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Charles Frevert, DVM ScD 

Department of Comparative Medicine 

Versican is a chondroitin sulfate proteoglycan and a component of the extracellular matrix that 

has previously been shown to have an important role during the embryonic development of many 

organs.  In this study, versican expression in the head, heart, lung and liver was tracked during 

development in the mouse.  Versican gene expression and quantitative β-GAG 

immunohistochemistry performed from embryonic day (E) 11.5 to E15.5 showed peak versican 

expression at E13.5 in the lung and the brain.  Quantitative β-GAG immunohistochemistry and 

mRNA analysis of the embryonic head, liver, and lung had identical patterns of versican 

expression.  Versican degradation, as measured by DPEAAE immunoreactivity, showed an 

inverse pattern of expression compared to β-GAG immunoreactivity, and there was co-

localization of β-GAG and DPEAAE positive staining, suggesting complementary roles of 

versican deposition and degradation in embryogenesis.
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Introduction 

 Versican, a member of the lectican family, is the largest chondroitin sulfate proteoglycan 

and a component of the extracellular matrix which has an important role in the development of 

the lung, heart, musculoskeletal system, and central nervous system [1],[2],[3],[4],[5],[6],[7].  

The structure of versican is characterized by an approximately 550 kDa core protein consisting 

of an amino-terminal (G1) domain which binds hyaluronan and a carboxy-terminal (G3) domain, 

as well as two central chondroitin sulfate glycosaminoglycan attachment domains, the GAG α 

and GAG β domains [5],[8],[9],[10] (Figure 1).  Versican has 4 different isoforms: V0 (which 

contains both α and β GAG chains), V1 (which contains only the β chain), V2 (which contains 

only the α chain), and V3 (which contains neither GAG chain) [8],[11] (Figure 1).  V1 versican 

promotes cell growth, aggregation, and a mesenchymal-epithelial transition, while the V2 

isoform appears to have an inhibitory effect [11],[12],[13],[14]. The V2 (most likely exclusive to 

brain), V3, V1, and V0 isoforms are present in adult tissues [8],[10],[15].  The V0 and V1 

isoforms predominate during embryonic development and decrease rapidly at birth 

[3],[7],[10],[16],[17].  In one study, expression of V0 and V1 decreased in brain by 90% after 

birth to a baseline, low adult level [7].  Through interactions with hyaluronan and other 

extracellular matrix molecules and cell surface proteins, versican plays an important role in 

regulating cell behaviors such as cell adhesion, migration, proliferation, differentiation, 

apoptosis, morphogenesis, and extracellular matrix and water content maintenance [5],[6],[12], 

[18],[19],[20],[21],[22].   

 Versican is present at low levels in most adult tissues and is increased with inflammation 

[23].  V2 versican is normally present in the adult central nervous system, predominantly in 
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white matter, in some neuronal somata and dendrites, and potentially in the perineuronal net 

extracellular matrix [10],[11],[24].  Versican in the CNS inhibits neural differentiation and 

neurite growth and is increased following injury and altered in pathological conditions such as 

multiple sclerosis [11],[14],[25],[26],[27].  In the lung, versican accumulation is increased in 

such pathological conditions as acute respiratory distress syndrome (ARDS), chronic obstructive 

pulmonary disease (COPD), sarcoidosis, tuberculosis, extrinsic allergic alveolitis, and 

experimentally induced asthma [22],[23],[28],[29],[30]. 

  In a previous study, the highest level of versican expression in the mouse was detected 

at embryonic day (E) 13.5, with a 21 day gestation typical for the mouse, and the versican signal 

detected in the whole embryonic mouse was much higher than in adult tissues [31].  In adults, 

the highest expression of versican is found in the brain, with the least expression in the liver and 

intermediate expression in the lung and heart [31].  In the developing brain, the roles of the V0 

and V1 isoforms in neural differentiation, neural crest cell migration, and neurite outgrowth have 

been studied [16],[32],[33].  Immunohistochemistry performed in chick embryos showed 

absence of versican in migration pathways and presence of versican expression in barrier tissues, 

which suggests an important function of versican in formation of the peripheral nervous system 

by guiding neural crest cells and axons to target regions [16].  Embryonic neural crest stem cells 

from the mouse have also been shown to avoid V0/V1 containing substrates in vitro [34].  Both 

V0/V1 and V2 gene expression have been demonstrated in neuronal precursor cells and glial 

lineage cells isolated from E16 rat spinal cord and in cerebral cortex from E16 and E19 rats and 

P0 and P7 mice [10],[11],[35].  Increasing levels of the V2 isoform by α-GAG 

immunohistochemistry have been reported in the developing rodent brain after P18 [7],[36].
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Changes in versican gene expression and immunohistochemistry during development 

have been well characterized in the heart [5],[37].  Versican is critical in cardiac atrioventricular 

canal (AVC) cushion development and ventricular septal formation, and versican deficient mice 

develop fatal cardiac defects by E10.5 [4],[5].  Studies performed in later term murine embryos 

have shown a significantly higher versican expression in embryonic as compared to adult aorta 

[38].   

In the lung, previous work in the mouse suggests peak versican gene expression at E13.5, 

with a subsequent notable decline over time to E18.5 [39].  Immunohistochemical studies 

performed in the mouse have also shown versican distribution throughout the lung at E16.5, with 

immunostaining present in the lung mesenchyme and around the basement membrane of the 

bronchiolar epithelium [40].  Studies in sheep have shown distribution of versican throughout the 

perialveolar region at all embryonic ages evaluated, with a decrease in versican lung expression 

in the perisaccular and alveolar regions over the last trimester of pregnancy associated with a 

reduction in lung tissue volume [3].  These results suggest an important role of versican in 

structural lung development [3].   

Versican immunohistochemistry is performed using an α-GAG or a β-GAG antibody, 

which react with the V2 and V1 versican isoforms, respectively [7],[10],[35] (Figure  1).  

Previous studies in embryonic mice have shown stronger β-GAG than α-GAG staining in tissues 

of the developing murine limb and human fetal spine, consistent with predominance of the V1 

isoform during embryonic development [41],[42].  Previous work has shown both α-GAG and β-

GAG reactivity in the developing rodent brain, although the distribution of immunostaining 



4 

 

differs somewhat for the two antibodies as areas such as the fimbria of the hippocampus and 

Purkinje cells are positive only on α-GAG versican immunohistochemistry in late gestation [35]. 

Versican and other proteoglycans are degraded by a family of A Disintegrin and 

Metalloproteinase with ThromboSpondin motifs (ADAMTS) proteinases [43],[44],[45].  

Cleavage of V1 versican by ADAMTS-1, -4, -5, and -9 results in an approximately 70 kilodalton 

fragment containing the neoepitope sequence DPEAAE [17],[43],[45],[46],[47],[48],[49].  

Previous studies have shown increased DPEAAE immunoreactivity adjacent to areas of versican 

immunoreactivity in the embryonic mouse limb and heart [46],[50],[51].  Versican and 

ADAMTS expression have also been shown to overlap and co-localize in the embryonic heart 

and lung suggesting increased proteolysis of versican during development [40],[50].  ADAMTS-

1 reactivity was the most pronounced in one study of embryonic limb development in the mouse 

[46], and ADAMTS-1 also has been shown to be strongly expressed in the rodent embryonic 

brain, heart, lung, limb, liver, spleen and kidney [50],[52],[53].  The highest expression of 

ADAMTS-1 in one study of embryonic mice occurred in the kidney, pancreas, lung, heart, and 

placenta in late gestation (E16) [53].  In a study using embryonic rats, ADAMTS-1 expression 

decreased in later embryonic ages and in adult tissues [52].  ADAMTS-4 appears to be sparsely 

expressed during mouse embryonic development [46],[50].  ADAMTS-5 is expressed in many 

tissues during mouse development (brain, limb muscle, tendon, and interdigital mesenchyme) 

[40].  Severe developmental abnormalities have not been noted in either Adamts-1 or Adamts-5 

knockout mice, although Adamts-1-/-mice are smaller than wild type mice with reduced fertility 

and renal changes and a mild increase in cardiac valve size in late embryonic development in 

Adamts-5-/- mice has been reported [54],[55].  It is possible that there is redundancy or 
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compensation for the loss of one ADAMTS proteinase by the others in terms of versican 

proteolysis [40],[56].  Developmental anomalies such as syndactyly and cleft palate have been 

described in murine models with compound ADAMTS gene mutations [43],[57],[58]. 

The goal of this project was to track changes in versican expression via polymerase chain 

reaction and immunohistochemistry in the brain, heart, liver, and lung during embryonic 

development at five time points in the mouse.  The hypothesis was that total versican expression 

would change with key developmental events but would generally tend to decrease with 

increasing gestational age.  A secondary goal of this project was to track versican degradation 

products during embryonic development, with a particular focus on the developing nervous 

system and lung, with the hypothesis that DPEAAE versican fragments would inversely correlate 

with total versican expression.  A five day time frame during development centered on E13.5 

was chosen, as this day has previously been shown to have the highest versican expression in the 

total mouse embryo and in the developing mouse lung.  Changes in versican gene expression and 

quantitative versican and DPEAAE immunohistochemistry over this time period in the 

embryonic mouse lung and brain have not previously been reported.
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Materials and Methods 

Animal Model 

C57Bl6/J wild type mice (The Jackson Laboratory, Bar Harbor, ME) housed under 

standard conditions and a 12:12 dark: light cycle were time mated approximately 1 hour prior to 

the onset of the dark cycle and were checked for presence of a vaginal plug the following 

morning.  Embryos were considered to be gestational age 0.5 days (E0.5) on the morning that the 

vaginal plug was identified.  E11.5-E15.5 (inclusive) embryos were harvested in the morning.  

Embryos were staged to ensure age appropriate development, and embryos that did not appear 

developmentally age appropriate were excluded [59].  Three litters for each time point were 

collected, with a median of 7 embryos per litter and 20 embryos per time point collected.  

Embryos were harvested and placed in ice-cold phosphate buffered saline (PBS) solution.  From 

each litter harvested, three randomly-selected embryos were used for immunohistochemistry and 

the remaining embryos were used for mRNA isolation.  Cerebrum, heart, liver, and lung samples 

were harvested from six 8-12 week old male and female C57Bl6/J mice and used as controls.  

All procedures were performed as part of an approved scientific protocol in accordance with the 

University of Washington Institutional Animal Care and Use Committee (IACUC). 

Quantitative Real Time Reverse Transcription-PCR 

Embryos used for mRNA isolation were dissected and the head, whole heart, whole lung, 

and whole liver were removed and placed in RNAlater (AMBION, Austin, Texas) at a 1:10 ratio 

and stored at 4°C for less than 1 week until processing.  Head, heart, lung, and liver from all of 

the embryos in the litter were pooled by organ for mRNA isolation, with the exception of heads 
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from E13.5 and older embryos, which were processed separately due to their larger size.  For 

E13.5 and later embryos, the face and snout was dissected from the head and removed prior to 

processing.  Tissues from six adult mice were collected immediately following CO2 euthanasia 

and included a section of cerebral cortex, sagittal section of heart incorporating atria, valve, and 

ventricle, portion of liver lobe excluding gall bladder, and section of peripheral lung excluding 

trachea and primary bronchi.  Tissues for immunohistochemistry (brain, removed in its entirety 

and sectioned in the sagittal plane; liver; lung; and heart) were harvested from three of these 

adult wild type C57Bl/6 mice following CO2 euthanasia. 

For mRNA isolation, tissues were removed from RNAlater and placed in 1:100 lysis 

buffer with beta-mercaptoethanol.  Tissues were homogenized for 20-40 seconds and centrifuged 

for 4 minutes at 400xG.  RNA was extracted from the supernatant using RNAeasy Mini Kit as 

directed by the manufacturer (QIAGEN, www.qiagen.com) and cDNA was reverse transcribed 

using random primers with the High Capacity cDNA Reverse Transcription Kit as directed by 

the manufacturer (Applied Biosystems, Foster City, CA).  Quantitative real time reverse 

transcription polymerase chain reaction (PCR) was performed on a ABI Prism 7900HT Fast 

Real-Time PCR System using Taq Man Universal PCR Master Mix Reagents as directed by the 

manufacturer (Applied Biosystems, Foster City, CA).  The ABI Gene Expression Assays used 

are as follows:  versican, Hs00171642_m1;18S, Hs99999901_s1; V0 primer (MUV0), 

A1X00D8; V1 primer, Mm00490173_m1; V2 primer (MUV2), A1WR170; V3 primer, 

Rn01493763_m1; ADAMTS1, Mm00477355_m1. The ABI Gene Expression Assay forward 

and reverse primers are proprietary.  Normalized mRNA levels were then expressed as -fold of 

levels in adult control tissues using the comparative cycle threshold (Ct) method.  Delta Ct (∆Ct ) 
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was calculated as the difference in Ct values for the target genes compared to 18S and relative 

mRNA was calculated as 2-∆∆Ct as previously described [60],[61]. 

Total versican PCR was performed two times per sample for the liver and heart and three 

times per sample for the lung and head.  Versican isoform PCR (V0 primer, V1 primer, V2 

primer, V3 primer) was performed once for the lung and head, with all samples on a single plate.  

PCR was performed once with all of the samples on a single plate with the Versican V3 plasmid 

(mouse) total versican standard (generous gift of Kathleen Braun, Benaroya Research Institute) 

at dilutions of 3x10^5 copies, 3x10^4 copies, 3x10^3 copies, 3x10^2 copies, 30 copies, and 0 

copies/9 µL.  A versican standard curve was constructed relating Ct value to versican copy 

number.  The copy number for the embryonic tissues based on versican mRNA Ct values for 

15ng cDNA was calculated according to this standard curve using the equation: Copy number = 

e^(-0.7482*Ct + 29.4752). 

Versican and DPEAAE Quantitative Immunohistochemistry 

Embryos for immunohistochemistry (IHC) were removed from the embryonic 

membranes, fixed in 10% neutral buffered formalin for approximately 24-48 hours, and then 

transferred to 70% ethanol for approximately 24-72 hours prior to processing.  Embryos at 14.5 

and 15.5 days post conception were chilled on ice until anesthetized and immobile and were 

either decapitated or transected caudal to the thorax with sharp scissors prior to formalin fixation.  

Embryos were routinely paraffin embedded with three embryos per litter on one slide positioned 

in the same orientation and sectioned along the sagittal plane to include brain, heart, lung, and 
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liver.  Heart, lung, liver, and brain from 8-12 week old adult control mice harvested following 

euthanasia by carbon dioxide asphyxiation were routinely processed and paraffin embedded. 

 The primary antibody to detect versican accumulation was the β-GAG antibody  

(Millipore #1033, lot #2006928) for one hour at 2 µg/mL following pretreatment with 

Chondroitinase ABC for 1 hour and HIER1 (Citrate) for 10 minutes.  Immunohistochemistry for 

the α-GAG antibody (Millipore #1032) at 2 µg/ml for one hour following pretreatment with 

Chondroitinase ABC for 1 hour and HIER1 (Citrate) for 10 minutes was also performed on one 

litter (three individual embryos) of E12.5 embryos and two litters (three embryos per litter) of 

E13.5 embryos.  Immunohistochemistry was performed for DPEAAE-reactive versican 

fragments using the αDPE Vc neoepitope (Thermoscientific #PA1-1748A, lot#NE161982) at 2.5 

µg/mL (Primary antibody) for 1 hour with HIER2 (EDTA) for 10 minutes. 

Slides were scanned in Brightfield at a 20X objective using a Nanozoomer Digital 

Pathology slide scanner (Hamamatsu; Bridgewater, New Jersey).  The digital images were then 

imported into Visiopharm software (Hoersholm, Denmark) for analysis.  Using the Visiopharm 

Image Analysis module, regions of interest (ROIs) were manually drawn around relevant areas.  

The software was then trained to label Versican-positive or DPEAAE-positive staining versus 

unstained tissue using a project-specific configuration based on a threshold of pixel values. The 

images were processed in batch using this configuration to generate the desired outputs (area of 

Versican, ratio of Versican to total tissue area, area of DPEAAE, and ratio of DPEAAE to total 

tissue area).
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A sample image of organ measurements obtained is provided (Figure 2).  Head and brain 

measurements were obtained separately.  Brain was measured exclusive of the ventricle.  Head 

was measured exclusive of the snout and soft tissue to approximate the sample obtained for 

mRNA analysis.  If the organ was not visible or substantially damaged during processing, then 

analysis was not performed.  Based on output for each embryo analyzed, the mean value for each 

organ at each embryonic age was calculated by averaging the results for the three embryos in 

each litter and then averaging the three litters from each embryonic age. 

Statistics 

 Statistics and images were generated in GraphPad Prism (San Diego, California).  For 

PCR analyses of total versican gene expression, the fold increase over the adult control was 

calculated for each embryo litter on two separate runs for liver and heart and three separate runs 

for head and lung.  Three litters per time point were used for E11.5, E12.5, and E15.5.  Four 

litters per time point were used for E13.5 and E14.5.  Values from each PCR run for fold 

increase over adult control of each embryo litter were averaged and the result was log 

transformed to yield an approximately normal distribution.  For PCR analyses of the four 

versican isoforms, the fold increase over adult control was calculated for each embryo litter on 

one run for the lung and head samples only.  For β-GAG versican and DPEAAE quantitative 

immunohistochemistry analyses, the ratio of positive staining to total tissue area was calculated 

for each organ in each embryo and values from mice in the same litter were averaged and log 

transformed to yield an approximately normal distribution.  Age and organ comparisons for PCR 

and quantitative immunohistochemistry data were analyzed by one way ANOVA followed by 
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Tukey's post test.  Statistical results with a p-value < 0.05 were considered statistically 

significant. 
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Results 

Versican relative mRNA is highest in the lung and head at E13.5, and by E15.5 an adult 

pattern of relative versican expression is present, with the highest expression in the brain and 

lowest expression in the liver. 

All of the embryonic tissues had higher levels of versican gene expression by PCR than 

the adult controls (Figure 3). The embryonic head had significantly higher versican gene 

expression than the adult brain at E13.5, E14.5, and E15.5 (p<0.05).  The embryonic heart had 

significantly higher versican gene expression than the adult heart at E12.5 and E13.5 (p<0.05).  

The embryonic liver had significantly higher versican gene expression than the adult liver at 

E11.5, E12.5, and E13.5 (p<0.05).  The embryonic lung had significantly higher versican gene 

expression than the adult lung at E11.5, E12.5, E13.5, and E14.5 (p<0.05).  In the adult, the liver 

had the least versican expression (27 copy numbers per 15ng cDNA) and the brain had the most 

versican expression (1705 copy numbers per 15ng cDNA).  Versican gene expression in the 

heart and lung was intermediate, with 1435 copy numbers and 552 copy numbers per 15ng 

cDNA, respectively.   

Among the embryonic tissues, the liver had the least versican gene expression at every 

time studied (Figure 3).  Further, versican gene expression in the liver varied significantly by 

time (p=0.0024) and versican expression decreased significantly from E11.5 to E15.5 (p<0.05).  

Versican expression in the liver by Ct value for 15ng cDNA was significantly lower than in the 

lung and heart at E11.5 and than in the lung, heart and head at E12.5, E13.5, E14.5, and E15.5 

(p<0.05).  Versican gene expression in the head increased from E11.5 to E15.5, and at E15.5 the
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head had the highest versican gene expression (lowest Ct value, highest copy number) of all of 

the organs.  Versican gene expression in the head was significantly higher at E13.5 than at E11.5 

and E12.5 (p<0.05).  Versican gene expression in the lung was greatest at E13.5, although this 

difference was not statistically significant.  At E11.5, the heart had the highest versican gene 

expression of the organs tested, and the versican expression was lower at E15.5 than at E11.5, 

although this difference also was not statistically significant.  At E15.5, the pattern of relative 

versican gene expression for the organs tested was the same as in the adult, with the highest 

expression in the brain, lowest expression in the liver, and intermediate expression in the heart 

and lung (Figure 3).  The highest cumulative versican gene expression in the head, heart, liver, 

and lung occurred at E13.5 (Figure 3). 

The relative gene expression of the versican isoforms V0 and V1 is high in embryonic lung 

and head, and the relative gene expression of the V2 isoform increases with time in the 

embryonic head but not in the lung. 

Gene expression of the four versican isoforms was evaluated over time in the lung and 

the brain (Figure 4).  Relative mRNA expression (fold increase over adult control) was highest 

for V0 and V1 at all time points both in the head and the lung.  In the head, V0 and V1 isoform 

gene expression was significantly higher at E13.5 than at E11.5 and E12.5 (p<0.05), and the V0 

isoform expression in embryonic head was also significantly higher at E15.5 than E11.5 

(p<0.05).  In the lung, V0 and V1 isoform expression did not vary significantly over time.  Gene 

expression of the V2 isoform in lung was similar to that of the adult control tissue at every 

embryonic time point and did not vary significantly at any embryonic age (normalized Ct value 

for adult control = 23.1 for 15ng cDNA; Ct value for E11.5 to E15.5 lung = 23.9 to 24.4 for 15ng 
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cDNA) (Figure 5).  However, the normalized Ct value for the V2 isoform in the brain of the 

adult control and in the embryonic heads varied significantly (normalized adult Ct value = 19.5 

for 15ng cDNA; E11.5 Ct value = 22.8; E12.5 Ct value = 21.7; E13.5 to E15.5 Ct values = 20.1 

to 20.13 for 15ng cDNA; p=0.0004), and the relative V2 isoform expression in the head was 

significantly higher at E13.5, E14.5, and E15.5 than at E11.5 (p<0.05) and significantly higher at 

E13.5 than at E12.5 (p<0.05) (Figure 5).  While the relative V3 mRNA expression was similar 

for embryonic and adult lung samples tested (V3 isoform expression in embryonic lung ranged 

from 0.7 to 1.3 times that of adult control lung tissue), the relative V3 mRNA expression for 

embryonic head ranged from 4.2 (E11.5) to 10.6 (E13.5) times that of the adult control brain 

tissue.  Relative gene expression of the V3 isoform did not vary significantly by embryonic age 

in the lung but was significantly higher at E13.5 than at E12.5 in the head (p<0.05). 

ADAMTS1 gene expression is similar in the adult and embryonic head, heart, and liver, but 

not in the lung. 

In contrast to versican, the relative gene expression of ADAMTS1 for the embryonic 

organs was similar to that of the adult control tissue for the head, heart, and liver.  In the 

embryonic head, relative ADAMTS-1 gene expression ranged from 1.3 to 4 times that in the 

adult brain.  In the embryonic heart, relative ADAMTS-1 gene expression ranged from 1.5 to 2.1 

times that of the adult control at the time points tested.  In the embryonic liver, relative 

ADAMTS-1 gene expression ranged from 0.6 to 1.5 times that of the adult control at the various 

time points.  ADAMTS1 relative mRNA expression in the adult lung was higher than in the 

other organs, and therefore the relative mRNA expression in the embryonic lung was 
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approximately 10% that of the adult lung at most time points tested.  There was no significant 

difference in ADAMTS-1 gene expression with embryonic age in any of the organs studied. 

Quantitative β-GAG versican immunohistochemistry mirrors versican mRNA expression. 

 Representative images from embryos at E11.5, E12.5, E13.5, E14.5, and E15.5 are shown 

(Figures 6-10).  β-GAG versican immunostaining throughout most of the organs of the embryo 

was seen, although consistently little positivity was seen in the liver.  In the lung at all ages there 

was strong immunoreactivity to the β-GAG antibody.  At E11.5 to E12.5, there was strong 

staining of the mesenchyme of the lung bud (the scaffolding for lung development), with little 

positive staining in airway (Figures 6 and 7).  At E13.5, very strong staining was present through 

the mesenchyme including the periphery of the lung and the basement membrane, with little to 

no immunopositivity of the developing epithelium (Figures 8 and 11).  At E14.5 and E15.5, there 

was marked expansion of airways and alveolar space with little immunoreactivity of the 

epithelial cells, strong positivity of the basement membrane, and moderate to strong 

immunoreactivity of the mesenchyme, although areas of reduced immunoreactivity in the regions 

surrounding the bronchi and along the outer surfaces of lung were noted compared to earlier 

gestational ages (Figures 9, 10, and 11).  There was significantly greater β-GAG versican 

immunoreactivity of the lung at E13.5 compared to E11.5 (p<0.05). 

 In the brain at E11.5, there was a single ventricle with weak β-GAG immunopositivity of 

a surrounding thin rim of cortex and relatively little white matter.  The strongest staining at this 

age was present in the deep cortex and the developing white matter, as well as in the roof of the 

fourth ventricle.  Pronounced staining of the mesenchyme of the developing skull, nasal process, 

and jaw was present (Figure 6).  At E12.5, there was increased immunoreactivity noted in the 
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roof of the neopallial cortex and midbrain and in the deep layers of the developing medulla and 

pons/midbrain.  Increased and more clearly defined white matter was present at this stage, with 

immunoreactivity especially of the white matter just deep to the developing gray matter, such as 

the corpus striatum (Figure 7).  At E13.5 the choroid plexus was just apparent and little 

immunopositivity in the cells of the choroid plexus was noted, but staining in the connective 

tissue stalk supporting the choroid was noted.  There was increased white matter at this stage, 

and positive staining of the white matter was appreciated.  Also at this stage, there was an 

increasingly laminar appearance to the cortex with increased immunoreactivity of the roof of the 

neopallial cortex and roof of the midbrain and immunopositivity of the developing olfactory 

lobe.  There was very strong, homogeneous staining of the upper lip, palatal shelf of the maxilla, 

and primordial cartilage at this stage.  There was little staining of the ganglion of the fifth cranial 

nerve and the semicircular canals and ganglion of the eighth cranial nerve (Figure 8).  At E14.5 

and E15.5, increasing convolution and organization of the neural tube and ventricular system 

was apparent.  There was less staining in cortical gray matter and no staining was noted in the 

epithelial cells of the choroid plexus.  The white matter was expanded and strongly stained, 

although slightly less intensely compared to E13.5, at E14.5 and E15.5.  There was strong 

staining of the cerebellar primordium at E14.5 and E15.5 (Figures 9 and 10). There was 

significantly greater versican immunoreactivity of the brain at all ages compared to the adult 

control (p<0.05). 

 The liver had the least β-GAG versican staining by quantitative immunohistochemistry 

at all of the time points tested, and the amount of positive staining decreased significantly over 

time (Figure 12).  The liver had the most pronounced β-GAG versican immunoreactivity at 
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E11.5, with mild to moderate intracellular (nuclear) and lesser extracellular staining.  At E12.5, 

there was a notable decrease in the number of positive cells, with some positivity in the 

cytoplasm.  In later stages, there was virtually no positive staining in the liver, with only mild 

staining of occasional blood vessels.  There was significantly greater β-GAG versican staining in 

the liver at E11.5 compared to E14.5, E15.5, and the adult control (p<0.05).  The liver had 

significantly less β-GAG immunoreactivity than the lung and the brain at all embryonic times 

tested (p<0.05).  

 The brain and the head had identical patterns of β-GAG versican staining over time, with 

the head consistently higher than the brain (Figure 13).  The pattern of β-GAG versican 

immunoreactivity over time in the brain and the head mirrored the mRNA results, with a lower 

value at E11.5 and E12.5 and then increased values at the older time points, with the highest 

value at E13.5 (Figures 13 and 14).   

Very little positive β-GAG versican staining was noted in the adult brain (1.8% ratio of 

positive versican expression to total tissue area); liver (0.4% positive expression); lung (0.05% 

positive expression); and heart (0.4% positive expression). 

Quantitative DPEAAE immunohistochemistry inversely correlates with β-GAG 

immunoreactivity. 

 The liver also had the least positive staining by quantitative immunohistochemistry for 

DPEAAE at all of the time points tested, and the amount of positive staining did not vary 

significantly over time.  Weak cytoplasmic immunoreactivity was noted at E11.5; at subsequent 

stages, virtually no immunoreactivity was noted, and so few positive regions were seen both on 
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DPEAAE and versican immunohistochemistry that it was difficult to co-localize areas of positive 

staining.  The liver had significantly less DPEAAE staining than the brain and lung at E14.5 and 

E15.5 (p<0.05).   

 The pattern of DPEAAE immunoreactivity was the inverse of the pattern of β-GAG 

versican immunoreactivity for the lung and the brain; when the versican immunoreactivity was 

greatest, the DPEAAE was lower, and vice versa (Figure 15).  For the brain, anti-DPEAAE 

positive staining decreased significantly from E11.5 to E13.5 (p<0.05).  The DPEAEE 

immunoreactivity was significantly higher at every embryonic time tested than in the adult 

control (p<0.05).  In the developing brain, there was weak overall staining at E11.5 and E12.5, 

and staining was most pronounced in the cortex.  At E13.5, there was increased positivity of the 

cortex and in cortical cells lining the ventricle.  There was mild intranuclear staining of cells in 

the deeper layers of the gray matter and mild immunopositivity in the developing white matter, 

which increased in the white matter and developing medulla at E14.5.  At E15.5, there was 

increased staining in the white matter and superficial cortical layers and supporting stroma of the 

choroid plexus.  Areas of positive staining on DPEAAE IHC co-localized with regions of 

positive staining on β-GAG versican IHC in the supporting stalk of the choroid plexus and in the 

deeper gray matter and superficial white matter layers of the developing cortex and in the white 

matter of the medulla at the later stages (E13.5 through E15.5) (Figures 16 and 17).  Much 

weaker DPEAAE staining than versican staining was seen in the developing cartilage, nasal 

cavity, and jaw. 

  In the lung, anti-DPEAAE immunoreactivity was lower at E12.5 and E13.5 than at E14.5 

and E15.5.  At E12.5 and E13.5, there was very weak intracytoplasmic staining of the lung 
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mesenchyme.  At E13.5, there was more pronounced DPEAAE immunoreactivity of the 

mesenchyme, which increased at E14.5 and E15.5, particularly around the basement membrane 

and the external surface of the pulmonary parenchyma, which co-localized with areas of 

decreased versican immunoreactivity at these ages (Figure 18).  There was no significant 

difference in DPEAAE immunoreactivity over time in the lung. 

 Virtually no DPEAAE immunoreactivity was seen in adult brain, heart, lung, or liver (all 

tissues <0.1% ratio of positive DPEAAE expression to total tissue area). 

Versican α-GAG immunohistochemistry mirrors versican V2 gene expression in the lung and 

head of E12.5 and E13.5 embryos. 

 In the whole embryo at E12.5 and E15.5, there was less α-GAG than β-GAG 

immunoreactivity (Figure 19).  Consistent with results of V2 versican isoform gene expression 

by mRNA, there was little α-GAG versican immunoreactivity in the E12.5 and E13.5 lung, with 

only mild positivity of the cells lining the airways (Figure 20).  However, in the embryonic brain 

at E13.5, there was moderate to strong α-GAG as well as β-GAG versican immunoreactivity 

throughout the white matter, deeper gray matter, and ventricular lining cells and cells of the 

choroid plexus (Figure 19; Figure 20).  There was significantly higher α-GAG staining in the 

brain compared to the liver and lung at E13.5 (p<0.05).
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Discussion 

Similar to a previous study [31], we found that total versican gene expression by PCR is 

significantly higher during embryonic development than in adult tissues, and the highest total 

versican gene expression in the embryo occurs at day E13.5.  In our study, we further 

investigated versican gene expression in individual organs (the liver, lung, head, and heart), and 

found that during embryonic development in the time period tested, these organs each have 

higher versican expression than the corresponding adult organ.  We also examined versican 

expression in the embryo immunohistochemically and found that areas of versican expression in 

the lung and brain generally involved regions of cell proliferation and differentiation and 

locations of scaffolding for tissue development and migration, such as the pulmonary 

interstitium, the developing roof of the neopallial cortex and hindbrain, and the white matter 

tracts.  We found that these areas of versican expression co-localized with DPEAAE expression.  

Similar to the adult, at the latest embryonic time point tested (E15.5), versican gene expression 

was lowest in the liver, highest in the brain, and intermediate in the heart and lung. 

Liver 

Relative versican gene expression and versican β-GAG immunoreactivity in liver was 

low at all embryonic time points tested and decreased significantly from E11.5 to E15.5.  In 

murine liver development, the hepatic sinusoids form from E10-E11, and from E11.5-E12.5 the 

liver begins to rapidly enlarge as it assumes the primary responsibility for hematopoiesis from 

the yolk sac [59],[62].  From E11.5-E15, the liver markedly expands and contains a greater 

proportion of hepatic parenchyma and fewer sinusoids [59],[62].  At E15.5, the primary site of 
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hematopoiesis for erythroid and myelolymphoid precursors shifts to the spleen [62]. This change 

in liver function relative to hematopoiesis and expansion of the hepatic parenchyma with relative 

decrease in the sinusoids at E11.5 likely explains the subsequent decrease in versican throughout 

liver development. 

Heart 

In mice, the heart is the first organ to develop, with formation of paired cardiogenic 

plates at E7.5 and a rudimentary circulatory system in place by E8.5-E9 [59],[63].  

Differentiation of the outflow tract and the aortico-pulmonary spiral septum occurs at E10-E11, 

development of aortic arch occurs at E12, and between E13 and E14 the aorta separates from the 

pulmonary tract, interatrial and interventricular septation progresses, and the cardiac valves 

appear and develop [59],[63].  By E15.5, the cardiovascular system has essentially completed its 

prenatal structure [59],[63].  Versican gene expression previously has been shown to occur at 

high levels during cardiac development [37].  Versican expression has been detected 

immunohistochemically in the endocardial cushions of the AV canal, the outflow tract, the aortic 

sac, and the ventricular subendocardium; however, little versican expression is reported in the 

myocardium [37],[50].  At E11.5, we found that the highest versican gene expression by versican 

copy number of all the organs tested was in the heart, and we found that versican gene 

expression in the total embryonic heart by mRNA was higher than that in the adult heart at every 

time point tested.  In our study, relative versican gene expression in the heart was higher during 

the early time points of gestation (E11.5 - E13.5) and subsequently decreased in the heart at 

E14.5 and E15.5.  E11.5 to E13.5 is a time of critical differentiation of the cardiac vasculature 

and formation and remodeling of the atrioventricular cushions, which requires an epithelial to
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mesenchymal transition [63].  Versican deposition and proteolysis most likely has an important 

role mediating cellular proliferation, the epithelial-mesenchymal transition, and migration of 

cells through a developmental scaffold [12],[50],[59].   

Given the strong body of literature regarding versican isoform gene expression and 

immunohistochemistry in the heart, we chose to limit further investigation of versican isoform 

expression and versican and DPEAEE immunohistochemical analysis to the central nervous 

system (brain) and the lung.    

Brain 

 In murine nervous system development, the forebrain, midbrain, and hindbrain vesicles 

form at E8.0, and division of the forebrain vesicle to form the third ventricle and telencephalic 

vesicles occurs at E9, with subsequent differentiation of the telencephalic vesicles from E10-11 

[59].  At E12, hypothalamic, thalamic, and otocyst differentiation and expansion of the corpus 

striatum occurs, and the 3rd ventricle decreases in size [59].  The choroid plexus first appears at 

E12.5-E13.0, and expansion of the neopallial cortex and differentiation of the olfactory lobes and 

pituitary gland occurs from E12.5 to E14, with stratification of the neopallial cortex to form the 

primary cortex at E14 [59].  At E15, pronounced differentiation of the cerebellar primordium and 

olfactory lobes is apparent and the olfactory lobes become lined by olfactory epithelium [59].  In 

our study, versican gene expression in the head was significantly higher at E13.5, at the time of 

neopallial cortex and olfactory lobe expansion and differentiation, compared to earlier embryonic 

ages.  Relative ADAMTS-1 gene expression in embryonic head showed a similar pattern to 

versican gene expression, although differences in relative ADAMTS-1 gene expression at the 
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various embryonic ages were not statistically significant.  Previous studies have demonstrated 

strong ADAMTS-5 and transient and more limited ADAMTS-9 expression in the embryonic 

brain; these were not investigated in the present study [40],[64].  

On immunohistochemistry, versican immunoreactivity was most pronounced in the white 

matter and in the roof of the neopallial cortex and midbrain at all ages, with the strongest positive 

versican β-GAG staining noted at E13.5 and later, consistent with our mRNA results.  Staining 

decreased in intensity at E14.5 and E15.5 compared to E13.5, but increased in extent.  Areas of 

positive staining on versican β-GAG immunohistochemistry co-localized with areas of anti-

DPEAAE staining.  A previous study performed in the rat at E16 showed versican α-GAG and β-

GAG immunoreactivity in the marginal zone of the cerebral cortex, internal capsule, and optic 

and olfactory tracts [35].  Similar to these findings, at later ages (E13.5, E14.5, and E15.5) we 

noted β-GAG versican immunopositivity of the marginal zone of the neopallial cortex, roof of 

the midbrain, cerebellar primordium, and developing olfactory lobe.  At later ages (E14.5 and 

E15.5), we also noted increased DPEAAE staining in the white matter and superficial cortical 

layers, which co-localized with regions of positive β-GAG versican staining in the deeper gray 

matter and superficial white matter layers of the developing cortex and in the white matter of the 

medulla.  In other regions of the embryonic brain, such as the periventricular gray and adjacent 

white matter, positive β-GAG versican staining co-localized with areas of negative DPEAAE 

staining.  Patterns of positive staining on quantitative DPEAAE immunohistochemistry for the 

brain were the inverse of β-GAG versican staining.  These results suggest complementary but 

antagonistic roles of versican and versican degradation during embryogenesis of the central 

nervous system, with proteoglycans such as versican potentially facilitating cell growth and 
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mediating cell migration through a provisional extracellular matrix, as has been previously 

proposed to occur in lung and musculoskeletal development and in lung inflammation [22], 

[46],[65],[66].  Degradation of versican may occur to limit further migration and cellular 

differentiation once the process is complete.  In the brain, α-GAG immunoreactivity increased 

towards later gestational ages and in adult controls, consistent with a significant increase in V2 

versican isoform mRNA expression in later gestation, which also suggests a switch towards 

inhibition of neural proliferation and outgrowth in later embryonic development [10],[13],[14]. 

 One drawback of the current study is that versican gene expression in the embryonic head 

was used as an estimate of gene expression in the brain, given the difficulty of removing the 

brains from the calvaria at the earlier time points.  Therefore, some developing bone and skin 

was analyzed in addition to the nervous tissue.  Previous studies in humans have shown high 

versican expression in fetal skin which may have affected our results [17].  On our quantitative 

immunohistochemistry analysis, we measured head and brain separately and found a similar 

pattern for all of the embryonic ages studied, although versican immunoreactivity was 

consistently less for the brain than for the whole head.  We feel that embryonic head serves as a 

reasonable approximation of embryonic brain for our mRNA data. 

 Lung 

 In mice, lung development begins at E 9.5, with lung buds sprouting from the foregut 

tube [39],[59].  From E10 to E11, the lung buds extend from the ventral aspect of the developing 

esophagus into the pericardio-peritoneal canals, and by E12 primary and secondary bronchi have 

developed [59].  At E13, pulmonary arteries enter the lung buds, lobation of the right lung 

occurs, and the epithelial lining of the lower airways first appears.  From E13 to E14, splanchnic 
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mesenchyme condenses in anticipation of subsequent differentiation of the connective tissue, 

smooth muscle, and cartilage of upper airways.  Primary, secondary and tertiary bronchi are 

apparent with differentiation of the terminal bronchi and bronchioles by E15 [59].  From E14.5 

to E16, there is a pronounced increase in bronchioles per region of lung [59].    

We showed maximum versican expression in embryonic lung at E13.5, at the time of 

pulmonary vascularization, lung lobation, and airway epithelialization, with a subsequent decline 

at later embryonic ages, consistent with results of previous studies in mice and sheep [3],[39].  

We also saw strong versican β-GAG immunoreactivity at all ages examined throughout the 

mesenchyme of the developing lung with pronounced positive staining of the basement 

membrane of airways but little to no positive staining of the airway epithelium.  These findings 

suggest a role of versican in development of the lung vasculature and expansion of the alveolar 

space.  In our study, versican β-GAG immunoreactivity was significantly higher in E13.5 lung 

compared to E11.5 lung and also appeared to decrease in later gestation.  At E14.5 and E15.5, 

there was reduced β-GAG immunoreactivity around the airways and along the periphery of the 

lung, which co-localized with areas of increased positivity on DPEAAE staining and suggests 

degradation of versican in these regions once cell proliferation, differentiation, and migration has 

occurred.  Patterns of positive staining on quantitative DPEAAE immunohistochemistry for the 

lung, as in the brain, were the inverse of β-GAG versican staining, suggesting antagonistic roles 

of versican deposition and versican proteolysis in promoting and inhibiting cellular proliferation, 

adhesion, and migration through a provisional extracellular matrix during development, as has 

been previously proposed during embryonic development for the musculoskeletal system and 

heart [46],[50],[66].  As in the brain, versican appears to be important for lung development in 
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mediating epithelial-mesenchymal interactions and providing an extracellullar matrix rich in 

growth factors which acts to regulate cell adhesion and proliferation [12],[18],[65]. 

In our study, ADAMTS-1 gene expression in the fetal lung was much lower than in adult 

lung at all of the time points tested, which is not consistent with a previous report of ADAMTS1 

expression during murine development [53].  The Ct values for the embryo lung ADAMTS1 

samples were similar to those for the other organs in our study, but the Ct values for the adult 

lung samples were very low, and we would need to repeat the PCR study on other adult lung 

samples to verify this unexpected finding.  Strong expression of ADAMTS-9 in the mesenchyme 

of the lung from E14.5 to E17.5 has also been previously shown, which was not investigated in 

the current study [64].  We focused on ADAMTS-1 expression because it was reported in the 

literature to be one of the most widely expressed ADAMTS proteinases during embryonic 

development; however, investigation of the relative gene expression of single ADAMTS 

proteases during organ development may not be biologically relevant.  Evidence from previous 

studies suggests that redundancy or compensation for missing or deficient ADAMTS proteases 

may occur [57],[58]. 

In this project, versican accumulation was measured by immunohistochemistry using the 

β-GAG antibody.  The anti-β-GAG antibody mainly reacts to VO and V1; whereas the anti-α-

GAG antibody mainly reacts to V2 [10],[35].  In adults, low levels of β-GAG versican are 

present in health, and versican increases in the lung and other organs following injury and in 

many types of neoplasia [1],[6],[25],[28],[29],[44].  Alpha-GAG versican, in contrast, is 

normally present throughout the postnatal and adult period in the central nervous system [10].  

Limited immunohistochemistry in the present study using the α-GAG antibody was performed, 
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which showed substantially less α-GAG than β-GAG immunoreactivity at E12.5 and E13.5 in 

most tissues, consistent with our findings of little V2 versican isoform gene expression in the 

embryonic head, heart, liver, and lung.  However, α-GAG immunoreactivity and V2 versican 

isoform mRNA expression were detected in the embryonic brain at E13.5 and later stages of 

gestation, consistent with development of a more adult versican isoform profile in the brain. 

Limitations of this study include relatively small sample sizes and differences in organ 

analysis between embryos and adults.  The use of larger embryonic litter sizes may have resulted 

in more statistically significant trends over time for versican gene expression and quantitative 

immunohistochemistry in the organs tested.  Another limitation is that the entire embryonic 

organ was used for gene expression assays, and organs from littermates were pooled, while a 

representative portion of the organ was used from the adult.  This may have led to discrepancies 

in versican content depending on organ location sampled, especially for less homogenous organs 

such as the heart and the brain.  Nevertheless, the findings of this study suggest that versican 

deposition and proteolysis is important in embryonic development of the lung and brain from 

E11.5 to E15.5 in the mouse.  This study advances the literature by providing a comprehensive 

investigation of versican isoform mRNA expression, versican β-GAG immunoreactivity, and 

DPEAAE immunoreactivity in the brain and the lung of the mouse during mid to late gestation.
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Conclusions 

Consistent with its putative role in cell proliferation and migration during development, 

we found significantly increased levels of versican gene expression and β-GAG 

immunoreactivity in the embryonic head and lung compared to adult controls.  Versican 

expression was highest at E13.5 in the lung and the brain, an embryonic age in the mouse 

associated with rapid expansion and differentiation of these two organs.  Versican degradation as 

measured by DPEAAE immunoreactivity tended to inversely mirror versican β-GAG 

immunoreactivity in these organs and increased at the later gestational ages, following the peak 

versican expression at E13.5.  There was a more adult profile of versican gene expression in the 

various organs at the last gestational time point tested, consistent with a decrease in cell 

proliferation, differentiation, and migration in later gestation following organogenesis.
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Figure 1.  Versican has 4 different isoforms: V0, V1, V2, and V3.  The structure of versican 

isoform, V0, is characterized by an approximately 550 kDa core protein consisting of an amino-

terminal (G1) domain which binds hyaluronan and a carboxy-terminal (G3) domain, as well as 

two central chondroitin sulfate glycosaminoglycan attachment domains, the α-GAG and β-GAG 

domains.  The immunohistochemical staining properties using antibodies specific to the α-GAG 

and β-GAG domains allow for the identification of the versican isoforms in tissues.  Figure 

courtesy of Charles W. Frevert. 
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Figure 2.  Positive staining (brown) for the β-GAG domain of versican in E11.5 (left) and E14.5 

(right) embryonic tissue with hematoxylin counter stain (blue).  Sample images of regions of 

interest (ROIs) manually drawn around the organs measured using the Visiopharm Image 

Analysis module. 
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Figure 3.  Cumulative versican gene expression by embryonic day is highest at E13.5.  

Contribution to the total embryonic gene expression by versican copy number in the lung, liver, 

heart, and brain is shown at E11.5, E12.5, E13.5, E14.5, E15.5, and in the adult control. Changes 

in the amounts of mRNA for versican were determined using mRNA collected from embryonic 

organ homogenates and quantitative real time PCR.  A versican standard curve was constructed 

using the versican V3 plasmid (mouse) total versican standard relating Ct value for 15ng cDNA 

to versican copy number.   
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Figure 4.  The V0 and V1 versican isoforms predominate in embryonic head and lung from 

E11.5 to E15.5.  Changes in the relative amounts of mRNA for the four versican isoforms were 

determined using mRNA collected from embryonic organ homogenates and quantitative real 

time PCR.  Values are the mean ± SEM with a minimum n=3 for each group studied.  The 

expression of mRNA for the versican isoforms in the embryonic head (top) and lung (bottom) is 

expressed as a relative fold increase in mRNA over the adult control.    

V0 V1 V2 V3 

V0   V1  V2 V3 
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Figure 5.  The V2 versican isoform increases in embryonic head but not lung at E13.5.  

Changes in the relative amounts of mRNA for the V2 versican isoform were determined using 

mRNA collected from embryonic organ homogenates and quantitative real time PCR.  Values 

are the mean ± SEM with a minimum n=3 for each group studied.  The expression of mRNA for 

the V2 versican isoform in the embryonic head (top) and lung (bottom) is expressed as a relative 

fold increase in mRNA over the adult control.  An asterisk (*) shows groups that are significantly 

different (p < 0.05). 
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Figure 6.  Representative E11.5 embryo on β-GAG immunohistochemistry, identifying key 

anatomic structures.  Positive staining for β-GAG is brown with a hematoxylin counterstain 

(blue). 
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Figure 7.  Representative E12.5 embryo on β-GAG immunohistochemistry, identifying key 

anatomic structures.  Positive staining for β-GAG is brown with a hematoxylin counterstain 

(blue). 

 

 

basilar artery 
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Figure 8.  Representative E13.5 embryo on β-GAG immunohistochemistry, identifying key 

anatomic structures.  Positive staining for β-GAG is brown with a hematoxylin counterstain 

(blue). 
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Figure 9. Representative E14.5 embryo on β-GAG immunohistochemistry, identifying key 

anatomic structures.  Positive staining for β-GAG is brown with a hematoxylin counterstain 

(blue). 
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Figure 10. Representative E15.5 embryo on β-GAG immunohistochemistry, identifying key 

anatomic structures.  Positive staining for β-GAG is brown with a hematoxylin counterstain 

(blue). 
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Figure 11. Versican expression in embryonic lung is maximal at E13.5.  Top panel: Versican 

β-GAG quantitative immunohistochemistry (left) and relative gene expression (right) in 

embryonic lung over 5 embryonic ages.  Bottom panel: Versican β-GAG immunohistochemistry 

at E11.5 (A, 17.5x magnification); E13.5 (B, 20x); and E15.5 (C, 19x).  Positive immunostaining 

for versican is brown with hematoxylin used as a counter stain (blue).  Changes in the versican 

IHC were determined by calculating ratio of versican to total tissue area using the visiopharm 

image analysis module.  Changes in relative amounts of mRNA for versican were determined 

using mRNA collected from embryonic organ homogenates and quantitative real time PCR.  

Values are the mean ± SEM with a minimum n=3 for each group studied.  The expression of 

mRNA for versican is expressed as a relative fold increase in mRNA over the adult control.  An 

asterisk (*) shows groups that are significantly different (p < 0.05).  

 

     A B C 
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Figure 12.  Versican expression in embryonic liver decreases from E11.5 to E15.5.  Top 

panel: Versican β-GAG quantitative immunohistochemistry (left) and relative gene expression 

(right) in embryonic liver over 5 embryonic ages.  Bottom panel: Versican β-GAG 

immunohistochemistry at E11.5 (A, 20x magnification); E13.5 (B, 10x); and E15.5 (C, 20x).  

Positive immunostaining for versican is brown with hematoxylin used as a counter stain (blue).  

Changes in the versican IHC were determined by calculating ratio of versican to total tissue area 

using the visiopharm image analysis module.  Changes in relative amounts of mRNA for 

versican were determined using mRNA collected from embryonic organ homogenates and 

quantitative real time PCR.  Values are the mean ± SEM with a minimum n=3 for each group 

studied.  The expression of mRNA for versican is expressed as a relative fold increase in mRNA 

over the adult control.  An asterisk (*) shows groups that are significantly different (p < 0.05). 

 

    
A B C 
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Figure 13.  There is higher β-GAG immunoreactivity in embryonic head than brain, 

although the pattern of positive staining is similar in both regions, and versican β-GAG 

immunoreactivity in the embryonic brain is siginificantly higher than in the adult control.  

Top: Quantitative versican β-GAG immunohistochemistry in brain versus head at five embryonic 

ages.  Bottom:  Versican β-GAG immunoreactivity over time at five embryonic ages and in adult 

control brain.  Changes in the β-GAG versican quantitative immunohistochemistry were 

determined by calculating ratio of versican to total tissue area using the visiopharm image 

analysis module.  Values are the mean ± SEM with a minimum n=3 for each group studied.  An 

asterisk (*) shows groups that are significantly different (p < 0.05). 
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Figure 14.  Versican expression in embryonic head is maximal at E13.5.  Top panel: 

Versican β-GAG quantitative immunohistochemistry (left) and relative gene expression (right) in 

embryonic head over 5 embryonic ages.  Bottom panel: Versican β-GAG immunohistochemistry 

at E11.5 (A, image at 5x); E13.5 (B, image at 1.25x); and E15.5 (C, image at 1.25x).  Positive 

immunostaining for versican is brown with hematoxylin used as a counter stain (blue).  Changes 

in the versican IHC were determined by calculating ratio of versican to total tissue area using the 

visiopharm image analysis module.  Changes in relative amounts of mRNA for versican were 

determined using mRNA collected from embryonic organ homogenates and quantitative real 

time PCR.  Values are the mean ± SEM with a minimum n=3 for each group studied.  The 

expression of mRNA for versican is expressed as a relative fold increase in mRNA over the adult 

control.  An asterisk (*) shows groups that are significantly different (p < 0.05). 
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Figure 15.  There is an inverse pattern of staining on β-GAG versican and DPEAAE 

quantitative immunohistochemistry for both the lung and the head during embryonic 

development.  Patterns of positive staining on quantitative immunohistochemistry for versican 

β-GAG (upper left) and DPEAAE (upper right) immunoreactivity for embryonic brain (upper 

panel) and for versican β-GAG (lower left) and DPEAAE (lower right) immunoreactivity for 

embryonic lung (lower panel).  Changes in β-GAG versican and DPEAAE quantitative 

immunohistochemistry were determined by calculating the ratios of versican and DPEAAE to 

total tissue area using the visiopharm image analysis module.  Values are the mean ± SEM.  An 

asterisk (*) shows groups that are significantly different (p < 0.05). 
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Figure 16.  There is abundant positive staining for β-GAG versican but sparse positive 

staining on DPEAAE at E13.5 in the developing neopallial cortex.  A.  Versican IHC.  

Positive staining for β-GAG versican is brown with hematoxylin used as a counterstain (blue); B.  

DPEAAE IHC.  Positive staining for DPEAAE is brown with hematoxylin used as a counterstain 

(blue).  Both images at 5x magnification.  
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Figure 17.  Areas of staining in the embryonic brain on versican and DPEAAE 

immunohistochemistry colocalize.  E15.5 cerebral cortex (A and B) and medulla (C and D).  A 

and C: β-GAG versican IHC; B and D: DPEAAE IHC.  Positive staining for β-GAG versican 

and DPEAAE is brown with hematoxylin used as a counterstain (blue).  In some regions on 

DPEAAE IHC, areas that stain strongly on versican IHC are positive, such as the white matter of 

the corpus striatum and the medulla (black arrows).  In other areas of versican positivity, such as 

surrounding the lateral and fourth ventricle, there is weak DPEAAE immunoreactivity (white 

arrows).  All images at 5x magnification. 
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Figure 18.  Areas of staining in the embryonic lung on versican and DPEAAE 

immunohistochemistry colocalize.  A. E13.5 Versican β-GAG IHC (40x magnification); B. 

E13.5 DPEAAE IHC (40x); C. E15.5 Versican β-GAG IHC (20x); D. E15.5 DPEAAE IHC 

(20x).  There is strong homogeneous versican staining of the mesenchyme at E13.5 (A,B) and 

little DPEAAE staining at this age.  At E15.5 (C,D), areas of negative staining on versican IHC 

(white arrows) at the periphery of the lung and surrounding the airways correspond to areas of 

positive staining on DPEAAE IHC (dark arrows).   Positive staining for versican β-GAG and 

DPEAAE is brown, with hematoxylin used as a counterstain (blue). 
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Figure 19.  There is weaker α-GAG than β-GAG staining in the whole embryo at E12.5 and 

E13.5.  A and C: α-GAG immunohistochemistry at (A) E12.5 and (C) E13.5.  B and D:  β-GAG 

immunohistochemistry at E12.5 (B) and E13.5 (D).  Positive staining for versican α-GAG and 

versican β-GAG is brown, with hematoxylin used as a counterstain (blue).  Images at 1.25x 

magnification. 
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Figure 20.  There is greater α-GAG immunoreactivity in the brain than in the lung or liver 

at E13.5.  Top: α-GAG (left) and β-GAG (right) immunohistochemistry in the lung at E13.5. 

Bottom: Versican α-GAG and β-GAG immunoreactivity by quantitative immunohistochemistry 

by organ at E13.5.  Positive staining for versican α-GAG and versican β-GAG is brown, with 

hematoxylin used as a counterstain (blue).  Images at 5x magnification.  Changes in α-GAG and 

β-GAG versican quantitative immunohistochemistry were determined by calculating ratio of 

versican to total tissue area using the visiopharm image analysis module.  Values are the mean ± 

SEM.   
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