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Abstract

Background: Aging impairs mesenteric lymph flow, which is crucial for fluid and macromolecule homeostasis,
fat absorption, and immune function. Previously, we demonstrated that mast cells (MCs) line mesenteric
lymphatic vessels (MLVs) with a greater degree of basal activation of MCs in aged mesentery. The number of
intact MCs available to react acutely to inflammatory stimuli was decreased with age. However, the role of mast
cells in recruiting other immune cells towards MLVs and its aging-associated alterations has not been explored
before in great detail.

Methods and Results: In this study we treated live mesenteric tissue isolated from Sprague Dawley (SD) rats, as
well as adult 9-mo and aged 24-mo Fischer-344 (F-344) rats for 2 hours with MC activators (48/80 and
Substance P) and performed whole mount IHC and vital dye staining of the mesenteric segments containing
MLVs to identify immune cell recruitment towards MLVs after mast cell (MC) activation. Number of major
histocompatibility complex (MHC) class II positive APCs and eosinophils near MLVs was counted and
compared between treatments and ages.

Conclusions: With greater density of MCs near MLVs, we for the first time demonstrated that mesenteric MC
activation by compound 48/80 and Substance P resulted in recruitment of MHC class II positive cells and
eosinophils towards MLVs. This effect was reduced in cromolyn-injected rats, thus confirming that MCs are
necessary for such recruitment. The immune cell presence near MLVs after MC activation was reduced in aged
tissues. We link these findings to our previous report of lesser number of intact MCs available for initiating an
acute immune response in aged mesentery. Cumulatively, these findings serve as the first step in study of the
aging-associated mechanisms that link MCs, lymphatic vessels, and disordered immune function in the elderly.

Introduction and morbidity in the aged population. Immunosenescence is
characterized by a decreased ability of the immune system to

HE LYMPHATIC SYSTEM IS CRUCIAL for fluid and macro- recognize and combat foreign antigens, as well as a decreased
molecule homeostasis, fat absorption, and immune ability to maintain tolerance to self-antigens. This results in
function; deeper understanding of the lymphatic-related an increased susceptibility to infection, cancer, and reduced
components of all of these functions has attracted more re-  responses to vaccination in the elderly.®”'* Research linking
searchers in to this field during the last decades." Aging decreased lymphatic function with impaired immunity in
creates several challenges to the lymphatic system by altering  aging is very sparse. Recently we demonstrated that mast
microenvironment”® and ultrastructure® of lymphatic vascu- cells (MCs) existing near mesenteric lymphatic vessels
lature, which may create additional challenges to lymph flow  (MLVs) exhibit aging-associated increased levels of basal
and related functions mentioned above during various dis- activation. We linked this pre-existing activation of MCs in
ease states.* Aging is associated with impaired lymphatic ~ aged mesentery with previously observed changes in lym-
pumping with a significant decrease in frequency of sponta-  phatic contractility in aged MLVs.®’ Furthermore, we pro-
neous contractions and therefore a consequent decrease in  posed that such high levels of pre-existing activation of MCs
minute productivity of lymphatic vessels.®” Aging causes would alter the initial phases of acute inflammation and im-
“immunosenescence’’ that contributes to increased mortality —mune response in elderly.'> While considering potential
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interactions between MLVs and MCs in aged mesenteric
tissues during initial phases of acute inflammation and im-
mune response, we attempted to answer the question on
general importance of mesenteric MCs located near MLVs
for these processes.

It is well established that cells of the immune system are
required to communicate between each other through secre-
tion of soluble mediators and direct cell-cell interaction to
develop an effective immune response. Among the cells of
the immune system, MCs appears to be one of the most
versatile in terms of ability to respond to multiple stimuli and
to selectively release different types and amounts of media-
tors. Depending on the type of activation and the combination
of stimuli they receive, MCs secrete a diverse range of va-
soactive mediators that can trigger, direct, or suppress an
immune response. In brief, MC-derived soluble products can
be divided into two categories: (a) pre-formed mediators,
such as histamine, proteoglycans, and neutral proteases and
certain cytokines, in particular tumor necrosis factor-alpha
(TNF-a), that are rapidly and instantaneously released upon
MC activation; (b) newly synthesized mediators, such as
cytokines, chemokines, lipid mediators, growth and angio-
genic factors that start to be synthesized after MC activa-
tion."*!> Subsequently, the important MC-dependent initial
steps of immune response require the recruitment of other
cell types to the site of the pathogen invasion. In particular,
the MC-related mediators like histamine, TNF alpha, and
PGD2 have been shown to direct dendritic cell migration to
lymph nodes, cause activation and maturation of dendritic
cells, and modulate dendritic cell capacity to promote T cell
responses.'®'” TNF alpha, a preformed cytokine has been
shown to increase neutrophil influx, which helps in clearing
infectious agents and reducing morbidity and mortality.?**!
Furthermore, pro-inflammatory mediators released by MCs
have been found to attract eosinophils to the site of inflam-
mation.?? Eosinophils are known to secrete an array of cy-
totoxic granules that activate MCs to release histamine, lipid
mediators, eicosanoids, and TNF alpha.23 24 Thus MCs and
eosinophils together are implicated in the pathogenesis of
many allergic diseases.

MLVs have a Well-developed population of MCs located
in close proximity to them.> Being located at the border
between the biologically aggressive environment of the gut
lumen and inner compartments of the abdomen, the inner
surface of these vessels provide much greater surface area for
initial contact and interaction with inflammatory mediators,
products of tissue metabolism, and various foreign and self-
antigens than the inner surface of downstream lymph nodes
located far from the gut wall. MCs as sentinel cells being
localized by MLVs may be considered as ideal candidates to
provide an important functional link between MLVs and
other immune cells located in the mesenteric tissue. It is
already demonstrated that collecting lymphatic vessels play
an important role in transportation of antigen-presenting cells
(APCs) to lymph nodes where they present antigen to T cells.
This process is dependent on factors released by initial
lymphatics such as lymphatic endothelium-expressed
CCL21-Leu, which serve as a ligand for CCR7 positive
dendritic cells (DCs) and helps in migration of APCs from
tissue to the initial lymphatic vessels.”>*® However, the
functional role of the activation of MCs located by collecting
MLVs have not been investigated with respect to the
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recruitment and activation of major histocompatibility com-
plex (MHC) class II positive APCs and the localization of
eosinophils towards collecting lymph vessels. Moreover, the
aging-associated changes of these potentially MC-dependent
processes that likely occur nearby MLVs have not been
studied before.

Research devoted to the role of MCs in aging is limited.
There is evidence of increased number of MCs in dermis of
skin,?” lung vessels,”® and mesentery with increased degree
of basal activation of aged MCs in the mesentery.'* MCs
were shown to undergo aging-induced reprogramming, and
aged dermal MCs in mice were prone to degranulation with
PGE2 unlike that in young mice.”’ We hypothesized that
acute activation of MCs located near ML Vs induce activation
and recruitment of MHC class II positive APCs, as well as
recruitment of eosinophils towards these collecting lymph
vessels, and that there is an aging-related decrease in such
acute MC-dependent immune cell mobilization near ML Vs
in aged mesenteric tissues due to the pre-existing sustained
activation of MCs confirmed by us earlier."

Methods
Animals, surgery, and experimental protocols

For our experiments we used male Sprague Dawley (SD)
rats weighing 200-250 g obtained from the Charles River
Laboratories International, Inc., and male Fischer-344 (F-
344) rats of ages 9 months and 24 months, corresponding to
adult age and elderly rats weighing 400—420 g, respectively,
obtained from the NIH National Institute of Aging. The rats
were anesthetized by 0.3 mL/kg fentanyl/droperidol solution
IM and 2.5 mg/kg diazepam IM. All tissue dissections were
performed as described below for various subsets of experi-
ments as nonsurvival surgical procedures. All animal pro-
cedures for the current studies were reviewed and approved
by the Texas A&M Health Science Center Institutional An-
imal Care and Use Committee.

For the first group of experiments, we investigated the
effect of MC activation on recruitment of MHC class II
positive APCs, as well as on recruitment of eosinophils to-
wards the collecting mesenteric lymphatic vessels in young
healthy SD rats. We hypothesized that acute activation of
MCs after treatment with compound 48/80 or Substance P
will induce MHC class II positive APC and eosinophil influx
towards MLVs, while MC stabilization by cromolyn sodium
pretreatment will cause a reduction of such influx. This group
of experiments was designed to prove that immune cell
presence near MLVs after MC activation is truly a MC-
dependent phenomenon. To fulfill the goals of these experi-
ments, in one group of SD rats cromolyn sodium (Catalog #.
C-0399, Sigma Aldrich, St. Louis, MO, USA) was dissolved
in sterile normal saline and injected intra-peritoneally at a
dose of 160 mg/kg body weight™° under aseptic conditions 1 h
before the rat was anesthetized. Cromolyn had previously
been reported to inhibit histamine secretion from rodent
peritoneal MCs.>'*? In another group of SD rats, sterile
normal saline of the same total volume as for cromolyn in-
jected-animals was injected intraperitoneally under aseptic
conditions 1h before rats were anesthetized as described
before. After anesthesia, a midline abdominal incision was
made and the whole gut removed by cutting at the root of the
mesentery after clamping it to avoid excess bleeding. After
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described procedure was completed, all animals were eu-
thanized with an intra-cardiac injection of pentobarbital at a
dose of 120 mg/kg.

Identification of MHC class Il positive APCs near MLVs
in normal saline and cromolyn sodium-injected
Sprague Dawley rats in control conditions

and after MC activation

In these experiments, we determined the number of MHC
class II positive cells near MLVs in control conditions and
after MC activation by compound 48/80 or Substance P.
After the entire gut with mesentery was cut and removed
from saline- or cromolyn-treated animals, it was washed
in warm (37°C) PBS (Catalog # 6505; EMD Chemicals,
Gibbstown, NJ), divided into three approximately equal size
sections that were pinned down in three sylgard-coated petri
dishes containing warm (37°C) DMEM F12 culture medium
(Catalog # 11039-047; Life Technologies, Carlsbad, CA).
They were treated in the following manner: A) the first sec-
tion of the gut with mesentery in the first dish was immedi-
ately fixed with 4% paraformaldehyde (Catalog # 15711;
Electron Microscopy Sciences, Hatfield, PA) for 2 h at room
temperature; B) the second dish, containing the second sec-
tion of the gut with mesentery, was treated with MC activator
compound 48/80 (10 ug/mL) (Catalog # C2313, Sigma Al-
drich), or Substance P (1075 M) (Catalog # S6883; Sigma
Aldrich), in warm DMEM F12 for 2h at 37°C."> After
treatment for 2 h, the gut with mesentery was fixed with 4%
paraformaldehyde for 2 h at room temperature. C) The third
dish, containing the third section of the gut with mesentery,
was treated with DMEM F12 only for 2h at 37°C, followed
by fixation with 4% paraformaldehyde at room temperature
and acted as sham control. Therefore, from one animal we
had immediately fixed control tissue section, one MC acti-
vator-treated tissue section (Compound 48/80 or Substance P,
randomly selected for various animals), and a sham-treated
tissue section. Then all fixed tissues from the three petri
dishes were washed thrice with 0.3% Triton X-100 (Catalog #
T8787; Sigma Aldrich) in phosphate buffered saline (PBS)
for 30 min each. Next, pieces of mesentery (with gut dis-
sected out) containing a MLV (from all three sections: con-
trol, treated, and sham) were cut and put in a 24-well plate
and blocked for 1h at room temperature by 5% goat serum
(Catalog # 005-000-121; Jackson Immunoresearch, West
Grove, PA, USA) in 0.1% Triton X-100 in PBS. Incubation
with anti-rat MHC II (Catalog # 205401; dilution 1:200,
Biolegend, San Diego, CA) was performed to detect MHC
class II positive APCs near MLV and was carried out in 0.5%
goat serum in 0.1% Triton X-100 overnight at 4°C, followed
by washing three times with 0.1% Triton X-100 for 20 min
each and incubation with Alexa Flour 488-conjugated goat
anti-mouse IgG,; (Catalog # A-21121; dilution 1:200, Life
Technologies) for 1 h at room temperature. For some exper-
iments, we co-stained fluorescently mesenteric tissues for
MC:s to verify that MHC class II positive cells are not MCs.
For this purpose we used Texas Red Avidin (Catalog #
A-820; dilution 1:200, Life Technologies) for 1h at room
temperature. After washing three times for 20 min each,
segments of mesentery were placed on a slide, air dried, and
imaged using an Olympus DP72 fluorescent camera and
Olympus CKX41 fluorescent microscope equipped with

corresponding filters. The above staining provided to us in-
formation about the numbers of MHC class II positive APCs
near MLVs in basal conditions and after MC activation in
mesentery in normal saline and cromolyn sodium-injected
SD rats.

Identification of eosinophils near MLVs in normal saline
and cromolyn sodium-injected Sprague Dawley rats
in control conditions and after MC activation

Afterwards, the slides used for identification of the MHC
class IT positive cells were stained with alkaline Sirius red for
eosinophils%’35 in all groups: control, treated, and sham, as
described above. This approach provided information about
the presence of eosinophils near MLVs in control conditions
and after MC activation by compound 48/80 or Substance P
in the mesentery of normal saline and cromolyn sodium-
injected SD rats.

A working solution of alkaline Sirius red was prepared by
adding 0.5 mg of Direct Red 80 (Catalog # 365548; Sigma
Aldrich) to 45 mL of distilled water and 50 mL of molecular
grade 100% ethanol (Catalog No. E7023; Sigma Aldrich) and
mixed well. One mL of 1% sodium hydroxide was added to
make the solution alkaline with a pH> 8. An alkaline solution
of an anionic dye is attracted only to strongly basic proteins—
those rich in arginine. (The guanidino side chain of arginine is
a cation even at high pH). Such approach targets alkaline Sirius
red staining to eosinophil granules preferentially.*>=> Pre-
viously fixed and dried slides were stained in alkaline Sirius
red solution for 1 h, washed in tap water thoroughly and then
stained with progressive Harris hematoxylin (Catalog #
HHS16; Sigma Aldrich) for 3 min and washed thoroughly in
tap water and dried. Slides were imaged using an Olympus
DP72 fluorescent camera and Olympus CKX41 fluorescence
microscope under its bright field mode, and eosinophils iden-
tified as red-colored cells against a blue/purple background.

Toluidine blue staining of MCs by MLVs

In a separate set of experiments, we used specific vital dye
staining of MCs by Toluidine Blue in order to quantitatively
compare the number of MCs located close to and away from
MLVs. The segments of mesentery obtained from SD rats
containing MLVs were fixed with 4% paraformaldehyde,
washed in PBS, mounted on slides and air dried. Dry slides
were then stained with an acidic solution of Toluidine Blue
(Catalog # 198161, Sigma Aldrich, pH 2.2-2.3) for 5 min,
washed with distilled water for 10 min; air dried and imaged
using an Olympus DP72 fluorescent camera and Olympus
CKX41 fluorescent microscope under its bright field mode.
MCs were identified by violet/purple staining of mast cell
granules labeled by toluidine blue.'” The number of MCs
within one diameter on each side of MLVs was counted and
considered as close to MLVs. MCs away from vessel in the
clear field of mesentery were counted for the same length of
vessel visible in rest of the whole image.

Identification of MHC class Il positive APCs
and eosinophils near MLVs in 9-mo and 24-mo old
F-344 rats in control conditions and after MC activation

In the second group of experiments, we studied the aging-
related differences in MHC class II positive APC expression
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and eosinophil presence near MLVs after MC activation in
adult (9-mo) and aged (24-mo) F-344 rats. We hypothesized
that due to existence of aging-induced higher basal activation
of MCs and subsequently lesser number of MCs being available
for acute activation in aged mesenteric tissues;13 there will be a
likely decrease in MHC II positive APC and eosinophil pres-
ence near aged MLVs after acute experimental MC activation.
The average body weight of the animals used in this study was
420440 g. It should be noted that for the F-344 National In-
stitutes of Aging rat strain, the majority of the weight gain
occurs before 7 months of age.>® Therefore, body weights in
both the 9-mo and 24-mo age groups were within ranges of
weight slightly above 420 g and are not significantly different
between these age groups. For identification of MHC II posi-
tive APCs and eosinophils near MLVs in 9-mo and 24-mo old
F-344 rats in control conditions and after MC activation we
used the same experimental approaches as those described
above.

Cell count and statistical analysis

All immune cells mentioned above were analyzed as fol-
lows: cells located in the field of view within a distance of one
diameter on each side of the MLV were manually counted in
the respective image taken and values normalized per 1 mm
of vessel length. We counted only those cells which were in
focus in our images where the focal depth of our optical
system was 8.75 um. Thus all our cell counts were auto-
matically normalized to 8.75 um of tissue thickness re-
presenting at least one half of mesenteric tissue volume,
whereas average thickness of rat mesentery has been reported
as 17.4 um.>” Statistical differences were determined by one-
way ANOVA and Student’s unpaired #-test (JMP software
version 9.0.0. for Windows) as appropriate and considered
significant at p <0.05. A minimum of four animals was used
for each given type of treatment for each animal age/strain.

Results

Quantification of MC presence close
to and away from MLVs

Taking into account the established ability of activated
MCs to attract other immune cells,'®™'® we hypothesized that
higher density of MCs in mesenteric tissues located close to
MLVs directs recruitment of other immune cells towards
these zones with greater MC presence (i.e., towards MLVs).
As described in Methods, we quantitatively compared MC
numbers in these zones and found that MCs were present at a
4.5-fold greater density near MLVs than away from vessel,
with this difference being statistically significant. Figure 1A
demonstrates representative image of the segment of rat
mesentery containing a MLV with higher density of MCs by
that vessel.

Identification of MHC class Il positive APCs near MLVs
in normal saline injected SD rats in control conditions
and after MC activation

We found an increase in number of MHC class II positive
APCs near MLVs in segments treated with compound 48/80
or Substance P. Figure 1B demonstrates representative im-
age of the segment of rat mesentery in close proximity to
MLV vessel with higher density of MHC class II positive
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APCs by MLV after MC activation by compound 48/80.
Although it has been demonstrated that in certain circum-
stances, a particular subset of MCs may express MHC 11
protein,*®*” we did not observe MCs expressing MHC II
protein in our studies within all segments obtained from
various animals in our studies. Staining for MHC class II
positive cells along MLV never co-localized with MCs in
control or in treated conditions. Figure 1C demonstrates
representative image of MHC class II positive APCs and
MC:s in the same segment of MLV.

We determined that the number of MHC class II positive
APCs near MLVs in segments treated with compound 48/80
or Substance P was significantly increased as compared to
control. There was a 2.13-fold statistically significant in-
crease in compound 48/80-treated (11728 MHC class 11
positive cells/mm of MLV) and a 2.34-fold statistically sig-
nificant increase in Substance P-treated segments (129 +25
MHC class II positive cells/mm of MLV) compared to con-
trol in normal saline injected SD rats (55+9 MHC class 11
positive cells/mm of MLV). (For all experiments for identi-
fication of MHC class II positive APCs presented in this and
subsequent sections as well as for identification of eosino-
phils presented below, there was no significant difference in
number of MHCII positive APCs or eosinophils near MLVs
between control and sham-treated segments. From this, we
concluded that experimental conditions did not influence the
outcome of the study). Figure 1D-F demonstrates represen-
tative images of MHC II positive APCs by MLV in normal
saline injected rats in control (D), 48/80-treated (E), and
Substance P-treated (F) conditions.

Identification of MHC class Il positive APCs near MLVs
in cromolyn sodium injected SD rats in control
conditions and after MC activation

We found that unlike in normal saline injected rats, there
was no significant difference in number of MHC class 11
positive APCs near MLVs between control segments (57 £ 10
MHC class II positive cells/fmm of MLV) and segments
treated with compound 48/80 (46 +4 MHC class II positive
cells/mm of MLV) or Substance P (52+10 MHC class II
positive cells/mm of MLV) in cromolyn pre-treated rats. In
addition, there was no statistically significant difference in
cell numbers between normal saline-injected control and
cromolyn-injected control segments, thus proving that cro-
molyn sodium by itself did not influence the results of the
study. Figure 1G-I demonstrates representative images of
MHC class II positive APCs by MLV in cromolyn injected
rats in control (G), 48/80-treated (H), and Substance P-treated
() conditions. Figure 2A demonstrates the graphical repre-
sentation of the quantitative analysis of number of MHC class
II positive APCs near MLV normalized per 1 mm of MLV
length in normal saline and cromolyn sodium-injected SD
rats in control conditions and after treatment by compound
48/80 and Substance P.

Identification of MHC class Il positive APCs near MLVs
in 9-mo and 24-mo old F-344 rats in control conditions
and after MC activation

Taking into account our own data presented above, which
confirmed that recruitment of MHC II positive APCs towards
MLV is mast cell-directed process, we hypothesized that
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FIG. 1.

Identification of mast cell-directed increase in presence of MHC class 1I positive cells by mesenteric lymphatic

vessels. (A) Toluidine blue staining of mast cells with higher density of mast cells by MLV. (B) Higher density of MHC
class II positive cells by MLV after MC activation by compound 48/80. (C) MHC class II positive cells by MLV (green) are
not mast cells (red). (D-0) MHC class II positive APCs by MLV. D-F normal saline-injected SD rat; G-I cromolyn
sodium-injected SD rat; J-L normal saline-injected 9-mo F-344 rat; M—O normal saline-injected 24-mo F-344 rat. D, G, J,
M: control; E, H, K, N: compound 48/80 treatment; F, I, L, O: Substance P treatment. Scale bar on B corresponds to
200 ym and applies to A and B panels, scale bar on C corresponds to 100 um and applies to panels C-O.

observed aging-associated increase in basal activation of
MCs near MLV in 24-mo old animals, together with corre-
sponding decrease in fraction of mast cells available for acute
activation,'® will likely lead to decrease in MHC class II
positive APC presence near aged MLV after acute experi-
mental MC activation.

We found that the number of MHC class II positive APCs
near MLV in control segments in 24-mo old F-344 rats
(25+£5 MHC class II positive cells/mm of MLV) was 29%
lower than that of 9-mo old F-344 rats (35+4 MHC class II
positive cells/mm of MLV), but this difference was not sta-

tistically significant. In 9-mo old mesenteric segments, MC
activation induced a 2.5-fold statistically significant increase
in compound 48/80-treated (888 MHC class II positive
cells/mm of MLV) and a 1.66-fold statistically significant
increase in Substance P-treated segments (58 £5 MHC class
II positive cells/mm of MLV) compared to control segments
of 9-mo-old F-344 rats. On the other hand, we discovered that
the increase in number of the MHC class II positive APCs
was small and not statistically significant in 24-mo-old seg-
ments after MC activation by compound 48/80 (39+4 MHC
class II positive cells/mm of MLV) as well as by Substance P
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FIG. 2. Quantitative analysis of number of MHC class II
positive APCs near mesenteric lymphatic vessels in control
conditions and after mast cell activation by compound 48/80
and Substance P. (A) Comparison of mesenteric segments
from saline and cromolyn sodium-treated SD rats. (B)
Comparison of mesenteric segments from 9-mo and 24-mo
old F-344 rats. Values are means+SE; * indicates signifi-
cant differences (p<0.05) before and after treatment in
saline-injected SD rats (A) or within same age group;
** indicates significant differences between 9-mo and 24-
mo age groups within same treatment.

(305 MHC class II positive cellss/mm of MLV) when
compared to control segments of 24-old F-344 rats. Im-
portantly, we found that the difference in numbers of MHC
class II positive APCs near MLV between ages became sig-
nificantly different after acute treatment with compound
48/80 and Substance P: 56% and 48% lower in 24-mo-old
F-344 rats than that of 9-mo-old F-344 rats, respectively.
Figure 1J-L demonstrates representative images of MHC class
II positive APCs by MLVs in 9-mo-old F-344 rats in control
(J), 48/80-treated (K), and Substance P-treated (L) conditions.
Figure 1IM-O demonstrates representative images of MHC 11
positive APCs by MLVs in 24-mo-old F-344 rats in control
(M), 48/80-treated (N), and Substance P-treated (O) condi-
tions. Figure 2B demonstrates the graphical representation of
the quantitative analysis of number of MHC class II positive
APCs near MLVs normalized per 1 mm of MLV length in 9-
mo and 24-mo F-344 rats in control conditions and after
treatment by compound 48/80 and Substance P.
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Identification of eosinophils in normal saline-injected
SD rats in control conditions and after MC activation

We determined that the increase in number of eosinophils
near MLV in segments treated with compound 48/80 or
Substance P was significant as compared to control. There
was a 5.5-fold statistically significant increase in compound
48/80-treated (44 % 18 eosinophils/mm of MLV) and a 5.0-
fold statistically significant increase in Substance P-treated
segments (40x5 eosinophils/mm of MLV) compared to
control in normal saline injected SD rats (8= 1 eosinophils/
mm of MLV). Figure 3A—C demonstrates representative
images of eosinophils by MLV in normal saline-injected rats
in control (A), 48/80-treated (B), and Substance P-treated (C)
conditions.

Identification of eosinophils near MLV in cromolyn
sodium-injected SD rats in control conditions
and after MC activation

We found that unlike in normal saline-injected rats, there
was no significant difference in number of eosinophils near
MLV between control segments (13 +3 eosinophils/mm of
MLV) and segments treated with compound 48/80 (132
eosinophils/mm of MLV) or Substance P (20 +4 eosinophils/
mm of MLV) in cromolyn pre-treated rats. In addition, there
was no statistically significant difference in cell numbers
between normal saline injected-control and cromolyn-in-
jected control segments. Figure 3D-F demonstrates repre-
sentative images of eosinophils by MLV in cromolyn injected
rats in control (D), 48/80-treated (E), and Substance P-treated
(F) conditions. Figure 4A demonstrates the graphical repre-
sentation of the quantitative analysis of number of eosino-
phils near MLV normalized per 1 mm of MLV length in
normal saline and cromolyn sodium-injected SD rats in
control conditions and after treatment by compound 48/80
and Substance P.

Identification of eosinophils near MLV in 9-mo
and 24-mo old F-344 rats in control conditions
and after MC activation

Taking into account our own data presented above, which
confirmed that recruitment of eosinophils towards MLV is
mast cell-directed process, we hypothesized that observed
aging-associated increase in basal activation of MCs near
MLV in 24-mo-old animals, together with corresponding
decrease in fraction of mast cells available for acute activa-
tion,'® will likely lead to decrease in eosinophil presence near
aged MLV after acute experimental MC activation. In these
experiments, we treated live mesenteric tissue segments
isolated from 9-mo and 24-mo-old F-344 rats with the che-
mical MCs activator- compound 48/80 and the inflammatory
neuropeptide Substance P for 2h at 37°C.

We found that the number of eosinophils near MLVs in
control segmentsin24-mo-old F-344 rats (4 =2 eosinophils/mm
of MLV) was 64% lower than that of 9-mo-old F-344 rats
(11x1 eosinophils/mm of MLV), and this difference was
statistically significant. In 9-m-old mesenteric segments, MC
activation induced a 2.73-fold statistically significant in-
crease in compound 48/80-treated (30 + 3 eosinophils/mm of
MLYV) and a 1.64-fold but not statistically significant increase
in Substance P-treated segments (18 +4 eosinophils/mm of
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FIG. 3.

Identification of mast cell-directed increase in the presence of eosinophils by mesenteric lymphatic vessels.

Eosinophils marked by green arrows, (not all of these cells pointed by arrows). (A—C) normal saline-injected SD rats; (D-F)
cromolyn sodium-injected SD rats; (G-I) 9-mo F-344 rats; (J-L) 24-mo F-344 rats. A, D, G, J: control; B, E, H, K:
compound 48/80 treatment; C, F, I, L: Substance P treatment. C2: zoomed image of portion of panel C to demonstrate in
closer view the color and shape of eosinophils. Scale bar on F corresponds to 50 um and applies to all panels.

MLYV) compared to control segments of 9-mo-old F-344 rats.
On the other hand, we discovered that the increase in number
of the eosinophils was small and not statistically significant in
24-mo-old segments after MC activation by compound 48/80
(7£2 eosinophils/mm of MLV) as well as by Substance P
(14 £ 4 eosinophils/mm of MLV) when compared to control
segments of 24-mo-old F-344 rats. Lastly, we found that
a difference between numbers of eosinophils near MLV
after MC activation by compound 48/80 was 77% lower in
24-mo-old F-344 rats than that of 9-mo-old F-344, and this
difference was statistically significant. Figure 3G-I demon-
strates representative images of eosinophils by MLVs in
9-mo-old F-344 rats in control (G), 48/80-treated (H), and
Substance P-treated (I) conditions. Figure 3J-L. demonstrates
representative images of eosinophils by MLVs in 24-mo-old
F-344 rats in control (J), 48/80-treated (K), and Substance
P-treated (L) conditions. Figure 4B demonstrates the graph-
ical representation of the quantitative analysis of number of
eosinophils near MLV normalized per 1 mm of MLV length
in 9-mo and 24-mo F-344 rats in control conditions and after
treatment by compound 48/80 and Substance P.

Discussion

Mast cells have been studied extensively in the past decade
and the role of MCs in modulating the innate and adaptive
immune responses has been well established.**™** MCs are
known to direct APCs, T lymphocytes, eosinophils, and
neutrophils to the site of inflammation as MCs are known
to store, produce, and release various vasoactive and pro-
inflammatory mediators.*>***> In the mesentery, MCs are
strategically located close to MLV; such is pre-determined by
high likelihood of lymph to carry products of inflammation or
microbial invasion from the gut. Such disposition of MCs
may help direct immune cells towards MLVs, but careful
investigation of this phenomenon has never been performed
before. In this study, based on our previous findings on aging-
associated decrease in number of MCs available for acute
activation,'® we investigated the general effects of MC acti-
vation on APC and eosinophil presence near collecting
MLVs and evaluated how this process is altered with aging.

Our findings provided for the first time the strong evidence
that the increased MHC class II positive cell and eosinophil
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FIG. 4. Quantitative analysis of number of eosinophils
near mesenteric lymphatic vessels in control conditions and
after mast cell activation by compound 48/80 and Substance
P. (A) Comparison of mesenteric segments from saline and
cromolyn sodium treated SD rats. (B) Comparison of mes-
enteric segments from 9-mo and 24-mo old F-344 rats.
Values are means*SE; * indicates significant differences
(p<0.05) before and after treatment in saline-injected SD
rats (A) or within same age group; ** indicates significant
differences between 9-mo and 24-mo age groups within
same treatment.

accumulation near MLVs occur as a result of MC activation.
The fact that the density of MCs near MLVs is significantly
higher than that away from MLVs in the clear field of mes-
entery can explain the increase in numbers of MHC class 11
positive APCs and eosinophils near MLVs. Although MCs
were present all over the clear field in the mesentery, MC
activation caused more influx of APCs and eosinophils near
MLVs than away from them in the clear field of mesentery
that also contained numerous blood vessels. It is known that
the lymph carried by collecting mesenteric lymphatics is a
potent source of foreign as well as auto antigens.*® Recent
research has shown that collecting lymphatics are also highly
permeable and have similar permeability like that of ve-
nules.*’ Thus it is likely that antigens carried by lymph can
diffuse out of MLVs and activate MCs located in close
proximity to them. Hence, increased presence of MHC class
II positive APCs near the MLVs after MC activation in acute
inflammatory conditions are beneficial to the host, as APCs
can sense antigens and become activated to present antigen to
T cells in the neighboring lymph node and trigger a subse-
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quent immune response or promote self-tolerance to auto
antigens. Besides, activated pro—inflammatory macrophages
expressing MHC class II protein are a potent source of iNOS
that can release high levels of nitric oxide for a sustained
period of time.**** High levels of nitric oxide generated by
pro-inflammatory or M1 macrophages can modulate lym-
phatic function in aged lymphatic vessels.’® Increased and
sustained release of NO by macrophages and other MHC
class II positive APCs therefore may cause lymphatic re-
laxation, thus helping to delay pumping of lymph containing
potential pathogens or inflammatory stimuli. This is likely a
protective phenomenon where the host lymphatic system
modulates its own pumping to localize infection or inflam-
mation and prevent early onset of disseminated disease, es-
pecially in case of an unknown pathogen. Localization of
infection also helps in efficient recruitment of innate immune
cells and increase their ability and chances of successful
neutralization of pathogens. Similarly, eosinophils are also a
potent source of cytotoxic granules that have the ability to
modulate smooth muscle function,’" and are implicated in the
pathogenesis of numerous inflammatory processes, includ-
ing parasitic helminthic infections and allergic diseases.”*>*
Eosinophils also release pro-inflammatory cytokines to direct
and promote more immune cell influx into the local tis-
sue,”*> and effectively present soluble antigens to CD4+ T
cells, thereby promoting T cell proliferation and polariza-
tion.”® Eosinophils also are known to release major basic
protein (MBP), eosinophil peroxidase, and eosinophil cat-
ionic protein that can activate MCs to release histamine,
PGD,, and TNF alpha.>*> Several studies have shown that
MBP induces mast cell activation via a pathway similar to
that observed with other polybasic compounds such as Sub-
stance P, compound 48/80, and bradykinin.24 Thus, we be-
lieve that the MC activation brings in other immune cells
towards the MLV and these cells have the potential to in-
fluence lymphatic function and further modulate immune
response.

We previously characterized the greatly decreased lym-
phatic contraction frequency and amplitude (however in
lesser degree) of lymphatic contractions in aged mesenteric
lymphatic vessels. Owing to such functional changes, the
minute productivity of the aged lymphatic vessels undergoes
significant decrease.®’ Since the lymphatic system is in-
volved in fluid balance, lipid absorption, and trafficking of
immune cells, this aging-associated impairment of lymphatic
function may contribute to many diseases of the aged popu-
lation. In this study, we investigated for the first time the
aging-associated changes in MC-directed activation and re-
cruitment of MHC class II positive APCs and eosinophils
near MLVs. We demonstrated that, although there was no
significant change in the number of the MHC class II positive
APCs near MLVs between adult and aged mesenteric seg-
ments in control conditions, these cell numbers increased in
greater degree after MC activation by compound 48/80 or
Substance P in 9-mo-old tissues and became statistically
significant compared to their aged counterparts. This may
indicate that basal immune function may be maintained in
healthy conditions in aging, but after exposure to acute al-
lergic or inflammatory stimuli there is decreased ability of
MCs in aged mesentery to recruit or activate adequate
numbers of MHC class II positive APCs towards the MLV.
This may have an important consequence in understanding
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aging-related changes in gastrointestinal immune function.
On the other hand, eosinophil numbers are significantly re-
duced near aged MLV in control as well after MC activated
conditions, which may indicate decreased protection against
parasitic infestations in the aged population. Future detailed
studies will be necessary to expand our understanding of
these discussed phenomena.

In spite of the fact that there was a greater degree of basal
activation of MCs in the aged mesentery,'> the numbers of
MHC class II positive APCs and eosinophils near MLVs was
reduced in control conditions in 24-mo rats compared to
9-mo animals. We think that this discrepancy exists because
the basal activation of MCs in the aged mesentery as chronic
process is not able to promote increased recruitment of other
immune cells towards MLVs, whereas acute activation of
MCs by allergic or inflammatory stimuli is probably more
efficient in directing immune cell influx towards source of
these stimuli (i.e., MLVs. Stimuli). Aging is also accompa-
nied b_;/ a functional impairment of various innate immune
cells,”’~®! thus aging-induced functional impairment of MCs,
may be one of the reasons why we observed lesser number
of MHC class II positive APCs and eosinophils near MLV in
24-mo rat.

Next, we found that aged rats had significantly less ability
to bring MHC II positive APCs and eosinophils towards
MLVs after experimental acute inflammatory stimulus. This
was probably due to the reason that in the aged rat, more
mesenteric MCs were in a degranulated state in resting
conditions, and thus the number of intact MCs available to
react to an acute inflammatory stimulus was decreased.'?
This may be one of the causes of lesser number of immune
cells seen near MLVs after MC activation. It is important to
mention that, although the total number of MCs in the mes-
entery was ~ 26% more in aged rat as compared to adult,"?
the number of MCs lining MLVs normalized to length of
vessel was not statistically different between ages. Hence the
above effect could not be attributed to difference in MCs
numbers by MLVs in both ages. Also, the aging-related
changes in amount and relative proportion of mediators re-
leased by MCs after acute activation is unknown and such
aging-related changes in mediator content may also play a
contributory role in decreased immune cell presence near
MLVs. It is also unknown whether levels of cytokines re-
leased by lymphatic endothelial cells in aged lymphatic are
different from that of adult. Further investigations are nec-
essary in this field of study.

However, the decreased ability of the aged body to recruit/
attract MHC class II positive antigen presenting cells and
eosinophils acutely to the aged MLV after inflammatory
stimulus may indicate that the initial response to acute in-
flammation is delayed or deranged with aging. Since the
acute inflammatory stimulus involved MC activation, on the
basis of our current findings we can conclude that MCs lo-
cated near MLVs undergo aging-related alterations in their
functional status and that may contribute to delayed or im-
paired response in elderly.

In conclusion, in this study we treated live mesenteric
tissue isolated from Sprague Dawley rats, as well as adult 9-
mo and aged 24-mo F-344 rats for 2h with MC activators
(48/80 and Substance P) and performed whole mount THC
and vital dye staining of the mesenteric segments containing
mesenteric lymphatic vessels to identify immune cell

recruitment towards MLV after MC activation. Number of
MHC class II positive APCs and eosinophils near MLV was
counted and compared between treatments and ages. With
greater density of MCs near MLV, we for the first time
demonstrated that mesenteric MC activation by compound
48/80 and Substance P resulted in recruitment of MHC class
II positive cells and eosinophils towards MLVs. This effect
was reduced in cromolyn-injected rats, thus confirming that
mast cells are necessary for such recruitment. The immune
cell presence near MLV after MC activation was reduced in
aged tissues. We link these findings to our previous report of
lesser number of intact MCs available for initiating an acute
immune response in aged mesentery. These findings serve as
the first step in understanding the aging-associated mecha-
nisms that link mast cells, lymphatic vessels, and disordered
immune function in the elderly.
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