
Colonic insult impairs lymph flow, increases cellular content of 
the lymph, alters local lymphatic micro-environment and leads 
to sustained inflammation in the rat ileum

Walter Cromer, Ph.D.1, Wei Wang, M.D.1, Scott D. Zawieja, B.S.1, Pierre-Yves von der Weid, 
Ph.D.2, M. Karen Newell Rogers, Ph.D.3, and David C. Zawieja, Ph.D.1

1Department of Medical Physiology, Division of Lymphatic Biology, Texas A&M University Health 
Science Center College of Medicine, Temple TX USA 76504

2Inflammation Research Network, Snyder Institute for Chronic Diseases, Department of 
Physiology & Pharmacology, University of Calgary, Calgary, Alberta T2N 4N1 Canada

3Department of Surgery, Center for Cell Death and Differentiation, Texas A&M University Health 
Science Center College of Medicine, Temple TX USA 76504

Abstract

Background—Lymphatic dysfunction has been linked to inflammation since the 1930’s. 

Lymphatic function in the gut and mesentery is grossly underexplored in models of IBD despite 

the use of lymphatic occlusion in early models of IBD. Activation of the innate and adaptive 

immune system is a hallmark of TNBS-induced inflammation and is linked to disruption of the 

intrinsic lymph pump. Recent identification of crosstalk between lymphatic vessel resident 

immune cells and regulation of lymphatic vessel contractility underscore the importance of the 

timing of lymphatic dysfunction during tissue inflammation in response to TNBS.

Methods—To evaluate lymphatic function in TNBS induced inflammation, lymph was collected 

and flow measured from mesenteric lymphatics. Cellularity and cytokine profile of the lymph was 

also measured. Histopathology was performed to determine severity of injury and 

immunofluorescent staining of the mesentery was done to evaluate changes in the population of 

immune cells that reside near and on gastro-intestinal collecting lymphatics.

Results—Lymph transport fell 24hrs after TNBS administration and began recovering at 72hrs. 

Significant reduction of lymph flow preceded significant increase in histopathological score and 

occurred simultaneously with increased MPO activity. These changes were preceded by increased 

MHCII+ cells surrounding mesenteric lymphatics leading to an altered lymphatic environment that 

would favor dysfunction.

Conclusions—Alterations in environmental factors that effect lymphatic function occur before 

the development of gross GI inflammation. Reduced lymphatic function in TNBS-mediated 

inflammation is likely an early factor in the development of injury and that recovery of function is 

associated with resolution of inflammation.
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Introduction

Regulation of immune cell signaling and antigen presentation through altered cellular 

environmental cues is a well-defined mechanism used by the immune system to generate an 

appropriate response to an antigen (1–3). This phenomenon is employed in laboratories to 

force differentiation and alteration of immune cell behavior in vitro to either inflammatory 

or tolerogenic responses and this same scheme holds in true in vivo (2). Alteration of the 

cellular milieu in vivo is regulated by a complex integration of the responses of cells making 

up the tissue resident innate and adaptive immune cells (4, 5). This mechanism of regulation 

is critical for controlling the response to antigens by the adaptive immune system and 

establishing which antigens will be tolerated (tolerance) and which will elicit an 

inflammatory response (6–8).

Traditionally, antigens are sampled and presented by dendritic cells to and with various T 

and B cell subsets in the lymph node (9–18). The node and this process are fed by the 

lymphatic system, which collects antigens, cytokines and immune cells from the tissue 

spaces (17, 19, 20). Activation and regulation of the adaptive immune response is commonly 

thought to be a secondary function of the lymphatics with fluid and macromolecule recovery 

and return to the blood vasculature being the primary function (13–18). However, mice that 

lack an adaptive immune response have reduced or absent secondary lymphoid organs and 

therefore have an incomplete lymphatic system (21). This suggests that the primary function 

of the lymphatic system is to serve and support the adaptive immune system. Indeed 

anatomically the body’s network of lymphatic vessels is centered on the lymph nodes, with 

the afferent lymphatic network delivering immune elements from the interstitium to the 

node and the efferent lymphatic network transporting immune elements from the node to the 

blood for eventual distribution throughout the body (15, 22–26). CSF1R and PU.1 knockout 

mice show that interruptions of monocyte development and differentiation leads to the 

formation of a dysplastic lymphatic network, supporting this principle since the monocyte 

lineage is responsible for regulating innate and adaptive immunity (27, 28). Furthermore it 

has been show that certain macrophage cells express a common lymphatic endothelial 

marker LYVE-1, and associate with and integrate into lymphatic vessels, which further 

strengthens the argument that the lymphatic system primarily serves the immune system (24, 

29, 30). Our group has reported that a unique population of innate immune cells resides on 

muscular lymphatic vessels and that the mesenteric collecting lymphatics have a significant 

investment of these cells that are very dynamic (22, 30). What roles these cells are playing 

for the lymphatic system during different immune responses are not known. However, many 

of these innate immune cells (e.g. mast cells, macrophages, etc.) are capable of producing 

mediators that reduce or stop lymphatic function (31–33). We hypothesize that they provide 

mechanisms to sample and condition lymph as well as regulate lymphatic function, thereby 

orchestrating the lymphatic systems response to immune reactions to induce either tolerance 

or inflammation. To do this, important immune elements must be carried to and from the 
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nodes and these must be carried in the fluid component of lymph. Thus when taken as a 

whole, there is evidence that if either parts of the innate immune system or adaptive immune 

system are lost then the lymphatic system does not fully develop and perform one of it’s 

critical functions. Therefore it stands to reason that the lymphatics function not only to 

maintain fluid homeostasis, but also as a critical temporal and spatial matrix for the 

coordination and regulation of the immune system.

In addition to the cells and antigens that lymph transports, it also contains a collection of 

elements of the cellular milieu such as cytokines, chemokines, adipokines, cells and 

extracellular matrix signaling molecules. Therefore lymph is also a key indicator of tissue 

status (34–39). When lymphatic flow from a tissue is interrupted in an otherwise healthy 

animal, an inflammatory response develops at the tissue that is normally served by that 

lymphatic and node (14, 40–43). This suggests that in the absence of normal lymph flow 

local immunological homeostasis is interrupted, which fits with the hypothesis that the 

lymphatics exist to serve the immune system under both normal and inflamed conditions. 

When lymphatic dysfunction occurs under otherwise ‘normal’ conditions”, a general 

cellulitis can occur that then can develop further into a more complex inflammatory disease 

(44–47). However, if lymph flow is interrupted in the intestine, inflammation is theorized to 

occur due to contamination of the intestinal wall with gut contents. This creates an 

inflammatory injury that, while mechanistically may be similar to cellulitis, is much more 

complex due to environmental factors (43, 48–50). Experimentally, this inflammation 

appears to bridge the descriptions of Crohn’s disease and sclerosing lymphangitis (42, 43, 

51–53). This has lead to debate about how to classify Crohn’s Disease, with some groups 

suggesting that the disease resembles a form of lymphedema with complications resulting 

from contamination with intestinal contents (49, 50, 54). If this hypothesis is accurate then 

lymphatic transport from the gut should decrease or stop prior to the development of the 

chronic gut inflammation. As we have stated before, others have described lymphatic 

abnormalities during chronic gut inflammation including the initial description of Crohn’s 

disease in 1932 (51). Furthermore, studies confirmed that interruption of lymph flow was 

sufficient to yield an injury similar to that seen in the tissues of IBD patients. This was 

experimentally accomplished in a number of different ways including surgical obstruction, 

fine particulate feeding and node fixation. All of these experimental procedures resulted in 

similar injury across multiple species (42, 43, 48). Recent findings on the alterations of 

lymph transport in models of intestinal inflammation demonstrate that inflammation of the 

gut is associated with the reduction of contractile activity of the muscularized lymphatics 

(55). This work was done in a model of ileitis using TNBS ileal injections, and while it 

provides evidence that lymphatic transport is interrupted during gross inflammation it does 

not provide information as to which develops first. Our work presented here is an attempt to 

address this major issue. We have found that lymphatic transport is reduced prior to the 

development of gross tissue injury and inflammation in our model. This suggests that 

lymphatic dysfunction is an initial component of intestinal inflammation and contributes to 

disease development.
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Materials and Methods

All animal protocols were approved by the Scott and White Healthcare and Texas A&M 

University IACUCs and conform to the NIH guide for the care and use of laboratory 

animals.

Induction of TNBS inflammation

Non-fasted animals were anesthetized by isoflurane inhalation following which an 18-gauge 

catheter with a blunted end was inserted 7.5cm into the rectum and TNBS (in 500uL of 30% 

ethanol in PBS) was instilled at a dose of 30mg/kg of body weight at 0 and 120hrs. The anus 

was loosely held closed for 5min after instillation to allow for coating and absorbance of the 

TNBS, after which the animals were allowed to recover from anesthesia.

Collection of immune cells in the lymph

Control and TNBS treated animals were anesthetized as previously described and a midline 

laparotomy was performed with a loop of mesentery and associated intestine exposed and 

attached to a dissection board. The downstream portion of a lymphatic vessel originating in 

the gut wall was cannulated using a heparinized glass pipet pulled to a tip diameter of 80um 

that was fixed to maintain the height at heart level. Lymph was collected and the time and 

volume of collection was recorded and normalized to the weight of the animal in grams to 

determine the rate of lymph flow. The collected lymph was diluted to 900uL using PBS and 

spun at 2500×g for 5min to pellet cells present in the lymph. Then the supernatant was 

removed and saved for further analysis. The cells were resuspended in 50uL of PBS and 

smeared on a glass slide in a 1cm circle and allowed to dry at room temperature for 30min. 

The smears were fixed in methanol at 4°C for 30 sec and stained with DiffQuik differential 

stain. The slides were imaged at 40 and 100× magnification and the total number of cells per 

40× field of view was counted, Cell counts were adjusted for the original lymph volume 

collected. N=3 for all time points as determined by power analysis except for 96hrs which 

displayed an extreme variability in data at that time point had an N=5.

Myeloperoxidase assay of the ileum and colon

Tissue samples were harvested from sites of the small intestine 2cm distal to the junction of 

the stomach and small bowel, 2cm proximal to the junction of the ileum and caecum and 

2cm distal of the junction of the caecum and colon. The tissue was split length wise in cold 

PBS and washed of any luminal contents. It was then homogenized in PBS using a glass 

dauncer followed by two freeze thaw cycles. The resulting suspension was centrifuged at 

13,000×G for 10min and the resulting enzymatic extraction (supernatant) was removed for 

use in the assay. A fluorometric MPO assay from AbCAM (485/528nm excitation emission) 

was used and 1µL of the enzymatic suspension was used for each sample and read after 

5min and 30min incubation. The MPO activity was calculated as specified by the assay kit 

and normalized to total protein content in 1µL of enzyme suspension and expressed as the 

MPO activity (units)/mg of protein. N=3 for all samples.
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Wet to dry weight ratios

Tissues were harvested from the same areas as the histopathology and was split and washed 

of all contents in cold PBS. The tissue was blotted dry and weighed prior to being placed in 

a convection drying oven at 45°C for 72hrs. The tissue was then reweighed and the percent 

water weight calculated. N=3 for all samples

Mesenteric Lymphatic vessel Diameter

Lymphatic vessels from the mesentery of control and 48hrs TNBS-treated rats were isolated 

from the ileum and cannulated on resistance matched glass pipettes (inner diameter ~80µm, 

outer diameter ~100µm) in a Living Systems microvessel apparatus. Vessels (n=3) were 

pressurized to 3cm/H2O and allowed to equilibrate for 30min at 37°C and the maximum 

outer diameter were recorded. No vessel used in this study displayed signs of damage 

(stricture sites, etc.) during isolation, manipulation or pressurization.

Histopathology

After induction with TNBS, the animals were sacrificed at 1, 6, 24, 48, 72, 96, 120 and 

144hrs for sample collection and analysis. Tissues from the terminal ileum and colon (3cm 

distal to the caecum) were collected from control and TNBS animals, flushed of luminal 

contents and fixed in 4% PFA overnight. The fixed tissues were processed and embedded in 

paraffin and cut into 5µm sections, de-paraffinized and stained with hematoxylin and eosin. 

Tissues were scored on a scale of 0–4 (0 no damage, 1 least damage/severity, 4 worst 

damage/severity) for each of the following criteria; epithelial cell loss/damage, crypt loss, 

tissue cellularity, edema and vascularity. During the process of scoring, we examined both 

normal and transitional ileal sections (proximal and adjacent to the caecum) to determine 

overall alterations in the ileum. The individual scores for each criterion were compared and 

scores for overall histopathology were totaled. Colon sections were examined to confirm 

that there was injury but were not scored since our experiment focused on the ileal 

inflammation that occurred proximal to the site of immediate TNBS exposure and injury.

IHC of immune cells/contractile markers in, on and around the lymphatics

After the animals were sacrificed, the mesentery and surrounding intestine was removed, 

washed in PBS and pinned to SilGuard142© coated dishes. The tissue was fixed in 4% PFA 

for 2hrs followed by 3 washes in PBS and a final rinse in PBS with protease inhibitor 

cocktail overnight. The mesentery was trimmed away from the gut the following day and 

permeabilized in 0.01% triton-X100 in PBS for 1hr followed by a blocking step in 5% 

normal goat serum in PBS for 2hrs. Tissues were incubated overnight with primary 

antibodies at 4°C in antibody amplifying dilution buffer (ProHisto) followed by 3 washes in 

that buffer. Then the tissues were incubated for 2hrs with secondary antibody at room 

temperature. The dilutions and technical information for the antibodies used are listed in 

Table 1. Whole mount mesentery tissues from control and 48hr TNBS treated animals were 

harvested and fixed in 4% PFA as described and stained for smooth muscle actin and 

SM22α following the same procedure used for immune cell IHC. N=6 for all time points.
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PCR of mesenteric lymphatic vessels from TNBS treated animals

Lymphatic vessels were isolated from exteriorized loops of mesentery from control, 1 and 

6hr TNBS treated animals (n=3) after fixation in RNAlater. The isolated lymphatic vessels 

from one mesenteric loop per animal were pooled and RNA was extracted using a Qiagen 

mini spin column kit. RNA quantity and quality were check by NanoDrop measurements 

prior to reverse transcription (RT) reaction. An equal amount of RT DNA was reacted with 

primer sets for iNOS, TNF-α, IL-6 and GAPDH. Fold change in expression was determined 

by the ΔΔCT method.

Measurement of cytokines in lymph

Lymph samples were taken from the resulting supernatant of the pre-nodal lymph collected 

for flow measurement and cell analysis. Cytokine expression was measured using a rat 

specific Proteome Profiler™ kit from R&D Systems (cat. # ARY008). Total sample 

volumes of cell free lymph were diluted to 250µL total volume and used to determine levels 

of cytokines. The blot strips were imaged on a Fuji LS4000 imaging system and analyzed 

using ImageJ software (NIH). Integrated densities were normalized to control spots and then 

further normalized to sample volume (non-diluted lymph volume). N=5 for all time points.

Statistical Analysis

Statistical analysis was performed using ANOVA with Dunnett’s post hoc testing where 

applicable (all multiday comparisons compared to control (t=0)). In the cases of two-way 

comparisons with single variables Student’s two-tailed t-tests were used. All bars represent 

standard error of the mean (SE)

Ethical Considerations

Animals were monitored daily for signs of disease and weight loss. Due to the nature of the 

study analgesics and anti-inflammatory agents were not used, as a majority of these 

compounds are known to interfere with the mechanisms that were studied. No animals meet 

removal criteria (20% body weight loss, hunched position for more than 1 day and/or frank 

blood at time of TNBS delivery) for this study and no adverse events were encountered.

Results

Lymph flow significantly fell 40% at 24hrs. It then declined further to a 50% decrease at 48 

hours that recovered partially by 72 and 96hrs and continued to rise at 120hrs but did not 

reach a significantly elevated level. After the second TNBS treatment, (144hrs) lymph flow 

again dropped significantly from that measured at 120hrs (Fig 1a black line). This second 

interruption of lymph flow occurred quicker after the TNBS instillation than the first 

interruption, occurring within 24hrs after the exposure instead of 48hrs in the case of the 

initial instillation. Total histopathology scores revealed that injury in the ileum rose 

significantly at 48hrs and began a trend towards recovery at 96hrs (Fig 1a red line) but 

remained significantly elevated and never returned to control levels. Injury scores then 

peaked again at 144hrs after the second TNBS treatment at levels much higher than the 

previous post insult increase in histological score. Colon injury appeared more severe (Fig 

1c, e) than ileal injury (Fig 1b, d) but appeared to follow the same temporal pattern as the 
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ileum with injury being most apparent at 48 and 144hrs. Cellularity of the ileum 

significantly increased at 48hrs and remained elevated at 72hrs. The peak of ileal damage 

occurred after significant reduction in lymph flow from the gut and highest cell content of 

the lymph. Histological edema scores were elevated in all tissues (ileum and colon) at 48hrs 

and 72hrs but began to recover at 96hrs and were fully recovered at 120hrs although again 

the increases were milder in the ileum. The edema score then rose significantly again at 

144hrs after the second treatment of TNBS. There was little epithelial damage and crypt loss 

in the ileum until after the second administration of TNBS, however it was mild compared 

to the epithelial damage in the colon.

The total number of immune cells carried in the lymph remained at control levels for 24hrs 

after the first TNBS instillation, but increased 2.75 fold at 48hrs and remained elevated until 

the latest time point measured 144hrs (Fig 2a). In addition to the increase in the number of 

cells in the lymph after TNBS administrations there was also evidence of a diffuse fibrous 

material that was tightly adherent to the cells contained within the lymph (Fig 2c,d,e).

MPO assays confirmed that TNBS treatment increased the number of inflammatory cells in 

the ileum and colon (Fig 3a). Surprisingly there was also an increase in the MPO score of 

the jejunum at 48 and 144hrs (data not shown). The MPO scores increased significantly in 

the colon and ileum at 48hrs and remained elevated but not significantly so until 96hrs. This 

pattern was repeated at 144hrs in colon samples but not ileal, corresponding to the second 

administration of TNBS and the associated reduction in lymph flow (Fig 3a).

The percent water weight measured from the wet to dry weight ratios of the tissue supports 

the histological edema scoring very closely (Fig 3b). Increased water weight was seen in the 

ileum at 48hrs. It began resolving at 72hrs but remained elevated and then returned to 

normal at 96hrs. Water weight of the ileum again spiked at 144hrs but much more rapidly 

than the previous increase, again corresponding in time to the reduction in lymph flow 

associated with the administration of TNBS. We also measured a slight increase in percent 

water weight in tissues as far upstream as the jejunum at 48hrs (data not shown), suggesting 

that TNBS is inducing a general inflammation of the gut beginning at 48hrs which 

corresponds to the largest reduction of lymph flow. The colon percent water weight 

increased 24hrs after the first TNBS instillation suggesting edema and this pattern repeated 

after the second TNBS treatment, at 144hrs (Fig 3b).

Average mesenteric lymphatic vessel diameter at 3cm of water pressure was increase after 

TNBS treatment. Control vessels averaged ~117µm while 48hrs after TNBS treatment the 

average diameter significantly increased to ~153µm (Fig 3c).

The number of MHCII+ immune cells that surrounded the mesenteric lymphatics increased 

significantly (>2 fold) in as little as 6hrs post TNBS instillation (Fig 4a). They remained 

elevated out to 48hrs after treatment compared to control (Fig 4b, c). At 72hrs, the number 

of MHCII+ cells associated with the vessel dropped to values not different from control 

numbers (Fig 4d). The number of cells along the vessel remained no different from control 

values from 72hrs to 120hrs but it then rapidly spiked at 144hrs (24hrs after the second 

TNBS administration) (Fig 4e).
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Expression of iNOS and TNF-α mRNA in the lymphatic vessel increased significantly as 

detected by PCR as early as 1hr after TNBS treatment, which mirrored the increase of 

MHCII+ cells along the vessel (Fig 5a). Interestingly the levels of IL-6 dropped significantly 

1hr after TNBS administration and began recovering at 6 hours (Fig 5a).

There was no apparent loss of smooth muscle investment of the vessels at any time point 

tested, nor was there a loss of the contractile regulatory protein SM22a (Fig 5b–g). 

Expression patterns also remained similar between TNBS treated and control groups.

Of the 19 inflammatory cytokines and factors we detected in the lymph, only 5 were 

significantly changed by TNBS treatment. For example both s-ICAM and s-L-selectin were 

reduced in the lymph of TNBS treated animals (0.04 and 0.44 fold of control respectively) 

and TIMP-1 was reduced to 0.23 fold of control (Fig 6). Interestingly IL-10 was reduced in 

the lymph of TNBS treated animals to levels below detection, while IFN-γ was increased 

~2.0 fold and GM-CSF was ~1.5 fold although levels of GM-CSF did not reach 

significance.

Discussion

The idea that the status of the lymphatic system is closely tied to inflammation is not new 

and it was the opinion of B.B. Crohn that lymphatic malfunction in the intestine could lead 

to inflammation (42, 43, 56). This idea supported by the work of Chess in the 1950’s that 

found ingestion of silica particles obstructed the intestinal lymphatics and produced tissue 

damage and inflammation similar to human Crohn’s disease (42). This idea remained 

prominent through the 1970’s as other methods that may have altered lymphatic function, 

such as fixation of regional lymph nodes, caused adverse inflammatory events in the GI 

tissue that node served (43). All of these studies indicated that the experimental impairment 

of lymph function could lead to inflammation and tissue damage. Clinically, lymphatic 

dysfunction can be linked to inflammation in the case of lymphedema and cellulitis (44, 47, 

57, 58). Cellulitis is a demonstration of cause and effect whereby reduced lymph flow 

inhibits the ability of the immune system to properly respond to insult resulting in a 

continuous inflammatory reaction. Interestingly, some rare or underreported forms of IBD 

often resemble many aspects of cellulitis microscopically and, are associated with bouts of 

localized edema, particularly in the pelvic and genital areas (52, 59). Recent work in an 

ileitis model of intestinal inflammation has shown that the intrinsic pumping mechanisms of 

lymphatics are disrupted by inflammation. However other factors such as the accompanying 

tissue edema that occurs in that model also play a major role in lymph flow thus 

complicating interpretation of what happens to total lymph flow (60, 61). To our knowledge 

this is the first actual quantitative measurement of lymph flow in a model of intestinal 

inflammation. This study is also unique in examining the very early time points associated 

with intestinal inflammation and how lymph flow is affected. We have correlated the 

changes in lymph flow and other parameters of lymphatic function to the development of GI 

inflammation/injury in an attempt to provide an answer to the question of whether reduced 

lymph flow is a potential causative force in the inflammation or a secondary result of GI 

injury.
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The model we chose to test this hypothesis in is the rat model of TNBS-induced intestinal 

inflammation. This is a well established, and the smallest animal in which true pre-nodal 

lymph can be reliably collected. We are measuring and collecting lymph flow in vessels 

from the terminal ileum to avoid the secondary effects of direct chemical damage of the 

lymph vessels by the TNBS administration in the colon. Tissue injury in the ileum was 

significantly elevated and was not a non-specific result of surgery/damage to the area. TNBS 

inflammation is dependent on the activation of the immune system by haptenized antigens 

resulting in a Th1 polarized inflammation. Since we also hypothesized that the immune 

system might regulate the flow of lymph this was an additional benefit of this model.

The key finding of this study was that TNBS administration significantly reduced lymph 

flow by 40% 24hrs after the first instillation. Lymph flow continued to fall to a value 45% of 

control (55% reduction) at 48hrs and began a gradual recovery by 72hrs. Lymph flow then 

continued to increase to levels above control until the second TNBS treatment at 120hrs. 

The increase in flow during recovery may be due to the enhancement of lymph production 

as a result of the preceding ileal edema, a potential increase in lymphangiogenesis and/or 

recovering or increased ileal motility after the insult (62–66). The second TNBS treatment 

reduced lymph flow by 64% within 24hrs after administration. There are several possible 

reasons why the second TNBS treatment resulted in a greater and more rapid inhibition of 

lymph flow than the first administration; the first possibility is that the inflammation induced 

by the first TNBS instillation had not completely cleared before the second treatment was 

given, which is not well supported by other measures of disease such as MPO and wet to dry 

weight ratio. The second possible explanation is that the immune system in the GI tissues, 

mesentery and node were primed by the first TNBS treatment and therefore responded much 

more robustly to the second treatment. It is also possible that TNBS might exert a negative 

effect on lymphatic function in and of it’s self independent of ethanol vehicle effects which 

have minimal effects on lymphatic function and potentially a separate mechanism of action 

(Fig 1a) (67, 68). We feel that the second hypothesis is more plausible since most markers of 

injury to the gut tissue had dropped to near control levels by the time of the second 

administration. This leads us to conclude that the immune systems response at the second 

treatment is more rapid and profound because it is essentially primed to respond. This 

support the contention that the immune system is not only served by the lymphatic system 

but that it also partially regulates lymph flow in these vessels through mechanisms that we 

believe are the result of immune cell interactions with the vessels. We observed that reduced 

lymph flow in the ileum was matched by an increase in the histopathological score over the 

first 48hrs. However, the tissue did not show signs of edema until 48hrs suggesting that 

reduced lymph flow results in accumulation of immune cells prior to complex injury in the 

tissue. The tissue histopathology remained significantly elevated until after lymph flow 

recovered. This suggests that reduced lymph flow contributes to sustained tissue injury.

It is interesting to note that at each point lymph flow was decreased, the relative density of 

cells in the lymph increased. These cells could directly impair lymph flow because of 

physical changes in the viscosity due to increased cell counts and signs of clotted material 

and/or alteration of biochemical regulators of lymphatic function. But it appears that these 

influences are unlikely to be the predominant factor decreasing lymph flow at this time since 

the number of cells in the lymph remained elevated even after lymph flow recovered. 
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Another factor we suspect may change is the hydrodynamics and resistance of the 

mesenteric lymph node, which may increase the work that is necessary to move lymph 

through it. However we did not carefully evaluate this in these studies.

Inflammation in the ileum, in a rectally administered TNBS model has not been well 

described, even though it is documented that there are many distant effects of TNBS induced 

colonic inflammation (69, 70). One of the most compelling pieces of evidence that we found 

of pathological inflammation in the ileum is the alteration in the size of the lymphatic 

vessels serving this tissue. This phenomenon has been reported previously in a model of 

TNBS-induced ileitis in which the gut was exteriorized and TNBS injected into the ileum as 

well as in cases of intestinal lymphangiectasia (55,71).

As stated before there was an increase in the histopathological score of the ileum of TNBS 

treated rats, but the increase in overall score was due to increases in cellular infiltration 

48hrs after insult. There was little to no epithelial erosion and no crypt loss during the acute 

phase of the injury. This evidence may suggest that the tissue injury during the acute phase 

is due to trapping of inflammatory cells and edema in the tissue because of the reduced 

lymph flow, but we cannot exclude the possibility of direct cytotoxic effects of the TNBS 

treatment. However, it seems less likely that this is due to direct action of TNBS on the 

epithelium as there was minimal epithelial damage. These histological observations were 

confirmed by wet to dry weight ratio and MPO assay, which showed the accumulation of 

fluid and inflammatory immune cells in the ileum. MPO activity in the ileum had a biphasic 

response after the first TNBS administration with a peak at 24hrs recovering at 48hrs and a 

second peak at 72hrs corresponding to the initial recovery of lymph flow. While the first 

peak is likely due to influx of neutrophils into the tissue after the initial TNBS insult, we 

hypothesize the secondary peak is due to a reaction of the immune system to an efflux of 

tissue debris, cells and gut related antigens. This delayed lymphatic delivery might cause a 

secondary inflammatory flair that would account for the prolonged increase in 

histopathology.

The MHCII+ immune cells we have shown surrounding the vessels are not the only cells that 

reside along these vessels. In fact we know they share this space with mast cells and 

CD11c+/MHCII− cells (24, 27, 30) as well as other potential members of the innate immune 

cell population. However to our knowledge, these MHCII+ cells are the most responsive in 

terms of rapid population changes immediately after insult. As early as 1hr after TNBS 

instillation, the number of MHCII+ cells began to increase in the area on and immediately 

adjacent to the mesenteric lymphatics of the ileum. With the increase in MHCII+ immune 

cells around the lymphatics we believe that they might be adversely affecting lymphatic 

function. It is known that intestinal inflammation causes a reduction in the contractile 

machinery of visceral smooth muscle (62). While this is a different muscle type than that 

surrounding the lymphatic vessels we hypothesized that there may be a loss of either 

contractile machinery or total loss of muscle cells (17, 19, 68, 71, 72). However, we found 

that there was no gross loss of muscle cells or the contractile protein SM22α in the 

lymphatic muscle cells at 48hrs, suggesting that the loss of contractile machinery was not 

the reason for the reduction of flow at these time points. However, the contractile function of 

these cells is extremely complex involving both phasic contractions driving lymph pumping 
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and tonic contractions that regulate outflow resistance. More complete answers to these 

questions will require further evaluation of the multitude of factors that regulate it, which 

our collaborators and we are examining now.

We found that the increase in MHCII+ immune cells around the vessels correlated well with 

increased expression of TNF-α and iNOS mRNA levels. High levels of NO have been 

implicated as a major inhibitor of lymphatic function in similar models (71, 73–76). This 

suggests that the immune cells that traffic to the area on and immediately around the 

lymphatic vessels play an important role in regulating lymphatic function. This supports the 

notion that NOS is important in modulating lymph flow as found by Gasheva et. al. and 

Mathias et. al. (71, 74). Immediately after insult, the levels of IL-6 message decreased in the 

mesenteric lymphatics, which is surprising since IL-6 is a classical pro-inflammatory 

cytokine. However recent work has shown that IL-6 in conjunction with other cytokines 

directs the differentiation of macrophages to a tolerogenic/anti-inflammatory phenotype 

(77–81). We seen that IL-6 message began to recover at 6hrs post treatment, suggesting that 

IL-6 might be acting as a driver of macrophage phenotype selection along the lymphatics. 

This data leads us to the question of what other factors might be attracting the immune cells 

to the lymphatics. It is important to note that these events occurred before the development 

of lymph flow impairments (≤24hrs) and gross (histological) inflammation (≤48hrs) 

suggesting that this environmental shift precedes both events.

When we examined the protein content of the lymph and the peritoneal fluid we found that 

there was evidence of inflammation mediated by TNBS in both the peritoneal and lymphatic 

compartments. There was an alteration in transport/compartmentalization of critical 

immunoregulatory molecules induced by TNBS treatment. The soluble forms of cell surface 

adhesion molecules L-selectin and ICAM were both reduced in lymph. Soluble L-selectin 

and soluble ICAM can impair normal adhesion and function of immune cells such as 

macrophages and CD8+ lymphocytes. This suggests a rapid shift to an inflammatory 

environment in the lymph and possible increased cellular recruitment (82, 83) that could 

enhance the migration of cells out of the peritoneal space and into the lymphatics. We also 

found that the levels of IFN-γ, which we previously have shown increases lymphatic 

endothelial permeability, was elevated in the lymph of TNBS-treated rats at 48hrs (84). This 

was accompanied by an increase in GM-CSF in the lymph, which suggests that there is a 

potent chemotactic stimulus for macrophages to migrate to the lymphatic vessel as well as 

adopt an inflammatory phenotype (85–87). It is likely that these factors are driving 

recruitment of cells to the lymphatics during inflammation. It is interesting to note that IL-10 

was detectable in the lymph of control animals but reduced to levels below detection in the 

lymph of TNBS-treated animals. These findings suggest that it is likely that there is some 

mechanism by which the lymph is conditioned prior to reaching the node to assist in 

directing the immune response. This conditioning may be carried out by either the lymphatic 

endothelial cells themselves, the immune cell complement that surrounds the lymphatics or 

by both. This finding could help determine why under normal circumstances antigen 

presentation via the lymph from the gut induces a tolerogenic state but under states of 

damage (gut wall injury/breach) or infection (non-normal gut flora) the immune/lymph 

system can rapidly switch to an inflammatory state (88–91).
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In summary we document for the first time that lymph flow from the ileum is rapidly 

interrupted by insult to the colon and that these decreases in lymph flow occur prior to the 

development of marked histopathology in the ileal tissues. We hypothesize that failure of the 

lymphatics to remove immune cells and the offending inflammatory stimuli after the initial 

insult precipitates further inflammation. This may alter the response of the immune system 

moving from a ‘normal’ inflammatory response that is necessary to repair epithelial damage 

and respond to potential pathogens, to one that may become self-perpetuating. Second, we 

have shown that lymph flow increases prior to tissue recovery. This provides strong support 

for the principal that the inability of lymph flow to recover after insult promotes the 

development of a chronic inflammatory state. Thus it appears that the impaired lymphatic 

function previously observed in other IBD models and patients may not be simply a 

secondary effect of the inflammation initiated by other events, but may be a major early 

contributor to disease development. Additionally this data may provide an insight to the 

development of pathologies such as backwash ileitis and skip lesions as these may result 

from inhibition of lymphatic function at GI sites distal to the original tissue injury. 

Currently, we are trying to determine what the triggers early recruitment of immune cells to 

the tissue surrounding the lymphatic vessels since we believe this is a critical early factor 

that could modulate lymph flow. However, based on the literature we speculate that it is 

likely some form of innate immune cells that reside near the vessel releasing 

chemoattractive substances (22). Additionally we would also like to address if this paradigm 

is common to other chronic inflammatory states, that is whether or not the reduction of 

lymph flows from different tissues is a common triggering factor in human inflammatory 

diseases and if preserving lymphatic flow may attenuate inflammation in those diseases.
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Figure 1. 
Measurements of fold change in lymph flow (lymph collected/time in min./animal weight in 

grams) (TNBS=black diamonds, 30% ethanol vehicle=green triangles) and histopathological 

scores calculated from TNBS treated rat ileum (red line) (a) and representative images from 

120 and 144 hours (distal ileum b, d and proximal colon c, e). n=3 except 96hrs with n=5, 

bars=SE and * denotes p value ≤0.05
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Figure 2. 
Measurements of cellularity of the lymph (a) from control and TNBS treated animals from 

0–144hrs. Representative images of cells in the lymph stained with DiffQuik differential 

stain at 0 (b) 48 (c), 72 (d) and 144 hrs (e). Note the accumulation of fibrous material in the 

48 and 144hrs stains. n=3 except 96hrs (n=5), bars=SE and * denotes p value ≤0.05
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Figure 3. 
MPO activity (a) and percent water weight (b) of the ileum (square, solid line) and colon 

(triangle, dashed line) after TNBS administration. MPO activity was measured as MPO 

activity units per mg of protein and showed a delayed biphasic response in the ileum. Water 

weight was measured as the dry weight of tissue divided by the wet weight of the tissue. 

Isolated vessel diameter was measured in lymphatic vessels from the ileum at 3cm/H2O 

pressure (c). n=3 for all measures, bar=se and * denotes p value ≤0.05

Cromer et al. Page 19

Inflamm Bowel Dis. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
The number of MHCII+ cell counted along lymphatic vessels in mesenteric whole mounts 

and normalized to vessel area from 0 to 144 hrs (including 1 and 6hrs) (a). Representative 

mesenteric lymphatic vessel staining of MHCII (green, white dashed line showing outline of 

vessel) 0 (b) and 48hrs (c) n=6 (each n is an average of 3 separate 40× field containing the 

lymphatic vessel), bars=SE and * denotes p value ≤0.05
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Figure 5. 
RTPCR data from mesenteric lymphatic vessels in control, 1 and 6hr TNBS animals (a) 

showing that there is a very rapid change in the expression of inflammatory cytokines and 

mediators such as iNOS. Representative images of SMA(green) and SM22α (blue) in 

control (b, d, f) and TNBS treated animals (c, e, g) after 48hrs showing no loss of muscle 

cells or contractile regulators. n=3 (a), bars=SE and * denotes p value ≤0.05
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Figure 6. 
Cytokine profile of lymph from control and 48hrs TNBS treated animals as detected by 

DotBlot assay. Lymph samples were collected from flow measurement experiments and 

centrifuged to remove cells. Statistical analysis was performed using ANOVA. n=5, ND=not 

detectable, bars=SE and * denotes p value ≤0.05
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Table 1

Manufacturer, catalog number and dilution factors of antibodies used in this study.

Target Manufacturer Catalog # Dilution

α Smooth muscle Actin Abcam ab54723 1 µg/mL

SM22α Abcam ab14106 2 µg/mL

MHCII (10-3.6) Sant Cruz sc-53721 0.5 µg/mL
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