, decreases NMDA 
receptor-mediated neuronal  response^.^^-^^ This system would protect neurones 
from abnormal excitatory receptor stimulation, though it deranges when free 
radicals are highly ~oncentrated.~~ In line with this mechanism, NMDA receptor 
antagonists confer neuroprotection when administered before or soon after the 
excitotoxic stimulus has been d e l i ~ e r e d , ~ ~ - ~ ~  thus indicating that they may decrease 
the production of free radicals but are unable to counteract the detrimental effects 
of the radicals already formed. Furthermore, free radicals have been reported to 
cause excitatory amino acid release from hippocampal slices maintained in ~ i t r o . ~ ~  
Interestingly, it has recently been shown that paraquat stimulates lipid peroxidation 
in mouse brain microsomal preparations at greater extent than in pulmonary 
microsomes and this has been correlated to the different lipid composition of the 
two systems.37 The mechanism through which paraquat produces the neuropatho- 
logical effects here described remains to be elucidated. However, it can be assumed 
that this herbicides produces seizures and brain damage via production of free 
oxygen radicals which in turn would stimulate their own accumulation through the 
release of the endogenous excitatory transmitter, glutamate. This hypothesis fits 
well with the “excitotoxic” effects of paraquat and is supported by the neuroprotec- 
tion afforded by U74389F (this study) and by MK8Ol , 1 4  a use-dependent NMDA 
receptor a n t a g o n i ~ t . ~ ~  Further support to this idea comes from the evidence that 
the damage caused by intranigral infusion of paraquat in rats can be prevented by 
injection into the same site of superoxide dismutase,20 an enzyme which convertes 
superoxide anions into hydrogen peroxide, subjected to detoxication for interven- 
tion of ~ a t a l a s e . ~ ~  

In conclusion, the present experiments show that U74389F is able to prevent 
seizures and brain damage caused by focal injection of paraquat into the dorsal hip- 
pocampus in rats. In addition, they suggest that neuronal degeneration caused by 
intrahippocampal injection of this herbicide is a valid experimental model to study 
mechanisms of neuronal cell death due to abnormal formation of oxygen free 
radicals and to evaluate the activity of neuroprotective agents in this model. 
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