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INSTRUMBNTATION FOR QUANTITATIVE CYTOLAEMISTRY

[Following is the translation of a German-language artiole
%+ Caspersson, G. Lamakica and L. Carlaon, Institute

for Cytology and Genetios, Karolinska Institutet,

Stoockholm, published in Acta Histochemica, No. 9,

1960, pages 139-156.]

(Hote: The work herein was carried out with the
support of the Swedish cancer society, of the Wallen-
berg Foundation and under Grants C~2740 C-3082 of
the United States Public Health Service.) )

The oombination of microspectrographic methods in the visible
snd in the ultreviolst range of the spectrum through microinterferametrioe
snd miororadiographic methods guitable primarily for wvolumetric
analysis but under certain circumstances also for ultimate analysis,
affords a satisfactory basis for general quantitative ocytochemicel
work within the dimensional range of cell structures. Actual techniques
are often rather ocomplicated in some of these methods, especislly
when several methods are being applied to one and the same biological
object. We therefore developed in the Stockholm Institute in recent
yeasrs a group of inter-coordinated methods with the intention of
being able to utilize their investigative properties for practical
biological routine tests. The following is intended, with the aid
of a series of pictures and diagrams, to give a review on sush
instrumentetion (cf. references 1-10 for details),

Figure 1 shows the most important areas of application for
techniques of this type. The most highly developed area is ultra-
micro-investigation by direct methods. However, indirect methods will
gain inoreasingly in importance in the future. Among such indirect
methods, the Feulgen resotion for determination of DNS has been
enpldyed especially frequently at the present time. This histochemioal
reaction is unique in rezard to reproducibility and stability due to
the peouliar solloidechemical properties of DNS. Ths difficulty of




using histo-chemical methods, based on staining md/or chemical
reaotions, more gensrally in the gquantitative sense lies in
producing a suitable calibration or reference system definitely
necessary for comtrol of staining and/or the reaction sequencs in
the specific reaction enviromments offered by the biological material.
Without further discussing this field, I would like to stress that
the miorospeotrographic methods bere indicated and complemented with
the "methods for measuring on r- ¢ systems™ given further below
offer a possibility for developing such calibration systems for wide
groups of histochemiocal processes. 80 far this possibility has been
exploited only to a very limited extent.

Figure 2 shows the most important operating methods with
the optical ultra-microspeotrograph in the visible and in the ultra-
violet range. Figures 2, l-a and 1l-b show the determination of
the absorption sequence within individusl object sections or “point
measuroments.” The individual "measuring point" as a rule nust
saount to 0o65/ u by reasonof the optical non-homogeneity in general
biological material. Especially in the problem of nucleotide and
protein metabolism, miocrospeetrographic total volumetric analysis
in individual ocells or oell sections predminate in practical biologi-
cal works Due to the high optisal non-homogenity in nearly all of
the 0ell material encountered, sush total determinations must be
oarried out in the following manner. It is initially necessary to
measure® a very large number of points of the indicated magnitude;
subsequently the transmission valuss must be transformed into extinotion
wvelues and the extinotion values must be summated over the surface.
This means alone for a cell of general magnitude in mar~alien material
as a rule several 100-1,000 meagurement points of which the data must
be processed and summated. It is generally further necessary to
ropest the measurements in several wave lengths. By reason of the
ingtability of the biological material and other reasons, it was
definitely necessary to automate the measuring methods. This was
done by electronic transformation of funotion, in the simplest case
from transmission to extinotion, as well as through electronic
integration of the extinction values over the surface. Figure 2, 2-b
demonstrates the meterologically simplest case in which the measurement
objeot has a free baokground and the entire examination process can be
automateds Usually, however, the situation is the cne shown in 2-a
where the measurement object is surrounded by material whioh is not
intended to enter into caloulation. For this case, the spesctrographs
are 40 arranged that the scanning areas are sontinuously registered
and eaoh individusl point on the diagram can be correlated acourately
with a vorresponding messuring point. On the other hand, we can
then 1imit the measurement to the desired measurement objective Pfrom
the reglatered data, eventually with the ald of a special funotion
transformer and iategrator, by manusl operation of a ourve-trace

.
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indiocator (FPigure 12). MNeteorologioally, this csse is obvicusly the
beste If we select a cell population in which the cells 1lie free

of each other, the saving of time in a specific biological problem

is often congidersblo. Where selective staining of nuclei is concermed
as, for ingtancs, in the Feulgen reaction, thers exists also for
oonnected tissues a measurement situation ocorresponding to Figure 2, 2-b.

Figure 3 shows the large universal miorospectograph of the
Institute which is specially designed within the ultraviolet and :
the visible speoctrum range in order %0 oarry out measurements in the -
was indicated. It can be utilized with differen® types of microscope '
optics. BRspecially in the ultraviolet range, refraction optics are
preferable dus to ocertain optioc relations of refleotion optios. (The
Carl 2eiss Compeny in Oberkochen has designed, in collaboration with
us, a commeriocal model of this instrument and has also designed
speoial achromatic ultraviolet optios corresponding to the special
requirements of microspectrographio work). Both of tho resording
ingtruments of the spectrograph register the functions indicated in
riguro 2.

Figure 4 shows the course of a measurement in prinociple,
After appropriate preparation, the measurement is carried out
in the ultra-microspectograph {UMSP). Bventually control of optie
properties, primarily the dispersion of light in the preparation,
by speoial equipment precedes the measurement,

For the analysis of the measurement date obtained, knowledge
of the optic sonstants for the substances is required under the con-
ditiens obtaining in the objeot during the measurements. Rspecially
in stabiliszed preparations but also in objects which may be assimilated
to a highly concentrated protein solution, the optiocal constants
often deviate essentially from the values in diluted solution. For
the determination of these oconstants, equipment (of, below) has
been eovolopod whioh is identified in the pioture as "model substance
line.

If the non<homogeneity degree of the cell material is very
low, the mass in cells and oell seotions can be determined direotly
with the aid of the interference microsccpe although the acouracy
of this method is generally very low. If significant differences
exist in the refraoction indices whioh is generally the case for
biological material, it is absolutely necessary to employ scanning
methods with very small measurement points hpre also as in absorption
nmeasurenents.

By ytilising Baker-Barer interferenoce-mioroscope optics, Svensson
(10) developed a sosnning mioro-interferameter. In prinoiple, it is
also possible to ingtall interference optica suitable for absorption
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measurement in our ultra-microspeotrograph and oarry out scanning
micro-interfercmetric measurements. Bven large objects such as
protosose with large differences in the density of different cell
parts oan be measured with great reprodusibility and acouracy.

Figure 5 demonstrates the manner of operation of a new rapid-
scanning mioro-interferometer which is an improvement of an instrument
deseribed earlier. Through the introduction of an eleotronic integra-
tion system, it is possible to handle even relatively large cell
populations with this instrument. Figure & shows the instrument
with the two recorders for inoreaent and the integral of the insreaent.

Mioro-radiographic mass determination furnishes in prineiple
the smme indications as micro-interferometrios. We use a high-
resolution roentgenospectrograph built by Lindstroem and shown in
Pigure 7.

Figure 8 describes the principal method of operation, the
exponentistion of a micro-radiogram with subsequent scanning measure-
ments iz the miorospeotrograph. The great advances of micro-inter-
ferometrios lie in the ocireumstance that the objeot can be investigated
in a liquid embedding mediwm end also under high optical resolution.
In oontrast, miororadiography requires working in a vaowm but has the
very great. advantage, as oompared %o mioro-interferometrics, that a
*model substance 1ine™ is not required because roentgen absorption is
independent from the physical state of the material. For practiocal
biologiocal work, miororadiography can be utilized primarily for cali-
bratian'of the interference methods. Reocently, however, Carlson has :
developed a procedure suitable also for routine exsmination whioh i
allows us to work in low absorbing biological objeots with & higher -
resolubility than 1,u within au area of the density curve of the
plate so that it id possidble to ocarry out surface measurements without
soanninge This results in such an inorease of working speed that the
x=roy mothod is as quiok, at least for the examination of large cell
populations, as the mioro-interferometrics desoribed above. Pigures
9 and 10 represent the principles of photometric plate messurements
and/or the appearsnce of the messuring equipment.

The measurement of element-specific roentgen absorption
ocan also be ocarried out in the roentgen microspectrograph developed
by Engstroem=Lindstroem. The phote plates are analysed in this case .
in analagous manner for the determination of certein elements. %

In all of these measurements, eleotronioc evaluation of the
data plays a oentral role because large biologioal material ocan be
processed only after a high messuring speed has been achieved,
Mgure 11 ghows the basic diagrem of the four wost importent
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measurement methods and also the general arrangement of the instru-
mentation. The upper branch of the diagram corresponds to instruments
dasaribed above, The lower branch vepresents a special fumction
transformer (Figure 12) with the aid of which the measurement ourves
of the spectrograph or interferometer are evaluated through manual
traoing of the ocwrve which is an advantage for certain types of
objeots. This method of operation is of great advantage for more
complicated objects, especially sush as listed in Figure 2, 2~a.

If the diagrams mentioned are grouped in s general review
of the ocoordination of the different equipment, this produces an
instrumentation diagram as shown in Figure 13 (each square in the
disgram represents a spscific instrument).

The model substance measurements (Figure 14 and also Figure 13,
bottam) ettempt to obtain exaot values for the optic oconstants of the
substances concerned which are necessary for the analysis of the
miorospectrographic and micro-interferometric measurements. Figure 14
repregents the three most important oases. The top case offers no
techniocel diffioulties but ocours practically never in standard
biologioal work. The data can here be acquired with conventional
measuring instruments in the macro-range. For the simple case where
the objest corresponds to a concentrated solution, the refraction
index in the visible range can be easily determined with conventional
equipment. However, for the determination of the extinction coefficient,
special qquipment will be necessary as well as for routine refraction-
index determination in the ultraviolet wave range. Svensson has
oonstructed & "lens ouvette™ (Figures 16 and 16) for this purpose.

At the bottom of Figure 14, the most general situation for
the measurement of biological material is represented, i.e. where
the objeot is free of water.

Figurs 17 shows schematiocally how the determination of the
optioc constents can be oarried out in this osse with the aid of the
"drop method". In the illustration, the objeoct is intended to
represent a very small drop of highly concentrated protein solution.
The drop is either dried or stabilised on a suitable base. The
material is then generally distributed very irregularly over the
measuring surface. Total volumetrio analysis is mede by scanning
miororadiography and, when the material volume is known, the
necessary determinetion of oconstants oan be carried out in the objeot
with soanning interfermetrios or miocro-spectrophotametrics.

Rapid meaguring methods for specifio problemss The instrumentstion
groups ElorIFEd above are intended for more general work on

biologioal material of different nature. If the problematics are




restrioted to special substances or special types of biological
material, significant advantages can be obtained when time-oonsuming
labor is shortened by the oomstruction of specialized measuring
apparatus.

As an example, I should like here to refer to two designs
recently developed for an extremely sotual field within experimental
oancer research, i.e. the oytochemical differences in the nucleotide
and protein oomponents of the different cells in large populations
of tumor cells. These working possibilities of special interest
for the investigation of the manner of action of various anti-cancer
substances as well as for the study of early stages in cancerogenesis.
Por tunor problems of this kind, we ocan frequently seleot as investiga-
tive material cells lying free of each other (of. Pigure 2, 2-b)
which make possible extensive mechanization of measurcments as des-
ocribed above. A particulerly rapid-ultremiorospectrograph for the
ultraviolet and the vigible range has been oonstructed for material
of this type. Its manner of operation can be seen in Pigure 18. By
foregoing registration, the measuring time for a customary msmmalian
cell oould be reduced to a few seconds through two-dimensional scanning
of the objeocts with direot reading of the terminal values. A further
inorease of measuring speed is pointless because the adjustment of
the new measuring objeots generally requires at least 10 times the
measuring time. The instrument, shown in Pigure 19, is primerily
suitable for the investigation of large cell populations in ultraviolet
and in visible light. It is also very appropriate for the determination
of DES by means of the Peulgen resction and, in this case, tissue
sections can be employed also because sbsorption in the cytoplasma
can be negleoted in the measurement of the Feulgen-absorption maximum,

The instrument for microinterferometriocs shown in Figures 5§ and
6 was developed especially for work with large cell series. However,
it 1s appreciably slower than the instrument for ebsorption messurement
deseribed above.

Por the greater part of oytoohemiocal investigation of ocell
populations, the determinstion of optiocal oross section of both
moleoli and nuolei as well as oytoplasma plays an sssential
role. An instrument for this purpose ocan also bde mentioned. The
avthor earlier desorided e mioroplanimeter whioch works nu the
prineiple indicated on the lef't side of Pigure 20, An adjustadle weak
lens is moved by the obgerver above & miorogeope odjestive in a plane
at a right angle to the axis of the microsscope. Bubjectively, this
gives the impression that cross-hairs provided in the eyepilece move
around the measuremeut object. The motion of the lens is transmitted
to a planimeter system. For series measurement, this arrangement
wag provided with an eleotrical registration system working in 3
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channels. Practiocally, the work procedes in such manner that
initially a nucleolus is measured. The observer presses a button
and a three-point recorder prints a poinmt on the paper of the
recording instruments in column 1. Subsequent to this, the cell
nucleus is measured and activation of button 2 gives a recording
in colunn 2. Channel 3 is intended primarily for oytoplasma
measurements. Simple summation of the points in the columns
directly produces the desired histogram. The equipment is partiou-
larly suitable for measurement of very small objeots because the
acouracy of measurement is limited only by the resolubility of the
optios employed.

Summary:s With the aid of disgrsms and illustrations, a number of

struments are gshown which produce the possibility, by their
coordination, for simultaneously exploiting the quantitative oyto-
chemioal working possibilities (for general biological problematics)
afforded by ultrsmiocrospeotography in the visible and ultraviolet '
range as well as in the rediogrephic field and in microinterferometrios.
In addition, special instruments for work with large cell populations
are desoribed.
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Pigure 1 = Classifioation of Optical Quantitative Cytochemical Metheds.
e = direct methods: deteraination of optiocal comstamts in
objoau P - wtramioro methods material in ea individual
ooll; o - indIrect methods: determimation of the optiesl
congtents 1n the obJeet after chemical treatmemt;

d « gemi-ultramioro methods: isolated and collected maserial
of several (6.g. 10-100) Individuslly selected cells.
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Tigere § « The Most Important Workiag Methods ia Optical Miepo-

spostography.

a = optical spectography iz ultremiorospectrograph;

1 - determimation of adsorption ourves (point messurememts);
lea =« mave leagths; d=b = resording; 2 - total volumetrio
determination; sosnning measurementsdats - recaloulstiom £
integration); 2-s ~ line scanning for the most usuel types
of objests; b ~ objest; o - direstly surrounded by tissue)
4 - traneniesion recordad in ultra-aloroepeotrograph;

o - total wiume ® kA[SP(T))d x £ S £(T3)d x o0.),
function transformer £ integrator; 2<d - surface soanning.
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Mib. 3. Per Universal-Ultramikrospekirograph.

Figure S - Universal Ultra-microspectrogrephe
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Figure 4
a = Optioal Ultramiocrospeotrography; b = object - preparatiom of
objeot = ultrawmicrospestrograph - objeot deta - anslyted; o - oontrol
of light refraction. Deterainatiom of required messuring aperture.
d - model substances - ultra-microspectrograph £ lsnms cuwette for
determination of £ and n - £ (and n) under measurement conditions;
¢ = signifies a specisl instrument ia all illustrations.
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- Abh, 3. Biagramm cines Mikrointerfetometers.

Figure § - Diegram of Microinterferometer.
a = soanning and integrating high-resolution miorointerferometer.

Abb, 6. Das Mikrolnterferometor,
Arte hutorhomirs. M. 0, v

Pigurs 6 - Miorointerferometer,
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Abb. 5. Usehauflosungs-Rontgenspekirograph fur bivlugische Objekte naeh Lindsti.m

Figure 7 - High-Resolution X-ray Speotrograph for Biological Objeots
Acoording to Lindstroem.
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Figure 8
e = 6bjeot -~ x-rey mass miorospectrograph - miororadiogram =
ultrmiorospectrographic scanning - function transformer and double
integrator - data; b = mass; o - plate transmission.

Rolloguinm wber Physikalischeoptische Methoden usw., 147

Al Bategrivrende Mikvaradivgsaphic shine Plattenabar g, Links Aufaahme, rochts |
Nusmessuns der Platte.

Pigure 9 = Integrating Miororadiography Without Plate Soamning.
Left - photograph; right - measuring of plate. a = photogrephie
plate; b = object; 0 = x=ray tube; d - x-ray mass determination;
e = high ruoluuon/ £ - integration (without soamning).
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Abb. 10 Plattennusniedeerat fir Mikioradiogramme.

we

Pigu'e 10 « Plate Measuring Instrument for Miororadiograms.
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Abb. 11, Allevweine ('berdieht diber dieVerwendung von vivktronisehen Umreel o
anurdnungen und Integraturen in den Arbwitsdinien. Die Abbilduns seigt. wie diea e '
Gerite fiir versehicdene Arbeitaarten verwendet werden kiunen, !

Pigue 11 - General Diagram of the Utilizetion of Bleoctronie Gomputer
' Arrangements end Integretors in Work Flow. The illustra~
tion shows how the instruments can be utilized for different
mothods of procedure.
& = oamputer arrangement; b - integrator 1 for cbject;
o = recorder for transformed funotion and integral 1.
Counter for integral tube; 4 « dataj; ¢ = scanning ultra-
miorospeotrograph; £ = point measurement miorospeotrograph;
¢ - scanning arrangement, line and surface; h - transmitted
date; 1 « funotion transformer; k - for optical scaxning = £ 3
- 1 = optical 2 = mass} B = X-ray Bass -~ BasS} B = X=ray
- olement - quantity; o - measurement values for optical
soanning in object, optical n in objeot, x-ray mass in
rediogrem, x-ray ¢lement in radiogram; p - recorder;
q = manual ourve traocer of objeot instability; e = integralor
2 for bdaockground.
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Abb. 12 Funktionsgonerator mut Integrator and mt Anordouns  zar manuelh o\
folgung dee 2w amalysicrenden Kure,

Figure 12 - Function Generator with Integrator and with Arrangement
for Manually Tracing the Curve to be Analysed.
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Abb, 18 Alzemvine  sehematisierte §heseht der verseliedlenen Artbeitslivien

Tostrumente, Opn. abs. Mkt puektrazraphic, Upt, Moo, Mikrainterterametnie, Run o

Mause, mikroradioztaphisehe Massen-dlestimmunz, ontgen: Elheatent, Elementhednne o,
Reehtorke bredeuten besamdens Snstrmente, Binge demten Arbeitasverfaliven as

e Abbiklunge demanstonent, wie sonehl fue die Messunzen am Objekt, abs aueh {0
Mudelleubatapzmessunzin  weitzehend  dirselien  Anetdnnnzen fur Abchune o
elektronische Patihwarbeituny beuntat weglen Sonnen,

Figwe 13 - General Diagrem of Different Types of Work Flow
Instruments, Optical Soaming, Iioroapcetroguph;:d
Optical Mass, Miorointerferometrics, X=ray mass,
miororadicgraphio mase deteraination, X-ray Element,
Blement Determinatiocn. Squares eignify epecial instrumests
oiroles aignify working methods. The illustration demom- ’
strates how the same srrangements can be used extensively
for scanning and slectronis data-processing both for mee-
surements on the object as well as for measuremsnts of
wodsl substances.

e = direot process; b - objeot; o - indireot 00088} d -

¢ = igolation; £ - preparation; ¢ - stalning 5: oolo:-.otog:::nu“'
b © calidration; § - optical soanning) k - optical mess; 1 - xwray
RA8S) B = XeTay olemente; n - ultra-aiorospectrographic scanning;

0 - computer 1; p - oamputer II; q - odject data; r - analysed date;

¢ = model substances; t - £ comoemtrated soluticn, n oonoentrated
solubion; u « dry-fixatice, n dry fization; v - rediation; w = model
data; x - rapid method for inhaditual obJjeots.

-18 -




Oy  Moovisysieme

< [ 3
Serapheld: o Latottion, sxM e w8 WY,
‘ f W 1% )

Sl > . |
Ly N — Mutwmn- {10t Brechuag)
v e s L tadtren [ 1c¥be
" = St
o /EEE’D'C‘]\&E
¢ P -y \WLR —_— potrs s Srechng)
rd w e e |
ey — ati Aot )\, (Lo Prrvieng 1
Abb. 14 Die verschiedenen Topen von Mudelbubstangmessunzen, die v
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Pigure 14 - Different Types of Model Substance Measurement whioch
Correspond to the Different Types of Conditions in
Biologiocal Preparations in which Squares indicate that
Special Instruments have been Developed for the Partioular
Seotion of the Method.

a - model substance; b - diluted solution; o = spectrophotometer;

d - refraoctrometer; ¢ - speoifio extinction (visible and ultra-~violet);

f - refraction index (speoifio refresotion); g - model substances;

h « conoentrated golution; i ~ lens cuvette; k = refrection {adex for

ultraeviolet; 1 - dry substance; m « drop method; n - specifio refrec-
tion.
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Pigure 16 ~ The "lens Cuvette" is an Instrument for Measurement
(by means of the recording ultramicrospectrograph) of
the Absorption Constants in the Optical Speotrum of very
High-Concentrated Solutions in Very Low Layer~Thickmess.
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Abh Be Fane Lansewometty mnt bals erspieged
1w Awaschenflachen  tur Brechunesindezmes-
cunzen 1n hoehabiorincevades  Lasungen
sicktharn und 1m Uhravigetton. Ihe Meweag
erfabzt dnreh Begistricrung der Newtobarhen
Romge bt parallebm Lachteinfall mit Hidle doe

Nihrosprhtrnzrephen.

Plgure 18 - A Leng Cuvette with Sami-Mirrored Interfeces for Refrectiocs
Indox Measurement in High-Absorbent Solutions in the Vigidle
end in the Ultraviolet Range. Measurewsnt is carried ous :
by recording the Newton rings under perallel light
inoidence by means of the miorospectrograph. #
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Wh 1% Ihe L Traplenmethode” (vl Abb, 34) aur Bestimmung der optischen Koa-

‘am g vom Troekensabstanzen der Art, wic man siv ia versehieden fixierten ode g
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Fgure 17 - T._ Drop Method (of. Figwe 14) for Determinatiom of the

Optical Constants of the Dry Substances of the Type

Found in Various Stabilizad or Dessicated Biologiorl

Preparations. A droplet of concentrated protein

solution 4s assumed as model objeot in the 1llustration.

Two alternate ways for wlume determination are indicated
& = the drop method; b = messurements by elimination of the influence
of non-homogeneity through scanning with high resolution; o = protein
droplo?‘ d » x~ray tube for mezs determination; e - protein droplet
with C{ =3 £ = Geiger-Kuller couxter; g - scanning interference
miorophotometer; h - scanning microgpectrophotometer; i ~ measurement
of protein snount in drop; k ~ messurement of optical phase difference;
1 « measurement of extinotion; m - gives specific refractions n = gives .
specifioc extinotion.
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A IR Setmelhes Vltrsmikiophatometer fur Arbeit mit 2. 15 cvatlen Zellmopulationen.
Mheitsdiazramm,

Pigure 18 - Rapid Ultramiorophotometer for Working with Large Cell
Populations. Working disgram. a - high-tensiocn instruments;

b - smplifier; o - logarithmic mmplifier; d «~ oircuitf ¢ ~ inmtegrator;

£ = tadle drive, and direction; g - monochromator (visible-ultraviolet);

h « xeonom or mercury lamp; 1 - rapid scanning and integrating high-
resolution ultramiorophotometer.

Uuzs.
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Ahh, 19, Das sehnelle Ultramikenphitnmeter,

Figure 12 - Rapid Ultreaicrophotometer.

Rollogninm uber Phyrikalisei-optische Met
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AUh. 20 Arheitedineramm des fegistrieren
¢ Mioroplanimeter.
olus, 2. nuoleus,

Figure 20 = Operating Diagrem of Reoordin
ter (3 ohannels),

& = measuring range control; b « 1, nuole
3+ oytoplasmaj ¢ = recording microplanime

hoden usw.
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Abb. 31, Dan Mikenplanimeter,

Figure 21 = Mioroplanimeter,
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