
524 Experientia 40 (1984), Birkh/iuser Verlag, CH 5010 Basel/Switzerland 

ratory exchange and body size in the Aldabra giant tortoise. J. exp. 
Biol. 55 (1971) 651-665. 

34 Jager, S. de, and Dekkers, W.J., Relations between gill structure 
and activity in fish. Neth. J. Zool. 25 (1975) 276308. 

35 Kerkut, G.A., and Laverack, M. S., The respiration of Helix poma- 
tia a balance sheet. J. exp. Biol. 34 (1957) 97-105. 

36 Keynes, R.D., in: Comparative Physiology - Functional aspects of 
structural materials. Eds L. Bolis, S.H.P. Maddrell and K. 
Schmidt-Nielsen. North Holland, Amsterdam 1975. 

37 Kleiber, M., Body size and metabolism. Hilgardia 6 (1932) 316- 
353. 

38 Lasiewski, R.C., and Dawson, W. R., A re-examination of the rela- 
tion between standard metabolic rate and body weight in birds. 
Condor 69 (1967) 13-23. 

39 Maina, J.N., and Settle, J.G., Allometric comparisons of some 
morphometric parameters of avian and mammalian lungs. J. Phy- 
siol. 330 (1982) 28P. 

40 Muir, B.S., and Hughes, G.M., Gill dimensions for three species of 
tunny. J. exp. Biol. 51 (1969) 271-285. 

41 Pasquis, P., Lacaisse, A., and Dejours, P., Maximal oxygen uptake 
in four species of small mammals. Respir. Physiol. 9 (1970) 298- 
309. 

42 Pennycuick, C.J., Mechanics 9 f flight, in: Avian Biology, vol. 5, 
pp. 1-75. Eds D.S. Farner and J.R. King. Academic Press, New 
York 1975. 

43 Piiper, J., Comparative physiology of respiration in vertebrates. 
Respir. Physiol. 14 (1972) 1 236. 

44 Prange, H.D., and Jackson, D.C., Ventilation, gas exchange and 
metabolic scaling of a sea turtle. Respir. Physiol. 27 (1976) 369 
377. 

45 Price, J.W., Growth and gilt development in the small-mouthed 
black bass, Micropterus dolomieu, Lacapede. Stud. State Univ. 
Ohio 4 (1931) 1-40. 

46 Rahn, H., Gas transport from the environment to the cell, in: Ciba 
Foundation Symposium on 'Development of the Lung', pp. 3-23. 
Eds de Reuck and Porter. Churchill, London 1966. 

47 Taylor, C.R., Maloiy, G.M.O., Weibel, E.R., Langman, V.A., 
Kamau, J.M.Z., Seeherman, H.J., and Heglund, N.C., Design of 

the mammalian respiratory system. III. Scaling maximum aerobic 
capacity to body mass: wild and domestic animals. Respir. Physiol. 
44 (1981) 25-37. 

48 Tucker, V.A., Respiratory exchange and evaporative water loss in 
the flying budgerigar. J. exp. Biol. 48 (1968) 67-87. 

49 Ultscb, G.R., Eco-physiological studies of some metabolic and 
respiratory adaptations of sirenid salamanders, in: Respiration of 
Amphibious Vertebrates, pp.287-311, Ed. G.M. Hughes. Aca- 
demic Press, London and New York 1976. 

50 Webb, P.W., Some aspects of the energetics of swimming of fish 
with special reference to the cruising performance of rainbow trout, 
Salmo gairdneri Richardson. PhD Thesis, Bristol University 1970. 

51 Webb, P.W., Hydrodynamics and energetics of fish propulsion. 
Bull. Fish. Res. Bd Can. 190 (1975) 1-158. 

52 Weibel, E.R., Morphometric estimation of pulmonary diffusion 
capacity. V. Comparative morphometry of alveolar lungs. Respir. 
Physiol. 14 (1972) 26-43. 

53 Weibel, E.R., Stereological methods L in: Practical methods for 
biological morphometry. 415 pp. Academic Press, New York 1979. 

54 Weibel, E. R,  and Taylor, C.R., Design of the mammalian respira- 
tory system. Respir. Physiol. 44 (1981) 1-164. 

55 Weis-Fogh, T., Quick estimates of flight fitness in hovering 
animals, including novel mechanisms for lift production. J. exp. 
Biol. 59 (1973) 169-230. 

56 Weis-Fogh, T., Dimensional analysis of hovering flight, in: Scale 
Effects in Animal Locomotion, pp. 405-420, Ed. T.J. Pedley. Aca- 
demic Press London 1977. 

57 Winberg, G.G., a) Rate of metabolism and food requirements of 
fishes, b) New information on metabolic rate in fishes. Fish Res. 
Bd. Can. 1956; translation series 194 and 362. 

58 Zeuthen, E., Body size and metabolic rate in the animal kingdom. 
C.r. Lab. Carlsberg. Ser. chim. 26 (1947) 15-161. 

0014-4754/84/060519-0651.50 + 0.20/0 
�9 Birkh~iuser Verlag Basel, 1984 

Recent advances in the use of selective neuron-destroying agents for neuro- 
biological research 

by A. Contes tabi le ,  P. Migani ,  A.  Poli  and  L. Vil lani  

Institute o f  Comparative Anatomy and Laboratory o f  General Physiology, University o f  Bologna, 1-40126 Bologna 
(Italy) 

D u r i n g  the last few years,  the use o f  selective neuron-  
des t roying  agents  has  become  one  o f  the m o s t  widely  
used app roaches  in neurob io log ica l  research.  The  
general  a im of  inves t iga tors  using neu ron-des t roy ing  
agents  is to p r o v o k e  a m o r e  o r  less ex tended,  bu t  ana-  
tomica l ly  verifiable,  neu rona l  degenera t ion  and  to s tudy 
the consequences  o f  the lesion f r o m  ana tomica l  a n d / o r  
func t iona l  po in ts  o f  view. N e u r o n - d e s t r o y i n g  agents  are 
power fu l  tools  to invest igate  m a n y  basic aspects o f  
bra in  o rgan iza t ion  but,  at  the same time, they give rise 
to several  p rob lems  related to the m e c h a n i s m  o f  ac t ion  
o f  the drugs  used and to possible d rawbacks  in the in- 
t e rp re ta t ion  o f  the results. 
The  a im o f  the present  pape r  is to present  some o f  the 
m o r e  i m p o r t a n t  f indings obta ined ,  in recent  years, f r o m  
the exper imenta l  use o f  neuron-des t roy ing  agents  and  
to make ,  whenever  possible,  a cri t ical  appra isa l  o f  the 
po ten t ia l  usefulness  and d rawbacks  for  each  c o m p o u n d .  

Our  a t t en t ion  will be pr imar i ly  focussed on agents pro-  
ducing degenera t ion  o f  nerve  cell bodies;  we will no t  
m a k e  any a t t empt  to review the extensive l i terature con-  
cerning the ac t ion  o f  drugs hav ing  a p r imary  neuro tox ic  
ac t ion  towards  chemica l ly-charac te r ized  nerve endings,  
such as 6 -hyd roxydopamine ,6 -hydroxydopa ,5 ,6 -and  
5 ,7_dihydroxyt ryptamine  2, 57,65,66,80,99,112,131,132,155 

Kainic acid 

Since the d iscovery  o f  the neuroexc i t a to ry  6~ and neu- 
ro tox ic  23'54'11~ ac t ion  o f  kainic  acid on  inver tebra te  and  
ver tebra te  neurons ,  this drug  of  algal or igin has been 
extensively used in exper imenta l  neurob io logy .  In  the 
present  pape r  we will no t  cons ider  in detail  the bulk o f  
earl ier  f indings,  adequa te ly  reviewed in previous  publi-  
cations20'87; we will ra ther  focus ou r  a t ten t ion  on those  
aspects which are  m o r e  re levant  to the p rob lem o f  the 
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relation between the mechanism of action of kainic acid 
and its use as a selective neuron-destroying agent. 
Kainic acid is a conformationally restricted analogue of 
glutamic acid 2~ 87, which is thought to be a naturally oc- 
curring excitatory neurotransmitter 3~ The primary ef- 
fect of kainic acid on sensitive neurons is a strong exci- 
tation that can be electrophysiologically monitored by 
measuring membrane depolarization and recording 
spike discharge 14,6~ In some systems the excitatory 
potency of kainic acid was found to be a hundred times 
higher than that of the natural neuroexcitants, glu- 
tamate and aspartate I42. While with low doses the effect 
was reversible, higher concentrations of kainic acid 
caused an immeasurable increase of membrane con- 
ductance and the neurons became irreversibly depolar- 
ized 14'74. It was initially proposed that the binding of 
kainic acid to the post-synaptic glutamate receptor 
could trigger the overexcitation and, eventually, the 
death of sensitive neurons 54,1I~ Further studies, how- 
ever, suggested the existence of specific binding sites for 
kainic acid in membrane preparations from mammalian 
and avian b r a i n  24'52,77,89'97,I45,H6 as  well as in a synapto- 
some-enriched particulate fraction from the goldfish 
brain 92. More recently, the existence of pre-synaptic, in 
addition to the post-synaptic, receptors for kainic acid 
has been postulated 34'44' 154. 
In some systems, the neuroexcitatory and neurotoxic ef- 
fects of kainic acid appeared to depend on the integrity 
of excitatory afferents (some of which were presumably 
glutamatergic) or on the administration of exogenous 
glutamate 5, 7. s, 14, 52, 68, 95,150. In other systems, however, such 
a relationship could not be demonstrated 6'72,119'126'm and 
both the neuroexcitatory and neurotoxic effects of kai- 
nic acid occurred independently of the functional in- 
tegrity of afferent systems or exogenous glutamate. Fur- 
thermore, in an in vitro preparation of the goldfish op- 
tic tectum, glutamate exhibited a moderately competi- 
tive action against the neuroexcitatory action of kainic 
acid, monitored by the increase of  C02 production from 
tectal slices incubated in the presence of exogenous glu- 
cose 91. 
These discrepant results may be explained 19,34 by postu- 
lating that the post-synaptic receptors are responsible 
for the direct excitatory and neurotoxic effects and that 
pre-synaptic receptors cause the release of endogenous 
excitatory transmitters, which enhance the excitatory 
and neurotoxic action of kainic acid. Still, one has to be 
aware that the situation at the receptor level may be 
even more complicated. In fact, in studies on mamma- 
lian brain it was possible to demonstrate specific bind- 
ing sites for kainic acid in membrane preparations sub- 
jected to different kinds of manipulations, but not in 
intact synaptosome preparations 97. The negative results 
with mammalian synaptosomes and brain slices have re- 
cently been confirmed in our laboratory. In contrast, 
intact synaptosomes or brain slices from the goldfish 
brain and spinal cord are able specifically to bind kainic 
acid, with the level of  binding being 1 or 2 orders of 
magnitude higher than that found in membrane prepa- 
rations from mammalian brain 92. These preliminary ob- 
servations raise exciting possibilities for future work 
aiming at the explanation of several discrepant results 
obtained with kainic acid in relation to differences in 

animal species used, neuronal systems investigated and 
experimental approach adopted, 
In the mechanism recently proposed by Coyle 19 to ex- 
plain the action of kainic acid, the activation of post- 
synaptic receptors as well as the release of endogenous 
excitatory neurotransmitters caused by the activation of 
pre-synaptic receptors would increase the level of free 
intracellular Ca ++. The high Ca ++ level in the post- 
synaptic neuron would activate Ca++-dependent prote- 
ases while the neuronal depolarization would increase 
energy consumption and decrease energy s t o r e s  7'8"19 

This model seems to explain adequately several results 
obtained with the in vivo administration of kainic 
a c i d  5'8'52'68,95'122'15~ as  well as some in vitro r e s u l t s  7'14'34'44. 

However, this hypothesis cannot readily explain the dif- 
ferences in binding characteristics and in metabolic re- 
sponse to kainic acid observed in fish and mammalian 
brain preparations 7'91,92,9v,118'154. Moreover, the physio- 
logical evidence of pre-synaptic receptors for kainic acid 
should be tested in synaptosome preparation rather 
than in intact slices 34,120. 
On the basis of the above results and of studies includ- 
ing pharmacological manipulation 3~,39,51,149'165, the neuro- 
toxic action of kainic acid on a given neuron can be 
regarded as the net result of  the overexcitation caused 
by kainic acid, the reinforcement by excitatory afferents 
and the possible modulation by intrinsic and/or extrins- 
ic inhibitory circuits. 
While the mechanism of action of kainic acid still 
requires better clarification, its value as a selective 
neuron-destroying agent is well documented by hun- 
dreds of papers published during the last decade. 
The neurotoxic effect, demonstrated in a number of 
brain regions in organisms from fish up to mammals, 
results in the degeneration of sensitive neu- 
rons17,21,23,37,42,50,53,54,70,90,107,123,124,136,150,157,158 in times ranging 

from some hours to few days. In some systems kainic 
acid destroys all the neurons present in the area of the 
injection site 16'21'23'163 while, in other regions, the drug is 
selectively neurotoxic towards specific neuron types 
only. Neuronal populations differentially sensitive to 
kainic acid have been demonstrated, for instance, in the 
cerebellum, the hippocampus, the habenula and the nu- 
cleus of the diagonal band of Broca 16'18'36'53'54'129. 
Examples of the extremely selective neurotoxicity of 
kainic acid have been observed among the cerebellar 
Purkinje cells and the periventricular neurons of the op- 
tic tectum in the goldfish j57'158. From an experimental 
point of view, it is interesting to learn that, in several 
systems, the neurotoxic action of kainic acid appeared 
to be dependent not only on the dosage used but also 
on the exact method of anesthesia adopted 3'19'31,39,58'114'~64. 
The use of  different types and doses of  anesthetic and 
tranquilizers offers, therefore, an auxiliary way to ob- 
tain selective neurotoxic effects in various nervous re- 
gions. While in mammals the neurotoxic effect of kainic 
acid leads to irreversible neuronal loss and to compen- 
satory glial proliferation 2~ there is some evi- 
dence that a partial recovery from the neuronal damage 
can occur in the fish brain 17. 
it was originally suggested that kainic acid spared affer- 
ent terminals and axons of passage in the injected re- 
gion21,136. Subsequent reports cast some doubt on the 
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axon-sparing character of kainic acid lesions 71'84. How- 
ever, several further pieces of research have given con- 
vincing evidence that kainic acid neurotoxicity does not 
actually affect afferent systems and axons of pas- 
sage 1~176 The selectivity of the lesions caused 
by kainic acid makes it possible, in many cases, to over- 
come the problems inherent in conventional lesion 
methods and makes it possible to study features of the 
intrinsic organization of discrete brain areas as well as 
parameters related to connections between anatomi- 
cally-linked nuclei. 
A major problem concerning the use of kainic acid le- 
sions in experimental neurobiology derives from obser- 
vations suggesting that, in some systems, the neurotoxic 
effect leads to neuronal degeneration at the injection 
site as well as in distant areas 4'21'95,129,141. These remote 
lesions have been demonstrated after kainic acid injec- 
tions in the hippocampus and amygdaloid com- 
plex 4'95'129'13~ and have been attributed to epileptiform 
activity and seizures induced by the drug. In a more 
comprehensive report TM based on kainic acid injections 
in several brain areas, it was suggested that the remote 
lesions reflected anatomical connections between the in- 
jected and the distant area. in other systems, however, 
distant neuronal damage was not reported 27's3'1~7'15~'t63 or 
was excluded by specific histological controls 18. More- 
over, distant neuronal damage after intracerebral injec- 
tions of kainic acid appears to be dependent on several 
factors such as the animal species used, the drug dos- 
age, the route of administration and the protocol of 
anesthesia47,71,94,130,164,165. 

On the basis of the available data it seems safe to con- 
clude that investigators should be aware of the possible 
occurrence of distant lesions after localized injections of 
kainic acid and that histological controls should be per- 
formed when starting a lesion study with kainic acid. In 
particular, those brain areas which, on the basis of the 
known anatomical data are most likely to lead to false 
interpretation of the results, must be carefully checked. 

lbotenic acid 

In an attempt to overcome the problems related to epi- 
leptogenic effects and to distant lesions caused by kainic 
acid, other potential neurotoxins have been tested. Ibo- 
tenic acid, an acid amino acid structurally similar to 
kainic acid extracted from toxic fungi of the genus Am- 
anita, has proved to be an effective neuron-destroying 
agent when injected intracerebrally 43'69'134. The neuro- 
toxic potency of ibotenic acid appears to be lower by at 
least 1 order of magnitude than that of kainic acid, and 
considerably higher doses must therefore be used in or- 
der to obtain lesions comparable in size 43'45'46'134. A ma- 
jor advantage in the use of ibotenic acid is the apparent 
absence of epileptogenic activity and of distant lesions 
outside the locus of direct administration 45'46'67. 
On the basis of such observations, ibotenic acid has 
been recommended as a substitute for kainic acid as a 
selective neuron-destroying agent 46. However, relatively 
few studies based on the use of ibotenic acid have been 
performed as yet, and there is therefore little informa- 
tion concerning some essential parameters of the 
mechanism of action of this neurotoxin. For instance, 

the physiological action of ibotenic acid on sensitive 
neurons is far from having a satisfactory explanation. 
In fact, some studies indicate that ibotenic acid may 
preferentially bind to the aspartate receptor 73. However, 
in a study on the electrophysiological action of ibotenic 
acid on the crayfish neuromuscular junction 143 it was 
suggested that ibotenic acid could act through the post- 
synaptic (and maybe also the pre-synaptic) GABA re- 
ceptors. The same discrepancy was apparent as far as 
the physiological action of ibotenic acid was concerned. 
In the crayfish neuromuscular junction ibotenic acid 
had no appreciable depolarizing effect ~43 while, in other 
systems, it showed strong excitatory 73, or mixed excit- 
atory and inhibitory, actions 98. 
A recent report 67 has compared the neurotoxic effect of 
kainic acid and ibotenic acid in several brain regions. 
From the results obtained, it appears that some differ- 
ences in the mechanism of action of the 2 neurotoxins 
must exist. It is not clear, however, whether these differ- 
ences concern basic or accessory aspects of the neuro- 
toxic action. In evaluating the usefulness of ibotenic 
acid as a selective neuron-destroying agent, a crucial 
point is that we have no information on the possible 
side-effects of injecting the large amount of ibotenic 
acid required to obtain a sizable neurotoxic effect 
(usually 5 20 gg as compared with 0.5-1 gg of kainic 
acid). Ibotenic acid, in fact, cannot be metabolized and 
it is likely that it does accumulate in brain tissue for 
rather long periods, as demonstrated for kainic acid 31. 

Quinolinic acid 

Quinolinic acid (2, 3 pyridine dicarboxylic acid) is an 
endogenous compound belonging to a family of trypto- 
phan metabolites, the kynurenines. This conformation- 
ally restricted analogue of glutamate and aspartate is a 
powerful excitant of central neurons when delivered by 
iontophoresis114, 115. Intrastriatal injections of high doses 
of quinolinic acid (up to 600 nmoles) caused large de- 
struction of striatal neurons, fall of intrinsic neurotrans- 
mitter-related markers and apparent sparing of axons 
of passage and afferent terminals 139'14~ No distant le- 
sions were observed outside the injected brain areas. In- 
trahippocampal injections in excess of 60 nmoles led to 
degeneration of all the neurons present in the injected 
area while lower doses exhibited a preferential toxicity 
towards pyramidal neurons (in particular those of the 
CA1 zone )  139' 140 Generalized convulsions only occurred 
after intrahippocampal injections of at least 500 nmoles 
of quinolinic acid. Similar, but less pronounced, neuro- 
toxicity was exhibited by the quinolinic acid analogue 
cis-2, 3-piperidine dicarboxylic acid 38. 
In a further histological study 13v differential vulner- 
ability to quinolinic acid was demonstrated in various 
brain areas. While basal ganglia and hippocampus were 
very susceptible to the neurotoxic action, the cerebel- 
lum, the substantia nigra, the amygdala, the medial sep- 
turn and the hypothalamus appeared more resistant. In 
in vitro cultures, quinolinic acid was neurotoxic to- 
wards striatal explants when cultured together with 
frontal cortex, but not towards striatal explants alone 159. 
Similar in vitro results had been previously demon- 
strated for kainic acid. In preliminary studies performed 
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in our laboratory (unpublished observations) quinolinic 
acid proved to be highly neurotoxic when injected in the 
rat frontal cortex. Doses of 60-90 nmoles caused unse- 
lective brain tissue destruction around the injection site 
and high mortality within a few days after the opera- 
tion. However, lower doses of quinolinic acid (15-30 
nmoles) were apparently ineffective in causing detect- 
able brain lesions. 
From the few data so far available, quinolinic acid ap- 
pears to be a promising neurotoxin for neurobiological 
research. It shares some of the neurotoxic properties of 
kainic acid 139' 140 but, like ibotenic acid, does not seem to 
cause generalized epileptiform activity and distant dam- 
age. The neurotoxic action of quinolinic acid requires, 
of course, to be tested in other nervous regions and in 
other animal species. From our preliminary results on 
the cerebral cortex it appears that there should be a 
remarkable degree of differential sensitivity to quinolin- 
ic acid neurotoxicity among different nervous regions. 
The selective neurotoxic effect would be the result of 
differences of the neuroexcitatory action of quinolinic 
acid towards various neuronal p o p u l a t i o n s  114'115. The 
physiological and experimental conditions which give 
rise to this differential sensitivity require careful investi- 
gation. A major problem with the use of quinolinic acid 
is the high dosage required to obtain a significant neu- 
rotoxic effect. In contrast with ibotenic acid, quinolinic 
acid is metabolized and therefore its actual concentra- 
tion in the brain tissue is probably decreased signif- 
icantly during the injection and subsequent diffusion. 
Studies on the mechanism of action, on the rate of me- 
tabolization and the metabolic fate of the injected quin- 
olinic acid are essential in order to make a better assess- 
ment of its usefulness as a selective neuron-destroying 
agent in neurobiological research. 

Glutamate 

A neurotoxic effect of systemically injected monoso- 
dium glutamate in specific brain areas was originally 
demonstrated by Olney 1~ in infant mice, and has subse- 
quently been confirmed in other species 12' 111,116. The neu- 
rotoxic effect was restricted to some hypothalamic 
areas, in particular the arcuate nucleus, and to a few 
other brain regions. Glutamate neurotoxicity has also 
been demonstrated in primary spinal cord cultures 
derived from fetal mice 11. 
In adult animals, intracerebral injections of very high 
doses of glutamate only caused very limited damage 
around the injection site 86'1~ The relative inefficacy 
of glutamate as a neurotoxic agent is probably due, at 
least in part, to the fact that a very active uptake system 
exists in brain tissue and, therefore, the effective con- 
centration of glutamate is readily reduced at the injec- 
tion site. Consistent with this explanation is the fact 
that previous transection of presumedly glutamatergic 
afferents significantly increases glutamate neurotoxic- 
ity 138, most likely as a consequence of the reduced glu- 
tamate uptake. 

Pyroglutamic acid 

While previous studies 2~ 25 did not reveal any significant 
excitatory action or binding antagonism of L-pyroglu- 

tamic acid, an intermediate amino acid of the gamma- 
glutamyl cycle, a recent report 125 led to different and 
quite interesting conclusions. Intrastriatal injections of 
pyroglutamic acid in the mouse caused postural distur- 
bance and increased firing of sensitive neurons followed 
by sudden cessation of neuronal discharge. Subsequent 
morphological examination showed selective degener- 
ation of striatal neurons while afferent fibers and ter- 
minals were spared. These results have encouraged new 
efforts to test pyroglutamic acid in other brain regions. 

Folates 

Folic acid and some of its metabolic derivatives have 
convulsant properties 9'26,56. Since folates are released by 
nerve endings under stimulation 13 and, in cerebellar 
membranes, methyltetrahydrofolate is an effective com- 
petitor for the kainic acid binding site 12~, it has been 
proposed that these compound are endogenous neu- 
roexcitatory and possibly neurotoxic agents. In agree- 
ment with this hypothesis, folate levels in the cerebro- 
spinal fluid are more than doubled after epileptic sei- 
zures 13. However, experiments carried out on slice prep- 
arations of the prepyriform cortex 1' ~2~, failed to confirm 
the supposed excitatory properties of folates. Binding 
experiments showed differential patterns of competition 
with kainic acid in membrane preparations from differ- 
ent brain areas of mammals 7~ and in a synaptosome-en- 
riched fraction from the goldfish brain 92. 

In a recent paper 33 based on a wide range of physiolog- 
ical and biochemical tests, it was concluded that some 
folates may have a weak neurotoxic effect, but that this 
effect is not mediated through specific receptors for kai- 
nic acid. This notion is consistent with binding experi- 
ments on synaptosome preparation from the goldfish 
brain, recently performed in our laboratory 92. Folic and 
dihydro folic acid showed a low degree of competition 
towards the kainic acid binding site while methyl- 
tetrahydro folic and folinic acid were ineffective. 

When injected in the amygdala, striatum and substantia 
innominata, folic acid (50-200 nmoles) caused sustained 
epileptiform activity accompanied by a disseminated 
pattern of distant brain damage while little or no dam- 
age was apparent at the injection site 88,1~176 Formylte- 
trahydrofolate showed similar effects while methyl- 
tetrahydrofolate had a markedly lower neurotoxic ac- 
tion t~ The distant damage caused by folates was pri- 
marily apparent in brain areas anatomically connected 
with the sites of injection and was thought to be the 
result of the seizures caused by the drug adminis- 
trationl08, t09 

Our limited knowledge of the neurotoxic properties of 
folates does not allow a definitive assessment of their 
value as selective neuron-destroying agents. The possi- 
bility of destroying neurons in brain areas anatomically 
connected with the injected region raises interesting op- 
portunities for studies focussed on neuronal connectiv- 
ity. On the other hand, the complicated pattern of dis- 
tant damage caused by folates and the degree of repro- 
ducibility of the neurotoxic effect obtained should be 
rigorously tested before one accepts the use of folates as 
selective neuron-destroying agents. 
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Dipiperidinoethane and cholinergic agents 

Systemic administration of dipiperidinoethane, a piper- 
idine derivative, caused seizures and brain damage simi- 
lar to those caused by systemic or intramygdaloid injec- 
tions of kainic acid 1~ It was later ascertained that the 
actual neurotoxic action was caused by an oxidized 
derivative, since intramygdaloid injections of N,N-di- 
oxydipiperidinoethane reproduced the syndrome caused 
by systemic injections of dipiperidinoethane ~~ Unlike 
kainic acid but like the folates, the oxydized dipiperidi- 
noethane caused relevant distant brain damage associ- 
ated with limited brain damage at the site of injection. 
Since the molecular structure of the drug resembles that 
of the cholinergic agent oxotremorine, several acetyl- 
choline agonists and cholinesterase inhibitors were sub- 
sequently tested ~~ Charbacol and neostigmine were the 
most effective agents, while acetylcholine itself caused 
seizures and brain damage only when administered to- 
gether with an ineffective dose of neostigmine. 
A possible explanation of these results is that the excita- 
tion of amygdala neurons containing acetylcholine re- 
ceptors triggers locally seizures leading to neuronal 
damage in distant areas anatomically connected with 
the injected region. As for the case of folates, the use of 
the drugs described in the present chapter as selective 
neuron-destroying agents is made difficult by the fact 
that they do not cause restricted lesions at the injection 
site and that the distant lesions probably cannot be con- 
trolled to the extent required for neuroanatomical or 
neurochemical studies. On the other hand, these studies 
may have a clinical relevance since they give interesting 
information on the neuronal mechanisms underlying 
human diseases like epilepsy. 

Colchicine 

It has recently been shown that colchicine is neurotoxic 
when injected in the striatum 93 and hippocampus 4~ In 
the hippocampus a preferential neurotoxicity against 
the granule cells of the fascia dentata was noticed 4~ 
Subsequently, selective colchicine neurotoxicity was 
demonstrated in several other brain regions 4~. Recently, 
in our laboratory, we have attempted to use colchicine 
neurotoxicity in order to confirm some projections in 
the septo-habenulo-interpeduncular system ~56. By means 
of stereotaxic injections of gg amounts of colchicine 
and subsequent electron microscopic examination of the 
injected and the target areas; we were able to identify 
the medial habenula as the source of the most common 
types of interpeduncular terminals, the S and crest 
synapses. In addition, a previously controversial 
projection from the triangular nucleus of the septum to 
the interpeduncular nucleus ~5,83't53 was confirmed. The 
cholinergic nature of the projection from the supracom- 
missural septum to the interpeduncular nucleus and the 
habenula, previously suggested on the basis of a lesion 
study 16, has been recently confirmed using stereotaxic 
colchicine injections (Fonnum and Contestabile, in 
preparation). However, in these studies it was observed 
that, as would be anticipated on the basis of the avail- 
able reports in the literature 28'49'162, colchicine caused 
damage or degeneration of axons crossing the injected 
areas. 

It was concluded that colchicine cannot be used as a 
neuron-destroying agent in the absence of controls al- 
lowing exclusion of erroneous interpretations of the re- 
sults caused by degeneration of fibers of  passage. This 
is, of course, a serious limitation of the use of colchicine 
for neuroanatomical and neurochemical purposes. It re- 
mains, however, interesting for neurobiologists to try to 
explain why colchicine displays such a remarkable de- 
gree of selectivity against some specific neuronal 
types 4~ From some recent studies it appears that 
colchicine neurotoxicity is a consequence of the binding 
of colchicine to tubulin and that the selective neurotox- 
icity may be due to a more stable bond in some neu- 
ronal elements, possibly in connection with increase of 
neuronal firing and induction of epileptiform activ- 
ity 4~'79'~52. An additional neurotoxic effect of colchicine 
may be due to some pre-synaptic action on Ca ++ influx 
and transmitter release, as suggested by a recent in vitro 
study ~~ 

Lectins 

Neurotoxic properties of some lectins, proteins of plant 
origin such as ricin, abrin and modeccin have been re- 
cently demonstrated ~48'~s~'~6~ Intraventricular injections 
of a very small amount of ricin (0.04 gg/rat) resulted in 
a significant inhibition of protein synthesis by brain 
tissue, and a dose as low as 0.084 gg/rat caused the 
death of 50 % of the experimental animals within 7 days 
after surgery TM. The application of ricin, abrin and 
modeccin to the trunk of the peripheral nerves resulted 
in the degeneration of parent cell bodies ~6~ The cause of 
the neuronal degeneration can be attributed to the inac- 
tivation of polyribosomes in the cell bodies by the retro- 
gradely transported toxin 29'32'135'I6~ Previous experi- 
ments, in fact, demonstrated that ricin, injected in the 
anterior eye chamber or in the submandibulary gland, 
was taken up by terminals of the postganglionic sympa- 
thetic neurons and retrogradely transported to the par- 
ent cell bodies. 
The possible occurrence of ~suicide transporb) of lec- 
tins ~6~ in central nervous pathways would raise very in- 
teresting opportunities for experimental neurobiology. 
By injecting ricin or other toxic lectins in a given brain 
area, it would be possible to cause neuronal degener- 
ation in brain regions projecting to the injected area. 
However, a recent paper ~6~ failed to show retrograde 
transport of ricin conjugated to horseradish peroxidase 
from the injection site t.o neuronal cell bodies in the 
projection area. A possible explanation of the different 
ability to transport lectins in peripheral and central sys- 
tems may reside in the different binding of the molecule 
to surface glycoproteins in peripheral and central nerve 
terminals ~6~. In our laboratory, we have tested the possi- 
bility of obtaining neuronal degeneration after retro- 
grade transport of ricin injected in the rat striatum (un- 
published observations). 
From a set of preliminary experiments, it appeared that 
an extensive degeneration area was readily observed at 
the injection site using ricin doses as low as 10 ng. The 
effect on areas projecting to the striatum such as the 
frontal cortex and the substantia nigra showed, how- 
ever, a large variability. No neuronal degeneration was 
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usually observed in the substantia nigra while neuronal 
loss in the frontal cortex was well evident in a few cases 
but not appreciable in others. These results raise several 
unanswered questions on the possibility of using toxic 
lectins as neuron-destroying agents and further re- 
searches in this field are clearly needed. 

Other toxins 

Bipiperidil mustard, a bipiperidine derivative, sys- 
temically administered to rats, has been shown to pro- 
voke neuronal lesions restricted to some areas of the 
ventromedial hypothalamus, the dorsal vagal nuclei and 
areas of the medial and supracommissural septum 7s,76. 
No information is available on the mechanism of action 
of this substance. 
Ethylcholine mustard aziridinium ion intraventricularly 
injected in mice caused a remarkable decrease of high 
affinity choline uptake in the cerebral cortex and hippo- 
campus; no such effect was apparent for the striatum 81. 
It was proposed that a toxic effect of  the drug against 
the cholinergic terminals could be the result of the inter- 
ference with the high affinity uptake system present in 
the same terminals 35,8~. In situ injections have been sub- 
sequently reported significantly and selectively to re- 
duce cholinergic parameters in the striatum 22. In a sub- 
sequent work performed on the hippocampus ~2, ethyl- 
choline mustard selectively reduced high affinity choline 
uptake and choline acetyltransferase while pre-synaptic 
noradrenergic and serotoninergic markers appeared 
unaffected. Since AChE activity, which is considered to 
be largely linked to extrinsic cholinergic terminals in the 
hippocampus~00.166, did not decrease under the same ex- 
perimental conditions, the authors concluded that de- 
generation of cholinergic synapses did not actually oc- 
cur. Rather, inactivation of choline carrier at the uptake 
sites and some form of interaction with choline acetyl- 
transferase, were suggested in order to explain the de- 
crease of cholinergic markers. Finally, a cytotoxic effect 
against a neuroblastoma x glioma hybrid cell line was 
recently reported ~33. 
Since these cells have both an active choline transport 
system and high levels of choline acetyltransferase, the 
effect appeared again to be specific for cells provided 
with the most common markers of cholinergic activity. 
The use of ethylcholine mustard seems to be promising 
for the experimental study of cholinergic systems. A 
preliminary step to be performed, however, is a careful 
examination of the actual damage to cholinergic neu- 
rons and the degree of selectivity of  the toxin. 

Drugs acting during development 

Drugs interferring with mitosis, such as methyl- 
azoxymethanol acetate and cytosine arabinoside, are 
able to kill dividing brain cells selectively 63. When ad- 
ministered during a given foetal or post-natal period, 
these drugs destroy the neuroblasts undergoing division 
in the hours (about 12 h for methylazoxymethanol 
acetate) following the treatment with the result that 
these neuronal populations are eliminated from the 
adult brain. Methylazoxymethanol acetate and cytosine 
arabinoside have been successfully used to ablate neu- 

tonal populations from the cerebellum and cerebral cor- 
tex 61'64'85'147. By such an experimental approach the de- 
granulated mouse cerebellum was studied with respect 
to the modification of neurochemical parameters associ- 
ated with the underdevelopment of granule cells 62. 
Methylazoxymethanol acetate administration at the 
l 5th day of gestation in pregnant rats resulted in selec- 
tive elimination of neuronal populations from cortical 
layers II, III and IV, and in the modification of the 
balance between GABAergic and noradrenergic param- 
eters in the adult cortex 62,63. 

The use of  the drugs described above seems a very use- 
ful tool for the study in adult animals of  the effect of 
the exclusion of large neuronal populations during de- 
velopment. These effects can be better studied in such 
regions as the cerebral and cerebellar cortices in which 
the process of neuronal maturation is delayed in com- 
parison with the brainstem and the basal nerve centers. 
This is a very favorable condition since most of the 
brain nuclei projecting to the cerebral and cerebellar 
cortices have completed their cellular divisions and are 
not affected by the drug administration. The situation 
would probably be more complicated for brainstem and 
basal nuclei since the generation time of neurons in 
these areas largely overlaps. The possibility that the 
drug administration on a given gestational day affects 
neurons in many, and possibly interconnected, nuclei, 
would considerably increase the difficulty of inter- 
pretation and make it rather hard to obtain clear-cut 
and informative results. 

It has recently been observed 59'96'113 that neonatal ad- 
ministration of capsaicin, a drug extracted from the red 
pepper, results in selective degeneration of peptidergic 
terminals reaching the dorsal horn of the spinal cord 
through the dorsal root. Substance P and somatostatin 
are among the neurotransmitters and/or neuromodula- 
tors involved in the function of the affected neurons ~6. 
The mechanism of action of capsaicin has not yet been 
clarified. Recent observations H3 indicate that the neuro- 
toxic action may be the result of the interference of cap- 
saicin with the nerve growth factor, known to con- 
tribute to the maturation of substance-P containing pri- 
mary sensory neurons. 

Beta-bungarotoxin, isolated from snake venom, exhib- 
ited peculiar neurotoxicity towards some types of  neu- 
rons and synaptic terminals in the chick embryo. In 
particular, a potent neurotoxic effect was demonstrated 
during development or in cultures, against sensory neu- 
rons of the spinal ganglia, motor spinal neurons, gan- 
glion and amacrine cells of  the retina 55,~;7,~2~. In the 
chick retina the neurotoxic action appeared to be selec- 
tively restricted to cholinergic and GABAergic neurons 
since marker enzymes for these neurons were dramati- 
cally reduced while markers for other neuronal and glial 
enzymes were unaffected m. The only report Concerning 
beta-bungarotoxin action on adult mammalian brain 48 
indicates a selective neurotoxicity towards cholinergic 
and GABAergic systems in the rat hippocampus. The 
results obtained with beta-bungarotoxin are stimulating 
and seem worthy of more systematic studies in order to 
characterize the action of this neurotoxin better, both at 
developmental stages and in adult animals. 
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Discussion 

As stated in the introductory remarks, the primary aim 
of the present paper is to give a concise review of recent 
results obtained by using neurotoxins as selective neu- 
ron-destroying agents. The neurotoxins taken into ac- 
count are very different as far as their chemical nature 
and their supposed mechanism of action are concerned. 
Several of them are exogenous substances while others 
are substances normally present in the brain. It is, how- 
ever, interesting to point out that the entire group of 
exogenous excitotoxins 2~ (kainic acid, ibotenic acid and 
related substances), primarily act on sensitive neurons 
by mimicking, in an amplified manner, the action of 
endogenous substances and, in particular, of excitatory 
neurotransmitters. A common property of the toxins 
considered in the present paper is that all of them can 
be used to provoke in mature or in developing brain 
discrete and, to some extent, selective neuronal lesions. 
They therefore constitute a very powerful tool to inves- 
tigate the anatomical organization of the brain as well 
as the neurochemical basis of its function. Furthermore, 
several neuron-destroying agents act by interfering with 
some step(s) of the normal neuronal metabolism and, 
therefore, the full explanation of the neurotoxic mech- 
anism would improve our understanding of the phys- 
iological function of nerve cells. This aspect seems par- 
ticularly relevant for drugs interacting with natural neu- 
rotransmitter systems at the level of pre-synaptic 
recognition sites for high affinity uptake and release 
control and/or at the level of post-synaptic receptors 
responsible for direct neuronal excitation. 

It is clear from the present paper that the neurotoxins 
considered vary greatly in their degree of selectivity to- 
wards specific neurons. Drugs acting during devel- 
opment, such as methylazoxymethanol acetate, have no 
selectivity towards specific neuronal types but are ex- 
tremely selective towards dividing neuroblasts. On the 
contrary, catecholamine and serotonin neurotoxins only 
destroy catecholaminergic and serotoninergic neurons 66. 
These drugs were the first to be used as denervation 
tools and their degree of selectivity towards specific 
neuronal types seems still to be unsurpassed. From the 
bulk of the experimental data reviewed in the present 
paper, it can be predicted that the future interest of in- 
vestigators will be mainly focussed on neurotransmitter 
specific neurotoxins or, at least, on neurotoxins able to 
destroy specific types of neurons selectively. Ethyl- 
choline mustard and beta-bungarotoxin are interesting 
examples of neurotoxins having a possible selective ac- 
tion towards specific neurotransmitter systems (cholin- 
ergic and, maybe, GABAergic). The selectivity of their 
action, however, requires a more complete evaluation 
by combined anatomical and neurochemical studies. 

The specificity of  action of excitotoxins is not absolute 
with respect to the neurotransmitter systems of sensitive 
neurons. In addition, the neurotoxicity of these sub- 
stances seems, in many cases, to be the result of a coop- 
erative effect between the sensitivity of particular neu- 
rons and the overall excitatory input converging on the 
same neurons. 
From the results so far available, colchicine seems to be 
rather selective in its neurotoxic effect towards different 

neuronal populations. This selectivity cannot be easily 
explained on the basis of the available data on the effect 
of the drug on axonal transport and microtubule assem- 
bly. A possible explanation of the selective neurotoxic 
effect of colchicine may reside in the impairment of 
some basic aspect of neuronal metabolism. This meta- 
bolic impairment would be more dangerous, and would 
eventually result in death, for those neurons less well- 
provided with energy stores and/or with higher levels of 
metabolic activity. 
Capsaicin has proved to be a rather selective neurotoxic 
agent towards peptidergic neurons of the spinal ganglia, 
particularly in the immature animals. This drug, on the 
other hand, has no neurotoxic effect towards central 
peptidergic neurons in mature brain. 
In many cases, the selectivity of neurotoxins appears to 
be linked to the presence of specific recognition sites on 
neuronal membranes. For some of the neurotoxins con- 
sidered in the present paper, specific binding sites have 
been characterized while for other neurotoxins the pres- 
ence of such recognition sites can be postulated in order 
to explain the neurotoxic effect. On the contrary, drugs 
such as methylazoxymethanol acetate, lectins and, pos- 
sibly, colchicine probably do not require a specific 
recognition site on neuronal membranes in order to 
exert their neurotoxic action. 
The use of powerful neurotoxins for experimental neu- 
robiology usually requires careful interpretation of the 
results and accurate control for the actual brain lesion 
by anatomical techniques. This is a quite obvious sug- 
gestion but, sometimes, such anatomical controls are 
not performed to the necessary extent in investigations 
primarily concerned with the modification of neuro- 
chemical markers in the injected brain area and in its 
terminal projection fields. In some cases, the effective- 
ness of the lesion is simply inferred by the modification 
of neurochemical markers in the injected brain area and 
in its terminal projection fields. This procedure does not 
give information concerning the actual extension of 
neural damage and the possible differences in drug sen- 
sitivity among different types of neurons present in the 
injected area. The first point, i.e. lesion extension, is of 
primary interest in order to evaluate the neurochemical 
consequences of the neurotoxic effect in the injected 
area as well as in its terminal projection fields. The sec- 
ond point, i.e. differences in neuronal sensitivity to the 
injected drug, is very important too since it can give 
information on the modifications of neurochemical 
markers preferentially linked to specific neuronal popu- 
lations. 
The problem of the anatomical control of the lesions is 
particularly relevant when dealing with kainic acid and 
related excitotoxins. The use of these drugs, in fact, may 
have 2 major drawbacks. First, the extension of the le- 
sion at the injection site is sometimes rather variable in 
different animals possibly due to differences in the indi- 
vidual sensitivity to the drug and/or to the anesthetic 
used. Second, kainic acid and other excitotoxins may 
cause neuronal damage not only at the injection site but 
also in distant areas as a consequence of their epilepti- 
form activity. These remote lesions, when present, may 
considerably complicate the interpretation of the re- 
sults. The above-mentioned factors strongly suggest 
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that extensive histological controls should be performed 
by using Nissl stained sections. Specific staining for de- 
generating neurons and electron microscopic examina- 
tion may be useful in order to check the possible occur- 
rence of remote lesions and the selective neurotoxic ef- 
fect towards specific neuronal types. A time-consuming 
but valuable procedure to examine simultaneously his- 
tological damage and changes of neurochemical 
markers (e.g. neurotransmitter related enzymes such as 
choline acetyltransferase, glutamate decarboxylase and 
acetylcholinesterase) is to use relatively thick (about 
40 gm) cryostat sections. Some of the sections are 
stained and used to check the actual neuronal damage 
while other sections are freeze-dried and used for en- 
zyme assays (Contestabile and Fonnum, in prepara- 
tion). 

As stated in some of the previous paragraphs, the neu- 
ronal degeneration caused by neurotoxins is followed 
by a more or less evident glial reaction which can be 
easily monitored in Nissl stained sections by the in- 
crease of glial cells in areas previously filled by the de- 
generated neurons. The phase of glial proliferation oc- 
curs during the first week after the lesion and it prob- 
ably constitutes a permanent alteration of the anatom- 
ical organization of the affected area. Optimal survival 
time after neurotoxin lesions is usually a few hours to 3 
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days for the study of initial structural alteration and of 
the degeneration process, and 5-10 days for studies fo- 
cussed on the modification of neurochemical markers. 
Longer survival times can be used but, in this case, in- 
vestigators should be aware of the possibility that the 
results may, at least in part, reflect the occurrence of 
anatomical and neurochemical rearrangement of the le- 
sioned area as a consequence of plasticity phenomena 
(for instance, sprouting of nerve terminals). Evidence of 
partial anatomical and neurochemical recovery after 
kainic acid administration has been found in a long 
term study on the goldfish optic tectum ~7. It is likely 
that the capacity for partial recovery is much lower in 
mammals than in lower vertebrates. As a concluding 
remark, it seems clear from the present review that the 
capabilities of selective neuron-destroying agents have 
not yet been exhaustively applied to neurobiological re- 
search. In fact, most of the drugs listed in the preceed- 
ing paragraphs are still in an early stage of experiment- 
ation and can be viewed, at present, as promising tools 
for fnture investigations. It may be predicted that new 
substances having specific neurotoxic effect wiI1 be in- 
troduced in future years. The results so far obtained by 
using selective neuron-destroying agents strongly sug- 
gest that the use of  new types of neurotoxins will sub- 
stantially improve our understanding of basic neural 
mechanism and brain function. 
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