
Matrix Pathobiology

Laminin �4-Null Mutant Mice Develop Chronic
Kidney Disease with Persistent Overexpression
of Platelet-Derived Growth Factor

Christine K. Abrass,*† Kim M. Hansen,*†

and Bruce L. Patton‡

From the Primary and Specialty Care Medicine,* Department of

Veterans Affairs Puget Sound Health Care System, Seattle,

Washington; the Program on Allergy and Inflammation,† UW

Medicine Lake Union, Division of Gerontology and Geriatric

Medicine, Department of Medicine, University of Washington

School of Medicine, Seattle, Washington; and the Center for

Research on Occupational and Environmental Toxicology,‡

Oregon Health and Sciences University, Portland, Oregon

Each extracellular matrix compartment in the kidney
has a unique composition, with regional specificity in
the expression of various laminin isoforms. Although
null mutations in the majority of laminin chains lead
to specific developmental abnormalities in the kid-
ney, Lama4�/� mice have progressive glomerular
and tubulointerstitial fibrosis. These mice have a sig-
nificant increase in expression of platelet-derived
growth factor (PDGF)-BB, PDGF-DD, and PDGF recep-
tor � in association with immature glomerular and
peritubular capillaries. In addition, mesangial cell ex-
posure to �4-containing laminins, but not other iso-
forms, results in down-regulation of PDGF receptor
mRNA and protein, suggesting a direct effect of
LN411/LN421 on vessel maturation. Given the known
role of overexpression of PDGF-BB and PDGF-DD on
glomerular and tubulointerstitial fibrosis , these
data suggest that failure of laminin �4-mediated
down-regulation of PDGF activity contributes to the
progressive renal lesions in this animal model.
Given the recent demonstration that individuals
with laminin �4 mutations develop cardiomyopa-
thy, these findings may be relevant to kidney dis-
ease in humans. (Am J Pathol 2010, 176:839–849; DOI:
10.2353/ajpath.2010.090570)

Laminin (LN) is a large, heterotrimeric, cruciform mole-
cule composed of �, �, and � subunits.1 Five distinct �
(LAMA1-5), 3 � (LAMB1-3), and 3 � (LAMC1-3) chains1,2

variably assemble to create distinct isoforms3 that are
temporally and spatially regulated, and each conveys a
variety of biological functions.4–11 The LN�4-containing
isoforms, LN411 (�4�1�1) and LN421 (�4�2�1), are
abundant in microvessels. Studies of LN�4-deficient mu-
tant mice (lama4�/�) reveal that although �4-LNs are not
required for blood vessel formation, they play important
roles in blood vessel maturation, and in stabilization of
vessels that form with injury, inflammation and tumor
growth.7,12,13 In vitro studies indicate that �4LNs directly
regulate endothelial cell proliferation and inhibit apopto-
sis.14 �4-LNs are produced by endothelial cells in most
microvessels; however, endothelial cells in the renal glo-
merulus do not express LN�4-containing isoforms.15 In-
stead, LN411 and LN421 at the endothelial-mesangial
interface are produced by the mesangial cells (MCs).15

Platelet-derived growth factor (PDGF) is the primary
growth factor responsible for MC proliferation and migra-
tion during glomerulogenesis,16 and we have shown that
PDGF-induced MC migration requires LN�4.15 This func-
tion could not be replaced by LN111 or LN511/521.15

Together these observations suggested the possibility
that deficiency of LN�4 might impair the ability of the
kidney microvasculature to mature or be repaired in
lama4�/� adult mice, resulting in kidney disease de-
spite normal initial development.

Previous reports have documented a spectrum of de-
velopmental defects and tissue maintenance defects in
lama4�/� mice. Early postal-natal hemorrhage from
birth-related trauma to fragile blood vessels occurs in
lama4�/� mice; yet, by three-weeks of age, accumula-
tion of LN�5 stabilizes vessels, although they remain
dilated.12 Vessel fragility recurs when new vessels form
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in response to injury.12 The heart forms normally, but
lama4�/� mice develop cardiomyopathy with time.17

Neurological dysfunction occurs in lama4�/� mice,
through independent defects in organizing presynaptic
specializations at neuromuscular synapses,18 and in the
ability of developing Schwann cells to properly sort and
myelinate.19,20 This report details the characteristics of
kidney abnormalities, including the development of glo-
merulosclerosis and tubulointerstitial fibrosis over time in
lama4�/� mice.

Materials and Methods

Antibodies

Polyclonal rabbit antibodies to fibronectin, throm-
bospondin, EHS LN, LN�2, LN�3, and LN�4 were devel-
oped and characterized as described previously.15,21,22

Other antibodies used are listed in Table 1. Alexa Fluor
secondary antibodies to mouse and rabbit IgG were
purchased from Molecular Probes, Eugene OR. HRP-
conjugated secondary antibodies to rabbit IgG were
purchased from Pierce, Rockford, IL.

Lama4�/� Mouse

Animal use was per the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and
approved by the Institutional Animal Care and Use
Committees of both the Oregon Health and Sciences
University and the VA Puget Sound Health Care System.
C57BL/6J mice were purchased from Jackson Laborato-
ries. Lama4 null mice originally obtained from Dr. Karl
Tryggvason12 were back-crossed for five generations to
C57BL/6J mice.18,19 Genotypes were confirmed by poly-
merase chain reaction (PCR) of tail-snip DNA, using
sense and anti-sense primers.19 Animals examined in-

cluded male and female mice, aged 7 weeks to 23
months (wild type, n � 8; lama4�/�, n � 12).

Renal Function

Renal function studies were performed on serum and
urine samples from 10 wild-type and 10 lama4�/� mice
ages 2–11 months. Urine albumin was measured by en-
zyme-linked immunosorbent assay using the Albuwell M
kit (Exocell Inc., Philadelphia, PA) per the manufacturer’s
instructions. Serum and urine creatinines were deter-
mined using the QuantiChrom creatinine assay kit (DKT-
500, BioAssay Systems, Hayward, CA). Albumin excre-
tion was expressed as �g albumin/mg creatinine. No
differences were observed with either group by age;
thus, animals were grouped for statistical comparison.

Histology

Kidneys were processed for light, electron and fluores-
cence microscopy by routine methods.23 For immuno-
histochemistry, anti-rabbit ImmPRESS reagent (Vector
Laboratories, Burlingame, CA) was used followed by
3,3�-diaminobenzidine and counter staining with hematox-
ylin performed by the Seattle Mouse Metabolic Phenotyp-
ing Center. For fluorescence microscopy, slides were
viewed using a Zeiss microscope equipped for epi-illu-
mination. Slides were photographed using a digital RT-
color Spot camera or a Zeiss AxioCam MRM black and
white camera. Glomerular diameter was measured using
the software contained in Zeiss Axiovision4.5.

Cell Culture

Cloned rat glomerular MCs (passages 8–12) were cul-
tured without supplemental insulin by modification of rou-

Table 1. Antibodies

Antibody Type Antigen Source

LN �1 mRat LN111 Dr. D. Abrahamson, University of Kansas
LN �2 pRabbit LAMA2 peptide Dr. C. Abrass, University of Washington
LN �3 (5C5) mMouse Rat 804G cells Dr. J. Jones, Northwestern University
LN �4 pGoat Mouse LAMA4, AA826-1816 R & D Systems Inc. (Minneapolis, MN)
LN �5 (H160) pRabbit LAMA5 peptide Santa Cruz Biotechnology (Santa Cruz, CA)
LN �1 (5A2) mRat LN111 Dr. D. Abrahamson, University of Kansas
LN �2 (H300) pRabbit LAMB2 peptide Santa Cruz Biotechnology
LN111 pRabbit EHS LN111 Dr. C. Abrass, University of Washington
Collagen IV (�3) mMouse Human SciMedix (Denville, NY)
WT-1 mMouse Human Santa Cruz Biotechnology
vWF pRabbit Human Sigma-Aldrich (St. Louis, MO)
�SMA mMouse Human Sigma-Aldrich
NG2 mMouse Rat Sigma-Aldrich
PDGF-BB pRabbit Human AA101-116 Calbiochem (La Jolla, CA)
PDGF-R� pRabbit Human Upstate, Biotechnology (Lake Placid, NY)
PDGF-C pRabbit Human Zymogenetics 3640 (Seattle, WA)
PDGF-D pRabbit Human Zymogenetics 3812
VEGF pRabbit Human Santa Cruz Biotechnology
Angiopoietin 2 pGoat Human Sigma-Aldrich
Activated caspase-3 pRabbit Human Cell Signaling (Danvers, MA)
GAPDH pRabbit Human Abcam (Cambridge, MA)
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tine methods.24–26 To assess the role of extracellular
matrix composition on PDGF-R� expression, MCs were
cultured on plates that had previously been coated with
LN-111 (isolated from EHS-sarcoma cells, Sigma Chem-
ical, St. Louis, MO) or LN411/421 prepared from MC
cultures.15,27

RT-PCR

Total RNA was isolated using RNAqueous-4 PCR kit (Am-
bion, Austin, TX). The RNA was treated with RNase-free
DNase, and the reverse transcription reaction was pre-
formed with MuLV reverse transcriptase and oligo(dT)
(Applied Biosystems Inc., Foster City, CA). Real-time quan-
titative PCR was performed using a ABI7900HT machine
and SYBR Green SensiMix dT (Bioline, Taunton, MA).28

The following sequences were used for primers: rat
PDGF-R�, 5�-ACACATCAAATACGCGGACA-3� and
5�-GAGCACTGGTGAGTCGTTGA-3�; mouse PDGF-R�
5�-CCGGAACAAACACACCTTCT-3� and 5�-TATCCATG-
TAGCCACCGTCA-3�, PDGF-BB, 5�-AAAGGCAAGCAC-
CGAAAGT-3� and 5�-GGGGCAATACAGCAAATACC-3�,
PDGF-D, 5�-CCCAGGAGAAAACACGGATA-3� and 5�-
TTCCACAAAGTCATACCTACAAATG-3� and 18s 5�-GACT-
CAACACGGGAAACCTC-3� and 5�-AGACAAATCGCTC-
CACCAAC-3�. Primers to GAPDH were purchase from
Qiagen, Valencia CA.

Western Blot

For whole cell lysates, cells were washed with phos-
phate-buffered saline and extracted in phosphate-buff-
ered saline containing 0.1% sodium dodecyl sulfate,
0.5% Triton X-100, and protease inhibitors (Sigma-Al-
drich). Western blots using were performed as de-
scribed.22 Densitometry was performed using 1D soft-
ware (v3.5, Kodak).

Statistical Analysis

Group means were compared by one-way analysis of
variance with subgroup testing by contrasts. P � 0.05
was considered significant.

Results

Light Microscopy

Kidney samples were examined from wild-type and
lama4�/� mice from 7 weeks to 23 months of age (Figure
1, A–F). No abnormalities were identified in wild-type
mice over the ages examined. In lama4�/� mice aged
7–14 weeks, kidney development is generally normal;
yet, glomerular capillary loops and peritubular capillaries
are dilated. Consistent with dilated glomerular capillaries,
glomeruli in lama4�/� mice were 21% larger than wild-
type mice (glomerular diameter: wild-type: 89.9 � 16.9
�m versus lama4�/� 109.2 � 16.3 �m, P � 0.01). At
ages older than 14 weeks, many glomeruli were hyper-
cellular, and areas of perivascular inflammation were ev-
ident. With increasing age, sclerotic glomeruli were more
common. Areas of tubulointerstitial fibrosis were also
present in lama4�/� animals beyond 6 months of age.
Fibrotic changes were accompanied by increased stain-
ing for collagen, thrombospondin, and fibronectin (not
shown). The progressive sequence of these findings sug-
gests that abnormalities in microvessel maturation or re-
pair contribute to accelerated kidney fibrosis as these
animals age. Studies were performed to determine
whether proteinuria or functional abnormalities were
present before the onset of fibrosis. Abnormalities in renal
function were not demonstrated up to 11 months of age
as serum creatinine values were not different from wild-
type mice (wild-type: 0.19 � 0.05 mg/dl, lama4�/�:
0.23 � 0.07 mg/dl, P � 0.05). Urinary albumin excretion
was also not elevated as compared with wild-type mice
(wild-type: 0.35 � 0.40 �g/mg creatinine; lama4�/�:
0.37 � 0.23 �g/mg creatinine, P � 0.05); thus, functional
abnormalities that develop later would reflect the increas-
ing degrees of renal scarring.

Electron Microscopy

Normal glomerular structure in wild-type mice included
endothelial cells with fenestrae and podocytes with foot
processes. Small arterioles and peritubular capillaries
with pericytes were also normal in wild-type mice (Figure

Figure 1. Light microscopy. Paraffin sections
were stained with periodic acid–Schiff. Samples
from wild-type (wt) (representative glomerulus
shown in A) and lama4�/� (ko) mice (B and
C) at 7 weeks of age and from lama4�/� ani-
mals at 6 (D), 9 (E), and 18 (F) months of age are
shown. Dilated glomerular capillaries (B) and
peritubular capillaries (B and C) are shown
(arrowheads). Note the proliferative changes in
the glomerulus in D (arrowhead), as well as the
area of tubulointerstitial fibrosis (arrow). A
perivascular inflammatory infiltrate is shown in E
(arrowhead). Glomerulosclerosis (arrow) and
tubular atrophy (arrowhead) are apparent in F.
No glomerular or tubulointerstitial fibrosis was
seen in wild-type mice up to 23 months in age.
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2, A–C). In contrast, lama4�/� mice (Figure 2, D–I) had
enlarged glomeruli with dilated capillary loops. Mesan-
gial cells (MCs) were more prominent at the glomerular
hilus, with fewer MCs supporting peripheral capillary
loops than normally occurs, and their irregular distribu-
tion coincided with irregular and dilated capillary loops.
The glomerular capillary wall is generally normal, includ-
ing podocyte foot processes, endothelial fenestrae and
glomerular basement membrane (GBM); however, there
were also frequent focal areas with outpockets of GBM.
Apoptotic glomerular endothelial cells were identified in
glomeruli examined by electron microscopy, and the
GBM was split with mesangial interposition at some sites.
Peritubular capillaries were dilated in lama4�/� mice,
and pericytes were distant from the capillary edge. Small
arterioles had increased extracellular matrix (ECM) and
multiple pericytes, yet some were not tightly invested.
Dilated glomerular capillary loops, GBM outpockets,
mesangial interposition and apoptotic endothelial cells
are likely harbingers of the sclerosis observed by light
microscopy in lama4�/� animals at later ages.

Distribution of Cell Types

Renal tissue was stained with antibodies to identify podo-
cytes (WT-1), endothelial cells (PECAM CD31, vWF,
isolectin B4), and MCs, vascular smooth muscle cells,
and pericytes (�-SMA, NG2) (Figures 3 and 4, A–D).
Staining showed similar numbers of podocytes and en-

dothelial cells in wild-type and lama4�/� mice. The in-
tensity of vWF staining was increased in lama4�/� mice
suggesting that endothelial cells are activated.29 Using
similar methods, Wang et al17 found early loss of micro-
vascular endothelial cells in the heart along with the
development of ischemia and cardiofibrosis. Significant
differences in endothelial cell numbers were not ob-
served in kidneys in animals 7–14 weeks of age, nor were
apoptotic cells detected by staining for activated
caspase 3 (less than 1% of total cells stained positively in
either wild-type or lama4�/� mice, data not shown). Al-
though a general increase in the number of apoptotic
cells was not demonstrated, the presence of apoptotic
glomerular endothelial cells in electron micrographs sug-
gests that processes similar to those demonstrated in the
heart may be occurring in the kidney, albeit at a slower
rate. In older mice, reduced numbers of endothelial cells
were observed in areas of tubulointerstitial fibrosis; thus,
in the late stages of interstitial fibrosis, ischemia may
contribute to fibrosis as occurs in the heart.17

MCs, vascular smooth muscle cells, and capillary peri-
cytes were identified by staining for �-SMA and NG230

(Figure 3). Glomerular staining indicated the presence of
MCs and their distribution coincided with what was seen
by electron microscopy. During development, �-SMA is
prominent in MCs, as well as afferent and efferent arte-
rioles. Mesangial expression declines as glomerulogen-
esis is completed.31 In contrast to the normal pattern
confirmed in wild-type mice, lama4�/� mice had in-

Figure 2. Electron microscopy. Representative
electron micrographs from wt (A–C) and (ko)
(D–I) mice at 7–14 weeks of age are shown.
Normal glomerular structure (A) including podo-
cyte foot processes, GBM, and endothelial
fenestrae (B) are shown in wild-type mice. The
circumferential pattern of pericyte investment
around an arteriole and a pericyte (arrowhead)
adjacent to an erythrocyte-filled peritubular cap-
illary is shown in (C). In lama4�/� mice dilated
glomerular capillaries are present (D). Also
shown in D (arrowhead) is a small arteriole
with pericytes and abundant extracellular ma-
trix. Lama4 null mice had normal regions of
glomerular capillary wall with normal appearing
GBM, podocyte foot processes and endothelial
fenestrae similar to wild-type mice (E). Abnor-
mal areas of GBM were also detected where
out-pockets of GBM were associated with foot
process effacement (F, asterisks). Although glo-
merular endothelial cells were abundant, apo-
ptotic endothelial cells were also noted (G,
arrowheads). Areas of mesangial interposition
with split basement membranes were also seen
in lama4�/� mice (H, arrowhead), as well as
dilated peritubular capillaries with nearby and
distant pericytes (I, arrowhead).
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creased �-SMA staining in the glomerular hilum, and
discontinuous staining in the walls of arterioles. In some
lama4�/� mice, increased �-SMA was noted in cells
associated with peritubular capillaries. �-SMA staining is
normally absent in the interstitium, but has been ob-
served in lesions associated with progressive tubuloin-
terstitial fibrosis.32

To further explore the degree of pericyte investment,
particularly given the discontinuous staining for �-SMA,
NG2 (Figure 5, A–F) staining was performed. NG2 was
identified throughout the mesangium in wild-type ani-
mals, and it was clustered at the hilus in lama4�/� mice,
similar to �-SMA. In arterioles and peritubular capillaries
of wild-type mice, NG2-positive cells formed a tight ring
around endothelial cells. Although abundant NG2-posi-
tive pericytes surrounded blood vessels in lama4�/�
mice, they did not tightly encase the vessels. The rela-
tionship of these cells to endothelial cells was confirmed
by dual staining for CD31 and isolectin B4, which showed
a discrete ring of CD31/isolectin B4 positive cells forming
the lumen in all animals (not shown). These findings
suggested an increase in number of pericytes and mi-

gration toward the vessel wall; yet, inadequate invest-
ment of endothelial cells.

Laminin Subunit Expression in lama4�/� Mice

Key transitions in LN isoforms occur during normal glo-
merulogenesis resulting in unique composition in each

Figure 3. Immunofluorescence microscopy: identification of cells. Samples
from wt and ko tissues were stained as indicated. Podocytes were identified
by staining for WT-1. Endothelial cells were identified by staining for von
Willebrand factor (vWF). Note increased staining with vWF in lama4�/�
mice indicating endothelial cell activation. Vascular smooth muscle cells and
MCs were identified by staining for �-smooth muscle actin (�SMA). Note
increased �SMA expression in the glomerular hilum and discontinuous stain-
ing of arteriole walls of the lama4�/� mice.

Figure 4. Endothelial cell staining. Endothelial cells were identified by stain-
ing with fluorescein-labeled isolectin B4. A and C: Wild-type mice. B and D:
Lama4�/� mice.

Figure 5. Pericyte staining. Samples from wt (A, C, E) and ko (B, D, F) mice
were stained with antibody to NG2. Note the increased staining in the
extra-glomerular mesangium and around afferent and efferent arterioles in B.
Note the enlarged vessels with discontinuous pericytes in D. Note the large
number of pericytes that surround, but are distant from the vessel wall in F.

PDGF in lama4 Null Mice 843
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ECM compartment. In some renal diseases, the normal
transitions and final composition are altered.33–36 Al-
though developmental transitions in expression of LN
chains occurred in lama4�/� mice, notable alterations in
some subunits occurred (Figure 6, A and B). Staining with
antibody to LN111 shows irregular organization of mes-
angial matrix in lama4�/� mice. Wide separation be-
tween adjacent tubular basement membranes (TBM) rep-
resenting the space occupied by dilated peritubular
capillaries is apparent. Although the reported distribution

of LN�4 varies,37–39 the �4 subunit is usually detected in
mesangial matrix and surrounding peritubular capillaries
as seen in wild-type mice. As expected, LN�4 was not
detected in lama4�/� mice.

As GBM matures, LN�1 and LN�1 are replaced by
LN�5 and LN�2.40,41 LN�3 is detected only on the
subendothelial side of GBM.23 TBM is usually com-
posed of LN�1, LN�5, and LN�1. These normal pat-
terns of LN subunit staining in GBM and TBM are
unaffected in lama4�/� mice.

Figure 6. Immunofluorescence microscopy: patterns and transitions in laminin isoforms. Kidneys from wt and ko mice were stained with antibodies to the
following proteins: A: LN111, LN�1, LN�2, LN�3. Anti-LN111 stains all kidney basement membranes showing overall structure. Typically this antibody stains
mesangial matrix more brightly than GBM. This was true in wild-type and lama4�/� mice. Note the irregular organization of mesangial matrix and wide
separation between adjacent tubular basement membranes, which represents the space occupied by dilated peritubular capillaries. In the mouse, staining for LN�1
is normally detected in GBM at early stages of glomerulogenesis, and disappears from this site as glomerulogenesis is completed, with detectable LN�1 remaining
in the mesangium and TBM of proximal tubules. These transitions in LN�1 were identical in 7-to 14-week-old wild-type and lama4�/� mice. Note the absence
of glomerular staining for LN�2 in lama4�/� mice (arrow) and the increase in staining around afferent and efferent arterioles at the glomerular hilum. LN�3
has a limited distribution on the endothelial side of GBM. No significant change in LN�3 was identified in lama4�/� mice. B: LN�4, LN�5, LN�1, and LN�2. LN�4
is detected in the mesangial matrix and surrounding peritubular capillaries in wild-type mice and is not detected in lama4�/� mice. During normal
glomerulogenesis, LN�5 replaces LN�1 in the GBM and it facilitates maturation and condensation of the mesangium. LN�5 is a normal component of TBM and
the peritubular capillary basement membrane. In lama4�/� mice, LN�5 staining of GBM, mesangial matrix, TBM and peritubular capillaries was not different
from wild-type mice; however, structural differences in the mesangium were apparent with staining for this LN chain. The brightly stained, condensed mature
mesangium was not uniformly present in lama4�/� mice. As glomeruli become fully mature, LN�1 in GBM is replaced by LN�2. This transition occurred normally
in lama4�/� mice. In wild-type and lama4�/� mice, LN�1 persists in other ECM compartments including the mesangium and TBM. Adjacent to TBM, a fibrillar
matrix that supports peritubular capillaries normally contains LN411 and LN511. Of note, LN�1 was not detected in this location, but LN�2 was abundant, which
indicates that peritubular capillary matrix is altered and contains only LN521 in lama4�/� mice.
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As the mesangium matures in wild-type mice, LN�1
persists and LN�2, LN�4 and LN�5 appear. As ex-
pected, LN�4 was not detected in lama4�/� mice. LN�1
and LN�5 were present and irregularly distributed in
keeping with structural changes described above. LN�2,
which is normally expressed in mature mouse mesan-
gium, was not identified in glomeruli of lama4�/� mice,
but instead was abundant in cells adjacent to afferent
and efferent arterioles. In mice, LN�2 is a product of
MCs; thus, this observation suggests that MCs are abun-
dant in the hilar region and adjacent to the afferent and
efferent arterioles (extraglomerular mesangium), but less
abundant in peripheral loops of the glomerulus. This co-
incides with the distribution of MCs described above.

Peritubular capillaries normally stain with antibodies to
LN�4, LN�1, and lower amounts of LN�5 (see wild-type
mice in Figure 6). The appearance of LN�5 at 1–3 weeks
after birth is reported to stabilize microvessels in other
organs in the lama4�/� model (12); similar to those
reports, peritubular capillaries remain dilated. New ex-
pression of LN�2 was seen in the lama4�/� mice in the
fibrillar matrix that supports peritubular capillaries. LN �1
that is normally expressed in this location was not de-
tected. We previously reported a similar change in focal
capillaries around proximal tubules in individuals with
transplant rejection.42 The functional significance of new
expression of LN�2 in this location is unknown, although
similar transitions have been reported in other capillaries
during active angiogenesis and microvessel matura-
tion.7,43 The expression of LN�2 and LN�5 in the face of
altered peripheral migration of MCs and poor pericyte
investment of other microvessels argues that these LN
subunits cannot substitute for LN�4 in mediating these
functions.

Growth Factor Expression Over Time in
lama4�/� Mice

Although microvessels form in lama4�/� mice, each of
the changes described above indicate that there is poor
pericyte investment and failure of vessel maturation. Nor-
mally, these processes are carefully orchestrated by se-
quential expression and down-regulation of a series of
growth factors. During development, VEGF-A drives
endothelial cell proliferation and migration. Then, endo-
thelial cells secrete PDGF-BB, which recruits PDGF-R�-
bearing pericytes to blood vessels and MCs to the
glomerulus.31,44 As pericytes coat the expanding endo-
thelial tubes, they initiate a series of reciprocal changes
between the two cells that slow vessel growth and en-
hance cell differentiation. In keeping with this, VEGF and
PDGF-BB are normally present in developing glomeruli,
but, their expression is significantly reduced when matu-
ration is complete.31 In lama4�/� mice 7–14 weeks of
age, expression of VEGF, VEGFR2, VEGFR1, angiopoi-
etin 2 (Ang2) and Tie2 were not different from wild-type
mice (not shown); yet, PDGF-BB (mRNA and protein) and
PDGF-R� expression were significantly increased in glo-
merular and peritubular areas (Figure 7, A–J). These data
indicate that reductions in pericyte coverage do not result

from absence of PDGF/PDGF-R�; however, in the ab-
sence of LN�4, appropriate down-regulation of the
PDGF/PDGF-R� system that is normally associated with
vessel maturation did not occur.

PDGF-BB is known to lead to glomerulosclerosis
through stimulation of mesangial proliferation and an in-

Figure 7. PDGF and PDGF-R�. Staining for PDGF-BB (A–D) and PDGF-R�
(E–H) are shown in wt (A, C, E, G) and ko (B, D, F, H) mice. Note increased
staining for both PDGF and PDGF-R� in lama4 mice. qPCR for PDGF-B
mRNA (I) and PDGF-R� mRNA (J). mRNA in whole kidney cortex was
determined by qPCR and corrected for 18S RNA. The line represents the
upper value detected in normal mice. Note that mRNA for PDGF-R� was
significantly increased (P � 0.05) in ko mice.

PDGF in lama4 Null Mice 845
AJP February 2010, Vol. 176, No. 2



crease in matrix synthesis. PDGF-BB also contributes to
interstitial fibrosis in a variety of kidney diseases.45,46

PDGF-BB may indirectly promote renal fibrosis as pro-
longed stimulation with PDGF-BB leads to transforming
growth factor-� and chemokine synthesis.45 Based on
these known effects of PDGF-BB, and because the in-
crease in PDGF-BB and PDGF-R� observed in the first
three months of life persisted as animals aged, we pos-
tulate that PDGF-BB contributes to the development
of glomerulosclerosis and tubulointerstitial fibrosis in
lama4�/� mice. There has been recent interest in the
potential role of PDGF-CC and PDGF-DD in microvessel
development and renal disease progression.45 Although
we did not detect significant amounts of PDGF-CC in
wild-type or lama4�/� mice (data not shown), distinct
increases in PDGF-DD (mRNA or protein) were observed
(Figure 8, A–E). In the context of the present studies,
expression of both PDGF-BB and PDGF-DD could stim-
ulate angiogenesis of peritubular capillaries, retard their
maturation, and drive fibrosis in both the glomerulus and
interstitium. As glomerulosclerosis and tubulointerstitial
fibrosis develop, ischemia may stimulate the production
of other cytokines that further aggravate fibrosis. The
increases in VEGF-A and Ang2 that were observed in
fibrotic kidneys in older lama4�/� mice (Figures 9, A–D,
and 10, A–D) are likely a consequence of the earlier

changes, but they may contribute to progressive fibrosis
as mice age.

In Vitro Studies

There is growing evidence that expression of LN411/421
is important for blood vessel growth and repair after
development,7,13 although the mechanisms responsible
for these effects are unknown. To investigate this pro-
cess, we asked if LN�4 expression played a direct role in
controlling growth factor and/or growth factor receptor
expression. MCs were cultured on plates coated with
LN111 or LN411/421. mRNA was extracted and analyzed
by qPCR, and cell lysates were analyzed by Western blot.
MCs plated on LN411/421 exhibited marked down-regu-
lation of PDGF-R� mRNA and protein in comparison with
cells plated on LN-111 (Figure 11). PDGF-BB mRNA was
not detected in MCs plated on either substrate. Our pre-
vious findings showing that LN�4 is required for PDGF-
induced migration,15 indicate that pericyte investment

Figure 8. PDGF-DD. Staining for PDGF-DD
shown in wt (A and C) and ko (B and D) mice.
Note increased staining in lama4�/� mice. E:
PDGF-D mRNA. mRNA in whole kidney cortex
was determined by qPCR corrected for 18S RNA.
The line represents the upper value detected in
normal mice.

Figure 9. VEGF Staining. In lama4�/� mice (B, C, D) over 9 months of age,
there was an increase in VEGF staining in both the glomerulus and peritu-
bular capillaries as compared with wt mice (A).

Figure 10. Angiopoietin 2 Staining. In animals over 9 months of age, there
was a modest increase in Ang2 staining in both the glomerulus and peritu-
bular capillaries in ko mice (B and D) as compared with wt mice (A and C).
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might be reduced when LN�4 expression is reduced
even when PDGF and PDGF-R� are abundant. These
findings complement those made in vivo and suggest that
LN�4 plays a role in pericyte recruitment and the coop-
erative interaction between these cells that promotes glo-
merular and blood vessel maturation.

Discussion

Evaluation of kidneys in lama4�/� mice shows reduced
MC/pericyte investment of glomeruli and peritubular cap-
illaries. With reduced pericyte investment, capillaries re-
main dilated, and PDGF/PDGF-R�, which can drive blood
vessel growth and fibrosis are not appropriately down-
regulated. With time, glomerulosclerosis and tubulointer-
stitial fibrosis develop. In vitro studies support a role for
LN411/421 in microvessel growth and maturation,7,13 in-
cluding PDGF-BB-mediated MC migration15 and down-
regulation of PDGF-R� expression. LN�4 protects endo-
thelial cells from apoptosis14; thus, without this subunit,
endothelial loss ultimately contributes to ischemia driven
fibrosis, particularly in the interstitium. This occurs at an
earlier age in the heart than in the kidney.17 Recent
evidence showing that mutations affecting LN�4 expres-
sion contribute to the development of cardiomyopathy in
humans suggests that these individuals may also be
prone to kidney fibrosis. The rate of kidney fibrosis may
be influenced by the frequency of minor injury to the
kidney where microvessel repair is altered.

The role of angiogenic growth factors and their recep-
tors in blood vessel and glomerular development has
been extensively reviewed.47–49 Elegant studies from
Quaggin and colleagues and others47,48 have estab-
lished the importance of VEGF-A in endothelial proliferation
and migration into the vascular cleft of the developing
glomerulus and other blood vessels.50 Podocyte-derived
angiopoietin-1 (Ang1) synergizes with VEGF to enhance
proliferation and migration and prevent endothelial ap-
optosis via Tie2-mediated activation of PI3K/Akt.51

Regulated expression of various receptors also influ-
ences the sequence of vessel maturation.51 For example,
VEGFR-2 initiates vasculogenic formation of glomerular
endothelial cells (GEnC), whereas VEGFR-1 modulates
development into blood vessels.51 Podocyte-GEnC inter-

actions are critical in the early stages of glomerulogen-
esis and in maintenance of the slit diaphragm.52 These
relationships appear normal in lama4�/� mice as the
capillary wall formed normally, with appropriate transi-
tions in ECM composition and no detectable changes in
VEGF mRNA or protein.

GEnC-MC and podocyte-MC interactions are impor-
tant for completion of glomerulogenesis and for repair in
glomerular disease.53–55 Recruitment of mesangial pro-
genitors into the developing glomerulus is dependent on
GEnC secretion of PDGF-BB and MC expression of
PDGFR�.16,56 Once pericytes or MC contact endothelial
cells, they secrete Ang2, which antagonizes Ang1-medi-
ated activation of Tie2 on endothelial cells, thereby sup-
pressing endothelial cell proliferation and migration.57,58

PDGF plays a similar role in pericyte recruitment to ves-
sels in other organs.44 VEGF remains cell-associated,
presumably bound to ECM,59 where it increases the de-
gree of pericyte coverage of capillaries.60 In turn, the
density of pericyte investment influences the stability of
endothelial cells and protects them from apoptosis. Nor-
mally, PDGF-BB secretion by endothelial cells falls fol-
lowing contact with pericytes, which in turn controls the
density of pericyte investment.57 Contact with endothelial
cells reduces pericyte expression of �SMA and en-
hances expression of differentiation markers including
desmin, smooth muscle myosin and NG2.61 These data
show that reciprocal interactions between endothelial
cells and pericytes determine the degree of pericyte
investment of blood vessels and the maturation of both
cell types. Disruption of the final stages of glomerular and
blood vessel maturation with persistent overexpression of
PDGF-BB and PDGF-R� in lama4�/� mice suggest that
LN411/LN421 are critical to this process.

Matrix attachment of PDGF and VEGF are required for,
or enhance, the proliferative and migratory responses of
cells to these growth factors.62,63 Although it is not known
if LN�4-containing isoforms bind, retain, and present
growth factors to the cell, it is possible that lack of LN�4
reduces or abolishes the effect of PDGF-BB on MC/
pericyte proliferation, migration, or differentiation. We
have shown that PDGF-BB-induced MC migration re-
quires interaction with the LN�4 chain of LN411.15 This
may explain the inadequate migration of MCs and peri-
cytes despite abundant PDGF-BB, which is manifested
by a reduction in MCs in the periphery of the glomerulus
and an irregular pericyte investment in other microves-
sels. Without reciprocal interaction with endothelial cells,
PDGF-R� expression and that of other proangiogenic
factors fail to be properly modulated to promote vessel
maturation. Although much less is known about the biol-
ogy of PDGF-DD, if it remains uncleaved following secre-
tion, it can inhibit binding of PDGF-BB to the PDGF-R�.64

This might further prevent vessel maturation. Because
PDGF-BB and PDGF-DD are potent growth factors that
can induce progressive glomerulosclerosis and tubuloin-
terstitial fibrosis when elevated expression persists, we
postulate that continued overexpression of PDGF-BB and
PDGF-DD contributes to the late stage of kidney fibrosis
in the lama4�/� mice. The importance of LN�4 to this
process was shown in vitro, in which we found that MC

Figure 11. In vitro studies. Plating of MCs on LN411/421 as compared with
LN111 was associated with a decrease in PDGF-R� mRNA (bar graph, left)
and protein (Western blot, right).

PDGF in lama4 Null Mice 847
AJP February 2010, Vol. 176, No. 2



exposure to LN411/421 directly led to PDGF-R�
down-regulation.

This report provides new insights into the cell and
molecular mechanisms controlling the structure of the
peritubular capillary. Normally these vessels are small,
surrounded by fibrillar ECM composed of LN511 and
LN411, with a limited number of pericytes. In lama4�/�
mice, there was an increase in LN521 with a reduction or
loss of LN511. Only on rare occasions is LN�2 detected
in cortical peritubular capillaries. The significance of the
increase in LN�2 in this region is not known. As we have
found that PDGF-BB does not induce a change in LN�2
transcription or protein (data not shown), it suggests that
other factors contribute to this change in LN�2. Although
the lack of LN�4 does not lead to major developmental
abnormalities, it influences maturation of microvessels
and responses to injury that could contribute to the de-
gree and speed with which kidney fibrosis occurs. Simi-
larities between cardiomyopathy observed in lama4�/�
mice and humans with mutations in this gene raise the
possibility that these individuals will also develop abnor-
malities in their kidneys.

Acknowledgments

We appreciate the excellent technical assistance of Anne
K. Berfield and thank the Seattle Mouse Metabolic Phe-
notyping Center and Dr. Charles Alpers for staining tis-
sues for PDGF-DD.

References

1. Kleinman HK, Weeks BS, Schnaper HW, Kibbey MC, Yamamura K,
Grant DS: The laminins: a family of basement membrane glycopro-
teins important in cell differentiation and tumor metastases. Vitamins
Horm 1993, 47:161–186

2. Goldfinger LE, Stack MS, Jones JCR: Processing of laminin-5 and its
functional consequences: role of plasmin and tissue-type plasmino-
gen activator. J Cell Biol 1998, 141:255–265

3. Burgeson RE, Chiquet M, Deutzmann R, Ekblom P, Engel J, Kleinman H,
Martin GR, Meneguzzi G, Paulsson M, Sanes J, Timpl R, Tryggvason K,
Yamada Y, Yurchenco PD: A new nomenclature for the laminins. Matrix
Biol 1994, 14:209–211

4. Yamashita H, Beck K, Kitagawa Y: Heparin binds to the laminin �4
chain LG4 domain at a site different from that found for other laminins.
J Mol Biol 2004, 335:1145–1149

5. Talts JF, Sasaki T, Miosge N, Gohring W, Mann K, Mayne R, Timpl R:
Structural and functional analysis of the recombinant G domain of the
laminin �4 chain and its proteolytic processing in tissues. J Biol Chem
2000, 275:35192–35199

6. Nomizu M, Song S-Y, Kuratomi Y, Tanaka M, Kim WH, Kleinman HK,
Yamada Y: Active peptides from the carboxy-terminal globular domain of
laminin �2 and Drosophila � chains. FEBS Lett 1996, 396:37–42

7. Hibino S, Shibuya M, Engbring JA, Mochizuki M, Nomizu M, Kleinman
HK: Identification of an active site on the laminin �5 chain globular
domain that binds to CD44 and inhibits malignancy. Cancer Res
2004, 64:4810–4816

8. Miner JH, Sanes JR: Collagen IV �3, �4, and �5 chains in rodent
basal laminae: sequence, distribution, association with laminins, and
developmental switches. J Cell Biol 1994, 127:879–891

9. Paulsson M, Saladin K: Mouse heart laminin. J Biol Chem 1989,
264:18726–18732

10. Marinkovich MP, Lundstrum GP, Keene DR, Burgeson RE: The der-
mal-epidermal junction of human skin contains a novel laminin vari-
ant. J Cell Biol 1992, 119:695–703

11. Engvall E, Earwicker D, Haaparanta T, Ruoslahti E, Sanes JR: Distribu-
tion and isolation of four laminin variants; tissue restricted distribution of
heterotrimers assembled from five different subunits. Cell Regul 1990,
1:731–740

12. Thyboll J, Kortesmaa J, Cao R, Soininen R, Wang L, Iivanainen A,
Sorokin L, Risling M, Cao Y, Tryggvason K: Deletion of the laminin �4
chain leads to impaired microvessel maturation. Mol Cell Biol 2002,
22:1194–1202

13. Zhou Z, Doi M, Wang J, Cao R, Liu B, Chan KM, Kortesmaa J, Sorokin
L, Cao Y, Tryggvason K: Deletion of laminin-8 results in increased
tumor neovascularization and metastasis in mice. Cancer Res 2004,
64:4059–4063

14. DeHahn KC, Gonzales M, Gonzalez AM, Hopkinson SB, Chandel NS,
Brunelle JK, Jones JC: The �4 laminin subunit regulates endothelial
cell survival. Exp Cell Res 2004, 294:281–289

15. Hansen KM, Abrass CK: Laminin-8/9 is synthesized by rat glomerular
mesangial cells and is required for PDGF-induced mesangial cell
migration. Kidney Int 2003, 64:110–118

16. Soriano P: Abnormal kidney development and hematological disorders
in PDGF �-receptor mutant mice. Genes Dev 1994, 8:1888–1896

17. Wang J, Hoshijima M, Lam J, Zhou Z, Jokiel A, Dalton ND, Hultenby
K, Ruiz-Lozano P, Ross J Jr, Tryggvason K, Chien KR: Cardiomyop-
athy associated with microcirculation dysfunction in laminin �4 chain-
deficient mice. J Biol Chem 2006, 281:213–220

18. Patton BL, Cunningham JM, Thyboll J, Kortesmaa J, Westerblad H,
Edstrom L, Tryggvason K, Sanes JR: Properly formed but improperly
localized synaptic specializations in the absence of laminin alpha4.
Nat Neurosci 2001, 4:597–604

19. Yang D, Bierman J, Tarumi YS, Zhong YP, Rangwala R, Proctor TM,
Miyagoe-Suzuki Y, Takeda S, Miner JH, Sherman LS, Gold BG, Patton
BL: Coordinate control of axon defasciculation and myelination by
laminin-2 and -8. J Cell Biol 2005, 168:655–666

20. Wallquist W, Plantman S, Thams S, Thyboll J, Kortesmaa J, Lännergren
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