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Fibroblasts Can Express Glial Fibrillary Acidic Protein (GFAP) In Vivo

JOHANNES A. HAINFELLNER, MD, TILL VOIGTLÄNDER, MD, THOMAS STRÖBEL, PHD, PETER R. MAZAL, MD,
ALESSIA S. MADDALENA, MD, ADRIANO AGUZZI, MD, AND HERBERT BUDKA, MD

Abstract. Neuropathologists use anti-glial fibrillary acidic protein (GFAP) antibodies as specific markers for glial cells, and
neurobiologists use GFAP for targeting transgenes to glial cells. Since GFAP has also been detected in non-glial cells, we
systematically analyzed GFAP expression in human and murine non-CNS tissues using a panel of anti-GFAP antibodies. In
human tissues we confirm previously observed GFAP expression in Schwann cells, myoepithelial cells, and chondrocytes,
and show for the first time GFAP expression in fibroblasts of epiglottic and auricular perichondrium, ligamentum flavum, and
cardiac valves. In mice we show GFAP expression in Schwann cells, bone marrow stromal cells, chondrocytes, and in
fibroblasts of dura mater, skull and spinal perichondrium, and periosteum, connective stroma of oral cavity, dental pulp, and
cardiac valves. Anti-GFAP immunoblotting of human non-CNS tissues reveals protein bands with a molecular mass ranging
between ø35 and ø42 kDa. In GFAP-v-src transgenic mice, whose oncogenic v-src transgene transforms GFAP expressing
cells, non-CNS tumors originate from fibroblasts. We conclude that human and murine fibroblasts can express GFAP in vivo.
The somatic distribution of GFAP expressing fibroblasts indicates origin from the neural crest. Development of non-CNS
tumors from fibroblasts in GFAP-v-src mice functionally confirms GFAP expression in these cells.

Key Words: Antibodies; Astrocytes; Fibroblasts; Glial fibrillary acidic protein analysis; Immunoblotting; Immunohisto-
chemistry; Transgenic mice.

INTRODUCTION

Glial fibrillary acidic protein (GFAP) is a highly con-
served intermediate filament protein expressed in differ-
entiated glial cells (1). Originally thought to be expressed
specifically in astrocytes, GFAP expression has also been
documented in myelin marker-positive glia within the
CNS (2). In clinical and experimental neuropathology,
anti-GFAP antibodies are used as specific markers for
glial cells and their reactive response to injury and dis-
ease, and for the discrimination of glial and non-glial
cells or neoplasms (3, 4). Neurobiologists use GFAP for
targeting transgenes to glial cells to create disease models
(5–9). However, GFAP mRNA and protein have also
been detected in non-CNS cells. These cells include en-
teric glia (10), satellite and Schwann cells (11, 12), chon-
drocytes (13, 14), myoepithelial cells of breast glands
(15), human lymphocytes (16), Kupffer cells in rat liver
(17), mouse bone marrow and spleen (8), rat endothelial
cells (18), mouse lens epithelial cells (19), and medial
layer cells of ascending aortic walls (20). GFAP expres-
sion has been shown in some non-glial neoplasms in-
cluding neurofibromas (21, 22), meningiomas (13, 23,
24), pleomorphic adenomas of the salivary gland (13,
25), and a metastatic renal cell carcinoma (13).

Since GFAP is used as specific marker of glial cells or
for targeting transgenes to glial cells, knowledge of
GFAP expression in non-CNS tissues is of relevance to
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neuropathology and neurobiology. The present study is
the first systematic analysis of GFAP expression in hu-
man and murine non-CNS tissues. As a novel finding we
show GFAP expression in fibroblasts.

MATERIALS AND METHODS

Human Tissues

Human tissue samples of all major body organs and systems
were collected from biopsies and autopsies received for routine
pathologic analysis and are listed in Table 1.

Murine Tissues

Tissues were sampled from 1) 39 C57BL/6 or sv129 wildtype
mice, 2) 5 GFAP-null (GFAPtm1Mes) mice (26) (The Jackson Lab-
oratory, Bar Harbor, ME), and 3) two lines of GFAP-v-src
transgenic mice (GFAP-v-src1 and GFAP-v-src2 lines harbor-
ing the v-src gene embedded within a modified full-length
GFAP gene) (9, 27). The cohort of GFAP-v-src transgenic mice
comprises 16 GFAP-v-src1 and 9 GFAP-v-src2 transgenic
mice, and 4 TP531/2 GFAP-v-src1, 33 TP531/2 GFAP-v-src2,
17 RB-11/2 GFAP-v-src1, and 8 RB-11/2 GFAP-v-src2 trans-
genic mice. Details on generation and breeding of these mice
have been published previously (27). The tissues include head
and spine with cranial and spinal nerve roots, skeletal muscle,
skin, lung, liver, pancreas, spleen, kidney, adrenal glands, ova-
ry, testis, and gut from wildtype, GFAP-null and GFAP-v-src
transgenic mice, respectively. In addition to non-neoplastic tis-
sues, we analyzed GFAP-expressing non-CNS tumors in GFAP-
v-src transgenic mice. The astrocytic tumors in these mice have
been analyzed in a previous study (27). GFAP negative tumors
related to TP53 or RB-1 heterozygosity (27) were excluded
from the present investigation. Since neither RB-1 nor TP53
heterozygosity changes latency and frequency of GFAP ex-
pressing non-CNS tumors (27), we grouped for simplification
GFAP-v-src, TP531/2 GFAP-v-src, and RB-11/2 GFAP-v-src
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TABLE 1
Anti-GFAP Immunoreactive Cells in Human Non-CNS Tissues

Organ/tissue
Autopsy/
biopsy

No. of
samples Anti-GFAP immunoreactive cells

Integument
Cutis
Mamma
Sole of the foot

Face, oral cavity
Auricular cartilage

A,B
A
A

A

2
1
1

1

Myoepithelial cells of exocrine glands
Myoepithelial cells of exocrine glands
Myoepithelial cells of exocrine glands

Chondrocytes (numerous), perichondrial fibroblasts
Nose cartilage A 1 Chondrocytes (few), myoepithelial cells, Schwann cells of nerve

branches
Parotid gland
Submandibular gland
Sublingual gland
Tongue
Palate

A
A
A
A
A

1
1
1
2
1

Myoepithelial cells
Myoepithelial cells, Schwann cells of nerve branches
Myoepithelial cells
Myoepithelial cells of exocrine glands
Myoepithelial cells of exocrine glands

Neuromuscular system
Spinal ganglion
Nerve roots
Sensory nerve (N. suralis)
Motor nerve (N. medianus)
Musculus temporalis
Musculus deltoideus
Musculus gastrocnemius
Musculus iliopsoas
Tendon of musculus iliopsoas

Meninges, Skeleton

A,B
A,B
B
B
B
B
B
A
A

2
2
3
1
1
1
1
1
1

Schwann cells
Schwann cells
Schwann cells
Schwann cells
0
0
0
0
0

Leptomeninges
Dura mater (cerebral)
Periosteum (vertebral column)
Intervertebral disk
Synovia (spinal joints)
Ligamentum flavum
Costal cartilage
Bone marrow

Connective tissue

B
B
B
B
B
B
A
B

5
2
1
5
4
5
2
3

0
0
0
Chondrocytes (few)
0
Fibroblasts
Adipocytes of adherent soft tissue
0

Connective membrane around bleeding
Cutaneous scar
Palmar fascia with nodular fibromatosis

B
B
B

4
1
2

0
0
0

Endocrine system
Pituitary gland
Thyroid gland
Parathyroid gland
Adrenal gland

A
A
A
A

1
1
1
1

Sustentacular cells
Schwann cells of nerve branches
0
Schwann cells of nerve fibers

Cardiovascular system
Cardiac muscle
Mitral valve
Aortic valve
Tricuspid valve
Ascending aorta
Aorta abdominalis
Arteria iliaca
Arteria temporalis
Vena cava
Leg vein

Lymphatic system

A
A
A
A
A
A
A
B
A
B

1
4
4
1
1
1
1
3
1
1

0
Fibroblasts, subendocardial adipocytes
Fibroblasts
Fibroblasts
Cells of medial layer
Schwann cells of perivasc. nerve fibers
Schwann cells of perivasc. nerve fibers
Schwann cells of perivasc. nerve fibers
Schwann cells of perivasc. nerve fibers
Schwann cells of perivasc. nerve fibers

Spleen

Lymph node

A,B

A

7

1

Discrete dot-and threadlike immunoreacivities-Schwann cell
profiles?
Schwann cells of perivasc. nerve fibers

Respiratory tract
Epiglottis with mucosa A 2 Chondrocytes, perichondrial fibroblasts, adipocytes, myoepithe-

lial cells, Schwann cells of nerve branches
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TABLE 1 (Continued)

Organ/tissue
Autopsy/
biopsy

No. of
samples Anti-GFAP immunoreactive cells

Trachea A 1 Chondrocytes, perichondrial fibroblasts, adipocytes, myoepithe-
lial cells, Schwann cells of nerve branches

Bronchus A 1 Chondrocytes, perichondrial fibroblasts, adipocytes, myoepithe-
lial cells, Schwann cells of nerve branches

Lung A 1 Chondrocytes, perichondrial fibroblasts, Schwann cells of nerve
branches

Intestines
Esophagus
Stomach
Small intestine
Appendix
Colon
Liver
Pancreas

A
A
A
A
A
A
A

1
1
1
1
1
1
1

Enteric glia
Enteric glia
Enteric glia
Enteric glia
Enteric glia
Schwann cells of perivasc. nerve fibers
Schwann cells of nerve branches

Genitourinary tract
Kidney
Renal pelvis
Ureter
Urinary bladder
Prostate
Seminal vesicle
Epididymis
Testis
Glans penis

A
A
A
A
A
A
A
A
A

1
1
1
1
1
1
1
1
1

Schwann cells of nerve branches
Schwann cells of nerve branches
Schwann cells of nerve branches
Schwann cells of nerve branches
Schwann cells of nerve branches
Schwann cells of nerve branches
Schwann cells of nerve branches
Schwann cells of nerve branches
Schwann cells of nerve branches

Ovary
Fallopian tube
Uterus
Vagina

A
A
A
A

1
1
1
1

0
Schwann cells of nerve branches
Schwann cells of nerve branches
Schwann cells of nerve branches

transgenic mice together and designated them in the following
collectively as GFAP-v-src1 or GFAP-v-src2 transgenic mice.

Histology

Human tissues were routinely fixed in 10% formalin. Murine
tissues were fixed overnight in 4% (wt/vol.) paraformaldehyde
in phosphate buffered saline (PBS). Bones and spines of mice
were fixed as above, then decalcified in 0.5 M EDTA, pH 8.0
for 10 days. All tissues were embedded in paraffin; 5-mm sec-
tions were cut and stained with hematoxylin and eosin.

Immunohistochemistry

A panel of monoclonal and polyclonal anti-GFAP antibodies
was used. The antibodies and staining protocols are listed in
Table 2. Anti-S100 protein immunostaining was performed with
a polyclonal antibody (rabbit, 1:200; Dako, Glostrup, Den-
mark).

For immunohistochemical detection of GFAP, polyclonal an-
tibody Z 0334 proved to be the most sensitive marker. All hu-
man and murine wildtype or transgenic tissues were first im-
munostained with antibody Z 0334 and meticulously screened
for labeled cells. Tissue blocks that contained labeled cells were
subsequently immunostained with the other anti-GFAP antibod-
ies (Table 2). Negative controls included omission or substitu-
tion of the primary antibodies by nonspecific, isotype-matched
antibodies, and immunostaining of GFAP-null tissues. To iden-
tify the cellular origin of GFAP expressing non-CNS tumors,

all available tissue blocks of GFAP-v-src mice were screened
for incipient tumors. Larger tumors in which the cellular origin
was not identifiable were analyzed for involvement of surround-
ing non-neoplastic tissues in tumor growth.

In Situ Hybridization

The GFAP transcription vector was constructed as described
previously (9). The v-src transcription vector was cloned by
inserting the BamH I fragment from vector SR2 (28) (contain-
ing the coding sequence of the rous sarcoma virus tyrosine ki-
nase; kind gift from Dr. E. Wagner, Institute of Molecular Pa-
thology, Vienna, Austria) into the BamH I site of pBluescript
KS II (Stratagene, La Jolla, CA) and confirming its orientation
by restriction analysis.

All RNA probes were transcribed according to standard pro-
tocols, GFAP probes in antisense (T3) and sense (T7) orienta-
tion, respectively (the latter used for control staining), v-src
probes only in antisense (T3) orientation. All probes were pu-
rified using MicroSpin-S-400 HR columns (Amersham Phar-
macia Biotech, Piscataway, NJ) according to the manufacturer’s
protocol. In situ hybridization was performed as described pre-
viously (29) except for the following modifications: 1) protein-
ase K treatment was carried out prior to acetylation in 0.5%
acetic anhydride; 2) hybridization temperature was generally at
658C; and 3) hybridization time ranged between 6 and 15.5
hours (h).
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Immunoblotting

For GFAP immunoblot analysis, the same antibodies were
used as for immunohistochemistry (Table 2). Fresh human au-
topsy and biopsy tissue samples, tissue samples from wildtype
and GFAP-null mice, and tumor samples from GFAP-v-src
transgenic mice were snap-frozen in liquid nitrogen and stored
at 2808C. For protein analysis, tissue was minced and lysed for
30 min at 48C in lysis buffer (1% NP-40, 50 mM Tris, 150 mM
NaCl) containing protease-inhibitors (1 mM phenylmethylsul-
fonylfluoride, 7.5 mg/ml aprotinin, 40 mM leupeptin, 5 mM so-
dium vanadate, 20 mM sodium fluoride). Lysates (50 mg per
lane) were resolved by one-dimensional SDS-PAGE under re-
ducing conditions, followed by transfer onto a 0.45-mm poly-
vinylidene difluoride (PVDF) membrane (Millipore, Bedford,
MA) in transfer buffer at 0.2 A for 1 h (30). After transfer,
residual binding sites were blocked by incubating the mem-
brane in Tris-buffered saline (TBS) containing 5% nonfat dry
milk for 1 h at room temperature. The blots were then incubated
with the appropriate primary antibody in TBS with 0.05%
Tween-20 (TBST) containing 5% nonfat dry milk for 16 h at
48C. The blots were then washed 3 times for 10 min in TBST,
followed by incubation with the secondary antibody conjugated
to horseradish peroxidase in TBST containing 5% nonfat dry
milk for 1 h at room temperature. To avoid competing signals
from heavy chains of IgG and IgM in mouse tissues, we used
a goat anti-mouse kappa antibody for detection of binding of
the primary monoclonal antibodies (Table 2). After 3 washes
for 10 min in TBST, the blots were developed using the en-
hanced chemiluminescence (ECL) detection system (Amersham
Pharmacia Biotech) according to the manufacturer’s protocol
and exposed to x-ray film (Eastman Kodak, Rochester, NY).

RESULTS

Immunohistochemistry

Human Tissues: Anti-GFAP immunoreactive cells in
human tissues are listed in Table 1 and are illustrated in
Figure 1A–L. Cell types are determined on basis of cell
morphology and distribution in tissue (31). Anti-GFAP
stains Schwann cells of peripheral nerves, enteric glia,
sustentacular cells of pituitary gland, myoepithelial cells
of exocrine glands, chondrocytes, adipocytes, and fibro-
blasts of perichondrium, heart valves, and ligamentum
flavum (data of ligamentum flavum not shown). None of
these cells are stained in negative controls processed in
parallel, after omission or substitution of the primary an-
tibodies by nonspecific, isotype-matched antibodies (data
not shown). Besides specific immunolabeling, there is
non-specific binding of some of the monoclonal anti-
GFAP antibodies and immunoglobulin controls to epithe-
lial cells of exocrine glands. In peripheral nerves, anti-
GFAP immunolabeling is most intense in autonomic
nerves (Fig. 1H) including nerve fibers around blood ves-
sels (Fig. 1I) and exocrine glands. GFAP-expressing
myoepithelial cells are detectable in exocrine glands all
over the integument. GFAP expression in chondrocytes
is particularly prominent in the epiglottis (Fig. 1D) and

auricular cartilage. Cartilage at other sites contains only
few or no GFAP expressing chondrocytes. GFAP ex-
pression in fibroblasts is particularly prominent in cardiac
valves (Fig. 1A). With different anti-GFAP antibodies,
the portion of immunostained non-CNS cells is variable
(Table 3). Anti-S100 protein stains Schwann cells in pe-
ripheral nerves. On serial sections of peripheral nerves,
anti-S100 stained Schwann cells display same morphol-
ogy and distribution in tissue as the anti-GFAP-stained
cells shown in Figure 1G, H, and I, confirming the
Schwann cell nature of the GFAP-stained cells (S100 data
not shown). Anti-S100 also stains chondrocytes and some
fibroblasts in cardiac valves and epiglottic perichondri-
um.

Murine Tissues: Anti-GFAP immunoreactive cells in
murine tissues are listed in Table 4 and are illustrated in
Figure 2A–G and K. Cell types are determined on basis
of cell morphology and distribution in tissue (32). In
wildtype and GFAP-v-src transgenic mice, GFAP ex-
pression is detectable in Schwann cells of peripheral
nerves, enteric glia (data not shown), sustentacular cells
of adrenal medulla (data not shown), chondrocytes, spinal
bone marrow stromal cells, and in fibroblasts of dura ma-
ter, periosteum and perichondrium of skull and spinal
bones, synovia of intervertebral joints (data not shown),
cardiac valves, connective stroma of tongue, palate, phar-
ynx, and dental pulp. None of these cells are stained in
GFAP-null tissues or in negative controls after omission
or substitution of the primary antibodies by nonspecific,
isotype-matched antibodies. In the peripheral nervous
system, anti-GFAP stains autonomic nerves including
nerve fibers around blood vessels (Fig. 2F). In cranial
and spinal nerve roots, ganglia, and peripheral nerves,
only few slender cell profiles are anti-GFAP immunore-
active (data not shown). Intimate relationship of neural
cell components does not allow clear-cut identification of
the anti-GFAP immunolabeled profiles as Schwann cells
or fibroblasts. Anti-S100 protein stains Schwann cells in
peripheral nerves, chondrocytes, and a few fibroblasts in
periosteum and perichondrium of skull and spinal bones,
and connective stroma of the oral cavity (data not
shown).

In GFAP-v-src mice, early tumors originating from fi-
broblasts are detectable in leptomeninges, dura mater
(Fig. 2I), periosteum and perichondrium of skull and spi-
nal bones and cartilage (Fig. 2L), peri- and endoneurium
of cranial and spinal nerve roots/ganglia/nerves and sym-
pathetic trunk, endomysium of skeletal muscle, fibrous
septae of adipose tissue, connective stroma of internal
organs (thymus, spleen, pancreas), perivascular connec-
tive tissue, and (sub-)cutis (Tables 4, 5).

Furthermore, we observed early tumors arising from
enteric glia and spinal bone marrow stromal cells (data
not shown). Advanced tumor growth occurs mainly in
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Fig. 1. Anti-GFAP immunoreactive cells in human non-CNS tissues. Fibroblasts in cardiac valves (A, B). Low magnification
(A) illustrates the focally high cellular density and scattered distribution of labeled cells. Higher magnification (B) shows cyto-
logical details of labeled cells with slender processes embedded in connective stroma. Distribution in tissue in conjunction with
cell morphology define these cells as fibroblasts. Perichondrial fibroblasts (C) and chondrocytes (C and D) of epiglottis. Low
magnification (C) shows perichondrium (left-hand part of the figure) abutting on cartilage (right-hand part of the figure). The
perichondrium contains scattered immunolabeled cells with slender processes embedded in connective stroma. Distribution in
tissue in conjunction with cell morphology define these cells as fibroblasts. Subendocardial adipocytes (E). Medial layer cells of
ascending aorta (F). Schwann cells, low density of immunolabeled cells in nervus medianus (G), high density of labeled cells in
autonomic nerves of glandula seminalis (H). Schwann cells of perivascular nerve fibers (I). Myoepithelial cells of exocrine glands
(J). Enteric glia of gut (K). Sustentacular cells of pituitary gland (L). Anti-GFAP antibody used in Figure 1: Z 0334. Scale bars:
50 mm.

the head and truncal regions and involves the leptome-
ninges, dura mater (Fig. 2J), periosteum (Fig. 2M), peri-
chondrium, endo- and perineurium of nerve roots and
ganglia, and bone marrow. Other tumors involve para-
spinal soft tissue and the retroperitoneum (endomysium
of skeletal muscles, perivascular connective tissue, adi-
pose tissue, and sympathetic trunk), retrobulbar space
(endomysium of ocular muscles, adipose tissue, and cil-
iary ganglion), oral cavity (tongue, palate, and lip), stom-
ach and gut, connective stroma of internal organs (lung,
pancreas, liver, and spleen), and connective/adipose tissue
of (sub-)cutis (data not shown). The non-CNS tumors
show a similar somatic distribution in GFAP-v-src1 and
GFAP-v-src2 mice, but are more widespread in GFAP-
v-src2 mice (Table 5). The cytological spectrum of tumor
cells comprises spindle-shaped forms, large-bodied cells
with eccentric nuclei, and pleomorphic cells. In most tu-
mors, anti-GFAP antibodies bind to the majority of tumor
cells. Some tumors contain areas devoid of anti-GFAP
binding, or only a minority of tumor cells shows GFAP
staining (data not shown). In the total cohort of 87 tumor-
bearing mice, prominent S100 protein expression as in-
dicator of Schwann cell origin is restricted to a small
portion of the tumors. These tumors comprise 3 neo-
plasms originating from plexus myentericus of gut and
stomach, 1 skin tumor, 1 tumor of spinal nerve root, and
1 tumor in the retrobulbar space. The other tumors show
only faint anti-S100 immunoreactivity in a few tumor
cells or no immunostaining at all (data not shown).

In Situ Hybridization

In situ hybridization studies of GFAP were performed
on murine tissues. In preliminary experiments the spec-
ificity of in situ hybridization for GFAP was controlled
with sense and antisense probes on a brain of a wildtype
mouse and a brain of a GFAP-v-src transgenic mouse
containing an astrocytic tumor with immunohistochemi-
cally confirmed GFAP expression. The sense probe did
not yield positive hybridization signals, whereas the an-
tisense probe hybridized to a portion of astrocytes in the
wildtype brain and showed prominent signals in the as-
trocytic tumor. The specificity of the GFAP antisense

probe was also controlled on a block of a GFAP express-
ing skin tumor. The skin tumor contained focal areas de-
void of immunohistochemical GFAP expression. Hybrid-
ization of the GFAP antisense probe was restricted to
areas with immunohistochemically detectable GFAP. We
also analyzed the expression of v-src mRNA. The spec-
ificity of v-src in situ hybridization was controlled with
v-src antisense probes on tissues from v-src transgenic
animals (astrocytic brain tumor and fibroblastic skin tu-
mor) and from wildtype mice (brain). The antisense
probe hybridized selectively to tumor cells in transgenic
mice.

We then performed in situ hybridization on selected
tissue specimens of GFAP-v-src and wildtype mice.
Specimens of transgenic mice contained early and ad-
vanced anti-GFAP immunoreactive non-CNS tumors
originating from fibroblasts of the meninges, endo- and
perineurium of nerve roots and peripheral nerves, and
skull- and spinal periosteum and perichondrium. The
specimens of wildtype mice contained GFAP expressing
fibroblasts of cardiac valves, spinal synovia and perios-
teum, and connective stroma of the oral cavity. In GFAP-
v-src mice, the non-CNS tumors show expression of
GFAP mRNA (Fig. 2H) and v-src mRNA. In tissues of
wildtype mice, GFAP transcripts are detectable in Müll-
er’s cells of retina and astrocytes of optic nerves, but not
in fibroblasts that show immunohistochemically detect-
able GFAP expression on adjacent sections (data not
shown). We consider a low rate of GFAP synthesis in
non-neoplastic fibroblasts as cause for the absence of
GFAP transcripts.

Immunoblotting

Immunoblotting was performed to determine the mo-
lecular mass of GFAP expressed in human and murine
brains and non-CNS tissues, and in tumors of GFAP-v-
src mice. In preliminary immunoblot experiments using
human or murine brain, or non-CNS tissues, the poly-
clonal anti-GFAP antibodies (Table 2) detected bands that
were not interpretable, in addition to bands consistent
with GFAP. Antibody Z 0334 stained numerous bands all
over the lanes even in GFAP-null brains (data not
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TABLE 3
Anti-GFAP Immunostaining of Human Non-CNS Cells

Anti-GFAP antibodies

4All 2El 1B4

4A11,
2E1,
1B4* GA-5 6F2

6F2,
GA-5* 52

GF12-
24 Z0334 G9269

RDI-
GFAP-
CabG

sc-
6170

Epiglottis:
Chondrocytes
Perichondrial fibroblasts
Adipocytes
Myoepithelial cells

3
2
1
1

3
2
1
1

3
2
1
1

3
2
1
1

2
2
1
1

3
2
1
2

3
2
1
2

2
2
1
2

2
1
0
0

3
3
2
2

3
3
2
2

2
1
0
0

2
1
0
0

Mitral valve:
Fibroblasts
Subendocardial adipocytes

3
1

3
1

3
1

3
1

2
1

3
3

3
3

1
0

1
0

3
3

3
2

1
1

2
1

Ligamentum flavum:
Fibroblasts 2 2 2 2 2 2 2 2 0 2 2 0 1

Seminal vesicle:
Schwann cells of autonomic
nerves 2 2 2 2 2 3 3 nd 0 3 3 0 0

Nervus medianus:
Schwann cells of motor/sensory
nerve 0 0 0 0 0 2 2 nd 0 3 1 0 0

* Cocktail of monoclonal antibodies.
0 5 no cells; 1 5 few cells; 2 5 some cells; 3 5 numerous cells immunolabeled; nd 5 not done.

shown). The monoclonal antibodies, however, showed no
unclear additional bands. Immunoblotting was thus per-
formed with monoclonal anti-GFAP antibodies. Results
of GFAP immunoblotting of human tissues are summa-
rized in Table 6 and representative immunoblots of hu-
man and murine tissues are shown in Figure 3. The an-
tibodies 4A11, 2E1, and 1B4, or a cocktail of these
monoclonal antibodies, detect distinct bands consistent
with the size of GFAP both in brain and non-CNS tissues.
The other monoclonal antibodies detect GFAP bands only
in the brain. In brain, the bands range between ø35 and
ø48 kDa, whereas the bands in non-CNS tissues range
between ø35 and ø42 kDa. All human non-CNS tissue
samples analyzed show GFAP bands except for cardiac
muscle (Table 6; Fig. 3B, C). The bands are variably
intense in different tissue samples (Fig. 3B). The bands
of brain tissue are more numerous and show a wider
range of the molecular mass than the bands of non-CNS
tissues (Fig. 3B, C).

In murine brains, cocktails of monoclonal antibodies
4A1112E111B4 or 6F21GA-5 detect immunoreactive
bands ranging between ø37 and ø48 kDa, whereas no
bands are detectable in wildtype gut and spleen or GFAP-
null brains (Fig. 3A). In non-CNS tumors of GFAP-v-src
transgenic mice, the anti-GFAP antibodies reveal immu-
noreactive bands showing the same range of the molec-
ular mass as observed in brain (ø37 to ø48 kDa; Fig.
3A). Even after long exposure, no bands with a higher
molecular mass consistent with the size of a GFAP-v-src
fusion protein were detectable. Since the v-src gene is
embedded within a full-length GFAP gene, the expected

molecular mass of a GFAP-v-src fusion protein would
represent ø110 kDa (sum of molecular masses of GFAP
and v-src protein).

DISCUSSION

Although GFAP expression has been described in var-
ious non-CNS cells (10, 12–15), we present here the first
systematic study of GFAP expression in non-CNS tissues.
Using a panel of poly- and monoclonal anti-GFAP anti-
bodies, we confirm previously observed GFAP expres-
sion in Schwann cells, myoepithelial cells of exocrine
glands, and chondrocytes. As a novel finding, we show
GFAP expression in fibroblasts of epiglottic and auricular
perichondrium, ligamentum flavum, and cardiac valves.
In mice, GFAP expressing fibroblasts are detectable in
dura mater, skull and spinal perichondrium and perios-
teum, connective stroma of palate, pharynx and tongue,
dental pulp, and cardiac valves. This somatic distribution
and S100 protein expression in some of the fibroblasts
indicates an origin from the neural crest. The neural crest
gives rise to the connective stroma of the oral cavity,
dental pulp, cardiac valves, and contributes mesenchymal
cells to the meninges, skeleton, loose connective tissue,
and dermis, particularly in the head, neck, and truncal
regions (33–35).

In clinical and experimental neuropathology, anti-
GFAP immunohistochemistry is an important tool for the
discrimination of glial and non-glial cells or neoplasms
(3, 4). However, we show here that human and murine
fibroblasts can express immunohistochemically detect-
able GFAP. We controlled the specificity of this staining
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TABLE 4
Anti-GFAP Immunoreactive Non-CNS Cells in Wildtype and GFAP-v-src Transgenic Mice

Organ/tissue Anti-GFAP immunoreactive cell

Anti-GFAP antibody

Z 0334 GA5 4All12El11B48

Head
Pituitary gland
Dura mater*
Periosteum*
Cartilage
Cranial ganglia*

0
Fibroblasts**
Fibroblasts**
Chondrocytes, perichondrial fibroblasts**
Endoneurial cells#,**

0
1
2
2
1

0
0
1
1
1

0
0
0
0
0

Cranial nerve roots*
Nerves*
Palate*
Tongue*
Dental pulp

Endoneurial cells#,**
Endoneurial cells#,**
Fibroblasts of connective stroma**
Fibroblasts of connective stroma**
Fibroblasts

2
2
3
2
1

1
1
2
1
0

0
0
2
1
0

Pharynx
Skin*

Spine
Meninges*
Periosteum*

Fibroblasts of connective stroma
0

Fibroblasts of dura mater**
Fibroblasts**

2
0

0
2

nd
0

0
1

nd
0

0
1

Cartilage
Perichondrium*
Spinal ganglia*
Spinal nerve roots*
Nerves*

Chondrocytes
Fibroblasts**
Endoneurial cells#,**
Endoneurial cells#,**
Endoneurial cells#,**

1
2
1
1
2

1
1
1
1
1

1
1
0
0
0

Bone marrow*
Internal organs

Cardiac muscle
Cardiac valves
Lung*

Bone marrow stromal cells**

0
Fibroblasts
Schwann cells of perivascular nerve fibers

2

0
2
1

2

0
1
0

1

0
1
0

Liver
Spleen*
Kidney
Adrenal gland
Gut*
Ovary
Testis

Schwann cells of perivascular nerve fibers
Schwann cells of nerve fibers
Schwann cells of perivascular nerve fibers
Sustentacular cells
Enteric glia**
0
0

1
2
1
3
3
0
0

0
0
0
2
2
0
0

0
0
0
0
1
0
0

Cellular origin of non-CNS tumors in GFAP-v-src transgenic mice and tissues involved in tumor growth are indicated.
* Tissues that contain GFAP expressing non-CNS tumors in GFAP-v-src transgenic mice.
** Cellular source of GFAP expressing non-CNS tumors in GFAP-vsrc transgenic mice.
8 Cocktail of monoclonal antibodies.
# Slender anti-GFAP immunoreactive cell profiles; intimate relationship of cellular components does not allow clear-cut iden-

tification as Schwann cells or endoneurial fibroblasts.
0 5 no; 1 5 few, 2 5 some; 3 5 numerous anti-GFAP immunoreactive cells; nd 5 not done.

result carefully by omission or substitution of the primary
antibodies by nonspecific, isotype-matched antibodies,
and immunostaining of GFAP-null tissues. In GFAP-v-
src transgenic mice, fibroblasts of skull and spinal peri-
osteum, the meninges and nerve roots give rise to GFAP
expressing non-CNS tumors. The cellular origin of non-
CNS tumors from fibroblasts in GFAP-v-src mice func-
tionally confirms GFAP expression in these cells. In man,
GFAP expression has been shown in single meningiomas
and some neurofibromas (13, 21–24). Thus, GFAP de-
tection in tumor biopsy samples may not be the absolute
proof of a glial origin. This is relevant to the typing of
histogenetically unclear tumors associated with menin-
ges, nerve roots, or (para-)spinal soft tissues.

In addition to anti-GFAP immunohistochemistry, we
performed immunoblotting to determine the molecular
mass of GFAP expressed in brain and non-CNS tissues,
and in tumors of GFAP-v-src mice. We used monoclonal
anti-GFAP antibodies for immunoblotting, because the
polyclonal anti-GFAP antibodies detected bands that
were not interpretable, in addition to bands consistent
with GFAP. In our study, anti-GFAP immunoblotting of
human brain or various non-CNS tissues reveals protein
bands of 35ø to ø48 kDa or 35ø to ø42 kDa, respec-
tively. The molecular mass is consistent with GFAP (16).
In human brain, 7/7 monoclonal antibodies detect GFAP
bands, whereas only 3/7 antibodies reveal GFAP in hu-
man non-CNS tissues. Bands compatible with GFAP are

D
ow

nloaded from
 https://academ

ic.oup.com
/jnen/article/60/5/449/2916270 by guest on 20 August 2022



458 HAINFELLNER ET AL

J Neuropathol Exp Neurol, Vol 60, May, 2001

D
ow

nloaded from
 https://academ

ic.oup.com
/jnen/article/60/5/449/2916270 by guest on 20 August 2022



459FIBROBLASTS CAN EXPRESS GFAP

J Neuropathol Exp Neurol, Vol 60, May, 2001

TABLE 5
Distribution of GFAP-positive Non-CNS Tumors in

GFAP-v-src Transgenic Mice

GFAP-v-src 1
mice* (n 5 37)

GFAP-v-src 2
mice* (n 5 50)

Leptomeninges
Dura mater
Skull/spinal periosteum
Skull/spinal perichondrium
Spinal bone marrow
Cranial/spinal nerve roots
Sympathetic trunk
Oral cavity
Stomach/gut
Internal organs**
Skeletal muscle
Cutis/subcutis

32 (86.5%)
2 (5.4%)
2 (5.4%)
1 (2.7%)
1 (2.7%)

14 (37.8%)
0
0
3 (8.1%)
0
1 (2.7%)
0

13 (26%)
6 (12%)

14 (28%)
4 (8%)
6 (12%)

27 (54%)
1 (2%)
1 (2%)
1 (2%)
3 (6%)

21 (42%)
11 (22%)

* A portion of mice had more than 1 tumor, or tumors in-
volved several tissues/organs.

** Spleen, liver, pancreas.

←

Fig. 2. A–G, K: Anti-GFAP immunoreactive cells in murine wildtype non-CNS tissues. Fibroblasts in connective stroma of
hard palate (A), aortic valve (B), dental pulp (C), dura mater (G), and spinal periosteum (K). The tissues contain scattered
immunolabeled cells with slender processes embedded in connective stroma. Distribution in tissue in conjunction with cell
morphology define these cells as fibroblasts. Chondrocytes in cartilage of processus spinosus (D). Stromal cell of spinal bone
marrow (E, arrow). Schwann cells in autonomic nerves and perivascular nerve fibers of spleen (F). H–J, L, M: Fibroblast-derived
tumors showing GFAP expression in GFAP-v-src transgenic mice. An early dura mater tumor shows cytoplasmic hybridization
signals for GFAP mRNA (H, dark dots) and GFAP protein immunostaining (I). An advanced dura mater tumor compressing the
spinal cord (J). Early tumor in spinal perichondrium (L). Advanced tumor of spinal periosteum (M). Anti-GFAP immunostaining
(I, J, L, M) and in-situ hybridization for GFAP mRNA (H). Anti-GFAP antibody used in Figure 2: Z 0334. Scale bars: 25 mm.

more numerous in brain showing a wider range of the
molecular mass than in non-CNS tissues. Using the same
anti-GFAP antibodies for immunohistochemistry, all an-
tibodies show prominent staining of brain tissue, whereas
labeling of non-CNS cells is variable. Discrepant im-
munoreactivity of anti-GFAP antibodies in brain and non-
CNS tissues has also been reported by others (11, 16,
36). Among non-CNS cells, Schwann cells and lympho-
cytes have been shown to express a ß-type GFAP mRNA
that is longer than the brain a-type but gives rise to a
shorter protein of ø41 kDa (8, 16, 37). Collectively, these
observations indicate antigenic differences of GFAP ex-
pressed in brain and non-CNS tissues.

In our study, anti-GFAP antibodies suitable for im-
munohistochemistry were not necessarily as suitable for
immunoblotting. For instance, the polyclonal antibody Z
0334 proved to be a very sensitive immunohistochemical
marker, distinctly labeling GFAP expressing cells. On im-
munoblots, however, antibody Z 0334 stains even in
GFAP-null brains numerous bands all over the lanes, thus
not allowing proper interpretation of the blots. Further-
more, although all anti-GFAP antibodies immunostain
specifically at least a few non-CNS cells, only 3/7 mono-
clonal antibodies detect GFAP bands on immunoblots of
non-CNS tissues. One explanation for this discrepancy
may be a lower sensitivity of GFAP detection on im-
munoblots as compared to immunohistochemistry; im-
munohistochemistry allows GFAP detection at the single-
cell level, whereas in homogenates of non-CNS tissues
used for immunoblot analysis, the relative amount of
GFAP seems to be very low as compared to other pro-
teins, such as collagen.

In GFAP-v-src mice, the v-src gene is embedded with-
in a modified full-length GFAP gene. A polyadenylation
signal and a translational stop codon at the 39 end of the
v-src sequence prevent GFAP expression from the trans-
gene (6, 9). Expression of a GFAP-v-src fusion protein
would yield a protein band of approximately 110 kDa
(sum of the molecular masses of GFAP and v-src pro-
tein). Immunoblots of GFAP-v-src transgenic non-CNS
tumors show bands of ø37 to ø48 kDa consistent with
endogenous GFAP but not a heavier band indicative of a
fusion protein from the construct.

The GFAP-v-src mouse and other mouse models con-
taining transgenes with GFAP regulatory elements have
been established with the aim of targeting transgene ex-
pression specifically to glial cells (5–7, 9). In these mod-
els, RT-PCR detected transgene and GFAP transcripts in
various non-CNS tissues (7, 9). Schwann cells of periph-
eral nerve branches that are known to express GFAP (38,
39) have been considered as the source of transgene and
GFAP transcripts (9). We show here GFAP expression in
murine wildtype fibroblasts, in addition to immunolabel-
ing of enteric glia and Schwann cells. In GFAP-v-src
transgenic mice, fibroblasts give rise to non-CNS tumors
expressing GFAP-mRNA and -protein. Thus transgene
expression under the control of GFAP regulatory ele-
ments targets not only glial but also mesenchymal cells.
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TABLE 6
Results of GFAP Immunoblotting of Human Tissues Using Monoclonal Anti-GFAP Antibodies

Anti-GFAP antibodies

4A11 2E1 1B4
4A11 1

2E1 1 1B4* 6F2 GA-5
6F2 1
GA-5* GF12-24 52

Brain
Cardiac valves
Epiglottis
Gut
Seminal vesicle
Spleen
Cardiac muscle

1
1
1
1
1
1
2

1
1
1
1
1
1
2

1
1
1
1
1
1
2

1
1
1
1
1
1
2

1
2
2
2
2
2
2

1
2
2
2
2
2
2

1
2
2
2
2
2
2

1
2
2
2
2
2
2

1
2
2
2
2
2
2

* Cocktail of monoclonal antibodies.
1 5 detection of protein bands consistent with GFAP.
2 5 lack of protein bands consistent with GFAP.

Fig. 3. A–C: Anti-GFAP immunoblot analysis of murine (A) and human (B, C) brain and non-CNS tissues. A cocktail of
monoclonal antibodies 4A11, 1B4, and 2E1 was used for GFAP immunodetection both in murine and human tissues. A: Lanes
1–8 show immunoblots of GFAP-null brain (1), wildtype brains (2, 3), GFAP-v-src transgenic brain (4), wildtype gut (5), wildtype
spleen (6), non-CNS tumors of thoracic region (7), and stomach (8) in GFAP-v-src transgenic mice. In wildtype (2, 3) and GFAP-
v-src transgenic brains (4), the molecular mass of the bands ranges between ø37 and ø48 kDa, whereas no bands are detectable
in wildtype gut (5) or spleen (6), or in the GFAP-null brain (1). In non-CNS tumors of GFAP-v-src transgenic mice, GFAP shows
a mass of ø37 to ø48 kDa. Even after long exposure, no bands with a higher molecular mass were detectable. The immunoblot
of the gut (5) shows a smear of immunoglobulin light-chains (but no heavy chains) because of the use of a goat anti-mouse
kappa as secondary antibody. B: Lanes 1–8 show immunoblots of human brain (1), cardiac muscle (2), gut (3), seminal vesicle
(4), spleen (5), submandibular gland (6), epiglottic cartilage (7), and mitral valve (8). In brain the molecular mass of the bands
ranges between ø35 and ø48 kDa (1), whereas the bands range between ø35 and ø42 kDa in non-CNS tissues (2–8). GFAP
bands of variable intensity are detectable in all non-CNS tissue samples analyzed except for cardiac muscle (2). C: Shows the
brain immunoblot of lane 1 in (B) after short exposure. The bands are more numerous and show a wider range of the molecular
mass than in non-CNS tissues.
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