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We analyzed the effects of steps in RNA in situ hybridiza­
tion (ISH) procedures on morphology and hybridization sig­
nal with reflection-contrast microscopy (RCM) and transmis­
sion electron microscopy (TEM). In chessboard experiments, 
a range of fixatives containing formaldehyde, glutaraldehyde, 
or both, and various permeabilization protocols, including 
ethanol and pepsin treatment, were investigated. A trans­
fected rat fibroblast cell line that harbors an inducible hu­
man cytomegalovirus immediate early (IE) transcription unit, 
and specific probes for 28S ribosomal RNA and EE messenger 
RNA were used for this purpose. Probes were labeled with 
digoxigenin and hybrids were detected with anti-digoxigenin 
F(ab)2 fragments conjugated to horseradish peroxidase, fol­
lowed by diamino benzidine/H2O2 reaction. Effects of fix­
ation and pre-treatments on RNA detection efficiency and 
morphology were monitored by RCM on whole cells. After

Epon embedding and ultra-thin cross-sectioning, the corre­
sponding TEM images were obtained. With the pre-treat­
ments analyzed, it appeared impossible to find an accept­
able balance between ISH signals and preservation of 
ultras true turai morphology: when good signal-to-noise ra­
tios are obtained, the ultrastructural morphology is already 
deteriorated, We discuss the parameters that influence the 
fragile balance between high RNA detection efficiency and 
good preservation of ultrastructure and the benefit of RCM 
monitoring in the development and procedures for pre­
embedding electron microscopic ISH. ( J  Histochem Cyto-
chem 43:665-674, 1995)
KEY WORDS: In situ hybridization; Reflection-contrast microscopy; 
Transmission electron microscopy; Pre-embedding; 28S rRNA; Hu­
man cytomegalovirus immediate early mRNA; Rat 9G cells; 
Cytochemistry.

Introduction
Light microscopic (LM) in situ hybridization (ISH) expertise gathered 
thus far strongly indicates that measures to increase accessibility 
of RNA targets, such as proteolytic pre-treatment, are often cru­
cial for obtaining a good hybridization signal-to-noise ratio. The 
strength in which such measures have to be taken proved to be de­
pendent on the extent of cross-linking during the primary fixation 
(1-3). In general, they compromise morphology, and often a work­
able balance between morphology and ISH signal must be found
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experimentally. Cytochemical data that give insight into the un­
derlying events that determine this balance are very useful in the 
development of non-rad io active RNA ISH procedures at both the 
LM and electron microscopic (EM) levels. Thus far, these data are 
scattered over the literature.

In ISH techniques for transmission electron microscopy (TEM), 
the problem of inaccessibility is even more prominent because the 
preservation of ultrastructure requires stronger cross-linking than 
is generally used for LM. In developing EM ISH procedures, two 
approaches can be taken: post-embedding and pre-embedding. In 
post-embedding EM ISH, the problem of inaccessibility is believed 
to be solved to a large extent by ultra-thin sectioning of the cells 
or tissues of interest. For plastic-embedded material, only nucleic 
acid targets exposed at the surface will be accessible (4), whereas 
for frozen sections it is claimed that targets through the entire depth 
of the section are available (5,6). In pre-embedding EM ISH, gain­
ing accessibility to nucleic acid targets while maintaining ultrastruc­
tural morphology pose major problems.
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666 MONITORING ISH PROCEDURES BY RCM AND TEM

To f in d  a workable balance, if  any, between preservation of ul- 
trastructural morphology and  RN A  detection efficiency in pre- 
em bedd ingE M  ISH, extensive experim entation, in which fixation 
and  perm eabilizing pre-treatm ents are the major variables, is neces­
sary. Such experim entation w ould benefit considerably from a LM 
technique th a t on the one h a n d  would perm it sensitive detection 
o f the  final reaction p roduct o f  an ISH procedure and on the other 
hand  w ould give an indication o f  the ultrastructural morphology 
o f the cells. For this purpose, reflection-contrast microscopy (RCM) 
was selected in com bination w ith  peroxidase/diaminobenzidine 
(DAB) detection. Because RCM is extremely sensitive in detecting 
the  DAB precip ita te  (7-11), RCM evaluation before em bedding 
would p erm it selection o f  the  conditions under which good signal- 
to-noise ratios are achieved. N ext to this, RCM interference p a t­
terns o f u nsta in ed  cells w ould give an indication to which extent 
m orphology is preserved (1 2 ; see also Discussion), To establish a 
correlation betw een RCM images on the one side and subcellular 
m orphology and  RNA detection efficiency on the other, we ana­
lyzed u ltra -th in  cross-sections w ith TEM.

Materials and Methods
Cell Culture. For RCM and brightfield LM, rat 9G fibroblasts and HeLa 

cells were grown overnight to subconfluency on sterilized glass slides in Dul- 
becco’s minimal essential medium supplemented with 10% (v/v) fetal calf 
serum at 37*C in a 5% CO2 atmosphere. For pre-embedding EM, cells were 
grown on polystyrene 6-well culture plates (type 3506; Costar Europe, Bad­
hoeve dorp, The Netherlands) under the same conditions, Immediate early 
(IE) messenger RNA (mRNA) expression was induced in about 30% of the 
rat 9G cell population by addition of 50 fig/ml cydoheximide (Sigma; St 
Louis, MO) for 5 hr at 37DC to exponentially growing cells (13).

Nudeic Acids and Labeling. For detection of IE mRNA in rat 9G cells 
a plasmid probe was used, containing the 5 KB Sph I-.WI fragment of the 
transfected human cytomegalovirus (HCMV) IE region (13,14). For detec­
tion of ribosomal RNA (rRNA) a 2,1 k b  insert specific for the 3' site of 
human 28S rRNA was cloned in pGEM plasmid (15,16). As negative con­
trol, a pKUN plasmid was used containing the 1 KB transcript of the 
caudodorsal cell hormone (CDCH) gene of the pond snail Lymnaea stag­
ri ali s (17). Probes were labeled with digoxigenin-ll-dUTP (Boehringer- 
Mannheim; Mannheim, Germany) by nick-translation and were purified 
by Sephadex G50 (Pharmacia Biotech; Woerden, The Netherlands) gel filtra­
tion. Fragment length of labeled probes was 100-400 b p  as estimated by 
Southern blotting.

Fixations and Pre-treatments. After culturing, cells were washed briefly 
at room temperature (RT) with Ringer’s PBS, pH 7.4 (1.4 mM Na2HP0 4 / 
NaH2P0 4 > 150 mM NaCI, 4 mM KC1, 2.2 mM CaCb) and fixed for 30 
min at RT in either 4% (v/v) formaldehyde/5 % (v/v) acetic acid in PBS 
(136 mM NaCI, 2.7 mM KC1, 8.4 mM Na2H P04, 0,9 mM KH2PO4, pH 
7.4), 1% (w/v) formaldehyde in 0.1 M Na2HP0 4 /NaH2P0 4  pH 7.2 , 1% 
(w/v) formaldehyde with 0.05% or 0.5% (v/v) glutaraldehyde (EM grade; 
Fluka Chemie; Buchs, Switzerland) in 0.15 M NaHCOj pH 8.6 (18), or 1% 
glutaraldehyde in 0.14 M sodium cacodylate buffer, pH 7.2. All fixatives 
were freshly prepared before use. After fixation, ceils were pre-treated with 
a permeabilizing agent, including ethanol, pepsin, or both. Ethanol pre- 
treatment was performed by dehydration in a 70-90-100% series of etha­
nol at RT or overnight storage in 70% ethanol at 4°C. Pepsin digestion 
was in 0 ,1% (w/v) pepsin (Sigma)/1 0  mM HC1, pH  2.0, at 37 “C for 5, 10, 
or 20 min, Consecutively, cells were post-fixed in 1% formaldehyde/PBS 
for 10 min and blocked for fixation-induced free aldehydes in 1% (w/v)

hydroxylammonium chloride/PBS for 10 min. In between the steps, cells 
were rinsed in RNAse-free PBS.

In Situ Hybridization. The hybridization buffer for RCM and EM con­
sisted of 60% deionized formamide, 2 x SSC (0.3 M NaCI, 0.03 M so* 
dium citrate), 25 mM NaH2P0 4 , 10 mM EDTA, pH 7.4, 100 ng/ml her« 
ring sperm DNA, 100 ng/ml yeast transfer RNA, Hybridization conditions 
were as described (3,19). For EM experiments performed on polystyrene
6 -well plates, 10 \xi hybridization mixture, with a final probe concentra­
tion of 5 ng/|al, was covered with a 20 x 20-mm piece of parafilm. Nega­
tive controls consisted of hybridizations without probe or with a nonspecific 
probe, pre-treatment of cells with RNAse A (100 |ig/ml in 2 x SSC) be* 
fore hybridization for 30 min at 37°C, and hybridization on non-induced 
rat 9G cells or HeLa cells.

Hybrid Detection. Digoxigenin-labeled RNA-DNA hybrids were de­
tected with peroxidase-conjugated anti-digoxigenin F(ab)2 fragments 
(Boehringer-Mannheim) diluted 1:250 in 100 mM Tris-HCl, 600 mMNaCI, 
pH  7.4, containing 0.5% (w/v) blocking reagent (Boehringer-Mannheim) 
and, optionally, 2 mM vanadyl ribonucleoside complex (Gibco BRL/Lifetcch* 
nologies; Breda, The Netherlands) for 2 hr at 37 °C. Afterwards, cells were 
rinsed in 100 mM Tris-HCl, 150 mM NaCI, pH 7.4. For visualization of 
peroxidase label, cells were incubated at RT for 20 min in the dark with
0,5 mg/ml DAB in 50 mM Tris-HCl, pH 7.4, containing 10 mM imida­
zole and 0.005% (v/v) H2O2. Before RCM monitoring or TEM processing, 
DAB-stained cells were post-fixed with 2 % (v/v) glutaraldehyde in 0,15 M 
NaHC03 for 30 min at RT, rinsed in PBS three rimes for 5 min, and os- 
mificated in 1% (v/v) OsÔ j in Millonig’s phosphate (0.16 M NaH2PQ4/0.6î 
M NaOH, pH 7.3) for 30 min at 4'C.

Reflection-contrast Microscopy, A Leitz Orthoplan microscope (Ernst 
Leitz; Wetzlar, Germany) equipped for epi-illumination was adapted for 
RCM. The principle of this type of microscopy has been described previ­
ously (7,9,20). After dehydration, whole cells were observed using immer­
sion oil between objective and slide without a coverslip. For reproducción 
reasons, ail RCM micrographs shown in this article were taken from glass 
slides, Polystyrene caused a gray reflection at the polystyrene-immcrsioa 
oil interface, whereas glass gave a completely black background. Unlike 
glass, polystyrene was not resistant to long exposure to immersion oil, There* 
fore, the wells were rinsed in 100% ethanol immediately after RCM monitor* 
ing. The monitored cells or their duplicates were further processed for TEM. 
For RCM examination of ultra-thin cross-sections, specimens were mounted 
on poly-L-lysine-coated glass slides and examined for hybridization signals. 
All RCM micrographs were taken on 100 ASA daylight color film.

Resin Embedding and Electron Microscopy. Cells were dehydrated and 
infiltrated with gradually increasing concentrations of Epon in ethanol ac­
cording to standard procedures. On 6 -well plates, a small volume of resin 
was equally distributed over each well. After overnight polymerization at 
6 0 *C, M-mm thin disks containing the cells were broken from the wells 
and re-embedded in Epon for cross-sectioning. Ultra-thin sections (60-90 
nm) were cut with a diamond knife on a Reichert Ultracut E and mounted 
on carbon-coated collodion films on copper grids, Cells were examined with 
a Philips EM 410LS operating at 60 or 80 kV.

Results
T he influence of different ISH protocols on cell m orphology and 
RNA detection efficiency was investigated by evaluating results with 
bo th  RCM and TEM. To observe ISH results by both types of mi­
croscopy, cells had  to be transferred from  an LM to an EM examin­
ing mode. Polystyrene 6 -well culture plates were suitable substrates 
for this purpose. In our hands, the  same ISH results were obtained
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Table 1 , Influence o f  ethanol on m orphology a n d  IS H  results in correlation with primary fixation observed in rat 9 G  cells
by RCM and TEM*

Ethanol Fixation^

Morphology^
28S rRNA signal 

intensity"
RCM IE mRNA 

signal

RCM TEM RCM TEM Intensity* Percentage e,l

W ith o u t  4 %  F A / 5% HAc ± --- ± — — 0
1% FA + + + + 5
1% F A /0 .05  % G A + + + + Í  — — 0
1% F A /0 .5  % G A + + + 4- + ± — 0
1% G A + + + + + — 0

W ith  4%  F A / 5% HAc + - 0
1% FA + * ~ + — + 5
1% F A /0 ,0 5 %  G A ■+■ + jr 4" — — 0
1% F A /0 ,5 %  G A + +  + ± + — — 0
1% G A + + + ± _ — — 0

a RCM, reflection-contrast microscopy; TEM, transmission electron microscopy.
b FA, formaldehyde; GA, glutaraldehyde; HAc, acetic acid.
c RCM; + + + , concentric colors over 60% of the cell; + + , 40% concentric colors; + , 20% concentric colors; ± colored speck oyer cell center, gray periphery. TEM:

+ + , well-preserved ultrastructure; + , fairly well-preserved ultrastructure; ± , no organelles, cell mass retained; —, no organelles, loss o f cell mass; —, cell damage or extract-
ed cells; — , severe loss o f cell mass,

d 28S rRNA ISH signal intensity: + , clear DAB in cytoplasm; ± , weak DAB spots in cytoplasm; -, no DAB.
e IE mRNA ISH signal intensity: + , clear DAB in cytoplasm; -, no DAB.
I  Percentage of cells showing IE mRNA ISH signal (maximum is 30%).

on glass slides and polystyrene 6 -well p lates. A fte r RCM m o n ito r ­ bridÌ2 ed im m ediately  after p rim ary  fixation (Table 1) or treated
ing, cells were transferred into Epon blocks w ith o u t cell loss or before ISH w ith  e thano l (Table 1), pepsin  (Table 2 ) or e thanol and
damage. pepsin (Table 3). In  general, the R N A  detection efficiency appeared

The data were obtained from rat 9 G  fib rob lasts  th a t  were hy- strongly correlated to the state o f subcellular morphology. Further*

Table 2 . Influence o f  pepsin digestion w ith o u t prior ethanol treatm ent on the morphology a n d  IS H  results in rat 9 G cells,
in correlation with the primary fixa tion  as observed by RC M  a n d  TEMa

28S rRNA signal RCM IE mRNA
Morphology c intensity ® signal

Fixation^ Pepsin time RCM TEM RCM TEM Intensity e Percentage*/

4% FA /5 % HAc 5’ - - +  4 4“ + + 20
10’  ̂m * 4 + + H é\m «1̂11 30
20’ -- s + + + s + + 30

1% FA 5’ h 4 + 4* h + + 20
1% FA/0.05% GA 5' ^ ^ --/ +

4
+ '

1
J +/ 10

10’ — / + + * --*■/ +
i

+ ' + J +J +/ 20
20’ . . . /  4- * g + s + 30

1% FA/0.5% GA 5’ --/ + + 1 --/ + + * + J +J +/ <5
10’

\
-"**ƒ+ "+* * - /  + + 1 + J W +/ 5

20'
1

—■** / + * g + J +J 10
1% GA 5’

4
--/ + + + 1 / + + ' + j J + / <5

10’ — / + + + 1f *- / +
ft

+ ' + J ± j 5
20’

•
---/ + +  * g

*
+ J g

»
Î 10

a RCM, reflection-contrastmicroscopy; TEM, transmission electron microscopy. Nuclear and nucleolar ISH signals were occasionally examined by brightfield JLM becausc 
DAB could sometimes be present in such large amounts that the reflection properties were lost (see text). 

b FA, formaldehyde; GA, glutaraldehyde; HAc, acetic acid.
c RCM, morphology: + + + , concentric colors over 60% of the cell; + + , 40% concentric colots; + , 20% concentric colors; ± colored specks over cell center, gray 

periphery. -, predominantly gray cells; - ,  gray ceils; — , cell damage; — , severe cell damage. TEM morphology: + + , well-preserved ukrastructure; - ,  no organelles, loss 
of cell mass; — , cell damage or extracted cells; — , severe Joss of cell inass.

^ + + + , strong DAB in cytoplasm and nucleoli; + + , clear DAB in cytoplasm and nucleoli; + , clear DAB in cytoplasm» 
e + + , clear DAB in cytoplasm and nucleoplasm; + , clear DAB in cytoplasm; ± , weak DAB spots in cytoplasm.
I  Percentage of cells showing IE mRNA ISH signal (maximum is 30%). 
g No data.
^ Severe cell loss.
' Heterogeneous morphology pattern within one cell, showing distinct disrupted parts (indicated left of slash) and preserved parts (indicated right of slash).
1 Heterogeneous (patchy) signal pattern within one cell, showing parts with ISH signal (indicated) and parts without ISH signal.
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more, by evaluating RCM data with corresponding TEM data, we 
were able to use RCM images to predict results at the ultrastruc- 
tural level to a large extent.

M onitoring M orphology a n d  28S  rR N A  ISH  
Signals by R C M  a n d  TEM

Effects of Fixation, The RCM image of 4% formaldehyde/5% 
acetic acid-fixed cells (Figure 1A) showed a blue and brown speck­
led interference pattern over the central region surrounded by a 
grayish-white area. The corresponding TEM image (Figure 3 A) re­
vealed extracted cells in which only nuclei and nucleoli were recog­
nized.

Cells fixed with 1% formaldehyde showed a regular pattern of 
concentrically arranged colors over the center of the cell. In TEM, 
the uîtrastructural morphology was fairly well preserved. The use 
of glutaraldehyde during primary fixation optimized the preserva­
tion of uîtrastructural morphology. For example, 1% formalde- 
hyde/0.5% giutaraJdehyde-fixed cells showed a dense nucleus and 
good preservation of membrane structures in the cytoplasm (simi­
lar to Figure 4 A). The corresponding RCM image (Figure 2 A) showed 
an interference pattern of concentrically arranged colors over 60% 
of the cell: purple and green in the center, then changing from 
yellow to blue, brown, and grayish-white towards the outer pe­
riphery.

Effects of Hybridization, The influence on morphology of the 
hybridization step itself was of primary interest because this step 
is indispensable in the ISH protocol and is performed over a long 
period in a predominantly organic environment of formamide. To 
investigate this, rat 9G cells were fixed and hybridized overnight 
in the absence of probe (pseudohybridization) without preceding 
treatments (upper half of Table 1). In all types of fixation, cell mor­
phology in RCM and TEM did not differ from cells that were not 
hybridized at all. When the cell morphology was affected by per- 
meabilization treatments, the hybridization step did not deteri­
orate the morphology any further. In addition, immunocytochem- 
ical steps did not influence cell morphology.

When ISH was performed without any preceding treatment, 
signals for 28S rRNA were visible in RCM as clear spots in the 
cytoplasm of cells fixed with 4% formaldehyde/5 % acetic acid (Fig­
ure IB) or 1% formaldehyde. The 28S rRNA ISH signal intensity 
decreased as glutaraldehyde concentration of the fixation increased. 
In TEM, for all fixatives, no 28S rRNA ISH signals were visible.

Effects of Ethanol. The influence of ethanol in the ISH pro­
tocol on the morphology was investigated by comparing cells that 
were either gradually dehydrated in 70-90-100% ethanol or stored 
overnight in 70% ethanol at 4°C before hybridization with cells 
that were hybridized directly after fixation (Table 1). For all types 
of fixation, the RCM interference color pattern did not alter after 
ethanol treatment. TEM examination, however, revealed deterio­
ration of uîtrastructural morphology for all fixatives, especially in 
cells fixed with formaldehyde, glutaraldehyde, or both. Cells fixed 
with 1% formaldehyde/0.5% glutaraldehyde and pre-treated with 
ethanol revealed a considerable loss of organelle architecture: mi­
tochondria, endoplasmic reticulum, Golgi apparatus, and vesicles 
were vaguely discernible. Still, the cell mass and volume was re­
tained, explaining their unaltered reflection properties.

Although ethanol pre-treatment affected the uîtrastructural mor­
phology of the cell, the ISH detection efficiency for 28S rRNA did 
not increase, either at the RCM or the TEM level,

Effects of Pepsin. The influence of pepsin on cell morphology 
was investigated in pseudohybridized cells and in IE mRNA-negativc 
cells present in induced cell batches. Cells were fixed and then prc- 
treatcd with 0.1% pepsin for various time periods (Table 2). When 
4% formaldehyde/5% acetic acid-fixed cells were pre-treated with 
pepsin for 5 min, they revealed an overall gray color with a blue» 
brown ring in the center of the cell, probably indicating the nu­
clear border. In the majority of cells, one to three blue-brown dots 
were discriminated within the ring, representing the nucleoli (similar 
to Figure IE). The corresponding TEM image revealed only rem­
nants of cytoplasm, nucleus, and nucleoli. Longer pepsin pre- 
treatment led to further loss of interference color and cell damage, 
as could be seen in RCM. In TEM, longer pepsin pre-treatment 
resulted in considerable loss of cell mass and cell damage.

Pepsin pre-treatment enhanced the ISH signal intensity in 4% 
formaldehyde/5% acetic acid-fixed cells (Table 2). In RCM, cells 
hybridized for 28S rRNA showed homogeneously distributed DAB 
precipitate over the cytoplasm (Figure 1C). Moreover, the ISH sig­
nal intensity increased after prolonged pepsin pre-treatment. 
Nucleoli appeared devoid of label. However, by examining the same 
image field with brightfield LM, DAB spots were clearly visible. 
This is explained by the fact that reflection properties of DAB are 
lost if  it is present in large amounts (10). In TEM, 28S rRNA ISH 
signals were clearly visible over the remnants of the cytoplasm and 
nucleoli (similar to Figure 3B).

A relatively short pepsin digestion on 1% formaldehyde-fixed

Figure 1. RCM ¡mage of rat 9G cell monolayer fixed with 4%formaldehyde/5°/o acetic acid (A) directly after fixation and (B) after 28S rRNA ISH and peroxldase/DAB 
detection without any pre-treatment. Ceils show white DAB spots over the cytoplasm- (C) After pre-treatment with pepsin for 5 min, cells show equally strong 
28S rRNA ISH signais as (D) cells that were additionally pre-treated with ethanol. Nucleolar ISH signals are present (see Figure 1F) but are not visible in RCM 
owing to loss of reflection properties of large amounts of DAB (see text). (E) Rat 9G cells pre-treated with ethanol and pepsin for 5 min show many strong IE 
mRNA ISH signals. Blue-brown dots (arrowheads) represent nucleoli. (F) Ultra-thin (90-nm) cross-section of cells similarly treated as in D demonstrates 28S rRNA 
in cytoplasm and nucleoli (arrowheads). Bars «  5 nm.

Figure 2. RCM image of rat 9G cell monolayer fixed with 1% formaldehyde/0.5% glutaraldehyde (A) directly after fixation and (B) after pepsin pre-treatment for 
5 min and IE mRNA ISH, showing heterogeneous (patchy) DAB signals (arrows). Negative cells reveal distinct black holes (arrowhead). (C) When 28S rRNA ISH 
is performed on similarly treated cells, a patchy pattern is observed over all cells. (D) Cells treated with ethanol before a 5-min pepsin treatment show homogeneous 
DAB staining in the cytoplasm of ali cells after 28S rRNA ISH and (E) after IE mRNA ISH, in the cytoplasm and nucleus. (F) Ultra-thin (90-nm) cross-section of 
cells similarly treated as in D demonstrates DAB staining at the outer layer of the cell, indicating poor penetration of detection reagents. Bars = 5 (im.
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Table 3. Influence o f  pepsin digestion with prior ethanol treatm ent on the morphology and ISH  results in  rat 9G  cells, 
in correlation with the primary fixation as observed by RCM  a n d  TEMa

Fixation* Pepsin time

Morphology*7
28S rRNA signal 

intensity *
RCM IE mRNA 

signal

RCM TEM RCM TEM Intensity* Percentage^

4% FA/5% HAc 5’ ± — + + + + + 20
10’ - — + + + + + + +  + + 30
20’ g + 4 4 g +■ + + 30

1% FA 5’ h 4- 4 4 h + + 20
1% FA/0.05 % GA 5' + — 4 ± i + + 10

10’ ± — 4 + 1 + 4 20
20’ nr m

«
g 4 + g + 4 30

1% FA/0.5% GA 5’ 4- +• — + ±* 4 4 <5
10' + — 4 + * + + 5
20’ — g 4 g 4 4 10

1% GA 5’ 4- + — ± ± <5
10* + — ± ±* i 5
20’ ± g 4 g 4 10

a RCM, reflection-contrast microscopy; TEM, transmission electron microscopy. Nuclear and nucleolar ISH signals were occasionally examined by brightfield LM because 
DAB could sometimes be present in such large amounts that the reflection properties were lost (see text).

 ̂ FA, formaldehyde; GA, glutaraldehyde; HAc, acetic acid,
c RCM morphology: + + , 40% concentric colors; + , 20% concentric colors; ± colored specks over cell center, gray periphery. -, predominantly gray cells; - ,  gray 

cells; —-, severe ceil damage. TEM morphology: -, no organelles, little loss of cell mass; — , severe loss of cell mass.
^ + + + , strong DAB in cytoplasm and nucleoli; + + , clear DAB in cytoplasm and nucleoli; + , clear DAB in cytoplasm; ± weak DAB spots in cytoplasm. 
e + + + , strong DAB in cytoplasm and nucleoplasm; + + , clear DAB in cytoplasm and nucleoplasm; + , clear DAB in cytoplasm; ± , weak DAB spots in cytoplasm. 
f  Percentage of cells showing IE mRNA ISH signal (maximum is 30%). 
s No data. 
b Severe cell loss.
1 Limited penetration, showing ISH signal at the outer pare of the cell (indicated) and not at other parts.

cells resulted in strong 28S rRNA ISH signals but severe cell dam­
age, such that TEM data could not be obtained (Table 2),

The cells were more resistant to pepsin when glutaraldehyde 
was used in the fixative (Table 2). For example, 1% formalde­
hyde/0.5 % glutaraldehyde-fixed cells still revealed a concentric color 
pattern in RCM after pepsin digestion for 5 min, but over a smaller 
area (Figure 2B) compared to the initial situation (Figure 2A), How­
ever, within the cell distinct black areas appeared, indicating se­
vere damage or absence of cellular material. This was confirmed 
in TEM images, generally showing well-preserved cells but with 
disrupted areas through the entire depth of the cytoplasm. The 
nuclei were not affected. A pepsin pre-treatment for 5 min caused 
a patchy ISH signal pattern over the cytoplasm for 28S rRNA (Fig­
ure 2C), and nucleolar rRNA was not detected. In the correspond­
ing TEM image, DAB precipitate was present at the disrupted sites 
in the cytoplasm (Figures 4B-4D). By increasing the time of pep­
sin treatment, the ISH signals became more intense and the DAB 
patches larger, as observed with both RCM and TEM. Nucleolar 
ISH signals, however, remained invisible. After pepsin p re-treatment

of 20 min, in RCM the DAB staining pattern was homogeneous, 
but the morphology still revealed differential disruption. Appar­
ently RNA targets in preserved parts were accessible through the 
disrupted parts.

Effects of Ethanol and Pepsin. In Table 3, the influence on mor­
phology and RNA detection efficiency of pepsin digestion after 
an ethanol treatment is presented. For cells fixed with 4% formal­
dehyde/5% acetic acid, the influence of pepsin on RNA detection 
efficiency was the same whether or not an ethanol pre-treatment 
had been used. For 28S rRNA ISH* no difference in ISH signal 
intensity or localization was observed in RCM (compare Figures 1C 
and ID). For preservation of morphology at the RCM level, how­
ever, cells were less affected by pepsin. Examination of ultra-thin 
cross-sections of cells fixed with 4% formaldehyde/ 5 % acetic acid, 
pre-treated with ethanol, and then with pepsin for 5 min showed 
intense ISH signals for 28S rRNA over the cytoplasm and nucleoli 
in both RCM and TEM (Figures IF and 3B, respectively).

In 1% form aldehyde-fixed cells, no beneficial effect of addi­

Figure 3. TEM images of cross-sectioned rat 9G cells fixed with 4%  formaldehyde/5% acetic acid (A) directly after fixation and (B) hybridized for 28S rRNA after 
ethanol pre-treatment and pepsin digestion for 5 min. DAB signals are present over the cytoplasm (arrow) and nucleoli (shown in Figure 1F). N, nucleus; n, nucleo* 
lus; c, cytoplasm. Bars = 0.5 ^m.

Figure 4. TEM images of cross-sectioned rat 9G cells fixed with 1% formaldehyde/0.5% glutaraldehyde (A) after pseudohybridization and (B) after pepsin digestion 
for 5 min and 28S rRNA ISH, showing DAB signals (arrows) in the disrupted cell areas. (C,D) Details of B. (E) After ethanol pre-treatment and pepsin digestion 
for 5 min, DAB signals (arrows) are present only in the outer layer of cells (see also Figure 2F). N, nucleus; n, nucleolus; c, cytoplasm; m, mitochondrion; g, 
Golgi apparatus; r, rough endoplasmic reticulum. Bars =  1 jim.



672 MONITORING ISH PROCEDURES BY RCM AND TEM

tional ethanol treatment at any microscopic level was observed (Ta­
ble 3).

In formaldehyde/glutaraldehyde- and glutaraldehyde-fixed cells, 
ethanol pre-treatment had a remarkable effect on pepsin action 
(Table 3). In RCM and TEM, respectively, the black holes and 
differential disruption did not appear. Instead, in RCM the cell 
edges looked smooth and the area of concentrically arranged colors 
decreased. Por example, in cells fixed with 1% formaldehyde/0.5% 
glutaraldehyde and pre-treated with ethanol, pepsin digestion for
5 min resulted in a 20 % decrease of the colored area (Figure 2E) 
and pepsin digestion for 20 min resulted in predominandy gray 
cells, In TEM, flattening of the cells was observed. Moreover, the 
intracellular architecture of the cells was not well preserved. The 
influence of pepsin was more severe when cells were digested for 
longer periods or when they were fixed in low cross-linking fixa­
tives, and vice versa. Cells fixed with 1% glutaraldehyde were se­
verely damaged only after pepsin pre-treatment for >30 min (data 
not shown).

In ISH detection for 28S rRNA in formaldehyde/glutaraldehyde- 
or glutaraldehyde-fixed cells treated with ethanol and then with 
pepsin, the patchy DAB pattern did not occur. For example, in RCM, 
cells fixed with 1% formaldehyde/0 .5% glutaraldehyde, pre-treated 
with ethanol, and then with pepsin for 5 min showed ISH signals 
homogeneously over the cytoplasm (Figure 2D). Nucleoliwere de­
void of label, as confirmed by brightfield LM and examination of 
ultra-thin cross-sections. Remarkably, cross-sections of these cells 
showed DAB staining only at the outer layer of the cell (Figures 
2F and 4E) in RCM and TEM, respectively.

M o n ito r in g  o f  IE  m R N A  I S H  b y  RCM .

IE mRNA expression is cell cycle-depen dent, and therefore various 
expression levels are present within a given cell population. The 
most sensitive protocol will detect all expression levels, resulting 
in a maximum of 30% positive cells (13). In such a case, cells ex­
pressing high levels of IE mRNA will show strong ISH signals. The 
sensitivity of the different ISH protocols could be investigated not 
only by monitoringlE mRNA signal intensity but also by determi­
nation of the percentage of positive cells.

In hybridixations without and with ethanol pre-treatment, IE 
mRNA was detected in a small percentage of 1% formaldehyde- 
fixed cells, whereas no IE mRNA ISH signals were observed with 
the other fixatives (Table 1).

After pepsin treatment for 5 min, 20% IE mRNA-expressing 
cells were detected in cells fixed with 4% formaldehyde / 5 % acetic 
acid. A maximum of 30% positive cells was achieved after pepsin 
treatment for 10 min (Table 2)* A preceding ethanol pre-treatment 
did not increase the percentage but did improve the intensity of 
ISH signals in RCM (Figure IE; Table 3). In brightfield LM, nu­
clear IE mRNA ISH signals were observed, whereas they were not 
observed when ethanol was not used. For cells fixed with 1% form­
aldehyde, as already shown for 28S rRNA ISH, RNA detection ef­
ficiency increased after pepsin treatment, but the morphology was 
severely damaged.

In formaldehyde/glutaraldehyde- and glutaraldehyde-fixed cells, 
similar to 28S rRNA ISH signals, the patchy patterns occurred when 
cells were pre-treated with pepsin without a prior ethanol treat­

ment (Table 2). Under the influence of pepsin, the percentage of 
detected IE mRNA-expressing cells increased. W ith an additional 
ethanol treatment, IE mRNA ISH signals not only were homogene­
ously distributed over the cytoplasm, as observed with RCM (Fig­
ure 2E) but were also present in one large spot in the nucleus, as 
observed with brightfield LM. The percentage of positive cells ob­
served, however, did not increase further with ethanol pre-treatment. 
In ce Ils fixed with 1% formaldehyde/0.05% glutaraldehyde, maxi­
mal sensitivity was reached after pepsin treatment for 20 min. In 
cells fixed with a higher glutaraldehyde concentration, however, 
maximal sensitivity was not reached with the investigated times of 
pepsin treatment.

S p e c i f ic i ty  o f  I S H  S ig n a ls

The specificity of hybridization signals was confirmed by obtain­
ing ISH signals without in situ dénaturation of nuclear DNA and 
absence of signals after RNAse treatment, implying that RNA was 
uniquely stained. No signals were observed when ISH was performed 
with a nonspecific probe or when non-induced rat 9G cells or Heia 
cells were used (data not shown). Moreover, the presence of IE mRNA 
non-expressing cells in stimulated rat 9G populations provided a 
strong internal specificity control.

D is c u s s io n

We have used RCM and TEM to study the effects of fixations and 
pre-treatments as performed in RNA ISH procedures on cell mor­
phology and hybridization signal. The results show that the lipid- 
dissolving action of ethanol and the protein-digesting action of pep­
sin, as well as their combined actions, are highly dependent on 
the type of primary fixation. In general, they have an adverse cffcct 
on uîtrastructural morphology but a beneficial effect on hybrid­
ization signal. Pepsin digestion improved the sensitivity of the ISH 
procedure with all fixatives tested. The benefit of a preceding eth­
anol treatment was that homogeneously distributed hybridization 
signals were obtained and that it potentiated the pepsin effect, par­
ticularly for cells fixed with formaldehyde/glutaraldehyde fixatives. 
An optimal balance between hybridization signal and preservation 
of uîtrastructural morphology was not obtained under the condi­
tions tested: when good ISH signal-to-noise ratios were obtained» 
uîtrastructural morphology had already deteriorated to an unac­
ceptable extent.

The effects of ethanol and pepsin can be explained by their 
cytochemical properties. Ethanol dissolves lipids and precipitates 
proteins and nucleic acids, resulting in loss of cytoplasmic architec­
ture (but preserved nuclei). For formaldehyde- and/or glutaral­
dehyde-fixed cells, the effect of ethanol on ISH signai is more pronv 
inent than for formaldehyde/acetic acid-fixed cells, probably as a 
consequence of loss of lipids during the formaldehyde/acetic acid
fixation.

Pepsin hydrolyzes peptide bonds, leading to loss of protein mass 
and thereby creating a more "porous" matrix through which re­
agents diffuse more easily. With all fixations tested, the effect of 
pepsin was prominent, particularly after ethanol treatment, in form* 
aldehyde/glutaraldehyde- and glutaraldehyde-fixed cells a patchy 
ISH signal pattern was demonstrated when cells were not dehydrated
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or stored in ethanol before pepsin treatment. The reason for this 
differential disruption by pepsin is not fully understood. Probably 
pepsin action becomes first manifest on the weakest parts of the 
outer cell membrane, causing local damage. From these damaged 
sites, pepsin further disrupts the cytoplasm, making RNA targets 
more accessible for hybridization.

Image formation in RCM is based on a difference in refractive 
index between medium and object. Furthermore, since specimens 
were studied using a xenon lamp, in which all wavelengths are 
equally represented, changes in color may be observed. This is ex« 
plained by interference phenomena of the reflected light, whereby, 
depending on the thickness of the reflecting layer, certain wave- 
lengths are selectively reflected and others are suppressed.

By correlating RCM color patterns of cells to their ultrastruc­
ture in TEM, we were able to define the following criteria, from 
which the preservation of uîtrastructural morphology can be 
predicted to a large extent: (a) a pattern of concentrically arranged 
colors indicates preservation of cell mass and volume but not neces­
sarily preservation of organelle architecture; (b) a colorful speckled 
pattern indicates loss of cell mass but with preservation of cell vol­
ume (e.g., formaldehyde/acetic acid fixation); (c) loss of color diver­
sity indicates reduction of cell mass and volume (flattening); and 
(d) absence of color (black) indicates severe damage or absence of 
cellular material. There was only one exception to the predictive 
value of RCM images for uîtrastructural morphology: ethanol de­
hydration did not alter reflection properties but it had a major ef­
fect on cellular integrity. Remarkably, saponin treatm ent of form­
aldehyde- and formaldehyde/glutaraldehyde-fixed cells led to good 
RCM and TEM results, indicating that removal o f the cholesterol 
component from membranes does not visibly affect ultrastructure 
(Macville et al., submitted for publication).

In previous studies, DAB detection with RCM proved to be a 
very sensitive detection method for DNA ISH (7,8) and for immu- 
nocytochemical studies (10,11). In addition, in this study very small 
amounts of DAB, not visible in brightfield LM, could be detected 
as bright individual spots. The ISH signals that were scored in RCM 
with M + " and " ± ” were hardly visible and not visible, respectively, 
in brightfield LM. Therefore, RCM improved the sensitivity range 
of RNA ISH signal detection. This enabled us to detect changes 
in weak ISH signals even after subtle changes in pre-treatm ent in 
cells that were strongly cross-linked during fixation.

DAB may not be the ideal marker for TEM, owing to subop­
timal contrast and localization properties that obscure ultrastruc- 
tural detail or reduce resolution. In principle, colloidal gold particles 
would be a better alternative. Colloidal gold particles with a di­
ameter of 5 nm or more have been used in pre-embedding EM 
ISH studies for detection of mRNA. However, to obtain good 
penetration of detection reagents, uîtrastructural morphology had 
to be compromised (21-25). The advent of ultra-small gold parti­
cles conjugated to F(ab)2 fragments may provide good possibili­
ties for pre-embedding EM-ISH studies in ultrastructurally well- 
preserved cells. Thus far, the use of ultra-small gold with silver 
enhancement is reported after pre-embedding ISH on Triton X- 
100-extracted cells. Although the detection efficiency is high, the 
uîtrastructural morphology of the cytoplasm was not optimally 
preserved (26,27). Moreover, the silver enlargement of gold parti­
cles includes not well-understood steps that may influence the ef­

ficiency, homogeneity, and reproducibility of the obtained signals 
(28,29), thus, for our purpose, making it less suitable than the im- 
munoperoxidase/DAB technique.

In conclusion, the effects of pre-treatments on uîtrastructural 
morphology and RNA detection efficiency can be predicted from 
RCM images to a large extent. Sensitive detection of DAB signals 
enabled visualization of small changes in ISH results owing to vari­
ations in the ISH protocol. Therefore, RCM may prove to be a power­
ful microscopic technique for detection of low-abundance mRNAs.

W ith  the pre-treatments analyzed, it appeared impossible to 
find an acceptable balance between ISH signals and preservation 
of uîtrastructural morphology: when good signal-to-noise ratios were 
obtained, the uîtrastructural morphology had already deteriorated. 
The techniques and results presented here are useful for further 
development of methods that lead to an acceptable balance be­
tween RNA detection efficiency and preservation of uîtrastructural 
morphology. Subtle dissolution of the cholesterol component of 
membranes in fixed cells with detergents has proven essential in 
this respect (Macville et al., submitted for publication).
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