
Neurobiology

Brain-Specific Deletion of Extracellular Signal-Regulated
Kinase 2 Mitogen-Activated Protein Kinase Leads to
Aberrant Cortical Collagen Deposition

Daniel S. Heffron,* Gary E. Landreth,†

Ivy S. Samuels,† and James W. Mandell*
From the Department of Pathology,* University of Virginia School

of Medicine, Charlottesville, Virginia; and the Alzheimer’s

Research Laboratory,† Case Western Reserve University School of

Medicine, Cleveland, Ohio

The mitogen-activated protein kinases extracellular
signal-regulated kinase (ERK)1 and 2 are essential in-
tracellular mediators of numerous transmembrane
signals. To investigate neural-specific functions of
ERK2 in the brain, we used a Cre/lox strategy using
Nestin:Cre to drive recombination in neural precur-
sor cells. Nestin:Cre;ERK2fl/fl conditional knockout
(cKO) mice have architecturally normal brains and
no gross behavioral deficits. However, all cKO mice
developed early-onset (postnatal day 35 to 40) frontal
cortical astrogliosis, without evidence of neuronal de-
generation. Frontoparietal cortical gray matter, but
not underlying white matter, was found to contain
abundant pericapillary and parenchymal reticulin
fibrils, which were shown by immunohistochemistry
to contain fibrillar collagens, including type I colla-
gen. ERK1 general KO mice showed neither fibrils nor
astrogliosis, indicating a specific role for ERK2 in the
regulation of brain collagen. Collagen fibrils were
also observed to a lesser extent in GFAP:Cre;ERK2fl/fl

mice but not in CamKII-Cre;ERK2fl/fl mice (pyramidal
neuron specific), consistent with a possible astroglial
origin. Primary astroglial cultures from cKO mice ex-
pressed elevated fibrillar collagen levels, providing
further evidence that the phenotype may be cell au-
tonomous for astroglia. Unlike most other tissues,
brain and spinal cord parenchyma do not normally
contain fibrillar collagens, except in disease states.
Determining mechanisms of ERK2-mediated collagen
regulation may enable targeted suppression of glial scar
formation in diverse neurological disorders. (Am J Pathol

2009, 175:2586–2599; DOI: 10.2353/ajpath.2009.090130)

The extracellular signal-regulated kinase (ERK) family of
mitogen-activated protein kinases (MAPKs) has been in-
tensely studied for roles in brain development, including
control of both axonal1,2 and dendritic3 growth. Astroglial
process extension is also dependent on ERK signaling.4

Recent work strongly implicates ERK-mediated signaling
in synaptic plasticity and memory formation, and muta-
tions in ERK2 and other ERK pathway components are
known to underlie some forms of inherited human cogni-
tive disorders.5–7 ERK MAPK activation is also linked to
astroglial activation in several forms of central nervous
system (CNS) injury.8–10

To directly test the importance of ERK MAPKs in vivo,
gene knockout approaches are needed. Whereas ERK1
general knockout (KO) mice are viable and have archi-
tecturally normal brains,11 general KO of ERK2 is embry-
onic lethal, because of defects in mesoderm differentia-
tion and placental development.12–14 Thus, conditional
KO (cKO) strategies are necessary to study brain-spe-
cific roles of ERK2. Two recent reports15,16 describe as-
pects of the developmental phenotype resulting from
CNS-specific KO of the mapk1 gene, encoding ERK2. We
now present a novel aspect of the adult phenotype of a
brain-specific ERK2 cKO driven by Nestin:Cre. Our find-
ings suggest an unexpected and specific role for this
classical MAPK member in the regulation of brain colla-
gen deposition.

Materials and Methods

Transgenic Mice and PCR Genotyping

The generation of strain harboring a conditional (“floxed”)
mapk1 mutant allele (Mapk1flox/flox; subsequently referred
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to as ERK2fl/fl) was reported previously.15 Floxed ERK2
mice were maintained as heterozygotes. Nestin:Cre mice
were maintained on a C57BL/6 background (Jax catalog
number 003771; The Jackson Laboratory, Bar Harbor,
ME). Breeding pairs consisted of male Nestin:Cre/�;
ERK2 fl/� mated with female �/�;ERK2 fl/fl. Genotyping
for the presence of Cre recombinase consisted of the
following reaction: forward primer, 5�-GGTCGATGCAAC-
GAGTGATGAGG-3�, and reverse primer, 5�-GCTAAGT-
GCCTTCTCTACACCTGCG-3�; reaction conditions: 2
mmol/L MgCl2, 400 nmol/L primers, 200 nmol/L 2�-de-
oxynucleoside 5�-triphosphates, and 0.025 U/�l Taq
(Qiagen 201203; Qiagen, Valencia, CA); and thermo-
cycle conditions: 94°C for 3 minutes, 94°C for 30 sec-
onds, 51°C for 1 minute, 72°C for 1 minute, and 72°C for
2 minutes, with 35 amplification cycles. This results in a
550-bp product, which is only present after cre-mediated
excision of the floxed allele. TrkB cKO mouse brain tissue
was a gift from Dr. L. Reichardt (University of California,
San Francisco, San Francisco, CA).

Mouse Brain Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) was performed on
adult male mice (4 to 6 months) using a 4.7-T MRI scan-
ner (Varian, Palo Alto, CA). T1-weighted coronal scans
were obtained both pre- and postgadolinium injection,
and the latter used to detect possible vascular abnormal-
ities and/or blood-brain-barrier dysfunction.

Behavioral Tests

Adult male mice (4 to 6 months) were used for all behav-
ioral tests. Animals were housed with ad libitum access to
food and water, maintained on a 12-hour light/dark cycle
and under controlled temperature and humidity. All ex-
periments were performed in accordance with the Uni-
versity of Virginia Animal Care and Use Committee.
Open-field locomotion and exploratory behavior in a
novel environment was conducted on three wild-type and
three ERK2 cKO littermate mice. The test consisted of
placing each mouse in the corner of a 60 � 60 cm activity
cage (VersaMax Animal Activity Monitoring System; Ac-
cuScan Instruments, Columbus, OH) for a 15-minute test
session. Activity was defined as total horizontal distance
traveled in centimeters. Exploratory behavior was defined
as the number vertical beam breaks times the beam’s
elevation (5 cm) from the floor. Data were acquired and
processed using Versamax software. For the tail suspen-
sion test, three wild-type and three cKO littermate mice
were suspended by the tail for 6 minutes and video
recorded using a webcam (Logictech, Fremont, CA).
Behavioral despair was scored as the total time of immo-
bility. Mice were considered immobile when hanging mo-
tionless with their limbs tucked into their body.

Significance of differences between genotypes was
assessed using Student’s t-test.

Cell Culture

Neonatal primary astrocyte cultures were prepared as
described previously.9 Briefly, the forebrain was dis-
sected from newborn pups, meninges were removed,
and cells were dissociated in 0.05% trypsin EDTA for 5
minutes at 37°C. Following trituration, cells were pelleted
and resuspended in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum, penicillin (50
U/ml), and streptomycin (50 �g/ml) (all from Invitrogen,
Carlsbad, CA). Media were replaced twice per week for 2
weeks to obtain standard astroglial monolayers.

Tissue Processing

Mice were anesthetized with a lethal dose of pentobarbi-
tal and transcardially perfused at room temperature with
10 ml of PBS, followed by 10 ml of PBS/4% paraformal-
dehyde over a period of 3 to 5 minutes. Brains were fixed
for 24 hours at 4°C. For Gallyas silver staining, brains
were allowed to postfix in situ before removal the next
day, followed by an additional 3 to 8 days of fixation at
4°C. After equilibrating in 30% sucrose for 48 hours,
40-�m free-floating cryosections were collected using a
sliding microtome. Alternatively, brains were processed
for paraffin infiltration by standard methods. All animal
procedures were approved by the University of Virginia
Animal Care and Use Committee.

Electron Microscopy

Blocks of frontal cortices of cKO and wild-type animals,
after initial perfusion fixation with 4% paraformaldehyde,
were postfixed in 2% glutaraldehyde/0.1 M cacodylate
buffer overnight at 4°C. Tissues were dehydrated and
processed into Epon resin using standard techniques.
Ultrathin sections were stained with uranyl acetate and
viewed and photographed on a JEOL 1200 electron
microscope.

Western Blotting

Astrocyte cultures or brain lysates were lysed directly in
Laemmli sample buffer and separated by electrophoresis
using standard procedures. Gels were transferred to
polyvinylidene difluoride for 90 minutes with a semidry
transfer apparatus and blocked with either a commercial
blocking reagent (LI-COR block; LI-COR, Lincoln NE) for
infrared imaging or 5% milk powder for chemilumines-
cent imaging. Blots were blocked overnight at 4°C, then
probed with primary antibodies (glial fibrillary acidic pro-
tein (GFAP), 1/20,000 (Dako, Carpinteria, CA); �-tubulin,
1/4,000 (Sigma-Aldrich, St. Louis, MO); total ERK1/ERK2,
1/5,000 (Sigma-Aldrich); and ERK2, 1/5,000 (Upstate Bio-
technology, Lake Placid, NY)) for 1 hour at room tempera-
ture. Secondary antibodies were goat anti-mouse Infra-
Red800 and goat anti-rabbit Cy5.5 (Rockland, Gilbertsville,
PA) at 1/2000 for infrared imaging, or horse anti-mouse
horseradish peroxidase (A4416; Sigma-Aldrich). Blots us-
ing the former secondaries were imaged and quantified on
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an Odyssey LI-COR infrared scanner. Chemiluminescent
blots were imaged with Pierce Supersignal (Pierce 34080)
on Classic Blue BX film from Midwest Scientific.

Immunohistochemistry and Special Stains

Free floating frozen sections or paraffin sections pre-
pared as described above were processed for immuno-
histochemistry using standard techniques, as previously
described.9 Immunostaining for collagen IV required
pepsin pretreatment, as described previously.17 Detailed
information on all primary antibodies including dilutions
for immunohistochemistry is provided in Table 1. Immu-
nohistochemical detection was performed using the Vec-
tor ABC Elite kit (Vector Laboratories, Burlingame, CA),
according to the supplier’s instructions. The chromogen
used was diaminobenzidine (S3000; Dako) 1 mg/ml in
PBS plus 0.02% hydrogen peroxide applied for 3 min-
utes. Brightfield images were acquired with an Olympus

BX40 upright microscope and a Scion Firewire CCD cam-
era (Scion, Frederick, MD). Images within each figure
were acquired to Photoshop 7.0 with the same exposure
parameters to allow for comparisons of intensity. Gallyas
silver stain was performed as described previously.18

This method is used to visualize degenerating synaptic
terminals, processes, and cell bodies of neurons that
become argyrophilic during the process of cell death by
unknown chemical mechanisms. The staining procedure
entails alkaline pretreatment, silver impregnation, develop-
ment at pH between 5.5 and 6.3, washing in acetic acid,
and dehydration. Thioflavine S staining was performed as
described previously.19 Antibodies used for immunohisto-
chemistry and/or Western blotting are listed in Table 1.

GFAP Immunohistochemistry and Quantification

GFAP immunohistochemistry was quantified according to a
previously published method.20 Brain tissue from littermates

Table 1. Primary Antibodies Used in Immunohistochemical, Immunofluorescence, and Western Blotting Experiments

Antigen
Antibody

name/clone
Host

species
Dilution

WB
Dilution
IHC/IF Company Catalog no.

�-Synuclein �-Synuclein Sheep 1/2,000 Chemicon
International,
Temecula, CA

AB5334P

5-Bromo-2�-
deoxyuridine

BU1/75 (ICR1) Rat 1/100 Abcam 6326

CD11B Mac1 Rat 1/100 BD Pharmingen,
San Diego, CA

550282

Cleaved
caspase 3

Asp175 Rabbit 1/100 Cell Signaling
Technology,
Beverly, MA

9661

ERK2 1B3B9 Mouse 1/5,000 1/500 Upstate
Biotechnology

05-157

Phospho-ERM Phospho-ERM Rabbit 1/400 Cell Signaling
Technology

3141

F4/80 CI:A3-1 Rat 1/100 Serotec, Oxford, U.K. MCA497
MAP2 AP18 Mouse 1/200 Binder, L.
GFAP GFAP Rabbit 1/25,000 1/5,000 Dako Z0334
Nestin nestin Mouse 1/50 DSHB Rat 401
Neurofilament

dephospho
SMI 32R Mouse 1/1,000 Covance Research

Products,
Denver, PA

SMI 32R

Proliferating cell
nuclear antigen

PC10 Mouse 1/1,000 Oncogene NA03T

pERK MAPK-YT Mouse 1/500 Sigma-Aldrich M8159
Tau PHF1 Mouse 1/500 ICN PHF1
Phosphorylated

neurofilament
SMI 31 Mouse 1/500 Covance SMI 31

SV2 SV2 Mouse 1/10 DSHB SV2
Tau AT 8 Tau AT 8 Mouse 1/1,000 Pierce, Rockford, IL MN1020
Tau AT 180 Tau AT 180 Mouse 1/2,000 Pierce MN1040
Tau1 Mouse 1/1,000 Chemicon

International
3420

Total ERK Rabbit 1/5,000 1/500 Sigma-Aldrich M5670
Tubulin Mouse 1/5,000 1/5,000 NeoMarkers MS 581 P1
Ubiquitin Rabbit 1/2,000 Dako Z0458
Vimentin VIM-13.2 Mouse 1/2,000 Sigma-Aldrich V5255
CD31 MEC13.3 Mouse 1/50 BD Pharmingen 550274
Collagen IV Rabbit 1/500 Chemicon

International
AB756P

F1C3 F1C3 Mouse 1/1,000 1/200 Faisner, A.
MLC1 MLC1 Rabbit 1/100 Estevez, R.
Neurofilament 2H3 Mouse Neat DSHB 2H3

WB, Western blotting; IHC, immunohistochemistry; IF, immunofluorescence.
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was processed identically and simultaneously from perfu-
sion to imaging. Brightfield images of paraffin or floating
sections were taken on an Olympus BX40 with identical
exposures and camera settings. Using ImageJ 1.32
(W. Rasband, National Institute of Mental Health, Be-
thesda, MD; downloaded 11/1/2008 from http://rsb.info.
nih.gov/ij/index.html), images were separated into their
red, green, and blue components and the blue image
(best representing diaminobenzidine signal) was thresh-
olded and binarized. Two regions of interest of constant
dimensions were chosen, one in frontal cortex and one in
subjacent corpus callosum (control region). The latter
was chosen as a control region because the levels of
GFAP immunoreactivity did not vary between cKO and
controls in this region.

Microarray Analysis

Total RNA was prepared using the RNeasy™ tissue kit
(Qiagen) from frontal cerebral cortex of three adult male
homozygous null ERK2 cKO mice, and three adult male
littermates (genotypes: �/�; fl/fl, Cre/�; �/�, �/�; and
fl/�). cDNA labeling, hybridization, scanning, and data
analysis were performed by the Duke Microarray Facility
under contract from the National Institutes of Health Neuro-
science Microarray Consortium. Dye-labeled cDNA was
hybridized on Affymetrix whole-genome GeneChip Mouse
Gene 1.0 ST arrays. The fold ratio of ERK2 cKO versus wild
type for each probe was statistically analyzed by analysis of
variance and considered significant at P � 0.05.

Results

Generation and Characterization of a Nestin
Promoter-Directed ERK2 Conditional Mutant

A floxed allele in which exon 2 of ERK2 is flanked by two
loxP sites was constructed as reported previously.16 Nes-
tin:Cre transgenic mice, in which Cre is expressed under
the control of the promoter and the nervous system-
specific enhancer within the second intron of the nestin
gene, have been extensively characterized in numerous
publications since their initial development.21 This Cre
line drives recombination in the vast majority (�90%) of
central nervous system neurons and macroglia (astrocytes
and oligodendrocytes but not mesoderm-derived microglia
or vascular cells), as previously demonstrated with three
different Cre-reporter lines.22 Female mice homozygous for
the floxed allele (ERK2 fl/fl) were mated with males heterozy-
gous for Nestin:Cre, resulting in litters composed of �/�
(wild type for ERK2), �/� (heterozygous ERK2 KOs), and
�/� (homozygous ERK2 KOs, referred to as cKO). In one
set of crosses, GFAP:Cre23 males were mated with female
mice homozygous for the floxed ERK2 allele.

Successful recombination of the floxed ERK2 locus in
neural tissues of progeny from ERK2fl/fl � Nestin:Cre
crosses (homozygous null cKOs are hereafter referred to
as ERK2 cKO mice) was confirmed both in primary cor-
tical astroglial cultures and brain tissue (Figure 1). A
PCR-based recombination assay demonstrated proper

recombination at the DNA level in postnatal cerebellar
tissue and, as a positive control, in cortical astroglial
cultures (ERK2fl/fl) infected with adenovirus expressing
Cre recombinase (Figure 1A). Loss of ERK2 protein
in cultures (Figure 1B) and brain tissue (Figure 1, C–G) was
confirmed by Western blot analysis and immunohisto-
chemistry. Importantly, Western blotting with a pan-ERK
(ERK1 and ERK2) antibody showed no compensatory
up-regulation of ERK1 in brain tissues of cKO mice at all
ages examined (3 weeks, 5 weeks, and 6 months). Im-
munohistochemistry with an ERK2-specific antibody in
control animals showed widespread expression, with
highest levels in cortex, hippocampus, and striatum. In-
tense staining was found in neuropil and neuronal somata
(Figure 1F). cKO brains showed complete loss of ERK2
immunoreactivity in most brain regions (Figure 1E), in
keeping with earlier descriptions of widespread brain
recombination when crossing Nestin:Cre with reporter
mice.22 Brain regions showing complete loss of ERK2
immunoreactivity included neocortex, the majority of hip-
pocampal regions, thalamus, basal ganglia, and mid-
brain structures. Endothlial cells and cells consistent with
microglia retained ERK2 immunoreactivity, as expected
of nonneural cells (Figure 1G). ERK2 immunoreactivity
was consistently not completely eliminated from some
brain regions, including a subset of hippocampal CA3
neurons and in the hypothalamus (Figure 1E). There are
two possible explanations for incomplete Cre-mediated
recombination. Nestin promoter activity may not be suf-
ficiently strong in some neural precursor populations to
drive Cre-mediated expression, and this incomplete re-
combination could have been overlooked by previous
reports, which used only positive reporters of recombi-
nation (GFP or �-galactosidase). Another possibility is
that the floxed ERK2 allele is inaccessible (due, for ex-
ample, to chromatin modification) in specific subpopula-
tions of cells despite Nestin-driven Cre expression. Our
finding of reproducible and discrete subregions that fail
to undergo Nestin:Cre-driven recombination indicates the
need for careful documentation at the cellular level of loss
of protein in the cell type and/or brain region under study.
Importantly, however, the phenotype that we describe
occurs almost exclusively in the frontoparietal cortex, an
area with complete loss of neural ERK2.

Normal Brain Development and Architecture in
ERK2 cKO Mice

ERK2 cKO mice (both homozygotes and heterozygotes)
show normal (equal to wild-type littermates) brain size/
weight (Figure 1H) and cortical thickness (Figure 1I) at all
times examined: postnatal day 2, 21, 5 weeks, 6 months,
and 1 year (Figure 1). Adult brain architecture was system-
atically assessed on serial coronal MRI scans of three cKO
and three wild-type mice. Careful side-by-side inspection
of a complete series of coronal sections revealed no de-
tectable anatomical abnormalities (Supplemental Figure
S1, see http://ajp.amjpathol.org). Additionally, imaging
postgadolinium injections revealed no evidence of ab-
normal vascular permeability. ERK2 cKO mice showed
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qualitatively normal motor behavior, activity, and cage
behavior and reproduced normally. Quantitative be-
havioral assays (open-field activity monitoring, tail-hang
test and circadian activity measurement) showed no sig-
nificant differences between cKO mice and wild-type
littermates (Supplemental Figure S2, see http://ajp.
amjpathol.org).

Synaptogenesis, examined by immunostaining and im-
munoblotting for the synaptic vesicle protein SV2, re-
vealed no qualitative decrease in staining intensity or
in presynaptic puncta density nor any quantitative de-
crease in SV2 abundance. (Supplemental Figure S3, see
http://ajp.amjpathol.org). MAP2 immunostaining revealed
no differences in somatodendritic cytoarchitecture be-
tween cKO and control brains in cortex, basal ganglia,
thalamus, hippocampus, or cerebellum (Supplemental
Figure S3, see http://ajp.amjpathol.org).

Early-Onset and Progressive Cortical
Astrogliosis in ERK2 cKO Mice

Immunohistochemistry revealed a consistent elevation of
GFAP in cKO mice, restricted to the cerebral cortex (Fig-
ure 2, A–D) Wild-type mice typically show very few GFAP-
positive astrocytes in cortical gray matter in the absence

of injury or neurodegeneration. cKO cortices, on the other
hand, contained numerous GFAP-positive astroglia,
many of which showed a prominent pericapillary local-
ization with extensive wrapping of end feet around cap-
illaries. Western blot analysis of dissected frontal cortices
confirmed elevation of GFAP at the protein level. Because
elevated cortical GFAP in adult mice is usually a sign of
neuronal injury or distress, we carefully studied cKO
brains with a variety of markers for neuronal injury or
degeneration Immunohistochemical stains for neurode-
generation-associated proteins (including tau (total and
phospho-), synuclein, �-amyloid, phospho- and dephos-
pho-neurofilament and ubiquitin) as well as Fluorojade-B
failed to reveal any signs of neurodegeneration in any
cKO brain regions at 5 weeks or 6 months of age.

No evidence of microglial activation in the affected
cortical region was observed by immunostaining for
CD11b, known to be up-regulated in reactive microglia
(Figure 2, E and F). Microglia showed no morphological
evidence of activation (thickened/retracted processes or
amoeboid transformation). Densitometric assessment of
GFAP immunohistochemistry revealed elevation in cKO
mice as early as postnatal day 35, increasing with age to
6 months (Figure 3, A and B). Although GFAP immuno-
reactivity increases in the course of normal aging (com-

Figure 1. Conditional deletion of ERK2 from the
CNS via Nestin:Cre-mediated recombination. A:
PCR assay for recombination at the floxed ERK2
locus. DNA extracted from the cerebellum of
3-week-old littermates was amplified using
primers flanking ERK2 exon 2. A 350-bp prod-
uct, indicating loxP-directed deletion of the al-
lele, is detected in both heterozgous (Het) and
homozygous knockouts (CKO), as well as in a
positive control sample (ERK2fl/fl astrocytes in-
fected with Adeno-Cre (�con)). B: Western blot
reveals ERK2 protein loss from cultured neonatal
astrocytes. Total ERK1/2 (upper panel) blotting
reveals selective loss of ERK2, but not ERK1, in
cKO cells. An ERK2-specific antibody (lower
panel) demonstrates complete loss of ERK2 in
cKO cells. C: Western blotting of brain tissue
from 3-week-old littermates reveals selective re-
duction of ERK2 in cKO mice, with no apparent
compensatory ERK1 up-regulation. D–G: Immu-
nohistochemical demonstration of loss of ERK2
immunoreactivity in ERK2 cKO cortex. Coronal
sections of 3-week-old littermates (taken 1.80
mm caudal to Bregma) were stained in parallel
using an ERK2-specific antibody. Whereas wild-
type (WT) cortex exhibits intense ERK2 immu-
nostaining in cortical neurons and neuropil (D),
cKO mice show complete loss of cortical neuro-
pil immunoreactivity (E). Some brain regions,
including hippocampal CA2/3 and hypothala-
mus, consistently show retention of some ERK2
immunoreactivity (E). Higher power images of
cortical ERK2 staining (corresponding to the
boxed regions in D and E) reveal neuronal,
neuropil, and vascular staining in the WT (F). As
expected from a Nestin:Cre-driven recombination,
neuronal and neuropil ERK2 is eliminated in the
cKO cortex, whereas endothelial (arrows) and
probable microglial (arrowhead) expression is re-
tained (G). Neither brain mass (H) nor frontal ce-
rebral cortex thickness (I) is affected in ERK2 cKO
mice. Scale bar in G represents 25 �m, applies to
F and G.
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pare Figure 3A wild-type 42 days to 180 days), we found
that the ratio of cortical to white matter (corpus callosum)
GFAP remains stable in control mice. In contrast, there is
a cortex-specific increase in GFAP in aging cKO mice, as
revealed by a progressive increase in the cortical/corpus
callosum GFAP intensity. The cortex/corpus callosum
GFAP immunoreactivity ratio is significantly greater in
ERK2 cKO frontal cortex than wild-type littermates at 24
weeks of age (P � 0.05, Students’ t-test; Figure 3B).
Other markers of astrogliosis, such as vimentin or nestin,
up-regulation were absent (data not shown). In addition,
no evidence for increased astroglial proliferation was
found in the affected cortical regions (5-bromo-2�-de-
oxyuridine incorporation experiments; data not shown).

Parenchymal and Perivascular Collagen-Containing
Fibrils Accumulate in ERK2 cKO Cortex

Although numerous markers for neuronal degeneration
were negative, application of the Gallyas silver degener-
ation stain (Nadler’s modification)18 unexpectedly re-
vealed the presence of numerous parenchymal fibrils,
concentrated in the frontoparietal cortex of all (11 of 11)
cKO brains (Figure 4, A–D). The Gallyas silver degener-
ation stain is generally used to visualize degenerating
synaptic terminals, processes, and cell bodies of neu-
rons that become argyrophilic during the course of cell
death by unknown biochemical mechanisms. Fibrils were
never seen in wild-type nor heterozygous KO littermates,
which were confirmed to have partially reduced ERK2
levels, indicating a recessive inheritance pattern. Mor-
phometry of 300 Gallyas-stained fibrils in 40-�m-thick
free floating sections from three different cKO mice re-
vealed a mean length of 9.92 � 4.88 �m (SD) in length
(range, 2.4 to 28.7 �m) and a mean diameter of 0.237
�m � 0.058. Wilder’s reticulin stain, a silver deposition
method widely used to stain collagen, revealed not only
the parenchymal fibrils labeled by Gallyas stain but also
revealed a markedly increased pericapillary reticulin ma-
trix surrounding virtually all cortical gray matter capillaries
in cKO brains (Figure 4, E–G). Thus, these two silver
stains reveal two distinct kinds of aberrant matrix in the

Figure 2. Cortical GFAP is selectively up-regulated in ERK2 cKO mice.
A and B: Coronal sections of 6-week-old wild-type (WT) and cKO mice
were processed identically for GFAP immunohistochemistry. A selective
increase in GFAP immunoreactivity is apparent in the cortex of a cKO
mouse (B) compared with a WT littermate (A), predominantly in perivas-
cular astrocytes (corner inset, B). C: Increased cortical GFAP protein
was detected by Western blot in ERK2 cKO mice. Densitometry (D) shows
a statistically significant (P � 0.05) increase in GFAP (red) band intensity,
normalized to �-tubulin (green) in frontal cortex of cKO mice compared
with WT littermates. CD11b immunohistochemistry reveals no evid-
ence of microglial activation in cortical regions showing elevated GFAP
(E and F).

Figure 3. Progressive cortical astrogliosis in aging ERK2 cKO mice. Control
mice (upper pair, A) show a mild age-dependent increase in cortical GFAP
immunoreactivity. However, when normalized to white matter (corpus cal-
losum) GFAP immunoreactivity, there is no evidence of a cortex-specific
increase (B, white bars). ERK2 cKO mice show markedly increased cortical
GFAP between 6 and 24 weeks (A, lower pair). Quantification of the
cortex/corpus callosum ratio indicates a cortex-specific increase in GFAP
with aging (B, black bars). Error bars represent SEM.
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cKO brains: parenchymal fibrils, which are both Reticulin
positive and Gallyas positive, and perivascular matrix
material, which is Reticulin positive but Gallyas negative.

Reticulin and Gallyas silver deposition stains, although
highly sensitive, are not specific for collagen or any single
matrix protein. To provide more specific evidence of colla-
gen deposition, brain sections were stained with Sirius Red,
considered a specific collagen stain.24,25 Parenchymal
fibrils showed bright red fluorescence when viewed with
polarizing filters (Figure 5, A and B), a property suggested to
be specific for type I collagen, compared with the green bire-
fringence characteristic of type III (cartilagenous) collagens.24

Electron microscopy was performed on portions of frontal
cortex of 6-week-old ERK2 cKO mice as well as control
littermates. There was no evidence of any neurodegenera-

tion (nuclear condensation, membrane blebs, filamentous
accumulations, increased lysosomes, abnormal organelle
accumulations, or axonal swellings). The only noticeable
difference between cKO and wild-type cortices was the
presence of increased numbers of electron-dense collagen-
like fibrils near and within the basal lamina of some cortical
capillaries (Figure 5C). Similar fibrils were found in the pia/
arachnoid and Virchow-Robbins spaces around large pene-
trating vessels in both cKO and wild-type mice, as expected.

More definitive evidence came from immunohistochem-
istry with two different antibodies recognizing fibrillar colla-
gen forms (Figure 5, D and E). Both monoclonal antibody
F1C3, recently proven to recognize fibrillar collagens I, III,
and V,26 and a polyclonal antibody specific for collagen I
highlighted parenchymal fibrils scattered in the paren-
chyma but did not label pericapillary matrix. Thus, the Gal-
lyas-positive parenchymal fibers do contain at least fibrillar
collagen I, but the Reticulin-rich pericapillary matrix does not
contain type I collagen but could contain other collagens.

Because the fibrils have morphological characteristics
similar to Alzheimer’s disease neuropil threads,27 we per-
formed extensive tau immunolocalization studies, includ-
ing antibodies against hyperphosphorylated tau. ERK2
cKO cortical fibrils did not contain any tau-immunoreactive
material, and Western blotting for tau protein (total, dephos-
pho-, and phosphorylated forms) showed no difference be-
tween cKO and control cortex (data not shown).

Figure 4. Parenchymal and perivascular collagen-containing fibrils accumu-
late selectively in ERK2 cKO frontal cortex. A: Gallyas silver degeneration
stain reveals numerous wavy parenchymal fibrils in cKO frontal cortex (B)
but not in controls (A). Aberrant fibrils are abundant in the frontoparietal
cortex (C) of a 6-week-old ERK2 cKO mice and completely absent from
occipital cortex (D) of the same animal. Reticulin staining (E–H) reveals, in
addition to the isolated parenchymal fibrils highlighted by Gallyas stain,
abundant pericapillary matrix material in cKO cortex (F and H). Wild-type
(wt) animals show reticulin-positive matrix material restricted to large pen-
etrating arteries/arterioles in superficial cortex (arrow, E). Scale bars repre-
sent 50 �m (A, B, G, and H), 100 �m (C–F), and 1 �m (G).

Figure 5. Histochemical and Immunohistochemical demonstration of collagen
fibrils in cKO cortex. Sirius Red staining with polarized illumination reveals
collagen fibrils in cKO cortex (B) but not littermate controls (A). Electron
microscopy (C) reveals pericapillary collagen fibrils (arrows) in cKO cortex, not
seen in control pericapillary matrix. D: Monoclonal antibody F1C3, specific for a
conserved epitope on collagens I, III, and V, shows selective staining of paren-
chymal fibrils (arrowheads) in ERK2 cKO mice. Pial surface and vascular F1C3
immunoreactivity (arrows) was present in cKO as well as wild type cortex. E:
Affinity-purified anti-collagen I antibody also labels parenchymal fibrils (arrow-
heads) in cKO cortex. Choroid plexus, known to contain abundant fibrillar
collagen, serves as an internal positive control (corner inset, E) detected in
both cKO and wt mice. Scale bars represent 50 �m (A, B, D, E) and 1 �m (C).
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Aberrant String Vessels and Up-Regulated
MLC1 Indicate a More General Perturbation of
the Cortical Gliovascular Unit in ERK2 cKO Mice

Immunostaining for collagen IV, a nonfibrillar collagen found
in all pericapillary basement membranes, revealed abnor-
mal string vessels in ERK2 cKO frontal cortex (Figure 6B,
arrows) but not controls (Figure 6A). String vessels are
poorly characterized microvascular structures, reported to
be present in high numbers during brain development,

suggesting that they could represent endothelial/pericyte
sprouts related to angiogenesis.28 String vessels are also
reported to be increased in Alzheimer’s disease.29

MLC1 is a membrane protein concentrated in distal
perivascular astrocyte foot processes, and normally ex-
pressed at low levels in gray matter but can be up-
regulated in disease states.30–32 MLC1 immunoreactivity
was upregulated in pericapillary processes in ERK2 cKO
relative to wild-type cortex (Figure 6, C and D). To test the
possibility that the microvascular endothelium of cKO
mice showed a biochemical signature of activation, we
probed sections with an antibody recognizing a phos-
phorylated epitope on ezrin/radixin/moesin (ERM) (phos-
pho-ezrin (Thr567))/radixin (Thr564)/moesin (Thr558),
which is phosphorylated in response to growth factor and
cytokine stimulation, leading to cytoskeletal reorganiza-
tion and is associated with increased microvascular per-
meability.33 cKO capillaries (Figure 6F), but not wild type
(Figure 6E), showed clear endothelial phospho-ERM im-
munoreactivity. Thus, the ERK2 cKO phenotype is not
limited to aberrant fibrillar collagen deposition but en-
compasses a constellation of gliovascular abnormalities.

Increased Production of Fibrillar Collagens in
Cultured ERK2 cKO Astroglia

To determine whether the production of fibrillar collagens
could be a cell-autonomous function of ERK2-deficient as-
trocytes, we prepared primary cultures from the forebrains
of wild-type and ERK2 cKO mice. Immunofluorescence
staining was performed with a monoclonal antibody (F1C3)
previously determined to recognize a shared epitope
(GPPGPVG) in fibrillar collagens I, II, and V.34 Compared
with wild-type cultures, we observed a striking increase in
the fraction of cells positive for F1C3 (Figure 7). Thus, fibril-
lar collagen production could be under the cell-autonomous
negative control of an ERK2-mediated signal.

Expression Profiling of ERK2 cKO Cerebral Cortex

To explore potential gene expression changes underlying
the complex brain phenotype, we performed a genome-

Figure 6. Evidence for microvascular abnormalities in ERK2 cKO cortex: string
vessels, elevated endothelial ERM protein phosphorylation, and elevated MLC1
immunoreactivity. Collagen IV, a nonfibrillar collagen and marker of pericapil-
lary basement membranes, reveals abnormal string vessels in ERK2 cKO cortex
(B, arrows) but not controls (A). MLC1, a membrane protein concentrated in
distal perivascular astrocyte foot processes, is up-regulated in pericapillary pro-
cesses in ERK2 cKO (D) compared with wild-type (wt) cortex (C). Phospho-ERM
staining, indicating possible growth factor/cytokine activation of endothelium, is
up-regulated in cKO cerebral cortical capillary endothelium (F) compared with
wild-type (wt) (E). Scale bars represent 50 �m.

Figure 7. Elevated fibrillar collagen in ERK2 cKO primary astroglial cultures.
Primary astroglial cultures derived from cKO or control littermate forebrains
were labeled with mAb F1C3, recognizing an epitope shared on fibrillar
collagens I/III. Scattered immunopositive cells were found in wild-type (WT)
cultures (left panel). In contrast, virtually all cells from ERK2 cKO mice were
F1C3 positive. Scale bar � 50 �m.
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wide microarray analysis, comparing frontal cortex from
three homozygous null (ERK2 cKO) mice with three normal
littermates (wild type). Independent hybridizations of the
three ERK2cKO and three wild-type samples on Affymetrix
whole-genome GeneChip Mouse Gene 1.0 ST arrays re-
vealed 391 differentially regulated genes (analysis of vari-
ance, P � 0.01). All raw and processed datasets are pub-
licly available at https://discovery.genome.duke.edu (project
number 1906; free registration is required to access data).
The top 10 up- and down-regulated genes are listed in
Tables 2 and 3, respectively. GeneGo MetaCore (GeneGo,
Encenitas, CA) functional analysis of all 391 significantly
(P � 0.01) altered genes revealed the most significantly
altered cellular process network in ERK2 cKO brain as
“Proteolysis/Extracellular Matrix Remodeling” (P � 5.048e-
04) and the most significantly altered pathway map as
“Development/Neurotrophin Signaling” (P � 2.421e-05).
Three of the genes most up-regulated in ERK2 cKO cortex
are known to be enriched in astrocytes: Slc6a13 (2.05-fold
up-regulated) also known as the �-aminobutyric acid trans-
porter GAT3;35 interleukin-11 (1.80-fold up-regulated in
ERK2 cKO cortex);36 and Aldh1A1 (1.5-fold increased in
ERK2 cKO cortex).37 One collagen gene, Col2a1, was sig-

nificantly (P � 0.01) but modestly up-regulated (1.30-fold
increased in ERK2cKO cortex). Although collagen II is best
studied in cartilage biology, Col2a1 expression is docu-
mented in the brain parenchyma.38 Future studies will ad-
dress the possible accumulation of collagen II isoforms in
the brain of ERK2cKO mice and more generally in mouse
models and human disease states exhibiting pathology of
the gliovascular unit.

Specificity of the Phenotype for ERK2 Loss: No
Fibrils in ERK1 KO Mice

We asked whether deletion of the closely related MAPK,
ERK1, would also result in cortical collagen fibril formation
and astrogliosis. ERK1 KO mice, which are viable and fer-
tile, have grossly and histologically normal brain architec-
ture but exhibit subtle electrophysiological deficits.39 We
found no evidence of any fibril formation nor elevated cor-
tical GFAP immunoreactivity in ERK1 KO mice, indicating
the exquisite specificity of the phenotype for ERK2 loss of
function. We also considered the possibility that the pheno-
type could be the result of diminished neurotrophin signal-

Table 2. Expression Profiling of ERK2 cKO Frontal Cerebral Cortex: Top 10 Up-Regulated Genes

ID Gene_assignment Gene symbol RefSeq
P value

(ERK2-CKO vs WT)
Fold change

(ERK2-cKO vs WT)

10395534 XM_001472023 // 100039062 //
predicted gene,
100039062 // 12 B3 12 //
100039062

100039062 XM_001472023 0.00125458 2.88604

10569344 NM_001122737 // Igf2 //
insulin-like growth factor 2 //
7 F5 7 69.09 cM // 16002

Igf2 NM_001122737 0.0423139 2.65605

10541318 NM_144512 // Slc6a13 //
solute carrier family 6
(neurotransmitter
transporter, G

Slc6a13 NM_144512 0.00355848 2.05448

10506110 NM_001081202 // L1td1 //
LINE-1 type transposase
domain containing 1 // 4
C6 //

L1td1 NM_001081202 0.0258555 1.99487

10483326 NM_018852 // Scn9a //
sodium channel, voltage-
gated, type IX, � // 2 C1.3 2

Scn9a NM_018852 0.04023 1.94137

10552299 NM_183166 // EG233164 //
predicted gene, EG233164
// 7 B3 7 // 233164 ///
ENSMUS

EG233164 NM_183166 0.0393063 1.85383

10487605 NM_177653 // F830045P16Rik
// RIKEN cDNA F830045P16
gene // 2 F1 // 228592 /// E

F830045P16Rik NM_177653 0.0418857 1.82114

10501433 NM_177091 // Fndc7 //
fibronectin type III domain
containing 7 // 3 F3 //
320181

Fndc7 NM_177091 0.0315276 1.80687

10444674 NM_023463 // Ly6g6c //
lymphocyte antigen 6
complex, locus G6C // 17
B1 // 68468

Ly6g6c NM_023463 0.03225 1.80364

10559667 NM_008350 // Il11 //
interleukin 11 // 7 A1 7 2.0
cM // 16156 /// U03421 //
Il11

Il11 NM_008350 0.0367704 1.80146

Differential mRNA expression between ERK2 cKO (n � 3) and littermate control (WT, n � 3) frontal cerebral cortex was assessed by microarray
analysis using Affymetrix whole genome GeneChip Mouse Gene 1.0 ST arrays. WT, wild type.
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ing, known to require ERK activation, by analyzing frontal
cortices of brain-specific conditional TrkB KO (GFAP:Cre;
TrkBfl/fl) mice.40 No evidence of any parenchymal fibrils
was observed in these mice, indicating that the ERK2 phe-
notype is not due to impairment of TrkB-mediated neurotro-
phin signaling.

Additional Genetic Evidence for Neuroglial Origin of
the Gallyas-Positive Fibrils: Partial Phenocopy by
GFAP:Cre but not CamKII-Cre Crosses

Despite extensive characterization in our lab and others, it is
possible that Nestin:Cre could drive recombination in a
small, undetected subset of mesenchymal cells, somehow
causing aberrant collagen deposition. To provide indepen-
dent evidence that the phenotype is due to ERK2 loss from
neural cells, we examined ERK2 cKOs generated by cross-
ing the floxed ERK2 mice with a GFAP:Cre strain.23 Ho-
mozygous cKOs, but not control littermates from this cross,

were also found to have Gallyas- and Reticulin-positive
fibrils limited to frontal cortex (data not shown). The density
of fibrils was lower in these mice, probably due to differ-
ences in the spatiotemporal pattern of Cre expression be-
tween Nestin:Cre and GFAP:Cre mice.41

To test the possibility that aberrant fibril deposition results
from neuronal ERK2 deletion, we crossed the ERK2fl/fl mice
with a forebrain neuron-specific Cre mouse, CamKII-Cre
mice.30 We confirmed loss of ERK2 immunoreactivity in
pyramidal neurons of the cortex, basal ganglia, and hip-
pocampus of cKO offspring. We examined cKO mice from
two litters from these crosses and found no Gallyas-positive
fibrils nor any increase in cortical GFAP immunoreactivity.
This finding suggests that collagen fibril deposition is not a
direct result of ERK2 loss from cortical pyramidal neurons,
although we cannot rule out the possibility of an origin from
CamKII-negative neurons or an indirect mechanism in
which ERK2 loss from neural cells triggers collagen depo-
sition by the microvasculature. Table 4 summarizes the

Table 3. Expression Profiling of ERK2 cKO Frontal Cerebral Cortex: Top 10 Down-Regulated Genes

Transcript ID Gene_assignment Gene symbol RefSeq
P value

(ERK2-cKO vs WT)
Fold change

(ERK2-cKO vs WT)

10503196 NM_001081417 // Chd7 //
chromodomain
helicase DNA binding
protein 7 // 4 A1 4 1

Chd7 NM_001081417 0.0108441 1.98634

10514466 NM_010591 // Jun // Jun
oncogene // 4 C5-C7 4
44.6 cM // 16476 ///
J04115 // Jun

Jun NM_010591 0.0234714 �1.84637

10427035 NM_010444 // Nr4a1 //
nuclear receptor
subfamily 4, group A,
member 1 // 15 F //

Nr4a1 NM_010444 0.0234266 �1.83148

10501277 NM_175470 // Gpr61 // G
protein-coupled
receptor 61 // 3 F2.3 //
229714 /// BC11

Gpr61 NM_175470 0.0062583 �1.82963

10395409 NM_008584 // Meox2 //
mesenchyme
homeobox 2 // 12
A3 12 20.0 cM // 17286
/// BC0

Meox2 NM_008584 0.0381391 �1.79783

10555722 NM_147104 // Olfr550 //
olfactory receptor 550
// — // 259108 ///
BC116960 //

Olfr550 NM_147104 0.0213001 �1.77826

10496359 NM_016885 // Emcn //
endomucin // 3 G3 //
59308 /// BC003706 //
Emcn // endomuci

Emcn NM_016885 0.0368348 �1.73042

10418434 NM_008407 // Itih3 //
inter-� trypsin inhibitor,
heavy chain 3 // 14
A2-C1 /

Itih3 NM_008407 0.0193124 �1.73002

10391084 NM_010404 // Hap1 //
huntingtin-associated
protein 1 // 11 D 11
60.0 cM // 15114

Hap1 NM_010404 0.0221293 �1.7291

10422244 NM_175499 // Slitrk6 //
SLIT and NTRK-like
family, member 6 // 14
E3 // 239250 /

Slitrk6 NM_175499 0.0250078 �1.69499

Differential mRNA expression between ERK2 cKO (n � 3) and littermate control (wt, n � 3) frontal cerebral cortex was assessed by microarray
analysis using Affymetrix whole genome GeneChip Mouse Gene 1.0 ST arrays. WT, wild type.
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various mouse lines and crosses examined in this study. A
schematic diagram summarizes the complex ERK2 cKO
phenotype (Figure 8).

Discussion

Nonredundant Functions for ERK2 and ERK1 in
the Brain

ERK1 and ERK2 genes are highly similar (�90% amino
acid identity), but their presence as distinct genes in all
vertebrates strongly suggests distinct functions. Clearly,
the fact that ERK1 KO mice are nearly normal but ERK2
KOs are embryonic lethal indicates a nonredundant func-

tion for ERK2. Our finding that loss of cortical ERK2 but
not ERK1 causes aberrant collagen deposition and mi-
crovascular abnormalities indicates a highly selective
function for ERK2. Our finding adds to the list of differen-
tial functions of these highly conserved kinases. Hepato-
cyte proliferation, both in vitro and in vivo, is dependent on
ERK2 but not ERK1.42 On the other hand, ERK1, but not
ERK2, is responsible for in vitro and in vivo adipogene-
sis.43 A series of targeted alleles in mice allowed partial
knockdown of ERK2, avoiding embryonic lethality.44

ERK2 partial knockdown mice showed impaired learning
in several maze tasks, and no evidence for ERK1 up-
regulation, suggesting a specific role for ERK2 in learning
and memory. Two recent studies described neurodevel-
opmental phenotypes in CNS-specific ERK2 cKO mice.
Using the GFAP:Cre strain to drive recombination in early
cortical development, Samuels et al16 found impaired
neurogenesis, increased astrogliogenesis, and a modest
reduction in cortical thickness in ERK2 cKO embryos. A
similar study,15 but using the Nestin:Cre strain, also
found reduced neurogenesis and increased astroglio-
genesis in neurosphere cultures derived from the embry-
onic and early postnatal ventricular zone. Neither study
investigated adult cortical histopathological phenotypes.
This is of clinical importance because of new work iden-
tifying distal chromosome 22q11.2 microdeletions, in-
cluding the ERK2 gene, in patients with a developmental
and neurocognitive syndrome.45 Nothing is yet known
about the neuropathological changes in these patients,
and it will be particularly interesting to examine the cere-
bral cortical microvasculature.

Collagen Gene Expression in the CNS:
Up-Regulation in Reactive and Cultured
Astrocytes and Cell-Type-Specific Profiles

More than 20 types of collagen participate in the forma-
tion of the extracellular matrix in various tissues. In the
normal brain, fibrillar collagens (which include type I, II,
III, V, XI and XXIV and XXVII) are only found in the pia
mater (formed by meningeal cells of mesenchymal origin)
and in the Virchow-Robbins perivascular spaces of larger
penetrating arteries and arterioles. Collagen IV, the major
sheet-forming collagen, is found in the basement mem-
brane of all cerebral vessels, including capillaries. The
accepted dogma was that collagens are expressed only
by mesenchymal cells, including endothelial and menin-
gothelial cells, thus explaining their limited distribution in
the CNS. Work by Liesi et al46–48 clearly showed that
astrocytes, both in culture and in vivo, can synthesize and
secrete basement membrane proteins, including colla-
gen IV (nonfibrillar), fibronectin, and laminin.30 Recent
work indicates that astrocytes in culture can synthesize
and secrete fibrillar collagens.26,34 Some nonfibrillar col-
lagens, including type XVII, are expressed by neurons.49 In
addition, gene profiling studies of fluorescence-activated
cell-sorted astrocytes, oligodendroglia, and neurons con-
firmed differential expression of multiple collagen genes in
astrocytes, as well as oligodendroglia and neurons.37 There

Table 4. Summary of Genotype/Phenotype Analyses

Mouse genotype Cortical fibrils

C57BL/6 and Balb/C,
wt background strains

ERK1�/� (general KO)
NesCre;ERK2wt/wt

NesCre;ERK2wt/fl

NesCre;ERK2fl/fl ���
GFAPCre;ERK2wt/wt

GFAPCre;ERK2wt/fl

GFAPCre;ERK2fl/fl �
CamKIICre;ERK2fl/fl

GFAPCre;TrkBfl/fl

Cortical reticulin-positive fibrils were detected in brain-specific cKOs
of ERK2 driven by Nestin:Cre and, to a lesser degree, by GFAP:Cre. No
such fibrils were ever observed in wild-type background strains, in
heterozygous cKOs driven by Nestin:Cre or GFAP:Cre, or in conditional
ERK2 KOs driven by CamKIICre. No fibrils were observed in a brain-
specific (GFAP:Cre) cKO of TrkB.

Figure 8. Schematic summary of ERK2 cKO astrovascular phenotype. In
control mouse cortex (left panel), reticulin-positive fibrillar collagen (blue)
is limited to the pia/arachnoid and Virchow-Robbins spaces surrounding
penetrating arterioles. In ERK2 cKO mice (right panel), fibrillar collagen
accumulates in parenchymal neuropil in the form of short fibrils. Additional
reticulin-positive material, probably a precursor to fibrillar collagen and not
recognized by mAb F1C3 or anti-collagen I antibodies, also accumulates
around all cortical capillaries in cKO cortex. Abnormal string vessels are
found selectively in regions with elevated fibrillar collagen deposition, and
perivascular astrocytes show elevated GFAP. The results suggest a model in
which pericapillary astrocytes regulate either the production or the degrada-
tion of fibril-forming collagens via an ERK2-dependent signaling pathway.

2596 Heffron et al
AJP December 2009, Vol. 175, No. 6



is growing awareness of roles for a diversity of collagens in
central nervous system development.50

Potential Mechanisms Linking ERK2 to Collagen
Deposition

How might loss of ERK2 function lead to pericapillary and
parenchymal collagen fibril deposition? Two nonexclu-
sive mechanisms could contribute to the phenotype: 1)
an ERK2-mediated suppression of collagen synthesis (at
the transcriptional or translational level) or 2) an ERK2-
mediated stimulation of collagen degradation. The fact
that expression of several matrix metalloproteinases is
regulated by ERK MAPK signaling51,52 makes the second
an attractive hypothesis. Finally, we cannot rule out the
possibility that ERK2-deficient astrocytes or other neural
cell types secrete a factor that induces (or fail to secrete
a factor that supresses) microvascular cell production of
perivascular collagens.

Roles for Astrocytes in Regulating Cerebral
Microvasculature Structure and Function

Evidence that a primary defect in astrocytes can cause
abnormal cerebrovascular development and a dysfunc-
tional blood-brain barrier comes from the study of two
genetically defined diseases. Duchenne’s Muscular Dys-
trophy is an X-linked disease caused by truncation or
deletion mutation of dystrophin, a large protein associ-
ated with the submembranous actin cytoskeleton. Hu-
mans with muscular dystrophy, as well as mice with
targeted mutations, show, in addition to muscle degen-
eration, brain abnormalities and cognitive deficits.53 Dys-
trophin and its associated complex of proteins are largely
concentrated within the perivascular processes of astro-
cytes.54 Studies on mouse models of muscular dystrophy
revealed severe abnormalities in cortical microvessels,
including disruption of tight junctions and leakiness of the
blood-brain barrier.55–57 Since vascular cells do not ex-
press appreciable levels of dystrophins, the mechanism
of cerebrovascular dysfunction in muscular dystrophy is
thought to involve faulty astrocyte-endothelial interac-
tions. Megalencephalic leukoencephalopathy with subcor-
tical cysts is an autosomal recessive disorder characterized
by development of subcortical cysts and progressive cog-
nitive decline. Brains of patients with this disease exhibit
highly abnormal vacuolar morphology. The gene mutated in
the disease, MLC1, encodes a transmembrane protein ex-
pressed almost exclusively in the distal perivascular foot
processes of astrocytes.30,58,59 Thus, astrocyte-vascular in-
teractions are critical in the maintenance of a normal cere-
bral vasculature.

GFAP-transforming growth factor-� transgenic mouse
provided further direct evidence that astrocytes can in-
duce pathological changes in vascular endothelium.
Overexpression of transforming growth factor-� under
the control of the GFAP promoter resulted in microvas-
cular degenerative changes highly reminiscent of those
seen in Alzheimer’s disease brains.60 These changes

included perivascular astrogliosis, increased accumula-
tion of basement membrane proteins, vascular amyloid-
osis and endothelial cell abnormalities.

Collagen Dysregulation in Neurological Disease

The extracellular matrix of the CNS is unique among all
tissues in that it normally lacks fibril-forming compo-
nents.61 In animal CNS injury models62 as well as in
human Alzheimer’s disease, collagens are up-regulated
both in basement membranes and focally in brain paren-
chyma.63 Active multiple sclerosis plaques contain ele-
vated levels of extracellular matrix proteins including col-
lagens, not only in vascular walls but also within affected
brain parenchyma.64 Intriguingly, a nonamyloid protein
found in a subset of Alzheimer’s plaques was found to be
a modified form of a transmembrane collagen.65–67 The
presence of parenchymal fibrillar collagen has been re-
ported in human temporal lobe epilepsy.68 Most impor-
tantly, inhibition of collagen synthesis after brain lesion
prevented glial scar formation and promoted axonal re-
generation and recovery of function.69 Finally, this study
adds to a growing number of mouse mutagenesis exper-
iments revealing the complexity and diversity of molecu-
lar mechanisms underlying reactive astrogliosis.70
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