
CD45R (B220, PharMngen. San Dego, CA) [HEL- 
b o t n  was prepared w~ th  b~ot~nam~docaproate N-hy- 
droxysucc~n~m~de ester (Sgma) by standard proto- 
cols] To detect actvated ysozyme-spec~f~c g tg B 
cells. splenc MNCs were staned wlth HEL-botn. 
followed by streptav~dn-FITC and countersta~ned 
wlth PE-labeled anti-CD86 (B7-2) mAbs ( a  from 
PharMngen) The HEL-botn probe staned only the 
adoptively transferred tg B cells, because no HEL 
stanng was detected when B cells from DEL- or 
TEL-mmune m c e  (where no adoptve transfer was 
performed) were staned w t h  HEL-botn To confrm 
that the majorlty of the transferred tg B cells were 
detected wlth the HEL-botn label over the 5-day 
perlod. a second a b e n g  method was used Splenc 
B cells from ysozyme-spec~f~c g tg mlce were a -  
beed w~ th  2'.7'-b1s-(2-carboxyethyl)-5-(and-6)-car- 
boxy-fluoresce~n (BCECF AM) (Molecular Probes, 
Eugene. OR) as descrbed (27) and transferred ac- 
cordng to the adoptlve transfer protocol PBMCs 
and splenc MNCs of Immune recpents were har- 
vested as descrbed above, staned w t h  elther HEL- 
b o t n .  followed by streptavdn-PE, or w~ th  b o t n y -  
ated ant-CDA5R (B220), followed by steptav~d~n-PE, 
and analyzed by flow cytometry. Results from three 
to four experments with pooled cells from two mce  
demonstrated s~mlar numbers of cells pos~t~ve for 
both HEL bndng  and BCECF or B220 and BCEF 

16 Spleens were prepared for cryosect~ons as de- 
scrbed (2) For ~mmunoh~stochem~cal stanng of y -  
sozyme-spec~f~c g tg B cells, a two-ayer sandwch 
of sequenta ncubaton wlth botnyated HEL was 
used followed by streptavdn-alkane phosphatase 
(AP). and GC B cells were detected wlth peanut 
aggu tnn  (PNA)-horseradsh peroxdase (HRP) (EY 
Laboratorles. San Mateo. CA) Bound HRP and AP 
actvltes were vsuazed by reactng w~ th  3-amno- 
ethyl carbazole and naphthol AS-MX phosphate- 
Fast Blue BB (Sgma), respectvey 
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(1 995), P. Enge et a/.. Immunity 3, 39 (1 995). 

20 On day 5 after cell transfer (as descrbed above), 2 
mg of BrdU (Sgma) was admnstered ntraperto- 
nealy: m c e  were k l e d  2 hours later, and spleens 
were analyzed by three-color ~mmunoh~stochem~s- 
try (28), In bref,  sectons were blocked wlth Fcr -  
block (1 mglml) (CD16/CD32. 2.aG2) and then n -  
cubated wlth FITC-conjugated ant-CD45R (B220. 
PharMngen) and HEL-botn. After ncubaton w t h  
streptavldn-AP (Sgma) and ant -FTC coupled to 
HRP. bound HRP and AP ac t v~ tes  were v~suazed  
as descrbed above. Labeled sectons were then 
treated In 1 M H C  for 20 m n  at 7OCC to expose and 
p a r t a y  degrade the DNA and to termnate the 
enzymatc reactons that had taken place prevous- 
y w~thout d s p a c n g  the precptates. S d e s  were 
then staned wlth mAb spec f~c  for BrdU (BU2Oa. 
Dako) and Incubated w ~ t h  botnyated goat ant -  
mouse IgG F(ab'), fragments (Boehr~nger) and 
streptavldn-AP. BrdU-pos~tve cells were vsua -  
zed wlth Fast Red TR/naphtho AS-MX (AP sub- 
strate: ~ n k  color) 

21. R. M Tooze, G M. Doody, D T. Fearon, /mmun,ty 7, 
59 (1 997) 

22 G G. Klaus. J. H. Humphrey, A. Kunkl. D. W Dong- 
worth, Immunol Rev. 53. 3 (1 980): M B. F~scher, M 
Ma, N. C. Hsu. M. C.  Carroll. J, lmmunol.. In press 

23 T. Hebe ,  J. M. Ahearn, D. T. Fearon. Sclence 254. 
102 (1991). [CR2],-gG1 IS a fuson proten that rep- 
resents the two NH,-termna short consensus re- 
peats of CD21 (whch ncudes the bndng  slte for 
C3b  and C3d) coupled to the NH2-termnus of the 
heavy chars  of a NP[(a-hydroxy-3 ntropheny1)ac- 
etyll-specf~c gG1 antlbody 

2A. WT m c e  were mmunzed on days 1 and 7 wtth 50 
gg  of TEL as descrlbed (IZ),  then recelved three 
njectons (0 2 mg each, ntravenousy) of ether sCR2 
([CR2],-gG.) (n = a) (23) or control gG, (n = 5) on 
days 10. 11, and 12. After 48 hours, spleens were 
harvested, ouick-frozen in OCT, and examined by 

~mmunoh~stolog~cal stanng (8220, blue. PNA. c rm-  
son) as descrbed (16) Results show sgnfcant re- 
ducton In both the mean number of PNA- GCs and 
the GC area of sCR2-treated anmas.  Total GC area 
per spleen (mean GCs per spleen x mean area per 
GC = mean GC area per spleen) was determned by 
morphometr~c anayss of at least three sectons per 
spleen of anmas Injected w ~ t h  elther sCR2 (n = a) or 
control gG1 (n = 5) sCR2 versus control mAb 
(mean = SEM, Student's t test) GCs per 
spleen = 9.5 I 1.6 versus 3A.0 i 2 8 (P < 0.4 x 
1 0-6); area per GC = 11.20 = 1 29 versus 24.67 = 
1 75 gm2 (P i 0.2 x total GC area per 
spleen = 106.40 versus 837.78 mm2 
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Visualization of Single RNA Transcripts in Situ 
Andrea M. Femino, Fredric S. Fay,? Kevin Fogarty, 

Robert H. Singer* 

Fluorescence in situ hybridization (FISH) and digital imaging microscopy were modified 
to allow detection of single RNA molecules. Oligodeoxynucleotide probes were syn- 
thesized with five fluorochromes per molecule, and the light emitted by a single probe 
was calibrated. Points of light in exhaustively deconvolved images of hybridized cells 
gave fluorescent intensities and distances between probes consistent with single mes- 
senger RNA molecules. Analysis of p-actin transcription sites after serum induction 
revealed synchronous and cyclical transcription from single genes. The rates of tran- 
scription initiation and termination and messenger RNA processing could be determined 
by positioning probes along the transcription unit. This approach extends the power of 
FISH to yield quantitative molecular information on a single cell. 

T h e  identification of specific nucleic acid 
sequences by FISH has revealed sites of 
RNA processing, transport, and cytoplas- 
mic localization ( 1 ) .  Recognition of these 
sites of hybridization is possible only when 
sufficient concentrations of the target se- 
quence provide contrast with regions of 
lesser or no signal. Here we describe a quan- 
titative approach to identify single mole- 
cules in these regions of lo\v concentration. 
The methodology also facilitates accurate 
quantitation of the regions containing mul- 
tiple copies of RNA, such as is found at 
transcription sites. Analpsis of individual 
transcription sites with single molecule ac- 
curacy generated precise information on 
nascent chain initiation, elongation, and 
termination. 

FISH images are composed of points of 
light with variable intensities resulting ei- 
ther from hpbridization or from background 
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fluorescent noise. We used multiple probes 
targeted specifically to p-actin mRNA to 
generate high-intensity point sources that 
result from hpbridization to individual 
RNAs. We then quantitated the light in- 
tensitv from each ooint source to distin- 
guish ' hybridizationL events from spurious 
fluorescence. 

The strategy involves (i) synthesizing 
several oligonucleotide probes to adjacent 
sequences on an RNA target such that thelr 
collective fluorescence will be emitted as a 
point source after hybridization; (ii) conju- 
gating fluorochro~nes to specific sites on 
each oligonucleotide orobe so that the flu- " 

orescent output per molecule of probe can 
be calibrated (Fig. 1, A to C); (iii) acquiring 
digital images from a series of focal planes 
through a hybridized cell; and (iv) process- 
ing these images wlt1-1 a constrained decon- 
volution algorithm such that out-of-focus 
light is quantitatively restored to its original 
points of origin. 

To identifir single p-actin mRNA mole- 
cules, we hvbridized multiole orobes to the 

L 

isoform-specific 3'-untranslated region 
(UTR) of the mRNA in norrnal rat kidney 
(NRK) cells. The acquired fluorescence im- 
age was made up of numerous bright points 
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of fluorescence interspersed within a diffuse, 
lower intensity signal (Fig. ID). After decon- 
uolution, the image consisted of numerous 
distinct points of light throughout the cyto- 
plasm (Fig. 1E). The brightest points of light 
were constrained to a few contiguous volume 
elements (voxels). The image also contained 
scattered single voxels and clusters of voxels 
with low amounts of fluorescent signal at- 
tributed to low-level autofluorescence and 
sources of background noise. Establishing an 
image threshold removed -95% of these 
voxels (Fig. 1, F and G). The discrete, 
brightest clusters that remained after a 
threshold was established are referred to as 
objects. The total fluorescence intensity 
(TFI) of each object was then calculated. 
These bright objects had TFI values expect- 
ed for single molecules and fell within the 

range of one to five probes hybridized (Fig. 
1H). This analysis supports the conclusion 
that single molecules of B-actin mRNA were 
being ditected and tha; they corresponded 
to the points of light. The p-actin mRNA 
molecules were often far enough apart to be 
resolved by light microscopy as individual 
point sources. 

Additional evidence that these points of 
light are single molecules comes from an 
analysis of their prevalence. A population 
of cells grown in serum-free medium con- 
tained 500 + 200 p-actin mRNAs per cell. 
In an exponentially growing population of 
cells the number increased to -1500 cop- 
ies, consistent with activation of actin 
mRNA transcription and possible stabiliza- 
tion of cytoplasmic actin mRNA by serum 
(2 ,3 ) .  This copy number of p-actin mRNA 

agrees with estimates of the average abun- 
dance of p-actin mRNA per cell derived 
from molecular techniques (4). 

Finally, spectrally distinct probes hybrid- 
ized to different target sequences on the 
same mRNA molecule were used to verify 
single molecule detection. When the probes 
were targeted to the same molecule, the 
signals were close together (Fig. 2C). The 
TFI confirmed that they were hybridized to 
only one molecule. Statistical analysis of 
478 signals in the cell determined that 59% 
of the red signals were (3 voxels (279 nm) 
from a green signal. As a control, two iso- 
forms of actin mRNA, fi and y, were de- 
tected simultaneously in the same cell with 
probes that were specific for each isoform 
(Fig. 2, A and B). The gene sites for each 
isoform were distinguishable in the nucleus 
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and the mRNAs as separate point sources in 
the cytoplasm. In contrast to the cis probes, 
the signals did not colocalize significantly; 
they were 1 3  voxels apart 13% of the time. 

Visualization and measurement of in- 
tramolecular distances were possible when 
the cis probes were sufficiently separated 
(Fig. 2, C and D). To ascertain that the 
displacement of the hybridization signal was 
not an artifact due to misalignment of the 
respective red and green images, we hybrid- 
ized three probes, each labeled with distinct 
fluorochromes, to p-actin mRNA at dis- 
tances of 1648 nucleotides (nt) (maximum) 
and 631 nt (minimum) aDart. We found . . 
that the registered images from the maxi- 
mally distant probes were not coincident 
(as much as 487 nm apart), whereas near 
probes were within the same voxel. This 
result indicated that the detected mRNA 
was almost completely extended (1648 
kb x 0.3 nm per nucleotide = 494 nm). 

To verify that a single copy sequence 
could be detected by this method, we hy- 
bridized 10 probes, each with six CY3 fluo- 
rochromes, to the template strand of the 
p-actin gene (Fig. 3A). Eleven probes, each 
with five fluorescein isothiocyanate (FITC) 
fluorochromes, targeted to the p-actin nas- 
cent transcripts were used simultaneously 
(Fig. 3B) and verified the gene site by co- 
localization (Fig. 3C). The TFI values ob- 
tained for hvbridization to the sinele DNA " 
target (60 fluorochromes) were consistent 
with the TFI ~redicted from sinele mRNAs. " 
The nascent transcripts gave a much bright- 
er signal than the gene because they repre- 
sented multiple RNA molecules concen- 
trated at that site. Measurement of 130 
genes revealed the distribution of fluores- 
cence expected from the independent hy- 

bridization of 10 probes (Fig. 3D). The hy- 
bridization efficiency was close to loo%, 
because all 10 probes hybridized most fre- 
quently. Hybridization to nascent tran- 
scripts indicated the presence of multiple 
copies corresponding to a maximum of 68 
probes per transcription site. 

This technology allowed us to quantitate 
the kinetics of p-actin mRNA transcription 
(Fig. 4). Cells cultured overnight in serum- 
free medium showed essentially no detect- 
able transcriptional activity (Fig. 4A). The 
addition of serum (2) resulted in synchro- 
nous activation of transcription detected on 

one of the p-actin alleles in virtually every 
cell within a few minutes (Fig. 4B). The 
number of nascent transcripts per P-actin 
allele was determined with a single probe to 
the 5'-UTR. The simultaneous use of 3'- 
UTR probes provided information on the 
number of polymerase molecules that had 
progressed to the terminal portion of the 
gene. At 3 min after induction, the average 
gene contained 12 nascent RNAs, but few 
3'-UTR signals (Fig. 4, B and G). By 4 min, 
both p-actin alleles were transcriptionally 
active in almost all cells, and four tran- 
scripts had entered into the 3'-UTR (Fig. 

Fig. 3. Detectkw of the aCtin gene and its 
nascent tr8nscripts In situ. IA) Ten dmemnt 
probes, each mj- to sbc CY3 fluoro- 
chromes, were tmeted to Won saquenceg 
ofthe temptatesblm dttw g-aotin gsne (72). t 
The pmbes do not detect nascent g-actin 
RNA. Most @Is in the poputatbn show two 
s~tesofsignal, wh~chrepresg~ltthetwo paotin -hykidlacl 
alleles. (B) Diffemt unlque probes, each la- 
beled with five FlTC fluorochromes, were targeted to the 5'-UlR (one probe), spllee junctions ( 
probes), md 3'-UTR (five prcbs) for p-actin RNA. Fbpmented here are two sites of Intense signal in 
the n~l~leus ,  i n d i q  sites af active tmnsctlptbn in msfxYn8B to sewn stimulEbTon. (C) 60th Signals, 
d M n g  the DNA and naxmt RNA, r e s m ,  ccdcdb upon superimposition. (Dl A fiw 
hist- shows an abrupt truwitkm at the 'TTI for the la flwesoent pmbes hybridized to DNA, 
n d b t i n g  the clafmkm of a &@e mpy of the $-actin g&m. The histogram for nascent RNA shows 
broad profile of hybriclizatknr, hxHcating mvitiple copies at ead, gene site f runcated at 50). Bar = 1 Krn 

in (0). bar = 187 nm. 
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4G). These results are consistent with a 
transcription rate of 1.1 to 1.4 kb/min (5). 
The mean number of nascent transcripts 
associated with each gene increased linearly 
from 0 to 5 min, with a mean increase of 
four transcripts per minute (Fig. 4H). Few 
transcripts dissociated from the site during 
this 5-min interval. as evidenced bv the 
probe fluorescence constrained to the loca- 
tion of the gene (Fig. 4C). 

Between 5 and 15 rnin after induction, 
the number of nascent RNA transcripts per 
allele increased steadily and peaked at 15 
min, with an average of 30 nascent tran- 
scripts per allele (Fig. 4H). During the same 
period, the mean number of transcripts tra- 
versing the 3'-UTR reached a steady-state 
value of 8 to 10, indicating that the rate of 
entry of new transcripts into this region was 
equal to the rate of transcripts terminating. 
At this time. svots of fluorescence were . . 
detected around the transcription site (Fig. 
4, D and E). These voint sources of fluores- 
cence were less intense than the transcrip- 
tion sites. Their TFI values were identical 
to the points of signal in the cytoplasm; 
therefore, we interpreted them to be single, 
terminated transcripts leaving the site of 
the gene. 

Because the released transcripts did not 
accumulate significantly in the immediate 
vicinity of the gene after the expected time 
of termination. we concluded that the ini- 
tiation of transport took no more than a few 
minutes. The dispersal of transcripts away 
from the transcription site took on a variety 
of spatial patterns (Fig. 4, D and E). Often 
tracklike distributions were apparent, and 
the regular spacing between points suggest- 
ed a constant rate of movement away from 
the transcription site. Occasionally, the 
transcripts appeared to spiral away from the 
site of transcription; however, in at least 
half of the cases examined. the terminated 
transcripts simply appeared to diffuse 
around the site. without anv discernible 
pattern. ~ a s c e n ;  transcripts diminished at 
60 rnin after serum induction (Fie. 4F). The . -  . 
decline of transcriptional activity beginning 
at 30 rnin fit an exponential decay profile 
for the next 1.5 hours, at which time it 
became indistinguishable from the state be- 
fore induction (Fig. 4H). Over the induc- 
tion period beginning at 10 min, there was 
a constant increase in the number of sinele " 
p-actin mRNA molecules in the cytoplasm 
(6). . , 

The capacity of these procedures to gen- 

erate accurate information about single 
cells was illustrated by a high-resolution, 
dynamic view of each p-actin mRNA tran- 
scription site obtained with three probes 
positioned along the RNA, each labeled 
with a different fluorochrome (Fig. 41). A 
"snapshot" of a representative gene revealed 
23 nascent RNAs in the process of elonga- 
tion, 14 of which had progressed through 
the proximal 3'-UTR and 8 of those 
through the distal 3'-UTR. At least five of 
the RNAs had passed the cleavage and 
polyadenylation site. These RNAs may be 
nascent, cleaved but undergoing polyade- 
nylation, or awaiting transport. These pos- 
sibilities should be distinguished by using 
probes downstream from the cleavage and 
polyadenylation site. The rat P-actin gene 
has a consensus "termination" sequence at 
the predicted distance downstream of the 
polyadenylation sequence that might ac- 
count for this observation (7). The average 
spacing between polymerases in the 
3'-UTR was -60 nt, whereas in the 5'- 
region of the gene, it was -170 nt. This 
spacing is consistent with previous observa- 
tions on polymerase I1 (Pol 11) transcription 
loading (8). The closer packing of poly- 
merases in the 3'-UTR of the gene suggest- 

- - . . . . . . 
sis of the transcription sites. The 
histogram indicates the mean 
number of nascent RNA on the 
gene (green) in the cell population 
at various times after induction 
and the mean number of nascent 
RNA that entered the 3'-UTR (red). 
The error bars indicate variation in 
transcriptional activity between 
the p-actin alleles in the same cell 
as well as within the cell popula- 
tion. The signal from the 5' and 3' 
end of one mature mRNA is repre- 
sented as a scale (c). (H) Separate 
regression curves were fitted to 
the following intervals: (section a) 0 
to 5 min, before termination; (sec- 
tion b) 5 to 15 rnin, transcripts 
were terminating while the total 
number of transcripts on the gene 
continued to increase, and the 
number of RNAs in the 3'-UTR - - -  - - -  - 

reached a plateau; (section c) 15 to 30 rnin, a slow decline in the total distinct probes (14). The 5'-UTR probe detects all the nascent RNA 
number of nascent RNA with little change in the number located in the (green). A second probe detects RNA that has progressed beyond the first 
3'-UTR; and (section d) 30 to 120 rnin, an exponential decline in the total 50 bases of the 3'-UTR (red), and the third probe detects RNA that has 
number of nascent RNA and in RNA reaching the 3'-UTR. (I) A dynamic progressed to the distal region of the 3'-UTR (blue). The triple A's indicate 
profile of transcription at one P-actin allele resolved with three spectrally transcripts beyond the polyadenylation site. Bar = 5 pm. 
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ed that termination and release were rate 
limiting. Recent work indicates that Pol I1 
recruits cleavage and polyadenylation fac- 
tors, which may result in the polymerase 
slowing at this point (9). 

The  rate of increase (four transcripts per 
minute) in the number of nascent tran- 
scripts from 0 to  5 min reflects solely the 
rate of initiation, because few polymerases 
should have reached the termination site. 
on the basis of the rate of elongation. A n  in 
vitro system indicated that Pol I1 can initi- 
ate at a rate of two transcripts per minute 
(10). Between 5 and 15 min. when termi- 
nation was occurring, there was a sustained 
increase of one nascent RNA per minute. 
Assuming that the initiation rate remained 
constant, then the rate of termination and 
release would be three RNA per minute. 
Surprisingly, there was a precipitous de- 
crease of activity at the transcription site 
after 30 min. The cycle of the transcription- 
al pulse in response to serum is similar to 
that shown for c-fos (1 1 ). By interrogating 
the site with probes along the length of the 
RNA, we determined that this shut-down 
resulted from an inhibition of initiation 
rather than "pausing" of the polymerases. 
There was n o  apparent accumulation of 
transcripts at the nuclear envelope, so it is 
likely that export is not rate limiting. 

The advance herein evaluates FISH im- 
ages so that single molecule signals are not 
eliminated through background subtraction 
or the establishment of a threshold. As a 
consequence of this approach, single 
mRNA molecules were detectable with as 
little as one oligonucleotide probe, contain- 
ing only five fluorochromes, an increase in 
sensitivity more than two orders of magni- 
tude greater than previously obtained (1 2). 
In addition, the template DNA strand was 
accessible to the small probes during tran- 
scription without denaturation, contrary to 
other protocols, and may indicate that it 
contained single-stranded regions. This 
technique may therefore allow probing of 
the active regions of chromatin and facili- 
tate detection of specific genes or groups of 
genes where only short, nonrepetitive se- 
quences can be used. This would bring 
many physiologically important genes for 
receptors, signaling molecules, cell cycle 
regulators, and transcription factors, as well 
as their nuclear and cytoplasmic transcripts, 
into range of FISH detection. 
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aging at the low light levels. 

14. Oligonucleotide probes were synthesized, purified, 
and labeled as described [E. H. Kislauskis, Z. Li, 
R. H. Singer, K. L. Taneja, J. Cell Biol. 123, 165 
(1993)l (23). Below are listed the probes used in this 
work (nucleotide number start, length in nucleo- 
tides). The sequence is for p-actin unless specified 
(accession J00691). For Fig. 1, B and D through H, 
the antisense probes to the 3'-UTR were 3133, 51 ; 
3312,52; 3434,53; 3488,52; and 3542,52. For Fig. 
2, same as Fig. 1 and the antisense probes to the 
y-actin (accession X52815) 3'-UTR were 11 51, 50; 
1282,61; 1409,52; 1470,54; and 1535,56. For Fig. 
2C, same as Fig. 1 and the antisense probes to the 
splice junctions were (exon nucleotides only) 284, 
52; 1340,52; 1667,52; 2567,56; and 2839,53. For 
Fig. 2D, the antisense probe to the 5'-UTR was 255, 
50; to the coding region, 2839, 53 and 3034,52; and 
to the 3'-UTR, 3542, 52. For Fig. 3A, the sense 
probes to the introns were 630, 63; 998, 63; 1069, 
63; 1369, 63; 1691, 61 ; 1889, 64; 1960, 63; 2040, 
63; 2590, 63; and 2864, 62. For Fig. 3 8  the anti- 
sense probe to the 5'-UTR was 225,53; to the splice 
junctions, the same as Fig. 2; and to the 3'-UTR, the 
same as Fig. 1. For Fig. 4, Athrough F, the antisense 
probe to the 5'-UTR was 225, 53 and the antisense 
probes to the 3'-UTR were 3133, 51; 3312, 52; 
3434, 53; 3488, 52; and 3542, 52. For Fig. 41, the 
antisense probe to the 5'-UTR was 255, 50, and the 
antisense probes to the 3'-UTR were 31 33, 51 and 
3542, 52. 

15. The TFI per probe was measured by using a known 
concentration of fluorochrome in a determined vol- 
ume between a cover slip and slide as follows: (i) 
Probes were dispersed in a solution equivalent in 
composition to mounting medium with final concen- 
trations ranging from 0.25 to 4.0 ng/yI for cyanine 
(CY )3- and CY5-labeled probes and 1.0 to 16 ng/pI 
for FITC-labeled probes. (ii) Eluorescent beads (200 
nm in diameter) adhered to the glass surfaces and 
delineated the distance between the inner surfaces of 
the cover slip and slide when brought into focus at 
each surface. The stage posit~on was monitored with 
an Eddy-current sensor and was used to measure the 
vertical distance between the two beads to determine 
the height of thevolume element containing the probe 
solution. (iii) A single plane in the middle was imaged 

and contained the total fluorescence contributed by 
all the fluorescent molecules in solution above and 
below the plane of focus in the imaged volume [im- 
aged volume = @)(y)O yrn3]. The pixel size was cal- 
ibrated for the optical setup of the microscope (x = y 
= 93 or 187 nm with a x60  magnification, 1.4 numer- 
ical aperture objective, and X5 or x2.5 camera eye- 
piece, respectively). The TFI is dependent on the light 
flux at the sample; therefore, a calibration curve was 
calculated for each imaging sesslon. The slope IS 

equal to the TFI per fluorochrome under imaging con- 
ditions (CY3: m = 65 t 1.3, R = 0.992; FITC: m = 
20.6 t 0.8, R = 0.985; CY5: m = 56.3 t 1.4; corre- 
lation coefficient R = 0.992). Exposure times for CY3, 
FITC, and CY5 were 3, 4, and 15 s, respectively. (iv) 
The TFI value per probe obtained from solutlon was 
adjusted to that for a restored image and multiplied 
by a factor (50) equal to the number of optical 
sections in the point spread function (PSF) used for 
deconvolution of the experimental image. The TFI 
for one probe molecule is calculated and normal- 
ized to that for a restored image (CY3, 16250 2 
975; FITC, 51 50 _t 600; and CY5,14075 t 1050). 
For exhaustive photon reassignment (EPR), the 
sampled PSF defines the depth (number of optical 
sections) over which light is integrated by the de- 
convolution process. 

16. Fluorescent probes diluted in mounting media (2 pg/ 
yl) were allowed to adsorb to the surface of a cover 
slip and then optically sectioned. The restored imag- 
es revealed the distribution of intensities attributed to 
individual probes. The empirical measurements of 
theTFI for one probe either In solution or immobilized 
on glass cover slips were compared with a theoreti- 
cal estimate of the number of photons emitted by 
one dye molecule by using the molar extinction co- 
efficient, the quantum yield, the measured light flux of 
the microscope, and the quantum efficiency of the 
CCD camera. This estlmate came within 80% of the 
actual measurement obtained. 

17. For cell culture and in situ hybridization, NRK cells (djf 
clone from parent cell line, NRK-52E, American Type 
Culture Collection CRL 1571) were grown to conflu- 
ence on 22 mm by 22 mm acid-washed cover slips 
in F12K media supplemented with 10% fetal bovine 
serum (FBS). The djf clone showed serum-respon- 
sive p- and 7-actin genes. For serum induction ex- 
periments, cells were incubated with F12K media 
(0.5% FBS) for 24 hours and then stimulated with 
10% FBS. Cells were fixed for 10 min at room tem- 
perature in 4% paraformaldehyde in phosphate- 
buffered saline (PBS) (2.7 mM KCI, 1.5 mM KH,PO,, 
137 mM NaCI, 8 mM Na,HPO,) after serum stimu- 
lation, washed, and stored in PBS. The FISH proto- 
col was modified from K. L. Taneja and R. H. Singer 
[J. Cell. Biochem. 44, 241 (1 990)l. Cells were hybrid- 
ized for 3.5 hours at 37°C. Cover slips were washed 
and mounted on slides with phenylenediamine in 
90% glycerol with PBS. Multicolored (FITC, tetra- 
methyl rhodamine isothiocyanate), 0.099-ym-diam- 
eter latex beads (Molecular Probes) were included in 
the mounting mediaand used as fiduciary markers to 
align images. 

18. To elucidate the true fluorescence distribution of the 
acquired image, we restored the series of optical 
sections by using an iterative algorithm (Exhaustive 
Photon Reassignment, EPR) that used non-negativ- 
ity constraints, Images were restored with 400 itera- 
tions and a smoothing factor alphavalue = 5 x 1 0-6 
and a convergence value of 0.001. The procedure 
has been detailed previously [W. A. Carrington etal., 
Science 268, 1483 (1995); K. L. Taneja, L. M. Lif- 
shitz, F. S. Fay, R. H. Singer, J. Cell Biol. 119, 1245 
( I  992)l. 

19. Background in a restored image comprises point 
sources of low-level autofluorescence, light scatter- 
ing, and random noise contributed by the imaging 
electronics. A threshold value was established and 
applied to the restored images to eliminate these 
low-level point sources of light by analyzing the 
background TFI frequency distribution of nonzero 
pixels in a cell subjected to a mock hybridization. The 
mean TFI per nonzero voxel +3 SD vyas chosen as 
the threshold value; all pixels less than the threshold 
value were set to zero, whereas those greater were 
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retained at their original value. This eliminated >95% 
of the low-TFI background pixels. The threshold val- 
ue was <lo% of that predicted for one probe mol- 
ecule (five CY3 fluorochromes) and when appl~ed to 
the experimental image did not adversely affect the 
value from one hybridized probe. Brlghter back- 
ground pixels that eluded the thresholdlng filter but 
whoseTFI value was less than that for one hybridized 
probe were excluded during the mapplng analysis. 
The result was a filtered image where one hybridized 
CY3 labeled probe could be distinguished. 

20. Data Analysis and V~sualization Environment (DAVE); 
copyright 1995 by Lawrence M. Lifshitz and the Unl- 
versity of Massachusetts Medical School. 

21. The reassignment of light to a point source In a res- 
toration results In one or two brighter voxels at the 
location of the polnt source in addition to a number of 

associated contiguous voxels. A point source is thus 
described as an object compr~sing a group of con- 
tlguous nonzero voxels in a restored image after 
thresholding. All the nuclear and cytoplasmic point 
sources therefore had a finite size and were treated 
as three-dimensional objects. 

22. Additional evidence that every discrete signal is 
a single RNA molecule IS that, when each of the 
five probes was hybridized individually, analysis 
showed that >95% of the detected sites had one 
probe hybridized. When two probes to the 3'-UTR 
were used, a population of single and double 
probes was detected (6). As an addit~onal control, a 
set of five probes to an mRNA not expressed in 
these cells (a-actin) gave about 20 single probe 
signals per cell (2% of the p-act~n single probe 

In Situ Visualization of DNA Double-Strand 
Break Repair in Human Fibroblasts 

Benjamin E. Nelms,* Richard S. Maser,* James F. MacKay, 
Max G. Lagally, John H. J. Petrinit 

A method was developed to examine DNA repair within the intact cell. Ultrasoft x-rays 
were used to induce DNA double-strand breaks (DSBs) in defined subnuclear volumes 
of human fibroblasts and DNA repair was visualized at those sites. The DSBs remained 
in a fixed position during the initial stages of DNA repair, and the DSB repair protein 
hMrel1 migrated to the sites of damage within 30 minutes. In contrast, hRad.51, a human 
RecA homolog, did not localize at sites of DNA damage, a finding consistent with the 
distinct roles of these proteins in DNA repair. 

Proteins that mediate certain aspects of 
DNA metabolism, such as DNA replica- 
tion, appear to be compartmentalized with- 
in the nucleus. DNA re~lication therefore 
requires the movement of DNA to and from 
established sites within the nuclear matrix 
(1). Cytologic analyses have revealed that 
the DSB repair proteins hRad51 and the 
hMrel 1 -hRad50 complex assemble in dis- 
crete nuclear foci as part of the normal 
cellular response to DNA damage (2-5). 
These findings mav indicate that DNA re- 
pair does notventail the movement of DNA 
DSBs to preexisting intranuclear sites. 
Rather, they suggest that DNA repair pro- 
teins move to sites of DNA damage. The 
inabilitv to detect DSBs in situ has made it 
difficult to address this issue experimental- 
ly. A method to induce and subsequently 
detect DSBs within a defined subnuclear 
volume would, in principle, provide a 
means to determine whether DSB repair 
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requires the movement of DNA repair pro- 
teins to the sites of DNA damage. 

To that end, we developed a method to 
examine the temporal and spatial nature of 
DSB repair within the context of the intact 
cell. This method relies on synchrotron- 
generated ultrasoft x-rays [<5000 electron 
volts (5 keV)], a multilayer monochromator 
for tunable ultrasoft x-ray energies with suf- 
ficient intensity for irradiation of live hu- 
man fibroblasts ( 6 ) ,  and microfabricated ir- 

signal), but no multiple probe slgnals when pro- 
cessed by Identical methods. 

23. Supplementary material is available at www. 
sciencemag.org/feature/data/975399.shl. General 
Information is available at www.singerlab.aecom.yu. 
edu. 
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well as free radicals resulting from absorp- 
tion of ultrasoft x-rays would induce DNA 
damage almost exclusively within the 1.35- 
pm stripes imposed by the grids. Human 
fibroblasts (37Lu) were irradiated and DSBs 
were labeled with bromodeoxyuridine 
triphosphate (BrdU) and terminal de- 
oxynucleotidyltransferase (TdT) for visual- 
ization with fluorescein isothiocyanate 
(FITC)-conjugated monoclonal antibody 
to BrdU (FITC-anti-BrdU) 30, 90, or 300 
min later (10-1 2). Under the conditions 
used, TdT does not label single-strand 
DNA nicks (12). Nuclei observed 30 min 
after irradiation displayed a strong FITC 
signal in parallel stripes corresponding to 
BrdU incorporation at DNA ends (Fig. 
2A). Each pair of unirradiated-irradiated 
stripes is 3.2 pm wide (1.85 km unirradi- 
ated plus 1.35 p,m irradiated). Hence, most 
nuclei (average diameter 15 to 20 km) 
contained six or seven FITC-staining 
stripes (Fig. 2, A and B). Confocal micros- 
copy demonstrated that parallel stripes of 
BrdU incorporation were uniform through- 

. . 

radiation masks to induce DNA damage in 
Irradiation - 

discrete subnuclear regions of irradiated cells mask 

(Fig. 1) (7). The irradiation masks were 
fabricated with x-ray lithography and consist 

2% 
1.34 keV % 

of gold stripes (1.85 pm wide with 1.35-km X-rays 

separation) deposited on thin Si2N4 mem- 
branes (7). Dosimetric analyses with the % 
irradiation mask showed that gold-shielded 
regions receive about 0.5% of the dose ab- - 
sorbed by the nonshielded regions (7). Irra- 
diated cells thus absorb ultrasoft x-rays in 
1.35-pm-wide stripes separated by 1.85-p,m 
gaps that remain essentially unirradiated. 

The 1.34-keV ultrasoft x-rays used in 
these experiments act almost exclusively 
through photoelectric interactions in bio- 
logical material (8), resulting in low-energy 
electrons that have very short track lengths 
(150 nm)3 the Fig. 1. (A) Diagram of the partial volume irradiation 
biologically relevant structures such as scheme (7). Thickness of the Mylar surface (8 pm) 
chromatin (9). These properties suggested is not drawn to scale. (B) Scanning electron mi- 
that photoelectrons and Auger electrons as crograph of irradiation mask. Bar, l pm. 
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