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Preface

The late Maurice Langeron and I shared two
common passions, microscopy and mycology.
They soon brought us together for, having cor-
responded with him just before the Second
World War, I met him on my arrival in Paris
and we soon discovered that our personalities
were very similar. In 1946, we started a series of
weekly discussions on the then spectacular de-
velopments of microscopy and its biological
applications, particularly in relation to para-
snology and mycology. Just before the publica-
tion of the seventh edition of his standard work
Précis of Microscopy, which proved to be his last
publication, we had agreed on the necessity to
publish a completely revised eighth edition,
recast in a new form on which we had jointly
decided. However, the death of Mr Langeron
prevented us from completing this new project.

In 1957, we had undertaken to write and
publish a Treatise of Microscopy in collaboration
with Albert Policard and Marcel Bessis. This
was not intended either to replace or to follow
Langeron’s Précis, because it remains irreplace-
able as far as the information contained in it is
concerned.

Both of these books, publlsth by Masson
and Co., are now out of print and since light
microscopy has made great strides during the
past twenty years, I started again on the project
we had, once drawn up in the quiet isolation of*
his laboratory in the rue de I’Ecole de Médecine,
and I decided to complete it, with the valuable
collaboration of our joint editor, in the form of
this new Handbook of Microscopy.

When a microscopist finds a new object, he is

often in an awkward situation. If his systematic
and ‘anatomical knowledge is sufficient, he will
probably find another similar objeet, starting
from which he might conceive of a new efficient
method of study. His litérature search may lead
him on to difficult questions: how to choose the
best of several hundred fixatives, how to choose
the best stain among thousands of which many
are known under several names, and how to
remember the few applicable techniques from
among the hundreds of thousands which have
been published, many with variations. The en-
cyclopaedic collections, like those of McClung
or the Bolles Lee, will not help him unless he has
already acquired a good greunding of histology
and cytology. Specialist books may confuse him
because of the multiplicity of overlapping tech-

:niqueg, or dishearten him by. the omission of

essential details. Any logical thread may be
scattered in different books, more physico-
chemical than biological, and he will have to
integrate the different disciplines, with which he
may not be acquainted, to be able to extract the
main ideas.

I undertook the task of wrltmg thls book,
despite the justified pessimism shown by Mr
Gabe in 1968 concerning the possibility of-writ-
ing an up-to-date manual of microscopy. Opti-
mally, it should comprise, within a manageable
length, both a logical choice of staining systems
mentioned earlier, and a concise and detailed
account of old and new methods assessed criti-
cally. Unfortunately, I had to do it on my own,
since Maurice Langeron is no longer with me to
help with this Handbook of Microscopy. It is
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vi  Preface

published in English by Butterworths and in
France by Masson, and is intended to comple-
ment the classic book by Mr Gabe, Histological
Techniques, which goes more deeply into his-
tochemistry. It deals mainly with biological
applications of light microscopy, leaving quan-
titative analysis to more specialized books such
as the one mentioned above.

The selection is critical, since repetitive uses
have been eliminated; the best reagents have
been chosen for routine histology irrespective of
current practice, such as the unjustifiable prefer-
ence of ethanol over acetone, of toluene over
benzene and of the fixatives of Hollande or
Zenker over those of Bouin and Kopsch-Regaud
for routine use. The selections have been prog-
ressive, starting with the optimal reagent or
technique, discussing the variants in general use

and following this by more specific adaptations.
Finally, it is intended to be broadly based, since
the general charts, indispensable concepts and
brief systematic survey of most of the basic
methods used in modern light microscopy are
intended to enable any specialist to find in-
formation about the application of known tech-
niques to a particular research project and to the
development of entirely new techniques.

Since the French edition of this book was
published by Masson in 1978, about 60 new
techniques have been added. In particular, a
large section has been devoted to the study of
the organic matter in microfossils preserved in
rocks, in view of its stratigraphic importance in
mining and oil prospecting.

Marcel V. Locquin
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Abbreviations

Acidity or alkalinity
Centimetre
Contrast

Equal quantities
Gram

Hour

Joule

Litre
Micrometre
Milligram
Millilitre

mg
ml (= cm?®)

Millimetre

Minute

Molar concentration
Nanometre

Normality

Optical density
Oxidation—reduction potential
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Temperature
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1 Instruments and Techniques

1.1 Basic principles
Light and colours

The luminous flux emitted by an object can be
analysed by different methods. For this purpose,
the units used are defined as follows:

¢ = the speed of light in a vacuum = 299776
kms™!

A = the wavelength = ¢/v, where v is the

~ frequency

um = p = micron = 10~ cm

nm = mpm = millimicron = 107" cm

0. nm = A = angstréom = 10%cm-

n = the refractive index; npyo = the refractive
index of the yellow D line of sodium at 20°C

Figure 1.1 shows the range of radiations which
encompasses the octave of radiations visible to
the eye, comprising about one-seventieth of the
total known range. In microscopy, exploration
of the ultraviolet and infrared regions extends
the known regions to barely three octaves (Figure
1.2).

Young and Fresnel, using interference and
diffraction, at the beginning of the nineteenth
century, showed that light varies periodically in
both time and space. Thus, at a given point the
intensity of light reaches its maximum value
many times per second; this is its frequency v
(cycles per second—Hz). In space, the distance
separating two wave surfaces having the same
intensity is the wavelength A. These two quanti-
ties are connected by the relationship A = ¢/v.

The periodic nature of the wave does not lead
to an easy interpretation of light emission and

Radio Wave-
waves length I.R.
garnet-red
800 nm
red
orange-
Infrared 700 nm| r
orange

600 nm | yellow

green

500 nm | blue-green

X-rays bitle
400 nm! violet
i (UAVA
Gamma rays

I Cosmic rays

Figure 1.1. Diagram of radiations.

Left—wavelengths (m); middle—conventional regions:
right—enlarged diagram of the visible range

and conventional regions of colour sensations

absorption, although it readily accounts for
propagation. A discrete aspect is assumed—a
quantization of the energy transported by
light—to interpret these phenomena. Max
Planck (1905) showed that this quantization
involves multiples of an elementary quantity

1



2 Instruments and techniques

called a quantum of energy: € = hv. Each
quantum is present in the light wave in the form
of a photon which constitutes its elementary
particle but which eannot exist in a state of rest.
According to Yves le Grand, light can be said to
consist of a ‘wave of disembodied particles’.

Point sources are seen by the observer or by
the receiving aperture of the instrument used as
a small angle, not exceeding a few arc minutes.
The smaller the point source, the more the light
is said to be ‘coherent’; the importance of this
concept will be seen later.

Extended sources may be of low coherence,
partially coherent or incoherent. They are called
primary sources if they are self-luminous and
secondary sources if they modify a portion of the
radiation they receive. If a diffusing surface is
placed in front of a coherent source, an incohe-
rent secondary source results. Therefore, such
an attachment should not be used if it is neces-
sary to preserve the coherence of the source,
especially with phase contrast, interference con-
trast, or with polarized light microscopy. Brief-
ly, it should be noted that a laser beam has a
very marked coherence, which permits certain
special optical phenomena such as holography.

Radiance and brightness are two homologous
concepts, the first of which relates to volume and
the second to surface. Only the radiance of the
sky or of a discharge in a gas can be of relevance
to us, while the brightness of sources is of the
greatest importance in microscopy. Indeed it
can be shown that, for a given aperture of an
optical system, the brightness of the source
determines the luminosity of the image pro-
duced by the microscope. Therefore, the de-
velopment of more powerful sources has been a
factor in determining advances in microscopy.

Short Near
uv. UV VISIBLE LR.
> > >
(Photographic)
X-rays

Wood's Light

Sensiuvny of the human eye

Cosmic rays

! i

I.R. DRYING

The spectrum of a radiation source may be
continuous or discontinuous. In the latter case
we speak of a line spectrum; some sources give
rise to a mixture of both. Excitation of a gas such
as sodium or mercury vapour produces a line
spectrum, while heating a tungsten filament
results in a continuous spectrum. A continuous
spectrum is characterized by its spectral energy
curve, and a line spectrum by the wavelength
and intensity of each line. .

The eye constitutes the basic radiation recep-
tor, since no optical instrument is capable of
using an image by analysing photographed,
displayed or recorded results directly or in-
directly. Photocells or photosensors belong to
different categories, depending on their mode of
functioning. They are dealt with in specialized
electronic and optical textbooks.

In accordance with their chemical structure,
photosensitive surfaces record densities in black
and white or in colour. These receptors have one
characteristic in common: they record only am-
plitudes or degrees of grey in the image but
never the phases. In optics, a black body is a
concept of considerable theoretical interest. In
microscopy, it is useful only as a standard of
reference. Generally speaking, all bodies
observed under the microscope are non-black
bodies.

At present, incandescent bulbs equipped with
a filament heated by the Joule effect are still the
most widely used light sources. Their spectral
energy curve varies markedly with the current
passed (see Figure 1.21). Their colour tempera-
ture provides a convenient means of marking the
dominant wavelength of their energy spectrum
(Figure 1.3).

Retinal heterogeneity limits the resolving

Medium

‘LR
- >

1

1
0.6

0 0.2 0.4

1
1.8 2.0 (um)

Figure 1.2. Relationship between the infrared, visible and ultraviolet regions

(According to M. Déribéré, 1944)
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RADIO PHOTONS X-RAYS £ 4
I.R.l uv.
ettt
1km im 1cm 1mm 1um 1nm 0.1nm 1pm
—26 -24 -23 -22 -21 -20 -19 -18 -17 -16 _15 -14 -13 .
M0 10 10 10 10 10 10 W0 10 1 10 10 10 Ws
1 1 1 1 1 1 1 1 1 1 | 1 I | b)
L T 1 1 1 | T 1 T 2 ! 3 1 T I 1
2 1 3 10 10° 107V P
g 1n 10 107 10w Tl W 0T Figure 1.3. Physical data
1 10 10°107 uv 1 10MV (¢} relating to waves and
: particles utilized in
T T T 1 ! L LR (@) microscopy.

1 100nm  10nm  * 1nm 0.1nm 0.01nm 1pm O.1pm (a) wavelengths; (b) energy
quanta; (c) acceleration of
electrons; (d) wavelength

(e)  associated with electrons;
! 1 | ! ! ! . (e) wavelength associated
10nm 1nm 0.inm  0.01nm 1pmr 0.1pm with protons

power of the eye. It is now known that cones and
rods are connected by lateral fibres. This makes
obsolete the previously held hypotheses put
forward to deduce the theoretical resolving pow-
er of the eye from their dimensions. Furth-
ermore, the eye oscillates continuously about a
mean position and explores more than it fixes.

The eye has a complex spatio-temporal mem-
ory. It establishes an apparent continuity when
discontinuous images follow one another as they
do in cinematography. An apparent continuity
of our consciousness masks the image of discon-
tinuities in our conscious thought—a process
which takes place in the fully awake state.

.~ The visual field of the eye is always greater
than that of the instrument into which the eye is
looking. The operator must be trained to use
peripheral vision for a rapid exploration of what
he sees. He must be able to avoid central vision
consciously, in favour of peripheral vision, with-
out moving his eyes. This is indispensable for
acquiring the technique of rapid exploration
zone by zone, of which high speed reading is a
particular case.

The limit of visibility varies between obser-
vers and depends upon the intensity of illumina-
tion. The maximum visibility shifts from yellow
to green when the illumination is diminished.
The image at the eyepiece of a microscope is not
analogous to a ‘hole of light’ at the bottom of a
black tunnel. In order to obtain greater sharp-
ness associated with greater comfort, it would be
necessary to have a weak auxiliary illumination
at the periphery of the field. This has not yet
been tested in microscopy.

Ultraviolet light is harmful to the eye; furth-
ermore, it excites fluorescence and forms a
bluish ‘halo’ around the images.

The intensity of the light at the retina reg-
ulates the diameter of the pupil reflexly. In the
microscope this reflex has rio effect on the flux
entering the eye, since the field visible at the
eyepiece has generally a much smaller diameter
at high magnification. This explains why the eye
is easily dazzled by intense light. Furthermore,
the sensitivity of the retina changes very rapidly
with increasing distance of the incident beam of
light from the axis of the eye; this is the Purkinje
effect. The eye behaves as if it consists of two
receptors functioning differently with regards to
sensitivity to wavelength in full daylight and in
dim light.

Most of the objects examined under the
microscope are either naturally coloured or dyed
artificially. Therefore, it is essential to bear in
mind the following principles of colour measure-
ment, to make the best use of an instrument.
The colour white is only white with reference to
a standard. This is a set standard: it is daylight
at 5200 K;; it is known that ‘colour temperature’
varies considerably during the course of a day
and from month to month. A monochromatic
ray is determined completely by its wavelength
and its flux. A coloured ray is defined complete-
ly by its flux and by two additional variables: a
white background and a monochromatic colour.
In practice, preference is given to the synthesis
of colours by the addition of three variable
colours; this is the trichrome synthesis currently
used in photography and printing. However, in
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this case, the coloured lights must cover broad
bands and not be monochromatic.

Every colour has its complementary colour
which, when added to it, produces white; for
example, vellow is complementary to blue—
violet; these are all colours of the spectrum,
except for the complement of green which i
purple, the only pure colour not represented in
the spectrum. If the pure colours are arranged in
a circle, the complementary colours are diamet-
rically opposite each other. The two triads possi-
ble for trichrome synthesis are found at the
apices of an equilateral triangle.

In microscopy, five categories of colours can
be distinguished:

(a) the colours formed by sclective absorption
of a pigment;

(b) the colours formed by absorpuon—reflecuon;

(¢) the colours formed by interference in natu-
ral light;

(d) the colours formed by diffusion—dispersal:

(e) the colours formed by interference in pola-
rized light.

The eye is incapable of differentiating between
these various methods of formation in the same
way that it is incapable of recognizing the
composmon of two different mixtures il they
give the same visual colour impression.

In colorimetry a so-called XYZ system has
been adopted internationally. in which the
trichromatic coordinates of all the visible col-
ours have been transferred to the inside of a
triangle. Thus, the coloured filters currently
available are all represented within such a
triangle by means of a point and its three
coordinates. The colour temperatures of the
sources lie on a parabola referred to as the black
body locus.

When a coloured filter is interposed between a
source and the eye, the transmitted light is
modified. If this filter is ncutral, that is if it
absorbs all wavelengths cqually, then the optical
densities add together when the filters are super-
imposed; if two filters are complementary their
superimposition stops all light: with other filters,
results -may vary .considerably, depending on
whether the source has a line spectrum or a
continuous spectrum. In practice, a graphic
superimposition of the filter curves with the
spectral distribution curve of the source makes it
possible to predict the result. When the details
of the object are of one colour, they can be

assimilated on a filter. If they are multicoloured,
an understanding of what is happening can be
gained by having previously separated out the
trichromatic factors, if necessary, by spectros-
copy.

Most coloured solutions follow Beer’s law, i.e.
their absorption is proportional to the concen-
tration and the thickness traversed. The consti-
tuents of a mixture of dyes in general also follow
this law if they do not react with one another. In
the case of microscopy using an eyepiece, as
opposed to photographic microscopy, the over-
all amount of light which reaches the eye from
the source after passage through filters and the
optical observation system must be taken into
consideration. In addition, one has to take into
account the passage of light through the media
of the eye. It must not be forgotten that some
filters change colour as a result of ageing. In
particular, the aqueous and vitreous fluids yel-
low with age, which increases the perception of
the white colour used as reference.

This means that in practice we cannot do
without reference colours. These are supplied by
the ‘colour codes’. Only Chromotaxia by M.
Locquin, Paris (1965) allows comparison by
transmission. In 1975, the same author pub-
lished a Guide to Natural Colours followed by a
table showing the correspondence between the
colours given in this guide with the basic works
of Saccardo and Ridgway, and with the Munsell
notation. The latter work only enables compari-
son with colours examined by reflection.

lonalny, saturation and value are the
psychological variables which correspond to the
physical quantities of dominant wavelength,
clarity and luminosity. Only the former vari-
ables are taken into account in practicc and
they serve as the basis of the most universally
ddoptcd system of colour notation.

Tonality is related to the dominant pure
colour, saturation to its dcgrce of purity or to the
reciprocal value of white in the colour, and the
value to the percentage of grey in the colour.

However, it must be admitted that so far there
is no satisfactory thecry of colour vision capable
of integrating all the known phenomena, but
this will not be discussed further here.

Image formation

Optical treatises usually begin with an explana-
tion of a simple magnifying lens, then a com-
pound apparatus, simulating the objective—
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Figure 1.4. Path of light rays in a slide projector and in a microscope (Leitz-Wetzlar)

eyepiece relationship of the microscope by
means of two single lenses. This arrangement,
which is not very convincing to those who have
not studied physics, has been described so many
times that it will not be repeated here. However,
it-is- widely used at present. In our opinion it is
closer to reality than the model of-the micro-
scope lens, whether we are dealing with the
common photographic slide projector or with
the enlarger used for photographic negatives. In
Figure 1.4, the direction of the rays of light is
horizontal—at the top in a projector and at the
bottom in a microscope. These two diagrams do
not require long explanations. Finally, the read-
er is referred to treatises dealing with the optics
and mechanics of the microscope for more pre-
cise details.

Mechanical conventions

Some mechanical parameters relating to micro-
scopes have been standardized for some time.
The tube length of monocular instruments is
usually 160 mm, but in Leitz instruments it is
170 mm and in inverted microscopes it is gener-
ally 250 mm: This length is measured between
the objective at rest and the eyepiece at rest.
When an accessory is introduced which alters
this length, an optical system must be incorpo-
rated to compensate for this change. This is
nearly always the case for binocular tubes, draw
tubes and almost all accessories between the
stand and the observation device (Figure 1.5).
The standardization of objectives was de-

veloped from standards established by the Royal
Microscopical Society in Great Britain, especial-
ly in respect of the screw thread to mount the
objective on the revolving nosepiece. The length
of the objectives varies about a mean of 35 mm
from one designer to another.

When the designer incorporates corrected
objettives--in. the microscope to produce an
image at infinity, this image is brought to the

“€—Plane of image
produced by objective
Mechanical Jqg
length of

tube

Figure 1.5. Mechanical standardization of the
microscope (Wild-Heerbrugg)

observation end point by a lens, and intermedi-
ary devices can be interposed directly in front of
this lens. This obviously represcnts the best
solution. In particular, it allows the introduction
of an optical device specially designed to realign
the focal plane of the objective, thereby making
various operations more convenient, e.g. the
introduction of phase plates and various com-
pensators.



6 Instruments and techniques

Aberrations

Aberrations are called the correction defects of
an optical system. In microscopy there are three
important types of aberration:

(1) Spherical aberration, which must not be
confused with field curvature. Spherical
aberration is caused by the prism effect of a
single lens which forms a band of rays from
a point source rather than a point image as
expected. This can be corrected by
appropriate design or modifications, bond-
ing together two or three refracting lenses
with different dispersive powers (Figure 1.6).
Chromatic aberration, due to the variation
of focal distance with wavelength. This can
be corrected in the same manner (Figure
1.7).
(3) Field curvature, due to the fact that general-
ly the image given by the objective, formed
fromr a plane object, is in the form of a

(2
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Figure 1.6. Checking the correction of the
spherical aberration of a microscope. Top—two
defocalized images

Figure 1.7. Chromatic aberrations of a simple lens.

" Continuous line—red; dotted line—blue. Going out of
focus on both sides of F, we obtain a blue image on the
far side and a red one on the near side

spherical cap. The centre and the edge of
the image cannot simultaneously be
brought into focus. This defect becomes
more awkward as the field becomes larger.
It is much more obvious in photomicrogra-
phy than in observation by eye, because the
eye frequently refocuses, and also during
observation one frequently manipulates the
fine focus, which results in a continuous
combination of several planes of the object.

A fourth aberration—the coma—which is less
apparent, is caused by centring defects of the
different constituent parts of the objective. By
examining the small details against a black
background, one can check whether the centring
is perfectly symmetrical; the image from a lumi-
nous point on a black background shows a
comet-like lateral tail if it is not.

Depth of field

The term depth of field refers to the distance
along the optical axis which separates the ex+
treme parts of the object which are observed
sharply without mechanically changing the
focus. During observation with the eye, the
operator compensates for a shallow field depth
by moving the fine focus back and forth on
cither side of the mean plane of observation.
Photography achieves the same effect by using a
successive superimpression technique, as de-
scribed later. :

To increase the field depth, the lowest magni-
fication by the objective compatible with the
desired resolution and the highest magnification
by the eyepiece are chosen. In photography the
print may be enlarged, the negative being taken
with both objective and eyepiece of the lowest
possible power.

Flatness of field

A field is flat if the image is distinct, thin and flat
up to the edge. The objective—eyepiece combina-
tion gives this result. Therefore, it should not be
altered subsequently.

The microscopic image in wave optics

So far only the geometrical aspect of ." e path of
light rays through the microscope has been
considered. This explains image formation at
very low power magnification, but at high mag-
nification the diffraction caused by the structure



