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Abstract

Background: The immune system is particularly sensitive to stress. Although acute stress
generally has positive effects, chronic stress typically provokes immunosuppression. The
elucidation of the mechanisms involved in immunosuppression are of interest for the design of
therapeutic approaches to avoid the appearance of stress disorders. This study aimed to investigate
chronic stress-induced alterations on lymphocyte subset distribution and percentages. The
experiments were performed with C57BL/6 mice subjected to chronic immobilization stress.

Results: Stress caused a marked increase in apoptosis inside the thymus, and a reduction in the
total number of thymocytes. Furthermore, the proportion of immature thymocytes declined
significantly suggesting that the increased apoptosis mainly affected cells of immature phenotype. In
blood, the total number of lymphocytes diminished but not all lymphocyte populations showed the
same tendency: while the relative proportion of B cells declined slightly, the relative proportion of
circulating CD3 * cells, and particularly some T cell subsets showing an immature phenotype
(CD3*PNA™), increased under stress. The spleen and lymph nodes show a marked reduction in
cellularity, but the relative proportion of T cells increased, while no change or only a slight
reduction was observed in the relative proportion of B cells. Similarly, the relative proportion of T
cells increased in bone marrow.

Conclusions: Detailed data on the alterations of lymphoid cell subsets occurring under
immobilization stress, both in the bloodstream and in different lymphoid tissues, are obtained. In
general, T cells are more affected than B cells and, in particular, a marked increase in the percentage
of a subset of circulating PNA*CD3" T cells is observed.
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Background

Under normal conditions, the generation of the T-cell
repertoire begins with the differentiation of precursor T
cells (pre-T cells) in the fetal liver (during early embryo-
genesis) or bone marrow (during later embryogenesis
and after birth [1,2]. In the most important T-cell matu-

ration pathway, the intrathymic pathway, pre-T cells re-
populate the thymus to become mature T cells [3—6].
This pathway, during which the cells undergo several
phenotypic changes, involves the interplay of numerous
molecules [7-15], and it is in fact completed by only a
small percentage of thymocytes [16]. The proper func-
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tioning of the intrathymic thymocyte selection process is
crucial to avoid the presence of autoreactive T cells in the
body [17]. Once in the mature state, these cells (now T
lymphocytes) leave the thymus and migrate to the pe-
riphery where they perform their function. Again, ade-
quate maturation and mobility of lymphoid cells are
essential for generation of the correct repertoire and dis-
tribution throughout the body in appropriate concentra-
tions, so as to ensure optimum performance of the
immune system.

The immune system is particularly sensitive to stress,
and specific effects of stress have been demonstrated by
a number of studies [18—21]. Acute stress generally has
positive effects, while chronic stress typically provokes
immunosuppression and diverse associated pathologies,
including autoimmune diseases [22—28].

The elucidation of the mechanisms involved in the im-
munosuppression state will likely be of interest for the
design of therapeutic approaches to avoid the appear-
ance of stress disorders. In the present study we investi-
gated the effects of chronic immobilization stress on the
distribution and percentages of various mouse immune
cell populations, with the aim of identifying possible re-
lationships between stress-associated lymphoid cell ab-
normalities and vulnerability to diseases.

Table I: Organ weights (mg) in unstressed and stressed mice.
Values shown are means + SEMs for 10-15 mice. Stressing was by
immobilization for 5 h per day for 14 consecutive days. Asterisks
indicate a statistically significant difference (***P < 0.001) be-
tween the two groups.

Unstressed mice  Stressed mice Fold decrease

Thymus 68.7 +4.3
Spleen 745+6.2
Lymph nodes 43.7 2.3

33.3 £ 2.4k 0.5
38.5 £ |8k 0.5
19.1 £ [.0%FF 0.4

Results

Thymus

Immobilization stress (5 hours per day during 14 consec-
utive days) caused thymus weight to decrease from 68.7
mg to 33.3 mg (0.5 fold. Table 1, P**¥). Figures
1A,1B,1C,1D summarize the results obtained by flow cy-
tometry. Regions R1 and R2 (panel A) separate cell de-
bris (R1, were most apoptotic bodies and apoptotic and
death cells were found) from whole cells (R2). By com-
parison with control animals, stressed animals showed
a) a 1.5-fold increase in the percentage of events in R1,
(37.6% for control mice versus 56.2% for stressed mice,
panel C, P*#*¥); b) a 1.6-fold increase in the percentage of
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annexin V * (i.e. apoptotic) cells in R2 (23.3% annexin
V+ cells for control mice versus 36.5% for stressed mice,
panel D, P*), and c) a 3.6-fold increase in the percentage
of propidium iodide positive (PI*, i.e. dead) cells in R2
(12.7% of PI+ cells for control mice versus 46.4% in
stressed mice, panel D, P¥). The percentage of immature
thymocytes (i.e. PNA™ cells) in R2 decreased from 61.0%
in control mice to 38.7% in stressed mice (0.64 fold, Fig-
ure 2, P¥). The percentage of CD3* thymocytes in R2 in-
creased from 24.3% in control mice to 45.3% in stressed
mice (2-fold. Figure 2, P*¥).

Blood

The total number of circulating white blood cells signifi-
cantly diminished under stress from 4.89 million cells
per mL in control animals to 0.96 million cells per mL in
stressed animals (0.2 fold. Figure 3, panel A, P***). How-
ever, the proportion of PMN cells in the white blood cell
population went up from 16.5% in control animals to
32.5% in stressed animals (2 fold, P**, Figure 3B), while
the proportion of lymphoid cells diminished from 53.9%
in control mice to 36.3% in stressed mice (0.67 fold. Fig-
ure 3B, P¥). Within the lymphoid population, the propor-
tion of B cells decreased from 66.1% in the control group
to 42.3% in the stressed group of animals (to 0.6 fold.
Figure 4A, P**%), but the proportion of T cells showed a
marked increase from 28.1% in control mice to 39.8% in
stressed mice (1.4 fold, P**). While the relative propor-
tion of cytotoxic CD8* cells and of CD4* cells did not
change under 5 h stress per day (Figure 4B), the relative
proportion of a subpopulation of PNA™ cells increased
significantly from 6.8% in control mice to 13.3% in
stressed mice (1.9 fold. Figure 4C, P*). This observation
is particularly relevant because many of those cells are T
cells. In this connection the PNA*CD3™" subset of circu-
lating T cells showed a spectacular increase, from 1.3% in
control mice to 13.2% in stressed mice (10-fold, Figure
4C, P*¥), On the other hand, no CD4+CD8+ cells were
detected in the bloodstream.

The fact that a significant change in the relative propor-
tion of CD4+ and CD8+ cells was observed when immo-
bilization was applied 2 h per day (for CD4+ cells the
proportion increased from 24.1% to 32.4%, P*** and for
CD8+ cells increased from 11.6% to 16.3%, P*** Figure
5)is also relevant but not under 3 or 5 h of immobiliza-
tion per day.

Bone marrow, spleen and lymph nodes

Spleen weight and axillary lymph node weight both de-
creased significantly under stress. Spleen decreased
from 74.5 mg in the group of control animals to 38.5 mg
in the group of stressed animals, and lymph nodes from
43.7 mg to 19.1 mg, (0.5 fold, P*** and 0.4 fold, P*** re-
spectively. Table 1). The proportion of T cells increased
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Effects of stress on thymic cell populations. A — Flow cytometry scatter plots for thymic cells from one control (top) and one
stressed (bottom) mice. The plots show 5% of the total number of events, for one representative mouse from each group.
Gates RI (cell debris) and R2 (whole cells) were positioned by standard procedures. B — Histograms showing the number of

annexin V* (top) and PI"(bottom) cells in the corresponding R2 regions. C — Effects of stress on the percentage of events in

regions R1 and R2. D — Effects of stress on the percentage of annexin V* and PI" cells in region R2. The experiment was done
3 times using 3 < n < 5 mice per group. Data for one representative experiment of the 3 are shown.
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Effects of stress on the percentage of CD3" and PNA*cells in region R2 (see Fig. 1). The experiment was done 4 times using 3<
n < 5 mice per group. Data for one representative experiment of the 4 are shown.

significantly in both spleen and bone marrow in stressed
animals (from 14.6% to 29.7%, 2 fold, P*** in spleen, and
from 1.8% to 4.8%, 2.8 fold, P** in bone marrow. Figure
6), while B cells did not change. In lymph nodes, the pro-
portion of T cells showed a tendency to increase, al-
though this was not statistically significant; the
proportion of B cells decreased significantly from 44.4%
in control mice to 28.6% in stressed mice (1.6 fold. Figure
6).

Discussion

The study of the immune system under stress is a broad
and complex field of research where many questions re-
main to be answered. Although this situation can be re-
lated to a number of different factors, it is illustrative to
indicate that: i. different stress-conditions translate into
different, even opposite (acute versus chronic stress), ef-

fects on the immune system and ii. intrinsic parameters
such as sex, age and strain, besides others such as coping,
escape or prediction capabilities, individual experience
and history, conditioning, etc, strongly influence the im-
mune system.

It should also be noted that the immune system is com-
partmentalized and the response to a stressor might be
different on each compartment. It looks reasonable to
expect that the comparative analysis of these effects on
the different organs-tissues could afford a more detailed
picture of the situation and could further contribute to
our understanding of this area. With this idea in mind
and as a first step, we considered of outmost importance
to carry out a study to simultaneously determine the ef-
fects of stress on each of the main immune organs. We
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Effects of stress on peripheral blood cell populations. A — Effects of stress on the total number of white blood cells. B — Effects
of stress on the percentage of PMN cells and lymphoid cells gated in the white blood cell region. The experiment was done 2
times using 3 < n < 5 mice per group. Data for one representative experiment of the 2 are shown.

also decided to include the circulatory system as an addi-
tional target in this study because of its important trans-
porting role.

Our findings confirm that chronic immobilization stress
has a major impact on the mouse immune system, caus-
ing dramatic changes in the normal distribution of im-
mune cells. Notably, there are marked effects on the
concentrations of the different subtypes of T cells. These
alterations are observed in the bloodstream and in all of
the lymphoid tissues analyzed (thymus, bone marrow,
lymph nodes and spleen).

The increase in apoptosis in the thymus under immobili-
zation stress is in line with the results obtained in other
studies [18,29]. Of particular interest was our independ-
ent analysis of two major populations of cells inside the
thymus: immature cells, labeled with PNA-FITC, and
cells expressing TCR (antiCD3-PE mAb). While CD3*
thymocytes were in fact present in stressed animals at
higher relative proportions (43.5% in stressed animals
versus 24.2% in control animals, 2-fold increase), PNA*
cells underwent a significant relative reduction with re-
spect to region R2 in Figure 1 (61.0% in control animals
versus 38.7% in stressed animals, 0.6 fold decrease).
This suggests that immobilization stress reinforces the

negative selection of immature thymocytes, i.e. increases
the rate of apoptosis among those cells.

As regards blood cells, we observed a decrease in circu-
lating total white blood cells, and in particular a decrease
in the total lymphoid population. The relative sizes of the
different subsets of lymphoid cells also varied signifi-
cantly. Notably, there was a considerable increase in the
relative proportion of T cells (1.4 fold in CD3* cells) in
the total lymphoid population. Furthermore, a very high
proportion of these circulating T cells showed an imma-
ture phenotype (i.e. 13.2% of PNA*CD3" cells in stressed
mice versus 1.3% in control mice) but they are not
CD4*CD8* thymocytes. These immature cells may have
originated from the thymus as a result of alteration of the
normal intrathymic T cell maturation pathway under
stress; alternatively, they may have originated from
extrathymic pathways. Regardless of their origin, these
cells may not have passed through the normal selective
processes, and many clones could thus show autoreactiv-
ity. It has been reported previously that self-reactive for-
bidden clones, showing a higher resistance to apoptosis,
arise under immunosuppression, differentiating via al-
ternative thymic, hepatic and other pathways, and that
stress play a role in the onset of several pathologies in-
cluding autoimmune diseases [30—35]. In line with that
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Effects of stress on the percentages of lymphoid cell subsets in peripheral blood. A — Lymphoid, T and B cells. B — T cell subsets
(CD3+, CD4+ and CD8+). C — PNA™ and PNA"CD3" cells. The experiment was done 3 times using 3 < n < 5 mice per group.

Data for one representative experiment of the 3 are shown.

our results led us to hypothesize that stress alters the T
cell differentiation pathway allowing and/or activating
autoreactive T cell clones in the periphery which will
contribute to the enhancement of autoimmune disor-
ders. Notice that those cells would become relevant un-
der immunosuppression conditions such as stress.

Redistribution of leukocytes was also reported under
acute stress by Dhabhar et al [21]. These authors also ob-
served a large reduction in blood lymphocytes and, in
keeping with our results, T cells exhibited the smaller
stress-induced decrease. Furthermore, they observed an
increase in the relative proportion of T helper cells. Our
studies on chronic stress showed a significant increase in
the relative proportion of circulating CD4+ and CD8+
cell subsets when the immobilization period was 2 hours
per day. This result can be rationalized assuming an in-
crease of the peripheral demand of T cells under stress, a
hypothesis already put forward by other authors. We ob-
served, however, than in animals subjected to immobili-
zation of 3 or 5 hours per day the blood percentages of
these two subsets (CD4+ and CD8+) remained at relative
proportions similar to those of controls (Figure 5). It is
tempting to propose here that the higher decrease in
CD4+ and CD8+ populations on the thymus (associated
with the comparatively larger stress-period, i.e. larger
thymic-involution), would counteract the effect of the in-
creased peripheral demand of T cells from thymus for

these two cell subsets. Under this scenario it will also be
expected that other T cell subsets (generated by the in-
trathymic alternative pathway of T cell generation -oper-
ative under this immunosuppressive conditions-), would
predominate over the CD4+ and CD8+ T cells in the thy-
mus. They would consequently be demanded to the
blood in larger amounts, in fully agreement with the ob-
served results. The study of these T cell subsets in the
blood could be relevant for their use as prognostic mark-
ers.

Conclusions

This work affords detailed data on the alterations of lym-
phoid cell subsets occurring under immobilization
stress, both in the bloodstream and in different lymphoid
tissues. The magnitude of such changes and their physi-
cal location most likely reflect the strong and complex in-
fluence of stress on the maturation and/or mobility of
lymphoid cells. In general, T cells are more affected than
B cells and, in particular, a marked increase in the per-
centage of a subset of circulating PNA*CD* T cells is ob-
served.

Materials and methods

Animals

This work was carried out with C57BL/6 mice aged 33+ 2
days, bred in our animal facility from stock supplied by
Iffa-Credo SA (Barcelona, Spain). The animals were kept
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Dose-response in terms of proportions of CD4+ and CD8+ T cell subsets in the blood of stressed mice. The number of mice

per group used in this experiment was n,4 <n < 8.

under minimal-stress conditions with lights on at 8.00
am and off at 20.00 pm, and with free access to food and
water. Pups had been weaned at age 21 days and sexed at
30 days.

Chronic immobilization stress protocol

Mice were kept inside an immobilization tube, adapted
from a Nunc centrifuge tube (Nalge Nunc International,
2000 North Aurora Rd., Naperville, IL 60563-1796 USA;
catalog number 373660) by making a hole in the bottom
and a lateral slit, 2, 3 or 5 hours per day for 14 consecu-

tive days. This procedure is easy to perform and inflicts
no physical pain to the animals. In all the experiments
and immediately after the last stress session, the animals
were anesthetized with ether and sacrificed by decapita-
tion. Blood was collected in tubes with anticoagulant
(EDTANa,), and the thymus, spleen, axillary lymph
nodes and femurs were removed and kept in cold phos-
phate-buffered saline (PBS).
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Effects of stress on the percentages of T and B cell populations in the spleen, bone marrow and axillary lymph nodes. The
experiment was done 3 times using 3 < n < 5 mice per group. Data for one representative experiment of the 3 are shown.

Analysis of thymus cells

Mature and immature cells inside the thymus

Cell suspensions (approximately 10 thymocytes, elec-
tronically counted (Coulter Counter ZM fitted with a
Channelizer 256, distributed by IZASA S.A., Aragoneses
13, 28108 Alcobendas, Madrid, Spain)), prepared from
the thymus of each mouse by disgregating the tissue with
the back of a syringe plunger on a nylon gauze in cold
PBS containing 0.1% bovine serum albumin (BSA), were
incubated on ice for 50 minutes with antibodies to mouse
CD3 (Pharmingen, Camino de Valdeoliva, s/n 28750 San
Agustin de Guadalix, Madrid, Spain) or with PNA (Sig-
ma-Aldrich Quimica S.A., Av. Valdelaparra 53, 28100 Al-
cobendas, Madrid, Spain) labeled with fluorescein
isothiocyanate (FITC) or phycoerythrin (PE). After
washing with PBS containing 0.1% of BSA, immunofluo-
rescence was determined with an EPICS XL flow cytom-
eter (Coulter, distributed by IZASA S.A., Aragoneses 13,
28108 Alcobendas, Madrid, Spain).

Apoptotic and dead cells in the thymus

Alternatively, the cell suspensions were stained with bi-
otin-conjugated Annexin V (Roche Diagnostics S.L. Mo-
lecular Biochemicals, Copérmico 60 08006 Barcelona,
Spain) and propidium iodide in N-[2-hydroxyethyl]pip-
erazine-N'-[ 2-ethanesulfonic acid] (HEPES) buffer (10
mM HEPES/NaOH pH 7.4, 140 mM NacCl, 5 mM Cacl,)
for 1 hour, washed with the same buffer once, and incu-

bated with ExtAvidin-FITC -conjugated for 30 minutes.
The cells were then immediately washed and their im-
munofluorescence measured.

Analysis of blood cells

White blood cell counts

Total leukocyte count was measured in 200 UL of blood
in a cytometer (Cell-DYN 3500, Abbott). The analysis of
lymphoid and PMN (polymorphonuclear) cell percent-
ages was carried out in a EPICS XL flow cytometer (Coul-
ter) after removing red blood cells (Uti-Lyse, S3325,
Dako Corporation, 6392 Via Real, Carpinteria, CA
93013, USA).

Changes in blood lymphocyte proportions

Approximately 100 PL of blood from each control or
chronically stressed mouse was incubated with rat serum
for 40 minutes at RT, washed with PBS containing 0.1%
BSA, and subsequently reacted with antibodies to mouse
CD4, CD8, CD3, CD45R/B220 or with PNA (Pharmin-
gen or Sigma) labeled with FITC, PE or QR. After 50 min-
utes of incubation at RT the red blood cells were removed
(Dako), and single, double, or triple immunofluores-
cence was measured.

Analysis of bone marrow cells
Bone marrow cell suspensions were prepared by flushing
cold PBS through each femur. After washing, red blood
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cells were removed on a Ficoll gradient. Approximately
10° bone marrow cells from each mouse were incubated
with rabbit serum for 40 minutes on ice, washed with
PBS containing 0.1% BSA, and subsequently allowed to
react for 50 minutes with antibodies to mouse Thy 1.2 or
CD3 and CD45R/B220 (Pharmingen or Sigma) labeled
with FITC and PE. Immunofluorescence was measured
after washing with PBS containing 0.1% BSA.

Analysis of spleen and lymph node cells

Cell suspensions, prepared from the spleen or lymph
node of each control or chronically stressed mouse by
disgregating the tissue with a syringe plunger on a nylon
gauze in cold PBS containing 0.1% BSA, and each con-
taining approximately 10° splenocytes, were incubated
with rabbit serum for 40 minutes on ice and subsequent-
ly with antibodies to Thy 1.2 or CD3 and CD45R/B220
(Sigma or Pharmingen) labeled with FITC or PE for 50
minutes. Immunofluorescence was measured after
washing with PBS containing 0.1% BSA.

Statistics

The normality of sample distributions was confirmed by
the Shapiro-Wilk test [36]. Data means were compared
by the two-tail t test for unpaired samples [37]. In the
text, P values (¥*0.05 = P > 0.01; ¥*0.01= P > 0.001; ***P
< 0.001) are for comparison with means for control and
stressed mice.
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