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Abstract

The Role of Apoptesis in the Suppression of Lymphoproliferation which is
Observed in Animals Fed Diets Rich in n-3 Polyunsaturated Fatty Acids
Paula Ann Shawver (Dr. David N. McMurray) University Undergraduate Research
Fellow, 1998-1999, Texas A&M University

Department of Medical Microbiology and Immunology

Dietary fish oil has been shown to be anti-inflammatory, and to relieve the
symptoms of some infl ory diseases in h . It is thought that n-3 fatty acids
found in fish oils may act to suppress T cell activation, which is a prerequisite for many
types of inflammation. Previously, we demonstrated that splenocyte cultures of mice fed
diets enriched in the n-3 fatty acid eicosapentanoic acid (EPA) undergo a higher degree
of apoptosis, or programmed cell death, upon stimulation, than cells from mice fed the n-
6 fatty acid control diet, and that increased apoptosis was correlated with decreased
proliferation in those cultures. In the present study we show that T cells from animals fed
diets enriched in fish oils have a lower proliferative response and a higher incidence of
apoptosis when stimulated with a-CD3/a-CD28 than similarly stimulated T cells from
mice fed the arachidonic acid and com oil (n-6) enriched diets. This indicates that an o-
CD3/0-CD28 activation induced mechanism of apoptosis is modulated by dietary fatty
acid, and could explain diet-induced alterations in T cell function.




The Role of Apoptosis in the Suppression of
Lymphoproliferation which is Observed in Animals Fed
Diets Rich in n-3 Polyunsaturated Fatty Acids
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Dietary fish oil has been shown to be anti-inflammatory, and to relieve the symptoms of
some inflammatory diseases in humans. It is thought that n-3 fatty acids found in fish oils
may act (0 suppress T cell activation, which is a prerequisite for many types of
inf. i Previ , we ated that spl yte cultures of mice fed diets
enriched in the n-3 fatty acid eicosapentanoic acid (EPA) undergo a higher degree of
apoptasis, or programmed cell death, upon stimulation, than cells from mice fed the n-6 fatty
acid control diet, and that increased apoptosis was correlated with decreased proliferation in
those cultures. In the present study we show that T cells from animals fed diets enriched in
fish oils have a lower proliferative response and a higher incidence of apoptosis when
stimulated with o-CD3/x-CD28 than similarly stimulated T cells from mice fed the

arachidonic acid and corn oil (n-6) enriched diets. This indicates that an o-CD3/0-CD28

by dietary fatty acid, and could

induced of p

explain diet-induced alterations in T cell funet

Arthritis, an inflammatory disease of the
joints, affects one in seven Americans and is the
primary cause of disability in this nation [1].
Dietary fish oil has been shown to be anti-
inflammatory, and to relieve the symptoms of
some inflammatory diseases in humans [1].
These potential medical benetits must, however,
be weighed against the possible
immunosuppressive effects of dietary therapies,
thus necessitating a more detailed understanding
of the mode of action of fish vils on the immune
system. It is thought that n-3 fatty acids, found
in fish qils, may act to suppress T Iymphocyte
activation, a prerequisite for many types of
b " hesized tesharie %

causes polyclonal T cell proliferation, or hamster
anti-mouse CD3 and hamster anti-mouse CD28
(Ab), monoclonal antibodies to the T cell
receptor accessory molecules CD3 and CD28
that, when bound. induce polyclonal T cell
activation [2]. We have demonstrated that the
dietary n-3 faty acids eicosapentanoic acid
(EPA) and docosahexanoic acid (DHA) result in
suppressed T ceil proliferation when induced
with Con A [1]. in a preliminary study, we
determined that splenocytes of mice fed diets
rich in EPA underwent a larger degree of
apoptosis than the control group fed safflower ol
(an -6 polyunsaturated fatty acid) when

lated to i with  Ab. This

One hy, for
this dietary suppression of lymphoproliferation is
that n-3 fatty acids somehow act to induce
apoptosis. or programmed cell death, in activated
T cells that should otherwise be proliferating,

T cell activation can be induced in vinro by
culturing  murine  splenocytes with either
concanavalin A (Con AY, a plant lectin that

preliminary  study also  demonstrated a
correlation between increased apoptosis and
decreased proliferative response. No significant
change was found, however, in the degree of
apoptosis for the Con A stimulated splenocytes
of animals fed EPA or DHA or for the Ab
stimulated splenocytes of animals fed DHA.

-
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¥ Abbreviations used in this paper: 2-ME, 2-mer

1, &-CD3, flu i hi (FITC)-

conjugated hamster anti-mouse CD3e monoclonal antibody; Ab, hamster anti-mouse CD3/hamster anti-
mouse CD28 antibody stimulus; BSA. bovine serum albumin; Con A, concanavalin A: Dnase I

deoxyribonuclease [, FBS, fetal bovine serum: FITC, fl

isothi . IL-2, interleukin-2; PBS,

phosphate buffered satine; RPMI, complete tissue culture media.



TABLE 1. Experimental design.

Day  Animal
numbers

Diet treatment group

Splenocyte
culture stimulus

Number of wells
per assay

Assay performed

RPMI
Con A
Ab
RPMI
Con A

Arachidonic Acid
6-10 Com Gil

1-1s Fish Ol
2 16-20

Arachidonic Acid

RPMI
Con A

2125 Com Oil

RPMIL
Con A

26-3t Fish Oil

Profiferation at 24 hours
Proliferation at 96 hours
% T cells at 24 hours
% Apoptosis at 24 hours

oW

Additionally, since whole splenocyte populations
were used, these preliminary results could not be
attributed to the T cells in culture
To determine leveis of apoptosis in the T cell
population, we developed twa flow cytometric
analyses using fluorescent antibody markers for
T cells and apoptotic cells. The first identifies T
cells based upon expression of the T cell specific
marker CD3; the second tags the free 3-OH
groups of cellular DNA cleaved during apoptotic
DNA  fragmentation We then used these
fluorometric analyses in conjunction with an
assay of proliferation based upon uptake of
tritiated thymidine to determine if diet plays a
significant role in the apoptotic death of
stimulated T celis. Here we demonstrate that Ab
stimulated T cells from mice fed diets enriched
in fish oil have a lower proliferative response
and a higher incidence of apoptosis than T cells
from arachidonic acid and corn ol (n-6) controls
This reveals an  o-CD3/a-CD28  activation
induced mechanism of apoptosis which is
modulated by dietary fatty acids,

MATERIALS AND METHODS

ental animals and diets, Thinty-one pathogen-
ale CSTBLG mice were housed live per cage (6 per
cage for one group) in polycarbonale cages on stainless steel

mesh lloors and provided free access (o commercial chaw
und tap water. Following u one-wi cchmation period the
mice were fed diets with 4% com oil + 1% arachidonic acid-
containing wiglyceride. Alter thiee woeks, cach cage of mice
was assigned randomly to one of three diets differing only in
lipid source. One grobp conlinued on the 4% som oil + 1%
arachidonic acid dict and is heretofore teferred o as the
arachidonic acid diet treatment group.  Acimals in the second
group were Ted a 3% corn o dict and are reforred (o as the
com oil diet treatment group.  Animais in the third proup
were fod a diel of 4.5% lish oil + 0.5% com oil and are
reterred to as the fish oif diet treatment group. The extra
mouse was placed 1 the lish oil group. These diels were
continued for two weeks. Throughout the course of the diet
treatments mice were allowed unresinieted aceess 1o food.
Ivolation and preparation of spicnic lymphocytes. Mice
were COy asphyxiated. and each spleen was aseptically
removed and placed in 3ml. complete tissue culture medium
(RPMI 1640 +10% IBS + % glulamine + 0.01mM 2-ME),
berealer designated RPML A single cell suspension was
produced using a sterile glass homogenizer and wire mesh
Glter snd brough! to a concentration of 2x10° viable
cells/mL: viability was determined by trvpan bluc exclusion,
Lymphocyle stimulation. Splencvotes wore treated as
above and transierred to 96 well microtiter plates al a
concentration of 2x10° viable ceflsiwell. Cells were then
stnuiated with either hamster anti-mouse-CD3 (w-CD3) and
hamster anti-mouse-CI28 (¢-CD28) or concanavatin A {Con
A For 0-LD3a-C128 (Ab) stimulation. the wells of a
round bottomed 96 well micratiter plate were fiest coated
with S0ul. of & 1pg/mi. aCD3 solution w PBS  Alter an
ovemight incubaton al 4°C, the phates were rinsed with
RPMI aad tilled with 100ul. of a {Opg/ml. solution of -
CD28 in RPMI The wells hat were (o contam the Con A
stimulated cells reecived 0uLL o a Sug/mL. solution of Con




Ain RPML. Wells containing only RPMI and cells served as
the negutive stimulation controls. Tripticals wells were made
per animal per stimulus for each of the proliferation assays; 6
wells per animal per stimulus were made for each flow
eytometeic analysis, (See Table | for experimental design.)

Proliferation analysis. Cells in triplicate wells were
incubated for sither 24 hours or 96 hours at 37°C in a
humidified 3% CO; environment. Six hours before the end
of the incubation period, cells were radiolabeled with a 1Ci
solution of tritiated thymidine i RPML  Cells were
harvested at 24 and 96 hours onto glass mioro filter paper,
resuspended in {0mL. of Licoscint A scintillation fluor, and
counted on a Beckman B scintillation counter.

Fixatien and permeabilization of cultured cells for flow
cytomettic analysis. Cells were incubated for 24 hours at
37°C in a humidified 5% COp environment. Cultured
splenocyies of ench nnimal under differeat stimuli were
harvesied from their § wells into .5mf, mierofuge mbes and
centrifuged at 300 x g for 10 minutes to remove fhe culture
media. Cell samples were resuspended in H00pL PBS + 1%
BSA and transferred into separate wells of a 96 well V-
botiomed microtiter plate. Samples were centrifuged us
befoce, washed with 200uL/well PBS + 1% BSA, and fixed
with L0OpLfwell 4% paraformaldehyde in PBS for 30
miautes, Fixative was removed by centrifugation, and cells
were washed in PBS and permeabilized with (00pLi/well
0.1% Triton® X-100 + 0.1% sodium citrate for 2 minutes on
ice. Samples were cenkifuged to temove the
permenbilization solution, resuspended in 200pLiwell PBS,
and stared at 4°C unti! staining wos

Staining of T cells and upoptotic cclls. Fixed and
permeabilized cells in PBS were centrifuged at 360 x g for 10
minutes and resuspended in S0uL of sither lyg/mL
fluorescein isothiocyanate (FITC)-conjugated bamster ant-
mouse CD3e monoclonal antibody (PharMingen, San Diego,
CA) to detect T cells or u 9:( dilution of TUNEL enzyme
solution (ealf thymus terminat deoxyneclootidy! transferase,
10 x conc.) to TUNEL label solution (nucleotide mixture in
Teaction bulfer, | x cone.) (In Sit Cell Death Deteolion Kil,
Fluerescein: Boebringer Munnheim) for detection of
apoptotic cells. ~ Staining was allowed t0 proceed for 60
minutes at 37°C in a humidified incubator, then sumples were
washed and resuspended in PBS for analysis by flow
cytometry. Fixed and pemmeabilized unstained cells from
each animal, cultured with RPMI. Con A, or Ab, served as
negulive controls for the «-CD3 stain, A positive control for
the apoptosis assay was generated by incubating cultured
cells from one animal, chosen at random, with 1mg/ml.
Druse I (Sigma, St. Louis, M) in 50mM Tris-HCI, pH 7.5,
ImM MgCle, Img/ml. BSA for 10 minutes at room
temperature. Fixed, permesbilized cells from one animal of
each diet group, cultured with either RPMI, Con A, or Ab,
and teated with TUNEL labeling solution. but no terminal
transferase ot the stvining step, served as the negative
sontrols for the apoposis assay.

Cytofluoromefric  analysis. Light  scatters  and
fuorescence histograms were obtained for both ¢-CD3 and

stains of each sample (Figure 1) Positive
Ruoreseence, MI, was sel (o less than 2% on fhe TUNEL
negative control. A regicnal gate, R3, was assigned o the
positive fluotescance area of the histogram of cells stained
with o-CD3. The R3 gate was then applied to the o-CD3
light scatier to generate a light scatter of the T cells alone,
Another regional gate, Rd, was assigned to the portion of the
light seatter with the highest density of T cells. This second
regional gate was applied to the histograms of the TUNEL
stained semples to determtine percent apoptosis in the
papulation of cells with the highest T celi density.

Statistieal analysis,  Teiplicate resulls for proliferation
for each animal under each type of stimulus were averaged,
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FIG. 1. Sample light scatters and fluorescence histograms
from the cytofluorometric analysis of cuttured splenacytes.
Cells from Animal 5 (in the arachidonic acid diet group)
were cultured for 24 hours at a concentration of 2x10°
cellsiwell with 2.5ug/ml Con A in RPMI, Though
histogram statistics dilfered between animals and stimuli, all
data  fFom cytofluorometric analysis had an  overall
appearance similar to the graphs in this fgure. () M1 was
set a1 < 2% uoresoence on the TUNEL negative control,
(B) Cells stained with -CD3 (T cells) were selected for by
appiying gate K3 1o the c-CD3 light scatter (bottom lefl).
Regional gate R4 was assigned fo the arca of highest T ccll
concentration, and applicd to the fluorescence histogram
(bottom right), eliminating a significant portion of the other
cell types. (C) Regionai gate R4 was assigned to the TUNEL
histopram for all cells (tap right), almost eliminating
apaplotic cells [rom the gated histagram tholiom right )




Gen A Proliferation vs. Treatment Group

Counts per Minute

Arachidonlc Acid  Gorn Off Fish ol

‘Treatment Group

Ab Profferation va. Treatment Group
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F1G. 2. Comparison of prolifizative respanss by dag in whole spletiosyte populations. Animals were fod diets with arachidonio
acid as Uhe sole ipid sousce for ive weeks then split into hree diet tst gromps: arachidonts ad, carn. ail, and fish oil. Five mice fram
cach diut sroup (si from the fish oil - day 2 group) were nearopsied on separaic days Colls maee stiturad microtiter plates at
26107 celsivell for 2¢ hours and 96 hours with 1004 of differeat culture stiaul; REMY secyce) g o nogative cantrol for proliferation



and standard deviations were found. Proliferation and
apoptosis results from each animal at each stinwlus wlere
averaged by diet treatmen: group and stondard deviations
were caleulated.  The Dixon test for outlying observations
was used to remove outliers with a 95% confidence level
before all averagings. P-values were obtained using numbers
of observations. ~averages, and stndord  deviations,
Sratistical significance was assigned to those observations
having a p-value fess thun 0,05,

RESULTS

E: i controls. Thirt : animals,
assigned randomly to three diet groups differing
only in lipid composition were stimulated in
vitro with Con A or Ab as described above.
RPMI served as the negative control for
stimulation. Cultures from animals fed
arachidonic acid alone served as the background
control; cultures from animals in the corn oil diet
group served as the n-6 positive control for
proliferation and negative control for apoprosis;
cultures from animals fed fish oil served as the n..
3 test group for proliferation and apoptosis.

Day effects on proliferative response.
Whole splenocyte cultures from each diet group
were radiolabeled, harvested, and counted as
described above. Due to the time limitations
involved in culturing the cells from 31 animals,
necropsies were performed on two separate days.
Though care was taken to ensure the similarity of
experimental conditions between the two days,
the proliferative responses for both Con A (Fig.
2a) and Ab (Fig. 2b) stimuli in all of the diet
groups differed significantly (p<0.05) from day 1
to day 2 at both 24 and 96 hours. In all
subsequent  discussions in this paper, cells
cultured on day 1 and day 2 are treated as two
separate populations.

Cultare effects on p i
response. Day 1 proliferation at 24 hours
(Fig 3a) reveals only low level stimufation in all
diet treatment groups. After 96 hours of culture
(Fig. 3b), Con A stimulated cells surged in
proliferative response while Ab stimulated cells
did not proliferate significantly over the RPMI

Day 1 Proliferation at 24 Hours.

Day 2 Proiferation at 24 Hours

Treatmant Group

@man
Treamant Group

FIG. 3. Comparison of prolifarativi

Day 2 Proliferation at 96 Hours

— cmen
Trestaent Group.

e response by stimulus. Animals wers assigned randoml

y to onz of thres diet groups:

erachidonie acid, oo o, or fish oil. Whole splenocyes were cultured on microtiter plates at 2x10° cellsel o Lo separate days
for 24 biours and 96 howes with either RPMI, 51/l Con A, or 10ugnl. Ab, Celis were incubated sh, LCi tritiated thymiding in
RPMI 6 haurs prior (o hatvesting. and radioaciivity for cach sample was reported s sointilly ecunts per minute. Results for the

animals in cach treatraent group were averaged by stimulus

noted with an asterisk (p<0.05), Significant differences between
Day 1 proliferation au 24 bours for cach stimulus grouped by diet

proliferation at 24 hours. (D) Day 2 proliferation at %6 hours.

or cach day. Significant differences over RPMI stimulation controls are
‘on A and Ab stinnuli are noted with a
freatment. (B} Day | proliferation at 96 hours. (C) Day 2

sign (p<L.03). (A)



A Day 1 Fraliferation at 24 Hours Day 2 Proliferation at 24 Hours
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FIG. 4. Comparisan of proliferative respanse by diet treatment. Results for the animals in each freataent group were averaged by
stimulus for cach day.  Significant differences over the arachidoni aid diet conirol group are noted wih ae seteis ©<0.05).
Significant diffirences between com ol and fish il diet treatment groups are noted with 4 pound sign (p<0.05). (A) Day 1
proliferation at 24 hours For each dit treatment grouped by stimulus. (B) Day 1 proliforation st 5 fuouss. (C) Day 2 proliferation at
24 hours. (D) Day 2 profiferation at 96 houes.

Day 1 Gon A proiiferation C Day 2 Gon A Proiiferation
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inetios of the proliferative sesponse. Results for the animals in each trentment group swere aversged by stimulus for each
day. RPMI control data ase ot shown. (A) Day 1 Con A proliferation over time for cach diot resmons group. (B) Day | Ab
proliferation. (C) Uag 2 Con A profieration, (D) Day 2 Ab proliteration.
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FIG. 6. Comparison of percent apoptosis in all cultured
splenocytes and in T cells alone by stimulus. Animals were
assigned randomly to one of thres dict groups: arachidonic
acid, com oil, or fish oil. Splenoaytes were cultured on
migrotiter plates at 2x10° cells/well on two separate days for
24 hours with either RPMI, Spg/ml, Con A, or 10ug/mL Ab.
(Apoptosis data for Day 1 was lost and will ot be referred to
subsequently.) Cells For T cell and apoplosis detection were
separately fixed, permenbilized, and stained with FITC~
conjugated o-CD3 or TUNEL reaction mixture and analyzed
cytofluorometrically. Results For the amimals in each
freatment group were averaged. Significant differences over
RPMI stimvlation controls are moted with an asterisk.
Significant differences between Con A and Ab stimuli are
noted with a pound sign. (A) Percent apoptotic cells in the
total splenocyte culture grouped by dict treatment. B
Percent apoptotic T celis, This measure of apoptosis was
generated mathematically by combining percent T cells from
oLD3 flow data and percent apoplosis from TUNEL
experiments.

control at all. Day 2 animals exhibited the
converse.  Proliferation at 24 hours (Fig. 3c)
shows that cells from aif diet groups stimulated
with Con A proliferated to a significantly higher
degree than those stimulated with Ab By 96
hours (Fig. 3d), however, Ab profiferation
surged in all diet treatments while Con A
proliferation dropped off in the arachidonic acid
and corn oil contral diet treatment groups. Only
in the fish oif test group did proliferation on day
2 increase in the Con A stimulated cuftures.

Diet effects on proliferative response. When
grouped by stimulus to compare diet treatment
effects, proliferative data for day I animals (Figs.
4a,b) reveal the surge of proliferation in Con A
treated cells at 96 hours. At both time points,

splenocytes from animals cultured under Ab
stimulus proliferated to a significantly lower
extent (p<0.05) that those from arachidonic acid
or fish oil control animals. Day 2 data, on the
other hand, reveal a marked diet effect for both
stimull. At 24 hours (Fig. dc) Con A stimulated
whole splenocytes from the corn oil n-6 group
lagged behind the arachidonic acid group while
the fish oil group did nat differ significantly
from either diet control. Ab stimulated cells
from both the corn oil and fish oil diet treatments
at this same time point also proliferated less
extensively than cells from the arachidonic acid
group. By 96 hours, (Fig 4d) Ab-induced
proliferation in day 2 animals for all diet groups
i d, showing no signifi diffe
between diet treatments. Con A praliferative
response for splenocytes of corn oif fed animals
at this same time point were significantly lower
than cells from arachidonic acid control animals.
Splenocyte cultures of fish oil treated animals,
on the other hand, demonstrated a significantly
higher - level of proliferation than either
arachidonic acid or corn oil diet control groups,

A % Apaptasis in All Gells vs. Stimulus
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TIG. 7. Comparison of percent apoptosis in all cultured
splenocytes and in T cells alone by diet treatment. Cells for T
ccll and  apoplosis defection were ssparately fixed,
permeabilized, and stained with FITC-conjugated c-CD3 or
TUNEL reaction mixture and analyzed cytofluorometrically.
Results for the animals in each treatment group were
averaged.  Signifieant differences over the arachidonie acid
diet contral group are noted with an asterisk (p<0.05)
Significant differences between com oil and fish o3l diel
treutment groups are noted with a pound sign (p<0.05). (A)
Percent apoptolic eells in the rotal splenocyte culture grouped
by culture stimulus. (B) Percent apoptotio T cells




The kinetics of diet effects on ion are

summarized in Fig. 5. Proliferation in all three
diet treatments stimulated with Con A increased
over time in the day 1 animals (Fig. 5a) but
remained low on day 2 (Fig. 5c). The converse
was true for Ab stimulation between days (Figs.
5b,d). Comparison of Figs. 52 and 5d reveats
that for both Con A and Ab stimuli, proliferation
in the comn oil control group increases at the
fastest rate. Differing rates of proliferation in the
Con A stimulated corn oil and fish oil diet
groups (Fig. 5a) accounts for the differences in
their 96 hour counts. Ab stimulated cells in
these two diet groups (Fig 5d). however, had the
same proliferative rate.

Culture stimulus effects on apoptosis in the
whole splenocyte culture and the T cell
subpopulation, Cells from each diet group were
harvested and stained at 24 hours for
cytofluorometric analysis as described above.
The majority of day 1 «-CD3 and TUNEL data
was lost in a centrifuge accident and,

ificantly lower levels of apoptosis (p<0.05)
were seen in stirmulated cultures of splenocytes
in the arachidonic acid and fish oil treatment
groups, while no difference was noted in the corn
oil diet group (Fig. 6a). When the splenocyte
population was reduced mathematically to T
cells alone (% T cells from the -CD3
experiment times % apoptosis from the TUNEL
experiment), Ab treated corn oil diet group T
cells exhibited a i increase in apoptosi
(p<0.05) over Con A stimulated T cells from the
same animals (Fig. 6b). There was no difference
between stimuli in the fish oil diet group,
although the overall degree of T cell apoptosis
was higher in both stimulated and unstimulated
T cells from this group.

Diet effects on apoptosis in hoth whole
splenocyte culture ard the T cell
subpopulation. When percent apoptosis was
measured across all cells in culure (Fig. 7a),
there was a trend toward increased apoptosis in
the fish oil diet group for both stimuli. Percent

is in Con A stimulated spl

consequently, will not be add: . Apop!
was measured after 24 hours of culture only.

d;ﬂ"gred significantly (p<0.05) betweern the fish
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FIG- & Correlation between decreased proliferation and in

creased apoptosis in the T cell popuiation. Bath proliferation and

epoptosis wore messuced afler 24 bours of cultute.  Proliferative sesponse, reported in courns per minute. wi doommin by
incubating, celis with 1uCi tritiated thymidine in RPMI 6 hours prior to harvesting, Cells for T el and apoptosis delection. were

separately fixed, permeabilized, and stoined with FITC-conjugated

«CD3 or TUNEL reaction mixture and analyzed

etofluaromelrically. Percent apoptotic 1 cells was determined mathemalicully by mulipiying the overal Dercent apoptosis in the
splenoeyte eulture (TUNEL) by the percentage of T cells in culiure (o-CD3). Resubis for each anima) s repacted separately. Low

cell count for animals in the corn oil and fish oil diet treaiment groups rex

ndered many samples statistically insignificant. These are not

reported here. (A) Linear least squares line for the arachidonic acid data points. R*=0.6156 with 9% confidence. (B) Linear least

squares line for the vom oil datu points. R* = 0.6852 with 99% confidence. (C) Linear lenst squares L for the fish of dene points.

(No Con A data wes sigoificunt for this diet group.) R = 0.4327 with

92% confidence.
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FIG. 9. Cortelation besween increased T cell density in the light seatter af a-CD3 staining cells and decreased perceniage of
TUNEL staining (apoplotic} cells. Cells for T coll and apoptosis detestion were separarcly fixcd, penmeabilized, and stained with
FITC-conjugated D3 or TUNEL reaction mixturc and analyzed oytafluoremetrically. Results for cach smimal are teported
separately. Low cell count for snimals in the com oil and fish oil dict treatment groups rendesed many samples statistically

insiguificant. These are nol 7eported here. (4) Linear least squarcs line for the combined arachidonic acid and com oil data points
R =08166 with 99% confidence. (B) Lincar least squares line for the fish il data points. R = 0.4444 with 83% confidence. (C)
Linear least squares line for all data points. R? =0.4774 with 99% confidence.

oif diet treatment group and both diet control
groups. This trend became sigmificant for Ab
stimulated splenocytes (p<0.05) when T cells
alone were considered (Fig. 7b). For both RPMI
and Ab treated cultures, T cells from the fish oil
diet group underwent a significantly higher
degree of apoptosis than either diet control. T
cells from corn oil treated animals also exhibited

a significantly higher level of apoptosis (p<0.05)

that cefls from the arachidonic acid control
group, however the difference was not as marked
as that seen in the cells of fish oil test group
animals.

Correlation between decrensed
proliferation and increased apoptosis in the T
cell subset. Mathematically derived percent
apoptotic T cells for each animal following Con
A and Ab stimulus were plotted against
proliferative response at 24 hours measured in
counts per minute (Fig. 8). Low cell count on
the flow cytometer for animals in the corn oil
and fish oit diet treatment groups rendered many
samples statistically insignificant. These results
were not included in linear regression analysis.
Cells fell along two obvious lines, differing by
diet; arachidonic acid and corn oil controls

spread out along the lower portion of the graph,
while samples from the fish oil test group
clustered about the upper left-hand portion of the
graph.

Linear least squares analysis of arachidonic
acid samples ylelded an R-squared value of
0.6156 with 99% confidence in the model (Fig
8a). Fit along the least squares line for the corn
<il control group (Fig. 8b) was slightly tighter
with an R-squared value of 0.6852 at the same
confidence level The low number of
statistically significant samples in the fish oil
group necessitated including RPMI values in the
least squares analysis (Fig. 8c). The y-axis
spread created by including these values
produced an R-squated value of 0.4327, however
the confidence level remained a high 92%

Correlation between T cell density in the
light scatter of a-CD3 staining celis and
apoptosis. Percentage of a-CD3 staining cells

efore and after gating for the highest density of
T cells on the a-CD3 light scatter (Fig. 1) was
plotted against percentage of apoptotic cells
before and after the same gate was applied 1o the
TUNEL light scatter (Fig. 9). Least squares
analysis was performed for arachidonic acid and



corn oil combined data (Fig. 9a), fish oil data
alone (Fig. 9b), and combined data from all diet
groups (Fig. 9¢). R-squared values were found
to be 08166, 04444, and 04774 with
confidence levels of 99%, 85%, and 99%
respectively, indicating a high level of
corretation between increased T cell density and
decreased apoptosis in the diet control groups. A
clean correlation was not found in the fish oil
diet group, however the number of data points.
was limited.

DISCUSSION

The ¢ ition of lymphocy
reflects the composition of fatty acids in the diet
and in culture [3,4]. These membrane fatty acids
regulate membrane permeability, fusion, and
fluidity, an important parameter for enzyme and
receptor behavior [5,6]. Fatty acid analysis of
lymphocyte membranes from DHA- and EPA-

the slight variations inherent in any experiment.
The cumulative results of these seemingly
innocuous  differences  were.  however,
staggering. The most noteworthy difference in
culture treatments was that the cells from day |
necropsies required three hours longer to put
them into culture than the cells from day 2 due to
some logistical problems. Though this is a
seemingly minor difference, it is unknown what
potentially important cellular processes occur
directly after necropsy that may have been
altered in cells which sat for an additional three
hours in culture medium.

Comparison  of proliferative response by
stimulus revealed that day 1 celis cultured in Ab
did not proliferate as expected based on previous
observations in this laboratory (unpublished
data). Additionally, none of the results obtained
from the day 1 procedure produced useful
statistical significance. Results for day 2 Con A
proliferation for both time points and all diet

groups were dly low. Since

fed mice in this laboratory have d. i an
enrichment of the membrane composition with
these 1-3 polyunsaturated fatty acids [6]. We
assume that the splenocytes of arachidonic acid-,
corn oil-, and fish oil-fed mice used in this study
demonstrated a similar enrichment of membrane
lipids with their respective diets. Because this
membrane lipid composition can take on the
character of the culture media, and the media
used for culture of each diet treatment group in
this study were identical, we believe that cells
trom different diet groups began to take on
similar membrane character after several days of
incubation. Thus, we propose that profiferative
responses at 96 hours for each stimulus did not
always vary significantly by diet due to
similarities in media lipid composition.
Repeating this study with media differing in lipid
concentration to reflect the lipid composition of
the diet could confirm this hypothesis.

The effects of dividing the study over a two
day period were unexpected given the otherwise
identical treatment of the animals and cell

day 1 Con A results were near the expected
range for that stimulus [1], we assume that the
low proliferation at day 2 was a result of some
experimental difference between the two days
and not a function of differential overall
proliferative response to mitogen and antibody
induction.

Con A T cell induction in previous diet studies
revealed that lymphocytes from animals fed EPA
have signifi ly higher mi p
than lymphocytes from animals fed n-6 fatty acid
controls {7, 8], but another group reported the
opposite effect [1]. The former observation was
confirmed for the unpurified fish oil diet group
here. Because of the lack of Con A apoptosis
data for the fish oil diet group, we do not know if
this i proliferation can be to
apoptosis, and we cannot speculate about a
mitogen induced mechanism of apoptosis,
Significant correlation between Ab induced
proliferation and apoptosis in each diet group,
however, allows us to put forth several more

cultures.  In order to ensure the isti

ding n-3 fatty acids and the Ab

P gal
d of

significance of results in the proli ion and
apoptosis experiments, 31 mice were assigned to
the three diets — 10 arachidonic acid control
mice, 10 com oil, n-6 polyunsaturated fatty acid
mice, and 11 fish oil, n-3 polyunsaturated fatty
acid mice. Due to the relatively lengthy process
of setting up so many samples in culture, the
necropsies were divided between two days; half
of each diet treatment group was performed each
day. These two treatment group subsets were
managed identically from initiation of the diet
treatments to scintillation and cytofluorometric
analyses of cultured cells with the exception of

While there was a significant decrease in
proliferative response (p<0.05) for the 24 hour
Ab stimulated splenocytes of day 2 animals in
the corn oil and fish oil diet treatment groups
compared to the arachidonic acid control group,
there  was no significant difference in
proliferative response (p>0.05) between the corn
oil and fish oil groups themselves. Despite
similarities in proliferative response between
these two groups, the percent apoptotic T cells
was significantly higher (p<0.05) in Ab
stimulated cells from fish oil fed mice than those



cells from mice fed corn vil. To account for
these findings we hypothesize that T cells from
mice fed fish oil are more responsive to Ab
stimulation than T cells from corn oil fed mice,
but increased apoptosis in the T cells of the fish
oil group keeps the overall proliferative response
at the same levet that of T cells from animals in
the comn oil control group. If rates of
proliferation do differ between diet groups, we
would expect to see differences in the
proliferation kinetics; we do not. A reason for

(n-6) and arachidonic acid controls [1]. This
study, however, also reported decreased levels of
proliferation in the EPA and DHA diet groups, a
finding that was not supported by this study or
Fowler et. al. [7].

Our measure of % apoptotic T cells was made
by multiplying % apoptosis data from the
TUNEL assay by % T cells data from the a-CD3
assay. Taking this measurement as an absolute
determinant of the fraction of apoptotic T cells in
culture assumes that apoptosis occurs with equal
likelihood in all suby i of cells. We

the apparent similarities in rates of prol
between the two groups, however, has already
been addressed.  Similarities in media lipid
compositions may falsely produce similar
proliferative responses as the culture time is
extended due to incorporation of the lipids from
the culture media into the cellular membranes of
the test cells, Two possible explanations for the
higher antibody induced levels of apoptosis in
cells from fish oil fed animals are possible - the
diet-induced heightened rate of cell division
triggers activation of apoptotic pathways or diet
lipid components alter the structure of the
cellular membrane sufficiently to induce Ab
activated T cells to undergo apoptosis rather than
cell division. Since Ab stimulation requires the
binding of surface molecules, and the lipid
composition of the T cells from the test group
differs from that of the control group, we support
the latter hypothesis. Regardless of which theory
proves to be correct, higher levels of apoptosis in
the Ab stimulated cells of the fish oil group
suggest an activation-induced mechanism of
apoptosis.

Early proliferative response was significantly
(p<0.05) lower in the Ab stimulated fish ol and
comn oil diet groups than the arachidonic acid
control, but at 96 hours Ab stimulation in the
control group had been induced, eliminating any
significant difference in response by diet. One
possible reason for this difference in protiferative
response over time that was previously discussed
is i h ity of memb lipid
composition between diet groups over time,
Another possible explanation is that over the
course of the three days between analyses of
proliferation there was an upregulation of
interleukin-2 (IL-2) production and receptor
expression in the arachidonic acid and corn oil
control cultures, inducing late proliferation. This
line of reasoning is consistent with Fernandes, cf.
al. who reported decreased IL-2 production and
1L-2 receptor expression in corn oil fed Jupus-
prone mice with respect to fish oil fed mice [8)
Jolly, et. al, on the other hand. found
suppression of IL-2Ra mRNA levels in animais
fed EPA and DHA (n-3) relative to safflower oil

believe apoptosis does occur in the T cell
subpopulation, however that does not mean it
does not oceur in other subpopulations in culture.
The high percentages of apoptotic cells overall
may indicate that other subpopulations are
indeed undergoing apoptosis. A simultaneous
analysis of the &-CD3 and TUNEL stains, which
allows the unambiguous assignment of both T
cell identity and apoptotic status to each
individual cell, is needed to determine absolutely
which cells are undergoing apoptosis in culture

There is a strong inverse correlation between
percent apoptosis and T cell density on the flow
cytometer light scatters, This might initially
indicate that most of the apoptosis is occurring in
another subpopulation of ceils in the whole
splenocyte culture. 1t is possible, however, that
this is an experimentally introduced relationship.
Gating a-CD3 light scatters on the regions of
highest T cell density and applying that gate to
TUNEL histograms assumes that the T cells
gated are representative of the overall T cell
population and that apoptosis has no effect on
light scatter. In fact, positive controls for
apoptosis in the TUNEL assay had significantly
reduced forward scatter. The same results,
however, are seen with necrotic cclls (data not
shown). Broad interpretation of this data is
therefore unwise until light scatter by apoptotic
cells can be confirmed.
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