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Abstract
Dextran sulfate sodium (DSS) induced colitis is a widely used animal model 
for inflammatory bowel diseases. The BALB/c inbred strain of mice is more 
resistant to DSS induced colitis than C57BL/6 mice, however, the mechanism 
underlying this phenomenon is largely unknown. In this paper we show that 
BALB/c mice have more organized gut associated lymphoid tissue (GALT) 
in the colon compared to C57BL/6 mice. This decreased susceptibility is 
parallelled by increased colonic expression of retinaldehyde dehydrogenase 
1 (RALDH1), which is the enzyme responsible for the conversion of vitamin 
A to its active metabolite retinoic acid (RA). RA in turn is involved in the 
induction of FoxP3+ regulatory T cells and IgA producing B cells. As we show 
here, removal of vitamin A from the diet, thus decreasing RA, gives rise to a 
more severe form of DSS induced colitis illustrating the effect of this vitamin 
A, and its active metabolite RA, on the outcome of disease. Vitamin A and 
RA may thus serve as an explanation as to why BALB/c mice are resistant 
to DSS colitis and highlights the role of this vitamin and its metabolite in 
inflammatory bowel disease.
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Introduction
Ulcerative colitis and Crohn’s disease, collectively referred to as inflammatory 
bowel disease (IBD) are characterized by chronic inflammation of the intestinal 
tract. A variety of animals models exits for IBD. Dextran sulphate sodium 
(DSS) is a chemical compound which is thought to have toxic effects on the 
epithelial cells resulting in altered gut permeability and superficial intestinal 
inflammation that resembles, to a certain extent, ulcerative colitis 1, 2. It has 
been reported by various independent research groups that strain specific 
differences exist in disease susceptibility between C57BL/6 and BALB/c 
inbred strains of mice 3-5. In short, it has been shown that BALB/c mice 
are more resistant to developing colitis and require a higher dose of DSS 
compared to C57BL/6 to induce a comparable severity of disease. Even with 
higher doses of DSS, BALB/c mice generally lose less weight and recover 
more quickly after withdrawal of DSS as compared to C57BL/6 mice.
 Vitamin A (retinol) is a fat soluble vitamin which has a variety of effects on 
the immune system. Vitamin A is absorbed from the gastrointestinal tract and 
converted to its active form retinoic acid (RA) through two oxidative steps. 
Retinol is converted to retinaldehyde by alcohol dehydrogenase enzymes, 
which are expressed by most cells.  Retinaldehyde is subsequently oxidized 
by retinaldehyde dehydrogenases (RALDH) to form retinoic acid, which is 
an irreversible process 6-12. RA then binds to retinoic acid receptors (RARs) 
which activate transcription factors that bind retinoic acid responsive elements 
(RAREs) within the promoter region of their target gene, leading to a variety 
of downstream effects 13, 14.
Retinoic acid has numerous effects on the immune system. Iwata and 
colleagues have shown that RA can suppress Th1 response and enhance Th2 
responses 15. Furthermore, RA is described to have an effect on lymphocyte 
homing to the intestine by inducing expression of the gut homing molecules 
α4β7 and CCR9 on activated T cells 16, 17. In combination with TGFβ, RA has 
also been shown to greatly enhance the differentiation, expansion and gut 
homing of T regulatory cells which serve to suppress immune responses 18-20. 
RA not only affects T cells in the intestines but has also been reported to have 
numerous effects on B cells in the gut. RA aids in isotype class switching of 
immunoglobulins by B cells in gut-associated lymphoid tissue (GALT) leading 
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to an increase in IgA production 21. IgA is the most abundant immunoglobulin 
present in the intestines and secretory IgA forms a protective layer which 
lines the intestines and serves to protect the host against the vast array of 
microflora, constantly present in the intestines 22, 23.  RA has also been shown 
to induce the expression of CXCL13 during lymph node development and 
upon nervus vagus stimulation in the intestine 24. Upregulation of CXCL13 in 
the intestine could lead to the attraction of more B cells to the intestine 25. RA 
thus has numerous beneficial effects on the mucosal immune system and 
an increase in RA mediated signaling may aid the host in recovering from 
induced colitis.
Interestingly it has been shown that BALB/c mice tend to have a more 
Th2 skewed cytokine profile whereas C57BL/6 tend to have a more TH1 
skewed cytokine profile 26-30. Taken together with the data showing that RA 
can suppress Th1 responses and enhance Th2 responses, this suggests 
that differences in RA production between strains may be responsible for 
the differences observed in colitis susceptibility. In this study we aimed to 
investigate this hypothesis by relating the amount of RA and RA signaling 
in the colon of C57BL/6 mice versus BALB/c to differences in DSS colitis 
susceptibility.

Materials and Methods
Mice
Specific pathogen free (SPF) BALB/c ,C57BL/6 female mice and C57BL/6 
breeding pairs were obtained form Charles River Laboratories and housed 
in the animal facility at the Vrije Universiteit (Amsterdam, The Netherlands). 
Animals were housed under standard laboratory conditions, only female mice 
were used in experiments. The starting age of the animals was 8-10 weeks 
with a weight range of 18-20 grams. 
Generation of vitamin A deficient, control and additionally supplemented 
animals was based on a method previously described by Iwata et al 17. In 
short females were mated and the pregnant females were switched to the 
relevant vitamin A diet at 7-10 days of gestation and kept on the relevant diet 
until the pups were weaned. The offspring was subsequently placed on the 
relevant diet throughout the duration of the experiment. Two different custom 
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made diets based on modified AIN-93M (MP Biomedicals United States, 
Solon OH, United States) were used: (1) vitamin A deficient diet containing 
no vitamin A and (2) vitamin A control diet containing 2800 IU/kg vitamin A. 
Ethics committee approval for all animal experiments was obtained from the 
Vrije Universiteit Animal Ethics Committee.

Induction of DSS Colitis
Use was made of a previously described single dose DSS colitis model by 
Melgar et al 3. As previously established by other research groups BALB/c 
mice are more resistant to DSS induced colitis than C57BL/6 mice 3-5. Thus 
in order to induce a comparable severity of disease in both mouse strains 
we administered 2% DSS in C57BL/6 mice and 5% in BALB/c mice. A DSS 
titration (2%, 3%, 4% and 5%) was performed in BALB/c mice to confirm 
that in our facility 5% DSS in drinking water did indeed give a comparable 
severity of disease in BALB/c when compared to C57BL/6 mice given 2% 
DSS in drinking water, as reported 3. Indeed the DSS titration experiment 
performed confirmed that 2% DSS in C57BL/6 mice and 5% DSS in BALB/c 
mice induce a comparable severity of disease (data not shown). C57BL/6 
mice were thus given 2% DSS and BALB/c mice were given 5% DSS in 
drinking water ad libitum which was changed on a daily basis. For the acute 
colitis time point, analyzed at day 7, mice were given DSS for 7 days prior 
to euthanasia. For the chronic colitis time point mice were given DSS for the 
first 5 days of the experiment and then changed to normal drinking water for 
a 30 day rest period.

Immunofluoresence
Mice were euthanized, colons were removed and embedded in OCT 
compound (Sakura Finetek Europe) and stored at -80oC. Tissues were 
subsequently sectioned on the cryostat (7 microns), acetone fixed and 
immunofluorescence stainings were performed. For vitamin A deficient and 
control colons tissue sections were stained with hematoxylin and eosin 
(H&E). For overview, pictures of a representative length of colon were 
visualized making use of the stitch picture function of the DM6000 Leica 
Immunofluorescence Microscope Leica (Leica Microsystems) with a 20x 
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objective. For higher magnification pictures use was made of the Leica TCS-
SP2-AOBS Confocal Laser Scanning Microscope (Leica Microsystems).

Antibodies
Anti- glycoprotein 38 (also known as podoplanin, clone 8.1.1) and anti-
CD3 (clone KT3) were used as supernatants and visualized by means of 
the appropriate secondary antibody labeled with Alexa-Flour 488, Alexa-
Flour 546 or Alexa-Flour 647 (Invitrogen Life Technologies, Breda, The 
Netherlands). Anti-B220 (clone 6B2) was affinity purified from hybridoma 
cell culture supernatants with protein G-Sepharose (Pharmacia, Uppsala, 
Sweden) and labeled with Alexa-Fluor 488 or Alexa-Fluor 647 (Invitrogen). 
Anti-CXCL13-bio (R&D Systems, Minnneapolis, USA) was visualized using 
the TSA signal amplification Kit with HRP-streptavidin and Alexa Fluor 546 
tyramide (Invitrogen). Anti-IgA-bio (Invitrogen) was used in combination with 
Alexa-Fluor-647. Streptavidin (Invitrogen) and anti FoxP3 conjugated to 
Alexa-647 was used (eBioscience, San Diego, CA, USA).

Real time RTPCR
Whole colons were removed and placed in TRIZOL (Gibco, Invitrogen) and 
stored at -80 oC. Entire colons were homogenized and RNA was isolated 
as per manufacturer’s instruction. The concentration of RNA was assessed 
by means of the Nanodrop Spectrophotometer (Nanodrop Technologies, 
Wilmington, DE). cDNA was synthesised by making use of a reverse 
transcriptase reaction which was performed according to the MBI Fermentas 
cDNA synthesis kit (Vilnius, Lithuania), using both the Oligo(dT)18 and the 
D(N)6 primers. 
Quantitative real time PCR was performed on the ABI Prism 7900 Sequence 
Detection System (Applied Biosystems, Foster City, CA). The reactions were 
performed with 0.25ng cDNA in a total volume of 10 μl containing SYBR 
Green PCR Master Mix (Applied Biosystems) and 300nM of each primer 
as per manufacturer’s instructions. Primers were designed using Primer 
Express Software (Applied Biosystems) according to the guidelines provided 
by the manufacturer (Table 1).
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Primer Sequence 5’ --> 3’

Cyclophilin 
Forward
Reverse

ACC CAT CAA ACC ATT CCT TCT GTA
TGA GGA AAA TAT GGA ACC CAA AGA

Ubiquitin 
Forward
Reverse

AGC CCA GTG TTA CCA CCA AG
ACCCAAGAACAAGCACAAGG

CD45
Forward
Reverse

CCC CGG GAT GAG ACA GTT G
AAA GCC CGA GTG CCT TCC T

CD19
Forward
Reverse

GTG CTC TCC CTT CCT ACA TC
CTG ACC TTC TTC TTC CCC TC

CD3 
Forward
Reverse

GTG GCT ACT ACG TCT GCT AC
TGG ACT GTC GTC ATC GGT ATT

CXCL13
Forward
Reverse

CAT AGA TCG GAT TCA AGT TAC GCC
TCT TGG TCC AGA CAC AAC TTC A

FoxP3
Forward 
Reverse

TCCCACGCTCGGGTACAC
CCACTTGCAGACTCCATTTGC

RALDH 1
Forward 
Reverse

CTC CTC TCA CGG CTC TTC A
AAT GTT TAC CAC GCC AGG AG

RALDH 2
Forward 
Reverse

TCA TCA AAA CCC TGA GGT ATT ATG C
GGGCTCGTGTCTTGTGAAAGTAA

RALDH 3
Forward 
Reverse

GTG TGC TTC ACC AGG CAT GA
CAC AGG GCA GGA GCC AGT T

RARβ
Forward 
Reverse

GCCTGCAGAAGTGCTTTGAAGT
GCTCTCTGTGCATTCCTGCTTT

Table 1 - Sequence of all primers used for real time RTPCR
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Statistics
Data obtained for percentage of daily weight loss and/or weight gain was 
analyzed by means of repeated measurement statistics to assess effect of 
day and effect of group and an independent student t-test was performed 
(Advanced Statistics, SPSS 16). A two-tailed unpaired student’s t-test 
was used to analyse the results obtained for the macroscopic scoring (i.e. 
colon length, inflammatory and diarrhea score) to assess the severity of 
colitis with * significant, if p<0.05; ** significant, if P<0.01; *** significant, if 
p<0.001. Data obtained by real-time PCR were normalized for the geometric 
mean of the two most stable house-keeping genes (cyclophilin, ubiquitin) 
as determined by analysis with geNorm software (http://medgen.ugent.
be/~jvdesomp/genorm/). A two-tailed unpaired student’s t-test was used to 
analyse differences between groups with * significant, if p<0.05; ** significant, 
if P<0.01; *** significant, if p<0.001. Primers were designed using Primer 
Express Software (Applied Biosystems) according to the guidelines provided 
by the manufacturer (Table 1). 

Results
BALB/c are more resistant to DSS induced colitis than C57BL/6 mice
To further investigate the differences observed in BALB/c versus C57BL/6 
mice to develop DSS induced colitis we first wanted to establish DSS induced 
colitis in both mouse strains in our own facilities. C57BL/6 mice were given 
2% DSS in drinking water for five days followed by a 30 day consecutive 
period on normal dinking water. Daily weight graphs showed that C57BL/6 
mice started to lose weight on day 6 with a maximum weight loss of 7.6% on 
day 8, which followed by a recovery phase (Figure 1A). The kinetics of DSS 
induced colitis was different in BALB/c mice.  DSS colitis was induced in 
BALB/c in a similar manner, however due to the fact that BALB/c mice were 
more resistant to developing colitis use was made of 5 % DSS in drinking 
water for five days. The daily weight graphs for BALB/c mice revealed that 
these mice started to loose weight on day 3 with a maximum weight loss of 
3.8% which occurred on day 6 (Figure 1B). Thus BALB/c mice tended to lose 
less weight at an earlier stage and recovered more quickly than C57BL/6 
mice (Figure 1C). 
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Figure 1 - Daily changes in body weight of DSS induced colitis in C57BL/6 and BALB/c 
mice 
Daily weight average (+/- SEM) of control animals is indicated with a solid line and of animals with colitis 
with a broken line. (A) Daily weight graphs average (+/- SEM) for C57BL/6 control animals and chronic 
colitis animals included in the experiments. (B) Daily weight graphs for BALB/c control and chronic colitis 
animals included in the experiments. Both control groups included in the experiment received normal 
drinking water throughout the experiment. (C) Shows the differences in weight loss of C57BL/6 chronic 
colitis mice compared to BALB/c chronic colitis mice. 
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Macroscopic scoring of the colon revealed that although BALB/c mice 
received a higher DSS % in the drinking water, C57BL/6 and BALB/c showed 
a comparable reduction in colon length in both the acute and chronic setting 
(Figure 2A). Both inflammatory and diarrhea scores revealed a comparable 
form of disease in C57BL/6 and BALB/c mice (Figure 2B and C). Comparable 
results have been obtained by two other independent research groups using 
the same DSS administration protocol for these two mouse strains 3, 5. 
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Figure 2 - Macroscopic scores of DSS induced colitis in C57BL/6 and BALB/c mice
(A) Shows percentage reduction in colon length, which is used as an indication for the severity of the 
disease. (B) Shows the inflammatory score (0-4) which is also used as an indication of the severity of 
disease along with (C) the diarrhea scores (0-4). C57BL/6 mice are indicated in black bars and BALB/c 
mice are indicated in white bars. Bars indicated are represented by an average +/- SEM of seven animals 
per group.
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BALB/c control animals contain more colonic lymphoid tissue than 
C57BL/6 mice
Since the observed differences in disease severity could be a result of a 
difference of the mucosal immune system to respond to tissue injury induced 
by DSS, we wanted to determine whether similar numbers of hematopoietic 
cells were present within the colon. First we determined the expression of 
CD45 within healthy control colons of C57BL/ 6 and BALB/c mice. BALB/c 
control colons contained significantly more mRNA for CD45 than C57BL/6 
control colons which indicated that there were more hematopoietic cells 
within the non-inflamed BALB/c colon (Figure 3A). Further analysis of mRNA 
levels by real time PCR of the colons revealed an increased expression of 
both CD19 (B cells) and CD3 (T cells) in BALB/c control versus C57BL/6 
control colons (Figure 3B and C). While these cells can be found as single 
isolated cells within the colon, most cells are present in organized lymphoid 
structures. Cryptopatches and isolated lymphoid follicles, collectively referred 
to as solitary isolated lymphoid tissue (SILT), along with colonic patches 
(CPs) make up the organized GALT of the colon 31, 32. It has previously been 
shown that adult BALB/c mice contain more SILT than C57BL/6 mice 33. 
However, both SILTs and CPs contain a variety of immune cells and serve 
to provide a microenvironment for immune responses to occur in an efficient 
manner. These data could indicate that BALB/c mice have more organized 
GALT structure, i.e. colonic patches and SILTs, when compared to C57BL/6 
mice. To quantify this, we counted the total number of SILTs and CPs present 
in C57BL/6 versus BALB/c control colons by sectioning through the entire 
colon and screening every 20 th section for the presence of organized GALT 
structures. Indeed, BALB/c control colons contained more CPs (9) and SILTs 
(>31) than C57BL/6 animals that have 3 CPs and > 25 SILTs (Figure 3D). 
Colonic patches and the more mature SILTs consist mainly of B cells which 
cluster together to form follicles. The formation of these colonic patches and 
more mature SILTs is principally controlled by stromal cells which express 
LTβR 34-36. The triggering of this receptor leads to the increased expression 
of a major B cell attracting chemokine (CXCL13) needed for SILT formation 
in the small intestine 37, 38. Therefore, the expression of CXCL13 may be 
restricted to more mature SILTs and colonic patches and would serve as 
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an additional measure for organized GALT within the colon. Indeed, upon 
analysis of CXCL13 expression within the tissue, we observed that CXCL13 
colocalized with B cells in more mature SILTs and in colonic patches (Figure 
4A – D). To support our observation that more B cell follicles are present 
in BALB/c colons, we consequently also detected higher mRNA expression 
levels of CXCL13, using real time PCR analysis, in BALB/c healthy colon 
when compared to C57BL/6, indicating that they express more CXCL13 
needed for the formation of organized GALT present in the colon (Figure 
4E).
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Figure 3 - BALB/c mice contain more organized GALT in the healthy colon compared 
to C57BL/6
A -C) Real time PCR analysis showing relative mRNA expression levels of (A) CD45, (B) CD19 and (C) 
CD3 detected in whole colon of healthy controls mice. All averages are representative of 5 mice per group. 
(D) Shows the number of SILTs and colonic patches present in healthy colon of the two mice strains (n=2 
per group). In all figures results obtained for C57BL/6 mice are indicated in black bars and BALB/c mice 
are indicated in white bars of the average per group +/- SD. Significant p values are indicated with * 
(p<0.05 *, p<0.01 ** and p < 0.001***). 
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 6Figure 4 - Colonic Patches and SILT contain CXCL13 producing stromal cells 
(A and C) Colonic patch and (B and D) SILT of adult control colon stromal cells producing CXCL13 (B220 
in green, CXCL13 in red and Gp38 in blue, scale bars represent 250 µm). All pictures were taken on 
DM6000 Leica Immunofluoresence Microscope Leica (Leica Microsystems). (A and B) Representative 
overviews of colonic tissue taken with 20x magnification stitch picture function and (C and D) relevant 
area of interest of colon. (E) mRNA levels of CXCL13 in colons of BALB/c (white bars) and C57BL/6 
(black bars) mice in the healthy setting analysed by realtime RTPCR (average 5 mice per group +/- SD). 
Significant p-values are indicated with * (p<0.05 *, p<0.01 ** and p < 0.001***).
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Organized GALT contains IgA producing B cells and Regulatory T 
cells
The larger SILT structures in the small intestine have been shown to contain 
IgA+ B cells 33. We thus performed immunofluoresence stainings on colonic 
patches which showed that colonic patches indeed consisted of B cell follicles 
and distinct T cell areas (Figure 5A). Within the B cell follicles we could detect 
IgA+ B cells (Figure 5B). Subsequent stainings of the T cell areas in colonic 
patches showed that these structures also contained FoxP3 expressing 
regulatory T cells, which serve to suppress immune responses within the 
colon (Figure 5C). Thus an increase of organized GALT may be beneficial 
for the host with regards to IgA production and Treg cell generation, which is 
of importance for maintaining tolerance to the microflora, while suppressing 
unwanted immune responses.

Figure 5 - Organized GALT contains IgA producing B cells and Regulatory T cells
(A- C) Immunofluoresence analysis of a colonic patch from a BALB/c mouse with (A) showing both T and 
B cell microdomains (B220 in green and anti-CD3 in red, scale bars = 250µm). (B) Shows an increased 
magnification of B cells within the B cell follicle which are capable of IgA production (B220 in green and 
IgA in blue, scale bars = 50µm). (C) Shows an increased magnification of the T cell area which contains 
regulatory T cells (anti-CD3 in red and FoxP3 in blue. Scale bars = 50µm).  All pictures were taken on 
DM6000 Leica Immunofluoresence Microscope Leica (Leica Microsystems). 
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BALB/c mice have an increase in T cells and B cells compared to 
C57BL/6 mice in both the acute and chronic inflammatory setting
In the healthy setting, BALB/c mice have more T and B cells in the colon than 
C57BL/6 mice, which may help to respond to DSS induced colitis. We tested 
whether this difference was still present during inflammation at both the acute 
and chronic phase of the disease. In the acute inflammatory setting real time 
PCR analysis revealed that indeed at this stage BALB/c mice also have an 
increased expression of CD45, CD3 and CD19 when compared to C57BL/6 
mice (Figure 6A - C). At this stage BALB/c mice have already entered the 
recovery phase of colitis whereas C57BL/6 mice have not. Interestingly, in 
the chronic phase of inflammation when both strains of mice have entered 
the recovery phase of the disease CD45 and CD3 analysis revealed no 
differences in expression levels in BALB/c and C57BL/6 mice.  However 
CD19 expression remained increased in BALB/c mice in the chronic phase 
of the disease. CXCL13, as a measure for B cell follicles present in the colon, 
also remained increased in the acute and chronic inflammatory setting in 
BALB/c mice (Figure 6D). 
Another cell subset that is considered as protective for the intestinal integrity 
due to their production of IL-22 is formed by RORγt expressing NKp46+LTi 
39, 40; 25. In addition, RORγt is also expressed by TH17 cells, which were 
also shown to have a protective effect 41-43. To assess if other immune cell 
types, which could be of benefit in dealing with colitis, were increased in 
BALB/c mice, we measured expression of Rorγt. Indeed the results show 
an increased expression of Rorγt in BALB/c compared to C57BL/6 mice in 
the healthy, acute and chronic inflammatory setting indicating that BALB/c 
mice have an increase in a variety of immune cells which can be of benefit in 
dealing with colitis (Figure 6E).

BALB/c control colons have higher levels of vitamin A conversion 
enzymes and more RARβ signaling
The migration of lymphocytes to the intestine, along with the production of 
IgA and differentiation and migration of regulatory T cells have all been shown 
to be under the influence of the retinoic acid (RA) which is the active metabolite 
of vitamin A. The formation of RA is dependent on enzymes called 
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Figure 6 - BALB/c mice contain more T and B cells in both the acute and chronic 
inflammatory setting than C57BL/6 mice 
(A- D) Real time RTPCR analysis of colons in the control, acute and chronic inflammatory setting showing 
mRNA expression levels of (A) CD45 (B) CD3 (C) CD19 (D) CXCL13 and (E) RORγt. Significant p-values 
are indicated with * (p<0.05 *, p<0.01 ** and p < 0.001***). In all figures results obtained for C57BL/6 
mice are indicated in black bars and BALB/c mice are indicated in white bars. All averages (+/- SD) are 
representative of 5 mice per group. 
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retinaldehyde dehydrogenases (RALDH). To see whether differences in 
RALDH expression between the two mouse strains existed we analyzed the 
expression of the 3 isoforms of the RA converting enzymes, i.e. RALDH 1, 
2 and 3, by real time PCR in healthy colons of BALB/c and C57BL/6 mice. 
Analysis revealed a significant increase in the expression of RALDH1 in 
BALB/c colons compared to C57BL/6 colons (Figure 7A). For the remaining 
two isoforms i.e. RALDH 2 and 3 there was no significant increase observed 
(Figure 7B and C). Within cells RA binds nuclear retinoic acid receptors 
(RARs) which become active transcription factors that bind RAREs within the 
promoter region of their target gene, giving rise to a variety of downstream 
effects. It has been shown that expression levels of RARβ reflect the amount 
of RA signaling both in vivo and in vitro, since RARβ is a direct target gene 
of RA 44. Analysis of RARβ showed that mRNA for RARβ was significantly 
increased in control colons of BALB/c mice when compared to C57BL/6 mice, 
indicating that more RA mediated signaling takes place within the colon of 
BALB/c mice when compared to C57BL/6 (Figure 7D).
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Figure 7 - BALB/c mice have more retinoic acid signaling than C57BL/6 mice
Real time PCR analysis of C57BL/6 and BALB/c control colons showing mRNA expression levels of 
molecules involved in vitamin A metabolism: (A) RALDH1 (B) RALDH2 (C) RALDH3 (D) RARβ. Significant 
p-values are indicated with * (p<0.05 *, p<0.01 ** and p < 0.001***). In all figures results obtained for 
C57BL/6 mice are indicated in black bars and BALB/c mice are indicated in white bars. All averages (+/- 
SD) are representative of 5 mice per group.
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Vitamin A decreases the severity of chronic colitis
To assess if indeed the levels of RA synthesis have an effect on the severity 
of colitis, C57BL/6 mice were fed either a diet containing a normal vitamin 
A concentration or, alternatively, a diet deficient in vitamin A. Subsequently, 
colitis was induced. Vitamin A deficient mice suffered from a more severe 
colitis than mice on a vitamin A control diet as indicated by the weight loss 
and the diarrhea score. In fact, 5 of the 7 animals included in the experiments 
had to be euthanized before the end of the experiment because of severe 
disease. Only the remaining two animals returned to their starting weight at 
the end of the experiment (Figure 8A and B). Macroscopic inspection of the 
colons showed large lymphoid structures in vitamin A deficient control mice, 
which were not visible in mice on vitamin A sufficient diet (Figure 8C). Upon 
microscopic examination these larger lymphoid structures in colons of vitamin 
A control mice were confirmed (Figure 8D and 8 E). Administration of DSS, 
in both vitamin A deficient and control animals, resulted in histological signs 
of colitis. Vitamin A deficient colons showed more profound cellular infiltrates 
and bowel thickening when compared to mice on the vitamin A control diet 
(data not shown). These results suggest that in vitamin A deficient mice, lack 
of vitamin A already leads to an enhanced cellular influx into the colon, while 
upon DSS administration the animals get more severe colitis than animals 
on a control diet alone. This confirms our hypothesis that dietary intake of 
vitamin A is indeed needed for a healthy functioning colon.

Discussion
BALB/c mice suffer from less severe DSS colitis compared to C57BL/6 mice 
and tend to recover more quickly after the withdrawal of DSS. Here we show 
that in the healthy setting BALB/c mice have more organized GALT in the 
colon and this may be responsible for the less severe colitis and the quicker 
recovery observed in this strain. It has been shown that inducible bronchus 
associated lymphoid tissue (iBALT) in the lung has a protective effect and 
helps animals clear influenza virus at an enhanced rate 45, 46. It has also been 
shown that these iBALT structures contain germinal centres (GCs), which act 
as additional ectopic sites that promote immunoglobulin class switching and 
can thus promote IgA production, which aids the host clear infection 45.  
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Figure 8 - Vitamin A has a beneficial effect in colitis 
Daily weight graphs of animals on a vitamin A control diet (VAC)  (A) and a vitamin A deficient diet (VAD) 
(B) given 2% DSS in drinking water for the first five days of the experiment followed by a 30 day period 
on normal drinking water. Organized GALT structures were scored by macroscopic analyses (average 
+/- SD). (C) Microscopic immunofluorescence analysis of colonic patches in VAC (D scale bar = 100µM) 
and VAD mice (E scale bar = 250µM) (B220 in green and anti-CD3 in red). Representative overviews of 
colonic tissue taken with 20x magnification stitch picture function on DM6000 Leica Immunofluoresence 
Microscope Leica (Leica Microsystems).

In the context of the intestine, Lorenz and Newberry have shown that larger 
SILT containing B cells play a role in the production of antigen specific IgA 47. 
Peyer’s Patches of the small intestine have also been shown to be involved 
in antigen specific IgA production 48 and in this paper we show that colonic 
patches which are the counterpart of Peyer’s Patches occurring in the colon 
(chapter 2) also contain B cells which are capable of IgA production. 
Intriguingly, it has also been shown that RA is needed for immunoglobulin 
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class switching by B cells to be able to produce IgA 21, 49. RA has also been 
shown to aid in the differentiation of regulatory T cells, which are known to 
suppress inflammation, and the induction of gut homing molecules needed 
for these cells to return to the intestines18-20. In this paper we have shown that 
FoxP3+ regulatory T cells are largely present in colonic patches. Organized 
GALT i.e. larger SILT containing numerous B cells and colonic patches 
provide a micro environment in which numerous beneficial immune responses 
may occur which may be responsible for the decreased severity of colitis in 
BALB/c mice. 
RA is not only involved in the production of IgA by B cells and the 
differentiation and gut homing of regulatory T cells to the intestine but can 
also potentially play a role in the formation of organized GALT. It has been 
shown that RA can induce CXCL13 expression in stromal organiser cells, 
which is the initial event in the formation of peripheral lymph nodes during 
embryonic life (Chapter 3). In the context of the adult intestine transgenic 
over expression of CXCL13 in epithelial cells leads to an increase of both 
B cells and LTi cells and promotes the formation of SILTs 25. Considering 
that BALB/c mice have more organized GALT in the healthy adult setting, 
in combination with higher RA signaling and higher levels of CXCL13, it is 
tempting to speculate that the higher levels of RA signaling in BALB/c mice is 
responsible for the observed increase of organized GALT in these animals. 
Interestingly, we show that not only do BALB/c mice have more T and B 
cells contained in organized GALT structures but there is also an indication 
that they have more RORγt expression. RORγt is expressed by numerous 
cells in the intestine i.e. LTi cells, NKp46+ cells and TH17 cells 41-43, 50. All of 
these cell types have been shown to have beneficial or protective effects 
in helping the host cope with infection. We observed that also RORγt was 
more abundantly expressed in BALB/c mice when compared to C57BL/6 
mice. It is likely that also the presence of these cells will further aid in the 
resistance that BALB/c mice show towards DSS induced colitis. Whether RA 
mediated signaling is involved in their existence within the intestine will need 
further study. It has been shown that RA can mediate the balance between 
pro- and anti- inflammatory responses 51. In the context of TNBS colitis it has 
been shown that the administration of RA ameliorates colitis by shifting the 
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balance from a Th1 to a Th2 response52. Furthermore, there is evidence to 
support the fact that RA can shift the Treg/Th17 balance in both TNBS colitis 
and human ulcerative colitis 53. Confirming the effects of vitamin A and RA 
in our study we show that the removal of vitamin A from the diet, and thus a 
decrease in RA, gives rise to a more severe form of colitis. This could lend 
an explanation as to why BALB/c mice are more resistant to DSS induced 
colitis than C57BL/6 mice.
Taken together BALB/c mice have more organized GALT containing more T 
cells, B cells and regulatory T cells in combination with the higher RA mediated 
signaling when compared to C57BL/6 mice. It is tempting to speculate that 
inherent differences in RA mediated signaling are responsible for this increase, 
and could explain why BALB/c mice develop less severe colitis and show a 
quicker recovery phase than C57BL/6 mice. Intriguingly, in the context of 
the human form of disease, it has been shown that IBD patients frequently 
suffer from vitamin A deficiency 54. This raises the attractive hypothesis that 
administration of vitamin A and or RA to patients suffering from IBD could 
serve as an effective treatment or alleviation of disease in these patients. 
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