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A new approach to cell biology has been created by combining the techniques of micromanipulation of
cells, fluorescence spectroscopy and low level light detection. These methods are now being used to study
the spatial and temporal distribution, interaction and activity of specific molecules in living cells.

CELL functions such as locomotion, cell recognition, endocy-
tosis, exocytosis, and cell division involve highly dynamic and
transitory molecular interactions. Early cell physiologists stu-
died these functions by probing living cells and developed
sophisticated techniques for micromanipulation and microin-
jection'™. A new approach bridging the gaps between cell
physiology, biochemistry and ultrastructure is required to define
the molecular mechanisms of complex cell functions. Such an
approach would require a combination and coordination of (1)
techniques for manipulating living cells, (2) techniques which
provide signals from specific molecules with high sensitivity, and
{3) techniques which detect weak signals from living cells.
Recently, the methods of micromanipulation of cells'™,
fluorescence spectroscopy®™, and low-level light detection”
have been combined to provide such a new approach to cell
biology. This new concept involves labelling purified molecules
covalently with fluorescent probes, and incorporating the
fluorescent conjugates into or onto living cells. Cells with asso-
ciated fluorescent conjugates are then either viewed with an
image intensifier coupled to a microscope or are investigated
with a microspectrofluorometer. Therefore, the high sensitivity
(~10°-10" molecules can be detected'), and versatility™™ of
fluorescence techniques can be fully utilised in living cells to
yield information at the molecular level.

This review is limited to applications of this approach in which
purified molecules are labelled, administered and then studied
at the light microscopical level. The technical aspects will be
discussed in detail since this new approach requires careful
application and interpretation. In addition, three categories of
fluorescent conjugates will be discussed: (1) nonperturbing
indicators of physiological processes, {2} biologically active
agents and (3} functional cellular components (molecular cyto-
chemistry)'*. Some of the studies referenced could be included
in-more than one of these categories.

.y

Experimental methods

The application of fluorescent conjugates to studies in single
living cells demands the use of highly fluorescent fluorophores
which absorb in the visible spectrum, so that adequate signals
are obtained while minimising radiation damage and inter-
ference from autofiuorescence'®. Furthermore, the conjugates
must be associated by stable covalent bonds and be devoid of
non-cavalently bound fuorophores. Recent advances in the
preparation of fluorescent reagents have provided several
compounds suitable for applications in vive. Fluorachromes
such as Auorescein'™"7, eosin'®, 7-chloro-4-nitrobenzo-2-oxa-
diazole (NBD)', and a series of long-wavelength rhodamine
dyes'****' have been used successfully with living cells, In
addition, various reactive derivatives of these fluorophares such
as iodoacetamide'’, isothiocyanate® and sulphonyl chloride®
can be obtained commercially. Many of the long-wavelength

fluorophores used primarily by neurophysiologists should be
useful when reactive derivatives become available™.

Classical microinjection techniques are still the most direct
methods for incorporating exogenous components into living
cells'*. Several different microinjection systems, using both
hydraulic pressure**'” and compressed air'*****, have been

described in detail. Cells ranging in size from giant protozoans
(~600 wm) to human fibroblasts (~15 wm) have been success-
fully microinjected. These techniques are time consuming and
the numbers of cells which can be studied are limited. However,
they have the advantages that only a very small volume of
material is required for each experiment; components as large as

Fig. 1

Autophagy studied by injecting highly concentrated
tetramethylrhodamine  isothiocyanate lahelled hovine  serum
albumin into Hel.a cells. These fuorescence micrographs were
taken of injected cells a, immediately; b, 30 min; ¢, 1 h; o, 90 min;
¢, 6 h thereafter. The labelled proteins were taken up into vesicles
which ultimately fused with Iyso.-:qmc.a if1 (Erom Stacey and
Allfrey ™.}
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organelles can be microinjected?, mild solution conditions can
be used to deliver the fluorescent conjugates'™'™'"" and
injection volumes can be controlled.

During the past few years, new delivery methaods using fusion
techniques have been developed. The molecules are trapped
inside carriers such as red blood cell ghosts™ and liposomes™ ="
which are subsequently fused with target cells. While these
methods allow the ‘ultramicroinjection’ of large populations of
very small cells there are also several limitations: (1) relatively
large volumes of fluorescent conjugates are required during the
loading process, (2) the conjugates could become exposed to
delergents, elevated temperalures, or organic solvents, (3) the
proper entrapment and fusion steps must be carefully verified,
and (4) the hiological effects of the carriers must be controlled.
Recently, fibroblasts have been successfully loaded with
fluorescently labelled antibodies by red blood cell fusion tech-
niques™’. Continued improvements in fusion technology should
make these approaches more generally useful in the future.

Cell perfusion technigques have been used to deliver small ions,

and molecules into plant cells™. A membrane permeation

technique has now been reported which permits the incorpora-
tion of small molecules into living animal tissue culture cells™.
The cells are permeabilised by short treatments with lysolecithin
which make the cells leaky to exogenous molecules in the
medium for a short period of time. This technique has advan-
tages similar to those of fusion methods, yet does not require the
use of carriers. Unfortunately, the application is limited to only
very small molecules (molecular weight below 10,000) and to
cells grown in monolayer cuiture. In addition, the cells remain
viable for only a short period.

Recent developments in image intensification techniques
have provided a more sensitive way of recording fluorescent
images than classical photographic methods'”. The use of stan-
dard photographic procedures requires long exposure times and
intense illumination. Therefore, fluorescence photobleaching
could be extensive, cell damage is possible, and dynamic pro-
cesses are difficult or impossible to record. In contrast, TV image
intensifiers coupled to fluorescence microscopes and video tape
recorders allow the continuous recording of weakly fluorescent
images in real time or time lapse without significant losses in
resolution''. Some TV cameras also provide digital output for
quantitative image analyses. When these intensifiers are coupled
to optical prisms and multichannel analysers, they can also
provide rapid microspectrofluorometric measurements'"™,

Microspectrofiuorometers have been developed for quan-
titative measurements of many fAuorescence parameters with
very low light intensities™ ™. In particular, photomultipliers

Fig. 2 Fluorescence photograph of a live chick embryo fibroblast

that is lysalecithin permeahilised and labelled with NBD-

phallicidin' . Maost of the [abelled actin in this spreading cell s

located peripherally in the area of membrane rutfling. Some longi-

tudingl stress fibres are also evident. (Micrograph courtesy of L.
Barak.i
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interfaced with single photon counting devices have provided
instruments of high sensitivity’". These systems in combination
with computer-controlled spectral scanning and data processing
form the core of several sophisticated microspectrofluorometers
which are capable of performing corrected spectral measure-
ments on single living cells™ *. The use of lasers for excitation
has also increased the versatility of microspectrofiuorometers,
because the state of polarisation, spot size, duration and
intensity of the exciting light pulse can be controlled over large
ranges.

Recently, fluorescence photobleaching recovery techniques
have been introduced to measure the mobility of surface asso-
ciated fAuorophores™ . These methods utilise a pulsed high-
intensity laser microbeam to bleach a small area or volume of
fluorescence, and the recovery of fluorescence is monitored with
attenuated laser excitation. These measurements can yield
diffusion constants of the mobile fraction, the percentage of
fluorescent conjugates that are mobile, and information on the
bulk directional flow of the conjugates. However, caution must
be exercised in controlling the possible biological effects of
photobleaching™, and consideration must be given to the vali-
dity of the assumption that cell surfaces are flat and smooth. In
addition, care must be taken to ensure that the membrane or
surface markers are not internalised before making measure-
ments. These potential problems have recently been addressed
critically by Elson and Yguerabide®".

Physical and chemical considerations

There are several possible physical and chemical problems
which could give rise to experimental artefacts, and investiga-
tions using this new approach must be judged in part by the
manner in which potential problems are considered. Factors
which could affect the fluorescence intensity measured for the
microscope include: (1} local accessible volume for the con-
jugate in the cell, (2) local environment of the conjugate, (3)
optical properties of the microscope, and (4) local concentration
of the conjugate.

Consideration of the local accessible volume is important for
both cytoplasmic and membrane-associated components. For
cytoplasmic components, the local accessible volume is
controlled not only by the actual thickness of the cell, but also by
the distribution of organelles which exclude the fluorescent
conjugates. For membrane-associated components, the acces-
sible volume is affected dramatically by the presence of
membrane folds and microvillar structures. This problem can be



identified and controlled by using a second fluorescent con-
jugate which would distribute uniformly within the accessible
volume. Labelled bovine serum albumin, ovalbumin, or dena-
tured proteins have been used in controls for cytoplasmic
components ' *'*'7 and fluorescent lipid probes®' can be used
in studies on membrane-associated factors. It is imperative that
co-incorporation of the experimental conjugate and the control
conjugate |abelled with a second probe be accomplished in the
same cell when the cell shape is irregular’. Adequate
comparisons cannot be performed in separate cells when they
have irregular geometries. However, separate cells can be used
when the cell geometry is reasonably constant and simple'”.

The Jocal environment around the fluorescent conjugate
could also affect the fluorescence intensity by altering the quan-
tum yield or fluorescence spectral properties. Local variations in
ionic parameters such as pH and ionic strength as well as binding
of other molecules to the conjugates could change the fluor-
escence parameters”’. The sensitivities of fluocrophores can
either be utilised in characterising microenvironments or they
must be controlled when other parameters are under investiga-
tion. Controls for the ionic environments can be performed by
comparing the fluorescence of the experimental conjugates with
the fluorescence of separate cells containing nonspecific mole-
cules (such as ovalbumin) labelled with the same flucrophore'”,
while controls for the effect of specific molecular interactions
require the extrapolation of data from solution spectroscopic
studies'”.

Knowledge of the optical properties of the microscope is
important for interpreting fluorescence images and quantitating
local fluorescence properties. The characterisation of the
fluorescence image in vive depends on the depth of focus of the
microscope. A large depth of focus in relation to cell thickness

Fig. 4 Fluorescence of 3S-iodoacetamidoflucrescein-labelled
actin (a) and lissamine rhodamine B sulphonyl chloride labelled
ovalbumin (#) in the same specimen of C. carolinensis. Actin
specific fibrils can be detected in the plasmagel sheets at the tips of
advancing pseudopods (a). (From Taylor eral'”.)

optimises the formation of an in focus image of the whole cell,
while a small depth of focus yields an optical section of the cell.
The latter condition would require several changes in focus to
reconstruct the three-dimensional image of the cell, Quan-
titative measurements of fluorescence intensity are further
affected by the extent of selecting light from specific planes of
the specimen. This latter problem has been solved by using a
combination of laser illumination and diaphragms placed in the
image plane .

The local concentration of the fluorescent conjugates also
affects the fuorescence intensity measured or visualised in
different parts of cells. The distribution of the conjugates can be
determined by applying a combination of the controls used for
accessible volume and environmental sensitivity,

Nonperturbing indicators of

physiological processes

Nonperturbing fluorescent conjugates can be used as indicators
of mobility on, within, or between cells. Fluorescence indicators
of normal cell-surface mobility have been studied for many
years. In an early study Jeon and Bell™ used fluorescently
labelled antibodies to the cell surface of Amoeeha proteus and a
basic protein derived from a papain preparation o label the cell
surface. Results based on a double labelling technique suggested
that part of the cell surface could move independently of the
lipid portion of the membrane.

In an elegant study, rhodamine-labelled peptides of different
sizes have been microinjected into living cells coupled by gap
junctions to probe the permeability and exclusion limit of the
gap junction channels™™*". Molecules of molecular weight up to
1.200 pass through the channels of Chironomus salivary gland
cells which indicates that the channels are ~1.0-1.4 nm in
diameter. The selectivities of the various channels have been
further characterised by varying the total charge of the labelled
peptides®”. For example, several mammalian cell channels can
discriminate between 1-3 negative charges on the peptide
backbones. The larger electronegativity inhibits passage. In
addition, the permeability of multiple components has been
directly compared by using mixtures of conjugates prepared
with different probes™ ", A control for peptide degradation has
also been reported.

Stacey and Allfrey used a similar technique and microinjected
a wide variety of rhodamine conjugated proteins into living
Hela cells®” to study the process of autophagy (Fig. 1), The
segregation of microinjected proteins into autophagic vacuoles
exhibited a high degree of selectivity with higher molecular
weight proteins turning over faster than low molecular weight
proteins. One protein (haemoglobin) never became auto-
phagocytosed. The results with fluorescently conjugated pro-
teins were verified with immunofiuorescent and autoradio-
graphic techniques.

More sophisticated applications of nonperturbing uorescent
conjugates involve the use of environmentally sensitive fluoro-
phores and spectral analyses to probe intracellular environ-
ments. Fluorescein-labelled ovalbumin has been used to
measure the cytoplasmic pH of single cells" based on the
observation that the excitation spectra of fluorescein is highly
pH dependent™. The pH is measured by determining the ratio of
fluorescence emission intensity when the cells are excited at two
different wavelengths. The effects of local pathlength are
normalised since the ratio of intensities is determined. This
Aluorescence technique of measuring pH is less perturbative and
permits better spatial resolution than standard microelectrode
methods.

When applying fluorescent conjugates as indicators, the
biolagical effects of the conjugales and the experimental pro-
cedures should be carefully examined to make sure that they are
actually nonperturbing. The possible degradation of the con-
jugates inside the cells should also be considered, especially
when the conjugates are used as size indicators™ ', This latter
problem could be checked more critically in the future by
isolating the labelled proteins from the cells after incorporation
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by fusion techniques. Furthermore, when spectral character-
istics are used as indicators of local environments such as pH, the
possible effects of other environmental factors must be ruled
out. In all cases, calibration must be performed in sit™".

Biologically active agents

Biologically active agents-which can stimulate, alter or block cell
functions include lectins, antibodies, drugs and toxins. These
agents are used in probing cell structures and functions, Many of
these agents can be fuorescently labelled, permitting detailed
investigations on the distribution and mobility of binding sites.
The relationship between distribution and biological effects of
the labelled agents can also be studied.

The plant lectin, concanavalin A (Con A}, has been used as a
model ligand in investigations on receptor-ligand com-
plexes™" ™. Fluarescently labelled Con A has facilitated studies
un the mobility of Con A receptors, the ultimate fate of the
ligand and the relationship between receptor mobility and Con
A stimulated cellular events™ 7. [t must be emphasised that
Con A has many complex effects on cells®” and it is difficult to
define the complete molecular sequences ul events. Similar but
more specitic experiments have also been performed with anti-
bodies prepared against various cell-surface receptors™ ™.
These cell-surface associated Auorescent conjugates have been
used to measure the mobility of membrane components using
several different approaches. The simplest method is the obser-
vation of large cells such as muscle fibres™ in the fluorescence
microscope. Small labelled spots on the cells can be detected
wherl spread over relatively large distances. A second approach
mmvolves fusing cells containing different surface fluorescent

conjugates and following the redistribution of the labelled con-
jugates in the microscope®’. Poo and colleagues®™ have also
studied the accumulation of labelled surface receptors in a
uniform electric field applied across the surfaces of cells. Finally,
several investigators have used the photobleaching techniques
discussed above.

Some drugs can also be fluorescently labelled while maintain-
ing activity. The purpose of labelling the drugs is to study the
correlation between the cellular effects and the localisation
within the cell. Examples are the tubulin-binding drug col-
chicine®’, and the actin-binding cyclic peptides phallicidin'” and
phatloidin®. At the proper concentration, colchicine can cause
microtubule depolymerisation and phallicidin and phalloidin
can cause actin polymerisation and stabilisation (see ref. 64 for
references). Fluorescent conjugates of these drugs have been
used to localise pools of tubulin® and F-actin'™" respectively in
fixed or extracted cells {(Fig. 2). However, it is not yet clear
whether these drugs have simply identified pools of tubulin and
F-actin or have also altered the normal organisation of the target
proteins.

Functional cellular components (molecular
cytochemistry)

Molecular cytochemistry'® has been defined as the re-
incorporation of functional cellular components into or onto
living cells following purification, fluorescent labelling and
assaying function in vitro, The experimental protocol 1s shown in
Fig. 3 using actin as a model. The feasibility of molecular
cytochemistry has been initially demonsirated using actin
labelled with a non-destructive probe, 35-iodoacetamido-
fluorescein (IAF). The labelled actin has been proven to be
functional in the purified form, in cell-[ree extracts, and in
single-cell models'™'" ", Microinjection of this fluorescent

Fig. 6 Salwatory motion of fluarescent vesicles in 3T3 cells 24 h
after incubation with rhodamine-labelled «,-macroglobulin, A
time lapse video tape recording ata 9: 1 time lapse ratio was made
of a cell with vigorous intracytoplasmic vesicle saltatory motion.
The numbers in the lower right corner of each single frame image
represent the real time in seconds after the beginning of the
sequence. A phase image is presenfed at zero time followed by
fluorescence images. The asterisk represents an arbitrary non-
moving reference point. The tnset summarises the motion of this
single Auorescent vesicle. (From Willingham and Pastan ™)



actin analogue into living cells has provided a direct way of
visualising actin-containing structures and following the changes
in actin distribution during cellular processes such as fertilisation
of eggs'”, cytokinesis'’, amoeboid movement'*'*, pinocytosis'?,
and Con A capping'®. Extensive controls in vitro and in vivoe
have made the interpretation of the fluorescent images
possible '*!57'7 (Fig. 4). This approach has recently been applied
to other cells?*?' and other contractile proteins®® (Fig. 5).

The use of fluorescent conjugates specific for receptors in the
cell surface has permitted the characterisation of the kinetics of
the distribution and the ultimate fate of many ligands. These
investigations have included studies on «,-macrogiobulin'>%3%°,
epidermal growth factor®**®, insulin®™®, a chemotactic
peptide”, low-density lipoproteins’’, and acetylcholine recep-
tors”'7*. All of these fluorescent ligands initially label the cell
surface uniformly, but at least some of the ligand-receptor
complexes aggregate into patches within a few minutes. Most of
the fluorescent conjugates eventually become internalised®”*.
The role of internalisation has not yet been defined in detail. The
redistribution of some of these ligand-receptor complexes in the
plane of the membrane has been quantitated using the fluores-
cence photobleaching techniques.

Proper use of molecular cytochemistry demands the appli-
cation of various biological controls in addition to the analysis of
physical considerations discussed above. The functional activity
of the conjugates must be carefully demonstrated. It requires
that: (1) the labelling reaction does not abolish the normal
biochemical activity of the substrate, (2) the conjugates have
access to the intracellular domains where the function is per-
formed, and (3) the conjugates are not rapidly degraded in vivo.
The biochemical activities can be readily tested using in vitro
assays, cell-free extracts or lysed cell models'*'®. The use of
site-specific probes would provide functionally homogeneous
conjugates and would yield unequivocal results with in virro
assays'®. The studies with labelled actin have yielded the most
definitive biological controls'>!*"'7 to date.

The function inside living cells is much more difficult to assay.
For IAF-labelled actin mentioned above, well characterised
cellular responses such as cortical wound healing, can be used to
test the functionality in situ"*. Furthermore, a comparison of the
fluorescent images of biologically active conjugates with non-
functional conjugate controls would also indicate the formation
of structures related to biological functions'*'>'7, Note that the
absence of fluorescence from a cellular domain, such as the
nucleus'*'’, does not necessarily imply that the endogenous
component is not present. Negative results could be due to
physical exclusion of the conjugate, slow turnover time for the
incorporation into specific structures, as well as the absence of a
cellular component from a particular region. Therefore, nega-
tive results must also be interpreted with caution.

Future prospects

This new approach to cell biology is likely to develop extensively
both technically and in its range of biological applications. At
the technical level, improvements in the hardware and software
applied to intensified image recording and spectral analysis
should permit sophisticated manipulations of the experimental
data. Measurements of fluorescence polarisation'"*7"
resonance energy transfer®™"*®" and fluorescence lifetime could
be performed and factors such as accessible volume could be
corrected automatically. Detailed molecular information
including microviscosity, local polarity, rotational freedom and
formation of supramolecular structures could be determined.

The application of this new technique is expected to extend to
many different areas of cell biology, through the use of
fluorescent conjugates of nonperturbing indicators, biologically
active agents and functional cellular components. Components
binding specific ions or ligands could be labelled with environ-
mentally sensitive probes and used as indicators of intracellular
environments. One such possibility would be the calcium bind-
ing protein calmodulin®'. Some drug studies previously relying
on radioactive derivatives could be performed with fluorescent

conjugates which would allow the direct observation of uptake,
distribution and turnover. Furthermore, the new techniques of
blocking cell functions with specific antibodies*>** or modified
cellular components® can be combined with the present
approaches yielding a more powerful technique. The most
dramatic advances will probably be seen in the area of molecular
cytochemistry using functional conjugates of proteins, lipids,
nucleic acids, carbohydrates and even whole organelles. Careful
use of molecular cytochemistry is expected to bring new insights
into areas as diverse as cell motility, virus—cell interactions,
nuclear-cytoplasmic interactins, cell-cell interactions in tissues,
axonal transport, gene expression, and assembly of organelles at
both morphological and molecular levels. A direct connection
between cell physiology, biochemistry and ultrastructure would
then become a reality.
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