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Foreword

The establishment of microinjection protocols about 20 years ago for
cultured cells and shortly thereafter for the generation of transgenic
mice by microinjection of DNA into fertilized mouse eggs greatly influ-
enced many fields of biology. Not only have the data generated using
these approaches contributed to a large extent to our present under-
standing of gene regulation and cellular function of higher eukaryotic
cells, but current knowledge and future developments in this area will
certainly have a great impact on basic and applied research for many
years to come.

This laboratory manual describes the current state of the art in this
research area and focuses primarily on both the experimental strategies
with an extensive bibliography and the detailed procedures. A large
number of studies are presently being performed and a great variety of
new experimental designs are rapidly being developed. The book con-
tains protocols on injection of somatic cells as well as on injection of
embryos, the use of similar equipment being a common feature. In the
articles dedicated to somatic cells, full descriptions of the manual and
automatic injection systems are given as well as the methods for the
analysis of injected cells by video-microscopy, electron microscopy or in
situ hybridizations. In addition, comprehensive protocols are given for
injection experiments with very different purposes, such as to study sig-
nal transduction or microtubule dynamics. A large section deals with the
principles, the new strategies and various applications of transgenic
technology primarily employing mice, but also using rabbits and Dro-
sophila.

Following an introduction to mouse husbandry with a description of
the requirements for transgenic mouse studies, we learn about the cul-
ture of male germ cells and the attempts to transfer sperm-mediated
genes. The different strategies for generating germline chimaeras, as well
as the production of YAC transgenic mice are outlined, and the numer-
ous possible applications for using the mouse embryo as a ,test tube“ to
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identify gene activities are described. Finally, the various ways to apply
histological markers, such as lacz, for multiple purposes are presented
and an overview is given on the application of transgenic mouse studies
to analyze the immune system and on virus research. No book on trans-
genic approaches can now be published without reviewing the possibil-
ities and strategies for conditionally altering gene activities using induc-
ible site-specific recombinases. On the other hand, the cloning of new
genes from transgenic insertion sites still appears to provide a valuable
tool for mouse geneticists for the study of developmental control genes.

The book contains a large amount of useful information. The advan-
tages of microinjection protocols as well as their limitations are exten-
sively discussed and I am convinced that the reader of this book will find
useful suggestions, novel ideas as well as surprising facts on a relatively
new but fast-growing research area. The numerous novel approaches in
transgenic research with the constantly improving techniques, such as
the transfer of nuclei from differentiated cells into enucleated sheep
oocytes, together with the advancement of better cryopreservation tech-
niques for mouse sperm and fertilized eggs, will indeed revolutionize
modern biology. Some of the excitement of those working in the field is
described here and is passed on to the reader of the book.

Vienna, March 1997 Erwin F. Wagner



Preface

‘... Even granting that the genius subjected to the test of critical inspection emerges
free from all error, we should consider that everything he has discovered in a given
domain is almost nothing in comparison with what is left to be discovered”

Santiago Ramén y Cajal (1825-1934)
Precepts and Counsels on Scientific
Investigation: Stimulants of the spirit, 1951

The interest of man in manipulating and modifying everything he dis-
covers must obey an ancestral instinct which is indispensable for evolu-
tion. Once the adequate tools were available such interest focused on the
functional unit of living organisms, the cell.

Despite the enormous complexity of their molecular organization, it is
possible to microinject eukaryotic cells so that they recover perfectly
from the perturbations caused by the manipulation. Indeed, careful
intranuclear and/or intracytoplasmic microinjections neither alter sig-
nificantly the proliferation capacity of somatic cells in culture, nor inter-
fere with the development of fertilized eggs. This fact, together with the
advantages of the direct manipulation of cells, have made microinjection
the technique of choice for single cell experiments in vitro and for pro-
ducing genetically modified animals.

This manual is intended to provide the reader with the techniques and
methods needed to perform experiments using microinjection in studies
on single cells or on transgenic embryos and animals, in particular mice,
but also rabbits and flies. We are aware of the fact that the success of such
experiments relies strongly on their feasibility, the proper design and
correct interpretation of results. Therefore, special emphasis has been
placed on providing a comprehensive introduction to each strategy
described, besides the necessary working protocols. In addition, exten-
sive references provide greater detail or alternative methods. In order to
accomplish these goals within the limited space of a manual, repetition
of earlier books has been carefully avoided wherever possible without
affecting the comprehensiveness of the protocols.

Basically the same equipment is required for microinjection of
somatic cells in culture and of oocytes and fertilized eggs. For this rea-
son, both methodologies are described in this book. Complete microin-
jection setups for manual/automatic and computer assisted microinjec-
tion are described in Part I. The first 10 chapters include not only some
complementary techniques that must often be combined with microin-
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jection for single cell experiments, but also a compilation of representa-
tive applications of these techniques to cell biology, gene expression and
signal transduction studies. Part II, consisting of the remaining 20 chap-
ters, deals with a great variety of aspects ranging from mouse husbandry
to the production of transgenic animals and the targeted inactivation of
genes using the emerging techniques of site-specific recombination.
These chapters have been arranged according to subject following onto-
genic criteria: germ cells, oocytes, pre-implantation embryos, post-
implantation embryos, targeting inactivated mutants and transgenics.
All chapters deal with techniques using mice, except for Chapters 29 and
30 which describe transgenic rabbits and the microinjection of Drosoph-
ila embryos, respectively.

We would like to thank all the authors whose efforts and collaboration
made this book possible. We also thank our colleagues for many helpful
suggestions. In addition, we are grateful to Dieter Czeschlik and Jutta
Lindenborn at Springer-Verlag, and Constanze Sonntag at PRO EDIT
GmbH for their suggestions and help. Finally, the support of the Interna-
tionales Biiro of the German BMBF and the Mexican CONACYT is grate-
fully acknowledged.

September 1997 ANGEL CID-ARREGUI
ALEJANDRO GARCiA-CARRANCA
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Part |

Strategies and Protocols for Microinjection
Experiments Using Somatic Cells in Culture



Chapter 1

Protocols for the Manual and Automatic
Microinjection of Somatic Cells in Culture
and for the Analysis of Microinjected Cells

ANGEL CID-ARREGUI'*, CARLA SANTANAZ, MIRr1AM, GUIDO?, ,
NESTOR MORALES-PEZA%, MARIA VICTORIA JUAREZ’, ROGER WEPF,
AND ALEJANDRO GARCIA-CARRANCA®

Introduction

Micromanipulation of living cells was first used in electrophysiology
studies during the first half of this century. Reliable techniques for
intracellular recording were developed in the late 1940s. Less than one
decade later, similar techniques were applied to perform direct
transfer of biological material into cells (see Chambers and Chambers
1961). Initially, microinjection was designed for transplantation of mam-
malian nuclei (Graessmann 1970) and chromosomes (Diacumakos 1973)
into recipient cells in culture. Further refinement of materials and
instruments, however, permitted intracellular transfer of solutions con-
taining macromolecules of various origins, such as viral RNA (Graess-
mann and Graessmann 1976; Stacey etal. 1977), purified proteins
(Mabuchi and Okuno 1977; Tjian etal. 1978), and viral DNA (Anderson
etal. 1980; Capecchi 1980). Likewise, microinjection was used for DNA
transfer into fertilized eggs and a cloned gene was soon reported to be
expressed in mouse somatic tissues (Gordon et al. 1980). Later, recombi-
nant genes were stably introduced into the mouse germ line (Brinster
etal. 1981; Wagner etal. 1981). Since then, microinjection has been used
routinely to generate transgenic animals, and applied to a wide variety of
studies using living cells, such as gene expression, signal transduction,
or cytoskeleton studies.

* corresponding author: phone: +49-6221-548 321, fax: +49-6221-548 301, e-mail:
angel.cid-arregui@urz.uni-heidelberg.de

' Dept. of Neurobiology, University of Heidelberg, Im Neuenheimer Feld 364,
D-69120-Heidelberg, Germany

? Department of Molecular Biology, Instituto de Investigaciones Biomédicas,
UNAM, 04510, Mexico City, Mexico

* European Molecular Biology Laboratory, Meyerhofstrasse 1, 69012 Heidelberg,
Germany
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Microinjection allows direct access to the two main intracellular com-
partments, the nucleus and the cytoplasm. Thus, this technique makes
possible single cell experiments in which one or both intracellular milieu
can be precisely modified. Moreover, the injected cells can be treated
conveniently with appropriate changes in the composition of the culture
medium. Table 1.1 summarizes all variables of a microinjection experi-
ment with some illustrative examples. As indicated, a great variety of
strategies can be devised by unique combinations of the different vari-
ables injection product, target compartment (cytoplasmic, nuclear or
both), single or multiple injections, specific cell treatments (before or
after microinjection), and the different analytical techniques.

Proper design of microinjection experiments requires careful consid-
eration of the advantages and limitations of this technique. The follow-
ing are some major advantages of microinjection:

e It can be applied to a wide variety of cell types from either established
cell lines or primary cultures. Studies using the latter may benefit
especially from microinjection because such cells are usually difficult
to grow and very sensitive to changes in the culture medium. They
survive in culture for a few days or weeks (e.g., neurons) or a few pas-
sages (e.g., fibroblasts, keratinocytes). Therefore, microinjection may
be a unique method for DNA transfer experiments with these cells.

e A small amount of injection sample is required, eliminating the need
for large-scale preparation and purification of injection products,
such as DNA, antibodies, or recombinant proteins, which are often
expensive and time-consuming to obtain.

e A great variety of synthetic and biological products can be injected
into cells, from small oligonucleotides to yeast artificial chromosomes
(YACs), and from peptides to purified organelles.

e The volume of sample injected into each cell, and hence the number of
molecules of the injection product, can be estimated.

e Two or more different products can be injected, simultaneously or
consecutively, into the same cell. In fact, injected cells can be retrieved
and injected a second time with the same or a different sample.

e Microinjection can be combined with previous, simultaneous, and/or
subsequent treatments of cells to help provide optimal conditions for
the experiment.
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e In combination with sensitive analytical techniques, such as immu-
nofluorescence, in situ hybridization, or PCR, the effect of the injected
product can be evaluated at the single-cell level.

e Speed of results. For most purposes, injected cells can be analyzed
shortly after injection.

Microinjection has also some limitations:
e It requires special equipment and some expertise.

e It demands manipulation of cells one by one. Therefore, only a limited
number of cells (up to a few hundred) can be studied at a time.

e Microinjection causes some degree of damage to the cell when the tip
of the microneedle penetrates through the plasma membrane and the
nuclear envelope. This is due to the mechanical force it exerts, but also
to the fluid released from its opening, which increases the intracellular
pressure and, depending on the nature of the sample being injected,
may cause focal changes in ionic strength, osmolarity and pH. These
effects may be more obvious on the cytoskeleton but can also reach
some intracellular compartments, thus complicating the interpreta-
tion of the result.

All these aspects have to be considered carefully when planning microin-
jection experiments to ensure that the appropriate strategy is chosen.
Thus, for instance, microinjection is not normally used for DNA transfer
because it is laborious and time-consuming, as compared to the calcium
precipitate, electroporation or lipofection methods. However, for some
experiments (e.g., using cells from primary explants, or YAC vectors) the
advantages of microinjection make it the method of choice for DNA
transfer.

This chapter describes the equipment and methods to perform man-
ual and automatic microinjection into cultured cells. In addition, work-
ing protocols for the analysis of cells microinjected with common re-
porter plasmids are given.

Materials

The simplest microinjection setup consists of an inverted microscope, a
micromanipulator, and a puller with which to prepare suitable micropi-
pettes (see Fig. 1.1). For best results, the use of an accurate pressuring

Microinjection
equipment
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Table 1.1. Parts of a microinjection experiment with examples of different experi-

mental approaches

Intranuclear/ Intracellular Effects of the Analysis of the
Intracytoplasmic  processing injected microinjected cells
Microinjection compound(s)

e DNA: cellular, e Transcription e Interference with e Observation of
viral, plasmids, e Translation cellular functions: phenotype:

YACs e Annealing Cell cycle arrest changes in cell

e RNA: cellular, e Binding Block of morphology,
viral in vitro e Modification intracellular growth arrest,
transcribed (Phosphorila- signaling apoptosis,

e Antisense: RNA, tion, etc.) pathways multinucleation,
oligonucleotides e Transport Block of cell fusion, etc.

e Ribozyme: o Degradation, intracellular e Biochemical
synthetic, in etc. membrane traffic analyses:
vitro transcribed etc. CAT assay,

e Antibodies: e Involvement in spectrophoto-
unlabeled, cellular functions: metric
conjugated Regulation of measurements of

e Proteins: gene expression enzyme activities
cellular, Signal ¢ Immunofluo-
recombinant transduction rescence,

e Purified Cytoskeleton immunohisto-
organelles: assembly chemistry
Nuclei, vesicles etc. o Insitu

e Other natural or hybridization
synthetic e Immunoelectron
products microscopy

e Mixtures of e Molecular biology
compounds analyses:

e Additional cell treatment: **S-Methionine (for metabolic
labeling), BrdU (labeling of newly synthesized DNA),
FITC-transferrin (marker for receptor-mediated
endocytosis), horse radish peroxidase (marker for fluid
phase endocytosis), actinomicyn D (blocks RNA
synthesis), cycloheximide (blocks protein synthesis),

brefeldin A (blocks ER to Golgi vesicle traffic), nocodazole

(depolymerizes microtubules), G-418 (for selection of
neomycin resistence), etc.

Southern and
Northern blots,
RNase protection,
PCR

etc.
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device (see below) is highly recommended. In addition to this, the auto-
mated and the automated computer-assisted systems developed by
Eppendorf and Zeiss require some additional sophisticated devices (see
below; see also Ansorge and Saffrich, Chap. 2, this Vol.). It is advisable to
install the microinjection setup in a room used exclusively for this pur-
pose and located in the vicinity of the cell culture facilities. In addition,
microscope and micromanipulator should be on a metal platform, which
is is placed onto an antivibration table.

Leitz heavy base, or similar, where the microscope and micromanipu-
lators are mounted

Inverted microscope: e.g., Nikon TMS and Diaphot 300/2; Zeiss Axio-
vert 100 or 135, or Axioskop FS (Fig. 1.1-A)

Micromanipulators (Fig.1.1A, B): Leitz (manual system, should be
fixed to the platform) or Eppendorf 5171 (automatic system for axial
microinjection, it is fixed to the microscope stage)

Microinjector (Fig. 1.1B): device which provides the pressure required
to release sample solution from the micropipette for injection. Eppen-
dorf 5242. Alternatively, a syringe (ideally of glass, with a screw-
plunger, available from Leitz) fixed to the platform

Glass micropipettes: there are two types of microinjecting pipettes
that can be used:

Ready-to-use prepulled micropipettes from Eppendorf. They are
mounted on a plastic screw which fits into the Leitz micropipette hol-
der

Micropipettes produced in the laboratory using a puller device (see
below and Fig. 1.1C). It is recommended to use capillaries made of
borosilicate glass (available from Clark Electromedical Instruments,
Pangbourne, Berks, UK, cat. no. GC120TF-10). These capillaries have
an outer diameter of 1.2mm and a wall 0.13 mm thick. Spanning the
entire length of the capillary there is a filament of 0.1 mm{ adhering
to its inner wall, which supports displacement of the sample solution
to the tip of the micropipette (see Fig. 1.2). See Schnorf et al. (1994) for
a detailed characterization of micropipettes pulled from different
types of capillaries and a method to determine the diameter of the tip
opening by measurement of the threshold bubble pressure.
Microinjection pipettes can be treated with silane to avoid interaction
of sample and/or culture medium components with the hydrophilic
glass surface. The most commonly used silanization protocols involve
a chemical reaction between hydrophilic groups at the glass surface
and an organic silane that contains a hydrophilic glass-reactive moiety



8

ANGEL CID-ARREGUI ET AL.




1 Protocols for the Manual and Automatic Microinjection of Somatic Cells 9

<« Fig. 1.1A-C. Assembled instruments for manual and automatic microinjections (see
Materials). A Manual microinjection setup: I antivibration table; 2 Leitz heavy base;
3 Zeiss Axiovert inverted microscope; 4 right-side Leitz micromanipulator. B Auto-
matic microinjection setup: I Zeiss inverted microscope; 2 Eppendorf automatic
micromanipulator (Model 5171): a micromanipulating unit with three motorized
subunits assembled to provide movement in the x, y, and z axis; b power unit; ¢ small
computer unit with keyboard and joystick; 3 Eppendorf microinjector (Model 5242);
4 TV camera; 5 TV monitor showing on the screen cells on a glass coverslip being
microinjected by the micropipette which is on the right side pointing to the center of
the screen. C Horizontal puller from Sutter Instrument (Model P-87): I filament hol-
der; 2 right and left slides; 3 clamps; 4 glass capillaries

and a hydrocarbon chain which confers hydrophobicity (see Leyden
1985; Proctor 1992 and refs. therein). Both the inside and outside sur-
faces of the micropipette can be treated. However, in general, there is
no need to treat the inner surface of the micropipette, because binding
of nucleic acids and proteins to untreated glass does not occur at the
physiological ionic strength of commonly used injection solutions
(Thomas etal. 1979). Furthemore, single-stranded DNA and proteins
bind to silanized glass even more strongly than to untreated glass (see
Proctor 1992). Silanization of the outside surface of the micropipette
may be more advisable, because it prevents adhesion of cellular hydro-
philic material to the glass which often blocks the micropipette open-
ing and impairs ejection. However, silane treatment is not easy to per-
form, and, in general, adhesiveness does not impair injection of a
reasonable number of cells with the same micropipette before requir-
ing its change. Therefore, we do not recommend routine silanization
of the micropipettes.

- Pipette puller
Horizontal puller: Sutter Instrument Co. (Novato, USA), Model P-87
(Fig. 1.1C). Load a capillary, fix both sides by tightening the clamps on
the right and left slides, so that it is centered with respect to the heat-
ing filament. Set current, force and time: e.g., Heat=640, Pull=150,
Vel =100, Time =135. Press “start” button and wait until the capillary
has been pulled into two micropipettes suitable for microinjection
(see Fig.1.2)
Vertical puller: David Kopf Instruments (Tujunga, California, USA),
Model 720. Load a glass capillary in the upper clamp, center it with
respect to the filament and tighten clamp. Rise lower slide and tighten
clamp. Adjust heat and solenoid range (e.g., heat=11 and sole-
noid=3.6). Press “start” button
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Fig. 1.2A-C. Scanning electron micrographs of a representative micropipette tip.
The micropipette was produced by pulling a borosilicate glass capillary (see Materi-
als) in a horizontal puller device like that shown in panel C of Fig.1.1. The inner
diameter of the tip is about 150 nm and the outer roughly 350 nm. Sharpness and
shape of the tip edges may vary slightly from one micropipette to another. Micropi-
pettes were sputter-coated with 10 nm Au/Pd, which may enlarge the overall appear-
ance and smoothen the tip edges. The micropipettes were imaged in a FESEM (Phi-
lips XL-30FEG) at 30keV. Bar A 200 pm, B 2 um, C 200 nm

- Cell culture incubator and laminar flow hood

- Plastic dishes and glass coverslips. Plate the cells to be microinjected
on 60-mm¢ tissue culture dishes, each containing several glass
coverslips (up to six, 10-15mm). When the cells are ready for injec-
tion (for most purposes at 20-40 % confluency), transfer one coverslip
to a new 60 mm¢ dish containing 4-5ml of buffered medium

Two days before plating cells for microinjection, treat an appropriate

number of glass coverslips as follows:

1. Place coverslips, separated and in vertical array, on ceramic or
metal racks.
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2. Rinse briefly by immersion of racks into a glass jar filled with tap
water.

3. Drain racks on paper towels and transfer them to another jar con-
taining 0.1 N HCL. Incubate overnight.

. Rinse coverslips in tap water 5x10 min each.

. Immerse racks in 70 % alcohol and incubate for 60 min.

4
5
6. Rinse briefly in deionized water.
7. Drain on paper towels.

8

. Let dry for 30 min at room temperature.

9. Bake at 220—250°C for 6 h.

Diamond-point pencil. It is used to mark small circles or crosses on
the coverslips. Cells inside or around this mark will be injected. This
facilitates retrieval of injected cells. Alternatively, coverslips with an

etched grid are commercially available (CellLocate coverslips, Eppen-
dorf).

In addition to the medium required for culturing the cell line or primary
culture under study, which is maintained at physiological pH values with
the aid of the 5% CO, atmosphere provided by the incubator, it is neces-
sary to use a buffered medium to keep the cells during microinjection.
The most convenient medium should be found attending the character-
istics of the cells and the nature of the experiment. Suitable buffered
media can be prepared as follows:

Culture medium with 25 mM HEPES pH 7.2 (stock 1 M, sterile filtered
and kept at room temperature) substituted for an equivalent amount
of the bicarbonate to maintain the pH in the physiological range
Culture medium without serum and buffered with 25 mM HEPES, pH
7.2

Hank’s balanced saline solution (HBSS), buffered with 25 mM HEPES
pH 7.2

These media should contain penicillin and streptomycin. Antifungal
antibiotics, however, are not recommended as they may damage the cells
and are not necessary if microinjection is performed in a clean room
used only for this purpose.

Buffered culture
medium
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Injection buffer  There are many possible buffer solutions that can be used to prepare
samples for injection. The following are the buffers in most widely used:

1. Tris-EDTA buffer: 10 mM Tris-HCI pH 7.4, 0.25mM EDTA. This is the
commonest buffer used in nucleic acid solutions to be injected into
the nucleus of cultured cells and eggs (see Wassarman and DePanphi-
lis, 1993; Hogan etal. 1994).

2. Phosphate buffers. Phosphate is the main intracellular anion and this
makes logical its use in injection buffers. However, when used at phys-
iological concentrations (e.g., 48 mM K,HPO,, 14mM NaH,PO,,
4.5mM KH,PO,, pH 7.2, Graessmann et al. 1980), it may precipitate as
calcium phosphate at the opening of the microneedle, where the injec-
tion buffer mixes with the culture medium, thus blocking ejection of
the sample through the tip. Therefore, some authors prefer to use buf-
fers with a lower concentration of phosphate compensated with a con-
centration of chloride above physiological levels, which allows main-
taining Na™ and K" concentrations close to the intracellular values
(e.g., 10 mM each H,PO,” and HPO,*", pH 7.2, 84 mM CI~, 100 mM K*,
17mM Na®, 1 mM EDTA, see Proctor 1992).

Fluorescent
markers

FITC-Dextran (Sigma FD-70S or FD-150S)

Rhodamine-dextran (70S, Sigma R-9379)

- Rhodamine-dextran, 40,000 MW, lysine fixable (Molecular Probes D-
1843)

Prepare 10 % (w/v) stock solutions of these markers in injection bulffer,
store at —20 °C protected from the light. Working solutions are prepared
by diluting stocks in injection buffer to a final concentration of 0.25-1%
(see Sect. 1.2). These solutions should be filtered through 0.22 um filters
and stored at 4 °C protected from the light.

Enzyme markers - Luciferase (Sigma L-5256)
- HRP (Sigma P-8250). Peroxidase substrate TMB and peroxidase solu-
tion (Pierce 1854050 and 1854060, respectively)

Immunofluores- - Fixatives. In general, injected cells can be readily fixed with one of the
cence and histo- fixatives described below. However, for each particular antibody the
chemistry most appropriate fixative should be found
reagents Methanol. For fixation, immerse the coverslips in 100 % methanol at
—20°C for 2-5min
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Buffered 4 % paraformaldehyde/0.2 % glutaraldehyde (PFA/GA). Pre-
pare as follows:

1. Dissolve 0.5 g of paraformaldehyde in 25 ml of PBS by heating to 60 °C
while adding 10 M NaOH (1 small drop per min) until PFA is dissolved
and the solution clears (it takes 5-10 min).

2. Let cool to room temperature.
3. Add 20 pl of 25 % glutaraldehyde.
4. If necessary, adjust pH to 7-7.2 with 1 M NaOH.

Fix the cells as follows:
1. Incubate the coverslips in PFA/GA for 10-15 min.
2. Rinse briefly in PBS.

3. Quench autofluorescence by incubating in 100 mM NH,CI in PBS
2x 10 min each.

4. For immunofluorescence, permeabilize the cells by incubating in 0.2 %
Triton X-100 in PBS at room temperature for 5 min. Alternatively, per-
meabilize by passing the coverslips through an ethanol series: 25, 50,
70, 90, 100, 90, 70, 50, and 25 % ethanol, 1 min each. Finally transfer to
PBS and proceed for immunofluorescence.

- Blocking solution: 2 % fetal calf serum, 2% BSA (Sigma A-6793) and
0.2 % fish gelatin (Sigma G-7765) in PBS. For blocking use undiluted.
For diluting first and secondary antibodies use 1:10 blocking solution
in PBS

- Mounting medium. We use routinely Mowiol mounting medium pre-
pared as follows:

. Add 10 g of Mowiol 4-88 (Calbiochem no. 475904) to 40 ml PBS.
. Stir for 2 h.
. Add 20 ml glycerin and stir for an additional 10 min.

. Centrifuge at 3000 rpm for 15 min.

U s W N =

. Make aliquots of 1 ml and store at —20 °C. This solution is very dense
and should not be vorteéxed but mixed gently by inversion after thaw-
ing to avoid bubble formation. Do not re-freeze aliquots, keep them at
4°C until new use.
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- N-acetyl cysteine (NAC, Sigma A-8199). Prepare a stock solution
500 uM in MEM, neutralize as needed with NaOH, store at —20°C.
For use: dilute 1:5000 in the culture medium

1.1
Microinjection

Procedures

This section describes the preparation of cells, samples and micronee-
dles for injection, and the procedures for the manual and automatic mi-
cromanipulation of cultured cells.

Virtually, any cell in culture can be microinjected. Cell lines and primary
cultures from most tissues attach firmly to tissue culture dishes and also
to glass coverslips. Moreover, most cell types are large and robust
enough to allow easy and efficient microinjection. Some cells, however,
are very small or attach weakly to the glass which makes microinjection
very difficult and time-consuming. In addition, there are cells that grow
in suspension and need to be held using a holding pipette placed oppo-
site the injecting needle. The protocols given here refer to the first type
of cells, as it is the most common, and would need to be adapted to the
peculiarities of the other two types.
Prepare cells for microinjection as follows:

1. One day before injection, plate the cells on glass coverslips
(10-15mm®) to a density of 250-1000 cells per coverslip, depending
on the experiment.

2. Just before starting injection, transfer a coverslip with the cells to be
injected to a new tissue culture dish (35 mm®), quickly mark a cross
(or one or more circles) on the coverslip using a diamond-point pencil
washed with 70 % ethanol and flamed briefly under the hood, and add
3 ml of buffered culture medium (see Materials, above).

3. Inject cells for 30 min. In general, injection sessions should last no
longer than 30 min to minimize cell damage due to deleterious effects
of the microscope light and the culture conditions during injection.

4. After injection, remove the buffered medium, wash gently with PBS,
transfer coverslip to a dish containing preincubated (30 min) fresh
culture medium, and return it to the incubator.
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DNA. For most purposes, circular (intact) plasmids are chosen for mi-
croinjection because they provide good levels of expression. However,
for some experiments, like those involving homologous recombination,
DNA fragments devoid of vector sequences will need to be microin-
jected.

Oligonucleotides. For microinjection, oligonucleotides should be dis-
solved in water or in the same buffer as used for DNA (see Materials,
above). It is advisable to use HPLC-purified oligonucleotides. It may be
also very convenient to use phosphorothioate derivatives, which are
more resistant to degradation and hence have a more intense and pro-
longed effect on the cells (see Giiimil Garcia and Eritja, Chap. 5, this
Vol.).

RNA. RNA for microinjection is commonly obtained by in vitro tran-
scription of plasmids designed to express the gene of interest. The
enzyme used in this step should be inactivated and, preferably, removed
(e.g., by purifying the RNA using glass milk) because it might damage
the cells. For some experiments, total or poly A(+) RNA from cells or tis-
sues has to be microinjected into host cells. In these cases, we recom-
mend purifying the RNA through CsCl gradients.

Antibodies and purified proteins. Dialyze protein solutions to be
injected against microinjection buffer. In general, use solutions whose
protein concentration is in the range of 1 mg/ml.

Note: Consult Sambrook etal. (1989), Proctor (1992), Wassarman and
DePanphilis (1993), and Hogan etal. (1994) for methods on the prepara-
tion of DNA, RNA, oligonucleotide, and protein solutions for microinjec-
tion.

Micropipettes are prepared from glass capillaries as described in Materi-
als, above. Once pulled, they should be handled carefully to avoid break-
age. Contact with the part of the capillary close to the tip should be
avoided to prevent further contamination of the culture medium, where
it will be immersed during injection. For better reproducibility of exper-
iments it is preferable, whenever possible, to use the same micropipette
in the entire injection session.

1. Load the micropipette with 0.5-1 pl of injection sample by pipetting
it from the rear using a sterile microloader (commercially available

from Eppendorf or self-made from a normal glass capillary flamed
and pulled).

Injection sam-
ples

Micropipettes
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The inner filament in the micropipettes pulled from capillaries
GCI120TF-10, which runs along the capillary wall, supports displace-
ment of sample solution from the rear to the tip of the micropipette.
Therefore, a brief immersion of just 1 mm of the back side of the
capillar, which must not have been in contact with the fingers nor
anything else, into the sample solution is enough to ensure that a
small volume of sample reaches the tip.

Attach a loaded micropipette to the micromanipulator by introduc-
ing its free side into the holder adapter, which is then screwed in
hardly to fix the pipette. The adapter with the pipette is then fixed to
the holder tube attached to the micromanipulator.

Transfer a coverslip containing the cells to be injected to a new dish
containing buffered medium (see Materials, above) so that it is cen-
tered in the dish.

Place the dish on the microscope stage. Try to center roughly one of
the circles on the coverslip (see Materials, above) in the center of the
illuminated field, in front of the lens, preferably where the light is
more intense.

Focus on the cells using a low magnification objective (e.g., 5 or 10X
for 50 or 100x magnification, respectively).

Center roughly the tip of the micropipette, which appears as a
shadow, in the optic field.

Lower the pipette slowly until it enters the medium, then stop.

Looking through the microscope, move the pipette, adjusting the
micromanipulator as necessary until you see its shadow over the
field of view. Then try to distinguish where the tip is and center it
roughly.

Lower the pipette slowly until you see it more sharply, but still not in
focus.

Change to the working magnification (e.g., 320x). Focus the cells
and look for the tip of the pipette. If you do not find it, return to the
lower magnification and try to center it. Repeat this step.

Lower the tip carefully until it is in focus.
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Pressure Systems. Setting Injection Pressures

Stand by and ejection pressures applied to the injecting pipette may be
provided by any of the following systems:

- The simplest device consists of a 50-ml glass syringe connected to the
micropipette through the back opening of the holder by plastic tubing.
The entire system is filled with air. In some cases this syringe is fixed
to a metal support to which its plunger is screwed so that it can be
moved up and down. Turning right, the plunger goes down and raises
the pressure applied to the pipette, while turning left, the plunger goes
up and decreases pressure. Care must be taken, however, not to exert
negative pressure because this may cause cultured medium to be
sucked back into the pipette. When using a normal syringe, only when
pressure is exerted on it is the injecting sample forced out of the
pipette, while the flow of sample ceases when pressure is released.

- More sophisticated automatic microinjectors are available from
Eppendorf. This device permits accurate control of the pressure
applied to the pipette throughout the experiment. It provides a con-
stant positive pressure that generates a continuous flow of injecting
sample, thereby resulting in less clogging of the pipette and eliminat-
ing backflow problems. The device is connected to a bottle of com-
pressed gas which provides the input pressure. In addition, it is con-
nected to the pipette holder by plastic tubing. The output pressure can
be modulated at three different levels by regulating the corresponding
valves:

e P3 is the lowest level of pressure. It is applied continuously to the
pipette (holding pressure) to avoid aspiration of culture medium. Its
value can be adjusted ranging from 0 to 700 hPa, depending on the
size of the opening of the micropipette tip. We advise setting P3 at
=100hPa for injection pressures (P2, see below) <300hPa, and at
100-200 for higher P2 values. If manual microinjection is performed,
P3 may be adjusted so that it can be used as injection pressure.

e P2 is the intermediate level of pressure, which provides the force
needed for microinjection (injection pressure). It can be set between
45 and 2000hPa. Common values required for injection using
GC120TF-10 capillaries with a tip opening of about 150 nm (Fig. 1.2)
are between 200 and 400 hPa. The time of injection during which this
pressure will be applied is selected on the control panel ranging from
0.1 to 9.9 s. If manual microinjection is performed, P2 is applied by the

Pressure systems
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operator pressing the footpad briefly. In this case, care should be taken
that the switch from P3 to P2 occurs when the tip of the pipette is
inside the cell. When using the automated microinjection device, it
will recall automatically the P2 pressure during each injection. Each
change from P3 to P2 is recorded on the control panel, which shows
the total number of cells injected.

e Pl is the highest output range (3000-10,000 hPa). The commonest set-
ting is 5000-6000 hPa. P1 is applied manually and its use is restricted
to cleaning the capillary when it is obstructed by impurities that may
be present in the injection solution itself or inside the capillary.

Once the tip of the pipette is positioned and focused in the plane of the
cells, and just before starting a round of injections, it should be verified
that the tip of the pipette is open. Then, the next step is to adjust the
optimal injection pressure, i.e., that providing ejection of a reasonable
volume of sample in a short time (0.5-1 s), which ensures minimal dam-
age to the cells.

1. Confirm that the tip of the microneedle is open by applying full pres-
sure for 1 or 2s. If it is open, the flow of injection solution will be seen
clearly coming out of the pipette as a brighter front penetrating the
surrounding medium. If ejection is not observed when applying full
pressure, but the pipette slides on the coverslip instead, the tip is
closed. Try to open it by applying full pressure for 3-5s several times
and, if necessary, beating gently with a finger on the micromanipul-
ator at the same time, so that the tip breaks against the glass surface.
If this does not suffice to open the tip, the micropipette should be
replaced by a new one. If it has the same problem, revise the settings
of the puller and, if necessary, change the conditions by increasing the
current in steps of 0.01 A until open needles are obtained.

2. Select a cell in the center of the optical field and place the tip of the
micropipette just above the nucleus.

3. Set microinjection time to 0.5-1s in the front panel of the microinjec-
tor.

4. Lower the micropipette until it is inside the nucleus and apply the P2
pressure by pressing briefly on the footpad. Take the tip back to the
initial position. In this step can be assessed if the injection pressure is
either:

a) appropriate, if a small volume of sample was left inside the nucleus
which did not cause apparent enlargement
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b) high, if the nucleus was slightly enlarged

c) excessive, if the nucleus was clearly enlarged

d) too low, if no ejection was observed. Note that compression on the
cell surface by the micropipette causes local changes in optical
refringency which may give the impression that the cell was injected
while it was not. Only experience helps distinguish real from appar-
ent injection.

5. Modify the P2 value according to the result of the previous step and
test it in a new cell. Repeat until the appropriate value is found.

6. The pressure test described above should be performed in the peri-
nuclear cytoplasm if intracytoplasmic injection is intended. The same
considerations as in step 4 to set the appropriate injection pressure are
valid here. Although the cytoplasm admits injection of higher volumes
of sample, yet these should never be so high as to enlarge the cell.

7. 1f a syringe is used to provide pressure, appropriate injection pres-
sures are achieved by pressing with more or less intensity on the pestle
of the syringe according to the changes in appearance of the cells as
described above. Obviously, such device will never permit an accurate
control of the injection pressure as the microinjector does, but in
experienced hands it provides reliable injections.

Microinjection Performance

According to the micromanipulation technique used, three types of mi-
croinjection can be distinguished: manual, in which micropipette move-
ments are operated manually; automatic, and automatic computer-
assisted microinjection. The last two use a device to hold the micropi-
pette that performs automatic movements in the X, y, and z axis, and
which is operated from a control board or a computer, respectively.

Microinjection experiments can be performed by any of these meth-
ods with no significant difference in the results (see Table 1.2 for a com-
parison). Indeed, a manual system may well fulfill the needs of virtually
every experiment. However, automatic micromanipulation can make
injection easier and faster, and result in less damage to the cells. For
experiments requiring injection of many cells (i.e., several hundreds),
the automatic systems may be ideal. Nevertheless, certain types of cells
are easier to inject with a manual device because it allows the finest mi-
cromanipulation.
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Manual system. In order to perform successful and reliable injections
within a reasonable time by manual micromanipulation, it is essential to
use high-quality equipment, like that described under Materials, above.
The Leitz micromanipulator is the best manual device available
(Fig. 1.1A) as it is simple to handle and highly precise. The microneedle,
which is fixed to the holder of the micromanipulator, can be moved in
the x, y, and z axis by operating three knobs and, for the finest move-
ments, a joystick (Fig. 1.1A). Once the tip of the needle is centered with
respect to the cellular compartment to be injected, it is moved down-
wards in the y axis until it enters the cell, at which moment injection
starts (Fig 1.3). This is in contrast with the automatic system, where the
needle moves axially (i.e. along its own axis) towards the cell surface dur-
ing injection (see below). In experienced hands, manual performance is
as reliable and fast as automated microinjection.

Table 1.2 Comparison of the different microinjection systems

Microinjection  Optimal  Reprodu- Double Applica- Applicability

system rate of cibility™  injection bility to to singe cell
micro- of the biochemical studies®'
injection® same cell”  studies®’

Manual 100-200  ++ + ++ +++

Automated 200-300  ++ ++ ++ +++

Automated- 500-700  ++ +++ +++ +

computerized

* These values correspond to numbers of cells microinjected in 30 min (an interval of time considered reasonably safe, in terms
of cell viability, for cells being microinjected at room temperature in an appropriate medium buffered with HEPES). The opti-
mal number of cells microinjected per time unit depends largely on the quality of the equipment and the experience and abil-
ity of the experimentator. It depends also on the cell type (e.g., smaller cells are more difficult to inject), the characteristics
of the injection solution (some products favor stickiness at the needle tip), and the culture conditions. For further informa-
tion on the efficiency of the three systems see Ansorge 1982; Pepperkok et al. 1988).

Reproducibility of microinjection experiments is taken here as a function of the viability of the injected cells and the accu-
racy of injection. Technically, these two parameters are specified by the damage caused by injection and the volume of sample
injected, which are in turn determined by the following factors: (1) diameter of the opening of capillary tip, (2) flow of injec-
tion solution, and (3) time of microinjection. The use of a precise puller to produce needles of constant tip diameter and a
microinjector to provide accurate pressure and injection time values will help maintain those factors in the optimal range,
which varies from cell type to cell type. The system of microinjection will also influence reproducibility. In general, automatic
systems cause less damage to the cells than the manual method because the needle is pushed by the micromanipulator in a
plane which forms a 45° angle with the plane of the dish surface (axial microinjection), whereas in the manual system the
needle moves only in the vertical plane and, therefore the mechanical pressure it needs to cross the cell surface is higher (see
Fig. 2); in addition, the possibility that cellular components attach to the capillary tip on its way back out of the cell is also
higher by this method due to its vertical displacement. Finally, the time that the needle tip remains into the cell can be pre-
cisely controlled only when using the automatic systems.

Double injections of cells are easier using the automated-computerized system because the machine keeps in the memory the
positions of previously injected cells. By the other two methods the experimentator seeks himself the cells injected in the first
round of microin{‘ection. However, viability of double injected cells is considered lower by the manual method due to the
reasons stated in .

For optimal results these studies require the injection of hundreds of cells, what is easier and faster to perform by the fully
automatic method.

For studies which require injection of a reduced number of cells the three systems are suitable, although the manual and
semiautomatic methods are advisable because of their lower cost.

Classification: (+++) very good, (++) good, (+) not recommended.

z

=
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Fig. 1.3. Schematic re-
presentation of cell in-
jections using manual
or automatic microma-
nipulation. Note the dif-
ferent approach of the
micropipette tip to the
cell in each system: ver-
tical in the manual,
axial in the automatic

1. Using the lowest magnification (50%), focus on the plane of the cells
situated in the area of the coverslip labeled for injection. Center the
micropipette by eye in the illuminated area and lower it until it enters
the culture medium. Center the tip of the micropipette in the optical
field and lower it until it is in focus. Then, change to the working mag-
nification (320x) and focus on the cell surface. Center and lower the
tip until it is in focus. Move the microscope stage until the tip points
to the nucleus of a cell.

2. Lower the tip carefully until it enters the nucleus (see Fig. 1.3, upper
left panel).

Manual intranu-
clear injection
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3. Apply injection pressure: press on the footpath switch of the microin-
jector to apply P2 for the selected time (see previous section). If a
syringe is being used, ensure that enough pressure is applied at this
moment.

4. Move the micropipette upwards carefully until it leaves the cell.

5. Move the microscope stage to find a new cell, center its nucleus with
respect to the tip and repeat steps 2 to 4. If Cellocate coverslips are
used (see Materials, above), injected cells can be recorded in the book
provided by the manufacturer.

1. Place the tip above the perinuclear cytoplasm. This is the most con-
venient part for injection because in it the cell is thicker and there is
room for the segment of the tip that stays inside the cell during injec-
tion.

2. Lower the tip until it touches the plasma membrane and enters the cell
(see Fig. 1.3, upper right panel).

3. Apply pressure P2 for 1-2s.

4. Move the micropipette upwards until the tip is outside the cell and
several um above its surface.

5. Move the microscope stage, find a new cell, and proceed as above.

Automatic System. This type of microinjection requires an automated
micromanipulator like the 5171 of Eppendorf (see Materials, above and
Fig. 1.1B), which has three components (see Eppendorf 5171 Operating
Manual):

- Micromanipulating unit, with three modules for the x, y, and z coordi-
nates, each equipped with a drive unit and a stepper motor

- Control unit. It consists of a small computer with a keyboard and a
joystick

- Power unit

The Eppendorf 5171 micromanipulator performs automatically all mi-
cropipette movements required for axial injection (see Fig.1.3 lower
panel). In a first step, the coordinates of the micropipette positioned
inside the nucleus or the cytoplasm of a test cell are registered and
stored in the control unit computer. Then, injection proceeds by center-
ing each new cell with respect to the micropipette tip and recalling the
coordinates using the joystick.
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1. Center the micropipette tip in the optic field as described above for
the manual system, but operating the micromanipulating unit auto-
matically from the control board.

2. At the working magnification (320x), lower the tip to touch a point of
the cell surface region above the nucleus or above the perinuclear
space, until a slight depression is seen.

3. Fix position parameters for intranuclear or intracytoplasmic injection
in the control unit.

4. Lift the tip a few um above the cell surface. It should be slightly out of
focus but still visible. Select a new cell and microinject it by pressing
on the button placed above the joystick. The micropipette describes
first a retrograde trajectory on the horizontal plane (toward the mi-
cromanipulator unit) followed by a rapid axial movement toward the
cell, which ends exactly when the tip reaches the coordinates fixed in
the previous step (see Fig. 1.3). At this moment, the control unit of the
micromanipulator, which is connected to the microinjector, activates
the injection pressure (P2) for the preselected time. Immediately after
this, the micropipette returns to the initial position.

5. Correct the parameters in the control board as necessary. Because the
coverslip and dish surfaces are not perfectly flat, it is necessary to
adjust the intranuclear or intracytoplasmic coordinates when injec-
tion progresses from one region to the other of the coverslip.

1.2
Protocols for the Analysis of Microinjected Cells

Estimation of Ejection Flow and Average Injection Volume

The ejection flow (EF, volume of sample solution released from the mi-
cropipette per time unit) can be easily estimated using a radioactive
marker. The micropipette is loaded with a stock solution containing a
radioactive isotope (**C or *°S) and ejected at selected conditions of pres-
sure and time into a drop of water. The sample is measured in a scintilla-
tion counter. Comparison to a standard curve obtained with a series of
dilutions of the stock solution allows calculate the volume of sample
ejected, which divided by the time of ejection gives the EF. The EF is
determined by the same factors listed below for the injection volume.
Typical ejection flow values fall in the range of 0.5-1 ul/s (Ansorge and
Pepperkok 1988).



24 ANGEL CID-ARREGUI ET AL.

The volume of sample that is injected into each cell (AIV, average
injection volume) can be estimated using reporter enzymes like lucif-
erase or horseradish peroxidase (HRP).

Procedure

AIV estimation 1. Inject a precise number of cells (50-100) with a 2mg/ml stock solu-
using luciferase tion of luciferase in PBS or injection buffer.

2. Rinse the coverslip gently in PBS and lyse the cells with 50 ul of 2%
NP-40/0.2 % SDS in PBS. Use the entire cell extract to measure lucif-
erase activity in a luminometer. Make a standard curve using 50-ul
samples from a series of dilutions of the luciferase stock solution.

3. Calculate the amount of luciferase in the cell lysate and estimate the
volume of solution injected. To calculate the AIV, divide this value by
the number of cells injected.

AV estimation 1. Inject a precise number of cells (50-100) with a 20 mg/ml stock solu-
using HRP tion of HRP in PBS or injection buffer.

2. Rinse the coverslip gently in PBS and lyse the cells with 50 ul of 2%
NP-40/0.2 % SDS in PBS.

3. Pipette lysate into a spectrophotometer disposable cuvette containing
50 ul PBS.

4. Prepare a series of dilutions of the HRP standard solution and pipette
50 ul of each dilution into cuvettes containing 50 pl of 2 % NP-40/0.2 %
SDS in PBS.

5. Add 200 pl of a mixture (1:1, v/v) of peroxidase substrate TMB and
peroxidase solution to the cuvettes of steps 3 and 4. Incubate at room
temperature for 5-30 min (depending on the intensity of the blue
color developed by the samples during the reaction).

6. Stop reaction by adding 700 ul of 1M PO,H; (the samples become yel-
low) and read absorbance at 450 nm. Estimate the total volume of HRP
injected and from this the AIV.

Analysis of Cells Injected with Fluorescent Markers

Fluorescent markers, like FITC-dextran, are frequently used as coinjec-
tion markers to visualize injected cells. At concentrations between 0.25
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and 1% they exhibit very low toxicity and remain visible for 2-4 days in
proliferating cells, or longer in quiescent and postmitotic cells. Living
cells microinjected with these markers can also be visualized; however,
exposure to UV light for just a few seconds may cause irreversible dam-
age to the cells. The same applies to injection products labeled with a
fluorochrome, like, for instance, antisense oligonucleotides coupled to
FITC or rhodamine (see Fig. 1.4A,B).

1. Rinse injected cells gently twice in PBS.

2. Fix briefly with methanol (2 min) or PFA/GA (5 min) (see Materials,
above).

3. Rinse the coverslip briefly in deionized water.
4. Mount on a slide with a drop of Mowiol.

If immunofluoresce or any other treatment of the injected cells is to be
performed, it is advisable to use a fixable dextran (see Materials, above)
to avoid losses of marker by diffusion during the washing steps.

Cells Injected with Reporter Plasmids

1. Inject a convenient number of cells with a LacZ expressing plasmid.
Allow cells express the plasmid for a convenient time.

. Wash coverslip briefly and: gently twice in PBS pH 7.3/2mM MgCL,.

. Fix in PFA/GA/2 mM MgCl, at room temperature for 10 min.

. Wash twice with PBS pH 7.3 / 2mM MgCl,.

U A W N

. Transfer coverslip to one of a 12-multiwell dish and add 0.5ml of
staining solution containing: 1 mg/ml X-Gal (Biomol, Hamburg, cat.
no. 02249, stock 40 mg/ml in dimethyl-formamide), 0.02 % NP-40,
2mM MgCl,, 5mM K;Fe(CN)s (stock 50mM in PBS pH 7.3), and
5mM K,Fe(CN)s (stock 50 mM in PBS pH 7.3).

6. Incubate at 37 °C. The staining is usually visible after 1-2h of incuba-
tion, depending on the promoter driving $-Gal expression. Neverthe-
less, intensity continues to increase over 12-24h.

7. Rinse twice in PBS. Cover with PBS for examination or, preferably,
rinse in deionized water and mount with Mowiol on a glass slide
(Fig. 1.4C). '

X-Gal staining of
cells expressing
the E. coli -
galactosidase
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(CAT)
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Note: For details of X-Gal staining and quantitation of galactosidase
activity see Cid etal. (1993), see also Cid-Arregui etal., Chapter 26, this
volume.

The GFP (238 amino acids) was isolated from the bioluminiscent jelly-
fish Aequorea victoria (Prasher etal. 1992) as a monomer which emits
green fluorescent light upon excitation with ultraviolet or blue light. The
GFP retains its fluorescence capacity when expressed recombinantly in
eukaryotic cells (Chalfie et al. 1994). Its visualization, however, is limited
by the low amount of light that it emits (less than 1 photon per mole-
cule), as compared with most fluorescent compounds (several thousands
of photons per molecule). Nevertheless, GFP is a very useful tool that can
be utilized as a reporter in gene expression studies, for the subcellular
localization of fusion proteins, and in organelle traffic studies.

1. Inject cells with a GFP-expressing plasmid (100 pg/ml in injection buf-
fer). The incubation time for the cells permitting an appropriate level
of GFP expression, depends largely on the transcriptional activity of
the promoter from which it is expressed. Using the cytomegalovirus
(CMV) promoter we have observed visible amounts of GFP as early as
6 h after injection (see Fig.1.4D). Prior to fixation, some authors re-
commend incubating the cells at 30 °C for 2h to enhance the fluores-
cence capability of the protein.

2. Fix the cells as described in Materials, above. GFP fluorescence per-
sists after methanol and PFA/GA fixation.

3. For some experiments it may be interesting to visualize the GFP in liv-
ing cells. In this case, it is convenient to supplement the culture
medium with N-acetyl cysteine (NAC) to protect cells from damage
caused by UV light (Mayer and Noble 1994). Prepare a stock of
500 mM NAC (Sigma A-8199) in MEM, neutralize as needed with
NaOH. For use: dilute 1:5000 in culture medium. After having photo-
graphed or recorded with a videocamera the expressing cells for a few
seconds, rinse the coverslip briefly in PBS, transfer into a dish contain-
ing appropriate culture medium (without NAC), return it to the incu-
bator and incubate as required for the experiment.

The CAT assay is very useful for monitoring transcriptional activity of
eukaryotic promoters and enhancers (see Gorman etal. 1982). A major
advantage of the method is that the activity values obtained are usually
proportional to the activity of the promoter. In addition, no endogenous
CAT activity is detected in mammalian cells (see Fig 1.5).
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Fig. 1.4A-D. Visualization of fluorescent samples and reporter gene products in
injected cells. A and B Phase contrast (A) and fluorescence microscopy (B) of FITC-
conjugated antisense oligonucleotides in living cells photographed immediately after
intranuclear injection. C X-gal staining of a cell microinjected with the bacterial
LacZ gene expressed from the HCMV promoter. D fluorescence microscopy of cells
expressing GFP. After injection, the cells were incubated at 37°C/5% CO, for 6h,
then fixed in methanol for 5min at —20 °C, air-dried and mounted with Mowiol

CAT Assay

1. Inject at least 100 cells (ideally 300-500) with a solution of 100 mg/ml
of a plasmid expressing the CAT gene. Incubate the injected cells for
the appropriate time.

2. Rinse in PBS, drain.

3. Scrape the cells with the tip of a pipette loaded with 100 ul of TGD
buffer (250 mM Tris pH8, 15% glycerol, 5mM dithiotreitol) while
pipetting up and down. Transfer cell suspension to a 1.5-ml microfuge
tube.

4. Prepare crude extracts either by sonicating in a water bath or by per-
forming five to six freeze-thaw cycles in a dry-ice/ethanol bath and a
37 °C water bath.

5. Centrifuge at 4°C for 10 min to eliminate debris.

6. Use the entire cellular extract to determine CAT activity after complet-
ing volume to 300 ul with 250 mM Tris pH 8, 15 % glycerol.
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10.

11.
12.
13.

14.

15.

Fig. 1.5. Biochemical analysis (CAT assay)
of injected cells. About 100 cells were
injected with a reporter plasmid carrying
the CAT gene expressed from RSV promo-
ter (Cid etal. 1993). After injection, cells
were incubated overnight to allow reporter
gene expression, lysed, and used for CAT
assay as described in Section 1.2. I Control
non-injected cells; 2 cells microinjected
with 100 pg/ul of RSV-CAT plasmid, the
whole extract was used for the assay; 3, 4
control assay performed with 20 and
100pug of protein extract, respectively,
from cells stably transfected with the same
RSV -CAT plasmid used for microinjection

Add 8pl of acetyl CoA (20mM), 2.5ul of '“C-chloramphenicol
(25 uCi/ml; 0.0625uCi). Vortex vigorously. Incubate at 37°C for
45 min.

Stop reaction by adding 250 pl of ethylacetate (99.5 %).
Centrifuge 10 min at 4 °C in a microfuge.

Take upper organic phase containing labeled chloramphenicol and
its acetylated forms.

Dry in Speed-Vac for 1h or let stand overnight in a fume hood.
Resuspend in 10 pl of ethylacetate.

Spot samples in small drops on a silica plate. Samples should be
separated at least 1.5 cm from each other, and 2 cm from the edge of
the plate.

Chromatography. Place the plate vertically into a glass recipient con-
taining an adequate volume of chloroform/methanol (19:1, v/v). Let
chromatography run for 45-60 min.

Let the plate stand at room temperature for a few min and expose on
an X-ray film.
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Analysis of Cells Injected with Antibodies

1. After microinjection, incubate cells for at least 30 min.
2. Rinse coverslip gently in PBS.

3. Fix in cold methanol or PFA/GA as described in Materials, above. The
optimal conditions for each antibody should be tested previously (see
Harlow et al. 1988; Hockfield etal. 1993).

4. Block for 30 min in blocking solution (see Materials, above).

5. Add a FITC- or rhodamine-conjugated secondary antibody diluted in
blocking solution 1:10 in PBS. Incubate at room temperature for 1h,
or at 4°C overnight, in a humid chamber.

6. Wash 5x with PBS, rinse in deionized water and mount with Mowiol.
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Chapter 2

Automated Computer-Assisted Microinjection
into cultured somatic cells

WILHELM ANSORGE' AND RAINER SAFFRICH'*

Introduction

Capillary microinjection into cultured somatic cells growing on a solid
support developed rapidly after the introduction of the technique by
Graessmann (for an overview see Celis 1986), and is now established as
one of the most versatile methods of introducing substances into such
living cells. Microinjection made it possible to use single cells as objects
to study complex cellular processes, structure and function in vivo. A
large variety of molecules like dyes, proteins, and nucleic acids can be
injected and their activity studied. Applications for microinjection
experiments are found in cytology, cell biology, physiology, molecular
biology, developmental biology, and pharmacology for functional
analysis of enzymes and enzyme systems, cellular structural proteins,
hormonal control mechanisms, intra- and extracellular control mecha-
nisms, signal transduction and cell cycle studies, transport processes,
protein biosynthesis, translation and transcription of genetic informa-
tion, etc.

The most significant disadvantage of the technique is the limitation in
the number of cells that can be injected within a given time. This can be
a problem if the time for injection is limited, which depends on the
experiment; for example, when a large number of cells has to be injected
for a biochemical assay or when microinjection is used to produce stable
transfected cell lines.

An important improvement in this respect was the introduction of
automation in the micromanipulation and microinjection procedures as
well as the control and standardization of experimental conditions, like

! European Molecular Biology Laboratory, Meyerhofstrasse 1, D-69117 Heidelberg,
Germany
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preparation of cells, or the production of reproducible injection capillar-
ies (Ansorge 1982; Ansorge and Pepperkok 1988).

The development of a computer-assisted and microprocessor-
controlled injection system provides high injection rates with optimum
reproducibility of injections and makes quantitative microinjection pos-
sible (Pepperkok etal. 1988). The AIS (automated injection system,
Zeiss, Germany) permits reliable and simple microinjection into living
cells by a system configuration of various hardware and software com-
ponents operating together to control the injection procedure. The soft-
ware reliably controls the precise injection process and allows fast and
precise axial injections at a rate of up to 1500 cells per hour. Axial injec-
tions ensure the highest viability of the injected cells. Retrieving injected
cells for analysis, and multiple injections into the same cells are possible
with the system. The user friendly and easy-to-operate software pro-
gram, in addition, shortens the training period for the experimenter.

With the AIS-time consuming test series and experiments, as well as
biochemical assays on injected cells, can now be carried out rapidly with
outmost precision and reproducibility at an exceptionally high injection
rate with less damage to the cells. New biochemical approaches may be
possible with this system.

The system has been extended in our lab for fast automated analysis
and quantitation of gene expression by computerized microimaging of
injected cells (Pepperkok 1993).

The degree of automation described here is still incomplete. Automa-
tion efforts have been concentrated on where it is really useful in terms
of balancing effort and results. Probably complete automation will be
impossible to achieve, because of the complexity and variety of the prob-
lems involved.

Outline
Description of the System and the Components

The basic setup of the automated microinjection system is built around
an inverted microscope (Zeiss Axiovert) equipped with long-distance
phase-contrast objectives for observation (5x-32x). The micromanipu-
lator consists of a motorized stage for accurate positioning of the cells
and motorized z-axis drive with the microcapillary holder moving the
injection capillary. Injection pressure is supplied from an Eppendorf
5242 pneumatic microinjector. A video system with a CCD camera and a
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monitor for observation of cells together with the microprocessor con-
trol unit and the required software for controlling the microinjection
procedure via graphics overlay on the video system, complete the setup.
As additional component, epifluorescence excitation equipment should
be added to the microscope. A heating stage and a CO, incubation cham-
ber are useful and may be necessary for special applications. The work-
ing system in our laboratory is shown in Fig. 2.1.

2.1
Operation Principles and Modes of Operation

A menu guides the user through the operation of the AIS system. The
basic routines are:
e MARK/INJECT for marking and injection of cells

e FIND CELLS retrieval of injected cells for further injections or analy-
sis of the cells

e SYSTEM SETUP for setting of parameters and calibration of the sys-
tem

Fig. 2.1. Automated injection system (AIS) setup with microscope, motorized stage
and z-micromanipulator, pressure microinjector, and video camera system
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The injection parameters such as injection pressure, injection time,
injection angle and depth, injection speed, and observation magnifica-
tion can be selected as required. The reproducible precision of the injec-
tions is mainly limited by the stepping motors, it is 0.25 um with the AIS
setup.

The initial system setup and calibrations (camera alignment, stage/
video calibration, stage limits) will not be described here. For reference
see the AIS operating instructions manual (Zeiss 1989).

First, the principles of the automated injection are described. The
injection procedure is performed and controlled via a graphics overlay
on the image of the cells acquired with the video system from the micro-
scope and displayed on the monitor. The software is menu-driven and
assists the user in marking the cells to be injected with a cursor. The
overlay system on the video monitor is important for simultaneous
observation of the cells and operation and control of the motorized
stage, the micromanipulator, and the injections. No tedious looking
through the eyepiece of the microscope to perform injections, but
relaxed working conditions, makes the microinjections more successful.

Let us assume that we want to inject the cell in a plane z. at position
x;/y, and the capillary tip is at position x,/y, in a plane z,, above the cell.

Fig. 2.2 A-D Schematic drawing of the automated injection process. A and C Top
view of capillary and cell before injection and when injecting. B and D Side view of
capillary and cell before injection and when injecting. Details are described in the text
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Fig. 2.3. Glass coverslip with two crosses as refer-
ence marks for storing and retrieving the coordi-
nates of injection positions

Mark A Mark B

oo+

This is shown schematically in Fig.2.2A-D, where the left panel shows a
view from top, the right panel a view from the side. The injection point
into the cell at position x,/y, is marked via the graphics overlay on the
monitor. Now the system moves the cell in x-y direction to the x,/y,
position of the injection capillary. The initial movement is in y-
direction from y; to y,. Then the capillary is lowered in z-direction from
z,, to z, together with the stage movement in x-direction from x; to X, to
inject the cell. When the cell is moved with the motorized scanning stage
to the location of the capillary tip, the system performs an axial injection
according to the defined angle (45° in Fig. 2.2).

Depending on the chosen mode of operation, the injection data are
stored in the computer and this allows the continuation of interrupted
injection experiments. Intermittent observation of injected cells is also
possible by storing their position coordinates on the coverslip in the
computer.

Procedure
Operations Before and at the Beginning of the Program Run

Each coverslip with cells to be injected has to carry two marks defining
a fixed cell coordinate system which is stored on the computer hard disk
in a file and allows later retrieval of the injected cells. The marks may be
two crosses (see Fig.2.3) scratched on the glass coverslips using a
diamond-tip pen followed by sterilization in an autoclave oven. Orient
the coverslip in the petri dish on the microscope stage in such a way that
the connecting line between the two marks is parallel to the x-axis of the
microscope stage. These marks are entered into the system in an initial
dialog menu where the user has to find the two marks and enter their

Marking of glass
coverslips



Filling micropi-
pettes with
injection sample

Finding the cap-
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exact position with the cursor. The first mark defines the origin of the
coordinate system for the cell coordinates and the second mark the
direction of the x-axis.

1. To avoid micropipette clogging during microinjection, the sample
should always be centrifuged for at least 10 min at 10,000 g at 4 °C.

2. Deliver the sample through the rear open end of the micropipette
down near to the tip using a sterile microloader from Eppendorf. Typ-
ically loaded volumes are 0.2-1 pl.

3. Insert the filled micropipette quickly into the capillary holder of the
microinjector and lower it rapidly until the micropipette tip reaches
the medium of the culture dish containing cells to be injected as
described below.

The speed of step (3) is important, because the sample in the micropi-
pette tip may easily dry if it remains too long in the air, and micropipette
clogging occurs.

The following procedure helps to prevent breakage of the micropipette
tip during its centering in the microscope field. All steps should be per-
formed in the capillary position CELL chosen in the AIS program menu.

1. Switch to a low objective magnification, i.e., 5X.
2. Focus on the cells.

3. Fix the capillary holder on the z-micromanipulator and position the
tip of the capillary approximately straight above the objective.

4. Choose ADJUST on the graphics overlay menu and lower the capillary
until it just enters the culture medium in the petri dish.

5. Move the capillary in the x- and y-directions with the screws for man-
ual movement and fine adjustment on the z-micromanipulator until
you see the tip centered on the video screen (in the case of problems
try to focus on the capillary tip with the objective).

6. Lower capillary and carefully, but not all the way, to its focus to avoid
breakage of the micropipette.

7. Change to the next highest magnification.
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Fig. 2.4a, b. Display of cells and the graphics overlay on the video
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10.
11.

12.

13.

14.

Repeat steps 5-7 until you reach the working magnification (32x).
Now the cells should be in focus and the micropipette should be cen-
tered, but not in focus.

Lower capillary carefully further down until cells and tip are both in
focus. This is the case when the tip touches the cell. Alternatively,
lower it until the tip touches the glass surface of the coverslip in the
petri dish. Both cells and tip are now in the same focal plane.

Mark tip position with the MARK TIP menu item.

Change to WAIT position and the capillary is lifted 30 pm (default
value) above the plane of the cells.

Perform some test injections to adjust the proper injection pressure
and injection time by clicking with the cursor on the cells at the
desired injection position (cytoplasm or nucleus).

Some slight readjustment of the capillary z-position may be neces-
sary and is done with STEP DOWN or ADJUST.

Microinjection of cells can now be continued in this way.

The pressure applied to the micropipette remains constant during injec-
tion. It is adjusted at the beginning of the session by the microinjector
according to the cell type and injection sample used.

Automated Microinjection Procedure

After the initial steps 1-13 described in Section 2.3.1 have been carried
out, the system is ready for the next level of automated microinjection,
which provides further automation and storage of injection positions for
later retrieval of injected cell.

1.
2.

Switch the capillary position to WAIT.

Choose the program menu POS. OK. This will change to a new graph-
ics overlay menu.

. Select a frame with cells to inject using the menu items NEXT FRAME

or STAGE, then choose MARK NEXT.

. Now mark all the cells to be injected by pointing with the cursor to the

exact position of injection on the cells displayed on the video monitor.
Nuclear injections should be performed in the center of the cell
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nucleus and cytoplasmic injections are performed just next to the
nucleus (see Fig.2.4a and b).

5. Choose the program menu INJECT. All the marked cells in the field
are injected automatically under computer control and their stage
coordinates are stored on computer disk.

6. Switch to a neighboring field containing noninjected cells with NEXT
FRAME or STAGE and repeat steps 4 to 5.

Retrieving Microinjected Cells

Every injected cell can be retrieved by its stage coordinates stored on the
computer disk during microinjection. For this purpose, the glass cover-
slip on which the cells are growing must contain two distinguishable
orientation marks as explained above (see also Fig.2.3). In the FIND
CELLS program menu, the position of these orientation marks must be
entered again into the computer with the cursor as described above to
define the cell coordinate system a second time. The program now recal-
culates the injection positions from the relative orientation of this
coordinate system and the first one from the injection session stored on
the computer hard disk.

Microinjecting the Same Cells Twice

The procedure to retrieve injected cells is also used to microinject the
same cells a second time with, for example, another sample. Therefore
the microinjected cells are retrieved and microinjected as described in
the above procedures.

22
Experiments for Learning and Training Microinjection

To learn microinjection technique with the automatic system, brief
experiments, which are useful to get used to the features of the auto-
mated microinjection system, and also to control the progress in the
technical skills of the experimenter, are shown. The suggested experi-
ments are, in principle, not restricted to automatic microinjection but
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can also be done with manual and semiautomatic systems; but they are
easier to perform with the AIS. First steps in microinjection should be as
easy as possible to avoid frustration to the user.

The experiments are simple and do not need special preparation. To
start with, choose cells growing flat and which are well spread like HeLa
cells, NIH 3T3 cells, or CHO cells. They are most easily injected and are
frequently used in injection experiments. As injection material, fluores-
cent dyes like FITC dextrans are suitable and also a plasmid DNA which
can be used as a reporter. In our teaching courses, pSV1 and a GFP vec-
tor (Chalfie etal. 1994) are used for this purpose. For a very detailed
review on DNA microinjection see Proctor (1992).

Procedure
First Training Steps in Microinjection

The microinjection system has to be equipped for epifluorescence excita-
tion.

1. Grow cells on coverslips having two marks (crosses) as described
above or on coverslips with an etched grid (CELLocate, Eppendorf).

2. Pull capillary and fill 1-2 pl FITC-dextran solution (1 % in PBS, sterile
filtered) into the capillary.

3. Place petri dish with cells on coverslip on the microscope stage.

4. Start AIS, define file for storing positions of injected cells, and define
the two reference marks or two positions on the gridded coverslips for
later retrieval of the cells.

5. Fix capillary in the holder and mount it on the micromanipulator.

6. Focus on cells and bring the capillary into the field of observation as
described above.

7. Do some test injections to select proper injection pressure and injec-
tion time.

8. Switch to automatic mode.

9. Inject 100 cells into the cytoplasm with the FITC solution.
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10. Then, restart and remove petri dish, put back into incubator, incu-
bate for 1 h. Well-injected cells will survive, cells damaged too much
by the microinjection will die and usually detach from the coverslip

11. After 1-h incubation, bring the cells back to the AIS , reload file of
inject positions, and retrieve the cells with the FIND CELLS menu.
Observe cells with fluorescence excitation and count the positive
cells in fluorescence and check in phase contrast if they are alive and
look healthy. Determine the microinjection success rate (this equals
the number of positive cells found again at the retrieved position).
The success rate should be >90 % after a few training sessions with
the automated system. The same procedure should be carried out for
nuclear injection.

The success of injections is determined not only by survival rate of the
injected cells but depends also on the type of experiment to be
performed. Survival rates can be high, if in most injected cells only a
small amount is injected, but the result of the experiment may not be
satisfactory. The same may happen if the amount of sample injected is
quite high but just not high enough to kill the cells. In this case, the time
the cells need to recover from the injection may be too long in that par-
ticular experiment or may interfere with the effect to be investigated.
Therefore one has also to gain experience for the right amount of sample
injected in a certain experiment. This has also to be trained and can only
be learned by experimental experience. The next protocol gives some
suggestions as to how to gain this experience. This special experiment is
most useful to inject DNA to transfect cells or express proteins.

Improving Microinjection Skills

The microinjection system has to be equipped for epifluorescence excita-
tion. Use a reporter plasmid of your choice or pSV1 or a GFP vector (the
later has the advantage that the staining steps needed for the other report-
er vectors are not necessary). Coinjection of a fluorescent dye should be
carried out to control also the survival rate of the cells. The coinjection
dye has to be of a color different from the color of the staining used to
observe the transfected and expressing cells. In addition, the coinjection
dye has to be fixable, otherwise it will be washed out during the later
staining procedure (not necessary with GFP, where living cells can be
observed).
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1.

10.
11.

12.

Grow cells on coverslips having two marks (crosses) as descri-
bed above or on coverslips with an etched grid (CELLocate, Eppen-
dorf).

Mix plasmid solution with dye solution in a proper ratio to get the
appropriate final concentrations of the DNA (i.e..100 ng/ul for pSV1
with a S$V40 promotor) and the dye (0.5-1 % dye concentration).

Pull capillary and fill 1-2ul DNA/coinjection marker solution into
the capillary.

Place petri dish with cells on microscope stage.

Start AIS and define the two marks or two positions on the gridded
coverslips for later retrieval of the cells.

Fix capillary in the holder and mount it on the micromanipulator.

Focus on cells and bring the capillary into the field of observation as
described above.

Perform some test injections to select proper injection pressure and
injection time.

Switch to automatic mode.
Inject 100 cells.

Then restart and remove petri dish, put back into incubator, incu-
bate for at least 6 h. Well-injected cells will survive, cells damaged
too much by the microinjection will die and usually detach from the
coverslip.

After incubation, fix and stain cells as necessary, and bring the cells
back to the AIS and retrieve the cells with the FIND CELLS mode.
Observe cells with fluorescence excitation, count cells that have sur-
vived using the fluorescence of the coinjection marker, and check in
phase contrast if they are alive and look healthy. Look then for posi-
tively transfected cells. Determine microinjection survival rate (this
equals the number of coinjection marker positive cells found) and
transfection efficiency (the rate of positively stained cells to number
of cells that have survived multiplied by 100).

The success rate should be >90 % after a few training sessions with the
microinjection system. The survival rate may probably be sometimes
higher than 100 % taking into account that injected cells will divide dur-
ing the incubation time after injection.This is already a positive indica-
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tion that the cells were not too much disturbed in their cell cycle by the
injections with the capillary.

Comments

Several other factors and conditions are of importance for successful and
reproducible microinjection like the preparation of the cells or the repro-
ducible production of injection capillaries. Their control and standard-
ization can improve the automated microinjection approach.

e Production and Handling of Capillaries

Good reproducibility of the volumes injected into living cells is
achieved with the automatic microinjection system. It is based on the
availability of reproducibly prepared micropipettes in shape and tip
size. With computer controlled pullers like the Sutter Instruments P87
or commercially available injection capillaries this became possible.
For a certain diameter of the capillary opening at the tip, the ejection
rate from the capillary depends linearly on the pressure applied and
decreases linearly with increasing viscosity of the sample. Capillaries
are pulled immediately prior to injection. The tips are sterile directly
after pulling due to the high temperature needed to melt the glass and
pull the capillaries. No further treatment of the capillaries is carried
out. In our experience, this may only introduce additionally problems
for the microinjection. Problems arising during microinjection can in
most cases be attributed to the sample solution directly and/or mutual
interference between the sample and the medium in which the cells
are injected. Easy filling of the sample near the tip from the rear open
end of the capillary is achieved with microloaders.

e Characterization of Tip Diameter by Bubble Pressure Measurement
The protocol described below allows characterization of the tip diam-
eter by bubble pressure measurement (Schnorf etal. 1994). It is
a nondestructive method for determining the tip size and the micropi-
pettes can still be used for microinjection experiments without any
restrictions. This is not the case when micropipettes are characterized
by electron microscopy.

1. Insert the micropipette into the capillary holder connected to the
pressure microinjector (Eppendorf 5242) as for microinjection.

2. Dip the tip into a beaker filled with 100 % ethanol (should be sterile
filtered through a 0.22 um filter).
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3.

Increase the pressure of the microinjector until air bubbles from the
micropipette tip appear, indicating that the tip is open. Typical pres-
sure values for good micropipettes used in our laboratory for nuclear
and cytoplasmic injections are between 2000 and 4000 hPa, indicating
a tip size of 0.3-0.7 um. Lower values indicate a tip size above 1 um. At
higher pressure values the micropipette tip will be very small and the
risk of clogging during microinjection is rather high.

Coinjection Marker Solutions

Stock solutions of fluorescent labeled dextrans as coinjection markers
for microinjection are prepared as 2 % solutions in either pure H,O or
PBS depending on the application. PBS solutions are used for direct
injection or for mixing with the sample solution to inject when used
as coinjection marker; H,0 solutions are used for mixing with DNA
solutions in coinjection experiments. Final concentration of coinjec-
tion marker dextran solutions for injection should be 0.5-1 % for easy
detection.

Solutions should always be centrifuged just prior to injection for at least
10 min at 10,000-15,000 U/min to minimize clogging of injection capil-
laries by small particles and/or aggregates in the sample. Always pipette
the solution to fill into the injection capillary from the surface of your
sample.

Cell preparation

Cells are growing on small glass coverslips (& 11-15mm or
10 x 10 mm square) to maintain better planarity of the solid support
compared to plastic petri dishes. In addition, breakage of the capillary
tip when touching the glass is reduced as compared to plastic mate-
rial. Place the coverslips with cells into the center of the petri dish.
Coverslips resting at the edge of the petri dish tend tostay less plain,
and readjustment of the capillary height has to be made more often
when moving to a different field on the coverslip. To attain a
flat position of the coverslip, press the coverslip slightly down to the
bottom with a forceps. Best results with microinjection are obtained
with cells which are well spread and do not vary much in their flat-
ness.
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Suppliers

List of Equipment, Materials, and Suppliers

- FITC-Dextran, 70,000 Mw, cat. no. FD-70S, SIGMA (St. Louis, MO,
USA)

- FITC-Dextran, 150,000 Mw, cat. no. FD-150, SIGMA (St. Louis, MO,
USA)

- TRITC-Dextran, 70,000 Mw, cat. no. R9379, SIGMA (St. Louis, MO,
USA)

~ FITC-Dextran, fixable, 70,000 Mw, cat. no. D-1822, Molecular Probes
(Eugene, OR, USA)

- Petri dishes, 35 mm@, gamma irradiated, cat .no. 153066, NUNC (Ros-
kilde, DK)

- Petri dishes, 35 mm@, gamma irradiated, with glass coverslip insert,
cat .no. P35G-0~-14-C, MatTek (Ashland, MA, USA)

- Glass coverslips, round, 11 mm{, Menzel Gliser (Braunschweig,
Germany).

- Gridded glass coverslips CELLocate, round, 12mm@, cat. no. 5245
951.002, Eppendorf (Hamburg, Germany).
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- Microloader, cat. no. 5242 956.003, Eppendorf (Hamburg, Germany)

- Prepulled and sterile ready to use micropipettes (Femtotips) cat. no.
5242 952.008, Eppendorf (Hamburg, Germany)

- Raw glass capillaries, cat. no. GC120TF-10, Clark Electromedical
Instruments (Reading, UK)

- Pipette Puller model P-87, Sutter Instrument (Novato, CA, USA),

- AIS system, ZEISS (Jena, Germany)
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Introduction

Immunofluorescence microscopy is the most common method to ana-
lyze expression and localization of a given protein in cells that have been
microinjected or transfected previously with the appropriate DNA con-
structs. It offers the advantage that it is quick, easy to perform, and
allows examination of a large number of cells within a short time. How-
ever, illumination with UV light is often damaging for the cells, and the
fluorescence tends to bleach as a result of the excitation of the fluoro-
chrome by the UV light. Nowadays, these disadvantages have been over-
come by sophisticated systems such as video intensification cameras and
confocal microscopy. In addition, the information that can be obtained
by immunofluorescence microscopy is also restricted by the limited
resolution of the optical lens. Moreover, some fixation conditions can
induce artifactual changes in the intracellular localization of a significant
number of molecules (Melan and Sluder 1992; Griffiths etal. 1993).
Therefore, if the precise localization of a protein is being studied, it will
always be necessary to look at the fine structure of the cell, using immu-
noelectron microscopy techniques. Nevertheless, whenever possible, the
utilization of immunofluorescence in combination with immunoelectron
microscopy is preferable. In this chapter, we describe in detail protocols
for immunofluorescence and immunoelectron microscopy analyses
which are particularly suited for cells in culture.

" corresponding author: phone: +34-3-4021909; fax: +34-3-4021907;
e-mail: egea@medicina.ub.es

' Dept. Biologia Cel. i Anatomia Patologica, Facultat de Medicina, Fundaci6
Clinic-Universitat de Barcelona, Barcelona, Spain

? Dept. Biologia Cel. Animal i Vegetal. Facultat de Biologia. Universitat de
Barcelona, Barcelona, Spain
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3.1
Immunofluorescence Protocols

We describe here protocols to perform indirect immunofluorescence
microscopy. This methodology can be applied to microinjection experi-
ments in which antibodies and intact or epitope-tagged proteins or their
respective cDNAs inserted into appropriate shuttle vectors are being
microinjected or transfected.

Materials

Ammonium chloride (NH,Cl), bovine serum albumin (BSA),
hydrochloric acid (HCI), glycine, methanol, paraformaldehyde, Tris,
Triton X-100, sodium azide (NaN3), sodium chloride (NaCl), saponin,
immunofluorescence mounting medium.

PBS (150 mM NacCl, 0.1 % NaN3;, 0.01 M phosphate buffer, pH 7.2)
TBS (150 mM NaCl, 0.1 % NaNj3, 50 mM Tris-HCl, pH 7.3)

Fixative: 4% paraformaldehyde (PFA) in PBS. To prepare 200 ml of
fixative, 8 g of PFA are disolved in 100 ml distilled water and heated to
60—65 °C under constant stirring. The resultant solution has a cloudy
appearance. Add 6 ul of HCI 10 N and the fixative solution becomes
clear (store this solution at —20°C in aliquots of 5ml). Subsequently,
the fixative solution is filtered and cooled down at room temperature.
Mix the fixative solution with 100 ml of PBS (2x) and adjust the pH to
7.4. This fixative can be mantained at 4 °C for several days, although
the pH should be checked before use.

0.1 % saponin/1 % BSA in PBS (can be stored as frozen aliquots)
Methanol cooled at —20°C

50 mM NH,CI in PBS

100 mM glycine in PBS

0.2-0.5 % Triton X-100 in PBS



3 Immunofluorescence and Immunoelectron Microscopy 49

Procedure

Localization of Microinjected Proteins or Proteins Expressed from Microinjected
cDNAs

10.
11.

. Rinse coverslips (#10-12 mm) in PBS.

Fix cells in 4% paraformaldehyde in PBS for 10-15min at room
temperature.

Rinse in PBS, 25 min.

Treat coverslips with 50 mM NH,Cl or 100 mM glycine in PBS for
30 min to block free aldehyde groups (some investigators miss out
this step, but we consider it important to prevent virtual background
associated to unspecific binding of antibodies to negatively charged
groups).

Rinse in PBS, 2X5 min.

Transfer coverslips (with cells face down) onto a 10-20-ul drop of
0.1 % saponin/1 % BSA in PBS or TBS for 10 min in a Parafilm sheet
in a moist chamber for 15 min. Saponin is used to permeabilize the
fixed cells. A 10-min treatment with Triton X-100 in PBS is often
used to permeabilize the membranes. Although structure integrity is
less preserved, this treatment offers the advantage of having a per-
manent effect and, thus, does not require continued treatment as
occurs with saponin.

Drain the excess of permeabilization solution onto paper wipes and
transfer each coverslip directly onto a 6-10-ul drop of primary anti-
body diluted in 0.1 % saponin/1 % BSA/PBS or TBS placed in a moist
chamber. Incubate for 60 min at room temperature or overnight at 4 °C.

Rinse in PBS or TBS, 2x5-10 min under gentle stirring.

Incubate with appropriate fluorescein or rhodamine-labeled second-
ary antibody also diluted in 0.1 % saponin/1 % BSA/PBS or TBS for
30-45 min at room temperature. We suggest performing this step in
the dark by covering the moist chamber with aluminium foil.

Rinse in PBS or TBS, 2x5-10 min.

Drain the excess of PBS or TBS and mount the coverslip with a small
drop of ImmunoFluore mounting medium (ICN) or similar reagent
(Mowiol, Gelvatol, etc) onto a microscope slide.

Localization
protocol
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12. Preparations can be visualized immediately and can be stored at 4 °C
in the dark for several weeks.

Most samples to be visualized by immunofluorescence microscopy can
also be fixed by using methanol. The protocol is then more simple, and
is performed as follows:

1. Rinse the coverslips with PBS.

2. Immerse the coverslips in methanol (previously cooled at —20 °C) for
2-3 min only. Methanol induces both fixation and permeabilization of
the cells. Thus, the addition of a permeabilization reagent (saponin or
Triton X-100) is not necessary. This fixative has the disadvantage that
solubilization of membrane components is higher than with aldehyde
fixatives.

3. Follow the above protocol from step 5, but using 1% BSA in PBS or
TBS instead of saponin.

Detection of Microinjected Antibodies or Fluorescent-Labeled Molecules

When a polyclonal or monoclonal antibody or a fluorescent-conjugated
molecule is microinjected, the experimental procedure for its detection
is shorter. Basically, the above protocol can be applied with the exception
that incubation with a primary antibody is not necessary. If fluorescein-
labeled molecules are microinjected, only the fixation and mounting
steps are performed. However, depending on the experimental condi-
tions, it may be appropriate to further incubate with a primary antibody
although it had already been microinjected previously (e.g., see Mangeat
and Burridge 1985).

3.2
Immunoelectron Microscopy Methodology

The localization of extracellular and cell surface antigens by electron micros-
copy using antibodies and electro-dense markers has proved to be a power-
ful tool over the past twenty years. However, localization of intracellular
components has been more difficult, since it is essential to provide access for
antibodies and markers without significantly altering the fine structure of
the cell. There are two major strategies to overcome this problem:
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e Permeabilize fixed cells with detergents or polar solvents. Conse-
quently, cell membranes are partially (or completely) destroyed and
the entry of antibodies and markers is allowed. Subsequently, the cells
are postfixed and processed for common epoxy resin. This technical
procedure is known as pre-embedding immunocytochemistry.

e Embed fixed cells, section them, and subsequently incubate with anti-
bodies and markers. This strategy is known as post-embedding
immunocytochemistry. Embedding could be performed at low tem-
peratures in a partially water-soluble resin or in a frozen solution con-
taining cryoprotectants.

The most widely used markers for immunoelectron microscopy are:
e horseradish peroxidase (HRP) and
e colloidal gold particles

HRP is practically restricted to pre-embedding procedures and needs di-
aminobenzidine (DAB) as a substrate to give rise to an electron-dense
material which precipitates. The product of this reaction cannot be quan-
titated and can diffuse to other subcellular compartments. Consequently,
the interpretation of the results may be controversial. On the other hand,
HRP can provide useful qualitative information in certain studies. How-
ever, in microinjection and transfection experiments, colloidal gold has
become a very powerful marker, and it is used in studies focused on intra-
cellular trafficking and the fine localization of macromolecules. Particles
of colloidal gold exhibit high contrast when they are visualized at the elec-
tron microscope. Furthermore, they can be prepared with different diame-
ters (from 1 to 40 nm) and be easily conjugated to numerous macromole-
cules (i.e., nucleic acids, antibodies, lectins, enzymes, lipids). It is beyond
the scope of this chapter to describe the preparation of colloidal gold par-
ticles of different size and their conjugation to macro-molecules (for this
see Handley 1989; Egea 1993; Griffiths 1993). Moreover, there are numer-
ous commercial available gold-labeled reagents (BioCell, Janssen, Nanop-
robes, etc). Thus, only step-by-step immunocytochemical protocols that
use colloidal gold particles will be described in detail here.

Finally, cells to be microinjected and studied at EM level are usually
seeded onto small sheets of Thermanox plastic (Nunc) that have been pre-
viously sterilized by immersion in methanol for 10 min. Thereafter, they
are placed at the bottom of petri dishes containing culture medium. Sub-
sequently, cells are microinjected and subjected to the appropriate experi-
mental conditions, then fixed and processed according to the pre-embed-
ding or post-embedding immunolabeling protocols described below.
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3.2.1 Pre-embedding procedures using colloidal gold probes
Labeling of cell surface components for endocytosis studies

Labeling of external exposed cell surface components of cultured cells or
isolated organelles is probably one of the simplest methods in immuno-
electron microscopy. The surface of the cell/organelle is usually acces-
sible to antibodies or molecular probes. In addition, after immunolabel-
ing cell surface components with gold particles, cells can be maintained
under proper conditions, so that it is possible to follow the intracellular
fate of endocytosed components. Thus, this technique is useful not only
for the study of cell surface components, but also for endocytosis studies
in cultured cells (see Fernandez-Borja etal. 1996). The method used in
such studies combines immunocytochemistry in live or lightly fixed cells
and conventional electron microscopy techniques. As a result, it is possi-
ble to observe the subcellular localization of antigens preserving at the
same time the fine structure of the cell (see Fig. 3.1). After immunolabel-
ing, samples are fixed and embedded in resin for ultramicrotomy. The
embedding procedures vary with respect to chemical compositions of
resins, protocols for dehydration, procedures for infiltration with resins,
as well as properties of the embedded tissue. Epoxy resins are the most
commonly used embedding media in biological electron microscopy.
They combine good ultrastructural preservation of the sample, ease of
sectioning, reproducibility, and relative ease of handling. Here, we shall
describe the method for cell surface immunolabeling as well the
embedding procedure that we use for electron microscopy analyses.

Fig. 3.1A-G. Immunoelectron microscopy of cell surface components and its appli-
cation to endocytosis studies. Cells expressing the human placental alcaline phos-
phatase (PLAP, a GPI-linked protein) were processed as indicated in Section 3.2.1
using polyclonal antibodies to PLAP and protein A-gold (15-nm particles) as a mar-
ker. The figure shows a gallery of representative intracellular endocytic structures
(arrows) into which colloidal gold particles can be seen after different times of
incubation at 37°C. Note that PLAP is internalized by nonchlatrin-coated vesicles
(A-C). Subsequently, gold particles are accumulated in early endosomes (D-E) and
in tubular-like structures (E~F). In addition, gold particles are also located within
multivesicular bodies (G). mp Plasma membrane. Bar A, B 0.3 um, C, D 0.15um, E,
F G 0.2 pum.
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Materials

Bovine serum albumin (BSA), cell culture medium, hydrochloric acid,
dodecenyl succinic anhydride (DDSA), epoxy resin kit (TO24, TAAB
Laboratories Equipment Ltd) containing epoxy resin (TAAB 812), eth-
anol, glutaraldehyde, gold-conjugated probes (protein A, gold-
conjugated secondary antibodies); HEPES, maleic acid (C,H,0,),
methyl nadic anhydride (MNA), paraformaldehyde, propylene oxide
(CsH40), sodium hydroxide, uranyl acetate dihydrate [(CH;COO0),UO-
2H,0], and 2,4,6-tri(dimethylaminomethyl) phenol (DMP-30).

Incubation medium. Prepare 50-100 ml of the same culture medium
that is used to culture the cells to be labeled (e.g., DMEM) containing
20 mM HEPES, pH 7.4, and 1 % BSA (incubation medium). Do not use
fetal calf serum. Dilute antibodies and gold probes in incubation
medium. Antibody should be used at a dilution between 2 and 20 pg/
ml. If a large amount of primary antibody is available, it is advisable to
prepare Fab fragments conjugated to gold particles to avoid cell sur-
face antigen dimerization or oligomerization (see Harlow and Lane
1988 for general protocols).

PBS

0.1 and 0.2 M cacodylate buffer, pH 7.2

Fixative: 2 % paraformaldehyde, 2.5 % glutaraldehyde in 0.1 M sodium
cacodylate buffer. To make 250 ml fixative solution, mix 25 ml of 25 %
aqueous glutaraldehyde stock solution and 25 ml of 20 % paraformal-
dehyde stock solution (prepared as indicated previously; adjust the
pH to 7.2 with NaOH (0.1 N) or HCIl (0.1 N). Complete volume to
250 ml with distilled water. The fixative can be maintained at 4°C for
several days. Check pH before use

Ethanol dilutions. Prepare 70, 90, and 95 % ethanol in water

Maleate buffer (0.05 M). To make 100 ml, dissolve 0.58 g maleic acid in
80 ml water and adjust pH to 5.2 with NaOH (1 N). Fill up to 100 ml
with distilled water

Uranyl acetate (0.5%) in 0.05M sodium maleate buffer. To make
100 ml, dissolve 0.58 g maleic acid in 80 ml water and adjust pH to 6.0
with NaOH (1 N). Dissolve 0.5 g uranyl acetate dihydrate in this solu-
tion and adjust pH (if necessary) to 5.2 with NaOH. Fill up to 100 ml
with water

Epoxy resin. To make 100 g resin mix, 48 g TAAB 812, 10 g DDSA, and
33 g MNA. Stir for 5min. Add 2 g DMP-30 and stir for another 5 min.
The complete epoxy mixture should be used for initial infiltration
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within the next few hours as it will slowly start to polymerize also at
room temperature. The freshly mixed complete resin can be stored at
(=20°C) for months in closed vials. The vials must attain room tem-
perature before being opened and used for embedding

Procedure

An example where this protocol was used is shown in Figure 3.1.

1.
2
3.
4

5.

Establish cells cultures using 35-mm diameter dishes.
Precool dishes, medium, and antibodies at 4 °C.
Wash dishes with incubation medium.

Incubate cells for 15min to 1h at 4 °C with the appropriate dilution
of the primary antibody.

Rinse twice in incubation medium at 4 °C.

When primary antibodies or probes conjugated to gold particles are not
available, repeat steps 4 and 5, incubating the dishes at 4°C with the
apropiate dilution of gold markers.

6.

10.

11.

Add prewarm incubation medium to the dishes and tranfer them to
a 37°C cell culture incubator and take one dish at each different
incubation time (e.g., 0, 15, 30, and 60 min).

After each time period, fix cells with a mixture of 2 % paraformade-
hyde and 2.5 % glutaraldehyde in phosphate or cacodylate buffer for
1 h at room temperature.

Rinse dishes with PBS.

Scrape cells in a small volume of PBS (i.e, 200 pl) and collect them by
centrifugation.

Cell pellets are embedded in 10 % gelatin and postfixed overnight in
2 % paraformaldehyde at 4 °C. Fixed gelatin with embedded cells can
be easily cut into blocks; this facilitates further handling of the sam-
ple.

Postfix in 1 % OSO, for 1 h at room temperature, rinse, and proceed
as indicated below for plastic embedding.

Labeling of cell
surface proteins
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The following procedure results in embedded blocks with good cutting
properties from a variety of cell types. It includes in-bloc staining, which
improves contrast in the subsequent section staining. The same pro-
cedure can be used for embedding tissues, cells, or organelle samples.

12.

13.

14.
15.
16.
17.

18.
19.
20.

21.

22,

23.
24.
25.

Rinse fixed cells for 2x30 min in buffer (e.g., same buffer as used for
fixation). Perform subsequent steps at 4°C until step 17. If in-bloc
staining is not desired, proceed directly to step 16.

For in bloc staining rinse for 2x15 min with sodium maleate buffer.
As in all following steps up to 21, remove fluid with a Pasteur
pipette. The sample must never be allowed to dry.

Stain for 60 min in uranyl acetate in maleate buffer.
Rinse for 2x15 min in sodium maleate buffer.
Dehydrate for 2x15min in 70 % ethanol.

Dehydrate for 2x15 min in 90 % ethanol. This and following steps of
dehydration and infiltration are carried out at room temperature.

Dehydrate for 2x15min in 95 % ethanol.
Dehydrate for 2x15 min in absolute ethanol.

Place sample for 2x15 min in propylene oxide. Take particular care
that the sample does not dry, as propylene oxide evaporates very
rapidly. Because propylene oxide is toxic and very volatile, this and
all subsequent steps should be carried out in a well-ventilated hood
with gloves.

Infiltrate the specimens for 60 min in a mixture of 50 % propylene
oxide and 50 % completely mixed epoxy resin.

Transfer the specimens to the surface of the epoxy resin in a clean
vial containing 100 % resin. Use fine forceps or a wooden stick.
Leave the specimens in the epoxy resin overnight at room tempera-
ture.

Fill the flat embedding mold with epoxy resin.
Polymerize the specimens at 60 °C for 2 days.

Obtain ultrathin sections acording to conventional procedures.
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Labeling of intracellular components

As indicated previously, one of the problems to overcome in pre-embed-
ding procedures is the different barriers which impair diffusion of
immunoreagents. However, for microinjected or transfected cells in cul-
ture, this does not represent an important problem as it occurs with tis-
sue sections, because extracellular matrix components are practically
absent. Furthermore, in some experimental approaches it is possible and
even convenient to microinject gold-conjugated products (i.e., proteins
or other macromolecules). In these cases, no further immunocytochem-
ical reactions are necessary, and the common fixation and embedding
protocols can be followed (Dworetzky 1991).

Materials

Ammonium chloride (NH,Cl), bovine serum albumin (BSA), di-sodium
phosphate anhydrous (Na,HPO,), ethanol, epon, gelatin, glutaraldehyde
(25 or 50% in water), gold-labeled reagents (protein A, streptavidin,
anti-biotin, secondary antibodies), methanol, osmium tetroxide (0sO,),
paraformaldehyde, potassium ferrocyanide (K;Fe[CN]4), saponin, skim-
med milk, sodium cacodylate, sodium di-hydrogen-phosphate monohy-
drate (NaH,PO4-H,0) Triton X-100, uranyl acetate.

- PBS

- 0.1 and 0.2 M phosphate buffer, pH 7.4

- 0.1 and 0.2 M cacodylate buffer, pH 7.4

- Fixatives: 4 or 8 % paraformaldehyde in 0.1 M phosphate or cacodylate
buffer (prepare as described previously); 1% glutaraldehyde in 0.1M
phosphate or cacodylate buffer (add 1 ml of glutaraldehyde (-25 % in
water) to 24 ml of buffer); 1 % uranyl acetate in PBS or distilled water;
1-2% OsO, in PBS or distilled water; 1% 0s0,/0.8% K;Fe[CN]¢ in
PBS or distilled water

- 50 mM NH,CI in PBS

- 0.2-0.5% Triton X-100 in PBS

- 5% skimmed milk

- 0.1 % gelatin in PBS

- 1% BSA in PBS

- 0.1% saponin/1 % BSA in PBS

Reagents

Solutions
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Procedure

The fixation and extraction steps of this protocol are very similar to
those described for immunofluorescence.

1. Fix cells or plastic sheets with paraformaldehyde (4-89% in PBS or
0.1 M phosphate or cacodylate buffer).

2. Rinse in PBS.
3. Quench free aldehyde groups with 50 mM NH,Cl in PBS.

4. Extract the cells with 0.2-0.5% Triton X-100 in PBS for 10 min. This
procedure is very appropriate when cytoskeletal proteins are being
studied (Kouklis etal. 1991; Shelden and Wadsworth 1992; Takeda
etal. 1994, Tomkiel etal. 1994), but when a fine structure should be
preserved, it is advisable to follow the saponin method as described
above. Note that saponin should be present in all subsequent incuba-
tion steps.

5. Rinse in PBS.

6. Treat the cells with 5 % skimmed milk solution or 0.1 % gelatin or 1 %
BSA to block nonspecific reaction with antibodies.

7. Incubate with the primary antibody properly diluted in the blocking
solution for 3h at room temperature.

8. Rinse in PBS.

9. Incubate with protein A-gold or gold-labeled secondary antibody
diluted in PBS for 1h at room temperature or overnight at 4 °C.

Note: To facilitate a compromise between a good preservation of the fine
cell structure and a good epitope accesibility, reagents complexed to
ultrasmall gold particles (1.4 to 3 nm) should be used. In this case, it is
necessary to perform a silver amplification of these gold particles. It is
known that gold particles can nucleate silver deposition from an appro-
priate silver solution. This silver-coated gold particle catalyzes more sil-
ver deposition and the silver grains grow in size. Nowadays, there are
commercial silver amplification kits (Amersham intenSE, Janssen,
Nanoprobes HQ Silver, BioCell) and the amplification reaction can be
used either just after immunocytochemical reaction with the gold-
labeled reagent preceding Epon embedding (Kouklis et al.1991; Campbell
and Gorbsky 1995), or directly onto Epon or Lowicryl ultrathin sections
(Paterson et al. 1995).
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10.
11.

12.
13.

14.

Rinse thoroughly in PBS.

Fix in 1% glutaraldehyde in 0.1 M phosphate/cacodylate buffer
(sometimes 0.1 % tannic acid is added to improve membrane con-
trasting) for 15 min at room temperature.

Rinse 3x5min, in 0.1 M phosphate/cacodylate buffer.

Postfix with 1 % osmium tetroxide (OsO,) in PBS for 1-2h at 4°C in
the dark.

Rinse in distilled water and stain with 1% uranyl acetate, dehydrate
in increased sequential ethanol grade baths, and embed in Epon (as
described previously).

A succesful simple pre-embedding protocol for immunogold electron
microscopy that combines dry methanol fixation with anti-biotin antibo-
dies has been described by Miller etal. (1993). These authors microin-
jected a biotinylated protein and proceeded as follows:

1.
2.
3.

¥ ® N &

Fix the injected cells with methanol (—20 °C) for 3 min.
Rinse in PBS for 1 min.

Incubate with goat anti-biotin and normal donkey serum at 1:20
dilution in 0.1 M cacodylate buffer for 30 min at 37 °C.

Rinse in cacodylate buffer 3x9 min.

Incubate with rabbit anti-goat secondary antibody conjugated with
5nm gold particles at 1:5 dilution in cacodylate buffer for 30 min at
37 °C.

Rinse in cacodylate buffer.
Fix again with 1 % glutaraldehyde in cacodylate buffer for 1h.
Rinse three times, for 20 min each, in cacodylate buffer.

Postfix with 1% OsO,, 0.8 % potassium ferrocyanide (K;Fe[CN]¢) in
cacodylate buffer for 2-6h at 4°C in the dark.

Rinse in distilled water and counterstain with 1% uranyl acetate,
dehydrate with graded ethanols and embed in Epon as above.

Alternative pro-
tocol for pre-
embedding
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Labeling of Intracellular Components. Whole-mount Immuno Cytochemistry

Within the cell or the tissues, the filamentous structures of cytoskeleton
are distributed in three dimensions. However, the spatial distribution of
the cytoskeleton could not be viewed by the conventional methods of
electron microscopy on ultrathin sections. For this, electron microscopy
in whole-mount preparation is the best choice to study the whole cyto-
skeleton distribution of cultured cells (Pagan etal. 1996). This technique
takes advantage of the detergent/solvent insolubility of the cytoskeleton
components as well as their associated proteins. The same method can
also be used for detection of cytoskeleton-associated molecules. In this
method, cells are plated onto electron microscope grids (200-300 mesh)
as for coverslips, and the density chosen at the subconfluent state to give
one or two cells per grid square after attachment and spreading. In gen-
eral, cells spread more slowly on plastic films than on glass. To improve
spreading, prior to plating, the filmed grids are incubated overnight with
a drop of serum.

Materials

Cytoskeleton buffer (CB): 10 mM PIPES, 100 mM NaCl, 300 mM su-

crose, 3mM MgCl, 6H,0, 1 mM EGTA, 1.7 mM phenylmethylsulfonyl

fluoride (PMSF), pH 6.8. To make 11, weigh 3.46 g PIPES, 5.8 g NaCl,

102.6 g sucrose, 0.608 g MgCl,6H,0, 0.076 g EGTA. Dissolve in

900 ml H,0, adjust pH to 6.8 with NaOH (1 N), and fill up to 11. Store

at 4°C. Add PMSF (1.7 nM) before use

- 0.5% Triton X-100 in CB. Add 500 pl of Triton X-100 in 100 ml of CB.
Prepare before use.

- Paraformaldehyde solution; 2% solution of paraformaldehyde in
0.5% Triton X-100 in CB, pH 6.8. Prepare just before use

- Glutaraldehyde solution; 2.5 % solution of glutaraldehyde made up in

10 mM phosphate buffer (PB). Prepare just before use.
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Procedure

The application of this protocol is illustrated in Fig. 3.2.

Cells should be grown on sterilized gold grids covered with Formvar and
coated with carbon. To prepare Formvar-coated grids, the reader is
addressed to more specialized EM books (e.g., Hayat 1989).

1.

10.
11.
12.
13.
14.
15.
16.
17.

Rinse grids gently in PBS or CB at room temperature (5s).

. Extract the cells with 0.5 % Triton X-100 in CB for 3 min at 4 °C.
. Fix cells in 2 % paraformaldehyde solution for 30 min at 4 °C.

2
3
4.
5

Rinse 3X5min in 20 mM glycine-10 mM PB, at room temperature.

. Block free aldehyde groups in 1% BSA in 20 mM glycine-10 mM PB,

20 min.

Incubate cells with 10-12 ul of primary antibody or primary anti-
body mixture (if double labeling is desired) diluted in 20 mM
glycine-10 mM PB for 30 min.

Rinse 3x5min in 20 mM glycine-10 mM PB.

Incubate the cells with gold-labeled secondary antibody mixture
also diluted in 20 mM glycine-10 mM PB for 20 min.

Rrinse 3x5min in 20 mM glycine-10 mM PB.
Rinse 3X5min in 10 mM PB.

Rinse 3X5 min in 10 mM PB.

Postfix cells in glutaraldehyde solution for 1h.
Rinse cells 3X5min in 10 mM PB.

Postfix cells with 1% 0sO4 in 10mM PB 1h.
Rinse 3Xx5 min in PBS.

Rinse 3x5 min in distilled water.

Dehydrate grids through a series of increasing ethanol concentra-
tions:

a) 50 % ethanol (2x5 min)

b) 70 % ethanol (2x5 min)

¢) 90 % ethanol(2x5 min)

d) absolute ethanol (2Xx5 min).

Protocol for
whole-mount
immunocyto-
chemistry
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< Fig. 3.2A-C. Labeling of intracellular components using the whole-mount procedu-
res. The figure shows cells coexpressing two intermediate filaments (vimentin and
cytokeratin) and their distribution. A Hepatocytes were fixed in methanol (-20°C)
for 2 min, rinsed in PBS, and processed for indirect double immunofluorescence, as
indicated in Section 3.2. Primary antibodies were a mouse anti-vimentin, which was
detected by a FITC-conjugated goat anti-mouse (green), and a rabbit anti-
cytokeratin 18 which was detected by a TRITC-conjugated goat anti-rabbit (red).
Hoechst 33342 was used for nuclear staining (blue). The picture was obtained by tri-
ple exposure. B and C Samples were obtained following the whole-mount and
embedded-free procedures described in the text. Cells were grown on gold grids cov-
ered with Formvar and coated with carbon. Following extraction in cytoskeleton buf-
fer, cells were fixed and stained with the polyclonal antibody against cytokeratin 18
(B) and with the same mixture of primary antibodies used in A (C). Gold-conjugated
anti-rabbit (15nm) and anti-mouse (10 nm) immunoglobulins were used as second-
ary antibodies to detect cytokeratin and vimentin, respectively. Electron and stereo-
electron micrographs were obtained in a Hitachi electron microscope. Stereoscopic
images were made at 10° total tilt angle. Note in B the complex network of cytokera-
tin filaments (arrowheads). C shows the simultaneous localization of vimentin
(10 nm) and cytokeratin (15 nm) in the same bundle (arrow). Bar A 20 um, B 0,2 um,
C 0,1 um

18. Before EM observation cells must be dried through the CO, critical
point. It is necessary to place the grids in a transition fluid, amyl
acetate. To this end, perform the following steps:

a) place the grids in a mixture of ethanol-amyl acetate 3:1 (2X5 min)
b) ethanol-amyl acetate 2:2 (2x5 min)

c) ethanol-amyl acetate 1:3 (2X5 min)

d) pure amyl acetate.

19. Dry cells through the CO, critical point, coat lightly with carbon,
and examine in a transmission electron microscope.

Intracellular Labeling. DNP Immunogold Method

This is a relatively novel method (Pathak and Anderson 1989, 1991;
Rothemberg et al. 1992) for localizing sparse antigens in thin sections. It
combines the sensitivity of the horseradish peroxidase with the quanti-
tative capability of the gold particles and consists of a pre-embedding
and a post-embedding procedure. The pre-embedding method uses low
concentration of permeabilization detergents and a secondary antibody
that has multiple covalently attached dinitrophenol (DNP; for conjuga-
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tion of DNP molecule see Little and Eisen 1967 and Pathak and Ander-
son 1989). After plastic embedding, the DNP residues are readily
detected with a tertiary anti-DNP antibody followed by protein A-gold
labeling or gold-conjugated antibodies following the common methods
of post-embedding in plastic sections (see Sect. 3.2). The method offers
good sensitivity in addition to very good morphology. However, this
method requires time and good experience in EM methods.

Materials

Albumin bovine (BSA Sigma Faction V), ammonium chloride (NH,CI),
DNP-goat anti-mouse or DNP-goat anti-rabbit according to primary
antibody used, dodecenyl succinic anhydride (DDSA), ethanol absolute,
eponate, Formvar-carbon coated grids, glutaraldehyde (50 %), goat anti-
rabbit IgG-10 nm gold conjugated, lead citrate, magnesium chloride (Mg
Cl,), monoclonal anti-DNP (Oxford Biomedical Research), nickel grids,
osmium tetroxide (OsO,), paraformaldehyde (PFA), potassium chloride
(KCl), propylene oxide (PO), rabbit anti-mouse IgG, saponin, sodium
azide (NaNj;), sodium chloride, sodium hydroxide (NaOH), sodium
metaperiodate (NalOs), sodium phosphate (dibasic) (Na,HPO,-7H,0),
sodium, phosphate (monobasic) (NaH,PO,-H,0), tannic acid, Tris, ura-
nyl acetate, 2,4,6-tri (dimethyl-aminomethly)phenol (DNP-30).

Sodium phosphate buffer (sPB) 0.2 M, pH7.4. Solution A: 0.2M

sodium phosphate (monobasic). Solution B: 0.2 M sodium phosphate

(dibasic). Add sol A to sol B (until pH=7.4, or to the desired value)

- Paraformaldehyde 16 %

- Potassium chloride (KCl), 1 M

- Magnessium chloride (MgCl,6H,0), 1M

- Ammonium chloride NH, Cl, 2M

- 2,4,6-trinitrophenol (picric acid) 50 nM

- Uranyl acetate 4 %. Keep refrigerated, protected from light and filtrate
before use

- Sodium metaperiodate (saturated solution). Dissolve to 1 g/ml in dis-
tilled water

- Tannic acid 1%. Keep refrigerated, protected from light and filtrate
before use

- Lead citrate. In a 50 ml tube: to 1.33 g lead nitrate add 1.76 g sodium

citrate. Add 30 ml boiled, cooled, filtered distilled H,0. Shake for

1 min. Let stand 30 min with intermittent shaking. Add 8 ml 1 N NaOH
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(made fresh). Make volume to 50 ml with boiled, cooled, filtered H,O.
Invert to mix gently. Store at 4 °C, tightly covered. Filter before use.

- Buffer A. 0.1 M sPB, 3 mMgCl,, 3mM KCl, pH 7.4. To prepare 11, add  Working
500 ml sPB (0.2 M), 3 ml MgCl, (1 M), 3ml KCI (1M), and fill up with  solutions
distilled water

- Buffer B. Buffer A with 0.2% BSA and 0.01 % saponin. Dissolve 0.2 g
of BSA (faction V) and 10 mg saponin in 100 ml of buffer A

- Buffer C. 20 mM Tris, 3 mM NaNj3, 225 mM NaCl, pH 8

- Fixative I. 3% PFA, 3 mM TNP, 3 mM MgCl,, 3 mM KCI, 0.1 M sodium
phosphate buffer, pH 7.4. For 30 ml (enough for ten dishes of 60 mm?)
add 15ml sPB 0.2 M, 5.6 ml PFA 16 %, 90 ul MgCl, 1 M, 90 ul KCI 1 M,
1.8 ml TNP 50 mM, and fill up to 30 ml with distilled water

- Fixative II. 1.33 % gluraraldehyde in buffer A. To prepare 30 ml add
15ml sPB 0.2 M, 0.798 ml gluraraldehyde 50 %, 90 ul MgCl, 1 M, 90 ul
KCI 1 M, and made up to 30 ml water

- Fixative III. 1% OsO,, 1.5% potassium ferrocyanide in buffer A. To
prepare 20 ml add 10ml sPB 0.2 M, 60 ul MgCl, 1 M, 60 ul KCl 1 M,
300 mg potasium ferrocyanide, 5ml OsO, 4 %, and make up to 20 ml
with distilled water

- Blocking solution. 0.1 M NH,Cl in Buffer A. Prepare 60 ml for two
blocking steps as follows: 30 ml sPB 0.2M, 3ml NH,C]l 2M, 180l
MgCl, 1M, 180 ul KCI 1 M and fill up with distilled water

- Tannic acid 0.02 % in buffer A. To prepare 30 ml add 15ml PB 0.2 M,
600 pl tannic acid 1 %, 90 ul MgCl,, 90 ul KC1 1 M, and fill up with dis-
tilled water.

- Epon mixture. Epon 12 (15.3 g), DDSA (8.67 g), NMA (7.31 g), DMP-30
(435 ul). Prepare as indicated previously.

Procedure
Intracellular Labeling Using DNP Immunogold (see Fig. 3.3)

1. Fix cells, grown in culture dishes, with fixative I; 3 ml per dish, 1h, Pre-embedding

at room temperature. for labeling with
2. Rinse in buffer A, 3x5 min. 3:2 immuno-

3. Block free aldehyde groups with 0.1 M NH,CI in buffer A; 3 ml per
dish, 30 min at 4°C.
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4 Fig. 3.3A-C. Intracellular labeling using the DNP immunogold method. Three repre-
sentative examples of immunolabeling obtained with fibroblast cells by using the
dinitrophenol-immunogold method. A A cell surface-bound protein (lipoprotein
lipase) was detected using monoclonal antibodies against this protein (arrowheads).
B A rough endoplasmic reticulum resident protein (the receptor-associated protein,
also known as RAP) was detected using polyclonal antibodies (arrows). C A recycling
cell surface protein (the low-density lipoprotein receptor related protein/a2M recep-
tor or LRP) was detected using polyclonal antibodies (arrowheads). Gold particles
used were of 10 nm. Bar 0.4 mm

4. Rinse in buffer A, 3X5 min.

5. Incubate primary antibody diluted in buffer B (if you use crystalline
BSA use 0.15%) for 1-2h at 4°C. 1ml of antibody solution is
enough for J60-mm dishes. Dishes should be kept on agitation
throughout the incubation time, otherwise some areas of them
might dry.

6. Rinse in buffer B, 4x5 min.

7. Incubate cells with DNP-conjugated secondary antibodies. Diluted
in buffer B at 15-20 pg/ml. Use 2 ml/dish, 1-2h at 4°C.

8. Rinse in buffer B 4X5 min.
9. Rinse in buffer A 3X5 min.
10. Fix with fixative II; 3 ml/dish for 1h at room temperature.
11. Rinse in buffer A 3x5 min. First overnight stop.
12. Block free aldehyde groups with 0.1 M NH,Cl in buffer A for 30 min.
13. Rinse in buffer A, 3X5 min.
14. Fix with fixative III, 2 ml/dish, 1 h at room temperature.
15. Rinse in buffer A, 3X5 min.

16. Contrast with 0.02 % tannic acid in buffer A for 30 min. Protect from
light by covering dishes with aluminum foil.

17. Rinse in buffer A, 3X5 min.

18. Rinse in distilled water, 3 x5 min.
19. Ethanol 30 %, 2X7.5 min.

20. Ethanol 50 %, 2x 7.5 min.
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21.
22,

23.
24.
25.

26.

27.
28.
29.
30.
31.
32.

34.

35.
36.

37.

38.

Ethanol 70 %, 2x7.5 min. Second overnight step at 4 °C.

Stain with 0.259%, uranyl acetate in 70 % ethanol for 1h. Protect
from the light.

Ethanol 90 %, 2x25 min.
Ethanol 100 %, 2x30 min.

Detach cells from the dishes with propylene oxide (PO) at 4°C, and
transfer the cell suspension to Eppendorf tubes. Note: Be careful in
this step because long-term treatments with propylene oxide can
dissolve the plastic of the culture dish. Pellet cells by centrifugation
(I min at 12,000 rpm). Take off the supernatant, add new PO, and
resuspend the cells. Centrifugate and repeat the step once more.

Tranfer pellets to a mixture of 1 vol Epon:2 vol PO for 1 h. Resuspend
the pellets and centrifuge in a Beckman microfuge (do this in all
subsequent steps).

Add a mixture of 1vol Epon:1vol PO, for 1h.
Add a mixture of 2 vol Epon:1vol PO for 1 h.
Epon overnight at room temperature.

Epon, 2h at room temperature.

Epon, 12-24h at 60 °C.

Perform ultrathin sections according to conventional procedures.

. Float gold or silver-colored sections on Formvar-carbon-coated

nickel grids in satured NalO; for 40 min.

Rinse sections by jet wash (2 ml/s) with distilled water, 1 min/grid
(see Fig. 3.4¢).

Air-dry.

Float on a drop of 1% BSA (or 1% ovalbumin) in buffer C for
60 min. (Fig. 3.4a,b).

Incubate sections with 6-10 ml monoclonal anti-DNP (1-3 pug/ml)
in buffer C, containing 0.1 % BSA. Overnight at 4°C or 2h at room
temperature.

Rinse in buffer C/ 0.1 % BSA, 4x5 min.
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Fig. 3.4a-c. Handling of electron microscope grids for post-embedding immunola-
beling. Sequences for inmunogold labeling of Lowicryl or Epon ultrathin sections.
See text for details. (Egea 1993)

39.

40.
41.

42.
43.
44.
45.
46.
47.
48.

Incubate sections with rabbit anti-mouse (5 pg/ml) in buffer C/0.1 %
BSA, 2h at room temperature.

Rinse in buffer C/ 0.1 % BSA, 4X5 min.

Incubate sections with goat anti-rabbit IgG 10 nm gold at 1/40 dilu-
tion in buffer C/0.1 % BSA for 1h at room temperature.

Jet wash with distilled water, 1 min/grid.

Air-dry.

Stain with 4 % uranyl acetate for 15 min. Protect from light.
Rinse in water and let sections air-dry.

Stain with 2 % lead citrate for 10 min under nitrogen atmosphere.
Rinse in distilled water and let air-dry.

EM observation.

3.2.2 Post-embedding Procedures Using Colloidal Gold Probes

The post-embedding technique is the most widely used immunocyto-
chemical methodology for electron microscopy. Basically, cells are
directly frozen (after cryoprotection) or embedded in a resin (mainly
Epon, Araldite, LR White, Lowicryls, or Unicryl) and immunocytochem-
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ical reactions are performed on ultrathin cryosections or on ultrathin
sections, respectively. On the other hand, most protocols followed for
immunofluorescence are extended to the immunoelectron microscope.
In general, this is the case, but it should be pointed out that higher con-
centrations of antibody are needed for EM. This is the way to obtain a
better signal-to-noise ratio. Optimal antibody concentrations are usually
about ten fold higher than those used for immunofluorescence on per-
meabilized culture cells (Griffiths 1993).

At present, the most popular resin-embedding methods use the low-
temperature embedding in low cross-linked hydrophylic resins like
Lowicryl (Villiger 1991) and the epoxy resin Epon. Thin sections pre-
pared from resin-embedded tissues or cells have been succesfully used
for post-embedding immunolabeling (Roth 1989). Here, we described a
complete and detailed protocol of how to handle ultrathin sections of
resin-embedded microinjected (or transfected) cells to localize macro-
molecules at the ultrastructural level. However, detailed description of
the different protocols for embedding with low-temperature resins and
to obtain ultrathin sections are beyond the scope of this chapter. The
reader is advised to consult more specialized EM books (Hayat 1989;
Griffiths 1993) or an experienced electron microscopist or EM service.
Whichever embedding medium is used, ultrathin sections should be col-
lected on Formvar/Parlodion-coated nickel/gold grids (no copper
grids!).

Materials

Ammonium chloride (NH,Cl), BSA, glutaraldehyde (25 or 50% in
water), disodium hydrogen-phosphate anhydrous (Na,HPO,), fetal calf
serum (FCS), gelatin, gold-labeled reagents (i.e, protein A, streptavidin,
antibiotin, secondary antibodies), lead acetate, osmium tetroxide, PFA,
skimmed milk, sodium cacodylate, sodium di-hydrogen-phosphat
monohydrate (NaH,PO,-H,0), sodium metaperiodate, Triton X-100,
Tween-20, uranyl acetate.

PBS

- 0.1 and 0.2 M phosphate buffer pH7.4
0.1 and 0.2 M cacodylate buffer pH 7.4
0.2-1% BSA in PBS

0.1 % gelatin in PBS

2-5% skimmed milk

|
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- 5% FCS

- 1% BSA, 0.1 % Triton X-100, 0.1 % Tween-20 in PBS (PBS+++).

- 2% uranyl acetate in double distilled water (filter before use)

- 1% lead acetate (filter the whole solution and carefully add parafilm
sheet onto the surface)

- 50 mM NHA4CI in PBS

- Fixatives. The fixatives described below are those used routinely
because they provide a good compromise between morphological pre-
servation and antigen recognition capability of the antibody. These
fixatives are the following:
4-8 % paraformaldehyde in 0.1 M phosphate or cacodylate buffer.
4-8% paraformaldehyde with 0.01-0.5% glutaraldehyde in 0.1 M
phosphate or cacodylate buffer. Note: Remember to quench the free-
aldehyde groups with ammonium chloride (see previous sections).

- Saturated aqueous solution of sodium metaperiodate (only for Epon
ultrathin sections).

Procedure

1. Float the grids, sections down, for 5-10 min on a large drop of PBS  Immunogold
alone, or containing either 0.5-1% BSA, or 0.1% gelatin, or 2-5%  Labeling on
skimmed milk, or 5% fetal calf serum (FCS) as blocking agents. Ultrathin Sec-

2. Transfer grids (Fig.3.4a) onto a droplet (5-10 ul) of the specific anti- tions of Cells

bodies (properly diluted in one of the above blocking solutions) for E?ﬁ;‘:ﬁder
60 min at room temperature or overnight at 4°C in a moist chamber P

. . . . . . ature Resins
(Fig. 3.4b). This step is not necessary if cells were microinjected with (Lowicry)

antibodies. In this case, go directly to step 4.

3. Jet wash the grids by a mild spray of PBS (Fig. 3.4c), and then immerse
them in PBS for 2 min. This process should be repeated once. Alterna-
tively, grids can be floated onto the surface of a large volume of PBS in
an ELISA microwell plate and maintained under constant stirring with
a magnetic stirring device for 3x30 s. Finally, the side of the grid with-
out sections is blotted dry on a filter paper, but never let the sections
dry!

4. Place the grids onto a droplet (10 ul) of protein A-gold complex (pAg)
for 45min at room temperature. The appropriate dilution of pAg is
according the size of the gold particles. We use the following dilutions
in PBS containing 1% BSA, 0.1 % Triton X-100, and 0.1 % Tween-20
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<« Fig. 3.5A-D. Postembedding in cryoultrathin sections. Intracellular distribution of
wild-type human lipoprotein lipase (hLPL) and mutant N43A hLPL protein in trans-
fected COSI cells. The mutant consists of the substitution of Asn43 for a Ala to study
the role of glycosylation in the intracellular processing of LPL protein. COS1 cells
were transfected with either wild-type (A, B) or mutant (C, D) cDNAs. They were
processed for immunoelectron microscopy (48 h posttransfection) following the pro-
cedure for immunolabeling of cryoultrathin sections as indicated in the text. Immu-
nolabeling was performed using polyclonal affinity-purified chicken anti-LPL, rabbit
anti-chicken immunoglobulins, and protein A-gold (15 nm). Inserts show the immu-
nofluorescent microscopy of wild-type (A) and mutant LPL (C) transfected cells.
Note that mutant N43A hLPL accumulates in the lumen of the endoplasmic reticu-
lum. er Endoplasmic reticulum; n nucleus; m mitochondria; pm plasma membrane.
Bar A, C 1 mm, insert 20 mm, B, D 0.3 mm (Busca et al. 1995)

(abbreviated PBS+++) measured to 525 nm spec trophotometric opti-
cal density (ODsys):

a) OD=0.40 for pAg 15nm

b) OD=0.08 for pAgl0nm

c) OD=0.06 for pAg5 to 8 nm

5. Rinse grids twice in PBS as described in step 3 and finally also briefly
jet wash in distilled water and allow to air dry (30 min) before coun-
terstaining.

6. Contrasting of sections is done with 2 % uranyl acetate for 6 min, rinsed
with distilled water and then with 1% lead acetate for 45s under a
nitrogen atmosphere. Finally, grids are rinsed in distilled water and
allowed to dry before being examined by electron microscopy.

Note: This is the protocol followed when using a polyclonal antibody.
However, if an antigen is being localized with monoclonal antibodies,
the protein A reacts weakly. In this case use:

a) an intermediate step between the primary antibody (step 2) and the
protein A-gold step (step4) with an affinity-purified rabbit anti-
mouse IgG and/or IgM at a final concentration of 25 ug/ml in PBS
containing 0.1 % Tween -20 for 45 min at room temperature, or

b) commercial gold-labeled secondary IgG or IgM antibodies diluted
in PBS +++ at an ODs,s of 0.13 for 45 min. See also protocol fol-
lowed by Meyer et al. (1992).

In addition, the use of biotinylated monoclonal antibodies is quite com-
mon. In this case, the biotin molecules are detected with an anti-biotin
gold labeled secondary antibody (at an ODs,s of 0.15 in PBS+++, for
45 min), or with an anti-biotin secondary antibody (at 20 ug/ml in PBS,
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for 45-60 min) followed by pAg (at the dilutions mentioned above), or
with streptavidin-gold (at ODs,s 0.2 in 0.2 % BSA in PBS for 60-90 min).

The above protocols apply when ultrathin sections of Lowicryl-
embedded cells are used. The same methods can be used if thin sections
are obtained from Epon-embedded material, but an etching step is nec-
essary before the cytochemical reactions are performed. Etching consists
of the chemical extraction of resin to make antigens accessible to the
immunocytochemical reactions. Diverse procedures can be used before
step 1 but the most effective is a saturated aqueous solution of sodium
metaperiodate for 10-60 min (see Sect.3.5). This method is particularly
useful if epoxy-embedded cells and tissues were postfixed previously
with osmium tetraoxide (Bendayan and Zollinger 1983).

After the etching step, grids are extensively rinsed in distilled water
and the immunocytochemical reactions are performed as described
above. Sections are contrasted with 2% uranyl acetate for 10 min and
1% lead acetate for 2 min under nitrogen atmosphere.
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Post-embedding of Cryoultrathin Sections

The cryosectioning technique (see Fig.3.5), also called the Tokuyasu
technique, offers a number of advantages over most other methods for
high resolution immunolabeling (for more details see Griffiths 1993).
This method has the following advantages:

e It is the most sensitive technique for immunolabeling because the
antigen can be affected only by the initial aldehyde fixation. Freezing
and thawing of the specimen do not seem to affect its antigenicity.

e As the sections are not embedded in resin, they offer higher access of
the antibody to the antigen as compared with other techniques.

e The possibilities for enhancing the contrast of membrane structures
are greater than by any other method.

e The entire procedure can be performed in one working day.

However, the critical and more difficult step of this method is obtaining
cryoultrathin sections. Description of the technical requirements for
cryoultrathin sectioning is beyond the scope of this chapter.

In this method, it is necessary to fix the cells or tissues (Busca etal.
1995). Usually, 4-8 % PFA in phosphate, Hepes, or Pipes buffer is used.
To improve preservation of the fine structure, the fixative is often supple-
mented with 0.1-0.5 % glutaraldehyde or 0.5-1 % acrolein, both strong
cross-linkers. Cryoprotected, vitrified biological specimens can easily be
sectioned at low temperatures. The most widely used cryoprotectant is
sucrose, used at concentrations between 2 and 2.3 M. High concentra-
tions of sucrose give softer tissue blocks which have to be sectioned at
lower temperatures. For difficult specimens, an alternative cryoprotec-
tant mixture developed by Tokuyasu consisting of 1.8 M sucrose and
20 % (w/v) polyvinylpyrolidone (PVP, MW 10,000) is recommended.



Solutions

76

GUSTAVO EGEA ET AL.

Materials

Aqueous uranyl acetate (UA), 3 g UA in 100 ml ddH2O. Filter before
use (is a saturated solution). Store at 4°C

Uranyl acetate in maleate buffer, (can use 1% to 3%). 1 g (or 3 g) UA
in 100 ml maleate buffer (50 mM, pH 7.4). Filter and store at 4°C
Neutral uranyl acetate. Mix equal parts 0.3 M oxalic acid with 4%
aqueous UA. Adjust the pH to 7.5. Use pH-indicator strips, since heavy
metals will block the pH-meter electrode

Lead citrate. In a 50-ml plastic tube (1.33 g lead nitrate plus 1.76 g
sodium citrate). Add 30 ml boiled, cooled, filtered double distilled
(ddH,0). Shake for 1 min. Let stand for 30 min with intermittent shak-
ing. Add 8ml 1N NaOH (made fresh). Raise volume to 50 ml with
boiled, cooled, filtered ddH,0. Invert to mix gently. Store at 4°C,
tightly closed

Methyl cellulose. 2 g methyl cellulose (25 centipoises) layered on top
of 100 ml ddH,0. Leave at 4 °C for 3 days (MC dissolves better at 4 °C).
Centrifuge using Ti70 rotor for 30 min or more at 60,000 rpm, Store at
4°C

10 % FCS/PBS. 10 ml of FCS brought to 100 ml with PBS. Aliquot in 5-
ml bottles and store at —20°C

1% Fish skin gelatin (FSG )/PBS. 1 ml FSG in 100 ml with. Aliquot in
5-ml bottles and store at —20 °C.
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Procedure

10.

11.
12.

Collect grids by floating them on a solution to block nonspecific
binding of antibodies. 1-5 % fetal calf serum (FCS)/PB, 1 % FSG and
2% gelatin can be used. Use 5 % gelatin if you wish to keep the grids
for several days before processing.

Rinse in PBS once.

If the cells have been fixed with glutaraldehyde, free aldehyde groups
should be quenched in 0.02 M glycine in 5-10 % FCS/PBS for 10 min.
Rinse in PBS for a total of 5min.

Centrifuge antibody solution (1 min at 13,000¢) diluted in 1-5%
FCS/PBS.

Rinse in PBS 6 X2 min each.

Incubate grids in protein-A gold for 20-30 min. Dilute protein-A
gold in 1-59% FCS/PBS. The concentration is critical. Too-high con-
centrations give nonspecific binding.

Rinse in PBS 6 x4 min each.
Rinse in distilled water, 4x 1 min each.

Incubate in 2% methyl cellulose solution (25 cps) containing
0.1-0.4 % uranyl acetate, 3X6 min each.

Pick the grid up with a 3-mm loop. Remove the excess fluid with fil-
ter paper. Note: The thickness of the methyl cellulose film deter-
mines the contrast and the extent of drying artifacts.

Air-dry the grid suspended in the loop.

Examine the grids at the electron microscope.

For double labeling, after step 7, the grids are floated on 1% glutaralde-
hyde in PBS for 5 min, followed by many rinses in PBS (Slot etal. 1991).
Steps 3 to 7 are then repeated using as secondary antibody labeled gold
beads of different size, and then followed by steps 8 to 12.

Immunolabeling
of cryoultrathin
sections from
microinjected
cells (see

Fig. 3.5)
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Chapter 4

Videomicroscopy of Living Microinjected
Hippocampal Neurons in Culture

FRANK BRADKE! AND CARLOS G. DoTTI™*

Introduction

Videomicroscopy is the appropriate method to study many morpholog-
ical and intracellular changes of individual cells. In this chapter the two
principal types of videomicroscopy will be described: videomicroscopy
with normal phase contrast, and video enhanced contrast differential
interference contrast (VECDIC) microscopy. The first is especially suited
to study morphological changes of the cell such as cell movement,
retraction, outgrowth, filopodia dynamics (Nobes and Hall, 1995), and
mitochondria movement. VECDIC, in contrast, is based on Normarski
microscopy. With this method it is possible to track moving vesicles in
neurites (Allen et al. 1982; see also Fig. 4.1) and lamellipodia (Fisher etal.
1988), microtubule polymerization (Cassimeris etal. 1988), and actin
dynamics in growth cones (Forscher and Smith 1988). Beside these
methods, organelle transport can be also specifically visualized and
documented by fluorescent microscopy using specific fluorescent probes
(Lee and Chen 1988).

The chapter is divided into four parts: the first deals with the practical
problem of how to keep cells alive and in good condition for long
observation periods. The workstation we use is described in the second
part. The third part deals with a brief theoretical background on
VECDIC. Finally, we describe how to set the microscope for VECDIC and
how to obtain and process images.

* corresponding author: phone: +49-6221-387 322; fax: +49-6221-387 306;
e-mail: dotti@embl-heidelberg.de

' European Molecular Biology Laboratory, Meyerhofstrasse 1, D-69117-Heidelberg,
Germany
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Fig. 4.1. Organelle and growth cone dynamics in a neurite of a hippocampal neuron
visualized by VECDIC. Filopodia movement is visible in real time (see long left filo-
podia in the upper panel) as well as organelle movement (see magnification of the
squared part in the lower panel, time 1-4s): a nonmoving object (arrow) and a mov-
ing organelle (circle) are shown

Materials
General Considerations for Handling Cells

Different cell types respond very differently to stress situations such as
microinjection. Swiss 3T3 cells are an example of a robust cell line. They
tolerate microinjection and can be used for videomicroscopy directly
afterwards (Nobes and Hall 1995). Primary culture cells are, in general,
more sensitive. Our treatment of rat embryo hippocampal neurons after
microinjection and during videotaping will be presented as an extreme
example which is probably exaggerated for most other cell types. We
stress technical aspects which could be eliminated for more robust
cells.

Microinjection is a stress for cells. It is therefore important to limit
changes in their environment, such as temperature and pH. However,
even in carefully planned experiments, changes in medium, small tem-
perature shifts, and moving the cell culture dishes are unavoidable. We
keep these changes to a minimum and ensure that the cells have time to
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adapt to their new environment as well as to recover in their original
medium in the incubator.

For microinjection, hippocampal neurons are transferred from their
original neuronal medium to a buffer solution, i.e., Hank’s basic salt
solution (HBSS). We microinject cells using the Zeiss AIS automatic mi-
croinjector. After microinjection, the neurons are returned to the origi-
nal culture dish containing the growth medium and left in the incubator
for 2 h. For videomicroscopy we use sealed chambers and medium which
buffers physiological pH at atmospheric concentration of gases for a
short time. Thus, it is possible to assemble and seal the chamber without
pH change. The possibilities here are multiple. As chamber medium we
use growth medium /air medium (1/1) prewarmed to 37 °C (see recipes
of the media at the end of this paragraph). These media are specifically
used for rat hippocampal neurons (for details of this culture, see Goslin
and Banker 1991). Air medium is the same as growth medium, also in
terms of osmolarity, except that it is buffered with Hepes instead of
NaHCO;. To modify media for other cell types, one possibility is to add
a final concentration of Hepes, which doubles the molarity of NaHCO;,
Example: bring Earle’s salt-based MEM (EMEM) to 50mM Hepes
(EMEM contains 26 mM NaHCOj;). However, hippocampal neurons show
arrested growth under these conditions. For long-term recordings we
also add 0.1-1mM N-acetyl-L-cysteine, a light antioxidant which has
been reported to inhibit apoptosis and keep the cells healthier under
stress conditions (Mayer and Noble 1994). The observation video cham-
ber is prepared and warmed in the incubator for 10 min. The microscope
stage can be heated with an air fan controlled by a thermometer. We use
an objective heater ring which warms the objective and also warms the
specimen through the thermal conductance of the oil on the lens. Usu-
ally, the stage is heated 1 to 2 h after the cells have been located at the
microscope. Heating the stage is necessary to keep the cells in growth
conditions. Special care has to be taken with the temperature. Neurons
are very sensitive to temperatures slightly above 37°C but are not
harmed by temperatures around 25-30 °C.

Media

- Growth medium (N,)
10 ml 10x N, supplement
90 ml N-MEM
100 mg egg albumin
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Store at 4 °C no longer than 1 week
- Air medium:
80 ml MEM (8 ml 10x MEM, bring to 80 ml with water)
10ml 10X N,
3.2ml 20 % glucose
1 ml glutamine (from Gibco cat.no.: 25030-024)
1.4ml 5.5% NaHCO;
1.5 ml hepes
1 ml 1.1 % pyruvic acid
100 mg egg albumin
Bring to 100 ml with deionized H,0, aliquot in 50-ml tubes, store at
4°C
- N-MEM:
50 ml 10x MEM (GIBCO Cat.No.21430-012)
5ml 1.1 % pyruvic acid (SIGMA Cat.No.P-2256)
5ml 200 mM glutamine (GIBCO Cat.No.25030-024)
15ml 20 % glucose
20ml 5.5 % NaHCO,
Bring to 500 ml with sterile water
- 10x N, supplement:
1 ml 5mg/ml insulin (Sigma I-5500)
1 ml 20 uM progesterone (Sigma PO-1301)
1 ml 100 mM putrescine (Sigma P-7505)
1 ml selenium dioxide (Sigma S-9379)
100 mg transferrin (Sigma T-2252)
Bring to 100 ml with N-MEM. Aliquote and store at —20°C

The Video Chambers

To observe living cells under the microscope, a chamber is necessary
which gives the cells a constant environment in terms of hygroscopy, pH,
and temperature. We describe three different chambers which fit differ-
ent tasks: the simple, the flexible, and the long-term chamber. All of the
chambers are temperature-controlled by an objective heating ring from
Bioptechs, Inc., Butler, PA, USA. The different chambers, as well as the
objective heating ring, are shown in Fig. 4.2.

The Simple Chamber, the Petri Dish. The simplest solution to observe
cells under the microscope is a special petri dish with a hole in the bot-
tom with a glass coverslip attached (Glass Bottom Microwells plastek
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cultureware from the MatTek corporation, Ashland, MA; Part No. P35G-
1.5-14-C., uncoated No.1.5.) The cells are grown in the same dish in
which the experiment will be performed. The glass surface can be
treated like normal glass coverslips. To coat the surface of the glass, we
use the method described in Goslin and Banker (1991). In case the glass
has to be acid-treated before coating, the acid must not come into con-
tact with the plastic edge. Otherwise, the dishes become leaky. To pre-
vent air exchange during manipulation, the lid can be sealed with para-
film. The dishes are well suited for phase-contrast and Normaski micros-
copy using an inverted microscope and a long-distance condensor. How-
ever, this chamber cannot be used for high-resolution Normaski because
the oil condensor must come very close to the cells to illuminate the
specimen properly. For recording times of less than 1h, addition of
Hepes to the medium is not required. Sealing the petri dish is enough.

The Flexible Chamber, the Metal Slide. This chamber has the shape and
size of a microscopy glass slide but is made out of aluminum (see
Fig.4.3). A hole of 8 mm is drilled in the middle. The edges around the
hole are milled from both sides. The milling diameter depends on the
coverslip used (milling diameter = coverslip diameter +1 mm). The hole
can also be adjusted to different sizes but there should be enough milled
area to seal the coverslip to the slide properly. The metal slides can also
have a small microaqueduct leading from the outside to the interior of
the chamber to treat cells with drugs and change media while observing.
This chamber can be used for both phase contrast as well as VECDIC
microscopy because it permits optimal optical working distance. This is
the only one of the three chambers which can be used with a non-
inverted microscope. Moreover, this chamber can also be used with dif-
ferent coverslips, e.g. gridded coverslips (CELLocate coverslips, No. 5245
963.000-00, Eppendorf GmbH, Hamburg). This is not possible for the
other two chambers.

The major drawback of the flexible chamber is that the small volume
of medium in the chamber limits observation time.
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Fig. 4.2. Heating ring and the cell chambers: petri dish with a coverslip bottom, the
metal slide, and the FCS 2 chamber

Procedure

How to Use the Chamber

1. Put a thin film of Vaseline on one side of the milled edge using a
syringe.

2. Place a clean coverslip onto the hole and press it gently to allow the
Vaseline to form a film between the glass and the metal.

3. To avoid movement of the coverslip as well as air exchange of the
medium a layer of warmed, fluid VALAP (Vaseline/lanolin/paraffin: 1/
1/1) can be used to seal the border coverslip-aluminum.

4, Put a thin film of Vaseline on the milled/side edge of the opposite of
the metal slide. Mark this side. (This is the side where the coverslip
containing cells is placed.)

5. Leave the metal chamber in the incubator to warm.

6. Mount the coverslip containing cells:
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Fig. 4.3. Mechanical drawing of the metal slide
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a) Take your dish containing the coverslip with the microinjected cells
as well as the prewarmed metal chamber and place them in a lami-
nar flow hood. A tissue placed beneath the chamber will stop heat
exchange.

b) Pipette 2ul of 50mM Hepes into the chamber, take 100ul of
medium from the petri dish and add it into the chamber. Alterna-
tively, pipette 50 ul of Air-MEM and add another 50 ul of medium
derived from the petri dish. The well of the chamber is now com-
pletely covered with medium.

c) Take the coverslip with the microinjected cells from the dish using
a sterile forceps, flip it so that the cells face the medium, and place
it into the free milled side.

d)Press the coverslip gently to the milled edge and remove excess
medium with a tissue. If necessary, seal with VALAP.

e) Cover the metal chamber in another dry tissue to reduce tempera-
ture shifts and then go to the microscope. Put a drop of warm oil on
the coverslip and place the chamber on the microscope stage with
this side facing the lens.

The Long-Term Observation Chamber. For long-term observations (i.e.,
24-48h) a more sophisticated system is necessary. We use the FCS-2-
chamber from Bioptechs, Inc., Butler, PA, USA, which allows tempera-
ture control and perfusion of medium. It consists of a metal ring which
contains the heat regulatory element. Coverslips of 40 mm diameter fit
into this chamber. Due to its special perfusion system, the chamber
allows exchange of medium in a closed system with a minimum of cur-
rent. Medium can be slowly exchanged by a peristaltic pump. We use this
chamber with an objective heater ring also from Bioptechs. To assemble
the chamber follow the manufacturer’s instructions.

Major drawback is that the cells have to be grown on 40-mm cover-
slips.

Use of the FCS 2 System

1. Sterilize the plastic spacer and the microaqueduct in 70 % ethanol for
15 min.

2. Let them dry under sterile conditions.

3. Rinse in sterile water and, finally, in Air-MEM.
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4. Fit the upper gasket on the plastic ring.
5. Put the wet microaqueduct on top.

6. Put the plastic spacer (0.1, 0.25, or 1 mm) on top of the microaque-
duct.

7. Add 0.4 ml Air-MEM into the chamber.
8. Take the dish with the microinjected cells.
9. Remove 1.2 ml of the culture medium and add it into the chamber.

10. Take the 40 mm coverslip out of the petri dish and put it gently on
top of the spacer with the cells facing the medium. Try to avoid air
bubbles.

11. Close the chamber as described in the instruction manual provided
by the manufacturer.

12. Cover the chamber with some tissues and bring it to the microscope.

We have kept neurons alive for more than 4 days under these conditions,
choosing a 1-mm spacer and a temperature of 36 °C for the objective
heating.

Description of the Videomicroscopy Workstation

Microinjection and videorecording are performed at different microsco-
pes. This is convenient, since the microinjection workstation is too fre-
quently used to allow long observation times. Here we describe our
videorecording setup (see also Fig. 4.4).

The Zeiss Axiovert 135 inverted microscope (Fig.4.4A) is equipped
with 40x (NA 1.0), 63x (NA 1.4), and 100x (NA 1.4) Plan Apochromat
objectives. The microscope has a 100 W, 12 V light bulb. A green filter is
installed in the light path to reduce photo damage to the cells. To tape
phase-contrast and low resolution Normaski images, we record using a
long-distance condensor and reduced light but increase the gain with the
CCD camera control. For VECDIC we work with the maximum of light but
with the green filter. For VECDIC some additional microscope equipment
is necessary: Polarizer, analyzer, 1.6x optovar, appropriate condensors
and Wollaston prisms specific to the numeric apertures of the objectives.

For recording we use a Sony Hyper HAD camera (Fig. 4.4B), in con-
nection with a Hammatsu CCD camera C 2400 control panel (Fig. 4.4C).
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Fig. 4.4. Workstation: inverted microscope (A), video camera (B), camera control
panel (C), black and white monitors (D, G), Macintosh (E), video recorder (F) and
optical drive (H)

For alternate recording of phase, Normaski, and fluorescence, we use a
Cohu camera (Fig.4.4B) from the 4910 series (4913-5100/000) with the
same CCD camera control. VECDIC images made with this camera are of
good quality. The Sony camera produces images with slightly higher
contrast. However, the advantage of the Cohu camera is that fluorescent
signals can also be captured because it can integrate the low fluorescent
signals directly on a camera chip.

From the control panel, the live image is projected into a black and
white video monitor (Fig.4.4D). From the monitor the signal is grabbed
into a Power Macintosh 8500 equipped with an image grabber (LG3
image grabber, Scion Co.; Fig. 4.4E) and to a Panasonic time lapse video
recorder AG6720 (Fig.4.4F) in parallel. Another monitor (Fig.4.4G) is
connected to the output of the video recorder to monitor the recordings.
Time lapse video recording is essential to record slowly occurring events,
e.g., movement of organelles. Images are collected at a rate slower than
video rate and played back at video rate (34 frames per s). Normally,
VHS tapes are used, but for some critical parts of the experiment we
change to higher-quality tapes, i.e., SVHS tapes. This improves the image
only if the video recorder is SVHS-equipped. Through the grabber,
single pictures as well as series can also be processed on the computer
using NIH image software. Pictures can be stored on an optical drive
(Fig.4.4H). We use a 230 MB storage drive (Fujitsu M2512 A).
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Theoretical Background to Normaski

Differential interference contrast (DIC) light microscopy is especially
well suited to observe objects which have distinct borders. Objects can
be resolved which are normally not visible by transmission light micros-
copy, e.g., microtubule polymerization and depolymerization can be fol-
lowed (Cassimeris et al. 1988) as well as organelle movement along neu-
rites (Allen etal. 1982; see also Fig.4.1).

DIC microscopy works by splitting a polarized light beam into two
orthogonally polarized light beams using a Wollaston prism located in
the condensor. The split beams shear from each other, but become two
parallel light trains converted by the condensor lens. The two light trains
derived from one light beam are in the nanometer range away from each
other, i.e., below the resolution of the light microscope’s optics, and have
a well-defined phase difference, i.e., are coherent. While going through
the specimen, one light train is, in general, exposed to optically denser
material than the other, causing the light train which passes through the
optically denser zone to decrease its wavelength in comparison with the
other train. Thus the phase relationship of the two coherent light trains
has changed after passing through the specimen. They are then recom-
bined by a second Wollaston prism located at the base of the objective,
where they will interfere with each other. Destructive and constructive
interferences are visible in the microscope as the dark and bright edges
of the specimen. The resulting contrast can be adapted to the specimen
by moving the second Wollaston prism. The shadowing effect is maximal
when the edge of the object is parallel to the orientation of the Wollas-
ton. No shadowing can be observed when the edge of a specimen is
orthogonal in the orientation of the Wollaston prism.

All the information of the specimen extracted by the light beams is
now in the image. However, the signal-to-noise ratio is very low because
all the light beams which passed the specimen unchanged are also pres-
ent in the picture. (Just try to remove the analyzer: the image is very
bright, but the specimen can hardly be observed.) A second polarizer
orthogonally oriented to the first polarizer is installed in the light path to
reduce these unchanged light beams close to extinction. With the second
polarizer in place, the image observed through the occular comprises
only light beams which have changed their polarization when passing
through the specimen and the Wollaston prism.

For more detailed information about the theoretical background of
differential interference contrast light microscopy, we recommend the
original article of Allen etal. (1969). The review by Salmon etal. (1989)
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on VECDIC provides a good introduction to the possibilities and techni-
cal background of videorecording in the Normaski microscopy.

How to Adjust the Normaski

(For both metal chamber and FCS2 chamber on an inverted microscope)

1.
2.

2L .

10.

11.

Put oil on the side of the coverslip where the cells are.

Fix specimen on the stage, the cells facing the objective. Approach
the objective to the specimen.

Put a drop of oil on the top coverslip and approach the condensor.
Focus.
Close the aperture of the bulb as well as of the condensor.

Koehler the condensor aperture. In the ideal case the aperture of the
light source should be in focus now as well. Often, they are slightly
mismatched, which decreases the light yield.

Switch to TV observation.

Turn the gain to a middle setting which allows a reasonable picture.
Later, the gain may be changed according to the tasks: higher con-
trast requires maximum gain, which will also increase the noise.

Move the Wollaston until the objects show a minimum of shadow. In
the ideal case you should see a small shadowing from both sides (see
Fig.4.5). Point objects should appear as airy disks. This state is
called extinction.

Now move the Wollaston slightly. The point object will not show
shadows from both sides, but has only one shadowy side (see
Fig.4.5). The more the prism is tilted, the stronger the shadowing
will be. The increasing contrast reduces the resolution. Again, the
right compromise between contrast and resolution depends on what
is to be observed.

The image shows different light intensities caused by the tilting of
the prism. The shadowing function of the camera control helps to
compensate for this and gives a well illuminated image.
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Fig. 4.5a, b. Moving the Wollaston prism: position of extinction (a): illumination
from both sides leading at point objects to the appearance of airy disks (a, arrow).
Slight movement out of this position (b) causes shadowing of one side. The point
objects become shaded from one side(b, arrow)

Troubleshooting

Chambers

The medium in the chamber turns basic, the cells look unhealthy

There is too much gas exchange between the medium and the outside
of the chamber. There could be two problems. Either the chamber is
not sealed well enough. In this case, use parafilm for sealing the sim-
ple chamber or seal the aluminum chamber with warm VALAP. It is
possible to clog the metal tubes of the FCS2 chamber with hot wax
(this can be removed easily with water pressure.). On the other hand,
the medium could be exposed to normal air too long before being
sealed in the chamber. This will be no problem after practicing the
assembly procedure for a while. To keep the pH constant add more
AIR-medium.

The cells look unhealthy and die

Check the temperature. Did you calibrate your heating system? Reduce
the temperature. Cells are often sensitive to small increases in temper-
ature but quite robust at low temperature.

Check the pH. If the color of the medium changed to basic, proceed as
described before.

Do you illuminate too much? Reduce the light. Compensate with
increasing the gain of the camera control which will unfortunately
cause a noisier image. Alternatively, reduce your observation time.
Do you use a green filter? Add a heat filter into the light pass. Do you
use N-acetyl-L-cysteine?
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VECDIC

e The image is bright and the specimen is hardly observable

- Reduce the light. Make sure by phase contrast light microscopy that
you are near the focal plane and that a specimen is spotted. Change
again to DIC microscopy: change the condensor, insert the polarizer
and analyzer and the Wollaston prism in the light path. Koehler again.

e The image is too dark

- Increase the light and/ or the gain of the camera control
- Move the Wollaston prism
- Oil condensor: is enough oil between coverslip and condensor?

Acknowledgments. We are very grateful to Sigrid Reinsch and Ernst Stelzer for help-
ful discussions and comments on the manuscript.
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Chapter 5

Preparation, Purification, and Analysis of Synthetic
Oligonucleotides Suitable for Microinjection
Experiments

RAMON GUIMIL GARCIA' AND RaMON ErITjA™

Introduction

Synthetic oligonucleotides are being used in a wide variety of applica-
tions. Recently, interest has grown to utilize oligonucleotides and their
analogs as antisense inhibitors of gene expression (Crooke and Lebleu
1993). Although antisense oligonucleotides can be administrated directly
to the culture media, microinjection is also used. Microinjection of oli-
gonucleotides into cells permits the choice of the injection site and the
delivery of the desired amount of oligonucleotides inside the cells. Oligo-
nucleotides are injected into cells to inhibit gene expression (Kleuss etal.
1994; Kola and Sumarsono 1995; Moulds et al. 1995) and to analyze the
fate of antisense oligonucleotides in cells (Chin etal. 1990; Dagle etal.
1991; Leonetti etal. 1991).

Oligonucleotide synthesis is performed usually on solid supports.
Recent advances in chemical methods have greatly reduced the amount
of time and effort to produce oligonucleotides and their analogs. Auto-
mation of the synthetic process has been possible and oligonucleotide
synthesizers have been available since 1980. The purpose of this chapter
is to provide experimental protocols for the preparation of oligonucleoti-
des, it is divided into two parts. In the first part the assembly of the
monomers using the syringe method is described (Tanaka and Letsinger
1982). Different protocols for the purification of synthetic oligonucleoti-
des are provided in the second part.

* corresponding author: phone: +49-6221-387210; fax: +49-6221-387306;
e-mail: eritja@embl-heidelberg.de

! European Molecular Biology Laboratory, Meyerhofstrasse 1, D-69117-Heidelberg,
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5.1
Synthesis of Oligonucleotides Using the Syringe Method

The procedure that follows is designed to prepare a small oligonucleo-
tide (up to 30 bases) in a scale of 1-2 umol with minimal equipment
using the phosphoramidite approach (Caruthers etal. 1987). The syn-
thetic process will be performed inside a syringe equipped with a filter. The
different chemicals are aspirated to the syringe and expelling the solutions.
Every addition of a monomer consists in four reactions (Fig.5.1).

1.

Detritylation: elimination of the protective group of the 5’-OH. Per-
form with a 2-3 % solution of dichloroacetic or trichloroacetic acid in
dichloromethane.

Coupling: the 5°-OH of the nucleoside attached to the solid support is
condensed with the DMT deoxyribo 3’-nucleoside phosphoramidite
activated with tetrazol.

. Capping: unreacted 5’-OH are converted to acetate esters by reaction

with a solution of acetic anhydride and N-methylimidazole.

. Oxidation: phosphite-triester is converted to phosphate-triester with a

iodine solution. The oxidation step could be also used to prepared phos-
phate modified oligonucleotides such as nucleoside phosphorothioates.

After the assembly of the sequence, cleavage of the linkage between the
oligonucleotide and the support and elimination of the protective groups
is performed with concentrated ammonia.

Materials

2ml polypropylene/ polyethylene syringe with polypropylene plunger
equipped with a porous polypropylene frit (B. Braun Diessel Biotech,
Melsungen, Germany, cat. no. 920 152 / 1 or 920 252 / 8, ABIMED, Lan-
gefeld, Germany, cat no. 80270)

Hamilton Gastight syringe (5ml) with a Luer lock needle

Screwcap vial (5 ml)

TLC chamber

TLC plates (Silica gel, 60 F254, 5x10 cm, Merck, Darmstadt, Germany,
cat. no. 1.16834)

Standard DNA synthesis reagents (see suppliers at the end of the chapter)
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Fig. 5.1. Outline of the reactions involved on one addition of a nucleoside unit using
phosphoramidite derivatives

- Solid support loaded with the first nucleoside
- DMT nucleoside phosphoramidites

- Concentrated ammonia (25-32 %)

- UV spectrophotometer

- Oven or heating plate at 50—60 °C

- UV lamp (254 nm)

- Speed-vac or Rotovap

- Dichloromethane Solutions for the
- 2-39% dichloroacetic or trichloroacetic in dichloromethane (deblock-  synthesis
ing solution)
- Acetonitrile HPLC grade
- Anhydrous acetonitrile packed in a bottle with septum
- 0.4 M tetrazol solution in acetonitrile
- Acetic anhydride in tetrahydrofuran, lutidine (Cap A)
- N-methylimidazole in tetrahydrofuran (Cap B)
- Iodine solution (0.1-0.02 M) in pyridine, tetrahydrofuran, water
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Other solutions - 0.1 M 4-toluensulfonic acid in acetonitrile
- l-propanol / concentrated ammonia / water (55:35:10)
Note: Use gloves, lab coat, and protective glasses. Work under a venti-
lated fume-hood is advisable.

Procedure
Assembly of the Sequence

The oligonucleotide sequence is prepared from the 3’-end by addition of
the appropriate phosphoramidite derivative following the 3’ to 5° direc-
tion.

1. Fill a series of small bottles with one of the solvents or reagents
required in the synthesis. Dissolve the DMT nucleoside phosphorami-
dites with the appropriate amount of dry acetonitrile to make a 0.1 M
solution (use the Gastight syringe to transfer the acetonitrile).

2. Set up a syringe with the appropriate frit. Weigh the appropriate
amount (30-60 mg for 1-2 pmol) of solid support loaded with the first
nucleoside (the nucleoside present at the 3’-end) in the syringe. Set a
needle on the syringe.

3. Draw 1 ml of acetonitrile into the syringe, mix the CPG with the solu-
tion by gentle agitation for 15s and expel the solvent. Repeat the oper-
ation a total of three times.

4. Wash the support three times with 1 ml of dichloromethane as indi-
cated in step 3.

5. Draw 1 ml of deblocking solution and mix the CPG with the solution
by gentle agitation for 1 min. A strong orange color will develop. Col-
lect the orange solution in a separate culture tube.

6. Wash the support twice with dichloromethane (1ml), collect the
washings together with the previous orange solution.

7. Repeat step 5 and observe if more color is produced. If the solution is
orange, mix the solution and the CPG for 1 min and collect the orange
solution together with the previous washings.

8. Wash with dichloromethane (1 ml) twice.

9. Wash with acetonitrile HPLC grade (1 ml) twice.
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10.
11.

12.

13.

14.

15.

16.

Wash with anhydrous acetonitrile (1 ml) twice.

First draw 0.5 ml of 0.4 M tetrazol solution followed by 0.5 ml of the
appropriate phosphoramidite solution (0.1 M). Add a plastic cap on
the tip of the needle to preserve the solution from ambient humidity.
Mix for 2 min with gentle agitation. Then discard the solution.

First aspirate 0.5ml of Cap A (acetic anhydride solution) and then
0.5ml of Cap B (N-methylimidazole). Mix for 30 s with gentle agita-
tion and discard the solution.

Draw the iodine solution, mix for 30 s and discard the solution. The
oxidation step could be used to introduce modified phosphate bonds
(Crooke and Lebleu 1993). For example, replacing iodine solution
with solutions with sulfurizing agents (see below), it is possible to
introduce phosphorothioate linkages.

Wash with acetonitrile until the complete removal of the brown
color of the iodine. Usually it needs four washings of 1 ml each.

Repeat the synthetic cycle (steps4 to 14) until completion of the
sequence.

After the addition of the last base, and depending of the method
used for the purification (see below), you can either remove the last
DMT group to have a 5°-OH free or leave the DMT group at the 5-
end. If the fully deprotected oligonucleotide is desired, you should
follow steps 5 to 9 after the addition of the last phosphoramidite. To
obtain the 5’ protected DMT-oligonucleotide, you should stop the
synthetic cycle in step 14 of the addition of the last phosphoramid-
ite.

Ammonia Deprotection

1.

Remove the plunger for the syringe and allow to dry the solid support.
Remove the solid support from the syringe and place it in a screwcap
vial. Add 1-1.5ml of concentrated ammonia and close the vial tightly.
Place the vial at 50—60°C for a minimum of 6 h (is usually left over-
night).

. Remove the vial from the oven and allow the vial to cool at room tem-

perature or in the refrigerator. Remove the solid support by centrifu-
gation or by filtration using an HPLC filter or a glass pipette with a
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cotton plug. The resulting ammonia solution could be used directly if
the oligonucleotide will be purified by reversed-phase cartridge (the
oligonucleotide should have the DMT group on). Otherwise, ammonia
should be eliminated. If the number of oligonucleotides is small, the
best way is to transfer the ammonia solution to a round-bottomed
flask and concentrate the solution with a Rotovap. Alternatively a
Speed-vac could be used, but it is important to make sure that the vac-
uum is not very high at the beginning to avoid sample losses when
ammonia is applied to the vacuum.

3. The residue is dissolved in water and the absorption at 260 nm of the

solution is measured. Usually a 1/100 dilution is needed. For an oligo-
nucleotide of 15-20 bases, usually 50-80 OD units at 260 nm of crude
are obtained in a 1 pmol synthesis.

Analysis of the DMT Cation Absorbance

Coupling efficiency could be measured by the absorbance of the orange
solutions collected in test tubes during the synthesis of the oligonucleo-
tide.

1.

For a standard 1 umol synthesis, transfer the effluent from each detri-
tylation to a 10-ml volumetric flask. Rinse the test tube with 0.1 M 4-
toluensulfonic acid in acetonitrile and transfer the contents to the
volumetric flask. Dilute to the mark, stopper the flask, and mix gently.

. Measure the absorbance of the DMT cation in a UV-visible spectro-

photometer at 500 nm. Usually the absorbance of the solution is
higher than 2 OD units and a 1:10 or 1:100 dilution should be made.
Alternatively, the solutions could be measured at 520-530 nm where
the absorbance of the undiluted solutions is close to 1 OD unit.

. The overall yield of the synthesis is obtained by dividing the absor-

bance of the solution obtained in the last detritylation (last tube) by
the absorbance from the first coupling reaction (second tube). The
yield of each particular coupling could be obtained by dividing the
absorbance of the DMT cation solution before and after the coupling.
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Analysis by TLC

The quality of the newly synthesized oligonucleotides can be controlled
by gel electrophoresis (described on the purification part) and by thin
layer chromatography (if the oligonucleotide is shorter than 30 bases).

1. Set up a TLC chamber with the running solution 1-propanol-
concentrated ammonia-water (55:35:10). The solution should be
around 1 cm deep.

2. Draw a line with pencil at 2 cm from the bottom of the plate.

3. Apply 1ul of the ammonia solution onto the TLC plate at the line
drawn before. Dry the sample with the help of a hairdryer or let it dry.

4. Put the plate in a glass chamber until the liquid front reaches most of
the TLC plate.

5. Dry the plate either with the hairdryer or at room temperature.

6. Analyze the TLC under UV -light (254 nm). Typically a 20-mer have a
retention factor (Rf) of 0.4.

Results and Comments

The protocol described above allows the preparation of approx. 3 mg of
crude oligonucleotide (20 bases long, 1 umol scale). DNA synthesizers
can perform similar synthesis cycles automatically and they are common
instruments in most molecular and cellular biology laboratories. The
standard scales that an automatic synthesizer can produce are : 0.04, 0.2,
1, and 10 umol.

A similar cycle is used for the preparation of oligonucleotides having
phosphorothioate linkages. Specifically, the change of the iodine solution
for a 0.5M TETD solution in acetonitrile or a 50mM 3H-1,2-
benzodithiol-3-one 1,1-dioxide (Beaucage reagent) solution in acetoni-
trile will transform the phosphite-triesters to phosphorothioate. This
reaction could be performed at any position of the oligonucleotide. The
reaction time for sulfurization using TETD is 15 min and 30 if Beaucage
reagent is used. The phosphoramidite method allows the introduction of
a large variety of different modifications that prevents exonuclease
degradation. For further information see the following reviews: Crooke
and Lebleu (1993); Beaucage and Iyer (1993).
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The progress of the synthesis is controlled by the color of the DMT
cation released during the acid treatment. The colored solutions are col-
lected during the synthesis and they can be measured at 500 nm. A good
synthesis should have a similar intensity of color throughout the synthe-
sis.

The homogeneity of the product obtained could be checked after
ammonia deprotection using TLC, or ion-exchange HPLC or electropho-
resis. A major product (>80 % for a 20-mer) is observed together with
several small products (less than 1%) corresponding to the truncated
sequences.

5.2
Purification and Analysis of Synthetic Oligonucleotides

There are different methods to purify synthetic oligonucleotides.
Depending on the available instrumentation, it is possible to use either
gel electrophoresis or HPLC techniques (Fig.5.2). Ion-exchange HPLC
provides a good resolution of the full-length product from failure
sequences. HPLC on reversed-phase columns is also used if the DMT
group of the last addition is left on the oligonucleotide during the
ammonia treatment (DMT on synthesis) because the full-length oligo-
nucleotide containing the DMT group is easily separated from truncated
sequences. A similar result could be obtained using reversed-phase car-
tridges. The final product is less pure than the product obtained by
HPLC or electrophoresis, but a good recovery is obtained in less time
and no special equipment is needed for cartridge purification. Also pro-
tocols to desalt and obtain the sodium salts are described.

Materials

Electrophoresis power supply (0-3000 Volts)

Electrophoresis glass plates (20x20), Teflon spacers (0.4-1.5 mm), and
comb

~ UV lamp (254 nm)

- Urea

- 10X TBE: Tris base 105 g; boric acid 55.6 g and EDTA disodium salt. 2
H,0. Dissolve in water and adjust to 11 of solution (pH should be
7.8-8)
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SYNTHESIS

DMT ON | DMT OFF l
Reversed phase HPLC / ion-exchange HPLC or

or OPC cartrige purification Gel electrophoresis
DESALTING

Sephadex or
Ethanol precipitation

MICROINJECTION

Fig. 5.2. Schematic flow sheet showing the different steps for oligonucleotide puri-
fication

- Acrylamide/ bisacrylamide stock solution: 38 g of acrylamide and 2 g
of bisacrylamide dissolve in water and adjust to 100 ml water.
Warning: The unpolymerized form of acrylamide and bisacrylamide
are highly toxic. Wear gloves when preparing the solution.

- N,N,N’,N’-tetrametylethylenediamine (TEMED)

- 20% ammonium persulfate (100 mg) in water (0.4 ml).

- TLC plate (silica gel 60F254, 20x20 cm, Merck, Darmstadt, Germany,
cat. no. 1.16484)

- Saran-Wrap

- HPLC or FPLC apparatus

- Plastic syringes (5ml)

- HPLC filters (Nylon Acrodisc, 0.2 um)

- Reversed-phase HPLC column (PRP-1, Hamilton or Nucleosil 10C18
or similar)

- lon-exchange HPLC column (Mono Q, Pharmacia)

- HPLC solutions (reversed-phase) : A: 5% acetonitrile in 0.1 M triethyl-
ammonium acetate

- pH 6.5; B: 70 % acetonitrile in 0.1 M triethylammonium acetate pH 6.5

- HPLC solutions (ion exchange): A: 10 mM NaOH, 0.3 M NaCl pH 12.5;
B: 10 mM

- NaOH, 0.9M NaCl pH 12.5

- Detritylation solution: 80 % acetic acid in water

For HPLC
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- Reversed-phase cartridges (COP, Cruachem Ltd, Glasgow, Scotland or
OPC, Applied Biosystems-Perkin Elmer, Foster City, California, USA
or Poly-Pak, Glen Research, Sterling, Virginia, USA).

- Syringe (5ml)

- UV spectrophotometer

- Acetonitrile

- 2M triethylammonium acetate pH 7.5

- Diluted ammonia (1/10)

- Water

- 2% trifluoroacetic acid in water

- 20 % acetonitrile in water

- Sephadex G10 or G-25

- Dowex 50 Wx4-200 (100-200 mesh)
- UV spectrophotometer

NaOH 1M

Water

Procedure
Polyacrylamide Gel Electrophoresis (PAGE)

Polyacrylamide gel electrophoresis may be used for analysis and puri-
fication of oligonucleotides. The thinness of the gel may range from
0.2-0.4mm (for analytical purposes) to 1-2mm (for preparative pur-
poses); 15-20% acrylamide and denaturing conditions (7 M urea) are
optimal.

1. Prepare the appropriate glass plates, spacers and comb. (Sambrook
etal. 1989).

2. Prepare the solution of urea-polyacrylamide. Fifty ml are needed for
analytical purposes and 150 ml for preparative purposes. For analyt-
ical gels: weight 20.9 g of urea and add 5 ml of 10x TBE and 20 ml of
the 40 % acrylamide/ bisacrylamide stock solution. Add water to a
final volume of 50 ml and stir to dissolve the solids with gentle warm-
ing.

3. Add 12.5ul of TEMED and 125 ul of the ammonium persulfate. Mix
thoroughly and pour the solution immediately into the gel cast and
add the comb. After polymerization of the gel (5-15min), install the
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glass plates in the electrophoresis apparatus and run the gel at 750 V
for 2h.

4. After the run, the gel is carefully transferred to a TLC plate wrapped
with Saran wrap.

5. The oligonucleotides are visualized with UV light (254 nm).

6. If the gel is preparative, excise the desired gel band with a razor blade
and put the gel fragments with 2-3 ml of water overnight in the refri-
gerator. Then filter, wash with water, and discard the gel fragments.

7. Desalt the oligonucleotide solution using Sephadex G-10 (see below)
or HPLC or by ethanol precipitation.

lon-Exchange HPLC

Rapid analysis and /or purification may be accomplished using anion-
exchange HPLC. Silica gel or polymeric columns carrying chemically
bonded quaternary ammonium groups are used. Oligonucleotides are
separated because negatively charged phosphate groups on the DNA
interact with the tetraalkylammonium cations contained on the column.
A gradient of increased ionic strength is used to elute oligonu-
cleotides in order of increasing chain length (Fig.5.3). The protocol
described uses Pharmacia Mono Q column. The size of the column is a
function of the amount of product to inject. Analytical columns (HR 5/5)
give good results for 0.1-5 OD (40-nmols scale). For 1 pmol scale synthe-
sis, a larger column is needed (HR 10 /10).

1. Equilibrate the column with solution A.

2. Inject the sample and run a 60-min linear gradient from 0% B to
70 % B.

3. Collect the last eluting peak and quantify product from the UV
absorption of the solution.

4. Neutralize the solution and desalt.
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Fig. 5.3. Analytical ion-ex-
change HPLC chromatogram
Azeo of a crude dodecamer (5-
CACCGACGGCGCC 3’) pre-
pared on 10-umol scale on an
Applied Biosystems 394 DNA
synthesizer (DMT off).
Column Mono Q HR 5/5. Flow
rate 0.5ml/ min. Solvent A:
10 mM NaOH, 0.3 M NaCl pH
12.5; Solvent B: 10 mM NaOH,
0.9M NaCl pH 12.5. A 50-min
gradient from 10 to 60% B.
Absorbance at 260 nm

Reversed-Phase HPLC

The separation of the desired sequence from truncated sequences is
obtained due to the hydrophobic character of the DMT group (Fig. 5.4).
The oligonucleotide should be obtained from a synthesis in which the
DMT of the last phosphoramidite has not been removed (DMT on). After
separation of the DMT oligonucleotide, the DMT group is removed with
acetic acid and usually a second purification is performed. A 200x4 mm
column is used for analytical purposes (0.1-50OD). Repeated injections
or a larger column are needed for 1 umol scale.

1. Equilibrate the column with 10 % B.

2. Inject the sample and run a 30-min linear gradient form 10% B to
70 % B.

3. Collect the peak eluting near 50 % B.

4. Repeat the injections with the remainder of the crude mixture and
collect the appropriate peak. Quantify the product from the UV
absorption of the solution and evaporate the combined fractions.

5. Treat the residue with 1 ml of 80 % acetic acid at room temperature for
30 min.
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. Add 1 ml of water and extract the acetic acid and the dimethoxytrityl

alcohol with ethyl ether (3x6 ml).

. Add one drop of ammonia to the aqueous solution and concentrate

the solution.

. Dissolve the residue in 0. 5 ml of water or buffer A, filter the sample

and repurify the sample by HPLC. A 30-min gradient from 0% B to
50 % B is used.

. Collect the main peak and quantify the product from the UV absorp-

tion.

Reversed-Phase Cartridge Purification

Similarly to the reversed-phase HPLC, the purification is based on the
presence of the DMT group at the 5 end. Cartridge purification is
relatively inexpensive because no special instrumentation is needed. It is
important to process oligonucleotides with G at the 5’ end as soon as
possible because they have the tendency to lose the DMT group. The fol-
lowing protocol is given for COP cartridges.

1.
2.
3.

Wash the reversed-phase cartridge with 2 ml of acetonitrile.
Equilibrate the cartridge with 2 ml of 2 M triethylammonium acetate.

Dilute the ammonia-deprotection solution containing the DMT oligo-
nucleotide with 1-2ml of water. Pass the solution through the car-
tridge collecting the eluate. Pass the solution a second time. Keep the
eluate.

. Wash the cartridge with 3 ml of 1.5M aqueous solution (water / con-

centrated ammonia 9:1).

. Wash the cartridge with 2 ml of water.

. Fill the syringe barrel with 3-4ml of 2% TFA in water and pass half

of the solution. Let stand for 2-3 min and flush the remainder to
waste.

. Wash with 2 ml of water

. Elute the desired, fully deprotected, oligonucleotide from the cartridge

with 1 ml of 20 % acetonitrile and collect the sample in a 1.5-2-ml
Eppendorf tube. In the case of phosphorothioate DNA analogs,
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Fig. 5.4. Analytical reversed-phase HPLC chromatogram of the same crude dodeca-
mer prepared using the DMT on protocol. Column Radial-Pak (Bondapak C-18).
Flow rate 2ml / min. Solvent A: 5% acetonitrile in 0.1 M triethylammonium acetate
pH6.5. Solvent B: 70% acetonitrile in 0.1 M triethylammonium acetate pH 6.5. A
30 min gradient from 0 to 50 % B. Absorbance at 260 nm

fluorescein-labeled oligonucleotides, or 2’-O-methyl RNA analogs, a
35 % acetonitrile/water solution is recommended due to higher hydro-
phobicity.

9. For 1 umol synthesis repeat the process two to three times. The same
cartridge could be used for the same oligonucleotide, giving up to
20 OD units per cycle.

Desalting

Oligonucleotides coming from HPLC (especially ion exchange) and elec-
trophoresis should be desalted before use. Molecular sieve columns are
useful for these purposes, but ethanol precipitation can also be used.

1. Equilibrate a Sephadex G-10 or G-25 column with water. A prepacked
column can be used (NAP-10, Pharmacia).

2. Dissolve the sample with 1 ml of water.
3. Load the sample to the column and elute with water.

4. Collect 1 ml] samples and localize the first UV-absorbing material,
usually the first 2-4 ml. Combine the fractions and concentrate to dry-
ness.
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Preparation of Oligonucleotides in the Sodium Salt Form

Oligonucleotides coming from reversed-phase purification contain tri-
ethylammonium salts and counterions of the phosphates. A large
amount of these counterions can be toxic to the cells. Repeated liophyl-
ization removes a large part of these volatile salts but it is convenient also
to exchange the counterion using either ion-exchange or ethanol precipi-
tation.

1. Weigh 1-2 g of Dowex 50x4 per pmol of oligonucleotide.

2. Soak the ion-exchange resin with 1 M NaOH solution and poured on
a column. Wash the column with 20-50 ml of 1M NaOH solution and
afterwards with 200 ml of water. Check the pH of the eluate to be neu-
tral.

3. Dissolve the sample with 1ml of water and load the sample to the
column. Elute with water.

4. Collect 1-ml samples and localize the first UV-absorbing material,
usually the first 2-4 ml. Combine the fractions and concentrate to dry-
ness.

Ethanol Precipitation

1. Dissolve the sample with 0.3 ml of water (0.02-0.03 ml per OD unit of
oligonucleotide) and add 0.05 ml of 3 M sodium acetate.

2. Add 1 ml of ethanol and mix.

3. Store in the freezer for at least 30 min and centrifuge at high speed for
5min. For oligonucleotides of less than 15 bases, isopropanol may be
substituted for ethanol to ensure complete precipitation.

4. Remove the supernatant with a pipette and dry the pellet with a
Speed-vac.

Results and Comments

Short oligonucleotides can be used for microinjection experiments
directly after synthesis and ethanol precipitation (Kleuss etal. 1994). In
this case, small amounts of truncated sequences will be also present on
the experiment. In order to remove the truncated sequences, PAGE,
reversed-phase, or ion-exchange HPLC techniques can be used. Recovery



110 RAMON GUIMIL GARCIA AND RAMON ERITJA

Fig. 5.5. A fully polarized hippocampal neuron in culture photographed immedi-
ately after intranuclear microinjection of fluorescein-labeled oligodeoxynucleotides
designed for antisense inhibition of a heat shock protein

of the full-length product varies from 20 to 50 %, depending on the
length and the method used. Also, reversed-phase cartridges can be use-
ful for rapid removal of the truncated sequences.

Natural phosphodiester oligonucleotides can be used for microinjec-
tion experiments, but they are degraded inside the cells by nucleases
(Dagle etal. 1991). To avoid nuclease degradation, oligonucleotide-
containing phosphorothioate bonds are frequently used (Chin etal. 1990;
Leonetti etal. 1991; Beaucage and Iyer 1993; Crooke and Lebleu 1993).
Other modifications used in microinjection experiments are 5-propynyl
pyrimidine oligonucleotides (Moulds etal. 1995), 2’-O-allyl oligoribo-
nucleotides (Moulds etal. 1995), and phosphoramidates (Dagle etal.
1991). In order to analyze the intracellular distribution of microinjected
oligonucleotides, fluorescent compounds such as fluoresceine or rhoda-
mine can be incorporated into the oligonucleotides (Chin etal. 1990,
Leonetti etal. 1991). Figure 5.5 shows a neuronal cell that has been mi-
croinjected with a phosphorothioate oligonucleotide labeled with fluo-
resceine.

For microinjection experiments, oligonucleotides are dissolved in
water or phosphate-buffered saline solutions at a concentration ranging
from 1 to 100 uM. Before microinjection, the oligonucleotide solution is
centrifuged for 10 min at 13,000 g to remove materials in suspension. An
injection volume of about 20 femtoliters of a 5-uM solution is used for
microinjection into nucleus (Kleuss 1994); 50-500 femtoliters of a
0.1 mM oligonucleotide solution is used for microinjection into cyto-
plasm (Chin etal. 1990). Oocytes are injected with 10-50 nanoliters at a
0.1-M concentration (Dagle etal. 1991).
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Chapter 6

Colorimetric in Situ Hybridization

JAIME BERUMEN'

Introduction

In situ hybridization, the demonstration of genetic information within a
morphological context, is a powerful technique which is being used with
increasing confidence and frequency both in experimental and
diagnostic pathology. The development of colorimetric methods ame-
nable to routinely processed formalin-fixed tissues has the potential to
further increase its use.

Specific DNA or RNA is visualized by this combination of the molecular
biology technique of nucleic acid hybridization and the cytochemical
technique of immuno- or affinity detection. An appropriately labeled DNA
or RNA probe is allowed to bind to its DNA or RNA target sequence. For
the microscopic detection of the bound probe, enzyme-labeled antibodies
or affinity molecules such as avidin are used. The topological positions of
the genes and their expression, at the RNA level, are thus maintained.

Nonradioactive methods of hybridization and detection are essential
for clinical adoption of this technology. Nonradioactive probes are stable
reagents and result in reduced environmental hazards. Brigati and
coworkers first demonstrated the feasibility of using biotin-labeled nu-
cleotides with an avidin-enzyme detection system for the demonstration
of viral genetic information in formalin-fixed paraffin-embedded tissue
sections in 1983 (Brigati etal. 1983). Since that time, the technique has
been refined and shortened, and when fully optimized, shown to have
sensitivity comparable to **S-autoradiography (Unger etal. 1991). Other
affinity labels such as digoxigenin and sulfone are available and direct
labeling of probes with enzymes or fluorescent tags has been developed.

! Laboratorio Multidisciplinario de Investigation, Escuela Militar de Graduados de
Sanidad-Escuela Medico Militar, Universidas del Ejercito y Fuerza Aerea. Apdo.
Postal 35-556, 11649 Mexico City, Mexico; phone: 5-25-2020303; fax:
5-25-2020303; e-mail: escuelam@solar.sar.net
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The procedure contains aspects related to both the maintenance of the
morphology of the material under investigation and the achievement of
specificity with the hybridization reaction. In addition, the efficiency
needed for both the hybridization and the detection steps impose sepa-
rate requirements to the entire procedure.

Probe Preparation and Labeling

The probe is the key reagent that determines the ultimate specificity and,
in part, the sensitivity of the hybridization assay. The size and complex-
ity are the most important features of probes to achieve a high level of
sensitivity and specificity. Probes with higher genetic complexity pro-
vide increased sensitivity because a significant portion of the target is
represented in the probe and available for hybridization. Probe size
should also be such as to favor the kinetics of the hybridization reaction
and allow for maximal tissue penetration, thus allowing the time of
hybridization to be reduced, and reducing the nonspecific background
signal. Optimal probe fragment size ranges from 50 to 200 nucleotides.

Probes used for in situ hybridization are generally prepared using
standard molecular biological techniques. The most widely used are
double-stranded DNA (dsDNA) probes consisting of the DNA of interest
cloned into a plasmid DNA vector. Also used are single-stranded DNA
and RNA probes isolated using, for example, the M13 phage system or
asymmetric PCR and transcribed from fragments cloned into a plasmid
containing the bacteriophage SP6 or T7 promotor, respectively. Synthetic
oligonucleotides are also being used; however, the amount of genetic
information represented in these short sequences limits the sensitivity
when compared to the genetically complex recombinant probes.

Probes can be labeled either enzymatically or chemically. The enzy-
matic methods incorporate appropriately modified nucleotides, such as
the biotin-11-dCTP, using the techniques generally adopted for radioac-
tive labeling in molecular biology. Nick translation and random primer
extension are the enzymatic methods most commonly used to label DNA
probes (Sambrook etal. 1989). Random primer extension gives a higher
specificity labeling (the number of incorporated labeled nucleotides per
ug of DNA probe) than nick translation procedure; even the template
DNA is not labeled and at the end of the reaction only half of the DNA
probe is labeled. Besides, with the random priming labeling, consider-
able net DNA synthesis occurs, resulting in a 10-40-fold amplification of
the probe.
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The chemical methods utilize a variety of techniques such as photo-
biotinylation, sulfonation, mercuration, and N-acetoxy-2-aacetyl-
aminofluorene labeling. Before, during, or after labeling the probe, size
should be controlled such that the probe penetrates easily into the fixed
tissues and cells.

Prehybridization Treatment of Cell and Tissue Slides

The morphology of the tissue under investigation will be determined by
the fixation, pretreatment, and hybridization conditions. Tissue fixation
and pretreatment are important to maintain the topological position of
the target DNA and RNA and for penetration of probe and detection
reagents. Penetration of probe and detection reagent can be improved by
pepsin or proteinase K pretreatment. For most tissues, pepsin-HCl treat-
ment is most satisfactory, but for cell smears, proteinase K gives better
results.

Optimal digestion conditions are essential for success of in situ
hybridization. The adequacy of tissue preparation for probe penetration
and hybridization is determined by the results of hybridization with a
positive control, like the human placental DNA probe. If the cells are well
preserved and adequately prepared for hybridization, the human
genomic material within each nucleus should generate a signal with this
probe. Thus, human placental DNA serves as a simple but effective endo-
genous positive control probe.

The degree of sensitivity is achieved by careful optimization of the
digestion conditions without loss of fine nuclear morphology. In fact, the
use of this positive control was essential for developing colorimetric
technology with a sensitivity comparable to that of autoradiographic
methods (Unger etal. 1991). Decreased digestion (less time, acid, pepsin
or proteinase K) gives better morphology, but less sensitivity.

Optimal digestion may not always be attainable in tissue sections
because of extreme variations in fixation and processing. Without
recourse to an endogenous positive control as a guide towards maximiz-
ing the signal, digestion conditions would be difficult to estimate. Use of
this control permits poorly preserved tissues to be eliminated from fur-
ther consideration, and reduces false-negative hybridizations due to
inadequate protease digestion. Concentration of pepsin/HCl and pro-
teinase K should be optimized for different tissue and cellular types, and
the positive control probe should be included in every set of experiments
along with the tested probes (Unger etal. 1991).
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Hybridization and Posthybridization Reaction Conditions

Molecular hybridization is a reaction in which a single-stranded target
sequence in solution, on filters, or within tissues, and a complementary
molecular probe anneal to form double-stranded hybrid molecules. In the
case of DNA hybridization, both target sequences and DNA probe are ori-
ginally double-stranded, and before hybridization they must be denatured.

The two complementary DNA strands can be separated by agents that
break the hydrogen bonds, such as heat, extremes of acid or alkaline pH,
and hydrogen bond-disrupting chaotropic agents like formamide. The
energy needed to break the bonds between the A-T pairs (with two
hydrogen bonds) is lower than for G-C pairs (with three hydrogen
bonds). The backbone phosphate groups are negatively charged, and this
electrotastic repulsion assists in the separation of the two strands once
the hydrogen bonds are broken. For RNA hybridization, denaturation of
target sequences is not theoretically necessary, but is advantageous
because RNA molecules assume a secondary structure. The melting tem-
perature (T,, ) of a duplex DNA molecule is defined as the temperature at
which 50% of the duplex molecules are denaturated, and it is deter-
mined by the proportion of guanidine and cytidine nucleotides (%
G+C), the length of the molecules in base pairs (L), the molar concentra-
tion of monovalent cations (M), and the amount of formamide used in
the reaction mixture. These variables are linked by an equation derived
by experiments of DNA association in solution which can be used to cal-
culate the melting temperature in degrees Celsius.

T =81.5+16.6 (log M) +0.41 (% G+C) - 0.72 (% formamide) - 600/L

The T,, of double-stranded molecules is also influenced by the pres-
ence of mismatches of bases in the complementary strands due to small
sequence differences and decreased 1 °C per 1 % of sequence mismatches
in the duplex. The melting temperature of dsRNA is higher than that of
RNA-DNA hybrids, which in turn is higher than that of dsDNA.

Melting temperature properties govern the reaction conditions for
optimal hybridization. Single-stranded DNA denatured by heat will
reform double-stranded hybrids when the temperature is lowered again.
Probe molecules binding to target sequences that do not have a full
sequence homology will form hybrids having a high percentage of base
with mismatches (% mismatch). The temperature of renaturation or
hybridization depends on the perfection or stringency required for
hybrid formation. The temperature of hybridization for perfect base
pairing between the probe and target DNA is close to the T,, of the
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hybrid molecule. Thus, the stringency of hybridization is a function of
the difference between the T,, and the hybridization temperature, and
determines the degree to which mismatched hybrids are permitted to
form.

Since the rate of the reannealing is maximum at 25°C below the T,
(T,-25) and falls as the temperature of hybridization approaches the Ty,
hybridization conditions between T,-15 to T,-25 are recommended to
allow rapid reannealing. Higher stringency is then achieved by post-
hybridization washes to values closer to the T,,, according to the equa-
tion above.

The reaction rate is a function of the concentrations of probe and tar-
get sequences. The effective concentration of probe DNA in the hybrid-
ization solution can be increased by the addition of water-capturing
polymers like dextran sulfate. More detailed information about these
hybridization conditions can be found in Hames and Higgins (1985).

Specificity of Signals

Sensitive detection of small target sites is best achieved when high sig-
nals are obtained in the absence of any background reaction.
Background reaction can be derived from nonspecific probe binding and
nonspecific detector binding. Probe binding specificity is determined by
the stringency of the hybridization and washing conditions. Specificity
of detections is determined by the type of detector molecules and
incubation conditions used. Background reduction can be achieved by
staining under highsalt conditions (such as with 4x SSC), which pre-
vents ionic binding of detector molecules. This is most effective for
highly charged molecules such as avidin conjugates. The plasmid
pBR322 is commonly used as the negative control probe, in the same
conditions as the tested probe, to monitorize the unspecific signal.
Only when the negative control is absolutely negative can a delicate
colorimetric signal be interpreted with confidence. This confidence in
visual interpretation also increase with experience. In some tissue sec-
tions these requirements for optimal sensitivity can be hard to achieve.
Background can be an especially difficult problem, with liver and kidney
exhibiting quite high levels of endogenous avidin binding activity. In
such situations, alternative labeling and detection system can be applied.
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Outline

The entire in situ hybridization procedure consist of the following steps:
e Preparation of the labeled probe

e Preparation of the slides, fixation, and pretreatment of the material on
the slide

e Denaturation of target DNA (not for mRNA)
e The hybridization reaction and the removal of nonbound probe
e The detection steps of the bound probe.

Each of the separate steps is discussed in detail below and full protocols
for tissue sections and cultured cells are given in the subsequent sections.

Materials

Nick translation kit (Boehringer 976776)

- BioPrime DNA labeling system (BRL 18094-011)

- Bio-11-dUTP 0.4 mM (BRL 9507SA)

- Mini-spin columns Sephadex G-50 (Boehringer Mannheim 100406)
- DNase I (BRL 8047SA)

- BSA (BRL 5561UA)

- Avidin-alkaline phosphatase conjugate (Dako D-365)
- T4 DNA polymerase 1 U/ul (BRL 8005SA)

- CrystalMount (Biomeda)

- Permount (Fisher Scientific)

- Rubber cement (Oncor).

- Brij-35 sol. 30 % w/v (Sigma 430AG-6)

- NBT (Sigma N-68786)

- BCIP (Sigma B-6149)

- 3-aminopropyltriethoxysilane (Sigma A-3648)

- Nuclear fast red (Sigma N-8002)

DNase activation buffer: 10mM TrisCl pH7.6, 5mM MgCl, 1mg/ml
nuclease free BSA. Store at ~20° C
10x nick translation buffer: 500 mM TrisCl pH7.8, 50 mM MgCl,,
100 mM 2 Mercaptoethanol, 100 ug/ml nuclease free BSA. Store at -20° C
10X T4 DNA polymerase buffer: 0.33 M Tris-acetate pH 8.0, 0.66 M
potassium acetate, 0.1 M magnesium acetate, 5mM DTT, 1 mg/ml BSA
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10x gel buffer: 0.3 M NaCl, 30 mM EDTA

10x running buffer: 0.3 M NaOH, 30 mM EDTA

1x neutralizing solution: 3 M NaCl, 0.5M Tris-Cl pH7.5

10x dye solution: 50 mM Tris-Cl pH 7.5, 20 % Ficoll, 0.9 % xylene cya-
nol FF, 0.9 % bromophenol blue

Proteinase K solution: 100 mM Tris-HCI] pH 7.6, 50 mM EDTA, 50 ug/
ml proteinase K

100x Denhardth’s solution: 2 % Ficoll, 2 % Polyvinyl pyrrolidone, 2 %
BSA

Hybridization cocktail: 45% formamide (BRL), 5x SSC, 1x Den-
hardt’s solution, 25 mM NaPO, pH 6.5, 10% dextran sulfate (Sigma),
500 ug/ml Salmon sperm DNA (500 pb), 3 ug/ml of biotinylated probe

Tris-saline pH 7.5 Brij: 0.1 M Tris-Cl pH 7.5, 0.1 M NaCl, 5mM MgCl,,
0.25 % Brij-35-30 % solution

Tris-saline pH 9.5 Brij: 0.1 M Tris-Cl pH 9.5, 0.1 M NaCl, 50 mM MgCL,,
0.25 %Brij-35-30 % solution

McGadey reagent: 67 ul NBT 50 mg/ml 50 % DMEF, 33 ul BCIP 50 mg/
ml DMF

10 ml Tris-saline pH 9.5 Brij

Nuclear fast red solution: nuclear fast red 0.1 %, aluminum sulfate 5 %.
Heat the solution until the reagents dissolve, filter, and add crystal of
thymol.

6.1
Preparation of Biotinylated DNA Probes

Sequential Nick Translation and Random Primer Labeling

In this sequential labeling protocol the DNA may be conveniently labeled
with biotin first by nick translation and then by random primer exten-
sion reactions in the presence of biotin-11-dCTP and the other three
unlabeled deoxynucleotides (dATP, dTTP, dGTP). This sequential proto-
col improves the specificity labeling compared to the random priming
procedure, because the template DNA for random priming is already
biotinylated by nick translation before the new extended DNA strands
are labeled. At the end of this sequential protocol most DNA strands are
biotinylated.
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Procedure

1.

10.

To a sterile microcentrifuge tube on ice add:

ul DNA to be labeled (volume to equal 1 ug DNA)

2.0l 10x nick translation buffer

8.0 ul nucleotide buffer solution (200 uM each of dATP, dGTP, dCTP
and Bio-11-dUTP)

2wl enzyme solution (5U DNA polymerase, 100 pg DNase I)

ul sterile distilled water

To bring final volume to 20.0 ul

Mix gently, pop-spin to concentrate reagents in bottom of tube and
incubate at 15°C in ice-water bath for 2 h.

Heat in boiling water for 10 min.

Take 5 pl of the nick translation mixture (250 ng of DNA) and put in
a new sterile microcentrifuge tube, then add 19l of sterile water
and 20 ul of 2.5x random primers solution. Mix gently.

Denature DNA by heating for 7min in a boiling water bath; then
immediately cool on ice and incubate for 5 min. Centrifuge for 15s.

Add 5ul 10x ANTPs mix (2mM each of dATP, dTTP and dGTP,
1 mM of biotin-14-dCTP and dCTP) and 1ul of Klenow fragment
DNA polymerase (40 U/ul). Mix gently but thoroughly. Centrifuge
for 15s.

Incubate at 37 °C for 2 h, then stop the reaction by heating for 10 min
in a boiling water bath and add 50 ul of 1x SSC-0.1% SDS to make
a final volume of 100ul. Avoid stopping the reaction with EDTA
because this impairs the use of DNase I in case the probe needs to be
shortened.

Remove nonincorporated deoxyribonucleotides triphosphate by
chromatography on a 1-ml mini-spin column (Sephadex G-50).

Collect eluate and spot 1 to2ul onto nitrocellulose paper, dry in
oven at 80 °C for 30 min and to detect the biotinylated probe proceed
from step 4 to 10 of blot and detection procedure (see below).

The final concentration of the biotin-labeled DNA probe is approxi-
mately 3 ug in 100 ul. It may be stored in solution at —20°C for at
least 1 year.
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Re-Nick Protocol

Before use, the probe size should be determined by alkaline agarose gel
electrophoresis. For in-situ-hybridization probe size should average 200
bases. If probes are not below 500 bases, more DNase needs to be added
to the nick translation/random primer mixture. The amount will have to
be titrated for each lot of enzyme, 1-2 ul of 10~° dilution is good starting
point. Dilutions should be prepared immediately prior to use in DNase
activation buffer. DNase does not survive freeze-thawing too well, so ali-
quoting is needed.

1.

To sterile tube on ice add:

ul biotinylated DNA (to equal 1 pg)

5ul 10x nick translation buffer

1-2ul diluted DNase I (dilute to 10™® immediately prior to use in
DNase activation Buffer)

ul sterile distilled water,

to bring final volume to 50 ul.

. Mix gently, pop-spin and incubate in 15 °C ice-water bath for 2 h.

. Stop reaction and separate product on spin column as described in the

labeling procedure.

Procedure for Sizing Biotinylated Labeling Probes

1.

Perform the digestion of 5ug of pBR322 with Hinfl in a microcentri-
fuge tube:

33ul DD H,0

5ul 10x T, DNA polymerase reaction buffer

10 ul pBR322 (0.5 pg/ul)

2 ul HinfTI (10 U/ul)

50 ul total volume

. Mix, pop-spin, incubate in 37 °C water bath, 2 h.
. Add to total DNA digested above:

5ul 2mM dNTPs mix (dCTP, dATP, dGTP, and Bio-11-dUTP)
10 ul 10x T, DNA polymerase reaction buffer

12.5ul T, DNA polymerase (12.5U)

22.5 ul DD H,0

100 ul total volume

End-labeled DNA
markers
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10.

Mix and incubate for 15 min in a 12 °C ice-water bath.

Add 10 ul 500 mM EDTA. Mix and heat in 70 °C water bath for 5 min.
The final concentration of marker DNA is 50 ng/ul

Prepare 2 % agarose mini-gel in 1x gel buffer. Heat to dissolve aga-
rose, cool to about 70 °C prior to pouring gel.

Mix 1 pl of 10X running buffer, 1 ul of dye solution, 2 ul labeled DNA
(100 ng) and 6 ul of DD H,0.

Cover the gel with 1x running buffer and leave the gel to equilibrate
for 15 min.

Load the samples into gel through the running buffer.

Electrophorese at 75mA until bromphenol blue dye front is 3/4
down the gel (about 2.5h).

. Neutralize gel in 3M NaCl, 0.5M Tris-Cl pH7.5 until pH s less than

9. This requires about four changes of 30 ml buffer, 10 min/change.
Rinse gel in H,0.

Set up Southern blot with nitrocellulose filter using 10x SSC. Blot at
room temperature for 2 h (overnight will work if more convenient).

Wash filter in 2x SSC 5 min, air dry and bake in 80 °C oven between
filter paper for 1h to overnight (may be stored at this point in re-
frigerator).

Block in 3 % BSA/Tris-saline pH 7.5 for 30 min in 37 °C water bath.

Bake in 80°C oven between filter paper 30 min. (May be stored at
this point in refrigerator).

Block in fresh 3 % BSA/Tris-saline pH 7.5 solution at 37 °C for 30 min.

Incubate with avidin-alkaline phosphatase conjugate (1:500 in 1%
BSA/Tris-saline pH 7.5) at room temperature for 10 min.

Wash nitrocellulose 4x 3 min/wash in Tris-saline pH7.5 at room
temperature. (Washes should occur in vessel which has not been
exposed to conjugate).

Wash in Tris-saline 9.5, 2X 3 min at room temperature.

Develop in McGadey reagent, 1 h at room temperature, or until sig-
nal reaches desired intensity. Reaction is faster at 37 °C.
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6.2
In Situ Hybridization for Target DNA in Tissues and Cultured Cells

Procedure
Silanization of Slides

Freshly prepare 2 % solution of 3-aminopropyltriethoxysilane in acetone.
Dip good quality clean glass slides in solution for 2 min. Rinse twice in
distilled water and air dry. Slides may be stored in dust-free box at room
temperature until use.

Prehybridization Treatment of Tissue Slides
1. Pick up 3um sections of formalin-fixed paraffin-embedded tissue

block.

2. Incubate the slides in the oven at 70 °C for 15 min to overnight in a
metallic tray to firmly adhere tissues to the slides.

3. Dewax the tissue sections incubating the slides in Xylol (Coplin Jar)
for 2x 5min at 37 °C.

4. Incubate in absolute ethanol for 2x5 min (Coplin Jar) and air-dry the
slides.

5. Digest the tissue section with pepsin 0.125mg/ml in 0.025N HCI.
Apply 100 ul of the solution, cover with plastic coverslip and incubate
at 37 °C for 20 min in a humidified chamber.

6. Wash the slides 3x 5 min in TS-Brij pH 7.5.

7. Dehydrate the tissue sections incubating for 2min sequentially in
70 %, 95 %, and absolute ethanol.

Prehybridization Treatment of Cultured Cells

1. Collect cells from culture flask in 2 ml of fresh PBS. Pellet the cells at
room temperature, 5 min at 1000 g in the microcentrifuge.

2. Resuspend and wash the cells gently but thoroughly in 2 ml of fresh
PBS by using a 1-ml Eppendorf pipette. Pellet the cells as above.
Repeat two more times.
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. Resuspend the cells in 200 ul of fresh PBS and spread 10 ul in a glass

sibanized slide.

. Incubate the slides in the oven at 70°C for 30 min.
. Fix in 95 % ethanol for 15 min.

. Digest the cells with 50 ug/ml proteinase K solution in the same condi-

tions as above. Then follow steps 6 and 7 of the tissue pretreatment
procedure. Concentration of pepsin/HCl and proteinase K should be
optimized for different tissue and cellular types. For both tissue and
cell experiments, the human placental biotinylated DNA is used as the
endogenous positive control probe to control for optimization of
digestion conditions.

Hybridization (Metallic tray)

1.

Apply 50ul of the hybridization cocktail to each slide over tissue
(avoid forming bubbles), then cover with a 22x40 coverslip. When all
slides are finished, seal with rubber cement.

. Place the slides on a metallic tray preheated at 100 °C, and probe and

target DNA are simultaneously denatured at 100—105 °C for 15min in
a convection oven.

. Perform the hybridization by incubating the slides at 37 °C in a moist

chamber for 2 h.

Posthybridization Washes (Coplin Jar)

1.

Remove glue from slides carefully and soak slides in 2x SSC-0.25 %
Brij. Coverslip should fall off, if not, slide coverslip off carefully.

. The nonspecifically bound probe is removed with a series of graded

salt washes: 2x3 min each in 2x SSC-0.25 % Brij and 0.2x SSC-0.25 %
Brij at room temperature; in 0.1x SSC-0.25 % Brij at 50 °C and in 2X
SSC-0.25 % Brij at room temperature.

The temperature and salt concentration of stringent washes depend on
the T, of the hybrid probe/target DNA and the stringency required. It is
necessary to consider that the T,, of biotinylated probes is 5 °C below the
T, of unlabeled DNA.
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The plasmid pBR322 is used as negative control probe, under the same
conditions as the tested probe, to monitor the unspecific signal.

Colorimetric Detection (Humidified Chamber/Coplin Jar)

1. Apply 200 ul 3 % BSA solution on the tissue slide, cover with a plastic
coverslip and incubate for 5min at 37 °C in a moist chamber.

2. Mix 4 ul avidin-alkaline phosphatase conjugate in 1 ml of 1% BSA
solution (final dilution 1:200). Apply 20 ul of the conjugate, cover with
a plastic coverslip, and incubate for 20 min at 37 °C in the moist cham-
ber.

3. Wash the slides 3x3 min each in Tris-saline pH 7.5 Brij and 2X in Tris-
saline pH 9.5 Brij.

4. To develop the signal, apply 30 ul McGadey reagent and a plastic
coverslip, incubate for 1 h at 37 °C in the moist chamber.

5. Wash 3x1 min each in Tris-saline pH 7.5.

6. Counterstain the tissue, applying 20 ul of the nuclear fast red solution
and incubate for 20 s at room temperature. Wash in Tris-saline pH 7.5,
cover with CrystalMount, air-dry, and mount with Permount.

Results

The sensitivity of this colorimetric in situ hybridization protocol with
biotinylated probes is comparable to radioactive methods, with the col-
orimetric method having the advantages of speed, probe stability, and
improved signal localization (Unger etal. 1991). Target DNA detection
with colorimetric in situ hybridization resulted in a very clear purplish-
blue nuclear signal contrasted with a soft pink of the counter-stain and
negligible background. The lack of background permits analysis of the
signals even at 1000x magnification (Fig. 6.1). This lack of background
signal is not achieved with autoradiographic methods, and background
grain counts must be subtracted in cases where the signal is low.

The in situ hybridization assay is considered satisfactory when the tis-
sue slide gives a uniform, even nuclear reaction with the endogenous
positive control probe (human placental DNA) and give no signal with
the negative control probe (pBR322 DNA).
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Fig. 6.1a-f. Signal patterns of HPV16 DNA in cervical cancers detected by colori-
metric in situ hybridization with biotinylated probes. (BCIP/NBT signal development
with nuclear fast red counterstain; original magnification 1000x). a and b Diffuse
pattern. ¢ and d Mixed pattern. e and f Dot pattern. Signal is dark and confined to
the nucleus, which is pink

Hybridization of tissues and culture cells with biotinylated probes may
produce a variety of nuclear signals, ranging from a discrete dot to a dif-
fuse signal covering the whole nucleus, depending on the amount, status,
and kind of target and probe DNA. Single genes or integrated viral DNAs
give a dot signal whose intensity and size depend on the number of
copies present in tandem in the cellular genome. On the other hand,
multiple repeated DNA sequences give a diffuse pattern, as is the case of
the HPG probe hybridized over normal nucleus or viral probes in the
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case of tissues containing a high copy number of episomal viral forms,
such as the human papilloma virus (HPV) type 11 in condyloma acumi-
nata.

One of the first in situ hybridization assays that may be incorporated
into the pathology research laboratories is that for the detection and typ-
ing of human papillomaviruses (HPV). Many studies have linked some
HPV to cervical carcinomas and their precursor lesions. In situ studies
have been useful in depicting the virus within neoplastic cells. In addi-
tion to providing accurate detection and typing of the virus, in situ
assays can give information about the distribution, amount, and integra-
tion state of viral genomes within individual tumor cells. HPV exists as
an episome in most condylomas and cervical dysplasias, while in most
carcinomas, HPV is integrated onto a host chromosome. Thus, integra-
tion has been postulated to be an important step in oncogenesis.

The hybridization of cervical cancers tissues with the HPV16 produce
a variety of nuclear signals (see Fig. 6.1) and represent a very nice exam-
ple of the powerful information that may be uncovered by the colori-
metric in situ hybridization technique. Tumors containing high copy
number of episomal forms show a diffuse pattern in the cellular nucleus
(Fig. 6.1a,b), whereas those with viral DNA integrated into the cellular
genome show one dot in the nucleus (Fig.6.1e,f). In some tumors, the
entire spectrum of signals is observed, at times consisting of different
patterns in separate areas of the tumor (not shown) and at other times
within a single focus with adjacent nuclei showing diffuse and single dot
pattern (Fig.6.1c,d), suggesting that a combination of viral episomal
amplification and integration may be occurring during tumor progres-
sion (Berumen et al. 1995).

This colorimetric in situ hybridization protocol may be useful to mon-
itorize the incorporation of transfected vectors into the genomic DNA of
somatic cells transfected permanently in vitro or derived from trans-
genic mice. The hybridization of these cells with the biotinylated trans-
fected vector probes produced a fine dot signal in the nucleus, indicating
that the transfected genes are integrated into the cellular genome (data
not shown).
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Chapter 7

Manual Microinjection:
Measuring the Inhibitory Effect of HIV-1-Directed
Hammerhead Ribozymes in Tissue Culture Cells

ROBERT HOrRMES! AND GEORG SCZAKIEL'*

Introduction

The acquired immunodeficiency syndrome (AIDS; Barre-Sinoussi et al.
1983; Popovic etal. 1984) is caused by infection with the human immu-
nodeficiency virus type 1 (HIV-1). To investigate the potential of in vivo
active inhibitors of HIV -1, we established a transient test system in tis-
sue culture cells. Test substances were comicroinjected together with
infectious proviral HIV-1 DNA into human colon-carcinoma cells (SW
480). The suppression of HIV-1 replication was quantified by measure-
ment of the release of infectious HIV-1 particles after amplification of
HIV-1 produced in initially microinjected SW480 cells by cocultivated
CD4* MT-4 cells (Sczakiel etal. 1990).

The adherently growing SW480 cells were spread out on glass slides.
When grown to semiconfluence, cells were microinjected using glass
capillaries which allow the transfer of water soluble material, including
the biomacromolecules such as proteins and nucleic acids and even virus
particles, into the nuclei or the cytoplasm of culture cells (Graessmann
and Graessmann 1986). Here we describe a protocol for investigating the
inhibitory effectiveness of synthetic hammerhead ribozymes directed
against HIV-1 in living cells. The ribozymes were generated by in vitro
transcription with T7- or T3-RNA polymerase from linearized plasmid
DNA templates. The plasmids contain the transcribed ribozyme-coding
sequence between a T7- or T3-promoter and a restriction site (Homann
etal. 1993). Length requirements of the antisense flanks as well as the
subcellular delivery of the ribozymes were analyzed. The flowsheet
shown in Fig.7.1 schematically summarizes the steps of the microinjec-

* corresponding author: phone: +49-6221-424939; fax: +49-6221-424932;
e-mail: sczakiel@dkfz-heidelberg.de

! Forschungsschwerpunkt Angewandte Tumorvirologie, Deutsches
Krebsforschungszentrum, Im Neuenheimer Feld 242, D-69120 Heidelberg,
Germany
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tion assay which was used to determine ribozyme-mediated inhibition of
HIV-1 in human tissue culture cells.

Materials

Human epitheloid cell line SW 480 (Leibovitz etal. 1976)

~ Human T-lymphoid cell line MT-4 (Harada et al. 1985)

- Glass slides (10 mm diameter, Langenbrinck, Emmendingen, Germany)

- HIV-1 antigen ELISA (Organon Teknika, Durham, North Carolina)

-~ Infectious proviral HIV-1 DNA (pNL4-3, Adachi etal. 1986)

- T7-/T3-RNA polymerase (Boehringer Mannheim)

~ NTPs: ATP, GTP, CTP, UTP (100 mM, Boehringer Mannheim)

- DNase I (RNase-free, Boehringer Mannheim)

- Sephadex G-50 medium (Pharmacia Biotech, Uppsala)

~ Glass capillaries (GC 150F-10, 1.2 mm OD, 0.86 mm ID, with inner fila-
ment, Clarc Electromedical Instruments, UK)

- Geloader tips (1-10 pl, Eppendorf, Hamburg)

cultivation of SW480 cells

| |
1

DNA preparation | preparation of glass
and MT-4 cells in vitro transcription of RNAs microcapillaries !
S : - 1 -
\\\\\ ; ////
\\\ //
A K

’[ comicroinjection of infectious proviral HIV-1 DNA
L and RNA inhibitors, i. e. ribozymes into SW480 cells

cocultivation with MT-4 cells

e

quantification of HIV-1 replication
by p24 5*8-specific ELISA

Fig. 7.1. Schematic flow sheet of the microinjection assay that was used to measure
ribozyme-mediated inhibition of HIV-1 in human SW480 cells
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- DMEM: Dulbeccos minimal essential medium (Gibco BRL, Berlin, Media, buffers
Germany) and solutions
- RPMI 1640: (Gibco BRL, Berlin, Germany)
- FCS (fetal calf serum, PAA, Linz, Austria)
- L-glutamine (200 mM, Eurobio, Les Ulis, France)
- Antibiotics mix (penicilline 10,000 U/ml, streptomycine 10,000 pug/ml,
Eurobio, Les Ulis, France)
- Trypsine solution (0.125 % trypsine/0.125% EDTA in H,0)
- TE: 10mM Tris/HCl pH8, 1 mM EDTA
- 200 mM MgSO,
- 3 M potassium acetate pH 5.2
- 5X in vitro transcription buffers:
A: 90 mM Na,HPO,, 10 mM NaH,PO,, 100 mM DTT
B: 40 mM MgCl,, 20 mM spermidine
C: 5mM ATP, CTP, GTP, UTP, pH 7.5, fixed with NaOH
D: 25 mM NacCl

- Manual pipette puller (MPP1, Brindi, Germany) Equipment
- Microinjector 5242 (Eppendorf)

~ Phase contrast inverted microscope (Olympus IMT2)

- Micromanipulator (Leitz, Germany)

7.1
Cell Lines and Preparation of Cells

Cell culture media (440 ml) were supplemented with 50 ml FCS (inacti-
vated for 20 min at 56 °C), 5 ml 200 mM L-glutamine, and 5 ml antibiotics
mix. Adherently growing SW480 cells were cultivated with supplemented
DMEM (DMEM+) and the MT-4 cells that grow in suspension were cul-
tivated with supplemented RPMI 1640 (RPMI+).

Procedure
1. Wash the glass slides for 5 min in acetone and subsequently 5min in  Preparation
absolute ethanol. of glass slides

2. Transfer a dozen glass coverslips in a 10 cm diameter plastic tissue
culture dish and let them dry.
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N

. Suck off the medium of SW480 cells grown to 70 % confluence in a

75 cm? cell culture flask.

. Treat the cells with 4 ml trypsine solution and detach cells with 1 ml

trypsine solution for 5-10min. Note: Detachment of the cells is
increased at 37 °C (incubation time should be kept shorter than 5 min
in order to avoid harming the cells).

. Add 9 ml DMEM+ to the cell suspension to inactivate the trypsine by

FCS and to dilute the SW480 cells.

. Transfer 1 ml of the cell suspension in 10 ml DMEM+ in one tissue cul-

ture dish with the prepared glass slides.

. Incubate cells at 37 °C until grown to semi-confluence (24 to 36 h) and

5% CO,.

. Propagate MT-4 cells at 37°C and 5% CO, in RPMI+.
. Carefully suck off the old medium after 2-3 days, when color of the

medium has changed to yellow (acidic pH value, density approxi-
mately 1-2X 10° cells/ml).

. Dilute the cells to 50 % with RPMI+ and incubate further at 37 °C and

5% COZ

Note: One glass slide with microinjected SW480 cells will be cocultivated
with 1-2.5%10° MT-4 cells.

7.2
Plasmids and Synthetic RNA

Procedure

Preparation of DNAs

1.

2.

The plasmids containing transcribable sequences and proviral HIV -1
DNA are purified by one CsCl gradient centrifugation.

CsCl contained in micronjected solutions can harm the cells, therefore
the proviral HIV-1 DNA pNL4-3 is purified by gelfiltration as
described in preparation of RNAs.
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3. The DNA concentration is determined by UV-absorption (1 Ay,

=50 ng/ul dsDNA).

. The plasmids containing the transcribable sequences between a T7- or
T3-promoter and a restriction site were linearized. Note: Templates
with 5’-overhanging ends attain better yields at the in vitro transcrip-
tion.

Preparation of RNAs

A S

10.
11.

12.

. Mix 40 pl of each 5x in vitro transcription buffer A, B, C, and D.

Add 10 pg template DNA and 20 U T7- or T3-RNA polymerase in
40pul H,0 to start the reaction. Note: Take precautions against
RNases.

Incubate for 2h at 37°C.
Stop the reaction by adding 200 ul 20 mM MgSO, and 20 U DNasel.
Incubate for further 30 min at 37 °C.

Remove proteins by two extractions with 400 ul phenol (equilibrated
with TE) and extract once with 400 ul chloroform/isoamylalcohol
(19:1/v:v).

Extract the aqueous phase and add 1/10 vol 3 M potassium acetate
pH 5.2, and precipitate with 2.5vol precooled ethanol for 1h at
—20°C.

Cetrifuge 30 min at 15,000 rpm and 4 °C. Wash the pellet with 80 %
ethanol in H,0 and dissolve the pellet in 200 ul TE. Note: Keep RNA
solutions on ice or store at —20 °C.

Purify the RNA by gelfiltration with Sephadex G-50, which is equil-
ibrated in TE and contained within Pasteur pipettes. The small end
of the pipettes is tamped with autoclaved glass wool.

Wash the column three times with 500 pl chilled TE.

Charge the column with the dissolved RNA and wash with 500 ul
chilled TE.

Elute the RNA with chilled TE in four fractions of 120 ul each. Con-
trol the elution of the RNA on a 1% agarose gel.

In vitro
transcription
reaction

Gel filtration
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13

14.

. Pool the fractions containing RNA and measure RNA concentration

by UV-absorption (1 A,s0 =40ng/ul RNA). Note: A 200 pl in vitro
transcription reaction with 10 pug DNA template and 20 U RNA poly-
merase yields approximately 50 ug RNA.

Prepare the mixtures of nucleic acids for microinjection experi-
ments in TE. The mixtures contain 10 ng/ul pNL4-3 and 70 ng/ul
test RNA or unspecific control RNA.

73
Preparation of Glass Capillaries for Microinjection

Procedure

A
10

glass tube of 0.86 mm inner diameter, 1.5 mm outer diameter, and
cm length is clamped into the pipette puller to obtain a capillary with

a tip of approximately 1 um diameter. This is achieved by two separate
strokes.

1.

Introduce a constiction of about 10 mm in length and about 0.5 mm in
diameter with the first stroke: elasticity 4.0, brake 35mm, current
5.8 A.

. Create the desired tip with the second stroke: elasticity 6.5, no brake,

current 4.8 A.

. Immediately remove the tip of the glass capillary out of the heated

coil. Note: The listed parameters depend on the puller and the geome-
try of the heated platinum/iridium coil and must be optimized by
varying the current (temperature of the heating wire) and elasticity
(pulling forces at the carriage).

. Load the capillary with 1-2 pul nucleic acids mixture through the rear

opening by Geloader tips. The thin inner filament supports the trans-
port of the test solution to the tip of the capillary. Note: To avoid clog-
ging of the glass capillaries, centrifuge the test mixtures at least 30 min
at 15,000 rpm at 4°C and use supernatant for microinjection.
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74
Microinjection of Nucleic Acid Mixes into Human Epitheloid Cells

Note: This experiment is performed under P2/S2 safety standard. Imme-
diately after microinjection, cultured cells have to be transferred to a P3/
S3 laboratory.

Procedure

1.

Transfer two or three of the glass slides with tightly bound (adherently
grown) SW480 cells into a plastic tissue culture dish of 6 cm diameter
prefilled with 5ml DMEM+ and fix the dish on the microscope table.

. Clamp the prefilled capillary into the micromanipulator and put the

tip under the surface of the medium in the dish. Handle capillaries
very carefully to avoid breakage of the capillary tip. Note: Test solution
contains proviral HIV-1 DNA! Prevent pricking your finger by han-
dling extremely carefully and wearing two pairs of gloves (cotton
gloves under powder free latex gloves).

. Supply constant injection pressure (N;) between 60 and 200 hPa by the

microinjector. Note: Injecton pressure depends on the permeability of
the tip of the capillary and the viscosity of the injected solution.

. Focus the cell surface at the highest magnification (400x).

. Center the capillary tip in the visuable field at the lowest magnifica-

tion (40x). Repeat this with the next higher magnifications (100x,
200X, etc.) to bring the cells into focus and the tip of the capillary cen-
tered at the working magnification (400x).

. Lower the capillary slowly until it reaches the cell surface (a white spot

appears on the cell when the tip of the capillary touches the surface).

. Inject the cell by further slow lowering of the capillary and observe the

injected volume by the change in size and contrast of the cell compart-
ments in relation to each other.

. Avoid damaging the cellular and nuclear membranes by entering the

injection capillary in an angle of 45° to 60° and by keeping the injec-
tion time between 0.1 and 1s.
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9. For microinjection of the nucleus, move the tip of the injection cap-
illary downward to the top of the left third of the nucleus. Microin-
ject the cytoplasm by entering the cell on the left side (when glass
capillary is manipulated from the left side of the microscope table)
below the nucleus (Fig.7. 2).

10. Use at least 20 cells per glass slide when microinjecting into nucleus
and at least 50 cells when microinjecting into cytoplasm to obtain
quantifiable amounts of HIV-1. Reproduce microinjection experi-
ments at least five times to estimate the standard deviation of the
experiments, which ideally is in the range of 15 to 30 % of the mean
value.

Microinjection into nucleus Microinjection into cytoplasm

. /
\ 7
\ -

Fig. 7.2. Schematic drawing showing the movement of the glass capillary while mi-
croinjecting into nucleus and cytoplasm respectively. Arrow in the upper panel indi-
cates the directions of movement of the injection capillary. Arrows in the lower panel
(right) indicate the flow of the cytoplasmatically injected solution as is visible under
the phase contrast microscope
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11.

12.

13.

Transfer microinjected SW480 cells on glass slide into a 48-well plate
prefilled with 0.5 ml DMEM+.

Incubate for 24h at 37°C and 5% CO,. Note: Microinjection of
pNL4-3 DNA induces HIV-1 replication and the release of infec-
tious HIV-1 particles after approximately 6 h.

Amplify HIV-1 particles by cocultivation of microinjected SW480
cells with 1-2.5x10°> MT-4 cells per well in 0.5 ml RPMI+1 day after
microinjection. Quantify HIV-1 replication after 5 days.

7.5
Quantitative Measurement of HIV-1 Replication

Procedure

1.

Determine replication of HIV-1 by quantification of HIV-1 matrix
protein (p24) with a p24-specific antigen ELISA from cocultivated
SW480/MT-4 cells 5 days after microinjection. Note: To estimate the
amount of virus production, it is useful to pool supernatants of indi-
vidual experiments with the same test RNAs, estimate the dilution
which is next suited for the ELISA and subsequently dilute the super-
natants before determinating virus production in each well.

. Take 100 ul cell-free SW480/MT-4 coculture supernatants and incubate

with disruption buffer, conjugate, and substrate as described in the
instructions of the ELISA.

. Relate the observed absorption data of different experiments to a mi-

croinjected control of pNL4-3 alone or a mixture of pNL4-3 with an
unspecific RNA sample, e.g., tRNA,, an HIV-1-derived sense RNA or
an RNA derived from other unrelated sequences.

Results and Comments

Assay system

Microinjection of infectious proviral HIV-1 DNA into the nuclei of
human fibroblasts leads to viral replication and release of infectious
particles (Boyd etal. 1988). This observation is the basis for the pre-
sented transient assay to test and to compare the inhibitory effects of



140 ROBERT HORMES AND GEORG SCZAKIEL

antiviral agents including nucleic acids, proteins and low molecular
weight compounds (Sczakiel etal. 1990; Rittner and Sczakiel 1991).
The direct microinjection technique allows the delivery of any kind of
water-soluble test compound together with cloned proviral HIV-1
DNA (pNL4-3; Adachi etal. 1986). The inhibitory effect of antiviral
molecules can be tested in the nucleus as well as in the cytoplasm of
adherently growing cells like SW480 cells. Due to the lack of CD4 anti-
gen, the main receptor of HIV-1, SW480 cells cannot be reinfected by
released HIV-1. Virus, initially produced in microinjected SW480
cells, therefore, is amplified in cocultivated CD4" MT-4 cells. Five days
after microinjection, replication of HIV-1 is measured via HIV-1 p24
matrix protein in a monoclonal ELISA.

e Inhibition of HIV-1 replication by hammerhead ribozymes

Single-stranded nucleic acids complementary to a given single-
stranded target nucleic acid can act in vitro and in vivo as specific
downregulators of gene expression and viral replication (for reviews
see Hélene and Toulmé 1990; Weintraub 1990). These antisense
nucleic acids were also examined as inhibitors of HIV-1 replication,
whereby inclusion of the catalytic hammerhead ribozyme domain into
an antisense RNA increases its inhibitory effect on HIV-1 replication
(Homann etal. 1993). Hammerhead ribozymes are specifically struc-
tured RNAs which hydrolyze a phosphodiester bond of their target
RNA in a sequence-specific manner. The target RNA is recognized by
duplex formation via complementary sequences, whereby long duplex
sequences seem to be more stable than short ones. The ability of ribo-
zymes to cleave cognate RNA molecules (in trans) has made them of
interest to molecular biology and medical research. The construction
of symmetric and asymmetric hammerhead ribozymes is possible by
changing the position of the catalytic domain in an antisense RNA
(Tabler etal. 1994). Thus, the advantages of long antisense RNAs (sta-
bility, fast duplex formation) and of ribozymes (cleavage of the target
sequence) can be combined.
The described microinjection assay has been used to compare the
efficacy of long-chain hammerhead ribozymes and parental antisense
RNA against HIV-1. Table 7.1 summarizes data on the inhibition of
HIV-1 replication with the long-chained hammerhead ribozymes
0YRz195 (asymmetric ribozyme; Tabler etal. 1994) and 2as-Rz12
(symmetric ribozyme; Homann etal. 1993; Table 7.1). Inhibition data
were related to an unspecific CAT RNA.
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The comicroinjection of the set of ribozymes (70ng/ul) into the
nucleus of SW480 cells together with pNL4-3 (10 ng/ul) reveals only
weak inhibition by the antisense effect (aYRz195inac) and increased
efficacy by derivatives that contain an in vitro active hammerhead
domain (aYRz195 and 2as-Rz12). However, none of these constructs
shows significant inhibition when directly delivered into the cyto-
plasm of human SW480 cells (Table 7.1).

These findings indicate the importance of testing the inhibitory com-
petence of antiviral agents in different cell compartments. The mi-
croinjection assay for HIV-1 replication as described here has been
shown to be a useful alternative to other transient replication assays
like cotransfection. When addressing the influence of the subcellular
localization of the inhibitory RNA, this test seems to be the method of
choice.

Troubleshooting

RNA preparation

Problems with low yields of RNA in the in vitro transcription reaction
might be due to partially unlinearized template DNA, hydrolyzed
NTPs, or RNase contamination. Thus, it is helpful to:

Control restriction of template DNA on agarose gels

Use freshly prepared NTPs

Table 7.1. Influence of subcellular localization of HIV-1-directed ribozymes on
inhibition of HIV-1 replication in human cells

- indicates no inhibition; + indicates inhibition between 50 % and 80 %; ++ indicates
inhibition greater than 90 %

RNA Microinjection Microinjection
into nucleus into cytoplasm

CATY - -

aYRz195Y ++ -

aYRz195 inac” + -

2as-Rz12” ++ -

a)

b)

)

Active (0 YRz195) and inactive (0.YRz195inac) HIV-1*-directed asymmetric ham-
merhead ribozyme with 220 nucleotides (Tabler et al. 1994).

HIV-18%-directed symmetric hammerhead ribozyme with 420 nucleotides
(Homann et al. 1993).

CAT-directed antisense RNA with **’nucleotides as a negative control.
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- Add 10U RNase inhibitor (RNasin, Boehringer Mannheim) to the in
vitro transcription reaction

- Use autoclaved H,0 which was incubated for at least 2 h with diethyl-
pyrocarbonate (DEPC, Sigma, Deisenhofen) to prepare buffers for the
in vitro transcription reaction.

e Microinjection
There are some problems with low virus production when microin-
jecting into cytoplasm. To obtain measurable amounds of virus:

- Test SW480 and MT-4 cells for contamination with mycoplasma by
PCR (Mycoplasma PCR primer set, Stratagene, La Jolla, CA) and
decontaminate cells with Mycoplasma removal agent (MRA, ICN
Pharmaceuticals, Costa Mesa, CA)

- Use a higher concentration of pNL4-3 in the microinjected nucleic
acids solutions.
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Chapter 8

Cellular Microbiochemistry

RAINER PEPPERKOK'*, OLAF ROSORIUS?, AND JOCHEN SCHEEL>

Introduction

Capillary microinjection is efficiently used to introduce macromolecules
into the nucleus or cytoplasm of living mammalian cells (Proctor 1992).
Transfer can occur at well-defined stages of the cell cycle, and modifica-
tions of culture conditions are possible before, during, and after injec-
tion. The number of cells which can be injected per experiment is, how-
ever, limited. Therefore, in the past, biochemical analyses of microin-
jected cells has been possible, but difficult (Gautier-Rouviere et al. 1990;
Lane etal. 1993).

Due to the computer automation of the technique (Ansorge and Pep-
perkok 1988; see also Ansorge and Saffrich, this Chap.3) 500 to 1000
cells can now be injected within 30 min, allowing cellular microbio-
chemistry of microinjected cells on a routine basis (see Rosa etal. 1989;
Pepperkok etal. 1993).

The following protocols are used in our laboratory to study secretory
transport of the vesicular stomatitis virus glycoprotein (ts-O45-G, see
Kreis 1986) between the endoplasmic reticulum and the Golgi complex
biochemically. They can also be used as a basis to design experiments
addressing different questions involving biochemical analyses of mi-
croinjected cells.
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Outline

Short protocol

1. Grow 500 to 1000 cells in the center of a glass coverslip.
2. Label them with *S methionine.

3. Microinject all the cells on the coverslip.

4. Incubate for appropriate time and conditions.

5. Lyse cells and analyze proteins of interest.

Materials

Raw glass capillaries were from Clark Electromedical Instruments
(Reading, UK; cat. no. GC120TF-10). The pipette puller type P-87 from
Sutter Instruments (Novato, USA). The Microinjector model 5242 for
controlling the pressure applied to the micropipette, the microloaders
for filling micropipettes (cat. no. 0030001.22) and Geloader tips (cat. no.:
0030001.222) were from Eppendorf (Hamburg, ER.G.).

The automated microinjection system (AIS) including microscope,
motorized scanning stage, and micromanipulator, and the control com-
puter were from Zeiss (Jena, ER.G.).

The following chemicals were obtained from Sigma (Buchs, Switzer-
land): cycloheximide (cat.no. C-7698), phenylmethylsulfonylfluoride
(PMSE, cat. no. P7626), chymostatin (cat. no. C-7268), pepstatin (cat. no.
P4265), aprotinin (cat.no. A1153), trans-epoxysuccinyl-L-leucylamido-
(4-guanidino)butane (E64, cat.no. E3132), leupeptin-hemisulfate
(cat. no. 62070) was obtained from Fluka (Buchs, Switzerland).

35S methionine was obtained from NEN (Dupont, cat. no. NEG-009A).
Endoglycosidase H (1 mU/ul, cat. no. 1088726), GTPYS (cat. no. 220647),
brefeldin A (cat.no. 1347136) were from Boehringer (Mannheim, FRG).
Cell culture petri dishes 35 mm diameter ( cat.no. 153066) were from
NUNC (Roskilde, DK). Glass coverslips were from Menzel (Braun-
schweig, FRG). MEM culture medium (cat. no. 21090-22), MEM culture
medium without methionine (cat.no. 04101900M) and MEM culture
medium containing low concentrations of carbonate (0.85g/l, cat.no.
12565-024) were from Gibco Life Technologies (Switzerland). Penicillin/
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streptomycin (10,000 U/ml, cat.no. A2213), L-glutamine (200 mM,
cat. no. K0282), nonessential amino acids (100-fold concentrated solu-
tion, cat.no. K0293) were from Seromed (Biochrom KG, Berlin, Ger-
many). Protein A Sepharose (cat.no. 17-0780-01) was obtained from
Pharmacia Biotech (Switzerland) and prepared as a 50 % (v/v) slurry in
PBS. The anti-ts-045-G antibody aP4 (Kreis 1986) was provided by Dr.
T. Kreis (University of Geneva, Switzerland).

- Protease inhibitor mix1(PIM1) Solutions
250 mM PMSF
10 mg/ml chymostatin
5 mg/ml pepstatin
Dissolve in DMSO and store at —80°C

- Protease inhibitor mix2 (PIM2)
1 mg/ml aprotinin
5 mg/ml leupeptin-hemisulfate
0.7 mg/ml E64
Dissolve in water and store at —80 °C

- Lysis buffer
50 mM Tris pH 7.4
100 mM NaCl
1% Triton X-100
1 mM EDTA

- Microinjection buffer (pH 7.2)
48 mM K,HPO,
4.5 mM KH,PO,
14 mM NaH,PO,

- Tissue culture medium for Vero cells (MEM™")
MEM culture medium
100 U penicillin/streptomycin
2mM L-glutamine
1x nonessential amino acids
10 mM Hepes pH 7.4
5% fetal calf serum

- Tissue culture medium for microinjection (MEM")
MEM culture medium containing low concentrations of carbonate
(0.85g/)

© 100 U penicillin/streptomycin

2mM L-glutamine
1x nonessential amino acids
30 mM Hepes pH 7.4
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5% fetal calf serum

Labeling medium

MEM culture medium without methionine

100 U penicillin/streptomycin

2mM L-glutamine

1x nonessential amino acids

10 mM Hepes pH 7.4

5% fetal calf serum (should be dialyzed against PBS to deplete methi-
onine)

Stock cultures of monolayer Vero cells (African green monkey kidney
cells, ATCC CCL81) were grown in tissue culture medium for Vero cells
(MEM?") at 37°C and 5% CO,.

Procedure

Preparation of Cell Lysate

1.

w

N N U

Grow Vero cells in ten petri dishes (15cm diameter) to 70 % con-
fluency (=10° cells in total).

. Place petri dishes on ice (work in the coldroom).

. Remove medium from the first petri dish and add 10 ml of ice-cold

lysis buffer.

. Lyse cells for 1 min (rock the plate several times).

. Transfer the lysate to the next plate.

. Repeat steps 4 and 5 until cells in all dishes are lysed.

. Rinse the plates subsequently with 5ml lysis buffer and combine the

two lysates.

. Spin the lysate (15 ml in total) for 15 min in a minifuge (15,000 rpm) at

4°C.

. Remove the supernatant, aliquot it in 1 ml aliquotes, snap freeze them

in liquid nitrogen, and store at —80°C.
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Plating Cells onto Glass Coverslips

1. Grow Vero cells to 80 % confluency in a 10 cm petri dish.

2. Typsinize cells and resuspended them in 10ml complete culture
medium (containing 5 % fetal calf serum).

3. Count the number of cells, using a hemocytometer.

4. Transfer the suspension into a 15 ml falcon tube and pellet the cells for
5min at 200g.

5. Resuspend the cell pellet in complete culture medium and adjust the
cell density to 3.5x10* cells/ml.

6. Plate a droplet of 7 ul of this cell suspension in the center of a glass
coverslip (10x10 mm =250 cells).

7. Place the coverslip into a humid chamber and incubate at 37°C and
5% CO, until cells have attached to the glass (this usually takes 6-8 h).

8. Transfer the coverslips into 3 cm petri dishes containing 2ml of cul-
ture medium and let the cells grow for 2 days at 37°C and 5% CO,.
Usually between 500 and 1000 cells will be in the center of the cover-
slip after this time.

Microinjection, Metabolic Labeling, and Lysis of Cells

For experiments analyzing secretory transport of the temperature-
sensitive vesicular stomatitis virus glycoprotein (ts-045-G), cells are
infected with vesicular stomatitis virus (ts-045, see Kreis 1986; Pepper-
kok etal. 1993) before microinjection and metabolic labeling. Microin-
jection is carried out in MEM™ (see above for preparation) to keep pH
constant during microinjection. Temperature during microinjection is
controlled, using a home-made microscope stage temperature control
(see Pepperkok et al. 1993). Incubations after injection are performed in
MEM" in 5% CO, at respective temperatures.

1. Microinject all the cells on the coverslip prepared as described in Sec-
tion 8.4.2 (for details of the microinjection procedure see Chapts. 1
and 2, this Vol.).

2. Incubate cells for 15 min in labeling medium to deplete cellular stores
of methionine.
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. Take the coverslip out of the culture dish, blot the edges dry with ster-

ile filter paper, and place the coverslip into a separate new 3-cm petri
dish without medium.

. Immediately, pipette 40ul of **S methionine (2uCi/ul in labeling

medium) onto the coverslip. Transfer the petri dishes into a humid
chamber and incubate for the appropriate time (typically 5 to 30 min)
at 37 °C (39.5°C for ts-045 infected cells) and 5% CO,.

. Wash cells three times with MEM™ culture medium.

. Chase cells for the appropriate time (depends on particular experi-

ment) in 2ml MEM" (containing 100 ug/ml cycloheximide) at respec-
tive temperatures and 5% CO,.

. Take the coverslip out of the culture dish, blot the edges dry with ster-

ile filter paper, and transfer it into 300ul ice cold cell lysate (see
Sect. 8.4.1 for preparation) in a 24-well plate.

. Incubate the coverslip for 15 minutes at 4 °C; agitate gently.

. Collect the 300 l lysate and proceed with the biochemical analysis of

lysed proteins. Alternatively, samples can be snap-frozen in liquid
nitrogen and stored at —80 °C until further use.

Note: Microinjection (step 1) can be performed after metabolic labelling
(steps 2-5).

Immunoprecipitation and Digestion with Endoglycosidase H (endoH)

1.

Spin the lysate in a minifuge for 5 min at 4°C and collect the superna-
tant.

. Add antibody to the supernatant. The antibody should be in excess of

the antigen to be precipitated.

. Incubate the sample with gentle agitation overnight at 4°C (use, e.g.,

a rotating wheel).

. Add 15l protein A Sepharose (50 % slurry) to the sample and con-

tinue the incubation for 2h at 4 °C.

. Spin the sample for 1 min at 4 °C at 10,000 rpm in a minfuge to pellet

the Sepharose.
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Fig. 8.1A, B. About 500 to 1000 Vero cells grown in the center of a glass coverslip (see
Sect. 8.4.2) were infected with temperature-sensitive vesicular stomatitis virus, ts-
045, at 39.5°C as described (Pepperkok etal. 1993). All cells on the coverslip were
microinjected at 39.5 °C with either injection buffer alone (lanes 3, 4 in A) or injec-
tion buffer with 500 uM GTPYS (lanes 5, 6 in A and lanes 5, 6 in B). Cells were incu-
bated for another 30 min at 39.5°C, to let them recover from the injection, before
metabolic labeling with S methionine at 39.5°C (ect. 8.4.3). A After labeling cells
were chased in labeling medium (containing 100 pg/ml cycloheximide) for 1h at
39.5°C (lanes 1, 2; not injected) or 31°C (lanes 3-6, injected), lysed, and vesicular
stomatitis virus G-protein (ts-O45-G) was immunoprecipitated using a rabbit anti-ts-
045-G tail antibody (aP4; Kreis 1986). Immunoprecipitated ts-O45-G was digested
with endoH and subsequently analyzed by gel electrophoresis and autoradiography.
Lane 1 39.5°C, noninjected, -endoH; lane 2 as lane 1, but +endoH; lane 3 1h at 31°C,
control-injected, -endoH; lane 4 as lane 3, but + endoH; lane 5 1h at 31°C, GTPyS
injected, -endoH; lane 6 as lane 5, but + endoH. B GTPYS injected (lanes 5, 6) and
noninjected cells (lanes 1-4) were chased for 2.5h at 39.5°C in the absence (lanes 1,
2) or presence of brefeldin A (lanes 3-6). Then they were lysed and analyzed as
described in A. Lane noninjected, -brefeldin A, -endoH; lane 2 as lane I, but +
endoH; lane 3 noninjected, +brefeldin A, -endoH; lane4 as lane 3, but + endoH;
lane 5 GTPYS injected, +brefeldin A, -endoH; lane 6 as lane 5, but + endoH

Remove the supernatant and add 0.5 ml lysis buffer to the beads.
Agitate gently for 1-5min.

Repeat steps 5-8 three times.

© ° N @

After the last spin, remove the supernatant completely until beads
are dry. Remaining buffer can be removed most conveniently by
using Geloader tips.

10. Add 20ul of 50 mM sodium citrate (pH5.6) containing 0.4 % SDS
(has to be added freshly to the citrate buffer) to the dry beads.

11. Incubate for 5min at 95 °C.
12. Spin for 1 min to pellet the Sepharose.

13. Recover all the supernatant (you should obtain 20 ul; use Geloader
tips).
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14. Add 55 pl of citrate buffer containing PIM1 and PIM2 but no SDS.
15. Split the samples in two and add 2 mU endoH to one of them.

16. Incubate for 16 h at 37 °C.

17. Analyze the sample by gel electrophoresis and autoradiography.

In applications where digestion with endoH is not required, the follow-
ing steps can be used after step 9:

10a. Add 20 pl sample buffer for SDS-PAGE to the beads, mix gently,
and boil the slurry for 3 min.

11a. Spin the sample as before and collect all supernantant (use
Geloader tips).

12a. Analyze the sample by gel electrophoresis and autoradiogra-

phy.

Results

About 500 to 1000 Vero cells grown in the center of a glass coverslip were
infected at 39.5°C with vesicular stomatitis virus ts-045 (for details see
Kreis 1986; Pepperkok etal. 1993). Cells were kept at 39.5°C and either
left uninjected as a control (Fig.8.1A, lanes 1, 2), or microinjected with
buffer alone (Fig. 8.1A, lanes 3, 4), or microinjected with GTPyS (500 uM
final concentration; Fig.8.1A, lanes 5, 6). After metabolic labeling with
S methionine at 39.5°C cells were directly processed for analysis
(Fig.8.1A, lanes 1, 2) or shifted to 31°C for 1 h (Fig. 8.1A, lanes 3-6). At
the nonpermissive temperature the transmembrane glycoprotein ts-045-
G of ts-045 is retained in the endoplasmic reticulum (ER). Since it lacks
oligosaccharide side chain modifications by Golgi enzymes it is sensitive
to cleavage by endoglycosidase H (endoH; Fig. 8.14, lanes 1, 2). Incuba-
tion of cells at the permissive temperature, 31 °C, for 1 h allows transport
of t5-045-G to proceed through the Golgi complex, where its oligosac-
charide side chains are modified to an endoH-resistant form (Fig. 8.1A,
lanes 3,4). Anterograde transport of ts-O45-G to the Golgi complex at
31°C is inhibited in cells microinjected with GTPyS and ts-045-G
remains endoH-sensitive (Fig.8.1A, lanes 5, 6) to a similar degree as
in cells kept at the nonpermissive temperature, 39.5°C (Fig.8.1A, lanes
1, 2).

When cells are treated with brefeldin A, Golgi resident enzymes are
translocated back to the endoplasmic reticulum (see Klausner etal.
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1992). Thus, whereas ts-045-G remains sensitive to endoH at 39.5°C in
untreated cells (Fig.8.1B, lanes 1, 2), ts-O45-G becomes resistant to
endoH at 39.5°C upon treatment of cells with brefeldin A (Fig.8.1B,
lanes 3, 4). Microinjection of GTPYS does not interfere with transloca-
tion of Golgi enzymes to the ER, since ts-045-G becomes endoH resis-
tant in GTPyS injected cells upon brefeldin A treatment (Fig. 8.1B, lanes
5, 6).

In conclusion, GTPYS inhibits anterograde transport from the ER to
the Golgi complex but not brefeldin A-induced retrograde transport of
Golgi enzymes to the ER.

Comments

e The protocols described above have also been used successfully to
analyze the following processes in microinjected tissue culture cells:
protein synthesis, post-translational protein modification, protein
secretion (Pepperkok et al. 1993), protein degradation in the endocytic
pathway (Olaf Rosorius, pers. comm.), protein phosphorylation.

e Total proteins from the lysate can be analyzed by gel electrophoresis
after TCA precipitation of the lysate.

e Protein secretion is analyzed by transferring the coverslip containing
labeled and injected cells into 300 ul of culture medium (MEM") in a
24-well plate. Secreted proteins can then be TCA precipitated from the
culture supernatant and analyzed. If total proteins in the medium are
to be analyzed by gel electrophoresis, the concentration of BSA in the
chase medium should not be higher than 0.5 %.

e Exposure times of the autoradiograms vary according to the abun-
dance and synthesis rate of proteins studied. Abundant viral proteins
(e.g., ts-O45-G, as shown here) give a good signal on autoradiographs
after only 2-3 days of exposure, whereas endogeneous cellular pro-
teins (e.g., cathepsin D, see Pepperkok etal. 1993) need exposures of
about 1 week or even longer.

e A different buffer for solubilization of proteins from labeled injected
cells can be used. Buffers containing denaturing reagents need to be
diluted or adjusted before immunoprecipitation to avoid denaturation
of the antibody (see Harlow 1988). The presence of carrier proteins in
the lysis buffer is, however, extremely important for the success of the
experiment (e.g., immunoprecipitation ).
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e Affinity reagents other than antibodies (e.g., lectins, receptors) can be
used to isolate specific proteins from the lysate.

Troubleshooting

In experiments where inhibition of cellular function is studied (see
results in paragraph above) it is important to microinject all cells on the
coverslip. The contribution of non-injected cells to the signals measured
may be significant and distort the results. Microinjection of all cells is
most conveniently achieved using computer-automated injection equip-
ment and the protocol for plating 500 to 1000 cells in the center of a
coverslip (see Procedure).
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Chapter 9

A New Strategy for Studying Microtubule Transport
and Assembly During Axon Growth

PETER W. Baas!

Introduction

There is widespread agreement that the net addition of new microtubule
polymer to the axon is necessary for its growth, but there is controversy
concerning the mechanisms by which this occurs. The earliest model
held that preassembled microtubules are transported from the cell body
of the neuron down the growing axon, while subsequent models held
that new polymer is added at the distal region of the growing axon via
local microtubule assembly. Since these early models were proposed,
many workers have taken the view that microtubule transport and
assembly events are mutually exclusive, and hence that evidence sup-
porting one model refutes the other. We have taken a very different view,
that microtubule transport and assembly are both important during
axon growth. In our model, microtubule transport is required to increase
the tubulin levels within the axon, and local assembly events are required
to regulate the lengths of the microtubules (for review see Baas and Yu
1996).

The most controversial element of our model is that it hinges on the
movement of assembled microtubules. Attempts to visualize microtubule
transport down the axon using live-cell light microscopic methods have
produced mixed and principally negative results (for review see Hiro-
kawa 1993), leading some authors to conclude that all of the microtubu-
les in the axon are stationary. These results have led to the speculation
that tubulin may be actively transported down the axon not as polymer,
but in another form such as free subunits or oligomers. It is also possi-
ble, however, that the movement of microtubules down the axon occurs,
but is difficult to detect for technical reasons. For example, only a small

! Department of Anatomy, The University of Wisconsin Medical School, 1300
University Avenue, Madison, Wisconsin 53706, USA. phone: +01-608-2627307;
fax: +01-608-2627306; e-mail: pwbaas@facstaff.wisc.edu
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fraction of the microtubules may be moving at one time and the move-
ment of these microtubules may be highly asynchronous. In addition,
and entirely consistent with our model, the movement of these microtu-
bules may be obscured by the fact that they are undergoing dynamic
assembly events at the same time that they are moving.

These considerations suggest that higher resolution methods may be
required to reveal microtubule transport in the axon and to test our
hypothesis that microtubule assembly and transport events both occur
during axon growth. We have recently developed a novel strategy for
accomplishing this (Yu etal. 1996). In this strategy, biotinylated tubulin
is microinjected into cultured neurons after the outgrowth of short
axons. The axons are then permitted to grow longer, after which the cells
are prepared for immunoelectron microscopic visualization of
biotinylated-tubulin-containing polymer. We reasoned that any polymer
that assembled after the introduction of the probe should label for bio-
tin, while any polymer that was already assembled but did not undergo
assembly or subunit turnover should not label. Therefore, the presence
in the newly grown region of the axon of any unlabeled microtubule
polymer indicates that this polymer was transported during axon
growth. The presence of labeled polymer indicates that this polymer
underwent assembly or subunit turnover during axon growth. Thus,
using this technique, we are able to test our proposal that microtubule
transport and assembly events both occur during axon growth.

Outline

Figure 9.1a summarizes the strategy of our approach, while Fig. 9.1b pro-
vides a flow chart of the steps that are required for its execution. Super-
ior cervical ganglia are dissected from newborn rat pups, dissociated
enzymatically with trituration, and plated onto a glass substratum that
had been pretreated with polylysine and laminin. After waiting roughly
90 min for the neurons to attach to the substratum and for axons to grow
roughly 75-100 microns in length, cultures are moved to the heated
stage of an inverted microscope. Here, biotinylated tubulin is microin-
jected into the cell body of a small number of the neurons, after which
the cultures are returned to the incubator. The axons are then permitted
to grow longer over a period of 40 min postinjection. At this point, the
cultures are extracted with a detergent in the presence of a microtubule-
stabilizing buffer to remove free tubulin, and prepared for immunoelec-
tron microscopic visualization of microtubule polymer that did or did
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Fig. 9.1a, b. a Schematic illustration of our experimental strategy. Native microtubu-
les and free tubulin are shown by unblackened tubes and circles, respectively. Bio-
tinylated tubulin and regions of microtubules containing biotinylated tubulin are

shown in black. b Flow chart of the steps required to execute this strategy. (a Yu etal.
1996)

not incorporate biotinylated tubulin. The presence in the newly grown
region of the axon of any unlabeled microtubule polymer indicates that
this polymer was transported during axon growth. The presence of
labeled polymer indicates that this polymer underwent assembly or sub-
unit turnover during axon growth. It should be noted that the levels of
unlabeled polymer provide a minimal estimate of the contribution of
microtubule transport, as it is possible that the labeled polymer also
underwent transport as it turned over its subunits.
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Materials

Newborn Sprague-Dawley rat pups

Dissection tools, dissecting microscope, laminar flow hood, incubator
Enzyme solution containing 0.25mg/ml collagenase (Worthington
Biochemical Corporation, Freehold, NJ) and 0.25 mg/ml trypsin (Wor-
thington Biochemical Corporation) in phosphate-buffered saline
Tissue culture medium consisting of Leibovitz L15 (Sigma Chemical
Company, St.Louis, IL) supplemented with 0.6 % glucose, 2mM L-
glutamine, 0.6 % methyl cellulose (Dow Chemical Company, Midland,
MI), 100 U/ml penicillin, 100 pug/ml streptomycin, 10 % fetal bovine
serum (Hyclone, Logan, UT), and 100 ug/ml 7S nerve growth factor
(Upstate Biotechnology Incorporated, Lake Placid, NY)

Special dishes prepared by drilling a 1-cm hole in the bottom of a
35mm tissue culture dish, and adhering to the bottom of the dish a
photoetched glass coverslip (Bellco, Vineland, NJ). Prior to cell cul-
ture, the special dishes must be pretreated first with a solution of
1 mg/ml polylysine (Sigma Chemical Company) in a borate buffer fol-
lowed by a solution of 10 pug/ml laminin (Sigma Chemical Company)
in serum-free L15 medium. Methods for the preparation of these
dishes (Whitlon and Baas 1992), and polylysine/laminin treatment
(Higgins etal. 1991) have been described.

Aliquots of biotinylated bovine-brain tubulin, prepared by methods
that have been described in detail elsewhere (Webster and Borisy
1989; Hyman etal. 1991). For our studies on peripheral neurons, the
final product is suspended at 4 mg/ml in an injection buffer contain-
ing 50 mM potassium glutamate and 1 mM MgCl, at pH 6.8. For stud-
ies on central neurons, this injection buffer is toxic and should be
replaced with a buffer consisting of 100 mM Pipes, pH 6.8

An inverted microscope interfaced with an environmentally-
controlled stage, and a pressure-regulated microinjection system. We
use the Eppendorf system (Hamburg, Germany).

Extraction solution consisting of microtubule stabilizing buffer
(60 mM Pipes, 25 mM Hepes, 10 mM EGTA, 2 mM MgCl,, pH 6.9) sup-
plemented with 10uM taxol and, containing 0.5% Triton X-100 to
remove unassembled tubulin

Fixation solution consisting of the microtubule stabilizing buffer and
1% glutaraldehyde
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- Aldehyde-quenching solution consisting of 3 mg/ml sodium borohy-
dride dissolved in half microtubule stabilizing buffer and half metha-
nol

- Blocking solution consisting of 5% normal goat serum and 2 % BSA
in TBS-1 (10 mM Tris, 140 mM NaCl, pH 7.6)

- Primary antibody, a mouse monoclonal anti-biotin antibody conju-
gated directly to the fluorochrome Cy-3 (Jackson Immunoresearch,
West Grove, PA), used at a concentration of 1:50 in TBS-1. Other anti-
biotin antibodies are available, but this one is particularly useful
because it is conjugated directly to a fluorochrome

- TBS-2 (20 mM Tris, 140 mM NacCl, pH 8.2) containing 0.1 % BSA

- Goat anti-mouse second antibody conjugated to 5-nm colloidal gold
particles (Amersham, Arlington Heights, IL), used at a concentration
of 1:2 in TBS-2

- Second fixation solution consisting of 2% glutaraldehyde in 0.1 M
cacodylate also containing 0.2 % tannic acid

- Postfixaton solution consisting of 2 % osmium tetroxide in 0.1 M caco-
dylate

- For embeddment, one of the epon clones such as LX100 (Ladd Indus-
tries, Burlington, VA)

- Standard equipment and supplies for thin-sectioning and electron
microscopy.

Procedures
Cell Culture

1. Superior cervical ganglia are dissected from newborn Sprague-Dawley
rat pups under sterile conditions (see Higgins etal. 1991). The ganglia
are collected into serum-free L15 medium, and then treated for 15 min
at 37 °C with freshly prepared enzyme solution.

2. The ganglia are rinsed three times in serum-containing medium, and
then dissociated into a single cell dispersion by triturating gently three
to five times with a Pasteur pipette.

3. The cells are then plated at a density corresponding to roughly one
ganglion per three 35-mm dishes into the polylysine/laminin treated
special dishes. The cells are plated in the modified L15-based medium
described by Bray (1991).
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This medium has the advantage that it maintains pHin normal air, and
hence there are no concerns about alterations in pH when moving from
the incubator to the microscope stage. The L15-based medium is not
good for culturing neurons over periods of time greater than 1-2 days,
but is excellent for the short-term cultures utilized for the present stud-
ies. To ease the task of relocating specific cells after microinjection, we
used special glass coverslips that are preetched with demarcating boxes
(Belco, Vineland, NJ).

Microinjection Regime

1. After plating, the neuron cultures are placed in an incubator for
roughly 90 min to permit the cells to adhere to the substratum and to
extend axons.

2. At this point, after which most of the neurons had extended multiple
axons that were 25-100 um in length, cultures are placed on the pre-
warmed stage of an inverted microscope equipped with an environ-
mental chamber that effectively maintains temperature at 37 °C. For
microinjection, neurons are selected with axons that are not exten-
sively branched and are clearly not fasciculated with the axons of
neighboring cells. It is helpful to obtain a phase-contrast or
differential-inference contrast (DIC) image of the entire neuron (we
use a thermal videoprinter) either just before or just after microinjec-
tion.

3. Biotinylated tubulin is kept at 4°C until the time of injection, and
introduced into the neurons at a volume roughly, but not exceeding,
10 % of the volume of the cell. Neurons are notoriously difficult to
inject because of their rounded shape and spongy consistency. Even
with an automated microinjection system, each neuron must be
injected manually and failed attempts are not uncommon. Successful
introduction of the probe can usually be detected as a “rippling” effect
through the neuron.

4. The culture is then returned to the incubator for 35 min to permit the
axons to continue growing, after which a second set of phase-contrast
or DIC images is obtained.

5. The two sets of images are subsequently used to assess the degree to
which individual axons had grown during the 40-min period of time
postinjection.
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Immunoelectron Microscopy

1.

Immediately after acquiring the second set of phase-contrast or DIC
images, the cultures are rinsed briefly in the microtubule stabilizing
buffer and then extracted for 7 min in the extraction solution.

. The cultures are then fixed by adding an equal quantity of the fixation

solution directly to the extraction solution. Neurons are typically not
well adhered to their substratum and can lift off during fluid exchan-
ges, especially after extraction. Adding the fixation solution directly to
the extraction solution avoids the most dangerous fluid exchange.

. After 10 min of fixation, the cultures are rinsed in microtubule stabi-

lizing buffer and then incubated for 15 min in the sodium borohydride
solution, rinsed in buffer, incubated for 30 min in the blocking solu-
tion, and then exposed to primary antibody overnight at 4 °C.

. After incubation with the primary antibody, the cultures are rinsed six

times for 10 min each with TBS-2 with BSA. Because the biotin anti-
body is directly conjugated to the fluorochrome Cy3, the microin-
jected cells can at this point be visualized and photographed using
epifluorescence optics. This is helpful in confirming that the probe
was effectively introduced into the neuron and that it effectively incor-
porated into the microtubule polymer.

. The cultures are then incubated for 3h at 37°C with the gold-

conjugated second antibody, rinsed six times in TBS-2, fixed in the
second fixation solution for 10 min, rinsed in 0.1 M cacodylate, post-
fixed for 10 min, dehydrated in an ethanol series, and embedded in
LX100 (Ladd Industries, Burlington, VA).

. After curing of the resin, the glass coverslip is either removed

mechanically or dissolved from the resin by a ten min incubation in
hydrofluoric acid (see Whitlon and Baas 1992). Cells of interest are
relocated using the DIC or phase-contrast images and the photoetched
pattern transferred from the glass coverslip onto the resin, and thin-
sectioned using an ultramicrotome.

. The sections are picked up onto Formvar-coated slot grids, stained

with uranyl acetate and lead citrate, and viewed with a standard trans-
mission electron microscope.
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Data Analysis

All sections through the injected neurons are viewed, and a typical mid-
dle section is used for quantification of labeled and unlabeled microtu-
bule polymer. Distinguishing labeled and unlabeled polymer is difficult
in some areas along the length of the axon because the tight spacing of
the microtubules makes it impossible to know the correct microtubule
with which many of the gold particles are associated. In other areas in
which the microtubules are even more tightly bundled, there can be
some question as to whether the polymer may not have labeled as a
result of problems of accessibility of the gold particles.

To avoid misinterpretations, we use for our analyses only areas of the
axons in which the microtubules had splayed apart sufficiently during
extraction to minimize these potential problems. We uniformly select
areas of the axon that were 4 um in length, and score total lengths of
labeled and unlabeled microtubule polymer within these regions.

Results

Figure 9.2a-c and d-f shows images of two different neurons immedi-
ately after injection of biotinylated tubulin (Fig.9.2a, d), after 40 min of
axon elongation (Fig.9.2b, e), and after preparation for immunofluores-
cence visualization of biotinylated-tubulin-containing microtubules
(Fig. 9.2¢, f). In our recent study (Yu etal. 1996), a total of 19 axons
grown from nine different neurons were analyzed. The average length of
the axons at the time of injection was 60.2+12.9 um, while the average
amount of growth per axon was 17.516.1 um. These rates of growth were
generally similar to the rates at which the axons of uninjected neurons
grew, typically 20-50 um/h, indicating that the injection procedure did
not markedly alter the growth properties of the axons. The immunofluo-
rescence images in Fig.9.2c and f show that the probe has incorporated
into microtubules.

Figure 9.3a and b, respectively, are tracings obtained from the DIC
videoprint images of an entire neuron immediately after injection and
40 min later. The remaining panels show immunoelectron micrographs
from the cell body (Fig.9.3c), and designated sites along the length of
one of the axons, as indicated in Fig. 9.3b. This axon was 55 um in length
prior to injection, and grew an additional 11 um after injection. The cell
body of this neuron and all other neurons examined contained both
labeled and unlabeled polymer, as did all regions of the axon proximal to
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Fig. 9.2a-f. Introduction and incorporation of biotinylated tubulin into the microtu-
bules of a cultured neuron. a Phase-contrast image of a typical neuron immediately
after injection of biotinylated tubulin. b Axons elongated after 40 min. ¢ Immunoflu-
orescence image of the same neuron stained for biotin, showing incorporation of the
probe into microtubules (note fibrous appearance of staining in some areas where
the bundled microtubules splay apart). d-f Comparable images of another neuron
with axons that grew somewhat more extensively over the 40-min period of time. Bar
20 um (Yu etal. 1996)

the newly grown region. Figure 9.3d shows a site proximal to the newly
grown region in which 33 % of the polymer was unlabeled. In the case of
this axon, almost all of the polymer in the newly grown region was
labeled. Figure 9.3e shows a fairly proximal site within the newly grown
region in which a few unlabeled microtubule profiles intermingle with
many labeled profiles. At this particular site, 10% of the polymer was
unlabeled. Examination of serial sections indicated that labeled and
unlabeled polymer were continuous with one another, with the former
elongating from the plus end of the latter. In no case did we observe
unlabeled polymer extending from the plus end of labeled polymer. This
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Fig. 9.3a—f. Immunoelectron microscopic visualizaiion of microtubule polymer that
did or did not incorporate biotinylated tubulin. a and b, respectively. Tracings obtained
from the DIC videoprint images of an entire neuron immediately after injection and
40 min later. The remaining panels show immunoelectron micrographs from the cell
body (c), and designated sites along the length of one of the axons as indicated in b.
The cell body contains both labeled and unlabeled polymer, as do all regions of the
axon proximal to the newly grown region. d Site proximal to the newly grown region
in which 33 % of the polymer was unlabeled. e Fairly proximal site within the newly
grown region in which a few unlabeled microtubule profiles intermingle with many
labeled profiles. Ten percent of the polymer is unlabeled. Arrows in d and e indicate
points where labeled and unlabeled polymer are continuous with one another, with the
former elongating from the plus end of the latter. f Distal site near the growth cone in
which all of the polymer was labeled. Bar a, b 20 um, panels c-f 1.0 um (Yu etal. 1996)
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Fig. 9.4a-d. Immunoelectron microscopic visualization of microtubule polymer that
did or did not incorporate biotinylated tubulin. a and b, respectively. Tracings
obtained from the DIC videoprint images of a neuron immediately after injection
and 40 min later. The remaining panels show immunoelectron micrographs from two
different sites along one of the axons. ¢ Site proximal to the newly grown region in
which 35% of the polymer was unlabeled. d Site within the newly grown region in
which 27 % of the polymer was unlabeled. Notably, this site was located within the
most distal region of the axon, directly behind the growth cone, a site which con-
tained no unlabeled polymer in the axon shown in Fig.9.3. Bar a, b 20 um, ¢, d
0.5um (Yu etal. 1996)

was also apparent in many of the individual sections (see arrows in
Fig.9.3d, e). Beyond this proximal area of the newly grown region, all the
microtubule profiles were labeled (Fig. 9.3f). The fact that we were able
to detect unlabeled polymer, even at these relatively low levels, indicates
that microtubules were transported into the newly grown region of the
axon.

Figure 9.4a and b, respectively, are tracings obtained from the DIC
videoprint images of another neuron immediately after injection and
40 min later. The remaining panels show immunoelectron micrographs
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Fig. 9.5a-c. Immunoelectron microscopic visualization of microtubule polymer that
did or did not incorporate biotinylated tubulin. a and b, respectively. Tracings
obtained from the DIC videoprint images of a third neuron immediately after injec-
tion and 40 min later. During the 40-min time frame of the experiment, the growth
cone at the tip of one of the axons underwent an asymmetric bifurcation. The larger
branch grew straight, while the smaller branch curved off in another direction. ¢
Immunoelectron micrograph showing the region of the parent axon contiguous with
both branches. In the region of the parent axon just proximal to the branch point,
19 % of the polymer is unlabeled. In the larger branch, virtually all of the polymer is
labeled. In regions along the length of the smaller branch, 40-50 % of the polymer is
unlabeled. Bar a, b 20 um, ¢ 1.0 um (Yu etal. 1996)

from two different sites along one of the axons. This axon was 62 um in
length prior to injection, and grew an additional 10 um after injection.
Figure 9.4c is a site proximal to the newly grown region in which 35 % of
the polymer was unlabeled. Figure 9.4d is a site within the newly grown
region in which 27 % of the polymer was unlabeled. Notably, this site was
located within the most distal region of the axon, directly behind the
growth cone, a site which contained no unlabeled polymer in the axon
shown in Fig.9.3. These data indicate that microtubules were trans-
ported into the newly grown region of this axon, and together with the
data from Fig. 9.3, show that microtubule transport is more apparent in
some axons than in others.
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Figure 9.5a and b, respectively, are tracings obtained from the DIC
videoprint images of a third neuron immediately after injection and
40 min later. During the 40-min time frame of the experiment, the
growth cone at the tip of one of the axons underwent an asymmetric
bifurcation. The larger branch grew straight and was essentially a con-
tinuation of the parent axon, while the smaller branch curved off in
another direction. Figure 9.5¢ is an immunoelectron micrograph show-
ing the region of the parent axon contiguous with both branches. There
were notable differences between the two branches and the parent axon
with regard to their content of unlabeled polymer. In the region of the
parent axon just proximal to the branch point, 19 % of the polymer was
unlabeled. In the larger branch, virtually all of the polymer was labeled.
Notably, in regions along the length of the smaller branch, 40-50 % of
the polymer was unlabeled. Thus, with this methodology, no microtu-
bule transport was detectable in the larger branch, but significant micro-
tubule transport was detectable in the smaller branch.

The starting lengths, amounts of axon growth, and percentages of
unlabeled polymer scored in discrete regions at various points along the
lengths of all 19 axons examined are shown schematically in Fig.9.6.
Each neuron is labeled with a Roman numeral, and individual axons
from the same neuron are given separate letters. The axon shown in
Fig. 9.3 is labeled IX-B in Fig.9.5. The axon shown in Fig. 9.4 is labeled
IV-A in Fig.9.6. The axon shown in Fig.9.5 is labeled III-B in Fig.9.6.
Axons IV-C and IV-D were already formed branches from a parent axon,
as were axons 8-C and 8-D. Five of the 19 axons contained no detectable
unlabeled polymer whatsoever within the sites we examined in their
newly grown regions. An additional nine contained no unlabeled poly-
mer directly behind their growth cones, but contained unlabeled poly-
mer (6-50 %) at more proximal sites within their newly grown regions.
The remaining five axons contained unlabeled polymer (1-28%)
throughout their newly grown regions, including sites directly behind
their growth cones. Together, these data demonstrate that microtubule
assembly and/or turnover is active in growing axons and also that preas-
sembled microtubules are transported into newly grown regions of the
axon. This transport is detectable in some, but not all, axons using our
methodology.
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<« Fig. 9.6. Summary of data from all axons examined. The starting lengths, amounts of
axon growth, and percentages of unlabeled polymer scored at various points along
the lengths of all 19 axons examined are shown schematically. Each neuron is labeled
with a Roman numeral, and individual axons from the same neuron are given sepa-
rate letters. Five of the 19 axons contained no detectable unlabeled polymer whatso-
ever in their newly grown regions. An additional nine contained no unlabeled poly-
mer directly behind their growth cones but contained unlabeled polymer (6-50 %) at
other sites within their newly grown regions. The remaining five axons contained
unlabeled polymer (1-28 %) throughout their newly grown regions, including sites
directly behind their growth cones. All percentages are indices calculated from mea-
surements obtained from 4 um regions of the axon. Bar 20 um (Yu etal. 1996)

Troubleshooting

The protocol outlined here involves several different procedures, all of
which require skill and practice. Nevertheless, with some effort and pati-
ence, all of these procedures can be accomplished. Specific problems
(and remedies to these problems) associated with primary culture of
neurons, preparation of conjugated tubulins, microinjection, and immu-
noelectron microscopy have been discussed elsewhere, and hence will
not be discussed here.

Worth some discussion, however, are potential problems in adapting
our strategy to other experimental systems. It is essential to keep in
mind that microtubules are dynamic structures, constantly turning over
their subunits. This occurs whether or not the microtubules are also
undergoing transport. In our regime, one can conclude that an unlabeled
microtubule in the newly grown region of the axon has been trans-
ported. However, one cannot conclude that a labeled microtubule has not
undergone transport. Thus, the regime provides a minimal estimate of
the contribution of microtubule transport, and does not provide a mea-
sure of the relative contributions of microtubule assembly and transport.
In order to detect microtubule transport, one must select a system in
which the axon is growing more rapidly than the rate at which all of the
polymer in the distal region of the axon turns over its subunits. We sus-
pect that longer axons might have the advantage of containing more
slowly turning-over polymer, but longer axons present a problem of their
own. The usefulness of the regime is contingent upon high levels of the
probe reaching the axon tip before significant axon growth occurs,
otherwise unlabeled polymer could be the result of assembly and not
transport. For all of these reasons, a great deal of caution is recom-



170 PETER W. BaAas

mended in adapting our experimental strategy to other systems, both in
the selection of the system and in the interpretation of the results.
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Chapter 10

The Use of Microinjection to Study Signal
Transduction in Mammalian Cells

SERGE ROCHE™ AND SARA A. COURTNEIDGE>

Introduction

The field of signal transduction has boomed in recent years. Since the
discovery of tyrosine phosphorylation 15 years ago, more than 25 differ-
ent families of tyrosine kinases have been described. Furthermore, many
signal transduction pathways, initiated by ligand binding to receptors,
and leading to growth, survival, or differentiation, depending on cell
type and signal context, have been elucidated. Many investigators have
sought to determine the functions of these signaling pathways, using a
combination of biochemistry and molecular biology. For example, recep-
tor tyrosine kinase mutants lacking binding sites for particular signaling
molecules have been introduced into cells lacking wild-type receptors
(see, for example, Ronnstrand etal. 1992; Valius and Kazlauskas 1993).
However, the conclusions from this approach could be compromised if
the receptor does not function identically in a heterologous cell type. In
an approach that does not require the use of heterologous cell types, so-
called dominant negative forms of signaling proteins (that presumably
compete with endogenous protein for substrates and other effector
molecules) are introduced into cells. Here the problem is that it may not
be possible to derive stable cell lines that express such inhibitory pro-
teins. Several laboratories, including our own, have circumvented these
difficulties by using microinjection to introduce dominant negative mu-
tants (and inhibitory antibodies) into single cells (Mulcahy et al. 1985;
Riabowol et al. 1988; Twamley-Stein et al. 1993; Sasaoka et al. 1994; Roche
etal. 1994, 1995a, b, 1996). We will describe this approach here.

* corresponding author: phone: +33-67-543344; fax: +33-67-548039;
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Microinjection: an Alternative to Transient Transfection

There are many ways to express proteins transiently in mammalian cells
in tissue culture. Most involve introducing DNA into cells by a variety of
methods, including transfection, electroporation, or liposomal transfer.
Protein can also be directly introduced into cells by scrape loading
(McNeil etal. 1984) or other transient permeabilization methods.
Although these techniques are extensively used, they suffer from several
potential drawbacks. DNA transfection often leads to poor and/or highly
variable expression efficiency. Furthermore, not all cell types can be
efficiently transfected. Protein loading methods can compromise the
long-term viability of the cell. An alternative technique, which has been
in use for many years, but is just recently gaining in popularity, is mi-
croinjection (for further details, see Ansorge and Pepperkok 1988).

Advantages of Microinjection

e The procedure is well tolerated, and can be successfully applied to
many cell types in culture.

e A comparison of the injected cells with the surrounding noninjected
cells can help to rule out any artifactual effects due to culture condi-
tions or variability of cell response.

e Proteins can be injected into either the cytoplasm or the nucleus
(Roche etal. 1994).

e The time course of a response can be measured by, for example, inject-
ing neutralizing antibody at various times after a stimulus, or at differ-
ent stages of the cell cycle (Pagano etal. 1992; Twamley-Stein etal.
1993; Roche etal. 1994, 1995a).

e An initial determination of protein function can be made by this quick
and simple assay, prior to spending weeks on the generation of stable
transfectants. In addition, where the protein is growth-inhibitory,
stable clones will not be obtained, and microinjection will be the
method of choice for functional studies.
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The Limitations of Microinjection

e The biggest drawback is the cost of the equipment required (micro-
scope, micromanipulator, etc.).

e Some practice is required before one can successfully microinject
100 or more cells within a short time. However, automated microinjec-
tion systems have improved enormously in the last 5years and some
have been developed which provide rapid, precise, and reproducible
microinjection: with some systems 100 cells can be injected in less
then 5 min!

e Some cell types, for example nonadherent cells, will not be suitable
candidates for microinjection.

e In most cases, it is only feasible to inject a few hundred cells on the
coverslip, therefore videomicroscopic or immunofluorescence analy-
ses will have to be used to determine the cells’ response.

e Biochemical assays are for the most part excluded, i.e., changes in
enzymatic activity or protein phosphorylation cannot be addressed
(unless, for example, a phosphorylation site-specific antibody is avail-
able for the protein of interest).

Procedures

In our laboratories, we use microinjection to study the response of mam-
malian cells to growth factors, using DNA synthesis or cell division as a
readout (Twamley-Stein etal. 1993; Roche etal. 1994, 1995a, b, 1996;
Barone and Courtneidge 1995; Erpel etal. 1996). This approach to study-
ing signal tranduction includes the followings steps (Fig. 10.1): purifica-
tion of the protein (or DNA) for injection; microinjection into cells;
growth factor stimulation; analysis of injected cells. Here we will
describe these methods. For well-established protocols we will refer the
reader to quoted reviews, or, where appropriate, to manufacturers’
instructions. An example of this approach involving injection of purified
protein is shown in Fig.10.3
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Plasmid purification
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Fig. 10.1A-D. Using microinjection to study growth control in mammalian cells.
Flow chart of the microinjection approach to study growth control in mammalian
cells. A Purification of the protein to introduce (or DNA). B Microinjection into cells
in the cytoplasm or in the nucleus. C Incubation or stimulation of the injected cells.
D Analysis of the injected cells (DNA synthesis or cell division)
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Purification of Proteins
Both purified antibodies and other proteins can be injected into cells.

Two strategies are used: purification of the whole immunoglobulin frac-
tion from serum (or from the cell supernatant in the case of a mono-
clonal antibody) and purification of the immunoglobulin specific to the
antigen. The latter is much more specific, and highly recommended.

1. Since purified protein must be injected at high concentration
(0.5-5mg/ml), use at least 10 ml of serum as starting material (Note:
the serum should not contain preservative).

2. To purify whole immunoglobulin from serum, ascites, or tissue cul-
ture supernatant, we use protein A or protein G Sepharose columns
(Pharmacia). These are commercially available, and give quick and
efficient purifications.

3. For affinity purification of antibody, the antigen must be coupled to a
resin, such as Sepharose beads (Pharmacia). Several methods are
available, and described in detail in the Antibodies Handbook (Harlow
and Lane 1988).

4. Depending on the affinity of the particular antibody being used, and
the abundance of the antigen in the cells, the antibody will need to be
concentrated to between 0.5 and 5 mg/ml. Microfiltration with a mini-
con microconcentrator (Amicon) is one possibility. Alternatively,
ammonium sulfate precipitation, followed by resuspension in a small
volume of phosphate buffered saline and extensive dialysis, can be
used.

5. Following purification, it is important to conduct biochemical tests to
ensure that the antibody retains activity.

6. The antibody solution ready for injection should be stored in small
volumes at —80 °C. It is important not to subject affinity purified anti-
bodies to cycles of freezing and thawing.

Introduction of purified protein into cells is a straightforward approach
for functional studies (see, for example, Xiao etal. 1994; Roche etal.
1995a, 1996). There are now many ways in which proteins can be
expressed to high levels in bacterial, yeast, or insect cells. Because of the
ease with which one can express and purify the proteins, the use of
gluthathione-S-transferase fusion proteins has gained in popularity. For

Antibody purifi-
cation

Other protein
purification
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an excellent description of the production and purification of GST fusion
proteins, see Frangioni and Neel (1993). However, consider the following
points:

1. It is important that the proteins be as pure as possible, that the final
preparation contains no preservatives, and that the buffer in which the
protein is stored is as near physiological as possible.

2. Check that after purification the protein is still active, i.e., it is prop-
erly folded.

3. Purified protein should be concentrated (to 0.5-5mg/ml) before mi-
croinjection.

4. Store purified protein in small aliquots at —80 °C.

Purification of Plasmids

Microinjection of plasmid DNA is an excellent way to test the effects of
overexpression of a wide variety of mutant proteins in cells (see, for
example, Twamley-Stein et al. 1993; Roche etal. 1995b; Erpel etal. 1996).
This approach is particularly appropriate when it is not possible to
purify sufficient quantities of a protein for microinjection, or when the
protein cannot be purified in the required form (for example, if the pro-
tein is only soluble in detergent, which cannot be microinjected into
cells). Several mammalian expression vectors have been developed in
which protein expression is under the control of a strong promoter. We
often use plasmids that include a SV40 (pSG5, Invitrogen) or a CMV
(pCDNA3, Invitrogen) promoter. The choice of vector for ectopic protein
expression is very important. Questions to consider are:

e What level of overexpression do I wish to achieve? (for example, the
CMV promoter is usually much stronger than SV40)

e Does a given promoter work in my cell type? (this can be tested with
the promoter fused to a reporter construct such as lacZ)

e Is the activity of the promoter affected by the growth state of the cell?
(many promoters function poorly in quiescent cells)

The purification state of plasmid to inject is very important for good effi-
ciency of expression. Experience has taught us that only supercoiled
plasmid DNA gives consistent expression. Therefore we recommend that
all plasmid DNA is purified by banding on CsCl gradients twice (Sam-
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brook etal. 1989). Purified plasmid is diluted in distilled water for mi-
croinjection and several DNA concentrations tested for in vivo protein
expression (100 ug/ml is generally used as a starting DNA concentra-
tion). Note that the amount of protein expression finally achieved is in
large part dependent on the concentration of DNA injected. Aim to
determine the minimal concentration of DNA that gives a measurable
effect. Extremely high level of protein expression from plasmid can
nonspecifically inhibit growth factor responses.

Microinjection into Adherent Mammalian Cells

Plate the cells on sterile coverslips in petri dishes. Use either commer-
cially available cover slips preetched with a grid (for example CELLocate
from Eppendorf), or (prior to plating the cells) a diamond-tipped pen to
mark the coverslip, so that the area where the cells are microinjected can
later be identified. For growth factor studies, quiesce the cells either
before or just as they reach confluence, by placing them in medium con-
taining low or no serum for the 24-48 h prior to microinjection (check
that they are quiescent under these conditions before any assay). Just
before microinjection, buffer the culture medium by adding 20-50 mM
Hepes pH7.5.

The size of the needle (capillary) is critical for successful injection. Cap-
illaries can be either bought or made with an automatic puller. Commer-
cial needles are appropriate for most purposes (for example, Femtotips
from Eppendorf). However, automatic pullers give capillaries with
desired size, and this may be important for efficient and reproducible
injections in some cases. For example, the nuclear volume is low com-
pared to cytoplasm, and smaller volumes must therefore be delivered,
which is best achieved by using a capillary with a narrower opening.
Conversely, protein solution is rather viscous due to its high concentra-
tion, and for successful injection, capillaries with a wider bore are rec-
ommended. In addition, such capillaries provide a larger delivery (note
that cytoplasm can increase up to 2 % of its volume without affecting cell
viability). Two types of needle puller are commercially available, using
either vertical and horizontal pulling. We routinely use the horizontal
puller from Flaming Brown.

Several microinjection systems are commercially available which offer
flexibility and simplicity of use. Basically, each one is set up as described

Preparation
of Cells

Preparation
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procedure
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microinjection system

TRANSJECTOR
z
A ( MICROMANIPULATOR )
microinjection into the nucleus microinjection into the cytoplasm

B /ZGK @\—Z
Fig. 10.2A, B. Description of the microinjection system. A Scheme of the microinjec-
tion system. The system is generally composed of three parts: a micromanipulator
that controls movement of the needle in the x, y, and z directions; a transjector that

controls microinjection into cells; a pump that controls pressure in the needle. B
Description of cell microinjection performed by the transjector

in Fig.10.2: a microscope with an associated micromanipulator, which
controls movement of the capillary or the cell support (x, y, and z axis),
and a transjector which controls inner needle pressure. Follow the
recommendations of the manufacturer, but note the points below:

1. The sample must be centrifuged at high speed before injection to
remove aggregates (for example, 12,000 rpm in an Eppendorf centri-
fuge for 10 min).

2. Since only picoliters of solution are delivered into cells, 1-2 pl of solu-
tion is enough to fill the capillary.

3. Before injection, check that the capillary is not blocked. To achieve
that, a CLEAR function is included in most systems, that provides
high pressure (<1000 bar) in the inner of the capillary.
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4. A cell is successfully microinjected when the cytoplasm visually
increases or the nuclear gains in contrast transiently.

5. Pump pressure is critical; too high and the cells will be damaged, too
low and the capillary contents will not be delivered. The correct pres-
sure depends on cell size, capillary shape and the solution being
injected, and should be optimized for each assay. Generally, the pres-
sure required for DNA injection is lower than that necessary for cyto-
plasmic protein injection.

After injection, replace the coverslips in the incubator, and allow the cells
to recover for at least 30 min if they have been microinjected with pro-
tein. A period of 4-6h is required after plasmid injection to allow for
optimal protein expression from the introduced DNA. Then add growth
factor, and if DNA synthesis is to be measured, bromodeoxyuridine, and
continue incubation for the desired time (typically 16-18h for fibro-
blasts).

The injected cells are identified by immunofluorescence, using an anti-
body specific to the introduced protein, followed by a secondary anti-
body conjugated to a dye (e.g., FITC or Texas red). In the case of anti-
body injection, only the secondary antibody step is needed. When the
introduced protein is at too low a level for detection, coinjection with
purified nonspecific immunoglobulin (0.5-1mg/ml) or a plasmid ex-
pressing a reporter gene whose protein expression is easily detected
(chloramphenicol acetyltransferase or $-galactosidase; Sun etal. 1994),
will allow unambiguous detection. To measure the response to growth
factor in the injected and noninjected cells, costaining with an anti-
bromodeoxyuridine antibody is used (see Fig.10.3). In very few cases,
analysis has been achieved by a biochemical assay. For example, if all the
cells on a coverslip are microinjected, then RNA transcripts can be
detected by an RT-PCR approach (Barone and Courtneidge 1995), or
protein synthesis measured by recording *>S-methionine incorporation
(Lane etal. 1993).

Troubleshootings

The three general areas in which problems may arise are: protein injec-
tions; the microinjection procedure; and the immunostaining analysis.

Growth factor
stimulation

Analysis of
injected cells
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Fig. 10.3A, B. Example of microinjection experiment. Inhibition of PDGF-induced
DNA synthesis by injection of the SH2 domain of the tyrosine phosphatase Shp2 in
fibroblasts.

Quiescent fibroblasts were injected into the cytoplasm with a protein consisting of
the SH2 domain of Shp2 fused to GST, and stimulated with the growth factor PDGF
in the presence of BrdU. After 18 h of stimulation, cells were fixed and proccessed for
immunostaining. For unambiguous detection of injected cells, purified protein was
coinjected with nonimmune rabbit IgG. A Detection of injected cells by anti-rabbit
coupled to FITC. B Detection of BrdU incorporation (as a marker of DNA synthesis)
by monoclonal anti-BrdU followed by Texas red conjugated anti-mouse antibody.
Injected cells are marked by an arrow. Note that cells containing the SH2 domain of
Shp2 did not respond to the growth factor as they did not incorporate BrdU, whereas
most of the surrounding, noninjected cells did (for further details, see Roche etal.
1996)
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Protein purification

Difficulty may be experienced in affinity purifying the immunoglobu-
lin. Common problems include too harsh elution conditions that
denature the antibody, or high affinity antibodies that are not eluted
from the affinity column. In our experience, elution from affinity
columns with 1 M proprionic acid in the cold, followed by immediate
neutralization, is suitable for most antibodies. However, the purifica-
tion procedure may need to be customized for each antibody. Several
suggestions are given in Harlow and Lane 1988. Purified protein may
also be lost during the concentration step. Usually, this occurs when
working with small amounts of purified protein, and the solution is to
start with larger amounts of material.

Microinjection

The most common problem is blocked needles. This is generally due
to protein aggregation or a glass fragment present inside the needle.
The following steps avoid the problem:

Use fresh protein solution whenever possible

Do not use a sample that has been already thawed several times
Centrifuge the sample before microinjection

When sample is stored for a while on ice before injection, repeat the
centrifugation just before use

When the needle contains glass fragments, either use the CLEAR func-
tion on the microinjector to remove it, or use a new one
Occasionally a cell fragment will stick to the capillary. It can be
removed by increasing the working pressure

Unsuccessful microinjection may be due to incorrect positioning of
the capillary. Too high, and it will not contact the cell; too low, and it
may go through the cell (usually manifest by the appearance of a white
spot on the cell surface). In either case, reposition the capillary care-
fully. Note that the surface of a coverslip is not uniform, and cell vol-
ume is also somewhat variable, so the capillary position might need to
be readjusted from one cell field to another.

Analysis of injected cells

Failure to detect injected cells can be for several reasons:

The DNA solution might be too old or not pure enough. Use a fresh
preparation of plasmid purified with cesium chloride

Plasmid concentration may be too high or too low. Always titrate each
batch of plasmid to optimize expression

The injected protein may be too diluted. Coinject a high concentration of
control immunoglobulin for unambiguous detection of the injected cells
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- Antibody used for detection of ectopic protein does not work well in
immunofluorescence assays. Express an epitope tagged version of the
protein. Haemagglutinin, cMyc or FLAG epitopes are particularly
appropriate and very good antibodies specific to these antigens are
commercially available (12CA5 from Babco, 9E10 from ATCC, and
anti-FLAG M2 from IBI respectively)

- The marker has leaked out during the fixation procedure. For exam-
ple, dextran is frequently used as a marker, yet most is lost when
methanol is used for cell fixation. Consider using dextran at 2 %, and
paraformaldehyde as a fixative whenever possible.
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