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ABSTRACT

The fate of paraoxon (0,0-diethyl O-p-nitrophenyl phosphate) was traced histochemically by 
treating the cockroach, Periplaneta americana, with LD 99 doses of the toxicant on the abdomen, 
thorax, and head. These data show that 15 minutes after poisoning when all activity has ceased, 
there is a substantial amount of inhibition in the brain of the cockroach. A consistent feature of 
inhibition regardless of where the toxicant was placed was the complete ChE inhibition in the 
corpora pendunculata. There is evidence that the toxicant moves both through the haemolymph and 
up through the axons. Most of the cholinesterase in the brain of the cockroach was inhibited in the 
central portion. Small amounts of activity remained on the periphery of the deutocerebrum. These 
data show that within a very short time (15 minutes after treatment), death occurs and 
commensurate with death complete inhibition of cholinesterase in major portions of the brain. 
Topical application of paraoxon to the honey bee, Apis mellifera, was found to effect only the 
lamina ganglionaris ChE of the brain. No other areas of inhibition could be found.

INTRODUCTION

The mode of action of organophosphorus (OP) and carbamate insecticides in insects is 
known to occur by inhibition of cholinesterase (ChE). This idea is supported by the presence of 
high titers of ChE, acetylcholine (ACh), and choline acetyltransferase (Koelle 1963). When new 
molecules are synthesized as pest control agents, the preliminary data collected on insects are 
largely concerned with whether the compound kills the test organism and how much ChE is 
inhibited, usually in the form of an 150 test. There are, however, some inconsistencies in the 
literature when
* Deceased September 18, 1972
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workers have attempted to correlate inhibition of total cholinesterase in insects to 
symptoms of intoxication by OP and carbamate insecticides (O’Brien 1967; Hopf and 
Taylor 1958; van Asperen 1958; 0 ‘Brien 1961; Plapp and Bigley 1967; Brady and 
Sternburg 1966). Several investigators have shown that ChE can be consistently 
inhibited at highly localized sites in the insect central nervous system (CNS) (Booth 
and Metcalf 1970a; Booth and Metcalf 1970b; Booth and Lee 1971; Booth and Whitt 
1970; Molloy 1961; Ramade 1965; Burt et al. 1966; Farnham et al. 1966: Brady 
1970). No data are available at the present time in regard to the histochemical fate of 
OP insecticides in the intact brain of the American cockroach, Periplaneta americana, 
or the honey bee, Apis mellifera, although Burt et al. (1966) have reported localized 
ChE inhibition in the thoracic and abdominal ganglia of the American cockroach. 
Frontali et al. (1971) have recently published some work in regard to localizing 
cholinesterase in the brain of Periplaneta americana. However, his techniques consisted 
essentially of dissecting out all o f the tissues, sectioning the tissue, and incubating 
these sections with the inhibitor. Our study is an attempt to trace the fate of 
0,0-diethyl O-p-nitrophenyl phosphate in the cockroach and honey bee brain and 
correlate symptomology with site of localized inhibition. It would seem that this 
information might be useful in designing new insecticides which would selectively 
inhibit vital areas of the insect CNS. In addition, this information may provide some 
insight as to the mode of action of these compounds in an intact insect.

MATERIALS AND METHODS

Cockroaches (Periplaneta americana) were reared in the Riverside laboratory 
under standard conditions. The honey bees (Apis mellifera) were obtained from the 
apiary located at the Department of Entomology, Riverside, California. A chemically 
pure sample of the inhibitor 0,0-diethyl O-p-nitrophenyl phosphate (paraoxon, E-600) 
was used in this study. The histochemical methods were conducted according to 
procedures described by Booth and Metcalf (1970a, 1970b) and Booth and Whitt 
(1971). The substrate acetylthiocholine was obtained commercially from Nutritional 
Biochemical Corporation and was of reagent grade. The insects were treated topically 
using a calibrated microsyringe in which a known concentration of insecticide was 
applied on various regions of the insect body. Following specific periods of incubation, 
the head was severed from the body, frozen and dissected using a cryostat microtome. 
Dissections of the individual organs and tissues have been avoided and thus it is hoped 
that a more natural distribution of the ChE enzymes might be followed and in 
addition a more natural fate and effect of the histochemical pattern of the inhibitor 
can be followed easily. By using this procedure, one can localize ChE activity in intact 
tissues as well as show relative quantitative relationships.

RESULTS

The normal distribution of ChE in the structures of the head and brain of the 
American cockroach are represented in Figs. 1-27. Note that ChE activity appears in 
shades of black in the figures. It was observed that only nervous tissue showed ChE 
activity. No ChE was observed in any of the muscle structures of the head thereby 
agreeing with the results reported by Wigglesworth (1958) who found that
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cholinesterase was not present in the muscles of Rhodnius. This is also in agreement 
with what we have found previously (Booth and Lee 1971) in the cockroach. We were 
able to identify ChE activity in all o f the ganglion, the glomeruli (G) of the 
deutocerebrum (D) by subsequent serial sectioning. All of the structures of the CNS 
showed ChE activity. Note especially the mushroom bodies, more commonly known as 
the corpora penduculata (CP), as 'they will be a primary target in subsequent pictures 
that will be shown on the fate and effect of paraoxon on these structures. The CP 
constitute the largest and most highly developed association centers in the brain of 
insects. As discussed later, the mushroom bodies may play an important role as one of 
the critical localizations of ChE inhibition by organophosphate insecticides. The central 
body (CB) shows strong ChE activity. According to Snodgrass (1935), the CB has no 
nerve cell bodies associated with it but appears to be an important center of
association between the terminal fibers of a number of areas of the brain. The optic
lobes (OL) are very active in ChE. ChE active structures, seen in Figs. 10-12, are the 
tritocerebral lobes (TL) as previously described by Willey (1961). The suboesophageal 
ganglion can be observed in Figs. 13-27. The corpora cardiaca (CC) are shown in Figs. 
13-15. Enzyme activity was localized on the peripheral edges of these structures while 
the central area did not demonstrate any activity. The nerve cord axons (A) emerging 
from the suboesophageal ganglion can be seen in Figs. 13-21. The activity of ChE in 
these axons was the same as that of the suboesophageal ganglion. Therefore, in 
summary, the structures that show ChE activity in the head of the American
cockroach are the frontal ganglion, the glomeruli of the deutocerebrum, corpora
pendunculata, central body, optic lobes, tritocerebral lobes, circumesophageal 
connectives, corpora cardiaca, suboesophageal ganglion, and the nerve cord axons that 
attach at the base of the suboesophageal ganglion. These figures will serve as a control 
so that comparisons can be made with similar structures in the insecticide-treated 
cockroaches. In this way, the fate of the toxicant can be pinpointed to specific areas 
of the brain which might suggest critical areas of inhibition in the brain that are 
associated with the death and/or knock-down of the insect.

Three different sites of topical application of paraoxon were studied to see how 
they related to the inhibition of ChE in the brain of the American cockroach as well 
as to the speed of the appearance of poisoning symptoms. Figs. 28-64 show the results 
of inhibition patterns of ChE of the brain after treatment with 2 micrograms paroxon 
per gram (LD 99) on the tip of the abdomen. Typical symptoms of OP poisoning 
began about 7 minutes after treatment with the compound. The cockroach became 
quiescent and began curling the tip of its abdomen inward towards the ventral portion 
of its body. The appendages began to tremor at this time, and there were also rapid 
movements of the head in a jerking fashion up and down. Salivation was apparent also. 
By 15 minutes after treatment, there were pronounced convulsions followed by 
paralysis and the cessation of all visible activity. At this time the head was quickly 
severed from the body, frozen and carried through the general histochemical 
procedures described in the methods section. After a careful comparative study of the 
structures of the brain from the treated and untreated cockroach, several significant 
relationships can be observed. It is noted that inhibition is generalized throughout the 
brain except in the peripheral areas of the protocerebrum (P) and deutocerebrum (D). 
The internal areas of the protocerebrum were often highly inhibited which would seem 
to suggest that the toxicant was mediated up through the axons of the nerve cord to 
the brain and then spread to the periphery. However, some of the inhibition is more
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generalized and therefore inhibition via the blood cannot be discounted. The brain and 
structures of the brain shown in Figs. 30-37 show a lighter staining reaction for ChE 
than the parts of the brain shown in Figs. 38-47. This difference may be due to 
penetration factors; that is, the outer parts of the brain become inhibited faster than 
the inner parts. Again, the selective inhibition of the central parts of the brain can be 
seen.

The most consistent feature of the inhibition pattern of the structures of the 
brain was the constant ChE inhibition of the corpora pedunculata (Fig. 40; ICP means 
inhibited corpora pedunculata; compare this Fig. with that in Fig. 5). The importance 
of this inhibition will be discussed later. In Figs. 45-51, there were indications of 
selective inhibition in the area of the tritocerebrum. Active ChE (AC) areas are shown 
in these Figures. The inhibition pattern of the suboesophageal ganglion is shown in 
Figs. 52-64. It was noted that there was always AC at the junction of the nerve cord 
axons with the ganglion and the àrea of most pronounced inhibition was the lower half 
of the ganglion. The junctions of the axons and ganglion are active while inhibited 
lobes aré consistently inhibited.

Figs. 65-76 show the inhibition patterns of the structures of the brain of the 
American cockroach after treatment with 2 micrograms paraoxon per gram between 
the mesothoracic and metathoracic legs. In this case, the poisoning symptoms began 
slightly sooner (5 min. after treatment), but at 15 minutes after treatment the same 
pronounced symptoms appeared as were described from the animals treated with the 
toxicant on the tip of the abdomen. In general, the results of the effects of the 
inhibition pattern were essentially the same as those in the cockroach treated on the 
tip of the abdomen. The most anterior parts of the brain shown in Figs. 65-69, 
depict a nonselective inhibition pattern of the brain, that is, not any one structure is 
inhibited more than any other one. However, the general activity of ChE in this part 
of the brain appeared to be greater than those structures of the brain shown in Figs. 
38-44. Once again, however, the CP was consistently and completely inhibited as 
typically shown in Fig. 66 (ICP, inhibited corpora pedunculata). Note also that in Fig. 
69 the central part of the ganglion is more inhibited than the outer parts of the brain 
in the lamina ganglionaris (LG) of the optic lobes which was the same pattern as 
observed when the cockroach was treated on the tip of the abdomen.

An additional study was completed on the effects of paraoxon when it was 
applied on the frons area of the head. In this test, the pattern of inhibition was 
identical for those treatments which were placed on the thorax and tip of the abdomen. 
There was, however, an apparent “swamping” of thè enzyme activity in the brain 
which appeared to be slightly more complete than in the other 2 cases. However, as 
was the case for the thorax and abdomen treated insects, there was a complete 
inhibition òf the CP. The occurrence of symptoms of poisoning after treatment on the 
frons was slightly faster than the thorax, which was slightly faster than the abdomen.

A similar study was conducted using the honey bee, Apis mellifera. These data 
were interesting from the standpoint that symptomology and inhibition of 
cholinesterase poisoning were difficult to follow. The only structure which paraoxon 
seemed to affect was the lamina ganglionaris as seen in Figs. 77 and 78. This pattern 
was the same as the data shown with some carbamates (Booth 1969) *. Poisoning

*Booth G.M. Histochemical localization of cholinesterase in the insect central nervous 
system. Ph.D. dissertation, University of California, Riverside, March, 1969.
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symptoms were difficult to obtain with this animal regardless of where the treatment 
of the toxicant was applied. The honey bee apparently has a unique detoxication 
system which allows it to inactivate this particular molecule'

DISCUSSION

The application of paraoxon on 3 different body regions of the cockroach did 
not adversely affect the pattern of inhibition of ChE jn the brain. Only the onset of 
symptoms of poisoning appeared to be different. The speed of occurrence of the 
symptoms in the order of the fastest to the slowest is: head >  thorax >  abdomen. The 
pattern of inhibition of ChE in all cases was generalized with the exception of possibly 
the following: the inhibitor affected the central portions of the brain most of all with 
less inhibition occurring at the peripheral areas of the brain. This would suggest that 
the toxicant may be transferred both through the blood and up the nerve cord axons 
into the central parts of the brain. There seëms to be evidence for both modes of 
transfer and these experiments could not confirm one or the other, although there is 
évidence for haemolymph movement of toxicants in other insects (Booth and Lee 
1971). However, the one consistent feature of all of the treatments was the complete 
inhibition of the CP. This is one of the most concentrated areas of synapse because 
many netve tracts, both sensory and motor, center in the CP from all parts of the 
brain, compound eyes, ocelli, antennae, suboesophageal ganglion, and ventral nerve 
cord (Snodgrass 1935). These structures are primarily regarded as the seat of the 
“mind” of some insects such as bees. Kenyan (1896) has suggested that the mushroom 
bodies are the elerhents that control or produce the movements that are “intelligent”. 
Other authors ■ have surmised that these bodies are the places where nervous 
coordinations are synchronized and maintained and in this sense they rnfght be termed 
“organs of intelligence” as well as the “computer center of the brain” (Jonescu 
1909). It could be conceivable that thè ChE enzymes located in the' CP might be the 
key factors in controlling the phsyiological system of the insect and when they are 
inhibited, the association centers in the various parts of the body connected to these 
structures would be ' inactivated and in turn the associated symptoms which we have 
observed would occur:

Booth and Metcalf (1970b) found that phenylthioacetate was hydrolyzed to a 
considerable éxtent by honey bee brain ChE. The distribution pattern was essentially 
the same as that found for acetylthiocholine. It was shown by using techniques of 
electrophoresis and the use of selective inhibitors that honey bee brains contain at least 
3 ChE isoenzymes. The region of the deutocérebrum was found to contain an esterase 
insensitive to organophosphorus compounds. This study was'completed by taking 
sections of the honey bee brain and incubating them with appropriate concentrations 
of paraoxon. The present experiments show ChE inhibition by paraoxon only in the 
LG which supports in part the findings of Booth and Metcalf (1971b). However, 
additional portions of the honey bee brain should have been inhibited. Apparently, 
paraoxon behaves differently in an intact system as compared to tissue sections which 
are incubated with the inhibitor.

Frontali et al. (1971) incubated sections of Periplaneta brain with 2 x KL6 M 
paraoxon and found that when the incubation times were extended up to 120 minutes, 
the brains did not show any deposition of precipitate corresponding to enzyme
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activity. Frontali et al. (1971) continued to discuss their histochemical studies in light 
of reference to only one histochemical paper, that by Wigglesworth (1958). This is 
rather surprising considering the rather recent histochemical information which has 
been published in the last few years as pointed out in the introduction portion of this 
paper.

Our data show that regardless of where the toxicant is applied, paraoxon is 
transported into the brain of the cockroach. There is a considerable variation between 
insects in terms of the fate of OP molecules. Booth and Metcalf (1970a) showed that 
treatment on the tips of the abdomens of houseflies with selected insecticides caused 
very little inhibition in the head and, invariably, symptomology of poisoning was 
associated with inhibition of the peripheral areas of the thoracic ganglion. The 
significance of this apparently good correlation between symptoms of poisoning and 
inhibition of ChE in this region of the body rather than inhibition of ChE in the 
neuropile or synaptic region has also been found by Brady (1971). Burt et al. (1966) 
showed that the condition of a poisoned cockroach corresponded more closely with 
the functional condition of the metathoracic ganglion than to the sixth abdominal 
ganglion. No information was given on the effects of the inhibitor on brain ChE. The 
failure o f investigators to find correlations of total cholinesterase inhibition and 
symptoms of poisoning would suggest that specific sites may be more important at the 
time of intoxication or death. Therefore, there is a possibility that these sites may be 
vital in the overall scheme of ChE inhibition. In addition, it is likely that much of the 
fate and speed of entry of a particular compound into the nervous system of an insect 
is dependent upon the intrinsic structure of the compound used (Booth and Metcalf 
1970b; Booth and Lee 1971). Histochemical information on the effects of 
organophosphorus compounds on crickets was studied just recently (Booth and Lee 
1971). These data show that the time for knockdown using the inhibitor 0,0-dimethyl 
S-phenyl phosphorothioate at a dose of 140 micrograms per gram was usually 35 to 40 
minutes. When the animals appeared to be only “affected,” that is, when the insect 
showed nervous movement, the antennae moving rapidly and the animal walking about, 
the brain ChE was always normal, slight peripheral inhibition was evident in the 
prothoracic ganglion and the inhibition became progressively less evident toward the 
posterior part of the CNS. Whenever there was less enzyme inhibition in the ganglia, 
commissures, and the brain, the animal was still able to make coordinate^ walking 
movements. The cricket and the cockroach are substantially different physiologically 
since it has been shown that there is an enzyme which will hydrolyze acetylthiocholine 
in the muscles of crickets which is not observed under similar conditions in the muscles 
of cockroaches (Booth and Lee 1971). Additional experiments are currently in progress 
to determine the effect of a variety of different OP and carbamate insecticides on other 
ganglia located in the cockroach and honeybee body in terms of correlating the symptoms 
of poisoning with localized effects of the inhibitors. We feel that this information will 
be useful in designing new candidate insecticides for the various major insect pests.
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ABBREVIATIONS USED IN FIGURES 1 -7 8

The following abbreviations are used to describe the structures and inhibition 
patterns of the brain: CP, corpora pedunculata; G, glomeruli; CB, central body; OL, 
optic lobe; TL, tritocerebral lobe; CC, corpora cardiaca; A, axons; FG, frontal ganglion; 
P, protocerebrum; D, deutocerebrum, ICP, inhibited corpora pedunculata; AC, active 
cholinesterase; LG, lamina ganglionaris; T, tritocerebrum; ME, medulla externa; MI, 
medulla interna; LGI, lamina ganglionaris inhibition.
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GREEN FINGERS: an appreciation of Gottfried S. Fraenkel’s bibliography

In contemporary zoology Gottfried S. Fraenkel is the chap with the magical 
touch, the man with green fingers. This is a peculiar and elusive and infinitely dersirable 
quality which more or less defies analysis yet is instantly recognisable — and gives a lift 
of the heart. Ask a fellow scientist what he considers Fraenkel’s chief contribution to 
science or his best paper and he will reply immediately -  probably with a totally 
different choice from the next man -  but he will always seem delighted and eager to 
tell you. This is because the ideas in question are somehow stimulating, with an 
effervescent quality which seems to lead you on with the feeling that there are 
unknown doors ajar. One of Fraenkel’s greater gifts is to recognize the question to 
which we need an answer, and to know how to ask it. But the solution is never dull or 
ponderous, however portentous or penetrating — nor does it engender a sense of 
finality -  but seems to point the way to new and sparkling lines of research. Simple 
experiments are designed to answer basic questions and the deftness and speed of 
execution — for Fraenkel must be one of the fastest workers of all time -  is reflected 
in the crystal clarity of the expose.

Sometimes the volume of response has been so great that the original paper 
which began it all -  the match which started the conflagration — is lost sight of and, 
almost as a matter of course, it is incorporated into the anonymous bulk of accepted 
biological thought of the day. This, to all intents and purposes, has happened to what 
many of us consider his best paper (11), written while he was Bodenheimer’s assistant 
at the Hebrew University, the first accurate and coherent interpretation of the 
migratory behavior of locust hoppers. In a sense a similar (perhaps enviable?) fate has 
overtaken the! application of the technique by which Fraenkel first demonstrated the 
tarsal reflex (“Flugreflexe”) - -  for it is used universally, but its origins are rarely if 
ever acknowledged. This criticism cannot be levelled at “The Principles of Insect 
Physiology” (6th edition) for it cites this paper (16) and the ever perspicacious and 
sagacious Wigglesworth accords Fraenkel no less than twenty-one references — probably 
more than any other author*.

Munro Fox was an immensely intuitive judge of his contemporaries and picked 
out his contributors to Biological Reviews with unerring instinct and surprising success, 
always tinged with a sense of discovery, and I recall how delighted he was when 
Fraenkel agreed to write his “Mechanic der Orientierung der Tiere im Raum” for his 
journal. I happened to sit next to him at an S.E.B. dinner and he advised me to watch 
Fraenkel “glide on to great things” . That excellent book concerning the Orientation of 
Animals (38) written in collaboration with D.L. Gunn was the outcome of four or five 
years work which had its origins in this article. Fraenkel himself generously attributes 
much of the fundamental thinking to Gunn**, perhaps not realizing how greatly his 
collaborators depend on his ability to clarify and crystallize their own half-formulated 
ideas.

An impartial observer from Mars would, I fancy, consider Fraenkel’s greatest 
contribution his work on insect nutrition and dietetics, for when all is said and done, 
this is the sphere in which the insect world exerts its greatest impact on man. It is even 
more important than his basic discoveries concerning insect cuticle (34, 58) or his

* Except for V.B. Wigglesworth himself (37) and C.M. Williams (22). Ed.

** Fraenkel inspired many devoted collaborators but perhaps Marjorie Blewett (dietetics 
work), Stanley Friedman (carnitine), Catherine Hsiao (Bursican) and Jan Zdarek 
require special mention. Ed.
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elegant work on hormones (not excepting the discovery of bursicon 144, 146, 150, 
152, 170-78, 180), or his imaginative elucidation of the function of halteres in flies. 
The immensely fruitful “asides” like his original ligation experiments (34, 58) which 
eventually lead others onto the discovery of ecdysone, or the acceleration factors in 
pupariation (which, who knows? may lead to an explanation of the true function of 
ecdysone) or the felicitous excursions into marine oecology (128, 131, 165) serve only 
to emphasise and highlight the main contribution.

The second world war, with its insistence on applied research and the problems 
connected with stored products, gave Fraenkel the opportunity to return with great 
élan to some earlier thinking on the question of insect food requirements. From then 
onwards one can say he brought order into chaos and quite simply revealed the insects’ 
fundamental or basic requirements concerning protein, carbohydrates, sterols, vitamins 
(folic acid, biotin, choliae)'as well as the fascinating role of intracellular symbionts in 
supplying, some of these substances. Within the cadre of insect nutrition one naturally 
includes the discovery of carnitine (73). This series of studies engendered enormous 
interest, and research on carnitine radiated out into laboratories all over the world 
(including a symposium devoted entirely to recent research in carnitine, see 153). 
Although many people think its function lies essentially in the oxydation of fatty 
acids, Wigglesworth (p, 172) agrees with Fraenkel and his collaborator S. Friedman, 
that its real function is still. entirely unknown. Practically all organisms synthesize it 
(except Tenebrio) and its fundamental importance is thus stressed. We look forward to 
new and exciting discoveries in this field. Perhaps one appreciates the synthesis on 
insect nutrition, because it illustrates, more than' any other part of Fraenkel’s 
awe-inspiring-contribution, his gift of perceiving at a glance, not only the wood and 
the trees, but the flowers growing beneath the trees.

This brief appreciation should probably end here and the bibliography be allowed 
to speak for itself, but I cannot resist singling out Fraenkel’s paper on secondary plant 
substances and the relationship between plants and insects. This is for purely personal 
reasons (apart from any other angle, the ten papers I have published in collaboration 
with Tadeus Reichstein were the direct outcome of Fraenkel’s ideas) and I like the 
opportunity of saying so, mainly because the paper gave me so much pleasure. What 
was so infinitely agreeable about these ideas (79) was the background of simple natural 
history. We were waiting to link green plants and flowers and butterflies in a new 
concept of chemical co-evolution — and in a flash it was there, thrown out with that 
inimitable mixture of nonchalance and pin-point acuity.

How difficult it is to put one’s finger soberly on the precise qualities which lift a 
man out of the run of distinguished scientists and place him among the men of genius! 
One of the disastrous effects of expansion of modern research is the dead-weight of 
contemporary literature. The accumulation of so many facts — often expressed in 
dreary, unreadable language, weighted down with indigestible technical details, 
irritating abbreviations and titleless references -  has a stultifying effect on the mind, 
and extinguishes that rare and rather sickly spark of originality that some of us hope 
we may possess. Miraculously, Fraenkel’s writing has exactly the opposite effect. His 
papers instantly diffuse a sense of optimism and agreeable receptivity, the weary 
defensive block is dissipated, like a brilliant conversationalist who makes the listener 
feel clever, he coaxes and chàrms the creative ideas to the surface. Perhaps after all it 
is quite simple: Fraenkel is an artist as well as a scientist.

M.R.
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