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The protease thrombin is a potent agonist for
platelet aggregation, mesenchymal ceUprolifera-
tion, and endothelial production ofgrowth fac-
tors and adhesion molecules. Thrombin also
modulates neurite outgrowth in neuronal cul-
tures. These apparently disparate responses to
thrombin appear to be largely mediated by the re-
cently cloned thrombin receptor. In the adult,
thrombin is generated from its zymogen pro-
thrombin at sites of vascular injury when circu-
lating coagulationfactors meet extravascular tis-
sue factor. In this context thrombin's varied
actions may mediate responses to wounding.
Whether thrombin's actions on cels may alsoplay
a role in development is unknown. We examined
the expression of thrombin receptor, prothrom-
bin, and tissuefactor by in situ hybridization in
mouse development. Thrombin receptor mRNA
was expressed widely in mesenchymal ceUpopu-
lations during early organogenesis (E9.5) and
was particularly abundant in developing heart
and blood vessels. Robust receptor expression
was also noted in the germinal epithelium ofthe
hindbrain. Thrombin receptor expression be-
came more restricted with time and by the fetal
growth stage (E16.5) was most readily detected in
certain neurons, endocardial and endothelial
ceUls, and within lung and liver. In contrast to the
thrombin receptor, prothrombin mRNA was lim-
ited to the embryonic liver and was not detected
until E12.5, weU after the onset of receptor ex-
pression. mRNAfor tissuefactor, one important
triggerfor thrombin generation in the adult, was
detected in embryonic epitheliafrom E9.5-12.5. In
several instances, tissue factor-expressing epi-

thelia were surrounded by thrombin receptor-
expressing mesenchyme. These data suggest a
possible rolefor the thrombin receptor in devel-
opment. Thefinding ofrobust thrombin receptor
expression before prothrombin mRNA was de-
tected raises the question ofwhether otherpro-
teases orpeptide ligands can activate the throm-
bin receptor. (AmJPathol 1994, 144:60-69)

Thrombin, a multifunctional serine protease, is a po-
tent agonist for a variety of cellular functions.1 In vitro,
thrombin is the most potent activator of blood plate-
lets,2 is chemotactic for monocytes,3 and is mitogenic
for fibroblasts and vascular smooth muscle cells.4'5
Thrombin acts on vascular endothelial cells to stimu-
late production of platelet-derived growth factor and
other bioactive molecules.69 In neuronal cultures,
thrombin modulates neurite outgrowth.10

In the adult, thrombin is generated at sites of vas-
cular injury. Cleavage of the inactive zymogen pro-
thrombin is triggered when circulating coagulation
factors meet extravascular tissue factor1 1 and by tis-
sue factor-independent pathway(s).12 In this context,
thrombin's actions on a variety of cell types may func-
tion to orchestrate hemostatic, inflammatory, and pro-
liferative or reparative responses to wounding.
Whether thrombin's varied mitogenic and metabolic
actions also govern cellular behavior during devel-
opment is unknown.
Many of thrombin's cell signaling activities appear

to be mediated by the recently cloned thrombin
receptor.5 13-17 To gain insight into the possible role
of the thrombin/thrombin receptor system in mamma-

Supported by NIH grant HL44907, University of California
Tobacco-Related Disease Research Program grant 2RT19, and
NIH grant HL43821 (SRC) and HL35518 (SJS). SRC is an Estab-
lished Investigator of the American Heart Association/Smith Kline
Beecham.

Accepted for publication September 23, 1993.

Address reprint requests to Shaun R. Coughlin, Box 0524,
UCSF, San Francisco, CA 94143.

60



The Thrombin Receptor System in Embryos 61
AJPJanuary 1994, Vol. 144, No. 1

lian development, we examined the expression of
prothrombin, tissue factor, and the thrombin receptor
during organogenesis (E9.5-E16.5) in mouse em-
bryos using in situ hybridization.

Materials and Methods
Tissue Samples

Swiss-Webster mouse embryos (9.5, 10.5, 11.5,
12.5, 14.5, and 16.5 days post-coitus; p.c.) were
fixed in 4% paraformaldehyde in phosphate-buff-
ered saline overnight. After fixation, the embryos
were dehydrated in ethanol, cleared in toluene, and
embedded in paraffin. Ten-micron sections from the
paraffin embedded embryos were mounted on ami-
noalkylsilane-treated slides. The slides were stored
at 4 C until used.

Probe Generation

Plasmids for transcribing two independent probes
for thrombin receptor mRNA were generated by
subcloning nonoverlapping 0.3-kb Apal-Accl and
0.7-kb Psd to Xhol fragments of murine thrombin re-
ceptor cDNA5,18 into pBluescript SK. Identical ex-
pression patterns were seen with these two inde-
pendent probes; the results shown were obtained
with the 0.7-kb fragment. Murine prothrombin and
tissue factor cDNAs were cloned by polymerase
chain reactions using primers based on published
sequences.19,20 A 1.0-kb Xhol-Psl prothrombin
cDNA fragment and a 0.4-kb Xbal-EcoRV tissue
factor cDNA fragment were also each subcloned
into pBluescript SK. Plasmids were linearized with
appropriate restriction enzymes and transcribed us-
ing T3 or T7 RNA polymerases (Boehringer-
Mannheim, Indianapolis, IN) with 35S-labeled UTP
(New England Nuclear, Boston, MA) to generate an-
tisense or sense radiolabeled RNA probes.

In Situ Hybridization

In situ hybridization was performed using a modifi-
cation of published procedures.21 23 Tissues sec-
tions were deparaffinized, fixed in 4% paraformalde-
hyde in phosphate-buffered saline, treated with
proteinase K, and acetylated (0.25% acetic anhy-
dride in 0.1 mol/L triethanolamine-HCI, pH 7.5). After
washing in 0.5X SSC, the sections were covered with
hybridization solution (50% deionized formamide,
0.3 mol/L NaCI, 20 mmol/L Tris pH 8, 5 mmol/L EDTA,

1X Denhardt's, 10% dextran sulfate, and 10 mmol/L
dithiothreitol) and prehybridized for 1 to 3 hours at 55
C. 35S-labeled antisense RNA probes (600,000 cpm/
slide) were added to the hybridization solution and
the incubation continued for 12 to 18 hours at 55 C.
To control for nonspecific "hybridization," serial sec-
tions were processed in parallel with the correspond-
ing sense probes. After hybridization, the sections
were washed for 20 minutes in 2X SSC, 10 mmol/L
3-mercaptoethanol, and 1 mmol/L EDTA, treated with
RNAse A (20 pg/ml) for 30 minutes at room tempera-
ture, then washed at high stringency (0.1X SSC, 10
mmol/L f-mercaptoethanol, and 1 mmol/L EDTA) for
2 hours at 55 C. The sections were dehydrated,
dipped in photographic emulsion (Ilford), stored at 4
C, developed after 2 to 10 weeks of exposure, and
counterstained with hematoxylin and eosin.

Limitation of in Situ Hybridization Studies

These studies define the expression of mRNAs en-
coding three key proteins in the thrombin/thrombin
receptor system; they do not examine the levels or
activities of the proteins themselves. The ability to
determine thrombin receptor antigen levels in the
mouse awaits the development of appropriate anti-
bodies. Our limited experience comparing in situ
hybridization versus immunohistochemical determi-
nation of human thrombin receptor expression sug-
gests the receptor protein is expressed at levels
equal to or greater than predicted by mRNA levels
(ref. 21 and data not shown).

Results and Discussion
To localize embryonic expression of thrombin re-
ceptor, prothrombin, and tissue factor, sections of
mouse embryos from E9.5 through E16.5 were hy-
bridized with 35S-labeled antisense transcripts and
processed as described in Materials and Methods.
In general, thrombin receptor mRNA was broadly
distributed in embryonic mesenchymal tissues dur-
ing the early stages of organogenesis (E9.5-E12.5),
but became more restricted in later development
(Figure 1, A-D). By the fetal growth stage (E16.5) re-
ceptor mRNA was most easily detected in certain
neurons, in endocardial and endothelial cells, in
lung parenchyma, and in liver (Figure 1D and not
shown). At this stage of development, liver is a
prominent site of hematopoiesis, and receptor
mRNA was most abundant in very large cells, pre-
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Figure 1. Thrombin receptor andprothrombin expression in the developing embryo. Sagittal embryo sections at 9.5, 10.5, 12.5, and 16.5 days p.c.
were hybridized with antisense probes for thrombin receptor (A-D) or prothrombin (E, F). ao, aorta; h, heart; fb, forebrain; hb, hindbrain; drg,
dorsal root ganglia; li, liver Dark-field; magnification x 65 (A); x 50 (B); X 20 (C); X 10 (D); X 25 (E); x 10 (F).

sumably megakaryocytes. In contrast to thrombin
receptor mRNA, hybridization for prothrombin
mRNA was restricted to liver and curiously was not
expressed until well after the receptor mRNA ap-
peared (Figure 1, E and F). Hybridization for tissue
factor mRNA was also quite restricted. Comparison
of the spatial and temporal expression patterns of
these components of the thrombin/thrombin recep-
tor system raises a number of interesting questions,
as discussed below.

Thrombin Receptor mRNA Expression in
the Embryonic Heart and Blood Vessels

Thrombin receptor mRNA was particularly abundant
in the developing heart and blood vessels (Figures
2 and 3). In the embryonic heart, thrombin receptor
mRNA was most strikingly localized in the endocar-
dium and also in mesenchymal cells in the endocar-
dial cushions (Figures 1 and 2). This pattern of ex-
pression suggests a possible role for the thrombin
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Figure 2. Thrombin receptor expression in the developing heart. Sagittal embryo sections at 9.5 (A, B), 10.5 (C, D) and 12.5 (E, F) days p.c. uere
hybridized with antisense probefor thrombin receptor. Arrows indicates endothelial cells overlying the endocardial cushions. sv, sinus venosus; v,
ventricle; ba, bulbus arteriosus; p, pericardium. B, D, and F are dark-field views ofA, C, and E, respectively. Magnification X200 (A, B) or X 100
(C-F).

receptor in the complex morphogenetic events that
drive septation and cardiac valve formation. Other
growth factors and their receptors including mem-
bers of the transforming growth factor-p family and
the FGF receptor family are also expressed in the
endocardial cushions of the embryonic heart.2224
Thrombin's ability to synergize with fibroblast growth
factor to effect cell proliferation25 suggests possible

interactions among these growth factor families dur-
ing heart development.

Beyond the endocardium, thrombin receptor
mRNA was detected in the endothelium of both
large and small blood vessels during organogen-
esis; examples of positive hybridization to aorta and
to a small vessel supplying the cranial mesenchyme
are shown (Figures 1, 3, and 4). The expression of
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Figure 3. Thrombin receptor expression in developing blood vessels. Embryo sections at 12.5 days p.c. were hybridized with antisense probe for
thrombin receptor. A and B arepaired bright and dark-field vies ofaorta (magnification x200; ao, aorta; s, somites). Arrows indicate endothelial
cells. D shows aorta at x 400 photographed using epi-illumination to visualize the silver grains and transmitted light to visualize the tissue. C de-
picts a small artery in the brain (x 1000); arrows show cells with collections of silver grains indicating thrombin receptor mRNA.

thrombin receptor mRNA in embryonic endothelium
and thrombin's known ability to induce growth factor
production by endothelial cells6 suggests a pos-
sible role for thrombin in blood vessel growth and
development.

Expression of thrombin receptor mRNA was also
detected in cells deep to the endothelium in the
aorta at E12.5, suggesting expression in embryonic
smooth muscle cells (Figures 2 and 3A-B and D).
Interestingly, in adult human aorta, thrombin recep-
tor mRNA was difficult to detect in vascular smooth
muscle cells in the normal vessel wall but was ro-
bustly expressed in atherosclerotic plaques by sev-
eral cell types including smooth muscle.21 The find-
ing of thrombin receptor expression in the
developing vessel wall and in atherosclerotic
plaque suggests that the thrombin receptor may
play a role in controlling smooth muscle cell prolif-
eration and/or differentiation. Alternatively, receptor
expression may be a marker for these processes.

Expression of Thrombin Receptor mRNA
in the Embryonic Nervous System

In addition to the cardiovascular system, thrombin
receptor mRNA was expressed in the embryonic
nervous system. During organogenesis (E9.5-
E12.5) thrombin receptor RNA was detected in the
germinal epithelium of the hindbrain (Figures 1 and
4A-B). Later (E12.5-E16.5), relatively high levels of
thrombin receptor mRNA were found in neurons in
the ganglia of cranial nerves V, VIII, and X and the
dorsal root ganglia (Figures 1 and 4C-F). In the
adult nervous system, thrombin receptor mRNA was
also expressed by neurons in hindbrain nuclei and
in the Purkinje cells of the cerebellum (data not
shown). Thrombin, in contrast to other growth fac-
tors, inhibits neurite outgrowth and causes neurite
retraction, apparently via activation of the cloned
receptor.10 The widespread early expression of

AbiaL . ....* 4.
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Figure 4. Thrombin receptor expression in the developing nervous system. Embryo sections at 11.5 (A, B) and 14.5 (C-F) days p.c. were hybrid-
ized with antisense probesfor tbrombin receptor. Arrow indicates a small sized artery. g, germinal epithelium of the myelencephalon, drg, dorsal
root ganglion, V, Vth cranial nerve nucleus, VIII, VIIIth cranial nerve nucleus. Paired bright and dark-fieldphotos (A, C, and E versus B, D, and
F, respectively) are shown; magnification x 200.

thrombin receptor mRNA in the embryonic nervous

system suggests a possible novel role for thrombin
in limiting dendrite outgrowth during cell prolifera-
tion and/or in the extensive remodelling of neural
processes that occurs during development. The
role of the more focal and persistent thrombin re-

ceptor expression in neurons later in development
and in the adult is unknown.

Expression of Tissue Factor mRNA in
Embryonic Epithelia

Tissue factor is probably the major trigger for throm-
bin generation,11 but tissue factor-independent
mechanisms exist.12 From E9.5 to E12.5 tissue factor
mRNA was robustly expressed in corneal and
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Figure 5. Tissuefactor expression in developing epithelium. Embryo sections at 9.5 (E, F) and 12.5 (A-D) days p.c. were hybridized with antisense
probefor tissue factor. Paired bright and dark-field photos (A, C, and E versus B, D, and F, respectively) are shown. Magnification X 100 (C-F)
and X 200 (A, B). c, cornea; 1, lens; p, pharynx.

pharyngeal epithelium (Figure 5). Obvious co-local-
ization of thrombin receptor and tissue factor mRNAs
was noted in the embryonic lung, gut, and epider-
mis. In the gut and lung, tissue factor was expressed
by the epithelium and the thrombin receptor by the
surrounding mesenchyme (Figures 1 and 6 and data
not shown). In the embryonic epidermis, tissue factor
was expressed by the suprabasal cells and thrombin
receptor by the basal cells (Figure 6, E-F). These
observations suggest the possible existence of local
networks for generating and responding to thrombin.

The co-expression seen in skin is particularly inter-
esting as a possible means of orchestrating the epi-
dermal response to wounding.
A lack of detectable local tissue factor mRNA by

in situ hybridization does not exclude the presence
of sufficient tissue factor protein to locally trigger
thrombin generation given the potency of tissue fac-
tor and the remarkable amplification that occurs in
the coagulation cascade.11 The redundancy that
exists in the triggering mechanisms for the coagula-
tion cascade makes this same point.12 Moreover,

.. %:.
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Figure 6. Co-expression of tissue factor and
thrombin receptor in embryonic lung and skin.
Fmborvn wretinnv at 1.4 5 (A-D) anal 1-; s (F F)jurtra,yto 3ewtfurtC3 1.-t^-V corw iU.-) 1,r, r)

days p.c. were hybridized with antisense probes
for tissue factor (A, B, E) or thrombin receptor
(C, D, F). Paired bright and dark-field views of
lung (A and C verus B and D, respectively)
are shown (magnification X200). Skin sections
(E and F) were photographed at x400 using
epi-illumination to visualize the silver grains
and transmitted light to visualize the tissue. b,
bronchus; epi, epidermis; derm, dermis. Arrows
indicate basal cell layer hybridizing for throm-
bin receptor mRNA.

the existence of other proteases or even peptide li-
gands that serve to activate the thrombin receptor
cannot be excluded.

Prothrombin Expression in the Embryonic
Liver

Prothrombin mRNA expression was limited to the em-
bryonic liver from E12.5 to E16.5 (Figure 1, E-F); no
specific hybridization was seen at days 9.5 and 10.5.
This observation by in situ hybridization in the mouse
is consistent with previous Northern and RNAse pro-

tection analyses of prothrombin expression during rat
development which revealed low to absent prothrom-
bin expression before E18.26 Because maternal co-

agulation factors do not freely pass the placenta,27'28
the absence of detectable prothrombin mRNA before
E12.5 despite the broad distribution of thrombin re-

ceptor mRNA by E9.5 is noteworthy. It raises the
question of whether prothrombin is available to acti-
vate embryonic thrombin receptors before the onset
of fetal hepatic prothrombin expression and suggests
the possibility that other distinct protease or peptide
agonists for the thrombin receptor may exist.

After day 12.5, prothrombin and thrombin recep-
tor mRNAs were both expressed in the liver. Pro-
thrombin mRNA was widely expressed in hepato-
cytes, while thrombin receptor was localized to
focal collections of cells and was most highly ex-

pressed in very large cells, presumably represent-
ing megakaryocytes in hematopoietic islands.
Whether local prothrombin conversion and receptor
activation occurs is unknown.

Conclusion

These data demonstrate the embryonic localization
of mRNAs encoding three key proteins in the
thrombin/thrombin receptor system. This descriptive
information suggests a number of hypotheses re-
garding the thrombin receptor's role in vivo, hypoth-
eses which remain to be tested. The abundance of
thrombin receptor mRNA in the embryonic cardio-
vascular and nervous systems suggests a possible
role for the receptor in the early development of
these tissues. The presence of thrombin receptor
mRNA in the endocardial cushions and the co-
localization of both thrombin receptor and tissue
factor mRNA in the embryonic lung and skin sug-
gests that thrombin receptor activation may play a
role in local interactions required for the develop-
ment or repair of these tissues. Localization of re-
ceptor mRNA to the endocardial cushions is par-
ticularly interesting given thrombin's known
mitogenic activity and the frequency of develop-
mental abnormalities involving these structures.
Most intriguing of all, the finding of abundant throm-
bin receptor mRNA expression before detectable

........
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prothrombin expression will stimulate a search for
other proteases or peptides capable of acting at
this receptor. Last, this study will be extremely help-
ful for defining and interpreting the phenotype of
thrombin receptor knockout mice, which will in turn
reveal the role played by the thrombin/thrombin re-
ceptor system in vivo.

Acknowledgments
We thank Ms. Melanie Bedollii for excellent techni-
cal support.

References

1. Fenton II JW: Regulation of thrombin generation and
functions. Semin Hemost Thromb 1988, 14:234-240

2. Davey M, Luscher E: Actions of thrombin and other
coagulant and proteolytic enzymes on blood platelets.
Nature 1967, 216:857-858

3. Bar-Shavit R, Kahn A, Wilner G, Fenton JI: Monocyte
chemotaxis: stimulation by specific exosite region in
thrombin. Science 1983, 220:728-731

4. Chen L, Buchanan J: Mitogenic activity of blood com-
ponents. I. Thrombin and prothrombin. Proc Natl Acad
Sci USA 1975, 72:131-1325

5. McNamara C, Sarembok I, Gimple L, Fenton II JW,
Coughlin SR, Owens G: Thrombin stimulation of
smooth muscle cell proligeration is mediated by a pro-
teolytic, receptor-mediated mechanism. J Clin Invest
1992, 91:94-98

6. Daniel T, Gibbs V, Milfay D, Garavoy M, Williams L:
Thrombin stimulates c-sis gene expression in micro-
vascular endothelial cells. J Biol Chem 1986, 261:
9579-9582

7. Weksler B, Ley C, Jaffe E: Stimulation of endothelial
cell prostacyclin production by thrombin, trypsin, and
the ionophore A23187. J Clin Invest 1982, 62:923-930

8. Prescott S, Zimmerman G, Mcintyre T: Human endo-
thelial cells in culture produce platelet-activating fac-
tor when stimulated by thrombin. Proc Natl Acad Sci
USA 1984, 81:3534-3538

9. Gelehrter T, Sznycer-Laszyk R: Thrombin induction of
plasminogen activator-inhibitor in cultured human
cells. J Clin Invest 1986, 77:165-169

10. Suidan HS, Stone SR, Hemmings BA, Monard D:
Thrombin causes neurite retraction in neuronal cells
through activation of cell surface receptors. Neuron
1992, 8:363-375

11. Nemerson Y: The tissue factor pathway of blood co-
agulation. Semin Hematol 1992, 29:170-176

12. Colman RW, Marder VJ, Salzman EW, Hirsh J: Plasma
coagulation factors. Hemostasis and Thrombosis, ed
2. Edited by R Colman, J Hirsh, V Marder, E Salzman.
Philadelphia, J.B. Lippincott, 1987, pp 3-17

13. Vu T-KH, Wheaton V, Hung D, Coughlin SR: Domains
specifying thrombin-receptor interaction. Nature 1991t,
353:674-677

14. Hung D, Vu T-KH, Nelken N, Coughlin SR: Thrombin-
induced events in non-platelet cells are mediated by
the novel proteolytic mechanism defined by the
cloned platelet thrombin receptor. J Cell Biol 1992,
116:827-832

15. Hung D, Vu T-KH, Wheaton V, Ishii K, Coughlin S: The
cloned platelet thrombin receptor is necessary for
thrombin-induced platelet activation. Blocking antise-
rum to the thrombin receptor's hirudin-like domain. J
Clin Invest 1992, 89:1350-1353

16. Joseph S, MacDermot J: The N-terminal thrombin re-
ceptor fragment SFLLRN, but not catalytically inactive
thrombin-derived agonists, activate U937 human
monocytic cells: evidence for receptor hydrolysis in
thrombin-dependent signalling. Biochem J 1993, 290:
571-577

17. Ngaiza J, Jaffe E: A 14 amino acid peptide derived
from the amino terminus of the cleaved thrombin re-
ceptor elevates intracellular calcium and stimulates
prostacyclin production in human endothelial cells.
Biochem Biophys Res Commun 1991, 179:1656-
1661

18. Vu T-KH, Hung D, Wheaton V, Coughlin SR: Molecular
cloning of a functional thrombin receptor reveals a
novel proteolytic mechanism of receptor activation.
Cell 1991, 64:1057-1068

19. Degan SJ, Schaefer LA, Jamison CS, Grant SG, Fitz-
gibbon JJ, Pai JA, Chapman VM, Elliott RW: Charac-
terization of the cDNA coding for mouse prothrombin
and localization of the gene on mouse chromosome 2.
DNA Cell Biol 1990, 9:487-498

20. Ranganathan G, Blatt SP, Subramanian M, Fass DN,
Maihle NJ, Getz MJ: Cloning of murine tissue factor
and regulation of gene expression by transforming
growth factor type Bi. J Biol Chem 1991, 266:496-
501

21. Nelken N, Soifer S, O'Keefe J, Charo I, Coughlin SR:
Thrombin receptor expression in normal and athero-
sclerotic human arteries. J Clin Invest 1992, 90:1614-
1621

22. Peters KG, Werner S, Chen G, Williams LT: Two FGF
receptor genes are differentially expressed in epithe-
lial and mesenchymal tissues during limb formation
and organogenesis in the mouse. Development 1992,
14:233-243

23. Frohman M, Boyle M, Martin G: Isolation of the mouse
Hox-2.9 gene: analysis of embryonic expression sug-
gests that positional information along the anterior-
posterior axis is specified by mesoderm. Develop-
ment 1990, 110:589-607

24. Dickson MC, Slager HG, Duffie E, Mummery CL, Akhurst
R: RNA and protein localizations of TGFB2 in the early
mouse embryo suggest an involvement in cardiac de-
velopment. Development 1983, 117:625-639



The Thrombin Receptor System in Embryos 69
AJPJanuary 1994, Vol. 144, No. 1

25. Paris S, Pouyssegur J: Mitogenic effects of fibroblast
growth factors in cultured fibroblasts. Interaction with
the G-protein-mediated signaling pathways. Ann N Y
Acad Sci 1991, 638:139-148

26. Jamison CS, Degan SJ: Prenatal and postnatal ex-
pression of mRNA coding for rat prothrombin. Biochim
Biophys Acta 1991, 1088:208-216

27. Forestier R, Daffos F, Rainaut M, Sole Y, Amiral J: Vitamin
K dependent proteins in fetal hemostasis at mid
trimester of pregnancy. Thromb Hemost 1985, 53:401-
403

28. Terwiel JP, Veltkamp JJ, Bertina RM, Muller HP: Coagu-
lation factors in the human fetus of about 20 weeks of
gestational age. Br J Hematol 1980, 45:641-650


