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Summary. Recent studies have demonstrated a strong
expression of activin in repair processes of various
tissues and organs, including the skin, the lung, the
intestine, the cardiovascular system, and even the brain.
Although little is as yet known about the function of
activin in tissue repair, first results suggest a role of
activin in epithelial differentiation, fibroblast
proliferation and expression of matrix molecules by
these cells, and also in neuroprotection. Whereas a
transient overexpression of activin after tissue injury
might be beneficial for the repair process, sustained
expression of activin could lead to fibrotic processes.
Therefore, the modulation of the availability or
biological activity of activin could be of particular
importance for the treatment of impaired tissue repair on
the one hand and tissue fibrosis on the other hand.
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Introduction

The members of the transforming growth factor §§
(TGF-B) superfamily are known to be involved in the
control of cellular proliferation, differentiation and
metabolism (for review see Massagué, 1990; Kingsley,
1994). Therefore, they play a key role during embryonic
development and in tissue repair processes. This has
been demonstrated in detail for the transforming growth
factors B1, B2, and B3 (for review see Roberts and Sporn,
1996). In addition, a series of studies has provided
evidence for the involvement of other members of the
TGF-B superfamily - bone morphogenetic proteins,
activins, and inhibins - in embryonic development. By
contrast, little is known about the role of these members
in tissue repair processes. The injury response resembles
basic patterns of embryonic development, in that certain
molecules which are expressed in development of a
particular tissue or organ are reexpressed or upregulated
after tissue injury. Since activins are known to be widely
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expressed during embryonic development, and are
involved in early mesoderm induction as well as in organ
formation (for review see Ying et al., 1997), we
speculated on a possible role of activin in wound repair.
Like the other members of the TGF-B superfamily,
activins are dimeric proteins consisting of two
disulphide-linked B, and By subunits. Homomers
(activin A: BAB4; activin B: BgBg) as well as heteromers
(activin AB: B5Bg) composed of these B-chains have
been identified in vitro and in vivo (for review see Vale
et al.,, 1990). The closely related B-chains can also form
dimers with a more distantly related a-chain generating
inhibin A (aB,) and inhibin B (aBg). In some systems
activins and inhibins act as functional antagonists (Ling
et al., 1986; Vale et al., 1986). Additional isoforms may
arise from the recently cloned B-, Bp-, and Bg-chains
(Hotten et al., 1995; Oda et al., 1995; Fang et al.,
1996).

Cellular responses to activin are mediated by a
heteromeric receptor complex composed of two different
types of transmembrane receptors with intracellular
serine/threonine kinase activity (for review sece
Massagué, 1996). Activin type II receptors (ARII,
ARIIg) are constitutively active kinases and - after
recruitment of the ligand - they phosphorylate a type I
receptor (ARI, ARIg) which then mediates signal
transduction (Wrana et al., 1994; Attisano et al., 1996).
Follistatin, a soluble activin binding protein unrelated to
the activin receptors, presumably inhibits activin
function after binding (de Winter et al., 1996; for review
see Mather, 1996).

Activins and activin binding proteins have been
localized in various organs during embryonic
development of mammals (Roberts et al., 1991; Feijen et
al., 1994; Roberts and Barth, 1994; Verschueren et al.,
1995; Harkness and Baird, 1997). However, expression
of the ligands is significantly downregulated in most of
these tissues after completion of development. A series
of recent studies from our laboratories has demonstrated
a significant reexpression of activin after injury of aduit
tissue (Hiibner et al., 1996a, 1997; Tretter et al., 1996).
These results strongly indicate a novel and important
role of activin in tissue repair processes, and these data
will be summarized in our review.
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The expression of activin during wound repair of the
skin

Recent studies using knockout mice have suggested
a role of activin in skin morphogenesis. Thus, mice
missing the B 4-chain lacked whiskers and had abnormal
whisker follicles (Matzuk et al., 1995a). Furthermore,
mice deficient in follistatin showed disturbed whisker
development (Matzuk et al., 1995b). Their skin was
hyperkeratotic, as indicated by the thickened granular
layer and stratum corneum. It appeared taut and shiny,
closely resembling the skin phenotype of mice with
directed overexpression of TGF-1 (Sellheyer et al.,
1993). In contrast, activin Bg-deficient mice showed no
obvious skin phenotype (Schrewe et al., 1994; Vassalli et
al., 1994).

Since activin is expressed in embryonic skin but is
hardly detectable in the skin of newborn and adult
rodents (Roberts et al., 1991; Roberts and Barth, 1994;
Hiibner et al., 1996a), we speculated that activin might
be reexpressed during repair processes of the skin. Using
RNase protection assays we found a strong induction of
activin mRNA expression within the first day after
injury in a full-thickness excisional wound model in
mice (Hiibner et al., 1996a), whereby the induction of 8,
mRNA expression (Fig. 1, upper panel) was much more
prominent than the induction of Bg mRNA expression
(Fig. 1, lower panel). Whereas the activin 8, mRNA

expression had declined to basal levels two weeks after
injury when the proliferative phase was completed, the
Bg mRNA expression was still high at this time point.
These observations implicate a role of activin B4 and Bg
in the inflammatory and proliferative phases of the
wound healing process, and, beyond that, the involve-
ment of activin By in the remodeling phase. In contrast,
expression of the a-chain could not be detected.

All known activin receptors were expressed in
normal skin. However, no significant induction of
activin receptor expression was observed after skin
injury (Hibner et al., 1996a). Therefore, the function of
activin in wound repair seems to be controlled by the
regulation of ligand expression, whereas the receptors
are expressed constitutively.

We were able to localize the activin  , mRNA in the
granulation tissue and in the dermis at the wound edge
(Fig. 2). These cells presumably represent fibroblasts
and activated macrophages which both express activin in
vitro (Erimaa et al., 1992; Shao et al, 1992; Hiibner and
Werner, 1996). In contrast, activin Bg mRNA was
detected in the hyperproliferative epithelium at the
wound edge and in migrating keratinocytes (Fig. 3).

Possible inducers of activin expression in the skin

To identify possible mediators of activin induction
during skin repair, we analysed the regulation of activin

Activin-f5

Activin-fg

Fig. 1. Expression of activin mRNA in normal and wounded
skin. 50 ug total cellular RNA from normal mouse back skin
and excisional back skin wounds were analyzed by RNase
protection assay for expression of activin B, and By chains.
The time in days (d; 1, 3, 5, 7, 13) after injury is indicated at
the top of each lane. 0d wound refers to nonwounded back
skin. For each time point a set of three animals was used.
1000cpm of the hybridization probes were added to the lanes
labeled “probe”. 50 ug tRNA were used as a negative control.
The gels were exposed for 2 days. Reprinted from Hibner et
al. (1996a) with permission.
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expression in cultured keratinocytes and fibroblasts
(Hiibner and Werner, 1996). All factors investigated are
shown in Table 1. Since activin induction was already
detectable 15h after injury, serum growth factors which
are released upon hemorrhage could be responsible for
the activin induction. Indeed, activin B, expression was

very low in cultured quiescent fibroblasts and keratino-
cytes, but was strongly induced upon stimulation with
serum or purified growth factors such as TGF-834,
epidermal growth factor (EGF) or platelet-derived
growth factor (PDGF). Furthermore, a strong activin
induction by proinflammatory cytokines such as

Fig. 2. Localization of activin B
mRNA in a 5-day wound by in
situ hybridization. Paraffin
sections were hybridized with a
35S-labeled mouse activin B
antisense riboprobe. A
hematoxylin/eosin stain of half
of the wound is shown in A. The
arrow indicates the granulation
tissue below the wound where
the photograph in B was taken.
In A the letters H, HE, Es, and
G indicate hair follicle,
hyperproliferative epithelium,
eschar, and granulation tissue.
The silver grains produced by
the radioactive probe appear as
black dots. Note the high
expression of activin B4 in a
certain population of cells in the
granulation tissue below the
eschar. A, x 100; B, x 400.
Reprinted from Hibner et al.
(19964a) with permission.
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interleukin (IL) 18 and tumor necrosis factor (TNF) a
was observed.

To determine if these cytokines could be activin
inducers in vivo, we investigated in detail the time
course and localization of their expression during the

healing process (Hiibner et al., 1996b). These studies
revealed a strikingly increased expression of IL-1a, IL-
18, and TNFa after skin injury. Their temporal
expression pattern correlated with the expression of
activin B, during wound repair. We demonstrated that

Fig. 3. Localization of
activin Bg mRNAin a
5-day wound by in situ
hybridization. Paraffin
sections were
hybridized with a 35S-
labeled mouse activin
Bg antisense
riboprobe. A
hematoxylin/eosin stain
of half of the wound is
shown in A. The arrow
indicates the
hyperproliferative
epithelium where the
photograph in B was
taken. In A the letters
D, H, F, HE, ME, Es,
and G indicate dermis,
hair follicle, fatty tissue,
hyperproliferative
epithelium, migrating
epithelium, eschar, and
granulation tissue. The
silver grains produced
by the radioactive
probe appear as black
dots. Note the high
expression of activin Bg
in keratinocytes of the
hyperproliferative
epithelium close to the
wound. A, x 100;

B, x 400. Reprinted
from Hibner et al.
(1996a) with
permission.
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these cytokines were predominantly expressed by
polymorphonuclear leukocytes (PMLs) during the early
inflammatory phase (5-24h after injury) and at later
stages by macrophages. The overlapping spatial and
temporal expression patterns of activin and pro-
inflammatory cytokines strongly suggest that these
cytokines might also be inducers of activin expression in
keratinocytes and fibroblasts in vivo.

In addition to keratinocytes and fibroblasts,
macrophages are likely to be another source of activin in
the wound tissue. Expression of activin in these cells
might be stimulated by bacterial lipopolysaccharide
(LPS) and inducers of macrophage maturation which
markedly enhance the production of activin 8, in
monocytes in vitro (Erdmaa et al., 1992; Shao et al.,
1992).

A hypothetical model of activin action during wound
repair

From these data we constructed a hypothetical
model which is shown in Fig. 4, illustrating the
regulation of activin expression in a wound. Immediately
after injury, growth factors (EGF, PDGF, TGF-1) are
released from platelets upon hemorrhage. During the
early inflammatory phase these blood-derived factors
together with proinflammatory cytokines (IL-18, IL-6,
TNFa) released from PMLs are likely to initiate the
large induction of activin expression seen after skin
injury in fibroblasts and keratinocytes. During the
subsequent proliferative phase of the repair process
cytokines and growth factors secreted by activated
macrophages and growth factor-stimulated fibroblasts
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O

Fig. 4. Hypothetical model illustrating the regulation of activin
expression during wound repair. A wound during the proliferative phase
(3-5 days after injury) is shown schematically. The activin protein is
shown in pink colour as a dimer. Growth factors and cytokines derived
from the blood, from polymorphonuclear leukocytes, and from
macrophages induce activin expression in fibroblasts and keratinocytes.
Activated macrophages themselves contribute to the high activin levels
in the wound. Activin might influence the production of extracelluiar
matrix in the dermis and the differentiation of the new epithelium. EGF:
epidermal growth factor; ECM: extracellular matrix proteins; IL:
interleukin; KGF: keratinocyte growth factor; PDGF: platelet-derived
growth factor; PML: polymorphonuclear leukocyte; TGF: transforming
growth factor; TNF: tumor necrosis factor.

could sustain activin expression in the wound tissue.
Finally, macrophages themselves might contribute to the
activin production in the wound.

Possible function of activin during wound repair of
the skin

So far we can only speculate about a possible
function of activin during wound repair. Preliminary in
vitro and in vivo data of our laboratory suggest a role of
activin in connective tissue deposition and keratinocyte
differentiation. Follistatin deficient mice show normal
epidermal mitotic activity (Matzuk et al., 1995b)
suggesting that - in contrast to TGF-81 (Sellheyer et al.,
1993) - activin might not inhibit keratinocyte
proliferation. However, these mice were characterized by
hyperkeratosis, indicating that activin normally
influences keratinocyte differentiation. Thus activin
might also play a role in the redifferentiation process of
the keratinocytes in the hyperproliferative epithelium at
the wound edge.

Like TGF-B1 (for review see Roberts and Sporn,
1996), activin might contribute to production of
extracellular matrix in the dermis. Thus, Sugiyama et al.
(1998) have recently shown that activin A enhances the
level of type 1 collagen al(I) mRNA in cultured kidney
fibroblasts. Furthermore, activin stimulates human lung
fibroblast proliferation at low concentrations and induces
their differentiation into myofibroblasts (Ohga et al.,
1996). This cell type is also abundant in the granulation
tissue of wounds and is responsible not only for wound
contraction but also for the synthesis of extracellular
matrix (for review see Desmouliere, 1995). These
findings also suggest that increased activin expression
could be associated with fibrotic processes. Indeed,
Matsuse et al. (1995, 1996) demonstrated the expression
of activin A in murine lung injured with bleomycin and

Table 1. Induction of activin A by growth factors and cytokines

Balb/c HUMAN HaCaT
FIBROBLASTS EMBRYONAL KERATINOCYTES
FIBROBLASTS

FCS/NCS +H+++ +++ ++++
TGFB1 ++++ +++ +
KGF n.d. n.d. +
bFGF +++ n.d. n.d.
EGF +++ ++ +++
PDGF +++ ++ -
EGF+PDGF +H+++ +H++ n.d.
IL-18 +++ +++ +
TNF-a ++++ ++++ +++
IL-6 ++ +++ -

bFGF: basic fibroblast growth factor; EGF: epidermal growth factor;
FCS: fetal calf serum; IL-1B: interleukin 1-B; IL-6: interleukin 6; KGF:
keratinocyte growth factor; NCS: newborn calf serum; PDGF: platelet-
derived growth factor; TGF-B81: transforming growth factor B1; TNFa:
tumor necrosis factor «; n.d.: not done. Reprinted from Hubner et al.
(1996b) with permission.
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in human pulmonary fibrosis, and studies by Sugiyama
et al. (1998) revealed increased levels of activin in
cirrhotic livers. These fibrotic tissues are characterized
by numerous myofibroblasts which produce excessive
amounts of extracellular matrix (for review see
Gabbiani, 1996), and activin might act as an important
stimulator of this process. Thus, further investigations of
activin expression in fibrotic diseases should determine
whether activin could serve as a target for anti-fibrotic
therapies.

Inflammation is generally accompanied by strong
activin expression

The strong activin expression after injury in the skin
raised the question of whether this is a tissue-specific
phenomenon or rather a general feature of inflammatory
processes as suggested by the detection of increased
levels of activin in the lung after bleomycin injury
(Matsuse et al., 1995). Therefore, we analysed the
expression levels of activin in the normal human gut as
well as in highly inflamed areas of patients suffering
from inflammatory bowel disease (IBD) (Hiibner et al.,
1997). The latter comprises two major forms, Crohn's
disease (CD) and ulcerative colitis (UC). These severe
diseases are characterized by their chronic course and by

infiltration of the intestinal tissue with activated neutro-
phils, macrophages and lymphocytes. The etiology of
these diseases is still unknown and the factors involved
in the pathogenesis of these disorders are poorly
characterized (for review see Podolsky, 1991).

No activin expression was detected in normal
intestinal tissue. However, expression of activin
B AmRNA was strongly upregulated in affected tissue of
patients suffering from UC and CD (Hiibner et al.,
1997). Most importantly, the levels of activin expression
strongly correlated with the degree of inflammation. In
situ hybridization studies revealed the highest levels of
activin B, mRNA in the mucosa and submucosa of
highly inflamed areas, particularly where the intestinal
epithelium was damaged and where a massive
accumulation of inflammatory cells was observed (Fig.
5). Furthermore, activin 34, mRNA was localized in a
specific fibroblast subpopulation close to crypt
abscesses, which are common in UC. Crypt abscesses
are characterized by PMLs migrating across the
epithelium and collecting in crypts to prevent bacterial
immigration into the mucosa (Kumar et al., 1982;
Yardley, 1986). These activin-expressing fibroblasts
were found to have contact to a fibrin scaffold replacing
the damaged epithelial barrier. The fibrin is probably
deposited after local hemorrhage, which is often seen in

Fig. 5. Detection of activin 8, mRNA in the ileum of a CD patient by in situ hybridization. Surgical specimens were fixed in 4% paraformaldehyde and
frozen in OCT. Frozen sections were hybridized with a 35S-labeled human activin B, antisense riboprobe and counterstained with hematoxylin and
eosin. The section was taken from a region of the ileum where highly inflamed tissue (A and B, tissue on the left side of the arrow) could be clearly
distinguished from relatively normal tissue (A and B, tissue on the right side of the arrow). Activin B, mRNA expressing cells appear white in the dark
field photomicrograph (A). E: intestinal epithelium; M: mesenchyme; L: intestinal lumen. x 100. Reprinted from Hiibner et al. (1997) with permission.
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UC and to a lesser extent in CD (Rubin and Farber,
1994). This situation closely resembles that in wound
repair, where blood-derived growth factors and cyto-
kines secreted by inflammatory cells are presumptive
inducers of activin expression in fibroblasts. LPS is
abundant in the gut lumen and could stimulate activin
expression in macrophages in areas where the epithelial
barrier is lost.

Activin could be involved in epithelial differenti-
ation, as recently demonstrated for the gastric epithelium
(Li et al., 1998). Furthermore, a role of activin in the
stimulation of connective tissue deposition seems likely.
Particularly in CD, fibrosis is a typical severe long-term
complication, and myofibroblasts have been detected in
the inflamed gut (Powell, 1994). Therefore, after
stimulation by activin, these cells might be involved in
fibrotic processes of this tissue. The strong expression of
activin in IBD demonstrates that activin expression
occurs not only after skin injury, but rather is a general
feature of inflammatory processes.

Activin in vascular tissue repair - a possible role in
arteriosclerosis

Since activin acts as a mitogen for smooth muscle
cells alone and in a synergistic manner with other mito-
gens (Kojima et al., 1993; Pawlowski et al., 1997) but
inhibits proliferation of vascular endothelial cells
(McCarthy and Bicknell, 1993), a biological role of
activin in injured vascular tissue and pathological
processes has been suggested. Recently Pawlowski et al.
(1997) demonstrated that angiotensin II and a-thrombin
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strongly induce activin A expression in quiescent rat
aortic smooth muscle cells in vitro. Interestingly, they
found a striking upregulation of activin mRNA
expression within 6 hours after balloon injury of rat
carotid arteries, and immunoreactive activin A protein
was detected in the expanding neointima 7 and 14 days
later. Both neointimal and medial smooth muscle cells
were stained with the activin antibody (Pawlowski et al.,
1997). Increased levels of activin were also seen in
arteriosclerotic lesions of Watanabe heritable hyper-
lipidemic rabbits (Inoue et al., 1994). Thus activin seems
to play a novel role in the response to vascular injury
and accompanying neointimal formation. Surprisingly,
expression of follistatin was also detected in the media
and neointima of experimentally-induced arteriosclerotic
lesions in rats and rabbits (Inoue et al., 1993, 1995),
suggesting that at least some of the activin might be
neutralized by follistatin. The roles of activin and
follistatin in the injured artery are presently unknown.
The excessive expression of activin at the site of injury
might inhibit re-endothelialization and at the same time
stimulate smooth muscle and adventitial fibroblast
proliferation. Furthermore, activin has been shown to
inhibit foam cell formation in vitro - a characteristic
event in the early stage of arteriosclerosis, whereas
follistatin counteracted this effect (Kozaki et al., 1997).
Taken together, these data suggest that activin and
follistatin could regulate cell proliferation and
differentiation of various cell types which are involved
in the pathogenesis of arteriosclerosis. However, the
precise role of the activin/follistatin system in normal
and pathological repair processes of the injured artery

6h sham contra
6h sham ipsi

Ba

Fig. 6. Expression of activin mRNA in normal and
lesioned hippocampi after intracerebroventricular
kainic acid injection. Total RNA was isolated from
ipsilateral (ipsi) and contralateral (contra)

hippocampi at various time points after kainic acid
injection as indicated and analyzed by RNase

protection assay. For each time point a set of 6
animals was used. Hippocampi from PBS-injected
(6h sham ipsi; 6h sham contra) and non-injected
animals (control) were used as controls; 50ug tRNA
were used as a negative control. For each lane
10ug of total hippocampal RNA were used. The gels
were exposed for 2 days {B,) and 8 days (Bg).
Reprinted from Tretter et al. (1996) with permission.
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remains to be elucidated.
The role of activin in brain lesion

Over the last decade, a large body of evidence has
been accumulated showing that brain lesions upregulate
the expression of various growth and differentiation
factors, and that their temporal and spatial interplay is
crucial for the orchestration of postlesional restructuring
(Isackson, 1995). Recent data from our and other
laboratories have identified activin as a putative novel
player in the early neuronal response to brain injury. In a
widely used model of local excitotoxic brain damage,
where intracerebroventricular (icv) injection of kainic
acid produces selective neuronal death in the
hippocampal CA3 region, a striking induction of activin
B subunit expression in mouse hippocampus was
observed (Tretter et al., 1996). RNase protection assays
performed at different times post lesion showed that B4
mRNA expression, which is virtually absent in adult
hippocampus, was strongly upregulated within 6 h after
injury and stayed elevated for approximately 24 h,
before it declined to baseline (Fig. 6). Expression of Bg
and a-chains was not affected by the lesion, suggesting
that the B transcripts give rise to activin A, but not to
other members of the activin/inhibin family. In situ
hybridization and immunohistochemistry from lesioned
hippocampal slices demonstrated the presence of 84
mRNA and activin protein, respectively, in neurons
adjacent to the site of lesion (Tretter et al., 1996). Since
all known activin receptors are present in hippocampus
and since the endogenous activin inhibitor, follistatin, is
expressed at very low levels in normal and lesioned
hippocampus, activin is likely to be functionally active
after brain injury (Tretter et al., 1996).

Compared to excitotoxic lesions, a temporally and
spatially more complex expression pattern of activin/
inhibin subunits was observed after hypoxic-ischemic
insult in rat brain (Lai et al., 1996). In addition to the
early transient induction of B, subunit in neuronal cell
bodies (resembling the one seen after excitotoxic lesion),
two later waves of expression occur, one in the
meningeal membrane and one around microvessels of
the infarct zone. In both regions, increased B
expression was closely associated with a-subunit
induction, indicating that the late responses (3-7 days
post lesion) are mediated by inhibin A, rather than by
activin A (Lai et al., 1996).

Although the role of activin A in the early response
to brain injury remains to be determined, several
findings lend support to the notion that activin A might
exert both neuroprotective and neurotrophic actions.
Activin A has been shown to influence differentiation of
developing neurons where it regulates neurotransmitter
phenotype expression (Fann and Patterson, 1994;
Darland et al., 1995). Furthermore, activin A promotes
survival of midbrain and hippocampus neurons in vitro
and protects cultured midbrain neurons against
neurotoxic damage (Krieglstein et al., 1995; Iwahori et

al., 1997). The mechanisms underlying the neurotrophic
actions of activin A in vitro have not been elucidated in
detail, but it appears that a rise in intracellular Ca2t,
presumably mediated by an increased Ca2* influx
through L-type CaZ* channels, is an essential step in the
cascade of events leading to improved neuronal survival
in culture (Iwahori et al., 1997). Whether activin
employs a similar mechanism in adult brain is not
known at present. Future studies should particularly
address the issue of whether activin A affects solely
neuronal survival and growth, or whether it also
promotes glial scar formation, like TGF-81 (Logan et al,,
1994), thereby impeding neuronal regeneration.

It is noteworthy that 3, subunit induction in adult
brain is not restricted to emergency situations such as
excitotoxic or hypoxic/ischemic cell death where
developmentally relevant programs are reactivated.
Transiently increased B, levels of presumed neuronal
origin are also observed after strong synaptic excitation
(Andreasson and Worley, 1995; Inokuchi et al., 1996) or
after reversible mechanical irritation, giving rise to
temporary neuronal hyperexcitability (Lai et al., 1997).
An important aspect of these studies is that electrical
stimulation paradigms which evoke long-term changes
in synaptic efficacy (possibly representing the
substrate of memory formation) are capable of inducing
appreciable B, expression (Andreasson and Worley
1995; Inokuchi et al., 1996). This suggests that activin A
might not only play a role in brain injury, but might also
contribute to neural plasticity during regular brain
activity.
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