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Open Wound Healing In Vivo: Monitoring Binding and Presence of Adhesion/Growth-
Regulatory Galectins in Rat Skin during the Course of Complete Re-Epithelialization
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Galectins are a family of carbohydrate-binding proteins that modulate inflammation and
immunity. This functional versatility prompted us to perform a histochemical study of their
occurrence during wound healing using rat skin as an in vivo model. Wound healing is a
dynamic process that exhibits three basic phases: inflammation, proliferation, and maturation.
In this study antibodies against keratins-10 and -14, wide-spectrum cytokeratin, vimentin,
and fibronectin, and non-cross-reactive antibodies to galectins-1, -2, and -3 were applied to
frozen sections of skin specimens two days (inflammatory phase), seven days (proliferation
phase), and twenty-one days (maturation phase) after wounding. The presence of binding
sites for galectins-1, -2, -3, and -7 as a measure for assessing changes in reactivity was
determined using labeled proteins as probes. Our study detected a series of alterations in
galectin parameters during the different phases of wound healing. Presence of galectin-1,
for example, increased during the early phase of healing, whereas galectin-3 rapidly decreased
in newly formed granulation tissue. In addition, nuclear reactivity of epidermal cells for galectin-
2 occurred seven days post-trauma. The dynamic regulation of galectins during re-
epithelialization intimates a role of these proteins in skin wound healing, most notably for
galectin-1 increasing during the early phases and galectin-3 then slightly increasing during
later phases of healing. Such changes may identify a potential target for the development
of novel drugs to aid in wound repair and patients’ care.
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from infections. Replacement or repair of this barrier

The integrity of skin is essential, because it forms a
mechanically flexible barrier protecting higher organisms
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requires an intricate healing process that starts immediately
after surgery and/or trauma. Successful wound healing
involves an orchestration of several processes encompassing
cell migration [47], proliferation [44], and differentiation
[29]. Remodeling and formation of the extracellular matrix
(ECM) [10] requires a sequence of molecular-, cellular-,
and tissue-level events including cell-cell and cell-matrix
interactions. On the molecular level, growth factors,
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chemo- and cytokines are known to play important roles in
coordinating the events that lead to complete posttraumatic
skin repair and finally to scar formation [3, 13, 49].

It is evident that the clinical presentation of non-
healing wounds calls for better understanding of the basic
biological mechanisms underlying the repair processes
of higher organisms [41]. Hence, in addition to further
exploring the regulatory pathways involved in wound
healing, such studies can have clinical and socioeconomic
implications. Toward this end, we focused on glycans as
versatile biochemical signals and endogenous lectins as
efficient signal-transduction elements, embodied by what is
now called the sugar code: the transfer of information
between cells via the shape and structure of glycan
determinants [for recent reviews, see 16].

The recent application of array technology to study
wound re-epithelialization has paved the way for discovering
differential regulation of gene expression for enzymes
involved in glycan remodeling and for the identification of
distinct lectins such as galectins-1, -3, -4 and -7 [6, 7, 37].
In fact, members of this protein family are known to be
potent regulators of cell adhesion, growth, and migration,
via protein/glycan and protein/protein interactions [17, 40,
42, 45]. The marked effects of galectins on cell migration,
observed in colon cancer cells and also in keratinocytes [20,
23], as well as the expression of galectins in malignancies
of squamous epithelia, which in certain cases can correlate
to tumor progression [4, 9, 28, 31, 38, 39], encouraged us
to investigate galectin expression in skin during different
phases of wound healing. Because galectin activity is also
regulated on the level of ligand availability, e.g. by
displaying distinct, highly reactive glycan epitopes on, to
give examples, ganglioside GM1, the fibronectin receptor
or CD7 in suited density through the action of a tumor
suppressor or cell activation/differentiation [1, 14, 17, 26,
32, 35, 36, 46], parallel testing of accessibility of binding
sites with galectins as tools provides insights into regulatory
events on this level.

Wound healing is an intricately orchestrated cascade
of events separated into the phases of inflammation,
proliferation and maturation [2]. In our study, we system-
atically determined presence of adhesion/growth-regulatory
galectins and the tissue reactivity to these proteins in
Sprague-Dawley rats at three time points post-trauma, i.e.
day two (inflammation), day seven (proliferation), and day
twenty-one (maturation) after surgery. Tissue specimens
were processed under identical conditions to exclude any
factor other than the time-point that would affect signal
occurrence and intensity.

In detail, we have monitored, the expression and
reactivity of proto-type galectins-1 and -2 as well as the
chimera-type galectin-3 using (immuno/galectin)histochem-
ical techniques. This galectin-related work was flanked by
examining keratin presence as marker to characterize the
level of cell differentiation [15]. Among the keratins, keratin-
10 is an indicator of early stages of keratinocyte differenti-
ation [8, 19, 33], whereas keratin-14 is considered as a key

feature of poorly differentiated epidermal cells located in
the basal epidermal layer [30, 33]. In addition, to complete
the study, wide-spectrum cytokeratin, vimentin and fibro-
nectin were also localized.

II. Materials and Methods

Animal model

This study was approved by the State Veterinary and
Food Administration of the Slovak Republic.

One-year-old male Sprague-Dawley rats (n=17) were
included into the experiment. In 15 rats, surgery was
performed under general anesthesia induced by administra-
tion of ketamine (40 mg/kg; Narkamon a.u.v., Spofa, Prague,
Czech Republic), xylazine (15 mg/kg; Rometar a.u.v., Spofa)
and tramadol 5 mg/kg (Tramadol-K; Krka, Novo Mesto,
Slovenia). Under aseptic conditions one round full-thickness
skin wound, 10 mm in diameter, was inflicted to the back
of each rat. Five rats were sacrificed at each time point by
ether inhalation, i.e. after two, seven, and twenty-one days,
respectively. Two rats that remained uninjured were included
as control.

Histology

Either uninjured skin or skin-wound specimens were
removed from rats sacrificed by ether inhalation at each
evaluated time point and routinely processed for classical
histological staining (fixation in 4% buffered formaldehyde,
dehydration using increasing concentration of ethanol,
paraffin embedding, sectioning, and staining). Deparaffin-
ized sections were stained with hematoxylin-eosin (HE—
basic staining) and Van Gieson (VG—non-specific collagen
staining).

Immunohistochemistry and lectin histochemistry

In parallel, skin-wound specimens were cryoprotected
by Tissue-Tek (Sakura, Zoeterwoude, Netherlands) and
deeply frozen in liquid nitrogen. Ten-pum-thick cryocut
sections obtained by microtome use (Reichert-Jung, Vienna,
Austria) were first mounted on the surface of poly-L-lysine-
treated supporting glass slides (Sigma-Aldrich, St. Louis,
MO, USA), and then fixed using 2% (w/v) paraformaldehyde
in phosphate-buffered saline (PBS; pH 7.2) for 10 min. Non-
specific binding of the applied secondary antibody was
precluded by a pre-incubation step of sections with normal
swine serum (DakoCytomation, Glostrup, Denmark) diluted
with PBS (1:100) for 30 min.

Primary and secondary antibodies as well as the
biotinylated galectins used in this study are described in
Table 1. The commercially available antibodies were diluted
as recommended by supplier and antibodies against galectins
as well as the biotinylated galectins were used at the
concentration of 20 pg/ml in reaction medium. DNA in cell
nuclei was stained by 4,6-diamino-2-phenylindole (DAPI)
(Sigma-Aldrich, St. Louis, MO, USA). Controls for speci-
ficity of the immunohistochemical reaction included: 1)
replacement of the specific by an irrelevant antibody (in the
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Table 1. Reagents for immunohistochemistry and lectin histochemistry
a‘:ﬂf&% abbrevation host produced by s:;toiggg;y produced by channel

vimentin VIM mouse monoclonal ~ DakoCytomation, goat anti-mouse Sigma-Aldrich, TRITC-red
Glostrup, Denmark St. Louis, MO, USA

keratin-10 K10 mouse monoclonal DakoCytomation, goat anti-mouse Sigma-Aldrich, TRITC-red
Glostrup, Denmark St. Louis, MO, USA

keratin-14 K14 mouse monoclonal  Sigma-Aldrich, St. goat anti-mouse Sigma-Aldrich, TRITC-red
Louis, MO, USA St. Louis, MO, USA

fibronectin FIBR rabbit polyclonal Dakopatts, Glostrup,  swine anti-rabbit  (Santa Cruz Biotechnology, FITC-green
Denmark Santa Cruz, CA, USA)

wide spectrum WSK rabbit polyclonal Abcam, Cambridge swine anti-rabbit  (Santa Cruz Biotechnology, FITC-green

cytokeratin Science, Cambridge, Santa Cruz, CA, USA)
UK

Galectin-1 Gal-1 rabbit polyclonal house-made, swine anti-rabbit  (Santa Cruz Biotechnology, FITC-green
Gabius laboratory Santa Cruz, CA, USA)

Galectin-2 Gal-2 rabbit polyclonal house-made, swine anti-rabbit  (Santa Cruz Biotechnology, FITC-green
Gabius laboratory Santa Cruz, CA, USA)

Galectin-3 Gal-3 rabbit polyclonal house-made, swine anti-rabbit  (Santa Cruz Biotechnology, FITC-green
Gabius laboratory Santa Cruz, CA, USA)

blOtligztli?lted abbrevation produced by :Z;g:g{ step produced by channel

Galectin-1- Gal-1-BS house-made, ExtrAvidin Sigma-Aldrich, TRITC-red

binding site Gabius laboratory St. Louis, MO, USA

Galectin-2- Gal-2-BS house-made, ExtrAvidin Sigma-Aldrich, TRITC-red

binding site Gabius laboratory St. Louis, MO, USA

Galectin-3- Gal-3-BS house-made, ExtrAvidin Sigma-Aldrich, TRITC-red

binding site Gabius laboratory St. Louis, MO, USA

Galectin-7- Gal-7-BS house-made, ExtrAvidin Sigma-Aldrich, TRITC-red

binding site

Gabius laboratory

St. Louis, MO, USA

Table 2. Results of the semi-quantitative assessment of selected cellular processes/structures

re-epitheliliazation (WSK+) PMNL fibroblasts (Vim+) new vessels fibronectin
02d + +++ - _ +
07d + ++ ++++ ++ ++++
21d o+ - ++ ++ ++

case of monoclonals of the same isotype), and 2) omission
of the incubation step with the primary antibody to exclude
antigen-independent signal generation. Involvement of the
carbohydrate recognition domain in the lectin histochemical
reaction was ascertained by pre-incubation of biotin-labeled
lectins with 5 mM lactose (Sigma-Aldrich, St. Louis, MO,
USA) as previously described [31]. Specimens were
mounted by Vectashield (Vector Laboratories, Burlingame,
CA, USA). The analyses of the specimens and data
acquisition/storage were performed using a Nikon Eclipse-
90i fluorescence microscope equipped by specific filter-
blocks for DAPI, FITC, and TRITC (Nikon, Prague, Czech
Republic) as well as by a Cool-1300Q CCD camera
(Vosskiihler, Osnabriick, Germany) and a computer-assisted
image analysis system LUCIA 5.1 (Laboratory Imaging,
Prague, Czech Republic).

Histological assessment
The status of re-epithelialization, the presence of
polymorphonuclear leukocytes (PMNL), fibroblasts, newly

formed vessels, and collagen were assessed according to the
semi-quantitative scale system: —, +, ++, +++, and ++++
[18]. The extent of the immuno- and galectin histochemical
reaction in injured epidermis and dermis was assessed by
ranking the signal intensity according to the scale: —, +, ++,
+++ [5]. Data are presented as median.

III. Results

During the post-surgical period all animals remained
healthy without clinical symptoms of infection. The data of
the semi-quantitative analysis of the histological sections
are summarized in Table 2 and Figure 3. The microphoto-
graphs presented are organized into two plates presenting
hematoxilin-eosin stained sections (Fig. 1, top panel), and
immunohistochemical localization profiles of marker pro-
teins (Fig. 1 for fibronectin, vimentin and cytokeratin at
all time points) as well as the galectin-related data (Fig. 2).
In order to visually summarize the way galectin-related
parameters are affected in the course of wound healing we
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present our data graphically in Figure 3, separating epidermis
from dermis/granulation tissue. A graphical survey of these
results for galectin presence and reactivity is given in
Figure 3. A detailed account of the results obtained at each
time point is reported below.

Two days post-surgery

The analysis started with marker protein monitoring.
Near the site of injury a slight increase for fibronectin
deposition was seen (Fig. 1-2d Fibronectin). The epidermis

was thickened at its cut edges (not shown). A demarcation
line, rich in PMNL, was formed and separated the necrosis
from vital tissue (Fig. 1-2d H+E insert). The number of
fibroblasts was slightly increased in the dermis near the
wounded area, as evidenced by vimentin-dependent staining
(Fig. 1-2d K+Vim). Presence of both vimentin and cyto-
keratin was rarely observed in cells separated from the
epithelial leading edge. Both keratin-10 and -14-positive cell
populations were present in the epidermis and epidermal
leading edge (data not shown).

H+

K+Vim

Fibronectin

Fig. 1. H+E: Hematoxylin and eosin staining of skin wounds at three different stages of the healing process, starting at day 2: (2d): presence of
tissue necrosis (S), formation of the demarcation line beneath the scab consisting mainly of polymorphonuclear leucocytes (see insert);
seven-days healing wound (7d): migration of epidermal (E) cells over the wound, forming of the granulation tissue (GT) rich on fibroblasts and
high-caliber vessels (see insert); 21-days healing wound (21d): completed epidermis regeneration, well-formed granulation tissue with
decreased number of vessels and fibroblast (see insert) establishing into the scar. K+Vim: wide-spectrum cytokeratin+vimentin double-staining
immunohistochemistry of healing skin wounds at the same time points: 2d: migration of epidermal cells beneath the scab; 7d: formation of
the granulation tissue rich on vimentin-positive cells; 21d: completed epidermis regeneration, well-formed granulation tissue with decreased
number of vimentin-positive cells. Fibronectin: simple staining immunohistochemical localization in the course of healing of skin wounds:
2d: wounds with low-level expression of fibronectin near the wound edge; 7d: granulation tissue rich on fibronectin; 21d: low-level presence
of fibronectin in the developing scar. For orientation solid/dotted/broken lines are given separating distinct regions referred by the following
abbreviations: E, epidermis; D, dermis; GT, granulation tissue; S, scab; in detail, a dotted line sets epidermis apart from dermis and/or
granulation tissue; the broken line distinguishes dermis from granulation tissue and the solid line scab/necrosis from vital tissue.
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Fig. 2. Illustration of immunohistochemical galectin detection and localization of accessible binding sites (BS) for labeled galectins in the
epidermis and in the dermis/granulation tissue during healing. Comparison between control data (first vertical panel) and specimens at each
studied time point during healing (2d: second vertical panel; 7d: third vertical panel; 21d: fourth vertical panel) is thus made possible for each
marker along each horizontal panel. In detail, the following assignments of type of probe and time point are given. First panel (Gal-1): strong
signal intensity for galectin-1 two days after injury in both epidermis and dermis near the wound edge, decreasing over time to minimal
presence in the dermis at day 21; second panel (Gal-1-BS): low level of galectin-1 reactivity in uninjured skin and wounds two and 21 days
post wounding, increased reactivity to Gal-1-BS in the granulation tissue; third panel (Gal-2): galectin-2 detection in the epidermis, absence in
granulation tissue; fourth panel (Gal-2-BS): galectin-2 reactivity in uninjured skin and wounds localized to epidermis, low-level presence of
binding sites in the dermis, insert—galectin-2 nuclear reactivity in the epidermis (dashed line marks the nuclei of keratinocytes); fifth panel
(Gal-3): presence in the suprabasal epidermal layer and dermis, low-level signal intensity in the granulation tissue; sixth panel Gal-3-BS:
present in the suprabasal epidermal layer and in the surrounding dermis, low abundance presence in the scar forming. For orientation solid/
dotted/broken lines are given separating distinct regions referred by the following abbreviations: E, epidermis; D, dermis; GT, granulation
tissue; S, scab; in detail, a dotted line sets epidermis apart from dermis and/or granulation tissue; the broken line distinguishes dermis from
granulation tissue and the solid line scab/necrosis from vital tissue.
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Fig. 3. Computation of the staining data on semi-quantitative scale
for the tested galectins and respective binding sites in epidermis
and in the dermis/granulation tissue at the three given time points
during the healing process (top row) with respect to wound closure.
Arrow indicates the moment of wounding.

The galectin-related data (presence of galectins-1, -2,
and -3; reactivity to galectins-1, -2 and -3) are presented in
pairs for each protein in horizontal panels in Figure 2. Each
panel starts with the control to set the reference (first vertical
panel in Fig.2). Moving to the second vertical panel of
Figure 2, the status after two days is exemplarily illustrated.
Near the injury site a moderate level of galectin-1 expression
and reactivity in both epidermis and dermis was observed.
Galectin-2 was seen in all layers of the epidermis but not
in the dermis. Reactivity to galectin-2 correlated with its
expression; thus, it was confined to the epidermis. Galectin-
3 positivity resembled the profile of galectin-1 in the dermis,
but it was restricted to the suprabasal layer of epidermis.
Rather weak signals were recorded for binding of labeled
galectin-3 in the epidermis near the injury site.

Seven days post-surgery

By seven days after surgery, the skin edges separated
by the open wound in vivo were not yet completely bridged
by a new layer of epithelium (Fig. 1-7d H+E). The wounds
were positive for keratins-10 and -14 and were only lightly
infiltrated with PMNL (data not shown). The newly formed
granulation tissue was rich on fibronectin (Fig. 1-7d

Fibronectin), fibroblasts (Fig. 1-7d K+Vim), and high-
caliber vessels (Fig. 1-7d H+E insert).

The galectin-related parameters presented similarities
and conspicuous changes that are clearly illustrated in the
third vertical panel of Figure 2. Increased expression of
galectin-1 was maintained in the epidermis and granulation
tissue, and the reactivity for this galectin was particularly
strong during this time period of healing. Of note in view
of the close homology between the two prototype galectins,
the galectin-2 parameters were relatively unchanged, with
evidence for nuclear reactivity in the epidermis (Fig. 2—
insert, nuclei surrounded with dashed lines). There was no
signal for galectin-3 presence and reactivity in the granula-
tion tissue, but the expression of galectin-3 remained present
suprabasally in the epidermis, excluding a false-negative
result.

Twenty-one days post-surgery

At this stage, the presence of keratin layer in wounds
demonstrated a normal course of keratinocyte differentia-
tion and completed process of epidermis regeneration
(Fig. 1-21d H+E). The number of luminized vessels in
the granulation tissue decreased (Fig. 1-21d H+E insert).
Equally typically, the level of presence of fibronectin in the
granulation tissue had leveled off (Fig. 1-21d Fibronectin),
while the content of collagen had increased (data not shown).

The galectin-related parameters are documented in the
fourth vertical panel of Figure 2. At this stage, galectin-1
presence decreased to a minimum, signal intensity for
binding sites of this lectin was also slightly reduced in both
epidermis and granulation tissue and moderately in the
surrounding dermis. The galectin-2-related parameters
remained at relatively low levels, notably without nuclear
reactivity for galectin-2 in the epidermis over the developing
scar. Galectin-3 parameters also appeared to re-normalize,
with slight increase observed in expression and reactivity.
As a further specificity control for galectin binding we added
analysis with biotinylated prototype galectin-7. As a result,
no staining was detectable with this homodimeric protein,
an indication for the specificity of the interaction among
prototype galectins.

IV. Discussion

The proteins studied are versatile effectors in cell
adhesion, growth regulation and other cellular processes, by
virtue of binding distinct epitopes [17, 45, 48]. Of note,
even the closely related prototype galectins-1 and -2 are
known to have their characteristic activity profile, and
functional competition between galectins-1 and -3 has also
been documented [25, 35, 43]. By using non-cross-reactive
antibodies and biotinylated galectins as probes we compared
the expression and reactivity profiles for two prototype
(Gal-1, -2) and the chimera-type (Gal-3) galectins. Our study
resolved distinct aspects of the issue on galectin presence
in wound healing: localization profiles and signal intensity
were clearly different. Despite pronounced sequence homol-
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ogy each family member tested had its characteristic pattern
during the course of wound healing.

Indications for a co-regulation of lectin expression/
reactivity were discerned for galectin-1, first increasing,
then leveling-off during scar formation. Of note, when com-
pared to porcine skin such changes were less marked in
rats [24], revealing interspecies differences. In functional
terms, galectin-1 is known as a potent inductor of ECM
formation and TGF-B-independent conversion of fibroblasts
into myofibroblasts [12]. In addition, wound treatment with
recombinant human galectin-1 resulted in significantly
increased wound contraction in rats [12]. In contrast,
galectins-3 and -7, but not galectin-1, have been shown to
play a role in reepithelialization of murine corneal wounds
[7]. From this point of view, the galectin-dependent regu-
lation of wound healing might be different for epidermis
and dermis.

Monitored in parallel in this model, the close relative
of galectin-1, i.e. galectin-2, appeared to follow its own
independent course. The proliferation phase was associated
with nuclear reactivity to this galectin in the epidermis,
adding to our previous observations of the nuclear galectin-
2 presence following physical, chemical, and/or biological
treatment modalities [11, 34]. The question whether galectin-
2 joins the category of nuclear lectins has herewith been
answered on the in vivo level as well.

In contrast to galectin-1, the expression pattern of the
chimera-type galectin-3 was clearly different, with only a
slight increase observed during the maturation phase. In
semiquantitative terms, extent of galectin-3 signal intensity
was lower than for galectin-1, and the presence in the dermis
was confined to galectin-1, comparable to the situation in
porcine skin [24]. The reported obvious differences in
galectin regulation give this research a clear future direction.
Because the rat epidermis is also known to express the
tandem-repeat-type galectin-9 [27], galectin fingerprinting
in skin wound healing, initiated here, can thus be extended
to the members of this galectin group.

In summary, our study initiated characterization of
galectin presence and reactivity in the course of healing of
skin wounds in the rat model. Galectins-1 and -3 are
differentially regulated during skin wound healing. Whereas
galectin-1 seems to play a role in the early phases of healing
and wound contraction, observations on the role of galectin-
3 in hepatic [21] and renal [22] fibrosis combined with the
presented evidence intimate that this lectin might be able to
modulate scaring. An extrapolation from this experimental
to the clinical situation is, however, not possible due to
interspecies variability, but the general molecular regulation
of wound healing should be similar. Respective investiga-
tions are thus encouraged by this study in the rat model.
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