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ABSTRACT 

Animal models can advance the knowledge of how neuroendocrine-mediated host 

stress responses modulate immune cell function. These animal models can be used to 

evaluate whether immunological perturbations following exposure to acute and chronic 

stressors are of clinical significance in resistance to infectious and neoplastic diseases. In 

the present study, we evaluated parameters of immunological structure and function in mice 

exposed to cold water stress. We exposed young adult male BDFl mice to 4°C water for 1 

minute at 0900 and 1600 on each of 4 consecutive days. The treatment regimen invokes a 

complex paradigm of anxiety, forced exercise and hypothermia. Glucocorticoid production 

was enhanced on days 2 (P=0.011) and 3 iP=0.026). Exposure to the cold water stress 

regimen did not result in atrophy of or leukopenia in the spleen or thymus. Single 

fluorescence flow cytometric analysis revealed profiles of CD3, CD4, and CD8 populations 

in the spleen and thymus were not altered following exposure to the cold water stress 

treatment. Exposure to the stressor inhibited concanavalin A (ConA)-stimulated 

lymphocyte blastogenic potential in thymocytes (P=0.024) but not splenocytes (P>0.050). 

Profiles of IL-2 production (P=0.031; as measured by ELISA), but not IFN production 

(P>0.050; as measured by bioassay) were altered by exposure to the cold water stressor. 

Exposure to the stressor did not inhibit profiles of immune responses to the immunogen 

cholera toxin binding fragment (CTB), as revealed by splenocyte proliferation, IL-2 and 

EFN production, and titers of anti-CTB antibody. Collectively, these results indicate that 

exposure to acute periods of cold water stress can result in mild immunomodulatory effects 

in mice which are not sufficient to impair response to the protein antigen CTB. 
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CHAPTER I 

INTRODUCTION 

Exposure to physiological and psychological stressors can invoke host responses, 

culminating in altered profiles of immunological structure and function (Ader and Cohen, 

1993; Bonneau et al., 1990). In response to physiological and psychological stimuli, the 

hypothalamic-pituitary-adrenal (HPA) axis produces neurotransmitters, neurohormones, 

and adrenal hormones which possess immunomodulatory properties (Ballieux, 1992; Ader 

et al., 1991). As a general rule, neurohormones, including prolactin and somatotropin 

(growth hormone), are immunostimulatory (Bemton et al., 1987; Kelley, 1991). Adrenal 

hormones, most notably the glucocorticoids (Cortisol in humans, corticosterone in rodents) 

are renowned anti-inflammatory, immunosuppressive agents (Cupps and Fauci, 1982). 

Glucocorticoid production is a common indicator of the host stress response. 

It is generally accepted that the host stress response can impair certain immune-

mediated mechanisms of resistance to disease. This has promoted the contention that 

individuals subjected to certain forms of physiological and psychological stress are at 

increased risk of infection by certain classes of microbial pathogens (Bonneau et al., 1990). 

Validating this contention by other than epidemiologic data, however, is met with 

numerous constraints. Appropriate animal models can be used to directly test whether host 

stress response-induced alterations in immunological parameters are sufficient to impair 

immune responses to antigens and the capacity to resist disease. In this regard, several 

animal models of stress have been reported (Ader and Cohen, 1993). 

The use of metabolic compounds to initiate the host stress response in animals has 

been reported, but is met with inherent limitations. For instance, in studies of 2-deoxy-

glucose (2-DG)-induced metabolic stress (Lysle et al., 1988; Miller et al., 1994; Miller et 

al., 1993), it is difficult to differentiate the immunomodulatory effects of the host stress 
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response from the potential toxicities of 2-IXJ metabolism on immune cells. Moreover, in 

models that require injecting compounds to elicit stress responses, there is a risk of 

introducing endotoxin and other contaminating materials into test subjects, complicating 

data analysis. 

Animal models that employ physical stressors, including restraint, exercise, 

hypothermia, mild electric footshock (Ader and Cohen, 1993), and suspension (Miller and 

Sonnenfeld, 1993,1994) to elicit stress responses have been developed. Cold water stress 

has been proposed as an attractive model to study the immunomodulatory effects of the 

host stress response (Jiang-Cheng et al., 1990; Shu et al., 1993). In this model, rodents 

are exposed to 4°C water and must swim to remain afloat. This invokes a complex 

paradigm of stressors, including anxiety, hypothermia, and forced exercise to the point of 

exertion. Mice and rats exposed to cold water stress displayed decreased numbers of 

immune cells and a decreased capacity to secrete certain cytokines (Jiang-Cheng et al., 

1990; Shu et al., 1993). In a study by Jiang-Cheng et al. (1990), mice exposed to cold 

water stress exhibited a decrease in total leukocyte counts up to 90% and a diminished 

capacity to express Qass n MHC determinants. 

It is not known what spectrum and/or magnitude of immune cell effector functions 

must be depressed by the host stress response before responses to antigenic stimuli or 

resistance to infection are actually compromised. Stress response-induced changes in 

immunological parameters in naive test subjects may not necessarily reflect impaired 

abilities to respond to antigenic stimulation or resist disease. The most appropriate means 

to test whether the immunomodulatory effects of the host stress response are sufficient to 

impair resistance to disease is through the use of animal models in which the test subjects 

are exposed to a stressor and the immune response to a protein antigen or microbial 

challenge is monitored. 



Since there is a need for animal models of stress which directly evaluate the immune 

responses to antigenic stimuli, we designed the present study to further define the 

immunomodulatory properties of cold water stress. We report the effects of cold water 

stress on parameters of immune cell effector functions in naive mice and in mice immunized 

with the binding fragment of cholera toxin. 



CHAPTER II 

MATERIALS AND METHODS 

Animals 

Specific pathogen-free young adult male BDFl mice, each weighing 20-25 g at the 

start of experimental manipulations, were purchased from Jackson Laboratories (Bar 

Harbor, ME). Mice were housed at 5/cage in a quiet, isolated colony room in the Texas 

Tech University Health Sciences Center at Amarillo animal research facility dedicated for 

neuroendocrine research. A 12-h day might cycle (0600-1800) was maintained by artificial 

illumination. All procedures were performed under the supervision of the staff veterinarian 

and in accordance with the Guidelines for the Care and Use of Animals set forth by the 

NIH and the institutional Animal Care and Use Committee. Mice were allowed unrestricted 

access to food (Purina Rodent Laboratory Chow) and sterile water and afforded a minimum 

7-day acclimation period prior to the onset of experimental manipulations. 

Cold water stress 

Mice were assigned to one of two groups: (1) Vivarium control animals, not 

exposed to the stressor; and, (2) Experimental animals individually exposed to acute 

periods of cold water stress. For each group, n=5 mice. Animals were handled such that 

the only difference between the two groups was the exposure to cold water stress. The 

cold water swimming was induced twice a day at 0900 and 16(X) for 4 consecutive days as 

described by Jiang-Cheng et al. (1990). All mice were transported from the colony room 

to a separate procedure room. Each mouse was gently placed into a separate tank 

containing 4°C water and released. The water level prevented each mouse from touching 

the tank bottom or escaping. Exposure to the cold water required each mouse to swim 

uninterruptedly to stay afloat This procedure invokes a complex paradigm of stressors, 



including anxiety, physical exercise to the point of exertion, and hypothermia (Jiang-Cheng 

et al., 1990). Each mouse was monitored throughout the entire swimming period for 

welfare assurance; no adverse incidents occurred. Following the l-min exposure period, 

each mouse was removed from the water, hand dried using paper towels, and returned to 

the housing cage. The cages then were returned to the colony room until the next 

exposure. 

CTB Injections 

On the morning of the third day of cold water stress exposure, CTB (Calbiochem; 

San Diego, CA) was suspended in incomplete Freund's adjuvant (Sigma; St. Louis, MO). 

One hour before the 0900 cold water stress exposure, each mouse was injected with 0.2ml 

of adjuvant containing 50 pig CTB. Control mice were injected with adjuvant devoid of 

CTB. Separate control and immunized mice were exposed to the cold water stress on days 

3 and 4, and then permitted a 4-day rest period. Following the 4-day rest period, mice 

were exposed to an additional 4-day cold water stress treatment. The morning after the 

second 4-day cold water stress exposure (day 10 post-CTB injection), mice were 

euthanized and profiles of immune responses were constructed. 

Cell Culture Medium 

Cell culture medium was endotoxin-free RPMI-1640 containing lOmM HEPES 

buffer, 4.5 g/1 glucose, ImM L-glutamine, O.lmM non-essential amino acids, 200 U/ml 

penicillin G, 1(X) mg/ml streptomycin, 25 mg/ml amphotericin B, and 10% heat-inactivated 

fetal bovine serum (all purchased from Sigma). All incubations were performed under 

tissue culture conditions (37°C in 5% CC)2-enriched humidified air). 



Tissue Collection 

All mice were euthanized rapidly by CO2 asphyxiation. Blood samples were 

collected aseptically by cardiac puncture and placed into 1.5ml Eppendorf tubes. The 

spleen and thymus were aseptically removed, weighed, and placed in individual 50ml 

conical centrifuge tubes each containing 10ml of cell culture medium. Blood samples were 

incubated at 37''C for 45 min, centrifuged at 1,000 rpm for 1 min, and the serum was 

removed and frozen at -70°C until assayed for titers of serum corticosterone or anti-CTB 

antibodies. Single cell suspensions were generated from each spleen and thymus by 

pressing each organ through a sterile cell strainer using the plungers from sterile 3cc 

syringes. Leukocytes then were electronically quantitated using a Coulter Cell Counter. 

Lymphocyte Blastogenesis Assav 

Spleen and thymus cells were suspended to a final concentration a 1x10^ 

leukocytes/ml in cell culture medium containing 2.5 mg/ml Concanavalin A (ConA; Sigma) 

and dispensed into 96-well plates (1(X) ml/well; 8 duplicate wells per tissue). Control wells 

devoid of ConA were included. Cell and ConA concentrations were determined optimal by 

preliminary titrations. After 42 h incubation, l.OmCi tritiated thymidine (Amersham, 

Arlington Heights, IL) in a 10ml volume or 10ml cell culture medium (for background 

radioactivity determinations) was added to each well. Following 6 h incubation, cells were 

harvested on glass fiber filter pads. The filter pads were dried overnight and the CPM 

determined using a Beckman scintillation counter. 

Corticosterone Assav 

Serum corticosterone levels were determined using the ImmuChem Double 

Antibody Corticosterone 125i RIA Kit (ICN Biomedicals, Inc; Costa Mesa, CA). The test 



was performed according to instructions of the manufacturer. Titers of serum 

corticosterone were calculated from a standard curve generated with known concentrations 

of corticosterone provided with the kit. 

Flow Cytometric Analysis 

Single fluorescence flow cytometric analysis was employed to evaluate the 

influence of exposure to cold water stress on the distribution of leukocyte populations in 

the spleen and thymus. Spleen or thymus cells (1x10^ in 100ml) were stained for 25 min 

at 4°C with Img of FTTC-conjugated monoclonal antibodies against the CD3 (mature T 

cell), CD4 (Class II MHC-restricted T cells), or CD8 (Class I MHC-restricted T cells) 

determinants or isotype control (Pharmingen; San Diego, CA). The cells were washed and 

a minimum of 10,(XX) cells per sample were analyzed with a triple-laser Coulter Epics Elite 

Flow Cytometer, such that the lymphocytic and myelogenous regions were gated on three-

part differentials using forward vs. side scatter plates. Negative gates were established 

using cells stained with isotype marker. 

Interferon Assay 

Spleen cells were added to each well in a 24-well plate at a concentration of 5x10^ 

cells/ml in a 1 ml volume of cell culture medium containing 2.5 mg/ml ConA. ConA is a 

known stimulant for IFN-y production. After 48 h incubation, lOOnA of each culture 

supernatant was transferred to the wells of a 96-well plate and EFN activity was determined 

using a viral inhibition assay (Rubinstein, 1981). The supematant was serially diluted two

fold in cell culture medium, and to each well was added 10ml of L-929 cells at a 

concentration of 5x10^ cells/well. After 24 h incubation, supematants were decanted and 

1,(X)0 PFU of vesticular stomatitis virus was added to each well (100 ml/well). Wells 

devoid of IFN, L-929 cells, or VSV were incorporated as controls. Following 72 h 



incubation, levels of IFN-stimulated antiviral resistance were determined using the 

colorimetric MTT assay (Mosmann, 1981). To each well was added 10ml of MTT (5 

mg/ml in saline; Sigma). Following 6 h incubation, the formazan crystals were solubilized 

by the addition of 100 ml/well of 10% SDS. The plates were incubated overnight and then 

read in a Dynatech MR5000 plate reader at wavelength of 490nm. One unit of IFN was 

defined as the amount of IFN stimulating 50% protection of L-929 cells. Because no 

blocking antibody was used to determine if IFN-y production was stimulated, only units of 

interferon have been measured. 

Interleukin-2 (IL-2) Assay 

Supematants generated in the IFN assay also were assayed for titers of IL-2 

production. IL-2 levels were quantitated using a commercial IL-2 EUSA kit (Endogen; 

Cambridge, MA). The assay was performed according to the instructions of the 

manufacturer. The ELISA plates were read in a Dynatech MR5000 plate reader at a 

wavelength of 490nm. Titers of IL-2 were calculated from a standard curve generated with 

known concentrations of IL-2 provided with the kit 

Titration of Anti-CTB IgM 

We standardized an ELISA procedure to determine concentrations of anti-CTB IgM 

in the serum. To generate a standard curve to calculate concentrations of IgM, a stock 

concentration of purified mouse IgM (Sigma) was prepared at 5 mg/ml and diluted 1:4 to a 

final concentration of 5 pg/ml in a carbonate/bicarbonate buffer. The wells of Nunc 

Maxisorb microtiter plates were coated with 50ml of each concentration of purified IgM. 

The plates were incubated ovemight under tissue culture conditions, and then washed 4X 

with phosphate buffered saline (PBS). To each well was added 250ml of ELISA block, 

which was PBS containing 0.1% Tween-80 and 1.0% bovine serum albumin. Following 
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90 min incubation, the ELISA block was removed. To each well then was added 50ml of 

goat anti-mouse peroxidase conjugate diluted in PBST. Following 60 min incubation, the 

wells were washed 4X with PBS. To each well then was added 100ml of tetra methyl 

benzidine (TMB) substrate. Following 40 min incubation, 100ml of 0.18 M H2SO4 was 

added to each well. The plates then were read in a Dynatech MR5000 plate reader at a 

wavelength of 450nm. From this, a standard curve of O.D. 450nm versus IgM 

concentration was generated for each assay. 

To determine concentrations of circulating anti-CTB IgM in control and 

experimental mice, the serum was thawed rapidly at 3 7 ^ and diluted 1:10, 1:100, and 

1:1,000 in PBS + 0.1% Tween-80 (PBST). To determine concentrations of specific anti-

CTB IgM, CTB was prepared at 5 mg/ml in carbonate/bicarbonate buffer. The ELISA 

plate wells were coated with 50 ml/well of CTB, and after the ELISA block was removed, 

50jA of each concentration of diluted serum added to each well and the ELISA was 

performed as described above. The concentrations of specific anti-CTB IgM antibodies 

were determined using the purified IgM ELISA standard curve as the reference. For each 

sample, serum was added to 4 wells at each of the 1:10,1:100, and 1:1,(XX) dilutions. 

Statistical Analysis 

Statistical analysis of the data was performed using the non-parametric Mann-

Whitney U test. Data are presented as the mean ± SEM. Levels of statistical significance 

were set a priori at P:s0.050. All results were reproducible in at least two independent 

experiments. 



CHAPTER III 

RESULTS 

Corticosterone production 

To confirm exposure to the cold water stress regimen elicited a host stress 

response, we constructed profiles of glucocorticoid production, a common indicator of the 

host stress response. As revealed in Figure 1, exposure to cold water stress stimulated the 

production of corticosterone, the primary glucocorticoid in rodents. Although titers of 

serum corticosterone were elevated after each morning treatment, the differences were 

statistically significant only on days 2 (P=0.011) and 3 (P=0.026). 

Leukocyte Distribution. Populations, and Cell Counts 

Jiang-Cheng et al. (1990) previously reported that mice exposed to the cold water 

stress treatment described here exhibited severe splenic and thymic atrophy, as revealed by 

a 50.1-67.1% decrease in the number of thymocytes and a 19.9-92.9% decrease in the 

number of splenic leukocytes. The morning after the last cold water exposure, we 

determined spleen and thymus weights as a percent of total body mass. In contrast to the 

observations of Jiang-Cheng et al. (1990) exposure to the cold water stress regimen did not 

result in significant lymphoid atrophy in either the spleen or thymus iP>0.050 in each 

instance; Table 1). 

After determining the percent of body mass comprised by the spleen and thymus, 

we determined the total number of leukocytes and the percent of lymphocyte subsets in 

each organ. As also revealed in Table 1, exposure to the cold water stress regimen did not 

significantly alter the total number of leukocytes in the spleen or thymus (P>0.050 in each 

instance). As shown in Figure 2, exposure to the cold water stress treatment did not 

significantly alter the percent-positive CD3, CD4, or CD8 cells in either organ (in each 
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instance, P>0.050). The collective results indicated the response to cold water stress did 

not include a leukopenic effect in the spleen or thymus. 

P=0.011 
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Figure 1. Effect of Cold Water Stress on Corticosterone Production. 
Glucocorticoid production is enhanced in mice exposed to cold water stress (CWS). 

On each day, mice were exposed to the cold water treatment, and 90 min after the morning 
treatment serum levels of corticosterone were determined. Although glucocorticoid 
production was enhanced following each morning treatment, the values were statistically 
significant (indicated by asterisk) on days 2 and 3. Data are reported as the mean ± SEM 
(n=5 mice/treatment group). Data are representative of two independent experiments. 
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Table 1. Exposure to cold water stress does not result in lymphoid organ atrophy 
or leukopenia in the spleen or thymus. 

Parameter Vivarium Control Cold Water Stress 

Percent of Bodv Mass 

Spleen 0.28 ± 0.03^ 0.28 ± 0.03 

Thymus 0.21 ± 0.02 0.18 ± 0.02 

Total Leukocvte Count 

Spleen 14.8 ± 1.3^ 15.0 ±1.1 

Thymus 16.2 ± 1.8 14.0 ± 1.6 

P>0.050 in each instance 

Data are representative of three independent experiments. 

^Data are presented as percent body mass to compensate for differences in size among 
cagemates. All data are presented as the mean ± SEM (n=5 mice/group). 

'̂Data are presented as the number of cells x 10" .̂ 
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Figure 2. Effect of Cold Water Stress on Lymphocyte Populations. 
Exposure to cold water stress (CWS) does not alter profiles of CD3, CD4, or CD8 

T cells in the spleen or thymus. In no instance were values from cold water stress-treated 
mice significantly different from vivarium controls. Non-specific isotype staining did not 
exceed 1.5%. P>0.050 in each instance. Data are reported as the mean ± SEM (n=5 
niice/treatment group). Data are representative of two independent experiments. 
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Lvmphocvte Blastogenesis 

Splenocytes and thymocytes were stimulated with ConA to evaluate the influence of 

the host response to cold water stress on mitogen-stimulated lymphocyte blastogenesis. As 

revealed in Figure 3, exposure to cold water stress depressed thymocyte proliferation 

(P=0.024), but did not alter splenocyte blastogenic potential (P>0.050). 

Cvtokine Production 

We evaluated the capacity of splenocytes to produce two cytokines, IFN and IL-2, 

that are essential components of primary and memory immune responses, following 

exposure to the cold water stress regimen. As demonstrated in Figure 4, splenocytes 

harvested from mice exposed to cold water stress produced titers of IFN that were not 

significantly different (/*>0.050) from vivarium controls. Production of IL-2 was 

inhibited (P=0.031) following exposure to the cold water stress treatment. 

Anti-CTB IgM Production 

The results thus far suggested that exposure to the cold water treatments stimulated 

a host stress response culminating in modest immunomodulatory effects. We therefore 

evaluated if exposure to cold water stress altered profiles of immune cell function in mice 

immunized with CTB. As shown in Table 2, an expected increase in the total number of 

splenocytes and thymocytes was observed in control mice immunized with CTB 10 days 

prior, which was not significantiy affected by the cold water stress regimen (P>0.050). 

As shown in Figure 5, splenocytes from mice immunized with CTB displayed an 

increased lymphoproliferative capacity (/M).026), which also was not affected by the cold 

water stress regimen. Thymocyte proliferation was depressed (P=0.035) in mice 

immunized with CTB, which was amplified by the cold water stress regimen (P=0.021). 
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As shown in Figure 6, splenocytes from mice immunized with CTB produced 

increased titers of IFN (P<0.020), which was amplified by exposure to the cold water 

stress (P<:0.001). Concentrations of IL-2 in the ConA-stimulated supematants from mice 

immunized with CTB were significandy decreased (P=0.014), which was further amplified 

by exposure to the cold water stress (P<0.003). 

75000-, 
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15000-
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P=0.024 

* 

Spleen Thymus 

Fijsjure 3. Effect of Cold Water Stress on T Lymphocyte Blastogenesis 
Exposure to cold water stress (CWS) inhibits the ConA-stimulated T lymphocyte 

blastogenic potential in the thymus, but not the spleen (P>0.050). Data are reported as the 
mean ± SEM (n=5 mice/treatment group). Data are representative of three independent 
experiments. 
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Figure 4. Effect of Cold Water Stress on Cytokine Production 
Exposure to cold water stress inhibits ConA-stimulated IL-2, but not IFN 

production by spleen cells (P>0.050). IFN activity was measured by L-929/VSV 
bioassay. IL-2 production was measured by ELISA. Data are reported as the mean ± SEM 
(n=5 mice/treatment group). Data are representative of two independent experiments. 
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Table 2. Exposure to cold water stress does not exacerbate changes in lymphoid 
organ size or total leukocyte counts in mice immunized with CTB. 

Parameter 

Percent of Bodv 
Mass 

Spleen 

Thymus 

Total Leukocvte 
Count 

Spleen 

Thymus 

Vivarium 
Control 

0.27 ± 0.02a 

0.22 ± 0.02 

14.3 ± l.Ob 

18.5 ± 0.8 

Cold Water 
Stress Control 

0.25 ± 0.02 

0.23 ± 0.02 

13.8 ± 0.7 

17.9 ± 1.9 

CTB 
Control 

0.36 ± 0.02* 

0.19±0.02t 

20.1 ± 1.2* 

16.3 ± 0.8t 

CTB + 
Cold Water 

Stress 

0.33 ± 0.01 

0.21 ± 0.01 

19.0 ± 1.2 

14.8 ± 0.7 

^Data are presented as percent body mass to compensate for differences in size among 
cagemates. All data are presented as the mean ± SEM (n=5 mice/group). 

Data are representative of two independent experiments. 

^Data are presented as the number of cells x 10" .̂ 

tSignificantly different from vivarium controls at P^O.05. 

^Significantly different from vivarium controls at P^O.Ol. 
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Figure 5. Effect of Cold Water Stress on T Lymphocyte Blastogenesis in Mice Exposed to 
CTB. 
Exposure to cold water stress amplifies the depressed thymocyte proliferation in 

CTB-immunized mice, but does not alter profiles of splenocyte proliferation. Data are 
reported as the mean ± SEM (n=5 mice/treatment group). Data are representative of two 
independent experiments. 
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Figure 6. Effect of Cold Water Stress on Cytokine Production in Mice Exposed to CTB. 
Exposure to cold water stress amplifies the increase in IFN-gamma production and 

decrease in detectable titers of IL-2 in mice immunized with CTB. Data are reported as the 
mean ± SEM (n=5-6 mice/treatment group). Data are representative of two independent 
experiments. 
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As shown in Table 3, specific anti-CTB IgM could not be detected in naive mice. 

Specific anti-CTB IgM were detected in immunized mice on day 10, the titers of which 

were not affected by exposure to cold water stress (P>0.050; Table 3). 

Table 3. Exposure to cold water stress does not alter titers of circulating specific anti-
CTB IgM antibodies. 

/ivarium 
Control 

Cold Water 
Stress Control 

CTB 
Control 

CTB + 
Cold Water 

Stress 

Specific anti-CTB IgM B.L.D.a B.L.D. 5,320 ± 5,820 ± 958tt 
l,590bt 

^B.L.D., Below the Limits of Detection. 

^Data are presented as ng/dL IgM. All data are presented as the mean ± SEM (n=5 
mice/group). 

Data are representative of two independent experiments. 

tSignificantiy different from vivarium controls at P^O.OOl. 

ttP>0.050 from CTB controls. 
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CHAPTER IV 

DISCUSSION 

Current dogma supports the contention that exposure to stressful events initiates a 

host stress response, mediated in large part by the HPA axis, frequentiy culminating in 

suppressed immune cell functions. Certain parameters of immunological structure and 

function, including profiles of leukocyte subsets (Sonnenfeld, 1993), production of 

leukocyte precursors in the bone marrow (Sonnenfeld, 1993), lymphoproliferative capacity 

(Lysle etal., 1988), cytokine production (Miller etal., 1993; Weissman, 1990), and Class 

II MHC expression (Jiang-Cheng et al., 1990; Sonnenfeld et al., 1992) are depressed 

following exposure to many physiological and psychological stressors. Since persons 

exposed to stressful events display depressed immune cell functions and perturbed 

immunological homeostasis, it has become generally accepted that exposure to 

physiological and psychological stressors result in increased susceptibility to certain 

diseases, most notably infection by microorganisms. 

Such important conclusions have been based largely on epidemiologic data and 

studies of immune cells from human peripheral blood donors (Bonneau et al., 1990; Ader 

et al., 1991; Kiecolt-Glaser et al., 1986; Stein et al., 1991). Data collected from circulating 

human peripheral blood mononuclear cells may not be a full or accurate reflection of 

immune cell activities in the microenvironments of primary and secondary lymphoid 

organs, where immune cells are generated and immune responses are initiated, tightiy 

regulated, and resolved. Animal models of stress, in which immune responses to specific 

antigenic challenges can be monitored and profiles of resistance generated, may advance 

our understanding of whether exposure to stressful events depresses the spectrum and/or 

magnitude of immune cell effector functions sufficientiy to compromise resistance to 

disease. 
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In the present study, we evaluated the influence of one animal model, cold water 

stress, on the capacity of mice to respond to a protein antigen, CTB. The cold water stress 

regimen elicited glucocorticoid production, a common indicator of tiie host stress response. 

By day 4 of the cold water stress, mice began adapting to tiie procedure as reflected by a 

return to normal levels of glucocorticoid production. The depressed levels of tiiymocyte 

proliferation and IL-2 production in the absence of lymphoid organ atrophy or lymphopenia 

in naive mice were consistent with tiie actions of glucocorticoids (Gillis et al., 1979). 

Further, studies by Shu, et al (1993) showed tiiat tiie immune response to tiie stressor is a 

function of temperature and not just the swimming alone. The studies showed that as the 

temperature of the water was lowered to 4°C, the impairment of the immune responses 

increased. These results give good indication that cold water stress is a very usable 

research tool in evaluating the effects of stress on the immune system. 

The question of whether cold water stress-induced perturbations in immunological 

function, including those we did and did not examine, were significant enough to impair 

the immune system from mounting an effective response to an antigenic challenge was 

evaluated by monitoring the immune response to an immunogenic protein, CTB. Mice 

exposed to the cold water stress regimen generated normal titers of specific anti-CTB IgM, 

implying exposure to the stressor did not impair the ability to mount an effective antibody-

mediated immune response. It is recognized that only total titers of anti-CTB IgM was 

evaluated. It is conceivable that exposure to the cold water stress resulted in subtie changes 

in macrophage, T, and B cell function that were not assayed, resulting in anti-CTB IgM 

with altered affinities or epitope recognition sites compared to control mice. 

The observation that titers of IL-2 in the supematants were depressed in mice 

immunized with CTB, which was amplified in mice exposed to the cold water stress, was 

not without precedent An immune response to a protein antigen stimulates T cell activation 

and CD25 expression. As activated T cells expand in culture, they secrete and utilize 11̂ 2 
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in an autocrine and paracrine manner, diminishing the amount of IL-2 that can be detected. 

Previously, we demonstrated that titers of detectable IL-2 are markedly decreased in 

supematants of T cells harvested from mice infected with Mycobacterium bovis BCG 

(Miller and Orme, 1989). These activated, proliferating T cells were capable of mediating 

protective immunity to tuberculosis infection in mice. The in vivo expansion of T cell 

populations in the spleen in response to antigenic stimulation, as well as the ex vivo 

proliferation of activated T cells during mitogenic stimulation, as we observed here and 

previously (Miller and Orme, 1989), requires production of IL-2. Thus, the paradox of 

how T cell expansion and effective immune responses against protein antigens can be 

mounted in vivo in the presence of depressed titers of detectable IL-2 can best be explained 

as an artifact of the detection method, not by the suppression of IL-2 production by CTB. 

The observation that exposure to cold water stress exacerbated the depressed levels 

of detectable of rL-2 and the enhanced production of IFN also were not totally surprising. 

While the possibility could not be excluded that glucocorticoid production resulting from 

exposure to the cold water stress inhibited 11̂ 2 production and thymocyte proliferation in 

mice immunized with CTB, it remains to be explained how IFN production was enhanced 

in these same mice, given that glucocorticoids can inhibit production of IFN-y (Kelso and 

Munck, 1984). 

It is conceivable that the host stress response, intiated by exposure to the cold water 

stress, stimulated certain profiles of immunological activation which were detected in this 

study. In fact, following certain forms of physiological stress, including trauma (Abraham 

et al., 1988) and tiiermal injury (Kupper et al., 1986), macrophages have been reported to 

secrete enhanced levels of pro-inflammatory and T cell activating cytokines. We also have 

shown that mice exposed to hindlimb suspension, which generates a host stress response 

as revealed by increased production of corticosterone (Chapes et al., 1993), express 
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enhanced resistance to the intracellular bacterial pathogen Listeria monocytogenes (Miller 

and Sonnenfeld, 1993, 1994). 

Certain forms of stress, such as the cold water stress model, may stimulate certain 

aspects of immune cell activation, resulting in increased immune responsiveness to the 

antigenic stimulus. If immune cells are primed by neuroendocrine mediators, including 

growth hormone (which has immunopotentiating properties similar to IFN-y; Kelley, 1991; 

Edwards et al., 1988) and prolactin, released during stress responses, then it can be 

hypothesized that certain profiles of immune cell responses may actually be amplified 

following exposure to stressful encounters. While the production of glucocorticoids, and 

their resulting immunosuppressive effects, are a key component of host stress responses, 

they do not represent the entirety of host stress responses. Other soluble mediators 

produced during host stress responses, which can stimulate immune cell effector 

mechanisms, may counterbalance the immunosuppressive effects of glucocorticoids, 

permitting the immune system to function capably even though certain common indicators 

of immunocompetency, such as lymphoproliferation and cytokine production, are 

depressed. As stated above, it has yet to be elucidated the magnitude of immune 

suppression or the spectrum of immune cell effector functions that must be depressed 

before resistance to certain diseases is compromised. 

Such a hypothesis is consistent not only with tiie data in this study, but also is 

supported by previous studies conducted by ourselves (Miller and Sonnenfeld, 1993, 

1994) and otiiers (Dhabhar and McEwen, 19%; Ogawa et al., 1994), and is consistent witii 

tiie ideological principles of tiie immune system. During stressful periods, an individual 

may be more susceptible to microbial colonization and infection due to detrimental changes 

in lifestyle (i.e., eating and sleeping habits). It would seem logical to propose tiiat tiie 

immune system, which bears the responsibility for protecting tiie host from microbial 

infections, would possess a mechanism which allows immune cells to recognize that the 
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host is at increased risk of colonization during stressful periods. If the immune system has 

the means to recognize periods when the host is susceptible to microbial invasion, it is 

reasonable to postulate that certain facets of immune cell function could be primed for 

enhanced activities should microbial colonization and replication occur. Thus, naive 

animals and healthy humans subjected to stressful encounters may in fact demonstrate 

certain profiles of depressed immune cell function, but when challenged with an antigenic 

stimulus have the ability to compensate for certain immunological perturbations and 

respond effectively. Such a scenario would most appropriately apply to acute periods of 

mild stress, as we studied here. Under certain chronic forms of stress, the long-term 

detrimental effects of poor nutrition and inadequate sleep could affect the immune system to 

the point where the compensatory mechanisms proposed above would be negated. 

Such a hypothesis emphasizes the need for animal models of stress in which it can 

be directiy tested whether certain forms of physiological and psychological stress can 

predispose individuals to certain diseases. Animal models that employ acute and chronic, 

as well as high and low intensity forms of stress, and utilize different antigenic stimuli, can 

advance our knowledge of how the immune system functions during stressful encounters 

and if the immunomodulatory effects of the host stress response are in fact sufficient to 

elicit changes in profiles of resistance to infection. 
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CHAPTER V 

CONCLUSIONS 

This study demonstrates that cold water stress can be immunomodulatory by 

altering corticosterone production, T lymphocyte blastogenesis, and cytokine production. 

However, cold water stress does not alter lymphocyte populations. The following 

conclusions can be made from this study: 

1. Corticosterone production is enhanced in mice exposed to cold water stress. 

2. Exposure to cold water stress does not elicit a leukopenic effect or alter 

profiles of leukocyte subset distribution in the spleen or thymus. 

3. Exposure to cold water stress alters the blastogenic potential of thymocytes, 

but not splenocytes. 

4. Profiles of IL-2, but not IFN-y, production by splenocytes are altered 

following exposure to cold water stress. 

5. Exposure to cold water stress does not inhibit the antibody response to 

CTB. 
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