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Abstract The in situ hybridization (ISH) technique, as
applied to electron microscopic detection of RNAs, was
evaluated for ultra-thin cryosections of cultured rat fibro-
blasts (rat 9G). Experimental variables to balance penetra-
tion of detection reagents and preservation of ultrastruc-
tural morphology included various strengths of aldehyde
fixation and pepsin treatment. We performed ISH for 28S
ribosomal RNA (rRNA) followed by ultra-small colloidal
gold immunocytochemistry and silver enhancement. An
acceptable balance for 28S rRNA ISH detection was ob-
tained using mild cross-linking fixation followed by treat-
ment with a relative high concentration of pepsin for a
short time. The ISH method presented 1n this study was
compatible with immunocytochemical detection of protein
as demonstrated by double-labeling experiments.

Introductibn

In situ hybridization (ISH) at the electron microscopic
(EM) level provides the resolution necessary to deter-
mine the spatial relation between messenger RNA (mR-
NA) and cognate protein, factors involved in mRNA me-
tabolism, as well as intracellular ultrastructure. The major
concerns for EM ISH are to maintain cell morphology
and to retain endogenous RNA, while gaining access for
detection agents, 1.e. nucleic acid probes and antibodies.
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Evaluation of pepsin treatment for electron microscopic RNA
in situ hybridization on ultra-thin cryosections of cultured cells

Recently, we developed a pre-embedding EM ISH
method 1n which saponin permeabilization afforded good
ISH signals in ultrastructurally well-preserved cells
(Macville et al. 1995), using peroxidase/diaminobenzidi-
ne (DAB) detection. Despite the high sensitivity of the
DAB detection system, colloidal gold labeling is still
preferred for.transmission electron microscopy (TEM)
because of its better localization properties and electron
density. In addition, antibodies conjugated to different
sizes of gold particles allow, in principle, double immu-
nolabeling on the same specimen. However, to gain ac-
cess for immunogold labels, cells often have to be perm-
eabilized with proteolytic enzymes or detergents, and
such treatments can compromise cell morphology to an
unacceptable extent (Webster et al. 1987; Wolber et al.
1989; Lloyd et al. 1990), even if F(ab), fragments ad-
sorbed to ultra-small colloidal gold (Sibon et al. 1994,
1995; Macville et al. 1995) or covalently bound to gold-
atom clusters (Huang et al. 1994) are used. Alternatively,
post-embedding EM ISH methods allow direct access for
nucleic acid probes and gold-conjugated antibodies at
the sectioned surface. In methodological studies for post-
embedding EM ISH, several embedding media such as
Lowicryl K4 M, LR White, LR Gold, and also cryosec-
tions were evaluated with respect to detection efficliency
and preservation of ultrastructural morphology. The
highest detection efficiency was tound on ultra-thin
cryosections using S-nm gold particles, whereas the ul-

trastructure was best maintained in Lowicryl K4M-em-
bedded tissue (Wenderoth and Eisenberg 1991, Dirks et

al. 1992; Le Guellec et al. 1992). Compared with pre- -

embedding EM ISH, in our opinion the detection effi-
ciency on cryosections was low. The aim of this study
was to improve the EM ISH detection efficiency for ul-
tra-thin cryosections, while preserving the ultrastructural
morphology. For this purpose, we performed ISH experti-
ments in which aldehyde fixation and pepsin treatment
were the main variables.

The application of proteolytic enzymes 1n electron
microscopy poses some special problems because the in-
tegrity of ultrastructural components can be affected.
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Previous studies employing proteolytic enzymes on ul-
tra-thin sections of hydrophilic and epoxy resins have
shown that the extraction of cell components 1s depen-
dent on the type of embedding medium used (Leduc and
Bernhard 1962 Leduc and Holt 1965; Lewis and Knight
1992). Although pepsin has not been used before in post-
embedding EM ISH on ultra-thin sections ot frozen ma-
terial, it is supposed to be most effective since the mate-
rial is free of embedding medium, Therefore, to obtain
high detection efficiency while preserving the ultrastruc-
ture, the strength of proteolytic treatment (time and con-
centration) must be balanced carefully with the strength
of fixation.

We used 28S rRNA as target RNA because It 1S pres-
ent in very high abundancy in most cell types and 1ts 1o-
calization is well defined, 1.e. over the ribosomes and
the nucleoli. Moreover, it is a reliable reference for hy-
bridizable RNA (Yoshii et al. 1995). The rat 9G cell
line expresses 288 rRNA and, in addition, harbors an
inducible transcription unit for human cytomegalovirus
immediate early antigen (IEA; Boom et al. 1986),
which is synthesized in the cytoplasm and then trans-
ported to the nucleus. We could, therefore, investigate
the feasibility of simultaneous detection of RNA and
protein on rat 9G cells. For detection of 285 rRNA-
DNA hybrids, we used ultra-small (<0.8 nm) colloidal
gold-conjugated F(ab), fragments and silver enhance-
ment. Post-embedding immunoelectron microscopic
studies have shown that labeling efficiency increases
with decreasing size of gold label (Humbel and Biegel-
mann 1992; Dulhunty et al. 1993). As a consequence,
ultra-small colloidal gold conjugates should yield the
highest labeling efficiency. For consecutive antigen de-

tection we used 10-nm protein A-gold complexes (Slot
and Geuze 198)5).

Materials and m:thods

Cells and fixation

Rat 9G cells were cultured in Dulbecco’s minimal essential medi-
um supplemented with 5% fetal calf serum at 37°C in a 5% CO,
atmosphere, Cell monolayers were washed at 37°C with Ringer’s
phosphate-buffered saline (PBS) (136 mM NaCl, 4 mM KCI,
2.2 mM CaCl,, 1.4 mM Na,HPO,/NaH,PO,, pH 7.4), harvested
by trypsinizaltion and fixed in 1% (w/v) formaldehyde (FA), 1%
or 2% (v/v) ghutaraldehyde (GA, EM grade; Fluka Chemie, Bu-
chs, Switzerland), or a mixture of [% FA with 0.05% or 0.5% GA
for 30 min at room temperature (RT). Stock solutions of 2%
formaldehyde were prepared from paraformaldehyde shortly be-

fore use and diluted 1:! in 300 mM NaHCO,, pH 8.6 (Artvinli
1975).

Probes and labeling

A pGEM plasmid containing a 2.1-kb insert specific for human
285 rRNA (Bauman and Bentvelzen 1988; Erickson et al. 198])
was labeled with digoxigenin-11-deoxyuridine triphosphate
(Boehringer-Mannheim, Mananheim, Germany) by nick translation
and purified by Sephadex G50 (Pharmacia Biotech, Woerden, The

Netherlands) gel filtration. The probe lengths were 100—400 bp as
estimated by Southern blotting.

Ultra-thin cryosectioning

Cell processing for ultra-thin cryosectioning was performed es-
scntially according to Tokuyasu (1984) and Van Bergen en Hen-
egouwen (1989). In order to inhibit exogenous RNAse activity,
all solutions used until the pepsin treatment were supplemented
with 2 mM vanadyl ribonuleoside complex (VRC, Gibco
BRL/Lifetechnologies, Breda, The Netherlands). After fixation,
the cell suspension was spun down in a [0% gelatin matrix and
post-fixed with 1% FA/150 mM NaHCO; for 16 h at 4°C. Gela-
tin-embedded cell pellets were cut into 1-mm? blocks, impreg-
nated with 2.3 M sucrose for 30 mun, placed on a roughened
copper specimen holder, and plunged into liquid nitrogen. Ultra-
thin cryosections (80-100 nm) were cut on a Reichert FCS
cryo-ultramicrotome at —110°C, collected on a drop of 2.3 M
stucrose, and mounted on nickel grids with a carbon-coated col-
lodion film. Grids were placed inverted on a layer ol 2% gela-
tin/PBS (136 mM NaCl, 2.7 mM KCl, 8.4 mM Na,HPO,,
0.9 mM KH,PO,, pH 7.4) in a petr1 dish on 1ce during the sec-
tioning procedure. The sections were equilibrated to RT shortly
before use.

Pepsin treatment and hybridization

Excessive gelatin was removed and fixation-induced free alde-
hydes were quenched by washing three times for 2 min in PBSG
[PBS supplemented with 0.15% glycine, 0.1% bovine serum albu-
min (BSA), and 0.1% gelatin]. Proteolytic treatment was per-
formed by placing the specimens inverted on pre-warmed (37°C)
drops of 0.001%, 0.0{%, or 0.1% pepsin (P-7000, Sigma; St.
Louis, Mo., USA) in 10 mM HCI, pH 2.0, for 2, 5, or 10 min (Ta-
ble 1). Speciinens were then rinsed for 5 min with RNAse-{ree,
diethylpyrocarbonate-treated PBS (PBSD), and post-fixed in 1%
FA/PBSD for 10 min at RT to inactivate pepsin and prevent {ur-
ther morphological damage. Alternatively, specimens not treated
with pepsin (0 min) were hybridized directly after PBSG washes
(Dirks et al. 1992). Sections were hybridized in a humiditied
chamber, overnight at 37°C, {loating on 5-u!l drops of hybridiza-
tion mixture contatning 3 ng/Ll denatured probe, 60% formamide,
2xSSC (IxSSC=150 mM NaCl, 15 mM sodium citrate), 0.1%
polyviny! pyrrolidone, 0.1% Ficoll type 400, 0.1% BSA, 5% dex-
tran sulfate, 100 pg/ml yeast transfer RNA, and 100 pg/ml soni-
cated herring sperm DNA. Sections were rinsed three times for
[0 min in 60% formamide, 2xSSC at 37°C, three times for 5 min
in 0.1xSSC at 60°C, and two times for 5 min in 2xSSC at RT.
Control hybridizations were performed on RNAse-A-treated cells
(100 pg/ml in 2xSSC for 30 min at 37°C), and with hybridization
mock solution containing no probe or 288 rRNA nonspecific
probe. |

[mmunocytochemical procedures

Sections were incubated in TNB [0.5% blocking reagent (Boehrin-
ger-Mannheim) in 100 mM Tris-HCL, 150 mM NacCl, pH 7.51 for
30 min at 37°C. Digoxigenin-labeled probes were detected with
sheep anti-digoxigenin F(ab), fragments conjugated to ultra-small
colloidal gold particles (Aurion, Wageningen, The Netheriands)
diluted 1:50 in TNB for 2 h at RT.

Next, sections were rinsed six times for 5 min in PBS contain-
ing 0.1% BSA-C (Aurion) and then two times for 5 min in PBS,
post-fixed for 10 min in 2% GA/PBS, and rinsed once for 5 min in
PBS and six times for 5 min in double-distilled water. Silver en-
hancement was performed with EM-grade silver enhancement
chemicals (Aurion) for 5 min according to the manufacturer’s in-
structions. Double-labeling immunocytochemistry was performed
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on rat QG cells that were induced for TEA cxpression by adding  Intluence of p{-‘:pf%;il‘l treatment on ISH sionals
(O ug/ml cycloheximide for 5 h to exponentially growing cells and mornholos =

(Boom ct al. 1986). Cells were cultured for 16 h after release of [ M

cyclohexmmide and processed for [SH as described above. After ,,

completion of 285 rRNA ISH detection, the scctions were rinsed 11 gener; tl catment of ultra-thin cryoscctions with pep-
in PBSG tor 5 min and then mcubated at RT for 2 h with mouse  Sin 1ncreq d the label 1¢ detlsi[y but decreased the ultra-
wonoclonal anti-1EA (E13: Biosoft. Paris, France) dilued 1000 Sruetural nmpho!o ry. Chessboard experimemﬁ in which

in PBSG, followed by two consecutive incubations at RT tor | h leoree of fixat | [ l [ e don
cach with unconjugated rabbit anti-mouse (Cdpptl Oreanon Tek- degree ol fixation anc [JLD in treatment were varied dem-

niki. Boxtel, The Netherlands) diluted 1:500 in PBSG and 10 nm Onstrated that this effect is lixative C-ICPG*M“W (Table 1).
wotein A-gold complex (Slot and Geuze 1985) diluted 400 10 Cells fixed with [9% FA or 1% FAJO.05% GA showed ,{
212 & | , s e YR : » e : ey weneof g ‘ YRR JAve SYMATE, . . > M I’.-"-i::’f
B8/ 1% BSAL Between incubations., the sections were rinsed three damaged cell morphology after briel (2 min) reatment -

imes for 5 min with PBSG. Ultra-thin cryosections were post- .
) , . - " > ) with pepsin at fow (0.001%) or mtermediate (0.01% ol
stutned with a misture contaming 3% uranyl acetate dituted 139 in P R ( (, ) ; ‘ (0.01%) Tl
J A ¥ : : : . ) ’ ‘ e NVE > £ e AN 8 K4 S VR ~ i g g i
2% methyleellulose embedding medium. Sections were examined — Soncentration, whereas in-cells fixed with a stronget

in o Philips EM 410LS transmission clectron microscope operated — Cross-linking fixative, such as 1% FA/0.5% GAL 1% GA, }”
at 80 kV. or 2% GA, such damage was only visible when pepsi

was uscd for longer than 5 min at a high (0.1%) concen-
o . | - wration (Table 1), We empirically det imlmd dense label-
Results ng for 285 rRNA over the cytoplasm and nucleolus and

good prescrvation ol the nucleus and cytoplasmic mems-
[nfluence of fixation on ISH signals and morphology brane structures 1 1% FA/)LS% GA-fixed cells that were
reated with O.1% p“p\m or 2 min (Fig., 2B).
Hybridization  experiments with 285 rRNA - specilic The effect of pepsin on ISH signal density and preser- g
brobes on ultra-thin cryoscctions ol cultured rat 9G cells  vation ol morphology appeared tic::pem.em on the sccuon
hat were not pre-treated with pepsin revealed the strong-  thickness, Thinner sections were more severely allected
est labeling when cells were fixed with 1% FA (Fig. ). than thicker scctions. Theretore, the results shown in this
The ultrastructural n”l()rphol(')gy., nowever, was Infertor to study  are obtained on  sections ol equal  thickness -
that of cells fixed in GA containing fixatives. In 19 FA- (80-100 nm). il
[ixed cells, the eytoplasm and nucleus were less electron- Altempts o improve the reproductbility by perform-
dense and the membrane structures of mitochondria and  itng ISH on cells fixed with stronger cross-hinking
endoplasmic reticulum were less distinet than those ol strength (1% or 2% GA) were apparently unsuccessftul. /g
% EAND.05% GA-fixed cells. With tncreasing concentra-  In adc hlmn treatment with O.1% saponin for 10-30 min,
ttons of GA. the |i.lhtl‘li!'lf~" density decreased prcr[:;(;)rticm.llly previously successtul in pre-embedding EM ISH (Mac- 1
(compare Figs. |, 2a, 3a). The use ol strong cross-linking — ville et al. 1993), appearced incttective (data not shown).
lxatives such as 1% amd 2% GA resulted in the complete Other RNA targets, such as immediate carly (IE) mes
absence of hybridizaton signals (Table 1). senger RNA (mMRNA) i vat 9G cells or human clonga- s
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Fig. 3a, b TEM images of
simultaneous 285 rRNA and
[EA detection on ultra-thin
cryosections of 1% FA/O.05%
GA-fixed rat 9G cells, The
large grains (30-50 nm) in the
cytoplasm are silver-enhanced
ultra-small gold particles repre-
senting 285 rRNA, and the
small grams i the nucleoplasm
are 10-nm gold particles repre-
senting TEA. (u)(,clh that were b0 e e
not treated with pepsin show / )”g o ;g.,ﬁ gjﬂ,
betler preservation of ultr: L e S
structural morphology but

caker labeling than (b) cells
treated with 0.01% pepsin for
10 min. N Nucleus, C eyto-
plasm, tn mutochondria. Bars:
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though the ultrastructural morphology was already se-
verely damaged. Conditions atfording 285 rRNA [SH
detection and preservation of morphology were compali-
ble with simultaneous [EA detection.

w

Spectficity of hybridization and immunocytochemistry

ISH signals for 285 tRNA were located over the cyto-
nlasm and in the nucleolus, mainly localized at the gran-
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probe, or when the antibody icubaton was omitted. The
[SH signals were obtained without in situ denaturation of
DNA and were RNAse-A sensitive, proving that 1SH sig-
nals were specil’ic [or RINA.

IEA expression 1s cell cyele dependen
approximately 30% of a rat 9G cell population 15 IEA
positive upon cyclohextmude induction {(Boom et al.
[986), thus providing an internal spectlicity control.

Cand, therefore,

pp—y

tar component (Fig. 1). No labeling was observed over
he Golgi apparatus, mitochondria, or vacuoles, but some
abeling was found over the nucleoplasm. Cells were
completely devoid of label when incubated m a mock so-
lution containing no probe or 285 rtRNA nonspectlic

[N

Discussion

n developmental studies for EM ISH the main challenge
between RNA detection effi-

s to find a good balance
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Table 1 Influence of fixation and pepsin treatment on ultrastruc-
tural morphology (morpho) and 28S rRNA ISH signal (signal) on
ultrathin cryosections of cultured rat 9G cells. FA Formaldehyde,
GA glutaraldehyde; morphology: ++ well-preserved cytoplasmic
and nuclear ultrastructure, + fairly well-preserved cytoplasmic and
nuclear ultrastructure, = cell damage, organelles distinguished,

~ cell damage, organelles not distinguished, — — severe cell damage,
— — — very severe cell damage, n.d. not determined; 285 rRNA ISH
signal: ++ cytoplasm and nucleolus very densely labeled, + cyto-
plasm and nucleolus densely labeled, + cytoplasm and nucleolus
weakly labeled, — cytoplasm weakly labeled, nucleolus not labeled,
— —cytoplasm and nucleolus not labeled, n.4. not determined

Fixation Pepsin pretreatment
O min 2 nun S min
0.001%  0.001%
1 % FA morpho  + + n.d.
signal + + n.d.
19% EAJ0.05% GA morpho ++ ++ +
signa] o + +
1% FA/.5% GA morpho ++ -+ +
signal — — +
1% GA morpho ++ n.d. n.d.
signal - — n.d. n.d.
2% GA morpho ++ n.d. n.d.
signal - — n.d. n.d.

10 min 2 min 5 min 10 min 2 min 5 min 10 min
Q001% 001% 00l% 0.01% 0.1% 0.1% 0.1%
n.d. n.d. n.d. n.d. n.d. n.d. n.d.
n.d. n.d. n.d n.d. n.d. n.d. n.d.
— + _ —— n.d. —— n.d.
+ + + + n.d. +-+ n.d.
+ + + + + x - —
+ + o+ + ++ ++ ++
n.d. n.d. n.d. n.d. + + —
n.d. n.d. n.d. n.d. - + +
n.d. n.d. n.d. n.d. + + —
n.d. n.d, n.d, n.d. - + +

hae » — M

ciency and preservation of ultrastructural morphology. In
comparative post-embedding EM ISH studies, in which
various embedding media and non-embedded frozen ma-
terials were tested, the most efficient ISH detection was
found for ultra-thin cryosectioned tissue using 5-nm col-
loidal gold (Wenderoth and Eisenberg 1991; Dirks et al.
1992, Le Guellec et al. 1992). Consequently, the use of
ultra-small colloidal gold particles with silver enhance-
ment on ultra-thin cryosections should yield an even
higher detection efficiency.

In ultra-thin sections of fixed cells, RNA molecules
are present not only at the sectioned surface but also in-
side the section. Since there 1S no embedding medium
present in cryosections, probes and antibodies may dif-
fuse throughout the section and detect the internal RNA
sequences. The accessibility of internal RNA molecules
18, however, hindered by RNA-associated proteins that
are cross-linked by fixation. Thus, by breaking the pep-
tide bonds, e.g. by pepsin treatment, the accessibility can
be increased. Indeed, decrease of cross-linking strength
and increase of pepsin treatment resulted in higher RNA
detection efficiency. In chessboard experiments, we em-
pirically found good detection efficiency and preserva-
tton of morphology in cells fixed with 1% FA/0.5% GA,
and then briefly (2 min) treated with a high concentra-
tion (0.1%) of pepsin. The balance, however, is fragile
because these results were consistently reproduced only
on sections of equal thickness.

In comparison with earlier post-embedding EM ISH
studies for 28S rRNA, equally strong signal intensities
were achieved (Thiry and Thiry-Blaise 1989; Puvion-
Dutilleul et al. 1991; Wachtler et al. 1992), albeit at the
cost of ultrastructural preservation. Post-embedding EM
ISH on ultra-thin cryosections of cultured cells was less
sensitive than pre-embedding EM ISH. RNA targets suc-
cesstully detected by pre-embedding EM ISH on whole-
mount cells, such as IE mRNA and HEF mRNA (Macv-
ille et al. 1995), were not detected. Nevertheless, for

some applications post-embedding EM ISH will remain
the method of choice, e.g. when the material has to be
stored because immediate processing 18 not possible or
when double labeling is desired. For elucidation of many
cellular processes, simultaneous detection of protein and
RNA at the ultrastructural {evel could provide useful in-
formation. Post-embedding EM ISH on ultra-thin sec-
tions of frozen tissue has proven compatible with simul-
taneous antigen detection (Dirks et al. 1992). We
showed, by using two different sizes of immunogold la-
bels, the sunultaneous detection of 285 rRNA and IEA
protein on ultra-thin cryosection of cultured cells. The
majority of silver-enhanced ultra-small gold particles
were easily distinguished from [0-nm gold by their larg-
er size. However, interpretation problems may occur
when targets are localized to the same cell compartment
and ultra-small gold particles are enlarged to the size of
the second label (Egger et al. 1994).

Higher sensitivity may be achieved (a) by taking
stronger measures against RNAse activity or (b) by using
more sensitive immunogold detection systems. The cells
are susceptible to RNAse in many steps of the protocol.
For instance, immediately after pepsin treatment RNA
targets are exposed not only to probe hybridization but
also to RNAse digestion. RNAse inhibition by VRC was
sufficient for retention of 28S rRNA but not for mRNA
species which are present in lower abundancies. Full ac-
cess to internal RNA targets without pre-treatment might
be readily gained by gold-atom clusters covalently bound
to F(ab), fragments (Takizawa and Robinson 1994). In
addition, improvement of silver enhancement efficiency
may coniribute to enhance the labeling intensity (Stierhof
et al. 1991; Gilerovitch et al. 1995). Alternatively, Sibon
et al. (1994) used ultra-small colloidal gold and silver en-
hancement alternately for double labeling of mRNA and
protein in pre-embedding EM ISH on nuclear matrices.
Application of these three methods to ultrastructurally in-
tact cells would combine the present advantages of both
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post-embedding (double labeling) and pre-embedding
(high detection efficiency) EM ISH techniques.

In conclusion, post-embedding EM ISH on ultra-thin
cryosections of cultured cells while preserving morphol-
ogy is feasible for high-abundance RNA. In addition, the
ISH protocol described in this article is compatible with
simultaneous protein detection. One should realize, how-
ever, that the detection efficiency is suboptimal when the
cells are ultrastructurally intact. For improvement of de-
tection efficiency, pepsin treatment was very effective
but appeared too harsh for stably balancing labeling in-
tensity and ultrastructural morphology. Further refine-
ment of the protocol to detect mRNA species is currently
under investigation.
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