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ABSTRACT 
The electrophysldoglcal actions of paraoxon, an irreversible 
blocker of acetylcholinesterase, and their antagonism by a series 
of organophosphate cholinesterase reactivators, were studied in 
area CAI of the guinea pig hippocampus in vitro. To avoid 
indirect effects H i e d  by excitation of CA3 neurons, the CA2/3 
regions were removed routinely before the recording of extra- 
cellular field potentials in CAI. Under these c o n d i s ,  paraoxon 
(1 gM) induced regular burst activity (rate, 2-1 O/min; amplitude, 
0.2-1 mV; duration, 100-500 msec). The antagonism of this 
burst activity by atropine (0.3-1.0 MM) and pirenzepine (1.0 pM) 
suggested the involvement of muscarinic cholinoceptors in the 
mediation of this response. The reduction in frequency of par- 

aoxon-induced bursting by the cholinesterase reactivators was 
taken as an index of their efficacies. The four oxime compounds 
tested were all active in the low micromolar range (rank order of 
potencies: obidoxime > HGG 12 = HL6 7 > HI 6). In experiments 
without paraoxon, these oximes did not depress either evoked 
population spikes in normal artificial cerebrospinal fluid or bursts 
induced by superfusion with Mg++-free artificial cerebrospinal 
fluid. Thus, an unspeafic inhibitory effect of oximes can be 
excluded. It is concluded that the in vitro hippocampus provides 
a suitable system for the quantitative electrophysidogical eval- 
uation of cholinesterase reactivators in the central nervous sys- 
tem. 

Organophosphorus compounds, which irreversibly inhibit the 
enzyme AChE, induce a severe poisoning which is characterized 
by convulsions and paralysis, respiratory failure and, finally, 
death. It is not known, however, whether symptoms related to 
the CNS, like convulsions, are due solely to the accumulation 
of ACh in the brain (Stewart, 1952; Matin and Kar, 1973). or 
whether peripheral factors contribute to the central effects 
(Holmstedt, 1959). Thus, it would be important to study direct 
CNS effects of organophosphates by using isolated brain tissue. 

The hippocampus has been shown to develop epileptiform 
activity after application of various convulsants (Klee et al., 
1982) and is known to play an important role in the generation 
and conduction of seizures, also with respect to cholinergic 
systems (Turski et al., 1983). The presence of a neuroanatom- 
ically and histochemically defined cholinergic input to this 
brain structure (Lewis et al., 1967; Houser et al., 1983; Cuello 
and Sofroniew, 1984), together with the well-characterized mus- 
carinic receptor-mediated actions of cholinoceptor agonists in 
this tissue (Halliwell and Adams, 1982; Miiller and Misgeld, 
19861, makes the hippocampus an ideal system in which to 
evaluate the electrophysiological actions of agents known to 
interact with AChE. 
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In the present study, therefore, we have examined in the 
hippocampal slice preparation the electrophysiological effects 
of paraoxon, an organophosphate which irreversibly blocks 
AChE. In the majority of slices studied, paraoxon evoked epi- 
leptiform discharges in area CAI which were reduced or abol- 
ished by the muscarinic receptor antagonists, atropine and 
pirenzepine. The four oxime AChE reactivators tested were 
each effective in reversing the paraoxon-induced bursting. We 
conclude that the guinea pig hippocampal slice preparation is 
suitable for the investigation of the electrophysiological actions 
of organophosphate compounds in an in vitro CNS system. 

Female guinea pigs (180-250 g) were decapitated under ether anes- 
thesia. Both hippocampi were dhected from the removed brain and 
transverse slices (0.5 mm) were cut using a Vibmlice (Campden 
Instruments, London, UK). The slices were stored in a carbogen-gaseed 
(96% 02-556 C02)  chamber filled with ACSF of the following compo- 
sition (millimolar): NaCl, 118; KCl, 3.0; NaHC03, 25; NaH2P04, 1.2; 
MgC12, 1.0; CaC12, 1.5; and glucose, 10. After at least 1 hr, slices were 
transferred to an experimental chamber in which they were submerged 
and superfused continuously with gassed ACSF (pH 7.4). The bath 
temperature was maintained between 29 and 31'C. The exchange time 
of the bath was about 2 min. In moat experiments, paraoxon was added 
to the ACSF to give a final concentration of 1 rM. AChE reactivators 
and other drugs were added to the paraoxon-containing superfusate in 

ABBREVIATK)NS: AChE, acetylcholinesterase; CNS, central nervous system; ACh, acetylcholine; ACSF, artifidal cerebrospinal fluid; W, bursting 
frequency. 
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appropriate amounts of concentrated stock solutions (druge diesolved 
in distilled water). In some experimenta without paraoxon. Mg++ wan 
removed from the ACSF. Spontaneous burst discharges were observed 
6 to 10 min after the onset of the perfueion with Mg++-free ACSF. 
Ae the CA3 area of the hippocampun under certain conditions is 

prone to epileptiform activity (Schwartzkroii and Prince, 1978; Miles 
et al., 1984), which can be conducted to CAI neurons, the CA2/3 
regions were removed (Hablitz, 1984) in paraoxon-experiments before 
the placement of electmdee. The remaining Schaffer collateral input 
to CAI pyramidal neurons wae stimulated via thin tungeten electrodes 
(constant current pulees, 100 pwc duration). Evoked field potentials 
and "spontaneous" diecharges (i.e., burst discharges evoked by par- 
aoxon, see "Reaulta") were recorded extracellularly in the CAI cell 
body layer using microelectmdee (ACSF tilled, 5-10 megohmn) 
connected to an A.oclamp-2 amplXer (Axon Instruments. Burlingame, 
CA). The ampEer output wae fed to a digital oecilloecope (Nicolet 
4094) and then to an analog plotter. For monitoring buret discharges, 
the ampuer output was filtered (high pass, 0.3-1 Hz cutoff), dieplayed 
on a chart recorder (Could RS3400: frequency response, 50 Hz; or 
Kontron: frequency reeponse, 3 Hz) and in parallel stored on a digital 
video tape system (Neuromrder, Neurodata Instruments, New York) 
for further analysis. 

Buret dischages reached a stable reduced frequency level about 10 
to 16 min aRer application of HI 6, HGG 12 and H E  7. Therefore, the 
potencies of the oxime reactivators were estimated according to the 
relation: 

mean fB in the 16th-20th min of application 
- mean fB during the 5 min before application 

) x 10056, 

where fB is the fi.equency of bursting induced by paraoxon. In the caee 
of obidoxime, the frequency became stable after 5 to 10 min. Therefore, 
the 11th to 15th min of application was taken to evaluate the frequency 
reduction. In experiments with ME++-free ACSF. the 25th to 30th min 
of application wae taken. Sometimes the frequency after washout of an 
antidote was i n c d  compared to control buret frequency. In thew 
caaea, the sum of the mean fB before application and the mean between 
the 20th to 25th min of washout was taken and divided by two. The 
resultant value was then used as the denominator in the above relation. 
Only if the effect of a reactivator wae reversible (fB after washout 
period a t  leaet within 90% of control value) were data included in 
concentration response curves. 

D r w  murcen were as follows: paraoxon. Dr. S. Ehrenstorfer (Auga- 
burg, FRG); atropine methylnitrate. Sigma Chemical Co. (Munich. 
FRG); pirenzepine dihydmchloride, Dr. Karl Thomae GmbH (Biber- 
ach, FRG); and obidoxime chloride, E. Merck (Dlvmetadt, FRG). HGG 
12 dichloride [pyridinium-1-(3-benzoy1pyridinio)methyl-2- 
(hydroximin0)methyl-dichloride] wae synthetized by E. Merck (Darms- 
tadt, FRG); HI 6-dichloride monohydrate (1-(4-aminocarbonylpyridi- 
n i o ) m e t h y l m e t h o x y - 2 - h y d r o x i m i n o m e t h y l - p v ]  was 
synthetized by Dr. P. Lockwood and kindly made available by Dr. J. 
G. Clement. Ralston (Alberta, Canada); HLi, 7-diiodide [1-(4-amino- 
carbonylpyridinio) methylmethoxy-2.4-bis (hydroximino-methyl-pyri- 
dinium diiadide] wan syntheeized by the group of Professor J. Hagedorn 
(Freiburg, FRG). 

In hippocampal slices superfused with ACSF, Schaffer col- 
lateral stimulation evoked typical field potentials (Langmoen 
and Andersen, 1981). When recorded in the cell body layer of 
CAI, they consisted of positively directed excitatory synaptic 
fields (arising in the dendrites), upon which negative-going 
compound cell discharges ("population spikes") were superim- 
posed (not illustrated). Upon addition of paraoxon (10 pM), 
the amplitude of the population spike was increased; at  higher 
concentrations (100 pM) a second population spike appeared 
(not illustrated). A central finding of the present study was 

that paraoxon, in low concentration (1 pM), evoked sponta- 
neous electrical activity in about 70% of the slices (15-60 min 
after the start of drug application). In extracellular recordings, 
the amplitude of these burst discharges was 0.2 to 1 mV, their 
duration 100 to 500 msec and their frequency 1 to lO/min. Both 
shape and amplitude of the burst discharges typically depended 
upon the position of the recording electrode (cf. Schwartzkroii 
and Prince, 1978). Often an initially negative potential deflec- 
tion was followed by a positive one (examples of individual 
events are shown in fig. 4). Occasionally, monophasic negative 
or positive potentials occurred. The discharge frequency, how- 
ever, was independent of the electrode position. Both frequency 
and amplitude usually s t a b i i  within 30 min of paraoxon 
application and then remained constant for several hours. 
Typical effeds produced by paraoxon are shown in figure 1. 

To establish whether these discharges were cholinergic in 
origin, we examined the effects of two muscarinic receptor 
antagonists, atropine and pirenzepine. In all slices tested, atro- 
pine (0.1-1 pM; figs. 1, A and B) and pirenzepine (1.0 pM; fig. 
1C) reduced or abolished the paraoxon-induced burst dis- 
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Fig. 1. Paraoxon-induced spontaneous burst discharges and a%ns of 
muscarink antagonists. A, potentials recorded extraCeNulerty in m # a l  
cell layer of the hippocampal a m  CAI. Mteen minutes afWf p#fuskn 
of ACSF containha 10 UM ~araoxon. Smal soonteneous mbntbls 
developed that gr& rap& akJ reached an amhitude of 0.25 mV and 
a frequency of 3/min after 35 rnin. During 3 and 10 pM paraoxon a small 
kKxeaseinfrequencyanddeaeeseinamplitudecouldbeobserved. 
Atropine (1 pM) blocked completely these events within 5 min. 8, field 
discharges recorded as in A and evoked by paraoxon (1 pM). Atropine 
(1 00 nM) reversibly reduced the frequency of paraoxon-induced dis- 
chargesby ebout50%; 300 nM blockedcompktelythe bursts after3 
min; a first burst occurred 30 rnin after the start of washout and the 
recovery remained incomplete within another80 min. C, 1 pM pireruepine 
blocked paraoxan-induced discharges after 8 min. Despite a relathrely 
long application time (28 min), the burst discharges reeppeared 8 rnin 
after washout of pireruepine. After 30 min, the frequency equalled the 
antrol,althoughiheampktudeoftheburstdischarges~sbiwreduced. 
Voltage calibration is 0.5 mV in this and all subsequent figures. 



charges, suggesting the involvement of muacarinic cholinocep- 
tors in the mediation of this response. 

We next investigated the abilities of a series of bispyridinium 
oxime compounds to reverse the bursting induced by paraoxon. 
All compounds reduced the frequency of the burst discharges 
without influencing their amplitude. Aa illustrated in figure 2, 
obidoxime had a clear and reversible dose-demndent action 
upon the paraoron-induced discharges. A cohcentration-re- 
sponse curve derived from the results of 10 experiments is 
illustrated in figure 5 (IC50 between 200 and 300 nM). 

In order to evaluate the model further, we teeted three more 
oximes with established in vivo efficacy (HGG 12, HI 6 and 
HLii 7). The antidote HGG 12 also antagonized the bursts in a 
dose-dependent way (see fig. 5). HI 6 was found to be clearly 
lees effective (fig. 3) as compared to HGG 12, whereas a newly 
developed oxime, HLii 7, appeared to be about equipotent to 
HGG 12. Figure 4 illustratee a representative experiment. 
Above the uppermost trace (fig. 4), specimen of paraoxon- 
induced burst discharges are shown on a fast time scale, illus- 
trating that the amplitude of the individual discharges was not 
reduced. A summary of the effeds of HGG 12 (IC50,l-3 pM), 
HI 6 (IC50,5-10 pM) and HLii 7 (IC50, 1-3 pM) in all slices 
studied is shown in figure 5. 

Some control experiments were carried out to exclude an 
unspecific action of organophosphatee. HGG 12 at  10 and 30 
pM (five and six slices, respectively), H E  7 at 10 and 30 pM 
(three and six slices, respectively) and obidoxime at  1 pM (two 

Paraoxon I ~ M  

Obidoxime 300 nM 

Obidoxime 500 nM 

- n 
Obidoxime 1 pM 3 min 

R g . 2 E f t e c t s o f o b i d o x L n e o n p a r a o ~ d i s d r a r g e s . ~ ~  - pcmroxorrhduced -. APplicetkn 
timewss20min(300or500nM)orlOmin(l pM).respecthrely;300nM 
o#daxkne (uppennost trace) and 500 nM obidoxime (middle trace) 
~thedisdrargefrequencybyabout50and80%,respectively;l 
flobidoxkneebdishedcxwnpletelythedischerges.Naticereverslbility 
ofactbnatcdldosegtested. 

Paraoxon I ~ M  

1 
2 min 

Fig. 3. Reducbion of dhrcherge frequency by HI 6. Same anangement as 
in figure 2. HI 6 at 10 pM reduced the frequency by 70%, at 30 pM 
-were Wedtotelly. 

slices) did not reduce, but even slightly enhanced the amplitude 
of orthodromically evoked population spikes (up to 10%). A h ,  
a small second population spike sometimes developed. 

In addition, the actions of organophosphates upon burst 
discharges evoked by omitting Mg++ from the ACSF were 
tested in 15 slices. Superfusion of ACSF without Mg ++ 
induced spontaneous bursts (1-151min). Obidoxime (1 pM) or 
HI-6 (30 pM) added to Mg++-free ACSF for 30 min did not 
reduce, but increased the frequency of burst discharges margin- 
ally by 1.8 f 5.2% (n = 5) and 6.2 f 2.4% (n = 6), respectively 
(mean f S.E.M.) (fig. 6). Under the same conditions, HGG 12 
(10 pM) decreased the burst-frequency by 6.4 f 2.1% (n = 8) 
(fig. 6). 

Discussion 

The spontaneous discharges induced by paraoxon in area 
CAI of the hippocampus are comparable in form and duration 
to the extracellularly recorded field bursts induced by other 
epileptogenic agents. Such bursts have been described in the 
CAI and CA3 area during superfusion with Mg++-free ACSF 
(Mody et al., 1987) and in the CA3 region under conditions of 
elevated potassium (Rutecki et al.,1986, Korn et al., 1987), or 
in the presence of a variety of convulsants (for example, peni- 
cillin; Schwartzkroi and Prince, 1977). In these earlier inves- 
tigations it was also shown that the extracellularly observed 
field diecharges occurred simultaneously with paraoxysmal de- 
polarizing shifts recorded intracellularly. The epileptiform 
bursts observed in the present experiments with paraoxon were 
smaller in amplitude than synchronized discharges of other 
origin, which may indicate either that a smaller number of 
neurons were activated, or that the activation was lees syn- 
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Fig. 4. Effects of HL6 7 upon paraoxoiMnIuced disdrarges. HL6 7 
blocked paraoxominduced  discharge^^ in a -t manner. 
m t b n  tkn#l were 20 (3, 5 and 10 pM) and 10 min (30 pM), 
respecthrely;3. Sand 10pM HL67 reducedthedhrchargefrequency by 
about 60,75 end 85%, m; 30 r M  HLd 7 eboHshed ~mpletely 
t h e k w s t s . f h e e f f e c t s o f ~ L 6 7 k r e v e r s i b l e e t a ~ d h  
used. IndMdual dkdremes before. durina and after awlication of 3 UM 
HL6 7 are shown on Gtrace. 60th 3 enjj 5 pM HL6 7 (latter conmnirs 
tbn not ilhtrated) h f ~ I  only smaH effects upon amplitude and duratbn 
ofthedscharges. 

Paraoxon 1 pM 

Obidoxime 
HGG 12 

r H I B  
o HLo7 

Fig. 5. c2cmcmtre- curves derhred from the trequency re- 
ductknofp8moxon-inducedburstdischerges.Cunresshowmean~ 
S.E.M. of the frequency reduction of the paraoxominduced disdrarges 
for obidoxhm. HGG 12. HI 6 and HLll7. ED50 ranges are 200 to 300 
nMforobidoxime,lto3pMforHGG12andHL67,5tolOpMforHi 
6.Forsamplenumberlessthan4,onlythemsenisgiven. 

Obidoxime i PM 

HGG 12 l o  PM 5 7 "  

Fig. 6. Effects of HI 6, obidoxime end HGG 12 on spontaneous burst 
discharged induced by superfusion with Mg++-free ACSF. In contrast 
t o p a r a o x o n ~ , t h e a m a C A 3 w a s n o t ~ i n e ~  
with Mg++-free ACSF. Potentials were recorded extracellularly in the 
CAI re*. Spontaneau, burst discherges devekped 10 min after the 
onset of perfusbn with Mg++-free solution. Applicakn of HI 6 (30 a), 
obidoxime (1 pM) or HGG 12 (10 rM) for 30 min did not reduce the 
frequency of dischages. Individual dischsges before, dwlng and after 
eppYcatbnof30pMHl6aresh~ontoptrace. 

chronized under these conditions. Both interpretations, how- 
ever, are consistent with the absence of area CA3 from these 
slices, in as much as this region seems to be more prone to 
synchronized epileptiform bursting than CAI (Prince and Con- 
nors, 1986). 

The blockade by atropine of paraoxon-induced bursting 
strongly supporta the involvement of muecarinic cholinoceptors 
in the generation of these bursts. The excitatory actions of ACh 
and other muscarinic cholinoceptor agonists in the hippocam- 
pus have been well-characterized and appear to be mediatad 
via blockade of a number of different potassium conductances 
(Halliwell and Adame, 1982; Miiller and M i l d ,  1986, North, 
1986). Furthermore, it has been demonstrated previously that 
epileptiform bursts can be induced by direct or indirect eleva- 
tion of ACh Thus, local application of ACh to CAI neurons 
can transform a single orthodromically evoked population spike 
into a burst response (Benardo and Prince, 1982). These au- 
thors also observed persistent burst activity as well aa epilep- 
tiform field potentials after prolonged exposure to ACh. More- 
over, indirect elevation of ACh by application of the competitive 
AChE inhibitor, physostigmine, has been shown to induce 
epileptiform bursting in 20% of hippocampal slices (Cole and 
Nicoll. 1984). The induction by paraoxon in the present exper- 
iments of spontaneous bursting, together with the earlier fmd- 
inga with phyeostigmine, suggest that ACh is released under 
basal conditions. In untreated slices AChE presumably pre- 



AChE Reactivators in Hippocampus 1185 

vents this cholinergic excitatory influence. The blockade of 
paraoxon-induced bursting by the selective MI-muscarinic re- 
ceptor antagonist, pirenzepine (Hammer et al., 1980), may 
suggest the involvement of this receptor subtype in the re- 
sponse, although a complete analysis would be necessary to 
draw a f m e r  conclusion. 

The cholinergic input subserving the above described effects 
of physostigmine and paraoxon probably arises from the sep- 
tum in the intact animal (Lewis et al., 1967; Houser et al., 1983; 
Cuello and Sofroniew, 1984). Stimulation of the medial septum 
in vivo facilitates the CAI population spike evoked by commis- 
swal fiber activation (Krnjevic and Ropert, 1982). Further- 
more, this facilitation is potentiated by physostigmine and 
blocked by atropine. 
All oximes tested showed neither a depressing effect on 

orthodromically evoked population spikes nor an inhibition of 
spontaneous bursts induced by removal of Mg++ from the 
ACSF. Thus, these results exclude a facilitation of inhibitory 
membrane conductances or a general, unspecific, block of burst 
discharges. 

In contrast. all oxime tested showed consistent and concen- 
tration-dependent antagonistic actions on paraoxon-induced 
burst activity. The rank order of potencies of these compounds 
in reversing the effects of paraoxon was: obidoxime > HGG 12 
= HL6 7 > HI 6. This rank order roughly corresponds to both 
the biochemical and the in vivo efficacy of the reactivators, 
although there are only few comparative data in the literature. 
For instance, obidoxime reactivates paraoxon-inhibited AChE 
quickly and has a reliable antidotal effect in paraoxon intoxi- 
cation (Erdmann and von Clarmann, 1963). The concentrations 
used in our study were similar to those obtained in the cerebro- 
spinal fluid of rats in which the toxic effects of paraoxon have 
been antagonized (Erdmann, 1965). Accordingly, the oxime 
HGG 12, which was less potent than obidoxime in reducing 
paraoxon-induced bursting, was also a less potent reactivator 
of AChE compared to obidoxime in paraoxon intoxication 
(Hauser et al., 1981). With respect to HI 6, in vivo studies 
(Clement, 1982; Ligtenstein and Kossen, 1983; Klimmek and 
Eyer, 1986) suggest that reactivation of AChE is achieved at 
cerebrospinal fluid concentrations of 10 to 20 pM. This concen- 
tration range is of the same order of magnitude as the IC50 of 
5 to 10 pM obtained in ow  in vitro study. 

In addition to the AChE-reactivating properties of the ox- 
imes, these compounds also possess affinity for the muscarinic 
cholinoceptor (Kuhnen-Clausen et al., 1983). It is conceivable, 
therefore, that some of the paraoxon blocking efficacy of the 
oximes is mediated by antagonism of the actions of endoge- 
nously released ACh at muscarinic receptors. Such a possibility, 
however, seems unlikely, in the case of obidoxime and HI 6 as 
the affinity constants of those oximes for the muscarinic recep- 
tor (Amitai et al., 1980) are 1 to 2 orders of magnitude higher 
than their IC50 values f o r  reversing paraoxon-induced bursting. 
On the other hand, as a result of functional studies on guinea 
pig ileum, an apparent Ki of 1.6 pM has been derived for HGG 
12 (Kuhnen-Clausen et al., 1983). In addition, CNS binding 
studies on muscarinic receptors yielded an apparent Ki of 3.3 
pM (Kloog et al., 1985). 

In conclusion, paraoxon-induced burst discharges in the 
guinea pig hippocampus in vitro appear suitable for evaluating 
cholinergic effects of organophosphates. First, they are stable 
for several hours and are amenable to blockade by cholinergic 
antagonists. Second, the discharge frequency can easily be 

recorded and can serve as a measure of antidote efficacy. 
Finally, the slice preparation allows a more quantitative 
pharmacological approach than that obtainable in vivo. 

Acknowledgments 

The authors are grateful to Christina Mdler for secretarial assistance and to 
Jan Behrends and Konrad St% for technical assistance. Pirenze~ine was orovided 
by Thomae GmbH and obidoxime by E. Merck. The authors thank ~ro&amr P. 
Eyer for helpful u l i o n a  and Drs. A. Parsons, R. D. Sheridan and A. Kupsch 
for commenta on the manuscript. 

References 

Ahirru, G., KLOOG, Y., BALDERMAN, D. AND SOKOLOVBKY. M.: The interaction 
of bis-pyridinium oximes with m o w  brain muscarinic receptor. Biochem. 
Pharmac01.29: 483-468.1980. 

BENUDO, L. S. AND PRINCE. D. A.: Cholinergic excitation of mammalian 
hippocampal pyramidal cells. Brain Res. 249: 315-331,1982. 

CLEMENT, J. G.: HI-6: Reactivation of central and peripheral acetylcholinesteraae 
following inhibition by soman, earin, and tabun in vivo in the rat. Biochem. 
Pharmacol. 31: 1283-87. 1982. 

COLE, A. E. AND NICOLL, R. A.: Characterization of a slow cholinergic post- 
synaptic potential recorded in vitro from rat hippocampal pyramidal cells. J. 
Physiol. (Lond) 352: 173-188,1984. 

CUELLO A. C. AND SOPRONIEW Y.: The anatomy of the CNS cholinergic neurons. 
Trends Pharmacol. Sci. 7: 74-78,1984. 

ERDMANN, W. D.: Vergleichende Untersuchungen iiher daa Penetrationsvermb 
gen einiger esteraserealrtivierender Oxime in daa zentrale Newensystem. An- 
neb.-Forsch. 15: 135-139,1965. 

ERDMANN, W. D. AND VON CLARMANN. M.: Ein neurer Eaterase-Reektivator fi 
die Behandlung von Vergiftungen mit Alkylphosphaten. Deut. Med. Woch- 
enschr. 88: 2201-2206,1963. 

HABLITZ. J. J.: Picrotoxin-induced epileptiform activity in hippocampus: Role of 
endogenous versus synaptic factors. J. Neurophyaiol. 51: 1011-1027,1984. 

HALLIWELL, J. V. AND ADAMS, P. R.: Voltage-clamp analysis of muscarinic 
excitation in hippocampal neurons. Brain Res. 250: 71-92.1982. 

HAMMER, R, BERRIE, C. P., BIRDSALL, N. J. M., BURGEN, A. S. V. AND HULME, 
E. C.: Pirenzepine distinguishes between different s u b - c h  of muecarinic 
receptors. Nature (Lond) 283: 90-92,1980. 

HAusm, W.. KIRSCH, D. AND WECER. N.: Therapeutic effecta of new oximes, 
benactyzine and atropine in soman poisoning. Part 11. Effect of HGG12, 
HGG42, and obidoxime in poisoning with various anticholinesteraae agents in 
beagle dogs. Fundam. Appl. Toxicol. 1: 164168,1981. 

H o ~ ~ s m m ,  B.: Pharmacology of organophosphorus cholinesteraae inhibitors. 
Pharmacol. Rev. 11: 567488,1959. 

HOUSER, C. R., CRAWFORD, G. D., BARBER, R P., SALVATERRA, P. M. AND 
VAUGHN, J. E.: Organization and morphological characterietica of cholinergic 
neurons: An immunocytochemical study with a monoclonal antibody to choline 
acetyltransferase. Brain Rea. 266: 97-119,1983. 

KLEJI, M. R., LUX, H. D. AND SPECKMANN, E. J.: Physiology and Pharmacology 
of Epileptogenic Phenomena, Raven Pless, New York. 1982. 

KLIMMW, R. AND EYER, P.: Pharmacokinetica and phm&2Odynamic~ of the 
oxime HI6 in dogs. Arch. Toxicol. 59: 272-278,1986. 

KLOOG, Y., GALRON, R., BALDERMAN, D. AND SOKOLOVBKY, M.: Reversible and 
irreversible inhibition of rat brain muscarinic receptore is related to different 
subetitutions on biaquaternary pyridinium oximes. Arch. Toxicol. 58: 37-39, 
1985. 

KORN, S. J., GIACCHINO, J. L., CHAMBERLIN, N. L. AND DINGLEDINE, R.: 
E p i i t i f o m  burst activity induced by potassium in the hippocampus and its 
regulation by GABA-mediated inhibition. J. Neurophysiol. 57: 325-340,1987. 

KRNJEVIC, K. AND ROPERT, N.: Electrophysiological and pharmacological char- 
acteristica of facilitation of hippocampal population spikes by stimulation of 
the medial septum. Neuroecience 7: 2165-2183,1982. 

KUHNEN-CLAUBEN, D., HAcEDoRN, I., GROSS, G., BAYER, H. AND HUCHO, F.: 
Interactions of biaquaternary pyridine salta (H-oximen) with cholinergic recep- 
tors. Arch. Toxicol. 51: 171-179,1983. 

LANGMOEN, I. A. AND ANDEMEN, P.: The hippocampal slice in vitro. A deacrip- 
tion of the technique and some examples of the opportunities it offers. In 
Electrophysiology of Isolated Mammalian CNS Preparations, ed by G. A. 
Kerkut and H. V. Wheal, pp. 51-105, Academic Press, London, 1981. 

IJ?.WIS, P. R., SHUTE, C. C. D. AND SILVER, A.: Confirmation from choline 
acetylase analyses of a maasive cholinergic innervation to the rat hippocampus. 
J. Physiol. 191: 215-224,1967. 

L I G T E N B ~ N ,  D. A. AND KOBBEN, S. P.: Kinetic profile in blood and brain of 
the cholinesterase reactivating oxime Hi-6 after intravenous administration to 
the rat. Toxicol. Appl. Pharmacol. 71: 177-183,1983. 

MAm, M. A. AND KAR, P. P.: Further studies on the role of gamma-aminobutyric 
acid in paraoxon-induced convulsions. Eur. J. Pharmacol. 21: 217-221,1973. 

MILES, R., WONG, R. K. S. AND TRAuB, R. D.: Synchronized afterdischarges in 
the hippocampus: Contribution of local synaptic interactions. Neuroecience 12: 
1179-1189,1984. 

MODY, I., LAMBERT, J. D. C. AND HEINEMANN, U.: Low extracellular magnesium 
induces epileptiform activity and spreading depression in rat hippocampal 
slices. J. Neurophysiol. 57: 669-888.1987. 



1 186 Endm et al. Vd. 251 

MOLLIIR. W. AND MIBCELD, U.: Slow cholinergic excitation of guinea pig hip- 
pocampal neurons is mediated by two muscarinic receptor subtypes. Neunwci. 
Lett. 67: 107-112.1986. 

NORTH, R A.: Murcarinic recepton and membrane ion conductances Trends 
Pharmacol. Sci. 7: (Suppl.) 19-22.1986. 

PRINCE. D. AND CONNOW, B.: Mechanism of interictal epileptogeneeis. In Basic 
Mechanisms of the Epiiepeia, ed. by A V. Dew-Escueta,  A. A Ward, D. 
M. Woodbury and R J. Porter, pp. 275-299, Raven h, New York, 1986. 

RVIBCKI. P. A., LEBI~DA, F. J. AND JOHNBTON. D.: Epiieptiform activity induced 
by changes in e.traceUdm potaenium in hippocampun. J. Neurophysiol. 51: 
1363-1374,1986. 

SCHWARIWROIN, P. A. AND PRINCE, D. A.: Penicillin-induced epileptiform 
activity in the hippocampal in vitro prepmation. Ann. Neurol. 1: 463469,1977. 

SCHWARTZKROIN, P. A. AND PRINCE D. A.: Ceuular and field potential properties 
of epilsptogenic hippocampal slices. Brain Fh. 147: 117-130.1978, 

STEWART, W. C.: Accumulation of acetylcholine in brain and blood of Animalr 
poisoned with cholinesteraee inhibitors. Br. J. Pharmacol. 7: 270-276.1952. 

TURSKI, W. A.. CAVALHEIRO, E. A., SCHWARZ, M., CZUCZWAR, S. J., KLBINROK, 
Z. AND TIJRBKI, L.: Limbic aeizurea produced by pilocarpine in rat% A behav- 
ioral, electroencephalogrephic and neuropathological atudy. Behav. Brain Res. 
9: 315-335,1983. 

Send mrint requests to: Dr. G. ten Bmggencste, Physiologisches Institut, 
Universitit Mbchen, Pettenkoferstr. 12, BOOO Mhchen 2, Federal Republic of 
Germany. 




