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SUMMARY

The motor neurones of Locusta migratoria have the following inclusions in their
cytoplasm:

(a) granular and filamentous mitochondria;
(b) lipochondria of various sizes. These are osmiophil and sudanophil. They also

segregate neutral-red and other vital dyes. These 'neutral-red bodies' are shown not to
be new formations in the cells, as was believed by Beams and King. The lipochondria
may perhaps be homogeneous bodies, though in fixed preparations and also in life
they sometimes appear to have a cortex and medulla. The osmiophil platelets and the
straight and curved rods are shown to be artifact appearances caused by the action of
Golgi techniques on the lipochondria, &c.;

(c) irregular vacuoles of various sizes;
(d) yellow globules in some neurones, especially from old locusts.

INTRODUCTION

NERVE-CELLS are among the first cells to differentiate into their defini-
tive form in insect embryos and they probably never divide after their

first differentiation. It was thought, therefore, that they would be convenient
material for a cytological study of differentiation and growth. However, in
order to study the cytological changes during their early history it was
necessary first to ascertain their structure in the adult.

Among the earlier contributions to the subject the most detailed study was
that of Beams and King (1932). These authors worked on several species of
Orthoptera. Their conclusions are in several respects at variance with my own
and it will be convenient at the outset to mention their opinions as to the
nature of the cytoplasmic inclusions. These opinions may be summarized as
follows:

(1) The Gqlgi bodies of nerve-cells are separate elements 'consisting of a
flattened plate-like osmiophobic medulla bordered by an osmiophilic rim'. In
face view these bodies appear like rings, semicircles, or banana-shaped struc-
tures ; in profile more or less as straight rods.

(2) 'There are no preformed red-staining granules or vacuoles in the nerve-
cell.' Neutral-red injections evoke formation of neutral-red bodies which are
[Quarterly Journal of Microscopical Science, Vol. 94, part 3, pp. 319-328, Sept. 1953.]
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'aggregated dye particles'. When ganglion cells are stained supravitally,
vacuoles appear as the end-product of the catabolic action of the cell.

(3) Mitochondria are composed of granules, short rods, and filaments, and
do not anastomose to give rise to the 'Golgi net' of Hosselet (1929).

(4) 'A basket-like net of neurofibrillae surrounds the nucleus.'
(5) Intracellular trabeculae emerge from the fibrous capsule of the cell and

penetrate the cytoplasm, as far as approximately one-third of the distance to
the nucleus. They are probably a supporting framework for the cells.

(6) No Nissl bodies are demonstrable in the cells.
The findings of other investigators will be mentioned at the appropriate

places below.
MATERIAL

Adults of Locusta migratoria, kindly supplied by the Anti-locust Research
Centre, London, were used for this work. In the ganglion, the association
neurones can easily be distinguished from the motor neurones in both fixed
and living material. The former are spheroidal, while the motor neurones
are pear-shaped. These motor neurones are of very different sizes, their two
diameters varying generally from 23-62 fj. and 40-86 p. They have a large
amount of cytoplasm in the cell, the nucleus being only 10-5-30 fi in diameter.
The motor neurones of the thoracic ganglia were chosen for study.

METHODS

Unfortunately there is no single method which would give reliable infor-
mation about all the cell-inclusions and it is dangerous to draw conclusions
about the various constituents of the cells unless they are studied in a variety
of ways. In this work, cell-inclusions were examined during life by the
different methods mentioned below and an attempt was made to correlate
the appearances, as far as possible, with those obtained in fixed prepara-
tions.

For work with untreated living cells, a drop of locust blood was pipetted out
from a puncture made in the thorax, care being taken that it did not get mixed
with the crop-fluid which comes out of the mouth even with slight pressure
on the animal during handling. In order to prepare the material, the locusts
were decapitated and the thoracic sternites quickly cut out of them. The
ganglia could then easily be removed from the sternites, the whole dissection
taking a few minutes. The ganglia were teased in blood and the cells studied
in a screw-compressor. The cells could be pressed to any desired extent while
watching them with the microscope. The phase-contrast apparatus used was
of the type described by Baker, Kempson, and Brunet (1949). The phase objec-
tive was the Watson fluorite 2 mm. For micro-dissection of the cells the single-
control micromanipulator devised by Barer and Saunders-Singer (1948) was
used.

For vital staining janus green, janus black, dahlia, neutral red, nile blue, and
methylene blue were tried. These dyes were used both as injections into the
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haemocoele and supravitally. The dilutions were done in the following saline
solution:

sodium chloride, 10 per cent. aq. 10 vols.
calcium chloride, 10 per cent. aq. 0-2 ,,
distilled water 90 „

When a dye was to be injected it was used at a concentration of 0-25 per
cent, in this saline medium. For supravital work the dyes were all used at o-oi
per cent.

The following methods were used for the fixation, impregnation, and stain-
ing of the ganglia:

(1) the osmium-impregnation technique of Kolatchev (1916) with Meves's
and Champy's fluids as fixatives;

(2) the silver-impregnation technique of Aoyama (1929);
(3) Metzner's method for staining mitochondria (Metzner and Krause,

1928) with Altmann's and Helly's fluids as fixatives. Baker's 'ISO' fixative, to
be published shortly, was also used. This is an osmium mixture that preserves
the shape of mitochondria well.

These techniques were applied to paraffin sections. Turpineol was found
useful as an antemedium for paraffin embedding, as it did not harden the
tissues much.

The following staining and colouring techniques were used:

(1) Sudan IV method for triglycerides.
(2) Baker's (1944) sudan black method for the Golgi element.
(3) Baker's (1946) acid-haematein test for phospholipines.

For these three methods the material was embedded in gelatin and cut on
the freezing microtome.

Some ganglia were also fixed in 1 per cent, osmium tetroxide and embedded
without staining in celloidin.

RESULTS

Mitochondria

The mitochondria of these cells are of two types—granular and filamentous
(figs. 1 and 2, A). The granular type are up to 0*4 /x, in diameter and more
numerous than the thinner filamentous type which are about 1-7 to 2*6 (j,
long. Both kinds of mitochondria are easily seen by phase contrast and can
be vitally stained by janus green B and janus black, the latter giving better
results, especially with filamentous mitochondria. In fixed preparations the
methods of Metzner, after fixation in the fluids mentioned above, show them
quite well. No specialized distribution-pattern could be made out. In many
cells, however, the filamentous mitochondria are seen to be more numerous
round the nucleus. Usually they appear to be concentrated round the lipo-
chondria mentioned below.
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Filamentous mitochondria were often observed with swellings at their tips
which might be due simply to local enlargement or else to the union of a
granular mitochondrion with the end of a filamentous one.

It may be pointed out here that when cells are observed by phase-contrast
microscopy, it sometimes appears at first glance that the nucleus is sur-
rounded by a basket-like net of thin threads. By careful focusing, it can readily
be seen that the threads are independent filaments and do not join together.

fibrillar
mibochondrion

granular
Tiibochondrion

•acuoles

Lipochondria

, 10/* .

FIG. I . A diagrammatic representation of the various cytoplasmic inclusions in the motor
neurones of Locusta migratoria.

These are fibrillar mitochondria and should not be confused with 'neuro-
fibrillae'.

Baker's osmiophil bodies and the Golgi controversy

Baker (1953) defines osmiophil bodies as objects which (1) unquestionably
exist in the cytoplasm of the cell during life, (2) are blackened by the Golgi
techniques, and (3) are not seen in routine microscopical preparations'. Simple
fat (triglyceride) globules are not included in this category.

There are no triglyceride globules in the neurones of Locusta. Sudan IV
colours the fat-body surrounding the ganglia brilliantly, but leaves the
neurones untouched.

The following studies were made to find whether any osmiophil bodies (as
defined above) could be detected in these cells.

(a) Study by micro-dissection and phase-contrast microscopy. To avoid arti-
facts as far as possible the nerve-cells were examined in the insect's own blood
by these two methods. When living cells are micro-dissected, globules or
spheroids of sizes varying from 0*4 /x to 2*6 /x are seen in the cytoplasm (fig.
1). These are loosely embedded in the cytoplasm and can easily be ejected.
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Observed under phase contrast these spheroids are not clearly visible in intact
cells. The cells are thick and the refractive index of these bodies is not so
markedly different from the ground cytoplasm as is that of mitochondria.
However, if the living cell is well flattened under the coverslip of the com-
pressor, so as to improve the phase-contrast image, they do show up quite
clearly. When cells are only gently pressed by the coverslip, clumpy areas are
seen here and there in the cytoplasm. These areas appear bluish by phase
contrast. When the pressure is increased, spheroids are seen exactly in the
places where the bluish areas were noticed before. The possibility that pres-
sure causes some material to separate from the ground cytoplasm cannot be
entertained, for the spheroids are clearly visible when the cells are ruptured by
micro-dissection. When the cytoplasm is allowed to flow out of a cell into the
surrounding blood or saline fluid, the spheroids float away as separate bodies
with very sharp outlines. By positive phase contrast they now appear to have
a black cortex and a bluish medulla.

(b) Vital staining. All the dyes tried acted very much better when injected
than when applied supravitally. Not only do the spheroids stain more
brightly, but the vacuolation effect, mentioned later on, was very much
reduced. Further, the nucleus took a slight tinge of the dye when used
supravitally even in very low concentrations, while after injection the
nucleus remained perfectly colourless.

In the cells examined after injections of neutral red, nile blue, and methy-
lene blue, the spheroids colour brightly (fig. 2, B). The number of the spheroids
that take up the colour and the intensity of the colouring depend on the amount
of the dye that penetrates the various cells. Thus in a teased and vitally
stained ganglion it is possible to find many cells where no staining has
occurred, while others show very different numbers of coloured spheroids. In
attempts with'injections of amounts varying up to lethal doses of the dyes, it
was not found possible to colour all the spheroids. Further, the smaller spheroids
take up colour much more easily than the larger ones and appear as 'granules'.

Beams and King (1932) definitely state that the neutral-red bodies are not
preformed structures, but simply aggregations of dye particles, their number
varying with the amount of the dye injected and the time it was allowed to act.
There is no doubt in my mind that this is a mistake: it is certainly the
spheroids that segregate the vital dyes. Thus when cells stained with neutral
red are seen under phase contrast, the red colour is completely masked by the
phase-picture, and one sees the spheroids as if they were not stained at all.
The removal of the annular plate from in front of the light source reveals the
stain in the spheroids again. It is, therefore, concluded that these neutral-red
spheroids are a real constituent of the cytoplasm in the locust's neurones.

(c) Have the spheroids a cortex? It was mentioned above that when the
spheroids have flowed out of the cell into a fluid of lower refractive index than
the cytoplasm, they appear, by positive phase-contrast microscopy, to have a
dark peripheral region or cortex. This cannot in itself serve as a proof of real
heterogeneity, for it might well be an optical 'edge effect' familiar to workers
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with phase contrast. A similar rim is sometimes seen by ordinary microscopy
in sections stained with Metzner's method; in this case the apparent cortex is
red with acid fuchsin while the centre is almost colourless. It will be recol-
lected that Fischer showed long ago (1899) that mixtures of acid fuchsin and
picric acid are capable of giving precisely this appearance to granules that
are in fact homogeneous. Sudan-black preparations also show no division into
cortex and medulla.

It was not found possible to decide whether the spheroids are truly homo-
geneous or not. Fischer (1899) made a careful study of what he called
Ringgranula produced by the action of fixatives on bodies known to be homo-
geneous. Since phase-contrast microscopy, certain fixatives, and dyes used in
pairs, can all give a false impression of a cortex and medulla when the object
under study is in fact homogeneous, the utmost reserve is necessary in drawing
a conclusion on this subject.

Smallwood and Rogers (1908), referring to the spheroids in the nerve-cells
of gastropods, remarked: 'Considerable work has been done to determine the
question whether or not these cytoplasmic vacuoles have a definite wall. A very
critical study of the cytoplasm in contact with the vacuoles fails to show any
evidence of a separate wall. The vacuoles in the living nerve-cell forcibly
remind one of the food vacuoles in Protozoa which appear to have a wall, but
this appearance is really due to contact of fluids of different refractive index.
We believe it is no more proper to speak of a wall for these vacuoles than it is
to say that the numerous vacuoles in Protozoans have walls.'

It is unfortunate that many recent students of cytoplasmic inclusions have
not been so critical as were Smallwood and Rogers 45 years ago.

(d) The Golgi controversy. Osmium techniques (Kolatchev) show rings,
semicircles, straight, curved, and irregular rods in the cells (fig. 2, c and D).
Aoyama's silver method also shows them, though the osmium preparations
are clearer. These bodies, according to Beams and King, are separate Golgi
bodies, each consisting of a flattened plate-like osmiophobe medulla bordered
by an osmiophil rim seen in various views. Bowen (1920) has described similar
'osmiophil platelets' in the spermatocytes of Hemiptera, and they have been
frequently recorded in various cells. The following facts are relevant in the
consideration of the living counterpart of these Golgi appearances.

FIG. 2 (plate). All the photomicrographs are at the same magnification.
A, a medium-sized motor neurone of Locusta, vitally stained with janus black to show the

granular and fibrillar mitochondria. A few of the smaller lipochondria have also taken up the
stain.

B, a large motor neurone intravitally stained with neutral red to show lipochondria of
various sizes.

c, a neurone prepared by Kolatchev's method to show the osmiophil platelets. The ganglion
was fixed in Champy's fluid and osmicated for 4 days at 37° C.; 6/1 section.

D, same as c, except that Meves's fluid was used as fixative.
E, a neurone as seen in a sudan-black preparation. The ganglion was fixed in Champy's fluid

and osmicated for only one day. The platelets could just be seen in the sections, which were
then treated with sudan black; this coloured them strongly.
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The spheroids are osmiophil. If cells in a hanging drop are exposed to the
vapour of osmium tetroxide from a drop of the solution in the bottom of a
cavity-slide, black cortices appear on the spheroids. Cells put in a drop of
osmium tetroxide solution show the same appearance. Further, when Meves-
fixed material was crushed on a slide, blackened spheroids were seen as a cell-
fragment fell apart. In the same way, after a few days' osmication further
blackening of the spheroids was seen. Some material was fixed in different
fixatives (Meves and Champy) and osmicated at different periods and tem-
peratures. Different amounts of osmium could be deposited under different
conditions of osmication, and the clearest preparations were obtained by osmi-
cation of Champy-fixed material for four days.

It is therefore believed that the spheroids are responsible for the Golgi
appearances. Further, the 'osmiophil cortex' is mostly, if not entirely, an
osmium deposit, formed artificially on the surface by the addition of reduced
particles to those previously deposited. And, as has already been mentioned,
the thickness of this 'cortex' varies with the degree of osmication, as can be
seen in the photographs (fig. 2, c and D) of the Golgi preparations. Both of
these were osmicated for 4 days, the difference being in fixation only. The
'osmiophobe medulla', about which there are such various opinions in the
literature (it has indeed been regarded as an optical illusion (Weiner, 1930)),
represents the spheroid itself. The various rod-shapes are sectional views of
the platelets and some are probably also produced by the joining up of the
smaller spheroids. The smaller spheroids in the living cells are very irregu-
larly thrown together—in rows, in small clumps, and also round the larger
spheroids—and it may be that they are responsible for many irregular shapes
in the Golgi preparations.

The Golgi techniques are not specific or reliable and it could be claimed that
many irregular appearances are unspecific deposits of osmium or that the
mitochondria get clumped together into rods. In this respect Metzner and
Hirschler preparations, especially the former, give a much more faithful picture
of the spheroids of all sizes. These, especially the smaller ones, can also be
seen in ganglia simply fixed in 1 per cent, osmium tetroxide and embedded in
celloidin. The flat and distorted shape of 'platelets' is the effect of the reagents
of the standard Golgi techniques. They also appear somewhat bigger, and this
may be due partly to deposit on the surface, or, as Covell and Scott (1928)
found, partly to actual swelling.

Workers have reached very different conclusions about these 'osmiophil
platelets'. Beams and King (1932), as has already been mentioned, interpret
the 'osmiophil cortex' of the platelets as the homologue of the classical Golgi
apparatus and the 'osmiophobe medulla' according to them 'apparently has
no homologue in the classical Golgi apparatus'. The homology of their 'cortex'
with the classical Golgi apparatus is only applicable if the latter is also regarded
as an impregnation artifact. It is somewhat surprising that while the above
authors studied both living and fixed cells, they apparently did not investigate
the living counterpart of the 'discrete Golgi bodies'.
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Monti (1915) described a delicate Golgi network in the arthropod nerve-cells
resembling the structure in vertebrate neurones which, according to her, had
been overlooked by other workers. Hosselet (1929) also describes a network
in insect nerve-cells formed by the hypertrophy of mitochondria. Beams
and King (1932) ascribe the descriptions of these authors to neurofibrillae.
In the present work networks or hypertrophied mitochondria were never
seen and it is difficult to understand the findings of the above-mentioned
authors.

(e) Concluding remarks. From the above study the author believes that the
'discrete Golgi bodies' or the 'osmiophil platelets' are the larger spheroids,
artificially modified by the osmium techniques. The main difficulty in com-
paring the spheroids with the Golgi preparations would appear to be that the
spheroids, especially the larger ones, are not very readily coloured by neutral
red. In many cells only the smaller spheroids colour (as seen in the diagrams
given by Beams and King) and there is an obvious disparity in size and the
number of the two bodies. However, examination of the living cells by other
methods and successful neutral-red preparations (see fig. 2, B) should leave one
in no doubt about the true state of affairs.

The spheroids appear to be lipoidal in constitution. They take up Sudan
black and also give a positive result with Baker's acid-haematein test. That it
is the platelets which give a positive result with the above two tests was shown
by the following method, which is similar to Thomas's (1947). Ganglia were
fixed in Champy's fluid and osmicated for one day only. The osmiophil plate-
lets could be just made out in sections. These were then treated with sudan
black and the platelets were strongly coloured by it (fig. 2, E).

In this connexion it is instructive to recall Baker's opinion about the plate-
lets. In his recent contribution to the Golgi problem (1953) he said: 'II se peut
que leur forme soit spherique pendant la vie, mais qu'elles soient aplaties par
les reactifs utilises dans la technique. S'il en est ainsi, elles representeraient
une variete speciale de lipochondries.'

It does seem reasonable to describe these osmiophil bodies of the Locusta
neurone as lipochondria of various sizes. They show the same characteristics
as lipochondria in general. Thus they are osmiophil as well as sudanophil and
can be stained by acid fuchsin and by haematoxylin when preceded by 'ISO'
or Hirschler fixatives. The only special feature of these lipochondria appears
to be that they are perhaps not as readily visible in the living cell as in some
other animals and tissues.

There are a few important points which should be noted in connexion with
these bodies. The smaller lipochondria deserve special mention. They re-
semble the larger ones in their refractive index and their ability to segregate
neutral red, but they also stain with janus dyes (fig. 2, A) ; and, though of lower
refractive index than mitochondria, in matter of size they form a graded series
with the granular mitochondria. It would thus appear that they are inter-
mediate forms between mitochondria and the larger lipochondria. Further,
they do not show up as such in Golgi preparations, and it may be suggested
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tentatively that they get clumped together into straight or curved rods.
However, they do appear as separate granules in ISO-Metzner preparations.

Vacuoles and vacuolation

Dying neurones were observed to become highly vacuolated. Cells when
allowed to stand in neutral-red solution for half an hour also developed a
large number of very lightly staining vacuoles. Dustin (1947) showed rever-
sible vacuolation of the red blood-cells of Amphibia, birds, &c, after injection
of ammonium salts. Grzycki (1953) observed large numbers of vacuoles stain-
ing lightly with neutral red in ganglion-cells in snails when the animals were
kept in water at 40-45° C. for 20-30 minutes.

However, vacuoles could be seen in many neurones examined as quickly as
possible and in the locust's own blood (fig. 1). It appears that they occur
normally in the cells or else are produced by the teasing of the ganglion.
The vacuoles give the impression that they are watery exudates from the
cytoplasm. They appear not to be invariably present; they are irregular in
shape; they only take up a tinge of neutral red and cannot be stained in
any other way, nor isolated.

It should be noted that the lipochondria when out of focus in the micro-
scope appear as clear vacuoles. The two constituents, however, are entirely
different bodies. When the cells are broken the lipochondria float away as
separate bodies, while the vacuoles remain in the cytoplasm. Further, the
refractive index of the vacuoles is lower than that of the lipochondria. They
always appear as clear spaces without any appearance of a cortex. They are
mainly concentrated round the nucleus, giving it a patchy appearance, and
on the periphery of the cells. They are often seen to merge with one another.
They are not osmiophil, though they show up better when the ground cyto-
plasm becomes grey on exposure to the vapour of osmium tetroxide. Many
empty spaces seen in Zenker, Hirschler, and osmium preparations (fig. 2, D),
called lymph spaces by Smallwood and Rogers, probably represent vacuo-
lated peripheral areas of the cell.

The earlier workers did not distinguish clearly between the vacuoles and
lipochondria. Hodge (1892) studied changes in the nerve-cells of honey bees
under normal fatigue by examining them in the morning and after their day's
work. Besides decrease in nuclear size he reports vacuolation of the cytoplasm
as a change that is due to fatigue. From his diagrams it would appear that he
is referring to what are here called vacuoles. Smallwood and Rogers however
discuss Hodge's vacuolation under their heading of the objects that are homo-
logized with lipochondria in the present paper.

Yellow globules

Especially in cells from old locusts, besides the above-mentioned inclusions,
globules of distinctly yellow colour are often seen. They do not stain with
neutral red, though from shape and general appearance they appear to be
modified lipochondria. They are clearly visible in ordinary transmitted light
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and probably belong to the category of 'yellow pigment granules' or 'wear and
tear pigment' described in nerve-cells of many other groups.

Intracellular trabeculae and neurofibrillae

Beams and King describe their 'trabeculae' as a supporting framework for
the cells, formed of fibres which have penetrated from the capsule of the cells.
The neurofibrillae are believed to be a network surrounding the nucleus.
Neither of these could be seen in the living cells. Whether there is an ultra-
structure of molecular pattern responsible for these appearances is a problem
of submicroscopic morphology.

The work was done under the supervision of Dr. J. R. Baker and I have a
deep sense of gratitude to him for teaching me methods of microscopy and
micro-technique, and for guidance all through the work. It is a pleasant duty to
thank Professor A. C. Hardy for accommodating me in the Department of
Zoology and Comparative Anatomy at Oxford. I also thank Professor G. C.
Varley and Dr. B. M. Hobby for much helpful advice and encouragement.

The work was done during the author's term of Rhodes scholarship and
study-leave from Dacca University, Pakistan.
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