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Abstract Following intracerebral hemorrhage (ICH) there 
is a sequential response involving activation of the coagula-
tion cascade/platelet plug formation, vascular repair, upregu-
lation of endogenous defense mechanisms and clot resolution. 
How these responses are coordinated and modified by differ-
ent hematoma sizes has received little attention. This paper 
reviews evidence that thrombin can modulate and may coor-
dinate the components of the endogenous response. This has 
potential consequences for treatment of ICH with a number 
of modalities.
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Introduction

The endogenous response to an intracerebral hemorrhage 
(ICH) involves: (1) clot/platelet plug formation to stop the 
bleed, (2) vascular repair and (3) clot resolution. As clot reso-
lution can release potentially neurotoxic chemicals (e.g., iron), 
there is also (4) upregulation of endogenous defense mecha-
nisms that may counteract the effects of those chemicals 
(e.g., iron chelators;[1]). To avoid re-bleeding, which might 

occur if the clot resolved prior to completion of vascular repair 
or potential neurotoxicity if clot resolution occurs prior to 
induction of defense mechanisms, these responses must be 
coordinated (Fig. 1). Therapeutically, a number of approaches 
have been used to enhance the endogenous response. For 
example, Factor VIIa has been given to promote clotting [2], 
surgery with and without tissue plasminogen activator (tPA) 
has been used to accelerate clot removal [3], thiazolidine-
diones have been given to modulate clot phagocytosis by 
microglia [4], and deferoxamine has been administered to 
enhance iron defense [5].
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Fig. 1 The sequential endogenous response to ICH. While the coagula-
tion cascade is activated immediately upon hemorrhage, there will be 
continued production of thrombin and fibrin until sufficient vascular 
plugging and repair have occurred to prevent further entry of fibrinogen 
and prothrombin. The time course of vascular repair after ICH has not 
been well studied. It is probably initiated immediately after ictus and is 
sufficient to prevent further hemorrhage by the time that hematoma 
resolution is complete. Fibrinolysis begins almost immediately after the 
hemorrhage. However, in the early stages after ICH, fibrin deposition 
exceeds lysis. Resolution occurs when lysis exceeds fibrin deposition 
(decreased thrombin cleavage of fibrinogen) and when there is clear-
ance of cellular elements of the hematoma. The time course of resolu-
tion varies with hematoma size (see text). The induction of endogenous 
defense mechanisms involves (at least in part) the production of new 
protein. This involves a time delay after ictus (e.g., iron handling pro-
teins peak 24–72 h after ICH in the rat)
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While information is available about parts of the endoge-
nous response (e.g., the coagulation cascade and the role of 
microglia, leukocytes, complement and plasminogen activa-
tors in clot resolution), less is known about coordination of 
the endogenous responses and how they might be modulated 
by ICH severity. One potential coordinator of the endoge-
nous responses is thrombin. This paper examines this poten-
tial role and highlights some therapeutic consequences.

Normal Natural History of Clot Formation 
and Resolution After ICH

After cerebrovascular rupture, there is almost instantaneous 
activation of the coagulation cascade and the start of clot for-
mation. In about two-thirds of patients, bleeding stops soon 
after ictus, but in the remaining patients there is continued 
hematoma expansion for part of the first day [6], an expansion 
phase that is increased in patients on oral anticoagulant therapy 
[7]. In humans, the hematoma has been reported to then resolve 
over weeks, although this depends upon clot size [8]. It should 
be noted that even after the physical hematoma resolves, hema-
toma degradation products can still remain in the brain. Thus, 
high levels of iron are still found in the rat brain 28 days after 
ICH even though the hematoma has resolved [1].

Thrombin Generation and Coagulation  
After ICH

Thrombin, by converting fibrinogen to fibrin (and by stabili-
zation of the fibrin clot via activation of Factor XIII), is cen-
tral to the coagulation cascade. However, it also has other 
effects on the coagulation cascade, activating Factor XI, as 
well as cofactors VIII and V, and stimulating platelets. These 
effects serve to amplify the coagulation cascade. The actions 
of thrombin are carried out by either enzyme activity (e.g., 
conversion of fibrinogen to fibrin) or cell thrombin receptors 
(e.g., platelet activation). Three protease-activated receptors 
(PAR-1, -3 and -4) are thrombin receptors [9].

While thrombin is produced almost instantaneously from 
prothrombin at the ictus, there may be continued production 
until the injury site is completely plugged, preventing further 
entry of prothrombin into the brain. As noted above, in some 
patients, this may take several hours.

Thrombin and Vascular Repair

Vascular repair after ICH has received little attention. Repair 
entails reestablishment of the endothelial barrier, but also 

involves changes in other elements of the neurovascular unit 
(e.g., astrocytes, pericytes and vascular smooth muscle cells). 
Circulating endothelial progenitor cells may also be involved 
in re-endothelialization [10, 11]. Thrombin has profound 
effects on cerebral endothelial cell proliferation and shape 
[12, 13]. It also has marked effects on other elements of the 
neurovascular unit. Thus, for example, it changes astrocyte 
shape [14], indirectly causes pericyte contraction [15] and 
induces smooth muscle cell proliferation [16]. Thrombin can 
also cause migration of progenitor cells from the subventric-
ular zone to sites of injury [17].

Thrombin and Clot Resolution

There is a surprising lack of definitive evidence about the 
relative importance of different mechanisms in clearing 
intracerebral hematomas. Perihematomal levels of plasmino-
gen activators are increased after ICH [18], but the relative 
importance of tPA and urokinase (uPA) in fibrinolysis after 
ICH is uncertain. Both tPA and uPA have been used clini-
cally to aid in clot removal, although there is, to date, no 
evidence that this reduces ICH-induced injury in patients 
[19]. Removal of the cellular constituents of the hematoma 
involves several processes. Erythrocyte energy failure can 
cause cell lysis, complement activation inserts a membrane 
attack complex in the cell membrane leading to lysis, and 
there can be phagocytosis of the erythrocytes and cell ele-
ments [4, 20, 21]. Phagocytosis can be carried out by micro-
glia or invading macrophages from the bloodstream [4, 21].

Thrombin has the potential to impact both fibrinolysis and 
the clearance of cellular components of the hematoma. 
Thrombin indirectly impacts fibrinolysis as fibrin (and par-
ticularly partially degraded fibrin) enhances plasminogen 
activator activity leading to greater plasmin production [22]. 
Thrombin also directly induces cerebral endothelial cells to 
produce uPA [13]. ICH-induced inflammation is also regu-
lated by thrombin. It upregulates inflammatory mediators, 
activates microglia and promotes leukocyte influx into brain 
[6]. Thrombin can also cause activation of the complement 
cascade in the brain, including membrane attack complex 
formation [23]. These results indicate that thrombin modu-
lates clot resolution as well as clot formation.

Thrombin and Endogenous Defense 
Mechanisms

A number of mechanisms that may limit brain injury are 
upregulated after ICH. For example, there is a marked 
increase in the expression of iron-handling proteins such as 
ferritin, transferrin and transferrin receptor [1]. These changes 
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may reduce the iron toxicity that can follow hematoma reso-
lution [6]. While expression of iron handling proteins is regu-
lated by a number of systems, intracerebral thrombin triggers 
a marked increase in transferrin and the transferrin receptor 
expression in brain [24]. As thrombin is produced immedi-
ately upon hemorrhage, the upregulation in iron handling 
proteins occurs early after ICH [1], allowing the proteins to 
be present before the onset of erythrocyte lysis within the 
hematoma. Iron itself can also upregulate the expression of 
iron handling proteins [25], but if iron release during hema-
toma resolution were to be the sole signal for upregulation, 
there would be potential iron-induced neurotoxicity in the 
hours necessary for protein upregulation.

Thrombin Inhibition After ICH

Understanding the temporal effects of thrombin in ICH not 
only requires knowledge of its production and targets, it also 
requires information about what factors inhibit thrombin’s 
action and how these change after ICH. Protease nexin-1 
(PN-1) is the main thrombin inhibitor present in brain. It is 
highly expressed in astrocytes, but there is also evidence for 
neuronal expression [9]. PN-1 (mRNA and protein) is upreg-
ulated in the brain after rat ICH [26]. Plasminogen activator 
inhibitor (PAI)-1 can also inhibit thrombin, and it too is 
upregulated after ICH [27]. However, although these inhibi-
tors may inhibit free thrombin, a substantial amount of 

thrombin remains bound within the hematoma where it is 
protected from inactivation [28]. Thus, as the hematoma 
resolves there is continual release of thrombin from the 
hematoma. The action of that thrombin will depend on access 
to targets (for example, fibrinogen and platelets).

Thrombin as a Coordinator of the 
Endogenous Responses and Therapeutic 
Consequences

A temporally coordinated endogenous response to ICH 
involving coagulation/platelet plug formation, vascular 
repair, hematoma resolution and upregulation of defense 
mechanisms necessitates some crosstalk between these dif-
ferent events. The pleiotropic effects of thrombin suggest 
that it may be involved in such coordination (Fig. 2). As 
described above, it is central to the coagulation cascade and 
platelet plug formation, it affects vascular repair and hema-
toma resolution, and it can induce some of the endogenous 
defense mechanisms. Thrombin is initially formed at the 
onset of hemorrhage, and this is important for coagulation 
and platelet plug formation. This early production of throm-
bin may also be important for initiating vascular repair and 
providing the signal for upregulation of defense mechanisms, 
such as iron handling proteins.

The release of clot-bound thrombin may also provide a 
way of coordinating hematoma resolution with vascular 
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Fig. 2 Thrombin impacts many elements of the endogenous response 
to ICH. (a) The production of thrombin serves to seal the site of initial 
rupture via production of a clot/platelet plug, and it is also involved in 
regulating vascular repair. Thrombin is also involved in clot resolution. 
By sealing the rupture, clotting and vascular repair can stop further 
entry of prothrombin and fibrinogen into the brain, preventing further 
fibrin deposition. In addition, thrombin activates microglia, promotes 
macrophage entry into the brain (both cell types are involved in hema-

toma phagocytosis) and can accelerate fibrinolysis, aiding hematoma 
resolution. Because thrombin is present within the clot, hematoma reso-
lution may cause its release, which may serve to produce more fibrin if 
the vasculature has not been fully repaired. (b) Thrombin is also 
involved in upregulating defense mechanisms in the brain (e.g., iron-
handling proteins), which may reduce clot-derived neurotoxicity. While 
clot-derived factors may also upregulate defense mechanisms, throm-
bin upregulation may occur, earlier providing greater protection
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repair. If hematoma degradation occurs before vascular 
repair is fully achieved, leakage of fibrinogen from the dam-
aged vessel may be cleaved by thrombin from the degrading 
hematoma to form a new fibrin clot. This might provide a 
quicker response than activation of the coagulation cascade 
and creation of thrombin from prothrombin leaking from the 
bloodstream. In addition, the continual release of clot-bound 
thrombin from the resolving hematoma may provide a signal 
to maintain upregulation of phagocytosis and defense mech-
anisms until the clot has finally resolved. If this is the case, 
thrombin may also participate in ending the endogenous 
response to ICH. As the vessel is repaired and the hematoma 
resolves, there will be a decline in extravascular thrombin, 
and this may be a signal for the cessation of the inflammatory 
response and the return of defense mechanisms to normal 
levels. This potential role of thrombin requires further 
examination.

ICH severity varies from microbleeds to hematomas of 
over 100 mL. Presumably, the extent of the endogenous 
response needs to vary with the size of the hematoma. As the 
amount of prothrombin entering the brain with the hemor-
rhage varies with the size of the hematoma, thrombin pro-
duction would reflect the severity of the hemorrhage and 
may regulate the endogenous response to match ICH size.

A role for thrombin in coordinating the endogenous response 
would have several therapeutic consequences. Thrombin has 
been the target in clinical and preclinical ICH trials. Increasing 
thrombin production to prevent hematoma expansion was the 
basis of the Factor VIIa trial [2]. While that trial showed that 
Factor VIIa could reduce hematoma growth, it did not improve 
outcome. In contrast, there is preclinical evidence that throm-
bin can participate in ICH-induced injury [29], and delayed 
thrombin inhibition with argatroban improved outcome in a rat 
ICH model [30]. These results reflect the differential time-
dependent roles of thrombin in ICH.

Clot removal has been examined extensively as a method 
of reducing ICH-induced injury without, as yet, significant 
clinical benefit [19]. The poor outcome in patients that had 
ultra-early clot removal because of rebleeds [31] reflects the 
importance of ensuring that vascular repair has occurred 
prior to clot removal/resolution. Whether more delayed clot 
removal may have unanticipated effects on ICH-induced 
injury by affecting the endogenous response to ICH by 
removing clot-bound thrombin has not been examined  
(e.g., will it affect the upregulation of endogenous defense 
mechanisms?).

Summary

Thrombin has pleiotropic effects on the response of the 
brain to ICH, including roles in coagulation/platelet plug 
formation, vascular repair, clot resolution and upregulation 

of endogenous defense mechanisms, and may act as a 
 coordinator of the endogenous response. Understanding the 
integration of the response of the brain to ICH may give 
insight into how better to modulate that response to reduce 
ICH-induced injury.

Acknowledgments This work was supported by the National 
Institutes of Health grants NS34709 (RFK), NS017760 (GX) and 
NS039866 (GX). The content is solely the responsibility of the authors 
and does not necessarily represent the official views of the NIH. 

Conflict of interest statement We declare that we have no conflict  
of interest.

References

 1. Wu J, Hua Y, Keep RF, Nakamura T, Hoff JT, Xi G (2003) Iron and 
iron-handling proteins in the brain after intracerebral hemorrhage. 
Stroke 34:2964–2969

 2. Mayer SA, Brun NC, Begtrup K, Broderick J, Davis S, Diringer 
MN, Skolnick BE, Steiner T (2008) Efficacy and safety of recombi-
nant activated factor VII for acute intracerebral hemorrhage. N Engl 
J Med 358:2127–2137

 3. Mendelow AD, Unterberg A (2007) Surgical treatment of intra-
cerebral haemorrhage. Curr Opin Crit Care 13:169–174

 4. Zhao X, Sun G, Zhang J, Strong R, Song W, Gonzales N, Grotta JC, 
Aronowski J (2007) Hematoma resolution as a target for intracere-
bral hemorrhage treatment: role for peroxisome proliferator-acti-
vated receptor gamma in microglia/macrophages. Ann Neurol 61: 
352–362

 5. Hua Y, Nakamura T, Keep RF, Wu J, Schallert T, Hoff JT, Xi G 
(2006) Long-term effects of experimental intracerebral hemor-
rhage: the role of iron. J Neurosurg 104:305–312

 6. Xi G, Keep RF, Hoff JT (2006) Mechanisms of brain injury after 
intracerebral haemorrhage. Lancet Neurol 5:53–63

 7. Huttner HB, Steiner T (2010) Coagulopathy-related intracerebral 
hemorrhage. In: Carhuapoma JR, Mayer SA, Hanley DF (eds) 
Intracerebral hemorrhage. Cambridge University Press, Cambridge, 
pp 58–70

 8. Dolinskas CA, Bilaniuk LT, Zimmerman RA, Kuhl DE (1977) 
Computed tomography of intracerebral hematomas. I. Transmission CT 
observations on hematoma resolution. Am J Roentgenol 129:681–688

 9. Xi G, Reiser G, Keep RF (2003) The role of thrombin and thrombin 
receptors in ischemic, hemorrhagic and traumatic brain injury: del-
eterious or protective? J Neurochem 84:3–9

10. Hristov M, Weber C, Hristov M, Weber C (2008) Endothelial 
 progenitor cells in vascular repair and remodeling. Pharm Res 
58:148–151

11. Urbich C, Dimmeler S, Urbich C, Dimmeler S (2004) Endothelial 
progenitor cells: characterization and role in vascular biology. Circ 
Res 95:343–353

12. Nagy Z, Kolev K, Csonka E, Pek M, Machovich R (1995) 
Contraction of human brain endothelial cells induced by thrombo-
genic and fibrinolytic factors. An in vitro cell culture model. Stroke 
26:265–270

13. Shatos MA, Orfeo T, Doherty JM, Penar PL, Collen D, Mann KG 
(1995) Alpha-thrombin stimulates urokinase production and DNA 
synthesis in cultured human cerebral microvascular endothelial 
cells. Arterioscler Thromb Vasc Biol 15:903–911

14. Cavanaugh KP, Gurwitz D, Cunningham DD, Bradshaw RA (1990) 
Reciprocal modulation of astrocyte stellation by thrombin and pro-
tease nexin-1. J Neurochem 54:1735–1743



Clot Formation, Vascular Repair and Hematoma Resolution After ICH, a Coordinating Role for Thrombin?  75

15. Dodge AB, Hechtman HB, Shepro D (1991) Microvascular 
endothelial-derived autacoids regulate pericyte contractility. Cell 
Motil Cytoskeleton 18:180–188

16. Stouffer GA, Runge MS (1998) The role of secondary growth factor 
production in thrombin-induced proliferation of vascular smooth 
muscle cells. Sem Thromb Hemost 24:145–150

17. Yang S, Song S, Hua Y, Nakamura T, Keep RF, Xi G (2008) Effects 
of thrombin on neurogenesis after intracerebral hemorrhage. Stroke 
39:2079–2084

18. Masuda T, Dohrmann GJ, Kwaan HC, Erickson RK, Wollman RL 
(1988) Fibrinolytic activity in experimental intracerebral hema-
toma. J Neurosurg 68:274–278

19. Mendelow AD, Gregson BA, Fernandes HM, Murray GD, Teasdale 
GM, Hope DT, Karimi A, Shaw MD, Barer DH (2005) Early sur-
gery versus initial conservative treatment in patients with spontane-
ous supratentorial intracerebral haematomas in the International 
Surgical Trial in Intracerebral Haemorrhage (STICH): a randomised 
trial. Lancet 365:387–397

20. Hua Y, Xi G, Keep RF, Hoff JT (2000) Complement activation in 
the brain after experimental intracerebral hemorrhage. J Neurosurg 
92:1016–1022

21. Zhao X, Grotta J, Gonzales N, Aronowski J, Zhao X, Grotta J, 
Gonzales N, Aronowski J (2009) Hematoma resolution as a therapeu-
tic target: the role of microglia/macrophages. Stroke 40:S92–S94

22. Eastman D, Wurm FM, van Reis R, Higgins DL (1992) A region of 
tissue plasminogen activator that affects plasminogen activation dif-
ferentially with various fibrin(ogen)-related stimulators. Biochemistry 
31:419–422

23. Gong Y, Xi GH, Keep RF, Hoff JT, Hua Y (2005) Complement 
inhibition attenuates brain edema and neurological deficits induced 
by thrombin. Acta Neurochir Suppl 95:389–392

24. Hua Y, Keep RF, Hoff JT, Xi G (2003) Thrombin preconditioning 
attenuates brain edema induced by erythrocytes and iron. J Cereb 
Blood Flow Metab 23:1448–1454

25. Wagner KR, Sharp FR, Ardizzone TD, Lu A, Clark JF, Wagner KR, 
Sharp FR, Ardizzone TD, Lu A, Clark JF (2003) Heme and iron 
metabolism: role in cerebral hemorrhage. J Cereb Blood Flow 
Metab 23:629–652

26. Wu H, Zhao R, Qi J, Cong Y, Wang D, Liu T, Gu Y, Ban X, Huang Q, 
Wu H, Zhao R, Qi J, Cong Y, Wang D, Liu T, Gu Y, Ban X, Huang Q 
(2008) The expression and the role of protease nexin-1 on brain 
edema after intracerebral hemorrhage. J Neurol Sci 270:172–183

27. Hua Y, Xi G, Keep RF, Wu J, Jiang Y, Hoff JT (2002) Plasmino-
gen activator inhibitor-1 induction after experimental intracerebral 
hemorrhage. J Cereb Blood Flow Metab 22:55–61

28. Liu CY, Nossel HL, Kaplan KL (1979) The binding of thrombin by 
fibrin. J Biol Chem 254:10421–10425

29. Lee KR, Colon GP, Betz AL, Keep RF, Kim S, Hoff JT (1996) 
Edema from intracerebral hemorrhage: the role of thrombin.  
J Neurosurg 84:91–96

30. Kitaoka T, Hua Y, Xi G, Hoff JT, Keep RF (2002) Delayed arga-
troban treatment reduces edema in a rat model of intracerebral hem-
orrhage. Stroke 33:3012–3018

31. Morgenstern LB, Demchuk AM, Kim DH, Frankowski RF, Grotta JC 
(2001) Rebleeding leads to poor outcome in ultra-early craniotomy 
for intracerebral hemorrhage. Neurology 56:1294–1299


	Clot Formation, Vascular Repair and Hematoma Resolution After ICH, a Coordinating Role for Thrombin?
	Introduction
	Normal Natural History of Clot Formation and Resolution After ICH
	Thrombin Generation and Coagulation After ICH
	Thrombin and Vascular Repair
	Thrombin and Clot Resolution
	Thrombin and Endogenous Defense Mechanisms
	Thrombin Inhibition After ICH
	Thrombin as a Coordinator of the Endogenous Responses and Therapeutic Consequences
	Summary
	References


