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By means of fluorescent flow cytometry and cell-based immunoenzyme assay, it is demonstrated that
neuron-like cells of PC-12 cell line express avb3 integrin responsible for the binding of these cells to

fibrinogen and D-, DD-, Å-fibrin fragments. Each cell possesses approximately 1´106 D-fragment binding

sites; the affinity constant is 8.12´106 Ì-1; the binding is blocked with the RGD-containing peptide.
Internalization and subsequent restoration of the receptors on the membrane occurs in physiological
conditions. Pre-incubation with fibrin fragments results in the increase of receptors density on the cell
surface. D-, DD- and E-fragments adsorbed to the plastic favor PC-12 cell proliferation that explains
positive effect of fibrin on nerve cells’ renewal. 
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Introduction. Regeneration of damaged peripheral
nerves from traumatic injury is critical for functional
recovery of tissues and organs. The first response to
tissue damage is activation of blood
coagulation/fibrinolysis systems leading to a fibrin clot 
formation and its subsequent degradation with
proteolityc enzymes released by surrounding cells.
Initially, the clot serves as a temporary matrix for the
cells migrating to the site of injury [1]. Fibrin
degradation products and fibrin itself are biologically
active substances, stimulating the process of nerve
regeneration [2]. Fibrin glue was suggested for nerves
reconstruction [3, 4] and stabilization during surgery
[5] as well as the repository improving rate and quality

of regenerative process [6]. Despite the growing body
of practical knowledge, the molecular mechanisms
underlying the effects of fibrin degradation products on 
neuronal cells remain unknown. 

Previously we demonstrated that rat
pheochromocytoma PC-12 cells, a well-characterized
cell line resembling sympathetic neurons when grown
in the presence of nerve growth factors [7], stimulated
the plasmin type of fibrin clot hydrolysis by secreting
tissue plasminogen activator [8]. The resulting
products of fibrin hydrolysis i.e. D-, DD- and E-
fragments influence the PC-12 cells viability due to the
increase in their adhesive capacity [9]. 

The aim of this paper is identification of cell
surface receptors mediating the effects of D-, DD- and
E- fibrin(ogen) fragments in PC-12 cells. 
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Materials and methods. ÐÑ-12 cells were a kind
gift of Dr. L.Voitenko from Bogomoletz Institute of
Physiology, Kyiv. Conditions of their culturing, as well 
as the procedures of fibrin purification and
polymerization, have been described previously [8].
D-, DD- and Å- fibrin fragments were obtained
according to [10-11].

The adhesion capacity of ÐÑ-12 cells was studied
on non-adhesive  plastic covered with the fibrin film,
fibrinogen (10 mg/ml), gelatine (0,6 mg/ml), D-, DD- or 
Å-fibrin fragments (10 mg/ml). Protein solutions (40 ml 
per well) have been dried in the wells of 96-well
bacteriological plates (Greiner, Germany) for 12 h at
37°Ñ, then the plates were washed three times with
phosphate-buffered saline pH 7.4 (PBS). The cells
were placed into the wells in the culture medium for 1.5 
h and then were washed out by gentle pipetting. The
number of cells which remained attached was
calculated by the MTT assay [12]. 

In some experiments, the cells were pre-incubated
with the soluble DD-fragment for 30 min at 37°Ñ
before attaching to the adsorbed fragment. To
determine the role of RGD site in PC-12 cell binding to
fibrin fragments the cells were attaching to adsorbed
proteins in the presence of Arg-Gly-Asp-Ser peptide
(Sigma, USA). 

   Binding of soluble fibrin fragments to PC-12 cells
was studied directly by the cell-based immunoenzyme
assay. The cells (5õ105 per sample) were incubated in
Eppendorf tubes with fibrinogen or fibrin fragments
either on ice or at 37°Ñ. After subsequent washing, the
cells were treated for 1h either with rabbit
fibrinogen-specific antibodies or D/E-fragment-specific
antibodies, obtained by us previously. Endogenous
peroxidase activity of the cells was blocked with 1%
Í2Î2 during 20 min, after that the cell-bound antibodies
were revealed with peroxidase-conjugated goat
anti-rabbit immuno globulins (Sigma, USA).
Peroxidase of the bound conjugate was developed with
the substrate solution containing 0.4 mg/ml 
o-phenylendiamine and  0.05% Í2Î2 in 0.05 Ì
ÊÍ2ÐÎ4, ðÍ 5.0. The reaction was stopped with 4 N
H2SO4, the cells were pelleted by centrifugation, while
the supernatants were transferred to the wells of the
96-well plate to be read by Microelisa Autoreader
(Dynatech, Switzerland) at 490 nm. 

In some experiments the cells were pre-incubated
with the fibrin E-fragment in 1% BSA-containing PBS
for 2h at 4îÑ. After two washings with PBS they were
incubated with the D-fragment (10 mg/ml in BSA/PBS) 
for additional 30 min.  The bound D-fragment was
detected as described above.

The D-fragment was conjugated with fluorescein
isothiocyanate (FITC) according to the procedure
described in [13] for the investigation of the binding
kinetics. The cell samples (0.86 x107 per ml) were
treated with 50 ml D-FITC (0 – 200 mg/ml) on ice
during 30 min. In some experiments the cells were
pre-incubated with the non-labeled D- or E-fragments
(0 - 100 mg/ml) for 60 min on ice and then washed twice 
with PBS. The fluorescence intensity of the cell-bound
D-FITC was measured with MPF-4 spectrofluorimeter
(Hitachi, Japan) using the excitation wavelength of 494 
nm and the emission maximum at 520 nm. Kinetic
analysis was performed using the following equation
[14]:

                       Y/(1 – Y) = K[X],

where X – concentration of free D-FITC, Y –
bound D-FITC calculated as the part of saturating
concentration taken for 1, Ê – affinity constant for the
D-FITC binding. Bound D-FITC concentration at each
titration point was calculated according to the standard
curve built with soluble D-FITC. Free D-FITC
concentration was determined as the difference
between D-FITC added and bound. Affinity constant
was calculated as a slope of the linear curve built within 
Y/1-Y and X coordinates. The Hill coefficient was
calculated as the slope of the curve built within the Hill
coordinates log Y/1-Y and Õ. The number of
D-fragment binding sites per cell (n) was calculated
according to the equation:

                                 n = N × B/C, 

 where N – Avogadro’s number, Â – maximal
saturating concentration upon D-FITC binding, Ñ –
number of cells per ml [14].

The presence of avb3  integrin on PC-12 cells was
detected by fluorescence flow cytometry using
biotinylated goat antibodies against the N-terminal part 
of rat av  integrin chain (sc-6617, Santa Cruz
Biotechnology). The cells were incubated with the
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antibodies (0.05-1 mg IgG per 1õ106 cells) for 30 min at
4°Ñ either with or without the 20 min pre-incubation
with 1 mg/ml of fibrinogen. The bound antibodies were
revealed with Streptavidin-phycoerythrine conjugate
(BD PharMingen™), the fluorescence at 575 íì was
read by EPICS XL flow cytometer (Beckman Coulter).

All measurements have been made in triplicates.
Statistical analysis has been performed according to the 
Student’s t-test using OriginPro 7.5 software. The
differences corresponding to p<0.05 (*), p<0.005 (**)
and p<0.0005 (***) were considered significant.

Results and discussion. Initially, we studied the
PC-12 cells interaction with fibrin clots in 96-well
plates as previously described [8]. According to the

microscopic analysis, PC-12 cells remained round,
unattached and avoided any contact with the clot
during the experiment. Moreover, cells demonstrated
relatively weak adhesion to the wells coated with fibrin
although displayed strong adhesion to other coating
agents, such as fibrinogen, fibrin fragments or gelatin,
as well as to tissue culture plastic (fig.1, a). These data
suggested that PC-12 cells express a wide spectrum of
adhesion molecules including receptors to collagen
(gelatin), vitronectin (which may adsorb to tissue
culture plastic from the serum supplementing the
culture medium) and fibrinogen, but not to fibrin. It is
also possible that fibrinogen regions responsible for the 
receptor binding became less accessible after the fibrin
clot formation, since high molecular weight fibrin
degradation products displayed the receptor binding
sites. 

Pretreatment of PC-12 cells with soluble
DD-fragment for 30 min increased their adhesion to the 
wells coated with DD-fragment as revealed by
cell-based immunoenzyme assay (fig. 1,b).  Similar
effect was observed after the cells’ pretreatment with
soluble E-fragment, as demonstrated by the binding
with both adsorbed D- fragment in immunoenzyme
assay and soluble D-FITC in fluorescent spectroscopy
(data not shown). These data indicated that binding of
either D- or E-fragment triggers the corresponding
receptor up-regulation and suggested that D- and E-
fragments are ligands of the same type of receptor. 

As demonstrated by cell-based immunoenzyme
assay, binding of D-/E-fragments to PC-12 cells
evinced a saturation tendency at 4oC. In contrast, at
37oC, the increase in the fragments binding observed
during the first 150 min was followed by the sharp
decrease and   slow recovery (fig.2). These results
suggested that the receptors specific to fibrin fragments 
are internalized upon the ligand binding and then
recycle to the membrane under physiological
conditions.

Application of secondary antibody prevented the
kinetic analysis of the receptors binding. Therefore,
further studies were performed with the FITC-labeled
D-fragment using fluorescent spectroscopy. We found
that each PC-12 cell carried approximately 1x106

receptor-binding sites and the affinity constant of
D-fragment binding to the cell surface was 8.12 x106 M-1.
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Fig. 1. Adhesion of PC-12 cells to tissue culture plastic (TC),
bacteriological plastic (BP),  bacteriological plastic coated with
gelatin (Gel), E-, D- or DD-fragments, fibrinogen (FbG), mixture of 
fibrinogen X1- and X2-fragments (X1X2) or fibrin (Fibr); (a);
adhesion to adsorbed DD-fragment upon pre-incubation with the
soluble one (b). Significant difference is shown compared to TC (a)
or to non-pre-incubated cells (b).



The calculated Hill coefficient equaled to 0.698 (< 1)
indicating the ratio of receptor-ligand binding to be 1:1. 

Cell interactions with both extracellular matrix and
blood coagulation proteins are being mediated by
adhesion receptors called integrins. Many integrins
recognize their ligands through the RGD binding site
(the Arg-Gly-Asp sequence [15]). In our experiments,
binding of PC-12 cells to fibrinogen and
D-/E-fragments decreased in the presence of
RGD-containing peptide (fig.3, a). High receptor
density on the cell surface (1x106 per cell)
corresponded to known characteristics of integrins
[16-17] including the level of their affinity and
up-regulation after ligand binding. 

RGD-dependent adhesion molecules able to bind
fibrinogen are integrins avb3, a5b1  and aIIbb3  [18, 19]. 
Integrin aIIbb3  is expressed on cells affiliated to the
megakaryocytic lineage and on haemopoietic
progenitor cells [20]. Integrin a5b1  preferably binds
collagen and fibronectin. Therefore, we considered
integrin avb3 as a probable target for the binding of
fibrinogen and its fragments on PC-12 cells. The
presence of this integrin was clearly demonstrated by
flow cytometry technique.  Antibodies against av chain
bound PC-12 cells dose-dependently and the binding
was diminished upon pre-incubation with fibrinogen
(fig.3, b). This result is in agreement with literature
data regarding PC-12 and other neuronal cells [21, 22].

Integrin avb3  can specifically bind fibrinogen
through RGD-containing sequences Aa  572-574 and 
Aa 95-97, previously indentified in the a chain of the
C-terminal domain, as well as through RGD-dependent 
sites 190-202 and 346-358 in the g-chain of the D-
domain [18]. PC-12 cells interacted with bovine
fibrinogen and Õ1- and Õ2- fragments of human
fibrinogen lacking 572-574 sequence (fig.1, a). The
site  Aa 95-97 is lost after the cleavage of fibrin(ogen)
by plasmin [23].  According to our data, PC-12 cells
interacted with fibrinogen, D-, DD- and E-fragments in 
a similar way. Moreover, interaction of cells with the
one fragment potentiated binding the others. Therefore, 

avb3 integrin binding site(s) presumably are present in
every studied fragment.

It is recognized that the D (DD)-fragment contains
RGD-binding sites (190-202 and 346-358) of the

g-chain [18], but no RGD-containing sequences in the
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Fig. 2. D-fragment binding to PC-12 cells under different
temperature conditions: 1 - 4°C; 2 - 37°C.

Fig. 3. Adhesion of PC-12 cells to adsorbed fibrinogen, D- and
E-fragments in the presence of soluble RGD-peptide: 1 –
D-fragment; 2 – E-fragment; 3 – fibrinogen (a) and binding of anti- 

av-integrin antibodies with PC-12 cells in the absence (1) or
presence (2) of fibrinogen in flow cytometry. Significant difference
is shown compared to the cells incubated without RGD-peptide (a)
or without fibrinogen (b).



E-fragment were reported. Our data suggest the
presence of an additional RGD-binding site in the
E-fragment. This site seems to be of lower affinity than
the known sites on D(DD)-fragments, since PC-12
cells are attached to the E-fragment weaker than to the
D-fragment (fig. 1, a). Our results are in agreement
with those of Kodama et al [24] who showed that
RGD-dependent migration of vascular smooth muscle
cells into fibrin gels was blocked by both fibrin(ogen)
D/E-fragments and corresponding antibodies.

Unlike soluble DD-, D- and E-fragments [9], those
adsorbed to the plastic surface promoted proliferation
of PC-12 cells (fig.4). It is quite possible that, under
physiological conditions, the biological effects are
exerted by the fibrin degradation products immobilized 
on surrounding tissues rather than by the soluble ones. 

Overall, the data obtained suggest that the main
fibrin(ogen) degradation products, i.e. DD-, D- and E-
fragments, stimulate adhesive and proliferative
potential of neuronal cells through binding to integrin 

avb3 receptors.  This finding contributes to the
understanding of positive effects of both fibrin clots
(under natural condition) and fibrin glues (under
surgery) on nerve regeneration. 

Í. Þ. ×îð íà, Þ. ². Ïåò ðî âà, Î. Ì. Êà ëàø íèê, Ò. Ì. Ïëà òî íî âà, 
Ñ. Ñå äåð õîëüì-Â³ëüÿìñ , Ì. Â. Ñêîê

Ðå öåï òî ðè äî ôðàã ìåíò³â ô³áðè íó íà íå é ðî åí äîê ðèí íèõ êë³òè -

íàõ ÐÑ-12 

Ðå çþ ìå

Ìå òî äà ìè öè òîô ëó î ðè ìåòð³¿ òà êë³òèí íî ãî ³ìó íî ôåð ìåí -
òíî ãî àíàë³çó ïî êà çà íî, ùî íå é ðî íî ïîä³áí³ êë³òèíè ë³í³¿ ÐÑ-12
åêñïðå ñó þòü ³íòåã ðèí avb3, â³äïîâ³äàëü íèé çà çâ’ÿ çó âàí íÿ
êë³òèí ç ô³áðè íî ãå íîì ³ D-, DD- òà Å-ôðàã ìåí òà ìè ô³áðè íó.
Êîæ íà êë³òèíà ì³ñòèòü ïðè áëèç íî 1×106 ñàéò³â çâ’ÿ çó âàí íÿ
D-ôðàã ìåí òà ç êîí ñòàí òîþ àô³ííîñò³ 8,12×106 Ì–1, çâ’ÿ çó âàí -
íÿ áëî êóºòüñÿ RGD-âì³ñíèì ïåï òè äîì. Çà ô³ç³îëîã³÷íèõ òåì -
ïå ðà òóð íèõ óìîâ â³äáó âàºòüñÿ ³íòåð íàë³çàö³ÿ ðå öåï òîð³â ç
ïîä àëü øèì â³äíîâ ëåí íÿì íà ìåì áðàí³. Ïå ðåä³íêó áàö³ÿ ç ôðàã -
ìåí òà ìè ô³áðè íó ïðè çâî äèòü äî çðîñ òàí íÿ ê³ëüêîñò³ ðå öåï -
òîð³â íà ïî âåðõí³ êë³òèí. Àäñîðáîâàí³ íà ïî âåðõí³ ïëàñ òè êó D-, 
DD- ³ Å-ôðàã ìåí òè ô³áðè íó ñïðè ÿ þòü ïðîë³ôå ðàö³¿ êë³òèí
ÐÑ-12, ùî ïî ÿñ íþº ïî çè òèâ íèé âïëèâ ö³º¿ ñïî ëó êè íà â³äíîâ ëåí -
íÿ íå ðâî âèõ êë³òèí.

Êëþ ÷îâ³ ñëî âà: êë³òèíè ë³í³¿ ÐÑ-12, D-, DD- ³ Å-ôðàã ìåí òè
ô³áðè íó, ³íòåã ðè íè.

Í. Þ. ×eðíàÿ, Þ. È. Ïåò ðî âà, Å. Í. Êà ëàø íèê, 
Ò. Í. Ïëà òî íî âà, Ñ. Ñå äåð õîëüì-Âèëü ÿìñ , Ì. Â. Ñêîê.

Ðå öåï òî ðû ê ôðàã ìåí òàì ôèá ðè íà íà íå é ðî ýí äîê ðèí íûõ 

êëåò êàõ ëè íèè ÐÑ-12

Ðå çþ ìå

Ìå òî äà ìè öè òîô ëó î ðè ìåò ðèè è êëå òî÷ íî ãî èì ìó íî ôåð ìåí -
òíî ãî àíà ëè çà ïî êà çà íî, ÷òî íå é ðî íî ïî äîá íûå êëåò êè ëè íèè

ÐÑ-12 ýêñ ïðåñ ñè ðó þò avb3-èí òåã ðèí, îò âå òñòâåí íûé çà ñâÿ -
çû âà íèå êëå òîê ñ ôèá ðè íî ãå íîì è D-, DD-, Å-ôðàã ìåí òà ìè
ôèá ðè íà.  Êàæ äàÿ êëåò êà ñî äåð æèò ïðè áëè çè òåëü íî 1×106 ñàé -
òîâ ñâÿ çû âà íèÿ D-ôðàã ìåí òà ç êîí ñòàí òîé àô ôèí íîñ òè
8,12×106 Ì–1, ñâÿ çû âà íèå áëî êè ðó åò ñÿ RGD-ñî äåð æà ùèì ïåï -
òè äîì. Ïðè ôè çè î ëî ãè ÷åñ êîé òåì ïå ðà òó ðå ïðî èñ õî äèò èí -
òåð íà ëè çà öèÿ ðå öåï òî ðîâ ç ïî ñëå äó þ ùèì âîñ ñòà íîâ ëå íè åì íà
ìåì áðà íå. Ïðå èí êó áà öèÿ ñ ôðàã ìåí òà ìè ôèá ðè íà ïðè âî äèò ê
óâå ëè ÷å íèþ êî ëè ÷åñ òâà ðå öåï òî ðîâ íà ïî âåð õíîñ òè êëå òîê.
Àäñîðáèðîâàííûå íà ïî âåð õíîñ òè ïëàñ òè êà D-, DD- è Å-ôðàã -
ìåí òû ôèá ðè íà ñïî ñî áñòâó þò ïðî ëè ôå ðà öèè êëå òîê ÐÑ-12,
÷òî îá ú ÿñ íÿ åò ïî çè òèâ íîå âëè ÿ íèå ôèá ðè íà íà âîñ ñòà íîâ ëå -
íèå íå ðâíûõ êëå òîê.

Êëþ ÷å âûå ñëî âà: êëåò êè ëè íèè ÐÑ-12, D-, DD- è Å-ôðàã ìåí -
òû ôèá ðèí(íîãå)à, èí òåã ðè íû.
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